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Hydrogen production is a large and 
growing industry. The current use of 
hydrogen is mainly to produce ammonia 
and crack heavy oil.[1] Hydrogen also holds 
great promise for the energy carrier in 
future because it is clean and renewable.[2] 
Most technologies for H2 production use 
fossil fuels, which generate CO2 eventu-
ally and increase the greenhouse gas emis-
sion.[3,4] Electrochemical water splitting is 
a promising technology for clean H2 pro-
duction. However, electrolysis of water is 
an energy-intensive process. Its energy 
consumption is not competitive against 
conventional thermal reforming routes.[5] 
To reduce the total energy consumption, 
the overpotentials of the electrolysis reac-
tions must be reduced and the efficiencies 
must be increased.[2,4,6,7]

In the cathode of a water electrolyzer, 
the hydrogen evolution reaction (HER) 

occurs via 2H+  + 2e = H2.[8] Currently, noble metal materials 
(like Pt) have been regarded as the most effective and bench-
marking electrocatalysts. However, the cost and scarcity of 
noble metals hinder the large-scale applications. Cost-effective 
HER catalysts using earth-abundant elements are highly desir-
able in order to develop competitive technologies for water 
splitting. Recent studies revealed that transition-metal phos-
phides (TMPs, for examples, MoP,[9] CoP,[10,11] Ni2P,[12] and 
FeP[13]) demonstrated promising catalytic properties for the 
HER.[14] Among these reported electrocatalysts, cobalt phos-
phides and their alloy with other TMPs show relatively high 
HER catalytic activity.[11,15–17] Jaramillo and co-workers showed 
that Fe0.5Co0.5P have the high HER activity because of the 
near-optimal Gibbs free energy of H adsorption.[17] Chen and 
co-workers reported that Zn doping could make the Co–Co 
bridge sites favorable for thermo-neutral H adsorption and 
significantly reduce the overpotentials of the HER.[18] These 
progresses demonstrated an effective approach to design and 
optimize the HER activity by tuning the electronic structure of 
catalysts.[18–22] Furthermore, whether or not an anion doping is 
able to enhance the electrocatalytic properties of CoP deserves 
theoretical and experimental studies in order to advance the 
development of high-performance nonprecious catalysts.

In the anode of a water electrolyzer, oxygen gas evolves. 
O2 is not economically as valuable as H2 in terms of practical 

Hydrogen production is the key step for the future hydrogen economy. 
As a promising H2 production route, electrolysis of water suffers 
from high overpotentials and high energy consumption. This study 
proposes an N-doped CoP as the novel and effective electrocatalyst for 
hydrogen evolution reaction (HER) and constructs a coupled system for 
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drive a current density of −10 mA cm−2 for the HER. The oxygen evolution 
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is regenerated by a coupled H2S absorption reaction. The coupled system 
can significantly reduce the energy consumption of the HER and recover 
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Hydrogen Production

Q. Zhou, Z. Shen, C. Zhu, Z. Ding, Prof. P. Wang, Prof. H. Zhang
National Laboratory of Solid State Microstructures
College of Engineering and Applied Sciences
Institute of Materials Engineering, and Collaborative Innovation  
Center of Advanced Microstructures
Nanjing University
Jiangsu 210093, China
E-mail: hgzhang@nju.edu.cn
J. Li, Prof. H. Ma
Department of Chemical Engineering
Northwest University
Shaanxi 710069, China
Prof. F. Pan
School of Advanced Materials
Peking University
Shenzhen Graduate School
Shenzhen, Guangdong 518055, China
Prof. Z. Zhang
School of Information Science and Technology
Northwest University
Shaanxi 710127, China
Prof. S. Wang
College of Chemistry and Chemical Engineering
Hunan University
Changsha, Hunan 410012, China

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.201800140.

