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Abstract

The ocean accounts for 97% of the total water resources on earth, covering over 70% of the map's surface area. With
the continuous consumption of non-renewable energy sources such as fossil fuels and the rapid development of
renewable energy, humans are increasingly paying attention to the utilization of ocean resources. Ocean energy in-
cludes tidal energy, wave energy, temperature difference energy, and salinity gradient energy. Salinity gradient en-
ergy is the energy generated by the interaction of seawater and fresh water, which is the ocean energy existing in the
form of chemical energy. This energy is mostly generated in estuaries. The osmotic pressure generated by mixing
water with different salinity can be converted into electrical energy driven by potential differences or ion gradients.
Salinity gradient energy, as a new renewable energy source, has received widespread global attention and research in
recent years, making rapid progress. The utilization of salinity gradient energy provides a renewable and sustainable
alternative to the recent surge in global energy consumption.

At present, pressure delay osmosis technology, reverse electrodialysis technology and capacitive mixing technology
are three main technologies for extracting salinity gradient energy. In this work, we built a new type of salt difference
cell based on capacitive mixing technology, using molybdenum disulfide (MoS;) and multiwalled carbon nanotubes
(MoS,/MWCNTs) composite electrode as the anode and an activated carbon (AC) as the cathode.

We composited two materials with different ion storage mechanisms together. MoS, has a layered structure like
graphene, with an interlayer spacing of about twice that of graphene. It is a battery electrode material that can un-
dergo intercalation reaction with Na*. MWCNTs have a typical double electric layer effect. When discharging, while
adsorbing Na™ on its surface, it can help Na* enter the interlayer of MoS, more quickly, accelerating the ion transport
efficiency and the extraction efficiency of salt differential energy. We conducted physical and electrochemical char-
acterizations of MoS,/MWCNTs composite material, and tested its salt difference energy extraction ability on a salt
difference battery composed of it and AC electrode. We found that the concentration response voltage reached
150 mV, and the energy density of the extracted salt difference energy after a complete four-step cycle reached up to
6.96 J-g . The advantages of low raw material price of the device and without using ion membranes make it more
environmentally friendly, providing a new approach for the study of extracting salinity gradient energy.

Keywords: Salinity gradient energy; Electrochemical conversion; Conversion efficiency; Molybdenum disulfide;
Carbon nanotubes

1. Introduction research hotspot in the exploitation and utiliza-
tion of marine resources, among which the most

The salinity gradient energy, generated by the important are pressure delay osmosis technology,
interaction of seawater and river water [1], is a  reverse electrodialysis technology and the latest
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capacitance mixing technology. Pressure delayed
infiltration technology relies on a semi permeable
membrane to move water molecules from low
concentration to high concentration, causing the
volume of the solution on the high concentration
side to expand and generate electricity by push-
ing a water turbine [2—10]. The reverse electro-
dialysis technology relies on the anion/cation
membrane to separate the concentrated solution
from the dilute solution, form an ion flow on the
inside, and then form a circuit through the
external resistance to form a current [11—19].
These two technologies focus on membranes and
their main problems are easy fouling, high cost,
and difficulty in commercialization [20]. Z. Shan
et al. used mesoporous carbon silicon anodized
aluminum oxide (MCS/AAQO) nanofluid devices
and studied using reverse electrodialysis tech-
nology to obtain higher performance by adjusting
temperature and pH [21]. They also constructed
mesoporous carbon titanium dioxide/anodized
aluminum oxide hetero-channels (MCT/AAQ)
with dual functions of cation selectivity and light
response. Theoretical and experimental results
indicate that excellent photogenerated potential is
responsible for bi-directional adjustable ion
transport. Therefore, MCT/AAO has the function
of collecting ion energy from equilibrium elec-
trolyte solutions, greatly expanding its practical
application fields [22].

