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The promising application of MXenes in energy storage-based solutions is seriously affected by 
stacking processes that reduce available active sites for charge accumulation. Incorporating MXene into 
biopolymer templates represents a promising strategy to avoid aggregation of active electrochemical 
compounds, resulting in the optimization of the specific capacitance and energy/power density. 
Herein, the production of Ti3C2Tx/alginate composites is explored as a part of a strategy to reduce 
the aggregation degree in MXene while preserving the electrical output performance of the overall 
electrode. By effectively incorporating MXene into sodium alginate-based electrodes, the energy density 
and power density of a 2-electrode device were 10.2 Wh kg–1 and 1724.1 W kg–1, respectively. This paper 
highlights a competitive device prototype with a reduced MXene content compared to a pure MXene 
electrode, significantly lowering the final cost of the resulting supercapacitor due to the lower density of 
the active electrochemical filler.

Introduction
The increasing demand for sustainable energy storage devices 
makes supercapacitors (SCs) a promising technology due to 
their outstanding high power density, fast charge–discharge 
cycles, and extended operational lifespan. Energy storage in 
SCs is based on Faradaic and non-Faradaic processes involving 
surface or interfacial phenomena (electrical double-layer capaci-
tance—EDLC and pseudocapacitive—PC processes). In EDLC, 
energy is stored at the electrode and the electrolyte interface 
by the accumulation of ions. This non-Faradaic process enables 
rapid charge and discharge cycles, which results in devices with 
characteristic high power density [1]. In pseudocapacitive mate-
rials, energy storage occurs through Faradaic processes, such as 
reversible redox reactions, ion intercalation, or electrochemical 
adsorption at the electrode surface [1]. These processes allow for 
higher energy storage while maintaining the fast response time 
typical of EDLC systems [1, 2].

Conducting polymers, such as polyaniline (PANI) [3] 
and polypyrrole (PPy) [4], and transition metal oxides [5] 

(manganese dioxide (MnO2) and ruthenium oxide (RuO2)) 
often exhibit pseudocapacitive behavior due to the energy stor-
age mechanism based on surface redox reactions. Despite prom-
ising properties for EDLC and PC prototypes, the energy density 
of EDLC supercapacitors is lower than that of batteries. As an 
alternative, researchers have developed hybrid supercapacitors 
that integrate materials capable of promoting pseudocapacitive 
behavior to overcome this limitation [2, 6].

Recent breakthroughs in advanced materials have been 
observed using MXenes, showing both EDLC and pseudoca-
pacitance mechanisms. Due to their unique properties, MXenes 
[1], a family of two-dimensional (2D) transition metal carbides, 
nitrides, and carbonitrides, have emerged as promising materials 
for supercapacitor applications [1, 7]. The layered structure of 
MXenes—composed of transition metals separated by carbon 
or nitrogen atoms—provides a high density of ion-accessible 
sites, facilitating both EDLC and pseudocapacitance mecha-
nisms. Their superior conductivity ensures fast charge transfer, 
making them ideal for applications, such as electric vehicles, 

http://crossmark.crossref.org/dialog/?doi=10.1557/s43578-025-01588-6&domain=pdf
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portable electronics, and regenerative braking systems [7]. These 
processes enable MXenes to perform both storage mechanisms 
simultaneously, enhancing energy density without sacrificing 
power density output.

The outstanding capacity of MXene, particularly of titanium 
carbide (Ti3C2Tx), is mainly related to its surface chemistry. 
During its synthesis, the MXene surface is usually modified with 
functional groups, such as hydroxyl (-OH), oxygen (= O), and 
fluorine (-F), represented by the Tx in the chemical formula, 
which enhances ion adsorption and promotes pseudocapaci-
tive processes [8, 9]. Despite these advantages, MXenes tend to 
restack, limiting ion mobility and reducing the electrochemical 
performance of derived supercapacitors. The development of 
MXene-polymer composites has been explored to address this 
issue, preventing restacking and improving electrolyte penetra-
tion [1]. Polymers such as polyvinyl alcohol (PVA) enhance the 
mechanical stability of MXene electrodes, ensuring consistent 
performance over extended charge–discharge cycles [10, 11].

Alginate, a natural polymer derived from seaweed or syn-
thesized by microorganisms (bacterial alginate), offers several 
advantages, including high ion exchange capacity, biocompat-
ibility, and mechanical flexibility [12]. Alginate-based elec-
trodes are suitable for wearable and biomedical devices due 
to their intrinsic flexibility and compatibility with biologic 
environments.

