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ARTICLE INFO ABSTRACT

Keywords: Supercapacitors (SC) have gained prominence among many advanced technologies because of their superior
ZnS power density, fast charge/discharge capabilities, extended cycle lifespan, and remarkable operational stability.
Gadolinium Recent advancements in ZnS nanostructures underscore their potential for high-performance SCs, especially
Supercapacitors

when their morphology and surface characteristics are carefully engineered. Incorporating dopants into ZnS
has proven effective in further enhancing its electrochemical performance. Adding dopants into the ZnS lattice
results in defects, such as zinc and sulfur vacancies and interstitial atoms. In this study, ZnS doped with
varying concentrations of Gd ions serves as an electrode material in supercapacitor devices. The influence
of the induced defect states and Gd-ions concentration, characterized by photoluminescence, Raman, and
electron paramagnetic resonance spectroscopy, on the electrochemical properties was demonstrated through
cyclic voltammetry, potentiostatic electrochemical impedance spectroscopy, and galvanostatic cycling with
potential limitation. The findings indicate that ZnS doped with a nominal concentration of 0.5% Gd has the
highest specific capacitance value, achieving a maximum of 114.7 F/g at 2 mV/s, and demonstrates excellent
cyclic stability, retaining about 98% of its capacity after 2000 cycles. It also showcases impressive performance
in terms of energy and power density, with values reaching up to 15.93 Wh/kg and 1146 W/kg, respectively.
These findings underscore the potential of Gd-doped ZnS as high-efficiency electrodes in supercapacitors,
playing a crucial role in advancing sustainable and efficient energy storage solutions that effectively balance
energy and power density.

Electron paramagnetic resonance
Raman

Introduction their high-power density, high charge/discharge rates, long cyclic life,
and excellent operational stability [4,5]. These attributes render SCs

Due to increased global energy needs and a further decline in fos- highly attractive for critical applications, including electric vehicles,

sil fuel reserves, developing high-performance energy storage systems portable electronics, and renewable energy systems [6]. Nevertheless,
to enable a partial transition toward renewable energy sources has the broader utilization of SCs is still limited due to their naturally
become urgent [1,2]. Renewable energy, often termed clean energy, lower energy density when compared to traditional batteries, which

is primarily derived from natural resources. Despite its environmental have their limitation regarding lower power density and cycle life
benefits, renewable energy is not always the most effective alternative

to fossil fuels in resolving the current global energy crisis and pollution
challenges [3]. Therefore, there is a critical need for electrochemical
energy storage technologies that are efficient, reliable, and sustainable
to meet future energy demands. Among several developed technologies
so far, supercapacitors (SC) have come to the front line owing to

[7-9]. Thus, a primary research emphasis is boosting energy den-
sity by improving specific capacitance and operating voltage [10].
Supercapacitors (SCs) can be classified into two main types based
on their charge storage mechanisms: electric double-layer capacitors
(EDLCs) and pseudocapacitors [11,12]. EDLCs store energy through
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electrostatic charge accumulation at the electrode—electrolyte interface
and typically utilize carbon-based materials—such as activated carbon
and carbon nanotubes—as electroactive layers. These materials offer
advantages like rapid charge-discharge cycles and excellent long-term
stability [13]. In contrast, pseudocapacitors rely on fast and reversible
Faradaic redox reactions occurring between the electrode and the
electrolyte, enabling high energy storage efficiency [14,15].

The performance of supercapacitors, especially their specific capac-
itance, is largely influenced by the choice of electrode material [16].
An optimal electrode material should possess a large surface area,
high porosity, numerous electrochemically active sites, high electrical
conductivity, and a defect structure that supports effective charge stor-
age. [17,18]. Nanostructured semiconductors have gained prominence
due to their tunable electronic properties and potential for synergistic
enhancements when doped with other elements [19,20]. Among these
materials, ZnS has attracted significant interest due to its excellent
chemical stability as a II-VI semiconductor with a bandgap of 3.5-3.8
eV [21] and some superiorities of nanoparticles, including low diffusion
resistance and fast electron transportation [22]. On the other hand,
its intrinsic low conductivity severely hinders ZnS’s charge storage
capacity [23].

Recent advances in ZnS nanostructures underscore their potential
for high-performance SCs, particularly when their morphology and
surface characteristics are carefully engineered [24]. Hydrothermal
and sol-gel synthesis methods have been utilized to fabricate ZnS
nanostructures with enhanced surface area and electroactive sites, sig-
nificantly boosting their electrochemical properties [25]. ZnS nanopar-
ticles synthesized via hydrothermal methods achieved a specific ca-
pacitance of 824 F/g at 1 A/g, maintaining an impressive 93.1%
retention after 10,000 charge-discharge cycles [24]. Maintaining high
performance at large current densities further highlights ZnS’s potential
in supercapacitor applications.

Incorporating dopants into ZnS has shown promise for further en-
hancing its electrochemical performance. The introduction of dopants
into the ZnS lattice induces the formation of defects, such as zinc (V)
and sulfur (Vg) vacancies and interstitial atoms (Zn;/S;) [26]. These
vacancies introduce localized states within the bandgap, enhancing
both conductivity and charge transport. Additionally, dopants can influ-
ence crystallite size, strain, and surface chemistry, all of which impact
key electrochemical properties such as capacitance, charge storage ef-
ficiency, and cycling stability [26-28]. The beneficial effects of doping
on electrochemical performance are evident in experimental studies.
For example, Ni-doped ZnS microspheres synthesized via hydrothermal
methods demonstrated an improved specific capacitance of 104.2 F/g
at 5 A/g, compared to 67.75 F/g for undoped ZnS [29]. Similarly,
Co-doped ZnS synthesized by co-precipitation showed a substantial
increase in specific capacitance from 460.7 F/g for pure ZnS to 947.8
F/g for 5% Co-doped ZnS at a scan rate of 10 mV/s, attributed to the
increased electrochemical active sites and enhanced kinetics of redox
reactions [30].

