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Highly active, durable and cost-effective catalysts toward the hydrogen evolution reaction (HER) are crucial

for widespread use of electrochemical water splitting in hydrogen production. Herein, a hierarchical core–

shell nanorod array (NRA) comprising an inner crystalline CoP nanorod and an outer amorphous CoB (a-

CoB) nanosheet (CoP@a-CoB) is fabricated on conductive carbon cloth through a successive

phosphidation–chronoamperometry–boronation strategy. The as-obtained catalyst exhibits excellent

HER activity with low overpotentials of 56.3 and 81.2 mV at a current density of 10 mA cm�2 in alkaline

and acidic electrolytes, respectively. Furthermore, it exhibits superior long-term stability with almost no

activity degradation. The outstanding HER electrocatalytic performance might be attributed to the

unique hierarchical core–shell NRA structure with the crystalline CoP nanorod as the core and the

amorphous CoB nanosheet as the shell, which could not only provide abundant active sites, but also

guarantee effective electron transport. This work opens up a promising way to rationally design high-

efficient electrocatalysts for hydrogen production.
Hydrogen is widely considered as one promising alternative to
traditional fossil fuels due to its high gravimetric energy density
and pollution-free characteristics.1–3 Electrochemical water
splitting by using electricity from the intermittent renewable
solar energy is an economic, sustainable and environment-
friendly approach for green hydrogen production.4–7 Currently,
Pt based electrocatalysts are still the most active ones for the
hydrogen evolution reaction (HER).8–10 However, their wide-
spread commercial applications are greatly restricted by their
low abundance on the earth, high cost, and unsatisfactory
stability. Therefore, it is of great signicance to develop earth-
abundant and cost-effective catalysts with high activity and
excellent stability for the hydrogen economy.

Recently, Co based compounds have been explored to be
attractive candidates to replace Pt based catalysts, due to their
earth-abundance, low cost and ease of scale-up, such as CoO,
CoP, CoSe2, and CoS2.11–17Nevertheless, the HER performances of
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those Co based compounds still need to be enhanced to reach the
level of Pt-based catalysts. It has been demonstrated that ratio-
nally tailoring the crystallinity and nanostructure of an electro-
catalyst is considered as one highly efficient approach to
improving its intrinsic activity.18–20 Compared with crystalline
materials, amorphous counterparts with a disordered atomic
arrangement could normally provide abundant active sites,
plenty of defects and unsaturated coordination sites, which could
greatly boost the electrocatalytic activity.21–23 However, generally,
amorphous materials possess low electronic conductivity,
causing an extra energy barrier and thus leading to performance
degradation.24,25 One promising solution is to construct the core–
shell nanoarray structure, especially with a conductive core and
amorphous shell, which can not only facilitate rapid charge
transfer, but also increase the number of exposed active sites.26–28

Moreover, the strong interaction between the core and the shell
can modulate the electronic structure of active sites, which could
be benecial for the activity improvement.29,30 More importantly,
the self-supported nanoarray on conductive substrates (i.e.
carbon cloth, carbon paper) without usage of binders (i.e.Naon)
could accelerate mass diffusion, expedite release of accumulated
gas bubbles, and prevent the catalyst from delamination.31–34

Therefore, it is desirable to design and synthesize a Co-based
core–shell nanoarray with conductive core and amorphous
shell to improve the HER performance.

Based on the above considerations, a novel, hierarchical
core–shell nanorod array (NRA) was integrated on carbon cloth
J. Mater. Chem. A, 2021, 9, 19719–19724 | 19719
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Fig. 2 (a) SEM image (inset is the enlarged SEM image) of the CoP NRA
on CC. (b) TEM image of one typical CoP nanorod. (c) XRD pattern of
the CoP@a-CoB HNRA. SEM images of the CoP@a-CoB HNRA on CC
with (d) low and (e) high magnification. (f) TEM image of two CoP@a-
CoB hierarchical nanorods. (g) HRTEM image of the CoP@a-CoB
hierarchical nanorod. (h) HAADF-STEM image of one typical CoP@a-
CoB hierarchical nanorod. (i) The corresponding EDS elemental
mapping images.
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(CC), in which the amorphous CoB (a-CoB) nanosheet (NS) is in
situ grown on the surface of the crystalline CoP NRA. During the
fabrication, the CoP NRA on CC was transformed into
a CoP@Co(OH)2 hierarchical NRA (HNRA) by chro-
noamperometry electrolysis, which was subsequently converted
into CoP@a-CoB HNRA via boronizing treatment. It is found
that the hierarchical and crystalline–amorphous core–shell
structure can not only greatly increase the amount of exposed
active sites, but also expedite the electron and mass transfer.
The as-synthesized CoP@a-CoB HNRA exhibits excellent HER
activity with low overpotentials of 56.3 and 81.2 mV to deliver
the current density of 10 mA cm�2 in alkaline and acidic solu-
tions, and is much better than CoP, a-CoB andmost reported Co
based HER electrocatalysts. Moreover, the CoP@a-CoB HNRA
displays excellent durability with almost no potential change
during long-term electrolysis. This work provides an effective
strategy to synthesize efficient and stable electrocatalysts for the
HER.

