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ABSTRACT: An ideal water-splitting electrocatalyst is inexpensive, 200 puli

abundant, highly active, stable, selective, and durable. The anodic 3d‘° TOF
oxygen evolution reaction (OER) is the main bottleneck for H, 3+: , oER/ 1 8 o .
production with a complex and not fully resolved mechanism, slow o ot
kinetics, and high overpotential. Nickel oxide-based catalysts (NiO,) o @ .

are highly active and cheaper than precious metal catalysts. However, “ A et
rigorous catalyst tests and DFT calculations are still needed to d = s0ss -
rationally optimize NiO, catalysts. In this work, we combine plasma-
enhanced atomic layer deposition (PE-ALD) and density functional
theory (DFT) to address the role of dopants in promoting NiO, & e
OER activity. Ultrathin films of NiO, doped with Zn?*, AI**, and Sn** T o
presented improved intrinsic activity, stability, and durability for the ‘ e | om
OER. The results show a low to high catalytic performance of

ZnNiO, < NiO, < AINiO, < SnNiO,, which we attribute to an increase in the concentration of valence band (VB) holes combined
with conduction band (CB) electron conductivity, characterized by electrochemical impedance spectroscopy (EIS). The influence of
doping on the electronic structure and catalytic activity was investigated using advanced characterization techniques and density
functional theory (DFT) calculations (PEBO/pob-TZVP). DFT complements the experimental results, showing that the dopant
charge states and orbital hybridization enhance the OER by improving the charge carrier concentration and mobility, thus allowing
optimal binding energies and charge dynamics and delocalization. Our findings demonstrate the potential of PE-ALD-doped
nanofilms NiO, and DFT to rationally design and develop catalysts for sustainable energy applications.

RN
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B INTRODUCTION

The oxygen evolution reaction (OER) is critical for the
technological revolution in the energy conversion landscape.’
For example, in hard-to-abate industry sectors, the OER can
have an impact on sustainability through processes such as
energy production and storage (e.g, green hydrogen and
batteries), carbon capture (e.g., artificial photosynthesis
through CO, reduction), and production of fertilizers (e.g.,
artificial nitrogen fixation for green ammonia).””~’ Hence,
improving the efficiency of the OER can lead to industrial
development and commercialization of technologies capable of

applications."*™'® To address this, low-cost, earth-abundant
transition metal oxide (TMO) catalysts, such as NiO,, can be
used in alkaline media and are known to be highly active and
stable. Thus, optimizing and promoting NiO, activity, stability,
durability, and selectivity for the OER is critical."*'”"'® Still, the
hasty and unruly growth in the field of electrocatalysis remains
rich in inconsistency, discussions, and catalysts with complex
structures that hinder scientific and engineering progress to
accelerate industrial and global development.'*™*°

The intrinsic properties of TMOs and their OER activity
depend on the structure of the solid—electrolyte interface

meeting global targets for net-zero carbon emissions by
2050.%”

The OER has a complex multistep mechanism — hindered
both kinetically and thermodynamically — that is assumed to
follow a four-electron transfer adsorbate evolution mechanism
(AEM), with the adsorbed (*) oxygen intermediate species
*QOH, *O, and *OOH, or the two-electron transfer lattice
oxygen mechanism (OEM).'"""* This kinetic inefficiency is
one of the key contributors to the high overpotential (200 mV
in acid and 300 mV in base at 10 mA/cm?) for the state-of-the-
art IrO, and RuO, OER catalysts, resulting in high cost and
low energetic efficiency for industrial and commercial
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(SEI). The advances made in characterizing the SEI and
connecting TMO properties to the OER activity involve: (a) in
situ operando spectroscopic techniques to probe crystalline
phase transformation under operational conditions (e.g,
hydroxide/oxyhydroxide formation); (b) rationalization of
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the role of different metal dopants (e.g.,, Cr**, Mn"*, Fe"*, Co™,
Ce™, La*", AP", and Li") in promoting OER activity; (c) the
effects of an applied magnetic field on the spin-polarized
interaction between the O, p-orbital triplet state with the
unpaired metal d electrons; (d) atomistic-level density
functional theory (DFT) modeling of OER thermodynamics
through the computational hydrogen electrode (CHE) model
and microkinetics analysis of activation energies and transition
state stabilization, assuming that the OER mechanism occurs
via the adsorbate evolution mechanism (AEM) or the lattice
oxygen oxidation mechanism (LOM); (e) scaling-relationship
descriptors, e.g., AAG#q_#qy, number of excess electrons, d-
electrons, covalency (ie., hybridization of orbitals in M—O
bonds), e, occupancy, electrostatic (Madelung potentials), TM
electronegativity, and oxophilicity; and (f) beyond DFT
modeling of electrochemical proton-coupled electron transfer
and simulation of the electric double-layer (EDL) processes
including implicit solvation, charged surfaces with constant
potentials, and real-space codes enabling grid-based mapping
of the free energies as a function of potential.'>"¥*"~*

These electronic properties depend on multiple electronic
effects that result from the nature of the M"*—O bonding,
which affects the adsorption of the OER oxygen intermediate
species and the stabilization of the transition states. For
example, the crystal structure (e.g, rocksalt, spinel, and
perovskite oxides) rules the metal oxidation states; synergistic
effects of cation and oxygen defect formation affect the
mechanistic pathways favored by the OEM in contrast to the
AEM (and vice versa); and changes in the semiconductivity
lead to reduced charge-transfer resistances.'”'>'**?* =% 1
the case of the strongly correlated 3d TMOs, other factors arise
due to the low energy barriers of coupling interactions and
competing mechanisms between spin, orbital, lattice, and
charge.”® Some examples of electronic properties that result
from such degrees of freedom are ferroelectricity, magneto-
electricity, spin—orbit coupling, and orbitronics, which can
play a role in the OER. In heavier 5d TMOs, for example, IrO,
and RuQ,, relativistic shielding effects of the nuclei make the
Sd valence electrons more loosely bound. Hence, the choice of
the M"* added to NiO, is critical to rationalizing the intrinsic
properties of catalysts to the OER and understanding how and
why catalytic activity is promoted.

