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ABSTRACT: Rhodium  (Rh)-based  catalysts  have  shown
superior  potential  over  platinum  for  the  alkaline
electrocatalytic hydrogen evolution reaction (HER). However,
achieving  high  catalytic  activity  while  minimizing  Rh  usage
remains  a  significant  challenge.  Herein,  we  anchored
1.48  wt.%  Rh  clusters  onto  nickel-iron  layered  double
hydroxides  with  cationic  defects.  The  Rh  clusters  exhibit
multiple  highly  reactive  crystallographic  facets,  providing
numerous  active  sites  for  catalytic  reactions.  The  cationic
vacancies  facilitate  efficient  charge  transfer  between  the  Rh
clusters and the support through Rh–O bonds, lowering the d-
band  center  of  Rh  and  optimizing  hydrogen  adsorption
strength.  Consequently,  the  synthesized  catalyst  demonstrates  exceptional  performance,  achieving  an  ultra-low
overpotential of 4 mV at 10 mA·cm−2, surpassing all previously reported Rh-based catalysts. This work presents a promising
strategy for designing cost-effective and highly efficient alkaline HER catalysts.
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1    Introduction
Hydrogen  energy  has  emerged  as  a  cornerstone  in  the  global
transition  toward  a  clean,  sustainable,  and  carbon-neutral  energy
future.  Among  various  hydrogen  production  methods,  water
electrolysis  stands  out  as  a  clean  and  scalable  approach  for
generating  high-purity  hydrogen [1−3].  However,  the  efficiency  of
water electrolysis is inherently limited by the sluggish kinetics of the
hydrogen  evolution  reaction  (HER),  which  involves  multiple
proton-coupled  electron  transfer  steps  [4].  While  HER  in  acidic
media  has  been  extensively  optimized,  HER  in  alkaline  media

remains  particularly  challenging  due  to  the  additional  energy
barrier  associated  with  water  dissociation  [5−7].  This  has  spurred
significant  research  into  developing  advanced  catalysts  that  can
drive HER efficiently under alkaline conditions [8−11], with a focus
on  reducing  overpotential,  improving  catalytic  kinetics,  and
ensuring long-term stability in corrosive alkaline environments.

Based  on  a  wealth  of  experimental  investigations  and  density
functional  theory  (DFT)  calculations  [12, 13],  platinum  (Pt)  is
widely regarded as the optimal catalyst for HER in acidic solutions
due to its near-zero overpotential and exceptional catalytic kinetics
[14, 15].  However,  Pt’s  performance  in  alkaline  electrolytes  is
significantly  reduced,  exhibiting  catalytic  activity  two  orders  of
magnitude  lower  than  in  acidic  conditions  [16].  This  decline  is
primarily attributed to the sluggish kinetics of water dissociation in
alkaline  conditions,  which  limits  the  availability  of  hydrogen
intermediates  at  the  catalytic  surface.  In  contrast,  rhodium  (Rh),
another  Pt  group element,  exhibits  a  much smaller  discrepancy in
catalytic activity between acidic and alkaline media, with only a one-
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order-of-magnitude difference [17]. Furthermore, several Rh-based
catalysts have demonstrated catalytic activity in alkaline electrolytes
that  rivals  or  even  surpasses  that  of  Pt  [18−22].  These  unique
attributes  make  Rh-based  catalysts  highly  promising  for  HER  in
alkaline  environments,  offering  both  high  activity  and  superior
adaptability  across  different  pH conditions.  Notwithstanding these
benefits,  the  extensive  utilisation  of  Rh  is  obstructed  by  two
significant  challenges:  (i)  its  pricey  cost  and  scarcity,  which  limit
economic feasibility and (ii) its strong hydrogen adsorption, which
impedes the desorption step and negatively  affects  overall  reaction
kinetics.  Therefore,  developing strategies  to enhance Rh utilization
and reduce its hydrogen adsorption strength remains a crucial focus
in designing advanced HER catalysts.

One  promising  approach  to  address  these  challenges  is  to  load
Rh in the form of single atoms, nanoclusters, or nanoparticles onto
a suitable support material that can stabilize the Rh species, prevent
agglomeration,  and  modulate  their  electronic  structure  [23−25].
Nickel-iron  layered  double  hydroxide  (NiFe-LDH),  an  earth-
abundant  and  low-cost  material,  has  gained  attention  due  to  its
layered  structure,  excellent  stability  in  alkaline  media,  and  tunable
electronic  properties  [26−28].  The  synergistic  interaction  between
Ni  and  Fe  atoms  in  NiFe-LDH  promotes  electron  transfer  and
enhances  the  adsorption  of  reactant  species,  contributing  to  its
catalytic activity [29, 30]. Additionally, the layered structure of NiFe-
LDH  provides  abundant  active  sites  and  accelerates  mass  and
charge  transport,  making  it  an  ideal  support  material  for  noble
metal catalysts [31−33]. The integration of Rh onto NiFe-LDH has
been  shown  to  significantly  enhance  HER  performance  by
leveraging the complementary properties of both materials [34−37].
However,  despite  these  advances,  challenges  remain  in  achieving
high activity while minimizing the amount of Rh used.

