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Advancing low-cost and efficient electrocatalysts for the hydrogen evolution reaction (HER) in alkaline
media is essential for sustainable hydrogen production, particularly in the context of anion exchange
membrane (AEM) water electrolysis systems. Among various candidates, cobalt-based phosphides, partic-
ularly CoP, have drawn significant attention as cost-effective alternatives to platinum-based HER electro-
catalysts due to their excellent catalytic performance. However, improving both water dissociation kinet-
ics and hydrogen adsorption free energies remains a challenge. In this study, we introduce lead (Pb), a
non-transition metal with higher electronegativity and a similar ionic radius to Co, to modify the elec-
tronic structure of CoP at both Co and P sites. Pb doping significantly optimizes both water dissocia-
tion and adsorption free energy in the alkaline HER process. The optimized Pb-CoP/CC electrocatalyst
reduces the overpotential from 100mV to 53mV and achieves a Tafel slope of 57 mV/dec in alkaline
electrolyte. Additionally, it exhibits excellent durability, maintaining stable performance for over 120h.
The improved HER performance of Pb-CoP/CC can be ascribed to the synergistic interactions between
its components: accelerated water dissociation on Co sites, optimized hydrogen intermediate adsorption
on P sites, and improved charge transfer abilities. These findings are supported by experimental data and
DFT calculations. When used as the cathode in an AEM electrolyzer, Pb-CoP/CC achieves a current density
of 500mA/cm? at 1.95V, demonstrating excellent stability. This work highlights the efficacy of metal ion
doping with higher electronegativity in improving HER performance and establishes a versatile strategy
for other non-precious metal-based transition metal compounds, paving the way for high-performance

AEM electrolyzers.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Converting renewable energy into hydrogen represents one
of the most promising approaches to mitigate the global energy
crisis and reduce environmental pollution [1-4]. Among various
hydrogen production technologies, water electrolysis using anion
exchange membrane (AEM) electrolyzers has gained significant
attention due to its combined advantages of proton exchange
membrane (PEM) and alkaline water electrolysis systems [5-7].
An AEM electrolyzer consists of a cathode and an anode, with the
hydrogen evolution reaction at the cathode being a key challenge
due to its high reaction energy barrier and sluggish kinetics [8-10].
To overcome this limitation, efficient electrocatalysts are required
to accelerate the HER process [11,12]. Currently, Pt-based noble
metal catalysts are considered the benchmark for HER due to
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their exceptional activity and stability [13]. However, the scarcity
and high cost of Pt severely limit its widespread application [14].
Consequently, non-noble metal-based catalysts have emerged as
promising alternatives [15].

Among these, NiMo-based catalysts have been extensively stud-
ied and exhibit excellent catalytic performance under the alkaline
condition of AEM electrolysis [11,16-20]. However, the use of
expensive Mo and the complexities associated with bimetallic sys-
tems remain challenges [21]. In this context, Co-based monometal-
lic compounds, such as transition metal phosphides, sulfides, and
selenides, have garnered significant attention as cost-effective and
efficient alternatives [22]. Particularly, cobalt phosphides (CoP)
have shown comparable activity and stability to Pt and NiMo-
based catalysts, owing to its unique hydrogenase-like structure,
making them highly attractive for HER in AEM electrolyzers [23-
28]. As known, both cobalt (Co) and phosphorus (P) sites function
as active centers for the HER under acidic conditions, with Co
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serving as hydride acceptors and P as proton acceptors [29-31].
Such synergistic interaction significantly enhances the catalytic ac-
tivity in acidic environments. However, under alkaline conditions,
CoP suffers from reduced catalytic activity due to the sluggish
kinetics of water dissociation at the beginning of the HER, making
the enhancement of water dissociation a key factor in improving
its alkaline HER performance [32-35]. Therefore, optimizing both
the water dissociation energy and the hydrogen adsorption free
energy of intermediates is crucial for enhancing the hydrogen
evolution performance of CoP under alkaline conditions [36].

