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ABSTRACT: Operando Raman spectroscopy and electrochemical
techniques were used during the oxygen evolution reaction to
identify the composition and local structure of electrodeposited
CoO,H, and NiCoO,H, catalyst films. Before evaluation, the
electrodeposited samples were subjected to a variety of thermal
and electrochemical conditioning procedures, which generated
unique initial catalyst structures and crystallinities. During oxygen
evolution, Ni-modified CoO,H, films having lower initial
crystallinity underwent substantial structural evolution that began
with an irreversible transformation of a spinel local structure to an
amorphous CoO structure at low anodic potentials (0.2 V vs Ag/
AgCl). Increasing anodic polarization to greater than 0.3 V vs Ag/
AgCl facilitated additional structural conversion from the
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amorphous CoO structure to a complex phase best described as an amalgamation of NiOOH and layered CoO, motifs
(NiOOH-h-C00,) under elevated oxygen evolution rates. The formation of this NIOOH-h-CoO, active structure was correlated
with improved OER activity, which at 0.35 V overpotential is 100% greater than that of the catalyst where Ni was coordinated in
a spinel structure. Independent of the initial cobalt oxide structure, the same NiOOH-h-CoO, structure was formed during
oxygen evolution, which suggests the active phase identified herein could be the universally active structure for NiCoO,H,

materials.

KEYWORDS: operando Raman spectroscopy, oxygen evolution reaction, reversible structural evolution, spinel structure,
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B INTRODUCTION

The oxygen evolution reaction (OER) is a major cause of
energy losses in a number of emergent technologies such as
rechargeable metal-air batteries,”” water splitting devices,>™°
and unitized regenerative fuel cells.” The low energy efficiencies
of OER are the results of its sluggish reaction kinetics and large
overpotentials. Completing one OER cycle requires four
electron transfers involving multiple surface intermediates,
which when combined with the high irreversibility of OER
leads to sluggish kinetics, large overpotential, and ultimately
low device efficiency.” Catalysts can be used to overcome these
obstacles, but for large-scale applications they must be active,
stable, and affordable. The most active OER catalysts to date
are ruthenium oxide (RuO,) and iridium oxide (IrO,).
However, RuO, is not stable due to catalyst dissolution into
the electrolyte via Ru®* formation during reaction,”'® and IrO,
suffers from low elemental Ir abundance. The latter limits the
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practical application of IrO, catalyst despite its high activity and
better stability compared to RuO,."'~'* Alternatives to these
precious metal catalysts are transition-metal oxides (TMO),
which have low costs, great elemental abundance, and have
demonstrated excellent OER activities. In particular, TMO
based on Fe, Ni, and Co are highly active for OER in alkaline
conditions, according to comprehensive benchmarking studies
from the Jaramillo'*~"” and Boettcher groups.'*"’

In light of their excellent OER performance, significant
research efforts have focused on elucidating the structure—
activity correlations of TMO catalysts that contain Fe, Ni, and
Co. However, this effort is hindered by difficulties associated
with an accurate determination of active catalyst structures
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based on their characterization only before and after OER. In
contrast, operando techniques can provide information on
catalyst structure, composition, and surface species during
catalytic turnover, and such techniques have been applied to a
number of TMO catalysts.””~>” For example, using operando
time-resolved FTIR, Zhang et al. identified critical reaction
intermediates (i.e, surface superoxides) on Co;0, nano-
particles during OER. These authors proposed a dual-site
OER mechanism on Co;0,, which includes a kinetically fast
site consisting of two Co**—OH surface species bridged by an
O atom, and a slow site associated with isolated Co*"=0
surface species.”® Friebel et al. implemented operando X-ray
absorption spectroscopy (XAS) to characterize the chemical
states and the local structures of Ni,_,Fe,OOH. These authors
discovered an active structure motif that consisted of Fe** in an
octahedral site with unusually short Fe**—O bond distances,
which resulted in near-optimal adsorption energies of OER
intermediates and reduced overpotentials at these Fe sites.”’

