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Abstract

One of the most unique properties of two�dimensional carbides and nitrides of

transition metals (MXenes) is their excellent water dispersibility and yet

possessing superior electrical conductivity but their industrial�scale applica-

tion is limited by their costly chemical synthesis methods. In this work, the

niche feature of MXenes was capitalized in the packed�bed electrochemical

reactor to produce MXenes at an unprecedented reaction rate and yield with

minimal chemical waste. A simple NH4F solution was employed as the green

electrolyte, which could be used repeatedly without any loss in its efficacy.

Surprisingly, both fluoride and ammonium were found to play critical roles in

the electrochemical etching, functionalization, and expansion of the layered

parent materials (MAXs) through which the liberation of ammonia gas was

observed. The electrochemically produced MXenes with excellent conductiv-

ity, applied as supercapacitor electrodes, could deliver an ultrahigh volumetric

capacity (1408 F cm� 3) and a volumetric energy density (75.8 Wh L� 1). This

revolutionary green, energy�efficient, and scalable electrochemical route will

not only pave the way for industrial�scale production of MXenes but also open

up a myriad of versatile electrochemical modifications for improved functional

MXenes.

K E Y W O R D S

packed�bed electrochemical reactor, electrochemical etching, MXene, supercapacitor
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1 | INTRODUCTION

Benefiting from their unique structure, 2D materials are
endowed with many extraordinary properties, exceeding
their parent bulk materials.1…4 Since 2011, the two�
dimensional (2D) transition metal carbides, first discov-
ered by Naguib and Gogotsi et al., have rapidly become a
rising star material amongst the burgeoning 2D materi-
als. The family of 2D transition metal carbides, and the
subsequent nitrides and borides (MXenes), exhibits
excellent electrical conductivity, hydrophilicity, diverse
chemical functionality, structure, and thickness control-
lability, which promoted their utilization in a large
number of applications, including energy conversion,
catalysis, electromagnetic interference shielding, water
desalination, biosensor, neural electrodes, and so
forth.5…9 To date, over 30 different types of MXenes with
varying chemical and physical properties have been
synthesized.10 MXenes can be represented by a general
formula Mn+1XnTx (n = 1…3), where M represents early
transition metals such as Ti, V, Ta, Cr, Mo, and so forth,
and X represents C, N, and B, and Tx denotes various
surface terminations such as …OH, …F, and O.5,9,11

MXenes are typically prepared by selective etching of
the A atomic layer in MAX (M n+1AXn) phase precursors,
where A is typically a Group 13 or 14 element of the
periodic table.12 The multivalent A atom effectively
supports the stable parent MAX structure but posts a
challenge in its selective removal.13,14

Up to now, following the work of Gogotsi's research
team in 2011,15 the use of hydrofluoric acid (HF) or in
situ�generated HF solutions to prepare MXenes is still the
most preferred synthesis method. However, the cost of
managing highly toxic and corrosive HF and its
associated chemical waste may be highly challenging at
the industrial scale. Although streamlined pilot�scale
production of MXenes, with comprehensive safety
controls,16…18 has been demonstrated, there is still a
strong motivation toward a safe, environmentally
friendly, and cost�effective method to reduce the toxic
chemical waste, drive down the production cost of
MXenes, and realize their wide industrial applicability.
In 2020, Li et al.19 reported the use of high�temperature
molten salt to selectively etch the A atomic layer.
However, due to the lack of hydrophilic functional
groups (…OH/…O), delaminating the multilayer MXenes
prepared by the molten salt method could be a very
difficult task. In addition, the high energy consumption
and risk associated with high�temperature treatment
need to be carefully considered. Concurrently, the
electrochemical production route for MXenes has also
been preliminarily studied by Pang et al. and Yang et al.
where the electrochemical etching of MXenes in acidic

and alkaline electrolytes was reported.20,21 Nevertheless,
the low production yield and small�scale demonstration
with preformed MAX electrodes would not be viable for
industrial �scale production.

