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Ni-Substituted Sr(Ti,Fe)O3 SOFC
Anodes: Achieving High Performance
via Metal Alloy Nanoparticle Exsolution
Tenglong Zhu,1,4 Horacio E. Troiani,2 Liliana V. Mogni,2 Minfang Han,3,* and Scott A. Barnett1,5,*
Context & Scale

Mixed conducting perovskite

oxides are proposed as

alternatives for solid oxide fuel

cell anodes, and in situ metallic

nanoparticle precipitation/

exsolution is considered to

improve their performance.

However, understanding of

exsolution is still lacking, such as

the reason why specific cations

exsolve from an oxide anode and

what determines the exsolved

phase composition under various

anode conditions. Here we

directly compare Sr(Ti,Fe)O3-
SUMMARY

Electrically conducting oxides have been proposed as alternatives to Ni-based

cermet anodes for solid oxide fuel cells (SOFCs) to overcome issues such as

coking and impurity poisoning, but their electrochemical performance is typi-

cally inferior to that of Ni-based cermets. Here we show that a new oxide

composition, Sr0.95(Ti0.3Fe0.63Ni0.07)O3�d, yields anode polarization resistance

competitive with Ni cermets, and substantially better than that of the corre-

sponding Ni-free compound, SrTi0.3Fe0.7O3�d. Exposure to fuel results in exso-

lution and nucleation of Ni0.5Fe0.5 nanoparticles uniformly dispersed on the Ni-

substituted perovskite surface, whereas no nanoparticles are observed on

SrTi0.3Fe0.7O3�d. A general thermodynamic model is developed that quantita-

tively predicts exsolved nanoparticle composition. The reduction in anode po-

larization resistance by the nanoparticles, by as much as 4 times, is most pro-

nounced at cell operating temperatures below 800�C and low H2 partial

pressures, suggesting that the nanoparticles improve performance by promot-

ing H2 adsorption.
based anodes with and without

exsolved metallic nanoparticles,

showing their impact on

electrochemical characteristics

especially under low anode

hydrogen concentrations and low

temperatures. Three different

methods are used to

quantitatively determine the

composition of the exsolved

(Ni,Fe) nanoparticles, and for the

first time demonstrate that this

can be achieved through

thermogravimetric analysis. This

work is the first to propose a

detailed thermodynamic theory

predicting the exsolved

nanoparticle composition with

successful experimental

verification.
INTRODUCTION

Ni-cermet fuel electrodes provide very good electrochemical activity (i.e., low elec-

trode polarization resistance RP,A), such that they are the preferred choice in conven-

tional H2-fueled solid oxide fuel cells (SOFCs). However, SOFCs with alternative

anodes that minimize carbon deposition (coking), poisoning by fuel impurities,

and degradation by redox cycling would enable direct utilization of real fuels such

as natural gas and higher hydrocarbons.1–4 The resulting power plant simplifications

and cost reduction could be disruptive for SOFC technology through reduction or

elimination of (1) fuel impurity removal components, (2) inert-gas purging hardware

used to avoid anode redox cycles during plant shutdown,5 (3) external fuel reformer

and water boiler (or anode gas recycle pump), and (4) stack cooling (air blower) re-

quirements due to endothermic on-anode hydrocarbon reforming.6 There has

been considerable activity in developing alternative conducting-oxide anode

materials.3,5,7–24 Early reports focused on doped chromite and titanate-based pe-

rovskites. These oxides, such as (La,Sr)CrO3, and (Sr,La)TiO3, are stable and have

acceptable electronic conductivity with appropriate doping under SOFC fuel condi-

tions. Although they can avoid the aforementioned problems with hydrocarbon

fuels, the RP,A is generally much higher than typical Ni-based electrodes, leading

to low cell power density. One strategy shown to improve performance is substitu-

tion of a large fraction of a reducible transition-metal cation on the B site, resulting in

substantial oxygen vacancy concentrations and enhancement of oxygen ionic

conductivity. These mixed ionically and electronically conducting (MIEC) oxide
Joule 2, 1–19, March 21, 2018 ª 2018 Elsevier Inc. 1
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Avenida Bustillo 9500, CP 8400 S.C. Bariloche,
Argentina

3Department of Energy and Power Engineering,
Tsinghua University, Beijing 100084, China

4Present address: Nanjing University of Science
and Technology, Nanjing, China

5Lead Contact

*Correspondence:
hanminfang@mail.tsinghua.edu.cn (M.H.),
s-barnett@northwestern.edu (S.A.B.)

https://doi.org/10.1016/j.joule.2018.02.006

Please cite this article in press as: Zhu et al., Ni-Substituted Sr(Ti,Fe)O3 SOFC Anodes: Achieving High Performance via Metal Alloy Nanoparticle
Exsolution, Joule (2018), https://doi.org/10.1016/j.joule.2018.02.006
anodes (e.g., Sr2Mg1�xMnxMoO6�d, PrBaMn2O5+d, (PrBa)0.95(Fe0.9Mo0.1)2O5+d, and

La1�xSrxCr1�xFexO3�d) have indeed shown reduced RP,A values, presumably

because fuel oxidation can occur on the entire oxide surface. For example, cells

with SrTi0.3Fe0.7O3�d (STF)-based anodes21,24 have shown RP,A values as low as

0.13 U$cm2 at 800�C in humidified hydrogen. However, RP,A is often observed to

increase rapidly with decreasing temperature and H2 partial pressure; it was sug-

gested that this was due to a rate limitation by H2 dissociative adsorption, since

there is no metallic catalyst to promote hydrogen dissociation.21

The introduction of nanoscale metallic catalyst particles onto oxide anode surfaces

has been shown to reduce RP,A values. There have been a number of reports of cata-

lyst particles being produced by wet-chemical infiltration.25,26 On the other hand,

exsolution of reducible cations from oxide anodes, upon exposure to fuel, has

been shown to yield well-dispersed metallic nanoparticles. This method may have

advantages compared with infiltration: (1) no extra process steps are required; (2)

the catalyst particles can be substantially smaller and presumably more active

than infiltrated particles8,27,28; (3) the catalyst material can be introduced selectively

into the anode functional layer; (4) it is possible to regenerate the nanoparticles via a

redox cycle29; and (5) the nanoparticles tend to be embedded into the oxide surface,

which may discourage nanoparticle coarsening.30 Since the initial report showing

that Ru nanoparticles formed on La0.8Sr0.2Cr0.82Ru0.18O3�d anodes upon exposure

to humidified hydrogen, reducing RP,A,
8,31 there have been numerous reports of

catalyst exsolution. Transition-metal cations including Fe, Co, Ni, Pd, and Ru have

been exsolved from doped chromite and titanate anodes. In cases where the oxide

contains two reducible metal cations, e.g., (Pr/La)0.4Sr0.6Co0.2Fe0.7Nb0.1O3�d,

La0.7Sr0.3Cr0.85Ni0.1125Fe0.0375O3�d, and LaNi0.6Fe0.4O3�d, exsolution results in

