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ABSTRACT: Perovskite oxides are an important class of oxygen evolution reaction (OER) catalysts offering ordered atomic
arrangement and highly flexible electronic structure. Currently, understanding and adjusting the dynamic reconstruction of perovskite
during the OER process remains a formidable challenge. Here, we report the artificial construction of a heterostructure by the cation
exsolution of perovskite to control the active site formation and reconstruction. The deliberately made La deficiency in LaNiOs;
perovskite facilitates the original segregation of NiO from the parent matrix and form a well-identified interface between perovskite
crystal and NiO. The dynamic formation process of such heterojunction was studied by density functional theory computation and
high quality imaging characterization. Due to the valence redistribution of Ni ions caused by the interfacial electron transfer, the in-
situ formed LaNiO3/NiO heterostructure displays a high d-band center to induce a strong electroactivity. Therefore, the LaNiO3/NiO
heterostructure exhibits a dynamic surface evolution feature with the generation of the highly active NiOOH layer under a low anodic
potential (~1.35 V vs. RHE) during the OER process, which is very different from the conventional LaNiO3; with a stoichiometry and
NiO catalysts. With the newly formed heterostructure, the reconstructed catalysts impart a 4.5-fold increase in OER activity and a 3-
fold improvement in stability against La and Ni dissolution during the OER process. This work provides a feasible interface
engineering strategy for artificially controlling the reconstruction of the active phase in high-performance perovskite-based
electrocatalytic materials.

high activity. This makes it of great significance to in-depth un-
derstand the dynamic self-reconfiguration process and clarify

INTRODUCTION

The electrocatalytic oxygen evolution reaction (OER) on
the anode of water electrolyze limits the efficiency of the energy
conversion process due to its sluggish four-electron transfer
process.”™ One of the biggest challenges of OER is to develop
highly efficient and stable catalysts. This triggered a search for
OER electrocatalysts with earth-abundant elements such as 3d
transition metal oxides. However, because of the anodic poten-
tial, the chemical composition and electronic properties of these
oxides may inevitably be changed, leading to the surface self-
reconstruction and generating new active species during the
OER process.> ! This makes it difficult in understanding the
intrinsic activity of the materials. Therefore the construction of
controlled phase transition is the key to study the OER mecha-
nism and develop new electrocatalysts.

Perovskite oxides (ABOs) have been recently under the
spotlight due to their ordered atomic arrangement and highly
flexible electronic structure.!!"!¢ It is found that the original ox-
idation state of the catalytic material plays a crucial role in the
formation of active site after the reconstruction.'”?* Therefore,
optimizing the electronic structure of perovskite by A-site or B-
site substitution has been well demonstrated, such as B-site Fe
substitution optimized Co-based perovskite oxide catalysts to
form  high-active surface amorphous oxyhydroxide
layer.!”182023 Moreover, precise A-site Ce doping LaNiOs ex-
hibits a dynamic reconstruction feature with the growth of a
self-assembled NiOOH active layer during OER." Therefore,
the surface reconstruction of perovskite is beneficial to obtain a

the catalytic activity source of perovskite-based OER catalyst.
However, how to rationally optimize the electronic structure of
perovskite catalyst to regulate the reconstruction and obtain the
target structure is still highly challenging.

Artificial construction of the heterogeneous structure is an
efficient way to regulate the electronic property of oxides be-
cause the charge transfer between two phases and lattice stress
often leads to new physical and chemical features.>*?’ Cur-
rently, most of the perovskite/oxide interfaces reported are pre-
pared on substrates by physical deposition methods. The poor
controllability leads to the ill-identified interfacial structure and
weak electron transfer, which severely limits their practical ap-
plication for activity enhancement. At the same time, in some
nonstoichiometric perovskites, specific cations tend to segre-
gate and form the interface between ABO; perovskite crystal
matrix and exsolution content (AO or BO) under controlled
thermal treatments.?®3° Afterwards, the valence redistribution
of cations is caused by the interfacial electron transfer, which
significantly impacts the catalytic activities of the electrodes.

