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ABSTRACT: The study presents a more efficient way of 1% %8 4 8 8 2 S
exfoliating MoS, in water and the exfoliated MoS, was used in . e
an electrode. The electrodes were prepared from exfoliated MoS, ‘
(active material)—nanocrystalline cellulose (binder) with carbon — __*
nanotubes (electron-conducting support) and demonstrated in a %% % % %
zinc battery half-cell that showed a Coulombic efficiency of 90%. ° °
Successful exfoliation of MoS, was done by sonication of bulk o o o o=

[l Metrics & More ’ Q Supporting Information

MoS, with sulfated cellulose nanocrystals (CNC) for 4 h. The .8, f’ b/fif' }’I FKXKKX,
exfoliation was confirmed by Raman and transmission electron / —
microscopy; interestingly, the Raman signals for exfoliated MoS, =

show a blue shift for both A;; and E%g bands, which may be an =~ KKK IHFIKKXX,

indication of an induced lattice strain effect from the CNC on

MoS,. The resulting stable water suspension showed no tendency of precipitation after 2 months of standing. The zeta potential, ,
for sodium sulfated CNC (CNC—0OSO;Na)—MoS, in water suspension was —45 mV, whereas sulfated CNC (CNC—OSO;H)—
MoS, in water suspension had a zeta potential of —35 mV. The sodium form of sulfated CNCs displayed micelle characteristics,
similar to sodium dodecyl sulfate (SDS), with a critical aggregation concentration (CAC) of 1.1 wt %. At CAC, the CNCs efficiently
exfoliated MoS,, which is at a much lower concentration than has been reported for synthetic surfactants like SDS and cetyl

trimethyl ammonium bromide.

KEYWORDS: cellulose nanocrystals, two dimensional (2D) nanomaterials, exfoliation, critical aggregation concentration,

biobased surfactants, composite, electrode, Zn battery (half-cell)

1. INTRODUCTION

Transition metal dichalcogenides (TMDs) are an emerging
class of two-dimensional (2D) nanomaterials. TMDs are
denoted by the formula MX,, where X belongs to the
chalcogenide family and M belongs to transition metal of
group IV, V, and VI, such as MoS,, WS,, MoSe,, WSe,, and so
forth." Owing to the properties of TMDs, particularly to Mo$,,
they have gained attention for application in high-performance
supercapacitors,2 small biomolecule sensors,” Li-ion batteries,*
and visible light photocatalysis.” However, multilayers of MoS,
do not perform well in electrochemical applications due to low
conductivity, high volumetric strain, and aggregation during
the cycling and drying of electrode material.* On the other
hand, ultra-thin layers of MoS, have unique properties suitable
for application in supercapacitors,’ batteries,” detectors,”
hydrogen evolution reactions,” potent adsorbent material for
wastewater treatment,'® field-effect transistors,"’ and sliding
lubricant'” which saves energy and increases service life. In
addition to the energy applications, a few layers of MoS, also
have potential as reinforcing agents in polymer composites.'”

Consequently, there has been research and development of
efficient methods to form stable nanosheets from TMDs.

© 2023 The Authors. Published by
American Chemical Society
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Exfoliation of bulk MoS, is an established methodology to
obtain MoS, nanosheets. Two of the more common exfoliation
techniques are mechanical exfoliation (ME)'* and liquid-phase
exfoliation (LPE).'>'® ME is well known to obtain monolayer
and few-layer MoS,. Major drawbacks are the low yield, and
reaggregation of exfoliated sheets with the substrates restricts
its applicability. Therefore, LPE is commonly used to exfoliate
TMD on a large scale (kilograms). In LPE, TMDs are mixed
and directly ultrasonicated in organic solvents (N-methyl
pyrroliclonelé’17 and dimethylformamide'®). However, these
solvents are toxic and have a high boiling point, in comparison
to other common organic solvents, which may make sheets
restack due to slow solvent evaporation, so even though the
process works, it lacks both techno and economical features to
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be scaled and lacks perspectives of being a green chemical
process.'®

