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Metal oxide composites are enabling materials for many energy conversion systems such as 

chemical looping and photocatalysis.  Their synthesis into electronic materials and operation in 

chemical looping technologies are based on reduction and oxidation reactions that involve 

exchanges of ions and electrons.  These processes result in the creation and diffusion of defects that 

determine the nanoscale crystal phases and morphologies within these materials and their 

subsequent bulk chemical and electrical behavior.  In this study, samples of metal oxide composites 

undergoing cycles of reduction and oxidation are examined at the nano- and micro–scale; the 

interfacial characteristics of dissimilar metals and metal oxides within the composites are 

examined. Specifically, structural transformations during redox processes involving pure Fe, FeNi 

alloy, and CuNi alloy microparticles are investigated. In Fe and FeNi systems, nanowires and 

nanopores are observed to simultaneously form on the microparticle surface during oxidation, while 

no such structuring is observed in the CuNi system. Additionally, uniform FeNi microparticles are 

transformed into particles with a NiO-rich core and Fe2O3-rich shell during oxidation, due to 

differences in the oxidation and ion diffusion rates of Ni and Fe.  In all material systems, the 

oxidized form of the microparticles exhibited porous cores due to ion transport described by the 

Kirkendall effect.  A fundamental understanding of these phenomena will help direct the 

fabrication of electronic oxide materials and the development of metal oxide-based oxygen carriers 

for chemical looping applications. 

1. Introduction 

Metal oxides are among the most versatile materials in the 

energy industry and can exhibit a wide range of physical and 

chemical properties. In particular, composites of metal oxides 

are enabling materials for operation in many energy conversion 

systems, including solar panels,1 fuel cells,2 photocatalysis,3 and 

chemical looping systems.4 The electrical, optical, and chemical 

properties of metal oxides and their composites are determined 

by their crystal phases and morphologies.  Consequently, it is 

critical to understand the diffusion of defects and to control the 

morphology of these materials during processes associated with 

material growth, such as the high temperature oxidation of 

metals to form metal oxides, and their associated reduction 

reactions. Metal oxides, their composites, and the reduction and 

oxidation reactions conducted in this study are of special 

relevance to chemical looping systems. 

For many of these applications, oxide material performance 

can be enhanced by their nanoscale processing. For 

semiconducting oxides with electronic and optoelectronic 

functionality, such as Fe2O3 in photocatalysis, the position of 

electron energy bands and the magnitude of electronic transition 

energies within these nanomaterials directly correlate with the 

crystal phase and the material geometry itself, due to quantum 

confinement effects.  Additionally, the electronic performance 

of these materials can be enhanced when the nanostructure 

length scale is comparable to or smaller than the electron and 

hole diffusion length scales.5 Oxide nanostructuring also enables 

the photonic properties of the materials, such as frequency-

selective light trapping and absorption, to be engineered.  For all 

of these applications, it is imperative to understand how to 

control the precise metal oxide morphology during oxidative 

growth.  

The nanoscale morphology of metal oxides also plays a 

significant role in chemical looping, which is regarded as a 

promising technique in the U.S. Department of Energy’s 

roadmap6,7 toward cost effective technology solutions for CO2 
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capture from carbonaceous fuels.8 A chemical looping system 