Adv. Mater. 2018, 1800140

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.201800140&domain=pdf&date_stamp=2018-05-17


© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800140  (2 of 8)

www.advmat.dewww.advancedsciencenews.com

demands.[23–25] Because the oxygen evolution reaction (OER) 
exhibits a high electrode potential (1.23 V vs H2/H+) and slug-
gish kinetics,[6,23,26] considerable overpotentials have to be 
applied on the anode, leading to the high energy consumption. 
If the OER is replaced by a reaction of low electrode poten-
tials (<1.23 V vs H2/H+), the energy consumption decreases. 
Hydrazine and urea had been studied as the anode sacrificial 
additive to reduce cell voltages.[25,27] The oxidation of 5-hydroxy-
methylfurfural was reported to reduce the anode potentials and 
at the same time produce value-added chemicals.[23,24] These 
strategies push the electrochemical H2 production toward prac-
tical applications. However, the industrial implementation of 
these technologies requires that the sacrificial additives could 
be supplied in a large quantity or the anodized products are 
in high demand and of high value.[9,23] Hydrogen disulfide 
widely occurs in natural gas resources, refinery byproducts, 
and some high concentration H2S gas fields.[28] Especially, oil 
refinery and coal chemicals industries produce a large amount 
of H2S, which is detrimental to environments because H2S is 
poisonous, flammable, and corrosive.[29] If the H2S absorption 
and conversion are able to be coupled into a high effective elec-
trochemical H2 production, the HER process will become even 
more economically viable.

In this study, we first proposed an N-doped CoP electrocata-
lyst for the HER. Nitrogen doping could modulate the electronic 
structure of orthorhombic CoP and tune the H adsorption on 
the CoP surface. Because N has a stronger electronegativity 
than P, the substitution of N for P leads to the charge transfer 
of Co to N and lowers the d-band center of Co. The interac-
tion of H atoms on the Co–Co bridge sites is weakened in 
N-doped CoP as compared to the pristine CoP. The adsorption 
energy is tuned close to be thermo-neutral. When used as the 
HER electrocatalyst, the N-CoP could reduce the HER overpo-
tential to −42 mV at a current density of −10 mA cm−2, which 
is only 10 mV more negative than that of Pt. At last, we dem-
onstrated an electrolyzer using N-CoP as the HER catalyst in 
the cathode and Fe3+/Fe2+ as the redox mediator in the anode. 
Instead of evolving O2 in the electrolyzer, Fe2+ is oxidized to 
Fe3+, which is then reduced to Fe2+ by H2S within an absorp-
tion reactor. Hydrogen and sulfur are produced in the electro-
lyzer and absorption reactor, respectively. The coupled system 

significantly lowers the energy consumption of hydrogen pro-
duction and concurrently recovers the useful sulfur resources.

Figure 1a shows the fabrication procedure of N-CoP on 
carbon cloth (CC). A hydrothermal route is first employed 
to coat the Co(OH)F precursor onto CC in autoclaves. The 
resultant CC@Co(OH)F is then phosphorized with NaH2PO2 
as the phosphor source in two gases of pure Ar or Ar/NH3, 
yielding CC@CoP or CC@N-CoP, respectively. The experi-
ment details are presented in the Supporting Information. The 
obtained composites are evaluated as the HER electrocatalysts in 
a coupled system of electrolytic hydrogen evolution and sulfur 
production. Figure 1b shows the concept of how electrolysis 
and absorption reactions are coupled. When hydrogen evolves 
on the cathode (CC@N-CoP), Fe2+ is oxidized to Fe3+ on the 
anode. A Nafion membrane separates the two compartments 
of the electrolyzer and only allows protons transport between 
the anode and cathode. The redox couple of Fe3+/Fe2+ and pro-
tons could be regenerated by bubbling H2S in the absorption 
reactor via the reaction: Fe3+ + H2S = Fe2+ + S↓ + 2H+.[30] After 
the sulfur precipitates are centrifuged, the separated liquid is 
recycled to the anode compartment of the electrolyzer.

