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Abstract

Titanium carbide/reduced graphene oxide (Ti3C2Tz/rGO) gels were prepared by a one-step 
hydrothermal process. The gels show a highly porous structure with a surface area of ~224 m2/g 
and average pore diameter of ~3.6 nm. The content of GO and Ti3C2Tz nanosheets in the reaction 
precursor was varied to yield different microstructures. The supercapacitor performance of 
Ti3C2Tz/rGO gels varied significantly with composition. Specific capacitance initially increased with 
increasing Ti3C2Tz content, but at high Ti3C2Tz content gels cannot be formed. Also, the retention 
of capacitance decreased with increasing Ti3C2Tz content. Ti3C2Tz/rGO gel electrodes exhibit 
enhanced supercapacitor properties with high potential window (1.5 V) and large specific 
capacitance (920 F/g) in comparison to pure rGO and Ti3C2Tz. The synergistic effect of EDLC 
from rGO and redox capacitance from Ti3C2Tz was the reason for the enhanced supercapacitor 
performance. A symmetric two-electrode supercapacitor cell was constructed with Ti3C2Tz/rGO, 
which showed very high areal capacitance (158 mF/cm2), large energy density (~31.5 μW h/cm2 

corresponding to a power density of ~370 μW/cm2), and long stability (~93% retention) after 
10,000 cycles. 

1. Introduction

The development of novel supercapacitor-electrode materials is necessary for advancing energy 
storage technology, particularly if intermittent renewable energy sources are being used.1,2 
Supercapacitors in particular have attracted extensive attention due to their high-power density 
and long cycle-life. Depending on the charge storage mechanism, supercapacitors can be 
classified into two groups. First, capacitors with electrochemical double layer capacitance (EDLC) 
where carbonaceous materials like graphene, reduced graphene oxide (rGO) and CNT store 
charges by forming double layer at material-electrolyte interface. 3 Second, redox capacitance 
devices store charge by Faradic reaction 3 A redox or pseudocapacitive material can store more 
charge per unit mass than EDLC materials. However, metal oxides exhibit poor electronic 
conductivity, and conductive polymers have low structural stability. These drawbacks of common 
redox materials restricts their practical application in supercapacitor electrodes.4 New materials 
are needed to address this problem.

The recent discovery of two-dimensional carbides and nitrides, referred to as MXenes, are 
promising for supercapacitor electrodes due to their properties and 2-D geometry. MXenes are 
typically derived from MAX phases, where M represents early transition metals (Ti, V, and Nb 
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etc.), A is an element from the groups 13-16, and X stands for carbon or nitrogen. MXenes 
possess three unique properties: (i) the transition metal M has a variable oxidation state which 
increases the charge transfer;5 (ii) the functional groups at MXene surfaces are redox active,6 and 
(iii) they facilitate fast ion transport due to the stacked structure.7 The Tz in MXenes with general 
formula Mn+1XnTz represents the surface groups such as –F, –O, and –OH. These functional 
groups produce a high capacitance in aqueous electrolytes.8 Moreover, the oxidation state of 
titanium is changed in H2SO4, due to the protonation of oxygen functional groups with the 
intercalated H+. However, re-stacking of MXene layers can deteriorate the charge storage 
efficiency by preventing full use of electrochemically active sites. In addition, Ti3C2Tz has restricted 
potential windows (<1 V), which decreases the energy density of supercapacitor.9 

