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The oxygen evolution reaction (OER) is the key reaction in water splitting systems, but compared with the
hydrogen evolution reaction (HER), the OER exhibits slow reaction kinetics. In this work, boron doping into
nickel-iron layered double hydroxide (NiFe LDH) was evaluated for the enhancement of OER
electrocatalytic activity. To fabricate boron-doped NiFe LDH (B:NiFe LDH), gaseous boronization, a gas—
solid reaction between boron gas and NiFe LDH, was conducted at a relatively low temperature.
Subsequently, catalyst activation was performed through electrochemical oxidation for maximization of
boron doping and improved OER performance. As a result, it was possible to obtain a remarkably
reduced overpotential of 229 mV at 10 mA cm~2 compared to that of pristine NiFe LDH (315 mV) due to
the effect of facile charge-transfer resistance by boron doping and improved active sites by

rsc.li/rsc-advances electrochemical oxidation.

Introduction

Recently, the demand for innovative energy production
methods, such as ecofriendly and clean energy sources, has
rapidly increased due to the depletion of fossil fuels and the
increase of environmental pollution caused by the use of fossil
fuels."” Among many candidates, hydrogen production through
electrochemical water splitting, which is called green hydrogen
production, or production through -electrochemical CO,
reduction are not only promising solutions to solve this
problem but also can be conducted in combination with solar
cells, increasing production sustainability.>**® The oxygen
evolution reaction (OER) is essential to energy production
reactions based on electrochemistry."*** The OER plays the role
of counterpart for each reaction occurring in electrochemical
energy production, and its efficiency changes depending on the
performance of the electrocatalyst.”*"” In particular, water
splitting through the use of a hydrogen evolution reaction
(HER) electrode and an OER electrode generally shows a very
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large difference in performance between the two elec-
trodes.>'®?° Generally, OER exhibits sluggish kinetics and
should be applied with a large potential in water splitting
because four electrons are involved in bond formation and
breakage, whereas the HER is relatively simple. Thus,
improving the electrocatalytic performance of the OER would
effectively improve water splitting performance.'*** Although
OER electrocatalysts for use under alkaline conditions
commonly contain noble metals, such as Ir and Ru, noble
metals present disadvantages such as supply shortages and
exhaustion, high cost, and limitations in applications requiring
mass production.’'®** For this reason, electrocatalysts based
on earth-abundant elements, such as transition metal oxides,
layered double hydroxides (LDHs), sulfides, single atom cata-
lysts (SACs), two-dimensional materials, etc.,>'*'*162327:63-66
have been extensively studied to replace precious metals.
Among such electrocatalyst candidates, LDHs show
outstanding electrocatalytic activity and electrochemical
stability under OER conditions. Nevertheless, LDHs also need to
enhance the OER catalytic activity to increase the possibility of
water splitting commercialization. LDHs should be modified to
overcome their relatively poor intrinsic conductivity and should
be supplemented with more active sites for improved water
oxidation efficiency.

To increase the OER performance of LDHs in recent studies,
the active sites of LDHs have been improved to affect partial
charge transfer through LDHs combined with various transition
metals, such as Ni, Fe, Mn, V, and Cr.”>**>> Another strategy is
heterogeneous element doping in LDHs to adjust their elec-
tronic structure for improved conductivity or charge-transfer
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resistance and improve the active sites of electrocatalysts.>”**3*
Furthermore, activation of transition metal compounds under
OER conditions or during the conversion of transition metal
compounds to oxyhydroxides, so-called precatalysts, has been
reported.®® This activation step increases the proportion of
oxyhydroxides in LDHs, which has a positive effect on OER
performance.***”

Herein, an efficient OER electrocatalyst with a hierarchically
designed structure to facilitate charge transfer was suggested
using gas-solid boronization and electrochemical oxidation.
First, nickel-iron LDH (NiFe LDH) was synthesized using
a simple hydrothermal method. Second, boron-doped NiFe
LDH (B:NiFe LDH) was fabricated through a boronization step,
which was conducted through annealing of the NiFe LDH and
boron source. Boronization is a simple method that could be
easily applied in mass production processes. Boronization was
performed simply through a boron source with a relatively low
boiling point. Next, synthesized B:NiFe LDH was electrochem-
ically oxidized for activation. It is well known that transition
metal-based electrocatalysts are irreversibly converted to oxy-
hydroxides through electrochemical oxidation under anodic
conditions.*>*® In this work, B:NiFe LDH exhibited low charge-
transfer resistance, which was reflected as a better catalytic
performance than that of pristine NiFe LDH. Furthermore,
electrochemical oxidation of B:NiFe LDH confirmed that oxy-
hydroxides were formed on the surface, which showed better
OER electrocatalytic performance than that of directly synthe-
sized NiFe LDH due to the facile charge transfer structure and
improved active sites of B:NiFe LDH. The designed electro-
catalyst achieved an overpotential of 229 mV at 10 mA cm ™2,
which was approximately 140 mV lower than that of Ir under the
same conditions.

