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ABSTRACT In this study, we modified Ni based electrodes with MXene and MXene-based composite catalysts
for water splitting. The MXene based catalyst exhibited excellent electrochemical surface area (ECSA) of
1840 cm2, highlighting its abundant active sites. To further enhance catalytic activity, MXene was modified
with graphene oxide (GO) and carbon black (CB), which significantly reduced the overpotential from 300 mV
to 196 mV at 10 mA cm−2 and improved the reaction kinetics, as evidenced by a low Tafel slope of 96.35 mV
dec−1. Moreover, the MXene–GO–CB composite demonstrated outstanding long-term durability, maintaining
stable operation for 50 h at 100 mA cm−2 with only a 34 mV increase in overpotential at 10 mA cm−2. These
results confirm that the synergistic combination of MXene with GO and CB yields a highly active and durable
electrocatalyst, offering strong potential for practical water electrolysis applications.
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1. Introduction

The transition to sustainable energy sources requires the development of efficient and environmentally friendly tech-
nologies for hydrogen production. Water electrolysis, particularly when powered by renewable energy sources, is consid-
ered one of the most promising routes for hydrogen generation [1–4]. However, the widespread implementation of this
technology is hindered by the necessity of using expensive and scarce metals, such as platinum, ruthenium, iridium, etc.
as catalysts for the hydrogen evolution reaction (HER) [5–7]. As a result, intensive efforts are being made to find alter-
native materials that combine high catalytic activity, stability in harsh environments, and cost-effectiveness. Among such
materials, MXenes — two-dimensional transition metal carbides — have attracted significant attention due to their high
electrical conductivity, large surface area, and tunable surface chemistry through functional group modification. In partic-
ular, Ti3C2Tx has demonstrated promising properties as a catalyst for HER [8–19]. Nevertheless, the overtime oxidation
of MXenes in aqueous environments limits their long-term stability and catalytic efficiency [20–22]. Various electrode
architectures based on combinations of MXenes with other materials have been reported. For instance, in the work by
Gao et al. [23] an electrode composed of MXene and carbon nanotubes exhibited high HER activity but limited stability in
alkaline media. In another study by Meng et al. [24] the use of MXene combined with metal-organic frameworks resulted
in good initial performance, but the material quickly degraded under prolonged operation. These findings highlight the
need for more stable composite structures.
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To improve the stability of MXene-based catalysts, different strategies have been explored, including the formation
of composites with other functional materials [25–27]. The incorporation of graphene oxide (GO) has shown to enhance
structural stability and oxidation resistance by forming a protective matrix that slows down the degradation of MXene. Its
hydrophilic surface and low work function make it an ideal component for tuning the electronic properties of active sites
in composite catalysts, thereby improving their catalytic efficiency. Furthermore, the addition of carbon black (CB) can
enhance the catalytic performance by improving electrical conductivity, while GO stabilizes the catalyst structure by pre-
venting nanoparticle aggregation and providing mechanical reinforcement. Its functional groups (–OH, –COOH, –C=O)
facilitate strong interactions with materials such as MXene, improving dispersion and structural integrity [28–31]. GO
offers corrosion resistance in harsh electrochemical environments, increases hydrophilicity, and promotes ion transport,
all contributing to enhanced electrochemical performance [32–34]. In addition, the use of nickel foam as a substrate pro-
vides mechanical strength and a three-dimensional porous architecture, which supports efficient mass transport [35–38].
The synergistic combination of MXene, CB, and GO on a nickel foam (NF) substrate can significantly enhance water
electrolysis efficiency.

In this work, we developed an advanced MXene based electrocatalyst incorporating carbon black (CB) and graphene
oxide (GO) to address the limitations of conventional nickel foam (NF) electrodes. The synthesis involved selectively
etching the MAX phase to obtain MXene, followed by its deposition onto NF along with CB and GO to enhance con-
ductivity, catalytic activity, and stability. The resulting MXene electrode demonstrated overpotentials of 300 mV for
the hydrogen evolution reaction (HER) at 10 mA/cm2, with Tafel slopes of 113.57 mV/dec, indicating efficient charge
transfer kinetics. Integration of GO and CB into the MXene composite (MXene-GO-CB) achieving significantly lower
overpotentials of 196 mV for HER at the same current density and 96.35 mV/dec Tafel slope. Electrochemical impedance
spectroscopy (EIS) and electrochemically active surface area (ECSA) analysis confirmed the enhanced performance, with
the MXene/NF electrode exhibiting low charge transfer resistance and high surface area (ECSA) values of 1840 cm2,
ensuring efficient reaction kinetics.

