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Abstract

The accurate description of activity trends among perovskite-oxide oxygen-evolution-reaction (OER) cat-
alysts using electronic-structure descriptors requires that the bulk structure of the catalyst is comparable to
that of the surface. Few studies have addressed the dynamic nature of the catalyst’s structure during the
OER and the consequential implications for understanding activity. Here, we use a combination of electro-
chemical and materials-characterization techniques to study the surface reconstruction and the associated
formation of a new redox-active phase on LaNiOs particles, LaNiOs epitaxial films, and an analogous Rud-
dlesden-Popper phase, La;NiO4. Small, but characteristic, redox features corresponding to Ni redox in nom-
inally amorphous NiO:H, are observed during cyclic voltammetry of these initially fully crystalline mate-
rials. The size of these redox features grows with prolonged cycling and contributes to an increased surface
area as determined from electrochemical impedance spectroscopy (EIS). We find the OER activity is
strongly dependent on soluble Fe species in the electrolyte, common impurities in alkaline media. These
observations are consistent with the reconstruction of the crystalline surface to form NiO.H, species and
subsequent activation by adsorption of Fe forming the well-known and extremely active NiFeO.H,, OER

catalyst.

Introduction

Perovskite oxides have been studied as oxygen evolution reaction (OER) electrocatalysts for dec-
ades due to their apparent high activity and use of relatively abundant transition metals [1]. Early efforts to
rationalize the activity of these catalysts made use of activity correlations with bulk thermodynamic con-
cepts such as lower-to-higher enthalpy of oxidation and d-electron count on the B-site metal cation [2].
More recently, descriptors such as the extent of transition-metal-oxygen hybridization (covalency) [3], O-
2p band position band position relative to the Fermi energy [4], and egelectron count of the transition metal

cation [5] have been used to connect the activity of perovskite oxides to their electronic structures.

Bulk electronic structure descriptors can be useful for developing a physical and possibly predictive
model for perovskite OER activity, as has been presented for the hydrogen-evolution reaction (HER) on
metal surfaces [6-8]. However, the predictive power of these descriptors can be limited by dynamic pro-
cesses that occur on the surface of perovskite oxides, causing large deviations of surface chemistry and
composition from that of the bulk structure used to perform electronic-structure calculations [9]. In such a
case, electronic descriptors might fail to accurately capture the relevant mechanistic parameters of the active
surface. The most-dramatic and well-characterized examples of dynamic surface phenomena among per-

ovskite oxides involve cobalt-based materials with partial substitution of alkaline-soluble species, like Sr**,



at the A-site. Bag sSro5Coo.3Fe0 203 (BSCF), was proposed to be active based on its optimal e, electron count
of around unity [5], but was later found to be unstable during OER [10]. Large proportions of the surface
and eventually parts of the bulk “amorphized” via Sr-leaching and oxygen-vacancy formation forming an
OER active Co(Fe)O,H, surface phase[10], similar to that made by other methods such as electrodeposition
[11]. In a related study, a surface Co/Fe spinel oxide minority species on the underlying BSCF perovskite
was determined to be responsible for dynamic, reversible conversion to an oxyhydroxide[12]. Sr-segrega-
tion and leaching, oxygen-vacancy formation, and subsequent surface reconstruction has also been clearly
shown for the La;«Sr, CoO3 (LSCO) family of perovskites [13-15]. The implication of these studies is that
rationalization of activity based on bulk electronics of the pristine BSCF and LSCO alone would fail to
capture the real properties of the OER-active surface phase which has different oxidation states, composi-
tion, protonation state, and local structure. The active surface phase was, and likely is in many others, a
completely different material. The intrinsic activity of the parent perovskite oxide with the pristine surface
termination remains an open question. We hypothesize that, in fact, the presence of disordered conforma-
tionally dynamic surface phases with low activation barriers to rearrangement during the water-oxidation
process is key to driving water oxidation at any reasonable overpotential.

The formation of nominally amorphous Co hydroxides has been observed on certain perovskites
after OER and are active catalysts [16], especially in the presence of Fe impurities [17]. Whether formation
of amorphous Ni hydroxides occur widely on nickelate perovskites is less clear. Inducing large structural
changes by Sr-doping, as has been done with cobaltates, is not as accessible for nickelates because of the
formation of impurities at low doping levels [18, 19]. Most of the insights so far have been from studies
using epitaxial LaNiO3 model systems[20]. Redox waves and thin ~2 unit cell-thick amorphous layers were
observed by Bauemer et. al. and attributed to a NiO.H,-like species based on accompanying spectroelec-
trochemical data [21]. This work was recently extended, showing that redox-wave formation is also facet
dependent with the highest stability and activity arising from the [111] facet. X-ray absorption fine structure
analysis (XAFS) showed a new peak assigned to edge-sharing NiOs octahedra after 16 h chronoamperom-
etry (2.5 V vs RHE), as had been observed for Sr-doped LaCoOs [22].

Localized amorphization on LaNiOs epitaxial films has been observed with TEM in a different
study [23], but the role of these regions in OER was not discussed. Substitution of Sr* and Nd** at the A-
site of such films improved the OER activity [24, 25], which was attributed to improvements in Ni-O hy-
bridization from an upward shift in the O-2p band energy relative to the Fermi level and to optimal occu-
pation of the B-site ¢, antibonding orbital, respectively. Notably, the films with the best OER activity in
these two studies also appear to have the largest redox-active Ni wave present in the cyclic voltammograms.
Adiga and coworkers showed that Sr-leaching, Ni redox-wave formation, and surface amorphization occurs

during cycling of Lag sSro sNij.«FexOs.5; evidence strongly suggestive of surface reconstruction[26]. Similar
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redox waves were observed without Sr-doping in LaNi;..Fe.Os (x =0 — 0.5) with the largest being observed
for x =0.375 [27]. Bak et al. report a favorable “perturbation” (not amorphization) of oxygen octahedra in
the near-surface layer of epitaxial perovskite nickelates after pre-reduction and pre-oxidation of the surface
followed by exchange of Fe in the electrolyte. A related family of materials with high OER activity are the
Ruddlesden-Popper oxides with formula (AO)(ABOsss5),. Forslund and coworkers examined the family of
compounds Lag sSri sNiiFeOasss (x = 0-1) for trends in OER activity. They found that redox waves were
present for all samples and the size, shape, and peak position differed as a function of Fe-content. Catalyst
activity increased with Fe content up to x = 0.3 (interestingly near the solubility limit of Fe in NiO.H,)
[28], then decreased as x increased to 1. This was attributed to Fe inducing a “cross-gap hybridization” that
allowed optimal charge transfer through Fe-O-Ni bridges. Although surface amorphization was ruled out

by pH-dependent measurements, no post-mortem TEM or other microscopy was reported [29].

