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ABSTRACT

Moderate anionic doping is an effective approach to improve the performance of electrocatalysts toward hydrogen evolution reaction (HER)
since it can adjust the electronic structure, active site, and phase. The reported studies mainly focus on designing P doped CoS,, while other
phases of cobalt sulfide, such as Co+_,S and CoySg doped with P are rarely investigated for HER electrocatalysts. Herein, various cobalt sulfides
(including CoS,/Co4-S, Co1-,S, and CogSs) doped with P are anchored on carbon cloth through a facile hydrothermal method. Among tested
electrocatalysts, P doped Co,_,S exhibits excellent electrocatalytic performance with an overpotential of 110 and 165 mV (vs. RHE) for current
densities of 10 and 100 mA-cm, respectively. Density functional theory calculations reveal that P doped Co1_,S possesses a smaller bandgap
and more optimal hydrogen adsorption sites than pristine Co1_,S. This work initially investigates various cobalt sulfides doped with P and further
gets insight into the activity improvement mechanism of P doping, which could guide the design of earth-abundant HER electrocatalysts for the

“hydrogen economy”.
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1 Introduction

Developing clean and renewable energy is significant and urgently
demanded since it can alleviate energy crisis and contribute to
ecological improvement [1, 2]. Hydrogen is considered as the most
promising candidate of ideal energy carriers due to its carbon-free
nature, high calorific value, and abundant resource of water [3].
Electrocatalytic water splitting is a green and feasible pathway
to generate high-purity molecular hydrogen through the cathodic
hydrogen evolution reaction (HER) [4]. However, the application
HER process is usually limited by either high cost and scarcity of
platinum group metal (PGM) electrocatalysts, or the low efficiency
of non-PGM electrocatalysts due to the large overpotential [5, 6]. As a
result, efficient and robust non-PGM electrocatalysts are desirable
to address the issues of cost and overpotential [7-10].
Transition-metal (Fe, Co, Ni, Mo, W) sulfides and phosphides
have attracted extensive attention in the past decades owing to their
relatively high electrocatalytic activity and stability compared to
other earth-abundant electrocatalysts [8, 11-13]. Various strategies
including hybridization [14], defect engineering [15], dimensional
control [13], and doping [12, 16], have been developed to further
improve the electrocatalytic performances of the sulfides and
phosphides. Moderate anionic doping, including phosphorus, sulfur,
selenium, carbon, and nitrogen, can effectively improve the HER
performances of catalysts [16-19]. Among these, phosphorus-doped
metal sulfides are particularly interesting, as P atom has similar
atomic radius and electronegativity to S atom, which makes P atom
readily dope into sulfidesby substituting S atom and bonding with
the metal atom, and then trigger lattice distortion [20, 21]. Such a

slight change in their mother lattice structure may provide new
active sites, optimize hydrogen adsorption energy, or/and modulate
electronic band structures, which might be beneficial to improving
electrocatalytic performance [22]. Jin et al. established ternary
pyrite-type cobalt phosphosulphide (CoPS) as a high-performance
HER electrocatalyst by both theoretical and experimental study [23].
Ouyang et al. prepared phosphorus-doped cobalt disulfide nanosheet
electrocatalyst and demonstrated that P doping significantly improved
its electrocatalytic performance [24]. Wang and coworkers synthesized
ternary cobalt phosphosulfide (CoS|P) nanoparticle electrocatalysts
anchored on carbon nanotubes with enhanced electrocatalytic activity
and stability [21]. Gao’s group has systematically studied the effect
of P dopant content on the electrocatalytic performance of CoS; [22].
Despite a few studies have focused on CoS. phase doped with P,
other cobalt sulfides including Coi-.S and CosSs phases incorporated
with P have rarely been systematically investigated for HER catalysis.
Considering various crystalline phase can effectively influence the
electrocatalytic activity, it is necessary to design various cobalt
sulfides with P doping and systematically investigate their HER
performances.

