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ABSTRACT

Anion exchange membrane water electrolysis (AEMWE) is a promising technology for renewable electricity-driven water splitting toward
hydrogen production. However, application of AEMWE at industrial scale requires the development of oxygen evolution reaction (OER)
electrocatalysts showing long-term stability under mild alkaline conditions. Among these, nickel cobalt oxide thin films are considered
promising candidates. The ideal chemical composition of these oxides remains debatable, with recent literature indicating that rock-salt
NiCoO2 may exhibit similar OER activity as the traditional spinel NiCo2O4. In this work, we present the development of a plasma-enhanced
atomic layer deposition (ALD) process of nickel cobalt oxide thin films (∼20 nm) with focus on the role of their chemical composition and
crystal structure on the OER activity. The film composition is tuned using a supercycle approach built upon CoOx cycles with CoCp2 as a
precursor and O2 plasma as a co-reactant and NiOx cycles with Ni(MeCp)2 as a precursor and O2 plasma as a co-reactant. The films exhibit
a change in the crystallographic phase from the rock-salt to spinel structure for increasing cobalt at. %. This change is accompanied by an
increase in the Ni3+-to-Ni2+ ratio. Interestingly, an increase in electrical conductivity is observed for mixed oxides, with an optimum of
(2.4 ± 0.2) × 102 S/cm at 64 at. % Co, outperforming both NiO and Co3O4 by several orders of magnitude. An optimal electrocatalytic perfor-
mance is observed for 80 at. % Co films. Cyclic voltammetry measurements simultaneously show a strong dependence of the OER-catalytic
performance on the electrical conductivity. The present study highlights the merit of ALD in controlling the nickel cobalt oxide chemical
composition and crystal structure to gain insight into its electrocatalytic performance. Moreover, these results suggest that it is important to
disentangle conductivity effects from the electrocatalytic activity in future work.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0002414

I. INTRODUCTION

The massive adoption of fossil fuels causes a growing concern
for environmental issues as well as global energy demand. In answer
to these challenges, the growth of renewable energy- (such as wind
and solar) generated electricity is accelerating world-wide.1,2 These
intermittent and fluctuating energy sources require, at the same time,
the adoption of efficient, cost-effective, and robust electricity storage
technologies.3 A very promising approach is the storage of electricity

surplus in hydrogen via water electrolysis. Furthermore, hydrogen is
also in major demand from chemical industry and refineries.
Currently, hydrogen is produced from coal, oil, or natural gas, which
makes it responsible for approximately 900 Mt of direct CO2 emis-
sions a year.4 Thus, it is of the utmost importance to produce low-
carbon hydrogen in a cost-effective and energy-efficient manner.

Current large-scale hydrogen electrolysis production focuses
on alkaline water electrolysis (AWE) and proton exchange
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membrane water electrolysis (PEMWE). AWE has relatively low
capital costs as no precious materials are required. The liquid elec-
trolyte, however, limits the ability of the electrolyzer to dynamically
respond to changes in hydrogen production rates and start-up/
shut-down cycling, which makes the technique incompatible with
the intermittent nature of renewables.4–6 The use of a solid electro-
lyte in PEMWE, on the other hand, makes the technique able to
quickly respond to power fluctuations. This allows to operate
PEMWE with intermittent energy sources. The acidic nature of the
membrane, however, results in a harsh, corrosive environment,
which requires the adoption of noble metal-based
electrocatalysts.7–10 Anion exchange membrane water electrolysis
(AEMWE, Fig. 1), instead, aims at combining the advantages of
AWE and PEMWE by using a polymer exchange-membrane elec-
trolysis system in an alkaline environment. The solid electrolyte
makes the technique compatible with intermittent energy sources,
while its alkaline environment retains the possibility to use cost-
effective, earth-abundant electrocatalysts.9,11,12

AEMWE has only emerged this decade, and its commerciali-
zation and widespread adoption require still much effort.13,14 The
present focus of this technology is on the development of AEM
materials and components. On the membrane electrode assembly
level, the development of membranes and electrodes is of high
importance.8,14,15 The membranes are generally formed by a
polymer backbone with anchored cationic groups that create
anion selectivity. The major challenge of these materials is their
limited thermal stability under basic conditions, which poses
limits to both the long-term stability of AEM electrolyzers and
the electrolyzer operational temperature. The development of
stabilized functional groups on the polymer backbone has,
fortunately, created major improvement in the chemical
stability.8,11–13,16

The focus of this work is, therefore, on the electrocatalyst
design. The oxygen evolution reaction (OER) electrocatalyst design
is especially important because of the large overpotentials associ-
ated with the OER, thereby enhancing the electricity consumption
and limiting the overall water splitting efficiency. The large overpo-
tentials are due to the inherently complex four-electron transfer
process (4 OH−↔ 2 H2O + O2 + 4e−). It is kinetically favorable for
OER to occur through multiple one-electron transfer reactions. At
each step, enough energy must be accumulated to overcome the
high kinetic energy barriers, leading to sluggish kinetics and result-
ing in a large overpotential.17 The optimization of the electrocata-
lyst generally relies on generating a high density of active sites and
intrinsic activity. To achieve a high density of catalytically active
sites, it is critical to properly integrate the catalyst in the membrane
electrode assembly (MEA). Traditional powder catalysts are inte-
grated in the MEA using a binder to create a mechanically stable
catalyst layer. The binder is found to often inhibit the exposure of
active sites and diffusion of gas bubbles.6,14,18,19 It is, therefore, pre-
ferred to use self-supported electrocatalysts, in which the active
material is directly grown on a conductive substrate with a large
surface area without the use of a binder. If no (conductive) binder
is used, it is also critical that the electrocatalyst shows high electri-
cal conductivity to drive the OER.6,9,14