The fabrication procedure of the CoP@a-CoB HNRA on CC is
illustrated in Fig. 1. The detailed process is presented in the
ESI.† Firstly, the Co(CO3)0.5(OH)0.11$H2O (CoCH) NRA was rstly
synthesized on CC by a low temperature hydrothermal method.
Scanning electron microscopy (SEM) images and the X-ray
diffraction (XRD) pattern demonstrate the successful
synthesis of the CoCH NRA (Fig. S1 and S2†). Aerward, the
CoCH NRA was phosphatized using Na2H2PO2 at 300 �C for 2 h
to obtain the CoP NRA. The XRD pattern conrms the formation
of CoP (Fig. S3†). As indicated by the SEM and transmission
electron microscopy (TEM) images of the CoP NRA, the NRA
structure is well maintained aer phosphorization (Fig. 2a and
b). Subsequently, the CoP@Co(OH)2 HNRA was achieved by
chronoamperometry electrolysis at �0.16 V (vs. the reversible
hydrogen electrode, RHE) for 8 h by using CoP NRA/CC as the
working electrode. In the XRD pattern of the CoP@Co(OH)2
HNRA (Fig. S4†), the formation of Co(OH)2 is conrmed by the
appearance of some new diffraction peaks, located at 19.1�,
32.5�, 38.0�, 51.4�, 57.9�, 59.6�, 61.5�, 69.5� and 71.3�, which can
be indexed to the (001), (100), (101), (102), (110), (003), (111),
(103), and (201) planes of Co(OH)2, respectively. The SEM and
TEM images show that CoP@Co(OH)2 displays a hierarchical
structure, in which the surface of the nanorod is covered with
plenty of ultrathin nanosheets (Fig. S5†). As shown in the high-
resolution TEM (HRTEM) image of the CoP@Co(OH)2 HNRA,
Fig. 1 Schematic illustration of the synthesis process of the CoP@a-
CoB HNRA on CC.

19720 | J. Mater. Chem. A, 2021, 9, 19719–19724
the lattice distances of 3.74 and 2.78 Å from the inner nanorod
and outer nanosheet correspond to the (101) plane of CoP and
the (100) plane of Co(OH)2, respectively, which conrms the
structure of the CoP@Co(OH)2 HNRA. Aer boronizing treat-
ment in NaBH4 solution at room temperature, the nal CoP@a-
CoB HNRA was obtained on CC. For comparison, the a-CoB NS
was also prepared using a modied reported method.35 The
TEM image and XRD pattern are shown in Fig. S7 and S8.†

The XRD pattern of the CoP@a-CoB HNRA only shows the
diffraction peaks belonging to CoP, and the absence of CoB
diffraction peaks suggests the amorphous nature of CoB
(Fig. 2c). The SEM images clearly display the hierarchical
nanorods, which are uniformly and perpendicularly integrated
onto the surface of CC and separated from each other (Fig. 2d
and e). The TEM image of two typical CoP@a-CoB hierarchical
nanorods indicates that the surface of the nanorod is covered
with plenty of ultrathin nanosheets (Fig. 2f). The CoP@a-CoB
hierarchical nanorod is further demonstrated by HRTEM, and
the resolved lattice fringes with an interplanar distance of 2.67
Å located in the inner nanorod correspond to the (002) plane of
CoP, whereas no lattice fringe in the region of the outer nano-
sheet suggests the amorphous nature of CoB (Fig. 2g). Fig. 2h
illustrates the high-angle annular dark-eld scanning TEM
(HAADF-STEM) image of one CoP@a-CoB hierarchical nanorod,
and the corresponding energy-dispersive X-ray spectroscopy
(EDS) mapping (Fig. 2i) and line-scan prole (Fig. S9†) indicate
the existence of the inner CoP nanorod and outer a-CoB NS.
This unique HNRA structure contains a 1D nanorod, 2D nano-
sheet, and 3D nanoarray, which will provide a large amount of
active sites and efficient electron transport, thus boosting the
electrocatalytic activity. Moreover, modulating and constructing
This journal is © The Royal Society of Chemistry 2021
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the interface between the crystalline core and amorphous shell
have been proven to be an efficient strategy to enhance the
catalytic performance.36,37 In this regard, it is expected that the
existence of abundant CoP/a-CoB interfaces can endow the
CoP@a-CoB HNRA with outstanding HER activity because of
the facilitated electron transport and modied electron struc-
ture on the CoP/a-CoB interface.