Previous studies have shown that under alkaline conditions,
the positively charged Co sites preferentially adsorb and dissociate
water, while the resulting H ions are transferred to the negatively
charged P sites to combine and produce hydrogen [32-34,37,38].
Therefore, modifying the electronic structure of CoP is critical
for enhancing water dissociation and hydrogen adsorption en-
ergy, thereby improving alkaline HER performance [39]. Raising
the oxidation state of Co to improve water adsorption and dis-
sociation can be achieved through various strategies, such as
vacancy engineering, doping, and composite formation [34,40-42].
Among these strategies, doping is particularly effective [43], as
it can simultaneously modulate both Co and P sites, improving
water dissociation and/or optimizing hydrogen adsorption energy
[33,35]. Typically, anion doping is employed to regulate the elec-
tronic structure of metal Co sites, enhancing water dissociation
capability. However, it is important to note that anion doping has a
minimal impact on the electronic structure of the P site. Moreover,
replacing P sites with anions inevitably reduces the number of
active sites available for hydrogen adsorption, which can adversely
affect the overall catalytic activity. In contrast, cation doping can
modulate the electronic structure of both Co and P sites without
reducing the number of active P sites. To improve the oxidation
state of Co, doping with high-valence or highly electronegative
metal ions, such as Mo, W, Zr, and Cr, is more effective in tuning
the electronic structure of CoP, thereby enhancing its catalytic
activity [44-47]. However, there are few reports discussing strate-
gies that can simultaneously increase the Co oxidation state and
decrease the P oxidation state through cation doping. In addition,
the use of transition metal dopants complicates the identification
of active sites, highlighting the need for non-transition metal
dopants that can improve water dissociation by raising the valence
state of Co while enhancing hydrogen adsorption by lowering the
valence state of P [48-50]. As a typical non-transition metal, Pb,
with its higher electronegativity (2.33) compared to Co (1.88) and
an ionic radius (84 pm) similar to that of Co (74 pm), is an ideal
dopant for this purpose. Pb doping may effectively modulate the
electronic structure of CoP, enhancing both water dissociation and
intermediate adsorption during the alkaline hydrogen evolution
reaction. Notably, Pb-doped CoP for alkaline HER has not yet been
reported.

Herein, Pb-doped CoP nanowires self-supported on carbon cloth
(Pb-CoP/CC) have been strategically designed and synthesized as
an efficient HER electrocatalyst. Compared to pristine CoP/CC, the
optimized Pb-CoP/CC catalyst exhibits a reduced overpotential of
53mV at 10mA/cm? and a Tafel slope of 57 mV/dec, with excel-
lent stability over 120 h. Both experimental and theoretical results
confirm that Pb doping enhances water dissociation, hydrogen ad-
sorption, and interface charge transfer abilities, leading to superior
catalytic performance. Moreover, the Pb-CoP/CC cathode, paired
with a commercial IrO,-loaded Pt-Ti felt, demonstrates high perfor-
mance and durability in an AEM electrolyzer, achieving a cell volt-
age of 2.58V at 500 mA/cm2. This study highlights the potential
of non-transition metal doping to modulate the electronic struc-
ture of non-noble metal catalysts to effectively optimize both wa-
ter dissociation and free energy adsorption, paving the way for the
industrial application of AEM electrolyzers.
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Fig. 1. (a) XRD patterns of the synthesized CoP/CC and Pb-CoP/CC samples. (b, c)
The SEM images of Pb-CoP/CC at varied magnifications. (d) TEM and (e, f) HRTEM
images of Pb-CoP/CC. (g) EDS mapping of Pb-CoP/CC.

