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ARTICLE INFO ABSTRACT
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This research investigated the combination of acid functionalization and metal deposition on commercial acti-
vated carbon (AC) for the synthesis of electrodes for applications in supercapacitors. The effect of acid treatment
and the deposition of metals, including nickel, copper, and cobalt on the electrochemical characteristics of the
carbon material were assessed. The AC treatment with sulfuric acid resulted in a nearly twofold increase in

surface area compared to the untreated AC, enhancing porosity and creating irregularities that improved the
motion of ions and electrons, increasing the specific capacitance and energy density. Notably, we demonstrate
that nickel deposition at only 2 wt% significantly improved specific capacitance (up to 59.58 F-g~1), while
preserving porosity and enhancing surface wettability. The adoption of a scalable, solvent-free, and low-energy
technique for metal deposition on carbon structures presents promising opportunities for developing sustainable
alternatives in energy storage technologies.

1. Introduction

The growing interest on renewable energy sources, including wind
and solar, requires the development of efficient energy storage systems
due to the intermittent and seasonal nature of power generation. Among
the storage technologies, supercapacitors have emerged as promising
candidates, offering high power densities, rapid charge-discharge cy-
cles, and long-term stability [1-3].

Carbon-based materials have attracted widespread attention for
supercapacitor electrodes due to their high surface area, structural sta-
bility, and availability from biomass or agro-industrial residues [2,4,5].
In particular, activated carbon (AC) stands out for its tunable porosity
and cost-effectiveness. However, commercial AC often requires surface
modification to enhance its electrochemical properties, including spe-
cific capacitance and wettability. Strategies such as acid or base treat-
ments have been used to increase surface area and introduce functional
groups that promote ion transport and electrolyte compatibility [5,6].

* Corresponding author.

Some recent studies show different methodologies for the production
of supercapacitors with AC. For example, the study carried out by Vega-
Ramirez et al. (2025) [7] in which N,P-doped carbon materials were
produced from a chemical treatment of chitosan with H3PO4, followed
by thermal treatment, and obtaining Chitosan-derived activated carbon
with a surface area of 1515 m?.g~! and unique electrochemical prop-
erties. Polyaniline (PANI) was electrochemically polymerized onto the
surface of human hair-derived activated carbon (HH-AC) coated on a
nickel foam substrate using cyclic voltammetry (CV) with varying
numbers of cycles. Unlike conventional electrochemical polymerization
methods, the bilayer HH-AC/PANI electrode was synthesized in a non-
acidic medium. The optimized electrode, obtained after 8 CV cycles
and designated as HH-AC/PANI-8, exhibited an excellent specific
capacitance of 220 F-g™! at a positive potential [8]. Some other tech-
nologies used recently were, carbon retrieved from the rice husk and its
combination with binary transition metal sulfides (ZnS/FeS) [9], sulfur-
doped apricot shell activated carbons (S-ASAC) [10], lentil processing
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residual (LPR) in the form of microwave-supported activated carbon
(LPRAC) [11], between others. Another effective route to improve AC
performance is metal doping, particularly with transition metals like
cobalt, copper, and nickel, which contribute to pseudocapacitance
through Faradaic reactions [4,12,13]. These metals also promote surface
conductivity and redox activity. Studies have shown that combining
metal species with carbon structures can significantly enhance energy
and power density in supercapacitors [14-16]. Various methods have
been explored for metal incorporation, including wet impregnation,
hydrothermal synthesis, and electrochemical deposition [17]. However,
many of these techniques suffer from issues such as high energy con-
sumption, solvent use, or limited control over film uniformity. Magne-
tron sputtering has gained attention as a solvent-free and scalable
alternative for depositing uniform metal films on porous carbon sub-
strates, with the added benefit of preserving the material's structural
integrity [18,19]. Yet, the use of sputtering for decorating chemically
treated commercial AC remains underexplored. Based on literature in-
sights, nickel, cobalt, and copper were selected due to their widely re-
ported electrochemical activity, conductivity, and catalytic potential in
hybrid electrodes [4,15,20]. These metals also vary in terms of redox
behavior and surface interaction with the carbon matrix, allowing for
comparative analysis.

In this study, we investigate the effect of combining sulfuric acid
treatment and magnetron sputtering deposition of transition metals (Ni,
Cu, Co) on commercial activated carbon. The structural, chemical, and
electrochemical properties of the modified electrodes were character-
ized to assess their performance in supercapacitor applications. Special
attention was given to surface area, pore distribution, wettability, and
specific capacitance. The novelty of this work lies in the synergistic dual-
modification approach, which integrates mild chemical activation and
precise solvent-free metal deposition. This strategy enables the devel-
opment of high-performance, scalable, and sustainable carbon-based
electrodes. To the best of our knowledge, this is the first study to sys-
tematically explore this combination on commercial AC, establishing
clear correlations between physicochemical properties and electro-
chemical performance.

