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Ni-based transition metal oxides are promising oxygen-evolution reaction (OER) catalysts due to their
abundance and high activity. Identification and manipulation of the chemical properties of the real active
phase on the catalyst surface is crucial to improve the reaction kinetics and efficiency of the OER.
Herein, we used electrochemical-scanning tunnelling microscopy (EC-STM) to directly observe
structural dynamics during the OER on LaNiOsz (LNO) epitaxial thin films. Based on comparison of
dynamic topographical changes in different compositions of LNO surface termination, we propose that
reconstruction of surface morphology originated from transition of Ni species on LNO surface
termination during the OER. Furthermore, we showed that the change in surface topography of LNO

was induced by Ni(OH),/NiOOH redox transformation by quantifying STM images. Our findings
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for revealing the dynamic nature of the interface of catalysts under electrochemical conditions. This
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Electrochemical water-splitting is a promising technology for
storage of renewable energy.'”® However, widespread applica-
tion is hampered by the sluggish kinetics of the oxygen-
evolution reaction (OER), which is reliant on rare and expen-
sive noble metal oxides (e.g., Ir-based oxides).* Thus, earth-
abundant transition metal oxides (transition metal = Co, Ni and
Fe) have attracted much attention due to their low cost and high
activity in alkaline conditions.>™" To design highly active and
stable catalysts, chemists have made tremendous endeavours to
investigate the structure of active phases under OER conditions
and elucidate how the reconstructed structures accelerate
reactions. Recent works show that the formation of a new active
surface can be triggered by defect conformation,”>** doping
with metal elements™” and leaching anions or cations.'® With
the advent of in situ/operando microscopic and spectroscopic
methods (e.g.,, X-ray absorption fine structure,’ Raman,*
Fourier transform infrared,?* X-ray diffraction (XRD)** and UV-
visible absorption (UV-vis)),* identification of the dynamic
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rational design of high-efficiency electrocatalysts.

perspective of active phases instead of static phases has
attracted much interest in recent studies.

However, most of those works have relied on nanostructured
catalysts with different surface areas and morphologies. It is
difficult to describe the structure-activity relationship accu-
rately owing to disordered structures.>»** Epitaxial oxide single-
crystal thin films can address this issue due to their atomically
flat surfaces and tightly controlled compositions.**” It has been
demonstrated that such films can serve as an ideal platform to
explore intrinsic activities and electronic properties for in-depth
mechanistic studies.

The catalyst surface or catalyst-electrolyte interface is the
place where chemical reactions occur, and they usually have
different properties from the corresponding bulk materials.**3°
Understanding the structure-activity relationship on the
surface or interface is of great importance to optimize or design
catalysts, and can be investigated using electrochemical scan-
ning tunnelling microscopy (EC-STM). EC-STM is particularly
well suited to the study of flat films because it can provide
structural information with high resolution directly under
reaction control.*** Very few oxide electrocatalysts have been
explored by EC-STM. For example, Stumm et al.*® reported the
surface dynamics of CoO, nano islands on Au (111) during the
OER. However, that model catalytic system was affected by the
substrate, which hampered analyses of morphological changes.
Hence, an oxide single-crystal thin film is suitable to explore
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surface effects under reaction conditions. EC-STM investiga-
tions on a thin-film catalyst are lacking.

Herein, by combining oxide single-crystal thin films grown
by pulsed laser deposition (PLD) and EC-STM (Fig. 1a), we
provide direct observation of dynamic surface reconstruction
on a single crystal surface during the OER. We used perovskite
LaNiO; (LNO) as a model catalyst, which has attracted
considerable attention due to its high efficiency and low
cost.** The performance of LNO has been studied deeply (e.g.,
effect of chemical substitution®~** and role of lattice oxygen
during the OER).*” Based on the layered structure of LNO, we
tuned the composition of surface termination by controlling
film-growth conditions. In this way, we investigated the rela-
tionship between the termination composition and restruc-
turing properties of the surface during the OER. Then, we
undertook quantitative analyses of EC-STM images to reveal
the structural evolution of the oxide layer on Ni-rich and La-
rich terminated surfaces under the OER. We found that
surface restructuring originated from the formation of a newly
active Ni-oxyhydroxide-type layer which was correlated
directly to the redox potential. Also, this new active layer
further was reconfigured during the OER, which was revers-
ible with respect to the applied potential. Our work showcases
an EC-STM-based method to directly observe transformation
of the dynamic active phase under reaction conditions. Our
method could be used to identify the specific effect of
a surface factor on the properties of electrocatalysts for the
OER.

