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Although transition metal phospho-sulfides deliver outstanding electrochemical performance, complex
preparation methods hindered their further development. Herein, we report a facile one-step
electrodeposition approach to deposit interconnected nanowalls-like nickel cobalt phospho-sulfide
(Ni-Co-P-S) nanosheets onto the surface of carbon cloth. The thin Ni-Co-P-S nanosheets with multi-
components and synergetic effects delivered rich active sites, further enhancing reversible capacitance.
Therefore, the as-prepared Ni-Co-P-S electrode materials exhibit excellent electrochemical performance
in a three-electrode system, showcasing a high specific capacitance of 2744 F/g at 4 A/g. The full
supercapacitors based on Ni-Co-P-S as positive electrode and active carbon as negative electrode
showcase a high specific capacitance of 110.9 F/g at 1 A/g, impressive energy density of 39.4 Wh/kg at a
power density of 797.5 W/kg in terms of excellent cycling stability (91.87% retention after 10,000 cycles).
This simple electrode position strategy for synthesizing Ni-Co-P-S can be extended to prepare electrode
materials for various sustainable electrochemical energy storage/conversion technologies.
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Recently, the powerful and efficient energy storage and
conversion has become one of the primary efforts of scientific
research [1-3]. Transition metal sulfides (TMSs) have been
extensively researched as promising materials for energy storage
and conversion, such as zinc/sodium-ion batteries [4,5], super-
capacitors (SCs) [6,7], Zn-air batteries [8,9] and water splitting
[10,11]. Especially, SCs have attracted continuous attention for the
high power density, cycling durability and safety [12]. TMSs have
been extensively studied as electrode materials for SCs because
they can improve the energy density of SCs by their relatively
superb specific capacitance generated from multiple oxidation
states of transition metal [13].

Due to the lack of sufficient redox reaction activity and
relatively poor electronic conductivity, the electrochemical
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performance of mono-metal sulfides such as cobalt sulfide, nickel
sulfide, tungsten sulfide and molybdenum sulfide are unsatisfac-
tory in many cases [14]. Mixed metal sulfides possess higher
electronic conductivity and more abundant redox active sites in
contrast to the mono-metal sulfides, leading to significant
augmentation of electrochemical performances [15,16]. Especially,
nickel cobalt sulfides can be used as decent positive electrode
materials for various types of electrochemical energy storage,
because of their ultrahigh theoretical capacitance [17-19].
However, the electrochemical performances of TMSs are still far
from outstanding, of which the rate capability and ion diff ;usion
kinetics are usually poor and sluggish owing to the low electrical
conductivity, severely retarding their further development [20,21].

Heterogeneous nanostructure, which is comprised of multiple
components, has been devoted to enhance the intrinsic electrical
conductivity of TMSs, exhibiting synergistically enhanced activity
[22,23]. Besides, rational structure design could fulfill promotive
function by synergistic effects between each component in the
heterogeneous nanostructure. A myriad of redox active sites, fast
electron transfer, and ion diffusion/transport can be effectively
achieved [24]. Therefore, the preparation of supercapacitor
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materials with heterogeneous nanostructure is a problem-solving
strategy to improve its electrochemical performance. More
recently, many efforts have demonstrated to optimize the
electrochemical properties of TMSs by substituting sulfur with
phosphorus heteroatom. For instance, Jiang et al. have presented a
facile anionic P substitution approach to prepare nickel phospho-
sulfide nanoparticles on graphene nanosheets (G/Ni-S-P) for SCs.
The synergistic eff ;ects between each component as well as
hierarchical structure have positive effects on energy storage,
leading to the resultant G/Ni-S-P electrode possesses an excellent
specific capacitance of 1406 C/g at 1 A/g and a rate capability of
60.2% at 120 A/g [25]. Lei et al. have synthesized phospho-sulfide
(Zn-Ni-P-S) nanosheets grown on Ni foam by a two-step strategy,
which combines a hydrothermal approach with a phosphorization
and sulfurization process. The Zn-Ni-P-S delivered a high specific
capacitance of 1180 C/g at 2 A/g [26]. Nevertheless, the recipes
mentioned above involve multistep processes which lead to the
application of the transition metallic phospho-sulfides costly,
complicated, and time-consuming, although the prepared materi-
als have excellent electrochemical performance.