To overcome these limitations, hybrid structures of MXene/conductive polymer and 
MXene/carbonaceous materials have been examined. Boota et al. studied the supercapacitor 
property of MXene electrode prepared by in-situ polymerization of pyrrole (PPy).10 Very high 
volumetric capacitance of 1000 F/cm3 was achieved due to the combined effect of enhanced 
interlayer spacing between the PPy-intercalated MXene layer and additional surface redox 
contribution of PPy. The conductive filler plays the role of conductive “bridge” to connect 
separated Ti3C2Tz blocks. Charge storage property of Ti3C2Tz also increased by forming hybrid 
structure of Ti3C2Tz/CNT and Ti3C2Tz/rGO.11 Xu et al. prepared graphene/MXene films by vacuum 
filtration process and achieved remarkably high specific capacitance (405 F/g) compared to pure 
MXenes (45 F/g) and rGO films (282 F/g).9 The conductive rGO acts as a bridge between the 
separated MXene layers; thus electrical conductivity was increased. In addition, rGO sheets 
inserted between MXene layers prevent agglomeration and allows for fast electrolyte ion 
transport. However, the specific capacitance of MXene/rGO structure is comparatively lower than 
other redox/EDLC hybrid electrodes (for example rGO/NiO and rGO MnO2) due to lack of porosity 
and low surface area. Both the porosity and surface area can be improved by forming a 3D (gel 
or foam) structure. Large internal reactive areas can be achieved when 2D sheets are assembled 
in a macroscopic 3D structure. Moreover, in comparison to 2D sheets/films, 3D morphologies 
contain more porous structure with interconnected micro-/nanosheets and hierarchical pores. 

Here, 3D Ti3C2Tz/rGO porous gels were prepared by a one-step hydrothermal reaction. 
Ti3C2Tz/GO dispersion with different ratios were gelated in stainless steel autoclaves. As 
expected, hydrothermal treatment of bare GO dispersion can form rGO gel, but the hydrothermal 
treatment of bare Ti3C2Tz cannot produce a gel structure. 3D gels with different Ti3C2Tz contents 
were employed as supercapacitor electrodes, and the resulting properties showed large variation 
of properties as a function of Ti3C2Tz content. Both current response and potential window of the 
hybrid gels were significantly higher than those of pure rGO gels. Due to the combined effect of 
EDLC and redox mechanism, Ti3C2Tz/rGO gel exhibited high specific and areal capacitance with 
high energy density.

Page 2 of 20Nanoscale



3

2. Experimental Section

2.1. Materials

The elemental powders Titanium (~325 mesh, 99%), aluminum (~325 mesh, 99.5%), and graphite 
(7-10 micron, 99%) was acquired from Alfa Aesar. Carbon black (Alfa Aesar, 99.9%), and 
Polyvinylidene fluoride (PVDF) was purchased from alfa Aesar. Commercial GO with 
concentration of 4 mg/ml was purchased from MSE Supplies. Carbon Paper (Alfa Aesar) was 
used for electrode preparation. N-Methyl-2-Pyrrolidone (NMP) and H2SO4 was purchased from 
Sigma-Aldrich.

2.2. Experimental Methods

2.2.1. MXene nanosheet synthesis

Uniform particle size of MAX phase is prepared by ball milling of in-house synthesized 
Ti3AlC2 powder for 1 h, following procedure described elsewhere.12,13 After that, the 
MAX phase powder was mixed with 6 M Hydrochloric acid (HCl) and Lithium Fluoride (LiF) and 
kept by magnetic stirring at 40 ºC for 40 hours. Then the mixture centrifuged at 9000 rpm for 15 
mins to remove the HF. The sediment was further washed (in water) at 9000 rpm for 15 mins to 
get rid of unwanted HF. Then, the sediment was redisposed into the Dimethyl Sulfoxide (DMSO) 
and stirred for 20 hr (at room temperature) for intercalation. After mixture was further washed with 
water 2-3 times followed by bath sonication (1 hour) to delaminate the nanosheets. Finally, the 
mixture centrifuged for 55 min (at 3500 rpm) and Ti3C2Tz nanosheets collected from the 
supernatant. Ti3C2Tz nanosheets were freeze dried for 3 days.

