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Abstract

In this work, we have investigated the effect of oxygen vacancies on the surface
composition, electronic structure and OER performance of LaNiOs. The results show
that the OER performance of LaNiO; can be improved both by lowering the oxygen
partial pressure during film growth or annealing the thin film in H> atmosphere. X-ray
photoemission spectroscopy (XPS) shows a significant increase in La ratio on the
LaNiOs surface after the introduction of oxygen defects, especially after H> treatment
where Ni/La reaches 3.5:1. The presence of oxygen vacancies leads to the aggregation
of Ni on the surface of LaNiOs, which plays a crucial role in enhancing the OER
performance of LaNiOs. In addition, the OER activity of both LaNiO3; and oxygen
vacancy rich LaNiO; decreases upon cyclic voltammetry (CV) between +1.0 V and
+1.5 V vs. RHE with proceeding cycle numbers. XPS results reveal that the CV
treatments lead to the decrease of Ni concentration at the LaNiOs surface, which is an
important factor for the decrease in the OER performance of LaNiO3 as well as oxygen

vacancy rich LaNiOs.

Keywords: LaNiOs;, oxygen evolution reaction, electronic structure, oxygen

vacancies

https://doi.org/10.26434/chemrxiv-2024-40vsz ORCID: https://orcid.org/0000-0002-5765-1096 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


mailto:hofmann@surface.tu-darmstadt.de
https://doi.org/10.26434/chemrxiv-2024-40vsz
https://orcid.org/0000-0002-5765-1096
https://creativecommons.org/licenses/by/4.0/

Introduction

Electrochemical water splitting provides a promising pathway for storing renewable
energy in chemical bonds and will contribute to solving global energy and
environmental issues.'*> The whole process can be divided into two half-reactions,
hydrogen evolution reaction (HER) and oxygen evolution reaction (OER).> The
bottleneck for the overall water electrolysis is the OER due to the higher overpotential
caused by the kinetically demanding four electron/proton transfer process.*> Currently,
IrOz- and RuO»-based catalysts have shown excellent OER activity in acidic media and
have been regarded as the most promising commercial OER catalysts for proton
exchange membrane (PEM) electrolysis, but their scarcity and high cost hinder their
large-scale application.®® As a consequence, the development of cheap, highly active
and stable earth-abundant transition-metal oxides metal OER electrocatalysts is critical
to water electrolysis, especially Fe, Co and Ni, when alkaline water electrolysis is
considered.’!2

Among them, the perovskite oxides have attracted great attention due to their low cost
and flexible structure properties.'*!'* Perovskite oxides have the general formula ABO3,
where A is an alkaline earth metal cation (La, Ba, Sr, etc.) and B is a transition metal
cation (Fe, Co, Ni, etc.).!> LaNiOs (LNO), a typical perovskite oxide, has attracted
much attention due to its excellent OER activity and adjustable electronic structure.'®-
¥ Over the past decades, different strategies have been explored to enhance the
electrochemical activity of LNO, including nanostructure engineering, aliovalent
doping and the introduction of oxygen vacancies.'*?? Recently, Thomas and his co-
workers reported that annealing LNO in H> atmosphere can induce oxygen vacancies
at the LNO surface, leading to a significant enhancement in OER activity and stability
of LNO.?® They attributed the enhanced LNO OER performance to oxygen vacancies
which promote electrical conductivity. Later, Sun et al. found that doping by Ce can
significantly improve the OER performance of LaNiO3.2* They argue that Ce doping
can introduce oxygen vacancies in LNO, which promote the conversion of Ni to a

NiOOH surface phase during the OER process and thus increase the OER activity. The
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NiOOH surface phase being the catalytically active phase of the material. Additionally,
it has been reported that LNO electrocatalysts usually undergo surface morphology and
compositional changes during OER process.?>"?® Liu et al. reported that the deposition
of LNO particles on LNO films can significantly improve the OER activity of LNO
films.?° They attributed the enhancement of OER activity to the fact that the particles
on the surface of LNO are reconstructed to form NiOOH active species during the OER
process. Later, Sun and coworkers have been directly observing the surface
reconstruction process of LaNiOs thin film during the OER by using electrochemical-
scanning tunneling microscopy (EC-STM).*® So far, there have been many studies on
the effect of oxygen vacancies on the OER performance of LNO. However, the
relationship between oxygen vacancy on the surface chemical composition, electronic
structure and the OER activity of LNO has not been systematically investigated and

verified, especially by using a single crystal thin film model system.

