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The fate and range of applications for MXenes in aqueous conditions requires an

assessment of their behavior in various engineered environments, such as those generated by UV

oNOYTULT D WN =

radiation and oxidants used in drinking water and membrane treatment strategies. Our findings
10 indicate that while titanium carbide MXenes are stable at circumneutral pH and in the presence of
UV radiation they are susceptible to transformations when exposed to oxidizing conditions created
15 by free chlorine, leading to their effective conversion to crystalline TiO,. Based on typical chlorine
17 levels used in drinking water this corresponds to an approximate half-life of 19 to 5 h for MXenes
at pH 7. In the context of using MXenes for membrane applications, our results highlight the need
22 to develop surface modification processes capable of maintaining their stability under harsh

24 oxidizing conditions while retaining their desirable physicochemical properties.
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ABSTRACT

MXenes are a newer class of 2D materials with desirable properties making them attractive
for various environmental applications, including remediation and as membranes for water
treatment. Until recently, the practical implementation of MXenes was hindered by their instability
in water, although improved synthesis procedures have addressed this issue. Consequently, it is
now important to assess the stability of MXenes in engineered environments relevant to drinking
water and membrane operation (e.g. backwashing). In this study, Ti;C,T, MXenes were found to
remain stable upon exposure to an aqueous environment saturated with oxygen and to UVC and
UVA light at circumneutral pH, but were transformed upon exposure to excess free chlorine and
to Fe(IIl) chloride at a concentration equal to 5 mg-L-! free chlorine. The chlorination reaction
kinetics are 1% order with respect to Ti;C, Ty and free chlorine concentration from 20-200 mg-L-!.
The rate constant increased at pH < 7.5, implicating HOCI as the reactive species. We propose
that MXene reactions with HOCI occur by an electrophilic attack of CI*, forming TiO, and
degrading the MXene. AFM data shows that transformations are initiated at the edges of the
MXene sheets and localized areas on the MXene, suggesting that the initial sites for C1" attack are
defect sites and/or uncoordinated Ti atoms. This contrasts with the inertness of nanoscale TiC,
highlighting the need to devise surface modification processes that will allow MXenes to resist the

oxidative conditions associated with membrane regeneration/backwashing.

INTRODUCTION

Two-dimensional transition metal carbides, nitrides, and carbonitrides (MXenes) are
defined by the general chemical formula M, X, T,, where M is an early transition metal, X is C

and/or N, T represents various possible basal plane terminations (most commonly —OH, —O, and/or
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—F), and x indicates the number of surface functionalities.!> Metallic conductivity, coupled with
desirable mechanical properties, hydrophilicity, and high surface area to volume ratios make

MXenes of interest for a variety of contaminant remediation and water treatment applications.>!3

Within the MXene family, titanium-based MXenes such as Ti,CT, and Ti3C, Ty are the most
promising for these types of environmental applications due to availability and
biocompatibility.*'420 In particular, Ti;C,T, along with its composites have demonstrated
excellent properties in adsorption and rejection of ions, dyes, heavy metals, and radionuclides.?!~
23 More recently, 2D Ti;C,T, MXenes with atomic thickness have been extensively investigated
as building blocks of high-performance membranes engineered on a nanometer or even sub-
nanometer scale.?* Thus, Ti;C, Ty MXene membranes with nanometer-scale channels have enabled
efficient and controlled rejection/permeation of inorganic ions and organic dye molecules based
on permeation selectivity toward cations of various sizes and charges, while the hydrophilic nature
of Ti;C, T, accompanied by H,O between layers promotes ultrafast water flux.>#?3 Graphene and
graphene oxide (GO) derivatives, which are similar 2D materials, have also demonstrated
exceptional performance as water purification membranes with unique properties, such as ultra-
high water flux, selective molecular and ion sieving, and strong resistance to biofouling.?¢
However, MXenes have several significant advantages over graphene and other conducting
nanomaterials. MXenes form stable colloidal solutions without additives or surfactants, and they
can easily be processed using the cheapest and safest solvent: water.?’” Moreover, Ti;C,Ty
membranes have demonstrated better performance than GO in the separation of higher charge
cations.?®2° Further, MXenes could be used as active components in conductive membranes and

would likely exhibit many of the same benefits previously shown for membranes containing
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conductive carbon nanotubes (e.g. improved biofouling resistance and redox-activated

remediation capabilities). 2223

Given the relative newness of MXenes, many uncertainties exist about their long-term
stability in natural or engineered environments. Earlier studies have shown that MXenes can be
prone to oxidation and last no longer than a few weeks when stored as aqueous suspensions.3%-33
However, synthetic strategies have been recently developed to significantly reduce their oxidation
rates and form stable colloids in water.?”33-36-38 The motivation behind our work stems from the
need to address these uncertainties and advance the understanding of MXenes' stability in specific
engineered environments, such as those present in water treatment facilities or those they will
encounter if used in membranes. These include, but are not limited to, the engineered environments
investigated in this paper; chlorination, UV-radiation, Fe(Ill) chloride, and saturated/dissolved
oxygen. Chlorine and UV-radiation are used to disinfect drinking and waste water, oxygen is added
to stimulate microorganisms to degrade organic matter, an important component in aerobic
wastewater treatment3®4° and Fe(III) chloride is used as a mild oxidant and flocculant.*! This
information is needed to assess the fate of MXenes in aquatic environments and also to identify

the extent of their potential applications.

