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Developing highly efficient and cost-effective bifunctional electrocatalysts for oxygen evolution reaction
(OER) and hydrogen evolution reaction (HER) represents a judicious way to produce massive hydrogen
fuel through electrochemical water splitting. Herein, defect-rich Co3S4 particles with a diameter less than
5 nm were in-situ grown on nitrogen-doped hierarchical carbon microflowers (Co3S4@FNC) through a
simple hydrothermal method, in which an unconventional vulcanization process with the strongly
coordinating ligand ethylenediamine and formaldehyde serving as structure-directive agents is resorted
to effectively control the morphology of catalysts. The resultant Co3S4@FNC-Co3 comprises dense Co3S4
nanoparticles supported on ultrathin nitrogen-doped carbon nanosheets with a thickness of ca. 20 nm, as
well as abundant defects on Co3S4 nanoparticles and highly porous textures on carbon microflowers.
These nanostructure merits lead to efficient catalytic activities, featuring a small overpotential of only
250 mV and 140 mV for OER and HER electrocatalysis at 10 mV cm 2. When Co3S4@FNC-Co3 is utilized as
a bifunctional catalyst in an alkaline water electrolyzer, a bias of only 1.580 V is able to complement
overall water splitting at 10 mA cm~2. Results in present work may suggest a paradigm in the design and
engineering of high-performance electrocatalysts based on nanocomposites of transition metal sulfides
and carbons.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

hydrogen economy [7—13]. Yet, oxygen evolution reaction (OER)
and hydrogen evolution reaction (HER), two half reactions of

Challenges from energy crisis and environmental issues have
triggered the rapid development of efficient and renewable energy
technologies [1—6]. Among these, water splitting driven by elec-
tricity (e.g., alkali-electrolyzer) is a cost-effective and environ-
mentally friendly technology for generating hydrogen from water,
which has been regarded as a promising pathway towards
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electrochemical water splitting process, are strongly influenced by
the slow kinetics and large energy barriers, hence significantly
reducing the overall efficiency of electrochemical water splitting
[14,15]. It has been demonstrated that OER can be effectively
catalyzed by Ru- and Ir-based noble metal nanomaterials, while
HER can be efficiently catalyzed by Pt-based catalyst; however,
their high costs and scarcity severely impede their widespread
applications. Transition metal sulfides (TMSs) represent a class of
emerging nonprecious metals-based electrocatalysts towards both
OER and HER, and have been attracting significant attention
because of their high intrinsic activity, cost-effectiveness, superb
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electrical conductivity, and excellent anticorrosion performance in
alkaline media [16—18]. Nevertheless, TMSs remain insufficiently
explored, possibly because of the lack of suitable and viable prep-
aration methods to maximize the exposure of the active sites
[19,20].

Theoretically, minimizing the size of TMSs to a few nanometers
(i.e. ultrafine nanoparticles) is considered as an effective strategy to
maximize the utilization of metal centers (or generate more edge
sites) [21], while concurrently constructing 3D architecture, for
example, directly implanting the ultrafine TMSs nanoparticles onto
conductive substrates (e.g., carbonaceous materials) or hybridizing
them with conductive materials [22,23], should prevent them from
restacking/aggregation and effectively reduce the length of ion and
mass transport [24,25]. However, the corresponding synthetic
route to this preferred 3D architecture usually involves multiple
complicated steps, such as pre-synthesis of 3D carbonaceous sub-
strate, high-temperature pyrolysis/carbonization, homogeneous
deposition of metallic precursors onto substrate, sulfurization, etc.
It is worth mentioning that alkaline-earth metal sulfides and
thiourea (or thioacetamide) are usually employed as effective sul-
furizing reagents to form metallic sulfides through ionic exchange
reaction [26] and vulcanization process [14], respectively. However,
these two conventional sulfurization methods usually encounter
the challenge of size control in the synthesis of TMS-based elec-
trocatalysts. For example, in case of using alkaline-earth metal
sulfides as sulfurizing agents, the free S~ jons can easily react with
transition metal cations and form large aggregates, while in the
case of using thiourea(TU) as the sulfurizing agent, the intermedi-
ate complex [(NH3),CS—M(OH™);] can be decomposed to form
metal sulfides (MS) by breaking the C—S bond [27]. The free MS can
then easily nucleate and grow up into large aggregates due to the
lack of any physical or chemical confinements. Therefore, novel
vulcanization methods are highly desired.

Generally, ethylenediamine (En) can strongly chelate with M?*
to form soluble coordination complexes, M(En), [28]. Hence,
replacement of hydroxyl in [(NH;),CS—M(OH™),;] with En may lead
to the formation of [(NH3),CS—M(En),]>*, which should impede
the undesired reaction between M?* and OH™ in a basic environ-
ment. Moreover, the strong coordination between M?>* and En in
[(NH3),CS—M(En);]** should also slow down the nucleation of MS
to yield small crystallites. Inspired by this idea, we speculate that
when the —NH; groups in [(NI—IZ)ZCS—M(En)z]2+ are linked with
more complicated chains, the corresponding physical and chemical
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confinements to the nucleation and growth of TMSs should be
more robust. This is the primary motivation of present work.

