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The highly efficient and stable electrolysis needs the rational control of the catalytically active interface during
the reactions. Here we report a new operando surface restructuring pathway activated by pairing catalyst and
electrolyte ions. Using SrCoOs s-based perovskites as model catalysts, we unveil the critical role of matching the
catalyst properties with the electrolyte conditions in modulating catalyst ion leaching and steering surface
restructuring processes toward efficient oxygen evolution reaction catalysis in both pH-neutral and alkaline
electrolytes. Our results regarding multiple perovskites show that the catalyst ion leaching is controlled by
catalyst ion solubility and anions of the electrolyte. Only when the electrolyte cations are smaller than catalyst’s
leaching cations, the formation of an outer amorphous shell can be triggered via backfilling electrolyte cations
into the cationic vacancy at the catalyst surface under electrochemical polarization. Consequently, the current
density of reconstructed SrCoOs.s is increased by 21 folds compared to the pristine SrCoOss at 1.75 V vs
reversible hydrogen electrode and outperforms the benchmark IrO, by 2.1 folds and most state-of-the-art elec-
trocatalysts in the pH-neutral electrolyte. Our work could be a starting point to rationally control the electro-
catalyst surface restructuring via matching the compositional chemistry of the catalyst with the electrolyte
properties.

1. Introduction

Oxygen evolution reaction (OER) is an enabling step for most of the
key electrochemical applications such as hydrogen production, CO2
electrolysis, and energy storage [1]. The interface between catalyst and
electrolyte (or membrane) is at the heart of the OER catalysis, and plays
a pivotal role in determining the activity, selectivity, and stability of the
electrochemical systems [2]. However, these catalysts are usually un-
stable under oxidation potentials, and are subject to dynamic surface
restructuring during the reactions [3,4]. This operando surface restruc-
turing process has a profound impact on the overall reaction system
[5-7].

Recent studies are sought to take advantage of such surface recon-
struction phenomena to boost the OER activity by tuning the composi-
tional chemistry of metal oxides [8]. The most common strategy is to
incorporate electrolyte-soluble ions into the metal oxide lattice, such as
alkali (e.g., Li") [9], alkaline-earth (e.g., Sr** and Ba®") [10,11], AI®*
cations [12], and halide anions (e.g., C17) [13]. Under oxidation po-
tentials, the dissolution of these cations or anions from the catalysts
causes significant surface reconstruction to form an OER-active surface
layer consists of catalytically-active phases (e.g., cobalt oxyhydroxide
[3] in cobalt oxides) and lattice vacancies [14]. However, there are also
reports raising concerns of the cation dissolution and anode restruc-
turing that could also cause rapid cell failure in the application of CO,
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electrolysis [15], where the local reaction environment (e.g., (bi)car-
bonate cross-over from the cathode to the anolyte) is drastically
different from water electrolysis. This discrepancy originates from the
negligence of the electrolyte’s role in determining the overall reaction
reactivity and stability [16]. The catalytic process and surface restruc-
turing process should depend both on the catalyst properties and po-
tentials and their local reaction environment, such as electrolyte
compositions and local pH, which remain poorly understood by far [17].

Hence, this work seeks to study the roles of electrolyte ions and
catalyst compositions in the catalyst ion leaching and surface restruc-
turing process during OER catalysis in a non-acidic medium, mostly in a
pH-neutral electrolyte. We chose SrCoOs perovskite (SC) as the model
anode catalyst and phosphate buffer solutions (PBS) as the main model
electrolytes. The perovskites are emerging cost-effective alternatives to
precious metals for the OER catalysis [18], while the PBS-electrolytes
with a neutral pH have the potential to minimize the potential corro-
sions in the electrolyzers [19,20]. We chose PBS as the model electrolyte
mainly because of the phosphate anions are different from hydroxide
ions [21,22] and allow us to explore the impacts of anions on the catalyst
surface restructuring and reactivity. Our experimental results confirm
that the catalyst surface restructuring process during OER in varied
electrolytes takes place involving ion leaching, electrolyte cation back-
filling and anion incorporation. This restructuring process is closely
related to the solubility of the cations of the metal oxides, the sizes of the
ions of catalyst and electrolyte, and buffering capacity of the electrolyte
anions. Consequently, an amorphous surface shell structure can be
formed covering the Sr-containing perovskite core in the presence of
Nat-PBS electrolytes after anodic conditioning. The shell structure
contains more oxygen vacancies that strengthen binding with oxygen
intermediates and phosphate ions that promote proton transfer, so as to
exhibit significantly enhanced OER activity in pH-neutral electrolyte
and in alkaline medium.

