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1 Supplementary Note 1: Additional structural
and compositional analysis of the as-prepared

state.
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Supplementary Figure 1: (a) RHEED intensity evolution during PLD growth
of LaNiO3_s on (110)- and (111)-oriented SrTiOs substrates. (b, ¢) RHEED
patterns after growth, confirming two-dimensional growth.



Supplementary Figure 2: HAADF STEM micrographs of LaNiO3_s films on (a)
(001)- and (b)(111)-oriented SrTiOs substrates. We observe extended defects
in the bulk of the film (examples highlighted with red arrows). These were
observed before,[1] connected to the chosen synthesis temperature, which was
in turn necessary to obtain the desired Ni-termination in the as-prepared state.
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Supplementary Figure 3: (a)-(c) La 4d XP spectra and (d)-(f), Ni 3p spectra
for different orientations. Data for all orientations were normalized to the La
4d peaks. Open circles show the data points, lines are a guide to the eye ob-
tained by 5-point adjacent average smoothing. Angle-dependent measurements
resulting in different mean escape depths d qualitatively indicate predominant
Ni-termination for the (001) and (111) orientations.
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Supplementary Figure 4: Turnover frequency obtained from cyclic voltammetry
in the OER potential regime (Fig. 3c in the main text) via normalization of the
current density to the number of Ni ions in a perfect perovskite surface.



2 Supplementary Note 2: X-ray absorption spec-
troscopy

In this section, we discuss the peak positions and related interatomic distances
in the EXAFS analysis. The peak positions in Fig. 4c of the main text are
lower by about 0.2 to 0.5 A than the interatomic distances due to a phase shift
0 originating from the scattering atoms (note that the EXAFS oscillations are
modeled as sin(2kR + ¢) with wavenumber k) [2].

Peak (i) is assigned to Ni-O with interatomic distance 1.92 A, while peak
(iii) is assigned to Ni-La with interatomic distances of about 3.1 and 3.3 A
and peak (iv) is assigned to Ni-Ni in corner-sharing octahedra with interatomic
distance of 3.95 A, indicative of the perovskite structure [3, 4]. These values are
in acceptable agreement with expected values for LaNiOs_; (where strain and
point defects might increase the lattice parameter compared to the bulk value
of 3.84 A) [5] and with our DFT+U simulation.
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Supplementary Figure 5: Fourier transform of the EXAFS of the Ni-K edge col-
lected on (111)-oriented LaNiO3_g samples. (a) As prepared. There is spectral
intensity near peak (ii). But it is almost fully explained by sidelobes of the Ni-
La interactions (peak (iii)). Other contributions could be Ni-O interactions that
were not modeled. Fit in Supplementary Table 1. (b, ¢) 16h CA at 2.5V vs.
RHE. In (b), we removed the Ni-Ni interaction at 3.2 A, which results in a worse
fit than the one in Fig. 4c of the main text. No new parameter optimization
was performed after removal of the Ni-Ni interaction from the fit. In (c), we
performed parameter optimization (i.e., a new fit), still excluding the Ni-Ni in-
teraction, fit results are shown in Supplementary Table 5. This fit is also worse
than the one in Fig. 4c of the main text. These considerations indicate that
the spectral intensity near 2.5 A reduced distance are mainly due to sidelobes
for the as prepared sample but due to a (hydr)oxide phase for the sample after
16h CA at 2.5V. Data are shown as circles and EXAFS fits as lines. Fourier
transforms were performed between 35 and 550eV (above Ey = 8333€V) with
a cosine window covering the first and last 10% of the data range.

The EXAFS of LaNiO3_s after 16 h at 2.5V is markedly different. The Ni-O



peak (i) is found at larger distance, corresponding to an interatomic distance
of 2.01 A. This increase in Ni-O bond length is indicative of a reduction of Ni.
We note that the actual interatomic Ni-O distance in oxyhydroxides (Ni(3+9)+)
is shorter (1.88 A) [6] than for the perovskite LaNiOz_5 (1.92 +0.01 A in Sup-
plementary Table 1 to 1.93 A [3]) so that the larger distance after 16h at 2.5
V vs RHE supports a reduced hydroxide or oxide, e.g., Ni(OH)y or NiO. This
is expected in our ex-situ measurement, where the samples were returned to
open circuit voltage (OCV) and exposed to air before X-ray absorption anal-
ysis. According to the Ni-O-H Pourbaix diagram, this would lead to Ni(OH)s
or NiO surface phases after returning to OCV. The interatomic Ni-O distance
of 2.01 £ 0.01 A is slightly shorter than expected for NiO (2.05 - 2.08 A [6]),
suggesting slight oxidation and possibly protonation as in Ni(OH)s_,.

