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Preface 

All the work and results presented in this thesis were carried out by the PhD candidate Xiaoting 

Yu from the Functional Nanomaterials Group at the Catalonia Institute for Energy Research 

(IREC) under the supervision of Prof. Andreu Cabot and Dr. Zhishan Luo during the period 2015-

2020. This thesis focuses on the design and synthesis of bimetallic and transition metal oxide 

NPs, and their structural and chemical transformation during electrochemical operation within 

energy conversion processes. 

This thesis consists of five chapters. A general introduction to electrochemical energy storage 

and conversion applications is presented with the classic examples of lithium ion batteries 

(LIBs) and direct ethanol fuel cells (DEFCs) in chapter 1. The general preparation methods used 

to produce the target nanomaterials for these applications are discussed. Particular attention 

is paid to the phenomenon of nanoparticles (NPs) structural and chemical transformation 

during the electrochemical processes and to the interest and challenges of correlating the NPs 

transformation with their performance. Chapter 2 details the production of hollow MnxFe3-xO4 

NPs from the solid-state reaction of Fe3O4-Mn3O4 heterostructures synthesized through the 

seeded-growth of Mn3O4 crystal domains on the surface of hollow Fe3O4 NPs. MnxFe3-xO4 NPs 

are tested as anode in LIBs and deliver large lithium storage capacities and high-rate 

capabilities, as well as long cycling stability. The phase transformation from heterostructured 

Fe3O4-Mn3O4 to MnxFe3-xO4 phase with reserved void is driven by temperature. The 

electrochemical characterization of MnxFe3-xO4 as anode electrode material confirmed its 

structural transformation and the specific advantages to buffer the vast volume change during 

the lithiation and delithiation. The requirement for anhydrous and anaerobic environment 

limits the subsequent analysis for Li cell after the test. In chapter 3, monodisperse CoSn and 

NiSn NPs are prepared and supported on commercial carbon black (CB). The obtained 

nanocomposites are applied as anodes for lithium- and potassium-ion batteries (KIBs), 

presenting stable average capacities and stability after large cycles. The oxidation of the 

electrode NPs and the formation of solid electrolyte interphase (SEI) layer are observed during 

the test, along with the capacity decay. Besides batteries, as electrochemical energy storage 

technology, DEFCs are also investigated in chapters 4 and 5 with palladium-based nanocrystals 

(NCs) as catalysts. In chapters 4 and 5 the synthesis of Pd3Pb nanocubes and Pd2Sn:P nanorods 

(NRs) are described with their enhanced electrocatalytic performance toward the ethanol 

oxidation reaction (EOR). The morphology and surface evolution of Pd3Pb is investigated 



viii 
 

through electrochemical methods including cyclic voltammetry (CV) and chronoamperometry 

(CA), together with electron microscope characterization such as transmission electron 

microscopy (TEM), high resolution transmission electron microscopy (HRTEM), scanning 

transmission electron microscopy (STEM) and electron energy loss spectroscopy (EELS). For 

Pd2Sn:P NRs, the incorporation of surface phosphorus plays synergistic effect during 

electrocatalytic EOR, which is proved by the electrochemical measurements and the density 

functional theory (DFT) calculations simultaneously.  
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Summary of results 

This thesis focuses on the synthesis of different types of NCs, their application to energy 

conversion and storage technologies, particularly LIBs, KIBs and DEFCs, and their structural 

transformation during electrochemical processes within these energy storage and conversion 

applications. The morphology and composition of target transition metal oxides, bimetallic 

NCs and phosphorous incorporated intermetallic NRs are characterized in detail to follow the 

alterations during application. An understanding of the correlation between structural, 

chemical and electrochemical properties will allow a more rational design of functional 

nanomaterials.  

The 1st chapter gives a general introduction to the rapid development and importance of 

renewable energy technologies in modern human society. Among which electrochemical 

energy storage and conversion technologies are particularly appealing in terms of cost, safety 

and environmental friendliness. The basic principles of Li-, Na- and K- ion battery technologies 

are discussed, including the battery structures, electrode materials and working mechanisms. 

Additionally, I describe the working principle of DEFCs and the electrocatalytic EOR. Strategies 

for synthesizing high performance NCs for electrochemical energy storage and conversion 

applications are also explained. Finally, in this chapter I discuss the phenomenon of NCs 

structural and chemical evolution during electrochemical operations and how their 

characterization in each system is needed for a thorough understanding of nanomaterials 

properties and applications. Chapter 1 also includes the objectives of the thesis. 

Chapter 2 describes a simple seed-mediated growth method at low temperature to grow 

heterstructered Mn3O4 on hollow Fe3O4 seeds. A moderate temperature (500 °C) annealing 

process is conducted to promote the solid-state reaction for hollow MnxFe3-xO4 NPs while 

conserving the original morphology. When serving as anode electrode materials, the 

polycrystalline shell, the internal void space and the high surface area of MnxFe3-xO4 NPs can 

effectively buffer the volume change of the NCs during lithiation and delithiation process to 

improve the stability and cycle life. The electrochemical activity of MnxFe3-xO4 NPs toward 

lithium reaction is evaluated and the relationship between the structure and electrochemical 

properties is explored. The excellent performance of hollow MnxFe3-xO4 NPs is associated with 

their crystal structure and composition, and with the presence of carbonized ligands, which 

further promote electrical conductivity and rapidly accommodate and release lithium ions 

while retaining a stable structure even after continuous charge/discharge cycles. This work 
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was published in Nano Energy in 2019. 

Chapter 3 talks about the performance of bimetallic NPs as anodes in LIBs and KIBs. 

Monodisperse CoSn and NiSn NPs are synthesized through co-reduction and supported on 

commercial carbon materials. The obtained nanocomposites are tested as anode materials in 

half-cell LIBs, KIBs and full-cell LIBs. CoSn@C electrodes display excellent charge-discharge 

capacities with LIB half-cell and LIB full-cells. The capacities for KIB are stabilized at around 200 

mAh g-1 with high coulombic efficiency over 400 cycles for CoSn@C and 100 mAh g-1 for 

NiSn@C over 300 cycles. The oxidation of NPs, the formation of SEI layer, the vast volume 

change during lithiation and delithiation processed caused the capacities decrease. This work 

was published in ACS Applied Materials & Interfaces in 2020. 

In chapter 4, a simple approach to produce intermetallic Pd3Pb nanocubes with well-defined 

cubic geometry and average size ranged from 6 nm to 10 nm is detailed. Pd3Pb/C catalysts 

present improved EOR electrocatalytic activities and stabilities. The EOR activity of Pd3Pb 

nanocubes is investigated through CV and CA techniques, which is size-dependent. All the 

catalysts exhibit a pronounced current decay during the first 500 s of continuous EOR 

operation, which is associated to the accumulation of strongly adsorbed reaction 

intermediates and the related blockage of reaction sites. The catalysts can be reactivated by 

simply cycling to effectively remove the poisoning species adsorbed on the surface and recover 

the electrocatalytic activity. A reorganization of Pd and Pb elements happens on Pd3Pb 

nanocubes during EOR, involving an outward/inward diffusion of Pd/Pb to equilibrate the 

stoichiometry of the NCs surface, which is driven by the different affinity of Pb and Pd towards 

oxygen and possibly ethanol, and the electrochemical oxidation/reduction of Pd. This work 

was published in Chemistry of Materials in 2020. 

Chapter 5 demonstrates the synthesis of colloidal Pd2Sn:P NRs through phosphorization of 

Pd2Sn NPs with a highly active reagent- hexamethylphosphorous triamide (HMPT) in a one-pot 

two-steps reaction. The Pd2Sn:P/C catalyst exhibits significantly enhanced activity toward EOR 

in alkaline media compared with Pd2Sn/C, PdP2/C and commercial Pd/C catalysts. The 

performance improvement is rationalized with the aid of DFT calculations considering the 

different phosphorous chemical environments. Depending on its oxidation state, surface 

phosphorus introduces sites with low energy OH- adsorption and/or strongly influences the 

electronic structure of palladium and tin to facilitate the oxidation of the acetyl to acetic acid, 

which is considered the EOR rate limiting step. The Pd2Sn:P NRs is characterized with Sn- and 

P-rich surface, which correlates well with the higher percentages of oxidized tin and 
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phosphorous, and the higher tendency to oxidation of Sn compared with Pd. DFT calculations 

prove that the presence of P can induce a higher chemical adsorption of OH- to facilitate the 

formation of CH3COOH, resulting in EOR activity increase. This work was accepted in Nano 

Energy in 2020. 
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Resumen de Resultados 

Esta tesis se centra en la síntesis de diferentes tipos de nanocristales, su aplicación a las 

tecnologías de conversión y almacenamiento de energía, particularmente LIBs, KIBs y DEFCs, 

y su transformación estructural durante los procesos electroquímicos dentro de estas 

aplicaciones de almacenamiento y conversión de energía. La morfología y composición de 

nanocristales de óxidos de metales de transición, bimetálicos e intermetálicos que incroporan 

fósforo se caracterizan en detalle para seguir las alteraciones durante la aplicación. La 

comprensión de la correlación entre las propiedades estructurales, químicas y electroquímicas 

permitirá un diseño más racional de nanomateriales funcionales. 

El primer capítulo ofrece una introducción general al rápido desarrollo y la importancia de las 

tecnologías de energía renovable en la sociedad moderna. Entre ellas, las tecnologías de 

conversión y almacenamiento de energía electroquímica son particularmente atractivas en 

términos de costo, seguridad y respeto al medio ambiente. Se discuten los principios básicos 

de las tecnologías de baterías de iones de litio, sodio y potasio, incluidas las estructuras de las 

baterías, los materiales de los electrodos y los mecanismos de trabajo. Además, describo el 

principio de funcionamiento de las DEFCs y el EOR electrocatalítico. También se explican las 

estrategias para sintetizar nanocristales de alto rendimiento para aplicaciones de 

almacenamiento y conversión de energía electroquímica. Finalmente, en este capítulo discuto 

el fenómeno de la evolución estructural y química de los nanocristales durante las operaciones 

electroquímicas y cómo se necesita su caracterización en cada sistema para una comprensión 

profunda de las propiedades y aplicaciones de los nanomateriales. El capítulo 1 también 

incluye los objetivos de la tesis. 

El Capítulo 2 describe un método de crecimiento simple mediado por semillas a baja 

temperatura para crecer Mn3O4 en nanoparticulas huecas de Fe3O4. Se lleva a cabo un proceso 

de sinterizado a temperatura moderada (500 °C) para promover la reacción en estado sólido 

de las NPs y obtener partículas huecas de MnxFe3-xO4. Al ser usados como materiales de 

electrodo anódico, la cubierta policristalina, el espacio vacío interno y la gran área de 

superficie de las NPs de MnxFe3-xO4 pueden amortiguar de manera efectiva el cambio de 

volumen de los nanocristales durante el proceso de litiación y delitizacion para mejorar la 

estabilidad y la vida útil del ciclo. Se evalúa la actividad electroquímica de las NPs de MnxFe3-

xO4 hacia la reacción de litio y se explora la relación entre la estructura y las propiedades 

electroquímicas. El excelente rendimiento de las NPs huecas de MnxFe3-xO4 está asociado con 
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su estructura y composición cristalinas, y con la presencia de ligandos carbonizados, que 

promueven aún más la conductividad eléctrica y acomodan y liberan rápidamente iones de 

litio mientras retienen una estructura estable incluso después de ciclos continuos de 

carga/descarga . Este trabajo fue publicado en Nano Energy en 2019. 

El Capítulo 3 vesra sobre el rendimiento de los NPs bimetálicos como ánodos en LIBs y KIBs. 

NPs monodispersas de CoSn y NiSn se sintetizan mediante co-reducción y se soportan en 

materiales comerciales de carbono. Los nanocompuestos obtenidos se prueban como 

materiales anódicos en LIBs de media celda y KIBs y LIBs de celda completa. Los electrodos 

CoSn@C muestran excelentes capacidades de carga y descarga en media celda y celdas 

completas LIB. Las capacidades para KIB se estabilizan alrededor de 200 mAh g-1 con alta 

eficiencia culombiana durante 400 ciclos para CoSn@C y 100 mAh g-1 para NiSn@C durante 

300 ciclos. La oxidación de las NPs, la formación de la capa SEI, el vasto cambio de volumen 

durante la litiación y la delitiación causaron la disminución de las capacidades. Este trabajo fue 

publicado en ACS Applied Materials & Interfaces en 2020. 

En el capítulo 4, se detalla un enfoque simple para producir nanocubos intermetálicas de Pd3Pb 

con geometría cúbica bien definida y un tamaño promedio de 6 nm a 10 nm. Los catalizadores 

de Pd3Pb/C presentan actividades y estabilidades electrocatalíticas EOR mejoradas. La 

actividad EOR de las NPs de Pd3Pb se investiga en función de su tamaño a través de técnicas 

CV y CA. Todos los catalizadores exhiben una disminución de corriente pronunciada durante 

los primeros 500 s de operación EOR continua, que está asociada con la acumulación de 

intermedios de reacción fuertemente adsorbidos y el bloqueo relacionado de los sitios de 

reacción. Los catalizadores pueden reactivarse simplemente ciclando para eliminar 

eficazmente las especies adsorbidas en la superficie y recuperar la actividad electrocatalítica. 

Una reorganización de los elementos Pd y Pb ocurre en las NPs de Pd3Pb durante EOR, lo que 

implica una difusión hacia afuera/hacia adentro de Pd/Pb para equilibrar la estequiometría de 

la superficie de los NCs, que es impulsada por la diferente afinidad de Pb y Pd hacia el oxígeno 

y posiblemente el etanol, y la oxidación/reducción electroquímica de Pd. Este trabajo fue 

publicado en Chemistry of Materials en 2020. 

El Capítulo 5 demuestra la síntesis de NRs coloidales de Pd2Sn que incorporan P a través de la 

fosforización de las NPs de Pd2Sn con un reactivo altamente activo. El catalizador Pd2Sn:P/C 

exhibe una actividad significativamente mejorada hacia EOR en medios alcalinos en 

comparación con Pd2Sn/C, PdP2/C y catalizadores comerciales de Pd/C. La mejora del 

rendimiento se racionaliza con la ayuda de los cálculos de DFT teniendo en cuenta los 
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diferentes entornos químicos de fósforo. Dependiendo de su estado de oxidación, el fósforo 

superficial introduce sitios con adsorción de OH de baja energía y/o influye fuertemente en la 

estructura electrónica del paladio y el estaño para facilitar la oxidación del acetilo al ácido 

acético, que se considera el paso limitante de la tasa de EOR. El Pd2Sn:P se caracteriza por una 

superficie rica en Sn y P, que se correlaciona bien con los porcentajes más altos de estaño 

oxidado y fósforo, y la mayor tendencia a la oxidación de Sn en comparación con Pd. Los 

cálculos de DFT demuestran que la presencia de P puede inducir una mayor adsorción química 

de OH- para facilitar la formación de CH3COOH, lo que resulta en un aumento de la actividad 

EOR. Este trabajo fue aceptado en Nano Energy en 2020. 
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1. Introduction 

1.1. Renewable energy technologies 

In all human history energy has been the central issue impacting our way of life, world 

economy, environment, and human health. As the world continues to electrify, global energy 

consumption increases strongly year by year. Simultaneously, due to our dependence on fossil 

fuels, carbon emissions grow year after year, with a 2.0% growth in 2018, the fastest growth 

for past seven years, which has strong climate and health issues.1 The development of 

alternative, sustainable and environmentally friendly renewable energy technologies is the 

most direct and effective solution to this inevitable challenge.2  

Electrochemical energy storage and conversion technologies are particularly appealing in 

terms of cost, safety and environmental friendness.3 Secondary batteries and fuel cells of high 

energy density, capacity and rate capability are the optimal solution to power automobiles and 

mobile devices replacing fuel cells and primary batteries.4  

1.2. Lithium-ion batteries 

Lithium is characterized by a small atomic mass and radius for beneficial diffusion. Its low 

redox potential [E°(Li+/Li) =−3.04 V vs standard hydrogen electrode (SHE)] enables the high 

output voltage and energy density.5 Coupled with long cycle life and rate capability, Li-ion 

electrochemistry has captured the market of portable electronics field.6 The first publication 

of LIBs was in 1958 by Harris,7 and the 1970s saw the commercialization of primary lithium 

cells. The next years boosted the development of rechargeable lithium batteries for safety and 

efficiency. The combination of long-term stability, high-energy density, safety, and low cost 

for high performance batteries is the direction of LIBs development. Most attempts to 

improve the design of LIBs have focused on controlling material parameters at the 

nanoscale.8,9 The introduction of nanomaterials can benefit battery performance in terms of 

capacity, power, cost and materials sustainability.  

A classical LIB has three basic functional components: a graphite negative electrode or anode, 

a LiMO2 layer as positive electrode or cathode and an electrolyte, as shown in Fig. 1.1. Both 

electrodes are capable of the Li ions reverse intercalation and deintercalation from layered 

structures. Solvent molecules function as nonaqueous electrolyte to separate the electrodes 

https://en.wikipedia.org/wiki/Graphite_intercalation_compound
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for Li ions transportation. On charging, Li ions are extracted from the layered oxide compound 

and inserted into the graphite layers. The process is reversed on the discharge process.  

 

Fig. 1.1. Scheme of a classic LIB structure.6 

As displayed in Fig. 1.2, lithium transition metal oxides are the most mature cathode 

materials:11 Generally, LiMO2 compounds have high theoretical capacity and limited reversible 

capacity due to their severe structural degradation during charge and discharge processes. 

Doping with trivalent ions and coating with metal oxides or phosphates can improve the 

electrode performance.12,13 The spinel LiMn2O4 and its doped variants have attracted interest 

with favorable safety and intrinsic rate capability, which arise from the chemically stable 

Mn3+/Mn4+ couple and a 3D framework for facile Li+ mobility, respectively.14 Polyanion-based 

compounds, LixMy(XO4)z (M = metal; X = P, S, Si, Mo, W, etc.), are now regarded as the most 

promising materials for next-generation LIBs to power electric vehicles.10 

Lithium metal was considered an excellent anode material in primary lithium cells. However, 

the formation of lithium dendrites may cause an internal short circuit and thus lead to serious 

safety problems during the rechargeable process. Carbonaceous materials are now dominant 

due to their low cost, high abundance, favorable stability, and outstanding kinetics.15 Some 

main-group elements, especially Si and Sn, can alloy with lithium at a low potential, giving 

theoretical specific capacities as high as 4200 and 993 mAh g-1, respectively. 3d transition-

metal oxides (e.g. MxOy, M = Fe, Co, Ni, Mn, Cu, etc.) are capable of incorporating more than 
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one Li ion per metal, hence enhancing electrochemical capacities.16 Other advantages 

including the relative low price, abundant reserves, low toxicity and high stability make them 

the mainstream. 

 

Fig. 1.2. Representative electrode materials and electrolytes for LIBs.10 

Basically, there are three different reaction mechanisms in a LIB, depending on the electrode 

materials (Fig. 1.3). The usual process takes place with the lithium insertion homogeneously 

(i.e. entails the formation of a solid solution) or heterogeneously (i.e. first order phase 

transition). Some metals can alloy with lithium yielding large capacity. The conversion 

mechanism happens on transition-metal oxides, which differs from the Li-intercalation and Li-

alloying mechanisms, involving the full reduction of transition metal to its metallic state with 

delivering remarkably high capacity and rechargeability.6,9 The final product consists of a 

homogeneous distribution of metal nanoparticles embedded in a Li2O matrix (Fig. 1.3). The 

reversible electrochemical lithium storage proceeds more easily with nanoscale transition-

metal oxides as electrode. The drawback of this mechanism, however, is that the large voltage 

difference between charge and discharge results in poor energy efficiency and poor stability. 

In all cases, the volume change of the electrode materials remains an issue. 
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Fig. 1.3. Scheme of different reaction mechanisms on LIBs electrodes.9 

1.3. Sodium-ion and potassium-ion batteries 

Sodium is located in the same main group on the periodic table after Li and shares similar 

chemical properties. The fundamental principles of the sodium-ion batteries (NIBs) and LIB 

are identical. The main reason to investigate NIBs is that the abundance and low cost of Na is 

advantageous for large-scale electrode materials demand applications. Importantly, the cost 

of NIBs can be significantly reduced by decreasing the electrolyte concentration, and using 

aluminum materials as negative electrode, etc. The structures of electrode materials that do 

not work well with Li intercalation may function well with Na, making NIBs research a field 

with significant unexplored opportunities.17,18 

KIBs came into the spotlight because potassium has comparable abundance as sodium but 

offers a higher energy density with lower redox potential than sodium (–2.92 V vs. –2.71 V).19,20 

Currently, researchers have dedicated extensive efforts to develop suitable electrode 

materials for high-performance KIBs,21 such as graphite,22 graphene and doped graphene23 for 

anode materials, and Prussian blue and its analogues,24 and amorphous FePO4
25 as cathode 

materials. Unfortunately, KIBs still stay on the stage of fundamental research and more 

appropriate electrode materials need to be further developed.26 

1.4. Direct ethanol fuel cells 

The interest in fuel cell technologies continues to flourish due to their potential for the 

elimination of environmental contamination. Direct alcohol fuel cells (DAFCs) have gained 

much attention as power sources for automotive industry and portable electronic devices. 
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Methanol,27 ethanol,28 propanol,29,30 and ethylene glycol,31 are appealing fuels for their high 

energy density, ease of storage and transportation, and high conversion efficiency. For 

methanol, its chemical toxicity and crossover limit the widespread commercial application. 

The main alternative, ethanol, boasts the advantage of reduced toxicity and higher theoretical 

energy density (8.1 kW·h·kg−1 for ethanol versus 6.1 kW·h·kg−1 for methanol), and rich biomass 

source.28 

For decades, Pt-based electrodes have been dominant for their use as electrocatalysts in the 

oxidation of alcohols. However, the high cost, limited supply, slow kinetics of alcohol oxidation 

and vulnerability to CO poisoning have sparked notable efforts toward the design of new 

catalytic structures for DEFCs that contain little or no platinum. Pd-based nanomaterials have 

emerged as an attractive replacement for Pt in DEFCs, exhibiting higher activity and improved 

steady-state behavior than Pt over a large assortment of substrates in alkaline media.32,33 

The reaction pathways on the Pd electrode in alkaline media are outlined in Fig. 1.4, they 

found that ethanol may be dehydrogenated at α-C to form adsorbed acetyl rather than 

acetaldehyde, followed by successive decomposition to C1 species, including COad and CHx at 

open-circuit potential or lower potentials.34 As the potential becomes more positive, adsorbed 

acetyl is a pivotal intermediate that may be converted into either acetate or CO2 via the C1 

species; adsorbed CHx may also be converted into COad species at high potentials. 

 

Fig. 1.4. Scheme of reaction pathways for interfacial ethanol on Pd surface in alkaline media.34,35  

To address the balance between efficient C-C bond cleavage, which induces surface poisoning 

by adsorbed CO-like intermediates, and sufficient adsorption of OH species, which oxidize 

adsorbed CO, alloying Pd with other metals is usually effective. Alloying Pd with additional 

elements is a common strategy to further improve electrocatalytic performances.11,12 Adatoms 

are commonly considered to improve electrocatalytic characteristics through three basic 

mechanisms: i) electronic effect, when adatoms alter the electronic nature of active atoms; ii) 

steric effect, when the adatom blocks neighboring catalyst site, preventing formation of 
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strongly-bound poison intermediates; iii) bifunctional effect, when adatoms directly 

participate in the catalytic oxidation of the fuel.13 

1.5. NPs synthesis 

In terms of atomic ordering, bimetallic NCs can be divided into two major classes: alloys and 

intermetallics. Even if they share the same elemental composition and atomic ratio, their 

properties may be quite different. There is growing interest in intermetallics over alloys for 

their enhanced properties especially on catalysis for more highly ordered surface 

composition.40,41 

Co-reduction is arguably the most common and straightforward method for producing alloyed 

and intermetallic NCs. The precursors of two metals are reduced simultaneously to zerovalent 

atoms, M0 and N0, and then nucleate and grow together to generate M−N NCs. The nucleation 

and growth of NCs depends critically on the reduction rate of the metal precursor or, equally, 

the rate at which metal atoms are generated in the solution.42 Because of the reduction 

potential and chemical property differences, it is not easy to precisely control the reduction 

and nucleation process. The selection of reductants with proper strength, the addition of 

appropriate surfactants or polymeric ligands to passivate the particle surface and regulate the 

redox potential are significantly effective synthetic strategies. Oleylamine (OAm) has emerged 

as a versatile reagent for the synthesis of various NP systems, ranging from types of metallic, 

metal oxide, and semiconductors.43 It can act as a surfactant, solvent, and reducing agent, as 

well as form complex compound precursor with metal ions. OAm ligand stabilized NPs can be 

dispersed in different organic solvents with long time stability. OAm can complex with iron 

carbonyl to form precursor and the thermal decomposition of this precursor results in the 

formation of spherical iron NPs, the related experimental detail is discussed in chapter 2. A 

mixture of OAm/oleic acid (OAc) system has been employed for the preparation of a series of 

transition metal oxide NPs including γ-Fe2O3,44 Fe3O4,45 MnO, Mn3O4,46 and MFe2O4 (M = Fe, 

Co, Mn).47 The binding difference between oleate and OAm on the crystal planes was claimed 

to determine the final morphology of NPs.43  

To prepare non-noble bimetallic NPs, like NiSn and CoSn that are discussed in chapter 3, the 

addition of tri-n-octylphosphine (TOP) reagent is essential in OAm/OAc system, to form metal 

-TOP complexes during gradual heating up process. The hot injection of borane tert-

butylamine complex (TBAB) reductant initiates the nucleation and growth of bimetallic NPs. 

For palladium-based intermetallic NPs, such as Pd3Pb NCs and Pd2Sn NRs (details in chapter 4, 
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5), besides the combination of OAm, OAc and TOP reagents, the role of methylamine 

hydrochloride (MAC) additive as coordination ligand is vital to profoundly affect the stability 

and reduction potential of Pd ions, yielding intermetallic NPs with well controlled morphology.  

1.6. Transformation of nanomaterials during electrochemical applications 

The performance of nanomaterials in batteries and fuel cells strongly depends on the nature 

of their surfaces. Metal and metal oxide NCs with high-energy surfaces and open surface 

structures are thermodynamically metastable, resulting in a huge challenge in their shape-

controlled synthesis.48 In fuel cells, the most important catalytic materials are Pt and Pd NPs 

with high-energy surfaces.33 Their activity toward electrooxidation of small organic molecules 

is boosted by synergetic effects in bimetallic systems with the surface alteration from the 

alloying metals.42 The intrinsic relationship of performance with surface/interphase for 

interaction with the media is also valid for nanomaterials used in LIBs. Fig. 1.5 schemes the 

functional nanomaterials for LIBs and fuel cells applications. Understanding the 

structure−catalytic functionality at nanoscales is key to shedding light on rational design of 

practical catalysts with high activity and durability for energy conversion and storage. 

Fig. 1.5. Scheme of structure and performance tuned nanomaterials for LIBs and fuel cells.48 

Stability is a key parameter in all functional material used in energy technologies that are 

generally expected to continuously operate for many years. The electrochemical stability of 

materials depends on the material specific properties and reaction conditions.49 For battery 

electrode materials, It is essential to have optimized structures to keep stable during the 

charge/discharge processes for reducing effect of vast volume expansion via intercalation and 
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subsequent reduced battery lifetime,10 as well as to enhance the capacity and rate 

performance.48 The volume variation and cracking of anode materials will affect the SEI layer 

coated on the surface of anode particles. A well-formed SEI layer can separate the electrodes 

from the electrolyte, inhibiting the further side electrochemical reaction of the electrolyte on 

the surface of the electrodes and guaranteeing a long cycle life via allowing effective transport 

of lithium ions through the SEI layer and subsequent lithium intercalation or alloying reactions 

with the electrodes, whereas the huge volume change of electrodes during cycling will lead to 

breakdown of the SEI layer.50 In addition, metal oxides with unique defective structure of high 

catalytic activity and carbon materials of porous structure is beneficial to the 

charging/discharging process in LIBs by providing parallel channels for faster intercalation of 

Li+ ions through surfaces than other crystal planes of compact atomic arrangements.51,52 

To produce active and stable electrocatalysts is a significant challenge because high-energy 

surfaces are thermodynamically unstable, resulting in their rapid transformation to reduce 

surface energy by sintering, shape modification, element rearrangement and chemical 

transformation. External factors like the pH value, the applied potential, operating 

temperature as well as type and concentration of the reactants and electrolyte affect the 

stability of a catalyst. As a consequence, the catalytic reaction kinetics, energy efficiencies, and 

reaction mechanisms are highly dependent on the surface properties of the electrocatalysts 

and the distribution of the different elements in this surface.53  

Partial surface oxidation is quite common for NPs once they were produced. The next series 

of activation operations including ligand removal, post-annealing, electrochemical cleaning, is 

to have more active sites exposed in the catalytic environment, which is characterized with 

the slight surface alternation compared with the freshly prepared NPs. The phenomenon of 

surface segregation refers to the spontaneous enrichment of the NP surface with one of the 

elements.53 . Surface segregation is principally dependent on a decrease of the surface free 

energy, while many factors may drastically alter the surface energy of NPs, which means other 

parameters such as NP size, temperature, adsorbates, and even substrates can modify the 

surface segregation.53  

The successful development of novel nanostructured electrocatalyst materials requires atomic 

insights into their initial structural evolution (activation behavior, active site/phase formation) 

as well as the relation between their atomic-scale structure and their catalytic performance. 

Unravelling these insights and relations is thus a scientific priority. There are several classic 

characterization approaches for probing the surface of NPs. Ex situ pre- and post-
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characterization of catalyst is essential. Among many techniques, X-ray photoelectron 

spectroscopy (XPS) is destined to be one of the major techniques for surface probe. It can 

characterize both the oxidation states and chemical compositions at the surface region. STEM- 

energy dispersive X-ray spectroscopy (EDS) mapping is another technique to image the 

elemental distribution with high resolution, which is widely used for characterization of 

core/shell structures. Other techniques like Raman and Fourier-transform infrared 

spectroscopy (FTIR), synchrotron-based in situ techniques such as extended X-ray absorption 

fine structure (EXAFS) and X-ray absorption near-edge spectroscopy (XANES) are very effective 

tools.58  

However, the theoretical and experimental works are not sufficient to reveal the fundamental 

principles of surface segregation and restructuring in bimetallic electrocatalysts. Therefor 

several challenges remain:48 i) The development of synthetic methods to precisely and 

continuously control the surface structure of NPs with high-energy surfaces and well-defined 

atomic arrangement, can provide promising platform for the investigation of surface 

structure−catalytic functionality. ii) In situ or operando technologies are powerful for deeply 

unveiling the origin of high-performance nanomaterials and guiding rational design and 

synthesis of functional materials at atomic levels in electrochemical energy conversion and 

storage.  

1.7. Objectives 

This thesis focuses on the development, application and characterization of NCs with rationally 

tuned morphology and composition, controlling the growth of NCs through varying the 

experimental parameters including precursors, capping agents, reductants, solvent, 

temperature, time, etc. The stability and activity of as-synthesized transition metal oxides, 

bimetallic NPs and phosphorous incorporated intermetallic NRs as battery anode materials 

and electrocatalyst for ethanol fuel cells are investigated. The aim is to build the understanding 

of correlation between the NCs morphological and compositional transformation and their 

electrochemical properties during the application operations, which can shed light on the 

design of nanomaterials with precisely controlled compositions for better electrochemical 

performance, thus boosting the electrochemical energy storage and conversion application 

field. Several specific objectives are identified as: 

(1) To explore novel hollow structured transition metal oxides with protected surface that can 

effectively buffer the volume change during the lithiation/delithiation process, thus 

enhancing the electrochemical stability and cycle life for LIBs. 
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(2) To develop low-toxicity and cost-effective bifunctional battery electrode nanomaterials 

and relate their performance with structural changes. 

(3) To improve the EOR performance of Pd-based intermetallic NCs through a simple control 

of shape and size and better understand the activity and stability of Pd-based NCs during 

fuel cells application. 

(4) To explore the synergistic effect of the incorporated non-metallic element into 

intermetallic nanocrystal for enhanced EOR activity, which is directly related to the surface 

composition of NRs. 

 

References 

(1)  BP Statistical Review of World Energy. 2019. 

(2)  Bull, S. R. Renewable Energy Today and Tomorrow. Proc. IEEE 2001, 89, 1216–1226. 

(3)  Yoo, H. D.; Markevich, E.; Salitra, G.; Sharon, D.; Aurbach, D. On the Challenge of 

Developing Advanced Technologies for Electrochemical Energy Storage and Conversion. 

Mater. Today 2014, 17, 110–121. 

(4)  Cells, F. Introduction: Batteries and Fuel Cells. Chem.Rev. 2004, 104, 4243–4244. 

(5)  Environ, E.; Etacheri, V.; Marom, R.; Elazari, R.; Salitra, G.; Aurbach, D. Challenges in the 

Development of Advanced Li-Ion Batteries: A Review. Energy Environ.Sci. 2011, 4, 3243–

3262. 

(6)  Dunn, B.; Kamath, H.; Tarascon, J. Electrical Energy Storage for the Grid : A Battery of 

Choices. Science 2011, 334, 928–936. 

(7)  Harris, W.S. Ph.D. Thesis UCRL-8381, University of California, Berkeley. 

(8)  Manthiram, A.; Murugan, A. V.; Sarkar, A.; Muraliganth, T. Nanostructured Electrode 

Materials for Electrochemical Energy Storage and Conversion. Energy Environ.Sci. 2008, 1, 

621–638. 

(9)  Palacı, M. R. Recent Advances in Rechargeable Battery Materials: A Chemist’s Perspective. 

Chem.Soc.Rev. 2009, 38, 2565–2575.  

(10)  Cheng, F.; Liang, J.; Tao, Z.; Chen, J. Functional Materials for Rechargeable Batteries. 

Adv.Mater. 2011, 23, 1695–1715.  

(11)  Ellis, B. L.; Lee, K. T.; Nazar, L. F. Positive Electrode Materials for Li-Ion and Li-Batteries. 

Chem.Mater. 2010, 22, 691–714.  

(12)  Luo, W.; Dahn, J. R. Electrochimica Acta Comparative Study of Li[Co1−zAlz]O2 Prepared by 

Solid-State and Co-Precipitation Methods. Electrochim. Acta 2009, 54, 4655–4661.  

(13)  Seok, Y.; Electrochem, J.; Soc, A.; Jung, Y. S.; Cavanagh, A. S.; Dillon, A. C.; Groner, M. D.; 

George, S. M.; Lee, S. Enhanced Stability of LiCoO 2 Cathodes in Lithium-Ion Batteries Using 

Surface Modification by Atomic Layer Deposition. J.Electrochem.Soc. 2010, 157, A75.  

(14)  Winter, B. M.; Besenhard, J. O.; Spahr, M. E.; Novµk, P. Insertion Electrode Materials for 

Rechargeable Lithium Batteries. Adv.Mater. 1998, 10, 725–763. 

(15)  Yang, B. S.; Feng, X.; Zhi, L.; Cao, Q.; Maier, J.; Mu, K. Nanographene-Constructed Hollow 

Carbon Spheres and Their Favorable Electroactivity with Respect to Lithium Storage. 



11 
 

Adv.Mater. 2010, 22, 838–842. 

(16)  Cabana, B. J.; Monconduit, L.; Larcher, D.; Palacín, M. R. Beyond Intercalation-Based Li-Ion 

Batteries: The State of the Art and Challenges of Electrode Materials Reacting Through 

Conversion Reactions. Adv.Mater. 2010, 22, E170–E192.  

(17)  Slater, M. D.; Kim, D.; Lee, E.; Johnson, C. S. Sodium-Ion Batteries. Adv.Funt.Mater. 2013, 

23, 947–958.  

(18)  Sun, Y. Sodium-Ion Batteries: Present and Future. Chem.Soc.Rev 2017, 46, 3529.  

(19)  Komaba, S.; Hasegawa, T.; Dahbi, M.; Kubota, K. Potassium Intercalation into Graphite to 

Realize High-Voltage/High-Power Potassium-Ion Batteries and Potassium-Ion Capacitors. 

Electrochem. commun. 2015, 60, 172–175. 

(20)  Xu, Y.; Zhang, C.; Zhou, M.; Fu, Q.; Zhao, C.; Wu, M.; Lei, Y. Highly Nitrogen Doped Carbon 

Nanofibers with Superior Rate Capability and Cyclability for Potassium Ion Batteries. Nat. 

Commun. 2018, 9, 1720. 

(21)  Ji, B.; Zhang, F.; Song, X.; Tang, Y. A Novel Potassium-Ion-Based Dual-Ion Battery. Adv.Mater. 

2017, 29, 1700519. 

(22)  Jian, Z.; Luo, W.; Ji, X. Carbon Electrodes for K‑Ion Batteries. J.Am.Chem.Soc. 2015, 137, 

11566.  

(23)  Share, K.; Cohn, A. P.; Carter, R.; Rogers, B.; Pint, C. L. Role of Nitrogen-Doped Graphene 

for Improved High-Capacity Potassium Ion Battery Anodes. ACS Nano 2016, 10, 9738–9744.  

(24)  Su, D.; Mcdonagh, A.; Qiao, S.; Wang, G. High-Capacity Aqueous Potassium-Ion Batteries 

for Large-Scale Energy Storage. Adv.Mater. 2017, 29, 1604007. 

(25)  Mathew, V.; Kim, S.; Kang, J.; Gim, J.; Song, J.; Baboo, J. P.; Park, W.; Ahn, D.; Han, J.; Gu, L.; 

et al. Amorphous Iron Phosphate: Potential Host for Various Charge Carrier Ions. NPG Asia 

Mater. 2014, 6, e138. 

(26)  Pramudita, J. C.; Sehrawat, D.; Goonetilleke, D.; Sharma, N. An Initial Review of the Status 

of Electrode Materials for Potassium-Ion Batteries. Adv.Energy Mater. 2017, 7, 1602911.  

(27)  Wasmus, S.; Ku, A. Methanol Oxidation and Direct Methanol Fuel Cells: A Selective Review. 

J. Electroanal. Chem. 1999, 461, 14–31. 

(28)  Akhairi, M. A. F.; Kamarudin, S. K. ScienceDirect Catalysts in Direct Ethanol Fuel Cell ( DEFC ): 

An Overview. Int. J. Hydrogen Energy 2016, 41, 4214–4228.  

(29)  Cao, D.; Bergens, S. H. A Direct 2-Propanol Polymer Electrolyte Fuel Cell. J. Power Sources 

2003, 124, 12–17. 

(30)  Liu, J.; Ye, J.; Xu, C.; Ping, S.; Tong, Y. Electro-Oxidation of Methanol , 1-Propanol and 2-

Propanol on Pt and Pd in Alkaline Medium. J. Power Sources 2008, 177, 67–70.  

(31)  An, L.; Chen, R. Recent Progress in Alkaline Direct Ethylene Glycol Fuel Cells for Sustainable 

Energy Production. J. Power Sources 2016, 329, 484–501.  

(32)  Bianchini, C.; Shen, P. K. Palladium-Based Electrocatalysts for Alcohol Oxidation in Half Cells 

and in Direct Alcohol Fuel Cells. Chem. Rev. 2009, 109, 4183–4206. 

(33)  Chen, A.; Ostrom, C. Palladium-Based Nanomaterials: Synthesis and Electrochemical 

Applications. Chem.Rev. 2015, 115, 11999–12044.  

(34)  Bai, J.; Liu, D.; Yang, J.; Chen, Y. Nanocatalysts for Electrocatalytic Oxidation of Ethanol. 

ChemSusChem 2019, 12, 2117–2132. 

(35)  Begum, H.; Ahmed, M. S.; Jeon, S. Highly E Ffi Cient Dual Active Palladium Nanonetwork 

Electrocatalyst for Ethanol Oxidation and Hydrogen Evolution. ACS Appl.Mater.Interfaces 



12 
 

2017, 9, 39303–39311. 

(36)  Chen, L.; Lu, L.; Zhu, H.; Chen, Y.; Huang, Y.; Li, Y.; Wang, L. Improved Ethanol 

Electrooxidation Performance by Shortening Pd–Ni Active Site Distance in Pd-Ni-P 

Nanocatalysts. Nat. Commun. 2017, 8, 14136. 

(37)  Du, C.; He, S.; Liu, M.; Gao, X. Novel Pd13Cu3S7 Nanotubes with High Electrocatalytic 

Activity towards Both Oxygen Reduction and Ethanol Oxidation Reactions. CrystEngComm 

2016, 18, 6055–6061. 

(38)  Wang, R.; Ma, Y.; Wang, H.; Key, J.; Ji, S. Gas–Liquid Interface-Mediated Room-

Temperature Synthesis of “Clean” PdNiP Alloy Nanoparticlenetworks with High Catalytic 

Activity for Ethanol. Chem.Commun. 2014, 50, 12877–12879.  

(39)  Bambagioni, V.; Bianchini, C.; Filippi, J.; Oberhauser, W.; Marchionni, A.; Vizza, F.; Psaro, R.; 

Sordelli, L.; Foresti, M. L.; Innocenti, M. Ethanol Oxidation on Electrocatalysts Obtained by 

Spontaneous Deposition of Palladium onto Nickel-Zinc Materials. ChemSusChem 2009, 2, 

99–112. 

(40)  Zou, L.; Fan, J.; Zhou, Y.; Wang, C.; Li, J.; Zou, Z.; Yang, H. Conversion of PtNi Alloy from 

Disordered to Ordered for Enhanced Activity and Durability in Methanol-Tolerant. Nano 

Reserach 2015, 8, 2777–2788. 

