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HIGHLIGHTS

e The covalent surface modification of Ti3C,Ty flakes was proposed.

o Applied procedure allows to enhance the functionality of MXene-based supercapacitors.

o The increase of supercapacitance different conditions was observed.

e The surface grafting prevents the supercapacitor degradation.

o Flakes grafting decelerates the spontaneous discharge rate in open circuit mode.
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ABSTRACT

In this work the covalent surface modification of MXene flakes (Ti3CyTy) was proposed for the increasing of the
performance of subsequently created symmetric supercapacitor. Covalent surface modification was performed
with utilization of diazonium salts (hydrophobic or hydrophilic) and plasmon-assisted photochemistry. Applied
procedure allows to block the reactive (weak and/or catalytically active) sites on flakes surface and increase the
flakes interplanar spacing, both enhancing the functionality of an MXene-based supercapacitor. Especially
pronounced positive effect gives the surface modification with hydrophilic chemical moieties. In particular, we
observed increase of supercapacitance from 197 to 284 F g~! in acidic and from 86 to 142 F g™! in alkaline
conditions for flakes grafted with —-C¢H4—COOH chemical moieties at scan rate 20 mV/s. The flakes grafted with
hydrophobic chemical moieties allow to achieve almost constant value of supercapacitance for different speed of
charge discharge. In addition, the surface grafting prevents the supercapacitor degradation and decelerates the
spontaneous discharge in open circuit mode. These results suggest strategy for further improvement of MXene-
based supercapacitors as energy storage device.

1. Introduction

formula of MXenes is M, 1 X, Ty, where M represents transition metal(s),
X - carbon and/or nitrogen, and T — surface termination groups [8]. The

Flexible supercapacitors, based on 2D materials, have attracted
considerable attention as a promising energy storage systems for
portable and wearable electronic devices [1-3]. Among 2D materials the
MXenes are considered as especially promissing materials for flexible
supercapacitor due to their excellent electronic conductivity, reversible
surface redox capability, and good hydrophilicity [4-7]. The general
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interaction of MXenes with surrounding electrolyte and related super-
capacitor performance strongly depend on surface terminations (Ty) [9].
In a common way the MXenes are prepared by etching of corresponding
MAX phase with utilization of “small” H' cations and F~ counter-ions
[10]. However, this route leads to the formation of —F surface termi-
nation and presence of this chemical group significantly restricts ions
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mobility in MXene films and ruins functionality of MXenes as an active
supercapacitor material [11-13]. In addition, the MXene flakes tend to
agglomeration and restacking during film formation, which also
complicate the ion diffusion in the MXene thin films and in turn elimi-
nate advantages of MXene based supercapacitors [14,15]. In particular,
flakes restacking can lead to some increase in thin film conductivity, but
significantly restrict supercapacitance performance [16].

To decrease the negative impact of fluor termination and flakes
restacking various strategies have been proposed. In a common way,
intercalation of the flakes with metal ions before supercapacitor utili-
zation was used to prevent restacking [17,18]. Alternatively, a combi-
nation of MXenes with other materials that serve as electrochemically
active or passive spacers has been proposed for the same objective
[19-24]. Alternatively, flakes preparation using alternative etch-
ing/delamination route, with the aim to dominantly create the = O,
—-OH, —Cl, -NH; or = S surface termination, instead of —F has also been
successfully demonstrated for significant increase of supercapacitance of
MXene based thin films [25-29]. Finally, the undesired —F terminations
can be removed by various post-preparative treatments, including
thermal annealing, hydro/solvothermal processing or flakes interaction
with molten inorganic salts [30-33]. However, surface exchange re-
actions occur at high temperatures 300-600 °C under “strong” chemical
environment and such conditions can damage flakes 2D structure or
introduce defects, which serve as a subsequent degradation centres [9,
32].