Recent studies on Mn-doped ZnS further highlight the role of mor-
phology in enhancing supercapacitor performance. Various nanostruc-
tures, such as nanosheets, nanoflakes, and nanoneedles, were synthe-
sized by controlling reaction temperatures. Among these, Mn-doped
ZnS nanosheets exhibited the highest specific capacitance of 1905
F/g at 1 A/g and retained 93.1% of their capacity after 10,000 cy-
cles [27]. An asymmetric supercapacitor (ASC) device using Mn-doped
ZnS nanosheets and activated carbon achieved an energy density of
43.3 Wh/kg and a power density of 6.8 kW/kg, retaining 93.3% of its
capacitance after 8000 cycles, demonstrating the material’s excellent
stability and practical potential [27]. Additional studies demonstrate
the potential of hybrid ZnS materials. Fe-doped ZnS microspheres
supported on Ni foam delivered a specific capacitance of 700 F/g at a
current density of 0.5 A/g. Meanwhile, hybrid supercapacitor systems
incorporating these materials achieved a high energy density of 11
Wh/kg and a power of 591.2 W/kg [31].
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The rare-earth doping of ZnS can also introduce localized electronic
states within its band structure, enhancing electronic conductivity and
charge transfer kinetics. Gadolinium (Gd), with its stable +3 oxidation
state, significantly increases the density of electroactive sites, facili-
tating faster ion transport and enhancing rate capability and cycling
stability [32-34].

In this study, ZnS samples doped with different Gd ion concen-
trations were prepared by a precipitation method for application as
electrode materials in supercapacitor devices. A low nominal Gd doping
level was chosen that would not affect the crystalline structure of the
ZnS but only tune its defects to improve ZnS electrochemical properties.
Besides, it is expected that localized states induced by Gd ions to
facilitate ion transport and charge transfer. The influence of the induced
defect states, characterized by photoluminescence, Raman, and electron
paramagnetic resonance spectroscopy, on the electrochemical prop-
erties was demonstrated through cyclic voltammetry, potentiostatic
electrochemical impedance spectroscopy, galvanostatic cycling with
potential limitation, and voltage holding tests. The obtained results
emphasize the potential of Gd-doped ZnS particles as high-performance
electrodes for supercapacitors, contributing to developing sustainable,
efficient energy storage systems capable of bridging the gap between
energy and power density.

Materials and methods
Materials

The synthesis procedure employed the following reagents and sol-
vents: Zinc chloride (ZnCl,, 98%, anhydrous) was obtained from Acros,
sodium sulfide hydrate (Na,S - H,O, p.a., x ~ 7-9) from Merck, gadolin-
ium chloride (GdCl; - 6 H,0) from Sigma-Aldrich, and KOH from Alfa
Aesar for synthesis. Doubly distilled water was used throughout the
syntheses.

Synthesis procedure

Both undoped and Gd-doped zinc sulfide samples were prepared
using a straightforward precipitation reaction method (see Scheme
1), where an aqueous solution/suspension of zinc chloride (1.022 g,
7.5 mmol) and an aqueous solution of sodium sulfide (0.802 g, 7.5
mmol) were prepared. Additionally, gadolinium chloride (82.4 mg) was
dissolved in water (2.942 mL). After adding the respective amounts of
gadolinium chloride to the zinc chloride solution, the sodium sulfide
solution was added, and the mixture was stirred at room temperature
for 20 h. A white powder was obtained after centrifuging, washing with
water (3 times), and drying overnight at 60 °C. The obtained samples
were denoted as ZnS, ZnS:Gd0.1, ZnS:Gd0.3, ZnS:Gd0.5, ZnS:Gd0.7,
and ZnS:Gd1.0 according to the molar percentage of Gd used in the
synthesis. The amount of gadolinium chloride solution added was as
follows: ZnS: 0 pL (0 p mol); ZnS:Gd0.1: 100 pL (7.5 p mol); ZnS:GdO0.3:
300 pL (22.5 p mol); ZnS:Gd0.5: 500 pL (37.5 p mol); ZnS:Gd0.7: 700 pL
(52.5 p mol); ZnS:Gd1.0: 1000 pL (75 p mol).

Characterization methods

The elemental composition of the samples was evaluated using
an inductively coupled plasma-optical emission spectrometer, Plas-
maQuant 9100 Elite High Resolution ICP-OES. Before analysis, the
samples were exposed to microwave-assisted acid digestion in a Berghof
Speedwave Entry microwave equipped with 10 high-pressure TFM™-
PTFE-quartz vessels. The nanoparticle size and morphology were an-
alyzed using scanning transmission electron microscopy (STEM) with
a Hitachi HD2700 microscope equipped with a cold field emission
gun, Dual energy dispersive spectroscopy EDS System (X-Max N100TLE
Silicon Drift Detector from Oxford Instruments. For the analysis, a sus-
pension of the samples was sonicated with a UP100H ultrasound finger
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Scheme 1. Schematic representation of the synthesis procedure used to synthesize the undoped and Gd-doped ZnS samples.

