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Elucidating the role of interfacial charge
transfer on the oxygen incorporation/
evolution reactions for solid oxide cells

Kaichuang Yang 1,2, Jieping Zheng2, Ying Lu2, Ziyun Zhang3, Hui Zhang 4,5,
Zhi Liu 3,6 & Qiyang Lu 2

The oxygen incorporation and evolution reactions (OIR/OER) at air electrodes
are key challenges limiting the performance of reversible solid oxide cells
(SOCs). Surface modification using binary oxides has emerged as a promising
strategy to enhance OIR/OER kinetics, with PrOx as a popular choice of the
modification layer. However, the mechanisms behind this improvement of
reaction kinetics remain unclear. In this study, we combine insights from
electrochemical measurements and operando X-ray absorption spectroscopy
to reveal that interfacial charge transfer plays a pivotal role in enhancing the
OIR/OER activity in La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF) with PrOx surface mod-
ification. The charge transfer increases the hole concentration in LSCF, which
can be quantitatively correlated with accelerated OIR/OER kinetics (up to ~70
times enhancement) over a broad range of oxygen chemical potential. We
further demonstrate this mechanism in realistic SOCs devices, showing
enhanced performance in both fuel cell and electrolysis modes. Our work
provides critical insights into the role of interfacial charge transfer and defect
chemistry in surface-modified SOCs electrodes, offering a pathway tooptimize
SOCs performance through surface modifications.

Solid oxide cells (SOCs) have garnered significant attentions as a pro-
mising candidate for sustainable electrochemical energy conversion,
offering potential pathways to cleaner energy solutions1,2.However,
oxygen incorporation/evolution reactions (OIR/OER) at the air electro-
des remain as one of the key bottlenecks, limiting the performance of
high-efficiency SOCs3,4. To effectively enhanceOIR/OER kinetics, surface
modification with binary oxides has been developed as a useful strategy
to accelerate reaction kinetics and improve the overall device
efficiency5–7. However, the specific mechanisms responsible for the
enhanced kinetics remain elusive, which leavesmost of the optimization
efforts still largely empirical8,9. This lack of understanding significantly
hinders the development of guiding principles for leveraging surface

modification to enhance the performance of SOCs. Establishing a
mechanistic framework is essential to unlock the full potential of surface
engineering in advancing SOCs technology.

Previously, several studies have proposed the changes in vacancy
formation energies and surface band bending as the key reason for
enhanced surface kinetics from the surface modification10–12. To eval-
uate the effectiveness of surface modification on various binary oxi-
des, Nicollet et al. pioneeringly introduced the concept of the Smith
acidity of surface oxides as a descriptor for the magnitude of induced
effects12. Furthermore, Siebenhofer et al.13 discovered that acidic
adsorbates on electrode surfaces induce surface dipoles on the sur-
face, which alters the work function of electrodes and influences OIR/

Received: 10 February 2025

Accepted: 4 November 2025

Check for updates

1Zhejiang University, Hangzhou, Zhejiang, China. 2School of Engineering, Westlake University, Hangzhou, Zhejiang, China. 3School of Physical Science and
Technology, ShanghaiTech University, Shanghai, China. 4Shanghai Synchrotron Radiation Facility, Shanghai Advanced Research Institute, Chinese Academy
of Sciences, Shanghai, China. 5National Key Laboratory of Materials for Integrated Circuits, Shanghai Institute of Microsystem and Information Technology,
Chinese Academy of Sciences, Shanghai, China. 6Center for Transformative Science, ShanghaiTech University, Shanghai, China.

e-mail: luqiyang@westlake.edu.cn

Nature Communications |        (2025) 16:11472 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0001-7641-3619
http://orcid.org/0000-0001-7641-3619
http://orcid.org/0000-0001-7641-3619
http://orcid.org/0000-0001-7641-3619
http://orcid.org/0000-0001-7641-3619
http://orcid.org/0000-0002-1719-4345
http://orcid.org/0000-0002-1719-4345
http://orcid.org/0000-0002-1719-4345
http://orcid.org/0000-0002-1719-4345
http://orcid.org/0000-0002-1719-4345
http://orcid.org/0000-0002-8973-6561
http://orcid.org/0000-0002-8973-6561
http://orcid.org/0000-0002-8973-6561
http://orcid.org/0000-0002-8973-6561
http://orcid.org/0000-0002-8973-6561
http://orcid.org/0000-0002-9155-3684
http://orcid.org/0000-0002-9155-3684
http://orcid.org/0000-0002-9155-3684
http://orcid.org/0000-0002-9155-3684
http://orcid.org/0000-0002-9155-3684
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-66361-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-66361-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-66361-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-66361-z&domain=pdf
mailto:luqiyang@westlake.edu.cn
www.nature.com/naturecommunications


OER performance14. Therefore, it is now widely believed that perfor-
mance improvements from surface modification are primarily attrib-
uted to alterations in the electronic structure of electrodes. However,
how these changes in electronic structure or defect chemistry directly
affect the OIR/OER kinetics and reaction mechanisms of electrodes
remains an open question. Specifically, a key challenge is to quantify
changes in electronic structure under various operating conditions
and to establish a direct, quantitative relationship between defect
chemistry (i.e., oxygen vacancy concentration) and surface kinetics.
Moreover, in most of the previous studies, the defect chemistry of the
surface modification layer itself was assumed to be invariant, which is
not true for some binary oxides that show a superior enhancement
effect. For example, PrOx has been widely used as a promising candi-
date material that can greatly enhance the OIR/OER kinetics15,16, while
our previous study has shown that PrOx can undergo large change in
defect concentrations in response to electrochemical driving forces17.
Therefore, we believe that it is also important to take into account the
potential effect of interfacial defect chemical equilibrium for under-
standing the mechanisms of surface modifications in enhancing oxy-
gen exchange kinetics.

