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amorphous Co–P–B ternary
catalyst for hydrogen evolution reaction†

Junhyeong Kim,a Hyunki Kim,a Soo-Kil Kim*b and Sang Hyun Ahn *a

The catalytic activity of amorphous Co–P–B catalysts electrodeposited on carbon paper (CP) for the

hydrogen evolution reaction (HER) was investigated in aqueous 0.5 M H2SO4 electrolyte. Based on the

measured double layer capacitance (Cdl) and HER activity, it was found that the HER intrinsic activity

exhibited volcano behavior when plotted as a function of the B/P ratio in the Co–P–B catalyst. It was

revealed that based on the electronic structures of the elements, electron transfer among the three

elements is a significant factor for enhancing the intrinsic activity for the HER. The highest activity was

obtained with a B/P ratio of �1, where electron transfer among the three elements was maximized.
Introduction

Due to the global warming, numerous studies have been con-
ducted on the development of eco-friendly hydrogen energy.1

Among the various methods of hydrogen production,2–5 the
electrolysis of water has been recognized as promising owing to
the simplicity of the system, moderate operating conditions,
unlimited raw material, and high purity of the hydrogen
generated.6 Moreover, if the water electrolysis system is driven
by electricity from renewable energy such as sunlight or wind
power, a completely eco-friendly system can be constructed.7 In
order to overcome the disadvantages of conventional water
electrolyzers (e.g., ohmic loss),8 membrane electrode assembly
(MEA)-based electrolyzers have been investigated, including
proton exchange membrane water electrolyzers (PEMWEs)9 and
anion exchange membrane water electrolyzers (AEMWEs).10 It is
known that the PEMWE is advantageous over the AEMWE
owing to the higher hydrogen production rate and energy effi-
ciency.11 However, commercialization of the PEMWE is limited
as this system is not cost-effective due to the extensive use of
noble metal-based catalysts. Platinum (Pt) is recognized as the
best catalyst for the cathode for the HER, but is very expensive.
Consequently, it is essential to develop HER catalysts that are
cost effective and exhibit high activity.

Unlike oxygen evolution reaction (OER) catalysts for the
anode, transition metal-based catalysts (e.g., metal alloys,12–14

phosphides,15–19 suldes,20–22 borides,23–25 nitrides,26–28 and
carbides-29,30) can be used for the HER in acidic solution
because they are electrochemically stable in the operating
erial Science, Chung-Ang University, 84

ublic of Korea. E-mail: shahn@cau.ac.kr

g University, 84 Heukseokno, Dongjak-gu,

kilkim@cau.ac.kr

tion (ESI) available. See DOI:

2–6288
potential window of the HER.31 Cobalt phosphides exhibit
excellent HER activity and stability, and therefore, extensive
studies on their morphological32 and compositional control
have been undertaken.33 In terms of morphological control,
various structures of cobalt phosphides with increased active
sites (as well as certain facets) have been reported, such as
spheres,34,35 nanoneedles,36 nanorods,37 nanoparticles,38 nano-
wires,39,40 nanosheets,41 polyhedrons,42,43 lms,44 and foams.45

Moreover, many studies have explored the relationship between
the HER performance and composition of cobalt phosphide.18

Callejas and colleagues suggested that the HER overpotential of
CoP was lower than that of Co2P with a homogeneous
morphology.18 It has been reported that the catalytic perfor-
mance of cobalt phosphide for the HER increased with an
increase in the P ratio,46 which is similar to the behaviour
observed for nickel phosphide16 and molybdenum phosphide.19

This enhancement may be derived because electron-rich and
highly electronegative phosphorus acts as an effective active site
for the HER by altering the hydrogen binding energy.47 Transi-
tion metal borides have been investigated by similar
approaches.25,48–51 Unlike the case of cobalt phosphide, it was
revealed that the crystallinity of cobalt boride affected the
direction of electron transfer between cobalt and boron.49 In the
case of amorphous Co–B, the electrons localized on boron were
transferred to ll the vacant d-orbital of cobalt; thus, electron-
rich cobalt acted as an active site for the HER in NaBH4 solu-
tion. Further improvement of the HER performance has been
achieved with Co–Ni–B under various pH conditions.50

