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Formation of electron-deficient Ni in a
Nb/NiFe-layered double hydroxide nanoarray
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The intrinsically sluggish kinetics of the oxygen evolution reaction (OER) at the anode poses a formidable
challenge to the industrial application of water electrolysis, although NiFe-based oxides and hydroxides have
emerged as promising anodic candidates. Within this framework, we report the synthesis of Nb-doped NiFe-
layered double hydroxides (Nb/NiFe-LDH) via a straightforward one-step hydrothermal approach. Notably, Nb
doping maintained the structural integrity of the NiFe-LDH framework and it enhanced the valence state of
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the active Ni species during the electrochemical activation process, which accelerated the concomitant
reconstruction kinetics of the LDH phase. As a result, Nb/NiFe-LDH demonstrated a remarkable overpotential
of 198 mV to attain a current density of 10 mA cm™ in an alkaline electrolyte. This work proposes a novel

rsc.li/nanoscale doping strategy for enhancing the performance of OER electrocatalysts.
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1. Introduction

Hydrogen energy, which is regarded as the vanguard of a new
generation of energy sources, has attracted significant attention
from the scientific community.' Alkaline water electrolysis,
which is known for its high efficiency in hydrogen production,*®
does not rely on noble metals or expensive Ti materials.®’
However, it is confronted by the significant challenge of high over-
potential associated with the oxygen evolution reaction (OER),
which impedes the development of alkaline water electrolyzers.®*°

In recent years, extensive research has been devoted to the
development of low-cost and high-activity OER catalysts."*
Transition metal oxides and hydroxides have shown consider-
able promise in the OER catalytic process, and NiFe-layered
double hydroxide has received wide recognition as a next-gene-
ration OER electrocatalyst.’*"*> Applying several optimization
strategies, including heteroatom  doping,'®™®  strain
modulation,'®?° and vacancy engineering®"** to NiFe-LDH can
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further promote its OER performance. Furthermore, several
studies propose a synergistic interaction between doped atoms
and Ni, which activates Ni to a higher valence state during
OER,*** and accordingly, converting NiFe-LDH to the active
NiFe oxyhydroxide phase is promising in the design and prepa-
ration of an excellent NiFe-LDH electrocatalyst for the OER.

In this work, we report the synthesis of an Nb-doped NiFe-
LDH nanoarray for oxygen evolution in alkaline medium. High
valent Nb>" has a significantly strong ionic polarization force over
the oxygen-bridged Ni**, inducing electron-deficient surround-
ings and promoting transformation of Ni** to Ni** during the
OER process. The similar ionic radii of Nb>* and Ni** helped in
maintaining the lattice structural integrity, achieving improve-
ment in both activity and stability of Nb/NiFe-LDH. As a result,
Nb/NiFe-LDH required only 198 mV to attain a current density of
10 mA cm ™ and sustained it for over 100 hours at 1 A em™ in
an assemble electrolyzer. This strategy not only provides a way to
enhance the activity of NiFe-LDH but also offers insights into the
design of efficient electrocatalysts for energy conversion and
storage applications, potentially laying the groundwork for
advancements in renewable energy technologies.

2. Results and discussion

A one-step hydrothermal method was employed to fabricate
NiFe-LDH and Nb-doped NiFe-LDH (Nb/NiFe-LDH) electrocata-
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Fig. 1 (a) Schematic of the preparation process of Nb/NiFe-LDH; (b)
SEM image of Nb/NiFe-LDH; (c) SEM image and corresponding EDS
elemental mapping for Ni, Fe and Nb of Nb/NiFe-LDH; (d) HRTEM image
of Nb/NiFe-LDH; (e) XRD patterns of NiFe-LDH and Nb/NiFe-LDH; XPS
spectra of (f) Nb 3d for Nb/NiFe-LDH and NiFe-LDH; and (g) zeta poten-
tials of Nb/NiFe-LDH and NiFe-LDH.