By combining alginate—whether derived from seaweed or 
microorganisms—with advanced materials, such as metal oxides 
or graphene, researchers aim to develop supercapacitors with 
high energy density, long cycle life, and enhanced performance 
for several applications [12, 13]. The combination of supports 
and active electrochemical components can provide structural 
integrity, consistent ion transport, and improved electrode per-
formance throughout extended charge–discharge cycles. The 
controlled conditions for composites’ preparation affect super-
capacitor design and functionality. As reported in the literature, 
MXenes tend to restack during electrochemical measurements, 
which limits ion mobility and reduces electrolyte access to 
active sites [14]. Integrating MXenes with alginate can prevent 
restacking and improve electrolyte penetration throughout the 
electrode.

It is worth mentioning that promising applications involving 
alginate and MXene have been considered in the literature, rang-
ing from environmental/biologic to energy-related areas, such 
as in the development of lead and copper ion removal assays 
[11], piezoresistive sensors [15], triboelectric nanogenerators 
[16], electromagnetic shielding devices [17, 18], solar energy 
conversion [19], self-healing-based devices [20], photothermal 
treatment [21], antibacterial agents [22], and supercapacitors 
[23]. In common, for all applications, the electroactive behavior 
and aggregation level of MXene are critical for improving the 
device’s performance. Consequently, the adequate disposition of 

the active layer into the composite critically affects the specific 
application.

Herein, the influence of alginate on the intercalation process 
of MXene in MXene-alginate compounds is evaluated as a part 
of a strategy to minimize the costs involved in the production 
of MXene-based supercapacitors with corresponding devices 
prepared with pure MXene. With this aim, a simple method for 
impregnating MXene into a sodium alginate matrix is reported 
to produce a 2-electrode symmetric supercapacitor, in which the 
content of MXene is reduced in the composite compared with 
a pure electrode under corresponding conditions for electro-
chemical performance. Due to the intercalation of the alginate 
into the MXene sheets, the restacking of the Ti3C2Tx layers is 
prevented, and consequently, the device’s electrochemical per-
formance is enhanced.

Results and discussion
SEM images in Fig. 1 were explored to elucidate the charac-
teristic morphology of Ti3C2Tx and Ti3C2Tx-Alg samples, dis-
playing images of Ti3C2Tx particles and the cross-section of the 
Ti3C2TX-Alg film, which is in agreement with results previously 
reported in the literature [24, 25]. MXene-based membranes are 
assembled by stacking the 2D structures with surfaces character-
ized by wrinkles and roughness (plicate feature). These features 
indicate partially exfoliated sheets, commonly resulting from 
the synthesis or etching process, which can introduce structural 
defects and influence the device’s electrochemical response [26]. 
Figure 1(a) and (b) presents the top view of a Ti3C2Tx mem-
brane, in which a roughness degree of stacked 2D structures 
can be visualized. For comparison, the SEM images for the 
cross-section of the Ti3C2Tx-Alg sample [shown in Fig. 1(c) and 
(d)] indicate the disposition of a less dense laminated structure 
of Ti3C2Tx intercalated by sodium alginate. This coexistence 
of wrinkles and flat regions plays a crucial role, as it ensures 
increased surface area for ion interactions and maintains path-
ways for efficient ion transport [27, 28]. 

The FTIR spectra [Fig. 2(a)] scrutinized the chemical struc-
ture of Ti3C2TX (curve in black) and Ti3C2TX-Alg (curve in red). 
The synthesis process involving HF (hydrofluoric acid), HCl 
(hydrochloric acid), and LiCl (lithium chloride) promotes the 
etching and exfoliation of MXene layers, increasing the surface 
area and providing interactions with alginate. In the spectrum 
of MXene, the broad peak near 3450 cm-1 corresponds to O–H 
stretching, indicating the presence of hydroxyl groups. The 
peak at 1620 cm-1 reflects O–H bending, suggesting surface-
bound water or hydroxyl groups. Peaks between 1200 cm-1 and 
1000 cm-1 represent C–F stretching, confirming the presence of 
fluorinated groups from synthesis. A peak near 550 cm-1 cor-
responds to Ti–O stretching, demonstrating that the integrity of 
the titanium layer is maintained [29, 30]. 
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The Ti3C2TX-Alg composite spectrum shows significant 
shifts in the peak position, indicating chemical interactions 
between the materials due to aliphatic C–H stretching, reflecting 
the presence of organic backbones at approximately 3000 cm-1 
[30]. A pronounced peak at 1620 cm-1 corresponds to C = O 
stretching from alginate’s carboxyl groups. Peaks near 1400 cm-1 
correspond to C–H bending and RCO-O stretching, confirm-
ing further structural modifications. The persistence of peaks 
between 1000  cm-1 and 1200  cm-1 confirms the presence of 
residual fluorine groups, while the Ti–O peak at 550 cm-1 indi-
cates that MXene’s structure remains intact [29]. These findings 
demonstrate that the MXene and alginate interact efficiently to 
form the final composite [11, 16, 31].