Herein, we describe an unconventional sulfurization strategy to
the preparation of defect-rich ultrafine CosS4 particles with a
diameter size less than 5 nm (referred as sub-5 nm Co3S4 particles)
supported on hierarchical carbon microflowers that are comprised
with ultrathin carbon nanosheets via a simple hydrothermal pro-
cess (Fig. 1a). Experimentally, TU, Co®>" and OH™ originated from the
ionization of water coordinate to form intermediate complex
[(NH2)2CS—Co(OH™);] [24]. Subsequently, the OH™ groups in the
complex [(NH),CS—Co(OH™);] were substituted by strong
chelating En ligands to form [(NH,),CS—Co(En),]?*, and then
polymerized with CH;0 to afford TU-based oligomers through a
Schiff-base coupling polymerization reaction (Fig. S1). The subse-
quent hydrothermal treatment caused further polymerization of
the oligomers and concurrently carbonized to in-situ vulcanize
metal atom centers. In this process, TU mainly serves as a carbon
and sulfur source, while En and CH,0 act as a strong coordinating
ligand and structure-directive reagent to control the morphology of
the products, respectively. Hence, cobalt sulfide nanoparticles can
be in-situ generated and homogeneously confined on carbon
scaffold. Besides, thus-synthesized carbon substrate contains
abundant oxygen-containing species, which enables a hydrophilic
surface to facilitate mass diffusion [29]. Benefiting from the hier-
archically porous structure in carbon microflower catalyst
Co3S4@FNC (Fig. 1b), a high electrochemical surface area and suf-
ficient exposure of active sites are realized, leading to low over-
potentials of 250 and 140 mV for OER and HER electrocatalysis at a
current density of 10 mA cm~2 in 1.0 M KOH, respectively. More-
over, an input bias of only 1.58 V is required to implement an overall
water-splitting system with Co3S4@FNC-Co3 serving as both
cathodic and anodic catalyst at a current of 10 mA cm™2.

2. Experimental section
2.1. Synthesis of Co3S4@FNC nanocomposites

Co3S4@FNC composites were synthesized by a facile hydro-
thermal process. In a typical reaction, thiourea (TU) and Co(N-
03)2-6H,0 was dissolved in 40 mL of deionized water under
magnetic stirring to form a uniform solution. Subsequently, ethyl-
enediamine and formaldehyde (38 wt%) was added slowly into the
above solution under stirring at room temperature for 24 h. The

Fig. 1. Schematically illustrating (a) the fabrication process of CosS, hierarchical carbon microflowers; and (b) the advantages of hierarchical architecture for promoting electrolysis.

(A colour version of this figure can be viewed online.)
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final TU:Co:En:CH,0 molar ratio in the solution was 1.5:1:1:2. The
obtained precursor solution was transferred into a stainless-steel
Teflon-lined autoclave (50 mL) and subject to heat treatment in
an oven at 180 °C for 24 h. The collected products were repeatedly
washed with deionized water and ethanol for three times, and then
dried at 60 °C for overnight. The final sample was denoted as
Co3S4@FNC-Co3.

Additional samples were prepared in the same procedure except
that the TU: Co(NOs3);-6H,0 molar ratio was altered to 3:1, 2:1 and
1:1, and the corresponding samples were referred to as Co3S4@FNC-
Co1, Co3S4@FNC-Co2 and Co3S4@FNC-Co4, respectively.

A series of control samples were also prepared for comparison,
with Co-TR referring to the sample synthesized without the addi-
tion of En and CH,0, Co-TER for denoting the one without the
addition of CH;0, and Co-TFR for the one without adding En during
synthesis.

2.2. Characterization

Scanning electron microscopy (SEM) measurements were con-
ducted with a field-emission scanning electron micro-scope (ZEISS,
Merlin). Transmission electron microscopic (TEM) measurements
were conducted on a Tecnai G2-F20 equipped with an energy-
dispersive X-ray spectrometer (EDS) detector at an applied
voltage of 100 kV. For TEM measurement, a dispersion containing
the catalysts was drop cast directly onto a copper grid coated with a
holy carbon film. X-ray photoelectron Spectroscopy (XPS) mea-
surements were performed on a Phi X-tool instrument. Powder
XRD patterns were recorded with a Bruker D8-Advance diffrac-
tometer using Cu Ko radiation. Raman spectra were recorded from
100 to 2000 cm™! on a RENISHAW in Via instrument with an Ar
laser source of 488 nm in a macroscopic configuration. The Bru-
nauer—Emmett—Teller (BET) surface area was determined by ni-
trogen adsorption and desorption at —196 °C using a Micromeritics
ASAP 2010 instrument and the corresponding pore size distribu-
tions were calculated by using the Barrett—Joyner—Halenda (BJH)
method. Electron paramagnetic resonance (EPR) spectra were
recorded on a JEOL JES-FA200 spectrometer operated at 9.5 GHz
under 100 K.

2.3. Electrochemical measurements

All electrochemical measurements were conducted on a CHI
750E electrochemical workstation (CH Instruments, Inc., China)
using a conventional three-electrode cell in 1.0 M KOH at room
temperature. For OER tests, a glassy carbon electrode (GCE) loaded
with catalysts and an Ag/AgCl electrode (3 M KCl) were used as the
working and reference electrode, respectively. As for the counter
electrode, a platinum wire was used in OER measurement. Prior to
electrochemical experiment, 2.0 mg of the as-prepared catalyst was
dispersed in 980 pL of ethanol under ultrasonic agitation for
20 min. Subsequently, 20 pL of Nafion (5%) was added into the
dispersion and further treated by sonication to form a homoge-
neous ink. Then, the catalyst ink was drop-cast onto the surface of
the GCE at a catalyst loading of 0.404 mg cm 2 except for
0.2 mg cm~2 for commercial RuO,. LSV scan rate: 10 mV s~

HER measurements were carried out in 1.0 M KOH aqueous
solutions a potential scan rate of 10 mV s~ .. An Ag/AgCl electrode
and a carbon rod were used as the reference and counter electrode,
respectively. The catalyst inks were fabricated in the same pro-
cedure and loading on carbon cloth (0.25 cm?) was 0.4 mg cm™2.
Unless stated otherwise, all polarization curves conducted in a
three-electrode configuration are corrected with iR compensation.
The correction was conducted according to the following equation:

Ecompensated = Emeasured*iRu

where Ecompensated 1S iR-corrected potential, Emeasured iS €Xperi-
mentally measured potential, and R, is the compensated resistance.

As for overall water splitting, the corresponding measurement
was conducted using a two-electrode setup in 1.0 M KOH electro-
lyte. The scan rate for all polarization curves were 10 mV s~! and
the test voltage window was set at the range of 0.8—2.0 V. A carbon
cloth (0.25 cm?) loaded with 0.25 mg of catalyst was used as
working electrode.

