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Abstract

Accurate description of activity trends among perovskite oxide oxygen evolution catalysts using electronic
descriptors requires that the bulk structure of the catalyst is comparable to that of the surface. Few studies
have thus far addressed the dynamic nature of the catalyst’s structure during the oxygen evolution reaction
(OER) and the consequential implications for rationalization of activity. Here, we use a combination of
electrochemical and materials characterization techniques to show the surface reconstruction of LaNiOs
particles, LaNiOs; epitaxial films, and an analogous Ruddlesden-Popper phase, La;NiO4. Small, but
characteristic redox features corresponding to Ni redox in amorphous NiO.H, are observed during cyclic
voltammetry of these nominally crystalline materials. The size of these redox features grows with prolonged
cycling and contributes to an increased surface area as determined from electrochemical impedance
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spectroscopy (EIS). These observations are consistent with the reconstruction of the crystalline surface into
NiOH, 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) catalysts for decades due
to their high activity and use of relatively abundant transition metals'. Early reports to rationalize the
activity of these catalysts made use of activity correlations with bulk thermodynamic concepts such as lower
to higher enthalpy of oxidation and d-electron count on the B-site metal cation?. More recently, descriptors
such as the extent of transition metal-oxygen hybridization (covalency)?, O-2p band position band position
relative to the Fermi energy*, and ez electron count of the transition metal cation® 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 done for the hydrogen evolution reaction (HER) on metal
surfaces®®. However, the predictive power of these descriptors can be limited by dynamic processes that
occur on the surface of perovskite oxides, causing large deviations of surface chemistry from that of the
bulk. In such a case, electronic descriptors of the bulk may fail to accurately capture the relevant
mechanistic parameters of the active surface. The most dramatic examples of dynamic surface phenomena
among perovskites involves those with partial substitution of alkaline-soluble species, like Sr**, at the A-
site. Bag 5Sro5Coo3Feo.03 (BSCF), was proposed to be extremely active based on its optimal e, electron
count of around unity®, but was later found to be unstable during OER’. Large proportions of the surface
and eventually parts of the bulk amorphized via Sr-leaching and oxygen-vacancy formation forming an
highly OER active Co(Fe)O.H, surface phase,” similar to that made by other methods such as
electrodeposition'’. 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''. The implication of these studies is that prior rationalization of high activity based on bulk
electronics of the pristine BSCF alone failed to capture the real properties of the surface-active phase which
has different oxidation states, composition, protonation state, and local structure — the active surface phase
is in this case a completely different material.

Markovic and coworkers showed that in a series of La;,SrCoOs; compounds, surface
reconstruction to amorphous CoOOH was observed following Sr dissolution and oxygen-vacancy
formation measured with on-line inductively-coupled-plasma mass spectroscopy (ICP-MS) and identical-

location transmission electron microscopy (IL-TEM) analyses. They further showed that this amorphous
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Co phase was activated by trace Fe impurities in the electrolyte, forming dynamically stable active sites'?.
Boucly et al. found that the deposition temperature during pulsed epitaxial growth of La;..Sr.CoOj3 led to
different extents of soluble Sr species (hydroxides, carbonates, and/or oxides) which dissolve upon
immersion of water, leaving a Co-rich surface layer. Higher extent of Sr dissolution and surface Co
exposure correlated with higher OER activity'®. In a follow-up to this work, it was shown that not only Co-
richness at the surface, but reconstruction of the Co formed by Sr dissolution to CoO.H, was the source of
OER activity from Lag»SrosC00;.!"* The intrinsic activity of the parent perovskite oxide with the pristine
surface termination remains an open question — the presence of disordered conformationally dynamic
surface phases with low activation barriers to rearrangement during the water oxidation process in fact may
be key to driving water oxidation at any reasonable overpotential.

