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Abstract
Liquid-phase processing is increasingly used to produce thin films and composites from nanoma-
terials, including 2D nanosheets derived from van der Waals crystals. However, an inherent prob-
lem is the exposure of the nanomaterial to organic compounds from the environment—solvents,
intercalants, and stabilizers—which can adsorb and potentially degrade device performance, espe-
cially at electrode interfaces. For conventional washing methods it is often challenging to con-
firm complete removal, as these residues are difficult to detect spectroscopically. Here, we use dif-
fuse reflectance infrared (IR) Fourier transform spectroscopy to analyze freeze-dried 2D MoS2
nanosheets produced via various exfoliation methods. First-principles calculations predict IR spec-
tral shifts corresponding to nanosheet thickness in the few-layer regime (<10 layers), which were
confirmed experimentally. We demonstrate that centrifugation effectively removes small-molecule
surfactants (e.g. 2 g l−1 sodium cholate or sodium dodecyl sulfate) used in liquid-phase exfoli-
ation, while residues persist in MoS2 sonicated in NMP or electrochemically-exfoliated samples.
This work provides a protocol to improve washing or monitor chemical modifications and high-
lights that IR-active vibrational modes, accurately predicted from first principles, can serve as a
tool to determine 2D material layer numbers.

1. Introduction

The production of 2D nanomaterials involves vari-
ous organic molecules, such as residues from adhes-
ive tape or polymeric stamps after mechanical exfo-
liation, solvents, or stabilizing surfactants/polymers
after liquid-phase exfoliation (LPE), or additional
intercalants after chemical or electrochemical exfo-
liation (EE) [1–6]. These molecules can initially
remain on the newly created surfaces of the 2D

nanomaterials. From a chemical perspective, resid-
ual organic molecules from 2D material processing
can hinder or interfere with further controlled sur-
face modification, such as functionalization reac-
tions. From a physical perspective, these molecules
can induce doping effects and other undesired/un-
controlled effects on the performance of the mater-
ials in electrical devices [7, 8] and present a barrier
in the fabrication of heterostructures with van der
Waals contact between the 2D materials. Therefore,
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identification and quantification of these species
during the process chain is crucial. Traditionally,
Raman and x-ray photoelectron spectroscopy (XPS)
are among the most utilized spectroscopic tech-
niques to characterize these 2D nanosheet surfaces
[9]. However, very thin adlayers of contaminants
can often not be detected or quantified, and highly
resolved tools such as time-of-flight secondary ion
mass spectrometry (TOF-SIMS) are necessary to
prove their ubiquitous presence [2]. This is because
Raman spectroscopy on common 2D materials is
often based on resonant excitation which enhances
the signal of the 2D material relative to non-resonant
surface adsorbates on the one hand. On the other
hand, surface adsorbates are typically carbon-based
materials which are hard to identify and quantify pre-
cisely in XPS due to the simultaneous presence of
adventitious carbon.

Another potential technique to monitor organic
species on the surface of nanomaterials is infrared
(IR) spectroscopy which probes vibrational trans-
itions in organicmolecules in themid-IR (MIR) spec-
tral region. This is typically measured in total reflect-
ance or transmission. In the context of 2D materials,
IR spectroscopy has primarily been used to identify
organic functional groups grafted (covalently) on
graphene or MoS2 scaffolds, or to track MoS2 cata-
lyzed organic reactions [10–13]. However, when
applied to inorganic nanomaterials such as MoS2, no
information on the nanomaterial itself is contained
in the MIR region, as IR-active vibrations of MoS2
are usually located in the far-IR (FIR) which is not
accessible by routine measurements due to instru-
ment restrictions (e.g. window-material, unsuitable
refractive index of crystal in total reflection). These
can be overcome also with commercial benchtop
spectrometers with minor modifications in the setup,
such as a diffuse reflectance accessory in combination
with CsI matrix material (for more details see S1).
This allows the measurement down to ∼370 cm−1,
where for example Mo-S vibrations were predicted
[14]. In few experimental reports, these vibrations
have indeed been observed experimentally, but not
discussed or analyzed in detail (see SI of [6, 15]). In
principle, through a MIR-FIR spectrum organic sur-
face adsorbates/functional groups can be probed rel-
ative to the MoS2 which would greatly facilitate com-
parative studies and allow a semi-quantitative assess-
ment. Importantly, the method probes the ensemble
of all nanosheets present in the sample which allows
to assess a robust average. Another key advantage of
this technique is that it is low-cost, can be performed
under ambient conditions, and has the potential to be
applied to other material scaffolds. For examples, see
table S2.Moreover, experimentally observed IR active
modes can readily be correlated to calculated vibra-
tions from first-principles calculations. This is more
complicated in the case of Raman spectroscopy.While

being the commonly used vibrational spectroscopy
for 2Dmaterials, it suffers from resonance effects and
higher order Raman scattering which is challenging
to calculate [16]. To date, no systematic IR spectro-
scopy studies on MoS2 have been carried out and it
remains unclear, to which extent the observed modes
contain information on material properties such as
layer number.

In this work, we address these points. We estab-
lished a protocol to reliably measure MIR-FIR spec-
tra in diffuse reflectance infrared Fourier transform
(DRIFT) spectroscopy. We applied this to MoS2
nanosheets from sonication-based LPE and EE. Using
first-principles calculations of the thermodynamic-
ally stable and naturally abundant 2H MoS2 of layer
numbers up to 9 (including bulk), we correlate spec-
tral changes to nanosheet layer number. The excel-
lent agreement between theory and experiment sug-
gests that density-functional theory (DFT) is cap-
able of calculating thickness-dependent changes with
great precision. Further, we conducted in depth stud-
ies to trace organic surface adsorbates such as solvent
and surfactant residues on the nanosheet surface
and used the semi-quantitative MIR-FIR spectra to
develop efficient purification protocols for LPE and
EE MoS2. We find that (i) common small molecule
surfactants in LPE (such as sodium cholate (SC)
can be widely removed by washing with water (ii)
sonication in N-methyl-2-pyrrolidone (NMP) res-
ults in surface adsorbates that cannot be removed
(iii) EE nanosheets are difficult to purify due to
the use of dimethyl formamide (DMF) in combin-
ation with a polymeric stabilizer commonly applied
to exfoliate and stabilize the intercalated crystals.
Here, more extensive washing is required, ideally
combining washing with small molecule surfactants.
The purified samples are of interest for applications
in electronics where control over doping is crucial.
The characterization procedure elaborated is gen-
eral and can be applied to covalently functionalized
MoS2.