Herein, different from the previous mentioned strategies on
pure-phase perovskite, a unique interface was constructed by an
artificial exsolution method on a common LaNiOj; perovskite.
We introduce foreign compounds (i.e., NiO) onto the LaNiO;
structure by deliberately controlling the composition proportion
to tend the phase segregation in the parent perovskite. The in-
situ formed the interface between LaNiO; perovskite crystal
matrix and NiO exsolution content (LaNiO3/NiO) shows unique
electronic structures by attracting electrons from both LaNiO;



and NiO bulks. Therefore, the LaNiOs/NiO heterostructure ex-
hibits a dynamic surface evolution feature with the generation
of'a highly active NiOOH phase during the OER process, which
brings an excellent activity and stability of the catalyst. This
work offers the opportunities to customize heterostructure to
prompt active phase transition for the further development of
highly active perovskite catalysts.

RESULTS AND DISCUSSIONS

Heterostructure Evolution Process. A series of non-
stoichiometric LaNiOs perovskites were prepared by a self-as-
sembly synthesis method.’! By deliberately inducing the La de-
ficiency (I < R << 0.7, R is defined as the molar ratio of La to
Ni), we got a series of perovskite interfacial structures after an-
nealing at 700 °C. The cubic Pm3m bunsenite structure for NiO
is observed when R < 1 and the sample with R = 0.8 exhibits
the optimum catalytic performance (Figure S1). On this sample
(R=0.8), XRD patterns were measured to investigate the phase
transformation and intermediate states formed during the oxi-
dation of La;O3/NiO heterostructure at different annealing tem-
peratures. As shown in Figure 1a and Figure S2, La;O3/NiO het-
erostructure was firstly found below 550 °C. When the temper-
ature increased to above 570 °C, the preferential growth of
LaNiOs appeared to form LayO3/LaNiO3/NiO heterostructure.
At a temperature of 700 °C, La,O; was completely consumed

and the LaNiO3/NiO heterostructure become thermally stable.
We observe that have different X-ray absorption near-edge
(XANES) of three heterostructure materials, the position is con-
tributed by different valence states (La,O3/NiO <
La,03/LaNiO3/NiO < LaNiO3/NiO). To further study the coor-
dination structure of the Ni atom, the extended X-ray absorption
fine structure spectroscopy (EXAFS) of these samples is trans-
formed into R-space FFT (K% (k)). It clearly shows that the
bond length of Ni—O increases in the sequence of LaNiO3/NiO
< La,03/LaNiO3/NiO < La,O3/NiO. The results of XANES
(Figure 1b and c) and X-ray photoelectron spectroscopy (XPS)
(Figure 1d and S3) show that the interfacial electron transfer
causes the redistribution of the valence states of Ni ions during
the interface formation. Specifically, compared with
La;03/LaNiO3/NiO and LayO3/NiO, the banding energy of Ni
2p XPS spectra of LaNiO3/NiO displays a negative shift about
0.5 eV, which indicates a higher surface coupling and agrees
well with the XANES result. In addition, O 1s XPS of
LaNiO3/NiO also displays a kind of new active surface lattice
oxygen (Orermination aNd Olagiice, termination and lattice in perov-
skite) compared to the other two heterostructures (Figure 1d).
Then, we have further compared catalytic performance, the
LaNiO3/NiO heterostructure is demonstrated to exhibit the op-
timum (Figure S4).
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Figure 1. (a) The ex-situ XRD patterns on this sample (R = 0.8) measured at different temperatures. The diffraction peaks at 31.5° and 45.2°
can be assigned to (400) and (440) of La203, 37.3° and 43.3° are (111) and (220) of NiO, and 32.8°, 47.3° and 52.9° are (110), (202) and
(211) plane of LaNiOs. (b) Ni K-edge XANES, (c¢) R-space Fourier-transformed FT (k* X(k)) and (d) XPS spectra of the O 1s region for
La;03/NiO (400 °C) La203/LaNiO3/NiO (580 °C) and LaNiOs/NiO (700 °C) samples. () The PDOS of proposed LaxO3/NiO,
La203/LaNiO3/NiO and LaNiOs3/NiO structures. Inset shows the 3D contour plot of electronic distribution near Er. Cyan balls = La, dark
blue balls = Ni and red balls = O. Blue isosurface = bonding orbitals and green isosurface = anti-bonding orbitals. (f) The d-band center of
Ni-3d and p-band center of O-2p in La203/NiO, La,03/LaNiO3/NiO, and LaNiO3/NiO heterostructures.