In  this  study,  we  synthesized  Rh  clusters  supported  on  NiFe-
LDH  with  cations  vacancies  and  evaluated  their  performance  for
electrocatalytic  hydrogen  evolution  in  alkaline  media.  The  Rh
clusters expose multiple crystal planes, each of which contributes to
high  hydrogen  evolution  activity.  The  incorporation  of  cation
vacancies  negatively  shifts  the  d-band  center  of  Rh  while
simultaneously  enhancing  the  conductivity  and  charge  transfer
characteristics of the catalyst, leading to a synergistic improvement
in  HER  performance.  The  resulting  catalyst  achieves  an  ultra-low
overpotential  of  4  mV  at  10  mA·cm−2,  with  a  mass  activity  at
−100  mV  (vs.  reversible  hydrogen  electrode  (RHE))  that  is
25.7  times  greater  than  that  of  conventional  Pt/C  catalysts.  This
work  provides  a  general  framework  for  the  rational  design  of
advanced  catalysts  through  defects  engineering  and  noble  metal
integration. 

2    Experimental methods
 

2.1    Synthesis of Rh/etched NiFe-LDH (E-NiFe-LDH)
Rh/NiFeZn-LDH  was  synthesized  on  a  three-dimensional  nickel
foam substrate  via  a  one-pot  solvothermal  method.  The precursor
solution  was  prepared  by  dissolving  0.75  mmol  Ni(NO3)2·6H2O,
0.6  mmol  Fe(NO3)3·9H2O,  0.15  mmol  Zn(NO3)2·6H2O,  1.4  mmol
hexadecy  trimethyl  ammonium bromide  (CTAB),  and 0.15  mmol
RhCl3·xH2O  in  a  mixed  solvent  of  36  mL  methanol  and  6  mL
deionized  water,  followed  by  vigorous  stirring  until  complete
dissolution.  Prior  to  synthesis,  a  nickel  foam  substrate  (2  cm  ×
3 cm) was sequentially cleaned with acetone, 1 M hydrochloric acid,

deionized water, and ethanol to remove surface contaminants. The
cleaned nickel foam was then vertically immersed in the precursor
solution within a 50 mL Teflon-lined stainless-steel  autoclave.  The
solvothermal reaction was conducted at 180 °C for 24 h in an oven.
After natural cooling to room temperature, a uniform brown layer
was  observed  on  the  nickel  foam  surface.  The  resulting  product,
designated  as  Rh/NiFeZn-LDH,  was  ultrasonically  cleaned  with
water  and  methanol  for  3  min  and  dried  at  60  °C  overnight.  For
alkaline  etching,  the  catalyst  was  treated  in  5  M  KOH  solution
under  continuous  stirring  at  60  °C  for  6  h,  yielding  Rh/E-NiFe-
LDH,  which  was  subsequently  washed  with  deionized  water  and
ethanol. To investigate the effect of Rh content, additional samples
were  prepared  using  varying  concentrations  of  RhCl3·xH2O  (0.05,
0.1,  and  0.2  mmol).  Furthermore,  a  series  of  alkaline-etched
samples were synthesized using different alkaline solutions (NaOH
and  KOH)  with  concentrations  ranging  from  4  to  6  M.  The
influence of cation defects was examined by controlling the etching
duration (3 and 9 h) under identical conditions. 

2.2    Synthesis of E-NiFe-LDH
E-NiFe-LDH  was  synthesized  following  an  identical  procedure  to
that  of  Rh/NiFeZn-LDH,  with  the  exception  of  omitting  the
RhCl3·xH2O precursor from the reaction mixture. 

2.3    Synthesis of Rh/NiFe-LDH
The  synthesis  procedure  for  Rh/NiFe-LDH  paralleled  that  of  E-
NiFe-LDH,  with  the  exceptions  that  alkaline  etching  was
unnecessary,  Zn(NO3)2·6H2O  was  omitted,  and  0.75  mmol
Ni(NO3)2·6H2O was substituted with 0.9 mmol Ni(NO3)2·6H2O. 

2.4    Synthesis of NiFe-LDH
NiFe-LDH  was  synthesized  following  an  analogous  procedure  to
Rh/NiFe-LDH,  with  the  sole  modification  being  the  exclusion  of
the RhCl3·xH2O precursor from the reaction mixture. 

2.5    Synthesis of X/E-NiFe-LDH (X = Ir, Ru, and Pt)
The  RhCl3·xH2O  precursor  was  systematically  replaced  with
equivalent  molar  concentrations  of  alternative  Pt  group  metal
chlorides,  including  PtCl4,  RuCl3,  and  IrCl3 while  maintaining
identical synthesis conditions. 

