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The need for sustainable, clean and renewable energy has led to 
a resurging interest in water electrolysis1 on perovskite-type 
oxides (ABO3) because of the tunability of chemical and elec-

trical properties through the choice of A- and B-site ions and sub-
stituents, and through controlling point-defect concentrations2–5. 
Design improvements have resulted in earth-abundant electrocata-
lytic materials that outperform precious metal oxide benchmarks, 
such as IrO2, for the oxygen evolution reaction (OER) in alkaline 
electrolytes6–9. Approximate descriptors for OER activity trends, 
such as electron occupancy of frontier orbitals8, electronic structure 
and relative orbital position10,11, and the density of oxygen vacan-
cies12 have been proposed.

These OER descriptors are based on the bulk electronic structure 
of the perovskite, although electrocatalytic activity is determined 
by the binding energies of reaction intermediates on the surface13. 
This reveals an inherent discrepancy because the bulk and the sur-
face differ in composition as well as in electronic and geometric 
structures14,15, which has been repeatedly demonstrated for metal-
lic systems6. The role of the perovskite oxide surface termination 
and reconstruction has been identified for a range of catalytic reac-
tions that occur at elevated temperatures at well-ordered solid/gas  

interfaces15–18. For electrochemical reactions at the solid/liquid 
interface, however, a low-temperature surface transformation is 
typically accompanied by a loss of long-range order19. This makes 
quantification of the atomic surface arrangement through typi-
cal surface science techniques unattainable, particularly for oxide 
electrocatalysts20,21. Investigation of the surface composition of the 
transformed surface indicated a correlation between activity and 
surface composition22. However, it remained unclear as to how the 
surface properties of the as-synthesized perovskite oxides direct the 
surface transformation at the solid/liquid interface and, as a result, 
the OER activity. To address these issues, we need to derive the 
three-step relationship between (1) the as-prepared surface compo-
sition and phase, (2) the surface transformation pathway and (3) the 
resulting electrocatalytic activity.

In this work, we derived the relationships between as-prepared 
surface composition, transformations and activity in epitaxial 
LaNiO3 (LNO)-based electrocatalyst thin films, which are atomi-
cally flat both as-synthesized and during OER. Investigation of 
epitaxial perovskite thin films has revealed, for example, the effects 
of subsurface and bulk stoichiometry23–25, substitution26,27, defect 
distributions and ordering28, and misfit strain29,30. Here we went 
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beyond these bulk-related properties and tuned the as-prepared 
composition of the surface termination layer through sequential 
deposition and film-growth temperature. The surface and sub-
surface composition was depth profiled with atomic-layer depth 
sensitivity using standing wave X-ray photoelectron spectroscopy 
(SW-XPS). We obtained information about the surface chemical 
environment from (typically bulk-sensitive) operando ultravio-
let–visible (UV–vis) spectroelectrochemistry on films of various 
thicknesses ≤30 nm and spectral decomposition. We found that 
the as-prepared surface composition determines the surface 
transformation and, as a result, the OER activity. Specifically, the 
as-prepared Ni termination undergoes a surface transformation 
and becomes active for OER, while preserving the surface cation 
stoichiometry of the as-prepared state. In contrast, La termination 
leads to high overpotentials and does not transform into an active 
surface phase even after tens of hours of operation. Our experi-
ments suggest the perovskite Ni termination is transformed into 
a Ni oxyhydroxide-type single-layer surface phase. Density func-
tional theory (DFT) revealed that such transformed surface layers 
are more active for OER due to the presence of triply coordinated 
O* reaction intermediates. We conclude that electrocatalytically 
active surface phases only develop for select as-synthesized surfaces, 
which reflects the crucial role of metastable surface transformations 
at room temperature. Our work showcases the tunability of surface 
transformation pathways through modifying a single atomic layer 
at the surface. It thus emphasizes the need for computational and 
experimental studies to develop structure–activity relationships that 
involve surface- and composition-dependent transformation path-
ways beyond the established bulk and bulk-termination descriptors.

Varying the surface termination in epitaxial LNO layers
To study the effect of surface composition and transformation 
on OER, one needs a model system of well-controlled bulk prop-
erties and an experimental lever to selectively change the com-
position of the surface layer. We selected LNO, a theoretically 
predicted13 and experimentally demonstrated12 high-activity OER 
electrocatalyst that avoids leaching of alkaline earth cation sub-
stituents31–33. To tune the surface composition, we used two inde-
pendent approaches. First, we used sequential deposition of a single 
NiOx layer on a La-terminated LNO surface. Second, we varied the 
growth temperature during pulsed laser epitaxy of LNO thin films 
on (001)-oriented Nb:SrTiO3 substrates. We found that this allowed 
a systematic variation of the surface termination. Tuning the sur-
face composition through a high-temperature treatment—a proce-
dure generally employed in most oxide electrocatalyst fabrication 
pathways—makes the second approach relevant for a wide range of 
electrocatalysts.

For all films, the growth process proceeds in a two-dimensional 
(2D) manner, as demonstrated by in situ reflection high energy 
electron diffraction (Extended Data Fig. 1), which resulted in 
step-terraced surface morphologies with a low roughness. The bulk 
properties for 450 °C ≤ Tgrowth ≤ 750 °C confirmed a high quality 
of epitaxial growth and resulted in metallic thin films, as verified 
using X-ray diffraction, reciprocal space mapping, scanning trans-
mission electron microscopy (STEM), inductively coupled plasma 
mass spectrometry (ICP-MS) and electrical transport characteriza-
tion (Extended Data Figs. 1 and 2, Supplementary Notes 1–3 and 
Supplementary Figs. 1–10).