(41)  Li, Q.; Wu, L.; Wu, G.; Su, D.; Lv, H.; Zhang, S.; Zhu, W.; Casimir, A.; Zhu, H.; Mendoza-garcia, 

A.; et al. New Approach to Fully Ordered Fct-FePt Nanoparticles for Much Enhanced 

Electrocatalysis in Acid. Nano Lett. 2015, 15, 2468–2473.  

(42)  Gilroy, K. D.; Ruditskiy, A.; Peng, H.; Qin, D.; Xia, Y. Bimetallic Nanocrystals: Syntheses, 

Properties, and Applications. Chem.Rev. 2016, 116, 10414–10472.. 

(43)  Mourdikoudis, S.; Liz-marza, L. M. Oleylamine in Nanoparticle Synthesis. Chem.Mater. 2013, 

25, 1465–1476. 

(44)  Cozzoli, P. D.; Snoeck, E.; Garcia, M. A.; Giannini, C.; Guagliardi, A.; Cervellino, A.; Gozzo, F.; 

Hernando, A.; Achterhold, K.; Ciobanu, N.; et al. Colloidal Synthesis and Characterization of 

Tetrapod-Shaped Magnetic Nanocrystals. Nano Lett. 2006, 6, 1966–1972.  

(45)  Xu, Z.; Shen, C.; Hou, Y.; Gao, H.; Sun, S. Oleylamine as Both Reducing Agent and Stabilizer 

in a Facile Synthesis of Magnetite Nanoparticles. Chem.Mater. 2009, 21, 1778–1780.  

(46)  Kim, B.; Oh, S. J.; Park, J. T. Size-Dependent Magnetic Properties of Colloidal Mn3O4 and 

MnO Nanoparticles. Angew.Chem.Int.Ed. 2004, 43, 1115–1117.  

(47)  Sun, S.; Zeng, H.; Robinson, D. B.; Raoux, S.; Rice, P. M.; Wang, S. X.; Li, G. Monodisperse 

MFe2O4 (M=Fe,Co,Mn) Nanoparticles. J.Am.Chem.Soc. 2004, 126, 273–279.  

(48)  Sheng, T.; Xu, Y.; Jiang, Y.; Huang, L.; Tian, N.; Zhou, Z.; Broadwell, I.; Sun, S. Structure 

Design and Performance Tuning of Nanomaterials for Electrochemical Energy Conversion 

and Storage. Acc.Chem.Res. 2016, 49, 2569–2577.  

(49)  Ro, L.; Armbru, M. Electrochemical Energy Conversion on Intermetallic Compounds: A 

Review. ACS Catal. 2019, 9, 2018–2062.  

(50)  Li, W.; Sun, X.; Yu, Y. Si-,Ge-,Sn-Based Anode Materials for Lithium-Ion Batteries: From 

Structure Design to Electrochemical Performance. Small Methods 2017, 1, 1600037.  

(51)  Links, D. A. Nanomaterials of High Surface Energy with Exceptional Properties in Catalysis 

and Energy Storage. Chem.Soc.Rev. 2011, 40, 4167–4185.  

(52)  Xu, G.; Wang, Q.; Fang, J.; Xu, Y.; Li, J.; Huang, L.; Sun, S. Tuning the Structure and Property 

of Nanostructured Cathode Materials of Lithium Ion and Lithium Sulfur Batteries. 



13 
 

J.Mater.Chem.A 2014, 2, 19941–19962.  

(53)  Liao, H.; Fisher, A.; Xu, Z. J. Surface Segregation in Bimetallic Nanoparticles: A Critical Issue 

in Electrocatalyst Engineering. Small 2015, 11, 3221–3246.  

(54)  Ahmadi, M.; Behafarid, F.; Cui, C.; Strasser, P.; Cuenya, B. R. Long-Range Segregation 

Phenomena in Shape-Selected Bimetallic Nanoparticles: Chemical State Effects. ACS Nano 

2013, 7, 9195–9204. 

(55)  Brodsky, C. N.; Young, A. P.; Ng, K. C.; Kuo, C.; Tsung, C.; Street, B.; Hill, C.; States, U.; Taipei, 

N.; Biology, C.; et al. Electrochemically Induced Surface Metal Migration in Well-Defined 

Core-Shell Nanoparticles and Its General Influence on Electrocatalytic Reactions. ACS Nano 

2014, 8, 9368–9378.  

(56)  Erini, N.; Beermann, V.; Gocyla, M.; Gliech, M.; Heggen, M.; Dunin-Borkowski, R. E.; Strasser, 

P. The Effect of Surface Site Ensembles on the Activity and Selectivity of Ethanol 

Electrooxidation by Octahedral PtNiRh Nanoparticles. Angew. Chem.Int. Ed. 2017, 56, 

6533–6538. 

(57)  Boulineau, A.; Simonin, L.; Colin, J. F.; Bourbon, C.; Patoux, S. First Evidence of Manganese-

Nickel Segregation and Densification upon Cycling in Li-Rich Layered Oxides for Lithium 

Batteries. Nano Lett. 2013, 13, 3857–3863. 

(58)  Spçri, C.; Tai, J.; Kwan, H.; Bonakdarpour, A.; Wilkinson, D. P.; Strasser, P. The Stability 

Challenges of Oxygen Evolving Catalysts: Towards a Common Fundamental Understanding 

and Mitigation of Catalyst Degradation. Angew.Chem.Int.Ed. 2017, 56, 5994–6021.  

 

 

 

 

 

 

 

 

 

 

 

 

 



14 
 

2. A low temperature solid state reaction to 

produce hollow MnxFe3-xO4 nanoparticles as 

anode for lithium-ion batteries  

Abstract 

Hollow MnxFe3-xO4 NPs with an average size of 15 nm are produced from the solid state 

reaction of Fe3O4-Mn3O4 heterostructures. These heterostructures are synthesized through 

the seeded-growth of Mn3O4 crystal domains on the surface of hollow Fe3O4 NPs obtained by 

the nanoscale Kirkendall effect. Fe3O4-Mn3O4 heterostructures are subsequently annealed at 

500 °C, enough temperature to promote the interfusion of Fe and Mn ions, but without 

compromising the hollow geometry. MnxFe3-xO4 nanostructures are tested as anode in LIBs, 

delivering large lithium storage capacities and high-rate capabilities of 1054 mAh g-1 at 0.1 A 

g-1 and 369 mAh g-1 at 5 A g-1. Additionally, hollow MnxFe3-xO4 NPs display long cycling stability, 

with a capacity up to 887 mAh g-1 at 0.3 A g-1 after 450 cycles. The excellent performance of 

hollow MnxFe3-xO4 NPs as anode for LIBs is associated with their crystal structure, and 

composition, and with the presence of carbonized ligands, which further promote electrical 

conductivity and buffer the volume changes during cycling. Additionally, the small particle size 

and hollow morphology improves the lithium kinetics, structural stability and cycling 

performance.  
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2.1. Introduction 

Mixed metal oxides play fundamental roles in numerous energy conversion and storage 

technologies, including batteries, fuel cells and photovoltaics, to cite a few. Compared with 

elemental oxides, multimetallic compositions usually provide higher electrical conductivities 

and defect densities, richer redox chemistries and additional degrees of freedom to optimize 

functional properties.1,2 For mixed metal oxides, tuning of the metal ratios allows adjusting 

lattice parameters, energy band structures, charge carrier concentrations and catalytic 

characteristics, among other properties.  

In numerous technological applications, e.g. those involving interaction with a gas or liquid 

media, an essential step toward performance optimization is to maximize the surface area. 

This is particularly true for LIBs, which require electrode materials with large surface areas to 

maximize interaction with the electrolyte and enable high rate capability and reversible 

capacity. Large surface area and porous structures are also advantageous to accommodate the 

enormous volume changes associated with lithiation and delithiation.3,4 However, the 

synthesis of mixed metal oxides with highly porous structures and/or small particle dimensions 

is extremely challenging. At industrial production scales, mixed metal oxides are generally 

produced through solid state synthesis methods, which typically require long reaction times 

and high temperatures due to limitations in ionic diffusivity. Such severe synthesis conditions 

not only increase the cost of the product, but also result in materials with large grains and low 

surface areas.5  

Mixed spinels, specifically spinel ferrites, are a particularly interesting class of mixed metal 

oxides. Among them, MnFe2O4 is especially appealing as it is composed of abundant, low-cost 

and non-toxic elements and provides remarkable functional properties, including a high 

theoretical capacity of 929.4 mAh g-1 as anode material for LIBs,6,7 and NIBs, (MnFe2O4 + 8Li+ 

(Na+) + 8e-→ Mn + 2Fe + 4Li2O (Na2O)).8 The parent materials, Fe3O4 and Mn3O4, are also 

electrochemically active versus lithium, presenting theoretical capacities up to 926 mAh g-1 

and 936 mAh g-1, respectively.9,10 Their high theoretical capacities are related to the 

involvement of more than one electron in the conversion reaction, which is associated to the 

multiple valences of the constituent transition metals. However, these materials are generally 

characterized by relatively poor cycling stabilities, which may be due to the pulverization of 

the electrode material caused by the large volume change during cycling, and the formation 

of an unstable SEI.11,12 Besides, Fe3O4 and Mn3O4 are characterized by relatively low electrical 

conductivities, which further limit their rate-capability.13,14 To mitigate these drawbacks, an 
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effective strategy is to reduce the dimensions of the crystal domains to the nanoscale and to 

mix these nanodomains with highly conductive carbon materials that provide large surface 

areas and porous structures.9,13 Ideally, oxide crystal domains should be in the 10 nm size range 

and have a proper geometry to accommodate the large volume changes of the anode 

materials during lithium ion insertion/extraction.  

In this work, we detail a strategy to produce hollow mixed oxide NPs by a low temperature 

solid state reaction of the constituent oxides. To minimize the required ion diffusion distances 

and thus the necessary reaction temperature, the two oxides were pre-assembled within 

heterostructured NPs. In particular, we report the synthesis of hollow MnxFe3-xO4 NPs from the 

solid state reaction of Fe3O4-Mn3O4 heterostructures obtained through the epitaxial growth of 

Mn3O4 nanodomains on the surface of hollow Fe3O4 NPs. Hollow MnxFe3-xO4 NPs are tested as 

anode material for LIBs, showing significantly better electrochemical Li-storage performance, 

i.e. higher reversible capacity, better rate capability and longer cyclability, than parent Fe3O4 

and Mn3O4 NPs.  

2.2. Experimental 

2.2.1. Chemicals  

Iron pentacarbonyl (Fe(CO)5, 99.99%), manganese(II) perchlorate hydrate (Mn (ClO4)2·6H2O, 

99%), xylene (≥98.5%), OAm (>80%), OAc ( 90%), 1-octadecene (ODE, 90%) and hydrazine 

hydrate (N2H4, 50–60% in water) were purchased from Sigma-Aldrich. CB (99%), polyvinilidene 

difluoride (PVDF) and dimethyl carbonate (DMC, 99%) were purchased from Alfa Aesar. N-

methyl-2- pyrrolidinone (NMP, 99.5%), LiPF6 (98%) and ethylene carbonate (EC, 99%) were 

purchased from ACROS Organics. Toluene, hexane, chloroform, acetone and ethanol were of 

analytical grade and obtained from various sources. Milli-Q water was supplied by the 

PURELAB flex from ELGA. All chemicals were used as received without further purification. 

2.2.2. Preparation of Fe3O4, Mn3O4, Fe3O4-Mn3O4 and MnxFe3-xO4 NPs 

Hollow Fe3O4 NPs were prepared following a reported procedure, but introducing slight 

modifications.15 10 mL of ODE and 112 μL of OAm were mixed in a 25 mL three-neck flask and 

degassed under magnetic stirring for 1h at 80 °C. Then, the mixture was heated to 180 °C 

under argon. At this temperature, a precursor solution containing 0.4 ml of Fe(CO)5 in 1.6 ml 

of ODE was rapidly injected. After 20 min of reaction, an air flow (100 mL/min) was introduced 

through the solution for 10 min. Afterward, the reaction was cooled down to room 

temperature. Fe3O4 NPs were collected by adding 20 mL of acetone and centrifuging at 8000 
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rpm for 10 min. NPs were redispersed in 5 mL of chloroform under sonication and washed at 

least twice with acetone as anti-solvent and chloroform as solvent. 

To prepare Fe3O4-Mn3O4 NPs, 20 mg of as-synthesized Fe3O4 NPs was mixed with 5 mL of xylene, 

0.41 mL of OAm and 80 μl of OAc. Then, the mixture was heated at 80 °C and stirred for 30 

min. At this temperature, 1 mL of an aqueous solution containing 0.2 mmol Mn(ClO4)2 was 

injected rapidly. The mixture was allowed to react for 1h at 80 °C and then it was cooled down 

to room temperature. NPs were collected by adding 10 mL of acetone and centrifuging at 3000 

rpm for 3 min. NPs were redispersed in 5 mL of chloroform under sonication and washed at 

least twice with acetone as anti-solvent and chloroform as solvent. 

As-obtained Fe3O4-Mn3O4 NPs were heated at a rate of 5 °C/min up to 500 °C under an Ar flow 

for 2h to force the solid state reaction between Fe3O4 and Mn3O4 to MnxFe3-xO4 and at the 

same time carbonize the organic ligands attached to their surface. 16,17  

To remove the organic ligands from the surface of Fe3O4-Mn3O4 NPs, NPs dispersed in hexane 

(50 mg in 5 mL) were mixed with 5 ml of 1 M hydrazine hydrate aqueous solution to form a 

two phase system. The mixture was stirred until the NPs moved into the aqueous phase. NPs 

were collected by centrifugation and washed with hexane and ethanol. 

Solid Fe3O4 NPs were prepared following a reported procedure.18 10 mL of ODE and 2 mL of 

OAc were mixed in a 25 mL three-neck flask and degassed under magnetic stirring for 1h at 

80 °C. Then the mixture was heated to 180 °C under argon. At this temperature, a precursor 

solution of 0.4 mL of Fe(CO)5 dissolved in 1.6 mL of ODE was injected rapidly. The temperature 

was increased to 300 °C and kept for 20 min. Then the reaction was cooled down to room 

temperature. NPs were collected by adding 20 mL of acetone and centrifuging at 8000 rpm for 

10 min. 

Mn3O4 NPs were prepared following a reported procedure.19 A mixture of 5 mL of xylene, 0.41 

mL of OAm and 80 μL of OAc was heated at 80 °C and stirred for 30 min. Then, 1 mL aqueous 

solution containing 0.2 mmol Mn(ClO4)2 was injected rapidly. The reaction was maintained at 

80 °C for 1h and then cooled down to ambient temperature. NPs were collected by adding 10 

mL of acetone and centrifuging at 3000 rpm for 3 min. The precipitate was redispersed in 5 mL 

of chloroform under sonication and washed at least twice. 

2.2.3. Structural and chemical characterization  

Size and shape of the NPs were examined by TEM using a ZEISS LIBRA 120, operating at 120 
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kV. HRTEM and STEM images were obtained using a FEI Tecnai F20 field-emission gun 

microscope operated at 200 kV with an embedded Gatan image filter for EELS analyses. Images 

were analyzed by means of Gatan Digital Micrograph software. SEM analyses were done in a 

ZEISS Auriga microscope with an EDS detector operating at 20 kV that allowed studying the NP 

composition. Powder X-ray diffraction (XRD) patterns were collected directly from the as-

synthesized NPs dropped on Si (501) substrate on a Bruker AXS D8 Advance X-ray 

diffractometer with Ni-filtered (2 μm thickness) Cu Kα radiation (λ = 1.5406 Å) operating at 40 

kV and 40 mA. A LynxEye linear position-sensitive detector was used in reflection geometry. 

XPS was performed on a SPECS system equipped with an Al anode XR50 source operating at 

150 W and a Phoibos 150 MCD-9 detector. The pressure in the analysis chamber was always 

below 10-7 Pa. The area analyzed was about 2 mm × 2 mm. The pass energy of the 

hemispherical analyzer was set at 25 eV and the energy step was set at 0.1 eV. Data processing 

was performed with the CasaXPS program (Casa Software Ltd., UK). Binding energy (BE) values 

were centered using the C 1s peak at 284.8 eV. Thermogravimetric analysis (TGA) were carried 

out using a PerkinElmer Diamond TG/DTA instrument. Samples were measured in air from 

ambient temperature to 500 °C at a heating rate of 5 °C/min. Nitrogen adsorption−desorption 

isotherms were collected on a BEL-Mini adsorption analyzer. From these isotherms, the 

Brunauer-Emmett-Teller (BET) surface area of the materials was calculated. 

2.2.4. Electrochemical measurements  

Working electrodes were prepared by doctor blading. Homogeneous slurries were prepared 

by mixing 80 wt% active materials, 10 wt% CB, and 10 wt% PVDF in NMP. The slurry was 

uniformly coated on copper foil and then dried at 80 °C under vacuum overnight. The active 

material mass loading of each electrode was around 0.8-1.0 mg cm-2. LIBs were assembled in 

CR 2032 coin cells in an argon-filled glovebox with a lithium metal counter electrode and a 

polypropylene Celgard 2400 membrane as separator. The electrolyte consisted of 1 M LiPF6 

dissolved in a solution of EC and DMC (v/v=1:1). The cells were galvanostatically cycled within 

a voltage range of 0.01-3 V by a Neware BTS4008 battery tester. CV measurements were 

performed on a battery tester BCS-810 from Bio-Logic. Electrochemical impedance 

spectroscopy (EIS) tests were conducted using a sinusoidal voltage with amplitude of 5 mV in 

the frequency range from 100 kHz to 10 mHz. For galvanostatic intermittent titration 

technique (GITT) analysis, a current pulse of 0.2 A g−1 was applied for 10 mins and then the cell 

was left on open circuit for 30 mins. For GITT analysis, fresh coin cells were first cycled at 0.3 

A g−1 for 50 cycles to reach the stable operation state prior to the GITT test. All electrochemical 

measurements were carried out at ambient temperature.  
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2.3. Results and discussion 

Fe3O4-MnxOy heterostructured NPs were synthesized through a two-step process. First, Fe3O4 

hollow NPs were produced through the nanoscale Kirkendall effect by oxidizing colloidal Fe 

NPs obtained from the decomposition of Fe(CO)5.15 In a second step, hollow Fe3O4 NPs were 

used as seeds for the epitaxial growth of MnxOy crystals upon injection of a manganese(II) 

perchlorate aqueous solution (see experimental section for details). TEM micrographs of 

Fe3O4-MnxOy heterostructured NPs obtained following this procedure showed the hollow 

Fe3O4 NPs to have an average diameter of 15  1 nm and the MnxOy crystal domains to have an 

average size of 9  1 nm (Fig. 2.1 and 2.2). Remarkably, in most cases only one MnxOy 

nanocrystal, which adopted an octahedral geometry, was grown on the surface of each Fe3O4 

NP. No independent MnxOy NCs were observed. These results pointed out to a preferential 

heterogeneous over homogeneous nucleation of MnxOy crystals over Fe3O4, a favored crystal 

growth over nucleation of new MnxOy domains and to a relatively high interface energy 

between Fe3O4 and MnxOy, which favored the formation of a unique MnxOy crystal domain 

instead of a shell on the surface of each Fe3O4 NP. 

XRD patterns of Fe3O4-MnxOy NPs clearly displayed the peaks corresponding to the magnetite 

Fe3O4 crystal structure (JCPDS 01-088-0315, Fig. 2.3). Shoulders at 2θ = 29, 32 and 60 

pointed toward the presence of the Mn3O4 crystal phase. No additional crystallographic phase 

could be distinguished from XRD patterns. HRTEM micrographs showed the heterostructured 

NPs to have a good crystallinity and to contain multiple crystal domains (Fig. 2.1c and 2.4). The 

polycrystalline hollow structure displayed a crystal structure that systematically matched well 

with a cubic Fe3O4 phase (space group Fd3-mz), with a=b=c=8.3799 Å. The phase of the MnxOy 

crystal domain grown on the surface of Fe3O4 NPs in most cases matched the tetragonal Mn3O4 

(space group I41/amd) with lattice constants a = 5.75 Å and c = 9.42 Å (Fig. 2.1). Additionally, 

EELS analyses displayed the oxidation state of Fe to be between Fe2+ and Fe3+, and that of Mn 

between Mn2+ and Mn3+, which confirmed the previous phase assignment (Fig. 2.5). In some 

HRTEM analyses, MnxOy crystal domains on the surface of Fe3O4 NPs were better fitted with a 

monoclinic Mn5O8 phase (space group C12/m1) with a=10.347 Å, b=5.724 Å and c= 4.852 Å 

(Fig. 2.6), and EELS analysis displayed Mn oxidation states from Mn3+ and Mn4+ (Fig. 2.7). These 

variations pointed out that the small manganese oxide crystals were much more sensitive to 

the synthesis details, manipulation treatments and/or measuring conditions that the support 

Fe3O4 NPs.  

Fig. 2.1d shows a STEM micrograph and the corresponding EELS chemical composition maps 
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for Fe, Mn and O of several Fe3O4-Mn3O4 NPs. Additional compositional maps obtained from 

the EELS core loss spectra at the Mn L2,3 and Fe L2,3 edges can be found on the supporting 

information (Fig. 2.8-10). From these chemical maps, it became evident that oxygen was 

homogeneously distributed throughout the heterostructures. On the other hand, iron was 

present just at the quasi-spherical hollow NPs and Mn was only present in the octahedral 

crystal domains grown at the surface of the hollow NPs. This element distribution confirmed 

the growth of the manganese oxide as a separate phase at the surface of the hollow Fe3O4 NPs. 

A compositional line profile for Fe, Mn and O recorded along the red arrow in the STEM image 

(Fig. 2.1d) further confirmed this result (Fig. 2.1e).  
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Fig. 2.1. (a) TEM and (b) HAADF STEM micrograph of Fe3O4-Mn3O4 heterostructured NPs. (c) HRTEM 

micrograph of Fe3O4-Mn3O4 NPs, detail of the squared region of the hollow NP and its 

corresponding power spectrum. The crystal matched a cubic Fe3O4 (space group Fd3-mz) phase, 

with a=b=c=8.3799 Å. The Fe3O4 lattice fringe distances were measured to be 0.254 nm, 0.251 nm 

and 0.296 nm, at 50.42° and 114.85°, which was interpreted as the cubic Fe3O4 phase visualized 

along its [141] zone axis. (d) HRTEM micrograph of Fe3O4-Mn3O4 NPs, detail of the squared region 

of the polyhedral domain and its corresponding power spectrum. The crystal structure agreed with 

the tetragonal Mn3O4 phase (space group I41/amd) with lattice constants a = 5.75 Å and c = 9.42 Å 

visualized along its [100] zone axis. (e) HAADF STEM micrograph and EELS chemical composition 

maps: individual Fe L2,3-edges at 708 eV (green), Mn L2,3-edges at 640 eV (blue), O K-edge at 532 

eV (red) and their composites (Fe-Mn-O). (f) Compositional line profile for Fe, Mn and O recorded 

along the orange arrow in image (e).  
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Fig. 2.2. TEM micrographs of (a) hollow Fe3O4 NPs and (b) heterostructured Fe3O4-Mn3O4 NPs. 

 

 

 

 

Fig. 2.3. XRD patterns of hollow Fe3O4 and Fe3O4-Mn3O4 NPs. 
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Fig. 2.4. HRTEM micrographs of Fe3O4-Mn3O4 NPs. 

 

Fig. 2.5. STEM micrograph of a Fe3O4-Mn3O4 NP and individual oxidation state map of Mn obtained 

from the EELS core loss spectra at the Mn L2,3 edge state of manganese map. 

Fig. 2.6. HRTEM micrograph of few Fe3O4-MnxOy NPs, detail of the red squared region and its 

corresponding power spectrum. 
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Fig. 2.7. Individual oxidation state maps of Mn and Fe from a Fe3O4- Mn5O8 NP: obtained from the 

EELS core loss spectra at the Mn L2,3 and Fe L2,3 edges. 

 

 

 
Fig. 2.8. STEM micrograph of Fe3O4-Mn3O4 NPs and the EELS chemical composition maps obtained 

from the red squared area. Individual O K-edge at 532 eV (red), Fe L2,3-edges at 708 eV (green), 

Mn L2,3-edges at 640 eV (blue) composition maps and their composites (Fe-O, Mn-O and Fe-Mn-

O). The right column shows the relative composition maps for O, Fe and Mn. 
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Fig. 2.9. STEM micrograph of Fe3O4-Mn3O4 NPs and EELS chemical composition maps obtained from 

the red squared area. Individual O K-edge at 532 eV (red), Fe L2,3-edges at 708 eV (green), Mn 

L2,3-edges at 640 eV (blue) composition maps and their composites (Fe-O, Mn-O and Fe-Mn-O). 

 

 

Fig. 2.10. STEM micrograph of Fe3O4-Mn3O4 NPs and the relative composition maps for Fe, Mn and 

O from same area. 
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21 nm Fe3O4 seeds resulted in Fe3O4-MnO heterostructures with multiple MnO crystal domains. 

The formation of core-shell structures was explained with the very large surface chemical 

potential of the small Fe3O4 NPs used as seeds with a high radius of curvature. Besides, the 

formation of one or multiple MnO domains on larger crystals was related to the presence of 

particular sites that facilitated nucleation and/or allowed better accommodation of an 

interface. At a similarly high temperature, using Mn-oleate as precursor and 11 nm solid Fe3O4 

seeds, Li et al. reported the formation of Fe3O4-MnO heterostructures with not well-defined 

sizes and an unclear phase distribution.21 Recently, Mayence et al. reported the formation of 

Fe3O4-MnO heterostructures, mainly dimers, at 250 °C using solid iron oxide NCs and 

manganese(II) acetate precursor.22 They evidenced the solvent to strongly influence the 

heterostructure formation. Mayence et al. observed the preferential growth of Mn3O4 on the 

edges of the Fe3O4 NCs owing to the existence of a common crystallographic orientation and 

a lattice mismatch of 5%. More recently, Jiang and Peng reported the facet-selective epitaxial 

growth of Mn3O4 nanodomains on Fe3O4 at temperatures around 200 °C using manganese 

decanoate as precursor.23 They found out that the temperature played a key role in the 

selective growth of Mn3O4 on the vertexes or the top face of solid Fe3O4 nanoprisms and 

explained these results in terms of the site reactivity and the nature of the surfactant bonding 

to the Fe3O4 surface. 

Our work differentiates from previous ones in the use of hollow instead of solid Fe3O4 NPs 

seeds, manganese(II) perchlorate as manganese precursor and relatively low synthesis 

temperatures down to 80 °C. To better understand the formation mechanism of Fe3O4-Mn3O4 

heterostructures under the conditions of the present work, aliquots from the reaction mixture 

containing Fe3O4 seeds and Mn precursor were collected and analyzed by TEM (Fig. 2.11). 

Small Mn3O4 crystal domains were already found on the Fe3O4 shell after 15 min of reaction. 

From this very initial stage of formation of the Mn3O4 domains, only one Mn3O4 crystal per 

Fe3O4 NP was observed. The size of the Mn3O4 crystals increased with time until 60 min of 

reaction. When large excess amount of manganese(II) perchlorate were injected into the Fe3O4 

seed solution, isolated small Mn3O4 NPs could be observed (Fig. 2.12). Under the synthetic 

conditions of the present work, the selection of manganese precursor was fundamental. The 

use of manganese(II) acetate, for instance, did not result in heterostructured NPs but on the 

growth of independent Mn3O4 NPs (Fig. 2.13). On the other hand, the use of solid Fe3O4 NPs 

instead of hollow resulted in a much larger dispersion of the nanostructure types that formed, 

with a larger number of Fe3O4 NPs containing none or multiple Mn3O4 domains and many 

isolated Mn3O4 NPs (Fig. 2.14). We hypothesize that compared with solid Fe3O4 NPs, the 
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defective and thin shell of the hollow Fe3O4 NPs provided a larger number of favorable sites 

for Mn3O4 nucleation and helped to accommodate the stress caused by the Mn3O4 growth, 

resulting in a rapid nucleation and growth of Mn3O4 crystals that minimized interface energy 

by reducing the Fe3O4-Mn3O4 contact area.   

 

Fig. 2.11. TEM micrographs of the initial Fe3O4 NPs (0 min) and of the Fe3O4-Mn3O4 NPs obtained 

from their reaction with manganese perchlorate during 15 min, 30 min and 60 min, as indicated. 
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Fig. 2.12. TEM micrograph of the product of the reaction of hollow Fe3O4 NPs with large amounts 

of manganese(II) perchlorate. 

Fig. 2.13. TEM micrographs of the precursor hollow Fe3O4 NPs and of the NPs obtained from the 

subsequent growth of Mn3O4 from manganese(II) acetate or manganese(II) perchlorate, as 

indicated. 
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Fig. 2.14. TEM micrographs of solid Fe3O4 NPs (left) and the NPs obtained after growth of Mn3O4 

domains (right). 

Fe3O4-Mn3O4 heterostructured NPs were annealed at 500 °C in argon atmosphere to force the 

solid state reaction between Fe3O4 and Mn3O4 domains. The surface organic ligands were 

carbonized during this process.16,17 This annealing did not significantly change the size and 

morphology of the NPs, although the interior cavity of the hollow NPs, which initially contained 

some residual iron oxide, i.e. displayed a yolk-shell type nanostructure, became fully empty 

through the diffusion of the internal iron oxide toward the oxide shell. Nevertheless, the 

hollow geometry of the NPs and the presence of an additional crystal domain on its surface 

were maintained after the sintering step (Fig. 2.15). 
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Fig. 2.15. MnxFe3-xO4 NPs obtained after the annealing process at 500 °C: (a) TEM micrograph (b) 

HAADF STEM micrograph. (c) HRTEM micrograph, detail of the squared region and corresponding 

power spectrum. Crystal lattice fringe distances were measured to be 0.255 nm, 0.209 nm and 

0.255 nm, at 73.4° and 147.0°, which was interpreted as the cubic MnFe2O4 phase, visualized along 

its [0-13] zone axis. (d) HAADF STEM micrograph of MnxFe3-xO4 NPs and the corresponding EELS 

chemical composition maps: individual Fe L2,3-edges at 708 eV (green), O K-edge at 532 eV (red), 

and Mn L2,3-edges at 640 eV (blue). 
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Fig. 2.15d shows a high angle annular dark-field (HAADF)-STEM micrograph and the 

corresponding EELS chemical composition maps from several annealed NPs (additional images 

can be found in Fig. 2.16-18). On the contrary to the former Fe3O4-Mn3O4 heterostructured 

NPs, EELS analyses of the annealed material displayed a homogeneous distribution of Fe, Mn 

and O throughout the whole NP. HRTEM micrographs and power spectrum analyses of the 

annealed NPs revealed their crystal structure to match a MnFe2O4 cubic phase (space group 

=Fd3-msMS) with a=b=c=8.4190 Å (Fig. 2.15c). Additionally, XRD analysis confirmed the 

MnFe2O4 crystal phase of the annealed NPs and displayed no additional crystalline phase (Fig. 

2.19). EDS analysis showed the ratio of Mn to Fe to be Fe/Mn2.0  0.2. 

 

Fig. 2.16. (a) HAADF-STEM and (b) HRTEM micrographs of MnxFe3-xO4 NPs. 

 

Fig. 2.17. STEM micrograph of MnxFe3-xO4 NPs and the EELS chemical composition maps obtained 

from the red squared area: individual Fe L2,3-edges at 708 eV (green), Mn L2,3-edges at 640 eV 

(blue), O K-edge at 532 eV (red) and their composites (Fe-O, Mn-O and Fe-Mn-O). 
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Fig. 2.18. STEM micrograph of MnxFe3-xO4 NPs and the EELS chemical composition maps obtained 

from the red squared area: individual Fe L2,3-edges at 708 eV (green), Mn L2,3-edges at 640 eV 

(blue), O K-edge at 532 eV (red) and their composites (Fe-O, Mn-O and Fe-Mn-O). 

Fig. 2.19. XRD pattern of MnxFe3-xO4 NPs. 

Results from XPS analyses were consistent with the formation of a MnFe2O4 phase (Fig. 2.20). 

The Fe 2p spectrum (Fig. 2.20a) depicted the characteristic doublet of Fe3+ at 724.7 eV (Fe 

2p1/2) and 711.4 eV (Fe 2p3/2). The satellite peak at 719.5 eV also pointed out at the presence 

of Fe3+.24,25 The Mn 2p spectrum displayed peaks at 653.3 eV (Mn 2p1/2) and 641.7 eV (Mn 

2p3/2), which we assigned to Mn2+ (Fig. 2.20b).25,26 The Fe/Mn ratio obtained from XPS spectra 

was 0.8 (Table 2.1). N2 adsorption isotherms obtained with MnxFe3-xO4 NPs showed clear 

hysteresis loops and a pore-size-distribution consistent with the mesoporous structures of 
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hollow MnxFe3-xO4 NPs (Fig. 2.21a). From these adsorption isotherms, BET surface areas of 70 

m2 g-1 were calculated.  

Fig. 2.20. (a) Fe 2p and (b) Mn 2p regions of the XPS spectra of Fe3O4-Mn3O4, MnxFe3-xO4 and 

MnxFe3-xO4 -LR. 

Fig. 2.21. (a) N2 adsorption-desorption isotherms obtained from MnxFe3-xO4 NPs. (b) 

Thermogravimetric analysis of Fe3O4- Mn3O4, MnxFe3-xO4 and MnxFe3-xO4 –LR. 

These results unequivocally demonstrated the low temperature (500 °C) solid state reaction 

between Fe3O4 and Mn3O4 domains within Fe3O4-Mn3O4 heterostructured NPs to result in the 

formation of hollow MnxFe3-xO4 NPs through the inter-diffusion of Mn and Fe ions. It is worth 

noting that both elements diffused throughout the initial two compounds, as both the initial 

Fe3O4 hollow particle and Mn3O4 domain changed compositions toward a mixed MnxFe3-xO4 

phase. The relatively low temperature of the process sufficed to drive the complete reaction 

of these two crystal domains due to their small size and close proximity. The use of low 

reaction temperature was also essential to preserve the initial hollow geometry of Fe3O4 NPs.  
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TGA of the MnxFe3-xO4 NPs in air showed a weight loss of ca. 9 wt%, which corresponded to 

the oxidation and subsequent removal of the carbon remaining from the annealing of the 

organic ligands in argon (Fig. 2.21b). The ligand content of the initial Fe3O4-Mn3O4 was 

measured at an 18%. When removing the ligands before the annealing step, using a hydrazine 

aqueous solution, the carbon content in the annealed material, MnxFe3-xO4-LR, decreased to 4 

wt%. Carbon was essentially present at the surface of the NPs, as shown by the very high 

carbon contents measured by XPS, with a Mn/C ratio of 9.6 for MnxFe3-xO4 and Mn/C=4.9 for 

MnxFe3-xO4-LR (Table 2.1). 

Table 2.1. Surface atomic concentrations of Fe3O4- Mn3O4, MnxFe3-xO4 and MnxFe3-xO4 after 

ligand removal from XPS analysis. 

Hollow MnxFe3-xO4 NPs were used as anode material for LIBs. As a reference, we also prepared 

electrodes based on Mn3O4 NPs and Fe3O4 NPs, both materials were also annealed at 500 °C 

(see experimental section for details on the synthesis of the reference materials and on the 

electrode and LIB preparation and Fig. 2.22 and 2.23).  

 

Fig. 2.22. (a) TEM micrograph of Mn3O4 NPs and (b) XRD patterns of Mn3O4 NPs before and after 

annealing. 

 

SAMPLE 
C 

Atomic % 
O 

Atomic % 
Fe 

Atomic % 
Mn 

Atomic % 
Mn/Fe/O/C 

Ratio 

Fe3O4-Mn3O4 67 25 4.0 3.8 1.0/1.1/6.7/18 

MnxFe3-xO4 48 43 4.0 5.0 1.0/0.80/8.6/9.6 

MnxFe3-xO4-LR 30 58 5.4 6.2 1.0/0.87/9.3/4.9 
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Fig. 2.23. TEM micrograph of hollow Fe3O4 NPs used as a reference material to test LIBs. 

To evaluate the electrochemical activity of the materials toward lithium reaction and explore 

the relationship between the structure and electrochemical properties, first CV was conducted 

in the voltage range 0.01 to 3.0 V vs. Li+/Li. Fig. 2.24a shows the first three CV curves of MnxFe3-

xO4 NPs at a scan rate of 0.1 mV s-1. During the first lithiation, three cathodic peaks located at 

1.62, 0.5, and 0.29 V were observed. The initial peak (1.62 V) was ascribed to the electrolyte 

decomposition and the formation of the SEI film. The other two cathodic peaks located at 0.5 

and 0.29 V were assigned to the stepwise reduction of Fe3+ to Fe0, Mn2+ to Mn0, and the 

formation of Li2O.27-29 First discharge plateaus of Fe2O3 and MnO are usually reported at 

around 0.8 and 0.2 V, respectively.29 So the reduction peaks of MnxFe3-xO4 could be overlapped 

to form a broad cathodic peak at 0.5 V.30 In the subsequent anodic scan, corresponding to 

delithiation, two broad oxidation peaks around 1.68 V were assigned to the oxidation of Fe 

and Mn. No peaks above 2.2 V were observed, indicating that the further oxidation from Mn2+ 

to Mn3+ did not take place. CV curves of Fe3O4 and Mn3O4 exhibited redox peaks in accordance 

with the above analysis (Fig. 2.25), with the peak corresponding to the oxidation from Mn0 to 

Mn2+ in Mn3O4 being overlapped with the Fe oxidation peak for Fe3O4.   

After the first cycle, the reduction peaks located at 0.29 V and 0.5 V and associated with the 

lithiation process shifted to a higher value around 0.74 V, implying that an additional energy 

was needed for the decomposition and rearrangement of MnFe2O4 lattices after first 

lithiation.30 The almost overlapped CV curves obtained from MnxFe3-xO4 electrodes in 

subsequent cycles indicated a high reversibility and excellent cycling stability for lithium 

storage. On the other hand, a serious fading occurred on Fe3O4 and Mn3O4 electrodes (Fig. 
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2.25).  

The initial galvanostatic charge-discharge profiles of MnxFe3-xO4 electrodes at a current density 

of 0.1 A g−1 are presented in Fig. 2.24b. The discharge and charge capacities for the first cycle 

were 1522 and 1019 mAh g−1respectively, with a coulombic efficiency of 67%. The initial 

capacity decay could be associated to an incomplete conversion reaction and irreversible 

lithium loss due to the SEI formation.31,32 Potential plateaus coincided with the distinct redox 

peaks in the CV curves measured from MnxFe3-xO4 electrodes, as expected.9,33  

Charge-discharge tests of MnxFe3-xO4 electrodes at different current densities demonstrated 

the best rate capabilities among the different electrode composition tested (Fig. 2.24c). 

MnxFe3-xO4, Fe3O4 and Mn3O4 electrodes displayed similar initial discharge capacities of 1350 

mAh g−1. However, a poor rate capability was observed for Fe3O4 and Mn3O4 electrodes, with 

a residual capacity at high current densities of 5 A g-1. The much higher capacity retention at 

high current densities for MnxFe3-xO4 electrodes was ascribed to the faster electronic/ionic 

transport kinetics. Fig. 2.24d shows charge-discharge profiles of MnxFe3-xO4 electrodes at 

various current densities ranging from 0.1 to 5 A g−1, showing average discharge capacities 

from 1054 to 369 mAh g−1. More important, when the current density returned to 0.1 A g−1 

after 30 cycles, a high discharge capacity of 960 mAh g−1 was recovered, indicating the superior 

reversibility and stability of MnxFe3-xO4 hollow NPs (Fig. 2.24c). We believe that MnxFe3-xO4 can 

rapidly accommodate and release lithium ions while retaining a stable structure even after 

continuous charge/discharge cycles. The MnxFe3-xO4 electrode delivered a high capacity of 887 

mAh g-1 at 0.3 A g-1 after 450 cycles, with a coulombic efficiency close to 100% (Fig. 2.24e). 

This result was in sharp contrast to that of Fe3O4 (458 mAh g-1 after 450 cycles) and Mn3O4 (265 

mAh g-1 after 450 cycles) electrodes. 

MnxFe3-xO4 electrodes underwent a slight capacity decrease in the initial circles. This capacity 

fading was much more pronounced on Mn3O4 and Fe3O4 electrodes. After the initial decays, 

the three electrodes exhibited a partial capacity recovery. This capacity enhancement after 

long cycling is commonly observed on metal oxides and particularly on Fe3O4-based 

nanostructured electrodes. This enhancement has been correlated with a promoted ion 

diffusion and charge transfer and it has been attributed to an electrochemical grinding effect, 

a delayed electrolyte wetting of the full pore volume, the reversible formation/decomposition 

of lithium oxide and the activation of carbon supports.35-39   

Long-term cycling performance of MnxFe3-xO4 at 1 A g-1 delivered a capacity of 361 mAh g-1 
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after 400 cycles, which is close to the theoretical capacity of graphite (372 mAh g-1) (Fig. 2.26). 

Table 2.2 provides a comparison of the capacity, rate capability, and cycling stability of LIB 

anodes based on Mn-Fe oxides, demonstrating the excellent performance of hollow MnxFe3-

xO4 NP-based electrodes. 

Fig. 2.24. (a) CV curves of a hollow MnxFe3-xO4-based electrode from 0.01 to 3.0 V at a scan rate of 

0.2 mV s-1. (b) Charge–discharge curves of a MnxFe3-xO4-based electrode. (c) Rate properties of 

MnxFe3-xO4, Fe3O4 and Mn3O4 electrodes at different current densities of 0.1, 0.2, 0.5, 1, 2, and 5 A 

g−1. (d) Charge/discharge curves of a MnxFe3-xO4-based electrode at different current densities. (e) 

Long-term cycling performance of MnxFe3-xO4, Fe3O4 and Mn3O4 electrodes at a current density of 

0.3 A g−1. Electrodes were first activated at 0.1 A g-1 for 2 cycles.  
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Fig. 2.25. CV curves obtained from electrodes based on (a) Mn3O4 and (b) Fe3O4. 

