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ement at the crystalline–
amorphous heterogeneous interface boosts
alkaline hydrogen production†

Meihuan Liu,‡a Yuke Gu,‡a Hui Su, *b Xuanzhi Liu,a Juan Luo,a Pengfei Tan,*a

Feng Liuc and Jun Pan *ac

Modifying the platinum (Pt) local reaction microenvironment is a critical and complex challenge in

enhancing electrochemical performance. Herein, amorphous Co(OH)2 and crystalline Pt (labeled as ac-

Pt@Co(OH)2) featuring abundant crystalline–amorphous (c–a) interfaces are designed to boost the

hydrogen evolution reaction (HER). The engineered structure creates an advantageous chemical

environment at the local level, enhancing hydrogen adsorption efficiency and resulting in exceptional

HER performance. The ac-Pt@Co(OH)2 achieves a low Tafel slope of 28.5 mV dec−1 and requires merely

95 mV overpotential to reach 200 mA cm−2 in alkaline electrolyte (1 M KOH), surpassing those of

conventional Pt/C catalysts (39.4 mV dec−1, 256 mV). In situ advanced characterization investigations

reveal dynamic electron rearrangement at the c–a interface, where Co species initially accept electrons

from Pt to optimize the adsorption of *H species and then donate electrons to Pt for accelerating

reduction kinetics. Theoretical calculations reveal that amorphous Co(OH)2 promotes the dissociation of

water molecules to produce active *H, and electron rearrangement at the c–a interface downshifts the

d-band center, thereby optimizing the *H adsorption strength and enhancing HER activity. The ac-

Pt@Co(OH)2-based alkaline anion-exchange membrane water electrolyzer (AEMWE) maintains a current

density of 500 mA cm−2 over 500 h.
1 Introduction

The extensive depletion of nonrenewable energy sources has
triggered signicant energy shortages and environmental
degradation. In this context, hydrogen (H2) as a clean and
renewable energy carrier, has garnered substantial interest.1,2

Electrochemical water splitting, powered by renewable energy,
presents a promising approach for sustainable hydrogen
production, although it involves intricate surface reactions. As
a half-reaction of alkaline water electrolysis (AWE), the alkaline
hydrogen evolution reaction (HER) suffers from sluggish
kinetics, being orders of magnitude slower than in acidic elec-
trolytes.3,4 Thus, developing highly efficient electrocatalysts for
alkaline HER, offering both high activity and long-term
stability, is crucial for enabling anion exchange membrane
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water electrolysis (AEMWE). Despite the great success that has
been achieved with earth-abundant electrocatalysts including
transition-metal suldes and nitrides for alkaline HER,5 plat-
inum-based (Pt-based) electrocatalysts are still considered the
best choice to catalyze the HER owing to their ideal hydrogen
adsorption energy among all pure metals. However, Pt's limited
water dissociation ability in alkaline media hinders the gener-
ation of protons during the Volmer step, particularly when the
hydrogen intermediate strongly adsorbs on the Pt surface. This
issue creates signicant barriers to enhancing the economic
viability of hydrogen production.6–9 Consequently, a reasonable
design of catalysts for alkaline HER requires simultaneously
promoting the capabilities of water adsorption and dissociation
on catalysts and precisely regulating the electronic structure of
metal sites to obtain appropriate Pt–H interactions; this
remains a highly sought-aer goal and a substantial challenge.