3. Results and discussion

As shown in Fig. 1a, the Co3S4@FNC nanocomposites with hi-
erarchical structure were facilely prepared by a hydrothermal
process, in which Co** ions were used as the metal source, and the
polymer matrix of TU-En-CH,0 was employed as the carbonaceous
scaffold, chelating and sulfurizing agent. Hydrothermal processing
led to the formation of 3D flower-like nitrogen-doped carbon (FNC)
structures with hierarchical pores for promoting mass diffusion,
and on which ultrafine CosS4 nanoparticles were in-situ grown.

To determine the optimum conditions for the formation of the
hierarchical microflowers, different feed ratios of TU:Co:En:CH,0
were examined (for more details see Figs. S2—5 in the Supple-
mentary Information). Based on the series catalytic results depicted
below, Co3S4@FNC-Co3 synthesized at a TU:Co:En:CH,O0 feed ratio
of 1.5:1:1:2 was found to be the optimal sample. The SEM image in
Fig. 2a showed a 3D flower-like morphology with a diameter of
5—10 um. From the enlarged SEM image (Fig. 2b), one can see that
the microflower morphology possesses abundant submicron open-
channel cavities consisting of interconnected nanosheets with a
thickness of about 20 nm. In fact, high-angle annular dark-field
scanning TEM (HAADF-STEM) studies (Fig. 2c—d) clearly show the
formation of a flower-like structure, with interconnected nano-
sheets of 16—20 nm in thickness, and a rough surface with numbers
of nanoparticles could be resolved for these interconnected nano-
sheets (Fig. S6). The magnified TEM image (Fig. 2e) shows that the
nanosheets contain large number of ultrafine nanoparticles with a
predominant size of ~4 nm. From the high-resolution TEM image
(Fig. 2f), one can see lattice fringes with a d-spacing of 0.284 nm,
corresponding to the (311) lattice planes of orthorhombic phase
Co3S4. Furthermore, discontinuous lattice fringes (see the dark
patch regions denoted by yellow circles) are also observed, sug-
gesting the existence of defects in CosS4 crystallites. Statistical
analysis based on more than 100 nanoparticles suggested that the
Co3S4 nanoparticles were mostly 4.4 nm in diameter, as manifested
in the core-size histogram in Fig. 2g. From the SAED patterns
depicted in Fig. 2h, diffraction rings with a d-spacing of 0.285 nm
and 0.181 nm were resolved, corresponding to the spacings of the
(311) and (511) planes, respectively, again indicative of the forma-
tion of ultrafine Co3S4 nanoparticles. Besides, elemental mapping
measurements (Fig. 2i) showed that the C, N, O, S and Co elements
were homogeneously distributed on Co3S4@FNC-Co3 and the S/Co
ratio determined by EDS measurement was 1.35 (Fig. S7), which
was consistent with the stoichiometric ratio of CosSs. Besides,
selected-area elemental mapping images confirmed the uniformly
distributed C, S and Co elements on Co3S4@FNC-Co3 (Fig. S8). These
observations reveal that the TU-Co?*-En route can indeed effec-
tively impede the excessive growth of metal sulfide particle and
hence facilitate the formation of ultrafine CosS4 nanoparticles on
the interconnected nanosheets of 3D carbon microflowers.
Furthermore, the crystalline structures of the composites were
examined by X-ray diffraction (XRD) measurements. As shown in
Fig. 2j, the Co3S4@FNC-Co3 sample displayed a series of diffraction
peaks at 20 = 31.2°, 38.5°, 47.5°, 50.2° and 55.1°, which were
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Fig. 2. (a) Representative SEM image; (b) Enlarged SEM image; (c) HADDF-STEM image; (d, e) TEM images with different magnifications; (f) HR-TEM image; (g) the core-size
histogram; (h) SAED image; (i-1) overlap of elemental maps of C, N, O, S, and Co; and the corresponding elemental map of (i-2) C, (i-3) N, (i-4) O, (i-5) S, and (i-6) Co, and (j)

XRD pat-terns of Co3S4@FNC-Co3. (A colour version of this figure can be viewed online.)

assigned to the (311), (400), (422), (511), and (440) planes of
crystalline CosS4 (JSPDS Card# 47—1738), respectively. In Raman
measurements, the strong peak at 666 cm™~' (Fig. S9) is correlated
to the vibration of Co—S bond [30], whereas the G band, a peak that
usually appears at about 1500 cm ™! for graphitic carbon, is hardly
resolved, signifying a low graphitization degree for the hierarchical
carbon microflowers. However, the above observations confirm the
formation of hierarchical carbon microflowers comprised with
defect-rich sub-5 nm Co3S4 particles and ultrathin carbon nano-
sheets via a simple hydrothermal method.

The chemical composition and valence state of the Co3S4@FNC-
Co3 sample were then determined by X-ray photoelectron spec-
troscopy (XPS) measurements. As shown in Fig. 3a, The C (57.53 at
%), N (6.41 at%), O (18.39 at%), S (10.15 at%) and Co (7.52 at%) ele-
ments can be readily resolved and the molar ratio of S/Co is
calculated to be 1.35, as listed in Table S1, which coincides with the
stoichiometric ratio of Co3S4. Deconvolution of the C 1s scan of
Co3S4@FNC-Co3 (Fig. 3b) yields five peaks, which are attributed to
the sp2-hybridized C (284.6 eV) of graphite, sp3-hybridized C
(285.1 eV), C—N species (285.8 eV) as well as the C—0 (286.6 eV)