Transition metal oxides have shown to be a promising class of
OER electrocatalysts. They have remarkable catalytic activities due
to their flexible oxidation states and variation in coordination struc-
tures of metal centers. Further advantages can be found in their
cost-effectiveness with regard to noble metal oxides and their excel-
lent alkali resistance.14,20–22 Spinel cobalt oxide (Co3O4, Fig. 2),
composed of one Co2+ in a tetrahedral site and two Co3+ ions in
octahedral sites, has received significant attention as promising
OER-electrocatalyst, especially due to its long-term stability at a

FIG. 1. Illustration visualizing the potential of the anion exchange membrane (AEM) water electrolyzer, which aims to combine the cost-effectiveness of the alkaline electro-
lyzer with the compatibility with intermittent energy sources and high efficiency of the proton exchange membrane (PEM) electrolyzer.
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high current density.14,24–26 Inclusion of nickel in the structure has
shown to significantly improve the electrocatalytic activity.27–30 In
the spinel structure, the nickel is localized mainly on the octahedral
sites to form an inverse spinel NixCo2−xO4 structure.31 The
enhanced performance of the bimetallic oxide is mainly attributed
to the incorporation of Ni3+. The Fermi energy level shifts toward
the valence band maximum due to Ni3+ hole doping, while simul-
taneously a new (unoccupied) hole state with Ni 3d character above

the Fermi energy is formed, which enhances the hybridization of
O2p states with Ni and Co 3d states. This reduces the energy
barrier for electron transfer from 1.2 eV for Co3O4 to 0.4 eV for
NiCo2O4. The unique electronic structure also reduces the energy
barrier for *OH absorption, which is considered the OER rate-
determining step, and facilitates the electron transfer from reaction
intermediates to the catalyst.27,32–36

Nickel cobalt oxides can, however, also adopt the NiO rock-
salt structure (Fig. 2), which contains only +2 oxidation states
(NixCo1−xO2). This phase is also shown to have good electrocata-
lytic performance.34,37–41 The electrocatalytic ability of the rock-salt
phase is related to its structural ability to form the highly active
layered (oxy)hydroxide species.32,38,40 Currently, there is very
limited research34,38,39,42 on the nickel cobalt oxide chemical com-
position, crystallographic phase, and oxidation state and their influ-
ence on the OER catalytic performance.

To investigate this effect, a technique with excellent control over
film chemical composition is required. Atomic layer deposition
(ALD) is a self-limiting deposition method based on cyclic and
sequential dosing of gas/vapor phase species. Its self-limiting behav-
ior originates from chemisorption reactions between the selected pre-
cursor and functional groups at the substrate surface. An ALD
process consists of at least one precursor and one co-reactant that
are exposed to substrates during two half-cycles. The self-limiting
nature of ALD allows for digital control over film thickness and
chemical composition. ALD also delivers films with high conformal-
ity, which is appealing for growth on high surface area substrates.
The chemisorption of the ALD precursor with the surface functional
groups also ensures that no binder material is required. ALD is,
therefore, also highly suitable for the development of a self-
supported electrocatalyst on high surface area electrodes. The benefit
of using ALD for catalysis applications has previously been
shown,41,43–49 notably for phosphate/phosphide,50,51 tin oxide,43,52 or
manganese oxide53,54 catalysts for electrochemical water splitting.

In this work, we report on the influence of chemical composi-
tion and crystallographic properties of ALD-prepared nickel cobalt
oxide films on its OER catalytic performance evaluated on planar
substrates in a liquid three electrode system. Research on the syn-
thesis of nickel cobalt oxides by ALD has been reported,55,56 yet
only Hagen et al.56 have addressed the phase transition from a
rock-salt to spinel phase. In their study, relatively thick films
(∼48 nm) were deposited, aiming primarily for the spinel phase
and providing limited chemical characterization. To the authors’
best knowledge, an extensive ALD process characterization, such as
saturation curves and temperature window, has not been reported
yet in literature, nor have ALD-produced nickel cobalt oxides been
applied for water splitting. This study will, therefore, address the
ALD process development as well as chemical, electrical, and crys-
tallographic characterization of cobalt nickel oxides, along with
their OER activity in alkaline environment as a first step before the
integration of catalysts on gas diffusion electrodes.