Note that each EXAFS peak has sidelobes, and intensity near the distances
marked as peak (ii) also results from the sidelopes of peaks (i) and (iii) (Supple-
mentary Fig. 5).[7] For the sample after 16h CA, there are no major peaks at
similar distance, so that a sidelobe can be excluded. The metal-metal distance
at peak (ii) is similar to the edge-sharing reference LiNiOg (Fig. 4b of the main
text). Thus, we assigned the new peak/distance to edge-sharing Ni octahedra
at 2.98 A in LaNiOs_s after 16 h (Supplementary Fig. 5b,c) and note that the
corner-sharing Ni octahedra, i.e., peak (iv), are resolved simultaneously.
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Supplementary Figure 6: Fourier transform of the EXAFS of the Ni-K edge
collected on (001)-oriented LaNiO3_s5 samples. Data are shown as circles and
EXAFS fits as lines. Fourier transforms were performed between 35 and 550 eV
(above Ey = 8333eV) with a cosine window covering the first and last 10 % of
the data range. Fits in Supplementary Tables 6, 7). The region around 2.5 A is
not well fit, which may suggest that (hydr)oxide is present on the as prepared
sample and after 1h CA at 1.75 V vs RHE.



3 Supplementary Note 3: Additional structural
and compositional analysis after OER

To investigate structural and compositional changes as a function of operation
time, we performed XRD, XPS and STEM analysis after up to 100 h operation
time.

a xps Ni/(La+Ni) ratio for (111) LaNiO,

100

80

™

pristine 16h CA 100h CA
d=1.lnm md=2.1nm

b XPS Ni/(La+Ni) ratio for (001) LaNiO,

60
40
20

001_pristine 001_100h_CA

md=1.1nm md=2.1nm

Supplementary Figure 7: Cation ratio for LaNiOs_s (a) (111) and (b) (001)
films before and after chronoamperometry (CA) for mean escape depths of d =
1.1nm and d = 2.1 nm. Only minor changes in cation composition of the surface
layer is observed in the first 16 h of operation.

XPS: We compare the surface and subsurface composition, obtained from
angle-dependent XPS measurements (resulting in different mean information
depths d = 1.1nm and d = 2.1 nm, Supplementary Fig. 6). The overall Ni/La
ratio at d = 1.1nm is higher than for d = 2.1nm for all samples, indicating
predominant Ni termination in the as-prepared state for both (100) and (111)
orientations. For operation up to 16h, the Ni/La ratio remains constant, as
shown exemplarily for the (111) orientation 7a. This indicates that on average,
the transformed surface is as Ni-rich as the predominantly Ni-terminated as-
prepared state. Only after additional stability testing up to a total operation
time of 100h, we find that for both (100) and (111) samples, the Ni/La ratio
changes: While the surface remains slightly Ni-rich, the overall cation ratio
approaches 1:1. But we note that the XPS signal intensity decreased by a factor



Supplementary Figure 8: HAADF STEM micrographs of LaNiOz_4 films after
100 h CA for (001) orientation (a, c¢) and (111) orientation (b,d). Pit-like
corrosion is observed after this long-time stability tests (highlighted with red
and yellow ellipses in panels a and b). In addition, we still observe the extended
defects in the bulk of the film, similar to the samples before CA (examples
highlighted with red arrows).

of roughly 10 from the pristine state to the 100h CA state, indicative of an
increased surface roughening (in line with the XRR and TEM results discussed
below), making Ni/La ratios extracted from the area-integrated technique after
100h CA less reliable.