2. Results and discussion

2.1. Infrared modes of MoS2 at different thickness
Within this work, the utilized exfoliation methods
commonlymaintain the naturally abundant 2H poly-
morph of MoS2 during processing [17]. DFT cal-
culations on IR active intrinsic 2H MoS2 modes
published previously typically focus on bulk and
monolayer (ML) materials predicting modes below
500 cm−1 in both cases, which is known as the FIR
region [14, 18]. The dominant bands are referred
to as shear (around 383 cm−1 in bulk, experiment-
ally) and breathing mode (around 469 cm−1 in bulk,
experimentally) [19]. This implies that the intrinsic
MoS2 material vibrations can be measured alongside
(but not overlapping with) the organic molecules’
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Figure 1. (A) Calculated far-infrared spectra of 2H-MoS2 for bulk and layer numbers between 1–9, normalized to the shear mode
of MoS2. The insets show enlarged peak ranges. (B) Diffuse reflectance FTIR (DRIFT) spectra of liquid-phase exfoliated and size-
selected nanosheet ensembles with different volume-fraction weighted layer number<N>Vf. All spectra were normalized to the
shear mode of MoS2. For additional spectra, see figure S3 (C) Peak centers of Lorentzian fits of the shear mode of MoS2 plotted
against the reciprocal of<N>Vf. On a second scale (red) theoretical peak positions are indicated. (D) Intensity of breathing
mode of MoS2 (relative to the shear mode) plotted against the reciprocal<N>Vf. Theoretical peak intensities are indicated on a
second scale (red).

vibrations—typically found in the mid-IR up to
∼4000 cm−1. To assess the suitability of our setup
to reliably measure the FIR vibrations, we first pro-
duce a range of samples with different average layer
number using LPE in combination with size selec-
tion and compare the results to calculated spectra.
In order to cover the experimentally expected average
thicknesses [4], here first-principle calculations of IR
spectra based on DFT [20] were performed on bulk
and layer numbers between one and nine, and nor-
malized to their maximum intensity (figure 1(A)) to
understand the effects of nanosheet dimensions on IR
spectra.

Going from bulk to ML, a shift to higher
wavenumber of about 2 cm−1 is predicted for the
intra-layer shear MoS2 mode with the most signi-
ficant shift already between bulk and nine layers
(9 l). The softening of the vibrational frequency is
attributed to the inter-layer friction (i.e. van der
Waals interaction) between the layers, which becomes
effectively larger for increasing number of layers. This
observation is analogous to the well-known trend for
pure shear and breathing inter-layer Raman modes
[19], where analytical models can be developed to
capture low frequency (<100 cm−1) oscillations. In
addition, a striking change in the breathing mode

can be seen, manifested as a drop in relative intensity
compared to the shear mode. Again, this change is
most pronounced going from bulk to few layers (here
9 layers). In the few to ML regime, this decrease fur-
ther progresses (see inset figure 1(A)) and is accom-
panied with a shift in peak position from bulk to ML
from about 440–446 cm−1. In summary the calcu-
lated spectra predict (i) a shift of the intra-layer shear-
mode and (ii) a decrease in relative intensity of the
breathing mode. As discussed below this is experi-
mentally confirmed.

To study such modes using benchtop IR spec-
trometers, first, a suitable setup is required (see S1).
We identified DRIFT spectroscopy using CsI as mat-
rix material as most promising as summarized below.
Secondly, sufficiently large amounts of material are
needed to allow for sufficient signal/noise ratio (typ-
ically on the milligram scale). Thirdly, additional
chemical species interfering in the spectrum must be
minimized, i.e. additives or utilized solvents must be
removed if they have bands in the FIR. Finally, control
of average nanosheet dimensions is crucial to reliably
compare experiment and theory. Therefore, we chose
sonication-based LPE of MoS2 in H2O/ SC, a pro-
duction technique yielding sufficiently high dispersed
mass of MoS2 as well as distributions of nanosheet
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dimensions that range down to MLs. These distribu-
tions can be narrowed and controlled by liquid cas-
cade centrifugation (LCC) [21] which results in effi-
cient size selection. From the obtained fractions of
nanosheets with different sizes and thicknesses, aver-
age values of the dimensions can be extracted using
UV–VIS extinction spectroscopy [22]. To minimize
spectral interference by contaminants, a centrifuga-
tion based washing was performed and the solvent
removed by freeze-drying (see Methods) to avoid
ordered restacking and potential degradation com-
pared to drying in air at elevated temperatures [23].

DRIFT spectroscopy was selected as a measure-
ment setup to avoid potential issues arising from
other commercial setups such as transmission meas-
urement with KBr pellets or attenuated total reflec-
tion (ATR). In the case of KBr pellets, the intrinsic
absorbance of KBr in the FIR poses a problem in addi-
tion to turbidity of KBr pellets from failure-prone
preparation when water cannot be fully excluded. In
ATR setups, it is required that the refractive index of
the ATR crystal is larger than that of the sample which
is not guaranteed in the case of 2D materials in gen-
eral and MoS2 specifically. For the measurement, the
freeze-dried nanosheet powder is mixed with CsI as
reflective matrix material and subjected to the meas-
urement in a small beaker without further treatment.
This method is simple, avoids heat and can in prin-
ciple be carried out under inert conditions. It is thus
expected to be broadly applicable to many 2D mater-
ials, also those prone to degradation in the presence
of oxygen, water or heat.

The spectra from freeze-dried size-selected frac-
tions of LPE MoS2 are shown in figure 1(B). Spectra
from a second batch of similar exfoliation and size
selection are shown in figure S3C. Both IR act-
ive vibrations are discerned at ∼384–385 cm−1 and
∼469 cm−1, respectively. The intensity was conver-
ted to Kubelka–Munk units (see methods) and nor-
malized to the more intense intralayer shear mode.
In the insets in figure 1(B) both characteristic peaks
are shown: For the shear modes Lorentzian functions
were fit to the data points obtained, to extract peak
positions. A shift similar in magnitude to theoretical
predictions is observed for the shear mode as visu-
alized in figure 1(C), where we plot the peak pos-
ition as a function of inverse (average) layer num-
ber, N (see S3 for spectra and N (or strictly speaking
⟨N⟩Vf) determination). This representation is chosen
to allow the addition of the data point of bulk MoS2
at 1/N = 0. Note that there is a shift in phonon fre-
quency between DFT calculations and experiments,
which could be related to the choice of the functional,
which is in general expected to predict softer phonon
frequencies [24–28]. Moreover, the calculations do
not include any type of temperature, substrate, or
presence of defects effects, that might hinge on the
accuracy of the peak positions. However, the relative

shift agrees very well. While the shift is small for
MoS2, the good agreement is encouraging, as it sug-
gests that theory can be used to identify layeredmater-
ials with more significant layer-number dependent
IR-active response.