II. EXPERIMENTAL DETAILS

A. ALD of nickel cobalt oxides

The ALD processing is carried out in a home-built
plasma-enhanced ALD reactor, described elsewhere.57 Briefly, the

FIG. 2. Structural model of the crystallographic structure of (a) Co3O4 and
(b) NiO. Oxygen is represented by red spheres, Co2+ (tetrahedral sites) by light
blue spheres. Co3+ (octahedral sites) by dark blue spheres and nickel by gray
spheres. The crystal structure is visualized using the VESTA software. (Ref. 23).
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system consists of a inductively coupled plasma source
(13.56MHz) and a deposition chamber. The pumping system com-
prises of a turbomolecular pump connected to a rotary vane pump,
capable of reaching a base pressure of <1 × 10−6 mbar. The reactor
walls are heated at 100 °C, while the substrate holder, suitable for
fitting a 4 in. diameter substrate, is heated at 300 °C. Cobaltocene
(CoCp2, 98% purity) and 1,10-dimethylnickelocene [Ni(MeCp)2,
97% purity], both purchased from Sigma-Aldrich, are selected as
precursors for the process and a 100W O2 plasma is selected as a
reactant in the process. The Ni(MeCp)2 precursor is contained in a
stainless steel cylindrical bubbler heated to 55 °C and carried to the
chamber through a 75 °C line using Ar gas. The CoCp2 bubbler is
heated to 80 °C and dosed using a Ar carrier gas through a 100 °C
carrier line.

A supercycle approach based on recipes for cobalt oxide58 and
nickel oxide59 previously developed in our group is selected for
nickel cobalt oxide deposition. The process, with dosing times
determined upon investigation of the self-limiting behavior and
purging times,58,59 is illustrated in Fig. 3. In short, the process con-
sisted of 4 s of Ni(MeCp)2 or Co(Cp)2 precursor dosing with 4 s of
Ar purging and 5 s pumping followed by, respectively, 3 or 5 s of
O2 plasma dosing and 1 s O2 purging and 3 s pumping. One super-
cycle consists of x cycles of nickel oxide, followed by y cycles of
cobalt oxide and is denoted as Co:Ni y:x. The ratio between the
number of cycles is varied to tune the chemical composition and,
therefore, also the crystal structure of the material.

B. Film characterizations

The thickness of the films is monitored during the ALD
process using in situ spectroscopic ellipsometry (SE) with a J.A.
Woollam, Inc. M2000U (1.25–3.9 eV) ellipsometer. For cobalt
atomic concentrations over 75 at. % Co, the dielectric function is
parameterized using a combination of a Tauc–Lorentz and two
Lorentz oscillators as described by Donders et al.58 Films with a
cobalt content below 25 at. % Co are modeled using a combination
of two Tauc–Lorentz oscillators as reported in the previous work
by Lu et al.60 Growth per supercycle (GPSC) is monitored based on
a supercycle process consisting of five ALD cycles, respectively, Co:
Ni 4:1 and Co:Ni 1:4, which is repeated 60 times. The pump time
after the variable dosing time was extended to a total of 10 s (purge
plus pump time) to prevent any CVD contribution. The first 48
supercycles are deposited to ensure that a closed layer is formed.

The GPSC is determined using film thicknesses derived from in
situ ellipsometry on the final 12 supercycles.

The crystal phases of the cobalt oxide and nickel oxide are
investigated by grazing incidence x-ray diffraction (GI-XRD) using
a Bruker Discover D8, utilizing Cu Kα (λ = 1.54060 Å) radiation in
the 2θ range from 20° to 80°. Additional studies of crystal phases of
nickel cobalt oxides are performed using electron diffraction with a
JEOL ARM 200F Transmission Electron Microscope, operated at
200 kV, equipped with a 100 mm2 Centurio SDD EDX detector, for
the compositional homogeneity studies. Radially averaged intensity
curves were extracted from electron diffraction patterns using the
PASAD plug-in61 in Gatan Digital Micrograph. All electron diffrac-
tion patterns were calibrated by Si diffraction spots originating
from the transparent edge of the crystalline Si frame of the TEM
window. Thus, all patterns had an internal calibration, thereby
reducing the inaccuracy in the lattice parameters to <1%. X-ray
photoelectron spectroscopy (XPS) is performed to investigate the
chemical composition of the ALD films using a Thermo Scientific
KA1066 spectrometer equipped with monochromatic Al Kα x rays.
The binding axis was calibrated by using the adventitious C1s peak
at 284.8 eV as a reference. Chemical composition, expressed in
cobalt atomic concentration as at. % Co = 100% • (Co/ (Co + Ni)),
is calculated from XPS (Fig. S1 in the supplementary material)62

and verified by Rutherford Backscattering Spectrometry (RBS).
RBS, elastic recoil detection (ERD), and particle-induced x-ray
emission (PIXE) were carried out by Detect9963 to determine the
composition and mass density of the films. A 2000 keV He+ beam
is applied for both ERD and RBS. ERD was performed with a 75°
sample tilt and the detector at a recoil angle of 25°. RBS is per-
formed with perpendicular incidence and two detectors at scatter-
ing angles of 170° and 107°. Channeling mode is used to reduce
the background under the oxygen peak. With RBS, it is not possible
to distinguish Co from Ni. Therefore, PIXE has been used to deter-
mine the Co/Ni ratio. For PIXE, a 2.7 MeV H+ beam at perpendic-
ular incidence has been applied. The x-ray detector is positioned at
an angle of 45° between the beam and the specimen normal, and
30 μm Kapton has been used as an absorber. The PIXE spectra
have been analyzed with the Gupix64 PIXE simulation package, and
the resulting Co/Ni ratio is entered as a CoxNiy “molecule” in the
WiNDF65 RBS simulation package to determine the absolute
amounts. A Signatone four-point probe (FPP) in combination with
a Keithley 2400 Sourcemeter is employed to measure the electrical
resistivity at room temperature.