Herein, we report a green, cost�effective, and scalable
electrochemical production of MXenes (eMXenes) with
high yield, utilizing only aqueous ammonium fluoride
(NH4F) as the electrolyte in a simple two�electrode packed�
bed electrochemical reactor (PBER). Owing to the conduc-
tive nature of MXenes (even after functionalization), the
PBER was remarkably successful for MXene production in
terms of reaction yield (72.3%) and rate (206 mg h� 1).
Moreover, we demonstrated the recyclability of the
electrolyte, the versatility toward Nb�based MXenes, the
unintuitive electrochemical etching mechanism with
undissociated NH4F, the scalability of the PBER with
inexpensive graphite electrodes, and the application of
eMXenes as superior supercapacitor electrodes.

2 | EXPERIMENTAL SECTION

2.1 | Materials

MAX phase powders (Ti3AlC2, 200 mesh,� 99%, Nb2AlC
and Nb4AlC3, 200 mesh, � 98%) were purchased from
Laizhou KaiXi Ceramic material Co., Ltd. Tetramethy-
lammonium hydroxide (TMAOH, 25 wt.% aqueous solu-
tions) and ammonium fluoride (NH4F, � 98%) were
purchased from Sigma�Aldrich. The materials were used
directly without any further purification.

2.2 | Synthesis of eMXenes

eMXenes were synthesized in a PBER under constant
current, as first demonstrated in our previous work,22

where the conductive boron�doped diamond (BDD)�
coated niobium electrode (Diaccon GmBH) was em-
ployed as the working electrode and the MAX powder
was packed against the BDD under an applied pressure
(1 kg top load for the small reactor and 2 kg top load for
the large reactor). A Pt wire (0.25 mm diameter) with a
length of 33 cm (purity 99.99%; Goodfellow) was
employed as the counter electrode, and the two electro-
des were separated by a hydrophilic MCE membrane
(pore size 0.45� m, MF; Millipore). As a proof of concept
on industrial scalability, the BDD and Pt electrodes in
large PBER could be replaced by a graphite plate (anode,
100 mm × 20 mm × 2 mm) and graphite rod (cathode,
length: 180 mm, diameter: 6 mm), respectively.

For the small PBER, a fixed amount of MAX powder
(from 0.1 to 1 g) and 4 mL of the NH4F aqueous
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electrolyte of a specified concentration was pipetted into
the reactor. The exposed surface area of the BDD
electrode was measured to be 1.54 cm2. For the large
PBER, a greater quantity of MAX powder (from 1 to 20 g)
was fed in a single batch, with 40 mL of the added
electrolyte and the exposed surface area of BDD of
8.00 cm2. A CHI760E electrochemical workstation (CH
Instruments) was employed for the galvanostatic charg-
ing (GC) with the limiting voltage set at 3 V.

The as�synthesized eMXene was dispersed in deio-
nized water with agitation and followed by copious rising
through a hydrophilic polyvinylidene difluoride (PVDF)
membrane (pore size 0.22� m, MF; Millipore). Immedi-
ately after rising, the eMXene cake was freeze�dried to
remove the residual water.

2.3 | Delamination of eMXenes

The freeze�dried eMXene (0.1 g) was redispersed in 50 mL
of deionized water, which was subsequently deaerated with
argon for 30 min. After that, delamination was achieved by
adding 0.393 mL of TMAOH solution (the intercalating
agent) and stirring at 300 rpm for 12 h at room temperature.
The delaminated product was collected under high�speed
centrifugation (10,000 rpm for 10 min), and the clear
supernatant was discarded. The sediment was further
rinsed twice with centrifuge�wash cycles (10,000 rpm for
10 min); it was redispersed in 50 mL of deionized water and
subjected to sonication in an ice bath under argon
protection for 30 min. After sonication, the solution was
centrifuged (3500 rpm for 30 min) and the dispersed
eMXene supernatant solution was collected and vacuum�
filtered using a hydrophilic PVDF membrane. The eMXene
film was freeze�dried and removed from the PVDF
membrane for further material characterizations (i.e.,
X�ray diffraction [XRD], X�ray photoemission spectroscopy
[XPS], Raman and sheet resistivity measurement). The
yield of the delaminated eMXene (DE�MXene) nanosheets
was calculated based on the weight ratio of the free�
standing eMXene film to the MAX precursor.