2. Experimental
2.1. Materials preparation

The solid-state preparation method was applied to synthesize the
catalysts, including SrCoOss (SC), BaCoOs;s (BC), LaCoOss (BC),
Lag.5Sr9.5Co0.8Fep.2035  (LSCF),  BagsSro5Coo.gFep203.5  (LSCF),
SrNbo_lTa0_1C00_803_5 (SNTC) and SI'SCo_175Nb0.025C00.803_§ (SSNC).
Stoichiometric mixtures of Co304 (Aldrich, >99.5 %), SrCO3 (Aldrich,
>99.9 %), BaCoOs3 (Aldrich, >99.98 %), LayO3 (Aldrich, >99.9 %),
NbyOs (Aldrich, >99.99 %) and Ta;Os (Alfa Aesar, >99.0 %) were
weighed and ball-milled at 260 rpm for 20 h. Then the samples were dry-
pressed in a die under 90 MPa and sintered at 1200 °C for 20 h. Finally,
the sintered tablets were crushed into powders through ball-milling at
350 rpm for 8 h. As the SC powders were prepared via solid-state method
and ground through ball-milling, their sizes may vary widely. Thus, the
as-prepared SC powders were dispersed in ethanol via ultrasonication
for 1 h, and centrifuged at the rotation speed of 1000 rpm. The super-
natant was collected and dried under vacuum overnight to obtain the
SC-origin with monodispersed particle size.

Lag 6Srp.4C003.5 (LSC) and Lag Srg 4MnOs3.5 (LSM) were purchased
from Fuel Cell Materials, whose particles size is 0.4-0.8 pm and 0.4-1.0
pm, respectively.

To prepare the 1.0 M sodium phosphate buffer solution (Na*-PBS),
15.6 g sodium phosphate monobasic dehydrate (NaH;PO4-2H>0,
Aldrich, >99.0 %) was dissolved in 100.0 mL deionized water, and
denoted as solution A. Meanwhile, 28.4 g sodium phosphate dibasic
heptahydrate (NapHPO4-7H0, Aldrich, >98.0 %) was dissolved in
200.0 mL deionized water, and denoted as solution B. Then 97.5 mL of
solution A was mixed with 152.5 mL of solution B to obtain the 250 mL
of Na™-PBS. Its pH was tested to be 6.65.

To prepare the 1.0 M potassium phosphate buffer solution (K™-PBS),
13.6 g potassium phosphate monobasic (KHPO4, Aldrich, >99.0 %) was
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dissolved in 100.0 mL deionized water, and denoted as solution A.
Meanwhile, 24.2 g potassium phosphate dibasic heptahydrate
(KoHPO4-3H50, Aldrich, >98.0 %) was dissolved in 200.0 mL deionized
water, and denoted as solution B. Then 97.5 mL of solution A was mixed
with 152.5 mL of solution B to obtain the 250 mL of K*-PBS. Its pH was
tested to be 6.62. To prepare the 1.0 M sodium sulfate solution (Na3SO4),
35.51 g anhydrous NapSO4 was dissolved in 250 mL deionized water. Its
pH was tested to be 7.18.

2.2. Catalyst reconstruction

10.0 mg active catalyst and 10.0 mg carbon black were dispersed in
1.0 mL ethanol with 100 pL 5 wt% Nafion solution through ultra-
sonication for 30 min. Then 400 pL of the obtained ink was loaded on the
Ni foam (1 cm x 2 cm) to achieve the loading amount of 1.67 mg cm_z,
and dried under vacuum overnight. To carry out the catalyst recon-
struction process, the continuous potentiometry V-t treatment was

employed under a constant current density of 3.0 A g~ for 40000 s.
2.3. Materials characterization