FIG. 3. Schematics of one supercycle of the ALD
process used for deposition of nickel cobalt oxides.

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 41(3) May/Jun 2023; doi: 10.1116/6.0002414 41, 032407-4

© Author(s) 2023

D
ow

nloaded from
 http://pubs.aip.org/avs/jva/article-pdf/doi/10.1116/6.0002414/16908795/032407_1_6.0002414.pdf

https://www.scitation.org/doi/suppl/10.1116/6.0002414
https://avs.scitation.org/journal/jva


The electrochemical performance is measured using cyclic vol-
tammetry (CV) in a standard 150 ml electrochemical cell in
three-electrode configuration equipped with a multi-channel elec-
trochemical analyzer (Ivium-n-Stat). A graphite rod (6/70 mm,
www.redox.me) is used as a counter electrode in combination with
a reversible hydrogen electrode (RHE) reference electrode (mini
HydroxFlex, Gaskatel). The working anode ALD films coated on
FTO glass are used in a (www.redox.me) 25 × 25mm sample
holder with an appropriate window that allows 1 cm2 geometric
area to be exposed to the electrolyte. Measurements are executed in
1M KOH in aqueous solution (VWR chemical) at a scan rate of
10 mV s−1. Electrochemical impedance spectroscopy (EIS) (Fig. S8
in the supplementary material)62 has been used to determine the
cell resistance, and 80% iR compensation has been applied to the
results.

c-Si(100) with native oxygen is used as a substrate for in situ
and ex situ characterization of the process. Four-point probe mea-
surements (FPP) are conducted on highly resistive 450 nm
SiO2-coated substrates. For top-view TEM studies, depositions were
performed on SiNx TEM windows. Fluorine-doped tin oxide glass
(TEC 10, 20 × 15 × 1.1 mm) purchased from Ossila and cleaned by
10 min of subsequent soap water, acetone, and IPA sonication is
used as a substrate for electrocatalytic performance screening. All
samples are cleaned with a 15 min oxygen plasma before deposition
to remove adventitious carbon from the silicon surface and estab-
lish a SiO2-terminated surface.

III. RESULTS AND DISCUSSION

A. ALD process

Saturation curves for each dosing step of the ALD process are
recorded to investigate its self-limiting behavior. The saturation
curve for each dosing step of the ALD process is evaluated by inde-
pendently varying the dosing times of the precursors/co-reactants.
The self-limiting behavior of the Ni(MeCp)2 exposure is investigated
with a supercycle process consisting of one cobalt cycle and four
nickel cycles (Co:Ni 1:4), while the self-limiting behavior of the
CoCp2 exposure cycle is examined using a process consisting of
four cobalt cycles and one nickel cycle (Co:Ni 4:1). The saturation
curves have been determined using in situ spectroscopic ellipsome-
try, and for different stoichiometries, different ellipsometry models
need to be adopted. The Co:Ni 1:4 film has a rock-salt crystallo-
graphic structure, without traces of spinel phase. The NiO ellips-
ometry model consisting of two Tauc–Lorentz oscillators60 is,
therefore, employed to study the film growth rate. The Co:Ni 4:1
film, on the other hand, produces a pure spinel crystallographic
phase. The growth rate is, therefore, studied using a previously
developed Co3O4 model58 consisting of a combination of a Tauc–
Lorentz and two Lorentz oscillators.

The data reported in Fig. 4 show the self-limiting behavior of
the four dosing steps. The dosing times selected for the deposition
recipe are 4 s Ni(MeCp)2 dosing, 3 s O2 plasma after Ni(MeCp)2
dosing and 4 s CoCp2 dosing, and 5 s O2 plasma after CoCp2
dosing. The ALD temperature window is in the range 100–300 °C
(Fig. S3 in the supplementary material).62 Within this temperature
window, a decrease in GPSC is observed for Co:Ni 1:4. This result
agrees with the observation of Koushik et al.59 for NiO, referring

either to film densification or dehydroxylation at the surface. For
Co:Ni 4:1, a constant GPSC is observed until 300 °C, which is a
slightly lower temperature when compared to Co3O4 as reported by
Donders et al.58 This difference presumably originates from the
lower temperature window of Ni(MeCp)2-based NiO.59

The ALD process without Ni(MeCp)2 dosing [Fig. 4(a)] results
in the deposition of cobalt oxide with a growth per cycle (GPC) of
0.48 ± 0.02 Å, which is in agreement with the report by Donders
et al.58 The ALD process without CoCp2 dosing [Fig. 4(c)] results
in the deposition of nickel oxide with a GPC of 0.25 ± 0.03 Å,
which corresponds to the report by Koushik et al.59 The GPSC of
Co:Ni 1:4 shows limited growth as compared to the linear combi-
nation of one CoOx cycle and four NiOx cycles (GPSC of 1.3 Å
resp. 1.7 Å). The GPSC of Co:Ni 4:1, on the other hand, shows
enhanced growth as compared to the linear combination of four
CoOx cycles and one NiOx cycle (GPSC of 2.5 Å resp. 2.3 Å). This
suggests that the presence of two transition metals affects the
growth behavior of the combined ALD process, which will be dis-
cussed in future work. Consequently, the at. % Co in the material
cannot be inferred by the cycle ratio in combination with the GPC
of individual oxides. This study, therefore, relies on ERD, RBS, and
XPS to characterize the cobalt atomic concentrations.

