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Nickel oxide-based catalysts currently represent the state of the art in

electrochemical water oxidation in alkaline pH. However, much of

their functionality remains poorly understood, particularly regarding

catalytically active sites and mechanism. Herein, we conduct a thick-

ness dependent study of sputter deposited NiOx films by electro-

chemical impedance spectroscopy and spectroelectrochemistry in

order to differentiate bulk oxidation from catalytic activation. We find

thatwhile catalytic activation occurs throughout the film bulk, only the

upper #5 nm of these films are able to participate in the water

oxidation reaction, a result that may be critical in the design of next

generation co-catalysts to maximise performance and minimise light

absorption losses.
Introduction

Stable catalysts comprising Earth-abundant materials are
required to generate sustainable yields of solar H2 from water.
In particular, the fundamental but kinetically slow 4-hole
oxidation of water to molecular oxygen benets greatly from
efficient catalysts, which may be employed either as co-catalysts
in conjunction with light absorbing materials (as seen in PEC
cells), or solely as electrocatalysts for dark catalysis (as in elec-
trolysers).1–6 NiOOH is a highly promising material for water
oxidation, currently challenging the more traditional, precious
metal-based catalysts for smallest overpotentials and highest
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attainable current densities.7–10 With catalytic onsets as low as
1.50 V vs. RHE reported (h ¼ 0.27 V at pH 13), nickel- and iron-
based oxides and oxyhydroxides provide a benchmark for the
development of future catalysts, and yet much of their current
mechanistic function is still under debate.7,10,11 Furthermore,
the relationship between the primary oxidation of Ni centres
observed before the catalytic onset and further oxidations
during catalysis remains unclear.12 Evidence of water penetra-
tion within the layered oxyhydroxide structure aligns with
reports of catalytic activity beyond the atomic surface,13,14

though other works suggest that the active species are surface-
generated oxo and superoxo species.12,15,16 Recent works on
themodel OER catalyst CoPi by the groups of Boettcher and Dau
have indicated that bulk cobalt atoms are active for water
oxidation, resulting in a proportionality between catalyst
thickness and activity,17,18 but no clear consensus has been
reached regarding bulk activity in the family of Ni/Fe oxy-
hydroxides. Alongside hydration, it is widely reported that the
high affinity of nickel oxyhydroxide for iron allows for the latter
to be incorporated into the NiOOH structure from trace impu-
rities in alkaline electrolyte, adding complication to mecha-
nistic understanding.19,20 With the electrochemically active area
oen ill-dened for these materials,21 determining where
catalysis occurs remains a challenge, which when solved may
greatly aid our understanding of these remarkably high per-
forming materials and determine where future improvements
can be targeted.

In this work, we shine light on this uncertainty in the eld by
differentiating ‘bulk’ and ‘surface’ oxidation processes using
different thicknesses of highly defective NiOx lms sputtered on
a conductive substrate. In coupling electrical and optical spec-
troscopic techniques, we elucidate that the initial oxidation of
NiOx to NiOOH is a bulk oxidation process, penetrating deep
into the lm and thereby allowing incorporation of water and
iron impurities into the layered structure. However, the inter-
mediate species accumulated during water oxidation catalysis
are limited to the near surface, #5 nm, despite the prior acti-
vation of the entire lm. As such, much of the bulk material
This journal is © The Royal Society of Chemistry 2020
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only contributes to resistance losses and ne nanostructuring
of these electrocatalysts is predicted to greatly enhance
performance.
Results and discussion

NiOx thin lms were deposited on FTO coated glass by
magnetron sputtering under inert atmosphere, the details of
which may be found in the ESI†. By controlling the deposition
time, lms of 5, 10, 20 and 100 nm were synthesised, their
thicknesses conrmed by XPS as detailed in previous work.22

The NiOx structure was most readily apparent in the thickest
lm but the presence of Ni was conrmed for each thickness
using EDS, and gave the expected proportionality (Fig. S2†). The
as-deposited lms were examined by XPS before and aer
exposure to electrolyte, and the thickest lms were also exam-
ined by XRD, allowing conrmation of the bunsenite NiOx

structure, which is further oxidised with use, as discussed below
(Fig. S3–S5†).