To systematically elucidate the mechanism of OIR/OER kinetics
enhancement induced by surface modifications, in this work, we
combined insights from carefully-designed electrochemical measure-
ments and operando X-ray absorption spectroscopy (XAS) and paid
special attention to the role of interfacial charge transfer. Using well-
controlled thin filmmodel systemswith simplifiedmicrostructures, we
use La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) as an example of SOCs air electrode
and PrOx as the surface modification layer. Contrary to previous
understanding, we find that the surface modification layer itself can
change its defect chemistry in response to varying oxygen chemical
potential. However, no matter how the defect chemistry of PrOx

changes, we can pinpoint the electron transfer from LSCF to PrOx as
the main factor responsible for improved OIR/OER kinetics in a wide
range of oxygen chemical potential. The interfacial charge transfer
effectively increases the hole concentration in LSCF, which can be
quantitatively correlated with enhanced OIR/OER kinetics. The
applicability of this mechanism was further validated in realistic
reversible SOCs devices, where PrOx surface modifications led to sig-
nificant performance improvements in both fuel cell and electrolysis
modes. Interestingly, the extent of performance enhancement varied
depending on the operational atmosphere and/or operation mode,
which can be attributed to differences in interfacial charge transfer
modulated by the oxygen chemical potential at the air electrode. Our
findings conclude that interfacial charge transfer is the key to activity
enhancement via surface modification, offering a new framework for
optimizing SOCs air electrodes to boost both efficiency and opera-
tional flexibility.

Results and discussion
LSCF modified with PrOx thin films as a model electrocatalyst
To investigate the effects of the surface modification on OIR/OER
mechanisms, we fabricated model thin film cells using epitaxial thin
films of LSCF as working electrodes. PrOx then was deposited onto the
surface of the LSCF thin film as the surface modification layer. Atomic
force microscopy (AFM) results show that the deposited PrOx surface
modification layer has uniformmorphology, whichmost likely forms a
conformal coating on the LSCF surfaces (Fig. S1 in Supplementary
Information (SI)). We also used X-ray diffraction (XRD) to confirm that
the crystal structure of LSCF was not largely affected by the PrOx

surfacemodification layers (Fig. S4 in SI). As described in our previous
work17, the thin film working electrodes were contacted via an under-
lying platinum grid to promote a uniform oxygen chemical potential
(μO) under bias, and a platinum reference electrode defined the
reference potential for μO. The structure of themodel electrochemical
cells is shown in Fig. 1a. With this model electrochemical cell, we can

simultaneously control the ambient oxygen partial pressure (pO2) and
the applied bias (η), both of which fundamentally influence the defect
concentration in the material (via the change of oxygen chemical
potential μO). The oxygen chemical potential in the electrode, relative
to 1 bar of oxygen, is given by the Nernst equation:

μO =2eη +
kBT
2

ln
pO2

pO0
2

 !
ð1Þ

which the pO0
2 is the standard oxygen pressure (1 bar), while symbols

kB and T represent the Boltzmann constant and temperature,
respectively.

We conducted electrochemical impedance spectroscopy (EIS)
measurements and analyzed the results using the equivalent circuit
model shown in Fig. 1a. We show that the interfacial capacitance is
negligible compared with the chemical capacitance (Cchem) of the
LSCF/PrOx electrodes, which means that the possible effect of inter-
facial space charge layers may be negligible (Fig. S5 and S6 in SI)18.
Fig. 1b shows the area specific resistance (ASR) of LSCF (100 nm) and
PrOx (80 nm), as well as LSCF modified with 1 nm, 5 nm, and 10 nm of
PrOx with different μO at 700 °C (details of EIS fitting procedure are
shown in Fig. S5 and Fig. S6 in SI). We found that ASR decreases as the
PrOx surface modification thickness increases, regardless of the var-
iation in oxygen chemical potential. The ASR measured under varying
pO2 conditions and temperatures shows that despite a reduction in the
absolute ASR values following the modification, the apparent activa-
tion energy remained largely unaffected (Fig. S7 in SI), although we
would like to stress that this is not the “true” activation energy under
fixed defect concentration19. Nevertheless, we observed an increase in
activation energy with increasing pO2, consistent with previously
reported results14,20,21. Fig. 1c shows the values of chemical capacitance
from EIS (Fig. S5 in SI), which provided a direct measure of defect
concentrations22. Compared to the unmodified LSCF thin film, mod-
ifying the LSCF electrode with PrOx of varying thicknesses shows a
different dependence on the oxygen chemical potential, where the
phase transition point at ~−0.1 eV can be seen for thick PrOx layers

17.
This change occurs because the defect concentrations in both PrOx

and LSCF contribute to the overall chemical capacitance. Therefore,
we attempted to quantify the overall chemical capacitance by linearly
combining the chemical capacitance per unit volume of PrOx and
LSCF, as shown below:

CV
LSCF=PrOx

�VLSCF=PrOx
=CV

LSCF �VLSCF +C
V
PrOx

�VPrOx
ð2Þ

where CV
i and Vi (i = LSCF, PrOx or LSCF/PrOx), represent volumetric

chemical capacitance and the volume in the thin film of species i,
respectively.

