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and agglomeration, which is caused by 
the weak interaction between the metal 
catalysts and their supports, in addition to 
carbon and sulfur poisoning that deacti-
vates the catalysts.[9,10] This has generated 
great research interest in the development 
of more stable and effective catalysts.

In recent decades, redox exsolution, in 
which metal species segregate from the 
oxide bulk to the surface and form nano-
particles in reducing atmospheres, has 
become an attractive alternative to the 
conventional methods of catalyst fabrica-
tion.[11,12] After a single thermal reduction 
treatment, the diffusion of reducible metal 
ions from the bulk to the surface, or exso-
lution, forms epitaxially grown nanopar-
ticles that partially socket into the parent 
oxides.[13–15] The robust interaction of the 
exsolved particles and the parent oxide 
support increases coking and coarsening 
resistance.[13,16] Besides, some studies 
found that the exsolved nanoparticles 
were able to redissolve into the oxide lat-

tice in a higher oxygen partial pressure atmosphere and regen-
erate again through reduction, extending the lifetime of the 
catalysts. For example, exsolved Ni nanoparticles would fully 
reincorporate into the LaFe1−xNixO3±δ lattice after calcination at 
T  ≥  800  °C and self-regenerate nanoscale particles even after 
eight redox cycles.[17] Another intriguing aspect of exsolution 
is that the strain imposed by the “socketed” structure provides 
tunability of catalytic activity and electronic conductivity.[18,19] 
Hence, the highly  efficient, single-step preparation of the 
nanoscale metal catalysts has been intensively studied in recent 
years, including the exsolution of bimetallic catalysts.[10]

The exsolution of bimetallic nanoparticles from bulk 
oxides has gained increasing attention in the last decade.[10] 
Kapokova  et  al. reported that Ni–Fe alloy nanoparticles were 
formed by reducing LnFe0.7Ni0.3O3−δ (Ln = La, Pr, Sm) perovskite 
in H2  at 600  °C, which showed high catalytic activity and sta-
bility for dry methane reforming.[20] During the dry reforming 
reaction, the transportation of oxygen species between the Ni–Fe  
phase and Ln–Fe–O perovskite played a vital role. Similar 
materials have been applied as electrocatalysts in solid oxide 
cells (SOCs), showing enhanced electrochemical performance 
and durability in high-temperature operation.[21–23] Exsolved 
nanoparticles with different compositions, such as Fe–Co  
and Ni–Co alloy nanoparticles, were also intensively investi-
gated in the area of SOCs,[24,25] methane dry reforming,[26] and 

Exsolution of stable metallic nanoparticles for use as efficient electrocatalysts 
has been of increasing interest for a range of energy technologies. Typi-
cally, exsolved nanoparticles show higher thermal and coarsening stability 
compared to conventionally deposited catalysts. Here, A-site deficient 
double perovskite oxides, La2-xNiRuO6-δ (x = 0.1 and 0.15), are designed and 
subjected to low-temperature reduction leading to exsolution. The reduced 
double perovskite materials are shown to exsolve nanoparticles of 2–6 nm 
diameter during the reduction in the low-temperature range of 350–450 °C. 
The nanoparticle sizes are found to increase after reduction at the higher tem-
perature (450 °C), suggesting diffusion-limited particle growth. Interestingly, 
both nickel and ruthenium are co-exsolved during the reduction process. The 
formation of bimetallic nanoparticles at such low temperatures is rare. From 
the in situ impedance spectroscopy measurements of the double perovskite 
electrode layers, the onset of the exsolution process is found to be within 
the first few minutes of the reduction reaction. In addition, the area-specific 
resistance of the electrode layers is found to decrease by 90% from 291 to 
29 Ω cm2, suggesting encouraging prospects for these low-temperature rap-
idly exsolved Ni/Ru alloy nanoparticles in a range of catalytic applications.

1. Introduction

Metal nanoparticle catalysts are widely applied in many fields as 
the active sites for electrochemical reactions in renewable energy 
devices,[1,2] catalysis,[3,4] and sensing.[5] Compared to mono-
metallic catalysts, bimetallic catalysts have been found to have 
higher catalytic performance through tuning of the electronic 
and structural features of the nanoparticles.[6–8] However, poor 
stability has limited the application of conventionally impreg-
nated or infiltrated metal nanoparticles due to their coarsening 
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supercapacitors.[27] However, the exsolution of bimetallic nano-
particles often requires high-temperature treatment, which hin-
ders the application of exsolution processes. For nanoparticles 
generated through in situ exsolution for SOC applications, the 
high-temperature requirements would limit the operating tem-
perature to greater than the exsolution temperature, typically in 
excess of 800  °C. As there is a drive to lower SOC operating 
temperatures, this is a significant potential limitation. Similarly, 
for low-temperature applications, the preheat treatment at high 
temperature to generate electrode layers from nanomaterials 
could decrease the specific surface area of the parent oxides and 
the active metal nanoparticles by grain growth and coarsening, 
deactivating the catalysts/electrocatalysts.[28]

