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HCl-Based Hydrothermal Etching Strategy toward

Fluoride-Free MXenes

Changda Wang, Hongwei Shou, Shuangming Chen, Shigiang Wei, Yunxiang Lin,
Pengjun Zhang, Zhanfeng Liu, Kefu Zhu, Xin Guo, Xiaojun Wu, Pulickel M. Ajayan,*

and Li Song*

Due to their ultrathin layered structure and rich elemental variety, MXenes
are emerging as a promising electrode candidate in energy generation and
storage. MXenes are generally synthesized via hazardous fluoride-containing
reagents from robust MAX materials, unfortunately resulting in plenty of inert
fluoride functional groups on the surface that noticeably decline their perfor-
mance. Density functional theory calculations are used to show the etching
feasibility of hydrochloric acid (HCI) on various MAX phases. Based on this
theoretical guidance, fluoride-free Mo,C MXenes with high efficiency about
98% are experimentally demonstrated. The Mo,C electrodes produced by this
process exhibit high electrochemical performance in supercapacitors and
sodium-ion batteries owing to the chosen surface functional groups created
via the HCl etch process. This strategy enables the development of fluoride-
free MXenes and opens a new window to explore their potential in energy-

is early transition metal, A is an element
of Al, Si, Sn, or Ga, X is carbon and/or
nitrogen), where T, stands for termina-
tions such as —0, —F, —Cl, etc.l”) owing
to the immunity of most MAX phases to
common inorganic acids such as HCI or
H,SO, in traditional cognition, the ini-
tial and universal strategy for selectively
removing “A” layer is chemical etching
by aqueous HF benefited from the much
weaker metallic M—A bonds compared
with covalent M—X bonds.’l However,
because of the high toxicity to human
body and danger to handle for HF rea-
gent, an essential and much more mod-
erate approach was emerged based on

storage applications.

1. Introduction

2D layered MXenes derived from transition metal carbides,
nitrides, or carbonitrides have attracted numerous attention
owing to their unique structure, electronic, and mechanical
properties in various fields."” MXenes with a general for-
mula of M, X, T, (n = 1-4) are usually obtained by removing
“A” layers from the corresponding MAX phases (generally, M
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mixed compounds of fluoride salts (LiF,

NaF, etc.) and acids (HCl, H,SO,).! Even

though, the F-involved reagents often lead

in much —F termination on MXenes inev-
itably, impacting the electronic conductivity,’! surface adjust-
ability,® and electrochemical property as potential electrodes in
supercapacitors and batteries.l Therefore, new synthesis strate-
gies of fluoride-free MXenes are imperative to adjust their per-
formance and extend the 2D MXenes.

So far, great efforts and several methods have been imple-
mented to synthesize fluoride-free MXenes from MAX with
“Al” layers. In brief, alkali including KOH and NaOH with
high temperature and concentration were used to extract the Al
layers especially for Ti;AlC, owing to the strong binding ability
of OH~ with Al elements.®l Electrochemical etching process
was another practicable approach to selectively remove Al layers
in chloride-containing electrolytes by controlling the etching
time and imposed voltage owing to the strong binding ability of
Cl~ with Al elements.”] The route of using Lewis acidic molten
salts was also proposed and generalized to prepare fluoride-
free MXenes by adjusting MAX precursors with different Lewis
acid salts under high temperature.'”) Nonetheless, the fully
controlled etching of specific MAX is still big challenge (such
as Mo,Ga,C"M V,AIC, and Cr,AlC")), and F-containing rea-
gents are inevitable for the preparation of Mo,C MXenes with
high quality and large scale.!®-1 Thus, it is highly desirable to
develop new efficient synthesis route for fluoride-free MXenes
to further promote MXene’s high potentials.

Inspired from the strong binding capability of OH™/Cl™ and
“A’ elements, various MAX materials with Al/Ga layers could
be in principle etched by sole hydrochloric acid solution with

(10f9) © 2021 Wiley-VCH GmbH
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appropriate external power (like the thermal-assisted E-etching
method'?)) by forming soluble AlCl; and GaCls. Therefore, we
firstly use the first-principle calculations to simulate the feasi-
bility of various MAX materials with Al and Ga interlayer ele-
ments, predict the decisive etching conditions of temperature
and pressure (T&P), and reveal the mystery of selective etching
of MAX phases via HCl. Afterward, a simple and controllable
HCl-hydrothermal etching method is experimentally proposed
for various MAX materials including Mo,Ga,C and Cr,AlIC.
The as-prepared fluoride-free Mo,CT, with high quality only
shows Cl- and O-containing terminations and displays different
capacitive behavior compared with Mo,CT, MXenes which is
synthesized via HF-etching method. The optimization condi-
tions are also discussed for the future preparation of different
fluoride-free MXenes, which may greatly improve the efficiency
compared with conventional trial-and-error method with uncer-
tainty and heavy workload.

