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1. Introduction

Clean and accessible water supply has become a global challenge due to
population growth and industrial expansion.[1] Efficient and eco-
friendly desalination techniques are becoming the most viable alterna-
tive to freshwater sources to secure an adequate global supply of pota-
ble water, especially in arid regions.[2,3] Traditional water purification
technologies such as thermal distillation, reverse osmosis, and electro-
dialysis are promising but limited by their expensive infrastructure,
high energy demand, and complexity of operation.[4] Unlike these
industrial-sized systems that are bounded by locational constraints,
capacitive deionization (CDI) is one of several technologies that has
been shown to desalinate brackish water (water with 0.6–30 mg L-1 in
total dissolved salts) on a laboratory bench scale.[5,6] CDI technology

works by removing charged ionic impurities,
taking advantage of capacitive effects under
ambient conditions, with applied potentials
(~1 V).[2-6]

Porous carbons are the most widely studied
electrode materials for CDI, but they suffer from
mediocre ion removal capacities (5–20 mg g-
1).[7] This is because traditional porous carbon
and graphene electrodes exhibit a double-layer
type charging mechanism predominantly, thus
limited by the amount of surface sites and
accessible pores for ion removal.[7] While low
cost and high specific surface area have kept car-
bon as an attractive choice for energy storage
applications, the rational design of a pore struc-
ture that can facilitate maximum penetration of
ions could significantly improve the ion
removal capacity and reversibility of porous car-
bon electrodes.[8] In an attempt to find materials
that overcome these structural and charge satu-

ration limitations, research beyond carbon into nanostructured transi-
tion metal compounds has shown great promise, due to the unique
tunnel and layered architectures that these materials provide to host
mobile ions.[9] Such materials are known as faradaic ion intercalation
electrodes, which exploit redox behavior rather than a double-layer
type of sorption to achieve high sorption capacities at high rates.[4]

Hybrid CDI (HCDI) is the operating mode that arises from pairing a
double-layer charging material with a faradaic ion intercalation mate-
rial.[4,10] However, most transition metal oxides (e.g., MnO2, Co3O4)
suffer from poor electronic conductivity, necessitating the fabrication of
robust conductive electrodes for HCDI applications.[11] Two-dimen-
sional (2D) nanomaterials offer slit type pores for accommodation of
salt ions without undergoing volumetric changes, making them
promising host materials for HCDI applications.[12,13] Moreover, fara-
daic intercalation materials, unlike porous carbons, are less prone to
suffer from co-ion expulsion, hence may allow desalination of higher
salinity water, including seawater. Lower co-ion expulsion might also
simplify the system design, since incorporating ion exchange mem-
branes would be noncompulsory.[4] The ideal electrode material for
HCDI should have a high specific surface area, suitable pore structure,
high redox activity, good electrical conductivity, and stability in aque-
ous electrolytes. These properties enable device operation at a high salt
adsorption capacity (SAC) within a large voltage window of electro-
chemical stability with high reversibility and without corrosion.[3,4]

A large class of 2D transition metal carbides and nitrides (MXenes)
that are hydrophilic and exhibit metallic conductivity have shown pro-
mise in high-rate pseudocapacitive energy storage applications.[14,15]
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Intercalation redox materials have shown great promise for efficient water
desalination due to available faradaic gallery sites. Symmetric capacitive
deionization (CDI) cells previously demonstrated using MXenes were often
limited in their salt adsorption capacity (SAC) and voltage window of
operation. In this study, current collector- and binder-free Ti3C2Tx MXene
electrode architectures are designed with porous carbon as the positive
electrode to demonstrate hybrid CDI (HCDI) operation. Furthermore, MXene
current collectors are fabricated by employing a scalable doctor blade
coating technique and subsequently spray coating a layer of a small flake
MXene dispersion. Hydrophilic redox-active galleries of MXenes are capable
of intercalating a variety of aqueous cations including Na+, K+, and Mg2+

ions, showing volumetric capacitances up to 250 F cm-3. As a result, a salt
removal capacity of 39 mg g-1 with decent cycling stability is achieved. This
study opens new avenues for developing freestanding, binder- and additive-
free MXene electrodes for HCDI applications.
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Usually, MXenes are synthesized from ternary layered ceramic materials
such as MAX phases (Mn+1AXn, where M is an early transition metal, A
is an element from groups 13–16, X is carbon and/or nitrogen, and
n = 1–4).[16-18] MXene synthesis involves selective etching of the A
group element from its parent MAX phase, following an intercalation-
assisted delamination.[19] The resulting MXene can be represented by
the general formula, Mn+1XnTx, where Tx denotes the surface termina-
tion groups (-F, -Cl -O, and -OH), which are responsible for the
hydrophilicity of MXenes.[19,20] MXenes have demonstrated a unique
combination of 2D morphology and the ability to intercalate various
cations spontaneously with subsequent surface redox reactions.[21,22]

