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Water contaminated by arsenic is a tremendous risk for health and environment due to its toxic and
carcinogenic nature thus asking for more advanced and efficient removal strategies. Therefore, the aim
of this study is to investigate for the first time the photo-oxidation performance of few- and multi-layer
Ti3C,Tx nano-sheets (Mxenes) regarding the arsenic removal from synthetic arsenic solutions. Few-layer
Mxene nano-sheets have the capability to efficiently oxidize highly toxic As(Ill) to less harmful As(V)
and possess at the same time a notable adsorption capability for both species (about 44% for As(III)
and 50% for As(V)). The quantification of photogenerated hydroxyl radicals verified that few-layer Mx-
ene nano-sheets are capable to generate 4 times more hydroxyl radicals compared to multi-layer Mxene
nano-sheets. The increase amount of produced ®OH radicals observed for few-layer Mxene nano-sheets
can be attributed to its higher content of available active TiO, sites, which provide more redox reac-
tion sites thus improving the photocatalytic behavior. Moreover, the detected -OH surface terminations
verified on the few-layer MXene nano-sheets promote their significant adsorption capacity. Thereby, our
results demonstrate that especially few-layer Mxene nano-sheets are a promising candidate for an effi-
cient arsenic removal due to its unprecedented dual effect of adsorption/photo-oxidation regarding this

toxic contaminant.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Water contaminated by arsenic (As) represents a significant en-
vironmental and public health problem in more than 50 coun-
tries around the globe including United States, India, China, Mex-
ico, among others due to the toxic and carcinogenic nature of
As. In aqueous systems, arsenic is commonly present as arsen-
ite (As(Ill)) and arsenate (As(V)). Comparing both species, it can
be stated that arsenite is more harmful and more difficult to be
removed [1,2]. Notable research effort has been dedicated to ex-
plore technologies to efficiently remove arsenic from water. For
instance, approaches based upon the oxidation of As(Ill) to As(V)
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using chlorine, permanganate or oxygen followed by coagulation-
electrocoagulation/precipitation processes employing aluminum or
ferric salts, and sedimentation/filtration have been proposed [2,3].
Moreover, adsorption with novel materials such as alumina, acti-
vated carbon, iron oxides, activated biochar, among others, have
been also investigated [1,2,4,5]. Additionally, physical/chemical
processes including ion exchange, membrane technologies and bi-
ological treatments are also used [1,2]. These technologies can be
even combined to fulfil rather strict water quality standards as es-
tablished by the World Health Organization (WHO) (<10 ug-L~1)
[1.2].

In this context, the oxidation of the more toxic As(III) to the less
harmful As(V) may be a required step in processes for water treat-
ment. Thus, advanced oxidation methods such as heterogeneous
photocatalysis using a photoactive semiconductor have been pro-
posed due to their low cost and possibility of using solar radiation
as an energy source [6,7]. Until now, titanium dioxide (TiO,) has
been mostly used due to its excellent chemical stability, low cost,
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nontoxicity, high oxidizing power, and, especially, its electronic as
well as optical properties [7]. It is well known that many factors
influence the photocatalytic performance of TiO,, such as band
gap, particle size, specific surface area, porous structure, crystalline
phase, and exposed surface facets. Moreover, it has been demon-
strated that the photocatalytic activity also depends on the con-
centration of reactive oxygen species (ROS) that the photocatalyst
is capable to generate [8,9].

In order to improve the photocatalytic activity of TiO,, different
modifications of the photocatalyst including its doping with metals
and non-metals [10,11], the formation of heterojunctions by com-
bining it with other semiconductors [12], photosensitization [8],
the modification of exposed facets [13], the formation of structural
defects (in particular oxygen vacancies) [14], and the synthesis of
nano-sized structures [7,15-17] have been investigated. Addition-
ally, some studies have verified the influence of the photocatalyst’s
morphology and dimensionality on the photocatalytic performance
[8,12,18].

Consequently, 2D TiO, photocatalysts have gained considerable
attention in the last few years due to their excellent adsorp-
tion capacities, uniform morphology, high specific surface area,
and low thickness thus improving the separation rate of gener-
ated electron-hole pairs [11,19,20]. Its smooth and regular surface
topology enables a strong interaction between the reactants and
the TiO, sheets thus enhancing ROS production and the photocat-
alytic efficiency [21]. It is worth mentioning that 2D TiO, have
demonstrated superior photocatalytic activity than TiO, in other
morphologies, since short diffusion pathways in the ultra-thin
sheets suppress the recombination of photo-excited electron-hole
pairs during photocatalysis [22]. Moreover, graphene-TiO, nano-
composites (GR-TiO,) have been explored in the photocatalytic
oxidation of benzylamine under visible light. The bi-dimensional
morphology resulting from the combination of both 2D materials
(graphene and TiO,) exhibited a greater interfacial contact, which
enhanced the separation and transfer of generated electron-hole
pairs, thus boosting catalytic activity [23].

