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Electronic Structure Modulation of Nanoporous Cobalt 
Phosphide by Carbon Doping for Alkaline Hydrogen 
Evolution Reaction

Wence Xu, Guilan Fan, Shengli Zhu,* Yanqin Liang, Zhenduo Cui, Zhaoyang Li, 
Hui Jiang, Shuilin Wu, and Fangyi Cheng*

Seawater electrolysis under alkaline conditions presents an attractive alternative 
to traditional freshwater electrolysis for mass sustainable high-purity hydrogen 
production. However, the lack of active and robust electrocatalysts severely 
impedes the industrial application of this technology. Herein, carbon-doped 
nanoporous cobalt phosphide (C-Co2P) prepared by electrochemical dealloying is 
reported as an electrocatalyst for hydrogen evolution reaction (HER). The C-Co2P 
achieves an overpotential of 30 mV at a current density of 10 mA cm−2 in 1 m KOH, 
along with impressive catalytic activity and stability at large current densities  
in artificial alkaline seawater electrolyte containing mixed chlorides of NaCl, MgCl2, 
and CaCl2. Experimental analysis and density functional theory calculations reveal 
that the C atom with strong electronegativity and small atomic radius can tailor the 
electronic structure of Co2P, leading to weakened Co–H bonding toward promoted 
HER kinetics. Moreover, the C doping introduces a two-stepped H delivery 
pathway by forming C–Had intermediate, thus reducing the energy barrier of water 
dissociation. This study offers a new vision toward the development of seawater 
electrolysis for large-scale hydrogen production.
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1. Introduction

Water electrolysis powered by renewable 
electricity has been considered as one of 
the most feasible strategy to achieve scal-
able high-purity hydrogen production.[1] 
For the purpose of electrolytic hydrogen 
production, tremendous efforts have been 
devoted to developing the electrolyzer, such 
as the liquid-electrolyte alkaline electrol-
ysis, the high-temperature solid oxide elec-
trolysis, the proton exchange membrane 
electrolysis and the anion exchange mem-
brane electrolysis.[2] However, the shortage 
of freshwater may become a bottleneck for 
the application of freshwater electrolysis 
at an industrial level.[3] Direct electrolysis 
of seawater would be a good candidate to 
replace freshwater for the mass produc-
tion of H2 due to the almost unlimited 
resource.[4] However, the hypochlorite 

and chlorine generated from the competing chlorine evolu-
tion reaction (CER) against oxygen evolution reaction (OER) at 
anode can hinder the hydrogen evolution reaction (HER) and 
cause electrode corrosion.[5] The competing chloride oxidations 
are thermodynamically unfavorable compared with the OER 
under high alkaline conditions, which guarantees a 480  mV 
kinetic overpotential without interfering chlorine chemistry.[6] 
Thus, an alkaline environment is more favorable for the imple-
mentation of industrial hydrogen production under seawater 
electrolysis. However, it is extremely challenging to develop 
high-performance seawater HER electrocatalysts with low corro-
sivity, high conductivity and high poisoning resistance of saline 
seawater since the active sites of the  conventional noble metal 
electrocatalysts can be blocked by the cation ions and attacked 
by the hypochlorite generated at the counter electrode in CER.[7]

Recent studies have witnessed breakthrough to develop  
various cost-effective electrocatalysts with excellent catalytic 
activities in alkaline seawater electrolytes.[7,8] Among these 
electrocatalysts, transition metal phosphides with excellent 
electrical conductivity and corrosion resistance have been dem-
onstrated as attractive electrocatalysts for seawater splitting in 
alkaline freshwater and seawater electrolytes.[5b,9] The metal 
concentration in metal phosphide is diluted by the introduction 
of phosphorus, which makes the phosphides behave like the 
hydrogenase rather than the neat metal surface.[10] Additionally, 
the negatively charged P atoms can draw electrons from metal 
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atoms and act as Lewis bases to trap the protons, endowing 
moderate kinetics of hydrogen activation.[11] However, the 
development of metal phosphides for alkaline HER is still chal-
lenging due to the high energy barrier for water dissociation 
and the unsatisfactory hydrogen desorption.[12] Therefore, syn-
ergistically tuning the binding energies of water adsorption and 
dissociation is the key for boosting the intrinsic properties of 
electrocatalysts for alkaline HER.