Since brackish water contains a mixture of dissolved salts (e.g., NaCl,
KCl, MgCl2), MXene-based electrodes may be suitable for the electro-
chemical removal of these cations for wastewater treatments or water
softening applications.[23] Additionally, their high electronic conductiv-
ity (10,000 S cm-1)[24] is the key for eliminating corrosive metal-based
current collectors during CDI operation, a property that is unattainable
by other 2D materials such as reduced graphene oxide (rGO) and
MoS2.

[12] Additionally, the ability to use solution processing techniques
with MXene dispersions, such as vacuum-assisted filtration and doctor
blade coating methods, can potentially make conductive MXene coat-
ings that can eliminate the use of external metal current collectors, thus
reducing the electrode cost and process complexity.[24,25] Due to mixed
surface terminations and large d-spacing (typically> 1.0 nm), MXenes
are capable of electrosorbing ions over a wide potential window; how-
ever, there are two prevalent issues observed
in literature.[26] The first is restacking of
adjacent sheets due to van der Waals forces,
a phenomenon common in MXenes and
other 2D materials in general, causing
restricted accessibility to electrochemically
active sites for target applications. Research-
ers have tried to combat the effects of
restacking by designing electrodes with
more open architectures. Bao et al., devel-
oped porous freeze-dried Ti3C2Tx MXene
electrodes that showed improved SAC over
restacked films for CDI.[27] Additionally,
MXene electrodes are prone to oxidation
under anodic potentials when operated in a
symmetric cell configuration, eventually
diminishing their cycling life.[28] HCDI cells
employing porous carbon positive electrodes
can help mitigate the stability issues of
MXene electrodes as carbon can extend into
the complementary anodic potentials of
operation.

In this study, we demonstrated asymmet-
ric MXene HCDI cells using activated carbon
as the positive electrode for effective removal
of salt ions (HCDI cell setup is shown in Fig-
ure S1, Supporting Information). We
designed bi-stacked MXene electrodes,
which consist of small and large Ti3C2Tx
MXene flakes. Small flakes offer shorter diffu-
sion pathways and adsorption/intercalation
of salt ions, while large flakes provide
mechanical stability with conductive trans-
port pathways. Moreover, the potential of

MXene current collectors in HCDI applications is for the first time
demonstrated by fabricating conductive MXene films using highly con-
centrated Ti3C2Tx dispersions (48 mg mL-1) via doctor blade coating
method. These binder-free electrodes were found to have a SAC of
39 mg g-1 with 62% cycling stability over 25 CDI cycles. This work
represents a major step toward exploring MXene-based architectures for
HCDI applications.

2. Results and Discussion

Delaminated Ti3C2Tx colloidal dispersion was prepared by the previ-
ously reported synthesis method as described in the Experimental Sec-
tion. Manual agitation (or handshaking) during delamination results in
large flakes (denoted as L-Ti3C2Tx), which can be further down-sized
through probe sonication (denoted as S-Ti3C2Tx) as shown in Fig-
ure 1a. Typically, as-synthesized colloidal solutions are comprised of
flakes with lateral sizes above 1 µm, while probe sonication reduces the
flake sizes down to hundreds of nanometers (Figure 1b).[29] Due to
the stable colloidal nature of MXenes in water, they can be easily pro-
cessed as binder-free, flexible, freestanding films through vacuum-as-
sisted filtration[19] and a blade coating method.[24] It is known that
freestanding films composed of large flakes exhibit excellent electrical
conductivity (at least 5000 S cm-1, depending on the intrinsic electronic
quality and lateral size of flakes resulting from different synthesis routes