The X-ray diffraction patterns shown in Fig. 2(b) confirm 
the structural transformation from Ti3AlC2 to Ti3C2Tx and fur-
ther to the Ti3C2Tx-Alginate composite. The reference pattern 
of the MAX phase Ti3AlC2, obtained from the ICSD card no. 
153266 is shown in blue and serves as a structural baseline for 
comparison. After selective etching, the Ti3C2Tx sample (red 
curve) exhibits a broad (002) peak centered at ~ 9.48°, corre-
sponding to a d(002) spacing of 9.32 Å, indicative of partial 
delamination and reduced stacking order. Upon intercalation 
with sodium alginate (black curve), this peak shifts to ~ 7.0°, 

resulting in a d(002) of 12.62  Å, according to the method 
described in Refs. [32, 33], subtracting the theoretical thick-
ness of a Ti3C2 monolayer (4.605 Å) gives interlayer spacings of 
4.72 Å and 8.01 Å for Ti3C2Tx and Ti3C2Tx-Alg, respectively. 
The increase in spacing reflects the successful intercalation of 
alginate chains between the MXene layers, effectively prevent-
ing restacking and promoting an expanded lamellar structure. 
Such shifts in the (002) reflection are characteristic of struc-
tural reorganization in 2D MXenes, in which selective etching 
removes Al atoms from the MAX phase and leads to layered 
carbides with surface terminations (–O, –F, –OH) [34, 35]. The 
resulting electrostatic repulsion and hydration effects can facil-
itate spontaneous interlayer expansion. In particular, sodium 
ions and polar functional groups of alginate enhance interfa-
cial interactions. It enables polymer intercalation, as previously 
observed for systems incorporating DMSO [36], sodium algi-
nate [37], or PVA [38]. The structural modification observed in 
the Ti3C2Tx-Alg sample also leads to greater accessibility for 
ion diffusion and electrochemical reactions. Increased interlayer 
distances improve ion mobility, enhance charge storage, and sta-
bilize the layered architecture against collapse during cycling. 
Furthermore, DFT studies have shown that expanded interlayer 
spacing reduces migration barriers and enables co-intercalation 

Figure 1:   Top ((a) and (b)) and cross-sectional-view ((c) and (d)) from SEM images of Ti3C2Tx and Ti3C2TX-Alg films, respectively, indicating the influence 
of the intercalation of sodium alginate on laminated MXene.
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of solvated ions, reinforcing the benefits of hybrid architectures 
for energy storage [33].

The electrochemical performance of the symmetric 2D 
supercapacitors assembled with electrodes of Ti3C2Tx and 
Ti3C2Tx-Alg was initially evaluated by the cyclic voltammetry 
(CV) assays at different scan rates [Figs. 3(a) and 4(b)]. It is 

worth noting that different aspects must be considered from 
CV curves (enclosed area and format of curves). Initially, a gen-
eral dependence on the current value is observed at increasing 
scan rate. As reported in the literature, [3, 39–43], the diffu-
sion layer will grow much more from the electrode at a slow 
scan rate than at a fast scan rate. This inverse relationship of 

Figure 3:   Cyclic voltammetry (CV) curves of Ti3C2Tx (a) and Ti3C2Tx-Alg (b) at varying scan rates in the range of 5 mV/s to 400 mV/s. The corresponding 
distribution of diffusive and capacitive terms in the overall response of CV curves for Ti3C2Tx (c) and Ti3C2Tx-Alg (d).

Figure 4:   Galvanostatic charge–discharge (GCD) curves for Ti3C2TX (a) and Ti3C2TX-Alg (b), confirming the best electrochemical performance for Ti3C2TX-
Alg regarding the longer charge–discharge time in comparison with the pure Ti3C2TX.
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dependence (thinner diffusion layer at a faster scan rate) facili-
tates the flux of counterions to the electrode surface and, con-
sequently, the resulting current. As shown in Fig. 3(a) and (b), 
current enhances with increasing scan rate, which agrees with 
the previously reported behavior, with higher current values 
(measured at the same voltage and scan rate) observed for sam-
ple Ti3C2Tx-Alg.