Low-temperature exsolution is therefore attractive, espe-
cially for noble metal catalysts, due to the tendency of the 
noble-metal-doped matrix to decompose in reducing condi-
tions.[18] For example, Jang  et  al.[28] reported exsolution of Ir 
nanoparticles from WO3  in the temperature range of 300–
500  °C, achieved by the external dopant-driven phase tran-
sition. Naeem  et  al.[29] demonstrated the exsolution of Ru 
metal from Ln2Ru0.2Ce1.8O7 (Ln  =  Sm, Nd, La) by studying 
X-ray photoelectron spectroscopy (XPS) spectral evolution 
in the temperature range of 300–500  °C. Buharon  et  al.[30] 
observed Ni–Pd core–shell nanoparticles exsolved from a 
LaFe0.6Ni0.3Pd0.1O3−δ perovskite after reduction in 5%H2/N2 at 
550  °C using scanning transmission electron microscopy 
(STEM) and energy dispersive X-ray (EDX) spectroscopy. They 
also demonstrated the formation of Ni–Pd core–shell nano-
particles at 350 °C by measuring H2 consumption in tempera-
ture-programmed reduction experiments.

Usually, guest elements are substituted into the host oxides 
as the reactant for exsolution. Perovskite oxides (ABO3) and 
their variants (AA′B2O6, A2BB′O6  double perovskites and 
An+1BnO3n+1  Ruddlesden–Popper phases) with substitution on 
the B-sites are mainly studied as the parent oxides, benefiting 
from their flexible and tunable structures. Ruthenium and 
nickel, as two of the most promising metal catalysts, have been 
reported to exhibit excellent catalytic activity and enhanced 
chemical stability toward hydrogen production,[31,32] hydrogen 
storage,[6,33,34] methanation,[7,31] and oxygen reduction.[35] In this 
work, we have developed and investigated a new system, B-site-
double perovskite, La2−xNiRuO6−δ (x = 0.1 and 0.15, denoted as 
L2−xNR) for reduction and exsolution at a lower temperature 
range. A-site deficiency was also introduced into the lattice to 
facilitate exsolution. Scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), STEM, EDX, X-ray 
diffraction (XRD), thermogravimetric analysis (TGA), and XPS 
were utilized to characterize the double perovskites before and 
after the exsolution process. We show that A-site deficient sam-
ples successfully exsolved nanoparticles in the low-temperature 
reduction range of 350–450  °C. The nanoparticles exsolved 
at 450  °C were identified to be a Ni–Ru alloy. In  situ electro-
chemical impedance spectroscopy (EIS) indicated a fast exso-
lution process occurring within a few minutes, contributing to 
a notable electrochemical performance enhancement. Overall, 
reduction of the double perovskite system was shown to be an 
efficient method for bimetallic nanoparticle exsolution with the 
resulting La2−xNiRuO6−δ (x = 0.1 and 0.15) showing promise for 
electrocatalyst applications.

2. Results and Discussion

2.1. Stoichiometric and A-Site Deficient Lanthanum Nickel 
Ruthenate Double Perovskite

Stoichiometric lanthanum nickel ruthenate double perov-
skite with the nominal chemical formula La2NiRuO6 (L2NR) 
and the A-site deficient compositions La2−xNiRuO6−δ were 
initially synthesized. Figure 1a shows the XRD patterns of 
the double perovskite samples and the reference La2NiRuO6 
(ICSD 96120).[36] The results of Le Bail refinement confirmed 
that the L2NR sample crystallized in the P21/n space group 
with lattice parameters of a  =  5.5656(1)  Å, b  =  5.6082(1)  Å, 
c  =  7.8772(2)  Å, and β  =  89.952(1)°. As shown in Figure  1b, 
the diffraction peaks of the L2NR sample corresponded well 
to the calculated Bragg positions. No secondary phases were 
observed within the resolution limits of the diffractometer. 
In addition, inductively coupled plasma optical emission 
spectrometry (ICP-OES) (Table S1, Supporting Information) 
showed that the cation ratio between La, Ni, and Ru was 
≈2:1:1 as expected.