In the last couple of years, the family of 2D materials has been
significantly extended by early transition metal carbides and/or
carbonitrides (Mxene nano-sheets), which bear tremendous poten-
tial to serve as photocatalysts. Discovered by Gogotsi’s group in
2011, the first synthesis of Ti3C,Tx nano-sheets, which can be con-
sidered as the most explored Mxene family member, has been real-
ized by selectively removing the “A” layers of TizAlC,, which is the
corresponding MAX-phase [24]. In this regard, the Mxene synthe-
sis is typically based upon MAX-phases with the general chemical
formula M, 1AX,, where M represents an early transition metal, A
stands for a group IIIA or IVA element and X is either C or N. The
sub-index n can take values of 1, 2 and 3 [24,25]. Since the ini-
tial synthesis using highly concentrated HF, numerous studies have
been dedicated to find alternative and less harmful etching routes
thus ending up in procedures making use of mixtures of HF with
HCI as well as HCI and LiF or molten salts (LiF + NaF + KF) among
others [26-30]. Nowadays, it is possible to exfoliate the synthe-
sized Mxene nano-sheets thus enabling the fabricating of multi-,
few-, bi- up to single-layer Mxene nano-sheets by the intercalation
of larger molecules or ions or by ultrasonication [25,29,31]. Due
to the involved processes, Mxene nano-sheets are typically termi-
nated with different surface groups including -O, -OH and -F ter-
minations [32]. Since the discovery, Mxene nano-sheets in general
and particularly Ti3C,Tx nano-sheets have gained tremendous at-
tention due to their outstanding material’s performance in energy
storage [33-36], catalysis [37-39], tribology [40-43], water treat-
ment [44,45] and advanced composites [46-48].

Considering the photocatalytic activity, the research community
has recently started to explore these properties on mainly multi-
layer Ti3C,Tx nano-sheets. In this regard, it must be pointed out

that the majority of presented studies made use of hybrid Mxene
systems, which include Mxene nano-sheets doped by Fe,03, BiOBr,
Gd and Sn [49,50], and composites or co-catalyst systems such as
TiO,Ti3C,TX, doped-TiO,/Ti3C,Tx TiO,@Ti3C;,/g-C3Ny, BiOBr/TizCy,
g-C3Ny/Ti3Cy, CdS/Ti3CTX, and Co304/MXene [51-57]. Moreover,
Ti3C,Tx nano-sheets have been utilized to explore the photodegra-
dation of organic molecules, such as dyes [49-51,56-58], phenol
[52,57], aromatic nitro compound [53], and pharmaceutical com-
pounds [54,55]. Additionally, multi-layer Mxene nano-sheets have
been also tested in the photoreduction of chromium [57,59]. How-
ever, photocatalytic reactions using pure few- and multi-layer Mx-
ene nano-sheets as photocatalysts have been scarcely reported in
literature. In addition, to the best of our knowledge, there is no
experimental study on the performance of Mxene nano-sheets re-
garding their ability to remove As from water neither by adsorp-
tion nor photo-oxidation processes.

Therefore, the aim of this study is to assess the photo-oxidation
performance of few- and multi-layer Mxene nano-sheets regard-
ing their As removal capabilities from contaminated water. For
this purpose, few- and multi-layer Mxene nano-sheets have been
carefully characterized regarding their structural properties and
surface chemistry using high-resolution techniques. Subsequently,
few- and multi-layer Mxene nano-sheets have been added to ar-
senite solutions to study their As adsorption abilities without illu-
mination and to evaluate their photo-oxidative performance from
aqueous As(Ill) to As(V) under UVA illumination.