In engineered environments, one of the most commonly used oxidants is chlorine, which
is used to disinfect water and is part of the sanitation process for sewage and industrial waste.*>
Chlorine is also commonly applied to remove impurities (foulants) that form on membrane
surfaces due to its low cost, wide availability, and high efficacy in fouling mitigation.*>** In some
scenarios, a high concentration of chlorine is applied (e.g., up to 5 x 10* ppm-h), for which the
chemical stability of the membrane is crucial in determining its effective lifetime.*#7 Chlorine,

either in its molecular form (Cl,) or as hypochlorite salts (NaClO), forms hypochlorous acid
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(HOCI) and hypochlorite ions (OCI") during disinfection, which are the main oxidative compounds
and are known to react and transform numerous inorganic and organic compounds.**4° In the
presence of sunlight or UV irradiation, free chlorine can also generate radical species such as “Cl
and ‘OH, which can subsequently lead to the formation of other oxygen and/or chlorine-based

radicals.>0

This study focuses on understanding the reactivity and stability of Ti;C,Tx MXenes with
UV irradiation (254 and 365 nm) and free chlorine as a function of pH, free chlorine concentration,
and the presence of UV irradiation. As free chlorine is a common engineered environment when
it comes to water treatment, we conducted extensive characterization of MXene transformation
due to chlorination. We also evaluated the stability of Ti3;C,Ty in saturated oxygen solutions and
Fe(III) chloride with UV-vis spectroscopy. Detailed product characterization was performed using
atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), energy dispersive X-ray spectroscopy (EDS), and scanning electron microscopy (SEM).
Our results show that while MXenes are inert to UV radiation and saturated oxygen, they are
susceptible to degradation in the presence of stronger oxidants such as Fe(IIl) chloride and free
chlorine. In the presence of free chlorine, reactions proceed at defects and edge sites of Ti;C,Ty
MXenes to produce amorphous TiO, sheet-like structures that are further transformed to

nanocrystalline TiO, particles.

EXPERIMENTAL
Materials. Ti;AlC, MAX phase was procured from the Gogotsi Group, Drexel University,
USA. Hydrofluoric acid (48 wt % in H,0, > 99.9% trace metals basis), hydrochloric acid (37%),

lithium chloride (= 99.9%), sodium phosphate monobasic (> 99.0%), sodium hydroxide (50% in
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H,0), nitric acid (65—71%, TraceSELECT Ultra grad), titanium (IV) carbide (nanopowder, <200
nm, > 99%), Iron (IIT) chloride (97%), and standard titanium solution (1000 mg-L-! in nitric acid,
TraceCERT) were purchased from Sigma Aldrich. Sodium hypochlorite (5% chlorine) was
purchased from Acros Organics. Oxygen gas was purchased from AirGas (UHP200). All
chemicals were reagent grade unless otherwise noted and used as received except for sodium
hypochlorite, which was standardized using a HORIBA Aqualog optical spectrometer (€;9; = 359
M-1-cm ). Ultrapure water (resistivity 18.2 MQ-cm) was produced by a GenPure Pro UV-TOC/UF
system (Thermo Fisher Scientific, Waltham, MA, USA).

TizC,T, synthesis. We synthesized Ti;C,Ty, MXene nanosheets following the procedure
described previously.’! In brief, 1 g of the TizAlC, was mixed with 10 mL of etchant and stirred
at 500 rpm for 24 h at 35 °C. The etchant was a 6:3:1 mixture (by volume) of 12 M HCI, DI water,
and 48 wt % HF. The etched Ti;C,Ty was then washed with MilliQ water by repeated
centrifugation at 3500 rpm and decantation cycles until the supernatant reached neutral pH. Once
the MXene solution was neutralized, an additional wash cycle was performed to ensure the
washing process was complete. The produced multilayered MXene sediment was redispersed in a
1.2 M solution of LiCl and delaminated by stirring at 300 rpm for 24 h, at room temperature. The
MXene/LiCl suspension was then washed by repeated centrifugation and decantation of
supernatant. The washing procedure was repeated until the colloidal MXene solution was stable.
The solid content of the supernatant was determined by vacuum drying a known solution volume
and measuring the weight of the resulting MXene powder upon drying in a freeze-dryer overnight.

