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ABSTRACT

Aggregation significantly influences the transport, transformation, and bioavailability of
engineered nanomaterials. Two-dimensional MoS, nanosheets are one of the most well-studied
transition metal dichalcogenide nanomaterials. Nonetheless, the aggregation behavior of this
material under environmental conditions is not well understood. Here, we investigated the
aggregation of single-layer MoS, (SL-MoS,) nanosheets under a variety of conditions. Trends in
the aggregation of SL-MoS, are consistent with classical DLVO colloidal theory, and the critical
coagulation concentrations of cations follow the order of trivalent (Cr3*) < divalent (Ca?*, Mg?*,
Cd*") < monovalent cations (Na*, K*). Notably, Pb>* and Ag" destabilize MoS, nanosheet
suspensions much more strongly than do their divalent and monovalent counterparts. This effect
is attributable to Lewis soft acid—base interactions of the cations with MoS,. Visible light
irradiation synergistically promotes the aggregation of SL-MoS, nanosheets in the presence of
cations, which was evident even in the presence of natural organic matter. The light-accelerated
aggregation was ascribed to dipole—dipole interactions due to transient surface plasmon oscillation
of electrons in the metallic 1T phase, which decrease the aggregation energy barrier. These results
reveal the phase-dependent aggregation behaviors of engineered MoS, nanosheets with important
implications for environmental fate and risk.

Synopsis

Aggregation behavior of MoS, nanosheets was comprehensively explored as influenced by

environmental factors including nature of cations, light irradiation and natural organic matter.
Keywords
2D nanomaterials, molybdenum disulfide, environmental behavior, aggregation and sedimentation,

visible light
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INTRODUCTION

Transition metal dichalcogenides (TMDCs; with the formula MX,, where M is a transition metal
from group IV, V or VI, and X is chalcogen) rank among the most promising types of next-
generation two-dimensional nanomaterials. Chemical, mechanical or ultrasonic exfoliation
methods allow formation of monolayer or few-layer TMDCs from their bulk crystals.!?
Molybdenum disulfide (MoS,), a typical TMDC consisting of covalently bonded atomic trilayers
of sulfur-molybdenum-sulfur, has been the most intensely investigated 2D material beyond
graphene and has demonstrated applications in electronics,® biomedical,* catalysis,>® and energy-
related fields.” Owing to their unique properties such as atomic thinness, suitable band gap, and
high affinity for heavy metals, MoS, nanosheets show considerable promise in environmental
applications such as membrane separation,® photocatalysis,” disinfection,'® and heavy metal
remediation.!'"13 The intensive research and potential applications of MoS, nanosheets point
toward their increasing use and inevitable subsequent release to aquatic environments, and thus a
thorough understanding of their fate, transformation and risks as assessment at early stage of

development is imperative.

Aggregation represents one of the most important processes influencing the environmental
behavior of nanomaterials. In the course of aggregation, dispersed nanomaterials assemble into
flocs, which decreases the “available” reactive surface area, thus can ultimately affect
nanomaterial mobility, degradation,'#!> bioavailability and toxicity to aquatic organisms.!®!° The
aggregation behavior of 2D nanosheets may also be important in the assembly of 3D
macrostructures.?’ Recently, the aggregation and sedimentation of 2D nanomaterials including
graphene oxide (GO), black phosphorus, and titanium carbide (MXene) nanosheets have been

reported, 2'?* revealing the influence of environmental factors (i.e., cation species and
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concentration, natural organic matter) on the aggregation rate and environmental outcomes.
Similar to these 2D nanomaterials, MoS, suspensions exhibit colloidal instability and inhibited
transport in the presence of hard metal cations (viz. Na*, K*, and Ca?") or under extremely acidic
conditions due to charge screening decreasing electrostatic repulsion between nanosheets.?327
Prior studies compared mono- and divalent hard metal cations, with the conclusion consisting with
the Schulze-Hardy rule.?>?” However, the sulfur atoms on MoS, nanosheets are soft Lewis bases,
which exhibit stronger affinity for soft Lewis acids (e.g., Pb?") relative to hard ones (e.g., Ca?*,
Mg?*).28 Consequently, MoS, nanosheets are expected to exhibit ion-specific in addition to the
valence-dependent aggregation behaviors that could be predicted by the Schulze-Hardy rule. Until
now, colloidal stability of MoS, as a function of cation electronegativity has not been examined.
Our hypothesis is that soft metal cations would interact more strongly with the S atoms of MoS,

nanosheets and therefore be more effective in destabilizing them.

Another unique property possibly related to aggregation is that MoS, nanosheets are
photoactive and subject to light-induced transformations.!'%?® Notably, MoS, mainly exists in two
crystal structures depending on the atom-stacking configurations: the semiconducting 2H phase
(trigonal prismatic) and the metallic 1T phase (octahedral).3*-*! The bandgap energy (E,) of
semiconducting 2H-MoS, depends on the number of stacked MoS, monolayers and increases from
1.29 ¢V (i.e., 653 nm) for bulk MoS; to ~1.9 eV (i.e., ~961 nm) for single-layer MoS,.3? The strong
increase in E, as crystal thickness decreases beyond 100 nm is due primarily to confinement-
induced increase in the indirect bandgap.’? For the 2H-MoS, phase, supra-bandgap illumination
allows electron—hole separation, which can drive photochemical reactions.!%!% Compared to the
2H phase, the metastable, metallic 1T phase possess a higher concentration of free charge carriers