Figure 1. a) Ti3C2Tx colloidal dispersion obtained through manual shaking to produce large flakes (L-
Ti3C2Tx) and then reduced in size via probe sonication to produce small flakes (S-Ti3C2Tx). b)
Corresponding SEM micrographs for L-Ti3C2Tx (top) and S-Ti3C2Tx (bottom) flakes. c) Schematic depicting
ion diffusion paths across the L-Ti3C2Tx and S-Ti3C2Tx flakes in case of bi-stacked MXene films. d) X-ray
diffraction pattern for the bi-stacked MXene film, where the inset shows the cross-sectional SEM image of
representative bi-stacked MXene film.
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as well as flake alignment), albeit suffering from poor ion transporta-
tion.[30] However, freestanding, vacuum-filtered films consisting of
small flakes may appear brittle (with mediocre electronic conductivity)
at the expense of improving the ion transportation. To fabricate MXene
electrodes with enhanced electronic, ionic, and mechanical properties,
we developed a bi-stacked Ti3C2Tx MXene electrode architecture, where
small flakes at the liquid–surface interface facilitate ion transport into
the bulk of the electrode while large flakes at the bottom aid the elec-
tronic conduction, as shown in Figure 1c.

Vacuum-assisted filtration allows the single step, binder-free fabrica-
tion of MXene electrodes with small flakes filtered on top of large
flakes. While the boundaries between small and large flakes with simi-
lar composition are not ultimately clear, the structure of the bi-stacked
films appears to be more open compared to compact films composed
of large flakes alone.[25] As shown in Figure 1d, typical 2θ value is
found to be around 6.88°, corresponding to d-spacing of 12.84 Å,
which is beneficial for lowering ion diffusion barriers across MXene
galleries. The presence of higher (00l) reflections for bi-stacked films
signifies the alignment among the MXene flakes.

To investigate the capacitive performance of Ti3C2Tx electrodes,
three-electrode static tests were performed in 1M NaCl electrolyte. Since
the charge storage capacities of delaminated Ti3C2Tx are superior to
multilayer lamellas, delaminated MXene films produced via vacuum-as-
sisted filtration were chosen for evaluation of the desalination perfor-
mance. As an intercalating faradaic electrode material, Ti3C2Tx has
shown maximum charge storage capacities (450 F g-1, 1V window) in
protic electrolytes.[15] However, neutral electrolytes, such as NaCl, KCl,
and MgCl2, were used in static testing conditions to select the opti-
mized electrode architecture for desalination purposes. As shown in
Figure 2a, the L-Ti3C2Tx electrode showed broad redox peaks close to
0V (vs. Ag/AgCl), possibly due to the spontaneous intercalation of
hydrated Na+-ions into 2D MXene galleries. At a scan rate of 100 mV
s-1, the CV shape deviates drastically due to ion diffusion limitations
across long travel paths on these short timescales.

S-Ti3C2Tx electrodes show rectangular profiles with broad redox
peaks around 0 V (vs. Ag/AgCl). The current responses at the potential
extremes appear to be sharp, which is an indication of the capacitive
response of small flakes, as shown in Figure 2b. Moreover, bi-stacked

Figure 2. Comparison of electrochemical (static) performance of large (L-Ti3C2Tx), small (S-Ti3C2Tx), and bi-stacked MXene electrodes, produced using
vacuum-assisted filtration in 1M NaCl electrolyte. Schematics depict the cations diffusion pathway across the large, small, and bi-stacked flakes. Cyclic
voltammograms for a) L-Ti3C2Tx electrodes, b) S-Ti3C2Tx electrodes, and c) bi-stacked MXene electrodes at various scan rates in 1M NaCl. d) Specific
capacitance versus scan rate for the MXene electrodes.e) Comparison of CVs at 10 mV s-1 for bi-stacked electrodes in 1M NaCl, 1M KCl, and 1M MgCl2
electrolytes and corresponding f) rate handling plot, demonstrating volumetric capacitance change as a function of scan rate.
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electrodes maintain a rectangular CV profile even at high scan rates as
shown in Figure 2c, indicating excellent electrochemical behavior. The
enhanced electrochemical performance could be explained by the dual
contribution of large and small flakes, where both electronic and ionic
conductivities are combined. The bi-stacked electrodes show both supe-
rior electrochemical rate performance over electrodes composed of only
large or small MXene flakes. The S-Ti3C2Tx electrode shows higher
capacitance values compared to the L-Ti3C2Tx and bi-stacked electrodes,
likely due to higher amount of electrochemically accessible active sites,
including edge sites. However, the bi-stacked MXene electrode pos-
sessed 90% of the absolute capacitance value of the S-Ti3C2Tx electrode
with a rate retention close to 74%.