2.4 | Characterizations

The XRD patterns were obtained from a Bruker D8
Advance diffractometer. The step size and the time per
step were fixed at 0.01° and 5 s, respectively. The
morphology and element compositions of MAX phases
and eMXenes were characterized using a JEOL JSM�
7500FA SEM equipped with an EDS detector (Oxford
EDS). The transmission electron microscopy (TEM)
photographs were collected from a JEOL F200 electron

microscope with energy�dispersive X�ray spectroscopy
(EDS). The atomic force microscopy (AFM) characteri-
zation was carried out with a Bruker Dimension Icon
atomic force microscope in tapping mode. The scanning
electron microscopy (SEM) and AFM samples were
prepared by spin�coating eMXenes onto a conductive
Si/SiO2 wafer. The X�ray photoelectron spectroscopy
(XPS) data was collected using a Kratos Axis Ultra with a
monochromatized Al K� X�ray source. The electrical
conductivity of MXene films was measured using a
Jandel RM3000 four�point probe system. Raman spec-
troscopy was performed on a LabRAM HR Evolution
Raman microscope equipped with a 532 nm laser. The
gas chromatogram was carried out with Agilent 7890B.

2.5 | Activated carbon electrodes

The activated carbon electrodes were prepared by mixing
YP�50 activated carbon powder (Kuraray) and the
polytetrafluoroethylene (PTFE) binder in a 95:5 weight
ratio in ethanol. The resultant thick slurry could be
continuously rolled into a self�supporting flexible film,
the average mass loading of which was measured to be
about 12 mg cm� 2.

2.6 | Electrochemical test

The free�standing Ti3C2Tx MXene film was cut into a disc�
shaped electrode (average active mass loading was between
3.0 and 4.2 mg cm� 2) with a diameter of 6 mm. The
electrochemical performance test was carried out in a
Swagelok three�electrode configuration where glassy car-
bon electrodes were employed as current collectors for the
three electrodes, namely, the MXene working electrode, the
activated carbon counter electrode, and reference electrode
(Ag/AgCl in 1 mol L � 1 KCl). For the fabrication of two�
electrode symmetric supercapacitors, two free�standing
Ti3C2Tx MXene films of the same size served as electrodes,
which were separated by a Celgard 3501 membrane. H2SO4

solution (3 mol L� 1) was adopted as the electrolyte for both
types of supercapacitor tests. The electrochemical charac-
terizations, including cyclic voltammetry (CV), galvano-
static charge� discharge (GCD), and long�term cycling
performance, were also acquired using the CHI760E
electrochemical workstation at room temperature.

Gravimetric capacitance (Cg, F g� 1) of the working
electrodes can be calculated from the CV profiles using
the following equation:

�]

�¼
C

IdV

Vms
= ,g
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where I (A) is the current, m is the mass of the electrodes,
s(V s� 1) is the scan rate, and�]V (V) is the potential
window.

The volumetric capacitance (Cv, F cm� 3) can be
calculated according to the following equation:

C �(C= ,v g

where �((g cm� 3) is the density of the eMXene film
electrode.

Energy density (Eg, Wh kg� 1 and Ev, Wh L� 1) and
power density (Pg, W kg� 1 and Pv, W L� 1) of the
two�electrode symmetric supercapacitors can be
calculated from GCD profiles according to the follow-
ing equations:

�¼E VIdt M= / ,g

E �(E= ,v g

�]P E t= 3600 / ,g g

P �(P= ,v g

whereV(V) is the discharge voltage window,�]t (s) is the
discharge time, and M(mg) is the total weight of
electrode materials.

