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ABSTRACT: The development of efficient and stable earth-abundant water
oxidation catalysts is vital for economically feasible water-splitting systems.
Cobalt phosphate (CoPi)-based catalysts belong to the relevant class of
nonprecious electrocatalysts studied for the oxygen evolution reaction
(OER). In this work, an in-depth investigation of the electrochemical
activation of CoPi-based electrocatalysts by cyclic voltammetry (CV) is
presented. Atomic layer deposition (ALD) is adopted because it enables the
synthesis of CoPi films with cobalt-to-phosphorous ratios between 1.4 and
1.9. It is shown that the pristine chemical composition of the CoPi film
strongly influences its OER activity in the early stages of the activation
process as well as after prolonged exposure to the electrolyte. The best
performing CoPi catalyst, displaying a current density of 3.9 mA cm™> at 1.8
V versus reversible hydrogen electrode and a Tafel slope of 155 mV/dec at
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pH 8.0, is selected for an in-depth study of the evolution of its electrochemical properties, chemical composition, and
electrochemical active surface area (ECSA) during the activation process. Upon the increase of the number of CV cycles, the OER
performance increases, in parallel with the development of a noncatalytic wave in the CV scan, which points out to the reversible
oxidation of Co®" species to Co®* species. X-ray photoelectron spectroscopy and Rutherford backscattering measurements indicate
that phosphorous progressively leaches out the CoPi film bulk upon prolonged exposure to the electrolyte. In parallel, the ECSA of
the films increases by up to a factor of 40, depending on the initial stoichiometry. The ECSA of the activated CoPi films shows a
universal linear correlation with the OER activity for the whole range of CoPi chemical composition. It can be concluded that the
adoption of ALD in CoPi-based electrocatalysis enables, next to the well-established control over film growth and properties, to

disclose the mechanisms behind the CoPi electrocatalyst activation.
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B INTRODUCTION

has been found that among the earth-abundant elements,

Meeting the word’s energy requirements by adopting renew-
able sources, such as wind and solar energy, also demands
viable solutions in terms of electricity storage.' A valid
approach is water electrolysis, yielding hydrogen and oxygen,
which can then be converted back to electricity on-demand” or
serve as building blocks for the production of synthetic fuels.”
However, the energy efficiency of the water electrolysis process
currently employed in the industry is limited by the sluggish
kinetics and high overpotentials of the oxygen evolution
reaction (OER)." State-of-the-art catalysts for the OER with
much higher activities and lower overpotentials than those
used in industries are available, but they are made of noble
metal oxides." Although these catalysts lead to high energy
efficiencies, the resources they are made of are scarce, and as
such, they are not suitable for large-scale deployment.
Alternative catalysts are needed based only on earth-abundant
elements, while still providing excellent energy efficiencies.” It
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cobalt is one of the best alternatives to noble metals®” and
catalysts based on cobalt phosphate (CoPi) have demonstrated
excellent catalytic performance, both under alkaline and
neutral conditions.*™'° However, as-deposited CoPi layers
often do not show good OER performance. Instead, these films
require activation by exposure of the film to a high potential for
a long time or by repeatedly cycling the applied potential."'~**
Due to the wide range of employed preparation and activation

conditions, the activity of CoPi catalysts reported in the
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literature is highly inconsistent,"* and much remains

unknown about the activation process and the nature of
these catalysts under operating conditions.

The activation of CoPi has previously been explained by
conversion to amorphous or nanocrystalline cobalt hydrox-
ide."” X-ray absorption spectroscopy studies of activated
catalysts indicate that this cobalt hydroxide forms nano-
meter-sized sheets of edge-sharing CoOy octahedra, with the
intersheet spaces occupied by water molecules and phosphate
groups.'®~*' The formation of this layered hydroxide structure
is thought to result in the bulk of the film becoming
catalytically active.”” Furthermore, density functional theory
calculations indicate that at the surface of these sheets,
oxidation of two neighboring Co atoms with pendent oxygen
groups to Co*" allows for the direct coupling of these oxygen
groups to form O,, with a simultaneous reduction of the Co*"
centers.”’ The phosphate groups in CoPi mediate this process
by acting as a flexible support to accommodate morphological
changes during oxidation and reduction of the Co centers in
the nanosheets, as well as by acting as proton acceptors.”*

While the characterization of CoPi films before and after
activation is reported, limited research has been carried out to
gain insight into the (chemical and morphological) changes
that CoPi undergo during its activation. Furthermore, the role
of the chemical composition of the pristine CoPi film in the
whole activation process has not been the subject of
investigation so far. In this regard, atomic layer deposition
(ALD) offers the opportunity to tune the chemical
composition of the electrocatalyst.”>™>® ALD has already
been adopted for the deposition of catalysts based on noble
metals such as palladium,””*° platinum,> —*° and alloys
thereof;*° transition-metal oxides such as nickel oxide®*™**
and cobalt oxide;*”** and various transition-metal phos-
phates'" including CoPi.*’ In our previous work, we showed
that ALD can be used to prepare smooth, amorphous CoPi
films with a tunable chemical composition based on the Co/P
atomic ratio.* In this work, we further exploit the unique
capabilities of ALD in order to study the relationship between
chemical and structural changes during activation as well as the
influence of the initial film composition on the properties of
the activated film. Our results demonstrate that the activation
process proceeds in parallel with the progressive leaching of
phosphorous and formation of cobalt hydroxide as indicated
by X-ray photoelectron spectroscopy (XPS). Analysis of cyclic
voltammetry (CV) measurements shows that this change in
the chemical composition is directly related to the electro-
chemical activation of cobalt species and is accompanied by an
increase in the OER performance. Subsequently, the effect of
the chemical composition of the pristine film (Co/P ratio) on
the activation process is studied. The OER activity after
activation differs significantly depending on the initial Co/P
ratio. By comparing the electrochemical active surface area
(ECSA) of these samples, we demonstrate that after activation,
the OER activity is directly proportional to the ECSA.