Capacitive mixing technology [23—25] takes an
electrode as the core, including electrochemical
double layer capacitance mixing technology,
membrane capacitance mixing technology and
entropy of mixing battery [26]. The electrode of
the double layer hybrid technology is a double
layer pseudocapacitive material that can adsorb
the anions and cations in the solution onto the
surfaces of both electrodes [27—29]. In 2009, D.
Brogioli firstly proposed the dual layer capacitive
hybrid technology, using commercial activated
carbon as the symmetrical electrode [30]. Then S.
Ahualli et al. used 0.02 mol-L " sodium chloride
solution at 75 °C and 0.5 mol-L ™" sodium chloride
solution at 25 °C as electrolytes, and achieved an
average power density of 40 mW-m 2 after four
steps of cycling [31]. The membrane capacitor
hybrid technology involves adding anion and
cation membranes on the surface of the elec-
trodes. After passing through the membrane, the
two electrodes are charged in the opposite direc-
tion, resulting in a high concentration response
voltage without external power supply [32]. Fei
Liu et al. achieved a maximum electrical energy of
about 76 J-m ? and an average power density of
about 205 mW-m 2 by introducing an external

power source into the system [33]. The entropy of
mixing battery is also called battery mixing tech-
nology, which is different from double layer
capacitance mixing technology and membrane
capacitance mixing technology. It uses electrode
materials that can oxidize/reduce with ions in
solution or insert/deinsert [34]. M. Ye et al. used
NasMnyO,4//Ag/AgCl battery to extract salt dif-
ferential energy in 0.32 mol-L™' of sewage and
0.6 mol-L " of seawater, which can generate
0.44 kW-h of power per 1 m> of sewage. However,
the Ag/AgCl electrode in the battery suffers from
Ag depletion [35,36].

Z. Shan et al. constructed a multi-layer asym-
metric mesoporous carbon/anodic alumina/meso-
porous silica (MC/AAO/MS) nanofluid device with
rich ordered mesoporous channels using a super
assembly strategy. MC/AAO/MS couples the MC
and MS dual-ion selective layers, which ensures a
high ionic conductance and evidently enhances the
cation selectivity [37]. Molybdenum disulfide
(MoS;) is a battery type material, which can insert/
deinsert with Na* [38,39]. As shown in Fig. 1, it is
tightly packed with three layers of S—Mo—S cova-
lent bonds separated by van der Waals gaps,
forming channels between the layers that allow
Na™ to undergo insert/deinsert reactions in layers
[40]. On this basis, we introduce multiwalled car-
bon nanotubes (MWCNTSs) and composite with
MoS,. The MWCNTs have a typical double electric
layer effect. When discharging, while adsorbing
Na® on their surface, it can help Na™ enter the
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Fig. 1. Schematics of MoS; and Na™ insertion method diagram.
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interlayer of MoS, more quickly, accelerating the
ion transport efficiency and the extraction effi-
ciency of salt differential energy. The MWCNTs are
excellent electrode materials for salt difference ca-
pacitors because of their high electrochemistry,
good stability, conductivity, strong mechanical
properties, large active surface area and typical
electric double layer effect [41].

Herein, we used a composite material of MoS,/
MWCNTs as the anode and an activated carbon
(AC) as the cathode to construct a new type of salt
difference cell, and studied the various phase
properties of MoS,/MWCNTs composite materials
with different mass ratios. We prepared
0.0086 mol-L~' NaCl solution to simulate fresh
water and 0.6 mol-L~" NaCl solution to simulate
seawater. In this system, the double layers of
MWCNTs and MoS, have a synergistic effect. The
MWCNTs can better insert/remove Na™ between
the layers of the MoS,. After a complete four-step
cycle, the maximum extracted energy density
could reach 6.96 ]-gf1 or 55.68 mJ-cm 2, which is a
13.7% increase compared to previous work result
of 6.12 J-g ' [42].

This work combines two materials with different
ion storage mechanisms, demonstrating good
performance in the field of extracting salinity
gradient energy and potential application value in
this field. The raw material price of the device is
low, and it does not use ion membranes, making it
more environmentally friendly, providing a new
approach for the study of extracting salinity
gradient energy.

2. Experimental Section

For the synthesis of MoS,/MWCNTs or pure
MoS,, Na;MoO,-2H,0 (Chengdu Jinshan Chemi-
cal Reagent Co. Ltd., China), H,NCSNH,
(Chengdu Jinshan Chemical Reagent Co. Ltd.,
China) and MWCNTs (Jiangsu Xianfeng Nano
Material Technology Co., Ltd., China) were used.
Thiourea (CS(NH,)) was used as the sulfur source
and sodium molybdate (Na,MoO,) was used as the
molybdenum source in this study. After being
weighed according to the stoichiometric ratio, it
was added into the beaker. The reaction is given
below.