2. Experimental section

2.1. Materials

All chemicals and materials used in this study were of analytical grade. Ti3AlC2 MAX phase was purchased from
Laizhou Kai Kai Ceramic Materials Co. Ltd. (China) with a purity of >99 wt% and molecular weight (MW) of
194.6 g/mol. Hydrochloric acid (HCl, 37%) was obtained from Sinopharm Chemical Reagent Co., Ltd. (China) and
used as an etchant for the selective removal of the A-site element from the MAX phase. Lithium fluoride (LiF, 99%),
with an MW of 25.94 g/mol, was purchased from Shanghai Macklin Biochemical Technology Co., Ltd. for the synthesis
of Ti3C2Tx MXene. For the fabrication of composite electrodes, carbon black (CB) were obtained from Sigma-Aldrich.
Nickel foam (NF) with a high porosity structure was used as a conductive substrate for the deposition of MXene-based ma-
terials. Deionized (DI) water was used in all synthesis and washing processes to ensure the removal of residual chemicals
and maintain the purity of the synthesized MXene.

2.2. Synthesis of MXene

To synthesize Ti3C2Tx MXene, the selectively etching method is used. Initially, 30 mL of HCl was combined with
10 mL of deionized water, followed by the addition of 2 mg LiF to the HCl solution, which was stirred for 1 hour.
Subsequently, 2 g of Ti3AlC2 powder was gradually added into this solution and allowed to stir at room temperature for
29 hours. The resulting suspension was then washed repeatedly with deionized water, centrifuged, and sonicated multiple
times to achieve exfoliation of Ti3C2Tx into nanosheets, continuing until the pH of the supernatant reached 6–7. The final
supernatant was dispersed in water to yield a solution with a concentration of 1.5 mg mL−1. This MXene solution was
then freeze-dried to obtain a fluffy powder form.

2.3. Synthesis of GO

In a typical procedure, 1 g of graphite powder was added to a mixture of sulfuric acid and orthophosphoric acid (9:1,
90 mL:10 mL) under continuous stirring in an ice bath maintained at 0◦C for 15 minutes. The mixture was stirred with a
magnetic stirrer to ensure uniform dispersion. Subsequently, 6 g of potassium permanganate (KMnO4) was gradually in-
troduced into the solution while maintaining the temperature between 0–5◦C, followed by continuous stirring for 2 hours.
Afterward, the reaction was stirred at room temperature for 30 minutes and then heated to 35◦C by immersing the flask in
warm water, with stirring continued for another 30 minutes. The oxidation process was further advanced by heating the
mixture in an oil bath at 90◦C, where 46 mL of deionized (DI) water was slowly added, followed by stirring for 30 min-
utes. To terminate the reaction, an additional 180 mL of DI water and 10 mL of 30% hydrogen peroxide (H2O2) were
added, leading to a color change from dark brown to yellow. The reaction was allowed to cool to room temperature before
purification. The obtained suspension was washed with 200 mL of 5% HCl and deionized water several times to remove
residual ions and acids. Finally, the GO product was filtered and dried at 60◦C for 24 hours to obtain a fine powder.
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2.4. Synthesis of MXene/NF electrode

Immersing method is used to prepare MXene/NF electrode for experiments [39]. Initially, the nickel foam (NF) was
immersed in 3 M HCl solution for 2 hours to remove impurities and oxides. This was followed by ultrasonic cleaning
in acetone, ethanol, and deionized water for 15 minutes each, then drying at 60◦C in an oven. The cleaned NF was
subsequently immersed in a Ti3C2Tx MXene solution (4 mg mL−1) for 1 hour, followed by vacuum drying for 12 hours,
yielding the MXene/NF electrode.

