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Activating Lattice Oxygen in Perovskite Oxide by B-Site
Cation Doping for Modulated Stability and Activity at
Elevated Temperatures

Huijun Chen, Chaesung Lim, Mengzhen Zhou, Zuyun He, Xiang Sun, Xiaobao Li,
Yongjian Ye, Ting Tan, Hui Zhang, Chenghao Yang, Jeong Woo Han,* and Yan Chen*

Doping perovskite oxide with different cations is used to improve its
electro-catalytic performance for various energy and environment devices. In
this work, an activated lattice oxygen activity in Pr0.4Sr0.6CoxFe0.9−xNb0.1O3−𝜹

(PSCxFN, x = 0, 0.2, 0.7) thin film model system by B-site cation doping is
reported. As Co doping level increases, PSCxFN thin films exhibit higher
concentration of oxygen vacancies (V∙∙

o ) as revealed by X-ray diffraction and
synchrotron-based X-ray photoelectron spectroscopy. Density functional
theory calculation results suggest that Co doping leads to more distortion in
Fe–O octahedra and weaker metal–oxygen bonds caused by the increase of
antibonding state, thereby lowering V∙∙

o formation energy. As a consequence,
PSCxFN thin film with higher Co-doping level presents larger amount of
exsolved particles on the surface. Both the facilitated V∙∙

o formation and B-site
cation exsolution lead to the enhanced hydrogen oxidation reaction (HOR)
activity. Excessive Co doping until 70%, nevertheless, results in partial
decomposition of thin film and degrades the stability.
Pr0.4Sr0.6(Co0.2Fe0.7Nb0.1)O3 with moderate Co doping level displays both good
HOR activity and stability. This work clarifies the critical role of B-site cation
doping in determining the V∙∙

o formation process, the surface activity, and
structure stability of perovskite oxides.

1. Introduction

Because of their unique structure stability, redox reversibility,
high catalytic activity, and low price, perovskite oxides ABO3 have
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been widely used as catalysts for var-
ious reactions in energy and environ-
ment devices, such as solid oxide fuel
cell/electrolysis cell (SOFC/SOEC),[1] solar-
thermal H2O/CO2 splitting,[2] and volatile
organic compounds oxidation.[3] The cat-
alytic activity of perovskite oxides was
found to be largely determined by the
characteristics of lattice oxygen, includ-
ing the oxygen nonstoichiometry (oxy-
gen vacancy concentration),[4] asymme-
try of oxygen-transition metal octahedra,[5]

metal–oxygen covalence,[6] etc. To promote
the surface reactions, great efforts have
been devoted to tune the lattice oxygen
properties via approaches such as intro-
ducing elastic strain,[7] constructing hetero-
interface,[8] nanostructure engineering,[9]

and cation doping.[10] Among all these ap-
proaches, cation doping is most widely used
in literatures due to its simple process and
wide range of selections. Particularly, dop-
ing cations with lower valence in A-site lat-
tice is a commonly used strategy to intro-
duce oxygen vacancies (V∙∙

o ) into the lat-
tice. Representative example is to replace

La3+ with Sr2+ in LaMO3 (M represents transition metal
cations).[11] Cation dopant with lower oxidation states at A-site
of perovskite oxides were reported to oxidize B-site cation[12]

and weaken the metal–oxygen bond.[13] Accompanied by such
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changes, oxygen vacancies form in the lattice to compensate
the charge and maintain the electrical neutralization of material
system.[14] In addition to A-site doping, replacing B-site cations
with higher reducible metal elements in perovskite lattice was
also reported to promote the lattice oxygen activity.[15] The mech-
anism of such promotion, nevertheless, is less revealed and re-
quires systematical investigation.

For various applications such as fuel electrodes for
SOFC/SOEC, the perovskite catalysts need to remain sta-
ble in reducing environment at elevated temperatures.
Although perovskite oxides such as Sr2Fe1.5Mo0.5O6−𝛿 ,

[16]

La0.75Sr0.25Cr0.5Mn0.5O3,[17] and PrBaMn2O5+𝛿
[18] were reported

to be stable in hydrogen/hydrocarbon gas environment, their
catalytic performances cannot meet the practical requirement
of the devices.[19] Interestingly, it was reported that by dop-
ing certain cations, particularly reducible transition metals
or noble metals, into the B-site lattice, metal nanoparticles
can exsolve to the surface after reduced in high temperature,
while the matrix can either maintain perovskite structure or
go through phase transition.[20] Although the structures of
these perovskite oxides became seemly less stable, the obtained
oxide matrixes with exsolved nanoparticles exhibited strongly
enhanced catalytic activities.[21] Myung et al. reported that per-
ovskite La0.43Ca0.37Ni0.06Ti0.94O3−𝛾 with exsolved Ni nanoparticles
presented high performance for hydrogen oxidation reaction
with outstanding long-term stability.[1a] Opitz et al. found that
La0.6Sr0.4FeO3−𝛿 with formation of Fe nanoparticles on surface
displayed strongly enhanced activity for electrochemical water
splitting.[22] All these pioneering works have demonstrated ex-
solution as an effective approach to improve the catalytic activity
of perovskite oxides. The fundamental understanding about the
driving force for cation exsolution and factors that determined
the kinetics of cation migration, nevertheless, are still ill-defined
and even controversial in certain cases.

There have been many previous works investigating the exso-
lution behavior of perovskite oxides with different B-site cation
doping.[4b,23] Kwon et al.[10a] reported that the presence of V∙∙

o
facilitated the segregation of reducible Co, Ni to the surface
by co-segregation process, i.e., V∙∙

o and cations migrated to-
gether, in layer perovskite oxide PrBaMn1.7T0.3O5+𝛿 (T = Mn,
Co, Ni, and Fe). Lv et al. found Co dopant on double perovskite
Sr2Fe1.35Mo0.45Co0.2O6−𝛿 led to the formation of cation vacancies
and V∙∙

o , which promoted Fe exsolution.[24] All these works sug-
gest that V∙∙

o formation process in perovskite oxides critically im-
pacts the exsolution behavior. Therefore, revealing the impact of
B-site cation doping on V∙∙

o formation and the lattice stability of
perovskite oxides are critical for understanding the mechanism
of exsolution.

