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ARTICLE INFO ABSTRACT

Keywords: Two-dimensional (2D) Mo, 33C MXene renders great potential for energy storage applications and is mainly
Mo, 33C studied in the sulfuric acid (H,SO,) electrolyte. However, H,SO, limits the electrode potential to 0.9 V for
MXene

symmetric devices and 1.3 V for asymmetric devices. Herein, we explore the electrochemical behavior of Mo, 35C
MZXene in LiCl electrolyte. In comparison to H,SO,, LiCl electrolyte is a neutral salt with high solubility at room
temperature and low hazardousness. The analysis shows a volumetric capacitance of 815 Fcm=2 at a scan rate
of 2 mVs~! with a large operating potential window of -1.2 to +0.3V (vs. Ag/AgCl). This is further exploited
to construct MXene-based asymmetric supercapacitors Mo, 33C//Mn,O,, and the electrochemical performance
is evaluated in 5M LiCl electrolyte. Owing to the wide voltage widow of the Mo, 33C//Mn,O, devices (2V)
and high packing density of the electrodes, we have achieved a volumetric energy density of 58 mWh/cm?, a
maximum power density of 31 Wem™ and retained 92% of the initial capacitance after 10,000 charge/discharge
cycles at 10 A g~'. One of the main value propositions of this work, aside from the high energy density, is
the outstanding columbic efficiency (100%), which ensures excellent cyclic stability and is highly desirable for

Asymmetric supercapacitors, LiCl electrolyte

practical applications.

Introduction

The high-power output, aside from the low environmental impact
and safety, makes aqueous electrolyte supercapacitors (SCs) one of the
most promising energy storage devices [1]. In general, SCs are operated
using aqueous electrolytes, resulting in a smaller voltage window (~1.2
V), while the SCs based on organic and ionic electrolytes exhibit a higher
voltage window (~3-4 V), leading to a high energy density [2]. Extend-
ing the potential window decomposes the aqueous electrolyte at the
electrode/electrolyte interface and leads to undesirable side reactions,
material degradation and performance deterioration. On the other hand,
the utilization of ionic or organic electrolytes raises handling, safety, and
cost concerns. Therefore, it is highly motivated to extend the operating
voltage window of SCs with aqueous electrolytes.

The discovery of two-dimensional (2D) Ti;C, MXene with a volumet-
ric capacitance of 900 Fem~3, reaching further up to 1500 Fem~2 after
a hydrogel treatment process [3], a high conductivity (20,000 Scm~1),
and high capacitance retention, has extended the chances of develop-
ing MXene-based commercialized energy storage devices [4-6]. Another
member of the MXene family, i.e., Mo, 33C i-MXene, has delivered a far
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higher volumetric capacitance of 1150 Fem= due to the presence of
ordered vacancies, originating from the selective removal of both Sc
and Al from the parent Mo, 3Sc; 3AlC i-MAX phase [7-9]. Moreover,
the thermal treatment and mixing of Mo, 33C with PEDOT: PSS, cel-
lulose or biopolymers have further improved the specific capacitance,
cyclic stability, and rate performance [7,10-12]. However, these stud-
ies are carried out using H,SO, electrolyte, where Mo, 33C exhibits a
pseudocapacitive charge storage mechanism with an obvious couple of
redox peaks. It worth emphasizing that the redox reactions occurring in
the acidic electrolyte due to the variation in transition metal oxidation
states, aside from the hydronium ion intercalation, is the main contrib-
utor to the increased capacitance [8,11].