B RESULTS AND DISCUSSION

Chemical and Morphological Characterization of the
As-Deposited Samples. As detailed in the experimental
section, CoPi samples were deposited on Si(100) wafers, as
well as on fluorine-doped tin oxide (FTO)-coated glass slides,
which we will refer to as FTO in the rest of this document.
FTO served as a substrate for the electrochemical character-
ization due to its high conductivity and its poor performance as
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an OER catalyst, which allows us to exclude any contribution
from the substrate.”> As the FTO substrate is textured, all
quantities reported here have been normalized to the
geometric surface area of the sample, rather than the
(unknown) exposed surface area, unless noted otherwise. For
a discussion on the details of this normalization procedure, we
refer to the experimental section. The stoichiometry was varied
by adopting a super-cycle approach. These samples have been
named CoPi-x, with x corresponding to the Co/P ratios of 1.4,
1.6, 1.7, and 1.9, as determined by XPS. Each sample was
deposited using 600 ALD cycles. As a reference, Co;0,
samples were also deposited using 600 ALD cycles. Co;0,
specifically was chosen as a reference because it is known to
not undergo an electrochemical activation process unlike other
oxidized cobalt species like CoOOH or Co(OH),*® Cross-
sectional scanning electron microscopy (SEM) and spectro-
scopic ellipsometry measurements revealed that all CoPi films
deposited on Si(100) had a thickness of 65 nm, while the
thickness of the Co;0, film derived from spectroscopic
ellipsometry measurements was 30 nm. A close inspection of
the top-view SEM images of pristine FTO and FTO coated
with CoPi-1.6 (Figure S1) reveals smoothening of the sharp
edges and corners of the FTO crystallites, but no appearance of
new crystallites. This also holds for all other CoPi samples.
Thus, we conclude that all as-deposited CoPi films,
independent of their stoichiometry, conformally coat the
FTO substrate. Grazing incidence X-ray diffraction (GIXRD)
analysis was used to determine the crystal structure of the
samples deposited on FTO, see Figure S2. The FTO substrate
is crystalline and exhibits intense diffraction peaks. The
GIXRD patterns of the CoPi samples are identical to that of
the FTO substrate, indicating that all CoPi samples are
amorphous or contain crystallites at a nanoscale insufficient to
exhibit diffraction peaks. On the other hand, ALD Co;0, is
expected to crystallize in a spinel structure”’ and this is
confirmed by the presence of additional diffraction peaks
belonging to spinel Co;0,.

XPS was used to analyze the chemical composition of CoPi
and Co;0, films deposited on FTO. In addition to an
adventitious carbon layer, all CoPi samples contained Co, O,
and P, while the Co;0, sample contained only Co and O.
Figure 1 shows the P 2p, Co 2p, and O 1s XPS spectra of as-
deposited CoPi-1.6. For survey spectra and XPS spectra of the
other CoPi samples, see Figures $3,54. The results of this XPS
analysis are in agreement with previous reports. "**** The P
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Figure 1. (a) P 2p, (b) O 1s, and (c) Co 2p XPS spectra of as-
deposited CoPi-1.6 and Co;0, samples on FTO.

https://dx.doi.org/10.1021/acscatal.0c04933
ACS Catal. 2021, 11, 2774—2785


http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c04933/suppl_file/cs0c04933_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c04933/suppl_file/cs0c04933_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c04933/suppl_file/cs0c04933_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c04933?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c04933?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c04933?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c04933?fig=fig1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c04933?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Table 1. Composition and Mass Density of Samples Prepared by ALD on Si(100) Wafers”

sample Co (¢} P
(10" atoms per cmg,,”)

CoPi-1.4 124 + 4 350 + 20 79 £2

CoPi-1.6 132 £ 4 340 + 20 75 £2

CoPi-1.7 142 + 4 330 + 20 74+ 2

CoPi-1.9 140 + 4 33 £20 67 +2

Co;0, 138 + 4 173 £ 8

H Co:P stoichiometry density
(g ™)
6+1 1.57 + 0.06 Cos,P,0, 40 + 02
6+1 1.76 + 0.07 C034P104, 41 +02
741 1.92 + 0.07 Co,4P,0, 41402
10 + 2 2.08 + 0.09 C0,,P,0105 41 +02
10 + 2 C050s6 6.0 + 02

“Atomic densities per unit of geometric surface area were measured by RBS and ERD. The stoichiometry of the samples was deduced from these
areal densities (excluding H, as it is negligible). Densities were derived from the atomic areal densities determined by RBS and the film thicknesses
were determined by spectroscopic ellipsometry (65 nm for the CoPi samples and 30 nm for Co;0,).

2p spectrum shown in Figure la reveals the presence of a
single phosphorous species, associated with the phosphate unit.
The O 1s spectrum (Figure 1b) of the CoPi sample is
dominated by oxygen species incorporated in phosphate
groups. Finally, due to strong spin—orbit coupling, the Co
2p spectrum (Figure 1c) is split into 2p;, and 2p,,,
contributions. The Co 2p;,, region consists of a primary
peak at 781.5 eV followed by a broad satellite peak at 785 eV
and the same pattern is repeated for the 2p,;,, region.
Furthermore, the energy difference between the primary Co
2p3,, and the primary Co 2p,,, peaks is 16.0 eV. Both this
energy difference and the intense shake-up satellites are
characteristic of Co®* species.”” As the Co 2p region of all
CoPi species has nominally the same spectral shape, we
conclude that for all Co/P ratios in the range of 1.4 to 1.9, the
cobalt atoms are primarily in the 2+ oxidation state.

The spectra recorded for the Co;0, sample are again similar
to what has been reported before.”” The O 1s spectra (Figure
1b) consist of contributions from hydroxyl groups and oxygen
atoms bound to cobalt atoms. The Co 2p spectra of the Co;0,
sample (Figure 1c) are spin-split, with an energy difference
between Co 2p;/, and Co 2p,,, of 15.0 eV. Furthermore, the
intense shake-up satellite observed in the CoPi samples has
been replaced with a minor satellite at a binding energy of 790
eV. Together, these results point toward a spectrum dominated
by Co*" species.”” As ALD Co;0, adopts a spinel crystal
structure,”” which contains two Co*" species and one Co**
species per unit cell, a minor contribution from Co®" should be
detected in the Co 2p spectra, but it is likely that this
contribution is not well resolved as it overlaps with the more
intense Co* contribution.