To improve exfoliation and aspire for green process metrics,
additives like polymers'’ and surfactants [sodium dodecyl
sulfate (SDS),”* sodium cholate,” and cetyl trimethyl
ammonium bromide (CTAB)*® have been added to suitable
solvents to make the sonication process more eflicient.
However, the surfactants are added in excess, and removal of
non-interacting surfactant molecules is difficult, and the
residual amount attached to the surface of TMD sheets affects
its properties. Consequently, this methodology has not
received any major impact, especially for the use of TMDs
in biological and biosensing applications. Recently, ammonia,*”
ATD,> lignin,24 and bovine serum albumin'®*® have been
reported as effective exfoliating agents to induce the exfoliation
of TMDs. However, using biomacromolecules and biopol-
ymers as exfoliating agents to disperse MoS,, there is a
possibility that they fold or surround the surface of TMD,
thereby limiting the applications.”

Herein, we present the preparation of water-stable
suspensions of MoS, nanosheets by one-step exfoliation
using sulfated cellulose nanocrystals (CNC). A few reports
are already available where cellulose nanofibrils (CNF) have
been used in dispersing MoS, to prepare nanosheets used for
energy storage devices”*® and fire retardant aerogels.27 In
comparison, CNCs are the most crystalline form of nano-
cellulose and have lower viscosity and higher charge density
than CNF at the same dry content. In this work, CNCs are
used as surfactants and exfoliating agents, leading to a more
efficient extraction, 34 wt % of MoS, compared to 21 wt %
when extracted by CNF,” which is the novelty of the presented
work. They are prepared from microcrystalline cellulose
(MCC) by sulfuric acid hydrolysis, yielding CNCs with sulfate
groups on the surface (CNC—OSO;H) that exhibit very good
dispersibility in water. By ion exchange, they are converted into
the sodium sulfated form of CNC (CNC—OSO;Na). The
replacement of hydrogen with sodium in the sulfate groups
results in higher heat stability and dispersibility compared to
CNC—-0SO;H, and the sodium form of CNC starts to form
gels at a lower concentration than CNC—OSO;H does. It was
assumed that a concentration close to the critical aggregation
concentration (CAC) was needed for efficient exfoliation of
MoS,. Thus, first, the zeta potential and CAC for CNC—
OSO;Na were determined. Successful exfoliation was verified
by transmission electron microscopy (TEM), X-ray diffraction
(XRD), and Raman. To demonstrate the applicability of the
exfoliated nanosheets, a stable formulation of CNC, MoS,, and
multi-walled carbon nanotube (MWCNT) was used to prepare
a composite electrode material. The new exfoliated MoS,—
CNC film was evaluated in a Zn half-cell as a substrate for the
electrodeposition of Zn to demonstrate its capability of stable
cycling and the potential application as a current collector of
the anode in Zn metal batteries. Therefore, our work also
shows great promise of the application of this exfoliated MoS,-
based composite in a sustainable, environmentally friendly, and
low-cost energy storage system.

2. MATERIALS AND METHODS

2.1. Materials. MoS, (98%, particle size < 2 um), sulfuric acid
(99%), MCC (from cotton linters) (Avicel PH-101), SDS, sodium
hydroxide, zinc foil (thickness of 0.25 mm, 99.9% trace metals basis),
and zinc acetate [Zn(OAc),, 99.99% trace metals basis] were
purchased from Sigma-Aldrich (USA). MWCNTs and cellulose
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separator (TF4050) were purchased from Suzhou Tanfeng Graphene
Technology Co., Ltd. and Nippon Kodoshi Corporation, respectively.

2.2. Methods. 2.2.1. Preparation of CNC from MCC. As
described earlier,”**” CNCs were prepared by acid hydrolysis of
MCC. Acid hydrolysis was performed by mixing 40 g of MCC in 64%
sulfuric acid solution (710 mL) preheated to 45 °C for 2 h. After
heating, the mixture was transferred into deionized (DI) water (7 L)
to stop cellulose’s further hydrolysis by acid. The whole mixture was
centrifuged using Thermo Scientific Heraeus Megafuge 40 centrifuge
equipped with a TX-750 high versatility swinging bucket rotor at
4031g RCF to remove water, and the CNC was recovered at the
bottom of centrifuge tubes in paste form. The CNC was redispersed
in water, approx. 1 L, and subjected to dialysis using Spectra/Por
molecular porous membrane tubing, 7 MWCO, 12—14 kDa, against
water to remove unreacted acid impurities. The water was regularly
changed in 12 h intervals until a conductivity of <5 uS was obtained.
The CNC water suspension was sonicated to remove big lumps of
unhydrolyzed cellulose. The samples were stored in a refrigerator at 4
°C in suspension form with a dry content of 2 wt %. The obtained
CNCs were well dispersed in water, pH ~ 3.0, due to sulfate groups.
The acid hydrolysis results in the formation of sulfate groups to some
of the hydroxyl groups. The ion exchange was performed in a 1:1 mol
equivalent reaction with NaOH according to the number of sulfate
half ester groups available on CNC surfaces. The CNC had a 285 + 7
umol/g sulfate half-ester group content for this batch, determined by
conductometric and potentiometric titration. All details are given in
Supporting Information.