The reconstructed catalysts were stripped from the Ni foam through
ultrasonication with ethanol for 20 min and then dried under vacuum
overnight for characterization. High-resolution transmission electron
microscope (HR-TEM, Tecnai F20), with energy dispersive spectrometer
(EDS) mapping details of Sr, Co, and O elements, were applied to study
the morphologies of the materials at a voltage of 200 kV. The line scan
spectra of as-prepared SC and reconstructed SC were collected on the
HF5000 Cs-TEM at the accelerating voltage of 80 kV. X-ray diffraction
(XRD) patterns (260, 10-70°) were recorded on a Bruker D8-Advanced X-
ray diffractometer with the nickel-filtered Cu-Ka radiation. The different
electrodes were immersed in the various electrolytes, including Na*-PBS
(1.0 M), K*-PBS (1.0 M), NayCO3/NaHCO3 (1.0 M), and NaySO4 (1.0 M),
and the anodic conditioning was then conducted for a certain period.
Subsequently, the electrolytes were collected and sent for ICP analyses.
The concentrations of their ions were analyzed with a Varian Vista Pro
ICP-OES instrument. Co K-edge XAS spectra of all samples were recor-
ded on at BL14W1 station in Shanghai Synchrotron Radiation Facility
(SSRF). The beam energy was 3.0 GeV and the maximum beam current
was 400 mA. The FTIR spectra were obtained by a PerkinElmer Spec-
trum 100 FT-IR spectrometer.

3. Results and discussion
3.1. Surface reconstruction of SC oxide in Na*t-PBS solutions

In 1.0 M Na'-PBS solution, high-resolution transmission electron
micrographs (HR-TEM) of SC manifest that a surface restructuring
process took place during the electrochemical anodic conditioning at
3.0 A/g for 10 min, 40 min, 6 h, and 12 h (Fig. 1a-1e), respectively. The
bulk core of SC could sustain its high crystallinity after conditioning
treatment in neutral solution, which is confirmed by the distinguishable
lattice fringes in HR-TEM images with a lattice spacing of 0.277 nm that
corresponds to (0 1 1) lattice of cubic perovskite phase of SC [23,24].
The sustained structural integrity of SC is also confirmed by its X-ray
diffraction (XRD) patterns before and after conditioning (Fig. S1)
[25,26]. In contrast, the amorphous surface shell of the SC becomes
thicker when the anodic conditioning duration increases, with an
average thickness of the amorphous region increasing from 5.0 + 0.3 nm
for 10 min treatment to about 35.0 + 1.0 nm for 12 h treatment. The
thickness of the shell structure increases quickly at the first 6 h treatment
and gradually slows down in the next 6 h (Fig. 1f). The slowing down of
restructuring should be ascribed to the steric hindrance of the thick shell
that prevents further penetration of electrolyte to the SC core when the
shell structure is thick.

Analysis of energy-dispersive X-ray spectroscopy (EDS) line scans
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Fig. 1. (a—e) HRTEM images of SC-origin (a), SC-re-10 min (b), SC-re-40 min (c), SC-re-6 h (d) and SC-re-12 h (e), the upper inset images show the fast Fourier
transforms (FFTs) of the selected area (4 nm x 4 nm), and the bottom inset images show the lattice fringe of the SC samples; (f) the average thickness of the
amorphous region of SC that plotted to show its correlation with anodic restructuring duration; (g) Co K-edge XANES spectra for SC-origin and SC-re-12 h; (h) the k°-
weighted Fourier transform EXAFS spectra of SC-origin and SC-re-12 h and the fitting; (i) Co K-edge extended XANES oscillation functions k®y(k).

over SC oxides before and after 12-h treatment suggests a notable
decrease of Sr/Co atomic ratio but an increase of phosphorus (P) content
near the surface shell (Fig. S2), meeting well with the X-ray photoelec-
tron spectroscopy (XPS) data (Fig. S3). X-ray absorption spectroscopy
(XAS) was applied to investigate the relatively thick shell structure to
reveal the chemistry of the catalyst restructuring process. Cobalt K-edge
of the X-ray absorption near edge structure (XANES) spectrum of the 12
h-treated SC oxide shifts to a higher energy by nearly 1.0 eV as compared
to the original SC (Fig. 1g), indicating that the cobalt ions would be
oxidized during treatment [22,27]. When fitting the Fourier-
transformed extended X-ray absorption fine structure (EXAFS) spectra
against SrCoO3 model [28], we find that the coordination number is
reduced by 4.0 for the first cobalt-strontium shell and by 0.5 for the first
cobalt-oxygen shell in the SC lattice (Fig. 1h and Table S1). The reduced
coordination number indicates loss of strontium atoms in the lattice
after the anodic conditioning, which is consistent with the EDS line
analysis result (Fig S2). We also observe the formation of cobalt-
phosphate bonds in SC oxides after 12 h treatment from the k-
weighted EXAFS spectra particularly at k = 5.0 A™!, 8.5 A~1, and 11.5
Al (where k represents photoelectron wavenumber, Fig. 1i) [29]. The
formation of second cobalt-oxygen shell and cobalt-phosphate shell as

observed from the EXAFS analysis further confirm the incorporation of
phosphate into the SC lattice from the electrolyte solution. Moreover,
FTIR results reveal a stronger broad characteristic peak at 1230 cm ™! for
the typical vibrational and bending modes of phosphate when the
anodic treatment duration increases (Fig. S4) [20]. The amorphous
surface shell should be the region where the restructuring takes place,
involving cobalt oxidation, loss of strontium cations, and phosphate
incorporation.