In order to investigate the compositions, chemical states and
electronic interactions of the as-synthesized samples, X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed on the CoP NRA and CoP@a-CoB HNRA. The existence
of Co, B, P in CoP@a-CoB HNRA is conrmed by the XPS full
spectrum, while that of the CoP NRA shows the absence of B
(Fig. 3a). Fig. 3b is the high-resolution Co 2p spectrum of the
CoP@a-CoB HNRA, which displays four pair of peaks arising
from the spin–orbit doublet of Co 2p, corresponding to the Co–
B, Co–P, Co–O and satellites. The appearance of oxide species
might be due to the surface oxidation of CoP@a-CoB exposed in
air. It is noted that the binding energies of Co 2p3/2 and 2p1/2 of
the Co–P bond in the CoP@a-CoB HNRA (778.2 eV and 793.2 eV)
shi to lower values (ca. 0.7 eV) compared with those in the CoP
NRA (778.9 eV and 793.9 eV). In the high-resolution B 1s spec-
trum of the CoP@a-CoB HNRA, there are two peaks located at
186.9 eV and 191.7 eV, corresponding to the Co–B and oxidized
B, respectively (Fig. 3c). In the P 2p spectrum of the CoP@a-CoB
HNRA, two peaks located at 128.5 eV and 129.5 eV can be
observed, which are assigned to the P 2p3/2 and 2p1/2 of Co–P,
respectively, along with a peak at 132.7 eV originating from the
oxidized phosphorous species (Fig. 3d). Obviously, the CoP@a-
CoB HNRA exhibits a weak P 2p signal intensity and a large ratio
of the Co–P bond in P 2p, compared with the CoP NRA, which
may be due to the distribution of the a-CoB NS on the surface of
CoP, protecting CoP from being oxidized. More importantly, the
Fig. 3 (a) Full XPS spectra of the CoP NRA and CoP@a-CoB HNRA. (b)
High-resolution Co 2p XPS spectra of the CoP NRA and CoP@a-CoB
HNRA. (c) High-resolution B 1s XPS spectrum of the CoP@a-CoB
HNRA. (d) High-resolution P 2p XPS spectra of the CoP NRA and
CoP@a-CoB HNRA.

This journal is © The Royal Society of Chemistry 2021
P 2p3/2 and 2p1/2 peaks of the CoP@a-CoB HNRA both shi to
lower binding energy (ca. 0.9 eV) compared with those of the
CoP NRA. Therefore, the apparently negative shis of both Co
2p and P 2p in the CoP@a-CoB HNRA suggest that there exists
strong electronic interaction between CoP and a-CoB, which
could modulate the electronic structure of the active sites, thus
promoting the HER electrocatalytic kinetics.38

The electrocatalytic activity of the CoP@a-CoB HNRA toward
the HER was evaluated by linear sweep voltammetry (LSV) with
a scan rate of 10 mV s�1 in H2-saturated 1.0 M KOH. Herein, the
CoP@a-CoB HNRA supported on CC was directly used as the
working electrode. For comparison, the CC, CoP NRA, a-CoB NS,
and commercial Pt/C catalysts were tested under the same
conditions. All experimental data were corrected with ohmic
potential drop (iR) losses for further analysis. From the polari-
zation curves (Fig. 4a), it can be seen that the commercial Pt/C is
highly active for the HER with an onset potential of almost
0 mV, whereas the CC substrate and a-CoB NS show very poor
HER activity. Note that the CoP@a-CoB HNRA displays excellent
catalytic activity with an overpotential of 56.3 mV to deliver the
current density of 10 mA cm�2, much better than those of CoP
NRA (80.3 mV) and a-CoB NS (338.6 mV). At the overpotential of
120 mV, the CoP@a-CoB HNRA exhibits a much higher current
density than the CoP NRA (Fig. 4b). More importantly, when the
overpotential exceeds 64.8 mV, the HER current density of the
Fig. 4 (a) The polarization curves of different catalysts obtained in H2-
saturated 1.0 M KOH at a scan rate of 10 mV s�1. (b) The histograms of
overpotential at 10mA cm�2 and current density at�0.12 V vs. RHE for
the CoP@a-CoB HNRA, CoP NRA, and a-CoB NS. (c) The Tafel slopes
and (d) plots of capacitive currents as a function of scan rate, (e)
Nyquist plots of the CoP@a-CoB HNRA, CoP NRA, and a-CoB NS. (f)
The polarization curves of the CoP@a-CoB HNRA before and after the
chronopotentiometry test (inset is the chronopotentiometry curve
under the current density of 10 mA cm�2).