Amorphous Co hydroxides, such as those observed on certain perovskites after OER, are active
catalysts'®, especially in the presence of Fe impurities'®. Compared to Co-based perovskites, investigation
of dynamic surface processes and interaction of secondary phases formed by these processes with Fe
impurities on Ni-based perovskites is relatively less understood. Moreover, identifying and characterizing
the structure and activity of reconstructed Ni phases in the presence of Fe may be even more important than

for Co-based systems because the activation of NiO,H, by Fe is even more pronounced than for CoO,H,'”.

In this report, we present evidence of surface reconstruction of LaNiO; (LNO) particles to
nominally NiO,H,. This phenomenon is supported by the observation of electrochemical redox features
typically attributed to NiO.H, present in the voltammetry of nominally crystalline LNO. These features
become more pronounced with extended cycling and constant-current conditioning of the catalyst. We
further show the activation of LNO by trace Fe impurities intentionally introduced in an otherwise Fe-free
electrolyte. Adsorption of intentionally added Fe onto the catalyst surface leads to an approximate doubling
of the OER activity, despite the trace amounts of both Fe and reconstructed surface Ni phase. Estimated
turn-over frequencies for the proposed surface-active formed Ni(Fe)OOH active phase are consistent with
known high activities of as-synthesized hydroxides. These new insights have significant implications for

past and future studies of apparent intrinsic activity of the large class of perovskite-oxide OER catalysts.
Results and Discussion

Redox active Ni is apparent from cycling and grows with cycle number. To investigate the
structural stability of LNO during OER, the catalyst was first cycled 100 times between 0 and 0.8 V vs
Hg|HgO (0.9 — 1.7 V vs RHE) in 0.1 M KOH at a scan rate of 20 mV s™'. We hypothesized that if LNO is
thermodynamically unstable during OER, as has been posited as a universal feature of oxides's,
restructuring to the stable NiO:H, phase would occur at the LNO surface on a timescale dictated by the

oxide transformation kinetics. Such a structural change may be evident in observable loss of crystalline
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phase purity, emergence of redox features, and/or an increased double-layer capacitance, depending on rate
and extent. Figure la shows the evolution of current response within the cyclic voltammogram. The
measurements were conducted in purified, Fe-free 0.1 M KOH solution using an LNO film made by
dropcasting 10 pL of a 26.2 pg/uL ink which has a 5:1:1 mass ratio LNO, acetylene carbon black, and
Nafion (neutralized), respectively. Phase purity of the LNO catalyst was confirmed by powder X-ray
diffraction (Supplementary Figure 1). Within two cycles, pre-catalytic redox waves emerged, with the
anodic wave positioned at ~1.32 V vs the reversible hydrogen electrode (RHE) (0.49 V vs Hg/HgO). This
feature remained throughout continued cycling and its integrated area increases by ~4-fold after 100 cycles.
The corresponding amount of Ni assuming a 1 e” oxidation is given in Fig 1b for selected cycles. The redox
feature peak positions agree well with the known Ni**/Ni*" redox process of amorphous nickel
(oxy)hydroxides'?!. A potential mechanism for growth of the secondary NiO,H, phase on the catalyst
surface could involve dissolution and redeposition of Ni cations from the oxide surface during OER.
Alternatively, the surface could undergo a voltage driven, direct solid-solid phase transition as the surface
cations change oxidation state and coordinate with water and hydroxide. However, further research is

needed to comprehensively understand the descriptors that govern the actual operative mechanism.
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Figure 1. a) 100 CV curves of LaNiOs in rigorously Fe-free 0.1 M KOH electrolyte at room temperature.
Inset clearly shows the evolution of Ni redox feature with cycling. b) Secondary Ni phase redox features
grow in size up to about 4 nmol. ¢) CV curves taken at 30 minute intervals during a 2 hour
chronoamperometry of LNO in Fe-free conditions. and the similar increase in redox peak area size with

charge passed in OER (inset).

