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Main observation and conclusion

Tremendous efforts have been made to the development of highly active, stable hydrogen evolution reaction (HER) electrocatalysts
based on earth-abundant metal compounds. Recently, cobalt phosphorus (Co-P) catalysts have received particular attention owing to
their good performances for the HER. However, the reported Co-P catalysts were not uniformly anchored on the substrates. Hence,
developing Co-P catalysts with a uniform surface structure for HER remains a major challenge. Herein, we utilized small molecule tris-
(4-fluorophenyl)phosphane (PF) for preliminarily functionalizing carbon nanotubes (PF-CNTs) via r— stacking interactions. Using the-
se as the substrate, amorphous cobalt phosphate (CoPi) catalysts could then be uniformly anchored on PF-CNTs by electrodeposition
method. These obtained CoPi/PF-CNTs catalysts show an onset potential low to 29 mV, a low overpotential (105 mV in 0.5 mol/L

H,SO, at a current density of 10 mA-cm 2 with a Tafel plot of 32 mV-dec™) and an excellent stability for HER in acidic electrolyte,
which is a promising noble-metal-free HER catalyst.
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Background and Originality Content

Hydrogen, a green and renewable energy source, is consid-
ered as a potential alternative to traditional fuels like coal, oil, and
natural gas.[l’al Recently, one of the most promising approaches to
generate H, is electrochemical water splitting due to its low-cost
and high-efficiency.“'sl Pt-based materials are routinely used as
electrocatalysts owing to their high catalytic activity for hydrogen
evolution reaction (HER) during the process of electrochemical
water splitting.[e’gl Unfortunately, such precious-metal catalysts
are scarce and expensive, which seriously hinder their applica-
tions in HER.P¥ Therefore, it is imperative to design and fabri-
cate an alternative, highly efficient and low-cost HER catalyst.[“'”]

In recent years, tremendous efforts have been focused on
earth-abundant metal compounds as promising candidate electro-
catalysts to produce highly active, stable HER performances.[ls’w]
Among these compounds, cobalt phosphorus (Co-P) compounds
catalysts have attracted wide interest in HER due to their intrinsic
rich coordinatively unsaturated atoms by theoretical calcu-
lations.2>%°! Very recently, various Co-P catalysts have demon-
strated their great potential as highly-efficient HER cata-
Iysts.[2°'26'3°] These catalysts were prepared by various methods
including electrodeposition, solvothermal methods, and chemical
vapor deposition.[31’33] Among these methods, electrodeposition
methods are intriguing due to low cost, ease of operation, and
simple instrumentation. For instance, some groups have utilized
electrodeposition methods to successfully synthesize cobalt
phosphide (CoP) catalysts on carbon nanotubes (CNTs) substrates
through POx groups in Cop.1213433] However, the obtained Co-P
catalysts could not be uniformly anchored on the CNTs substrates,
attributed to the heterogeneous growth way of Co-P catalysts on
CNTs. Moreover, the inherent diversity of CNTs from surface de-
fects and five- or seven-membered-rings heavily hampered the
uniformity of the CNTs. B3 Up to now, it remains a major chal-
lenge to obtain Co-P catalysts with a uniform surface structure on
CNTs as highly-efficient HER electrocatalysts. Therefore, it is ex-
tremely urgent to develop a novel electrodeposition method to
solve these problems.

Herein, we utilized a facile electrodeposition method to pre-
pare the catalysts. The corresponding synthetic procedure is illus-
trated in Figure 1. Small molecule tris(4-fluorophenyl)phosphine
(PF, its structure shown in Figure S1 in Supporting Information)
was used to preliminarily functionalize CNTs via m—mt stacking in-
teractions to obtain the uniform CNTs substrates (PF-CNTs). P at-
oms in PF exhibit smaller electronegativity (electronegativity of
phosphorous: 2.19) with respect to C atoms (electronegativity of
carbon: 2.55), which leads to the creating of positive charge den-
sity on P atoms.® These factors can facilitate H,PO, and OH in
electrolyte to favorably adsorb and accumulate onto electrodes.
Therefore, more O atoms can participate in the following electro-
deposition process and lead to the uniform formation of amor-
phous cobalt phosphate (CoPi) onto the CNTs-PF substrates.