2. Materials and methods
2.1. Chemical treatment of commercial activated carbon

Commercial activated carbon (CAS: 7440-44-0, Kinetics Reagents
and Solutions) was treated with sulfuric acid (purity >98 %, VETEC)
following a methodology described in the literature for surface modifi-
cation of activated carbon [21]. A ratio of 0.1:100 was used, corre-
sponding to 0.1 g of activated carbon per 100 mL of 20 mmol.L™!
sulfuric acid solution, with stirring for 6 h. The samples were designated
as AC-S, representing activated carbon treated with sulfuric acid.
Following the acid treatment, the samples were washed with deionized
water until a pH of approximately 5.8 was reached, then dried in an oven
at 100 °C for 12 h.

2.2. Synthesis of electrodes

Metals were deposited on the acid-treated activated carbon surfaces
using magnetron sputtering [22]. Cobalt (Co), Nickel (Ni), and Copper
(Cu) were deposited at a concentration of 2.0 % (w/w), and the resulting
samples were labeled AC-S2%Co, AC-S2%Ni, and AC-S2%Cu, respec-
tively. The sputtering parameters included currents ranging from 150 to
400 mA, working pressures of 1.80 x 1072 to 8.6 x 10~® mbar, and
deposition times from 1 to 40 min, depending on the sample.

Electrodes were fabricated using the slurry method, which involved
forming a homogeneous paste from the active material, polymer, and
fillers, applied to a substrate and dried. The component proportions
followed the literature [23], with a 1:1:8 ratio of active material (AC +
metal), polymer, and fillers. Polyvinylidene fluoride (PVDF) was used as
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the polymer, and commercial carbon black served as the filler. The
slurry was applied to aluminum foil and dried to evaporate the solvent.
Electrode samples measuring approximately 2 x 2 cm were prepared for
characterization.

2.3. Characterization

The textural properties, surface area, total pore volume, and pore
size distribution of the biocarbon samples were determined using the
nitrogen adsorption/desorption method at —196 °C (77 K) with a
Quantachrome Instruments (NOVA 1200e). The surface area and total
pore volume were calculated from the adsorption/desorption isotherms
using the BET (Brunauer, Emmet, and Teller) method, considering
relative pressures in the range of P/Po = 0.05-1.0. The samples were
initially subjected to a preparation procedure (degassing) to remove
interfering agents present on the surface of the solid under analysis. This
procedure was carried out under N: flow at a temperature of 200 °C for
20 h. The pore size distribution was calculated using the DFT (Density
Functional Theory) function.

The morphology of the samples was visualized using field emission
scanning electron microscopy (FEG-SEM), and images were obtained
with a MIRA 3 microscope (TESCAN). Energy-dispersive X-ray spec-
troscopy (EDS) was employed to evaluate the presence and distribution
of metals on the surface of the activated carbon.

The surface chemistry was investigated by X-ray photoelectron
spectroscopy (XPS) using a monochromatic Al Ka X-ray source operated
at 15 kV and 10 mA. The pass energy for the survey scan and element
scan was set to 100 eV and 50 eV, respectively, with step sizes of 1 eV
and 0.1 eV.

For electrochemical characterization, cyclic voltammetry (CV) tests
were performed using an Ivium potentiostat, a HgzClz reference elec-
trode, and a platinum counter electrode. The analysis parameters
included scan rates of 30, 50, 100, 150, 200, and 250 mV s’l, with a step
size of 10 mV and a voltage range of —0.2 V to 1 V. The electrolyte used
was a 1 M aqueous solution of Na2SOa.

To determine the specific capacitance values (Cs) of the electrodes,
Eq. (1) was applied to each CV analysis, considering the mass (m, in
grams), scan rate (v, in volts per second), potential difference (AV, in
volts), electric current (I, in amperes), and specific capacitance (Cs, in
farads per gram):

1 v d
Cs =——— I(v).dv 1
s my AV /Vi V) M
From the specific capacitance it is possible to calculate the energy
density using Eq. (2), where E (Wh kg™ 1) is the energy density, Cs is the
specific capacitance derived from CV curves given by F.g~! and V is the
operating voltage (V):

1, (1000
E= E‘CsV ‘(73600> 2)

Galvanostatic charge-discharge (GCD) measurements were con-
ducted to monitor the potential of the system as a function of time under
the application of a constant current. The power density was determined
using Eq. (3), P (W kg~ 1) is the power density, E (Wh kg~ is the energy
density and At (h) is the discharge time given by Eq. (40:

E
P =—3600 3
A 3
2AV
At = - 4)

GCD experiments were performed using a Swagelok-type test cell in a
symmetric configuration, with a cellulose separator and Na=SOa as the
electrolyte. A current of 10 mA was applied, and 600 charge-discharge
cycles were evaluated. All electrochemical tests used samples with the
same useful area (0.075 cm?) for comparison purposes. Electrochemical
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impedance spectroscopy (EIS) was conducted from 100 mHz to 10 kHz
using the same cell configuration as cyclic voltammetry.