As depicted in Scheme S1 (Supporting information), the syn-
thesis of Pb-CoP/CC on carbon cloth follows a two-step process.
First, Pb-Co(OH),/CC is grown on the carbon cloth via a simple hy-
drothermal method. This is followed by a low-temperature phos-
phating step to produce Pb-CoP/CC. The doping level is precisely
controlled by varying the amount of PbCl, used during the hy-
drothermal process. The crystal structure and phase properties of
all the obtained samples were analyzed using by X-ray diffraction
(XRD). Fig. S1 (Supporting information) shows the XRD patterns
of Co(OH),/CC and Pb-Co(OH),/CC precursors. The results reveal
relatively modest crystallinity, yet the patterns closely match the
standard reference for Co(OH), (JCPDS No. 48-83). As shown in
Fig. 1a, the XRD spectra of Pb-CoP/CC closely resemble those of
CoP reported in the JCPDS database (JCPDS No. 29-0497). Distinct
diffraction peaks are observed at 32.7°, 37.4°, 46.8°, 49.1°, 52.8°,
and 58.2°, corresponding to the (011), (111), (112), (211), (103),
and (301) crystal planes of CoP, respectively. Notably, the incor-
poration of Pb into CoP results in increased peak intensity, indi-
cating enhanced crystallinity of CoP after Pb doping. Additionally,
the diffraction peak corresponding to the (211) crystal plane in Pb-
CoP/CC shifts slightly towards smaller angles compared to undoped
CoP, suggesting lattice expansion in CoP due to Pb incorporation
and supporting the possibility of Pb doping within the CoP/CC lat-
tice. All the aforementioned XRD results confirm the successful for-
mation of CoP/CC by converting the Co(OH),/CC precursor through
the adopted phosphating process, as well as the possible doping of
Pb into the CoP lattice.

To further investigate the surface features and internal struc-
ture of the material, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) were used for observation
and analysis. Fig. S2 (Supporting information) presents the SEM
images of the Co(OH),/CC and Pb-Co(OH),/CC precursor materials,
which were in situ grown on carbon cloth. Both samples display
similar nanowire array structures with lengths of approximately
10um, indicating that Pb ion doping does not alter the morphol-
ogy of Co(OH),/CC. In the CoP/CC sample, the nanowires exhibit
a relatively compact bundle arrangement (Fig. S3 in Supporting
information), which is favorable for electrolyte infiltration and
reactant transport. After Pb doping, Pb-CoP/CC retains the basic
nanowire array structure, but the arrangement of the nanowires
becomes looser and more ordered (Figs. 1b and c), consistent
with the lattice modulation evidenced by the XRD results. The
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XRD and SEM results of CoP/CC and Pb-CoP/CC suggest that
while Pb doping may have a negative impact on the catalytic
active sites of CoP, while it is beneficial for improving its catalytic
stability. The low-magnification TEM image in Fig. 1d confirms
the nanowire-like structure of Pb-CoP/CC, consistent with the
SEM results described above. Additionally, the high-resolution
transmission electron microscopy (HRTEM) images in Figs. 1e and
f reveal a lattice spacing of 0.196 nm for Pb-CoP/CC, corresponding
to the (112) crystal plane of CoP, which aligns well with the XRD
observations. Energy-dispersive X-ray spectroscopy (EDS) analysis
(Fig. 1g) confirms the presence and uniform distribution of Co, P,
and Pb elements in the Pb-doped CoP nanowires, further support-
ing the successful incorporation of Pb atoms into the CoP crystal
lattice. The atomic percentages of Co, P, and Pb in Pb-CoP/CC are
approximately 46.25%, 52.99%, and 0.76 %, respectively (Fig. S4 in
Supporting information). The introduction of Pb into CoP is an-
ticipated to modify the oxidation states and electronic structures
of the surrounding elements, thereby modulating the intrinsic
catalytic activity for the hydrogen evolution reaction.

Raman spectroscopy was performed on Pb-CoP/CC to further
verify the incorporation of Pb into the crystal lattice. As shown in
Fig. S5 (Supporting inormation), Pb-CoP/CC retains similar charac-
teristic vibrational modes to those of CoP/CC, indicating that the
fundamental crystal structure is preserved. However, a distinct blue
shift of the characteristic peak at 489cm! is observed. This shift
originates from the partial substitution of Co by Pb, which en-
hances the bond strength of Co-P and increases the vibrational fre-
quency, thereby confirming the successful doping of Pb. This alter-
ation in the local bonding environment directly affects the elec-
tronic structure of the material, subsequently modulating its cat-
alytic performance.