lysts on nickel foam (NF), as shown in Fig. 1a. During this pro-
cedure, Ni(acac), was used as the Ni** source, and (acac)*~
ions in the solvent averted the potential hydrolysis of Nb>".
SEM images in Fig. 1b and ESI Fig. 1} reveal the nanoarray
structures of both NiFe-LDH and Nb/NiFe-LDH. The as-syn-
thesized Nb/NiFe-LDH shows an ultrathin two-dimensional
(2D) structure. This unique 2D structure is beneficial for the
exposure of more Nb/NiFe-LDH active sites and is anticipated
to provide hydrophilic and aerophobic properties for the
nanoarray. The comparison of these images suggests that Nb>*
doping does not induce any significant alteration to the nano-
structure of NiFe-LDH. The SEM image and energy-dispersive
X-ray spectroscopy (EDS) mapping in Fig. 1c confirm the
uniform composition of the catalyst, with homogeneous distri-
bution of Ni, Fe and Nb elements throughout the material.
Subsequent X-ray diffraction (XRD) analysis revealed the
crystal structure of Nb/NiFe-LDH, as depicted in Fig. 1le. The
diffraction peaks are in precise alignment with the reference
NiFe-LDH pattern (JCPDS#49-0188), verifying that Nb>" doping
does not induce phase segregation or crystallographic struc-
tural transformation. Moreover, the (003) diffraction peak
observed around 12° indicates a lower diffraction angle for Nb/
NiFe-LDH compared to NiFe-LDH, which is directly related to
the enlarged basal spacing along the (003) facet, possibly due
to a greater amount of anions being contained between the
interlayer due to the excessive positive charges in the Nb>*-con-
tained LDH laminates, in keeping the LDH electroneutrality.>®
The HRTEM image in Fig. 1d exhibits a lattice fringe pattern
with a spacing of 0.197 nm, which can be indexed to the (018)
plane of Nb/NiFe-LDH.

To investigate the chemical composition of LDH and the
impact of Nb doping on the electronic structure of LDH, X-ray
photoelectron spectroscopy (XPS) analysis was conducted. The
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high-resolution Ni 2p XPS spectra in ESI Fig. 21 display peaks
at 855.88 eV and 873.48 eV, characteristic of the Ni** 2p;/, and
Ni*" 2p,, orbitals, respectively.>® ESI Fig. 3 presents the high-
resolution Fe 2p XPS spectra of NiFe-LDH and Nb/NiFe-LDH.
The summary of the Ni 2p and Fe 2p XPS spectra reveals that
Nb** doping does not significantly affect the oxidation states
of nickel and iron. The high-resolution Nb 3d XPS spectrum in
Fig. 1f demonstrates the presence of characteristic niobium
peaks, confirming the successful doping of Nb in its +5-oxi-
dation state.””

For NiFe-LDH, Nb°" doping increased the positive charge
on the LDH layers. The particles of the two samples were
stripped from the NF surface and dispersed in deionized
water. As shown in Fig. 1g, the zeta potential of Nb/NiFe-LDH
was 20.2 mV, which was 1.15 times higher than that of pure
NiFe-LDH (17.5 mV).***® This is attributed to the incorpor-
ation of higher-valent Nb, which leads to an increase in the
number of positive charges on the surface of the Nb/NiFe-LDH
particles, thereby causing an increase in the zeta potential.
This finding further confirms the successful incorporation of
Nb*".

To evaluate the performance of Nb/NiFe-LDH, electro-
chemical measurements were implemented using a three-elec-
trode system in a 1 M KOH electrolyte. Through systematic
optimization of Nb doping (ESI Fig. 5%), it was determined
that the best OER performance of Nb/NiFe-LDH was achieved
at a Nb>* feed amount of 0.15 mmol. This exceptional perform-
ance is also evident in Fig. 2a, where Nb/NiFe-LDH requires
only 198 mV overpotential to achieve a current density of
10 mA cm > compared to 285 mV for NiFe-LDH. It should be
noted that the NF substrates demonstrated negligible activity
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Fig. 2 (a) LSVs and (b) Tafel plots of various samples; (c) Nyquist plots
of various samples; (d) plots showing the extracted Cdl value to estimate
the ECSA; (e) stability test of Nb/NiFe-LDH at a current density of 0.01 A
cm~2 and 0.1 A cm™ (f) LSVs of the AEM electrolyzer using Nb/NiFe-
LDHJ|Ni foam and NiFe-LDH||Ni foam in 1.0 M KOH; and (g) durability
test of the AEM electrolyzer using Nb/NiFe-LDH||Ni foam at 1.0 A cm™2
in 1.0 M KOH.
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(356 mV overpotential @10 mA cm ?) towards OER.
Additionally, with a Tafel slope (Fig. 2b) of 18.9 mV per
decade, Nb/NiFe-LDH demonstrates much faster reaction kine-
tics compared to NiFe-LDH (34.3 mV per decade) and Ni foam
(63.4 mV per decade), highlighting the beneficial impact of Nb
doping on its OER performance. This performance benefit is
also observed in the electrochemical impedance spectra (EIS).
As shown in Fig. 2c, at a potential of 1.3 V vs. RHE, compared
to NiFe-LDH (2.653 Ohm) and Ni foam (10.83 Ohm), Nb/NiFe-
LDH exhibited the lowest charge transfer resistance of only
1.483 Ohm, signifying the onset of OER at this potential. This
provides additional evidence that Nb doping boosts the intrin-
sic activity of Nb/NiFe-LDH.