To study the surface composition of the films grown at dif-
ferent temperatures, we turned to SW-XPS, which is capable of 
depth-profiling the chemical environment in the near-surface 
region with 1-2 Å depth resolution34. Conventional analyses (lab-
oratory and synchrotron XPS) generally do not offer sufficient  
depth resolution and selectivity. We fabricated 20 nm LNO electro-
catalyst layers at growth temperatures of 450 and 650 °C on X-ray 
mirrors that consisted of 40 bilayers of four LNO unit cells and four 

SrTiO3 unit cells (Fig. 1a and Extended Data Fig. 3). These super-
lattices gave rise to X-ray standing waves and depth-tunable pho-
toexcitation probability (Extended Data Fig. 3 and Supplementary 
Notes 4 and 5). Analysis of the SW-XPS data is based on spectral 
deconvolution of the Ni 3p and La 4d core levels, where La 4d 
exhibits surface and bulk components (Extended Data Fig. 4).  
Figure 1b,c shows the so-called rocking curves (core-level inten-
sity evolutions as a function of incidence angle) for both samples 
in the as-prepared state (see Supplementary Fig. 11 for the rock-
ing curves of all the detectable photoelectron spectra). We found 
that the rocking curves for Ni 3p and La 4dsurface were in phase 
for the Tgrowth = 450 °C film, whereas they were out of phase for 
the Tgrowth = 650 °C film. For the latter, Ni 3p and La 4dbulk were in 
phase. This qualitatively indicates that the surface was Ni rich when  
grown at 450 °C and La rich when grown at 650 °C, in agreement 
with laboratory XPS analyses for samples without an underlying 
X-ray mirror (Extended Data Fig. 4). For a quantitative SW-XPS 
analysis35, we used the SWOPT optimizer (a structure model opti-
mization process iteratively comparing experimental to calculated 
XPS rocking curves; see Methods and Supplementary Note 5) to 
fit a composition profile to these rocking curves using combined  
X-ray optical and photoemission calculations.

The best fit was obtained with a Ni-free surface layer of 3 Å thick-
ness for the Tgrowth = 650 °C film and a 3-Å-thick Ni-rich surface for 
the Tgrowth = 450 °C film (Fig. 1d–f). A STEM investigation with 
atomic resolution energy-dispersive X-ray spectroscopy confirmed 
that for Tgrowth = 650 °C, the surface exhibited a mixture of LaO ter-
mination and a double LaOx layer on the surface (Fig. 1f,g), which 
corresponds well with the 3 Å Ni-free layer observed in SW-XPS. 
We thus assigned the predominant Ni termination (LNO–Ni) to 
the films grown at low temperature (450–550 °C) and the mixed 
single and double La termination layers (LNO–La and LaO2|LNO–
La) to films grown at intermediate temperatures (650 °C). For 
Tgrowth = 750 °C, the Ni-free surface layer was even thicker, as shown 
by laboratory XPS results (Extended Data Fig. 4). Thus, tuning the 
temperature during deposition gave us selective control of the sur-
face composition while keeping the bulk stoichiometry constant 
and the morphology comparably smooth. This change of surface 
termination is related to differences in thermodynamic stability 
(Supplementary Notes 1–3).

Surface composition variations dictate OER activity
We explored the role of the as-prepared surface composition for 
the OER using our LNO films of 20 nm thickness (Fig. 2, Extended 
Data Fig. 5 and Supplementary Note 6). The films remained atomi-
cally smooth during cyclic voltammetry (Fig. 2a–c and Extended 
Data Figs. 1 and 6). We first observed a striking difference in the 
pre-OER regime during cyclic voltammetry: LNO–Ni featured a 
characteristic redox wave at a potential of ~1.4 V versus the revers-
ible hydrogen electrode (RHE) (Fig. 2d). This redox wave was absent 
for La-covered surfaces (Fig. 2d) and remained negligible even after 
tens of cyclic voltammetry cycles or 16 hours of chronoamperome-
try at various potentials (Extended Data Fig. 7h). The magnitude of 
the redox wave decreased monotonically with increasing La cover-
age, and for LNO–Ni it corresponded to the charge expected for an 
oxidation/reduction of approximately one layer of Ni ions (Fig. 2e), 
in line with a sweep-rate dependence that suggests a surface-limited 
redox process (Extended Data Fig. 7).

All the LNO films exhibited considerable OER activities, which 
ranged from an overpotential η of 0.5–0.6 V at a current density of 
1 mA cm−2, normalized to the real, geometric surface area (Fig. 2b).  
The Ni termination (LNO–Ni) achieved through low growth tem-
peratures or sequential deposition exhibited the highest activ-
ity, followed by mixed LNO–La and LaOx|LNO–La, and thicker 
La-type surface layers. This activity difference did not correlate 
with the observed differences in the bulk properties: all the films 
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had an identical bulk composition that exhibited a high electrical 
conductivity (Extended Data Fig. 2 and Supplementary Fig. 4). 
The transport properties do vary with temperature, but the high-
est electrical conductivity was observed for the rather inactive 
samples (Tgrowth = 650 °C). The lowest conductivity was found for 
Tgrowth = 450 °C, but nonetheless the OER activity was higher than 
that for Tgrowth = 650 °C. Consistently, cyclic voltammetry in the 
presence of the outer sphere fast redox couples [Fe(CN)6]3–/4– and 
[Ru(NH3)6]2+/3+ demonstrated closely spaced, symmetric redox 
peaks, which confirms that electrical conductivity did not limit the 
performance of the different electrodes (Supplementary Fig. 12). 
We therefore surmise that the activity differences are a direct result 
of the as-prepared surface composition, as confirmed through sim-
ilar activities across a wide potential range for LNO–Ni achieved 
through low deposition temperatures and sequential deposition. 
This is expectable but rarely demonstrated for electrocatalysts, for 
which the surface adsorption energetics and electron-transfer prop-
erties of reaction intermediates are determined by the chemical 

identity of the surface active sites. Interestingly, our LNO–Ni also 
exhibits a very high activity compared with those of LNO thin films 
reported in the literature (Extended Data Fig. 8 and Supplementary 
Tables 1 and 2), which points to the origins of electrocatalytic 
activity differences among nominally identical bulk compositions. 
Finally, the LNO–Ni films exhibited good stability, with stable OER 
at 1 mA cm−2 for at least 40 hours (Fig. 2f). The LNO–La films, how-
ever, exhibited catastrophic failure after 7–10 hours, probably due to 
additional decomposition reactions that occur at the high overpo-
tentials required for the chosen current density.