2.6    Characterizations
The crystal structure of the synthesized materials was characterized
by X-ray  diffraction (XRD) measurement  using a  Rigaku D/MAX
2500  diffractometer  with  Cu  Kα radiation  (λ =  1.5418  Å).
Morphological  analysis  was  performed  using  field-emission
scanning  electron  microscopy  (FE-SEM,  Hitachi  S4800)
measurement.  Transmission  electron  microscopy  (TEM)  and
energy-dispersive X-ray spectroscopy (EDX) mapping images were
conducted  on  an  FEI  Talos  F200X  microscopy,  with  samples
prepared  by  ultrasonic  dispersion  in  ethanol  followed  by  drop-
casting  onto  carbon-coated  copper  grids.  Raman  spectroscopy
measurements  were  obtained  using  a  Horiba  LabRAM  HR
Evolution  spectrometer  with  532  nm  laser  excitation.  X-ray
photoelectron spectroscopy (XPS) measurement was performed on
a  Thermo  Scientific  K-Alpha  spectrometer,  with  all  binding
energies calibrated against the adventitious carbon peak at 284.8 eV.
Electron paramagnetic resonance (EPR) spectra were recorded on a
Bruker  EMXplus-6/1  spectrometer  at  room  temperature.
Quantitative  elemental  analysis  was  carried  out  by  inductively
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coupled  plasma  optical  emission  spectrometry  (ICP-OES)  using  a
Thermo Fisher iCAP PRO instrument. 

2.7    Electrochemical measurement for HER
Electrochemical  measurements  were  conducted  using  a  standard
three-electrode  configuration  connected  to  a  CHI  760e
electrochemical  workstation.  The  working  electrode  was  prepared
by  depositing  the  synthesized  catalyst  onto  nickel  foam  with  a
geometric  surface  area  of  0.5  cm2.  A  graphite  rod  and  Ag/AgCl
electrode  served  as  the  counter  and  reference  electrodes,
respectively.  All  potentials  were  converted  to  the  RHE  scale  using
the Nernst equation: ERHE = EAg/AgCl + 0.059pH + 0.197 V and were
iR-corrected  (95%)  to  compensate  for  solution  resistance,  where
ERHE is  electrode  potential  converted  to  the  RHE  potential  and
EAg/AgCl is  electrode  potential  measured  against  an  Ag/AgCl
reference  electrode.  For  comparative  analysis,  a  control  electrode
was prepared by depositing 20 wt.% Pt/C catalyst onto nickel foam
under  identical  conditions.  HER  performance  was  evaluated
through  linear  sweep  voltammetry  (LSV)  measurements  in  1  M
KOH electrolyte (pH = 14) at  a  scan rate of  5 mV·s−1.  Tafel  slopes
were  derived  from  the  corresponding  polarization  curves  using
linear  fitting  analysis.  Electrochemical  surface  characteristics  were
investigated  by  cyclic  voltammetry  (CV)  measurements  within  a
potential  window  of −0.15  to −0.25  V  (vs.  RHE)  at  varying  scan
rates  (20–100  mV·s−1).  Electrochemical  impedance  spectroscopy
(EIS)  measurements  were  performed  across  a  frequency  range  of
100  kHz  to  0.1  Hz.  The  long-term  stability  was  assessed  through
chronopotentiometry at a constant current density of 100 mA·cm−2.
Post-stability  characterization  of  the  working  electrode  was
conducted  using  XRD,  SEM,  TEM,  and  XPS  measurements  to
evaluate structural and compositional changes. 

2.8    DFT calculation methods
All of the computations were carried out using the Vienna ab initio
simulation package (VASP) and the spin-polarized DFT using the
projector  augmented  plane-wave  approach.  Perdew–Burke–
Ernzerhof  (PBE)  generalized  gradient  approximation  (GGA)  was
chosen  for  the  exchange-correlation  potential.  The  DFT-D3
method described the long-range van der Waals interaction. 480 eV
was  the  fixed  cut-off  energy  for  plane  waves.  When  solving  the
Kohn–Sham  equation  iteratively,  the  energy  criterion  was  set  at
10–5 eV. The remaining forces on the atoms were reduced to less
than  0.02  eV·Å−1 by  relaxing  all  the  structures.  VASPKIT  and
visualization  for  electronic  and  structural  analysis  (VESTA)  were
used  for  data  processing  and  visualization.  To  avoid  interlaminar
interactions,  a  vacuum spacing of  20  Å was  applied perpendicular
to the slab. The charge density difference of the A/B heterostructure
was defined as Δρ = ρA+B − ρA − ρB, where ρA+B, ρA, and ρB represent
the  charge  densities  of  A/B  heterostructure,  isolated  A  slab,  and
isolated  B  slab,  respectively.  The  charge  transfer  quantity  was
expressed using the Bader charge.  The Gibbs free energy (ΔG)  for
intermediates in HER was calculated as ΔG = ΔE + ΔEZPE – TΔS +
ΔGU, where ΔE represents the overall energy difference between the
slab and respective terminations derived using DFT-PBE. TΔS and
ΔEZPE represent  the  entropy  and  zero-point  energy  differences
between  the  gap  phase  and  the  adsorbed  states  of  chemical
intermediates,  respectively. T stands  for  room  temperature
(298.15 K). U is the electrode potential, and ΔGU = −eU. 