2.2.2. Determination of CAC of Sulfated CNC Samples. The
critical aggregation concentration (CAC) of CNCs was determined
by conductometry,*>’" similar to determining critical micelle
concentrations (CMC) for commercial surfactants like SDS and
CTAB. A stock solution of 3.5 wt % CNCs obtained from ion
exchange with NaOH of sulfated CNCs (SCNCs; H* as counter ions
replaced by Na*), CNC—0SO;Na (Sy,CNC), was diluted with DI
water in 0.5 mL volumes at regular intervals, and the conductivity of
the suspension was regularly monitored.

2.2.3. Exfoliation of MoS, in Water Using CNC. Exfoliation of
MoS, in DI water was performed by using a Sonics Vibra-Cell 500 W
sonicator equipped with a standard probe with a tip diameter of 13
mm operating at 40% of maximum amplitude. 2.5 g of MoS, powder
was added to 60 mL of 1.1 wt % Sy,CNC (275 mg dry mass)—DI
water suspension. Afterward, the mixture was sonicated for 4 h using a
cyclic program of 20 min sonication and 10 min cooling. After
sonication, the Sy, CNC—MoS, samples were centrifuged at 4300 rpm
to remove unexfoliated MoS, from the suspensions. The samples were
monitored daily to check the stability of the suspensions. Even though
it is well known in the CNC community that sulfate groups of SCNC
are labile, decompose at approximately 90 °C, and are cleaved from
the CNC surface by sonication, we initially investigated both SCNCs
as well as Sy,CNC and their exfoliation efficiency. As expected, when
running a control sample of SCNCs, under similar preparation
conditions, the high temperature when the ultrasonication method
was carried out resulted in desulfation of SCNCs. Consequently, the
major work herein is on Sy, CNC.

2.2.4. Fabrication of Flexible Composite Film. For preparing a
thin composite film, MWCNTs were added to a suspension of active
material (MoS,) and binder (Sy,CNC), and the mixture was further
sonicated, followed by vigorous stirring to ensure the uniform
dispersion of MWCNTs in the suspension. After mixing, the
suspension was transferred to a polystyrene Petri dish and kept in a
hot air oven at 45 °C overnight for drying. The thickness of the dried
film was 90—100 pm, determined by a digital Mitutoyo micrometer.
Throughout the article, the prepared film, a composite film, has a
composition of exfoliated MoS, + Sy,CNC + CNT.

2.2.5. Fabrication of a Battery Cell. Zn foil and CNC—MoS,
composite film were punched into disks with 10 and 14 mm
diameters, respectively. The cellulose separator was cut with a
diameter of 16 mm, and the electrolyte was prepared by dissolving
Zn(OAc), in DI water to a concentration of 1 M. A Zn disk and
CNC—MoS, film sandwiched a cellulose separator soaked with 60 yL

https://doi.org/10.1021/acsanm.3c00543
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Scheme 1. Stepwise Demonstration of the Presented Work
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electrolyte and assembled in a CR2032 type coin cell to form a Zn
half-cell.

3. CHARACTERIZATION OF SAMPLES

3.1. Raman Spectra. Raman spectra were recorded on a
WITec alpha300 Raman spectrometer with a 532 nm laser line.
For Raman analysis, samples were prepared by drop-casting
aqueous solutions of Sy,CNC and Sy,CNC—MoS, on glass
slides and dried in a hot air oven at 40—50 °C. For MoS,, the
powder was placed on the surface of the glass slide and firmly
pressed for a homogeneous consistency.