converts carbonaceous fuels to energy using metal oxide based 

oxygen carriers and can operate under various modes.9 In the 

chemical looping gasification (CLG) mode, hydrogen and heat 

are co-generated,6 while the oxygen carriers circulate among 

three reactors: a reducer, an oxidizer, and a combustor. In the 

chemical looping combustion (CLC) mode, the oxidizer is 

excluded and the oxygen carriers are completely oxidized only 

in the combustor, thus producing only heat. The chemical 

looping oxygen uncoupling (CLOU) process mode is based on 

CLC and uses metal oxides to release gaseous oxygen to 

convert solid fuels. In all of these modes of chemical looping 

operation, the diffusion of metal ions, oxygen ions, and oxygen 

vacancies dictates redox reactivity and recyclability of the 

metal oxide oxygen carriers.10  

Transition metal oxides, including Fe, Ni, Mn, Cu, and Co, 

as well as alkaline earth metals such as Ca have been 

extensively studied as active oxygen carrier materials in CLC, 

CLG, and CLOU.11,12,13,14  While single metal oxide systems 

can display high levels of reactivity, combinations of binary 

active metal oxide systems, such as nickel-iron oxide and 

copper-nickel oxide, have shown even better reactivity for 

certain reactions.15,16 For example, it has been demonstrated 

that while CuO allows for full conversion of methane to 

CO2 and H2O, the addition of NiO to the CuO system helps  

stabilize the low-melting CuO phase during CLC.17 Similarly, 

it was found that mixed NiO and Fe2O3
18

 carriers have 

increasing reactivity with increasing Ni content. However, the 

mechanism of oxygen transfer during these reactions is still not 

completely understood.  

In this work, we examine active single and binary metallic 

microparticle systems undergoing cycles of redox reactions, 

and we investigate the phenomena associated with nanoscale 

ion diffusion.  The microparticles have diameters of 10-30µm 

and are single crystalline,10 which eliminates complex 

dynamics such as ionic diffusion at grain boundaries during the 

initial oxidation cycle.  We study particles with three different 

compositions: pure Fe metal, FeNi alloy, and CuNi alloy.  The 

effects induced by ion and defect diffusion occurring deep 

within the microparticle cores are investigated by using 

focused ion beam nanomachining to visualize the composition 

and morphology of individual microparticle cross-sections. The 

formation of nanostructures on the surfaces of the three 

systems is attributed to a stress-driven self-organization 

process19 and we discuss mechanisms associated with the 

morphological and phase transformations that arise from the 

redox reactions.  The systems studied do not include inert 

metal oxide supports so that we can focus on the intrinsic 

characteristics of the redox reactions of the active metals alone.  

We note that particles optimized for recyclability in chemical 

looping processes require an inert oxide support, such as Al2O3 

or TiO2, which alters the diffusion mechanism of ions within 

the composite particle.   

 

2. Experimental 

Fe, FeNi and NiCu powders (99%+ purity) with 325 mesh 

were purchased from Alfa Aesar. An SEM analysis shows 

particle sizes between 10 and 60µm. The powders were washed 

with acetone three times and dried at room temperature prior to 

further examination. Approximately 0.1g powder samples were 

mounted in an alumina crucible and run through either one 

oxidation step or between one and five oxidation-reduction 

cycles at 700°C using a Setaram SETSYS Evolution 

Thermogravimetric Analyzer (TGA). Oxidation was performed 

using a 200 mL/min flow of gas consisting of 50% air balanced 

with N2. The reduction step used a 200 mL/min flow of gas 

containing 50% H2 balanced with N2. The oxidation and 

reduction steps lasted for 30 minutes each and were alternated 

with an intermediate 10 minute flushing step using N2 at 100 

ml/min. All samples were analyzed using a Rigaku SmartLab X-

Ray Diffractometer (XRD) with eliminated fluorescence. Scans 

were run from 30-80 degrees at a rate of 1 degree per minute 

with an accelerating voltage and filament current of 40kV and 

44mA, respectively. All the XRD spectra were analyzed using 

PDXL software and identified with the JCPDF database. Phase 

identification and corresponding JCPDF No. are listed in Table 

1.  

 Table 1. Identified sample phases from XRD     

Sample 
Cycle 

number 
Crystal phase JCPDF No. 

FeNi 0 Fe0.64Ni0.36 47-1405 

 0.5 Fe2O3 39-1346 

  Fe3O4 75-0033 

 1 Fe0.64Ni0.36 47-1405 

 5 Fe0.64Ni0.36 47-1405 

Fe 0 Fe 87-0721 

 0.5 Fe2O3 39-1346 

 1 Fe 87-0721 

  Fe3O4 75-0033 

 5 Fe 87-0721 

  Fe3O4 75-0033 

NiCu 0 Cu 85-1326 

  Ni 70-1849 

 0.5 CuO 80-1916 

  NiO 78-0429 

 1 Cu 85-1326 

  Ni 70-1849 

 5 Cu 85-1326 

  Ni 70-1849 

  NiO 78-0429 

 

Scanning Electron Microscopy (SEM) samples were 

examined with a 20kV and 43pA electron beam. Secondary 

electron images were obtained with a working distance of 4.1mm. 

