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ARTICLE INFO ABSTRACT
Keywords: The development of high capacitance materials with high packing density and low viscosity in suspension
Electrochemical flow capacitors electrodes is critical for progressing towards high-efficiency, low-footprint electrochemical flow capacitors
MXene (EFCs). Here, we report on the first electrochemical and rheological characterization of MXene-based suspension
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2D materials

electrodes, using multilayer TizCyTy as the active material and carbon black (CB) as the conductive additive in
symmetric and asymmetric EFC devices. In the case of symmetric Ti3CoTy devices, the TizCoTy concentration is
fixed to 22 vol.% in the slurry and the CB concentration is varied from 0.5 to 2.0 vol%. The symmetric device
arrangement offers a high capacitance of 240 Fml~! (2 mV s™!) and volumetric energy density of 2.65 Wh 1™ @
power density of 47.82 W 171, Additionally, to extend the potential window, an asymmetric device assembly of
activated carbon and Ti3CyTy is investigated. This arrangement allows a stable operating potential window of 1 V
with an energy density of 4.12 Wh 1! and power density of 31.73 W 1~. Overall, multilayer TizCoTx seems to be
excellent candidate for flowable electrode applications, offering high capacitance, energy density and low vis-
cosity due to its high electrochemical activity, excellent electrical conductivity, and versatile surface chemistry.
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1. Introduction

As renewable energy sources, such as solar or wind, become more
widely used, there is an ever-increasing need for grid energy storage
technologies that can cope with intrinsic power fluctuations, while
being reliable and inexpensive. Electrochemical flow capacitors (EFC)
[1], along with other suspension based electrochemical technologies,
such as semi-solid flow batteries (SSFBs) [2] and flow-capacitive
deionization (F-CDI) [3], have gained considerable attention due to
their scalability and flexibility in system design. Suspension electrodes
or slurry electrodes consist of a mixture of solid particles (electroactive
materials and conductive additives) dispersed in electrolyte solutions [2,
4,5]. Although the charge and mass transfer principles are similar for
most suspension electrodes, there are major differences in the charge
storage mechanism. For instance, SSFBs store energy using faradic redox
mechanisms such as intercalation [2,6,7]. On the other hand, EFCs
mainly store energy electrostatically via electric double layer (EDL)
formation [1,8,9], as well as via fast-acting redox reaction in pseudo-
capacitive materials and organic molecules [4] to improve the energy
density [10,11]. Similar to redox flow batteries, EFC systems offer
scalability and flexibility in system design with added advantages of
high power handling capability and longer lifetime [1,5].

Coupling EFC systems with renewable energy resources can provide
a cost-effective solution for intermittency issues and will accelerate their
integration into urban and industrial power grids. In addition to
providing robust solutions to bulk energy storage, they can also be
deployed as intermediary systems to provide load-leveling and peak
shaving operations against continuous power fluctuations [1,12,13]. To
realize the potential of EFC systems for grid-level applications, material
dependent properties such as capacitance, cycle life, energy/power
output and efficiency of the operating cycle need to be improved.
Moreover, the electrochemical performance of the slurry is related to the
interactions between the suspended particles and the current collector,
in addition to the nature of percolation networks created by the
dispersed particle clusters. Correspondingly, the hydraulic efficiency of
the system depends on the viscosity and flow rate of the suspension
electrodes. In order to optimize the performance, a volume-spanning
percolation network for low-resistance charge transfer and a high
active material loading with minimal possible viscosity is necessary for
low-dissipation flow [14].

To create an efficient percolation network, the solid particles should
have high electronic conductivities and possess the ability to form dense
aggregate structures [14]. The majority of EFC studies are based on
highly conductive, high surface area carbon-based materials such as
activated carbon beads, coconut-derived activated carbon, carbon
nanotubes, and graphene [9,14-16]. The use of redox-active materials
such as hydroquinone (HQ), p-phenylenediamine (PPD) [10,11,17] and
metal oxides such as MnOy [4], RuOsOy/graphene hybrids [18] and
graphene/polyoxometalates hybrids [19] has also been reported.
However, short-term degradation, limited loading of redox organic
molecules, and poor electronic conductivity of metal oxides prevented
further development [10,20,21]. Moreover, carbon-based materials
suffer from poor dispersibility in aqueous environments due to their
hydrophobic nature [22] resulting in aggregation and relatively low
material loading (5-15 wt.%).

