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Water electrolysis powered by renewable energy is recognized as a sustainable approach for green hydrogen produc-
tion.  Rational  design  of  efficient  and  low-cost  electrocatalysts  especially  for  the  sluggish  oxygen  evolution  reaction
(OER) remains a significant challenge. Here, we report a two-step surface reconstruction strategy, alkaline etching and
anodic activation on CoAl hydroxide electrodes which remarkably enhance the OER performance. A low overpotential of
269 mV at 10 mA cm−2 is achieved in 1 M KOH electrolyte, along with a notably reduced Tafel slope of 37 mV dec−1, a 16-
fold enhanced catalyst intrinsic activity at an overpotential of 300 mV, and excellent stability without noticeable degrad-
ation over 50 hours operation. The dynamic surface reconstruction of CoAl hydroxide catalyst is evidenced by physical
characterization  in  the  process  of  alkaline  etching  and  anodic  activation.  The  defective  structure  and  the  modulated
electronic distribution on the catalyst surface are demonstrated to facilitate electron transfer and OER kinetics. Our work
presents a feasible surface reconstruction approach for designing high-efficiency catalytic electrodes in alkaline water
electrolysis.

 

W ith  centuries  of  industrialization,  the  consump-
tion  of  fossil  fuels  that  formed  millions  of  years
ago  continually  causes  greenhouse  gases  emis-

sion, leading to global warming and environmental pollution.
The world requires affordable, accessible, and sustainable en-
ergy  solutions  to  replace  fossil  fuels.[1] Water  electrolysis  is  a
sustainable approach to store intermittent renewable energy
(e.g.,  solar  and  wind)  in  the  form  of  chemical  energy,  that  is
green hydrogen with only pure water byproduct when com-
busted.  Water  electrolysis  consists  of  two  individual  half-cell
reactions  hydrogen  evolution  reaction  (HER)  and  oxygen
evolution  reaction  (OER).[2] OER  is  the  bottleneck  of  water
electrolysis  efficiency  due  to  its  involvement  in  a  four-elec-
tron transfer process, which results in sluggish reaction kinet-
ics and a higher overpotential compared to HER. Noble metal-
based  electrocatalysts,  such  as  IrO2 and  RuO2 have  been  re-
cognized  as  efficient  electrocatalysts  for  OER,  but  their
scarcity, high cost, and poor stability have restricted the large-
scale implementation in developing a global green hydrogen
economy.  Thus,  research  on  earth-abundant  alternatives  for
OER  catalysts  has  become  imperative.  However,  developing
non-noble  electrocatalysts  with  balanced  activity  and  stabil-

ity for the sluggish OER presents a substantial challenge.
In recent years, transition metal-based OER electrocatalysts

have been developed via various strategies, such as composi-
tion  optimization,  nano-size  control,  and  phase
regulation.[3–5] Among  those,  most  of  these  strategies  have
primarily  focused  on  modifying  the  bulk  properties  of  the
catalysts.  Traditional  bulk  electrode  materials  are  gradually
approaching their performance limits due to the limited num-
ber of  active sites and the deactivation effect.[6–7] In fact,  the
OER only occurs on the catalytic surface, and the catalytic per-
formance  depends  on  surface  electronic  structure,  real  elec-
trochemical  surface  area,  and  interfacial  charge  transfer  effi-
ciency.[8–9] Hence,  instead  of  modulating  the  bulk  phase  of
the catalyst, surface reconstruction strategies are highly desir-
able for further improving the catalytic activity.[10]

Alkaline  etching  is  an  effective  strategy  to  create  vacancy
defects  and trigger  surface reconstruction on the catalyst.[10]

When  introducing  vacancy  defects,  the  absence  of  atoms  in
the  lattice  site  could  expose  the  surrounding  unsaturated
metal sites and induce electron redistribution to balance the
charge,  leading  to  tuned  electronic  structure  for  fast  charge
transfer.[7,11–12] Kuang  and  Sun’s  group  introduced  base-sol-
uble sites Zn2+/Al3+ into NiFe LDHs followed by alkaline etch-
ing to selectively create coordination-unsaturated atomic de-
fect, which expanded the electrochemical active surface area
(ECSA),  tuned the valence state of the active sites,  eventually
changed the determining step of OER rate and facilitated the
OER kinetics.[12]