If perovskite nickelates are reconstructing at the surface to the thermodynamically stable nickel
(oxy)hydroxide, understanding the interaction of the surface with Fe impurities is imperative, yet is rarely
explicitly probed. This is especially important to understand because NiO,H, is much more strongly acti-
vated by Fe than is CoO,H, [30]. Here we identify and analyze the emergence of redox-wave during/after
OER catalysis on particulate and epitaxial LaNiOs samples and surface Ni-rich La,NiO4 nanorods which
do not have any A-site or B-site doping. The size of the redox waves scale with the length of time of
electrochemical treatment and their peak positions resemble that observed for NiOH,. Upon introduction
of Fe*" into the Fe-free alkaline electrolyte, dramatic enhancement of the OER activity occurs along with
an anodic peak shift of the redox waves for each sample. Normalization of the catalysts’ OER currents to
the integrated area of their redox waves suggests their activity in Fe-containing electrolyte is equivalent
across the materials and in fact governed by the surface redox-active Ni(Fe)O,H, or similar phases. Char-
acterization with electrochemical impedance spectroscopy (EIS), atomic force microscopy (AFM), and X-
ray photoelectron spectroscopy (XPS) suggest surface reconstruction occurs on these materials, although
direct imaging by transmission electron microscopy was unsuccessful; likely because the reconstructed
layers are very thin and/or heterogeneously distributed. These insights are consistent with the formation of
a Ni(Fe)O,H,-like surface phase. We argue that in any electrolyte not rigorously cleaned of Fe impurities,
the intrinsic ability for a perovskite to generate surface redox-active Ni (as-determined from the integrated

area of redox waves) should be considered as the primary descriptor for its OER activity.
Results and Discussion

Redox-active Ni is apparent from cycling and grows with cycle number. To investigate the
structural stability of LaNiOs (LNO) and La,NiO4 (214-LNO) during OER, the catalysts were cycled be-
tween 50 - 100 times between 0 and 0.8 V vs. HglHgO (0.9 — 1.7 V vs RHE) in 1.0 M KOH at a scan rate
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of 20 mV s™!. Measurements were conducted in Fe-free and Ni-free 1 M KOH purified by methods detailed
elsewhere [31, 32]. Catalyst films were made by spin-coating 80 uL of a 26.2 pg/pL ink which has a 5:1:1
mass ratio catalyst, acetylene carbon black, and Nafion (neutralized), respectively. Phase purity, powder
morphology, and elemental composition of the LNO catalysts were confirmed by powder X-ray diffraction
(PXRD), electron dispersive spectroscopy (EDX), scanning electron microscopy (SEM), and inductively
coupled plasma mass spectroscopy (ICP-MS) given in Supplementary Figures 1, 2 and 3). The rod-shaped
geometry and composition of 214-LNO as well as its tetragonal structure corresponding to the 14/mmm
space group was confirmed using TEM imaging and X-ray diffraction (XRD) studies, respectively (Sup-
plementary Figure 4 and 5). The Brunauer-Emmett-Teller surface areas were acquired from their nitrogen
adsorption isotherms (Supplementary Figure 6). Epitaxial LNO was grown on LaAlOs substrates identically
to those in Wang et al.[27], but without any aliovalent substitution. They were (001)-oriented and expected
to have La-O termination based on the annealing temperature of 700°C used during synthesis [21], although

the specific termination was not explicitly investigated in this study.
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Figure 1. Extended cycling in Fe-free 1 M KOH of (a) particulate LNO (b) 214-LNO and (c) epitaxial LNO. Inset red
arrows indicate the progression from first to last cycle. (d) the number of monolayer equivalents (MLE) of hydroxide

calculated from the integrated charge of the peaks in (a-c) and BET surface area of the catalyst film.

We hypothesized that if LNO is thermodynamically unstable during OER, as has been posited as a
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universal feature of oxides [33], restructuring to the stable NiO.H, phase would occur at the catalyst surface
on a timescale dictated by the oxide material transformation kinetics. If the instability generated such a
species, a minimum consequence would be observable Ni redox peaks. This follows from the observation
that peak-like redox behaviour is not observed for a double-layer charging process where the electronic
charge is in a band state and the ionic charge is in the double layer (unreconstructed nickelate), but it is
observed when redox-active species are coupled to conducting surfaces and reside within the electrochem-
ical double layer [34], as would be the case for surface phases of Co or Ni (oxy)hydroxide species formed
from surface reconstruction. Such a structural change may also be evident in observable loss of crystalline
phase purity, change in surface or bulk composition, and/or an increased nominal double-layer capacitance,
depending on rate and extent. Figure 1 a-c shows the evolution of current response within the cyclic volt-

ammograms of LNO, 214-LNO, and epitaxial LNO.

For all the nickelates shown in Figure 1, small but distinct pre-catalytic redox waves emerged and
grew with continued cycling with comparable average peak positions of ~0.41 V vs Hg|[HgO or 1.34 V vs
RHE. There is also no clear plateau observed for this cycling protocol, suggesting further growth of the
wave is possible. Future studies might investigate whether these waves plateau at a certain redox Ni cover-
age and/or amount of OER charge passed. The redox-peak positions agree with the known Ni?*/Ni** redox
process of nominally amorphous nickel (oxy)hydroxides [35-37] but seem to be closer to those observed in
ordered B-Ni(OH), than in disordered a-Ni(OH),. This could stem from the influence of the crystalline
LNO substrate on the in-situ grown Ni surface phase, leading to higher structural order. Such influence of
the substrate structure on a grown overlayer is reminiscent of strain-induced electronic structure changes in
epitaxial LaNiO; films [38]. The elemental composition of the films using ICP-MS are given in
Supplementary Table 2, and in general did not change substantially from pristine stoichiometry after

cycling.