In addition to the shift of the shear mode, the
breathing mode decreases in relative intensity com-
pared to the shear mode drastically—as also expec-
ted from theory. We note that calculated breathing
mode intensities and peaks depend strongly on how
the dielectric environment is modeled (seeMethods).
This sensitivity is mirrored experimentally: layer-
averaged spectra exhibit greater noise in breathing
than shear modes. This makes it difficult to reliably
fit peaks to for example extract peak positions due
to the low signal/noise ratio. To nonetheless visualize
the decrease in relative intensity, the relative Kubelka–
Munk units at 469 cm−1 were subtracted from the
ones at 478 cm−1 and plotted on the log scale as
function of inverse layer number, again in compar-
ison with theory (figure 1(D)). While predicted peak
shifts describe experimental data very well for the
shear mode, a scattered trend can be observed for
the intensity behavior of the breathing mode: Even
though low signal/noise ratio is a clear contribution
to this issue, it should also be considered that resid-
ual bulk like particles can remain in dispersions even
after size-selection and cause additional scatter in the
data as the intensity of bulk MoS2 is∼1 order of mag-
nitude larger than that of few-layered sheets. Any
trace amounts will thus have a large effect on the
intensity. Thus, for correlating IR features with layer
number, analysis of the shear mode is superior to that
of the breathing mode.

Overall, the good agreement between experi-
ment and first-principles calculations verifies that
DRIFT Spectroscopy of the freeze-dried samples is
a suitable methodology. The random restacking in
freeze-drying does not substantially alter effectively
observed nanosheet dimensions, i.e. trigger defined
nanosheet restacking or degradation. Therefore, the
utilized approach appears suitable to further process
and study other 2HMoS2 dispersions in the same way
and use the shearmode around 384 cm−1 as a reliable
guide for MoS2 content in each specimen to enable a
semi-quantitative analysis.

2.2. Effect of MoS2 surface area to study molecular
adsorption
The newly created nanosheet surfaces during LPE are
highly susceptible to aggregation and degradation,
requiring stabilization against these processes [29,
30]. Initially, a broad range of organic solvents and
later solvent blends were shown to be effective for this
purpose [31, 32]. Also surfactants in aqueous solution
as well as polymers in organic solutions have been
found to be suitable for stabilizing the nanosheets [3,
21]. However, in all these cases, organic molecules
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Figure 2. (A) Measured DRIFT spectra in MIR of size-selected LPE MoS2 nanosheet powders from sonication in aqueous SC
normalized to the shear mode of MoS2. Grey boxes cover areas of the CsI matrix. The spectrum of freeze-dried (acidic, orange)
solution of SC (green) is given for reference. (B) Relative KM-units at characteristic wavenumbers of cholic acid (highlighted by
dashed lines in figure 2(A)) plotted against MoS2 <N>Vf. Dashed lines in figure 2(B) are linear fits through the origin. Full sets
of associated MIR spectra can be found in figure S5.

come into contact with the MoS2 surfaces, which
must be removed eventually formany applications [7,
8]. Here, we will use DRIFT Spectroscopy to track the
presence of these solvents and stabilizers. Fortunately,
mid-IR spectra for a vast number of solvents, surfact-
ants, and other additives are readily available in data-
bases, facilitating the analysis of the spectra.

In our first example, we exfoliated MoS2
nanosheets in an aqueousmediumwith SC as surfact-
ant through sonication-assisted LPE and performed
size selection through LCC. The FIR spectra region of
the samples is discussed above. In the following, we
analyze the MIR region to track the presence of the
surfactant as a function of average nanosheet layer
number and hence surface area. This mainly serves
the purpose to identify the most suitable nanosheet
thickness range for this kind of measurement. On the
one hand, the relative intensity of the MIR vibrations
of the surfactant should increase with increasing sur-
face area, i.e. fractions containing thin nanosheets
should be ideal. On the other hand, as mentioned
above, a sufficient quantity of nanosheets is required
for the measurement to optimize the signal/noise
ratio. Since the mass of small and thin nanosheets
is lower than of large/thick nanosheets [33], it is
important to find a compromise between the two
aspects for subsequent work.

The FIR-MIR DRIFT spectra of a subset of size-
selected fractions are shown in figure 2(A). Spectra
were normalized to the shearMo-Smode to reference
for the amount of nanosheet mass in the beam. Since
the only organic molecule used in the aqueous pro-
cess was the surfactant, bands from SC are expected.
The reference spectrum is displayed as a green trace,
figure 2(A). Notably, the band typically assigned to
the deprotonated carboxyl group around 1655 cm−1

appears shifted in the LPE MoS2-SC spectra (black,
blue& cyan). IRmeasurements of protonated surfact-
ant (figure 2(A), orange trace) suggest that the dom-
inant adsorbed species is cholic acid (∼1707 cm−1).
We rationalize this through reference experiments

showing a decreasing pH of aqueous MoS2 disper-
sions during the sonication process (see figure S4).

The spectral contribution of this band, as well as
the band associated with OH groups (∼3400 cm−1),
appears to increase with available nanosheet surface
area (i.e. decreasing nanosheet thickness) and hence
adsorbed surfactant [34] as anticipated. The region
associated with saturated alkyl vibrations (2900–
3000 cm−1) also shows a monotonous increase.
However, it is worth noting that adventitious carbon
might contribute to this band, and therefore it was
not further considered here [2]. For further analysis,
the intensity of these bands in the MIR, relative to the
Mo–S shear mode, is plotted as a function of inverse
average layer number (figure 2(B)). Data from dif-
ferent batches is included, the spectra are shown in
the SI. The lines serve as a guide for the eye and rep-
resent fits through the origin suggesting a correlation
between the Kubelka–Munk units of the respective
bands and the organic residues adsorbed to the sur-
face, in spite of scatter in the data. We attribute the
scatter in the data to variations in sample prepara-
tion across different batches due to the unclear impact
of changes in the pH because the MIR spectra (SI,
figure S5) of different batches show a different signa-
ture especially in the region of the carbonyl stretching
vibration.