Heteroatom doping represents a promising strategy to 
improve the HER activity as electronic structure of catalysts 
can be tuned by introducing charge redistribution and enabling 
energetically favorable water dissociation and hydrogen desorp-
tion.[13] To date, doping a variety of metal elements has been evi-
denced to enhance electrocatalytic performance of metal phos-
phides.[14] On the other hand, nonmetal heteroatom dopants 
may effectively modulate electronic structure, accelerate charge 
transfer and activate surface sites of the catalysts.[15] The P spe-
cies can be stabilized by sharing electrons with high-electron-
egative nonmetal atoms, contributing to improved intrinsic 
activity of metal phosphides.[16] For instance, nitrogen-doped 
Co2P nanorod arrays exhibit superior catalytic activity for HER 
in neutral medium due to the tailored electronic structure of 
Co2P by N doping.[17] Additionally, oxygen-incorporated Co2P 
is demonstrated as an efficient HER electrocatalyst in alkaline 
condition since the water dissociation and hydrogen adsorption 
are optimized simultaneously after oxygen incorporation.[18] 
Moreover, the nonmetal sites in transition metal based catalysts 
such as single atom nickel iodide can accelerate the dissociative 
adsorption of water by forming the I-Hads intermediate, leading 
to superb electrocatalytic activity in alkaline media for the 
HER.[19] Considering smaller atomic radius, higher electronega-
tivity and less valence electrons of carbon than phosphorus, it 
is expected to boost the catalytic performance of phosphorus-
contained materials via enhancing the hydrogen delivery and 
modulating the bonding of HER intermediates with carbon 
dopant. Wang  et  al. have demonstrated that C-doping can 
endow semiconducting NiPS3 with metallic nature and activate 
surface sites for hydrogen adsorption by pushing unfilled states 
to filled lower-Hubbard band above Ni-S bonding band.[20] 
Despite the benefit of C doping verified in the cases of trichal-
cogenidophosphates[20] and sulfides,[21] there has been scarce 
report[22] on carbon-doped phosphides for HER, which remains 
uninvestigated in seawater so far.

Herein, nanoporous C-doped Co2P (C-Co2P) prepared by deal-
loying method is proposed as an efficient electrocatalyst for HER 
in both alkaline freshwater and simulated seawater electrolytes. 
The C-Co2P displays an overpotential of 30 mV at 10 mA cm−2 in 
alkaline condition, outperforming that of the benchmark Pt/C 
catalyst. In addition, it also shows outstanding catalytic activity 
and stability at high current densities in artificial seawater elec-
trolyte containing 1 m KOH, 0.5 m NaCl, 41.2 ×  10−3 m MgCl2, 
and 12.5 × 10−3 m CaCl2. Due to the stronger electronegativity 
and appropriate atomic radius of C, the substitution of C for P 
can tune the electronic structure and lower the d-band center of 
Co. Moreover, the in situ Raman spectroscopy reveals the forma-
tion of C–Had intermediate, which promotes the HER process. 
Density functional theoretical (DFT) analysis indicates carbon 
doping improves the charge density and electronic states of 
Co2P, which gives rise to a reduction of the energy barriers of 

water adsorption and dissociation. This work would enlighten 
the development of efficient HER catalysts for both seawater 
splitting and large-scale H2 generation.

2. Results and Discussion

As shown in Figure 1a, nanoporous C-Co2P material is fabri-
cated via selective phase corrosion of the Co-P-C precursor alloy. 
Hexagonal-close-packed Co and orthorhombic Co2P phase can 
be detected in the precursor alloy, which can be identified by the 
X-ray diffraction (XRD) pattern (Figure S1, Supporting Informa-
tion). During dealloying, the Co phase is etched, leaving Co2P 
phase to form interconnected nanostructure.[23] Scanning elec-
tron microscopy (SEM) images show that bicontinuous nano-
structure distributes uniformly with interconnected nanopore 
channels and C-Co2P ligaments (Figure  1b). No obvious solid 
alloy can be seen after dealloying, demonstrating the cobalt 
phase is completely etched (Figure 1c). In addition, no obvious 
corrosion current is detected at the end of dealloying, verifying 
the complete dissolution of the Co phase (Figure S2, Sup-
porting Information). Different from the conventional spinodal 
decomposition mechanism, well-interconnected and crack-free 
nanoporous structure is preformed in precursor alloy, thus the 
formation of broken and dangled ligaments can be avoided 
during dealloying, indicating good mechanical property of the 
nanoporous C-Co2P electrode.[24] As evidenced in Figure S4 
(Supporting Information), the C-Co2P electrode preserves the 
similar shape of the precursor ribbon, demonstrating the poten-
tial application of C-Co2P as the binder-free electrocatalyst.

Figure  1d displays the transmission electron microscopy 
(TEM) image of C-Co2P catalyst, further confirming the size 
of the isotropic nanopore and ligament about 20  nm. The 
high resolution TEM (HRTEM) image exhibits well-resolved 
lattice fringes, where the interplanar spacing of 0.201 nm can 
be indexed as the (211) plane of Co2P (Figure 1e). The selected 
area electron diffraction (SAED, inset in Figure 1e) further sug-
gests polycrystallinity ligaments that are composed of small 
orthorhombic Co2P nanocrystals. It is worth mentioning that 
no obvious carbon coating is observed on the surface of C-Co2P, 
suggesting possible carbon doping in the Co2P. In addition, 
the TEM image and the corresponding energy-dispersive 
X-ray spectroscopy (EDS) mapping images (Figure 1f) indicate 
homogenous distribution of Co, P and C atoms. To certify the 
enhancement of HER activity by C doping, nanoporous Co2P 
and C-Co2P with various C:P ratios are prepared as the counter-
parts. Figure S5 and Table S1 (Supporting Information) shows 
the SEM images and compositions of the synthesized nanopo-
rous Co2P and C-Co2P with different C:P ratios, demonstrating 
similar bicontinuous nanostructure of the batch of catalysts.