Figure 2a shows the optical images of CC, CC@Co(OH)
F, CC@CoP, and CC@N-CoP. The scanning electron micro
scopy (SEM) images of CC@Co(OH)F in Figure 2b–d demon-
strated that Co(OH)F has the nanowire morphology with the 
diameter of 100−200 nm. Each nanowire roots on the CC sur-
face and grows along the radial direction of carbon fibers. The 
X-ray diffraction (XRD) pattern of the CC@Co(OH)F sample 
in Figure 2i indicates the combination of carbon and crystal-
lized Co(OH)F. After phosphorization, the nanowire mor-
phology (Figure 2e,f) is well retained. Although the crystallinity 
decreases as shown in Figure 2i, the weak XRD peaks of the 
phosphorized sample agree with orthorhombic CoP (JCPDS 
Card No. 29-0497). Figure 3a presents a transmission electron 
microscopy (TEM) image of a single CoP nanowire. It has a 
diameter of about 110 nm and straight needle-like shape. The 
high-resolution TEM (HRTEM) image in Figure 3b indicates 
that the phosphorized nanowire is polycrystal instead of single 
crystal. The lattice fringes of 0.247 and 0.284 nm in Figure 3b 
are indexed to the (111) and (011) planes of CoP. It indicates 
that Co(OH)F is converted to CoP during the heat treatment. 
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Figure 1.  Fabrication of HER catalysts and concept diagram of H2 and S productions: a) schematic illustration of the fabrication procedure of N-CoP 
electrocatalyst on CC and (b) concept of the coupled systems of electrolytic hydrogen evolution and sulfur production.
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When NH3 is introduced into the flowing gas, the resulting 
nanowires are twisted and some of them folded as shown in 
Figure 2g,h. These nanowires consist of coarse grains as com-
pared to the smooth shapes of Co(OH)F (Figure 2d) and CoP 
(Figure 2f). The TEM image in Figure 3d further confirms the 
coarsen surface of nanowires. The XRD pattern in Figure 2i 
and lattice fringes in Figure 3e show that the nanowires remain 
the orthorhombic CoP phase. Energy dispersive X-ray (EDX) 
spectroscopy is employed to map the elemental distribution 
along the diameter direction. By comparing the EDX plots in 
Figure 3c,f, it could be found that nitrogen is doped into the 
CoP nanowire.

Figure 3g shows the survey scan of the X-ray photoelectron 
spectroscopy (XPS) of CC@CoP and CC@N-CoP. The distinct 
N 1s peak at 398.9 eV is attributed to the Co–N bond, which 
indicates the doping of nitrogen.[31] In the XPS spectrum of CoP 
of Figure 3g, the peaks around 778.4 and 793.5 eV are attributed  

to the Co 2p3/2 and 2p1/2 levels due to spin–orbit splitting,  
respectively.[17,32] The Co 2p3/2 peak of CoP is shifted to higher 
energy than that of metallic Co (778.2 eV for Co 2p3/2).[33] It 
implies that the oxidation state of Co increases slightly in 
CoP. It agrees with previous studies.[32] Figure 3h shows that 
N doping shifts the binding energy of Co 2p3/2 from 778.4 to 
778.9 eV. It suggests the further increased oxidation state of Co 
atoms due to nitrogen doping. The P 2p signals in Figure 3i 
show two wide peaks, which are attributed to phosphide and 
phosphate, respectively. Previous reports explained that the sig-
nals of phosphate result from the superficial oxidation of metal 
phosphide after exposure to air.[16,17] The peak at ≈130 eV could 
be fitted into the P 2p3/2 and P 2p1/2 signals of phosphides. The 
increased binding energy of P 2p indicates that after N doping, 
P atoms partially lose charges as compared to pristine CoP. It 
is understandable that N has a stronger electronegativity than 
Co and P. The dopant N attracts electrons from Co and P and 
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Figure 2.  Materials characterizations: a) Optical images of CC, CC@Co(OH)F, CC@CoP, and CC@N-CoP. SEM images of (b–d) CC@Co(OH)F, 
(e,f) CC@CoP, and (g,h) CC@N-CoP at varied magnifications. i) XRD patterns of CC@Co(OH)F, CC@CoP, and CC@N-CoP.
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modulates the electronic structure of CoP. This modulation 
may provide an approach to tune the electrocatalytic properties 
of HER.