Fe-Co or Fe-Ni alloy nanoparticle formation, although alloy composition has

typically only been estimated.32–35 Recent results indicate that the improved

performance of La0.8Sr0.2Cr0.82Ru0.18O3�d anodes due to Ru nanoparticle formation

can be quantitatively modeled by assuming that they accelerate the dissociative H2

adsorption process.21 Althoughmost reports have featured tests with H2 fuels, oxide

anodes with exsolved metal nanoparticles have also been shown to provide good

and stable performance with hydrocarbon fuels and to exhibit good tolerance to

H2S contaminant.30,32–34,36 Finally, exsolved catalyst oxide fuel electrodes have

shown promising performance in solid oxide steam electrolysis cells.37,38

It was recently shown in studies of the (La1�xSrx) (Cr0.3Fe0.7�yRuy)O3�d system that

the combination of an MIEC oxide with catalytic nanoparticles yields better anode

performance than either alone.22 Studies on titanate-based oxides have focused

on transition-metal substitution to introduce MIEC character (STF anodes),21,24 or

substitutions that produce catalytic nanoparticles in (La,Sr) (Ti,Ni)O3,
30,37–40 but

not both together. Finally, while the aforementioned exsolution anodes provide

good electrochemical performance, detailed comparisons of the electrochemical re-

sults with and without nanoparticles have not been made, such that the exact mech-

anisms whereby they enhance performance are not known.

In this study, we present results on Sr0.95(Ti0.3Fe0.63Ni0.07)O3�d (STFN) anode mate-

rials designed to feature both MIEC properties and catalytic nanoparticles, and

compare them with STF anodes. Sr-deficient STFN is utilized so that the perovskite

phase approaches stoichiometry upon Ni exsolution; thus, by comparison with

stoichiometric nanoparticle-free STF anodes, performance changes caused by the

presence of exsolved nanoparticles are isolated. Electrode microstructure and exso-

lution behavior are described in detail, including nanoparticle composition verified
2 Joule 2, 1–19, March 21, 2018
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Figure 1. Scanning Electron Microscopy Images of Anode Microstructures

(A–D) STFN anode before reduction at low magnification (A) and higher resolution (B); STFN anode

after cell test (C); STF after cell test (D).
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using three independent measurements. A thermodynamic model is developed that

predicts the Ni-Fe alloy composition as a function of anode fuel composition. Elec-

trochemical characteristics of these anodes in La0.8Sr0.2Ga0.83Mg0.17O3�d (LSGM)

electrolyte-supported cells are discussed including the role of the alloy nanopar-

ticles, and it is shown that these anodes yield performance comparable with Ni-

YSZ (yttria stabilized zirconia).
RESULTS

Characterization of the Exsolution Process

Figure 1A shows a low-magnification scanning electron microscopic image of an

STFN anode. The thickness is �10 mm. The porous microstructure shows a feature

size of 2–3 mm, similar to that shown previously for STF anodes.21 A higher-magnifi-

cation view of the as-prepared STFN anode (Figure 1B) shows a clean smooth oxide

surface, but after reduction in humidified H2 at 850�C, nanoparticles with diameters

of �20–70 nm are observed uniformly distributed on the oxide surface (Figure 1C).

The wide distribution of particle sizes presumably results from nucleation at different

times during the exsolution process. For comparison, the STF anode shows a smooth

featureless oxide surface both before and after cell testing; the latter case is shown in

Figure 1D. As discussed further below, the presence of nanoparticles on STFN, and

not STF, is not surprising because Ni is more readily reducible than Fe. The charac-

terization of these nanoparticles and the oxides are discussed here, whereas the

electrochemical response including the effect of exsolution is addressed later.

Figure 2A shows the weight loss of the STF and STFN powders during reduction at

850�C, upon switching the gas environment from a pO2 of 2 3 10�4 atm (diluted in

Ar) to an H2/Ar/H2Omixture with an effective pO2 of 5.93 10�20 atm. STF, used as a

reference for comparison of the STFN data, loses �0.5% of its mass within �300 s,

after which the mass remains stable. That is, STF is stable at this temperature and

gas condition. This indicates a decrease in 3 � d from �2.654 to 2.601, suggesting
Joule 2, 1–19, March 21, 2018 3



Figure 2. TG Plots and XRD Patterns for Powders

(A) Massm normalized to initial massmi measured versus time at 850�C, for STF and STFN powders,

upon changing the gas composition from 2 3 10�4 atm O2 diluted in Ar to an H2/Ar/H2O mixture

with an effective pO2 of 5.9 3 10�20 atm.

(B) XRD patterns of the as-prepared STFN powder and after reduction in 30% H2/67% Ar/3% H2O at

850�C for 4 hr. The inset shows a magnified view of the Fe-Ni alloy peaks (arrows).
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that the valence state of Fe changes from Fe+3.01 initially in the Ar flux to Fe+2.86 in

the H2/Ar/H2O mixture. For STFN, the initial mass loss is similar, but then

the mass continues to decrease throughout the entire reduction process. The

additional mass loss can be explained in part by the reduction of Ni, presumably

initially present as Ni+2 in STFN, to metallic Ni0. The dotted line at m/mi = 0.989

indicates the maximum mass loss that would be expected if Fe exhibits the same

change in oxidation state as observed in STF, and all the Ni in STFN is reduced to

the metallic state. Clearly the actual mass loss is higher, indicating that Fe is also

being reduced to Fe0. Assuming, for example, that the Fe in the oxide remains

on average in the Fe+2.86 state upon reduction, as in STF, and a fraction of the Fe

exsolves and dissolves in the Ni1�xFex alloy nanoparticles (Fe0), the Fe fraction

in the alloy can be estimated as x = 0.51 from the measured mass loss. The

Fe-Ni exsolution also produces an excess of Sr in the remaining oxide, as discussed

below.