and with sufficient Li or K doping can achieve surface plasmon resonance under visible and near
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UV range.?*3* Such photoactive properties have promised the environmental behaviors of MoS,
including aggregation are susceptible to illumination. Numerous studies have reported that light-
irradiation can alter aggregation behaviors of nanomaterials by initiating redox reactions (As,S3),
removing surface groups or coatings (carbon nanotubes,?%37 GO,3® TiO,°), or inducing surface
plasmon oscillation (Ag, Au).***2 For MoS,, long-term light exposure can reduce the surface
charge through redox reactions and thus destabilize the nanosheet.!® Until now, however, the effect
of light irradiation on the initial aggregation of pristine MoS; nanosheets remains unexplored. Such
information is critical to understanding the dispersion and lifetime of engineered MoS, nanosheets
in the photocatalytic applications, as well as understanding the environmental fate, transport

potential, nanosheet reactivity and toxicity upon sunlight irradiation in the natural environment.

In the present study, single-layer MoS, (SL-MoS,) nanosheets without any coatings were
prepared via chemical exfoliation and extensively characterized to determine their chemical
composition, morphology, and surface chemistry. Aggregation kinetics of MoS, nanosheets were
measured using time-resolved dynamic light scattering (TRDLS) in the presence of mono-, di-,
and trivalent cations. The effects of visible light irradiation on aggregation were explored and
mechanisms involved in the photoinduced process were discussed. Finally, light- and cation-
induced aggregation was examined in the presence of natural organic matter (NOM). This detailed

study advances the understanding of the fate of MoS, nanosheets under environmental conditions.

MATERIALS AND METHODS

Synthesis and Characterization of MoS, Nanosheets. Chemicals and their purities and
supplies are reported in the Supporting Information. A dispersion of SL-MoS, nanosheets

containing a mixture of 1T and 2H phases was prepared by organolithium intercalation of MoS,
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powder followed by forced hydration as described in our previous study.*? A detailed description
of the synthesis approach is given in the Supporting Information. Semiconducting MoS, (referred
to as 2H-MoS,;) was obtained by pressurized hydrothermal treatment of the exfoliated SL-MoS, in
N,.* Specifically, 20 mL of a ~500 mg/L SL-MoS, suspension was deoxygenated in a N,-filled
glove box, added to a Teflon-lined autoclave (50 mL volume, Wenbo Experimental Instrument

Co., Ltd), and subjected to the hydrothermal treatment at 200 °C for 2 h.

The morphologies of pristine SL-MoS, nanosheets, 2H-MoS, nanosheets, and their
aggregates were characterized by transmission electron microscopy (TEM; FEI Talos F200X
microscope equipped with a Schottky emitter gun operated at 200 kV), scanning electron
microscopy (SEM; Zeiss Merlin), and atomic force microscopy (AFM; MFP-3D-Stand Alone,
Asylum Research). We performed X-ray photoelectron spectroscopy (XPS) survey and high-
resolution scans with a PHI 5000 Versaprobe III equipped with a monochromatic Al anode (Al Ka
= 1486.7 eV) as X-ray source. The powder X-ray diffraction (XRD) pattern was collected on a
Rikagu Smartlab diffractometer (Cu Ka = 1.54 A). Apparent zeta potentials were determined from
electrophoretic mobilities (Nanosizer, NanoBrook Omni, Brookhaven, U.S.A.) from three
replicate samples and three measurements for each with 20 cycles. UV-visible absorption spectra
of the dispersed MoS, nanosheets were obtained by ultraviolet-visible spectrophotometer (UV-vis,
Bluestar, LabTech). The total concentration of SL-MoS, prior to aggregation was accurately
determined by digestion in a 0.2 M HNOj and 0.5 M H,O, solution, followed by measurement of
the soluble Mo concentration by inductively coupled plasma—optical emission spectrometer (ICP-

OES, iCAP 7400, Thermo Scientific).

Aggregation Kinetics. A SL-MoS, suspension was prepared by diluting an aliquot of the

exfoliated MoS; stock solution in water buffered to pH 5 with 10 mM sodium acetate (the sodium
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acetate contributed 6.5 mM Na* to the solution and did not induce measurable aggregation). Time-
resolved DLS was used to measure the aggregation kinetics of MoS, nanosheet suspensions, and
the z-averaged hydrodynamic diameter (Dy,) of MoS, nanosheets was monitored as a function of
time in solutions of the nitrate salts of K*, Na*, Ag*, Ca?", Mg?*, Cd?*, Pb?*, and Cr** over a wide
range of cation concentrations (viz. 0.02-50 mM). The speciation of cations as a function of pH
was determined by Visual Minteq. All of these cations exist primarily as unhydrolyzed cations at
the pH of our experiments except Cr3*, which is present as Cr3(OH),>*, Cro,(OH),*, Cr**, CrOH?*,
Cr(OH),", Cr(OH); at pH 5 (Figure S1). Based on the speciation of chromium (III) under our
experimental conditions, we used an average valence of 2.82 in calculations. Measurements were
made every 30 s for 30 min. Attachment efficiencies (o) — the ratio between the rates of slow
(reaction-limited regime in the presence of energy barrier) to fast aggregation (diffusion-limited
regime in the absence of energy barrier) — were obtained by normalizing the initial slope of the

aggregation profile at each concentration by that in the fast regime:??

