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nickel oxidet
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Transition metal hydroxides are commonly used to develop nanostructures with desired functionalities by
controlling their size, morphology, and structure. In this study, nickel hydroxide nanosheets with
a hexagonal island shape are synthesized via a surfactant-assisted method. Using this method, nickel
hydroxide nanosheets can be easily achieved in a quick manner. The synthesized nanosheets are 3-
6 nm thick and exhibit a curly and wrinkled morphology with increasing surfactant concentration. These
nanosheets demonstrate superior catalytic properties for the oxygen evolution reaction activity
compared to nickel oxide sheets obtained via a simple heat treatment. Furthermore, we conduct surface
enhanced Raman scattering analysis to confirm that the nickel hydroxide nanosheets serve as active
species for NiOOH during the oxygen evolution reaction, and we propose an electrochemical
mechanism for this system. This study not only presents the detailed synthesis process but also proposes
a straightforward approach, offering valuable insights into the structural and electrochemical properties

rsc.li/rsc-advances of the resulting nanosheets.

Introduction

Transition metal hydroxides (TMHs) are among the most
commonly used electrochemical materials because of their wide
accessibility and favorable electrochemical stability." Further,
they have attracted considerable research attention as prom-
ising oxidation catalysts, resulting in extensive theoretical and
experimental research on their atomic structure evolution and
electron transformation during catalysis.*™ In addition, TMHs
are commonly used to develop new nanostructures with desired
functionalities by controlling their size, morphology, and
structures; therefore, they are often synthesized as nano-
particles, nanorods, nanotubes, and nanoplates.>"”

Thus far, many approaches have been developed to control
the size and shape of these nanostructures. One of the most
functionally efficient nanostructures is the nanosheet structure,
which has a large surface area. TMHs synthesized as a nano-
sheet structure exhibit improved catalytic activity because of the
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alignment of specific exposed crystal planes. Further, lattice
matching between crystal grains can help improve carrier
mobility and increase the number of active sites by incorpo-
rating oxygen vacancies at grain boundaries.'®>*

TMHs have gained considerable attention for synthesizing
two-dimensional (2D) sheets and as anion exchange mate-
rials.®** They can also be converted to oxide nanostructures
easily, without the need for post-treatments.*>***>

TMHs contain a single metal species with the chemical
formula M(OH), (M = Ni, Co, Zn, etc.>**°), which can be trans-
formed into transition metal oxides with a variety of
stoichiometries,** including «-Ni(OH), and B-Ni(OH),.***¢
Among these metal species, nickel is of great interest due to its
high activity, sufficient natural abundance, and low cost.*”**
The latter naturally exists as a layered structure with oxide
anions and nickel cations on octahedrally coordinated sites,
with the hydrogen of the hydroxide on the tetrahedral sites
directed toward the adjacent layer.**' Ni(OH), nanosheets can
be transformed into NiO nanosheets with a [111] preferred
orientation via a simple heat treatment.*

Ni-based oxides/hydroxides have emerged as some of the
most competitive materials offering low overpotential and high
current density that can be attributed to the active species of
Ni"™" involved in the oxygen evolution reaction (OER).
Based on these characteristics, Ni-based materials will be
steadily introduced into new technologies.*”** Therefore,
synthetic approaches must be explored for the development of
Ni(OH), nanosheets with a large surface area and uniform
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thickness for their application as OER catalysts with improved
performance.

In this study, we synthesized Ni(OH), nanosheets and
analyzed their morphological and crystallographic structures.
The synthesized Ni(OH), nanosheets were converted to NiO
through a simple heat treatment, and the mechanism under-
lying their high electrocatalytic performance was confirmed.
Further, a versatile approach for catalyst development through
the phase transition of Ni(OH), and NiO was presented, and the
important role of the crystal structure in promoting electro-
catalytic processes was highlighted.