To gain a more comprehensive understanding of the elemental
composition and chemical valence states of Co and P in CoP/CC and
Pb-CoP/CC, X-ray photoelectron spectroscopy (XPS) analysis was
conducted for all elements present in the samples. As shown in
Fig. 2a, the spectra of CoP/CC and Pb-CoP/CC indicate a uniform
distribution of Co, P, and C elements. Additionally, the Pb-CoP/CC
spectrum exhibits a distinct Pb signal around 140eV, correspond-
ing to a doping level of approximately 0.71% (Table S1 in Suporting
information), consistent with the EDS results. The slight difference
in Pb content between EDS (0.76 at%) and XPS (0.71 at%) is due
to their different detection depths. This variation is within an ac-
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Fig. 2. (a) Full XPS spectrum of CoP/CC and Pb-CoP/CC. (b) Co 2p spectra of CoP/CC
and Pb-CoP/CC. (c) P 2p spectra of CoP/CC and Pb-CoP/CC. (d) Pb 4f spectra of Pb-
CoP/CC.
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ceptable range and both confirm successful Pb doping. In the Co
2p orbital spectrum in CoP/CC (Fig. 2b), the two main peaks at
778.2 and 793.1eV correspond to Co 2p3;, and Co 2p;p,, respec-
tively, and are attributed to Co® [51]. On the other hand, the sec-
ond set of peaks at 781.5eV in the Co 2p;, region and 797.7eV in
the Co 2pyj, region are assigned to oxidized Co species (Co%t3+),
Additionally, two satellite peaks at 784.6 and 802.4eV are identi-
fied through deconvolution. Notably, the introduction of Pb ions in-
duces a slight shift in the binding energy of Co® toward higher val-
ues, indicating that Pb incorporation alters the electron density of
Co in Pb-CoP/CC, resulting in a more positive charge. This change
results in an increased oxidation state, which could enhance the
catalyst’s water dissociation capability [32]. In the P 2p spectrum
in CoP/CC (Fig. 2c), the peaks at 130.9eV and 129.7 eV correspond
to the P 2py, and P 2p3), levels, respectively, while the peak at
134.7 eV is attributed to oxidized phosphorus. After Pb doping, the
binding energy peaks of P 2p;; and P 2pyj, shift towards lower
energies, indicating that the phosphorus sites exhibit stronger neg-
ative charge characteristics. This change is beneficial for promot-
ing the HER process with optimal hydrogen adsorption free energy.
The observed electron density decrease for Co and increase for P
after Pb doping can be attributed to the higher electronegativity of
Pb relative to Co, which likely causes electron transfer from Co to
P. For the Pb 4f XPS spectrum in Pb-CoP/CC, the binding energies at
138.2 and 143.6eV are attributed to the Pb 4f;, and Pb 4fs), lev-
els of Pb2* (Fig. 2d). Overall, these results confirm the successful
incorporation of Pb into CoP, which modifies the electronic den-
sity of the material, increases the oxidation state of Co, and low-
ers the binding energy of P. This electronic structure modulation is
expected to positively influence water dissociation and hydrogen
adsorption during the alkaline HER process, thereby enhancing the
catalytic activity of the CoP.

To investigate the HER performance of the catalysts, electro-
chemical tests were conducted using a three-electrode system in a
1.0mol/L KOH solution (Fig. S6 in Supporting information). The Pb
doping level was carefully optimized to improve the HER activity
of Pb-CoP/CC (Fig. S7 in Supporting information). As depicted in
Fig. 3a, the optimally tuned Pb-CoP/CC exhibits an overpotential
of only 53mV at 10mA/cm?, significantly lower than the 100 mV
observed for CoP/CC, indicating its significant enhanced catalytic
activity. The Tafel slopes, which are used to reveal the kinetics of
the HER, are presented in Figs. 3b and c. With increasing Pb doping
ratios, the Tafel slopes of the catalysts change accordingly, indicat-
ing that an appropriate amount of Pb doping can enhance the HER
kinetics. Notably, the Tafel slope of Pbggs_CoP/CC is 57 mV/dec,
significantly lower than that of the undoped CoP/CC (74 mV/dec),
suggesting more favorable HER kinetics. Moreover, the Tafel slope
values indicate that the HER process of Pb-CoP/CC under alkaline
conditions follows the Volmer-Heyrovsky mechanism. Additionally,
the turnover frequency (TOF) of the catalysts was also estimated.
At an overpotential of 300mV, the TOF value of Pb-CoP/CC is
approximately nine times higher than that of CoP/CC (Fig. 3d). Al-
though the ECSA slightly decreased, Pb doping modulates the cata-
lyst’s electronic structure and activates the active P sites, resulting
in a significant increase in TOF and enhanced intrinsic catalytic
activity.

