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Rational design and fabrication of low-cost, earth-abundant electrode materials for energy conversion
and storage devices is immensely needed. Herein, we demonstrate the successful fabrication of Cu-Mn
mixed-metallic oxysulfides (Cu-Mn-0OS) and their use as supercapacitor electrodes, benefiting from the
integrated advantages of both oxides and sulfides as well as the combined contribution from both Cu
and Mn elements. In particular, the CzM;OS electrode performs exceptionally well in a three-electrode
system, revealing a very high capacity of 1525.1 C g~* (3177.2 F g™ at a current density of 1 A g~%.
Moreover, using commercial activated carbon (AC) as the negative pole and a C3M;OS electrode as the
positive pole, the fabricated asymmetric supercapacitor device (CsM;OS//AC) exhibits a very high energy
density of 76.56 W h kg™ along with a power density of 985.01 W kg™t at 1 A g~! with superior
electrochemical stability and efficiency over 10000 cycles. The current work not only proposes a

Received 24th August 2023,
Accepted 7th October 2023

DOI: 10.1039/d3ya00415e straightforward, single-step strategy for the fabrication of mixed-metallic oxysulfide electrodes but also

establishes a new avenue for the fabrication of a standout candidate electrode for energy storage
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Introduction

Access to renewable energy should have a tremendously positive
impact on humanity’s future. The world is dedicating a plethora
of efforts to the development of sustainable alternative energy
sources to tolerate the catastrophic consequences of the deple-
tion of fossil fuels, environmental pollution, and the severe
increase in energy demand. In this respect, energy storage devices
play an essential complementary role in realizing sustainable
energy systems. Supercapacitors (SCs) have distinguished char-
acteristics, such as the ability to charge quickly, high specific
power, secure operation, reasonable maintenance, and a well-
extended lifetime and operating temperature, which make them
a prominent class of energy storage systems. However, they still
have lower energy density than rechargeable batteries.'™

The energy density of supercapacitors can be enhanced via
two pathways: expanding the cell working voltage by using
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devices with a distinctive specific energy.

asymmetric supercapacitor devices and/or the proper choice
of electrode materials. In this regard, nanostructured materials
containing mixed metals and anions have been shown to out-
perform the conventional counterpart materials in terms of
electrochemical performance and durability. Specifically, transi-
tion metal oxysulfides (TMOS) have been suggested as promising
electrode materials for energy storage devices owing to their
comparatively high specific capacitance and cycling stability.**®
Note that transition metal oxides (TMO) still suffer from some
constraints of limited electrical conductivity and moderate cycling
life despite their multivalence states, low cost, and high specific
capacitance. At a current density of 1 A g™, the CuMnO,/GQD
nanocomposite and CuMnO, nanoparticles exhibited capacities of
520.2 and 381.5 C g ','® respectively. CuMn,0,~RGO, however,
delivered a specific capacitance (Cyp) of 342 F g .V

On the other hand, it is worth noting that transition metal
sulfides (TMS) have been shown to have greater thermal and
mechanical stability, electrical conductivity, and electrochemical
performance than their metal oxide counterparts.’®>* However,
the sluggish reaction kinetics affected their electrochemical per-
formance. At 2 A g, neuron-like hierarchical core-shell manga-
nese sulfide@Cu,S (MCS) arrays achieved a Cyp, of 2270.1 F g~ '**
and the flower-like Cu-Mn bimetallic sulfide on Ni-foam (CuS/
MnS@NF) showed a Cq, of 1517.07 Fg 'at1A g ">
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Interestingly, it is envisaged that the exchange of some of
the oxygen anions with sulfur anions would efficiently tune the
electrical and electrochemical properties, allowing the mor-
phology of the resulting material to be more flexible. As a
result, the morphology can accommodate possible changes in
volume that may occur during the charging/discharging process
due to the fact that sulfur has lower electronegativity than oxygen.
However, there are a few reports on TMOS-based electrodes for
supercapacitors. For example, the hydrothermally synthesized
cobalt-nickel oxysulfide showed a Cy, of 592 F g~ ' at 0.5 A g
with a cycling stability of 95.8% after 2000 cycles.® In another
work, manganese-cobalt oxysulfide nanoflowers grown on the Ni
foam exhibited a Cy, of 490 C g~ " at 2 A g~ with a capacitance
retention of 86.5% after 3000 cycles.® Additionally, manganese
oxysulfide nanofibers grown on a Ti substrate showed C, of
214 F ¢ at 1 mA cm 2 and a recyclability of 75.4% over 1000
cycles."® Moreover, at a current density of 1 A g~*, zinc-cobalt
oxysulfide had a Cy;, of 645.5 C g~ with a capacity retention of 76%
after 1000 cycles."" Besides, flower-like Cuy 33C00,6,0,S, nanosheets
provided a high Cg, of 193 mA h em™? (443.9 pA h em ) at
3 mA em 2" A composite of nickel-molybdenum oxyphosphides
and oxysulfides (NMOP/NMOS) delivered a Cy;, of 338.7 F g~ 1."°
Electrodeposited iron-vanadium oxysulfide (Fe-VO-S) nanostruc-
tures on the SS substrate with an Fe : VO molar ratio of 2 : 1 showed
aCypof217Fg tat3Ag "M