Experimental
Preparation of galox-B:NiFe LDH electrocatalyst

NiFe LDH was used as a starting material before boronization
and was synthesized through a hydrothermal method. First,
each precursor was dissolved in DI water (50 mL) and stirred for
30 min. The molarity of nickel nitrate hexahydrate (Ni(NO3),-
-6H,0, Sigma-Aldrich), iron sulfate heptahydrate (FeSO,-7H,0,
Sigma-Aldrich), ammonium fluoride (NH,F, Sigma-Aldrich),
and urea (NH,CONH,, Sigma-Aldrich) was 50 mM, 9 mM,
250 mM, and 625 mM, respectively. The prepared solution with
Ni foam (1 cm x 5 cm) was sealed in a Teflon-lined stainless
steel autoclave. Then, the autoclave was heated at 120 °C for 18
hours in a dry oven. Second, B:NiFe LDH was synthesized
through thermal treatment. Three pieces of NiFe LDH and 3 g of
boric acid (H3BOj, Sigma-Aldrich) were loaded into a tube
furnace. Then, the furnace was thermally treated under 30 sccm
argon gas flow at 350 °C for 3 hours at a ramp rate of 5 °C min ™.
Third, electrochemical oxidation of B:NiFe LDH was conducted
through a conventional three-electrode cell using a potentiostat
(ZIVE MP2A, Wonatech, Korea) in a 1.0 M KOH electrolyte
(Sigma-Aldrich). The working, counter, and reference electrodes
were the B:NiFe LDH electrode, Pt foil electrode, and standard
calomel electrode (SCE), respectively. Electrochemical oxidation
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was conducted using the galvanostatic method at 0.1 mA cm 2
for 12 hours and started at the stabilized open circuit voltage of
the working electrode.

Material characterization

To analyze the phase of the synthesized electrocatalyst samples,
XRD (New D8 Advances, Bruker) was performed. Microstruc-
tural analysis of the synthesized electrodes was conducted using
TEM (JEM-2100F, JEOL Ltd.) and FE-SEM (SUPRA 55VP, Carl
Zeiss). Additionally, to observe the surface area of the elec-
trodes, a BET analyzer with N, adsorption/desorption at 77.3 K
(ASAP2420, Micromeritics Instruments) was used. Chemical
spectral characterization was conducted via Raman spectros-
copy (LabRAM HR Evolution, HORIBA) and FT-IR (Nicolet 6700,
Thermo Scientific). To verify the ratio of boron in B:NiFe LDH,
ICP-AES was conducted through Ar plasma (OPTIMA 8300,
Perkin-Elmer, USA).

Electrochemical characterization

The polarization curves of each electrode were obtained under
the same configuration as the electrochemical oxidation step.
The potential range of the polarization curves was 1.1 to 1.8 V
(vs. RHE) with a scan rate of 1 mV s~ '. ECSA acquisition was
conducted through cyclic voltammetry (CV). The CV potential
range was 0.18 to 0.28 V (vs. RHE) at scan rates of 5, 10, 25, 50,
100, 200, 400, 600, 800, and 1000 mV s~ '. The linear slope and
ECSA were calculated from CV data by plotting J,—J. at 0.23 V (vs.
RHE) depending on the scan rate. EIS was performed within
a frequency range from 100 000 Hz to 0.01 Hz at a constant
voltage of 350 mV (vs. RHE). The evolved gas was detected
through gas chromatography (Micro GC Fusion gas analyzer,
INFICON) during the stability test at a constant current density
of 10 mA cm ™2,

Results and discussion
Boronization and electrochemical oxidation of electrocatalyst