To further explore the impact of Pb doping on the catalytic
active area and charge transfer capability at the catalyst-electrolyte
interface in CoP, double-layer capacitance (C4) measurements and
electrochemical impedance spectroscopy (EIS) were performed.
The electrochemical active surface area (ECSA) of the catalysts was
estimated based on the Cgy, as the two are positively correlated
(Fig. S8 in Supporting information). As shown in Fig. 3e, the Cy of
Pb-CoP/CC (73 mF/cm?) is lower than that of CoP/CC (93 mF/cm?),
indicating a reduced electrochemical active surface area after Pb
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Fig. 3. (a) LSV, (b, c) Tafel curves of CoP/CC and Pb-CoP/CC. (d) TOF. (e) Double-layer capacitances. (f) Polarization curves normalized according to ECSA. (g) Nyquist plots
of CoP/CC and Pb-CoP/CC. (h) Comparison of overpotential. (i) LSV curves of Pb-CoP/CC before and after 1000 cycles. (j) V-t curves. (k) LSV curves of Pb-CoP/CC before and

after 24 h.

doping. This reduction may be attributed to the electrochemical
inertness of introduced Pb, as well as the enhanced crystallinity
in Pb-CoP/CC, as evidenced by the XRD results. To more accurately
assess the intrinsic catalytic activity of the samples, the polariza-
tion curves were normalized by the ECSA. After normalization, the
comparison of catalytic activities from the normalized polarization
curves further confirms that Pb doping significantly enhances the
intrinsic catalytic activity of CoP (Fig. 3f). The interfacial elec-
tron transfer capability was evaluated using EIS measurements.
As shown in the Nyquist plots in Fig. 3g, Pb-CoP/CC exhibits
a smaller charge transfer resistance (R.) compared to CoP/CC,
indicating improved electrochemical reaction kinetics. Additionally,
the similar solution resistance (Rs) values in the high-frequency
region (inset in Fig. 3g) for both samples suggest that Pb doping
in CoP has a negligible effect on the conductivity of the catalyst.
The electrochemical measurement results above indicate that Pb
doping leads to a decrease in the electrochemically active area, an
increase in charge transfer capability, and a negligible change in
conductivity. This suggests that the enhancement in catalytic activ-
ity is primarily attributed to an increase in the intrinsic activity of
Pb-CoP/CC, which will be further validated through the following
theoretical calculations and poisoning experiments. Additionally,
it is worth noting that, compared to other reported CoP-based
HER catalysts, our synthesized Pb-CoP/CC exhibits either superior
performance or comparable efficiency (Fig. 3h and Table S2 in
Supporting information).

The electrocatalyst exhibits excellent catalytic efficiency as well
as strong stability. Its long-term performance was tested and ver-

ified by continuously monitoring the change in overpotential un-
der a constant current density of —10mA/cm?. As shown in Fig. 3i,
after 1000 cycles of cyclic voltammetry (CV), the overpotential
of Pb-CoP/CC at —10 mA/cm? increased by only 4mV. Further as-
sessment of long-term stability was conducted using chronoam-
perometry at a constant current density of —10mA/cm?2, where
Pb-CoP/CC demonstrated stable hydrogen evolution for at least
120h, with minimal changes in potential (Fig. 3j). Additionally,
after 24h of cycling at —10mA/cm?2, the overpotential increased
by only 8 mV, further underscoring its excellent long-term stabil-
ity (Fig. 3k). Post-stability test characterizations using XRD, SEM,
and XPS (Figs. S9 and S10 in Supporting information) revealed
that Pb-CoP/CC retained its original crystal structure, microstruc-
ture, and surface chemical state, providing strong evidence of its
exceptional electrocatalytic stability. These results collectively un-
derscore the remarkable durability of Pb-CoP/CC, positioning it as
a highly promising candidate for sustainable and long-lasting elec-
trocatalytic applications in the alkaline HER process. Moreover, the
Faradaic efficiency (FE) of Pb-CoP/CC has been verified, confirming
that the observed current is indeed associated with hydrogen pro-
duction. Hydrogen gas was collected via drainage at a current den-
sity of 10mA/cm? (Fig. S11 in Supporting information). The FE was
calculated to be approximately 99% by comparing the theoretical
hydrogen production value with the experimentally collected gas.