The wettability of the electrode material was investigated by
measuring the contact angle with water. These measurements were
performed in triplicate at room temperature, at time t = 0 s.

3. Results and discussion
3.1. Acid treatment

Micrographs in Fig. 1 show the surface appearance of (a) commercial
activated carbon (AC) and (b) sulfuric acid-treated activated carbon
(AC-S). The micrographs reveal large clusters of particles distributed
irregularly across the surface of AC-S, confirming the increased surface
area observed via BET method. Energy-dispersive spectroscopy (EDS)
analysis (Fig. S.1) confirmed the presence of sulfur on the AC-S surface,
though quantification was not possible.

Table 1 presents the surface area analysis results obtained using BET
method. The chemical surface treatment with sulfuric acid increased the
surface area of AC by over 86 % (from 562 to 1.048 mz'g’l), attributed
to a reduction in pore diameter and a higher total pore volume. Micro
and mesopore were identified after acid treatment. Micropores and
mesopores are essential for effective ion transport and charge storage.
Micropores facilitate high capacitance, while mesopores support ion
movement and increases power density. A larger pore volume allows
greater ion accommodation, which contributes to an increase in the
capacitance. Surface functionalization can improve wettability and
electrode-electrolyte interactions by increasing the effective area and
reducing ion transference resistance [24].

This simple methodology, employing low acid concentrations
without exposing activated carbon to high temperatures, achieved a
surface area approximately 60 % greater than the 680 m2.g~! reported
by Abdelouahab-Reddam et al. [25] for commercial activated carbon
treated with H2SO. under more intense conditions.

The physicochemical properties of activated carbon (AC), such as
specific surface area, pore size distribution, and surface functional
groups are strongly influenced by the synthesis route, particularly the
type of activating agent, temperature, and atmosphere used during
carbonization and activation processes. For instance, chemical activa-
tion with acids or bases can promote the formation of micro- and mes-
opores, while high-temperature treatments generally favor pore
widening and graphitization [5,6,26]. According to Heidarinejad et al.
[21], activation temperature and precursor characteristics directly
affect the development of surface area and functional group density,
which determines electrolyte accessibility and capacitance behavior.
Yakout and Sharaf El-Deen [5] also emphasize that the nature of the
activating agent (e.g., HsPOa4 vs. KOH) plays a crucial role in tailoring the
pore structure and surface chemistry. Teimouri et al. [27] highlight the
importance of optimizing these parameters to align the carbon material's
structure with the target electrochemical application. Although in the
present study a commercial AC was used as the base material, the
applied acid treatment and metal sputtering were sufficient to signifi-
cantly enhance its surface area and wettability, demonstrating that even
post-synthesis surface modifications can substantially improve electro-
chemical performance.

Type I and IV isotherm curves are typical of acid-treated activated
carbons [28]. The nitrogen adsorption and desorption isotherms for AC-
S (Fig. 2a) exhibited a type IV curve with a hysteresis loop between 0.2
and 1.0 P/Po, indicating mesopore formation in the carbon texture. This
is confirmed by evaluating the pore distribution curve as a function of
pore volume (Fig. 2b), where a predominance of pores in the range of 50
to 200 A is observed. Mesopores play an important role when larger
electrolyte ions are used at increased working voltages, improving en-
ergy storage capacity [27]. Authors such as Demiral et al. [26], Yakout
and Sharaf El-Deen [5], and Abdelouahab-Reddam et al. [25] also
identified the predominance of mesopores in activated carbons treated
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with acids.
3.2. Metal deposition

Fig. 1c—e shows the FEG-SEM micrographs of the AC-S2%Co sample,
where it is possible to observe the activated carbon particle coated with
the metal oxide, forming a relatively uniform film (Fig. 1c and d),
although cracks and peeling are visible in some regions (Fig. 1e).

In the micrographs of the AC-S2%Cu sample (Fig. 1f and g), exposed
AC surfaces and irregularly scattered agglomerates are observed
throughout the AC surface. In Fig. 1h, bright agglomerated and spherical
spots can be seen, demonstrating the presence of the metal on the AC
surface, as corroborated by the EDS analysis presented in Fig. S.2b. This
morphological pattern is also observed by Tanapongpisit et al. [19]. In
general, the coating by the sputtering method was satisfactory for this
application. Further details on the influence of sputtering parameters on
coating uniformity and electrode performance are provided in the
Supplementary Material (Supplementary Note 1). The deposition of
metals on the activated carbon samples was corroborated by EDS anal-
ysis (Fig. S.2), which indicated the presence of Co, Cu, and Ni metals on
the surface of the AC-S. The presence of oxygen and sulfur, resulting
from the acid treatment, stands out. Some metals, such as Al and Si, are
present in the composition of the activated carbon used as the raw
material.