J. Mater. Chem. A, 2021, 9, 19719–19724 | 19721
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Fig. 5 (a) The polarization curves of different catalysts obtained in H2-
saturated 0.5 M H2SO4 at a scan rate of 10 mV s�1. (b) The histograms
of overpotential at 10 mA cm�2 and current density at �0.12 V vs. RHE
for the CoP@a-CoB HNRA, CoP NRA, and a-CoB NS. (c) The Tafel
slopes of the CoP@a-CoB HNRA, CoP NRA, and a-CoB NS. (d)
Chronopotentiometry curve of the CoP@a-CoB HNRA at the current
density of 10 mA cm�2.
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CoP@a-CoB HNRA is even larger than that of commercial Pt/C.
The catalytic kinetics of the catalysts were revealed by Tafel
plots. The Tafel plots show that the CoP@a-CoB HNRA has
a much smaller Tafel slope than the CoP NRA and a-CoB NS,
indicating its faster kinetics (Fig. 4c). Therefore, the CoP@a-
CoB HNRA displays excellent HER activity in alkaline solution
with a low overpotential and small Tafel slope, and is better
than CoP NRA, a-CoB NS and most reported Co based HER
electrocatalysts (Table S1†).

To gain a deep understanding of the excellent HER activity of
the CoP@a-CoB HNRA, electrochemical surface area (ECSA) and
electrochemical impedance spectroscopy (EIS) measurements
were performed. The electrochemical double layer capacitance
(Cdl), which is used to estimate the ECSA, was calculated from
the cyclic voltammetry (CV) curves at different scan rates. The
CoP@a-CoB HNRA reveals a Cdl of 68.1 mF cm�2, which is
signicantly larger than that of the CoP NRA and a-CoB NS,
indicating its larger ECSA for HER catalysis (Fig. 4d and S10†).
The large Cdl of the CoP@a-CoB HNRA certies that the hier-
archical and amorphous structure can create more active sites,
and thus improve the HER activity. Meanwhile, the minimum
charge-transfer resistance of the CoP@a-CoB HNRA from
Nyquist plots suggests a rapid electron transfer process, which
could result in boosting HER performance (Fig. 4e). This
enhancement in electron transport may be due to the fact that
the strong interaction between crystalline CoP and amorphous
CoB combined with the self-supported NRA structure reduces
the charge-transfer resistance.

To further probe the benecial aspects of the hierarchical
structure of the CoP@a-CoB HNRA, the CoP@a-CoB NRA
without hierarchical structure was fabricated by direct borona-
tion of CoP as the reference material (Fig. S11–S13†). As shown
in Fig. S14,† the CoP@a-CoB HNRA shows much higher current
density than the CoP@a-CoB NRA. Moreover, compared with
the CoP@a-CoB HNRA, the CoP@a-CoB NRA possesses a much
lower Cdl (25.2 mF cm�2, Fig. S15†), which further conrms that
the hierarchical structure is responsible for the excellent HER
activity of the CoP@a-CoB HNRA. Therefore, the outstanding
HER activity of the CoP@a-CoB HNRAs could be ascribed to the
strong interaction between CoP and a-CoB, the amorphous
structure of CoB, the hierarchical (nanosheet on nanorod)
structure, and the self-supported NRA structure.