The calculated results (lines) are highly consistent with the
experimental results (dots), as shown in Fig. 1d. Therefore, after the
surface modification, the chemical capacitance reflects the combined
contribution of defect species from both LSCF and PrOx. In LSCF, the
capacitance is primarily governed by electron holes at low effective
pO2, and by oxygen vacancies at high effective pO2. In PrOx, it is likely
dominated by holes under reducing conditions, and by oxygen inter-
stitials under oxidizing conditions, consistent with the observed phase
transition of PrOx

17. This finding already suggests that we need to
consider the defect chemistry of the surface modification itself, which
might have a strong impact on the OIR/OER kinetics.

Changes in reaction orders of OIR/OER as indicators of mod-
ification effects
Wemeasured the current density, which directly reflects the OIR/OER
kinetics, of LSCF, PrOx and LSCF electrodes modified with PrOx at
various applied biases (−0.2 to 0.2 V) under different oxygen partial
pressures at 700 °C (Fig. S8 in SI). Following our previouswork17 aswell
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as the previous work by Fleig et al.23,24 and Guan et al.25,26, the current
density j of OIR/OER electrochemical reactions can be understood
using the equation below,

j = j0aO
νa
2 pO2

� �νp exp � βeχ
kBT

� �
ð3Þ

where the j0 is the pre-factor of the current density. νa and νp
represent the “true” reactionorder associatedwithoxygen activityaO2

(which is related to μO) and pO2, respectively, decoupling the effects of
aO2 and pO2. χ represents the surface potential at the oxide/gas
interfaces. For most perovskites, such as La0.6Sr0.4FeO3-δ and
La0.6Sr0.4CoO3-δ, χ remains relatively stable under varying biases and
pO2 in an oxygen atmosphere24,27. Additionally, our previous work
showed that the surface potential of PrOx barely changed with biases
and pO2

17. Therefore, in this study, we simplify Eq. (3) by assuming that
the χ is relatively unaffectedby changes in bias andpO2. Inour analysis,
we assume that χ is insensitive to variations in oxygen chemical
potential, which is supported by the AP-XPS results (Fig. S15 in SI).
Therefore, χ influences only the intercept but not the slope of the
logarithmic form of Eq. (3). Consequently, the specific value of χ does
not affect the extraction of kinetic orders.

After excluding the influence of surface potential, we focus on
disentangling this complex reaction mechanism by analyzing the
independent effects of defect concentration and pO2 on surface
kinetics. To assess the impact of each factor separately, we first fix μO

values and examine the influence of pO2 on surface kinetics. Specifi-
cally, we evaluate the effect of pO2 on surface kinetics at μO = −0.2 eV
(corresponding to the SOFCmode or under a cathodic bias) and0.2 eV
(corresponding to the SOEC mode or under an anodic bias), as shown

in Fig. 2a. The slope of log j vs log pO2 plot represents the reaction
order with respect to pO2 (denoted as νp), reflecting the sensitivity of
surface kinetics to the changes in pO2.We applied the same procedure
across different μO ranges (Fig. S7 and S8 in SI) and summarized the
results in Fig. 2b. Under cathodic bias, νp increased from around 0.5 to
roughly 1 after modification, indicating an enhanced influence of pO2

on surface kinetics.
Such a change in reaction order can imply a shift in the underlying

reaction mechanism. Based on the interpretations of the “true” reac-
tion order under isolated pO2 variation reported in the literature, a
value of 1/2 corresponds to a mechanism where the rate-determining
step (RDS) occurs twice in the overall surface exchange process,
whereas a reaction order of 1 suggests that the RDS occurs only
once17,26. Therefore, the increase of νp from 0.5 to 1 reflects a reduced
number of RDS repetitions. On the contrary, under anodic bias, the
modification has a negligible effect on νp, which remains around zero.
Therefore, we reach the conclusion that the PrOx surfacemodification
primarily affects the dependence of surface kinetics on pO2 under
cathodicbias. In the caseof anodicbias,pO2hasminimal impact on the
effects of surface modification, with defect concentration changes
predominantly governing the changes in surface kinetics. This analysis
contrasts with conventionalmethods that directly correlate current or
impedance with pO2, where the influence of defect concentration
cannot be decoupled. By fixing μO, the approach we used above can
isolate the effect of pO2, enabling a more physically meaningful
interpretation of the kinetic response. To analyze the influence of
defect chemistry, we employed a similar method to investigate the
relationship between oxygen activity and current density at a fixed pO2

of 1 bar, as shown in Fig. 2c. The slopes of the curves in this figure
indicate the reaction order of oxygen activity νa. We also applied the

(b)(a)

(c) (d)

5 nm

10 nm

0.1 Hz

10 Hz

1 nm

YSZ

PrOx

Porous LSC (CE)

LSCF
Pt mesh

Pt (RE)

CLSCF

RLSCF

CPrOx

RPrOxRYSZ

Fig. 1 | Electrochemical characterization of the thin film model system with a
YSZ electrolyte. a Nyquist plot of LSCF modified with a 1 nm PrOx thin film, with a
schematic of the electrochemicalmodel.bArea specific resistance and (c) chemical
capacitanceof LSCF (100nm) and PrOx (80 nm), aswell as LSCFmodifiedwith 1 nm,
5 nm, and 10 nm of PrOx under 0.21 atm pO2 with different biases at 700 °C.