Figure 2B compares the X-ray diffraction (XRD) patterns of STFN as-prepared

powder—after calcination in air at 1,200�C for 10 hr—with the same powder after

reduction in the above thermogravimetric (TG) experiment. This figure indicates

that the pre-reduced (preRED) powder has a cubic perovskite structure (PDF#34-

0641: SrFeO3�x) with strong sharp diffraction peaks. No obvious secondary phases

are detected, demonstrating that the pre-reduced compound is single phase within

the sensitivity limit of XRD (�1%), despite an A-site deficiency of 5%. After reduction

in 30% H2/67% Ar/3% H2O at 850�C for 4 hr (postRED), the XRD patterns indicate

that the perovskite structure is maintained. The main peaks all shift to lower angle

after reduction, with the larger lattice parameter caused by oxygen loss. However,

new peaks are detected at �47� and 51� (see inset). These peaks index well with

fcc Ni1�xFex alloy structure; as discussed further below, this phase forms by exsolu-

tion from the perovskite phase. The measured lattice parameter obtained from the

average peak position (the average was used because of the significant noise in

these broad low-intensity peaks from the minority nanoscale alloy) is �3.576 Å, indi-

cating x = 0.49 in Ni1�xFex based on reported alloy lattice parameters.41 When STFN

is reduced under a slightly less reducing condition, 10% H2/87% Ar/3% H2O at

850�C for 3 hr, a slightly smaller lattice parameter of �3.562 Å was obtained, indi-

cating x = 0.28. The patterns for similarly reduced STF powder (data not shown)
4 Joule 2, 1–19, March 21, 2018



Figure 3. TEM Images

(A and B) A typical exsolved (Fe,Ni) nanoparticle on the STFN anode surface (A) and HRTEM image

of the remaining perovskite (B) (EDS analysis is shown in Table 1). Red lines are a guide to the eye

showing the transition from the unmodulated to the modulated zone.

(C and D) HRTEM image of an incipient nanoparticle (C) and a higher-magnification view of the

perovskite-nanoparticle interface (D). The red lines indicate lattice planes, and the inset shows the

FFT of the interface; the red arrows indicate the reflections corresponding to both sides of the

interphase and the small mismatch between both phases.
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are nearly identical to STFN, except that the reduced STF powder showed no sec-

ondary phase peaks, consistent with prior reports.21,24

Figure 3A shows a bright-field transmission electron microscopy (TEM) image of one

of the larger exsolved nanoparticles on the oxide surface. The particle presents an

approximately spherical free surface and is surrounded by an amorphous surface layer;

a similar observation for exsolved Ni nanoparticles was explained by formation of a

native oxide upon exposure of the anode to air.28 Since the particles contain Fe, it is

also possible that Fe becomes oxidized during cooling of the sample in the

humidified H2 fuel mixture after the TG test. The particle appears to be embedded

into the perovskite surface, a shape that has been reported for exsolved Ni particles

on La0.52Sr0.28Ni0.06Ti0.94O3, and termed ‘‘socketing.’’30 The perovskite phase in Fig-

ure 3A shows a mottled contrast that is not observed prior to reduction or in reduced

STF. The reason for this can be seen in Figure 3B, which shows an high-resolution TEM

(HRTEM) image of a typical region in the oxide within �5 nm of the oxide surface after

the exsolution process. Some regions (e.g., in the upper right) show uniform fringe

contrast similar to that observed in reduced STF powder. In the region just below

this, the fringe contrast is modulated, suggesting the formation of a layered structure,

similar to those reported by Canales-Vázquez et al. for La-Sr titanates,42 but with an
Joule 2, 1–19, March 21, 2018 5



Table 1. Element Composition of the Exsolved Nanoparticles and the Oxide Bulk from TEM-EDS

Element Oxide Composition Nanoparticle Composition

Atomic % Atomic %

TiK 16 0

FeK 34 55

NiK 0 45

SrK 50 0

Total 100 100

The measured composition accuracy is G1 at %.
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apparent doubling of the lattice parameter. The red lines in the image highlight the

lattice-fringe positions in the two regions. No obvious SrO-rich phases are observed

in the TEM measurements, in agreement with the XRD results.

The nanoparticles observed by TEM are mainly in the 20- to 70-nm size range, in

agreement with that observed by scanning electronmicroscopy (Figure 1). Figure 3C

shows an HRTEM image of one of the smaller nanoparticles, where the oxide amor-

phous layer is seen more clearly. Figure 3D shows a higher-magnification view of the

exsolved particle/oxide interface. The (111) fcc Fe-Ni atomic planes from the nano-

particle semi-coherently match the (111) atomic planes from the perovskite, despite

the�13%metal/oxide lattice mismatch. This is consistent with the fast Fourier trans-

form (FFT) (inset in Figure 3D), where a double diffraction spot can be observed due

to both matching structures. There is an apparent interface width of �5 nm,

indicated by lighter image contrast, presumably an artifact resulting from the projec-

tion of the curved oxide/metal interface.

Table 1 shows the results of energy dispersive spectroscopy for TEM (TEM-EDS)

analysis of the particle shown in Figure 3A, showing that the nanoparticle contains

only Fe and Ni, with x = 0.55 in Ni1�xFex. Note that the electron probe size in the

TEM-EDS measurement was �20 nm, small enough in comparison with the 60-nm

particle to measure its composition with reasonable accuracy. The TEM-EDS Fe

content is higher than the composition calculated from the XRD lattice parameter,

x = 0.49, but the values are within the combined experimental errors. The difference

may also be explained by the fact that TEM-EDSmeasures the local composition of a

specific nanoparticle, whereas the XRD measures an average over many particles.