2. Materials and methods
2.1. Synthesis of few- and multi-layer Mxene nano-sheets

The initial Ti3AlC,-powder was purchased from FORSMAN SCI-
ENTIFIC Co. Ltd., Beijing (China). To synthesize multi-layer Ti3C,Tx
nano-sheets, 10 g of the Ti3AlC,-powder were immersed in 100 ml
of a 40% hydrofluoric acid solution. After mixing the solution in
a magnetic stirrer at room temperature for 24 h, the suspension
was washed with deionized water until a final pH of about 6 was
reached. Afterwards, the suspension was centrifuged to separate
the powder. Finally, the washed powder was filtered under vac-
uum conditions and dried at room temperature for 24 h. In case of
the few-layer Mxene nano-sheets, 2 g of the as-synthesized dried
multi-layer Mxene nano-sheets were added to distilled water and
exfoliated by ultrasonication for one hour in an ice bath. Subse-
quently, the mixture was centrifuged at 2500 rpm for 10 min and,
finally, filtered as well as dried under the aforementioned condi-
tions.

2.2. Characterization of the few- and multi-layer Mxene nano-sheets

The structure, number of layers and the overall quality of
the as-synthesized few- and multi-layer MXene nano-sheets were
assessed using high-resolution transmission electron microscopy
(HR-TEM, Tecnai F20, FEI). The acceleration voltage was kept con-
stant at 200 kV. Energy dispersive X-ray spectroscopy using EDAX
detector attached to the HR-TEM (TEM-EDX) was utilized to deter-
mine the chemical composition of the both nano-sheets. The over-
all surface chemistry was characterized by X-Ray diffraction (XRD)
and Raman spectroscopy. In case of XRD, the respective diffrac-
tograms of the few- and multi-layer MXene nano-sheets were
recorded using a powder diffractometer (PANalytical Empyrean)
operating in Bragg-Brentano configuration at 40 kV and 40 mA
with Cuk,, irradiation. An angular step size of 0.026° and the dwell
time of 1396.89 s for each measuring point have been chosen.
Considering Raman spectroscopy (Alpha 300 RA, Witec), few- and
multi-layer MXene nano-sheets have been characterized using an
excitation wavelength of 633 nm, a grating of 300 g/mm and 10%



M. Rosales, A. Garcia and V.M. Fuenzalida et al./Applied Materials Today 20 (2020) 100769 3

of the maximum laser intensity. For both samples, 256 accumula-
tions with an integration time of 4 s each have been used. X-Ray
photoelectron spectroscopy (XPS, Physical Electronics 1257) using
non-monochromatic AlK, and MgK, radiation has been utilized
to characterize the surface chemistry of the few- and multi-layer
MXene nano-sheets. Irrespective of the nano-sheets measured, the
source was operating at 15 kV and 400 W with a pass energy of
44.75 eV for all scans. The surface composition was studied using
an XPS wide scan with binding energies (BE) from 1000 to 0 eV
using a step size of 1 eV, while narrow scans of the Cyg, Fys, Oqs
and Tip, regions were acquired using a step size of 0.1 eV. In case
of the Tiy, peak, a linear background subtraction was performed,
while for all other peaks, the Shirley method has been utilized. The
peaks were fitted using Lorentz-Gaussian functions.

2.3. Evaluation of the adsorption ability and photocatalytic activity
of the few- and multi-layer Mxene nano-sheets

The photocatalytic activity of the few- and multi-layer MXene
nano-sheets has been evaluated by photo-oxidative reactions of
aqueous As(IIl) to As(V). Prior to reaction, 50 mg of the respective
photocatalyst without any further pre-treatment were dispersed
into 200 mL of a 1000 ug/L arsenite solution. The As(Ill) stock so-
lution was prepared by dissolving sodium-arsenite analytical grade
(NaAsO,) in distilled water, whose pH was adjusted to 7.0 with
0.1 mol/L hydrochloric acid or sodium hydroxide. The suspension
was magnetically stirred without any illumination for 180 min to
study the absorption behavior and to reach equilibrium conditions
prior to irradiation (photo-oxidation). The experiments were con-
ducted in a slurry batch reactor using a LuzChem LZC-4 V photo-
reactor equipped with 14 lamps emitting in the UVA range. A con-
stant distance of 10 cm was maintained between the lamps and
the batch reactor, and the time of exposure was varied at 25 °C
under continuous shaking. At specific times, 10 mL aliquots were
taken and centrifuged. Then the supernatant was filtered through
a Millipore membrane filter (pore size 0.22 pm) to remove the
photocatalytic material. Changes in the concentration of oxidized
As(Ill) and photo-generated As(V) were determined using a colori-
metric method [60,61]. The absorbance of the solution was mea-
sured at 890 nm utilizing an UV-Vis spectrophotometer [60,61].
The concentration of As(Ill) and photogenerated As(V) were ob-
tained using calibration curves.