In this work, in order to establish a relationship between the surface properties, i.e.,
active surface phase composition and electronic structure, and the OER activity of the
LNO with oxygen vacancy, we have employed epitaxial LaNiOs3 (001) single crystalline
films as models to exclude the effect of nanostructure. We prepared a series of well-
defined LaNiOs single crystal films on Nb-doped SrTiO3z (001) substrate by using a
pulsed laser deposition (PLD) method. At the same time, we used two different ways
to introduce oxygen defects in LNO and investigated the effect of oxygen vacancies on
OER activity and stability. In addition, the surface composition and electronic structure
before and after OER treatment were characterized by XPS. The results revealed that
the OER performance of LNO and LNO with oxygen vacancies highly depends on the

surface Ni/La ratio.

Experimental section

Materials preparation

LaNiOs targets were synthesized by solid-phase reaction. Stoichiometric amounts of

LaxO3 (Alfa, > 99.999%) and NiO (Alfa, > 99.999%) were mixed in a mortar. After
3
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grinding for 2 hours, the powder was pressed into pellets through a hydraulic press at
10 tons of pressure for 2 minutes, and finally these pellets were calcined in a muffle
furnace (Kejing, KSL-1700) at 1000 °C for 24 h with a 5 °C/min heating rate, followed
by naturally cooling to room temperature. LaNiO3 single crystalline thin films were
grown on one-side polished (100)-oriented 0.1% Nb-doped SrTiO3 (HeFei, Kejing)
substrates by PLD using the respective oxide targets. Laser ablation was performed at
a repetition rate of 5 Hz and an energy density of 1.0 J/cm? with a 248 nm KrF excimer
laser. To achieve ~30 nm film thicknesses, the laser was impinged on the target for 30
min applying a substrate temperature of 650 °C and an O, partial pressure of 13.3 Pa.
We have adopted two approaches to introduce oxygen vacancies into LaNiOs, one is by
lower the oxygen partial pressure to 6 Pa during sample preparation by PLD. And the
other was to anneal the LaNiOs3 thin film in a tube furnace at 350 °C for 2 h in flowing

forming gas (5% Hz and 95% Ar) with an volume flow of 300 mL/min STP.

Materials characterization

The crystal structure of the pure NixCo3xO4 (x =0, 0.3, 1.0) targets was analyzed by X-
ray diffraction (XRD) using Cu Ka radiation generated at 40 kV and 44 mA. Thin film
growth was examined by high-resolution X-ray diffraction using a rotating Cu anode
(45 kV, 190 mA) Rigaku SmartLab diffractometer in 6-20 geometry, equipped with a
Ge (220) double bounce monochromator (selecting the Cu Koy wavelength) in parallel
beam mode, while the thickness of the films was determined by X-ray reflectivity (XRR)
scans on the SmartLab diffractometer. The surface morphologies of the LaNiO3 sample
before and after OER treatments were determined by atomic force microscopy (AFM)
with Bruker Icon Dimension AFM in amplitude modulation mode using PPP-Zeihr
cantilevers (NanoAndMore GmbH, Wetzlar, Germany). This type of cantilever has a
nominal spring constant of 27 N/m, a nominal resonance frequency of 130 kHz, and a
typical tip radius of <7 nm. The free oscillation amplitude of the cantilever tip was
adjusted to 4o = 120 nm, and a setpoint ratio of Asp/4o =~ 0.7 was set to ensure operation

in the repulsive tip—sample interaction regime. We scanned the surface with a tip
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velocity of 2 um/s.