Table 2 contains the results obtained from the Ny sorption/desorp-
tion analysis for the samples of commercial activated carbon modified
with sulfur acid containing metals. It was found that there was an in-
crease in the surface area BET value from 1048 m2.g ™! of AC-S to 1432,
1984 and 1576 m%.g~', for the AC-52%Co, AC-S2%Ni and AC-S2%Cu
samples, respectively. According to SEM-FEG micrographs in Fig. 1, the
increase in the surface area can be attributed to a greater surface ir-
regularity after the deposition of the metals by sputtering. Different
morphologies of the deposited metal can be observed. In general, the
metal particles cover the activated carbon in the form of a thin film (> 1
pm) with certain discontinuities (Fig. 1e). The morphology of the AC-
S2%Cu sample stands out, where a characteristic aspect of the formation
of CuO nanocrystals is observed (Fig. 1h) [20]. For the AC-S2%Ni
sample (Fig. 1i-1), a more uniform coating is observed, without dis-
continuities (visible at this magnification). This result may be respon-
sible for the formation of an electrical percolation network that will lead
to better electrochemical results, as will be discussed below [29].

3.3. Surface chemistry

The incorporation of Ni, Cu, and Co into the AC-S matrix was
confirmed by the increase in surface area observed in Tables 1 and 2,
along with the proportional enhancement in the O 1s signal, associated
with pore expansion during both the chemical solution and PVD sput-
tering processes and by the relative distribution of surface functional
groups identified via XPS deconvolution of the C 1s and O 1s regions, as
illustrated in Fig. 3.

This analysis demonstrates that the AC-S2%Ni sample exhibited the
highest relative proportions of the C-OH/C-O-C functional group, both
in the deconvoluted C 1s region (~286.3 eV; Fig. 3a) and O 1s region
(~532.5 eV; Fig. 3b). This result suggests that, even at a low metal
deposition concentration (2 %), the nickel doping process was sufficient
to promote an oxygen-functionalized surface, rich in polar groups
capable of interacting with the electrolyte [30].

Although the AC-S2%Ni sample exhibited the lowest relative content
of graphitic carbon (C=C: 48.69 %, Fig. 3a) among the doped materials,
its combination with higher proportions of oxygenated functional
groups, such as C-OH/C-0O-C (18.21 %, Fig. 3a) and C=0 (16.17 %,
Fig. 3a), resulted in a more balanced surface composition. In the O 1s
region, this trend was also evident, with C-OH/C-O-C reaching 76.93 %
(Fig. 3b), the highest among all samples. This chemical configuration
may simultaneously support both efficient electron transport and
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Fig. 1. FEG-SEM micrographs of the surface of (a) AC, (b) AC-S, (c—e) AC-S2%Co, (f-i) AC-S2%Cu, and (j-1) AC-S2%Ni.
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Table 1
Surface analysis results using BET method for commercial activated carbon and
sulfuric acid-treated carbon.

Sample Surface Pore Pore Micropore Mesopore
area Volume Diameter volume Volume
m*g™  (em® (nm) (em®g™h (em®g™h

g h
AC 562.00 0.70 2.28 - -
AC-S 1048.00 1.43 2.00 0.17 1.25

Faradaic charge storage at the electrode—electrolyte interface. The AC-
S2%Co sample exhibited a slightly higher C-OH/C-O-C contribution in
C 1 5 (20.55 %), but a lower C=0 proportion (15.96 %), while the AC-
S$2%Cu sample presented the highest graphitic content (C=C: 48.47 %)
but the lowest C-OH/C-O-C (19.62 %) and C=0 (15.96 %) fractions.
Therefore, the relatively intermediate distribution of these components
in the AC-S2%Ni surface may have favored its enhanced electrochemical
performance. This interpretation is supported by literature reports in
which nickel is shown to promote surface restructuring and chemical
activation of carbon materials [30].

To investigate the chemical functionalities introduced by metal
doping, Fig. 4 presents the high-resolution XPS spectra of the C1 s and O
1 s regions for the electrodes AC-S, AC-S2%Co, AC-S2%Cu, and AC-S2%
Ni. The deconvoluted C 1 s spectra (Fig. 4a-d) exhibit characteristic
peaks assigned to graphitic carbon (C—=C, ~284.4 eV), hydroxyl and
ether functionalities (C-OH/C-O-C, ~286.3 eV), carbonyl groups
(C=0, ~288.4 eV), and carboxylic functionalities (0O-C=0, ~289.7 eV).
Additionally, n-n* interactions are identified around ~291.5 eV. Simi-
larly, the O 1s spectra (Fig. 4e-h) confirm the predominance of phenol
and ether groups (C-OH/C-O-C, ~532.5 eV), alongside additional
oxygen-containing species such as carbonyl (C=O, ~530.0 eV),
carboxyl (O-C=0, ~535.0 eV), and metal oxide-related groups (~538.0
eV) [3].