The lms were interrogated electrochemically in 0.1 M KOH
electrolyte, reported to afford the highest performances for Ni-
based catalysts.23 The initial cyclic voltammogram (CV) for
a 10 nm lm is shown in Fig. 1 (red trace), with similar CVs for
the other thicknesses given in Fig. S6.† A shallow, broad redox
wave can be observed�150 mV before the catalytic onset at 1.64
VRHE, which we assign to the oxidation of Ni2+ to Ni3+ and the
concurrent formation of NiOOH. The catalytic onset or onset
potential is dened herein as the potential where the extrapo-
lated faradaic current density reaches 50 mA cm�2, as detailed in
the ESI Fig. S7, Section F.† This oxidation and hydration process
associated with the Ni2+/Ni3+ transformation has been widely
reported in the literature and known to be a necessary step in
the activation of these lms for water oxidation catalysis.16,24–27

In order to activate as much of the deposited material as
possible, 50 CV scans were performed over potentials
Fig. 1 Cyclic voltammetry of 10 nm thick NiOx after 1 scan (red line)
and 50 scans (dark red line), and the corresponding capacitance data
(black squares) over the same potentials. The CV scan rate was 50 mV
s�1 and 0.1 M KOH was used for both impedance and
electrochemistry.

This journal is © The Royal Society of Chemistry 2020
corresponding to this redox wave, resulting in a clear
enhancement in the wave amplitude from the oxidation of more
Ni centres, as seen in Fig. 1 (dark trace). An improvement in the
catalytic current can also be observed following this activation
(see Fig. S6† for electrochemical activation of the other thick-
nesses), stabilising at the best performance aer 50 CVs for the
5, 10 and 20 nm lms. While the redox wave growth correlates
with greater lm activation, the catalytic enhancement also
agrees with several reports in literature of Fe incorporation from
impurities in standard grade alkaline electrolytes, with Fe traces
as low as 1 ppm able to signicantly improve the OER activity of
similar electrocatalysts.20,28,29

The capacitance over the same applied potentials was
determined from impedance spectroscopy using the equivalent
circuit models given in Fig. S8† and resultant experimental and
tted Nyquist plots (see Fig. S9† for example at 1.6 VRHE).
Exemplied in Fig. 1 for the 10 nm sample (squares), the
capacitance increases with applied potential with a well-dened
peak over the redox wave and a gradual decrease over the
catalytic region (evident at each thickness as shown in Fig. S6†).
This peak in capacitance is thereby associated with the bulk
transformation of Ni(OH)2 to NiOOH, before the onset of
catalysis. Furthermore, the capacitance increases with lm
thickness and the amount of material available. This behaviour
is typical of a chemical capacitance, from which an approximate
density of states (DOS) may be calculated by dividing by the
charge of an electron, as shown in Fig. S10.† 30 The agreement in
energetic maxima of the DOS between samples and the increase
in density of states available with thickness strengthens the
argument that the same bulk oxidation is required for each lm,
as expected. A semi-molecular approach in the analysis of these
materials is pertinent given the local nature of the oxidation
process (requiring direct water/hydroxide contact),16,27 and
while treatment of these lms as semiconductors may not be
constructive for understanding their mechanistic activity in the
catalytic region, Mott–Schottky analysis in the pre-redox region
(<1.2 VRHE) reveals a doping density around 1021 cm�3

(Fig. S11†), thereby conrming the highly defective nature of
these materials.31 Higher catalytic activities have previously
been associated with highly defective and disordered phases of
NiOOH.32 Furthermore, the at band potential obtained from
this analysis at 1.2 VRHE agrees well with previously literature
reports.33–35 In the case of the 100 nm sample, the relatively large
amount of material gives rise to a large and broad redox wave,
which proceeds to grow past 50 CV scans. This therefore indi-
cates that the entire bulk of this lm is not oxidised to NiOOH
by our activation process, as supported by the similarity in
before and aer XPS data of Ni 2p and O 1s for this sample
(Fig. S4 and S5†) and the SEC results shown in Fig. S18.† This
has been observed in other metal oxide systems and attributed
to increasing inhibition of water and hydroxide ion transfer to
the inner depths of the oxide layer.36 As such, the DOS is likely to
be underestimated for this thickness and this sample was not
considered further.