The X-ray photoelectron spectroscopy (XPS) was performed with a hemispherical
energy analyzer (PHOIBOS 150, Focus 500 with XR50M) at a pressure <10~ mbar and
monochromatized Al Ko radiation (1486.74 eV) was utilized for excitation. Survey
spectra were recorded with a pass energy of 20 eV and detailed spectra were recorded
at 10 eV. The system was calibrated to 0.00 eV binding energy of the Fermi level by the
core lines of copper, silver, and gold as well as to the emission lines of Au 4f7,; at 83.98
eV, Ag 3dsp at 368.26 eV, and Cu 2p3» at 932.67 eV binding energy with deviations
<0.1 eV.*! The data was analyzed with CasaXPS, version 2.3.24. The spectra were fitted

with Shirley background and peaks are fitted with GL (30) lineshapes.

Electrochemical measurements were carried out in a three-electrode configuration
using a Gamry electrochemical workstation (Interface 1000E) setup in PECC-2 cell
from Zahner Elektrik GmbH & Co. KG. A platinum wire was used as a counter
electrode and Hg/HgO (1 M KOH) as a reference electrode. All measurements werere
carried out in purified 1 M KOH. Before measurements, the Hg/HgO was calibrated by
an SHE (HydroFlex, Gaskatel). The cyclic voltammetry (CV) measurements were
performed in 1 M KOH at a scan rate of 100 mV/s with the potential from +1.0 to +1.5
V (vs. RHE) were used to activate thin films. Each sample was subjected to four OER
activation processes, namely 10 CV, 200 CV, 500 CV, and 1000 CV. After each
activation process, we carried out additional 5 CVs between +1.0 V to +1.8 V vs RHE
to obtain the OER performance of the film. Electrochemical impedance spectroscopy
(EIS) tests were measured at a potential of +1.7 V (vs RHE) within the frequency range
of 100 kHz to 1 Hz. The electrochemically active surface area (ECSA) was determined
by double-layer capacitance measurements.>> Specifically, testing CV in the non-
Faradaic region around +1.10 V vs at different scan rates (0.01, 0.02, 0.04, 0.06, 0.08,
0.10, 0.20, and 0.30 V s7).
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Results discussion

Structural characterization

The XRD patterns of LNO, LNO-V, and LNO-V,' are shown in Figure 1. The peak at
20 = 46.4° corresponds to the (002) orientation of the 0.1% Nb-doped SrTiO3 single
crystal substrate, while the peaks at 47.8°, 47.6° and 47.5° correspond to (002) oriented
LNO, LNO-V, and LNO-V,/, respectively. Well-defined oscillations are observed in
both XRD and XRR plots for LNO, LNO-V,, indicating high quality of these thin films.
However, the disappearance of oscillations in LNO-V,' oscillation means that the H»
treatment results in the film having lost its epitaxial relation to the substrate. It can be
seen that the peak position of LNO shifted to lower angles when oxygen vacancies were
introduced. The corresponding lattice constants are displayed in Figure 1b. The lattice
constants of LNO are 3.802 A, while the lattice constants of LNO-V, and LNO-V,,' are
3.810 A and 3.815 A. It can be observed that the lattice constant increases when oxygen
vacancies are introduced in LNO, a phenomenon also observed for other perovskites
such asBaTiOs.* The increase in lattice constant can be attributed to the introduction
of oxygen defects resulting in the reduction of Ni** to Ni**, and the ionic radius of Ni**
is larger than that of Ni**, which in turn leads to an increase in lattice constant. In
addition, we also noticed that the peak intensity of both LNO-V, and LNO-V,'
decreases, indicating that the introduction of oxygen vacancies leads to a decrease in
the crystallinity of the sample. The decrease in crystallinity of LNO-V,' is particularly
pronounced, suggesting that the H> treatment resulted in a severe alteration of the film

surface, which is further confirmed by the following AFM results.
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Figure 1. (a) XRD pattern of LNO (black), LNO-V, (red), LNO-V,' (blue) and (b) the
corresponding lattice constants.