Quantitative analysis of the XPS results (Fig. 3a and b) indicates that
the AC-S2%Ni electrode exhibits a higher proportion of C~-OH/C-O-C
groups in both the C 1s (18.21 %) and O 1 s (76.93 %) regions compared
to the other electrodes. Despite presenting a slightly reduced content of
graphitic carbon (C=C, 48.69 %) relative to AC-S (54.17 %) and AC-
S2%Cu (48.47 %), the AC-S2%Ni electrode demonstrates a balanced
combination of oxygenated functionalities and conductive graphitic
domains. This balance may enhance electrolyte wettability and facilitate
efficient ion transport at the electrode-electrolyte interface. These
oxygenated species, when combined with a moderately graphitized
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framework, are known to enhance both electric double-layer capaci-
tance (EDLC) and pseudocapacitive storage, thus significantly contrib-
uting to the overall electrochemical performance and cycling stability in
carbon-based electrode materials [31]. This enhanced electrochemical
behavior correlates directly with structural modifications identified by
BET analysis (Tables 1 and 2), particularly through the increased surface
area and improved pore accessibility.

The enhanced electrochemical performance observed in the Ni-
decorated activated carbon can be attributed to a synergistic effect be-
tween the oxygenated functional groups and the graphitic domains
present on the electrode surface. The XPS analysis revealed a significant
increase in C-OH/C-O-C and C—=O functionalities, especially for the
AC-S2%Ni sample, which contribute to improved pseudocapacitive
behavior through fast and reversible Faradaic redox reactions at the
electrode—electrolyte interface [30,31]. These polar groups also enhance
electrolyte wettability, facilitating ion diffusion and increasing the
electrochemically active surface area [3,32]. Also, the presence of
graphitic carbon (C=C), although slightly reduced, ensures good elec-
trical conductivity, which is essential for efficient charge transport
across the electrode matrix [12,33]. The combination of these features
promotes a balanced mechanism involving both electric double-layer
capacitance (EDLC) and pseudocapacitance, resulting in improved spe-
cific capacitance and stability during cycling. Similar trends have been
reported in studies using Ni or NiO-doped carbon materials, where
increased oxygen functionality correlated with higher capacitance and
improved cyclability [4,15,34]. However, the method adopted in this
work, based on low-temperature acid treatment and solvent-free metal
deposition via sputtering, offers a more sustainable and scalable

Table 2
Surface analysis results using the BET method for sulfuric acid-treated carbon
with metals.

Sample Surface Pore Pore Micropore Mesopore
area volume diameter volume volume
(%) (m’g) () (em®s™") (em®s ™)
AC- 1432 1.100 3.260 0.442 0.658
S2%
Co
AC- 1984 1.519 3.256 0.626 0.893
S2%
Ni
AC- 1576 1.206 3.248 0.501 0.704
S2%
Cu
0.6 4 —o—AC-S
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Fig. 2. (a) N, adsorption-desorption curves and (b) pore diameter distribution for AC and AC-S.
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alternative, with comparable or superior performance to traditional wet
chemical or hydrothermal synthesis routes.

3.4. Electrochemical characterization

3.4.1. Cyclic voltammetry

From the cyclic voltammetry curves of the produced electrodes, the
specific capacitance of each sample was obtained, as shown in Table 3.
The representative curves for each sample are presented in Fig. 5. It can
be observed that, in general, the curves predominantly exhibited pseu-
docapacitive behavior, which is characteristic of activated carbon
decorated with metals [12]. The specific capacitance is a parameter
influenced by aspects of the porous material, such as the accessibility of
the pores by the electrolyte, which can, in turn, be affected by surface
chemistry, pore size, distribution, and orientation, among other factors
[2].

It was found that the samples with the highest capacitance, when
measured at a scan rate of 100 mV.s!, were those containing 2 % Ni,
showing a specific capacitance of 59.58 F.g 1. For cobalt and copper, the
specific capacitance results were 29.40 and 30.47 F.g~}, respectively.
According to Mandal et al. [17], activated carbon supercapacitors show
good power density and cyclability, but low specific capacitance and
energy density. Transition metal oxides have high specific capacitance
but low cyclability. Transition metal oxides can be used to provide more
Faradaic charge interaction methods to increase the performance of
these activated carbon supercapacitors. However, the combined benefits
of these individual components remain a challenge. According to the
authors, there is an imbalance between the charge storage behavior of
the two materials: the redox activity of the pseudocapacitive material
and the conductivity of carbonaceous materials. A high amount of metal
oxides could block the ion transport pathways inside the activated car-
bon matrix, while a low loading density would be insufficient.