For LNO, redox waves were initially small and could be easily missed in a study which was not
explicitly looking for them. The epitaxial samples required ~ 20 cycles for the redox waves to become
clearly observable. Bacumer et al. also observed distinct redox features in the pre-OER region when cycling
single-crystal epitaxial LaNiO; films. The redox waves were immediately formed by the Ni-terminated
films and their size decreased monotonically with increasing surface La termination. Redox-wave formation
in that study was associated with the formation of amorphous 2 unit cell-thick NiO,H, [21]. That we see
redox waves in this study shows that extended cycling may be crucial to reveal possible reconstruction
when La termination is present. Using the geometric area of the epitaxial film, pseudo-cubic lattice param-
eters of 3.81 A (from Wang et al.[27]), and the integrated charge from the 100" cycle we find that ~1.4

layers or 4.6% of the total Ni in the LNO epitaxial layer implicated in the redox. This increases to ~2 unit-



cell thickness (6% of the total Ni) after 145 cycles. Also notable is that the CVs of 214-LNO show two
peaks during early cycles which merge into one in later cycles. This may occur by homogenization of two
distinct redox Ni species by a dynamic surface process and cation mobility during cycling. Although we do
not have direct evidence of this, the behavior resembles the process proposed to cause incorporation of

“surface” Fe sites into the bulk/interior sites of NiO.H, [39].

These waves were confirmed not to be from Ni residues from the Fe-purification process. Ni
amounts were routinely below the limit of ICP-MS detection of 0.57 ppb. Even if the maximum undetect-
able amount (~0.5 ppb) were present in a 10 mL volume electrolyte used in these experiments, the total
amount of available Ni in the cell would only account for ~10% of the size of the largest redox waves.
Further, we observe redox waves in Co(OH),-cleaned KOH (Supplementary Figure 7) and see no observa-
ble redox peaks when LaCoQOj; (Supplementary Figure 8) or a high-surface-area Pt coil (Supplementary
Figure 9) is cycled. These control experiments show the source of the Ni redox waves as being the surface
of the given catalyst. The OER activity also decreases over time in Fe-free conditions. Although this could
be due to formation of a less-active surface species, in part this is also likely due to small O, bubbles that
build-up on the surface of the electrode even under vigorous stirring, which we show in Supplementary

Figure 10 likely decreases the active area by ~10%.

To understand if the redox-active changes in the Ni surface structure only stem from a cyclic ap-
plication of voltage, we also performed chronoamperometric studies. It was found that redox-active Ni
growth was not dependent on the cyclical application of voltage. Chronoamperometry (CA) at 0.8 V vs
Hg/HgO of a spin-coated film of LNO was performed for 1 h with diagnostic CVs scanned at a rate of 20
mV s’! taken before the experiment and at 5-min intervals (Supplementary Figure 11). Integration of redox
waves show that the amount of NiO.H, increases as a result of steady-state polarization. Immersion of a
pristine electrode in 1.0 M KOH was performed to test if this increase could occur from electrolyte soaking
alone. No change in the redox wave size occurred (Supplementary Figure 12). Application of anodic voltage

was required for this Ni redox feature to increase in size.

If it is assumed the observed Ni-based redox features in Figure 1 originate from a (oxy)hydroxide-
like structure, their integrated charge and catalyst BET surface area can be used to calculate a monolayer
equivalent (MLE) of (oxy)hydroxide on the surface (Supplemental Calculation 1). This assumption is made
based on the analogous behavior of the perovskite in the presence of Fe impurities to that of nickel (oxy)hy-
droxide and because we do not know the exact dimensions of the unit cells comprising the possibly recon-
structed surface. The MLE value is the number of times the perovskite catalyst surface could be entirely
covered by the redox-active Ni phase if it had the lattice parameters of f-Ni(OH),. Such an analysis would

be particularly useful for characterizing these catalysts if it is confirmed that the redox species can be
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modeled as NiO.H, formed by dissolution-redeposition of Ni cations and if this new phase dominates the
OER activity. We note that after surface reconstruction it may be that either La.Ni,.O,H,, for example as
directly accessed from mixed precursors, or separate LaO.H, and NiO.H, phases[40, 41], as reported from

decomposition of Lag6Sro4Co0Os-5, might be formed [42].

Using 1.7 nmol Ni cm? for a single MLE based on the unit cell parameters for brucite B-Ni(OH),
(International Crystal Structure Database structure code: 169978), as discussed by Batchellor et al.[43], we
find that the 214-LNO has 3.1 + 0.5 MLE and LNO has 0.3 £ 0.1 MLE of nominally B-Ni(OH), after 30
cycles. Because the MLE parameter is proportional to the amount of redox-active Ni per cm? on the surface,
it captures the intrinsic ability of a given catalyst to produce these species. Figure 1d summarizes the evo-
lution of this intrinsic capacity for redox with cycle number. Particulate LNO and epitaxial LNO show the
same rate of MLE growth indicating they likely have similar surface chemistry. By contrast, 214-LNO
rapidly formed ~ 3 MLE before the growth slows in later cycles. If the entire catalytic surface reconstructs
homogeneously (that is, it does not form isolated pockets), and the surface species resembles NiO.Hy, then
given long duration electrolysis one could expect multiple monolayers of reconstructed surface on these

nickelates.