In our previous work we demonstrated the simple photochemical
route for tuning of MXene surface termination using diazonium salts and
plasmon-assisted chemistry [34,35]. Our approach is based on plasmon
excitation on MZXene flakes surface, subsequent plasmon-induced
decomposition of diazonium salt(s), creation of highly reactive radi-
cals and their subsequent grafting to flakes. In this work, we investigate
the impact of organic moieties grafting on the functionality of
MXenes-based supercapacitors and demonstrate the attractiveness of
such approach on the way to supercapacitors improvement [36].

2. Results and discussion

General concept of created MXene surface grafting with organic
chemical moieties is presented in Fig. 1. First, the Ti3CoTy flakes, pre-
pared by LiF/HCI etching and ultrasound delamination were dispersed
in water/methanol solution. The 4-carboxybenzenediazonium tosylate
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and 3,5-Bis(trifluoromethyl) benzenediazonium tosylate salts were
added to Ti3CyTy suspension and reaction mixture was illuminated
during 2 h at 780 nm wavelength, corresponding to flakes plasmon
absorption band (Fig. S1). Under these conditions, diazonium salts un-
dergo degradation, with the cleavage of the nitrogen molecule and the
creation of highly reactive organic radicals, which attack the surface of
the flakes. As a result, organic moieties are covalently grafted to TizCyTy,
with the formation of Ti-C¢H4-R bonds or through oxygen bridges and
the attachment of chemical moieties (Fig. 1C) [36]. As a results of
plasmon-assisted chemistry, the tuning of flakes grafting occurs with the
creation of Ti-R or Ti—-O-R (where R = —-C¢H4~COOH or —CgH4-CF3)
chemical bonds. Modified MXene flakes were subsequently designated
as TigCo—COOH or Ti3Co-CF3, depending on the used diazonium salt and
grafted organic moieties. Subsequently, thin MXene films were created
using vacuum-assisted filtration and arranged in a symmetric super-
capacitor with utilization of 25 pm thick Celgard 3401 membrane.

The conformation of Ti3CyT, flakes grafting is presented in Fig. 2.
First Raman spectroscopy indicates the appearance of several additional
vibration bands (Fig. 2A), which can be attributed to the chemical
structure of grafted organic moieties (detailed peaks affiliation is given
in Table S1). Similar results were also observed with the use of Fourier-
transform infrared spectroscopy (FTIR) measurements, which also
confirmed the presence of a benzene ring and -COOH or —CF3 chemical
moieties (Fig. S2). The modification of flakes surface termination was
also accompanied by the apparent changes in Ti3CyTy thin films surface
wettability — from initial 67° up to 28° in the case of —C¢H4~COOH
moieties. However, after flakes grafting with hydrophobic —CeHy4-CF3
chemical moieties the wettability increases up to 92° (Fig. 2B). The
surface grafting with additional moieties was also confirmed by XPS
(Fig. 2C and D). The increase of surface carbon concentration, as well as
screening of characteristic Ti signal after the flakes grafting, is well
evident on survey XPS spectra (or from calculated surface elemental
composition). In particular, the grafting with -CcH4~COOH results in an
oxygen surface concentration increase, while the grafting with C¢H4-CF3
leads to a —F concentration increase. Important absence of the charac-
teristic nitrogen signal confirms the release of N3 molecules and for-
mation of “true” covalent bond between flakes and created organic
radicals (Fig. S3). The morphology of Ti3CyT, flakes was confirmed
using atomic force microscopy (AFM) measurements, which revealed
the 2D nature of the materials (lateral size was varied in the 300-1000
nm range and did not change after grafting — Fig. S4).

Ti;C,T, flakes

R =-COOH, -CF;

@ Ti foil

Separator

Fig. 1. Schematic representation of Ti3C,T, flakes modification — mixing of flakes suspension with diazonium salt (A) and subsequent illumination of created
suspension (B) results in the creation of organic radicals which are grafted to flakes surface through -O- bridge or directly to Ti atoms by substitution mechanism (C).
In the next step, the pristine or grafted MXene films are arranged in a symmetric supercapacitor design (D).
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Fig. 2. Confirmation of TizC,Ty flakes grafting: (A) — Raman spectra of pristine and grafted flakes; (B) — water contact angle as a function of pristine or tuned surface
termination of TizC.Ty; (C, D) — XPS survey spectra and calculated surface elemental composition for pristine and grafted flakes; (E) — cross-section image of TizCoTy
films; (F) — grafting induced shift of low angle XRD peak (and corresponding values of interplanar distance) observed after arrangement of flakes in thin films.

