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ABSTRACT: 2D MXenes are promising for various energy-related applications such as energy storage devices and electroca-
talysis of water-splitting. MXenes prepared from hydrofluoric (HF) acid etching have been widely reported. Nonetheless, the
acute toxicity of HF acid impedes the large-scale fabrication of MXenes and their wide utilization in energy-related applica-
tions. Itis thus greatly encouraging to explore a more innocuous protocol for MXenes synthesis. Thereby, a universal strategy
based on thermal-assisted electrochemical etching route is developed to synthesize MXenes (e.g. Ti2CTy, Cr2CTx and V2CTy).
Furthermore, the cobalt ion doped MXenes show an exceptionally-enhanced capability of hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER) activity, demonstrating their multifunctionalities which is comparable to the commer-
cialized catalysts. Moreover, we successfully exploited our MXenes as cathodes for the novel aqueous rechargeable battery,
with proficient retention and excellent electrical output performance. This work paves a non-toxic and HF-free route to pre-
pare various MXenes and demonstrates practical applications of the materials.

INTRODUCTION

As an emerging class of two-dimensional (2D) material,
MXenes have gained much interest because of their out-
standing aptitudes for high electrical conductivity, stability,
hydrophilicity and porosity, contributing to their wide-
spread exploration in electrocatalysis and energy storage
applications!-3. They are described by a chemical formula of
Mn+1XnTx (n =1, 2 or 3; Mis Ti, V or Cr; X is C or/and N; Txis
the surface functional groups of -0, -OH, -F or -Cl)23.
MXenes are commonly prepared by selective chemical etch-
ing of A elements from the layered MAX materials, Mn+1AXn
(A is the A group materials such as Al), with HF, NH4HF: or
a mixture of LiF/HCI*5. Noted that the aqueous HF reagent
is a hazardous poison with the potential for causing sys-
temic toxicity in human body and fatality, in addition to its
highly corrosive property. Hence, the direct use or in-situ
formation of HF in these methods raises considerable safety

and environmental concerns, hindering the extensive stud-
ies of MXenes. In particular, V2C requires aggressive etching
condition, 50% concentrated HF and 92 h, for production?
4; while Cr2C is unable to be prepared even via molten salt
route under high temperature and pressure®. Accordingly, a
HF-free strategy for MXenes synthesis is necessarily needed
and imperative in this field. The underlying mechanism for
the chemical etching is attributed to the stronger chemical
active property of the M-Al bond than the M-C bond. This is
intrinsically an electrochemical process involving the
charge transfer from the targeted material to other species’.
The electrochemical etching (E-etching) route has been
demonstrated promising etching effectiveness on MAX pre-
cursors to selectively extract nanolaminate materials such
as carbide-derived carbon (CDC) and carbon/sulfur, by tun-
ing the etching parameters 810, Moreover, surface etching of
MAX phase to MXene has been achieved by using 2M hydro-
chloric acid at 0.6 V for 120h. It can remove the surface Al
but the etching process is restricted by the formation of CDC



layers and the prolonged etching period is less favorable for
large-scale production!!. To agitate the effect of the protec-
tive CDC layers, intercalants (e.g. tetramethylammonium
ion) are utilized in the synthesis, which can expand the in-
terlayer spacing of MXenes and facilitate the etchant ions
reaching the underneath un-etched MAX precursors!z,
However, the toxicity of the intercalants may also gain some
concerns on the laboratory safety or health issue. In the
light of these long-standing problems, we propose a ther-
mal-assisted E-etching method to prepare HF-free MXenes
(Ti2CTy, Cr2CTx and V2CTx) with a 3D composite electrode of
carbon black (CB) additive and carbon fiber cloths (CFCs)
porous substrate. The mild heating accelerates the etching
on MAX materials in the presence of diluted hydrochloric
acid etchant. Importantly, E-etching is commonly adopted
to prepare Ti-based MXenes while reports on synthesizing
other metal-based MXenes (e.g. Cr2C and V2C) are lacked de-
spite their potentially sophisticated properties in electro-
chemical applications2. As a proof-of-concept, we extend
our E-etching scheme to synthesize Cr2CTxand V2CTx as well,
which are well known to be difficult in production 4613, The
success in preparing these MXenes strongly indicates that
our mild E-etching strategy can be a universal route for pre-
paring various MXenes.