2.4. Determination of reactive oxygen species (ROS) — quantification
of hydroxyl radicals (¢OH)

The formation of hydroxyl radicals (¢OH) by few- and multi-
layer MXene nano-sheets under UVA irradiation was investigated
and their concentration quantified by fluorescence spectroscopy
employing the hydroxylation reaction of terephthalic acid (TA) in
heterogeneous phase. TA is non-fluorescent, whereas the hydrox-
ylated product 2-hydroxyterephthalic acid (2-HTA) is stable and
highly fluorescent at 425 nm [62]. The corresponding reaction be-
tween the TA and the generated hydroxyl radicals to form 2-HTA
is described in Eq. (1):

TA+-OH — 2 — HTA 1)

A TA solution (5 x 104 mol/L) was prepared by dissolving
terephthalic acid in NaOH solution (2 x 10~3 mol/L). Prior to illu-
mination, 0.05 g of the photocatalyst were dispersed into 50 mL of
TA solution. Subsequently, the solution was magnetically stirred for
24 h without any illumination and then irradiated for 180 min un-
der UVA light. For different irradiation times, an aliquot was taken
and centrifuged at 15,000 RPM to separate the photocatalyst. Af-
terwards, the supernatant was removed and transferred to a quartz
cuvette (1 cm optical path) for fluorescence analysis. Fluorescence

Fig. 1. (a and b) TEM-micrographs of individual few- and multi-layer nano-sheets
with (c and d) their corresponding HR-TEM micrographs demonstrating their 2D
layered structure. (a and c) represent the few-layer Mxene nano-sheets, while (b
and d) display the multi-layer MXene nano-sheets.

spectra of 2-HTA were obtained using a Perkin Elmer LS55 fluo-
rescence spectrophotometer at an emission wavelength of 425 nm
using an excitation wavelength of 308 nm. The quantification of
produced hydroxyl radicals was performed by relating the obtained
fluorescence signals with the 2-HTA concentration using a calibra-
tion curve [8,9].

3. Results and discussion
3.1. Characterization of few- and multi-layer Mxene nano-sheets

HR-TEM has been used to assess the overall quality and struc-
ture of the as-synthesized few- and multi-layer MXene nano-
sheets. The respective micrographs are exemplarily displayed in
Fig. 1.

In Fig. 1a and b, pronounced contrast differences between
the few- and multi-layer Mxene nano-sheets can be seen, which
directly point towards a significantly different number of in-
volved layers. This is further supported by the corresponding high-
resolution micrographs displayed in Fig. 1c and d. The homoge-
neous and regular 2D structure can be clearly observed for both
MXene nano-sheets, which have an averaged number of layers
of about 10 (few-layers, left) and 70 (multi-layers, right), respec-
tively. Cross-sectional analyses performed for both MXene nano-
sheets revealed a layer-by-layer distance of about 0.91 &+ 0.05 and
0.87 + 0.07 nm for the few- and multi-layer Mxene nano-sheets,
respectively. These values are in good agreement with previously
published research work [63,64]. In order to quantify their chem-
ical composition, TEM-EDX was performed on individual few- and
multi-layer MXene nano-sheets. Irrespective of the number of lay-
ers, the detected main elements were titanium, carbon, oxygen and
fluorine, whereas a minor contribution of aluminum was detected.
However, the aluminum signal only accounted for about 0.3 wt.-%,
which was therefore considered to be negligible. The observed ele-
ments in TEM-EDX fit well with the reported surface terminations
when using selective HF etching to fabricate MXene nano-sheets
[25,65].
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Fig. 2. Summary of the characterization results obtained by (a) XRD and (b) Raman spectroscopy for few- and multi-layer MXene nano-sheets.

To characterize the overall chemistry of the as-synthesized few-
and multi-layer MXene nano-sheets, XRD and Raman spectroscopy
have been performed. The respective results are summarized in
Fig. 2.

The XRD spectra in Fig. 2a prove the existence of terminal
groups (surface and interface), namely -OH, -O and -F contribu-
tions, for few- and multi-layer MXene nano-sheets. In this re-
gard, it needs to be emphasized that only the relative amount of
these functional groups varies depending on the number of lay-
ers. In case of the multi-layer MXene nano-sheets, the strongest
signal stems from hydroxyl (-OH) groups, followed by weaker sig-
nals originating from -F and -O terminations. For the few-layer
MXene nano-sheets, less pronounced contributions for -OH termi-
nations can be observed, while stronger signals originating from
oxygen and fluorine terminations can be were detected. Following
the simulated spectra of Hu et al. [66], the peaks assigned to dif-
ferent terminations consist of a mixture of simple hexagonal and
Bernal stacking. When comparing the XRD spectra of both samples,
a slight peak shift in the first diffraction peak can be seen, which
points also towards a slightly increased layer-by-layer distance for
few-layer Mxene nano-sheets thus confirming the results obtained
by HR-TEM.