This work employs plasma-enhanced atomic layer deposi-
tion (PE-ALD) to investigate the role of doping effects of Zn**,
AP**, and Sn** on NiO, in enhancing the OER. PE-ALD offers
advantages related to process control, temperature-dependent
epitaxially growth of crystalline structures, and thickness
control to produce a conformal ultrathin film of supportless
catalysts.” These metal cations were selected — in contrast to
most studied 3d TMs (e.g, Mn™, Fe™, and Co™) — because
they are OER inactive, closed-shell, and each has only one
highly favorable oxidation state (Zn>* [4s°, 3d'7), A%
[3s°, 3p0], and Sn* [4d", SSOSPO]), with different charge
states. We combine experiments with hybrid DFT and all-
electron basis sets to demonstrate how and why Zn**, AI**, and
Sn*" promote or hinder the NiO, OER activity. We compare
our modeled materials to the doping effect of Fe"'
(n=2+,3+,4+) on NiO,, known as the best NiO,
promoter for the OER due to a combination of electronic
effects that is not yet fully understood.*

B EXPERIMENTS AND METHODS

Plasma-Enhanced Atomic Layer Deposition. Nickel
oxide-based catalysts were prepared by plasma-enhanced
atomic layer deposition (PE-ALD) in a Veeco-Ultratech/
Cambridge NanoTech Fiji G2 system, equipped with an in situ
quartz crystal microbalance (QCM) (Inficon, STM-2) and a
spectroscopic ellipsometer (SE) (J.A. Woollam, model M-
2000) (Figure S1). The catalyst films were deposited on
fluorine-doped tin oxide (FTO)-coated glass (Hartford Glass,
TEC 8, MSE Supplies) for the electrochemical tests, and on
Czochralski (Cz) single-side polished wafers, S00 ym thick,
and low-resistivity (B-doped p-type, 0.001—0.005 Q-cm™’,
University Wafer) for in situ SE and other characterization
techniques. Different dimensions of the FTO substrate were
used for electrochemical tests in the flow cell (25 X 25 mm)
and standard sealed cell (10 X 20 mm). The film deposition
area (0.5 cm®) of the 10 mm X 20 mm substrates was
controlled using Kapton tape. Details about the PE-ALD
recipes, SE modeling, and the cleaning process of the FTO and
Si substrates can be found in the Supporting Information.

Electrochemical Measurements. The electrochemical
activity was studied using two different systems: (i) 1 M
reagent-grade KOH (ChemCruz, 86.7%) with Milli-Q water
(p = 182 MQ-cm) as the solvent, in a custom-made
polytetrafluoroethylene (PTFE) flow cell with a 1.33 cm?
nominal area of exposure of the thin film as the working
electrode (WE) (FTO 25 X 25 mm with Cu tape for electrical
connection) and equipped with a Pt wire as the counter
electrode (CE), and a miniaturized leakless Ag/AgCl as the
reference electrode (RE). This setup utilized a peristaltic pump
for the electrolyte flow (see Figure S4 for setup images) and a
Bio-Logic SP-300 potentiostat; (ii) 30 mL of 1 M KOH
(Sigma-Aldrich, 99.99%, Milli-Q water) purged for 20 min in
N, in a standard sealed cell (100 mL) that exposed 0.5 cm? of
the catalyst film in FTO (10 X 20 mm) immersed in the
alkaline solution, with a Pt wire CE (RedoxMe) and Ag/AgCl
(3.5 M KCl, RedoxMe) RE. The catalytic activity of the films
was tested in this setup with a Metrohm Multi Autolab/M204,
and the Ag/AgCl RE was recalibrated against another Ag/AgCl
after each catalyst test. The reversible hydrogen electrode
potential (Ugyg) was related to the Ag/AgCl (25 °C, 3.5 M
KCl) electrode and the electrolyte pH according to (E3g,aqc1 =

0.1976 V):
Epqup = EAg/AgCl + EXg/AgCl + 0.0591 X pH (1)

The different catalyst films OER activities were tested
several times, and the results shown here are the optimized
results. The open circuit potential (OCP) was measured for 60
s before each experiment to guarantee valid electrical
connections before the OER testing of the samples. The
films were exposed to the electrolyte for 45 min at the OCP to
allow catalyst wetting. After wetting, the preconditioning (or
aging) of the films was performed through cyclic voltammetry
(CV) (1 to 1.7 V vs Ugyg at a slow scan rate of 20 mV/s) to
allow reconstruction of the as-deposited oxide films into the
hydroxide/oxyhydroxide species. Conditioning consisted of
scanning the potential for up to 600 cycles (>20 h) until the
Ni**/Ni** redox peak wave stabilized in size and position. This
procedure tests the stability of the catalyst and allows its
reconstruction and adaptation to anodic potentials and alkaline
media to form the most active catalyst form, as previously
observed.””*”*” The films were allowed to rest at the OCP for
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at least 1 h to recover and equilibrate with the electrolyte. The
catalytic activity for the Tafel analysis was measured with linear
sweep voltammetry (LSV) at a scanning rate of 1 mV/s and a
rate of 70 rpm (flow cell) and at 0.1 mV/s in the standard cell
under static conditions. Chronoamperometry (CA) was
employed as a static electrocatalytic activity test at 445 mV
overpotential for 1 h. The long-term stability of SnNiO, was
tested using chronopotentiometry (CP) at 10 mA/cm?.

