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Broader Context Statement DOI: 10.1039/D6EY00017G
Advancing efficient and stable catalysts for alkaline hydrogen evolution reaction (HER)
is a pivotal step towards large-scale green hydrogen production via water electrolysis.
Among all other catalysts, platinum (Pt) based catalysts are one of the most appropriate
HER catalysts due to their favorable adsorption energies of HER intermediates, which
unfortunately suffer from sluggish water dissociation and inefficient proton supply rate
in alkaline media, thereby leading to unsatisfactory alkaline HER kinetics. In this study,
we report a general and effective strategy to develop novel alkaline HER catalyst with
Pt nanoparticles immobilized onto conjugated coordination polymers with densely-
integrated and flexibly-tunable single-atom sites to accelerates water dissociation for
efficient proton supply to the adjacent Pt nanoparticles. Our study, comparing nickel,
copper and cobalt single-atom based conjugated coordination polymers, establishes a
clear correlation between the alkaline HER activity and the intrinsic water-dissociation
capability of their single-atom sites. This strategy of constructing a functional support—
active nanoparticle catalytic system transcends the specific reaction, offering a versatile
avenue towards enhancing widespread catalytic systems that involve proton-coupled

electron transfer processes.
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Abstract

Developing high-performance alkaline hydrogen evolution reaction (HER) is of great
significance for scalable hydrogen production from water electrolysis. However, the
alkaline HER kinetics are impeded by the sluggish water dissociation and inefficient
proton supply necessitated in its proton-coupled electron transfer process. Herein, we
report a facile and effective method to prepare high-performance alkaline HER catalyst
of platinum (Pt) nanoparticles immobilized onto a conductive conjugated coordination
polymer (CCP) that is enriched with homogeneous and flexibly-regulated single-atom
metal sites (15-20 wt.%), which can effectively promote water dissociation to ensure
efficient proton supply for the active Pt nanoparticles. For the proof-of-concept study,

three catalysts of Pt nanoparticles immobilized onto three analogous CCP with single-
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atom nickel, copper and cobalt sites were comparatively investigated. The alkaliiw¢ HER)/D6eY00017G
activities of these three catalysts surprisingly follow the same order as the abilities of
the single-atom metal sites of CCP for water dissociation. Our in-situ electrochemical
impedance spectroscopy, carbon monoxide stripping and kinetic isotope measurements
combined with theoretical studies, unambiguously verify the essential role of the single-
atom metal sites of CCP support materials towards facilitating alkaline HER kinetics.
This strategy opens an alternative avenue for promoting various catalytic reactions that

necessitate proton supply from water dissociation.

1. Introduction

Hydrogen is of great importance to clean energy systems due to its renewable nature,
environmental compatibility and high energy density.!> Notably, water electrolysis is
a sustainable and efficient approach to convert the electrical energy into hydrogen,
where the oxygen evolution reaction and hydrogen evolution reaction (HER) are the
anodic and cathodic reaction.’!® Among the developed HER catalysts, platinum (Pt)

stands out as the most effective catalyst for HER because of its near-optimal free energy

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

for hydrogen adsorption, delivering the highest HER activity.!!-!3 However, Pt catalysts

exhibit HER activities in alkaline media that are 2—3 orders of magnitude slower

Open Access Article. Published on 15 April 2026. Downloaded on 4/15/2026 8:38:36 PM.

compared to those in acidic media.'*!>

(cc)

HER in alkaline condition takes place with the adsorption of water molecules onto the
catalyst surface, followed by the dissociation of water to generate adsorbed hydrogen
intermediates (¥*H) and finally the generation and evolution of H,.'%!7 It requires an
initial water dissociation step (Volmer step: H,O + e~ — *H + OH") to generate *H,
followed by hydrogen transfer steps (Heyrovsky: *H + H,O + e~ — H, + OH™ or Tafel:
2*H — H,) in this process of alkaline HER.'®-2° However, the additional energy barrier
of water dissociation and the inefficient proton supply rate mitigate the performance

improvement of alkaline HER catalysts.?!-2¢ Facilitating the alkaline HER necessitates
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improving both water dissociation kinetics and proton supply rate, with an emphasis 6p/06EY00017G