Compared to other synthesis strategies such as ball-milling and
hydrothermal method, electrochemical deposition has their
unique advantages as follow. In the first place, this technology
has a wide range of applications. It can be used to prepare many
electrode materials, including conductive polymers, metal oxides,
metal sulfides, and so on. In addition, the strategy can work under
extremely mild conditions using simple experimental devices
(electrochemical workstation and electrolyzer) [27]. Most impor-
tantly, active electrochemical materials with different morphol-
ogies and properties can be easily prepared by adjusting the
reaction conditions (reaction temperature, concentration, time,
etc.) [28]. Therefore, a great number of works have been done to
prepare materials by electrochemical deposition. However, the
preparation of TMPS materials via one-step electrodeposition is
rarely reported, and still a challenge.

In light of the above considerations, herein, a facile one-step
electrodeposition synthesis has been designed to deposit nickel
cobalt phospho-sulfide (Ni-Co-P-S) nanosheets onto the surface of

(a) Carbon Cloth

Ni*, Co*,
NaH,PO, ,
CH,N,S

=

Electrodeposition

Chinese Chemical Letters 32 (2021) 3553-3557

carbon cloth (CC). Due to the outstanding conductivity of the CC
substrate as well as the synergistic effect of multiple components,
the obtained Ni-Co-P-S electrode with enriched redox active sites
delivered an outstanding specific capacitance of 2744 F/g at 4 A/g
and decent rate capability. Furthermore, an asymmetric super-
capacitor was fabricated with Ni-Co-P-S as the positive electrode
and active carbon as the negative electrode, achieving an excellent
energy density of 39.4 Wh/kg at a power density of 797.5 W/kg
with superior electrochemical cycling stability (91.87% retention
after 10,000 cycles).

The preparation of nickel cobalt phospho-sulfide (Ni-Co-P-S) on
carbon cloth (CC) is illustrated in Fig. 1a. The Ni-Co-P-S nanosheets
were deposited onto CC by a facile one-step electrodeposition
synthesis under room temperature. Apparently, as demonstrated
by the scanning electron microscope (SEM) images (Figs. 1b and c),
the nanowalls-like Ni-Co-P-S nanosheets are homogeneously
aligned on CC. In addition, the morphologies of Ni-Co-S (prepared
without NaH,PO,-H,0) and Ni-Co-P (prepared without CH4N,S)
were shown in Figs. S1 and S2 (Supporting information),
respectively, which also reveal that interconnected nanosheets
are aligned on the fiber surfaces. The well-defined nanowalls-like
structures on the CC substrate is conducive to fast ions
transportation.

To further investigate the nanostructure of as-prepared Ni-Co-
P-S, the Ni-Co-P-S-2 layer was peeled off from the CC substrate by
strong ultrasonication and used for transmission electron micros-
copy (TEM) observation. Figs. 1d and e exhibit typical TEM images
of a piece of Ni-Co-P-S-2, from which many nanosheets vertically
aligned onto a film could be observed. As observed from the high
resolution TEM (HRTEM) image shown in Fig. 1f, the interplanar
spacings of 0.222 and 0.260 nm are corresponded to the (210)
plane of NisP4 and (311) plane of NiCo,S,4, respectively. Moreover,
energy-dispersive X-ray spectrometry (EDS) elemental mapping
images of Co, Ni, P and S for the Ni-Co-P-S-2 sample, using an SEM,
are presented in Fig. 1g. Excellent coverage and uniform
distribution of these elements indicate that Ni-Co-P-S-2 grows
well on CC. EDS elemental mapping images of Ni-Co-S (Fig. S3 in
Supporting information) and Ni-Co-P (Fig. S4 in Supporting

»%2d(311)=0.260.nm
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S um

Fig. 1. (a) Schematic representation of the preparation of Ni-Co-P-S on CC. (b, c) SEM images, (d, e) TEM images, (f) HRTEM image and (g) corresponding elemental mapping

images of Ni-Co-P-S-2.
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information) demonstrated the homogeneous distribution of all
the elements, suggesting the successful preparation of the
materials.