Despite the great challenges in their synthesis, MXenes hold
strengths in their kinetic-favorable nanostructure and crys-
tal structure. Benefiting from the oxygen adsorption favor-
able site! and the synergistic effect with electrocatalytic ac-
tive promoters, MXenes have emerged as efficient electro-
catalysts for oxygen evolution reaction (OER) and hydrogen
evolution reaction (HER), as well as appealing electrodes
for lithium ion, aluminum ion and zinc air batteries (ZAB)*
4 13-14Jt is noticed that zinc ion battery (ZIB) has raised
much attention due to its mild neutral electrolytes and re-
cycling costs?5; however, its cathode requires a stable host
structure and ion diffusion channel for the de/intercalation
of zinc ions, which is very essential yet increases the chal-
lenges in exploring new ZIB cathode materials. To the best
of our knowledge, most of the energy conversion applica-
tions were achieved with HF-etched MXenes, while MXene-
based cathode with large interlayer spacing has not yet
been exploited in ZIB systems. Therefore, our E-etched
MXenes were explored to demonstrate their multifunction-
alities in these energy conversion and storage systems. By
the strict controls over the E-etching conditions, 2D MXene
sheets up to 25 um in lateral size are prepared in our syn-
thesis route. To demonstrate the multifunctionalities of
these sheets, MXenes were employed to full water-splitting
catalysis and zinc ion battery system. The E-etched MXenes
exhibit HER activity while their layered structure allows the
intercalation of zinc ions into the MXene cathode as a ZIB. It
should be emphasized that the MXene-based ZIB exhibits
good retention ability (>100 cycles) and 60-folds of its ini-
tial capacity due to the activation of transition metal oxide
and the water-lubricated intercalation in the oxygen-rich
surface of layered MXenes. On the other hand, with good
sorption affinity towards Co3* ions of the E-etched MXenes,
the MXene-based composite electrodes demonstrate both
good HER and OER activities for full water-splitting electro-
catalysis as well as a cathode for ZAB. The measured perfor-
mance is comparable to the commercial OER catalysts of

IrOz and Co3*-based materials. These approaches demon-
strate the potential of E-etching route as a general strategy
for fabricating MXenes for multifunctional applications.

RESULTS AND DISCUSSION

Synthesis of Ti2CTx by E-etching with composite elec-
trode. Ti:CTy was selected as the prototype to demonstrate
our proposed E-etching route since Ti-based systems were
prepared from a broad range of methods. The E-etching of
TizAlC with Cl- etchant follows a two-stage mechanism for
producing Ti2CTx (Figure 1a)? 1. Owing to the weaker Ti-
Al bond than Ti-C bond?, an applied voltage removes Al at-
oms first from layered carbides at stage 1; and then at stage
2, both Al and Ti atoms are etched until only monolayer car-
bon atoms are retained. The overall E-etching reaction on
Ti2AlC is described as follows!!:

Ti2AIC + yCl+ (2x+z)H20 — Ti2C(OH)2:CL, 0, + Al3* + (x +
z)Hz +(y +3)e (1)
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Figure 1. E-etching mechanism and morphological stud-
ies of TizCTx. (a) The proposed E-etching mechanism of
Ti2AIC in HCI electrolyte. SEM images of Ti2CTx produced
from different E-etching conditions ([HCl]/ tempera-
ture/time/voltage). (b) un-etched  Ti2AIC, (c)
1M/25°C/9h/0.3V, (d) 1M/50°C/3h/0.3V without CB, (e)
1M/50°C/3h/0.3V, (f) 1M/50°C/6h/0.3V and (g)
1M/50°C/9h/0.3V. The scale bars are 1 um.

