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a b s t r a c t

In this work, Ti3C2Tx MXene with -F, -Cl and -Br surface terminations are synthesized and the effect

of these halogen terminations on the lithium storage properties is investigated. A maximum Li+ stor-

age capacity of 189mAh/g is achieved with Ti3C2Brx MXene much higher than Ti3C2Clx and Ti3C2Fx with

138mAh/g and 123mAh/g, respectively. Density functional theory (DFT) calculation shows that the ad-

sorption formation energy of halogen atoms on Ti atoms follows the trend of Ti-F > Ti-Cl > Ti-Br, leading

to the same trend in the content of terminations on corresponding MXenes. In addition, inevitable ex-

posure of MXene to oxygen causes competition between halogen and oxygen. Theoretical results show

Ti3C2Brx MXene has the highest Ti to O ratio and the lowest Ti to Br ratio, the high lithium affinity of O

explains the maximum Li-ion storage capacity with Ti3C2Brx MXene. This work shed light on the oppor-

tunity for achieving improved lithium storage properties of MXene electrodes by regulating the surface

chemistry.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Two-dimensional (2D) transition metal carbides and/or nitrides

(MXenes) have shown broad application prospects in the fields of

energy storage [1–4], sensing [5], electromagnetic shielding [6],

and catalysts [7] due to their rich surface chemistry, excellent elec-

tronic transmission capacity [8], and unique hydrophilicity [9]. MX-

enes are derived from the top-down selective chemical etching

of A layer atoms of bulk MAX phase precursors with a formula

of Mn+1AXn (n=1, 2, 3, etc.), where M stands for an early tran-

sition metal element (Ti, Nb, V, Mo, etc.), A is an element from

IIIA and IVA (Al, Si, etc.), and X represents carbon and/or nitro-

gen. Correspondingly, the general formula of MXene is Mn+1XnTx
(n=1, 2 or 3), with Tx representing the surface terminations. One

of the advantages of MXenes compared to other 2D materials (e.g.,

graphene) is that the surface chemistry of MXenes materials can

be tuned and engineered. The surface terminations play an in-

dispensable role in affecting the properties of MXene materials,

such as hydrophilicity, electronic and optical properties. The sur-

face terminations of MXenes can be controlled by selecting the

etching agent during the preparation and substitution and elimina-

tion reactions post the synthesis. For instance, HF aqueous solution
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[10] or LiF+HCl mixtures [11] etching routes have been the com-

mon methods used to synthesize MXenes, achieving MXenes with

-F, -O and -OH mixed terminations. Ti3C2Tx MXene with -OH and

-O termination was prepared through an alkali-assisted hydrother-

mal method [12]. A recent important method of a general Lewis

acidic molten salt etching route was proposed to synthesize -Cl

and -Br riched MXenes without -F and -OH, and the surface chem-

istry of molten salt derived MXenes was further posted syntheti-

cally modified to a large group of elements, including -NH, -S, -Se,

-Te [13–15].

By tuning the surface functional groups, the properties of MX-

enes can be engineered for various applications, in particular of Li-

ion storage [13,16–18]. Many theoretical and experimental studies

have shown the influence of surface terminations on lithium-ion

storage, in which the oxygen terminated MXenes show the high-

est lithium-ion storage capacity and high Li+ mobilities [19–21].

Meanwhile, the stability of different functional groups terminated

MXenes was also predicted theoretically with the following trend

of Ti3C2O2 > Ti3C2F2 > Ti3C2(OH)2 > Ti3C2H2 > Ti3C2, making it

possible to further regulate the types and contents of surface func-

tional groups in pursuing better active materials for Li-ion storage

[22].