The electrocatalytic HER properties of the CoP samples 
were investigated in 0.5 m H2SO4 solution (see Note S1, Sup-
porting Information, for the experimental details). The linear 
sweep voltammetric (LSV) curves in Figure 4a show that Pt 
has the best HER electrocatalytic activity. Pt could deliver a cur-
rent density of −10 mA cm−2 at an overpotential of −33 mV. 
CC without CoP coating barely delivers −0.16 mA cm−2 even 
at an overpotential of −300 mV. For simplicity, the applied 
overpotential at −10 mA cm−2 is denoted as η10. CoP could 
reduce the η10 to −85 mV. CC@N-CoP demonstrates a much 
lower η10 of −42 mV. The inset of Figure 4a and Table S1 in 
the Supporting Information shows the overpotentials of four 
samples at varied current densities. CC@N-CoP demonstrates 
significantly decreased overpotentials at all three current densi-
ties as compared to CC@CoP. It indicates that N doping could 
improve the HER catalytic properties of CoP. The overpoten-
tials required for CC@N-CoP are almost close to those of Pt at 

the same current density. We summarized the recent reports 
about cobalt phosphide electrocatalysts in Table S2 in the Sup-
porting Information. CC@N-CoP is among the most active 
HER catalysts as compared to recently reported cobalt phos-
phides (Table S2, Supporting Information) and other transition 
metal based HER catalysts (Table S3, Supporting Information).

The Tafel plots in Figure 4b shows that the slope of CC@N-
CoP is 41.2 mV dec−1, which is lower than that of CC@CoP 
(50.5 mV dec−1) and near to that of Pt (30.1 mV dec−1). It sug-
gests the enhanced HER activity because of N doping. A low 
Tafel slope of 41.2 mV dec−1 is close to the theoretical value 
of 39 mV dec−1, implying that the HER on CC@N-CoP may 
proceed via a Volmer–Heyrovsky mechanism.[34] The HER 
rate may be determined by the electrochemical desorption of 
discharged proton via a Heyrovsky step.[8,34,35] The Tafel slope 
of CC@N-CoP is lower than those of most nonprecious cata-
lysts in Tables S2 and S3 in the Supporting Information. The 
exchange current density (j0) in Table S1 in the Supporting 
Information was calculated by extrapolating the intercept of 
the linear region in the Tafel plots. The j0 of CC@N-CoP is 
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Figure 3.  Structural and compositional characterizations: a) TEM image, (b) HRTEM image, and (c) EDX mapping of a CoP nanowire. d) TEM image, 
(e) HRTEM image, and (f) EDX mapping of N doped CoP nanowire. XPS analysis of (g) survey scan and N 1s, (h) Co 2p, and (i) P 2p spectra in CoP 
nanowire and N doped CoP nanowire on CC.
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1.18 mA cm−2, which is over ten times higher than that of CC@
CoP (0.11 mA cm−2). It is superior to other nonprecious HER 
electrocatalysts in Table S3 in the Supporting Information. 
Figure 4c shows the electrochemical impedance spectroscopy 
of CC@CoP and CC@N-CoP. The Nyquist plots were fitted 
with an equivalent circuit in the inset of Figure 4c. CC@N-CoP 
has the charge transfer resistance (Rct) of ≈0.25 Ω, which is far 
lower than that of CC@CoP (≈23.77 Ω). It indicates that the N 
doping enhances the charge transport kinetics of the catalytic 
HER.[20,36]

To evaluate the intrinsic catalytic activity, the electrochemi-
cally active surface area is estimated by measuring the double-
layer capacitance (Cdl)[37] and the turnover frequency (TOF) can 
be calculated according to the previous reports[38] (see Notes S2 
and S3, Supporting Information, for details). Figure S2 in the 
Supporting Information shows the cyclic voltammograms (CV) 
curves of CC@N-CoP and CC@CoP at varied scan rates. By fit-
ting the capacitive currents with the scan rates, the Cdl values 
for CC@N-CoP and CC@CoP are estimated to be 49.8 and 
45.2 mF cm−2, respectively. At an overpotential of −50 mV, the 
TOF of N-CoP is calculated to be 0.0199 s−1, which is 6.5 times 
higher than that of CoP (0.0031 s−1). The stability of electrocata-
lytic performance is evaluated by repeated CV sweeps and gal-
vanostatic electrolysis. Figure 4d shows that the overpotentials 
for CC@N-CoP could be well maintained with only a negligible 
loss of ≈5 mV at −10 mA cm−2 after 5000 CV sweeps. During 
the galvanostatic electrolysis, the overpotentials only increase 
less than 10 mV after 20 h at −10 mA cm−2. The post-HER 
analyses show that the chemical and morphological structures 
of cycled N-CoP are similar to those of as-synthesized N-CoP 