 

 

 

Fig. 2.26. Long-term cycling performance of MnxFe3-xO4, Fe3O4 and Mn3O4 electrodes at a current 

density of 1 A g−1. 
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Table 2.2. Comparison of the performance as anode material in LIBs of hollow MnxFe3-xO4-

based electrodes obtained in this work with previous reports on electrodes based on Mn-Fe 

oxides. 

Material 

Capacity 

(mAh g-1) 

(Low current 

density) 

Capacity 

(mAh g-1) 

(High current 

density) 

Cycling stability (%) 

(Time, current density) 

Refer-

ence 

Ferrite/carbon 

nanosheets 
739.8 (0.1 A g-1) 301.7 (20 A g-1) 81.5% (200 cycles, 5 A g-1) 40 

MnFe2O4 229.7 (0.2 A g-1) 77.0 (1 A g-1) ~96% (40 cycles, 0.1 A g-1) 41 

Fe2O3/Mn2O3 1075 (0.5 A g-1) 638 (8 A g-1) 89.3% (600 cycles, 1 A g-1) 29 

MnFe2O4/rGO 813.4 (0.2 A g-1) 432.8 (3.2 A g-1) 80.3% (100 cycles, 0.2 A g-1) 42 

MnFe2O4/GNS 900 (0.05 A g-1) 300 (1.6 A g-1) 96.7% (100 cycles, 0.4 A g-1) 30 

MnFe2O4 

microspheres 
712.2 (0.2 A g-1) 552.2 (0.8 A g-1) 81.1% (50 cycles, 0.2 A g-1) 43 

MnFe2O4–

graphene 
1017 (0.1 A g-1) 767 (1 A g-1) 80% (90 cycles, 1 A g-1) 6 

β -MnO2/α -

Fe2O3 
1173 (0.1 A g-1) 881 (4 A g-1) 106% (200 cycles, 1 A g-1) 44 

MnFe2O4 

microrods 
937 (0.1 A g-1) 420 (4 A g-1) 98% (1000 cycles, 1 A g-1) 45 

MnxFe3-xO4 1005 (0.1 A g-1) 559 (2 A g-1) 118% (450 cycles, 0.2 A g-1) 
This 

work 

 

To study the role of carbonized surface organic ligands on the electrochemical performance, 

the rate and cycling capacities of MnxFe3-xO4-LR were compared with those of MnxFe3-xO4 (Fig. 

2.27). Although the initial discharge capacity of MnxFe3-xO4-LR reached 1403 mAh g-1, its rate 

performance was relatively poor at high current density, with an average capacity of 164 mAh 

g-1 at 5 A g-1 (369 mAh g−1 for MnxFe3-xO4 at 5 A g-1), as shown in Fig. 2.27a. When the current 

density returned to 0.1 A g-1 after 30 cycles, the capacity was 713.9 mAh g-1, only 77.7% of the 

initial 5 cycles at 0.1 A g-1. Cycling tests were conducted on MnxFe3-xO4-LR under 0.3 A g-1 (Fig. 

2.27b), to display a sharp capacity decay down to 329 mAh g-1 after 100 cycles, i.e. just a 42.9% 

capacity were retained. After 350 cycles and increasing the current to1 A g-1, the capacity 

stabilized at 274 mAh g-1 (Fig. 2.27c), which is significantly lower than that of MnxFe3-xO4 (378 

mAh g-1). These results proved that, in contrast to the common assumption and to most 

applications of colloidal NPs, in LIBs the presence of organic ligands at the surface of the NPs 



40 
 

before the annealing step, effectively promoted the material performance. This promotion 

may be in part related to an effect of the organic ligands in preventing sintering of the materials 

during annealing. However, above all, we believe that the conductive and flexible carbon 

derived during annealing from surface organic ligands effectively reduced the electrical 

resistance of the electrodes and accommodated the volume changes associated with lithium 

insertion. As a result, a significant improvement of the rate performance and cycling stability 

was obtained. 

Fig. 2.27. (a) Rate properties of MnxFe3-xO4 and MnxFe3-xO4 -LR electrodes at different current 

densities of 0.1, 0.2, 0.5, 1, 2, and 5 A g−1. Long-term cycling performance of MnxFe3-xO4, and 

MnxFe3-xO4 -LR electrodes at a current density of (b) 0.3 A g−1 and (c) 1 A g−1. 

To investigate the kinetics of the process and the electrode-electrolyte interaction, EIS tests 

were carried out on MnxFe3-xO4, Fe3O4 and Mn3O4 electrodes (Fig. 2.28). The Nyquist plot of 

these three fresh electrodes (Fig. 2.28a) depicted a semicircle in the high frequency range, 

associated with the charge-transfer resistance (Rct) in the electrolyte−electrode interface, and 

a straight line in the low frequencies related with the Li+ diffusion behavior of the electrode 

materials. MnxFe3-xO4 electrodes exhibited the smallest semicircle and steepest straight line 

among the electrodes tested. Fig. 2.28b shows the Nyquist plots after cycling test. Compared 

with the fresh electrodes, the diameter of the semicircle decreased, which was ascribed to the 

formation of a robust SEI layer during the cycling process. Again, the MnxFe3-xO4 electrode 

displayed a smaller semicircle and steeper line than the other two electrodes after cycling, 

indicating the lower Rct and faster Li+ diffusion, which matched well with its higher reversible 

capacity and the better rate performance during cycling. A more quantitative description of 
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the EIS data obtained by modelling the electrical response with equivalent circuits (Fig. 2.29 

and Table 2.3) confirmed the lower electrode (RE) and especially charge transfer resistance (Rct) 

of MnxFe3-xO4 electrode compared with Fe3O4 and Mn3O4 electrodes.30,31  

The lithiation kinetics were further analyzed using the GITT.29 The overpotential of electrodes 

gradually increased during delithiation and decreased during lithiation (Fig. 2.30). During pulse 

periods, voltage changes were much less significant for the MnxFe3-xO4 electrode than for Fe3O4 

and Mn3O4 (Fig. 2.30a), which made already obvious the enhanced reaction kinetics on the 

former. Quantitatively, the reaction resistances as a function of the depth-of-discharge were 

calculated by dividing the overpotential by the pulse current (Fig. 2.30b). As shown in Fig. 2.28c, 

the MnxFe3-xO4 electrode demonstrated the lowest reaction resistance, indicating the best 

reaction kinetics.17 Besides, based on the transient voltage responses, the diffusivity 

coefficient of Li+ could be estimated based on Fick’s second law as follows: 

 

 

where mB, MB and VM are the active mass, molar mass and molar volume respectively. S is the 

active surface area of the electrodes, and τ, ΔES, and ΔEt are the pulse time, voltage change 

between steps, and voltage change during the pulse period, respectively (Fig. 2.30c). As 

depicted in Fig. 2.28d, the three electrodes showed similar trends of the diffusivity variation 

with voltage, but MnxFe3-xO4 electrodes displayed much larger Li+ diffusivity coefficient, 

indicating enhanced solid-state diffusion kinetics. These results are in accordance with EIS data, 

further confirming the superior electrochemical performance of MnxFe3-xO4. 

 

 

 

 

2

t

s

2

m

πτ

4






















=

E

E

SM

V
D

B

MB
GITT



42 
 

Fig. 2.28. (a-b) Nyquist plot of the impedance response of MnxFe3-xO4, Fe3O4 and Mn3O4 electrodes 

before (a) and after cycling (b). (c) Reaction resistance, and (d) diffusivity of MnxFe3-xO4, Fe3O4, and 

Mn3O4 electrodes derived from GITT charge curves.  

Fig. 2.29. Nyquist plot of the impedance response of MnxFe3-xO4, Fe3O4 and Mn3O4 electrodes (a) 

before and (b) after cycling. Graphs include the experimental data as solid symbols and the fitted 

curves. (c) Equivalent circuit used to fit the experimental data. 
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Table 2.3. Parameters obtained from the fitting of the EIS data using the equivalent circuit 

displayed in Fig. 28 for Fe3O4, Mn3O4 and MnxFe3-xO4 electrodes before and after cycling. 

 
Material RE RSEI Rct 

Before 

Cycling 

Fe3O4 14.3 - 103 

Mn3O4 10.9 - 115 

MnxFe3-xO4 8.1 - 65.0 

After 

Cycling 

Fe3O4 16.0 13.2 62.5 

Mn3O4 12.7 13.6 73.0 

MnxFe3-xO4 14.8 10.6 40.3 

 

Fig. 2.30. (a) Charging and discharging potential of MnxFe3-xO4, Fe3O4 and Mn3O4 electrodes derived 

from GITT measurement. (b) Detail of the overpotential variation in the two cycles within the red 

square. (c) detail of a single overpotential peak with used nomenclature. 
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2.4. Conclusion 

Fe3O4-Mn3O4 heterostructured NPs were synthesized using a simple seed-mediated growth 

method at low temperature using hollow Fe3O4 NPs as seeds. A moderate temperature (500 °C) 

annealing process was used to promote the solid state reaction between the two crystalline 

domains to produce hollow MnxFe3-xO4 NPs, thus conserving the original morphology. The 

same strategy can be applied to produce other hollow NPs with multinary compositions from 

the low temperature solid state reaction of the constituent oxides pre-assembled into hollow 

heterostructures to minimize the required ion diffusion distances. Hollow MnxFe3-xO4 NPs were 

used as anode material in LIBs. Electrodes based on hollow MnxFe3-xO4 NPs displayed 

significantly improved LIBs performance over electrodes based on Fe3O4 and Mn3O4 NPs and 

over previously reported electrodes based on Mn-Fe oxides. MnxFe3-xO4 electrodes exhibited 

capacities of 988 mA h g-1 at 0.1 A g-1 and 348 mA h g-1 at 5.0 A g-1, with an exceptional cycle 

life of more than 400 cycles. We believe that the polycrystalline shell, the internal void space 

and the high surface area of hollow MnxFe3-xO4 NPs buffer the volume change of the compound 

during lithiation and delithiation leading to an improved electrochemical stability. EIS and GITT 

analyses further confirmed the lower electrical resistance, improved lithium diffusion and 

promoted reaction kinetics of the MnxFe3-xO4 electrodes, which explained the larger reversible 

capacities and the excellent rate performances experimentally obtained for this material. It 

was further demonstrated that the presence of organic ligands at the surface of the initial 

Fe3O4-Mn3O4 NPs, once carbonized during the annealing process, significantly promoted the 

performance of the final material though improving electrical conductivity and 

accommodating volume changes. Overall, MnxFe3-xO4 hollow nanostructures were 

demonstrated as promising candidates for conversion type anode electrodes, delivering high 

reversible capacity and accommodating large volume variations while at the same time 

presenting low toxicity, environmental impact and cost. 
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3. Monodisperse CoSn and NiSn 

Nanoparticles Supported on Commercial 

Carbon as Anode for Lithium- and Potassium-

ion Batteries 

Abstract  

Monodisperse CoSn and NiSn nanoparticles were prepared in solution and supported on 

commercial CB. The obtained nanocomposites were applied as anodes for Li- and K-ion 

batteries. CoSn@C delivered stable average capacities of 850, 650 and 500 mAh g-1 at 0.2, 1.0 

and 2.0 A g-1, respectively, well above those of commercial graphite anodes. The capacity of 

NiSn@C retained up to 575 mAh g-1 at a current of 1.0 A g-1 over 200 continuous cycles. Up to 

74.5% and 69.7% pseudocapacitance contribution for Li-ion batteries were measured for 

CoSn@C and NiSn@C, respectively, at 1.0 mV s-1. CoSn@C was further tested in full-cell LIBs 

with a LiFePO4 cathode to yield a stable capacity of 350 mAh g-1 at a rate of 0.2 A g-1. As 

electrode in K-ion batteries, CoSn@C composites presented a stable capacity of around 200 

mAh g-1 at 0.2 A g-1 over 400 continuous cycles, and NiSn@C delivered a lower capacity of 

around 100 mAh g-1 over 300 cycles.  
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3.1. Introduction 

With an ever increasing demand for portable electronics, the market for rechargeable LIBs 

have exponentially grown since their first commercialization in 1991.1,2 However, current LIBs 

still do not meet the desired targets on safety, durability and energy density.3 Centering on the 

anode, commercial LIBs currently use graphite, which presents moderate theoretical 

capacities , 372 mAh g-1,4 leaving plenty of room for improvement. Beyond graphite, Sn, Sb, Si 

and Ge can alloy with Li to provide much higher energy densities.5–10 Among them, Sn and its 

alloys are especially interesting due to their abundance, low cost and large electrical 

conductivity.  

A critical challenge for these anode materials and particularly Sn is a poor cycling performance 

associated with a large volume variation upon lithium ion insertion/extraction.11–14 To buffer 

these volume changes, several stratagems have been developed, including the 

nanostructuring of the electroactive elements, its alloying with additional metals, its 

encapsulation within a shell, and its combination with carbon-based materials.15-26 

On the other hand, the limited availability of lithium and the related high price of this element 

may soon constrain the LIBs market growth, especially in applications requiring large-scale 

storage. Thus, rechargeable batteries based on more abundant and low-cost raw materials are 

highly desirable. In this direction, NIBs and KIBs are gathering increasing interest owing to the 

high abundance of Na and K.26–31 

Recently we reported a series of monodisperse NixSn and CoxSn NPs as anodes for LIBs and 

NIBs.29,30 We found the best stoichiometry to be close to x=1. In this work, we report a 

significant increase of stability of these anodes by proper ligand removal and by supporting 

the NPs on CB. The material performance is analyzed not only in half-cell electrochemical 

experiments, but also in full-cell LIBs with LiFePO4 as cathode. Additionally, we study here the 

electrochemical performance of CoSn and NiSn as anode material in KIBs. 

3.2. Experimental 

3.2.1. Chemicals 

Cobalt(II) acetylacetonate (Co(acac)2, 99%, Sigma-Aldrich), nickel(II) acetylacetonate 

(Ni(acac)2·xH2O (x2), 95%, Sigma-Aldrich), tin(II) acetate (Sn(oac)2, 95%, Fluka), OAc (Sigma-

Aldrich), OAm (80-90%, TCI), TBAB (97%, Sigma-Aldrich), TOP (97%, Strem), urea 

( C7H7BrN2O, >98.0%, Aladdin), potassium stannate trihydrate (K2SnO33H2O, 95%, Aladdin), 
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glucose (C6H12O6, 99.5%, Aladdin), acetonitrile (CH3CN, extra dry, Fisher), CB (Vulcan XC72), 

hydrazine monohydrate (N2H4, 64-65%, reagent grade, 98%, Sigma-Aldrich), Carbon Super P 

(Super P, KJ group), NMP (99%, Aladdin), PVDF (KJ group), EC, FEC, diethyl carbonate (DEC), 

potassium bis-trifluoromethanesulfonylimide (KTFSI), and diglyme were used without further 

purification. Analytical-grade acetone, chloroform and ethanol were purchased from different 

supplier. A small glove-box filled with Ar was used for the manipulation and storage of sensitive 

chemicals.  

3.2.2. Synthesis of CoSn and NiSn NPs 

Syntheses of monodisperse NPs were conducted in a three-necked flask with a thermocouple, 

condenser, and septum. In a typical synthesis of CoSn NPs, 0.6 mmol Sn(oac)2, 0.9 mmol 

Co(acac)2 20 mL of OAm and 1.0 mL of OAc were loaded into a 50 mL flask with a magnetic bar. 

Subsequently, the flask was kept at 80 °C under vacuum for 2 hours to remove water and other 

organics. Then, the flask was protected with a gentle flow of Ar, 5 mL TOP were injected, and 

subsequently the temperature was ramped at 5 °C min-1 to 180 °C. In the meantime, 5 mmol 

of TBAB was sonicated in 5 mL OAm for 0.5 hours and then degassed with Ar for 1 hour. Upon 

injection of this reductant to the flask containing the Co and Sn precursors at 180 °C, the 

solution immediately turned black. The flask was maintained for 1 hour at this temperature to 

enable the NPs to grow. Then we removed the heating mantle and the flask was shortly cooled 

to ambient temperature in a water bath. NiSn NPs were synthesized using the same procedure, 

but replacing Co(acac)2 by Ni(acac)2. NPs were centrifuged at a high speed after adding a 

proper amount of acetone. Then, chloroform was used to disperse the precipitate. A small 

portion of solution was dropped on a Cu mesh for electron microscopy analyses. Then the NPs 

were collected again with the help of acetone and they were repeatedly washed with acetone 

and chloroform.  

3.2.3. CoSn and NiSn NP-carbon nanocomposites 

Before supporting the NPs on carbon black, surface ligands were removed using a mixture of 

diluted hydrazine hydrate in acetonitrile, following a previously reported protocol.32 Ligand-

free NPs were subsequently supported on commercial CB as follows: First, 100 mg dried NPs 

and 30 mg CB together with 25 ml ethanol were mixed into a 50 ml vial. Afterward the mixture 

was vigorously sonicated for 1 hour at ambient temperature. Then, the material was 

centrifuged and dried in vacuum for over 2 nights. The product was kept in the glove box until 

further use. The terminology CoSn@C and NiSn@C was used to label these two 

nanocomposites. 
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3.2.4. Sn@C nanocomposites 

SnO2 hollow nanospheres were fabricated by a one-pot hydrothermal treatment, according to 

our previous work.33 Simply, 0.48 g urea and 0.384 g K2SnO3·3H2O were dissolved in a mixture 

of ethanol and distilled water. Then this mixture was located into an autoclave containing a 

Teflon liner that was heated at 190 °C for 15 h. The product of the hydrothermal reaction was 

collected, washed with ethanol and distilled water, and then dried under vacuum. To obtain 

Sn@C, 0.17 g of as-prepared SnO2 hollow nanospheres and 0.68 g glucose were treated in a 

sealed autoclave at 190 °C for a period of 10 h and subsequently annealed at 650 °C in an H2/Ar 

flow for 6 h to reduce the SnO2 to Sn. 

3.2.5. Characterization  

The structure of the NPs and nanocomposites was analyzed by means of XRD on a Bruker AXS 

D8 Advance X-ray diffractometer with Cu K radiation. NPs size and morphology were observed 

by TEM on a Zeiss Libra 120. STEM and HRTEM were performed on a FEI Tecnai F20 microscope. 

EELS and HAADF-STEM were carried out using a Gatan Quantum filter. EDS analysis was carried 

out at 20 kV within a ZEISS Auriga SEM. Compositions were obtained by averaging results from 

at least 3 points. XPS spectra were obtained with a SPECS system in normal emission. The 

presence of surface ligands was determined using a Alpha Bruker FTIR. The materials’ pore 

size distribution and specific surface area were analyzed by means of N2 adsorption using a 

Tristar II 3020 Micromeritics system. Specific surface areas were determined by means of the 

BET approach, considering equally spaced points in the P/Po range. The pore size distribution 

was calculated from the isotherm desorption branches using the Barrett-Joyner-Halenda (BJH) 

approach. 

3.2.6. Electrochemical measurements 

The performance of NP-based electrodes was analyzed using a battery test system (CT2001A, 

LAND). Half cells were fabricated in an argon-filled glove box with H2O and O2 level lower than 

0.1 ppm using Celgard2400 as separator. The ink was obtained by mixing NPs, PVDF and Super 

P (80:10:10 in weight ratio) with NMP. Then, to prepare the working electrode, the mixture 

was coated on Cu and it was subsequently dried in vacuum at 80 °C during 24 h. Then, disks 

with a diameter of 12 mm were cut from the foil. The electrolyte for LIBs was composed of a 

1 M LiPF6 solution in EC/DEC (1:1 in volume) with 5 wt% FEC as additive. For electrochemical 

measurements, CV was conducted on an electrochemical workstation (Gamry Interface 1000) 

in the potential window 0.01–3.0 V using scan rates in the range 0.1-1 mV s-1. EIS 

measurements were performed using a 5 mV modulation amplitude in a frequency range 0.1-

106 Hz. For the lithium-ion full-cell, LiFePO4 on Al foil (MTI Corporation, 10.95 mg cm-2) was 
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used as cathode materials. The anodic capacities were normalized to the mass of the whole 

materials in both half- and full-cell experiments. For potassium ion half-cell, 3 M KTFSI in 

diglyme was used as electrolyte, Whatman GF/D as the separator and K flakes as counter 

electrodes. 

3.3. Results and discussion 

Colloidal CoSn (6 ± 0.8 nm) and NiSn NPs (4.2 ± 0.7 nm) were produced in solution from the 

reduction of proper precursors in a solution containing OAm, OAc and TOP (Fig. 3.1a and 

3.2).29,30 After purifying the NPs by multiple precipitation and re-dispersion steps, surface 

organic ligands were removed, as confirmed by FTIR spectroscopy (Fig. 3.3). Subsequently, Sn-

based NPs and CB were physically mixed in solution by sonication for 1 hour. A uniform 

distribution of the two phases within the CoSn@C and NiSn@C nanocomposites was 

evidenced by SEM-EDS elemental maps (Fig. 3.4 and 3.5). According to EDS analysis, atomic 

ratios for CoSn and NiSn NPs were Co/Sn1 and Ni/Sn1, respectively (Fig. 3.6). Fig. 3.7a shows 

the type IV adsorption−desorption isotherms obtained from the as-prepared nanocomposites 

and CB. High BET specific surface areas of 51.5 m2 g-1 and 56.2 m2 g-1, were calculated for 

NiSn@C and CoSn@C. As displayed in Fig. 3.7b, BJH plots revealed the composites to be 

characterized by broad pore size distribution in the mesoporous and microporous range, 

similar to carbon black. 

XRD patterns of the carbon black and a CoSn@C composite are displayed in Fig. 3.1b. The 

broad peak at 25o was ascribed to the (002) crystallographic plane of carbon. The two peaks 

at around 31o and 44o observed in the nanocomposite XRD pattern matched with the Co3Sn2 

phase.34 HRTEM micrographs and power spectra analyses confirmed the crystallographic 

phase of CoSn alloy NPs to match with the Co3Sn2 orthorhombic phase in Pnma space group. 

From the crystalline domain in Fig. 3.1c, the Co3Sn2 lattice fringe distances were 0.328 nm, 

0.403 nm, and 0.330 nm, at 63.46º and 47.61º which were assigned to the Co3Sn2 

orthorhombic phase, visualized along the [010] zone axis. The unit cell parameters were a = 

7.1450, b = 5.2500 Å and c = 8.1730 Å (Fig. 3.1d). EELS elemental composition maps revealed 

a uniform distribution of Co and Sn (Fig. 3.1d). Besides, XRD and HRTEM analyses evidenced 

the structure of NiSn NPs to match the Ni3Sn2 orthorhombic phase, consistently with our 

previous report (Fig. 3.8).29 
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Fig. 3.1. (a) Representative TEM micrograph of CoSn NPs and their size distribution histogram. (b) 

XRD patterns of CoSn NPs and a CoSn@C composite. (c) HRTEM micrograph of a CoSn@C 

composite and detail of the yellow square with its corresponding power spectrum. (d) STEM-

HAADF micrograph and EELS elemental maps of a CoSn@C composite showing individual Co L2,3-

edges at 779 eV (red), Sn M-edge at 485 eV (green) and C K-edge at 284 eV (blue) as well as their 

composites: Co-Sn and Co-Sn-C. (e) XPS spectra of the C 1s, Sn 3d5/2 and Co 2p3/2 regions of the 

CoSn@C composite. 

 

Fig. 3.2. (a) Representative TEM micrograph of NiSn NPs. (b) Their size distribution histogram.  
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Fig. 3.3. FTIR spectra of the CoSn NCs before and after ligand exchange. 

 

 

Fig. 3.4. (a) SEM image of CoSn@C. (b-d) SEM-EDS mapping of CoSn@C for C, Co and Sn respectively.  
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Fig. 3.5. (a) SEM image of NiSn@C. (b-d) SEM-EDS mapping of NiSn@C for C, Ni and Sn respectively.  

 

 

Fig. 3.6. EDS spectra of the samples: (a) CoSn and (b) NiSn. 
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Fig. 3.7. (a) Adsorption−desorption isotherm obtained from carbon black, CoSn@C and NiSn@C, 

(b) The corresponding pore size distribution using BJH model.  

 

Fig. 3.8. (a) XRD pattern of NiSn NPs including the JCPDS 03-065-1315 reference. (b) HRTEM 

micrograph of NiSn NPs and detail of the yellow squared region with its corresponding power 

spectrum. 

 

Fig. 3.9. Survey XPS spectrum of the CoSn@C composite. 

The XPS spectra of CoSn@C are shown in Fig. 3.1e and Fig. 3.9. The C 1s region was fitted with 
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tin chemical states were identified, at 484.7 eV (Sn 3d5/2) and 486.7 eV (Sn 3d5/2), assigned to 

a metallic Sn0 environment and a Sn2+ or Sn4+ oxidized state, respectively. Co was present in 

two different chemical states, metallic Co0 at 777.8 eV (Co 2p3/2) and Co2+ at 781.5 eV (Co 2p3/2). 
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The surface oxidation was consistent with the exposure of the NPs to ambient atmosphere 

during purification, ligand removal and handing.35–38 The surface atomic ratio of CoSn NPs 

measured by XPS was Sn/Co=2.6. This result indicated that the NPs surface was Sn rich, which 

could be associated with a preferential diffusion of Sn toward the surface during oxidation. 

30,39  

Initial electrochemical tests were performed in Li-ion half-cells with elemental lithium as 

counter and reference electrode. Electrodes were printed from slurries containing 80 wt% of 

nanocomposites as active material, 10 wt% PVDF as binder and 10 wt% Super P as conductive 

additive. Fig. 3.10a, b display CV curves for CoSn@C and NiSn@C obtained at 0.1 mV s-1 in the 

applied potential range 0-3.0 V vs. Li/Li+. Both electrodes displayed similar CV curves. During 

the first charging process, a broad peak at 1.2-2.0 V was clearly displayed, but disappear in the 

following few circles. This peak was attributed to the growth of the SEI layer and the 

irreversible lithiation of the surface oxidized layer formed during NP washing, handing and 

ligand-removing processes.40,41 The well-overlapped 2nd-4th CV curves indicated a good cycling 

performance of CoSn@C and NiSn@C anode. 

 

 
Fig. 3.10. Initial CVs obtained in the voltage window 0-3.0 V vs. Li+/Li at 0.1 mV s-1 from 

nanocomposite electrode: (a) CoSn@C, (b) NiSn@C. (c) Charge-discharge capacity and the related 

coulombic efficiency over 100 cycles at a current density of 0.2 A g-1 for CoSn@C, bare CoSn and 

Sn@C electrodes: activated at 0.1 A g-1 for 10 cycles each. 
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Fig. 3.11. (a) XRD of Sn@C. (b) SEM micrograph of Sn particles. 

Fig. 3.10c compares the cycling performance of CoSn@C, unsupported CoSn and Sn@C 

electrodes at 0.2 A g-1. For the CoSn-based electrode, the stability and capacity were 

significantly enhanced with the presence of carbon. Note that the capacity values plotted in 

this figure are referred to the whole mass of material coated on the Cu support, i.e. it takes 

into account both the mass of NPs and carbon in the case of CoSn@C composites. If capacities 

were referred to the amount of NPs, differences between CoSn@C and unsupported CoSn 

would be much more evident. In other words, properly supporting the NPs on CB allowed 

replacing part of the active material with carbon while maintaining similar overall capacities. 

The enhanced cycling performance of CoSn@C compared with bare CoSn was ascribed to the 

accommodation of structural strain of CoSn within the carbon matrix, the improved electrical 

conductivity of the composite, the high NP dispersion and the shorter charge transportation 

lengths for Li ions due to the higher electrode porosity.42  

Besides, when compared with Sn@C, CoSn@C delivered a twofold increase of the average 

capacity, up to 800 mAh g-1 over 100 continuous cycles. The higher capacities experimentally 

obtained in the present work for alloy NPs compared when with bare Sn may be partially 

related to the smaller size of the alloy NPs and the different synthesis protocols used (Fig. 3.11). 

However, taking into account previous literature on Sn-based LIBs, we associated the improved 

capacity of our alloys with respect to Sn@C to a size change buffering effect associated to the 

presence of Co,43 and a very large pseudocapacitive contribution in the alloy electrodes, as 

discussed below.  

20 30 40 50 60 70 80

In
te

n
s
it
y
 (

a
.u

.)

2 theta (degree)

Sn@C

Sn JCPDS 89-2958

a b

400 nm



59 
 

 
Fig. 3.12. (a-b) Initial 4 CV curves at 0.1 A g-1 for CoSn@C and NiSn@C electrodes. (c-d) Charge-

discharge capacity and its coulombic efficiency over 200 cycles at 1.0 A g-1: activated at 0.1 A g-1 

for 10 cycles each. For the CoSn@C electrode, additional 10 activation cycles were conducted at 

0.2 A g-1. 

As shown in Fig. 3.12a and 3.12c, at a higher charge-discharge rate, 1.0 A g-1, the initial 

coulombic efficiency for CoSn@C electrodes was 59.5% with high reversible capacities (848.4 

mA g-1) and discharge capacities (1426 mA g-1). For the following 10 cycles at 0.1 A g-1, the 

capacity decreased, which was associated with the SEI formation and an irreversible Li+ 

insertion in the surface oxide layer. After additional 10 cycles at 0.2 A g-1, the capacity was 

relatively stable at around 700 mAh g-1 for over 180 cycles at 1.0 A g-1 with a coulombic 

efficiency up to 100%. Actually, a slight increase of capacity was obtained with the cycle 

number above 40 cycles. This increase of capacity is a common observation in Sn-based 

transition metal alloys and is assigned to several factors, including restructuration of the 

material, creation of additional paths for electrolyte diffusion, increase of pseudocapacitive 

contribution, and increased rate of lithiation/delithiation of the material.43–45 

When comparing the electrochemical performance of LIBs at the same charging-discharging 

rate, the capacity for NiSn@C was lower than that of CoSn@C electrode, which is in good 

agreement with our earlier report.29,30 NiSn@C electrodes provided an average capacity of 500 

mAh g-1 (Fig. 3.12b and 3.12d) at 1.0 A g-1 and 400 mAh g-1 over 200 cycles at 2.0 A g-1 (Fig. 

3.13). The origin of the higher performance of CoSn- with respect to NiSn-based electrodes is 

not clear at this point, but it may be related to the higher pseudocapacitance provided by the 

former or to a higher rate of oxidation of the smaller NiSn NPs compared with CoSn.  
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Fig. 3.13. Charge-discharge capacity and related efficiency over 200 cycles at a current density of 

2.0 A g-1 for (a) CoSn@C and (b) NiSn@C electrode: activated at 0.1 A g-1 for 10 cycles each. 

Overall, Sn-based NPs@C nanocomposites provided enhanced performance when compared 

with graphite and most previous Sn-based alloys (Table 3.1). We associated the superior 

electrochemical performance of our anodes to the very small size of the alloy domains, their 

excellent dispersion over the carbon support and the large surface area and porous character 

of the overall composite, which provided a high electrode-electrolyte interface and a large 

density of Li-ion diffusion avenues through an electrically highly conductive and mechanically 

stable support.  
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Table 3.1. Comparison of the electrochemical performance between our results and other 

previously reported Co-Sn and Ni-Sn related systems as anode materials for LIBs. 
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Note:  The charging-discharging rate was converted with the same unit (A g-1) by using 1C equals 

to 1 A g-1 approximately. 

      To make a full comparison of the electrochemical performance of the electrodes, 4 cycles 

of the discharging capacity were listed, namely initial cycle (first cycle), 20th cycle, middle- cycle 

and last cycle respectively. The middle- cycle, for example, was of the 200th cycle if 400 cycles were 

tested.  

      Only 30 cycles of this electrode were performed. The capacities were taken from the initial, 

5th, 15th and 30th cycles respectively.  

      The capacities of initial cycles for 1.0 and 2.0 A g-1 was at the current density of 0.1 A g-1. 

      Only 15 cycles of this electrode were performed. The capacities were taken from the initial, 

2nd, 7th and 15th cycles respectively. 

To evaluate the rate capability, galvanostatic cycling was conducted at various current rates 

ranging from 0.1 to 5 A g-1. As displayed in Fig. 3.14a, b, CoSn@C electrodes delivered a 

discharge capacity of 882.3, 846.2, 735.1, 640.8, 526.8, 298.2 mA g-1 at 0.1, 0.2, 0.5, 1.0, 2.0 

and 5.0 A g-1, respectively. NiSn@C delivered lower rate capability, with 798.6, 668, 497.9, 

376.3, 279.3, 162.6 mA g-1 at the same testing rates (Fig. 3.15). Additionally, the CoSn@C 

anode delivered a stable capacity at 0.1, 0.2, 0.5 and 1.0 A g-1 after 60 cycles at variable 

charging rates. We associated the excellent cycling performance and rate capability of CoSn@C 

to the nanometric size of the electroactive material, its proper composition and its 

combination with a high surface area and porous carbon matrix that prevented NP aggregation 

and disconnection, and facilitated Li+ diffusion and charge transport. 

We further investigated the electrode kinetics using EIS. The Nyquist plots measured from 

CoSn@C and NiSn@C and the equivalent circuits are displayed in Fig. 3.16 and the fitted values 

are summarized in Table 3.2. At high frequencies, the diffusion resistance of CoSn@C was 

observed to be slightly larger than that of NiSn@C, but with a smaller charge-transfer 

resistance. The inclined line in the low frequency part of the Nyquist plots, reflecting the 

kinetics of the Li+ uptake/release,46 was linearly fitted with the square root of angular 

frequency (ω), see Fig. 3.16c.47 From this fitting, the lithium ion diffusion coefficient for LIBs 

was calculated to be 9.25 × 10-15 cm2 s-1 for CoSn@C and 2.34×10-15 cm2 s-1 for NiSn@C. 

Surprisingly, the ohmic resistance and charge-transfer resistance between the anode and the 

electrolyte obtained from the semicircle in the medium-frequency range was significantly 

larger for CoSn@C than for NiSn@C (Table 3.2).  
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Fig. 3.14. Li-ion storage performance of the CoSn@C composite electrode: (a) Charge-discharge CV 

curves at rates: 0.1, 0.2, 0.5, 1.0, 2.0, 5.0A g-1. (b) The corresponding rate performance. (c) 

Schematic drawing of the full-cell set up. (d) Galvanostatic charge-discharge curves of a lithium-ion 

full-cell battery with CoSn@C as anode and LiFePO4 as cathode materials. 

 

Fig. 3.15. Li-ion storage performance of the NiSn@C composite electrode: (a) Charge-discharge 

curves at rates: 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 0.1 A g-1. (b) Rate performance at 0.1, 0.2, 0.5, 1.0, 2.0, 

5.0 A g-1. 

 

Fig. 3.16. (a) Nyquist plot displaying impedance data in LIBs for the two composites. (b) The 

corresponding fitted circuit. (c) Linear fitting between the Warburg impedance (Z’) as a function of 

the square root of angular frequency (ω). 
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Table 3.2. Summarized ohmic resistance (Rs) and charge-transfer resistance (Rct) of CoSn@C 

and NiSn@C anodes in LIBs. 

Sample Rs (Ω) Rct (Ω) 

CoSn@C  16.4 203 

NiSn@C  8.9 113 

To further investigate the applicability of CoSn@C composites as anode in LIBs, full cells were 

assembled and tested using LiFePO4 as cathode material (Fig. 3.14c). CoSn@C//LiFePO4 cells 

were cycled galvanostatically at a current density of 0.1 A g-1 in the potential window 0.5-3.2 

V. As shown in Fig. 14d, a fast loss in the capacity was obtained with the formation of the SEI 

layer within the initial 10 cycles at 0.1 A g-1. Afterward, the capacity was stabilized at 350 mAh 

g-1 with around 95% coulombic efficiency over the following 40 cycles.  

The capacitive contribution of CoSn@C anodes was further studied using CV measurements. 

Fig. 3.17a presents the CV curves at various scan rates 0.1-1.0 mV s-1 in the potential range 0-

3.0 V vs. Li+/Li. Two obvious anodic peaks were identified at around 0.57 and 1.49 V, with a 

peak current that increased with the scan rate. Generally, the measured current (i) is 

considered as a function of scan rate (ν) as follows: 

𝑖 = 𝑎𝑣𝑏 

where a and b are empirical values.48–51 In previous reports, a diffusion-controlled process was 

characterized by b = 0.5, whereas b = 1 was associated with an ideal capacitive behavior. From 

our measurements, the b value at the two peaks was calculated to be 0.68 and 0.85 

respectively (Fig. 3.17b), which was consistent with a fast kinetics arising from an important 

pseudocapacitive effect.  

We further divided the capacity contribution at each scan rage and potential into the diffusion-

controlled (k1ν1/2) and the capacitance contribution (k2ν) using the following equation:52–55 

𝑖(𝑉) = 𝑘1𝑣
1/2 + 𝑘2𝑣 

which can be rewritten as:  

𝑖(𝑉) 𝑣1/2⁄ = 𝑘1 + 𝑘2𝑣
1/2 

k1 and k2 were determined from the dependence of i(V)/ν1/2 vs. ν1/2. Fig. 3.16c shows the CV 

profiles at 1.0 mV s-1 where the capacitive current (in red filling) is differentiated from the total 

current (blue line). Similarly, contributions of the capacitive part at 0.1, 0.2, 0.4, 0.6 and 0.8 

mV s-1 are presented in Fig. 3.18, and summarized in Fig. 3.17d for comparison. When 

increasing sweep rates from 0.1 to 1.0 mV s-1, the capacitive contribution increased from 45.8% 

to 74.5%. These capacitive values are lower than those measured for bare CoSn NPs under the 
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same scanning rates.30 A similar trend was observed for NiSn@C composites, with a capacity 

contribution increase from 39.0% to 69.7%, slightly lower than those of CoSn@C (Fig. 3.19). 

These results are in good agreement with the superior rate performance of CoSn@C when 

compared with NiSn@C electrodes. Besides, the above analysis evidenced that 

pseudocapacitance had a dominant role in the measured electrode capacity.  

 
Fig. 3.17. Kinetic analysis of CoSn@C as Li-ion anode: (a) CV curves with scan rates from 0.1 to 1.0 

mV s-1. (b) CV peak current as a function of the sweep rate. (c) Capacitive (shaded region) and 

diffusion current contributions at 1.0 mV s-1. (d) Normalized capacitive- and diffusion-controlled 

contribution at different scan rate. 
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Fig. 3.18. (a-e) Contribution of the capacitive and diffusion currents at a scan rate of 0.1, 0.2, 0.4, 

0.6 and 0.8 mV s-1 respectively for the CoSn@C electrode. Note: the capacitive contribution to the 

total current is represented by the red shaded region. 
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Fig. 3.19. Kinetic analysis of NiSn@C as Li-ion anode: (a) CV curves with scan rates from 0.1 to 1.0 

mV s-1. (b) CV peak current as a function of the sweep rate. (c-h) Contribution of the capacitive and 

diffusion currents at a scan rate of 1.0, 0.2, 0.4, 0.6, 0.8, 1.0 mV s-1; the capacitive contribution to 

the total current is represented by the shaded region. (i) Capacity contribution ratio of the 

capacitive- and diffusion-controlled current versus scan rate. 

Based on the detailed electrochemistry and structural analysis, the superior performance of 

CoSn@C electrodes in LIBs could be associated with its hierarchical structure. The well-defined 

CoSn NPs with carbon supports could buffer the volume expansion to maintain the structural 

integrity of CoSn@C anode upon cycling. 

Beyond Li+, K+ can be also reversibly stored and released from Sn-based anode materials, 

although with a relatively lower theoretical capacity of 226 mAh g-1.56 Despite its lower 

maximum capacity, the use of K finds advantages in terms of resource availability and cost, 

which are two main drawbacks of LIBs in a large scale energy storage scenario.  
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Fig. 3.20. Potassium-ion storage performance of the CoSn@C electrode: (a) Initial CV curves 

obtained in the voltage window 0-3.0 V vs. K+/K at 0.1 mV s-1. (b) Rate performance at 0.1, 0.2, 0.5, 

1.0, 2.0, 5.0 A and 0.1 A g-1. (c) Initial charge-discharge curves at 0.1 A g-1. (d) Charge-discharge 

capacity and its coulombic efficiency over 400 cycles at 0.2 A g-1: activated at 0.1 A g-1 for 10 cycles. 

KIB half cells were assembled in the same way as LIBs, except for the use of 3 M KTFSI in 

diglyme as K+ electrolyte. Fig. 3.20a shows CV profiles of a CoSn@C composite measured at 

0.1 mV s-1 in the applied potential range of 0-3.0 V vs. K+/K. The significant differences obtained 

between the initial and the following cycles were associated to the formation of SEI and the 

irreversible K insertion in the oxide layer. The rate capability of the CoSn@C composite was 

analyzed in the range between 0.1 to 5 A g-1. As can be seen in Fig. 3.20b, the CoSn@C 

electrode delivered a discharge capacity of 351, 286.9, 221.5, 161.8, 115.2 and 76.7 mA g-1 at 

0.1, 0.2, 0.5, 1.0, 2.0 and 5.0 A g-1, respectively. As shown in Fig. 3.21a and 3.21b, NiSn@C 

delivered lower capacities, with 322.4, 259.8, 184.3, 125.6, 73.8 and 44.8 mAh g-1 at the same 

testing rate. The slightly higher capacitances obtained for CoSn are consistence with results 

obtained for LIBs and may also find its origin on a higher relative oxidation of NiSn and a larger 

pseudocapacitance associated to Co. 