3.2. OER performance improvement due to surface restructuring

The surface restructuring significantly improves the OER activity of
SC in 1.0 M Na™-PBS. The linear sweep voltammograms presented in
Fig. 2a show that the mass-specific OER current densities increase with
the conditioning durations. Specifically, the current densities at 1.75 V
versus reversible hydrogen electrode (vs RHE) increased rapidly in the
first 40 min treatment and then further to 31.4 A g~ * after 12 h treat-
ment (Fig. 2b and Fig. S5). From the TEM-EDX mapping images, the
homogeneous distribution of the ions in SC-Re could be confirmed
(Fig. S6). We further carried out the in situ EIS test to study the charge-
transfer ability of SC during the anodic conditioning. From Fig. S7 it can
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Fig. 2. (a) OER polarization curves of SC-origin, SC-re-10 min, SC-re-40 min, SC-re-6 h, and SC-re-12 h; (b) OER current density of SC-Re at 1.75 V vs RHE that
plotted to show its correlation with anodic restructuring duration; (c) Continuous potentiometric V-t measurement of SC at the current density of 3.0 A/g in 1.0 M
Na'-PBS; (d) OER polarization curves of Co304, SC, LC and BC before (origin) and after reconstruction (Re) in 1.0 M Na "_PBS; (e) The schematic illustration for the
restructuring possibility of ABO3 oxide in the electrolyte; (f) OER polarization curves of SC before (origin) and after reconstruction (Re) in 1.0 M K*-PBS, the inset
shows the comparison of their achieved current density at the potential of 1.75 V vs RHE; (g) Continuous potentiometric V-t measurement of SC at the current density
of 3.0 A/g in 1.0 M K™-PBS. (h) The activity comparison of SC-Re, IrO,-origin, IrO,-Re, and the recently reported OER catalysts in terms of the achieved current

densities at 1.75 V and the needed overpotential to achieve 5.0 A/g.

be found that charge-transfer ability of SC can be improved with the
treatment duration. The enhanced charge-transfer ability of SC-Re
should also contribute to the highly improved OER activities of SC-Re.
The 40000-s stability test over pristine SC catalyst also reveals that the
required potential decreases from 1.764 V to 1.675 V vs RHE to drive a
current density of 6.0 A g~!, meaning that the OER activity of SC was
greatly enhanced under anodic restructuring (Fig. 2c).

Interestingly, we also studied the surface change of Co304, BaC0Os3.5
(BC) and LaCoOs._5 (LC) catalysts during the anodic conditioning in 1.0
M Na't-PBS, and found that they experienced no significant surface
restructuring (Figs. S8-510). Their TEM-EDX mapping images have also
been provided (Figs. S11 and S12). Consequently, negligible OER im-
provements could be observed over Co304, LC, and BC catalysts after
anodic conditioning treatment (Fig. 2d, 2e). Meanwhile, the SC exhibits
no significant activity enhancement after being treated in 1.0 M K™-PBS
electrolyte (Fig. 2f), because the anodic conditioning in K*-PBS elec-
trolyte could not initiate the surface restructuring process of SC (Fig. 2g
and Fig. S13).

Noticeably, the SC-Re exhibits a remarkably high activity towards

OER in 1.0 M Na*-PBS, reaching a current density as high as 31.4 A g~!
at 1.75 V vs RHE. This performance is 2.1 times higher than that of IrO4
(135 A g’l), and 9.2 times that of IrO5 after 12 h anodic treatment
under the same conditions (2.2 A g’l) (Fig. S14). We also compared the
performance (i.e., overpotentials at 5.0 A g~ and current densities at
1.75 V vs RHE) of our catalyst against the recently reported catalysts in
neutral electrolytes, such as Nig1CogoP [30], RulrCaOy [31], and 1-D
CoHCF [32] (Fig. 2h and Table S2), and the OER activity of SC-Re is
among the best-reported values. In addition, the performance of SC-Re
in 1.0 M KOH is also comparable to the benchmark catalysts such as
NiCoS4 NW/NF [33] and CoSx/Ni3So@NF (Table S3) [34]. Specifically,
SC-Re could achieve the current density of 65.3 A/g at 1.65 V vs RHE,
3.0 times of SC-origin (21.7 A/g), and 1.5 times of IrO, (43.0 A/g).