B. Film chemical composition and oxidation states

The chemical composition of the ALD-prepared films is veri-
fied using RBS and ERD (Table I). The films contain a negligible
level of impurities in terms of hydrogen and carbon, with the
carbon levels below the detection limit of 10 TFU (“thin film
units”, 1 TFU = 1015 atom/cm2) for most films. The density of the
films is determined using RBS measurements and the SE-derived
thickness. The densities of Co3O4 and NiO are well in agreement
with previous ALD deposited films50,58,66,67 and bulk densities of
6.11 and 6.72 g/cm3, respectively.68 A decrease in density is
observed for increasing at. % Co, which can be attributed to the
incorporation of the less dense CoO phase (6.44 g/cm3)68,69 at low
at. % Co and to the formation of the spinel phase at higher at. %
Co. PIXE measurements confirm that the at. % Co can be tuned by
ALD. The comparison of the RBS with XPS data, i.e., in terms of
at. % Co (Fig. S1/2 in the supplementary material),62 shows slight
deviations. These are mainly attributed to (i) the overlap of the Ni
KL and Co KM features in PIXE and (ii) the presence of multiple
Auger features in the Ni2p and Co2p XPS spectra. As literature pri-
marily reports XPS data, for the sake of consistency in the rest of
this study, the at. % Co as determined by XPS will be mentioned.

XPS measurements (Fig. 5) of the monometallic oxide films
show the oxidation states of Ni and Co expected for NiO and
Co3O4, respectively. The exact assignment in the XPS spectra of
first-row transition metals to specific chemical environments is
non-trivial due to the complexity of the 2p spectra, and it is, there-
fore, heavily relying on assignments reported in literature59,70–73 In
the NiO spectrum, the Ni2p feature [Fig. 5(b)] at 854 eV is ascribed
to the Ni2+ oxidation state, while the feature at 855 eV in general
includes both contribution from the Ni3+ oxidation state and con-
tribution from the Ni2+ oxidation state.73 This means that the pres-
ence of the feature at 855 eV does not necessarily point to the the
presence +3 oxidation states. The proportionality between both
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FIG. 4. Saturation curves of the four ALD steps used for deposition of cobalt nickel oxide films. (a) Ni(MeCp)2 dosing and (b) O2 plasma dosing after Ni(
MeCp)2 dosing are

based on a Co:Ni 1:4 supercycle process and (c) CoCp2 dosing and (d) O2 plasma dosing after CoCp2 dosing are based on a Co:Ni 4:1 supercycle process. The two
values reported for 0 s of dosing for Ni(MeCp)2 and CoCp2 indicate the GPC for CoOx and NiOx, respectively. The selected exposure times for the standard deposition
process are indicated by vertical dashed lines.

TABLE I. Elemental concentrations in nickel cobalt oxides as determined by ERD (hydrogen) and RBS. The at. % Co is determined using PIXE measurements and compared
to concentrations extracted from XPS.

Sample
Thickness H C O Density Co/(Co + Ni) (%)

(nm) (1015 atoms per cmgeo
2 ) Co Ni (g/cm3) PIXE XPS

Co3O4 9 ± 1 6 ± 1 <10 70 ± 5 39 ± 1 — 6.2 ± 0.6 — —
NiO 17 ± 1 14 ± 1 <10 112 ± 5 — 84 ± 2 6.7 ± 0.3 — —
Co:Ni 14:1 22 ± 2 11 ± 1 <10 153 ± 6 88 ± 2 9.6 ± 0.2 6.2 ± 0.4 90.2 ± 0.2 87 ± 1
Co:Ni 1:10 18 ± 1 13 ± 1 <10 109 ± 5 5.9 ± 0.1 82 ± 2 6.4 ± 0.2 6.7 ± 0.1 18 ± 1
Co:Ni 3:2 — 56 ± 5 25 ± 8 249 ± 7 94 ± 2 79 ± 2 — 54.5 ± 0.5 59 ± 2
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features is used to determine the relative Ni3+-to-Ni2+ ratio for dif-
ferent films. In the Co2p spectrum of Co3O4 [Fig. 5(a)], the main
2p3/2 and 2p1/2 features are observed at 795 and 780 eV, respec-
tively, in agreement with literature.70,72 The 15 eV energy split is
indicative of the mixed Co2+ and Co3+ valence states and is charac-
teristic of Co3O4 as opposed to CoO, which has the wider 16 eV
feature split.70,72 Measurements of NiO in the Co2p spectrum
[Fig. 5(a)] reveal the presence of a Ni Auger feature between 780
and 770 eV, directly beneath the Co2p3/2 feature. This hinders the
observation of the cobalt oxidation states in the mixed oxides.
Accurate determination of the cobalt chemical state in the mixed
oxides, therefore, relies on the 2p1/2 satellite features between 800
and 810 eV, where a more intense satellite feature at slightly lower
binding energy is indicative of a lower Co3+-to-Co2+ ratio and,
therefore, of the rock-salt phase.70,72 Care is taken to subtract the
Ni Auger feature from the Co2p spectrum for determination of
cobalt atomic percentages (Fig. S2 in the supplementary
material).62