The cycling performance of these two composites was obtained by galvanostatic charging-

discharging at a high current density of 0.2 A g-1 (Fig. 3.21c, 3.21d). CoSn@C electrodes 

delivered very large initial capacities, but displayed an obvious capacity loss during the first 

few cycles associated with the formation of the SEI layer. After additional 390 cycles, the 

capacities were stabilized at around 200 mAh g-1 with high coulombic efficiency. As in LIBs, the 

NiSn@C composite presented lower electrochemical performance towards KIBs as displayed 
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in Fig. 3.21c and 3.21d. A comparison of our results with those obtained for other Sn-related 

materials as KIB anode materials is provided in Table 3.3.  

Fig. 3.21. Potassium-ion storage performance of the NiSn@C electrode: (a) Initial cyclic 

voltammograms obtained in the voltage window 0-3.0 V vs. K+/K at 0.1 mV s-1. (b) Rate 

performance at 0.1, 0.2, 0.5, 1.0, 2.0, 5.0 A and 0.1 A g-1. (c) Initial charge-discharge curves at 0.1 

A g-1. (d) Charge-discharge capacity and related efficiency over 300 cycles at a current density of 

0.2 A g-1: activated at 0.1 A g-1 for 10 cycles. 

EIS spectra obtained in KIBs was similar to that obtained in LIBs (Fig. 3.22a). However, larger 

resistance values were obtained in KIBs than in LIBs when using the same fitting circuit (Fig. 

3.22b, Table 3.4). Besides, the K+ diffusion coefficient for CoSn@C and NiSn@C was 1.38×10-14 

cm2 s-1 and 1.08×10-14 cm2 s-1, higher than those obtained for Li+ diffusion. Overall, EIS result 

were consistent with the larger radius of K+ than Li+ and the fact that each Sn is able to 

accommodate 1 K+ and 4.4 Li+.  
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Fig. 3.22. (a) Nyquist plot displaying impedance data in KIBs for the two composites. (b) The 

corresponding fitted circuit. (c) Linear fitting between the Warburg impedance (Z’) as a function of 

the square root of angular frequency (ω).  

Table 3.3. Comparison of the electrochemical performance between our results and other 

previously reported Sn-based anode materials for KIBs. 

Materials and 

morphology 

Potential 

range 

V vs. K+/K 

Charging- 

dischargin

g rate 

Cycles 

Electrochemical 

performance (mAh g-

1)  Referenc

e Initial 

capacitie

s 

Retained 

capacitie

s 

 

Sn4P3@Carbon 

Fiber 

0.005-2.0 0.5 A g-1 1000 920 160.7 74 

Sandwich-like 

MoS2@SnO2@

C 

0.01-3.0 0.1 A g-1 150 530 396 75 

NCs SnS2@rGO 0.005-2.25 0.025 A g-1 30 620 280 76 

Sn4P3/C 0.01-2.0 1.0 A g-1 50 590 221.9 77 

Sn NPs 0.01-2.0 0.02 A g-1 10 595 197 78 

3D porous 

carbon/Sn 

composites 

0.01-3.0 0.05 A g-1 100 830 290 28 

Sn-C 0.01-2.0 0.025 A g-1 30 140 120 79 

 NiSn@C 0.01-3.0 0.2 A g-1 400 759 167 
This 

work 

 CoSn@C 0.01-3.0 0.2 A g-1 300 745 84 
This 

work 

 The initial capacity was generated at a charging-discharging rate of 0.1 A g-1. 
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Table 3.4. Summarized ohmic resistance (Rs) and charge-transfer resistance (Rct) of CoSn@C 

and NiSn@C anodes in KIBs. 

Sample Rs (Ω) Rct (Ω) 

CoSn@C  7.7 4549 

NiSn@C  38 1495 

3.4. Conclusions 

In conclusion, monodisperse CoSn and NiSn NPs were synthesized via a facile solution-based 

approach. After removing the surface ligands, NPs were supported on commercial carbon 

materials. The obtained nanocomposites were tested as anode materials in half-cell LIBs and 

KIBs and full-cell LIBs. CoSn@C electrodes displayed an excellent performance, with LIB half-

cell charge-discharge capacities over more than one hundred cycles above 850, 650 and 500 

mAh g-1 at current densities of 0.2, 1.0 and 2.0 A g-1, respectively. These values were 

significantly larger than the theoretical maximum of graphite. As for LIB full-cells, CoSn@C 

electrodes delivered average capacities of 400 mAh g-1 at a rate of 0.1 A g-1. Through the kinetic 

analysis of CoSn@C and NiSn@C nanocomposite by CV, it was found that charge-discharge 

capacities included very large pseudocapacitive contributions up to 74.5% at 1 mV s-1 for 

CoSn@C and 69.7% for NiSn@C. These materials were also tested as anodes in KIBs. KIB 

capacities were stabilized at around 200 mAh g-1 with high coulombic efficiency over 400 cycles 

for CoSn@C and 100 mAh g-1 for NiSn@C over 300 cycles. 
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4. Stability of Pd3Pb Nanocubes during 

Electrocatalytic Ethanol Oxidation 

Abstract 

Intermetallic Pd3Pb NCs with controlled size and cubic geometry exposing (100) facets are 

synthesized and tested as electrocatalysts for ethanol oxidation in alkaline media. We observe 

the ethanol oxidation activity and stability to be size-dependent. 10 nm Pd3Pb NCs display the 

highest initial current densities, but after few hundred cycles, the current density of smaller 

NCs becomes much larger. All the catalysts exhibit a pronounced current decay during the first 

500 s of continuous operation, which is associated to the accumulation of strongly adsorbed 

reaction intermediates, blocking reaction sites. These adsorbed species can be removed by 

cycling the catalysts or maintaining them at slightly higher potentials for a short period of time 

to oxidize and later reduce the Pd surface. Such simple cleaning processes, that can be 

performed during operation breaks without cell disassembly, is sufficient to effectively remove 

the poisoning species adsorbed on the surface and recover the electrocatalytic activity. 
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4.1. Introduction 

DAFCs are a particularly interesting energy technology to power mobile applications.1,2 Being 

liquid at ambient temperature, low-molecular weight alcohols are easy to handle and store, 

and provide high energy densities, comparable to that of gasoline.3 While cells based on the 

simplest alcohol fuel, methanol, has been the most extensively investigated, disadvantages 

such as membrane permeation, high volatility and toxicity are limiting their deployment.1,4 

Alternatively, ethanol mitigates the methanol drawbacks and offers comparable 

electrochemical activity and energy density, with the additional advantage of potential 

biosourcing. Thus the research for more active and cost-effective ethanol oxidation catalysts 

is a worth endeavor.  

Pd is an excellent catalyst for oxidation of hydrogen and liquid fuels,5 and provides the best 

performance in alkaline-type DEFCs.6-8 In terms of surface facets, Pd NCs with cubic geometry 

and offering (100) facets display electrocatalytic performance above that of octahedrons with 

(111) facets and rhombic dodecahedrons with (110) facets.9 However, the catalytic activity, 

selectivity, and especially stability of pure Pd catalysts require further optimization for cost-

effective commercialization.10  

Alloying Pd with additional elements is a common strategy to further improve electrocatalytic 

performances.11,12 Adatoms are commonly considered to improve electrocatalytic 

characteristics through three basic mechanisms: i) electronic effect, when adatoms alter the 

electronic nature of active atoms; ii) steric effect, when the adatom blocks neighboring catalyst 

site, preventing formation of strongly-bound poison intermediates; iii) bifunctional effect, 

when adatoms directly participate in the catalytic oxidation of the fuel.13 Among the different 

elements able to promote Pd electrocatalytic performance, e.g. Pd2Sn,14,15 PdCu,16,17 Pd2Ru,18 

PdAu,19 and PdNi,20,21 alloying Pd with Pb results in the highest EOR activities. Pb enhancement 

has been explained through a combination of bifunctional mechanism and electronic effect. 

In the first direction, Pb plays a key role on the oxidation of absorbed intermediates, which is 

the limiting step in EOR.22-26 In particular, the oxidation and stripping of intermediate acetyl, 

which strongly binds to the catalyst surface, is regarded as the rate-determining step of 

ethanol electrooxidation catalyzed by Pd in alkaline media.10 Pb can activate water at lower 

potentials than Pd to oxidize this adsorbed intermediate and liberate Pd active sites. Through 

this mechanism, the addition of Pb can improve poisoning tolerance of Pd, overall improving 

both activity and stability of the catalyst. Pb is also reported to help cleaving the C-C bond.27 

Additionally, the introduction of Pb atoms into Pd can also promote ethanol oxidation by 
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changing the electronic properties of Pd.26 When Pd with small lattice constant (3.89 Å) is 

alloyed with Pb with large lattice constant (4.93 Å), the d-band center of Pd shifts up, which 

improves the ethanol adsorption ability on the surface of Pd3Pb catalysts.26,28  

While most fundamental studies have been carried out on well-defined surfaces, real catalysts 

display a much wider phenomenology. Catalytic performance depends not only on the overall 

composition of the catalyst, but also on the catalyst crystal domain size and shape, the surface 

distribution of the elements and their reorganization during operation/cycling. In this regard, 

Pd3Pb NCs with a large variety of sizes and shapes, including flower-like,22 nanowire,29 

nanocubes,30 nanoplates,31 and tripods32 have been reported for oxygen reduction31-33 and 

oxidation of formic acid34,35 and alcohols,26,36 but showing a large variety of results. 

Herein, intermetallic Pd3Pb nanocubes with well-defined cubic shape and sizes in the range 

from 6 nm to 10 nm were synthesized and supported on CB. The obtained catalysts were tested 

toward ethanol oxidation in alkaline media to compare the influence of NC parameters on the 

EOR electrocatalytic activity and stability. 

4.2. Experimental 

4.2.1. Chemicals  

Palladium(II) acetylacetonate (Pd(acac)2, 99%), lead(II) oxide (PbO, 99%), lead(IV) acetate 

(Pb(OAc)4, 99%), OAm (80%), OAc (90%), TOP (90%), MAC (98%), acetic acid (AA, 99%), 

potassium hydroxide (KOH, 85%), Nafion (5 wt%) were all purchased from Sigma-Aldrich. 

Hexane, ethanol (EtOH) and acetone were technical grade, obtained from other company and 

used without further purification. 

4.2.2.1. 6 nm Pd3Pb NCs 

46 mg Pd(acac)2, 11 mg PbO, 1 mL OAc and 10 mL OAm were mixed in a 25 mL three-neck flask 

connected to Schlenk line with magnetic stirring. 1 mL TOP was injected into the mixture under 

argon flow. The reaction mixture was purged with argon at 100 C for 1h. Then the reaction 

temperature was increased to 200 C in 10 min and kept at 200 C for 1 h before cooling down 

to ambient temperature. The product was collected by centrifugation at 4000 rpm and purified 

by 3 cycles of dispersion/precipitation with hexane and acetone. NCs were dispersed in hexane 

until posterior application. 

4.2.2.2. 8 nm Pd3Pb NCs 

46 mg Pd(acac)2, 11 mg PbO, 34 mg MAC, 1 mL OAc and 10 mL OAm were mixed in a 25 mL 
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three-neck flask connected to Schlenk line with magnetic stirring. 1 mL TOP was injected into 

the mixture under argon flow. The heating and purification steps were the same as for the 

synthesis of 6 nm Pd3Pb NCs.  

4.2.2.3. 10 nm Pd3Pb NCs 

46 mg Pd(acac)2, 22 mg Pb(OAc)4, 34 mg MAC, 1 mL OAc and 10 mL OLA were mixed in a 25 

mL three-neck flask connected to Schlenk line with magnetic stirring. 1 mL TOP was injected 

into the mixture under argon flow. The reaction mixture was purged with argon at 100 C for 

1h. Then the reaction temperature was increased to 300 C in 15 min and kept at 300 C for 

1h before cooling down to ambient temperature. The heating and purification steps were the 

same as for the synthesis of 6 nm Pd3Pb NCs.  

4.2.3. Carbon-supported Pd3Pb catalysts 

Carbon-supported Pd3Pb catalysts (Pd3Pb/C) were prepared following a reported method.37 

Briefly, 5 mg of Pd3Pb NCs dispersed in 5 mL of hexane were mixed with 5 mg of Vulcan XC-72 

carbon dispersed in EtOH. The mixture was sonicated for 1 h to support the Pd3Pb NCs on the 

carbon and the product was collected by centrifugation. To remove organic ligands on the NC 

surface, Pd3Pb/C was re-dispersed in a mixture of 10 mL EtOH and 1 mL acetic acid by 

sonication for 30 min. Then, Pd3Pb/C was washed with EtOH, dried naturally under ambient 

condition, and annealed at 250 C in argon atmosphere for 1 h. The final product was dispersed 

in isopropanol containing 5% Nafion to formulate the catalyst ink. The concentration of Pd3Pb 

in the catalyst was 1 mg/mL (2 mg of Pd3Pb/C dispersed in 1 mL isopropanol with 5 μL 5% 

Nafion).  

4.2.4. Electrochemical measurements 

Electrochemical measurements were conducted with a BioLogic electrochemical workstation 

using a three-neck-type cell at room temperature. A Pt gauze was used as counter electrode 

and Hg/HgO (1 M KOH) as reference electrodes. The working electrode was a 5 mm diameter 

GCE with 3 μL of drop-casted catalyst ink, i.e. 1.82 μg of Pd. The precise amount of Pd loaded 

on the GC electrode, determined by inductively coupled plasma mass spectrometry (ICP-MS), 

was: 2.1 μg of Pd for 6 nm Pd3Pb/C, 1.95 μg for 8 nm Pd3Pb/C, and 2.5 μg for 10 nm Pd3Pb/C 

catalysts. CV curves were recorded at a scan rate of 50 mV s-1 in argon-saturated 0.5 M KOH or 

0.5 M KOH + 0.5 M EtOH aqueous solutions. CA measurements were conducted at potential 

of -0.1 V vs. Hg/HgO for 7200 s in 0.5 M KOH + 0.5 M EtOH aqueous solution for stability 

evaluation. 
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4.2.5. Structural and Chemical Characterization 

Size and shape of the Pd3Pb NCs were characterized by TEM using a ZEISS LIBRA 120, operating 

at 120 kV. HRTEM studies were conducted using a field emission gun FEI Tecnai F20 microscope 

at 200 kV with a point-to-point resolution of 0.19 nm. SEM analyses were carried out in a ZEISS 

Auriga microscope with an EDS detector operating at 20 kV to assess composition. Powder 

XRD patterns were collected directly from the as-synthesized NPs dropped on Si (501) 

substrates on a Bruker AXS D8 Advance X-ray diffractometer with Ni-filtered (2 μm thickness) 

Cu Kα radiation (λ = 1.5406 Å) operating at 40 kV and 40 mA. A LynxEye linear position-sensitive 

detector was used in reflection geometry. Characterization of the surface was done by XPS on 

a SPECS system equipped with a XR50 source operating at 250 W and a Phoibos 150 MCD-9 

detector. The pass energy of the hemispherical analyzer was set at 20 eV and the energy step 

of high-resolution spectra was set at 0.05 eV. The pressure in the analysis chamber was always 

below 10-7 Pa. BE values were referred to the adventitious C 1s peak at 284.8 eV. Data 

processing was performed with the CasaXPS software. ICP-MS analyses were carried out on 

an iCAP 6500 ICP emission spectrometer (Thermo) with samples prepared by digestion of NCs 

in aqua regia overnight followed by dillution in MQ-Water (Milipore). 

4.3. Results and discussion 

4.3.1. Structural and chemical characterization of Pd3Pb NCs 

Fig. 4.1 displays TEM micrographs of the nanocubes obtained from the above-detailed 

procedure. The Pb precursor and the amount of MAC were adjusted to produce NCs with 

different sizes (Fig. 4.1 and 4.2). HRTEM analysis showed the NCs to have a crystallographic 

structure compatible with that of cubic Pd3Pb, [Pm-3m]-space group 221, and to be strongly 

faceted in the [100] directions (Fig. 4.1d). XRD analysis confirmed the cubic Pd3Pb intermetallic 

structure (JCPDS 01-089-2062, Fig. 1e) and displayed the ratio of peak intensities I(200)/I(111) and 

thus the [100] faceting to increase with the NC size. EELS chemical composition maps 

demonstrated a homogeneous distribution of the two elements within each NC (Fig. 4.1f) with 

a ratio Pd/Pb≈3, which matched well with results obtained from HRTEM, XRD, ICP and EDS 

analyses (Fig. 4.3). 
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Fig. 4.1. (a-c) TEM micrographs of 6 nm (a), 8 nm (b) and 10 nm Pd3Pb NCs (c). (d) HRTEM, zoomed 

HRTEM detail after frequency filtering with spot masks, power spectrum (FFT), and 

crystallographic unit cell (yellow for Pd and blue for Pb) of the 6 nm Pd3Pb NC. HRTEM analysis 

showed this NC to have a lattice parameter a=b=c=0.4035 nm and α=β＝γ＝90° as visualized along 

the [001] direction of the Pd3Pb cubic crystal structure. (e) XRD patterns of 6 nm, 8 nm and 10 nm 

Pd3Pb NCs. (f) ADF-STEM image and EELS composition maps from the white square region for Pd, 

Pb and Pd-Pb of 6 nm Pd3Pb NCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2. Size distribution histograms of 6 nm, 8 nm and 10 nm Pd3Pb NCs. 
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Fig. 4.3. EDS spectrum and atomic ratio result of 6 nm Pd3Pb NCs. 

OAm, OAc and TOP were all necessary components of the precursor reaction mixture to 

produce highly faceted cubic Pd3Pb NCs. OAm played two roles, as coordinating solvent 

forming Pd-OAm complexes, and as mild reducing agent. OAc also played two roles, dissolving 

PbO to form Pb oleate and directing the shape of the growing NCs by selective surface 

binding.38-40 When no OAc was added to the precursor reaction mixture, NCs with irregular 

geometries and large size distributions were produced (Fig. 4.4a). With the addition of small 

amounts of OAc, OAc/OAm=0.05 to 0.2 (v/v), Pd3Pb NCs with uniform cubic shapes were 

produced (Fig. 4.1 and 4.4b, 4.4c).  

Without TOP, the formed Pd-OAm complex decomposed at a low temperature, ca. 100 C,41 

yielding elemental Pd NPs, i.e. with no Pb alloying. TOP is known to strongly coordinate with 

Pd to form a Pd-TOP complex.42 The decomposition of this Pd complex, which is more stable 

than Pd-OAm, takes place at higher temperatures, 200 C, facilitating the simultaneous 

reduction of Pd and Pb precursors to form intermetallic Pd3Pb NCs. Thus, a large excess of TOP, 

TOP/Pd=15, was introduced in all batches. Besides playing a fundamental role in the control of 

the NC composition, TOP was also able to direct the NC shape. In the presence of too small 

amounts of TOP, irregular-shaped NCs were formed (Fig. 4.4d), and when too larger amounts 

of TOP were added, instead of cubic NCs, nanoplates/nanorods were grown (Fig. 4.4e, 4.4f).  

Finally, the introduction of MAC and the replacement of PbO by Pb(OAc)4 resulted in larger 

NCs (Fig. 4.1b, 4.1c). We hypothesize this effect to be associated to an increase of the 

precursor stability in the reaction mixture and a related reduction of the number of nucleation 

events 43,44 The PbO-MAC system reacted at 200 °C, while the Pb(OAc)4-MAC system required 

higher temperatures, up to 260 °C, to form Pd3Pb NCs.  

Element Weight% Atomic%

Pd 62 75

Pb 38 25
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Fig. 4.4. TEM micrographs of Pd3Pb NCs synthesized with different amount of reagents: (a) 0 mL 

OAc, (b) 0.5 mL OAc, (c) 2 mL OAc, (d) 0.25 mL TOP, (e) 2 mL TOP and (f) 3 mL TOP. All scale bars 

are 100 nm. 

Fig. 4.5a shows the Pd 3d XPS spectrum of Pd3Pb NCs, displaying the Pd 3d5/2 peak at 335.3 eV, 

i.e. shifted around 0.4 V with respect to Pd0 (334.9 eV).45 This BE shift was consistent with the 

presence of more electronegative Pb that effectively modified the electronic structure of Pd.30 

A second minor component, accounting for 10% of the Pd observed, was associated to Pd2+. 

This component was related to the binding of surface Pd with surfactant molecules and 

potentially to a slight surface oxidation of the NCs during manipulation and transportation 

before XPS measurements.  

In the Pb 4f XPS spectrum, three 4f doublets were identified, corresponding to three Pb 

chemical states (Fig. 4.5b). The main peaks at 141.6 eV (4f5/2) and 136.7 eV (4f7/2) were 

associated to Pb0, although were shifted -0.2 eV with respect to the reference value for 

elemental Pb 4f7/2 (136.9 eV),45 consistently with the electronic interaction between Pd and Pb 

atoms within the Pb3Pb alloy. A second component was located at 143.0 eV (4f5/2) and 138.1 

eV (4f7/2), and it was assigned to an oxidized Pb state, Pbn+. A third component appeared at 

even higher binding energies, 139.1 eV (4f7/2) and 144.0 eV (4f5/2), and it was associated with 

a Pb2+ chemical state.45 The oxidized Pb components, which we will globally refer to as Pbx+, 

were associated to the binding of Pb with oleic acid molecules on the NC surface and to the 

surface oxidation of the NCs during handling and transportation. The ratio Pb0/Pbx+ was 

1.55, i.e. 40% of the Pb within the 2-3 nm-thick outer layer of the Pd3Pb NCs was oxidized. This 

100 nm
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percentage was significantly higher than that of Pd. Besides, the Pd/Pb surface ratio obtained 

by XPS was 1.19, much lower than the stoichiometric values deduced from EDS, ICP, XRD and 

HRTEM analyses. These results indicated a segregation of Pb atoms to the NC surface during 

the NC synthesis. The radial gradient of Pb could be also in part driven by the surface oxidation 

during manipulation and storage of the samples in ambient conditions, due to the lower 

oxidation potential of Pb when compared with Pd. 

 

Fig. 4.5. High resolution XPS spectra of 6 nm Pd3Pb NCs in the regions (a) Pd 3d and (b) Pb 4f. 

4.3.2. CV analysis 

Pd3Pb-based electrocatalysts were prepared by mixing colloidal Pd3Pb NCs with CB, 1:1 wt%. 

FTIR analyses confirmed the removal of organic ligands from the NC surface through the 

treatment with acetic acid and the posterior annealing at 250 C (Fig. 4.6). Initial CV analyses 

were carried out at a sweep rate of 50 mV s-1 with an argon-saturated 0.5 M KOH solution. Fig. 

4.7a depicts the CV curves recorded for Pd3Pb/C catalysts with different NC sizes and for a 

commercial Pd/C catalyst tested as a reference. The same total amount of metal was used to 

prepare each of the tested electrodes, which translated in significantly lower amounts of Pd 

on the Pd3Pb/C catalysts than on the reference Pd/C.  
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Fig. 4.6. FTIR spectra of OA; OAm; acetic acid; as-synthesized Pd3Pb NCs, without acetic acid 

treatment (Pd3Pb); Pd3Pb NCs treated by acetic acid (Pd3Pb-AA); and Pd3Pb/C catalyst treated with 

acetic acid and annealed at 250 C (Pd3Pb/C). 

The current density peaks in the region between -0.6 V and -0.8 V vs. Hg/HgO were attributed 

to the adsorption (cathodic scan) and desorption (anodic scan) of hydrogen. The current 

density increase measured at ca. -0.2 V vs. Hg/HgO in the anodic scan was attributed to the 

formation of palladium oxide on the NC surface. Subsequently, a PdO reduction peak appeared 

at about -0.2 V vs. Hg/HgO during the negative scans. 

Compared with Pd/C, Pd3Pb/C catalysts displayed less obvious peaks associated to hydrogen 

desorption and adsorption, owing to the lower amount of Pd on their surface. On the other 

hand, the intensity of the Pd oxide reduction peak clearly increased with the addition of Pb 

and when increasing the NC size. Besides, the maximum of this peak was shifted toward higher 

potentials on Pd3Pb/C catalysts compared to Pd/C. The distinct anodic and cathodic 

characteristics of Pd3Pb- and Pd-based catalysts were related to their different electronic 

structure involving partial electron donation from Pd to Pb sites, consistent with XPS results.46  

The electrochemically active surface area (ECSA) of the catalysts was estimated from the 

coulombic charge for the reduction of PdO, i.e. from the area over the voltammetry curve in 

the PdO reduction peak region:15 
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where QPdO = 405 μC cm-2 was the charge value given for the reduction of a PdO monolayer, 

the coulombic charge Q was calculated by integrating the area of the PdO reduction peak, and 

Pdloading was the Pd mass on the working electrode. ECSA values for 10 nm Pd3Pb/C were larger 

than that of 8 nm and 6 nm. The observed increase of ECSA with the NC size was unintuitive 

taking into account the decrease of surface area of the NCs when increasing their size. The 

higher ECSAs measured for the larger particles must be thus indirectly related to their size 

through a decrease of the agglomeration when supported on CB, an improved 

crystallinity/faceting, and potential differences in surface composition. Besides, the ECSA was 

significantly larger for all Pd3Pb/C catalysts compared with Pd/C (14.9 m2 g-1) in spite of the 

higher amount of exposed Pd on Pd/C. ECSA increased during the first cycles for all Pd3Pb/C 

catalysts, but not for commercial Pd/C catalyst. The ECSA increase with cycling on Pd3Pb/C 

could be related to a reorganization of the surface composition and potentially to a stripping 

of remaining surface ligands. 

 

Fig. 4.7. (a) CV curves of 6 nm, 8 nm, 10 nm Pd3Pb/C and Pd/C catalysts. (b) ECSA values of 6 nm, 8 

nm, 10 nm Pd3Pb/C and Pd/C catalysts at different CV cycles. 

After 30 CV cycles, the ECSAs obtained from commercial Pd/C, and for 6 nm, 8 nm and 10 nm 

Pd3Pb/C catalysts were 14.9 m2 g-1, 16.4 m2 g-1, 18.9 m2 g-1, and 24.2 m2 g-1, respectively. The 

Pd utilization effectiveness was estimated considering that the active surface area for full 

utilization of 1 g of Pd would be 448 m2. Thus, the Pd utilization efficiencies of commercial 

Pd/C, and for 6 nm, 8 nm and 10 nm Pd3Pb/C catalysts were 3.3 %, 3.7 %, 4.2 %, and 5.4 %, 

respectively. 

4.3.3. EOR activity, CV analysis 

The electrocatalytic activity of Pd3Pb-based catalysts towards EOR was investigated by CV in a 

solution containing 0.5 M KOH and 0.5 M EtOH. Fig. 4.8a and 4.8b display the CV curves of 

Pd3Pb/C and Pd/C catalysts after 30 and 900 cycles at a sweep rate of 50 mV s-1, respectively. 
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In the presence of EtOH, hydrogen absorption-desorption peaks were suppressed due to the 

dominant adsorption of EtOH in the low-potential region. The positive scan peak related to 

the oxidation of freshly adsorbed alcohol started at -0.6 V and reached its maximum at -0.1 V. 

At higher voltages, the catalytic activity decreased due to the progressive oxidation of the Pd 

surface. The oxidation peak in the cathodic scan, associated with the oxidation of freshly 

adsorbed EtOH and of unreacted species adsorbed before or after Pd–O blocking,47 was 

triggered by the reduction of the oxide layer grown in the preceding anodic scan.48 The peak 

current densities of Pd3Pb/C catalysts were much higher than those of Pd/C, and the onset 

potential for EtOH oxidation of Pd3Pb/C catalysts was more negative than for Pd/C, what 

suggested a more favorable EOR on the surface of Pd3Pb/C catalysts than on Pd/C. For 

comparison, Table 4.1 shows a resume of results reported in the literature on Pd3Pb NCs for 

EOR. 

Fig. 4.8c exhibits the forward oxidation peak current density for EOR as a function of cyclic 

scan number. During the first cycles the forward peak current density increased to later 

decrease gradually with the continued scanning. Such a general trend is often observed in 

electrocatalytic alcohol oxidation and is usually ascribed to a structural or surface 

reorganization of the catalyst.49,50 For Pd/C, the current density decay started at the 50th cycle, 

dropping from 12.53 to 5.38 mA cm-2 after 900 cycles. A very similar evolution was measured 

from 10 nm Pd3Pb/C, with a progressive increase of current density up to approximately the 

50th cycle, yet with significantly higher current densities, from 21.82 to 11.72 mA cm-2. 6 nm 

and 8 nm Pd3Pb/C catalysts were characterized by a significantly different evolution of the 

forward peak current density with the cycle number. 6 nm and 8 nm Pd3Pb/C catalysts 

displayed a progressive increase of the current density up to the 400th-500th cycle and a quasi-

stabilization of the activity at current densities around 20 mA cm-2 with additional cycling. Thus, 

while 10 nm Pd3Pb/C displayed higher catalytic activity in the initial CV cycles, 6 nm and 8 nm 

Pd3Pb/C had much longer durability and higher activities after longer cycling. In terms of mass 

current density (Fig. 4.8d), after 30 cycles 10 nm Pd3Pb/C catalyst showed the highest values 

up to 2.05 A mg-1
Pd, while the performance of 6 nm and 8 nm Pd3Pb/C was slightly lower than 

that of Pd/C. However, after 900 cycles, 8 nm Pd3Pb/C catalyst displayed much larger mass 

current densities up to 2.05 A mg-1
Pd.  

The ratio of the maximum intensities measured for the forward and reverse peaks, If/Ir, of 

Pb3Pb/C catalysts also changed with the cycling number, decreasing for 6 nm Pd3Pb/C from 1.1 

to 0.90, and 8 nm Pd3Pb, from 1.3 to 0.85, but increasing for 10 nm Pd3Pb, from 0.82 to 0.93 
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and increasing very moderately for Pd/C, from 0.90 to 0.91. This ratio is related to the 

reactivation efficiency, the higher the reverse peak, the higher the reactivation, which denoted 

an improvement of the reactivation with cycling for the smallest NCs and a degradation for 

the largest one.48 

Fig. 4.8e shows the linear region of the Tafel plots obtained from the 30th and 900th CV curves 

in the range from −0.5 to -0.3 V vs. Hg/HgO for Pd3Pb/C and Pd/C catalysts. From the 30th cycle, 

the Tafel slopes were: 162 mV dec−1 for Pd/C, 156 mV dec−1 for 8 nm, 145 mV dec−1 for 6 nm 

and 140 mV dec−1 for 10 nm. After 900 cycles, all the Tafel slopes increased: 203 mV dec−1 for 

Pd/C, 173 mV dec−1 for 6 nm, 164 mV dec−1 for 8 nm and 160 mV dec−1 for 10 nm. All Pd3Pb/C 

catalysts displayed lower Tafel slopes and thus faster charge-transfer kinetics than Pd/C. On 

the other hand, the increase of the Tafel slopes with the scan number revealed a performance 

decay for all the catalysts, being the 8 nm Pd3Pb/C catalyst the one showing the best stability. 

 

Fig. 4.8. (a) 30th CV curves of 6 nm, 8 nm and 10 nm Pd3Pb/C and Pd/C catalysts in 0.5 M KOH + 0.5 

M EtOH aqueous solution. (b) 900th CV curves of 6 nm, 8 nm and 10 nm Pd3Pb/C and Pd/C catalysts 

in 0.5 M KOH + 0.5 M EtOH aqueous solution. (c) Current density of 6 nm, 8 nm, 10 nm Pd3Pb/C 

and Pd/C catalysts in 0.5 M KOH + 0.5 M EtOH solution at potential of -0.1 V vs. Hg/HgO for different 

CV cycles. (d) Mass peak current density of 6 nm, 8 nm, 10 nm Pd3Pb/C and Pd/C catalysts in 0.5 M 

KOH + 0.5 M EtOH aqueous solution from 30th and 900th CV cycles. (e) Tafel plots of 6 nm, 8 nm, 10 

nm Pd3Pb/C and Pd/C catalysts in 0.5 M KOH + 0.5 M EtOH aqueous solution from 30th and 900th 

cycles, respectively. (f) CA measurements of 6 nm, 8 nm and 10 nm Pd3Pb/C and Pd/C catalysts in 

0.5 M KOH + 0.5 M EtOH aqueous solution at the potential of −0.1 V vs. Hg/HgO. 
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to several interconnected mechanisms: i) The higher activity of the 10 nm NCs had associated 

the generation of a higher amount of intermediates that may poison the catalyst surface more 

rapidly than in less active catalysts; ii) The oxidation and reduction of surface Pd during each 

scan and the development of channels of electron collection could rearrange the catalyst 

structure and NC surface.51 This process may be significantly different in NCs with different 

sizes; iii) Depending on the NC size, the extend of material oxidation and reduction could be 

significantly different. 

4.3.4. EOR activity, CA analysis 

The stability of the catalyst performance was further investigated by CA. Fig. 4.8f displays CA 

results obtained at -0.1 V vs. Hg/HgO in a 0.5 M KOH + 0.5 M EtOH aqueous solution. All the 

catalysts exhibited a pronounced current decay during the first 500 s. This rapid activity decay, 

characteristic of EOR catalyst, including Pd-based catalysts, remains as a major drawback 

toward the commercialization of DEFCs. While all the Pd3Pb/C catalysts showed enhanced EOR 

activity and better stability than Pd/C catalyst, 10 nm Pd3Pb/C catalysts displayed a more 

abrupt decrease in current densities than 6 nm and especially 8 nm Pd3Pb/C catalysts. 

Replacing the electrolyte by a fresh solution did not provide a significant increase in current 

density, demonstrating that the EtOH depletion was not the reason behind the large current 

density decrease. Instead, we succeeded in reactivating our Pd3Pb/C and Pd/C catalysts by 

either cycling few times the applied potential (Fig. 4.9) or by slightly increasing the electrode 

potential for a short time (Fig. 4.10). Fig. 4.9 displays the current density decay during periods 

of 1000 s for 10 nm, 8 nm, 6 nm Pd3Pb/C catalysts and Pd/C catalysts. In between these 1000 

s periods, 3 CV cycles in the range from -0.9 to 0.3 V vs. Hg/HgO with a rate of 50 mV s-1 for a 

total time of 144 s were applied. 10 nm Pd3Pb/C catalyst reached the highest current densities 

after each reactivation. Fig. 4.10 displays the current densities evolution during periods of 

1000 s and reactivation by applying a voltage of 0.3 V vs. Hg/HgO for 100 s, i.e. by oxidizing 

and later reducing the Pd surface. The current density decay could be fitted considering at 

least two exponential decays, one with a characteristic time in the range of ca. 10-30 s, and a 

second one with a longer characteristic time up to 500 s (Fig. 4.11 and Table 4.2). We 

systematically observed that the larger the NCs, the lower the contribution of the fast 

exponential decay. Besides, an increase of the reaction temperature up to 50 C allowed to 

slightly increase the catalyst activity and extend at the same time its stability (Fig. 4.12 and 

Table 4.3). 

In alkaline media, EtOH is dehydrogenated into adsorbed acetyl, which is further oxidized to 
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acetate by hydroxide species.10,52 The oxidation of the acetyl to acetic acid by adsorbed 

hydroxyl is regarded as the rate-determining step, while the stripping of the acetic acid in the 

form of acetate ions in alkaline solution is very rapid.10 Acetaldehyde and reaction products 

such as CH and C may block additional sites, although breaking of the C-C bond is considered 

to have a minor contribution on the obtained current density.52,53 

Cycling contributes to clean the Pd surface through different mechanism: i)the oxidation of 

the acetyl to acetate is favored by oxidative potentials;10 besides ii) the oxidation of the catalyst 

surface may contribute to the stripping of adsorbed molecules. In this process the 

concentration and surface distribution of Pd and Pb, the overall surface area and the exposed 

facets play important roles. During EOR and during cycling all of these parameters may change. 

During the electrochemical reaction, Pd and Pb most probably redistribute within each particle 

as evidenced below, and even within the surface as noted by Gunji et al.54 Changes of surface 

composition modifies the equilibrium coverage of hydroxyl and adsorbed acetyl, thus 

changing the overall current density.10 Besides, possible changes of particle geometry modify 

the exposed facets and thus the exposed distribution of Pb and Pd sites. 

 

Fig. 4.9. CA curves of 10 nm (a), 8 nm (b), 6 nm (c) Pd3Pb/C and Pd/C (d) catalysts. Three CV cycles 

were conducted to reactivate the catalyst every 1000 s. 
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Fig. 4.10. CA curves of (a) 10 nm, (b) 8 nm, and (c) 6 nm Pd3Pb/C and (d) Pd/C catalysts. A constant 

potential of 0.3 V vs. Hg/HgO for 100 s was conducted to reactivate the catalysts every 1000 s. 

Fig. 4.11. CA curves in a logarithmic y scale obtained from Pd3Pb/C and Pd/C catalysts in 0.5 M KOH 

+ 0.5 EtOH aqueous solution after 3 CV cycles reactivation. Continuous lines display the fitting of 

the experimental points with two exponential decays. 
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Fig. 4.12. CA curves obtained from 10 nm Pd3Pb/C at different temperatures in 0.5 M KOH + 0.5 

EtOH aqueous solution. Continuous lines display the fitting of the experimental points with two 

exponential decays. 

4.3.5. Structural and chemical evolution 

HRTEM and HAADF-STEM analysis of the Pd3Pb/C catalysts after cycling in 0.5 M KOH and 0.5 

M KOH + 0.5 M EtOH aqueous solutions showed the NCs to maintain a high crystallinity and to 

conserve the Pd3Pb intermetallic phase (Fig. 4.13).  

XPS analyses of the Pd3Pb catalyst after cycling in 0.5 M KOH and in 0.5 M KOH + 0.5 M EtOH 

aqueous solutions showed a notable increase of the surface Pd/Pb atomic ratio, from the initial 

Pd/Pb=1.19 obtained from Pd3Pb NCs to Pd/Pb=3.09 of the Pd3Pb/C catalyst after cycling in a 

KOH + EtOH aqueous solution (Fig. 4.14, Table 4.4). This decrease of the relative Pb surface 

concentration could be related to a partial dissolution of Pb, a phase segregation, or a 

redistribution of the elements within each NC.  

However, extensive TEM analysis of the catalyst after cycling showed the cubic shape of the 

NCs to be partially lost for a significant number of NCs (Fig. 4.15-22). EDS analysis showed the 

total Pd/Pb ratio to slightly increase after cycling in a 0.5 M KOH + 0.5 M EtOH aqueous solution, 

from Pd/Pb=3.03 to Pd/Pb=3.42, or after cycling in KOH, Pd/Pb=3.77. This increase must be 

assigned to a leaching of Pb atoms from the Pd3Pb alloy to the electrolyte. However, the 

amount of leached Pb, 12 % after cycling in a KOH + EtOH aqueous solution, does not fully 

account for the much larger variations obtained on the surface composition. Besides, STEM-

EDS analysis of the catalyst after 30 CV cycles in 0.5 M KOH aqueous solution (Fig. 4.13) and 

0 1000 2000 3000
0

10

20

30

40

 

 

C
u

rr
e

n
t 

d
e

n
s
it
y
 (

m
A

 c
m

-2
) 10 nm Pd

3
Pb/C

20 
o
C

35 
o
C

50 
o
C

Time (s)



97 
 

after cycling in KOH + EtOH aqueous solutions (Fig. 4.15) displayed no phase segregation, being 

both elements homogeneously distributed within each NC and with the same ratio from 

particle to particle.  

These results pointed out at a reorganization of the two elements within the Pd3Pb NCs during 

cycling in a KOH + EtOH aqueous solution, involving an outward/inward diffusion of Pd/Pb to 

equilibrate the stoichiometry of the NCs surface, which was highly Pb-rich in the as-

synthesized materials.  

A partial surface reorganization of the NC surface took place already during their use to 

formulate the catalyst, and could be related with the removal of organic ligands that were 

preferentially bond to Pb atoms. Additional decrease of the Pb surface concentration was 

observed during cycling in KOH (Table 4.4). This decrease was partially correlated with EDS 

results that showed an important Pb leaching during KOH cycling that could account for the 

increase of the Pd/Pb ration obtained after this process.  

However, we believe that a significant part of the elemental restructuration was driven by the 

oxidation/reduction of Pd. During cycling, only Pd was oxidized and reduced, while surface Pb 

atoms remained in an oxidized chemical state. In a previous work, we showed how cobalt and 

copper can reorganize by interfusion during oxidation and reduction processes. During 

oxidation Co diffused outward to form a CuO-Co3O4 hollow structures, while during reduction 

Cu diffused inward to form Cu@Co3O4 core-shell particles.55 In the present case we believe a 

similar process takes place. The initial NC surface is enriched with Pb due to the larger affinity 

of this element toward organic ligands and oxygen. Once removed the organics, Pd diffuses 

outwards/inwards during cycling, driven by the oxidation/reduction processes. Since the 

largest increase of the surface Pd/Pb ratio was obtained after cycling in the presence of EtOH, 

we need to assume that the higher affinity of Pd to EtOH may also play an important role in 

the surface restructuration.  
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Fig. 4.13. (a) TEM and (b) HAADF-STEM micrographs of 6 nm Pd3Pb/C catalyst. HAADF-EDS 

mappings of (c) Pd and (d) Pb from 6 nm Pd3Pb/C catalyst. (e) TEM and (f) HAADF-STEM 

micrographs of 6 nm Pd3Pb/C catalyst after 30 CV cycles in a 0.5 KOH + 0.5 M EtOH aqueous solution. 

HAADF-EDS mappings of (g) Pd and (h) Pb from 6 nm Pd3Pb/C catalyst after 30 CV cycles in a 0.5 

KOH + 0.5 M EtOH aqueous solution. All scale bars are 50 nm. 

 

 

 

Fig. 4.14. Pd (a) and Pb (b) XPS spectra from Pd3Pb NCs (1), Pd3Pb/C catalyst (2), Pd3Pb/C catalyst 

after 30 CV scans in 0.5 M KOH aqueous solution (3) and in 0.5 M KOH + 0.5 M EtOH aqueous 

solution (4). 
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Fig. 4.15. (a) TEM micrograph, (b) HAADF-STEM micrograph and (c) HAADF-EDS elemental maps of 

6 nm Pd3Pb/C catalyst after 30 CV scans in 0.5 M KOH aqueous solution. 