before cycling (see Note S4 and Figures S3–S6, Supporting 
Information). It indicates that CC@N-CoP exhibits good sta-
bility in acid solutions. Given the small overpotentials, low Tafel 
slope, large exchange current density, and high TOF, the N 
doping significantly improves the catalytic activity of CoP.

To further understand the mechanism of enhanced HER 
performance, we employ density functional theory (DFT) to 
calculate the free energy (ΔGH*) of H adsorption on various 
catalysts surfaces according to previous reports (see Note S5, 
Supporting Information).[1,22,39,40] The ΔGH* value of Pt (111) is 
−0.09 eV, which is almost thermo-neutral.[39,41] Figure 5a pre-
sents that the CoP (101) surface has a ΔGH* value of −0.52 eV 
on the Co–Co bridge site. The adsorption is relatively strong. 
After N doping, the ΔGH* increases to −0.14 eV, which is more 
thermo-neutral than that of undoped CoP. The thermo-neutral 
adsorption of H atoms implies the high catalytic activity,[1,6,42] 
which is in agreement with the experimental results. Figure 5b 
presents the atom configuration of H adsorption on the Co–Co 
bridge site of CoP (101) surface. As shown in Figure 5c, the 
Bader charge analysis is used to determine the charge transfer 
quantitatively. In undoped CoP, Co loses about 0.34 elec-
trons to P. The substitution of N for P attracts extra electrons 
(0.5 e) from the neighboring Co atoms (as shown in the table 
of Figure 5c) because N has the stronger electronegativity than 
P. The calculated density of states (DOS) in Figure 5d shows 
the downshift of d-band due to the N doping. The orbital anal-
ysis (Note S6 and Figures S7 and S8, Supporting Information) 
indicates the strong Co–Co interaction and lowered d-band 
because of the reduced Co–Co separation caused by stronger 
N electronegativity. The lowered d-band center predicts the 
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Figure 4.  Electrochemical characterizations: HER performances of several electrocatalysts: a) LSV curves of CC, CC@CoP, CC@N-CoP, and Pt (the 
inset compares overpotentials at varied current densities). b) Tafel plots of CC@CoP, CC@N-CoP, and Pt. c) Nyquist plots of CC@CoP and CC@N-CoP. 
d) LSV curves of CC@N-CoP prior to and after 5000 cycles (the inset shows the cycling stability of CC@N-CoP at −10 mA cm−2 for 20 h).
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weakening adsorption.[18,43] This trend is verified by choosing 
several other low-index crystal planes to study the changes in 
the surface hydrogen adsorption energy before and after the N 
doping (Figure 5a and Table S4, Supporting Information). We 
further examined the HER activities of the N-CoP samples with 
varied N doping positions and contents (Notes S6 and S7, Sup-
porting Information) to study the influences of N dopants on 
catalytic activities via annealing experiments and theoretic DFT 
calculations (Notes S6–S8, Supporting Information). We found 
that there is an optimal value at 7.7% doping (anion basis) for 
the highest activity enhancement because of the H adsorption 
energy close to thermos-neutral states. Thus, the experimental 
and theoretic studies corroborate that N doping modulates the 
adsorption of H on the CoP surface to be more thermo-neutral 
and improve the catalytic performances for the HER.[19,44]