The cross-sectional SEM images of the thin films created from pris-
tine or grafted flakes indicate a closely-packed arrangement of flakes
(for both pristine and grafted flakes — Fig. 2E). The thickness of created
films, estimated from SEM was in 4-5 pm range. In turn, the low-angle
part of XRD patterns (Fig. 2D) indicates the apparent shift of low-angle
(002) peak in the case of grafted flakes, indicating an increase in the
interlayer spacing, due to the steric reasons (full XRD patterns are pre-
sented in Fig. S5). In particular, the calculated values of interplanar
spacing are 13.5 A for pristine Ti3CyT, flakes, 15.5 A and 15.2 A for
grafted TizCo—COOH and TizCy-CF3 flakes. It can be preliminarily sup-
posed that such increase of interplanar spacing can ensure additional
channels for ion(s) transfer and, in this way, increase the super-
capacitance of MXene films.

In the next step, the MXene films were arranged in a symmetric
supercapacitor scheme with activated Celgard 3401 membrane. To
demonstrate supercapacitor functionality, different electrochemical and
stability tests were performed in acidic and alkaline conditions. The
potential range, corresponding to true supercapacitor behaviour was
determined as a function of surface functionality: Fig. 3A—C show results
obtained in acidic (1 M H3SO4) conditions. The pristine MXene has
almost rectangular cyclic voltammetry (CVA) shapes in 0-0.6 V poten-
tial range. The subsequent increase in potential range leads to gradual
deviation from rectangular shape, indicating the beginning of an un-
desired redox process. The grafting with —-CcH4~COOH results in avail-
able potential range expanded up to 0-0.8 V and makes the CVA curves
even more “ideal”, i.e. closer to a perfect rectangle. Such results could be
expected, since grafting of organic chemical moieties commonly pro-
ceeds on surface defects (or —OH surface termination) and these places
are prone to oxidation which in turn support the redox process (unde-
sired water splitting) [37,38]. So that, blocking of these places with
organic moieties may increase the flakes stability, decrease the unde-
sired (in the present case) flakes catalytic activity and expand in this way
the available potential range [39,40]. Some increase (but just to 0-0.65
V) of available potential range was also observed in the case of flakes
surface termination with hydrophobic —-CgH4-CF3 chemical moieties.

However, in this case the apparent deviation from rectangular shape is
observed at relatively low potential, above 0.7 V. Such undesired devi-
ation can be rather attributed to ions diffusion controlled processes,
which are restricted by hydrophobic surface termination.

After determination of more suitable potential range, series of CVA
measurements were performed at different scan rates for symmetric
supercapacitors, constructed from pristine and grafted flakes. In all
cases, the potential ranges corresponding to true supercapacitor be-
haviours were used and obtained results are presented in Fig. 3D-F. As
could be expected the area of CVA curves increases with increasing scan
rate [41,42]. The supercapacitance value, calculated from the CVA
curves are shown in Fig. 3G as a function of the scan rate. As is evident
the flakes grafting with hydrophilic -COOH chemical moieties results in
supercapacitance increase by ca 40 % for all scan rates. The surface
modification with hydrophobic —~CF3 chemical moieties oppositely re-
duces the supercapacitance. For both Ti3Cy T, and TigC,—COOH flakes an
obvious decrease of supercapacitance is observed with increasing scan
rate. This trend is less pronounced in the case of -COOH grafted flakes,
which effect can be considered as an additional benefit provided by
surface chemistry modification. Finally, in the case of TizCy-CF3 flakes
the supercapacitance was found to be almost independent on the scan
rate. So, MXene flakes surface modification with hydrophilic chemical
moieties results in obvious increase in supercapacitance. The grafting
with hydrophobic chemical moieties leads to a supercapacitance
decrease but makes it less sensitive toward device charge/discharge
rate.