2.5. Synthesis of MXene-GO-CB/NF and other composite electrodes

A stock solution of synthesized MXene (1.6 mg mL−1) was prepared, while graphene oxide (GO, 4 mg mL−1) and
carbon black (CB, 4 mg mL−1) were dispersed separately in 10 mL deionized water. To fabricate the MXene–GO–
CB composite electrode, 25 mL of the MXene solution was mixed with 0.25 mL of GO and 0.25 mL of CB solutions,
followed by ultrasonication for 10 min to ensure homogeneous dispersion. Nickel foam (NF) substrates were immersed
in the resulting suspension for 1 h and then dried in an oven under continuous argon flow, where the temperature was
gradually increased to 170◦C and maintained for 24 h. For comparison, MXene–CB and MXene–GO electrodes were
prepared using the same procedure but without the addition of GO and CB, respectively.

2.6. Electrochemical analysis

Electrochemical measurements were carried out on a CHI760E electrochemical workstation (China) in 1 M KOH
electrolyte under iR-corrected conditions. A three-electrode configuration was employed, in which the synthesized MX-
ene based electrodes served as the working electrodes (WE), a platinum foil was used as the counter electrode (CE), and
an Ag/AgCl electrode functioned as the reference electrode (RE). The measured potentials (Em) were converted to the
reversible hydrogen electrode (RHE) scale according to the equation: E vs RHE = ESHE + EAg/AgCl+ 0.059 x pH and
pH = 14 for 1 M KOH. The mass loading of the active material on the NF substrate was 0.015 mg cm−2 for the MXene–
GO–CB/NF electrode. Geometric area of the prepared electrodes are 1.6 cm2. In order to approximate the empirical data
of EIS, Randles electrical circuit was used.

3. Results and discussion

SEM image (Fig. 1) shows a well-formed MAX phase material, displaying the characteristic layered morphology of
alternating (M) and (A) element layers, typical of Ti3AlC2. The undulating texture with intact stratifications indicates
a stable structure, with no signs of delamination, which aligns with the material being a MAX phase rather than an
etched MXene. The small particles observed on the surface could be residual synthesis by-products or minor impurities.
At 10,000x magnification, the continuity and integrity of the layers suggest good sample quality, with well-preserved
lamellar features that support the robustness of MAX phase properties. Fig. 1b shows the morphology of exfoliated
Ti3C2Tx MXene synthesized by selective etching of MAX with HCl and LiF. The images reveal well-defined, with large
surface area, and thin single-layer MXene sheets with a lateral size in the 10 µm range.

FIG. 1. (a) SEM image of the MAX phase, showing a layered structure. (b) Single-layer MXene sheets.
(d) EDX spectrum of MXene, confirming the presence of Ti, C, O, F

The clear exfoliation and separation of individual layers are characteristic of successful delamination, where the thick-
ness of each layer is approximately 1–2 nm, consistent with literature reports for monolayer Ti3C2Tx [40]. The wrinkled
and crumpled nature of the flakes suggests flexibility and structural integrity at the nanoscale, which are common features
of MXene sheets [41]. These characteristics, coupled with the absence of aggregation, confirm the successful synthesis
of high-quality, monolayer MXene, a key factor in maximizing surface area and ensuring optimal electrochemical perfor-
mance in potential applications [42]. The EDS analysis in Fig. 1d and elemental mapping presented in Fig. 2 show that the
elements of the material are evenly distributed and the Ti3C2Tx MXene was functionalized [43]. By using HCl and LiF,
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FIG. 2. EDS elemental mapping of Ti3C2Tx MXene, showing the distribution of different elements

the aluminium layers were effectively removed from the MAX phase [44]. The high carbon content (80.32 at%) and its
predominant presence in the mapping, represented in green, confirm the retention of the carbon layers, essential for the 2D
structure and electrical conductivity of MXene [45]. Titanium (4.27 at%) is evenly distributed, as shown in yellow, sup-
porting the structural integrity of the Ti3C2 phase. The oxygen (12.75 at%) and fluorine (2.52 at%) content, marked in red
and light blue, respectively, indicate the formation of –O and –F surface terminations during the etching process. These
functional groups enhance hydrophilicity, provide active sites for electrochemical reactions, and improve charge transfer
properties, which are critical for applications such as hydrogen evolution reactions (HER) and energy storage [46]. The
surface chemistry, shaped by the presence of these terminations, makes Ti3C2Tx MXene a highly promising candidate
for use in electrochemical systems, including supercapacitors and water electrolysers, due to its unique combination of
electrical conductivity, chemical stability, and surface reactivity.