However, controlling the surface electronic structure of the
catalyst at the band gap level is still a challenge. Electrochem-
ical activation, including anodic activation,[13] cathodic activa-
tion,[14–17] and  electrochemical  aging,[18–22] etc.,  offers  great
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potentials for triggering surface reconstruction in a facile and
controlled  manner.[17] During  anodic  polarization,  many
transition  metals  based  pre-catalysts  undergo  in  situ  surface
reconstruction and are oxidized into more active oxyhydrox-
ide  species,  which  have  been  widely  confirmed  as  the  real
active  sites  for  OER.  Inspired  by  this,  researchers  gained  the
real  active  phase  via  applying  electrochemical  activation.[10]

Furthermore, electrochemical activation may change the sur-
face electronic structure via leaching of some metal cations or
anions,  creating  vacancies,  defects  and  edges,[14,17,23] which
expose more active sites and tune the intrinsic activity.

Among  transition  metal-based  catalysts,  cobalt-based  ox-
ides  and  (oxy)hydroxides  have  been  widely  applied  as  elec-
trocatalysts for HER and OER in water splitting, owing to their
adjustable  valence  states  and  tunable  electronic  structures,
achieved by controlling the Co2+/Co3+ ratio or introducing de-
fects.[23–25] Soluble Al3+ sites can be introduced into the mat-
rix and then selectively etched in a strong alkaline solution to
create  defects  and  cation  vacancies  within  the  matrix.[11–12]

Herein,  we  report  a  two-step  surface  reconstruction  strategy
that  combines  alkaline  etching  and  electrochemical  activa-
tion  to  induce  surface  reconstruction  of  CoAl  hydroxide  de-
posited  on  nickel  foam  (NF).  The  in-situ  surface  reconstruc-
tion  modulates  electronic  distribution  and  tunes  the  active
sites  on  the  ultrathin  nanofilm,  thereby  enhancing  intrinsic
activity and accelerating OER kinetics.  The activated CoAl/NF
exhibits a low OER overpotential of 269 mV at 10 mA−2 in 1 M
KOH electrolyte, a superior Tafel slope of 37 mV dec−1 and en-
hanced  intrinsic  catalytic  activity.  The  activated  CoAl/NF  is
also  found  to  be  highly  stable  in  both  long-term  chronopo-
tentiometry (CP) and cyclic voltammetry (CV) evaluation.

 Results and discussion

Figure 1 outlines  the  two-step  surface  reconstruction  pro-
cess  of  a  CoAl  hydroxide  electrode  and  Figure  S1  shows  the
corresponding OER performance. In the first step, defect-con-
taining  CoAl  hydroxide  (D-CoAl/NF)  was  prepared  by  elec-
trodepositing  Co2+Al3+(OH)x nanosheets  onto  NFs,  followed
by  alkaline  etching  of  the  dissolvable  Al3+ sites  to  create  va-
cancy defects  in  the CoAl  hydroxide lattice.  The second step
involves  the  preparation  of  activated  CoAl  hydroxide  (A-
CoAl/NF) by repetitively applying anodic linear sweep voltam-

metry  (LSV).  The  polarization  curve  shifts  dramatically  to  a
lower  potential  after  the  first  LSV  process  and  continues  to
improve  with  the  subsequent  LSVs  until  it  becomes  stable.
After anodic activation, the color of the catalyst changes from
metallic  grey  to  a  slightly  darker  shade  of  metallic  gray  (Fig-
ure  S2).  The  electrodeposited  CoAl/NF,  alkaline  etched
CoAl/NF, and anodic activated CoAl/NF catalysts are denoted
as CoAl/NF, D-CoAl/NF and A-CoAl/NF, respectively.

Defect-rich structures typically enhance catalytic activity by
tunning  electronic  structure,  but  alkaline  etching  may  dam-
age the original  structure and thus reduce the catalyst  activ-
ity, so it is important to determine the appropriate Co/Al ratio
and etching conditions. A series of experiments (Figure S3-6)
were  conducted to  determine the  optimal  Co/Al  ratio  of  the
electrodeposition  electrolyte  (Co1Al0.5),  etching  concentra-
tion  (5M  NaOH  solution),  and  etching  time  (30  minutes).  We
performed  characterization  analysis  under  the  optimized  ex-
perimental parameters.