3 | RESULTS AND DISCUSSION

3.1 | Electrochemical production
of Ti 3C2Tx eMXenes

The electrochemical etching of Ti3AlC2 and its
concomitant functionalization process were carried
out in a two�electrode PBER, as depicted in Figure1A
(in the photos of Figure S1, the synthetic process is
described in detail in the Experimental Section). The
aqueous NH4F electrolyte (pH = 6.29) was chosen as
the fluoride source due to its low cost and excellent
water solubility, which can afford a broad concentra-
tion range for fundamental investigation. The typical
GC curve (Figure 1C) for electrochemical etching of
Ti3AlC2 exhibits three distinct stages during the
electrochemical reactions: intercalation of anions
(Stage I, the initial sharp rise in voltage), etching/
functionalization of MAXs/MXenes (Stage II, the long
intermediate plateau steadily climbing from 0.5 to
1.5 V), and water splitting (Stage III, the sharp rise to
over 3 V at the end of the reaction). The linear sweep

voltammetry of Ti3AlC2 MAXs performed at 1 mV s� 1

(Figure S2A) revealed that the anodic etching reaction
in the NH 4F electrolyte could proceed at an increasing
rate with increasing voltage from 0.5 to 2 V (corre-
sponding to Stage II in the GC curve), while the
etching current dropped sharply above 2 V (at Stage III,
water splitting outweighed the etching reaction). The
as�prepared eMXene product (denoted as E�Ti3C2Tx)
showed dark black color in contrast to the metallic
color of Ti3AlC2. E�Ti3C2Tx was further delaminated
with TMAOH to obtain a monolayer or a few�layer
delaminated eMXene (DE�Ti3C2Tx) sheets.

3.2 | Optimization of key parameters
in the electrochemical reaction

To achieve a better understanding of the electrochemi-
cal reactions, the key experimental parameters (electro-
lyte concentration, applied current density, and MAX
loading) were investigated and optimized in our current
PBERs, relying on XRD characterization and the yield of
exfoliated MXene flakes as the evaluation criteria.23,24

The GC plots (Figure S3) in a wide range of NH4F
electrolyte concentrations (from 2 to 18 mol L� 1) under
the same constant current density (7.80 mA cm� 2)
displayed similar charging profiles but with differences
in the plateau voltages and total charges consumed.
Notably, for lower concentrations of 2 mol L� 1

(Figure S3), their plateau voltages were higher and the
total charge consumed was smaller compared with that
of the more concentrated electrolytes (>6 mol L� 1).
These imply that a higher level of electrochemical
resistance and incomplete electrochemical reaction may
be associated with using lower electrolyte concentra-
tions. Evidently, the XRD patterns of the as�produced
products (Figure 2A) showed a significant residual
parent MAX phase (at 2� = 39°) and the yields of
exfoliated MXenes (FigureS4) were lower for the lower
electrolyte concentrations. When higher electrolyte
concentrations (� 6 mol L� 1) were employed, successful
etching of Ti3AlC2 into Ti 3C2Tx could be achieved as
evidenced by the significant reduction of the parent
MAX phase and the shift of the (002) XRD peak from
9.6° to 7.1°. The XRD peaks at 2� = 39° of the unetched
Ti3AlC2 are minimal at concentrations from 10 mol L� 1