Spectroscopic insights on the role of 
surface-transformation
Next we explored the surface transformations of LNO–Ni and 
LNO–La, motivated by previous suggestions of the transforma-
tion of perovskite-oxide surfaces and the formation of (oxy)
hydroxide-like layers36. First, we considered possible surface recon-
structions that also typically occur for well-ordered surfaces at the 
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solid–gas interface at elevated temperatures. Low-energy electron 
diffraction (LEED) before and after the OER without exposure to 
air, following the approach suggested by Faisal et al.20, revealed that 
after cyclic voltammetry, the original perovskite diffraction pat-
tern disappeared (Supplementary Fig. 13), which suggests a loss 
of long-range order during the electrochemically induced surface 
transformation, although the surface morphology remained atomi-
cally flat with step terraces of unit-cell height.

As it is challenging to structurally characterize surface trans-
formations that occur at room temperature, we developed an 
approach using operando UV–vis spectroelectrochemistry applied 
to thickness-controlled films to differentiate between surface and 
bulk redox processes and to identify the chemical nature of this 
disordered surface layer. As shown in Fig. 3a–d, an optical density 
change occurred at a potential of ~1.4 V versus RHE for LNO–Ni, 
which was absent for LNO–La. Comparison to reference measure-
ments revealed that this characteristic spectral change at around 
λ = 500 nm is similar to the spectral change in hexagonal NiOxHy 
(Extended Data Fig. 9 and Supplementary Note 7). In LNO–Ni, 
as well as in NiOxHy, the characteristic spectral change coincided 
with the observed redox wave at a potential of ~1.4 V versus RHE 

in cyclic voltammetry in the pre-OER region (Fig. 3c and Extended 
Data Fig. 9).

Next, we made use of our epitaxial thin film approach to decon-
volute the spectral changes from the LNO bulk and from the surface 
layer through the comparison of samples with various precisely con-
trolled thicknesses. The redox feature in cyclic voltammetry as well 
as the optical density change at 1.4 V versus RHE did not depend 
on the sample thickness (Fig. 3f and Supplementary Fig. 14). 
Correspondingly, spectral deconvolution into a bulk-related con-
tribution (which occurred across the entire potential range) and a 
surface-related contribution (which occurred mostly near the redox 
potential) showed that the optical density change related to the Ni 
oxidation stems from the top 1–2 unit cells (Supplementary Note 7).

We distinguished the surface- and bulk-related properties using 
the differential optical density variation at λ = 500 nm (charac-
teristic for hexagonal NiOxHy) and λ = 700 nm (characteristic for 
bulk LNO). For LNO–Ni, we found a surface-related optical den-
sity jump at the redox potential, which did not occur for LNO–La  
(Fig. 3e). These observations imply that the electrocatalytically 
active transformation that occurred for LNO–Ni (which is absent 
for LNO–La) probably corresponds to a Ni oxyhydroxide-type  
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surface layer, in reasonable agreement with recent observations 
of local amorphization of up to two LNO layers (with unspeci-
fied surface composition) at the onset of OER37. The role of this 
surface-phase transformation was explored computationally, 
described below. Importantly, we emphasize again that this trans-
formation to an electrocatalytically active surface occurred only 
for LNO–Ni, and not for LNO–La. For additional validations 
of the surface-phase transformation, we compared the LNO–Ni 
and LNO–La surfaces before and after OER using lab-based XPS, 

SW-XPS and cluster-model spectral simulations. For LNO–Ni, we 
found a 4 Å surface layer, consistent with a Ni oxyhydroxide signa-
ture (Supplementary Fig. 15 and Supplementary Note 8).

Our observation that the electrocatalytically active surface phase 
only forms for LNO–Ni may also explain the doubling of the OER 
current density (at 1.63 V versus RHE) compared to the most active 
LNO thin films reported in the literature (Extended Data Fig. 8 
and Supplementary Tables 1 and 2). These films probably exhib-
ited a La termination, which is thermodynamically favourable at 
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high growth temperatures. Our results, in contrast, show that opti-
mal activities can be achieved by tuning the surface composition 
of the as-prepared state. Importantly, the activity trends observed 
here are generalizable for LNO fabricated in different morphologies 
and shapes, as previous reports for particulate LNO electrocatalysts 
found low calcination temperatures to lead to optimal performances 
for CO oxidation38, oxygen evolution39 and oxygen reduction reac-
tions (accounting for variations in surface area)40.

Atomistic insights on the role of surface-termination in OER
Based on the experimental realization of LNO with different surface 
terminations in the as-prepared state and a termination-dependent 
surface-phase transformation, we then turned to the theoretical 
investigation of the OER activity using computed thermodynam-
ics. For completeness, we first investigated LNO–Ni and LNO–La 
(001) perovskite-type terminations for OER. We started from 
the optimized tetragonal, metallic and paramagnetic LNO bulk 
phase as calculated via DFT with Hubbard U to match the experi-
mental crystallographic and electronic properties (Methods and 
Supplementary Fig. 16). Figure 4a shows the surface Pourbaix 
diagram of bulk terminated LNO–Ni (refs 41,42). As the voltage 
increases, the LNO–Ni surface progresses from more-reduced to 
more-oxidized coverages (VO < H < OH < O), where VO is an oxy-
gen vacancy. Notably, the presence of VO on the LNO–Ni surface is 
limited to voltages below 0.45 V versus RHE, whereas subsurface VO 
are energetically less favourable (+0.9 eV; Supplementary Fig. 17).  
Although VO may exist and differ in concentration among the 
as-deposited films, they are probably eliminated under OER condi-
tions given the high effective pO2

I
 of ~1070 atm at 1.68 V versus RHE. 