Surface Morphology

The surface morphology of LNO, LNO-V, and LNO-V,' was characterized by AFM.
As shown in Figure 2a, the root mean square roughness (RMS) of LNO is 3.75 nm,
while the RSM of LNO-V, (Figure 2b) and LNO-V,' (Figure 2¢) is 4.14 nm and 0.85
nm, respectively. This variation shows that introducing oxygen vacancies by controlling
the partial pressure of oxygen during film growth led to an increase in the RSM of the
films, while the particle size and morphology of LNO-V, (Figure 2e) did not change
significantly compared to those of LNO (Figure 2d). The increased RSM of LNO-V, is
due to the appearance of oxygen vacancies during sample preparation, which has been
also observed in ZnO epitaxial thin films.** However, introducing oxygen vacancies by
H> annealing led to a significant decrease in the RSM of the films (Figure 2c). The
decrease of RSM of LNO-V,' is attributed to the reorganization of the surface during
the H> annealing process. More importantly, the AFM 3D images reveal that the LNO-
V,' (Figure 2f) samples show a more pronounced island structure compared to LNO
(Figure 2d) and LNO-V, (Figure 2e), attributed to the H> treatment leading to the

reorganization of the LNO surface.
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Figure 2. AFM results of LNO with different oxygen vacancy. (a) LNO 2D image, (b)
LNO-V, 2D image, (c) LNO-V,' 2D image, (d) LNO 3D image, (¢) LNO-V, 3D image
and (f) LNO-V,' 3D image.

Surface Composition

Lab-based XPS measurements were carried out to investigate the chemical composition
and electronic structure of LNO with different amounts of oxygen vacancies. The XPS
core-level spectra were used to investigate the chemical state and surface composition
of the prepared thin film samples. Since the Ni 2p3/; is overlapping with La 3d3, we
used the Ni 3p region to calculate the ratio of Ni*" to Ni**. Figure 3 shows the high-
resolution Ni 3p and La 3ds»o spectra of LNO, LNO-V, and LNO-V,'. The peak
components in Figure 3a at 66.4 eV (A) and 68.3 eV (B) correspond to Ni** 3ps2 and
Ni** 3p1/2, while the peaks at 70.0 eV (C) and 71.9 eV (D) can be assigned to Ni** 3p3
and Ni** 3p12.3% The spin-orbit splitting distance between Ni 3p3» and Ni 3p1/ for Ni?*
and Ni*" is 1.9 eV, which is close to the theoretical value of 2 eV.*° The area of the fitted
components of the Ni 3p region was employed to determine the ratio of Ni*" and Ni*",
reported in Table 1. The results show that introducing oxygen defects in LNO in
different ways leads to a decrease in Ni** concentration. It is well known that oxygen
vacancies induce n-type doping, resulting in extra electrons in the system, which further
reduces the Ni** to Ni?*. Therefore, the concentration of Ni** in LNO decreases when
oxygen vacancies exist in the LNO. In addition, the concentration of Ni?* is higher in

LNO-V,' than LNO-V,, which indicates a higher concentration of surface oxygen
8
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vacancies in LNO-V,'. The fitting peaks in La 3ds» show that there are two species of
La,03 and La(OH); in all LNO samples, where I corresponds to La,Os, II corresponds
to La(OH)s, and III and IV correspond to the satellite peaks of La>O3 and La(OH)3.>’
The surface composition ratios of Ni>*/Ni** and Ni/La are shown in Table 1. In addition,
the O 1s spectra of LNO, LNO-V, and LNO-V,' are shown in Figure 4. There are three
species in the O 1s spectra, namely lattice oxygen (A), adsorbed hydroxyl (B) and
adsorbed water (C).*® The results show that the intensity lattice oxygen peak (A)
decreased in the LNO-V, and LNO-V,' compared to the LNO, which is attributed to
the oxygen vacancy. More importantly, the intensity of lattice oxygen in the LNO-V,'
is much lower than in LNO-V,, which indicates that the H, annealing process produces
more oxygen vacancies on the surface of the thin film samples. The more oxygen

vacancies in LNO-V,' is consistent with the higher Ni** concentration shown in Tablel.