and applied via the droplet method onto a 400-mesh copper grid coated
with a thin carbon film. The nominal operating tension was 200 kV.
A BelSorp MaxX equipment (Microtrac BEL Corporation, Japan) was
used to record the N, sorption isotherms. Pretreatment of samples
consisted of degassing under vacuum at 100 °C for 4 h. The standard
BET method was used to calculate the specific surface area (p/py range
of 0.02-0.25), and total pore volume was estimated at p/p, = 0.95.
X-ray diffraction (XRD) measurements were performed using a Rigaku-
SmartLab X-ray Diffractometer with Cu-K radiation at 45 kV, 200 mA.
The diffraction patterns were recorded in the range 10-90° with steps
of 0.02°. The processing was performed using the Integrated X-ray
powder diffraction (PDXL2) software. Fourier transform infrared (FTIR)
spectra were recorded using a JASCO FTIR 4600 A spectrophotometer
with an ATR-PRO-ONE accessory. They underwent CO,, H,0, ATR, and
baseline corrections, followed by normalization to enhance the clarity
of the bands. The defect structure and the presence of paramagnetic Gd
ions were investigated by photoluminescence (PL), Raman, and elec-
tron paramagnetic resonance (EPR) spectroscopy. Photoluminescence
spectra were recorded using an FS5 spectrofluorometer (Edinburgh
Instruments) featuring a 150 W continuous-wave ozone-free Xenon arc
lamp, Czerny-Turner monochromators with plane gratings, and a PMT-
900 emission detector. Raman spectra were collected using a Renishaw
InVia Raman system paired with a Leica microscope. A 785 nm near-
infrared diode laser provided excitation at 130 mW output power.
Measurements covered a wavenumber range of 100 to 1250 cm™!
with a spectral resolution of 1 cm~!. EPR spectroscopy measurements
were performed on a Bruker E500 ELEXSYS spectrometer at Q-band
(33.9 GHz).

Electrochemical properties measurements

Symmetric all-in-one supercapacitor devices were assembled using
undoped and Gd-doped ZnS in a 6 M KOH electrolyte, with a glass
fiber separator used between the electrodes as depicted in Scheme 2,
which represents a circular-shaped stainless-steel bolt on both sides of
the device, serving as a current collector. The areal mass loading of the
electrodes on this device is approximately 2.65 mg/cm? over an area of
1.13 cm?, with a total mass of 3 mg per electrode. Electrode thickness
was not specifically measured, as the focus was on maintaining consis-
tent mass loading and electrolyte volume (3 mg of active material with
200 pL of 6 M KOH). A BioLogic VMP 300 electrochemical workstation
tested the electrochemical performance of the electrode materials using
a two-electrode system. The techniques included cyclic voltammetry
(CV), potentiostatic electrochemical impedance spectroscopy (PEIS),
and galvanostatic cycling with potential limitation (GCPL). CV mea-
surements were performed within a voltage window of 0 to 1 V, with
scan rates varying from 2 to 200 mV/s. PEIS measurements were per-
formed with an AC signal amplitude of 10 mV over a frequency range
from 10 mHz to 1 MHz. GCPL tests were conducted at a current density
of 0.8 A/g, and the energy and power densities were determined using
CV and GCPL data from the best-performing scan rate.

Potentiostat

Scheme 2. Schematic representation of the symmetric supercapacitor devices
used to assess the electrochemical properties of the undoped and Gd-doped
ZnS materials.

Results and discussion

To determine the actual concentrations of Gd in the samples, ICP-
OES was used to determine the ratio of Gd/Zn and compare it with
the nominal concentration ratio (Table T1*). It can be seen that the
actual concentration of Gd found by ICP-OES is lower than the nominal
one. This is surprising at first; however, the actual doping percentage
increases approximately proportional to the increase in nominal Gd
concentration. It is a commonly observed phenomenon that the exact
amount of rare earth dopant, and even other dopants such as man-
ganese, is much lower than the nominal one [35-37]. The fact that the
ionic radii and charges of the respective cations are too different is the
most likely cause for the poor incorporation of gadolinium in the ZnS
phase.

The morphology of the samples was determined through STEM
measurements; a representative image is shown in Fig. 1(a). All samples
exhibit a similar morphology; the STEM image indicates that the mate-
rial consists of small particles aggregated into larger layered structures
with sharp edges. These sharp edges are likely a result of grinding
and sonication before measurement. The samples demonstrate that the
particles do not disperse well in an aqueous solution, as expected, since
no surfactant stabilizes them in dispersion. EDS analysis was used to
verify the presence of Gd dopant ions in the ZnS:Gd1.0 sample, as
shown in Fig. 1(b); the dopant is uniformly distributed throughout the
ZnS particles. More detailed elemental characterization was not carried
out because the Gd concentration is very low (< 1%).



I. Nesterovschi et al. Journal of Industrial and Engineering Chemistry xxx (xxxx) xxx

AB 200kV x4.5k SE

—_ ~ ~ ZnS:Gd 1.0 g
- d -
T T : ZnS:Gd 0.7 "™
I 1 I ZnS:Gd 1.0 M
. | I N
E ; .
s W Zn$:Gd 0.7 | 3 o=l I
ol | | g
Z “W——Au....M Zn$:Gd 0.5 £ iSiGa 03 I
e I I | ]
k= 1 | 1 2
\ i | ZnS:Gd 0.3| = ZnS:Gd 0.1
| I
MA—M ZnS:Gd 0.1 ns gy
| I
' ns M LA
T . T . . T T T T T T T T _ T
20 40 60 80 3500 3000 2500 2000 1500 1000 500

20/° 1

‘Wavenumber / em”

Fig. 1. Representative STEM image (a) of the Gd-doped ZnS samples alongside the EDS (b) elemental mapping of the ZnS:Gd1.0 sample. Diffractograms (c)
indexed with the crystallographic planes of the sphalerite structure (cubic F-43 m space group) and FT-IR spectra (d) for all undoped and Gd-doped ZnS samples.

Table 1
Results of the Gaussian deconvolution of all undoped and Gd-doped ZnS PL spectra, showing
the relative area of each emission band.