In this study, we investigated systematically the impact of
Co doping on the V∙∙

o formation process and the lattice stabil-
ity of Pr0.4Sr0.6CoxFe0.9−xNb0.1O3−𝛿 (PSCxFN, x = 0, 0.2, 0.7)
by the combination of experimental and computational ap-
proaches. Highly textured PSCxFN thin films prepared by pulsed
laser deposition (PLD) on yttrium-stabilized ZrO2 (YSZ) sub-
strate were used as the model system to avoid the complication
arising from microstructures. High-resolution X-ray diffraction
(HRXRD) and synchrotron-based ambient pressure X-ray photo-
electron spectroscopy (AP-XPS) results suggested that Co dop-
ing strongly facilitated V∙∙

o formation in PSCxFN film when re-

duced in hydrogen gas environment. Consistently, the V∙∙
o for-

mation energy calculated by density functional theory (DFT) was
found to be decreased with Co doping level. DFT results further
showed that Co doping in PSCxFN phase effectively reduced the
metal–oxygen bond strength by increase of metal–oxygen anti-
bonding state, which facilitated V∙∙

o formation. The local Fe–O
octrahedral asymmetry was greatly impacted by the Co doping,
which also likely modified the V∙∙

o formation process. Accompa-
nied with the higher concentration of V∙∙

o , PSCxFN with higher
Co content exhibited lower stability with more Co/Fe-enriched
exsolution phase on the surface. Due to the competing effects of
activating oxygen activity and decreasing structure stability, the
perovskite thin film with highest Co content exhibited the high-
est initial hydrogen oxidation reaction activity but poorest long-
term stability. Our results clarify the critical role of B-site doping
on the oxygen activities and stability of perovskite oxides. Such
mechanistic understanding can help guide the rational design of
perovskite oxide catalysts for high-temperature (electro)chemical
devices for energy and environment applications.

2. Results and Discussion

2.1. Chemical Expansion Induced by Oxygen Vacancy Formation

Pr0.4Sr0.6CoxFe0.9−xNb0.1O3−𝛿 (PSCxFN, x = 0, 0.2, 0.7) thin films
with different Co concentrations at B-site were grown on single-
crystal YSZ (001) substrate by PLD. A thin layer of gadolinium-
doped ceria (GDC) was deposited as the buffer layer between
PSCxFN thin film and YSZ electrolyte, which can effectively pre-
vent the undesired interfacial reaction between the electrodes
and electrolyte. The obtained thin films were denoted as PSFN,
Co-20, Co-70 for x equals to 0, 0.2, and 0.7 in the following con-
text, respectively. HRXRD results showed that all the films were
highly textured with (001) orientation (Figure 1). The thicknesses
of the PSCxFN thin films were close to 60 nm (Figure S1, Sup-
porting Information).

The crystal structures of PSCxFN thin films in the as-prepared
state and after thermal reduction in pure H2 at 650 °C for 2 h were
compared. The Pr0.4Sr0.6Fe0.9Nb0.1O3 (PSFN) exhibited a stable
ABO3 perovskite structure without obvious film peak shift after
thermal reduction, suggesting a negligible change in the lattice
parameters upon reduction (Figure 1a). For the Co-20 sample, the
peak position of the film shifted toward lower 2𝜃 value (red ar-
row in Figure 1b), which corresponded to 1.2% lattice expansion
(Figure 1d), while the peaks for substrate and the GDC buffer
layer remained unchanged. With increasing Co doping to 70%,
the film peak further shifted toward lower 2𝜃 value (blue arrow
in Figure 1c), corresponding to the largest lattice expansion of
2.1% (Figure 1d). When metal oxide became reduced, the forma-
tion of V∙∙

o was normally accompanied by the change of metal va-
lence states, and both effects can change the size of unit cell.[25]

Normally, perovskite oxide exhibited positive chemical expansion
upon the V∙∙

o formation due to the much larger radius for the tran-
sition metal ion with lower valence states.[8b,26] The larger lattice
expansion for the PSCxFN films with higher Co doping level im-
plies more V∙∙

o upon thermal reduction.
It is important to note that the XRD peak intensity of PSFN

and Co-20 did not show noticeable changes after reduction,
whereas the XRD peak intensity of Co-70 decreased dramatically
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Figure 1. HRXRD patterns of a) PSFN, b) Co-20, and c) Co-70 in as prep. condition (black lines) and after reduced at 650 °C for 2 h in pure H2. The
insert is enlarged image for characteristic peaks with the range from 44° to 48°. d) The corresponding chemical expansion of thin films from HRXRD
results in (a).

(Figure 1c). Such decrease of peak intensity of Co-70 thin film is
likely due to its less stable crystal structure, which will be further
discussed in the following context.

2.2. Oxygen Chemical Environment Probed by
Synchrotron-Based AP-XPS

Because of oxygen-containing contaminates on the surface, it is
difficult to use ex situ XPS measurement to probe the chemi-
cal environment of oxygen on transition metal oxides surface.
To reveal the correlation between oxygen chemical environment
and Co doping level in PSCxFN film, synchrotron-based AP-XPS
(Figure 2a) was used to characterize Co-20 and Co-70 thin films
at 300 °C in 0.1 mbar oxygen and 0.1 mbar hydrogen. The rela-
tively low temperature of 300 °C ensured that the cations were not
mobile, while oxygen in the lattice can exchange with that in the
environment. As confirmed by AP-XPS and atomic force micro-
scope results, the surface cation compositions were not changed
(Figure S2, Supporting Information) and the surfaces remained
smooth (Figure S3, Supporting Information) after in situ mea-
surement. Before the in situ measurement, all thin films were
cleaned by heating in 0.1 mbar O2 at 300 °C for 1 h to ensure that
the C 1s peak located at 284.6 eV and O 1s peak of H2Oads located
at 532.5 eV were not detected (Figure S4, Supporting Information
and Figure 2b).

The O 1s spectra of Co-20 and Co-70 films collected at 300 °C in
0.1 mbar O2 and 0.1 mbar H2 are shown in Figure 2b, which were
divided into three peaks for different oxygen species: surface-
adsorbed oxygen (surface O, like -OH) at 530.9 eV, highly oxida-
tive oxygen relative to detective oxygen (O−, O2−

2 ) at 529.6 eV, lat-
tice oxygen (O2−) at 528.5 eV.[27] The highly oxidative O was re-
ported to be closely correlated to surface V∙∙

o .[27b,28] For both Co-20
and Co-70, the highly oxidative O/lattice O ratio were higher in
0.1 mbar H2 than that in 0.1 mbar O2 (Figure 2b,c), suggesting
the formation of extra V∙∙

o when switching from O2 to H2 gas at-
mosphere. The increase of highly oxidative O/lattice O ratio for
Co-70 is more pronounced than that for the Co-20 sample. This
result indicates that it is easier to form V∙∙

o in Co-70 than that in
Co-20.