The uncompensated series resistance (iR drop) of the
electrolyte was obtained by electrochemical impedance
spectroscopy (EIS) under static conditions and by OCP,
using a Pt foil (1.13 Q) as the WE in the flow cell and plain
FTO (10 Q) in the standard cell. All electrochemical studies
were performed at room temperature (25 °C). EIS was used to
study the behavior of the capacitance and resistances as a
function of the overpotential (300—500 mV) for kinetics, and
in a non-Faradaic region (1.12 V) for the electrochemically
active surface area (ECSA). For these measurements, the
frequency range was from 10 kHz to 0.1 Hz, with an AC
amplitude of 10 mV. The validity of the EIS data obtained was
checked via Kramers—Kronig (KK) relations and modeled
using one or two Randle’s circuits with constant phase
elements (CPE). The ECSA was also obtained by sweeping the
potential from 1.12 to 1.22 V with a 10 s pause at the vertex
potentials and a gradient of the scan rates (2.5, 5, 10, 15, 25,
and S0 mV/s). We redirect the reader to the Supporting
Information for a detailed descriptive analysis of the catalyst
conditioning, electrocatalytic tests, EIS fitting, and plots.

Film Structure, Composition, and Morphology. Film
thicknesses and optical properties were investigated on Si wafer
and FTO substrates with a J.A. Woollam M-2000 that allowed
angle variations between 65° and 70°, in a spectral range from
1.0 to 5.0 eV. The ratio of the amplitudes of the reflected
polarized light components (W) and the phase shift introduced
between them (A) was analyzed with the CompleteEASE
software (v6.42). The model consists of a silicon substrate with
a native oxide layer (2 nm of a thermal SiO, layer) capped by a
metal oxide on top. Two Tauc—Lorentz (TL) oscillators with
AFM roughness were used to fit the dispersion of the optical
dielectric functions and obtain film thickness, optical bandgap,
and dielectric constant.”®*” Time-of-flight secondary ion mass
spectrometry (ToF-SIMS) (ION-TOF GmbH, Miinster,
Germany) confirmed the film composition and revealed a
depth profile analysis of elements in the films. For the metallic
elements, a positive polarity Bi* (30 keV) sputter O beam
(500 eV) was used, and for the nonmetallic elements, a
negative polarity Bi* (30 keV) sputter Cs* beam (1000 eV)
was used. Inductively coupled plasma mass spectrometry (ICP-
MS), in open acid digestion (3 HCl + 1 HNO;), was
performed to quantify metallic elements in the films before and
after the OER.

The crystal structures and texture coeflicients were obtained
with grazing incidence angle X-ray diffraction (GIXRD)
collected at 0.5°, using a PANalytical Xpert Materials Research
Diffractometer (MRD) system with CuKa radiation (1.5406
A) at a scan rate of 0.01°/s. The film roughness was studied
with atomic force microscopy (AFM), using an Asylum
Cypher system from Oxford Instruments. The imaging was
performed in tapping mode using a conductive Cr/Pt-coated
tip (Multi7SE-G BudgetSensors) with a resonant frequency of
75 kHz and a force constant of 3 N/m. The oxidation state and
chemical bonding of M—O in the films were studied with X-ray
photoelectron spectroscopy (XPS) measurements (ESCALAB

250Xi, Thermo Scientific) using a monochromatic Al Ka X-ray
source with an energy of 1486.68 eV and a binding energy
(BE) reference (C 1s) for adventitious carbon. The electronic
structures were reconstructed from ultraviolet photoelectron
spectroscopy (UPS), using a He(I) discharge source (hv=21.2
€V) with a passing energy of 2 eV, and 15 s of Ar plasma was
used to clean the film surface. Field-emission scanning electron
microscopy (FE-SEM) (FEI NanoSEM 450) was used for
ultrahigh imaging resolution of film morphologies on Si and
FTO substrates (before and after the OER), with Schottky
field-emission at 15 kV and 0.2 nA current. Aberration-
corrected scanning transmission electron microscopy (STEM)
(200 kv, JEOL F200 TEM) was used to image the cross-
section of the TMO films, visualize crystalline morphology and
confirm chemical composition with electron dispersive X-ray
spectroscopy (XEDS) (JEOL 100 mm® Silicon drift) in Si
wafer samples.

Computational Details. Density functional theory (DFT)
calculations were performed with the CRYSTALL7 code.”””’
The PBEO hybrid density functional (25% of Fock exchange)
was used in combination with high-quality all-electron
Gaussian triple ¢ valence with polarization (pob-TZVP) basis
sets, which are suitable for solid-state calculations and
corrected for basis set superposition error (BSSE).”™>* We
have previously shown that this functional and basis set choice
is adequate to model NiO,.*® A spin-polarized unrestricted
Kohn—Sham approach was used to describe the antiferro-
magnetic AFM-II spin ordering of NiO,. Grimme’s empirical
D3 long-range dispersion correction was used with Becke-
Johnson damping (BJ).””>> The NiO, bulk supercell (64
atoms) and slabs containing neutral and charged point defects
were fully relaxed and optimized using an 8 X 8 X 8 k-points
mesh. The TMO (111) surfaces were modeled with five
atomic monolayers, with two lower layers fixed to mimic the
bulk, relaxing the top three layers under vacuum (500 A) and
an 8 X 8 X 1 k-points mesh. The NiO, (111) Tasker type III
polarized surface was balanced by removing excess oxygen
atoms, thus creating neutral oxygen vacancies. Optimizations
were performed with a total energy convergence criterion of

107* E,,, with the default integration grid.

The Coulomb and exchange integral truncation tolerance
factors, the penetration threshold of the Coulomb integrals,
and the overlap threshold of the HF exchange integrals were
set to 1075 and 107" for pseudooverlap in the HF exchange
series. All structures were confirmed to have no negative
eigenvalues in the estimated Hessian. An extra-large pruned
integration grid was used for higher accuracy in the Hirshfeld
charge population analysis. Coupled perturbed Kohn—Sham
(CPKS) was applied to the slabs with 8 x 8 X 1 k-points.”>"’
Denser k-point meshes were used for band structures (16 X 16
X 16) and density of states (DOS) (12 X 12 x 12). High-
symmetry points of the reciprocal space were chosen to plot
the k-vector paths of the first Brillouin zone, which correspond
to real space for interpretation in the face-centered cubic
crystal of NiO,.>® We evaluated two monoelectronic properties
of the TMO slabs at the atomic positions superimposed by an
isosurface of the electron density and spin density (0.0005
cutoff, electron/A3, visualized in VESTA), to illustrate charge
distribution colored by electrostatic potentials and the
electronic and spin densities.”” Theoretical details and
definitions of derived properties, such as the work function
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Table 1. Key OER Activity Indicators”
Catalyst N1o (mV) TOF (s7!) TON (1 h) Cgypn(mF/cm?) R (Q/cm?) T; (mV/dec)
NiO, 406 0.57 (400 mV) 2.40 1.19 (340 mV) 121.90 (340 mV) 41
ZnNiO, 296 0.49 (400 mV) 1.80 2.03 (340 mV) 109.68 (340 mV) 44
AINIO, 267 1.58 (400 mV) 5.80 2,00 (340 mV) 172.12 (340 mV) 2
SnNiO, 262 1.86 (400 mV) 8.90 2.14 (340 mV) 107.40 (340 mV) 44

“10 = overpotential at 10 mA/cm?, TOF = turnover frequency, TON
Tafel slope.