ZnS ZnS:Gdo.1 ZnS:Gd0.3 ZnS:Gd0.5 ZnS:Gdo0.7 ZnS:Gd1.0
Band/nm  Center 4 /4, x 100/%
410 S; 9.89 13.95 14.01 12.43 14.03 13.2
433 Zn; 22.05 31.05 29.43 26.22 29.70 29.33
458 Vg 33 28.66 30.31 32.62 30.18 30.53
503 Von 35.05 26.34 26.26 28.73 26.08 26.94
Table 2

Undoped and Gd-doped ZnS Raman spectra peak position and intensities obtained after the
Gaussian deconvolution fit.

Intensity/a.u. Position/cm™!

Sample 2 xTA A(TO) E(TO) E(LO) TA + LO A(TO)/E(TO) LO

ZnS:Gdo 0.608 0.546 0.198 0.133 0.089 346.336
ZnS:Gdo.1 0.723 0.398 0.597 0.161 0.270 0.667 346.956
ZnS:Gd0.3 0.699 0.271 0.702 0.181 0.280 0.386 347.801
ZnS:Gd0.5 0.731 0.621 0.425 0.162 0.292 1.461 345.439
ZnS:Gd0.7 0.702 0.598 0.434 0.157 0.271 1.378 345.498
ZnS:Gd1.0 0.641 0.492 0.348 0.129 0.189 1.414 345.465

more active sites for absorbing ions, which is beneficial for storing
charges [38].

The surface functional groups of the synthesized particles were
determined by FT-IR spectroscopy. Fig. 1(d) shows the FT-IR spectra
of undoped and Gd-doped ZnS samples. Ideally, the spectrum should
contain almost no signals except for a small band denoting the Zn-S§

The crystalline phase of the synthesized ZnS and ZnS:Gd sam-
ples was evaluated using XRD. Fig. 1(c) presents the diffractograms
of all samples, indexed according to the crystallographic planes of
the sphalerite structure, which crystallizes in the cubic F-43 m space
group (DB card No. 01-080-4383). No secondary phases were observed.

The broad peaks in each case indicate that the crystallite size of all
samples is relatively small; the mean crystallite size, calculated by
the Williamson-Hall method, is 2 nm, with no differences between
the undoped and doped samples. The smaller crystal size provides

bonds. This band is visible in all spectra of both doped and undoped
samples at ~ 642 cm~! [39]. All spectra also contain a broad band
between 3000-3500 cm™!, denoting v(O-H) vibrations, which stem
from the surface of the nanoparticles, where OH groups may exchange
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some of the sulfide. Since the particle size is rather small, this band is
relatively large compared to other samples of ZnS. Interestingly, some
bands can be observed at 1621 and 1400-1520 cm~!. In this region,
generally, v(C=0) is supposed to be visible, which normally comes
from organic coatings [40]. Since no organic compound was used in
this case, another possible explanation could be the sorption of CO,,
which could adsorb physically or chemically as carbonate or hydrogen
carbonate.

UV-VIS spectroscopy was conducted to evaluate the sample’s optical
properties, and the obtained absorption spectra are shown in Figure S-
UV-vis*. A broad absorption range from 200 to 410 nm is observed
for all samples. The absorption edge of the Gd-doped samples shows
a redshift relative to the undoped ZnS sample. The absorption spectra
were utilized to determine the band gap energy. As presented in Figure
S-Tauc*, the values of the band gap were determined from the plot of
(ahv)? versus hv, by extrapolating the linear portion of the graph to
the x-axis, as indicated by the Tauc relation, and the obtained values
are inserted in the figure inset. The band gap energy of the undoped
ZnS is 3.50 eV, consistent with values reported in the literature for ZnS
materials with a cubic structure [41]. Doping reduces the energy band
gap, which is attributed to the formation of impurity levels from the
Gd 4f electronic state within the ZnS band gap [42,43], facilitating the
charge transfer and favoring electrical conductivity [44].

More insights regarding the defect states and charge carrier re-
combination were obtained by PL spectroscopy. The spectra obtained
under an excitation wavelength of 320 nm are shown in Fig. 2(a),
and the emission bands are quite similar. By doping with Gd ions,
the intensity of the PL spectra is quenched, suggesting that Gd 4f
energy levels become electron traps, better separating the electron-hole
pairs, thus delaying the recombination process [45]. The PL spec-
tra were deconvoluted into 4 bands using a multiple Gaussian peak
function to analyze the emission-related transitions. For example, Fig.
2(b) illustrates the deconvolution of the PL spectrum corresponding to
the ZnS:Gd0.3 sample, while the other deconvolutions are presented
in Figure S-PL*(a-d). Table 1 summarizes the results related to the
relative area of the peaks obtained after the spectra deconvolution. The
relative area represents the ratio between the specific band area and the
total spectrum area.

Previous studies report that vacancies occupy deeper states in the
gap compared with those of interstitial atoms [46]. Thus, the bands
specific to the interstitial position appear at higher energy, and those
corresponding to a vacancy at lower energy. The position in the band
gap of the Zn and S states (interstitial or vacancy) depends on the size
of the respective atoms and was explained in the Ref. [47]. Thus, the
bands centered at 410 nm and 433 nm were attributed to S;, Zn;, while
those at 458 nm and 503 nm correspond to Vg and Vy,, respectively.

Analysis of the relative band areas from the spectral deconvolution
reveals that Gd doping reduces sulfur vacancies but increases interstitial
sulfur defects compared to the undoped sample. In the case of Zn, the
vacancies are decreasing, meaning that Gd ions enter the ZnS lattice.
However, the interstitial Zn defects are increasing since some Zn ions
are replaced by Gd ions, creating strain in the crystal structure.