At the relevant OER potentials, the surface is preferably covered by 
a monolayer of H* on singly coordinated O1c (‘OHtop’) and a half 
monolayer of H* on doubly coordinated O2c (‘Hbridge’) (LNO–Ni–S4  
coverage in Fig. 4). This coverage was also identified by Rong 
et al.43. Also noticeable is the high voltage (>2 V) required to reach 
one monolayer of O�

top

I
 (LNO–Ni–S6). The LNO–La surface prefers 

adsorption in the La–O–La bridge configuration (O2c), but other-
wise the situation is similar to that for LNO–Ni (Extended Data  
Fig. 10a). One monolayer OH�

bridge

I
 coverage (LNO–La–S4) is  

dominant under OER conditions, and a high voltage (>2 V) is 
needed to reach any O* intermediate.

Using the surface Pourbaix diagram results, we evaluated the 
OER theoretical activity of LNO, as shown in Fig. 4b. Calculating 
the theoretical overpotential self-consistently, that is, consider-
ing only the stable S4 coverages for LNO–Ni and LNO–La, we 
found that for both surfaces the potential limiting step was from 
OH* → O* (second step of the OER single-site mechanism; Fig. 4b).  
For O1c (O2c) on LNO–Ni, the thermodynamic OER overpotential 
was η = 1.13 V (η = 0.90 V). On LNO–La, there was only O2c with 
η = 0.84 V. Although LNO–La was found to be slightly more active 
than LNO–Ni, both perovskite-type LaO and NiO bulk termina-
tions of LNO (001) had unfavourable O* intermediates, which 
forced the metal sites to be in unfavourable Ni4+ and La3.5+ oxida-
tion states during these intermediate steps, which resulted in high 
overpotentials. These are in stark relative and quantitative dis-
agreement with experiments (η of 0.50 and 0.58 V for LNO–Ni and 
LNO–La, respectively, at a current density of 1 mA cm−2). Using the 
perovskite-type terminations, such low overpotentials can only be 
predicted by invoking alternative reaction mechanisms away from 
the DFT self-consistent coverage (such as adding VO or remov-
ing Hbridge; Supplementary Fig. 18)43 or through unphysically large 
Hubbard U values for Ni (U > 6 eV) in metallic LNO44. In short, bulk 
terminations of LNO(001) with realistic coverages under OER con-
ditions have a strong preference towards a high coverage of OH* 
and require large overpotentials to turn over to O*.

We then turned to the transformed, electrocatalytically active 
disordered Ni oxyhydroxide-type surface layer. Computational 

OER studies of layered oxides, oxyhydroxides and related studies of 
their overlayers45–49 were all based on hexagonal, edge-sharing octa-
hedra and layered-type structures, which are very distinct from the 
corner-sharing octahedra found in LNO. Therefore, we considered 
transformations of the bulk-terminated LNO–Ni using layered, 
edge-sharing NiO2-type building blocks as a likely approximation 
of the local order within the disordered Ni oxyhydroxide-type sur-
face layer. For LNO–La, we considered additional overlayers with 
LaO2Hx and La2O3 building blocks, motivated by the observed mul-
tiple La layers for high Tgrowth (compare with Fig. 1). Utilizing the 
MPInterfaces code50, we selected and optimized structures with 
minimal lattice strain, which we expect to reflect the most likely 
local binding environments. The results summarized in Fig. 4  
and Supplementary Figs. 19 and 20 show that, for LNO–Ni, a 
4 × 4 NiO2(hex) transformation on (2 × 2)LNO–La was very stable 
(Fig. 4c), as it maximizes the available oxygen bonding to LNO–
La with minimal distortion of the overlayer. This hexagonal NiO2 
(NiO2(hex)) layer can be interpreted as the short-range-ordered, 
fully oxidized form of the Ni hydroxide suggested by the experi-
mental redox properties and UV–vis spectroelectrochemistry. 
Importantly, the oxidative removal of H* from this reconstructed 
surface occurs at potentials of ~1.45 V versus RHE (as shown in the 
surface Pourbaix diagram in Extended Data Fig. 10b). This value 
matches the experimentally observed redox peaks much better 
than the corresponding DFT-predicted potential of >2 V versus 
RHE for LNO–Ni or LNO–La bulk terminations, which suggests 
that such a NiO2|LNO–La configuration is a good approximation 
of the experimentally observed transformed surface. For termina-
tions that consisted of La double layers, a (2 × 2) LaO + OH layer on 
(2 × 2) LNO–La formed the most stable structure at OER conditions 
(Fig. 4d). Under more oxidizing potentials, this structure can trans-
form to a more oxidized LaO2|LNO–La type overlayer. Less stable 
combinations of overlayers are summarized in Supplementary  
Fig. 20. Considering the most stable overlayers for Ni (NiO2|LNO–La,  
Fig. 4c) and for La (LaOOH|LNO–La, Fig. 4d, and LaO2|LNO–La) 
as reasonable representations of the most likely local surface struc-
tures under applied potential, we calculated the theoretical OER 
overpotential.

Figure 4e shows the results for theoretical OER activities as a 2D 
heat-map volcano of OER overpotentials. For bulk terminations of 
LNO(001) under OER, both LNO–Ni-S4 and LNO–La-S4 featured 
a weakly adsorbed O* either as O1c or O2c, as discussed above, and 
are located on the right side of the 2D map. LaOOH|LNO–La or 
LaO2|LNO–La, which are probably present for the samples with a 
high Tgrowth, featured much less active oxygen sites with even higher 
overpotentials than for the LNO–La bulk termination (η = 0.92 and 
0.91 V, respectively).