Another critical aspect is the CV diagram format at an 
increasing scan rate. As observed, the curves migrate from a 
square shape to distortions (prolate format) at a faster scan rate 
for both samples. As reported in the literature, rectangular-
shaped curves in CV diagrams confirm the prevailing EDLC 
behavior in overall response, while the slight distortion has 
been attributed to the pseudocapacitive behavior [3, 39–41]. 
The change in the format of the CV curve is a consequence of 
the difference in electrolyte resistance in the bulk/surface of the 
electrode. Consequently, a significant distortion in the format 
of CV curves is expected under increasing resistance inside the 
compact layers of the stacked material.

In terms of curve shape, as observed in Fig. 3(a) and (b), 
there is a general change from a quasi-squared shape at a low 
scan rate (prevailing EDLC behavior at thicker diffusion layer) 
to a prolate curve at a faster scan rate in which the thinner dif-
fusion layer favors the PC mechanisms into stacked structures of 
Ti3C2Tx or a more intercalated structure of Ti3C2Tx-Alg.

The evaluation of the distribution degree between diffusive 
and capacitive terms in both experimental systems makes use 
of Eq. 1 [2, 44]:

where k1v represents the capacitive contribution, proportional 
to the scan rate ( v ) and k2

√
v corresponds to the diffusion-con-

trolled contribution, which scales with the square root of the 
scan rate ( 

√
v ). By analyzing the dependence of current on scan 

rate, k1 and k2 can be extracted, providing insight into the under-
lying electrochemical mechanisms and the relative contributions 
of surface and bulk processes to the total capacitance.

Figure 3(c) and (d) summarizes each sample’s relative dif-
fusive/capacitive terms contribution. As expected, the diffusive 
behavior prevails at lower scan rate values for both experimental 
systems, while the capacitive behavior is favored at a faster scan 
rate regime.

Regarding the balance between contributions, the results for 
the Ti3C2Tx system indicate that diffusion-controlled mecha-
nisms predominantly govern charge storage in pure MXene. By 
increasing the scan rate from 5 to 50 mVs–1, there is a decrease 
in the contribution of the diffusion-controlled process from 95 
to 85%, indicating that ion transport within the layered MXene 
structure is still favored as a dominant process for charge accu-
mulation. On the other hand, the response for the Ti3C2Tx-Alg 
composite revealed a significant shift in the charge storage 

(1)i(V) = k1v + k2

√
v,

mechanism. The capacitive contribution rises from 32 to 60% 
as the scan rate increases from 5 to 50 mV/s, while the diffusion-
controlled contribution decreases from 68 to 40%. This change 
implies that the incorporation of alginate enhances ion accessi-
bility and surface interactions, potentially by increasing porosity 
or creating a more open structure that facilitates ion diffusion 
[45–47].

As an alternative to determining the electrochemical per-
formance of supercapacitors by CV curves, galvanostatic 
charge–discharge (GCD) assays provide corresponding informa-
tion regarding the current density, which is an important factor 
in the electrochemical robustness of the device. Figure 4(a) and 
(b) show the GCD curves for both Ti3C2Tx and Ti3C2Tx-Alg 
films applied in 2-electrode SCs. The general behavior of a 
longer charge–discharge time at decreasing current density is 
observed for both curves. Another critical aspect to be consid-
ered is the lower IR drop observed at a current density as high 
as 2 A/g, indicating a lower internal resistance for both devices. 
From a direct comparison of the performance of the devices, a 
longer discharge time is observed for Ti3C2Tx-Alg-based SC, 
indicating the promising effects of the intercalation provided 
by sodium alginate.

Applying Eqs. 2 and 3 quantifies the specific (gravimetric 
and areal) capacitance versus scan rate and current density. The 
results shown in Fig. 5(a) (Ti3C2Tx) and 5(b) (Ti3C2Tx-Alg) 
confirm that, as expected, the specific capacitance tends to be 
reduced at increasing scan rates. This process has been justified 
by the time-dependent behavior of material that provides a lim-
ited density of available sites for charge accumulation under a 
specific time for occupation. Under increasing scan rates, fewer 
accessible sites are available for the diffusive species and the 
following charge accumulation step. As can be noted, higher 
values for specific capacitance at lower scan rates are observed 
for Ti3C2Tx-Alg, which is associated with the lowest variation 
in the corresponding scan rate window, characterizing a more 
stable performance in the complete range of variation in the 
external excitation. In correspondence, the calculated value for 
specific capacitance from GCD data [see Fig. 5(c)] confirms that 
the gravimetric capacitance of the Ti3C2Tx-Alg-based superca-
pacitor is minimally affected by current density, presenting a 
minimal variation in the excursion of the external current of 
charge. Corresponding values for areal capacitance are shown on 
the right side of Fig. 5(a), (b), and (c). These results suggest that 
adding alginate may have improved structural stability and ion 
transport under fast charge/discharge conditions [20]. 