3.2. Atomic Force Microscopy. Atomic force microscopy
(AFM) was performed in tapping mode by a multimode
scanning probe microscope (Bruker).

3.3. Transmission Electron Microscopy. TEM was
performed using a Tecnai G2 20 (FEI) S-Twin model at
200 kV to examine the arrangement of MoS, nanosheets. For
sample preparation, the Sy,CNC—MoS, aqueous dilute
solution was ultra-sonicated for 30 min. A drop of the diluted
solution was then placed on the carbon-coated copper grid
surface and dried under air.

3.4. X-ray Diffraction. XRD measurements were per-
formed on a Bruker D8 Advance instrument in the range of
10—50° using scan rate 0.5 s/step using Cu Ka—1.54 A. The
samples were placed on a silicon single crystal sample holder.

3.5. Zeta Potential. Zeta potential () was measured on a
Malvern Zetasizer Nano instrument for SCNC, Sy,CNC, and
SnaCNC—MoS, samples by placing the 0.1 wt % suspensions
in the cuvette and measuring in sextuplicate.

3.6. Thermomechanical and Morphological Charac-
terization of a Composite Film. The mechanical properties
of films were measured by a universal testing machine from
Instron. The electrode film was cut in the form of rectangular
strips as per ASTM D 882-12 standard and tested at a S mm/
min strain rate. The thermal stability of films was measured by
thermogravimetric analysis (TGA) using 3+ Star System from
Mettler Toledo in the temperature range 25—500 °C under
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nitrogen gas. Cross-sectional morphology of composite films
was imaged on an Ultra 5SS FEG scanning electron microscope
at 10 keV.

3.7. Electrochemical Characterization of a Battery
Cell. Galvanostatic cycling of coin cells was performed on a
Scribner 585 battery testing system. The plating and stripping
of Zn on the CNC—MoS, film was conducted under a current
density of 0.5 mA cm™ for 1 h each. The cut-off voltage for
stripping was set to 0.6 V. The Coulombic efficiency was
defined as the ratio of total stripping capacity to the prior

plating capacity.
4. RESULTS AND DISCUSSION

As an overview, the design of the presented work is shown in
Scheme 1. (a) SCNCs are prepared by acid hydrolysis of MCC
and exhibit high dispersibility in water. Further, to utilize
SCNCs as an exfoliating agent to disperse MoS, in water (b),
the SCNC has to be converted to Sy,CNC by an ion-exchange
reaction to obtain CNC'’s with higher thermal stability since
the sonication treatment generates heat that desulfate the
CNC.” (c) The Sy,CNC (CNC—O0SO;Na) samples had a
CAC of 1.1 wt % determined by the conductometry method
and were used to exfoliate layered bulk MoS, material into
nanosheets by ultrasonication. (d) For application, the
combination of MoS, and CNC and MWCNT is used to
prepare a free-standing flexible composite (e) as an electrode
tested in a Zn half-cell.

The stability of SCNC and Sy,CNC in water can be
predicted from zeta-potential measurement. Particles with a
value higher than +30 mV or below —30 mV usually has a
good water stability. Apart from giving water stability to the
sulfate groups, the charge on the CNC surface affects how
CNC forms aggregates in water and affects their CAC. For
surfactants like SDS, the CMC is commonly determined by
adding a surfactant and plotting conductivity as a function of
concentration. There is a change in the conductivity at CMC
due to different degrees of accessible SDS that can be ionized