The difference in observed intrinsic redox-active Ni can be explained by differences in surface
termination and morphology between LNO and 214-LNO. Previous TEM and selected-area electron-dif-
fraction (SAED) experiments show that the nanorods are primarily terminated by (001) facets along their
longitudinal axis[44]. Previous work using depth-profiling low-energy ion-scattering spectroscopy (LEIS),
atomic-resolution high-angle annular dark-field (HAADF) imaging, and electron energy loss spectroscopy
(EELS) performed in aberration-corrected scanning TEM (STEM) mode revealed that these (001) facets
were primarily Ni-O terminated rather than La-O terminated[45, 46]. By contrast we expect the epitaxial
and LNO particulates to be primarily La-terminated because they were annealed at temperatures above that
expected to promote Ni-termination [21]. Thus we attribute the difference in MLE quantity and initial re-
structuring rate to the pathways provided by the relatively Ni rich (001) surfaces of the nanorod bodies
compared to LNO. The high proportion of Ni-terminated surface in the 214-LNO material could explain
the faster rate of reconstruction of the first monolayer surface, but the apparent ease with which subsurface
monolayers of NiO,H,, form on 214-LNO suggest that the subsurface chemistry may also play a role. We
hypothesize that oxygen non-stoichiometry and transport play roles in accessing the subsurface, especially
considering that the electrochemical dissolution typically involves the formation of oxygen vacancies [13,
47] and oxygen is labile in the Ruddlesden-Popper oxides [48]. Further study is needed to understand how
the concentration and formation energy of oxygen vacancies at the surface and bulk of these materials

influences the restructuring process, if at all.
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Figure 2. a) EIS of LNO at ~1.7 V vs RHE after 0, 25, 50, and 75 cycles in 1.0 M semiconductor grade KOH (not
rigorously Fe-free) showing decreasing Rer as a function of cycle number. The inset shows the equivalent circuit used
to fit the data: solution and cell resistance, R1, in series with a Randles cell element with constant phase element Q parallel
with faradaic impedance, Ra. b) Double-layer capacitance (Car) and Ni from redox peak integrated area as a function of
cycle number.

Surface reconstruction may also change the electrochemically active surface area. This can be
probed from the double-layer capacitance (Ca) obtained via electrochemical impedance spectroscopy (EIS)
[43]. Impedance scans were taken every 25 cycles up to 75 cycles of LNO in unpurified semiconductor
grade KOH and are shown in Figure 2. Note that EIS was measured with the DC potential in the OER
region (~1.7 V vs RHE; 0.8 V vs Hg|HgO) rather than at open circuit because NiOH,, is only electronically

conductive at potentials positive of the nominal Ni*”3*

reduction potential [43]. The Cq measured in the
non-faradaic open-circuit potential region is representative only of the conductive support, not the active
surface phase. The vertically compressed nature of the EIS semicircles led to us model the capacitive ele-
ment as a constant phase element given in the inset of Figure 2a. Representative fit to the data is given in
Supplementary Figure 13. The values of Cy increased with prolonged cycling and the data directly mirror

the increasing redox-active Ni from integrating the pre-OER redox wave. This result is consistent with the

observed increase in surface area being due to the changing amount of Ni redox species at the LNO surface.

Assuming that the change in Ca every 25 cycles is due to the formation of redox-active Ni phase,
we can calculate the amount of Ni contributing to that change using the apparent capacitance per “mono-
layer equivalent” of NiOOH established from previous work [43]. Comparing this value to the change in
redox-peak area, we find the two values are in good agreement (Supplementary Figure 14). Consistency
between the amount of Ni from the redox wave and that predicted from EIS using NiOOH as a model [43]
further suggests that the Ni redox from LNO can be assigned to a (oxy)hydroxide-like phase. The observed
decreasing charge-transfer resistance is likely from the incorporation of trace Fe from semiconductor grade
KOH in this experiment, which would also explain the slight improvement of activity during cycling com-

pared to the slight decrease observed in the data in Figure 1. We note that Fe was not measured explicitly



here, and the role in activation by Fe impurities is discussed below.

LaNiQs, La;NiQy4, and epitaxial LaNiQs thin films are all activated by electrolyte Fe impurities.
After cycling, if the surface phase on LNO is nominally NiO,H,, the introduction of trace Fe im-
purities into rigorously Fe-free KOH electrolyte should increase OER activity via the formation of
NiFeO.H, [49]. Following the extended cycling shown in Figure l1a-c, we spiked the electrolyte with 100
ppb Fe**. As shown in Figures 3a-c, dramatic enhancement of the OER activity was observed for all sam-
ples. In general, the largest rate of activity increase per cycle is observed in the first 1-4 cycles after spiking,
which slows to a near-constant rate after this primary activation event. The different rate of activity en-
hancement in earlier cycles compared to later ones can be explained by initial rapid Fe adsorption to redox-
active NiO,H, formed before the spike, making high-activity Ni(Fe)O.H,. In subsequent cycles, the current
increases more slowly perhaps because all sites for Fe adsorption have been filled and formation of more
high activity Fe sites is bottlenecked by the incremental increase in reconstructed Ni every cycle. Supple-
mentary Figure 15 shows this constant incremental increase in later cycles in the full Fe spiked profile of
an epitaxial LNO sample. Further, the magnitude of the enhancement observed in the first cycle immedi-
ately after Fe-spiking was variable, implying that the Fe-activation process is controlled by a mix of factors
such as mass transport and accessibility of adsorption sites. Extended cycling (>100 CVs) is not necessary
to observe an increase of activity after Fe spiking. Fe-based activity enhancement reproducibly occurs in
as few as 8 cycles and with only 30 ppb of Fe*" in the electrolyte, an amount below the solubility limit of
Fe’" in 1.0 M KOH [50] and comparable to that expected in high-purity commercial electrolytes that have
not been rigorously cleaned of Fe [51] (Supplementary Figure 17). The latter observation aligns with acti-
vation from the uptake of soluble Fe and not from adsorption of FeOOH precipitate or colloids, although

these may be relevant at higher Fe concentrations.