d Calculated chemical capacitance of LSCFmodified with 1 nm, 5 nm, and 10nm of
PrOx, based on a linear combination of the volumetric chemical capacitance of PrOx

andLSCF. The lines represent calculated results, while the dots depict experimental
test results. Error bars are obtained from the standard variation from three mea-
surements on different electrodes.
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same procedure under different pO2 conditions (Fig. S9 in SI) and
summarized the results in Fig. 2d. For the bare LSCF electrode, νa
remains essentially unchanged regardless of the pO2 variation. How-
ever, with the increasing thickness of the surface PrOx modification
layer, νa increases, which is more appreciable at high pO2. The change
of reactionorder related tooxygen chemical potentialmeans that after
PrOx modification, the influence of defect concentration on surface
kinetics can be amplified, particularly under the oxygen partial pres-
sure conditions that are typical of SOCs air electrodes (for both SOFC
and SOEC modes, i.e., under both cathodic and anodic biases). This
finding suggests that the mechanisms responsible for the enhance-
ment of OIR/OER kinetics must involve the alteration of defect con-
centration induced by PrOx surface modification. Based on the
previous work of Schmid et al.24,28, the hole/oxygen vacancy con-
centration is in particular important for the OER/OIR activity of
perovskite-based electrodes. Therefore, the results from electro-
chemical measurements inspire us to take a deep dive into the change
of bulk defect concentrations of the LSCF/PrOx electrode compared
with the pristine LSCF electrode. It is highly likely that the key defect
concentration (e.g., holes or oxygen vacancies) can be greatly changed
upon a surfacemodification layer being deposited on LSCF electrodes.

Quantifying charge transfer between PrOx and LSCF
To further investigate the effects of surfacemodification on the defect
concentration and potential changes in the electronic structures, we
conducted operandoXAS to directlymeasure the valence state of Pr as
a function of oxygen chemical potential. The details of the operando
XAS testing system can be found in Fig. S12 of SI.

Fig. 3a shows the operando XAS results for a single phase PrOx

electrode (with 80 nm thickness) and a LSCF electrode (100nm)
modified with 5 nm of PrOx, measured at 700 °C under an oxygen
partial pressure of 1mbar, with different anodic and cathodic biases.

For PrOx grown directly on YSZ substrates, anodic biases readily
induce the formationofmoreoxidizedPr4+, while cathodic biases favor
the reduction to Pr3+, consistent with our previous findings17. Inter-
estingly, for the LSCF thin film electrode surfaces modified with PrOx,
Pr predominantly exists in the reduced Pr3+ state even at 0 V, i.e.,
without applying any cathodic bias. This reduced state persists even
with a significant anodic bias of 0.5 V, while under cathodic biases
nearly all Pr cations were converted to Pr3+. This behavior clearly
demonstrates that using PrOx as a surface modification layer behaves
differently compared to single-phase PrOx, which highlights the
potential interface charge transfer between LSCF and PrOx, i.e., elec-
trons (negative charge) transfer from LSCF to the PrOx surface mod-
ification layer. We quantified the Pr oxidation state at different oxygen
chemical potentials, as shown in Fig. 3b, by reconstructing the spectra
at intermediate biases through a linear combination of those obtained
under the most negative and positive biases, as described in the
reference29. These changes in the Pr oxidation state directly reflect
changes in the defect concentrations within PrOx, confirming that
charge transfer occurs between PrOx and LSCF. Specifically, electrons
transfer from LSCF to PrOx leads to a more reduced state of PrOx

deposited on the LSCF surface. This charge transfer can be quantified
by quantifying the difference in Pr oxidation states between single-
phase PrOx and LSCF/PrOx bi-layer. We emphasize that this compar-
ison is not between bare LSCF and PrOx-modified LSCF, but rather
between single-phase PrOx and LSCF/PrOx bilayers. The difference in
Pr oxidation state between the two configurations directly reflects the
extent of electron transfer from the underlying LSCF to the PrOx sur-
face layer. It is evident that the amount of this charge transfer varies
with changes in the oxygen chemical potential, with more charge
transfer occurring under more cathodic bias.

To quantitatively determine the concentration changes in LSCF
caused by charge transfer, it is first necessary to identify the

(d)(c)

(b)(a)

SOFC SOEC1 bar

= -0.2 eV = 0.2 eV

1/2
1

1
1

Fig. 2 | Reaction orders for understanding OIR/OER mechanisms. a Oxygen
pressure dependence of current density of LSCF and LSCF modified with PrOx

electrodes with fixed oxygen chemical potentials of −0.2 and 0.2 eV. b Reaction
order of oxygen partial pressure pO2 obtained by the fitting results in (a) and the
oxygen pressure dependence of current density at fixed oxygen chemical potential
range of −0.6 ~ −0.1 eV in Fig. S10 and −0.1 ~ 0.3 eV in Fig. S11 in SI. cOxygen activity
dependence of current density of LSCF and LSCF modified with PrOx electrodes