Herein, we report a universal synthesis of various cobalt sulfides
doped with P, involving CoS./Coi-:S, Coi-xS and CosSs phase. These
P doped electrocatalysts anchored on the fibers of carbon cloth are
prepared through a facile one-pot hydrothermal method. It is found
that hydrothermal temperature has a crucial influence on the phase
of final products. The electrocatalytic HER performances of these P
doped cobalt sulfides are investigated. P doped hexagonal Coi-.S shows
the highest electrocatalytic activity with a 710 (#x: the overpotential
required to provide a current density of x mA-cm™) of 110 mV,
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much lower than 180 mV for pristine Coi-S. It demonstrates that
the introduction of P can effectively enhance the HER activity of P
doped Co:-:S. Theoretical calculations further confirm that P doping
can improve conductivity, optimize hydrogen adsorption energy,
and thus enhance the intrinsic activity of P doped Co.-.S.

2 Experimental section

2.1 Synthesis of P doped cobalt sulfides

All the samples were synthesized through a facile one-pot segmented
hydrothermal method. To start with, three pieces of hydrophilic
carbon cloth with an area of 1 cm x 1.5 cm were cleaned by
ultrasonication in absolute ethanol and deionized water in turn before
use. Then, 0.163 g of cobalt chloride (CoCl), 0.074 g of ammonium
fluoride (NH.F) and 0.31g of sodium thiosulfate pentahydrate
(Na»S,05-5H20,) were dissolved into 30 mL of deionized water
and the mixture was continually stirred for two hours at room
temperature. Then the cleaned carbon cloths were put into the mixed
solution followed by adding 0.879 g of sodium hypophosphite
(NaHPO) into the mixture and stirring until dissolved. After that,
the precursor mixture was transferred into 100 mL Teflon-lined
stainless autoclave. The hydrothermal process was set as two
segments. All the samples firstly reacted at 105 °C for 5 h and then
were further heated to 160, 180, and 200 °C, respectively, for another
30 h. The final carbon cloth coated with P doped cobalt sulfides
was taken out after cooling down, washed with deionized water and
then directly used as self-supported cathode after natural drying.

2.2 Electrocatalytic measurements

All the electrochemical tests were conducted in a standard three-
electrode setup by an electrochemistry workstation (CHI 760E, CH
Instruments, USA) with 0.5 M HzSOs solution as the electrolyte. The
as-prepared carbon cloth electrodes, a Pt sheet and a saturated calomel
electrode (SCE) were used as the working electrodes, the counter
electrode, and the reference electrode, respectively. The reference
electrode was calibrated with reversible hydrogen electrode (RHE)
prior to measurement, yielding an equation of Ewur) = Escy + 279 mV.
The linear sweep voltamperometry (LSV) was scanned at a rate
of 5 mV-s™'. Electrochemical impedance spectroscopy (EIS) was
performed at an overpotential of 50 mV and an amplitude of 5mV in a
frequency range of 100 kHz to 100 MHz. The chronopotentiometry
test was carried out at the overpotential to achieve 10 mA-cm™. All
the potentials reported here were versus RHE, and all LSV curves
were corrected for an ohmic drop according to the equation Ecorrected =
Eraw — IR (Rs is the equivalent series resistance derived from EIS).

2.3 Physical characterizations

The phase composition was characterized by an X-ray diffractometer
(D/max-2400, Rigaku, Japan) using Cu Ka (K = 1.54 A) radiation
in the 26 range of 3°-80°. Morphologies and element mapping were
characterized by a field-emission scanning electron microscope
(S-4700, Hitachi, Japan) equipped with energy-dispersive X-ray
spectroscopy (EDX). Elements quantitative analysis was conducted
on inductively coupled plasma-optical emission spectrometer (ICP-
OES, ICPOES730, Agilent, China). Granule structure and crystal
determination were analyzed by a transmission electron microscope
(Libra 200 FE, Carl Zeiss, Germany). Elementary composition and
chemical valence states were analyzed by X-ray photoelectron
spectrometer (VGESCALAB MK II, VG, UK) with Mg Ka as the
excitation source.