The results of CVA scans obtained in 1 M KOH solution are presented
in Fig. 4. Like in the previous case, the potential range of true super-
capacitor behaviour was determined first (Fig. 4A-C). We observe nearly
rectangular behaviour for pristine Ti3CyT, supercapacitor in 0-0.8 V
range. By grafting this potential range is expanded up to 0-1.0 V in the
case of TizCo—COOH flakes and up to 0-1.1 V in the case of Ti3Cy-CF3
flakes. So, grafting with chemical moieties increase the working range of
the supercapacitor even in the case of alkaline electrolyte. The CVA
scans performed at different rates are presented in Fig. 4 D-F. Excellent
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Fig. 3. (A-C) - determination of available potential range for true supercapacitor behavior (in 1 M H,SO, solution) of symmetric device, created from TizC,T) films
(pristine or grafted) separated by Celgard 3401 membrane; (D-F) — CVA scans, performed at the different scan rate for symmetric supercapacitors created from
pristine or grafted flakes; (G) — calculated values of supercapacitance as a function of scan rate.

results are observed for Ti3Co—COOH flakes (Fig. 4E), with almost ideal
CVA shape. The calculated value of supercapacitance was found to be
larger by about 70 % than that in the case of pristine flakes. Oppositely,
flakes modification with hydrophobic chemical moieties significantly
decreases the device supercapacitance. Finally, supercapacitance
dependence on the scan rate is presented in Fig. 4G. The apparent
decrease of supercapacitance with an increase of charge/discharge rate
was observed for pristine Ti3CyTy and TizCo—COOH flakes. In the case of
hydrophilic modification, however, the supercapacitance was found to
be almost constant, like in the previous case with acidic electrolyte. We
also estimated the supercapacitor(s) performance of the created device
in the neutral electrolyte (Fig. S6). In this case, a similar trend was
observed: the highest supercapacitance value (130 A*g™!) was observed
for flakes terminating with -COOH chemical moieties. In turn, grafting
with hydrophilic chemical moieties results in an apparent decrease of
supercapacitance, but makes it less sensitive towards the changing of
charging/discharging rate.

Results of CVA measurement were additionally checked by charge-
discharge measurements, also performed in alkaline and acidic me-
dium using symmetric supercapacitor constructed from pristine and
grafted flakes (Fig. S7 and Fig. 5 A, B). The close to linear curves also
indicate the true supercapacitor behaviour, without the presence of
redox process. Moreover, calculated values of supercapacitance also
correlate well with CVA results — the highest capacitance is observed for
~CgH4~COOH flakes (264 F g~! in acidic and 133 F g! in alkaline
electrolytes), the moderate capacitance is observed in the case of

pristine flakes (187 F ¢! in acidic and 73 F g~ ! in alkaline electrolytes)
and the lower capacitance is found for flakes grafted with —CgH,4-CF3
chemical moieties (131 F ¢! in acidic and 14 F g~! in alkaline elec-
trolytes). We also estimated the stability of the created symmetric
supercapacitors as a function of flakes modification. The normed
supercapacitance retention is presented in Fig. 5A and B after up to 10
000 cycles of charge/discharge in both, acidic and alkaline electrolytes.
As is evident, the supercapacitance of pristine flakes gradually decreases
with increasing cycles, indicating gradual degradation of flakes and
corresponding worsening of supercapacitor functionality. This phe-
nomenon is accompanied by the appearance of characteristic TiO;
Raman bands, especially pronounced in the case of acidic electrolyte
(Fig. 5C). In the case of previously grafted flakes, the appearance of
characteristic TiOy bands was significantly suppressed, while the sta-
bility of the device based on grafted flakes was found to be significantly
better. In this case, the increase in overall stability should be attributed
to previous flakes grafting, which is performed at the “weaker” surface
sites. It is well known that Ti3Cy Ty undergoes oxidation, which starts at
the edges or —OH terminated groups and leads to the formation of tita-
nium oxide with a corresponding loss of the conductivity of the flakes
(which, in a decrease, in turn, results in the decrease of the super-
capacitor). The grafting proposed here results in the attachment of
chemical moieties to the edges of the flakes and ~OH terminated surface
groups, thereby preventing the initial stages of oxidation. As a result, the
functionality of thin films created from grafted flakes is increased.
Additional SEM measurements, performed after stability tests, also
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Fig. 4. (A-C) — determination of available potential range for true supercapacitor behavior (in 1 M KOH solution) of symmetric device, created from Ti3C,Ty films
(pristine or grafted) separated by Celgard 3401 membrane; (D-F) — CVA scans, performed at the different scan rate for symmetric supercapacitors created from
pristine or grafted flakes; (G) — calculated values of supercapacitance as a function of scan rate.