The comparison of the structural characterization between
pristine CoAl/NF and Co(OH)2/NF (Figure S7-8)  demonstrates
the  successful  deposition  of  Co2+Al3+(OH)x nanosheets  onto
the NF substrate.  In contrast to Co(OH)2/NF, which exhibits a
two-dimensional  hydrotalcite-like nanosheet  structure under
the scanning electron microscopy (SEM), the pristine CoAl/NF
displays a thinner nanosheet morphology (Figure S7a-b).  En-
ergy-dispersive X-ray spectroscopy (EDS) elemental mapping
of CoAl/NF indicates homogeneous distribution of four major
elements  Ni,  Co,  Al,  and  O  across  the  entire  sample  (Figure
S7d). The X-ray diffraction (XRD) patterns (Figure S7c) primar-
ily  display  strong  peaks  from  the  NF  substrate,  with  no  dis-
tinct  peaks  corresponding  to  the  CoAl  layer.  This  can  be  at-
tributed  either  to  the  amorphous  state  of  the  electrodepos-
ited catalysts[11] or to the CoAl layer being too thin to detect,
due to the low deposition current and low electrolyte concen-
tration  used  during  electrodeposition.  X-ray  photoelectron
spectroscopy (XPS) further confirms the deposition of Al. The
Al  2p  XPS  spectrum  of  the  CoAl/NF  shows  peak  located  at
74.2 eV, which can be assigned to trivalent aluminum (Figure
S8).[26] XPS  analysis  of  Co  2p  of  CoAl/NF  reveals  no  shifts  in
the  binding  energy  of  the  components  corresponding  to
Co(OH)2/NF,  suggesting  negligible  electronic  modification
when replacing part of the Co-host lattice with Al sites.

Characterization  analyses  were  conducted  to  investigate
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Fig. 1    Schematic illustrations of the synthesis of A-CoAl/NF.
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the alkaline etching process. SEM was performed to investig-
ate the evolution of  surface morphology before and after  al-
kaline  etching  (Figure 2a-b).  Compared  with  the  pristine
CoAl/NF,  D-CoAl/NF  features  thinner  nanosheets  morpho-
logy.  Al  atomic  ratios  determined  from  the  XPS  reveals  that
the D-CoAl/NF (Al at%=12.3) contains evidently less Al3+ com-
pared with CoAl/NF (Al at%=35.2), demonstrating selective al-
kaline  etching  successfully  removal  partial  Al3+ sites  (Figure
2d). This result aligns with the previous optimal etching con-
centration  experiment  where  the  Al  atomic  ratio  of  the
etched  catalysts  decreases  with  the  increasing  alkalinity  of
the  NaOH  solution  experiment  (Figure  S5b).  As  amphoteric
compound,  aluminum  hydroxide  can  react  with  hydroxide
ions  to  form  soluble  Al(OH)4

− (Equation  S1),  leaving  Al3+ va-
cancy in the CoAl hydroxide lattice.

Furthermore,  the  changes  of  valence  state  shown  by  XPS
correlate  well  with  the  defect  characteristics.  After  alkaline
etching,  both the Co 2p and Al  2p XPS binding energy of  D-
CoAl/NF shifts 0.2 eV to a lower position (Figure 2e-f). Defects
created  by  leaching  Al3+ from  laminates  should  expose  the
surrounding  unsaturated  cation  sites.  As  the  electron  with-
drawing power coming from Al3+ sites disappeared, electrons
move to the surrounding metal sites to balance the charge of
the leaving groups.  Thus,  the surrounding metal  sites negat-
ively  shift  to  a  lower  valence  state  to  balance  the  charge  of
the cation vacancy.[11–12] We also conducted characterization
analysis  on  Ni  species.  Ni  2p/3  XPS  Spectrum  of  CoAl/NF  is
curve fitted into three peaks located at 852.6 eV, 853.7 eV and
855.8  eV,  corresponding  to  Ni  metal,  NiO,  Ni(OH)2,  respect-
ively.[27–29] After  alkaline  etching,  the  Ni  2p  XPS  spectrum
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Fig. 2    Characterization analysis of CoAl/NF, D-CoAl/NF and A-CoAl/NF. SEM images of a CoAl/NF, b D-CoAl/NF, c A-CoAl/NF. d Co, Ni, Al atom-
ic ratio (Co at% + Ni at% + Al at% = 100%). High-resolution XPS of CoAl/NF, D-CoAl/NF and A-CoAl/NF e Co 2p, f Al 2p, g O 1s, h Ni 2p. i Ex situ
Raman spectra.
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shows  an  improved  signal-to-noise  ratio  compared  to
CoAl/NF, indicating an enhanced Ni signal on the film (Figure
2h).