Best-performing bi-stacked Ti3C2Tx electrodes were tested in differ-
ent chloride-based electrolytes with different cations such as Na+, K+,
and Mg2+ as shown in Figure 2e. As expected, similar charge storage
behavior is observed independent of the cation size. This is possibly
attributed to the bi-stacked design, which is beneficial in accommodat-
ing a variety of cations with different charge densities. Volumetric
capacitance for hydrated Na+ ions is found to be around 300 F cm-3 at
5 mV s-1, which is greater than the volumetric capacitances of hydrated
K+ (225 F cm-3) and Mg2+ (270 F cm-3) cations at the same scan rate.
Moreover, the bi-stacked MXene electrodes retain up to 65% of their
rate performance in 1M NaCl, 1M KCl, and 1M MgCl2 electrolytes, as
shown in Figure 2f. Due to the brittle nature of S-Ti3C2Tx electrodes,
further dynamic flow HCDI tests were conducted with large and bi-
stacked Ti3C2Tx electrodes while exploiting L-Ti3C2Tx as a current col-
lector.

MXene films produced via vacuum-assisted filtration (4 cm in diam-
eter) were insufficiently large to accommodate the extended MXene
contact and external connection (to the potentiostat) required for HCDI
tests. Therefore, we used a scalable, blade coating method for fabricat-
ing MXene films using large flakes to achieve the minimum dimensions
needed for HCDI cell assembly (0.8 cm width and 7 cm length). As
shown in Figure 3a, L-Ti3C2Tx dispersion was uniformly coated onto

a glass bed using a doctor blade. After drying, double-sided Kapton tape
was used to mechanically peel off MXene film from the glass bed.
MXene dispersions containing probe-sonicated small flakes were then
spray coated onto the MXene/Kapton tape current collector until a
10 µm thickness was achieved. Rolled activated carbon was employed
as a positive electrode in HCDI cells. The static electrochemical perfor-
mance of activated carbon electrodes was evaluated in 1M NaCl elec-
trolyte as shown in Figure S2, Supporting Information.

The sodium ion removal performances of L-Ti3C2Tx and bi-stacked
electrodes are shown in Figure 3b. The concentration vs time curves
exhibited by HCDI cells containing both types of electrodes illustrate
consistent ion removal and ion release cycles, indicating the accessibility
of 2D redox MXene galleries. Furthermore, the amplitudes of the cell
containing the bi-stacked electrode are noticeably higher (Figure 3b).
When normalized by the electrode mass, the bi-stacked electrode ini-
tially demonstrated higher ion removal capacity of 39.18 � 1.73 mg
g-1 over the first ten cycles than L-Ti3C2Tx electrode (30.08 � 0.99 mg
g-1) (Figure 3c). This result is higher than other HCDI studies using
Ti3C2Tx MXene electrodes that reported a capacity of 13 mg g-1 [22]

and comparable to porous MXene films (45 mg g-1)[27] (see Table S1,
Supporting Information).[31-36] The improved performance of the bi-
stacked electrode at the start of cycling could be attributed to the higher
initial porosity and accessibility of electrochemically active sites on the
MXene surface and interlayer region, allowing for higher adsorption
and intercalation of Na+ ions being removed from solution, respec-
tively. After 10 cycles, the performance of the bi-stacked electrode began
to degrade and ion removal capacity dropped to 25.69 mg g-1, similar
to the value delivered by the L-Ti3C2Tx electrode (28.64 mg g-1) after
25 cycles (Figure 3c).

While smaller flakes may facilitate diffusion pathways, they might
also introduce instability to the electrode structure. Figure 3d shows
the XRD patterns of the bi-stacked electrode before cycling and after
25th ion release cycle. There is a primary (002) peak used to measure
interlayer spacing, followed by higher (00l) reflections. It is important

to note that the small flakes in the films
made via doctor blade coating method
exhibit a more compact layered structure
(2θ ~ 7.48°) than films made using vac-
uum-assisted filtration (2θ ~ 6.88°).[24]