with a fixed oxygen pressure of 1 bar at 700 °C. The symbols indicate experimental
data, while the dotted lines represent linear fitting results. (d) The reaction order of
oxygen activity obtained by using the fitting results in (c) and the oxygen activity
dependence of current density at fixed pO2 range of 0.1 ~ 1000mbar in Fig. S9 in SI.
Red shading indicates the fuel cell mode, and blue shading indicates the
electrolysis mode.
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thickness range affected in LSCF. If charge transfer impacts the
entire bulk of LSCF, changing LSCF thickness should inevitably lead
to varying performance enhancement, with increasing enhance-
ment for the thinner LSCF samples. However, previous studies have
reported significant performance enhancement regardless of the
thickness of the modified material, ranging from millimeter-scale
bulk materials12 to nanometer-scale thin films14. This observation
suggests that the charge transfer likely affects only a limited region
near the LSCF/PrOx interface. While it is difficult to accurately
determine the exact thickness in LSCF affected by charge transfer,
we estimate the region influenced by charge transfer may be con-
fined to the near-interface region of LSCFwith the same thickness of
the PrOx layer (in this case, the first 5 nm of LSCF). To quantify the
defect concentration in this localized region, we again assume it is
uniformly distributed within the interface region with a thickness of
5 nm (denoted as tLSCF below). To evaluate the sensitivity of this
assumption, we further examined varying thickness of effective
region in LSCF (as shown in Fig. S24 in SI), with the results indicating
that although the absolute values of the calculated hole con-
centrations vary with the assumed thickness, the dependence of
current density on hole concentration remains largely unchanged.
Therefore, while the assumed value of tLSCF can effectively capture
the localized nature of charge transfer and provides a qualitatively
valid basis for analysis. This assumption is also consistent with the
finding in Fig. 2c that a thicker PrOx surface modification layer leads
to more enhancement of OIR/OER activity. The change of hole

concentration in LSCF then can be described using the following
equation,i.e.,

4 h�� �
LSCF �tLSCF =4 e0½ �PrOx

�tPrOx
ð4Þ

where the 4 e0½ �PrOx
and 4 h�� �

LSCF denote the change in electron
concentration in PrOx and hole concentration in LSCF per nanometer,
respectively. tLSCF represents the depth of charge transfer within
LSCF and tPrOx

denotes the thickness of PrOx thin film
(i.e., tLSCF = tPrOx

= 5 nm).
Therefore,4 h�� �

LSCF at different oxygen chemical potential canbe
quantified by using the 4 e0½ �PrOx

values from Fig. 3b. To reiterate, we
assume that only the defect concentration within the first 5 nm from
the LSCF/PrOx interface changes, while the defect concentration
beyond this region remains consistent with the theoretical values
calculated from the Brouwer diagram (Fig. S14a in SI). Fig. 3c illustrates
the hole concentration in LSCF and the first 5 nm from the LSCF/PrOx

interface in LSCF modified with PrOx at various oxygen chemical
potentials under this assumption. We analyzed the effects of defect
concentration on surface kinetics and established the relationship
between the hole concentration and current density of LSCF, as well as
LSCF modified with PrOx at various pO2, as shown in Fig. 3d. The cur-
rent density exhibits a power-law dependence on the hole con-
centration. In addition to the sharp increase in hole concentration in
the surface region of LSCF caused by charge transfer, which sig-
nificantly enhances surface kinetics, we observed a stronger

(a) (b)

(c)

LSCF+PrOxPrOx
PrM5-edge PrM4-edge

0.6 V

0 V

-1.30 V

Pr3+ Pr4+ 0.5 V

0 V

-1.15 V

PrM5-edge PrM4-edge
Pr3+ Pr4+

(d)

5

10

LSCF+PrOx

LSCF

Fig. 3 | Charge transfer between LSCF and PrOx. a Operando Pr M4,5-edge XAS
spectra of a single-phase PrOx (80 nm) and an LSCF (100nm) modified with 5 nm
PrOx thinfilmelectrodemeasured underdifferent applied biases at 700 °C andwith
an atmospheric oxygen pressure of 1mbar.b Fraction of Pr3+ in LSCFmodifiedwith
PrOx and single-phase PrOx electrodes calculated using the linear combination of
reference spectra of Pr3+ and Pr4+29. c The hole concentration in LSCF and the first
5 nm from the LSCF/PrOx interface in PrOx modified LSCF at various oxygen

chemical potentials is calculated under the assumption that charge transfer
impacts only the first 5 nm from the interface and is uniformly distributed within
this region. The gray dashed line represents the change in the hole concentration
after modification which is calculated from (b). d Current density versus electron
hole concentration. The hole concentration of LSCF was calculated based on the
defect chemistry model of LSCF bulk (as shown in Fig. S14a in SI), while the hole
concentration of LSCF modified with PrOx was calculated by equation (4).
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dependence of current density on hole concentration. This indicates
that surface kinetics became markedly more sensitive to defect con-
centration after modification, aligning with the conclusions from
Fig. 2d. Furthermore, we also investigated the role of oxygen vacancies
in determining OIR activity (Fig. S14b in SI). We found that after the
modification, the oxygen vacancy concentration in LSCF decreased,
but the overall OIR performance was still enhanced significantly. This
couldbepotentially attributed to the increased electron concentration
(more Pr3+) aswell asoxygen vacancyconcentration inPrOx inducedby
interfacial charge transfer.