STEM: We performed high-angle annular dark-field imaging (HAADF)
STEM analysis of (001) and (111) LaNiOs_s samples before and after 100 h
CA, to track the most severe changes during stability tests (Supplementary
Fig. 7). We note that cross-sectional STEM relies on preparation of lamella us-
ing a focussed ion beam (FIB). While we used a protective carbon layer during
lamella preparation, the top surface ( 1-2 unit cells) may be damaged during
FIB. Nevertheless, the STEM analysis provides valuable additional information:
Even after 100 h of operation, the bulk of the film remained intact (in line with
the XRD analysis below). Near the surface, we observe pit-like corrosion: The
entire lamellas for both orientations were decorated with nm-sized amorphous
regions with a depth of up to 3nm. These observations are an interesting start-
ing point for future investigations of stability and degradation mechanisms in
perovskite-type electrocatalysts, but the observed pits are not directly related
to our observations regarding activity.
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Supplementary Figure 9: XRR and XRD analysis before and after 100 h CA for
(001) orientation (a, ¢) and (111) orientation (b,d).

XRD/XRR: We performed X-ray reflectivity (XRR) and X-ray diffraction
(XRD) before and after 100h CA (Supplementary Fig. 8). Overall, the data
confirm that the bulk of the films did not change to a large extent, in line
with the STEM analysis. The XRR data is consistent with an increased surface
roughening and a similar thickness for all films (with a 1 uc thicker (111)
film after 100 h). The nm-sized amorphous regions observed in TEM make
the extraction of quantitative figures from XRR difficult. The (bulk-sensitive)
XRD data indicates a similarly high crystallinity (similarly pronounced Laue
fringes) and similar lattice constant before and after the stability test, with
small thickness variations (variations in the period of the Laue fringes).

Summary: We observe local near-surface amorphization after extended sta-
bility tests, but otherwise the LaNiOs_s samples remain highly-ordered model
systems in the bulk. We conclude that the long-time stability observed for the
bulk of the films (XRD, STEM) and the comparably stable surface cation ratio
(for at least 16h of operation) form the basis for our detailed analysis of the
transformed surface using XAS and DFT+U.
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4 Supplementary Note 4: Additional DFT+U
results.
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Supplementary Figure 10: Relative stability of NiIOOH, on (a) LaO-terminated
LaNiO3(001) and LaNiO- and Os-terminated LaNiO3(110) and (a) LaOs- and
Ni-terminated LaNiO3(111) as a function of applied voltage, at pH = 13. «
denotes the number of hydrogen atoms intercalated between the transformed
NiOO layer and the underlying perovskite. The Hubbard parameter on the Ni

3d states is U = 5.5eV

in all cases.
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Supplementary Figure 11: Surface Pourbaix diagrams showing the most stable
coverages with functional groups as a function of applied voltage and pH for
(a) untransformed, Ni-terminated LaNiO3(111). (b) a NiOO-layer on LaOs-
terminated LaNiO3(111). Note that the voltage in experiment is measured
vs RHE, therefore the reaction conditions correspond to ¢ = (1.68 — 0.0591 -
pH) = 0.91V vs SHE and pH = 13 in the diagram. Above and below, side
views of the coverages are shown, with frame colors matching the respective
areas in the diagram. Note that the calculations for the untransformed and
transformed surface are performed with U = 2.9eV and U = 5.5¢eV, respectively
(see Supplementary Discussion). Using U = 2.9€V for the latter leads to the

same surface termination under OER conditions despite some changes in regions
of stability of the terminations.
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Supplementary Figure 12: Surface Pourbaix diagrams showing the most stable

& (V vs SHE)

NiOO / LaNiO4(110)

Y¥3*OH +25*0 | [%*0 +¥5*O0H

1 ML *OOH

coverages with functional groups as a function of applied voltage and pH for (a)

untransformed, LaNiO-terminated LaNiO3(110) (the Oz-termination is treated

as a possible coverage). (b) a NiOO-layer on LaNiO-terminated LaNiO3(110).

Note that the voltage in experiment is measured vs RHE, therefore the reaction
conditions correspond to ¢ = (1.72 —0.0591-pH) = 0.95V vs SHE and pH = 13
in the diagram. Above and below, side views of the coverages are shown, with

frame colors matching the respective areas in the diagram.