Ni rich termination &

La rich termination
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A perovskite LNO single-crystal thin film of thickness
~35 nm was grown in an epitaxial manner on Nb-doped SrTiO;
(001) (Nb-STO) using PLD. To tune the surface composition, we
varied the growth temperature during LNO deposition. Ni-rich
terminated and La-rich terminated LNO thin films were
deposited at temperatures of 450 °C and 750 °C, respectively,
which have been used successfully for study of the termination-
activity relationship previously.** All films showed atomic flat
terraces of width ~200 nm, as shown in atomic force micros-
copy (AFM) images (Fig. 1b and c). XRD spectroscopy confirmed
the high quality of thin films with an epitaxial relationship of
films (001) Il STO (001) (Fig. S1 in ESIY).

To determine a depth profile of chemical elements, we used
angle-resolved X-ray photoelectron spectroscopy (ARXPS)
which, in general, is an effective method to characterize surface
termination.** ARXPS was used to compare peak area ratios for
La to Ni in a bulk-sensitive configuration (6 = 0° in Fig. 2a) and
a surface-sensitive configuration (§ = 60° in Fig. 2a). Ni 2p
overlaps heavily with La 3d, so we chose core levels of La 4d and
Ni 3p to further confirm surface termination.** The ARXPS
spectra of the core levels of La 4d and Ni 3p were obtained by
tilting samples at § = 0° and # = 60° for Ni-rich and La-rich
terminated films, respectively (Fig. 2b and c). After normaliza-
tion of bulk- and surface-sensitive La 4d and Ni 3p, the Ni 3p
peak showed the same total peak area for Ni-rich terminated
LNO, which highlighted a smaller peak area for the surface-
sensitive La 4d peak relative to its bulk counterpart (black
dashed square in Fig. 2b). The ratio of the peak areas of La 4d to
Ni 3p decreased from 4.89 to 4.51 for 6 from 0° to 60° in the Ni-
rich terminated sample. For the sample with La-rich termina-
tion, the peak area of surface-sensitive Ni 3p was smaller than
that of the bulk property with the same La 4d peak area (black

Nb-SrTiO, Nb-SrTiO;

Fig.1 (a) Growth of thin films and EC-STM (schematic). The left part is
the working principle of PLD. LaNiO3 epitaxial films were grown by PLD
on Nb-SrTiOs substrates. EC-STM was carried out to investigate
evolution of the surface structure during OER operations. The
component of EC-STM is shown in the right part, and comprises
a coated probe with an exposed tip, counter electrode, reference
electrode, and working electrode of LaNiOs film. AFM images of Ni-
rich terminated (b) and La-rich terminated (c) LaNiOs films with an area
of 5 x 5 um?, showing atomically flat surfaces.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

(a) Principle of angle-resolved X-ray photoelectron spectros-

copy (ARXPS) measurement. 6 is the angle between the sample and
detector column, and is controlled by tilting the sample stage. The
sampling depth becomes d cos # with tilting of the sample. (b) La 4d
and Ni 3p core-level spectra at # = 0° and 60° for Ni-rich terminated
LNO. (c) La 4d and Ni 3p core-level spectra at # = 0° and 60° for La-
rich terminated LNO.
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dashed square in Fig. 2c). The ratio of the peak areas of La 4d to
Ni 3p increased from 6.47 to 6.83 with decreasing sampling
depth in the La-rich terminated sample.

In a next step, cyclic voltammetry (CV) of Ni- and La-rich
terminated LNO was undertaken in alkaline solution (KOH
solution at pH = 13). Fig. 3a and 4a show CV curves for the OER
under a potential window from 1.12 V to 1.72 V. The potentials
used were relative to the reversible hydrogen electrode (RHE)
with iR correction (E — iR). The cyclic voltammogram for Ni
termination exhibited one pair of redox peaks before onset of
the OER, which was between 1.15 V and 1.4 V (inset image of
Fig. 3a). This corresponded to a reduction/oxidation couple of
Ni(n) and Ni(m), which is consistent with the literature.***
These peaks disappeared in the cyclic voltammogram of La-rich
terminated LNO (Fig. 4a), which further confirmed a Ni-lacking
surface layer.