https://doi.org/10.1021/acsanm.3c00543
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below and above CMC (Figure S2a in Supporting
Information). On the other hand, if a highly concentrated
suspension is diluted, the conductivity decreases due to
inclusion of ions of opposite charge (counterions) to the
long-chain ions within the micelle. When CMC is reached, the
conductivity starts to decrease more rapidly due to the
independent contribution of anions [CH;(CH,);;—0SO;~]
and cations (Na®). The point of intersection of the two
different trends of conductivity is considered a CMC for SDS
(8 mM). Similarly, CAC can be determined for amphiphilic
particles. CNC particles can be considered amphiphilic, at least
the CNCs from the cotton source, for which it is generally
accepted that the CNCs have a hexagonal cross-section,
wherein four faces are hydrophilic and two opposite phases are
hydrophobic.”® However, it shall be stressed that there is no
consensus on the exact cross-section of cellulose; different
sources may have different fibrillar cross-sections. Notwith-
standing this, we expect that the CNC can act like a surfactant.
A 3.5 wt % CNC water suspension was diluted with 0.5 mL
portions in regular intervals, and the conductivity was plotted
as a function of concentrations [Figure S2b in Supporting
Information]. The conductivity of Sy,CNC suspension
reduced upon dilution and gave a clear change in slope at
1.1 wt %, determined as the CAC concentration. At first, it may
be expected that the crystallites become more dispersed and
mobile upon dilution, and consequently, more sulfate groups
become available for detection, and the conductivity should
increase. However, due to solvation and decreasing ionic
strength (inclusion of charges of different ions within CNC)
between Sy,CNC, a decreasing trend in conductivity is
observed instead of increasing. As CAC is reached, the slope
of the conductivity curve gradually decreases since the
conductivity due to solvated Sy,CNC at lower concentrations
is expected to be relatively less mobile. The point of
intersection of two different decreasing conductivity trends is
assigned as the CAC for the Sy,CNC samples [Figure S2b].
The CAC was found to be 1.1 wt %.

To correlate the CAC to the surface charge and get
indications on the colloidal stability, the zeta potential of the
samples were measured. Zeta potential gives surface charge and
provides guidance on the colloidal stability of suspensions of
nanomaterials. It is considered that particles with zeta
potentials above +30 mV or below —30 mV are considered
to form stable dispersions due to electrostatic repulsion
between nanoparticles.”” SCNCs have a negative zeta potential
of =61 mV in the studied samples with a pH value of 3 and
shows excellent water dispersibility due to strong electrostatic
repulsion between the sulfate group. Upon ion exchange with
NaOH, the Sy,CNC samples gets a zeta potential of =50 mV.
The difference in the zeta potential between the two samples is
due to a decrease in the electrostatic repulsion between the
sulfates group upon introducing Na as a counter ion. Both
samples, SCNC and Sy,CNC, were used to disperse MoS, in
water, and the stability of the MoS,—water suspension was
measured [Figure 1a,b]. The zeta potential for Sy, CNC—MoS,
in water suspension is observed to be —45 mV, and that for
SCNC—MoS, in water suspension is —35 mV. Further, to
demonstrate the stability of suspensions for a longer time
without precipitation, the zeta potential measurement was
performed again after 2 months and gave results that are of the
same order, indicating similar concentrations and no
precipitation. Thus, for the SCNC system, the zeta potential
is changed from —61 to —35 mV during the exfoliation,
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Figure 1. (a) Stability of MoS, in water with SCNC (left) and
SxaCNC samples (right) in 10 mL vial (samples prepared for zeta-
potential measurements of 0.1 wt % concentration). (b) Stability of 1
wt % MoS, in water with SCNC (left) and Sy,CNC samples (right)
in 50 mL vial.

whereas for the Sy,CNC systems, a change from —50 to —45
mV is found, showing that sodium as a counter ion makes the
sulfate half ester less prone to degradation. Though the
stability of MoS, in water with both the SCNC and Sy,CNC is
considered good according to { values, the main advantage
with Sy,CNC samples is a neutral suspension, whereas for
SCNC, the suspension is acidic. Furthermore, Sy,CNC is
much more stable than SCNC.

Sodium ions reduced the electrostatic repulsion between
SnaCNC crystals, and hence, its zeta potential is greater than
that of SCNC samples. Conceiving this, the stability of MoS,—
Sn.CNC suspension increases, and it shows excellent stability
in water and behaves like a surfactant molecule, like SDS, and
forms aggregates at a concentration of 1.1 wt % (Supporting
Information). The hydrophobic part of Sy,CNC can interact
with hydrophobic MoS, basal planes and impart dispensability
in water, similar to other examples where cationic and anionic
surfactants form stable MoS,—water suspension.”’