In studies reported herein, we investigated the influence of
Ni incorporation on the catalyst activity and structural
evolution of substoichiometric cobalt (oxy)hydroxide
(CoOxHy) during OER. Pure and nickel-modified cobalt
oxide catalgf_sts such as C0;0,,°°"* CoOOH,*** and NiCo
hydroxides™ have demonstrated excellent OER activities and
attracted considerable research interest. However, under-
standing the structure—activity correlations in these catalysts
is difficult due to the dynamic structural evolutions that occur
during OER. For example, layered double hydroxides of Co (a-
and f-Co(OH),) have been shown to undergo structural
conversion under different applied potentials and pH.*® Even
for highly crystalline Co;0, catalysts, prolonged exposure to
strong alkaline conditions under large anodic potentials can
lead to surface amorphization and a decrease in OER
activity.”*>” As a result, the activity and stability of cobalt
oxide OER catalysts depend critically on the structural changes
that occur during reaction. Operando Raman spectroscopy is
excellent for probing the structural evolution of TMO catalysts
during OER. Using this technique, the conversion of NiO and
Co;0, to NiOOH and CoO(OH), respectively, was observed
under anodic polarization in alkaline conditions.””** With the
same approach, Louie and Bell also observed an increase in the
Ni(OH),/NiOOH redox potential with Fe incorporation into
the catalyst, which increased OER activity.”’ Despite its great
relevance, operando Raman spectroscopy has not been
implemented to investigate the in situ changes for CoO,H,
and NiCoO,H,—a class of highly active OER catalysts. Herein,
we report the first operando Raman spectroscopy study on
substoichiometric CoO,H, and NiCoO,H, catalysts during
OER. Using this technique, we present clear evidence of a
complex structural evolution that is initiated by an irreversible
transformation from a spinel to amorphous CoO structure
(spinel — a-Co0O), which is followed by a reversible conversion
between the amorphous CoO structure and a composite phase
consisting of NIOOH muotifs in a layered CoO, matrix (a-CoO
< NiOOH-h-Co0,). Importantly, incorporation of Ni into
CoO,H, did not improve its OER activity in the absence of
structural evolution during reaction. Our results emphasize the
important synergy between catalyst composition and structure,
which is required to achieve high OER activity.

B EXPERIMENTAL METHODS

Synthesis of NiCoO,H, by Electrochemical Deposition.
CoO,H, and NiCoO,H, films of different compositions were
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synthesized by electrochemical deposition followed by
annealing and cyclic voltammetry (CV) treatments. The
setup used for the deposition included a working electrode
from a fluorine-doped tin oxide substrate (FTO, Aldrich, 7 Q/
sq) and a platinum wire counter electrode. All sample
depositions were performed in an aqueous electrolyte
containing Co and Ni precursors in different molar ratios. In
a typical deposition experiment, the FTO substrate (25 X 16
mmz) was degreased at room temperature with acetone,
ethanol, and deionized water for 30 min each. Electrolyte
solutions containing 0.1 M Co(NOs;),-6H,0 (Aldrich, 99.8%)
or a combination of Co(NO,),-6H,0 with Ni(NO,),-6H,0
(Aldrich, 99.999%) were prepared by dissolving the corre-
sponding metal precursors in deionized water. The exposed
geometric area for the deposition experiment was 0.97 cm?®.
During deposition, a constant voltage (—2.3 to —2.5 V) was
applied to the FTO substrate for 10 min. The resultant films
were rinsed with deionized water and allowed to dry in air.
Subsequently, the as-deposited films were postprocessed by
three methods: (i) the as-deposited films were heated from
room temperature to 150 °C and then annealed at 150 °C for 1
h in air, this is referred as the long-time annealing procedure;
(i) the as-deposited samples were placed into the furnace at
100 °C, and then annealed at 150 °C in air for 1 h, this is
referred to as the short-time annealing procedure; and (iii)
cycling three times using a cyclic voltammetry (CV) protocol
from 0 to 0.6 V vs Ag/AgCl at S mVs™". The CV protocol was
performed using a three-electrode voltammetry setup, which
will be described in a later section. Six samples were
investigated in this work. Two samples were prepared by the
long-time annealing procedure, and they are denoted as Co-RT
and Ni, ;Co-RT. Two samples were prepared by annealing at
150 °C in air for 1 h starting with the furnace preheated to 100
°C in a short-time annealing procedure, and they are denoted
as Co-100 and Nij; ;Co-100. Two samples were prepared by the
CV cycling procedure, and they are denoted as Co—CV and
Ni,,Co—CV. Subscripts in the sample names represent the
surface Ni concentration of the corresponding samples. A
NiO,H, sample was synthesized by electrodeposition on to a
FTO substrate from a 0.1 M Ni(NO;),-6H,O solution
(Aldrich, 99.999%). The as-deposited NiO,H, film was treated
by the short-time annealing procedure. The synthesis and
postprocessing conditions used for each sample are summarized
in Table S1.

Materials Characterization of CoO,H, and NiCoO,H,.
Surface morphology of all catalyst films was characterized by
scanning electron microscopy (SEM, Quanta 200 FE-SEM).
Energy-dispersed X-ray spectroscopy (EDX, Oxford X-Max 20
EDX) was performed to determine Ni distributions in the bulk
of the catalyst films. The surface chemical compositions and
oxidation states were determined by X-ray photoelectron
spectroscopy (XPS, Thermo K-Alpha Plus) with a pass energy
of 50 eV and a monochromatized Al Ka X-ray source operated
at 150 W. XPS binding energies (BE) are reported referenced
to the C 1s line at 284.8 eV BE for adventitious carbon.