Note that the calculations for the untransformed and transformed surface are
performed with Hubbard U = 2.0eV and U = 5.5V, respectively (see Supple-

mentary Discussion).
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Supplementary Figure 13: Cumulative reaction free energies of NiOo-terminated
(001), LaNiO-terminated (110) and Ni-terminated (111) untransformed per-
ovskite surfaces for Hubbard parameter U = 2.0¢V. At the (001)-surface all
Ni sites are covered by *OH, while a quarter of the O sites are covered by H,
as shown in [1]. For (110), the reaction intermediates are adsorbed between
one Ni and two La atoms. For (111), the reaction intermediates are adsorbed
between one Ni and one La atom. Two surface terminations with functional
groups, 0.75 ML*OH + 0.25 ML*OOH and 1 ML *OOH, were taken into account
for (111) as both appear close to the experimental overpotential (see Supple-
mentary Fig. 12a). Ideal AGP are indicated by dashed black lines.
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Supplementary Figure 14: (a) Dependence of OER, overpotential on the Hub-
bard U parameter. For NiOO/LaNiO3(001), the most favorable reaction sites
for each U value are shown (see Supplementary Table 9). Gray, dotted horizontal
lines indicate the experimental overpotential of 0.51V for (001) and 0.45V for
(111) (at 1mA/ecm?). (b) Binding energy of OER intermediates as a function
of Hubbard parameter. AG% (solid lines) shows a notably stronger dependence
on U than AGY,y (dotted) and AGY; (dashed).
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Supplementary Figure 15: Density of states of oxygen 2p and the 3d or-
bitals of the three Ni neighbors for the different OER intermediates at (a)
one oxyhydroxide-like layer on LaNiO3(001) and (b) NiOOH/NiOOHj 75 on
LaNiO35(111). At lower U value, there is a stronger hybridization of O and Ni
3d states. For U = 5.5eV, the occupied Ni 3d bands are shifted to lower en-
ergies, which reduces the hybridization with the O 2p states in the region just
below the Fermi edge, especially for the *O intermediate. For the *OH and
*OO0H intermediates, the effect is much weaker.
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5 Supplementary Note 5: Choice of the Hub-
bard U-parameter

The choice of the Hubbard U-parameter applied to the Ni 3d orbitals turns out
to have a considerable effect on the calculated OER overpotentials, as shown
for four sample systems in Supplementary Fig. 14a. To gain more insight, we
plotted the binding energies of the OER intermediates AGP as a function of U
in Supplementary Fig. 14b. On both transformed facets there is only a slight
increase of AGZ,y and AGS, 5y with increasing U, but a markedly stronger
one for AGB,. This implies that the height of the *OH —* O step increases,
while that of *O —* OOH decreases with U. While for the transformed (111)
surface the PDS remains *O —* OOH for all U values, for the (001) transformed
surface the PDF is *OH —* O at U = 5.5e¢V, but there is a crossover to
*O —* OOH and a lower overpotential for an increasing number of reaction
sites below U = 2.9 eV.

To gain further insight into the U dependence of 1 and why mainly AGS, is
strongly influenced by U, we analyzed the projected density of states of oxygen
and its Ni neighbors for the three intermediates AGY,y, AGE, and AGE,qy
for both transformed facets (Supplementary Fig. 15). For *O, we observe a
higher density of O 2p states close to the Fermi edge for U = 2.0eV. As the Ni
states shift to lower energies with increasing U, the hybridization with the O 2p
states is reduced, resulting in a weaker bonding, and thus higher AG?O. This
effect is stronger for the (001)-orientation. In the case of *OH and *OOH the
oxygen 2p states are more uniformly distributed and the hybridization with the
Ni 3d states is not or only marginally altered with change of U. In other words,
the covalency of the Ni-O bonds changes with the U value, where a more ionic
bond leads to weak bonding of the *O intermediate.

6 Supplementary Tables

Supplementary Table 1: EXAFS fit results of (111) LaNiOs_s as prepared.
Phase functions generated from LaNiOg were used. An asterisk indicates that
the parameter was fixed during the fit between 35 - 550 eV in k-space. The fil-
tered square R-factor [8] (0 - 4.5 A) of this fit was 5.3. Fit errors were calculated
as described in the experimental section. Peak position refers to Fig. 4.