Besides electrocatalytic activity, stability is an another
essential quality for an advanced electrocatalyst. The stability of
the CoP@a-CoB HNRA was measured by multi-current and
chronopotentiometry tests in 1.0 M KOH. Fig. S16† reveals the
multi-current stability test carried out at different current
densities for the CoP@a-CoB HNRA, and shows that the over-
potentials are steady at each current density (10, 20, 30, 40, and
50 mA cm�2). In particular, when the current density is back to
10 mA cm�2 aer going through a series of high current density
ow, the potential resumes and prevails over an additional 2 h.
As shown in the chronopotentiometry curve of the CoP@a-CoB
HNRA (Fig. 4f), the overpotential at the current density of 10 mA
cm�2 displays a negligible increase for 48 h. Moreover, the
polarization curves before and aer the 48 h chro-
nopotentiometry test indicate that there is a negligible decay in
19722 | J. Mater. Chem. A, 2021, 9, 19719–19724
HER activity. These results clearly demonstrate that the CoP@a-
CoB HNRA possesses excellent electrochemical stability. The
CoP@a-CoB HNRA aer the chronopotentiometry test was
measured by SEM, TEM, XRD and XPS. As shown in Fig. S17,†
the self-supported and hierarchical structures of the CoP@a-
CoB HNRA were perfectly preserved, manifesting outstanding
structural stability. Fig. S18† is the XRD pattern of the CoP@a-
CoB HNRA aer the durability test, in which only peaks
belonging to CoP exist, consistent with those in the XRD pattern
of the original CoP@a-CoB HNRA. The XPS spectra show no
obvious change of chemical states of Co, P and B, conrming
the excellent stability of the CoP@a-CoB HNRA (Fig. S19†).

The development of proton exchange membrane (PEM)
water splitting greatly pushes the exploration of HER electro-
catalysts under acidic media. Herein, the electrocatalytic HER
performance of the CoP@a-CoB HNRA was also investigated in
acidic solution. In 0.5 M H2SO4, the CoP@a-CoB HNRA exhibits
excellent HER activity with an overpotential of 81.2 mV at 10 mA
cm�2, which is much lower than that of the CoP NRA (116.3 mV)
and a-CoB NS (597.4 mV) (Fig. 5a). Moreover, at the over-
potential of 120 mV, the CoP@a-CoB HNRA possesses a much
higher current density than the CoP NRA and a-CoB NS (Fig. 5b).
The Tafel slope of the CoP@a-CoB HNRA is 55.4 mV dec�1

(Fig. 5c). The EIS and Cdl measurements in 0.5 M H2SO4 suggest
that the CoP@a-CoB HNRA possesses rapid electron-transfer
kinetics and abundant active sites, which are benecial for
improving the performance (Fig. S20 and S21†). In addition, the
CoP@a-CoB HNRA exhibits higher HER activity than the
CoP@a-CoB NRA (Fig. S22†). Furthermore, the durability of the
CoP@a-CoB HNRA via the chronopotentiometry test at the
current density of 10 mA cm�2 (Fig. 5d) was investigated, and it
was found that the CoP@a-CoBHNRA shows superior durability
for 24 h without any noticeable degradation through
This journal is © The Royal Society of Chemistry 2021
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continuous hydrogen generation. Therefore, the CoP@a-CoB
HNRA displays excellent HER performance in acidic solution,
and is much better than CoP NRA, a-CoB NS and most reported
Co based electrocatalysts towards the acidic HER (Table S2†).

The superior HER of the CoP@a-CoB HNRA in alkaline and
acidic electrolytes can be attributed to the following factors: (1)
the amorphous CoB with a disordered atomic arrangement
could provide abundant defects and unsaturated coordination
sites, boosting the performance. (2) The conductive CoP and
self-supported NRA structure solve the limitation of the low
conductivity of a-CoB, and guarantees effective electronic
transport. (3) The strong interaction between CoP and a-CoB
modulates the electronic structure of active sites, which may
be benecial for performance enhancement. (4) The hierar-
chical structure (nanosheet on nanorod) could provide a large
electrochemical surface area and plenty of active sites. (5) The
self-supported feature of the CoP@a-CoB HNRA could avoid the
usage of a binder, which may block the active sites and decrease
the conductivity, and thus will let the CoP@a-CoB HNRA
effectively participate in the HER with almost no “dead”
volume.

In summary, a CoP@a-CoB hierarchical core–shell NRA
supported on CC was designed and prepared via a successive
phosphidation–chronoamperometry–boronation strategy. In
this HNRA structure, the crystalline CoP nanorod is covered by
plenty of amorphous CoB NSs to form the hierarchical core–
shell structure, which could not only provide abundant active
sites, but also enable effective and fast electron transfer. The as-
prepared CoP@a-CoB HNRA exhibits excellent electrocatalytic
performance toward the HER with overpotentials of 56.3 and
81.2 mV at a current density of 10 mA cm�2 in alkaline and
acidic solutions, respectively, and is much better than CoP, a-
CoB and most reported Co based HER electrocatalysts. More-
over, the CoP@a-CoB HNRA enables long-term operation with
negligible degradation. We believe that this work will open
a novel pathway for the development of highly active, non-noble
electrocatalysts for hydrogen production.
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