In order to support the XPS analysis and to obtain the
absolute elemental concentration, Rutherford backscattering
spectrometry (RBS) and elastic recoil detection (ERD) were
employed to verify the elemental composition of CoPi films
deposited on Si(100), see Table 1. These analyses confirm that
the stoichiometry of the films can be tuned by ALD.
Furthermore, they show that these samples have a negligible
hydrogen content. Additionally, the densities of all CoPi films,
obtained from the atomic loadings per unit of geometric
surface area and the film thickness measured by SEM, slightly
exceed that of crystalline bulk CoPi (3.8 g cm™).”" We assign
this to a minor excess of cobalt and oxygen in these films
compared to the ideal stoichiometry of Co;P,Og.

A systematic difference is observed when comparing the Co/
P ratios obtained by RBS and XPS. We assign this difference to
the occurrence of an Auger peak of cobalt, which, when using
Al Ka radiation, appears at binding energies of ca. 10 eV below
that of the Co 2p,,, peak.”” The presence of this Auger signal
results in significant uncertainty in the estimation of the
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background signal below the Co 2p peaks. The deviations
between the Co/P ratios determined by RBS and XPS caused
by this Auger peak are structural in nature, with the ratios
derived from XPS being ca. 0.2 lower than those derived from
RBS in all cases, see Figure S5. As the literature primarily
reports XPS data, and generally no correction is made for this
Auger peak, in the interest of consistency, we report Co/P
ratios as determined by the XPS analysis in the remaining
discussion.

Electrochemical Activation of CoPi by Potential
Cycling. A detailed study of electrocatalytic water oxidation
has been performed in a 0.1 M potassium phosphate (KPi, pH
= 8.0) electrolyte solution. As-prepared CoPi and Co;0, films
and fresh FTO were taken as working electrodes without
further treatment. Cyclic voltammetry (CV) curves were
measured for all catalysts and are shown in Figure 2a. In order
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Figure 2. (a) 500th CV sweep of CoPi samples with different initial
Co/P ratios as well as Co;0, and pristine FTO. (b) Tafel plots for
CoPi films and Co;0, after 500 cycles.

to compare the activities of the CoPi samples in their activated
state, they all underwent 500 CV cycles prior to the
measurement as shown in Figure 2. As noted before, FTO
shows negligible activity toward OER, while the Co;0, film
and all CoPi films show significant OER activity. At a potential
of 1.8 V versus reversible hydrogen electrode (RHE), CoPi-1.6
displays the highest current density. Tafel analysis was
performed to gain insight into the OER kinetics (Figure 2b).
The Tafel slope of CoPi-1.6 is comparable to the average Tafel
slope (145 mV/dec) reported in the literature for CoPi-based
OER catalysts operating under neutral conditions.'*>** We
note that this Tafel slope likely contains mass transfer
contributions and that they could be improved using gas
diffusion electrodes. Nevertheless, for the sake of comparison
with the aforementioned literature, we have chosen to limit
ourselves to conventional FTO substrates. The lower Tafel
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slope of CoPi-1.6 with respect to the other CoPi films suggests
a smaller activation energy and a fast reaction rate of the OER.
Chronoamperometry shows that after activation, the OER
performance of these samples shows acceptable stability, with
CoPi-1.6 retaining 86% of its initial activity over 8 h (Figure
S6). Thus, CoPi-1.6 turns to be the best sample for OER in 0.1
M KPj, as indicated by a superior Tafel slope, high current
density, and good stability. As such, CoPi-1.6 was selected for
further investigation of the activation process.

As highlighted in the introduction, CoPi-based electro-
catalysts have been found to significantly improve their
catalytic performance with an increasing number of CV cycles.
To better understand the changes occurring in the film during
the activation process, the evolution of the electrochemical
properties of Co;0, and CoPi-1.6 was studied in depth as a
function of the number of CV sweeps at a scan rate of 10 mV/
s, see Figure 3. Co;0, shows a moderate initial current density
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Figure 4. (a) Relationship between the total amount of charge
transferred during noncatalytic oxidation waves (Quydaion) 2nd
reduction waves (Q,equction) pPresent in the CV sweeps of CoPi-1.6
in a pH 8 KPi buffer. (b) Relationship between the total amount of
charge transferred during the noncatalytic oxidative wave and the
catalytic current at an applied potential of 1.8 V vs RHE. Symbols
represent experimental data points, the line denotes a linear fit to the
experimental data, and numbers appearing next to the experimental
data points indicate the CV sweeps.
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Figure 3. (a) Repeated CV sweeps (scan rate 10 mV s™') of (a) CoPi-
1.6 and (c) Co;0, in a pH 8.0 KPi buffer solution, upon changing the
number of CV sweeps. The horizontal arrow indicates the range of a
noncatalytic wave. Evolution of the current density of (b) CoPi-1.6
and (d) Co;0, at an applied potential of 1.8 V vs RHE with an
increasing number of CV cycles.

Nr. of CV cycles

during the initial CV cycle, which declines slightly during
successive CV cycles. On the other hand, CoPi-1.6 shows an
activation process, which leads to an order of magnitude
increase in the current density at 1.8 V versus RHE, going from
0.29 mA cmgm_2 at the first 1st CV cycle up to 4.5 mA cmgeo_2
at the 200th CV cycle. Then, the current slightly decreases,
reaching 3.9 mA cmgeo_2 at the 500th cycle. Meanwhile, both
oxidative and reductive noncatalytic waves appear between 1.2
and 1.5 V versus RHE. The areas of both noncatalytic waves
also increase with CV sweeps.