XPS measurements on the 25 at. % Co film show a shift of the
Ni2p spectrum (Fig. 5) to slightly higher binding energies as com-
pared to NiO, which can be attributed to the presence of cobalt.
No change in intensity of the Ni3+-related shoulder as compared to
the Ni2+ main feature is observed, which is in line with the struc-
tural analysis showing that both NiO and 25 at. % Co films are
compatible to the rock-salt structure. The structural analysis based
on x-ray and electron diffraction is presented in Sec. III C. The
rock-salt phase obtained from the structural analysis can also be
inferred by the Co2p spectrum of the 25 at. % film, which shows
both a significant increase in the 800–810 eV satellite feature as
compared to the Co3O4 spectrum as well as a 16 eV split between
2p3/2 and 2p1/2 main features, thereby confirming the presence of
Co2+ states in a cobalt nickel alloy. An increased amount of Co2+

states is also observed for the 50 at. % Co film, as indicated by
15.7 eV peak splitting. This suggests, in line with the structural
analysis, that there is still a significant amount of rock-salt phase
present, although the presence of more Co3+ indicates the simulta-
neous presence of the spinel phase. The 75 at. % Co film, on the
other hand, closely resembles the mixed Co2+/Co3+ state of the
Co3O4 spectrum. This suggests that a purely spinel crystallographic
phase is expected to be formed.

These observations are further confirmed by the Ni2p spec-
trum, where a gradual increase in the amount of Ni3+ states is
observed for the concentrations above 25 at. % Co. Given the obser-
vation of the spinel phase at 75 at. % Co during the film crystal
phase analysis addressed in Sec. III C, and the corresponding char-
acteristic mixed Co2+/Co3+oxidation states in the Co2p spectrum at
75 at. % Co, it can be concluded that Ni3+ oxidation states are also
present in the spinel structure. More extensive measurements of the
Ni2p spectrum show that the Ni3+-to-Ni2+ ratio increases almost
linearly between 25 at. % Co and pure Co3O4 (Fig. S6 in the supple-
mentary material).62 The formation of the Ni3+ oxidation state in
spinel NiCo2O4 can be explained as follows: in spinel Co3O4, the
Co2+ is located at the tetrahedral sites and Co3+ at the octahedral
sites. The inverse nature of NiCo2O4, however, has Ni2+ ideally
occupying octahedral sites and Co3+ occupying both octahedral
and tetrahedral sites. The Co3+ at tetrahedral sites, however, is ther-
modynamically unstable, leading to the formation of the more

stable Co2+ state. To subsequently maintain charge neutrality, a
similar amount of Ni2+ is then converted to Ni3+.27,33,74–76

C. Crystallographic properties

The crystallographic structures of the deposited cobalt and
nickel oxides are determined by GIXRD, and the results are shown
in Fig. 6. The nickel oxide diffractogram shows broad features in
the region of 37°, 43°, and 63°, which are identified as (111), (200),
and (220) features of the rock-salt structure, respectively.41,59 In the
cobalt oxide diffractogram, features at 31°, 37°, 59°, and 65° are
identified as (220), (311), (511), and (440) features of the spinel
type structure.56 The absence of features at 42° and 61° in Fig. 6(b),
the (200) and (220) rock-salt phase features,55 indicates that the
cobalt oxide is purely in the spinel crystallographic phase. In line

FIG. 5. XPS spectra normalized to the maximum intensity of each trace of the
(a) Co2p and (b) Ni2p region of films with various at. % Co. The cobalt oxidation
states are determined from splitting between the main features and 2p1/2 satel-
lite features as indicated by dashed lines due to the presence of Ni Auger fea-
tures in the Co 2p3/2 spectra. The nickel oxidation states are determined from
Ni2+ 854 eV contribution and the Ni3+ 855 eV contribution indicated by dashed
lines. Note that 855 eV Ni3+ satellite features contain contributions from the Ni2+

oxidation state, hampering a semiquantitative analysis on the Ni2+-to-Ni3+ ratio.
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with the XPS results, it can, therefore, be concluded that polycrys-
talline rock-salt NiO and polycrystalline spinel Co3O4 are formed.

Fluorescence effects between Cu Kα x rays and cobalt limit
the resolution of cobalt-rich samples, and electron diffraction is,
therefore, employed to study the crystallographic nature of mixed
oxides [Fig. 6(c)]. Similar diffractograms from electron diffraction
and GIXRD are observed for Co3O4 and NiO, verifying our
approach. Comparison of mixed oxides with less than 25 at. % Co
to the NiO diffractogram reveals only rock-salt phase features at
these concentrations. The rock-salt features are observed to shift to

lower 1/d, where d is the lattice spacing, for increasing at. % Co.
This can be attributed to the incorporation of Co2+ states into the
rock-salt structure, as validated by XPS.77 The diffractograms of
mixed oxides with more than 75 at. % Co only show the features
characteristic of the spinel structure. The features shift to higher
1/d for increasing at. % Co as opposed to the negative shift
observed for cobalt inclusion in the rock-salt structure. This shift
can be explained by the inverse nature of the NiCo2O4 spinel struc-
ture, where the larger Ni2+ (r = 0.72 Å) replaces the smaller Co3+ at
octahedral sites (r = 0.63 Å). XPS spectra, furthermore, also
revealed the presence of Ni3+ oxidation states that are incorporated
into the spinel structure. Note that Ni3+ oxidation peaks do not
contribute to a feature shift as their atomic radius is very close to
that of Co3+ (r = 0.62 Å).78,79