The charge percolation, coulombic efficiency, and volumetric
capacitance increase with solid content in nearly all slurry electrodes,
however, an excess loading of solid content makes the slurry flow dy-
namics impractical. Hence, there is a practical limit to how much carbon
material can be loaded to suspension electrodes before the critical vis-
cosity limit is reached [14]. The highest possible loading reported for
carbon materials having a paste-like slurry consistency is around 23 wt.
% [4,8,23,24]. Several attempts to increase the loading of carbon ma-
terials have been reported using various techniques. For instance, Lee
et al. [26] utilized surfactants to reduce the viscosity, increasing the
activated carbon loading from 16 to 23 wt.%. Hatzell et al. [25] partially

oxidized the activated carbon to increase the loading from 20 to 28 wt.
%, however, this oxidation caused a decrease in the electrical conduc-
tivity of the suspensions. Similarly, surfactants can also negatively
impact the interconnections of the particle clusters and result in a
decrease of electrical conductivity [25,26]. In this manner, exploring
electrochemically active materials that easily disperse in aqueous en-
vironments and have high electrical conductivity will be promising in
order to achieve high material loading in low-viscosity suspension
electrodes. One class of materials that fulfills all of these requirements
are MXenes.

MZXenes are two-dimensional (2D) transition metal carbides, nitrides,
and carbonitrides that are hydrophilic in nature and have metallic
conductivity (>15,000 S cm™ ) [27,28]. MXenes have the general for-
mula: M, 11X, Ty, where M denotes an early transition metal, X is carbon
and/or nitrogen, T, represents the surface functional groups (such as -F,
—OH, -0), and n is 1-4 [29,30]. Their surface terminations result from
the synthesis process, and consequently make MXenes natively hydro-
philic with a redox-capable surface. In this way, MXenes enjoy the
benefit of better dispersibility with low viscosity, which is harder to
achieve with carbon-based materials. Furthermore, MXenes are widely
used for electrochemical energy storage, with many studies demon-
strating their high volumetric capacitance [28,31-33]. Moreover,
rheological analysis done by Akuzum et al. [34] shows that multilayer
Ti3CoTyx MXene exhibits practical flowability even at a very high (60 wt.
%) loading, making it an excellent candidate for suspension electrode
applications.

In this work, we have explored the potential of multilayer Ti3CaTy
MXene for use in flow-capacitor applications to achieve high volumetric
capacitance with improved rheological properties in capacitive sus-
pension electrodes. Concentrations up to 60 wt.% were investigated in a
symmetric device configuration, corresponding to ~22 vol.% TizCyTy.
The volume fraction of the conductive carbon black (CB) additive was
systematically varied from 0.5 to 2.0 vol% in increments of 0.5 vol.% to
understand its effect on the MXene performance. Carbon black can assist
in creating a percolation network, because large size of MXene particles
and repulsion between negatively charged MXene particles lead to a low
conductivity of MXene slurry, in spite of high metallic conductivity of
individual MXene sheets. Moreover, a systematic rheological analysis
has been completed to determine the viscosity of Ti3C2Ty/CB suspen-
sions and optimize the flow performance. Furthermore, to increase the
operating voltage window from 0.4 V to 1 V, we prepared activated
carbon (AC) and Ti3CoTy-based asymmetric EFC devices. The electro-
chemical performance of different composite slurries was evaluated
using common electrochemical characterization techniques, including
cyclic voltammetry, galvanostatic cycling, impedance spectroscopy, and
DC conductivity analysis.

2. Materials and methods
2.1. Materials

YP-80F activated carbon (particle size 1-10 pm, Kuraray Chemicals
Co.), sulfuric acid (HpSO4; 98 wt.%, Alfa Aesar) and acetylene carbon
black (particle size ~ 0.042 pm, >99.9%, Alfa Aesar), hydrochloric acid
(HCl; 37 wt.%, Sigma Aldrich), Ti3AlC; MAX phase (<100 pm, Carbon-
Ukraine), and hydrofluoric acid (HF; 48-51 wt.%, Acros Organics) were
used. Celgard-3501 (64 nm pore size, Celgard) was used as a separator.
For all experiments, deionized (DI) water (15 MQ resistivity) was used.