Fig. 1 shows the overall fabrication scheme and microstructural
characterization of the synthesized electrocatalyst. Fig. 1(a)
displays a schematic illustration of the synthesis of galvano-
static oxidized B:NiFe LDH (galox-B:NiFe LDH) to achieve high
OER performance. The synthesis process could be divided into
two steps: boronization and electrochemical oxidation. In
boronization, NiFe LDH on hydrothermally synthesized nickel
foam (Ni:Fe, 4 : 1 atomic ratio) was thermally annealed with
boric acid as the boron source in a furnace at 350 °C, which is
higher than the boiling point of boric acid, for 3 hours. Next,
galox-B:NiFe LDH was synthesized by the galvanostatic method
at a constant current density of 0.1 mA cm ™ for 12 hours using
a general electrochemical analyzer. The potential profile of
galvanostatic oxidation is depicted in Fig. S1.1

The morphology of the as-prepared NiFe LDH-based elec-
trocatalysts is shown in Fig. 1(b). The FE-SEM images show that
nanoplates formed in all samples. Even after boronization and
galvanostatic oxidation were conducted, the nanoplate struc-
ture did not collapse or undergo delamination. However, it was
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Fig. 1 Summary of the fabrication scheme and structural and morphological characterization of galvanostatic oxidized nickel-iron layered
double hydroxide (NiFe LDH) with boron doping. (a) Schematic illustration of the synthesis of galvanostatic oxidized boron-doped NiFe LDH
(galox-B:NiFe LDH) through gas—solid boronization in a furnace and electrochemical oxidation. (b) Field-emission scanning electron microscopy
(FE-SEM) images of the NiFe LDH-based electrocatalyst under each condition.

observed that the thickness of the nanoplates was relatively thin
after heat treatment during boronization.

Energy dispersive X-ray spectroscopy (EDS) analysis of the
surface verified successful boron doping, as shown in Fig. S2.1
The intensity of the boron peak was notably higher in the EDS
spectrum of B:NiFe LDH than in that of pristine NiFe LDH
(Fig. S2(a)f). Furthermore, EDS mapping confirmed that the
chemical composition of B:NiFe LDH was uniformly distributed
over the entire surface of the Ni foam (Fig. S2(b—f)¥).

Characterizations of galox-B:NiFe LDH

Fig. 2 shows the results of microstructural characterization of
the NiFe LDH-based electrocatalysts through transmission
electron microscopy (TEM) analysis. To further verify the
successful completion of boron doping and electrochemical
oxidation of LDH, as shown in Fig. 2(a and b), TEM was per-
formed, and selected area electron diffraction (SAED) patterns
and EDS maps were obtained. As observed in the previous SEM
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results, there was no significant change in morphology after
boronization and electrochemical oxidation were performed
(TEM image in Fig. 2(a)). SAED was conducted after boroniza-
tion and electrochemical oxidation to determine the diffraction
patterns that corresponded to each d-spacing. First, the SAED
pattern of pristine NiFe LDH contained the (101), (110), (202),
(212), (033), and (220) planes of NiFe LDH. Similar planes were
observed in the SAED patter of B:NiFe LDH. In both cases,
hexagonal symmetry was observed. Furthermore, after an OER
sweep, B:NiFe LDH and galox-B:NiFe LDH showed similar SAED
patterns. As shown in Fig. 2(a), that the lattice of LDH was
unaffected by boronization. Additionally, when an OER sweep
and electrochemical oxidation of B:NiFe LDH were conducted,
it was confirmed that the oxyhydroxide form was obtained. The
d-spacing results of high-resolution TEM and the correspond-
ing fast Fourier transformation (FFT) of each NiFe LDH-based
electrocatalyst are shown in Fig. S3.f Furthermore, the STEM
images (Fig. S4t) and corresponding EDS mapping (Fig. 2(b))

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra10169a

Open Access Article. Published on 19 February 2021. Downloaded on 2/3/2026 8:36:39 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

10 1/nm

10 1/nm

(b)

View Article Online

RSC Advances

Fig. 2 Further morphological characterization of B:NiFe LDH before and after galvanostatic oxidation. (a) Transmission Electron Microscopy
(TEM) analysis (top of each row) and selected area electron diffraction (SAED) pattern (bottom of each row) of the NiFe LDH-based electro-
catalyst under each condition. (b) EDS mapping of TEM images of the B:NiFe LDH chemical composition.

showed that Ni, Fe, B, and O in B:NiFe LDH were uniformly
distributed. The inductively couple plasma atomic emission
spectrometer (ICP-AES) was conducted to quantitatively verify
the ratio of boron (Table S17).