XRD was carried out to confirm the crystal structure of 
the as-prepared C-Co2P and Co2P catalysts. As displayed in 
Figure 2a and Figure S6 (Supporting Information), the diffrac-
tion peak at 40.8°, 43.4°, 52.5°, and 55.8° in XRD pattern can 
be indexed as the (201), (211), (002), and (040) planes of Co2P 
phase, respectively. No Co phase can be detected after deal-
loying, verifying the complete dissolution of the Co phase. In 
addition, the C-Co2P and Co2P show similar orthorhombic 
phosphide structure, while the diffraction peaks of the C-Co2P 
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shift slightly to the higher angle region, indicating the intro-
duction of C leads to the slightly compressed lattice distortion 
without altering the bulk crystal structure. Moreover, the lat-
tice parameter of (211) plane decreases with the increase of C:P 
ratio, verifying the compressed lattice distortion caused by the 
C doping (Figure S7, Supporting Information).

X-ray photoelectron spectroscopy (XPS) is carried out to 
probe localized electronic states of the C-Co2P and Co2P cata-
lysts. As evidenced in Figure  2b and Figure S8 (Supporting 
Information), the fitting peaks at 778.2, 778.8, and 781.2  eV 
suggest three states of Co–P, Co–C, and Co–O on the surface, 
respectively.[25] The C:P ratio in the C-Co2P catalysts are fur-
ther determined from the areal ratio of fitted Co-P and Co-C 
peaks in the XPS spectra, which are similar to those of the 
EDS results (Table S2, Supporting Information).[21] In addition, 

the C 1s spectrum of C-Co2P (Figure S9, Supporting Informa-
tion) also supports the existence of Co–C bond (284.2  eV) in 
C-Co2P, which confirms successful doping of carbon atoms 
into the Co2P lattices.[26] Meanwhile, the appearing P 2p peaks 
(Figure 2c) can be deconvoluted into a pair of peaks at 129.6 and 
130.4 eV, which correspond to the typical Co–P states of cobalt 
phosphide.[27] In addition, the positive shift of Co 2p spectrum 
of C-Co2P relative to Co2P indicates the reduction of electrons 
around Co and thus an enhanced electron transfer.[28] Such var-
iation can be ascribed to the stronger electronegativity of C than 
P that enhances electron transfer,[29] as further confirmed by 
the shift of the P 2p peaks to lower binding energies in C-Co2P.

Previous works have proved that the nonmetal dopants can 
adjust the hydrogen adsorption by tuning the electronic struc-
ture and distorting the lattices of the parent compounds.[15a,30] 

Figure 1.  a) Schematic of the preparation of nanoporous C-Co2P electrocatalysts. SEM images of b) the surface, c) cross-section, d) TEM image,  
e) HRTEM image, and f) the element distribution of nanoporous C-Co2P. The inset in  (c) and  (e) are the enlarged cross-section SEM image and  
SAED pattern, respectively.
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Thus, the modulated electronic effect of C doping is further 
investigated by the ultraviolet photoelectron spectroscopy 
(UPS). Figure  2d shows the UPS valence band spectra of the 
Co2P and C-Co2P catalysts. The valence band maximum value 
is determined as 3.81  eV for C-Co2P, which is 0.31  eV away 
from Fermi level as compared with Co2P, implying the shift of 
d-band center of C-Co2P.[31]

The electrocatalytic activities of the prepared samples were 
first evaluated in 1 m KOH freshwater electrolytes. Figure S10 
(Supporting Information) shows the polarization curves of 
the precursor alloy and C-Co2P with various loadings up to 
2.18 mg cm−2. The enhancement of catalytic performance with 
the increase of C-Co2P loading indicates that the nanoporous 
C-Co2P is the active material for HER. According to polariza-
tion curves (Figure 3a), the C-Co2P catalyst exhibits an over-
potential of 30  mV to achieve a geometric current density of 
10  mA  cm−2 (η10). The η10 of C-Co2P is smaller than those of 
the commercial Pt/C catalyst (34  mV) and counterpart Co2P 
(58  mV), demonstrating the promotion role of C dopants in 
HER activity (Figure  3b). To probe the effects of carbon con-
tents, the HER catalytic activities of C-Co2P with various C:P 
ratios were further tested. With the increase of C:P ratio, the 
catalytic activity of C-Co2P increases and reaches the highest at 
the C:P ratio of 0.29 (Figure S11, Supporting Information). The 
HER kinetics are further evaluated by the Tafel slope, exchange 
current density (j0) and HER rate constant (k0). The as-obtained 
C-Co2P possesses a Tafel slope of 36.9  mV dec−1, lower than 
those of Pt/C (37.5  mV dec−1) and Co2P (45.1  mV dec−1), indi-
cating promoted water dissociation kinetics with the Heyrovsky 

process as the rate-determining step (Figure  3c; Figure S12, 
Supporting Information).[32] The j0 and corresponding k0 of 
C-Co2P are 1.79 mA cm−2 and 1.7 × 10−7 cm−2 s−1, which are 2.81 
times higher than that of Co2P (Table S5, Supporting Informa-
tion). In addition, the electrochemical impedance spectroscopy 
(Figure S13 and Table S6, Supporting Information) results 
further reveal lower charge transfer resistance (Rct) of C-Co2P 
(34.9  Ω cm−2) in comparison with Co2P (108.2 Ω cm−2), sug-
gesting enhanced charge transfer kinetics during HER.[33] Note 
that excess C doping in Co2P results in higher Rct value and 
implies hindered HER kinetics. The improved charge transfer 
is relative to the electronic modulation by appropriate C doping 
for the C-Co2P catalyst to lower the kinetic energy barriers 
of the catalytic processes.[28,34] Furthermore, Figure  3d and 
Table S4 (Supporting Information) summarize the HER perfor-
mance of C-Co2P and reported electrocatalysts in 1 m KOH. The 
HER activity of C-Co2P is comparable to that of the best non-
noble-metal catalysts in alkaline conditions.