A-site nonstoichiometry has previously been reported to be 
essential for defect design and to facilitate exsolution of perov-
skite materials.[11,38] Thus L1.9NR and L1.85NR samples were 
synthesized with nominally 5 and 7.5  mol% A-site deficiency, 
respectively. XRD patterns of these samples (Figure  1a) indi-
cated that L1.9NR and L1.85NR possessed the same crystal 
structure as the stoichiometric LNR, implying that lanthanum 
nickel ruthenate double perovskite structure remains stable 
with A-site deficiency up to at least 7.5 mol%. Higher concentra-
tions of A-site deficiency led to excess NiO and RuO2 secondary 
phases as shown in the XRD patterns in Figure S1, Supporting 
Information, suggesting that the accommodation of A-site defi-
ciency is limited to concentrations of less than 10 mol%. Le Bail 
refinement results (Figure S2, Supporting Information) showed 
lattice volume shrinkage with increasing A-site deficiency 
caused by the loss of the large La3+ cations and lattice distor-
tion. ICP-OES results confirmed the increasing amount of 
A-site deficiency from L2NR to L1.85NR from the cation ratios 
in line with targeted stoichiometries (Table S1, Supporting 
Information).

Figure  1d–f shows the XPS spectra of Ni LMM Auger 
peaks, Ru 3d and O 1s core level of L2NR. The spectra were 
calibrated with O 1s oxygen–metal (O–M) peaks (binding 
energy, BE, at 529.2 eV), given that the adventitious C 1s peak 
overlaps the Ru 3d spectra and the O 1s O–M peak showed 
a relatively sharpened peak shape with FWHM  =  1.1  eV. As 
Figure 1d shows, the Ni LMM Auger peak displays a specific 
peak shape with the peak maximum at 843.2  eV and a rel-
atively broad peak (FWHM is ≈11.15  eV). The peak shapes 
and BE positions are consistent with previously reported 
Ni(II) compounds represented by the blue spectrum[37] in 
Figure  1d. Biesinger  et  al. reported that Ni(III) compounds 
would give rise to a unique peak at 832.8 eV in the Ni LMM 
Auger spectrum,[37] whereas in Figure  1d, no such charac-
teristic peak was observed for the LNR sample, suggesting 
nickel cations are present as Ni2+. Regarding the ruthenium 
spectrum, the fitted BE of the Ru 3d5/2  peak was 282.3  eV 
(Table S2, Supporting Information), which agrees with the 
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reported BE of the Ru 3d5/2 peaks of the Ruddlesden–Popper 
phase LaSrNi0.5Ru0.5O4.[39] The doublet separation of the 
Ru 3d5/2 and Ru 3d3/2 peaks (≈4.2 eV) indicated Ru4+ cations 
were present in the LNR double perovskite.[39,40] Quanti-
fication of the Ru 3d and Ni LMM XPS spectra showed a 
1.08:0.91  ratio between Ni and Ru cations (Table S2, Sup-
porting Information), which agreed with the ICP-OES 
results. The A-site deficient samples, L1.9NR and L1.85NR, 
possessed similar XPS spectra to the L2NR composition, as 
reported in Figure S3, Supporting Information. The TGA 
plot of L2NR (Figure 1c) confirmed no mass gain/loss caused 
by redox of the B-site cation couple up to 800 °C. A 0.02 wt% 
mass loss was observed when the sample was heated to 
1200  °C, attributed to the reduction of a modest amount 
of Ru4+ (≈0.013at%). Combining the information from the 
techniques discussed above we can conclude that the L2NR, 
L1.9NR, and L1.85NR double perovskite phases crystallize 
with the monoclinic P21/n space group symmetry where Ni2+ 
and Ru4+ order at the B-site position.

2.2. Exsolution of A-site Deficient L2−xNR (x = 0.1 and 0.15)

Figure  2  shows the SEM and TEM bright-field images of the 
L2−xNRs before and after reduction. Figure  2a,b confirmed 
homogeneity of the sample before reduction, and there were no 
nanoparticles present on the grain surface before the reduction 
process. After the reduction in wet 5% H2/Ar, both L1.9NR and 
L1.85NR samples contained exsolved nanoparticles (Figure 2c–f).  
However, after wet reduction, no obvious exsolution was 
observed from the L2NR sample (Figure S4, Supporting Infor-
mation), thus confirming that the A-site deficiency is a critical 
driving force for the exsolution in the L2−xNR double perov-
skite system. The exsolution of metallic nanoparticles occurs 
via the destabilization of the parent perovskite lattice with high 
deficiencies in both the A-site, reported to facilitate a change in 
the equilibrium position, driving exsolution,[11] and oxygen posi-
tions.[13] The oxygen vacancy concentration increased when the 
A-site deficient sample (L2–xNR) was exposed to the 5%H2/Ar 
atmosphere. When the oxygen vacancy concentration exceeds 
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Figure 1. a) XRD patterns of as-prepared L2NR, L1.9NR, 1.85NR, and reference XRD pattern (ICSD 96120).[36] b) Le Bail refinement result calculated 
for as-prepared L2NR, where Yobs are the observed intensities, Ycalc the calculated intensities from the model, and Yobs–Ycalc the difference plot. The 
agreement indices are χ2 = 6.42, Rp = 3.31%, Rwp = 4.56%, and Rexp = 1.80%. c) TGA plot of weight change (%) versus temperature. The first drop of 
0.05% weight loss from room temperature to 300 °C is attributed to the loss of moisture and carbonates. d) XPS Ni LMM Auger spectrum of L2NR 
(black circles) and reference Ni LMM Auger peak of NiO (blue line).[37] e) XPS spectrum of Ru 3d orbitals of L2NR (black circles), fitted envelop plots 
(red line), and the fitting components (colored peaks). f) XPS spectrum of O 1s orbitals of L2NR (black circles), fitted envelop plots (red line), and the 
fitting components (colored peaks).
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the highest limit, δlim, the materials go through a destabiliza-
tion process, egressing metallic nanoparticles,[13] as shown in 
Equation (1):