Also, it has been observed that the voltage window of Mo, 33C MXene
with stainless-steel, as a current collector, is limited to 0.65 V. However,
the operating voltage window can be extended towards the negative side
by using glassy carbon (GC) as a current collector, which suppresses the
hydrogen evolution reaction (HER) and results in a voltage window of
0.8 V. The positive potential side for MXene electrodes is always limited
by the open-circuit voltage (OCV) to avoid undesirable phase transfor-
mations and/or MXene oxidation [5].
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Previous studies have proven that widening the voltage widow of
MXene can be achieved by improving the redox reaction dynamics
[13] via (i) changing the electrolyte pH, (ii) using multi-ion electrolytes,
such as redox-active electrolyte [14], or (iii) dissolving an excessive
amount of salt in water, such as a high molarity lithium chloride (LiCl)
[15]. The latter can potentially extend beyond the thermodynamics po-
tential [16]. For instance, V,C and Ti;C, have demonstrated an oper-
ating potential window of 0.9 V and 1.3 V (vs. Ag/AgCl) in 5M LiCl,
respectively [17]. MXene-based symmetric SCs are limited to the op-
erating voltage of 1 V in basic electrolytes due to the low oxidation
potential of MXene. Therefore, high-performance MXene-based devices
can be constructed by combining MXene as a negative electrode with
a high-performance positive electrode, forming asymmetric SCs. Many
efforts have been devoted to introduce a suitable positive electrode to
match the superior charge storage performance of MXene-based nega-
tive electrodes, such as carbon-based electrodes [18], conducting poly-
mers [19] and metal oxides [20]. However, the energy density of these
MXene-based ASCs is either limited by the operating potential or the
specific capacitance of the positive electrode.

Manganese oxide is a promising electrode material because of mul-
tiple oxidation states of the transition metal (from +2 to+ 7) [21], wide
operating potential and high capacitance [21]. However, the electro-
chemical stability of MnO, in aqueous electrolytes is compromised due
to the change in physiochemical properties and the capacitance of MnO,,
electrode fades during the charge/discharge cycling [22]. Still, Mn;04
electrode renders a high theoretical capacitance of 1400 Fg~! and out-
standing stability in aqueous electrolyte [23,24].

Motivated by the above, the current study investigates the electro-
chemical behavior of Mo; 33C MXene in 5M LiCl electrolyte and exploits
the wide voltage window (1.5 V) of Mo; 33C electrode to construct asym-
metric supercapacitors (MXene//Mn, O, ), where Mn,O,, served as a pos-
itive electrode. The high voltage window yielded the volumetric and
gravimetric capacitance of ~815 Fem~3 and 215 Fg~1, respectively, at a
scan rate of 2 mVs~1. Furthermore, the ASC (MXene//Mn,O,,) demon-
strated a maximum energy density of 58 mW h/cm? at 1 Ag~!, high
stability (92%) and excellent Coulombic efficiency (100%) at 10 Ag=1.

2. Experimental methods

MXene synthesis: The Mo, ,3Sc; ,3AIC i-MAX phase precursor was pre-
pared by using Mo (99.9%, Sigma Aldric), Sc (99.99% Stanford Ad-
vanced), Al (99.8%, Alfa) and C (99.9%, Sigma Aldric), as detailed else-
where [8]. To prepare Mo; 33C MXene, 2 g of i-MAX phase was added
into 20 mL of 50 % hydrofluoric acid (HF) for 24 hrs, followed by suc-
cessive washing with deionized water till the pH reached 6. Then, the
delamination of as-etched powder was achieved by adding 10 mL of 40
wt.% TBAOH ,Afterwards, 40 ml of deionized water were added to the
sediment and the mixture was manually shaken for 5 min followed by
centrifugation at 3000 rpm for 1h. The supernatant was collected and
filtered to obtain a free-standing film. The electrode density of Mo; 35C
was 3.75 gem~—3, which is consistent with the previously reported den-
sity of Mo; 33C MXene films [8].

Mn,O,, synthesis: MnSO, powder (HACH Company, USA) was mixed
with NaOH (99.99%, Honeywell, Germany) in a molar ratio of 1:2. The
mixture was stirred for 24 hrs and then aged for 1 hr at room tempera-
ture. The as-produced powder was mixed with PTFE and carbon black
(with a mass ratio of 7:2:1) to form a ~7 pm thick film with a density
of ~3 g cm 3.

Materials characterization: The morphology of Mn,O, and MXene
were observed using a field emission scanning electron microscope (FE-
SEM, ZEISS). The XRD patterns were collected using an X-ray diffrac-
tometer (Rigaku, prefix), equipped with Cu Ka radiations (1 = 1.54 A).
The step size was 0.02° and the scan rate was 0.5 sec/step. STEM (FEI
Titan® 60-300) was used to investigate Mo, 35C filmin cross section.