1 Dp(t)

ke No* dt ’,

a = =
ka, fast 1 Dh(t)

NO,fast dt t—0,fast

-0

where the k, are the initial aggregation rate constants, which are proportional to the initial rate of
Dy, increase with time, and N is the initial SL-MoS, concentration (~10 mg/L in all samples).
For slow aggregation at relatively low cation concentrations (i.e., up to 2—20 mM Na") the slope
of the initial linear region was determined from the Dy, versus time plot over 30 min. For the fast
aggregation, the slope was determined from the first recording to an average Dy, of 1400 nm within
30 min, the range which could assure a good linear regression (R? > 0.9). The critical coagulation

concentrations (CCC) was determined for each cation from the intersection of extrapolated lines
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through the diffusion- and reaction-limited regimes. Influence of NOM on the aggregation kinetics

was determined by the addition of Suwannee River NOM (SRNOM) as described in Text S3.

Visible Light lllumination Experiments. Visible light illumination experiments were
performed in a PCX50C Discover multi-channel parallel photocatalytic reaction system (Perfect
Light Co., Ltd.) with a 5 W white LED light (400 nm < A < 800 nm). The light intensity is
adjustable with maximum irradiation intensity of 100 mW/cm?, which is comparable to the annual
global average intensity of natural sunlight.*> The SL-MoS, dispersion (30 mL) was spiked with
the desired concentration of cations and was transferred into the cylindrical quartz tubes of the
reactor. The typical light intensity of 100 mW/cm? and a concentration of 2 mM Ca?" was used in
all the irradiation experiments unless noted. During the irradiation process, the temperature of the
reactor was kept at 25 °C with an electronic fan, and measured with a thermometer after the
experiments. Optical absorbance at 450 nm was used to quantitatively describe the evolution of
the suspension concentration and the extent that MoS, aggregates sedimented, as the Beer-Lambert
law is valid in the concentration range where measurements were performed (Figure S2). Dark
control samples of the SL-MoS, dispersion were covered by aluminum foil, illuminated, and
analyzed in the same manner. The aggregation and sedimentation of SL-MoS; nanosheets under
both dark and light conditions were investigated in the presence of SRNOM as described in Text

S3 of Supporting Information.

RESULTS AND DISCUSSION

Structural Characterization and Colloidal Properties of MoS, Nanosheets.
Dispersions of SL-MoS, nanosheets were prepared via chemical exfoliation of MoS, powder
following a method published previously.!** The morphology of MoS, nanosheets was

determined by TEM and AFM imaging. A typical TEM image of the exfoliated SL-MoS,
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nanosheets (Figure la) reveals thin flakes with lateral dimensions between 100 and 300 nm,
consistent with the reported size of monolayer MoS,.#¢ The z-average Dy of the SL-MoS,
nanosheets obtained from three replicates was 230 + 6 nm as determined by DLS (Figure 1b).
Analysis of AFM images (Figure 1¢) shows that the typical thickness of MoS, nanosheets is ~1.2
nm, confirming the preparation of monolayer MoS, without surface coatings.*® The phase
composition of MoS, nanosheets was determined semi-quantitatively by XPS. The Mo 3d
spectrum of MoS, nanosheets (Figure 1d) reveals the coexistence of 1T- and 2H-MoS; in the
exfoliated samples, which was caused by the partial phase conversion from 2H-MoS,; to 1T-MoS,
during lithium intercalation.® Deconvolution of the XPS spectrum reveals the phase composition
of SL-MoS; to be 70% 1T and 30% 2H, in agreement with the reported composition of chemically-

exfoliated monolayer MoS,.4

The exfoliated SL-MoS, nanosheets were negatively charged with apparent zeta potentials
of =37 to —40 mV in the pH range from 4 to 11 (Figure le), indicating excellent colloidal stability
of MoS; nanosheet suspension. The negative charge on the exfoliated SL-MoS, reportedly stems
from electron transfer from the organolithium reagent during the exfoliation process and is in the
range of approximately 0.15 to 0.25 electron per Mo atom.*® Under more acidic conditions (pH <
4), however, the apparent zeta potential decreased to —26 mV and rapid aggregation ensued due to
the reduction of electrostatic repulsive force between the nanosheets.*® The UV-vis absorption
spectra of SL-MoS, (Figure 11) is featureless without apparent absorption bands, consistent with
metallic 1T-MoS, dominating the composition. At pH 6, MoS, nanosheets remained well-
dispersed at least for one week in air although the absorbance of the dispersion decreased slightly
due to oxidation of MoS, to soluble Mo(VI) (Figure 1f).#* Oxidation of SL-MoS, nanosheets

would not alter colloidal stability unless adequate H* was released to reduce the solution pH below
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4.4 The as-prepared SL-MoS, was stored in a N-filled glove box until further experimentation.
Under these conditions, the suspension was stable for at least six months and no oxidation was
observed. Considering the typical range of pH values in natural aquatic environments, pH variation
alone would not destabilize SL-MoS, nanosheets, and colloidal stability can be maintained for
long-term transport and exposure in the absence of the effects of co-occurring cations and/or light

(see below).
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Figure 1. Characterization of SL.-MoS, dispersion: (a) representative TEM image; (b) z-averaged hydrodynamic
diameter distribution determined by DLS; (c) representative AFM image of MoS; nanosheets, inset: line scan
showing the thickness profile along the red line in the image; (d) Mo 3d XPS spectra of SL-MoS, showing the
deconvolution of two components: metallic 1T phase (pink) and semiconducting 2H phase (blue); (e) apparent
zeta potential as a function of pH with photographs of as-prepared MoS, dispersion showing poor stability with
aggregates at pH 2 (left) and good colloidal stability at pH 9 (right); (f) time-dependent UV-vis absorbance
spectra for a MoS,; dispersion over 7 d.