Signicant research focus has been directed toward opti-
mizing platinum catalytic centers for improved HER kinetics
through metal alloying,10,11 morphology tuning,12 and interface
engineering.13 Among the available catalyst design and
synthesis strategies, constructing heterostructures via interface
engineering stands out due to its distinct advantages for energy
storage and conversion. These heterostructures, comprising
different materials, can leverage the strengths of each compo-
nent while mitigating their respective weaknesses.14 The
Chem. Sci., 2025, 16, 9739–9748 | 9739
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formation of an interfacial electric eld occurs spontaneously
when dissimilar materials possessing distinct work functions
come into contact. This phenomenon induces charge redistri-
bution at the atomic scale, facilitating improved electron
mobility and strengtheningmolecular adsorption at active sites,
thereby signicantly enhancing catalytic activity. Many reports
on heterojunction catalysts focus on crystalline–crystalline (c–c)
complexes, which may result in a limited number of active sites
and lower surface energy.15,16 In contrast, crystalline–amor-
phous (c–a) heterostructures have emerged as an auspicious
design for electrocatalysis, harnessing the combined advan-
tages of amorphous and crystalline structures and exhibiting
unconventional atomic arrangements at the heterostructure
interface.17–20 Specically, Pt is insufficient for the water disso-
ciation step in alkalinemedia, it is typically difficult to break the
scaling relationship of key intermediates in the alkaline HER
with a single catalytic site.21–23 Hence further improving the
activity and stability of the Pt-based HER catalyst remains a hot
research topic. Pt-based materials integrated with transition
hydroxides generally show superior hydrophilicity and optimal
binding of *OH, which helps prevent catalyst deactivation
during the HER.24,25 Enlightened by this guideline, designing
a heterogeneous transition hydroxide-decorated Pt catalyst with
abundant c–a interfaces is a viable method to regulate water
dissociation barriers and hydrogen adsorption energy, ulti-
mately improving both activity and stability for the alkaline
HER.

Here, we construct a c–a heterogeneous catalyst composed of
amorphous Co(OH)2 and crystalline Pt (labeled as ac-
Pt@Co(OH)2) with enhanced water-dissociation ability for
highly active and stable alkaline HER catalysis in AEMWEs. As
a proof-of-concept, the introduction of the c–a interface and
Co(OH)2 in ac-Pt@Co(OH)2 not only induces interfacial charge
redistribution but also facilitates the dissociation of water,
ensuring an abundant proton supply to the catalyst and
signicantly altering the HER kinetics. As a result, ac-
Pt@Co(OH)2 exhibits superb HER activity (35 mV@10mA cm−2)
with an acid-like Tafel slope of 28.5 mV dec−1. In situ charac-
terization validate that the c–a interfaces play vital roles in
activating the alkaline HER. Concretely, the generation of Pt–*H
can be directly observed by in situ Raman spectroscopy, indi-
cating enhanced water dissociation. In situ X-ray absorption ne
structure (XAFS) spectroscopy reveals the dynamic electron
rearrangement at the c–a interface, in which Co species initially
accept electrons from Pt to optimize the adsorption of *H
species and later donate electrons back to Pt, accelerating the
reduction kinetics. This suggests that the local coordination
environment of Pt is altered by Co(OH)2. Notably, the ac-
Pt@Co(OH)2-based AEMWE operating with 1 M KOH requires
only 1.76 V to reach a high current density of 0.5 A cm−2,
showing a negligible voltage increase for 500 h. This research
offers a comprehensive investigation of the active components
and reaction mechanisms involved in crystalline–amorphous
heterostructures, highlighting the great potential of c–a hetero-
structure catalyst design for advanced energy technologies.
9740 | Chem. Sci., 2025, 16, 9739–9748
2 Results and discussion
2.1 Material synthesis and characterization