The Raman spectra for few- and multi-layer MXene nano-sheets
displayed in Fig. 2b support the XRD results. The Raman spec-
trum of the multi-layer MXene nano-sheets reveals pronounced,
partially rather broad peaks at around 125, 212, 285, 376, 600 and
701 cm~!. In accordance with the published research literature [32,
65-67], the detected Raman bands can be correlated with vibra-
tions of Ti3C,0,, Ti3C,F, and Ti3C,(OH),, which goes hand in hand
with the XRD and TEM-EDX results. Regarding the few-layer MX-
ene nano-sheets, broad Raman peaks with contributions located
at about 129, 159, 208, 381, 592, and 705 cm~!, which can be
again assigned to the aforementioned terminations. The synthesis-
induced formation of Ti3C,0,, Ti3CyF, and Ti3Cy(OH), tends to
change the respective lattice spacing, which results in additional,
slightly shifted and possibly broadened Raman bands compared to
the theoretical bands of solely Ti;C, [32,65,66].

In order to characterize the surface chemistry of the few- and
multi-layer Mxene nano-sheets, a detailed XPS analysis has been
performed. The measured data with the corresponding peak fits
and simulated spectra for the Cy, Oy, Fi5 and Tiy, peaks are sum-
marized for both nano-sheets in Fig. 3.

Irrespective of the number of layers, the peak fitting for the
Cys component (Fig. 3 and b) required four different contributions
with their most prominent one located at around 284.8 eV, which
is typical for carbon in C-C chemical environment and adventi-
tious carbon [68]. The peak located at 281.7 (281.8) eV for few-

layer Mxenes (multi-layer Mxenes) can be directly associated to
C-Ti-Tx [68,69], while the contribution at 286.5 eV can be traced
back to organic components, particularly hydrocarbons [69,70]. A
minor contribution located around 288.5 eV can be detected for
both few- and multi-layer Mxene nano-sheets, which is character-
istic for C-F states [68]. When considering Fig. 3a and b as well as
the respective values presented in Table 1, it can be stated that the
energy positions of the different contributions match well for both
samples investigated when taking the experimental error into con-
sideration. This implies that the near-surface carbon bonding char-
acteristics are fairly similar in few- and multi-layer Mxene nano-
sheets.

The analysis of the O;s peak (Fig. 3c and d as well as Table 1)
demonstrates that this peak can be fitted by two contributions re-
flecting metal oxides and hydroxides. The latter can be directly
connected to -OH surface terminations (C-Ti-(OH)x) [68,69,75].
When looking at the respective figures, it becomes evident that
the relative amounts significantly change for few- or multi-layer
Mxene nano-sheets. In this regard, few-layer Mxene nano-sheets
contain about 55% of metal oxides (TiO, or more generally Ti(IV)),
while the remaining 45% can be associated to hydroxides. In con-
trast, the contribution of hydroxides and metal oxides in multi-
layer Mxene nano-sheets can be estimated to be about 90 and 10%,
respectively. When having a detailed look at the values presented
in Table 1, it can be seen that the binding energies assigned to
metal oxides are fairly different (529.6 and 530.5 eV) for both sam-
ples. However, it is worth to mention that both energies can be
associated to metal oxides according to [68]. In this sense, it is
well known that oxidizing an element induces a positive charge
thus requiring more energy to extract an electron and increasing
the respective binding energy (displacement to the left in the spec-
trum). The reduction of an element, as oxygen, induces a negative
charge, thus requiring less energy to extract an electron and de-
creasing its binding energy (displacement to the right in the spec-
trum). Regarding the metal oxide contribution, the higher binding
energy observed for the few-layer Mxene nano-sheets suggests a
“less reduced” Oqs, which can be associated to fluorine attached
to titanium as oxyfluorides, since fluorine is more electronega-
tive than oxygen and will capture the titanium electrons prefer-
entially. Tanuma et al. reported on a slightly increased binding en-
ergy (0.2 eV) in the Oy signal when studying titanium oxyfluoride
as compared to titanium oxide [71]. Regarding the -OH contribu-
tion, it can be seen that only the relative amounts changed, while
keeping the main binding energy constant.

