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Regulation of chemical composition and nanostructure, such as the introduction of dopant into two-
dimensional nanomaterials, is a general and valid strategy for the efficient electrocatalyst design. In
this work, Co4S3/CogSg nanosheets, with an ultrathin layer structure, were successfully synthesized via
an efficient solvothermal process combined with ultrasonic exfoliation. Different metal ions (M = Fe3,
Cr3+, Mn2t and Ni%*) were then doped by a simple cation exchange method and the effects of differ-
ent dopants on the OER activities of Co4S3/CogSg NS were further investigated in alkaline media. The
corresponding results implied that M-doped Co,4S3/CogSg NS (M = Fe3*, Cr3+, Mn?t and Ni?t) exhibited
different electrocatalytic properties. Evidenced by XPS spectra, the different OER activities were mainly
aroused by the redistribution of charge at the interface due to an electronic interaction between the
doped metal ions and Co4S3/CogSg NS.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Due to its simplicity, cost-effectiveness and cleanness, electro-
chemical approach has attracted considerable interest in water
splitting into oxygen and hydrogen, which is of great importance
to sustainable renewable energy resources [1-3]. However, owing
to the relatively slow kinetics of oxygen evolution reaction (OER)
at the anode and the low conversion efficiency of water to fuel,
efficient electrocatalyst is thus desperate needed to reduce the ac-
tivation energy barrier [4,5].

Over the past several decades, due to the wide stoichiometric
composition and intrinsic activities, various abundant and produc-
tive compounds containing 3d transition metals, especially cobalt
chalcogenides, have been developed as promising alternatives for
noble-metal oxygen evolution reaction (OER) catalyst [6-8], the
shortcomings of which are the elemental scarcity and worse sta-
bility. Many literatures have reported that the activities of cobalt
sulfide catalysts partly depend on their morphology and the micro-
chemical environment of cobalt active sites [9-11]. In comparsion
with various different morphologies of cobaltchalcogenides-based
electrode materials, two-dimensional nanosheet materials usually
show promising electrocatalytic performance due to their advan-
tages of large specific surface area and fast charge transfer capacity
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[12,13], which has attracted extensive attention. The further tuning
of chemical composition and nanostructures are expected to be a
general and valid strategy for the improvement of OER reactivity
[14]. To tailor the chemical composition of electrocatalysts, the in-
troducing of doping ions into the crystal lattice of materials has
become an effective route to manipulate the electrical properties
[15,16]. It has been confirmed in the literatures that the Co(OH),
[17], Ni(OH), [18,19], TiO, [20-22] and MnO, [23] composites elec-
trode all exhibit greatly enhanced OER activity after the doping
by Fe, Cu, Co and V, respectively. However, there are few reports
about the effects of different dopants on the electrocatalytic per-
formance of one catalyst. For cobalt sulfide-based electrocatalyst,
only Fe ions and Ni ions have been reported to influence active-
phase structure and significantly improve the OER catalysis activity
[24,25]. To the best of our best knowledge, there are still few re-
ports about the synthesis Co4S3/CogSg nanosheets and the effects
of the different doped metal ions on its OER electrocatalytic prop-
erties for oxygen evolution reaction.

Here, we present an efficient solvothermal process com-
bined with ultrasonic exfoliation for the synthesis of Co4S3/CogSg
nanosheets (Co4S3/CogSg NS). With the followed simple cation ex-
change method, we further prepared M-doped Co4S3/CogSg NS
(M = Fe3*, Cr3*, Mn?* and Ni2*) at room temperature and com-
pared their OER activities in alkaline media. The corresponding re-
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Fig. 1. (a) XRD patterns and (b) Raman spectrum of Co,4S3/CogSg nanosheets.

sults implied that M-doped Co4S3/CogSg NS (M = Fe3+, Cr3+, Mn2+
and Ni2*) exhibited different electrocatalytic properties. Towards
such different influences of the different metal ions doping on the
electrocatalytic properties for oxygen evolution reaction, XPS anal-
ysis were carried out to investigate the possible reasons.

The details of the preparation process,structure and morphol-
ogy characterization and the OER electrocatalytic performance tests
of C0453/CogSg NS and M-doped C04S3/CogSg NS (M = Fe3+, Cr3+,
Mn2+ and Ni2+) can be seen in Supporting information.