Considering the advantages of cobalt phosphides and
borides, cobalt-based complexes containing phosphorus and
boron (Co–P–B) may be promising catalysts for the HER,51

however the researches about this are rare. Co–P–B species are
generally synthesized by chemical reduction using NaBH4 (ref.
52) where NaBH4 serves as a strong reducing agent as well as
a boron source in the aqueous solution. However, this method
This journal is © The Royal Society of Chemistry 2018
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has demerits in that the process takes a long time and requires
a relatively high temperature (�70 �C). On the other hand, the
electrodeposition method facilitates a simple and short process
at room temperature under ambient pressure.53,54 It is also
known to be advantageous in offering easy control of the
morphology and composition by adjustment of the process
parameters, such as the electrolyte composition, deposition
potential, and time. The methodological simplicity enables
a quick survey of the relationship between the material prop-
erties and catalytic activity. Furthermore, with respect to the
fabrication of gas diffusion electrodes (GDEs), the electrode-
position method provides a one-pot process that is advanta-
geous over the conventional GDE fabrication process consisting
of catalyst synthesis and following coating process.55

The results presented herein demonstrate the direct elec-
trodeposition of Co–P–B catalysts on carbon paper (CP) as
a GDE for the PEMWE. Controlling the precursor concentration
in the electrodeposition bath enables easy control of the catalyst
composition, especially in B/P ratio. The HER activity of the
catalyst is investigated in acidic environment. Based on the
electrochemical surface area (ECSA), the HER intrinsic activity
shows volcano behaviour as a function of the B/P ratio in the
catalysts. Analysis of the electronic structure reveals that elec-
tron transfer among the three elements is signicantly affected
by the B/P ratio.
Experimental
Electrodeposition of cobalt–phosphorus–boron (Co–P–B)

As a working electrode, the CP substrate was pre-treated by
immersion in 30% HNO3 at 50 �C for 30 min in order to provide
hydrophilicity to the surface.56 A lab-made Teon cell with an
area of 1.13 cm2 exposed to the deposition electrolyte was used
as the three-electrode cell system for electrodeposition. A Pt wire
and a saturated calomel electrode (SCE, KCl saturated) were
used as the counter and reference electrodes, respectively. The
composition of the electrolyte used for electrodeposition is as
follows: the concentration of CoCl2$6H2O (99.0%, DAEJUNG), as
a cobalt precursor, was xed at 1 mM with a 0.1 M NaCl (50%,
Fluka) supporting electrolyte. NaH2PO2$H2O (95.0%, YAKURI)
and H3BO3 (99.5%, DAEJUNG) were added as a phosphorus and
boron source, respectively, maintaining a total concentration of
0.5 M.57 The electrolytes were purged by bubbling with N2 gas for
30 min to remove dissolved oxygen in the electrolyte. Electro-
deposition was performed by applying a constant deposition
potential of �1.5 VSCE for 600 s, where the potential was
controlled by a potentiostat (Autolab PGSTAT302N, Metrohm) at
room temperature and atmospheric pressure.
Fig. 1 Low- and (inset) high-magnification FESEM images of (a) CP
and (b–f) electrodeposited Co–P–B catalysts on CP using each
electrolyte composition: (b) Co57P27B16/CP, (c) Co53P27B20/CP, (d)
Co59P20B21/CP, (e) Co41P21B38/CP, (f) Co34P20B46/CP.
Characterization

Field-emission scanning electron microscopy (FESEM, SIGMA,
Carl Zeiss) and X-ray diffraction (XRD, New D8-Advance,
BRUKER) were used to examine the surface morphology and
crystal structure of the Co–P–B catalyst, respectively. X-ray
photoelectron spectroscopy (XPS, K-alpha+, ThermoFisher
Scientic) was used to investigate the electronic structure and
This journal is © The Royal Society of Chemistry 2018
compositional ratio of the elements at the catalyst surface.
Transmission electronmicroscopy (TEM, JEOL Ltd., JEM-2100F)
with scanning transmission electron microscopy (STEM, Bright-
eld, lattice resolution: 0.2 nm) was employed to analyze the
shape and composition of a single Co–P–B catalyst particle. The
crystal structure was conrmed from the selected area electron
diffraction (SAED) pattern.
Electrochemical measurements