= turnover number, Cg,,, = film capacitance, Rg,,, = film resistance, and T¢ =

(¢), electron (me* ), and hole (mflk ) effective mass, can be found
in the Supporting Information.

B RESULTS AND DISCUSSION

Electrochemical Performance. The main activity in-
dicators are summarized in Table 1 and illustrated in Figure 1.
A benchmark comparing the published results can be found in
Table S2, including relevant information about the synthesis,
substrate, and electrolyte used. The analysis of CV activation of
the catalysts (Figures SS—S7) and the expressions used to
derive the catalytic activity can be found in the Supporting
Information. The apparent catalytic activity is given by the
amount of overpotential necessary to produce 10 mA/cm?” and
was found in the ascending order of SnNiO, (262 mV),
AINIO, (267 mV), ZnNiO, (296 mV), and NiO, (406 mV)
[Figure la]. From our TOF results, the intrinsic catalytic
activity decreases in the order of SnNiO, > AINiO, > NiO, >
ZnNiO,, with NiO, overcoming ZnNiO, at above 400 mV
overpotential [Figure 1c]. The activity of SnNiO, in FTO (7,
= 262 mV, TOF = 1.86 s™! at 400 mV in 1 M KOH) is
comparable to their best catalyst Fe,;-NiO, (17, = 234 mV,
TOF =157 at 350 mV in 1 M KOH). Bent et al. studied thin
films of NiO, to AINiO, produced with thermal O; ALD and
compared the film activities of different Fe electrolyte
concentrations.”” In all electrolytes tested, AINiO, had better
OER activity than NiO,. Their AINiO,, film was produced with
thermally heated O3 ALD and saturated with Fe in the
electrolyte (0.1 M KOH). Our AINiO,, film presented higher
activity compared to their results (77,0 = 267 mV, TOF = 1.86
s™' at 400 mV in 1 M KOH), and a dedicated study comparing
PE-ALD to thermal ALD, under identical process conditions, is
necessary to confirm if PE-ALD catalysts are more active.”’
Lloret-Fillol et al. studied M"*-doped self-supported NiO, films
in Ni foam (NF) (M = Fe**, Co**, Mn?*, Zn**) (Table S2) and
found that doping NiO,, with Zn had the worst OER activity,
and Fe had the best OER activity of all studied metals.”® Their
reported OER activity used an NF substrate, making it
challenging to identify the real catalytic response since NF is
OER active.”’

The Tafel slope (T}) in Figure 1b informs us about the OER
mechanism, and the exchange current density (i,) is a measure
of the intrinsic current when the catalyst is at equilibrium with
the environment. The latter is related to charge-transfer
resistance (R.) such that low i is associated with higher R,
consequently, slower electron transfer kinetics.”" From the T;
plots in Figure 1, i, was found to decrease in magnitude in the
descending order of NiO, > SnNiO, > AINiO, > ZnNiO,. The
T¢ of 40 mV/dec, measured at 1 mV/s to ensure the steady-
state current condition, suggests that the OER mechanisms are
identical. The same T¢ slope was obtained in plots where the
ECSA normalized the current in the standard cell under static
conditions (Figure S8). Xiao et al. combined grand-canonical
methods and microkinetic modeling to study the potential

dependence of the OER mechanism for NiO,-based
hydroxides.”> According to their results and the Tafel slope
microkinetic analysis from Takanabe, we associate T; = 40
mV/dec to the AEM with optimal binding energies for the
OER intermediate and a first-order mechanism (d) that can be
either EE* or ECE* [E = electrochemical, C = chemical, and *
= rate-determining step (RDS)].”>~ In both cases, the RDS
is electrochemical and refers to the second proton-coupled
electron transfer, assuming a single-site mechanism in alkaline
media, involving 2 or 4-electron transfer (M* = metal site).
According to Takanabe et al, the RDS depends on the
formation of O—O bonds with the predominant surface species
being *OH and #Q.%%% Furthermore, Norskov et al.’s work
supports that idea using thermodynamic and kinetic models
that show that the optimal OER activity can be predicted by
the volcano relations of the overpotential as a function of
AGsg — AG*OH'35

The EIS was obtained at different potentials in the OER
Faradaic region, using an Arrnstrong—Henderson circuit to
describe the two semicircles of the Nyquist plots (Figure 1f,
and fit error analysis in Tables S5 and $6).°” The elements
selected to model the EIS, as shown in Figure 1f, were the
double-layer capacitance (Cy), charge-transfer kinetics (R.),
film capacitance from dynamics of adlayers (Cg,, ), and the film
adsorption resistance (Rep)-*” Figure 1d,e shows how Cg,,, and
Rg change from pristine (after 20 CV cycles) to aged (after
600 CV cycles) as a function of the applied potential (see the
arrow). The magnitude of Cg,, (mF) reflects the formation of
the hydrous porous layer of TMO, where other ionic species of
the electrolyte permeate.”® The small semicircle at the higher
frequency of the Bode plots under the active potentials of the
OER is attributed to the EDL. This semicircle is absent in non-
Faradaic potentials and on plain FTO at all potentials (Figure
S12).