The unchanged SAED results and the distribution of boron
observed through EDS indicated that boron was successfully-
doped into NiFe LDH. Therefore, a structure capable of facile
charge transfer was obtained by forming activated oxyhydroxide
on the B:NiFe LDH surface through boronization and galvano-
static oxidation.

In Fig. 3, the structural and chemical characteristics of galox-
B:NiFe LDH were compared with those of the electrocatalyst
before boronization and electrochemical oxidation by X-ray
diffraction (XRD), Raman spectroscopy, and Fourier trans-
formation infrared (FT-IR) spectroscopy.

Fig. 3(a) depicts the phase analysis of the prepared NiFe
LDH-based electrocatalysts at different stages throughout the
synthesis process. The red, blue, and orange lines represent the
electrocatalyst after hydrothermal NiFe LDH synthesis, boroni-
zation, and electrochemical oxidation, respectively. The XRD
pattern of NiFe LDH was in agreement with the reference NiFe

© 2021 The Author(s). Published by the Royal Society of Chemistry

LDH pattern (PDF 00-040-0215).>* In the case of the B:NiFe LDH
and galox-B:NiFe LDH, although all peaks except for the main
peak were difficult to distinguish, the main peak of LDH at
approximately 11° was clear.’>*3%

Fig. 3(b) shows the Raman spectra of the electrocatalysts
before and after boronization and electrochemical oxidation. In
these spectra, the pristine Ni foam, which was not functional-
ized at all, did not show any peaks. The peaks of the NiFe LDH
electrode spectrum (red line) appeared at 300, 457, 531, and
650 cm ™~ and correspond to the vibrations of the NiFe-O bond.?
Additionally, B:NiFe LDH and galox-B:NiFe LDH had similar
Raman spectra to that of pristine NiFe LDH. peaks detected at
477 and 556 cm ™' corresponded to typical 6(Ni**-0) and »(Ni**-
O) vibrations of y-NiOOH.'****! As demonstrated by the vibra-
tional peaks in the spectrum of the crystalline LDH form, the
Raman results confirmed that the NiFe-O bonds remained after
gaseous boronization and electrochemical oxidation.

Further investigation through FT-IR spectroscopy exhibited
a change in the chemical bonding state after boron doping of
the NiFe LDH-based electrocatalyst (Fig. 3(c)). In the full FT-IR
spectra (bottom of Fig. 3(c)), several peaks were commonly

RSC Adv, 2021, 11, 8198-8206 | 8201
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Fig. 3 Structural characterization and spectral analysis to confirm successful gaseous boronization and electrochemical oxidation. (a) X-ray
diffraction (XRD) analysis for verification of electrochemical oxidation and boronization. (b) Raman spectral analysis of the NiFe LDH-based
electrocatalysts. (c) Fourier transformation infrared (FT-IR) spectral analysis to confirm boron doping of NiFe LDH.

detected below approximately 2500 cm ™" in all NiFe LDH-based
electrocatalysts. The spectral band at 1620 cm™* corresponds to
the vibration of water molecules.*> Between 1400 and 600 cm ™ *,
the vibration peaks of CO;> appearing at 1360, 1000, and
680 cm " and correspond to asymmetrical bending vibration

(v3), symmetrical stretching vibration (v,), and asymmetrical

bending vibration (v,), respectively.**** Additionally, the peaks
corresponding to the bridge vibration mode of H,0-CO3>~ and
CO, appear at approximately 2700 and 2360 cm™ ", respectively,
in Ni foam- and the NiFe LDH-based electrocatalysts.”®*
Moreover, the broad absorption band between 3500 and
3000 cm™ " was different depending on the electrocatalyst (top
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Fig.4 Electrochemical characterization of the NiFe LDH-based electrocatalyst electrodes for water oxidation in 1.0 M KOH. (a) OER polarization

curves after a linear sweep with the different electrodes at a scan rate of 1.0 mV s