3    Results and discussion
 

3.1    Synthesis and structure characterization
Figure 1(a) illustrates the synthesis process of Rh clusters anchored
on NiFe  LDH with  cationic  vacancies  (Rh/E-NiFe-LDH).  Initially,
Rh/NiFeZn-LDH  was  grown  on  a  three-dimensional  nickel  foam
skeleton using a one-pot solvothermal approach. Subsequently, the
Zn  component  was  selectively  etched  away  using  a  potassium
hydroxide  solution.  By  carefully  controlling  the  etching  time  and
Rh  content,  Rh/E-NiFe-LDH  was  successfully  synthesized.  For
comparative analysis, control samples, including Rh/NiFe-LDH, E-
NiFe-LDH, and NiFe-LDH, were also prepared. XRD patterns were
used to elucidate the crystal structure. The diffraction peaks at 44.5°,
51.8°,  and  76.4°  correspond  to  the  nickel  foam  substrate  (JCPDS
No. 04-0850), as shown in Fig. S1 in the Electronic Supplementary
Material  (ESM).  No  distinct  peaks  attributable  to  the  LDH  phase
were observed, which may be due to the amorphous nature of the
LDH  or  the  overwhelming  intensity  of  the  nickel  foam  peaks.
Furthermore,  the  XRD  pattern  does  not  exhibit  prominent  peaks
for  Rh  nanoparticles  or  Rh2O3,  which  suggests  that  Rh  is  likely
present  in  the  form  of  nanoclusters  or  potentially  single  atoms,  a
conclusion that will  be further confirmed by high-resolution TEM
(HR-TEM)  measurement.  The  SEM  image  of  Rh/NiFeZn-LDH
displays  evenly  interconnected  ultrathin  two-dimensional
nanosheets  with  a  smooth  surface  (Fig.  1(d) and  Fig.  S2  in  the
ESM),  which is  attributable to the influence of  cationic surfactants
[38].  After  etching  for  varying  durations,  the  morphology  of  the
catalyst retains its sheet-like configuration. Notably, the Rh/E-NiFe-
LDH  sample  etched  for  6  h  demonstrates  a  distinctly  roughened
surface. Therefore, subsequent characterizations of the Rh/E-NiFe-
LDH sample refer to those etched for 6 h if  not specifically stated.
In Fig. 1(b), HR-TEM image shows the presence of numerous small
Rh  clusters  dispersed  throughout  the  sample  at  varying  distances
and orientations. The blue dashed box indicates the Rh (111) crystal
plane,  the  red  dashed  box  highlights  the  Rh  (200)  plane,  and  the
yellow  dashed  box  corresponds  to  the  Rh  (220)  plane.  Other
regions show no observable  lattice  fringes,  which suggests  that  the
NiFe-LDH  portion  is  amorphous. Figure  1(c) provides  magnified
views  of  these  Rh  clusters.  Further  analysis  reveals  that  the  Rh
clusters  exhibit  an  average  size  of  3.51  nm  (Fig.  S3  in  the  ESM),
which is known to enhance the density of active sites [39−41]. The
selected area electron diffraction (SAED) pattern in Fig. 1(e) clearly
identifies  the  Rh  (111),  Rh  (200),  and  Rh  (311)  crystal  planes,
further confirming the presence of Rh nanoclusters and amorphous
NiFe-LDH, as discussed previously. Figure 1(f) presents the Raman
spectra of the samples. The pronounced peaks at 433 and 514 cm−1

are indicative of Ni–OH and Ni–O coupling vibrations, respectively
[42].  A  characteristic  peak  at  584  cm−1 in  Rh/E-NiFe-LDH
corresponds  to  the  presence  of  cation  vacancies  [42],  confirming
the  successful  formation  of  vacancies  through  the  alkaline  etching
process.  Additionally,  EPR spectroscopy was  utilized to  investigate
cation  defects  within  the  material  system.  The  Rh/E-NiFe-LDH
sample  exhibits  a  characteristic  signal  at g =  2.02  (Fig.  S4  in  the
ESM),  providing  definitive  evidence  for  the  presence  of  cationic
vacancies [43]. This approach aligns with established methodologies
in  Refs.  [43−45],  where  cationic  vacancies  in  NiFe-LDH  are
typically  introduced  by  substituting  partial  Ni  with  divalent  Zn  or
partial Fe with trivalent Al, followed by alkaline etching to remove
Zn or Al, thereby generating Ni or Fe vacancies. The experimental
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results  demonstrate  that  this  strategy  is  equally  effective  in  the
system  for  creating  Ni  vacancies,  underscoring  its  broad
applicability  and  reliability  in  defect  engineering. Figure  1(g)
demonstrates EDX elemental mapping images of Rh/E-NiFe-LDH,
where  Ni,  Fe,  Rh,  and  O  are  evenly  distributed  throughout  the
sample. Furthermore, SEM images and elemental mapping for the
control  samples  are  shown  in  Figs.  S5–S8  in  the  ESM,  revealing
nanosheet  morphology  and  homogeneous  element  distribution
across all synthesized materials. ICP-OES measurements (Fig. S9 in
the  ESM)  indicate  that  the  Rh  content  in  Rh/E-NiFe-LDH  is
1.48 wt.%, higher than in the pre-etched samples. This suggests that
the cation vacancies formed during etching play a role in stabilizing
the Rh clusters [46, 47]. Furthermore, the absence of detectable Zn
after  etching  confirms  the  complete  removal  of  the  zinc
component.  These  results  collectively  confirm  the  successful
fabrication of Rh/E-NiFe-LDH with well-dispersed Rh clusters and
abundant  cation  vacancies,  laying  the  foundation  for  its  enhanced
catalytic performance.