According to the so-called “solvent coordination molecular tem-
plate strategy” [23,26-28], that was, the DETA was embedded be-
tween adjacent cobalt sulfide layers through the Co-N coordi-
nation, and then Co4S3/CogSg nanosheets with two-dimensional
lamellar structure were obtained by ultrasound exfoliation treat-
ment from an intermediate Co4S3/CogSg-DETA hybrid precursor.
The crystallinity and composition of the cobaltous sulfide were de-
termined by the powder XRD patterns. From Fig. 1a, the charac-
teristic peaks indexed to (100), (101), (102), (110) and (202) crystal
planes of Co4S; (JCPDS No. 02-1458) can be seen at 30.6°, 35.3°,
46.8°, 54.4° and 74.6°, respectively. Consulting the JCPDS No. 86-
2273, the peaks located at the position of 29.8°, 31.5°, 47.7°, 52.2°
and 61.9° can well correspond to the (311), (222), (511), (440) and
(622) planes of the co-existence CogSg, respectively. There were
no extra diffraction peaks in the XRD pattern other than Co4S;3
and CogSg, indicating highly purified products of Co4S3/CogSg NS.
Raman spectroscopy of Co4S3/CogSg NS was further performed to
confirm the chemical physical environment. The Raman spectrum
of the typical CosS3/CogSg NS was shown in Fig. 1b. Four well-
resolved Raman peaks were seen at 185 cm™!, 460 cm™!, 517 cm™!
and 660 cm~!, which were perfectly indexed to the Fpg, Eg, Fpg and
Ajg modes of cobalt sulfide, respectively [29-31].

Figs. 2a and b showed the TEM and SEM images of the synthe-
sized Co4S3/CogSg samples. The remarkable morphology of two-
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dimensional nanosheets can be clearly distinguished. The distri-
bution of cobalt and sulfur elements can be obtained by ele-
mental mapping images of the SEM image of Co4S3/CogSg NS
in Fig. S1 (Supporting information). The crystalline structure of
Co4S3/CogSg composite was further confirmed from the electron
diffraction patterns of selected area (SAED). As shown in Fig. 2c,
a clear crystalline spot ring, which belonged to the polycrystalline
structure with the indexed planes of Co4Ss (100), (101), (102),
(110) and (202) and CogSg (622), matched well with the results
of XRD, further confirming the formation of Co4S3/ CogSg compos-
ites. The results of AFM in Fig. 2d demonstrated that the height of
C04S3/CogSg nanosheets was 1~2 nm, indicating an ultrathin layer
structure.

To identify the bonding configuration, Fig. 3 illustrated the
high-resolution Co 2p and S 2p XPS spectra of Co4S3/CogSg NS,
which had been fitted by Gaussian method. Two spin-orbit dou-
blets and two shakeup satellites (denoted as “Sat.”) could be fitted
for the core level of Co 2p. The fitting peaks of Co 2p located at
778.8 eV and 793.6 eV and the other fitting peaks of Co 2p at 780.4
eV and 796.5 eV were attributed to Co2t and Co3*, respectively,
the two categories of cobalt oxidation states existed in Co4S3/CogSg
NS [32,33]. In the S 2p spectrum (Fig. 3b), the asymmetric peaks
at 161.5 eV and 162.8 eV were indexed to the S 2p3;, and S 2p;p,
peaks of cobalt sulfide nanosheets, while binding energy of 167.6
eV can be assigned to the satellite peak of sulfur. Hence, based on
the above XPS analysis, the successful formation of Co4S3/CogSg NS
can be further verified.