XRD can be used to testify the phase compositions of the as-
prepared samples. One sharp peak derived from carbon cloth was
shown in the XRD patterns of the Ni-Co-P-S-2 (Fig. 2a), Ni-Co-S
(Fig. S5a in Supporting information) and Ni-Co-P (Fig. S5b in
Supporting information). In Fig. 2a, the characteristic peak signals
of NisP, (JCPDS No. 18-0883) and NiCo,S, (JCPDS No. 20-0782)
phases were observed in the XRD pattern of the Ni-Co-P-S-2,
demonstrating the presence of NisP4 and NiCo,S4 phases after the
electrodeposition process [29,30].

The elemental compositions and the chemical valence states of
the surface atoms for the Ni-Co-P-S-2 were examined by XPS. The
XPS survey spectrum of Ni-Co-P-S-2 suggests the existence of Co,
Ni, P, and S elements (Fig. 2b). The surface atomic ratios in Ni-Co-P-
S-2 are 21.02% (Co), 32.77% (Ni), 30.27% (P) and 14.05% (S),
respectively. The XPS spectra of Ni 2p and Co 2p in Figs. 2c and d
can be deconvoluted into two spin-orbiting dipoles and two
shakeup satellites (labeled as “Sat.”). As showcased in Fig. 2c, the
peaks centered at binding energies of 857.8 eV and 875.6eV are
ascribed to the Ni**, and 856.8 eV and 873.6 eV are ascribed to the
Ni2* [31]. Meanwhile, in Fig. 2d, the fitting peaks centered at
binding energies of 781.3 eV and 797.0 eV can be ascribed to the
Co>*, and 783.3 eV and 799.0 eV are corresponded to the Co?* [32].
In the high-resolution spectra of P 2p (Fig. 2e), the peaks centered
at 135.5eV and 134.5 eV are characteristic of P 2p3; and P 2py 3,
respectively [33]. For S 2p (Fig. 2f), the peaks located at 163.1 eV
and 164.8 eV are characteristic of S 2ps;; and S 2p, 2, respectively,
which are associated with metal-sulfur bonds [34]. These results
further proved that metal phospho-sulfides were successfully
prepared. The surface information of Ni-Co-S and Ni-Co-P was also
demonstrated by XPS spectra (Figs. S6 and S7 in Supporting
information). The high resolution XPS spectra of Ni 2p, Co 2p, S 2p
and P 2p spectra also suggested the two control samples were
successfully fabricated.

To evaluate the electrochemical performance of the as-
prepared electrodes, cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), and galvanostatic charge/discharge
(GCD) tests were implemented. Firstly, the influence of the
thiourea contents on electrochemical performance during electro-
depositing Ni-Co-P-S were studied. Four different bimetallic
phospho-sulfides with different contents of sulfur (named as Ni-
Co-P-S-1 to Ni-Co-P-S-4), have been investigated (see Experimen-
tal Section in Supporting information for detail). The CV curves of
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Ni-Co-P-S samples with different sulfur contents at the scan rate of
10 mV/s were displayed in Fig. S8a (Supporting information). The
integrated CV area of Ni-Co-P-S-2 is obviously larger than those for
Ni-Co-P-S-1, Ni-Co-P-S-3 and Ni-Co-P-S-4, which proves that Ni-
Co-P-S-2 shows the largest specific capacitance. The GCD measure-
ments of Ni-Co-P-Ss were implemented in 0-0.45V at 5 A/g
(Fig. S8b in Supporting information). Based on the GCD profiles, the
specific capacitances of Ni-Co-P-S-1 to Ni-Co-P-S-4 are 983, 2744,
1958 and 1289 F/g, respectively. Obviously, the result that Ni-Co-P-
S-2 has the largest specific capacitance obtained from GCD is
consistent with that of CV. Besides, the Ni-Co-P-S-2 shows the best
conductivity among all the Ni-Co-P-S samples, as demonstrated by
EIS in Fig. S8¢ (Supporting information).