We have further applied density functional theory (DFT)
calculation to investigate the dynamic formation and electronic
structure of three different interfacial structures. First, all three

heterostructures show the negative formation energies, indicat-
ing their stability during the synthesis (Figure S5). The in-
creased formation energies are also consistent with the in-
creased formation temperature during synthesis. Then, we have



compared electronic distributions regarding the bonding and
anti-bonding orbitals near the Fermi level (Er) on the three dif-
ferent interface regions (Figure le). For La)O3/NiO and
La,03/LaNiO3/NiO models, the distortions within the interfaces
are evident. The electroactive regions still locate near the
LaNiO; and NiO while La,Os still shows the inert property. In
comparison, the electronic distributions in LaNiO3/NiO have
been significantly activated in both LaNiOs and NiO. In partic-
ular, near the interface of LaNiO3/NiO, we have noticed the ma-
jor contribution of bonding orbitals, which indicates the elec-
tron-rich structures with high electroactivity. We further study
the electronic structures regarding the projected partial density
of states (PDOS) of three different interface structures (Figure
le). For La,03/NiO, Ni-3d and La-5d orbitals display overlap-
ping with O-2p orbitals, leading to a stable structure. With the
formation of the LaNiQOs, the electronic structures have not been
significantly affected. However, for LaNiO3/NiO it is noted that
the dominant peak of the Ni-3d orbitals has slightly upshifted
with improved electroactivity than La,O3/NiO and
La;03/LaNiOs/NiO, which plays as the active sites for fast elec-
tron transfer with low energy barriers. In addition, we notice the

appearance of an evident peak in O-2p orbitals near Ey = -4.98
eV on the LaNiOs/NiO, which is slightly lower than of
LayO3/NiO and La,03/LaNiOs/NiO, supporting a more elec-
tron-rich feature. Both these two features result in a higher va-
lence state of Ni sites to promote the OER process. Moreover,
the d-band center and p-band center in different heterostructures
have been compared (Figure 1f). The d-band center of
La,O3/NiO and La,03/LaNiOs/NiO heterostructures are barely
changed while LaNiO3/NiO shows an obviously upshifted d-
band center. In the meantime, the p-band center of O in
LaNiO3/NiO exhibits the lowest p-band center, supporting the
most electron-rich properties among the three samples. This
agrees well with the charge density difference and PDOS anal-
ysis. DFT calculations have also confirmed the improved OER
performances (Figure S6). For the rate-determining step of O*
to OOH*, LaNiOs3/NiO delivers a much smaller energy barrier
of 1.40 eV than that of La,O3/NiO and La,03/LaNiO3s/NiO. This
leads to much reduced overpotential of OER. In comparison,
La,O3/NiO and La,03/LaNiO3/NiO show much overpotential,
confirming the superior electroactivity of LaNiO3/NiO hetero-
structures.
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Figure 2. (a) Atomic HAADF-STEM image and (b) FFT-filtered image of LaNiO3/NiO with a [011] orientation. (c) The crystal structure of
the LaNiOs3 and NiO proposed based on the HAADF-STEM image. (d) The EELS spectra correspond to different positions (A, B, shown in
Figure S10). (e) Ni K-edge XANES and (f) R-space Fourier-transformed Ni K-edge EXAFS for different catalysts. The soft X-ray absorption
spectra of (g) O K-edges, and (h) Ni L-edges for different catalysts. In Figure 2g, peak a, b can be assigned as the overlapping band between
Ni 3d and O 2p in LaNiO;3 and NiO, respectively; peak ¢ is considered to be a superoxide species O?” on the surface LaNiOs; peaks e and f
can be considered as the hybridization between O 2p and La 5d/Ni 4sp.

Local LaNiOs/NiO Heterostructure Elucidation. Ac-
cording to the XRD patterns (Figure S7a), the LaNiO3/NiO het-
erostructure displays two sets of crystal structure, involving
hexagonal perovskite structure for LaNiO33233 and cubic Pm3m
bunsenite structure for NiO**. Transmission electron micros-
copy (TEM) showed that LaNiOs/NiO appeared as nanoparti-
cles with an average size of 100 nm (Figure S7b), consistent
with the same structure of pure LaNiOs (Figure S8b). The high-
angle annular dark-field scanning transmission electron micros-
copy (HAADF-STEM) image revealed that the fine hetero-
structure of LaNiO3/NiO can be identified as a constructed by