For the sample that demonstrated higher specific capacitance, cyclic
voltammetry measurements were performed at higher scan rates (Fig. 5)
to verify the stability of the electrode, which is evidenced by the increase
in the area of the curve. As previously mentioned, specific capacitance
depends on different parameters and characteristics of the material and
the synthesis process. The high specific capacitance value for the sample
with 2 % Ni, 59.58 F.g™}, is also noteworthy. Other authors have also
reported the use of Ni as a good material for composite electrodes with
activated carbon for supercapacitors, finding specific capacitance values
of similar magnitude [4,35].

In the comparison for different scan rates, the increase in curve area
directly reflects the behavior of the electrode because the reaction pre-
dominates in the surface region, directly increasing the electric current

drained during conduction. With the decrease in the time for deeper
oxidation-reduction, the electrolyte ions are not completely diffused
into the material, thus contributing to an increase in the area of cyclic
voltammetry analysis. In relation to the other metals, the presence of
copper demonstrated a less rectangular profile in the cyclic voltamme-
try. For some scan rates, a subtle shoulder may be perceived, indicating
the occurrence of oxidation-reduction reactions and the existence of
Faradaic capacitance in addition to typical double-layer capacitance
[36,37].

Table 4 summarizes the specific capacitance values reported for
various activated carbon-based materials modified by different activa-
tion methods and doping strategies. When compared to other studies,
the Ni-modified commercial activated carbon developed in this work
presented a moderate specific capacitance (59.58 F-g’l), yet with
important advantages in terms of process simplicity, sustainability, and
scalability, owing to the use of low-temperature acid treatment and
solvent-free sputtering. While some studies report higher capacitance
values—for instance, 249 F-g’1 for HsPOa-treated AC [41] or 364 F-g’1
for NiO/AC composites obtained via hydrothermal synthesis [42], these
typically involve more complex, energy-intensive or multi-step
methods, which may limit their industrial applicability.

3.4.2. Galvanostatic charge and discharge

Fig. 6 shows the GCD curves for all AC-S samples. In Fig. 6(a), a cycle
of charge-discharge can be observed in the time interval between 1.2 s
and 2.4 s. The plots for all samples resemble the typical triangular shape,
indicating good double-layer behavior. A partially linear profile is
observed for all samples, with the maximum peak load at 1.8 s, reaching
Emax values of 2.18 V for AC-S, 2.07 V for AC-S2%Co, 1.94 V for AC-S2%
Ni, and 1.90 V for AC-S2%Cu, respectively. After 600 cycles (Fig. 6(b)),
the samples containing Ni and Cu showed no reduction in the maximum
voltage reached during the charge cycle. Samples containing Co
demonstrated a 0.2 V reduction in the maximum voltage during the
charge cycle.

Cobalt exhibited a lower Ep,,x after 600 cycles compared to nickel in
the GCD analysis due to several intrinsic and structural factors that affect
their performance as electrode materials. Cobalt tends to undergo more
significant changes in oxidation states during electrochemical reactions,
which can lead to structural degradation. This instability is primarily
due to the formation of Co(III) and Co(IV) species, which can be less
stable than the oxidation states commonly found in nickel. Furthermore,
the redox behavior of cobalt compounds, such as cobalt oxyhydroxide
(CoOOH), is often less reversible than that of nickel compounds. For
instance, studies show that CoOOH formed through different methods
exhibits varied stability, with some forms demonstrating poor capacity
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Fig. 4. High-resolution XPS spectra of C 1s: a) AC-S, b) AC-S2%Co, ¢) AC-S2%Cu and d) AC-S2%Ni; and XPS spectra of O 1s: e) AC-S, f) AC-S2%Co, g) AC-S2%Cu and
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Table 3
Specific capacitance values for each sample.

Sample Curve area (C.g ") Specific Capacitance (F.g ')
AC-S 4.52 37.71
AC-S2%Co 3.53 29.40
AC-S2%Cu 3.66 30.47
AC-S2%Ni 7.15 59.58

2 At scan rate of 100 mV.s™1.

retention under cycling conditions. In contrast, nickel compounds
generally maintain better redox reversibility, contributing to improved
cyclic stability [36,44].