The presence of oxygen defects was reported to facilitate the
formation of other oxygen-containing species such as -OH group
on the surface.[27b,29] In both O2 and H2 environment, the Co-
70 sample exhibited higher content of highly oxidative O com-
pared with the Co-20, suggesting larger amount of V∙∙

o in the Co-
70 sample. As a result, the surface O/lattice O ratio for the Co-70
is also higher than that for the Co-20 (Figure 2c). After annealed
in H2, the surface O/lattice O ratio for the Co-70 pronouncedly
increased, while the surface O/lattice O ratio for the Co-20 re-
mained unchanged. Such difference is likely due to the higher
reactivity of Co-70 surface to hydrogen than that of Co-20, lead-
ing to the formation of other oxygen species such as -OH group.
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Figure 2. a) Schematic diagram about the working principle of the AP-XPS setup for in situ measurement in different gas environments. The bottom
figure shows the different surface oxygen species such as H2Oads, surface O, highly oxidative O, and lattice O on perovskite oxides surface. b) O 1s
spectra of Co-20 (left) and Co-70 (right) films were collected at 300 °C in 0.1 mbar O2 (bottom) and 0.1 mbar H2 (top), respectively. The spectra were
fitted by different oxygen components, including surface O (purple), highly oxidative O (pink), lattice O (blue). c) Comparison of highly oxidative O/lattice
O ratio and surface O/lattice O ratio for Co-20 and Co-70 samples at different conditions.

2.3. Oxygen Vacancy Formation Energy and Electronic Structure

To reveal the role of Co in the formation of V∙∙
o , we carried out DFT

calculation to determine V∙∙
o formation energy (Ef_vac), electronic

structure and the octahedral distortion in Pr0.5Sr0.5CoxFe1−xO3
system (PSCxF, x = 0, 0.25, 0.5, 0.75). The investigated compo-
sitions were denoted as PSF, PSCF25, PSCF50, PSCF75, respec-
tively, in the following context of this section.

The Ef_vac at different sites for PSF, PSCF25, PSCF50, PSCF75
were determined by using Equation (1). As shown in Figure 3a,
Ef_vac at Fe-O-Fe, Fe-O-Co/Fe-O-Fe, Fe-O-Co, Fe-O-Co/Co-O-Co
for PSF, PSCF25, PSCF50, and PSCF75 was compared, respec-
tively. Among all calculated sites on PSCxF surface, PSF exhibited
maximum Ef_vac (0.83 eV), indicating that PSF tends to form low
concentration of V∙∙

o on surface. When Co was doped in bulk, the
Ef_vac of PSCF25 at Fe-O-Co site (0.10 eV) was lower than that
at Fe-O-Fe site (0.57 eV). Similar decreased Ef_vac was also ob-
served in PSCF75, while the Ef_vac at Co-O-Co site was the low-
est (−0.05 eV). Based on Ef_vac comparison at different sites in
the individual model, we found the Ef_vac was lower at the sites
where there were more Co–O bonds (PSCF25: Fe-O-Fe > Fe-O-
Co, PSCF75: Fe-O-Co > Co-O-Co). Therefore, the concentration
of V∙∙

o is predicted to increase as Co ratio and Co–O bonds in-
crease. These results are consistent with the promotion of V∙∙

o for-
mation by Co doping, which we observed experimentally above.

The density of states (DOS) for PSCxF was further calculated
to evaluate the impact of Co doping on the electronic structure
(Figure 3b). The accurate bonding and antibonding states were
calculated by crystal-orbital Hamilton population (COHP; Fig-
ure 3c). COHP is the product of the DOS and the overlap Hamil-
tonian element. The negative and positive values of -COHP cor-

respond to the antibonding and bonding states of Fe–O (for PSF)
and Co–O bond (for PSCxF), respectively.[30] For PSF, the O 2p
band was mainly overlapped with Fe 3d bonding state (Fe DOS
peak and -COHP peak whose energy level was less than −3 eV,
Figure 3b,c).[31] The antibonding state (Fe DOS peak and -COHP
peak whose energy level is higher than 0 eV, Figure 3b,c) was al-
most unoccupied state in PSF because its energy level was above
the Fermi level. This result indicates that PSF has strong Fe–O
bonding,[31a,b] which may result in decreased concentration of
free electrons and sluggish process of electron transfer.[32] Af-
ter replacing Fe with Co in PSCxF, the antibonding state of Co
3d band (Co DOS peak and -COHP peak whose energy level is
higher than −2 eV, Figure 3b,c) appeared under Fermi level. The
region where O 2p band was overlapped with Co 3d antibonding
state was partially occupied state under Fermi level. This indi-
cates that the Co–O bonding of Co-doping thin film models is
weaker than Fe–O bonding of PSF.[31a,b]

In order to analyze the electronic structure of PSCxF quanti-
tatively, the integral of COHP up to the Fermi level (integrated
COHP, ICOHP) was calculated from DOS result. ICOHP can be
used to compare the metal–oxygen bond strength.[31c] ICOHP
increased as Co ratio increased, following the order of PSF
(−2.25 eV) > PSCF25 (−2.05 eV) > PSCF50 (−2.04 eV) > PSCF75
(−2.00 eV). To show the relationship between band structure and
V∙∙

o formation, the COHP of Co–O bonds was used for Co-doping
thin films and the lowest Ef_vac was used for PSCF25 and PSCF75.
As a result, the linear relationship could be found between Ef_vac
and ICOHP (Figure 3d). ICOHP in PSF was much lower than
that in Co-doping thin films. It showed that the downshift of an-
tibonding state was the main reason of smaller V∙∙

o formation en-
ergy with more increased Co doping.
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Figure 3. a) Surface oxygen vacancy formation energies (Ef_vac) and b) projected DOS of bulk PSCxF models with different Co doping ratios were
compared. The x equals to 0, 0.25, 0.5, and 0.75. The insert images in (a) were the thin-film models used in DFT calculations. c) Crystal orbital Hamilton
populations (-COHP) plots of Fe–O bond in bulk PSF and Co–O bond in bulk PSCxF. Gray area (-COHP: minus) is the antibonding area and red area
(-CPHP: plus) is the bonding area. d) Lowest Ef_vac in PSCxF as a function of the integrated COHP (ICOHP) of Fe–O bond in PSF and Co–O bond in
PSCxF obtained from DFT calculations. The inset figure in the left of (d) corresponds to oxygen vacancy formation of MO6 octahedron (M: Fe, Co). e)
The octahedral distortion of half-octahedron (FeO5 and CoO5) for the thin films was calculated. The half-octahedron model was shown as the inserted
image.