The TEM-EDS results are in agreement with the value obtained from the TG data;

the assumption made in this analysis, of complete Ni reduction, is verified by the

TEM-EDS measurement that showed no Ni in the oxide. In summary, the estimated

Fe content values in Ni1�xFex are x = 0.51 from TG, x = 0.49 from XRD, and x = 0.55

from TEM. Therefore, it is a good approximation to assume the formation of

Ni0.5Fe0.5 alloy nanoparticles during cell operation with VOC = 1.054 V at 850�C.
The measured perovskite composition from Table 1 is Sr(Ti0.32Fe0.68)O3�d, suggest-

ing that the initial A-site deficiency of the STFN powder was reduced by exsolution.
Electrochemical Performance Test

Current-voltage characteristics of single cells with STF (Figures 4A and 4C) and STFN

(Figures 4B and 4D) anodes are shown at different temperatures for anode H2 partial

pressures pH2
= 0.97 atm and at various pH2

at 750�C in Figure 4. Maximum power

densities (Pmax) at 850�C were similar in Figures 4A and 4B. However, the

STFN-anode cell maintained its power density at lower temperature much better

than the STF cell. For example, Pmax for the STFN-anode cell dropped from 1.3 W
6 Joule 2, 1–19, March 21, 2018



Figure 4. j-V-P Curves of STF- and STFN-Anode Cells

(A–D) Cell performance of STF (A) and STFN (B) anode cells under humidified H2 at different

temperatures, with anode fuel flux of 100 mL min�1 j-V-P curves of STF (C), and STFN (D) anode cell

tested at 750�C under different H2 partial pressures.
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cm�2 at 850�C to 0.4 W cm�2 at 700�C, whereas Pmax for the STF-anode cell from

1.1 W cm�2 at 850�C to 0.13 W cm�2 at 700�C. The pH2
dependence in Figures

4C and 4D shows different behaviors for STFN and STF. First, Pmax values are 2–4

times higher for STFN. For STFN, there is relatively little decrease in current density

at a given cell voltage, at least until pH2
is decreased below 0.29 atm. For STF, the

decrease in current density with decreasing pH2
is substantially larger. The current-

voltage curves for STFN show positive curvature except at the lowest pH2
. The

negative curvature of the STF current-voltage curves was previously explained as a

limiting current behavior due to a hydrogen adsorption limitation on STF anodes.

The rapid increase in current density as the cell voltage decreases to zero, observed

for STF, has also been observed previously.21

Figure 5 shows electrochemical impedance spectrum (EIS) scans taken at 800�C
under various pH2

, from cells with STF (Figure 5A) and STFN (Figure 5B) anodes.

The cell with STFN anode had the lower overall resistance, consistent with its higher

Pmax values in the current-voltage results. The EIS data were fitted using an

equivalent circuit model consisting of an inductor, a resistive element, and three

RQ elements, the same as used previously to fit similar cells with STF anodes.21,24

Figure 5C presents an example fit to data from an STFN-anode cell tested at

800�C and pH2
= 0.291 atm. The fits with three RQ elements match well with the

data; in general, it was not possible to obtain good fits to all the data with only

two RQ elements.

The high-frequency intercepts in Figure 5, corresponding to the cell ohmic

resistances, varied differently with pH2
for the different anodes. For STFN cell, the

resistance did not vary significantly with pH2
and was as expected for the
Joule 2, 1–19, March 21, 2018 7



Figure 5. Electrochemical Impedance Spectrum

(A and B) Nyquist and Bode plots for the STF (A) and STFN (B) anode cells under various H2 partial

pressures (3% H2O/H2/Ar) at 800
�C.

(C) Example fits to the EIS data of STFN-anode cell tested at 800�C under anode H2 partial pressure

of 29.1% at open-circuit voltage condition using an equivalent electrical circuit model.
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0.3-mm-thick LSGM electrolyte, �0.21 U$cm2 at 800�C. For STF, the observed

increase in ohmic resistance is attributed to a contribution from the oxide anode,

as discussed previously.21 These results indicate that the conductivity of STFN was

higher than that of STF; although it has previously been suggested that exsolved

metallic particles contribute significantly to the anode conductivity,35,43 it does

not appear that the present particles are percolated (Figure 1). The high-frequency

responses in Figure 5, which did not vary with pH2
, can be attributed to the cathode.

The medium- and low-frequency response resistances increased with decreasing

pH2
, and hence they must be associated with anode processes. The medium-

and low-frequency responses were difficult to separate quantitatively due to their

similar maximum frequency. Thus, in the following discussion, the total of the

medium- and low-frequency resistances, defined as the anode polarization resis-

tance RP;A, is used.

Figure 6A shows a plot of RP;A versus pH2
for the STFN- and STF-anode cells. The RP;A

values for STFN were lower than for STF, and the pressure dependence fit well

to RP;AfðpH2
Þm with m � 0.25. This dependence is weaker than that observed

for STF, with m � 0.5. This indicates a change in hydrogen oxidation mechanism,

presumably due to the alloy nanoparticles. Figure 6B shows the RP;A values plotted

versus inverse temperature, for cells with both anodes, at various pH2
. None of

the data can be fitted using a simple Arrhenius-type dependence. Activation en-

ergies estimated in different temperature ranges ranged from 39 to 56 kJ mol�1

for STF, higher than the range found for the STFN anode, 20–27 kJ mol�1 anode.
8 Joule 2, 1–19, March 21, 2018



Figure 6. Anode Polarization Resistances

(A) Anode polarization resistance for the STF and STFN-anode cells, measured at 750 and 850�C, plotted versus pH2
.

(B and C) Arrhenius plots of anode polarization resistances for the STF (B) and STFN (C) anode cells tested at various pH2
.
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These dependences contributed to the strong temperature dependence of cell

power density in Figure 4.

To summarize the above results and highlight the effect of Ni substitution on cell

performance, we have replotted selected j-V and EIS data from Figures 4 and 5 in

Figures 7A–7D to directly compare cells with STF and STFN anodes. Results are

shown at 850�C and 700�C, with pH2
values of 0.97 and 0.29 atm. Note that both cells

show the same open circuit voltage, i.e., VOC = 1.054 V at 850�C and pH2
= 0.97 atm.

