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Developing efficient oxygen evolution reaction (OER) electrocatalysts requires a thorough understanding of
structure-activity-stability relationships, ideally at the atomic scale. Herein, we employed atom probe tomog-
raphy and transmission electron microscopy to reveal compositional and structural changes on LaCoOs and Ca-
doped LaCoOj5 surfaces during OER. We reveal that the topmost surfaces of pristine perovskite are terminated by
the A-site element (La). After OER, amorphous La(OH)s is formed on the surfaces of LaCoOs, which leads to
significant activity deterioration. For Ca-doped LaCoOs, enhanced intercalation and penetration of hydroxide
ions, along with the appearance of Co>™/** redox couple, are observed, contributing to its enhanced OER activity
and stability. Our study demonstrates how atomic-scale compositional and structural details of electrocatalyst
surfaces deepen our understanding of their activity and stability.

1. Introduction

Water electrolysis is a key technology in the production of hydrogen
[1-4]. However, achieving the desired water electrolysis efficiency
presents an ongoing challenge, mainly due to limitations in electro-
catalyst performance at the anode, where the oxygen evolution reaction
(OER) occurs [5]. Perovskite oxides (ABO3), which incorporate rare-
earth or alkaline-earth cations at A-sites and transition metal cations
at B-sites, have emerged as effective OER electrocatalysts due to their
low cost, high abundance and promising electrocatalytic properties [6].
The flexibility of tuning physicochemical properties by substituting A or
B-sites with elements of varying electronegativity, valence and ionic size
has led to the development of highly active perovskite electrocatalysts
whose OER activity is comparable to the high-cost benchmarks IrO and
RuOs [6,7]. For example, LaCoO3 exhibits relatively poor OER activity.
Partial substitution of La(IIl) by e.g., Ca(II) and Sr(II), at the A-sites can
increase the concentration of oxygen vacancies and improve the OER
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activity [8-10]. Although Ca-doped LaCoOs was reported to maintain
high OER activity for extended durations (~50 h) [11], it has not yet
been well understood how Ca doping affects the structural stability of
LaCoOj3 during OER. This poor understanding stems from insufficient
information regarding the elemental distribution and compositional
changes of La, Ca (at the A-sites), Co (at the B-sites), and oxygen in the
surface and near-surface regions of the electrocatalysts during OER. In
this context, this study will use LaCoO3 and Ca-doped LaCoO3 nano-
particles as model systems to study how surface changes affect their OER
activity and stability.

Essentially, optimizing electrocatalysts requires a thorough under-
standing of the correlation between surface composition, activity and
stability. Oxidation state, structure, composition and elemental distri-
bution in the topmost and near-surface region of electrocatalysts all play
a decisive role in both activity and stability. However, it is challenging
for most characterization techniques to obtain nanometer (nm) or sub-
nm scale compositional and elemental details of nanoparticles, in
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particular for perovskites, since they often contain multiple substitute
elements at the A- or B-sites with low concentrations. Furthermore, the
electrocatalyst surfaces undergo drastic and dynamic structural and
compositional changes during OER, which alter the activity and stability
accordingly. For example, Ba and Sr at the A-sites of
Bag 5Srg.5Cop gFep 2035 (BSCF) [12] dissolve during OER, resulting in
surface amorphization and formation of active (oxy)hydroxide on the
surface. High resolution transmission electron microscopy (HRTEM)
[13] and scanning TEM/energy-dispersive X-ray spectroscopy (STEM/
EDS) [14] have provided seminal insights into the surface amorphiza-
tion and compositional changes of perovskites after OER. However, EDS
signals originating from the thin surface or near-surface regions of
nanometer-sized perovskite nanoparticles suffer from low counts.
Furthermore, these surface region signals can overlap with those from
the inner regions of nanoparticles, since they are obtained from two-
dimensional (2D) images. As a result, the insufficient information
regarding elemental distribution and composition in surface and near-
surface regions of perovskites hinders a thorough evaluation of the
contribution that individual atoms in this extended zone make to the
interplay between catalytic activity and stability.

Atom probe tomography (APT) can provide 3D distribution maps of
individual atoms and compositional changes in nanoparticles both
before and after electrocatalytic reactions with sub-nm spatial resolution
[15], as evidenced by our recent work on oxyhydroxide and spinel oxide
nanoparticles [16-19]. In this study, we employ a multimodal approach
that combines APT with X-ray photoemission spectroscopy (XPS) and
HRTEM to characterize sub-nm scale compositional and structural
evolution of the topmost surface and near-surface regions of LaCoOs and
Ca-doped LaCoOs3 before and after cyclic voltammetry (CV) measure-
ments under OER conditions. The aim of this study is to elucidate the
effects of Ca on the structural and compositional changes of LaCoO3
towards OER, thereby clarifying why Ca promotes the stability of
LaCoOs. We reveal hydroxide ions (OH") were present across Ca-doped
LaCoOs3 nanoparticles. Dynamic penetration of hydroxide ions coupled
with reversible Co®*/4* redox couple is thought to promote both activity
and stability of Ca-doped LaCoO3 towards OER.