Aer immersion in alkaline electrolyte, the oxidation of
Ni(OH)2 proceeds via the following reaction: Ni(OH)2 + OH� /

NiOOH + H2O + 1e�, with NiOOH, or rather Fe-doped NiOOH
Sustainable Energy Fuels, 2020, 4, 5024–5030 | 5025
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(Ni(Fe)OOH), the basis for OER catalysis.32 By comparing the
50th CV scan for 5, 10 and 20 nm thick lms, a relationship
between lm thickness and the redox capacitance (size of the
redox wave) can be observed (Fig. 2a). This conrms that this
oxidation pre-requisite to catalysis is very much a bulk process,
with the electrolyte penetrating deep into the lm to form
NiOOH throughout. This result correlates with the layered
nature of these lms, which can swell to incorporate water
(hydration process).28,36,37 The 5 nm and 10 nm lms appear to
have a similar catalytic onset (1.63 and 1.64 VRHE, respectively)
aer the lm activation, whereas the 20 nm lm has an earlier
onset, at 1.55 VRHE, addressed below.

The activation of Ni(OH)2 to NiOOH also induces a reversible
colour change, as previously reported (Fig. S13†),27,38,39 allowing
for this transition to be probed by spectroelectrochemistry. By
monitoring the change in optical absorption of the lms aer
activation, i.e. subtracting the initial absorption spectra from
those obtained aer 50 CV scans, the residual spectra of the
oxidised species formed were obtained. These are given in
Fig. 2b and clearly demonstrate that the same species, NiOOH,
is formed in each case, as the spectra are very similar
Fig. 2 (a) The 50th CV scan for 5 (green), 10 (red) and 20 nm (blue) fil
showing the change in absorbance after activation for each sample with
20 nm (blue). (c) Comparison of the area of the redox wave, peak capa
troelectrochemistry of this first oxidation for each thickness.

5026 | Sustainable Energy Fuels, 2020, 4, 5024–5030
(normalisation shown in Fig. S14†) and agree with other liter-
ature reports.24,40 It is equally evident that increasing lm
thickness results in greater absorption, thereby supporting the
electrochemical assignment of this initial Ni(OH)2/NiOOH
transition to a bulk oxidation process. This thickness depen-
dent absorption, alongside the increase in chemical capaci-
tance with thickness, is displayed in Fig. 2c. While doubling of
the lm thickness from 5 nm to 10 nm results in the anticipated
doubling of both the optical signal and chemical capacitance,
this proportionality is not maintained in doubling again to give
20 nm. This thereby suggests that, as with the 100 nm sample,
there remains some small portion of the lm which is not
adequately hydrated to allow NiOOH to be synthesised.

Performing spectroelectrochemistry across potentials that
give rise to catalytic current produces a different result, with the
appearance of a new feature. As with the rst oxidation, similar
difference spectra are produced for each thickness, now with
central peaks at 510 nm and 625 nm, as demonstrated in Fig. 3a
for the 5, 10 and 20 nm lms at 0.1 V aer catalytic onset. (See
Fig. S15† for independent incremental increases in optical data
for each thickness and normalised data in Fig. S16†). With
ms, 50 mV s�1 in 0.1 M KOH electrolyte. (b) Spectroelectrochemistry
respect to the absorbance before activation; 5 nm (green), 10 nm (red),
citance value from impedance and absorbance maximum from spec-

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Spectroelectrochemistry data applying 0.1 V beyond the catalytic onset to ensure each sample is examined under the same catalytic
regime (this equates to 1.74 VRHE for 5 and 10 nm, and 1.65 VRHE for the 20 nm sample). (b) The change in absorption at 510 nm for each film
thickness as a function of applied potential over catalytic range (top), and the corresponding steady-state current obtained simultaneously from
the spectroelectrochemistry measurement (bottom) in 0.1 M KOH. In both (a) and (b), 5 nm (green), 10 nm (red), and 20 nm (blue) are shown. (c)
The catalytic current and optical density at 510 nm and 0.1 V after current onset against film thickness, revealing no increase in the population of
accumulated species with thickness.
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increasing anodic potential, these peaks grow steadily due to
the increased accumulation of the oxidised species from which
they arise. As these data correspond to steady-state catalysis, the
resulting spectra represent the absorbance prole of the pop-
ulation of reactive intermediates accumulated under steady-
state conditions to drive water oxidation catalysis. Notably,
when comparing the onset of accumulation of these interme-
diates to the current onset (Fig. 3b), it is clear that a degree of
accumulation is necessary for catalytic current to be produced,
in line with the multi-step nature of water oxidation.27 It is also
evident that this accumulation begins �50 mV earlier for the
20 nm lm, in agreement with the earlier catalytic onset of this
thicker lm, and thereby indicating that current onset is
directly correlated with the relative ease of oxidised species
accumulation in such materials. To understand this behaviour,
we carried out Raman spectroscopy on both 5 nm and 20 nm
lms (Fig. S17†) and observed that the broad emission centred
at 550 cm�1 in the 5 nm sample is shied to higher
This journal is © The Royal Society of Chemistry 2020
wavenumbers in the 20 nm sample, which may be indicative of
disproportionately higher Fe incorporation in the 20 nm lms.32