The intrinsic catalytic activities of the as-prepared catalysts 
are further measured by turnover frequency (TOF). To evaluate 
TOF, the number of active sites is first measured according 
to the electrochemical active surface area (ECSA). The ECSA 
of C-Co2P material is 1.9 times higher than that of Co2P 
(Figures  S14 and S15, Supporting Information). The carbon 
dopant might increase the disorder to form active sites for HER, 
as confirmed by ECSA.[35] The TOF values of the as-prepared 
materials are plotted in Figure S16 (Supporting Information). 
At an overpotential of 100 mV, the C-Co2P exhibits a TOF value 
of 0.14 s−1, revealing a superior intrinsic catalytic activity than 

Figure 2.  a) XRD patterns of the Co2P and C-Co2P electrocatalysts. XPS spectra of b) Co 2p and c) P 2p of C-Co2P and Co2P. d) UPS spectra of the 
C-Co2P and Co2P.
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Co2P (0.04 s−1). To identify the catalytic active sites of the as-
prepared phosphide catalysts, thiocyanate ions with strong 
metal bonding ability were introduced into the electrolyte.[36] 
As shown in Figure S17 (Supporting Information), the cur-
rent densities of the C-Co2P and Co2P decrease obviously in 
the presence of thiocyanate ions, suggesting that Co atoms are 
the feasible active sites of the phosphide catalysts. Based on 
above results, the improved catalytic activity can be attributed 
to decreased charge-transfer resistance, increased amount of 
active sites and enhanced intrinsic catalytic activity caused by 
tailored electronic structure of Co via C doping.

Motivated by the high activity of C-Co2P in freshwater, the 
HER performance is further evaluated in simulated alka-
line seawater electrolyte. The influence of Ca and Mg ions 
on the HER performance was first evaluated in electrolytes 
with different concentrations of Ca and Mg ions. As shown 
in Figure  S18 (Supporting Information), the HER activity of 
C-Co2P decreases with the increase of the concentrations of Mg 
and Ca ions. The decrease in activity may be attributed to the 
obstruction of active sites and surface poisoning by ions and 
insoluble precipitates.[8a] Even so, the C-Co2P exhibits much 
higher catalytic activity compared with CoP and Pt/C catalysts 
in the alkaline electrolyte with similar ion concentrations to 
natural seawater (Figure 3e). More remarkably, the C-Co2P cata-
lyst delivers an overpotential of 192 mV to reach a current den-
sity of 1000 mA cm−2, which is superior to the commercial Pt/C 
catalyst, demonstrating the potentiality of C-Co2P for industrial 
applications. Besides the high HER activity, the C-Co2P elec-
trode exhibits outstanding stability during a long-term meas-
urement operated at various current densities. The C-Co2P 
delivers slight potential decay of 0.2, 0.6, and 0.8  mV h−1 at 
current densities of 10, 100, and 1000  mA  cm−2, respectively 

(Figure  3f). In addition, no obvious structural degradation 
is detected for C-Co2P, demonstrating its high durability for 
HER in simulated alkaline seawater (Figures S19 and S20, Sup-
porting Information). Moreover, only slight decrease of Mg and 
Ca concentration is detected, which also confirms good stability 
and selectivity of the C-Co2P catalyst (Table S7, Supporting 
Information). These results indicate respectable activity and sta-
bility of nanoporous C-Co2P in simulated seawater electrolyte.

Considering the favorable catalytic activity of C-Co2P cata-
lyst, the overall seawater splitting performance is measured by 
using a two-electrode electrolyzer in which C-Co2P is employed 
as both the anode and cathode in artificial seawater electro-
lyte. As displayed in Figure S21 (Supporting Information), the 
electrolyzer with C-Co2P requires an overpotential of 449  mV 
to produce a current density of 100  mA  cm−2, which is lower 
than that of the Co2P catalyst and comparable to those of the 
previous reports in an alkaline simulated seawater electrolyte 
(Table S8, Supporting Information). In addition, the electro-
lyzer operates stably with only slight degradation over 60 h at a 
constant current density from 10 to 1000 mA cm−2, verifying the 
superior durability of C-Co2P catalyst in water splitting devices.