Electrochemical analysis was performed by using a three-
electrode system connected to a potentiostat (Autolab
PGSTAT302N, Metrohm). The working electrode was Co–P–B
electrodeposited on CP, and a Pt wire and a SCE were used as the
counter and reference electrode, respectively. In order to inves-
tigate the surface roughness of electrodeposited Co–P–B, cyclic
voltammetry (CV) was conducted in the non-faradaic potential
range in 0.5 M H2SO4 (95.0%, JUNSEI). The Cdl was determined
by plotting themean value of the anodic and cathodic currents as
a function of the scan rate. The HER activity tests were performed
in 0.5 M H2SO4 (95.0%, JUNSEI) by CV scans in the potential
range of �0.2 VSCE to �0.8 VSCE at a scan rate of 50 mV s�1. All
potentials were converted relative to the reversible hydrogen
electrode (RHE). Before all electrochemical measurements, the
electrolyte was purged by bubbling with N2 gas for 30 min.
Results and discussion

Electrodeposition was conducted on pre-treated CP (Fig. 1a) by
varying the electrolyte composition at a constant potential of
�1.5 VSCE for 600 s. The composition of the electrolytes used for
J. Mater. Chem. A, 2018, 6, 6282–6288 | 6283



Fig. 3 (a) TEM image and (b) SAED patterns of Co59P20B21/CP catalyst.
STEM and elemental mapping images of Co59P20B21/CP catalyst: (c)
cobalt, (d) phosphorus, (e) boron.
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electrodeposition are summarized in Table S1 (ESI†) For all of
the Co–P–B catalysts (Fig. 1b–f), the lower magnication FESEM
images show that the distribution of the deposits on the surface
of the CP was mostly uniform, indicating that pretreatment of
CP conferred hydrophilicity to the surface for electrodeposi-
tion.56 The negligible difference in the cluster size means that
the morphology of the Co–P–B catalysts was not signicantly
affected by the electrolyte composition. The nomenclature of
the catalysts reects their composition measured by XPS anal-
ysis (see Table S1, ESI†). With an increase in the B/P precursor
ratio in the electrolyte, the B/P atomic ratio of the Co–P–B
catalysts increase, as shown in Fig. S1 (ESI†). As a reference, the
electrodeposition was carried out without adding B or P sources
to the electrolyte, resulting in a different morphology than that
of the Co–P–B catalysts (Fig. S2a and b, ESI†). Fig. 2 shows the
XRD patterns of the CP before and aer electrodeposition of the
Co–P–B catalysts. Three peaks were observed at 40.6�, 43.2� and
54.7� in the prole of the CP substrate.

Fig. 3a shows the TEM image of a single Co59P20B21/CP
particle which exhibited the highest HER performance. The size
of the individual particles is in a range of 100–200 nm, which
corresponds well with the FESEM analysis (see inset of Fig. 1d).
From the SAED pattern (Fig. 3b), it is conrmed that there is no
diffraction ring, indicating the amorphous structure of the
Co59P20B21/CP catalyst, which is consistent with the XRD
pattern (Fig. 2). As shown in the elemental map (Fig. 3c–e),
cobalt and phosphorus are uniformly distributed in the single
Co59P20B21/CP particle. In the case of boron, the mapping image
was not trustworthy due to the lower intensity of the signal
because boron is a light element.

The catalytic activity of the electrodeposited Co–P–B catalyst
for the HER was tested by CV scanning in N2-purged 0.5 M
H2SO4 solution. Fig. 4a shows the forward CV scans where
compensation was made for the electrolyte resistance. The HER
activity of the CP substrate was negligible. For the Co–P–B
catalysts, the HER activity followed the order: Co59P20B21/CP >
Co41P21B38/CP > Co34P20B46/CP z Co53P27B20/CP > Co57P27B16/
Fig. 2 XRD patterns of CP and electrodeposited Co–P–B catalysts on
CP with each atomic composition.