2.2.2. Gelation

The freeze-dried Ti3C2Tz nanosheets were redispersed by bath-sonication (4 mg/ml) in water. GO 
dispersion (4 mg/ml in water) was added to Ti3C2Tz dispersion in different ratios. For every 0.1 M 
of as-prepared nanosheet dispersion, premixed NaAsc stock solution was added to make 100 ml 
dispersion with (1 mg/ml concentration). The GO: Ti3C2Tz (G:M) ratio was varied as: GM0 (0:100), 
GM1 (70:30), GM2 (50:50), GM3 (40:60), and GM4 (30:70), respectively. The mixture placed in 
a stainless-steel autoclave and kept in an oven for 20 h at 120 °C. After that, a gel was found for 
GM0, GM1, GM2, GM3 within transparent water in the autoclave container. However, a gel 
structure was not formed at higher Ti3C2Tz loading (GM4). The gel samples were collected and 
washed with DI water. After that the sample was kept in a freeze-drier for 24 h and final product 
was collected. 

2.3. Characterization Techniques

The surface morphology of the samples was imaged with a scanning electron microscope (SEM, 
FEI QUANTA 600 FE-SEM) operating at 5 kV accelerating voltage. TEM sample preparation: 5 
μL of water dispersion of the Gel (0.5 mg/mL in water) was drop-casted on a holey carbon grid 
and the grid was pre-treated by glow-discharging to make it hydrophilic. The excess solution was 
wiped off and then air-dried. The samples were imaged using a FEI Tecnai Twin (Biology) TEM 
device operating at 200 kV. Raman spectra of the commercial graphene and EEG were recorded 
by using a Horiba Jobin-Yvon Lab Ram HR (633 nm) instrument.

2.4. Supercapacitor electrode preparation and measurement
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Ti3C2Tz /rGO gel powder were used as the active material to prepare the supercapacitor electrode. 
The electrodes are composed of 80 wt % active material, 10 wt % carbon black (Alfa Aesar, 
99.9%), and 10 wt % Polyvinylidene fluoride (PVDF) binder. The active material, carbon black 
and binder are dispersed in N-Methyl-2-Pyrrolidone (NMP). The supercapacitor electrode is 
constructed by roll-pressing the dispersion onto a flat carbon paper surface. The electrodes are 
then dried for 48 h at room temperature. Before electrochemical characterization, the electrodes 
are immersed in the electrolyte solution for 0.5 h in order to enhance the electrolyte diffusion into 
the material bulk.

The electrochemical properties of the gels were investigated with cyclic voltammetry (CV), 
charge-discharge and electrochemical impedance spectroscopy (EIS) by a Gamry Reference 
3000TM potentiostat. AgCl and platinum wire was used as reference and as counter electrode, 
respectively. Symmetric “Swagelok” Type cell constructed by assembling two electrodes and one 
separator. A CelgardTM separator (3501 Coated PP) is used. The electrolyte is 1 M H2SO4. 
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3. Results and Discussion 

3.1. Gel preparation

Our approach to create Ti3C2Tz/rGO hybrids takes the gelation of GO as a starting point.14 Our 
intent is to gelate GO with Ti3C2Tz present in order to achieve a highly porous structure combining 
advantages of both nanomaterials. Mixtures of Ti3C2Tz nanosheets and GO with different ratios 
were placed in a stainless-steel autoclave and kept in an oven for 20 h at 120 °C. The GO: Ti3C2Tz 
(G:M) ratio was varied as: GM0 (0:100), GM1 (70:30), GM2 (50:50), GM3 (40:60), and GM4 
(30:70), respectively. The synthesis procedure is described in Figure 1. After that, a gel was 
found for GM0, GM1, GM2, GM3 within transparent water in the autoclave container. An optical 
image of gel (GM2) is shown in Figure 1. However, a gel structure was not formed at higher 
Ti3C2Tz loading (GM4). This occurs because there is insufficient graphene content to form the 
interconnected structure; the Ti3C2Tz does not participate in the gelation process. Prior work 
(including our own) has demonstrated similar GO gelation processes under these conditions; 
when a foreign element (such as Ti3C2Tz in our case) is present, it may act as an additional cross-
linker and promote gel formation.15-18 The gel samples were collected, washed, and dried in a 
freeze-drier for 24 h to obtain the final product.