3 Results and discussion

The preparation procedures of P doped cobalt sulfides are schematically
illustrated in Fig. 1(a). The required amount of cobalt chloride,
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Figure 1 (a) Schematic illustration for synthetic procedures of P-CosSs, P-Co1-+S
and P-CoS2/Co1-:S. (b) XRD patterns of P-CosSs, P-Co1-xS and P-CoS,/Co1-:S.
The standard XRD patterns and the crystal structure of CosSs, Co1-<S and CoS:
are given for reference.

ammonium fluoride, and sodium thiosulfate is mixed and dissolved
in deionized water to form a clear pinkish solution. Then sodium
hypophosphite and three pieces of hydrophilic carbon cloth are added
into the pinkish solution as a phosphorus source and deposition
carrier, respectively. The final mixtures are transferred into stainless
autoclaves to execute segmented hydrothermal programs of holding
temperature at 105 °C for 5 h and followed by holding at 160, 180
and 200 °C for another 30 h, generating different samples. The first
temperature step at 105 °C can facilitate the homogeneous nucleation
precursors.

Wide-angle X-ray diffraction (XRD) measurements are employed
to analyze the phase composition of the obtained samples. As shown
in Fig. 1(b), it demonstrates that hydrothermal temperature has a
crucial influence on the phase of final products. The sample
hydrothermal treated at 200 °C and 180 °C is mainly composed of
cubic CosSs (PDF#02-1459) and hexagonal Co.-.S (PDF#42-0826)
phase, respectively. However, that obtained under 160 °C contains
two primary phases of cubic CoS; (PDF#41-1471) and Co:-.S, with
mass fractions of 46.9% and 53.1%, respectively, obtained through
quantitative analysis from XRD profile-fitted peaks as shown in
Fig. S1 in the Electronic Supplementary Material (ESM). From the
crystal structure diagrams shown in Fig. 1(b), CoSs, Co:-.S, and
CoS:; is assigned to the space group of Fm3m, P6;/mmc, and Pa3,
respectively. For convenience, the P doped cobalt sulfides obtained
at the hydrothermal temperature of 160, 180, and 200 °C are denoted
as P-CoS,/Co1-:S, P-Co1-:S, and P-CosSs, respectively.

Figures 2(a)-2(c) show the full view scanning electron microscopy
(SEM) images of P-Co4Ss, P-Co01-:S, and P-CoS2/Co.-S, respectively.
No agglomeration blocks are observed, indicating a uniform deposition
of cobalt sulfides on the carbon cloth. The corresponding local view
SEM images (Figs. 2(d)-2(f)) exhibit that all the fibers of carbon
cloth are uniformly covered with particles of cobalt sulfides. The
enlarged SEM images (Figs. 2(d)-2(f), insets) reveal these rough
particles contain an aggregation of small primary particles and possess
an integrated particle size of ~ 3 um. EDX mapping is conducted
to display the distribution of elements in the particles. As shown in
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Figs. 2(g)-2(i), Co, S and P elements are uniformly distributed
throughout the entire particles. The corresponding EDX spectra in
Fig. S2 in the ESM further confirm the existence of P element in
P-Co0S,/Co1-.S, P-Co.-,S, and P-CosSs. ICP-OES test (Fig. S3 in the
ESM) shows that the atomic percentage of P in P-C0S2/Co1-.S, P-Co1-S
and P-CosS;s is 1.8%, 5.6% and 1.7%, respectively. Combined with
XRD analysis that no phosphide is detected, it can be speculated
that P elements are doped into the cobalt sulfides.

X-ray photoelectron spectroscopy (XPS) spectra are recorded to
verify the composition and valence of the samples. Figure 3(a) shows
the full-survey XPS spectra from 100 to 800 eV of P-CosSs, P-Co1-.S,

Nano Res. 2019, 12(12): 2960-2965

and P-CoS:/Co1-S. It reveals the existence of Co, O, C, S, and P
elements, where C element is originated from the carbon cloth
substrate and the calibrated carbon, and O element is derived from
the slight surface oxidization of metal and adsorbed oxygen. The
remaining Co, S, and P stem from the particles of P doped cobalt
sulfides, in accordance with the EDX characterization above. Figure 3(b)
shows the high-resolution profiles of S 2p for P-CoS,/Co:-.S,
P-Co:-:S, and P-CosSs. The peaks located at higher than 166.0 eV
without deconvolution are assigned to S-O species resulting from
surface oxidization [24]. The doublets near 163.8 and 161.5 eV can be
assigned to the S 2pi» and S 2ps. for S-Co species [25]. Compared