indicate the conservation of the structure and morphology of the Ti3Cy-
CF3 and Ti3Co—COOH thin films (Fig. S8).

Another parameter, which should be considered in the case of MXene
based supercapacitors is their gradual discharge in open circuit, which
can occur due to parasitic reaction and is especially pronounced in the
acidic or alkaline electrolytes, as has been demonstrated recently [43].
In our case we also observe the rapid discharge, especially pronounced
in the case of pristine flakes. However, the grafting of flakes with both,
-CegH4—COOH and —CgHy4-CF3 chemical moieties prolongate the sponta-
neous discharge times significantly and makes the device more practi-
cally applicable (Fig. 5 E, F). Both, increase of supercapacitor stability
and deceleration of spontaneous device discharge should be attributed
to the changes in flakes surface termination. In particular, the grafting
commonly proceeds on flakes defects, edges or —OH chemical group (in
the last case with the formation of oxygen bridges). Flakes oxidation
commonly starts at these surface sites and their blocking significantly
prolongate the flakes lifetime and conserve the supercapacitance value
(at least in the potential range, corresponding to top true capacitance).
Moreover, the same sites are known to be a catalytically active and
supporting the parasitic reaction, leading in turn to spontaneous
supercapacitor discharge in open circuit. Like in the previous case, the
blocking of these surface sites can prevent the reaction occurrence and
conserve the charge collected in MXene film(s) for longer time [39,40].

We also demonstrated the changes in surface distance induced by
surface grafting using the GIWAXS measurements with to the humidity
cell [34,44]. Fig. 5D shows the apparent shift of flakes interplanar dis-
tance after the immersion of MXene thin films in water. Thus, parameter

was shifted from 0.494 A~! to 0.446 A~ for pristine flakes, from 0.438
A1 to 0.383 A! for flakes grafted with —-CcH4—~COOH, and from 0.46
A~1100.43 A" for flakes grafted with -CgHy4-CF3 chemical moieties. So,
the higher amount of water molecules penetrates in the flakes, in the
case of -C¢H4—COOH grafting, while flakes surface decoration partially
prevents the water molecules penetration (also supported by QCM
measurements — Fig. S9).

Finally, we also estimated our results with previously published ones
(Table 1). As is evident, the value of supercapacitance, reached in our
case is similar to the commonly obtained with MXene-based materials
(except pseudo-supercapacitors cases are reported through the combi-
nation of Ti3Cy Ty flakes with redox-active materials). On the other hand,
proposed here, utilization of surface chemistry tuning allows one to
increase the lifetime of the supercapacitor, partially prevent the spon-
taneous device discharging, as well as increase the working potential
(this important parameter is often not considered in publications).