To understand if the redox-active changes in the Ni surface structure only stem from a cyclic
application 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 spincoated film was performed over 2 h with diagnostic CVs scanned at a rate of 20 mV s™!
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taken before the experiment and at 30-minute intervals (Fig 1c). Integration of redox waves show that the
amount of NiO,H, increases over the first hour, then plateaus and drops slightly over the second hour.
Immersion of a pristine electrode in 1 M KOH was done to test if chemical reconstruction occurs
simultaneously with electrochemical reconstruction. No change in the redox wave size occurred from
immersion alone (Supplementary Figure 7). Application of anodic voltage was required for this Ni redox
feature to increase. That the redox wave size appears to plateau via CA rather than gradually increasing in
size during CVs suggests that the expansion and contraction of bond lengths which accompanies voltage
cycling can prolong reconstruction relative to CA, perhaps by accessing more tightly coordinated
subsurface Ni. The slight loss of activity over the experiment duration (Figure 1¢) suggests that this as-
grown secondary phase is less active than the underlying LNO catalyst, although this could also be due to
the insulation of active material by bubble formation. Additional work describing precisely how applied
potential affects redox active Ni formation is still needed.

X-ray photoelectron spectroscopy (XPS) was used to detect the formation of new surface Ni phases
on LNO electrodes after extended cycling. The XPS spectra of the most intense lines — Ni 2p and La 3d —
are difficult to interpret and deconvolute. Both Ni 2p and La 3d have multiplet structure and accompanying

22,23,24

satellites which directly interfere with each other. Consequently, little information was gleaned from

these regions. Therefore, we restrict our interpretation to the O 1s region where large, reproducible changes
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Figure 2. O-1s XPS spectra of LNO before and after 100 cycles in 0.1 M also increase due to oxidation of

KOH. the ionomer binder?” and/or surface

hydroxylation after exposure to alkaline electrolyte. Given the signs of reconstruction in the cyclic
voltammetry, we assign the loss of the lattice oxygen feature to a decrease in crystalline oxide-like structure

at the catalyst surface after cycling from transformation to NiO:H,. The disappearance of the ~528 eV
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component within the O ls 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),".
However, the decrease in intensity in the low binding energy region might also arise from formation of a
layer containing weakly adsorbed species which attenuates the signal originating from the underlying
crystalline O%. A layer of weakly adsorbed species would likely be thinner than the XPS penetration depth
so likely cannot account for the large changes in the O 1s spectra. Direct identification of NiOH, presence
is not possible from the oxygen scan because it is located at >530 eV,

Growth of an (oxy)hydroxide layer may lead to an increase in the electrochemically active surface
area. This can be probed from the double-layer capacitance (Cq) obtained via electrochemical impedance
spectroscopy (EIS)?®. Impedance scans taken every 25 cycles up to 75 cycles of LNO are shown in Figure
3. 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 NiO.H, is only conductive at OER potentials®®. Cy measured in the non-
faradaic open-circuit region is representative only of the conductive support, not the active surface phase.
Ca 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 Cyg
every 25 cycles is due to the redox-active Ni phase, we can calculate the amount of Ni contributing to that
change using the capacitance per monolayer equivalent of NiOOH established from previous work?.
Comparing this value to the change in redox peak area, we find the two values are in good agreement
(Supplementary Figure 9). Consistency between the amount of Ni from the redox wave and that predicted
from EIS using NiOOH as a model®® further suggests that the Ni redox from LNO can be assigned to a
(oxy)hydroxide-like phase. Decreasing charge transfer resistance may be from the incorporation of trace Fe
in this experiment, which would also explain the slight improvement of activity during cycling in this
experiment. We note that Fe was not measured explicitly here, and the role in activation by Fe impurities

is discussed below.
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Figure 3. a) EIS of LNO at ~1.7 V vs RHE after 0, 25, 50, and 75 cycles in 1 M KOH showing (b) decreasing Rcr as a function
of cycle number. Inset shows equivalent circuit used to fit the data: solution and cell resistance, R1, in series with a Randles cell
element with constant phase element Q2 parallel with faradaic impedance, R2. ¢) Double-layer capacitance (Cy) and Ni from
redox peak integrated area as a function of cycle number