6284 | J. Mater. Chem. A, 2018, 6, 6282–6288
CP. Fig. 4b shows the Tafel plot with a slope in the range of
about 62–68 mV dec�1, indicating that in the presence of the
Co–P–B catalysts, the HER followed the Volmer–Heyrovsky
mechanism (Volmer reaction: M + H+ + e� / M � Had, Heyr-
ovsky reaction: M�Had + M�Had / 2M + H2).58 The exchange
current density for the HER is calculated and the highest value
was 0.031 mA cm�2 for Co59P20B21/CP, as summarized in Table
S2 (ESI†). The Cdl was determined by CV at scan rates of 10–
200 mV s�1 in the non-faradaic potential range of each catalyst
(Fig. S3, ESI†). The mean value of the anodic and cathodic
current density is plotted as a function of the scan rate (Fig. 4c).
The slope shows the Cdl representing the surface roughness of
Fig. 4 (a) Polarization curves of Co–P–B catalysts at a scan rate of
50 mV s�1. (b) Tafel plots of Co–P–B catalysts. (c) Double layer
capacitance for Co–P–B catalysts as a function of scan rate. (d)
Polarization curves of Co–P–B catalysts based on scaled current for
HER intrinsic activity. All the electrochemical measurements were
performed in 0.5 M H2SO4.

This journal is © The Royal Society of Chemistry 2018



Fig. 5 Volcano plots of scaled current according to B/P atomic ratio in
Co–P–B catalysts.
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Co–P–B catalysts. In order to evaluate the intrinsic activity, the
forward CV scans for the HER is normalized by the measured
Cdl (Fig. 4d) excluding the effect of the ECSA. The scaled current
representing the intrinsic HER activity follows the order: Co59–
P20B21/CP > Co53P27B20/CP > Co41P21B38/CP > Co34P20B46/CP >
Co57P27B16/CP. In general, the intrinsic activity of a catalyst for
the HER is signicantly affected by changes in the binding
energy of hydrogen caused by specic crystal facets and the
elemental composition.18 For the prepared Co–P–B catalysts, the
intrinsic activity originating from the facets could be excluded
in the present study as no facets were present based on the
absence of dened peaks in the XRD pattern (Fig. 2) and of
a diffraction ring in the SAED pattern (Fig. 3b).
Fig. 6 XPS spectra of Co–P–B catalysts with various atomic composition
of each elemental component.

This journal is © The Royal Society of Chemistry 2018
Fig. 5 demonstrates the HER scaled current at �0.15 VRHE

from Fig. 4d as a function of the B/P ratio in the Co–P–B cata-
lysts. Below the B/P ratio of�1, the scaled current was increased
by increase of the B/P ratio. The highest intrinsic HER activity
was observed for Co59P20B21/CP having a B/P ratio of �1 and
then, the scaled current was decreased by further increase of the
B/P ratio. The volcano relationship between the scaled the
current and B/P ratio indicates the existence of a signicant
interrelation among the three elements, conceivably affecting
the hydrogen binding energy on the surface of Co–P–B/CP
catalysts.

To evaluate the effect of the elements on the HER intrinsic
activity, XPS analysis was conducted for each of the Co–P–B
catalysts on CP (Fig. 6). The XPS spectra of all the Co–P–B
catalysts show two peaks of the Co 2p3/2 state around 778.6 eV
and 781.5 eV (Fig. 6a). The measured binding energy of 778.6 eV
is positively shied relative to the reported binding energy of
metallic Co (778.1 eV),36 indicating that Co on the catalyst
surface is oxidized due to the formation of native oxide or
electron depletion by neighbouring P or B elements. In addi-
tion, the peak ratio of metallic and oxidized Co changed
depending on the B/P ratio in the catalysts. Fig. 6b shows the P
2p XPS spectra of the Co–P–B catalysts. The two separated peaks
in the range of 128.0–131.5 eV represent the P 2p3/2 and 2p1/2
states, whereas the peak at higher binding energy corresponds
to the oxidized state of phosphorus. Compared with the re-
ported binding energy of elemental P (130.1 eV),59 the P 2p3/2
binding energy is shied to a lower value for all the catalysts,
conceivably indicating that the electron density of phosphorus
increases aer formation of the Co–P–B catalyst. In the case of
the B 1s spectra (Fig. 6c), for all of the Co–P–B catalysts, the
binding energy shi in the positive direction relative to the re-
ported binding energy of elemental B (187.2 eV).60 The
: (a) Co 2p, (b) P 2p and (c) B 1s regions. Red dash line is binding energy

J. Mater. Chem. A, 2018, 6, 6282–6288 | 6285
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transferred electrons play a role in partially preventing the
oxidation of cobalt.