Based  on  the  above  characterization,  the  etching  process
can be explained as follows. During alkaline etching, Al3+ spe-
cies  in  the  CoAl/NF  are  selectively  leached  out,  creating  Al3+

cation vacancies in the Co2+Al3+(OH)x nanosheets. This select-
ive removal also disrupts the coordination environment of ad-
jacent  Co2+ sites,  leading  to  the  detachment  of  some  Co2+

sites  from  the  CoAl  nanosheet  lattice.  As  a  result,  the  upper
portion of the nanosheets peels off, while the CoAl layers be-
come  thinner  but  remain  strongly  adhered  to  the  NF  sub-
strate (Figure 1).  The SEM image of D-CoAl/NF (Figure 2b) in-
dicates  a  thinner  nanosheet  layer  and  the  appearance  of  a
blue  color  in  the  etching  solution  (Figure  S4b)  indicates  the
leaching  of  Co(OH)2.  It  is  noteworthy  that  the  leaching  of  Al
does  not  directly  expose  Ni  sites  from  the  substrate,  but
through  thin  the  nanolayer  to  make  the  Ni  signal  is  easy  to
detect  by  XPS.  Moreover,  thinner  nanolayer  benefit  the  OER
performance of catalyst. The ultrathin materials provides a fa-
vourable  environment  for  the  formation  and  evolution  of
various types of  defects  which can tune the electronic  struc-
ture  and  enhance  performance.[7,30–32] The  residual  CoAl
nanosheets  maintain  strong  adhesion  to  the  NF  substrate,
which contributes to improved structural stability.

Characterization analyses were also conducted to investig-
ate the following anodic activation process. The surface of A-
CoAl/NF  performed  by  SEM  (Figure 2c)  shows  an  embossed
morphology,  indicative  of  surface  reconstruction  during  an-
odic  activation  process.  As  a  surface  analysis  tool,  XPS  can
help  to  better  understand  the  surface  reconstruction  includ-
ing the composition and valence state change caused by an-
odic  activation.  The  spectral  fitting  parameters  of  the  curve
fitted Co 2p3/2 XPS spectrum in both CoAl/NF and D-CoAl/NF
(Figure 2e) match with XPS analysis of the pure Co(OH)2,[28,33]

revealing the predominant species are mainly Co2+.  This also
correlate  well  with the electrodeposition reactions (Equation
S2-3).[34–36] However, after anodic activation, Co 2p XPS spec-
trum  of  A-CoAl/NF  exhibits  characteristic  peaks  of  a  higher
oxidation state (Figure 2e). The satellite peak decreases signi-
ficantly  accompanied  by  a  change  in  its  position,  which  can
be used to identity the Co3+ and higher oxidation states.[23,37]

The Co 2p XPS spectrum significantly shifts 1.0 eV to a lower
binding  energy  of  779.8  eV,  further  confirming  that  the  Co
species  in  A-CoAl/NF  has  transitioned  to  a  higher  oxidation
state,  because  the  peak  of  CoOOH,  Co3O4 and  CoO2 are  all
lower than the peak of Co(OH)2.[38–40] The above analyses also
align  well  with  Pourbaix  diagrams  of  cobalt[41] and  electro-
chemical knowledge. During the electrochemical anodic scan,
Co(OH)2 is first converted to the active species CoOOH (Equa-
tion S4). With the anodic potential increases, the CoOOH par-
tially transforms into CoO2 (Equation S5), which has also been
proposed as the active OER species in previous studies on co-
balt  oxides.[42–44] The deconvoluted peaks O1s XPS spectrum
of the D-CoAl/NF at 529.5, 531.3, 532.8 eV are assigned to lat-
tice O, lattice OH, and the adsorbed H2O, respectively (Figure
2g).  After anodic activation, the significant growth of the lat-
tice O peak that related to the lattice oxide in the M-O or M-
OOH also indicates the formation of CoOOH/CoO2.[29,45–48]

Meanwhile,  we  notice  that  the  main  peak  of  Al  2p  in  A-

CoAl/NF further shifts  by 0.8 eV,  approaching the position of
metallic  Al  (Figure 2f).  The  main  peak  of  Ni  2p  in  A-CoAl/NF
also  shifts  0.2  eV  to  a  lower  binding  energy  of  855.6  eV.  Ac-
cording  to  the  electrochemical  knowledge, α-Ni(OH)2 will  be
oxidized  to γ-NiOOH  when  applying  electrochemical  anodic
scan (Equation S6),  and β-NiOOH can also be converted to γ-
NiOOH  when  the  applied  electrochemical  potential  exceeds
0.6V (vs  Hg/HgO).[21,49] In  our  work,  considering that  the  LSV
potential  applied  to  the  catalyst  reaches  0.9  V  (vs.  Hg/HgO),
the active Ni species are expected to be primarily γ-NiOOH.