→ −



 + +δ δ− − −La NiRuO 1

2
La NiRuO

2
Ni

2
Ru2 6

5%H

2 6

2

lim

x x x
x  (1)

From this expression, it is clear that the concentration of 
exsolved nanoparticles will be correlated with the A-site defi-
ciency, and hence the highest exsolved nanoparticle concen-
tration is expected in the L1.85NR sample. This offers the 
intriguing potential for manipulating nanoparticle exsolution 
through adjusting the “intrinsic” parameters (i.e., the con-
centration of A-site deficiency and B-site cation ratios), which 
would be an interesting area for further work. In the studies 
reported below, the L1.85NR sample is taken as an example for 
further investigation of the composition and morphology of the 
exsolved material.
Figure 3a shows the XPS Ru 3d spectra of the L1.85NR 

sample before and after reduction. The adventitious C 1s 
C–C peak is not apparent from the spectra profiles though it 

is located at a BE position of 284.8–285.0  eV from analysis of 
the fitting results (Table S3, Supporting Information). Thus O 
1s O–M was used for calibration of these two spectra as afore-
mentioned. Compared to the as-prepared L1.85NR, the Ru 
3d spectrum of the wet reduced sample displayed a distinct 
Ru 3d5/2 peak at a 2 eV lower BE position, ascribed to the pres-
ence of metallic ruthenium. A C 1s O–CO peak of increased 
intensity at 289.4  eV implied an increase in carbonate species 
that were absorbed and attached to the surface of the sample 
due to the exsolved nanoparticles. Regarding the Ni LMM 
Auger peak, due to the low intensity and signal to noise ratio, 
no evident peak evolution was shown in the acquired XPS 
spectrum (Figure S5, Supporting Information). Two secondary 
phase peaks at 44.5° and 44.1° two theta were observed in the 
XRD pattern of the wet-reduced L1.85NR sample, as shown in 
Figure 3b. The primary phase of L1.85NR remained as the P21/n 
monoclinic double perovskite structure, and the two small extra 
peaks were indexed to Ni0.32Ru1.68  P63/mmc hexagonal phase 
(ICSD 646325),[42] and Ni0.944Ru0.056 Fm-3m face centered cubic 
structure (ICSD 197164),[41] implying the formation of bimetallic 
exsolved nanoparticles.

Small 2022, 2107020

Figure 2. SEM (secondary electron imaging, SEI) and TEM bright-field images of a,b) stoichiometric double perovskite L2NR, c,d) 5 mol% A-site 
deficient phase L1.9NR, and e,f) 7.5  mol% A-site deficient phase L1.85NR after reduction in 5%H2/Ar at 450  °C for 3  h. The inset images (scale 
bar = 100 nm) show the morphology of reduced L1.9NR (c) and reduced L1.85NR (e) at higher magnification, highlighting the subtle nanoscale features.
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HR-STEM and EDX were used to characterize the nanoscale 
morphology and chemical information of the wet-reduced 
L1.85NR. The STEM images in Figure 3c revealed that the size 
of the exsolved particles was about 3–4  nm in diameter. Fur-
thermore, some particles were partially submerged into the 
bulk substrate, showing the “socketed” structure of exsolved 
nanoparticles and bulk substrate.[13–15,18] This socketed structure 
has been reported to give rise to high stability, poisoning resist-
ance, and catalytic activity in the exsolved nanoparticles com-
pared to conventional catalysts.[3,13,16] The Fast-Fourier-Trans-
form (FFT) pattern, shown in the inset images in Figure 3c, can 
be indexed to the hexagonal close-packed (hcp) metal structure 
of the nanoparticle phase. The spacing of the FFT spots corre-
sponds to real space interplanar spacings of 2.27(1) and 1.94(1) 
Å, attributed to the (1010) and (0111) planes of a Ni–Ru alloy 
with P63/mmc hexagonal lattice structure, in agreement with 
the XRD result. The zone-axis was indexed to the [1213] direc-
tion, with the angle between these two sets of fringes being 64° 
(Figure S6, Supporting Information). The 2% mismatch of the 
d-spacing compared to Ni0.94Ru0.056 (ICSD-197164)[42] is attrib-
uted to the variable Ni and Ru content.