Electrochemical characterization: The electrochemical behavior was
studied using a Swagelok plastic cell, filled with 5M LiCl electrolyte. The
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glassy carbon electrodes served as current collectors, activated carbon
(containing 5 wt. % PTFE) acted as the counter electrode and Ag/AgCl
(3.5M KCl) served as the reference electrode. Thin films of Mo; 33C
(~5 pm) and Mn,O, (~7 um) were separately employed as working
electrodes. The capacitive performance was investigated by using cyclic
voltammetry (CV) at different scan rates (2-500 mV s71) and galvano-
static charge/discharge at different current densities (1-10 Ag~1). Elec-
trochemical impedance spectroscopy (EIS) was carried out in the fre-
quency range of 100 mHz to 100 kHz. A sinusoidal voltage of 10 mA
was applied during EIS. The capacitance was calculated by integrating
the discharge area in the CV curves according to C; = 1/AVOE, (f idv),
where i represents the discharge current, V refers to voltage window, v
corresponds to scan rate and E, denotes the electrode mass. The capac-
itive and diffusion contributions can be calculated from the following
equation:

i(V) = kv + kyo'/?

where i(V) refers to the current as a function of specific voltage,v repre-
sents the scan rate, and k; and k, are constants.

Fabrication of asymmetric supercapacitors: The ASCs were fabri-
cated using Mo, 33C MXene as negative electrodes, Mn, O, film as pos-
itive electrodes and Celgard 3200 as separators. Total electrodes’ mass
in the device was ~0.3 mg loaded on 3 mm diameter current collector.
The current collector and electrolyte were glass carbon and 5M LiCl, re-
spectively. The electrode weight was calculated according to (C;m;V;)
Mo1.33¢ = (CamyVo)ungon- The energy density (E,) and power density
(P) were calculated through the following equations:

_ 2
E,=05C,V
E,=pxE,

P=E,/t

where p represents the volumetric density based on the two electrodes
volumes and t refers to the discharge time. The Mn,O, powder mixed
with 10 wt.% PTFE and 20 wt.% carbon black was rolled, dried and
punched to obtain the discs of desired size. The film thickness was mea-
sured using cross-sectional SEM images.

Results and discussion

The synthesis protocol of Mo; 33C MXene and Mn30,4/ Nag.55 Mn,0,
mixture (Mn,O,) is presented in Fig. 1a. Mo, 33C MXene was first pre-
pared by selective etching of scandium (Sc) and aluminum (Al) from
Mo, 3S¢; ,3AIC i-MAX phase using HF, followed by washing and TBAOH-
assisted delamination. Finally, the colloidal suspension was vacuum fil-
tered to obtain free-standing MXene films with an average thickness of
5 um, see Fig. 1c.The STEM image, Fig. S1, confirms the well-aligned
layered structure of single MXene sheets. The Mn,O, powder was pre-
pared by mixing NaOH platelets and MnSO, powder and stirring for
24 h (Fig.1b), resulting in the formation of a cylindrical oxide structure
(Fig.1d).