Photochemical stability. The photochemical stability of colloidal Ti;C, T, was assessed in
quartz test tubes (VWR 89063-442, 1 cm in diameter) either covered with aluminum foil to prevent

irradiation or placed into a Rayonet photochemical reactor (RPR100, Southern New England
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Ultraviolet Co. Branford, CT). The Rayonet photochemical reactor was equipped with a fan and
either four 254 nm bulbs (RPR-2537A, fluence = 7.30 X 10 mE-cm) or sixteen 365 nm bulbs
(RPR-3500A, fluence =6.36 x 10>mE-cm2).°> These bulbs were selected because they represent
distinct regions in the ultraviolet spectrum, i.e., 365 nm (UVA); 254 nm (UVC) and are not
monochromatic sources, identified by the Ayax.

Chlorination experiments. Free chlorine was created by adding NaOCl to Ti;C, Ty
solutions. The pH of the system was adjusted initially to 5, 6, 7, 8, 9, or 10 by nitric acid (HNO3)
and/or sodium hydroxide (NaOH) and unless noted stabilized with 10 mM phosphate buffer
(NaH,PO,). For single concentration chlorine exposure experiments, chlorine was added to
MZXene solutions at 50 mg-L-!. For kinetics experiments, chlorine was added from 20-200 mg-L-!.
Chlorine concentrations in drinking water applications range from 1-4 mgL-!, so the
concentrations used in this study exceeded those found in drinking water disinfection to accelerate
the effects of chlorine on MXenes. Concentrations were calculated assuming 5% free chlorine in
the stock. As the reaction proceeded, 2 mL sample aliquots were taken at specific time intervals
and immediately analyzed using a HORIBA Aqualog optical spectrometer to monitor TizC,Ty
absorbance changes. As established by Zhang et al.,?3 the UV—vis absorbance peak around 780 nm
is a relative measure of Ti3C,Ty concentration in solution and was used to evaluate reaction
kinetics.?’33 All experiments were conducted in triplicate at room temperature (21.0 + 1.0 °C).
Control exposures of Ti;C,Ty with no free chlorine at the same pH were also conducted. Sample
aliquots were collected at specific reaction times and analyzed by inductively coupled plasma mass
spectrometer (ICP-MS), atomic force microscopy (AFM), X-ray photoelectron spectroscopy

(XPS), X-ray powder diffraction (XRD), and scanning electron microscopy and energy dispersive
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X-ray spectroscopy (SEM-EDS). Further details on the characterization of Ti;C,Ty MXene and
reaction products are provided in the Supporting Information (SI).

Stability in oxygen saturated and Fe(III) chloride solutions. Fe(III) chloride
experiments were carried out by adding 7.05 x 10> M Fe(III) chloride, or the molar equivalent
to 5 mg-L! Cl,, to a 25 mg-L! solution of Ti3C,Tx MXenes and measuring the UV-Vis absorbance
as a function of time. Ti;C,Tyx oxygen saturation experiments were conducted by continuously
bubbling oxygen into a 25 mg-L! solution of Ti;C,T, MXenes and measuring the UV-Vis
absorbance as a function of time; these data are provided in the Supporting Information (SI).

Product characterization in chlorination experiments. Prior to analysis, pristine and
reacted Ti;C,Tx samples were washed by centrifugation and rinsing with MilliQ water to remove
any complicating salts, reactants, buffer, and possible small products. The pellets were then
resuspended in DI water and drop cast on SiO, wafers (University Wafer) for analysis by AFM,
XPS, and SEM. AFM images were collected in Soft Tapping mode using a Dimension Icon Atomic
Force Microscope (Bruker) equipped with silicon tips (Bruker, RFESP-75). Image processing and
height analysis were conducted with Gwyddian 2.61. XPS spectra were collected using a Thermo
Fisher Scientific K-Alpha X-ray Photoelectron Spectrometer with an Al Ka source (1486.6 eV
photon energy) at a 45° take-off angle. Survey spectra were taken at pass energy of 100 eV and
resolution of 1.00 eV/step. For the C 1s, Ti 2p, O 1s, F 1s, and Cl 2p peaks, we used 50 eV pass
energy and 0.20 eV/step resolution. To evaluate the atomic concentration of different elements
throughout the films, samples were depth profiled with Ar"ion beam. The Ar*ion energy was 2 kV,
and the beam emission current was 10 mA. The etching time step was 30 s. After each etch cycle,

the ion beam was blanked, and an XPS spectra was recorded.
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XRD patterns were obtained using a Bruker D§ ADVANCE powder X-ray diffractometer
with a Cu Ka source and a Lynxeye detector. Concentrated dispersions of pristine and reacted
Ti;C,Ty in isopropyl alcohol were prepared through ultrasonication. The mixture was then drop-
cast onto a zero-diffraction plate (MTI Corp) and allowed to dry, forming a uniform film.
Diffraction patterns were recorded from 3—65° with a step size of 0.02° and dwell time of 1 s at
each point. XRD patterns for TiO, (anatase) powders were obtained under the same analysis
conditions for comparison.