Table 1 XPS-derived atomic ratio of Ni*?"/Ni** and Ni/La in LNO, LNO-V, and LNO-

Vo'
Sample Ni** (%) Ni*" (%)  Ni*'/Ni** Ni/La
LNO 31.8 68.2 1:2.1 0.86:1
LNO-V, 27.0 73.0 1:2.7 0.92:1
LNO-V,' 21.0 79.0 1:3.8 3.5:1
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Figure 3. Ni 3p and La 3ds» XPS spectra. (a) Ni 3p of LNO, (b) La 3452 of LNO, (c)
Ni 3p of LNO-V,, (d) La 3ds» of LNO-V,, (e) Ni 3p of LNO-V,' and (f) La 3ds» of

LNO-V,'.
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Figure 4. O 1s XPS spectra. (a) O 1s of LNO, (b) O 1s of LNO-V,, (¢) O 1s of LNO-
Vo'
OER Performance

The OER performance of LNO, LNO-V, and LNO-V,' was evaluated in 1 M KOH by
cyclic voltammetry with a scan rate of 10 mV/s. In order to eliminate the influence of
Fe impurities in KOH electrolyte on the performance of OER, the KOH electrolyte that
we used has been purified.*® Figure 5a shows the CV plot of LNO, LNO-V, and LNO-
V,'after 10 CV cycles of the activation process with the potential ranging from +1.0 to
+1.5 V vs RHE. The potential is iR compensated by solution resistance. It shows that
introducing of oxygen vacancies in the LNO can enhance the OER performance, which
is consistent with previous studies.’>** In addition, we note that the OER performance
of LNO-V,' is much higher than that of LNO-V,, which is attributed to the higher
concentration of oxygen defects in LNO-V,' as shown in the above XPS results.
Meanwhile, we also noted that oxygen vacancies affect the Ni/La ratio on the film

surface. The XPS La 3d and Ni 3p spectra (Figure 3 and Table 1) show that the ratio of
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Ni/La reaches 3.5:1 in LNO-V,' while it is only 0.92:1 in LNO-V,, indicating the
formation of a Ni-rich surface when annealing the LNO in the H> atmosphere. The
nickel-rich surface is also another important factor contributing to the superior OER
performance of LNO-V,'. More importantly, since the surface roughness and the
morphology of the samples change after introduction of oxygen defects as observed in
the AFM results, the morphology significantly affects the OER activity. To eliminate
the influence of morphological change on the OER performance, we normalized the
current density of the CV plots by using the electrochemical active surface area (ECSA),
as shown in Figure 5b. The results showed that introducing oxygen defects was still
beneficial to the activity of OER when normalizing the current on the ECSA. We also
carried out EIS measurements to investigate the charge transfer at the solid-liquid
interface. Figure 5d shows the Nyquist plots of LNO, LNO-V, and LNO-V,' at a
potential of +1.7 V (vs RHE). The Nyquist plots are simulated by the Randles
equivalent circuit, the fitted values of charge transfers resistance (R.) are summarized
in Table 2. The R. of LNO-V, and LNO-V,' is much smaller than that of LNO,
indicating oxygen vacancy can facilitate the charge transfer process at LNO and

electrolyte interface.

Table 2 Fitted R values of LNO, LNO-V, and LNO-V,'

Sample LNO LNO-V, LNO-V,'

Ret (kQ) 0.82 0.36 0.06

12
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Figure 5. (a) CV polarization plot of LNO, LNO-V, and LNO-V,' with the current
density normalized by geometric area. (b) CV plot of LNO, LNO-V, and LNO-V,' with
the current density normalized by ECSA. (c)Current density of LNO, LNO-V, and
LNO-V,' normalized by different areas at +1.7 V (vs RHE) and (d) Nyquist plot of LNO
(black), LNO-V, (red) and LNO-V,' (blue) measured at +1.7 V (vs RHE). The smaller

semicircle indicates a faster change transfer rate.