When we consider the NiO2|LNO–La transformation of the 
as-prepared LNO–Ni surface, the thermodynamic overpotentials are 
lowered dramatically. The basal plane of the layered NiO2 overlayers 
featured triple-coordinated O3c sites with mixed Ni4+/Ni3+ valence 
(Fig. 4e, inset). The triple bonding led to a stabilization of O* and 
OH*, and resulted in an overall shift to a lower and more centred 
position on the 2D volcano map. The calculated overpotentials are 
η = 0.49 V, 0.54 V and 0.61 V for the three distinguishable O3c lattice 
sites. After adding solvation effects, the results for NiO2|LNO–La are 
slightly modified and lead to a stabilized OH* (η = 0.7 V, 0.57 V, and 
0.65 V, white-edged hexagons in Fig. 4c; see Supplementary Fig. 21  
for solvation models). Combined with our experimental spectro-
electrochemistry results and previous observations from X-ray 
spectroscopy36, the agreement of the computational thermodynamic 
overpotential with the experimental overpotential for LNO–Ni sug-
gests that transformed Ni oxyhydroxide-like surfaces dominate 
the electrocatalytic activity. Our DFT calculations also show that 
this NiO2|LNO–La surface is thermodynamically more stable 
under OER conditions than all the other surfaces considered here 
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(Supplementary Figs. 19 and 20), which renders this spectroscopi-
cally suggested surface transformation pathway plausible. However, 
this surface transformation is kinetically accessible only when start-
ing with a Ni perovskite termination. The La terminations are not 
converted into Ni oxyhydroxide-like surfaces throughout their life-
time of several hours. To assess the effect of the NiO2|LNO buried 
interface, we also evaluated the theoretical overpotential for free-
standing, single-layer NiO2, which only features Ni4+. We obtained 
a considerably larger overpotential of 0.89 V, which indicates the 

important role of the underlying perovskite lattice, in agreement 
with the experimental test of a single layer of NiOx on different sup-
port layers (Supplementary Fig. 22).

Conclusion
We investigated atomically flat (001) Ni- and La-terminated LNO 
films. We found experimentally that the surface termination is 
decisive for the transformation pathway and the resulting electro-
catalytic activity. The as-prepared surface can be tuned through 
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both the growth temperature and through sequential deposition. 
Through the surface-sensitive information from UV–vis spectro-
electrochemistry applied to thin films, we found that thermody-
namically stable Ni hydroxide-like surface transformations (about 
one atomic layer) developed on Ni-terminated perovskite surfaces, 
which lowered the OER overpotential by up to 150 mV compared 
with those of La-based surface terminations, in qualitative agree-
ment with DFT-predicted thermodynamic overpotentials. This 
electrochemically driven transformation is inaccessible when start-
ing from La termination. Therefore, the electrocatalytic activity of 
perovskite oxides cannot be predicted without considering such 
transformations. Our combined theoretical and experimental 
investigation suggests that the underlying bulk perovskite structure 
still plays an important role in the activation of the overlayers. The 
identification and prediction of future high-activity electrocatalysts 
should therefore consider the three-step relationship observed here 
as an addition to bulk-related descriptors: (1) the as-prepared sur-
face composition determines (2) the surface transformation path-
way which in turn governs (3) the electrocatalytic activity. Further 
development of local-structure-sensitive operando probes of the 
electrocatalyst surface layer are needed for unequivocal identifica-
tion of such transformations. Technologically tuning the surface 
composition a priori to unlock a particularly active transformation 
pathway offers an attractive additional avenue for future electrocat-
alyst research and exploitation.
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Methods
DFT and calculation of the OER overpotentials. First-principles calculations 
were carried out using GGA-DFT with a Hubbard U correction51–54, implemented 
with the Vienna ab-initio simulation package55,56 interfaced with the atomic 
simulation environment (ASE)57,58. Projector-augmented-wave potentials were 
used to replace the inner cores of the atom by an all-electron frozen core59. A 
Perdew–Burke–Ernzerhof exchange-correlation functional was used to describe 
the exchange and correlation effects60. The Hubbard U parameter applied to 
the d electrons of the Ni atoms (Ueff = U – J = 2 eV) was optimized to match our 
experimental strained lattice constants for LNO (a = b= 3.905 Å, c = 3.846 Å; 
Supplementary Fig. 16) and reported valence band photoemission data and 
magnetic structure61. For free-standing NiO2, we used a more conventional 
Ueff = U – J = 5.5 eV established in previous studies of NiOxHy (ref. 62). The 
convergence condition of the electronic self-consistency loop was set to be 10−5 eV. 
The LNO(001) slabs with Ni termination (LNO–Ni) and with La termination 
(LNO–La) were constructed with the fully relaxed LNO tetragonal bulk. The slabs 
were separated by an 18 Å vacuum gap and the bottom four layers of the eight-layer 
LNO–Ni and nine-layer LNO–La were fixed to simulate the LNO bulk. The slabs 
were optimized using a 4 × 4 × 1 Monkhorst–Pack grid63 given ferromagnetic 
ordering with a cutoff energy of 500 eV. A dipole correction was applied to reduce 
the interactions between the periodically repeated slabs.

Next, the theoretical overpotentials for each surface were calculated using the 
standard OER mechanism, which has been applied to many types of oxides13,64–67 
(∗ → OH*, OH* → O*, O* → OOH*, OOH* → O2(g)). The Gibbs free energies 
of each step of OER was calculated via the computational hydrogen electrode 
method67 and includes a room temperature correction, zero point energy and 
the vibrational enthalpy and entropy contributions (relative to H2(g) and H2O(l)) 
obtained by means of the harmonic approximation. The combined effect of 
free-energy corrections and a list of all the total energies of adsorption are 
summarized in Supplementary Tables 3–5. These tables also list all reference 
structures and their respective energies with optimized structures.

