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Abstract: The development of effective and inexpensive
hydrogen evolution reaction (HER) electrocatalysts for
future renewable energy systems is highly desired. The strongly
acidic conditions in proton exchange membranes create a need
for acid-stable HER catalysts. A nanohybrid that consists of
carbon nanotubes decorated with CoP nanocrystals (CoP/
CNT) was prepared by the low-temperature phosphidation of
a Co;0/CNT precursor. As a novel non-noble-metal HER
catalyst operating in acidic electrolytes, the nanohybrid exhibits
an onset overpotential of as low as 40 mV, a Tafel slope of
54 mVdec™, an exchange current density of 0.13 mA cm™>, and
a Faradaic efficiency of nearly 100 %. This catalyst maintains
its catalytic activity for at least 18 hours and only requires
overpotentials of 70 and 122 mV to attain current densities of 2
and 10 mA cm™>, respectively.

H ydrogen has been proposed as the principal energy carrier
in the hydrogen-economy paradigm.™! Electrolysis of water is
the simplest way to produce hydrogen. To increase the
reaction rate and lower the overpotential, it is necessary to
use an efficient hydrogen evolution reaction (HER) electro-
catalyst. Platinum group metals are the best HER catalysts,
but they suffer from high cost.”! Although abundant nickel-
based alloys are often used as commercial HER catalysts,"!
they are not stable in acidic media and thus lack compatibility
with electrolysis units that are based on proton exchange
membranes. These limitations have motivated significant
efforts towards the design and development of acid-stable
non-noble-metal HER catalysts, and huge progress has been
made in this direction in the past few years. Molybdenum-
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based compounds are an exciting family of such catalysts that
have been intensively studied, including MoS,,"’! amorphous
MoS,1 MoSe,,¥ MoBl Mo,C®" NiMoN_ ! and
Cog Mo, N,

Transition-metal phosphides (TMPs) are an important
class of compounds that are formed by the alloying of metals
and phosphorus.'” They have been used as anode materials
for Li-ion batteries (LIBs)!"®! and even more intensively as
efficient catalysts for the hydrodesulfurization (HDS) reac-
tion.'>1' As both HDS and HER rely on the reversible
binding of hydrogen to the catalyst (with hydrogen dissoci-
ation to yield H,S in HDS and with protons bound to the
catalyst to promote hydrogen formation in HER),™ it is
expected that TMPs may function as HER catalysts. Indeed,
Ni,P nanoparticles and FeP nanosheets have recently been
shown to be active catalysts for the electrochemical hydrogen
evolution from water."®!

On the other hand, the electrocatalytic efficiency is also
affected by the morphology and electrical conductivity of the
catalyst.'”l The use of conductive carbon as the support
material cannot only improve the conductivity of the hybrid
catalyst, but also increases the dispersion of the active phases,
so that the catalyst offers more active sites."® Herein, we
present our recent efforts in developing a nanohybrid that
consists of carbon nanotubes decorated with CoP nanocrys-
tals (CoP/CNT) by the low-temperature phosphidation of its
Co;0,/CNT precursor. Remarkably, when used as a non-
noble-metal HER catalyst, this nanohybrid maintained its
activity for at least 18 hours under acidic conditions with
a Faradaic efficiency (FE) of nearly 100 % and exhibited an
onset overpotential of 40 mV, a Tafel slope of 54 mV/dec, and
an exchange current density of 0.13 mA cm ™2 Overpotentials
of 70 and 122 mV were needed to drive current densities of 2
and 10 mA cm 2, respectively.

Figure 1 shows the X-ray diffraction (XRD) patterns of
CNT, Co;04,/CNT, and CoP/CNT. The CNT (curve a) shows
two peaks at 26° and 43°, which were indexed to the (002) and
(101) reflections of hexagonal graphite, respectively.'” In
contrast, the Co;O,/CNT material (curve b) shows six addi-
tional peaks at 31°, 37°, 45°, 56°, 59°, and 65°, which were
indexed to the (220), (311), (400), (422), (511), and (440)
planes of Co;0,, respectively (JCPDS 42-1467).2% The great
suppression of the strong (002) peak of CNT can be attributed
to the loading of Co;0, with high density. After phosphida-
tion, only the diffraction peaks of the CoP phase are observed
at 32°, 36°, 46°, 48°, 52°, and 57°, which were indexed to the
(011), (111), (112), (211), (103), and (301) planes of CoP
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Figure 1. a—c) XRD patterns for CNT (a), Co;0,/CNT (b), and
CoP/CNT (q).