Energy dispersive X-ray spectra and 2-D material mapping were 

obtained using Oxford Energy Dispersive X-Ray Spectrometry 

(EDS) at an accelerating voltage of 20kV. Particle cross-sections 
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Figure 1. Characterization of Fe particle. (a) SEM image of cross-section of 

fresh Fe particle; (b) SEM image of cross-section of Fe
2
O

3
 particle after Fe 

oxidation; (c) and (f) SEM image of top surface of Fe
2
O

3
 particle; (d) EDS 

mapping of O from (b); (e) EDS mapping of Fe from (b) 

Figure 2. XRD of Fe particle. (a) fresh (b) after oxidation (c) after one 

oxidation-reduction cycle (d) after five oxidation-reduction cycles  

were prepared using the FEI Helios NanoLab600 DualBeam 

system, where samples were tilted at 52° and adjusted at the 

eucentric height for dual beam imaging. Ga ions were generated 

at an accelerating voltage of 30kV. A regular cross section was 

first performed at an ion beam of 2.8nA, followed by a cleaning 

cross section milling at 0.28nA. 

3. Results and discussion 

3.1. Cyclic iron redox reactions 

The dramatic changes in internal morphology of the particles 

before and after oxidation reactions are characterized with 

focused ion beam nanomachining and electron microscopy to 

visualize cross-sections of the particles with nanoscale 

resolution. A cross sectional image of a typical Fe particle is 

shown in Figure 1(a). The original Fe particle prior to oxidation 

has a low density with randomly distributed pores throughout 

the whole particle and no visible grain boundaries. An XRD 

spectrum of a sample of the Fe powder (Figure 2(a)) shows that 

the Fe particles are in their pure phase. Particles that have 

undergone oxidation, on the other hand, experience substantial 

changes. Here, oxidation results in a mean volume expansion of 

approximately 25% and the formation of a porous microparticle 

center, as visualized in Figure 1(b). It is noted from Figure 1(b) 

that the porosity distribution is not as random as in Figure 1(a) 

and the pores are concentrated in the center of the particle. 

These voids in the center reflect that Fe atoms initially in the 

core underwent outward diffusion.  This phenomenon can be 

ascribed to the Kirkendall effect,20,21 which relates solid-state 

diffusion to an atomic concentration gradient. In this case, 

oxidation of Fe atoms on the surface creates a concentration 

gradient which causes Fe atoms to continuously diffuse from the 

core to the surface, leading to the formation of the porous 

center. Fe atoms are ionized during the diffusion process and 

ionic diffusion occurs through vacancy exchange, as opposed to 

the direct interchange of atoms.  Here, Fe oxidation can be 

regarded as consumption of oxygen vacancies VŐ : 

½O� � V�
.. � O�

	 � 2h								                                                        (1) 

To summarize, oxygen ions diffuse inward to fill in VŐ and Fe ions 

diffuse outward to react with oxygen ions.  The formation of the 

porous microparticle center arising from these diffusion events can be 

explained by the following. First, the outward Fe diffusion 

coefficient (9.7x10-15cm2/s)22 is higher than the inward oxygen 

diffusion coefficient (5.2x10-16cm2/s) in Fe2O3 at 700°C, which 

results in net Fe transport from the center of the microparticle to 

the particle edge.23  This outward Fe transport is further 

enhanced because the 25% volume expansion rate of Fe to 

Fe2O3 creates physical space for the Fe ions to diffuse.  As a 

result, the net directional flow of Fe is balanced by an opposite 

flow of vacancies, which can condense into pores at 

dislocations. This phenomenon was first observed in the 

movement of the interface between a diffusion couple of copper 

and zinc in brass as a result of the different diffusion rates of 

these two species at high temperature. EDS mapping of the iron 

oxide microparticle is shown in Figures 1(d)-(e).  Both Fe and O 

have a uniform distribution on the surface and inside the 

particle. In contrast to the pure Fe particle, the surface of the 

oxidized Fe particle is composed of multiple grains containing 

two types of nanostructures: nanowires (Figure 1(c)) and 

nanopores (Figure 1(f)). XRD analysis in Figure 2(b) indicates 
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Figure 3. Growth mechanisms of (a) iron oxide nanowires and (b) iron 

oxide nanopores. 