Overall, the data on the size-selected fractions of
MoS2 produced by sonication-assisted LPE allowed
us to identify the presence of residual surfactant,
in spite of some centrifugation-based washing with
water to remove loosely physisorbed surfactant (see
methods). From the data, we infer that an average
layer number well below 10 is suitable to track the
presence of surfactants as surface adsorbates. In the
following, we will use centrifugation conditions tar-
geting this thickness range in combination with max-
imized mass (see methods) informed by our predict-
ive size selection model [35]. It is worth noting that
for samples prepared in a similar way, Raman spec-
troscopy did not show noticeable surfactant-related
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Figure 3.Measured DRIFT spectra in mid-infrared of exfoliated and size-selected MoS2 nanosheet powders. Exfoliation was done
in (A) H2O/SC, (B) H2O/SDS, (C) N-Methyl-2-pyrrolidone, (D) 2-Propanol/H2O (60/40). Different traces represent different
number of washing steps (sedimentation in centrifuge & redispersion in H2O or IPA in case of NMP). All spectra are normalized
to the shear mode of MoS2.

bands, likely due to the resonant excitation of MoS2
and hence enhanced intensities of Mo–S vibrations
over non-resonant organic molecules. This makes
the presented method a valuable tool for monitoring
nanosheet surface purification for exfoliated materi-
als obtained by different liquid processing, as we will
address below.

2.3. Removal of residues from sonication-assisted
LPE
As demonstrated above, LPE in H2O/SC is accom-
panied by residual surfactant molecules adsorbed
on the surface as evidenced by DRIFT spectro-
scopy. Therefore, in the following, we compare
DRIFT spectra after exfoliation using different sur-
factants (SC and sodium dodecyl sulfate, SDS) as
well as pure solvents (NMP and a solvent blend
of isopropanol/water—IPA/H2O), i.e. without addi-
tional surfactant. The goal is to find suitable post-
exfoliation processing through centrifugation-based
washing to minimize the presence of residual surface
adsorbates. The ‘washing’ procedure involves cent-
rifugation at a speed and time sufficient to allow
nanosheets to sediment. The supernatant is decan-
ted and discarded, while the nanosheet sediment is
redispersed in fresh solvent and subjected to another
centrifugation under the same conditions. When
stabilizers are only weakly bound to the surface,
they should be removed through desorption in this
way. For further reference, DRIFT spectra of pure
solvent/surfactants can be found in the SI (figure S7).
The respective MoS2 size fractions were of average-
size &—thickness in each case, i.e. large and thick
as well as small and thin nanosheets were removed.
UV–VIS extinction spectra can be found in figure S6.

From spectroscopic metrics [22], we assess the aver-
age volume-fraction weighted MoS2 layer number to
be∼6 (based on the spectra in SC).

In the presented spectra (figure 3), normaliza-
tion was again performed relative to the Mo-S shear
mode. In such a representation, the relative Kubelka–
Munk units should scale with the amount of addi-
tional organic molecules as well as their IR oscil-
lator strength. For the case of MoS2 exfoliated in
SC (figure 3(A)), the relevant bands were already
mentioned above. They appear relatively weak, but
well discernible, for the given size fraction after
transfer of the dispersion to water (0 wash) and
subsequent freeze-drying. Additional centrifugation-
based washing with water indeed reduces the relat-
ive Kubelka–Munk units, particularly for the bands
around 3445 cm−1, 2934 cm–1 and 1707 cm−1 (OH,
CH, and carboxyl related vibrations). After twowash-
ing steps, SC spectral features are barely visible evid-
encing efficient desorption of physisorbed surfactant
and hence a possible strategy to widely remove the
stabilizer.

Starting from a similarly exfoliated MoS2 disper-
sion in SDS, surfactant related bands at 2922 cm−1,
1468 cm−1, 1249 cm−1, 1222 cm−1 (CH, Sulfate and
Alkyl-backbone) can clearly be identified. They can
systematically be reduced by iterative washing with
water (figure 3(B)). Although it is not possible to
make a discrete quantification of MoS2 surface cov-
erage by surfactant at this stage due to different oscil-
lator strengths of the vibrationalmodes of the organic
molecules, the clear presence of the SDS after wash-
ing with water demonstrates that this surfactant is
more difficult to remove. Further, it confirms that
DRIFT spectroscopy in theMIR-FIR can be a fast and

6
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effective tool for detecting organic residues in MoS2
nanosheet samples that have been exfoliated using
surfactants.

To avoid surfactant impurities in the first place,
many groups in the field tend to exfoliate in pure
solvents, with NMP being a prominent example, as
exfoliation/stabilizationwas found to be very efficient
based on solution thermodynamics [31]. The high
boiling point nature of this solvent is often considered
a drawback for further processing [29]. However, it
is unclear whether it can be easily removed from
the surface. In figure 3(C), the DRIFT spectra after
sonication-assisted LPE in NMP after transfer to
water for freeze-drying (1 wash), as well as additional
centrifugation-based washing with isopropanol are
shown. The data clearly shows that the washing pro-
tocol with IPA is not sufficient to remove surface
adsorbates even though NMP is miscible with IPA. In
particular, the characteristic feature at ∼1667 cm−1

can still be discerned after 6x washing (SI figure S8).
It is possible that NMP molecules undergo further
degradation or additional reactions during sonica-
tion, which cannot be fully excluded [36]. We plan to
address this in future work.

To avoid NMP as a solvent, other approaches
include the use of solvent blends, such as alcohol/wa-
ter mixtures for exfoliation [29, 32, 37]. Typically
alcohol contents of less than 60% (v/v) IPA, i.e. rather
in the range of 30%–40% (v/v) IPA seem to yield
the best efficiency in exfoliation [32, 37]. In this
work, a starting volume ratio of IPA/H2O of 60/40
was utilized, as a container open to the environ-
ment was used for exfoliation and hence evapora-
tion of solvents plays a role. From our experience,
these conditions give stable dispersions, comparable
in nanosheet dimensions and yield to surfactant exfo-
liation if centrifugation parameters are adjusted for
the viscosity of the medium [35, 37]. As figure 3(D)
shows, the MIR spectral range of common organic
vibrations is bereft of features from the beginning,
which can be rationalized by the volatile nature of the
utilized solvents.

Within the studied solvent/stabilizer systems,
it appears that low boiling point solvent blends
are removed from the MoS2 surfaces during dry-
ing, whereas water/surfactant systems require addi-
tional purification through washing with water.
Surprisingly, the residues of the common solvent
NMP cannot be removed through washing protocols
that were successful for aqueous surfactants. The suc-
cess or failure of such protocols, particularly in the
case of NMP, can be effectively tracked using DRIFT
spectroscopy.