More structural information about the samples was obtained by
Raman spectroscopy. The spectra are shown in Fig. 2(c). The Ra-
man spectra of Gd-doped ZnS exhibit six primary bands. The peak
at 133 cm™! corresponds to the overtone of the transverse acoustic
(TA) mode (2 x TA), with its intensity affected by sulfur vacancies.
An increased Raman intensity at this position indicates a higher con-
centration of sulfur vacancies [48]. The transverse optical (TO) mode
at 260 cm! is associated with dopant incorporation, as indicated
by a redshift. This redshift reflects an increase in the dopant con-
centration within the lattice [49,50]. The longitudinal optical (LO)
mode at 345 cm™! is influenced by interstitial sulfur, where a redshift
suggests an increased concentration of interstitial sulfur defects [48].
Additional peaks appear at 427 cm~!, 646 cm~!, and 987 cm~!. The
427 cm~! band corresponds to the second-order TA + LO mode, while
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the 646 cm™! band is attributed to 2 x LO, overlapping with the LO +
TO mode. The 987 cm™! peak is assigned to 3 x LO [51,52].

Comparing pristine ZnS and Gd-doped samples reveals several visi-
ble differences. The pristine sample exhibits a lower relative intensity
at 427 cm~! and lacks the 1012 cm~! shoulder observed in the doped
samples. The presence of this shoulder in the doped samples indicates
that this band is activated by the dopant (Fig. 2(c)). It is probably an
overtone linked to defect-related enhancement near the TO mode at
255 cm~!, and can be assigned to the A(TO) vibrational mode [48,
53,54]. While no significant spectral differences are observed among
the doped samples in the spectra, deconvolution of the Raman spectra
using a multiple-Gaussian function reveals subtle variations, and a
representative example is presented in Figure S-Raman*.

As presented in Table 2, the deconvolution results reveal significant
variations in the intensities of the second-order TA mode and the
TA + LO mode. Specifically, the intensity increases up to the sample
ZnS:GdO0.5, suggesting that this sample contains the highest sulfur va-
cancy concentration following PL results. A change is also observed in
the TO mode, representing dopant incorporation into the lattice. After
deconvolution, the TO mode is separated into two bands, located at
255 em~! and 265 cm™!, corresponding to the E(TO) and A(TO) modes
of vibration, respectively. The Raman shift of the TO mode can be
correlated to the dopant concentration in the lattice: it can be observed
that the relative intensity between the A(TO) and E(TO) modes is
decreasing by Gd doping, meaning that Gd ions occupy the Zn vacancy
sites. As illustrated in Table 2, the sample ZnS:GdO0.3 exhibits the lowest
relative intensity, suggesting the highest gadolinium incorporation in
the lattice.

Furthermore, although the LO mode is mainly affected by the
concentration of interstitial sulfur, no significant shifts in its position
are detected beyond the 1 cm™! spectral resolution. However, after
deconvolution, an additional peak is detected corresponding to the
LO mode at 319 cm~!. This peak corresponds to the E-symmetry
component of the LO vibrational mode [48]. The intensity of this peak
fluctuates, causing a shift in the overall LO Raman band. Increased
intensity results in a noticeable redshift of the LO band, similar to the
TO mode. Thus, the E(LO) mode intensity is linked to the concentration
of interstitial sulfur. It can be observed that the intensity of this band
increases by doping until a nominal concentration of 0.3% Gd followed
by a slightly decrease.

The room temperature Q-band EPR spectra of undoped and doped
ZnS with different concentrations of Gd are shown in Fig. 2(d). The
EPR method is a suitable tool to probe the existence of Gd** ions
because its ground state, 887/2(4 f7), has L = 0. Therefore, its long
relaxation time enables it to be detected at room temperature. In the
undoped ZnS sample, defects such as monoionized Zn vacancies (V)
and S vacancies (Vg) can exist, both of which are EPR active. The
pristine ZnS spectrum shows a strong isotropic signal with g = 2.003,
which is attributed to defects in the crystalline structure of the material,
representing Vg [55]. By doping, the intensity of these signals increases,
and at the same time, two new EPR resonances appear, one with g =
2.0045 and a second with g = 1.992. As described previously [55,56],
V;, resonances appear in the g = 2.0035 to 2.075 range. We attribute
the second EPR resonance to Gd*" centers doped into the ZnS structure.
This signal increases in intensity with the Gd-dopant concentration, and
several works report almost identical g-values for these centers in cubic
structures [57-59]. Thus, doping ZnS with Gd ions introduces not only
Gd>* ions into the ZnS lattice but also increases the concentration of
monoionized Zn- and S-related vacancy sites.

All the EPR spectra of the Gd-doped ZnS particles measured in
the Q-band show an additional signal with a hyperfine characteristic
of Mn?* impurity (see with “*’ marked signals in Fig. 2(d)) from the
synthesis process that does not change in intensity. The relatively weak
resonances are unavoidable since an exactly pure sample cannot be
technically prepared. Still, an ultra-high sensitive spectroscopy method
like EPR can detect even such a low-concentrated impurity signal.
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Fig. 2. PL spectra of the undoped and Gd-doped ZnS materials, where the
inset presents the Gaussian deconvolution of the ZnS:Gd0.3 PL spectrum (a),
as well as Raman (b) and EPR spectra (c) of all ZnS-based samples.

The textural properties of the samples were evaluated from the
N, sorption isotherms. All samples show a type IV isotherm with a
H2(a) type hysteresis loop (Figure S-BET*) characteristic of ordered
mesoporous materials [60].

The electrodes’ mesoporous configuration enables rapid electrolyte
insertion by fewer diffusion routes of OH™ and enhances the electro-
active regions for ion transport [61]. Indeed, all samples show a narrow
pore size distribution centered around 3 nm. The ZnS samples’ specific
surface area and pore volume are listed in Table 3. It may be noticed
that the Gd-doped ZnS samples exhibit twice as large specific surface
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Table 3

Textural properties of the samples. “ BET specific surface area
calculated in the 0.02 - 0.25 p/p, range. * Total pore volume
calculated at p/p,=0.95.