2.2. Synthesis of multilayer MXene

To produce 30 g multilayer Ti3CyTy, the scalable MXene synthesis
methodology was utilized [35]; briefly 30 g TizAlCy was added to 600
mL of 30 wt.% HF solution in a 1 L. MXene etching reactor (Carbon,
Ukraine) over the course of 10 min. The mixture was stirred at 150 rpm
for 3 h, with water continuously following through the reactor cooling
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jacket to maintain a temperature of 35 °C. Once the reaction was com-
plete, the TisCyTyx powder was transferred to four 1 L centrifugation
tubes. This mixture was repeatedly washed with DI water and centri-
fuged at 3500 rpm for 5-min cycles until the mixture reached neutral
(>6) pH. Following this, excess water was removed via vacuum filtra-
tion, then immediately used for further experiments [36].

2.3. Cell design and assembly

All electrochemical performance analysis was done under static
conditions to assess the electrochemical performance of Ti3CyT, sus-
pensions. For electrochemical testing, a custom made cell consisting of
glassy carbon current collectors was used as shown in Fig. 1. A latex
gasket was used to make a circular channel of 4 mm radius and 0.75 mm
thickness to hold the slurry. The effective channel depth was 0.62 mm
after arranging the cell. The celgard separator was used to separate the
cathode and anode portion of the static cell. For the symmetric cell as-
sembly, both channels were loaded with the same slurry, whereas for the
asymmetric device, the TizCyT, based slurry was used as the anode and
activated carbon-based slurry as the cathode.

2.4. Slurry preparation

Both, the active material and conductive additives, were added to
degassed DI water and mixed with a IKA T18 digital Ultra Turbomax
shear mixer at 20,000 rpm for 5 min to uniformly disperse and break up
particle agglomerations. Afterwards, HySO4 was added to the mixed
suspensions to achieve 1 M concentration for the electrolyte. Then, this
dispersion was stirred at room temperature overnight at 400 rpm to
create a homogeneous slurry. This protocol was followed for all slurry
compositions investigated in this study. For the symmetric device, the
Ti3CoTy concentration was fixed to 22 vol.%. Different volume fractions
(from 0.5 to 2.0 vol.% with increments of 0.5 vol.%) of carbon black
were investigated as a conductive additive.

For the asymmetric configuration, 23 wt.% total carbon loading with
9:1 wt ratio of activated carbon (YP-80F) to carbon black slurry was
used at cathode. This concentration was used as the reference compo-
sition because previous literature demonstrated that this concentration
has the highest possible loading for achieving good capacitive perfor-
mance [4]. On the other hand, an optimized 9.2 vol.% MXene and 3.4
vol.% carbon black was used as the anode slurry in asymmetric

Input slurry tanks

Current
collectors
® %,
~ 4 | Output slurry tanks < w
Schematic of EFC system
X Carbon Black Conductive additive
TiyC,T,

D Electrolyte solution

configuration. The optimization of MXene concentration was done
against the carbon slurry (9:1 wt ratio of AC:CB with total weight frac-
tion of 23 wt.%) arranged at the cathode part in two electrode cell and at
counter electrode in 3-electrode cell (Fig. S4 and Fig. 6 (a)) of the cell.
Density = Weight/Volume of MXene was taken as 3.6 g cm > (as calcu-
lated in supporting information Fig. S1), activated carbon — 0.495 g
em 3 and carbon black — 2.1 g cm ™3, respectively.

3. Characterization

SEM analysis was done using a field emission electron microscope
(Zeiss VP5 Supra). To reduce sample charging, platinum/palladium was
sputtered onto the surface 40 s at 40 mA (Cressington Scientific 108
Auto). X-ray diffraction (XRD) patterns were acquired for Ti3AlCy and
30 wt.% HF etched multilayer TigCyTx using a powder diffractometer
(Rigaku Smart Lab, Japan) with Cu Ka radiation from 5 to 90° 26 using a
step scan of 0.4° and scan speed of 1°/min. Viscosity measurements for
all the prepared slurry compositions were tested using a hybrid DHR-3
Discovery rheometer (TA Instruments) gap height was kept constant at
1 mm and 20 mm cross-hatch parallel plate geometry attachments were
used to avoid any wall slip.