Thin-film preparation. Thin films were grown by pulsed-laser epitaxy using 
the PLD/MBE2300 set-up (PVD Products) or the Laser MBE (Surface GmbH) 
using target-to-substrate distances of 83 mm and 48 mm, respectively. The growth 
temperature was varied between front-side temperatures of 450 and 750 °C, 
as specified in the main text. The laser fluence was 1.6 J cm–2 unless specified 
differently. The oxygen pressure during deposition was 15 mTorr. After each 
deposition, the samples were postannealed at the deposition temperature for 
10 min in an atmosphere of 200 mTorr of oxygen and cooled down to temperatures 
below 300 °C within 5 min. All substrates were 10 × 10 mm2 (001)-oriented 
Nb-doped SrTiO3 (0.5 wt% doping) or undoped SrTiO3 (Shinkosha Co.). Prior to 
the growth, the substrates were first etched in buffered HF (pH = 4.5) and then 
annealed at 950 °C for 2 h. The commercial 99.95% elemental purity multiphase 
LNO target (La2NiO4 + NiO inclusions) was supplied by Toshima Manufacturing 
Co. Comparison to an in-lab sintered target fabricated with high-purity 
(5N) metal oxide precursors showed no differences in growth parameters or 
electrocatalytic activity. The 99.99% elemental purity NiO target was purchased 
from SurfaceNet GmbH. The growth was monitored in situ using a reflection 
high-energy electron diffraction system (TorrRHEED, Staib Instruments and 
kSA400, k-space Associates, Inc.) operated at 35 kV (1.5 μA). Multilayers for 
SW-XPS were deposited at 550 °C, with the commercial LNO target and a SrTiO3 
single-crystalline target (CrysTec GmbH).

Thin-film characterization. X-ray diffractograms and reciprocal space maps 
were collected using aPANalytical X’Pert PRO diffractometer equipped with 
a double monochromator and operated in a parallel-beam geometry. Atomic 
force microscopy was carried out without air exposure using an UHV Omicron 
VT-SPM XA operated in contact mode with tips coated with boron-doped 
polycrystalline diamond. The cantilever tips had a nominal radius of less than 
150 nm and a spring constant of 25 N m−1 (AppNano, DD‐ACTA‐10). The force 
set point was limited to 2 nN to minimize a possible effect of the contact mode 
measurements on the surface morphology. The XPS characterization without air 
exposure was performed with a PHI Versa Probe (Physical Electronics Inc.) with 
Al Kα X-ray illumination, a pass energy of 23.5 eV and at various photoemission 
angles without neutralization. The mean escape depth d was defined through 
the inelastic mean free path of the photoelectrons, λ = 2.2 nm (calculated via 
QUASES-IMFP-TPP2M)68 and the photoemission angle θ through d = λ × cosθ 
(ref. 69). This isotropic approach uses the straight-line approximation70, as is 
suitable in the absence of well-characterized, material-specific angle-dependent 
effective attenuation lengths. For a full description of the information depth in 
photoemission, the readers are referred to the literature69–71. To calculate the surface 
stoichiometry from the measured intensities, we used the relative sensitivity factors 
provided by the instrument manufacturer and corrected these values to yield a 
La/Ni ratio of 1 for a stoichiometric, single phase, and a freshly polished LNO 
ceramic reference. The stoichiometry was determined based on the integrated 
raw peak areas after subtraction of a Shirley background. Fitting was performed 
using CasaXPS or KolXPD with the peak models described in Supplementary 
Note 4. For ICP-MS, the thin films were dissolved in 2 ml of 10% nitric acid 

and diluted with Milli-Q water to a total volume of 10 ml. The La/Ni ratio was 
determined using an Agilent 7900 ICP-MS in the He collision cell mode (Agilent 
Technologies). Photoemission electron microscopy experiments were carried out 
with the FE-LEEM P90 AC instrument commercialized by SPECS and installed 
as a permanent end station at the soft X-ray undulator beamline UE56/1-SGM at 
the synchrotron facility BESSY II (Helmholtz-Zentrum Berlin). The LEED images 
were taken with an OCI BDL800IR-MCP LEED system using a beam voltage of 
120 eV, a filament current of 2.78 A, a Wehnelt voltage of 2 V, a grid voltage of 100 V 
and a screen voltage of 3 kV.

STEM. Lamellar specimens for STEM were prepared using a focused ion beam 
milling with Ga in an FEI Helios NanoLab 600i or an FEI Helios NanoLab 460F1 
dual-beam system72. Atomic-resolution high-angle annular dark-field STEM 
images and the corresponding elemental maps were recorded at 200 kV in an 
FEI Titan G2 80–200 ChemiSTEM microscope equipped with a high-brightness 
field-emission gun (X-FEG), a probe spherical aberration corrector and a super-X 
energy-dispersive X-ray spectroscopy system73. The incident electron beam 
convergence semi-angle for high-angle annular dark-field STEM imaging was 
~25 mrad, and the collection semi-angle was 70–200 mrad.

Standing-wave photoemission experiments. The measurements were carried out 
at the LBNL Advanced Light Source using the ambient-pressure photoemission 
system at Molecular Environmental Science beamline 11.0.274. The SW-XPS 
measurements were performed using a photon energy of 815 eV at an oxygen 
background pressure of 15 mtorr O2. The samples were transferred from the 
deposition tool without exposure to the atmosphere using glove bags filled with 
nitrogen. They were mounted using carbon tape and contacted with stainless-steel 
clips in an argon-filled glove box and transferred to the analysis chamber using the 
air-free transfer tool supplied by Sandia National Laboratories.