and C=0 moieties (288.1 eV), respectively. The high-resolution XPS
spectrum of Co 2p can be deconvoluted into three pairs of obvious
peaks in Fig. 3¢, where the peaks centered at 780.4 and 798.8 eV are
attributed to Co®*,while the peaks at 778.7 and 793.8 eV are from
Co3*, as well as a pair of satellite peaks observed at 784.2 and
803.7 eV [31]. Based on the integrated peak areas, the molar ratio of
Co®*/Co®* is determined to be about 0.80, which is obviously
higher than that of Co3S4@FNC-Co4 (0.54) but smaller than those of
C03S4@FNC-Co1 (1.11) and Co3S4@FNC-Co2 (0.91) in Figs. S10a—c.
One can find that the molar ratio of Co**/Co>* increases with
increasing the molar ratio of TU/Co (Fig. S10d), probably due to the
reason that the presence of excessive TU facilitates the formation of
defects [32], i.e. abundant sulfur vacancies in present work [33,34].
As for the deconvolution fitting of the S 2p XPS spectrum (Fig. 3d),
four well-resolved peaks are observed. The doublets at 161.5 and
163.2 eV are attributed to the S 2p3/2 and S 2p1/2, respectively [35].
In addition, the peak at 163.8 eV is a typical peak of Co—S species,
and the peak appears at 162.4 eV is attributed to the presence of $%~
ions in a low coordination state on surface, while the peak at about
168.7 eV is ascribed to the shakeup satellite peak [36]. The



X. Zhu et al. / Carbon 160 (2020) 133—144

137

Intensity (a.u.)

Intensity (a.u.)

C1s

(b)

500 200 200 0
Binding energy (eV)

1
800

-

000

1 1 1 1
288 286 284 282 280

Binding energy (eV)

1
290

Intensity (a.u.)

Intensity (a.u.)

1 A L 1 1 L i L o o
805 800 . 79:5 790 785 780 775 175 1';0 1 (;5 1(.50 155
Binding energy (eV) Binding energy (eV)
300 6
- !
250} (e) 5F (i)
E L
,,,nzoo B z 4.' Y
- D
IEN 3 o3r
£ —s— Adsorption 5
S0 —e— Desorption S 5t
i =
j 1 . , "'".. Fal /.
50} o B | 'ﬂ ~ S .
o—a—a-a—a—a—i~ it I T .ﬁ‘ e ."I.l S
0 .-—.—'-_’_‘.-._._ f 4 1 0 [ — -
0.0 0.2 0.4 0. 1.0 10 20 30 40 50

8 0.8
Relative Pressure (P/P )

Pore size (nm)

Fig. 3. (a) XPS survey spectrum; and high-resolution scans of (b) C 1s, (c) Co 2p and (d) S 2p electrons for Co3S4@FNC-Co3. (e) N, adsorption/desorption isotherm, and (f) the
corresponding pore size distribution of Co3S4@FNC-Co3. (A colour version of this figure can be viewed online.)

observations of a high ratio of Co®* to Co>* and the fingerprint peak
of low-coordination S atoms in S 2p1/2 XPS spectrum suggest the
existence of sulfur vacancies in Co3S4 nanoparticles supported on
the hierarchical carbon microflowers [37,38], which is in good
agreement with TEM and SAED results. Additionally, the high-
resolution O 1s spectrum (Fig. S11a) of the Co3S4@FNC-Co3 sam-
ple can be fitted with three intensive peaks located at 531.8, 532.5
and 533.8eV, respectively, which are attributed to the C=0 and
C—0—C, and C—OH moieties [24], without the observation of metal
oxide species. The corresponding N 1s spectrum is shown in
Fig. S11b, where a strong peak located at 400.1 eV is ascribed to the
pyrrole-N in the matrix of carbon microflowers.

Electron paramagnetic resonance (EPR) measurement was also
conducted for the Co3S4@FNC composites. As show in Fig. S12, an

obvious EPR resonance signal with g = 2.002 can be observed in
Co3S4@FNC composites expect for Co3S4@FNC-Co4 sample. The
emergence of strong EPR signal at g-value of 2.002 is due to the
presence of sulfur vacancies. One can find that the content of defect
decreases with decreasing molar ratio of TU/Co.

BET measurements were then conducted to determine the
specific surface area and porous structure of the nanocomposites.
As shown in Fig. 3e, the N adsorption amount abruptly increases at
a higher relative pressure (P/Pp > 0.95) and the adsorption-
desorption isotherm displays a clear hysteresis loop, indicative of
the coexistence of meso- and macropore pores in the Co3S4@FNC
composites [39—41]. This conclusion is supported by the corre-
sponding pore size distribution depicted in Fig. 3f, where the pore
diameter varies from 10.0 nm to tens of nanometers, with an



138 X. Zhu et al. / Carbon 160 (2020) 133—144

obviously hierarchical porosity. The specific surface area (Sggr) is
calculated to be 77 m? g~! for Co3S4@FNC-Col, 64 m? g~! for
C03S4@FNC-Co2, 59 m? g~ ! for Co3S4@FNC-Co3 and 30 m? g~ for
Co3S4@FNC-Co4 (Fig. S13). These results show that the BET surface
area of Co3S4@FNC-Co samples continuously decreases with
increasing the feeding amount of cobalt salt during synthesis.
Additionally, the large specific surface area along with the abun-
dant hierarchical pores in Co3S4;@FNC-Co3 may provide highly
accessible active sites, and enable fast mass transfer, which are
beneficial to efficient electrocatalysis [42]. The content of Co
element quantitatively determined by thermogravimetric analysis
(TGA) in air (Fig. S14) is 27.2 wt% for Co3S4@FNC-Co1, 32.5 wt% for
C03S4@FNC-Co2, 38.9 wt% for Co3S4@FNC-Co3, and 46.0 wt% for
C03S4@FNC-Co4.