accelerating the water dissociation kinetics.?’8

Here, we report a general and effective strategy to develop novel alkaline HER catalyst
with Pt nanoparticles supported on conjugated coordination polymers (CCP). Notably,
the CCP materials feature high-density, uniformly-distributed and elaborately-tunable
single-atom metal sites (15-20 wt.%) with highly adjustable coordination environments,
which arises from the diverse organic ligands and metal precursors available for their
synthesis.??3* As an emerging class of support materials, CCP hold immense potential
toward developing advanced composite catalysts targeted for various catalytic reactions.
Benefiting from their unique attributes, the CCP materials are expected to effectively
facilitate the water dissociation and enhance alkaline HER kinetics. For a comparative
study, three composite catalysts of Pt nanoparticles supported on three analogous CCP
enriched with single-atom nickel (Ni), copper (Cu) and cobalt (Co) sites were
synthesized and comparatively studied (Fig. 1a). For simplicity, the resulting composite
catalysts are denoted as Pt/Ni-CCP, Pt/Cu-CCP and Pt/Co-CCP, respectively. Our
electrochemical measurement results indicate that Pt/Ni-CCP exhibits appreciably
higher alkaline HER performance relative to Pt/Cu-CCP and Pt/Co-CCP. Furthermore,
both the experimental results and the theoretical calculations revealed that the abilities
of the single-atom Ni, Cu and Co sites of CCP support materials for water dissociation
follow the same order as the alkaline HER activities of these three composite catalysts.
Compared to the single-atom Cu and Co sites, the single-atom Ni sites exhibit a higher
ability for water dissociation, leading to the greatly enhanced alkaline HER kinetics of
Pt/Ni-CCP. These results strongly validate the essential role of the single-atom metal
sites of CCP support materials for promoting water dissociation and ensuring efficient
proton supply on the surface of active Pt sites. This strategy holds immerse potential
for the design of high-performance catalysts in widespread catalytic reactions that

necessitate efficient proton supply from water dissociation.
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2. Experimental

Chemicals

Sodium borohydride (NaBH,), nickel acetate tetrahydrate (Ni(OAc), 4H,0), copper
acetate monohydrate (Cu(OAc), H,0), cobalt acetate tetrahydrate (Co(OAc),-4H,0),
dimethyl sulfoxide (DMSO), ethanol, and potassium hydroxide (KOH) were purchased
from Sinopharm Chemical Reagent Co. Ltd. Potassium tetrachloroplatinate (K,PtCly)
was brought from Shanghai Aladdin Biochemical Technology Co. Ltd. 2,3,6,7,10,11-
hexahydroxytriphenyl (HHTP) were brought from InnoChem Technology Co., Ltd.
Carbon paper (HCP-030N) was purchased from Toray Industries Co., Ltd. Nafion
dispersion (5 wt.%) and Pt/C catalyst (20 wt.%) was brought from Sigma-Aldrich. IrO,
catalyst was brought from the Shanghai Adamas Reagent Co., Ltd. Deuterium water

was purchased from Energy Chemical Co., Ltd.

Synthesis of Pt/Ni-CCP, Pt/Cu-CCP, and Pt/Co-CCP

Ni-CCP was synthesized as follows: 130 mg of HHTP and 199 mg of Ni(OAc),-4H,0

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

were dispersed into 10 mL of a mixed solution of deionized water and DMSO (v/v, 1:1)

under ultrasonication for 30 min in a vial. Subsequently, the vial was sealed and heated

Open Access Article. Published on 15 April 2026. Downloaded on 4/15/2026 8:38:36 PM.

at 85 °C for 24 h. The resultant black precipitate was collected via centrifugation and