The CoAl/NF and D-CoAl samples were investigated by Ra-
man  spectroscopy  under  dry  conditions,  and  the  activated
samples were investigated by Raman spectroscopy under wet
conditions right after the OER electrochemical test (Figure 2i).
For  CoAl/NF  and  D-CoAl/NF  samples,  the  highly  polarized
band  at  528  cm−1 is  attributed  to  the  Co–O  (Ag)  stretching
mode  of  Co(OH)2.[50] After  the  first  anodic  scan,  two  new
peaks  at  466  and 592 cm−1 appeared,  which  are  assigned to
the A1g and Eg vibrational  modes  of  CoO2,[51] indicating  the
conversion of Co(OH)2 to CoO2 during anodic activation. Fur-
ther  spectral  changes  were  observed  for  the  fully  activated
sample:  two  board  spectral  features  around  475  and  550
cm−1. To further investigate this proposal, Co(OH)2/NF and NF
were etched and activated by the same process as A-CoAl/NF,
and their crystal structures were investigated by Raman spec-
troscopy.  The  peaks  at  461  and  574  cm−1 for  the  activated
Co(OH)2/NF  match  that  of  disordered  CoO2 species,[52] indic-
ating the activated samples contains a large portion of CoO2,
probably in a mixture with CoOOH that is invisible in the Ra-
man  spectrum.  For  the  activated  NF  sample,  the  Raman
bonds at 480 and 557 cm−1 with an intensity ratio (I479/I557) of
1.4  suggests  a  signal  of γ-NiOOH  phase.[18,21,53] The  Raman
peaks  of  CoO2 and γ-NiOOH  are  quite  close  to  each  other,
thus we propose that the broad Raman band of A-CoAl/NF is
comprised of a mixture of γ-NiOOH and disordered CoO2 spe-
cies spectroscopy signals.

Thus  far,  our  findings  indicate  that  two  main  changes  oc-
cur  during  anodic  activation.  On  one  hand,  Co(OH)2 and
Ni(OH)2 undergo  electrochemical  oxidation  to  tune
CoOOH/CoO2 and γ-NiOOH active sites. It is known that, when
the metal cations in the catalyst surface are oxidized into the
higher  valence,  the  high  valence  state  active  sites  are  un-
steady and incomplete.[10] Through repeatedly anodic activa-
tion,  the  unsteady  and  incomplete  active  sites  can  be  trans-
formed into stable and complete active sites, which dynamic-
ally  enhance the crystallinity  of  the active sites  and tune the
active sites.[54] The presence of  peaks in  K 2p spectra (Figure
S9)  could  demonstrate  this  deduction.  The  K+ ions  from  the
KOH  electrolyte  intercalates  into  the  interlayer  space  of γ-
NiOOH and CoOOH during anodic activation process, leading
to layer contraction that helps to improve the activity.[18] [55]

On the other hand, the main peak of Co 2p, Al 2p and Ni 2p
all display evident negative shift, by 1.0 eV, 0.8 eV and 0.2 eV,
respectively,  causing  strong  electronic  redistribution  on  the
surface  of  the  catalyst.  It  is  different  from  common  know-
ledge that the negative shift of XPS peak indicates a reduced
oxidation  state.  In  the  case  of  Co  2p,  the  peak  of  CoOOH,
Co3O4 and  CoO2 usually  appear  at  lower  binding  energies
than that of Co(OH).[23,33,38–40] This is because the binding en-
ergy is not always related solely to the electronegativity of the
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surrounding  elements  but  also  depend  on  the  overall  elec-
tronic environment of the lattice.[56] According to the current
reports,  the  negative  binding  energy  shifts  of  the  cation
metals  usually  come  along  with  defective  structure.[12,17,57]

With  the  decreasing  binding  energy  of  the  cation  metals,
electrons move to the cation sites, causing structural disorder
such as edges and defects, which further enhance the unsat-
urated electronic structure on the defective catalytic surface.
By applying repetitive anodic linear sweep voltammetry (LSV),
Co  hydroxides  are  oxidized  into  a  higher  oxidation  valence
CoOOH/CoO2,  which  possesses  a  lower  binding  energy  than
Co hydroxide, leading to the electrons move to cation metals,
further enhancing the unsaturated electronic structure on the
defective catalytic surface.