In order to investigate the function of each component and
possible growth mechanism of the 3D flower-like microstructure, a
series of control samples were also prepared for comparison,
including Co-TR that was synthesized without the addition of En
and CH,0, Co-TER that was synthesized without the addition of
CH,0, and Co-TFR that was prepared without the addition of En
during synthesis. It is found that, without the addition of En and
CH,0, polyhedron-like clusters comprised with multiple thick
twinning plates are observed, instead of the ultrathin nanosheets
(Fig. 4a and b). When only En was added into the system, the
resultant Co-TER showed a hollow sphere structure with a wall
thickness of about 200 nm (Fig. 4c and d), indicating that En serves
as a spherical structure-directive agent. Differently, in the presence

of only CH>O0, the resultant Co-TFR product was comprised with a
large number of rough nanosheets (Fig. 4e and f), implying that
CH,O likely acted as a 2D growth-guiding agent. As a consequence,
various architecture of the resultant, such as 0D hollow sphere and
2D nanosheet, can be selectively prepared by tuning the addition
ratio of En:CH,0 in hydrothermal synthesis. However, after deli-
cately controlling the cooperation effect of these two functional
agents by optimizing the ratio of En:CH,O, 3D carbonaceous
microflowers comprised with ultrathin nanosheets are obtained, as
shown in Fig. 2a. Additionally, it is worth mentioning that, a non-
stoichiometric cobalt sulfide CoSigg97 (PDF#19—0366) that is
different from those observed in Co-TER, Co-TFR and Co3S4@FNC-
Co3 samples, was observed in the XRD pattern of Co-TR (Fig. S15),
further confirming that the involved mechanism in preparation of
cobalt sulfide by using thiourea as sulfur precursor is different from
that in the conventional hydrolysis-deposition process.

Fig. 5a illustrates the linear polarization curves of different
catalysts with potentials sweeping from +1.00 to +1.80 V, where a
sudden increase of voltammetric currents was observed for all
catalysts, signifying an apparent OER electrocatalytic activity.
Impressively, the Co3S4@FNC-Co3 sample exhibits an obviously
enhanced performance with an overpotential (119) of only 250 mV
to reach 10 mA cm 2, much lower than the 330, 380 and 530 mV
observed for Co-TFR, Co-TER and Co-TR samples, respectively. The
higher OER catalytic activities for Co3S4@FNC-Co3 may derive from
its larger specific surface area (Fig. S16a), as compared with the
other three samples in the series. Interestingly, Co3S4@FNC-Co3

Fig. 4. SEM images of different samples: (a, b) Co-TR, (c, d) Co-TER, and (e, d) Co-TFR. (A colour version of this figure can be viewed online.)
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Fig. 5. (a) LSV curves for OER; (b) Tafel plots; and (c) Histogram showing the Eqgr, 10 and Tafel plots of different electrocatalysts, (d) LSV curves of commercial RuO, and Co3S4@FNC
composites prepared at different TU/Co molar ratios in 1.0 M KOH, (e) Tafel plots of different OER catalysts, (f) Histogram showing the Eogg, 10 Of the Co3S4@FNC electrocatalysts and
the plot showing the variation of 1, (g) Electrochemical impedance spectra of different catalysts deposited on a GCE electrode at +1.56 V for OER conducted in 1.0 M KOH aqueous
solution with an AC amplitude of 5 mV within the frequency range of 100 kHz to 0.01 Hz, (h) Chronoamperometric plots for comparing the operation stability of Co3S;@FNC-Co3
and RuO, catalyst at the applied potential of +1.50 V and +1.55 V (vs. RHE), respectively. (i) LSV curves of Co3S4@FNC-Co3 and RuO, before and after 1000 cycles of ADT test. All the
potentials are referred to reversible hydrogen electrode (RHE) and have been corrected by iR compensation. Inset to panel (h) is the photograph showing the generation of oxygen
bubbles on Co3S4@FNC-Co3 during chronoamperometric OER measurement. (A colour version of this figure can be viewed online.)

also shows a higher current density than the other three samples in
the series at the same potential after normalizing with the BET
specific surface area (Fig. S16b), which suggests the presence of a
higher density of OER catalytically active species on Co3S4@FNC-
Co3 than other samples in the series. In the corresponding Tafel
plots shown in Fig. 5b, the Tafel slope of Co3S4@FNC-Co3 is esti-
mated to be 78 mV dec!, which is considerably lower than that of
Co-TFR (85 mV dec™!), Co-TER (92 mV dec™!), and Co-TR (99 mV
dec™1), further confirming the fast OER kinetics for Co3S4;@FNC-Co3
catalyst. The key parameters for these four samples in OER catalysis
are then summarized in Fig. 5c for comparison. In addition, the
charge transfer resistant (Rct) and electrochemical surface area
(ECSA) were further analyzed to shed light on the fast OER catalytic
kinetics of Co3S4@FNC-Co3. The corresponding electrochemical
impedance spectra (EIS) depicted in Fig. S17 suggest that
Co3S4@FNC-Co3 displays a charge transfer resistance much lower
than Co-TR, Co-TER and Co-TFR catalysts in alkaline electrolyte,
which may facilitate electron transport and eventually enhance the
kinetics of OER electrocatalysis on Co3S4@FNC-Co3. The corre-
sponding ECSAs of these catalysts were evaluated by calculating the

electrochemical double-layer capacitance (Cq) from the cyclic
voltammetry curves acquired at different scan rates. As shown in
Figs. S18 and S19, a Cg; value of 18.6 mF cm 2 is determined for
Co3S4@FNC-Co3, which is also much higher than Co-TR
(2.8 mF cm~2), Co-TER (8.3 mF cm—2), and Co-TFR (11.0 mF cm™2)
in 1.0 M KOH aqueous electrolyte. Based on these results, one can
conclude that the Co3S4@FNC-Co3 catalyst indeed has a much
larger ECSA to effectively expose the electrocatalytically active sites
for OER.