onwards. In addition, the use of 10 mol L� 1 NH4F could
achieve the highest yield of exfoliated MXenes of 72.3%
(Figure S4), which is comparable to the currently
reported MXene synthesis methods.17,23…25 Hence,
10 mol L� 1 NH4F was selected as the optimal electrolyte
condition in this study.
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To study the effect of current densities, a series
of constant current densities, ranging from 1.30 to
64.96 mA cm� 2, were employed in our small PBER with
0.1 g of MAXs (0.07 g cm� 2). The corresponding charging
curves (Figure S5) share similar cell voltage profiles,
consisting of a stable etching voltage plateau followed by
a sharp voltage rise, but with varying charge consumed.
The XRD results (Figure S6) suggest that effective
electrochemical etching could be achieved in this
bench�scale PBER (small PBER) when the currents were
between 1.30 and 19.49 mA cm� 2. In this range, the
production rate of eMXenes (Figure2B) in our small
PBER shows a positive correlation with the applied
current, achieving around 20 mg h� 1 with a good yield
(>60%) at the current density of 19.49 mA cm� 2.
The product yield decreased significantly when the
current density exceeded 19.49 mA cm� 2, and is possibly
due to the limitation in electrolyte diffusion in the small
PBER and the transition to the water�splitting reaction
prematurely. Based on the highest product yield
achieved, the current density of 7.80 mA cm� 2 was
selected as the optimum for our small PBER.

3.3 | Characterization of Ti 3C2Tx
eMXenes

The morphological, physical, and chemical properties of
the eMXene produced using the optimized parameters
(small PBER, 0.1 g or 0.07 g cm� 2 MAXs, 10 mol L� 1

NH4F, and 7.80 mA cm� 2 current density) were further
investigated. The (002) characteristic peak of DE�Ti3C2Tx

in XRD broadened and shifted from 7.1° to 6.1°
(Figure S7), indicating the increase in the interlayer
spacing of the adjacent Ti3C2 layers. The SEM image
shows that the E�Ti3C2Tx (Figure 3A) had a typical
accordion�like morphology, similar to those prepared by
chemically etching with HF.7 After delamination, the
aqueous dispersion of DE�Ti3C2Tx shows Tyndall effect
(Figure S8b) and negative zeta potential (�49.34 mV,
Figure S8C) lower than those of the products synthesized
by using HF to chemically etch, indicative of highly
stable colloidal dispersion. The DE�Ti3C2Tx solution was
vacuum�filtrated into a thin film (Figure S9A) composed
of highly aligned, face�to �face packed sheets as seen
in the cross�sectional SEM images (FigureS9B…D).

(A)

(B) (C)

F IG U R E 1 Schematic diagram and typical galvanostatic charging curve of the electrochemical production of eMXenes. (A) Schematic
drawing of the small PBER used to prepare eMXenes in which the parent Ti3AlC2 MAX material was anodically etched and functionalized
in the NH 4F electrolyte under the galvanostatic charging. (B) Schematic drawing of the large PBER and 20 g freeze�dried Ti3C2Tx eMXene
product prepared by the large PBER. (C) Typical galvanostatic charging curve for electrochemical etching Ti3AlC2 with three distinct stages,
i: intercalation of electrolyte ions, ii: etching and functionalization, and iii: water splitting on BDD at voltage over 3 V (parameter: small
PBER, 0.1 g of starting Ti3AlC2, 10 mol L� 1 NH4F electrolyte and 7.80 mA cm� 2 constant current density). BDD, boron�doped diamond;
NH4F, ammonium fluoride; PBER, packed�bed electrochemical reactor.
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The freeze�dried DE�Ti3C2Tx film has an excellent
conductivity (10,470 S cm� 1) slightly higher than those
prepared with HF.26,27

The TEM image in Figure 3B shows the ultrathin
nature of DE�Ti3C2Tx flakes, and the insignificant presence
of Al from the EDS mapping indicates the successful
removal of the Al layers from the parent MAX
(Figure S10A,B). The high�resolution transmission electron
microscopy (HRTEM) image (Figure S10C) and its
corresponding selected areadiffraction (SEAD) pattern
(the inset in Figure 3B) confirm that the DE�Ti3C2Tx