The performance of MXene-based SCs directly depends 
on the impedance of the resulting material. Nyquist plots in 
Fig. 6(a) and (b) present a semi-circular portion at high fre-
quencies, followed by a linear tail at low frequencies, indicating 
a combination of charge transfer and diffusion processes.
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Regarding the response of Ti3C2Tx in Fig. 6(a), the close 
fit between the experimental data and the circuit model sug-
gests that the chosen model accurately captures the impedance 
behavior of the system—the solution resistance (Rsol) of 0.370 Ω 
is coherent with its known high ionic conductivity [48, 49]. The 
double-layer capacitance (Cdl) of 32.253 mF suggests substantial 
charge storage at the interface between MXene and the electro-
lyte. The charge transfer resistance (Rct) of 0.083 Ω indicates 
efficient electron transfer, a typical property of MXene due to 
its high electrical conductivity [50]. The value of Cpe (0.264 mF) 
reflects the pseudocapacitive behavior contributing to overall 
capacitance by facilitating faradaic reactions. This combination 
of double-layer and pseudocapacitive mechanisms enhances the 
energy storage capabilities of the supercapacitor beyond those of 
traditional capacitors [28]. The Warburg impedance (Zw), char-
acterized by Tdif = 3.769 ms and Rdif = 0.346 Ω, highlights the 
finite ion diffusion within the porous MXene structure, influenc-
ing the discharge rate and the overall power performance [51].

Regarding the fitting data in Fig. 6(b) for Ti3C2Tx-Alg, the 
Nyquist plot features a semi-circular region at high frequencies 
transitioning into a steeply inclined line at lower frequencies, 
which is indicative of significant charge transfer resistance and 
a diffusion-controlled process. The circuit model fitting to the 
data (red line) closely matches the experimental points (black), 
suggesting that the model accurately represents the system’s 
impedance characteristics. The solution resistance (Rsol) is 0.329 
Ω, demonstrating good ionic conductivity within the electro-
lyte. The double-layer capacitance (Cdl) is 156.18 mF, implying 
substantial charge storage capability at the electrode–electrolyte 
interface. This enhanced capacitance may be attributed to the 
synergistic effect of MXene’s high surface area combined with 
alginate’s stabilizing and conductive properties, improving ion 

distribution. A significant finding is the charge transfer resist-
ance (Rct) of 75.74 Ω, higher than typical values for pure MXene. 
This increase suggests that while alginate supports ionic trans-
port and structural integrity, it might introduce additional 
resistance due to forming a matrix that impacts electron mobil-
ity. The Warburg impedance (Zw), with a time constant (Tdif) of 
783.53 ms and a diffusion resistance (Rdif) of 4.642 Ω, indicates 
a more restricted ion diffusion process.

In addition to the electrical characterization using CV, GCD 
curves, Nyquist plots, and corresponding determination of the 
specific capacitance, additional parameters must be considered, 
such as the retention of electrochemical performance under use 
and the resulting power/energy density. Regarding the Ragone 
plot combined with the potential window [see Fig. 7(a)], both 
materials’ energy and power densities are compared with the 
corresponding data reported in the literature. The Ragone plot 
for Ti3C2Tx [see Fig. 7(a)] displays a moderate specific energy 
density at lower power densities but shows a pronounced decline 
in energy density as the power density increases [52]. Such 
behavior is characteristic of conventional supercapacitors that 
favor rapid charging and discharging cycles [11, 53]. In contrast, 
the Ragone plot for Ti3C2Tx-Alg in Fig. 7(a) illustrates higher 
power density while maintaining competitive energy density, 
demonstrating that adding alginate enhances the supercapaci-
tor’s capability for power delivery without drastically impacting 
energy density. The alginate likely provides structural support 
and improves ionic conductivity, improving performance under 
high-power operations. The composite’s performance surpasses 
that of MXene alone in terms of power density, making it suit-
able for applications that require rapid energy release [28, 51]. A 
conventional 2D Ragone plot is provided in Fig. 7(b) for direct 
comparison.