The F;s spectra for the few- and multi-layer Mxene nano-sheets
(Fig. 3e and f) reflect two main contributions with rather simi-
lar binding energies, which can be correlated to fluorinated TiO,
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Fig. 3. Summary of the narrow XPS scans of the (a and b) carbon Cys, (c and d) oxygen Oy, (e and f) fluorine Fys and (g and h) titanium Tiy, peak recorded for (a, c, e
and g) few-layer and (b, d, f and h) multi-layer Mxene nano-sheets (b, d, f and h). In all figures, the open squares represent the measured data, while the solid black lines
resemble the simulated spectra after peak fitting. All individual contributions necessary to fit the experimental data are displayed in different colors.
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Table 1

Summary of the peak fitting of all photoelectron peaks with their binding energies, FWHMs, fractions and assignments. The column “Ele-
mental fraction” is the nominal contribution of each element to the spectrum.

BE /eV  FWHM [eV  Peak fraction /%  Element fraction /%  Assignment Reference

cls

Few-layer Mxenes 281.7 1.5 7 52 C-Ti-Tx [68,69]
284.8 2.0 81 C-C, adventitious [68]
286.5 1.7 6 Hydrocarbons [69,70]
288.5 1.8 2 C-F states [68]

Multi-layer Mxenes  281.8 1.2 7 70 C-Ti-Tx [68,69]
284.8 1.8 83 C-C, adventitious [68]
286.5 1.7 8 Hydrocarbons [69,70]
288.4 1.9 2 C-F states [68]

(U

Few-layer Mxenes 530.5 1.9 55+ 6 29 Metal oxides Ti(IV) [68]
532.1 3.0 45 + 6 C-Ti-(OH)x [68]

Multi-layer Mxenes 529.6 1.1 10 13 Metal oxides Ti(IV) [68]
532.2 3.0 90 C-Ti-(OH)x [68]

l:ls

Few-layer Mxenes 684.9 2.0 94 7 TiO,xFx [71]
686.8 2.2 6 CeFs [72]

Multi-layer Mxenes  685.2 1.9 75 9 TiOyxFx [71]
687.1 2.2 25 CeFs [72]

Tizp

Few-layer Mxenes 455.0 2.0 22 12 Titanium carbide (MXene)  [66,69,70,73]
4568 2.1 14 Ti(II1) [74]
459.2 1.9 64 Ti(IV) [74]

Multi-layer Mxenes  454.9 1.5 62 8 Titanium carbide (MXene) [66,69,70,72]
456.1 1.8 17 C-Ti-(O or OH) [66]
457.8 1.8 21 C-Ti-O [66,69]

(TiO,xFx) and fluorine in CgFg [69,71]. For the few-layer Mxene
nano-sheets, an increased signal for the species located at lower
binding energies can be observed, thus suggesting stronger contri-
butions of oxifluorides and less direct C-F bonds.

Fig. 3g and h demonstrate that three doublets have been used
to fit the Tip, peak. For the multi-layer Mxene nano-sheets, the
strongest contribution (62%) located at 454.9 eV can be assigned
to titanium carbides (MXenes) [66,69,70,73], while two minor con-
tributions centered at 45.1 and 457.8 eV can be connected to C-Ti-
(O or OH) and C-Ti-O, respectively [66,69,70,73]. This assignment
is in good agreement with the respective characterization results
of XRD and Raman spectroscopy. However, for the few-layer Mx-
ene nano-sheets, significant differences in the respective contribu-
tions and species have been detected. The carbide/Mxene contri-
bution located at 455.0 eV largely decreased its contribution to
only 22%. Moreover, contributions located at 456.8 and 459.2 eV
have been detected, which can be traced back to higher oxidation
states such as Ti(Ill) and Ti(IV) [74], respectively, which fits well
with the observations made for the O peak and the changed rel-
ative amounts.

3.2. Photocatalytic arsenic removal and ROS production of Mxene
nano-sheets

The photocatalytic performance of few- and multi-layer Mx-
ene nano-sheets has been investigated by an oxidation reaction of
aqueous As(III) to As(V). The kinetics of the As(Ill) oxidation and its
simultaneous transformation to As(V) for both materials are shown
in Fig. 4a and b.

To study the adsorption capabilities of both nano-sheets, the
first stage of the experiments was performed without any illumi-
nation. On the multi-layer Mxene nano-sheets, about 20% of the
initial As(IIl) concentration have been adsorbed, whereas the few-
layer Mxene nano-sheets adsorbed approximately 44% of the initial
arsenite. The adsorption behavior of As(Ill) onto TiO,-based mate-
rials has been explained by electrostatic attractive forces between
arsenic (IlI) species and the material surface and/or physisorption
processes due to its high surface area [76,77].