nanosheets preserved the hexagonal lattice structure
during the electrochemical etching and the following
delamination. The AFM image (Figure S11) shows
bilayered or trilayered DE�Ti3C2Tx MXene flakes with a
thickness of about 4 nm. The absence of the Al 2p signal
in the X�ray photoelectron spectroscopy (XPS) spectra
for E�Ti3C2Tx (Figure 3C and Figure S12A) again confirms
the successful electrochemical etching of Al. Deconvolution
of the XPS Ti 2p band for E�Ti3C2Tx (Figure S12Band
details in TableS1) reveals the presence of several oxidation
states of Ti atoms, which were bonded to Tx (…O/…OH)

and …F termination.28 XPS spectra of C 1s and O 1s confirm
the existence of C…Ti…O and C…Ti…OH bonds, and that of
F 1s indicates�F termination group covalently bonded to
E�Ti3C2Tx (Figure S12C…E). These results are all consistent
with the XPS signal of Ti 2p. Raman spectra of starting
materials Ti3AlC2 and E�Ti3C2Tx MXenes show that after
electrochemical etching, the characteristic peaks (� 1, � 2,
and � 3) of the starting material Ti3AlC2 disappear with the
appearance of new characteristic peaks (� 4, � 5, and � 6)
from the E�Ti3C2Tx MXene sample (Figure S13). The
emergence of new characteristic peaks can be attributed to
the changes in the chemical states of Ti and C atomic layers
associated with the removal of Al and the introduction of
various termination groups during the electrochemical
reaction.29

3.4 | Electrochemical production
of Nb �based eMXenes

Beyond Ti3C2Tx, our electrochemical method can be
applied to effectively etch Nb2AlC and Nb4AlC3 MAXs to

(A)

(B)

F I G UR E 2 Parameter optimization for
the electrochemical reaction. (A) XRD
patterns of Ti3AlC2 and Ti3C2Tx eMXene
products etched with NH4F electrolyte
concentrations range from 2 to 18 mol L� 1

(parameter: small PBER, 0.1 g of the starting
material Ti3AlC2 and 7.80 mA cm� 2

constant current density). (B) Yields and
production rates of delaminated eMXene
(DE�Ti3C2Tx) samples etched with various
constant current densities (parameter for
small PBER: 0.1 g of the starting material
Ti3AlC2 and 10 mol L� 1 NH4F
electrolyte; parameter for large PBER: 1 g of
the starting material Ti3AlC2 and 10 mol L� 1

NH4F electrolyte). NH4F, ammonium
fluoride; PBER, packed�bed electrochemical
reactor; XRD, X�ray diffraction.
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2D MXenes (the corresponding charging curves are
shown in Figure S14), which typically require high
concentrations of HF (48%…51%), long reaction time
(more than 96 h), and heating.30…32 Similar to the Ti�
based MAX, the successful selective etching of both Nb�
based MAXs was achieved, as indicated by the disap-
pearance of the sharp XRD peaks of the parent MAX
phases and the broadening and weakening of the
remaining XRD peaks (see Figure3D and Figure S15).
The electrochemically prepared Nb2CTx and Nb4C3Tx

MXenes displayed a typical accordion�like morphology in
the SEM images (insets in Figure3D and Figure S15),
also consistent with the previous reports of the successful
synthesis of Nb2CTx and Nb4C3Tx MXenes.30,32 The
elemental analysis by EDS (FiguresS16 and S17) and
XPS (FiguresS18 and S19, Tables S2 and S3) further
confirmed that the Al element was successfully removed
from the starting materials Nb2AlC and Nb4AlC3.

3.5 | Cost�effectiveness and scalability
of PBER

In addition to the huge versatility of PBER, its cost�
effectiveness and scalability were examined next. At the
end of each experiment, the electrolyte from the PBER
can be easily recovered, without contamination from the
packed MXene product. As a proof of concept, the same
10 mol L� 1 NH4F electrolyte was recovered and reused
for at least five times with a similar level of high reaction
yield (>70%) maintained (Figure4A and Figure S20). In
addition to the energy efficiency of room temperature
electrochemical reaction, the recyclability of the electro-
lyte is a major green chemistry feature, which will greatly
reduce the pollution and cost of chemical wastes.