Figure 6:   Nyquist plot for Ti3C2Tx (a) and Ti3C2Tx-Alg (b) with the corresponding equivalent circuit (inset) and fitting plot (curve in red) characterizing 
low values for solution resistance and general behavior of prevailing diffusive mechanisms, represented by Warburg element.
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For comparison, Table  1 provides the corresponding 
experimental conditions and values of specific capacitance, 
energy density, and power density, confirming the competi-
tive values for energy density and power density of Ti3C2Tx 
and Ti3C2Tx-Alg that require a lower density of active material 
(MXene) by the adequate intercalation of their platelets into the 
polymeric matrix. As can be seen, a wide range of variation in 
the energy density in the range of 2 – 94 Wh kg–1 and power 
density from 200 to 8500 W kg–1 is observed for MXene-based 
compounds. These results reinforce the relevance of the devel-
opment of bio-based composites for MXene-based solutions in 
energy since they result in economic advantages (low content of 
active electrochemical material) and an adequate morphology 
that avoids the MXene stacking process.

In terms of the retention of the electrochemical perfor-
mance under successive use of devices, Fig. 8(a) and (b) sum-
marizes the capacitive retention and coulombic efficiency 
after 3,000 cycles of charge/discharge at high current density 
(3 A/g). Regarding discharge current retention [Fig. 8(a)], 
pure Ti3C2Tx retains over 87.5% of their initial discharge cur-
rent after 3000 cycles, reflecting their robust structural and 
electrochemical stability. On the other hand, Ti3C2Tx-Alg 
maintains approximately 80% of its discharge current by the 
50th cycle, suggesting a reduction in cycling performance at 
the beginning of the use. A constant slope is observed due to 
the degradation that retains around 70.8% of the initial per-
formance after 3000 complete use cycles.

Regarding the coulombic efficiency, pure MXene consist-
ently stabilizes around 76–77% throughout the cycling, indi-
cating efficient charge–discharge reversibility. In contrast, the 
Ti3C2Tx-Alg system exhibits significantly higher coulombic 
efficiencies, consistently near 100%, showcasing excellent 
charge–discharge reversibility.

Conclusion
The intercalation provided by alginate on MXene in membranes 
for supercapacitor electrodes mitigates the restacking issues 
inherent to MXene and enhances ion accessibility to ion dif-
fusion and separation. The improved structural integrity of the 
MXene-alginate films contributes to a consistent performance 
due to the adequate combination of the electrochemical advan-
tages of MXene’s high conductivity with the structural benefits 
of alginate. The pure MXene electrodes demonstrated higher 
gravimetric capacitance at low scan rates. Still, a decline was 
observed as the scan rate increased, reflecting limitations in ion 
transport (due to the variations in the diffusion layer). In con-
trast, the Ti3C2Tx-Alg composite maintained a more consist-
ent performance, with the capacitive contribution rising from 
32 to 60% as the scan rate increased, indicating that the algi-
nate enhanced ion accessibility and surface-controlled storage Fi
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mechanisms. Also, the Ti3C2Tx-Alg composite showed more sta-
ble behavior at high scan rates and current density, suggesting 
alginate supports rapid ion transport. This enhancement is par-
ticularly relevant for applications requiring swift energy delivery.

Regarding energy density, the Ragone plot revealed that the 
MXene composite, while showing moderate specific energy at 
low power densities, experienced a notable decline as the current 
density increased. Conversely, the Ti3C2Tx-Alg composite dem-
onstrated improved power density while maintaining competi-
tive energy density, suggesting that alginate contributes to better 
structural support and ionic pathways. These findings empha-
size the potential of MXene/alginate composites as a strategy to 
reduce resistance and enhance performance, leading to more 
efficient supercapacitor designs.

Methodology
Materials

Ti3AlC2 MAX phase and the alginic acid sodium salt from 
brown algae (Sigma-Aldrich), hydrochloric acid (HCl, 36%, 
Synth), and hydrofluoric acid (HF, 40%, Vetec) were used in the 

MAX phase etching. Lithium chloride (LiCl, Synth) was used in 
the MXene delamination.