Figure 4. Characterization of Fe particle after one oxidation-reduction 

cycle. (a) SEM image of cross section; (b) EDS mapping; and (c) SEM 

image of surface; Characterization of Fe particle after five oxidation-

reduction cycles. (d) SEM image of cross section; (e) EDS mapping and (f) 

SEM image of surface  

that these structures are composed of pure Fe2O3, a result 

consistent with EDS mapping. The nanowires have a relatively 

uniform diameter of 100nm±30nm and form at the center of the 

grains, and the nanopores have diameters of 140-300nm and 

also form at the center of the grains. The formation of Fe2O3 

nanowires through thermal oxidation has been previously 

documented.24,25 There are also similar reports on CuO26 and 

ZnO27 nanowire growth via thermal oxidation. There are 

currently three types of growth mechanisms proposed in the 

literature. The first is a vapor-liquid-solid/vapor-solid/liquid-

solid (VLS) process.28 Here, a metal foil or particle liquefies at a 

temperature that is higher than its melting temperature, and the 

molten liquid metal becomes vapor and active for oxidation. 

This applies to metals with a relatively low melting temperature.  

The second is self-catalytic growth, in which metal plays the 

role of both reactant and catalyst simultaneously. Similarly to 

the VLS mechanism, reaction temperatures higher than metal 

melting temperatures are essential. The third is stress-driven 

mass transport,29 which is caused by oxide grain volume 

expansion and does not require liquid or gas phase formation of 

metals. In our work, the reaction temperature is 700°C, which is 

much lower than the melting temperature of Fe microparticles or 

nanoparticles. Fe particles of 8µm and 150nm in diameter have 

a melting temperature of 1408°C and 1075°C, respectively.30 

Usually, the VLS growth is of a 1D crystal growth mechanism 

that is assisted by a metal catalyst. The catalyst ought to be 

clearly visible on top of the 1D crystal. In the single phase Fe 

microparticle system, no catalyst is used or observed on the top 

of Fe2O3 nanowires as in Figure 1 and Figure 8. Consequently, 

the reasoning based on the catalyst effects can not be satisfied. 

Further, the VLS model can only describe 1D crystal growth 

through direct adsorption of a gas phase onto a solid surface. 

Thus it can only explain the growth of nanowires but cannot 

explain the nanopore formation. Therefore, the first and second 

types of growth mechanisms as described cannot be valid. We 

therefore believe that the co-existence of nanowires and 

nanopores can be ascribed to the third mechanism. 

We observe that curvature plays a significant role in 

determining whether individual Fe2O3 grains in the multiple-

grain Fe2O3 layer grow into either wires or pores. Our 

speculated mechanism for the steady state growth of nanowires 

and nanopores via stress-driven mass transport and the influence 

of positive and negative grain/crystallite surface curvature is 

schematically outlined in Figure 3.  Typical single grains with 

positive and negative curvatures are marked in blue and red, 

respectively. In both cases the stress caused by the 30% volume 

expansion during oxidation becomes a driving force for the 

nanostructure growth. When the grain/crystallite has a positive 

surface curvature as shown in Figure 3(a), the outward diffusion 

flux of Fe atoms serves as a continual source of Fe3+ ions for 

nanowire growth and continues as long as the compressive 

stress in the Fe2O3 layer is maintained by volume expansion. 

Nanowires will protrude perpendicularly to the grain surface due 

to the mechanical stress between neighboring grains. This 

process was observed in electrochemically-grown aluminum 

oxide nanopores and explained with a similar stress-driven 

mechanism through a self-organization process.22 When the 

surface has a negative curvature as illustrated in Figure 3(b), the 

oxide tends to grow at the grain boundary because of the 

mechanical stress that is perpendicular to the surface. Since the 

Fe3+ diffusion and O2- diffusion are both perpendicular to the 

surface, the material can only expand in the vertical direction, 

which pushes the pore walls upwards. Clearly, there is only one 

nanopore within a single grain as the equilibrium is maintained 

as a result of the mechanical stress. 