For further investigating the synergistic advantages of phos-
phorus and sulfur, the electrochemical performances of Ni-Co-S
and Ni-Co-P were reviewed for comparison. The CV curves of Ni-
Co-P-S-2, Ni-Co-S and Ni-Co-P electrodes at 10 mV/s within
0-0.45V are showcased in Fig. 3a. The CV curves of the above
electrodes reveal the faradaic redox reaction behavior of each
electrode, which is proved by a pair of redox peaks. The integrated
CV area of Ni-Co-P-S-2 is obviously larger than Ni-Co-P and Ni-Co-
S, which proves that Ni-Co-P-S-2 delivers a larger specific
capacitance. In addition, the CV curves are totally different when
the S content is different. The electronegativity of S is relatively
higher than that of P, leading to the trend of Ni and Co oxidation for
Ni-Co-S is harder. Therefore, the oxidation peak of Ni-Co-S (0.36 V)
is higher than those of Ni-Co-P (0.20 V) and Ni-Co-P-S-2 (0.25V).
The CV curves of Ni-Co-P-S-2 varies from 5mV/s to 60 mV/s in a
voltage range of 0-0.45V (Fig. S9 in Supporting information)
apparently shows pseudocapacitive characteristics, owing to their
significant difference from an ideal rectangular shape. Further-
more, GCD curves for Ni-Co-P-S-2, Ni-Co-S and Ni-Co-P electrodes
in the potential range of 0—0.45 V were recorded at a fixed current
density of 5 A/g. The observed non-linear shape for all GCD curves
again confirmed faradaic dominant electrochemical reactions
within the electrodes. It was clear that the discharge time for
Ni-Co-P-S-2 is longer than Ni-Co-S and Ni-Co-P, suggesting the
highest specific capacitance, which is consistent with the CV
results (Fig. 3b). The GCD measurements of Ni-Co-P-S-2 (Fig. S10 in
Supporting information), Ni-Co-S (Fig. S11 in Supporting informa-
tion) and Ni-Co-P (Fig. S12 in Supporting information) electrodes
were implemented in the voltage window of 0-4.5V at different
current densities (Fig. 3¢). The specific gravimetric capacitances of
Ni-Co-P-S-2 are 2744, 2733, 2712, 2695, 2635, 2580, 2477, 1446,
2382 and 2288 F/g at 4, 5, 8, 10, 20, 30, 50, 60, 80 and 100 A/g,
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Fig. 3. (a) CV curves of Ni-Co-S, Ni-Co-P and Ni-Co-P-S-2 at 10 mV/s. (b) GCD curves of Ni-Co-S, Ni-Co-P and Ni-Co-P-S-2 at 5 A/g. (c) Specific capacitances of Ni-Co-S, Ni-Co-P
and Ni-Co-P-S-2 at different current densities. (d) EIS curves of Ni-Co-S, Ni-Co-P and Ni-Co-P-S-2 (The inset is the partial enlarged Nyquist plots).

respectively, suggesting the high specific capacitances and rate
capacity (only drops by 16.62% when the current density rises from
4 Alg to 100 A/g). The reason for the good electrochemical
performance of Ni-Co-P-S-2 is that the mixed valence Ni, Co, P and
S atoms are benefit for the formation of ionic and electronic
defects, which can act as active sites for Faraday reaction.

To better understand the influence of the synergistic effect of
phosphorus and sulfur, the electrochemical impedances of

Ni-Co-P-S-2, Ni-Co-S and Ni-Co-P were tested by using EIS
(Fig. 3d). In the high-frequency region, Ni-Co-P-S-2 displays a
smaller semicircle diameter than Ni-Co-P and Ni-Co-S because of a
lower charge-transfer impedance. At the same time, the Ni-Co-P-S-
2 possesses the equivalent series resistance of 0.73 (), that is lower
than 1.14 Q for Ni-Co-P and 2.21 () for Ni-Co-S. In the low-
frequency region, the slope of Ni-Co-P-S-2 showcases the lowest
diffusion resistance. The EIS results demonstrate that the
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synergistic effect of phosphorus and sulfur endows Ni-Co-P-S-2
with superior electrical conductivity and fast kinetics, resulting in
elevated electrochemical performance.