3.3. The role of electrolyte in surface restructuring.
To unveil the surface restructuring mechanism of SC, we compared

the electrolyte compositions before and after anodic conditioning in 1.0
M Na*-PBS and K*-PBS electrolyte solutions at 3.0 A g~! for 12 h. The



L. Zhuang et al.

ICP-OES results reveal that there are significant amounts of Sr2* ions in
both electrolytes (i.e. 0.44 mM in used Na'-PBS and 0.37 mM in used
K'-PBS) after the treatment (Fig. 3a), and the Sr?* ion concentration in
1.0 M Na"-PBS electrolyte is consistent with the loss amount of Sr in the
SC surface as observed in EDS results (Fig. S2). The relatively high sol-
ubility of Sr in the PBS (solubility product (Ksp) of StHPO4 is 1.072 x
1077) should be the main driving force for the Sr leaching to the elec-
trolyte [35].

More interestingly, it is found that the Na™ ion concentration in Na™-
PBS electrolyte decreases significantly during anode conditioning,
meaning that Na® ions could be backfilled into the SC (Fig. 3b). In
contrast, the loss of K* ion is negligible in K*-PBS after the anodic
conditioning (Fig. S15), but the concentration of Co species in used K-
PBS (ca. 0.054 mM Co) was clearly higher than that in Na'-PBS (ca.
0.018 mM Co) (Fig. 3c). It indicates that the Sr2t leaching could lead to
the slow decomposition of the reconstructed surface of SC in K*-PBS,
exposing the unchanged inner SC crystal to the electrolyte. Therefore,
the TEM image of SC after anodic conditioning in K'-PBS shows no
amorphous outer layer (Fig. S13). Instead, the observed backfilling of
Na' in SC could help stabilize the reconstructed SC framework and

1Y
o
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restrain Co dissolution into the electrolyte and thus lead to the formation
of an extended amorphous structure on the SC surface.

We postulate that the easier backfilling of Na™ in SC than K* should
be attributed to the smaller ionic size of Na*. Compared to the host Sr2*
in SC with an ionic radius of 1.44 A, Na* shows a relatively smaller
radius (1.39 .7\) while K™ has an obviously larger ionic radius of 1.64 A
[36]. To better understand the roles of Na* and K" during the recon-
struction of SC, we performed density functional theory (DFT) simula-
tions to mimic the process of Na and K atoms passing a simple and
respective channel caused by the leaching of Sr atom (Fig. 3d) [37,38].
We consider the passage of an atom through the [O4] neck structure
from one Sr-vacancy to another as a 5-step process with six defined
states (Fig. 3e): (0) reference state with the isolated atom and the
supercell; (1) entering the Sr-vacancy; (2) approaching the [O4] neck
structure; (3) locating at the center of the [O4] neck structure; (4)
moving out of the ring; (5) entering another Sr-vacancy [39]. The DFT
calculations show a substantial energy decrease when the Na atom en-
ters the channel, indicating that the introduction of the Na atom is
favorable for the stability of the reconstructed structure. At the same
position, the Na atom is more likely to pass through the channel
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Fig. 3. (a) The Sr?* concentration in the electrolyte after treating SC in 1.0 M Na™-PBS and K*-PBS at 3.0 A/g for 12 h; (b) The Na™ concentration in Na™-PBS before

and after the anodic restructuring of BC, Co304, and SC; (c) The Co?*

concentration in the electrolyte after the anodic restructuring of SC in 1.0 M Na*-PBS and K*-