The DOS analysis showed that Co–O bonds of Co-doping thin
films were weaker than Fe–O bond of PSF. However, the Ef_vac
of Fe-O-Fe site of PSCF25 (0.57 eV) was also much lower than
the Ef_vac at the same site of PSF (0.83 eV). To find the other fac-
tor that makes the difference on Ef_vac, the octahedral distortion
of surface layer was evaluated with Co doping ratios (Figure 3e).
Because the thin-film models were BO2-terminated, the octahe-
dral structures were sliced to half-octahedron (CoO5 and FeO5).
CoO5 octahedral distortion (27.62 × 10−4) in PSCF25, which was
defined by Equation (2) in the Experimental Section, was higher
than FeO5 octahedral distortion (1.26 × 10−4) in PSF. It indicates
that the Co doping weakens the metal–O bonds in perovskites,
which supports the above-mentioned DOS results. However, in-

creasing the Co doping has a slight effect on CoO5 octahedral
distortion, indicating the change of CoO5 octahedral distortion
is not the main reason for lower V∙∙

o as increased Co doping. It
was reported that perovskite ferrites with more distorted FeO6
octahedral exhibited lower V∙∙

o formation energy.[5] In this work,
the FeO5 octahedral distortion of PSCF25 (FeO5: 14.80 × 10−4)
was higher than that of PSF (FeO5: 1.26 × 10−4). FeO5 octahe-
dral distortion of PSCF50 and PSCF75 was also higher than that
of PSCF25. It showed that Co doping increased the geometrical
reducibility as well as the electronical reducibility. The geometri-
cal reducibility affects Fe-O-Fe site of PSCxF, and as a result, the
Ef_vac at Fe-O-Fe site of PSCF25 can be lower than the Ef_vac at the
same site of PSF.
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DFT studies showed that Co-doping thin films displayed lower
Ef_vac than that in PSF due to weaker metal–O bonds, decreased
band center difference and more octahedral distortion of FeO5.
Therefore, PSCxFN thin films with higher Co content are likely
to form more V∙∙

o than that in PSFN. These results are consistent
with HRXRD peak shift toward lower 2𝜃 value (Figure 1). Our
DFT results not only reveal the easier formation of surface V∙∙

o as a
function of Co doping, but also uncover the possible mechanism
of electronic structure on such promotion of V∙∙

o formation.
In addition to our results, it was also reported that Co-

doping can effectively promote the oxygen vacancy formation
process in other perovskite oxide systems, such as Co-doped
Sr2Fe1.5Mo0.5O6−𝛿 ,

[24] Co-doped Pr0.5Ba0.5MnOx.[33] We believed
that the mechanistic understanding we obtained in this work
about impact of Co doping on oxygen activity can be applicable
to these perovskite oxide systems. The methodology used in this
work can also be used for understanding the effect of other B-site
dopants on oxygen activity of perovskite oxides.

2.4. Surface Cation Exsolution

In the previous section, we have demonstrated that Co doping can
effectively promote V∙∙

o formation. More V∙∙
o were reported to facil-

itate the B-site cation exsolution toward surface.[10a] Upon expo-
sure to a reducing atmosphere, mass loss of oxygen is more likely
to happen on Co-doping thin-films surface. Subsequently larger
pO2 gradient between the perovskite lattice and external environ-
ment can potentially lead to lattice reduction and further cation
exsolution.[1a] Therefore, in this section we further evaluated the
impact of Co doping on stability of the lattice by investigating the
surface exsolution behaviors.

The surface morphology of PSCxFN thin films in the as-
prepared state and after thermal reduction in pure H2 at 650 °C
for 2 h was detected by scanning electron microscope (SEM), as
shown in Figure 4a. All the films exhibited smooth surface with-
out any secondary phase in the as-prepared state. After thermal
reduction, only scattered particles were observed on the PSFN
surface and most regions remained smooth (Figure 4b). In con-
trast, nanoparticles with the size of ≈10 nm appeared on the Co-
20 surface after reduction. Further increasing Co doping in B-
site to 70% led to the formation of larger nanoparticles formation
with the size of ≈50 nm on its surface after reduction. Such mor-
phology evolution suggests that the PSCxFN thin films became
unstable when Co doping level increased.

Ex-situ XPS measurements were carried out on the thin films
before and after thermal reduction to reveal the evolution of sur-
face composition (Figure 4c,d and Figure S5, Supporting Infor-
mation). The valence states of Co in the Co-20 and Co-70 samples
were dominant by 3+ in the as-prepared states. After thermal re-
duction, the appearance of Co2+ satellite peak suggests that the
Co valence state decreased from 3+ to 2+ (Figure 4c). Such de-
crease of Co valence state in Co-20 and Co-70 samples provides
direct evidence for V∙∙

o formation,[7c] which is in good agreement
with lattice expansion we observed in HRXRD results. In com-
parison to Co, Fe showed less apparent changes in the valence
states for all the samples. Such difference was likely due to the
lower reducibility of Fe compared to Co, which were also ob-
served previously.[34]

The Fe 2p spectra for PSFN showed no pronounced differ-
ence in peak intensity between the as-prepared state and after
thermal reduction. In contrast, both Fe 2p and Co 2p spectra of
the Co-20 and Co-70 samples showed weaker intensity and wider
width after reduction (Figure 1). Such seemly decrease of XPS
intensity was also reported on other perovskite systems such as
SrTi0.3Fe0.7O3−𝛿

[35] and La0.4Sr0.6FeO3
[36] after surface exsolution

as B-site cation nanoparticles. Due to low concentration of Co-
Fe oxide, no new phase was observed in HRXRD pattern. But
B/(A+B) cation ratio provides another strong evidence to sup-
port the formation of Co-Fe enriched nanoparticles. We further
evaluated the B/(A+B) cation ratio based on Pr 3d, Sr 3d, Co
2p, Fe 2p, and Nb 3d spectra (Figure 4c,d and Figure S5, Sup-
porting Information). All the tested samples exhibited similar
B/(A+B) value in as-prepared condition (Figure 4e). After re-
duction, while the B/(A+B) ratio showed negligible changes for
the PSFN sample, it decreased abruptly for the Co-20 and Co-
70 samples. It is widely observed that after thermal reduction
B-site cation exsolved onto perovskite oxide surface and formed
nanoparticles.[37] The seemly reduction of B/(A+B) ratio we ob-
served here is likely due to limited probing depth of XPS. The
probing depths of the Co 2p and Fe 2p XPS spectra were esti-
mated to be less than 3 nm. X ray cannot penetrate the formed
B-site enriched nanoparticles on the reduced Co-20 and Co-70
samples, leading to the seemly decreased B-site content on the
surface (Figure 4f).[35,36] The reduced Co-70 sample exhibited the
largest exsolved nanoparticles. As a result, it showed the largest
decline in B/(A+B) ratio in XPS spectra.

It is difficult to directly map the nanoparticles formed on the
thin-film surface. To confirm the formation of B-site enriched
phase and exsolution on the surface of PSCxFN, we carried out
XRD measurement and high-resolution transmission electron
microscope (HRTEM) mapping for the representative powder
sample Co-20 after thermal reduction at 900 °C in 10% H2 gas
environment, which is a typical reducing condition used in liter-
atures to induce B-site cation exsolution.[21b,38] As shown in Fig-
ure S6 in the Supporting Information, the exsolved nanoparticles
were identified to be Co-Fe alloy on Co-20 surface.

It is important to note that we did not observe metallic peak of
Co and Fe in the XPS spectra of thin-film samples (Figure 4c,d).
This result suggests that the nanoparticles on the thin films are
still Co-Fe oxide rather than Co-Fe alloy due to the relatively low
reduction temperature.