Sample Sopr/m*/g Vi /em?/g
Zn$:Gdo 66.1 0.066
Zn$:Gd0.1 112.8 0.108
Zn$:Gd0.3 127.4 0.116
ZnS:Gd0.5 106.0 0.105
ZnS:Gdo.7 113.2 0.108
ZnS:Gd1.0 110.8 0.110

area values and pore volumes as compared to the undoped ZnS. How-
ever, there is not any clear dependence between the Gd doping amount
and the values of the textural properties. Enhancement of surface area
and pore volume due to Gd doping favors mass and charge transport,
positively influencing the electrochemical processes [62].

The electrochemical performance of the synthesized samples was
tested in all-in-one symmetric supercapacitor devices, where 6 M KOH
served as the electrolyte and glass fiber was used as the separator
material. Fig. 3(a) depicts the cyclic voltammetry curve for all the
assembled devices, measured at 100 mV/s within the 0-1 V voltage
window. The current value increased as the Gd dopant percentage
increased until it reached a maximum, and then the current value
decreased. ZnS:Gd0.5 has the highest current value; after that, the
increase in dopant percentage tends to reduce the current values. The
undoped ZnS own the lowest current, highlighting that Gd doping
facilitates faster charge transport. The shape of the CV curves provides
valuable information about which phenomenon dominates the charge
storage process. Figure S-CV* illustrates the CV curves for all devices
measured at different scan rates, giving a detailed insight into the rate
capability and reversibility. Fig. 3(a) and S-CV* prove that the undoped
ZnS based device presents a pseudocapacitance-dominated CV curve
where the redox peaks at each scan rate are visible. Still, the drop in
peak current value is prominent as we move towards lower scan rates,
suggesting low rate capability. The ZnS:Gd0.1 device shows a non-ideal
CV curve with significant deviation from an EDLC-type rectangular
curve; the redox peaks disappear for this device, demonstrating that
the EDLC phenomenon started to influence the charge storage process,
although the current values do not show any significant change. From
all CV curves measured at different scan rates of ZnS:Gd0.1 results
an improvement in the rate capability of the device compared to the
undoped ZnS device, as there is no sharp drop in peak current values.
At higher nominal Gd-dopant percentages (0.3, 0.5, 0.7, and 1%),
similar CV curve types with differences in current values and area
under the CV curve were observed. All these devices present a non-ideal
quasi-rectangular curve, which hints slight deviation from rectangular
EDLC-type CV. The curve shifts from an ideal rectangular shape in
practical devices due to the components’ internal resistance and surface
faradaic reaction. The rounding of CV curves edges at the corners in real
supercapacitor devices due to the resistance among components, and
the sudden spike in current values at peak voltage, is linked to faradaic
reactions [63,64]. The ZnS:Gd0.5-based SC device shows the highest
current value, followed by ZnS:Gd0.7 and then ZnS:Gd0.3. From the
rate capability of these devices, shown in Figure S-CV* and 3(b), results
a gradual drop in the peak current values.

Fig. 3(b) depicts the specific capacitance (C,) measured with CV
/V‘: 2 [y

2 mK4av ’
where /VI]/Z 1(V)dV represents the area under the CV curve, m is the mass
of active electrode material, K is the scan rate at which the CV was
acquired and AV is the voltage window. The ZnS:Gd0.5-based SC device
has the highest C, value at each scan rate, with the maximum being
114.70 F/g at 2 mV/s. The C, values have an increasing trend with the

nominal Gd concentration until 0.5%, after which the C; values start

at different scan rates using the following equation: C, =
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Fig. 3. CV results measured at 100 mV/s for the ZnS:Gd samples (a), Specific capacitance as a function of the CV scan rate (b), CV measured at different scan

rates (c), and Dunn analysis (d) for ZnS:Gd0.5 sample.

Table 4
R,, the solution resistance (R,), R,, the charge transfer resistance (R_), and
the double-layer capacitance C,, values obtained with the equivalent circuit fit
of the Nquist plots of the undoped and Gd-doped ZnS based supercapacitors,
as well as the energy E, and power P, density values calculated from Csp at
2mV/s.

Sample R, Cy R, Csp Ep Py
/2 /uF /R /E/g /Wh/kg / W/kg

ZnS 120 5.64 8970 34.96 4.85 349
ZnS:Gdo.1 172 3.80 2234 10.86 1.50 108
ZnS:Gd0.3 10.21 66.72 608 58.87 8.17 588
ZnS:Gd0.5 6.23 63.27 4.518 114.70 15.93 1146
ZnS:Gd0.7 1.75 126 1863 96.33 13.38 963
ZnS:Gd1.0 13 13.21 8841 65.34 9.075 653

declining, indicating a dopant saturation point, considering the charge
storage properties.

To get further insights into the working mechanism of the best-
performing ZnS:Gd0.5 based device, Dunn analysis was applied [65].
The equation used to express the different contributions to the mea-
sured current is expressed as I(V) = k; - v + k, - /v, where k; - v
represents the capacitive current, k, - \/; and v are the diffusive current,
and the scan rate, respectively. The relative contributions of each
mechanism can be determined by examining the slope and intercept
of a Dunn plot, corresponding to the constants k; and k,. Fig. 3(d)
illustrates the Dunn plot, and in the inset, the diffusive and capacitive
contributions at various scan rates are presented. It is observed that
the diffusive phenomenon dominates at all scan rates, suggesting that
redox contribution plays a major role in charge storage, as mentioned
in the CV section. The diffusive contribution increases at lower scan

rates, as ions have more time to penetrate the bulk of the material. The
contributions at 50 mV/s are plotted as parts of the CV curve - Fig.
3(d), showing the major share of the diffusive process [66].