The ac-Pt@Co(OH)2 catalyst with crystalline–amorphous
boundaries was synthesized via a “template-solvent” strategy.
Initially, Pt and Co species were absorbed into the mesoporous
KIT-6 template. Then, the mixed solution, aer adding
a reducing agent, was treated with hot NaOH, simultaneously
removing the template and producing amorphous Co(OH)2
decorated on crystalline Pt. The powder X-ray diffraction (XRD)
studies show a face-centered cubic Pt crystalline structure for c-
Pt (PDF#04-0802). The obtained ac-Pt@Co(OH)2 sample has
a similar crystalline structure as c-Pt (Fig. 1a), with character-
istic peaks attributed to the (111), (200), (220), and (311) planes
of cubic Pt.23,26 However, no obvious diffraction peak related to
Co species can be found, suggesting an amorphous nature of
Co-containing species in ac-Pt@Co(OH)2. To clarify the
composition, the materials were further characterized by
Raman spectrometry. As shown in Fig. 1b, the peak that
appeared at approximately 500 cm−1 in ac-Pt@Co(OH)2 can be
assigned to cobalt hydroxide,27 indicating the formation of
amorphous Co(OH)2 in the hybrid ac-Pt@Co(OH)2 material.
Moreover, the k3c (k) oscillation curve for the Co K-edge in ac-
Pt@Co(OH)2 (Fig. S1†) is different from those of Co and CoO,
while closely resembling that of Co(OH)2. The above results
verify that Co is mainly in the form of amorphous Co(OH)2 in ac-
Pt@Co(OH)2. Analysis of the Fourier transform extended X-ray
absorption ne structure (EXAFS) signal of ac-Pt@Co(OH)2
reveals distinct coordination features in Fig. 1c. The primary
coordination shell, corresponding to Co–O bonds, appears at
1.59 Å, while the secondary coordination sphere, representing
Co–Co interactions, is observed at 2.69 Å. Notably, the peak
intensity associated with Co–Co coordination shows signicant
attenuation compared to standard Co(OH)2. This reduction in
signal strength indicates substantial structural disordering
within the amorphous Co(OH)2 nanosheets.28

The transmission electron microscopy image (TEM) (Fig. 1d)
exhibits that ac-Pt@Co(OH)2 has a meso-channel-penetrated
polyhedral morphology. At the same time, the ac-Pt@Co(OH)2
sample is constructed with nanoparticles embedded in the
nanosheet. As shown in Fig. 1e and S2,† energy-dispersive X-ray
spectroscopy (EDX) mapping conrms the existence of Pt, Co,
and O, and the Co-containing nanosheet across the ac-
Pt@Co(OH)2 sample. Moreover, the magnied high-resolution
TEM (HRTEM) image in Fig. 1f displays that ac-Pt@Co(OH)2 is
composed of amorphous Co(OH)2 (yellow region) and crystal-
line domains. Meanwhile, the Pt sample shows a similar
morphology (Fig. S3†). The selected-area fast Fourier transform
(FFT) pattern and the corresponding inverse fast Fourier
transform (IFFT) image (Fig. 1g) from the crystalline domain
display a lattice fringe spacing of 0.220 nm, which can be
attributed to the (111) plane of Pt. By contrast, the FFT analysis
in area 2 (Fig. 1h) displays typical features of an amorphous
structure. Furthermore, the FFT pattern (area 3) has veried the
amorphous–crystalline boundary with the coexistence of
diffuse-rings and diffraction spots (Fig. 1i). Meanwhile, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD patterns and (b) Raman patterns of c-Pt and ac-Pt@Co(OH)2. (c) EXAFS spectra at the Co K-edge. (d) TEM, (e) EDX element
mappings, and (f) HRTEM images of ac-Pt@Co(OH)2. (g–i) FFT and corresponding IFFT patterns of the selected regions in (f). (j) WT for the Co k3-
weighted EXAFS signal of Co(OH)2 and ac-Pt@Co(OH)2.
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wavelet transform (WT) analysis of the EXAFS data reveals
signicant changes in the k-space characteristics of Co–Co
coordination. Compared to the reference Co(OH)2 sample,
which displays a characteristic signal at 7.1 Å−1, the ac-
Pt@Co(OH)2 composites exhibit a distinct shi to higher k-
space values (7.6 Å−1) (Fig. 1j). This observed displacement in
the wavelet transform maximum indicates potential coordina-
tion interactions between cobalt and platinum atoms within the
composite structure.28