Besides, the OER activity of the series of Co3S4@FNC composites
synthesized at different TU/Co molar ratio was also investigated. As
shown in Fig. 5d, the potential (Eogr10) required to reach a current
density of 10 mA cm~2 was determined to be +1.480 V for
C03S4@FNC-Co3, much lower than +1.547 V for Co3S4@FNC-
Col, +1.500 V for Co3S4@FNC-Co2, and +1.591 V for Co3S4@FNC-
Co4.Actually,the activity of Co3S4@FNC-Co3 is even better than that
of the benchmark RuO, catalyst (+1.540 V, Fig. 5d and f), and su-
perior to many nonprecious metal compounds based electro-
catalysts reported in literature (Table S2). Impressively, even the
loading of commercial RuO, catalyst is the same as Co3S4@FNC
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composites, the OER catalytic activity of Co3S4@FNC-Co3 is still
superior to commercial RuO; catalyst (Fig. S20), suggesting the high
potential application of Co3S4@FNC-Co3 as efficient electrocatalyst
for OER. As for the corresponding Tafel plots depicted in Fig. 5e, all
the Co3S4@FNC samples show a Tafel slope close to that of com-
mercial RuO, catalyst (62 mV dec™!), with 68 mV dec! for
C03S4@FNC-Co1, 59 mV dec ™! for Co3S4@FNC-Co2, 78 mV dec ! for
C03S4@FNC-Co3 and 80 mV dec™! for Co3S4@FNC-Co4. These re-
sults suggest fast electron transfer kinetics and strong bubble-
releasing ability for the series of Co3S4@FNC samples. For the
electrochemical impedance spectra (EIS) in Fig. 5g, the Nyqusit
plots reveal that the charge transfer resistance of Co3S4@FNC-Co3 is
obviously smaller than RuO, and other Co3S4@FNC composites,
indicating that Co3S4@FNC-Co3 possesses the fastest charge
transfer kinetics among all the investigated samples.
Chronoamperometric measurements further confirm the pres-
ence of remarkable stability for Co3S4@FNC-Co3, as compared with
commercial RuO; catalyst. From Fig. 5h, one can see that the cur-
rent of the RuO,-modified electrode gradually decreases to about
60.0% of its initial value after continuous operation for 40,000 s,
while a much higher retention of 87.0% is observed for Co3S4@FNC-
Co3. Meanwhile, oxygen bubbles are clearly observed to generate
on Co3S4@FNC-Co3 surface during OER chronoamperometric
measurement (inset to Fig. 5f). The multi-step chro-
nopotentiometry was also resorted to assess the electrochemical
performance of Co3S4@FNC-Co3 in a current density ranging from
10 mA cm 2 to 400 mA cm™2. As shown in Fig. S22, upon stepwise
increasing in the current density, the required potential for
Co3S4@FNC-Co3 modified electrode increases accordingly but sta-
bilizes quickly, indicative of outstanding mass transfer property and
mechanical robustness of Co3S4@FNC-Co3 based electrode. More-
over, the operation stability of the electrocatalysts was evaluated by
accelerated durability test (ADT), in which Co3S4@FNC-Co3 only
displayed a slight reduction (a positive potential shift of 9 mV) in

X. Zhu et al. / Carbon 160 (2020) 133—144

the OER current after 1000 cycles in 1.0 M KOH, while considerable
OER current degradation (19 mV) was observed for RuO, (Fig. 5i),
again signifying that the operation stability for Co3S4@FNC-Co3 is
superior to that of RuO,. After the above long-time OER testing,
Co3S4@FNC-Co3 largely retained its flower-like morphology,
although a slight aggregation and collapse was observed, indicative
of its excellent structural stability (Fig. S23a). XRD measurements
reveal the emergence of Co(OH); and CoOOH in Co3S4@FNC-Co3
(Fig. S23b), indicating that CosS4 was partially transformed to
Co(OH); and CoOOH after prolonged operation in alkaline elec-
trolytes. In addition, from the XPS spectra in Fig. S23c, it can be
found that the binding energies of Co 2p peaks are obviously shifted
to higher values. Meanwhile, the two peaks at 780.2 and 783.5 eV
become more evident after long-time OER measurements, which
could be ascribed to the CoOOH [43,44] and Co(OH), phases,
respectively [45,46]. Moreover, the intensity of the S 2p peak is
significantly reduced (Fig. S23d), indicating that S element was
severely leached during continuous OER measurement. Similarly,
the deconvoluted O 1s spectrum showed Co—O components
(Fig. S23e), which is likely caused by the in-situ electrochemical
oxidation of CosS4 surface during the long-term water oxidation
process. These results unambiguously demonstrate that after the
long-term water oxidation process, Co3S4 was obviously converted
to Co (oxy) hydroxide that actually serve as the catalytically active
species for OER [47,48].