X-ray photoelectron spectroscopy (XPS) was utilized to determine the surface chemical composition and bonding
states of the synthesized MXene. The survey scan (Fig. 3a) confirmes the presence of Titanium (Ti), Carbon (C), Oxygen
(O), Fluorine (F), and trace Chlorine (Cl). Analysis of the high-resolution C 1s spectrum (Fig. 3c) revealed a distinct peak
component around 282 eV, characteristic of Ti–C bonds within the MXene lattice, alongside peaks for adventitious carbon
and carbon-oxygen bonds. The Ti 2p spectrum (Fig. 3b) exhibited broad features consistent with multiple Ti chemical
states, including Ti–C, Ti–O, and Ti–F bonds typical for functionalized MXene. Strong signals in the F 1s (centered
∼685–686 eV, Fig. 3d) and O 1s (broad peak ∼530–532 eV, Fig. 3e) spectra confirm the presence of significant –F, –O,
and –OH surface terminations, which are expected outcomes of the LiF/HCl etching procedure. These results collectively
verify the successful synthesis and surface functionalization of the Ti-based MXene [47]. In Fig. 3f, X-ray diffraction
(XRD) pattern of the MAX phase (blue) shows a distinct (002) peak at 9.56◦ (2θ), corresponding to a d-spacing of 9.3 Å,
calculated using Bragg’s law [48] with a Cu Kα wavelength of 1.54056Å. This peak reflects the interlayer spacing between
Ti3C2 layers in the hexagonal crystal structure (P63/mmc) [49]. Additional peaks at 18.8◦ (004), 39.1◦ (104), 41.6◦ (105),
48.5◦ (107), and minor peaks at 60.6◦ (2-1-0) and 78.5◦C (2-1-8) confirm the presence of characteristic planes, indicating
a well-crystallized MAX phase. The absence of extraneous peaks suggests high phase purity, with no significant impurities
detected. For the XRD analysis of the MXene (red), the (002) peak observed at 6.1◦ (2θ) corresponds to a d-spacing of
14.48Å, which is significantly larger than the original MAX phase (002) peak. This increase in interlayer spacing is
expected after etching the Al layer [50], as it allows the layers to delaminate, creating a single-layer MXene. The larger
d-spacing reflects the successful exfoliation of the MXene layers. The minor peaks at 18.5◦ (004) and 19.5◦ (006) suggest
the multilayer nature of some residual MXene layers. The thickness of a single MXene layer is around 1–2 nm, which
is consistent with typical MXene morphology [51]. The aforementioned characterizations can prove that the successful
synthesis of single-layer MXene.

Electrochemical measurements were performed under iR-corrected conditions to evaluate the HER activity of the
synthesized electrodes (Fig. 4a). The polarization curves clearly demonstrate that the incorporation of GO and CB into
the MXene framework significantly enhances catalytic performance. The MXene–GO–CB composite exhibited the lowest
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FIG. 3. XPS and XRD characterization of Ti3C2Tx MXene synthesized from Ti3AlC2 MAX phase.
(a) The full XPS survey spectrum. (b) The high-resolution Ti 2p spectrum. (c) The C 1s spectrum. (d)
The F 1s peak. (e) The O 1s spectrum. (f) XRD patterns of the MAX phase (blue) and exfoliated MXene
(red)

overpotential of 196 mV at 10 mA cm−2, outperforming pristine MXene (300 mV), MXene–GO (248 mV), and MXene–
CB (266 mV). This pronounced improvement highlights the synergistic effect of GO and CB in facilitating charge transfer,
improving conductivity, and providing additional active sites, thereby accelerating HER kinetics compared to single-
component or binary composites. The Tafel slope, which offers insight into the reaction mechanism, was determined by
plotting overpotential against the logarithm of current density following the equation [52]:

b =
∆η

∆(log j)

where b is the Tafel slope, typically expressed in mV/dec Higher Tafel slope values often indicate a one-electron transfer
rate-limiting step, while lower values suggest faster kinetics or differing rate determining steps [53].