The high electrocatalytic performances of CC@N-CoP 
encourage us to investigate the hydrogen production with 
even lower energy consumption. A coupled system consisting 
of an electrolyzer and an oxidation reactor is employed to pro-
duce hydrogen via HER and concurrently recover the useful 
sulfur resources. In the electrolyzer, H2 gas evolves in the 
cathode compartment (Figure 6a), which is separated from 
the anodic compartment by a proton-exchange membrane as 
shown in Figure 6b. In the anodic compartment, Fe2+ is oxi-
dized to Fe3+. The redox couples of Fe3+/Fe2+ are introduced 
to another absorption reactor in which Fe3+ oxidizes H2S and 

produces sulfur and protons (Figure 6c). The regenerated 
Fe3+/Fe2+ couples and H+ are recycled to the anodic compart-
ment. Protons further diffuse through the Nafion membrane 
and evolve as H2 in the cathode. We compared three electro-
lyzers: I) CC@N-CoP//CC in 0.5 m H2SO4, II) CC@N-CoP//
Pt in 0.5 m H2SO4, and III) CC@N-CoP//CC in 0.5 m H2SO4 
with 0.96 m FeSO4/0.74 m Fe3(SO4)2 (the electrodes on the left 
and right sides of “//” are the cathode and anode electrodes, 
respectively). Figure 6d shows that the first electrolyzer using 
CC@N-CoP//CC requires the voltage of as high as 1.91 V 
to drive the current of 10 mA cm−2 because CC has the low 
catalytic activity for the OER. In the second electrolyzer using 
CC@N-CoP//Pt, Pt is able to reduce the voltage to 1.76 V at 
10 mA cm−2. In the electrolyzer of the coupled system, OER 
is replaced with the oxidation reaction of Fe2+. Overpotentials 
of electrolysis are significantly reduced. Only 0.89 V is able to 
drive the current density of 10 mA cm−2. The energy consump-
tion of the third electrolyzer decreases by 53% as compared to 
the first electrolyzer. The oxidized Fe3+ in the anodic compart-
ment is introduced to react with H2S in the absorption reactor 
(Figure 6c). The sulfur precipitate shows the crystallized XRD 
pattern which is in good agreement with α-S (JCPDS card 
08-0247, Figure S20, Supporting Information).

A chronopotentiometric method is used to evaluate the long-
term stability of the HER in the coupled system. During a 20 h 
test, the applied potentials increase nearly 20 mV (Figure 6e), 
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Figure 5.  Mechanism investigation: a) Free energy diagram for hydrogen (H*) adsorption at the Co–Co bridge site on several low-index planes of CoP 
with and without N doping. b) Geometric configuration of H adsorption on the CoP (101) surface. c) Bader charge analysis and their differences to 
purely ionic models (ΔQ). d) Calculated DOS of Co atoms on the CoP (101) surface prior to and after N doping.
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indicating the good stability. The Faradaic efficiency of the HER 
is estimated by comparing the amount of evolved H2 with the 
theoretical value (see Note S9, Supporting Information). The 
generated H2 matches the theoretical value well. Figure S21 in 
the Supporting Information shows that the average Faradaic effi-
ciency is ≈95.7% at varied current densities. The sulfur produc-
tion efficiency is ≈95.1% (Figure S22, Supporting Information).

In conclusion, we developed a high-performance HER electro-
catalyst by introducing nitrogen into orthorhombic CoP. Because 
of the strong electronegativity of nitrogen, the N dopants attract 
extra electrons from Co as compared to P and modulate the elec-
tron structure of CoP. The lowered d-band leads to the weak-
ened adsorption of H on the surface of CoP and makes the free 
energy of adsorbed H (ΔGH*) closer to thermos-neutral states to 
enhance the HER activity. The overpotential for driving a cur-
rent density of −10 mA cm−2 is reduced to −42 mV, which is 
close to that of the benchmarking Pt catalyst for the HER. We 
further applied the newly developed HER catalyst for hydrogen 
and sulfur production in a coupled system. Because of the high 
catalyst activity of N-CoP and redox mediator, the energy con-
sumption for hydrogen production via the HER is significantly 
reduced and useful sulfur sources are also recovered.
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from the author.
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