4Na,MoO; +15CS(NH,) + 6H,0 — 4MoS, 0
+Na,S0;, + 6NaSCN + 24NHj; + 9CO,

An appropriate amount of MWCNTSs was added,
so that the mass ratios of MoS, in the products
were 45:1, 45:2, 45:3, 45:4, and 45:5 according to the
MoS,: MWCNTs. After ultrasonic treatment of the
mixed solution for 10 minutes, it was transferred to

a polytetrafluoroethylene lining. The lining was
then placed in a reaction kettle and heated at
200 °C for 24 h. The resulting black product was
washed three times with deionized water and
ethanol, and then placed in an oven and dried at
30 °C to obtain black powder. A composite of MoS,
and MWCNTs, 8 mg of the as-prepared MoS,/
MWCNTs, was used according to the mass ratio of
active substance: acetylene black: polyvinylidene
tetrafluoroethylene = 8:1:1 to configurate slurry,
and evenly coated on 1 cm x 1 cm graphite paper,
then dried for 30 min in an oven. After drying, the
composite powder was placed on a tablet press,
and pressed for 12 s under 3 MPa pressure to get
an electrode.

The diffraction patterns of the sample were
obtained by using powder X-ray diffraction. By
analyzing the diffraction patterns and comparing
the diffraction data with the standard phases, the
composition of the material and the existing sub-
stances can be determined. The instrument used
was panalytical electromagnetic diffractometer,
with the diffraction target Cu K, (A = 0.154 nm),
and the working power of 45 kV x 40 mA, scan-
ning from 5° to 80°. The synthesized sample was
tested by scanning electron microscope. The
morphology and microstructure were character-
ized by scanning electron microscope (Zeiss Supra
55) and transmission electron microscope (FEI
Tecnai F20). The elemental composition and
elemental distribution were analyzed by energy
spectrum point scan and energy spectrum surface
scan (mapping). XPS test was carried out with
Thermo Scientific K, X-ray photoelectron spec-
trometer produced in the United States. The
constant analyzer energy (CAE) was used to
measure the element composition and element
distribution of the sample with the passing energy
of 150 eV, and the energy step size of 1 eV. The
full-automatic specific surface area and porosity
analyzer was used to carry out nitrogen absorp-
tion-destruction tests through the Branauer-
Emmett-Teller method (BET) with micromeritics
ASAP 2460.

Fig. 2(a) is the photographs showing the as-
assembled and finished device, while Fig. 2(b) is
the detailed information for the disassembled de-
vice. In the middle there are two titanium plates,
and the electrode plates are respectively fixed on
the two titanium plates, and separated by a dia-
phragm. The shell is composed of two pieces of
organic glass, and there are hollow holes on the
shell, with one side being the water inlet and the
other side being the water outlet. A multimeter
was employed to record the voltage change be-
tween the two electrodes.
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Fig. 2. Photographs showing the device used for collecting salt differential energy. (a) The as-assembled device; (b) the disassmbled device.

3. Results and discussion

3.1. Microstructure and chemical composition

Fig. 3 shows the XRD patterns of the MWCNTs
(Curve 1), pure MoS; (Curve 2), and MoS,/
MWCNTs composites prepared with different
mass ratios of 45:1, 45:2, 45:3, 45:4 and 45:5 (Curves
3—7). Compared to the pure MoS, sample, an
additional diffraction peak appeared at 26° in the
MoS,/MWCNTs composite materials, with an
interlayer spacing of 0.34 nm, corresponding to the
(002) crystal plane of MWCNTs [43].