2. Results and Discussion

2.1. Density Functional Theory (DFT) Prediction of
Hydrothermal Etching via HCI

Based on the first-principle calculations, Figure 1 reveals simu-
lated feasibility of etching in HCI for various MAX materials
with Al and Ga interlayer elements. The fundamental prin-
ciple is that the chemical potential of “A” in products of ACl;
(A = Al, Ga) should be lower than that of “A” in MAX, ie.,
UA(ACL3) < up(MAX). Further, the chemical potential of A in
solid MAX is set as constant and the chemical potential of A
in ACl; can be regulated by HCl and H, which is extraordi-
narily sensitive to temperature and pressure. Figure la shows
the mapping of simulated chemical potential of Al in AICl,
(Ua(AICL5)) influenced by T&P. p,(AICl;) will gradually
decrease with the reduction of both temperature and pressure,
which is conducive to the etching of MAX phases in thermody-
namics. However, in kinetics, higher temperature will improve
the etching efficiency on practical experiments. Therefore, we
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studied the reaction-limiting temperature (Tg;)!®¥ based on
pressure during etching process for different MAX materials
(the dotted lines in Figure 1a). According to our calculations,
TiVAIC, ND,AIC, Ta,AlC, V,AIC, and Cr,AlC can be success-
fully etched into corresponding MXenes (TiVCT,, Nb,CT,,
Ta,CT,, V,CT,, and Cr,CT,) in HCI solution and the Ty are
325, 400, 410, 420, and 750 K, respectively, under fixed pressure
of 1 atm. Moreover, the calculated Ty, slightly decrease with the
rise of pressure. It is predicted that Cr,AlC could be the most
favorable material to be etched, which is experimentally proved
in Figures S1 and S2 (Supporting Information). Contrarily, the
chemical potentials of Al in V,AIC;, Nb,AIC;, Ta,AlC;, Ti,AIN,
Ti,AIN;, Ti;AlC,, Nb3;AIC,, and TisAl,C; are always lower than
Ua(AICL), indicating the impossibility of their etching in HCI
(Table S1, Supporting Information). Except “Al” based MAX
phases, the mapping of chemical potential of Ga in GaCls
(HUca(GaCls)) and the line of AG = 0 for MAX materials with Ga
interlayer atoms is also exhibited in Figure 1b. It is predicted
that Cr,GaC, Mo,GaC, Mo,Ga,C, and Mn,GaC could be suc-
cessfully etched into corresponding MXenes (Cr,CT,, Mo,CT,,
Mo,CT,, and Mn,CT,) in HCI solution, and the Ty; at 1 atm
are 385, 435, 455, and 485 K, respectively. Conversely, Nb,GaC,
Ta,GaC, Ti,GaC, Ti,GaN, Ti;GaC,, Ti,GaCs, V,GaC, V,Ga,C,
and V,GaN are impossible to be etched in HCI owing to the
lower chemical potential of Ga than pg,(GaCls) (Table S2, Sup-
porting Information).

In brief, the above calculation results reveal that many
MAX phases can be successfully etched in sole HCI solu-
tion by forming ACl; (A = Al, Ga). Meanwhile, the pressure
and temperature play a vital role during the etching process
with a unique Tg;. Moreover, the comparison study of fea-
sibility of HF etching strategy for various MAX phases based
on Gibbs free energy is also studied via DFT, as shown in
Figure S3 and Tables S1 and S2 (Supporting Information)
which are certified in experiments.’l Based on the instruc-
tion of DFT results, we proposed a simple and controllable
hydrochloric acid assisted hydrothermal etching strategy
with appropriate temperature and pressure for fluoride-free
MXenes.
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Figure 1. Feasibility of HCl-assisted hydrothermal etching strategy for various MAX phases. a) The mapping of chemical potential of Al in AlCl;
(Ual(AICI3)) influenced by temperature and pressure. The difference of Gibbs free energy (G) determines the feasibility of etching. The dotted line indi-
cates the AG =0 (AG = iy (AlCl;) — 1a(MAX)), left and right areas of dotted line indicate AG < 0 and AG > 0, respectively. b) The mapping of chemical
potential of Ga in GaCl; (ug,(GaCls)) influenced by temperature and pressure. The dotted line indicates the AG =0 (AG = uc,(GaCl3) — tg,(MAX)), left
and right areas of dotted line indicate AG < 0 and AG > 0, respectively. The single point line stands for room temperature.
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Figure 2. Fluoride-free Mo,CT, prepared by sole HCl-assisted hydrothermal etching strategy. a) Schematic illustration of the preparation procedure
for fluoride-free Mo,CT,. b) X-ray diffraction patterns of Mo,Ga,C and Mo,CT, MXenes; the peaks marked with stars are the main diffraction peaks
from Mo,Ga,C. c) XPS survey spectrum of Mo,Ga,C and Mo,CT, MXenes. d—f) SEM, elemental-mapping images (Mo, Cl, and C elements) (e), and