To elucidate the local electronic and coordination structural
information of ac-Pt@Co(OH)2, X-ray photoelectron spectros-
copy (XPS) and X-ray absorption ne structure (XAFS)
measurements were employed. As shown in Fig. 2a, the high-
resolution Co 2p signal of ac-Pt@Co(OH)2 can be deconvoluted
into two peaks of 780.8 and 796.9 eV, with two shake-up satellite
peaks, which are mainly characteristic features of Co2+ from
Co(OH)2 on the surface.29 Furthermore, the O 1s region spec-
trum (Fig. 2b) exhibits two oxygen contributions. The main O 1s
peak at 530.9 eV is usually consistent with oxygen in OH−
© 2025 The Author(s). Published by the Royal Society of Chemistry
groups.30 The peaks at 532.2 eV represent the presence of
chemisorbed structural water on the surface.31 In addition,
Fig. 2c depicts the coexistence of both metallic and oxidized
platinum species in the ac-Pt@Co(OH)2 composite, with the
metallic form being predominant. The binding energy positions
corresponding to metallic Pt 4f7/2 and Pt 4f5/2 orbitals are
observed at 71.4 eV and 74.7 eV, respectively. These values
demonstrate a positive energy shi relative to Pt, indicating
electronic structure modication of the Pt sites in ac-
Pt@Co(OH)2 due to the electron redistribution at the c–
a heterogeneous interface.32 Note that the XAFS signal is an
average of all the targeted atoms. Compared with Co foil and
Co(OH)2, the Co absorption edge in ac-Pt@Co(OH)2 (Fig. 2d) is
slightly more negative than standard Co(OH)2, which may be
attributed to electron donation from Pt.33 Furthermore, the
white line peak intensity of the Pt L3 edge (Fig. 2e and S4†)
demonstrates an elevated Pt valence in the heterostructure
compared to Pt,34 corroborating the XPS results on electron
transfer. This indicates increased charge transfer from Pt to Co
Chem. Sci., 2025, 16, 9739–9748 | 9741
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Fig. 2 (a) Co 2p and (b) O 1s XPS spectra of ac-Pt@Co(OH)2. (c) Pt 4f XPS spectra of ac-Pt@Co(OH)2 and c-Pt. (d and e) Co K-edge and Pt L3-
edge XANES spectra. (f) EXAFS spectra at the Pt L3-edge. (g–i) WT-EXAFS plots of the Pt L3-edge for Pt foil, c-Pt, and ac-Pt@Co(OH)2.
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due to the construction of the c–a interface between Pt and
Co(OH)2. Moreover, the EXAFS spectrum of ac-Pt@Co(OH)2
(Fig. 2f) shows a dominant peak at 2.42 Å that is shorter than
that of c-Pt, suggesting the existence of the Pt–Pt/Co bond.
Furthermore, the peak intensity of ac-Pt@Co(OH)2 and c-Pt is
also signicantly lower than that of Pt foil, which means that
the catalyst prepared by the KIT-6 template method leads to
a large number of porous structures, resulting in a decrease in
the coordination number. Meanwhile, the WT-EXAFS spectra in
Fig. 2g–i show that ac-Pt@Co(OH)2 exhibits a maximum inten-
sity value for Pt–Pt/Co at∼9.0 Å in k space, which is smaller than
the ∼9.5 Å observed for Pt, further revealing that Pt is coordi-
nated with a lighter Co element.35

2.2 Electrocatalytic HER performance

The electrochemical performance of ac-Pt@Co(OH)2 toward the
HER was evaluated in 1 M KOH electrolyte. For comparison, Pt
9742 | Chem. Sci., 2025, 16, 9739–9748
and commercial Pt/C (20%) catalysts were also assessed
(Fig. 3a). All potentials stated here are relative to the reversible
hydrogen electrode (versus RHE). As presented in Fig. 3b, the as-
prepared ac-Pt@Co(OH)2 requires ultralow overpotentials of 35
and 95 mV to deliver the current densities of 10 and 200 mA
cm−2, respectively, superior to c-Pt (h10 = 66mV; h200= 204 mV)
and Pt/C (h10 = 51 mV; h200 = 256 mV). The corresponding Tafel
plots were achieved to illuminate the underlying reaction
kinetics (Fig. 3c). The ac-Pt@Co(OH)2 possesses a Tafel slope of
28.5 mV dec−1, smaller than those of Pt and Pt/C. This implies
faster reaction kinetics in the alkaline HER process. The ac-
Pt@Co(OH)2 demonstrates a lower charge transfer resistance
compared to c-Pt and Pt/C catalysts (Fig. S5†), suggesting that
ac-Pt@Co(OH)2 may exhibit improved HER activities. Remark-
ably, ac-Pt@Co(OH)2 achieves a mass activity of 1.64 A mgPt