EDS analysis was performed with a JEOL EDS detector in a JSM-IT100 scanning electron
microscope at 10 kV accelerating voltage. An acceleration voltage of 10 kV was selected to enable
the use of Ti-K x-rays for quantification to avoid using the Ti-L signals, which overlap with C-Ka
and O-Ka. In order to generate films of sufficient thickness for EDS analysis, several drops from
concentrated dispersions of pristine and reacted Ti;C, T, were placed on Si wafers and dried under
a stream of nitrogen gas. Due to significant peak overlap in the region for the X-ray lines of carbon,
oxygen, and titanium, simulated spectra were compared to experimental data to determine the
approximate composition of the MXene. The open-source software DTSA-II from the National
Institute of Science and Technology was used to simulate spectra. Using a collected spectrum of
TiO,, the software was calibrated to approximate the JEOL EDS detector. Spectra were then
simulated for materials containing primarily Ti, C, and O with trace F and Cl. The compositions
were iteratively modified until the simulated spectra qualitatively reflected the appearance of the
experimentally collected spectra. Due to low fluorescent yields of low energy X-rays and
significant secondary fluorescence and self-absorption, the results of C and O analysis should be
viewed conservatively, particularly in a material with characteristic x-rays that overlap C and/or

O, e.g., Ti-L x-rays near 450eV.
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The supernatant was analyzed by UV-vis to measure the final concentration of free chlorine
in the solution and identify the extent of chlorine consumption. The solution pH was first set to
11; the absorbance at 292 nm>® was then measured and referenced to the molar absorptivity
(absorption coefficient) of OCI™ at 292 nm (g9, = 359 M-!-cm ! at pH 11).3® The supernatant was
further examined by ICP-MS (Agilent 8900) to evaluate the release of titanium ions from Ti;C,Ty
during the chlorination process. Before the measurements, supernatant samples were acidified to
2% nitric acid to solubilize the metal and then were diluted 10 times with DI water. Standard
solutions containing 1, 10, 100, 500, and 1000 pg-L™! Ti dissolved in 2% nitric acid were used for

instrument calibration. All measurements were conducted in triplicate.

RESULT AND DISCUSSION

Characterization of Ti;C,T, nanosheets. XRD, XPS, and AFM were used to confirm the
complete removal of Al layers from the MAX phase, and the structure and morphology of the
MXene flakes. As shown in Figure 1A, after selective etching, the (014) peak at 26 = 39° in the
XRD pattern of TizAlC, disappeared which indicates the removal of Al layers from the MAX
phase.’* The absence of an Al 2p peak in XPS of as-prepared TizC,Ty confirmed the complete
removal of aluminum. Moreover, the broadening and shifting of the (002) Ti;C, T, nanosheet
diffraction peak to a lower angle compared to bulk Ti;AlC, was attributed to the expansion in
interlayer spacing (Ad-spacing = 2.3 A) caused by replacing Al atomic layers with functional
groups (—O—, —OH, or —F) and the incorporation of water and ions.>>7 The morphology of the
flakes was evaluated by AFM. Figure 1B shows a representative AFM image of as-prepared
Ti3C,T, flakes on a Si/SiO, substrate. The flakes are several micrometers in size, have smooth

edges and uniform surfaces, and bear no visible signs of degradation. The AFM height profile
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shows that the monolayer Ti;C,Tx nanosheets has a thickness of ~ 2.1 nm, consistent with the
reported thickness of a single layer TizC,Tx (2.7 nm).>?

Ti;C, Ty colloids. To evaluate the stability of Ti;C,Ty colloids suspended in phosphate
buffer, UV-vis spectra were taken periodically over a 7-day period. Results for pH 6 are shown in
Figure S1. No noticeable change in the UV-vis spectra of Ti;C,Tx was observed after 7 days of
storage in the dark and at room temperature, indicating the high stability of MXenes in the absence
of free chlorine. This is attributed to the quality of the Ti;AlC, MAX phase precursor used to
produce Ti;C, T, nanosheets. Earlier studies revealed that Ti;C,Tx MXenes produced from Ti3AIC,
are susceptible to oxidation and degrade in a week when stored as aqueous suspensions,3?33 with
the instability attributed to defects created during synthesis.?’-3! Mathis et al. have shown that
including excess aluminum during the synthesis of Ti3AlC, reduces the number of defects in the
MAX phase. This leads to Ti3AlC, grains with improved Ti:C stoichiometry, which in turn results
in less defective Ti;C, Ty which is highly stable in aqueous solutions and in air.?” Colloidal Ti3C,Ty
MXene is, however, observed to react with free chlorine. As shown in Figure 2A, characteristic
TizC,T, peaks at 320, and 780 nm>® disappeared over the course of 70 minutes of exposure to free
chlorine, with the initially black colored solution becoming transparent (Figure 2B).