XPS characterization of the Co4S3/CogSg NS catalyst after OER
reaction was also carried out here to ascertain whether there was
a possibility of component and structural evolution during the OER
process of the prepared Co4S3/CogSg NS catalyst. In the Co 2p and
S 2p spectra of Co4S3/CogSg NS after OER under alkaline conditions
(Figs. 3a and b), it was noteworthy that the Co 2ps3, and Co 2p;p,
peaks exhibited 0.3 eV and 0.4 eV negative shifts, respectively,
while that the S 2p3;; and S 2p;, peaks exhibited 0.4 eV and
0.3 eV positive shifts, respectively. This experimental phenomenon
showed that there existed electron transfer between cobalt and
sulfur, and both the electron states on the surface of cobalt and
sulfur atoms had been regulated. The negative shifts of Co 2p after
the OER reaction compared with the pristine Co4S3/CogSg NS in-
dicated a lower oxidation state of Co species. Besides, the Co 2p;p,
peak located at 780.0 eV evidenced the still existence of Co-S bond
after the OER reaction [34]. Thus, combined with the fact that the
doublets appearing at 781.5 eV and 796.1 eV can be attributed to
Co** 2p;3pp and Co** 2py) of CogSs, we can infer that the sam-
ple after OER reaction was still cobalt-sulfur compound with the
higher content of cobalt species of low oxidation state. However,
owing to the strong affinity to O of Co?*, cobalt hydroxide may
also be formed due to absorbed hydroxide species under alkaline
conditions during the OER process. To verify this, XRD patterns of
the catalysts after OER reaction were performed and the results
were illustrated in Fig. 4. It was obvious that after the OER reac-
tion, the component of the catalyst was still Co4S3/CogSg and no
cobalt hydroxide products were formed. What was slightly differ-
ent was that the structure of Co4S; has been partially transformed.
Therefore, according to the analysis of the above results, the Co4S3/
CogSg catalyst as-prepared was “true catalyst”, which was respon-
sible for the catalytic activity in OER.

As mentioned above, ion doping can regulate the OER prop-
erties of electrocatalyst effectively [15,16]. The literatures have
showed that cation exchange reaction is an extremely versatile
and simple tool for the accessing novel nanomaterials, and also
a powerful postsynthetic modification strategy that changes the
composition of one nanomaterial while maintaining its morphol-
ogy and crystal structure [35,36]. Compared with bulk extended
solids, due to the relatively small number of atomic layers and
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Fig. 2. (a) TEM image, (b) SEM image, (c) SAED patterns and (d) AFM image of the prepared Co,S3/Co9Ssg nanosheets.
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Fig. 3. Surface chemical states of Co,S3/ CogSg NS before and after OER: (a) High resolution XPS spectra of Co 2p; (b) High resolution XPS spectra of S 2p.

the highly reactive cobalt atoms for the ultrathin two-dimensional
C04S3/CogSg nanomaterials, cation exchange reaction can occur
completely and reversibly in ionic nanosheets at room temperature
with unusually fast reaction rates [37,38]. So herein, we selected
the cation exchange method to prepare the M-doped Co4S3/CogSg
NS (M = Fe3*, Cr3+, Mn?+ and Ni2*), in which the cobalt cations
ligated within a nanocrystal host lattice were substituted with
Fe3+, Cr3+, Mn2+ and NiZ* cations in solution, respectively.

Based on the LSV data of the four Fe-doped catalyst samples
with different feeding molar rations of Fe/Co during the synthe-
sis process of Fe-doped Co4S3/CogSg NS shown in Fig. S2 (Sup-
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porting information), we found that 30% Fe-doped Co4S3/Cog9Sg NS
exhibited the highest catalytic activity and power to derive the
OER among the four Fe-doped catalysts. Therefore, herein, the OER
properties of different metal ions (M = Fe3*, Cr3*, Mn2t and Ni2t)
doped Co4S3/CogSg NS prepared with the same feeding mole ra-
tions of M/Co (3:10) were compared. As illustrated in Fig. S3 (Sup-
porting information), Fe, Cr, Mn and Ni signals can be clearly de-
tected in the survey XPS spectra of four M-doped Co4S3/CogSg NS
(M = Fe3+, Cr3+, Mn?* and Ni2*), indicating the successful doping
of the metal ions into Co4S3/CogSg NS. The distribution of cobalt,
sulfur and the respective doped metallic elements can also be dis-
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Fig. 4. XRD patterns of the prepared Co4S3/ CogSg nanosheets after OER.

tinguished by elemental mapping images of their SEM images of
M-doped Co,4S3/CogSg NS (M = Fe3+, Cr3+, Mn?* and Nit) in Figs.
S4-S7 (Supporting information), respectively.