Evidence of both rock-salt and spinel structures can be
observed for compositions between 25% Co and 75% Co. This can
be deduced by the presence of both the (200) rock-salt feature at
3.5 nm−1 and the (220) spinel feature at 4.8 nm−1. The shift of the
(220) rock-salt feature from 6.8 to 6.9 nm−1 to higher 1/d in this
region is likely due to the limited resolution of electron diffraction,
which results in an overlap with the (440) spinel phase feature. The
observation of a mixed crystallographic phase is not the result of
segregation into spinel cobalt oxide domains and rock-salt nickel
oxide domains, as shown by EDX elemental mapping (Fig. S5 in
the supplementary material),62 which reports evidence of a compo-
sitionally homogeneous nickel cobalt oxide phase.

D. Electrical conductivity

Another relevant film property, critical for its electrocatalytic
performance, is electrical conductivity. As a matter of fact, the elec-
trocatalyst does not only provide active sites for OER but also
transports electrons to the electrical circuit via the conductive sub-
strate utilized for the OER studies. Application of the electrocata-
lysts in AEM electrolyzers therefore requires conductive metallic
oxides (>10 S/cm).6,9,80 Four-point probe measurements of the
deposited oxides (Fig. 7) show major differences in film electrical
conductivity with an optimal conductivity exhibited from the film
with 64 at. % Co, [(2.4 ± 0.2) × 102 S/cm], while the lowest conduc-
tivity is observed to be (4.2 ± 0.7) × 10−4 S/cm for the 7 at. % Co
film. All samples with cobalt in the range of 55–70 at. % Co show
high conductivities in the order of 2 × 102 S/cm, with a major
decrease in conductivity for at. % Co lower than 45 at. % Co and
higher than 85 at. % Co. At extremes, the Co3O4 outperforms the
NiO by almost two orders of magnitude, which is in agreement
with literature.9 It is important to note that the optimal conductiv-
ity is found for the at. % Co where the spinel phase is dominant.

Increase in the conductivity from Co3O4 to the lowest at. %
Co with a pure spinel type structure can be explained by the forma-
tion of Ni3+ states. These Ni3+ states shift the Fermi level upwards
toward the occupied valence band maximum and simultaneously
form an unoccupied new hole state with Ni 3d character above the
Fermi level.27 This affects the electronic structure of the film
through the formation of a half-metallic state, resulting in a consid-
erable increase in the conductivity. In the rock-salt phase, no
improvement in conductivity is observed below 25 at. % Co. This
can be attributed to the “clean” substitution of homovalent nickel

FIG. 6. GIXRD diffractogram of the ALD (a) NiOx and (b) CoOx film. Reference
diffractograms of NiO, CoO, and Co3O4 are provided as obtained from ICSD
database (collection codes 9866, 9865, and 36 256, respectively). (c) Radially
averaged intensity curves extracted from electron diffraction patterns of
ALD-deposited cobalt nickel oxide films at several at. % Co. The main features
of the Co3O4 spinel structure and NiO rock-salt structure have been indicated
with vertical lines as a guide to the eye.
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for cobalt, which generates no extra charge carriers.81 The observed
increase in conductivity above 25 at. % Co can be attributed to the
increasing amount of Ni3+ states and the coexistence of both rock-
salt and spinel phases. The Ni3+ will enhance the conductivity of
the material through generation of extra charge carriers while the
presence of the more conductive spinel phase will achieve a similar
effect.79,81

The mixed oxides, furthermore, show excellent stability in
their electrical performance regardless of their composition or elec-
trical performance. After 20 days of storage in ambient conditions,
both the 18 at. % Co film and the 69 at. % Co film show no varia-
tion in the electrical conductivity. The presence of mixed crystallo-
graphic phases in the film also does not affect the film electrical
conductivity, as shown by the consistent conductivity of 2 × 101 S/cm
for 47 at. % Co films over 140 days of storage.

E. Electrochemical characterization

The OER performance of the cobalt nickel oxide films is eval-
uated using cyclic voltammetry in 1M KOH solution [Fig. 8(a)].
The electrocatalyst is activated with 100 CV cycles, and the perfor-
mance is screened through the peak current density, defined as the
current density at 1.8 V versus RHE. Evaluation of monometallic
oxides shows that Co3O4 (36 mA cm−2

geo) outperforms NiO
(14 mA cm−2

geo); an observation that is in accordance with litera-
ture.27,42,82 An optimal peak current density of 59 mA cm−2

geo is
observed for 80 at. % Co. Films with more than 50 at. % Co outper-
form Co3O4, while lower at. % Co results in decreased peak current
densities as compared to Co3O4. All mixed oxides are shown to
outperform NiO. From these observations, it can be concluded that
the spinel phase is more catalytically active as compared to the

rock-salt phase and that there is a synergistic effect between cobalt
and nickel.