To investigate the impact of Pb doping on the electronic
structure and hydrogen evolution reaction performance of CoP,
density functional theory simulations were conducted to study
the catalyst’s physicochemical properties. Based on the surface
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morphology observed by transmission electron microscopy, the
stable (112) facet of CoP was selected as the active surface for
theoretical study, with its structural model shown in Fig. 4a. Pb
doping was introduced by substituting the cobalt atoms exposed
on the surface with lead atoms, resulting in the doped model
structure illustrated in Fig. 4b. The total density of states (TDOS)
for both CoP and Pb-CoP is shown in Fig. 4c. Both catalysts
exhibit a continuous TDOS near the Fermi level, indicating their
semimetallic nature. This conductivity is beneficial for reducing
resistive polarization and promoting charge transfer during the
HER reaction, thereby enhancing the reaction rate. Additionally,
the similar TDOS profiles near the Fermi level for CoP and Pb-CoP
indicate comparable surface conductivity, consistent with the
results of the EIS tests. The position of a catalyst’s d-band center
is well known to correlate closely with the adsorption strength
of intermediates during catalytic reactions. To analyze this, we
determined the d-band center positions of the CoP and Pb-CoP
catalysts through PDOS analysis (Fig. 4d). With the introduction
of Pb ions, the d-band center of CoP shifts from —1.175eV to
—1.149eV, reflecting a change in the catalyst’s electronic struc-
ture and a reduction in the d-orbital electron filling, consistent
with the XPS analysis described above. According to coordination
theory, this upward shift of the d-band center toward the Fermi
level increases the availability of empty d-orbitals on the Co center
(Fig. 4e). This facilitates stronger coordination between the Co cen-
ter and the highest occupied molecular orbital (HOMO) of water,
leading to enhanced interaction between the Co center and water
molecules [33]. The water dissociation step of the catalyst (Fig. 4f
and Fig. S12 in Supporting information) reveals that, compared to
pristine CoP, the Co site in Pb-CoP exhibit stronger H-O adsorption
and a reduced water dissociation energy barrier. This indicates
that Pb doping lowers the activation barrier for water dissociation,
facilitating the formation of adsorbed hydrogen. Enhanced water
dissociation plays a crucial role in accelerating the subsequent
steps of the alkaline HER process, thereby significantly improving
HER kinetics. This is because the dissociation of the H-O bond is
widely considered the rate-determining step in HER kinetics under
alkaline conditions, which also applies to CoP electrocatalysts
[52]. The upward shift of the d-band center not only enhances
the adsorption of water molecules but also strengthens hydro-
gen adsorption. However, DFT calculations indicate that Co sites
exhibit strong hydrogen adsorption, making hydrogen desorption

unfavorable at Co sites in Pb-doped CoP (Fig. 4g and Fig. S13 in
Supporting information). Moreover, the AGy* value at the P sites
after doping is the smallest (Fig. 4g), indicating that the P sites
are activated and works as the active centers for HER in Pb-CoP.
Typically, the negatively charged P sites can act as Lewis bases,
effectively trapping positively charged protons during the HER pro-
cess [53]. Upon Pb doping, the increased electronegativity of the P
atoms enhances the properties of Pb-CoP, resulting in a Gibbs free
energy for adsorbed hydrogen that approaches zero. Additionally,
the near-electrocatalytic inertness observed at the Pb sites, as
identified by the DFT calculations (Fig. 4g), aligns well with our
initial concept of employing non-transition metal ion dopants. This
calculation result further corroborates the XPS results and exper-
imental findings. After Pb doping, the electronic structure of the
catalyst is altered, and the electron distribution at the active sites
is optimized, which favors the regulation of hydrogen adsorption
free energy and facilitates water dissociation, thereby enhancing
the HER activity. These changes enhance the water dissociation
capability at Co sites and activate while optimizing H adsorption-
desorption on P sites, thereby boosting alkaline HER activity.