-1

. (b) Calculation of Tafel slopes corresponding to the OER

polarization curves. (c) Chronopotentiometric stability test of galox-B:NiFe LDH at 10 mA cm™~2. (d) Faradaic efficiency and amount of O, and H,
evolved during water splitting at 10 mA cm™2. (e) Nyquist plots at 350 mV (vs. RHE) for different electrodes. (f) Equivalent circuit model and
schematic diagram of the possibility of charge transfer in B:NiFe LDH.
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of Fig. 3(c)). This spectral band corresponds to the O-H
stretching vibrations of the hydroxyl groups in the hydrotalcite
layers and in interlayer water molecules.>** While no peak in the
region was observed in the Ni foam spectra, a broad peak was
detected in the NiFe LDH-based electrocatalyst spectra. In
particular, an additional peak was detected at 3201 cm ™" in the
spectra of B:NiFe LDH, corresponding to the B-OH stretching
mode.* Thus, it could be suggested that a heterogeneous atom,
boron, had been successfully doped into NiFe LDH, as
confirmed by the XRD, Raman, and FT-IR results.

Water oxidation performance of galox-B:NiFe LDH

The electrochemical performance of the NiFe LDH-based elec-
trocatalysts was investigated under a 1.0 M KOH alkaline elec-
trolyte. As shown in Fig. 4, to examine the oxygen evolution
electrocatalytic activity of galox-B:NiFe LDH, linear sweep vol-
tammetry (LSV) was conducted for each electrode. The OER
polarization curves were obtained with a conventional three-
electrode system in 1.0 M KOH. The potential range of polari-
zation measurements for the OER was from 1.1 to 1.8 V (vs.
a reversible hydrogen electrode (RHE)) at a scan rate of 1.0 mV
s~'. First, the OER performance of the NiFe LDH-based elec-
trocatalysts was measured as the overpotential at a current
density of 10 mA cm ™2, which is generally used as a reference to
evaluate electrocatalysts.'®*® Fig. 4(a) displays the polarization
curves of the OER for each electrode. The galox-B:NiFe LDH
electrocatalyst required an overpotential of 229 mV to reach
a current density of 10 mA cm™ 2, which is the lowest over-
potential among this work. However, the overpotentials of the
Ni foam, Ir foil, NiFe LDH, and B:NiFe LDH were 465, 371, 315,
and 281 mV, respectively, under the same conditions. In
particular, it was confirmed that the overpotential was further
improved after boronization and galvanostatic oxidation of
NiFe LDH and B:NiFe LDH, respectively. Additionally, to use an
OER electrocatalyst for solar-driven hydrogen production, an
overpotential of at least 250 mV is required.*” Thus, the current
density required to achieve an overpotential of 250 mV for galox-
B:NiFe LDH was 15.0 mA cm ™2, while that for the Ni foam, Ir
foil, NiFe LDH, and B:NiFe LDH was 0.1, 0.1, 1.9, and 4.6 mA
cm?, respectively.

As shown in Fig. 4(b), the Tafel plot was displayed to analyze
the electrocatalyst reaction kinetics, which were plotted based
on the potential against log(/), and the Tafel slope was calcu-
lated. The galox-B:NiFe LDH electrocatalyst showed a low Tafel
slope of 57 mV dec™ ", while that for the Ni foam, Ir foil, NiFe
LDH, and B:NiFe LDH was 104, 91, 80, and 73 mV dec %,
respectively. In this respect, the reaction kinetics of the galox-
B:NiFe LDH were the fastest among those of the measured
electrocatalysts, which may mean improved charge transfer
through B:NiFe LDH.

To verify the stability of the galox-B:NiFe LDH electrocatalyst,
a long-term durability test was conducted through the chro-
nopotentiometric method (Fig. 4(c)). At a constant current
density of 10 mA cm™?, the galox-B:NiFe LDH electrocatalyst
delivered a stable overpotential of approximately 230 mV over
100 hours. Similarly, the overpotentials of NiFe LDH and B:NiFe

© 2021 The Author(s). Published by the Royal Society of Chemistry
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LDH were also maintained at 320 and 280 mV, respectively
(Fig. S5(a)7)-

Fig. 4(d) shows the faradaic efficiency and amount of evolved
gas (0O,, H,) during the stability test at a constant current
density of 10 mA cm 2 for galox-B:NiFe LDH. The faradaic
efficiency was calculated using the number of electrons
required to evolve 1 mol gas, and the number of moles were
obtained using the amount of evolved gas. The number of
electrons is 2 for H, and 4 for O,. The amount of evolved gas was
measured using gas chromatography, and the image of equip-
ment of gas chromatography is depicted in Fig. S6.7 As shown in
Fig. 4(d), it was confirmed that the faradaic efficiency (left Y-
axis) was maintained at almost 100% for both the working and
counter electrodes at a constant current density of 10 mA cm ™.
Additionally, the ratio of gas generated during the stability test
was maintained at 1: 2 (O, : Hy).