Electrochemical Characterization of CoO,H, and
NiCoO,H,. OER performance of catalyst films was evaluated
using an electrochemical cell with a three-electrode config-
uration. FTO substrates coated with CoO,H, or NiCoO,H,
catalysts of different compositions were used as working
electrodes. A Pt wire (Pine Research Instrument, AFCTRS)
was used as a counter electrode, and a double junction Ag/
AgCl electrode (Pine Research Instrument, RREF0024) was
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Figure 1. SEM images of catalyst films showing flake-like morphologies at the nanoscale for several samples: (A) Co-RT, (B) Ni,,Co-RT, (C) Co-
100, (D) Ni; ;C0-100, (E) Co-CV, and (F) Ni,,Co-CV. Scale bars correspond to 1 ym. Insets provide EDX mapping images of Ni distribution in
the corresponding catalyst films. Inset scale bars correspond to 10 pm.
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Figure 2. XPS spectra of (A) Ni 2p;,,, (B) Co 2p;,, and (C) O Is regions of CoO,H, and NiCoO,H, catalyst films.

used as the reference electrode. All three electrodes were carried out by applying an AC voltage (20 mV peak-to-peak)
connected to a potentiostat (VersaStat 3, Princeton Applied from 10 kHz to 1 Hz to a working electrode under 0.6 V DC
Research). Linear sweep voltammetry (LSV) experiments were bias. Surface roughness factors were determined by measuring
conducted in N,-saturated 0.1 M KOH from 0 to 1 V vs Ag/ catalyst double layer capacitance in N,-saturated 0.1 M KOH
AgCl at 1 mVs™". Uncompensated resistance was determined from —0.025 to 0.025 V vs open circuit potential at different
by electrochemical impedance spectroscopy (EIS), which was scan rates (50 to 400 mVs™"). The same three-electrode system
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was also used to perform the CV postprocessing for one
NiCoO,H, sample.

Operando Raman Spectroscopy of CoO,H, and
NiCoO,H, during Reaction. A custom-made electrochemical
cell was used for operando Raman spectroscopy experiments
(Figure S1). In a typical experiment, a FTO substrate coated
with a catalyst was used as the working electrode. A platinum
wire (Pine Research Instrument, AFCTRS) and an Ag/AgCl
electrode (Bioanalytical Systems Incorporation, MF-2021)
served as the counter and reference electrodes, respectively. A
potentiostat (Pine Research Instrument, WaveNow) was used
to apply potentials to the working electrode while Raman
spectra were being acquired. A confocal Raman microscope
(Horiba, LabRAM Aramis) was used to acquire in situ and
operando Raman spectra using a 533 nm laser (with the power
reduced to 0.6 mW) with an acquisition time of 16 s for each
spectrum.

B RESULTS AND DISCUSSION

Catalyst Morphology and Elemental Composition.
Scanning electron microscopy (SEM) was used to characterize
the morphology of catalyst films after different postprocessing
treatments. All catalyst films displayed flake-like features at the
nanoscale as shown in Figure 1. Ni incorporation and the
different postprocessing treatments did not significantly alter
the catalyst morphology. The thicknesses of the nanoflakes
were similar for all catalysts, however the CV-cycled samples
contained visibly smaller size pores (Figure 1E,F). Based on
EDX mapping of the catalysts, the distribution of Ni ions in all
NiCoO,H, samples were uniform (Insets of Figure 1). A
uniform distribution of dopant ions has been reported to
benefit the OER activity of mixed metal oxides and oxy-
hydroxides.***”

XPS was performed on the catalysts to determine their
elemental composition, which is summarized in Table S2. The
surface Ni concentration depended on the deposition voltage
and postprocessing conditions, where a less cathodic potential
and shorter annealing duration (directly from 100 °C) favored
greater surface Ni concentration in the samples. The local
chemical states of surface Ni can be determined by analysis of
the Ni 2p,,, XPS region, as shown in Figure 2A. The peak
position and line shape of the Ni 2p;,, spectra are strongly
influenced by the oxidation state of Ni and its local structure.
For the NiCoO,H, catalysts, the principle peak was located at
855.7 V. This peak position and the broad line shape closely
match the Ni 2p;, spectra of Ni(OH),,*>*" which is in contrast
to the higher BE of the princinle peak position reported for -
NiOOH (855.7—856 eV).*>*' Based on these results, divalent
Ni ions (Ni**) are dominant for the Nig,Co-100 and Ni,,Co—
CV samples. We ruled out the formation of NiO because its
principle peak locates at 853.7 eV BE,**~* and this was not
observed in any NiCoO,H, samples.

