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Ternary transition metal sulfides (TTMS) are promising supercapacitor electrode materials,
yet the influence of sulfidation on their phase evolution and electrochemical properties
remains underexplored. In this study, controlled sulfidation of ternary transition metal
hydroxides (TTMOH, NiCoFe-OH) is systematically investigated. Phase transitions from

TTMOH to ternary transition metal oxides (TTMO, NiCoFe-O) and finally to TTMS (NiCoFe-S)
are observed with increasing sulfidation temperature (35-115 °C). The NiCoFe-Sy5 electrode,
featuring a TTMO/TTMS heterojunction, delivered optimal performance due to synergistic
effects, achieving a capacity of 171.52 mAh g~' at 2 mA cm~2 It maintains 62.28% capacity
after 10,000 cycles. This work provides critical insights into phase engineering for designing
high-performance energy storage materials.
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Highlights

+ As temperature increases, the electrode material transforms from amorphous TTMOH to crystalline TTMO, and finally to

crystalline TTMS.

« The introduction of Fe element is the main reason for the production of ternary transition metal oxides (TTMO).
+ The crystalline TTMO/TTMS heterojunction electrode material exhibits excellent electrochemical performance.
* The obtained TTMO/TTMS heterojunction device demonstrates an energy density of 32.7 Wh kg™ at 400 W kg™".

Introduction

With the development of renewable energy systems and electronic
devices, efficient energy storage devices have become a core element
of the energy transition!". Supercapacitors, with their high power
density and fast charge-discharge capabilities, fill the technological
gap between traditional batteries and capacitors!?. However, their
widespread application is limited by insufficient energy density!l.
Based on the key parameters that determine energy density, it is
possible to maximize energy density by enhancing the voltage
window and specific capacitance of electrode materials”.

Ternary transition metal hydroxides (TTMOH) electrode materials,
especially NiCo-based electrode materials, have become ideal candi-
dates for a new generation of electrode materials due to their good
structural stability, low cost, and excellent redox activityl>. However,
their low conductivity is an issue that cannot be ignored. As is well
known, sulfur has low electronegativity!®.. Therefore, ternary transi-
tion metal sulfides (TTMS) exhibit higher conductivity, which in turn
leads to superior electrochemical performance. For instance, Yan et

al.”! synthesized NiCoMn-LDH/NF on nickel foam (NF) via a hydro-
thermal method, followed by sulfidation to obtain NiCoMn-S/NF.
Consequently, the optimized NiCoMnS/NF electrode demonstrated
enhanced electrochemical performance compared to NiCoMn-LDH/
NF, achieving a capacity of 872 C g~' at 1 A g~'. After 2,000 cycles,
this electrode material maintains 87.7% capacity retention. Kumar
et al.lBl synthesized NiCoZnS using a hydrothermal method. This
electrode material exhibits a capacity of 1,171.3 Cg~' at 0.5 A g~
Furthermore, NiCoZnS retains 94.9% of its capacitance retention
after 5,000 cycles. Among them, Mn and Zn ions exhibit similar
issues, such as structural instability and a tendency to dissolve. Fe
ions generally outperform other metal ions in terms of cycling stabi-
lity and cost!®'%l. Therefore, constructing NiCoFe ternary transition
metal compounds is beneficial for obtaining electrode materials
with superior electrochemical performance. Liu et al.""l synthesized
Prussian blue materials combined with NiCoFe multi-metal compo-
sites via the co-deposition method. Subsequent sulfidation resulted
in NCFS@PBA cubes. The ideal NCFS@PBA electrode demonstrates
1,6444 F g~' at 1 A g'. After 10,000 cycles, this electrode material
maintains 89.1% capacity retention.