(cc)

vacuum drying. Similarly, the Cu-CCP was prepared with 68.3 mg of Cu(OAc),-H,0
and 75 mg HHTP while the Co-CCP was prepared with 92 mg Co(OAc),-4H,0 and 60
mg HHTP. Afterward, the Pt/Ni-CCP, Pt/Cu-CCP and Pt/Co-CCP catalysts were
prepared through NaBH, reduction method by employing Ni-CCP, Cu-CCP and Co-
CCP as the support materials. Taking Pt/Ni-CCP as an example, in a typical synthesis,
Ni-CCP (50 mg) and K,PtCl, (12 mg) was dispersed into deionized water (20 mL) in a
vial by using ultrasonic treatment. Subsequently, the vials stirred for another 6 h to
ensure sufficient adsorption. Then NaBH,4 (945 mg) was dispersed into deionized water

(20 mL) in a vial and added into the above dispersion. Finally, the resultant black
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precipitate was collected through centrifugation and vacuum drying. Accordigly: the/peey00017G

Pt/Cu-CCP and Pt/Co-CCP were synthesized through the same procedure by replacing

Ni-CCP with Cu-CCP and Co-CCP, respectively.

Electrochemical measurements

Electrochemical tests were conducted using a Autolab M204 workstation. Carbon rod
and Hg/HgO (filled with 1 M KOH solution) were employed as counter and reference
electrodes, respectively. Prior to the electrochemical measurements, Hg/HgO reference
electrode was calibrated against a reversible hydrogen electrode (RHE) A continuous
flow of H, gas into 1 M KOH aqueous electrolyte was held for 60 min before and during
the calibration experiment. Based on the obtained cyclic voltammetry curves, the
potential of zero current is —0.091 V for the Hg/HgO reference electrode. All potentials
were converted to reversible hydrogen electrode (RHE) by equation: Erug = Enggo) +
0.091 + 0.059 x pH. The working electrodes were prepared as follows: the catalyst
suspension was first prepared by mixing 5 mg of catalyst, 80 pL of CNT dispersion,
500 pL of ethanol, and 80 pL of Nafion dispersion, followed by ultrasonication for 60
min to form a homogeneous ink. Then 10 pL of the suspension was drop-cast onto each
side of a carbon paper substrate (0.5 cm x 0.5 cm), resulting in a total catalyst loading
of approximately 0.15 mg cm 2. The working electrode was dried at room temperature
overnight before testing. The linear sweep voltammetry (LSV) tests at a scan rate of 5
mV s! were carried out in Ar-saturated 1 M KOH aqueous solution. All experiments

were carried out 25 £ 1 °C and repeated at least three times to ensure reproducibility.

In-situ EIS and CO-stripping experiments

The in-situ EIS and CO-stripping experiments were both carried out in a typical three-
electrode configuration like that used for HER performance evaluation. Pt foil and
Hg/HgO (filled with 1 M KOH solution) were employed as the counter and reference

electrodes, respectively. The in-situ EIS experiment was conducted in Ar-saturated 1
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M KOH aqueous solution, with the frequency set from 1 x 103 to 1 x 1072!a14fp/D6EY00017G
amplitude of 0.01 V. The CO-stripping experiment was carried out in CO-saturated 1
M KOH aqueous solution, where CO gas was purged through the solution for 30 mins
to allow CO molecules to be adsorbed onto the catalyst surface. Then, a
chronoamperometric activation step was performed at a constant potential of 0.1 V
(vs. RHE) for 30 mins. Finally, cyclic voltammetry was carried out with a potential

range of 0—1.2 V (vs. RHE) at a scan rate of 20 mV s,

3. Results and Discussion

Synthesis and characterization of catalysts

First, we prepared the Pt/Ni-CCP, Pt/Cu-CCP, and Pt/Co-CCP catalysts through a facile
method (see details in Experimental Section). As observed in the scanning electron
microscopy (SEM) characterization (Fig. 1b—d), the Pt/Ni-CCP, Pt/Cu-CCP and Pt/Co-
CCP all exhibit granular morphologies with porous structures. The energy dispersive
spectroscopy (EDS) mapping results demonstrate that the Ni/Cu/Co, O and Pt elements

are uniformly distributed within the Pt/Ni-CCP, Pt/Cu-CCP, and Pt/Co-CCP (Fig. le—g

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

and Fig. S1, ESIt), respectively. Additionally, the transmission electron microscopy

(TEM) characterizations reveal that the loaded Pt nanoparticles in these three catalysts