The effects of different metal ions (M = Fe3+, Cr3+, Mn2* and
Ni2*+) doping on the electrochemical catalysis activity for OER of
Co4S3/CogSg NS were investigated in alkaline media, which were
first studied by LSV (Fig. 5a). From the detailed comparisons of the
required overpotential to reach a current density of 10 mA/cm?
shown in Fig. 5b, we can see that the overpotentials at 7o for
C04S3/CogSg NS, Fe-doped Co4S3/CogSg NS, Cr-doped Co,4S3/CogSg
NS, Mn-doped Co4S3/CogSg NS, and Ni-doped Co4S3/CogSg NS were
398 mV, 354 mV, 386 mV, 396 mV and 414 mV, respectively.
This result proved that the Co4S3/CogSgNS exhibited enhanced
electrocatalytic properties for OER after the Fe3+ doping, and the
OER catalysis activities of Cr-doped Co4S3/CogSg NS and Mn-doped
C04S3/CogSg NS were just a little better than undoped Co4S3/CogSsg.
However, what need to be pointed out was that the catalytic ac-
tivity of Ni-doped Co4S3/CogSg NS on OER was obviously poor
than other samples. This meant that the doping of Ni2t ions
weakened the catalytic activity for the OER. The catalytic kinet-
ics of these samples was also confirmed by the Tafel plots, which
were calculated from LSV curves in low overpotential regimes and
were exhibited in Fig. 5c. It can be intuitively observed that Fe-
doped Co4S3/CogSg NS had the smaller Tafel slope of 52.65 mV/dec
than Co4S3/CogSg NS (59.22 mV/dec), Cr-doped Co4S3/CogSg NS
(65.29 mV/dec), Mn-doped Co4S3/CogSg NS (62.70 mV/dec) and
Ni-doped Co4S3/CogSg NS (85.63 mV/dec), implying that Fe-doped
Co04S3/CogSg NS had the highest electrocatalytic activity and Ni-
doped Co4S3/CogSg NS had the lowest catalytic activity and power
to derive the OER among these five samples.The results for enhanc-
ing or weakening OER activities of the Co4S3/CogSg NS due to the
metal ions doping could also be deduced from the charge transfer
resistance, as indicated by the EIS results in Fig. 6a. It showed that
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Fe-doped Co04S3/CogSg NS had the smallest semicircular diameter,
indicating a lower charge transfer resistance. Conversely, Ni-doped
Co4S3/CogSg NS displayed a higher charge transfer resistance con-
firmed by the largest semicircular diameter.

We further compared the electrochemical surface area (ECSA),
calculated based on their double-layer capacitance (Cy), which was
measured from the linear slope of capacitive current vs. scan rate
in the non-Faraday potential region. As can be seen in Fig. 6b, the
Cq values of M-doped Co,S3/CogSg NS (M = Fe3+, Cr3+, Mn?*
and NiZ+) were all significantly outperforming that of undoped
C04S3/CogSg NS. This phenomenon suggested that the introduced
metal ions into Co4S3/CogSg NS, even though the metal ions were
Ni%*,could provide more active sites for OER catalysis. However,
the increase in electrochemical surface area was not the sole fac-
tor for activity enhancement [39]. So based on the above re-
sults including the 74y, Tafel slope and EIS values, we speculated
that the OER catalysis abilities of Co4S3/CogSg NS and M-doped
C04S3/CogSg NS (M = Fe3*, Cr3+, Mn?+ and Ni?t) were mainly due
to their intrinsical charge transfer kinetics.

The stability of catalyst is another important parameter that de-
termines the performance of a catalyst. The catalytic durability of
these samples was evaluated by performing CA and CP measure-
ments. The results of CA testing exhibited in Fig. 6c demonstrated
that Fe-doped Co4S3/CogSg NS delivered the highest current den-
sities at different overpotentials compared with Co4S3/CogSg NS,
Cr-doped Co4S3/ CogSg NS, Mn-doped Co4S3/CogSg NS, and Ni-
doped Co4S3/CogSg NS. Similarly, the lowest current densities were
still produced by Ni-doped Co4S3/ CogSg NS, which was consistent
with the above conclusions.The results of CP response recorded at
a constant current density of 10 mA/cm2 were shown in Fig. 6d.
As can be seen, undoped Co04S3/CogSg NS suffered from gradu-
ally declining activity, with a remarkable overpotential increase of
67.2 mV in only 5 h. In comparison, Fe-doped Co4S3/CogSg NS, Cr-
doped Co04S3/CogSg NS, and Mn-doped Co4S3/CogSg NS exhibited
excellent catalytic stability. Although the overpotential of Ni-doped
Co04S3/CogSg NS also had a tendency to increase, it was still more
stable than Co4S3/CogSg NS.