LaNiOs, La;NiOg, and epitaxial LaNiO; thin films are all activated by electrolyte Fe impurities.
After cycling, if the surface phase on LNO is nominally NiOH,, the introduction of trace Fe
impurities into rigorously Fe-free KOH electrolyte should increase OER activity via the formation of
NiFeO.H,?. In fact, we do observe enhanced OER activity for LNO for particles (Figure 4a) and epitaxial
films (Figure 4c) upon introducing 100 ppb Fe*" into the KOH solution by spiking from an Fe(NO3);°9H,0.
Besides LNO, we observed similar effects for Ruddlesden-Popper rod-shaped La,NiO4 (Figure 4b). For the
LNO particles, the OER activity slightly decreases after the first cycle, then stabilizes, resulting in
comparable activity in 15" through 106™ cycle in Fe-free electrolyte. After cycle 106, 100 ppb of Fe was
spiked into the electrolyte. Initially, a slight increase in the current was observed in cycle 107 and then
dramatically in subsequent cycles leading to a ~5-fold improvement by cycle 112. A large increase in
current occurs within 4-5 cycles after spiking, after which the improvement continues, but at a slower rate.
The different rate of activity enhancement in earlier cycles compared to later ones is attributed to initial
rapid Fe adsorption to redox-active NiOxHy formed before the spike, making high-activity Ni(Fe)O.H,. In
subsequent cycles, the current increases more slowly 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. In a typical Fe-spiking experiment with electrodeposited NiO:H,, Fe adsorbs to surface sites
immediately after spiking which increases the OER activity greatly, but only marginally increases with
further cycling”. The Ni peak position also shifts anodically ~30 mV with 100 cycles in Fe-spiked
conditions indicating electronic mixing by Fe incorporation into bulk Ni sites.?> 3. Using this result from
Stevens et 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 total. Rod-shaped La;NiO4 nanostructures (214-LNO) and epitaxial LNO also exhibit

the same general change in OER activity after Fe-spiking. It is worth highlighting that since the increase in
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OER activity by 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
LiyCo1<O4 family of materials®'. Interestingly, we find that LaCoOs; exhibits no such Fe activation
(Supplementary Figure 6) which suggests its surface is more stable and does not as easily form cobalt-
oxyhydroxide-like surface-phases consistent with previous literature’. Given that these materials are
isostructural (and LaCoO; are rhombohedral belonging to R3¢ space group)®, we hypothesize that the
enhanced stability with respect to surface-phase reconstruction arises from stronger Co-O bonding
compared to Ni-O34. This is also consistent with the higher surface reduction temperature as observed from
H,-temperature programmed reduction studies which indicate stronger Co-O bonding in LaCoOs, as

compared to Ni-O bonding in LaNiO;.*

If we assume the observed Ni-based redox to originate from the (oxy)hydroxide-like structure, we
can then integrate the redox peak areas in Figure 4 to calculate number of monolayer equivalents (MLE) of
Ni(OH), formed at the surface. We estimate ~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.?®. We find that the 214-LNO has 2.4 + 0.6 MLE and LNO has 0.3 + 0.1 MLE
of nominally Ni(OH), after 30 cycles. If the entire catalytic surface reconstructs homogeneously (does not
form isolated pockets), this suggests that there is multiple monolayers of Ni(Fe)OOH present on nickelates

given sufficient time of electrochemical treatment and trace Fe in the electrolyte.