 

 

Fig. 4.16. HRTEM micrographs of 6 nm Pd3Pb/C catalyst after 30 CV scans in 0.5 M KOH aqueous 

solution. 
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Fig. 4.17. (a) HRTEM micrograph of 10 nm Pd3Pb/C catalyst after 30 CV scans in 0.5 M KOH aqueous 

solution. (b) Detail of orange squared region. (c) The corresponding power spectrum. 

 

Fig. 4.18. (a) STEM micrograph of 10 nm Pd3Pb/C catalyst after 30 CV scans in 0.5 M KOH aqueous 

solution. (b) HAADF-STEM micrograph taken from the red squared area. (c-e) EELS chemical 

composition maps obtained from the red squared area. Individual O K-edges at 532 eV (blue), Pd 

M4,5-edges at 335 eV (red) and Pb N6,7-edges at 138 eV (green). 

 

Fig. 4.19. HRTEM micrographs of 6 nm Pd3Pb/C catalyst after 30 CV scans in 0.5 M KOH + 0.5 M 

EtOH aqueous solution. 
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Fig. 4.20. (a) HRTEM micrograph of 10 nm Pd3Pb/C catalyst after 30 CV scans in 0.5 M KOH + 0.5 M 

EtOH aqueous solution. (b) Detail of the orange squared region and the corresponding power 

spectrum. (c) Detail of the red squared region and the corresponding power spectrum. 

 
Fig. 4.21. (a) STEM micrograph of 10 nm Pd3Pb/C catalyst after 30 CV scans in 0.5 M KOH + 0.5 M 

EtOH aqueous solution. (b) HAADF-STEM micrograph taken from the red squared area. (c-e) EELS 

chemical composition maps obtained from the red squared area. Individual O K-edges at 532 eV 

(blue), Pd M4,5-edges at 335 eV (red) and Pb N6,7-edges at 138 eV (green). 

 

Fig. 4.22. (a) TEM and (b) HRTEM micrographs of 6 nm Pd3Pb/C catalyst. 
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Table 4.1. Comparison of EOR activity of Pd3Pb/C obtained in this work with literature values 

obtained from catalysts based on Pd-Pb alloys. 

 

 

Table 4.2. Fitting parameters of the CA curves displayed in Fig. 8f and measured from Pd3Pb/C 

catalysts formulated from NCs with different sizes and Pd/C.  

Fitting equation:   𝑦 = 𝑦0 + 𝐴1𝑒
−(𝑥−𝑥0)/𝑡1 + 𝐴2𝑒

−(𝑥−𝑥0)/𝑡2   

 

Fitting 

parameters 
A1 t1 A2 t2 A1/A2 

Pd/C  1.18 24.1 2.82 287 0.418 

6 nm  63.5 7.14 5.97 380 10.6 

8 nm  11.3 20.6 4.54 516 2.49 

10 nm  2.93 18.0 16.6 483 0.177 

 

 

 

 

 

 

Catalyst 
Initial mass J 

(A mgPd
-1) 

Mass J 

after 1000 s 

(A mgPd
-1) 

Reference 

Pd3Pb NCs 3.5 0.78 56 

Pd3Pb nanowires 3.2 1.2 29 

flower-like Pd3Pb NCs 0.51 0.09 22 

Pd3Pb/PDA-MWCNTs NPs 13.4 1.3 57 

PdPb/Nitrogen-doped 

graphene (8:1.0) NPs 
4.8 0.47 24 

10 nm Pd3Pb nanocubes 4.4 
 

1.3 This work 
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Table 4.3. Fitting parameters of the CA curves displayed in Fig. 12 and measured from a 10 nm 

Pd3Pb/C catalyst at different temperatures, from 20 C to 50 C.  

Fitting equation:   𝑦 = 𝑦0 + 𝐴1𝑒
−(𝑥−𝑥0)/𝑡1 + 𝐴2𝑒

−(𝑥−𝑥0)/𝑡2   

 

Fitting 

parameters 
A1 t1 A2 t2 A1/A2 

20 ℃  4.40 32.0 14.4 359 0.306 

35 ℃ 6.67 10.7 10.6 205 0.629 

50 ℃  8.68 28.1 32.3 510 0.269 

 

 

Table 4.4. Elemental ratios obtained from XPS and EDS analyzes of 6 nm Pd3Pb NCs and 6 nm 

Pd3Pb/C catalyst before and after 30 CV cycles in 0.5 M KOH and 0.5 M KOH + 0.5 M EtOH 

aqueous solutions. 

 

Atomic  

ratio 

XPS EDS 

Pd0/Pd2+ 

 

Pb0/Pb2+ 

 

 

Pb0/Pb3+ 

 

Pb3+/Pb2+ Pd0/Pb0 
Pd/Pb 

(total) 

Pd/Pb 

(total) 

Pd3Pb NCs 3.02 2.68 3.68 0.73 1.47 1.19 3.03 

Pd3Pb/C 

catalyst 
8.15 14.1 6.00 2.35 2.16 1.93 3.08 

Pd3Pb/C 

catalyst 

cycling in 

KOH 

solution 

4.67 16.8 5.90 2.85 2.29 2.26 3.77 

Pd3Pb/C 

catalyst 

cycling in 

KOH + 

EtOH 

solution 

2.88 20.5 5.15 3.98 2.85 3.09 3.42 
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4.4. Conclusions 

In summary, we report a simple approach to produce intermetallic Pd3Pb NCs with well-

defined cubic geometry and average sizes in the range from 6 nm to 10 nm. Compared with 

commercial Pd/C catalyst, Pd3Pb/C catalysts presented improved EOR electrocatalytic 

activities and stabilities. 10 nm Pd3Pb/C catalyst provided the largest initial current densities, 

but smaller NCs were able to reach higher current densities after extended cycling. All the 

catalysts exhibited a pronounced current decay during the first 500 s of continuous EOR 

operation, which was associated to the accumulation of strongly adsorbed reaction 

intermediates and the related blockage of reaction sites. The catalyst could be reactivated by 

simple cycling, but this reactivation was also size dependent. Such simple cleaning processes, 

that can be performed during operation breaks without cell disassembly, was sufficient to 

effectively remove the poisoning species adsorbed on the surface and recover the 

electrocatalytic activity. We finally demonstrated that during cycling a major redistribution of 

the elements within the NCs took place, driven by the different affinity of Pb and Pd towards 

oxygen and possibly ethanol, and the electrochemical oxidation/reduction of Pd. 
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5. Phosphorous incorporation in Pd2Sn alloys 

for electrocatalytic ethanol oxidation 

Abstract 

Direct ethanol fuel cells (DEFCs) show a huge potential to power future electric vehicles and 

portable electronics, but their deployment is currently limited by the unavailability of proper 

electrocatalysis for the ethanol oxidation reaction (EOR). In this work, we engineer a new 

electrocatalyst by incorporating phosphorous into a palladium-tin alloy and demonstrate a 

significant performance improvement toward EOR. We first detail a synthetic method to 

produce Pd2Sn:P nanocrystals that incorporate 35 % of phosphorus. These nanoparticles are 

supported on carbon black and tested for EOR. Pd2Sn:P/C catalysts exhibit mass current 

densities up to 5.03 A mgPd
-1, well above those of Pd2Sn/C, PdP2/C and Pd/C reference catalysts. 

Furthermore, a twofold lower Tafel slope and a much longer durability are revealed for the 

Pd2Sn:P/C catalyst compared with Pd/C. The performance improvement is rationalized with 

the aid of density functional theory (DFT) calculations considering different phosphorous 

chemical environments. Depending on its oxidation state, surface phosphorus introduces sites 

with low energy OH- adsorption and/or strongly influences the electronic structure of 

palladium and tin to facilitate the oxidation of the acetyl to acetic acid, which is considered 

the EOR rate limiting step. DFT calculations also points out that the durability improvement of 

Pd2Sn:P/C catalyst is associated to the promotion of OH adsorption that accelerates the 

oxidation of intermediate poisoning COads, reactivating the catalyst surface. 
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5.1. Introduction 

The field of electrocatalysis has advanced tremendously during the past few decades, which is 

inseparable from the development of catalysts at nanoscale.1-3 These improvements are 

essential in electrochemical energy storage and conversion technologies, such as rechargeable 

battery,4,5 and fuel cells including  hydrogen-based,6 oxygen conversion-based,7-9 

hydrocarbon conversion,10-13 and CO2 reduction.14  

Direct liquid fuel cells provide a means for the straight conversion of chemical energy within a 

liquid fuel into electricity. Among possible liquid fuels, ethanol offers a large energy density 

(8.01 KWh kg-1), low toxicity, relatively high boiling point for safe storage, transportation and 

operation, and potential for bio-sourcing.15,16 These advantages make DEFCs extremely 

appealing to power electric vehicles and portable electronics, among other applications. 

However, the deployment of DEFCs is being hampered by the high cost and moderate 

performances of current electrocatalysts for the EOR.17  

Pt and Pt-based alloys have been the most studied and optimized EOR catalysts to date, 

particularly in acidic conditions, but their high cost limits their application.18 Compared with 

acid electrolytes, alkaline solutions are less corrosive and provide faster reaction kinetics for 

both alcohol oxidation and oxygen reduction, which enable the use of a larger variety of 

catalysts.19 These advantages together with the development of high-performance anion 

exchange membranes, have moved interest from acid- to basic-type DEFCs and from Pt to less 

costly catalysts. Moving away from Pt-based catalysts, increasing attention is being paid to Pd 

alloys, which offer lower cost, better resistance to poisoning and similar or even better 

catalytic activities.20-22 We and others have recently demonstrated that alloying Pd with Sn and 

optimizing the catalyst crystallographic facets significantly improve EOR performances through 

a combination of electronic and bifunctional effects.23-26 We have also recently reported that 

the incorporation of phosphorous into Pd catalysts affords several advantages toward EOR 

activity.27 Phosphorous inclusion provides additional adsorption sites,28,29 slightly modifies the 

electronic structure of Pd,27 shifts the Pd oxide formation to higher potentials that in turn 

results in a better stability,30 and reduces the amount of Pd required to reach a certain 

operation current, thus further reducing the overall catalyst cost.31-37 

Herein we report an approach to prepare the first Pd-based catalyst that incorporate both 

elements, Sn and P. We produced Pd2Sn:P by reacting intermetallic Pd2Sn with a phosphorous 

precursor during the nanoparticle growth stage. These particles were supported on carbon 
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black and tested toward ethanol oxidation in alkaline media. DFT calculations were used to 

identify the relationship between the measured performances and the catalyst composition.    

5.2. Experimental 

5.2.1. Chemicals 

OAm (80–90%) was purchased from ACROS Organics. ODE (90%), palladium(II) 

acetylacetonate (Pd(acac)2, Pd 34.7wt%), tin(II) acetate (Sn(OAc)2, 99%), HMPT (97%), TOP 

(97%), MAC (98%), acetic acid (99%), potassium hydroxide (KOH, 85%), copper(II) sulfate 

(CuSO4, 99%) and Nafion (5 wt% in a mixture of low aliphatic alcohols and water) were 

obtained from Sigma-Aldrich. A reference Pd catalyst, 20% Pd on activated carbon powder, 

was purchased from Alfa Aesar. Carbon black (Vulcan XC-72) was obtained from Fuel Cell Earth. 

Hexane, ethanol and acetone were of analytical grade and obtained from various sources. 

MilliQ water was obtained from a PURELAB flex from ELGA. All chemicals were used as 

received, without further purification.  

5.2.2. Synthesis of Pd2Sn:P 

91.4 mg (0.3 mmol) of Pd(acac)2, 35.5 mg (0.3 mmol) of Sn(OAc)2 and 68.0 mg (1 mmol) of 

MAC were mixed with 20 mL of OAm in a 50 mL three-neck flask connected to the Schlenk line 

coupled to an exhaust gas absorption solution (1 M CuSO4). After keeping the precursor 

mixture under argon flow for 15 min, 1 mL of TOP was introduced. Subsequently, the solution 

was heated to 100 °C and maintained at this temperature for 1 h. Then temperature was slowly 

increased to 200 °C at a rate of 5 °C/min and maintained for 30 min. Next, temperature was 

increased to 300 °C in 40 min. During this temperature increase, the solution turned black 

indicating the nucleation of Pd-Sn nanocrystals. When the solution reached 300 °C, 0.2 mL (1.1 

mmol) of HMPT dissolved in 0.5 mL of ODE was injected and the mixture was allowed to react 

for 1 h before cooling down to ambient temperature. The reaction product was precipitated 

by adding excess amount of acetone and centrifugation at 5000 rpm for 5 min. Then, it was 

re-dispersed and re-precipitated 3 times with chloroform and acetone. The final black product 

was dispersed in hexane. 

5.2.3. Synthesis of reference NCs: Pd2Sn and PdP2 

Pd2Sn nanorods were produced following the exact same protocol described above but 

without adding HMPT at 300 C.38 PdP2 nanocrystals were obtained through the same 

procedure but without adding Sn(OAc)2 to the initial precursor solution.27 Nanoparticles were 

purified as detailed above and the final black precipitates were dispersed in hexane. 
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5.2.4. Catalysts preparation 

Pd2Sn:P/C, Pd2Sn/C and Pd2P/C electrocatalysts were prepared by supporting the 

corresponding nanocrystals on carbon black.39 Briefly, 5 mg of Pd2Sn:P (or Pd2Sn/Pd2P) 

dispersed in 5 mL of hexane were mixed with 5 mg of Vulcan XC-72 carbon dispersed in ethanol. 

The mixture was sonicated for 1 h to homogeneous distribute the nanocrystals over the carbon 

surface. The product was collected by centrifugation and then dispersed in a mixture of 10 mL 

ethanol and 1 mL acetic acid to remove surface organic ligands through sonication. After 

washing with ethanol, the catalyst was dried naturally under ambient condition and then it 

was annealed at 250 °C in Ar atmosphere for 1h. The final product was dispersed in 

isopropanol containing 5% Nafion to obtain an ink containing a nanocrystal concentration of 1 

mg/mL. The accurate amount of Pd on electrode was measured to be 1.56, 1.83, 1.99 and 1.19 

μg for Pd2Sn:P/C, Pd2Sn/C, Pd2P/C and Pd/C, respectively, as determined by inductively coupled 

plasma mass spectrometry (ICP-MS).  

5.2.5. Electrochemical measurements  

Electrochemical measurements were conducted at room temperature with a BioLogic 

electrochemical workstation using a three-neck-type cell including a Pt gauze as counter 

electrode and a Hg/HgO (1 M KOH) electrode as reference. The working electrode was 

prepared by drop-casting 3 μL of the catalyst ink on a 5 mm diameter GCE and letting it dry 

naturally. The same mass of particles (or Pd for the commercial sample) was used to prepare 

each electrode, which translated into lower amounts of Pd on the Pd2Sn:P/C catalyst when 

compared with the 3 reference catalysts tested. CV curves were recorded at a scan rate of 50 

mV s-1 in Ar-saturated aqueous solutions that contained 0.5 M KOH or 0.5 M KOH + 0.5 M 

ethanol. CA measurements were conducted at -0.1 V vs. Hg/HgO for 7000 s in a 0.5 M KOH + 

0.5 M ethanol electrolyte.  

5.2.6. Structural and chemical characterization 

Powder XRD patterns were collected from the samples supported on a Si substrate on a Bruker-

AXS D8 Advanced X-ray diffractometer with Ni-filtered (2 μm thickness) Cu K radiation 

(λ=1.5406 Å) operating at 40 kV and 40 mA. The 2θ range was between 30-80 degree. SEM 

analysis was conducted with a ZEISS Auriga microscope equipped with an EDS detector 

operating at 20 kV. TEM images were carried out with a ZEISS LIBRA 120 operating at 120 kV 

and a JEOL 1011 at 100 kV. HRTEM analysis was carried out using a field emission gun FEI™ 

Tecnai F20 microscope at 200 kV with a point-to-point resolution of 0.19 nm. HAADF-STEM 

was combined with EELS in the Tecnai F20 with a GATAN QUANTUM filter. XPS was analyzed 

on a SPECS system equipped with an Al anode XR50 source operating at 150 W and a Phoibos 
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150 MCD-9 detector. The pressure of the analysis chamber was below 10−7 Pa. The CasaXPS 

program (Casa Software Ltd., UK) was employed for the data process. 

5.2.7. Computational details 

All calculations were performed using the Vienna Ab initio Simulation Package (VASP)40-43 

within the DFT framework. Perdew-Burke-Ernzerhof (PBE) functional44 was used to treat the 

exchange-correlation energy. The projector augmented-wave (PAW)45 was applied and the 

energy cutoff was 400 eV. The sampling over Brillouin zone was treated by the Monkhorst-

Pack technique,46 and a (2×2×1) grid was introduced. Geometry optimization process was 

repeated until the energy change of two adjacent ionic steps is less than 10-5 eV and the force 

on the atoms less than -0.03 eV/Å. Furthermore, dispersion interactions were treated on the 

DFT-D3 level,47,48 During the calculation, the (2×2×1) supercells for Pd2Sn (001) and P-modified 

surfaces were used and displayed in Fig. 5.1. A vacuum slab of 15 Å was applied to avoid the 

pseudo interactions between the periodic images along z axis. The adsorption energies for OH- 

on different sites of the surfaces were calculated based on the following equation 

𝐸𝑎𝑑. = 𝐸𝑂𝐻/𝑠𝑙𝑎𝑏 − 𝐸𝑂𝐻−−𝐸𝑠𝑙𝑎𝑏          (1) 

where EOH/slab, EOH-, and Eslab are the total energies for OH/slab, OH-, and the pure surface, 

respectively. Furthermore, the energy of OH- was calculated by equation49 

𝐸(OH−) = 𝐸(H2O) − [
1

2
𝐸(H2) − 𝑃𝐻 × 𝑘𝐵𝑇𝑙𝑛10]          (2) 

Fig. 5.1. Computational models for (a) Pd2Sn, (b) Pd2Sn:P, and (c) oxidized Pd2Sn:P surface after 

ligand removal. 
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5.3. Results and discussion 

5.3.1. Pd2Sn:P nanorods  

Fig. 5.2a displays a representative TEM micrograph of the particles obtained from the reaction 

of Pd(acac)2 and Sn(OAc)2 within OAm, MAC and TOP and the posterior phosphorization step 

at 300 C using HMPT (see details in the experimental section). The produced nanoparticles 

displayed elongated morphologies with an average length and width of (24 ± 3) × (9 ± 1) nm 

(Fig. 5.2a inset). This morphology resembled that of Pd2Sn nanorods produced following the 

same strategy but without the addition of HMPT.38 The XRD pattern of the particles displayed 

an orthorhombic phase with space group Pnma, matching the reference pattern from Pd2Sn 

(JCPDS 01-089-2057). No evidence of additional diffraction peaks corresponding to secondary 

phases such as Pd5PSn, PdP2 or SnP, was observed. HRTEM analysis confirmed the 

orthorhombic (S.G.: Pnma) Pd2Sn phase with lattice parameters: a = 5.6500 Å, b = 4.3100 Å, c 

= 8.1200 Å (Fig. 5.2c). STEM-EELS elemental compositional maps unequivocally displayed the 

presence of Pd, Sn and P evenly distributed throughout the purified nanorods (Fig. 5.2d). 

According to our previous work, while OLA played an essential role as coordinating solvent in 

controlling nanorod size, TOP and chlorine ions were the key factors directing asymmetric 

growth and aspect ratio. We hypothesize that chlorine ions induced the TOP desorption at the 

nanorod tip facets, where a larger density of Sn ions was probably found. From another point 

of view, the surface energy differences among the various facets allowed chlorine ions to 

selectively desorb TOP from the (010) facets.50,51  

EDS analysis confirmed the presence of P and allowed to quantify the overall elemental ratios 

as Pd/Sn/P = 2.1/1.0/2.2. To determine the amount of P present as a ligand at the surface of 

Pd2Sn NCs, samples were annealed under argon at 400 °C for 1 h.  After this process, EDS 

analysis showed a 23% decrease of the phosphorus concentration:  Pd/Sn/P = 2.1/1.0/1.7. 

We thus assume that the final Pd2Sn:P crystals incorporate ca. 35 % of strongly bond 

phosphorous. This phosphorus is incorporated upon the reaction of the Pd2Sn nuclei with 

HMPT and is accommodated within the Pd2Sn lattice either at interstitials, partially replacing 

Pd and or Sn or in part preferentially bond at surface sites. 
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Fig. 5.2. (a) TEM micrograph and histograms of the length (blue) and width (red) distribution of 

Pd2Sn:P nanorods. (b) XRD patterns of Pd2Sn:P and Pd2Sn nanorods. (c) HRTEM micrograph of 

Pd2Sn:P nanorods and power spectrum of a particle visualized along its [001] zone axis. (d) HAADF-

STEM micrograph of Pd2Sn:P nanorods and STEM – EELS elemental composition maps from the 

orange square area: Pd (blue), Sn (red) and P (green). 

Fig. 5.3 displays the XPS spectra of purified Pd2Sn:P NCs and a Pd2Sn:P/C catalyst. To prepare 

the catalysts, Pd2Sn:P particles were supported on carbon black and treated with acetic acid 

to displace organic ligands (see experimental section for details). The Pd 3d spectrum of the 

purified Pd2Sn:P nanorods exhibited one doublet at 335.4 (3d5/2) and 340.6 eV (3d3/2) that was 

assigned to a Pd0 chemical environment (Fig. 5.3a).38,52 After preparing the catalyst, a second 

doublet appeared at 337.4 eV (3d5/2) and 342.6 eV (3d3/2) as shown in Fig. 5.3b. This doublet 

was ascribed to a Pd2+ chemical state and accounted for ca. 14 % of the probed surface Pd.52 

The appearance of this oxidized component was associated with the exposure of the 

unprotected nanoparticles surface to ambient atmosphere during manipulation and 

transportation. The Pd 3d spectra of reference Pd/C (Fig. 5.3c) and PdP2 (Fig. 5.3d) showed 

similar peaks with higher oxidized Pd2+ proportions. 

The Sn 3d spectra indicated the presence of two chemical states already in the purified Pd2Sn:P 

nanoparticles, before ligand displacement (Fig. 5.3a). A first doublet at 484.6 eV (Sn 3d5/2) and 

493.0 eV (Sn 3d3/2) was assigned to Sn0 and accounted for 32 % of the probed Sn.38,52 The 

second doublet, located at 486.6 eV (Sn 3d5/2) and 495.0 eV (Sn 3d3/2), was assigned to an 

oxidized Sn component, Snx+.52 After supporting the nanoparticles on CB and displacing the 
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ligands, the oxidized Sn component increased up to the 77 % of the total Sn probed (Fig. 5.3b).  

Two phosphorous chemical states were also identified from the XPS analysis of the purified 

Pd2Sn:P nanoparticles, before ligand displacement (Fig. 5.3a). The XPS peaks at lower BE, at 

130.0 eV (P 2p3/2) and 130.9 (P 2p1/2), were assigned to P within a metal phosphide lattice. 27,52 

It was not possible to further distinguish the exact metal phosphide environment. The second 

phosphorous chemical state, at 133.1 eV (P 2p3/2) and 134.0 (P 2p1/2), was assigned to an 

oxidized phosphorous environment that we tentatively identified as a phosphate (PO4)3-.27,52,53 

The oxidized component accounted for ca. 65 % of the total P observed. When supported on 

carbon black and after ligand displacement, only the oxidized component was observed (Fig. 

5.3b). 

Fig. 5.3. XPS spectra of Pd, Sn and P from Pd2Sn:P nanorods (a) and the Pd2Sn:P/C catalyst (b) Pd/C 

(c) and PdP2 (d). 

The Pd2Sn:P surface atomic ratio, as determined by XPS, was Pd/Sn/P = 1/0.97/1.37. ICP-MS 

analysis showed the atomic ratio in the catalysts to be Pd/Sn/P = 1/0. 41/0.75. Therefore, 

taking into account EDS data, the surface of Pd2Sn:P nanorods was Sn- and P-rich. This result 
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correlated well with the higher percentages of oxidized tin and phosphorous obtained. The Sn-

rich surface might be related to the higher tendency of this element to oxidize under ambient 

atmosphere compared with Pd and it is consistent with results obtained for Pd2Sn, with an XPS 

elemental ratio of Pd/Sn = 1.2.38 On the other hand, the surface of PdP2 particles was reported 

to be Pd-rich,27 thus the higher percentage of P obtained on the surface of Pd2Sn:P, with 

respect to Pd but not to Sn, may be related either to a preferential accommodation of P in the 

crystal surface or a differential diffusion/redistribution of phosphorous and palladium upon 

surface oxidation within a Pd2Sn lattice when compared with the PdP2 lattice.  

5.3.2. Electrocatalytic ethanol oxidation 

Fig. 5.4a displays CV curves recorded after 30 activation cycles. The current density peaks in 

the region between -0.5 V and -0.9 V vs. Hg/HgO were attributed to hydrogen adsorption in 

the cathodic scan and desorption in the anodic scan.40,41 The current density peaks at ca. -0.2 

V vs. Hg/HgO in the forward scan were associated with the oxidation of surface Pd. During the 

reverse scan, clear PdO reduction peaks were identified at around -0.2 V vs. Hg/HgO.  

The ECSA of the catalysts was estimated from the coulombic charge associated with the PdO 

reduction peak: 

ECSA =
Q (𝜇𝐶 ⋅ 𝑐𝑚−2)

𝑄𝑃𝑑𝑂(𝜇𝐶 ⋅ 𝑐𝑚𝑃𝑑
−2) × 𝑃𝑑𝑙𝑜𝑎𝑑𝑖𝑛𝑔(𝑚𝑔 ⋅ 𝑐𝑚

−2) × 10
 

where QPdO = 405 μC cm-2 was the charge associated to the reduction of a PdO monolayer, the 

coulombic charge Q was calculated by integrating the area of the PdO reduction peak, and the 

Pd loading was the amount of Pd on the working electrode.26 Using this equation, ECSA values 

for Pd/C, PdP2/C, Pd2Sn/C and Pd2Sn:P/C catalysts were 50.7 m2g−1, 61.4 m2g−1, 71.3 m2g−1, and 

120.1 m2g−1, respectively. Notice that significantly larger ECSAs were obtained with the 

addition of Sn and P to Pd, and the highest ECSA was obtained when simultaneously 

incorporating both elements to obtain the Pd2Sn:P/C catalyst. 
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Fig. 5.4. (a) CV curves (after 30 stabilization cycles) of Pd2Sn:P/C, Pd2Sn/C, PdP2/C and commercial 

Pd/C catalysts in 0.5 M KOH aqueous solution. (b) CV curves and (c) mass peak current density of 

Pd2Sn:P/C, Pd2Sn/C, PdP2/C and commercial Pd/C catalysts in 0.5 M KOH + 0.5 M EtOH aqueous 

solution. (d) Mass current density and specific current density of Pd2Sn:P/C compared with Pd-

based catalysts reported in the literature. (e) Tafel plots and (f) CA data of Pd2Sn:P/C, Pd2Sn/C, 

PdP2/C and commercial Pd/C catalysts at −0.1 V vs. Hg/HgO in 0.5 M KOH + 0.5 M EtOH aqueous 

solution.  

In alkaline media, EtOH is dehydrogenated into adsorbed acetyl, which is further oxidized to 

acetate by hydroxide species. It is accepted that the EOR in alkaline medium can proceed in 

two reaction pathways,55,56 the reactive-intermediate pathway and the poisoning-

intermediate pathway. The rate-determining step (reactive-intermediate pathway) for the EOR 

in alkaline medium is given as:57 

𝑃𝑑 − (𝐶𝐻3𝐶𝑂)𝑎𝑑𝑠 + 𝑆𝑛 − (𝑂𝐻)𝑎𝑑𝑠 → 𝑃𝑑 − 𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝑆𝑛 

Ethanol is first oxidized to acetaldehyde and subsequently to acetic acid or acetate in alkaline 

solution, the C-C bond is not broken during this pathway. In poisoning-intermediate pathway, 

which is side reaction, CH3CO may decompose to CO to poison the Pd active sites. Thus, the 

main intermediate species formed are CH3CO, CO and OH. OH helps accelerate COads oxidation 

and thus reactivate the surface of the catalyst. 

Fig. 5.4b displays the CV curves of the electrocatalysts in 0.5 M KOH + 0.5 M EtOH solution. 
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The characteristic ethanol oxidation peaks were identified in the anodic and reverse scans for 

all the electrocatalysts tested. In the forward scan, the current density associated with the EOR 

started rising at ca. -0.55 V vs. Hg/HgO for all samples, and reached a maximum at a potential 

in the range from -0.10 V to -0.17 V vs. Hg/HgO, depending on the catalyst composition. Above 

these potentials, the current density decreased due to the surface oxidation of palladium. The 

catalyst containing phosphorous and/or tin displayed peaks at slightly higher potentials than 

the Pd/C catalyst. In the reverse scan, a sharp rise in the current density was triggered by the 

reduction of PdO at a voltage range between -0.08 V vs. Hg/HgO for Pd2Sn:P/C and -0.18 V for 

Pd/C. The onset potential of the Pd2Sn:P/C catalyst was more negative than that of any other 

catalysts, suggesting a significantly enhanced kinetics and better catalytic activity for ethanol 

oxidation.58 The presence of Sn and P promoted the EOR activity and best performance was 

obtained when both elements were alloyed together with Pd. Pd2Sn:P/C catalyst was 

characterized by the highest peak current density up to 41.2 mA cm-2, compared with the 25.5 

mA cm-2 for Pd2Sn/C, 22.5 mA cm-2 for PdP2/C and 10.3 mA cm-2 for Pd/C. These values resulted 

in dramatically high mass current densities for Pd2Sn:P/C, up to 5.03 A mgPd
-1 (Fig. 5.4c). Fig. 

5.4d compares the specific and mass activities of Pd2Sn:P/C with reported Pd-based catalysts 

showing that the simultaneous incorporation of Sn and P effectively improved the Pd activity 

toward EOR.23,26,27,58-74 Additionally, the potential increase required to rise the current density 

was also significantly low for Pd2Sn:P/C, especially when compared with commercial Pd/C, as 

noted in the Tafel plots displayed in Fig. 5.4e.  

The electrocatalyst long-term stability was evaluated by chronoamperometry measurements 

(Fig. 5.4f). All the catalysts showed a sharp current density decay during the first 1000 s, which 

was ascribed to the surface accumulation of strongly adsorbed intermediates that partially 

blocked the active sites. The rapid activity decay is characteristic of Pd-based catalysts for EOR, 

remaining a major drawback toward the commercialization of DEFCs. The Pd2Sn:P/C catalyst 

showed a lower decay and was able to maintain much higher current densities during the 

whole chronoamperometric test, displaying very high current densities of 9.52 mA cm-2 even 

after 7000 s operation.  

5.3.3. DFT Calculations  

To evaluate the effect of phosphorus, DFT calculations were carried out (computational details 

and models can be found on the experimental section. According to previous literature, in 

alkaline media, EtOH is dehydrogenated into adsorbed acetyl, which is further oxidized to 

acetate by hydroxide species. The oxidation of the acetyl to acetic acid by adsorbed hydroxyl 
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is regarded as the rate-limiting step, while the stripping of the acetic acid in the form of acetate 

ions in alkaline solution is very rapid.56,75 We calculated the OH- adsorption energies at 

different sites of the catalysts surface (Table 5.1) and related these values to the catalyst 

activity considering that a higher chemical adsorption of OH- allows increases activity by 

facilitating the formation of CH3COOH.76 For a pure Pd2Sn surface used as a reference, the 

average Bader charges for Pd and Sn species at the topmost layer were -0.282 and +0.596, 

respectively. As a result, the adsorption of OH- at Sn sites should be more energetically 

favorable than at Pd sites. Additionally, according to the optimized geometries, OH- tends to 

be located at the bridge or center but not at the top sites, i.e. Sn-Pd bridge, Pd-Pd bridge, and 

Pd3 center. Due to the slightly different Bader charges, the adsorption energies for the bridge 

site of Sn-Pd dimers varies slightly with an average value of -0.821 eV. Furthermore, in 

consideration of the large difference in adsorption energies between Pd- and Sn-relevant sites 

and the opposite charges, the selective adsorption of CH3CO radicals near Pd site and that of 

OH- near Sn ones is to be expected, which also benefits the catalytic reaction. These results 

are consistent with improved EOR catalytic performances obtained for Pd2Sn with respect to 

Pd.38 

When introducing phosphorus into the system, two representative models were considered 

(Fig. 5.1b and 5.1c). A first model assumed the incorporation of P within the Pd2Sn lattice with 

a phosphide environment. A second model considered the presence of oxidized P on the 

catalyst surface, in accordance with XPS results. In the first model, the Bader charges of Pd 

near P increased slightly, while those of Sn remained nearly unchanged, as observed in the 

EDD diagram (Fig. 5.5). In this model, the adsorption energies of OH- at different sites 

decreased to a certain extent, which facilitated overcoming the EOR rate-limiting step. 

However, the lowest adsorption energies corresponded to the adsorption of OH- on top of the 

surface P. In a second model, we considered the presence of P oxidized species, POx, on the 

catalyst surface (Fig. 5.1c). In this configuration Sn ions close to P are oxidized to a much higher 

valence state, and an electron transfer is clearly observed (Fig. 5.6c). These significant changes 

in electronic structures lead to a major decrease of the adsorption energies for OH- (Table 5.1), 

which we believe favored boosting the catalytic activity of the material. Additionally, the 

promotion of the OH- adsorption also favored the oxidation of poisoning species, thus 

increasing the catalyst stability. 
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Table 5.1. Adsorption energies for OH- on different sites of Pd2Sn and Pd2Sn:P surfaces, 

considering two sites and chemical states of P. 

 

Fig. 5.5. Electron density difference diagram obtained by subtracting the electron densities of 

Pd2Sn and Pd2Sn:P systems. 

Fig. 5.6. Electron density difference diagram for the oxidized Pd2Sn surface. (a) and (b) were 

obtained via ρ(PO4/Pd2Sn) - ρ(Pd2Sn) - ρ(PO4), while the values in (c) are the Bader charge 

difference (Δe).  

 Sn-Pd bridge Pd-Pd bridge Pd3 center P top 

Pd2Sn  -0.821 -0.501 -0.499 − 

Pd2Sn incorporating P -0.851 -0.552 -0.580 -0.925 

Pd2Sn incorporating surface POx -1.041 -0.560 -0.658 − 

(a) (b) 

(c) 
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5.4. Conclusions 

We demonstrated the synthesis of colloidal Pd2Sn:P nanorods through phosphorization of 

Pd2Sn NCs with a highly active reagent-HMPT in a one-pot two-steps reaction. Pd2Sn:P/C 

catalyst exhibited significantly enhanced activity toward EOR in alkaline media compared with 

Pd2Sn/C, PdP2/C and commercial Pd/C catalysts. The introduction of P additionally improved 

the durability of Pd2Sn:P/C catalyst and resulted in lower Tafel slopes that denoted a larger 

density of active sites. DFT calculations showed that the incorporation of phosphorous either 

as lattice P or as a surface phosphate, allowed reducing the OH- adsorption energy both 

through an electronic effect and a direct bifunctional role, thus contributing to overcome the 

rate limiting step in EOR and increasing the rate of oxidation of poisoning species.  
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Results and discussion 

Electrochemical energy storage and conversion technologies are particularly appealing to 

solve the global energy consumption issue for their advantages in terms of cost, safety, 

sustainability and environmental friendliness. Among these technologies, alkali metal ion 

batteries and DEFCs are classic representatives with outstanding commercial output. The 

advance of these technologies toward high efficiency and performance finds opportunities in 

nanoscale materials. On one hand, by controlling the electrode nanomaterials through size, 

shape, composition, surface chemistry and other parameters. The utilization of nanomaterials 

gives alkali metal-ion batteries a new lease of life and provides benefits in terms of capacity, 

power, cost and sustainability that are still far from full exploit. Electrode kinetic issues can be 

circumvented by combining nanomaterials with carbon to improve the conductivity to 

individual grains, and the small size shortens the diffusion path for ions and electrons. 

Moreover, nanomaterials make it possible to accommodate the volume expansion associated 

with metal ions insertion/extraction reactions. On the other hand, the performance of 

catalysts for fuel cells directly depends on the nature of catalysts surface. The most important 

nanocatalysts are Pt- and Pd-based NCs with high-energy surfaces. The synergetic effect 

induced by forming metal alloys can boost their catalytical activity. However, the phenomenon 

of NCs structural and chemical transformation during electrochemical operations commonly 

happens, yet which is not systematically and deeply investigated. A thorough understanding 

of nanomaterials structural properties and their performance is significantly important for 

efficient electrocatalytic system. In this thesis, several different paradigmatic systems are 

investigated in terms of materials and electrochemical energy technologies, revealing the 

structure−catalytic functionality at nanoscales to shed light on rational design of practical 

catalysts with high activity and durability for energy conversion and storage applications. 

The growth and morphology control of NCs have always been a subject to the manufacture of 

functional nanomaterials. A simple seed-mediated growth method to synthesize Fe3O4-Mn3O4 

heterostructured NCs, and their conversion into hollow MnxFe3-xO4 NCs with conserved 

morphology is developed is chapter 2. Fe3O4-Mn3O4 heterostructured NCs are synthesized 

through a two-step process. Firstly, hollow Fe3O4 nanospheres are produced through the 

nanoscale Kirkendall effect by oxidizing colloidal Fe nanocrystals that are obtained from 

Fe(CO)5 decomposition. Then Fe3O4 NCs are used as seeds for the epitaxial growth of Mn3O4 

crystals upon injection of manganese precursor. TEM characterization confirms the hollow 
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Fe3O4 NPs to have an average diameter of 15  1 nm and the Mn3O4 crystal domains to have 

an average size of 9  1 nm. It is hypothesized that compared with solid Fe3O4 NPs, the 

defective and thin shell of hollow Fe3O4 NPs provides a larger number of favorable sites for 

Mn3O4 nucleation and helps accommodate the stress caused by the Mn3O4 growth, resulting 

in a rapid nucleation and growth of Mn3O4 crystals that minimizes interface energy by reducing 

the Fe3O4-Mn3O4 contact area. Fe3O4-Mn3O4 NPs are annealed at 500 °C in argon atmosphere 

to force the solid state reaction between Fe3O4 and Mn3O4 domains and to carbonize the 

surface ligands for the formation of MnxFe3-xO4 NPs. This annealing does not significantly 

change the size and morphology of the NPs. Nevertheless, the hollow geometry of the NPs 

and the presence of an additional crystal domain on its surface are maintained after the 

sintering step. Other characterization techniques such as XRD, SEM, HRTEM-EELS, XPS are 

employed for a thorough understanding of the morphology, crystal phase, element 

composition and distribution of Fe3O4-Mn3O4 and MnxFe3-xO4 NPs.  

The remaining three chapters focus on another species of NCs: non-noble metal alloys NiSn 

(4.2 ± 0.7 nm), CoSn (6 ± 0.8 nm) NPs (chapter 3) and palladium-based intermetallic Pd3Pb 

nanocubes (chapter 4) and Pd2Sn:P NRs (chapter 5). They are produced in a colloidal system 

with OLA, TOP, and appropriate metal-organic compound precursors. A strong phosphorus 

precursor HMPT is hot injected into pre-nucleated Pd2Sn NRs to obtain the Pd2Sn:P. The 

mechanism of nucleation and growth of NCs with certain morphology are investigated via 

varying the experimental parameters. OAm, OAc and TOP are all necessary components of 

reaction mixture to produce highly faceted cubic Pd3Pb NCs. OAm played two roles, as 

coordinating solvent forming Pd-OAm complexes, and as mild reducing agent. OAc can dissolve 

PbO to form Pb oleate and direct the shape of the growing NCs by selective surface binding. 

TOP is known to strongly coordinate with Pd to form a Pd-TOP complex that decompose at 

higher temperatures, facilitating the simultaneous reduction of Pd and Pb precursors to form 

intermetallic Pd3Pb NCs. Similarly, the reaction of Pd(acac)2 and Sn(OAc)2 precursor with 

presence of MAC in OAm and TOP, and the posterior phosphorization step at 300 C using 

HMPT yield elongated Pd2Sn:P nanorods with an average length and width of (24 ± 3) × (9 ± 1) 

nm.  

The as-synthesized MnxFe3-xO4, NiSn and CoSn, Pd3Pb and Pd2Sn:P NCs are fabricated as 

functional nanomaterials for the electrochemical energy storage and conversion applications: 

LIBs, KIBs, and DEFCs, respectively.  

The hollow MnxFe3-xO4 NPs are tested as anode electrode material and display significantly 
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improved LIBs performance over Fe3O4, Mn3O4 NPs and previously reported Mn-Fe oxides. The 

polycrystalline shell, the internal void space and the high surface area of hollow MnxFe3-xO4 

NPs can buffer the volume change of during lithiation/delithiation process, thus improving the 

electrochemical stability of the anode electrodes. EIS and GITT analyses further confirm the 

lower electrical resistance, improve lithium diffusion and promote reaction kinetics of the 

MnxFe3-xO4 electrodes, which explain the larger reversible capacities and the excellent rate 

performances experimentally obtained. This synthetic strategy can be applied to produce 

other hollow NPs with multinary compositions from the low temperature solid state reaction 

of the constituent oxides pre-assembled into hollow heterostructures to minimize the 

required ion diffusion distances. More details are discussed in chapter 2. 