Figure 2 SEM images of ((a) and (d)) P-CoS2/Co1-:S, ((b) and (e)) P-Co1-sS, and ((c) and (f)) P-CosSs. The insets are the SEM images of the corresponding particles
of HER active species. Element mapping of the particles of (g) P-Co0S2/Co1-.S, (h) P-Co1-.S and (i) P-CosSs.
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Figure 3 (a)-(c) XPS spectra of the (b) S 2p and (c) P 2p for P-CosSs, P-Co1-+S and P-CoS2/Coi-sS. (d) and (e) TEM images of an integrated particle of P-Co1-:S. (f) The
high-resolution TEM image of P-Co1-S (inset: corresponding selected-area electron diffraction pattern).
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with P-Co0sSs, P-Co1-+S and P-CoS,/Co1-S exhibit stronger low-energy
peaks regarding the S-Co species, and weaker high-energy peaks
regarding S-O species, implying a higher S-Co species density in
P-Co:1:S and P-CoS,/Coi-.S. The high-resolution P 2p profiles
(Fig. 3(c)) for these samples exhibit distinct doublets higher than
132 eV which should be assigned to high valence P in P-O species
[26]. All the samples of P-CosSs, P-Co:-.S and P-CoS,/Co1-.S show
strong peaks regarding P-O species. This is because P elements on
the surface are easily oxidized and such phenomenon is very common
in P-containing composites [27]. Moreover, the binding energy of
P-O band shows clearly positive shift for P-CoS,/Co1-S, P-Co1-.S
and P-CosSs, indicating an increased degree of P oxidation with the
increased hydrothermal temperature. Even so, the doublets between
131 and 128 eV attributed to the P 2pi, and P 2ps, peaks of P-Co
species can be expressly detected for P-Coi-.S, indicating the distinct
high P-Co species density in this sample. The peaks of P-Co species
are also visible in the enlarged P 2p profile of P-CoS»/Co1-sS, as
shown in Fig. $4 in the ESM. No distinct P-Co peak is visible for
P-CosSs due to the low P content (atom ratio of 1.7%) determined
by ICP-OES and easy to oxidation by air on the surface [27]. The
high-resolution Co 2p spectra of P-CoS,/Co1-S, P-Coi-:S, and P-CosSs
are displayed in Figs. S5(a)-S5(c) in the ESM, respectively. The peaks
at about 778.9 eV can be ascribed to Co 2ps. for Co-S species [28].
The doublets between 790.0 and 780.0 eV are assigned to the Co-O
species [24], due to that cobalt sulfides are susceptible to oxidation
upon exposure to air. Furthermore, P-Co:1-.S and P-Co0S:/Co:1-xS
exhibit much stronger peaks regarding Co-S species than P-CosSs,
coinciding with the profile of S 2p.

Transmission electron microscopy (TEM) is employed to further
investigate the granule structure of P-Co.-S. As shown in Figs. 3(d)
and 3(e), the particle from P-Co.-.S comprises of many aggregated
small particles with a size of ~ 450 nm. The high-resolution TEM
(HRTEM) image in Fig. 3(f) displays a clear lattice fringe spacing of
0.251 nm, which could be indexed to (101) crystal facet of hexagonal
Co1-S. The selected area electron diffraction (SAED) illustrates a
spotted pattern corresponding to the diffraction lattice faces of (100)
and (110) along the [010] zone axis of Co:-.S hexagonal structure
(the inset in Fig. 3(f)), indicating the high purity of Co:1-<S hexagonal
phase in P-Coi-S.