To further investigate the reaction intermediates and possible 
role of carbon dopant on C-Co2P during HER, in situ Raman 
spectroscopy was applied under various potentials. As displayed 
in Figure S22 (Supporting Information), no peaks are detected 
on either Co2P or C-Co2P at open circuit potentials and poten-
tial above 0  V versus RHE. Interestingly, a peak at 2445  cm−1 
is observed on C-Co2P at a potential of −50  mV versus RHE, 
which is attributed to the C–Had vibrational band.[19,37] In 
addition, the peak intensity increases when more negative 
potentials are applied from −50 to −200 mV, demonstrating the 
formation of C–Had intermediate during HER. However, no 

Figure 3.  a) Polarization curves, b) overpotential comparison and c) Tafel plots of the C-Co2P, Co2P and Pt/C catalysts in 1 m KOH. d) Performance 
comparison of C-Co2P with the ever-reported transition metal-based catalysts in alkaline condition. e) Polarization curves and f) galvanostatic curves 
of the as-prepared catalysts in simulated alkaline seawater containing 1 m KOH, 0.5 m NaCl, 41.2 × 10−3 m MgCl2 and 12.5 × 10−3 m CaCl2.
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such peak is observed when potential was applied for Co2P. The 
above results suggest that the water dissociation and H adsorp-
tion kinetics are accelerated by carbon doping through the gen-
eration of C–Had intermediates.

To get further insight into the HER mechanism on C-Co2P, 
DFT calculations were performed using the models shown 
in Figures S23–S26 and Table S9 (Supporting Information). 
Selected adsorption sites of H* and the corresponding adsorp-
tion free energies (ΔGH*) are shown in Figure 4a. Basically, a 
good HER catalyst should possess the thermoneutral nature 
for the adsorption and desorption of H with ΔGH* around 
zero, which could facilitate the charge transfer processes for 
both H* intermediate and H2 formation.[38] The Co sites on 
both C-Co2P and Co2P surfaces exhibit the lowest |ΔGH*| value 
(Table S10, Supporting Information), which suggests that 
the Co atoms are the preferred HER sites and accords with the 
electrochemical measurements. In addition, Co sites on C-Co2P 
have a more favorable ΔGH* value (−0.09  eV) compared with 
Co2P (−0.15 eV), accounting for much superior catalytic activity 
toward the HER.

The hydrogen source in alkaline condition comes from 
the dissociation of H2O molecule because of low proton con-
centration. Therefore, the energy barriers of the dissociation 
of water to form adsorbed H* and OH− are discussed and 
compared on Co2P and C-Co2P. Moreover, the in situ Raman 
results have demonstrated that the C atoms act as hydrogen 

deliverer that provides moderate bonding to the reaction inter-
mediates involved in the HER. Thus, two water dissociation 
pathways including direct dissociation pathway (Figures S28  
and S29, Supporting Information) and proton-delivery pathway 
(Figure  4b) are proposed to study the reaction intermediates 
involved in the HER. The energy barriers of water dissociation 
step in proton-deliver pathway are lower than those in direct 
dissociation pathway for both Co2P (1.26 vs 1.61 eV) and C-Co2P 
(1.00 vs 1.51 eV), suggesting preferable proton-delivery pathway. 
Furthermore, the C site on C-Co2P gives a much lower energy 
barrier of water dissociation (1.00  eV) than P site on Co2P 
(1.26  eV). As such, the C atoms can expedite water dissocia-
tion and H adsorption through C–Hads bond formation, thereby 
resulting in enhanced HER activity.

The d-band center is used as the descriptor of the 
adsorbate–metal interaction to further investigate the improve-
ment mechanism for C-Co2P. As displayed in Figure  4c and 
Figure S30 (Supporting Information), the projected density of 
states (pDOS) reveals the orbital hybridization between Co 3d 
orbital and C 2p orbital of C-Co2P, which indicates the effec-
tive optimization of d-electrons dominated Co atoms. Signifi-
cantly, the d-band centers of active Co atoms on C-Co2P and 
Co2P surfaces are calculated as −1.615 and −1.567 eV, respec-
tively. This calculation illustrates lowered antibonding energy 
states after C doping, in agreement with the UPS results. As 
a result, the d-band center shifts away from the Fermi level 

Figure 4.  a) The free-energy diagram for HER on Co2P(211) and C-Co2P(211) surfaces. b) The relative energy diagram along the proton-deliver pathway 
on Co2P and C-Co2P surfaces. The key structures of intermediates of H2O splitting on C-Co2P(211) were shown in pictures. c) The pDOS of Co 3d 
orbital for active sites on Co2P and C-Co2P. d) The charge density contour plot of the Co active sites on Co2P and C-Co2P. The unit is e Bohr−3. e) The 
schematic of enhanced water dissociation and hydrogen desorption ability for C-Co2P based on the DFT calculation results. Blue, silver, brown, red 
and white balls represent Co, P, C, O, and H atoms, respectively.
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and the interaction between the adsorbate and Co site is 
weakened, leading to fast HER kinetics.[39] Further insights 
can be gained from the charge density contour plots of H* 
on C-Co2P and Co2P surfaces (Figure  4d). The electron den-
sity distribution in Co-C region on C-Co2P shifts closer to C 
atom than that in Co-P region on Co2P, which is attributed 
to the stronger electronegativity and smaller atomic radius 
of C atom than P atom. As a result, fewer electrons in Co 
active site can be transferred to interact with H*, resulting in 
weakened adsorption of H* intermediate. On the other hand, 
the enlarged Co-H bond length in C-Co2P also suggests the 
weaker binding interaction between Co and H after C doping. 
These results indicate that the modulation of electronic struc-
ture of Co atoms by C doping would improve H2O dissocia-
tion and H2 formation, leading to facilitated HER process in 
alkaline media. Therefore, it is reasonable to propose efficient 
dissociative adsorption of water by forming preferred C–Hads 
intermediates in view of the higher electronegativity of C 
compared with P (Figure  4e). Subsequently, H* adsorbates 
combine with H2O to form molecular hydrogen on Co site. 
Additionally, the Co site possesses a moderate positive charge 
state, leading to the accelerated hydrogen desorption.