MXene degradation. To quantify chlorine induced degradation, UV-vis spectra of
Ti;C,T, were taken at 10 minute intervals over 70 minutes (Figure 2A).2733 As shown in Figure
2C, for TizC,T, exposed to 50 mg-L-!' free chlorine, the normalized absorbance at 780 nm
decreased steadily over time, indicating the degradation of Ti;C,T,.%° Figure 3A shows how the
MXene concentration changed as a function of time in the presence of different chlorine
concentrations (20 to 200 mg-L') at pH 6, revealing that the MXene degradation rate increases

systematically as the chlorine concentration increases. The data in Figure 3A was analyzed to
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determine the reaction kinetics. Since both the MXene and chlorine concentrations were changing,
the analysis was restricted to the initial period of MXene loss (t < 10 min), where the chlorine
concentration would remain relatively unchanged from its initial value. Under these conditions the

rate of loss of MXene was hypothesized to follow a 1% order kinetic dependence:

d
—[M;(tene] = — k'[MXene] M

The apparent rate constant (k') for each free chlorine concentration was determined by linear
regression of In([MXene]/[MXene]y) versus time. Figure 3B shows that the initial rate of MXene
loss can be well fit by first order reaction kinetics, while Figure 3C reveals that the k' value is
proportional to the initial free chlorine concentration. Thus, the overall relative reaction kinetics
are 1% order with respect to Ti3C,Tx and free chlorine, and can be described by the following

equation:

d
% = —k [MXene][Chlorine] (2)

These findings are similar to those of An et al. who found that the reaction kinetics of graphene
oxide (GO) with free chlorine under both dark and ultraviolet (UV) irradiation are second order
overall; first order with respect to both GO and initial chlorine concentrations.®! It should be noted
that at relatively low initial free chlorine concentrations (e.g. 10 mg-L-!), the MXene concentration
decreased until all of the free chlorine was consumed (Figure S2); thereafter, the UV-Vis was
unchanged due to the stability of the remaining unreacted MXenes in the absence of free chlorine.
Figure S2 also reveals that for an initial MXene concentration of 25 mg-L-!approximately 25 mg-L-
! free chlorine is required for complete MXene degradation as judged by the loss of absorbance at

780nm.
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Impact of pH. In the presence of Cl,, MXene reaction rates are highly sensitive to solution
pH, with significantly faster reactions occurring at lower pH (Figure 4A). This trend is attributed
to the different chlorine species (HOCI/OCI") present in solution under different pH conditions as
presented in Egs. (4) and (5):9%93

NaOCI + H,O - HOCI + Na* + OH~ 3)

HOCI 2 H* + OCI" (pK, = 7.53 at 25 °C) 4)
Upon introduction into solution, sodium hypochlorite immediately hydrolyzes to form
hypochlorous acid (HOCI) which can then dissociate into hypochlorite (OCI") and hydrogen (H")
ions. The extent of HOCI dissociation depends on the solution pH (Figure 4B). At lower pH levels,
HOCI is the dominant species, while C1O~ is dominant at higher pH.*>%* As shown in Figure 4C,
reaction rate constants of Ti;C,T, with free chlorine correlate well with the relative concentration
of HOCl in solution. A similar trend has been reported for the reaction of graphene oxide with free
chlorine at varying pH,! consistent with a transformation process driven by hypochlorous acid.**-¢4

Impact of UV irradiation. In the absence of chlorine, no noticeable change in the UV-vis
spectra of Ti;C,T, was observed under UV irradiation at either 254 nm (7.30 x 10 mE-cm) or
365 nm (6.36 X 102 mE-cm?) indicating the photostability of MXenes (Figure 5A). In this
respect, the photochemical stability of MXenes is in marked contrast to graphene oxide, which is
known to undergo photochemical transformations.®>%” Even if the UV light intensity in a
commercial water treatment plant are orders of magnitude higher than the experiments described
in this study, if we consider the volumes of water that must be disinfected each day in one of these
plants it seems unlikely that UVC treatment alone will transform MXenes.