Electrochemical tests are carried out in a three-electrode cell setup
using No-saturated 0.5 M H.SO. aqueous solution as the electrolyte.
To remove impurities and stabilize catalysts, all the cathodes are
cycled 10 times of CV between —-0.3 and 0.2 V vs. RHE at a scan
rate of 20 mV-s™' before recording data. Figure 4(a) presents the
LSV curves of P-CosSs, P-Co1-1S, P-C0S2/Co:-.S, bare carbon cloth,
and Pt sheet. Pt sheet shows superexcellent HER performance, while
bare carbon cloth exhibits a negligible HER activity. Sample P-Co:-.S
requires an overpotential of 110 mV to achieve a current density of
10 mA-cm?, smaller than that of P-C0S2/Co01-:S (110 = 129 mV) and
P-CosSs (110 of 161 mV). To provide a high cathodic current density
of 100 mA-cm, P-Coi-S requires a #100 of only 165 mV, much smaller
than 230 mV for P-CoS,/Co1-S and 270 mV for P-CosSs. To investigate
the advantages of P doping, the corresponding undoped samples are
also synthesized in the same procedure in the absence of sodium
hypophosphite. Figure S6 in the ESM shows the XRD patterns of the
undoped samples, indicating almost the same crystal phase with their
P doped ones. The LSV curves of CoS2/Coi-:S, Co1-.S and CosSs are
shown in Fig. S7 in the ESM. It can be seen that all the undoped
samples show obviously inferior HER activity compared with their
doped counterpart. Co:S exhibits the highest catalytic activity
among these undoped samples, in accordance with previous report
that Co(II) coordinated with sulfide has highly efficient activity for
catalytic hydrogen evolution [29, 30]. Figure 4(b) reveals the Nyquist
plots and the corresponding fitting curves of P-CosSs, P-Co1-S, and
P-Co0S,/Coi1-:S. The inset is the fitting circuit diagram which consists
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Figure 4 (a) LSV curves of bare carbon cloth, P-CosSs, P-Co1-xS, P-C0S2/Co1-xS
and Pt sheet. (b) Nyquist plots of P-Co9Ss, P-Co1-xS and P-CoS/Co1-:S (inset:
fitting circuit diagram for tested EIS). (c) Stability test of P-Co:1-.S electrode by
showing the LSV curves before and after 1,000 cycles. (d) Chronopotentiometry
curve for P-Coi-sS.

of a series of resistance (R;), a charge transfer resistance (R«) and a
constant phase element (CPE). Similar small R, (< 2 Q) is generated
for all the samples, indicating the particles of the P doped cobalt
sulfides are tightly anchored on carbon cloth [19]. The semicircle in
the Nyquist plots is associated with the process of charge transfer
to the electrode from solution and the diameter of the semicircle
along the X-axis represents the value of R, reflecting the kinetic
rate of HER [31]. As shown in Fig. 4(b), P-Co.-.S exhibits much
smaller Re: of 16.4 Q-cm” compared to 23.2 Q-cm? for P-C0S2/Co:1-+S
and 40.1 Q-cm® for P-CosSs, demonstrating the fastest electron
transfer rates and HER kinetics of P-Co1-.S [32]. As discussed above,
P-Co1-.S with the highest Co-P species and Co-S density exhibits
superior electrocatalytic HER activity to P-CosSs and P-CoS2/Co1-xS
which possess much lower Co-P species density. Thus it is speculated
that Co-P and Co-S species have a promotion effect on the active
catalytic site for these P doped cobalt sulfides. Operational durability
is another important criterion for HER electrocatalysts. To assess
the long-term cycling stability, P-Co:-.S is carried out 1,000 times of
cyclic voltammetry (CV) between —0.2 and 0.2 V (vs. RHE) at a
scan rate of 100 mV-s™. Figure 4(c) reveals the LSV curves before
and after cycling. The activity exhibits slight degradation with an
overpotential increase of merely 14 mV at 100 mA-cm™. In addition,
the long-term electrocatalytic stability of P-Co.-.S is also tested by
chronopotentiometry. As shown in Fig. 4(d), the cathodic current
decreases slowly with a high retention rate of ~ 90% after more than
12 h running, suggesting excellent stability in long-term catalyzing
HER for P-Co.-.S in acidic media.