Electrochemical characterization. To perform electrochemical experiments 
with epitaxial thin films on 10 × 10 × 0.5 mm3 single crystal substrates, we used 
a custom-made adapter to press the back side of the sample to the Pt plug of a 
rotating disk electrode (Pine Research). Pt connections (50 nm) from the sample 
back side to the front side ensured ohmic contact with the LNO layer (Extended 
Data Fig. 5). On the front side, a film area of 0.75 mm diameter was exposed  
to the electrolyte and sealed using an O-ring (FFKM, Marco Rubber). The 
rotating disk electrode shaft was rotating at 1,600 r.p.m. Electrochemical testing 
was performed using BioLogic VSP-300 or VSP-150 potentiostats, in a 150 ml 
alkaline-resistant Teflon cell (Pine Research) with a Pt wire as a counter electrode. 
Electrochemical impedance spectroscopy was conducted with an amplitude of 
20 mV at the open-circuit potential and the correction for the cell resistance  
(iR correction, typically 50–60 Ω) was based on the high-frequency intercept of the 
real impedance. An electrolyte solution of 0.1 M KOH, prepared by dissolving KOH 
pellets (Sigma-Aldrich, 99.99%) in deionized water (Millipore, >18.2 MΩ cm), 
was O2 saturated prior to testing for at least 30 min and maintained under an O2 
atmosphere during testing. All the electrochemical measurements were performed 
at room temperature. Although higher electrolyte concentrations and temperatures 
can be used to test stability in approximate application conditions5, 0.1 M KOH and 
room temperature represent the recommended best practices for the comparison 
and benchmarking of model electrocatalyst systems75. Potentials were referenced 
to a Hg/HgO reference electrode (CHI Instruments), which was periodically 
calibrated to the RHE (HydroFlex) in 0.1 M KOH with typical values of ~880 mV. 
All OER testing was performed on a fresh electrode that had not undergone 
previous testing. Cyclic voltammetry was first performed in the pseudocapacitive 
redox phase change region (from ~0.9 to 1.6 V versus RHE) at scan rates between 
10 and 500 mV s−1, followed by OER testing performed from 0.9 to 1.9 V versus 
Hg/HgO at a scan rate of 10 mV s−1. In the presented Tafel-like plots, data were 
capacitance corrected through averaging the forward and backward scans. The 
second cycle is shown for each sample. After electrochemical characterization, 
the samples were checked by XPS to verify the absence of Fe contamination in the 
electrode surface.