In the presence of both light and chlorine (50 mg-L-!) Ti;C,Ty did transform; at 365 nm

MXene reaction rates were comparable to those in dark, while at 254 nm the rate of MXene
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degradation decreased. This wavelength difference is attributed to the photoreactivity of HOCI at
254 nm as compared to 365 nm (Figure 5B), in line with its molar absorptivity (Figure S3).32 The
concentration of reactive chlorine species available to react with MXenes is depleted at 254nm,
causing the reaction rate to decrease (Figure 5A). In contrast, there is no photodepletion of HOCI
at 365 nm and the MXene reaction rate is unchanged upon irradiation (Figure 5A).

Product Characterization. Transformation products were colloidally stable and were
isolated from the solution by centrifugation for analysis. In this way, Ti;C,Ty MXenes were
characterized by AFM after exposure to 50 mg-L-! free chlorine at pH 6 for varying exposure
times. Based on UV-Vis data, these exposure times corresponded to [MXene]/[MXene], = 1.00,
0.75, 0.50, 0.25, and < 0.05 defined as t¢, ti4, t12, t34, and tg, respectively. AFM data shown in
Figure 6A indicates that while pristine Ti;C,Tx MXenes (ty) had smooth edges and uniform surface
roughness, the edges of MXenes after exposure to chlorine were significantly raised (t;5).
Morphological transformations observed by AFM started predominantly on the edges and at
localized regions on the basal plan, the latter assumed to be associated with defects. The extent of
these structural transformations increased as the extent of MXene degradation increased (compare
t1» and t34). AFM analysis also shows that although the single sheet MXene heights appeared to
be unchanged (~2-3 nm) by their reactions with chlorine, the t;,4 samples showed significantly
more multi-sheet/aggregation behavior.

To further probe the transformation of Ti3C, Ty flakes as a consequence of chlorination,
XPS data were acquired at different stages of the reaction. High-resolution XPS spectra of the Ti
2p and C 1s regions at ty, t;», and t; in are shown in Figures 6B and 6C, respectively. Spectral
envelopes at ty are consistent with previous XPS data, with dominant peaks in the Ti 2p region at

456 and 461 eV (green bands in Figure 6B) corresponding to Ti 2p;, and 2p;,, transitions of
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Ti;C,Tx MXene.5%%4 In the C 1s region (Figure 6C) the spectral envelope is dominated by a C-Ti
peak at 281.8 eV (green band) and a peak at 284.8 eV associated with adventitious carbon, along
with smaller peaks at higher binding energy (= 289 eV), likely due to more oxidized forms of
carbon.?! The survey spectra (0-1350 eV) contains contributions from O and F (Figure S4) due to
the presence of Ti-OH and Ti-F surface functional groups.3® Upon exposure to chlorine the peaks
associated with the Ti—C decrease in intensity and new peaks at 458.6 eV and 464.5 associated
with Ti (+4) appear.’? In the survey spectra the O(1s) peak intensity also increases significantly,
consistent with the formation of TiO,. At t;,, where [MXene]/[MXene], = 0.50, the TiO, peaks
are comparable in intensity to the nascent titanium carbide peaks, while at t; all spectral features
in the C 1s and Ti 2p regions associated with Ti—C disappeared.

XPS depth profiles of Ti;C,Tx MXenes flakes in the C 1s region following varying chlorine
exposure times are shown in Figure S5. For the native MXene (ty), the adventitious carbon peak at
284.8 eV is rapidly removed during sputtering leaving only the C—Ti peak at 281.8 eV, consistent
with surface contamination. For MXenes exposed to chlorine, although there is initially no
evidence of a C—Ti peak at 281.8 eV, this feature appears as a consequence of sputtering, leading
to a Cls envelope that contains peaks at both 284.8 eV and 281.8 eV. Thus, although the surfaces
of the MXenes were fully oxidized to TiO,, some residual titanium carbide remains below the
surface layers, while the persistence of the 284.8 eV peak throughout the sputtering process
indicates that some form of graphitic or amorphous carbon is being formed as a consequence of
chlorination. As the exposure time to chlorine increased, the concentration of Ti-C observed upon
sputtering decreased; thus, after 7 days, the Ti—C peak had almost disappeared, along with an
overall decrease in intensity in the C 1s region. Using the Ti-C peak as a measure of the MXene

concentration in the MXene flakes, Figure S7 shows that upon sputtering the MXene concentration
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increases until it reaches a steady state value, although the remaining MXene concentration
decreases as chlorine exposure time increases.