Cation-induced Aggregation and Sedimentation of SL-MoS,. Figure 2 visually
demonstrates the colloidal stability of SL-MoS, suspensions in the presence of varying

concentrations of different metal cations (as nitrate salts) after 24 h. At low electrolyte
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concentration, the dispersion was homogenous with a dark brown color, implying good colloidal
stability of SL-MoS, nanosheets. The suspension became colloidally unstable with the formation
of large visible aggregates when the electrolyte concentrations were increased to specific levels,
which appeared to depend on the type of cation (i.e., 10 mM for Na*, 10 mM for K*, 0.2 mM for
Ag*, 0.2 mM for Ca?", 0.2 mM for Mg?*, 0.2 mM for Cd?*, 0.1 mM for Pb?>* and 0.05 mM for
Cr3"). Generally, the efficiency of the electrolytes in destabilizing MoS, nanosheets follows the
order of trivalent > divalent > monovalent, suggesting stronger destabilization ability of cations

with higher valency.

(@) Cepon 10.00 5.00 2.00 1.00 0.50 020 0.10 0.05 0.02 (b) Ceaion 10.00 5.00 2.00 1.00 050 0.20 0.10 0.05 0.02
(mM) (mM)

Na* Cazt |

Figure 2. Images illustrating the bulk aggregation of SL-MoS, dispersions containing (a) monovalent, (b)
divalent and (c) trivalent cations in a series of concentrations (0.02-10 mM).

To describe the aggregation kinetics more quantitatively, D;, was experimentally determined
as a function of cation concentration. Figure 3a shows such data for Ca?". Corresponding data for
the other cations investigated (viz. K*, Na*, Ag®, Mg?*, Cd?*, Pb?*, and Cr**) are shown in Figure

S3. The D, increased more rapidly at higher cation concentration due to charge screening or

11

ACS Paragon Plus Environment

Page 12 of 31



Page 13 of 31

244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265

266

Environmental Science & Technology

electrical double layer (EDL) compression, leading to rapid aggregation of the nanosheets.
Attachment efficiency (o) was estimated by normalizing initial aggregation rate with that at the
fast regime, and plotted in a log-log format as functions of concentrations of each cation.
Consistent with classical DLVO theory, these plots exhibit reaction-limited and diffusion-limited
aggregation regimes for MoS, nanosheets, and the transition between two regimes is referred to as
the CCC value, the minimum concentration of ions necessary to cause rapid coagulation of colloids
(Figure 3b). Starting from pure water, the energy barrier for attachment is reduced (as reflected in
the increase in attachment efficiency) as the cation concentration increases up to the CCC (0.97
mM in the case of Ca?") at which point it vanishes. At electrolyte concentrations exceeding the
CCC, SL-MoS,; aggregation is limited by thermal diffusion rather than surmounting the repulsive
energy-barrier, and thus aggregation rate becomes independent of cation concentration. The CCC
values of SL-MoS, for the cations investigated are estimated to be 49 + 7.2 mM (K*), 28 £ 5.5
mM (Na*), 0.20 + 0.04 mM (Ag"), 0.97 + 0.04 mM (Ca?"), 0.8 + 0.20 mM (Cd>*), 0.8 = 0.1 mM
(Mg?"), 0.07 £ 0.001 mM (Pb?*) and 0.05 £+ 0.02 mM (Cr3") (Figure 3b). The CCC values of SL-
MoS, are lower than those of black phosphorous?? (188.4 mM for Na*, 2.5 mM for Ca?*) and GO*
(188 mM for Na*, 2.9 mM Ca?") although they possess similar apparent zeta potentials, which may
be attributed to the stronger van der Waals (vdW) forces between MoS; nanosheets. Molybdenum
disulfide has a Hamaker constant of 296x10-2! J while that of GO is 49x10-2! J.2539 To the best of
our knowledge, this is the first report of CCC values for bare monolayer MoS, nanosheets. Higher
CCC values (37 mM Na”, 3 mM Ca?") were seen in the case of ethanol-coated few-layer MoS,
prepared via ultrasonic exfoliation,? indicating that bare MoS, nanosheets in our study are more
prone to aggregation. Applications are likely to employ surfactant- or coating-free MoS, for

optimized catalytic, adsorptive, and conductive properties. The aggregation behavior of surface-
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coated MoS, might not represent that of the material itself because surface coatings may conceal
MoS; surface properties associated with aggregation behavior and stabilize the nanosheets through

additional steric repulsion.