To evaluate the practical applications of the Ni-Co-P-S-2
electrode, an asymmetric supercapacitor (ASC) device was
assembled (Fig. 4a). Ni-Co-P-S-2 electrode, activated carbon
(AC), and cellulose paper were used as the positive electrode,
negative electrode, and separator, respectively (denoted as Ni-Co-
P-S-2//AC). The CV curves of the Ni-Co-P-S-2//AC ASC device at
different voltage windows were recorded at 50 mV/s to optimize
the operating voltage window. As displayed in Fig. 4b, stable
electrochemical behavior can be maintained in the range of 0-
1.6 V. Fig. 4c depicts the CV curves of the ASC device at scan rates
from 5mV/s to 400 mV/s. A pair of hump peak was observed,
indicating the existence of pseudo-capacitance in the charge/
discharge process. The shape of the CV curves can be maintained
with the rising of scan rate, suggesting the excellent rate capability
of the ASC. From GCD curves (Fig. 4d), the device showcases a
comparative low internal resistance drop, which was caused by the
reduced electron/ion diffusion pathway. Encouragingly, the ASC
device exhibited excellent capacitances of 110.9, 106.9, 100.7, 93.7,
83.1, 77.8, 70.0 and 62.0F/g at 1, 2, 3, 5, 10, 15, 20 and 30 A/g,
respectively (Fig. 4e). The Nyquist plot (Fig. 4f) displays the charge-
transfer resistance value is 0.74 (), indicating a low intrinsic
resistance of the ASC device.

Fig. 4g shows the Ragone plots of the energy and power density
of the ASC device. The ASC showcases a high energy density of
39.11 Wh/kg at a power density of 789 W/kg. Noteworthily, the
energy density of the ASC is superior to those of devices based on
nickel/cobalt phosphides and sulfides composites previously
reported in literatures, such as NiCo,S4/PRGO//AC (27.5 Wh/kg at
446.5 W/kg) [35], NiCo,S4//AC (28.3 Wh/kg at 245 W/[kg) [36], Ni-
Co sulfide NWAs (25Wh/kg at 3570 W/kg) [37], Nig-Co;-P//AC
(22.8 Wh/kg at 4320 W/kg) [38] and NixCoq_xP//AC (31.52 Wh/kg at
700 W/kg) [39]. The Ni-Co-P-S-2//AC ASC also displays long-term
cycling stability, which was determined by the GCD curves at a
high current density of 5 A/g (Fig. 4h). Impressively, 91.87% of the
initial capacitance can be maintained after 10,000 cycles,
manifesting its excellent stability. Besides, a digital watch can
be operated by an ASC device, proving the potential practical use of
the Ni-Co-P-S-2//AC ASC device (Fig. 4i).

In summary, interconnected nanowalls-like Ni-Co-P-S nano-
sheets were successfully prepared via a simple one-step electro-
deposition procedure. Due to the synergistic effect of multi-
component, enriched redox active sites and shortened ion
diffusion path, the as-prepared Ni-Co-P-S delivered an ultrahigh
specific capacitance of 2744 F/g at 4 A/g, that is superior than those
of Ni-Co-S and Ni-Co-P counterparts. In addition, the Ni-Co-P-S-2//
AC full supercapacitor device exhibits a potential window of 1.6 V
and a superior energy density of 39.4 Wh/kg at a power density of
797.5W/kg. In addition, the ASC exhibits high capacitance
retention of 91.87% after 10,000 cycles, demonstrating a superb
cycle life. Accordingly, this work offers a simple approach to metal
phospho-sulfide composites for energy conversion/storage.
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