* Correspondence: Hongyu Wang (wanghongyu07010310@163.com)
Full list of author information is available at the end of the article.
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Moreover, most researchers have only explored the morphology,
phase, and electrochemical performance of the final transformation
of TTMOH into TTMS, but have not conducted in-depth studies on
the morphological transitions, phase structure composition, and
corresponding electrochemical performance during this sulfidation
process. For instance, Kang et al.l'?! synthesized NiCoMn-OH via a
hydrothermal method, used thioacetamide (TAA) as the sulfidation
agent, and finally obtained NiCoMn-S by hydrothermal treatment
at 120 °C for 4 h. Similarly, Tian et al.l'3! loaded nickel-cobalt-zinc
hydroxide (NiCoZn[OH]F) onto nickel foam (NF) through a hydro-
thermal method, employed Na,S as the sulfidation agent, and
obtained NiCoZnS by hydrothermal treatment at 120 °C for 12 h.
Therefore, in order to better achieve controllable sulfidation and
obtain electrode materials with superior electrochemical perfor-
mance, it is crucial to investigate morphological transitions, phase
structure composition, and corresponding electrochemical perfor-
mance occurring during the sulfidation process.

Based on this, this paper first obtained TTMOH-NiCoFe-OH (NCF-
OH) through the co-precipitation method and then controlled the
hydrothermal temperature to obtain TTMS-NiCoFe-S (NCF-S) at
different temperatures, thereby exploring the sulfidation patterns of
the electrode material. The results show that as the hydrothermal
temperature increases to 75 °C, the electrode material initially
transforms from NiCoFe-OH to a ternary transition metal oxide
(TTMO), namely TTMO-NiCoFe-O (NCF-0). As the temperature fur-
ther increases, the electrode material gradually transforms into
NCF-S. Among them, the electrode materials of NCF-S55 and NCF-Sq5
exhibit heterojunction structures of NCF-OH/NCF-O and NCF-O/
NCF-S, respectively. The synergistic interaction of the two compo-
nents results in an electrochemical performance that surpasses that
of electrodes made from a single component. The specific capa-
cities are 154.32 and 171.52 mAh g=" at 2 mA cm~2. An asymmetric
supercapacitor (ASC) was fabricated using NCF-Sy; and activated
carbon (NCF-Sgs//AC). At 1 A g1, it delivers a specific capacitance of
92 F g~'. The energy density is 32.7 Wh kg~' at 400 W kg~'. After
7,000 charge-discharge cycles, the capacity retention rate of this
ASCis 63.1%.

Experimental

Materials, characterization, and experimental methods are reflected in
the supporting information.

Results and discussion

Structure characterization

Figure 1a schematically illustrates the structural evolution of the
NCF-S electrode material during the preparation process. Initially, amor-
phous TTMOH nanosheets were obtained via co-deposition. Subse-
quent sulfidation at controlled temperatures (35-115 °C) yielded dis-
tinct crystalline phases. At 35 °C, the material retained its amorphous
TTMOH nanosheet structure (Fig. 1b). Elevating the temperature to
55 °C induced partial crystallization, resulting in a heterojunction
structure comprising amorphous TTMOH and crystalline TTMO, whose
morphology was still nanosheet (Fig. 1c). Further increasing the
temperature to 75 °C produced fully crystalline TTMO, and the nano-
sheets transformed into nanoparticles (Fig. 1d). According to Supple-
mentary Fig. S1, at 75 °C, both Ni and Co monometallic transition metal
hydroxides formed corresponding sulfides, while the Fe monometallic
transition metal hydroxide existed in both oxide and sulfide forms,
with the diffraction peak intensity of the oxide being significantly

stronger than that of the sulfide. Therefore, it is concluded that the
participation of Fe element leads to the formation of TTMO, and at
75 °C, the material did not reach the temperature required for com-
plete sulfidation. At 95 °C, the material exhibited crystalline NCF-S
(TTMS), forming a heterojunction with residual crystalline TTMO
(Fig. Te). At this temperature, the morphology transformed back to the
nanosheet structure. Finally, at 115 °C, exclusively crystalline NCF-S
(TTMS) was yielded, and its morphology remained a nanosheet struc-
ture (Fig. 1g). Collectively, these results demonstrate that progressively
increasing the sulfidation temperature drives a sequential phase trans-
formation: from the initial amorphous TTMOH to crystalline TTMO, and
ultimately to crystalline TTMS. Concomitantly, the degree of sulfidation
increases significantly with temperature.