The magnitude of the enhancement observed in the first cycle immediately 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 M KOH*
(Supplementary Figure 8). The latter observation aligns with activation from the uptake of soluble Fe and
not from adsorption of FeOOH precipitate or colloids, although these may be relevant at higher Fe
concentrations. Ni redox waves cannot be attributed the adsorption of Ni(OH), particulates, that might
persist from using our Ni(OH).-based Fe sorbent during electrolyte purification. Supplementary Figure 4
shows that when the purification is performed with Co(OH),, Ni redox peaks are still observed as usual.
Previous work has also verified that the use of a 0.1 um PES filter, as used here, is sufficient to remove

Ni(OH); particulates from 1 M KOH electrolyte*® when using Ni(OH); as an Fe sorbent.
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Figure 4. Comparison of activation of (a) particulate LaNiO;, (b) La:NiOs nanorods, and (c)
epitaxial LaNiOs films upon introduction of 100 ppb Fe(NOs)s into Fe-free 1.0 M KOH electrolyte at room
temperature. Gray curves indicate Fe-free conditions and red curves indicate Fe-spiked conditions. Inset

CVs highlight the region of Ni redox wave evolution at each cycle.
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cycle. Panels (¢) and (d) show the cathodic peak area charge for a given cycle for LaNiO; powders and
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The data chosen shows the reproducible fact that La;NiO4 has more redox active Ni and larger possible

monolayer coverage at a given cycle number on a per area basis. Potentials are iR,-compensated

Investigation of the La;NiO4 nanorods (214-LNO) may yield insight into the reasons behind surface
reconstruction and Fe activation by comparison to LaNiOs. The rod-shaped geometry 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 (Supplementary Figure 10). Previous TEM and selected-
area electron-diffraction (SAED) experiments show that the nanorods are primarily terminated by (001)
facets along their longitudinal axis®’. 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 the (001) facets were
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primarily Ni-O terminated rather than La-O terminated®*°. Figure 5b shows the 15" Fe-free CV curves for
an LNO and 214-LNO electrode. On a Brunauer-Emmett-Teller (BET) surface area-normalized basis, the
redox wave size is larger for 214-LNO. This phenomenon is potentially attributed to the rapid restructuring
pathways provided by the Ni rich (001) surfaces of the nanorod bodies. Notably, the redox peak positions
for both materials are 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 LaNiOs films*’. 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 NiOcHy form on 214-LNO
suggest that the bulk chemical differences are also important. We hypothesize that oxygen
nonstoichiometry and transport play critical roles, especially considering that the electrochemical
dissolution inherently involves the formation of oxygen vacancies'®. Since LaNiO; powders studied here
were not prepared in a pure O, atmosphere, they are substoiochiometric in term of oxygen. By contrast,
La:NiOs is known to possess oxygen superstoichiometry*!. 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 6. (a-c) IL-TEM studies of La,NiO4 nanorods before and after 300 cycles with corresponding FFTs.

(d) shows the intrinsic tendency toward redox active Ni formation, (e) TOF of Fe-based active sites formed
after Fe-spiking, (f) the intrinsic Fe-free activity of each catalyst at 400 mV overpotential, and (g) the Ni:La

stoichiometry after 100 cycles from ICP-MS measurements.
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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
surface layers were observed, likely because of the near-atomic thinness of any reconstructed layers,
illustrating the central role of electrochemical techniques in understanding surface transformations. The
larger per surface-area growth of redox-active Ni on 214-LNO would increase the likelihood of observing
structural changes. Figures 6a-c show the near-surface structure of a cluster of nanorods before (6a) and
after (6b-c) 300 cycles in 1 M KOH. The apparently identical appearance of the cluster indicates that the
same area and particles were successfully imaged both before and after cycling. We observed regions 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 and over-interpretation. Further experiments with an epitaxial model system, grazing-
angle X-ray techniques, and detailed X-ray absorption fine structure experiments are needed to understand

the precise connection between Ni redox and surface structure.