The above studies revealed the importance of the proper
choice not only of the elements but also of their redox chem-
istry to achieve the desired performance. In this regard, Mn and
Cu are two essential transition metal elements with strong
electrochemical activity, low cost, availability in nature, and
ecological compatibility. Although Mn has multiple oxidation
states ranging from +2 to +7, its performance in supercapaci-
tors may not be satisfactory primarily due to structural damage
during electrochemical measurements. In contrast, Cu has
great electrical conductivity (E; = 1.2 to 2.0 V), which should
guarantee outstanding capacitance performance.’® Thus, a
composite of these two elements (Cu and Mn) should ensure
that the properties are ameliorated, leading to an outstanding
electrochemical performance as a supercapacitor electrode.

Therefore, herein, we demonstrate the capability to optimize
the synthesis of copper-manganese oxysulfide (Cu-Mn-OS)
nanostructures on a Ni foam substrate via a simple, low-
temperature, and cost-effective wet chemistry method that
has rarely been reported. The Cu-Mn-OS nanostructures were
prepared with different Cu:Mn molar ratios of 3:1, 1:1, and
1:3, namely (C3M;0S, C;M;0S, C;M;08S), where their oxysul-
fide form has not been investigated compared to their oxide
and sulfide counterparts. Electrochemical techniques such as
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD),
and electrochemical impedance spectroscopy (EIS) were used to
compare the electrochemical performance of as-fabricated
composites with varied Cu:Mn molar ratios. Also, density
functional theory (DFT) calculations were executed to scrutinize
the electronic properties of oxysulfide structures, as DFT was
proven to be a robust tool in examining the electronic
properties.>’** To unveil the real functionality of the C;M;0S
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electrode, an asymmetric device was assembled employing
commercial activated carbon (AC) as the negative pole and
C3M;0S as the positive pole, with a weight of ~4 mg, ie,
commercial mass loading. The assembled device provided a very
high energy density of 76.56 W h kg~ along with a power density
0f 985.01 W kg~ ' at 1 A g~ " with superior electrochemical stability
and efficiency over 10 000 charge/discharge cycles.

Experimental section
Materials synthesis

A simple and low-cost wet chemistry method was employed to
synthesize copper-manganese binary oxysulfides (Cu-Mn-OS).
Briefly, 2.5 mmol of Cu(NO3),-3H,0 were added to 2.5 mmol of
Mncl,-4H,O and dissolved in 25 ml of distilled water with
stirring for 30 min to prepare solution A. Subsequently, another
25 ml of distilled water was used to dissolve 1.3 mmol of Na,S-
1H,0 to form solution B. Then, solution B was added dropwise
to solution A. For 30 minutes, the produced mixture was gradually
heated at around 80 °C. Then, a clean slice of Ni-foam (NF) as a
substrate was inserted in the above mixture and was left for 1 h to
allow the growth and deposition of Cu-Mn-OS directly on the Ni-
foam substrate. Finally, after removing the electrode from the
reaction solution, followed by rising many times with distilled
water to remove any loosely bound particles from the electrode
surface and drying at 60 °C for 12 h in a vacuum oven, the Cu-Mn-
OS @NF electrode was obtained. Additionally, to investigate the
effect of varying the copper and manganese concentrations in the
resultant composite, different ratios were prepared by varying the
precursor concentration solution, copper and manganese (1:3,
1:1 and 3:1) and using the same preparation method, which was
labelled (C;M;30S, C;M;0S, and C;M;0S), according to the Cu and
Mn ratio, see Scheme 1.

Materials characterization

Several techniques were used to characterize the prepared
nanostructures, where a PANalytical X’Pert PRO X-ray diffract-
ometer (XRD) with Cu Ka (4 = 15 406 A) radiation was employed
to explore their structural properties. Furthermore, the surface
morphology and elemental composition of the synthesized
material were investigated using a Zeiss Ultra 60 FESEM
attached with an energy-dispersive X-ray spectroscope (EDX).
As for surface functional groups and bonds, an ATI Unicam

Copper
VQ?) salt Sulfur
source
'Y -
Manganese s

2 J
salt =

e
Lt
'i =3 stirring

\:

L;:] heating/80°C i ==
Scheme 1 Schematic of the stepwise synthesis of the Cu-Mn-OS@NF
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FTIR bench-top spectrometer was used. In addition, the
chemical composition and valence states of the prepared
nanostructures were elucidated using a Thermo-Fisher Scien-
tific X-ray photoelectron spectroscope, associated with mono-
chromatic X-ray Al K-alpha radiation (10-1350 eV spot size
400 pm at a pressure of 10~° mbar with a full spectrum pass
energy of 200 eV and a narrow spectrum pass energy of 50 eV).