First, CFCs and CB were adopted to fabricate a compo-
site electrode with TizAIC, denoted as Ti-AIC@CB/CFC. The
introduction of CB/CFC composite generates larger current
across the scanning voltage (Figure S1a) and the composite
electrode exhibits low Warburg resistance (Figure S1b),
implying its important role in reducing ion diffusion re-
sistance on electrolyte/electrode surfacel®. It is thus sug-
gested that the porous CFCs and highly conductive CB con-



struct a 3D conductive network!? of Ti2AIC@CB/CFC to pro-
mote more efficient electrochemical reactions. The cyclic
voltammogram (CV) is also important for determining a
suitable range of etching voltages. Unfortunately, oxidation
potentials of Al3+ and Ti3* cannot be clearly distinguished
from the broad band at 0.74 V vs. RHE!8. In view of smaller
oxidation potential of Al than that of Ti 9, a high voltage close
to Ti3* oxidation potential (at 0.74 V vs. RHE)!! provokes
non-selective etching (stage 2), associated with a wealth of
etching-spots and fragments but nearly non-observable Ra-
man signals from 0.6 V-etched Ti2CTx than the 0.3 V-etched
one (Figure S1c). Hence, 0.3 V vs. RHE was selected as the
etching voltage in order to promote more selective removal
of Al atoms (stage 1) and prevent over-etching. Second,
etching of Tiz:AlC is accelerated by gentle heating, where a
greater current density of the E-etching system is obtained
when the temperature is raised from 25 °Cto 50 °C (Figure
S$1d). In stark contrast to smooth surface of un-etched
Ti;AlC (Figure 1b), the small voltage and gentle heating
give rise to delamination and rougher surface on Ti2CTx
(Figure 1c-e). Such a morphological change is an indication
of effective E-etching, particularly for the case with thermal
effect. When the etching period is extended from 3 h to 9 h,
laminar structure can be successfully observed from
Ti.CTx@1M/50°C/9h/0.3V (Figure 1e-g). It should be
noted that CB facilitated E-etching on TizAIC to give better
delamination than the CB-free samples under identical syn-
thesis condition (Figure 1c-d), re-assuring the importance
of CB/CFC composite in the efficient etching process.

Characterizations of TizCTx. The optimized MXene dis-
plays weaker Raman signals representative for Ti:AlC (Fig-
ure S2a), including the pair of vibrational peaks of non-
stoichiometric titanium carbide (w:and ws: ~ 250 and 600
cm )19 and the vibrational peak of Al atoms in Ti2AIC (w2 : ~
420 cm1)2°, Notably, new peaks of wsand ws (~150 cm* and
400 cm) are observed due to the vibration of anatase
phase TiO: and Ti atoms, respectively!?; while the retention
of D and G broad bands indicates the presence of graphitic
carbon on the sample surface?!. Figure S2b shows atomic
percentage of Al element was greatly reduced after the E-
etching process (from 11.74 % to 0.69 %,), suggesting the
effective removal of Al atoms from Ti:AIC. Regarding XPS
analysis of the MXene (Figure S2c), its Ti 2p spectrum
shows a sharp peak for TiO (460 eV) and doublet peaks for
Ti-C (464 and 455.7 eV)1+22, The C-C and CHx/C-0 species
are confirmed by the XPS peak at 284.5 eV along with a
shoulder peak at 286.2 eV in C 1s spectrum (Figure S2d)4.
The Tx-related surface features are also manifested in the
XPS measurements. A sharp peak at 281 eV in Figure S2d is
referred to C-Ti-Tx bond, possibly arising from Ti2CO,
Ti2C(OH)x and/or Ti2COH-H:20. Moreover, the band in O 1s
spectrum (Figure S2e) is composed of three peaks at-
tributed to the surface C-Ti-(HO)x (532.0 eV), C-Ti-O«
(531.2 eV) and Ti-0 (529.9 eV)!4. It is noted that some of Al
element still present in the Ti2CTy, featured with two prom-
inent peaks at 73.96 and 71.47 eV due to the 2ps/z orbit of
Al3+ (Figure S2f)23, but the Al content is low as mentioned.
On the other hand, the MXene displays an obvious upshift of
(002) peak from 13.02° to 9.62° (Figure S3), corresponding
to an enlarged interlayer spacing (1.84 nm) than the pris-
tine Ti2AIC (1.36 nm)?24. Noted that the 5.25° peak is due to

the structural change in the crystal?s, probably from an or-
dered and multilayered MAX to a delaminated and swollen
MXene. The SEM images in Figure S4 reveal the ultrathin
MXene sheets (with < 100 nm thickness) assemble to a
flower-like architecture on Zn substrate, suggesting the suc-
cessful E-etching.
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Figure 2. (a) Low-magnification and (b) high-magnification
SEM images with the elemental mapping analysis of Cr2CTx.
(Inset: digital photo of Cr:CTx well-dispersed in water
demonstrating a clear Tyndall scattering effect).