PBS; (d) The cubic structural framework of SC supercell (3 x 3 x 1) with an artificial channel composed of three Sr-vacancies due to the leaching of Sr atoms; (e) The
passage of the ions (Na* and K") through the constructed channels; (f) The schematic illustration of the leaching of Sr atom and the occupancy of Na atom in a unit
cell of SrCoOs3; (g) The sectional charge density difference of the [O4] neck structure for the occupancy of Sr atom (Case 1) and Na atom (Case 3) in the center of the
unit cell. The charge depletion and accumulation are depicted in red and blue, respectively.
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spontaneously, clearly different from the case with the K atom. Specif-
ically, Fig. 3e shows positive relative energy for the K atom at State (3),
which indicates that it is difficult for the K atom to pass through the [O4]
neck structure. The high selectivity of Na* over K* can be also observed
in the experimental measurements based on an artificial sodium-
selective ionic device with sub-nanometer pores, which is attributed to
the size effect and molecular recognition effect [40]. To gain insight into
the influence of the Na atom on the Co-O bond, we further explored the
electronic structures of a unit cell of SC as shown in Fig. 3f, and
compared the initial cubic structure (Case 1) to the case when the Sr-
vacancy (Case 2) is occupied by the Na atom (Case 3). Charge density
differences of the [O4] neck structure for Case 1 and Case 3 are calcu-
lated by subtracting the charge density of Case 2 and corresponding
atom from that of Case 1 and Case 2, respectively, as the sectional dia-
grams shown in Fig. 3g. We confirm that the stability of the Na-
backfilled structure is much higher than that of the Sr-vacant struc-
ture, while the Co-O bond weakens (ie., benefiting the formation of
oxygen vacancies) when the Sr atom is replaced by the Na atom. The Na-
backfilling is likely the reason for the formation of the amorphous shell
at the SC core during the restructuring process. The weakened Co-O
bond could also contribute to the observed reduced Co-O coordination
number from the EXAFS results (Fig. 1i).

We also studied the SC surface restructuring process at the same
anodic conditioning treatment in other electrolytes with different anions
such as 1.0 M NayCO3/NaHCO3 and 1.0 M NaySO4. We noticed that
these anions failed to maintain a relatively neutral local pH close to the
catalyst surface during 12 h anodic conditioning (which releases protons
as product), and led to the significant dissolution of the SC catalyst and
even nickel support into the electrolytes.

3.4. The role of A-site cation in surface restructuring

We further studied the role of A-site cations in the surface restruc-
turing processes over Co304 and BC catalysts during the anodic condi-
tioning (Fig. 3b). The absence of the Sr in the Co304 led to negligible
surface restructuring after 12 h anodic conditioning in Na'-PBS
(Fig. S8), and no Co species was detected in the used electrolyte. In
addition, the negligible surface restructuring on BC (Fig. S9) should be
attributed to the low solubility of barium phosphate (Ksp = 3.40 x
10723) that limits the dissolution of the A-site cations. The limited Ba®"
dissolution can be confirmed by the ICP-OES results that there is a much
lower concentration of Ba®>" (ca. 0.11 mM) as compared to Sr?* for SC
(ca. 0.44 mM) in the Na*-PBS. This result indicates that the Sr>"
dissolution is one of the main drivers for the surface restructuring and
causes the Co?* leaching in SC. After 12 h anode conditioning, the
content of Na™ remained almost unchanged for both Co304 and BC
samples, further confirming that Sr dissolution is essential for the Na™*
backfilling in SC.

The electrochemical conditions should also play a role in facilitating
the SC surface restructuring. We treated the SC catalysts in Na'-PBS
electrolyte using three different current densities while maintaining the
same passage quantity of total charge. There was no clear trend spotted
from HR-TEM images of the structural evolution over the SC particles
(Fig. S16). Similarly, there are no obvious correlations between the
treatment conditions and dissolution of the Sr and Co species in the
electrolyte, suggesting that the Sr dissolution is not initiated by the
electrochemical conditioning (Table S4). Instead, the Sr dissolution is
likely driven by the Sr concentration gradient across the catalyst-
electrolyte interfaces. However, the concentrations of Na™ in the elec-
trolyte are similar for the three current densities, meaning that the Na*
backfilling is correlated to the total charges transferred in the reactions
(Table S4). We also found that immersing SC in the Na*-PBS with no
charge transferred could not induce noticeable surface restructuring
(Fig. S17).
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3.5. The effect of surface restructuring on the OER intrinsic activity

To examine the role of the surface reconstruction on the OER
intrinsic activity of the active sites, we compared the activity of SC
before and after surface reconstructions in 0.0316 M, 0.1 M, 0.316 M,
and 1.0 M Na'-PBS electrolytes. Fig. 4a—4c presents obvious de-
pendency of the OER activity over the Na*-PBS concentration, con-
firming the contribution of Na®™-PBS to the OER catalysis over both
original and restructured SC oxides. Interestingly, evidenced by its
smaller slope, the SC-Re should have a lower OER dependency over Na™-
PBS concentration than the original analogue, meaning that the effect of
the Na*-PBS concentration is weakened after the development of the
core-shell structure. We believe the phenomenon is related to the
aforementioned steric hindrance of the thick amorphous shell that limits
further electrolyte penetration and SC/electrolyte interfacial in-
teractions. The lower OER dependency on Na'-PBS could be attributed
to the enhanced proton transfer process by the incorporation of phos-
phate, which was previously reported for (La, Sr)CoO3 with the surface-
modified with phosphate [41]. Our results of the density-functional
theory (DFT) calculation further confirm that phosphate could also
lower the activation energy by 0.19 eV by accelerating the proton
removal from H,O and HO* intermediate, where * represents the
adsorption site at SC surface (Figs. S18 and S19) [42,43].

