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Recently a large family of two-dimensional (2D) layered early
transition metal carbides and carbonitrides — we labelled
MXene — possessing metallic conductivity and hydrophilic
surfaces was discovered. Herein we report on the adsorption
and photocatalytic decomposition of organic molecules in
aqueous environments containing Ti;C,T,, a representative of
the MXene family. This material possesses excellent
adsorption toward cationic dyes, best described by a
Freundlich isotherm. We also found that the material may
undergo structural changes in aqueous media.

Layered materials have long been a subject of research due to their
interesting properties and potential in a variety of technologies. A
great deal of effort has been directed toward solving major societal
challenges, including energy storage and environmental pollution. In
the area of energy storage, layered materials have potential
applications in electrochemical capacitors' and Li-ion batteries.”
They are promising materials for sorption and catalysis in
environmental applications.® The advantages of layered materials in
both types of applications stem from their large and highly-
accessible surfaces with controlled chemistries.* In the
environmental application realm, research is focused on improving
their chemical and environmental stabilities, or reusability and
recyclability (e.g., recovery of adsorbed oil from exfoliated graphite
by compression).” Additional work has been performed to make
layered materials for specific applications, such as tailoring redox
properties, imparting biocompatibility, and improving buoyancy for
more efficient utilization of solar radiation, etc.®’

Recently, a new family of two-dimensional (2D) early transition
metal ternary carbides and carbonitrides — labelled MXenes — was
discovered.® ° MXenes are produced by etching the A-group element
layers from their corresponding MAX phases by hydrofluoric acid,
HF.'“!2 HF is a highly selective etchant capable of distinguishing
even between different SiC polytype.”* To date, the reported
experimental studies have mainly explored the potential of MXenes
in electrical energy storage, e.g., electrodes of lithium ion
batteries,'*'® lithium ion capacitors'’ and supercapacitors.'®
However, energy storage is only a small subset of potential
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applications wherein the unique structures and, more important,
diverse chemistries of MXenes may prove beneficial.

MXenes are composed of M, X, stacked sheets — where M is an
carly transition metal and X is carbon and/or nitrogen — held together
by van der Waals interactions between the sheets (see schematic and
SEM images in Figs. la and b). The surfaces of MXene sheets are
typically terminated with OH, O and/or F, resulting in a general
formula M, X, Ty, where T, indicates a surface termination and x
the number of surface groups per formula unit.” '® Computational
studies have predicted some M, X, T, to be semiconductors with
narrow band gaps® '% !* 2 that can be tuned by altering their surface
chemistries or the arrangements of the surface groups relative to the
M atoms.'® ' 2° The tunability of the band structure suggests that
MXenes could potentially be used as photocatalysts. In addition,
MXenes may demonstrate catalytic properties, known for transition
metal carbides.”' The catalytic properties of MXenes have not been
studied yet.
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Fig. 1. (a) Schematic of Ti;C,Ty layered structure with a side view
atomic model of a single sheet. (b) SEM image of a Ti;C,T, particle.

Similar to many other layered materials, MXenes can be
intercalated and delaminated into single sheets. Different organic
molecules such as hydrazine, urea, dimethyl sulfoxide among
others,'”” and a variety of cations, spontaneously intercalate
TiyC,T,."® This suggests that MXenes could potentially be used as
adsorbents, similar to other layered materials.’® A recent study
reported an outstanding sorption capacity of a modified MXene for
lead ions.? As far as we are aware no studies on adsorption of dyes
by MXenes have been published.

Herein, we report on the first attempts to use an as-produced
multilayered MXene as a potential adsorbent and photocatalyst. For
this purpose, we chose to investigate the interaction of Ti;C,T, — to
date, the most studied MXene — with the aqueous dyes methylene
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blue (MB) and acid blue 80 (AB80) in the dark and under ultraviolet
(UV) light. The details of Ti;C,T, synthesis and experimental
procedures are summarized in the electronic supplementary
information (ESIt). We also investigated the structural changes of
Ti3C,T in contact with aqueous MB solutions under different
conditions.

In a set of experiments the adsorption kinetics of the dyes onto
Ti3C, T, was studied. Since Ti;C,T, was reported to have negatively
charged surfaces,'® we chose to investigate the effects of the
adsorptive charge in this process. For this, MB (a cationic dye) and
ABB80 (an anionic dye) were selected (their chemical structures are
shown in Fig. 2a).
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Fig. 2. (a) Time dependence of MB (Cy = 0.05 mg/mL) and AB 80
(Cy = 0.06 mg/mL) concentrations in aqueous solutions with
suspended Ti;C,T, particles in the dark. Chemical structures of
corresponding dyes are shown as insets. (b) Adsorption isotherms of
MB on Ti;C,T,. Inset shows dependence of the equilibrium
parameter Ry (see Eq. 2, ESIY) on initial concentration, Cy, of MB.