The  chemical  composition  and  electronic  properties  of  Rh/E-

NiFe-LDH and Rh/NiFe-LDH were  thoroughly  investigated  using
XPS  measurement.  As  shown  in Fig.  2(a),  the  survey  spectra
confirm  the  presence  of  Ni,  Fe,  O,  Rh,  and  C  in  both  samples.
Carbon was used as a reference for energy calibration to accurately
determine  the  binding  energies  of  the  elements  (Fig.  S10  in  the
ESM)  [48]. Figure  2(b) presents  the  Ni  2p  XPS  spectra  of  Rh/E-
NiFe-LDH and Rh/NiFe-LDH. The peaks at 855.58 and 873.28 eV
correspond to the Ni  2p3/2 and Ni  2p1/2 states  in  Rh/E-NiFe-LDH,
respectively,  with satellite peaks observed at 861.56 and 879.54 eV.
Compared  to  Rh/NiFe-LDH,  the  Ni  2p  peaks  in  Rh/E-NiFe-LDH
exhibit a negative shift of around −0.52 eV, demonstrating a decline
in  the  average  oxidation  state  of  Ni  in  Rh/E-NiFe-LDH.  The  Ni0

peak  detected  in  Rh/NiFe-LDH  may  stem  from  the  nickel  foam
substrate. The Fe 2p XPS spectra in Fig. 2(c) reveal a positive shift
of  0.6  eV  in  Rh/E-NiFe-LDH  after  alkaline  etching,  which  can  be
attributed  to  the  formation  of  cationic  defects.  In Fig.  2(d),  the
absence  of  Zn-related  signals  in  the  Zn  2p  XPS  spectra  of  Rh/E-
NiFe-LDH  after  alkaline  etching  further  confirms  the  complete
removal of Zn, consistent with the ICP analysis results. Figure 2(e)

 

Figure 1    Synthesis  and  properties  of  Rh/E-NiFe-LDH  catalysts.  (a)  The  synthetic  pathway  schematic  diagram.  (b)  The  TEM  image.  (c)  Enlarged  view  of  the
corresponding area. (d) The SEM image. (e) The SAED pattern. (f) Raman spectra of the samples. (g) The HR-TEM image and EDX elemental mapping images.

Li et al. Nano Research | Vol. 18, No. 5

Nano Research, 2025, 18, 94907391 94907391 (4 of 10)

https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391


presents  the  Rh  3d  XPS  spectra  for  both  Rh/E-NiFe-LDH  and
Rh/NiFe-LDH.  These  spectra  are  deconvoluted  into  Rh0 and  Rhδ+

peaks.  In  Rh/E-NiFe-LDH,  the  peaks  at  307.32  and  312.32  eV
correspond to the Rh0 3d5/2 and 3d3/2 states,  respectively,  while  the
peaks at 309.81 and 314.58 eV correspond to the Rhδ+ 3d5/2 and 3d3/2
states.  Notably,  compared  to  Rh/NiFe-LDH,  both  peaks  in  Rh/E-
NiFe-LDH shift  to higher binding energies,  suggesting an increase
in  the  oxidation  state  of  Rh  following  the  creation  of  cationic
vacancies.  Moreover,  Table  S1  in  the  ESM  demonstrates  that  the
Rh0/Rhδ+ ratio decreases from 2.61 (for Rh/NiFe-LDH) to 0.32 (for
Rh/E-NiFe-LDH), further confirming the higher oxidation state of
Rh  in  Rh/E-NiFe-LDH.  This  result  signifies  that  E-NiFe-LDH
functions  as  an  electron  acceptor  in  this  system.  The  O  1s  XPS
spectra are shown in Fig.  2(f).  Compared to Rh/NiFe-LDH, the O
1s  XPS  spectra  of  Rh/E-NiFe-LDH  exhibit  a  negative  shift,
suggesting  that  the  Rh  atoms  in  the  clusters  may  coordinate  with
the O atoms in E-NiFe-LDH. This is due to the strong interaction
between  the  Rh  clusters  and  the  defect-laden  NiFe-LDH  support
[49].  The cationic defects  facilitate electron transfer from Rh to E-
NiFe-LDH  via  Rh–O  bonding,  altering  the  charge  distribution  of
both the E-NiFe-LDH and Rh clusters. 