UV–vis spectroelectrochemistry experiments. For these experiments in 
transmission mode, LNO thin films on undoped, transparent and double-side 
polished SrTiO3 single-crystal substrates were used. We performed the 
measurements in a custom-made spectroelectrochemical flow cell made from 
PEEK (iR correction ~350 Ω). The electrolyte flow was 0.1 ml min−1. The potentials 
were referenced to a leakless miniature Ag/AgCl reference electrode (eDAQ), 
which was periodically calibrated to the RHE in 0.1 M KOH with typical values 
of ~1,050 mV. Cyclic voltammetry was performed between the OCV and 1.55 V 
versus RHE at various scan rates of 10 mV s−1, 1 mV s−1 and 0.1 mV s−1 on all the 
samples. Then, chronoamperometry was performed with potential holds up to 
1.55 V, with 0.05 V intervals; each potential hold lasted for at least 40 min. At the 
end of each potential hold, spectra were collected with a deuterium tungsten–
halogen light source (DH-2000-CAL, Ocean Optics) and a UV–vis spectrometer 
(USB-2000+, Ocean Optics). Each spectrum was averaged over at least 5 s of data 
acquisition. A reference spectrum was taken on an undoped SrTiO3 single crystal 
in contact with the electrolyte.
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Data availability
The DFT data are available at https://www.catalysis-hub.org/publications/
BaeumerTuning2020 (ref. 76). The experimental data are available via https://doi.
org/10.26165/Juelich-Data/BMNAGT (ref. 77).
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Extended Data Fig. 1 | LaNiO3 growth at different temperatures. a, RHEED intensity oscillations during growth at different Tgrowth. b, RHEED diffraction 
patterns after growth of 20 nm, confirming predominantly two-dimensional growth. c-f, AFM morphology in the as-prepared states for different Tgrowth. 
Scale bars are 1 µm, step height is ~0.4 nm. g-j, AFM morphology after cyclic voltammetry with 52 cycles with a maximum potential ~1.6 V vs. RHE and 2 
cycles with maximum potential of ~1.9 V vs. RHE, revealing similar morphologies and similarly low roughness compared to the as-prepared state.
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Extended Data Fig. 2 | Electrical transport characterization. Hall resistivity (top), mobility (middle) and carrier concentration (bottom). Error bars 
indicate standard error from triplicate measurements.
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Extended Data Fig. 3 | TEM images of SW-XPS samples and SW-XPS variation of information depth. a, and b, Low-resolution high-angle annular 
dark-field HAADF STEM images of LaNiO3 top layers deposited at 450 °C and 650 °C, respectively. The super lattice was deposited at 550 °C in each 
case. c, High-resolution image of the super lattice revealing the four-unit-cell periodicity. d,e, The calculated standing-wave profile of electric field intensity 
(|E2|) as a function of depth and incident angle for the standing wave samples with LaNiO3 top layers deposited at 450 °C and 650 °C, respectively. 
f,g, Calculated mean information depth as a function of depth and incident angle based on the optimized structure for the standing wave samples with 
LaNiO3 top layers deposited at 450 °C and 650 °C, respectively (Fig. 2b,c of the main text), derived through multiplication of electric field intensity (|E2|) 
and photoelectron attenuation. Varying the incident angle changes the information depth deterministically. Simulating all XPS core level rocking curves 
simultanteously therefore allows to extract the compositional depth profile with atomic layer resolution.
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Extended Data Fig. 4 | XPS surface composition. a, La 4d laboratory XP spectra and b, Ni 3p spectra for different Tgrowth. Open circles show the data 
points, solid lines indicate the fitting result obtained (see Supplementary Note 4 for fitting details). Exemplary components used for the fit are shown 
for one spectrum each. c, Cation ratio as a function of Tgrowth for different mean escape depths d. Error bars indicate the maximum deviation from several 
measurements for a few identical samples measured under the same conditions.
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Extended Data Fig. 5 | Rotating disc electrode setup for epitaxial thin films. a, Schematic of the rotating disc setup. b, Schematic of the sample contact. 
The Pt plug of the rotating shaft is connected to the sample back side. c, d, Optical images of the sample front and back side. A 50 nm Pt layer connects 
the sample back side to the substrate front side, forming ohmic electrical contact (R < 10 Ω) with the back side of the LaNiO3 catalyst layer. The electrode 
area is defined by a perfluoroelastomer (FFKM) O-ring fitted to the PEEK sample adapter. All experiments are performed without silver paste or epoxy 
adhesives. This leads to electrochemical investigation with a minimized amount of contaminating species.
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Extended Data Fig. 6 | AFM investigation before and after OER. a, AFM morphology after 54 CV cycles b, Exemplary height profile extracted along the 
line in a, confirming unit cell height for all steps, indicating single termination. c, AFM morphology of the as-prepared state. b, Exemplary height profile 
extracted along the line in c, confirming unit cell height for all steps, indicating single termination.
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Extended Data Fig. 7 | Sweep rate dependence of the redox peaks for samples with different growth temperature. a-d, Sweep rate-dependent cyclic 
voltammetry. e,f, Peak current as a function of sweep rate. Red lines indicate a power-law fit to the data with b-values of 0.90, 0.91, and 1.08 for panels 
a-c, respectively, indicating a surface-limited process. h, Redox behavior in cyclic voltammetry at 10 mV/s after various treatments. For LNO-La, the redox 
peak does not appear after 29 sweeps in cyclic voltammetry (green curve, 27 cycles with a maximum potential ~1.6 V vs. RHE and 2 cycles with maximum 
potential of ~1.9 V vs. RHE), nor after chronoamperometry (orange curve, potential stepped from 0.9 V up to 1.6 V in 50 mV steps and back down to 
0.9 V in 100 mV steps; each step took 40 min, total time ~16 hrs). Similar results were obtained after a 38 h chronoamperometry at 1.63 V vs. RHE. For 
comparison, the redox peak for LNO-Ni after 20 sweeps in cyclic voltammetry is also shown (red curve).
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Extended Data Fig. 8 | Comparison to literature. OER current density at 400 mV overpotential for different temperatures in comparison to activities 
previously reported for RENiO3 epitaxial thin films. Literature references are listed in Supplementary Table 2.
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Extended Data Fig. 9 | uV-Vis spectroelectrochemistry of LaNiO3 and Ni(OH)2. UV-Vis spectra of a, a 20 nm LNO-Ni film and c, a 50 nm 
electrodeposited Ni(OH)2 film at various potentials, with optical density scaled relative to OCV (0.9 V vs. RHE). Note that the features around λ = 480 nm, 
570–620 nm, and 660 nm are introduced during background subtraction as these are the emission lines from the deuterium light source. c,d, Changes in 
optical density at λ = 500 nm and 700 nm during potential holds plotted alongside the cyclic voltammetry results for LaNiO3 and Ni(OH)2, respectively.  
e, f, Spectral decomposition into surface and bulk spectra of a 20 nm LNO film.

NATuRE MATERiALS | www.nature.com/naturematerials

http://www.nature.com/naturematerials


Articles Nature Materials

Extended Data Fig. 10 | Surface Pourbaix diagram of LNO-La and NiO2|LNO-La. a, Surface Pourbaix diagram of LNO-La with corresponding (2 × 2) 
structures as insets. Under OER conditions (U~1.68 V), LNO-La is fully covered with 4 OH* (1 ML) at the La-O-La bridge sites. b, Surface Pourbaix diagram 
of NiO2|LNO-La with corresponding structures as insets. Under OER conditions (U~1.68 V), the clean (full ML of O3c) surface (S5) and ¼ monolayer (ML) 
OH covered surface followed by (S6) are the most favorable.

NATuRE MATERiALS | www.nature.com/naturematerials

http://www.nature.com/naturematerials

	Tuning electrochemically driven surface transformation in atomically flat LaNiO3 thin films for enhanced water electrolysis ...
	Varying the surface termination in epitaxial LNO layers
	Surface composition variations dictate OER activity
	Spectroscopic insights on the role of surface-transformation
	Atomistic insights on the role of surface-termination in OER
	Conclusion
	Online content
	Fig. 1 Standing wave XPS analysis.
	Fig. 2 Electrochemical performance.
	Fig. 3 Operando UV–vis spectroelectrochemistry of LNO.
	Fig. 4 OER overpotentials for LNO surfaces and oxide|LNO interfaces.
	Extended Data Fig. 1 LaNiO3 growth at different temperatures.
	Extended Data Fig. 2 Electrical transport characterization.
	Extended Data Fig. 3 TEM images of SW-XPS samples and SW-XPS variation of information depth.
	Extended Data Fig. 4 XPS surface composition.
	Extended Data Fig. 5 Rotating disc electrode setup for epitaxial thin films.
	Extended Data Fig. 6 AFM investigation before and after OER.
	Extended Data Fig. 7 Sweep rate dependence of the redox peaks for samples with different growth temperature.
	Extended Data Fig. 8 Comparison to literature.
	Extended Data Fig. 9 UV-Vis spectroelectrochemistry of LaNiO3 and Ni(OH)2.
	Extended Data Fig. 10 Surface Pourbaix diagram of LNO-La and NiO2|LNO-La.