2. Experimental section
2.1. Synthesis

All chemical reagents used in this work were purchased from Sigma-
Aldrich. The ultrapure water purified with the Milli-Q purification sys-
tem was used to prepare all solutions except special notes. LaCoO3 and
Ca-doped LaCoO3 were synthesized using the hydrothermal method. La
(NO3)3-6H20 (0.151 g, 0.121 g, 0.091 g, 0.060 g), Ca(NO3)3-4H20 (O,
0.016 g, 0.033 g, 0.049 g), Co(NO3)3-4H>0 (0.102 g) and L-ascorbic acid
(0.3 g) were dissolved in 18 ml H,O with magnetically stirring for 30
min to obtain the precursor solution. The solution pH value was adjusted
to 8.9 with NH3-H0. After stirring for 30 min, the solution was trans-
ferred to a 25 mL Teflon-lined autoclave and heated at 180 °C for 10 h.
The precipitates were washed with pure water and ethanol for five
times, and dried at 60 °C for 12 h. The obtained products were further
calcined at 600 °C for 2 h in a muffle furnace to form the perovskite
phases.

2.2. Electrochemical measurement

All the electrochemical tests were carried out in a standard three
electrodes cell with Op-saturated 1.0 M KOH (pH=14) at a rotation
speed of 1600 rpm using a potentiostat (Bio-Logic SP-300). The KOH
electrolyte was purified with chelating ion exchange resin (Chelex 100,
Bio-Rad) before use to remove metal impurities[20]. A Pt wire was used
as a counter electrode, and a Hg/HgO electrode was the reference
electrode. The working electrode was prepared as follows: 4 mg elec-
trocatalyst powder was dispersed in the mixture of 705 pL ultrapure
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water, 250 pL isopropanol and 45 pL Nafion, and sonicated for 30 min.
Before electrochemical measurements, a bare glassy carbon electrode
(GCE) with a diameter of 5.0 mm was cleaned with alumina slurry and
rinsed ultrasonically with ethanol and water for 20 s, successively. 10 pL
dispersion was subsequently dropped on the GCE and dried at room
temperature, obtaining a catalyst loading of 0.204 mg cm 2.

CV measurements were performed between 0 and 0.73 V (vs. Hg/
HgO) with a scan rate of 100 mV/s for 1000 cycles in 1.0 M KOH. The
samples for XPS, TEM and APT measurements were prepared using the
same electrochemical setup in 1.0 M KOD in D50. Linear sweep vol-
tammetry (LSV) was conducted between 0 and 0.86 V (vs. Hg/HgO) with
a scan rate of 10 mV/s. Electrochemical impedance spectroscopy (EIS)
was performed under OER conditions by applying a sine wave signal
with a 10 mV amplitude in the frequency range from 100 kHz to 0.1 Hz
after equilibrating 5 s at 0.73 V (vs. Hg/HgO). The uncompensated
series resistance (R;) of the electrode setup is ~ 6 O from Nyquist plots
shown in Fig. S1. An ohmic drop (iR,) correction (95 %) was applied to
compensate for the decrease in the actual electrode potential when
compared to the nominal potential due to current flux in the highly
resistive system [21]. All electrochemical tests were repeated three
times. The measured potentials were calculated to the potential vs
reversible hydrogen potential according to the equation:

Erue = Eng/ngo +0.118 +0.059 x pH

Oxygen intercalation process and diffusion coefficients (Dg) were
investigated in an Ar-saturated 6 M KOH electrolyte at room tempera-
ture according to the previous work [10,13]. CV measurements were
carried out at various scan rates from 2 mV s ! to 100 mV s~ *. Chro-
noamperometry (CA) was performed by applying a potential 50 mV
more anodic of the E; /5 (defined as the potential halfway between the
peak currents for oxygen insertion and extraction). The electrochemical
capacitance was measured by CV between 0.974 V — 1.074 V (vs. RHE)
at various scan rates of 25 mV s_l, 50 mV s_l, 75 mV s_l, 100 mV s!
and 125 mV s~ ..

2.3. Characterization

X-ray diffraction (XRD) patterns were recorded using a Bruker
Discover D8 with a 6- 0 geometry and a Lynxeye-1D detector and Cu Ka
radiation (A = 0.15406 nm, 40 kV, 40 mA) in a 20 range from 10 to 80°
with a step size of 0.07° and a time per step of 1.5 s. XPS was tested on a
Versa Probe II (Ulvac-Phi) using a monochromatic Al X-ray source
(1486.6 eV) operating at 15 kV and 13.2 W. After the electrochemical
cycling, the samples were washed with ultrapure water immediately to
remove the residual electrolyte and stored in the glove box. The pre-
pared samples were quickly transferred to the XPS instrument to avoid
oxidation from air. TEM and HRTEM images were taken in an
aberration-corrected JEOL JEM-2200FS operating at 200 kV. TEM/EDS
was performed in STEM mode of an aberration-corrected JEOL JEM-
ARM200F NEOARM equipped with two 100 mm?-sized EDS detectors.
The Brunauer-Emitter-Teller (BET) specific surface areas were obtained
by N; physisorption measurements using a BEL-mini apparatus at 77 K.

To prepare the APT specimens, the nanoparticles were embedded in
the Cu matrix on a Cu plate using an electrodeposition process at a
voltage of —0.50 V (vs Ag/AgCl) for 8 min in 0.25 M CuSOy; electrolyte.
This electrodeposited Cu plate was subsequently used to prepare needle-
shaped APT specimens by a lift-out procedure using a focus ion beam/
scanning electron microscope (FEI Helios G4 CX). The APT experiments
were conducted in CAMECA LEAP 5000XR instrument in laser pulsing
mode with a specimen temperature of 57 K, laser energy of 30 pJ, pulse
frequency of 125 kHz, and detection rate of 0.5. The APT data was
reconstructed and analyzed using the commercial AP Suite 6.3 software.