Extended strategy to synthesize V2CTxand CrzCTx. In
fact, many compounds of MXenes are predicted as highly
promising for energy-related applications. Still, there is a
lack of studies on these compounds due to the great chal-
lenges in synthesis. In this regard, we attempted to explore
this E-etching method as a universal way for preparing
other MXenes. V2CTxand Cr.CTx were selected as represent-
atives because they can hardly be synthesized at mild con-
ditions and contain the same period of M as Ti. Thereby, de-
spite its theoretically low free energy of H adsorption at
equilibrium coverage?¢, Cr.CTy is left as a theoretical com-
pound until now. Since M-Al and M-C bonds have different
strength, CV measurements were essentially conducted to
determine etching voltages for each MXene. Unlike the
broad CV peak of TizAIC, the plateaus corresponding to Al
removal can be identified, at 0.4 - 0.7 V for V2AIC and 0.6 -
1.0 V for Cr2AIC (Figure S5a). Under fixed etching condi-
tions (i.e. 1M/50°C/9h) but various voltages, higher M/Al
and M/O ratios (M = Cr, V) (Table S1) are resulted from 0.5
V-etched V2CTx and 1.0 V-etched Cr2CTy, respectively, indi-
cating more selective etching at these two optimized volt-
ages. As no reports are available for these E-etched MXenes,



we attempted to further optimize the etching voltages
based on their HER performance, which concretely reveals
their quality. In line with the EDX analysis, V2CTxand Cr2CTx
derived from the corresponding optimized etching voltages
demonstrated the best HER performance (Figure S5b-c).
The results also imply that MAX materials with heavier M
elements (Cr>V>Ti) require tougher etching conditions to
synthesize MXene because of stronger M-Al bond, which is
in accord with those using HF-etching®.

To verify the successful synthesis of Cr.CTx and V2CTy, a se-
ries of characterizations were conducted. Effective Al re-
moval on the MAX precursors is suggested based on the
vanished XPS peak at 79 eV after E-etching process (Figure
S$5d). Moreover, the characteristic XPS peaks for MXenes
are found from Cr2CTx (576 eV for chromium oxide) and
V2CTx (523 eV for vanadium oxides), with the presence of
surface functional groups (-0/-OH) (Figure S5e-f). Similar
to the E-etched Ti2CTx as discussed above, the Cr.CTx and
V2CTx feature an upshift of (002) XRD peak from ~13° to
9.14° and 9.29° 4, respectively, in addition to the peak at
~5.25° induced from the material delamination after etch-
ing?5 (Figure S6). Notably, the freshly etched MXenes are of
accordion-like structure, in stark contrast to the smooth
MAX materials (Figure S7). Upon the sonication-assisted
liquid exfoliation and purification, the compact-layered
MZXenes separate to a wealth of sheets with a lateral size of
> 1 pm and thickness of ~5 - 80 nm, which assemble to
flower-like architecture as the E-etched Ti:CTx (Figure 2
and S8). The MXene flakes present essential elementals in-
cluding V/Cr, C and O on their surfaces evenly. Worth-not-
ing is that the exfoliated-Cr2CTx sheets are very flexible to
spread onto carbon fibers (Figure S9), on which some large
flakes (lateral size up to ~25 pm) can actually be found. This
phenomenon may propose that the E-etched MXene flakes
have substrate-driven architectures and benefit to form
various 3D composites. Although the MXene sheets are
well-dispersed in water owing to their small size and hydro-
philic surface groups (inset of Figure 2b), the polydisperse
size of MXenes can be further improved or tailored by chem-
ically slicing or sonicating the MAX materials (~1-30 pm) to
prepare desirable 3D composites. The overall product yield
was estimated as ~50 % based on the weight ratio of 2D
MXenes to the pristine MAX precursor. Although the pro-
duce yield can be slightly higher than that of HF-etched
MXenes (~40 %)2, some residue MAX precursors are inev-
itably retained in the E-etched MXenes owing to their low
reactivity towards etching*. It should be pointed out that the
product yield of our E-etching strategy can rationally be im-
proved by recycling the sediments!2, where the conversion
rate from MAX phase material to MXene can reach up to ~
75 % because of the increased contact area with the CB/CFC
3D structure for etching. This measure is more difficult to
be implemented to the case of aggressive and highly-toxic
HF-etching. Hence, this E-etching method may emerge as a
safer, efficient and universal way to synthesize various com-
pounds of MXenes at large scale.