The morphology evolution of the electrode materials with sulfida-
tion temperature was investigated using SEM (Fig. 2). The precursor
material was amorphous NCF-OH, which exhibited nanoparticle mor-
phology formed by the agglomeration of small-sized nanosheets
(Fig. 2a). At 35 °C, the size of the nanosheets increased (Fig. 2b). As
the temperature rose to 55 °C, the nanosheets continued to grow in
size (Fig. 2c). Notably, the morphology transformed into nanoparti-
cles with significant agglomeration at 75 °C (Fig. 2d). This may be
due to the oxidation reaction of the material. Further increasing the
sulfidation temperature to 95 °C led to the reformation of nanosheet
morphology. However, these nanosheets were significantly larger
than those observed at 35 and 55 °C (Fig. 2e). In contrast, this mate-
rial sulfided at the highest temperature (115 °C) is composed of rela-
tively small nanosheets (Fig. 2f). The morphological changes of the
electrode material with increasing hydrothermal temperature are
consistent with the TEM results. Overall, sulfidation primarily pro-
duced nanosheet structures, except for the nanoparticle morpho-
logy observed at 75 °C (corresponding to the formation of NCF-O).
Furthermore, the size of the nanosheets exhibited a non-monotonic
dependence on temperature: it increased from 35 to 95 °C, then
decreased at 115 °C, and reached the maximum dimensions at 95 °C.
The EDS of the NCF-Sg5 sample (Fig. 2g) confirms the uniform spatial
distribution of Ni, Co, Fe, O, and S on the nanosheet surface.

To investigate the changes in the phase of the electrode material
as the sulfidation temperature increases, XRD analysis was con-
ducted (Fig. 3a). The results showed that the phases of NCF-S;5 and
NCF-Ss5 were consistent with those of NCF-OH (JCPDS #40-0216),
and the crystallinity of the electrode material gradually increased
with the rise in sulfidation temperature (Supplementary Fig. S2a).
However, NCF-S;5 existed in the form of NCF-O, corresponding
to JCPDS#04-005-6286 (Supplementary Fig. S2b). This is consistent
with the TEM results. Meanwhile, NCF-Sgs and NCF-S;;5 mainly
existed in the form of NCF-S, corresponding to JCPDS #04-003-9607
(Supplementary Fig. S2c). It can be seen from Supplementary Fig. S3
that the amorphous NCF-OH does not have magnetism, and the
samples obtained at hydrothermal temperatures of 35-55 °C do not
exhibit magnetism. When the temperature rises to 75 °C, the sample
exhibits strong magnetism, which is consistent with the NCF-O
properties characterized by XRD. The sample at 95 °C also has strong
magnetism. The pure NCF-S produced at the highest temperature
(115 °C) does not have magnetism, which is also consistent with the
NCF-S properties characterized by XRD. The results again show that
NCF-Sq5 is @ composite electrode material composed of magnetic
NCF-O and non-magnetic NCF-S.

Additionally, XPS analysis of the electrode material can explore
the changes in the valence states of surface elements as the sulfida-
tion temperature increases. Figure 3b shows the full spectra of
different electrode materials. It can be observed that the signals of
Ni, Co, Fe, and O are detected in NCF-OH. As the electrode material
undergoes further sulfidation, the S signal appears on the sample
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Fig. 1 (a) Preparation process diagram of NCF-S, SAED pattern images of (b) NCF-OH and (c) NCF-S;5, and TEM images of (d) NCF-Sss, (e) NCF-S;s, (f) NCF-

Sos, and (g) NCF-S; 5.