Co** + H,PO,

Electrodeposition

cu@  CHpFP
Co*'+ H,PO, N, ®p

Electrodeposition 5 =] CoPi
A CoP

Figure 1 A schematic diagram to illustrate the synthetic procedure of the
CoPi/PF-CNTs nanocomposites.
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Whereas, the absence of PF could not induce more O atoms to
accumulate onto the surface of the electrode, thus producing the
composites of CoP and CoPi. The catalysts benefit from a high
bonding strength with the substrate, less interfacial resistance,
and an increased catalytic activity area. The obtained CoPi/
PF-CNTs catalysts show a low onset potential of 29 mV vs RHE, an
overpotential of 105 mV at a current density of 10 mA-cm_Z, ex-
cellent stability under acidic conditions, and a Tafel slope of 32
mV-dec™” (comparable to that of Pt/C). Overall, the CoPi/PF-CNTs
catalysts show impressive HER performances under acidic envi-
ronments.

Results and Discussion

© 2021 SIOC, CAS, Shanghai, & WILEY-VCH GmbH

The CoPi/PF-CNTs nanocomposites were synthesized via a fac-
ile electrochemical process. In a typical experiment, PF was first
uniformly distributed on the surface of CNTs through m-m stacking
interactions. Subsequently, the obtained PF-CNTs-modified glassy
carbon electrodes (GCEs) were performed in a mixture of
CoS0,-7H,0, NaH,P0O,-H,0, and H3;BO; aqueous solutions through
cyclic voltammogram (CV) with 5, 10, 20 cycles, respectively. The
obtained CoPi/PF-CNTs nanocomposites were denoted as
CNTs-PF-5cyc, CNTs-PF-10cyc, and CNTs-PF-20cyc, respectively. For
comparison, the CNTs-modified GCEs without PF were directly
treated under the same electrolyte solution through CV with 5, 10,
20 cycles, respectively. The corresponding catalysts were denoted
as CNTs-5cyc, CNTs-10cyc, and CNTs-20cyc, respectively.

The scanning electron microscopy (SEM) images of
CNTs-PF-10cyc in Figure 2a clearly demonstrate that the CoPi
nanospheres were uniformly interspersed across CNTs networks.
Transmission electron microscopy (TEM) images (Figures 2b,c)
show that these nanospheres were closely attached to the CNTs
and there were some porous structures present within the mi-
crospheres. The scanning transmission electron microscopy (STEM)
and corresponding elemental mappings in Figure 2d show a uni-
form spatial distribution of the nanoparticles with Co, O, P, and F
atoms for CNTs-PF-10cyc catalyst. For the control sample
CNTs-10cyc, there is no F atom in the element mapping (Figure S2
in Supporting Information). These results indicated that CoPi was
successfully grown on PF-CNTs. X-ray photoelectron spectroscopy
(XPS) was further used to investigate the chemical composition
and bonding configuration of the obtained CoPi/PF-CNTs nano-
composites. The survey spectrum of CNTs-PF-10cyc (Figure 3a)
contained Cls, Ol1s, Co2p, P2p, and Fls peaks, confirming the
presence of these elements. As shown in Figure 3b, the P2p re-
gion of CNTs-PF-10cyc exhibits its only sharp peak at 134.0 eV,
which corresponds to the 2p;,, core level of a central P atom in a
phosphate species. Elsewhere, the peak at 129.4 eV for

Figure 2 Characterizations of the CNTs-PF-10cyc catalyst: (a) SEM image,
(b, c) TEM images, and (d) STEM and the corresponding element mapping.
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Figure 3 XPS spectra characterizations: (a) survey spectrum, (b) P2p
spectrum, (c) Ols spectrum, and (d) Co2p spectrum.

CNTs-10cyc reflects the binding energies (BEs) of P2p;,, which can
be assigned to the phosphide group.[22’39'4°] These XPS results
confirm that PF can induce more O atoms onto the electrode and
lead to the oxidation of P atom into phosphate species, which
lead to the formation of the nearly pure CoPi catalysts on the
PF-modified CNTs through electrodeposition method. Further-
more, combing with TEM, XPS, and SAED results (Figure S3 in
Supporting Information), it can be obtained that the CNTs-PF-
10cyc catalyst with pure CoPi is amorphous. These similar phe-
nomena could also be found in the reported literatures.22*3%
Moreover, compared with that of CNTs-10cyc, the Ols peak of
CNTs-PF-10cyc showed a shift of ~0.5 eV to a lower BE (Figure 3c).
In the Co region of the CNTs-PF-10cyc (Figure 3d), the two broad
set of signals corresponding to 2ps/, (783.0 eV) and 2p;;, (798.9
eV) core levels can be considered to reflect the Co?* oxidation
state.?? Compared with that of CNTs-10cyc, the variation of Ols
and Co2p peak positions for the CNTs-PF-10cyc may be attributed
to their different electron states of P originating from that P atom
with smaller electronegativity would lose more electron and lead
to the increase of electron density around the adjacent Co atoms
and O atoms.P®