Monodispersed CoSn and NiSn alloy NPs are supported on commercial carbon materials after 

ligand removal and tested as anode materials in half-cell LIBs and KIBs and full-cell LIBs. The 

introduction of second metal and the formation of nanostructured alloys can buffer the 

volume variation upon lithium ion insertion/extraction, to improve the poor cycling stability 

from Sn materials. For LIBs, their charge-discharge capacities over more than one hundred 

cycles are significantly larger than the theoretical maximum of graphite. The kinetic analysis 

of CoSn@C and NiSn@C nanocomposite shows that charge-discharge capacities include very 

large pseudocapacitive contributions up to 74.5% at 1 mV s-1 for CoSn@C and 69.7% for 

NiSn@C. For KIBs, the capacities stabilize at around 200 mAh g-1 with high coulombic efficiency 

over 400 cycles for CoSn@C and 100 mAh g-1 for NiSn@C over 300 cycles. Nanomaterials work 

well with LIBs may also function on KIBs. These results were thoroughly discussed in chapter 

3. 

Pd-based nanocatalysts have emerged as attractive alternatives for DEFCs, exhibiting higher 

activity and improved steady-state behavior than Pt over a large assortment of substrates in 

alkaline media. Intermetallic Pd3Pb with well-defined cubic geometry and average sizes in the 

range from 6 nm to 10 nm are prepared as Pd3Pb/C catalysts, which presenting improved EOR 

electrocatalytic activities and stabilities than commercial Pd/C. 10 nm Pd3Pb/C catalyst provide 

the largest initial current densities, but smaller NCs are able to reach higher current densities 

after extended cycling. All the catalysts exhibit a pronounced current decay during the first 

500 s of continuous EOR operation, which is associated to the accumulation of strongly 

adsorbed reaction intermediates and the related blockage of reaction sites. The catalyst can 

be reactivated by simple cycling, the activation efficiency is also size dependent. It is finally 

demonstrated that during cycling a major redistribution of the elements within the NCs takes 
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place, which is driven by the different affinity of Pb and Pd towards oxygen and possibly 

ethanol, and the electrochemical oxidation/reduction of Pd. These results are thoroughly 

discussed in chapter 4. 

Pd-based intermetallic NCs have been proved to improve the EOR activity in previous work, in 

the following work that presented in chapter 5, the Pd2Sn:P/C catalyst exhibit significantly 

enhanced activity toward EOR in alkaline media compared with Pd2Sn/C, PdP2/C and 

commercial Pd/C catalysts. The introduction of P additionally improves the durability of 

Pd2Sn:P/C catalyst and results in lower Tafel slopes that denote a larger density of active sites. 

DFT calculations show that the incorporation of phosphorous either as lattice P or as a surface 

phosphate, allows reducing the OH- adsorption energy both through an electronic effect and 

a direct bifunctional role, thus contributing to overcome the rate limiting step in EOR and 

increasing the rate of oxidation of poisoning species.  

Furthermore, the structural and morphological transformation of the NCs during the 

electrochemical applications are characterized and discussed to build an understanding of the 

correlation between structural and electrochemical properties, which will allow a more 

rational design of functional nanomaterials. 
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Conclusions 

This thesis expands from the synthesis and treatment of transition metal oxides and metal 

alloy NCs, to their electrochemical applications in energy conversion and storage technologies, 

the case of LIBs, KIBs and DEFCs. Specific attention is paid to the structural and morphological 

evolution of NCs during the electrochemical processes. 

The synthetic strategies towards different types of NCs are developed, among which OAm, OA 

and TOP reagents play especially important roles. A colloidal method starts from pure iron NCs, 

oxidizing by air, serving as seeds for epitaxial growth of another crystal phase, yields Fe3O4-

Mn3O4 heterostructures with uniform morphology. The idea of originating from simple pure 

metal crystals to growth complicated structures step by step can be applied for the production 

of other nanomaterials with similar chemical properties. For better application performance 

as LIB anode electrode, the solid state phase transformation from Fe3O4-Mn3O4 to MnxFe3-xO4 

with conserved void and shape at relatively low temperature is an interesting phenomenon. 

The solid state phase transformation of heterostructures driven by increased temperature can 

be an effective strategy to facilitate the ions diffusion to obtain homogeneous nanomaterials 

with complicated structure. This synthetic strategy can be applied to produce other hollow 

NPs with multinary compositions from the low temperature solid state reaction of the 

constituent oxides pre-assembled into hollow heterostructures to minimize the required ion 

diffusion distances. 

For the synthetic method of intermetallic NCs, the key point is the simultaneous orderly 

bonding of two or more different metal atoms. The selection of proper solvent and ligands 

such as OAm, OA and TOP can well modify the reactivities of different metal precursors. The 

coreduction of relatively reactive metals such as Ni/Co and Sn by a strong reducing agent is 

effective for the production of NiSn and CoSn NCs. For noble metal Pd-based intermetallics, 

the reductive environment provided by the solvent OAm at increased temperature is beneficial 

for the formation of finely ordered atomic structure, which is assisted by other additives like 

OA and TOP. 

For electrochemical applications, the performance of nanomaterials is not only dependent on 

their chemical properties, but also related to the post-processing of preparing battery 

electrode materials or catalysts. When the NCs serve as the anode materials for batteries, the 

insertion/extraction processes of metal ions definitely cause the structural degradation of 
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electrode nanomaterials, which decays the battery performance. The structural and 

morphological transformation of nanocatalysts in EOR confirms the surface atomic 

reorganization during the functional nanomaterials’ preparation and the electrochemical 

processes in alkaline medium.   

In summary, this thesis presents the novel and simple synthetic strategies for the production 

of different types of nanomaterials including iron and manganese oxides, nickel/cobalt-tin 

alloys, palladium-lead and palladium-tin-phosphorus NCs. Their excellent performance in LIBs, 

KIBs and DEFCs are investigated and compared. The structure and morphology transformation 

of NCs are thorough characterized during these electrochemical processes, demonstrating the 

relationship between the specific structure of nanomaterials and their application 

performance, allowing a better and more reasonable design of functional nanomaterials for 

electrochemical energy applications. 
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Future works 

The synthetic strategy that starts from hollow transition metal oxide, continues with the 

growth of another heterstructured metal oxide, then follows the solid-state reaction to drive 

the ions infusion could be applied to other transition metal oxides (such as Co, Ni, etc) to 

obtained more spine nanostructure species. 

The incorporation of third non-metal element, like phosphorus, is beneficial to the 

electrocatalytic activity of palladium-based intermetallic nanocrystal. The synergistic 

mechanism of phosphorus is ambiguous and more characterization work needs to be done to 

better explain this phenomenon. 

The surface morphology and composition directly determine the stability and activity of NCs 

during electrochemical application. The requirement for a methodology that can 

experimentally and theoretically explained the methods and operations is very challenging 

and meaningful.  
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A B S T R A C T   

Hollow MnxFe3-xO4 nanoparticles (NPs) with an average size of 15 nm are produced from the solid state reaction 
of Fe3O4–Mn3O4 heterostructures. These heterostructures are synthesized through the seeded-growth of Mn3O4 
crystal domains on the surface of hollow Fe3O4 NPs obtained by the nanoscale Kirkendall effect. Fe3O4–Mn3O4 
heterostructures are subsequently annealed at 500 �C, enough temperature to promote the interfusion of Fe and 
Mn ions, but without compromising the hollow geometry. MnxFe3-xO4 nanostructures are tested as anode in 
lithium-ion batteries (LIBs), delivering large lithium storage capacities and high-rate capabilities of 1054 mAh 
g� 1 at 0.1 A g� 1 and 369 mAh g� 1 at 5 A g� 1. Additionally, hollow MnxFe3-xO4 NPs display long cycling stability, 
with a capacity up to 887 mAh g� 1 at 0.3 A g� 1 after 450 cycles. The excellent performance of hollow MnxFe3-xO4 
NPs as anode for LIBs is associated with their crystal structure, composition, and the presence of carbonized 
ligands, which further promote electrical conductivity and buffer the volume changes during cycling. Addi-
tionally, the small particle size and hollow morphology improves the lithium kinetics, structural stability and 
cycling performance.   

1. Introduction 

Mixed metal oxides play fundamental roles in numerous energy 
conversion and storage technologies, including batteries, fuel cells and 
photovoltaics, to cite a few. Compared with elemental oxides, multi-
metallic compositions usually provide higher electrical conductivities 
and defect densities, richer redox chemistries and additional degrees of 
freedom to optimize functional properties [1,2]. For mixed metal oxides, 
tuning of the metal ratios allows adjusting lattice parameters, energy 
band structures, charge carrier concentrations and catalytic character-
istics, among other properties. 

In numerous technological applications, e.g. those involving inter-
action with a gas or liquid media, an essential step toward performance 
optimization is to maximize the surface area. This is particularly true for 
lithium-ion batteries (LIBs), which require electrode materials with 
large surface areas to maximize interaction with the electrolyte and 
enable high rate capability and reversible capacity. Large surface area 
and porous structures are also advantageous to accommodate the 
enormous volume changes associated with lithiation and delithiation [3, 
4]. However, the synthesis of mixed metal oxides with highly porous 
structures and/or small particle dimensions is extremely challenging. At 
industrial production scales, mixed metal oxides are generally produced 
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through solid state synthesis methods, which typically require long re-
action times and high temperatures due to limitations in ionic diffu-
sivity. Such severe synthesis conditions not only increase the cost of the 
product, but also result in materials with large grains and low surface 
areas [5]. 

Mixed spinels, specifically spinel ferrites, are a particularly inter-
esting class of mixed metal oxides. Among them, MnFe2O4 is especially 
appealing as it is composed of abundant, low-cost and non-toxic ele-
ments and provides remarkable functional properties, including a high 
theoretical capacity of 929.4 mAh g� 1 as anode material for LIBs [6,7] 
and sodium-ion batteries (MnFe2O4 þ 8Liþ (Naþ) þ 8e� → Mn þ 2Fe þ
4Li2O (Na2O)) [8]. The parent materials, Fe3O4 and Mn3O4, are also 
electrochemically active versus lithium, presenting theoretical capac-
ities up to 926 mAh g� 1 and 936 mAh g� 1, respectively [9,10]. Their 
high theoretical capacities are related to the involvement of more than 
one electron in the conversion reaction, which is associated to the 
multiple valences of the constituent transition metals. However, these 
materials are generally characterized by relatively poor cycling stabil-
ities, which may be due to the pulverization of the electrode material 
caused by the large volume change during cycling, and the formation of 
an unstable solid-electrolyte interphase (SEI) [11,12]. Besides, Fe3O4 
and Mn3O4 are characterized by relatively low electrical conductivities, 
which further limit their rate-capability [13,14]. To mitigate these 
drawbacks, an effective strategy is to reduce the dimensions of the 
crystal domains to the nanoscale and to mix these nanodomains with 
highly conductive carbon materials that provide large surface areas and 
porous structures [9,13]. Ideally, oxide crystal domains should be in the 
10 nm size range and have a proper geometry to accommodate the large 
volume changes of the anode materials during lithium ion 
insertion/extraction. 

In this work, we detail a strategy to produce hollow mixed oxide 
nanoparticles (NPs) by a low temperature solid state reaction of the 
constituent oxides. To minimize the required ion diffusion distances and 
thus the necessary reaction temperature, the two oxides were pre- 
assembled within heterostructured NPs. In particular, we report the 
synthesis of hollow MnxFe3-xO4 NPs from the solid state reaction of 
Fe3O4–Mn3O4 heterostructures obtained through the epitaxial growth of 
Mn3O4 nanodomains on the surface of hollow Fe3O4 NPs. Hollow 
MnxFe3-xO4 NPs are tested as anode material for LIBs, showing signifi-
cantly better electrochemical Li-storage performance, i.e. higher 
reversible capacity, better rate capability and longer cyclability, than 
parent Fe3O4 and Mn3O4 NPs. 

2. Material and methods 

2.1. Chemicals 

Iron pentacarbonyl (Fe(CO)5, 99.99%), manganese(II) perchlorate 
hydrate (Mn (ClO4)2⋅6H2O, 99%), xylene (�98.5%), oleylamine (OAm, 
>80%), oleic acid (OAc, 90%), 1-octadecene (ODE, 90%) and hydrazine 
hydrate (N2H4, 50–60% in water) were purchased from Sigma-Aldrich. 
Carbon black (99%), polyvinilidene difluoride (PVDF) and dimethyl 
carbonate (DMC, 99%) were purchased from Alfa Aesar. N-methyl-2- 
pyrrolidinone (NMP, 99.5%), LiPF6 (98%) and ethylene carbonate (EC, 
99%) were purchased from ACROS Organics. Toluene, hexane, chloro-
form, acetone and ethanol were of analytical grade and obtained from 
various sources. Milli-Q water was supplied by the PURELAB flex from 
ELGA. All chemicals were used as received without further purification. 

2.2. Preparation of Fe3O4, Mn3O4, Fe3O4–Mn3O4 and MnxFe3-xO4 NPs 

Hollow Fe3O4 NPs were prepared following a reported procedure, 
but introducing slight modifications [15]. 10 mL of ODE and 112 μL of 
OAm were mixed in a 25 mL three-neck flask and degassed under 
magnetic stirring for 1 h at 80 �C. Then, the mixture was heated to 
180 �C under argon. At this temperature, a precursor solution containing 

0.4 mL of Fe(CO)5 in 1.6 mL of ODE was rapidly injected. After 20 min of 
reaction, an air flow (100 mL/min) was introduced through the solution 
for 10 min. Afterward, the reaction was cooled down to room temper-
ature. Fe3O4 NPs were collected by adding 20 mL of acetone and 
centrifuging at 8000 rpm for 10 min. NPs were redispersed in 5 mL of 
chloroform under sonication and washed at least twice with acetone as 
anti-solvent and chloroform as solvent. 

To prepare Fe3O4–Mn3O4 NPs, 20 mg of as-synthesized Fe3O4 NPs 
was mixed with 5 mL of xylene, 0.41 mL of OAm and 80 μL of OAc. Then, 
the mixture was heated at 80 �C and stirred for 30 min. At this temper-
ature, 1 mL of an aqueous solution containing 0.2 mmol Mn(ClO4)2 was 
injected rapidly. The mixture was allowed to react for 1 h at 80 �C and 
then it was cooled down to room temperature. NPs were collected by 
adding 10 mL of acetone and centrifuging at 3000 rpm for 3 min. NPs 
were redispersed in 5 mL of chloroform under sonication and washed at 
least twice with acetone as anti-solvent and chloroform as solvent. 

As-obtained Fe3O4–Mn3O4 NPs were heated at a rate of 5 �C/min up 
to 500 �C under an Ar flow for 2 h to force the solid state reaction be-
tween Fe3O4 and Mn3O4 to MnxFe3-xO4 and at the same time carbonize 
the organic ligands attached to their surface [16,17]. 

To remove the organic ligands from the surface of Fe3O4–Mn3O4 NPs, 
NPs dispersed in hexane (50 mg in 5 mL) were mixed with 5 mL of 1 M 
hydrazine hydrate aqueous solution to form a two phase system. The 
mixture was stirred until the NPs moved into the aqueous phase. NPs 
were collected by centrifugation and washed with hexane and ethanol. 

Solid Fe3O4 NPs were prepared following a reported procedure [18]. 
10 mL of ODE and 2 mL of OAc were mixed in a 25 mL three-neck flask 
and degassed under magnetic stirring for 1 h at 80 �C. Then the mixture 
was heated to 180 �C under argon. At this temperature, a precursor so-
lution of 0.4 mL of Fe(CO)5 dissolved in 1.6 mL of ODE was injected 
rapidly. The temperature was increased to 300 �C and kept for 20 min. 
Then the reaction was cooled down to room temperature. NPs were 
collected by adding 20 mL of acetone and centrifuging at 8000 rpm for 
10 min. 

Mn3O4 NPs were prepared following a reported procedure [19]. A 
mixture of 5 mL of xylene, 0.41 mL of OAm and 80 μL of OAc was heated 
at 80 �C and stirred for 30 min. Then, 1 mL of aqueous solution con-
taining 0.2 mmol Mn(ClO4)2 was injected rapidly. The reaction was 
maintained at 80 �C for 1 h and then cooled down to ambient temper-
ature. NPs were collected by adding 10 mL of acetone and centrifuging 
at 3000 rpm for 3 min. The precipitate was redispersed in 5 mL of 
chloroform under sonication and washed at least twice. 

2.3. Structural and chemical characterization 

Size and shape of the NPs were examined by transmission electron 
microscopy (TEM) using a ZEISS LIBRA 120, operating at 120 kV. High 
resolution transmission electron microscopy (HRTEM) and scanning 
transmission electron microscopy (STEM) images were obtained using a 
FEI Tecnai F20 field-emission gun microscope operated at 200 kV with 
an embedded Gatan image filter for electron energy loss spectroscopy 
(EELS) analyses. Images were analyzed by means of Gatan Digital 
Micrograph software. Scanning electron microscopy (SEM) analyses 
were done in a ZEISS Auriga microscope with an energy dispersive X-ray 
spectroscopy (EDS) detector operating at 20 kV that allowed studying 
the NP composition. Powder X-ray diffraction (XRD) patterns were 
collected directly from the as-synthesized NPs dropped on Si (501) 
substrate on a Bruker AXS D8 Advance X-ray diffractometer with Ni- 
filtered (2 μm thickness) Cu Kα radiation (λ ¼ 1.5406 Å) operating at 
40 kV and 40 mA. A LynxEye linear position-sensitive detector was used 
in reflection geometry. X-ray photoelectron spectroscopy (XPS) was 
performed on a SPECS system equipped with an Al anode XR50 source 
operating at 150 W and a Phoibos 150 MCD-9 detector. The pressure in 
the analysis chamber was always below 10� 7 Pa. The area analyzed was 
about 2 mm � 2 mm. The pass energy of the hemispherical analyzer was 
set at 25 eV and the energy step was set at 0.1 eV. Data processing was 
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performed with the CasaXPS program (Casa Software Ltd., UK). Binding 
energy values were centered using the C 1s peak at 284.8 eV. Ther-
mogravimetric analyses (TGA) were carried out using a PerkinElmer 
Diamond TG/DTA instrument. Samples were measured in air from 
ambient temperature to 500 �C at a heating rate of 5 �C/min. Nitrogen 
adsorption� desorption isotherms were collected on a BEL-Mini 
adsorption analyzer. From these isotherms, the Brunauer–Emmett–-
Teller (BET) surface area of the materials was calculated. 

2.4. Electrochemical measurements 

Working electrodes were prepared by doctor blading. Homogeneous 
slurries were prepared by mixing 80 wt% active materials, 10 wt% car-
bon black, and 10 wt% PVDF in NMP. The slurry was uniformly coated 
on copper foil and then dried at 80 �C under vacuum overnight. The 
active material mass loading of each electrode was around 
0.8–1.0 mg cm� 2. LIBs were assembled in CR 2032 coin cells in an argon- 
filled glovebox with a lithium metal counter electrode and a poly-
propylene Celgard 2400 membrane as separator. The electrolyte con-
sisted of 1 M LiPF6 dissolved in a solution of EC and DMC (v/v ¼ 1:1). 

The cells were galvanostatically cycled within a voltage range of 
0.01–3 V by a Neware BTS4008 battery tester. Cyclic voltammetry (CV) 
measurements were performed on a battery tester BCS-810 from Bio- 
Logic. Electrochemical impedance spectroscopy (EIS) tests were con-
ducted using a sinusoidal voltage with amplitude of 5 mV in the fre-
quency range from 100 kHz to 10 mHz. For galvanostatic intermittent 
titration technique (GITT) analysis, a current pulse of 0.2 A g� 1 was 
applied for 10 min and then the cell was left on open circuit for 30 min. 
For GITT analysis, fresh coin cells were first cycled at 0.3 A g� 1 for 50 
cycles to reach the stable operation state prior to the GITT test. All 
electrochemical measurements were carried out at ambient 
temperature. 

3. Results and discussion 

Fe3O4-MnxOy heterostructured NPs were synthesized through a two- 
step process. First, Fe3O4 hollow NPs were produced through the 
nanoscale Kirkendall effect by oxidizing colloidal Fe NPs obtained from 
the decomposition of Fe(CO)5 [15]. In a second step, hollow Fe3O4 NPs 
were used as seeds for the epitaxial growth of MnxOy crystals upon 

Fig. 1. a) TEM and b) HAADF STEM micrograph of Fe3O4–Mn3O4 heterostructured NPs. c) HRTEM micrograph of Fe3O4–Mn3O4 NPs, detail of the squared region of 
the hollow NP and its corresponding power spectrum. The crystal matched a cubic Fe3O4 (space group Fd3-mz) phase, with a ¼ b ¼ c ¼ 8.3799 Å. The Fe3O4 lattice 
fringe distances were measured to be 0.254 nm, 0.251 nm and 0.296 nm, at 50.42� and 114.85�, which was interpreted as the cubic Fe3O4 phase visualized along its 
[141] zone axis. d) HRTEM micrograph of Fe3O4–Mn3O4 NPs, detail of the squared region of the polyhedral domain and its corresponding power spectrum. The 
crystal structure agreed with the tetragonal Mn3O4 phase (space group I41/amd) with lattice constants a ¼ 5.75 Å and c ¼ 9.42 Å visualized along its [100] zone axis. 
e) HAADF STEM micrograph and EELS chemical composition maps: individual Fe L2,3-edges at 708 eV (green), Mn L2,3-edges at 640 eV (blue), O K-edge at 532 eV 
(red) and their composites (Fe–Mn–O). f) Compositional line profile for Fe, Mn and O recorded along the orange arrow in image (e). 
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injection of a manganese(II) perchlorate aqueous solution (see experi-
mental section for details). TEM micrographs of Fe3O4-MnxOy hetero-
structured NPs obtained following this procedure showed the hollow 
Fe3O4 NPs to have an average diameter of 15 � 1 nm and the MnxOy 
crystal domains to have an average size of 9 � 1 nm (Fig. 1 and S1). 
Remarkably, in most cases only one MnxOy nanocrystal, which adopted 
an octahedral geometry, was grown on the surface of each Fe3O4 NP. No 
independent MnxOy nanocrystals were observed. These results pointed 
out to a preferential heterogeneous over homogeneous nucleation of 
MnxOy crystals over Fe3O4, a favored crystal growth over nucleation of 
new MnxOy domains and to a relatively high interface energy between 
Fe3O4 and MnxOy, which favored the formation of a unique MnxOy 
crystal domain instead of a shell on the surface of each Fe3O4 NP. 

XRD patterns of Fe3O4-MnxOy NPs clearly displayed the peaks cor-
responding to the magnetite Fe3O4 crystal structure (JCPDS 01-088- 
0315, Fig. S2). Shoulders at 2θ ¼ 29�, 32� and 60� pointed toward the 
presence of the Mn3O4 crystal phase. No additional crystallographic 
phase could be distinguished from XRD patterns. HRTEM micrographs 
showed the heterostructured NPs to have a good crystallinity and to 
contain multiple crystal domains (Fig. 1c and S3). The polycrystalline 
hollow structure displayed a crystal structure that systematically 
matched well with a cubic Fe3O4 phase (space group Fd3-mz), with 
a ¼ b ¼ c ¼ 8.3799 Å. The phase of the MnxOy crystal domain grown on 
the surface of Fe3O4 NPs in most cases matched the tetragonal Mn3O4 
(space group I41/amd) with lattice constants a ¼ 5.75 Å and c ¼ 9.42 Å 
(Fig. 1d). Additionally, EELS analyses displayed the oxidation state of Fe 
to be between Fe2þ and Fe3þ, and that of Mn between Mn2þ and Mn3þ, 
which confirmed the previous phase assignment (Fig. S4). In some 
HRTEM analyses, MnxOy crystal domains on the surface of Fe3O4 NPs 
were better fitted with a monoclinic Mn5O8 phase (space group C12/ 
m1) with a ¼ 10.347 Å, b ¼ 5.724 Å and c ¼ 4.852 Å (Fig. S5), and EELS 
analysis displayed Mn oxidation states from Mn3þ and Mn4þ (Fig. S6). 
These variations pointed out that the small manganese oxide crystals 
were much more sensitive to the synthesis details, manipulation treat-
ments and/or measuring conditions than the support Fe3O4 NPs. 

Fig. 1e shows a STEM micrograph and the corresponding EELS 
chemical composition maps for Fe, Mn and O of several Fe3O4–Mn3O4 
NPs. Additional compositional maps obtained from the EELS core loss 
spectra at the Mn L2,3 and Fe L2,3 edges can be found on the supporting 
information (Figs. S7–S9). From these chemical maps, it became evident 
that oxygen was homogeneously distributed throughout the hetero-
structures. On the other hand, iron was present just at the quasi- 
spherical hollow NPs and Mn was only present in the octahedral crys-
tal domains grown at the surface of the hollow NPs. This element dis-
tribution confirmed the growth of the manganese oxide as a separate 
phase at the surface of the hollow Fe3O4 NPs. A compositional line 
profile for Fe, Mn and O recorded along the red arrow in the STEM image 
(Fig. 1e) further confirmed this result (Fig. 1f). 

In a previous report, Lee et al. demonstrated that the number of MnO 
crystal domains grown on the surface of solid Fe3O4 NPs from a man-
ganese acetate solution in the presence of OAc at 320 �C, was dependent 
on the size of the Fe3O4 NP [20]. According to Lee et al., 5 nm Fe3O4 
seeds resulted in the formation of core-shell Fe3O4@MnO hetero-
structures, 11 nm Fe3O4 seeds lead to the formation of Fe3O4–MnO 
dumbbells with a unique MnO domain per particle, and 21 nm Fe3O4 
seeds resulted in Fe3O4–MnO heterostructures with multiple MnO 
crystal domains. The formation of core-shell structures was explained 
with the very large surface chemical potential of the small Fe3O4 NPs 
used as seeds with a high radius of curvature. Besides, the formation of 
one or multiple MnO domains on larger crystals was related to the 
presence of particular sites that facilitated nucleation and/or allowed 
better accommodation of an interface. At a similarly high temperature, 
using Mn-oleate as precursor and 11 nm solid Fe3O4 seeds, Li et al. re-
ported the formation of Fe3O4–MnO heterostructures with not 
well-defined sizes and an unclear phase distribution [21]. Recently, 
Mayence et al. reported the formation of Fe3O4–MnO heterostructures, 

mainly dimers, at 250 �C using solid iron oxide nanocubes and manga-
nese(II) acetate precursor [22]. They evidenced the solvent to strongly 
influence the heterostructure formation. Mayence et al. observed the 
preferential growth of Mn3O4 on the edges of the Fe3O4 nanocubes 
owing to the existence of a common crystallographic orientation and a 
lattice mismatch of 5%. More recently, Jiang and Peng reported the 
facet-selective epitaxial growth of Mn3O4 nanodomains on Fe3O4 at 
temperatures around 200 �C using manganese decanoate as precursor 
[23]. They found out that the temperature played a key role in the se-
lective growth of Mn3O4 on the vertexes or the top face of solid Fe3O4 
nanoprisms and explained these results in terms of the site reactivity and 
the nature of the surfactant bonding to the Fe3O4 surface. 

Our work differentiates from previous ones in the use of hollow 
instead of solid Fe3O4 NPs seeds, manganese(II) perchlorate as 

Fig. 2. MnxFe3-xO4 NPs obtained after the annealing process at 500 �C: a) TEM 
micrograph b) HAADF STEM micrograph. c) HRTEM micrograph, detail of the 
squared region and corresponding power spectrum. Crystal lattice fringe dis-
tances were measured to be 0.255 nm, 0.209 nm and 0.255 nm, at 73.4� and 
147.0�, which was interpreted as the cubic MnFe2O4 phase, visualized along its 
[0-13] zone axis. d) HAADF STEM micrograph of MnxFe3-xO4 NPs and the 
corresponding EELS chemical composition maps: individual Fe L2,3-edges at 
708 eV (green), O K-edge at 532 eV (red), and Mn L2,3-edges at 640 eV (blue). 
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manganese precursor and relatively low synthesis temperatures down to 
80 �C. To better understand the formation mechanism of Fe3O4–Mn3O4 
heterostructures under the conditions of the present work, aliquots from 
the reaction mixture containing Fe3O4 seeds and Mn precursor were 
collected and analyzed by TEM (Fig. S10). Small Mn3O4 crystal domains 
were already found on the Fe3O4 shell after 15 min of reaction. From this 
very initial stage of formation of the Mn3O4 domains, only one Mn3O4 
crystal per Fe3O4 NP was observed. The size of the Mn3O4 crystals 
increased with time until 60 min of reaction. When large excess amount 
of manganese(II) perchlorate was injected into the Fe3O4 seed solution, 
isolated small Mn3O4 NPs could be observed (Fig. S11). Under the 
synthetic conditions of the present work, the selection of manganese 
precursor was fundamental. The use of manganese(II) acetate, for 
instance, did not result in heterostructured NPs but on the growth of 
independent Mn3O4 NPs (Fig. S12). On the other hand, the use of solid 
Fe3O4 NPs instead of hollow resulted in a much larger dispersion of the 

nanostructure types that formed, with a larger number of Fe3O4 NPs 
containing none or multiple Mn3O4 domains and many isolated Mn3O4 
NPs (Fig. S13). We hypothesize that compared with solid Fe3O4 NPs, the 
defective and thin shell of the hollow Fe3O4 NPs provided a larger 
number of favorable sites for Mn3O4 nucleation and helped to accom-
modate the stress caused by the Mn3O4 growth, resulting in a rapid 
nucleation and growth of Mn3O4 crystals that minimized interface en-
ergy by reducing the Fe3O4–Mn3O4 contact area. 

Fe3O4–Mn3O4 heterostructured NPs were annealed at 500 �C in 
argon atmosphere to force the solid state reaction between Fe3O4 and 
Mn3O4 domains. The surface organic ligands were carbonized during 
this process [16,17]. This annealing did not significantly change the size 
and morphology of the NPs, although the interior cavity of the hollow 
NPs, which initially contained some residual iron oxide, i.e. displayed a 
yolk-shell type nanostructure, became fully empty through the diffusion 
of the internal iron oxide toward the oxide shell. Nevertheless, the 

Fig. 3. a) CV curves of a hollow MnxFe3-xO4-based 
electrode from 0.01 to 3.0 V at a scan rate of 
0.2 mV s� 1. b) Charge–discharge curves of a MnxFe3- 

xO4-based electrode. c) Rate properties of MnxFe3-xO4, 
Fe3O4 and Mn3O4 electrodes at different current 
densities of 0.1, 0.2, 0.5, 1, 2, and 5 A g� 1. d) Charge/ 
discharge curves of a MnxFe3-xO4-based electrode at 
different current densities. e) Long-term cycling per-
formance of MnxFe3-xO4, Fe3O4 and Mn3O4 electrodes 
at a current density of 0.3 A g� 1. Electrodes were first 
activated at 0.1 A g� 1 for 2 cycles.   
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hollow geometry of the NPs and the presence of an additional crystal 
domain on its surface were maintained after the sintering step (Fig. 2). 

Fig. 2d shows a HAADF-STEM micrograph and the corresponding 
EELS chemical composition maps from several annealed NPs (additional 
images can be found in Figs. S14–S16). On the contrary to the former 
Fe3O4–Mn3O4 heterostructured NPs, EELS analyses of the annealed 
material displayed a homogeneous distribution of Fe, Mn and O 
throughout the whole NP. HRTEM micrographs and power spectrum 
analyses of the annealed NPs revealed their crystal structure to match a 
MnFe2O4 cubic phase (space group ¼ Fd3-ms) with a ¼ b ¼ c ¼ 8.4190 Å 
(Fig. 2c). Additionally, XRD analysis confirmed the MnFe2O4 crystal 
phase of the annealed NPs and displayed no additional crystalline phase 
(Fig. S17). EDS analysis showed the ratio Fe/Mn to be 2.0 � 0.2. 

Results from XPS analyses were consistent with the formation of a 
MnFe2O4 phase (Fig. S18). The Fe 2p spectrum (Fig. S18a) depicted the 
characteristic doublet of Fe3þ at 724.7 eV (Fe 2p1/2) and 711.4 eV (Fe 
2p3/2). The satellite peak at 719.5 eV also pointed out the presence of 
Fe3þ [24,25]. The Mn 2p spectrum displayed peaks at 653.3 eV (Mn 
2p1/2) and 641.7 eV (Mn 2p3/2), which we assigned to Mn2þ (Fig. S18b) 
[25,26]. The Fe/Mn ratio obtained from XPS spectra was 0.8 (Table S1). 
N2 adsorption isotherms obtained with MnxFe3-xO4 NPs showed clear 
hysteresis loops and a pore-size-distribution consistent with the meso-
porous structures of hollow MnxFe3-xO4 NPs (Fig. S19a). From these 
adsorption isotherms, BET surface areas of 70 m2 g� 1 were calculated. 

These results unequivocally demonstrated the low temperature 
(500 �C) solid state reaction between Fe3O4 and Mn3O4 domains within 
Fe3O4–Mn3O4 heterostructured NPs to result in the formation of hollow 
MnxFe3-xO4 NPs through the inter-diffusion of Mn and Fe ions. It is worth 
noting that both elements diffused throughout the initial two com-
pounds, as both the initial Fe3O4 hollow particle and Mn3O4 domain 
changed compositions toward a mixed MnxFe3-xO4 phase. The relatively 
low temperature of the process sufficed to drive the complete reaction of 
these two crystal domains due to their small size and close proximity. 
The use of low reaction temperature was also essential to preserve the 
initial hollow geometry of Fe3O4 NPs. 

TGA of the MnxFe3-xO4 NPs in air showed a weight loss of ca. 9 wt%, 
which corresponded to the oxidation and subsequent removal of the 
carbon remaining from the annealing of the organic ligands in argon 
(Fig. S19b). The ligand content of the initial Fe3O4–Mn3O4 was 
measured to be 18%. When removing the ligands before the annealing 
step, using a hydrazine aqueous solution, the carbon content in the 
annealed material, MnxFe3-xO4-LR, decreased to 4 wt%. Carbon was 
essentially present at the surface of the NPs, as shown by the very high 
carbon contents measured by XPS, with a Mn/C ratio of 9.6 for MnxFe3- 

xO4 and Mn/C ¼ 4.9 for MnxFe3-xO4-LR (Table S1). 
Hollow MnxFe3-xO4 NPs were used as anode material for LIBs. As a 

reference, we also prepared electrodes based on Mn3O4 NPs and Fe3O4 
NPs, both of the materials were annealed at 500 �C (see experimental 
section for details on the synthesis of the reference materials, the elec-
trode and LIB preparation and Figs. S20 and S21). 

To evaluate the electrochemical activity of the materials toward 
lithium reaction and explore the relationship between the structure and 
electrochemical properties, first CV was conducted in the voltage range 
0.01–3.0 V vs. Liþ/Li. Fig. 3a shows the first three CV curves of MnxFe3- 

xO4 NPs at a scan rate of 0.1 mV s� 1. During the first lithiation, three 
cathodic peaks located at 1.62, 0.5, and 0.29 V were observed. The 
initial peak (1.62 V) was ascribed to the electrolyte decomposition and 
the formation of the SEI film. The other two cathodic peaks located at 
0.5 and 0.29 V were assigned to the stepwise reduction of Fe3þ to Fe0, 
Mn2þ to Mn0, and the formation of Li2O [27–29]. First discharge pla-
teaus of Fe2O3 and MnO are usually reported at around 0.8 and 0.2 V, 
respectively [29]. So the reduction peaks of MnxFe3-xO4 could be over-
lapped to form a broad cathodic peak at 0.5 V [30]. In the subsequent 
anodic scan, corresponding to delithiation, two broad oxidation peaks 
around 1.68 V were assigned to the oxidation of Fe and Mn. No peaks 
above 2.2 V were observed, indicating that the further oxidation from 

Mn2þ to Mn3þ did not take place. CV curves of Fe3O4 and Mn3O4 
exhibited redox peaks in accordance with the above analysis (Fig. S22), 
with the peak corresponding to the oxidation from Mn0 to Mn2þ in 
Mn3O4 being overlapped with the Fe oxidation peak for Fe3O4. 

After the first cycle, the reduction peaks located at 0.29 V and 0.5 V 
associated with the lithiation process shifted to a higher value around 
0.74 V, implying that additional energy was needed for the decompo-
sition and rearrangement of MnFe2O4 lattices after first lithiation [30]. 
The almost overlapped CV curves obtained from MnxFe3-xO4 electrodes 
in subsequent cycles indicated a high reversibility and excellent cycling 
stability for lithium storage. On the other hand, a serious fading 
occurred on Fe3O4 and Mn3O4 electrodes (Fig. S22). 

The initial galvanostatic charge-discharge profiles of MnxFe3-xO4 
electrodes at a current density of 0.1 A g� 1 are presented in Fig. 3b. The 
discharge and charge capacities for the first cycle were 1522 and 1019 
mAh g� 1respectively, with a coulombic efficiency of 67%. The initial 
capacity decay could be associated to an incomplete conversion reaction 
and irreversible lithium loss due to the SEI formation [31,32]. Potential 
plateaus coincided with the distinct redox peaks in the CV curves 
measured from MnxFe3-xO4 electrodes, as expected [9,33]. 

Charge-discharge tests of MnxFe3-xO4 electrodes at different current 
densities demonstrated the best rate capabilities among the different 
electrode composition tested (Fig. 3c). MnxFe3-xO4, Fe3O4 and Mn3O4 
electrodes displayed similar initial discharge capacities of 1350 mAh 
g� 1. However, a poor rate capability was observed for Fe3O4 and Mn3O4 
electrodes, with a residual capacity at high current densities of 5 A g� 1. 
The much higher capacity retention at high current densities for MnxFe3- 

xO4 electrodes was ascribed to the faster electronic/ionic transport ki-
netics. Fig. 3d shows charge-discharge profiles of MnxFe3-xO4 electrodes 
at various current densities ranging from 0.1 to 5 A g� 1, showing 
average discharge capacities from 1054 to 369 mAh g� 1. More impor-
tant, when the current density returned to 0.1 A g� 1 after 30 cycles, a 
high discharge capacity of 960 mAh g� 1 was recovered, indicating the 
superior reversibility and stability of MnxFe3-xO4 hollow NPs (Fig. 3c). 
We believe that MnxFe3-xO4 can rapidly accommodate and release 
lithium ions while retaining a stable structure even after continuous 
charge/discharge cycles. The MnxFe3-xO4 electrode delivered a high 
capacity of 887 mAh g� 1 at 0.3 A g� 1 after 450 cycles, with a coulombic 
efficiency close to 100% (Fig. 3e). This result was in sharp contrast to 
that of Fe3O4 (458 mAh g� 1 after 450 cycles) and Mn3O4 (265 mAh g� 1 

after 450 cycles) electrodes. 
MnxFe3-xO4 electrodes underwent a slight capacity decrease in the 

initial circles. This capacity fading was much more pronounced on 
Mn3O4 and Fe3O4 electrodes. After the initial decays, the three elec-
trodes exhibited a partial capacity recovery. This capacity enhancement 
after long cycling is commonly observed on metal oxides and particu-
larly on Fe3O4-based nanostructured electrodes. This enhancement has 
been correlated with a promoted ion diffusion and charge transfer and it 
has been attributed to an electrochemical grinding effect, a delayed 
electrolyte wetting of the full pore volume, the reversible formation/ 
decomposition of lithium oxide and the activation of carbon supports 
[35–39]. 

Long-term cycling performance of MnxFe3-xO4 at 1 A g� 1 delivered a 
capacity of 361 mAh g� 1 after 400 cycles, which is close to the theo-
retical capacity of graphite (372 mAh g� 1) (Fig. S23). Table S2 provides 
a comparison of the capacity, rate capability, and cycling stability of LIB 
anodes based on Mn–Fe oxides, demonstrating the excellent perfor-
mance of hollow MnxFe3-xO4 NP-based electrodes. 

To study the role of carbonized surface organic ligands on the elec-
trochemical performance, the rate and cycling capacities of MnxFe3-xO4- 
LR were compared with those of MnxFe3-xO4 (Fig. S24). Although the 
initial discharge capacity of MnxFe3-xO4-LR reached 1403 mAh g� 1, its 
rate performance was relatively poor at high current density, with an 
average capacity of 164 mAh g� 1 at 5 A g� 1 (369 mAh g� 1 for MnxFe3- 

xO4 at 5 A g� 1), as shown in Fig. S24a. When the current density returned 
to 0.1 A g� 1 after 30 cycles, the capacity was 713.9 mAh g� 1, only 77.7% 
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of the initial 5 cycles at 0.1 A g� 1. Cycling tests were conducted on 
MnxFe3-xO4-LR under 0.3 A g� 1 (Fig. S24b), to display a sharp capacity 
decay down to 329 mAh g� 1 after 100 cycles, i.e. just a 42.9% capacity 
were retained. After 350 cycles and increasing the current to 1 A g� 1, the 
capacity stabilized at 274 mAh g� 1 (Fig. S24c), which is significantly 
lower than that of MnxFe3-xO4 (378 mAh g� 1). These results proved that, 
in contrast to the common assumption and to most applications of 
colloidal NPs, the presence of organic ligands at the surface of the NPs 
before the annealing step effectively promoted the material performance 
by preventing sintering of the materials during annealing. However, 
above all, we believe that the conductive and flexible carbon derived 
during annealing from surface organic ligands effectively reduced the 
electrical resistance of the electrodes and accommodated the volume 
changes associated with lithium insertion. As a result, a significant 
improvement of the rate performance and cycling stability was 
obtained. 

To investigate the kinetics of the process and the electrode- 
electrolyte interaction, EIS tests were carried out on MnxFe3-xO4, 
Fe3O4 and Mn3O4 electrodes (Fig. 4). The Nyquist plot of these three 
fresh electrodes (Fig. 4a) depicted a semicircle in the high frequency 
range, associated with the charge-transfer resistance (Rct) in the elec-
trolyte� electrode interface, and a straight line in the low frequencies 
related with the Liþ diffusion behavior of the electrode materials. 
MnxFe3-xO4 electrodes exhibited the smallest semicircle and steepest 
straight line among the electrodes tested. Fig. 4b shows the Nyquist plots 
after cycling test. Compared with the fresh electrodes, the diameter of 
the semicircle decreased, which was ascribed to the formation of a 
robust SEI layer during the cycling process. Again, the MnxFe3-xO4 
electrode displayed a smaller semicircle and steeper line than the other 
two electrodes after cycling, indicating the lower Rct and faster Liþ

diffusion, which matched well with its higher reversible capacity and 

the better rate performance during cycling. A more quantitative 
description of the EIS data obtained by modelling the electrical response 
with equivalent circuits (Fig. S25 and Table S3) confirmed the lower 
electrode (RE) and especially charge transfer resistance (Rct) of MnxFe3- 

xO4 electrode compared with Fe3O4 and Mn3O4 electrodes [30,31]. 
The lithiation kinetics were further analyzed using the GITT [29]. 