Figure 1. One-step hydrothermal synthesis process for Ti3C2Tz/rGO gel. The gel was collected 
from the autoclave and dried in a freeze-drier for 24 h.
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3.2. Material characterization

Electron microscopy images of the resulting gels are shown in Figure 2. Nanosheets are visible 
at high magnifications in the SEM images (Figure 2a-b). Near-transparent sheets can be seen in 
the TEM image of GM2 gel (Figure 2c-d). From the TEM image, overlapping sheets can be seen, 
such that certain areas show one sheet and other areas show two. Figure S1 shows a low 
magnification FE-SEM image of GM2 gel, confirming a highly porous structure. A more crumpled, 
less porous structure was seen in the FE-SEM image of pure rGO gel (GM0) (Figure S2). 
However, a porous gel structure was observed from the FE-SEM image of GM1 and GM3 (Figure 
S3). Figure S4 shows the FE-SEM image of Ti3C2Tz nanosheets.

Figure 2. (a, b) FE-SEM images of GM2 gel and (c, d) TEM image of GM2 gel.
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EDS analysis was carried out on both GM2 and GM0, with results summarized in Table 1. (This 
corresponds to SEM images in Figure S5). The GM2 composition was ~38 wt% of Ti, 34 wt% of 
C and 24 wt% of O. This indicates that GM2 gel contained Ti3C2Tz sheets and rGO to form a 
porous structure. EDS of GM0 shows ~21 wt% O (lower than typical GO values),19,20 suggesting 
that the GO is partially reduced during hydrothermal treatment.

Table 1. EDS analysis results of GM0 and GM2

Ti (Wt%) C (Wt%) O (Wt%)

GM0 _ 79.1 20.9

GM2 37.9 34.4 24.3
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Figure 3. (a) XRD and (b) Raman spectra of GM2 gel.

XRD was carried out in order to confirm the composition of the GM2 gel (Figure 3a). XRD pattern 
shows the presence of peaks corresponding to both rGO and Ti3C2Tz. The peak at 26o (002) 
indicates the reduction of GO to rGO during the hydrothermal process. In addition, the 
appearance of (002) and (104) peaks confirmed the presence of Ti3C2Tz in GM2 gel. The 
formation of rGO/Ti3C2Tz gel was further confirmed by Raman spectra analysis. Figure 3b shows 
the Raman spectra of GM2. The Raman peak at 624 cm‒1 was attributed to the characteristic 
vibrational modes of Ti3C2Tz. On the other hand, the peaks at 1347 and 1586 cm‒1 was 
corresponding to the D and G band of rGO. However, the D band intensity is comparatively high 
than G band. Previously, EDS analysis shows that GO was not completely reduced during 
hydrothermal treatment. Remaining oxygen functionalities at the edge of rGO in GM2 gel 
contribute to the higher D band intensity.

The N2 adsorption-desorption isotherms are shown in Figure 4a, while Figure 4b shows the 
variation of pore volume with respect to pore diameter of GM2. The BET surface area of GM2 is 
found to be very high (~224 m2/g). Figure 4a shows little deviation (the adsorption and desorption 
do not overlap) in the curve at the higher p/p0. This kind of upward deviation or IV type isotherm 
arises due to the presence of mesopores with the pore size ranging from 2-50 nm. Due to the 
mesoporous structure of the GM2 gel the monolayer–multilayer adsorption happens along with 
capillary condensation in narrow pores of GM2 gel. The available pore diameter of GM2 varies in 
the range of 2 nm to 17 nm. The average pore diameter is found to be ~3.6 nm. The pore size is 
appropriate for the transport of electrolyte ions through the electrode material.

In Table S1, the surface area of GM2 is compared with other reported graphene-based gels and 
graphene/MXene gels. As-prepared GM2 has comparatively higher surface area than other 
reported graphene/MXene gels. However, the surface area of GM2 is lower than the graphene-
only gels.
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Figure 4. (a) N2 adsorption-desorption isotherm and (b) pore volume vs. pore size distribution of 
GM2 gel. 