In a typical Fe-spiking experiment with electrodeposited NiO.H,, Fe adsorbs to nominally sur-
face/edge sites immediately after spiking which increases the OER activity greatly, but the activity only
marginally increases with further cycling and further Fe incorporation [49]. The Ni peak position also shifts
anodically ~30 mV with 100 cycles in Fe-spiked conditions indicating strong interactions between Fe and
the majority of the Ni sites [39, 49]. Using this result from Stevens ef al., we would expect an anodic shift
of about 4 mV over 14 cycles (30 mV/100 cycles = 0.3 mV cycle™) if the redox-active Ni on LNO resembles
NiO;H,. Interestingly, the peak position after spiking indeed shifts ~4 mV (inset of Figure 3a) in total. Rod-
shaped La;Ni;O4 nanostructures (214-LNO) and epitaxial LNO also exhibit the same general change in
OER activity after Fe-spiking (inset of Figures 3b-c). Anodic shift of the redox peaks has been observed
for Lag sSr1sNii.Fe.Os:5[29] increasing Fe substitution consistent with the growth of a NiFeOOH phase.

10
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Figure 3. Comparison of activation of (a) particulate LaNiO3, (b) LazNiO4 nanorods, and (c¢) epitaxial LaNiOs films
upon introduction of 100 ppb Fe(NO3)s into Fe-free 1.0 M KOH electrolyte at room temperature. The 0% cycle is the last
Fe-free cycle before 100 ppb Fe was spiked into electrolyte. The insets illustrate the change in average redox peak position
with cycle number. (d) TOF for the cycle corresponding to full activation by Fe (2™ or 3™ depending on the pace of
activation) normalized to the redox active Ni from the integrated charge of the anodic redox peak of the 0% cycle. This

data suggests that the active surface phases formed are the same on all three of the samples.

In the literature many electronic structure parameters have been suggested to describe such an activity
difference between perovskites including position of the O-2p orbitals relative to the Fermi level [4] the
filling of the antibonding ez orbital [5, 52], and the charge-transfer energy A where smaller A is associated
with increased Ni-O covalency [53]. We use the e, orbital filling for La;NiO4 and LaNiOs as an example.
This values has been calculated as ~0.74 and 0.91, for 214-LNO and LNO, respectively [54]. Based on the
idea in many works that the best perovskite catalysts are those with near unity filling of e, antibonding
orbital of Ni [5] we would predict that LNO should outperform 214-LNO. In Fe-free conditions this appears
to be case, but in Fe-spiked conditions (and therefore in realistic electrolysis conditions) this prediction fails

(see the overlay of CVs after activation in Supplemental Figure 16).

Instead let us suppose the activity is dominated by a Ni(Fe)O,H, — like phase formed from the surface
Ni and adsorbed Fe. We can then immediately rationalize the higher activity of 214-LNO because at any
cycle, it will have a higher areal density of redox active Ni than LNO. It follows that if this NiFeO,H,
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species has a similar intrinsic activity across the materials tested, then normalization of the current to the
integrated Ni-related redox-peak area should yield equivalent polarization curves. This idea appears to be
justified given the good match between samples once normalized to integrated charge (Figure 3d). Ulti-
mately, these data illustrate that rather than a bulk electronic descriptor, a surface-chemical descriptor,
namely, the surface density of redox-active Ni is a more suitable descriptor for activity under realistic con-

ditions.

Because the introduction of Fe is a shared trait among these oxides, it can be used as a convenient
indicator to determine whether the materials reconstruct, a strategy that has been highlighted recently in the
Li:Co14O4 family of materials [55]. Interestingly, we find that LaCoQOs3 exhibits no such Fe activation (Sup-
plementary Figure 8), which suggests its surface is more stable and does not as easily form cobalt-oxyhy-
droxide-like surface-phases generally consistent with previous literature [56]. Given that these materials
are isostructural (rhombohedral, belonging to R3¢ space group) [57], we hypothesize that the enhanced
stability with respect to surface-phase reconstruction arises from stronger Co-O bonding compared to Ni-
O [58]. This is also consistent with the higher surface-reduction temperature as observed from H» temper-
ature-programmed-reduction studies which indicate stronger Co-O bonding in LaCoQs, as compared to Ni-

O bonding in LaNiOs [57].
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Figure 4. Chronoamperometry with intermittent Fe-spikes reported as mass activity versus time. Yellow arrows
show points where a replicate additional Fe spike was performed. Concentration labels (black text) are the nominal
Fe concentration at the time of the spike. Numbered circles indicate actual concentration of Fe (red axis) in the
electrolyte measured from ICP-MS. This data shows Fe absorption from the electrolyte to the solid is coupled with
increases in OER activity of the catalyst.

Activation of the reconstructed perovskites after spiking a small amount of Fe into 1.0 M KOH was

evident in the cyclic voltammograms. Figure 4 shows 2 h of chronoamperometry at 1.7 V vs RHE on a
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LNO electrode with additions of Fe at regular intervals. The yellow arrows indicate the approximate time
and nominal concentration of electrolyte Fe after the spike while the red squares show the actual concen-
tration of Fe in an aliquot of the electrolyte which was later measured by ICP-MS. The concentration of Fe
in the electrolyte before the experiment was below the detection limit of *’Fe in our ICP-MS of 3.9 ppb.
Points 2, 3, 5, and 7 are aliquots of the electrolyte taken immediately after (~10 s) successive spikes of Fe.
Points 4 and 6 are aliquots withdrawn before the corresponding spikes. Note that between the 2 and 3™,
and 3" and 4™ spikes, the Fe concentration in the electrolyte decreases while the OER activity increases.
This observation provides direct evidence that Fe adsorption from the electrolyte onto the electrode corre-
lates with higher OER activity. Moreover, the impact of Fe adsorption on activity is noticeable even without
performing any cyclic voltammetry, an observation which emphasizes that Tafel slopes and other activity
parameters from chronoamperometric data must be collected in purified electrolyte for these materials to
avoid strong effects of Fe-activation. Figure 4 also shows that pre-cycling the catalysts to generate redox
active Ni is not necessary for increased activity in the presence of Fe; Fe enhancement should be expected

from the moment the catalyst film adsorbs Fe.