Fig. 2a shows the time dependence of the Ti;C,T,-mediated
removal of each dye from solution in the dark. While, even after
20 h, there were no changes in the AB80 concentration, a dramatic
decrease of MB concentration was observed within the first 8 h.
From these results, it is reasonable to assume that the preferential
adsorption of the cationic dye, MB, over the anionic dye, AB80, in
the dark is primarily due to favorable electrostatic interactions
between the MB molecules and the MXene surfaces.

Adsorption isotherms of MB on Ti;C,T, are shown in Fig. 2b.
Two models, Langmuir and Freundlich, were used to fit the
experimental data (details on the models and corresponding
equations can be found in the ESIT). The best fitting parameters of
both the Langmuir and Freundlich isotherms (Fig. 2b) together with
their correlation coefficients are presented in Table 1. High values of
K, a constant, which characterizes the strength of adsorbate binding
to the adsorbent, suggest that MB binds strongly to Ti;C,T,. The
separation factor, R;, calculated from the Langmuir isotherm using
Eq. 2 (ESIY) was plotted vs. initial MB concentrations (inset in Fig.
2b). The R, values are close to zero (10°-10 for the range of MB
concentrations explored), suggesting nearly irreversible adsorption.”
Pearson’s correlation coefficient, R, for the Freundlich isotherm is
higher than the corresponding value for the Langmuir isotherm
(Table 1), meaning that the Freundlich model is an overall better fit
of the experimental data (Fig. 2b). The value of the constant v
(Eq. 3, ESIf) is larger than 1 which also indicates favorable
adsorption in the Freundlich model.** The fact that the Freundlich
model better describes adsorption is consistent with the presence of
heterogeneous adsorption sites on the MXene surfaces, a reasonable
conclusion given that, as noted above, the MXenes are primarily
terminated by a mix of OH, O and F (see schematic in Fig. 1a).
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Table 1. Fitting parameters for Langmuir and Freundlich isotherms
for MB on Ti;C,T,
Langmuir isotherm

Freundlich isotherm

Ay = 38.851 mg/g vD =19.963
K; =1.743 x 104 mL/mg K =48.152
RY=0.811 RY=0.928

¥ Pearson’s correlation coefficient.
® Values calculated for C expressed in mg/mL and A in mg/g.

The adsorption capacity of Ti;C, T, for MB is ~ 39 mg/g
(Table 1). This value is smaller than typically observed for
commercial activated carbons (up to 1000 mg/g)*> but comparable
with other materials of similar structure and surface areas (from
~14 mg/g for raw kaolinite,”® up to ~ 290 mg/g for commercial
montmorillonite clays*’). This suggests that MXenes, with their
tailorable compositions and surface chemistries, might be better
adsorbents than other 2D materials.

When an aqueous 0.05 mg/mL MB solution was kept in contact
with suspended Ti3C,T, in the dark, the MB concentration continued
to decrease steadily over a period of days after the initial rapid drop
during the first 2 h (Fig. 2a). To better understand the reason for this
slow concentration decrease, the Ti;C,T, structure after MB
adsorption was studied. According to X-ray diffraction (XRD)
analysis of recovered MXene powders (Fig. 3), after the 2h
adsorption in the dark, no changes in the position of the (0002) XRD
peak were observed. In contrast, after the 20 h adsorption, a small
shift of the (0002) peak toward lower angles was detected. In
addition, this peak broadened, suggesting imperfect stacking in the
[0001] direction. Because of the ability of cations to intercalate
MXenes,'® and the intercalation of dyes reported for many layered
materials,”® % the possibility of MB intercalation into Ti;C,T, was
considered. According to XRD (Fig. 3) the value of the c-lattice
parameter (c-LP) increased by 2.0 A. The MB molecule dimensions
are ~ 17.0x7.6x3.25 A* (I x w x h).*® Assuming that one MB
molecule intercalates into the interlayer space between the Ti;C,Ty
sheets in an orientation parallel to the surfaces, the anticipated
increase in c-LP should be at least 3.25 A, i.e. 1.5 times the observed
increase. Thus, the 2 A increase in the interlayer space of Ti;C,Ty is
not enough to accommodate a MB molecule. Still, partial wedging-
in of MB molecules at the particles’ edges, could in principle cause
their opening and result in the observed increase of the c-LP.