Then, we used EC-STM to systematically investigate the
surface reconstruction by varying the applied potential. STM
images were obtained under a constant potential of sample, and
the acquisition time per image was ~2 min. The electro-
chemical cell was under a N, atmosphere to avoid the effect of
CO, dissolution. Fig. 3b shows the surface morphology of Ni-
rich terminated LNO with a mean height of 0.76 nm in KOH
solution (pH = 13) at a potential more negative than the
oxidation peak. In the literature,” most oxide catalysts have been
used for the OER at a pH of 13-14, which is higher than the
point of zero charge (pH,,) of most oxides (typically ranging
from 7 to 11 for binary oxides and perovskites**). Hence, OH
was expected to accumulate on the surface.** LNO (pHp,. =
8.9)* was expected to be hydroxylated in a solution with a pH of
13. Furthermore, based on the Pourbaix diagram for a Ni-based
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Fig. 4 (a) CV of La-rich terminated LNO with applied potentials at
which the EC-STM images are obtained. The inset is an enlarged part
of the cyclic voltammogram between 1.15 V to 1.4 V and the redox
peaks are absent. EC-STM images were measured in the forward CV
scan at (b) 1.12 V, (c) 1.72 V and a backward CV scan at (d) 1.12 V with
a size of 150 x 150 nm?2. The lower pictures of b, ¢ and d are the
corresponding depth histograms of EC-STM images at different
potentials.
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Fig. 3

(a) CV of Ni-rich terminated LNO with applied potentials at which EC-STM images were obtained. The inset is an enlarged part of cyclic

voltammograms between 1.15 V to 1.4 V with one pair of redox peaks. EC-STM images measured in forward CV scans at applied potentials of (b)
112V, (c) 1.32V, (d) 1.72 V, and backward CV scans at (e) 1.42 V, (f) 1.25 V, and (g) 1.12 V with a size of 90 x 90 nm?. (h) Depth histograms of EC-
STMimages at different potentials. The potential applied to the Pt/Ir tip was kept at 0.87 V, and all the potentials shown here were versus RHE. The

tunnelling current was 1 nA.
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oxide,* this hydroxylated structure would remain stable under
the applied potential shown in Fig. 3b in a solution of pH = 13.
Also, this topography, with several small clusters, was consis-
tent with the hydroxylated surface reported by Liang et al.*® They
observed, by comparing the morphology under a vacuum and
after exposure to water vapor in STM experiments, that the
surface of NiO, became rough and clusters arose during
hydroxylation. Therefore, the topography observed in Fig. 3b
should correspond to a hydroxylated surface under electro-
chemical conditions. To monitor the topographical changes as
a function of applied potential, the Ni-rich terminated LNO was
imaged by stepping the applied anodic and cathodic potentials.
The evolution of morphologies with an increase in the applied
potentials is shown in Fig. 3¢ and d. The LNO surface became
rougher as the height of several particles increased (e.g., the
brighter particle shown in Fig. 3c in the red circle) at 1.32 V,
which correlated with the oxidation reaction of Ni(u) to Ni(m).
The transition with an increase in the cluster height continued
at a higher applied potential. When the applied potential was
increased to 1.72 V (Fig. 3d), the number and height of the
brighter particles increased markedly with a vigorous OER
(Fig. 3d). Furthermore, when the applied potential decreased,
the surface roughness was almost unchanged (e.g., 1.42 V in
Fig. 3e). Then, when the applied potential was reduced to enable
the reduction reaction of Ni(m) to Ni(u), the bright clusters
disappeared (e.g., 1.25 V in Fig. 3f). As the applied potential
stepped back to the double-layer region before the reduction
peak, the morphology returned to the original hydroxylated
surface with a similar roughness to that shown in Fig. 3b. Based
on the morphology changes observed, this surface reconstruc-
tion showed dynamic reversibility with respect to the applied
potential. Also, we observed this reversible surface reconstruc-
tion over multiple CV cycles (Fig. S27).

To quantify the surface reconstruction, we analysed the mean
height and depth histograms of STM images. The reversible
change in the surface morphology was reflected in a change in
the mean height. The height distribution of the surface increased
to a higher value when the Ni-related oxidation reaction occurred
(Fig. 3h), and then increased rapidly with an enhanced OER. For
instance, the mean height increased from 0.76 nm to 2.71 nm as
the potential was stepped from 1.12 V to 1.72 V. This reversibility
manifested in a reduction of the mean height when the potential
decreased in the Ni-related reduction reaction. When the applied
potential stepped back to the double-layer region, the height of
the surface returned back to 0.79 nm, which is very close to the
original height shown in Fig. 3b. This potential-dependent
change in the mean surface height also illustrated the revers-
ibility of surface reconstruction quantitatively.

We also explored the surface morphological changes of La-
rich terminated LNO during the CV cycle by EC-STM. Ni-
related redox peaks were absent on the La-rich surface.
Surface changes could not be observed with an applied poten-
tial scanning forward and back between 1.12 V and 1.72 V. We
labelled a particle with a special shape (red dotted circle in
Fig. 4b-d) on the surface to ensure that the observed surface did
not shift too far due to thermal disturbances. There was no
change in the mean height and depth histograms of STM

© 2023 The Author(s). Published by the Royal Society of Chemistry
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images during changes in the applied potential (lower pictures
of Fig. 4b-d). These STM results clearly revealed potential-
dependent surface reconstruction to be associated with
a surface redox reaction of the Ni component.