-I Before cycling After cycling |. Aer cycling

Figure 5. Identical-location TEM of a cluster of 214-LNO particles (a) before and (b) after 300 cycles on a gold TEM
grid. Panel (c) shows fast Fourier transforms (FFTs) of two regions on the yellow boxed region. Comparing before and
after cycling, the identical location appears to show a thicker nanorod. We suspect this is an artefact of non-identical

imaging conditions and/or slit rotation of the nanorod during the electrochemical testing.

Identical location TEM (IL-TEM) was conducted on the LNO particulate materials before and after

cycling with the aim of observing any obvious signs of structural changes such as amorphization. No clear
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surface layers were observed, likely because of the near-atomic thinness of any reconstructed layers. The
larger per-surface-area growth of redox-active Ni on 214-LNO would increase the likelihood of observing
structural changes. Figures 5a-c show the near-surface structure of a cluster of 214-LNO nanorods before
(Figure 5a) and after (Figure 5b-c) 300 cycles in 1.0 M KOH. The similar appearance of the cluster indicates
that the same area and particles were successfully imaged both before and after cycling. We observed re-
gions which apparently lack the crystalline order of neighboring areas after cycling as can be seen by the
fast Fourier transform (FFT). This is a cautious interpretation because TEM studies can be subject to a
variety of imaging artefacts, especially at edges, and over-interpretation. The disordered surface hydrated
oxyhydroxide layers are thin, would be expected to scatter with low intensity, as they lack long range order,
and may be unstable in the electron beam [59]. Selected-area electron-diffraction experiments did not sug-
gest dramatic changes in crystal structure after cycling (Supplementary Figure 18 and Supplementary Table
1), consistent with the thinness of the surface-reconstructed layer. The inability to routinely observe recon-

structed surfaces with TEM places a premium on careful electrochemical experiments as an alternative.

Finally, we performed post-mortem characterization by atomic force microscopy (AFM) and X-
ray photoelectron spectroscopy (XPS) on the cycled, Fe-spiked epitaxial film corresponding to Figure 3¢
to learn about changes in the surface topology and chemical state. The 30-unit-cell films have a pseudocubic
c-lattice parameter of ~3.81 A [27] and are ~11 nm thick. The AFM scans shown in Figure 6 indicate
roughening of the surface of the cycled film (arithmetic average roughness R, = 4.6 nm) compared to the
pristine film R, = 0.45 nm consistent with previous AFM images of cycled epitaxial nickelate films [26,
27]. The magnitude of the roughness changes are highly suggestive of surface restructuring and formation
of secondary phases which could be composed of one or more oxides or hydroxides of La, Ni and Fe.
Assuming a component of the surface is NiO.H,, the large magnitude of the roughening could be driven by
adsorbed Fe impurites by formation of Ni.Fe;.O.H, or FeO,H, in a manner observed when Fe is

intentionally added to NiOHy nanoplatelets [60, 61].
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Figure 6. Atomic force microscopy image of that same (a,c) pristine epitaxial LNO film (note diffferent scales) and
(b,d) the same film after cycled 120 times in Fe-free 1 M KOH followed by 25 times in 100 ppb Fe-spiked 1 M KOH.

The arithmetic average roughness is given by Ra and indicates that cycling causes topological restructuring.

X-ray photoelectron spectroscopy (XPS) was used to detect the formation of new surface Ni phases
on LNO electrodes after extended cycling (Figure 7). Unfortunately, the XPS spectra of the most intense
lines — Ni 2p and La 3d — are difficult to interpret and deconvolute. Both Ni 2p and La 34 have multiplet
structure and accompanying satellites [62-64], which directly interfere with each other. Consequently, little
information was obtained from these regions. Therefore, we restrict our interpretation to the O 1s region
where large, reproducible changes were observed. Figure 7 a, b shows the comparison of O 1s XPS for
LNO and epitaxial LNO before and after extended cycling. After cycling, a significant decrease in the
characteristic lattice oxygen feature located at ~528 eV was observed in the O 1s XPS core level spectra
for both samples and resembles that of pure Ni(OH) [65, 66]. Based on the cycling data in Figure 1, we
estimated the depth of redox activity for the epitaxial sample would be about 1.5 nm after 300 cycles. Mild
sputtering of the epitaxial film through the reconstructed surface with an argon cluster source caused the
lattice oxygen peak to reemerge. The peak at higher binding energies, associated with weakly adsorbed
oxygenated species and oxidized carbon, may also increase due to oxidation of the ionomer binder [67]

and/or surface hydroxylation after exposure to alkaline electrolyte. Given the signs of reconstruction in the
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cyclic voltammetry, EIS, and AFM, the loss of the lattice-oxygen feature is consistent with transformation
to NiO:H,. The disappearance of the ~528 eV component within the O 1s spectra of initially crystalline
nickel-based oxides upon electrochemical conditioning is not without precedent and has been shown to
correspond to conversion of NiO to Ni(OH), [36]. It has also been observed after cycling epitaxial LNO

[26], similar to our observations.

100 cycles ] b 300 cycles;
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Pristine

Pristine 300 cycles;

no sputtering

Intensity (a.u.)

Intensity (a.u.)

540 5;5 5:.30 555 540 535 530 525 520
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Figure 7. O 1s spectrum of (a) a spin-coated particulate LNO electrode before and after cycling and (b) an epitaxial
LNO electrode after 300 cycles (dark blue), after mild sputtering with an argon ion source (black) and the pristine

epitaxial sample (matte blue).

However, the decrease in intensity in the low binding-energy region might also arise from for-
mation of a layer containing weakly adsorbed species like water, hydroxide, and/or adventitious carbon
which could attenuate the signal originating from the underlying crystalline O*. We tested whether the
disappearance of the lattice oxide feature in epitaxial films occurs from immersion in KOH alone. Supple-
mentary Figure 19 shows that the lattice oxygen feature is largely retained, implicating structural change
from electrochemical treatment as the reason for the changes to the O 1s spectra. As shown in Figure 7,
sputtering can be used to remove the layer of putative reconstructed material.