3.2    Electrocatalytic performance for HER
The  electrocatalytic  HER  performance  of  Rh/E-NiFe-LDH  was
examined  in  a  1.0  M  KOH  solution  (pH  =  14)  using  a  standard
three-electrode  configuration.  Comparative  analyses  of  HER
activities  were  conducted  for  NiFe-LDH,  Rh/NiFe-LDH,  and
20%Pt/C  under  identical  conditions.  As  previously  documented,
NiFe-LDH exhibits  limited HER kinetics  in alkaline environments
[50]. Figure  3(a) demonstrates  that  Rh/E-NiFe-LDH  significantly
enhances  HER activity  relative  to  NiFe-LDH,  presenting  the  most

effective  polarization  curve  among  the  tested  catalysts,  with  an
onset  potential  approaching  zero.  Specifically,  Rh/E-NiFe-LDH
requires  overpotentials  of  only  4  and  55  mV  to  achieve  current
densities  of  10  and  100  mA·cm−2,  respectively  (Fig.  3(b)),
outperforming  Rh/NiFe-LDH  (14  and  98  mV)  and  Pt/C  (11  and
78 mV). When normalized by noble metal mass, Rh/E-NiFe-LDH
achieves a mass activity of 9.57 A·mg−1,  which is 25.7 times greater
than  that  of  Pt/C  (0.37  A·mg−1)  (Fig.  S11  in  the  ESM).  Moreover,
the mass activity of Rh/E-NiFe-LDH is 2.19 times higher than that
of  Rh/NiFe-LDH  (Fig.  S11  in  the  ESM).  This  significant
improvement highlights  the enhanced catalytic  efficiency of  Rh/E-
NiFe-LDH  due  to  the  optimized  electronic  structure  and  charge
transfer properties induced by the etching process. Optimization of
Rh  loading  reveals  that  0.75  mg·mL−1 of  rhodium  chloride
(1.48  wt.%  Rh  in  the  final  product)  yields  optimal  HER  activity,
with  further  increases  or  decreases  in  Rh  content  diminishing
catalytic  performance (Fig.  S12 in the ESM).  Comparative analysis
with  Rh/NiFeZn-LDH  indicates  that  Rh/E-NiFe-LDH  possesses
markedly  higher  HER  activity,  underscoring  the  beneficial  impact
of cationic defects on NiFe-LDH performance and their  enhanced
interaction with Rh clusters (Fig. S13 in the ESM). The influence of
alkaline  etching  duration  on  catalytic  performance  was  also
examined,  with  a  6  h  treatment  proving  optimal  (Fig.  S14  in  the
ESM). Additionally, we explored the use of other noble metals, such
as  Ru,  Ir,  and  Pt,  using  the  same  synthesis  method.  As  shown  in
Fig. S15 in the ESM, the performance of these metals is inferior to
that  of  Rh.  Furthermore,  we explored the effects  of  different  alkali
solutions,  comparing  potassium  hydroxide  (KOH)  and  sodium
hydroxide  (NaOH).  As  demonstrated  in  Fig.  S16  in  the  ESM,  the
performance of the resulting products is nearly identical, suggesting
that  the  type  of  alkali  has  a  minimal  impact.  Furthermore,  we

 

Figure 2    XPS spectra characterization s. (a) The samples’ XPS survey spectra. ((b)–(f)) The samples’ high-resolution XPS spectra: (b) Ni 2p; (c) Fe 2p; (d) Zn 2p; (e) Rh
3d; and (f) O1 s.
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examined the influence of alkali concentration, as shown in Fig. S16
in the ESM, and found that a 5 M KOH solution provides the best
results.  The  Tafel  slope,  derived  from  the  polarization  curve,
provides information about the rate-determining step (RDS) of the
HER  mechanism.  The  Tafel  slope  for  Rh/E-NiFe-LDH  is
53.8  mV·dec−1,  which  is  lower  than  that  of  Rh/NiFe-LDH
(62.3  mV·dec−1)  and  NiFe-LDH  (217.9  mV·dec−1)  (Fig.  3(c)).  This
suggests  that  the  reaction  follows  the  Volmer–Heyrovsky
mechanism,  with  the  recombination  of  adsorbed  hydrogen  as  the
RDS  [51].  The  electrochemical  active  surface  area  (ECSA)  was
determined using the double-layer capacitance approach within the
non-Faradaic  potential  region  [52].  The  double-layer  capacitance
(Cdl)  value  of  Rh/E-NiFe-LDH  was  found  to  be  the  highest  at
43.27 mF·cm−2, surpassing that of Rh/NiFe-LDH by 3.96 times and
NiFe-LDH by 13.74 times (Fig. 3(d) and Fig. S17 in the ESM). This
substantial  increase  in  ECSA  is  attributed  to  the  rougher  surface
morphology and the  exposure  of  more  active  sites  due  to  the  tiny
Rh  clusters.  To  further  clarify  the  contributions  of  the  increased