Redox cycles were also carried out with the Fe 

microparticles at 700°C. An SEM image of a particle that had 

undergone one full redox cycle displayed no nanopore or 
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Figure 5. SEM images of oxidized Fe and FeNi microparticles in the 

second redox cycle. (a) Surface of a typical Fe microparticle; (b) Cross 

section of a typical Fe microparticle; (c) Surface of a typical FeNi 

microparticle; (d) Cross section of a typical FeNi microparticle. 

Figure 6. Characterization of FeNi particle. (a) SEM image of the surface; 

(b) SEM image of the cross section; (c) SEM image of the cross section 

after oxidation at 700°C for 0.5 hour; (d) EDS mapping of Ni from (c); (e) 

EDS mapping of Fe from (c); (f) EDS mapping of O from (c) 

  

nanowire nanostructures at its surface (Figure 4) but did possess 

a porous center (Figure 4(a)) and a uniform internal Fe 

elemental distribution (Figure 4(b)) in the particle. Very little 

oxygen was detected in the particle with EDS. This is in 

agreement with the XRD result in Figure 2(c), which reveals a 

particle composition of primarily Fe and trace amounts of Fe3O4 

after one redox cycle. Many micropores with sizes of 500nm-

1µm are visible on the particle surfaces (Figure 4(c)).  The 

disappearance of the Fe2O3 nanowires and nanopores upon the 

reduction step and appearance of micropores can be explained 

by the outward diffusion of oxygen ions during the reduction in 

equation (2): 

O�
	 � ½O� � V�

.. � 2e                                                              (2) 

This indicates the creation of oxygen vacancies VŐ during the 

reduction. The aggregation of vacancies results in pore 

formation which causes the disappearance of nanowires and the 

creation of micropores throughout the particle volume.   

 Although the co-existence of Fe2O3 nanowires and 

nanopores are universally observed in Fe microparticles after the 

oxidation in the first redox cycle, no nanowires or nanopores 

were observed after oxidation in the second redox cycle, as can 

be seen in Figure 5(a)-(b). This result further substantiates that 

the growth of nanowires is due to a stress-driven mass transport 

mechanism. That is, during the first redox cycle, we observe 

nanowire and nanopore growth due to a large surface stress 

caused by volume expansion. Many voids formed inside the 

microparticles during the first redox cycle (Figure 4(a)). These 

voids promote internal ionic transport, diffusion and volume 

expansion and decrease the particle surface stress during the 

second cycle. Consequently, under lower surface stress, no 

nanowires or nanopores form. If the nanowires were formed by 

the VLS model, we should have seen a similar nanowire growth 

pattern in the second redox cycle.  After five redox cycles, the 

particle displays a porous center (Figure 4(d)) similar to that of 

the particle that had undergone one redox cycle. Most of the iron 

oxide reduces to iron except for some iron oxide near the 

surface (Figure 4(e)). XRD suggests that the total amount of 

Fe3O4 at the microparticle surface increases after five cycles 

(Figure 2(d)). While the particle surface is rough (Figure 4(f)), it 

is less porous as compared to the surface after one redox cycle 

(Figure 4(c)) due to sintering, which generally densifies particle 

surfaces and decreases surface areas. Sintering is unavoidable at 

high temperatures and becomes more severe with heating time. 

In this case, it is observed that sintering leads to the formation of 

some irreversible Fe3O4 agglomerates which will ultimately lead 

to particle deactivation when only pure Fe is used in redox 

applications.31  

3.2. Cyclic iron-nickel redox reactions and novel structure 
growth 

In this section, we discuss the binary FeNi microparticle 

system and study the impact of nickel addition.  The FeNi 

microparticle has a solid, non-porous surface (Figure 6(a)) and 

consists of the highly crystalline Fe0.64Ni0.36 phase (XRD, Figure 

7(a)). A non-destructive cross section (Figure 6(b)) clearly 

reveals that the internal and surface morphology of the particle 

are both non-porous.  Upon oxidation, the particle experiences a 

mean volume expansion of approximately 30% and the 

formation of a porous center, similar to the pure Fe particle.  A 

typical SEM cross-sectional image of a single particle is shown 
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Figure 7. XRD of FeNi particle. (a) fresh (b) after oxidation (c) after one 