−1

(Fig. 3d) at an overpotential of 50 mV, which is 7.5 and 4.2 times
higher than that of c-Pt and Pt/C, respectively. Combining the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Polarization curves of the electrocatalysts. (b) Comparison of h10 and h200 for the electrocatalysts. (c) Tafel plots to assess the kinetics
of the electrocatalytic reactions. (d) Mass activity at an overpotential of 50mV (vs. RHE). (e) Comparison of overpotential at 10mA cm−2 and Tafel
slopes for ac-Pt@Co(OH)2 and recently reported HER catalysts.13,23,28,36–49 (f) TOF values of ac-Pt@Co(OH)2, c-Pt, and Pt/C catalysts. (g) Polar-
ization curves of ac-Pt@Co(OH)2 and Pt/C before and after 20 000 cycles. (h) Chronopotentiometric measurements of ac-Pt@Co(OH)2; carbon
paper was used as the catalyst support.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 2

/2
0/

20
26

 1
1:

49
:4

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Tafel slope and overpotential data, the performance of the
prepared ac-Pt@Co(OH)2 is well-placed among certain recent
state-of-art Pt-based electrocatalysts (Fig. 3e). To quantify the
intrinsic catalytic performance, turnover frequency (TOF) values
(Fig. 3f) were systematically calculated and compared. At an
overpotential of 50 mV, the ac-Pt@Co(OH)2 exhibits a high TOF
of 1.65 s−1, outperforming the other two catalysts. Beyond
activity assessment, the material's stability was thoroughly
investigated through comprehensive electrochemical testing
protocols, including accelerated stress tests and chro-
nopotentiometric analysis. As depicted in Fig. 3g, the polariza-
tion curves of ac-Pt@Co(OH)2 before and aer 20 000 cycles
almost overlap, whereas the Pt/C catalyst displays signicant
deterioration in activity. Additionally, negligible potential decay
can be observed at a cathodic current density of 100 mA cm−2

for ac-Pt@Co(OH)2 during a 100-h chronopotentiometry test.
Impressively, the c–a heterogeneous interface of ac-
Pt@Co(OH)2 (Fig. S6†) aer cycles remains, and the oxidation
© 2025 The Author(s). Published by the Royal Society of Chemistry
state of Pt and Co is almost preserved (Fig. S7†). It is convincing
to validate that the c–a heterogeneous construction has
substantially improved the HER performance.
2.3 In situ characterization and DFT

To reveal the underlying mechanism of the c–a heterostructure
for enhanced HER activity, in situ XAFS measurements using
a purpose-built cell were conducted on the ac-Pt@Co(OH)2
catalyst during the HER (Fig. S8†). From the ex situ conditions
(electrodes are immersed in the solution without applying
potentials) to the conditions under −0.01 V versus RHE (all
voltages mentioned hereaer are normalized to the RHE scale),
the white-line peak intensity of Pt (Fig. 4a) increases slightly,
which may be ascribed to the adsorption of reaction interme-
diates.50 With the cathodic potential decreasing to −0.05 V, the
Pt white-line peak intensity decays, indicating a reduction of its
oxidation state under HER conditions. Additionally, the FT-
EXAFS spectra of Pt (Fig. S9†) at different potentials show an
Chem. Sci., 2025, 16, 9739–9748 | 9743
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Fig. 4 (a and b) In situ XANES spectra for the (a) Pt L-edge, and (b) Co K-edge for ac-Pt@Co(OH)2. (c) In situ EXAFS spectra of the Co K-edge. (d)
CV curves of ac-Pt@Co(OH)2, c-Pt, and Pt/C. (e and f) In situ Raman spectra of (e) ac-Pt@Co(OH)2 and (f) c-Pt. (g) Differential charge density of
ac-Pt@Co(OH)2; the yellow color represents the charge accumulation, and the cyan color represents the charge depletion. (h) Density of states
(DOS) and (i) free energy change of ac-Pt@Co(OH)2 and c-Pt.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 2