The change in chemical composition after MXenes are exposed to chlorine was also studied
by EDS. As shown in Figure 7A, chlorination led to a significant increase in oxygen, a decrease
in carbon, and the loss of all fluorine. Due to significant peak overlap between the X-ray lines of
carbon, oxygen, and titanium, simulated spectra were compared to experimental data to determine
the approximate composition of the degraded MXene (compare Figure S8A and Figure S§B). In
this way, after 1 day of chlorination, the O:Ti ratio was ~2.2 (Figure 7B), implying that most of Ti
was in the form of TiO,. Longer exposures to chlorine had no measurable impact on the
composition of the film. Structural changes upon chlorination were also examined by monitoring
the XRD patterns of Ti3;C,Ty as a function of chlorination time (Figure 7C). After one day of
chlorination, an exposure sufficient to turn the solution colorless (see Figure 2), the disappearance
of the (002) peak at 26 = 6° indicates the loss of MXenes, although the reaction products are non-
crystalline. Longer exposure of Ti;C,Ty to chlorine (i.e., 7 days), however, leads to an XRD pattern
whose peak positions are indicative of crystalline anatase TiO,.

The decrease in carbon within the reacted MXene flakes after chlorination is ascribed to
CO, production.®® This assertion is supported by the decrease in pH observed during the reaction
of MXene with 50 mg-L! free chlorine in unbuffered DI (Figure S9). Moreover, the final pH was
3.72 £0.09, comparable to the pK, of carbonic acid (3.49 + 0.05) %8 and there is a good correlation
between the rate of decrease in pH and the extent of MXene degradation measured by UV-Vis
(compare Figure S9 and Figure 3A).

To determine if the transformation of Ti3C, Ty result in the release of any Ti ions, pristine

and reacted Ti3C,Tx MXenes were sedimented by centrifugation, and the supernatant was analyzed
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for [Ti] by ICP-MS. After exposure to free chlorine for one day, the concentration of Ti ions in
solutions increased from 0.0131 + 0.002 mg-L! to 0.9033 + 0.176 mg-L"!. For context, the total
Ti mass concentration in the Ti;C,Ty colloidal suspensions (25 mg-L!) calculated on the basis of
EDS analysis was approximately 16.94 mg-L-!. Thus, approximately 5% of the nascent Ti in the
MXenes is converted into Ti ions as a consequence of the transformations initiated by chlorination.

Reaction mechanism. Chlorine reactivity with anionic inorganic compounds is reported
to occur by an initial electrophilic attack of HOCI. Hypochlorous acid reacts with an initial
electrophilic attack via CI* forming a reactive intermediate which is then rapidly hydrolyzed to an
oxide.** We propose that the reaction of MXene occurs through an analogous mechanism, leading
to the formation of TiO, and the degradation of the MXene, as evidenced by the UV-Vis data
shown in Figure 2, supported by the XPS and EDS data in Figures 6B and 7A.

AFM data showing that transformations are initiated at the edges and localized areas on
the MXene, suggests that the initial sites for CI* attack are at higher energy sites, such as defects
and/or uncoordinated Ti atoms that proliferate at the edges. In addition to TiO, and a small amount
of aqueous Ti*", XPS data shows that some graphitic or amorphous carbon is formed, with some
Ti;C, Ty remaining below the topmost surface layer. After 1 day of chlorine exposure the TiC:C
ratio is = 35% based on the XPS C 1s peak fitting (Figure S7D), while EDS analysis indicates that
the O:C ratio is = 2.5. If we assume that the reaction products consist of a mixture of TiO,,
unreacted Ti;C, Ty and graphitic/amorphous carbon, as described in the SI the XPS and EDS
information allows us to propose that the initial reaction can be expressed as:

Ti;C, Ty + 4 HOCI — 2.82 (Ti3C;Tx)0.07(Ti02)0.80Co.13 + 0.15 Ti** + 4 CI- + 1.24 CO,  (6)

Equation (6) captures the essence of the initial MXene degradation with the colloidally

stable product retaining the sheet-like structure of the MXenes (as shown by SEM images in Figure
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7E), being composed principally of TiO, along with some unreacted Ti;C,Tyx and amorphous or
graphitic carbon. Considered collectively the XPS, AFM, and SEM data indicate that this initial
transformation step results in some MXene aggregation, with the Ti;C, Ty exposed at the surface
or the edges of the aggregates undergoing oxidation leaving a small amount of Ti;C,Ty in the
interior of the aggregates remaining intact, as observed by XPS depth profiling (Figure S5).

After more prolonged exposures to chlorine (7 days at 50 mg-L-! free chlorine) the EDS
and XPS data show that only minor changes to the overall chemical composition of the reacted
MXene flakes occur as the small amount of residual unreacted Ti;C,Ty is slowly oxidized.
However, as the chlorine exposure time increases from 1 day to 7 days the structure of the oxidized
MXene flakes undergoes a solid-state transformation from a 2D sheet-like material as observed by
AFM and SEM (Figures 6A and 7E) to crystalline anatase TiO, as evidenced by SEM (Figure 7F)
and most clearly by XRD (Figure 7C). Evidence of this transformation is also apparent from the
formation of a milky colored suspension, indicative of colloidal TiO, particles (Figure 7F inset).
It should also be noted that in the absence of further chlorination beyond day 1, the reaction
products remain non-crystalline after 7 days indicating that oxidation of the MXenes needs to be
almost complete before crystallization can occur.