Based  on  the  OER  mechanism,  the  binding  strengths
between the active sites and the oxygen-containing interme-
diates (*OH, *O and *OOH, where * refers to the active site on
the electrocatalyst)  should not  be too strong or  too weak to
ensure  a  balance  between  the  adsorption  and  desorption.
The unsaturated electronic structure adjusts the electron con-
figuration  on  the  catalytic  surface,  modulates  the  binding
strengths  of  reaction  intermediates,  and  alters  their  adsorp-
tion/desorption energies.  This  adjustment  lowers  the energy
barriers  for  the  oxygen  evolution  reaction  (OER)  and  en-
hances electron transfer efficiency.[58–60] This deduction is fur-
ther  validated  by  electrochemical  impedance  spectroscopy
measurements,  which  show  that  the  charge  transfer  resist-
ance (Rct) decreases in parallel with the overpotential during
anodic  activation  process  (Figure 3a-b).  Given  the  OER  pro-
cess  is  dominantly  controlled  by  the  charge  transfer  process
under  low  current  conditions,  a  low  charge  transfer  resist-
ance can effectively boost OER kinetics.[61] In addition, the ul-

trathin catalyst film also benefits the electron transfer. During
anodic activation process, the intensity of the redox peak did
not increase obviously, meaning the catalyst films didn’t evid-
ently  thicken.[21,62] As  it  has  been  found  that  catalyst  films
with a thickness of 1 to 2 nm are sufficient to exhibit catalytic
performance  in  low  current  densities  applications,  while  a
thick oxidation film could cause damage to the catalyst activ-
ity by impeding the electron transfer from surface active sites
to inner matrix.[18,55]

Apart  from  this,  Co(OH)2/NF  was  etched  and  activated  by
the  same  process  as  A-CoAl/NF  to  further  investigate  activa-
tion mechanism. The results show that A-Co(OH)2/NF exhibits
lower  OER  activity  compared  to  A-CoAl/NF  (Figure 3c).  As
shown in XPS analysis  (Figure S10a),  the negative shift  of  Co
2p due to anodic activation (0.3 eV) in A-Co(OH)2/NF is signi-
ficantly  smaller  than  the  1.0  eV  shift  observed  in  A-CoAl/NF.
This  supports  the  previous  explanation  that  the  enhanced
activity of A-CoAl/NF is attributed to strong electronic redistri-
bution.  The  A-Co(OH)2/NF  exhibits  lower  CV  stability  com-
pared  to  A-CoAl/NF  (Figure 3c-e).  Typically,  CV  is  conducted
to achieve a stable polarization current before measuring LSV.
A-CoAl/NF  is  easy  to  achieve  a  stable  polarization  current
when applying CV scan, while A-Co(OH)2/NF deteriorates con-
tinuously  until  the  performance  reverts  to  its  non-activated
value.  Compared  to  A-CoAl/NF,  the  Co  atomic  ratio  in  A-
Co(OH)2/NF drops significantly after anodic activation (Figure
S10a)  and  the  lattice  oxygen  peak  associated  with  CoOOH
nearly disappears (Figure S10b), indicating the electrocatalyt-
ic  instability  of  A-Co(OH)2/NF  is  caused  by  dissolution  of  Co
active  sites  during  operation.[63–64] We  infer  that  the  Al3+

cation  vacancies  benefit  the  stability  of  the  catalyst  by  pre-
venting Co dissolution. This aligns with findings in the literat-
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ure,  which  indicate  that  cation  vacancy  defects  not  only  en-
hance  the  activity  of  electrocatalysts  but  also  improve  their
stability.[65–66] Waterhouse et al. demonstrated that the cation
vacancies  contribute  to  stability  of  NiFe-LDH  catalysts  by
strengthening the binding energy of *O bond and release lat-
tice  distortion,  thus  suppressing  metal  sites  dissolution  and
enhance the OER stability.[67]