To sum up, from the comparison of the OER activity tests of
these five samples, Fe-doped Co4S3/CogSg NS showed the fairly
betterOER catalytic activity than Co4S3/CogSg NS. The OER catalysis
activities of Cr-doped Co4S3/CogSg NS and Mn-doped Co,4S3/CogSg
NS were just a little better than undoped Co4S3/CogSg NS. In con-
trast, Ni-doped Co4S3/CogSg NS displayed the lower OER cataly-
sis activity than undoped Co4S3/CogSg NS. Therefore, although the
catalytic performance of these five samples was not very good
compared to the electrocatalytic data of benchmarked RuO, and
IrO, electrocatalyst, the overpotentials at 79 of which is 287 mV
[40] and 335 mV [41] in alkaline medium, respectively, the results
in the present work can supply the trends in OER catalytic activity
induced by different ion doping and provide a new way for struc-
tural engineering of transition-metal sulfide-based electrocatalysts.
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XPS analysis was carried out to investigate the possible reasons
towards the different influences of the different metal ions dop-
ing on the electrocatalytic properties for oxygen evolution reaction.
Fig. 7 illustrated the high-resolution Co 2p and S 2p XPS spectra of
these five Co4S3/CogSg NS based samples. Compared with undoped
Co4S3/CogSg NS, the two typical peaks assigned to the chemical
states of Co?™ 2p3, and Co®t 2p;;, in Fe-doped Co4S3/CogSg NS
exhibited 0.6 eV and 2.0 eV negative shifts, respectively (Fig. 7a).
Besides, the ratio of cobalt with a lower oxidation state to cobalt
with a higher oxidation state increased significantly. All of these
results indicated that electron cloud density around the Co atoms

1399

increased when Fe3t ions were doped. According to the high-
resolution Fe 2p XPS spectra of Fe-doped Co4S3/CogSg NS (Fig. S8
in Supporting information), it can be seen that the binding ener-
gies of Fe 2p3j, and Fe 2p;, were at about 713.2 eV and 725.0 eV,
respectively, and exhibited positively shifted [42], further verifying
the electron transfer from Fe element to Co. The electron trans-
fer between Fe and Co makes the Lewis acid of Co stronger, which
was more conducive to the adsorption of OH~ molecules (Lewis
base), making the formation of intermediate products easier and
weakening the surface adsorption capacity of toxic intermediates.
All of these facts are conducive to the improvement of catalytic
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Fig. 8. SEM images of the prepared (a) Fe-doped Co4S3/Co9Sg NS, (b) Cr-doped
C04S3/CogSg NS, (c) Mn-doped Co04S3/CogSg NS and (d) Ni-doped Co4S3/CogSg NS
with different magnification.
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Fig. 10. XRD patterns of the prepared M-doped C04S53/Co9Sg NS (M = Fe3+, Cr3+,
Mn2+ and Ni2t).

activity and stabilityof the catalyst. Similar phenomena and con-
clusions also apply to the doping of Cr3*+ or Mn?* ions. The differ-
ence was that the doping of these two ions only gave a relatively
small negative shift of the Co 2p orbital binding energy. From the
Fig. 7a, the typical peaks corresponding to the chemical states of
Co?* 2ps), and Co* 2p;), in Mn-doped Co,S3/CogSg NS exhibited
0.6 eV and 2.0 eV negative shifts with the position of Co 2p;p,
unchanged. The doping of Mn?* ions displayed 0.4 eV negative
shifts only for the binding energy of Co 2ps,. The peak assigned to
Co%t 2p, 12 did not exhibit. Therefore, compared with the Fe-doped
C04S3/CogSg NS catalyst, although the doping of Cr3*+ or Mn?* ions
can also regulate the electron cloud around cobalt atoms and make
the binding energy of cobalt ions shift negatively, the role to en-
hance OER performance of Co4S3/CogSg NS was not as good as
that of iron ions doping. Conversely, the incorporation of Ni2* led
Co 2p3j, a remarkable 0.4 eV positive shifts. It was induced that
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Fig. 9. TEM images of the prepared (a) Fe-doped Co4S;/CogSs NS, (b) Cr-doped
C04S3/CogSg NS, (¢) Mn-doped Co4S3/CogSg NS and (d) Ni-doped Co4S3/CogSg NS
with different magnification.