Furthermore, cyclic voltammetry measurements at various
scan rates (ESI Fig. 6-87) within the non-faradaic region were
performed to obtain the double-layer capacitance (Cq) of the
samples, which was subsequently used to evaluate their
electrochemical surface area. As shown in Fig. 2d, the Cq of
Nb/NiFe-LDH was 5.23 mV dec ™', notably higher than that of
NiFe-LDH (2.88 mV dec™) and Ni foam (1.88 mV dec ™). This
accounts for the enhanced current increase rate observed for
Nb/NiFe-LDH.

The stability, evaluated in a two-electrode system with
nickel foam as the cathode and Nb/NiFe-LDH as the anode, is
shown in Fig. 2e. The test was conducted using stepwise
chronoamperometry at current densities of 0.01 and 0.1 A
em >, with each step lasting 100 hours. The results revealed
minimal performance degradation, confirming the excellent
stability of Nb/NiFe-LDH. Furthermore, to gather operational
data for Nb/NiFe-LDH at higher current densities and better
match the practical needs of green hydrogen production, the
performance of Nb/NiFe-LDH and NiFe-LDH was evaluated
using anion exchange membrane (AEM) electrolyzers. It
should be noted that the electrolyzers were constructed with
Nb/NiFe-LDH or NiFe-LDH as the anode and Ni foam as the
cathode, operating at ambient temperature (80 °C). As shown
in Fig. 2f, the polarization curves reveal that the electrolyzer
with Nb/NiFe-LDH as the anode required just 1.70 V to achieve
1 A em™?, significantly outperforming the NiFe-LDH electroly-
zer, which required 1.82 V. Furthermore, during a continuous
100 hour test at 1 A cm™> (Fig. 2g), the system with Nb/NiFe-
LDH as the anode exhibited negligible performance degra-
dation, further underscoring the superior long-term stability
of Nb/NiFe-LDH, even at ampere-level current densities.

To elucidate the reasons underlying the superior OER
activity of Nb/NiFe-LDH, we performed in situ Raman spec-
troscopy to explore the specific phase evolution of Nb/NiFe-
LDH during the OER process, as depicted in Fig. 3b. A peak
emerging at approximately 450 cm™" can be ascribed to the
vibration of the Ni**~O bond. It was noted that as the voltage
rose to 1.35 V (vs. RHE),*>*° the Ni**~O bond shifted and
transformed into a Ni**~OOH bond at 456 cm™". In compari-
son, the phase transformation from the pre-catalyst metal
hydroxide to oxyhydroxide did not occur until 1.37 V for
undoped NiFe-LDH (Fig. 3a). The results presented here once
again confirm the excellent intrinsic OER activity of Nb/NiFe-

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Operando Raman spectrum of NiFe-LDH, potential range:
OCP-1.41 V vs. RHE; (b) operando Raman spectrum of Nb/NiFe-LDH,
potential range: OCP-1.37 V vs. RHE; (c) in situ EIS of NiFe-LDH at
different potentials; (d) in situ EIS of NbNiFe-LDH at different potentials;
(e) contact angle of Nb/NiFe-LDH (nanoarrays) with bubble; (f) XPS
spectra of Ni 2p for Nb/NiFe-LDH and NiFe-LDH after activation; and (g)
ICP results of Nb/NiFe-LDH and NiFe-LDH after the stability test in an
electrolyzer for 100 hours.