2.5. Electrochemical Performance

In this part, we further evaluated the influence of Co doping on
the electrochemical performance of PSCxFN. The hydrogen ox-
idation reaction (HOR) was used as the model reaction to com-
pare the activity and long-term stability of PSCxFN thin films.
The cells with PSCxFN as anode, single-crystal YSZ substrate as
electrolyte and porous Ag-YSZ as cathode were tested at by using
the setup shown in Figure 5a.

The electrochemical impedance spectra (EIS) of the cells were
shown in Figure 5b. The spectra were fitted using the equivalent
circuit in Figure 5b. The HOR on the PSCxFN thin film anodes
made the dominate contribution to polarization resistance (Rp),
while the porous cathode showed negligible effect. This result is
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Figure 4. SEM images of PSCxFN thin films in a) as-prepared states and b) after reduced in pure H2 at 650 °C for 2 h. c) Co 2p and d) Fe 2p XPS
spectra for PSCxFN thin films in their as-prepared state (black lines) and after hydrogen reduction (green line for PSFN, red line for Co-20, blue line for
Co-70). e) Comparison of B-site cation ratios for PSCxFN thin films before and after reduction. f) Schematics showed the smaller probing depths of XPS
measurement in comparison to the size of exsolved particles, which lead to the seemly lower B-site (Fe/Co) contents on sample surface after reduction.

similar to what we observed in our previous work on thin-film
anodes.[7b,39] The PSFN exhibited the largest Rp at 650 °C, indi-
cating its lowest HOR activity (Figure 5b). With Co doping, the Rp
showed the noticeable decrease. Specially, Co-70 with the highest
Co doping level presented the lowest Rp and fastest HOR kinetics.
Such high activity of Co-70 sample was likely due to the highest
V∙∙

o concentration and largest amount of Co-Fe oxide nanoparti-
cles on the surface after thermal reduction. Similar effect of Co
doping on HOR activity was also observed at other temperatures
in Figure S7 in the Supporting Information.

The activation energy (Ea) of HOR reaction on PSCxFX surface
was determined by the Arrhenius plots as shown in Figure 5c.
PSFN displayed the largest Rp value and the highest Ea of 1.11 eV,
suggesting its lowest HOR activity. In contrast, the Co-70 had the
fastest HOR kinetics with the lowest Ea of 0.90 eV among all the

samples. The Ea of Co-20 was between that of Co-70 and PSFN.
The decreased Ea with Co doping in PSCxFN suggests that Co
can effectively promote the HOR process on the surface.[40]

The long-term stability of PSCxFN was evaluated by carrying
out EIS measurement continuously at 650 °C. The polarization of
HOR (Rp) on PSCxFN film was plotted as a function of operation
time length, as shown in Figure 5d. The PSFN exhibited the high-
est Rp, but good stability over 55 h operation. The Co-20 showed
the comparable stability with the PSCN samples. In contrast, the
Rp value for the Co-70 initially was the lowest, but showed the
continuous increase over operation time. After 55 h operation,
the Co-70 exhibited noticeably higher Rp values compared with
the PSFN and Co-20 samples.

The electrochemical measurement above suggests that Co
doping can effectively promote the HOR activity of PSCxFN thin
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Figure 5. a) Schematic diagram of electrochemical measurement setup for thin-films systems: PSCxFN thin films as anode in pure H2, porous Ag-YSZ
as cathode in air, commercial YSZ substrate as oxygen ion electrolyte. b) Nyquist plots of HOR activity for the PSCxFN thin films at 650 °C. The equivalent
circuit used for fitting the EIS data was inserted. c) Temperature dependence of polarization impedance for PSFN (green), Co-20 (red), Co-70 (blue) thin
film from 650 to 550 °C. The activation energy Ea calculated from EIS data represents potential energy barrier for HOR. d) Long-term stability of HOR
activity for the PSCFN thin films was investigated at 650 °C.

Figure 6. Schematic diagram for evolution of crystal structure and surface B-site cation behavior after thermal reduction with increasing Co doping in
B-site lattice.

films, leading to the highest activity for Co-70 thin films. The Co
doping, nevertheless, also lowers the stability of the thin film,
leading to the fastest degradation rate for the Co-70 thin film.

The experimental and computational results shown above con-
sistently suggest that the Co doping has crucial influence on oxy-
gen formation and lattice stability of PSCxFN phase. On one
hand, Co doping lowers the oxygen formation energy in PSCxFN,
leading to higher density of V∙∙

o upon reduction due to the weaker
metal–O bonds caused by the increase of antibonding state, and
more octahedral distortion of FeO5 (Figure 6). On the other hand,
the Co doping lowers the lattice stability of PSCxFN, resulting in

the easier cation exsolution on the surface. As a result, the PSFN
without Co doping exhibited the smallest morphology and sur-
face composition changes, as well as the lowest V∙∙

o contents upon
hydrogen reduction. In contrast, Co-70 with highest Co doping
showed most pronounced lattice expansion, highest surface V∙∙

o
concentration, and largest exsolved particles size after reduction.
As a consequence of the competing effect of Co doping on the V∙∙

o
formation and lattice stability, the PSFN exhibited lowest HOR
activity but good stability, whereas Co-70 showed the highest ini-
tial HOR activity but poor stability. The Co-20 sample with moder-
ate Co doping level showed both good HOR activity and stability.
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3. Conclusion

In this work, highly textured PSCxFN thin films with different
Co concentrations at B-site were prepared by PLD on single-
crystal YSZ substrates as model systems. After thermal reduc-
tion in pure H2, PSFN exhibited a stable ABO3 perovskite struc-
ture without obvious XRD peak shift. However, Co-doping per-
ovskite oxides exhibited larger chemical expansion, which was at-
tributed to the higher content of V∙∙

o on the surface. Synchrotron-
based AP-XPS results further showed that Co-70 with higher
Co content have more V∙∙

o formed on surface than that on Co-
20 surface. DFT calculation results suggested that the weaker
metal–O bonds caused by the increase of antibonding state as
well as more octahedral distortion of FeO5 were the main rea-
son of lower V∙∙

o formation energy as increased Co doping. As
a result of the promoted V∙∙

o formation, PSCxFN thin film with
higher Co-doping level possessed larger amount of exsolved par-
ticles on the surface. Excessive Co doping until 70% led to im-
moderate V∙∙

o concentration and cation exsolution, which results
in partial decomposition of Co-70. Therefore, its HOR activity de-
teriorated severely after long-term operation. In contrast to Co-70,
low content of V∙∙

o helped PSFN achieve stable perovskite struc-
ture with smooth surface, resulting in good stability but sluggish
HOR kinetics. With 20% Co doping, Co-20 thin film with mod-
erate oxygen defects and exsolved nanoparticles showed good
HOR reaction activity and long-term stability. All the relative re-
sults indicate that V∙∙

o formation process and structure stability
of perovskite oxide can be effectively tuned by bulk doping to
enhance electrochemical activity and stability. Our results can
provide useful guidance for synthesizing active and stable per-
ovskite oxide electrodes in high-temperature (electro)chemical
devices.