The EDL does not change with the applied potential but
changes with the formation of the activated NiOOH hydrous
catalyst (Figures S11—S16). Maillard et al. and Strasser et al.
revisited the determination of the ECSA of TMO measured by
EIS for the OER in the Faradaic region and associated the
larger semicircle with the adsorbate capacitance (Cg,) and
adsorbate resistance (Rg,,).””*””° However, Cy,, and Ry, also
refer to the TMO’s surface defects and charge dynamics (i.e.,
density of states available to interact); therefore, it can further
inform about limiting processes at the catalyst interface that are
intrinsic properties of the material.”" While Cg,, increases with
aging, reflecting an increase in ECSA, Ry, decreases due to
different bondings in the NiOOH formed and the presence of
charged species from the electrolyte in the hydrous layers. As
noted by Alexandrov and Zagalskaya, the leaching of the
dopants can affect the OER stability through the creation of
defects.”” The degree to which dopant leaching can influence
the ECSA, as the catalyst is activated, is yet to be tested. If the
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Figure 1. Catalytic performance plots: (a) LSV measured at 1 mV/s after 600 cycles of conditioning (iR drop correction of 1.5 €, (b) Tafel plot
and analysis measured in the colored area (yellow), (c) TOF, (d) Cg,, and (e) Ry, as a function of applied potential before (open circle) and after
(closed circle) conditioning, and (f) the equivalent circuit used to interpret the EIS.

leaching can enhance ECSA, it is expected that there is higher
OER activity.

The best catalysts, SnNiO, and AINiO,, were the materials
that presented the highest Cg,, (both SnNiO, and AINiO,)
and the lowest Ry, (SnNiO,) after aging. The time constant ¢
for AINiO, and SnNiO, appeared to be similar [as shown in
the LSV in Figure la], but for different reasons; AINiO, had

the highest Cgy, followed by SnNiO,, but SnNiO, had the
lowest Rg,, while AINiO, had the highest Rg,, of all aged
catalysts. This observation suggests that high Cgy, reflects
stronger M—O adsorption due to positive charge buildup at
the interface and since Cgy, reflects the density of states
available to interact, which favors OER energetically. However,
a low R, is necessary to favor the charge transfer across SEI
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Figure 2. Film crystalline structure and morphology were obtained by FIB-TEM.

and speed up the OER kinetics. Thus, we hypothesize that the
dopant is tuning the charge dynamics and mechanism by
increasing the hole concentration and mobility in the valence
band (high Cg,, leading to more DOS and strong adsorption)
and high electron mobility in the conduction band (low Ry,
and high kinetic rate). Interestingly, the aged SnNiO, Bode
Nyquist plots presented a diffusion feature toward higher
frequency that required an additional Gerischer to optimize the
circuit elements.”*~"> This feature is associated with the
formation of vacancies of O, due to a chemical reaction
involving the exchange of O, between the gas phase and
SnNiO,, which can indicate that the LOM is also occurring in
SnNiO, and further supports the higher TOF observed.

The stability of the dopants in NiO, can be understood in
terms of the Pourbaix diagrams of ZnO, Al,O;, and SnO, in an
alkaline environment and anodic potentials.”® The Pourbaix
diagram for these dopants in the potential region of the OER
predicts that ZnNiO, and AINiO, leach, while NiO, and
SnNiO, tend to passivate. Compared with pristine films, the
ICP-MS of the aged films confirms that the highest dopant
concentration losses follow ZnNiO, > AINiO, > NiO, >
SnNiO,. The stability of all metallic species can also be related
to the flexibility in their oxidation states, which are rigid in
Zn*" and A", and reactions are driven by local pH gradients in
each step of the OER mechanism, which is a similar process
that happens in battery degradation.”” To confirm the catalytic
trends of TOF, the TON was measured with chronoamper-
ometry at 400 mV overpotential for 1 h (Figure S16). The
integrated charges over 1 h, which gave the TON, confirm the
trend of catalytic activity going from highest to lowest in the
order of SnNiO, (8.9), AINiO, (5.8), NiO, (2.4), and ZnNiO,
(1.8). The largest activity loss observed in AINiO, (36%) is
due to transport limitations from the excess of bubbles instead
of catalytic activity. The stability of SnNiO, was tested through
4 cycles of CP (1/1/12/1 h) held at 10 mA/cm* with a rest

interval (Figure S18). SnNiO, presented high stability during
prolonged CP (12 h) and signs of recovery (drop in
overpotential) after the rest periods. This behavior in batteries
is known as capacitive relaxation, but it has not been
investigated in catalysts.”®

Chemical Structure, Composition, and Morphology.
The doped NiO, recipes constituted 16 supercycles with a
fixed 1:25 ratio of M"":NiO, with a total of 400 cycles of Ni
precursor pulse to control Ni metal loading in the nanofilms
(Figure S1), and the frequency of the doping cycles to control
free carrier density.”” ICP-MS acid digestion and XPS provide
qualitative estimates of TMO stoichiometry, showing that the
metal loading and M"":NiO,, ratios vary and were higher than
the supercycle ratio, confirming the difficulty in controlling the
GPC for each different metal oxide containing Ni, Zn, Al, and
Sn (Tables S7, S9, and S10). The dopant-to-Ni ratio in the
different films, obtained by ICP-MS, was Zn**:Ni (39:61 in Si,
30:70 in FTO), AP*:Ni (34:66 in Si, 32:68 in FTO), and
Sn*:Ni (26:74 in Si, 39:61 in FTO). XPS atomic ratios
indicate that NiO, in FTO and Si had a Ni:O ratio of 40:60,
which confirms the p-type character with Ni vacancies.*”*" All
catalysts have similar oxygen content (i.e., 60%), indicating the
p-type character of NiO, does not change with doping.
However, the concentration of dopants in FTO varies
significantly: AINiO, (20%), ZnNiO, (19%), and SnNiO,
(5%). This can be related to difficulties in deposition control
of binary oxides, which is challenging due to changes in surface
chemistry and nucleation behavior during the supercycles,
leading to growth rate variations and nonconstant growth-per-
cycle (GPC).>*7*%!