Local chemical states of Co were also investigated using XPS,
and the results are shown in Figure 2B. The Co 2p;/,, XPS
spectra of CoO,H, and NiCoO,H, catalysts were decomposed
into five components in accord with the paper by Biesinger et
al.*’ Based on the line shape of the large peak in the Co 2ps),
spectra and the presence of two satellite shakeup features at
786.3 and 790.3 eV in Figure 2B, all catalyst samples annealed
at 150 °C contained divalent Co (Co®*) and trivalent Co
(Co®) ions. For the Co—CV and Ni,,Co—CV samples, the
absence of a satellite feature at 786.3 eV indicates Co* is
dominant at the catalyst surface. The O 1s spectra of CoO,H,
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and NiCoO,H, catalysts indicate different dominant oxygen
species depending on the postprocessing conditions, as shown
in Figure 2C. The OH; /Oy ratio, where OH and O denote
lattice-OH and lattice-O species, respectively, is less than unity
for the Co-RT and Ni, ;Co-RT samples. This is indicative of a
hydrous oxide (i.e., NiCoO(OH)) structure in the near-surface
region (ca. S nm). For the short-time annealed and CV-cycled
samples, the OH; /Oy ratio is greater than unity, which suggests
extensive hydroxylation near the catalyst surface and the
formation of substoichiometric NiCoO,H,. A shift in the O 1s
peak from Oy species was observed with Ni incorporation. This
can be caused by greater charge transfer from Ni to O, which
would increase the electron density around O, and cause a
concomitant shift in the peak position toward lower BE. This
interaction is especially prevalent in alkali metal oxides where
extensive char§e transfer to Oy, causes a shift in the O 1s peak
to lower BE."

Initial Local Structure of CoO,H, and NiCoO,H,. The
local crystal structures of the CoO,H, and NiCoO,H, samples
were investigated by Raman spectroscopy under dry conditions
as shown in Figure 3. For the samples subjected to annealing at
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Figure 3. Raman spectra of CoO,H, and NiCoO,H, catalyst films in
dry conditions prior to OER testing.

150 °C, Raman spectra contained three bands at 487, 529, and
698 cm™!, which can be attributed to the Raman-active Ey Foy
and A;, modes of spinel Co;0,, respectively.* This initial
assessment indicated a local spinel structure for all annealed
samples. In a spinel structure, both Co** and Co’' ions are
present and they occupy the tetrahedral and octahedral sites,
respectively. The E, and F,, vibrations of the spinel lattice are
due to both Co*" and Co®" ions, whereas the octahedrally
coordinated Co®*" ions contribute solely to the strong Ay,
Raman band.”® The attenuation, redshift, and broadening of
the A;, mode suggest local distortions of the CoOg octahedra as
a result of Ni incorporation. Similar observations have been
reported after Fe, Mn, or Zn doping into the Co;0, lattice.***’
In contrast, the Raman spectra of the Co—CV and Ni,,Co—CV
catalyst films illustrate a lack of local crystallinity, as indicated
by the poorly resolved shoulder and broad Raman band
observed for these samples at 465 and 593 cm™, respectively.
We attribute the broad Raman band at 593 cm™ to amorphous
C00,.""* The poorly resolved shoulder at 465 cm™ can be
attributed to several species, such as CoO, in a hexagonal
delafossite structure,”’”* or the formation of - and y-
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Figure 4. Linear sweep voltammograms of catalyst samples (A) annealed to 150 °C from room temperature, (B) annealed to 150 °C from 100 °C,
and (C) CV-cycled. Insets show the corresponding Tafel plots of the corresponding catalysts and their Tafel slope values.

NiOOH.** Overall, the CV-cycled catalyst films lack long-range
order and are considered amorphous based on the broad
Raman bands.