active  surface  area  and  intrinsic  activity,  we  normalized  the  LSV
curves  by  the  ECSA,  as  shown  in  Fig.  S18  in  the  ESM.  The
normalized  current  density  of  Rh/E-NiFe-LDH  at −0.1  V  is
7.92  mA·cm−2,  which  is  4.55  times  higher  than  that  of  Rh/NiFe-
LDH.  This  indicates  that  the  enhanced  performance  is  not  solely
due to the increased active surface area but also reflects a significant
improvement in intrinsic  activity.  EIS measurements  were used to
evaluate  the  charge  transfer  kinetics,  employing  a  simplified
Randles  circuit  model  for  fitting  (Fig.  3(e))  [53].  The  inset  of
Fig. 3(e) illustrates that the charge transfer resistance (Rct) for Rh/E-
NiFe-LDH  is  0.53  Ω,  significantly  lower  than  that  of  the  other
electrocatalysts,  indicating  enhanced  electron  transfer  kinetics  for
HER [54−57]. Considering the increased number of active sites and
faster  charge  transfer,  Rh/E-NiFe-LDH  demonstrates  the  highest
HER  performance  among  the  tested  catalysts.  Furthermore,  its
overpotential  at  10  mA·cm−2 is  lower  than  that  of  any  other  Rh-
based catalysts reported to date (Fig. 3(f) and Table S2 in the ESM).
Stability  tests  were  performed  on  Rh/E-NiFe-LDH  at  a  current

 

Figure 3    Electrocatalytic performance characterization. (a) HER polarization curves, (b) overpotentials, (c) Tafel slopes, (d) EIS spectra, and (e) Cdl of different catalysts.
(f) Comparison of overpotentials. (g) 100 h HER stability test at 100 mA·cm−2.

Li et al. Nano Research | Vol. 18, No. 5

Nano Research, 2025, 18, 94907391 94907391 (6 of 10)

https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391


density  of  100  mA·cm−2 to  evaluate  the  catalyst’s  durability
(Fig.  3(g)).  The  result  shows  that  Rh/E-NiFe-LDH  exhibits
sustained stability for over 100 h, confirming the durability of its Rh-
active  sites  under  alkaline  HER  conditions,  in  contrast  to  other
LDH-based catalysts (Table S2 in the ESM). Following the stability
test, Rh/E-NiFe-LDH was characterised to assess any changes in its
structure.  The  XRD  patterns  of  the  post-test  sample  exhibit
identical  nickel  foam  diffraction  peaks  as  those  observed  prior  to
the  test  (Fig.  S19  in  the  ESM).  SEM  analysis  of  the  catalyst
morphology  reveals  that  it  retains  its  nanosheet-like  structure
(Fig. S20 in the ESM). HR-TEM images further confirm that the Rh
clusters remain intact after the electrochemical reaction (Fig. S21 in
the  ESM).  XPS  spectra  of  the  post-test  catalyst  show  negligible
changes in the binding energies of Ni 2p, Fe 2p, and Rh 3d peaks,
indicating minimal alteration of the catalyst’s composition (Fig. S22
in  the  ESM).  These  findings  demonstrate  that  Rh/E-NiFe-LDH
exhibits excellent electrochemical stability. 

3.3    DFT calculations
To investigate the cause of the enhanced HER activity of the Rh/E-

NiFe-LDH  catalyst,  DFT  calculations  were  performed.  We
constructed  two  sets  of  structural  models:  one  for  Rh  clusters
supported  on  NiFe-LDH  (Rh/NiFe-LDH)  and  another  for  Rh
clusters  supported  on  NiFe-LDH  with  Ni  defects  (Rh/E-NiFe-
LDH).  For  each  model,  we  selected  three  crystallographic
surfaces—(200),  (111),  and  (220)—as  the  reaction  surfaces,  based
on  the  exposed  crystallographic  facets  identified  through  TEM
images,  as  shown in Fig.  4(a) and Fig.  S23  in  the  ESM.  To model
the Rh clusters, we employed a Rh13 cluster configuration, which is
a  widely  adopted  and  representative  model  for  metal  clusters  in
Refs. [58, 59], as it effectively captures the electronic and structural
properties of small metal clusters. We first calculated the density of
states (DOS) for Rh/NiFe-LDH and Rh/E-NiFe-LDH. As shown in
Figs. 4(b) and 4(c), the total DOS near the Fermi surface of Rh/E-
NiFe-LDH is higher than that of Rh/NiFe-LDH, suggesting that the
introduction  of  Ni  defects  enhances  the  electrical  conductivity  of
the  catalyst,  which  is  beneficial  for  the  catalytic  reaction.  In
addition, the d-band center of the Rh clusters in Rh/E-NiFe-LDH is
located at −1.632 eV, which is shifted negatively compared to the d-
band  center  of  the  Rh  clusters  in  Rh/NiFe-LDH,  which  is  at