The results of GIXRD (Figure S21 and Table S6) show that
the thin films are polycrystalline and have a face-centered cubic
structure. The relatively broad peaks indicate that the films are
composed of small crystallites of 2—3 nm, depending on the
crystallite facet (Figure S23). Thermal ALD processes carried
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positions can be compared to the reference Ni**

2p,/; peak at 855.6 eV in LiNiO,.*

out at 150 °C result in amorphous films, but in PE-ALD, the
high energy of the ion species interacting with the growth
surface can induce crystallinity. Adding the different metal
cations to NiO, affects the lattice parameter (a) according to
the size and quantity of the cations. AINiO, (4.116 A) reduces
the lattice parameter a compared to NiO,, (4.218 A), followed
by SnNiO, (4.195 A) and ZnNiO, (4.223 A). Exceptionally, in
the (111) plane direction, SnNiO, (4.250 A) > ZnNiO,, (4.246
A). The peak broadening and smaller crystallite sizes of
SnNiO, and AINiO, suggest that their polycrystalline
structures are more closely related to one another than those
of ZnNiO, and NiO,, which are also similar. Bent et al.
reported that AI** contracts the NiO lattice due to the
occupancy of AP at the octahedral sites.”” Their study also
found that increased ratios of AI** composition in NiO,
substantially distorted the rocksalt structure, resulting in
amorphous-like films.

The final thicknesses measured by ex-situ SE on the Si
substrates were NiO, (6.5 nm), ZnNiO, (8.5 nm), AINiO,
(7.0 nm), and SnNiO,, (8.0 nm), and confirmed by FIB-TEM
as shown in Figure 2. ToF-SIMS confirmed the thickness of
the Si and FTO substrates (pristine and aged) and revealed the
composition by analyzing the depth profile (Figures S19—
$22). ToF-SIMS is not a common technique used to analyze
catalysts, but it offers high surface sensitivity and low detection
limits to analyze composition.”” Changes in electrolyte ion
concentration are observed in the structure of the aged films
and very low [Fe] concentration in some films, as revealed by
ToF-SIMS (Figures S19—S22). This unlntentlonal [Fe], even
below ppb level, can change the OER activity.”® Thus, a future
study should confirm that the trend of the OER remains using

a purified KOH 99.99% electrolyte. AFM and SEM showed
that the film morphologies are uniform in Si and FTO (Figures
$24—827). The roughness of the nanofilms mimics the
roughness of the substrate in the Si wafer (R; < 1 nm) and
FTO (R, ~ 20 nm). The SEM image of the aged films shows
the crystalline features of the formation of the NiO,
hydroxides, indicated by needle-like white lines.

XPS before and after the OER shows the changes that occur
when the pristine film transforms into the active NiOOH
catalyst, as illustrated by the Ni 2p;,, and O 1s spectra in
Figure 3. The XPS peak fitting can be found in Tables S9 and
S10, and Figures S28—S35. The Ni 2p peak can be described
by satellite peaks, multiplet splitting, and screening mecha-
nisms that can be deconvoluted into multiple other peaks.**~**
For the sake of simplicity, the Ni 2p;, peaks were
deconvoluted into three main peaks at 853.9, 855.7, and
859.5 eV, associated with NiO (orange), Ni(OH), (blue), and
NiOOH (cyan), respectively, as compared to a reference Ni**
peak in LiNiO, (855.6 €V).*® Mclntyre et al. showed that the
free ion multiplet envelopes for Ni** and Ni’* produce the
main line and satellite structures for Ni(OH), and NiOOH, as
shown in Figure 3.%* Three peaks were used to describe the O
1s peak located at 529.6 (M—O, orange), 531.3 (M—OH or
O, defect, blue), and 532.5 eV (adsorbed H,O, pink). After
conditioning, the aged catalysts present XPS features that
confirm the transformation to metal hydroxide species,
potentially the A-NiOOH.***® This is evident by the
Ni(OH), 2p,/; peak shift to 855.8 eV and O 1s (M—OH)
to 531.7 eV, combined with the disappearance of the NiO
2p,/3 and O 1s (M—O0) at lower binding energies. The XPS of
the aged catalysts suggests that the OER activity of the active
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catalysts should be identical or change as a function of the
concentration of Ni(OH),. However, the peaks of the M
dopants before and after the OER (Figure S18) show that aged

Sn*" is the only dopant with a significant oxidation peak shift
(AE i = 12 eV), indicating that Sn*" in SnNiO, acts in
collaboration with Ni**,
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The diagram in Figure 4 shows the UPS reconstructed band
diagram [Eg (yellow) and VBM (pink)] aligned with energy
values (taken as negative for convenience) and relevant
potentials, shifted with respect to the vacuum level, to compare
energy values with the relevant OER potential region (blue).
The E; and VBM are shown before (dashed) and after (line)
the OER. The UPS spectra can be found in Figures S36 and
S37. During the OER, as indicated by the potential axis, the
VBM and Eg are shifted downward. Because the adsorption
occurs through holes in the VBM, or nonbonding defect states,
the position of the VBM determines how strong the adsorption
is, i.e,, the larger the difference, the stronger the interaction.
The Eg, as defined by Wolkenstein, acts as a regulator of the
VBM and CBM in each step of the reaction because the
creation of holes in the valence band depends on the catalyst’s
ability to lose electrons through the applied bias. The final Ey
position, which has shifted upward, has a similar trend to the
intrinsic catalytic activity, with SnNiO, being the best catalyst
and highest Ep, except that NiO,, and AINiO, are very similar,
with the latter final VBM of AINiO, lying below NiO,.
Similarly, Erbe et al. investigated in situ operando surface oxide
formation in Cu during the OER and detected that oxides
formed (CuO, Cu,0, and Cu,0;) after the OER were all n-
type rather than p-type as predicted.” The significant changes
in Eg observed here serve as a probe to support the need for in
situ operando experiments that can monitor electronic
properties with the precision offered by UPS.