(JCPDS-29-0497), respectively.?!! These observations suggest
the successful chemical conversion of Co;0, into CoP.

A transmission electron microscopy (TEM) image of the
Co;0,/CNT hybrid reveals that the Co;O,4 nanocrystals with
a diameter of about 2-3 nm are distributed well on the CNT
with high density (Figure2a). A high-resolution TEM
(HRTEM) image that was taken of one single nanocrystal
shows the lattice fringes with d spacings of 0.46 and 0.24 nm,
which correspond to the (111) and (311) plane of the Co;0,

Figure 2. a) TEM and b) HRTEM images of Co;0,/CNT. ¢) TEM and
d) HRTEM images of CoP/CNT. e) SAED pattern for CoP nanocrystals.
SEM images of f) Co;0, and g) CoP microspheres.
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nanocrystals, respectively (Figure 2b).”") After phosphida-
tion, the size of these nanocrystals and the integration of the
nanohybrid are well preserved (Figure2c). The HRTEM
image taken for one such nanocrystal reveals lattice fringes
with a d spacing of 0.19 nm, which corresponds to the (211)
plane of CoP (Figure 2d).”? The corresponding selective area
electron diffraction (SAED) pattern shows several bright
rings that are made up of discrete spots, which can be indexed
to the (011), (111), (112), (211), and (301) planes of
orthorhombic CoP™! (Figure 2e; see also the Supporting
Information, Figure S1). The energy-dispersive X-ray (EDX)
spectrum of these nanocrystals suggests that the cobalt/
phosphorus atomic ratio is close to 1:1 (Figure S2). All of
these results strongly support the formation of CoP/CNT
nanocrystals from Co;O,/CNT by the low-temperature phos-
phidation reaction. When the same preparation procedure
was repeated without CNTs, only Co;O, microspheres were
obtained (Figure 2 f; see also Figure S3a), indicating that the
CNTs are key to the generation of small Co;O, nanocrystals.
The following phosphidation yielded CoP microspheres (Fig-
ure 2g; see also Figure S3b).

To examine their electrocatalytic HER activities, CoP/
CNT and CoP microspheres were deposited with the same
loading of approximately 0.285 mgem 2 on glassy carbon
electrodes (GCEs), and the HER activities were measured in
H,SO, solution (0.5m) using a typical three-electrode setup.
For comparison, bare GCE, CNT, and commercial Pt/C
(20 wt%) were also examined. Figure 3a shows the polar-
ization curves without IR compensation. As expected, the
Pt/C catalyst exhibited excellent HER activity with an
overpotential close to zero. We also prepared a Pt/CNT
material as another reference catalyst and found that while it
also exhibited an overpotential close to zero, it could
approach higher current densities than Pt/C at the same
overpotential (Figure S4). Both bare GCE and CNT show
very poor HER performance. It is surprising that the CoP
microspheres show a large cathodic current density with
a small onset overpotential of 100 mV for the HER, suggest-
ing that the CoP particles are a very active HER catalyst.
CoP/CNT exhibited a much smaller onset overpotential of
40 mV and achieved current densities of 2 and 10 mA cm ™ at
overpotentials of 70 and 122 mV, respectively, whereas CoP
microspheres needed an overpotential of 226 mV to reach
a current density of 10 mA cm~2. These values for CoP/CNT
compare favorably to the behavior of other non-noble-metal
HER catalysts in acidic media, such as MoS,/RGO,F¥ double-
gyroid MoS,,*! metallic MoS, nanosheets™ defect-rich
MoS,,*1 MoS,/graphene/Ni foam,™ MoS,/ M00;,"Y MoS;
film,® bulk Mo,C and Mo,B) Mo,C/CNT,* Mo,C/
GCS,”® NiMoN,/C,M Co,Mo, N, FeP nanosheets,!'*"!
and Co-NRCNTsP! (Table S1). In addition, CoP/CNT
shows an exchange current density of 0.13 mAcm~? (Fig-
ure S5). Although this value is lower than that of Pt/C
(0.76 mA cm™?), it is higher than that of CoP microspheres
(0.019 mAcm™2) and most reported values for non-noble-
metal HER catalysts, which are listed in Table S1. Figure S6
shows an optical photograph of the CoP/CNT nanohybrid on
the GCE during a linear sweep voltammetry (LSV) scan,
indicating the production of many hydrogen bubbles on the
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Figure 3. a) Polarization curves for CoP/CNT, CoP, CNT, Pt/C, and
bare GCE in H,SO, solution (0.5 M) at a scan rate of 2 mVs™'. b) Tafel
plots of CoP/CNT, CoP, and Pt/C.