XRD patterns of as-prepared Mn,O,, powder and Mo, 35C film are
presented in Fig. S2. The Mo; 33C showed an obvious (002) MXene
peak at a low diffraction angle (5.6°) with no evidence of any resid-
ual MAX phase or ScF;. The diffraction peaks of Mn,O, indicate the
presence of two different manganous oxide phases, i.e., Mn3O, and
Nay.55Mn,04.1.5H,0 (Fig. S3). The high-magnification SEM images in
Fig. S3(a-c) reveal that the as-prepared Mn, O,, powder consists of small,
agglomerated nanoparticles and well-delineated nanosheets. The EDS
mapping shows uniform distribution of Mn and O, whereas the car-
bon originates from the carbon black and PTFE, and a small amount
of sodium (Na, <1 at. %) originates from Na, 55Mn, O, phase (Fig. S3e).
The cross-sectional SEM image of the Mn,O,, film is presented in Fig.
S4.
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The electrochemical behavior of Mo, 33C MXene in 5M LiCl aqueous
electrolyte is demonstrated in Fig. 2. The low and high potential limits
were assigned using glassy carbon as a current collector, as shown in
Fig. S5. The Mo, 33C voltage window can be extended to +0.3 V and
-1.2'V (vs. Ag/AgCD) in the positive and the negative directions, respec-
tively. The high concentration of LiCl decreases the amount of free water
molecules and, consequently, limits the parasitic reactions at the neg-
ative side [2]. The operating potential window of Mo; 33C in 5M LiCl
electrolyte (1.5 V) is higher than the previously reported TizC, (1.35 V)
and V,C (1V) MXenes under the similar operating conditions. The CV
profiles of Mo, 33C MXene, at the scan rate of 2 to 100 mV s~!, exhibit
a broad redox peak at -0.9 V (vs. Ag/AgCl), which is an indication of
the pseudo-intercalated capacitive behavior, as reported for MXenes in
aqueous electrolytes (Fig. 2a) [4][17]. Gravimetric and volumetric ca-
pacitances of the Mo, 35C electrode at different scan rates are shown in
Fig. 2b. The Mo, .33C electrode delivered a volumetric capacitance of
815, 684, 560, 449, 388, 319, 277 and 238 Fcm™3 at the scan rate of 2,
5, 10, 20, 30, 50, 70 and 100 mVs~1, respectively. Correspondingly, the
gravimetric capacitance was found to be 215, 183, 150, 120, 103, 85,
73 and 63 Fg~! at the same scan rates, respectively.

One should note that the Mo, 35C electrode has higher capacitance
than the TizC, (130 F g~1) and V,C (110 F g~1) free-standing MXene
films measured in 5M LiCl electrolytes at the same scan rate (2 mV s~1)
[17]. In addition to the larger potential window (1.5 V), the high capac-
itance of Mo, 33C MXene may be ascribed to the presence of vacancies,
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Fig. 1. (a) Schematic illustration of the synthe-
sis of Mo, 33C MXene film; (b) Synthesis proce-
dure of the Mn, O, powder; (c) Cross-sectional
SEM image of the Mo, 33C MXene film; and (d)
Low-magnification SEM image of Mn, O, pow-
der.

Fig. 2. (a) CV curves of Mo, 33C plotted based

oM Lich _'_;:g: on specific capacitances at different scan rates
——3Ag" (2-100 mV s~1); b) Gravimetric and volumetric
——5Ag’ capacitance at different scan rates; ¢) Galvano-
static charge/discharge curves at different cur-
rent densities; d) Nyquist plot with the equiv-
alent circuit; e) Cyclic stability and Coulombic
efficiency at 10 A g~1; and f) CV curve of Mn, O,
electrode at 2 mV s71.
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originating from the removal of Sc during the etching process. As re-
ported in the case of 1M H,SO, electrolyte [8], the vacancies-containing
Mo, 33C electrode renders ~65% higher capacitance than the vacancies-
free counterpart, i.e., Mo,C MXene. Insight into whether this capaci-
tance difference is due to the vacancies alone, or the observed differ-
ence in the surface terminations, requires further investigations. Still, it
has been reported that the presence of vacancies in 2D materials may
improve the electrochemical behavior such as for TiS, [25]. Also, a the-
oretical study on Mo,C reported that the presence of atomic vacancies
improves the adsorption and diffusion of Li-ions on Mo,C surface [26].
Fig. 2c presents GCD curves of the Mo;.33C at the current density of 1,
2, 3 and 5 Ag~1, showing a symmetric triangular shape without obvi-
ous IR drop. This also confirms the high reversibility of redox reactions
at the Mo, 33C electrode/electrolyte interface. EIS analysis in Fig. 2d
represents the experimental and fitted Nyquist plots. TheNyquist plot
of Mo, 33C can be fitted with an equivalent circuit, which is similar to
TizC, electrodes [15,27] because the Nyquist plot behaves like Ti;C,
in 5M LiCl [27], containing a semicircle in the high-frequency region
and a sloping line in the low-frequency region. The internal resistance
(0.9 Q) and charge transfer resistance (8.3 Q) can be estimated from
the x-intercept and semicircle diameter in the high-frequency region,
respectively.