3.1. Electrochemical measurements

Electrochemical analysis was done with a BioLogic VMP3 electro-
chemical workstation at room temperature. To evaluate the electro-
chemical performance, cyclic voltammetry (CV), galvanostatic charge
discharge (GCD), electrochemical impedance spectroscopy (EIS), and
DC conductivity analysis were performed. For the symmetric device
configuration, electrochemical analysis was conducted for an optimized
potential window of 0.4 V (see supporting information Figure S2) with
CV scan rates of 2, 5, 10, 20, 50, 100, 200 mV s~ and electrochemical
impedance spectroscopy (EIS) for a frequency range of 1 MHz-5 mHz,
respectively. In addition to that, galvanostatic charge discharge (GCD)
analysis has been also performed. The slurry volume in the symmetric
configuration of the cell was constant for both compartments. Volu-
metric/gravimetric electrode capacitance for the symmetric system was
calculated using the formula:

2 [idv
AV X v x (active material volume or mass in one electrode)

C.vp = (2)

Gold plated

Gasket with channe connector

Glassy carbon
Current collector

=
P
e
‘_/ ¥. Separator

Teflon Casing

Static testing cell explode view

Fig. 1. Schematic of the EFC system (left), static flow cell assembly in exploded (right top) and assembled mode (bottom right).
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where AV is the voltage wndow and v is the scan rate.

To prepare an asymmetric device, mass balancing approach pro-
posed by Tian et al. [37], has been adapted. In this method, the elec-
trochemical performance of 23 wt.% carbon slurry electrodes was first
investigated using a three-electrode electrochemical setup, where a sil-
ver chloride coated silver wire (preparation protocol in figure S3) was
arranged between two separator membranes, acting as the
pseudo-reference electrode (supporting information figure S4). After
determining the capacitive performance of the carbon electrodes, the
same three-electrode cell was used to characterize the individual elec-
trode contributions to electrochemical performance. To equilibrate the
electrochemical performance between Ti3CyTy and the carbon-based
slurry electrodes, we limited the Ti3CyT, concentration to 9.2 vol.%
and increased the CB concentration to 3.4 vol.% (supporting informa-
tion figure S5). This specific balancing was done to increase the elec-
trical conductivity by filling the gap between Ti3CoT, particles to
maintain a percolation network for effective charge transfer. Despite the
low amount of TizCyTy in the asymmetric device, this composition
provides similar charge stoarge to the 23 wt.% all carbon slurry at
positive electrode while allowing the electrical conductivity to reach 20
mS em L.

For the asymmetric device configuration, similar to symmetric de-
vice electrochemical performance analysis was done at CV scan rates of
2,5,10, 20, 50, 100, 200 mV s !foran optimized potential window of 1
V. Moreover, EIS analysis for asymmetric device was done for a fre-
quency range from 1 MHz to 5 mHz, respectively.

Volumetric/gravimetric capacitance of two-electrode asymmetric
device was calculated using the formula:

Jidv
AV x v x (active material volume or mass in both electrodes)

3

Cy =

where AV is the potential window and v is the scan rate.
For energy and power density calculation of symmetric/asymmetric
device, the flowing formulae were used:
E

Pt &)

E = - C,(aV) (5)

N —

where t denotes the time taken for the discharge, Cy, is the device spe-
cific capacitance, AV is the potential window under consideration.

4. Results and discussion
4.1. Materials characterization

Fig. 2 (a,b) shows characteristic SEM images of the multilayer
TigCyTy. From these, the accordion-like open structure that results from
etching in high wt.% HF is evident. This open structure provides
accessibility to the electrolyte deep inside the layered structure, mini-
mizing the charge transport resistance of flowable electrode slurries.
Fig. 2(c) shows the XRD patterns of Ti3AlCy and TizCyTy. From this, the
(002) peak for TizAlC, (9.84°; d-space of 8.98 10\) shifts to the left (8.68°;
d-space of 10.18 A), indicating successful etching. This implies that
some Ti3CoTy sheets have intercalated water, while others are dry.
Furthermore, the (002) peak of Ti3AlC, is absent after etching, indi-
cating complete conversion of all MAX [32].