In order to develop a better understanding of the changes in the composition, inductively-coupled
plasma mass spectroscopy (ICP-MS) studies of the oxide electrode were performed (Figure 6g). The pre-
OER Ni:La ratio of 1:2 for 214-LNO was measured to be ~ 1:1.1 after 30 cycles, indicating a loss of La
and an increase in Ni. In contrast, the stoichiometry of LaNiO; did not change from the as-prepared 1:1
ratio within the error of our measurements. The more pronounced A-site leaching observed in 214-LNO
may be related to the structural differences between the perovskite and Ruddlesden-Popper phases. The La-
O rock salt layers in the latter may be more unstable to dissolution than the perovskite La-O regions. We
note that the ICP-MS results in another study found negligible La dissolution in the Sr-doped version*?
possibly because the introduction of Sr?* increased the valence of Ni and therefore the Ni-O bond strength.
Figure 6d underscores the higher tendency for La;NiQOs to generate redox-active Ni as evidenced by a peak
area per BET surface area which is ~5-fold larger compared to LaNiOs after 15 Fe-free CVs. This is
consistent with the structural change observed by TEM and the large composition change. Redox features
have been previously observed in cyclic voltammograms on LagsSrisNiO4* and LaosSry sNij.Fe,Oss*.
The latter study® also reported a positive voltage shift of the Ni redox positions with increasing Fe
substitution consistent with the growth of a NiFeOOH phase as proposed here. However, the authors did
not find significant amorphization (no post-mortem surface images were provided). Therefore, to our
knowledge, this is the first report connecting in-situ redox active Ni to Fe impurities in promoting OER

catalysis.

We next further calculated the intrinsic activity of the various hypothesized Fe-Ni active sites to

compare across the different systems—if the intrinsic activities per metal ion are similar, then their surface-
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active species are likely also similar in nature. A total-redox metal turnover frequency (TOFnredox) Was
calculated by taking the number of redox-active Ni as the site density and the current jump Ai (400 mV
overpotential) between Fe-free and Fe-spiked measurements as the catalytic current associated with the Ni-

O-Fe proposed active sites formed under operating conditions:

Ai
TOFyy(s™1) = €Y
4'F(nredox Ni)

The term 7reqox ni 1S the moles of Ni obtained from the redox wave of the last Fe-free cycle plus 25% Fe
incorporation which is the reported estimated solubility of Fe in NiOOH*. The amount of Fe adsorbed was
obtained with ICP-MS, but this value would be an overestimate as it includes adsorbed Fe on the Pt substrate
and binder so was not used. Since the amount of spiked Fe was always well in excess of what can be
maximally absorbed by NiOOH, 25 at. % (with respect to Ni) incorporation was assumed. Figure 6e shows
the value of TOFm redox for replicate analyses of LaNiOs and La,NiO4. Within error, the intrinsic activity of
the Fe-based active sites formed by spiking are the same. Therefore, despite difference in initial structure,
the in-situ formed Ni species appears to have the same catalytic activity, consistent with the idea that the
application of potential drives the transformation of Ni toward the same phase that is most

thermodynamically stable under OER conditions.

T T T T T T T T T T T 120
14
105 ppb o —_
L 100 2
Qo
—~ 124 A
! c
5 -80 2
- ]
g 10 =
= 60 8
% 0.8 - §
s La0 P
= 06 o
= =
> [o]
O 044 r20 5
o
L
0.2 - -0

Time (min)

Figure 7. 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.
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Activation of the reconstructed NiO,H, after spiking a small amount of Fe into 1.0 M KOH was
evident in the cyclic voltammograms. It was not clear if this enhancement was sustained during constant
voltage application nor whether successive additions of Fe promoted further activity enhancement. Figure
4 shows 2 h of chronoamperometry at 1.7 V vs RHE on a 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 concentration 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 (~10-20 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 activity increases. This observation provides direct evidence that Fe
adsorption from the electrolyte onto the electrode correlates 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 effects of Fe-activation. After 2 h the activity
appears to plateau, possibly because the extent of surface reconstruction by chronoamperometry has
reached its maximum and no further NiFeO:H, can be formed (as shown in Figure 1)