The La, Co, and Ca amounts in the electrolytes were analyzed by
inductively coupled plasma mass spectrometry (ICP-MS, PerkinElmer
NexION 350 x ). ICP-MS was calibrated before the measurements by a
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four-point calibration slope prepared from standard solutions that con-
tained 4OCa, 59Co and ¥°La. 7*Ge and '*°Ce standards were used as in-
ternal standards. The internal standard solution was prepared in pure 2
% HNOj3 electrolyte and introduced to the nebulizer of the ICP-MS via a
Y-connector. Because of the presence of “°Ca, the ICP-MS was operated
in a dynamic reaction cell mode using CH4 (4.5, Air Liquide) to minimize
the impact of the interference with “°Ar. The details for the gas flow and
RPq parameters obtained during the optimization and used for all the
measurements are listed in Table S1. Moreover, to avoid Ca contami-
nation from the laboratory environment, all the centrifuge tubes used for
the sample preparation and measurements were pre-cleaned several
times with pure 2 % HNOs and water before the measurements. For the
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elemental analysis, 1 mg of each sample was dissolved in 2 ml of
concentrated HNO3 (65 %, Sigma-Aldrich), which was diluted 10,000
times to be analyzed with ICP-MS. To analyze the amounts of the dis-
solved elements, 1 M KOH electrolyte was diluted 100 times to be
analyzed with ICP-MS. To ensure reproducibility, two samples were
prepared for each material, and each sample was measured twice. The
dilution factors, as well as the original volumes of the provided analytes,
were considered during the evaluation of the results.

The H; temperature-programmed reduction (Hy TPR) measurement
were conducted in a flow set-up consisting of a gas supply, a stainless-
steel U-tube reactor heated in a ceramic tube furnace, and a thermal
conductivity detector (TCD, Hydros 100). For the measurement, ~0.1 g
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Fig. 1. (a) X-ray diffraction patterns of LaCoO3, Ca-0.25 %, Ca-0.87 % and Ca-1.48 % doped LaCoOj3, which can be indexed to a rhombohedral LaCoO3 perovskite
structure (PDF card No. 48-0123) with a space group of R-3c(167). (b) enlarged diffraction peaks between 32-34 degree from (a). TEM images of (c) LaCoOs, (d) Ca-
0.87 % doped LaCoOj3 and size histograms (insets). (e) LSV and (f) Tafel curves of LaCoOs, Ca-0.25 %, Ca-0.87 % and Ca-1.48 % doped LaCoOs. The error bars were
obtained from three measurements for each sample. (g) LSV and (h) CV curves of LaCoO3 and Ca-0.87 % doped LaCoO3 before and after 1000 CV cycles. All
electrochemical results were recorded in 1.0 M purified KOH using glassy carbon electrodes deposited with corresponding catalysts at a scan rate of 10 mV/s for LSV

and 100 mV/s for CV.
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catalyst nanoparticles were pre-treated in 50 Nml min~! He (99.9999
%) at 400 °C for 1 h. After cooling to 60 °C, the set-up was flushed with
50 Nml min~! 4.69 % H, (99.9999 %)/Ar (99.9995 %) for 1 h. The
furnace was heated to 800 °C with a heating rate of 10 °C min*. The
maximum temperature was kept constant for 1 h. The sample temper-
ature was measured every two seconds by a thermocouple placed inside
the reactor. The measured Hjconsumption and temperature were
plotted against the measurement time.

3. Results and discussion

Three Ca-doped LaCoO3 with varying Ca doping were prepared. The
Ca content is ~ 0.25 at.%, 0.87 at.% and 1.48 at.% measured by TEM/
EDS (Table S2 and Fig. S2). For simplicity, we termed the Ca-doped
samples Ca-0.25 %, Ca-0.87 % and Ca-1.48 %. The low Ca doping
contents can be attributed to the high solubility of Ca(Il) in the alkaline
solution of the hydrothermal process. In contrast, La(III) and Co(II) are
much easier to precipitate due to the lower solubility of La(OH)3 and Co
(OH), than Ca(OH), [22-24]. The La/Co ratio and Ca/La ratio of Ca-
0.87 % sample were also measured by ICP-MS, shown in Table S3, which
agrees with the EDS results (Table S2). Our X-ray diffraction (XRD) data,
in Fig. 1a, shows that LaCoO3 and Ca-doped LaCoOs samples have a
rhombohedral LaCoOs structure (R-3c) [25]. With increasing Ca con-
centration, the diffraction peak at ~ 33 degrees shifts to higher values
(Fig. 1b). This result suggests that Ca was doped into LaCoOs3 by
replacing La, albeit low concentrations, since Ca%* has a smaller ionic
radius (1.34 f\) compared to La3t (1.36 A) [26-28]. As the Ca concen-
tration further increases to 1.48 at. %, impurity peaks corresponding to
CaCO3 and Co304 start to appear; the impurity peaks become more
pronounced when more than 1.48 at.% Ca was doped (results not
shown). The average sizes of LaCoO3 and Ca-doped LaCoO3 (Ca-0.87 %)
nanoparticles are similar, ~27 nm, as revealed by the TEM images in
Fig. 1c-d. Note that particular effort was required to synthesize relatively
small nanoparticles for APT measurements by adding ascorbic acid
during the hydrothermal process [29] due to the limited field-of-view of
APT (~30-100 nm) [30].