Ti3C2Tx synthesis (sample Ti3C2Tx)

The MXene synthesis was performed as reported previously 
[68]. Briefly, 18 mL of HCl and 3.6 mL of HF were added to 
8.4 mL of water in a poly(tetrafluoroethylene) container. Next, 
1.5 g of the Ti3AlC2 MAX phase was slowly added to the solu-
tion. The etching of the Al layer was performed for 24 h at 35 
ºC. The multilayer MXene was obtained by centrifugation of 
the mixture (3500 rpm for 5 min), which was performed until 
the pH of the dispersed supernatant was higher than 6. The 
delamination was performed by dispersing the obtained slurry 
in 75 mL of LiCl (0.5 mol/L), which was kept under stirring for 
20 h. Centrifugation steps (3500 rpm for 5 min) were used to 
discard the LiCl and to collect the delaminated Ti3C2Tx when 
the supernatant started to present a black color. In the prepara-
tion of the MXene films, the Ti3C2Tx dispersion was concen-
trated by centrifuging it at 8000 rpm for 10 min and redispersing 

TABLE 1:   Comparison between the electrochemical performance of devices (energy density and power density) and constitutive aspects (electrolyte 
and concentration) reported in the literature and this work.

Electrode material Voltage window Electrolyte Specific capacitance Energy density Power density Refs

Ti3C2Tx ionogel film 3 V EMI-TFSI 62 F g–1 – – 54

Pure MXene 0.8 V 1 M H2SO4 290 F g–1 at 1 A g–1 – – 55

MXene/CNT-5% 0.8 V 1 M H2SO4 300 F g–1 at 1 A g–1 – – 55

Ti2VC2 film 0.6 V 1 M H2SO4 518 F g–1 at 2 mV s–1 2.6 Wh kg–1 3000 W kg–1 56

3D networked MXene thin 
film

0.8 V 0.5 M H2SO4 100 F g–1 at 5 mV s–1 8.8 Wh kg–1 0.2 kW kg–1 28

N- Ti3C2Tx -MXene//Zn 1 V 1 M ZnSO4 582.96 F g–1 at 1 A g–1 30.7 Wh kg–1 600.5 W kg–1 57

Ti3C2Tx MXene/polyaniline 
composite films

1.2 V 1 M H2SO4 352.9 F g–1 at 10 mV s–1 31.18 Wh kg–1 1079.3 W kg–1 58

Bismuth oxychloride 
nanosheet-immobilized 
Ti3C2Tx MXene material 
(TCBOC)

1.2 V 1 M KOH 247.8 F g–1 15.2 Wh kg–1 567.4 W kg–1 59

Fe1Ni3-LDH/ Ti3C2Tx -MXene 1.5 V 6 M KOH 301 F g–1 at 1 A g–1 94.1 Wh kg–1 802.4 W kg–1 60

NiCo2S4/MXene//AC 1.7 V 3 M KOH 171.2 of 1 A g–1 34.0 Wh kg–1 8.5 kW kg–1 61

PPy/MXene/PMFF textiles 
electrodes

0.8 V PVA/Na2SO4 gel electrolyte 1295 mF cm2 at 1 mA cm2 40.7 μW h cm2 0.5 mW cm2 62

MXene//AC-Nafion 2 V 3 M H2SO4 555 F.g−1 at 1 A.g−1 81.2 Wh.kg−1 1023 W.kg−1 63

2D MXene/NiCoP + ZIF-
derived porous carbon

1.6 V 2 M KOH (aqueous) 1754.0 F.g−1 at 3 mA cm−2 54.3 Wh.kg−1 565.6 W.kg−1 64

N-doped Ti3C2Tx (UN-Ti3C2Tx) 2.4 V 1 M EMIMTFSI/LiTFSI in ACN 147 F.g−1 at 0.5 A.g−1 29.4 Wh.kg−1 600 W.kg−1 65

CDP-MX/PA (PANI/
MXene + cyclodextrin 
polymer)

1.4 V 1 M H2SO4 523.8 F g−1 at 1 A g−1 27.7 Wh kg−1 700 W kg−1 66

PLA/PANI/MXene (PPM) 
Composite

0.6 V 1 M PVA/H2SO4 gel 193.7 F g−1 at 0.25 A g−1 9.3 Wh kg−1 291.3W kg−1 67

Ti3C2TX 0.8 V 1 M H2SO4 128.9 F g–1 at 1 A g–1 10.1 Wh kg–1 1824.8 W kg–1 This Work

Ti3C2TX-Alg 0.8 V 1 M H2SO4 129.1 F g–1 at 1 A g–1 10.2 Wh kg–1 1724.1 W kg–1 This Work
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the pellet [the schematic preparation of films of MXene is shown 
in Fig. 9(a)].