The broad role of restructuring in electrolysis. The results presented in this study adds a class
of materials, perovskite and Ruddlesden-Popper oxide nickelates, to the growing roster of pre-catalysts
where Fe impurities, whether introduced intentionally or not, play an important role in boosting OER ac-
tivity. The role of Fe has already been well established among pure electrodeposited NiO.H, [35, 37, 68],
Ni-based chalcogenides [69, 70], and CoO,H, [71]. A common theme emerging from these diverse mate-
rials is amorphization of A-site doped perovskite oxides, leading to the formation of active Fe-containing
surface phases that are the actual agents responsible for catalysis [13, 72] and that these phases are the ones
largely influenced by Fe impurities in the electrolyte. The interaction with Fe impurities holds critical im-
plications not just for intrinsic activity studies of perovskite nickelates, but for any investigation using elec-

trocatalytic materials in alkaline electrolyzers, which generally do not use highly purified electrolytes and
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use stainless-steel components. The fact that nickelates with distinct structures, rhombohedral, oxygen-
deficient particulate LaNiOs, and tetragonal oxygen super-stoichiometric nanorod La;NiQOs, are activated
by Fe suggests these effects could be a universal phenomenon that has gone relatively unacknowledged.
Interestingly, in this work the surface chemistry changes occurred in catalysts with full La-stoichiometry at
the A-site while typically some substitution of the La at the A-site with an alkaline earth metal is required
to observe instability in Co oxides[12, 13, 73, 74].

Other studies have also reported pH-dependent OER catalytic activity for perovskite oxides in
which activity decreases with pH. This observation, coupled with isotopic oxygen labelling and on-line
electrochemical mass spectroscopy data showing oxygen exchange, has led to the proposal of a lattice-
oxygen-evolution (LOER) mechanism [23, 75]. An alternate proposal is that an oxidizing potential drives
the reconstruction of the pristine material, a process which requires oxygen lability and exchange. The new
surface species may be sensitive to soluble Fe, especially when the B-site is occupied by Ni or Co. Conse-
quently, the decreasing activity with decreasing pH could be, at least in part, due to the corresponding
decrease in soluble Fe by an order of magnitude with each unit decrease in pH, as has been suggested
recently for La;..SryCoOs [13]. Since lattice-oxygen exchange has been detected for NiOH, [76], it is still

not clear whether LOER after reconstruction is from the perovskite or the in-situ formed NiO.H,.
Conclusions

Both LaNiOs and La;NiO4 exhibit a growth of redox-active Ni species that increases in quantity as
a function of cycling and duration of chronoamperometric conditioning. Fe-spiking experiments
demonstrate that high OER activity is achieved upon the introduction of Fe. After Fe introduction, further
activity increase with cycle number correlates with the increased quantity of redox-active Ni. Analysis of
impedance spectroscopy, XPS and TEM data support the proposal here that generation of redox-active
surface species involves a structural transformation leading to increased electrochemically active surface
area with cycling, a decrease in nominally surface O content compared to -OH, and the nominal
amorphization of the catalyst. Normalization of the catalytic current to the integrated charge corresponding
to redox-active Ni available during the Fe spike experiments show that the redox-active species share
similar OER activity characteristics despite disparate structures of the host LaNiO3; and La;NiO4. La,NiO4
displays a higher tendency for the growth of redox-active Ni than LaNiOs, indicating the significance of
Ni-O termination in the formation of these surface species. Although the analogy between the reconstructed
perovskite surface in Fe-spiked conditions and NiFeO.H, is strong, the precise surface structure remain
under debate and the characterization here is not sufficiently detailed to settle it. Surface-sensitive X-ray
absorption fine stucture analysis and in situ XRD studies would be extremely valuable for reconciling the

electrochemical observations here to the bulk structure of the perovskites.
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The data and analyses reported here show that interpretations of intrinsic activity and the correlation
of this activity to electronic and structural features of the pristine material necessitate Fe-free conditions
and pre- and post-mortem surface analysis. Reports of intrinsic activity of nickelate perovskites and related
materials should be made with caution — especially if only a single voltammetry sweep or chronoamperom-
etry is performed in unpurified electrolytes without paying close attention to pre-catalytic redox waves
which may become prominent with further cycling. The implications of these results are that in any practical
alkaline electrolyzer system (unpurified 30 wt% KOH and with stainless-steel cell components) the activity
of a perovskite nickelate catalyst will be controlled by its extent of surface reconstruction and interactions
with Fe impurities. Future effort could focus on characterizing and tailoring the catalyst composition, along
with the precise electrolye composition, to tune the activity and stability of this surface phase. The formation
of these surface phases, their interaction with the underlying substrate, and catalytic turnover of
intermediates, must fundamentally be related to nature of bonding within the material as well as adsorbates,
and therefore its electronic structure. The use of descriptors from quantum-mechanical calculations of
electronic structure to understand structure-restructuring relationships in the presence of potential, water,
and alkali electrolyte would thus be a valuable addition to the field of heterogeneous OER electrocatalysis.

Such approaches would complement typical calculations of intermediate binding energies [77].

Methods and Materials

Synthesis. LaNiOs was prepared using a nitrate precipitation method. 1.95 mmol of nickel (II)
nitrate hexahydrate and 2 mmol lanthanum (III) nitrate nonahydrate was weighed out and dissolved in 10
mL 18.2 MQ nanopure water. A slight under-stoichiometry was chosen for the nickel nitrate to prevent
minor NiO species formation. A mixed La/Ni hydroxide was precipitated by rapid addition of a 4 mL + 4
mL mixture of water and semiconductor-grade tetramethylammonium hydroxide. The resulting mixture
was stirred for 30 min to ensure complete reaction. The solid was recovered with centrifugation, ground in
an agate mortar and pestle for 5 min and calcined in air at 900 °C for 12 h. The solid was ground and refired
until phase-pure samples were obtained based on powder X-ray diffraction (PXRD) patterns. La;NiOs4 rods
were prepared using a reverse microemulsion procedure described in prior work [44]. A reverse-micro-
emulsion-based technique was used for the synthesis of rod-shaped La,NiO4 (214-LNO) nanostructures
[45, 78]. A typical synthesis of 214-LNO involved the reaction between two quaternary phase microemul-
sions. Both the microemulsions contained equal amounts of cetyltrimethylammonium bromide (CTAB;
11.0 g), hexane (Sigma Aldrich, HPLC grade), and n-butanol (Sigma Aldrich >99%). The difference be-
tween the two microemulsions was that one of the microemulsions contained stoichiometric amounts of
La(NOs)3:6H,0 (Sigma Aldrich, >99.999%) and Ni(NO3),:6H>O (Sigma Aldrich, >98%) salts (2 mmol
equivalent) dissolved in 1.155 mL of deionized (DI) water (>18.2 MQ). KOH solution was used in the