Benefiting from the chemical stability of cobalt phosphide, 
the less stable cobalt phase in the precursor Co-P based alloy 
can be dissolved in the selective dealloying process, forming the 
3D nanoporous skeletons.[23] The present dealloying strategy 
can be easily extended to prepare other nonmetal-doped cobalt 
phosphides by predoping desired nonmetal atoms into a pre-
cursor alloy. As displayed in Figure S31 (Supporting Informa-
tion), the nanoporous nitrogen-doped Co2P (N-Co2P) possesses 
similar bicontinuous nanostructure and orthorhombic phos-
phide phase to nanoporous Co2P. Remarkably, the synthesized 
N-Co2P exhibits lower η10 (46  mV) and smaller Tafel slope 
(39.8  mV dec−1) compared with Co2P, again verifying that the 
HER catalytic activity of Co2P can be enhanced by doping ele-
ments with higher electronegativity (Figure S32, Supporting 
Information).

3. Conclusion

In summary, carbon-doped nanoporous cobalt phosphide 
prepared by dealloying enables advances in alkaline water 
electrolysis. The synthesized nanoporous C-Co2P exhibits an 
overpotential of 30 mV at 10 mA cm−2 in 1 m KOH and good 
stability at large current densities in artificial alkaline seawater 
electrolyte. Combining experimental analysis and DFT calcula-
tions, C doping can tailor the electronic structure of Co2P and 
form C–Had intermediate through H delivery pathway, which 
eventually facilitates the HER by facilitating water dissociation 
and hydrogen desorption. This nonmetal doping strategy can 
generally boost the HER electrocatalysis for a variety of metal 
phosphides that are promising non-noble metal catalysts for 
industrial seawater electrolysis.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
W.C.X. and G.L.F. contributed equally to this work. This work was 
supported by NSFC (51771131, 21925503, 21871149, and 52001172) and 
MOST (2017YFA0206700).

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

Keywords
cobalt phosphide, dealloying, electrocatalysis, hydrogen evolution reaction

Received: July 27, 2021
Published online: September 1, 2021

[1]	 a) J. Wang, Y. Gao, H. Kong, J. Kim, S. Choi, F. Ciucci, Y. Hao, S. Yang, 
Z. Shao, J.  Lim, Chem. Soc. Rev. 2020, 49, 9154; b) H. Sun, Z. Yan, 
F. Liu, W. Xu, F. Cheng, J. Chen, Adv. Mater. 2020, 32, 1806326.

[2]	 a) M. R. Shaner, H. A. Atwater, N. S. Lewis, E. W. McFarland, Energy 
Environ. Sci. 2016, 9, 2354; b) A.  Buttler, H.  Spliethoff, Renewable 
Sustainable Energy Rev. 2018, 82, 2440.

[3]	 S.  Dresp, F.  Dionigi, M.  Klingenhof, P.  Strasser, ACS Energy Lett. 
2019, 4, 933.

[4]	 H.  Jin, X.  Liu, A.  Vasileff, Y.  Jiao, Y.  Zhao, Y.  Zheng, S. Z.  Qiao,  
ACS Nano 2018, 12, 12761.

[5]	 a) W.  Zang, T.  Sun, T.  Yang, S.  Xi, M.  Waqar, Z.  Kou, Z.  Lyu, 
Y. P. Feng, J. Wang, S. J. Pennycook, Adv. Mater. 2020, 33, 2003846; 
b) L. Wu, L. Yu, F. Zhang, B. McElhenny, D. Luo, A. Karim, S. Chen, 
Z. Ren, Adv. Funct. Mater. 2021, 31, 2006484.

[6]	 W. M. Tong, M. Forster, F. Dionigi, S. Dresp, R. S. Erami, P. Strasser, 
A. J. Cowan, P. Farras, Nat. Energy 2020, 5, 367.

[7]	 H.  Jin, X.  Wang, C.  Tang, A.  Vasileff, L.  Li, A.  Slattery, S. Z.  Qiao, 
Adv. Mater. 2021, 33, 2007508.

[8]	 a) L. Yu, Q. Zhu, S. Song, B. McElhenny, D. Wang, C. Wu, Z. Qin, 
J.  Bao, Y.  Yu, S.  Chen, Z.  Ren, Nat. Commun. 2019, 10, 5106;  
b) A. Kumar, V. Q. Bui, J. Lee, A. R.  Jadhav, Y. Hwang, M. G. Kim, 
Y.  Kawazoe, H.  Lee, ACS Energy Lett. 2021, 6, 354; c) B.  Wang, 
M.  Lu, D.  Chen, Q.  Zhang, W.  Wang, Y.  Kang, Z.  Fang, G.  Pang, 
S. Feng, J. Mater. Chem. A 2021, 9, 13562.