Computational details

Density functional theory (DFT) calculations were performed
utilizing the CASTEP code implemented in Material Studio
2017. Spin-polarized calculations were done to optimize geo-
metries and to investigate the electronic properties using the
hybrid functional (HSE06), which was more adapted for elec-
tronic property simulation. The norm-conserving pseudopoten-
tial and electronic minimizer of all bands/EDFT were utilized.
The cutoff energy for all calculations was 800 eV with k-points
of 4 x 4 x 2 and energy convergence of 5 x 10~ ® eV. We began
with a LaCuOS unit cell with a tetragonal P4/nmm space group
(no. 129) from the materials project website, and then sub-
stitute with Cu;Mn;0S (C;M;0S), Cu;Mn;0S (C;M;0S) and
Cu;Mn,0S (C;M;08).

Electrochemical evaluation

The electrochemical performance of the fabricated Cu-Mn-OS
electrodes on the Ni-foam was assessed via a Biologic SP 300
electrochemical workstation in a three- and two-electrode elec-
trochemical setup. The binderfree Cu-Mn-OS electrodes
(C1M;30S, C;M;0S, and C3M;0S) used as working electrodes,
Hg/HgO as a reference electrode, and Ti mesh as a counter
electrode immersed in 2 M KOH are the components of the
three-electrode configuration. Galvanostatic charge/discharge
(GCD) and cyclic voltammetry (CV) measurements were carried
out at various scan rates and current densities, respectively, in the
potential window from 0 to 0.5 V. The electrochemical impedance
spectroscopy (EIS) measurements were performed at open circuit
potential. The specific capacitance of the electrodes at various
scan rates and current densities were calculated using eqn (1)
and (2) based on the cyclic voltammograms and the galvanic
charge and discharge results, respectively.*?

[i(dy)

s mv( V2 — V]) (1)

Here, i (A) is the response current, V; and V, are the potential
limits (V), m (g) is the mass of the active material, and v (V s ') is
the scan rate.

IAt
The integral form of C; = AV was applied to calculate the

specific capacitance owing to the nonlinearity of the discharge
curve profile****

21[vdi
G = mAV? @)

The specific capacity (C, C g~') can be obtained using
eqn (3).%°

C=Cs x AV 3)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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where I (A) denotes the applied current, [V'ds represents the
area under the discharge curve, m (g) refers to the mass of the
active material, and AV (V) refers to the operating potential
window.

Fabrication of C3M;0S//AC asymmetric supercapacitor devices

The best performing electrode (C;M;0S) was used as the
positive electrode, commercially activated carbon (AC) as the
negative electrode, and filter paper as a spacer between two
electrodes in a two-electrode configuration. As for the negative
electrode, a mixture of 90% activated carbon, 10% PVDF, and
N,N-dimethyl formamide as a solvent was left under stirring for
24 h to form a homogeneous ink. This ink was painted on a
clean graphite sheet. The energy density (E, W h kg™ ") and
power density (P, W kg™ ") delivered by the constructed asym-
metric supercapacitor device were calculated using eqn (4) and

(5) based on the GCD measurements.*”"*
CAV?
E=—— (4)
E
P=4 (5)

Results and discussion

A wet chemical route was adopted to optimize the synthesis of
copper-manganese oxysulfide (Cu-Mn-OS) nanostructures
directly on the Ni foam substrate by using Cu(NOs),-3H,0 and
Mncl,-4H,0 as the salt precursors and Na,S-H,O as the sulfur
source. The electrode is free of any binders, which ensures good
conductivity and increases its active sites. The XRD spectra of the
synthesized samples were recorded to elucidate their crystal
structure and phase variation. Fig. 1(a) and Fig. S1 (ESIT) show
the XRD spectra of the synthesized electrodes with various Cu
and Mn precursor ratios. The sharp diffraction peaks reveal the
good crystallinity of the prepared samples.*® All samples showed
diffraction peaks of Mn,O; at 16.2° and 18.6°, indexed well with
the (111) and (002) planes, respectively (JCDPDS#01-073-1826),
and peaks at 46.1° and 68.3°, which correspond to the (321) and
(202) planes of MnO, (JCDPDS#00-044-0141), respectively.***"
Also, the Mn;O, peak was observed only in C;M;OS and
C;M;0S at 17.6°, which matches the (101) plane (JCPDS #00-
024-0734).*? Furthermore, the characteristic peaks of monoclinic
CuO were noticed at 35.6°, 50.3°, and 56.7°, corresponding to the
(11-1), (112), and (021) planes, respectively, in the spectra of the
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Fig.1 (a) XRD and (b) FTIR patterns of (i) C;MzOS, (i) C;M;0S, and
(iii) CsM;0S, and (c) the EDX spectrum of the CsM;OS nanocomposite.
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three samples (JCPDS #00-048-1548).** Additionally, diffraction
peaks corresponding to spinel Cu, sMn, 0, (JCPDS #70-0260) and
CuMn,0, (JCPDS #00-010-0365) were cleared at 20 of 18.6° 30.5°,
and 31.3° compatible with (111), (220), and (002) planes,
respectively.*"** Moreover, the peaks located at 31.7°, 44.3°, 47.7°,
and 59.3° are characteristic of the (103), (008), (107), and (116) planes
of hexagonal covellite CuS (JCPDS #00-06-0464).* Besides, MnS
peaks were detected at 25.6°, 39.1°, 50.1°, and 53.1°, corresponding
to (100), (102), (103), and (200) planes (JCPDS#00-40-1289).***° No
additional peaks are detected, suggesting that the prepared electrode
material is quite pure. Furthermore, the C;M;0S sample shows the
highest intensity of CuS and MnS peaks, which may reveal its higher
crystallinity than the other counterpart samples.