The HER activities of the CoPi/PF-CNTs nanocomposites were
evaluated in 0.5 mol/L H,SO, solution with a typical three-elec-
trode configuration. Herein, GCEs modified with a constant mass
loading of CNTs-PF-20cyc, CNTs-PF-10cyc, CNTs-PF-5cyc, CNTs-PF,
CNTs-10cyc and bare GCE-10cyc, and 20 wt% Pt/C were used as
the working electrodes, respectively. From Figure 4a, it can be
obtained that the CNTs-PF-10cyc catalyst exhibited the most posi-
tive overpotential and the highest catalytic current among the
prepared catalysts. Moreover, using a typical reference metric for
electrochemical catalytic performance for HER, CNTs-PF-10cyc
achieved an onset potential as small as 29 mV (Table 1) and the
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current densities of 2 and 10 mA-cm™ yielded overpotentials of
46 and 105 mV, respectively. These were comparable to those of
the reported catalysts for Pt-free HER (Table S1 in Supporting In-
formation). Tafel slopes derived from polarization curves were
further utilized to evaluate the activity of the prepared catalysts
for HER, as shown in Figures 4b and 4c. The Tafel slope of
CNTs-PF-10cyc catalyst was 32 mV-dec !, which is similar to that of
Pt/C catalyst (30 mV-dec_l). But, it was lower than that of the
CNTs-10cyc (78 mV-dec_l). Moreover, this Tafel slope of CNTs-PF-
10cyc catalyst is also superior to those of the reported Pt-free HER
catalysts (Table S1 in Supporting Information). The value of the
Tafel slope (32 mV-dec™) suggested that the recombination of
hydrogen was the rate-limiting step in the HER at low overpoten-
tials. ! According to the Tafel equation, exchange current densi-
ties in Table 1 were also determined by fitting the polarization
data. The CNTs-PF-10cyc electrode exhibited a remarkable ex-
change current density of 1.78X 1072 mA-cm™, which is better
than those of CNTs-10cyc and most non-Pt catalysts (Table S1 in
Supporting Information). These results suggested excellent cata-
lytic activity of CNTs-PF-10cyc for HER, which may be attributed to
that PF molecule can effectively regulate the uniform formation of
amorphous CoPi on CNTs and thus expose more catalytic activity
sites for HER.
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Figure 4 Electrocmical characterizations of the hybrid catalysts: (a) Po-
larization curves of CNTs-10cyc, CNTs-PF-10cyc, CNTs-PF, Bare-10cyc, and
Pt/C in 0.5 mol/L H,SO, solution; (b) Tafel plots of CNTs-PF-10cyc,
CNTs-10cyc, and Pt/C; (c) Tafel plots of CNTs-PF-5cyc, CNTs-PF-20cyc, and
Bare-10cyc; (d) Nyquist plots show the CNTs-PF-5cyc, CNTs-PF-10cyc,
CNTs-PF-20cyc, and CNTs-10cyc, the inset displays Nyquist plots at
high-frequency range.

In order to obtain the optimal CoPi/PF-CNTs electrocatslyst for
HER, electrochemical deposition cycles and the mass ratio of CNTs
to PF were systematically investigated in 0.5 mol/L H,SO, solution.

Table1 Comparison of HER performances of different catalysts

Sample Onset potential/mV  n,/mV ny/mV  Tafel slope/(mV-dec™) Exchange current density/(mA-cm™) Capacitance/(uF-cm™)
CNTs-PF-5cyc 74 85 143 73.5 8.91x10™ 9.95
CNTs-PF-10cyc 29 46 105 32.0 1.78x107 14.38
CNTs-PF-20cyc 68 73 114 74.4 7.08x10™ 12.52
CNTs-10cyc 56 59 141 78.0 5.01x10™ 5.16
Bare-10cyc 205 235 312 124 3.55x10™ -