3. Conclusion

In this paper the impact of covalent surface modification of Ti3CyTy
flakes on the functionality of subsequently created symmetric super-
capacitor was investigated. The flakes surface was grafted with hydro-
philic and hydrophobic chemical moieties through the plasmon-assisted
diazonium chemistry. The surface modification was confirmed using the
XPS and Raman spectroscopy. After confirmation of tuning via surface
chemistry, the properties and functionality of created supercapacitor(s)
were investigated in both alkaline and acidic media. It was found that
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Fig. 5. (A, B) - supercapacitance retention during subsequent cycles of charge/discharge measured for pristine and grafted flakes, inserts show the typical cycle of
charge/discharge, (C) — Raman spectra of pristine and grafted flakes, measured after 10 000 charge/discharge cycles for corresponding supercapacitor in acidic
electrolyte; (D) — GIWAXS measurements results, revealing the shift of low angle peak position due to water molecules penetration between flakes; (E, F) —
supercapacitor discharge measured in open circuit mode in acidic or alkaline conditions.

the covalent surface modification expands the supercapacitor operation
range (in true supercapacitor behaviour terms). The supercapacitance is
increased by the grafting with hydrophilic chemical moieties. Oppo-
sitely, the grafting with hydrophobic groups results in supercapacitance
decrease but makes the supercapacitance almost independent on
charge/discharge rate. Moreover, surface grafting significantly increases
the flakes stability during the charging/discharging cycling and partially
prevent the supercapacitor spontaneous discharge in open-circuit
regime. All observed phenomena and advantages of covalent modifica-
tion of Ti3CyTy can be attributed to increased distance between flakes
(with creation of additional ion channels) as well as to blocking of
“undesired” catalytically-active and/or unstable surface sites.

4. Experimental section

Detailed information regarding the experimental techniques, TizCo Ty
synthesis and modification, supercapacitor fabrication and character-
ization, as well as capacitance calculations, can be found in the Sup-
plementary Information.
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Table 1
Comparison of results obtained with previously published.
Material Capacitance  Voltage Electrolyte References
window (V)
MXene/AAC//AAC 177 F g™t 2 7 M KOH [45]
TisCyTx-P 476.9Fg™ ! 0.7 PVA-H,S0,4 [46]
gel
d-TisCoTy 323.7Fg ! 08 3 M H,S0, [47]
P-MXene/CPAQ-A 532.9Fg ! 0.9 3 M H,S0,4 [48]
MXene/CNFs 90 Fg! 0.7 1 M H,S04 [49]
MXene/Co304 374F g} 0.6 6 M KOH [50]
MXene/Co3S4 602F g1 0.6 3 M KOH [51]
TisCyTyx/PANI 2725Fg ! 0.8 PVA/H,S0,4 [52]
MXene/a-Fe,O3@C 41 F g’1 0.55 3 M NaOH [53]
MXene/HGO 438F g! 1 3 M H,S0, [54]
MXene/MnO, 612F g ! 0.85 0.2 M KOH [55]
MXene/MnO,/CC 511 Fg! 0.8 3 M KOH [56]
MXene/Graphdiyne 337.4Fg~! 1 PVA-H,S04 [57]
nanotube gel
1T-MWS/Ti3C,Ty 284 F g-1 0.6 1 M NaySO,4 [58]
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rGO/MXene@Fe,03 893 F g’1 0.6 PVA-KOH gel [64]
GO/ 1405Fg™! 0.6 PVA-KOH gel  [64]
MXene@NiCo-P
MXene/WOs 297 Fg! 1 0.5 M H,80,  [65]
MXene 62F g 0.6 1 M NaOH [66]
MXene 70F g~ 0.6 1 M KOH [66]
MXene 69Fg! 0.6 0.5 M LiOH [66]
MXene 26Fg! 0.65 1M [66]
Al(S04)3
MXene 81Fg! 0.75 0.5MKyS04  [66]
MXene-CF5 131 Fg?! 0.65 1 M H,S0,4 This work
MXene-COOH 264F g ! 0.8 1 M H,S04 This work
MXene-CF3 14Fg! 1.1 1 M KOH This work
MXene-COOH 133Fg ! 1 1 M KOH This work
MZXene-CF3 26 F g’l 0.9 1 M NaySO4 This work
MZXene-COOH 128 F g’1 1 1 M NaySO4 This work
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