For activated CoPi catalysts, a close relation between the
redox activity (indicated by the total amount of charge
transferred during the noncatalytic wave per unit of geometric
surface area) and the catalytic activity (indicated by the current
density at 1.8 V vs RHE) has been reported previously.'® The
amounts of charge transferred per unit of geometric surface
area during the oxidative and reductive noncatalytic waves are
linearly correlated, and within experimental error, consistent
with a slope of 1.0 (Figure 4a), indicating that the process is
reversible. These noncatalytic waves have previously been
assigned to the formation of Co® species,”™> and the
formation of Co*" in CoPi-1.6 after 500 CV cycles has also
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been confirmed by UV—vis spectroscopy (see Figure S7) and
XPS (see Figure S and associated discussion). However, we did
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— . 0St CV f
S - 50" CV
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Figure S. (a—c) Evolution of the Co 2p, P 2p, and O 1s XPS spectra
of CoPi-1.6 as a function of the number of CV sweeps. All spectra
have been normalized to the height of the Co 2p;,, peak after the
corresponding CV sweep. For reference, the surface Co 2p and O 1s
XPS spectra of a fresh Co;0, sample have been included and offset
vertically. (d) Current density (1.8 eV vs RHE) and Co/P ratio and
(e) current density (1.8 eV vs RHE) and Co/O ratio as a function of
the number of CV cycles. For clarity, the Co;0, O 1s spectrum has
been deconvoluted into contributions from O—H and O—Co species.

not observe the appearance of any new diffraction peaks in
GIXRD measurements after activation (Figure S8), indicating
that no recrystallization is associated with the formation of
these new Co’* species.

As observed by Gonzalez-Flores et al,'® the number of
charges transferred during the oxidative wave is linearly
correlated to the OER performance (Figure 4b). Co®" species
are thought to be the dominant catalytic active centers during
the OER."°® After activation, 6.4 mC cmgeo_2 is transferred
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during the noncatalytic wave, which corresponds to 40 X 10'°
units of elementary charge per cmgeo.2 As this catalytic wave is
associated with a 1-electron transfer process, ca. 40 X 10" Co
atoms per cmgeo2 are involved during the noncatalytic wave.
From RBS measurements, it follows that CoPi-1.6 contains
(189 + §) X 10" atoms per cmy,,” (see Table 2 and associated

Table 2. Cobalt and Phosphorous Areal Densities of CoPi-
1.6 on FTO before and after OER in a KPi 8.0 Buffer, as
Measured by RBS, As Well as the Associated Co/P Ratios”

CoPi-1.6 pristine post-OER difference
Co (10" atoms per cmng) 203 + 6 189 £ 5 14 + 8
P (10" atoms per cmy,,?) 113+ 3 S4+2 9+ 4
Co/P ratio 1.79 + 0.07 3.52 + 0.16

“Note that the density of the pristine samples differs from what is
reported in Table 1 due to the texturing of FTO.

discussion). This means that the number of Co atoms that
have become redox-active is as high as 22 + 1% of the total
number of Co atoms in the film. We note that this estimation
could be lower by up to 50% if we take into consideration also
the formation of Co*" during the noncatalytic wave, but this
will not substantially affect the following discussion. As
previously addressed, the CoPi-1.6 film has a thickness of 65
nm and this film is found to be compact, smooth, and defect-
free. If the top 1 nm would be accessible to the electrolyte,
1.5% of the Co atoms in the film would be redox-active. The
fact that (i) 22% of the Co atoms were involved during the
noncatalytic waves and (ii) the OER performance is propor-
tional to the noncatalytic wave indicate that a significant
fraction of the Co atoms in the bulk of the film has become
accessible to the electrolyte and is catalytically active. The
hypothesis that in CoPi films a significant fraction of the Co
atoms below the outer geometric surface of the film is
accessible to the electrolyte after activation has been proposed
earlier in the literature in order to explain the fact that the
activity of CoPi films increases with the film thickness.”” As
such, it can be expected that this activation process may be
accompanied by changes in the morphology of the CoPi film
that significantly increase the exposed surface area of the film
relative to its geometric surface area.

Chemical Changes in CoPi upon Activation. As
highlighted in the introduction, activation of the CoPi films
is typically accompanied by the partial conversion of cobalt
phosphate to layered cobalt oxide or hydroxide. However, it is
unknown whether the chemical conversion occurs prior to the
activation or develops in parallel with the activation process. In
order to shed light on this, CoPi-1.6 films on FTO were
subjected to several CV cycles and subsequently their chemical
composition was analyzed by XPS. The resulting Co 2p, P 2p,
and O 1s XPS spectra obtained after various number of CV
cycles are shown in Figure Sa—c. From Figure 5a, we observe
that the Co shake-up satellites at 785 and 802 eV (associated
with Co®" species) decrease as a function of the number of CV
cycles, while the satellite peaks at 790 and 805 eV (associated
with Co®* species) increase in intensity. Furthermore, the
separation between the Co 2p;,, and Co 2p;,, main peaks
decreases from 16.0 to 15.0 eV, which also suggests a transition
from Co*" to Co’".

Simultaneously with these changes in the Co 2p spectra, the
relative intensity of the P 2p spectra decreases (Figure Sb),
indicating leaching of phosphate species. The O 1s spectra

2778

shown in Figure Sc show a shift toward a lower binding energy,
consistent with an increase in oxygen species bond to cobalt. In
addition, there is also an increasing shoulder visible at the high
binding energy side, indicating formation of additional
hydroxyl groups.””** Taken together, these findings suggest
that the activation process is associated with the conversion of
CoPi to Co**-rich cobalt oxide or hydroxide. We find these
findings to be universal for all CoPi samples, see Figures
S9,S10.