Open Access Article. Published on 15 April 2026. Downloaded on 4/15/2026 8:38:36 PM.

exhibit uniform size distribution ranging from 2 to 5 nm and the high-resolution TEM

(cc)

images display distinct lattice fringes with a spacing of ~0.22 nm for Pt/Ni-CCP, Pt/Cu-
CCP, and Pt/Co-CCP, which can be ascribed to (111) plane of metallic Pt (Fig. S2—S4,
ESI+).35-37 The inductively coupled plasma-mass spectrometry measurements reveal
that the Pt weight percentages in Pt/Ni-CCP, Pt/Cu-CCP and Pt/Co-CCP are 31.0, 31.6
and 29.8 wt%, respectively. The X-ray diffraction (XRD) results validate the existence
of Pt metals in Pt/Ni-CCP, Pt/Cu-CCP and Pt/Co-CCP samples (Fig. 2a). Subsequently,
X-ray photoelectron spectroscopy (XPS) was used to detect Pt nanoparticles (Fig.
S5—S7, ESI¥). The coordination status and bonding configurations of Pt in the catalysts

were probed by X-ray absorption spectroscopy at the Pt L;-edge. Fig. 2b and Fig. S8
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(ESIY), displayed the X-ray absorption near edge structure (XANES) and extetfded Xio/06ev00017G
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ray absorption fine structures (EXAFS) spectra indicate that Pt/Ni-CCP, Pt/Cu-CCP,
and Pt/Co-CCP exhibit similar characteristic with Pt-Pt interactions within the Pt
nanoparticles and Pt-C interactions derived from the metal-support interactions
between Pt atoms and C atoms. As depicted in Fig. 2¢, the coordination environments
in Pt/Ni-CCP, Pt/Cu-CCP and Pt/Co-CCP can be further revealed by the intensity
maxima in their wavelet-transformed EXAFS (WT-EXAFS) results. The Ni XANES
results of Pt/Ni-CCP, Ni foil, NiO, and NiPc, EXAFS of Pt/Ni-CCP, Ni foil, NiO, and
NiPc at k space results are presented in Fig. S9 (ESIt). Notably, the EXAFS spectrum
of Pt/Ni-CCP is different from those of Ni foil, NiO and NiPc, which unambiguously
verifies the single-atom Ni features for Pt/Ni-CCP. Fig. 2d depicts the EXAFS spectra
of Pt/Ni-CCP, Ni foil, NiO, and NiPc, three catalyst samples show a prominent peak,
markedly different from Ni foil with notable metallic peak. No metallic peak of Ni is
found in the EXAFS spectra of Pt/Ni-CCP, thus excluding the existence of metallic Ni
component in this catalyst sample. The EXAFS fitting results of Pt/Ni-CCP are
presented in Fig. 2g, which reveal the local coordination structures of NiO, with
bonding distances of ~2.04 A. Moreover, as exhibited in Fig. S10 (ESIt), we conducted
WT-EXAFS for Pt/Ni-CCP, Ni foil, NiO and NiPc. Comparison of their wavelet
transform plots can also verify the Ni-single-atom features in Pt/Ni-CCP with intensity
maximum (~4.9 A, ~1.5 A), in sharp contrast to those of Ni foil (~7.2 A~!, ~2.2 A),
NiO (~6.8 A1, ~2.6 A) and NiPc (~5.5 A, ~1.4 A). Similarly, Pt/Cu-CCP and Pt/Co-
CCP exhibit characteristic single-atom features for Cu and Co, validated by XANES,

EXAFS, and WT-EXAFS (Fig. 2e—f, Fig. 2h—i, and Fig. S11-S14, ESI¥).

Performance evaluation
The alkaline HER electrocatalytic activities of Pt/Ni-CCP, Pt/Cu-CCP, Pt/Co-CCP and
commercial Pt/C (20 wt.%) catalysts were measured in the 1 M KOH aqueous solution.