anionic microemulsion to aid in precipitation of the hydroxides. The morphology of the samples can be
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changed by varying the ratio of water used to dissolve salts and that of CTAB. A water to CTAB ratio of
1.6 was used to obtain rod-shaped 214-LNO nanostructures. The two microemulsions were mixed and
subsequently allowed to react for 4 h to form a sol-gel mixture of metal hydroxides. Subsequently, the
formed hydroxides were collected by centrifugation, and washed three times with ethanol and three times
with deionized water. The precipitate was dried in an oven in air at 80 °C overnight, followed by calcination
in Ar at 835 °C for 2 h (heating rate: 2 °C/min).

Epidtaxial LaNiOs thin films with the thickness of 20 unit cells (~8 nm) were grown on (001) ori-
ented LaAlO; substrates by using O»-plasma-—assisted molecular beam epitaxy (OPA-MBE). The growth
details have been described elsewhere and films prepared in this manner are expected to yield a surface
with a (001) orientation [25]. The substrate temperature was set to 700 °C during growth which is expected
to yield primarily La-O termination based on the report by Baeumer, et a/.[21] although this was not ex-
plicitly investigated here.

Electrochemical measurements. Catalyst films were either prepared by spin-coating or by drop-
casting onto Pt/Ti-coated (25 nm Pt on 50 nm Ti) glass slides made using electron beam evaporation. Choice
of coating technique is indicated for the given data in the text. Spin-coated films were chosen for intrinsic
activity measurements so that electron-transport distances were reduced relative to drop-cast films and con-
ductive binder, which oxidizes during OER, could be excluded in ink preparation. Ink for spin-coating was
~5:1 by mass of catalyst to Nafion binder suspended in solvent of 2:1 by volume of isopropanol to nanopure
water. Inks were sonicated for at least 1 h before coating. A typical spin-coating procedure involved adding
~80 uL onto the substrate after sonication and spinning at 3000 RPM for 2 min. Nafion was neutralized
with a few drops of Fe-free 1.0 M KOH to avoid possible dissolution of the catalyst by reaction with acidic
groups. Spin-coated Ti/Pt slide pieces were then assembled into working electrodes as described elsewhere
[79]. All electrochemical measurements were performed in Fe/Ni free 1.0 M KOH (prepared from semi-
conductor-grade KOH using the standard methods from our team [32]) using a Hg|[HgO reference electrode
calibrated against RHE and Pt coil counter electrode. Plastic cells were used and cleaned with 1.0 M sulfuric
acid before experimentation to remove trace Fe from the cell. All electrochemistry was performed using a
Biologic SP-300 potentiostat. Impedance spectroscopy was performed from 1 Hz to 7 MHz from the DC
voltage of 0.8 V vs Hg|HgO with 10 mV AC amplitude. The impedance data was fit to the equivalent circuit
depicted as an inset in Figure 3b; the circuit includes a solution and cell resistance, R1, in series with a
Randles cell element with constant phase element Q2 parallel with faradaic impedance, R2. A constant
phase element was chosen because its impedance is similar to that of a pure capacitance, but more closely
fit the slightly depressed semicircular shape of the measured impedance. Uncompensated series resistance
(Ry) was extracted using impedance spectroscopy at 0 V vs Hg[HgO from 1 Hz to 1 MHz and was estimated

from the associated Nyquist plot as the value of the real component of the impedance at high frequencies
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where the imaginary impedance approaches zero. All electrochemical data is iR.-corrected unless other-
wise indicated.

Characterization. XRD studies were performed using a powder diffractometer (Bruker D2 Phaser)
with a Cu Ka source. Scans were obtained between a 20 of 20-80°. ICP-MS measurements (ThermoFisher
iCAP-RQ) were performed in kinetic energy discrimination mode with calibrations of all measured ele-
ments having R? values > 0.998. All digestions of catalyst films were done with concentrated TraceMetal®
grade nitric acid (Fisher Scientific). Laboratory control standards containing known amounts of La, Ni, Fe,
and Co were run at intervals between unknown samples to continually verify good performance of hardware
and internal standards. XPS studies were done using an ESCALAB 250 (ThermoScientific). Spectra were
obtained using an Al Ka monochromated (150 W, 20 eV pass energy, 500um spot size) X-ray source. All
samples were optimally charge-neutralized using an in-lens electron source combined with a low-energy
Ar* flood source. TEM data was acquired using a FEI 80-300 kV (S)TEM equipped with a spherical aber-
ration image corrector. All data was collected at 300 kV. For IL-TEM experiments, a PELCO gold pin-
pointer grid (400 mesh, Ted Pella) was dip-coated by repeated rounds of immersion into the catalyst ink
until a visible change of the grid color to that of the ink was achieved. Loading was not measured or con-
trolled since only some locations with good contact between grid and catalyst were required for these stud-
ies. Powder X-ray diffractograms were obtained with a benchtop Bruker D2 Phaser.

For BET surface area experiments, 50 — 80 mg of samples were loaded into BET sample tubes
without the use of solvent, ensuring that sample did not touch the neck of the BET tube. Then, samples
were degassed under high vacuum at 170 °C on a Micromeritics ASAP 2020. Degassing was considered
complete when the outgas rate fell below 2.5 ptorr/min. Once the degassing was completed, the samples

were subjected to N, surface sorption measurements and BET surface area was calculated.
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