In order to study the relationship between these chemical
changes and the electrochemical activity of these films, the Co/
P and Co/O ratios obtained from XPS are compared with the
current density obtained at 1.8 V versus RHE, see Figure Sde.
The activation process correlates with a significant increase in
the Co/P ratio and a decrease in the Co/O ratio. This is
consistent with leaching of phosphorous groups and the
incorporation of additional oxygen in the films. When
comparing the evolution of the Co/P ratio and the current
density, we observe that these two trends are very similar. In
both cases, we observe an increase and saturation after ca. 200
CV cycles. The trend for the Co/O ratio is mirrored, that is, it
decreases quickly initially, until it also saturates after ca. 200
CV cycles. Referring back to Figure Sa, we also observe that
after 200 cycles, changes in the Co 2p spectra are close to
saturation, indicating that the change in the stoichiometry and
the conversion of Co*" species to Co’* species are correlated.
Thus, based on these results, we can conclude that the
activation process that leads to an increase in the OER activity
of these CoPi films occurs in parallel with the change in their
chemical composition.

While these XPS measurements give compelling evidence for
conversion of CoPi to cobalt oxide or hydroxide in the near-
surface region, they are not representative of the bulk of the
film. Therefore, RBS measurements were performed before
and after activation of a CoPi-1.6 film on FTO, see Table 2. By
comparing the elemental concentration of the as-deposited
samples and the samples after S00 CV cycles, we observe a
decrease in the phosphorous content of the entire film by
approximately 52%, indicating that the loss of phosphorous is
not limited to the near-surface region. The fact that XPS can
still detect phosphorous suggests that P leaching occurs
homogeneously throughout the whole CoPi thickness.
Conversely, the amount of cobalt before and after CV cycling
differs to within less than 2 standard deviations, indicating that
cobalt leaching is within the error of the measurement and thus
the change in the film composition can purely be ascribed to
the loss of phosphate units.

Effect of pH on the Activation of CoPi. The preliminary
conclusion that activation is associated with the loss of
phosphate from CoPi suggests that the quantitative leaching of
phosphate may lead to a more active catalyst. Therefore, we
investigated an alternative activation procedure for CoPi-1.6. A
CoPi-1.6 sample was subjected to CV cycling in a 1 M KOH
solution (pH = 14) prior to being transferred to a KPi buffer
solution (pH 8.0) for electrochemical characterization.
During this alternative activation process, changes in the
electrochemical properties of the sample occur much more
rapidly than during activation in the KPi buffer, see Figure S11.
While activation in KPi took over 200 CV cycles, the activity of
CoPi-1.6 in KOH already saturated after 20 cycles.

In the following text, we will refer to the sample activated by
100 CV cycles in 1 M KOH as CoPi-1.6 (act. pH 14), while
the sample activated by 500 CV cycles in KPi buffer will be
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referred to as CoPi-1.6 (act. pH 8). Figure 6a shows the CV
cycles in KPi buffer (pH = 8.0) of CoPi-1.6 (act. pH 8) and
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Figure 6. (a) Single CV sweeps CoPi-1.6 activated by 100 CV cycles
in a pH 14 KOH solution and CoPi-1.6 activated by 500 CV cycles in
a pH 8.0 KPi buffer solution. (b—d) Co 2p, P 2p, and O 1s XPS
spectra before and after activation of CoPi-1.6 in a pH 14 KOH
solution. Spectra have been normalized to the height of the Co 2p;/,
peak. The O 1s XPS spectra have been offset for clarity and
deconvoluted into contributions from O—H, O—P, and O—Co
species.

CoPi-1.6 (act. pH 14): the current density at 1.8 V versus RHE
of CoPi-1.6 (act. pH 14) is higher than the current density
attained by the film activated at pH 8. In addition to this, the
area of the noncatalytic wave of CoPi (act. pH 14) is
significantly larger than that of CoPi (act. pH 8). When
integrating the noncatalytic wave, we find that 73 X 10" units
of elementary charge are transferred per cmgeo2 during the
noncatalytic wave. Since the Co atomic concentration is fixed,
we can conclude that 39 + 1% of all Co atoms in CoPi-1.6
(act. pH 14) are redox-active, representing a significant
increase over CoPi-1.6 (act. pH 8).

XPS measurements were performed on pristine CoPi-1.6,
CoPi-1.6 (act. pH 8), and CoPi-1.6 (act. pH 14), see Figure
6b—d for the detailed spectra and Figure S12 for an XPS
survey spectrum of CoPi-1.6 (act. pH 14). In order to highlight
the changes in the chemical environment, all spectra were
normalized to the height of the Co 2p;, peak. Figure 6¢ shows
that at pH 14, the phosphorous loss is complete. A comparison
of the Co 2p spectra of CoPi-1.6 (at. pH 8) and CoPi-1.6 (act.
pH 14) reveals that the intensity of the Co®* satellite is higher
for CoPi-1.6 (act. pH 8) than for CoPi-1.6 (act. pH 14),
indicating that some Co*" phosphate remains in CoPi-1.6 (act.
pH 8) even after 500 CV cycles. A comparison of the O 1s
regions shows a shift of the spectra to lower binding energies
when going from pristine CoPi-1.6 to CoPi-1.6 (act. pH 8) and
then to CoPi-1.6 (act pH 14). We assign this to progressive
loss of the phosphate-related oxygen peak around 531.5 eV and
the increase in the cobalt oxide-related O 1s peak at 530.0 eV.
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Structural Modifications of CoPi upon Activation. To
investigate any structural change associated with the activation
process, the activated CoPi-1.6 film (after SO0 cycles) was
studied by SEM and the corresponding SEM images are shown
in Figure 7. Large micrometer-sized cracks appeared on the

Figure 7. SEM micrographs of CoPi-1.6 (a) as-deposited and (b—d)
after 500 CV cycles in a pH 8.0 KPi buffer solution.

surface (Figure 7b), in sharp contrast with the morphology of
pristine CoPi-1.6 (Figure 7a), which is crack-free and closely
follows the FTO crystallites. We do expect that these cracks are
most likely formed due to drying of the film after removal from
solution and are therefore not representative of the
morphology of the sample during operation.*””

In the uncracked regions, a significant change of micro-
structure can be observed: the sharp edges from the FTO
crystallites present before OER are completely absent after
OER and close-packed smoothed features are observed, see
Figure 7c. This smoothing of the film suggests that significant
restructuring of the initially highly conformal film occurs upon
CV cycling. Furthermore, high-magnification SEM reveals that
these features contain stacked, poorly ordered platelets (Figure
7d). We tentatively assign the appearance of these platelets to
the formation of cobalt oxide or hydroxide nanosheets, which
have been identified previously by EXAFS as the dominant
phase in activated electrodeposited CoPi catalysts.'*~>"