4. Experimental Section
Thin Film Model Systems Synthesis: PSCxFN thin films were deposited

on single-crystal YSZ (CTM wafer) substrate with GDC as buffer layer by
PLD using a KrF excimer laser with laser energy of 300 mJ and wavelength
of 248 nm. The deposition was carried out at 570 °C under the oxygen pres-
sure of about 1 Pa. The distance from PLD targets to substrates was set
to be 6 cm. After deposition, thin-film samples were cooled down to room
temperature with the rate of 5 °C min−1 under oxygen pressure of 200 Pa.
The synthesis procedure and corresponding XRD pattern (Figure S8, Sup-
porting Information) for the PLD targets can be found in the Supporting
information.

Synchrotron-Based In Situ Characterization: The surface composition
and chemical environment of PSCxFN thin films at elevated temperatures
were characterized by using synchrotron-based AP-XPS located at Beam-
line 02B of Shanghai Synchrotron Radiation Facility. X-ray source and the
sample reaction chamber were separated by a SiNx window, which enabled
the penetration of X-ray and protection of X-ray source. To protect the pho-
toelectron analyzer, which was required to function at high vacuum, a com-
bined differential pump system was equipped to complete the transition
from high gas pressure (mbar) in the sample chamber to high vacuum
(10−7 mbar) in the analyzer chamber. Therefore, the in situ measurement
of perovskite thin film with the presence of gas (0.1 mbar for this work)
could be realized.[41] Before all the characterization, the thin films were
heated at 300 °C under 0.1 mbar O2 for 1 h to remove carbon and water
contamination. Photon energy was set at 1100 eV in this work for measur-
ing Pr 3d, Sr 3d, Co 2p, Fe 2p, Nb 3d, and O 1s core level peaks. Au 4f 7/2
(at 84.0 eV) peak from Au reference sample was used for calibrating the
photon energy. All the XPS spectra were collected while the samples were

heated at 300 °C in 0.1 mbar O2 and 0.1 mbar H2 gas environment. The
error bar of the cation ratio B/(A+B) in Figure 4e was obtained by fitting
XPS data several times, which represented the uncertainty from spectra
fitting.

Ex Situ Material Characterization: XRD (Bruker D8 Advance, Germany)
was conducted to determine the crystal structure of PLD targets after
preparation. HRXRD (Rigaku SmartLab, Japan) was used to confirm the
quality of thin films prepared by PLD. Surface chemistry of thin films was
evaluated by using XPS (Thermo Scientific ESCALAB 250Xi) with charge
neutralization. To avoid the overlapping between Fe 2p spectra and auger
peaks of other elements, Mg K𝛼 X-ray radiation was used to detect the Fe
2p peak, while Al K𝛼 radiation was used for other XPS peaks. The C 1s peak
with binding energy of 284.6 eV was used as a reference peak for calibra-
tion. The error bar of the cation ratio B/(A+B) in Figure 4e was obtained
by fitting XPS date several times, which represented the uncertainty from
spectra fitting.

First-Principles Calculations: DFT calculations were performed on
Pr0.5Sr0.5CoxFe1−xO3 system (PSCxF, x = 0, 0.25, 0.50, 0.75) using Vienna
ab initio Simulation Package (VASP).[42] The electron-ion interactions were
described by using the projector augmented wave potential.[43] General-
ized gradient approximation (GGA)-based Perdew–Burke–Ernzerhof func-
tional was used for the exchange-correlation.[44] A plane wave was ex-
panded up to the cutoff energy of 400 eV. Electronic occupancies were cal-
culated by using Gaussian smearing with a smearing parameter of 0.05 eV.
For the bulk model of PSCxF series, orthorhombic perovskite structures
(space group: Pmn21) were used according to the XRD result of PSFN
powder. The calculations were performed by using a conjugate gradient
algorithm until the forces of each atom were lowered below 0.03 eV Å−1

with an energy convergence of 10−5 eV. GGA+U approach was used to
correct the self-interaction errors with Ueff = 4.0 eV for Fe 3d orbital and
Ueff = 3.3 eV for Co 3d orbital.[45] The oxygen vacancy formation ener-
gies and DOS calculations were performed on the slab model with BO2-
terminated (1× 1) surface unit cell, eight-layer thickness, and vacuum layer
of 15 Å. For the slab model, bottom two layers were fixed as in the bulk
layers. The COHP calculation was performed with the LOBSTER program
and the output of DOS calculation.[30,46] For the Brillouin zones of bulk
model and slab model, 3 × 3 × 3 and 3 × 3 × 1 Monkhorst−Pack k−point
samplings were used, respectively.[45] Especially, for the DOS calculations,
much higher 7 × 7 × 7 Monkhorst−Pack k−point samplings were used.
The oxygen vacancy formation energy (Ef_vac) was calculated at the sur-
face BO2 layers by Equation (1)

Ef_vac = Eperov−defect +
1
2

EO2
− Eperov (1)

where Eperov − defect and Eperov are the total energies of slab model with and
without an oxygen vacancy, respectively.

The octahedral distortion (Δ) was calculated on the surface half-
octahedron (FeO5, CoO5). The octahedral distortion (Δ) was calculated
by Equation (2)

Δ = 1
5

∑(
Ri − Rave

Rave

)2

(2)

where Ri is the bond length of each Fe–O, Co–O bond of the surface half-
octahedron (FeO5, CoO5) and Rave is the average value of five Ri.

Electrocatalytic Activity Measurement: The HOR performance of
PSCxFN thin films was evaluated by constructing an asymmetric cell with
the thin film as the anode, GDC as buffer layer, single-crystal YSZ substrate
as the electrolyte, and porous Ag-YSZ as cathode. The cell was sealed on
top of a quartz tube with the PSCxFN film and porous Ag-YSZ exposing to
hydrogen gas and air, respectively. Au pattern collectors were sputtered on
the thin-film surface to serve as the current collector. Zahner Im6 electro-
chemical station with frequency from 10 kHz to 5 mHz and 10 mV excita-
tion voltage was used for measuring the impedance spectra of the thin-film
cells.

Adv. Sci. 2021, 8, 2102713 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2102713 (9 of 11)



www.advancedsciencenews.com www.advancedscience.com

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
H.C. and C.L. contributed equally to this work. This work was supported by
the National Natural Science Foundation of China (91745203); the State
Key Laboratory of Pulp and Paper Engineering (2020C01); the Guang-
dong Pearl River Talent Program (2017GC010281), and Beamline 02B of
the Shanghai Synchrotron Radiation Facility, which is supported by ME2
project under contract from National Natural Science Foundation of China
(11227902). This study was also supported by the Nano Material Tech-
nology Development Program (NRF-2018M3A7B4062825) funded by the
Korea government (MSIT).