3.3. Electrochemical characterization

The comparison of three electrode CV of GM1, GM2, and GM3 at low (10 mV/s) scan rate is 
shown in Figure 5a. The CV shape of GM1 is almost EDLC. However small - oxidation and 
reduction peaks around 0.55 V and 0.45 V are observed. This shape indicates that the 
capacitance of GM1 is mostly due to EDLC formation, with a small redox contribution. However, 
GM2 shows prominent oxidation and reduction peaks. In spite of the appearance of redox peak, 
the nature of the CV is almost undistorted. This indicates that the Faradic capacitance increases 
with increasing Ti3C2Tz content. In spite of increasing Faradic nature, the EDLC contribution of 
GM2 remains intact. However, the CV of GM3 completely loses its EDLC signature and shows 
intense redox peaks. This behavior suggests that the charge storage mechanism of GM3 is 
dominated by redox charge transfer. Ti3C2Tz/rGO gel contains two different composition Ti3C2Tz 
and rGO. Here, rGO contributes via EDLC mechanisms whereas Ti3C2Tz takes part in redox 
reaction. When the composition is varied, the relative content of EDLC and redox capacitance 
also varied. Redox mechanism has higher charge storage capacity than EDLC. As a result, with 
increasing rGO content, the specific capacitance of Ti3C2Tz gel increased significantly. On the 
other hand, EDLC has higher retention capability. Thus, at very high content of Ti3C2Tz the 
retention of specific capacitance decreased.

The three electrode CV performance of GM1, GM2, and GM3 at high (10 mV/s) scan rate is shown 
in Figure 5b. At high scan rates, all the sample lost their corresponding redox peaks, suggesting 
that the redox charge transfer did not take place at very fast charge-discharge rates. At higher 
scan rate, the Redox reaction time is slower compared to the fast scan rate. Thus, not all the 
redox active sites could take part to the charge transfer process. As a result, redox peaks 
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disappear at higher scan rate. In addition, the CV nature of GM3 becomes completely distorted 
at high scan rates. This is due to the fact that at high scan rates, the electrolyte ions were not able 
to access all the active site of the electrode material. Thus, it can be concluded that higher Ti3C2Tz 
content increased the charge storage capacity, but also deteriorates the charge transfer rate of 
the gel electrode.

Figure 5. CV at (a) 10 mV/s and (b) 500 mV/s of GM1, GM2 and GM3, Nyquist plot of EIS 
results of (c) GM0 and GM1, and (d) GM2 and GM3. Ag/AgCl and platinum wire are used as 

references and counter electrode, respectively.

The three electrode CV of pure rGO gel (GM0), Ti3C2Tz nanosheets and Ti3C2Tz/rGO gel (GM2) 
are compared in Figure S6 at 10 mV/s scan rate. The specific capacitance was calculated as 
314, 402 and 920 F/g for GM0, MXene nanosheets and GM2, respectively. The specific 
capacitance of Ti3C2Tz/rGO is much larger than those of both the pure rGO and Ti3C2Tz 
nanosheets. The combined effect of EDLC and Faradic capacitance is the reason for high 
capacitance in Ti3C2Tz MXene/rGO gel. The specific capacitance of the present work (Ti3C2Tz/rGO 
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gel) was also compared with previously reported pure rGO, graphene and Ti3C2Tz MXene 
electrodes in Table S2.21-28 The specific capacitance of Ti3C2Tz/rGO gel is significantly higher than 
those of pure rGO and Ti3C2Tz MXene electrodes. Thus, it can be concluded from Table S2 that 
hybridization of Ti3C2Tz and rGO is a better choice when compared to pure rGO or Ti3C2Tz MXene 
electrodes. Figure S7 shows the CV of GM0, GM1, GM2 and GM3 at various scan rates. The 
potential window of Ti3C2Tz content gel electrode (GM1, GM2 and GM3) was 1.5 V (-0.5 to 1 V). 
However, the pure rGO gel electrode (GM0) exhibits a relatively small potential window of 1 V (-
0.5 to 0.5 V). In addition, rGO gel shows complete EDLC nature. With increasing scan rate, the 
current response increased for all the gel electrodes. Table 2 compares the CV performance of 
GM0, GM1, GM2 and GM3. At 10 mV/s scan rate. The specific capacitance of GM0, GM1, GM2 
and GM3 at 10 mV/s scan rate was measured to be 314, 701, 920 and 1100 F/g respectively. 
The specific capacitance increases significantly with increasing Ti3C2Tz content. However, 
specific capacitance of higher Ti3C2Tz content sample was comparatively poor at higher scan rate. 
The specific capacitance of GM0, GM1, GM2, and GM3 at 500 mV/s scan rate was measured to 
be 62, 140, 142, and 140 F/g respectively. The retention (at 500 mV/s scan rate) was ~20%, 20%, 
15% and 13% for GM0, GM1, GM2, and GM3, respectively.