Influence of the ECSA on the Activation Process. In
our previous study,” we pointed out to the relationship
between the Co/P ratio of the pristine samples and their
electrochemical activity. However, as shown here, the
composition of CoPi-1.6 changed significantly after activation
by 500 CV cycles, and as a matter of fact, Figure S13 shows
that there is no universal correlation between the stoichiometry
of the layers after activation and their electrochemical activity.
In addition to that, as shown previously, the activation process
leads to a significant enhancement of the fraction of Co atoms
accessible by the electrolyte and for restructuring of the film.
As such, while the initial stoichiometry undoubtedly
determines the catalytic activity of the samples after activation,
the relationship is not direct and there must be an alternative
figure of merit that reflects the difference among samples.

The morphological changes that the CoPi films undergo
upon their activation can be expected to lead to a significant
enhancement of the surface area exposed to the electrolyte for
the same amount of geometric surface area immersed in the
electrolyte. As such, we characterized the ECSA of the samples
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according to their double-layer capacitance (see Figures
S14,515. Note that since the geometric area of the samples
is 1 cm? in this case, the ECSA also corresponds to the
roughness factor). These double-layer capacitances were
converted to the corresponding ECSAs using the specific
capacitance C, = 1.7 uF cmggs, obtained from Menezes et al.’s
work.”” When reporting the current density as a function of
ECSA (Figure 8), a close relationship between these two
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Figure 8. Relationship between the current density at 1.8 V vs RHE in
a pH 8.0 KPi buffer solution and the ECSA for samples with different
initial Co/P ratios. The symbols represent experimental data points,
with error bars indicating the standard error in the current density and
ECSA (for some data points, error bars are smaller than the symbols).
The line indicates a linear fit to the postactivation experimental data
points; for details, see text. For samples marked as-dep, the ECSA was
obtained prior to any CV cycling and the current density at 1.8 V vs
RHE was obtained from the first CV cycle. Samples marked with act.
pH 8 were activated by 500 CV cycles in a pH 8.0 KPi buffer solution
prior to the analysis. The sample marked with act. pH 14 was
activated by 100 CV cycles in a 1 M KOH solution (pH 14) prior to
transfer to the KPi buffer for analysis.

parameters is observed. In particular, all samples prior to
activation show an ECSA within one order of magnitude of the
geometric surface area of the sample, and a low current density
as well. After activation, the current density of all samples
increased significantly and at the same time the ECSA
increased, thus confirming that the activation process leads
to the restructuring of the film that makes a significant part of
the bulk of the film accessible to the electrolyte. Furthermore,
Figure 8 shows that for the best performing sample after
activation, that is, CoPi-1.6, the ECSA increases by a factor 30
upon activation in a pH 8.0 KPi buffer and by a factor of 40
upon activation in a pH 14 KOH solution. Conversely, for the
poorest performing sample after activation, CoPi-1.9, the
ECSA only increases by a factor 3.6 upon activation in the pH
8.0 KPi buffer.

For all activated samples, including the sample activated in
the pH 14 KOH solution, we observe a linear relationship
between ECSA and the OER activity, as indicated by the
straight-line fit obtained from all activated CoPi samples (note
that this fit was forced to yield a current density of 0 mA
cmgeo_2 for an ECSA of 0 cm?). As such, we can conclude that
the activity per unit of ECSA for all activated CoPi samples
considered here is roughly equal and that the differences
between different samples are governed by differences in the
surface area exposed to the electrolyte. While we observe a
deviation from this linear behavior for the as-deposited CoPi
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samples and the Co;0, sample (see also Figure S16 for the
activity per unit of ECSA), we note that the current density for
these samples was derived from the first CV cycle (potentially
including some activation), while the ECSA was measured
prior to activation. In addition to that, the relationship between
Cq and ECSA may change depending on the composition of
the solid.°" The composition of all the activated samples is
sufficiently similar to assume a linear correlation between Cy
and ECSA, but there is a significant difference in the
composition between the as-deposited samples and the
activated samples. As such, we cannot say if this deviation
represents a difference in the activity per unit of ECSA before
and after activation or merely a deviation in the double-layer
capacitance per unit of ECSA. Nevertheless, the difference in
activity per unit of ECSA of all these samples is far smaller than
the typical variation in ECSA found when comparing
electrocatalysts prepared using different synthesis methods.
In addition to that, Bergmann et al.*® have shown that the
typical variation in activity per unit of ECSA of Co;0,,
CoOOH, and Co(OH), is relatively small as well. As such, we
expect that variations in ECSA typically play a much larger role
than variations in the activity per unit of ECSA in determining
the activity of cobalt phosphate-, oxide-, and hydroxide-based
electrocatalysts.

Nature of the CoPi Activation Process. A comparison of
CoPi catalysts with different initial stoichiometries shows that
the degree to which their electrochemical activity increases
upon activation depends strongly on the initial stoichiometry.
Simultaneously, during this activation process, changes in the
stoichiometry and ECSA of the films are observed. A higher
initial Co/P ratio leads to more extensive leaching of
phosphorous from the film, but this does not yield a more
active film. Instead, we hypothesize that the activation process
involves a restructuring process that simultaneously leads to
the loss of phosphate and redistribution of the material across
the sample. The fact that the ECSA of these films increases by
up to a factor of 40 and over 20% of all Co atoms are redox-
active after activation strongly indicates that the activation
process proceeds in parallel with CoPi bulk modification. The
latter makes the film more accessible to infiltration by the
electrolyte. The activity of all CoPi catalysts after this
restructuring process is found to be directly correlated to the
ECSA. This indicates that the activity per unit of ECSA of the
material formed during this restructuring process is quite
insensitive to details of the initial stoichiometry or the
activation procedure, similar to what was noted by Bergmann
et al. for a range of cobalt oxides and hydroxides."® However,
different pristine chemical compositions are responsible for
different ECSAs after activation and the ECSA eventually
determines the OER activity of the CoPi film.