Next, the scalability of the PBER (up to 20 g in a
single batch) was demonstrated in a laterally upscaled
PBER (as shown in Figure1B and Figure S21). By

(A) (B)

(C) (D)

F IG U R E 3 Characterization of Ti3C2Tx and Nb4C3Tx eMXenes. (A) SEM image of as�produced eMXenes (E�Ti3C2Tx). (B) TEM image
of delaminated eMXene (DE�Ti3C2Tx) nanosheets and corresponding SEAD images. (C) High�resolution XPS spectra of Al 2p of Ti3AlC2 and
E�Ti3C2Tx. (D) XRD patterns of Nb4AlC3 MAXs and Nb4C3Tx eMXenes (the inset shows the SEM image of as�produced Nb4C3Tx eMXenes
with a 2 � m scale bar). SEAD, selected area diffraction; SEM, scanning electron microscopy; TEM, transmission electron microscopy; XRD,
X�ray diffraction.
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conducting the same systematic investigation of
current density (FiguresS22and S23) and MAX loading
(Figure S24) on the product yield and production rate
(Figure 2B), it was found that applying 6.25 mA cm� 2 to
the large PBER containing 1 g of Ti3AlC2 (0.125 g cm� 2)
could produce the highest yield (70.1%) of MXene at the
rate of 43.1 mg h� 1. Furthermore, the large PBER could
allow the etching of 20 g of Ti3AlC2 (2.5 g cm� 2) with
similar effectiveness as the small PBER, as evidenced by
XRD and SEM (FiguresS24 and S25); and the high
product yields were maintained (68% for 5 g and 63% for
20 g of Ti3AlC2).

To reduce the cost of PBER and ensure its scalability,
the costly BDD and Pt electrodes were replaced by
graphite electrodes (plate for anode and rod for cathode,
see Figure4B) in the large PBER. Owing to the relatively
low etching potential of MAXs (cell voltage plateau
<1.5 V), the graphite electrodes were intact even after
repeated use. More importantly, the XRD and SEM
results of Ti3C2Tx eMXenes (1 g and 20 g) prepared with

graphite electrodes are consistent with those of Ti3C2Tx

eMXenes prepared with Pt and BDD electrodes
(Figure 4C and Figure S25). In addition, eMXenes
prepared by graphite electrodes still maintained a high
yield level (72.1% for 1 g and 67.4% for 20 g of Ti3AlC2,
see Figure4A).

3.6 | Electrochemical etching
mechanism

Based on the standard electrode potential series
(Table S4), the selective electrochemical etching of
aluminum ( Eo = � 1.677 V) with fluoride is thermo-
dynamically more favorable compared with the etching
of titanium ( Eo = � 1.370 V) or niobium (Eo = � 0.800 V).
The electrochemical etching reaction would involve
the intercalation and etching of aluminum by the
fluoride anion (z = 3) in the positively charged MAX
electrode:21

(A)

(B) (C)

F IG U R E 4 (A) Yield of DE�Ti3C2Tx MXenes prepared by electrochemically etching Ti3AlC2 with different �cycle�time electrolytes or
graphite electrodes. (B) Large PBER with graphite electrodes (anode and cathode). (C) XRD patterns of Ti3C2Tx eMXene products etched
with BBD/graphite electrodes (parameter: large PBER, 1 g and 20 g of the starting material Ti3AlC2, 10 mol L� 1 NH4F electrolyte and 12.
50 mA cm� 2 constant current density). BDD, boron�doped diamond; eMXene, electrochemically produced carbides and nitrides of transition
metals; NH4F, ammonium fluoride; PBER, packed�bed electrochemical reactor; XRD, X�ray diffraction.
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�èTi AlC + 3F Ti C + AlF + 3e3 2
�)