[9]	 a) F. Yu, H. Zhou, Y. Huang, J. Sun, F. Qin, J. Bao, W. A. Goddardiii, 
S.  Chen, Z.  Ren, Nat. Commun. 2018, 9, 2551; b) Y.  Pan, K.  Sun, 
S. Liu, X. Cao, K. Wu, W. C. Cheong, Z. Chen, Y. Wang, Y. Li, Y. Liu, 
D. Wang, Q. Peng, C. Chen, Y. Li, J. Am. Chem. Soc. 2018, 140, 2610; 
c) L.  Wang, J.  Fan, Y.  Liu, M.  Chen, Y.  Lin, H.  Bi, B.  Liu, N.  Shi, 
D. Xu, J. Bao, M. Han, Adv. Funct. Mater. 2021, 2010912.

[10]	 P. Liu, J. A. Rodriguez, J. Am. Chem. Soc. 2005, 127, 14871.
[11]	 a) J.  Cai, Y.  Song, Y.  Zang, S.  Niu, Y.  Wu, Y.  Xie, X.  Zheng, Y.  Liu, 

Y.  Lin, X.  Liu, G.  Wang, Y.  Qian, Sci. Adv. 2020, 6, eaaw8113;  
b) P. Xiao, M. A. Sk, L. Thia, X. Ge, R. J. Lim, J. Y. Wang, K. H. Lim, 
X. Wang, Energy Environ. Sci. 2014, 7, 2624.

[12]	 S. Anantharaj, S. Noda, V. R. Jothi, S. Yi, M. Driess, P. W. Menezes, 
Angew. Chem. Int. Ed. 2021, 60, 18981, 2.

Adv. Funct. Mater. 2021, 31, 2107333

 16163028, 2021, 48, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202107333 by Z
hengzhou U

niversity, W
iley O

nline L
ibrary on [15/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.afm-journal.dewww.advancedsciencenews.com

2107333  (8 of 8) © 2021 Wiley-VCH GmbH

[13]	 H.  Jin, X. Liu, S. Chen, A. Vasileff, L. Li, Y.  Jiao, L. Song, Y. Zheng, 
S. Z. Qiao, ACS Energy Lett. 2019, 4, 805.

[14]	 a) Y.  Wu, X.  Tao, Y.  Qing, H.  Xu, F.  Yang, S.  Luo, C.  Tian, M.  Liu, 
X.  Lu, Adv. Mater. 2019, 31, 1900178; b) C.  Guan, W.  Xiao, H.  Wu, 
X.  Liu, W.  Zang, H.  Zhang, J.  Ding, Y. P.  Feng, S. J.  Pennycook, 
J. Wang, Nano Energy 2018, 48, 73.

[15]	 a) R.  Ye, P.  del  Angel-Vicente, Y.  Liu, M. J.  Arellano-Jimenez, 
Z. Peng, T. Wang, Y.  Li, B. I. Yakobson, S. H. Wei, M. J. Yacaman, 
J. M. Tour, Adv. Mater. 2016, 28, 1427; b) W. Xiao, P. Liu, J. Zhang, 
W.  Song, Y. P.  Feng, D.  Gao, J.  Ding, Adv. Energy Mater. 2017, 7, 
1602086; c) P. Liu, J. Zhu, J. Zhang, P. Xi, K. Tao, D. Gao, D. Xue, 
ACS Energy Lett. 2017, 2, 745.

[16]	 a) M. A. R.  Anjum, J. S.  Lee, ACS Catal. 2017, 7, 3030;  
b) Q. W. Zhou, Z. H. Shen, C. Zhu, J. C. Li, Z. Y. Ding, P. Wang, F. Pan, 
Z. Y. Zhang, H. X. Ma, S. Y. Wang, H. G. Zhang, Adv. Mater. 2018, 
30, 1800140; c) K.  Liang, S.  Pakhira, Z. Z.  Yang, A.  Nijamudheen, 
L. C. Ju, M. Y. Wang, C. I. Aguirre-Velez, G. E. Sterbinsky, Y. G. Du, 
Z. X. Feng, J. L. Mendoza-Cortes, Y. Yang, ACS Catal. 2019, 9, 651;  
d) M. A. R.  Anjum, M. S.  Okyay, M.  Kim, M. H.  Lee, N.  Park, 
J. S. Lee, Nano Energy 2018, 53, 286; e) Y. Liu, Q. G. Feng, W. Liu, 
Q.  Li, Y. C.  Wang, B.  Liu, L. R.  Zheng, W.  Wang, L.  Huang, 
L. M. Chen, X. Xiong, Y. P. Lei, Nano Energy 2021, 81, 105641.

[17]	 Y. Men, P. Li, J. Zhou, G. Cheng, S. Chen, W. Luo, ACS Catal. 2019, 
9, 3744.

[18]	 K.  Xu, H.  Ding, M.  Zhang, M.  Chen, Z.  Hao, L.  Zhang, C.  Wu, 
Y. Xie, Adv. Mater. 2017, 29, 1606980.

[19]	 Y. Zhao, T. Ling, S. Chen, B. Jin, A. Vasileff, Y. Jiao, L. Song, J. Luo, 
S. Z. Qiao, Angew. Chem. Int. Ed. 2019, 58, 12252.