As was shown in a recent review by Jiang et a
electrochemical activation processes are, in general, sensitive
to the experimental conditions accompanying the activation
process. For several systems, activation at a strongly alkaline
pH leads to a more active catalyst. Here, we also observe a
strong effect of pH on the activation of CoPi. While activation
of CoPi-1.6 at pH 8 leads to an increase in the ECSA by a
factor of 30, performing the activation at pH 14 raises this to a
factor of 40. We assign this to a more efficient removal of
phosphate groups from the bulk of the material and a more
complete conversion to cobalt oxide or hydroxide. As the
removal of phosphate groups and the restructuring of the layer
is likely also dependent on parameters such as temperature, the
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potential range and sweep rate of the CV scans, or additives to
the buffer solution, we speculate that it might be possible to
obtain further enhancement by optimizing the activation
conditions. Further work will be needed to elucidate the
relationship between activation conditions and the attained
ECSA.

Bl CONCLUSIONS

In summary, we have studied the electrocatalytic activity
toward OER in neutral media of ALD-prepared CoPi films.
The ALD approach allows us to tune the stoichiometries of
these CoPi films, which strongly affects the activity of these
electrocatalysts after activation. In particular, we find that CoPi
films with a Co/P ratio of 1.6 deliver the best OER
performance as demonstrated by a high current density (3.95
mA cmgeo_2 at 1.8 V vs RHE) and a Tafel slope of 155 mV
dec™!, which is comparable to other high-performing CoPi-
based systems. As films with other Co/P ratios were found to
have significantly worse performance, this proves that tuning of
the stoichiometry is a valuable tool for obtaining high-
performance CoPi-based electrocatalysts.

We find that all ALD-prepared CoPi films undergo an
activation process, which is accompanied by chemical
composition variation. During catalyst activation by CV, a
progressive increase in the OER current density and a
noncatalytic wave associated with the conversion of Co** to
Co’" are observed. The number of charges transferred during
this noncatalytic wave reveals that during activation, up to 39%
of all Co atoms in the film become redox-active. This indicates
that a significant part of the bulk of these films becomes
accessible to the electrolyte due to the activation process. XPS
measurements during the activation process show loss of
phosphorous from the film and a progressive conversion from
CoPi to cobalt oxide or hydroxide containing primarily Co®*
species. This compositional change occurs concurrently with
the electrochemical changes highlighted earlier. As similar
activation processes have been observed for CoPi-based
catalysts deposited hydrothermally, this suggests that for
these systems, phosphorous loss is intrinsically linked to the
activation process.

We explain these observations by noting that the activation
process leads to restructuring of the film, which increases its
ECSA up to a factor of 40. The intrinsic activity per unit of
ECSA is the same for all activated samples, independent of
their preactivation composition. However, differences in the
initial stoichiometry lead to a different final ECSA, which is the
deciding factor for the overall activity of these films. We argue
that this conclusion does not only hold for ALD CoPi films.
The phosphate groups in CoPi are a sacrificial component and
they can, in principle, be replaced by any other dissolvable
species. In fact, in the literature, a wide range of other
dissolvable anions has been employed, such as borate’ or
tungstate,63 and oxidation-induced dissolution has been
demonstrated for ghosphide- and chalcogenide-based OER
catalysts as well.”* For these films too, we expect a
restructuring process to take place and thus the insights
described above are likely of general applicability to this whole
class of materials.

Finally, we note that the relationship between ECSA and the
activity of CoPi films could only be unraveled through a
rational control of the film chemical composition. Our results
indicate that the ability of ALD to rationally tune the
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composition of electrocatalysts allows us to gain insight into
their activation mechanism and performance.

B EXPERIMENTAL SECTION

Materials and ALD Process. Cobalt phosphate and cobalt
oxide thin films were deposited using a home-built plasma-
enhanced ALD reactor.”® The pumping system, consisting of a
turbomolecular pump connected to a rotary vane pump, is
capable of reaching a base pressure of < 1 X 107 mbar. The
reactor is equipped with a remote inductively coupled plasma
(ICP) source with a power supply operating at 13.56 MHz.
During the deposition, the walls of the chamber were heated to
100 °C, while the substrate holder, suitable for fitting a 100
mm-diameter substrate, was heated to 300 °C. Cobaltocene
(CoCp,, 98% purity) and Trimethyl phosphate (TMP,
(CH;0);PO, 97% purity), both purchased from Sigma-
Aldrich, were selected as precursors for the process. CoCp,
was contained in a stainless steel cylindrical bubbler heated to
80 °C. Argon gas (> 99.999% purity) was used to carry the
CoCp, vapor from the bubbler to the reactor through a line
heated to 100 °C. TMP was vapor-drawn to the chamber; the
bubbler containing it was heated to 50 °C and the line to the
reactor to 70 °C. For O, plasma, used as a reactant in the
process, O, gas (> 99.999% purity) was allowed to flow
through the plasma source for 4 s to stabilize the pressure to
8.0 X 107* mbar and then the plasma was ignited by providing
100 W of power to the ICP source.