electron cloud density aroundthe Co atoms decreased when Ni2*+
ions were doped. Therefore, an beneficial redistribution of charge
at the interface due to an electronic interaction between the doped
Ni2+ ions and Co4S3/CogSg NS would result in the lower electrocat-
alytic activity [43]. Different from that the negative shift of Co 2p
would enhance the OER catalytic activity and the more negative,
the higher the activity, the negative shift of S 2p would lower the
OER activity and the more negative, the less active. This is consis-
tent with our experimental results. As exhibited in Fig. 7b, com-
pared with undoped Co,4S3/CogSg NS, both the binding energies of
S 2p3p, and S 2py; showed a remarkable 1.1 eV and 0.6 eV positive
shifts in Fe-doped Co4S3/CogSg NS, the OER activities of which im-
proves obviously. The smaller positive shifts of S 2p3, and S 2p;p,
in Cr-doped Co4S3/CogSg NS and Mn-doped Co4S3/CogSg NS only
demonstrated just a little better than undoped Co4S3/CogSg NS. In
contrast, Ni-doped Co4S3/CogSg NS displayed the lower OER catal-
ysis activity than undoped Co4S3/CogSg NS evidenced by the con-
spicuous negative shifts of S 2p;, and S 2py ;.

Figs. 8 and 9 showed the SEM and TEM images of the pre-
pared M-doped Co4S3/CogSg NS (M = Fe3*, Cr3+, Mn2* and Ni%*)
with different magnification. Similar to the case of Co4S3/CogSg
NS, Ni-doped Co4S3/CogSg NS still maintained the discrete two-
dimensional sheet morphology (Figs. 8a and 9a). It is important
to note, however, the morphologies of Co4S3/CogSg NS doped with
Fe, Cr and Mn ions both have a tendency to assemble into 3D mi-
crospheres. That is to say, after the addition of Fe3*, Cr3+, or Mn%*+
ions, 2D nanosheet was converted into 3D microsphere morphol-
ogy, thus resulted in the improvement of electrocatalytic activity
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Fig. 11. XRD patterns of the prepared (a) Fe-doped Co4S3/Co9Sg NS, (b) Cr-doped Co04S3/CogSg NS, (c) Mn-doped Co4S3/CogSg NS and (d) Ni-doped Co4S3/CogSg NS after OER

reaction.

toward OER. The trend obeyed the order of Fe-doped Co4S3/CogSg
NS > Cr-doped Co4S3/CogSg NS > Mn-doped Co4S3/CogSg NS,
consistent with the order of OER performance. The 3D micro-
sphere morphology of Cr-doped Co4S3/Co9Sg NS and Mn-doped
C04S3/CogSg NS was composed of lamellar structures, respectively.
The difference was that the two-dimensional sheet structure of Cr-
doped Co4S3/CogSg NS (Figs. 8b and 9b) was smaller than that
of Mn-doped Co4S3/CogSg NS (Figs. 8¢ and 9c). The smaller two-
dimensional lamellae of Cr-doped Co4S3/CogSg NS allowed more
active sites to be exposed, resulting in slightly higher OER activ-
ity compared with Mn-doped Co4S3/CogSg NS. For the typical Fe-
doped Co4S3/CogSg NS, which similarly possessed 3D distinctive
microsphere structure composed of 1D nanostructure and smallest
2D lamellae (Figs. 8d and 9d), the OER performance was much in-
ferior to Cr-doped Co4S3/CogSg NS and Mn-doped Co4S3/CogSg NS,
reflecting in the lowest tafel slope and smallest charge transfer re-
sistance. These results demonstrated that such a special 3D struc-
ture formed by Fe3* doping efficiently facilitated electron transfer
and then enhanced the OER performance.

The XRD patterns of the prepared M-doped Co4S3/CogSg NS
(M = Fe3*, Cr3+, Mn2* and Ni%*) were illustrated in Fig. 10. It was
obvious that the crystallinity of the four samples decreased a lot
after the doping of the four kinds of metal ions, and it was diffi-
cult to confirm the structures and states of the doped ions existed
in Co4S3/CogSg NS. In addition, a very interesting phenomenon that
the origin structure of Co4S3 had also been partially transformed
with the introduction of metal ion dopants, emerged similarly to
the observed transition of crystalline phase for Co4S3/CogSg NS af-
ter OER reaction.