However, as can be seen by the presented characterization re-
sults, the surface terminations of both Mxene nano-sheets con-
sists of -0, -OH, and -F groups, which implies a negatively charged
surface [44]. Considering that the As(Ill) specie is present in the
medium as a neutral molecule (H3AsO3°) at a working pH of 7,
this implies a reduced affinity of the Mxene surface to the neutral
H3AsO3° specie. Moreover, no physisorption processes are expected
to be less significant due to the low specific surface area measured
for both materials (16.71 and 28.84 m2/g for few- and multi-layer
Mxene nano-sheets, respectively). Consequently, it can be deduced
that surface area and electrostatic forces are not the main driving
factors controlling the adsorption capacity of As(Ill) by few- layer
Mxene nano-sheets. A possible explanation for the observed ad-
sorption behavior can be found in the formation of a monodentate
complex between the neutral specie of As(Ill) and the -OH surface
terminations present on the MXene nano-sheets. This goes hand
in hand with results published for other materials having similar
surface terminations [78,79].

After the analysis of the reactant’s adsorption under dark con-
ditions, the second stage was carried out under UVA illumination
to study the photo-oxidative response of both nano-sheets. Under
these conditions, the residual concentration of As(Ill) decreased,
whereas the As(V) concentration continuously increased due to
the involved oxidation processes. The complete photo-oxidation of
As(III) to As(V) has been achieved after about 45 and 90 min of ir-
radiation for few- and multi-layer Mxene nano-sheets, respectively.

The kinetic curves of the As(Ill) photo-oxidation have been fit-
ted using pseudo-first-order kinetics (Fig. 5). In this context, the
photo-oxidation rate of As(Ill) can be calculated as follows:

1n(Co/Cr) =Kapp.t (2)

where Cj is the initial concentration of the arsenite solution, C¢
stands for the instant concentration of arsenite solution at the ir-
radiation time t, and kqpp (min—') represents the apparent photo-
oxidation rate constant.

The kqpp value of both Mxene nano-sheets after an irradiation
time of 45 min as well as the linear regression coefficients are
given in Table 2.
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Fig. 5. The pseudo-first order kinetic model for the As(Ill) photo-oxidation for
multi- and few-layer Mxene nano-sheets.

Table 2

Apparent pseudo-first-order reaction rate con-
stant and linear regression coefficients (R?) for
the As(Ill) photo-oxidation induced by few- and
multi-layer Mxene nano-sheets.

Sample kapp X 1072 (min~') ~ R?
Multi-layer  2.88 0.9821
Few-layer 8.43 0.9844

The linear relationship obtained between In(Cy/C;) and time as
well as the kgpp values summarized in Table 2 confirm that the
few-layer MXene nano-sheets oxidize As(Ill) more quickly. The en-
hanced photocatalytic behavior observed for the few-layer MXene
nano-sheets can be attributed to the increased amount of available
active TiO, sites on its surface as verified by XPS. This observation
agrees well with results published by Wang et al. [51]. Thus, under
UVA irradiation, active TiO, sites present on the few-layer Mxene
nano-sheets are excited to photo-generate electron/hole (e~/h*)
pairs. The photo-generated electrons are rapidly transferred from
the conduction band of TiO, to the Ti3C;Tx nano-sheets surface,
which remarkably accelerates the separation of photogenerated
carriers [80]. The high electrical conductivity of these nano-sheets
due to their surface terminations can effectively improve the elec-
tron transport thus decreasing the recombination rate of e~/h*

multi-layer Mxenes
120

. mfew-layer Mxenes

| ZJJJJJJJ@'J%IJ;

60 -
120 180

Concentration *OH /uM.g!

Time /mln

Fig. 6. Quantification of photo-generated hydroxyl radicals by few- and multi-layer
Mxene nano-sheets.

pairs, which improves photo-chemical and photocatalytic processes
[80,81]. Redox reactions occurring between the dissolved O, of the
aqueous solution and the -OH surface groups on the Mxene nano-
sheets with the photo-generated e~/h™ pairs promote the produc-
tion of ROS such as hydroxyl radicals (*OH) [9,82]. Once formed,
this reactive specie reacts with the arsenite in the solution thus
leading to a lower toxicity-final product, As(V).