CNTs-PF 460 496 589 132 3.20x10” 4.08

Chin. J. Chem. 2021, 39, 2113—2118
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It could be obtained from Figure S4 in Supporting Information
that too much deposition cycles lead to the formation of larger
CoPi agglomerations and too less deposition cycles lead to the
limited formation of CoPi, which dramatically decreased the cata-
lytical activity of the produced CoPi/PF-CNTs (Figure 4c and Figure
S5 in Supporting Information). To further reveal the effect of the
electrochemical deposition cycles on HER performance, an elec-
trochemical impedance spectroscopy (EIS) analysis was performed
in H,SO, for the CoPi/PF-CNTs catalysts. Nyquist plots were shown
in Figure 4d. The low charge transfer resistance (R.) value indi-
cated a faster surface charge transfer and a higher reaction rate
during electrocatalysis.[“] CNTs-PF-10cyc exhibited the lowest R
value among all of the CoPi/PF-CNTs catalysts (Figure S6 and Table
S2 in Supporting Information). However, the CNTs-PF-5cyc catalyst
with a higher R, displayed the lowest catalytic activity for HER.
Increasing the amount of cycles resulted in increased R, at-
tributed to the formation of larger CoPi agglomerations and de-
creased active sites for HER. Similar experimental phenomenon
also appeared in CoPi/PF-CNTs catalysts with different mass ratios
of CNTs to PF (Figure S7 in Supporting Information). When the
mass ratio of CNTs to PF was 3:1, the optimal performance for
HER was obtained. These results demonstrated that CNTs-PF-
10cyc catalyst with 3 : 1 mass ratio of CNTs to PF showed the
highest HER activity among all of the prepared CoPi/PF-CNTs cat-
alysts.

The stability of CNTs-PF-10cyc was investigated through chro-
noamperometry measurements in acidic electrolytes. From Figure
5 and Figure S8 in Supporting Information, it can be obtained that
the current of CNTs-PF-10cyc-modified electrode for HER showed
a very little change during 24 h. Moreover, the batch-to-batch
reliability was estimated from the current responses of five elec-
trodes separately prepared under the same conditions toward
HER, and a RSD of 10.2% was obtained. This exceptional long-term
durability was superior to that of Pt/C (Figure S9 in Supporting
Information), which suggested high stability and high reliability of
the CNTs-PF-10cyc catalyst for HER.
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Figure 5 Chronoamperometry curve of CNTs-PF-10cyc at n = 100 mV in
0.5 mol/L H,SO,.

In order to figure out the reason why the CNTs-PF-10cyc cata-
lysts exhibit the optimal performance for HER, the catalysts were
further characterized by HRTEM. From Figures 6a and 6b, the
CNTs-PF-10cyc revealed a wealth of interwoven macropores and
micropores. The internal void space was made of across and lon-
gitudinal staggered channels. By comparison, the CNTs-10cyc cat-
alyst clearly displayed a small number of capillary cracks and there
was no longitudinal void structure in Figures 6¢ and 6d. Further-
more, the electrochemical surface area (ECSA) was evaluated for
insight into the internal structure of the catalysts under different
working conditions. The double-layer capacitance was calculated
from CV curves at various scan rates between 0 and 0.3 V vs. RHE
(Figure S10 in Supporting Information). From the slopes obtained
from Figures 6e and 6f, the capacitances of CNTs-PF-10cyc and
CNTs-10cyc were 14.38 and 5.16 mF-cm™, respectively. These
results also agreed well with the corresponding HRTEM observa-
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tions. The high degree of porosity increased the surface area and
provided numerous active sites for ion/mass diffusion, signifi-
cantly enhancing the electrochemical performance for HER.
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Figure 6 HRTEM images of CNTs-PF-10cyc (a, b) and CNTs-10cyc (c, d);
Double-layer capacitances of CNTs-PF-10cyc (e) and CNTs-10cyc (f).

Conclusions

A highly efficient hydrogen-evolution electrode was success-
fully fabricated by PF-assisted CoPi amorphously electrodeposited
onto PF-CNTs substrates through m-m stacking interactions. The
obtained CNTs-PF-10cyc electrocatalysts showed a low overpoten-
tial of 105 mV at a current density of 10 mA-cm™ and a small Tafel
slope of 32 mV-dec?, suggesting excellent electrocatalytic activity
for the HER. The as-prepared CNTs-PF-10cyc catalytic electrode
provided a large ECSA for quick transport of electrons and ions.
Stability tests indicated that the CNTs-PF-10cyc catalysts could
operate for at least 24 h with almost no current attenuation. The
improved properties derived from creating a more uniform struc-
ture of CoPi on CNTs via small molecule functionalization could
give rise to a new approach for designing and constructing effi-
cient HER catalysts.

Experimental

© 2021 SIOC, CAS, Shanghai, & WILEY-VCH GmbH

Materials

Cobalt sulfate heptahydrate (AR, 99.5%), sodium hypophos-
phite (AR 99%), boric acid (AR, 99.5%) and tris(4-fluorophenyl)-
phosphine (PF) (AR, 99%) were purchased from Aladdin. The mo-
lecular structural formula of PF is shown in Figure S1. The raw
carbon nanotubes (raw CNTs) were purchased from Cnano Tech-
nology (Beijing) Limited Company. All chemicals were used with-
out further purification. The water (18.2 MQ-cm™) used in all
experiments was prepared through an ultra-pure purification sys-
tem.