All potentials versus the Hg/HgO reference electrode were calibrated to the reversible
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hydrogen electrode (RHE) scale (Fig. S15, ESI¥). Fig. 3a and Fig. S16—S204ES1§y/06EY00017G
present that the Pt/Ni-CCP achieves a current density of 10 mA cm™2 at an overpotential
only 36.7 mV, markedly lower than those of Pt/Cu-CCP (81.2 mV), Pt/Co-CCP (146.8
mV) and commercial Pt/C (48.0 mV). As displayed in Table S1 (ESIt), the Pt/Ni-CCP
catalysts demonstrates a lower overpotential than most reported alkaline HER catalysts.
Concurrently, LSV analysis of the pristine M-CCP (M = Ni, Cu, Co) catalysts without
any Pt nanoparticle exhibit low HER activity (Fig. S21, ESIt), thereby highlighting the
indispensable role of Pt nanoparticles in HER catalytic performance. In addition, we
evaluated the mass activities (MA) and specific activities (SA) of Pt/Ni-CCP, Pt/Cu-
CCP, and Pt/Co-CCP by referencing the measured currents to their electrochemically
active surface area. At —0.1 V (vs. RHE), Pt/Ni-CCP exhibits a high MA of 1255.6 mA
mg !p, surpassing the Pt/Cu-CCP (366.4 mA mg 'p) and Pt/Co-CCP (133.2 mA mg 'p)
(Fig. 3b). Moreover, as demonstrated in Fig. 3¢ and Fig. S22—S24 (ESIt) Pt/Ni-CCP
exhibits a high SA of 165.0 mA cm™2 at —0.1 V (vs. RHE), exceeding those of Pt/Cu-
CCP (48.8 mA c¢cm2) and Pt/Co-CCP (42.1 mA cm™?). Moreover, we also calculated

the turnover frequencies (TOF) of Pt/Ni-CCP, Pt/Cu-CCP and Pt/Co-CCP (Fig. 3d), in

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

which Pt/Ni-CCP can markedly surpass the Pt/Cu-CCP and Pt/Co-CCP, suggesting its

superior intrinsic HER activity. By normalizing the currents to the specific surface area

Open Access Article. Published on 15 April 2026. Downloaded on 4/15/2026 8:38:36 PM.

values from the Brunauer-Emmett-Teller (BET) measurements (Fig. S25, ESIt), the

(cc)

specific activity of Pt/Ni-CCP is 1811.0 mA m 2ggr at —0.1 V (vs. RHE), surpassing
the Pt/Cu-CCP (451.5 mA m ?ggr) and Pt/Co-CCP (102.1 mA m 2ggy). As presented in
Fig. 3e, we performed the galvanostatic measurements for Pt/Ni-CCP at 100 mA c¢cm™
for continuous operation of 100 h, in which negligible decay was observed, suggesting
its good stability. Furthermore, the post-mortem XRD and XPS analysis (Fig. S26, ESIt)
for Pt/Ni-CCP suggested that the structures and valence states of Pt nanoparticles show
no discernible variations before and after the acidic HER electrocatalysis, revealing its
robust structural integrity. To evaluate the practical applicability of the Pt/Ni-CCP

catalyst, we assembled an alkaline water electrolyzer using Pt/Ni-CCP (cathode) and
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IrO; (anode). Fig. 3f displays the LSV curves of the alkaline water electrolyzer Witlp/06EY00017G

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Pt/Ni-CCP and Pt/C catalyst cathodes. Remarkably, when at a cell voltage of 2.5 V, the
current density of the alkaline water electrolyzer with Pt/Ni-CCP surpasses that of the
Pt/C by a factor of 3.4 (Fig. 3g). Moreover, the alkaline water electrolyzer with Pt/Ni-
CCP shows exceptional operational stability (Fig. 3h), maintaining steady performance
for 30 h operated at 100 mA cm™2. Collectively, these results demonstrate that Pt/Ni-
CCP displays excellent HER activity, demonstrating its huge potential as a superior

electrocatalyst for alkaline water electrolysis.