Next, we assessed the effect of Ca doping concentration on OER ac-
tivity by LSV with pristine LaCoOs, Ca-0.25 %, Ca-0.87 % and Ca-1.48 %
doped LaCoOs using a scan rate of 10 mV/s on a rotating disk electrode
(RDE) in 1.0 M KOH under OER conditions. Before electrochemical
measurements, KOH was purified to remove the Fe(IIl) impurities, as
even 0.1 ppm Fe in electrolyte could enhance the OER activity of LaCoO3
and LaNiOj perovskites [31,32]. The current density was normalized to
the geometric surface area of the glassy carbon electrodes. The elec-
trochemical active surface areas (ECSA) were not used to estimate the
surface areas since the double-layer capacitance of LaCoOs and Ca-
doped LaCoOj3 could be overestimated due to their pseudocapacitor
characteristics [33]. The LSV plots shown in Fig. 1e reveal that Ca-0.87
% doped LaCoOj3 has the highest OER activity, with the lowest over-
potential of 396 mV at a current density of 10 mA cm ™2, which is lower
than that of LaCoO3 (478 mV), Ca-0.25 % (428 mV) and Ca-1.48 % (414
mV) doped LaCoOs. These results indicate that the OER activity of Ca-
doped LaCoOjs increases with Ca doping concentration when Ca <
0.87 at.%; beyond this threshold, OER activity decreases. This finding is
consistent with previous studies that showed a remarkable improvement
in OER activity after doping Ca in LaCoO3 even at low concentrations
[6,34]. Moreover, Ca-0.87 % doped LaCoOs exhibits a lower Tafel slope
(73 + 2 mV dec’H) compared to LaCoO3 (91 + 1 mV dec'l), Ca-0.25 %
(81 £ 2 mV dec'l) and Ca-1.48 % (77 £ 1 mV dec’l) samples, Fig. 1f,
indicating that Ca-0.87 % doped LaCoOs exhibits faster charge transfer
kinetics than LaCoO3 and other Ca-doped LaCoOgs nanoparticles [35]. In
addition, LaCoO3 and Ca-0.87 % doped LaCoOs exhibit similar BET
areas of 22.1 m? g~! and 23.0 m? g7}, respectively (Fig. S3a). The LSV
curves normalized to the BET further suggest the Ca-0.87 % doped
LaCoOg exhibits higher OER activity than LaCoOg (Fig. S3b).

In addition to activity in the pristine state, we investigated activity
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changes by performing LSV on the LaCoOgs and Ca-0.87 % doped LaCoOs3
after 1000 CV cycles in the range of 0.944 V — 1.674 V vs. RHE at a scan
rate of 100 mV/s. The LSV data presented in Fig. 1g shows that the
overpotential of Ca-0.87 % doped LaCoOs; measured at 10 mA cm >
increased only by 23 mV after 1000 cycles, which is in stark contrast to
the considerable overpotential increase of 1000-cycle treated LaCoOs3
(96 mV) and Ca-0.25 % doped LaCoO3 (53 mV in Fig. S4). These results
suggest that an optimal Ca doping slows down the activity deterioration
of LaCoOj3. Additionally, Ca-0.87 % doped LaCoOs exhibits relatively
pronounced redox couples during the CV measurements compared to
LaCoOs (Fig. 1h). Two pairs of redox waves (A1l/Cl and A2/C2) were
observed between 1.0-1.2 V and 1.4-1.55 V in the CV curve of Ca-0.87
% doped LaCoOj3, which can be assigned to Co(Il, III) « Co(III) and Co
(III) « Co(IIl, IV) according to the previous reports [36,37]. Interest-
ingly, such redox couples and the enclosed area of CV curves become
more intensified after 1000 cycles (green curve in Fig. 1h). This possibly
arises from enhanced incorporation and intercalation of hydroxide ions
in the Ca-0.87 % doped LaCoOs during OER. To further confirm the
different degrees of hydroxylation, we performed CV measurements
LaCoOs3 and Ca-0.87 % doped LaCoOs at various scan rates (Supple-
mentary Note 1 and Fig. S5). We observed that the redox features are
highly dependent on the scan rates (Fig. S5a-c), suggesting these peaks
are attributed to not only Co(III)/Co(IV) redox couples but also oxygen
intercalation/de-intercalation [10,13]. The redox features of Ca-0.87 %
doped LaCoOg are higher than that of LaCoOg at each scan rate, which
indicates that the more robust oxygen intercalation/de-intercalation
behavior of Ca-doped LaCoOs (Fig. S5d). The oxygen intercalation/de-
intercalation process of Ca-doped LaCoO3 most likely occurs via the
following reactions (1-2),

Laj.xCayCo™™M03 5 + 260H" = La; 4CayCo™0g.5. + 6Ha0+20€” (1).

La; xCaxCo™M03.5 + 260H = Laj xCaxCo™V 05 5. + 6Hy0+20€ (2).

Further, according to the previous work [10,13], we measured the
oxygen diffusion coefficient from our chronoamperometry data (see
Fig. S5e and Supplementary Note 1). The oxygen ion diffusion in Ca-
0.87 % doped LaCoOs is about six times faster than in LaCoO3, most
likely leading to the enhanced incorporation and intercalation of hy-
droxide ions in Ca-doped sample during OER. This also explains the
faster charge transfer kinetics of Ca-0.87 % sample, as indicated by the
Tafel slopes (Fig. 1f). The enhanced oxygen intercalation/de-
intercalation process is also accompanied by an increase in electro-
chemical capacitance (pseudocapacitance) of Ca-0.87 % doped LaCoOs3
after 1000 cycles (Fig. S6). In comparison, the electrochemical capaci-
tance of LaCoO3 decreased by 60 % after 1000 cycles. The increased
electrochemical capacitance of Ca-0.87 doped LaCoO3 may also result
from surface reconstruction accompanied by A-site metals dissolution
[12,38], which is investigated in the following section.