Mo, 33C MXene retained >85% of the initial capacitance after 7,000
charge/discharge cycles at the current density of 10 Ag~1, as shown in
Fig. 2e. In comparison, a previous report showed that V,C MXene suf-
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Fig. 3. The electrochemical performance of
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fered from low stability in aqueous electrolyte due to the high oxidation
rate and restacking, retaining only ~30% of the initial capacitance after
1500 charge/discharge cycles in 5M LiCl electrolyte [17]. Furthermore,
a Coulombic efficiency of almost 100% after 7000 charge/discharge
cycles, as shown by GCD curves (inset in Fig. 2e), indicates that the
Mo, 33C MXene electrode will deliver stable performance during further
cycling. The partition analysis (Fig. S6) shows the capacitive contribu-
tion (grey pattern) vs. current at the scan rate of 5 mVs~! and 50 mVs~!.
The gradual increase in capacitive contribution with the increase of scan
rates is a typical feature of supercapacitive electrodes and indicates a
rapid charge storage mechanism.

Prior to the fabrication of ASCs, the electrochemical behavior of the
as-prepared Mn, O, in 5M LiCl electrolyte is assessed by carrying out
three-electrode measurements. TheCV and GCPL curves of Mn, O, elec-
trode in 5M LiCl aqueous electrolyte at different scan rates and current
densities are shown in Fig. S7. The CV curve, recorded at 2 mVs™!, ex-
hibits two distinct pairs of reversible redox peaks (Fig. 2f), where the
redox couples at 0.55/0.7 V and 0.81/0.88 V (vs. Ag/AgCl) correspond
to redox reactions of MnO, and MnOOH, respectively [28]. Also, these
redox peaks still appeared at higher scan rates (50 mVs~!), indicating
the occurrence of reversible pseudocapacitive charge storage mecha-
nism and high-rate performance. Mn,O, electrode delivered a gravi-
metric capacitance of ~170 Fg~! at the scan rate of 2 mVs!.

TheASC is assembled using Mo; 33C MXene as negative electrode
and Mn, O, as positive electrode, as schematically illustrated in Fig. 3a.
The charge balance between both electrodes was achieved by adjusting
the electrodes mass according to the charge storage capability in a spe-
cific potential window. The electrochemical behavior of the MXene and
Mn, O, in a three-electrode configuration suggests that the voltage win-
dow can be extended to 2.4 V, as presented in Fig. 3b. Herein, the voltage
window can be extended to 2.2 V without destroying the CV shape, as
shown in Fig. 3c. However, the MXene//Mn,O, device exhibits stable
performance in an operating voltage window of 2 V. We, therefore, se-
lect 2 V as our operating potential window. The MXene//Mn, O, device
was pre-cycled in a voltage range of 2 V for 50 cycles, stabilizing the
CV shape and completely saturating the electrode with 5M LiCl elec-
trolyte, see Fig. S8. The CV curves of the MXene //Mn,O,, device were
recorded at different scan rates, ranging from 2 to 500 mVs~!, showing
semi-rectangular shape with prominent redox peaks, which belong to
the change in oxidation states of Mn, as discussed earlier. The CV anal-
ysis confirms the pseudo-capacitive intercalation storage mechanism of
the MXene//Mn, O,, device. The gravimetric capacitance was calculated
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from the discharge area of the CV curves (Fig. 3e). The device capaci-
tance was calculated based on the total mass of both electrodes, render-
ing a gravimetric capacitance of ~38 Fg~! and 22 Fg~! at the scan rate
of 2 mVs~! and 100 mVs~!, respectively (Fig. 3d). Consistent with the
CV curves, the GCPL curves at different current densities exhibited high
symmetry, indicating excellent reversibility and Coulombic efficiency of
the MXene-based ASCs (Fig. 3f).