In order to provide a better understanding of the nature of
bonding within the prepared material, FTIR measurements
were conducted over the range of 4000-400 cm™'. Fig. 1(b)
elucidates the FTIR spectra of our electrode material. The bands
at about 519 and 702 cm ™' can be assigned to the vibrations of
Mn-0.°%°" Also, the spectra showed the absorption bands at 1617
and 3330-3505 cm ™', which are attributed to ~-OH bending and
stretching vibrations.”> Moreover, the absorption band observed
at 630 cm™ " corresponds to Mn-S stretching vibrations.>” Nota-
bly, the existence of bands at 999 cm ™" designates the modes of
bending vibration of Cu-0.*

Furthermore, the stretching vibration peak of the Cu-S
group was detected at 1103 ecm ™!, which refers to the formation
of Cu-S crystals.>® Hence, the FTIR results emphasized the
formation of Mn-S, Cu-S, Mn-O, and Cu-O bonds on the
surface of the synthesized electrode material. The peaks asso-
ciated with Cu, Mn, S, and O are visible in the energy-dispersive
X-ray spectroscopy (EDX) spectrum, as illustrated in Fig. 1(c).
This demonstrates that C;M;0S has been successfully synthe-
sized without any contaminants.

The fabricated C;M;0S, C;M;0S, and C3;M;0S composites
were analysed using FESEM with high and low magnification
top-view images, as shown in Fig. 2. The C;M;0S sample

Fig. 2 High and low magnification field-emission scanning electron
microscopy (FESEM) images of the prepared (a) and (b) CtM,0S, (c) and
(d) CtM30S, and (e) and (f) CzsM;OS materials, and the corresponding
(g) elemental mapping of CsM;0S.
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displays an uneven or distorted polyhedral morphology with a
homogeneous distribution, Fig. 2(a) and (b). However, in the
case of C;M;0S, a nanocube-like structure is observed along
with some aggregates that may be due to the increased amount
of Mn in the synthesized electrode material, Fig. 2(c) and (d).
Interestingly, Fig. 2(e) and (f) illustrates a nanocube-like struc-
ture covered with nanoneedles with good uniformity and gaps
between the constituent particles for the C;M;0S sample,
which is beneficial in facilitating the permeation of the electro-
Iyte and offering more accessible active sites for ion diffusion
and charge transfer. The homogenous distribution of Cu, Mn,
S, and O elements within the developed nanostructure is also
disclosed via EDX mapping, Fig. 2(g).

To elucidate the surface electronic states and chemical
composition of the synthesized C;M;0S electrode, the X-ray
photoelectron spectra (XPS) have been recorded. The binding
energy peaks for Cu, Co, O, and S congruent with the EDX
results are seen in the XPS survey spectrum, Fig. S2 (ESIt). The
high-resolution XPS spectra of Cu 2p, Mn 2p, O 1s, and S 2p are
shown in Fig. 3. The Cu 2p spectra (Fig. 3(a)) have two primary
distinctive doublet peaks Cu 2p;, and Cu 2p,,, at 935 and
955 eV, respectively.” with a spin-orbit splitting of about 20 eV.
In addition, two further significant satellite peaks at 943.3 and
962.8 eV were also observed.”®®” This indicates that the sample
contains an unfilled Cu 3d° shell and confirms that the Cu 2p
peaks were associated with the Cu®" oxidation state in the
crystal structure, in agreement with our XRD results. Further-
more, Fig. 3(d) presents the photoelectron spectra of Mn 2p,
where the doublet main peaks Mn 2p;, and Mn 2p,, were
centered at 643.5 and 654.1 eV, respectively. All overlapping Mn
2ps» and Mn 2p;, signal were deconvoluted into two peaks at
643.1, 646.8, 653.5, and 655.3 eV, which are typical of Mn*" and
Mn*" species, respectively, with a minor shift.>®*"®® The shift of
the binding energy in the XPS spectra reflects the intense
interaction between composite components.>® Additionally,
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Fig. 3 X-ray photoelectron spectroscopy spectra of CsM;OS: high
resolution-XPS spectra of (a) Cu 2p, (b) S 2p, (c) O 1s, and (d) Mn 2p.
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the high-resolution O 1s spectra show a conspicuous peak that
can be split into two peaks at binding energies of 531.4 and
533.8 eV (Fig. 3(c)), which are ascribed to the metal-oxygen
bond (M-0), and adsorbed oxygen containing species (such as
H,0, 0,, and CO,), respectively.>®' However, the two well-
resolved spin peaks in the high resolution XPS spectrum of
S 2p (Fig. 3(d)) revealed the presence of oxidized sulfur species
adsorbed on the surface in the form of sulfates and hydrogen
sulfates through the peak located at 168.8 eV. The other peak
positioned at 162 eV is deconvoluted into two peaks at
161.5 and 163 eV, corresponding to S 2pz, and S 2pij,
respectively. These peaks guarantee the presence of metal
sulfur linkages (Cu-S and Mn-S bonds) and sulfur ions with
low coordination numbers.®*"®