In summary, Ca-0.87 % doped LaCoOs exhibits better activity and
stability towards OER compared to LaCoOs. To determine the origins of
the high activity and stability improvement of Ca-0.87 % doped LaCoOs,
and the degradation of LaCoOs, we employed XPS, HRTEM and APT to
investigate and compare the oxidation state, structure and composition
of both perovskites before and after OER. Fig. 2 presents La 3ds,» and Co
2p spectra of LaCoO3 and Ca-0.87 % doped LaCoOs, both in the pristine
state and after 1000 CV cycles under OER conditions (Ca 2p spectra
shown in Fig. S7 [39] and surface concentration measured by XPS
summarized in Table S4). We can see from Fig. 2a that the La 3ds,2
spectra of LaCoOjs after 1000 cycles show slight changes compared to its
pristine state. In contrast, the La 3ds,, spectra of Ca-0.87 % doped
LaCoOs3 remain similar after 1000 cycles. To distinguish the changes of
La oxidation state in LaCoOj3 after OER, the La 3ds,, spectra were fitted
by three components: c4f° (the final state without charge transfer), c4f!
bonding and c4f! antibonding (bonding and antibonding component of
the final state with charge transfer from O 2p state band to empty 4f
orbital), where c represents the presence of a core hole [40,41]. From
the fitting result (Fig. S8 and Table S5), for LaCoOg3 after 1000 cycles,
both the separation of the c4f° to c4f' bonding and c4f! bonding to c4f!
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Fig. 2. (a) XPS La 3ds,» spectra and (b) Co 2p spectra of LaCoOs in pristine state and after 1000 CV cycles and Ca-0.87% doped LaCoOs in pristine state and after

1000 CV cycles. The peak fitting of La 3ds,2 spectra can be found in Fig. S8.

antibonding decrease compared to the pristine state, indicating the
formation of La(OH)3 on the surface of LaCoOs during OER [41,42]. It is
generally accepted that the A-site cation (i.e., La) of perovskite is not
active, and, instead, the B-site cation (Co) and its redox couple play
decisive roles in the OER activity[43,44]. To interrogate the Co oxida-
tion state, we measured the binding energy of Co 2p;,2 and Co 2p3/,
presented in Table S6. Co(II) and Co(III) could be differentiated by the
Co2p1,2-2p3,2 spin-orbit level energy spacing with 16.0 eV for high-spin
Co(II) and 15.0 eV for low-spin Co(Ill) [45,46]. Compared to LaCoOs,
the Ca-0.87 % doped LaCoOj3 has a higher binding energy difference
(~15.5 eV), indicating the existence of more Co(II). A decrease in the Co
oxidation state is most likely caused by the creation of oxygen vacancies
after Ca doping for maintaining overall charge neutrality. This was
confirmed by the fitting results of O 1 s spectra (Fig. S9 and Table S7)
where an increased 02/01 ratio of Ca-0.87 % doped sample indicates its
higher oxygen vacancy concentration than LaCoOs3 [13,35]. Our obser-
vation is consistent with the previous work that Ca?* substitution in
LaCoOs can increase Co 3d-O 2p covalency and lower the Fermi level to
the Co 3d n*- O 2p n * band, leading to the formation of ligand hole,
whereby Oy could be released from the lattice and form oxygen va-
cancies [10,34]. After 1000 CV cycles, the decreased binding energy
difference (15.2 eV) suggests an increased oxidation state of Co. Addi-
tionally, Ca concentration and Ca/La ratio decrease after 1000 cycles
(measured from the XPS data and summarized in Table S4), implying Ca
dissolution during OER.

To further elucidate the reasons for the activity decrease in LaCoO3
and high stability of Ca-0.87 % doped LaCoOs, other factors, such as
structural transformation and compositional changes, were subse-
quently investigated by HRTEM and APT.Fig. 3 shows the HRTEM im-
ages of LaCoO3 and Ca-0.87 % doped LaCoOs3 before and after 1000 CV
cycles. Both samples in the pristine state exhibit the characteristic lattice
fringes of the perovskite rhombohedral structure (R-3c) on the surface
and in the bulk of the nanoparticles (Fig. 3a-b). After 1000 CV cycles, the
surface 4-5 nm region of LaCoO3 becomes amorphous, as shown from 13
out 16 nanoparticles in Fig. 3c,e and Fig. S10. Surface amorphization is
generally attributed to the formation of active oxyhydroxide, along with
A-site leaching of perovskites whose O 2p-band is near the Fermi level,
such as BSCF, where the lattice oxygen redox mechanism dominates
[47]. For instance, Sr-substituted LaCoO3 underwent structural changes
and surface amorphization due to Sr leaching during OER [31,42]. To
examine if the surface amorphization observed in this study is induced
by the cation leaching in LaCoOs, ICP-MS was performed to measure the
analyte concentrations after OER. Table S8 shows that negligible
amounts of La and Co dissolve in the electrolyte after OER cycling at pH