The binding energies of the P 2p3/2 and B 1s peaks are
summarized in Fig. 7a. The binding energy of P 2p3/2 is mini-
mized (i.e., showed the largest shi) when the B/P ratio in the
catalysts is about 1 (Co59P20B21/CP), whereas the binding energy
of the B 1s peak shows the maximum value for the Co59P20B21/
CP catalyst. In the XPS spectra of reported Co–P catalysts,
similar shis of the binding energy to a higher value for Co 2p
and a lower value for P 2p were observed for CoP3 nanoneedles36

and CoP nanowires,39 owing to the difference in the electro-
negativity of Co and P. It should be noted that the shi in the
binding energy was also inuenced by the catalyst composition.
In the case of the reported Co–B catalyst, electron transfer from
B to Co occurred in the amorphous Co–B catalyst to ll the
vacant d-orbital of cobalt,49 making the Co in the Co–B catalyst
electron-rich. Thus, it could be inferred that competitive elec-
tron transfer between Co–P and Co–B was operative in the
electrodeposited Co–P–B catalysts and was maximized in the
Co59P20B21/CP catalyst having a B/P ratio of �1. Similar results
have been reported with Co–B–P61 and Ni–P–B62 prepared by
a chemical reduction method for hydrogenation of ammonia
borane and nitrobenzene, respectively. Furthermore, electron
transfer between P and B is thought to have affected the binding
energy shi. Because electron transfer is most effective between
Co–P and Co–B,63 the highest intrinsic activity was obtained
with the Co59P20B21/CP catalyst having a B/P ratio of �1. As
Fig. 7 (a) Scaled current of Co–P–B catalyst corresponding to binding
energy of P 2p3/2 (navy) and B 1s (orange) with atomic ratio of catalyst.
(b) Comparison of HER performance in 0.5 M H2SO4 with other CoPx

electrocatalysts reported in literature.32,36,41,47,64–68

6286 | J. Mater. Chem. A, 2018, 6, 6282–6288
reported, the electron-rich P in the Co–P case47 and the electron-
rich Co in the Co–B case60 provided active sites for the HER.
Taking advantage of both effects, the synergetic effect between
Co–P and Co–B in the Co59P20B21/CP catalyst led to the highest
intrinsic activity of this catalyst for the HER in the present
study. When the B/P ratio was reduced to below�1, the intrinsic
HER activity of the catalysts gradually decreased. Compared to
literature dealing with Co–P HER catalysts,32,36,41,47,64–68 the
Co59P20B21/CP catalyst showed higher intrinsic activity, repre-
sented by the scaled current (Fig. 7b). Moreover, the Co59P20B21/
CP catalyst electrodeposited on CP is structurally advantageous
for direct use as a cathode for PEMWE single cell operation.

Conclusions

Electrodeposition was used for the facile fabrication of Co–P–B
catalysts on CP as a cathode for the PEMWE. By varying the
electrolyte composition, the B/P ratio in the Co–P–B catalyst was
easily controlled in the range of 0.61–2.39. Highly concentrated
P and B sources in the deposition bath enabled the formation of
an amorphous structure, thereby excluding the effect of the
crystallinity on the HER activity. XPS analysis demonstrated that
electron transfer from Co to P and from B to Co was operative
among the three elements, depending on their relative ratios.
The plot of the intrinsic activity for the HER as a function of the
B/P ratio in Co–P–B catalysts showed volcano behaviour. The
Co59P20B21/CP catalyst having a B/P ratio of �1 showed the
highest HER intrinsic activity owing to the synergetic effect of
electron transfer.
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