Table 2. Specific capacitance of GM0, GM1, GM2 and GM3 at various scan rates.

Specific capacitance (F/g)Scan rate 
(mV/s)

GM0 GM1 GM2 GM3

10 314 701 920 1100

50 208 546 549 747

100 132 433 401 422

200 81 281 275 297

500 62 140 142 140

The Nyquist plots of GM0, GM1, GM2 and GM3 are presented in Figure 5c and 5d. The EIS 
measurement was carried out in a frequency range of 0.2 to 105 Hz. The series resistance 
increased significantly with increasing Ti3C2Tz content. The series resistance of GM0, GM1, GM2, 
and GM3 was measured as 1.3, 2.5, 7.8, and 11.6 ohm, respectively. Comparatively large Faradic 
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resistance (~1.5 ohm) of GM3 suggests the existence of high charge transfer resistance during 
charging-discharging. The gel contains two different components, Ti3C2Tz and rGO. Here, rGO 
contributes via the EDLC mechanism, and Ti3C2Tz takes part in a redox reaction. It is interesting 
to note that even with increasing Ti3C2Tz content, the charge transfer resistance increases. For 
rGO, electrostatic charge separation at electrode/electrolyte interface is the origin of capacitance, 
and no charge transfer resistance arises. However, for Ti3C2Tz, the redox potential of electrode 
and electrolyte are different. As a result, a potential barrier arises at the electrode/electrolyte 
interface29,30. This potential barrier is the characteristic of electrode material and corresponding 
electrolyte. Here, with increasing Ti3C2Tz content in the gel, the contribution of EDLC decreases 
and contribution of redox capacitance increases. Thus, due to the presence of higher amount of 
redox active material, the charge transfer resistance increases due to increasing potential barriers 
at the electrode electrolyte interface.

The variation of the voltammetric charge (q*) with respect to the sweep rates v: extrapolation of 
q* to υ = ∞ from the q* versus 1/υ1/2 plot is presented in Figure 6a. The intersection is correlated 
with the available active sites on the exposed surface of the electrode material. If the amount of 
active site on the exposed surface increases then the supercapacitor can maintain its higher 
capacitance value during fast charge-discharge. Thus, charge storage capability increases with 
these active electrode sites. The outer active site was estimated as 41, 206, 108, and 97 C g-1 for 
GM0, GM1, GM2, and GM3, respectively. It was interesting to notice that GM1 has more outer 
active sites than GM0. This shows that initially with the introduction of Ti3C2Tz the outer charge 
storage capability of the electrode increases. However, with further increasing Ti3C2Tz content the 
amount of outer active sites decreased. This behavior suggested that increased content of Ti3C2Tz 
actually decreases the outer charge storage capability. 