Experimental
Preparation of Ni(OH), sheet

An aqueous nutrient solution containing 3 mM nickel nitrate
hexahydrate and 12 mM hexamethylenetetramine was gently
added to a glasslock for synthesizing NiO nanosheets (size: 74 x
74 x 63.5 mm). A pre-determined amount of chloroform solu-
tion with sodium hexadecyl sulfate (SHS) was added at the
water-air interface in the opening area of the glasslock. A target
concentration of the surfactant solution (2.2 mg oleylamine in
10 g chloroform) was used for a glasslock with an opening area
of 5476 mm?®. After ~30 min, the glasslock was capped and
placed in a convection oven at 60 °C for 180 min. The nano-
sheets synthesized at the water-air interface of the glasslock
were scooped using an arbitrary substrate for characterization
and device fabrication.*»* The as-synthesized nanosheet was
Ni(OH),; after annealing in an air atmosphere at 500 °C for 3 h,
it converted to NiO.

Characterization

The morphological and chemical properties of the nanosheets
were analyzed through scanning electron microscopy (SEM,
COXEM), atomic force microscopy (AFM, Veeco Multimode V),
and X-ray photoemission (XP) spectroscopy (XPS, Thermofisher
K-alpha). The XPS data were obtained from the nanosheets
transferred on the 50 nm-thick platinum-coated Si substrates to
minimize the signal from the native oxide of the Si substrates.
Peak deconvolution was performed after background subtrac-
tion using a Shirley background. The specimens were analyzed
using TF30ST, Thermo Fisher operated at 300 kV. The electron
energy loss (EEL) spectra were acquired using an aberration-
corrected Thermo Fisher Titan Cubed system for transmission
electron microscopy (TEM, FEI Titan3 G2 60-300) operated
at 80 kv.

Electrochemical tests

All electrochemical experiments were conducted in Fe-free KOH
solutions to prevent the effect of Fe promotion on catalytic
performance. A multichannel potentiostat (VSP, Bio-Logic) with
a three-electrode system comprising a Pt wire as the counter
electrode and a Hg/HZO electrode (1 M KOH, E (Hg/HgO) =
0.098 V vs. standard hydrogen electrode) as the reference elec-
trode was used to determine the electrocatalytic activity. An Au
foil was used as the working electrode for both the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrochemical tests and in situ surface-enhanced Raman
scattering (SERS). Before use, Au substrates were immersed in
a sulfuric acid solution and washed with deionized water and
ethanol several times. The catalyst ink containing Ni(OH), or
NiO samples was drop-casted on an electrochemically rough-
ened gold substrate. Catalyst-deposited Au was dried and sub-
jected to electrochemical analysis and Raman spectroscopy.
Infrared (IR) compensation was conducted at a rate of 90%
using the Bio-Logic EC-Lab software. All obtained electro-
chemical data were referred to the reversible hydrogen electrode
(RHE) scale using the following:

E (Vvs. RHE) = E (V vs. Hg/HgO) + 0.098 + 0.0592 x pH

In situ surface-enhanced Raman scattering (SERS)

In situ SERS experiments were conducted in a custom-made
Teflon cell by using a Raman microscope (XperRAM S, Nano-
base) coupled with a 60x water immersion objective lens
(Olympus). A 633 nm excitation light source was operated at
a grating of 600 L mm ™. Each spectrum was measured with
a resolution of 1 em™' through 30 consecutive scans, with
a 0.5 s exposure time per scan. Prior to measurement, the peak
shift was calibrated to acetaminophen standard peaks for
ensuring the high reproducibility of the measured spectra. A
double-junction Ag/AgCl electrode in a 3 M KCI solution
(+0.22 Vvs. NHE at 25 °C) was used as the reference electrode,
whereas a Pt wire was used as the counter electrode. The
Raman spectra were obtained in situ by varying the applied
potential from the open-circuit potential (OCP) to 1.55 V vs.
RHE at intervals of 0.05 V.