Previous experimental and theoretical works that study the

role of surface terminations in electrochemical energy storage are
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Fig. 1. (a) XRD patterns of pristine Ti3AlC2 MAX phase and halogenated Ti3C2Tx
Mxenes. (b) SEM images and corresponding EDS mapping of Ti3C2Tx MXenes with

-F, -Cl, and -Br surface terminations, scale bar is 1 μm. (c) Comparison of the ele-

mental composition of halogenated Ti3C2Tx MXenes.

mainly related to -O, -OH and -F. Since the surface chemistry is

limited by the conventional preparation process involving the HF-

containing etching solutions [19,23]. However, there is scarce sys-

tematic research on how halogen terminations affect lithium-ion

storage. Herein, we synthesized -F, -Cl, -Br terminated Ti3C2Tx MX-

enes and investigated the influence of halogen surface termina-

tions on the electrochemical performance of lithium-ion storage.

Conventional HF-based etching and molten salt etching routes

are used to obtain -F terminated MXene and -Br/-Cl terminated

MXenes, respectively [10,13]. The XRD patterns of pristine Ti3AlC2

MAX phase and halogenated Ti3C2Tx are shown in Fig. 1a. The

diffraction peaks of Ti3AlC2 are significantly weakened after the

etching process. The 2θ of (002) diffraction peak of Ti3C2Fx is 8.82°
and Ti3C2Clx is 7.86°, which corresponds to c values of 20.04 Å and

22.48 Å, respectively. The c value of Ti3C2Brx is 23.16 Å based on

the (004) peak at 2θ =15.29°. These results are in good agreement

with the previous report [13]. SEM images and corresponding EDS

mapping of halogenated Ti3C2Tx MXenes are shown in Fig. 1b. The

halogenated MXenes show a typical accordion morphology with

opened laminae and semi-quantitative EDS analyses show the uni-

form distribution of Ti, C, O, and halogen elements on the MXene

particles. The atomic ratio of Ti:Br ≈ 3:1.1 means that the halo-

gen atoms are partially occupied at the surface terminal sites (Ta-

ble S1 in Supporting information). Fig. 1c compares the elemental

compositions of halogen MXenes. The aluminum contents of the

prepared MXenes samples are reduced significantly, indicating that

the Al layer is selectively removed. In addition, the Fx content is

much higher than Brx and Clx contents, while the oxygen contents

show the opposite trend.

The composition and chemical state of halogenated MXenes

are further investigated by X-ray photoelectron spectroscopy (XPS)

analysis. Fig. 2a shows the overview of the XPS spectrum of Ti3AlC2

MAX phase and prepared halogenated Ti3C2Tx. For Ti3AlC2, the sig-

nals of Ti 2p, C1 s, and Al 2p are observed at 458, 285 and 74 eV,

respectively. The peak position of Al 2p at 74.8 eV of Ti3C2Clx cor-

responds to the Al-O bond, which indicates an oxide layer on the

aluminum surface (Fig. S1 in Supporting information) [24]. The Ti-

Fig. 2. XPS analysis of the Ti3AlC2 precursor and halogenated MXenes. (a) The

overview of XPS spectrum and Ti 2p analysis of MXenes surface terminations with

(b) -F, (c) -Cl and (d) -Br.

Al bond signal at 73.4 eV and the Al-Al signal at 71.5 eV are ab-

sent in the XPS spectrum of halogenated MXenes, suggesting the

removal of aluminum (Fig. S1). Furthermore, the peak of Al-O de-

tected from MXenes prepared by molten salt can be explained by

the hydrolysis of aluminum halide or the presence of Al2O3 from

the precursor [24]. Meanwhile, the F, Cl and Br signals are detected

in the spectra of Ti3C2Fx, Ti3C2Clx and Ti3C2Brx MXene, respec-

tively, confirming the presence of halogen surface groups.

Figs. 2b–d show the signal of Ti 2p spectra of halogenated MX-

enes. The existence of Ti-F (2p3/2), Ti-Cl (2p3/2), and Ti-Br (2p3/2)

chemical bonds at the peak positions of 457.0, 458.2 and 457.5 eV

are originated from -F, -Cl, and -Br surface functional groups

[14,24–27]. Furthermore, the F 1s, Cl 2p and Br 3d (Fig. S2 in Sup-

porting information) signal prove the existence of the Ti-F, Ti-Cl

and Ti-Br bonds, the presence of oxygen surface termination and

the Ti-C bond is also verified by the fittings of O 1s (Fig. S3 in

Supporting information) and C 1s spectra (Fig. S4 in Supporting in-

formation). More detailed information of XPS analysis is shown in

Supporting information (Figs. S1–S4 and Tables S2–S4 in Support-

ing information). Hence, we confirmed that the MXene surface in

this work is predominantly terminated with halogens and oxygens.