# Ni-O Ni-La Ni-La Ni-Ni Ni-O
R [A] 1.92 £ 0.01 | 3.13 £ 0.02 | 3.29 £ 0.01 | 3.95 + 0.01 | 4.15 £ 0.04
N 6.1 05 18409 | 44+10] 99+18| 224+73
202 [A?] 0.005* 0.005* 0.005* 0.005* 0.005*
Peak position [A] | 1.5 3.3 3.3 3.7 3.7
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Supplementary Table 2: EXAFS fit results of (111) LaNiOs_;s after 1 h CA.
Phase functions generated from LaNiOg were used. An asterisk indicates that
the parameter was fixed during the fit between 35 - 550 eV in k-space. The fil-
tered square R-factor [8] (0 - 4.5 A) of this fit was 6.0. Fit errors were calculated
as described in the experimental section. Peak position refers to Fig. 4.

# Ni-O Ni-La Ni-La Ni-Ni Ni-O
R [A] 1.92 £0.01 | 3.11 £ 0.02 | 3.29 £ 0.01 | 3.95 + 0.01 | 4.15 £ 0.04
N 6.0 £0.5 1.84+408| 41+10] 82+1.8| 201+72
202 [A?] 0.005* 0.005* 0.005* 0.005* 0.005*
Peak position [A] | 1.5 3.3 3.3 3.7 3.7

Supplementary Table 3: EXAFS fit results of (111) LaNiOs_s after 16 h CA.
Phase functions generated from LaNiOs were used. An asterisk indicates that
the parameter was fixed during the fit between 35 - 550 eV in k-space. The
filtered square R-factor [8] (0 - 4.5 A) of this fit was 13.3. Fit errors were

calculated as described in the experimental section.

Peak position refers to

Fig. 4.
# Ni-O Ni-La Ni-La Ni-Ni
R [4] 2.010 £ 0.01 | 3.06 + 0.02 | 3.22 & 0.04 | 3.96 + 0.03
N 4.8 £0.6 2.0 £0.7 1.5+ 0.8 1.6 £ 0.8
202 [A?] 0.005* 0.005* 0.005* 0.005*
Peak position [A] | 1.6 2.7 2.7 3.7

Supplementary Table 4: EXAFS fit results of (111) LaNiOs_; after 16 h CA at
2.5 V. Phase functions generated from LaNiOg and NiO were used. An asterisk
indicates that the parameter was fixed during the fit between 35 - 550 eV in
k-space. The filtered square R-factor [8] (0 - 4.5 A) of this fit was 13.2. Fit

errors were calculated as described in the experimental section.
refers to Fig. 4.

Peak position

# Ni-O Ni-La Ni-Ni Ni-Ni

R [A] 2.01 &+ 0.01 | 3.06 £ 0.02 | 3.22 &+ 0.03 | 3.96 + 0.02
N 47+06 | 06+0.6 1.0+ 06 1.3+08
202 [A?] 0.005* 0.005* 0.005* 0.005*
Phase function NiO LaNiO3 NiO LaNiO3
Peak position [A] | 1.6 2.7 2.7 3.7
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Supplementary Table 5: EXAFS fit results of (111) LaNiO3_s after 16 h CA at
2.5V, without hydroxide contribution. Phase functions generated from LaNiOg
were used. An asterisk indicates that the parameter was fixed during the fit
between 35 - 550 eV in k-space. The filtered square R-factor [8] (0 - 4.5 A) of
this fit was 15.6. Fit errors were calculated as described in the experimental

section. Peak position refers to Fig. 4.

# Ni-O Ni-La Ni-Ni | Ni-Ni
R [A] 2.013 £ 0.08 [ 3.06 £ 0.02 | n/a | 3.97 £ 0.03
N 48+05] 09+03| n/a| 14408
202 [A?] 0.005* 0.005* n/a | 0.005*
Peak position [A] | 1.6 2.7 n/a | 3.7

Supplementary Table 6: EXAFS fit results of (001) LaNiOs_s as prepared.
Phase functions generated from LaNiOg were used. An asterisk indicates that
the parameter was fixed during the fit between 35 - 550 eV in k-space. The fil-
tered square R-factor [8] (0 - 4.5 A) of this fit was 7.3. Fit errors were calculated

as described in the experimental section. Peak position refers to Fig. 4.