The mechanisms underlying the performance enhancement
caused by charge transfer induced byPrOx surfacemodification canbe
highly complex, since charge transfer also influences the interfacial
charge distribution and the surface adsorption of gas molecules.
Therefore, here we discuss two possible mechanisms of the OIR/OER
reactivity enhancement induced by interfacial charge transfer. Firstly,
the performance improvementmay be attributed to the changes in the
electronic structure of PrOx and LSCF induced by charge transfer.
Interfacial charge transfer increases the surfaceelectron concentration
within the PrOx layer, leading to surface band bending and reducing
the barrier for electron transfer to adsorbed oxygen species30. This
enhanced electron transfer can accelerate the adsorption, dissocia-
tion, and activation of oxygen molecules, significantly improving the
kinetics of oxygen exchange reactions. Additionally, charge transfer
leads to an increase in the hole concentration in LSCF, and this con-
centration change induced by charge transfer can alter the coefficient
of oxygen exchange reaction31. For certain oxygen electrodematerials,
such as La0.4Sr0.6FeO3-δ, the OER performance is even directly pro-
portional to the hole concentration24. Therefore, the increase in hole

concentration is likely to enhance the kinetics of oxygen exchange
reactions. The other mechanism for the enhancement of surface
reactivity might be due to the change in surface adsorption of oxygen
molecules. The increase in surface electron concentration elevates the
concentration of adsorbed oxygen molecules, which in turn facilitates
their dissociation and activation, further enhancing the catalytic
activity of the electrode13. Overall, the change in electronic structures
of PrOx and LSCF as well as potential modifications of the surface
adsorption states contribute to the accelerated OIR and OER
processes.

Realistic SOCs devices measurements as a demonstration of
performance enhancement from surface modification
To explore the role of charge transfer in enhancing OIR/OER kinetics
through surface modifications, we employed commercial cells as a
demonstration to validate the proposed mechanism. The selected cell
consisted of LSCF as the air electrode, YSZ as the electrolyte, Ni/YSZ as
the fuel electrode, and Gd0.1Ce0.9O2-δ (GDC) as an interlayer between
the LSCF and YSZ, as illustrated in Fig. 4a. PrOx was introduced onto
the LSCF backbone via the conventional infiltration method, resulting
in PrOx particles loaded within the porous backbone, as typically
observed in the formof nanoscale tomicroscale particles (Fig. S22 and
Fig. S23 in SI).

We first conducted EIS tests under open-circuit voltage (OCV)
conditions (Fig. S14a,b in SI). To further evaluate the influence of pO2,
we analyzed the EIS data by using the distribution of relaxation time
(DRT) technique32, as shown in Figs. 4b and c. We categorized the DRT
features into three regions: low-frequency (LF, ≤102Hz), middle-
frequency (MF, 102–103Hz), and high-frequency (HF, >103Hz),

Fig. 4 | Performance enhancement after PrOx surface modification in
realistic SOCs. a Cross-sectional scanning electron microscopy (SEM) image
showing the structure of a Ni-YSZ/YSZ/GDC/LSCF anode-supported cell.
b, c Distribution of relaxation time (DRT) plots of (b) the pristine cell and (c) after
infiltration with PrOx. d Typical I-V-P curves of bare cells with LSCF and the LSCF

modifiedwith PrOx electrodesunder different oxygenpressures in fuel cellmode at
700 °C with H2 fuel (200 sccm). e Maximum power density versus the oxygen
partial pressure at the air electrode obtained from (b). f Typical I-V curves of the
cells under electrolysis mode at 700 °C with 50% H2O and 50% H2 as the fuel
electrode gas.
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following previous reports in the literature33. In such a complex sys-
tem, assigning each peak in the DRT data to a specific process can be
challenging34. To gainmechanistic insight, we now proceed to analyze
each of the three regions individually and in detail. Although the LF
response is complex and generally considered to involve multiple
steps such as oxygen dissociative adsorption/desorption and charge
transfer, these processes are all essential components of surface oxy-
gen exchange. The resistance in the LF region decreased significantly
after PrOx surface modification, indicating a clear enhancement in
surface reaction kinetics. Therefore, the substantial reduction in LF
resistance provides direct experimental evidence that the PrOx mod-
ification enhances the surface reaction rate of the LSCF electrode. This
observation is consistent with the improvement in OIR/OER activity
observed in electrochemical measurements, further supporting the
role of interfacial charge transfer in modulating surface reactivity. The
interpretation of the MF region remains ambiguous, which may
involve multiple concurrent mass transport processes. Nam et al.,
analyzed this region using a transmission line model (TLM) and pro-
posed that it may reflect oxygen ion conduction within the electrode
material33. From our DRT results, we also find that the MF peak is
sensitive to pO2—its intensity decreases as pO2 increases—which sug-
gests a possible connection to oxygen ion transport within the elec-
trode. Furthermore, the MF feature is reduced after surface
modification with PrOx, consistent with previous literature. Never-
theless, we emphasize that this assignment is not definitive, which
means theMF responsemayalso involve oxygen ion transport through
YSZ or other interfacial contributions. In contrast, the resistance in the
HF region remains nearly unchanged after modification, suggesting
that the PrOx layer does not significantly affect the high-frequency
process related to charge transfer on the electrode/electrolyte
interface35,36. Therefore, although the responses in the MF and HF
regions provide useful insights into bulk electrode properties and
interfacial transport behavior, the core mechanism governing OIR
activity is primarily reflected in the changes observed in the LF region.
The significant reduction in LF resistance directly indicates the
enhancement of surface reaction kinetics induced by PrOx surface
modification.