Results

Ni(OH), nanosheets in which ionized molecules of sulfates self-
assemble at the water-air interface were synthesized. Conse-
quently, during the growth of the nanosheets, the ionized
molecules self-assembled to a highly packed monolayer at the
surface of water, forming a negatively charged ionic layer.
Therefore, positive Ni** cations were attracted to the interface,
forming the nanosheets. Fig. 1a illustrates the synthesis process
of the Ni(OH), nanosheets. In the growth process, the nano-
sheets were scooped out of the water-air interface using an
arbitrary substrate for synthesizing islands and nanosheets.
The morphology of the synthesized nanosheets is illustrated
through the diagram shown in Fig. 1b, which is created on the
basis of SEM images. Fig. 1c-f show the SEM images of the
nanosheets transferred onto a SiO,/Si substrate. Ni(OH), is
preferentially formed as hexagonal islands, and single or clus-
tered hexagonal islands are observed near the nanosheets
synthesized with a large area (Fig. 1c). They become large-area
nanosheets when they are densely connected laterally
(Fig. 1d). The density of the islands increases gradually with an
increase in the concentration of the surfactant, and they expand
into nanosheets (Fig. 1e). Further, laterally extended nano-
sheets become curly and wrinkled upon the extension of the
reaction time (Fig. 1f).
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Fig. 1 Synthesis of the Ni(OH), nanosheet. (a) Illustrations of nanosheet formation at the water—air interface. The synthesized nanosheets were
transferred onto an arbitrary substrate via scooping. (b) Illustration and (c) SEM image showing islands around the large-area nanosheets. (d)—(f)
SEM images of the hexagonal islands and the large-area and curly nanosheets.

The features of the hexagonal and curly Ni(OH), nanosheets
(Fig. 2a and b) are confirmed via the AFM images shown in
Fig. 2c and d. The AFM topography images revealed that the
surfaces of the hexagonal islands were smooth. The line profile
across the islands is extracted and shown in Fig. 2c¢, which
confirms that it has a uniform thickness of 3.8 nm throughout
the entire islands (Fig. 2e). The rough feature of the wrinkled
sheet is revealed by the AFM topography image with a corre-
sponding line profile extracted from the line across the wrinkled
sheet (Fig. 2d and f). XPS was conducted to investigate the
elemental composition and bonding states of the nanosheets.
The peak corresponding to the binding energy of nickel oxide/
nickel hydroxide/nickel oxyhydroxide was determined, and
nickel hydroxide exhibited the main peak in the synthesized
nickel-based nanosheet. The XP spectra showed the Ni, O, and C
peaks detected from the as-transferred nanosheet on a 50 nm-
thick Pt-coated Si wafer. Fig. 2g shows the O 1s state at

10174 | RSC Adv, 2024, 14, 10172-10181

a binding energy of 530.9 eV after deconvolution, indicating
that the peaks attributed to NiO, Ni(OH),, and NiOOH at
binding energies of 530.2, 531, and 532.5 eV, respectively, were
allocated at Ni(OH),. Elements such as C were present because
of the precursors. The Ni 2p XPS peak of the nanosheet was
individually scanned and deconvoluted to confirm the chemical
state of the Ni atom (Fig. 2h). The peak at 855.8 eV was attrib-
uted to Ni*" in Ni(OH),, which confirmed that the bulk
component of this nanosheet was Ni(OH),.

TEM was performed to analyze the morphology and crystal
structure of the synthesized Ni(OH), nanosheets. The presence
of hexagonal islands at the beginning of nanosheet formation is
confirmed by the morphology of the sample transferred to the
TEM grid (Fig. 3a). In addition, wrinkled sheets are visualized as
clusters of overlapping islands (Fig. 3b). The diffraction pattern
was attributed to the (111) and (110) planes of Ni(OH),, as
confirmed by the electron diffraction in the region where these

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Determination of the thickness and chemical bonding states of the synthesized islands and nanosheets. SEM and AFM topography images
showing the thicknesses of the (a) and (c) islands and (b) and (d) nanosheets. (e) and (f) Height profile along the lines in (c) and (d). (g) and (h) XPS

profiles of the as-synthesized nanosheets with O 1s and Ni 2p peaks.

sheets are present. Although high-intensity dominance is
confirmed, the randomly oriented grains are aligned when the
overall ring pattern is maintained. The scanning transmission
electron microscopy-high-angle annular dark field (STEM-
HAADF) image shows that the curly and wrinkled areas can be

© 2024 The Author(s). Published by the Royal Society of Chemistry

easily identified because of the sharp contrast (Fig. 3d). The
enlarged images show that the nanosheets have high contrast in
the partially overlapped region (Fig. 3e and f). The presence of
Ni and O is confirmed when elemental mapping is performed
through energy-dispersive X-ray spectroscopy (EDS) on the