The overpotential of electrodes gradually increased during delithiation 
and decreased during lithiation (Fig. S26). During pulse periods, the 
voltage changes were much less significant for MnxFe3-xO4 electrode 
than that for Fe3O4 and Mn3O4 (Fig. S26a), which already obviously 
enhanced the reaction kinetics on the former. Quantitatively, the reac-
tion resistances as a function of depth-of-discharge were calculated by 
dividing the overpotential by the pulse current (Fig. S26b). As shown in 
Fig. 4c, the MnxFe3-xO4 electrode demonstrated the lowest reaction 
resistance, indicating the best reaction kinetics [17]. Besides, based on 
the transient voltage responses, the diffusivity coefficient of Liþ could be 
estimated based on Fick’s second law as follows: 

DGITT ¼
4
πτ

�
mBVM

MBS

�2�ΔEs

ΔEt

�2  

where mB, MB and VM are the active mass, molar mass and molar volume 
respectively. S is the active surface area of the electrodes, and τ, ΔES, 
and ΔEt are the pulse time, voltage change between steps, and voltage 
change during the pulse period, respectively (Fig. S26c). As depicted in 
Fig. 4d, the three electrodes showed similar trends of the diffusivity 
variation with voltage, while MnxFe3-xO4 electrodes displayed much 
larger Liþ diffusivity coefficient, indicating enhanced solid-state diffu-
sion kinetics. These results are in accordance with EIS data, further 
confirming the superior electrochemical performance of MnxFe3-xO4. 

Fig. 4. a-b) Nyquist plot of the impedance response of MnxFe3-xO4, Fe3O4 and Mn3O4 electrodes before (a) and after cycling (b). c) Reaction resistance, and d) 
diffusivity of MnxFe3-xO4, Fe3O4, and Mn3O4 electrodes derived from GITT charge curves. 
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4. Conclusion 

Fe3O4–Mn3O4 heterostructured NPs were synthesized using a simple 
seed-mediated growth method at low temperature using hollow Fe3O4 
NPs as seeds. A moderate temperature (500 �C) annealing process was 
used to promote the solid state reaction between the two crystalline 
domains to produce hollow MnxFe3-xO4 NPs, thus conserving the orig-
inal morphology. The same strategy can be applied to produce other 
hollow NPs with multinary compositions from the low temperature solid 
state reaction of the constituent oxides pre-assembled into hollow het-
erostructures to minimize the required ion diffusion distances. Hollow 
MnxFe3-xO4 NPs were used as anode material in LIBs. Electrodes based 
on hollow MnxFe3-xO4 NPs displayed significantly improved LIBs per-
formance over electrodes based on Fe3O4 and Mn3O4 NPs and over 
previously reported electrodes based on Mn–Fe oxides. MnxFe3-xO4 
electrodes exhibited capacities of 988 mA h g� 1 at 0.1 A g� 1 and 
348 mA h g� 1 at 5.0 A g� 1, with an exceptional cycle life of more than 
400 cycles. We believe that the polycrystalline shell, the internal void 
space and the high surface area of hollow MnxFe3-xO4 NPs buffer the 
volume change of the compound during lithiation and delithiation 
leading to an improved electrochemical stability. EIS and GITT analyses 
further confirmed the lower electrical resistance, improved lithium 
diffusion and promoted reaction kinetics of the MnxFe3-xO4 electrodes, 
which explained the larger reversible capacities and the excellent rate 
performances experimentally obtained for this material. It was further 
demonstrated that the presence of organic ligands at the surface of the 
initial Fe3O4–Mn3O4 NPs, once carbonized during the annealing process, 
significantly promoted the performance of the final material though 
improving electrical conductivity and accommodating volume changes. 
Overall, MnxFe3-xO4 hollow nanostructures were demonstrated as 
promising candidates for conversion type anode electrodes, delivering 
high reversible capacity and accommodating large volume variations 
while at the same time presenting low toxicity, environmental impact 
and cost. 
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Monodisperse CoSn and NiSn Nanoparticles Supported on
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ABSTRACT: Monodisperse CoSn and NiSn nanoparticles were prepared in solution and supported on commercial carbon black.
The obtained nanocomposites were applied as anodes for Li- and K-ion batteries. CoSn@C delivered stable average capacities of
850, 650, and 500 mAh g−1 at 0.2, 1.0, and 2.0 A g−1, respectively, well above those of commercial graphite anodes. The capacity of
NiSn@C retained up to 575 mAh g−1 at a current of 1.0 A g−1 over 200 continuous cycles. Up to 74.5 and 69.7% pseudocapacitance
contributions for Li-ion batteries were measured for CoSn@C and NiSn@C, respectively, at 1.0 mV s−1. CoSn@C was further tested
in full-cell lithium-ion batteries with a LiFePO4 cathode to yield a stable capacity of 350 mAh g−1 at a rate of 0.2 A g−1. As electrode
in K-ion batteries, CoSn@C composites presented a stable capacity of around 200 mAh g−1 at 0.2 A g−1 over 400 continuous cycles,
and NiSn@C delivered a lower capacity of around 100 mAh g−1 over 300 cycles.

KEYWORDS: colloidal nanoparticles, bimetallic alloys, anode, lithium-ion batteries, potassium-ion batteries

■ INTRODUCTION

With an ever-increasing demand for portable electronics, the
market for rechargeable lithium-ion batteries (LIBs) has
exponentially grown since their first commercialization in
1991.1,2 However, current LIBs still do not meet the desired
targets on safety, durability, and energy density.3 Centering on
the anode, commercial LIBs currently use graphite, which
presents moderate theoretical capacities, 372 mAh g−1,4 leaving
plenty of room for improvement. Beyond graphite, Sn, Sb, Si,
and Ge can alloy with Li to provide much higher energy
densities.5−10 Among them, Sn and its alloys are especially
interesting due to their abundance, low cost, and large
electrical conductivity.
A critical challenge for these anode materials and particularly

Sn is a poor cycling performance associated with a large
volume variation upon lithium-ion insertion/extraction.11−14

To buffer these volume changes, several stratagems have been
developed, including the nanostructuring of the electroactive
elements, its alloying with additional metals, its encapsulation
within a shell, and its combination with carbon-based
materials.15−26

On the other hand, the limited availability of lithium and the
related high price of this element may soon constrain the LIBs
market growth, especially in applications requiring large-scale
storage. Thus, rechargeable batteries based on more abundant
and low-cost raw materials are highly desirable. In this
direction, sodium-ion batteries (SIBs) and potassium-ion
batteries (KIBs) are gathering increasing interest owing to
the high abundance of Na and K.26−31

Recently, we have reported a series of monodisperse NixSn
and CoxSn nanoparticles (NPs) as anodes for LIBs and
SIBs.29,30 We found the best stoichiometry to be close to x = 1.
In this work, we report a significant increase of stability of
these anodes by proper ligand removal and by supporting the
NPs on carbon black (CB). The material performance is
analyzed not only in half-cell electrochemical experiments but
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also in full-cell LIBs with LiFePO4 as cathode. Additionally, we
study here the electrochemical performance of CoSn and NiSn
as anode material in KIBs.

■ EXPERIMENTAL SECTION
Chemicals. Cobalt(II) acetylacetonate (Co(acac)2, 99%, Sigma-

Aldrich), nickel(II) acetylacetonate (Ni(acac)2·xH2O (x ∼ 2), 95%,
Sigma-Aldrich), tin(II) acetate (Sn(oac)2, 95%, Fluka), oleic acid
(OAc, Sigma-Aldrich), oleylamine (OAm, 80−90%, TCI), borane
tert-butylamine complex (TBAB, 97%, Sigma-Aldrich), tri-n-octyl-
phosphine (TOP, 97%, Strem), urea (C7H7BrN2O, >98.0%, Aladdin),
potassium stannate trihydrate (K2SnO3·3H2O, 95%, Aladdin), glucose
(C6H12O6, 99.5%, Aladdin), acetonitrile (CH3CN, extra dry, Fisher),
carbon black (CB, Vulcan XC72), hydrazine monohydrate (N2H4,
64−65%, reagent grade, 98%, Sigma-Aldrich), Carbon Super P (Super
P, KJ group), N-methy1-2-pyrrolidone (NMP, 99%, Aladdin),
poly(vinylidene fluoride) (PVDF, KJ group), ethylene carbonate
(EC), fluoroethylene carbonate (FEC), diethyl carbonate (DEC),
potassium bis-trifluoromethanesulfonylimide (KTFSI), and diglyme
(DME) were used without further purification. Analytical-grade
acetone, chloroform, and ethanol were purchased from different
suppliers. A small glovebox filled with Ar was used for the
manipulation and storage of sensitive chemicals.
Synthesis of CoSn and NiSn NPs. Syntheses of monodisperse

NPs were conducted in a three-necked flask with a thermocouple,
condenser, and septum. In a typical synthesis of CoSn NPs, 0.6 mmol
Sn(oac)2, 0.9 mmol Co(acac)2, 20 mL of OAm, and 1.0 mL of OAc
were loaded into a 50 mL flask with a magnetic bar. Subsequently, the
flask was kept at 80 °C under vacuum for 2 h to remove water and

other organics. Then, the flask was protected with a gentle flow of Ar,
5 mL of TOP was injected, and subsequently, the temperature was
ramped at 5 °C min−1 to 180 °C. In the meantime, 5 mmol TBAB
was sonicated in 5 mL of OAm for 0.5 h and then degassed with Ar
for 1 h. Upon injection of this reductant to the flask containing Co
and Sn precursors at 180 °C, the solution immediately turned black.
The flask was maintained for 1 h at this temperature to enable the
NPs to grow. Then, we removed the heating mantle and the flask was
shortly cooled to ambient temperature in a water bath. NiSn NPs
were synthesized using the same procedure, but replacing Co(acac)2
by Ni(acac)2. NPs were centrifuged at a high speed after adding a
proper amount of acetone. Then, chloroform was used to disperse the
precipitate. A small portion of solution was dropped on a Cu mesh for
electron microscopy analyses. Then, the NPs were collected again
with the help of acetone and they were repeatedly washed with
acetone and chloroform.

CoSn and NiSn NP-Carbon Nanocomposites. Before support-
ing the NPs on carbon black, surface ligands were removed using a
mixture of diluted hydrazine hydrate in acetonitrile, following a
previously reported protocol (see details in the SI).32 Ligand-free NPs
were subsequently supported on commercial CB as follows: First, 100
mg of dried NPs and 30 mg of CB together with 25 mL of ethanol
were mixed into a 50 mL vial. Afterward, the mixture was vigorously
sonicated for 1 h at ambient temperature. Then, the material was
centrifuged and dried in vacuum for over two nights. The product was
kept in a glovebox until further use. The terminologies CoSn@C and
NiSn@C were used to label these two nanocomposites.

Sn@C Nanocomposites. SnO2 hollow nanospheres were
fabricated by a one-pot hydrothermal treatment, according to our
previous work.33 Simply, 0.48 g of urea and 0.384 g of K2SnO3·3H2O

Figure 1. (a) Representative TEM micrograph of CoSn NPs and their size distribution histogram. (b) XRD patterns of CoSn NPs and a CoSn@C
composite. (c) HRTEM micrograph of a CoSn@C composite and details of the yellow square with its corresponding power spectrum. (d) STEM-
HAADF micrograph and EELS elemental maps of a CoSn@C composite showing individual Co L2,3-edges at 779 eV (red), Sn M-edge at 485 eV
(green), and C K-edge at 284 eV (blue) as well as their composites: Co-Sn and Co-Sn−C. (e) XPS spectra of the C 1s, Sn 3d5/2, and Co 2p3/2
regions of the CoSn@C composite.
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were dissolved in a mixture of ethanol and distilled water. Then, this
mixture was located into an autoclave containing a Teflon liner that
was heated at 190 °C for 15 h. The product of the hydrothermal
reaction was collected, washed with ethanol and distilled water, and
then dried under vacuum. To obtain Sn@C, 0.17 g of as-prepared
SnO2 hollow nanospheres and 0.68 g of glucose were treated in a
sealed autoclave at 190 °C for a period of 10 h and subsequently
annealed at 650 °C in a H2/Ar flow for 6 h to reduce the SnO2 to Sn.
Characterization. The structure of the NPs and nanocomposites

was analyzed by means of X-ray diffraction (XRD) on a Bruker AXS
D8 Advance X-ray diffractometer with Cu K radiation. NPs’ size and
morphology were observed by transmission electron microscopy
(TEM) on a Zeiss Libra 120. Scanning TEM (STEM) and high-
resolution TEM (HRTEM) were performed on a FEI Tecnai F20
microscope. Electron energy loss spectroscopy (EELS) and high-angle
annular dark-field (HAADF) STEM were carried out using a Gatan
Quantum filter. Energy-dispersive X-ray spectroscopy (EDS) analysis
was carried out at 20 kV within a ZEISS Auriga scanning electron
microscope. Compositions were obtained by averaging results from at
least three points. X-ray photoelectron spectroscopy (XPS) spectra
were obtained with a SPECS system in normal emission. The
presence of surface ligands was determined using an α Bruker Fourier
transform infrared (FTIR) spectrometer. The materials’ pore size
distribution and specific surface area were analyzed by means of N2
adsorption using a Tristar II 3020 Micromeritics system. Specific
surface areas were determined by means of the Brunauer−Emmett−
Teller (BET) approach, considering equally spaced points in the P/Po
range. The pore size distribution was calculated from the isotherms
desorption branches using the Barrett−Joyner−Halenda (BJH)
approach.
Electrochemical Measurements. The performance of NP-based

electrodes was analyzed using a battery test system (CT2001A,
LAND). Half-cells were fabricated in an argon-filled glovebox with
H2O and O2 levels lower than 0.1 ppm using Celgard2400 as
separator. The ink was obtained by mixing NPs, PVDF, and Super P
(80:10:10 weight ratio) with NMP. Then, to prepare the working
electrode, the mixture was coated on Cu and it was subsequently
dried in vacuum at 80 °C during 24 h. Then, disks with a diameter of
12 mm were cut from the foil. The electrolyte for LIBs was composed
of a 1 M LiPF6 solution in EC/DEC (1:1 in volume) with 5 wt %
FEC as additive. For electrochemical measurements, cyclic
voltammetry (CV) was conducted on an electrochemical workstation
(Gamry Interface 1000) in the potential window 0.01−3.0 V using
scan rates in the range of 0.1−1 mV s−1. Electrochemical impedance
spectroscopy (EIS) measurements were performed using a 5 mV
modulation amplitude in the frequency range of 0.1−106 Hz. For the
lithium-ion full cell, LiFePO4 on Al foil (MTI Corporation, 10.95 mg
cm−2) was used as cathode materials. The anodic capacities were
normalized to the mass of the whole materials in both half- and full-
cell experiments. For potassium-ion half-cell, 3 M KTFSI in DME was
used as electrolyte, Whatman GF/D as the separator, and K flakes as
counter electrodes.

■ RESULTS AND DISCUSSION
Colloidal CoSn (6 ± 0.8 nm) and NiSn NPs (4.2 ± 0.7 nm)
were produced in solution from the reduction of proper
precursors in a solution containing OAm, OAc, and TOP (see
Experimental Section; Figures 1a and S1).29,30 After purifying
the NPs by multiple precipitation and redispersion steps,
surface organic ligands were removed, as confirmed by FTIR
spectroscopy (Figure S2). Subsequently, Sn-based NPs and
carbon black were physically mixed in solution by sonication
for 1 h. A uniform distribution of the two phases within the
CoSn@C and NiSn@C nanocomposites was evidenced by
scanning electron microscopy-energy-dispersive X-ray spec-
troscopy (SEM-EDS) elemental maps (Figures S3 and S4).
According to EDS analysis, atomic ratios for CoSn and NiSn
NPs were Co/Sn∼1 and Ni/Sn∼1, respectively (Figure S5).

Figure S6a shows the type IV adsorption−desorption
isotherms obtained from the as-prepared nanocomposites
and carbon black. High BET specific surface areas of 51.5
and 56.2 m2 g−1 were calculated for NiSn@C and CoSn@C.
As displayed in Figure S6b, the BJH plots revealed the
composites to be characterized by a broad pore size
distribution in the mesoporous and microporous range, similar
to carbon black.
The XRD patterns of the carbon black and a CoSn@C

composite are displayed in Figure 1b. The broad peak at 25°
was ascribed to the (002) crystallographic plane of carbon. The
two peaks at around 31 and 44° observed in the nano-
composite XRD pattern matched with the Co3Sn2 phase.34

The HRTEM micrographs and power spectra analyses
confirmed the crystallographic phase of CoSn alloy NPs to
match with the Co3Sn2 orthorhombic phase in the PNMA
space group. From the crystalline domain in Figure 1c, the
Co3Sn2 lattice fringe distances were 0.328, 0.403, and 0.330 nm
at 63.46 and 47.61°, which were assigned to the Co3Sn2
orthorhombic phase, visualized along the [010] zone axis.
The unit cell parameters were a = 7.1450, b = 5.2500 Å, and c
= 8.1730 Å (Figure 1d). EELS elemental composition maps
revealed a uniform distribution of Co and Sn (Figure 1d).
Besides, XRD and HRTEM analyses evidenced the structure of
NiSn NPs to match the Ni3Sn2 orthorhombic phase,
consistently with our previous report (Figure S7).29

The XPS spectra of CoSn@C are shown in Figures 1e and
S8. The C 1s region was fitted with three peaks at 284.3, 285.3,
and 288.1 eV, matching C sp3, sp2, and COO−, respectively.
Two tin chemical states were identified, at 484.7 eV (Sn 3d5/2)
and 486.7 eV (Sn 3d5/2), assigned to a metallic Sn0

environment and a Sn2+ or Sn4+ oxidized state, respectively.
Co was present in two different chemical states, metallic Co0 at
777.8 eV (Co 2p3/2) and Co2+ at 781.5 eV (Co 2p3/2). The
surface oxidation was consistent with the exposure of the NPs
to ambient atmosphere during purification and ligand removal
and handing.35−38 The surface atomic ratio of CoSn NPs
measured by XPS was Sn/Co = 2.6. This result indicated that
the NPs surface was Sn-rich, which could be associated with a
preferential diffusion of Sn toward the surface during
oxidation.30,39

Initial electrochemical tests were performed in Li-ion half-
cells with elemental lithium as counter and reference
electrodes. The electrodes were printed from slurries
containing 80 wt % nanocomposites as active material, 10 wt
% PVDF as binder, and 10 wt % Super P as conductive
additive. Figure 2a,b displays CV curves for CoSn@C and
NiSn@C obtained at 0.1 mV s−1 in the applied potential range
of 0−3.0 V vs. Li/Li+. Both electrodes displayed similar CV
curves. During the first charging process, a broad peak at 1.2−
2.0 V was clearly displayed, but disappeared in the following
few circles. This peak was attributed to the growth of the
solid−electrolyte interface (SEI) layer and the irreversible
lithiation of the surface-oxidized layer formed during NP
washing, handing, and ligand-removing processes.40,41 The
well-overlapped second to fourth CV curves indicated a good
cycling performance of CoSn@C and NiSn@C anode.
Figure 2c compares the cycling performance of CoSn@C,

unsupported CoSn, and Sn@C electrodes at 0.2 A g−1. For the
CoSn-based electrode, the stability and capacity were
significantly enhanced in the presence of carbon. Note that
the capacity values plotted in this figure are referred to the
whole mass of material coated on the Cu support, i.e., it takes
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into account both the mass of NPs and carbon in the case of
CoSn@C composites. If capacities were referred to the amount
of NPs, differences between CoSn@C and unsupported CoSn
would be much more evident. In other words, properly
supporting the NPs on carbon black allowed replacing part of
the active material with carbon while maintaining similar
overall capacities. The enhanced cycling performance of
CoSn@C compared to bare CoSn was ascribed to the
accommodation of structural strain of CoSn within the carbon
matrix, the improved electrical conductivity of the composite,
the high NP dispersion, and the shorter charge transportation
lengths for Li ions due to the higher electrode porosity.42

Besides, compared to Sn@C, CoSn@C delivered a 2-fold
increase of the average capacity, up to 800 mAh g−1 over 100
continuous cycles. The higher capacities experimentally
obtained in the present work for alloy NPs compared to
bare Sn may be partially related to the smaller size of the alloy
NPs and the different synthesis protocols used (Figure S9).
However, taking into account previous literature on Sn-based
LIBs, we associated the improved the capacity of our alloys
with respect to Sn@C to a size change buffering effect
associated with the presence of Co,43 and a very large
pseudocapacitive contribution in the alloy electrodes, as
discussed below.
As shown in Figure 3a,c, at a higher charge−discharge rate,

1.0 A g−1, the initial coulombic efficiency for CoSn@C
electrodes was 59.5% with high reversible capacities (848.4 mA
g−1) and discharge capacities (1426 mA g−1). For the following
10 cycles at 0.1 A g−1, the capacity decreased, which was
associated with the SEI formation and an irreversible Li+

insertion in the surface oxide layer. After additional 10 cycles
at 0.2 A g−1, the capacity was relatively stable at around 700
mAh g−1 for over 180 cycles at 1.0 A g−1 with a coulombic
efficiency up to 100%. Actually, a slight increase of capacity
was obtained with the cycle number above 40 cycles. This
increase of capacity is a common observation in Sn-based
transition-metal alloys and is assigned to several factors,
including restructuration of the material, creation of additional
paths for electrolyte diffusion, increase of pseudocapacitive

contribution, and increased rate of lithiation/delithiation of the
material.43−45

When comparing the electrochemical performance of LIBs
at the same charging−discharging rate, the capacity for NiSn@
C was lower than that of CoSn@C electrode, which is in good
agreement with our earlier report.29,30 NiSn@C electrodes
provided an average capacity of 500 mAh g−1 (Figure 3b,d) at
1.0 A g−1 and 400 mAh g−1 over 200 cycles at 2.0 A g−1

(Figure S10). The origin of the higher performance of CoSn-
with respect to NiSn-based electrodes is not clear at this point,
but it may be related to the higher pseudocapacitance provided
by the former or to a higher rate of oxidation of the smaller
NiSn NPs compared to CoSn.
Overall, Sn-based NPs@C nanocomposites provided

enhanced performance compared to graphite and most
previous Sn-based alloys (Table S1). We associated the
superior electrochemical performance of our anodes to the
very small size of the alloy domains, their excellent dispersion
over the carbon support, and the large surface area and porous
character of the overall composite, which provided a high
electrode−electrolyte interface and a large density of Li-ion
diffusion avenues through an electrically highly conductive and
mechanically stable support.
To evaluate the rate capability, galvanostatic cycling was

conducted at various current rates ranging from 0.1 to 5 A g−1.
As displayed in Figure 4a,b, CoSn@C electrodes delivered
discharge capacities of 882.3, 846.2, 735.1, 640.8, 526.8, and
298.2 mA g−1 at 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 A g−1,
respectively. NiSn@C delivered lower rate capability, with
798.6, 668, 497.9, 376.3, 279.3, and 162.6 mA g−1 at the same
testing rates (Figure S11). Additionally, the CoSn@C anode
delivered a stable capacity at 0.1, 0.2, 0.5, and 1.0 A g−1 after 60
cycles at variable charging rates. We associated the excellent
cycling performance and rate capability of CoSn@C to the
nanometric size of the electroactive material, its proper
composition, and its combination with a high surface area
and porous carbon matrix that prevented NP aggregation and
disconnection and facilitated Li+ diffusion and charge trans-
port.
We further investigated the electrode kinetics using EIS. The

Nyquist plots measured from CoSn@C and NiSn@C and the

Figure 2. Initial cyclic voltammograms obtained in the voltage
window 0−3.0 V vs Li+/Li at 0.1 mV s−1 from nanocomposite
electrode: (a) CoSn@C, (b) NiSn@C. (c) Charge−discharge
capacity and the related coulombic efficiency over 100 cycles at a
current density of 0.2 A g−1 for CoSn@C, bare CoSn, and Sn@C
electrodes: activated at 0.1 A g−1 for 10 cycles each.

Figure 3. (a, b) Initial four CV curves at 0.1 A g−1 for CoSn@C and
NiSn@C electrodes. (c, d) Charge−discharge capacity and its
coulombic efficiency over 200 cycles at 1.0 A g−1: activated at 0.1
A g−1 for 10 cycles each. For the CoSn@C electrode, additional 10
activation cycles were conducted at 0.2 A g−1.
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equivalent circuits are displayed in Figure S12, and the fitted
values are summarized in Table S2. At high frequencies, the
diffusion resistance of CoSn@C was observed to be slightly
larger than that of NiSn@C, but with a smaller charge-transfer
resistance. The inclined line in the low-frequency part of the
Nyquist plots, reflecting the kinetics of the Li+ uptake/
release,46 was linearly fitted with the square root of angular
frequency (ω) (see Figure S11c).47 From this fitting, the
lithium-ion diffusion coefficient for LIBs was calculated to be
9.25 × 10−15 cm2 s−1 for CoSn@C and 2.34 × 10−15 cm2 s−1

for NiSn@C (see details in the SI). Surprisingly, the ohmic
resistance and charge-transfer resistance between the anode
and the electrolyte obtained from the semicircle in the
medium-frequency range were significantly larger for CoSn@C
than for NiSn@C (Table S2).
To further investigate the applicability of CoSn@C

composites as anode in LIBs, full cells were assembled and
tested using LiFePO4 as cathode material (Figure 4c). The
CoSn@C//LiFePO4 cells were cycled galvanostatically at a
current density of 0.1 A g−1 in the potential window 0.5−3.2 V.
As shown in Figure 4d, a fast loss in the capacity was obtained
with the formation of the SEI layer within the initial 10 cycles
at 0.1 A g−1. Afterward, the capacity was stabilized at 350 mAh
g−1 with around 95% coulombic efficiency over the following
40 cycles.
The capacitive contribution of CoSn@C anodes was further

studied using CV measurements. Figure 5a presents the CV
curves at various scan rates 0.1−1.0 mV s−1 in the potential
range of 0−3.0 V vs Li+/Li. Two obvious anodic peaks were
identified at around 0.57 and 1.49 V, with a peak current that
increased with the scan rate. Generally, the measured current
(i) is considered as a function of scan rate (ν) as follows

=i avb

where a and b are empirical values.48−51 In previous reports, a
diffusion-controlled process was characterized by b = 0.5,
whereas b = 1 was associated with an ideal capacitive behavior.
From our measurements, the b values at the two peaks were
calculated to be 0.68 and 0.85, respectively (Figure 5b), which

was consistent with a fast kinetics arising from an important
pseudocapacitive effect.
We further divided the capacity contribution at each scan

rate and potential into the diffusion-controlled (k1ν1/2) and
capacitance contribution (k2ν) using the following equa-
tion52−55

= +i V k v k v( ) 1
1/2

2

which can be rewritten as

= +i V v k k v( )/ 1/2
1 2

1/2

where k1 and k2 were determined from the dependence of
i(V)/ν1/2 vs ν1/2. Figure 5c shows the CV profiles at 1.0 mV
s−1, where the capacitive current (in red filling) is differentiated
from the total current (blue line). Similarly, contributions of
the capacitive part at 0.1, 0.2, 0.4, 0.6, and 0.8 mV s−1 are
presented in Figure S13 and summarized in Figure 5d for
comparison. When increasing sweep rates from 0.1 to 1.0 mV
s−1, the capacitive contribution increased from 45.8 to 74.5%.
These capacitive values are lower than those measured for bare
CoSn NPs under the same scanning rates.30 A similar trend
was observed for NiSn@C composites, with a capacity
contribution increase from 39.0 to 69.7%, slightly lower than
those of CoSn@C (Figure S14). These results are in good
agreement with the superior rate performance of CoSn@C
compared to NiSn@C electrodes. Besides, the above analysis
evidenced that pseudocapacitance had a dominant role in the
measured electrode capacity.
Based on the detailed electrochemistry and structural

analysis, the superior performance of CoSn@C electrodes in
LIBs could be associated with its hierarchical structure. The
well-defined CoSn NPs with carbon supports could buffer the
volume expansion to maintain the structural integrity of
CoSn@C anode upon cycling.
Beyond Li+, K+ can be also reversibly stored and released

from Sn-based anode materials, although with a relatively lower
theoretical capacity of 226 mAh g−1.56 Despite its lower
maximum capacity, the use of K finds advantages in terms of

Figure 4. Li-ion storage performance of the CoSn@C composite
electrode: (a) Charge−discharge CV curves at rates: 0.1, 0.2, 0.5, 1.0,
2.0, 5.0 A g−1. (b) The corresponding rate performance. (c)
Schematic drawing of the full-cell setup. (d) Galvanostatic charge−
discharge curves of a lithium-ion full-cell battery with CoSn@C as
anode and LiFePO4 as cathode materials.

Figure 5. Kinetic analysis of CoSn@C as Li-ion anode: (a) CV curves
with scan rates from 0.1 to 1.0 mV s−1. (b) CV peak current as a
function of the sweep rate. (c) Capacitive (shaded region) and
diffusion current contributions at 1.0 mV s−1. (d) Normalized
capacitive- and diffusion-controlled contribution at different scan rate.
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resource availability and cost, which are the two main
drawbacks of LIBs in a large-scale energy storage scenario.
KIB half-cells were assembled in the same way as LIBs,

except for the use of 3 M KTFSI in DME as K+ electrolyte.
Figure 6a shows the CV profiles of a CoSn@C composite

measured at 0.1 mV s−1 in the applied potential range of 0−3.0
V vs K+/K. The significant differences obtained between the
initial and the following cycles were associated with the
formation of SEI and the irreversible K insertion in the oxide
layer. The rate capability of the CoSn@C composite was
analyzed in the range between 0.1 and 5 A g−1. As can be seen
in Figure 6b, the CoSn@C electrode delivered discharge
capacities of 351, 286.9, 221.5, 161.8, 115.2, and 76.7 mA g−1

at 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 A g−1, respectively. As shown in
Figure S15a,b, NiSn@C delivered lower capacities, with 322.4,
259.8, 184.3, 125.6, 73.8, and 44.8 mAh g−1 at the same testing
rate. The slightly higher capacitances obtained for CoSn are
consistent with the results obtained for LIBs and may also find
its origin on a higher relative oxidation of NiSn and a larger
pseudocapacitance associated with Co.
The cycling performance of these two composites was

obtained by galvanostatic charging−discharging at a high
current density of 0.2 A g−1 (Figure 6c,d). CoSn@C electrodes
delivered very large initial capacities but displayed an obvious
capacity loss during the first few cycles associated with the
formation of the SEI layer. After additional 390 cycles, the
capacities were stabilized at around 200 mAh g−1 with a high
coulombic efficiency. As in LIBs, the NiSn@C composite
presented lower electrochemical performance toward KIBs, as
displayed in Figure S15c,d. A comparison of our results with
those obtained for other Sn-related materials as KIB anode
materials is provided in Table S3.
The EIS spectra obtained in KIBs were similar to those

obtained in LIBs (Figure S16a). However, larger resistance
values were obtained in KIBs than in LIBs when using the
same fitting circuit (Table S4, Figure S16b). Besides, the K+

diffusion coefficients for CoSn@C and NiSn@C were 1.38 ×
10−14 and 1.08 × 10−14 cm2 s−1, respectively, higher than that

obtained for Li+ diffusion. Overall, the EIS results were
consistent with the larger radius of K+ than of Li+ and the fact
that each Sn is able to accommodate 1 K+ and 4.4 Li+.

■ CONCLUSIONS

In conclusion, monodisperse CoSn and NiSn NPs were
synthesized via a facile solution-based approach. After
removing the surface ligands, NPs were supported on
commercial carbon materials. The obtained nanocomposites
were tested as anode materials in half-cell LIBs and KIBs and
full-cell LIBs. CoSn@C electrodes displayed an excellent
performance, with LIB half-cell charge−discharge capacities
over more than 100 cycles above 850, 650, and 500 mAh g−1 at
current densities of 0.2, 1.0, and 2.0 A g−1, respectively. These
values were significantly larger than the theoretical maximum
of graphite. As for LIB full cells, CoSn@C electrodes delivered
an average capacity of 400 mAh g−1 at a rate of 0.1 A g−1.
Through the kinetic analysis of CoSn@C and NiSn@C
nanocomposites by CV, it was found that charge−discharge
capacities included very large pseudocapacitive contributions
up to 74.5% at 1 mV s−1 for CoSn@C and 69.7% for NiSn@C.
These materials were also tested as anodes in KIBs. KIB
capacities were stabilized at around 200 mAh g−1 with a high
coulombic efficiency over 400 cycles for CoSn@C and 100
mAh g−1 for NiSn@C over 300 cycles.
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FTIR, Fourier transform infrared
BET, Brunauer−Emmett−Teller
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ABSTRACT: Intermetallic Pd3Pb nanocrystals with controlled size and cubic
geometry exposing (100) facets are synthesized and tested as electrocatalysts for
ethanol oxidation in alkaline media. We observe the ethanol oxidation activity and
stability to be size-dependent. The 10 nm Pd3Pb nanocrystals display the highest
initial current densities, but after few hundred cycles, the current density of smaller
nanocrystals becomes much larger. All of the catalysts exhibit a pronounced
current decay during the first 500 s of continuous operation, which is associated
with the accumulation of strongly adsorbed reaction intermediates, blocking
reaction sites. These adsorbed species can be removed by cycling the catalysts or
maintaining them at slightly higher potentials for a short period of time to oxidize
and later reduce the Pd surface. Such simple cleaning processes, that can be performed during operation breaks without cell
disassembly, is sufficient to effectively remove the poisoning species adsorbed on the surface and recover the electrocatalytic activity.

■ INTRODUCTION

Direct alcohol fuel cells are a particularly interesting energy
technology to power mobile applications.1,2 Being liquid at
ambient temperature, low-molecular weight alcohols are easy
to handle and store, and they provide high energy densities,
comparable to that of gasoline.3 While cells based on the
simplest alcohol fuel, methanol, has been the most extensively
investigated one, disadvantages such as membrane permeation,
high volatility, and toxicity are limiting their deployment.1,4

Alternatively, ethanol mitigates the methanol drawbacks and
offers comparable electrochemical activity and energy density,
with the additional advantage of potential biosourcing. Thus,
the research for more active and cost-effective ethanol
oxidation catalysts is a worth endeavor.
Pd is an excellent catalyst for the oxidation of hydrogen and

liquid fuels5 and provides the best performance in alkaline-type
direct ethanol fuel cells (DEFCs).6−8 In terms of surface facets,
Pd nanocrystals (NCs) with cubic geometry and offering (100)
facets display electrocatalytic performance above that of
octahedrons with (111) facets and rhombic dodecahedrons
with (110) facets.9 However, the catalytic activity, selectivity,
and especially stability of pure Pd catalysts require further
optimization for cost-effective commercialization.10

Alloying Pd with additional elements is a common strategy
to further improve electrocatalytic performances.11,12 Adatoms
are commonly considered to improve electrocatalytic charac-
teristics through three basic mechanisms: (i) electronic effect,
when adatoms alter the electronic nature of active atoms; (ii)
steric effect, when the adatom blocks neighboring catalyst site,
preventing formation of strongly bound poison intermediates;

(iii) bifunctional effect, when adatoms directly participate in
the catalytic oxidation of the fuel.13 Among the different
elements able to promote Pd electrocatalytic performance, for
example, Pd2Sn,

14,15 PdCu,16,17 Pd2Ru,
18 PdAu,19 and

PdNi,20,21 alloying Pd with Pb results in the highest EOR
activities. Pb enhancement has been explained through a
combination of bifunctional mechanism and electronic effect.
In the first direction, Pb plays a key role on the oxidation of
absorbed intermediates, which is the limiting step in
EOR.22−26 In particular, the oxidation and stripping of
intermediate acetyl, which strongly binds to the catalyst
surface, is regarded as the rate-determining step of ethanol
electrooxidation catalyzed by Pd in alkaline media.10 Pb can
activate water at lower potentials than Pd to oxidize this
adsorbed intermediate and liberate Pd active sites. Through
this mechanism, the addition of Pb can improve poisoning
tolerance of Pd, overall improving both activity and stability of
the catalyst. Pb is also reported to help cleaving the C−C
bond.27 Additionally, the introduction of Pb atoms into Pd can
also promote ethanol oxidation by changing the electronic
properties of Pd.26 When Pd with small lattice constant (3.89
Å) is alloyed with Pb with large lattice constant (4.93 Å), the
d-band center of Pd shifts up, which improves the ethanol
adsorption ability on the surface of Pd3Pb catalysts.26,28
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While most fundamental studies have been carried out on
well-defined surfaces, real catalysts display a much wider
phenomenology. Catalytic performance depends not only on
the overall composition of the catalyst but also on the catalyst’s
crystal domain size and shape, the surface distribution of the
elements, and their reorganization during operation/cycling. In
this regard, Pd3Pb NCs with a large variety of sizes and shapes,
including flower-like,22 nanowire,29 nanocubes,30 nanoplates,31

and tripods32 have been reported for oxygen reduction31−33

and oxidation of formic acid34,35 and alcohols,26,36 but showing
a large variety of results.
Herein, intermetallic Pd3Pb NCs with well-defined cubic

shape and sizes in the range from 6 to 10 nm were synthesized
and supported on carbon black. The obtained catalysts were
tested toward ethanol oxidation in alkaline media to compare
the influence of NC parameters on the EOR electrocatalytic
activity and stability.

■ EXPERIMENTAL SECTION
Chemicals. Palladium(II) acetylacetonate (Pd(acac)2, 99%),

lead(II) oxide (PbO, 99%), lead(IV) acetate (Pb(OAc)4, 99%),
oleylamine (OAm, 80%), oleic acid (OAc, 90%), trioctylphosphine
(TOP, 90%), methylamine hydrochloride (MAC, 98%), potassium
hydroxide (KOH, 85%), and Nafion (5 wt %) were all purchased
from Sigma-Aldrich. Hexane, ethanol (EtOH), and acetone were of
technical grade, obtained from other company and used without
further purification.
6 nm Pd3Pb NCs. Forty-six milligrams of Pd(acac)2, 11 mg of

PbO, 1 mL of OAc, and 10 mL of OAm were mixed in a 25 mL three-
neck flask connected to Schlenk line under magnetic stirring. TOP (1
mL) was injected into the mixture under argon flow. The reaction
mixture was purged with argon at 100 °C for 1 h. Then, the reaction
temperature was increased to 200 °C in 10 min and kept at 200 °C for
1 h before cooling down to ambient temperature. The product was
collected by centrifugation at 4000 rpm and purified by three cycles of
dispersion/precipitation with hexane and acetone. NCs were
dispersed in hexane until posterior application.
8 nm Pd3Pb NCs. Forty-six milligrams of Pd(acac)2, 11 mg of

PbO, 34 mg of MAC, 1 mL of OAc, and 10 mL of OAm were mixed
in a 25 mL three-neck flask connected to Schlenk line under magnetic

stirring. TOP (1 mL) was injected into the mixture under argon flow.
The heating and purification steps were the same as for the synthesis
of 6 nm Pd3Pb NCs.

10 nm Pd3Pb NCs. Forty-six milligrams of Pd(acac)2, 22 mg of
Pb(OAc)4, 34 mg of MAC, 1 mL of OAc, and 10 mL of OLA were
mixed in a 25 mL three-neck flask connected to Schlenk line under
magnetic stirring. TOP (1 mL) was injected into the mixture under
argon flow. The reaction mixture was purged with argon at 100 °C for
1 h. Then, the reaction temperature was increased to 300 °C in 15
min and kept at 300 °C for 1 h before cooling down to ambient
temperature. The heating and purification steps were the same as for
the synthesis of 6 nm Pd3Pb NCs.

Carbon-Supported Pd3Pb Catalysts. Carbon-supported Pd3Pb
catalysts (Pd3Pb/C) were prepared following a reported method.37

Briefly, 5 mg of Pd3Pb NCs dispersed in 5 mL of hexane were mixed
with 5 mg of Vulcan XC-72 carbon dispersed in EtOH. The mixture
was sonicated for 1 h to support the Pd3Pb NCs on the carbon, and
the product was collected by centrifugation. To remove organic
ligands on the NC surface, Pd3Pb/C was redispersed in a mixture of
10 mL EtOH and 1 mL acetic acid by sonication for 30 min. Then,
Pd3Pb/C was washed with EtOH, dried naturally under ambient
condition, and annealed at 250 °C in argon atmosphere for 1 h. The
final product was dispersed in isopropanol containing 5% Nafion to
formulate the catalyst ink. The concentration of Pd3Pb in the catalyst
was 1 mg/mL (2 mg of Pd3Pb/C dispersed in 1 mL isopropanol with
5 μL 5% Nafion).

Electrochemical Measurements. Electrochemical measure-
ments were conducted with a BioLogic electrochemical workstation
using a three-neck-type cell at room temperature. Pt gauze was used as
counter electrode and Hg/HgO (1 M KOH) as reference electrodes.
The working electrode was a 5 mm diameter glassy carbon (GC)
electrode with 3 μL of drop-casted catalyst ink, that is, 1.82 μg of Pd.
The precise amount of Pd loaded on the GC electrode, determined by
inductively coupled plasma mass spectrometry (ICP−MS), was 2.1 μg
of Pd for 6 nm Pd3Pb/C, 1.95 μg for 8 nm Pd3Pb/C, and 2.5 μg for
10 nm Pd3Pb/C catalysts. Cyclic voltammetry (CV) curves were
recorded at a scan rate of 50 mV s−1 in argon-saturated 0.5 M KOH
or 0.5 M KOH + 0.5 M EtOH aqueous solutions. Chronoamperom-
etry (CA) measurements were conducted at potential of −0.1 V
versus Hg/HgO for 7200 s in 0.5 M KOH + 0.5 M EtOH aqueous
solution for stability evaluation.