Generally, the CCC values of multivalent cations were significantly lower than those of the
monovalent cations (with exception of Ag"), indicating that multivalent electrolytes destabilize
SL-MoS, suspensions more effectively than monovalent electrolytes. Similar trends were
observed in previous reports on the aggregation of other nanomaterials including some nanosheets
such as GO?>%-1 MXene?*, black phosphorous?3, consistent with the applicability of DLVO
theory in predicting the general aggregation behavior of 2D nanomaterials. The lower CCC values

for multivalent relative to the monovalent cations are in accordance with the Schulze-Hardy rule
1 , . .
(log (CCC) = nlog (7)), where z is the valency of the electrolyte counterions and 7 is constant,

typically 6 in 3D and 9 in 2D aggregation.?®>? A slope of —5.98 was obtained by the best fitting
(R? = 0.98) for these CCC values of cations with exception of Ag* and Pb?" (Figure 3c). The
valency exponent of 6.0 is commonly found in the aggregation of colloidal particles and suggests
that cation-induced aggregation of SL-MoS, is a random process likely leading to edge-to-face
interactions rather than solely face-to-face interaction which, based on theory, is expected to lead
to an exponent of 9. The randomness of aggregation was evidenced from the TEM (Figure 3d) and
SEM (Figure S4a) images of the sphere-like aggregates formed in the SL-MoS, dispersion
containing 2 mM Ca?". For comparison, we prepared aligned stacks by filtration of SL-MoS,
suspension through a polymer substrate (Figure 3¢) as demonstrated by cross-sectional SEM
(Figure S4b). The random and aligned configurations were qualitatively confirmed by XRD. As
shown in XRD spectra (Figure 3f), the peak of aligned MoS, stacks was located at 20 = 14°,
corresponding to the characteristic interlayer spacing between neighboring layers of 0.62 nm.3-3

13
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In contrast, the XRD peak of the cation-induced aggregates of MoS, mostly disappeared due to

the disorder structure in the randomly aggregated sample.
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Figure 3. Effects of cation type and concentration on MoS, nanosheet aggregation: (a) changes in hydrodynamic
diameter (D;) over 30 min after addition of Ca?* (0.02-10 mM); (b) attachment efficiency (o) as a function of
the concentrations of the indicated cations; (c) relationship between the critical coagulation concentration (CCC)
and cation valence (z); (d) TEM image of MoS, aggregates formed in the presence of 2 mM Ca?*; (e) photographs
and schematic illustration of disordered aggregates (left) and face-to-face aligned stacks (right); (f) X-ray
diffractograms of MoS, aggregates and aligned stacks.

For the cations with equivalent valency, the CCC values were ranked as K> Na*>> Ag* and
Ca?" > Mg?" = Cd*" >> Pb?". In general, the ordering within groups of cations with equivalent
valency is inversely related to the electronegativity of the cation (Figure S5a). This is attributable
to cations with higher electronegativities more easily forming covalent bonds with S, leading to
stronger ability to destabilize dispersions of MoS, nanosheets.’*> We note that Ag" and Pb?*
display much lower CCC values than other monovalent and divalent cations (Figure 3c). As
reported previously, Ag* and Pb?", as soft Lewis acids, have high affinity to the soft Lewis base S

atoms and are thus more strongly adsorbed to the MoS, surface than are the hard (Na*, K*, Mg?*,
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Ca?") and borderline (Cd?") cations.!%133¢ Adsorption of Ag" and Pb?"ions to the MoS; nanosheets
would decrease the surface charge and weaken the electrostatic repulsion between nanosheets. For
cations with much weaker affinity to S, the aggregation was mostly induced by EDL compression
(Figure S5b).

Dissolved natural organic matter is a ubiquitous constituent in natural waters. Typical
dissolved NOM concentrations in fresh surface waters range from 2 to 30 mg/L.>” We therefore
examined the effect of a reference aquatic NOM sample (viz. SRNOM) over a similar
concentration range on SL-MoS, nanosheet aggregation in the presence of Na* or Ca?* (Figure
S6). The SRNOM significantly inhibited the cation-induced aggregation kinetics of SL-MoS,
nanosheets. For instance, the initial aggregation rate in the 2 mM Ca?" solution decreased from
1.18 nm/s in the absence of SRNOM to 1.08, 1.01, 0.62 and 0.27 nm/s by 5, 10, 20 and 50 mg/L
SRNOM, respectively. Similarly, the initial rate of Dy, growth in the 50 mM Na* solution was 0.83
nm/s and dropped to 0.12 nm/s in the presence of 2 mg/LL. SRNOM; no aggregation was observable
at SRNOM concentrations of 5 mg/L or higher (Figure S5b). In the presence of 20 and 50 mg/L
SRNOM, the CCC of Ca?" were elevated to 1.95 and 2.86 mM, respectively (Figure S7), which
were obviously larger than that in the absence of SRNOM (0.97 mM) and falling above the line
predicted by Schulze-Hardy rule (Figure 3c¢). In the presence of 0.1 mM Ca?*, the apparent zeta
potentials of the nanosheets were increased from —19 mV to —30 mV by the addition of 20 mg/L
SRNOM, implying the association of NOM with MoS; nanosheets. We therefore ascribe SRNOM
stabilization of the SL-MoS, nanosheet suspension primarily to steric and electrostatic stabilization
by the coated NOM molecules, similar to prior reports on the influence of NOM on the aggregation

of negatively charged gold nanoparticles,’® black phosphorus®3 and GO?!'. In addition, the
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carboxylate groups of SRNOM electrostatically bind Ca?",>® thereby decreasing the charge

screening and enhancing the colloidal stability of SL-MoS,.