The Co3S4@FNC-Co3 sample also shows considerable catalytic
activities toward HER in alkaline electrolyte (1.0 M KOH solution).
Fig. 6a depicts the HER LSV curves for the series of Co3S4@FNC-Co
composites and commercial Pt/C (20 wt%) catalyst, where one can
find that Co3S4@FNC-Co3 hybrid exhibits a high HER activity,
featuring a small over potential of 140 mV at a current density of
10 mV cm~2, obviously lower than Co3S4@FNC-Col (258 mV),
C03S4@FNC-Co2 (176 mV), Co3S4@FNC-Co4 (296 mV), and compa-
rable to or even better than most leading metal sulfide-based
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Fig. 6. (a) polarization curves for HER and (b) the corresponding Tafel plots of different electrocatalysts in 1.0 M KOH solution. (c) comparison of overpotentials and Tafel slopes for
the different samples. (d) Electrochemical impedance spectra of different catalysts deposited on a GCE electrode at —0.20 V for HER conducted in 1.0 M KOH aqueous solution with
an AC amplitude of 5 mV within the frequency range of 100 kHz to 0.01 Hz. (e) Long-term stability of Pt/C and Co3;S4@FNC-Co3 at the applied potential of —140 mV and —41 mV (vs.
RHE), respectively. (f) Combined OER and HER catalytic behavior of Co3S4@FNC composites. (A colour version of this figure can be viewed online.)
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catalysts recently reported in alkaline media (Table S3). These
findings indicated that Co3S4@FNC-Co3 possessed high HER activ-
ity, mainly attributed to the presence of a large specific surface area
and a high density of highly active CosSs4 nanoparticles. The
Co3S4@FNC-Co3 also exhibited a smaller Tafel slope of 103 mV
dec™!, as compared with Co3S4@FNC-Col (168 mV dec™ 1),
C03S4@FNC-Co2 (123 mV dec™!), and Co3S4@FNC-Co4 (191 mV
dec™ ) in the linear region (Fig. 6b), which suggests a fast H, gen-
eration reaction kinetics with a combined Volmer—Heyrovsky
mechanism for Co3S4@FNC-Co3 catalyst. The corresponding re-
sults of comparison studies on the over potential and Tafel slopes
for these Co3S4@FNC-Co samples and Pt/C catalyst are summarized
in a histogram displayed in Fig. 6¢. The exchange current density
(jo) is also a kinetic parameter to evaluate the intrinsic HER catalytic
activity of a sample, and the jy value can be obtained by extrapo-
lating the Tafel plot to an overpotential of 0 V (Fig. S24 and Table 1).
One can find that Co3S4@FNC-Co3 exhibits the highest jy value
among these Co3S4@FNC composites, indicating that Co3S4@FNC-
Co3 has the fastest electron-transfer rate in the series. The TOF for
HER on Co03S4@FNC-Co3 is calculated to be 413 x 1072 s™! at
n = 200 mV (Fig. S25 and Table 1). Besides, the electrochemical
impedance spectra (EIS) in Fig. 6d, which revealed that the
Co3S4@FNC-Co3 sample delivered the smallest charge transfer
resistance (Rcr) among the series of Co3S4@FNC-Co composite
catalysts, again signifying the presence of a rapid electron transport
process in hydrogen evolution on Co3S4@FNC-Co3. Electrocatalytic
stability of Co3S4@FNC-Co3 was then evaluated by chro-
noamperometric measurements in 1.0 M KOH aqueous solution. As
illustrated in Fig. Ge, the Co3S4@FNC-Co3 catalyst could retain 92.4%
of its initial current density after continuously catalyzing HER for
30000 s, while a much lower retention value of 54.8% was observed
for Pt/C electrode after continuously working for only 10000 s,
clearly demonstrating a higher working durability for Co3S4;@FNC-
Co3 than state-of-the-art Pt/C catalyst. Faradaic efficiency (FE) is
usually used to evaluate the charge transfer efficiency of catalyst in
electrolysis, which is calculated to be 99.0% for Co3S4@FNC-Co3 by
comparing the theoretical and experimental amounts of produced
H, (Fig. 526).

The OER and HER electrocatalysis of Co3S4@FNC composites are
also conducted in 0.1 M KOH and 0.5 M H,SOsaqueous solutions
(Fig. S21), and the corresponding results suggest that the overall
OER and HER electrocatalysis activities of present Co3S4@FNC
composites are more efficient in 1.0 M KOH aqueous solution than
those observed in 0.1 M KOH and 0.5 M H,SO4 aqueous solutions.

Moreover, Co03S4@FNC-Co3 can also largely retain its
microflower-like morphology during electrocatalysis, as evidenced
by the SEM images taken after continuously catalyzing HER for
30000 s (Fig. S27a). From the corresponding XRD profile deter-
mined after long-term HER catalysis, besides Co3S4 phase, a new
crystalline phase Co(OH); was also detected (Fig. S27b), implying
partial CosS4 was transformed to Co(OH), after long-time HER
testing. Similarly, Co(OH); species is resolved in the Co 2p and O 1s

HR-XPS peaks (Figs. S27¢ and e) for Co3S4@FNC-Co3 after contin-
uously catalyzing HER for 30000 s [43]. However, as mentioned
above, although partial Cos3S; was transformed to Co(OH)y,
Co3S4@FNC-Co3 was able to maintain 92.4% of its catalytic current
after 30000 s, indicating a high HER stability for Co3S4@FNC-Co3.
Furthermore, the combined HER and OER behaviors of the elec-
trocatalysts were also provided to better evaluate the bifunctional
catalytic activities of Co3S4@FNC composites toward OER and HER.
As illustrated in Fig. 6f, Co3S4@FNC-Co3 displays a much smaller
potential gap of 1.62 V (AE = Ej_19, oer — Ej—10, Her) than the other
investigated Co3S4@FNC composites, confirming a high bifunctional
catalytic activity towards HER and OER for Co3S4@FNC-Co3. When
normalized with electrochemical surface area (ECSA)
(Figs. S28—30) or mass (Fig. S31), Co3S4@FNC-Co3 still shows the
highest OER and HER specific activities among the series, signifying
the high intrinsic catalytic activities of Co3S4@FNC-Co3.

Encouraged by the above promising half-cell electrocatalysis
performance toward OER and HER in 1.0 M KOH electrolyte, the
Co3S4@FNC-Co3 was utilized as a bifunctional catalyst for overall
water splitting. As depicted in Fig. 7a, a bias of only 1.580 V was
required to realize a water-splitting current density of
10 mA cm 2 by using carbon cloth based electrodes loaded with
1 mg cm~2 of Co3S4@FNC-Co3, which is comparable or even su-
perior to the leading nonprecious metal or metal chalcogenides
based electrocatalysts recently reported in literature for overall
water splitting, such as Co3S4@MoS; (1.58V) [49], Ni@NC800
(1.60 V) [50], Cop13Nipg7Sex/Ti (1.62 V) [51], MoS,@NiS (1.64 V)
[52], and Ni3S,/Ni foam (1.76 V) [53] (Fig. S32). Additionally, after a
40000 s continuous operation at 1.58 V, as shown in Fig. 7b, the
Co3S4@FNC-Co3 electrocatalyst shows an excellent durability with
only a slight current degradation, demonstrating the potential
application of Co3S4@FNC-Co3 in overall water splitting.