Next to activity, stability is aso an important metric for evaluating OER performance of
a catalyst material. We measure the CV polarization plot after 10 CV and 1000 CV
cycles with the potential range of +1.0 V to 1.5 V vs RHE at 100 mV/s scan rate, as
shown in Figure 6. To evaluate the stability of the catalysts, we measured the current
density at +1.7 V vs RHE (Figure 6d) after the cycling treatment. The current density
of LNO at +1.7 V vs RHE decreases from 0.53 mA/cm? (10" CV) to 0.45 mA/cm?
(1000™ CV), LNO-V, decreases from 0.76 mA/cm? to 0.50 mA/cm?, while LNO-V,'

decreases from 2.31 mA/cm? (3" CV) to 1.17 mA/cm? (30" CV) - a reduction of 15%,
13
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34% and 49%, respectively. LNO shows lower degradation in the OER activity
compared to the other two samples containing oxygen vacancies. In addition, the
degradation of LNO-V,' is particularly severe, and the OER performance drops to
almost half after 1000 CV.
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Figure 6. CV polarization profiles after 10 CV cycles and 1000 CV cycles between 1.0
to 1.5 V vs RHE. (a) LNO, (b) LNO-V,, (c) LNO-V,' and (d) the current density after
different CV cycles at +1.7 V (vs RHE).

Characterization after OER treatment

Phase Characterization

The XRD measurements performed after 1000 CV were used to investigate the effect
of electrochemical treatment on the crystallinity of those thin films, the results are
shown in Figure 7. The data show that the peak intensity of the (002)-peak of the LNO
(Figure 7a) film decreased after 1000 CV cycles, allowing the assumption that OER

electrochemical treatment leads to a deterioration of film crystallinity. The weakening
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of the XRD diffraction peak intensity after OER treatment is attributed to the surface
reconstruction of the LNO surface and bulk structure with OER cycling, which has been
observed for LNO in previous reports.?* In addition, the peak position of LNO after
1000 CV shifts from 47.8° to 47.6 after 1000 CV, which indicates that the lattice
constant of the thin film increased from 7.68 A (a=b=c=8.173 A)to 7.71 A(a=b
= ¢ =8.187 A) due to surface reconstruction during the OER process. The weaker peak
intensity was also observed in LNO-V, (Figure 7b) and LNO-V,' (Figure 7¢) after 1000

CV, but the peak position kept constant.

(a) (b)
——LNO
——LNO-T

——LNO-Vo'-P
——LNO-Vo'-T

——LNO-Vo
——LNO-Vo-T

A
e

(z00) “0111s pedop-aN
(z00) ‘01115 padop-aN
(z00) “01.L1s padop-gN

(200) oA-*OINET

Intensity (a.u.)
Intensity (a.u.)

Intensity (a.u.)

44 45 46 47 48 49 50 44 45 46 47 48 49 50 44 45 46 47 48 49 50
20 (degree) 26 (degree) 20 (degree)

Figure 7. XRD plots before (black line) and after 1000 CV cycles (red line). (a) LNO,
(b) LNO-V,and (c) LNO-V,'.