surface. Furthermore, with the increase in sulfidation temperature,
the intensity of the S diffraction peak also increases, indicating a rise
in the relative content of S in the electrode material, which in turn
suggests an enhancement in the degree of sulfidation of the elec-
trode material. This is consistent with the TEM results. It can be
observed that Co initially exists in the form of Co?*, with Co?* 2p;/,
(781.2 eV) and Co?* 2p,,, (796.8 eV) (Fig. 3¢)'4. As the temperature
increases to 75 °C, Co3* begins to appear, with Co3* 2p;, (778.2 eV)
and Co3* 2p,,, (793.4 eV), and the Co?* 2p;,, and Co?* 2p,, shift to
781.8 eV and 797.3 eVU'3L Ni initially exists in the form of Ni3+, with
the binding energies of Ni3* 2p;,, and Ni3+ 2p,,, being 855.9 eV and

873.6 eVl'9, respectively (Fig. 3d). Similarly, at 75 °C, Ni2* starts to
emerge, and the Ni3* 2p3,, and N3+ 2p,,, peaks shift to 857.0 and
874.7 eV. However, due to the relatively low content of Ni2*, only the
diffraction peak of Ni2* 2p;,, (853.4 eV) was observed even when
the temperature was raised to 115 °C (Supplementary Fig. S4)U'71,
The two fitted peaks at binding energies of 714.7/711.5 eV (2ps/,)
and 727.4/724.6 eV (2p,,,) correspond to Fe3+/FeZ* (Fig. 3e)l'8l. For S,
its spectrum exhibits two distinct peaks at 162.2 eV (S~ 2p;;,) and
164.8 eV (S5,27) (Fig. 3f)[19-211, At a temperature of 75 °C, a peak at
163.3 eV was observed, indicating that S?- 2p,,, began to appear
with the increasing sulfur content. The diffraction peak appearing
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Fig.2 SEM images of (a) NCF-OH, (b) NCF-S5s, (c) NCF-Sss, (d) NCF-S5, (€) NCF-Sos, () NCF-S, 5, and (g) EDS of NCF-Sgs.
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Fig. 3 (a) XRD pattern, (b) full spectrum, high-resolution spectra of (c) Co 2p, (d) Ni 2p, (e) Fe 2p, and (f) S 2p.

at 170.7 eV suggests the existence of M-S (M = Ni, Co, Fe) in the
samplel22, Meanwhile, O can be decomposed into three peaks
corresponding to H,0, M-OH, and M-O (M = Ni, Fe, Co), with binding
energies of 532.7, 531.2, and 529.6 eV, respectively (Supplementary
Fig. S5)3L It can be observed that as the temperature increases,
the valence states of Co, Ni, and S on the surface of the electrode

material undergo changes. At 75 °C, both Co?* and Ni3* begin to
shift, which may be attributed to the transition from an amorphous
to a crystalline state. As the atomic arrangement transforms from
short-range disorder to long-range order, the local coordination
environment of metal ions tends to become more uniform, and
lattice defects are reduced(?4,

page4of8

Pangetal. | Volume2 | 2026 | €022


https://doi.org/10.48130/een-0026-0015
https://doi.org/10.48130/een-0026-0015
https://doi.org/10.48130/een-0026-0015
https://doi.org/10.48130/een-0026-0015
https://doi.org/10.48130/een-0026-0015

https://doi.org/10.48130/een-0026-0015

Energy &
Environment Nexus

Electrochemical characterization

Figure 4 displays the CV curves. All electrode materials exhibit a pair of
distinct redox peaks, indicating that these materials are of the battery
type (Fig. 4a). Moreover, NCF-Sgs shows the largest enclosed area,
suggesting superior electrochemical performance of this electrode
material. Figure 4b presents the CV curves of NCF-Sgs. With increasing
scan rate, the enclosed area of curves expands. The appearance of
these redox peaks originates from the Faradaic reactions between OH~
and Ni, Co, Fe, O, and S in the alkaline electrolyte?>2%,