Influence of Visible Light lllumination. To investigate the effect of visible light on MoS,
nanosheet aggregation and sedimentation, experiments were conducted in 0.2 and 2.0 mM Ca?*
solutions (i.e., below and above the CCC value for Ca?", respectively) in the dark and under visible
light illumination. As shown in Figure 4a, the presence of 2.0 mM Ca?* induced minor aggregation
of MoS, nanosheets in the dark within 20 min. In contrast, the MoS, nanosheets strongly
aggregated under illumination and started to sediment, which suggested that visible light
illumination dramatically accelerated the aggregation process. Due to the limitation of DLS (not
applicable for aggregates > 2 um), the fraction of MoS, remaining in the suspension was quantified
using absorbance at 450 nm. The evolution of normalized suspension concentrations depended on
electrolyte concentration. Fast aggregation and sedimentation were observed when the Ca?
concentration exceeded its CCC (Figure S8), which was in accord with results obtained via TRDLS

and justified the reliability of absorbance on the sedimentation of SL-MoS,.

The normalized concentration of SL-MoS, remaining in suspension under different
conditions is shown in Figure 4b, and can be well fit (R*>0.98) by the first-order decay equation:
dc/dt = —kc, where c is the normalized concentration of the SL-MoS, dispersion at time ¢ (h), and
k (h!) is the first-order rate constant. In the presence of 2.0 mM Ca?*, k was 1.52 + 0.07 h-! under
illumination, compared to a value of 0.09 + 0.02 h! in the dark, indicating that illumination
significantly accelerated aggregation, increasing the rate constant by a factor of 17. The
acceleration also occurred in the dispersion containing 0.2 mM Ca?*, with the rate constants of
0.06 +0.02 h"! and 0.15 + 0.005 h! in the dark and under illumination, respectively. Even at much

lower Ca?* concentrations (0.02 and 0.05 mM, Figure S9a), the hydrodynamic diameters of MoS,
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nanosheets increased from 230 to ~1000 nm under light exposure, whereas they remained almost
constant in the absence of illumination. Without cation addition, no aggregation was observed
under either dark or light conditions. The results suggested that cation and visible light acted
synergistically to induce aggregation of SL-MoS,. Similar light-accelerated aggregation was
observed in the presence of other cations (Na*, Mg?", Cr** in Figure S9b), indicating the light-
enhanced aggregation is not specific to Ca?" and occurs in the presence of all cations tested.
Furthermore, illumination-promoted aggregation correlates positively with the intensity of visible
light: more severe aggregation occurs as light intensity increases from 0 to 100 mW/cm? (Figure
S9c¢). Light-enhanced aggregation could also be seen from significantly reduced C,,, the
concentration of Ca?* at which the normalized MoS, concentration is reduced to half after 6 hours.
The Cy), value of Ca?" for MoS, nanosheets is 0.11 mM under light, almost 300-fold lower than
that in the dark condition (29 mM, Figure S9d). The lower C,, indicated much higher ability for
the cation to induce destabilization under visible light illumination,>%¢? and thus the results suggest
that stability of MoS, dispersion would be much more easily disturbed at or near the surface of

sunlit waters.

Because dissolved NOM is ubiquitous in natural aquatic ecosystems, we also investigated
light-assisted aggregation of SL-MoS, nanosheets in the presence of SRNOM. As shown in Figure
4c, SRNOM stabilized suspensions of SL-MoS; nanosheets both in the dark and under visible light
illumination. The nanosheet sedimentation rate constant £ decreased with increasing SRNOM
concentration (Figure 4d). Comparison of the sedimentation rate constants in the presence of
SRNOM in the dark and under illumination demonstrates that visible light illumination accelerates
aggregation, even in the presence of SRNOM. The extent to which sedimentation was accelerated

as expressed by the ratio of k obtained under illumination to that in the dark (kijgn/kgark) Temains
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almost constant over the SRNOM concentration range of 2 to 50 mg/L (Figure 4d). Overall, these
results suggest that light-accelerated sedimentation occurs regardless of whether SRNOM is

present.

(a) (b) |
] s o O PR - WO ey o B o e 7
Light Dark 0.9
B o001 a0z v e |
0.6 el
T~
S
(8]
0.3
0.0 %
T T -I
0 12 18 24
Time (h)
/L
(d)
10° 1

=

=
s *
) . E’ \i -"g

oz i
Q 06+ g 8 B
U /1] - E“
A g * % x
[SRNOM] (mg/L) : 3 * * =
044 Light Dark o Ta @ 10 b~
0 0 ‘“ 43
& 5 —e—5 (14

-A-- 10 —A—10
024 -4 5 —e50

0 30 60 20 10 50
Time (min) [SRNOM] (mg/L)

o 4
w

Figure 4. Accelerated aggregation and sedimentation of SL-MoS, dispersion under light irradiation: (a) digital
photograph of SL-MoS, dispersion (~20 mg/L) with addition of 2.0 mM Ca?* after 20 min under illumination
(left) and in the dark (right); (b) normalized suspension concentration as a function of time in the dark (solid
lines) or under illumination (dashed lines) in the presence of 0.2 mM or 2.0 mM Ca?*; (¢) evolution of normalized
suspension concentration in 2.0 mM Ca?* with addition of SRNOM in the dark (grey lines) or under illumination
(colored lines); (d) sedimentation rate constants in the light (red) and dark (black). The ratios of k in the light to
that in the dark (kiign/kqarc) as a function of SRNOM concentration were represented by the blue stars.