4.2. Rheological analysis

To better understand the suitability of Ti3CoT), for flowable electrode
applications, it is important to understand the rheological characteris-
tics of TigCyTy slurries. Using a cross-hatch 20 mm parallel plate ge-
ometry, the viscosity was measured from 0.001 to 100 s~! shear rate.

Intensity (a.u.)

S—— (002)
r—(004)

10 20 30 40 50 60 70
20(°)

Fig. 2. SEM images of Ti3CyT, (a), (b) and XRD patterns of TizAlC, and
TingTX (c).

The morphology of the particles under investigation is shown in Fig. 2(a,
b) & Figure S6 (a,b), respectively. For rheological measurements, the
Ti3CyTy loading was kept constant at 22 vol.% with CB compositions
varied. From Fig. 3, all studied slurries exhibit shear-thinning behavior,
similar to previous reports on multilayer MXene rheology [34]. At the
lowest CB concentration (0.5 vol.%), the low shear viscosity (0.001 s’l)
is 342 Pa s. As more CB is added to the slurry, the low shear viscosity
drastically increases to a maximum of 113,457 Pa s at 2.0 vol.% CB. This
increase in viscosity can be attributed to the facile agglomeration
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Fig. 3. Rheology data showing the variation in viscosity vs. shear rate for
various volumetric percentages of CB in 22 vol.% Ti3C,T, slurry.
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100

kinetics of CB particles, which begins to inhibit flow even at very dilute
concentrations [14]. Correspondingly, at high loadings of 22:2.0 vol.%
TizCaT,:CB (56 wt.%, total solid content), the rheological behavior of
the slurry is similar to 17 wt.% [38] to 23 wt.% [23] carbon slurries.
Even with the addition of conductive carbon additives, the Ti3CoT,
slurry electrodes allow higher material packing and lower resistance to
flow.

4.3. Electrochemical and capacitive characterization

To understand the electrochemical performance, symmetric and
asymmetric device configurations were investigated. For the symmetric
configuration, slurries with the same composition were loaded into both
compartments of the device (Fig. 1). Different MXenes may have
different potential windows [39] but in our case, due to the limited
stability of Ti3CyT, under positive potentials, the stable potential win-
dow for the symmetric device was set to 0.4 V. Hence, to increase the
potential window, a mass balance approach was established with slight
changes in the method reported by Tian et al. [37], and an asymmetric
device assembly of AC//MXene suspension was investigated. The elec-
trochemical performance of the system was normalized using the
vol./wt. of the active material in the slurry electrodes unless otherwise
specified. A comparative analysis was also included (Fig. 4(c)), which
shows the changes in the electrochemical performance when volumetric
normalization is carried out by including inactive components of the
slurry.

4.3.1. Symmetric configuration

For the symmetric device, the electrochemical performance of 22
vol.% Ti3CyTy slurries with CB loadings from 0.5 to 2.0 vol.% were
investigated. Fig. 4(a) shows the CV curves with different CB loadings
and 22 vol.% TizCyTy. The calculated capacitances for the symmetric
devices are 34.4, 93.7, 165.8, and 240 F ml ! for 0.5, 1.0, 1.5, and 2.0
vol.% CB, respectively. From Fig. 4(a), the CV curves become more
rectangular as the carbon black content increases, suggesting decreased
electrode resistance. Moreover, Fig. 4(b) shows that the CB additives
improve the symmetric device rate performance. Fig. 4(c) illustrates the
capacitance variation with CB concentration for different volumetric
calculations. In this system, the capacitance can reach 240 F-ml~* when
normalized by the volume of the active material (i.e., Ti3CyT,). This
means that, when sufficient electrical percolation is present, aqueous
suspensions of multilayer Ti3CyT, exhibit high electrochemical activity,
proving to be a promising candidate for flow applications.

—— 22:0.5 (Ti,C,T,:CB) vol.%
22:1.0 (Ti,C,T,:CB) vol.%
j—22:1.5 (Ti,C,T,:CB) vol.%
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Fig. 4. Cyclic voltammetry at 2 mV s ' and capacitance vs. scan rate (a), (b);
Capacitance variation (at 2 mV s 1 with respect to vol.% carbon black
normalized to different slurry components (c).