Electrochemical OER Performance of Catalyst Films.
Electrochemical measurements using linear sweep voltammetry
(LSV), corrected for ohmic losses, were performed to
investigate the influence of Ni concentration and postprocess-
ing conditions on the OER activity of CoO,H, and NiCoO,H,
catalyst films, as shown in Figure 4. According to the LSV
results, Ni incorporation (4.1 at% Ni) did not improve the
OER activity of catalysts that were prepared by longer time
annealing (Figure 4A). This observation would seem to suggest
that Ni incorporation into a local spinel structure is ineffective
for enhancing the OER activity. However, Ni incorporation
(5.3 at% Ni) into a catalyst prepared by shorter time annealing
led to higher OER activity, despite this catalyst having the same
spinel structure (Figure 4B). For the Ni;;Co-100 sample that
has a 5.3 at% surface Ni concentration, the current density at
0.35 V overpotential was increased by 90% compared to the
unmodified catalyst. Despite the same local spinel structure, the
influence of Ni on the OER activity of catalysts processed by
different annealing conditions was distinct. Interestingly, Ni
modification (4.2 at% Ni) of a catalyst having an amorphous
structure also improved the OER activity. Compared to the
unmodified catalyst, the Ni,;,Co—CV sample demonstrated an
increase in the current density by 100% at 0.35 V overpotential.
All six samples have similar electrode roughness factors based
on the double-layer capacitance measurements given in (Figure
$2).>* As a result, a difference in surface area is not responsible
for the greater OER activities of Ni;;Co-100 and Ni,,Co—CV
compared to the unmodified catalysts. Incidental Fe incorpo-
ration has been reported to affect the OER activity of Ni- and
Co-based oxides.””** To reduce the influence of Fe in the
observed activity improvement, we have scavenged Fe ions in
the electrolyte solution following the procedures outlined by
Burke et al.>* The OER activity of Co-100 and Nis;Co-100
tested in Fe-sequestered and unpurified electrolyte solutions
were similar, which suggested any Fe incorporation into the
catalyst from the electrolyte did not strongly influence the OER
activity (Figure S3). Trace amounts of Fe can still be present in
the catalyst and affect the catalyst activity; however, this is not
the sole reason for the activity improvement we observed for
Ni;3Co-100 and Ni,,Co-CV based on their higher OER
activity compared to the control sample NiO,H, (Figure S4).
Additional measurements from duplicate samples of each
catalyst demonstrated that the improved OER activity as a
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result of Ni incorporation and active structure formation is
significant (Figure SS). Summarizing the results from LSV
experiments and Raman spectroscopy, there is no clear
correlation between the surface Ni concentration or catalyst
local structure and OER activity. A possible explanation is that
the initial structure to which we correlate the OER activities is
not an accurate description of the active catalyst phase during
reaction. Indeed, structural evolution of cobalt-based oxides
that led to the formation of CoO(OH) during OER has been
reported by several groups.”******75%°% The situation is more
complicated in the case of NiCoO,H, catalysts since
straightforward predictions are not possible regarding whether
the Ni- or Co-containing components, or both, will undergo
structural change during OER.

Operando Raman Spectroscopy of Co-RT and Ni, ;Co-
RT Catalyst Films. We first compared the Raman spectra of
the Co-RT and Ni,;Co-RT samples, which showed similar
OER activities despite having different Ni concentrations. For
the Co-RT catalyst, significant decreases of the intensities of
Raman peaks were observed with increasing applied potentials,
with the most notable decrease occurring in the A;, Raman
band (Figure SA). Additionally, no shifts in the Raman band
positions or the appearance of new features were observed
under the entire potential range examined. The Raman band
intensities were partially recovered when the applied potentials
were reduced to below 0.2 V, which we have assigned as the
resting state. As a result, the impact of applied potential on the
local spinel structure is partially reversible. We note that the
attenuation of the Raman bands was not due to the formation
of gas bubbles, based on comparing the optical images of the
sample before and after collecting each Raman spectrum.

The A;; Raman band of a spinel structure is associated with
the Co—O vibration of CoQOg octahedra. The substantial
decrease in intensity of this A;; band that we observed suggests
extensive distortion of the Co—O bonding in the CoOgq
octahedra prior to oxygen evolution. A partial recovery of the
Aj; band intensity at low applied potentials indicates a
reorganization of CoOg octahedra in the resting state. Using
in situ grazing incidence X-ray diffraction (GIXD), Bergmann
et al. observed no change in the spinel structure of the bulk of a
Co;0, film over a wide potential window,*® which is consistent
with our operando Raman spectra. Additionally, these authors
also found a reversible amorphization of the outermost catalyst
surface that resulted in the formation of CoOx(OH)y under
OER conditions.”® Our Raman approach lacks the surface
sensitivity to detect such reversible amorphization in the
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spectra.

outermost layers of the catalyst; however, a similar process
likely contributes to the significant, yet partially reversible,
changes in our Raman spectra under anodic polarization, as
seen in Figure SA.

Using in situ surface-enhanced Raman spectroscopy (SERS),
Yeo et al. observed a progressive oxidation of Co;0, to
CoO(OH) with increasing anodic potential.”* We did not
observe the structural transformation reported by these authors
due to the much thicker catalyst films investigated in our study
compared to that work (0.4—87 monolayers).”* A recent
Raman investigation by Wang et al. reported no attenuation to
the Raman active modes of spinel Co;0, during OER, which
differs from our observations for our operating catalysts.”’ We
attribute this discrepancy to the different degrees of crystallinity
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of the cobalt oxides as a result of different catalyst preparation
procedures and the incorporation of Ni. The electrodeposition
and low temperature annealing procedures implemented in the
synthesis of our catalysts can result in the incorporation of
hydroxyl groups and/or water molecules in the bulk of the
materials, which can facilitate structural transformation under
applied potentials.’® This can be contrasted with procedures
involving high temperature annealing of Co;0,, as adopted by
Wang et al,, that generally result in high crystallinity, which can
prevent structural change of Co;0,.