Having established that colloidal Ti3C, Ty is unstable in the oxidizing conditions created by
free chlorine (E, = 1.36V), we also explored less oxidizing conditions present in engineered
environments (Table S1). In this respect, Ti;C, T, MXenes were susceptible to oxidation by Fe(III)
chloride (E, = 0.77V) at a molar concentration equivalent to 5 mg-L-! free chlorine (Figure S10).
There is a clear change in UV-vis spectra of Ti;C, T, after 10 min of exposure to 5 mg-L-! Fe(III)
chloride (Figure S8A). At a higher concentration, 50 mg-L-!, the solution becomes colorless in 10

minutes, with evidence of some MXene precipitation under these higher ionic strength conditions
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(Figure S8B). In contrast, Ti;C, T was inert in the less oxidizing environment represented by an
oxygen-saturated solution (E, = 0.40V) (Figure S11).

To determine if the reactivity of MXene towards free chlorine is a consequence of its
unique two-dimensional structure, the stability of Ti;C,Tx was compared to its closest three-
dimensional analog, nanoscale TiC. Experimental details are provided in SI. Similar to Ti;C,Ty,
the spectral envelope in the C 1s region of pristine TiC (Figure S12A) is dominated by a C-Ti
peak at 281.5 eV (green band) and a peak at 284.5 eV associated with adventitious carbon. The
spectral envelope in the Ti 2p region is a combination of 2p*2 and 2p!”2 peaks at 456 and 461 eV
corresponding to Ti-C, and peaks at 458.6 eV and 464.5 associated with TiO, (Figure S12B). After
7 days of exposure to 50 mg-L! free chlorine, conditions sufficient to transform the MXene to
crystalline TiO, (see Figure 6), no changes in the XPS of nanoscale TiC were observed with the
colloidal suspensions remaining black even after a week of exposure to chlorine. This contrasting
lack of reactivity towards free chlorine is attributed to the presence of a protective passivating TiO,
surface layer on the nanoscale TiC; in contrast, MXenes do not possess a protective surface oxide.
This difference, combined with the extremely high surface area to volume ratios and the presence
of surface defects and under coordinated edges atoms renders MXenes particularly susceptible to

oxidative degradation.

ENVIRONMENTAL IMPLICATIONS

To date, the vast majority of MXene studies have focused on developing new
environmental technologies (e.g. membranes) and investigating their fate and transport in natural
systems.?”-33 In actual use scenarios, more aggressive oxidizing conditions are often encountered,;

for example, through the addition of chlorine, which is widely used to disinfect water and is part
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of the sanitation process for sewage and industrial waste.*> Normal levels for drinking water
disinfection ranges from 0.2 to 4.0 mg-L-! chlorine residuals, and based on the 1 order kinetics
we have identified this would correspond to an approximate half-life of 96 to 5 h for MXenes at
pH 7, respectively. Chlorination is also commonly used to remove impurities (foulants) that
ubiquitously form on membrane surfaces.*** Our results clearly demonstrate that Ti;C,Ty
MXenes are stable in the presence of sunlight (UVB), UVC rays found in drinking water treatment,
and mild oxidizing conditions such as saturated oxygen, but are rapidly oxidized in use scenarios
where more aggressive oxidants, namely chlorine, are employed. Ti;C,Tx MXenes are degraded
to TiO, at chlorine concentrations (e.g., 20 mg L) much lower than those encountered during
membrane backwashing (1000-2000 mg-L").% Thus, for MXenes to be viable in real-world
membranes, surface modification processes need to be devised that allow them to remain stable
under harsh oxidizing conditions. Previous studies have shown that capping the edges of MXene
flakes with polyanions or antioxidants can mitigate the rate of oxidation in aqueous colloidal
suspensions by restricting water molecules from otherwise reactive sites.?%37-70 Another approach
could involve surface functionalization, although any successful modification strategy must not

compromise desirable MXene properties, most importantly conductivity.
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Figure 4. (A) Fraction of Ti;C, Ty remaining in solution as a function of time in the presence of 50
mg-L! free chlorine, plotted for various pH values. (B) Influence of solution pH on the fraction of
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Figure 6. Characterization of Ti;C,Tx before and after exposure to 50 mg-L! free chlorine at pH
6 at varying exposure times using (A) AFM and (B) XPS. Based on UV-Vis data these exposure
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