Figure 1. (a−c) TEM micrographs of 6 (a), 8 (b), and 10 nm Pd3Pb NCs (c). (d) HRTEM, zoomed HRTEM detail after frequency filtering with
spot masks, power spectrum (FFT), and crystallographic unit cell (yellow for Pd and blue for Pb) of the 6 nm Pd3Pb NC. HRTEM analysis showed
this NC to have a lattice parameter a = b = c = 0.4035 nm and α = β = γ = 90° as visualized along the [001] direction of the Pd3Pb cubic crystal
structure. (e) XRD patterns of 6, 8, and 10 nm Pd3Pb NCs. (f) ADF-STEM image and EELS composition maps from the white square region for
Pd, Pb, and Pd/Pb of 6 nm Pd3Pb NCs.
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Structural and Chemical Characterization. Size and shape of
the Pd3Pb NCs were characterized by transmission electron
microscopy (TEM) using a ZEISS LIBRA 120, operating at 120
kV. High-resolution TEM (HRTEM) studies were conducted using a
field emission gun FEI Tecnai F20 microscope at 200 kV with a point-
to-point resolution of 0.19 nm. Scanning electron microscopy analyses
were carried out in a ZEISS Auriga microscope with an energy
dispersive X-ray spectroscopy (EDS) detector operating at 20 kV to
assess composition. Powder X-ray diffraction (XRD) patterns were
collected directly from the as-synthesized NPs dropped on Si(501)
substrates on a Bruker AXS D8 Advance X-ray diffractometer with Ni-
filtered (2 μm thickness) Cu Kα radiation (λ = 1.5406 Å) operating at
40 kV and 40 mA. A LynxEye linear position-sensitive detector was
used in reflection geometry. Characterization of the surface was done
by X-ray photoelectron spectroscopy (XPS) on a SPECS system
equipped with a XR50 source operating at 250 W and a Phoibos 150
MCD-9 detector. The pass energy of the hemispherical analyzer was
set at 20 eV, and the energy step of high-resolution spectra was set at
0.05 eV. The pressure in the analysis chamber was always below 10−7

Pa. Binding energy (BE) values were referred to the adventitious C 1s
peak at 284.8 eV. Data processing was performed with the CasaXPS
software. ICP−MS analyses were carried out on an iCAP 6500 ICP
emission spectrometer (Thermo) with samples prepared by digestion
of NCs in aqua regia overnight followed by dilution in MQ-water
(Millipore).

■ RESULTS AND DISCUSSION

Structural and Chemical Characterization of Pd3Pb
NCs. Figure 1 displays TEM micrographs of the NCs obtained
from the above-detailed procedure. The Pb precursor and the
amount of MAC were adjusted to produce NCs with different
sizes (see Experimental Section for details, Figures 1 and S1).
HRTEM analysis showed the NCs to have a crystallographic
structure compatible with that of cubic Pd3Pb, [Pm3̅m]-space
group 221, and to be strongly faceted in the [100] directions
(Figure 1d). XRD analysis confirmed the cubic Pd3Pb
intermetallic structure (JCPDS 01-089-2062, Figure 1e) and
displayed the ratio of peak intensities I(200)/I(111) and thus the
[100] faceting to increase with the NC size. EELS chemical
composition maps demonstrated a homogeneous distribution
of the two elements within each NC (Figure 1f) with a ratio
Pd/Pb ≈ 3, which matched well with results obtained from
HRTEM, XRD, ICP, and EDS analyses (Figure S2).
OAm, OAc, and TOP were all necessary components of the

precursor reaction mixture to produce highly faceted cubic
Pd3Pb NCs. OAm played two roles, as coordinating solvent
forming Pd−OAm complexes and as mild reducing agent. OAc
also played two roles, dissolving PbO to form Pb oleate and
directing the shape of the growing NCs by selective surface
binding.38−40 When no OAc was added to the precursor
reaction mixture, NCs with irregular geometries and large size
distributions were produced (Figure S3a). With the addition of
small amounts of OAc, OAc/OAm = 0.05−0.2 (v/v), Pd3Pb
NCs with uniform cubic shapes were produced (Figures 1 and
S3b,c).
Without TOP, the formed Pd−OAm complex decomposed

at a low temperature, ca. 100 °C,41 yielding elemental Pd NPs,
that is, with no Pb alloying. TOP is known to strongly
coordinate with Pd to form a Pd/TOP complex.42 The
decomposition of this Pd complex, which is more stable than
Pd−OAm, takes place at higher temperatures, 200 °C,
facilitating the simultaneous reduction of Pd and Pb precursors
to form intermetallic Pd3Pb NCs. Thus, a large excess of TOP,
TOP/Pd = 15, was introduced in all batches. Besides playing a
fundamental role in the control of the NC composition, TOP

was also able to direct the NC shape. In the presence of too
small amounts of TOP, irregular-shaped NCs were formed
(Figure S3d), and when too larger amounts of TOP were
added, instead of cubic NCs, nanoplates/nanorods were grown
(Figure S3e,f).
Finally, the introduction of MAC and the replacement of

PbO by Pb(OAc)4 resulted in larger NCs (Figure 1b,c). We
hypothesize this effect to be associated with an increase of the
precursor stability in the reaction mixture and a related
reduction of the number of nucleation events43,44 The PbO/
MAC system reacted at 200 °C, while the Pb(OAc)4/MAC
system required higher temperatures, up to 260 °C, to form
Pd3Pb NCs.
Figure 2a shows the Pd 3d XPS spectrum of Pd3Pb NCs,

displaying the Pd 3d5/2 peak at 335.3 eV, that is, shifted around

0.4 V with respect to Pd0 (334.9 eV).45 This BE shift was
consistent with the presence of more electronegative Pb that
effectively modified the electronic structure of Pd.30 A second
minor component, accounting for 10% of the Pd observed, was
associated with Pd2+. This component was related to the
binding of surface Pd with surfactant molecules and potentially
to a slight surface oxidation of the NCs during manipulation
and transportation before XPS measurements.
In the Pb 4f XPS spectrum, three 4f doublets were identified,

corresponding to three Pb chemical states (Figure 2b). The
main peaks at 141.6 eV (4f5/2) and 136.7 eV (4f7/2) were
associated with Pb0, although they were shifted −0.2 eV with
respect to the reference value for elemental Pb 4f7/2 (136.9
eV),45 consistently with the electronic interaction between Pd
and Pb atoms within the Pb3Pb alloy. A second component
was located at 143.0 eV (4f5/2) and 138.1 eV (4f7/2), and it was
assigned to an oxidized Pb state, Pbn+. A third component
appeared at even higher BEs, 139.1 eV (4f7/2) and 144.0 eV
(4f5/2), and it was associated with a Pb2+ chemical state.45 The
oxidized Pb components, which we will globally refer to as
Pbx+, were associated with the binding of Pb with OAc
molecules on the NC surface and to the surface oxidation of
the NCs during handling and transportation. The ratio Pb0/
Pbx+ was 1.55, that is, 40% of the Pb within the 2−3 nm thick
outer layer of the Pd3Pb NCs was oxidized. This percentage
was significantly higher than that of Pd. Besides, the Pd/Pb
surface ratio obtained by XPS was 1.19, much lower than the
stoichiometric values deduced from EDS, ICP, XRD, and
HRTEM analyses. These results indicated a segregation of Pb
atoms to the NC surface during the NC synthesis. The radial
gradient of Pb could be also in part driven by the surface
oxidation during manipulation and storage of the samples in

Figure 2. High-resolution XPS spectra of 6 nm Pd3Pb NCs in the
regions (a) Pd 3d and (b) Pb 4f.
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ambient conditions because of the lower oxidation potential of
Pb when compared with Pd.
CV Analysis. Pd3Pb-based electrocatalysts were prepared

by mixing colloidal Pd3Pb NCs with carbon black, 1:1 wt %.
Fourier transform infrared analyses confirmed the removal of
organic ligands from the NC surface through the treatment
with acetic acid and the posterior annealing at 250 °C (Figure
S4). Initial CV analyses were carried out at a sweep rate of 50
mV s−1 with an argon-saturated 0.5 M KOH solution. Figure
3a depicts the CV curves recorded for Pd3Pb/C catalysts with

different NC sizes and for a commercial Pd/C catalyst tested as
a reference. The same total amount of metal was used to
prepare each of the tested electrodes, which translated in
significantly lower amounts of Pd on the Pd3Pb/C catalysts
than on the reference Pd/C.
The current density peaks in the region between −0.6 and

−0.8 V versus Hg/HgO were attributed to the adsorption
(cathodic scan) and desorption (anodic scan) of hydrogen.

The current density increase measured at ca. −0.2 V versus
Hg/HgO in the anodic scan was attributed to the formation of
palladium oxide on the NC surface. Subsequently, a PdO
reduction peak appeared at about −0.2 V versus Hg/HgO
during the negative scans.
Compared with Pd/C, Pd3Pb/C catalysts displayed less

obvious peaks associated with hydrogen desorption and
adsorption, owing to the lower amount of Pd on their surface.
On the other hand, the intensity of the Pd oxide reduction
peak clearly increased with the addition of Pb and when
increasing the NC size. Besides, the maximum of this peak was
shifted toward higher potentials on Pd3Pb/C catalysts
compared to Pd/C. The distinct anodic and cathodic
characteristics of Pd3Pb- and Pd-based catalysts were related
to their different electronic structure involving partial electron
donation from Pd to Pb sites, consistent with XPS results.46

The electrochemically active surface area (ECSA) of the
catalysts was estimated from the Coulombic charge for the
reduction of PdO, that is, from the area over the voltammetry
curve in the PdO reduction peak region15

μ
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= ·
· × · ×
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− −
Q

Q
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( C cm ) Pd (mg cm ) 10

2

PdO Pd
2

loading
2

(1)

where QPdO = 405 μC·cm−2 was the charge value given for the
reduction of a PdO monolayer, the Coulombic charge Q was
calculated by integrating the area of the PdO reduction peak,
and Pdloading was the Pd mass on the working electrode. ECSA
values for 10 nm Pd3Pb/C were larger than that of 8 and 6 nm.
The observed increase of ECSA with the NC size was
unintuitive taking into account the decrease of surface area of
the NCs when increasing their size. The higher ECSAs
measured for the larger particles must be thus indirectly related

Figure 3. (a) CV curves of 6, 8, 10 nm Pd3Pb/C and Pd/C catalysts.
(b) ECSA values of 6, 8, 10 nm Pd3Pb/C and Pd/C catalysts at
different CV cycles.

Figure 4. (a) 30th CV curves of 6, 8, and 10 nm Pd3Pb/C and Pd/C catalysts in 0.5 M KOH + 0.5 M EtOH aqueous solution. (b) 900th CV
curves of 6, 8, and 10 nm Pd3Pb/C and Pd/C catalysts in 0.5 M KOH + 0.5 M EtOH aqueous solution. (c) Current density of 6, 8, 10 nm Pd3Pb/
C and Pd/C catalysts in 0.5 M KOH + 0.5 M EtOH solution at potential of −0.1 V vs Hg/HgO for different CV cycles. (d) Mass peak current
density of 6, 8, 10 nm Pd3Pb/C and Pd/C catalysts in 0.5 M KOH + 0.5 M EtOH aqueous solution from 30th to 900th CV cycles. (e) Tafel plots
of 6, 8, 10 nm Pd3Pb/C and Pd/C catalysts in 0.5 M KOH + 0.5 M EtOH aqueous solution from 30th to 900th cycles, respectively. (f) CA
measurements of 6, 8, and 10 nm Pd3Pb/C and Pd/C catalysts in 0.5 M KOH + 0.5 M EtOH aqueous solution at the potential of −0.1 V vs Hg/
HgO.
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to their size through a decrease of the agglomeration when
supported on CB, an improved crystallinity/faceting, and
potential differences in surface composition. Besides, the ECSA
was significantly larger for all Pd3Pb/C catalysts compared with
Pd/C (14.9 m2 g−1) in spite of the higher amount of exposed
Pd on Pd/C. ECSA increased during the first cycles for all
Pd3Pb/C catalysts but not for the commercial Pd/C catalyst.
The ECSA increase with cycling on Pd3Pb/C could be related
to a reorganization of the surface composition and potentially
to a stripping of remaining surface ligands.
After 30 CV cycles, the ECSA obtained from commercial

Pd/C, and for 6, 8, and 10 nm Pd3Pb/C catalysts were 14.9,
16.4, 18.9, and 24.2 m2 g−1, respectively. The Pd utilization
effectiveness was estimated considering that the active surface
area for full utilization of 1 g of Pd would be 448 m2. Thus, the
Pd utilization efficiencies of commercial Pd/C and for 6, 8, and
10 nm Pd3Pb/C catalysts were 3.3, 3.7, 4.2, and 5.4%,
respectively.
EOR Activity, CV Analysis. The electrocatalytic activity of

Pd3Pb-based catalysts toward EOR was investigated by CV in a
solution containing 0.5 M KOH and 0.5 M EtOH. Figure 4a,b
displays the CV curves of Pd3Pb/C and Pd/C catalysts after 30
and 900 cycles at a sweep rate of 50 mV s−1, respectively. In
the presence of EtOH, hydrogen absorption−desorption peaks
were suppressed due to the dominant adsorption of EtOH in
the low-potential region. The positive scan peak related to the
oxidation of freshly adsorbed alcohol started at −0.6 V and
reached its maximum at −0.1 V. At higher voltages, the
catalytic activity decreased due to the progressive oxidation of
the Pd surface. The oxidation peak in the cathodic scan,
associated with the oxidation of freshly adsorbed EtOH and of
unreacted species adsorbed before or after Pd/O blocking,47

was triggered by the reduction of the oxide layer grown in the
preceding anodic scan.48 The peak current densities of Pd3Pb/
C catalysts were much higher than those of Pd/C, and the
onset potential for EtOH oxidation of Pd3Pb/C catalysts was
more negative than for Pd/C, what suggested a more favorable
EOR on the surface of Pd3Pb/C catalysts than on Pd/C. For
comparison, Table S1 shows a resume of results reported in
the literature on Pd3Pb NCs for EOR.
Figure 4c exhibits the forward oxidation peak current density

for EOR as a function of the cyclic scan number. During the
first cycles the forward peak current density increased to later
decrease gradually with the continued scanning. Such a general
trend is often observed in electrocatalytic alcohol oxidation
and is usually ascribed to a structural or surface reorganization
of the catalyst.49,50 For Pd/C, the current density decay started
at the 50th cycle, dropping from 12.53 to 5.38 mA cm−2 after
900 cycles. A very similar evolution was measured from 10 nm
Pd3Pb/C, with a progressive increase of current density up to
approximately the 50th cycle, yet with significantly higher
current densities, from 21.82 to 11.72 mA cm−2. Pd3Pb/C
catalysts (6 and 8 nm) were characterized by a significantly
different evolution of the forward peak current density with the
cycle number. 6 and 8 nm Pd3Pb/C catalysts displayed a
progressive increase of the current density up to the 400th−
500th cycle and a quasistabilization of the activity at current
densities around 20 mA cm−2 with additional cycling. Thus,
while 10 nm Pd3Pb/C displayed higher catalytic activity in the
initial CV cycles, 6 and 8 nm Pd3Pb/C had much longer
durability and higher activities after longer cycling. In terms of
mass current density (Figure 4d), after 30 cycles 10 nm
Pd3Pb/C catalyst showed the highest values up to 2.05 A

mgPd
−1, while the performance of 6 and 8 nm Pd3Pb/C was

slightly lower than that of Pd/C. However, after 900 cycles, 8
nm Pd3Pb/C catalyst displayed much larger mass current
densities up to 2.05 A mgPd

−1.
The ratio of the maximum intensities measured for the

forward and reverse peaks, If/Ir, of Pb3Pb/C catalysts also
changed with the cycling number, decreasing for 6 nm Pd3Pb/
C from 1.1 to 0.90, and 8 nm Pd3Pb, from 1.3 to 0.85, but
increasing for 10 nm Pd3Pb, from 0.82 to 0.93 and increasing
very moderately for Pd/C, from 0.90 to 0.91. This ratio is
related to the reactivation efficiency, the higher the reverse
peak, the higher the reactivation, which denoted an improve-
ment of the reactivation with cycling for the smallest NCs and
a degradation for the largest one.48

Figure 4e shows the linear region of the Tafel plots obtained
from the 30th and 900th CV curves in the range from −0.5 to
−0.3 V versus Hg/HgO for Pd3Pb/C and Pd/C catalysts.
From the 30th cycle, the Tafel slopes were 162 mV dec−1 for
Pd/C, 156 mV dec−1 for 8 nm, 145 mV dec−1 for 6 nm, and
140 mV dec−1 for 10 nm. After 900 cycles, all of the Tafel
slopes increased: 203 mV dec−1 for Pd/C, 173 mV dec−1 for 6
nm, 164 mV dec−1 for 8 nm and 160 mV dec−1 for 10 nm. All
Pd3Pb/C catalysts displayed lower Tafel slopes and thus faster
charge-transfer kinetics than Pd/C. On the other hand, the
increase of the Tafel slopes with the scan number revealed a
performance decay for all of the catalysts, being the 8 nm
Pd3Pb/C catalyst the one showing the best stability.
Differences between Pd3Pb/C catalysts containing Pd3Pb

NCs of different sizes may be related to several interconnected
mechanisms: (i) the higher activity of the 10 nm NCs had
associated the generation of a higher amount of intermediates
that may poison the catalyst surface more rapidly than in less
active catalysts; (ii) the oxidation and reduction of surface Pd
during each scan and the development of channels of electron
collection could rearrange the catalyst structure and NC
surface.51 This process may be significantly different in NCs
with different sizes; (iii) depending on the NC size, the extent
of material oxidation and reduction could be significantly
different.

EOR Activity, CA Analysis. The stability of the catalyst
performance was further investigated by CA. Figure 4f displays
CA results obtained at −0.1 V versus Hg/HgO in a 0.5 M
KOH + 0.5 M EtOH aqueous solution. All of the catalysts
exhibited a pronounced current decay during the first 500 s.
This rapid activity decay, characteristic of EOR catalyst,
including Pd-based catalysts, remains as a major drawback
toward the commercialization of DEFCs. While all of the
Pd3Pb/C catalysts showed enhanced EOR activity and better
stability than Pd/C catalyst, 10 nm Pd3Pb/C catalysts
displayed a more abrupt decrease in current densities than 6
nm and especially 8 nm Pd3Pb/C catalysts. Replacing the
electrolyte by a fresh solution did not provide a significant
increase in current density, demonstrating that the EtOH
depletion was not the reason behind the large current density
decrease. Instead, we succeeded in reactivating our Pd3Pb/C
and Pd/C catalysts by either cycling few times the applied
potential (Figure 5) or by slightly increasing the electrode
potential for a short time (Figure S5). Figure 5 displays the
current density decay during periods of 1000 s for 10, 8, 6 nm
Pd3Pb/C catalysts and Pd/C catalysts. In between these 1000 s
periods, 3 CV cycles in the range from −0.9 to 0.3 V versus
Hg/HgO with a rate of 50 mV s−1 for a total time of 144 s
were applied. 10 nm Pd3Pb/C catalyst reached the highest
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current densities after each reactivation. Figure S5 displays the
current density evolution during periods of 1000 s and
reactivation by applying a voltage of 0.3 V versus Hg/HgO for
100 s, that is, by oxidizing and later reducing the Pd surface.
The current density decay could be fitted considering at least
two exponential decays, one with a characteristic time in the
range of ca. 10−30 s, and a second one with a longer
characteristic time up to 500 s (Figure S6 and Table S2). We
systematically observed that the larger the NCs, the lower the
contribution of the fast exponential decay. Besides, an increase
of the reaction temperature up to 50 °C allowed to slightly
increase the catalyst activity and extend at the same time its
stability (Figure S7 and Table S3).
In alkaline media, EtOH is dehydrogenated into adsorbed

acetyl, which is further oxidized to acetate by hydroxide
species.10,52 The oxidation of the acetyl to acetic acid by
adsorbed hydroxyl is regarded as the rate-determining step,
while the stripping of the acetic acid in the form of acetate ions
in alkaline solution is very rapid.10 Acetaldehyde and reaction
products such as CH and C may block additional sites,

although breaking of the C−C bond is considered to have a
minor contribution on the obtained current density.52,53

Cycling contributes to clean the Pd surface through different
mechanism: (i) the oxidation of the acetyl to acetate is favored
by oxidative potentials;10 besides (ii) the oxidation of the
catalyst surface may contribute to the stripping of adsorbed
molecules. In this process the concentration and surface
distribution of Pd and Pb, the overall surface area and the
exposed facets play important roles. During EOR and during
cycling all of these parameters may change. During the
electrochemical reaction, Pd and Pb most probably redistribute
within each particle as evidenced below, and even within the
surface as noted by Gunji et al.54 Changes of surface
composition modifies the equilibrium coverage of hydroxyl
and adsorbed acetyl, thus changing the overall current
density.10 Besides, possible changes of particle geometry
modify the exposed facets and thus the exposed distribution
of Pb and Pd sites.

Structural and Chemical Evolution. HRTEM and high-
angle annular dark field (HAADF)-STEM analysis of the
Pd3Pb/C catalysts after cycling in 0.5 M KOH and 0.5 M
KOH + 0.5 M EtOH aqueous solutions showed the NCs to
maintain a high crystallinity and to conserve the Pd3Pb
intermetallic phase (Figure 6). However, extensive TEM
analysis of the catalyst after cycling showed the cubic shape of
the NCs to be partially lost for a significant number of NCs
(Figures S7−S13).
XPS analyses of the Pd3Pb catalyst after cycling in 0.5 M

KOH and in 0.5 M KOH + 0.5 M EtOH aqueous solutions
showed a notable increase of the surface Pd/Pb atomic ratio,
from the initial Pd/Pb = 1.19 obtained from Pd3Pb NCs to
Pd/Pb = 3.09 of the Pd3Pb/C catalyst after cycling in a KOH +
EtOH aqueous solution (Figure S8, Table S4). This decrease
of the relative Pb surface concentration could be related to a
partial dissolution of Pb, a phase segregation, or a
redistribution of the elements within each NC.
EDS analysis showed the total Pd/Pb ratio to slightly

increase after cycling in a 0.5 M KOH + 0.5 M EtOH aqueous
solution, from Pd/Pb = 3.03 to Pd/Pb = 3.42, or after cycling
in KOH, Pd/Pb = 3.77. This increase must be assigned to a
leaching of Pb atoms from the Pd3Pb alloy to the electrolyte.
However, the amount of leached Pb, 12% after cycling in a
KOH + EtOH aqueous solution, does not fully account for the

Figure 5. CA curves of 10 (a), 8 (b), 6 nm (c) Pd3Pb/C and Pd/C
(d) catalysts. Three CV cycles were conducted to reactivate the
catalyst every 1000 s.

Figure 6. (a) TEM and (b) HAADF-STEM micrographs of 6 nm Pd3Pb/C catalyst. HAADF-EDS mappings of (c) Pd and (d) Pb from 6 nm
Pd3Pb/C catalyst. (e) TEM and (f) HAADF-STEM micrographs of 6 nm Pd3Pb/C catalyst after 30 CV cycles in a 0.5 KOH + 0.5 M EtOH
aqueous solution. HAADF-EDS mappings of (g) Pd and (h) Pb from 6 nm Pd3Pb/C catalyst after 30 CV cycles in a 0.5 KOH + 0.5 M EtOH
aqueous solution. All scale bars are 50 nm.
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much larger variations obtained on the surface composition.
Besides, STEM−EDS analysis of the catalyst after 30 CV cycles
in 0.5 M KOH aqueous solution (Figure S9) and EELS
analysis after cycling in KOH + EtOH aqueous solutions
(Figure 6) displayed no phase segregation, being both
elements homogeneously distributed within each NC and
with the same ratio from particle to particle.
These results pointed out at a reorganization of the two

elements within the Pd3Pb NCs during cycling in a KOH +
EtOH aqueous solution, involving an outward/inward
diffusion of Pd/Pb to equilibrate the stoichiometry of the
NCs surface, which was highly Pb-rich in the as-synthesized
materials.
A partial surface reorganization of the NC surface took place

already during their use to formulate the catalyst and could be
related with the removal of organic ligands that were
preferentially bond to Pb atoms. Additional decrease of the
Pb surface concentration was observed during cycling in KOH
(Table S4, Scheme S1). This decrease was partially correlated
with EDS results that showed an important Pb leaching during
KOH cycling that could account for the increase of the Pd/Pb
ration obtained after this process.
However, we believe that a significant part of the elemental

restructuration was driven by the oxidation/reduction of Pd.
During cycling, only Pd was oxidized and reduced, while
surface Pb atoms remained in an oxidized chemical state. In a
previous work, we showed how cobalt and copper can
reorganize by interfusion during oxidation and reduction
processes. During oxidation Co diffused outward to form a
CuO−Co3O4 hollow structures, while during reduction Cu
diffused inward to form Cu@Co3O4 core−shell particles.55 In
the present case, we believe a similar process takes place. The
initial NC surface is enriched with Pb due to the larger affinity
of this element toward organic ligands and oxygen. Once
removed the organics, Pd diffuses outward/inward during
cycling, driven by the oxidation/reduction processes. Because
the largest increase of the surface Pd/Pb ratio was obtained
after cycling in the presence of EtOH, we need to assume that
the higher affinity of Pd to EtOH may also play an important
role in the surface restructuration.

■ CONCLUSIONS
In summary, we report a simple approach to produce
intermetallic Pd3Pb NCs with well-defined cubic geometry
and average sizes in the range from 6 to 10 nm. Compared
with commercial Pd/C catalyst, Pd3Pb/C catalysts presented
improved EOR electrocatalytic activities and stabilities. Pd3Pb/
C catalyst (10 nm) provided the largest initial current
densities, but smaller NCs were able to reach higher current
densities after extended cycling. All of the catalysts exhibited a
pronounced current decay during the first 500 s of continuous
EOR operation, which was associated with the accumulation of
strongly adsorbed reaction intermediates and the related
blockage of reaction sites. The catalyst could be reactivated
by simple cycling, but this reactivation was also size dependent.
Such simple cleaning processes, that can be performed during
operation breaks without cell disassembly, was sufficient to
effectively remove the poisoning species adsorbed on the
surface and recover the electrocatalytic activity. We finally
demonstrated that during cycling a major redistribution of the
elements within the NCs took place, driven by the different
affinity of Pb and Pd toward oxygen and possibly ethanol and
the electrochemical oxidation/reduction of Pd.
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J.; Ibañ́ez, M.; Morante, J. R.; Cabot, A. Pd2Sn [010] Nanorods as a
Highly Active and Stable Ethanol Oxidation Catalyst. J. Mater. Chem.
A 2016, 4, 16706−16713.
(15) Wang, C.; Wu, Y.; Wang, X.; Zou, L.; Zou, Z.; Yang, H. Low
Temperature and Surfactant-Free Synthesis of Pd2Sn Intermetallic

Nanoparticles for Ethanol Electro-Oxidation. Electrochim. Acta 2016,
220, 628−634.
(16) Jiang, K.; Wang, P.; Guo, S.; Zhang, X.; Shen, X.; Lu, G.; Su,
D.; Huang, X. Ordered PdCu-Based Nanoparticles as Bifunctional
Oxygen-Reduction and Ethanol-Oxidation Electrocatalysts. Angew.
Chem., Int. Ed. 2016, 55, 9030−9035.
(17) Zhao, X.; Dai, L.; Qin, Q.; Pei, F.; Hu, C.; Zheng, N. Self-
Supported 3D PdCu Alloy Nanosheets as a Bifunctional Catalyst for
Electrochemical Reforming of Ethanol. Small 2017, 13, 1602970.
(18) Guo, J.; Chen, R.; Zhu, F.-C.; Sun, S.-G.; Villullas, H. M. New
Understandings of Ethanol Oxidation Reaction Mechanism on Pd/C
and Pd2Ru/C Catalysts in Alkaline Direct Ethanol Fuel Cells. Appl.
Catal., B 2018, 224, 602−611.
(19) Liu, J.; Zheng, Y.; Hong, Z.; Cai, K.; Zhao, F.; Han, H.
Microbial Synthesis of Highly Dispersed PdAu Alloy for Enhanced
Electrocatalysis. Sci. Adv. 2016, 2, No. e1600858.
(20) Chen, Z.; Zhang, J.; Zhang, Y.; Liu, Y.; Han, X.; Zhong, C.; Hu,
W.; Deng, Y. NiO-Induced Synthesis of PdNi Bimetallic Hollow
Nanocrystals with Enhanced Electrocatalytic Activities toward
Ethanol and Formic Acid Oxidation. Nano Energy 2017, 42, 353−362.
(21) Cai, B.; Wen, D.; Liu, W.; Herrmann, A.-K.; Benad, A.;
Eychmüller, A. Function-Led Design of Aerogels: Self-Assembly of
Alloyed PdNi Hollow Nanospheres for Efficient Electrocatalysis.
Angew. Chem., Int. Ed. 2015, 54, 13101−13105.
(22) Jana, R.; Subbarao, U.; Peter, S. C. Ultrafast Synthesis of
Flower-like Ordered Pd3Pb Nanocrystals with Superior Electro-
catalytic Activities towards Oxidation of Formic Acid and Ethanol. J.
Power Sources 2016, 301, 160−169.
(23) Wu, P.; Huang, Y.; Kang, L.; Wu, M.; Wang, Y. Multisource
Synergistic Electrocatalytic Oxidation Effect of Strongly Coupled
PdM (M=Sn, Pb)/N-Doped Graphene Nanocomposite on Small
Organic Molecules. Sci. Rep. 2015, 5, 14173.
(24) Wu, P.; Huang, Y.; Zhou, L.; Wang, Y.; Bu, Y.; Yao, J. Nitrogen-
Doped Graphene Supported Highly Dispersed Palladium-Lead
Nanoparticles for Synergetic Enhancement of Ethanol Electro-
oxidation in Alkaline Medium. Electrochim. Acta 2015, 152, 68−74.
(25) Li, G.; Pickup, P. G. The Promoting Effect of Pb on Carbon
Supported Pt and Pt/Ru Catalysts for Electro-Oxidation of Ethanol.
Electrochim. Acta 2006, 52, 1033−1037.
(26) Wang, Y.; Nguyen, T. S.; Liu, X.; Wang, X. Novel Palladium-
Lead (Pd-Pb/C) Bimetallic Catalysts for Electrooxidation of Ethanol
in Alkaline Media. J. Power Sources 2010, 195, 2619−2622.
(27) He, Q.; Shyam, B.; Macounova,́ K.; Krtil, P.; Ramaker, D.;
Mukerjee, S. Dramatically Enhanced Cleavage of the C−C Bond
Using an Electrocatalytically Coupled Reaction. J. Am. Chem. Soc.
2012, 134, 8655−8661.
(28) Greeley, J.; Nørskov, J. K. A General Scheme for the Estimation
of Oxygen Binding Energies on Binary Transition Metal Surface
Alloys. Surf. Sci. 2005, 592, 104−111.
(29) Shi, Q.; Zhu, C.; Bi, C.; Xia, H.; Engelhard, M. H.; Du, D.; Lin,
Y. Intermetallic Pd3Pb Nanowire Networks Boost Ethanol Oxidation
and Oxygen Reduction Reactions with Significantly Improved
Methanol Tolerance. J. Mater. Chem. A 2017, 5, 23952−23959.
(30) Zhang, J.; Xu, W.; Xu, L.; Shao, Q.; Huang, X. Concavity
Tuning of Intermetallic Pd-Pb Nanocubes for Selective Semi-
hydrogenation Catalysis. Chem. Mater. 2018, 30, 6338−6345.
(31) Wang, K.; Qin, Y.; Lv, F.; Li, M.; Liu, Q.; Lin, F.; Feng, J.; Yang,
C.; Gao, P.; Guo, S. Intermetallic Pd3Pb Nanoplates Enhance Oxygen
Reduction Catalysis with Excellent Methanol Tolerance. Small
Methods 2018, 2, 1700331.
(32) Bu, L.; Shao, Q.; Pi, Y.; Yao, J.; Luo, M.; Lang, J.; Hwang, S.;
Xin, H.; Huang, B.; Guo, J.; Su, D.; Guo, S.; Huang, X. Coupled S-p-d
Exchange in Facet-Controlled Pd3Pb Tripods Enhances Oxygen
Reduction Catalysis. Chem 2018, 4, 359−371.
(33) Cui, Z.; Chen, H.; Zhao, M.; Disalvo, F. J. High-Performance
Pd3Pb Intermetallic Catalyst for Electrochemical Oxygen Reduction.
Nano Lett. 2016, 16, 2560−2566.
(34) Yu, X.; Pickup, P. G. Novel Pd-Pb/C Bimetallic Catalysts for
Direct Formic Acid Fuel Cells. J. Power Sources 2009, 192, 279−284.

Chemistry of Materials pubs.acs.org/cm Article

https://dx.doi.org/10.1021/acs.chemmater.9b05094
Chem. Mater. 2020, 32, 2044−2052

2051

https://dx.doi.org/10.1016/s0378-7753(01)00954-5
https://dx.doi.org/10.1016/s0378-7753(01)00954-5
https://dx.doi.org/10.1016/j.jpowsour.2007.04.009
https://dx.doi.org/10.1023/a:1017587310150
https://dx.doi.org/10.1023/a:1017587310150
https://dx.doi.org/10.1023/a:1017587310150
https://dx.doi.org/10.1016/j.apcatb.2018.04.017
https://dx.doi.org/10.1016/j.apcatb.2018.04.017
https://dx.doi.org/10.1021/acs.chemrev.5b00324
https://dx.doi.org/10.1021/acs.chemrev.5b00324
https://dx.doi.org/10.1149/1.2423534
https://dx.doi.org/10.1149/1.2423534
https://dx.doi.org/10.1016/j.electacta.2006.07.008
https://dx.doi.org/10.1016/j.electacta.2006.07.008
https://dx.doi.org/10.1016/j.ijhydene.2012.04.132
https://dx.doi.org/10.1016/j.ijhydene.2012.04.132
https://dx.doi.org/10.1039/c7cc08793d
https://dx.doi.org/10.1039/c7cc08793d
https://dx.doi.org/10.1016/j.electacta.2008.10.034
https://dx.doi.org/10.1016/j.electacta.2008.10.034
https://dx.doi.org/10.1021/cr9000995
https://dx.doi.org/10.1021/cr9000995
https://dx.doi.org/10.1002/smll.201804378
https://dx.doi.org/10.1002/smll.201804378
https://dx.doi.org/10.1016/j.electacta.2014.07.019
https://dx.doi.org/10.1016/j.electacta.2014.07.019
https://dx.doi.org/10.1016/j.electacta.2014.07.019
https://dx.doi.org/10.1039/c6ta06430b
https://dx.doi.org/10.1039/c6ta06430b
https://dx.doi.org/10.1016/j.electacta.2016.10.094
https://dx.doi.org/10.1016/j.electacta.2016.10.094
https://dx.doi.org/10.1016/j.electacta.2016.10.094
https://dx.doi.org/10.1002/anie.201603022
https://dx.doi.org/10.1002/anie.201603022
https://dx.doi.org/10.1002/smll.201602970
https://dx.doi.org/10.1002/smll.201602970
https://dx.doi.org/10.1002/smll.201602970
https://dx.doi.org/10.1016/j.apcatb.2017.10.037
https://dx.doi.org/10.1016/j.apcatb.2017.10.037
https://dx.doi.org/10.1016/j.apcatb.2017.10.037
https://dx.doi.org/10.1126/sciadv.1600858
https://dx.doi.org/10.1126/sciadv.1600858
https://dx.doi.org/10.1016/j.nanoen.2017.11.033
https://dx.doi.org/10.1016/j.nanoen.2017.11.033
https://dx.doi.org/10.1016/j.nanoen.2017.11.033
https://dx.doi.org/10.1002/anie.201505307
https://dx.doi.org/10.1002/anie.201505307
https://dx.doi.org/10.1016/j.jpowsour.2015.09.114
https://dx.doi.org/10.1016/j.jpowsour.2015.09.114
https://dx.doi.org/10.1016/j.jpowsour.2015.09.114
https://dx.doi.org/10.1038/srep14173
https://dx.doi.org/10.1038/srep14173
https://dx.doi.org/10.1038/srep14173
https://dx.doi.org/10.1038/srep14173
https://dx.doi.org/10.1016/j.electacta.2014.11.110
https://dx.doi.org/10.1016/j.electacta.2014.11.110
https://dx.doi.org/10.1016/j.electacta.2014.11.110
https://dx.doi.org/10.1016/j.electacta.2014.11.110
https://dx.doi.org/10.1016/j.electacta.2006.07.003
https://dx.doi.org/10.1016/j.electacta.2006.07.003
https://dx.doi.org/10.1016/j.jpowsour.2009.11.072
https://dx.doi.org/10.1016/j.jpowsour.2009.11.072
https://dx.doi.org/10.1016/j.jpowsour.2009.11.072
https://dx.doi.org/10.1021/ja301992h
https://dx.doi.org/10.1021/ja301992h
https://dx.doi.org/10.1016/j.susc.2005.07.018
https://dx.doi.org/10.1016/j.susc.2005.07.018
https://dx.doi.org/10.1016/j.susc.2005.07.018
https://dx.doi.org/10.1039/c7ta08407b
https://dx.doi.org/10.1039/c7ta08407b
https://dx.doi.org/10.1039/c7ta08407b
https://dx.doi.org/10.1021/acs.chemmater.8b02337
https://dx.doi.org/10.1021/acs.chemmater.8b02337
https://dx.doi.org/10.1021/acs.chemmater.8b02337
https://dx.doi.org/10.1002/smtd.201700331
https://dx.doi.org/10.1002/smtd.201700331
https://dx.doi.org/10.1016/j.chempr.2018.01.002
https://dx.doi.org/10.1016/j.chempr.2018.01.002
https://dx.doi.org/10.1016/j.chempr.2018.01.002
https://dx.doi.org/10.1021/acs.nanolett.6b00121
https://dx.doi.org/10.1021/acs.nanolett.6b00121
https://dx.doi.org/10.1016/j.jpowsour.2009.03.036
https://dx.doi.org/10.1016/j.jpowsour.2009.03.036
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.9b05094?ref=pdf


(35) Li, R.; Hao, H.; Cai, W.-B.; Huang, T.; Yu, A. Preparation of
Carbon Supported Pd-Pb Hollow Nanospheres and Their Electro-
catalytic Activities for Formic Acid Oxidation. Electrochem. Commun.
2010, 12, 901−904.
(36) Bu, L.; Tang, C.; Shao, Q.; Zhu, X.; Huang, X. Three-
Dimensional Pd3Pb Nanosheet Assemblies: High-Performance Non-
Pt Electrocatalysts for Bifunctional Fuel Cell Reactions. ACS Catal.
2018, 8, 4569−4575.
(37) Bu, L.; Zhang, N.; Guo, S.; Zhang, X.; Li, J.; Yao, J.; Wu, T.; Lu,
G.; Ma, J.-Y.; Su, D.; Huang, X. Biaxially Strained PtPb/Pt Core/Shell
Nanoplate Boosts Oxygen Reduction Catalysis. Science 2016, 354,
1410−1414.
(38) Resa, I.; Moreira, H.; Bresson, B.; Mahler, B.; Dubertret, B.;
Aubin, H. Synthesis of Monodisperse Superconducting Lead
Nanocrystals. J. Phys. Chem. C 2009, 113, 7120−7122.
(39) Zhang, D.; Zhai, G.; Zhang, J.; Yuan, L.; Miao, X.; Zhu, S.;
Wang, Y. Growth Orientation and Shape Evolution of Colloidal Lead
Selenide Nanocrystals with Different Shapes. CrystEngComm 2010,
12, 3243−3248.
(40) Zherebetskyy, D.; Scheele, M.; Zhang, Y.; Bronstein, N.;
Thompson, C.; Britt, D.; Salmeron, M.; Alivisatos, P.; Wang, L.-W.
Hydroxylation of the Surface of PbS Nanocrystals Passivated with
Oleic Acid. Science 2014, 344, 1380−1384.
(41) Niu, Z.; Peng, Q.; Gong, M.; Rong, H.; Li, Y. Oleylamine-
Mediated Shape Evolution of Palladium Nanocrystals. Angew. Chem.,
Int. Ed. 2011, 50, 6315−6319.
(42) Yang, Z.; Klabunde, K. J. Synthesis of Nearly Monodisperse
Palladium (Pd) Nanoparticles by Using Oleylamine and Trioctyl-
phosphine Mixed Ligands. J. Organomet. Chem. 2009, 694, 1016−
1021.
(43) Liu, P.; Qin, R.; Fu, G.; Zheng, N. Surface Coordination
Chemistry of Metal Nanomaterials. J. Am. Chem. Soc. 2017, 139,
2122−2131.
(44) Langille, M. R.; Personick, M. L.; Zhang, J.; Mirkin, C. A.
Defining Rules for the Shape Evolution of Gold Nanoparticles. J. Am.
Chem. Soc. 2012, 134, 14542−14554.
(45) Moulder, J. F.; Stickle, W. F.; Sobol, P. E.; Bomben, K. D.
Handbook of X-ray Photoelectron Spectroscopy: A Reference Book of
Standard Spectra for Identification and Interpretation of XPS Data;
PerkinElmer, Physical Electronics Division: Eden Prairie, MN, 1992.
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