To further clarify the effect of the boron-doped NiFe LDH on
facile charge transfer during the OER step, an analysis through
electrochemical impedance spectroscopy (EIS) was conducted
in the frequency range from 100 000 to 0.01 Hz at a constant
overpotential of 350 mV. Fig. 4(e) and (f) display the Nyquist
plots of each electrocatalyst and an equivalent-circuit model
(EIS results for different potential conditions: Fig. S5(b and c)).t
The resistances of the circuit consist of electrolyte resistance
(R.) and charge-transfer resistance (R.¢) in Fig. 4(f). As shown in
Fig. 4(e), the R, of the galox-B:NiFe LDH electrocatalyst was the
lowest. This result means that facile charge transfer is possible
as a result of forming activated oxyhydroxide on the B:NiFe LDH
electrode through galvanostatic oxidation.

It has been previously reported that the valence state of
transition metal element in LDH affects OER performance.**®’
As reported by Dionigi et al., the synergetic effects through the
O-bridged Fe-M (Ni or Co) reaction center formed between the
electronic structure of the Fe site and the adjacent M site
stabilize the OER intermediates which are disadvantageous on
Ni centers or pure Fe sites.*® In this work, the reaction center
was adjusted by adding Fe element. Furthermore, the electronic
structure of NiFe LDH was modified through boron doping to
facilitate charge transfer. The boron doping would induce
amorphization of LDH which creates oxygen vacancy. The
formed vacancy effects on the improvement of charge transfer
capability.**-** Additionally, it has been previously reported that
when the B:NiFe structure is activated under anodic conditions,
it undergoes a structural change reminiscent of the deforma-
tion of the NiB; thin film prepared by electrodeposition.*® In this
step, Jahn-Teller-distorted Ni(m) centers are activated to bis-
oxo/bridged Ni centers that are organized into sheets of edge-
sharing octahedral NiOg, which is a well-known possible
active site for the OER.*****° Considering these results and
those of previous reports, it can be seen that catalytic activity is
improved due to B doping.

Change of surface state caused by boron doping and oxidation

In Fig. 5, the characterization of surface composition, valance
state, and specific surface area was performed to confirm the
improved OER performance. X-ray photoelectron spectroscopy
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(XPS) was conducted to investigate the effect of B doping on the
chemical composition and change in valance state due to the
formation of oxyhydroxide caused by activation through elec-
trochemical oxidation (Fig. 5(a—c)). Fig. 5(a) shows the O 1s XPS
spectra for NiFe LDH after different steps in the synthesis
process. It could be confirmed that the O 1s spectrum of B:NiFe
LDH shifted toward a higher energy than that of the NiFe LDH O
1s spectrum due to O-B bonding after boron doping.>* On the
other hand, it appeared that the O 1s spectrum of galox-B:NiFe
LDH shifted toward lower energy due to the formation of oxy-
hydroxide. Furthermore, lattice oxygen (O>7) and absorbed
molecular water also affected this shift.”

In Fig. 5(b), the B 1s XPS spectrum for NiFe LDH was empty
since it did not react with boric acid. However, the B 1s spectra
for B:NiFe LDH and galox-B:NiFe LDH demonstrated the
formation of a boron peak. In particular, the B 1s spectrum for
B:NiFe LDH showed peaks at 188 eV and 193 eV, which corre-
spond to M-B and surface oxidized B (B-O), respectively.*® The
M-B peak (188 eV) decreased when exposed to air and the
electrolyte during electrochemical oxidation, as observed in the
B 1s spectrum of galox-B:NiFe LDH.*® As observed in the O 1s
spectra, the B-O peak of galox-NiFe LDH shifted toward a lower
energy than that of B:NiFe LDH.

In Fig. 5(c), the Ni 2p spectra exhibited peaks corresponding
to Ni** (855.5 (2pa/2) and 873.0 €V (2py)2)) and Ni** (856.8 (2ps2)
and 874.8 eV (2py,)). The intensity of the Ni** peaks of galox-
B:NiFe LDH was higher than that of the corresponding peaks
of NiFe LDH and B:NiFe LDH due to the formation of oxy-
hydroxide through electrochemical oxidation.” Similar to the Ni
2p trends, the intensity of the Fe** peaks in the Fe 2p spectrum
of galox-B:NiFe LDH also increased compared to that of the Fe*"
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peaks in the Fe 2p spectrum of pristine NiFe LDH and B:NiFe
LDH (Fig. S7%).