As cyclic stability test is a crucial parameter to investigate the perfor-
mance of ASCs, the charge/discharge stability was assessed at the cur-
rent density of 10 Ag~!. Fig. 4a shows that the Mo, 33C//Mn, O, device
exhibits an outstanding cyclic stability with the capacitance retention
of 92% after 10,000 charge/discharge cycles. The superior cyclic stabil-
ity can be attributed to the structural stability of Mo, 33C and Mn, O,
during repeated charge and discharge processes. Additionally, the high
reversibility of Mo, 33C//Mn, O, device is confirmed as shown by the
GCPL curves (inset in Fig. 4a), which confirms that the high Coulom-
bic efficiency is achieved by avoiding the decomposition of aqueous
electrolyte or other side reactions during the charge/discharge cycling.
The performance of previously reported ASCs with binder-free MXene
and MXene-based composite electrodes in LiCl electrolyte are exem-
plified through Ti3C,/30 wt.% Cheveral with retained 80% of the ini-
tial capacitance after only 1500 charge/discharge cycles [15], whereas
a Ti3C,/Fe,O5 composite retained 79% of the initial capacitance af-
ter 5000 charge/discharge cycles in 5M LiCl [29]. Herein, the Mo; 35C
//Mn,O,, device retained 92% of the initial capacitance after 10,000
charge/discharge cycles, which shows the potential of Mo; 33C MXene
in ASCs with LiCl electrolyte.

Both power and energy densities were calculated and plotted in the
Ragone plot in Fig. 4b. The MXene//Mn, O, device exhibited an energy
density of 19 Wh kg~! (58 mWhem—3) and a power density of 1.08 W
kg™! (~ 3 Wem~3) at 1 Ag ~!. Maximum power density of 31 Wem™3
was achieved at the current density of 10 A g~1, corresponding to the
energy density of ~32 mWhem~3. One should note that the volumet-
ric energy density of the Mo;.33C//Mn,0O, device is higher than all
Mo, .33C based devices irrespective of the type of the electrolyte,such
as Mo;.33C//Mo; 33C and Mo, 33C/PEDOT:PSS//Mo; 33C/PEDOT:PSS
symmetric devices in sulfuric acid [11]. Also, the volumetric en-
ergy density of the Mo;.33C//Mn,O, device combined with a high
power density is higher than most MXenes based devices measured
in different configurations, such as Ti;C, porous//TizC, porous,
Ti;C,//graphene, Ti;C,//rGO, and V,C//V,C in aqueous electrolytes
(only the highest values of the reports shown), as presented in the
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a b Fig. 4. (a) Capacitance retention and columbic
efficiency of the ASC, where the inset shows
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Ragone plot [17,18,21,30-32]. Moreover, the achieved energy density
is higher than asymmetric devices based on other 2D materials, such as
Co30,//graphene, Ni/NiO//graphene, and TiO,/MnO,//TiO, [33-35].

Conclusions

Despite the high charge storage capacitance, the Mo, 33C MXene
based symmetric and asymmetric supercapacitors typically demonstrate
moderate energy density due to the limited operating voltage window.
Herein, the superior electrochemical performance of Mo; 33C MXene
in LiCl electrolyte, i.e., high capacitance and large voltage window, is
exploited to constructACS using Mn,O, as a positive electrode. Both
binder-free Mo, 33C and Mn, O, electrodes exhibited a high capacitance
of 217 Fg~! and 170 Fg!, respectively, in three-electrode configura-
tions at 2mVs~!. Owing to the high specific capacitance, good conduc-
tivity, rapid charge/discharge capability and high stability of both elec-
trodes, Mo,.33C//Mn,O, ASCs achieved a high volumetric energy den-
sity of 58 mWhem™2 and retained 92% of the initial capacitance after
10,000 charge/discharge cycles. The MXene//Mn,O,, devices were op-
erated in the voltage window of 2 V and GCD curves were recorded
within long-term cycling, showing excellent Coulombic efficiency of
100%. These results support that high-capacitance electrodes, such as
MXenes, should be investigated in different electrolytes and coupled
with suitable positive electrodes to realize their full potential and uti-
lization in practical applications.
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