The electrochemical performance of the prepared C;M;0S,
C;M;08, and C;M;0S electrodes with different ratios of man-
ganese and copper (1:3, 1:1, and 3:1) was assessed through
cyclic voltammetry (CV), galvanostatic charge/discharge (GCD),
and electrochemical impedance spectroscopy (EIS) tests. Con-
sequently, the electrochemical measurements were done in a
traditional three-electrode configuration in a 2 M KOH electro-
lyte using Hg/HgO and Ti mesh as the reference and counter
electrodes, respectively. Fig. 4(a) illustrates the cyclic voltam-
mograms (CVs) at a fixed scan rate of 20 mV s~ within the
potential window of 0-0.5 V. The CV curves display well defined
redox peaks, signifying the faradaic performance of the pre-
pared electrodes. This is due to the reaction between KOH and
the fabricated oxysulfide electrodes, which undergo the follow-
ing redox transitions: Cu*/Cu** and Mn*"/Mn*" states according
to eqn (6)-(8).>****® The redox reaction mechanism of metal
sulfides is similar to that of metal oxides in an alkaline
electrolyte as the oxygen and sulfur elements are in the same
group in the periodic table.*

Cu,0 + 20H  «» 2CuO + H,O + e (6)
Mn(OH), + OH™ <> MnOOH + H,0 + e~ )
MnOOH + OH < MnO, + H,O + e~ (8)
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Fig. 4 Three-electrode electrochemical measurements: (a) CV profiles at
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Interestingly, the CVs exhibit incredible electrochemical
performance as supercapacitive electrodes, owing to the inclu-
sion of both O and S atoms in the fabricated electrodes that
improve the conductivity, electrochemical active sites, and
effective electron transfer capability of the material. Addition-
ally, the capacitance contribution from the nickel foam (sub-
strate) is too small and can be negligible. Notably, the C;M;0S
electrode shows the highest current and largest area under the
CV graph. The variation of the Cu:Mn atomic ratio has a
significant influence on the electrochemical performance of
the prepared electrodes. In order to further verify the signifi-
cant electrochemical performance of the fabricated electrodes,
the CV plots as a function of scan rate (5-100 mV s~ ') were
recorded, as depicted in Fig. 4(b), (c) and Fig. S3a (ESIt). The
Cu-Mn-OS electrodes retained the same CV shape with a slight
deviation in the position of the cathodic and anodic peaks,
especially at high scan rates. At a high sweep rate, electrolyte
ions do not have sufficient time to diffuse into the inner surface
of the active material, resulting in quasi reversible electroche-
mical reactions at the electrode surface.

Moreover, the absence of parasitic reactions, such as oxygen
evolution, indicates a suitable operating potential window with
good reversibility.”°”* Furthermore, the number of electroche-
mical active sites (n) is calculated at a scan rate of 20 mV s~
using the relationship n = Q/2F based on voltammetric charge
density (Q) and Faraday’s constant (F = 96 485 C mol ').*”737*
The C3;M,0S electrode demonstrated 3.5 mmol g~ " of active
sites, while C;M;0S and C;M;0S electrodes exhibited 2.4 and
1.5 mmol g, respectively. This is in line with the calculated
electrochemical active surface area (ECSA), which confirms the
superior activity of the fabricated composites and the out-
standing electrochemical performance of the C;M;0S elec-
trode, in agreement with the CV and GCD results.