[20]	 J. Wang, X. Li, B. Wei, R. Sun, W. Yu, H. Y. Hoh, H. Xu, J. Li, X. Ge, 
Z. Chen, C. Su, Z. Wang, Adv. Funct. Mater. 2020, 30, 1908708.

[21]	 Y. Zang, S. Niu, Y. Wu, X. Zheng, J. Cai, J. Yee, Y. Xie, Y. Liu, J. Zhou, 
J. Zhu, X. Liu, G. Wang, Y. Qian, Nat. Commun. 2019, 10, 1217.

[22]	 W. K.  Gao, M.  Yang, J. Q.  Chi, X. Y.  Zhang, J. Y.  Xie, B. Y.  Guo, 
L. Wang, Y. M. Chai, B. Dong, Sci. China Mater. 2019, 62, 1285.

[23]	 Y.  Tan, H.  Wang, P.  Liu, C.  Cheng, F.  Zhu, A.  Hirata, M.  Chen,  
Adv. Mater. 2016, 28, 2951.

[24]	 C. Wang, S. Zhu, Y. Liang, Z. Cui, S. Wu, C. Qin, S. Luo, A.  Inoue,  
J. Mater. Sci. Technol. 2020, 53, 91.

[25]	 R.  Tang, S.  Zhou, L.  Zhang, L.  Yin, Adv. Funct. Mater. 2018, 28, 
1706154.

[26]	 X. Ma, K. Li, X. Zhang, B. Wei, H. Yang, L. Liu, M. Zhang, X. Zhang, 
Y. Chen, J. Mater. Chem. A 2019, 7, 14904.

[27]	 H. Liu, J. Guan, S. Yang, Y. Yu, R. Shao, Z. Zhang, M. Dou, F. Wang, 
Q. Xu, Adv. Mater. 2020, 32, 2003649.

[28]	 Y.  Tan, H.  Wang, P.  Liu, Y.  Shen, C.  Cheng, A.  Hirata, T.  Fujita, 
Z. Tang, M. Chen, Energy Environ. Sci. 2016, 9, 2257.

[29]	 Z. Shi, K. Nie, Z. J. Shao, B. Gao, H. Lin, H. Zhang, B. Liu, Y. Wang, 
Y. Zhang, X. Sun, X. M. Cao, P. Hu, Q. Gao, Y. Tang, Energy Environ. 
Sci. 2017, 10, 1262.

[30]	 a) Q.  Fu, L.  Yang, W.  Wang, A.  Han, J.  Huang, P.  Du, Z.  Fan, 
J.  Zhang, B.  Xiang, Adv. Mater. 2015, 27, 4732; b) J.  Xie, J.  Zhang, 
S. Li, F. Grote, X. Zhang, H. Zhang, R. Wang, Y. Lei, B. Pan, Y. Xie,  
J. Am. Chem. Soc. 2013, 135, 17881.

[31]	 Z. Chen, Y. Song, J. Cai, X. Zheng, D. Han, Y. Wu, Y. Zang, S. Niu, 
Y. Liu, J. Zhu, X. Liu, G. Wang, Angew. Chem. Int. Ed. 2018, 57, 5076.

[32]	 T.  Kou, M.  Chen, F.  Wu, T. J.  Smart, S.  Wang, Y.  Wu, Y.  Zhang, 
S.  Li, S.  Lall, Z.  Zhang, Y. S.  Liu, J.  Guo, G.  Wang, Y.  Ping, Y.  Li,  
Nat. Commun. 2020, 11, 590.

[33]	 J. Duan, S. Chen, C. A. Ortiz-Ledon, M. Jaroniec, S. Z. Qiao, Angew. 
Chem. Int. Ed. 2020, 59, 8181.

[34]	 J.  Li, M.  Yan, X.  Zhou, Z.-Q.  Huang, Z.  Xia, C.-R.  Chang, Y.  Ma, 
Y. Qu, Adv. Funct. Mater. 2016, 26, 6785.

[35]	 X.  Zhang, F.  Meng, S.  Mao, Q.  Ding, M. J.  Shearer, M. S.  Faber, 
J. Chen, R. J. Hamers, S. Jin, Energy Environ. Sci. 2015, 8, 862.

[36]	 H. Sun, X. Xu, Z. Yan, X. Chen, L. Jiao, F. Cheng, J. Chen, J. Mater. 
Chem. A 2018, 6, 22062.

[37]	 Y.  Deng, L. R. L.  Ting, P. H. L.  Neo, Y. J.  Zhang, A. A.  Peterson, 
B. S. Yeo, ACS Catal. 2016, 6, 7790.

[38]	 a) J.  Greeley, T. F.  Jaramillo, J.  Bonde, I. B.  Chorkendorff, 
J. K.  Nørskov, Nat. Mater. 2006, 5, 909; b) F.  Yang, Y.  Chen, 
G. Cheng, S. Chen, W. Luo, ACS Catal. 2017, 7, 3824.

[39]	 D. Cao, H. Xu, D. Cheng, Adv. Energy Mater. 2020, 10, 1903038.

Adv. Funct. Mater. 2021, 31, 2107333

 16163028, 2021, 48, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202107333 by Z
hengzhou U

niversity, W
iley O

nline L
ibrary on [15/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