14. As a result, surface amorphization of LaCoOs is not induced by La
dissolution. In addition, the stability number (S-number), defined by the
ratio of the amount of evolved oxygen and the amount of dissolved
active atoms, could be a metric to evaluate the activity versus stability,
according to the previous report[48]. We measured the S-number
(Supplementary Note 4) and found out that Ca-0.87 % doped LaCoOs
has a higher S-number, which further demonstrates its better OER sta-
bility than LaCoOs. To investigate the origins of surface amorphization,
selected area electron diffraction (SAED) patterns were recorded from
hundreds of nanoparticles before and after 1000 CV cycles (Fig. S12a,c).
After 1000 cycles, additional reflection spots corresponding to (100)
and (101) planes of La(OH)3 (JCPDS: 36-1481) were observed
(Fig. S12c). This result suggests that the pronounced surface amorph-
ization of LaCoOs likely arises from the formation of La(OH)s, which is
consistent with our XPS data (Fig. 2a). The surface transformation into
La(OH)3 decreases the OER activity of LaCoOj3 since La(OH)s is inactive
for OER [42]. Note that the pristine LaCoOs3 also contains a secondary
LapO3 phase, as indicated by additional reflection spots in Fig. S12a,
while the secondary phase has only a low volume fraction (< ~5%) as it
is indiscernible by our XRD data (Fig. 1a).

Compared to LaCoOs, the surface of Ca-0.87 % doped sample re-
mains crystalline after OER, as revealed by 16 out 20 nanoparticles in
Fig. 3d,f and Fig. S11. According to XPS (Table S4), Ca dissolution oc-
curs. Also, Ca-doped LaCoOs possibly contains oxygen vacancies. Both
possibly lead to the hypothesis that surfaces of Ca-doped LaCoO3 would
be amorphous by forming an active CoOx(OH)y layer, as reported in
previous studies [31,42]. However, such surface amorphization of Ca-
doped LaCoO3 was not observed in our study. To further verify this,
we also recorded the SAED of Ca-0.87 % doped LaCoOj3 before and after
OER (Fig. S12b, d), which show that all diffraction rings after 1000
cycles correspond to LaCoOs structure (R-3c) (Fig. S12d). Notably,
previous operando X-ray-based spectroscopy studies [49,50] reported
that the surfaces of Co spinels transformed to a highly reversible X-ray
amorphous CoOx(OH)y layer that promotes OER activity. Thus, we
speculate that surface transformation of the Ca-doped LaCoOj3 into
CoOx(OH)y most likely occurs but reversibly, making capturing this
layer by ex-situ TEM challenging after OER cycling. Additionally, we
cannot exclude the possibility that the electron beam in TEM induced
structural changes in the surface of the Ca-doped sample.

To investigate the elemental redistribution and compositional
changes, we employed APT to resolve surface compositions of LaCoO3
and Ca-0.87 % doped LaCoO3 before and after 1000 CV cycles (mass
spectra shown in Fig. S13). Electrochemical measurements were con-
ducted using deuterated electrolyte (1 M KOD in D50) to investigate the



F. Bai et al.

pristine

1000 cycles

Journal of Catalysis 438 (2024) 115697

b Ca-0.87% doped LaCoO;

AT

d(110)

 p276pm

Fig. 3. Surface structural evolution of LaCoO3 and Ca-0.87% doped LaCoOs. High-resolution TEM images of LaCoO3 and Ca-0.87% doped LaCoOs (a,b) before and (c,
d) after 1000 CV cycles. Insets in (c,d) are fast Fourier transforms (FFT) from the responded red areas. (e,f) Magnified TEM image of nanoparticle surfaces in (c,d).
Crystalline surfaces are observed for both pristine samples. After 1000 cycles, a thick amorphous area (white line region) is observed at the surface of LaCoO3
nanoparticles, while Ca-0.87% doped LaCoOj3 still exhibits a crystalline surface.

distribution of hydroxyl groups after OER [51]. The pristine and post-
OER perovskite nanoparticles were embedded in a Cu matrix through
electrodeposition to prepare the needle-like APT specimens; the nano-
particles embedded in the Cu matrix and a Ni matrix was compared and
discussed in Supplementary Note 2 and Fig. S14). Fig. 4a presents the
atom map of a pristine LaCoO3 nanoparticle. LaCoO3 nanoparticles have
an overall La/Co ratio of 1.4, summarized in Table 1, which is close to
the La/Co ratio of 1.46 obtained from the ICP-MS result (Table S3).

Interestingly, the topmost surface (~3 nm region) of the LaCoOj3
nanoparticle, shown in Fig. 4a, exhibits a slightly higher La/Co ratio
(~1.5) compared to its bulk region (~0.97), as indicated by the 1D
concentration profile depicted in Fig. 4b. This suggests that La domi-
nates the topmost surface of LaCoO3 at the A-sites, consistent with
previous reports that La is enriched on the surfaces of LaCoO3 perovskite
[26,52,53]. After 1000 CV cycles, the overall La/Co ratio of LaCoO3
increases to ~ 1.7 (Fig. 4c-d and Table 1, Fig. S15), possibly due to the
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Fig. 4. Cross-sectional atom maps of (a, ¢) LaCoO3 and (e, g) Ca-0.87% doped LaCoO3 nanoparticles in pristine state and after 1000 CV cycles embedded in the Cu
matrix. (b, d, f, h) corresponding 1D concentration profiles plotted along the white arrows. The corresponding La/Co and Ca/La ratio are plotted in Fig. S15.

Table 1
Calculated O concentration, OD concentration and atom ratios from APT results.