electrode surface. Note that nanoporous CoP nanowire arrays
supported on carbon cloth as an integrated 3D hydrogen
evolution cathode only need 67 mV to afford a current
density of 10 mAcm™2 but with a higher exchange current
density of 0.288 mA cm~2 as compared to CoP/CNT.*!

Tafel plots are shown in Figure 2b. These Tafel plots were
fit to the Tafel equation (7 = b logj + a, where j is the current
density and b is the Tafel slope), yielding Tafel slopes of
approximately 30, 76, and 54 mVdec™' for Pt/C, CoP, and
CoP/CNT, respectively. The measured Tafel slope for the Pt/C
catalyst is close to the reported value for a commercial Pt
catalyst."! These Tafel slopes for both CoP catalysts do not
match the expected Tafel slopes of 29, 38, and 116 mV dec ™
correlating with a different rate-determining step of the
HER,!® revealing that the HER proceeds through
a Volmer—Heyrovsky mechanism.?!

The observation of the superior HER activity of the CoP/
CNT nanohybrid over the CoP microspheres can be attrib-
uted to the following two reasons. First, the small size of the
CoP nanocrystals in the hybrid favors the exposure of more
active sites for the HER. Second, the excellent electrical
conductivity of the CNT support facilitates charge transfer in
the hybrid. Indeed, electrochemical impedance spectroscopy
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measurements indicate that CoP/CNT has a much lower
impedance and thus markedly faster HER kinetics than CoP
(Figure S7).?" To further verify this hypothesis, we prepared
another control sample using polydopamine (PDA) spheres
as a non-conductive support®! (Figure S8). As expected, the
PDA material that had been decorated with small CoP
nanocrystals (CoP/PDA) exhibited a much lower HER
activity (Figure S9) and a much larger impedance than CoP/
CNT (Figure S7).

For practical applications, electrocatalysts are require to
have high durability. For this reason, we further probed the
durability of the CoP/CNT and CoP catalysts in acidic media
by long-term cycling tests. The LSV curves that were
measured for CoP/CNT before and after 2000 cyclic voltam-
metry (CV) cycles ranging from + 0.081 to —0.32 V vs. RHE
at a scan rate of 100 mV s~" are shown in Figure 4. At the end
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Figure 4. Polarization curves for CoP/CNT in H,SO, solution (0.5 m)

with a scan rate of 2 mVs™' before and after 2000 cycles at a scan rate

of 100 mVs™' between +0.081 and —0.32 V. Inset: time dependence of

the current density for CoP/CNT at a static overpotential of 122 mV for
18 hours.

of the cycling experiment, the LSV curve exhibits negligible
loss in current density compared to the initial curve. In
contrast, for CoP, a significant loss of current density had
occurred after the 2000 cycles (Figure S10). The inset in
Figure 4 shows the time dependence of the current density for
CoP/CNT at an overpotential of 122 mV, suggesting that the
nanohybrid maintained its catalytic activity for at least
18 hours. For CoP, however, only approximately 81 % of the
current density were maintained in the same period of time
(Figure S10, inset). These results suggest that CoP/CNT is of
superior stability in a long-term electrochemical process
compared to CoP, amorphous MoS, Pl defect-rich ultrathin
MoS, nanosheets,”! and Ni,P nanoparticles.['!