The elemental composition and chemical state of
MoS,/MWCNTs nanocomposites were analyzed
using XPS technology. Fig. 4 (a, e, i, m) show the
XPS survey spectra of MoS,/WMCNTs nano-
composites, indicating that the peaks of Ols,
Mo3p1/2, Mo3psn, Cls, S2p, Mo4s and Modp are
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Fig. 3. XRD diffraction patterns of MWCNTs (1), MoS; (2) and MoS,/
MWCNTs composite materials prepared with different mass ratios
(3-7).

presented at 531.4, 412.3, 394.9, 285.1, 163.1, 64.08,
and 36.6 eV, respectively. In Fig. 4 (b, {, j, n), the
high-resolution XPS spectra of Mo 3ds;; and
Mo 3d3/; reveal two peaks at the binding energies
of 228.9 eV and 232.0 eV, which are consistent with
the +4 oxidation state of Mo. Near the character-
istic peak of Mo 3d, the peak at 226 eV is attributed
to S 2s, while the weak peak at around 235 eV is
attributed to Mo oxidation. The high-resolution
spectra of S 2p in Fig. 4 (¢, g k, 0) show that there
are two peaks at 161.8 eV and 162.8 eV for S 2p;,» of
S%>~and S 2p12 of s2-, respectively. The weak peak
of 169.0 eV can be attributed to S*~, indicating that
S*> oxidation has occurred to some extent.
Considering the atomic ratio of sulfur to molyb-
denum, the generated nano sulfides may exist in
the form of MoS, [41,44]. In addition, the peak
spacing between Mo 3d3,» (232.0 eV) and Mo 3ds»
(228.9 eV) is 3.1 eV, which is consistent with MoS,.
The peak spacing of S 2py/» (162.8 eV) and S 2p3/2
(161.8 eV) is 1 eV, which is consistent with the peak
spacing of divalent sulfur ions (S*7). Fig. 4 (d, h, 1,
p) show high-resolution spectra of C 1s in MoS,/
MWCNTs. The strong peak at 284.8 eV is caused
by sp2 hybrid carbon atoms, and the peak at
286.5 eV corresponds to the oxygen-containing
functional groups on the surface of carbon nano-
tubes [44].

Fig. 5 is the results of MoS, (a) and MoS,/
MWCNTs composite materials prepared with the
mass ratios ranging from 45:1 to 45:5 (b—f)
observed by scanning electron microscope. It can
be seen that overall, linear morphologies of
MWCNTs are dispersed between MoS, nano-
sheets, and many MoS, nanosheets are stacked
together to form nanoflowers. A gap is formed
between the thin sheets to provide space for the
movement of ions. Fig. 6 shows the energy
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Fig. 4. XPS spectra of MoS,/MWCNTs composite materials prepared with the mass ratios of MoS;:MWCNTs varying from 45:1 to 45:5. (a—d)

45:1; (e—h) 45:2; (i—1) 45:3; (m—p) 45:4; (q—t) 45:5.

dispersion spectrum (EDS) of MoS,/MWCNTs
composite materials with different mass ratios,
showing the mass and atomic ratios of the ele-
ments in the composite material, achieving the
expected values.

We also conducted TEM testing on the sample
obtained with the mass ratio of 45:4 selected based
on the XRD data, and the results are presented in

Fig. 7. From Fig. 7(c), the two characteristic lattice
stripes are 0.62 nm and 0.34 nm, corresponding to
the (002) crystal plane of MoS; and the (002) crystal
plane of MWCNTs, respectively, confirming that
the MoS,/MWCNTs composite material is suc-
cessfully synthesized.

Fig. 8 shows nitrogen adsorption/desorption
isotherm and the corresponding pore size
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Fig. 5. Scanning electron microscopic images of MoS, (a) and MoS,/
MWCNTs composite materials prepared with the mass ratios ranging
from 45:1 to 45:5 (b—f). (b) 45:1; (c) 45:2; (d) 45:3; (e) 45:4; () 45:5.

distribution curves of MoS,/MWCNTs composite
materials prepared with different mass ratios. It is
obvious from Fig. 8 (a, ¢, e, g, i) that the existence of
characteristic hysteresis loop means the nature of

mesoporous material. Furthermore, for the mass
ratios of 45:1, 45:2, 45:3, 45:4 and 45:5, the BET
surface areas of the composite materials are 5.88,
7.34, 12.73, 19.53, and 17.24 m*-g ', respectively,
while the BJH adsorption cumulative surface areas
of pores are 5.25 7.44, 13.24, 20.30, and
16.83 m*-g ", respectively. The BJH destruction
cumulative surface areas of pores are 7.30, 12.69,
18.99, 29.10, and 22.99 m*-g !, respectively. The
average adsorption pore sizes (4 V/a by BET) are
10.02, 9.41, 9.17, 10.28, and 10.54 nm, respectively,
while the average desorption pore sizes (4 V/a by
BET) are 12.44, 13.63, 12.70, 13.04, and 14.34 nm,
respectively. The pore size of mesoporous mate-
rials ranges 2~50 nm, which can carry large mol-
ecules and facilitate the insertion/removal of ions.