To further characterize the physical surface area of NiFe
LDH, B:NiFe LDH, and galox-B:NiFe LDH, Brunauer-Emmett-
Teller (BET) analysis was conducted (Fig. 5(d)), where the BET
specific surface area (inset of Fig. 5(d)) and pore distribution
(Fig. S8t) were obtained. In the case of galox-B:NiFe LDH, the
BET specific surface area in Fig. 5(d) was 2.54 m”> ¢, and that
of the Ni foam, NiFe LDH, and B:NiFe LDH was 0.02, 0.72, and
0.85 m* g, respectively. These BET analysis results exhibited
a similar tendency to the electrochemical surface areas (ECSAs)
in Fig. 5(e). Compared to pristine NiFe LDH, the galox-B:NiFe
LDH electrocatalyst showed a relatively large ECSA. As
observed via characterization of the specific surface area, galox-
B:NiFe LDH had relatively improved active sites, which had
a positive effect on OER performance.

After carrying out the OER durability test, post-analysis was
performed (Fig. S107). As shown in Fig. S10(a),T the XRD pattern
of galox-B:NiFe LDH hardly changed after OER. Additionally,
although O, gas was vigorously emitted during the OER, galox-
B:NiFe LDH was well retained on the Ni foam in the SEM images
(Fig. S10(b)).T In particular, it was confirmed that no micro-
structure collapse was observed even under high current density
conditions. In both the XRD and SEM results, the pattern and
morphology of KOH was detected since it was the electrolyte
implemented during the OER. According to the O 1s of XPS
result of galox-B:NiFe LDH after durability test, it is similar to
result of NiFe LDH before boron doping. Furthermore, the Ni
and Fe 2p spectrum results show that the intensity of Ni** and
Fe’" increased even more after the durability test compared
with galox-B:NiFe LDH. According to the post-analysis, it can be

(a) O1s (b) B 1s (c) Ni 2p (d)
2p3, 8 [——0— Ni foam ads/des
NiFe LDH NiFe LDH NiFe LDH = —Fg—gi;?FLDI;‘JH
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M-OH o [ a8
" 2 of /
L
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Fig.5 Chemical composition and specific surface area characterization for verification of enhanced catalytic activity. (a—c) X-ray photoelectron
spectroscopy (XPS) analysis for observation of chemical composition. (a) O 1s, (b) B 1s, and (c) Ni 2p XPS spectra of NiFe LDH-based electro-

catalysts under each condition. (d) Brunauer—Emmett-Teller (BET)

analysis of an isothermal plot with N, adsorption/desorption (inset:

comparison of BET surface area under each condition). (e) Electrochemical surface area (ECSA) of the NiFe LDH base electrocatalyst. The linear

slope is related to the double layer capacitance.
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confirmed that the structural, phase change did not occur, and
the ratio of oxyhydroxide increases after the stability test.”

Conclusions

In this work, we demonstrated that an electrocatalyst developed
with a low-cost, earth-abundant transition metal was a highly
efficient water splitting anode. NiFe LDH was successfully
boron-doped through simple gaseous boronization using
a boron source at a relatively low temperature, although boron
doping is not easily achieved due to the high boiling point and
melting point of boron. Boron doping was effective at
enhancing the OER electrocatalytic activity, reaching values of
281 mV at 10 mA cm ™2, of B:NiFe LDH electrodes. Furthermore,
the effect of boron doping was maximized by activation through
electrochemical oxidation, and the galox-B:NiFe LDH electro-
catalyst reached an overpotential of 229 mV at 10 mA cm 2. The
morphological and chemical spectral characterization of the
synthesized NiFe LDH-based electrocatalysts confirmed
successful boron doping of NiFe LDH and activation through
electrochemical oxidation. Through potentiostat EIS investiga-
tion of each electrocatalyst electrode, it was confirmed that
boron doping kinetically improved the electrocatalyst due to
a low charge-transfer resistance. The relatively simple boron
doping method presented in this study suggest the possibility of
mass LDH catalyst production based on the enhanced OER
performance.
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