Gas generation was confirmed by gas chromatography
(GC) analysis. The generated hydrogen was further measured
quantitatively using a calibrated pressure sensor to monitor
the pressure change in the cathode compartment of the
H-type electrolytic cell. Potentiostatic cathodic electrolysis
was performed by maintaining the glassy carbon plate loaded
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with CoP/CNT at —0.25V for 120 minutes. The FE of the
electrocatalytic hydrogen evolution process was calculated by
comparing the experimentally determined and theoretically
calculated amounts of hydrogen (assuming 100 % FE). The
agreement of both values suggests that the FE is close to
100 %, as shown in Figure 5.
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Figure 5. The theoretically calculated (black line) and experimentally

measured (gray line) amount of evolved hydrogen versus time for the
CoP/CNT hybrid at —0.25 V.

The Co(2p;,) and P(2p) regions of the X-ray photo-
electron spectroscopy (XPS) 2p spectrum of the CoP sample
are shown in Figure S11a and S11b, respectively. Two peaks
are apparent in the Co(2ps;,) region at 779.1 and 782.1 eV. A
high-resolution image of the P(2p) region shows two peaks at
130.6 and 129.8 eV, reflecting the binding energy (BE) of
P2p,, and P2p;,, respectively, along with one peak at
134.6 eV, and the peaks at 779.1 and 129.8 eV are close to
the BEs for Co and P in CoP The peaks at 782.1 and
134.6 eV are assigned to oxidized cobalt and phosphorus
species, which arise from superficial oxidation of CoP because
of air contact.’” An XPS survey spectrum (Figure S11c)
confirmed the presence of oxygen in the sample. The Co2p;),
BE of 779.1 eV is positively shifted from that of Co metal
(778.1-778.2 €V), but the P2p;, BE of 129.8 ¢V is negatively
shifted from that of elemental P (130.2 eV).”! This suggests
that the cobalt in CoP has a partial positive charge (6*), while
the phosphorus has a partial negative charge (87), implying
a transfer of electron density from Co to P?** Previous
calculations and electron-density maps have also suggested
that the Co—P bonds have a covalent character with charge
separation that is due to charge transfer from Co to P.**! For
metal complex HER catalysts, they incorporate proton relays
from pendant acidic or basic groups that are positioned close
to the metal center where H, production occurs.?* Hydro-
genases also use pendant bases that are proximate to the
metal centers as active sites.*”) Like metal complex catalysts
and hydrogenases, the surface of the CoP nanocrystal also
features pendant basic phosphorus centers (87) in close
proximity to the cobalt metal centers (8"). Therefore, the
mechanism of the HER in the presence of a CoP catalyst is in
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principle similar to that with the metal complex catalysts and
hydrogenases. Specifically, cobalt serves as the active
center. 3 The cobalt centers and the basic phosphorus act
as the hydride-acceptor and proton-acceptor centers, respec-
tively, which facilitates the HER.'>*!% Such phosphorus
centers could also facilitate the formation of cobalt hydride
species for subsequent hydrogen evolution by electrochem-
ical desorption.””!

In summary, low-temperature phosphidation of Co;0,/
CNT has been shown to be an effective preparative method
for a CoP/CNT nanohybrid. This hybrid exhibits a superior
HER catalytic activity, with a small onset overpotential of
40 mV, a Tafel slope of 54 mV dec™’, and an exchange current
density of 0.13 mA cm 2 Furthermore, it requires overpoten-
tials of 70 and 122 mV to attain current densities of 2 and
10 mA cm 2, respectively, and its catalytic activity can be
maintained for at least 18 hours. Our present study is
important for three reasons: 1) An inexpensive acid-stable
HER catalyst with high activity has been developed; 2) such
hybrids hold great promise as catalysts for hydrodesulfuriza-
tion and as anode materials for LIBs;"*'* and 3) a general
method for the mild preparation of nanohybrids that are
based on transition-metal phosphides and carbon is provided.
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