3.2. Electrochemical characterization

The electrochemical workstation was used to
perform electrochemical test on the MoS,/
MWCNTs electrode. A low concentration of
0.0086 mol-L"™' and a high concentration of
0.6 mol-L ™" NaCl solutions were used as the elec-
trolyte. Cyclic voltammetric (CV) test was per-
formed in the potential window of —1 V—0.4 V by
varying the scanning rate of 5mV-s '~100 mV-s ™",
and the reference electrode was silver chloride
electrode. Fig. 9 shows the CV plots of MoS,/
MWCNTs composites prepared with different
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Fig. 6. Energy dispersive X-ray spectroscopic data of MoS,/MWCNTs composite materials prepared with different mass ratios of MoS,:MWCNTs.,

(a) 45:1; (b) 45:2; (c) 45:3; (d) 45:4; (e) 45:5.
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Fig. 7. Transmission electron microscopic images of MoS,/MWCNTs = 45:4 at (a) 40,000 times magnification; (b) 100,000 times magnification;

(c) 4,000,000 times magnification.
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mass ratios. The potential window appears quasi
rectangular, indicating that the MoS, functioned as
a pseudo capacitor when working in NaCl solution
[45] via the reaction in Eq. (2).

MoS, +xNa" +xe~ = Na,MoS, (2)

The area in 0.0086 mol-L~' NaCl solution is
smaller than that in a 0.6 mol-L~! NaCl solution,
indicating that the electrode material is highly
sensitive to ions. A significant reduction peak ap-
pears at a potential around 0.5 V at a low scanning

speed, during which an intercalation reaction
might occur, and Na™ ions could be embedded into
the interlayer of MoS,, and Na' deintercalation
might occur throughout the entire flat wide peak,
which is consistent with the reported intercalation
pseudo capacitance content [46]. Fig. 10 shows
constant current charge-discharge curves, with a
potential window of —1 V~0.4 V. By varying the
mass ratios of 45:1, 45:2, 45:3, 45:4 and 45:5, the
current densities tested were 0.5, 0.6, 0.7, 0.8, 0.9,
and 1 A-g ', respectively, while the specific
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Fig. 10. Galvanostatic charge—discharge (GCD) curves of MoS,/MWCNTs composite materials prepared with different mass ratios. (a—e) 45:1 to
45:5 in 0.0086 mol-L ™ NaCl solution; (f—j) 45:1 to 45:5 in 0.6 mol-L~* NaCl solution; Galvanostatic charge—discharge (GCD) curves of pure
MoS, in (k) 0.0086 mol-L~1 NaCl solution and (1) 0.6 mol-L~* NaCl solution.
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capacitance values in 0.6 mol-L™! NaCl solution more Na' ions. Fig. 11(a—e) shows the electro-
were 176.4, 186.8, 189.6, 211.8, and 168.2 F~g*1, chemical impedance spectra of various MoS,/
respectively. Compared to the specific capacitance =~ MWCNTs composite materials, indicating that the
of pure molybdenum disulfide, accounting for the intrinsic impedance and diffusion impedance of
improvement of 28.4%~61.7%, and a larger specific =~ MoS,/MWCNTs electrode in 0.6 mol-L™' NaCl
capacitance indicates that the double layer and ion  solution are smaller than those in 0.0086 mol-L ™"
intercalation/detachment energy interact with NaCl solution, which is conducive to the
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Fig. 11. Electrochemical impedance plots of MoS,/MWCNTs composite materials prepared with the mass ratio of (a) 45:1; (b) 45:2; (c) 45:3; (d)
45:4; (e) 45:5; (f) EIS plots of pure MoS,; and (g) 100 cycles of charge and discharge curves for the electrode with a mass ratio of 45:4.
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movements of anions and cations in this system.
Fig. 11 (g) illustrates the capacity retention rate and
charge efficiency of the composite electrode (45:4)
with the highest specific capacity after 100 consec-
utive constant current charges and discharges.