Electrocatalytic performance of MXenes for HER and
the mechanism investigation. Despite the rise of MXene-
based electrocatalysts for water-splitting due to their high
robustness, active surface and large interspacing!4, there

are limited reports about the electrocatalytic performance
of MXenes synthesized from E-etching. It is found that HER
occurs through the Volmer-Heyrovsky reaction rather than
Tafel reaction on all the E-etched MXenes because of large
Tafel slopes (Figure S10a) 27. In this case, the activation en-
ergy of HER is sensitive to H coverage and H30*/e- concen-
tration on the double layer (solid/liquid interface) 28. These
two factors closely correlate to diffusion-controlled (Caif)
and capacitive (Ccap) capacitance, while the latter is a com-
mon indicator for the electrochemical active surface area
(ECSA) of a catalyst?. In view of such surface-dependent
catalytic property, HER performance can reveal the MXene
quality. Accordingly, etching effects ([HCl], temperature and
time) on the Ti2CTx and their HER catalytic performance
were examined in a three-electrode configuration.
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Figure 3. Bar chart showing the pseudocapacitive contribu-
tion for the various Ti2CTx as a mechanism study.

Caif and Ccap were obtained from scan rate-dependent
CVs of the E-etched products (Figure S10b and Supporting
formulae) and summarized in Figure 3 for the discussion
about HER activity of E-etched TizCT\. It is found that higher
[HCI] leads to enhanced surface roughness and etching
depth on the Ti:CTx (Figure S10c-d), associated with
slightly larger ECSA (Figure 3); however, n@]s of the MXene
is proportional to [HCI] (Figure S10e). Therefore, the best
HER activity of 1M-etched Ti2CTx is ascribed to more effec-
tive -0/-OH surface groups present for the catalysis, as sup-
ported by greater Cair (Figure 3) and Ti:O ratio (Table S2).
It should be clarified that despite higher O atom%, 2M/3M-
etched Ti2CTx contain more inactive surface TiOz based on a
reduced Ti:O ratio (Table S2) but enhanced TiO2 Raman
signal at ~150 cm!(Figure S10f), in comparison to 1M-
etched MXene. This accounts for their restrained HER activ-
ity. On the other hand, under-/ over-heating conditions (at
25°C/ 80°C) cause less superior HER catalytic performance
of the Ti2CTx (Figure $10g), as a consequence of demolish-
ing the unique structural characters of MXenes, either by in-
efficient etching (Figure 1c) or over-etching problem (Fig-
ure 3 and S10c-d). Accordingly, prolonged etching at the
mild temperature prepares the most efficient HER catalyst,
exhibiting @]s and Tafel slope at 570 mV and 132 mV/ dec-
ade, respectively (Figure S10a, g). The overpotential is high
for Ti2CTx owing to its semi-conducting feature2é; however