The STEM EDX mapping results shown in Figure 3e demon-
strate a clear enrichment of both Ni and Ru signals detected 
from the exsolved nanoparticles, whereas no apparent La or O 
signal was observed. This confirmed that the observed nanopar-
ticles originate from the exsolution of B-site cations (i.e., Ni and 
Ru cations), and the binary Ni–Ru alloy phase is formed during 
exsolution. In addition, a variation in the relative signal inten-
sity for Ni and Ru was observed at different nanoparticle sites, 

as shown in Figure 3e, which indicated that exsolved nanopar-
ticles possess different Ni and Ru contents. Previously, Ni–Ru 
alloys with Ru content higher than 50 at% were reported to be 
the hcp phase.[43] The particle marked by the blue arrow has rel-
atively lower Ni content and presents the hcp crystal structure 
in agreement with the XRD results. Correlating the local phase 
and composition distribution for individual exsolved particles 
with different A-site deficiencies would be an interesting area 
for future study.

2.3. Temperature- and Time-Dependent Exsolution Process

The high-temperature reduction has been commonly used 
to promote the exsolution process with facilitated diffusion 
of metal cations.[3,4,18,26,44–46] In this work, higher reduction 
temperature was found to cause phase degradation as the 
XRD patterns in Figure S7, Supporting Information, illus-
trate, with the double perovskite decomposing to lanthanum 
oxide, ruthenium oxide, nickel oxide, and a small amount of 
the metallic phases. A similar phenomenon was observed by 
Pavlova et al.,[47] where the Ni–Fe(Ru) nanocomposite with lan-
thanum oxide phase formed after reducing the LnFeNi(Ru)
O3  perovskite at 800  °C in H2. A lower temperature range 
(350–450  °C) was adopted in this study. Figures 4a–c show 
the bright-field images of the L1.85NR sample reduced at 
450, 400, and 350  °C, respectively. Surprisingly, the L1.85NR 
sample reduced at 350 °C showed nicely distributed nanopar-
ticles with a relatively uniform particle size of 2.2(5) nm in 
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Figure 3. a) Comparison of XPS Ru 3d spectra of as-prepared L1.85NR sample (black) and reduced L1.85NR sample (red). The spectra were aligned 
by the lowest signal points at 278 eV and normalized by Ru4+ 3d5/2 peak area, given the Ru-content in the perovskite bulk was assumed to remain 
unchanged (Equation (1)). b) XRD pattern of reduced L1.85NR sample and reference patterns of La2NiRuO6 (ICSD 96120),[36] Ni0.944Ru0.056 (ICSD 
194164),[41] and Ni0.32Ru1.68 (ICSD 646325).[42] c) High-angle annular dark-field (HAADF) STEM image of exsolved nanoparticles on the surface of 
L1.85NR bulk. The inset image in the bottom-left corner is an enlarged view of the particle in the region indicated by the dashed rectangle to show the 
interplanar structure. The top-right inset is the Fast-Fourier-Transform (FFT) pattern from the same area with the lattice spacings indexed. The hcp 
particle is viewed along [12 13] direction. d,e) HAADF image of exsolved nanoparticles and the corresponding EDX maps of La, Ni, Ru, and O elements.
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diameter. XRD patterns of the L1.85NR samples reduced at 
400 and 350 °C both exhibited a secondary phase peak at 44.5°, 
suggesting a similar metallic phase (Ni0.32Ru1.68)[42] exsolved 
from the L1.85NR bulk (Figure S8, Supporting Information). 
STEM EDX mapping results obtained from L1.85NR reduced 
at 350 °C show ruthenium enrichment at most of the exsolved 
nanoparticles sites with little evidence of nickel-enrichment 
(Figure S9, Supporting Information), suggesting a high con-
centration of ruthenium in the exsolved nanoparticle after 
reduction at 350 °C.