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
Research data are not shared.

Keywords
cation doping, Fe–O octahedra, metal–oxygen bond, oxygen vacancy, per-
ovskite oxide

Received: June 25, 2021
Revised: August 2, 2021

Published online: October 18, 2021

[1] a) J. H. Myung, D. Neagu, D. N. Miller, J. T. Irvine, Nature 2016, 537,
528; b) H. Shimada, T. Yamaguchi, H. Kishimoto, H. Sumi, Y. Yam-
aguchi, K. Nomura, Y. Fujishiro, Nat. Commun. 2019, 10, 5432.

[2] a) W. Wang, M. Xu, X. Xu, W. Zhou, Z. Shao, Angew. Chem., Int. Ed.
2020, 59, 136; b) M. Fu, L. Wang, T. Ma, H. Ma, H. Xu, X. Li, J. Mater.
Chem. A 2020, 8, 1709.

[3] A. Nur’aini, I. Oh, RSC Adv. 2020, 10, 12982.
[4] a) J. H. Oh, B. W. Kwon, J. Cho, C. H. Lee, M. K. Kim, S. H. Choi, S. P.

Yoon, J. Han, S. W. Nam, J. Y. Kim, S. S. Jang, K. B. Lee, H. C. Ham,
Ind. Eng. Chem. Res. 2019, 58, 6385; b) D. Neagu, G. Tsekouras, D.
N. Miller, H. Ménard, J. T. S. Irvine, Nat. Chem. 2013, 5, 916.

[5] X. Zhang, C. Pei, X. Chang, S. Chen, R. Liu, Z. J. Zhao, R. Mu, J. Gong,
J. Am. Chem. Soc. 2020, 142, 11540.

[6] a) Y. Zhu, H. A. Tahini, Z. Hu, Z. G. Chen, W. Zhou, A. C. Komarek, Q.
Lin, H. J. Lin, C. T. Chen, Y. Zhong, Adv. Mater. 2020, 32, 1905025; b)
M. Li, B. Hua, L.-C. Wang, J. D. Sugar, W. Wu, Y. Ding, J. Li, D. Ding,
Nat. Catal. 2021, 4, 274.

[7] a) Z. Cai, Y. Kuru, J. W. Han, Y. Chen, B. Yildiz, J. Am. Chem. Soc. 2011,
133, 17696; b) F. Li, Y. Li, H. Chen, H. Li, Y. Zheng, Y. Zhang, B. Yu,
X. Wang, J. Liu, C. Yang, Y. Chen, M. Liu, ACS Appl. Mater. Interfaces
2018, 10, 36926; c) X. Liu, L. Zhang, Y. Zheng, Z. Guo, Y. Zhu, H.
Chen, F. Li, P. Liu, B. Yu, X. Wang, J. Liu, Y. Chen, M. Liu, Adv. Sci.
2019, 6, 1801898.

[8] a) Y. Chen, Z. Cai, Y. Kuru, W. Ma, H. L. Tuller, B. Yildiz, Adv. Energy
Mater. 2013, 3, 1221; b) Y. Chen, D. D. Fong, F. W. Herbert, J. Rault,
J.-P. Rueff, N. Tsvetkov, B. Yildiz, Chem. Mater. 2018, 30, 3359.

[9] B. Zhao, L. Zhang, D. Zhen, S. Yoo, Y. Ding, D. Chen, Y. Chen, Q.
Zhang, B. Doyle, X. Xiong, M. Liu, Nat. Commun. 2017, 8, 14586.

[10] a) O. Kwon, S. Sengodan, K. Kim, G. Kim, H. Y. Jeong, J. Shin, Y. W.
Ju, J. W. Han, G. Kim, Nat. Commun. 2017, 8, 15967; b) I. Hamada, A.
Uozumi, Y. Morikawa, A. Yanase, H. Katayama-Yoshida, J. Am. Chem.
Soc. 2011, 133, 18506.

[11] a) W. Xie, Y.-L. Lee, Y. Shao-Horn, D. Morgan, J. Phys. Chem. Lett.
2016, 7, 1939; b) J. Mastin, M.-A. Einarsrud, T. Grande, Chem. Mater.
2006, 18, 6047.

[12] T. Nakamura, M. Misono, Y. Yoneda, Chem. Lett. 1981, 10, 1589.
[13] S. O. Choi, M. Penninger, C. H. Kim, W. F. Schneider, L. T. Thompson,

ACS Catal. 2013, 3, 2719.
[14] Y. Li, W. Zhang, Y. Zheng, J. Chen, B. Yu, Y. Chen, M. Liu, Chem. Soc.

Rev. 2017, 46, 6345.
[15] a) M. Kuklja, E. A. Kotomin, R. Merkle, Y. A. Mastrikov, J. Maier, Phys.

Chem. Chem. Phys. 2013, 15, 5443; b) D. N. Mueller, M. L. Machala,
H. Bluhm, W. C. Chueh, Nat. Commun. 2015, 6, 6097.

[16] Q. Liu, X. Dong, G. Xiao, F. Zhao, F. Chen, Adv. Mater. 2010, 22, 5478.
[17] S. Tao, J. T. S. Irvine, Nat. Mater. 2003, 2, 320.
[18] S. Sengodan, S. Choi, A. Jun, T. H. Shin, Y.-W. Ju, H. Y. Jeong, J. Shin,

J. T. Irvine, G. Kim, Nat. Mater. 2015, 14, 205.
[19] Z. Gao, L. V. Mogni, E. C. Miller, J. G. Railsback, S. A. Barnett, Energy

Environ. Sci. 2016, 9, 1602.
[20] a) S. Yu, D. Yoon, Y. Lee, H. Yoon, H. Han, N. Kim, C. J. Kim, K. Ihm,

T. S. Oh, J. Son, Nano Lett. 2020, 20, 3538; b) H. Lv, L. Lin, X. Zhang,
Y. Song, H. Matsumoto, C. Zeng, N. Ta, W. Liu, D. Gao, G. Wang,
X. Bao, Adv. Mater. 2020, 32, 1906193; c) K.-Y. Lai, A. Manthiram,
Chem. Mater. 2018, 30, 2838; d) D. Neagu, V. Kyriakou, I. L. Roiban,
M. Aouine, C. Tang, A. Caravaca, K. Kousi, I. Schreur-Piet, I. S. Met-
calfe, P. Vernoux, M. C. M. van de Sanden, M. N. Tsampas, ACS Nano
2019, 13, 12996; e) C. Tang, K. Kousi, D. Neagu, J. Portoles, E. I. Pa-
paioannou, I. S. Metcalfe, Nanoscale 2019, 11, 16935.