unexpectedly, the Cr:CTx and V2CTx E-etched from opti-
mized voltages exhibit comparably large n@]Js at 540 and
610 mV, respectively (Figure S5b-c). Such discrepancy
from the theoretic values is probably attributed to un-opti-
mized size and etching conditions?¢. Particularly for these
“hardly-etched” MXenes, higher temperature or [HCI] ra-
tionally improves etching efficiency and -0/-OH coverage
on their surfaces for better catalytic properties. It is worth
mentioning that their preliminary HER catalytic perfor-
mance is comparable to some reported HF-etched MXenes
and 2H MoS: (Table S3)! because of O-rich surface and the
basal electrocatalytic properties3?. In addition, the TiC2Tx
has stable catalytic ability even after 1000 cycles (Figure
S11a). It performs betterin 1 M KOH than in 1 M H2S04 elec-
trolyte (Figure S11b) because the HER is less favorable in
the acidic environment30. This indicates that the E-etched
MZXenes have potential to serve as a cathode material in al-
kaline fuel cell for OER32.
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Figure 4. The demonstration of the multifunctional E-
etched MXenes. The anodic-going iR corrected LSVs of
Co3*-MXenes for (a) OER and (b) HER actvity, respectively.
(c)The cycling capacities and the coulombic efficiency of
Cr2CTx cathode over 200 cycles at a current density of 50 mA
gL (d) Digital photo of a yellow LED powered up by two
Co3*-Cr2CTx-based zinc-air batteries and the inset shows the
measured voltage of 1.103 V across one battery.

Metal ion doped-MXene as a bifunctional catalyst.
With high robustness and affinity towards transition metals
(TM) 3233, MXenes are increasingly appealing for TM ad-
sorption to enhance HER catalytic property!427.34 and even
to endow extra functionalities for diverse applications?2 29,
In this regard, we successfully decorated our E-etched
MXenes with OER-catalytic cobalt (Co3+*) ions (Figure 4a-b),
in order to achieve TM-promoted full water-splitting catal-
ysis. The HER/OER catalytic performance of Co3+-decorated
MXenes (Co3+-Cr2CTy/ V2CTx/ Ti2CTx) were tested in 1 M
KOH electrolyte. The TM adsorption lowers the overpoten-
tials for HER catalysis on all E-etched MXenes atleastby 110
mV (Table S3), yet their performance ranking remains un-
changed as the bare E-etched samples (Co3+-Cr2CTx, 404
mV> Co3*-Ti2CTx, 458 mV> Co3+-V2CTyx, 460 mV). In addition,
Figure S12 presents that [HCl] is positively proportional to

N@]J;s of the catalysts, which demonstrates the importance of
Co3* ions in lowering the -OH binding energy for improved
HER catalysis. In stark contrast to their various HER activi-
ties, negligible difference in OER activity is identified among
these Co-MXenes with N@]s of ~1.65 V and similar reaction
kinetics (Figure 4a and S12a). The results suggest that the
OER catalytic feature is a synergistic effect of pore-rich
MXenes and OER-active Co species!* 22 but independent of
the pristine MXenes. Accordingly, such OER catalytic ability
is as good as many state-of-the-art OER catalysts including
IrO2 (1.690 V vs. RHE)4 as well as some reported Co-based
materials (Table S3). Noted that the Co3* decoration does
not alter the excellent catalytic stability of Ti.CTx under
1000 cycling (Figure S1le-f), implying the E-etched
MXenes is a stable electrocatalyst for full water-splitting.
Importantly, this HF-free fabrication method can produce
various good-quality MXenes as an alternative to the con-
ventional electrocatalysts, and their catalytic uses can be ex-
tended via the incorporation with other electrochemically
active materials such as Ni-Fe and CoP?2 29,