LaNiO; perovskite structure with [011] orientation and addi-
tional NiO structure with [011] orientation (Figure 2a); NiO na-
nopillars are embedded in the LaNiO; matrix with
{100}NiO//{100}LaNiOs as their interface (Figure 2c). Fast
Fourier Transform-Filter (FFT-Filter) atomic resolution image
was further utilized to visualize domain transformation (Figure
2b). The FFT patterns show the coexistence of two clearly dis-
tinct structural domains in the LaNiOs; and NiO area (Figure
S9a). And the corresponding line intensity profiles (Figure S9b)
can directly display different periodic atomic arrangements in



the two sides of the interface, which confirms that the introduc-
tion of heterogeneous interfaces leads to changes in the bonding
mode of metal cations. Electron energy loss spectroscopy spec-
tra (EELS) were further applied to understand the electronic in-
formation of Ni at the interface, which performed line scan on
the interface along the red arrow in Figure S10. The results of
EELS (Figure 2d) demonstrate that a 0.5 e negative charge is
required to compensate polarity of the [NiO,—LaO]panios—[Ni—
Olnio interface.**2® It shows that NiO acquired some electrons
from LaNiOs to form an electron-rich property, which is con-
sistent with the DFT calculation results. In addition, the results
of the depth profile of various secondary ion species (Figure
S11) demonstrate the distribution of NiO in the LaNiO3/NiO
bulk phase. These results also prove the successful incorpora-
tion of NiO heterointerface in LaNiO3 perovskite.

Electronic Structure Analysis. To better study interface
interaction in LaNiO3/NiO heterostructure, physically mixed
LaNiOs; + NiO sample was prepared as a reference. The
XANES shows a slight valence redistribution of Ni ions in-
duced by interfacial electron transfer LaNiO; + NiO and
LaNiO3/NiO (Figure 2¢), which is further supported by XPS re-
sults showing an increased concentration of Ni** species in
LaNiO3/NiO heterostructure (Figure S12). In the EXAFS (Fig-
ure 2f), the bond length of Ni—O bond increases in the sequence
of LaNiO; + NiO < LaNiO3/NiO < LaNiOs, which can be at-
tributed to the distortion of the structure caused by the interface
formed. In addition, Ni-Ni bond for LaNiO3/NiO (ca. 2.52 A)
is shorter than that of LaNiO; + NiO (ca. 2.53 A) and single-
phase NiO (ca. 2.56 A, Figure S13). This can be explained that
the chemical recombination changes the electronic structure of
the Ni—Ni bond in NiO owing to a strong interface interaction.
In line with the Fourier transforms, the wavelet transform (WT)
images reveal a reduced Ni—Ni path in LaNiO3;/NiO hetero-
structure than that of LaNiO; + NiO (Figure S14).
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Figure 3. (a) The iR-corrected LSV curves from 10" CV curves of
different samples. (b) The CV in the potential region of 1.125 —
1.725 V vs. RHE for different samples. (c) EIS of different samples
at a positive potential of 1.62V versus RHE. (d) Chronoam-
perometric response of the LaNiO3/NiO at 10 mA cm 2 current den-
sity for OER. Inset: Contents of leached metals in the electrolyte in
the presence of LaNiOs and LaNiO3/NiO during 15 min long elec-
trocatalysis. (¢) Ni K-edge XANES. Inset: adsorption edges. (f) R-
space Fourier-transformed FT (k* X(k)) of Ni K-edge EXAFS of
LaNiO3/NiO catalysts on carbon papers after the operation of OER
instantly at 1.6 V during 2 h, 4 h and 8 h.

The O 1s XPS spectra of different samples were also fur
fitted into various oxygen species (Figure S15).7° Notably,
NiO’s surface lattice oxygen fuses with perovskite’s termina-
tion lattice to form a new kind of surface lattice oxygen in the
LaNiO3/NiO chemical interface (binding energy = 529.18 eV),
which enhances the electron transfer between the two phases
and reduces the hybrid state of Ni 3d and O 2p. The soft X-ray
absorption spectra are further analyzed to reflect such orbital
hybridization.**** Compared with LaNiO; and LaNiOs+NiO,
LaNiO3/NiO shows a narrowed hybrid orbit between Ni 3d and
O 2p and their absorption peak (O p-band center) obviously
shifts to a lower-energy position. The formation of LaNiO3/NiO
heterostructure reduces the covalency of the Ni—O bond and
brings the center of O p-band closer to the Er (Figure 2g). In
addition, Ni L-edge XANES shows that L; in LaNiO3/NiO het-
erostructure is not split and moves in the direction of lower en-
ergy, indicating that electron transfer between two phases
changes e, orbit position in Ni 3d (Figure 2h). All the above
results suggest that interface electron transfer leads to redistri-
bution in the valence state of Ni ions.