# Ni-O Ni-La Ni-La Ni-Ni Ni-O
R [A] 1.91 £ 0.09 | 2.62 + 0.05 | 3.29 + 0.01 | 3.96 + 0.01 | 4.13 + 0.03
N 52+06 | 04403 22+07 7£2 19+9
202 [A?] 0.005* 0.005* 0.005* 0.005* 0.005*
Peak position [A] | 1.6 3.3 3.3 3.7 3.7

Supplementary Table 7: EXAFS fit results of (001) LaNiO3_s after 1 h CA
at 1.75 V. Phase functions generated from LaNiO3 were used. An asterisk
indicates that the parameter was fixed during the fit between 35 - 550 eV in
k-space. The filtered square R-factor [8] (0 - 4.5 A) of this fit was 7.2. Fit errors
were calculated as described in the experimental section. Peak position refers

to Fig. 4.
# Ni-O Ni-La Ni-La Ni-Ni Ni-O
R [4] 1.92 +0.01 | 2.71 £ 0.08 | 3.27 £ 0.02 | 3.97 &+ 0.02 | 4.15 + 0.04
N 53+ 07| 03+£04| 20+08 7+3 20 £ 11
202 [A?] 0.005* 0.005* 0.005* 0.005* 0.005*
Peak position [A] | 1.6 3.3 3.3 3.7 3.7

20




Supplementary Table 8: Binding energies of the OER intermediates and overpo-
tential on untransformed LaNiOg surfaces. All Ni sites at the (001) surface are
covered by *OH, while a quarter of the O sites are covered by *H, as shown in [1].
For (110), the functional groups covering the surface are adsorbed between one
Ni and two La ions. For (111), functional groups are adsorbed between one Ni

and one La ions.

Termination Coverage Site AGB,; (V) | AGE, (eV) | AGE oy (eV) [ n (V)
NiOs-LaNiO3(001) 1ML *OH + 1/4 ML *H 1(\;1 (1):22 2:32 j:;g 8:2?
LaNiO-LaNiO3(110) 3/4ML *OOH 2 La+Ni 0.68 2.70 382 | 0.79
o 1ML *OOH . 0.59 2.28 384 | 0.46
NiLaNiOs (1) o 1/amT room | 22N 0.56 2.28 383 | 0.49
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Supplementary Table 9: Binding energies of OER intermediates and overpo-
tential for different lattice oxygen reaction sites at NiOO/LaNiO3(001) at Hub-
bard U = 5.5eV. Bond lengths to the three Ni neighbors of the reaction site
are given, as well as the Ni magnetic moments. Bond lengths are marked in
bold, if they are substantially increased due to distortion, magnetic moments
of ~ 1 up are marked in bold. The accompanying figure shows the positions of
the reaction sites. To emphasize elongated Ni-O bonds, other bonds are shown
semi-transparent.

D\ )
X\

e
W

»
dni—o (A), Myi (1B) AGPoy (eV) | AGT, (eV) | AGY0n (eV) | 11 (V)
NiOO/LaNiO3(001)

Ol | 1.97,0.27 | 1.87, 1.04 | 1.90, 0.69 0.73 2.75 416 | 0.79
02 | 2.05, 0.69 | 1.88,0.12 | 1.88, 0.09 0.68 2.81 413 | 0.90
03 [ 1.90,0.09 | 1.89, 0.97 | 1.91, 1.04 0.72 2.86 410 | 091
O4 | 2.14, -1.00 | 1.84, 0.69 | 1.84, 1.06 0.61 2.76 400 | 091
O5 | 2.16, 1.06 | 1.85, 0.09 | 1.84, 0.27 0.80 2.95 133 | 0.92
06 | 2.25, 1.04 | 1.84, -1.04 | 1.84, 0.12 0.49 2.72 3.02 | 1.01
O7 | 2.32,0.97 | 1.85, 0.27 | 1.83,-1.04 0.67 2.99 458 | 1.08
08 | 1.98,0.12 | 1.91, 1.06 | 1.88, 0.97 0.67 3.00 430 | 1.09
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Supplementary Table 10: Binding energies of OER intermediates and overpo-
tential for different lattice oxygen reaction sites for NiOO on LaNiO-terminated
LaNiO3(110) at Hubbard U = 5.5eV. The transformed surface is covered by
1/3 ML H under reaction conditions, the sites with hydrogen are marked in the
table. Bond lengths to the three Ni neighbors of the reaction site are given, as
well as Ni magnetic moments. Bond lengths are marked in bold, if they are sub-
stantially increased due to distortion, magnetic moments of ~ 1 ug are marked
in bold. The accompanying figure shows the positions of the reaction sites. To
emphasize elongated Ni-O bonds, other bonds are shown semi-transparent.