In order to further analyze the reasons for the different effects
of four doping ions on the OER reaction properties of Co4S3/CogSg
NS, the XRD patterns of the prepared M-doped Co,4S3/CogSg NS
(M = Fe3*, Cr3*, Mn?* and Ni2*) after OER reaction were also
measured and the results were exhibited in Fig. 11, respectively.
Apparently, all the doped metal ions existed in 3+ oxidation state,
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i.e., MOOH (M = Fe, Cr, Mn and Ni) under OER conditions. Among
them, FeOOH and CrOOH, the formation of which did not involve
the change of valence state, these so-called active substances con-
tributed to the increased OER activity of Co4S3/CogSg NS, as re-
ported in the literatures [44,45]. Even though the valence state
of manganese has changed, the resulted Mn3* of MnOOH was
great important to achieve high activity of OER according to the
Dai’ group work [46]. However, the formation of y-NiOOH resulted
from the Ni(OH), during the OER process would lead a much more
severe distortion of the oxygen octahedra around the Ni ions. Such
an irreversibly deactivated Ni redox sites had little OH~ affinity
and thus obstructed the OER process [47].

Moreover, just to figure out the stability, we examined the
catatlyst after the stability tests. SEM images in Figs. S9b-e (Sup-
porting information) revealed that the morphologies of the pre-
pared Fe-doped Co4S3/CogSg NS, Cr-doped Co4S3/CogSg NS, Mn-
doped Co4S3/CogSg NS, and Ni-doped Co4S3/CogSg NS remained
largely unchanged after the CP tests. Co4S3/ CogSg NS, however,
as exhibited in Fig. S9a (Supporting information), did have a
slight change in morphology compared with the fresh Co4S3/CogSg
NS. Fig. S10 (Supporting information) compared the XRD patterns
of the prepared Co4S3/CogSg NS, Fe-doped Co4S3/CogSg NS, Cr-
doped Co4S3/CogSg NS, Mn-doped Co4S3/CogSg NS and Ni-doped
C04S3/CogSg NS after OER reaction and after CP stability tests.
From the XRD patterns of Fe-doped Co4S3/CogSg NS, Cr-doped
C04S3/CogSg NS, and Mn-doped Co4S3/CogSg NS, it was observed
that the two diffraction peaks attributed to the (100) and (101)
planes of Co4S; disappeared for the three samples, while the
diffraction peaks attributed to the (220) crystal plane of CogSg,
which existed in Fe-doped Co4S3/CogSg NS and non-existed in Cr-
doped Co4S3/CogSg NS and Mn-doped Co4S3/CogSg NS before CP
test, were enhanced in Fe-doped Co4S3/CogSg NS and appeared in
the latter two samples after the stability test. But for the XRD pat-
terns of Co4S3/CogSg NS and Ni-doped Co4S3/CogSg NS, the two
diffraction peaks attributed to the (100) and (101) planes of Co4S3
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still remained the same. The difference was that, the (220) crys-
tal plane of CogSg, which existed in Co4S3/CogSg NS and Ni-doped
Co04S3/CogSg NS before CP tests, both vanished. At the same time,
the other diffraction peak attributed to the (331) crystal plane of
CogSg also disappeared in Ni-doped Co4S3/CogSg NS after the sta-
bility test. Thus, combined with the different effects on the OER
catalytic activity and stability of Co4S3/CogSg NS resulted by dif-
ferent metal ion doping, all the features discussed above indicated
that the existence of CogSg phase may have a positive effect on the
enhanced stability, and conversely that the Co4S3; phase may have
a negative influence, which may be due to the higher stability of
COgSg than CO4S3.

In summary, Co4S3/CogSg nanosheets (Co4S3/CogSg NS) were
successfully synthesized via an efficient solvothermal process com-
bined with ultrasonic exfoliation in this paper. The dopant of
different metal ions (M = Fe3+, Cr3*, Mn?t and Ni?*) into
C04S3/CogSg NS by a simple cation exchange method exhibited dif-
ferent effects on the OER electrocatalytic properties of Co4S3/CogSg
NS. Among them, Fe-doped Co4S3/CogSg NS showed the fairly bet-
ter OER catalytic activity compared with undoped Co4S3/CogSg NS.
The OER catalysis activities of Cr or Mn-doped Co4S3/CogSg NS
were just a little better than undoped Co4S3/CogSg nanosheets.
Conversely, Co4S3/CogSg NS exhibited weakened OER activity af-
ter the Ni?* ijons doping. Evidenced by XPS spectra, the reasons
for enhancing or weakening OER activities of the Co4S3/CogSg NS
resulted from the redistribution of charge at the interface due
to an electronic interaction between the doped metal ions and
CO4S3/COgSg NS.
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