The gravimetric capacitance was calculated for all compositions, as
shown in Fig. 5(a). Due to the higher density of Ti3CyTy (3.6 g cm ™)
relative to CB (2.1 g cm ™), the gravimetric performance is lower when
normalized by the weight. However, for large-scale grid energy storage,
the weight of the active material is not a crucial factor due to the sta-
tionary system design. Nonetheless, the highest gravimetric capacitance
(66 F g 1) was observed for 2.0 vol.% CB loading. Fig. 5(b) shows
constant current response of all slurry compositions at ~0.22 Aml~!. An
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Fig. 5. Gravimetric and volumetric capacitances of symmetric device (a); GCD at ~0.22 A ml~* (b); Nyquist plots for all slurry compositions from 1 MHz to 5 mHz

(c). DC conductivity analysis of MXene slurries (d).

increase in the charge-discharge time with an increase in volume
loading of CB is apparent in Fig. 5(b). Moreover, a reduction in the IR
drop is also apparent, suggesting an increase in the slurry conductivity.
While the gravimetric capacitance of TizCyTy slurries appears to be
similar to activated carbon, the volumetric performance of TizCyTy is
significantly better (Table 1).

Table 1 lists materials commonly used for electrochemical flow ca-
pacitors along with their electrochemical performance metrics. Because
there are several different ways to normalize electrochemical data for
slurry electrodes, only studies with similar normalization protocols are
listed. Table 1 shows that the gravimetric performance of TizCyTy slurry
electrodes is moderate compared to other capacitive materials, such as
activated carbon beads. However, when the performance is normalized
to the active material volume, the Ti3CyTy slurry volumetric capacitance
outperforms all other materials [4,8]. Fig. 5 (¢, d) shows the variation of
slurry resistance with the addition of CB. As CB is added, the slurry
conductivity increases, however, it is important to note that the absolute
electrical conductivity values are lower than typical carbon-based sus-
pensions (~50-100 mS c¢m™!). Moreover, electrochemical impedance
spectroscopy (EIS) data suggest that diffusion resistance also decreases
with increasing CB. Decrease in the diffusion resistance, and corre-
sponding increase of DC conductivity (Fig. 5(d)), can be associated with
an enhanced percolation network due to the increased number of par-
ticles in the slurry. The intercept with the x-axis in the Nyquist plot in
Fig. 5(c) exhibits the equivalent series resistance (ESR) for various slurry
compositions: 4.07 Q (22:0.5 vol.%), 3.2 Q (22:1.0 vol.%), 2.7 Q (22:1.5
vol.%), and 2.4 Q (22:2.0 vol.%) slurry. Moreover, with increased CB
content, the semicircle of EIS curves becomes more depressed and
shifted to a lower resistance region, which might be a result of lower ion
transportation distance between particles [40].

4.3.2. Activated carbon (AC)//MXene asymmetric device configuration
The capacitive performance of Ti3CyT, suspension electrodes

surpasses conventional activated carbon slurries, as shown in Table 1.
However, the operating voltage window of the symmetric TizCyT, flow
capacitor is limited to 0.4 V due to the instability of Ti3CyTy at higher
positive potentials (supporting information Fig. S2). Hence, an asym-
metric device using suspensions of activated carbon for the positive
electrode was investigated as an alternative approach to improve the
operating voltage window and energy density. For the asymmetric de-
vice assembly, mass balancing is key to prevent loss of capacitance while
extending the electrochemical device potential window. The asym-
metric device in this study was prepared using activated carbon slurry as
the cathode and TizCyTy slurry as the anode. A previously reported
composition of activated carbon slurry electrode was utilized [4], which
showed that 23 wt.% carbon slurry electrode with 9:1 wt ratio of AC:CB
is optimal for flow capacitor applications. This concentration reaches
the upper limit of flowability for carbon suspensions and exhibits a
paste-like consistency when prepared with YP-80F activated carbon.

It was shown (figure S5) that for 9.2 vol.% MXene and 3.4 vol.% CB
ratio, the capacitance offered by the MXene suspension (negative)
electrode closely matches with the AC (positive) electrode capacitance.
Fig. 6(a, b) and Fig. 6(c) show the voltage window and corresponding
Coulombic efficiencies. Fig. 6(c) shows that, as the potential window is
expanded, the Coulombic efficiency decreases; the minimum observed
was 87% at a voltage of 1.2 V. At 1 V, the Coulombic efficiency was
~92%; this was chosen as the voltage window for further analysis of the
AC//Ti3CyT, asymmetric flow capacitor.