Sample Preparation. Samples with varying stoichiome-
tries were prepared using the approach outlined in our
previous work,”” see Scheme 1. In short, we employed a recipe

Scheme 1. Schematic Ilustration of CoPi Film and Co;0,
Film Preparation Process by ALD“

Precursors and dosing time  Recipe scheme Sample
0 CoCp, for2s ( Qe)soo Co;0,
e 0, plasma for 5's ( 09@@)600 CoPi-1.4

CoPi-1.6

e TMP for 0.6 s
Q 0, plasma for 2s

(0000). 00).);
{(0000). 00}, w7

{(QQGQ )5 ( 0@)1 }100 CoPi-1.9

“The naming scheme for the CoPi samples is used to indicate the Co/
P ratio as determined by XPS, for example, in CoPi-1.4, the ratio of
cobalt to phosphorous is 1.4.

for the deposition of Co;0, first developed by Donders et al.*’
and a recipe for the deposition of CoPi developed by Di Palma
et al.®® In order to obtain CoPi films with varying
stoichiometries, these two processes were combined in a
super-cycle approach. The ALD process for Co;0, consists of
two half-cycles: the first half-cycle of the process is a 2 s CoCp,
precursor dosing step, while the second half-cycle consists of 5
s of O, plasma exposure. The ALD process for CoPi consists of
four half-cycles. The first two half-cycles are the same as the
Co0;0, ALD process, the third half-cycle consists of a 0.6 s
TMP precursor dosing step, and the last half-cycle is a 2 s O,
plasma exposure step. For the super-cycle processes, each
super-cycle consisted of n CoPi deposition cycles followed by
one Co;0, deposition cycle. Samples deposited for n equals to
23, 11, and S are referred to as CoPi-1.6, CoPi-1.7, and CoPi-
1.9, respectively, with the name indicating the Co/P ratio
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obtained in the pristine films as determined by XPS. The CoPi
sample deposited using only the CoPi recipe, without Co;0,
cycles, is referred to as CoPi-1.4 in order to keep with this
naming scheme. The total number of ALD cycles used in each
deposition step is 600 to minimize variations in the total cobalt
loading. Films for material characterization are deposited on n-
type single-crystal Si (100) and FTO on glass.

ALD Film Characterization. The thickness and the
dielectric function of the films were monitored during the
ALD process by in situ spectroscopic ellipsometry with a J.A.
Woollam, Inc. M2000U ellipsometer. Data were recorded
within a spectral range between 1.38 and 4.13 eV. A Cauchy
dispersion model was utilized to model the CoPi samples and
an optical model employing a Gauss, a Tauc—Lorentz, and one
Lorentz oscillator was used for Co;0, samples. ERD and RBS
measurements were performed using a 2000 keV He" beam at
a 10° incidence angle with the sample surface, and recoiled
atoms were collected at a 25° scattering angle. As the FTO
substrate is textured, atomic densities derived from RBS are
calculated based on the footprint of the beam rather than the
exposed surface area of the sample. X-ray diffraction (XRD)
was performed using a PANalytical X'Pert Pro MRD X-ray
diffractometer using Cu Ka radiation (4 = 1.540598 A) in the
20 range of 20—70° at a scanning rate of 1.5° min~". Reference
XRD patterns were obtained from the International Crystal
Structure Database.”” XPS was performed using a Thermo
Scientific K-Alpha system, equipped with a monochromatic Al
Ka X-ray source, and the samples were analyzed without
further treatment after placement into the UHV system. The
surface morphologies of samples were investigated using a
field-emission scanning electron microscope (SEM) (Zeiss
Sigma, Germany). In order to obtain meaningful SEM results
at 1,000,000 times magnification despite drift of the sample
and focusing optics, 200 individual images were recorded at
100 ms per image. These images were corrected using the
Image] plugin TurboReg, which implements a drift correction
algorithm developed by Thévenaz et al.%® Subsequently these
images were averaged to obtain a single image with adequate
statistics.

OER Measurements. The catalytic activity of the CoPi
and Co;0, samples was tested in a 0.1 M (pH 8.0) phosphate
buffer solution (HK,PO,/H,KPO,, KPi) using a single-
compartment three-electrode electrochemical cell. Activation
in 1 M KOH (pH 14) was performed using the same
configuration. CoPi films and Co;0, films on FTO were used
as working electrodes. A high-surface Pt mesh was used as a
counter electrode, and an Ag/AgCl (saturated) reference
electrode was employed. As noted in the main body of the text,
the actual area of the samples exposed to the electrolyte is
unknown due to the texture of the FTO electrodes. As such,
current densities were normalized to the geometric surface area
of the substrate immersed into the electrolyte (1 cm?), which
was derived from the lengths of the sides of the triangular
section of the substrate in contact with the liquid phase. This
introduced an uncertainty of ca. 5% in the immersed surface
area, which has been taken into account in determining the
uncertainties in the current density and derived quantities. As
the use of a Pt counter electrode can lead to deposition of Pt
on the sample after repeated potential cycling, XPS measure-
ments were performed after electrochemical analysis. These
showed that even after 500 CV cycles, Pt concentrations on the
samples were below the detection limits. The electrochemical
characterization was carried out using a CompactStat (Ivium)
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potentiostat. Electrochemical properties were evaluated by CV,
chronoamperometry (i—t), and ECSA. All CV curves were
obtained at a scan rate of 10 mV s™' and corrected with 80%
iR-compensation. The potential measured was converted to
the potential relative to the RHE using the formula: Epyy =
Epg/agcr + 0.197 V + 0.059 X pH V. Standard errors in current
were estimated from the current densities at 1.8 V vs RHE
obtained between 400 and 500 CV cycles, after subtraction of a
linear background to account for structural loss in activity.
Standard errors were found to be less than 1.5% of the absolute
current density in all cases. As such, the uncertainty in the
current density is effectively determined by the uncertainty in
the immersed area of the electrolyte and this has been used to
estimate the uncertainties in all quantities derived from CV
measurements here. The ECSA for each system was estimated
from the electrochemical double-layer capacitance of the
catalytic surface (Cdl).6l The electrochemical capacitance was
determined by measuring the nonfaradaic capacitive current
associated with double-layer charging from the scan-rate
dependence of CVs. The CV curves of samples were measured
with nonfaradaic potential ranges (0.92 to 1.02 V vs RHE) at
various scan rates (5 to 30 mV s™'). Uncertainties in Cy were
estimated from the standard error on the slope obtained this
way without considering the uncertainty in the integrated
currents. This standard error was combined with the
uncertainties in the immersed geometric area to estimate the
total uncertainty in the double-layer capacitance. As the
samples were removed and reimmersed in between CV and Cy
measurements, uncertainties in the current density and ECSA
were uncorrelated.
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post-OER CoPi-1.6 on FTO; GIXRD spectra of post-
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