Raman spectra for the Ni-modified catalyst Ni,;Co-RT
under all anodic potentials investigated, as shown in Figure 5B,
were similar to those for the Co-RT samples in Figure SA. This
indicates that Ni incorporation did not alter the catalyst

DOI: 10.1021/acscatal.7b03191
ACS Catal. 2018, 8, 1238—1247


http://dx.doi.org/10.1021/acscatal.7b03191

ACS Catalysis

Research Article

structure when the Ni, ;Co-RT catalyst was prepared by the
long-time annealing procedure. The transformation of NiO and
Ni(OH), into a catalytically active NiOOH phase prior to
oxygen evolution has been observed using in situ XAS">* and
Raman spectroscopy.”>>> The absence of Raman bands at 479
and 558 cm™' under high anodic polarization (0.6 V)23
indicates that Ni incorporation into a spinel lattice prevents the
formation of OER-active NiOOH. As expected, we observed
similar OER activities for Co-RT and Ni,;Co-RT catalysts
films. A monotonic decrease in the A;; Raman band intensity
was observed for Co-RT samples at potentials greater than that
for the resting state and the structural changes continue at
relatively high oxygen evolution rates (ca. 4 mAcm™?), as
shown in Figure SC. For Niy;Co-RT, attenuation of the A,
peak was observed at applied potentials lower than the resting
state, and the structural changes did not continue after the
onset of oxygen evolution (Figure SC and Figure S6). Based on
the increased attenuation of the A, band at low applied
potentials, Ni incorporation into the spinel lattice caused
decreased local crystallinity; however, this was not efficient at
promoting OER activity.

Operando Raman Spectroscopy of Co-100 and
Ni53Co-100 Catalyst Films. The Co-100 sample exhibited
similar structural changes as the Co-RT and Ni,;Co-RT
samples, showing only attenuations of the Raman active
phonon modes of the spinel structure under anodic polar-
ization, as shown in Figure 6A. However, a very different
structural evolution was observed for the Ni;;Co-100 sample,
as seen in Figure 6B. The local structure for this catalyst at the
resting state (0—0.1 V) can be assigned to a local spinel
structure based on characteristic phonon modes at 487, 531,
and 693 cm™'. Significant structural transformation was
observed at 0.2 V, where the A, band intensity was attenuated
and the E, (487 cm™) as well as F,; (531 cm™) modes
disappeared. Simultaneously, two broad peaks at 542 and 600
cm™’, as well as a small shoulder at 490 cm™, appeared. These
spectroscopic features in the Raman spectrum obtained at 0.2 V
are consistent with the ghonon modes of face-centered cubic
cobalt oxide (Co0).**™° The Co*" ions in the CoO rock salt
structure are octahedrally coordinated and contribute to the A,
Raman active mode at 693 cm™'. The presence of a broad
Raman band at 600 cm™ can be attributed to amorphous
cobalt oxide according to prior Raman studies.*” Utilizing all of
these results, we propose an amorphous catalyst structure that
contains rock salt CoO motifs (a-CoO) was formed at an
applied potential of 0.2 V.

With a further increase in anodic polarization from 0.3 to 0.6
V, substantial structural conversions were observed, as shown in
Figure 6B. The Raman band corresponding to the A;; mode
was almost eliminated, while two well-defined bands at 467 and
545 cm™, as well as a poorly resolved shoulder at 577 cm™,
emerged. These three new Raman active bands increased in
intensity at greater anodic potentials and can be attributed to
the formation of layered CoO, and NiOOH. The layered CoO,
phase is structurally similar to the hexagonal phase of the
delafossite structure (R3m), such as in LiC0Q,.”"*> The
Raman spectrum of layered hexagonal LiCoO, contains two
Raman active modes, E, at 486 cm™! and Ay at 596 cm™.!
which redshift to 475 and 575 cm™, respectively, when LiCoO,
undergoes delithiation.”" In the case of the Nis;Co-100 films,
we expect the samples to contain large concentrations of
hydroxyl and/or water molecules in the bulk materials, due to
the low temperature synthesis conditions used. The lower
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stoichiometry of the Ni;;Co-100 sample could be structurally
similar to a delithiated LiCoO, compound, as indicated by the
close agreement of the Raman active band positions. Addition-
ally, the formation of layered hexagonal CoO, motifs (h-CoO,)
is consistent with the disappearance of the Raman band at 693
cm™), which is characteristic of a cubic lattice.