3 2 3
�) (1)

Subsequently, the etched MXene could be electro-
chemically fluorinated or oxidized with hydroxyl groups
(z � 2):

�èx y zTi C + F + OH Ti C (OH) F + ey x3 2
� ) � )

3 2
�)

(2)

This process is accompanied by expected hydrogen
evolution reaction at the Pt cathode (FigureS26 and
Table S5) and an unexpected gas from the MAX anode
(as evident from the gas bubble evolution), the expansion
of MAX packed�bed (FigureS27), and the accordion�like
structure of the as�produced product (Figure 3A). In
contrast to the well�known role of the fluoride anion, the
role of the ammonium cation was surprisingly found to
be critical in the electrochemical process as similar
concentration (10 mol L� 1) of the KF electrolyte was
unable to promote the electrochemical etching of MAXs
(Figure S28). It was found that ammonia gas (NH3) was
produced from the MAX electrode, as evident from the
increased pH of the electrolyte and evolution of alkaline
gas (only from the MAX electrode) during the electro-
chemical etching process (FigureS26and VideoS1). Our
proposed mechanism is summarized in Figure5 where
there is a significant presence of undissociated ammo-
nium fluoride (~1.6 mol L� 1; Ksp= 44.17) in sufficiently
concentrated NH4F (10 mol L� 1), which could be inter-
calated into the positively charged MAX anode in its
uncharged form. In a concerted event following the bond
forming between Al and F� (electrochemical) and
breaking of the Al…Ti bond, the Ti is expected to extract
a proton from NH4F, thus liberating ammonia gas.
Progressively, Al would be electrochemically etched

away in the form of AlF3 and the etched MAX could
be subjected to further electrochemical functionalization
as suggested in Equation (2).

3.7 | Supercapacitor applications
of Ti 3C2Tx eMXenes

The Ti3C2Tx free�standing membrane was directly
utilized as a binder�free electrode for supercapacitors.
In a three�electrode setup, the CV of the eMXene
electrode at various scan rates (Figure6A) shows
pseudocapacitive charge storage as evident from a pair
of broad redox peaks relating to the redox reactions of Ti
atoms of multiple valence states.25,26The GCD profiles of
the eMXene electrode at various current densities
(2…50 A g� 1) also confirm the pseudocapacitive behavior
from the nonlinear dependence of voltage with time at
constant current (Figure 6B). The eMXene electrode
exhibited an ultrahigh gravimetric capacitance of
340.9 F g� 1 and a volumetric capacitance of 1407.9 F
cm� 3 (Figure S30) at a scan rate of 2 mV s� 1 and even
retained excellent gravimetric capacitance (132.3 F g� 1)
and volumetric capacitance (546.3 F cm� 3) at a high scan
rate of 1 V s� 1. The long�term cycling test at 20 A g� 1, as
shown in Figure 6C, demonstrates that the high
capacitance of the eMXene electrode was maintained
with a high Coulombic efficiency (>90%) over at least
15,000 cycles. When applied to a two�electrode symmet-
ric supercapacitor, the eMXene�based electrode could
maintain its excellent energy storage performance (as
depicted in Figure 6D and Figures S31…S33), including
high volumetric capacitance (325 F cm� 3 at 2 mV s� 1)
and volumetric energy densities across a broad range of
power densities (see Figure 6D). The superior

(A) (B) (C) (D)

F IG U R E 5 Electrochemical etching mechanism. (A) Initial state with dissociated and undissociated NH4F on the Ti3AlC2 surface.
(B) Anodic etching reaction, F� ion bond with Al with electron transfer and concerted extraction of H from undissociated NH4F by Ti.
(C) Bond breaking between Al…Ti and N…H resulted in liberation of NH3 gas. (D) Subsequent progression of concerted electrochemical
etching with F� ions and proton transfer from undissociated NH4F. NH3, ammonia; NH4F, ammonium fluoride.
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