At 850�C and pH2
= 0.97 atm, the STF and STFN cells showed similar performance

(Figure 7A). Decreasing pH2
to 0.29 atm at 850�C increased the resistance and

decreased the current density for both cells, but more so for the STF-anode cell (Fig-

ure 7B). The differences between the cells becomes more pronounced at the lower

temperature of 700�C. For example, the resistance of the STFN cell for pH2
= 0.97

atm was 2.5 times lower than that of the STF-anode cell, and the current density

at V = 0.7 V was 3.1 times higher (Figure 7C). For pH2
= 0.29 atm and 700�C, the

difference was even larger, with the resistance being 4 times lower and the current

density 4.5 times higher for the STFN cell (Figure 7D).

Figure 7E shows the results of two preliminary life tests—one carried out in humid-

ified H2 (pH2
= 0.97 atm) and the other in a humidified 50%:50% H2/CO mixture. In

both fuels, the cell voltage increased slightly during the first �10 hr, and then

remained reasonably constant or decreased slightly over 150–200 hr. This indicates

that there was little or no coarsening of the Ni-Fe alloy nanoparticles that would

otherwise deleteriously affect anode performance.8,27

The present STFN cells show performance among the best that have been reported

for SOFCs with oxide anodes,21,22,24,32,33,43 with a maximum power density at

800�C, in air and humidified hydrogen, of 0.95W cm�2, and anode polarization resis-

tance of 0.081 U cm2. Figure 7F shows a comparison of the measured RP,A values for

STF and STFN at various temperatures, compared with values for Ni-YSZ anodes

measured under the same conditions. Specifically, the Ni-YSZ values shown are

the electrochemical portion (not including the gas diffusion contribution) of the

anode impedance response obtained by fitting EIS data from high-quality anode-

supported SOFCs (maximum power density of 1.3 W cm�2 at 800�C).45 Note that

the STFN and Ni-YSZ values are nearly identical, while STF is inferior, especially at

lower temperature.
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Figure 7. Cell Performance Comparison

(A–D) Comparison of j-V curves and EIS data from cells with STF and STFN anodes, measured at

different temperatures and various anode H2 partial pressures of (A) 850
�C, 97% H2, (B) 850

�C,
29.1% H2, (C) 700

�C, 97% H2, and (D) 700�C, 29.1% H2. The fuel was humidified with about 3% H2O

and balanced with Ar, at a total flow rate of 100 mLmin�1. The high-frequency intercepts were set to

zero in the EIS plot in order to facilitate comparison of the polarization arcs.

(E) Cell voltage versus time for STFN-anode cells at 750�C with air at the cathode and either

humidified H2 or humidified syngas (50% H2/50% CO). The fuel flow rate is 60 mL min�1.

(F) Anode polarization resistances for the STF and STFN-anode cells compared with Ni-YSZ anode

cell,44 measured at pH2
= 97%, plotted versus temperature.
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DISCUSSION

Metal Alloy Exsolution

The present results are similar to a number of prior reports showing exsolution of

catalyst nanoparticles.8,27,28 While most of the prior results suggested exsolution

of elemental metal nanoparticles,39,46,47 in recent work it has been shown that

Fe-Ni alloy nanoparticles can be exsolved from Fe- and Ni-containing perovskite

oxides, including (La0.7Sr0.3) (Cr0.85Ni0.1125Fe0.0375)O3�x, La0.6Sr0.4Fe0.8Ni0.2O3�d,

and Sr2FeMo0.65Ni0.35O6�d.
33,43,48 Thalinger et.al. observed (Fe,Ni) alloy particles
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at the La0.6Sr0.4FeO3�d (LSF) oxide surface after reduction in H2 at 600�C with Ni-in-

filtrated LSF.49 Other alloy nanoparticles such as Cu-Ni have also been formed

on rutile oxides.50 One important question regarding these oxides containing

multiple reducible cations is what determines the composition of the alloy nanopar-

ticles. There are two previous reports where the alloy composition was measured.

In one case, the XRD-measured alloy composition was Fe0.64Ni0.36 for an

La0.6Sr0.4Fe0.8Ni0.2O3�d oxide.48 In another case it was assumed that the particles

were FeNi3 for a Sr2FeMo1�xNixO6�d (x = 0.25–0.35) oxide, although the measured

lattice parameter indicated an alloy with �40% Fe.41,43 In the present case, the alloy

contains �49%–55% Fe; this is much more Ni rich than the Ni/Fe ratio in the STFN.

The above literature review shows that there are few accurate experimental mea-

surements of exsolved nanoparticle composition, yet the composition is likely

important in determining their electrochemical activity.51 In general, it is not clear

which cations will exsolve from an oxide anode, and under which conditions. For

example, in the present result, it is not clear why metallic Fe is present in the nano-

particles formed on STFN under SOFC anode conditions, whereas Fe in the Ni-free

analog (STF) is stable against reduction under the same conditions. The same

question is probably relevant to other reports on Fe-Ni-containing oxides

discussed above, although comparison data regarding the stability of the corre-

sponding Ni-free oxides was not provided in those reports.43,48 Separate measure-

ments on stoichiometric STFN, not shown here, yield similar exsolution results,

indicating that A-site deficiency is not the main driver of Fe exsolution.

A thermodynamic model is proposed here that predicts nanoparticle composition.

For high enough effective oxygen partial pressure pFuel
O2

in the fuel neither cation

exsolves, whereas for low enough pFuel
O2

, both cations completely exsolve, likely

resulting in decomposition of the perovskite. The following analysis applies in gen-

eral to a middle range of pFuel
O2

where one cation (Ni for the present STFN oxide) is

readily reduced, whereas the other (Fe in the present case) remains oxidized in

the absence of the more reducible cation. The overall exsolution reaction can be

written as:

Sr0:95ðTi0:3Fe0:63Ni0:07ÞO3-d/Sr0:95
�
Ti0:3Fe0:63-y

�
O

3-d- 3y2 -0:07
+ yFeðin Fe-NiÞ

+ 0:07Niin Fe�Ni +

�
3y

4
+ 0:035

�
O2 ;

(Equation 1)

where y is the amount of Fe exsolved. This reaction can be split into separate Ni and

Fe reduction reactions:

Sr0:95ðTi0:3Fe0:63Ni0:07ÞO3�d/Sr0:95ðTi0:3Fe0:63ÞO3�d�0:07 + 0:07Niin Fe�Ni + ð0:035ÞO2:

(Equation 2)

and

Sr0:95ðTi0:3Fe0:63ÞO3-d-0:07/Sr0:95
�
Ti0:3Fe0:63-y

�
O

3-d- 3y2 -0:07
+ yFeðin Fe-NiÞ +

�
3y

4

�
O2:

(Equation 3)

The oxide stoichiometry in Equation 1 is taken as Fe2O3 since Fe has been shown to

be present in the Fe+3 oxidation state in STF under these conditions.52 These

equations are written without any oxide second phases (e.g., SrO), despite the

fact that the oxide is becoming increasingly B-site deficient during exsolution; it is

assumed that the amount exsolved is small enough to retain a perovskite-structure
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oxide, as needed for good anode performance. For these conditions, the more

reducible cation is completely exsolved, as observed in the present case where no

Ni is detected in STFN after extended exposure to fuel (Table 1). That is, it is known

that Equation 2 proceeds to completion. It remains to determine the amount of Fe

exsolved in Equation 3, and hence the composition of the nanoparticles. The

equilibrium constant for Equation 3 is given by

K =
aSTF�ya

y
Fe

�
pFuel
O2

�3y=4
aSTF

; (Equation 4)

where aSTF is the activity of STF before Fe exsolution, and aSTF�y is the activity of STF

after Fe exsolution. Using this in the reaction equilibrium condition DG0 = � RTlnK

yields

ayFe =
�
pFuel
O2

�-3y=4 aSTF
aSTF�y

exp

�
�DG0

RT

�
: (Equation 5)

DG0 is the standard free energy of reaction 3. The activity ratio in Equation 5 ac-

counts for the change in activity due to Fe exsolution. Since these quantities are

not known, we have used a separate measurement to evaluate Equation 5. Note

that the STF compositions in Equation 3 are very similar to that of the standard

stoichiometric STF composition discussed above, SrTi0.3Fe0.7O3�d. For this material,

we used TG to measure the equilibrium oxygen partial pressure pRed
O2 below which Fe

is reduced, via the reaction

SrðTi0:3Fe0:7ÞO3�d/SrðTi0:3Fe0:7-xÞO3-d� 3y
2
+ yFe +

�
3y

4

�
O2: (Equation 6)

Since there is no exsolved Ni in this case, any metallic Fe nanoparticles formed are

pure, and aFeðpure FeÞ = 1 such that

ayFe = 1=
�
pRed
O2

�-3y=4 aSTF
aSTF�y

exp

�
�DG0

RT

�
: (Equation 7)

Because the STF compositions in this reaction are almost identical to those in

Equation 3, the activity ratio and DG0 should be approximately the same, and we

can substitute Equation 7 into Equation 5, yielding

aFeðin Fe�NiÞy

�
pRed
O2

pFuel
O2

�3=4

: (Equation 8)

Assuming that the FexNi1�x alloy can be approximated as a regular solution, where

aFe = x exp

"
Uð1�xÞ2

RT

#
with a binary alloy interaction parameter UFe�Ni = �8 kJ

mol�1,53 this yields for the alloy composition x:

x exp

"
Uð1� xÞ2

RT

#
=

�
pRed
O2

pFuel
O2

�3=4

: (Equation 9)

This predicts that metallic Fe is present in exsolved nanoparticles for pFuel
O2 > pRed

O2 ,

with equilibrium composition x that varies with pFuel
O2 . That is, Fe is reduced from

STFN under conditions where Fe in STF is stable. Physically, this occurs because

both the entropy of mixing and the negative value of UFe�Ni make it thermodynam-

ically favorable to form the Fe-Ni alloy under conditions where pure Fe does not

form. Equation 9 predicts that
pRed
O2

pFuel
O2

should be �0.30 to form nanoparticles with the

observed composition x � 0.5 (Table 1). Given the value pFuel
O2 = 5.9 3 10�20 atm

in the fuel used for the STFN reduction, this suggests that pRed
O2 = 1.8 3 10�20 atm.
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This agrees well with the TG observations that STF at 850�C decomposed for

0.79 3 10�20 atm (corresponding to a 75% H2/3% H2O mixture) but was stable for

2.6 3 10�20 atm. That is, pFuel
O2 was between 0.79 3 10�20 atm and 2.6 3 10�20

atm. Our preliminary results for STFN reduction at a different pFuel
O2 are also consis-

tent with Equation 9, which predicts that the Fe content x should decrease as pFuel
O2 is

increased. For example, for pFuel
O2 increased to 4.03 10�20 atm at 850�C (10% H2/3%

H2O/87%Ar), the composition predicted for the alloy is Fe0.3Ni0.7, in reasonable

agreement with the composition obtained from XRD measurements: Fe0.28Ni0.72.

The different Fe-Ni alloy compositions formed in prior reports43,48 probably resulted

because of the different oxides involved, or because of different pFuel
O2 values.

Note that Equations 8 and 9 can be applied to any cation in an oxide undergo-

ing exsolution of a more reducible cation dopant. A more general form of Equa-

tion 8 is

aCatz

�
pRed
O2

pFuel
O2

�m=4

; (Equation 10)

where aCat is the activity of the cation in the nanoparticles,m is the oxidation state of

the cation in the oxide, pRed
O2 is the critical oxygen partial pressure for reduction of the

cation in the undoped oxide, and pFuel
O2 is the effective fuel oxygen partial pressure

during exsolution. Note that Equation 10 is consistent with the observation that

cations forming very stable oxides, such as Ti in the present STFN oxide, do not

appear in exsolved nanoparticles. For such cations, pRed
O2 is very low compared

with typical pFuel
O2 values in SOFC fuels, such that Equation 10 predicts a very low

aCat, and hence low cation mole fraction xCat. In order to use Equation 10 to predict

nanoparticle composition for any exsolution oxide material, one needs to measure

the value pRed
O2 for the oxide without the reducible cation (as we have done here

for STF), and to have a thermodynamic model for the metal alloy system in order

to determine the composition from aCat.