Further, to confirm exfoliation of MoS,, CNC samples were
characterized by Raman, XRD, and microscopy. Raman spectra
of bulk MoS, show two optical phonon modes; the Eig (382
cm™") band corresponds to in-plane vibration of two opposite
S atoms attached to a Mo atom, and the A, (408 cm™") band
is related to the out-of-plane vibration of S atoms in opposite
directions [Figure 2a].>* Moreover, in reports by Van Thanh et
al.*>® and Zhu et al,* the Eig and A, bands for bulk MoS, are
located at 376 and 403 cm respectively. This difference is
explained in Raman spectroscopic studies published by
Windom et al,*® where it is suggested that the positions of
the Eég and A;, bands depend on the bulk source of MoS,,
whether it is a natural crystalline form (molybdenite) or
powder form (used in this work). Most of the reports®” where
Eig and A,, bands for bulk MoS, from molybdenite are located
at 381—382 and 406—407 cm™*. However, in addition to this
report, for powder samples purchased from Acros,”® Alfa
Aesar,” and Sigma-Aldrich (product number 234842), the Eig
and Ay, bands for bulk MoS, are located at 375—376 and 402—
403 cm™" [Figure 2b].

The intensities, widths, and peak frequencies of Eig and Ay,
bands depend on the thickness (number of layers) of MoS,
flakes. In most reports, the gap narrowing between the two
bands (Eég—381 cm™') and (Alg—406 cm™') indicates the
exfoliation of MoS,, and the difference between them predicts
the number of MoS, layers, as reported by Li et al.>* Moreover,
in a few reports, based on the quality of bulk MoS,, the Eég and
Ay, peaks are observed at 375 and 402 cm™, respectively. After
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Figure 2. (a) Demonstration of in-plane vibration (Eig) of two
opposite S atoms attached to a Mo atom and the out-of-plane
vibration (A,,) of S atoms in opposite directions. (b) Raman spectra
for bulk MoS, (powder from Sigma-Aldrich) and exfoliated MoS,
nanosheets MoS,—Sy,CNC suspension. MoS,—SCNC suspension
shows similar Raman as MoS,—Sy,CNC suspension (see Supporting
Information).

exfoliation, instead of coming closer to each other, both bands
shift to higher wave numbers, 381 cm™ (E%g) and 405 cm™!
(Alg).‘?’4 In the present study, a similar observation is made.
Instead of decreasing the separation between E%g and A,
bands, there is a blue shift of both the bands. However, the
shift of the Aj, band is not the same as for the Eig; the
difference between the bands is 24.5 cm™" compared to bulk
MoS, (27 ecm™). This may be due to lattice strain effect
induced on the MoS, nanosheets upon the interaction of CNC
with MoS, sheets, similar to the phenomena described by Yang
et al.”” The Sy,CNC and SCNC strongly interact with the
basal plane of MoS, nanosheets, as explained by the change in
zeta potential and apply relatively more strain in-plane than the
out-plane. It is explained by Yang et al. that under the in-plane
lattice strain, simulated Raman spectra show a shift in Eig and
Ayg band of the same order.

The XRD patterns for MoS, bulk powder, exfoliated MoS,,
and the composite film are presented in Figure 3. The bulk
MoS, shows the characteristic diffraction pattern with peaks at
20—14.4° (002 plane), 29° (004 plane), 32.6° (001), 33.4°
(101), 35.6° (102), 39.6° (103), and 44.1° (006), and 49.5°
(105), according to JCPDF card number 37-1492.°>*° The
peak intensities are different from published reports due to
quality variation in non-exfoliated bulk MoS, powder, as
explained from Raman results. Figure 3 indicates successful
exfoliation of MoS, by Sy,CNC and SCNC with a significant
difference in the observed diffraction patterns due to a
disruption in the layered structure of MoS,, as shown in
Figure 3. The exfoliation of MoS, to nanosheets leads to
intensity decrease of different planes as well as a corresponding
peak broadening, as can be seen in their respective diffracto-
grams. Mostly, exfoliation is confirmed by considering the peak
broadening and decrease in the intensity at the peak at 14.4°
(002 plane, d—0.61 nm).*® A similar trend is observed in this
work with changes in peak intensity of other peaks MoS,. This
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Figure 3. XRD results for bulk MoS,, exfoliated Sy, CNC—MoS,, and
composite film. The XRD pattern for SCNC—MoS, is similar to that
of Sy,CNC—MoS,.