HRTEM (f) of Mo,CT, MXenes, respectively.

2.2. Hydrothermal Etching of Mo,Ga,C via HCI

As a proof-of-concept demonstration, we select Mo,Ga,C as a
typical MAX precursor to achieve fluoride-free Mo,C MXenes.
Based on the above calculated feasibility results, a controllable
hydrothermal reaction is developed with the assistance of HCL
The schematic procedure is shown in Figure 2a. Before the
implementation of etching experiment, high-quality Mo,Ga,C
is firstly synthesized via a two-stage vacuum sintering pro-
cess.”l The detailed synthesis process is shown in the Experi-
mental Section. Then, Mo,Ga,C and concentrated HCI are put
into autoclave with a Teflon liner to extract Ga atoms from the
interlayers. Considering the significant effect of T&P on etching
efficiency and Ty, from DFT results together with high produc-
tion, the volume fraction of concentrated HCl in Teflon liner
and temperature are set as 40% and 140 °C with pressure about
15 bar (Figure S4, Supporting Information). As expected, the
Mo,CT, MXenes with high purity is finally obtained. The X-ray
diffraction (XRD) results as shown in Figure 2b exhibit the high
quality of Mo,Ga,C benefiting from the modified synthesis pro-
cedures. The main peaks located at 9.89°, 34.18°, 374°, 39.94°,
42.58°, 49.52°, 53.5°, and 61.1° are assigned to (002), (100),
(103), (008), (105), (107), (108), and (110) diffractions, respec-
tively. Moreover, there is little residue of unreacted commer-
cial Mo,C impurity (PDF No. 77-0720). After removing Ga, the
(002) peak marked with triangle shifts to lower angle around
8° and other diffraction peaks of Mo,Ga,C extremely decrease,
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validating the successful preparation of Mo,CT, MXenes. The
shift and broaden of (002) peak also reveal the increase in the
interlayer spacing and c-lattice parameter (c-LP) from 1786 to
22 A. Notably, over-etching can also lead to the formation of
carbides (signal around 25°). Concentrated HCI can inhibit the
oxidation during etching process and lower reaction tempera-
ture or dilute hydrochloric acid would reduce the efficiency and
quality including oxidation of final product although with lower
pressure (Figure S5, Supporting Information).

X-ray electron spectroscopy (XPS) survey spectrum of
Mo,Ga,C and Mo,CT, are collected to investigate their
changes of chemical compositions owing to the etching
strategy. As presented in Figure 2c, the signals of Ga including
Ga 2p (binding energy of 1145.2 and 1118.4 eV)!'l and Ga 3s,
Ga 3p, and Ga 3d (centered at 160.3, 105.8, and 18.9 eV, respec-
tively)[2021l significantly decrease after HCI etching. Moreover,
the appeared signals centered at 270 and 200 eV are ascribed
to Cl 2s and Cl 2p, respectively, indicating the Cl-terminations
on surface of prepared Mo,CT, MXenes. And the atomic
percentage of Cl in the sample is around 6-8%, the atomic
percentage of O is around 25-29%. In addition, the atomic
ratio of Mo:Ga is 22.08:0.44 in Mo,CT, MXenes, suggesting
that almost 98% of Mo,Ga,C is converted to MXenes. In
short, we can suggest that fluoride-free Mo,CT, MXenes with
high purity have been successfully synthesized with Cl- and
oxygen-containing terminations, well agreeing with the above
calculated predictions. The surface functional groups can also

© 2021 Wiley-VCH GmbH
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be tunable by adding sources like nitrogen or sulfur during
etching process.