The conditions under which electrochemical tests are conducted

Diamond & Related Materials 158 (2025) 112688

(such as pH and electrolyte composition) can also influence the cyclic
stability of electrode materials. Nickel typically performs better across a
wider range of conditions, maintaining its structural integrity and
electrochemical activity longer than cobalt [44,45]. Regarding cyclic
capacitance retention, all samples demonstrated good stability at 700
cycles. There is a drop in this retention during the first 100 cycles, which
is characteristic of the formation of the interface between the electrolyte
and the electrode. Between 100 and 700 cycles, AC-S demonstrated 89
%, AC-S2%Cu demonstrated 93 %, AC-S2%Co demonstrated 99 %, and
AC-S2%Ni demonstrated 98 % of specific capacitance retention,
respectively.

Energy density in supercapacitors can be improved with redox-active
electrode materials, either by decoration or composite fabrication [46].
Table 5 contains values for energy density and power density of the
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Fig. 5. Cyclic voltammetry graphs performed at a multiple range scan rate for all elements a) AC-S, b) AC-S2%Co, ¢) AC-S2%Cu and d) AC-S2%Ni.
Table 4
Specific capacitance and energy density for different electrodes.
Material type Method Activating Specific Capacitance (F. Energy Density (Wh. Ref.
Agent gh kg™
Ni modified commercial activated carbon Chemical activation H,S04 59.58 93.73 This
work
Bamboo-based ACs Carbonization followed by chemical HCl 9.0 - [38]
activation
Jute sticks Chemical activation & pyrolysis NaHCO3 150.0 20 [39]
Commercial activated carbon - - 29.0 _
Copper nanocrystal modified activated Chemical activation & heat treating in N,  HNOj3 78.0 34.7 [40]
carbon
Commercial activated carbon chemical activation H3PO4 249.0 - [41]
Nickel-oxide/activated carbon composites Hydrothermal process and pyrolyzed - 364.13 44.07 [42]
Waste sugarcane bagasse-derived activated Pyrolyzed anc chemical ativation KOH 282.25 43.26 [43]
carbon
N,P-doped activated carbons from chitosan Chemical activation & pyrolysis H3PO4 24 18.2 [7]
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retention and (d) Specific Capacitance Retention.

samples. It is possible to observe that electrodes containing metals are
capable of delivering greater power over a wider voltage range. The
energy and power density values are consistent with the specific
capacitance values found, with AC-S2%Ni being the sample that
exhibited the highest E and P values, 93.73 (Wh.kg’l) and 4938
(W-kg™1) respectively. From the data in Table 4, it can be observed that
the E value demonstrated by AC-S2%Ni is promising even though the
specific capacitance value is lower than in other studies using activated
carbon electrodes containing nickel. While capacitance is fundamental,
higher energy and power densities are superior metrics because they
directly translate to how much energy a supercapacitor can store and
how quickly it can deliver it [47,48].

3.4.3. Electrochemical impedance spectroscopy

EIS measurements were used to investigate the electrochemical
behavior of the supercapacitor at the electrode/electrolyte interface.
The Nyquist plots were used to illustrate the electrochemical impedance
of the electrodes (Fig. 7). The impedance behavior of the electrodes is
close to ideal electrochemical capacitance behavior with a small semi-
circle at high frequency region and nearly vertical lines at the low fre-
quency region. AC-S and AC-S2%Co presented similar behavior, with a
wide semicircle. AC-S2%Ni sample presented the format closest to the
ideal, as also reported by [49], with a smaller semicircle, indicating

Table 5

Energy and power density for the studied samples.
Sample Voltage (V) E (Wh.kg’l) P (W.kg’l)
AC-S 2.387 29.76 2244
AC-S2%Co 3.864 60.79 2831
AC-52%Cu 3.390 48.49 2574
AC-S2%Ni 3.416 93.73 4938

good capacitive behavior. However, the Warburg slope is smaller than
the others, representing a certain diffusional resistance. AC-S2%Cu
demonstrated a more resistive behavior with ESR at approximately 40
Q. The greater resistance of AC-S2%Cu may be associated with lower
wettability by the electrolyte, as can be seen below.

3.5. Surface wettability

The wettability of an electrode by an electrolyte is a critical factor in
the performance of supercapacitors. Wettability affects the interface
between the electrode and the electrolyte, which is crucial for charge
storage. Good wettability ensures that the electrolyte can penetrate the
electrode's porous structure, facilitating ion transport and enhancing the
electrochemical reactions necessary for charge storage. High wettability
promotes better ionic transport within the electrode material. When an
electrode is well-wetted, ions from the electrolyte can easily access the
active sites on the electrode surface, leading to faster charge/discharge
rates. This is particularly important for supercapacitors, which rely on
rapid ion movement to achieve high power density. Furthermore,
enhanced wettability can lead to improved capacitance values due to
more effective utilization of the electrode surface area [32].