/2
0/

20
26

 1
1:

49
:4

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
inconspicuous change in the strong peak at 2.42 Å, conrming
the desirable structural stability of ac-Pt@Co(OH)2, which can
be attributed to the strong interaction between amorphous
Co(OH)2 and the crystalline Pt structure.51 To accurately capture
the c–a heterostructure electronic interaction between Co(OH)2
and Pt, Co K-edge XAFS was also conducted to study the
dynamic electron interaction behavior during the reaction
process. Interestingly, for Co K-edge XANES (Fig. 4b), the posi-
tion of the absorption edge moves rst to the lower energy and
then to the higher energy from ex situ to −0.1 V and −0.5 V
conditions. This suggests that the oxidation state of Co sites
changes in the opposite direction compared to Pt, indicating
the obvious dynamic electron rearrangement at the c–a hetero-
geneous interface of ac-Pt@Co(OH)2. Specically, the Co species
act as an electron acceptor to achieve rapid electron transfer
from Pt to Co at a small overpotential, suggesting that Co
species can regulate the electron state of Pt to optimize the
adsorption of *H. Interestingly, at a high overpotential, the Co
species can donate electrons back to Pt sites, promoting the
9744 | Chem. Sci., 2025, 16, 9739–9748
reduction reaction kinetics. Furthermore, the FT-EXAFS spectra
of Co at different potentials (Fig. 4c) show that as the potential
decreases, the intensity of the peak corresponding to the Co–O
bonds at z1.6 Å gradually increases. This signicant
enhancement (>3% change) in the intensity of the Co–O peaks
with varying voltage can be attributed to adsorbed and disso-
ciated water molecules over Co sites.52,53

To probe the hydrogen adsorption characteristics under
operational conditions, cyclic voltammetry measurements were
conducted across various catalyst samples. This electro-
chemical approach enables the simulation of hydrogen inter-
mediate (*H) conversion processes that occur during the
hydrogen evolution reaction (Fig. 4d). The ac-Pt@Co(OH)2
catalyst negatively shis the desorption peak potential indi-
cating more intense dissociated *H desorption compared with
the reference c-Pt,54,55 contributing to HER performance
improvement. To explore the structural advantages of the ac-
Pt@Co(OH)2 catalyst for alkaline HER and the possible reaction
mechanisms, the adsorbed species of the catalysts during the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Schematic diagram of a membrane-electrode-assembly
(MEA)-based AEMWE device. (b) Polarization curves of the AEMWE
using ac-Pt@Co(OH)2, c-Pt, and Pt/C. (c) Durability test of the ac-
Pt@Co(OH)2-based AEM electrolyser at a current density of 500 mA
cm−2. Insets show the photographs of the AEMWE device.
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catalytic reaction were detected by in situ Raman spectroscopy
with c-Pt as a reference. As shown in Fig. 4e and f, the charac-
teristic D and G bands appearing at ∼1350 and ∼1580 cm−1 are
derived from the carbon cloth electrode. Meanwhile, a peak at
∼2050 cm−1 can be assigned to Pt–*H emerging for ac-
Pt@Co(OH)2.56,57 The peak signals intensied under controlled
applied potentials (ex situ to −0.04 V) compared with that of c-
Pt. It suggests that a large amount of active H accumulates at
the Pt site, thanks to the strong hydrolytic dissociation capacity
of Co(OH)2 to provide a rich active H species. Above all, the in
situ XAFS and Raman results jointly reveal the obvious electron
transfer behavior between Pt and Co sites, and the synergistic
effect of the a–c interface accelerates the formation of *H on the
catalyst surface, contributing to enhanced HER activity and
stability.