Ti,C,T, shaked in MB solution:

for2 h 20A
for20 h

Initial c-LP|
position

Intensity (arb.u.)

2 Theta (deg)

Fig. 3. X-Ray diffraction patterns around the Ti;C,T, (0002) peak
after soaking in aqueous 0.05 mg/mL MB solution for 2 h and 20 h.

As discussed below Ti;C,T, sheets in aqueous solutions slowly
react with water, and transform into titanium hydroxide (see below).
This intrinsic instability in water provides an alternative explanation
for the observed increase in ¢-LP. This transformation, that initiates
at the particles' edges, could again wedge open the layers resulting in
broader 0002 peaks. Interestingly, keeping the Ti;C,T, powder in a
MB solution for up to 7 days had no further effect on the c¢-LP

This journal is © The Royal Society of Chemistry 2012
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values. Clearly, more work is needed to better understand the
reasons for the shifts in LPs.

To determine if any non-photocatalytic redox processes were
occurring on the Ti;C,T, surfaces in aqueous MB solution in the
dark, the chemical state of the Ti;C,T, powders — un-sputtered
surfaces — was monitored by X-ray photoelectron spectroscopy
(XPS) over time. Aliquots of this solution were taken after 2 h and
20 h, from which suspended Ti;C,T, powders were separated by
centrifugation for analysis. High-resolution XPS spectra in the Ti 2p
region of the powder before contact with the MB solution revealed
peaks that could be deconvoluted into components corresponding to
Ti bound to C, Ti (II) oxide, Ti (III) oxide and peaks that could be
due to Ti (IV) oxide and/or Ti bound to F (Fig. 4a; Table S1). This
spectrum is typical of Ti;C,T,, wherein Ti oxides and Ti-F signals
are observed, together with Ti-C signals arising from Ti atoms in the
interior of the MXene layers.'> "3 According to Fig. 4, exposure to
the aqueous 0.05 mg/mL MB solution for up to 20 h does not
significantly change the chemical states of Ti;C,T, (Figs. 4a and b).
Subtle changes in the spectra (e.g. a more pronounced shoulder at
~457 eV) as well as an increased contribution from the peak
corresponding to Ti(IV) — viz. TiO, — can be observed after 20 h
exposure (Fig. 4b) in comparison to the spectra of Ti;C,T, before
contact with aqueous MB (Fig. 4a).

468 464 460 456 452 468 464 460 456 452
Binding Energy (eV) Binding Energy (eV)

Ti (1)

Ti (1)

Ti (IV) - TiO,
Ti-F

468 464 460 456 452

Binding Energy (eV)
Fig. 4. High-resolution XPS in the Ti 2p region for Ti;C,Ty, (a)
before MB absorption, (b) after 20 h MB adsorption, (¢) after 1 week
in a 0.05 mg/mL MB aqueous solution shaken in the dark in aerated
conditions. The fits are color-coded; the key is shown on the right of
(¢). An increase in the Ti 2p;, component corresponding to TiO,
(colored green) can be observed at 458.8 eV.

Although the changes to the spectrum in Fig. 4b are slight, after a
week exposure, a peak corresponding to TiO, became quite clear
(Fig. 4c; see also Table S1 for references). Concomitant with the
increase in the TiO, signal, there was a decrease in the Ti3C, signal.
The component assigned to Ti bound to F also shifts significantly to
lower binding energy (compare Figs. 4a and c). All these
observations indicate that multilayered Ti;C,T, slowly reacts to form
titanium hydroxide and/or TiO,* on its surface. The slight shift to
lower binding energy for the Ti-C component and the slight shift to
higher binding energy for the TiO, component over the one week
period may indicate the initial stages of the separation of these
phases as the local effect of removing oxygen from the MXene into
the TiO, could cause a shift in electron density. Such long-term
oxidation is, most probably, a result of the presence of dissolved

This journal is © The Royal Society of Chemistry 2012
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oxygen in the solution which acts as oxidizer, as predicted
theoretically** and confirmed experimentally herein. This reaction
consumes Ti and C, forming TiO, and CO,. Compelling evidence
for the oxidation of Ti;C,T, into various Ti oxides can be found in
ESI, Figs. S2 and S3f. The oxidation may occur due to O,
adsorption on under coordinated Ti atoms in Ti;C,T, following the
mechanism reported for bulk TiO,>* However, even without
dissolved oxygen, delaminated Ti;C,T, single flakes slowly react
with water, in a fashion reminiscent of the reaction of the topmost 5-
30 atomic layers in bulk TiC.3® The conversion of Ti;C,T, layers
into nanoscale TiO, may lead to an increase in the accessible surface
area, which in turn could explain the continued drop in MB
concentration in solution observed for prolonged holding times in
the dark.