(Ni-Co-Fe)O4 + H,0 + OH™ < NiOOH + CoOOH + FeOOH + ¢~

(Ni-Co-Fe)S,; +30H™ < NiCoFeS4(OH); + 3e™
Figure 4c compares the GCD curves of six electrode materials. All
electrode materials exhibit discharge plateaus, and their charge-
discharge curves are nearly symmetrical, indicating that the afore-
mentioned materials behave as battery-type electrodes, which is

consistent with the analysis of the CV curves. It can be observed that
the voltage window of the electrode material exhibits a trend of first
decreasing and then increasing. This indicates that the amorphous
structure demonstrates a wider voltage window due to its disor-
dered atomic arrangement, while an increasing degree of ordering
leads to a reduction in the voltage window?4, Additionally, sulfur's
lower electronegativity facilitates rapid electron transfer, so as the
degree of sulfidation increases, the voltage window of the elec-
trode material gradually rises. According to Eqg. (S1) in Appendix
S1271, specific capacitances of NCF-OH, NCF-S35, NCF-Sgs, NCF-S5,
NCF-Sg5, and NCF-S;;5 are calculated to be 122.41, 141.25, 154.32,
148.15, 171.52, and 160.94 mAh g~ at 2 mA cm~2. The performance
of sulfide electrode materials is better than that of NCF-OH, and the
performance of heterojunction electrode materials is better than
that of single-phase electrode materials. Amorphous TTMOH, due
to its disordered internal structure, possesses rapid ion transport
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Fig. 4 (a) CV curves of different electrodes; (b) CV curves of NCF-Sys; (€) GCD curves; (d) GCD curves of NCF-Sys; (e) EIS curves; (f) cycle performance
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channels but exhibits poor conductivity, whereas crystalline TTMO,
with its ordered atomic arrangement, demonstrates relatively better
conductivity. Therefore, the heterojunction electrode material (NCF-
Sss) composed of TTMOH and TTMO combines favorable ion trans-
port channels with electron transport channels. Additionally, its
nanosheet structure provides a larger specific surface area com-
pared to the nanoparticles of TTMO, enabling more extensive
contact with the electrolyte. These two factors collectively contri-
bute to the superior electrochemical performance of the NCF-Ss5
electrode material over single-phase electrode materials. As for the
NCF-Sgs electrode material, it consists of two components: crys-
talline TTMO and crystalline TTMS. Crystalline TTMO exhibits excel-
lent structural stability, while crystalline TTMS possesses superior
conductivity and electrochemical activity. TEM results reveal that
the interplanar spacing of TTMS is slightly larger than that of TTMO,
which facilitates ion transport. Consequently, this electrode mate-
rial combines fast ion/electron transport channels with favorable
electrochemical activity. The nanosheet structure also endows the

material with a large specific surface area, enabling more sufficient
contact with the electrolyte. These factors collectively contribute to
the optimal electrochemical performance of the NCF-Sy; electrode
material. In addition, the electrochemical performance of NCF-Ss; is
lower than that of NCF-S;;5, because NCF-S;,5 exists in the form of
TTMS. Compared with hydroxides and oxides, sulfides have lower
electronegativity of sulfur, which makes them have better electro-
chemical performance. Figure 4d shows the GCD curves of NCF-Sgs.
This electrode material retains 87.5% of its specific capacity at
10 mA cm=2, Figure 4e presents the EIS curves of six electrode
materials. The series resistances (R,) are 1.06, 1.09, 1.05, 1.04, 1.01,
and 1.02 Q, and the charge transfer resistances (R,) are 0.37, 0.23,
0.31, 0.27, 0.21, and 0.24 Q. The impedance of the electrode mate-
rial after sulfidation is less than that before sulfidation. Due to the
synergistic interaction of the TTMO and TTMS, the electronic/ionic
conductivity is enhanced, resulting in the lowest impedance for
NCF-Sgs. Moreover, NCF-OH and NCF-Ss; retained 51.46% and
58.65% of their initial capacity after 8,000 cycles. Furthermore,
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NCF-Sq5 retained 62.28% of its capacitance after 10,000 cycles (Fig.
4f). This indicates that sulfidation improves the cycling performance.
The constructed TTMO/TTMS heterojunction helps enhance cycling
stability. Equation (S2) in Appendix S1281 was employed to analyze
the charge storage mechanism. For NCF-Sgs, the b-values derived
from the anodic and cathodic peaks are 0.501 and 0.479 (Fig. 4g),
which indicate that its mechanism of charge storage is predomi-
nantly controlled by diffusion effects. A quantitative assessment
using Eq. (S3) in Appendix S1129 shows that at 1 mV s~', diffusion
processes are dominant (Fig. 4h). Over the scan rate range of 1-
10 mV s77, the capacitance contribution of NCF-Sy; increased from
14% to 78% (Fig. 4i).