Increased concentrations of Fe atoms in NiOOH structures have
previously been shown to lower the onset for OER catalysis, in
agreement with the observations herein.19,20,27,41 Alternatively,
the improved onset of the 20 nm lms may stem from different
proportions of b-NiOOH and g-NiOOH, which are reported to
have difference OER efficiencies and different affinities for
Fe.42–44 Appearance of different phases would also be expected to
induce changes to the Raman spectrum as seen for the 20 nm
lm. Unfortunately, the small thicknesses of the samples
inhibited adequate determination of the phases present by XRD
and thus further elucidation on this point could not be made.

Arguably the most striking trend observed in these data is
the similarity in optical data at the same current density. These
data account for the difference in onset, the DO.D. in each case
presented at 0.1 V aer the respective catalytic onset. Indeed, if
we were to shi the data in Fig. 3b by the difference in onset
Sustainable Energy Fuels, 2020, 4, 5024–5030 | 5027
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between the samples, we would nd that both the optical data
in the upper panel and current data in the lower panel would
overlap at each thickness across the entire potential range
measured. The degree of similarity in the species and currents
we observe between samples over catalytic potentials is high-
lighted in the comparison in Fig. 3c. Both the steady-state
current and peak optical amplitude remain approximately
constant across each of the samples examined, independent of
thickness for the same potential past onset. This result stands
in direct contrast to the rst oxidation–hydration process
(Fig. 2), which demonstrated increasing absorption amplitudes
with increasing thickness. The similarity in optical amplitude
implies that a similar number of species are accumulating in
each sample. The formation of these accumulated species must
therefore be limited to the thickness of the thinnest lm, i.e. the
upper 5 nm or less of NiOOH, despite the initial oxidation of the
entirety of the lm (Fig. 2).

Furthermore, this result indicates that the accumulating
oxidised species are not formed in the ‘bulk’ of the lm,
presumably due to instability or restricted access to water. With
this, we can conclude that the hydration of the NiOx structure
observed in Fig. 2 is essential for the greater oxidative conver-
sion of Ni2+ to Ni3+ deep into the structure, but that the quantity
of NiOOH generated does not directly correlate to the number of
catalytically active sites in the lms, with only those centres
#5 nm of the upper electrode surface able to accumulate
species driving water oxidation catalysis, as summarised in
Scheme 1. This result is in agreement with pH dependent data
reported by Koper and co-workers which show that the catalytic
activity of NiOOH in alkaline media is dependent on surface
MO� and MOO� species formation,16 as has been reported for
other similar materials.45,46 Likewise a recent investigation
using isotope labelling of NiFeOxHy particles reports that
oxygen evolution is limited to the near-surface region, in line
with our conclusions herein.47 By contrast, the DFT work of
Doyle et al. reports that, given the hydrated layered structure of
these oxyhydroxides, ‘bulk’ sites could contribute to water
oxidation catalysis,14 whereas our results indicate that this is
not the case in these sputtered lms.

In summary, we demonstrate that the activation of NiOx to
NiOOH is a bulk oxidation process, concomitant to hydration
and Fe incorporation, whereas the intermediates observed
during steady-state catalysis in these sputtered lms only
accumulate at the near surface, #5 nm from the atomic
Scheme 1 Graphic representation of each thickness of NiOx sample,
showing the relative thicknesses of active material to bulk oxidised
NiOOH and unaltered NiOx. Only the upper 5 nm or less are active for
water oxidation.

5028 | Sustainable Energy Fuels, 2020, 4, 5024–5030
interface of NiOOH with the electrolyte. It is not clear from this
study alone whether this trend is likely to hold for all layered
oxyhydroxide materials with different degrees of layering and
porosity. However, this study highlights that the potential
redundancy of thicker catalyst layers, which may incur resis-
tance losses, should be considered in the analysis of any new
materials for solar fuels applications.
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