Electrochemical OER Activity. Electrochemical measure-
ments were then performed on different samples with and with-
out heterostructures. The LaNiO3/NiO heterostructure has an
expected high OER current density with the overpotential of
334 mV (at 10 mA cm™2), which is further supported by LSV
normalized by catalysts’ surface areas (Figure 3a). Addition-
ally, the LaNiOs/NiO also shows an expected highest geometric
area current density with the smallest Tafel slope, demonstrat-
ing the fastest OER kinetics on LaNiO3/NiO heterostructure
(Figure S16a and b). These results clearly indicate that this
unique heterostructure (i.e. electron-rich) is one of the main rea-
sons for the enhanced activity of the highly active NiOOH spe-
cies reconstructed after CVs. This process can be clearly re-
flected by multiple CV scans, LaNiO3/NiO (the biggest increase
194.1%) is activated, in contrast to LaNiOs (the biggest increase
25.1%) and NiO (the biggest increase 36.5%), which underwent
little change (Figure 3b and S17).

Electrochemical impedance spectroscopy (EIS) was carried
out to examine the electrical charge transfer behavior different
phases® ™ The results of EIS (Figure 3c, S18 and Table S4)
show that the charge-transfer resistances of the LaNiOs/NiO de-
clines considerably the smallest in comparison with that of
LaNiOs, LaNiO; + NiO and NiO. And the conventional four-
probe technique was further evidence that the resistivity of the
LaNiO3/NiO heterostructure declines considerably the smallest
(Figure S19). This significant reduction in the charge-transfer
barrier at the interface is one of the main reasons for the high
OER activity of LaNiO3/NiO. Meanwhile, the higher double-
layer capacitance (Cq)) substantiates the larger electrochemical
active area of LaNiO3/NiO than other samples (Figure S20).

Corrosion Resistance in OER. The long-term stability of
LaNiO3/NiO catalyst under highly corrosive and oxidative con-
ditions was investigated by a constant current chronopotentiom-
etry at a current density of 10 mA cm™ (Figure 3d). The
LaNiO3/NiO heterostructure provides long continuous OER
electrocatalysis over 70 h. The multipotential electrochemical
stability measurement shows the robust stability of LaNiO3/NiO
heterostructure for about 32 h-long multi-potential electrolysis
(Figure S21). The leached amounts of cations during OER are
quantitatively determined by inductively coupled plasma mass
spectrometry (ICP-MS). For the LaNiO3/NiO heterostructure,
the La and Ni dissolutions increase steadily at the first five
minutes and then become constant. And the constant concentra-
tions of La and Ni ions in the electrolyte are 28 and 46 ppb,
respectively. The cation leaching for LaNiO3/NiO heterostruc-
ture is much weaker than that for LaNiOs, which gives constant
La and Ni concentrations of 107 and 146 ppb, respectively, in
the electrolyte. This comparison suggests that the interfacial
structure markedly enhances the structural stability of the latter.
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Figure 4. Potential-dependent operando Raman spectra of (a)
LaNiO3, (b) LaNiO3/NiO. The pair of peaks at 400.6 and 450.4 cm™
I which are attributed to the Ni—O vibrations of LaNiOs, and at 474
(eg) and 551 (Aig) cm! can be assigned to the Ni-O bending and
stretching vibrations of NIOOH. Quasi in-situ Ni 2p and O 1s XPS
spectra for (c, e) LaNiO;, and (d, f) LaNiO3/NiO at specific
potential from 1.02 V to 1.85 V (vs. RHE).