Surface Morphology

To investigate the effect of electrochemical treatments on the surface morphology of
the different thin films, we carried out AFM measurements for LNO, LNO-V, and
LNO-V,' after 1000 CV cycles, the results are shown in Figure 8. After 1000 CV, the
RSM of LNO decreased from 3.75 nm (Fig. 2a) to 1.97 nm (Figure 8a), the RSM of
LNO-V, decreased from 4.14 nm to 1.98 nm, while the RSM of LNO-V,' increased
from 0.85 nm to 2.65 nm. The change in RMS of LNO, LNO-V, and LNO-V,' after
1000 CV cycles can be most likely ascribed to surface reconstruction of those thin film
with OER cycling and is in good accordance with the XRD results (Figure 7). The
influence of OER treatment on the surface properties of LNO, LNO-V, and LNO-V,'
films can be further observed in the corresponding AFM 3D images in Figure 8. Among
them, the changes in the LNO-V,' film due to OER treatment were most pronounced.
Overall, the surface reconstruction with OER cycling leads to change in the roughness

and particle size of all thin films.
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Figure 8. AFM result after 1000 CV cycles. (a) LNO-T 2D image, (b) LNO-V,-T 2D
image, (c) LNO-V,'-T 2D image, (d) LNO-T 3D image, (¢) LNO-V,-T 3D image and
(f) LNO-V,'-T 3D image.

Surface Composition

In order to obtain a more in-depth understanding of OER stability of LNO, LNO-V,
and LNO-V,', we measured the high-resolution Ni 3p and La 3d spectra after 1000 CV
cycles, as shown in Figure 9. The surface compositions of Ni>*/Ni** and Ni/La from
XPS results after 1000 CV cycles are shown in Table 3, revealing that the ratio of Ni/La
in LNO, LNO-V, and LNO-V,' decreased after 1000 CV cycles, indicating Ni
concentration on the surface for all samples decreased. Specifically, the Ni/La ratio after
1000 CV decreased from 0.86:1 to 0.7:1 in LNO, 0.92:1 to0 0.76:1 in LNO-V, and 3.5:1
to 2.7:1 in LNO-V,'. Thus, we attribute the decrease in OER activity of LNO, LNO-V,
and LNO-V,' after 1000 CV to the decline in surface Ni concentration. In addition, we
also noticed that the decrease in Ni/La ratio in LNO-V,' after 1000 CV was particularly
pronounced compared to LNO and LNO-V,, which is consistent with the most severe

attenuation of OER activity in LNO-V,'.
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Figure 9. XPS Ni 3p and La 3ds); spectra after 1000 CV cycles. (a) Ni 3p of LNO, (b)
La 3452 of LNO, (c¢) Ni 3p of LNO-V,, (d) La 3ds» of LNO-V,, (¢) Ni 3p of LNO-V,'

and (f) La 3ds2 of LNO-V,'.

Table 3 XPS-derived ratio of Ni**/Ni** and Ni/La in LNO, LNO-V, and LNO-V,'

after 1000 CV cycles.

Sample Ni** (%)

Ni2* (%)

NiZ"/N3* Ni/La
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LNO-T 18.9 81.1 1:4.3 0.7:1

LNO-V,-T 21.6 78.4 1:3.6 0.76:1
LNO-V,'-T 18.5 &1.5 1:4.4 2.7:1
Conclusion

Single-crystalline LNO films were used as a model system to investigate the effect of
oxygen vacancies on the electronic structure and OER activity of LNO. We used two
ways to introduce oxygen vacancies in LNO, i.e., by 1) lowering the oxygen partial
pressure during PLD preparation of the film and ii) annealing LNO in H». The results
show that the introduction of oxygen vacancies in both ways can increase the OER
activity of LNO, with the H; annealing treatment delivering the largest effect. XPS
results reveal that oxygen defects lead to the aggregation of Ni to the surface of the
samples, especially in LNO-V,' where the Ni/La ratio reaches 3.5:1. The observed
oxygen vacancies accompanied with the aggregation of Ni at the surface of LNO-V,'
was evaluated to play a key role in determining OER performance. More importantly,
the OER activity of LNO, LNO-V, and LNO-V,' decreased after 1000 CV cycles. We
found that the decrease in nickel concentration on the sample surface after 1000 CV is
an important factor in the decay of OER performance. Overall, our study further
demonstrates the importance of investigating well-defined model systems to accurately
interpret electrochemical properties in relation to electronic structure for optimized

OER performance.
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