Electrostatic and Electronic Properties. The diagram in
Figure S illustrates the integrated DOS and the calculated
VBM and CBM charge carrier effective masses from the band
diagram for NiO and doped NiO (Figures S41 and S42),
relative to the water-splitting Epy potentials.”” The addition of
the different M dopants not only upshifts the Ni 3d orbital in
the VB, reaching the VBM in Snj*Ni__,O but also changes
hole mobility, with the lowest value of 0.31 hole effective mass
in Ali+Nix_4O, Sn:+Nix_4O, and Fei+Nix_4O. Furthermore,
resonant dopant defect levels appear in the CBM (Figure S40),
and the electron mobility increased significantly in Snj*Ni,_,
O (lowest electron effective mass). This result is easily
understood by the significantly dispersed Sn Ss orbital,
improving electron conductivity as confirmed by EIS. Thus,
high hole and electron mobility in SnNiO, supports the best
OER activity. Adding n-type Zn’* flattens the VBM (see Figure
$39), which decreases hole mobility and somewhat improves
electron conductivity. Knowing that ZnNiO, has the lowest
level of OER activity can indicate that hole mobility can be
more relevant to OER catalysis than electron conductivity.
Even though p-type AP’* improves hole mobility, it decreases
electron mobility, as seen in the EIS Ry, measurements.
Because AINiO, has the second-best OER activity after
SnNiO,, it also supports that hole mobility is more important
to promote the OER than electron mobility. To understand
how the defects affect carrier concentration relative to the
chemical potentials of the materials would require a thermo-
electric transport property study, which is beyond the scope of
this work. The energetic role of the dopants in promoting the
OER activity can be interpreted by how the Ep position is
shifted relative to the OER potentials. As noted by Liu et al,
the observed upshift in E; by the addition of AI**, Sn**, and
Fe** to NiO, in contrast to Zn** and Fe®, is predicted to
improve OER activity by reducing the number of electrons in
antiorbitals, thus strengthening the binding of the OER oxygen

intermediate species (Figure 5).”* This can also be viewed
indirectly by how the dopant strengthens the Ni—O bonding
(shorter bond lengths, higher electronegativity, and cova-
lency), such that the length decreases in the order of NiO
(2.08 A), Zni*Ni,__,O0 (208 A), AL'Ni_,0 (2.04 A),
Sni*Ni,_,0 (1.97 A), Fe;™Ni__,0 (2.07 A), and Fe}*Ni,_,O
(2.02 A).

The diagram in Figure 5 can partially explain the Fe-induced
OER promotion.”” It is known that the addition of
approximately 25% of Fe into NiO, introduces the signature
of the Fe,Oj spinel structure with mixed Fe** and Fe®"
oxidation states and promotes the OER.*>”* In Figure 5, this

would be characterized by a mixture of Fej*Ni,_,O and

Fei+Nix_4O DOS, which has two effects: (i) the Ni 3d orbital
upshift in Fe** (as discussed), and (ii) the appearance of
midgap shallow defect states (nonbonding states), which are
known to promote the OER in Fe,0;.”> Furthermore,
ferromagnetism and ferroelectricity are likely to glay a role in
the OER, and this certainly needs to be explored.”® Herein, we
observe that the Fe dopant is the only open-shell metal dopant
with a magnetic dipole moment (uy) and varying spin states
depending on the M oxidation state (Fe** 3d° and Fe** 3d°),
which alters the spin density of the O atoms in Fef+Nix_IO,
thus leading to a highly spin-polarized and correlated material
(Figure S$39).

Several OER descriptors have been investigated, with the d-
band center from Nerskov et al. being the most popular to
describe structure—activity relationships in transition met-
als.*”*”%% In TMOs, reactivity must be related to the physical
nature of the TM—O chemical bond and can be associated
with properties related to electronegativity, 3d orbitals, and
oxophilicity.” In the case of the p-type NiO,, the VBM is
composed of O 2p and Ni 3d orbitals, both of which are very
localized, with the former being the most, and for this reason,
NiO, has low hole conductivity.*” Thus, shifting the position
of the 3d orbital relative to the 2p can improve hole
semiconductivity in NiO,, since it places the metal orbital at
the VBM, and this can be achieved by doping.'” This shift in
the 3d orbital energy level relative to the O 2p can also change
the overall energy position of the VBM and the Fermi level of
NiO,, as observed experimentally in this work. As shown by
Liu et al,, the energy of the VBM d-states relative to the E; can
be used as a descriptor to probe the electronic origin of the
OER surface reactivity.”” Thus, the hole density in the catalyst
VBM acts as active sites for the OER, and the flux of electrons
by the CBM maintains the creation of holes aided by the
applied positive bias. Hence, the role of the dopant in
improving the electron conductivity is also essential.

Figure S43 compares (a) the induced dipole moment
(Apz = Pra — pslab) when a finite high-energy field (5.14 X
10" V/m) was applied in the nonperiodic direction (z) of the
slabs, and (b) the average of the diagonal of the «, tensor when

a low-energy field (5.14 X 10** V/m) is applied in the slabs’
x, y, and z directions. The general trend in Ap, [Figure S43a]
increases when the surface is charged. The exception of

ALNi,_ ;O and AP*Ni__,O can be due to the electronic
configuration of the neutral Al defect being [3s*3p'] versus in
AP*Ni,__,0 is [3s°3p°]. The a, [Figure $43b] increases when
one electron is removed from the VBM in Nig;, Aly;, Sn};, and
Fe};;, and decreases when the second electron is removed in
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NiY; and Feyy. This suggests higher oxidation states in the 3d
orbitals of NiO and Fe;Ni,_;O localized the positive charge
states. Adding Sny; into NiO leads to the highest a,, which can

be attributed to the positive charge residing in the larger 5s>Sp°
orbitals. The low @, values found in the neutral slabs, i.e., NiO,
Zny;, AlY;, Sny; and Fey, in contrast to the charged ones, are
due to the larger Ap in the charged slabs. Overall, the a, values
have a similar OER activity trend of Zny; < NiO (or charged
defects) < ALY; < Sn};. The @, does not correlate with the Fe
effect discussed; that is, adding Fe to NiO does not result in
the highest a, values, supporting the idea that the promotion
of the OER in Fe-NiO is not of electrostatic origin. The
relationship between electronegativity, chemical hardness, and
softness with the chemical capacitance C, (i.e., surface DOS)
has been defined in the work of Bueno et al.'’'~'"* These
properties can be associated with the electric polarizability (c,)
of the catalysts, which is a reactivity descriptor in enzyme
catalysis and host—guest interaction in supramolecular
chemistry, which can be experimentally measured.'**~'%’
The electrostatic potential maps (EPMs) in Figure 6
illustrate how electrons are distributed on the isosurface of