3.3. Extraction of salinity gradient energy

The device as shown in Fig. 2 (a) was assembled
and the two electrodes were connected using an
electrochemical workstation. The positive elec-
trode was connected to the MoS,/MWCNTs elec-
trode, and the negative electrode was connected to
the activated carbon electrode. We used two
pumps to control the delivery of dilute and
concentrated solutions, with a flow rate set to
1 mL-s™". The first step was to introduce a dilute
solution from one end of the device, and the
electrochemical workstation charged the device for
110 seconds. This step is to bring positive and
negative charges to the two electrodes separately,
allowing the Na™" ions presented on the surface of
the MWCNTs and the MoS, layers, at the same
time, the Cl™ ions on the activated carbon surface
are released into the solution. The second step is to
stop charging and introduce a concentrated solu-
tion, causing the voltage to be increased. The third
step is to apply a reverse current to discharge the
device for 110 seconds. During this process, Cl~
ions in the solution will be adsorbed onto the
surface of the AC electrode due to the double layer
effect. Na™ ions in the solution is first adsorbed
onto the surface of the MoS,/MWCNTs composite
electrode due to the double layer effect, and some
Na™ ions are embedded in the interlayer of MoS,.

Step 4 introduces a dilute solution to cause a
voltage drop and restore to its initial state. Ac-
cording to the theory of salt difference energy
extraction, the energy generated by the four-step
cycle is shown in Fig. 12(a). The area of this graph
represents the extracted energy, as the same
amount of charge is released at a higher potential,
and the resulting energy gain is given based on the
integration of voltage and charge [34] according to
Eq. (3).

W= —?{AEdq (3)

Where AE is the voltage change in the cycle and g
is the amount of charge. The process of charge
accumulation in the curve is the first step, the
second step, switching the solution, the potential
rises, the third step, the device discharges at high
potential, and the fourth step, switching the solu-
tion, the potential drops.

Fig. 12(b—f) shows the potential difference be-
tween the MoS,/MWCNTs composite electrode
and the AC electrode with different mass ratios
during the salt difference energy extraction process
of the device. It can be seen that the potential in-
crease after switching between fresh water and
concentrated salt water are 110, 123, 134, 150, and
113 mV for the different mass ratios.

From this process, the energy density of the
salinity gradient that can be extracted by the device
after a complete four-step cycle can be obtained.
As shown in Fig. 13(d), the highest energy density
could reach 6.96 J-g~'. Compared with the pure
molybdenum disulfide, the extracted energy den-
sity has been increased by 13.7%.
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Fig. 12. The principle of generating salinity gradient energy and potential changes during operation. (a) Schematic diagram of extracting salinity
gradient energy by device; (b—f) Potential difference between MoS,/MWCNTs composite electrode and AC electrode with the mass ratio from 45:1
to 45:5; (g) Potential difference between pure MoS, electrode and AC electrode.
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Fig. 13. Performance analysis results of extracting salinity gradient energy. (a—e) Salinity gradient energy extracted from a salt difference
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gradient energy extracted of pure MoS, under a complete cycle; (g) Bar graphs of extracted salinity gradient energy with the mass ratio ranging

from 45:1 to 45:5.

Compared with the previous reports of
382 mJ-cm 2 by F. Mantia [34]et al., 13 m]- cm 2 by
Lee ]. [47] et al., and 5.31 ]-g_1 by X. Zhou [25]
et al., the salinity gradient extracted in a complete
cycle can be greatly improved, indicating that this
material has promising applications in utilizing salt
difference for power generation and contributes to
the future development of sustainable energy.

4. Conclusions

In this work, we used a hydrothermal method to
incorporate MWCNTs with MoS; to form MoS,/
MWCNTs composite material, which is further
used as the anode for salt difference cell, forming a
new type of salt difference cell. Compared to pure
molybdenum disulfide, both the electrochemical
performance of the electrode itself and the salinity
gradient energy extracted by the salt difference cell
composed of AC as the cathode were greatly
improved. The energy density extracted in a com-
plete cycle reached 6.96 J-g ', which is 13.7%
improvement. We demonstrated that the MoS,/
MWCNTs composite materials exhibited good
performance in salt differential energy extraction,
showing promising application prospects. How-
ever, the issue of cycle performance deviation still
needs to be addressed.
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