Energy storage performance of the E-etched MXenes
in ZIB and ZAB. The E-etched MXenes were drop-casted
onto carbon sheets as ZIB cathodes and their charging/dis-
charging voltages were determined from individual CV
measurements (Figure S13a and S14a-b). Moreover, gal-
vanic charge/discharge curves for Cr.CTx cathode in Figure
S$13b further ensure its charging/discharging processes
triggered at 1.3 V and 0.7 V respectively, indicating the av-
erage discharge voltage (0.5 V) of MXene-based ZIB, which
is similar to other ZIB systems!5. The capacities of our
MXene-based ZIB were recorded over 200 cycles at a charg-
ing/discharging current density of 50 mA g. Cr2CTx cath-
ode achieves an energy density and power density down to
150 Wh kgt and 75 W kg, together with coulombic effi-
ciency of 77 % (Figure 4c); while V2CTyand Ti.CTx cathodes
exhibit more inferior specific capacity and overcharged
problem likely because of their less favorable electrochem-
ical features (Figure S14c-e). Furthermore, the Cr2CTx-
based ZIB has outstanding capacity retention of 98 % over
100 cycles (i.e. 100t -200t cycle, Figure 4c). It is ascribed
to the activation effect of Cr203 formation on the MXene35
and the water-lubrication of accessible Zn sites!5 in the first
100 cycles, in which the MXene displays an increased in ca-
pacitance and a upshifted (002) peak from 9.28° to 8.18°
(Figure S14f and S15). To examine the energy storage
mechanism in this ZIB system, XRD patterns of the Cr2CTx
cathode before charging and after 50 charging/discharging
cycles were recorded Figure S15. As the device was at the
0.3 V discharging status, ZnCr,O, were found in the MXene
cathode3, and it gives rise to new XRD peaks at 15.2°, as
well as the enlarged (002) interlayer spacing of Cr2CTx (with
an upshifted XRD peak from 8.18° to 6.48°). Notably, those
new XRD features of the Cr2CTx are reduced while the (002)
peak downshifts to 7.45° after charging to 1.7 V. Hence, it is
believed that the energy storage mechanism involves inter-
calation of Zn?* ions into the cathode3’. This process plays
important role in activating the ZIB, in which the rate capa-
bility of Cr2CTx is significantly increased by 60-fold with
coulombic efficiency of 95 % at the discharging current den-
sity of 100 mA g! (Figure S16a-b). The diffusion-controlled



capacitive factor increases from 71 % to 90 % with decreas-
ing scan rate charge, indicating Cr2CTx cathode is mainly
controlled by diffusion process (Figure S16c-d). In light of
the promising charge storage capability of bare E-etched
MXene and Co3+-promoted OER activity, Co3+-Cr.CTx was ex-
ploited in a zinc ion and zinc-air/cobalt oxide battery as a
proof-of-concept experiment. Thanks to the OER/ORR ac-
tive surfactant (Cos04)38 and the layered structure, the Co3+-
Cr2CTy can serve as a ZIB/ZAB by simply changing the elec-
trolyte (Figure S16e-f). It powered up a yellow light-emit-
ting diode (LED) after charging for 500 s ata current density
of 100 mA g! (Figure 4d), further demonstrating the prac-
tical use of the MXene-based devices for energy storage and
conversion applications. Nonetheless, we believe that it is
vital to enhance the ORR activity to attain a high-perfor-
mance ZAB; and the optimization of structure and surface
properties of MXenes can enhance Zn2* ion uptake for im-
proving the ZIB energy storage performance.

CONCLUSION

In conclusion, as a much safer and milder method than
the conventional HF-etching, E-etching method with diluted
HCI is developed to prepare MXene (Ti2CTx), whose struc-
tural and surface properties changed with various E-etching
conditions. This method has been successfully extended to
produce other MXenes (e.g., V2CTx and Cr2CTy), which pro-
vides an effective solution to the long-standing problem
with concentrated HF involved and demonstrate its prom-
ises to be a universal way for MXene preparation. The as-
synthesized MXene via the HF-free strategy can reach to 25
um and a flower-like architecture. Moreover, the E-etched
MXenes exhibited not only HER but also the capability of
Co3* ion adsorption to form a multifunctional catalyst for E-
chem water splitting under alkaline medium. The HER (404
mV) and OER (n@]Js = 425 mV) activities of Co3+-decorated
MXenes are comparable to some state-of-the-art catalysts.
Also, the practical energy storage and conversion applica-
tions of Co3*-MXene cathode are tested as a mode of switch-
able battery. The E-etched MXenes are also demonstrated
for energy storage in aqueous ZIB systems and the opti-
mized MXene exhibited a specific capacity of 100 mAh g
1@50 mA g. Therefore, this work paves a way in developing
HF-free and rapid synthesis of 2D layered MXenes, which is
very attractive for efficient heavy metal absorption, multifunc-
tional electrocatalytic and energy storage applications.
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