a NiOO/LaNiO3(110) b

F'EW'EWW
049 uOm“an o

\OFo o Ow 001 o-

Site dni—o (A), My;i (ps) AGP g (eV) | AGZ, (eV) | AGP0y (eV) | 7 (V)
Ni0O,/LaNiO, (110)
01 1.85, 0.41 1.86, 1.00 1.85, 1.00 0.55 2.53 4.01 0.74
02 2.31, 1.00 1.80, 0.41 1.82, 0.04 0.46 2.71 3.81 1.02
03 2.17, 0.96 1.81, 0.04 1.80, 0.07 0.26 2.35 3.68 0.86
04 1.96, 0.04 1.86, 1.00 1.84, 0.96 0.38 2.19 3.86 0.58
05 1.96, 0.07 1.84, 0.96 1.86, 1.00 0.42 2.55 3.86 0.91
06 2.33, 1.00 1.83, 0.07 1.80, 0.41 0.51 2.69 3.94 0.95
1/3 ML H/NiOO/LaNiO5(110)
01 1.96, -0.90 | 1.85,1.03 1.83, 1.03 0.37 1.94 3.65 0.48
02-H | 2.49, 1.00 | 1.81, -0.90 | 1.87, 0.06 0.63 2.42 308 | 0.56
03 2.14, 1.00 1.82, 0.14 1.87, -0.91 0.42 1.88 3.75 0.64
04 [ 193,014 | 1.86, 1.03 | 1.87, 1.00 0.38 1.86 378 | 0.69
05 2.04, -0.91 | 1.81, 1.00 1.83, 1.03 0.43 1.86 3.89 0.80
O6-H | 2.09, 0.90 1.84, -0.95 | 1.83,-0.91 0.27 2.32 3.69 0.82
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Supplementary Table 11: Binding energies of OER intermedi-
ates and overpotential for different lattice oxygen reaction sites on
LaOgs-terminated ~ NiOO/LaNiO3(111), NiOOHj 75/LaNiO3(111)  and

NiOOH/NiOOHj 75/LaNiO3(111) at Hubbard U = 5.5eV. Bond lengths
to the three Ni neighbors of the reaction site are given, as well as the Ni
magnetic moments. Bond lengths are marked in bold, if they are increased due
to the Jahn-Teller effect, magnetic moments of ~ 1 up are marked in bold. The

accompanying figure shows the positions of the reaction sites.

a Nioo
/LaO5-LaNiO5(111)

b NiOOHg 75
/LaO5-LaNiO5(111)

C NiOOH/NiOOHq 75
/LaO5-LaNiO5(111)

Y

L O0X

“
<

£B e JO

4
BE
(L

»'.‘:"Ji

.y
Y

2

Site AGB, (eV) | AGE, (eV) | AGB oy (eV) | n (V)
NiOO/LaNiO35(111)
Ol | 186,021 [1.86,021 [ 1.850.08 | 0.63 | 1.98 4.04 [ 0.83
N100H075/LaN103(111)
o1 2.00, 0.92 1.84, -0.02 | 1.84, -0.02 1.01 2.36 4.21 0.62
02 1.84, -0.02 1.86, 0.92 1.85, 0.03 0.72 2.12 4.14 0.79
03 1.86, 0.03 1.86, -0.02 | 1.86, -0.02 0.91 2.13 4.18 0.82
NiOOH/NiOOHj 75/LaNiO3(111)
01 2.01, -0.96 | 1.83, 0.01 1.82, 0.01 0.81 2.46 4.14 0.45
02 1.80, 0.01 1.83, -0.96 | 1.98, -0.95 0.56 2.38 4.03 0.60
03 1.87,-0.95 | 1.87, 0.01 1.85, 0.01 0.55 2.07 4.00 0.70
04 1.85, 0.01 1.86, -0.95 | 1.84, -0.96 0.73 2.26 4.10 0.61