Furthermore, Mo,CT, can be simply delaminated with high
quality via the intercalation of TMAOH and ultrasonication as
shown in Figures S6 and S7 (Supporting Information). The col-
loidal suspension of Mo,CT, flakes could also be easily aggre-
gated with the addition of small amount of cations such as
Na* as shown in Figure S8 (Supporting Information). Owing
to the high purity, easy delamination, and further gelation, the
as-prepared fluoride-free Mo,CT, MXenes are expected to show
inspiring prospect in future applications.

The morphology of Mo,Ga,C and Mo,CT, MXenes is inves-
tigated through electron microscopy as shown in Figure S9a
(Supporting Information) and Figure 2d. Mo,Ga,C shows
typical densely stacked structure with micrometer size just
like the other MAX materials, but it is separately platelet-like
(Figure S10, Supporting Information) which is different from
others with bulk structure. After HCl-etching, Mo,CT, MXenes
do not show obvious accordion structure like other MXenes
(Ti3C,T, 2% and V,CT,[23)), while displaying more clear layered
structure with slight expanded interlayers. Based on the ele-
mental mapping results (Figure 2e and Figure S11, Supporting
Information) of single platelet, Mo, Ga, and C uniformly dis-
tribute on Mo,Ga,C and Mo, C, Cl, and O atoms uniformly
distribute on Mo,CT, MXenes. The signal of Ga atoms is sig-
nificantly reduced. The comparison of energy-dispersive X-ray
spectroscopy (EDS) results between plenty of Mo,Ga,C and
Mo,CT, MXenes (Figure S12, Supporting Information) directly
confirm the successful extraction of Ga atoms. It is further

www.advmat.de

proved from the reduction of contrast between Mo,CT, layers
and expanded layer spacing to 1.02 from 0.91 nm measured in
high-resolution transmission electron microscopy (HRTEM)
(Figure 2f) compared with Mo,Ga,C (Figure S9b, Supporting
Information) which is consistent with XRD results.

2.3. Structure Study of Mo,CT,

Spectral measurements including high-resolution XPS and
X-ray absorption fine structure (XAFS) are further performed
to study the electron structure of Mo,CT, MXenes. High-resolu-
tion XPS of Mo 3d spectra for Mo,CT, are well fitted (Figure 3a)
to analyze the components of Mo atoms. The two main peaks
located at 229.68 and 232.84 eV are Mo 3ds;, and Mo 3ds),
associated with T,—Mo—C species. And the binding energy of
229.68 eV is about 1.58 eV higher than the reported 228.1 eV of
the Mo—C species for Mo,Ga,C.[2% This higher binding energy
of Mo 3ds), for Mo,CT, MXenes indicates the increase of Mo
valence owing to the extraction of Ga and grafted terminations.
While the other four peaks are ascribed to the oxidation of Mo.
The Mo 3ds,; and Mo 3d;; at 230.52 and 233.73 eV are attrib-
uted to Mo°*, additionally, the two peaks centered at 231.74 eV
(Mo 3ds);) and 235.68 eV (Mo 3ds)) are attributed to Mo®*
species. 1324 The calculated percentage of Mo>* and Mo®* are
15.5% and 15%, respectively. C 1s spectra of Mo,CT, (Figure 3b)
are also deconvoluted into four dominate peaks located around
283.65, 284.77, 286.03, and 289.0 eV which are in accordance
with C—Mo—T,, C—C, C—Cl/C—OH, and C=0, respectively.*’!

” (M
(a) £ Mo-C 3d 512 (b) ( )
3 3 3
b= 2 ——— Mo foil
: : =
c H e
g £ g MoO,
E £ = ——Mo,Ga,C
——Mo,CT,
228 230 232 234 236 238 240 280 282 284 288 200 292 294 19985 20002 20019 20036 20053 20070
d Binding Energy (eV) Binding Energy (eV) Energy (eV)
(C)] (e)
benadennch 5 MoO,
: ——Mo,Ga,C
"""""" 7 ——Mo,CT,
4 4=
" 3
5
8 4] q =
s E
s ] 1
1 1
FiYE  A OR FNUNOR SR SRS SR SOOI U NI S ;_
20001 20004 20007 20010 20013 20016 1 z 3 H

Energy (eV)

R(A)

Figure 3. Structure characterization of Mo,CT, MXenes. a,b) High-resolution XPS spectrum of Mo3d and Cls for Mo,CT, MXenes. c) Normalized
XANES spectra of Mo K-edge for Mo foil, MoO, powder, Mo,Ga,C and Mo,CT, MXenes. d) Calculated chemical valences for Mo atom in Mo,Ga,C
and Mo,CT, MXenes. e) FT-EXAFS of Mo K-edge for MoO, powder, Mo,Ga,C and Mo,CT, MXenes. f) Wavelet transform (WT) of Mo,Ga,C (above)

and Mo,CT, MXenes (below), respectively.
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It indicates the possible termination of Cl groups which is fur-
ther confirmed from the analysis of CI 2p spectrum (Figure S13,
Supporting Information). While the Cl 2ps, centered at 198.97
and 200.13 eV are ascribed to Mo—Cl and C—Cl, respectively.2°]
Additionally, the form of Cl functional groups in Mo,CT,
MXenes is mainly Mo—Cl with a percentage of 62.75%.