Electrochemical impedance spectroscopy (EIS) is another widely
used technique for characterizing electrochemical devices, providing
insights into the impedance associated with these devices. Fig. 4(a)
presents the Nyquist plot for all supercapacitor devices, a method
for representing EIS data where the negative imaginary impedance
is plotted against the real impedance. Fig. 4(a) illustrates that all
devices yield an incomplete semicircle. The inset shows a zoomed-
in view of the high-frequency region, offering information on the
solution resistance (R,) and charge-transfer resistance (R,). The x-
intercept in the high-frequency region corresponds to R, which reflects
the inherent electrolyte—electrode resistance and significantly impacts
electrochemical performance [67,68]. As illustrated in the inset of Fig.
4(a), no extra semicircle is observed in the high-frequency region for
any of the devices; this semicircle is linked to R, and its absence
suggests a low R, value [69]. Undoped ZnS and ZnS: Gd1.0 show
higher R, values, consistent with the CV results, which may explain the
lower current values observed in the CV measurements. W represents
the Warburg impedance, which is the ion diffusion limitation at the
electrode/electrolyte interface and ideally represented by a 45-degree
line at low frequency. The steeper the line at low frequency, the slower
the ion diffusion, and this affects the electrochemical performance of
the device.

Samples with moderate Gd doping display a decreased R, indicat-
ing improved charge flow with reduced resistance in these devices. The
top-performing devices ZnS:Gd0.5, ZnS:Gd0.7, and ZnS:Gd0.3 exhibit
the smallest semicircle diameters, indicating lower values on both the
imaginary and real axes. To further analyze the circuits and obtain
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Table 5
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C,, Ep, and P, values of supercapacitor devices using electrode materials
based on doped ZnS already reported in the literature compared to the ones
reported in this study. Abbreviations: sym — symmetric, asym — asymmetric
, NT — nanotubes, AC — active carbon, t.w. — this work.
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Fig. 4. Nyquist plot where the inset shows a zoom-in on the high-frequency
region (a), Capacitance Retention as a function of the cycle number (b), and
GCPL curves measured at 0.8 A/g in the voltage window of 0-1 V for all
ZnS:Gd samples used as electrode materials for supercapacitors.

values of the physical parameters in Nyquist plots, equivalent circuit
fitting was performed. The fitted plots and the equivalent circuits used
for fitting are shown in Figure S-PEIS*. The values of the component
are shown in Table 4. The equivalent circuit elements are described
as follows: R, is the solution resistance (R,), R, is the charge transfer
resistance (R,), O shows a constant phase element (CPE), which is a
more generalized impedance element that accounts for non-idealities in
the capacitor’s behavior, Q; in the circuit is analogous to C,;; which is
the double-layer capacitance, C, or Q, represents a pseudo-capacitance

Material SC type C,/F/g E;,/Wh/kg P,/W/kg  Ref.
ZnS:Mn asym - AC 1905 @ 1 A/g 43.3 6800 [27]
ZnS:Fe asym - AC 700 @ 1 A/g 11 591.2 [31]
ZnS:Mo asym - AC 2208 @ 1 A/g 26.5 1303 [70]
Zns:Ni asym - Pt 223 @ 10 mV/s - - [71]
ZnS:Co sym 947.8 @ 10 mV/s - - [30]
ZnS:Cu sym 743 @ 1 A/g - - [72]
ZnS:C NT sym 347.3 @ 0.5 A/g 22.3 500 [73]
ZnS:Gd0.5  sym 1147 @ 2 mV/s 15.9 1146 tw.

(which was also discussed in the CV section), W mean the Warburg
impedance from ion diffusion in the electrolyte at a low-frequency
region, R; represent the diffusion or additional interfaces resistance
depending on the attached component and L1 component present in
the ZnS:Gd0.7 based device at high frequency region is associated with
stray inductance generate in cell cables and appears in the positive
imaginary impedance. The values of R,, R, and C,; are shown in Table
4. Undoped ZnS and ZnS:Gd1 samples have the highest values of R,
and R, and low value of C,;, while the best performing ZnS:Gd0.5
sample owns low values of R, and R, along with highest value of C,; in
line with the previously obtained results. The absence of a well-defined
Warburg region in the Nyquist plots may be attributed to the fast
ion transport and capacitive behavior of the Gd-doped ZnS electrodes
(as shown in the CV curve that increased Gd doping tends to shift
the CV more to the rectangular side and redox bumps are removed,
which shows increased EDLC behavior). In two-electrode symmetric
configurations, especially when using materials with nanostructure,
high conductivity, and defective structure, diffusion limitations become
minimal, leading to a direct transition from the charge-transfer semi-
circle to a nearly vertical low-frequency line, which indicates that a
transition from diffusion-limited kinetics in the undoped sample to
surface-controlled capacitive behavior in doped electrodes, attributed
to enhanced conductivity and improved ion accessibility due to Gd
incorporation.

Fig. 4(b) illustrates the cyclic stability of all devices by plotting
capacitance retention against cycle number. All the devices exhibit
excellent retention values, with a slight decrease in the capacitance
retention values after 2000 cycles. This highlights the exceptional cyclic
stability for this type of electrode material. Fig. 4(c) presents the
galvanostatic charge-discharge curve measured at 0.8 A/g, showing
that ZnS:Gd0.5 and ZnS:Gd0.7 based devices have the longest dis-
charge time, while the undoped ZnS and ZnS:Gd0.1 exhibit the lowest
discharge time. The charge-discharge results show the same trend
observed in the CV and PEIS results. In the case of the best-performing
devices, a small plateau region at the peak voltage associated with the
faradaic reaction in the device appears [74,75].