To  further  understand  the  role  of  nickel  in  the  OER  per-
formance  of  CoAl/NF,  NF  was  etched  and  activated  by  the
same  process  as  A-CoAl/NF.  The  result  shows  that,  A-NF  ex-
hibited  an  overpotential  of  328  mV  at  10  mA  cm−2,  which  is
considerably higher than that of A-CoAl/NF (Figure S11). This
indicates that, without the contribution of the defective CoAl
nanolayer,  the  nickel  active  sites  alone  cannot  achieve  the
catalytic  activity  of  269 mV at  10 mA cm−2.  This  is  consistent
with the etching experiments shown in Figure S5,  where the
best  performance  was  not  achieved  with  6  M  NaOH  which
would expose more Ni, but rather with 5 M NaOH. This is be-
cause  over-leaching  of  Al3+ disrupts  the  Co2+ network,  redu-
cing the number of active Co sites and harming catalytic per-
formance.  These  findings  indicate  that  the  defective  CoAl
nanolayer plays a more critical role in OER performance than
the Ni sites. We know that Co is considered less active than Ni
or  Fe  for  OER.  However,  catalyst  performance is  not  determ-
ined solely by the type of active sites, as it cannot explain why
different  catalysts  with  the  same  active  sites  and  oxidation
states  exhibit  significantly  different  OER  activities.  The  activ-
ity  of  the  catalyst  also  depends  on  the  surface  electronic
structure,  influence  the  binding  strength  of  intermediates
*OH, *O, and *OOH, which in turn influence the rate determ-

ining step of the OER, thereby enhancing the overall reaction
kinetics.[58–60] Thus, Co-based materials can achieve high OER
activity when their surface structure is properly tuned.

In  addition,  as  the  Co/Al  ratio  of  A-CoAl/NF  is  approxim-
ately  3:1  (as  shown  in Figure 2d),  we  compared  the  catalytic
performance of a catalyst directly synthesized with a 3:1 Co/Al
ratio  (Co1Al0.33/NF)  to  that  of  the  activated  sample  (A-
CoAl/NF)  to  demonstrate  the  overall  effect  of  the  activation
process.  As  shown  in  Figure  S12,  the  OER  performance  of
Co1Al0.33/NF  is  significantly  lower  than  that  of  A-CoAl/NF,
highlighting  the  critical  role  of  surface  reconstruction  in  en-
hancing catalytic activity.

Furthermore, we attempted to recover the used A-CoAl/NF
electrode that had been stored in the air for a week. Remark-
ably,  we  observed  that  the  used  electrode  could  be  reactiv-
ated  by  reapplying  anodic  activation,  with  the  overpotential
returning to a value close to its original level (Figure 3f,  S13).
The  results  indicate  that  the  in-situ  reconstruction  is  repeat-
able,  enabling  A-CoAl/NF  to  function  as  a  self-healing  elec-
trode  for  OER  applications,  which  is  beneficial  for  practical
use.

We  evaluated  the  OER  performance  of  the  A-CoAl/NF  un-
der the optimized experimental parameters. For comparison,
pristine CoAl/NF,  Co(OH)2/NF were also evaluated. Figure 4a-
b shows that  A-CoAl/NF displays  excellent  OER catalytic  per-
formance, with the overpotentials as low as 269 mV at a cur-
rent  density  of  10  mA  cm−2,  much  lower  than  those  of  the
pristine CoAl/NF (338 mV@10 mA cm−2) and Co(OH)2/NF (313
mV@10 mA cm−2).  As shown in Figure 4c,  the A-CoAl/NF dis-
plays a much smaller Tafel slope (37 mV dec−1) compared with
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the  pristine  CoAl/NF  (66  mV  dec−1)  and  the  Co(OH)2/NF  (86
mV  dec−1),  indicating  superior  OER  kinetics  for  the  activated
electrode. The low overpotential and small Tafel slope value of
A-CoAl/NF electrode are superior to the commercial IrO2 cata-
lysts,  and comparable  to  or  even better  than state-of-the-art
OER catalysts (Table S1).  The significantly reduced Tafel  slope
suggests  that  the  rate  determining  step  in  electron  transfer
mechanism  has  changed.  A Tafel  slope close  to  40  mV  dec−1

implies  that  *O  bond  formation  during  the  second  electron
transfer  is  rate determining step.[54,68–69] The etching and ac-
tivation  processes  induce  electronic  redistribution  on  the
catalyst  surface,  altering the bonding energy of  oxygen-con-
taining intermediates. This modification changes the rate-de-
termining  step  of  the  oxygen  evolution  reaction  (OER),
thereby enhancing OER kinetics.