To study the role of defect-rich Co3S4 and porous carbon in
C03S4@FNC-Co3 catalyst toward OER and HER electrocatalysis, a
control sample was prepared according to the same synthesis
procedure as Co3S4@FNC-Co3 but without the addition of cobalt
salt, and the resultant product is denoted as carbon-based material
(CBM). As compared with the Co3S4@FNC-Co3 sample, CBM dis-
plays very poor electrocatalytic activities toward OER and HER
(Fig. S33), signifying that Co3S4 nanoparticle is mainly responsible
for the remarkable OER/HER electrocatalytic activities of
Co3S4@FNC-Co3.

Regarding the porous carbon in Co3S4@FNC-Co3, it not only
ensures the homogeneous distribution and effective confinement
of Co3S4 nanoparticles (Fig. 2e), but also endows the electrocatalyst
with a large specific surface area (Fig. 3e) and a hydrophilic surface
due to the presence of abundant hydroxyl groups, which can
maximize the exposure of active sites and promotes mass diffusion.

The excellent bifunctional electrocatalytic performance and
stability of Co3S4@FNC-Co3 could be attributed to its unique
structural merits. (i) The nonstoichiometric cobalt sulfide with
mixed valences of Co?>" and Co>* endows intrinsic high catalytic

Table 1

HER electrocatalytic parameters of various Co3S4@FNC samples.
Materials® TOF [S~']° Tafel slope [mV decade™'] jo [mA cm—2]° J [mA cm—2]¢
Co3S4@FNC-Col 0.0132 168 0.2282 4.75
Co3S4@FNC-Co2 0.03275 123 0.3839 14.08
C03S4@FNC-Co3 0.04127 103 0.5136 21.24
Co3S4@FNC-Co4 0.00504 191 0.1110 3.07

3 All the parameters were measured under the same conditions, i.e., catalyst loading of 0.404 mg cm~2 on glassy carbon electrode in 1.0 M KOH solution.

b TOFs were measured at n =200 mV.

¢ Exchange current densities (jo) were obtained from Tafel curves by using extrapolation methods.

d Cathodic current densities (j) were recorded at 11 = 200 mV.
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Fig. 7. (a) LSV curves of Co3S4@FNC-Co3 as OER and HER bifunctional catalyst in 1.0 M KOH for overall water splitting, (b) the i—t tests of the Co3S4@FNC-Co3 on Ni foam electrolyzer
at a voltage of 1.58 V. Inset to panel (b) is the illustration of the electrocatalytic reaction occurring on two electrodes. (A colour version of this figure can be viewed online.)

activities toward HER and OER. Importantly, Co3t in CosS4 would
transform to CoOOH during OER catalysis (Fig. S23), and hence
facilitate the absorption and deprotonation of oxygen-containing
intermediate species (e.g., Oag, OOH,q) for O, production [54—56].
During OER process, the cobalt (oxy)hydroxide in-situ converted
from the defect-rich Co3S; nanoparticles may possess lattice-
distortion structures [57] which can increase the number of grain
boundaries of cobalt (oxy)hydroxide and hence expose more active
sites to boost OER. In addition, the HER process in alkaline solution
is almost dominated by the adsorption of H,O molecules and the
subsequent Volmer reaction [38,58]. Density-functional theory
(DFT) calculations by Zhang et al. proved that sulfur vacancies in
Co3S4 can not only improve the electronic conductivity, but also
promote the adsorption of water molecules onto nearby Co atoms
to lower the activation energy barrier of water molecule dissocia-
tion, which facilitates the formation of catalyst-H intermediats and
finally boosts the HER electrocatalytic activity [37,55]. Density-
functional theory (DFT) calculations by Zhang et al. proved that
sulfur vacancies in Co3S4 can not only improve the electronic con-
ductivity, but also promote the adsorption of water molecules onto
nearby Co atoms to lower the activation energy barrier of water
molecule dissociation, which facilitates the formation of catalyst-H
intermediats and finally boosts the HER electrocatalytic activity. (ii)
The presence of polar oxygen-/nitrogen-containing species on the
carbon substrate of hierarchical Co3S4@FNC-Co3 microflower en-
ables a hydrophilic surface, which is beneficial to the adsorption of
correlated reaction species and hence promotes the corresponding
reaction process [29]. (iii) The 3D microflower structure can effec-
tively prevent the sheets from restacking/aggregating, which can
not only sufficiently expose the catalytic active sites, but also
facilitate the diffusion of both electrolyte and correlated interme-
diate species.

4. Conclusions

In summary, hierarchical carbon microflowers supporting sub-5
nm Co3S4 particles (Co3S4@FNC) were successfully prepared by a
simple hydrothermal method via an unconventional vulcanization
process, in which the strong ligand En and CH,O0 serve as structure-
directive agents for guiding the growth of spherical or 2D sheet-like
architecture for the polymer precursor, respectively, while the co-
ordinated segments of TU-Co®™-En in polymer precursor can
effectively impede the excessive growth of metal sulfide particles
during hydrothermal processing. This unique structure such as
defect and hiererchical porous texture helped the resultant

catalysts to maximize the exposure of active sites and facilitated the
mass transfer for efficient OER and HER electrocatalysis, and the
defect-rich Co3S4@FNC-Co3 sample was identified as the most
active one among the series, showing an overpotential of only
250 mV and 140 mV to reach 10 mA cm 2 when catalyzing OER and
HER in 1.0 M KOH aqueous solution, respectively. Furthermore, the
remarkable operation stability of Co3S4@FNC-Co3 in OER and HER
catalysis outperforms the state-of-the-art RuO, and commercial Pt/
C catalysts. In particular, when Co3S4@FNC-Co3 was utilized as a
bifunctional electrocatalyst in the cathode and anode of an alkaline
water electrolyzer, a bias of only 1.580 V was able to implement a
working current density of 10 mA cm~2. The strategy in present
work may be exploited for rational design and engineering of
advanced multifunctional composites of nanostructured TMSs and
carbons with hierarchical architectures for a wide range of elec-
trochemical energy devices, such as fuel cells, supercapacitors,
batteries, etc.
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