It has been reported that exsolved particles tend to be smaller 
with higher particle density after reduction at a lower tempera-
ture.[48,49] This is consistent with our analysis from the L1.85NR 
samples, as shown in Figure  4a–c. Figure  4d,e demonstrates 
the average particle size and the particle size distribution of the 
L1.85NR sample reduced at different temperatures. From 350 
to 400 °C, the average size of the exsolved particle was ≈2.3 nm 
(2.25 ± 0.05 nm at 350 °C and 2.35 ± 0.07 nm at 400 °C, respec-
tively), whereas when the reduction temperature increased to 
450 °C, the particle size increased by ≈1.5 to 3.72 ± 0.11 nm. The 
increased particle size indicates that the exsolved particles tend 
to grow significantly when the reduction temperature exceeds 
400 °C, with smaller-sized nanoparticles seen at lower tempera-
tures.[4] The size distribution also shows the increasing par-
ticle size with elevating reducing temperature, while the rela-
tively broader size distribution of the sample reduced at 450 °C 
suggests that a fraction of small particles were also generated 
under this condition. In terms of the particle density, the TEM 
images provide a 2D image of the whole electron transparent 
area, and as Neagu  et  al. described,[14] it is challenging to dis-
tinguish the bulk substrate area where the exsolved particle is 

attached. Further electron tomography investigation is needed 
to obtain accurate values for particle density.

To characterize the performance of L1.85NR and link 
changes in resistance with the progression of the exsolution 
process, in situ impedance spectroscopy was employed to inves-
tigate the exsolution process. Symmetric cells with as-prepared 
L1.85NR as the electrode were measured at open-circuit voltage 
during the reduction process. Compared to the spectrum meas-
ured before reduction (i.e., in the air), the spectrum measured 
after only 11 min (blue squares, marked by the red-black arrow 
in Figure 5a) started to curve due to the shrinking impedance 
arc, indicating a decrease in resistance, which suggested that 
exsolution had already occurred within 11  min of exposure to 
the reducing atmosphere. For longer times, the resistance con-
tinued to decrease until the reduction duration had reached 
40 min, indicating a short area-specific resistance (ASR) relaxa-
tion time and high exsolution rate, which is comparable to 
the work reported by Gao  et  al.[50] Although the resistance is 
30 times larger than state-of-the-art SOC electrodes, this sug-
gests that the exsolution of Ni/Ru nanoparticles contributes 
to a significant enhancement of electrochemical performance 
(decrease from 291  to 29 Ω  cm2), as shown in Figure S10 and 
Table S4, Supporting Information. The significant enhance-
ment of the ASR indicates that the exsolved nanoparticles 
on the surface of the electrode grains improve the density of 
triple-phase boundaries and the hydrogen oxidation kinetics. 
In contrast to reported time-dependent ASR data,[50] the ASR 
of the impedance spectra measured from 1 to 12  h shows a 
slight increase (Figure  5b and Table S4, Supporting Informa-
tion) in the lower frequency part of the spectrum, which might 
relate to the loss of electronic conductivity, change of surface 
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Figure 4. TEM images of L1.85NR reduced at a) 450, b) 400, and c) 350 °C and d,e) plot of particle size versus reduction temperature. For clarity, 
some exsolved particles in each of the TEM images are highlighted by white dashed circles. d) Particle size evolution with increasing temperature 
from 350 to 450 °C. The particle sizes are average values measured by ImageJ software from a total of 250 manually selected exsolved particles (70 for 
each temperature condition). Error bars represent the standard error of the average particle size. e) Particle size distribution of nanoparticles exsolved 
under different temperatures.
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oxygen stoichiometry, and loss of active surface during particle 
growth. The electrochemical performance of the symmetric 
cell would be further improved by adjusting the cell structure, 
electrode microstructure, electrode composition, and grading 
in future work. In general, the EIS results manifest the poten-
tial applications of these materials, including applying them as 
electrodes in solid oxide fuel cells and solid-oxide electrolyzers 
and mixing with highly conductive materials for electrocatalytic 
optimization.

The exsolution process usually involves four steps: expo-
sure to reducing conditions, nucleation of the metallic phase, 
ion migration, and particle growth. As the process involves 
the spontaneous destabilization of the parent perovskite lattice 
in a reducing atmosphere, the A-site deficiency in our double 
perovskite structure provides the driving force of the exsolving 
B-site cations by the tendency to re-establish A-site stoichiom-
etry, as Equation  (1)  shows. Both nickel and ruthenium are 
proven to be reduced to metallic phases,[18] while nickel exsolu-
tion usually occurs at high temperatures (>600 °C).[2,22,51,52] At 
the lower temperature, 350 °C, more ruthenium was expected 
to be exsolved from the bulk (Figure S9, Supporting Informa-
tion). However, in multiple cation systems, it has been reported 
that introducing more reducible ions would lower the segrega-
tion energy.[10] Hence, nickel exsolution driven by A-site defi-
ciency can be further promoted in the double perovskite system 
by mixing with platinum-group elements (e.g., Rh, Pd, and 
Ru).[10,18] Thus, when the reduction temperature was increased 
to 450  °C, the formation of Ni–Ru bimetallic nanoparticles 
was promoted during the exsolution from L1.85NR (Figure 3). 
Based on our results, the exsolution process is proposed to 
explain the mechanism of Ni/Ru alloy nanoparticles exsolving 