 

Figure 4    (a) Top view of structure model for Rh/E-NiFe-LDH with different exposed surface: left (200), middle (111), and right (220). The red, grey, brown, green, and
white balls  are O, Ni,  Fe,  Rh, and H atoms, respectively.  (b) Projected DOS (PDOS) plots for Rh/NiFe-LDH. (c) PDOS plots for Rh/E-NiFe-LDH. (d) Charge density
difference of  Rh/E-NiFe-LDH (yellow: electron accumulation and cyan:  electron depletion).  (e)  Adsorption free energies of  H* on the surface of  Rh/E-NiFe-LDH and
Rh/NiFe-LDH.

Nano Research | Vol. 18, No. 5 Li et al.

94907391 (7 of 10) Nano Research, 2025, 18, 94907391

https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391
https://www.sciopen.com/article/10.26599/NR.2025.94907391


−1.622  eV.  The  downward  shift  of  the  d-band  center  implies  that
the  hydrogen  adsorption  on  Rh  is  weakened,  which  promotes
hydrogen desorption and thereby enhances HER activity [60].  We
also  calculated  the  differential  charge  density  of  Rh/E-NiFe-LDH.
As  shown  in Fig.  4(d),  significant  charge  transfer  occurs  at  the
interface between the Rh clusters and the NiFe-LDH support.  The
direction  of  this  charge  transfer  is  from  Rh  clusters  to  the  carrier,
which is consistent with the XPS results. To further understand the
effect  of  Ni  defects  on  charge  transfer,  we  calculated  the  Bader
charges  of  the  Rh clusters  in  both  Rh/NiFe-LDH and Rh/E-NiFe-
LDH (Figs. S24 and S25 in the ESM). The Rh atoms in the clusters
are  either  electron-rich  or  electron-deficient.  Overall,  after
introducing  Ni  defects,  the  Rh  clusters  lose  more  electrons,
indicating that  Ni  defects  facilitate  charge transfer  between the Rh
clusters  and  the  support,  which  further  corroborates  the  XPS
results. The free energy of hydrogen adsorption (ΔGH) is crucial for
HER  activity,  with  values  closer  to  zero  being  indicative  of  better
HER  performance.  We  calculated  the  hydrogen  adsorption  free
energy for the three crystal faces of both catalysts (Figs. S26 and S27
in  the  ESM).  As  shown  in Fig.  4(e),  for  Rh/NiFe-LDH,  the  ΔGH
values  for  the  (200),  (111),  and  (220)  surfaces  are −0.398, −0.471,
and −0.539  eV,  respectively.  These  relatively  large  values  suggest
strong  hydrogen  adsorption,  which  is  unfavorable  for  HER.  In
contrast,  for  Rh/E-NiFe-LDH,  the  ΔGH values  of  these  surfaces
decrease  to −0.227, −0.325,  and −0.334,  respectively,  indicating
weakened  hydrogen  adsorption.  This  reduction  in  hydrogen
adsorption  is  consistent  with  the  downward  shift  of  the  d-band
center  of  Rh/E-NiFe-LDH.  Overall,  the  results  suggest  that  Ni
defects  enhance  charge  transfer  between  the  Rh  clusters  and  the
support,  shifting  the  d-band  center  of  the  Rh  clusters.  This
weakening  of  hydrogen  adsorption  on  the  active  crystal  surfaces
improves the HER performance of Rh/E-NiFe-LDH. 

4    Conclusions
In conclusion, we successfully synthesized Rh clusters supported on
cationic  defect-rich  NiFe-LDH  through  a  facile  solvothermal
method followed by alkali etching. The Rh clusters feature multiple
highly active crystalline facets, which significantly enhance catalytic
activity.  The  introduced  cationic  defects  facilitate  efficient  charge
transfer  between  the  Rh  clusters  and  the  NiFe-LDH  support,
optimizing  both  electrical  conductivity  and  hydrogen  adsorption
properties.  The  resulting  catalyst,  with  only  1.48  wt.%  Rh  loading
achieves  an  exceptionally  low  overpotential  under  alkaline
conditions,  outperforming  all  previously  reported  Rh-based
catalysts.  DFT calculations reveal that the cationic defects induce a
downward  shift  in  the  d-band  center  of  Rh,  weakening  hydrogen
adsorption and further improving catalytic performance. This study
offers  valuable  insights  for  designing  highly  efficient  alkaline  HER
catalysts with minimized noble metal usage. 

Electronic  Supplementary  Material: Supplementary  material
(XRD patterns,  SEM images,  TEM images,  EPR spectra,  ICP-OES
results,  XPS  spectra,  LSV  curves,  CV  sweeps,  and  calculation
models)  is  available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2025.94907391. 
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