However, these reflections at higher 2θ
values are noticeably less intense after
cycling, which indicate increased disor-
der in the film structure. This disorder
could be the result of both the continu-
ous flow of solution between the MXene
layers and decreased flake overlap in the
S-Ti3C2Tx film compared to the L-Ti3C2Tx
film. The primary (002) peak is shifted
to a smaller 2θ value after cycling. The
increased interlayer spacing could be
attributed to the entrapment of ions from
solution within the interlayer region dur-
ing cycling, thereby occupying interlayer
sites and decreasing adsorption capacity.
Similar structural and compositional
dynamics have been reported for layered
manganese oxide electrodes used for the
removal of ions from water in HCDI
cells.[37] The decrease in active volume

Figure 3. a) Schematic depicting the doctor blade coating method. L-Ti3C2Tx MXene ink coated onto a
glass bed followed by transfer to Kapton tape. Flow-based electrochemical performance of the L-Ti3C2Tx
and bi-stacked Ti3C2Tx electrodes, including b) concentration versus time curves for the first 10 cycles, c)
ion removal capacities (mg g-1) through 25 cycles, and d) XRD patterns of the bi-stacked electrode before
and after HCDI cycles. The post-cycling data were obtained after the 25th ion release step. The inset shows
an expanded view of the (002) peak.
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combined with the mechanical instability of the S-Ti3C2Tx film can
explain the degradation in removal capacity from 39 mg g-1 to 28 mg
g-1 for the final 10 cycles of the bi-stacked electrode. Despite moderate
capacity retention, the measured ion removal performance is still a
notable achievement for CDI technology due to the binder-free MXene
electrode acting as its own current collector. The mechanical integrity
of the bi-stacked electrodes could be improved by pressing MXene
films before cycling to assure that MXene flakes retain their original
architecture. Highly porous MXene electrode architectures may be
developed for flowable suspension electrodes in HCDI configura-
tion.[38]

While this paper highlights some of the advantages of faradaic lay-
ered materials, like delaminated Ti3C2, over conventional porous carbon
electrodes, stability remains a major issue in the former. It is almost
inevitable that pristine MXene membranes will experience oxidation
when operating in oxygen-saturated electrolytes like brackish water.
Pairing MXene with porous carbon in an HCDI configuration instead of
a symmetric configuration was done to limit the rate of oxidation (to
potentially extend the cycling stability) of MXene as it operates com-
fortably in the negative potential window. Stability continues to be an
important research direction for MXene materials in the context of sus-
tainable CDI cell operation. Controlling surface chemistry as well as pas-
sivation of defect sites using polymers and surface protection coatings
may be investigated toward developing stable MXene CDI cells.

3. Conclusion

In summary, current collector- and binder-free Ti3C2Tx MXene elec-
trode architectures were developed for HCDI applications. A bi-
stacked MXene electrode design composed of small and large flakes
that was employed to investigate the capacitive performance in a sta-
tic 3-electrode configuration using a variety of aqueous electrolytes,
including 1M solutions of NaCl, KCl, and MgCl2. Volumetric capaci-
tance up to 250 F cm-3 with a rate retention of 65% was achieved
in the scan rate range of 5–100 mV s-1. Furthermore, the design of
a flowable HCDI system using MXene and porous carbon electrodes,
operating at a voltage of +1.2 V for ions removal and a voltage of
−1.2 V for ions release. The salt removal capacities up to 39 mg g-1

and cycling stability up to 25 cycles were demonstrated. This study
opens avenues for developing MXene current collectors and new
electrode architectures for sustainable HCDI systems to be used for
water treatment applications.

4. Experimental Section

Synthesis of Delaminated Ti3C2Tx MXene: All chemicals were used as-
received without further purification. Layered ternary carbide
Ti3AlC2 (MAX phase) powder was obtained from Carbon-Ukraine,
Ltd. (particle size < 40 µm). Ti3C2Tx MXene was synthesized by
following the minimally intensive layer delamination (MILD) route,
where selective etching of Al from Ti3AlC2 was achieved using
in situ HF-forming etchant, as previously reported elsewhere.[19]