To explore surface modification on performance enhancement
under practical operating conditions, we tested both pristine cells and
treated cells with PrOx surface modification layers in both SOFC and
SOEC modes. The goal of this approach is to validate the conclusions
derived from the thin film model electrode system and to see if the
enhancement follows the same trend (as a function of pO2 and oxygen
chemical potential) in realistic cells. Figure 4d shows the voltage-
current (and power density) curves of both pristine cells and treated
cells with PrOx surface modification layers operating in SOFC mode at
700 °C. It can be seen that the performance of cells in SOFCmode can
be enhanced by PrOx surfacemodification. Interestingly, the extracted
maximumpowerdensity at differentpO2, as shown in Fig. 4e, increases
with increasing pO2 (i.e., the atmosphere at the air electrode) in SOFC
mode, which is consistent with the results observed in the thin film
model system (Fig. 2a, b). Under the highest pO2 tested (1 bar), adding
PrOx surfacemodification increases themaximumpower density from
0.68W/cm2 to 1.56W/cm2, which means that the performance is
doubled by using this approach. At the same time, we evaluated the
enhancement in SOEC mode of the modified cells, as shown in Figure
5 d. At an electrolysis voltage of 1.5 V, the maximum electrolysis cur-
rent density increased from 0.64A/cm2 to 1.17 A/cm2. Therefore, the
strategy of using PrOx as a surface modification layer can effectively
enhance the performance of real SOFCs and SOECs, while the
enhancement can be tuned by experimental parameters such as the
pO2 of the air electrode or the operating mode of cells. Despite the
significant improvement in cell performance achieved through surface
modification, the performance of realistic cells remains far below that
of thin-film model systems. This discrepancy may stem from a

combination of factors, including differences in microstructures
between thin films and real air electrodes. Due to the dense structure
and nanoscale thickness of thin film electrodes, the effects of pro-
cesses such as gas adsorption and ionic diffusion are minimal and can
largely be neglected. However, theseprocessesmay not be overlooked
in realistic cells. Therefore, in realistic cells, gas adsorption and ionic
diffusion processes are likely to remain slow, even after surface mod-
ification. This is most likely due to the fact that realistic cells possess a
structure that is markedly different from that of the thin-film model
system. In particular, they typically consist of porous, much thicker
electrodes, which provide a significantly larger effective surface area
for gas adsorption. This structural difference may lead to distinct
adsorption and diffusion behaviors compared to the dense, planar
geometry of thin films.

Another potential difference between model thin film electrodes
and real cells is that the fuel electrode where hydrogen evolution and
reduction reactions take place can also affect overall performance.
Although the oxygen electrode is typically considered the rate deter-
mining step, the significant enhancement in the reaction kineticsof the
oxygen electrode after surface modification may cause the kinetics of
the fuel electrode reactions to become comparable to or even slower
than those of the oxygen electrode, potentially making the fuel elec-
trode reactions also rate-limiting. The combined results from realistic
cells and thin film model electrochemical systems demonstrate that
surface modification can enhance the oxygen exchange processes at
the oxygen electrode. The insight gained from this combined
approach provides potential strategies for designing SOCs with
improved performance. Our findings also highlight the role of external
experimental parameters (including the environmental pO2 and the
oxygen chemical potential in the air electrode) in determining the
microscopic process such as interfacial charge transfer, which can
strongly impact the surface kinetics.

In summary, we combined insights from carefully-designed elec-
trochemical measurements and operando X-ray absorption spectro-
scopy to unravel the mechanisms behind OIR/OER performance
enhancement induced by surface modifications. By employing well-
controlled thin-filmmodel systemswith simplifiedmicrostructures, we
investigated LSCF as a model SOC air electrode and PrOx as a surface
modification layer. We discovered that the defect chemistry of PrOx

dynamically responds to changes in the oxygen chemical potential,
which complements the prior understanding that assumes unchanged
stoichiometry of the modification layers. We identified electron
transfer from LSCF to PrOx as the key driving force for the enhanced
OIR/OER kinetics, over a broad range of oxygen chemical potentials.
This electron transfermechanism effectively elevates the electron hole
concentration in LSCF, which directly correlates with increased cur-
rent density. Moreover, we validated the applicability of this
mechanism in realistic SOCsdevices,where PrOx surfacemodifications
significantly boosted performance in both fuel cell and electrolysis
modes. Interestingly, the extent of performance enhancement
depends on the atmosphere of the air electrode and operation mode,
which are closely linked to the modulation of interfacial charge
transfer controlled by the oxygen chemical potential. This study offers
several advances beyond prior works on PrOx-modified oxygen elec-
trodes. Unlike previous studies that primarily inferred mechanisms
from theoretical calculations or indirect electrochemical signatures,
we directly visualized the interfacial charge transfer process and its
impact on defect states using operando XAS. Moreover, we quantita-
tively correlated hole concentration with electrochemical perfor-
mance, examined the oxygen potential dependence of the
modification effect, and validated the findings across both model
systems and practical SOC devices. Leveraging this characteristic, one
can potentially optimize the charge transfer behavior by adjusting
operating conditions, which might be another way of achieving
enhanced performance. These findings provide critical insights into
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the mechanisms of surface modification in oxygen electrodes. Central
to this understanding is the pivotal role of charge transfer in oxygen
exchange reactions at oxide surfaces, which extends beyond SOCs.
This knowledge has broad implications for a range of technologies
where surface oxygen exchange processes are crucial, including oxy-
gen permeation membranes37, gas sensors38 and electrocatalysis and
energy storage39. By enabling precise manipulation of charge transfer
processes, surface engineering can emerge as a powerful and versatile
tool for advancing these applications.