Redox features, like those we assign to surface (oxy)hydroxide phases, are often found in
voltammetry studies on crystalline OER catalysts like perovskite oxides. Yet there has been little discussion
about their possible origin, their effect on measured OER activity, and their ability to report on the

interaction with soluble Fe 447

. Recently, however, epitaxial films have been studied as a model to
understand the chemical drivers of this restructuring. Baecumer et al observed large redox features in the
pre-OER region when cycling single-crystal epitaxial LaNiOs films which they assigned to a “nickel-
oxyhydroxide-like” surface layer that lowered the overpotential for OER by 150 mV. They found that this
transformation occurs on Ni-terminated films with the size of the redox feature decreasing monotonically
with increasing surface La termination. Optical experiments further supported the transformation of the Ni-
terminated surface to an oxyhydroxide*®. Localized amorphization on LaNiO; epitaxial films has also been
directly observed with TEM in another study, but the possible role of these regions in OER was not
discussed®. In another example, perturbation of the surface oxygen octahedra was observed via TEM when
Fe was “exchanged” from electrolyte to thin films of LnNiO; (Ln = Ln, Nd, Pr. These authors did not
invoke the concept of a NiFeOOH surface layer™, rather, they suggested that Fe** substituted for Ni sites
in the perovskite structure. Nonetheless, their observations hinted at possible structural changes induced by
Fe interactions. Additionally, Adiga and coworkers investigated a series of Lag sSrosNii-Fe.O3 (z=0-0.5)

epitaxial thin films and found that the top roughly two unit cells of these materials showed amorphization
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and Sr-leaching after 15 cycles. A decrease in the oxide feature was observed in their post-cycling XPS

scans®! similar to our observations.

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 activity. The role of Fe has already been well
established among pure electrodeposited NiO.H,,? 3 33 Ni-based chalcogenides,’® % and CoO,H,*®. A
common theme emerging from these diverse materials 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'> >’

and that are influenced by Fe impurities in the electrolyte. The interaction with Fe impurities
holds critical implications not just for intrinsic activity studies of perovskite nickelates, but for any
investigation using electrocatalytic materials in alkaline electrolyzers, which generally do not use highly
purified electrolytes and use stainless-steel components. This Fe-based effect cannot be ignored by
transitioning from powder to epitaxial configurations, even if Ni redox waves cannot be seen in the
voltammetry. The fact that nickelates with distinct structures, rhombohedral, oxygen-deficient particulate
LaNiOs, and tetragonal oxygen super-stoichiometric nanorod La;NiOy, are activated by Fe suggests these
effects could be a universal phenomenon that has gone relatively unacknowledged. Interestingly, in this
work this 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!!> 1% %5,
Another critical insight from this study is that in all of these samples the Ni redox waves are either absent
or small (especially in spincoated thin films) and thus easy to miss within the initial cycles. In the case of
epitaxial LNO films, redox waves are completely absent, but is still strongly activated by Fe in the
electrolyte as we show in Figure 4c. In other words, there would be no clues that other Ni species are

influencing catalysis while the activity was being measured.

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.®* ®' 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.
Consequently, 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;..Sr,CoOs'? Since lattice oxygen exchange has been detected for NiO.H, ®*it is still not clear

whether LOER after reconstruction is from the perovskite or the in-situ formed NiO:H,.
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Conclusion

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. Measurements
on epitaxial LaNiO; films show that Fe activation occurs on LaNiOs even when a clear pre-OER redox
wave is not obviously present, because of low exposed catalyst surface area. Analysis of impedance
spectroscopy, XPS and TEM data support the proposal 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 amorphization of the catalyst. Intrinsic
OER activity represented by TOFm redox Values calculated from the redox-active Ni available during the Fe
spike experiments show that the redox-active species share similar characteristics despite disparate
structures of the host LaNiO; and La;NiO4. La,NiOy4 displays a higher tendency for the growth of redox-
active Ni than LaNiQOs, indicating the significance of Ni-O termination in the formation of these surface

species.