To elucidate the charge storage mechanism in the synthe-
sized materials (Fig. 4(f) and Fig. S3b, c, S4a-f, ESI), the power
law relationship: i = ai”, where v is the scan rate, i is the
current, and a and b are adjustable values, respectively, was
tested. Accordingly, the slope of the logi versus logv plot (b)
determines the charge storage mechanism. While an a (b) value
of 0.5 indicates a diffusion-controlled (pseudo or faradaic
behavior) charge storage mechanism, and a (b) value of
1 reveals a surface-controlled process. The estimated b value
for the anodic and cathodic peaks is found to be 0.58 and 0.55,
respectively, indicating a diffusion-controlled mechanism that
reveals the origin of the observed redox peaks.*®”*’® Moreover,
the Trasatti method is used to precisely elucidate and quantify
the capacitive and diffusion contributions to the charge storage
mechanism. Based on the diffusion law: g(v) = g. + k x v /2,
where ¢g(v) is the overall charge, q. is the surface-confined
process charge, and k x v~/ is the diffusion-controlled process
charge. At scan rates approaching 0 mV s, the total specific
capacitance (Cr) can be estimated by plotting (1/q) versus (v"/?),
where the charges can access the entire electrode surface as
well as its interior regions. However, at high scan rates v — oo,
where only the outer surface of the electrode is accessible for
the charges, the double layer (Cg) contribution can be
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estimated. The Cq; can be evaluated from the plot of (g) versus
(v™*3). As a result, the faradaic contribution (C¢) can be esti-
mated from the difference between g and gq;, as shown in
Fig. 4(d) and (e). Accordingly, the faradaic process is the
dominant storage mechanism for the prepared Cu-Mn-OS
electrodes, where ~93% of the total capacity originates from
diffusion-controlled processes (Cf), and only 7% originates
from surface-confined processes (Cqj) for the C;M;OS electrode.
On the other side, the C;M;0S and C;M;0S electrodes dis-
played a (C¢) contribution of (~ 90, 80%) and Cgq; of (~ 10, 20%),
respectively, indicating the predominance of the diffusion-
controlled process on the electrode surface.”””® This high
contribution from diffusion-controlled reactions can be attrib-
uted to the direct deposition of the active material on the
substrate, which enables good electrolyte accessibility and thus
enhances the electrochemical activity of the material. This is
also consistent with the calculated high number of electroche-
mically active sites for those electrodes. It can be concluded
that the coexistence of Cu and Mn in appropriate ratios along
with the presence of both O and S in the composite improves
the conductivity of the electrode and tunability of the nanos-
tructures formed, and has an effective role in the electroche-
mical performance of the electrode.”®*°

Similarly, the GCD graphs of the C;M;0S, C;M;0S, and
C3M;0S electrodes reveal typical faradaic behavior with excel-
lent symmetric charging/discharging characteristics, indicating
superior reversibility of the fabricated composites. Among the
tested electrodes, C;M;0S displays the longest discharge time
with the highest specific capacitance. The specific capacitance
of C;M;0S, C;M;0S, and C3;M;0S electrodes at a constant
potential window (0.48 V) and current density (1 A g~ ') are
533.9,1258.1, and 3177.2 Fg~* (256.3, 603.9, and 1525.1 C g %),
respectively, as depicted in Fig. 5(a) and (b). This superb electro-
chemical performance could be attributed to the incorporation of
sulfur atoms with a lower electronegativity than that of oxygen
into the matrix of metal oxide, which significantly enhances the
electrical conductivity as well as the fast transportation of charges
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and the synergistic effect between two binary metals. Further-
more, the suitable and effective atomic ratio of Cu:Mn in the
nanocomposite is key in determining the electrochemical capa-
citive performance of the material. When the amount of manga-
nese increases, the specific capacitance decreases, which may be
attributed to the mechanical expansion of MnO,, despite the
high theoretical specific capacitance of Mn.>'*?>%” Galvanostatic
charge-discharge profiles (GCDs) were also recorded to assess the
electrochemical performance of the C;M;0S, C;M;0S, and
C1M;0S electrodes as a function of current density (1-10 A g~ )
at a constant potential window of 0.48 V, Fig. 5(c)-(e). The tested
electrodes displayed nonlinear charge/discharge curves with
symmetry even at high current density, demonstrating the elec-
trode’s faradaic behavior with fast electron transportation from
the active material to the current collector, excellent reversibility
and superior performance of the fabricated composites.®' The
C;3M;0S electrode showed a remarkable specific capacitance of
3177.2, 2582, 2483.4, 2310.5, 2008.4, and 1682.7 F g~* (1525,
1239, 1192, 1109, 964, and 808 C g’l] at current densities of 1, 2,
3, 5,7, and 10 A g ', respectively, Fig. $3d (ESIt). C;M,;0S
acquired higher specific capacitance than the corresponding
metal sulfide and oxide counterparts, Table 1.>°?%%7%° Addition-
ally, the electrochemical performance of the best electrode is
compared with that of the MnOS (C,M,0S) and CuOS (C4M,08S),
Fig. S5 and S6(a)-(c) (ESIt). Fig. 5(f) demonstrates the electro-
chemical impedance spectroscopy (EIS) scans for C;M;0S,
C;M; 08, and C3M;0S. While the intercept with the x-axis reveals
the equivalent series resistance (ESR), the diameter of the semi-
circle indicates the charge transfer resistance (Rcy).®""®* More-
over, the semi-straight line in the Nyquist plot in the high-
frequency range reveals the diffusion-controlled performance of
the tested samples.”” Interestingly, the CsM;OS electrode displays
the smallest Ohmic resistance of 1.35 Q with an Rqp of 1.04 Q.
The C;M;0S and C;M;0S electrodes exhibit Ohmic resistances of
1.51 and 1.62 Q with Ror of 1.82 and 2.61 Q, respectively. This
unveils the fastest charge transfer kinetics of the C;M;0S elec-
trode and explains the superior electrochemical activity of the
material, in alignment with the obtained GCD results.®”