Nyquist  plots  of  the  electrocatalysts  show  that  A-CoAl/NF
displays  the  lowest Rct (0.6 Ω)  compared  with  the  other  two
electrocatalysts,  indicating  the  etching  and  activation  pro-
cess  facilitates  charge  transfer  (Figure 4d).  The  double-layer
capacitance (Cdl)  was measured to gain insight into the ECSA
of  the  catalyst  (Figure 4e and  Figure  S14a-c).  The  A-CoAl/NF
exhibits  a  higher Cdl value  (2.4  mF  cm−2)  compared  to  its
pristine  catalyst  (1.6  mF cm−2),  indicating an increased ECSA.
This  enhancement  is  attributed  to  the  defective  electronic
structure  caused  by  the  etching  and  activation  process.
Moreover,  by  normalizing  the  OER  current  to ECSA at  ƞ
=300mV,  the  A-CoAl/NF  demonstrates  significantly  high  in-
trinsic  activity  (1.73  mA  cm−2 ECSA),  approximately  16  times
greater  than  that  of  the  pristine  catalyst  and  5  times  higher
than that of Co(OH)2/NF (Figure S14d-f).

To assess the electrocatalytic stability of A-CoAl/NF toward
OER, CP stability test was conducted at a current density of 10
mA cm−2 for  50  hours  (Figure 4f).  The A-CoAl/NF exhibits  ro-
bust  stability  with  no  degradation  in  the  OER  performance
after stability test. The XPS analysis reveals negligible changes
in  element  ratios  and  valence  states  after  the  stability  test
(Figure  2d,  S15).  The  inset  is  the  polarization  curves  of  A-
CoAl/NF before and after  50 hours CP test,  showing the OER
performance becomes even better  after  the stability  test,  in-
dicating a  dynamically  self-optimized trend of  the  electrode.
It’s worth noting that, although the OER occurs in an alkaline
environment,  no  Al  leaching was  observed in  the  A-CoAl/NF
electrode during prolonged OER operation.  The XPS analysis
(Figure 2d)  confirm  that  the  Al  content  remains  unchanged
even after  a  50-hour  CP test  at  a  constant  current  density  of
10  mA  cm−2.  The  stability  of  Al  can  be  explained  as  follows.
The concentration of the alkaline etching solution used in this
study is 5 M, which is significantly higher than that of the 1 M
KOH electrolyte used during the OER test. This higher alkalin-
ity  facilitates  the  reaction  of  aluminum  hydroxide  with  hy-
droxide  ions  to  form  soluble  Al(OH)4

−,  enabling  its  removal
from the CoAl hydroxide lattice during the etching process. In
contrast, the milder alkaline environment during OER cannot
promote further Al leaching. Additionally, the A-CoAl/NF elec-
trode  undergoes  repeated  anodic  activation  for  up  to  10
hours. During this process, the surface electronic structure ex-
periences continuous reconstruction and gradually reaches a
stable state under OER alkaline conditions. As a result, the re-
maining Al sites are strongly integrated into the structure and
exhibit  high  resistance  to  leaching  during  additional  long-

term OER operations.

 Conclusion

In summary, a unique activation strategy involving alkaline
etching and anodic activation was employed to trigger in-situ
surface  reconstruction  of  A-CoAl/NF,  dramatically  boosting
the  OER  activity  in  alkaline  media.  The  activated  catalyst  re-
quires  a  reduced overpotential  of  269 mV to deliver  the cur-
rent density of 10 mA cm−2, along with superior catalytic kin-
etics  with  a  small Tafel  slope of  37  mV  dec−1,  high  intrinsic
activity by normalizing the OER current to ECSA, and high sta-
bility in both CV and CP evaluation.  Through comprehensive
characterization,  we demonstrate that  alkaline etching intro-
duces aluminum vacancies in CoAl hydroxide electrodes. Sub-
sequent  anodic  activation  further  modulates  the  electronic
configuration of  the unsaturated structure,  thereby reducing
the energy barriers for the oxygen evolution reaction and fa-
cilitating electron transfer kinetics. Meanwhile, anodic activa-
tion dynamically tunes the CoOOH/CoO2 and γ-NiOOH active
sites and enhances the intrinsic activity. This work provides a
new  activation  strategy  to  boost  the  OER  performance  of
non-noble  catalysts  in  alkaline  medium,  gains  an  important
insight  for  understanding the dynamic in  situ  reconstruction
of catalyst under anodic activation, and offers creative inspira-
tion for further research on electrocatalyst activation.
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