Fig. 7(a) shows the asymmetric device CVs at various scan rates. The
highest volumetric capacitance observed for the asymmetric device was
29.07 F ml™! (46.58 F g 1) or 29.07 C ml ! (46.58 C g~ 1). The asym-
metric device capacitance is lower than that of the symmetric TizCoTy
flow capacitors. This is due to the reduced Ti3CyT, concentration (9.2
vol.%) in the asymmetric device, which limits the capacitive perfor-
mance. However, this shows that a small amount of Ti3CsTy (9.2 vol.%)
is capable of matching the charge capacitance of high-concentration (35
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Table 1
Comparison with previously reported EFC devices.
Material Electrolyte Capacitive performance Reference
Carbon beads 1 M NaySOy 125Fg ' (24Fml™Y) [1]
with CA” (0.6 V)
Carbon beads 1 M NaySO4 92 +10F g’l (18 +2F [23]
ml™) @5 mvs!
Carbon beads + PPD® 2 M KOH ~120Fml' @2mvs!  [11]
~225Fg'@2mvs!
CO, Activated carbon 2 M KOH 139Fg ' (27.8 Fml ™) [24]

beads @2mVs!

MnO, (Density) 1 M Na,SO, 1499 F g 1 (55.13Fml™Y)  [4]
Symmetric and for symmetric device of
MnO,,,YP-50F MnO, @ 2mV s~
asymmetric carbon
device

Carbon beads 1 M H,SO4 154 F g’l (30.8 Fml™) [8]

@2mvVs!

YP-50F 1 M NaySO4 100Fg '@B5Fml ™Y@ [41]

2mvs!

YP-50F activated 1 M NaySO4 30 F ml~! with CA? (1 V) [5]
carbon
1. Carbon beads 1.1M 1.322Fg ' (64.4Fml™")  [10]

H,S04+ 0.2 @2mvVs!
M (HQ)”
2. Carbon beads + 2.1MH,S0, 2.342Fg ' (68.4Fml ")

HQ® @2mVs!

YP-80F + MWCNT 1 M Na,S0, 80.2Fg ! (16.04Fml™Y)  [42]
@2mVs!

rGO@Carbon beads 1 M HyS04 200 F g ' (~40 Fml™ 1) [91
@2mvVs!

YP-50F + 5 mm (SLS)’ 1 M Na,SO, 26 F ml~! with CA” (0.6 [26]
V)

Carbon beads 2 M KCl 100Fg ' (20Fml™H @  [37]
2mvVs!

YP-80F 1 M Na,SO, 83Fg ! (41.08 Fml™}) [38]
with CA? (1 V)

MXene symmetric 1 M H,S04 TizCsT, symmetric This work

electrode and AC//
MXene asymmetric
device

electrode, 240 F ml ! or
66Fg'l@2mvs!
AC//Ti3CoTy
asymmetric device,
29.07 Fml ! (46.58 F

g 1) or29.07 Cml™*
(46.58Cg H@2mvs!

Tap density of materials: Carbon beads (0.2 g cm’g’), YP-50F (0.35 g cm’g’), YP-
80F (0.495 g cm™>), MnO, (0.37 g cm™3).

@ Chronoamperometry.

b p-phenylenediamine.

¢ Hydroquinone.

4 Sodium lignosulfonate.

vol.%) activated carbon slurry. Hence, substitution of a higher capacity
active material on the positive electrode should allow the TizCyTy
asymmetric device to increase its capacitance while maintaining a wider
operating voltage window.

From Fig. 7(b), the rate capability of the asymmetric device is
slightly better, retaining more than 90% capacitance at 10 mV s~ * with
respect to 2 mV s 1, which is only 70% in case of the symmetric device.
The improvement in rate capability can be attributed to the improved
electrical conductivity of the slurry as CB is added, and is also evident
from the EIS curve shown in Fig. 7(c). The intercept from the x-axis in
the high-frequency region shows ESR value of 1.23 Q. However, the
asymmetric device diffusion resistance is higher than the 22:2.0 vol.%
symmetric configuration, which can be attributed to the porous struc-
ture of activated carbon particles, contributing to the ion transport
resistance.