oxidation-reduction cycle (d) after five oxidation-reduction cycles 

Figure 8. Characterization of FeNi particle after oxidation. (a) SEM image 

of Fe
2
O

3 
nanowires; (b) SEM image of Fe

2
O

3
 nanopores; (c) EDS spectrum 

of nanowires; (d) EDS spectrum of nanopores 

in Figure 6(c). Oxidation also results in Fe2O3 nanowire (Figure 

8(a)) and nanopore (Figure 8(b)) growth, both of which are 

clearly visible on the particle surface. EDS spectra of the 

nanostructures suggest a pure Fe2O3 phase. As explained in the 

previous section, the growth of nanowires and nanopores 

correlates with the positive and negative curvature of the 

individual grains. 

Interestingly, the EDS of the cross sections of these oxidized 

particles reveal an iron oxide rich shell and nickel oxide rich 

core structure (Figures 6(d)-(f)). Figure 7(b) confirms that the 

particle surface is an iron oxide shell and consists of only Fe2O3 

and a minority of and Fe3O4 phases, with no NiO phase. This 

may be due to the XRD penetration on iron oxide that is less 

than the thickness of the shell layer32. The missing NiO phase 

can also be caused by the formation of amorphous NiO. The 

formation of heterogeneous core-shell structures from 

homogeneous FeNi microparticles can be described by a 

complex interplay of metal oxidation rates, ion diffusion 

kinetics, and mechanical expansion that is summarized as a 

multi-step process in Figure 9. This process is similar to the 

internal oxidation mechanism proposed by Wagner.33 In the first 

step, oxygen contacts the particle surface, diffuses inwards, and 

oxidizes the nickel to yield a mixed particle with NiO and Fe.  

Ni will fully oxidize to NiO throughout the entire particle before 

Fe undergoes appreciable oxidation because Ni has a 

significantly faster oxidation rate (1.6x10-11cm2/s) than Fe 

(9.7x10-15cm2/s).34,35,36 The oxidation can also be written as the 

consumption of oxygen vacancies as in equation (1). This will 

yield an expansion of the crystal lattice near the Ni atoms, as the 

calculated volume expansion of Ni to NiO is 21%.  We note that 

NiO is a p-type semiconductor due to the non-stoichiometry of 

NiO, such that it contains excess Ni vacancies V��
//
. The reaction 

rate of Ni oxidation is further enhanced by the formation of 

Fe3+, which is an aliovalent substitution that will fill in V��
//

 and 

create negatively charged electrons (e): 

e + h = null                                                                     (3)  

which shifts the oxidation reaction (1) to the right.  Once the Ni 

is oxidized to NiO, it will no longer react with O2. In the second 

step, the outermost layer of Fe will eventually oxidize to Fe2O3 

under an oxygen atmosphere, due to the large concentration of 

oxygen ions at the surface of the particle.  The majority of Fe 

atoms in the particle core are not oxidized yet due to the high-to-

low oxygen concentration gradient from the surface to the core. 

In the third step, the Fe2O3 grains will continue to grow on the 

surface and merge to form a continuous layer.  Here, Fe atoms 

from the core continuously diffuse to the surface because the 

consumption of Fe atoms at the surface from oxidation yields a 

concentration gradient of Fe atoms. As discussed in the Fe 

system, the outward Fe diffusion coefficient is higher than the 

inward oxygen diffusion coefficient in iron oxide.  Additionally, 

the 30% volume expansion rate of Fe to Fe2O3 creates physical 

space for the Fe ions to diffuse.  It is noted that Fe has different 

oxidation states, and the O2- concentration gradient within the 

particle yields an inner layer of FeO growing underneath the 

Fe2O3 layer through reaction (5):37 

Fe + 3/2O2 = 1/2Fe2O3                                                       (4) 

Fe + 1/2O2 = FeO                                                       (5) 

FeO + Fe2O3 = Fe3O4                                                      (6) 