Light-accelerated Aggregation Mechanisms. In the context of DLVO theory, light-
enhanced aggregation of MoS; may be explained either by enhanced attractive vdW forces or by

reducing electrostatic repulsion between neighboring nanosheets.**! Diminished repulsive forces
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induced by photochemical reactions have been observed due to the reduction of surface charge in
the cases of GO nanosheets under visible light illumination®® and TiO, under UV irradiation,*® or
to the loss of surface coatings under irradiation in the cases of citrate-coated Ag nanoparticles®?
and functionalized/dispersant-coated SWCNT.3¢:37.63 In the present case, we used bare MoS,
without any surface functionalization. To test if illumination reduced electrostatic repulsion
between SL-MoS, nanosheets, the dispersion was subjected to visible light illumination for 0.5, 2
or 10 h in the absence of Ca?" (referred to as irradiated MoS, and denoted I 5, I, or Iy). Electrolyte
was then added, and aggregation kinetics was compared to that of pristine SL-MoS, in the dark
and in the light. Figure 5a shows that aggregation kinetics differed to only a small extent between
the pristine and light-exposed MoS, suspensions after addition of 2 mM Ca?' in the dark; in all
cases aggregation was significantly slower than that when both Ca?" and light exposure were
present simultaneously. This highlights the synergistic and indispensable roles of light and cations
in accelerating the aggregation of SL-MoS; nanosheets.

In the absence of added metal cations, the apparent zeta potential of light-transformed MoS,
remained largely unchanged (p > 0.05) after 10-hour irradiation (Figure S10). The XPS spectra
revealed that the oxidation states of Mo and S reflected by their respect binding energies in the
aggregates formed in light and dark were identical to those in pristine SL-MoS, (Figure S11). A
prior study reported that long-term illumination (56 days) reduces the surface charge of SL-MoS,
and thus destabilizes the dispersion.'® In contrast, our results indicate that short-term visible light
irradiation does not induce appreciable photochemical transformations of SL-MoS, that
permanently alter the physiochemical properties of nanosheets to promote cation-triggered
aggregation. Instead, a transient change of SL-MoS, nanosheets occurs under light irradiation,

wherein the concurrent presence of electrolytes is required to induce the aggregation. Additionally,
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the temperature of irradiation solution was monitored during the test, and the variation was less
than 2 °C. Accelerated aggregation due to solution heating by light irradiation was excluded by a
control experiment, in which no obvious aggregation was observed in the presence of Ca?* when
the temperature of the solution was elevated by 5 °C using a heating plate (p > 0.05; Figure S12).

A surface plasmon is a coherent oscillation of conduction band electrons at a metal/dielectric
interface, a well-known mechanism of light-induced aggregation of Ag and Au nanoparticles as
well as metallic carbon nanotubes.*%41:64 In the case of SL-MoS,, intercalation of Li/K partially
transforms semiconducting 2H-MoS, to metallic 1T-MoS,, creating more free charge carriers.%
The adsorption for light was ascribed to interband transition and a surface plasmon for the
semiconducting and metallic phase of MoS,, respectively. Sufficient Li or K doping can achieve
surface plasmon resonance under visible and near UV range.’33* To probe the relevance of the
metallic phase in light-accelerated aggregation, the 1T-dominant SL-MoS, was converted to
semiconducting 2H-MoS, nanosheets by a hydrothermal reaction without altering its monolayer
morphology (Figure S13a). The 2H-MoS, nanosheets were comparable in size to the SL-MoS,
nanosheets, with a hydrodynamic diameter of 277 +£ 5 nm (Figure S13b). Apparent zeta potentials
of 2H-MoS, dispersions were similar to those of SL-MoS, (Figure S13c¢), and thus the 2H-MoS,
dispersion could remain colloidally stable for at least 3 days. The XPS spectrum demonstrated that
the hydrothermally treated MoS, was pure 2H phase with typical 2H-Mo(IV) peaks at 229.3 and
232.4 eV (Figure S13d), and UV-vis absorption spectrum revealed the characteristic absorption
bands of 2H-MoS, at 440, 610 and 670 nm,*>*7 distinct from the featureless absorption of pristine
SL-MoS, (Figure 5b). The characterization above confirms the successful phase conversion and

preservation of nanosheet morphology during hydrothermal treatment.
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Regarding aggregation behaviors, Figure 5¢ shows similar and slow aggregation kinetics of
the pristine SL-MoS, and the 2H-MoS; in the dark, confirming little variation of morphology or
surface chemistry during phase conversion. Under visible light irradiation, however, the
aggregation of 2H-MoS, is much less responsive to illumination, and the sedimentation accelerates
to a smaller extent than that of SL-MoS,; (Figure 5¢). The results could be ascribed to that a larger
amount of plasmonic electrons exists in the SL- than in the 2H-MoS, sample (Figure S14). We
therefore confirmed the role of plasmonic electrons in aggregation in experiments using Ag* as
electron scavengers.®¢-%7 In dark conditions, the sedimentation profile induced by 2 mM Ca?" was
not influenced by inclusion of 20 uM Ag*. This Ag" concentration is much lower than the CCC
value for Ag™ (200 uM). Under visible light irradiation, however, acceleration of aggregation was
much less pronounced in the presence of Ag" (Figure S15a). This partial amelioration of

aggregation was due to electrons scavenging by Ag* and resulted in the formation of Ag® (Figure

S15b), supporting the role of plasmonic electrons in light-induced aggregation of MoS; nanosheets.