The above results show that the oxide loses Fe and Ni B-site cations during

exsolution. Although STFN is initially 5% A-site deficient, the loss of most or all

the Ni (5%–7% of the B-site cations, accounting for error in TEM-EDS measure-

ments) and an approximately equal amount of Fe corresponds to 10%–14% of

the B-site cations, leaving an overall 5%–9% B-site deficient composition, e.g.,

Sr(Ti0.32Fe0.59)O3�d. (Alternatively, the same composition can be written as

A-site-rich Sr1.1(Ti0.35Fe0.65)O3�d.) Although the TEM-EDS data from the oxide

phase (Table 1) suggests that the perovskite is closer to stoichiometric, this

discrepancy could be due to experimental error and possible spatial composition

variations. Any Sr excess could be accommodated by perovskite non-stoichiom-

etry or production of additional Sr-rich phases, or a combination of both. We sug-

gest the following interpretation: any Sr excess of the oxide phase is partly

accommodated by perovskite non-stoichiometry and partly by the formation of

a more Sr-rich perovskite-related phase, e.g., layered nickelate-structure

Sr2(Ti,Fe)O4. This could explain the oxide contrast observed in the TEM images

in Figures 4A and 4B after exsolution. In particular, the lattice-fringe striations

may indicate partial conversion of the perovskite to a layered phase similar to

those reported by Canales-Vázquez et al for La-Sr titanates.42 It is also possible

that second-phase SrO forms, but is not detected because of its small amount

or due to conversion to amorphous SrO, SrCO3, or Sr(OH)2 during air exposure

prior to measurement.
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Electrochemical Performance

The much better electrochemical performance of STFN anodes compared with STF

is presumably explained by the presence of exsolved nanoparticles on oxide anode

surfaces, analogous to previous reports for various oxide exsolution anodes.8,27 The

positive effect of Ni-Fe alloy nanoparticles also agrees with prior reports where this

alloy has been shown to be an effective anode electrocatalyst.25,51,54 It is also

possible that changes in the oxide composition and structure upon exsolution

play a role in the electrochemical characteristics; however, it is unclear whether

such changes have a beneficial or detrimental effect. Preliminary results on an alter-

nate STFN composition with no A-site deficiency showed similar exsolution but

much worse electrochemical performance than the A-site-deficient STFN. This

may be the result of the greater B-site deficiency that results after exsolution from

stoichiometric STFN, expected to yield a substantial phase change that impairs elec-

trochemical performance.

One unique feature of the present results is that a direct comparison with the anal-

ogous Ni-free and nanoparticle-free oxide (STF) is provided for a range of operating

temperatures and hydrogen partial pressures. Although the STF and STFN cells

showed similar performance at 850�C and pH2
= 0.97 atm, as temperature and pH2

decreased the STF cell performance degraded much more rapidly. That is, STFN

cell power density was much higher and polarization resistance much lower at

reduced temperature and pH2
(Figure 7). The STF cell results can be understood

based on a recent study of these anodes, where a limiting current behavior was

observed in the j-V curves; the limiting current decreased rapidly with decreasing

pH2
, explained by a rate-limiting H2 dissociative adsorption process.21 Although

the cathodes in the present STF cells are different to those described by Zhu

et al.,21 the cells exhibited similar j-V behavior, including an anomalous increase in

j at low V that was explained by a change in oxide stoichiometry. In contrast, the

STFN-anode cells showed a generally positive curvature in the j-V curves, with no

indication of limiting current except at low temperatures and pH2
. Furthermore,

RP,A versus pressure follows a power law dependence,�p�0:25
H2 , suggesting a charge

transfer process was the rate-limiting step for STFN. The STF results show a stronger

pH2
dependence that is consistent with an adsorption rate limitation.21 These

results can presumably be explained by the presence of Fe-Ni nanoparticles on

the STFN-anode surfaces that promote H2 dissociation, with adsorbed atomic

hydrogen spilling over onto the oxide surface for subsequent electrochemical

oxidation, similar to composite anodes such as Ni-YSZ.44,55 The same argument

was used to explain the effects of exsolved Ru nanoparticles in a (La,Sr) (Cr,Ru)O3

anode cell.21
Conclusions

The substitution of Ni for Fe in SrTi0.3Fe0.7O3�d (STF) perovskite oxide anodes, to

form compounds with A-site-deficient composition Sr0.95 (Ti0.3Fe0.63Ni0.07)O3�d

(STFN), was studied. Key findings and conclusions are as follows:

(1) Upon exposure to reducing fuel conditions (pO2 = 5.9 3 10�20 atm, 850�C),
Ni and Fe exsolve from STFN resulting in the formation of metallic Ni1�xFex
alloy nanoparticles with diameters of 40–70 nm and composition x � 0.50.

This alloy composition estimate is verified using three different

methods, compared with recent reports of alloy exsolution from

La0.6Sr0.4Fe0.8Ni0.2O3�d
48 and Sr2FeMo1�xNixO6�d (x = 0.25–0.35)43 anodes,

where the nanoparticle composition was approximate.
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(2) The exsolution of Fe from STFN into the Ni-Fe alloy, at a pO2 where Fe does

not exsolve from STF, is explained based on the thermodynamic properties of

mixing of the metallic alloy. The calculation indicates that the Fe-Ni alloy

composition will becomemore Ni rich as the effective oxygen partial pressure

in the fuel increases. Thus, if these anodes were used in an SOFC stack, where

effective pO2 varies considerably between the fuel inlet and outlet, the nano-

particle composition will vary substantially with position. If the activity of the

nanoparticles improves with increasing Ni content, this could provide a

means for helping to maintain uniform performance at high fuel utilization.

(3) It is shown that gravimetric measurements can be used to observe the oxygen

loss associated with exsolution and reduction of Ni-Fe. In this way, the rate of

the exsolution process is determined and, with some assumptions, the alloy

composition is estimated.

(4) Comparison of STFN-anode and STF-anode cell electrochemical data show

important performance enhancements due to the Ni substitution, particularly

for low pH2 and temperatures <800�C. The results suggest that the Ni-Fe

nanoparticles act to enhance hydrogen dissociative adsorption, a key fuel

oxidation rate-limiting step found in a prior study of STF anodes to limit

performance at low pH2 and temperature.

(5) Cells with the A-site deficient Sr0.95 (Ti0.3Fe0.63Ni0.07)O3�d (STFN) anode yield

relatively high maximum power density, e.g., 0.95 W cm�2 at 800�C in humid-

ified hydrogen and air, with low anode polarization resistance of 0.081U$cm2.