The etching solution was prepared by adding 1 g of lithium fluo-
ride (LiF, Alfa Aesar, 98+ %) to 20 mL of 9 M hydrochloric acid
(HCl, Fisher, technical grade, 35-38%), followed by 5 minutes of
stirring. 1 g of Ti3AlC2 powder was slowly added to the etchant

solution at room temperature and continued stirring for 24 h at
600 rpm. The acidic suspension was washed with deionized (DI)
water to a pH ≥ 6 via centrifugation at 3500 rpm (5 min per
cycle) with subsequent decanting of the clear supernatant after each
cycle. Around pH ≥ 6, a stable dark green supernatant of Ti3C2Tx
was observed and then collected after 30 min of centrifugation at
3500 rpm. The concentration of the Ti3C2Tx solution was measured
by filtering a specific amount of colloidal solution through a
polypropylene filter (3501 Coated PP, Celgard LLC, Charlotte, NC),
followed by drying under vacuum at 70 °C overnight. Large flakes
of Ti3C2Tx dispersed in water were probe-sonicated (Fisher Scientific
model 505 Sonic Dismembrator, 500 W) for 20 minutes under
pulse setting (8 s on pulse and 2 s off pulse) at an amplitude of
50% in an ice bath. Probe-sonicated Ti3C2Tx solutions were
centrifuged at 3500 rpm for 60 min, and the supernatant was
collected.

Preparation of Freestanding Ti3C2Tx MXene Film: To prepare freestand-
ing Ti3C2Tx films, two different methods were used: vacuum-assisted
filtration and a blade coating method. To make a Ti3C2Tx film via vac-
uum-assisted filtration, Ti3C2Tx colloidal solutions of probe-sonicated,
small flakes (S-Ti3C2Tx) or as-synthesized, large flakes (L-Ti3C2Tx) were
filtered onto a Celgard membrane. Bi-stacked MXene films were made
by sequentially filtering small flakes on top of a layer of large flakes
using vacuum-assisted filtration. After the filtered film was dried in an
ambient environment, the freestanding Ti3C2Tx films were detached
from the Celgard membrane and directly used as electrodes for static
electrochemical measurements.

A blade coating method as shown in Figure 3 was used to pre-
pare the large area MXene films for dynamic flow tests in a HCDI
cell, as shown in our previous work.[24] Blade-coated Ti3C2Tx films
were prepared from highly concentrated Ti3C2Tx dispersions
(48 mg mL-1) containing predominantly large MXene flakes. The
height between the substrate and the blade edge has been fixed to
75 μm, 100 μm, and 200 μm, which corresponds to dry film
thickness of 7 μm, 10 μm, and 18 μm, respectively. The blade-
coated film with a thickness of 18 μm demonstrated an electrical
conductivity of 10,800 S cm-1.[39] Once the blade-coated film
(thickness, 7 µm) was fully dried, S-Ti3C2Tx MXene flakes (5 mg
mL-1) were spray coated onto the L-Ti3C2Tx film surface until a
thickness of 10 μm was achieved. Even though the blade-coated
film with a maximum thickness of 18 μm demonstrated an electri-
cal conductivity of 10,800 S cm-1, the electrical conductivity of
5000 S cm-1 is sufficient for a current collector for CDI
measurement. Once the blade-coated film was fully dried on the
glass bed surface, double-sided Kapton tape was used to peel it off
carefully.

Material Characterization: The X-ray diffraction (XRD) patterns were
recorded by a powder diffractometer (Rigaku Smart Lab, USA) with Cu
Kα radiation at a step size of 0.04° with 0.5 s dwelling time. The cross-
section and the microstructure of the samples were characterized by a
scanning electron microscope (SEM) (Zeiss Supra 50VP, Germany).
The electrical conductivity of the samples was measured using a four-
point probe (ResTest v1, Jandel Engineering Ltd., Bedfordshire, UK)
with a probe distance of 1 mm.

Fabrication of Activated Carbon (AC) Films: Activated carbon (AC,
YP50F grade) films were prepared by mixing 5 wt% polytetrafluo-
roethylene (60 wt% in water, Sigma-Aldrich) to 95 wt% of YP50F
(Kuraray, Japan). The above slurry was rolled into 100 µm thick films
followed by drying in a vacuum oven at 70 °C overnight. These AC
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films were used as over-capacitive counter electrodes for static 3-elec-
trode and HCDI tests under flow conditions.

Static Electrochemical Measurements (3-electrode measurements): The follow-
ing electrochemical tests: cyclic voltammetry (CV), galvanostatic
charge–discharge (GCD), and electrochemical impedance spectroscopy
(EIS) were conducted at room temperature using a VMP3 electrochemi-
cal workstation (BioLogic, France). The 3-electrode measurements were
performed in 1 M NaCl, 1M KCl, and 1M MgCl2 electrolytes, in which
Ti3C2Tx electrodes (mass loading of 3.5–5.5 mg cm-2, den-
sity ~ 3.3 g cm-3) were employed as the working electrodes with
over-capacitive activated carbon and Ag/AgCl (3 M KCl) as the counter
and reference electrodes, respectively.