Sample and region” La/Co ratio”

O concentration (at. %)° Ca/La ratio OD concentration (at. %)

LaCoO3 Pristine total 1.4+ 0.1
Bulk 0.97 £0.1
La-rich 1.5+0.1
1000 cycles total 1.7 £ 0.1
Bulk 0.98 +£0.18
La-rich 1.8 +£0.2
Ca-0.87 % doped LaCoO3 Pristine total 0.91 +0.01
La-lean 0.86 + 0.03
Bulk 1.4+0.1
1000 cycles total 1.0£0.1
La-lean 0.91 + 0.06
Bulk 1.1 +0.07

53.4+0.1 - —

54.5 + 0.7 - -

53.8 + 1.7 - -

63.9+ 0.8 - 9.3+0.3
59.9 + 4.4 - 11.6 £ 0.1
65.9 + 2.2 - 9.9+0.1
48.9 £ 0.1 0.054 + 0.001 -
45.1+0.8 0.062 + 0.006 -

44.4 + 0.8 0.037 + 0.004 -

543+ 1.1 0.014 + 0.004 0.22 + 0.07
56.9 + 1.7 0.010 + 0.005 0.31 £ 0.13
52.0 + 1.5 0.016 + 0.005 0.14 + 0.08

@ The total regions were the overall APT data of each sample. The bulk and La-rich regions were selected from the corresponding 1D concentration profiles in Fig. 4.

: Oi oj . . g . n;
Y The error bars for the ratio were calculated from R , /(=)?+(=L)?, where R is the ratio of i/j. °The concentrations were calculated from ¢; = — and the error bars for
Ci Cj n

N

the concentrations were calculated from ¢; = e where n; is the total number of atoms of element i and n is the total number of all atoms.

Co dissolution (Table S8). Additionally, the surface La-rich regions in
LaCoOs3 have a higher number of oxygen (~65.9 at.%) and hydroxide
ions (~9.3 at.%, see Table 1), further confirming the formation of La
(OH)s. By relating the finding of HRTEM and SAED results (Fig. 3a,c),
we conclude that the surface amorphization of LaCoOs likely arises from
transformation into La(OH)3, which acts as an inactive passivation film,
leading to significant electrocatalyst degradation after prolonged OER
cycling [42]. Previous work reported that LaCoOs exhibits high struc-
tural stability [12], where the LaCoOs surface structure remained
crystalline after OER at pH 13. In our study, the surface transformation
to La(OH)s is possibly induced by higher pH (14). Additionally, from a
thermodynamic perspective, it should be noted that La(OH)j3 is the
stable phase of La in alkaline media upon CV cycling in our potential
range according to the La Pourbaix diagram [54].

In comparison to LaCoOs, pristine Ca-0.87 % doped LaCoO3 shows a
La/Co ratio of ~ 0.91 (Fig. 4e-f) and the Ca/La ratio in Ca-0.87 % doped
LaCoOs is ~ 0.054 (with a Ca concentration of ~ 1.4 at.%, Table 1),
which is close to the ICP-MS data (Table S3). Interestingly, the oxygen

concentration in pristine Ca-0.87 % sample is ~ 48.9 at.%, lower than
that in pristine LaCoOs (53.4 at.%) (Fig. 4e-f, Table 1). This result infers
that Ca(Il) substitution of La(III) in LaCoO3 generates oxygen vacancies
to maintain the charge neutrality. This is consistent with our XPS data (O
1 s spectra in Fig. S9, Table S7), where an increased 02/01 ratio is
observed for Ca-0.87 % doped LaCoOs than that in LaCoOs, implying the
existence of more oxygen vacancies [13,35]. We are aware that the
absolute intensities or ratios of XPS spectra might vary between exper-
iments due to the surface adsorbates or contaminates. Oxygen concen-
tration measured by APT only gives atomic percentages of elements.
Thus, we further performed the Hy TPR measurement (Supplementary
Note 3 and Fig. S16) to interrogate the oxygen vacancies. The results in
Fig. S16 show that Ca-0.87 % doped LaCoOs exhibits a lower surface
reduction temperature than LaCoOs, suggesting the enhanced oxide
reducibility of Ca-0.87 % doped LaCoOs. The lower surface reduction
temperature is an indicator of a lower surface oxygen vacancy formation
energy [55], which implies that oxygen vacancies are more easily
formed in Ca-0.87 % doped LaCoOs than LaCoOs. This provides an
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indirect evidence that more oxygen vacancies are likely present in Ca-
0.87 % doped LaCoOs, explaining the low oxygen content revealed by
our APT data.

Additionally, the APT data in Fig. 4e-f, reveals that Ca (yellow
spheres) is distributed unevenly across the Ca-0.87 % doped LaCoO3
nanoparticles. Ca has a relatively higher concentration in the La-lean
regions with a lower La/Co ratio than that in the La-rich regions
(Fig. 4f and Table 1); this is rational as Ca substitutes La at A sites. After
1000 cycles, pronounced Ca loss was observed in the La-lean regions,
Fig. 4g-h. In contrast, Ca concentration remained higher in the La-rich
regions (Fig. 4h). These results infer that Ca dissolution mainly occurs
in the La-lean regions, where the surface is enriched with the B-site
cation Co. Additionally, the O concentration in La-lean (also Ca-lean)
region increases to ~ 56.9 at.% along with enhanced incorporation of
hydroxide ions (Fig. 4h, Table 1). This implies that the oxygen vacancies
created by the Ca doping in LaCoOs potentially promote faster oxygen
ion diffusion than that in LaCoOs, contributing to the incorporation and
intercalation of hydroxide ions in the bulk of Ca-0.87 % doped LaCoOs3
during OER.