LDH, also aligning with the electrochemical data.
Furthermore, in situ electrochemical impedance tests were
conducted on both NiFe-LDH and Nb/NiFe-LDH, as shown in
Fig. 3c and d. A reduction in the phase angle in the medium-
frequency region upon voltage increase indicates that the elec-
trocatalysts are undergoing reconstruction. As the voltage
increased from 1.33 V to 1.37 V, the phase angle transited
from the medium-frequency to the low-frequency region, sig-
nifying the end of reconstruction. This voltage range aligns
with that observed in the in situ Raman data, attributed to the
start of the electrocatalyst reconstruction. In the low-frequency
region, the phase angle of Nb/NiFe-LDH dropped more signifi-
cantly with increasing voltage compared to that for NiFe-LDH,
corresponding to the faster OER kinetics of Nb/NiFe-LDH.>"*?
We measured the contact angle of Nb/NiFe-LDH with bubbles
in the electrolyte to be 154.2° (Fig. 3e), indicating that our
nanoarray material possesses superaerophobic properties. Its
exceptionally high current density increase can be attributed
to its excellent intrinsic activity and the nanoarray structure.
Post-reaction XPS tests were also performed on the electrocata-
lysts. The Ni 2p peaks of Nb/NiFe-LDH and NiFe-LDH after the
reaction are shown in Fig. 3f. A comparison reveals that the
peak position of Ni in Nb/NiFe-LDH (856.31 eV) is 0.3 eV
higher than that in NiFe-LDH (856.01 eV), indicating that Nb>*
doping elevates the valence state of Ni in LDH after the electro-
chemical test. The XPS results and in situ Raman results
jointly confirm that the introduction of Nb>" in NiFe-LDH can
facilitate the oxidation of Ni and the formation of active oxy-
hydroxide, thereby resulting in the superior catalytic activity of
Nb/NiFe-LDH. The dissolution of metal cations during the
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stability test is also a key parameter in monitoring the stability
of the electrocatalysts themselves, so Inductively Coupled
Plasma Atomic Emission Spectrometry (ICP) testing was
carried out using the electrolyte after 100 hours of testing, as
shown in Fig. 3g. The leaching of iron and nickel elements in
Nb/NiFe-LDH is significantly lower than that in NiFe-LDH,
assuring the excellent stability of the Nb/NiFe-LDH catalyst.

To uncover the reasons for the enhanced OER activity of
Nb/NiFe-LDH at the atomic level, we conducted DFT calcu-
lations to investigate the impact of Nb>* doping on the elec-
tronic structure of NiFe-LDH and the OER mechanism. We
selected the (011) plane model of Fe-NiOOH as the reaction
surface. Initially, charge density difference analysis was
employed to reveal the changes in the charge transfer among
Ni, Fe, and O after the incorporation of Nb ions, as depicted in
Fig. 4a. Observations of the electron depletion surrounding Nb
and Ni atoms, coupled with the electron accumulation around
the O atoms, indicate that Nb and Ni are present in a high oxi-
dation state. As shown in Fig. 4b, Nb doping induced a finite
change in the projected density of states (PDOS) of Nb/Fe-
NiOOH compared to pure Fe-NiOOH, particularly near the
Fermi level. Subsequently, the d-band centers of the two cata-
lysts were calculated and compared. The results demonstrated
that the d-band center of Nb/Fe-NiOOH shifted from —0.635
eV in the original Fe-NiOOH to —0.624 eV, bringing it closer to
the Fermi level, which provided a more favorable electronic
structure for the adsorption of intermediates. This further con-
firms that the addition of Nb elevates the d-band center sur-
rounding Ni, leading to improved catalytic activity.

Then, we calculated the free energy of every step for OER
(Fig. 4c) for both Nb/Fe-NiOOH and Fe-NiOOH. The results in
Fig. 4d show that the rate-determining step of Nb/Fe-NiOOH is
the formation of *OOH. This step requires 0.65 eV, which is
lower than that of Fe-NiOOH (0.71 eV), confirming the pre-
viously experimental results. Taken together, both demonstrate
the excellent activity of Nb/Fe-NiOOH after Nb>* doping.
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Fig. 4 (a) Charge distribution of Nb/Fe-NiOOH. Silver: Ni, brown: Fe,
red: O, green: Nb, white: H; (b) projected density of states (PDOS) of Nb/
Fe-NiOOH in comparison to undoped Fe-NiOOH; (c) OER schematic
pathway on Nb/Fe-NiOOH; and (d) OER free energy diagram of Nb/Fe-
NiOOH and Fe-NiOOH.
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3. Conclusions

This work reports a novel doping candidate, Nb*>*, with a
similar ionic radius but having a stronger ionic polarization
force as compared to Ni** in NiFe-LDH. The introduction of
Nb>* will not induce severe lattice strain or oscillation, which
is helpful in maintaining the structural stability of doped
NiFe-LDH. Furthermore, the doped Nb upshifts the d band
center of Ni (supported by calculation) and facilitates the for-
mation of the NiFe oxyhydroxide active phase (evidenced by
in situ Raman), delivering an exceptionally low OER overpoten-
tial of less than 200 mV at 10 mA cm™>. This work paves new
directions for the design and synthesis of next-generation
promising OER electrocatalysts in alkaline medium.
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