RSC Adv, 2024, 14, 10172-10181 | 10175
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Fig. 3 TEM images of the synthesized nickel hydroxide nanosheets. TEM images showing the (a) morphology of hexagonal islands transferred
onto a TEM grid and (b) wrinkled nanosheets. (c) Selected area diffraction pattern of the wrinkled nanosheet. (d)-(f) STEM-HAADF images
showing the wrinkled nanosheets. (g—i) HAADF STEM image and EDS mapping of Ni and O. (j) and (k) EEL spectra of the Ni L, 3- and O K-edges
obtained from the Ni(OH), nanosheet.
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wrinkled sheets (Fig. 3g and h). The EEL spectra were also
acquired, which showed Ni L, ;-edges at 856 and 872 eV. Even at
the O 1s edge, the OK near-edge structure was observed at
531 eV, corresponding to the binding energy of the Ni(OH),
peak identified via XPS.

The synthesized Ni(OH), and post-annealed NiO nanosheets
were subjected to electrocatalytic activity tests. The catalytic
activity was measured in a 1 M Fe-free KOH solution to prevent
Fe incorporation into the samples during the OER.** Fig. 4a
exhibits cyclic voltammograms of the Ni(OH), nanosheets ob-
tained at a scan rate of 20 mV s~ before and after annealing. All
measured potentials were referred to the RHE scale unless
explicitly stated otherwise. A redox event is observed for both
samples (see the dotted box in Fig. 4a) commonly attributed to
Ni-related reactions according to previous literature.>***” In the
anodic scan, the Ni(u) to Ni(m) oxidation peak started increasing
at ~1.35 V for Ni(OH), and at 1.4 V for NiO. During the reverse
scan, reduction peaks were observed at ~1.35 V for NiO and
1.31 V for Ni(OH),. The redox peaks exhibited by Ni(OH), were
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notably more intense than those by NiO, implying a stronger
prevalence of the Ni(u) sites undergoing oxidation to Ni(ur)OOH
at the applied potential. This stronger prevalence of the Ni(u)
sites contributes substantially to the observed electrocatalytic
performance. At potentials of =1.45 V, Ni(OH), demonstrated
higher activity for the OER than NiO.

Fig. 4b shows the OER activity of the samples measured via
linear sweep voltammetry (LSV) at a scan rate of 1 mV s .
Chronopotentiometry (CP) was performed at 10 mA cm > for
24 h (Fig. S4f). The overpotential, as indicated by current
densities of 10 mA cm ™2, was 80 mV lower for Ni(OH), than for
NiO. This trend is consistent with the Tafel slopes, as seen in
Fig. 4c; Ni(OH), exhibits a slope of 50.4 mV dec ', which is
slightly lower than that of NiO (51.6 mV dec™'). Double-layer
capacitance (Cq) was measured through cyclic voltammetry
(CV) at various scan rates to estimate the electrochemical
surface area (ECSA) (Fig. S51). The calculated capacitance was
divided by the known specific capacitance (C;) for Ni(OH), to
obtain the ECSA.*® A double-layer-capacitance-normalized
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(a) Cyclic voltammetry (CV) and (b) linear sweep voltammetry (LSV) curves of Ni(OH), (orange) and NiO (green). (c) Tafel slopes, derived

from the LSV data in Fig. 4b, of Ni(OH), (orange) and NiO (green). (d) Normalized current density and electrochemically active surface area (ECSA)
of Ni(OH), (orange) and NiO (green). All tests were performed in a 1 M Fe-free KOH solution.
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activity is shown in Fig. 4d, which indicates that the OER activity
of Ni(OH), remains considerably higher than that of NiO even
after normalizing the data to Cg.