After the catalytic test, we re-examined the chemical envi-
ronment of the reconstructed LaNiO3;/NiO phase during the
OER process. The HRTEM image of post-8 h LaNiO3/NiO
shows a continuous amorphous shell of about 1 nm (Figure
S22). Additionally, the TEM image and corresponding EDS el-
emental mapping images of post-8 h LaNiOs/NiO nanoparticle
show a more obvious outside shell (Figure S23). According to
the HAADF-STEM images (Figure S24), this catalyst still
maintains the original crystal structure. Furthermore, the
XANES and X-ray absorption edges underwent little change
and finally reach a steady state with the passage of OER time
(Figure 3e and f), indicating that the apparent oxidation state of
the Ni atom inevitably oxidizes during the OER process. In ad-
dition, the O K-edge XAS (Figure S25a) and Ni L-edge XANES
spectrum (Figure S25b) move in the direction of lower energy,
indicating that electron transfer between phases changes e, orbit
position in Ni 3d. These experimental results confirm that the
formation of the active phase reduces the covalency of the Ni—
O bond and brings the center of the O p-band closer to the Er.



Identification of Active Sites. In order to directly identify
the surface reconstruction process, operando Raman spectros-
copy was employed under operating potentials. It clearly shows
that the LaNiO; and NiO substantially retain the structure;
NiOOH species were detected until the potential of ~ 1.75 V
and 1.55 vs. RHE, respectively (Figure 4a and S26a).”*. In
sharp comparison, the LaNiO3/NiO sample with an electron-
rich heterostructure can evolve into NiOOH completely under
a low potential of ~1.35 V vs. RHE (Figure 4b and S26b). Such
evidence agrees well with previous XAS and calculation analy-
sis of Ni electron transfer, also consistent with the results of
CVs.

The near-surface electronic structure was also investigated
by quasi in-situ XPS during OER. It clearly shows that the Ni
2p12 of LaNiOs and NiO retains until the potential achieves at
1.85 V vs. RHE (Figure 4c and S27a). By contrast, the Ni 2pi,»
of LaNiO3/NiO is obviously shifting to lower energies under a
low potential of ~1.45 V vs. RHE (Figure 4d), consistent with
operando Raman results. In the O 1s spectra, LaNiOs/NiO ap-
pear significant new peaks at approximately 531.0 eV in under
a low potential of ~1.35 V vs. RHE (Figure 4f), which is differ-
ent from that of LaNiOs (~ 1.75 V, Figure 4e) and NiO (~ 1.55
V, Figure S27b). This feature can indicate the presence of sur-
face chemisorbed oxygen such as O,*" or O, which belongs to
hydroxyl-like groups (e.g. NiOOH).*>3! By combining the
above operando results, it was found that the LaNiO3/NiO het-
erostructure could significantly promote the formation of an ac-
tive self-constructed surface NiOOH layer during the OER pro-
cess, which boosted the OER performance.

DFT Calculations of electron transfer through
LaNiO3/NiO. Considering the complicated interface structures
in LaNiO3/NiO, DFT calculated site-dependent PDOS was used
to reveal the detailed electronic structures (Figure 5a). Notably,
Ni sites have shown distinct electronic structure evolutions in
different regions of the heterostructure. Within the NiO and in-
terface, Ni-3d orbitals display the upshifting trend towards the
Fermi level from bulk to the surface, leading to smaller electron
transfer barriers with increased valence states and improved
electroactivity. The O-2p states also display different electronic
behaviors, where the O-2p states of the interface are more
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Figure 5. The site-dependent PDOS of (a) Ni-3d and (b) O-2p in
LaNiO3/NiO different sites. (c) Schematic diagram of charge trans-
fer process through the bulk to the interface of LaNiO3/NiO. (d)
The CV in the potential region of 1.125 — 1.525 V vs. RHE for
different samples.

electroactive than the NiO due to closer distance to the Er (Fig-
ure 5b). O-2p orbitals in LaNiOs demonstrate the highest p-band
center, which is well preserved from bulk to the surface. These
electronic structures reveal that the active sites are mainly lo-
cated at the Ni sites at the IF. During the oxidation environment
of OER, the formation of NiOOH at the interface and surface
NiO becomes easier due to the reduced energy barrier. which is
consistent with the experimental results. As shown in Figure 5c,
such electron transfer pathways and different valance states in
different regions of LaNiOs/NiO can be validated by experi-
mental CVs. As shown in Figure 5d, there is no obvious
Ni**/Ni** redox in the curve of individual NiO, indicating it is
hard to be oxidized. Such observation was also found on
LaNiO;. Conversely, the LaNiOs/NiO heterostructure catalyst
exhibits early oxidation peaks of the Ni**/Ni** redox (1.35 V)
than the LaNiO; standalone counterpart (1.37 V), supporting a
more electron-rich feature as proposed by the PDOS analysis.