To further confirm that the enhancement of CoP’s alkaline HER
activity by Pb doping is primarily due to improved water dissocia-
tion, CoP/CC and Pb-CoP/CC were evaluated under acid conditions
(Fig. S14 in Supporting information). The results reveal that Pb
doping has only a minor impact on the performance of CoP under
acidic conditions. This indicates that the significant improvement
in alkaline HER performance resulting from Pb doping is predom-
inantly attributable to the acceleration of the water dissociation
step, followed by the optimization of the H adsorption free energy.
In addition, the role of P active sites was confirmed through poi-
soning experiments, in which 10 mmol/L KSCN and C;,H,5SH were
separately added to 1.0 mol/L KOH to selectively poison the Co and
P sites, respectively. As shown in Fig. S15 (Supporting information),
poisoning either the Co or P sites led to a significant increase in
the overpotential of Pb-CoP/CC at 10 mA/cm?, rising from the ini-
tial 53 mV to 92mV and 117 mV, respectively. Notably, the perfor-
mance deteriorated more substantially when the P sites were poi-
soned, underscoring the dominant role of P sites in the HER pro-
cess. Therefore, the exceptional alkaline HER activity of Pb-CoP/CC
can be attributed to the synergistic effect of electronic structure
modulation at both Co and P sites, as demonstrated by experimen-
tal evidence and DFT calculations.
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To assess the feasibility of Pb-CoP/CC for large-scale hydro-
gen production, a flow-type anion exchange membrane (AEM)
electrolyzer was assembled. Pb-CoP/CC was used as the cathode,
while a commercially available IrO,-coated platinum-titanium felt
served as the anode (Figs. S16a and b in Supporting informa-
tion). The steady-state polarization curve demonstrates that un-
der operation at 60°C with 1.0mol/L KOH in the flow electrolyzer,
the Pb-CoP||IrO, system achieved current densities of 100 and
500mA/cm? at applied voltages of 1.28 and 1.95V, respectively
(Fig. S17 in Supporting information). This performance surpasses
that of CoP/CC, indicating that the incorporation of Pb significantly
enhances the overall water-splitting efficiency. However, compared
to the commercial Pt/C||IrO, system (132 V@100mA/cm?, 1.84
V@500 mA/cm?), the performance of Pb-CoP/CC at higher current
densities still requires further improvement. Long-term stability
tests (Fig. S18 in Supporting information), reveal that the Pb-
CoP/CC-based electrolyzer maintained excellent AEM electrolyzer
performance over 100 h of operation at 500 mA/cm? and 60 °C, sig-
nificantly outperforming both traditional CoP/CC and commercial
Pt/C in durability. These results highlight the strong potential of
Pb-CoP/CC as a stable and efficient catalyst for industrial-scale hy-
drogen production, underscoring its practicality for sustainable en-
ergy applications.

In summary, we have demonstrated that Pb doping signifi-
cantly enhances the catalytic performance of CoP nanowires for
the HER in alkaline media, addressing the long-standing challenges
of improving water dissociation kinetics and optimizing hydrogen
adsorption. The optimized Pb-CoP/CC catalyst demonstrates out-
standing performance, achieving a low overpotential of 53 mV at
10mA/cm?2, a Tafel slope of 57mV/dec, and excellent long-term
stability. This improvement stems from the synergistic effects of
Pb doping, which regulates the electronic structure of both the Co
and P sites. This not only accelerates water dissociation but also
optimizes hydrogen intermediate adsorption and enhances charge
transfer capabilities. Theoretical studies further corroborate these
findings, revealing that Pb doping effectively modulates the elec-
tronic structure of CoP. This modulation promotes water dissocia-
tion at Co sites and facilitates hydrogen adsorption at P sites dur-
ing the HER process. When integrated into AEM electrolyzer, the
Pb-CoP/CC catalyst demonstrates outstanding performance, deliv-
ering a current density of 500 mA/cm? at a cell voltage of 1.95V,
underscoring its potential for industrial-scale hydrogen production.
Our results not only highlight the effectiveness of non-transition
metal doping in modifying the electronic structures of transition
metal-based compounds but also offer a versatile strategy for en-
hancing the performance of non-precious metal catalysts. This
work offers a promising pathway for the development of high-
performance, cost-effective electrocatalysts for AEM electrolyzers,
paving the way for large-scale green hydrogen production.
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