The energy and power density values are a standard metric for
comparing energy storage devices, popularly known as the Ragone
plot. All devices’ energy and power density values measured from the
best specific capacitance value using equation S-E1* and S-E2* are
presented in Table 4 to compare the electrochemical performance of
the supercapacitor devices. ZnS:Gd0.5-based device shows the high-
est energy and power density values, followed by ZnS:Gd0.7-based
device. The undoped ZnS based device has the lowest performance,
a trend followed in all the electrochemical results. The enhancement
in electrochemical characteristics of ZnS by doping with Gd ions can
be explained since doping with Gd ions generates, besides the new
energy levels of Gd 4f electronic state, also different defect states like
interstitial and vacancy of Zn and S, as evidenced by PL, Raman,
and EPR spectroscopy. All these energy levels act as additional ion
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diffusion pathways and electrochemically active sites [76]. This en-
hancement was anticipated, as all doped samples possess a narrower
energy band gap than ZnS, which promotes charge transfer and allows
more efficient electrical conduction via free carriers. Moreover, the
best supercapacitor performance sample, ZnS:GdO0.5, shows the highest
sulfur vacancy concentration as shown in the PL and Raman results.
These vacancies act as electrochemically active sites, facilitating ion
adsorption and improving charge storage [77]. V,, and Vg create
localized states within the ZnS band gap. These vacancies are electro-
chemically active sites, facilitating ion adsorption and redox reactions
at the electrode—electrolyte interface. The redox peaks observed in
the CV curves of undoped and doped ZnS are attributed to defect-
induced faradaic reactions involving surface Zn and S vacancies and
electrochemically active hydroxyl species from the electrolyte. A higher
density of such sites increases the pseudocapacitive contribution, as
confirmed by the strong diffusion-controlled behavior in Dunn analysis.
The introduction of Gd®' alters the electronic structure by creating
shallow donor levels and reducing the bandgap. Defect-related energy
states trap electrons, delaying electron-hole recombination (supported
by PL quenching), which prolongs carrier lifetimes and improves con-
ductivity. This enhanced conductivity enables faster electron transfer
during charge-discharge cycles. The decrease in specific capacitance
values after increasing the nominal Gd doping content from 0.5% is
a commonly observed trend in supercapacitor research. This behavior
can be explained by the fact that moderate Gd doping may intro-
duce additional active sites and increase the electrical conductivity of
the ZnS matrix. In contrast, after reaching a certain optimized value,
further increase in dopant content decreases the performance of the
device; this decline can be attributed to the excessive Gd causing crystal
defects, grain boundary formation, and possible particle agglomeration,
all of which may reduce the available surface area for charge storage.
Additionally, high Gd concentrations can act as recombination centers
for charge carriers, reducing conductivity.

Table 5 compares the best-performing electrode material’s electric
properties studied in this work with previously reported works where
ZnS was used as an electrode material with different dopants in su-
percapacitor applications. The comparison highlights the capability of
Gd-doped ZnS developed here as symmetric devices without using a
carbon-based booster material for supercapacitor applications. In this
work, we used a two-electrode system for electrode measurement to
test the whole device rather than only the electrode material from a
three-electrode system, which always shows a high specific capacitance
value compared to the two-electrode system. In this regard, this table
is provided to contextualize the performance of our Gd-doped ZnS
electrode among similar ZnS-based or rare-earth doped systems.

Conclusions

Gd-doped zinc sulfide samples were synthesized using a precipita-
tion reaction method. The morphology of the samples was analyzed
using STEM measurements, which show that the particles aggregate
into larger layered structures with sharp edges. EDS confirmed the
homogeneous presence of Gd dopant ions across the ZnS particles. All
samples exhibit a sphalerite crystalline structure determined by XRD,
with broad diffraction peaks indicating very small average crystallite
sizes. The band gap energy of the samples narrows by doping, which
is beneficial for the charge transfer, enhancing electrical conductivity.
This reduction in the band gap is due to the formation of impurity levels
in the ZnS gap from doping, which was further confirmed by PL mea-
surements that indicate quenching due to Gd ions, as the Gd 4f energy
levels become electron traps, enhancing the separation of electron—
hole pairs. Additionally, PL analysis revealed bands corresponding
to interstitial and vacancy sites of sulfur and zinc, respectively. The
analysis of these bands reveals that Gd doping results in some Zn ions
being replaced by Gd ions, with excess Zn remaining in the interstitial
position. Raman spectroscopy demonstrated that incorporating Gd ions
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into the ZnS lattice induced a higher concentration of sulfur defects,
while EPR spectroscopy highlighted the presence of mono-ionized Zn-
and S-related vacancies and Gd®" sites. By Gd doping, the specific
surface area values and pore volumes increase twice compared to ZnS
particles. All-in-one symmetric supercapacitor devices were used to
evaluate the electrochemical performance of the synthesized samples.
The CV results suggest that charge storage occurs through double-layer
and pseudo-capacitance mechanisms. The ZnS:Gd0.5 sample exhibits
the highest specific capacitance value at each scan rate, reaching a
maximum of 114.70 F/g at 2 mV/s. Dunn’s analysis indicates that
the diffusive phenomenon dominates the energy storage mechanism,
suggesting that redox processes play a significant role in charge storage.
PEIS results show that the ZnS:GdO0.5 sample has the lowest charge flow
resistance. All devices demonstrate good cyclic stability, with the best-
performing material, ZnS:GdO0.5, exhibiting excellent cyclic stability,
retaining about 98% after 2000 cycles. When examined in terms of en-
ergy and power density values, standard metrics for comparing energy
storage devices, the best-performing ZnS sample nominally doped with
0.5% Gd ions demonstrates excellent values of 15.93 Wh/kg and 1146
W/kg, respectively. These results underscore the potential of ZnS ma-
terials doped with rare earth metals like Gd in the energy storage field,
particularly in supercapacitors, when employed as electrode materials.
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