Furthermore, we observe a stronger pH dependency of OER activities
over SC-Re than over the SC-origin in KOH electrolytes (Fig. 4d-4f). A
high pH dependency indicates the participation of the lattice oxygen in
the OER catalysis, where lattice oxygen vacancy is the essential ingre-
dient [18,44]. The surface reconstruction process can create surface
oxygen vacancies to strengthen intermediate adsorption and tether the
surface with phosphate to accelerate proton transfer, jointly enhancing
the overall OER reactivity [45]. This proposed controllable catalyst/
electrolyte cations matching-induced restructuring strategy can be a
more effective pathway to achieve a high electrochemical activity
compared with the conventional surface restructuring in alkaline solu-
tion. After reconstruction in 1.0 M Na™-PBS, the SC-Re even shows a
remarkably higher OER activity compared with the SC-origin in 1.0 M
KOH (Fig. 4g). To achieve the mass current density of 100.0 A/g, SC-Re
needs only an overpotential of 385 mV, clearly lower than that of SC-
origin (494 mV, Fig. 4f). In contrast, the reconstructed SC sample in
1.0 M KOH and 1.0 M NaOH can only induce minor activity enhance-
ment, which needs 491 mV and 450 mV, respectively, to achieve 100 A/
g (Fig. 4h).

We tested the single-chamber full cell water electrolysis in pH-
neutral 1.0 M Na™*-PBS electrolyte by applying the SC-Re as the anode
catalyst and Pt-loaded carbon black (Pt/C) as the catalyst to evolve
hydrogen (Fig. S20a). The SC-re-based cell achieved a current density of
28.8 A g~ ! at an overall cell voltage of 2.2 V, outperforming the RuO,-
based equivalent (4.1 A g’l at 2.2 V) by almost seven-folds (Fig. S20b,
¢). We also assembled a 5.0 cm? SC-Re electrode into an AEMWE, where
the Pt/C catalyst deposited on Ti foam serves as the cathode and the
Sustainion X37-50 Grade T as the anion exchange membrane
(Fig. 520d). This cell can achieve a current density of 90.7 A g~ at an
overall cell voltage of 2.2 V (Fig. S20e), and the gas chromatograph
results as shown in Fig. S21 confirmed that the products of the cell are
Hj and O,. No CO and CO; were detected (precision: ppm). This cell can
produce 1.8 + 0.2 mL min~! O, gas and 3.9 + 0.2 mL min " (Fig. S20f),
and therefore faradaic efficiency for OER and HER are both ~100 %. The
stability test of SC-Re || Pt/C at 85.0 A g~! shows negligible degradation
for 24 h (Fig. S22). These results demonstrated the potential of the SC-Re
to be applied in a large-scale water electrolyzer.

3.6. Proposed surface restructuring mechanism
Based on the results of the controlling experiment, we could safely

conclude that the surface restructuring of SC during anodic conditioning
involves the dissolution of A-site cations and backfilling of electrolyte
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Fig. 4. (a, b) OER polarization curves of (a) SC-origin and (b) SC-Re in Na*-PBS of 0.0316 M, 0.1 M, 0.316 M and 1.0 M; (c) OER current densities of SC-origin and
SC-Re at 1.65 V vs RHE that plotted to show their correlation with Na*-PBS concentration; (d, ) OER polarization curves of (d) SC-origin and (e) SC-Re in KOH of pH
=12.5,13.0, 13.5 and 14.0; (f) OER current densities of SC-origin and SC-Re at 1.65 V vs RHE that plotted to show their correlation with KOH concentration; (g) OER
polarization curves in 1.0 M KOH of SC-origin and SC-Re samples that treated in 1.0 M KOH, 1.0 M NaOH, and 1.0 M Na'-PBS; (h) The overpotential needed to
achieve the current density of 100.0 A/g in 1.0 M KOH for SC-origin and different SC-Re samples.