In the fourth step, all of the Fe will convert to its oxide states 

through reactions (4)-(6), and a thick outermost layer of Fe2O3 

and a thin Fe3O4 inner layer will surround a porous NiO-rich 

core. The voids in NiO are volumes initially occupied by the Fe 

that had diffused outwards to the particle surface forming the 

shell.  This outward diffusion of Fe can again be related to the 
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Figure 10. Characterization of FeNi particle after one oxidation-reduction 

cycle. (a) SEM image of cross section; (b) SEM image of surface; and (c) 

EDS mapping and spectrum of surface; Characterization of FeNi particle after 

five oxidation-reduction cycles. (d) SEM image of cross section; (e) SEM 

image of surface; and (f) EDS mapping and spectrum of surface  

Kirkendall Effect, similar to that observed in pure Fe 

microparticles in the previous section. Here, atomic diffusion 

occurs through vacancy exchange, as opposed to the direct 

interchange of atoms.  

The microstructure of the active FeNi particles gradually 

changes over multiple redox cycles. Figure 10(a) and (d) are the 

cross sections of the FeNi particles after one and five cycles, 

respectively, and EDS analysis (Figures 10(c) and (f)) suggests a 

uniform distribution of both Fe and Ni. The core-shell structure 

disappears after oxidation-reduction cycles. Figures 10(b) and 

(e) show the particle surfaces after one and five cycles, 

respectively. The particles return to their original structure after 

one cycle, except for the formation of a much rougher and more 

porous surface and of a porous layer underneath the surface. 

However, after five cycles of oxidation-reduction reactions 

(Figure 10(e)), the particle is largely distorted from its original 

shape.  Similar to the Fe system, no nanowires or nanopores can 

be observed after the second oxidation as can be seen in Figure 

5(c) and (d) for the same reason explained in the previous 

section. Meanwhile, the sintering effect is more severe after five 

cycles. This is the effect that has been found in many complex 

metal oxide materials and causes an overall decreasing particle 

surface area and deterioration of reactivity.  

Our study clarifies the role of Ni in Fe2O3 nanowire growth.  

Chueh et al studied FeNi alloy foils and argued that increasing 

the concentration of Ni in the alloy foil will increase the density 

of Fe2O3 nanowires.  This is in conflict with the work by Wulf 

and co-worker.35 In spite of the fact that the density of the 

nanowires fluctuates with grain sizes in a single Fe2O3 particle, 

an estimation of nanowire density can be obtained by careful 

comparison of Figure 1(c) and Figure 8(a).  We estimate the 

growth of approximately 45 nanowires in Figure 1(c) and 

approximately 40 nanowires in Figure 8(a) within an area of 

about 50µm2.  This indicates that Ni composition does not 

increase Fe2O3 nanowire density in iron metal or alloy systems 

and that Ni has a negligible effect on the growth of the 

nanostructures. 

 

Figure 9. Core-shell structure formations in oxidized FeNi 
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Figure 11. Characterization of CuNi particle. (a) SEM image of cross 

section of a CuNi particle; (b) SEM image of cross section of a particle 

after oxidation at 700°C for 0.5 hour (c) SEM image of the top surface of 

an oxidized particle; (d) EDS mapping of Ni from (b), (e) EDS mapping 

of Cu from (b), (f) EDS mapping of O from (b) 

Figure 12. Characterization of CuNi particle after one oxidation-reduction 

cycle. (a) SEM image of cross section; (b) SEM image of surface; and (c) 

EDS spectrum of surface; Characterization of CuNi particle after five 

oxidation-reduction cycles. (d) SEM image of cross section; (e) SEM image 

of surface; and (f) EDS spectrum of surface  

3.3. Cyclic copper-nickel redox reactions 

In the previous discussion of FeNi cycling, we observed that 

oxidation rate and volume expansion are two key factors for 

core-shell formation. In addition, high volume expansion and 

surface curvature led to the growth of nanowires and nanopores.  

