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Figure 3.1. SEM images of (a) CPM-900 and (b) commercial activated carbon (CAC).

Table 3.1 The specific surface area (Sget), average pore size, interlayer spacing (do2) of CPM materials
and commercial activated carbon (CAC)

Average pore size

Sger (M%) (nm) dooz (A)
CPM-600 50.95 1.89 3.79
CPM-750 46.74 1.92 3.71
CPM-900 42.57 1.98 3.69
CPM-1000 32.83 2.03 3.66
CAC 490.61 1.70 3.60

Figure 3.2. (a) XRD patterns of the CPM specimens and commercial activated carbon (CAC).
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membranes.” The peak power densities, average power densities, and energy densities also
increased with the increasing concentrations of HC solutions ((Figure 3.6b). The maximum peak
power density was 18.24 + 0.09 W m at a HC concentration of 300 g L™, the corresponded
average power density and energy density were 2.29 + 0.05 W m and 108 + 0.09 J m2. These

results indicate the potential for harvesting SG energy from highly saline waters using CPM

electrodes.
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Figure 3.6. (a) Measured and calculated OCVs of the concentration flow cell with CPM-900 electrodes as
a function of HC concentrations (LC = 1 g L™t NaCl). (b) Peak power densities, average power densities,
and energy densities of the concentration flow cell with CPM-900 electrodes as a function of HC
concentrations (LC =1 g L™, Rex= 8 Q, cutoff voltage = 10 mV).

3.4.  Stability of the capacitive concentration flow cell

The stability of the concentration flow cell with CPM-900 electrodes was examined by
running the cell for 100 cycles. An electrode conditioning period was observed. The peak power
densities, average power densities, and energy densities slightly increased for the first 50 cycles,
and then became stable (Figure 3.7). The slight increase at the beginning suggested the non-perfect
permeability of the electrode due to either the structure of the material or the PVDF binder
inhibiting the electrode to be fully saturated at the beginning. For the last 50 cycles, the peak power

density was stable with a value of 5.33 + 0.30 W m, the average power density was 0.95 + 0.04
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W m2, and the energy density was 29.87 + 1.07 J m. Overall, the concentration flow cell with
CPM-900 electrodes produced high and stable power densities over the course of 100 cycles.

The good stability of this system could be due to the working principle of the double layer
expansion instead of Na*/ClI" insertions (more details will be given later) and the steady structure
of CPM materials. The walls of peat moss cells contained about 20% in weight of a-cellulose,
which helped the cell walls build up a stubborn interconnected framework.?32 This three-

dimensional macroporous framework was very stable and didn’t collapse even when carbonized

at 900°C (Figure 3.1).
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Figure 3.7. Peak power densities, average power densities and energy densities of the concentration flow
cell with CPM-900 electrodes over 100 cycles (Rext =8 Q, cutoff voltage = 10 mV).

3.5.  Electrochemical characterizations of CPM electrodes

CPM materials have been used in sodium-ion batteries, where Na* intercalation/
deintercalation occurred,®® whereas no Na* and CI- intercalation/deintercalation was observed in
concentration flow cells with CPM electrodes. The smooth rectangular CV curves (Figure 3.8)
suggested that it was the formation of electric double layers (EDLSs) rather than redox reactions

that stored SG energy inside the electrodes. The difference could be a result of dissimilar
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electrolytes and working potential ranges. In sodium-ion batteries, NaClO4 dissolved in a mixture
solvent of ethylene carbonate and diethyl carbonate was used as the electrolyte and the CV was
conducted from 0 to 2.5 V vs. Na*/Na (i.e. —3.0 to —0.5 V vs. Ag/AgCI),*® while CPM electrodes

was exposed to NaCl solutions and scanned from —0.5 to 0.6 V vs. Ag/AgCl in this study.