In this regard, Fig. 6 shows the quantification of hydroxyl radi-
cals for few- and multi-layer Mxene nano-sheets. It can be clearly
observed that the amount of photogenerated hydroxyl radicals for
the few-layer Mxene nano-sheets is significantly increased com-
pared to the amount detected for the multi-layer Mxene nano-
sheets. This goes hand in hand with the photocatalytic perfor-
mance observed. The enhanced hydroxyl radical’s generation ob-
served for the few-layer Mxene nano-sheets is likely due to its
higher amount of available active sites of TiO,, which provide more
redox reaction sites. Thus, it can be proposed that the photo-
oxidation process of As(Ill) to As(V) is initiated by the presence
of ROS in the reaction medium, mostly by radicals *OH [76,83].
The relationship between the photocatalytic activity (assessed by
the apparent photo-oxidation rate constant (Kapp)) and the gener-
ated amount of *OH radicals is depicted in Fig. 7. In this figure,
it can be observed that the photo-oxidation rate is mainly related
to the concentration of generated ®*OH radicals. In this regard, a di-
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Fig. 7. Relationship between the apparent photo-oxidation rate constant and the
amount of photogenerated ®OH radicals for few- and multi-layer Mxene nano-
sheets after a reaction time of 45 min.

rect linear relation between the photocatalytic activity and the ROS
production can be established, which aligns well with previously
published research works [8, 9]. It can be assumed that the higher
ROS generation explains the superior photo-oxidation ability of the
few-layer Mxene nano-sheets. As a consequence, photo-generated
®OH radicals play a key role in this oxidation process [83].

With respect to the photo-generated As(V), Fig. 4 also shows
that, in presence of multi-layer MXene nano-sheets, all As(V) gen-
erated by the As(Ill) oxidation is completely released into the so-
lution. In contrast, when few-layer MXene nano-sheets were used
as photocatalyst, only a fraction of As(V) was found in the treated
water solution. From these results, it becomes evident that approx-
imately 61% of photo-generated arsenate were adsorbed on few-
layer MXene nano-sheet surface. The adsorption capacity of few-
layer Mxene nano-sheets related to the negatively charged As(V)
specie (HAsO427) could be attributed to the formation of an ar-
senate bidentate complex between the oxoanion HAsO,2~ and the
-OH groups exposed on the surface, rather than electrostatic inter-
actions or physisorption processes, as explained above [83,84].

Based upon our results, it can be clearly seen that the investi-
gated few-layer Mxene nano-sheets can not only efficiently photo-
oxidize As(Ill) to As(V), but also possess a notable adsorption ca-
pability for both As species. It must be pointed out that the dual
effect of adsorption/photocatalytic oxidation abilities has been only
observed for the few-layer Mxene nano-sheets, which makes them
a promising material for removing arsenic from water based upon
its simultaneous photocatalysis-adsorption capabilities.

4. Conclusions

This study addressed for the first time the photo-oxidative per-
formance of few- and multi-layer Ti3C,Tx nano-sheets (Mxenes)
regarding the Arsenic removal from synthetic arsenic solutions.
Based upon the presented results, the following conclusions can
be drawn:

4- Advanced materials characterization including HR-TEM, XRD
and Raman spectroscopy clearly verified the two-dimensional
layered structure with layer-by-layer distances of about 900 pm
and the existence of -O, -OH and - F terminations for few-
and multi-layer Mxene nano-sheets. A detailed XPS analysis
demonstrated that the few- and multi-layer Mxene nano-sheets
mainly differ in the relative quantity of hydroxides and metal
oxide at the surface.

4- Without any further illumination, few- and multi-layer Mxene
nano-sheets adsorbed about 44 and 20% of the initial As(III)

concentration, respectively. During UVA irradiation, the com-
plete photo-oxidation of As(Ill) to As(V) was achieved after
45 and 90 min of irradiation for few- and multi-layer Mx-
ene nano-sheets, respectively. Besides the ability to completely
photo-oxidize As(Ill), few-layer Mxene nano-sheets adsorbed
outstanding 50% of the generated As(V).

4- The unprecedented dual effect observed for few-layer Mxene
nano-sheets unifying an efficient photo-oxidation ability from
highly toxic As(Ill) to less harmful As(V) and an outstanding
adsorption capability (about 44% for As(Ill) and 50% for As(V))
makes them an excellent candidate for the As removal of con-
taminated water. Few-layer Mxene nano-sheets photogenerated
4 times more hydroxyl radicals compared to multi-layer Mxene
nano-sheets, which implies that this reactive oxygen species
played a critical role in the photo-oxidation process from As(III)
to As(V).
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