24




Supplementary Table 12: Binding energies of OER intermediates and overpo-
tential for different lattice oxygen reaction sites on Ni-terminated NiOO/Ni-
LaNiO3(111), and NiOOH/NiOO/Ni-LaNiO3(111) at Hubbard U = 5.5¢V.
Bond lengths to the three Ni neighbors of the reaction site are given, as well
as the Ni magnetic moments. Bond lengths are marked in bold, if they are in-
creased due to the Jahn-Teller effect, magnetic moments of ~ 1 ug are marked

in bold. The accompanying figure shows the positions of the reaction sites.

a
/ Ni

NiOO

b NiOOH/NiOO

11)

e

-LaNiO3(111
LT 2

) /Ni-LaNiO3(1

o

Site dNifo (A), MNi (/J,B) AGPOH (eV) AG*BO (eV) AGPOOH (GV) n (V)
NiOO/Ni-LaNiO3(111)

O1 | 1.91,1.06 | 1.85,0.10 1.83, 0.06 0.18 1.71 3.60 0.66
02 | 1.86, 0.09 1.86, 0.06 1.87, 0.10 1.10 2.32 4.48 0.92
NiOOH/NiOO/Ni-LaNiO3(111)

01 | 1.86, 0.00 1.88, -0.97 | 1.84, 0.00 0.76 2.49 4.11 0.50
02 | 1.85,-0.95 | 1.81, 0.00 1.98, -.97 0.71 2.45 4.12 0.52
03 | 1.86, 0.00 1.86, -0.95 | 1.85, 0.00 0.77 2.29 4.07 0.56
04 | 1.84,-0.97 | 1.85, 0.00 1.90, -0.95 0.72 2.17 4.10 0.71
Supplementary Table 13: Total number N of Ni ions in oxidation states 24, 3+
and 4+ for the different OER intermediates at the transformed surfaces. Note
that Ni?*, with a corresponding magnetic moment of ~ 1.5 g, emerges only at

the transformed (110) facet.

. (001) (110) (110), 1/3ML H Ni-(111) LaO3-(111)
Intermediate Moy [ Nor | Mo TNos T | Moy | Nox | Nax | Nox [ Nag | Mas | Nax
* 5 3 1 8 3 2 8 2 4 0 4 0
*OH 4 4 0 7 5 1 9 2 3 1 4 0
*O 4 4 0 6 6 0 10 2 2 2 2 2
*OOH 4 4 0 7 5 1 9 2 3 1 4 0
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Supplementary Table 14: Total vibrational contributions A(AG — AFE) to the
adsorption energies, consisting of change in zero-point energy ZPE, stored heat
Cv-T and entropic term T-AS (both at room temperature 7' = 298 K). Hubbard
U = 2.0eV was used on Ni 3d. Literature values are given for comparison.

Adsorbate Zero-Point Energy Heat Entropy Total Correction

ZPE (eV) Cy T (eV) T-AS (eV) A(AG — AE) (eV)
*OH 0.414 0.389 [1] | 0.027 | 0.032 [1] | 0.047 | 0.047 [1] | 0.3698 | 0.3613 [1]
*O 0.083 0.098 [1] | 0.021 | 0.017 [1] | 0.026 | 0.023 [1] | 0.0324 | 0.0545 [1
*OOH 0.480 0.478 [1] | 0.076 | 0.066 [1] | 0.152 | 0.112 [1] | 0.3346 | 0.3818 |1

Supplementary Table 15: Individual contributions of molecules to total vibra-
tional correction at T' = 298 K and p = 0.035 bar for H,O and p = 1 bar for H,.
Literature values are given for comparison.

Zero-Point Energy Heat Entropy
Molecule ZPE (eV) Cy T (eV) T-AS (eV)
H>O 0.569 0.560 [1] | 0.103 | 0.103 [1] | 0.670 | 0.675 [1]
H, 0.269 0.268 [1] | 0.090 | 0.0905 [1] | 0.402 | 0.408 [1]

Supplementary Table 16: Individual contributions and total vibrational correc-
tion for *OH and *O between LaNiO3(111) and NiO(O) at T' = 298 K. Hubbard
U = 5.5¢eV was used at the Ni 3d sites.

Adsorbate | ZPE (eV) | Cy -T (eV) | T-AS (eV) | A(AG — AE) (eV)
*OH 0.502 -0.025 -0.083 0.5366
*O 0.108 0.012 0.012 0.0643
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