4.3.3. Power and energy density analysis

Fig. 8(a and b) presents the Ragone plots of the symmetric and
asymmetric TisCoT, flow capacitors along with previously reported
studies on flow capacitors. Since the majority of flow capacitor studies

{—9.2vol.% Ti,C,T,, 3.4 vol.% CB

i 35 vol.% AC, 0.8 vol.% CB
@5mvs’

e s
o N B
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N
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Fig. 6. Potential window test for (9.2:3.4 vol.%) Ti3C,T,:CB and 23 wt% (9:1
ratio or 35:0.8 vol.%) Activated carbon:CB (a); voltage window test for the
AC//Ti3C,T, asymmetric device (b); variation of Coulombic efficiency with the
voltage window (c).

publish performance metrics in gravimetric units, the gravimetric en-
ergy/power density values were converted into volumetric units using
the active material density reported in their respective studies. From
Fig. 8(a), the volumetric power density of the symmetric TizCyTy flow
capacitors outperforms existing devices, while offering a high energy
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Fig. 7. CV of AC//MXene asymmetric flow capacitor with various scan rates
(a); and variation of capacitance with scan rate for the asymmetric device (b);
Nyquist plot from 1 MHz to 5 mHz for the AC//Ti3C,T, asymmetric device of
9.2:3.4 vol.% (TizC,T:CB at anode) & 35:0.8 vol.% (AC:CB at cathode) (c).

density despite its relatively small voltage window (0.4 V). On the other
hand, the volumetric power density of the AC/Ti3CyT, asymmetric de-
vice is lower, however an improved energy density was achieved due to
the voltage window (1 V).

Fig. 8(b) shows the gravimetric performance analysis for the same
literature. As discussed earlier, due to the high density of multilayer
TizCyTy, the symmetric device exhibits poor gravimetric energy/power
density performance. This is apparent in the asymmetric device assem-
bly, which is comparable to previous literature due to the use of acti-
vated carbon as the cathode and low Ti3CyoTy concentration in the
device. The volumetric Ragone plot shows energy density values of 2.65
Wh 17! (power density 47.32 W 1) for the symmetric device and 4.12
Wh 17! (power density 31.73 W 17!) for the asymmetric device. A
gravimetric energy density of 6.47 Wh kg™! (power density 49.77 W
kg™ 1) was achieved with the asymmetric device, which compares well to
the previous work done in the field.

5. Conclusion

In this study, we have demonstrated the potential for Ti3CyT, to be
used in suspension based electrochemical applications. Ti3CoTyx was
found to offer higher material packing in suspensions without compro-
mising the flowability of the slurry, resulting in a better overall per-
formance. Our findings show that the volumetric capacitance of TigCoTy
in a symmetric configuration can reach 240 F ml~'. However, the
operating voltage window for the symmetric MXene devices was limited
to 0.4 V, due to the poor electrochemical stability of MXenes at positive
potentials. Despite a narrow potential window, the symmetric device
still exhibited an energy density of 2.65 Wh 1! (power density 47.82 W
1Y), To mitigate the narrow voltage window issue, an asymmetric de-
vice assembly consisting of Ti3CyTy as the negative and activated carbon
as the positive electrode was also investigated. Despite using less
TisCaTy to equilibrate the electrical conductivity of the asymmetric
electrodes, it was shown that a volumetric energy density of 4.12 Wh 17!
(power density of 31.73 W 11) could be achieved, as the potential
window could be expanded to 1 V.

This first attempt to use MXene in a suspension electrode capacitor
suggests that Ti3CyT, holds great promise for use in flowable energy
storage systems. Considering the limited voltage stability of TigCaTy
under positive (anodic) potentials, hybrid/asymmetric devices offer a
wider operating voltage and are a viable option. However, the capacitive
performance in the asymmetric configuration also depends on the choice
of the slurry material in the positive electrode. Hence, future work
should focus on the development of suitable slurry materials with good
rheological performance for positive electrodeto match the high charge
storage capability of Ti3CyT,. One possibility may be use of MXene
systems that can work in positive potential window in a couple with
TigCoTy.
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