There are other possible explanations that could potentially
add to a drop in the measured dye concentration. For instance, since
the product of MB reduction — leukomethylene blue — is colorless,”’
a process of MXene oxidation to TiO, by the MB could be involved.
There is also a possibility that Ti;C,T, — like other transition metal
carbides, which have been shown to catalyze oxidation of some
gases >' — could catalyze the oxidation of MB by oxygen.

At this juncture it is clear that the reactions and interactions
between Ti;C,T,, MB, H,0, and oxygen in aqueous environment are
quite complicated, potentially involving many parallel processes.
Further, more detailed studies are needed. In particular, more
attention must be paid to the instability of Ti;C, T, in aqueous media,
which was not taken into consideration in any of previous studies of
this material.

Figure 5 compares the time dependencies of the relative
concentrations of MB and AB80 in water in the presence of Ti;C,T,,
while exposed to UV irradiation, with those for samples held in the
dark. In particular, in the case of AB80 in the presence of Ti;C,T, —
where no changes in dye concentration were observed over 20 h in
the dark — fast photodegradation occurred under UV light (Fig. 5b).
As a result, 5 h irradiation led to a decrease of the solution
concentration of AB80 by 62 %. Similarly, 81 % of the MB was
degraded while in contact with suspended Ti;C,T, during UV
irradiation over 5 h, whereas only 18 % (almost 4 times less) of MB
was removed in the dark (Fig. 5a). Photolysis of the dyes under UV
light was excluded by running separate experiments with dye
solutions of the same concentrations, containing no Ti;C,T, (see
Fig. S4, ESIY).

I
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o — UV illumination 2 o 2
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Fig. 5. Time dependence of relative concentrations, C/C, of, (a) MB
and, (b) AB80 in Ti;C,T, containing solutions. Solid and dashed
lines correspond to measurements taken under UV light and in the
dark, respectively.

Y

Considering the instability of Ti;C,T, in water, it is likely that the
formation of titanium hydroxide and/or TiO, — both known to have
distinct photocatalytic activities,®*' — on the MXene surfaces
contributes to the photocatalytic effect observed with UV
illumination. This again implies that the photocatalytic mechanisms
in the presence of Ti;C, T, are quite complicated and warrant deeper
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study. These comments notwithstanding, the metallic character and
the electrical conductivity of Ti;C,T, observed in thin film
measurements* suggest the presence of free electrons in the carbide
layer underneath the oxide surface. Therefore, similar to graphene-
titania composites, this suggests that Ti;C,T, supported TiO,
composites may be a promising material for catalysis, energy
conversion and energy storage applications.

Finally, other members of the MXenes family, more probably than
not, also possess yet undiscovered abilities to selectively adsorb and
degrade different molecules, as well as catalyze different chemical
reactions.

Conclusions

In summary, a representative MXene, multilayered Ti;C,T,, was
tested for its adsorptive and photocatalytic properties. We show that
it is a quite efficient adsorbent for the cationic dye MB. Adsorption
of MB on Ti;C,T, was fit by Langmuir and Freundlich isotherms
and most closely followed the Freundlich model, with fitting
parameters v and Ky equal to 19.96 and 48.15, respectively. The
strength of binding, K;, determined from the Langmuir equation,
implies that the dye is exceptionally strongly, and irreversibly,
bonded to the Ti;C, T, surfaces in aqueous solutions.

When Ti;C,Ty and aqueous MB are mixed and held in the dark
under ambient conditions, three stages have been identified: 1) active
adsorption of MB molecules onto Ti;C,T, surfaces during the first 2
h; 2) an increase of stacking disorder, possibly due to wedging of the
layered structure and/or chemical MXene transformation in the next
18 h and, 3) oxidation of Ti;C, T, resulting in the formation of titania
over long periods of time, especially in the presence of dissolved
oxygen.

The limited stability of Ti;C,T, in water has important practical
implications. One critical instance is that water is not the best
medium to store Ti;C,T, after synthesis. It also has important
ramifications — as shown herein — in terms of interpreting our results
and understanding MXene chemistry.

We also show, for the first time, that MB and AB80 dye
degradation is enhanced when UV light is illuminated on solutions
containing both dye and Ti;C,T,. The complex processes involved in
photodegradation need further studies.
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Herein we report on the adsorption and photocatalytic decomposition of organic molecules in

aqueous environments containing two-dimensional Ti;C,Ty, a representative of the MXene
family.
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