CONCLUSIONS

In summary, we have successfully developed a unique elec-
tron-rich LaNiOs/NiO heterostructure by controlling the com-
position proportion through the B-sites exsolution method. The
formation of LaNiOs/NiO interfacial structure optimizes the O
2p level of the catalyst to obtain greater structural flexibility,
which promotes the surface reconstruction into the highly active
NiOOH phase so as to improve the OER activity and stability.
DFT calculations have compared the distinct electronic envi-
ronments in the heterostructures, where the Ni sites demonstrate
converse evolutions in NiO and LaNiO;. The Ni sites in the IF
show high electroactivity and lead to the formation of NiOOH.
Therefore, this works provides a promising way to facilitate the
generation of active phases by interface controlling strategy.

METHODS

Chemical Materials: Ni (NOs),-6H,0, La(NOs);-6H>O, eth-
ylene diamine tetraacetic acid (CioHisN2Os), citric acid mono-
hydrates (CsHsO7-H,0), HNOs; (CR) and KOH, commercial
iridium carbon catalyst (20 wt%), and Nafion® (5 wt%) were
purchased from Aladdin. The commercial carbon paper was
purchased from Fuel Cell Store. All the standard solutions were
prepared with Milli-Q water with a resistance of 18 MQ cm. All
gases (argon, oxygen) were of SN quality (99.999%, Airgas).

Materials synthesis: The LaNiO; was synthesized using a sol-
gel method.?! 2 mmol La(NO;);-6H,0, 2 mmol Ni(NOs),-6H,O
were dissolved in deionized (DI) water, 8 mmol ethylene dia-
mine tetraacetic acid (CioHsN>Os) and 5 mmol citric acid mon-
ohydrates (C¢HgO7-H,0) were added to the above metallic salt
solution to completely complex these metal ions, then using am-
monia regulates the pH of the solution to 6. The transparent so-
lution was vigorously stirred at room temperature for 2 h. They
were further continually stirred at 120 °C until transparent and
viscous gel formed. The resulting gel was dried for 10 h at 180
°C and obtained black gray precursor was crushed, and calcined
at 700 °C for 5 h with a heating speed of 5 °C min™' under oxy-
gen flow and then cooled down to room temperature naturally.
LaNiO3/NiO sample were synthesized using the same sol-gel
method according to the molar ratio of 1:1+x for
La(NOs);-6H,0 and Ni(NOs),-6H,0. NiO nanoparticles were



synthesized using the same sol-gel method and the black pre-
cursor was crystallized at 700 °C in air for 5 h. LaNiOs + NiO
sample was mechanically mixed according to the mass ratio of
8:1 for perovskite LaNiO3 and NiO.

Physicochemical Characterizations: X-ray diffraction (XRD)
measurements were carried out on Rigaku D/Max-2400 diffrac-
tometer with Cu Ka radiation (A = 0.1542 nm) under a constant
voltage of 40 kV. Transmission electron microscopy (TEM),
high-resolution TEM (HR-TEM) pictures and EDX mapping of
samples were obtained on a Tecnai G2 F30 filed emission trans-
mission electron microscopy. Atomic-scale STEM images were
recorded on a probe aberration-corrected STEM (Cubed Titan
G2 60-300, FEI, USA) operated at 300 kV. X-ray photoelectron
spectroscopy (XPS) analysis was made with a Kratos Axis Su-
pra device and the data obtained was corrected with C 1s line at
284.8 eV. Inductively coupled plasma optical emission spec-
trometry (ICP-OES) analyses were performed on a Plasma
Quant PQ9000 ICP spectrometer. Inductively coupled plasma
mass spectrometry (ICP-MS) analyses were performed on an
iCAPQc spectrometer. (BET) analyses were performed on an
ASAP2020M & TriStar3020. Synchrotron radiation X-ray ab-
sorption fine structure (XAFS) spectroscopy at the Ni K-edge
was acquired in transmission mode using a Si (111) double-
crystal monochromator at the 1W1B station of the Beijing Syn-
chrotron Radiation Facility (BSRF). The pressure dependent re-
sistivity and conductivity using conventional four-probe tech-
nique measurements were conducted on a ST2258C Resistivity
Tester. Raman spectroscopy measurements were conducted on
a LabRAM HR Evolution spectrophotometer with 473 nm
wavenumber of the excitation light source.