The electrocatalytic performance of various at. % Co films
shows a similar trend to the electrical conductivity. The relation
between the two parameters has been visualized in Fig. 8(b), where
the electrochemical peak current density is reported as a function
of the electrical conductivity. The at. % Co of the measured films is
reported in the datapoint labels. The rock-salt structure electrocata-
lysts are shown to be both poor conductors and relatively poor elec-
trocatalysts. The spinel-type oxides, on the other hand, show a
substantial improvement in the electrocatalyst performance and
electrical conductivity upon inclusion of nickel as compared to
Co3O4. This effect is believed to originate from the formation of

FIG. 8. (a) Cyclic voltammetry measurement of different at. % Co films after
100 cycles. (b) The current density at 1.8 V vs. RHE after 100 cycles as a func-
tion of film conductivity. The data labels show the at. % Co before catalysis. The
10 S/cm threshold for conductive metal oxides is indicated by the dashed line,
and the most promising electrocatalysts are circled.

FIG. 7. Four-point probe conductivity measurements of 600 cycle nickel cobalt
oxide films (18–30 nm) on 450 nm SiO2 wafers. Films with conductivities above
the 10 S/cm (dashed line) are expected to be suitable for AEM electrolysis
based on their electrical performance.
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Ni3+ states, which not only improve the conductivity but also
enhance the absorption of the OH intermediate resulting in better
OER performance.27 Interestingly, there is a variation in the perfor-
mance for films characterized by both rock-salt and spinel crystal-
lographic phases. The 48 at. % Co shows good electrical
conductivity (50 S/cm) but is categorized among the poorest OER
electrocatalysts with a peak current density of 27 mA cm−2

geo. The
68 at. % Co film, on the other hand, is a slightly poorer conductor
(20 S/cm) but shows better OER-catalytic abilities as observed by
the peak current density of 48 mA cm−2

geo. The improvement in the
electrocatalytic performance of the 68 at. % Co film, therefore, sug-
gests that the spinel phase and +3 oxidation states drive the OER,
and that besides electrical conductivity, the initial film composition
also plays a critical role in the film electrocatalytic performance.
The importance of chemical and structural composition of the film
can furthermore be understood from the shift in optimal at. % Co
for the electrocatalytic performance (80 at. % Co) as compared to
the optimum in conductivity (64 at. % Co). This indicates that the
electrocatalytic ability does not depend solely on the electrical con-
ductivity but that other material properties, such as crystallographic
phase and oxidation states, also affect the performance of cobalt
nickel oxide films. Tailoring of electrocatalysts, therefore, relies on
the enhancement of the electrical conductivity of the film as well as
intrinsic material properties. Crucial material properties of cobalt
nickel oxides seem to be the crystallographic phase, where the
spinel phase seems to be favorable over the rock-salt phase, and the
material oxidation states, where the presence of Ni3+ in the film sig-
nificantly enhances the electrocatalytic performance by lowering
the barrier for OER reaction steps. The precise disentanglement of
conductivity, composition, and electrocatalytic performance is,
therefore, crucial and will be addressed in the future work.

IV. CONCLUSIONS

Plasma-assisted ALD of nickel cobalt oxides with various crys-
tallographic phases has been performed using CoCp2 and Ni
(MeCp)2 as precursors and O2 plasma as a reactant according to a
supercycle process scheme. The ALD process characteristics with
self-limiting behavior upon each dosing step have been observed.
An increasing GPSC has been observed for more cobalt-rich
samples as well as a dependence of individual supercycle growth on
material stoichiometry. An ALD process temperature window
between 100 and 300 °C has been identified.

The pure rock-salt phase is observed below 25 at. % Co. Within
this phase, cobalt and nickel exist primarily in their +2 oxidation
state. The absence of higher oxidation states consequently also
results in a poor conductivity of 10−3 S/cm. Cobalt concentrations
exceeding 25 at. % Co result in the formation of more +3 oxidation
states and a complementary spinel crystallographic phase, which
enhance the material conductivity significantly. An optimal conduc-
tivity of (2.4 ± 2) × 102 S/cm is observed for the inverse spinel phase
dominated 54 at. % Co film. The films exclusively show the (inverse)
spinel structure for cobalt concentrations exceeding 75 at. % Co.
Within this NiCo2O4 inverse spinel structure, a considerable fraction
of Ni3+ states is observed, which are believed to be the origin of high
electrical conductivity. Further increment above 75 at. % Co finally
results in spinel structure Co3O4.

The electrocatalytic performance is screened through the eval-
uation of the peak current density and is found to be closely related
to the film conductivity. The poorly conducting rock-salt phase
films also show limited OER activity. Within the spinel phase, on
the other hand, an increase in electrocatalytic performance is
observed for films with higher nickel content. This is attributed to
Ni3+ states, which both enhance the conductivity of the film and
the absorption of OH− during OER. The initial results from this
study suggest that the spinel crystallographic phase in combination
with abundant Ni3+ oxidation states are optimal for OER perfor-
mance. The complex relation between electrical conductivity and
electrocatalytic performance of the cobalt nickel oxide films fur-
thermore suggests that other material properties such the crystallo-
graphic phase and oxidation states also significantly impact the
electrocatalytic performance. This shows that the ability of ALD to
tune material properties provides handles for studying the intrinsic
electrocatalytic ability of transition metal oxides. ALD furthermore
provides the opportunity to grow extremely thin films (∼2 nm)
such that the influence of conductivity can be disentangled from
the electrocatalytic ability, which will be employed in future work.
In general, atomic layer deposition has proven to be a powerful tool
for investigation of material composition properties on the electro-
catalytic performance.
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