Moreover, to understand the synergy between the c–a inter-
face, density functional theory (DFT) calculations were con-
ducted on the charge-density distribution of the catalyst surface
and the crucial reaction steps of HER. Theoretical models for c-
Pt and heterojunction ac-Pt@Co(OH)2 were used (Fig. S10 and
S11†). The difference charge density of ac-Pt@Co(OH)2
demonstrates the charge transfer from Pt to Co through bridged
oxygen atoms at the c–a heterogeneous interface (Fig. 4g).58 This
is in good agreement with the XANES results. These results
illustrate that the reinforced c–a interfacial interaction could
produce electron-decient Pt sites by redistribution of elec-
trons, which is expected to modify the d-band structure and
adsorption properties. As shown in Fig. 4h, the downshi of the
d-band center in ac-Pt@Co(OH)2 compared with that of c-Pt,
revealing that ac-Pt@Co(OH)2 has an optimal *H desorption
ability during the HER process. To investigate the HER activity
for the two catalysts, the calculated free energy was presented in
Fig. 4i. In addition, for ac-Pt@Co(OH)2, the adsorption of water
molecules at Pt and Co sites was considered to clarify the
inuence of Co(OH)2 and interfacial electron interaction (Fig.
S12 and S13†). The rate-determining steps (RDS) on c-Pt and ac-
Pt@Co(OH)2 are the H2O decomposition with a free energy of
0.70 eV, 0.13 eV (Pt site) and 0.09 eV (Co site), respectively,
indicating high H2O splitting capability over amorphous
Co(OH)2 in ac-Pt@Co(OH)2.59 Furthermore, upon introducing
Co(OH)2, the adsorption/desorption capability is greatly opti-
mized by the obvious dynamic electron rearrangement effect at
the c–a heterogeneous interface. This implies that Pt and Co are
synergistic active sites, in which the Co(OH)2 could facilitate
water dissociation and ensure efficient proton supply to the
active Pt sites under an alkaline electrolyte, resulting in
enhanced HER kinetics.
2.4 AEMWE performance

Encouraged by its superior HER activity and stability, we
assembled a membrane-electrode-assembly (MEA)-based real
AEMWE device using iridium-plated titanium felt as the anodic
catalyst (Fig. 5a). The prepared catalysts were operated in 1 M
KOH electrolyte. Under the same testing conditions, the activity
trend of ac-Pt@Co(OH)2 > Pt/C was observed again in the elec-
trolyzers (Fig. 5b). Particularly, a cell voltage of only 1.76 V is
© 2025 The Author(s). Published by the Royal Society of Chemistry
needed for ac-Pt@Co(OH)2 to reach a current density of 0.5 A
cm−2, much lower than that of Pt/C-based AEMWEs. More
importantly, the ac-Pt@Co(OH)2 electrolyzer exhibits good long-
term stability under 500 mA cm−2 with a low attenuation of 0.14
mV h−1 (Fig. 5c). All these observations demonstrate that the ac-
Pt@Co(OH)2 electrode has excellent activity and exceptional
long-term durability, holding great promise for large-scale
application in water-splitting electrolyzers.
3 Conclusion

In summary, we have successfully synthesized an efficient c–
a hetero-structured electrocatalyst composed of amorphous
Co(OH)2 and crystalline Pt for the alkaline HER. The abundant
c–a interface along with strong Pt–Co interaction leads to
optimized energy barriers for water dissociation and enhanced
adsorption/desorption properties for the intermediates
involved in the HER. The ac-Pt@Co(OH)2 electrocatalyst
displays excellent HER activity with an extremely low over-
potential of 35 mV at 10 mA cm−2 and a Tafel slope of 28.5 mV
dec−1, along with impressive continuous and cycling stability.
The in situ characterization results reveal that the dynamic-
cycling interfacial electronic interactions in c–a heterojunctions
are responsible for water dissociation and improvement of
reaction kinetics. Theoretical calculations reveal that amor-
phous Co(OH)2 could improve water adsorption to supply
abundant H species, and electronic rearrangement at the c–
a interface downshis the d-band center, thereby optimizing
the desorption strength of *H for enhanced HER activity. This
work highlights the potential of constructing catalysts with
heterogeneous interfaces to optimize material electronic struc-
tures and boost intrinsic activity in various electrocatalytic
reactions.
Chem. Sci., 2025, 16, 9739–9748 | 9745
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