_os]@ oy 16001y 0s]@ =
g —cpmos| 1400 e =
£ 044 MO G 1200 Zoa /4 Tt
Zos £ 1000 Zos e Table 1 Comparison of the performance of our electrodes with those
::;:..: % ::g E“ reported in the literature
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To investigate the feasibility of using the C;M;0S electrode
in real-life applications, an asymmetric device was constructed
using commercial activated carbon (AC) as the negative pole,
C3M;0S (the best performing electrode) as the positive pole,
and filter paper as a separator placed between the two poles.
The device is fabricated with a weight of approximately 4 mg,
i.e. commercial mass loading. Fig. 6(a) demonstrates the
recorded CV of the C3M;0S//AC device in 2 M KOH over a wide
cell voltage regime (1.9-2 V) to identify the stable potential
window. The supercapacitor device can withstand 2 V, as there
is no observed leap in current at this voltage, indicating that
this potential window is safe for the C;M;0S//AC device to
operate without electrolyte decomposition. Fig. 6(b) depicts the
CV profiles of the C;M;0S//AC device at several sweep rates
starting from 5 to 100 mV s~ across a wide potential window of
up to 2 V. The asymmetric device incorporates the combined
features of an EDL capacitor, originating from the AC electrode,
and faradaic behavior contribution ascribed to the C;M;0S
electrode, in agreement with the results of the Trasatti method,
proving the mixed charge storage mechanism of the assembled
device.

Furthermore, the device retains the same CV shape even at a
high scan rate, illustrating the excellent reversibility of the
fabricated device over a large and suitable operating cell voltage.
In addition, the chronopotentiometric charge/discharge profiles
are probed at different current densities from 1 to 10 A g~ " within
a potential window of 1.97 V, Fig. 6(c). The device’s GCD profiles
manifested a triangular shape with non-linearity, consistent with
the CV results. Note that symmetrical charging and discharging
curves are noticed even at high current density, confirming the
superior electrochemical reversibility of the device with superb
Coulombic efficiency. The device exhibits an exceptional specific
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Fig. 6 Electrochemical characteristics of the C3M;OS//AC asymmetric
device: (a) CV profiles at various potential windows, (b) CVs at different
scan rates ranging from 5 to 100 mV s7%, (c) GCDs at several current
densities ranging from 1 to 10 A g%, and (d) specific capacitance recorded
at different current densities.
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capacitance of 142 F g~ at 1 A g~ . Upon increasing the current
density to 10 A g™, the device acquires a specific capacitance of
67 F g~ ! with an outstanding rate capability of 47%. Accordingly,
our asymmetric device (C3M;0S//AC) can operate over a wide
working voltage range with superb specific capacitance to meet
the demand for high-power supercapacitors to be convenient for
practical application.

Long term cycling stability is one of the significant perfor-
mance parameters of supercapacitor devices, which is tested by
performing a series of GCD cycles for the C;M;0S//AC device at
10 A g, Over 10000 cycles, the CsM;0S//AC device sustains 91%
of its initial specific capacitance with an efficiency of ~100%,
indicating the outstanding cyclic stability of the assembled device,
Fig. 7(a). The SEM image of the electrode after cycling (Fig. S7a,
ESIt) revealed no morphological change of the nanocube-like
structure covered with nanoneedles with the presence of some
aggregates. Additionally, the EDX and XPS analyses shown in
Fig. S7b and c (ESIf) confirmed the presence of all chemical
elements (Cu, Mn, S, and O) after cycling, demonstrating the
stability of the C3M,0S electrode. Furthermore, the energy and
power densities are the other two critical characteristics of super-
capacitors, which can be calculated based on the charge/discharge
curves according to eqn (4) and (5). Based on the Ragone plot at
different current densities (Fig. 7(b)), the C;M;0S//AC device can
acquire a very high energy density of 76.56 W h kg~ along with a
power density of 985.01 W kg ' at 1 A g '. In addition, the
asymmetric device showed a maximum power density of
9850.09 W kg~ ' with an energy density of 36.12 W h kg™ ' at
10 A g~ ". Note that the fabricated C;M;0S//AC device outperforms
those reported in the literature of relevant materials in terms of
electrochemical performance (energy and power density), such as
RGO-Mn-Ni-Co-Ox//RGO (35.6 W kg ' at 0.69 kW h kg 1),
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Fig. 7 Electrochemical characteristics of the CzM;OS//AC asymmetric
device: (a) recyclability test at 10 A g~* and the corresponding Coulombic
efficiency, (b) Ragone plot at several current loads in comparison with
previously reported devices in the literature, and (c) schematic diagram of
the developed C3zM;OS//AC asymmetric device.
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Ni-Co-Mn oxide//AC (36.4 W kg~ ' at 0.32 kW h kg™ '),”* AC//Mn-
Co-Fe (11.4 W kg ' at 1125 W h kg "),** NiCoMn-OH//AC
(43.2 W kg ' at 790 W h kg '),”® NiCoMn-S//AC (50 W kg *
at 850 W h kg '),°® Ni(OH),-MnO,@C//AC (39.1 W kg ' at
221.4 W h kg "),”” CuO//AC (19.7 W h kg™ ' at 700 W kg ),*®
Cu-Ni;S,//AC (33.7 W h g~ " at 850.1 W kg™ '),°® and MNC OS/NF//
AC/CC (31.5 W h kg " at 2616.3 W kg ). On the other hand, to
elucidate the electrochemical properties and evaluate the electro-
chemical resistance of the assembled device, EIS measurements
were conducted. Fig. S8 (ESIf) depicts the Nyquist plot of the
C3;M,0S//AC device after prolonged cycling (10000 cycles) over the
frequency range between 10 MHz and 1000 kHz under open circuit
conditions, to estimate the charge transfer and Ohmic
resistances.'®'°* Accordingly, the asymmetric device exhibited
a small ESR and Rcr of 2.8 and 1.5 Q, respectively, indicating
good electrochemical conductivity and fast transportation of
charges. The excellent electrochemical activity of the C;M;0S//
AC device with a large operating potential window can be related
to the synergistic effects of constituents (Cu and Mn), the binder-free
nature of the electrode, the presence of O with S that enhances the
electrode’s conductivity, and flexibility in the shape of the formed
nanostructures,®?%1%371%