Methods
Thin film model system preparation
Single-crystal YSZ (001) substrates (10 ×10 ×0.5mm3), polished on one
side (MTI Corp.), were employed as both the substrate and electrolyte
in the fabricationofmodel thinfilm electrochemical cells. Nanoporous
La0.4Sr0.6CoO3‑δ was deposited as the counter electrode on the back-
side of YSZ substrates via pulsed laser deposition (PLD) at 450 °C, in
100 mTorr O2, at a laser fluence of 1.2 J/cm2 and frequency of 5 Hz
(Nano PLD, PVD Products). LSC was chosen as the counter electrode
due to its significantly faster surface kinetics compared to the working
electrode,making the influenceof LSCnegligible, as shown in Fig. S6. A
reference electrode was fabricated by applying Pt paste to the side of
the substrate, ensuring that the oxygen chemical potential remains
constant in this setup. On the polished side of the YSZ, 50 nm Pt cur-
rent collector grids with a width of 10 μmand a spacing of 40 μmwere
patterned using photolithography and magnetron sputtering (Fig. S21
in SI). LSCF thin film electrodes were prepared by using PLD at 800 °C,
in vacuum ( ~ 10-7mbar), 1 J/cm2 laser fluence and a frequency of 5Hz.
All PrOx thinfilmelectrodes andPrOx surfacemodifiersweredeposited
at 700°C under an oxygen partial pressure of 100 mTorr, using the
same laser energy density as that used for LSCF. The film thickness was
controlled by the number of laser pulses, as detailed in Table S1 of SI.
While the PrOx films used in different measurements (e.g., Figs. 1b and
3a) are not from the same batch, they were prepared under identical
deposition conditions. The final structure obtained is a thin film
working electrode/YSZ electrolyte/porous LSC counter electrode, with
Pt on the side of YSZ as the reference electrode. The thin films include
LSCF, PrOx, and LSCF modified with PrOx.

Thin film electrochemical measurements
EIS measurements were performed by using a Solartron SI 1260 fre-
quency response analyzer. Measurements were conducted over a fre-
quency range of 0.1 Hz to 1MHz, with an amplitude of 10mV. The
potentiostaticmeasurements were recorded by using a Solartron 1287
potentiostat. The atmospheric pO2 was monitored using an oxygen
sensor. Different gas environments were established by mixing high-
purity O2 (99.999%), N2 (99.999%), and an N2-O2 mixture (99.999%).
Gas flow rates were precisely regulated with mass flow controllers.

Single cell fabrication and measurements
The commercial cells consist of Ni-YSZ fuel electrode support, YSZ
electrolyte, GDC interlayer and LSCF air electrode were purchased
from Suzhou Huatsing Jingkun New Energy Technology Co., Ltd. The
button cell has a radius of 0.5 cm, with an electrolyte layer of YSZ
approximately 15 μm, a GDC interlayer of about 5 μm, an anode of
about 400 μm, and a cathode of approximately 25 μm. Pr(NO3)3·6H2O
dissolved in deionized water (0.5mol/L) was used for LSCF infiltration.
The infiltrated cells were then subjected to a pressure of 0.1mbar for
30 seconds. This process was repeated multiple times, after which the
cellswere annealed in air at 600 °C for 2 hours. TheNiO-YSZ anodewas
in-situ reduced by exposing it to 10 sccm (standard cubic centimeters
per minute) of dry H2 for 24 hours. Subsequently, the cells were tested
under a flow of 100 sccm of dry H2. The oxygen pressure at the air
electrode was monitored and controlled by mixing N2 (99.999%) and
O2 (99.999%).

Microstructure and phase structure characterizations
AFM of the thin film surface was performed in tapping mode (Oxford
Instruments, Jupiter XR). Analytical SEM of the single cell section was
conducted by using a field emission scanning electron microscope
(Gemini 450, Zeiss). High-resolution X-ray diffraction was performed
to characterize the phase structure of thin films by using an X-ray
diffractometer (D8 Discover, Bruker) with monochromatic Cu
Kα1 X-ray.

Operando ambient-pressure X-ray photoemission/absorption
spectroscopy (AP-XPS/XAS) measurements
OperandoAP-XPS/XASmeasurements were conducted at the BL02B01
beamline of the Shanghai Synchrotron Radiation Facility (SSRF). The
bending magnet beamline provides soft X-rays with a photon flux of
approximately 1 × 1011 photons/s at E/ΔE = 3700. The photon energy
ranges utilized for X-ray adsorption spectra of Pr M4,5-edge
(915–965 eV), Co L2,3-edge (770–800 eV), Fe L2,3-edge (700–720 eV)
and O K-edge (520–545 eV). The XPS measurement for the O1s
was carried out at a photon energy of 1300 eV. The sample tempera-
ture was monitored by measuring the conductivity of YSZ substrates.
The environmental oxygen partial pressure was maintained at
0.1mbar.

Data availability
Source data file available as supplementary material. Source data are
provided with this paper.
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