2.4. Organic residues after EE
Besides solvent stabilization (rationalized with solu-
tion thermodynamics) and surfactants stabiliz-
ing nanosheet dispersions via Coulomb repulsion,

polymers can also be used to stabilize such dis-
persions, primarily through steric repulsion [29].
This method is widely applied to stabilize MoS2
nanosheets after EE, where polyvinyl pyrrolidone
(PVP) is probably one of the most commonly used
polymers, typically in conjunction with DMF as
solvent [3, 17]. A significant advantage of EE is the
ability to achieve high length-thickness aspect ratios
of nanosheets [3]. This makes the samples suitable
for printed electronics in contrast to LPE nanosheets
[3, 38, 39]. However, residual adsorbates can lead
to unintentional doping and can cause issues with
device fabrication. It is thus important to understand
whether and how surface adsorbates, for example
through dispersing the swollen crystal after electro-
chemical intercalation inDMF/PVP, can be efficiently
removed.

In addition to the stabilizing agent, the intercalant
also plays a crucial role in EE of MoS2, as evidenced
by literature, which shows clear differences in degree
of exfoliation, i.e. nanosheet thickness depending on
the intercalant [3, 40]. Both the intercalant, solvent
and polymer are potential doping agents that might
influence the targeted electrical properties towards
a device application [41, 42]. Given this assump-
tion, literature protocols for nanosheet processing
already include washing procedures (e.g. by cent-
rifugation or filtration) and/or annealing at high
temperature [3, 17, 43]. However, maintaining the
given nanosheet size and thickness distribution upon
filtration is challenging, and annealing can lead to 2D
material degradation [44, 45]. Therefore, centrifuga-
tion was the purification method of choice in this
work. Obtaining a reliable spectroscopic measure for
successful adsorbent removal is often difficult, which
is why IR spectroscopy, in combinationwithUV–VIS,
is utilized here. The specimens for IR were obtained
from freeze-dried aqueous dispersions, and UV–VIS
extinction spectra weremeasured in water in all cases.

We will focus on two batches of EE MoS2
produced by distinct protocols in literature [3,
40]. The main difference is the intercalant used-
Tetrapropylammonium Bromide (TPrABr) and
Tetraheptylammonium Bromide (THepABr)- albeit
some other parameters such as applied voltage are
also different. Both samples have in common, that
the intercalated MoS2 crystals are immersed in a
mixture of DMF/PVP for the delamination by mild
bath sonication. In literature, it is described that the
protocol using THepABr [40] yields thinner sheets
on average than the protocol with TPrABr [3]. In
figure 4(A+B) UV–VIS spectra of MoS2 dispersions
from the two different EE approaches are shown. The
black trace corresponds to the dried MoS2 sample,
prepared by exfoliating the intercalated crystal in
DMF/PVP, followed by transfer to H2O via centri-
fugation and subsequent freeze-drying. The spectra
show the characteristic excitonic features of MoS2
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Figure 4. A+B) UV–VIS extinction spectra of MoS2 dispersions after different washing protocols. (A) From EE in acetonitrile
using TPrABr, (B) From EE in acetonitrile using THepABr. (C) UV–VIS extinction spectra of supernatants (SN) of TPrABr-MoS2
washing with DMF/IPA and solvent transfer. D+E) Measured DRIFT spectra in mid-infrared of EE MoS2-For reference, PVP and
DMF were also mixed with CsI. For these references, normalization was done to 1666 cm−1 rather than the shear mode of MoS2.

[46]. For LPE nanosheets, it is well understood how
spectra change as a function of nanosheet thickness
[47, 48] which influences the energy of the excitonic
transitions and lateral size through edge effects [4, 48]
and light scattering [4, 49]. This lead to the develop-
ment of spectroscopic metrics to quantify nanosheet
layer number and lateral size based on extinction
spectra [22] (as used above to determine layer num-
ber). For EEMoS2, the optical extinction spectra were
also observed to differ for different production tech-
niques, but were thus far not quantitatively linked to
nanosheet dimension. Nonetheless, we attribute dif-
ferences in the extinction spectra of as-obtained EE
MoS2 (black traces in figure 4(A+B)) to differences
in nanosheet dimensions. In addition to the excitonic
features, a sharp onset is observed in the UV-region
(<250 nmwhich is attributed to residual DMF/PVP).

Both samples were subjected to centrifugation
based washing using different protocols: On the
one hand a literature-based washing protocol was
tested, using DMF first to lower the PVP content
and then IPA [3], a miscible solvent, that should
remove residual DMF. On the other hand an adap-
ted ligand-exchange approach was tested with the
idea of exchanging the PVP with a different ionic
stabilizer [50]. Here, SDS (2 g l−1) was tested, as it
was found above (figure 3(B)) that this surfactant can
be removed after contact with MoS2 and can be easily
detected with IR spectroscopy. Binding interactions

between PVP and SDS in solution as polymer-
surfactant complexes have been previously reported,
and binding competition to the polymer between SDS
sulfate groups and OH groups (in the case of naph-
thol) has been suggested making SDS a reasonable
choice [51]. The extinction spectra of the ‘purified’
MoS2 samples are included in figure 4(A+B). We
found that the number of washing cycles required
to remove the majority of physisorbed DMF/PVP
depends on the specific EE MoS2 dispersion used.
This can be followed through the measurement of the
extinction spectra of the supernatants, that is typic-
ally discarded. Ideally, these should not show char-
acteristic features of MoS2, but contain the organic
residues that are removed. A set of supernatant spec-
tra for TPrABr-MoS2 washed subsequently withDMF
and IPA are shown in figure 4(C). For other data-
sets see figure S9. Due to the absorbance of DMF
in the UV-region, this spectral region is not access-
ible for the first washing cycles with DMF (3 in this
case). However, after subsequent washing with IPA,
the supernatant spectra show the absorbance onset
in the UV-region which gradually decreases. We use
this to decide how many washing cycles are required,
which is typically 5–7. The thus obtained MoS2 dis-
persions were considered as ‘purified’.

The extinction spectra of the purified dispersions
show that the onset in the UV-region observed in
the as-exfoliated samples has widely disappeared so
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we attribute it to organic surface adsorbates from
DMF/PVP and their successful removal. Other than
that, for the TPrABr based sample (figure 4(A)), the
washing protocols only lead to minor changes in the
excitonic features. Thiswould be expected for samples
with similar nanosheet dimensions. In contrast, the
THepABr based sample (figure 4(B)), a sharpening of
excitonic features—especially of the C Exciton—can
be observed after both washing procedures. It seems
unreasonable that this is due to changes in nanosheet
dimensions on washing, as the procedure involves
centrifugation-based sedimentation of all nanosheets
followed by agitation with fresh solvent which should
not alter nanosheet size/thickness. Hence, this change
must have a different origin. We observed that even
more extensive washing results in aggregation, so it
is possible that aggregation has already occurred to
some extent in these samples. If that was the case, we
would expect the nonresonant scattering background
(>700 nm) to change, as the scattering exponent is
related to the nanosheet (projected) area which is
effectively increased in aggregates. However, changes
in the scattering background are relatively minor.
With nanosheet size effects and aggregation excluded,
we suggest that the changes in the spectral shape
after removal of the DMF/PVP is related to some
form of solvatochromism, i.e. an alteration of the
dielectric environment through removal of the sur-
face adsorbates. Given that doping is known to reduce
the oscillator strength of excitons, as also observed
for MoS2 under bias in transistors [52], a sharpening
of the excitonic features is indicative of lower dop-
ing levels. Overall, the UV–VIS spectra qualitatively
confirm the successful removal of organic residues
through the centrifugation-based washing.