Mo K-edge XAFS is further collected to study the structure
of Mo,CT, MXenes. The absorption edge of Mo is obviously
shifted to higher energy compared with Mo,Ga,C (Figure 3c)
implying the increase of Mo valence in Mo,CT, MXenes which
is in consistent with XPS results. In detail, the energy of Mo
absorption edge for Mo,Ga,C is 19 999.81 eV which is very
close to Mo foil (19 999.49 eV). Therefore, the valence of Mo in
Mo,Ga,C is close to 0. Besides, the edge position of Mo,CT, is
much higher (20 010.54 eV) and near to MoO, (20 010.97 eV)
indicating the similar valence of +4. Based on the references
of Mo foil, MoO,, and MoOs;, we calculate the average valence
of Mo in Mo,Ga,C and Mo,CT, with the results of +0.11 and
+3.85, respectively (Figure 3d). The obvious increase of Mo
valence is attributed to the Mo vacancy, surface oxidation of
Mo with valence of +5 and +6, and the grafted anion termina-
tion including Cl- and O-containing functional groups. The
corresponding Fourier-transformed extended X-ray absorption
fine structure (FT-EXAFS) in Figure 3e exhibits the changes of
local structure of Mo including bond length and coordination
number between Mo,Ga,C and Mo,CT,. The detailed results are
well fitted (Figure S14, Supporting Information) and concluded
in Table S3 (Supporting Information). After HCI etching, the
first shell scattering of Mo—C/T, is increased and the coordina-
tion number increased to 4.81 from 3 of Mo,Ga,C. This increase
is mainly attributed from the plenty of additional functional
groups. Moreover, coordination number of Mo—Ga signifi-
cantly decreases and the bond length of Mo—Mo (Mo—C—Mo)
in Mo,CT, decrease to 2.88 from 3.03 A of Mo,Ga,C owing to
the extraction of Ga, the coordination number of Mo—Mo also
decrease to 3.11 from 6.11 which attributes from the production
of Mo vacancy!?’) similar to the loss of Ti during the etching
of Ti;AlC,.?8] Wavelet transform (WT) is used to analyze Mo
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K-edge EXAFS oscillations (Figure 3f). The WT maximum at
4.1 and 9.6 A1 for Mo,CT, can be assigned to Mo—C/T, and
Mo—Mo bonds, respectively. The obvious difference of Mo—Mo
bonds for Mo,CT, compared with Mo,Ga,C (8.2 A™Y) indicates
the change of scattering owing to the removal of Ga. And the
difference of intensity maximum of Mo-C/T, confirms the
changes of surface terminations.

2.4. Etching Mechanism Study of Mo,Ga,C

DFT calculation is further performed to understand the etching
mechanism of Mo,Ga,C in HCI. In our simulations, HCI mole-
cules are participated one by one at the boundaries of Mo,Ga,C,
followed by complete relaxation. More than 30 configurations
of HCI intercalation are taken into account and the one with
lowest energy is used for the addition of next HCl molecular.
According to the DFT results (Figure S15, Supporting Informa-
tion), the etching process initially happens at the exposed edge
sites with the spontaneous dissociation of HCI which is similar
to the etching of Ti;C, by HF.['®l The extraction of Ga leads to
the formation of GaCl;, and expands the grain boundary, fur-
ther accelerating the penetration of Cl ions and weakening
Mo—Ga bond. Moreover, resulted from the etching of aqueous
HCI solution, there will be plenty of Cl-terminations and OH
functional groups on the surface of Mo,C MXenes, which is
important in the dissociation of MAX. The calculated binding
energies of Cl and OH are about —3.28 and —2.84 eV, respec-
tively, implying the grafting of CI/OH groups.