In situ SERS was conducted to explore potential factors
contributing to the observed performance difference between
the two samples. SERS was employed to enhance the Raman
signal by at least an order of magnitude, thereby enabling the
observation of bands linked to Ni"-O and Ni"-OH.57%¢
Further, the broad band in the spectral region of 850-
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1250 cm Y, i.e., active oxygen species (O-O), was resolved with
high precision.>”***** The potential-dependent Raman spectra of
the samples are presented in Fig. 5a and b. At the OCP, two
prominent peaks corresponding to Ni"-OH and Ni"-O were
evident at ~450 and 505 cm™ ' respectively, for both
Ni(OH), and NiO. As the potential increased to 1.35 V, both
samples underwent spectral evolution, with peak growth
observed at ~480 and 560 cm™'. The former peak growth is
attributed to the bending mode of Ni""-O in NiOOH, whereas

d
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In situ Raman spectra recorded for (a) Ni(OH), and (b) NiO by incrementally varying the applied potential from the OCP to 1.55V (in steps

of 0.05V) ina 1M Fe-free KOH solution. (Left), the spectra showing Ni—O bands; (right), bands associated with active oxygen species.
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the latter is associated with the stretching mode of Ni'"-O in
NiOOH.*”**** With the simultaneous emergence of NiOOH
peaks, the broad band indicative of active oxygen was observ-
able for Ni(OH),, whereas NiO exhibited no active oxygen.
Although this spectral feature, i.e., active oxygen species in the
850-1250 cm ™' range, is commonly observed in Ni-based OER
catalysts, its origin remains unresolved. Some researchers
attribute this to the negatively charged ‘NiOO™’ species at the
surface,®*>%*% whereas others associate it with oxygen atoms
(‘0° (1/20,)") or peroxide-related species.*®* Various superoxide
groups have been widely proposed as relevant contributors to
this broad band.*”*” Despite the yet-to-be-revealed uncer-
tainties, two assumptions regarding active oxygen have found
broad acceptance: (i) prevalence in higher-oxidation-state Ni
oxides, either in the bulk or surface region of the sample, and
(ii) involvement in the lattice oxygen mechanism, gaining
significant attention as a reaction mechanism that diverges
from the conventional volcano correlation. Furthermore, recent
observations have suggested the mediation of a robust inter-
action between FeO,H, active sites and their corresponding
metal oxyhydroxide substrate.*®

The comparative analysis of Ni(OH), and NiO revealed
notable distinctions in their OER activity. In terms of the ECSA,
in relation to NiO, Ni(OH), demonstrated a larger value,
underwent a more substantial transformation to NiOOH, and
possessed a catalytically active phase for the OER. The
substantial generation of NiOOH is consistent with the higher
oxidation state, i.e., the presence of a large amount of Ni(u),
which correlates with the abundance of active oxygen. Active
oxygen can serve as a reliable indicator for efficient OER acti-
vation for both samples containing only Ni (in the absence of
Fe). Furthermore, in the low-frequency region for NiO, the
spectral feature of Ni"-O was observed even in the higher
potential range where NiOOH begins to form and persist. This
observation contributes to the overall spectrum profile of the
NiO sample and aligns with the CV results, thereby indicating
a smaller degree of Ni(u) oxidation to Ni(ur). These electro-
chemical and spectroscopic data unequivocally confirm that
Ni(OH), exhibits higher OER activity than NiO.

Conclusion

In this study, Ni(OH), nanosheets were successfully synthesized
using a method involving surfactants. The synthesized nano-
sheets were converted to NiO nanosheets through simple heat
treatment, and their morphology, crystal structure and elec-
trochemical properties were analysed. The hexagonal nano-
sheets grew laterally and became curly as the concentration of
the surfactant increased. The nanosheets were electrochemi-
cally analysed considering their OER activity. The redox reaction
of the nickel hydroxide nanosheets was found to occur more
actively than that of nickel oxide nanosheets, and the over-
potential value was lower. This difference resulted from the
transformation of Ni(u) sites in Ni(OH), to Ni(1)OOH during the
oxidation process, from which active oxygen is generated. This
study systematically explored the effect of compositional
changes in the 2D sheets of the same material, thereby

© 2024 The Author(s). Published by the Royal Society of Chemistry
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contributing to the field of 2D-material-based catalysis. Further,
this study provides an in-depth understanding of the synthesis,
morphological transformations, and phase transition of the as-
synthesized nanosheets and thus expands their application
scope in catalysis and electrochemistry. Therefore, the research
findings offer valuable insights into the diverse utilization of
nanosheets and suggest future research directions.
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