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
chronoamperometry is performed in unpurified electrolytes without paying close attention to precatalytic
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 should 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
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heterogenecous OER electrocatalysis. Such approaches would complement typical calculations of

intermediate binding energies®.
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Method 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
MOhm nanopure water. A slight understoichiometry 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/semiconductor grade tetramethylammonium hydroxide. The resulting mixture was stirred for 30
minutes to ensure complete reaction. The solid was recovered with centrifugation, ground in an agate mortar
and pestle for 5 minutes and calcined in air at 900°C for 12 h. The solid was ground and refired until a
phase pure was obtained using powder X-ray diffraction. La;NiO4 rod synthesis was prepared using a
reverse microemulsion procedure described in detail in prior work?®’. Epitaxial LaNiOs thin films with the
thickness of 20 unit cells (~ 8 nm) were grown on (001) oriented LaAlOs substrates by using oxygen
plasma-assisted molecular beam epitaxy (OPA-MBE). The growth details have been described elsewhere®

A reverse microemulsion based technique was used for the synthesis of rod-shaped La;NiOs4 (214-
LNO) nanostructures.’® % A typical synthesis of 214-LNO involved the reaction between two quaternary
phase microemulsions. 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 between the two microemulsions was that one of the microemulsions contained
stoichiometric amounts of La(NO;);*6H,O (Sigma Aldrich, >99.999%) and Ni(NOs),*6H,O (Sigma
Aldrich, >98%) salts (2 mmol equivalent) dissolved in 1.155 mL of deionized (DI) water (>18.2 M}).
KOH solution was used in the anionic microemulsion to aid in precipitation of the hydroxides. The
morphology of the samples can be 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 4h to form a sol-gel mixture of metal
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hydroxides. Subsequently, the formed hydroxides were collected by centrifugation, and washed thrice with
ethanol and thrice with DI water. The precipitate was dried in an oven in air at 80°C overnight, followed

by calcination in Ar at 835°C for 2h (heating rate: 2°C/min).

Electrochemical measurements. Catalyst films were either prepared by spincoating or by dropcasting onto
Pt/Ti glass slides made using electron beam evaporation. Choice of coating technique is indicated for the
given data in the text. Spincoated films were chosen for intrinsic activity measurements so that electron
transport distances were reduced relative to dropcast films and conductive binder, which oxidizes during
OER, could be excluded in ink preparation. Ink for spincoating was ~5:1 by mass of catalyst to Nafion
binder in 2:1 by volume of isopropanol: nanopure water. Inks were sonicated for at least 1 hour before
coating. A typical spincoating procedure involved adding ~80 uL onto the substrate after sonication and
spinning at 3000 RPM for 2 minutes. Nafion was neutralized with a few drops of Fe-free 1| M KOH to avoid
possible dissolution of the catalyst by reaction with acidic groups. All electrochemical measurements were
performed in Fe/Ni free 1 M KOH (prepared from semiconductor-grade KOH using the standard method
of Boettcher e al.*®) using a Hg|HgO reference electrode calibrated against RHE and Pt coil counter
electrode. Plastic cells were used and cleaned with 1 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 base voltage of 0.8 V vs Hg|HgO with 10 mV
amplitude. The impedance data was fit to the equivalent circuit depicted as an inset in Figure 3b: 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 (R,) 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 0 (or closest to 0) on the imaginary axis. All electrochemical data should be assumed to
be iR,-corrected unless otherwise 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 elements 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. X-ray photoelectron spectroscopy (XPS) studies done using an ESCALAB 250
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(ThermoScientific). Spectra were obtained using an Al Ko 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 80-300kV
(S)TEM equipped with a spherical aberration image corrector. All data was collected at 300kV. For IL-
TEM experiments, a PELCO gold pinpointer grid (400 mesh, Ted Pella) was dipcoated 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 controlled since only some locations with good contact between grid and
catalyst were required for these studies. Powder x-ray diffractograms were obtained with a benchtop Bruker

D2 Phaser
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