[21] a) N. Hou, T. Yao, P. Li, X. Yao, T. Gan, L. Fan, J. Wang, X. Zhi, Y. Zhao,
Y. Li, ACS Appl. Mater. Interfaces 2019, 11, 6995; b) S. Liu, Q. Liu, J.-L.
Luo, J. Mater. Chem. A 2016, 4, 17521; c) S. Liu, K. T. Chuang, J.-L.
Luo, ACS Catal. 2015, 6, 760.

[22] A. K. Opitz, A. Nenning, C. Rameshan, R. Rameshan, R. Blume,
M. Hävecker, A. Knop-Gericke, G. Rupprechter, J. Fleig, B. Klötzer,
Angew. Chem., Int. Ed. 2015, 54, 2628.

[23] Y. Gao, D. J. Chen, M. Saccoccio, Z. H. Lu, F. Ciucci, Nano Energy
2016, 27, 499.

[24] H. F. Lv, L. Lin, X. M. Zhang, Y. F. Song, H. Matsumoto, C. B. Zeng,
N. Ta, W. Liu, D. F. Gao, G. X. Wang, X. H. Bao, Adv. Mater. 2020, 32,
1906193.

[25] D. Marrocchelli, S. R. Bishop, H. L. Tuller, B. Yildiz, Adv. Funct. Mater.
2012, 22, 1958.

[26] J. Swallow, W. Woodford, Y. Chen, Q. Lu, J. Kim, D. Chen, Y.-M. Chi-
ang, W. Carter, B. Yildiz, H. Tuller, J. Electroceram. 2014, 32, 3.

[27] a) S. Liu, H. Luo, Y. Li, Q. Liu, J.-L. Luo, Nano Energy 2017, 40, 115; b)
Y. Zhu, L. Zhang, B. Zhao, H. Chen, X. Liu, R. Zhao, X. Wang, J. Liu,
Y. Chen, M. Liu, Adv. Funct. Mater. 2019, 29, 1901783.

[28] B. Hua, M. Li, Y. Q. Zhang, Y. F. Sun, J. L. Luo, Adv. Energy Mater. 2017,
7, 1700666.

[29] a) Y. Zhu, Z. He, Y. Choi, H. Chen, X. Li, B. Zhao, Y. Yu, H. Zhang,
K. A. Stoerzinger, Z. Feng, Y. Chen, M. Liu, Nat. Commun. 2020, 11,
4299; b) K. A. Stoerzinger, W. T. Hong, X. R. Wang, R. R. Rao, S. Ben-
galuru, C. Subramanyam, T. Li, Q. Venkatesan, E. J. Liu, K. K. Crumlin,
Varanasi, Chem. Mater. 2017, 29, 9990.

[30] R. Dronskowski, P. E. Bloechl, J. Phys. Chem. 1993, 97, 8617.
[31] a) C. F. Dickens, J. H. Montoya, A. R. Kulkarni, M. Bajdich, J. K.

Nørskov, Surf. Sci. 2019, 681, 122; b) J. K. Nørskov, F. Abild-Pedersen,
F. Studt, T. Bligaard, Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 937; c)
V. Fung, Z. Wu, D.-E. Jiang, J. Phys. Chem. Lett. 2018, 9, 6321.

[32] L. Fu, J. Zhou, J. Yang, Z. Lian, J. Wang, K. Wu, Mater. Lett. 2020, 279,
128503.

Adv. Sci. 2021, 8, 2102713 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2102713 (10 of 11)



www.advancedsciencenews.com www.advancedscience.com

[33] Y. F. Sun, Y. Q. Zhang, J. Chen, J. H. Li, Y. T. Zhu, Y. M. Zeng, B. S.
Amirkhiz, J. Li, B. Hua, J. L. Luo, Nano Lett. 2016, 16, 5303.

[34] a) Y. Chen, Y. Chen, D. Ding, Y. Ding, Y. Choi, L. Zhang, S. Yoo, D.
Chen, B. Deglee, H. Xu, Energy Environ. Sci. 2017, 10, 964; b) S. Joo,
O. Kwon, K. Kim, S. Kim, H. Kim, J. Shin, H. Y. Jeong, S. Sengodan, J.
W. Han, G. Kim, Nat. Commun. 2019, 10, 697.

[35] A. Nenning, J. Fleig, Surf. Sci. 2019, 680, 43.
[36] A. K. Opitz, A. Nenning, C. Rameshan, R. Rameshan, R. Blume,

M. Havecker, A. Knop-Gericke, G. Rupprechter, J. Fleig, B. Klotzer,
Angew. Chem., Int. Ed. Engl. 2015, 54, 2628.

[37] a) X. Sun, H. Chen, Y. Yin, M. T. Curnan, J. W. Han, Y. Chen, Z. Ma,
Small 2021, 2005383; b) Y. R. Jo, B. Koo, M. J. Seo, J. K. Kim, S. Lee, K.
Kim, J. W. Han, W. Jung, B. J. Kim, J. Am. Chem. Soc. 2019, 141, 6690.

[38] Y. Zhu, J. Dai, W. Zhou, Y. Zhong, H. Wang, Z. Shao, J. Mater. Chem.
A 2018, 6, 13582.

[39] H. Chen, Z. Guo, L. A. Zhang, Y. Li, F. Li, Y. Zhang, Y. Chen, X. Wang,
B. Yu, J. M. Shi, J. Liu, C. Yang, S. Cheng, Y. Chen, M. Liu, ACS Appl.
Mater. Interfaces 2018, 10, 39785.

[40] L. Fan, H. Zhang, M. Chen, C. Wang, H. Wang, M. Singh, B. Zhu, Int.
J. Hydrogen Energy 2013, 38, 11398.

[41] J. Cai, Q. Dong, Y. Han, B.-H. Mao, H. Zhang, P. G. Karls-
son, J. Åhlund, R.-Z. Tai, Y. Yu, Z. Liu, Nucl. Sci. Tech. 2019, 30,
81.

[42] a) G. Kresse, J. Hafner, Phys. Rev. B 1993, 47, 558; b) D. Sholl, J. A.
Steckel, Density Functional Theory: A Practical Introduction, John Wiley
& Sons, New York 2011.

[43] P. E. Blöchl, Phys. Rev. B 1994, 50, 17953.
[44] J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77,

3865.
[45] a) S. Kirklin, J. E. Saal, B. Meredig, A. Thompson, J. W. Doak, M.

Aykol, S. Rühl, C. Wolverton, npj Comput. Mater. 2015, 1, 15010; b)
B. Bouadjemi, S. Bentata, A. Abbad, W. Benstaali, B. Bouhafs, Solid
State Commun. 2013, 168, 6.

[46] a) V. L. Deringer, A. L. Tchougréeff, R. Dronskowski, J. Phys. Chem.
A 2011, 115, 5461; b) S. Maintz, V. L. Deringer, A. L. Tchougréeff, R.
Dronskowski, J. Comput. Chem. 2016, 37, 1030.

Adv. Sci. 2021, 8, 2102713 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2102713 (11 of 11)