from the L1.85NR sample, as illustrated in Figure 6. Nickel 
and ruthenium occupy octahedral sites with rock-salt ordering, 
according to the P21/n lattice structure confirmed with the Le 
Bail refinement result (Figure 1b). Oxygen vacancies are intro-
duced into the double perovskite lattice by exposure to wet 
5%H2/Ar, and the presence of A-site deficiency promotes the 
formation of oxygen vacancies and B-site cations then segregate 
from the bulk to the surface and form alloy nuclei. DFT calcula-
tions performed by Kwon et al.[52] have confirmed that segrega-
tion of nickel and ruthenium cations occurs preferentially on 
the surface rather than in the bulk due to a lower Gibbs free 
energy change. As the in situ EIS result suggested (Figure 5), 
the first two stages (Figure 6) can be achieved in the first few 
minutes of the reduction. For the latter stage of the exsolution, 
Gao et al.[2] proposed three key factors affecting particle growth: 
strain, amount of reactant, and ion diffusion. In this case, both 
nickel and ruthenium are abundantly and homogeneously dis-
tributed through the bulk double perovskite lattice. Further-
more, as shown in Figure 4d, the particles grow with increasing 
reduction temperature, which implies the growth is affected by 
thermally activated ion diffusion. In this study, we have dem-
onstrated that, from A-site deficient double perovskite oxides, 
the exsolution process happens at a relatively lower tempera-
ture and forms smaller Ni–Ru bimetallic nanoparticles, which 
in principle can provide better electrochemical performance for 
a range of applications.

3. Conclusion

In this work, a new system for exsolution of bimetallic nano-
particles, lanthanum nickel ruthenate double perovskite 
(La2−xNiRuO6−δ, x = 0, 0.1, and 0.15), has been investigated. The 
parent double perovskite adopted a P21/n monoclinic struc-
ture with Ni2+ and Ru4+ ordering at the B-site position. After 
reducing in humid 5%H2/Ar, the A-site deficient samples 
L1.9NR and L1.85NR samples exsolved nanoparticles at 450 °C, 
indicating that A-site deficiency facilitated exsolution. XPS, 
XRD, HR-TEM, and STEM-EDX revealed that the exsolved 
nanoparticles were Ni–Ru alloy phases. The dependence on 
temperature and time of the exsolution were further investi-
gated. The exsolved nanoparticles become larger for increased 
reduction temperature, suggesting a diffusion-limited particle 
growth. In addition, this double perovskite with 7.5 mol% A-site 
deficiency was found to exsolve small nanoparticles even at 
350  °C. In  situ EIS results showed that exsolution happened 
within the first 11 min of reduction. The resistance of the sym-
metric cell decreased drastically from 291  to 29 Ω  cm2 during 
the exsolution process, indicating the significant enhancement 
of electrochemical performance achieved with Ni–Ru exsolu-
tion of L1.85NR materials.

4. Experimental Section
Sample Preparation: The La2−xNiRuO6−δ (x  =  0, 0.1,  and 0.15, 

denoted as L2−xNR) double perovskites were synthesized by the 
citrate-nitrate sol–gel method.[53] Amounts of La(NO3)3·6H2O (Sigma-
Aldrich, 99.999%), Ni(NO3)2·6H2O (Sigma-Aldrich, 99.999%), and 
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Figure 5. In situ impedance spectra of the symmetric cell measured in 
air and humidified 5% H2/Ar for different dwell times: a) 0, 11, 25, and 
40 min, and b) from 25 min to 13 h.
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Ru(NO)(NO3)x(OH)y solution (Johnson Matthey, 99.8%) were mixed in 
citric acid solution (10 wt%, VWR chemicals). The solution was stirred 
and heated on a hotplate to evaporate water until the gelation process 
started. The gel was further dried at 300 °C, then decomposed at 600 °C 
at 12  h in static air to form a black precursor mixture. The resulting 
mixture was calcined at 1100 °C for 12 h in static air to form the double 
perovskite products. Subsequently, the double perovskites were reduced 
in wet 5% hydrogen/argon (≈3% H2O content achieved by passing gas 
through a water bubbler) at selected temperatures for 3 h.