The appearance of Raman bands at 467 and 545 cm™
indicates the formation of NiOOH structural motifs between
0.3 and 0.6 V applied potentials. A progressive oxidation of
NiO to y-NiOOH has been observed prior to oxygen evolution
based on the appearance of Raman peaks at 475 and 556
cm™.** Similar structural changes involving the conversion of
Ni(OH),/NiO to Ni"™O(OH) was proposed for (Ni—Fe—
Co-Ce)O, oxide catalysts during oxygen evolution by in situ
XAS.” Our spectroscopic evidence showing Raman bands at
467 and 545 cm™" under high anodic polarization indicates the
formation of NiOOH motifs prior to oxygen evolution. As a
result, we identify the active local structure of the Ni;;Co-100
catalyst film consists of NiOOH motifs in a h-CoO, matrix
(NiOOH-h-Co00,) during oxygen evolution. Based on the
similar crystal structure of NiOOH motifs and h-CoO,, we
propose that the formation of large domains of segregated h-
Co0O, and NiOOH is unlikely and that uniform mixing of
NiOOH motifs in a h-CoO, matrix is the most probable local
structure. After reducing the applied potential below 0.2 V, the
Raman spectra resemble that of a-CoO. When the catalyst film
was placed under relatively high anodic potential (0.4 V), the
formation of NiOOH-h-CoO, structures was observed again.

Based on these operando Raman results, we highlight two
important observations on the structural changes of the
Ni; ;Co-100 catalysts under repeated polarization. The initial
spinel structure was not recovered after the catalyst was
subjected to anodic polarization. Instead, an irreversible
transformation from this spinel structure to an amorphous
phase containing CoO motifs was observed. Additionally, the
transformation between amorphous a-CoO and the OER active
NiOOH-h-CoO, phase was found to be reversible and was
observed exclusively under operando conditions. A schematic
depiction of the proposed structural evolution is shown in
Figure 6C. This sequence of an irreversible transformation of
spinel to amorphous a-CoO, followed by a reversible
conversion between a-CoO and NiOOH-h-CoO,, was
observed and reported herein for the first time using operando
Raman spectroscopy. Trotochaud et al. proposed that in situ
formation of layered (oxy)hydroxides from a spinel structure
was inhibited; however, its transformation could be possible
from an initial rock salt structure after electrochemical
conditioning.?’8 Our operando Raman spectroscopy results
support this hypothesis and provide additional insight about
the structural transformation of Co—Ni metal oxide catalysts.
The formation of layered (oxy)hydroxide structures was not
observed for the Co-RT and Ni,;Co-RT catalysts that have
spinel structures, which is consistent with the hypothesis by
Trotochaud et al. However, a transformation of a spinel to
layered (oxy)hydroxide structure could be achieved when an
intermediary a-CoO structure was involved as demonstrated for
the Nis3Co-100 sample (Figure 6C). Additionally, no structural
changes occurred for the Co-100 catalyst, which does not
contain Ni, indicating that Ni incorporation is necessary to
initiate the spinel to a-CoO transformation and to enable
subsequent formation of NiOOH-h-CoO,. Tung et al. designed
an OER-active Co;0,@CoO core—shell catalyst and attributed
the higher activity of this catalyst over the Co;0, nanoparticles
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Figure 7. Raman spectra of (A) Co—CV, (B) Ni,,Co—CV, and (C) Nis3Co-100 catalyst films under different applied potentials.

to the adaptive CoO shell”” The structural transformation
observed by our operando Raman spectroscopy results, ie.,
spinel = a-CoO<NiOOH-h-Co0,, is in excellent agreement
with the results from Tung et al., where the a-CoO phase serves
as an adaptive layer to mediate the reversible structural
transformation.