The catalytic kinetics of the prepared electrodes were further evaluated by Tafel slope analysis (Fig. 4b). Pristine MX-
ene exhibited a Tafel slope of 113.57 mV dec−1, while the binary composites MXene–GO and MXene–CB showed slopes
of 113.95 mV dec−1 and 152.8 mV dec−1, respectively. In contrast, the MXene–GO–CB composite achieved the lowest
Tafel slope of 96.35 mV dec−1, confirming its faster HER kinetics. These results indicate that the synergistic combination
of GO and CB with MXene not only lowers the overpotential but also accelerates the reaction pathway, facilitating more
efficient electron transfer and hydrogen evolution compared to individual or binary systems. The observations can be
attributed to electron density distribution and interfacial interactions, where MXene’s metallic conductivity ensures rapid
charge mobility, while GO and CB enhance the exposure of active sites. MXene’s surface functional groups (-OH, -F, -O)
contribute to its catalytic behavior, influencing intermediate adsorption and reaction pathways. The presence of GO and
CB in MXene-GO-CB/NF enhances the catalytic activity by increasing active surface area and promoting mass transport,
making it a favorable electrode for reducing overpotential.

The long-term durability of the MXene–GO–CB/NF composite electrocatalyst was evaluated by chronopotentiom-
etry and LSV measurements (Fig. 5). Under a constant current density of 100 mA cm−2, the electrode exhibited rapid
stabilization within the first few minutes, followed by a steady operation over 50 h with only a slight potential increase of
∼0.07 V, confirming its excellent structural and electrochemical robustness. Furthermore, the LSV curves recorded before
and after the stability test showed a minor performance decay, with the overpotential at 10 mA cm−2 shifting from 196
to 230 mV. This negligible change (34 mV) highlights the strong durability of the MXene–GO–CB/NF electrode under
harsh and continuous HER operating conditions, underscoring its potential for practical water electrolysis applications.
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FIG. 4. Electrochemical performance of MXene, MXene-GO, MXene-CB, and MXene-GO-CB com-
posite electrodes in 1 M KOH. (a) Half-cell polarization curves of all electrodes. (b) Corresponding
Tafel plots

FIG. 5. Stability evaluation of the MXene-GO-CB/NF composite electrocatalyst. (a) Chronopoten-
tiometry measurement at a constant current density of 100 mA cm−2 for 50 h. (b) LSV polarization
curves recorded before and after the 50 h stability test

Electrochemical impedance spectroscopy (EIS) measurements were conducted at fixed potentials of 1.6 V vs. RHE
for OER and −0.3 V vs. RHE for HER. The measurements frequency range is from 0.1 Hz to 100 kHz with a small AC
amplitude of 5 mV. The Nyquist plots for both OER and HER were present in Fig. 6, with the real part of the impedance
(Z′) on the x-axis and the imaginary part (Z′′) on the y-axis. The Nyquist plot analysis shows that the MXene/NF
electrode exhibits distinct charge transfer resistance (Rct) values for the OER and HER processes, with Rct measured
at 1.02 Ω for OER and 0.6 Ω for HER. The relatively low Rct for HER, in particular, indicates more efficient electron
transfer, suggesting higher conductivity and catalytic performance under alkaline conditions. These results underscore the
MXene/NF electrode’s effectiveness as a bifunctional catalyst, capable of facilitating both oxygen and hydrogen evolution
reactions with promising efficiency, making it a viable candidate for applications in sustainable hydrogen production and
alkaline water electrolysis.

The double-layer capacitance, Cdl, is a parameter that represents the capacitance of the electrical double layer formed
at the interface between the electrode surface and the electrolyte solution. When a potential is applied to the electrode,
ions from the electrolyte are attracted to the surface, creating a double layer of charges with a capacitance that depends
on the surface area of the electrode.