To shed light on the origin of terminations on Ti3C2Tx MX-

enes, it is instructive to identify the most energetically favorable

chemisorption sites. As reported in the previous works [13,22], the

top of Ti2 (Ti1 and Ti2 represent the outer layer Ti and the cen-

tral layer Ti, respectively) is the most stable chemisorption site. Ac-

cording to DFT calculations, the adsorption formation energy of -F,

-Cl, -Br and -O is −5.339, −3.638, −2.781 and −4.943 eV, respec-

tively. The more negative value is, the more preferable and stable

the termination of adsorption will be. As such, the stability of var-

ious halogenated Ti3C2Tx follows the order: Ti3C2F2 > Ti3C2Cl2 >

Ti3C2Br2. Furthermore, the charge redistributions were calculated

to reveal the bonding strength between each termination and host

MXenes. As shown in Fig. S5 (Supporting information), electronic

cloud density shows the degree of charge transfer connected to

the bonding strength, further indicating the stability of MXenes

with different surface terminations: Ti3C2O2 ≈ Ti3C2F2 > Ti3C2Cl2
> Ti3C2Br2.

Bader charge analysis also provides a methodology to quanti-

tatively estimate the extent of charge transfer. Table S5 (Support-
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Fig. 3. (a-d) Bader charge analysis of octahedra in terminated Ti3C2T2 (T=O, Br, Cl,

F) MXenes. The rea and blue octahedra represent Ti1-C3T3 and Ti2-C6 octahedrons,

respectively.

ing information) lists the charge transfer of each atom on Ti3C2T2.

Generally, the surface termination has a more significant impact on

the surface Ti1 than central Ti2. As for surface Ti1, the Bader charge

increase from 37.02% to 66.61%, and C and central Ti2 increased by

6.33% and 0.7%, taking Ti3C2Br2 as a case, elucidating the impact

degree of surface termination. Further analysis demonstrates that

Ti3C2T2 owes different stability when taking octahedra as building

blocks. As presented in Fig. 3, two types of octahedra are marked

as red and blue, which shows the ability to accommodate elec-

trons. Except for Ti3C2O2, nearly neutral, the Ti1-C3T3 octahedron

of other Ti3C2T2 tends to devote electrons to central Ti2-C6, giving

rise to the heterolytic octahedra carrying a significant amount of

positive charges. The classical crystal-chemical theory argues that

charged octahedra should lead to Coulomb repulsion and structure

destabilization [28]. Therefore, based on the ability to accept elec-

trons of the octahedron in Ti3C2T2, the stability follows the order:

Ti3C2O2 > Ti3C2F2 > Ti3C2Cl2 > Ti3C2Br2, which is in good agree-

ment with the calculations above.

The MXenes prepared previously have also verified different

chemisorption abilities. Since O is an unavoidable factor during the

synthesis, the surface terminations of Ti3C2Tx would be distributed

according to the competitiveness of each element. The chemisorp-

tion capability somehow determines the termination content, re-

sulting in increasing O content in halogenated Ti3C2Tx follows as

Ti3C2Brx > Ti3C2Clx > Ti3C2Fx, which has also been confirmed from

EDS. The previous simulation has suggested that the Li-ion storage

capability of MXenes is strongly bonded with the surface termi-

nations, and the -O terminated Ti3C2Tx gives the highest capacity

[19].