Electrochemical measurements: Electrochemical experi-
ments were performed in fresh KOH on a CHI-760E Electro-
chemical Workstation (CHI Instruments) typical using a stand-
ard three-electrode system, while the high current stability tests
were conducted in a four-electrode setup. Before the electro-
chemical measurement, the electrolyte was degassed by bub-
bling oxygen for at least 30 min to achieve a saturation condi-
tion of oxygen gas. All electrochemical investigations were per-
formed at 25 °C using a Hg/HgO as reference electrode, a Pt
plate as counter electrode, and a 3 mm diameter of glassy car-
bon electrode holder coated with catalyst was used as the work-
ing electrode in 1 M KOH unless otherwise specified.

Catalyst (4 mg) and carbon black (1 mg) were dissolved in
mixture solvent (1970 uL, deionized water: isopropyl alcohol =
3:1) and Nafion (30 pL, 5 wt%, Sigma Aldrich) ultrasound at
25 °C for 1 h to get the catalyst dispersion. Using a pipetting
gun, evenly drop the catalyst dispersion liquid onto glassy car-
bon electrode, drop it several times to ensure depositing of 0.2
mg cm 2, leave overnight to dry naturally for later use. To di-
rectly reflect the intrinsic behavior of the catalyst by measuring
the reaction current, infrared correction is applied to eliminate
the effect of ohmic resistance unless otherwise stated.’>>

Cyclic voltammetry (CV) measurements set 10 mV s™! for
peroxidation tests and 5 mV s™! for averaging the positive-going
and negative-going scan to obtain linear sweep voltammetry
(LSV) plots. In situ Raman spectra were investigated using a
customized cell, with a saturated Ag/AgCl reference electrode
and a Pt ring counter electrode in 1 M KOH. And the electro-
chemical impedance spectroscopy (EIS) tests were performed
at open-circuit potentials in the frequency range of 0.01 — 100
kHz in 1 M KOH. Before in situ Raman and quasi-operando
XPS tests, the carbon paper electrode holder coated with cata-
lyst were carried out at a specially appointed potential for 20

min to obtain the surface chemical composition and structural
information of materials.

The specific capacity was calculated by the equation below:

n=a+bxlogj

Where 1 stands for the overpotential, b stands for the Tafel
slope, j stands for the current density.

Calculated electrochemical active surface area:

Agcsa = Cyq X 1000/40 sz

Calculation Setup: To study the formation and electrochemical
performances of heterostructures, DFT calculations within
CASTEP package shave been applied to investigate the elec-
tronic structures and energetic trends.>* For all the calculations,
we have selected the generalized gradient approximation
(GGA) with Perdew-Burke-Ernzerhof (PBE) for the description
of the exchange-correlation interactions.>>” In this work, the
plane-wave basis cut off energy has been set to 380 eV with the
ultrasoft pseudo potentials for all the geometry optimizations.
Meanwhile, the Broyden-Fletcher-Goldfarb-Shannon (BFGS)
algorithm has been utilized in this work.’® The coarse quality of
k-points is applied for all the energy minimizations. The DFT
models are built based on the TEM results of experiments. For
LaNiO3/NiO, we have cleaved (100) surfaces from both LaNiO;
and NiO lattice structures with six- and five-layer thickness, re-
spectively, to achieve the maximum match of the lattice struc-
ture and form the stable interface. This is consistent experi-
mental characterizations, where the {100}NiO//{100}LaNiOs
are formed as the interface of LaNiOs/NiO. For La,0;, the lat-
tice structure is also cleaved from the (100) surface with four-
layer thickness to form the La,03/LaNiOs/NiO and La,O3/NiO.
To guarantee the sufficient relaxation of the intermediate on the
surface, we have introduced a 20 A vacuum in the z-axis for all
the models. For all the geometry optimizations of the hetero-
structures, the following convergence criteria have been set in-
cluding the Hellmann-Feynman forces should not exceed 0.001
eV/A, and the total energy difference and the inter-ionic dis-
placement should be less than 5107 €V/atom and 0.005 A, re-
spectively.
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