To gain further insights into the type of adsorb-
ent and evaluate the effectiveness of purification pro-
tocols, IR spectroscopy was performed using freeze-
dried powders from the above described disper-
sions (figure 4(D+E)). In figure 4(D), the normal-
ized DRIFT spectra of EE MoS2 washed subsequently
with DMF and IPA are shown in comparison to
DRIFT spectra of PVP and DMF (scaled to similar
intensities). The literature-established washing pro-
tocol using DMF/IPA leaves the MoS2 in case of the
TPrABr-based exfoliation with residues that resemble
a superposition of vibrations of DMF and PVP (green
trace figure 4(D)). In comparison to as-obtained EE
MoS2, the vibrationalmodes ofDMFandPVP are sig-
nificantly reduced (see SI figure S10), confirming suc-
cessful, but not complete removal of DMF and PVP.
The purified sample from the THepABr-based exfo-
liation leads to a residual vibration resembling the
C=O vibration of DMF around 1666 cm−1 as well
as a new vibration observed at 1597 cm−1. This band
at this stage could not be attributed to any of the
solvents, polymers or intercalants (see figures 4(D)
and S11). Notably, when performing the SDS-based

washing protocol on bothMoS2 dispersions obtained
from EE, it appears that the residues are removed
more efficiently from the TPrABr-based exfoliation
MoS2 resulting in a spectrum that shows no dis-
tinct features in the MIR (blue and green trace in
figure 4(E)). We conclude that surface purification
was effective in this case. For the THepABr-based dis-
persion, new bands at 1597, 1387, and 1349 cm−1 are
observed (red and purple trace in figure 4(E)). It is
worth mentioning that the band is at 1597 cm−1 was
also present in the DMF/IPA-based washing of this
material.

Since chemical compounds added in the produc-
tion process (intercalant, solvent, stabilizer) cannot
explain these features, other environmental factors
must be considered. MoS2 from different produc-
tion techniques has been found to be particularly sus-
ceptible to adsorption of hydrocarbons used during
sample preparation, even in solvent-free approaches
such as mechanical exfoliation or chemical vapor
deposition [2]. While very small amounts of these
hydrocarbons require highly resolved techniques such
as TOF-SIMS, larger amounts can be detected with
techniques such as XPS or Raman spectroscopy. The
latter is very well understood for a broad range of
carbon-based planar nanomaterials, including ideal
graphene [53], graphene with different degrees of
defects [54] and nanographenes like C216 [55] as
well as individual polycyclic aromatic compounds
[56]. Interestingly, the bands associated with these
nanographenes appear in similar ranges as the IR
bands observed in the SDS-washed MoS2 samples (G
band at ∼1600 cm−1, D-bands at 1320–1370 cm−1).
Further, a few reports on IR Spectroscopy of nano-
carbons can be found which align with the above
measured bands in these compounds [57, 58] con-
firming that the vibrations are also IR active. While
this is an interesting observation, the origin of
the species could not be found. It is worth not-
ing that, only centrifugation vials (see methods)
and ambient air come into contact with the disper-
sions (assuming that glass containers and pipettes
do not contain carbonaceous species). Nonetheless,
the larger relative intensity of these unassigned
bands after SDS washing compared to DMF/IPA
washing could suggest the improved removal of
other molecules on the surface leaving MoS2 fully
exposed to the environment and thus accessible to
the adsorption of hydrocarbons from the environ-
ment. For TPrABr-based samples the effect might
not be observed, as nanosheets in the case of exfo-
liation using THepABr are thinner on average [40]
compared to the samples from TPrABr, and hence
have the larger effectiveMoS2 surface area. Regardless
of these species, we note that DRIFT Spectroscopy
clearly shows a successful removal of the DMF/PVP
surface adsorbates through the washing protocols, in
particular the SDS replacement protocol. However,
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much more extensive washing is required than for
the removal of small molecule surfactants on LPE
nanosheets.

3. Conclusion

In summary, we have developed a method based on
DRIFT spectroscopy, incorporating sample prepara-
tion via freeze-drying, to monitor organic residues
on MoS2 nanosheets produced by different exfoli-
ation strategies in the liquid phase. The theoretic-
ally predicted vibrational modes of MoS2 are exper-
imentally confirmed including shifts and changes in
relative intensities with layer number in the mono
and few-layered regime (1–10 layers). The protocol
can potentially be applied to other 2D materials with
IR active vibrational modes in the FIR. As such,
there is scope to determine average nanosheet dimen-
sions in an ensemble based on the IR spectra. This
can be advantageous, as IR spectra are easier to
predict and thus to interpret than resonant Raman
spectra.

In addition, we could successfully track the
removal of adsorbates in centrifugation-based wash-
ing through the IR studies. Since organic residues
show IR active vibrations in the MIR with no spec-
tral overlap with the signature of the nanosheets
in the FIR, a normalization to the Mo–S vibra-
tions allowed a direct comparison across samples.
Compared to MoS2 stabilized in aqueous media
by small molecule surfactants such as SC and SDS
(2 g l−1), MoS2 produced from LPE in NMP or EE
and subsequent dispersion in DMF with PVP sta-
bilizer (1 g l−1, respectively) are significantly more
difficult to purify. In the former case, three steps of
sedimentation through centrifugation and redisper-
sion in water were sufficient to remove the surfact-
ant. For LPE MoS2 in NMP and EE MoS2, surface
adsorbates were still detected after >7 times washing
(with IPA and IPA/DMF). Nevertheless, the effective-
ness of each purification method—be it established
ones or newly tested ligand-exchange approaches—
could be evaluated with DRIFT. This is an essential
capability when precise control over surface compos-
ition or chemical functionalization is required for tar-
geted (device) applications. The exceptionally clean
IR spectra obtained from exfoliation in IPA/H2O
highlight the benefits of avoiding non-volatile organic
compounds during processing, suggesting a valu-
able route for improving material quality from the
start. Beyondmerely detecting the presence of organic
molecules on the 2D material surfaces, our method
can also partially monitor molecular modifications
during processing, as exemplified by the identifica-
tion of cholic acid from exfoliation in H2O/SC and
the emergence of new vibrational features in theNMP
spectra after MoS2 exfoliation in this solvent.