Since P-Co,-S and pristine Co1-.S exhibit the highest HER activity
among the three P-doped cobalt sulfides and the three undoped
samples, respectively. The counterparts of P-doped Co:-.S and pristine
Co1-.S are chosen to further investigate the effect of phosphorus
doping on the HER activity. EDX spectrum in Fig. S2(d) in the ESM
shows the presence of Co and S elements, without obvious P elements
in pristine Coi-S. The XRD pattern (Fig. S6 in the ESM) confirms
that pristine Co1-.S possess similar distinct diffraction peaks indexed
to hexagonal phase Coi-.S, in accordance with P-Coi-.S. SEM images
(Fig. S8 in the ESM) demonstrate that the particles of pristine Co1-S
with rough surface morphology are uniformly and tightly anchored
on carbon cloth, similar to the P doped Co.-.S particles of P-Co.-.S.
The similar structure and morphology enable a systematic and fair
study for investigating the effect of phosphorus doping on HER
activity. The HER performances of pristine Co:-.S and P-Co-.S are

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



2964

compared. As shown in Fig. S9 in the ESM, pristine Co1-S is much
inferior to P-Coi-S in terms of electrocatalytic HER activity with
much higher 710 of 180 mV (vs. 110 mV for P-Co.-.S), 7100 of 247 mV
(vs. 165 mV for P-Coi-.S). As a result, it is believed the doped P elements
play a crucial role in the improved electrocatalytic HER activity for
P-Coi-sS.

To understand the mechanism of phosphorus doping for HER
activity improvements, density functional theory (DFT) simulations
are carried out to investigate the hydrogen adsorption Gibbs free
energy and electronic band structures. It is proposed that HER
performance of electrocatalyst is strongly correlated with the atomic
hydrogen adsorption Gibbs free energy (AGxu-) on the surface of the
electrocatalyst. An ideal AGu- should be close to 0 eV, because
intermediate binding energies lead to a balance between the rate of
proton reduction and the ease of adsorbed hydrogen from the surface
[33]. According to the exposed stable crystal face characterized by
TEM and P doing content tested by ICP-OES, adsorbed H* on the
(101) lattice face of Coi-.S and P doped Co,-.S with P doing content
of 6% are established to study their AGu- as shown in Fig. 5(a). The
AGw- at the Co sites of P doped Coi-S (+0.31 eV) reveals a slight
decrease compared to that of pure Coi-.S (+0.59 eV), implying the
faster hydrogen adsorption and proton reduction on P doped Co1-+S
(Fig. 5(b)). However, the P sites of the sample exhibit a AGu- of
—0.29 eV, indicating the P sites with high electronegativity are inclined
to adsorb hydrogen. As a result, AGu- at the adjacent Co site further
decreases to +0.22 eV. The calculated electron bands of Coi-xS
and P doped Co.-.S are shown in Fig. 5(c). Co1-:S possesses a wide
band-gap of about 1.58 eV, consistent with the reported value [34].
However, the band-gap decreases to 1.22 eV after P doping, indicating
that P doped Co:-S displays a better electronic conductivity than
pristine Co1-,S. High conductivity can facilitate electron transfer in
the electrocatalytic process [35]. All computational results manifest
that P dopants can effectively enhance the HER electrocatalytic
activity of P doped Co:S through improving the conductivity,
promoting hydrogen adsorption and proton reduction by decreasing
the bandgap and AGwu- of Co sites.

(a) (101)

£y .
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P doped Co1-xS
Figure 5 (a) Adsorbed H* on the (101) lattice surface of Co:-.S and P doped
Co1-sS. (b) The calculated free-energy diagram of the HER on different sites of
P doped Coi-.S catalysts. (c) Electronic band structures of pristine Co1-,S and
P doped Co1-.S.

4 Conclusions

In summary, a facile and universal synthesis of P doped cobalt
sulfides with different phases, including CoS,, Co:-S, and CosSs, are
reported. It is found that hydrothermal temperature has a crucial
influence on the phases of final products of cobalt sulfides. P doped
hexagonal Coi-.S shows excellent electrocatalytic HER performances
with a 710 of 110 mV, #100 of 165 mV and an activity retention of ~
90% after operating for more than 12 h. Thus P doped Co.-.S is a

Nano Res. 2019, 12(12): 2960-2965

new promising HER electrocatalysts. Furthermore, DFT calculations
imply that P doping can reduce the bandgap of Co:-.S and optimize
the AGu- on Co sites, thus enhancing the intrinsic HER activity of P
doped Co.-.S. This work not only initially investigates different cobalt
sulfides doped with P, but also further gets insight into the activity
improvement mechanism of P doping, rendering useful guidance
for the design of earth-abundant catalyst systems for large scale
electrolysis hydrogen production.
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