To reveal the nature of bonds during the etching process,
electron localization function (ELF)?! is simulated in Figure 4,
where ELF =1 corresponds to the perfect localization, ELF = 0.5
indicates the electron gas, and ELF = 0 refers to complete delo-
calization. In Mo,Ga,C MAX, there is a strong covalent bond
between Mo and C with a high ELF (0.72-0.76), while Mo—Ga
bond is relatively weak (ELF = 0.52-0.57). For the edge bond
of Mo—Ga, a smaller localized electron density (ELF = 0.36)
indicates the weaker bonding. Intriguingly, there is a spilled

Figure 4. Etching process of Mo,CT, from Mo,Ga,C MAX in hydrochloric acid. a) Electron localization function plots for pristine Mo,Ga,C MAX.
b—i) Electron localization function plots for etched Mo,Ga,C with the addition of 1-7 HCI, respectively. j) H,O dissociation at the edge of MAX and

subsequent termination of edge Mo atoms by OH.
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Figure 5. Applications of fluoride-free Mo,CT, MXenes. Supercapacitor performance in 1 m H,SO, electrolyte. a) Rate performance of different vacuum-
filtered Mo,CT, films at scan rates of 2 to 100 mV s~\. b) The percentage of surface capacity (yellow) and intercalation pseudocapacitance (green) of the
indicated MXenes film electrodes. Electrochemical performance as electrodes in SIBs. c) Galvanostatic charge and discharge curves cycled at different

current densities. d) Rate and cyclic performance.

charge density at the edge of MAX, leading to the dissociation
of HCl and H,0 followed by their adsorption (Figure 4a). After
HCl molecules are added one by one, robust bonds between Cl/
OH and Mo are formed owing to the high localized electron
(Figure 4b—j) with the evolution of H,.?23% Terminations of Cl/
OH drastically weaken Mo—Ga bond (ELF = 0.10), promoting
the further extraction of interior Ga atoms.

2.5. Electrochemical Applications

Mo,CT, film electrodes for supercapacitors in 1 m H,SO, and
1 M Na,SO, electrolytes are studied. The reference sample
is Mo,CT, prepared via traditional HF-etching method
(Mo,CT,-HF, Figure S16, Supporting Information). For better
comparison, samples prepared via HCl, HF, and their delami-
nations (DMo,CT,, DMo,CT,-HF) with little amount of CNT
are fabricated into free-standing films (Figure S17, Supporting
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Information). In 1 m H,SO, electrolyte, Mo,CT, MXenes pre-
pared via HCI both in bulk or multilayer exhibit much better
rate performance than that prepared in HF (Figure 5a and
Figure S18, Supporting Information) mainly because of the
distinction of F and Cl terminations. The difference is further
investigated via electrochemical reaction kinetics based on the
equation i(V) = kj+ kp%°, where the current (i) at a potential
(V) can be divided into surface capacitive effect (k;v) and diffu-
sion-limited component from intercalation pseudocapacitance
(k21%2).31 As shown in Figure 5b, surface capacitance behavior
of both DMo,CT, and Mo,CT, prepared via HCl is always the
dominant contribution, resulting in excellent rate performance.
However, for MXenes of DMo,CT,-HF and Mo,CT,-HF, the
intercalation pseudocapacitance under low scan rates is the
dominant contribution which will rapidly diminish at higher
scan rates over 20 mV s7}, leading to poor rate property. How-
ever, both Mo,CT, and Mo,CT,-HF exhibit similar storage
mechanism with major contribution from surface capacitance
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in 1 M Na,SO, electrolyte (Figure S19, Supporting Information).
The Mo,CT, electrode also exhibits excellent cyclic stability
under 5 A g~!. During the cycling process, the specific capacity
gradually increases. And there is about 16.1% of capacity
increase after 10 000 cycles compared with the initial capacity.
This increase mainly resulted from the replacement of Cl by
O-containing groups owing to the higher binding energy cal-
culated from DFT which needs further investigation on experi-
ments. Based on the above research, the surface terminations
on Mo,CT, formed during HCI hydrothermal etching process
show significant effect on the energy storage mechanism of
supercapacitors in different electrolytes.