The participation of electrons in light-enhanced aggregation was further demonstrated in
aggregation experiments conducted in the absence or presence of molecular oxygen under
illumination. Since oxygen can also serve as an electron scavenger, a further promoted aggregation

was obtained as expected under oxygen-deficient conditions (Figure S15c¢).
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Figure 5. (a) Evolution of normalized SL-MoS, suspension concentrations and light-exposed MoS, (irradiated
for 0.5 h, 2 h and 10 h in the absence of cations, referred to as /5, I, and Iy, respectively) with addition of 2 mM
Ca?" under dark or light irradiation; (b) UV—vis absorbance of pristine SL-MoS, (dark trace) and 2H-MoS; (red
trace) with the characteristic peaks of the 2H phase marked by numbers. Inset: digital photographs of as-prepared
2H-MoS; (left) and pristine SL-MoS; (right) dispersions showing good colloidal stability; (c) Sedimentation of
pristine SL-MoS, (solid lines) compared to 2H-MoS, (dashed lines) under dark (black) and light (orange)
conditions; (d) Proposed mechanisms of aggregation under light and dark conditions.

Overall, the mechanisms of cation and visible light effects on the aggregation of SL-MoS,
are proposed as shown in Figure 5d. In the dark, aggregation of SL-MoS, occurs upon addition of
electrolytes through charge screening. Under illumination, surface conduction electrons in the
metallic 1T-MoS,; are excited and plasmon oscillation occurs on the nanosheet surface. When
nanosheets approach closely enough for electromagnetic coupling, the optical spectra deviate from

the Mie spectra, leading to the dipole induction in an electromagnetic field.*> The plasmon dipole—
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dipole interaction force correlates linearly with light intensity £% and dissipates as 4, in which A
denotes the separation distance, compared to the normal vdW force that dissipates as /7.9 Hence,
plasmon oscillation induces the generation of attractive forces between the nanosheets at longer
distance than that occurs in the dark. Meanwhile, the classical DLVO theory describes the total
interaction potential (V1) of two colloidal particles by the sum of the vdW attractions (V,q4y) and

the electric double layer repulsions (Vgpy):

Vr=Vyaw + VEpL
Specifically, the V.4, between two flat surfaces expresses as: ¢
AH
 12nd?

where d is the sheet separation distance, 4 is the surface area of the sheets, and H is the Hamaker

vdw =

constant, resulting from zero-point fluctuations of electronic polarisations.*? The value of H is
directly related to the dielectric permittivity, which would increase if the plasmonic materials
including 1T-MoS, are excited by the incident light.”® Excitation of these plasmons by absorbed
light could therefore result in additional attractive forces via induced electromagnetic multipolar
interactions,*> decreasing the aggregation barrier between MoS, nanosheets at close approach.

Clearly, the theoretical studies are required to better understand the mechanisms.

ENVIRONMENTAL IMPLICATIONS

The potentially widespread application of TMDCs, especially MoS,, has rendered the high
necessity of research on the behaviors and stability in environment. In our study, pristine
monolayer MoS, without surface coatings was chosen to reveal the intrinsic aggregation behaviors
under environmentally relevant conditions. MoS, nanosheets behave similarly to most
nanomaterials, tend to form aggregates and sediment in the presence of electrolytes via charge

screening mechanism. However, the unique physiochemical properties and bare nanosheet surface
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lead to lower CCC values for MoS, nanosheets with common cations (e.g. Na*, Ca?") and more
easily destabilized suspensions in aquatic environments. The exposed sulfur atoms on MoS,
nanosheets have high affinity to a variety of cations (e.g., Lewis soft acids Pb?") and mineral
surfaces, the interactions of which may lead to their enhanced homoaggregation and
heteroaggregation with other natural colloids in scenarios containing these species. At or near
water surface, exposure to light irradiation can strongly enhance the aggregation kinetics though
no appreciable photo-induced compositional changes occurred to the MoS, nanosheets. The
presence of dissolved NOM sterically stabilized the MoS, nanosheets; nevertheless light-induced
acceleration of aggregation was also operative in the presence of NOM. Our study implied the
metallic 1T phase containing surface conducting electrons contributes to the transient surface
plasmon oscillation, which leads to the accelerated aggregation in the presence of cations. Such a
phase-dependent light-assisted aggregation mechanism is new and might happen in other 1T-
dominant TMDCs, the phenomenon of which is particularly important as the metallic phase is
favored in the applications of catalysis, energy storage, and contaminant remediation.3%3! Given
the enhanced aggregation in the interlayer of cation and light exposure, the actual aggregation and
sedimentation at the natural water with sunlit could be substantial and thus the released MoS, are
more likely existing as aggregates instead of 2D nanosheets. Effects of nanosheet aggregation and
possible re-mobilization on the transport, exposure and toxicity to aquatic microorganisms should
be considered in the future studies, in order to comprehensively understand the environmental fate

and risks associated with MoS, and other TMDCs nanomaterials.
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Supporting Information

Additional information on preparation of SL-MoS, nanosheets, supplementary aggregation results
and characterization of 2H-MoS, is available in the Supporting Information. This material is

available free of charge via the Internet at http://pubs.acs.org.
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