Overall, our study provides unprecedented insights into the struc-
tural and compositional changes of LaCoO3 and Ca-doped LaCoOs pe-
rovskites, before and after 1000 CV cycles, with sub-nm spatial
resolution (see schematic diagram in Fig. 5). Our first important
observation is that pristine LaCoOs are predominantly composed of
trivalent La cations (at A-sites) (Fig. 5a). Obtaining information about
surface termination using X-ray-based techniques [56,57] or TEM/EDS
is challenging due to their limited spatial resolution (see TEM/EDS data
in Fig. S2). Our APT data reveals that, the prepared LaCoO3 nano-
particles are terminated by A-site cations (La), which is crucial for

Pristine
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density functional theory simulation studies as varying surface termi-
nations (A or B-site) can result in completely different activity. Addi-
tionally, we unveil that Ca dopants are incorporated heterogeneously
across the LaCoOs perovskite nanoparticles (Fig. 5c), possibly driven by
a combination of electrostatic and elastic interactions arising from the
size and charge mismatch of the substituted cation [58,59].

More importantly, our unique multimodal approach provides
mechanistic insights into the correlation of structure, composition, and
electrochemical performance of perovskites towards OER. We provided
direct evidence on the distribution of hydroxide ions in perovskites.
Specifically, our APT data reveals that hydroxide ions are present across
the entire Ca-0.87 % doped LaCoO3 nanoparticle after OER, which is in
contrast to LaCoOs, where hydroxide ions are primarily located at the
surface (Fig. 4c, g). Our XPS, TEM and SAED results infer that the
enhanced amounts of hydroxide ions on the surface of LaCoOs is asso-
ciated with the formation of amorphous La(OH)s, which deteriorates
OER activity significantly (Fig. 5b). For Ca-0.87 % doped LaCoOs, the
oxygen vacancies promote the fast oxygen ion diffusion and enhanced
oxygen intercalation/de-intercalation process (Supplementary Note 1).
The hydroxide ions can dynamically replenish the oxygen vacancies in
Ca-0.87 % doped LaCoOs, which plays an essential role in retaining the
high OER activity of Ca-0.87 % doped LaCoO3 (Fig. 5d). One might
speculate that the high activity of Ca-0.87 % doped LaCoOs is possibly
due to the surface transformation of an active CoOxHy layer during OER
cycles [31]. This is likely to occur but our TEM image (Fig. 3d,f and
Fig. S11) and diffraction SAED (Fig. S12d) recorded from hundreds of
nanoparticles) did not show the surface of Ca-0.87 % doped LaCoOs
turns into amorphous or new phases formed after 1000 CV cycles. Also,
the formation of CoOxHy species would lead to the enrichment of

1000 cycles

Ola OCa ©co OO0 @OH {0 vacancy

Fig. 5. Schematic diagram of LaCoO3 and Ca-doped LaCoO3 before and after OER. (a, c) the surface of LaCoOj is terminated by A-site (La) cations, while the surface
of Ca-0.87 % doped LaCoOs is terminated by B-site (Co) cations. After OER, (b) LaCoO3 undergoes surface amorphization due to La dissolution and oxygen loss. In
contrast, (d) the surface of Ca-doped LaCoO3 remains crystalline, arisen from dynamic replenishment of hydroxide ions, which promotes the stability. Additionally, a
highly reversible Co(+III) < Co(+III, +IV) redox couple appears due to the generation of (c) oxygen vacancies after Ca doping, which enhances the activity of Ca-

0.87 % doped LaCoOs3.
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hydroxide ions on the nanoparticle surfaces, which is inconsistent with
our observation that the hydroxide ions are distributed across the entire
Ca-0.87 % doped LaCoO3 nanoparticles (see Fig. 4g). Nonetheless, we
cannot excluded the possibility as we speculate that surface trans-
formation of the Ca-doped LaCoO3 into CoOx(OH)y likely occurs, but
highly reversibly [50], making capturing this layer by ex-situ TEM
challenging after OER. Additionally, previous works reported that
higher Co-O covalency is responsible for the higher OER activity of
Lag 6Sr9.4Co03 than LaCoOgs [60]. While the intrinsic activity of perov-
skites is dominated by metal-oxygen covalency [60,61], oxygen va-
cancies are thought to be crucially important for intercalation and
penetration of hydroxide ions that can preserve the reversibility of the
redox couple of the B-site cation (Co). Therefore, the enhanced inter-
calation and penetration of hydroxide ions, coupled with the highly
reversible Co(+III) « Co(+III, +IV) transition, enables the Ca-doped
LaCoO3 to maintain higher OER activity within increasing cycles.
Notably, such phenomena are directly associated with the superior
pseudocapacitor characteristics of perovskite when oxygen vacancies
are created, as has been reported in many recent studies [33,62].
Therefore, it is thought that perovskites with pseudocapacitive-type
intercalation possibly exhibit superior activity and high OER stability,
as observed in Si-doped SrCoO3 and NiCoFe hydroxides [13,63].

4. Conclusion

With the multimodal approach, we can now correlate perovskites’
surface structural and compositional changes with their electrocatalytic
performance during OER, thereby elucidating the activation and deac-
tivation mechanisms. The unique atomic-scale data demonstrated that
oxygen vacancies in LaCoOs after Ca doping can promote activity and
stability towards OER. Our multimodal approach, centered around APT,
will be extended to provide mechanistic insights into the structur-
e-activity-stability relationship of numerous metallic and oxides elec-
trocatalysts for other electrocatalytic reactions, such as electrocatalytic
CO;, reduction and oxygen reduction reactions.
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