Gravimetric specific capacitance Cm (F g-1) of electrode materials was
calculated from the CV curves by integrating the discharge portion
using the following equation:

Cm ¼ 1

Vmv

Z
idV (1)

where i is the current (mA), V is the potential window (V), v is
the scan rate (mV s-1), and m is the mass of the active material
(mg).

Areal capacitane, CA ¼ Cm�mass loading mg cm�2
� �

(2)

Volumetric capacitance, CV ¼ CA=thickness (3)

Hybrid Capacitive Deionization Experiments (HCDI): Ion removal experi-
ments were performed using a previously employed, custom-built
HCDI cell shown schematically in Figure S1, Supporting Informa-
tion.[9] The cell consisted of a Delrin exterior with the lid outfitted
with hose connection nozzles for the pump tubing. Since activated
carbon electrode (100 μm thick, ~645 mm2, 100 mg) is not suffi-
ciently conductive, it was attached to the bottom portion of the cell
using a tin-coated current collector (3M). In contrast, the blade-
coated L-Ti3C2Tx MXene electrode (7 μm thick, ~340 mm2, 15 mg)
was adhered to the underside of the lid with the uncoated side of
the Kapton tape, acting as its own current collector, due to its high
electrical conductivity. Specifically, MXene flakes with large lateral
dimensions, known to demonstrate efficient electron transport,[24]

were used as current collector, which extended outside of the chan-
nel region for contacting with the potentiostat alligator connections
(Figure S1 in Supporting Information). The carbon and MXene elec-
trodes were covered by an anion and cation exchange membrane,
respectively (AGC Engineering Co.). Finally, a Viton fluoroelastomer
gasket with a 166 mm3

flow channel and 3 nylon mesh spacers
(Spectrum Laboratories, Inc.) were placed between the two elec-
trodes to help mitigate the risk of a short circuit. After the cell was
assembled, bolts at each corner were tightened to a force of 1 New-
ton to seal the cell, prevent leakage and promote good contact
between the cell elements, while allowing salt solution to flow in
the channel between the electrodes.

The HCDI cell was integrated with a Biologic VMP3 potentiostat and
peristaltic pump. The pump cycled a 15 mL reservoir of 15 mM NaCl
solution (Fisher Scientific) at approximately 20 mL min-1. At the same
time, 15 min ion removal and 15 min ion release half-cycles were
generated by applying constant alternating potentials of 1.2 V and
–1.2 V, respectively. Prior to the full 30 min cycles, five 10 min pre-

cycles were performed to reach a dynamic steady-state condition.[29] A
dip-in conductivity probe (eDAQ) was used to monitor the concentra-
tion of the NaCl solution reservoir, and conductivity measurements
were converted to concentrations based on calibration curves generated
in previous work.[9] Lastly, the ion removal capacity of the HCDI cell,
measured in mg of salt per g of electrodes mass, was calculated using
Equation 4.

Ion Removal Capacity¼ ΔC�Vð Þ=M (4)

where ΔC is the absolute difference between the maximum and
minimum concentration (mg L−1) during each respective cycle, V
is the volume of NaCl solution (L), and M is the active mass of the
electrodes normalized by the area of electrode in the flow channel
(g), including binder and conductive additives when used for acti-
vated carbon.

This system demonstrates a proof-of-concept HCDI study employing
a delaminated MXene electrode–current collector combination coupled
with a carbon anode, operating under continuous flow. Upon polariz-
ing electrodes, cations get adsorbed or trapped between slit pores with
concurrent flow of desalinated water exiting the channel. The adsorbed
or trapped ions are released back into the flow stream by reversing
polarity of electrodes in the following discharge cycle. During the dis-
charge cycle, concentrated salt solution (brine) flows out from the
channel. In this continuous flow configuration, there was no separation
of the purified and brine water streams. The concentration was mea-
sured continuously during cycling to observe the cycling stability of
the system and interpret its longevity in real use. When implementing
a more refined system for practical use, fresh water can be collected (in
a separate vessel) in alternate cycles of operation by the method of
polarizing electrodes to desalinate the water then using intentional bias
reversal to regenerate the electrodes while finding other uses for the
resulting brine solution.
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