Electrochemical characterization of ASC

To evaluate the application potential of the electrode material, an ASC
named NCF-Sqs//AC was fabricated, with NCF-Sy; serving as the posi-
tive electrode and AC as the negative electrode. The CV curves of the
two individual electrodes are provided (Fig. 5a). NCF-Sgs exhibits a
voltage range of 0-0.55 V, while AC operates from —1 to 0 V. As seen in
Fig. 5b, exceeding this voltage range (> 1.6 V) triggers the oxygen
evolution reaction. Figure 5c displays the CV curves of NCF-Sos//AC at
40-100 mV s~'. At high scan rates, the shape of the CV curve under-
goes only minimal changes, indicating that NCF-Sqs//AC possesses
excellent reversibility. Figure 5d shows the EIS curve of NCF-Sgs//AC,
with Ry and R being 1.06 and 0.44 Q, respectively. Figure 5e presents
the GCD curves of NCF-Sos//AC. The specific capacitance of the ASC
is 92 F g at 1 A g7'. After 7,000 cycles, this ASC maintains 63.1%
capacity retention. Additionally, by connecting two ASCs in series, an
LED bulb can be illuminated for 14 min (Fig. 5f). According to Eqs (S4)
and (S5) in Appendix S1 in the study by Korkmaz et al®%, it can
be calculated that the ASC has an energy density of 32.7 Wh kg™' at
400 W kg~'. Compared with reported devices, the performance of
NCF-Sos//AC is better than that of the following supercapacitors
(Fig. 59)'3%, The aforementioned electrochemical test results indi-
cate that the NCF-Sys electrode possesses high specific capacity and
rate performance, which may be attributed to the synergistic effect
between the TTMO and TTMS components (Fig. 5h). TTMO typically
exhibits high structural stability and excellent cycling performance,
while TTMS generally demonstrates higher theoretical specific capacity
and superior ion diffusion kinetics. Therefore, the constructed TTMO/
TTMS heterojunction not only integrates the inherent advantages of
both materials but also forms a complementary effect. Meanwhile, the
unique interface facilitates the acceleration of electron transport. In
addition, NCF-Sg; exists in the form of nanosheets, which have a larger
specific surface area and better contact with the electrolyte than
nanoparticles.

Conclusions

In summary, we successfully prepared the amorphous NCF-OH elec-
trode material and observed its sulfidation behavior by regulating the
sulfidation temperature. The NCF-S3; electrode material remained as
amorphous NCF-OH. The NCF-S;; electrode material formed a hetero-
junction between amorphous NCF-OH and crystalline NCF-O. The
NCF-S;5 electrode material consisted solely of crystalline NCF-O. The
NCF-Sgs electrode material exhibited a heterojunction between
crystalline NCF-O and crystalline NCF-S. Finally, the NCF-S;;5 electrode
material consisted solely of crystalline NCF-S. With the increase in
sulfidation temperature, the electrode material gradually transformed

from the initial amorphous TTMOH to crystalline TTMO and finally to
crystalline TTMS. The NiCoFe-Sy; electrode material achieved a capacity
of 171.52 mAh g' at 2 mA cm™2. An ASC was constructed by
combining NCF-Sg; with AC (NCF-Sgs//AC). At a power density of
400 W kg~', the energy density is 32.7 Wh kg™".
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