cations (Fig. 5a). This restructuring process mainly arises from (1) the
solubility of A-site cations in the electrolyte, (2) the size of electrolyte
ions, and (3) the charge transfer process. The solubility of the catalyst
cation determines the concentration gradient across the catalyst-
electrolyte interface, which drives the catalyst dissolution into the
electrolyte. The catalyst dissolution together with anodic conditioning
charge transfer enables the backfilling of Na* in the electrolyte to the
vacant Sr site and subsequently stabilizes the B-site cobalt structures at

the SC surface. The slightly higher cobalt oxidation states as observed
from the XAS results should be attributed to the Sr-Na swap on the SC
surface that causes the reduction of A-site cation valence and the elec-
trochemical oxidation during the anodic treatment (Fig. 1g, h). Mean-
while, the exchange between Sr and Na could be associated with the
formation of oxygen vacancies (as evidenced by the reduced Co-O co-
ordination numbers) and phosphate incorporation (as evidenced by the
featured XAFS spectra of Co-phosphate (Fig. 1i) and FTIR characteristic
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Fig. 5. (a) The schematic illustration for the restructuring possibility of ABO3 oxide in the electrolyte; (b) XRD patterns of LSC, LSM, SNTC, SSNC, BSCF, and LSCF;
OER polarization curves of (c) LSCF, (d) BSCF, (e) SSNC, (f) SNTC, (g) LSM, and (h) LSC before (origin) and after reconstruction (Re) in 1.0 M Na*-PBS.

peak for phosphate (Fig. S3). The induced charge imbalance, like other
perovskite metal oxides [46], could also create oxygen vacancies with
each carrying two positive charges, as depicted by the equation (inset in
Fig. 5a). Therefore, the negatively charged oxygen ions from phosphate
could interact with the positively charged oxygen vacancies on the
surface, resulting in the adsorption of phosphate in the surface shell
lattice.

The surface restructuring process in Na'-PBS can be a general
restructuring pathway for the ABOs materials that meet the rules
described in Fig. 5a, and could effectively enhance the OER activity. To
demonstrate its generality, we prepared a few Sr-containing cubic pe-
rovskites, including LaggSrp4Co03.5 (LSC), LageSrg4MnOss (LSM),
Lag 5Srg.5Co0.8Fep.2035  (LSCF),  Bag.sSro5Cog.gFep 2035  (BSCF),
SI’SCOJ75Nb0.025C00‘303.5 (SSNC), and SI'NboJTa().lCO().gOg,,S (SNTC)
catalysts, and compared the OER reactivity in 1.0 M Na™*-PBS before and
after anodic treatment for 12 h at 3.0 A g~!. Their XRD patterns are
shown in Fig. 5b. All these materials show discernible enhancement of
the OER activity after the anodic treatment. The overpotential to ach-
ieve a current density of 3.0 A g1 is reduced by 70 mV for LSCF, 125 mV
for BSCF, 50 mV for SSNC, 68 mV for SNTC, 130 mV for LSM, and 86 mV
for LSC. (Fig. 5¢-5 h). This result further confirms the important role of
pairing cathode cations (Sr*") with electrolyte cations (Na™) in
improving OER activity via surface restructuring.

4. Conclusions

To conclude, we report a novel operando surface restructuring
pathway, highlighting the important role of pairing cations in catalyst
and electrolyte in the electrochemical surface restructuring process. In
our study, we use the SrCoOs_s perovskite as the model catalyst to evolve
oxygen from water in the Na'-PBS electrolyte and study the effect of

surface restructuring in enhancing OER catalytic activity. We find that
the surface restructuring process requires the dissolution of soluble A-
site cation (Sr) to the electrolyte, backfilling of small electrolyte cations
(Na™) to large A-site vacancy in the catalyst lattice, and anion (phos-
phate) incorporation. Through both experimental and theoretical
studies, we confirm that the A-site cation dissolution is driven by the
concentration gradient across the catalyst-electrolyte interface, and this
dissolution process together with the anodic polarization initiates elec-
trolyte ion backfilling and incorporation. Consequently, the surface
restructuring leads to the formation of an amorphous shell with a
thickness of ten of nanometers at the catalyst/electrolyte interfaces. This
shell structure is highly active in OER catalysis due to the created lattice
oxygen vacancies that strengthen intermediate adsorption and incor-
porate phosphate that accelerate proton transfer. Overall, this work
highlights the important roles of the cations in both the catalyst and
electrolyte in determining the electrode-electrolyte interactions during
electrocatalysis. We anticipate this work to offer alternative strategies to
advance electrochemical applications such as water and CO, electrolysis
via optimizing the catalyst compositional chemistry with properties of
electrolyte.
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