We develop several important insights about the structure—
activity correlations of Ni-modified CoO,H, catalysts by
considering the Raman and LSV results together. Ni
modification of the Co-100 catalyst prepared by the short-
time annealing procedure (Nis;Co-100) had enhanced OER
activity. This increase in activity was accompanied by a
substantial structural conversion during OER, which resulted
in the formation of an active NiOOH-h-CoO, phase having
primarily a layered structure. In contrast, Ni modification of the
Co-RT catalyst prepared by the long-time annealing procedure
(Ni,;Co-RT) did not improve OER activity. Additionally, the
initial spinel structure was not altered by Ni incorporation and
a structural transformation during OER was not observed. On
the basis of these observations, Ni incorporation in a spinel
lattice does not improve the OER activity of CoO,H, catalysts,
whereas Ni incorporation in a layered structure is effective for
enhancing catalyst activity. Furthermore, we proposed that the
active structure of NiCoO,H, samples prepared by annealing
was an amalgamation of NiOOH-like motifs in a layered
hexagonal CoO, matrix. These results emphasize the important
synergy between catalyst composition and structure; ie., Ni
needs to be in a specific local environment to effectively
promote the OER activity of CoO,H, catalysts. We also
performed operando Raman spectroscopy on NiO,H, samples
prepared using the same short-time annealing procedure.
Consistent with reported literature results, the NiO,H, catalyst
underwent an irreversible structural change with anodic
polarization and formed NiOOH during OER (Figure S4C),
which is a component of the active phase we observed for
Ni;3Co-100 samples. Comparing the OER performance of
NiO,H, and Nis3Co-100 catalysts, both samples demonstrated
similar current density at 7 = 0.35 V. However, better kinetics
was observed for Ni;;Co-100 catalysts compared to NiO,H,
catalysts at #7 = 0.35 V. As a result, the active-phase structure
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reported here, ie, NiOOH-h-CoO,, has greater OER activity
than that of NiOOH by itself. This is strong support for a
synergistic effect of Ni incorporation in improving the OER
activity of CoO,H, catalysts.

Operando Raman Spectroscopy of Co—CV and
Ni, ,Co—CV Catalyst Films. The CoO,H, and NiCoO,H,
catalysts we have discussed thus far all have an initial spinel
structure. A priori it is unclear whether different initial
structures will result in the formation of different active phases.
To study this, we examined during OER the Raman spectra of
catalysts synthesized using a CV cycling procedure. These
results are shown in Figure 7. At low anodic potentials, the
Co—CV sample was highly amorphous as indicated by the
broad Raman band at $90 cm™'. With increasing anodic
polarization to 0.6 V, two well-defined Raman bands appeared
at 467 and 572 cm™!, which correspond to the E; and A,
modes, respectively, of layered hexagonal CoO,. Repeated
anodic polarization confirmed that the conversion from an
amorphous phase to an OER-active h-CoQ, structure was
reversible. LiCoO, is a closely related oxide having a local
structure similar to the h-CoO, that is formed during OER.
LiCoO, has two polymorphs with cubic and hexagonal
structures.””>*” The hexagonal phase of stoichiometric and
delithiated LiCoO, have Raman spectra similar to h-CoO, and
have been demonstrated to be active for OER.>”~>° Thus, our
assignment that h-CoO, is the OER-active phase of our
CoO,H, catalysts is consistent with previous reports in the
literature.

Similar to the unmodified Co—CV samples, the Ni,,Co—CV
catalyst is also amorphous under low applied potentials. With
increasing anodic potentials, the formation of a NiOOH-h-
Co0O, structure was observed as characterized by the well-
defined Raman bands at 467 and 547 cm™), as well as a
shoulder at 575 cm™'. Compared to the annealed samples, as
shown in Figure 7C, the Ni,,Co—CV sample did not show an
initial irreversible structure change, but the same active
structure was formed that also demonstrated good reversibility.
This conclusion is critical as it highlights the formation of a
unique active phase during OER for these CoO,H, catalysts
showing initially lower crystallinity. Further support for our
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hypothesis that NIOOH-h-CoO, is the OER active structure is
provided by the better OER performance of the Ni,,Co—CV
catalyst compared to the Co—CV catalyst. Additionally,
although the formation of the NiOOH-h-CoO, active structure
is independent of the initial cobalt oxide catalyst structures, the
presence of Ni in the catalyst is still required.

B CONCLUSION

In conclusion, we have observed for the first time the formation
of an unique OER-active structure for NiCoO,H, catalysts in
which the catalyst films transformed from spinel to amorphous
a-CoO and then to the OER-active structure NiOOH-h-CoO,
at 0.2 and 03 V vs Ag/AgCl, respectively. The initial
transformation from spinel to a-CoO structure is irreversible;
however, the subsequent conversion to NiOOH-h-CoO, is
reversible. A short catalyst annealing duration and the
incorporation of Ni were necessary to initiate the irreversible
transformation process that is required for the subsequent
formation of the active structure, which is an amalgamation of
NiOOH motifs and layered hexagonal CoO,. Incorporation of
Ni into this active structure is necessary to improve the OER
activity of NiCoO,H, catalysts, which was increased by 100%
compared to when Ni was coordinated in a spinel structure.
Furthermore, the same active structure is formed, independent
of the initial cobalt oxide catalyst structure, which indicates that
the NiOOH-h-CoO, structure can be an universal OER-active
structure for NiCoO,H, catalysts.
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