49ev

Figure 6. Local electrostatic potential maps of NiO and neutral defect
slabs ZnNi,_,0, AlNi,_,0, SnNi,_,0, and FeNi,_,O colored
according to the energy values of electron density isosurface (0.0005
au cutoff). Strong electrostatic interactions are related to the electron-
rich regions (red) and electron-poor regions (blue) and weaker VdW-
like in intermediate regions (green). Perspective view (left), top view

(middle), and slab top view (right).

the electron density of the optimized slab structures and can be
used as local reactivity descriptors of active sites.'”® The
surface colors indicate regions of electron accumulation (red)
and electron depletion (blue), which tend to have strong
electrostatic interactions. In the right part of Figure 6, bond
lengths indicate how the M—O bonding changes and how that
influences the charge distribution. The dashed circles in Figure

6 represent the changes in charge distribution due to the
addition of the dopants. Zn;Ni,_;0, Sn,Ni,_,0, and Fe;Ni
O have a slight increase in the blue region (top left of the top
view), and ALNi,_,O has a decrease. These EPM changes
correspond to an increase in the bond lengths in Zn)Ni__,0,
SoNi,_,0, and FeNi,_,O, and a reduction in ALNi,_,O
compared to NiO (top view of the slabs). The same trend is
found in the other circled regions, indicating that shorter M—
O bonds have a higher electron density. Because the OER
catalysts act as electron acceptors, active sites should be blue
and green regions. Interestingly, ALNi,_;O and SnNi,_,0
have more zones associated with weaker electrostatic
interactions (green) when compared to ZnNi,_;O.

The surface reactivity was tested by water dissociative
adsorption energy (Ewp) (Table 2). The details for choosing

x—1

x—1

Table 2. Single Site Water Dissociative Adsorption Energy
Eyp in the hpc Site of NiO and Doped NiO (111) Oxygen
Terminated Surfaces

Catalyst Defect Eywp (eV)

NiO - -3.90
ZnNi,_,0 Zny -3.85
ALNi,_,0 Al —4.13
AlNi,_,0 Al —5.10
Sn,Ni,_,0 Sny; -3.68
SmyNi,_,0 Sn}g —5.48
Fe,Ni,_,0 Fey; —4.28
FeNi,_,0 Feyy; —4.72
Fe Ni,_,0 Fels —6.25

the NiO (111) oxygen-terminated facet and specific active site
(hollow face-centered) can be found in the Supporting
Information. The results in Table 2 show that H,O
dissociation is favored on the charged surfaces (ALY, Sn3j,

Fe};;, and Feyy;) when compared to the neutral surfaces (NiO,,

Zn%;, AlY,, Sny;, and Fey,). This is expected as a result of

stronger electrostatic interactions between the charged
surfaces. Comparing the Eyyp, values for the neutral slabs, the
trend in reactivity increases in the order of Zny; < Sny; < AL;
< Fe};. In charged slabs, the Eyy, reactivity increases in the
order of Fey; < Aly; < Sn} < Feli. The Eyyp for neutral and
charged surfaces has a similar trend to the observed OER
activity (ZnNiO, < NiO, < AINiO,, SnNiO,) and predicts that
doping NiO with Fe"* improves surface reactivity in the neutral
Fey; and charged Fey; defects compared to other surfaces with
the same charge state. As a general remark on the reactivity
trend, it seems that when AI**, Sn*', and Fe’" (or higher
oxidation states) are added into NiO, a combination of
electronic and electrostatic effects increases the interaction
(higher stabilization) with H,O; thus, one can expect a similar
trend when these surfaces interact with other OER oxygen
intermediate species. Further insight into the electrostatic and
orbital energy components that can explain this reaction can be
obtained through energy decomposition analysis, which is
beyond the scope of this work.'"
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B CONCLUDING REMARKS AND OUTLOOK

We studied the electrochemical activity of the OER in self-
supported nanofilm catalysts (NiO,, ZnNiO,, AINiO,, and
SnNiO,) produced with plasma-enhanced atomic layer
deposition (PE-ALD) on an inert substrate (FTO). The
nanofilms showed great stability, durability, and high activity
even after conditioning for several cyclic voltammetry (CV)
cycles at slow scan rates (600 cycles at 20 mV/s). The order
found in the OER activity was ZnNiO, < NiO, < AINiO, <
SnNiO,. A future study should investigate whether different
Sn*" concentrations can enhance the OER activity. All catalysts
presented a first-order mechanism, as indicated by Tafel
analysis. Our results suggest that the enhancement of the OER
activity arises from a balance between optimal Fermi level
positioning (E), hole concentration and mobility, and low
charge resistance (Rg,,). DFT modeling supports the
hypothesis that two effects tune the NiO, intrinsic activity.
The first is the electrostatic charge effect arising from the
oxidation state of the M" dopant that supports a higher
concentration of positive charge at the solid—electrolyte
interface (associated with Cg,,). The second is a high charge
delocalization that results from M""-NiO, orbital mixing
(associated with Rg,,) and allows the excess charge to flow.
Our results support the idea that the promotion of the OER in
NiO, by adding an M dopant occurs via balancing electrostatic
(positive charge accumulation) and electronic (orbital charge
delocalization) effects. This study contributes to future
experimental and theoretical developments of optimized
electrochemical catalysts by informing that the OER activity
of NiO, is improved with M"" dopants with higher oxidation
states and larger delocalized orbitals.
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