To further analyze the role of oxidation rate and volume 

expansion in microparticle morphology, we analyze CuNi 

binary alloy systems.  In this system, the oxidation rate of Cu is 

3x10-12cm2/s and similar to the oxidation rate of Ni as 

mentioned in previous section.38 Therefore, Cu and Ni will 

oxidize nearly simultaneously, which is unlike the case of the 

FeNi system. In addition, Cu2+ is an isovalent substitution and 

cannot create any electron or hole while filling a Ni vacancy, 

meaning that the Ni oxidation rate will not be affected by any 

Cu2+ formation.  Given our prior analysis of FeNi, we therefore 

expect that oxidized CuNi microparticles will not yield a core-

shell morphology.  Experimental results indeed demonstrate a 

full conversion of CuNi to CuO and NiO after oxidation, and no 

core-shell structure is observed, as confirmed in EDS mapping 

of Cu, Ni and O in Figures 11 (d), (e), and (f), respectively. 

These three elements are uniformly distributed in the whole 

oxide particle, which is very different from the FeNi system.  It 

is also observed that a porous oxide center forms, similar to the 

Fe and FeNi particles, as a result of the Kirkendall effect. 

Clear grain boundaries with grain sizes of 0.3-2µm can be 

observed in Figure 11(c) in the copper nickel oxides. These 

grain boundaries are defects caused by mechanical stress 

during ionic transport and the formation of oxide phases. 

However, no oxide nanowires or nanopores are observed in 

CuNi systems for two reasons. First, the mechanical stresses 

created by the oxidation of Cu (20% volume expansion of Cu 

to CuO) and Ni (21% volume expansion of Ni to NiO) are 

similar and are both lower than that of iron oxide. Hence, the 

driving force for nanowire growth in the CuNi system is 

smaller than that in the FeNi system, and the difference may 

result in substantial changes in nanostructure growth. A higher 

mechanical stress during metal oxidation can result in a much 

more uniform nanopore arrangement, as in the case of porous 

alumina (50% lower than metal aluminum atomic density).  

Second, we do not see large positive or negative surface 

curvature within individual grains in the SEM images. As 

discussed in a previous section, the curvature can play an 

important role in nanowire and nanopore growth, when the 

growth mechanism is dictated by stress-driven mass transport.  

In a manner very similar to the Fe and FeNi systems, pores 

within the CuNi microparticles form after oxidation-reduction 

cycles, with pore sizes of 2-3µm. As shown in Figures 12(c) 

and (f), all the pores are interconnected with uniform elemental 

distribution after one and five cycles.  While all of the Cu 

converts to metallic Cu with minimal copper oxide impurities 

after the oxidation-reduction cycles, such is not the case for 
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Figure 13. XRD of CuNi particle (a) fresh (b) after oxidation (c) after one 

oxidation- reduction cycle (d) after five oxidation-reduction cycles 

  
NiO. Although little NiO can be detected after one redox cycle 

(Figure 13(c)), the amount of NiO after five oxidation-

reduction cyles becomes more notable as shown in Figure 

13(d).  This is due to the fact that severe sintering hinders the 

reduction from being fully achieved under the experimental 

conditions. 

4. Conclusion 

There exists limited knowledge about the structural changes 

in metal oxide particles on the nanoscale during redox reactions, 

which are key to their performance on a macroscopic level. This 

study focused on the cyclic oxidation-reduction reactions of Fe, 

FeNi, and CuNi systems. Upon oxidation, nanopores and 

nanowires were observed at the surface of Fe and FeNi 

microparticles, and the morphology of the FeNi microparticles 

changed into a core-shell structure.  These phenomena were 

ascribed to processes associated with ion transport, diffusion, 

and volume expansion.  Upon multiple cycles, the Fe and FeNi 

nanowires disappear and the formation of micropores were 

observed throughout the Fe and FeNi microparticles due to the 

aggregation of vacancies. These phenomena provide a 

fundamental basis for understanding transformations occurring 

during the redox rate process for the metal oxide composite 

materials. A thorough understanding of the behavior of these 

metal oxide systems at the nanoscale level can yield better 

strategies for material selection and design for applications 

including chemical looping. This work not only explains the 

morphological changes during the redox reactions in FeNi, Fe 

and CuNi systems, but also provides an insight into the possible 

self-organized structural growth in many other systems. This 

methodology has been applied to study more complicated 

materials including quaternary systems such as FeNiMnCu. Our 

future work will include studying these growth and 

transformation mechanisms through DFT calculations and 

Monte Carlo simulations and studying similar reactions in Fe 

and FeNi thin film systems.  
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