Overall, this work provides a robust frame-
work for evaluating the impact of each step in the
liquid processing of 2D materials using low-cost
benchtop equipment. It supports improved puri-
fication strategies, enables controlled functionaliza-
tion, and deepens our understanding of molecular-
level changes during exfoliation—ultimately con-
tributing to higher-quality nanomaterials for use
in electronic, chemical, and sensing devices. Future
work will be directed towards a quantification of
the degree of surface coverage based on DRIFT.
In principle, precise quantification of impurities
and chemical modifications on 2D material scaf-
folds can be achieved by titration or thermogra-
vimetric analysis (TGA) [59, 60]. While titration
targets specific functional groups or adsorbed spe-
cies, TGA is particularly effective for modified MoS2
[6]. Coupled with IR or mass spectrometry, TGA
enables both quantitative and qualitative identifica-
tion of impurities and modifications and can be used
to establish calibration curves for DRIFT measure-
ments to achieve a full quantification. This is advant-
ageous, as DRIFT is low-cost, robust to perform
and requires relatively small amounts of material
(0.5–1 mg).

4. Methods

DFT calculations: first-principles DFT calculations
were carried out using the Quantum ESPRESSO [61–
63]distribution through the AiiDA [63–65] infra-
structure. In particular, IR and phonon calculations
were performed using the aiida-vibroscopy plugin
[20] that employs a finite displacements [66, 67]
and finite fields [68] approach. The initial multilayer
structures were generated by stacking 2H-phase MLs
with an interlayer distance of 3 Å and a base vacuum
of 30 Å plus an additional 5 Å for each layer to
avoid interactions among periodic replicas. Before
performing the vibrational spectra calculations, the
positions of the atoms in the unit cell and the lat-
tice vectors were optimized for all the structures
until the total energy, forces acting on atoms, and
hydrostatic pressure are respectively less than 10−6

Ry atom−1, 10−4 Ry Bohr−1, and 0.5 kbar. We used
the rVV10 prescription [69] for the DFT functional
and pseudopotentials from the SSSP PBE precision
library (version 1.3) [70]. The kinetic wavefunction
and charge density cutoffs are set to the recommen-
ded values of the SSSP library [70, 71]. The Brillouin
zone is sampled uniformly with a Γ-centred 16x16x1
k-pointsmesh. Finite differences are carried out using
a default 0.01 Å displacement distance for the calcula-
tion of the interatomic force constants, and an auto-
mated selection of the finite electric field as proposed
in [20] with a 2nd-order numerical accuracy to calcu-
late the Born effective charge tensorsZ∗

Iij (I is the atom
index, i and j refer to the three directions in space)
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needed for the calculation of the oscillator strength
of the phonon modes. By following the derivation of
[72]. we describe the layers as in close contact with
the dielectric medium, CsI, with dielectric constant
∈CsI = 5.65, and calculate the powder IR spectra as
the dissipated power by the incoming electromagnetic
radiation:

W(ω)∝ ω Im

[
∈(ω)− n · [∈ (ω)−∈CsII]

2 · n
3 [n· ∈ (ω) · n]

]
, .

where I is the identity matrix, n is a unitary vector
orthogonal to the layers surface, ∈ (ω) is the low
frequency imaginary dielectric tensor of the layers,
and ∈ (ω) = 1/3 Tr ∈ (ω) . The imaginary dielectric
function is described by an oscillator model:

∈ (ω) = ∈ij (ω) =∈∞
ij +

4π

Ω

∑
ν

Z̄ν
i Z̄

ν
j

ω2 −ω2
ν − iγω

,

where Ω is the unit cell volume, ∈∞
ij is the high-

frequency (i.e. purely electronic) dielectric tensor, ν is
the vibrational mode index, ων the mode frequency,
γ the damping coefficient (here set to 4 cm−1), and Z̄ν

i

is the oscillator strength. The latter is calculated from
the effective charges and the phonon eigenvectors
uνIj —obtained by diagonalizing the interatomic force
constant matrix—as follows (see also [20] and refer-
ences within):

Z̄ν
i =

∑
Ij

Z∗
Iij

uνIj√
MI

,

where MI is the mass of atom I. We note that longit-
udinal optical (LO) modes are not accounted for in
the IR spectra, as they are not detectable in a near-to-
normal experimental setup, typically requiring spe-
cial experimental setups, such as angle resolution and
polarized light [73].Moreover, the LO-TO splitting in
few layers MoS2 is expected to be small [74]. We also
emphasize that, if their comparison to experiments
would be viable, a dimensional-specific treatment of
the long-range electrostatic interactions, needed to
obtain LOmodes in the long-wavelength limit, would
be required for low-dimensional materials [74, 75].

Explicitly accounting for the dielectric environ-
ment enhances the absorption associatedwith out-of-
plane modes. This follows directly from the analytic
form of W(ω): phonons whose oscillator strengths
are aligned with the surface normal n are ampli-
fied by a factor proportional to the dielectric con-
stant of the surrounding CsI medium. If this effect is
neglected, the computed out-of-planemodes become
barely discernible relative to the bulk response, in
contrast with experiment. Our modeling therefore
better reflects the measurement conditions, and we
recommend using it for quantitative comparisonwith
data—for example, to infer the number of layers from
relative peak intensities when a clear trend could be
resolved.

Liquid Phase Exfoliation: In an 80 ml screw cap vial
the powders of the respective transition metal dichal-
cogenide (1.6 g, 20 g l−1,MoS2, Sigma-Aldrich 69860)
and surfactant (0.64 g, 8 g l−1, SC C1254 or sodium
dodecyl sulfate L3771) were mixed with deionized
water (80 ml). For exfoliation in other solvents—
NMP (Carl Roth, 4306.1) or 60/40 mixtures of 2-
Propanol (59300) and water (Stakpure Omniapure
UV-TOC)—no surfactant was used, and the volume
of the solventwas kept the same. After transferring the
dispersion into a stainless-steel container of adequate
volume, the container was fixed into a holder in a
water chilling setup (temp.: 5 ◦C). The cooling water
level was carefully adjusted to the filling height of the
metal container. The tip of the tip sonicator (Sonics
VCX 500 (500 watts) with a horn tip purchased from
Sigma-Aldrich) was placed about 1 cm above the bot-
tom level of the metal container in a central position.
During tip sonication the ultrasonication converter
was cooledwith compressed air. Typically, the settings
for the initial sonication were 60% amplitude with
pulse durations of about 6 s on-pulse and 4 s off-pulse
and an absolute sonication time of 1 h. The dispersion
obtained thereafter was transferred into centrifuga-
tion tubes and centrifuged at 6000 rpm for 2 h. Then
the supernatant, containing impurities, was removed
and the sediment was redispersed into ∼80 ml of
surfactant solution (2 g l−1) or solvent respectively.
Then the dispersion is transferred back into the steel-
container and another tip-sonication with 60% amp-
litude, pulse durations of 6 s on-pulse and 4 s off-
pulse and an absolute sonication time of 7 h is started
(usually overnight).