This performance is competitive with the widely used Ni-YSZ anodes, such

that it will be worthwhile to explore potential advantages of these anodes

in terms of redox cycling, coking, and impurity tolerance. Also, it has

been suggested that Ni-Fe alloys are resistant to coking and sulfur

poisoning.33,43,56 It will also be interesting to explore whether these anodes

can be integrated into thin-electrolyte SOFCs, in order to further improve

cell performance.

(6) The electrochemical performance enhancements result from relatively large

(�50 nm) nanoparticles that appear to be reasonably stable in initial life tests,

but more long-term stability tests are needed.

EXPERIMENTAL PROCEDURES

Materials Preparation

The solid-state reaction method was used to prepare SrTi0.3Fe0.7O3�d (STF) and

Sr0.95(Ti0.3Fe0.63Ni0.07)O3�d (STFN). An A-site deficient composition was chosen

since prior work has shown that A-site deficiency promotes B-site metal exsolution

and also results in a more stoichiometric perovskite after exsolving B-site transition

metals.39 The starting materials were SrCO3, TiO2, Fe2O3, and Ni(NO3)2$6H2O

(Sigma-Aldrich), as reported previously.21 The calcinations of the precursor were

conducted in air at 1,200�C for 10 hr. The derived powders were ball-milled in

ethanol for 4 days and then dried. LSGM electrolyte pellets (�300 mm in thickness,

�15.5 mm in diameter) with La0.4Ce0.6O2�d (LDC) barrier layer (�3 mm in thickness)

were prepared as described elsewhere.21,24,36

Cell Fabrication

Single cells with STF or STFN anodes and LSCF-GDC/LSCF cathodes (electrode

areas of 0.5 cm2) were prepared on the LSGM/LDC electrolytes as follows. STF,

STFN, La0.6Sr0.4Co0.2Fe0.8O3�d (LSCF, Praxair), and LSCF-Gd0.1Ce0.9O1.95 (GDC,

Praxair; LSCF/GDC = 1:1, wt %) electrode inks were prepared by mixing the

corresponding electrode powder and binder (V-737, Heraeus) on a three-roll mill

with weight ratio of 1:1.5. STF and STFN-anode inks were screen printed on the
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LDC-coated LSGM pellets and fired at 1,150�C for 3 hr in air. The LSCF-GDC

cathode layer and LSCF current collector layers were screen printed on the LSGM

electrolytes and fired at 1,075�C for 2 hr. Gold ink (Heraeus C5756) was screen

printed as a 1-mm square mesh pattern on the electrodes and fired at 900�C for

1 hr to form the current collectors.

Structure and Microstructure Characterization

Structural characterization was carried out on both the as-prepared and reduced

anode powders. The reduction procedure was as follows: heating up to 850�C under

Ar flow, then switching the gas composition to 30% H2/67% Ar/3% H2O, and main-

taining at 850�C for 4 hr. This is identical to the procedure used to pre-reduce the

cells (see below), thus ensuring that the powders were in the same state as the an-

odes at the onset of electrochemical testing. Although it was found that the

TG-measured mass was not quite equilibrated after 4 hr, the mass loss was esti-

mated to be within a few percent of equilibrium. The samples were then quenched

to freeze-in their structure for ex situ analysis. This procedure was performed inside a

TG setup described in detail elsewhere.57 The powder mass loss was measured in

the thermobalance during the above procedure, with measured mass change

accuracy within G10 mg for �0.6-g powder samples of STF and STFN, therefore

exposed to the reducing atmosphere. The gas mixture was measured with a

ZrO2-based electrochemical O2 sensor to assure the same effective oxygen partial

pressure, 5.9 3 10�20 atm, as it was present during the cell test at open circuit,

VOC = 1.054 V at 850�C. The mass was related to the oxygen content and Fe oxida-

tion state by taking into account the formation of a plateau in the isotherms of mass

versus the oxygen partial pressure (pO2) for the STF. Isotherms are taken between

650�C and 900�C and pO2 range between 10�25 and 1 bar by using O2/Ar and

H2/H2O/Ar mixtures. A plateau in oxygen content was observed from pO2 � 10�5

to 10�16 atm at 850�C and 10�5 to 10�20 atm at 650�C,52 which was assumed to

be where all Fe cations are in the Fe+3 state,58 corresponding to 3 � d = 2.65. After

the TG measurement, the quenched powders were removed and characterized by

powder XRD and electron transmission microscopy (TEM). The XRD was performed

using a PANalytical Empyrean equipment with Cu-Ka radiation, monochromator,

and Pixel3D detector. TEM studies were performed under both Philips CM 200

(LaB6) and TECNAI F-20 transmission electron microscopes equipped with an Ultra

Twin objective lens, which operate at 200 kV. The microscopes are also equipped

with a CCD camera and respective EDAX detectors, useful for analysis of local

chemical composition.

Electrochemical Characterization

The single cells were sealed on top of alumina tubes using silver (DAD-87, Shanghai

Research Institute of Synthetic Resins). In all cases, prior to testing the cells were

heated at a rate of 2�Cmin�1 up to 850�C with anode exposed in Ar, and maintained

at that temperature for 4 hr after switching anode gas to room temperature humid-

ified H2. This pre-reduction at high temperature resulted in the growth of relatively

large and stable exsolved nanoparticles, such that the anode performance was

found to be quite stable in subsequent testing at lower temperatures, as shown in

Figure S1. This is different from many prior exsolution anodes where the

performance varies during testing due to nanoparticle evolution.8,27 During electro-

chemical testing, the anodes were fed with room temperature humidified H2/Ar

(�3% H2O/H2/Ar, 100 mL$min�1), and the cathodes were exposed to stagnant

ambient air. The EIS and current-voltage curves under different temperatures and

anode H2 partial pressures were tested with Zahner IM6 Electrochemical Worksta-

tions; EIS tests were conducted in the frequency range from 0.1 Hz to 1 MHz with
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potential amplitude of 20 mV. After testing, the cell microstructures were character-

ized using scanning electron microscopy under a Hitachi SU8030.

SUPPLEMENTAL INFORMATION

Supplemental Information includes one figure and can be found with this article
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