The electrochemical property of Mo,CT, electrodes in
sodium ion batteries (SIBs) is further measured. The galvano-
static charge and discharge (GCD) curves under different cur-
rent densities are shown in Figure 5c and the cell can work
in the voltage window of 0.01-3 V. Combined with the rate
property as shown in Figure 5d, Mo,CT, electrode can deliver
a discharge capacity of 385.2 mA h g™! after the first cycle of
(de)lithiation at 0.2 A g1 And a reversible specific capacity
of 204.8 mA h g at 0.2 A g! after 65 cycles of rate testing is
observed. The clear deterioration is because of the formation
of solid electrolyte interphase (SEI) or the irreversible reaction
of Na with the surface terminations during the initial cycles
which needs further investigation.?) However, at 3 A g7, there
is still a capacity of 72.3 mA h g retained. After rate program,
a reversible capacity of 96.6 mA h g”l under 1 A g™! is remained
and exhibiting a stable cycling performance with high columbic
efficiency. Moreover, electrochemical impedance spectroscopy
(EIS, Figure S20, Supporting Information) shows a low equiva-
lent series resistance (Ry) of 5.6 Q and charge transfer resist-
ance (R) of 41.6 Q indicating the good conductivity of Mo,CT,.

3. Conclusion

Controllable HCl-hydrothermal etching strategy for MXenes
is developed based on DFT calculation of the feasibility and
optimal etching conditions of MAX phases (A = Al, Ga). Flu-
oride-free Mo,CT, MXenes with high quality are realized and
exhibits modulated energy storage mechanism in energy
storage applications. By successfully extending the strategy
to diverse MAX systems, this research should hold great
promise for the diversification of MAX and MXenes analogues
and the activation/stabilization of ideal surface for extensive
applications.

4. Experimental Section

First-Principles Calculations: First-principles calculations are performed
by using DFTB3 within project augmented wave method (PAW)B4 which
is implemented in the Vienna Ab initio Simulation Package (VASP).B’]
Perdue-Burke—Ernzerhof (PBE)P®l version of the generalized gradient
approximation (GGA) was performed to deal with exchange and
correlation energy. The Brillouin zone was sampled by using 3 x 3 x 1
for surface and 7 x 7 x 2 for bulk, respectively, based on Monkhorst—
Pack k-point mesh. A plane-wave cutoff energy of 450 eV is efficient to
guarantee the convergence of the total energy. The atoms in the surface
configuration at leftmost are fixed and others are completely relaxed with
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force below 0.01 eV A~'. Moreover, 20 A vacuum is considered to avoid
spurious interaction. The chemical potential of A (A = Al, Ga) in ACl;
and MAX can be expressed as follows'8]

E(ACl3)=pa +3uq M

E(MAX) =2ty + tp + Lix )

based on Equations (1) and (2), the relation of us(ACl) < ta(MAX) can
be defined as

E(ACl3)=3uc < E(MAX) -ty — lix ©)]

where y and gy are referenced to the chemical potential of M and X
in bulk M and graphite, respectively. The chemical potential of Cl in
solution considering as a reservoir relies on practical environment which
is treated as a variable. uc = Eyc — YaUp[H,], owing to dissociation of
HCl into H, and Cl,. The chemical potential of H is the total energy of
isolated H, molecules.

Synthesis of Mo,Ga,C MAX: Mo,Ga,C flakes were synthesized via a
modified two-stage vacuum sintering process. Briefly, 3 g commercial
Mo,C powder (around 325 mesh, 99.5%, metals basis) and Ga (99.99%,
metal basis) was uniformly mixed in a mortar at 60 °C with a molar ratio
of 1:8 for 1 h. Then, the mixture was transferred into a glass tube and
vacuumed by a mechanical pump. The glass tube was further sealed
under a stable vacuuming state and annealed in a muffle furnace for
3 d at 850 °C. After the natural cooling, the mixture was homogeneously
grinded in a mortar at 60 °C again. And the following procedure was
the same with the first stage except the duration of annealing time
was 2 d. To remove the extra Ga, the mixture was immersed in 50 mL
concentrated hydrochloric acid under stirring for one night at room
temperature. After washed several times by deionized water until the pH
was nearly 7 and freeze-drying for 1d, the Mo,Ga,C flakes were obtained.

Synthesis of Mo,CT, MXenes and Its Delamination: Fluoride-free
Mo,CT, MXenes were prepared through a hydrothermal etching process
with concentrate HCl. 200 mg of the obtained Mo,Ga,C and 20 mL HCl
(12 m) was put into a 50 mL autoclave with a Teflon liner. Afterward,
the autoclave was placed into an oven for 5 d at 120 and 140 °C. After
cooling to room temperature, the samples were washed several times
with deionized water and ethanol. Then, fluoride-free Mo,CT, MXenes
were obtained after freeze-drying for 1 d. For the delamination of Mo,CT,
MXenes (DMo,CT,), 100 mg Mo,CT, was transferred into 3 mL 25%
tetramethylammonium hydroxide (TMAOH) solution and stirred for 3 h
at room temperature. After the centrifugation and washed two times
with deionized water, the sediment was dispersed in 40 mL water by
ultrasonication for 1 h under 10 °C water cooling. Finally, the suspension
of delaminated Mo,CT, flakes was obtained after centrifugation under
3000 rpm for 20 min. Fluorine-terminated Mo,CT, MXenes as reference
samples were also prepared via HF-etching strategy (Mo,CT,-HF).
200 mg Mo,Ga,C was immersed in 20 mL hydrofluoric acid for 5 d at
60 °C. Sample was washed with deionized water and centrifugation for
several times until the pH was nearly 7. Then Mo,CT,-HF powder was
obtained after freeze-drying for 1 d. The delamination of Mo,CT,-HF
(DMo,CT,-HF) followed the same procedures of DMo,CT,.