To unveil the reason behind the outstanding performance of
the C;M;0S material, DFT calculations were performed to
elucidate the electronic features of the C;M;0S, C;M;0S and
C3;M;0S electrodes. The three systems’ geometry was opti-
mized, as shown in Fig. 8. The oxysulfide family (CMOS) adopts
the tetragonal layered arrangement with a P4/nmm space group
during crystallization. Fig. 8 shows that the crystal structure of
C;M;0S consists of alternately stacked manganese oxide layers
with ionic bonds and copper sulfide layers having covalent
bonds over the z-axis. This was confirmed by Bader charge
analysis. From the Bader net charge, it was observed that
oxygen withdrew electrons from manganese more than copper,
and it showed charge transfer from metals (Mn and Cu) to
oxygen and sulphur, as displayed in Table S1 (ESIt).

The band gap (E,) and the projected density of states (PDOS)
were calculated, as shown in Fig. 9, using separated hybrid
functional HSEO6, as it is known for its accuracy in calculating
the electronic properties.'”” It was noted that the band gap is
decreased by increasing the copper content to 2.01, 1.59, and
1.34 eV for C;M;0S, C;M;0S, and C3M,0S, respectively. This

Fig. 8 Crystal structure of (a) C{M30S, (b) C;M;0S, and (c) CsM;0S, where
orange, purple, yellow, and red are Cu, Mn, S, and O atoms, respectively.
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Fig. 9 Electronic band structure and projected DOS of C;M30OS, C;M;0S,
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indicates higher conductivity for C3M;0S than the others. The
band gap of C;M;0S was determined experimentally in the
literature and was found to be 1.5-1.6 eV,'®® confirming high
accuracy of our results. The decrease in the band gap with
increasing Cu arises from the conduction band minima (CBM)-
Cu 3d orbitals. Substituting Cu with Mn could change the
conduction band position. The metal sulfide layers initially
specify the band gap of CMOS compounds and are less contin-
gent on the metal oxide layers.'% From DOS, the metal 4s orbitals
fundamentally dominate the CBM. However, admixed metal 3d
and p orbitals at most monitor the valence band maximum
(VBM). This means that the electronic structure of the CBM is
diverse in the three systems, as the CBM fundamentally consists
of metal 4s orbitals with little sharing from the metal d orbitals.

Conclusions

A facile yet optimized wet chemistry strategy was demonstrated
for the successful fabrication of Cu-Mn binary oxysulfides with
different Cu:Mn ratios directly on a Ni foam substrate. The
optimal Cu:Mn ratio along with the presence of both O and S
ions enhanced the electrode conductivity, flexibility in the
shape of the nanostructures formed, and the electrochemical
performance. The most effective electrode (C;M;0S) exhibited
the ability to deliver an outstanding specific capacitance of
3177.2 F g7' (1525 C g7') at a current density of 1 A g~ '. The
C3M;0S electrode displayed the smallest Ohmic resistance of
1.35 Q with an R¢r of 1.04 Q. The faradaic process was the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dominant storage mechanism, where ~93% of the total capa-
city originated from diffusion-controlled processes (Cf) and
only 7% originated from surface-confined processes (Cg).
Impressively, the assembled C3;M;0S//AC device withstands a
large operating potential window of 1.97 V and manifests a
remarkable cyclic stability of 91% over 10 000 charge/discharge
cycles at 10 A g~ . The C3M;0S//AC device acquired a very high
energy density of 76.56 W h kg™ ' along with a power density of
985.01 W kg™ ' at 1 A g~ . The DFT calculations confirmed the
experimental results and revealed a low band gap and high
conductivity of C3M;0S. It was noted that the band gap is
decreased by increasing the copper content. We hope that this
study encourages the development of advanced metal oxysul-
fides with facile preparation methods and their use in high-
performance energy conversion/storage devices.
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