To investigate the lithium-ion storage performance of halo-

genated MXenes, MXenes electrodes are prepared by mixing with

carbon-containing conducting additive/binder (see experimental

section in Supporting information). To compare the electrochem-

ical behavior of different halogen terminated MXenes, stabilized

cyclic voltammetry curves are shown in Fig. 4a. The Ti3C2Brx elec-

trode gives a maximum specific capacitance up to 152mAh/g at

a scan rate of 0.5mV/s in the potential range from 0.1 V to 3V

versus Li+/Li. Whereas Ti3C2Clx and Ti3C2Fx exhibit lower specific

capacities of 106mAh/g and 96mAh/g. The electrochemical sig-

nal of Ti3C2Fx MXene obtained by HF etching is significantly dif-

ferent from the signals obtained by the molten salt derived MX-

enes electrodes. Specifically, the Ti3C2Fx electrode has a reduction

peak at 1.49V and an oxidation peak at 1.56V. In contrast, no obvi-

ous redox peaks are observed for Ti3C2Clx and Ti3C2Brx electrodes,

Fig. 4. Electrochemical performance of halogenated MXenes electrodes. (a) Cyclic

voltammetry curves at 0.5mV/s. (b) Galvanostatic charge-discharge profiles at a cur-

rent of 0.1A/g. (c) Capacities under different current densities. (d) Long cycling per-

formance at a current density of 1A/g for l000 cycles.

which is similar to the intercalation-type pseudocapacitive behav-

ior reported elsewhere [29]. Cyclic voltammetry profiles of halo-

genated MXenes at various scan rates (from 0.2 mV/s to 10mV/s)

are shown in Fig. S6 (Supporting information). Furthermore, the

non-diffusion capacities are estimated by using the Trasatti plot

method. As presented in Fig. S7 (Supporting information), Ti3C2Brx
exhibits the highest total capacities and non-diffusion capacity, and

the non-diffusion capacity accounts for more than 50% of the total

capacities, which indicates the high-rate properties of the Ti3C2Brx
MXene electrodes. While Ti3C2Fx electrode delivers much less non-

diffusion charge contribution. Fig. 4b presents the galvanostatic

charge-discharge curves at a current density of 0.1A/g after cycling,

the reversible specific capacities of Ti3C2Fx, Ti3C2Clx and Ti3C2Brx
are 108, 126 and 168mAh/g, respectively. Fig. 4c shows the rate

performance of the halogenated MXenes at current densities from

0.05A/g to 2A/g. The Ti3C2Fx, Ti3C2Clx and Ti3C2Brx deliver maxi-

mum capacities of 123, 138, and 189mAh/g at a current density of

0.05A/g, respectively. At a current density of 2A/g, Ti3C2Brx main-

tains a capacity of 70mAh/g, demonstrating its good rate proper-

ties. Furthermore, the long cycle performance at a current density

of 1A/g is shown in Fig. 4d. The three MXene electrodes exhibit

excellent cycling performance with no capacity attenuation after

1000 cycles. The galvanostatic charge-discharge curves of halo-

genated MXenes at different specific currents are tested (Fig. S8

in Supporting information) after cycling tests at a current density

of 1A/g. The above results prove that the types of surface termina-

tions significantly impact the lithium storage performance of MX-

enes electrodes in nonaqueous electrolytes, and the larger c-value

of Ti3C2Brx MXene may also enhance the electrochemical prop-

erties [30,31]. The electrochemical performances of halogenated

Ti3C2Tx are the following order of Ti3C2Brx > Ti3C2Clx > Ti3C2Fx.

In summary, we have synthesized three halogenated MXenes

including Ti3C2Brx, Ti3C2Clx, and Ti3C2Fx. It is found that halo-

gen surface terminations have important effects on Li-ion stor-

age capacity. The maximum specific capacities of Ti3C2Brx, Ti3C2Clx
and Ti3C2Fx are 189, 138 and 123mAh/g, respectively, matching

well with the trend of O contents on corresponding MXenes. It

is believed that halogen elements with the lowest binding ener-

gies with MXene will lead to high O surface groups when ex-

posed to an oxygen environment, thus, achieving more Li-ion

storage capacity thanks to the high lithium affinity of O surface

groups.
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