The Mott-Schottky plots of GM1, GM2 and GM3 are shown in Figure 6b. Due to the presence of 
two different kind of materials (Ti3C2Tz and zero bandgap rGO), Ti3C2Tz/rGO gels behave like 
semiconducting material. The data indicates that a potential barrier developed at the electrode 
electrolyte interface when the two come in to contact. This potential barrier is the origin of the 
redox charge transfer among the active sit of electrode and electrolyte ions. The positive slope of 
the Mott-Schottky plot indicates the n-type semiconducting nature of the GM samples. The inverse 
of the slope is proportional to the defect (charge active site) density. The active site density in 
GM3 is much higher. This is the reason for high redox capacitance in GM3. 
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Figure 6. (a) Variation of the voltammetric charge (q*) with respect to the scan rates (v); the 
lines indicate a linear fit; and (b) Mott-Schottky plot (variation of 1/C2 vs. V). 

A symmetric supercapacitor cell was prepared by using GM2 as the electrode material. The area 
of electrode is ~0.785 cm2. The CV nature (Figure 7a) shows an EDLC-like signature, and a large 
potential window of 1.2 V was achieved. A high areal capacitance of 560 mF/cm2 was achieved 
at 10 mV/s scan rate. Figure 7b shows the charge-discharge of GM2 supercapacitor cell at 
various current density. The areal capacitance was measured to be 158, 133, 106, and 76 mF/cm2 
at current density of 0.6, 1.3, 5.1, and 10.2 mA/cm2, respectively. CD curves for GM0, GM1 and 
GM3 at various current density values is represented in Figure S8. CD curves show that the 
charge storage mechanism of the gel supercapacitor is not completely capacitive but also 
diffusive in nature. The areal capacitance of GM0, GM1, GM2, and GM3 symmetric cell was 
summarized in Table 3. Although, the specific capacitance (three electrode) of GM3 was higher 
than GM2, but the areal capacitance of GM3 is much lower than GM2. It suggested that due to 
the Faradic nature of GM3 as well as lower voltammetric charge density GM3 shows poor charge 
storage performance when employed in symmetric cell. Coulombic efficiency, which is the ratio 
of discharging and charging time, is another parameter to evaluate the supercapacitor 
performance. In ideal case, the coulombic efficiency is 100%, i.e. charging and discharging time 
is equal. However, in practical the entire charge transfer reaction are not completely reversible 
and discharging time is generally lower than charging time. The symmetric supercapacitors also 
exhibited high coulombic efficiency (calculated from the CD plots). GM0 shows highest coulombic 
efficiency of 97 and 98% at 0.6 and 1.3 mA/cm2 current density. As the charge storage mechanism 
of GM0 is EDLC and no redox type materials is present, the coulombic efficiency is very high. 
The coulombic efficiency of GM1, GM2, and GM3 are low compared to GM0 due to the presence 
of Ti3C2Tz. The coulombic efficiency was calculated as ~ 93, 94 and 94 % for GM1, GM2, and 
GM3 respectively, at 0.6 mA/cm2 current density. On the other hand, at 1.3 mA/cm2 current 
density, the coulombic efficiency was 97% for all the supercapacitor tests (GM1, GM2 and GM3).
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Figure 7. Two electrode (a) CV and (b) CD of GM2 at various scan rates and current density 
(dotted line represented charging and continuous line for discharging).

Table 3. Areal capacitance (at different current density) of GM0, GM1, GM2, and GM3 
symmetric device.

Areal capacitance (mF/cm2)Current 
density 
(mA/cm2)

GM0 GM1 GM2 GM3

0.6 59 65 158 108

1.3 49 53 140 69

5.1 40 43 127 59

10.2 30 34 110 42
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Table 4. Energy density (at different power density) of GM0, GM1, GM2 and GM3 symmetric 
device.