Theoretical calculation and mechanism investigation

Fig. 4a presents the proposed alkaline HER mechanism on Pt/M-CCP catalysts with
accelerated H,O dissociation, *H spillover and H, production. The energy barrier for
cleaving the OH—H bond in water (A G g0) 1s 0.11 eV on the Pt/Ni-CCP, which is
significantly lower than those on the Pt/Cu-CCP (0.28 eV) and Pt/Co-CCP (0.61 eV)
(Fig. 4b). This indicates that the Ni sites could greatly accelerate the sluggish water
dissociation. As shown in Fig. S27 (ESI¥), compared to the single-atom Cu and Co in
Pt/Cu-CCP and Pt/Co-CCP, the single-atom Ni in Pt/Ni-CCP features a markedly
higher d-band center, indicating its stronger water dissociation ability that leads to
enhanced alkaline HER performance of Pt/Ni-CCP. The thermodynamic advantage of
the Volmer step directly correlates with the enhanced interfacial hydroxyl adsorption
capability, as probed by CO-stripping measurements. CO-stripping measurements were
employed to assess the hydroxyl (OH™) adsorption capability of the catalysts, as the CO
oxidation process is intrinsically associated to the availability of OH™ reactants on the
catalyst surface.3®3° Cyclic voltammetry curves recorded in the CO-saturated 1 M KOH
(Fig. 4c) reveal distinct CO-oxidation peaks for Pt/Ni-CCP, Pt/Cu-CCP, and Pt/Co-
CCP at 0.51, 0.55, and 0.60 V (vs. RHE), respectively. The significantly lowered
oxidation potential of Pt/Ni-CCP compared to Pt/Cu-CCP and Pt/Co-CCP indicates its

superior capability to stabilize adsorbed OH™ intermediates, which could promote the
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structural percolation of hydrogen-bonding networks, thereby facilitating Pprétéie/D6EY00017G
coupled electron transfer kinetics in alkaline HER. Moreover, the measurement of
kinetic isotope effect (KIE) assists in determining whether the rate-determining step
involves the transfer of protons. In an alkaline medium, water dissociation is the main
source of protons, and the energy barrier toward cleaving the O—D bond is higher
compared to O—H. The lower value of kinetic isotope effect (KIE) (Fig. 4d—f) indicate
faster hydrogen transfer kinetics.*0-4> It can be seen that the KIE value of Pt/Ni-CCP is
1.4, which is significantly lower than those of Pt/Cu-CCP (2.0) and Pt/Co-CCP (2.3).
The smaller KIE value of Pt/Ni-CCP implies superior hydrogen formation and transfer
kinetics. To elucidate the mechanism of alkaline HER Kkinetics, in-situ electrochemical
impedance spectroscopy (EIS) for Pt/Ni-CCP, Pt/Cu-CCP, and Pt/Co-CCP was further
carried out at different applied potentials, which can operando track the reaction
intermediates at the catalyst surface.* In the Nyquist plots (Fig. S5a—c), the Pt/Ni-CCP
displayed greatly smaller semicircular arcs than its counterparts, indicative of lower
charge-transfer resistance.** We further used an equivalent circuit to fit the Nyquist

curves and obtained the solution resistance (R;), charge transfer resistance and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

capacitance (R, and CPE), ion adsorption resistance and capacitance (R;,, and

CPE;on).#47 As seen in Fig. 5e, Pt/Ni-CCP exhibits a lower R, in alkaline HER, where

Open Access Article. Published on 15 April 2026. Downloaded on 4/15/2026 8:38:36 PM.

*H desorption acts as the rate-determining step of charge transfer. The decreased R,

(cc)

values of Pt/Ni-CCP indicates its accelerated *H desorption kinetics, while the elevated
CPE,; values (Fig 5f) suggests a higher density of accessible active sites. These above
observations evidence a high coverage of *H intermediates on the catalyst surface,

contributing to the superior alkaline HER activity of Pt/Ni-CCP as observed.