Electrode preparation

GCEs were polished in 0.3 and 0.05 pm alumina slurry (CH In-
strument Inc.). The electrodes were subsequently sonicated in
ultrapure water and ethanol, and dried under a gentle nitrogen
stream. To prepare the working electrode, 3 mg of CNTs and 1 mg
of PF were ultrasonically dispersed in 1000 pL of ethanol and de-
ionized water (the volume ratio of ethanol and deionized water is
4:1). The precursor solution was prepared by mixing CNTs with PF,
then 8 pL of the resulting suspension was dropped onto the sur-
face of GCEs and dried naturally at room temperature, which ob-
tained PF-CNTs-modified GCE. For comparison, a commercially
available Pt/C-modified GCE (20 wt% Pt supported on carbon
black) was prepared in the same process.

Chin. J. Chem. 2021, 39, 2113—2118
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Synthesis of CoPi/PF-CNTs nanocomposites

CoPi/PF-CNTs nanocomposites were synthesized by a facile
electrochemical deposition method. Briefly, the PF-CNTs-modified
GCEs were immersed in 0.3 mol/L CoSO,4-7H,0 and NaH,PO,-H,0
solution containing H3;BO;, and performed in the potential range
from —1.8 to +0.5 V through cyclic voltammograms (CV) at a scan
rate of 50 mV/s. After the electrochemical deposition, the working
electrode was gently rinsed with water and dried overnight at
room temperature. In our experiment, all of the potentials are
calibrated based on reversible hydrogen electrode (RHE) accord-
ing to the Nernst equation. For comparison, bare GCE and the
CNTs-modified GCE were also treated under the same synthesis
conditions, and parallel experiments using various deposition
cycles and precursor concentrations were also systematically op-
timized. The obtained hybrids were denoted as CNTs-PF, CNTs-PF-
Scyc, CNTs-PF-10cyc, CNTs-PF-20cyc, CNTs-10cyc, bare-10cyc, and
so on. The preparations of catalyst materials with different con-
centration (0.15, 0.45 mol/L) of solution are also used as the con-
trol experiments.

Structure characterization

X-ray photoelectron spectroscopy (XPS) measurements were
carried out with an ultrahigh-vacuum setup, equipped with a
monochromatic Al Ka X-ray source and a high resolution Gam-
madata-Scienta SES 2002 analyzer. SEM images were obtained
with a FEI Nova Nano SEM 200. TEM, high-resolution transmission
electron microscopy (HRTEM), STEM and corresponding elemental
mapping were recorded with a JEOL-2100F instrument.

Electrochemical measurements

All electrochemical measurements, including cyclic voltam-
mograms (CVs) and linear sweep voltammograms (LSVs) were
performed at room temperature in a three-electrode system on
CHI760 electrochemical workstation (CH Instrument Inc.). A
PF-CNTs-modified GCE was used as the working electrode, a
graphite electrode as counter electrode, and a Ag/AgCl (saturat-
ed-KCl) electrode as reference electrode. The Ag/AgCl reference
electrode was calibrated with respect to reversible hydrogen elec-
trode (RHE) for the measurements. The polarization curves were
corrected for the ohmic potential drop (iR) losses and the poten-
tials reported in our work were obtained vs the reversible hydro-
gen electrode (RHE), E(vs. RHE) = E(vs. Ag/AgCl) + 0.226 + 0.059
pH in 0.5 mol/L H,S0,. LSV was recorded in 0.5 mol/L H,SO, solu-
tions at a scan rate of 5 mV-s™ to obtain the polarization curves.
The chronoamperometry (i-t) curves were recorded over 24 h at
n= 100 mV in 0.5 mol/L H,SO,. The ECSA was determined by
measuring the capacitive current associated with double-layer
charging from the scan-rate dependence of CV. The CVs taken with
various scan rates (20, 40, 80, 160, 200 mV's_l, etc.) were used
under the potential window of 0—0.3 V vs RHE. The Tafel plots
were obtained from LSV curves for assessment of the HER activi-
ties of investigated catalysts. According to the Tafel equation (n =
blog j + a), the Tafel slope (b) can be obtained by fitting the linear
portion of the Tafel plots to it. EIS measurement was performed in
5 mmol/L H,SO, over a frequency range from 100 kHz to 0.01 Hz
at a bias potential of 100 mV (vs. RHE).
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