may be because the MoS, nanosheets are formed as few layers
or more (see TEM images) rather than monolayers, as
described by Li et al,,”* which is in agreement with the Raman
measurements. XRD for CNC samples gave a crystallinity
index (CI) of 96% for the SCNC sample and 96.5% for the
SnaCNC sample. Cellulose has characteristic peaks at 26—
14.6° (110 plane), 16.4° (110), 20.6° (012) (amorphous
peak), 22.6° (200), and 34.5° (004). From the peaks, areas are
calculated (see Figure SS for CI calculation in Supporting
Information).””*" CNC samples are more crystalline than the
MCC since all amorphous segments present in the cellulose
are removed during the acid hydrolysis.”” Since the amount of
CNC used for exfoliating bulk MoS, is relatively low, the CNC
peaks can hardly be discerned in the diffractograms for
exfoliated MoS, samples. The peaks correspond to 002 (20—
14.6°), and the 110 (20—14.4°) plane is narrower, which may
be due to a small contribution (in-plane strain) from CNCs in
the peak broadening of exfoliated MoS,, as CNCs are very
rigid. Another peak of cellulose is seen for the composite film,
which is discussed in the characterization results of composite
films.

The AFM images shown in Figure 4a,b display the small
sizes and height profile of CNCs. The low-magnification TEM
image of the Sy,CNC—MoS, shown in Figure 4c,d shows thin
flakes of exfoliated MoS, nanosheets. The bright and
transparent contrast indicates the typical feature shown by
thin nanosheet structures. The exfoliation of bulk MoS, into 3
or 4 monolayers is displayed in Figure 4d (lines b and c). The
high-resolution TEM image shown in Figure 4d shows a d-
spacing of ~0.61 nm, in agreement with the XRD results (line
a in Figure 4d). Also, the diffraction (SAED) pattern in the
inset shows a hexagonal structure, suggesting that the
exfoliated nanosheets retain the crystal structure of MoS,. In
the TEM images, the contrast of MoS, is stronger due to the
higher atom density (heavier atoms) compared to CNCs.

A composite film was prepared using exfoliated MoS,
nanosheets and Sy,CNC to demonstrate its capability as
freestanding films having properties that make it suitable for
application as an electrode in batteries. The mechanical
properties, tensile strength, elongation at break (E %), and
elastic modulus of the flexible films consisting of Sy,CNC—
MoS, and MWCNT were measured. Figure Sa displays a
stress—strain plot for a strong composite film with strength, E
%, and modulus determined to 48 + 3.2 MPa, 4.2 + 0.5%, and
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Height

Figure 4. (a) AFM image of SCNC, (b) height profiles of SCNCs, (c)
TEM image of Sy,CNCMoS, nanosheets, and (d) high magnification
image of Sy,CNCMoS, showing the interplanar spacing between
layers.

3.8 GPa. In terms of thermal stability [Figure Sb], the film
shows good thermal stability with a decomposition temper-
ature of 292 °C. From scanning electron microscopy (SEM)
images of the cross-sections of the film (Figure Sc,d), a
uniform distribution of components (MoS, nanosheets, CNC,
and MWCNT) is observed. Also, from the SEM images, it can
be concluded that the composite film has a macroporosity
throughout the structure and a high structural uniformity. The
XRD pattern of composite film is similar to the diffraction

patterns observed for exfoliated MoS,. In addition to
characteristic peaks for exfoliated MoS,, there is a contribution
from CNCs in broadening of the peak at 14.6° (002 plane for
MoS,), supporting the interaction of CNCs with the basal
plane of MoS,, as explained in the other studies performed in
this work. Also, an additional peak at 22.6° is observed related
to the (200) plane of CNCs (Figure SS in Supporting
Information).

As described in the previous section, the composite film
shows promising mechanical properties and freestanding film
forming ability. These properties make this composite film an
attractive material for use as an electrode in battery
applications.