4. Conclusion
In summary, we demonstrate a novel design of an efficient alkaline HER electrocatalyst
with Pt nanoparticles supported onto conjugated coordination polymers enriched with

well-defined single-atom metal sites that can facilitate water dissociation to provide

10
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efficient proton supply for effectively improving the alkaline HER kinetics otPthe!®g/06ev00017G

sites. For a proof-of-concept study, three analogous electrocatalysts of Pt nanoparticles
supported onto Ni-CCP, Cu-CCP and Co-CCP were investigated. The electrochemical
measurements indicate that the Pt/Ni-CCP displays markedly enhanced mass activity
and specific activity compared with the Pt/Cu-CCP and Pt/Co-CCP. Furthermore, the
detailed experimental and theoretical studies suggest that, relative to the single-atom
Cu and Ni sites, the single-atom Ni sites of CCP support material can significantly
lower the thermodynamic barrier of the water dissociation step and enable efficient
proton supply for alkaline HER electrocatalysis on the Pt sites. Overall, this strategy
not only facilitate the water dissociation towards efficient alkaline HER catalysis, but
also provides valuable insights for developing high-performance catalysts targeted for
widespread catalytic reactions that necessitate proton supply from water dissociation.
The exploration of CCP as the supporting materials for advanced composite catalysts

beyond HER remains an underexplored challenge that warrants dedicated future effort.
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Fig. 1. (a) Schematic of the structure of Pt/M-CCP (M = Ni, Cu, Co) catalyst with Pt
nanoparticles supported on conjugated coordination polymer and its advantage of
accelerating H,O dissociation, *H spillover and H, production during the alkaline HER
process. (b—d) SEM images of Pt/Ni-CCP, Pt/Cu-CCP and Pt/Co-CCP, respectively.
(e—g) Element mapping images of Pt/Ni-CCP, Pt/Cu-CCP and Pt/Co-CCP,

respectively.
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Fig. 2. (a) XRD patterns of Pt/Ni-CCP, Pt/Cu-CCP and Pt/Co-CCP. (b, c) Pt L;-edge
EXAFS spectra and Wavelet-transform analysis of Pt foil, Pt/Ni-CCP, Pt/Cu-CCP and
Pt/Co-CCP. (d) Ni k-edge EXAFS spectra of Pt/Ni-CCP, Ni foil, NiO and NiPc. (¢) Cu
k-edge EXAFS spectra of Pt/Cu-CCP, Cu foil, CuO and CuPec. (f) Co k-edge EXAFS
spectra of Pt/Co-CCP, Co foil, CoO and CoPc. (g—1) Fitted EXAFS curves of Pt/Ni-

CCP, Pt/Cu-CCP, and Pt/Co-CCP at R and & spaces, respectively.
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Fig. 3. (a) LSV curves of Pt/Ni-CCP, Pt/Cu-CCP and Pt/Co-CCP. (b—d) Comparisons
of the MA, SA and TOF of Pt/Ni-CCP, Pt/Cu-CCP and Pt/Co-CCP, respectively. (e)
Galvanostatic test of Pt/Ni-CCP operated at 100 mA cm™2. (f) LSV curves of Pt/Ni-
CCP I IrO; and Pt/C | IrO, cells for water electrolysis (g) Current densities of Pt/Ni-
CCP | IrO; and Pt/C | IrO, cells at 2.5 V. (h) Galvanostatic test of Pt/Ni-CCP | IrO, cell
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Fig. 4. (a) Schematic of the proposed alkaline HER mechanism on Pt/M-CCP (M = Ni,
Cu, Co) catalyst with accelerated H,O dissociation, *H spillover and H, production. (b)
Free energy diagram for the Pt/Ni-CCP, Pt/Cu-CCP and Pt/Co-CCP models toward
alkaline HER electrocatalysis. (¢) Cyclic voltammetry curves of Pt/Ni-CCP, Pt/Cu-
CCP and Pt/Co-CCP from the CO-stripping measurements. (d—f) LSV curves of Pt/Ni-
CCP, Pt/Cu-CCP and Pt/Co-CCP from KIE experiments. Insets in (d—f) are the
corresponding KIE values that are defined as the ratio of current densities obtained with

H,O and D50 as solvents.
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Fig. 5. (a—c) Nyquist plots from the in situ EIS measurements for Pt/Ni-CCP, Pt/Cu-
CCP and Pt/Co-CCP at different applied potentials, respectively. (d) Equivalent circuit
diagram for the in situ EIS measurement. (e, f) Comparing the R ; and CPE values as

a function of applied potentials for Pt/Ni-CCP, Pt/Cu-CCP and Pt/Co-CCP, respectively.
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