It is known that there is a relationship between a better electro-
chemical response of the electrode and a smaller contact angle with
water for aqueous electrolytes. This can be corroborated by evaluating
the data obtained in Table 5, where AC-Ni presents the lowest contact
angle value and consequently the best capacitance and specific capaci-
tance when compared to other metals and commercial activated carbon.
In this study, it was found that the activated carbon electrode treated
with sulfuric acid presented greater wettability, lower than the value
obtained by Li et al. [3] which was 129.7° for activated carbon, as can be
seen in Table 6. This may be due to a greater surface interaction between
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Fig. 7. Impedance spectra for hybrid-activated carbon electrodes.

the sulfate electrolyte and the possible sulfur atoms present on the
surface of the treated activated carbon.

4. Conclusions

This study evaluated the surface modification of commercial acti-
vated carbon through sulfuric acid treatment and metal deposition via
magnetron sputtering, aiming to improve its performance as an elec-
trode material for energy storage applications. The results demonstrated
that these combined strategies are effective in enhancing the physico-
chemical and electrochemical properties of the carbon structure. Acid
treatment led to a substantial increase in specific surface area, from 562
m2.g~! to 1048 m%g~!, and promoted the formation of mesopores,

Table 6
Water contact angle and representative images of the WCA analysis at time zero
of the samples.

Sample Water contact angle
AC-S 122.1° + 6.2
AC-52%Co 120.9° + 5.6
AC-52%Cu 125.3° + 2.3
AC-S2%Ni 115.4° + 3.5

10

which are essential for improving electrolyte accessibility and facili-
tating ion transport. These structural improvements directly contributed
to increased capacitance. Metal deposition with cobalt (Co), copper
(Cu), and nickel (Ni) further modified the morphology and surface
chemistry of the material. XPS analysis revealed an increase in the
fraction of graphitic carbon, which enhances electrical conductivity,
while oxygenated functional groups—responsible for pseudocapacitive
behavior—were maintained at optimized levels. The sample modified
with 2 wt% Ni achieved the highest specific capacitance (59.58 F-g~! at
100 mV-s~1), showing a good balance between electrical conductivity
and redox activity. Electrochemical characterization through cyclic
voltammetry and galvanostatic charge—discharge confirmed the stability
and efficiency of the metal-modified electrodes. While the Ni-based
electrode stood out in capacitance, the Co- and Cu-based materials
achieved higher power densities, reflecting their ability to operate in
wider potential windows. In addition to electrochemical performance,
surface area and porosity also varied depending on the treatment
method. For instance, the Ni-decorated sample reached a BET surface
area of 1984 m2.g~!, far exceeding the ~500 m2.g~? typically reported
for untreated commercial AC. This surface enhancement, combined with
improved wettability (as evidenced by lower contact angle values), fa-
vors efficient charge storage even at low metal content. A strong cor-
relation was observed between electrode wettability and
electrochemical performance, emphasizing the importance of surface
interaction in aqueous electrolytes. These findings reinforce that surface
modification—both chemical and physical—is a key factor in tuning the
properties of carbon-based electrodes to optimize their performance.
While the results are promising, some limitations must be acknowl-
edged. One potential trade-off is that, although sputtering produces
uniform coatings, excessive metal deposition may lead to partial pore
blockage, reducing the accessible surface area and hindering ion diffu-
sion. This effect was mitigated in this study by limiting the deposition
time, but it remains a critical parameter for optimization. Furthermore,
although magnetron sputtering is a clean and controllable process, its
industrial scalability may be constrained by equipment costs and
throughput. In terms of sustainability, the sulfuric acid treatment
employed is relatively mild, but still generates acidic effluents that
require appropriate handling to minimize environmental impact. In
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summary, this work confirms that combining mild chemical activation
with solvent-free metal deposition is a viable and effective strategy to
enhance the electrochemical properties of activated carbon for super-
capacitor applications. The materials developed here exhibit competi-
tive performance while offering advantages in process simplicity and
environmental safety. Future studies should focus on optimizing depo-
sition parameters, exploring greener activation alternatives, and evalu-
ating long-term cycling stability in real-world operating conditions.
These advances will help bring metal-doped carbon electrodes closer to
practical use in next-generation energy storage technologies. Future
research should explore the use of alternative carbon precursors derived
from renewable biomass sources, which may offer tunable porosity and
reduced environmental impact. In addition, advanced activation meth-
ods—such as physical activation with CO:z or steam, or green chemical
agents—could further improve surface functionality and sustainability.
The optimization of sputtering parameters for various metals and oxide
phases, as well as the integration of additional redox-active species (e.g.,
conducting polymers or metal oxides), may further enhance electro-
chemical performance. Hybrid devices that combine EDLC and pseu-
docapacitive mechanisms, or pair AC-based electrodes with batteries or
fuel cells, also represent a promising direction for expanding the appli-
cability of these materials in next-generation energy storage systems.
Long-term cycling stability, mechanical robustness, and performance in
full-cell configurations should also be addressed to validate their prac-
tical potential for commercial deployment.
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