Next, we mused on the possible origination of the surface
transformation triggered by the applied potential. As reported by
Baeumer et al.,** the origin of the surface Ni oxidation reaction
could be a Ni oxyhydroxide-type phase formation. They demon-
strated it by combining potential-dependent optical density (OD)
changes in UV-vis spectroscopy for a LNO film with a 3 A Ni rich-
surface and density functional theory (DFT) calculations. Zhang
et al.® also found the in situ Raman peaks corresponding to
NiOOH appeared at an oxidation potential for Ni species on LNO
nanomaterials. According to those studies, we could infer that the
morphological change caused by the oxidation reaction around
1.3 V should be attributed to generation of the NiOOH phase.
Therefore, the transformation from Ni(OH), to NiOOH caused
surface reconstruction triggered by the Ni oxidation reaction.

We found that this oxyhydroxide phase formation was
reconstructed further during the OER and was reversible
depending on the applied potential: this has not been reported in
previous studies on LNO. This reversible change in topography
and surface height was also obtained after multiple CV experi-
ments (Fig. S2 in ESI}). As proposed by Bode et al,” the
conversion from B- to y-NiOOH occurs during overcharging,
thereby causing a significant increase in the inter-slab distance
from ~4.8 A to ~7 A. This change in height is believed to be
caused by an intercalation of alkali cations® with a deprotonated
v-NiOOH intermediate during the OER.>** Further reconstruc-
tion was observed that corresponded to a marked increase in the
height of surface particles under a rapid OER, which may have
contributed to this reported conversion of NiOOH. During dis-
charging, y-NiOOH could be reduced to B-Ni(OH),, with
a decrease in inter-slab spacing to 4.6 A. Similarly, a reduction
and disappearance of higher particles was observed during this
reduction process. Thus, the consistency of our data with that of
previous studies suggested that the reversible reconstruction of
topography was likely related to transformation of the Ni(OH),/
NiOOH redox reaction: this is shown schematically in Fig. 5.
Considering that the height difference between Ni(OH), and vy-
NiOOH in Fig. 5 was ~0.24 nm, a change in surface height of
~2 nm in EC-STM during the OER (Fig. 2h) corresponded to
about eight layers of Ni (oxy)hydroxide. This Ni-containing layer
following the OER could also be visible by ex situ ARXPS. The

+-NiOOH

5 >

Ni-rich surface p-NiOOH v 2
A v 2 y o

1 4.8 N > .
e e
% -Ni(OH|
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LNO 3 olvated K’
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1.4 16
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Fig. 5 Potential-dependent surface Ni(OH),/NiOOH redox transition
of LNO (schematic). The transformation of Ni(OH),/NiOOH is illus-
trated using the top two layers on a Ni-rich surface as an example.
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ratio of La 4d/Ni 3p decreased from 4.51 to 3.83 during the OER
for Ni-rich terminated LNO according to surface-sensitive ARXPS
(Fig. 2b and S77). This change in the ratio indicated a small
increase in thickness of the Ni-rich layer after the OER, which was
not consistent with the results of eight layers of Ni (oxy)hydroxide
based on Fig. 5. Thus, the model of Ni(OH),/NiOOH redox
transformation could explain the dynamic reconstruction
observed by EC-STM qualitatively, but could not match it closely
quantitatively, which should be explored further in future work.
Also, due to the limited chemical resolution of STM, precise
determination of the chemical information of the observed
structure and different types of NiOOH from STM images was
difficult, which requires further in situ characterization to provide
more detailed information.

Conclusions

We directly observe the surface reconstruction of a single-crystal
LNO film at the atomic level during the OER using EC-STM.
Combining quantitative analyses of STM images by mean
height and height histograms, we demonstrated that the
structural dynamics of surface changes as a function of the
electrode potential were reversible. This structural reconstruc-
tion of LNO film was correlated directly with Ni-related species
by manipulation of the components of LNO termination.
Furthermore, based on previous reports, the reversible surface
reconstruction could be induced by Ni(OH),/NiOOH redox
transformation on the LNO surface. Our findings open-up new
opportunities to unravel the connection between the local
structure and interfacial reaction of well-defined single-crystal
films under electrochemical conditions. Our data provide
a promising pathway for fundamental mechanistic OER studies
and future exploitation of electrocatalysts.
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