Fig. 7a presents cyclic voltammetry (CV) curves for the MXene/Nickel Foam (NF) electrode recorded at various scan
rates (1, 2, 3, 4, and 5 mV/s). These curves illustrate the capacitive behavior of the electrode in the non-faradaic region
which is from −140 mV to −35 mV, confirming the formation of an electrochemical double layer. The gradual increase in
current density with increasing scan rate indicates enhanced charge storage capabilities and surface area exposure. Chosen
anodic and cathodic currents were shown in Fig. 7b. To calculate Cdl, the linear fitting of ∆j/2 versus scan rate is plotted
in Fig. 7c, revealing a double layer capacitance per unit area value of 73.6 mF/cm2.
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FIG. 6. Electrochemical Impedance Spectroscopy (EIS) analysis of the electrode during the Oxygen
Evolution Reaction (OER) and Hydrogen Evolution Reaction (HER). (a, b) Nyquist plots for OER and
HER, respectively, showing the real (Z′) and imaginary (−Z′′) components of impedance. (c, d) Bode
magnitude plots showing |Z| as a function of frequency for OER and HER, respectively. (e, f) Bode
phase plots displaying the phase angle versus frequency for OER and HER, respectively

The specific capacitance, Cs, represents the intrinsic capacitance per unit area of a material in a given electrolyte,
and it can vary based on the electrode material and electrolyte conditions. The specific capacitance values (Cs) for a flat
standard with 1 cm2 of the real surface area that is generally in the range of 20 to 60 µF cm−2 (40 µF cm−2 was taken
as the average value) [54]. For our electrode with 1.6 cm2 surface area, Cs is 64 µFcm−2. These results indicate that
the MXene/NF composite provides substantially higher specific capacitance than nickel foam alone, likely due to large
electrochemical surface area and elevated capacitance of MXene.

ESCA was calculated by using Cdl and Cs [55] using the following equation:

ECSA =
Cdl

Cs

The electrochemical surface area (ECSA) of the MXene/NF composite shows 1840 cm2. These values are notably higher
than those typically observed for conventional electrode materials like pristine nickel foam, which commonly exhibit
lower ECSAs due to their relatively limited surface areas and active sites. The enhanced ECSA values observed in the
MXene/NF composite are indicative of the substantial increase in active surface area provided by MXenes, which likely
contributes to its superior electrocatalytic performance in both OER and HER processes.
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FIG. 7. (a) Cyclic voltammetry curves at various scan rates (1–5 mV s−1) for Cdl determination, (b)
current density differences (∆j) versus potential at a fixed potential, and (c) linear fitting of ∆j/2 versus
scan rate for Cdl extraction

4. Conclusion

In this study, we successfully synthesized Ti3C2Tx MXene and its composite electrodes with graphene oxide (GO)
and carbon black (CB) on nickel foam (NF) substrates for efficient water splitting applications. Structural and compo-
sitional analyses, including SEM, XRD, and XPS, confirmed the successful etching of the MAX phase, formation of
single-layer Ti3C2Tx MXene sheets, and the presence of functional surface terminations beneficial for catalytic activity.
The incorporation of GO and CB into the MXene framework significantly enhanced electrochemical performance by
improving conductivity, stability, and active surface area.

Electrochemical evaluations demonstrated that the MXene–GO–CB composite electrode exhibited a remarkably low
overpotential of 196 mV at 10 mA cm−2 for the hydrogen evolution reaction (HER), outperforming pristine MXene and
binary composites. The reduced Tafel slope (96.35 mV dec−1), low charge-transfer resistance (Rct), and high electro-
chemical surface area (ECSA = 1840 cm2) confirmed improved reaction kinetics and abundant active sites. Moreover,
the electrode maintained good long-term stability, with only minimal performance degradation after 50 h of continuous
operation at 100 mA cm−2, highlighting its robustness under harsh alkaline conditions.

Overall, the synergistic effects of MXene, GO, and CB on NF resulted in a highly efficient, durable, and cost-
effective electrocatalyst for hydrogen production. This work provides a promising strategy for the rational design of
advanced MXene-based composites for large-scale and sustainable water electrolysis applications. Future studies should
focus on optimizing composite architectures, scaling up synthesis techniques, and integrating these materials into practical
electrolyzer systems for renewable hydrogen generation.
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