Energy density (μW h/cm2)Power 
density 
(μW/cm2)

GM0 GM1 GM2 GM3

370 8.2 12.9 31.5 21.6

760 6.2 10.6 28.6 11.6

3000 5.7 9.4 25.5 9.4

6120 4.3 8.5 22.1 8.5

Figure S9 shows the Ragone plot of GM0, GM, GM2, and GM3 two-electrode supercapacitor cell 
and the corresponding results were summarized in Table 4. The highest measured energy density 
(31.5 μW h/cm2) was achieved at a power density of 370 μW/cm2. At very high-power density of 
6120 μW/cm2, the energy density remained high at ~22.1 μW h/cm2. The supercapacitor property 
(areal capacitance, energy and power density, and stability) of the present work was compared 
with previously reported pure Ti3C2Tz MXene, pure rGO and different hybrid MXene and rGO 
symmetric supercapacitor in Table S3.31-40 It was found that Ti3C2Tz/rGO gel possess comparable 
and, in some cases, significantly better supercapacitor performance compared to other reported 
materials. Figure S10 shows the performance of GM2 two-electrode supercapacitor for 10,000 
cycles, confirming a high (~93%) cycling stability. The stability was measured at a current density 
of 5.1 mA/cm2. After 10000 cycles, no significant cracking or morphological change was observed. 
An FE-SEM image (Figure S11) of GM2 gel after 10000 cycles shows a highly porous structure, 
similar to the un-used Ti3C2Tz/rGO. This suggests that the gel structure formed by one-step 
hydrothermal process is suitable for long life and stable supercapacitor applications.

4. Conclusions

The results of this study show that hybridization of Ti3C2Tz and rGO and formation of porous 
structure can significantly improve electrochemical energy storage performance of the respective 
nanomaterials. Ti3C2Tz/rGO gel was prepared by one-step hydrothermal process. There are few 
previous reports on the preparation of Ti3C2Tz/rGO gel; however, they used anti-oxidants during 
synthesis. We prepared the Ti3C2Tz/rGO gels without using any anti-oxidant. In addition, no other 
reducing agent was used during the synthesis process. Reduction of GO to rGO and formation of 
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Ti3C2Tz/rGO gel was performed in a single step through an appropriate temperature and time for 
the hydrothermal reaction. This is important because with higher temperature or longer times, 
Ti3C2Tz MXenes can be oxidized, while at lower temperature and times, gel formation is not 
possible. Furthermore, the supercapacitor performance of the present material is also higher 
(Table S2 and S3) than other reported MXene/rGO gels.22,24,25,28,32,37,41-52 The Ti3C2Tz/rGO gels 
consisted of nanosheets in a highly porous structure with a surface area of ~224 m2/g and average 
pore diameter of ~3.6 nm. Ti3C2Tz/rGO gel with different compositions was employed as 
supercapacitor electrodes. All Ti3C2Tz/rGO gel electrodes show larger potential window and high 
specific capacitance than the pure rGO gel and Ti3C2Tz. The synergistic effect of EDLC from rGO 
and redox capacitance from Ti3C2Tz allows for enhanced supercapacitor performance of 
Ti3C2Tz/rGO gels. Higher Ti3C2TZ content increased the specific capacitance but decreased the 
retention value at higher scan rates. The gel structure with equivalent GO and Ti3C2TZ content 
shows the best supercapacitor performance, with high capacitance as well as excellent retention. 
Compared to other rGO and Ti3C2Tz based hybrid electrodes in the literature, our porous 
Ti3C2Tz/rGO gels exhibited superior supercapacitor properties. Ti3C2Tz/rGO gel showed very high 
energy density of ~31.5 μW h/cm2 corresponding to a power density of ~370 μW/cm2. Due to the 
highly porous structure and appropriate content of Ti3C2Tz and rGO, Ti3C2Tz/rGO gel also maintain 
a high energy density (~22.1 μW h/cm2) corresponding a very high-power density of 6120 
μW/cm2. The coulombic efficiency of the supercapacitor also very high (~94%) even at lower 
current density of 0.6 mA/cm2. In addition, Ti3C2Tz/rGO symmetric cell also exhibited stable 
performance, with ~93% retention after 10,000 cycles. Large areal capacitance at high current 
density and large energy storage capacity even at high power density indicates that Ti3C2Tz/rGO 
gels are highly promising for energy storage applications.
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