Ti3C2Tx/Alginate film preparation (sample Ti3C2Tx‑Alg)

The preparation of the MXene/alginate films involved dispersion 
of 1% (w/w) alginate solution and a 3.3-mg/mL Ti3C2Tx pre-
pared using double-distilled water. From the stock solutions, a 
dispersion containing 100 mg of alginate and 100 mg of MXene 
was obtained and sonicated in an ultrasound bath for 5 min. 
Then, the dispersion was drop-cast over a glass covered with 
biaxially oriented polypropylene (BOPP) and left to dry at 35 °C 
overnight [the schematic preparation of sample Ti3C2Tx-Alg is 
shown in Fig. 9(b)].

Supercapacitor assembly

The electrodes were cut into 1 cm squares and their masses were 
carefully measured (sample Ti3C2Tx and Ti3C2Tx-Alg). The mass 
density for Ti3C2Tx films was 7.4 mg cm–2, while 3.8 mg cm–2 
was the mass density for Ti3C2Tx-Alg electrodes. A standard 
filter paper was immersed in 1M H2SO4 aqueous electrolyte and 
used as a separator. The supercapacitor devices were assembled 
by sandwiching the electrolyte-soaked separator between two 
identical electrodes of the same material.

Materials characterization

The scanning electron microscopy (SEM) images were obtained 
using a JEOL 6510. The samples were prepared by drop-casting 
the Ti3C2Tx aqueous dispersion onto a silicon substrate and 
using a fractured Ti3C2Tx-Alg film. The structural components 
of the materials were analyzed through Fourier transform 
infrared spectroscopy (FTIR) using a Shimadzu IR-Prestige 21 
spectrometer. For these measurements, pellets were prepared by 
mixing the sample with potassium bromide, ensuring adequate 
transparency for infrared analysis. X-ray diffraction (XRD) pat-
terns were performed at room temperature with a Rigaku Mini-
flex powder diffractometer (Rigaku Corporation, Tokyo, Japan), 
with Cu-Kα radiation (λ = 1.5418 Å) and with the tube operating 
at 40 kV and 15 mA in continuous mode with a sweep rate of 
0.02° at a speed of 10°/min.

Electrochemical measurement

The electrochemical performance of the samples Ti3C2Tx 
and Ti3C2Tx-Alg was evaluated using an Autolab PGSTAT 
302N potentiostat/galvanostat (Metrohm, Switzerland) in a 
two-electrode configuration. Cyclic voltammetry (CV) was 
conducted across various scan rates (5 mVs–1 to 400 mVs–1). 
Electrochemical impedance spectroscopy (EIS) measurements Fi
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were acquired over a frequency range of 0.01 Hz to 1 MHz, 
applying an AC voltage of 10 mV with 200-mV external bias. 
The specific capacitances were determined based on the mass 
and geometric area. The electrode areal capacitance ( CAeCV ) 
as a function of the scan rate was calculated from the area 
enclosed by the CV curves, as described by Eq. 2, with the 
electrode gravimetric capacitance ( CGeCV ) was obtained using 
Eq. 3 [28, 69–71].

In Eqs. 2 and 3, i  is the current (in A), V  is the applied 
potential (in V), v is the scan rate (V/s), A is the electrode 
area (in cm2),  m is the mass of the active material (in grams), 
and ΔV is the potential window (in volts). The factor of 2 
accounts for both the charge and discharge processes in the 
CV cycle, as a complete cycle involves contributions from 
both phases. For a symmetric assembly of two-electrode 
supercapacitors, the system can be modeled as two identi-
cal single-electrode capacitors arranged in series. As a result, 
the total capacitance is effectively divided equally between 
the two electrodes. Under this configuration, the mass of one 
electrode corresponds to half of the system’s total mass. In 
contrast, the geometric area of a single electrode is equivalent 
to the total electrode area [51, 72]. Correspondingly, galvano-
static charge–discharge (GCD) measurements were also used 

(2)CAeCV =
∫ idV

v · A ·�V
,

(3)CGeCV =
2 · ∫ idV
v ·m ·�V

to calculate the specific capacitance of devices, according to 
Eqs. 4 and 5 [51, 57, 72].

In Eqs. 4 and 5, i is the discharge current (in amperes), �t 
is the time from the beginning until the complete discharge of 
the device (in seconds), A is the electrode area (in cm2), m is 
the mass of the active material (in grams), and V  is the voltage 
difference below the IR drop until zero (complete discharge) 
[73]. These GCD experiments were performed at various current 
densities (from 1.1 A/g to 2.2 A/g).
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