Size Selection: The size selection protocol is based
on centrifugation (2 h for each step) and the sub-
sequent separation of supernatant and sediment. The
supernatant is transferred to new centrifugation tubes
for centrifugation at higher speeds. The sediment
obtained after the first centrifugation (2000 rpm) is
discarded, as it contains mostly unexfoliated mater-
ial. Sediments after the next centrifugation steps are
collected (3000 rpm, 6500 rpm, 9200 rpm, 16k rpm,
21k rpm). The sediments were redispersed in water.

For studies of adsorbent removal instead of full
cascade, it was reduced to a fraction trapped between
2240–5000 rpm in water. For other solvents the
speeds were adapted to account for the different
viscosities (2950–6600 rpm in NMP, 4490 rpm—
10 krpm in IPA/H2O) according to [35].

The centrifugation steps were carried out using
2 different types of centrifuges. All experiments were
carried out at 15 ◦C if not stated otherwise. A Hettich
MIKRO 220 R tabletop centrifuge was used for accel-
erations up to 3000 rpm.

For larger amounts of dispersion, the above-
mentioned centrifuge was used for accelerations up
to 3000 rpm with a 1016 type rotor and VWR
High-Performance Centrifuge Tubes with Flat Caps
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(Polypropylene, 50 ml) with a filling height of about
20 ml. Centrifugation at higher speeds (>6000 rpm)
was accomplished by a Beckman Coulter Avanti J-
26 XP centrifuge with 15 mL Beckman Coulter poly-
ethylene tubes with a filling height of about 10 ml in
a JA-25.15 rotor.

Studies on purification of electrochemically exfo-
liated MoS2: EE of MoS2 with tetrapropylam-
monium bromide was done as derived from meth-
ods described by Carey et al [3]. After the final
decanting of the dispersion in IPA, the expanded
2D crystal (natural origin, Krupka, Czech Republic)
was bath-sonicated (Fisherbrand 112xx series) in
1 g l−1 poly(vinylpyrrolidone) (PVP, molecular
weight∼40000) in DMF for 5 min. EE of MoS2
with the intercalant tetraheptylammonium brom-
ide was performed according to Neilson et al [40]
with the following modifications: The available elec-
trochemical setup was a cell with V = 30 ml and an
anode of glassy carbon. Process time was reduced
to 30 min and the exact concentration of the inter-
calant THepABr was 10.8 g l−1. Sonication was done
in 1 g l−1 PVP in DMF. A centrifugation at 100 rpm
for 3 h was performed in a swinging bucket rotor
(Avanti, JS-13.1) to remove unexfoliated material. As
no extinction coefficient was available to determine
the amount of material for the further experiments,
2 ml of dispersions with an extinction of 4.85 were
used (calculated, correcting for dilution in UV–VIS
experiment and cuvette path length). For transfer
into other solvent/stabilizer systems dispersions were
centrifuged for 1 h at 15k rpm and supernatants were
monitored via UV–VIS spectroscopy. For reference,
materials were directly transferred to water (figure
S10). For other samples, a washing protocol with 2x
DMF and 2x IPA was applied to remove PVP and
finally DMF. To improve removal of residual adsorb-
ents, the initial dispersions of MoS2 in DMF/PVP
were centrifuged and redispersed 2x in SDS (2 g l−1)
and to remove SDS 2x in water.

UV–VIS spectroscopy: Extinction spectra of disper-
sions were recorded in 0.4 × 1 cm2 quartz cuvettes
using a Agilent Cary 60 U/VIS absorption spectro-
meterwithwavelength increments of 0.5 nm. Baseline
measurements were performed using the pure solvent
of the respective nanosheet dispersions. From these
spectra average flake metrics as well as the mass con-
centrations were extracted via amethod developed by
Goldie et al [22] For further processing a volume of
each dispersion was processed to meet an amount of
about 1.2 mg, also calculated using this tool.

Sample preparation for IR spectroscopy: Required
volumes of dispersions were diluted to 6 ml and dis-
tributed to four 1.5 ml Eppendorf SafeLock Tubes.

For all size fractions (see figure 2; except the smallest
one) the obtained dispersions were centrifuged at
30 kg three times and the sediment each time redis-
persed with water. For the smallest fraction Beckman
Coulter 1.5 ml polypropylene tubes were used and
Avanti J-26 XP was used at 21 000 rpm using a JA-
25.15 rotor with the necessary adapters.

To obtain more data in the range of relatively
thin nanosheets, ML enrichment was performed with
fraction 9.2–16k rpm by centrifuging at 2.5k rpm
for 15 h. Analogous UV–VIS evaluation and washing
via centrifugation and redispersion lead to additional
data for the plots in this manuscript.

Stepwise washing using average size nanosheets
as shown in figure 3 was done by centrifuging 2 h
at 7200 rpm for samples in water, 10 krpm for
samples in NMP, 12 krpm for samples in IPA/H2O
(60/40) respectively. Redispersion was done using
water, except for the washing of NMP based samples,
where IPA was used. The final redispersion step was
always done with water to facilitate freeze-drying.

The obtained aqueous dispersions were then
frozen in liquid nitrogen and then freeze-dried in a
Zirbus VaCo 2 at 0.1 mbar for 24 h. The obtained
powders (∼0.5–1 mg) were mixed with CsI (∼
100mg; ThermoFisher 10022) in an agatemortar and
then transferred to themicrobeakers of a PerkinElmer
Spectrum 3 FTIR Spectrometer equipped with a
diffuse Reflectance sampling accessory. The autofo-
cus function was used for Background measurement
(microbeaker with pure CsI) with the same procedure
for sample measurements. Automatic CO2/H2O cor-
rection was done in theMIR region. In theMIR range
at least 50 spectra were collected and averaged in the
FIR 100. Spectra were acquired with 1 cm−1 data
point increments (achieved by setting the internal res-
olution to 4 cm−1). Scan speed was 0.2 cm s−1. After
Kubelka–Munk transformation and manual baseline
subtraction, spectra were normalized to the shear
mode of MoS2 at 384 cm−1.
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