Zinc (Zn) batteries are a promising candidate for next-
generation rechargeable batteries because of its sustainability,
cost, and energy density.”” However, the deposition of Zn
during charge of the battery invariably results in formation and
rapid growth of dendrites, manifested in a low Coulombic
efficiency and resulting in safety issues.”” An efficient way to
regulate the growth of Zn dendrites is to modify the surface of
the substrate for plating to achieve highly reversible plating/
stripping of Zn metal on the anode.”* Herein, we introduced
the Sy,CNC—MoS, film as a substrate [Figure 6a] into a Zn
cell and investigated the electrochemical performance of Zn
metal plating and stripping. The assembly of the Zn/CNC—
MoS, cell is shown in Figure 6b. To fully explore the
sustainability of Zn battery, an aqueous electrolyte based on
Zn(OAc), and a cellulose separator (Figure 6¢) are used in our
work. Therefore, a safe and non-toxic Zn battery can be
expected if an appropriate cathode material is added in future
work. Stable Zn plating/stripping on the CNC—MoS, film was
obtained at a current density of 0.5 mA cm™?, as shown in
Figure 6d. A small overpotential of SO mV (Figure 6e) is
observed during both Zn plating and stripping processes.

50
100 | .
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Figure S. Electrode film: (a) typical stress—strain plot and (b) TGA thermograph and SEM images of the cross-section of the film indicating a
distribution of layered material MoS, + Sy,CNC + MWCNT at (c) 1 gm and (d) 100 nm scale bars.
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Figure 6. Application of Sy,CNC—MoS, film as a substrate for Zn plating in an aqueous electrolyte. (a) Optical image of S,CNC—MoS, film. (b)
Assembly of Zn/Sy,CNC—MoS, film half-cell. (c) SEM image of a cellulose separator. (d) Cycling performance of Zn metal in the half-cell under
current density of 0.5 mA cm™ for 1 mA h cm™2. (e) Voltage profiles of Zn plating/striping during cycling in 1 M Zn(Ac), aqueous electrolyte. (f)
Coulombic efficiency of Zn plating/stripping on Sy,CNC—MoS, film.

The low overpotential for Zn plating indicates fast kinetics
on the surface of the CNC—MoS, film, and this may be
attributed to fast migration of Zn ions on the MoS,
nanosheets.”> In addition, the voltage profiles for the 5th,
20th, and 40th cycle overlap, suggesting the formation of a
stable interface between the electrodeposited Zn and the
electrolyte and reversible deposition—dissolution reaction at
this interface. This allows the Coulombic efficiency of the half-
cell to reach 90% after several activation cycles and to be stable
for more than 50 cycles. The Coulombic efficiency for the
electrochemical plating/stripping of the Zn electrode has been
reported as varying from 90 to 99.9% in previous literature,*’
and thus the Coulombic efficiency in this work is not
remarkable without full optimization of the electrolyte. This
only demonstrates that the Sy,CNC—MoS, film can be
potentially introduced as a substrate and be coupled to a Zn
cathode to fabricate anode-free Zn batteries with further
improvement. The compatibility of the electrolyte with both
cathode and anode needs to be explored in addition to
improve the Coulombic efficiency of a full cell to a practical
level, prior to the realization of this battery concept.
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5. CONCLUSIONS

We show that CNCs, obtained by acid hydrolysis of MCC, can
be modified to the sodium form of CNCs to demonstrate
surfactant-like properties SDS. Sodium sulfated CNCs
(Sy.CNC) are more efficient than other cellulose materials
as exfoliating agents to disperse low-cost molybdenum
disulfide (MoS,) powder into MoS, nanosheets. The
suspensions exhibit good stability, supported by zeta potential
measurements. The Sy,CNC—MoS, suspensions have high
thermal stability, are neutral, and have long shelf-time. With
Raman and XRD, it is observed that CNC interacts with MoS,,
and in the future, solid-state NMR can be used to explain the
interfaces between them. Sy, CNC—MoS, suspensions and
MWCNTSs were combined to fabricate a robust composite
film, and it is further explored as an anode substrate in a Zn
half-cell, showing a stable electrochemical plating/stripping
and the potential to be applied in the green Zn metal batteries.
In future studies, the counterion (Na*) on sulfated CNCs can
be exchanged to different alkali counterions (K', Li*, Cs", etc.)
or other organic counter ionic molecules. Also, it will be
promising to explore methodologies that improve the electro-
chemical performance of the Zn cell with higher Coulombic
efficiency.
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