Cell Fabrication: The dense pellets of (La0.9Sr0.1)0.98Ga0.8Mn0.2O3−δ 
(LSGM) electrolyte were fabricated by pressing LSGM commercial 
powder (Praxair Inc., USA) into 13  mm  diameter pellets and then 
sintering at 1400  °C for 8  h, followed by grinding and annealing. The 
L2−xNR electrode ink was prepared through ball-milling, vacuum 
drying, and triple-roll milling. The synthesized double perovskite powder 
(L1.85NR), which was dispersed in acetone, was placed into a high-
energy ball mill to obtain a nanoscaled ink. Then vacuum drying was 
adopted to ensure complete removal of any residual organic solvent. 
The product powder and ink vehicles (commercial ink vehicle FCM 
R1835, Fuelcellmaterials Inc., USA) were manually mixed with a weight 
ratio of 2:1. Triple-roll milling was used to thoroughly disperse the 
electrode powder in the ink vehicle and eliminate aggregates. Screening 
printing of the electrode ink onto the electrolyte pellet was conducted by 
creating a mask of scotch tape with a 6 mm hole attached to the LSGM 
pellet surface, then brush painting a layer of electrode ink on to the 

surface. After drying the ink, the mask was removed, and the electrode 
layer was sintered on to the electrolyte at 1000 °C for 6 h. An electrolyte 
ink was prepared using the same method as the electrode ink and then 
deposited on a LSGM electrolyte by heat treatment at 1000 °C for 1.5 h 
before adding the L1.85NR electrode layer.[54] Silver paste, as a current 
collector (Alfa Aesar) was painted on the surface of the electrode and 
annealed at 700 °C for 2 h.

Characterization: XRD was applied to investigate the phases 
of samples before and after reduction using a PANalytical MPD 
diffractometer with Cu Kα radiation. Le Bail refinement was implemented 
using the FullProf software suite[55] to obtain the double perovskite crystal 
structure and lattice parameters. XPS spectra were acquired using a high-
throughput Thermo Fisher K-alpha spectrometer with monochromatic Al 
Kα X-ray source (hν =  1486.6 eV)  to derive  compositional and chemical 
information of the materials. The spot size was 400 µm2, and a flood gun 
was operating during acquisition. Avantage software was used to analyze 
the peak components of XPS spectra, and all spectra were calibrated by 
setting the O 1s peak to the BE position of 529.2 eV. ICP–OES (Thermo 
Scientific iCAP 6000 Series ICP spectrometer) was applied to characterize 
the cation ratio of the synthesized materials. An SEM (Zeiss Leo Gemini 
1525) was used to characterize the microstructure of symmetric cells and 
the morphology of double perovskite samples before and after reduction. 
TEM was used to determine the morphology and size of the exsolved 
nanoparticles. A JEOL JEM-2100F microscope operated at 200  kV  was 
used to obtain the bright-field images of the sample before and after 
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Figure 6. Schematic illustration of the exsolution process of Ni–Ru bimetallic nanoparticles from A-site deficient double perovskite L1.85NR. Cubic 
lattice structures are sketched and viewed along with the [100] direction.
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reduction. The high-resolution HAADF-STEM imaging and EDS elemental 
mapping were performed using a Thermo Fisher Titan STEM (G2 80-200) 
equipped with a Cs probe corrector (CEOS), a ChemiSTEM Super-X 
EDX detector, and a HAADF detector operating with an inner angle of 
55  mrad at 200  kV. The incident electron beam convergence angle was 
21 mrad. To prepare the samples, LxNR powder samples were dispersed 
in isopropanol by ultrasonication for 20  min and drop-cast onto holey 
carbon-coated copper TEM grids. The acquired images were analyzed 
by ImageJ software (https://imagej.nih.gov) to derive the lattice spacing 
and size of the nanoparticles. The performance of the symmetrical 
cell (L1.85NR/LSGM-interlayer/LSGM/LSGM-interlayer/L1.85NR) was 
measured by EIS at 450 °C to investigate the process of exsolution. Two-
probe geometry was implemented with two Pt mesh current collectors 
attached to the opposite sides of symmetrical cell samples. The 
configuration was connected to a frequency response analyzer (Solartron 
Modulab XM ECS) with a frequency range from 1 MHz to 50 mHz. The 
impedance spectra were measured before and after supplying 5%H2/
Ar gas to the symmetrical cell. The Zview software (Version 3.5  by 
Scribner Associates, USA) was used to analyze acquired EIS spectra. TGA 
(Netzsch STA 449c F5) was used to understand the material stability as 
a function of temperature under a flowing compressed air atmosphere. 
Following a correction run with an empty crucible, ≈40 mg of sample was 
loaded into a Pt crucible, and the sample was heated to 1200  °C at a 
rate of 10 °C min−1. The change in mass was subsequently analyzed using 
Netzsch Proteus software.
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