Electrochemical Measurements: Supercapacitors: The electrochemical
characterization of Mo,CT, MXenes in supercapacitor was achieved in a
three-electrode testing system. The working electrode of Mo,CT, MXenes
and CNT film was prepared by using vacuum-assisted filtration method.
Mo,CT, was mixed with PVP-grafted CNT by ultrasonication for 1 h
under 10 °C water cooling with the mass ratio about 25:1. The solution
was filtered through a mixed cellulose membrane with vacuum filtration.
Then the standing film was obtained after freeze-drying and peeling off
from the filter membrane. In the three-electrode testing system, Ag/AgCl
(3 M KCl), Pt foil, and 1 m H,SO, (1 M Na,SO,) were used as reference
electrode, counter electrode, and electrolyte, respectively. The prepared
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Mo,CT, and CNT films were used as working electrode directly. The
performance testing was achieved on a CHI760E working station. In
more detail, the cyclic voltammetry (CV) curves were collected under
different voltage scan rates in the voltage window of —0.1t0 0.4 V (vs Ag/
AgCl) in 1 m H,SO4 and —0.5 to 0.1V in 1 M Na,SO,. EIS was tested on
an electrochemical workstation (CHI760E) over the frequency range of
105-0.02 Hz with 5 mV AC oscillation amplitude.

Electrochemical ~ Measurements:  Sodium-lon  Batteries:  The
electrochemical test of Mo,CT, MXenes electrodes in SIBs was
carried out in CR2032 coin-type cells. Mo,CT, MXenes, carbon black,
and polyvinylidene fluoride (PVDF) were firstly mixed and grinded
into homogeneous slurry in N-methyl-2-pyrrolidone (NMP) with a
mass ratio of 7:2:1. The slurry was then spread on a copper substrate
with a coater. After pre-dried in an oven for 1 h under 70 °C, it was
transferred in another vacuum oven for 12 h under 100 °C. The electrode
with a diameter of 16 mm was finally obtained by using a punching
machine and assembled into coin-type cell with sodium tablet as
counter electrode and 1 m NaClO, in (EC:DMC, 1:1) as electrolyte. The
assembling procedure was carried out in an argon-filled glovebox. Rate
performance of the SIBs cell was collected on a Land CT2007A testing
system at room temperature in the working voltage window of 0.01-3 V.
Moreover, the EIS testing was carried out with the same procedure as
supercapacitors.

Material ~Characterization: XRD patterns were collected on a
D8-Advance power diffractometer equipped with Cu Ko radiation
(A =1.54178 A) and a step scan of 0.02°. XPS was recorded on electron
energy-dispersive spectroscopy (ESCALAB 250). Scanning electron
microscopy (SEM) images and elemental mapping results were obtained
on a cold field emission scanning electron microscope (SU8220). TEM
images and HRTEM images were collected on a transmission electron
microscope (JEOL JEM2010). Atomic force microscopy (AFM) data were
collected on a scanning probe microscope (Multimode V). The etching
efficiency of Mo,CT, was calculated from XPS and plasma atomic
emission spectrograph (Optima 7300 DV) results. A plasma atomic
emission spectrograph was used to detected the atomic concentration
of Mo and Ga in dilute chloroazotic acid. The Mo K-edge XAFS
measurements were realized in the transmission mode at the beamline
14W1 in Shanghai Synchrotron Radiation Facility (SSRF). The X-ray was
monochromatized by a double-crystal Si(111) monochromator, and the
energy was calibrated using a molybdenum metal foil for Mo K-edge.
XAFS data were analyzed with the WinXAS3.1 program.’”! Theoretical
amplitudes and phase-shift functions of Mo—C—T, and Mo—Mo
were calculated with the FEFF8.2 codel® using the crystal structural
parameters of the MoO, foil.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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