CPM-600 CPM-750
6 - CPM-800 —— CPM-1000

-0.6 -0|.4 -ol.z [}:O 0?2 04 06
E (V) vs. Ag/AgCl

Figure 3.8. CVs of CPM-600, CPM-750, CPM-900, and CPM-1000 electrodes in 30 g/L NaCl solutions
at a scan rate of 2 mV/s.

The areas of constant current as electrode potentials increasing or decreasing indicated that
the energy was stored in EDLs. The specific capacitance values of EDLs were calculated based on
the constant current, which were 8.1 F/g for CPM-600, 29.5 F/g for CPM-750, 45.0 F/g for CPM-
900, and 71.1 F/g for CPM-1000 electrodes. Larger capacitances were obtained for CPM
electrodes carbonized at higher temperatures, which, according to Gouy-Chapman-Stern (GCS)
theory,*® could be due to increasing volume of mesopores (larger than 2 nm).%° In a binary
electrolyte (NaCl in this study), the thickness of a EDL (Debye length) could be around 1 nm.*8
Therefore, macro- and mesopores favor more EDLs than micropores (which were dominant for
commercial activated carbon®). This phenomenon was also observed by previous studies on

activated carbon supercapacitor.4”-48
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to the cathode in the LC solution. On the electrodes with negative surface charges (as demonstrated
by negative zeta potentials, Figure A.4), Na* ions were adsorbed on the surface, while CI" ions
moved into the EDL of the anode in the HC solution and out of the EDL of the cathode in the LC

solution to keep the charge balance (Figure 3.11b).
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Figure 3.11. (a) Potential profile across the cell. Orange arrow marks the Donnan potential, black arrow
marks the cell potential. (b) Schematic representation of ions transportation and distribution throughout
the whole cell.

The electrode potential difference in the HC and LC solutions is a result of thickness
change of EDLs. According to the GCS model and the Poisson-Boltzmann equation, the potential

of an EDL is:*°

Lo 2k, T he1 o ) M
Qpp, = —— = sin
L e e JBC:Nacoe, kT

where ¢ is the surface charge density, Cs is the salt concentration, and L is the effective

thickness of the EDL. Other parameters like Avogadro’s constant Na, electric constant €, relative
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dielectric constant €,,, Boltzmann constant k,,, electron charge e, and temperature T are positive

constant in this study. This equation indicates that the magnitude of EDL potential will be lower

when the Cs is larger. The spontaneous potentials of CPM electrodes, as a result, decreased as the

concentrations of NaCl solutions increased, which was proven by experimental data (Figure 3.12).

Based on the experimental results, the electrode potential difference in the cell could be calculated
as:

Ap = 0.0478(log1 €, — logyo Cy) (2)

where C. and Cn (g L™) are the concentration of LC and HC solutions. The difference of

the electrode potentials in 30 g/L (~0.3 V) and 1 g/L (~0.23 V) solutions was shown to be ~0.07

V, which was higher than most of the activated carbon previously reported.t” >
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Figure 3.12. Spontaneous potentials of the CPM-900 electrode in 1, 5, 10, 20, 30, 40, 50 g/L NaCl

solutions.

On the other hand, the Donnan potential (~0.08 V) was generated across the CEM as Na*
transferred from the HC channel to the LC channel. The Donnan potential can be calculated by the

Nernst equation:

AE = L pCnaticy (3)

F Ang* LC
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where R is the gas constant (8.314 J mol K1), T is absolute temperature (298 K in this
research), F is the Faraday constant (96485 C mol™), and a is activity. According to Eq. (3), the
Donnan potential is 0.08 V, which was consistent with the OCV of the cell in the absence of active
CPM electrodes (Figure 3.13a, dashed line). Eq. (2) and Eqg. (3) were also used to calculate the
OCVs of the cell fed with higher salinity waters (Figure 3.6a). The good agreement between

experimental data and the calculated values further corroborated the working principle.
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Figure 3.13. (a) Open circuit voltages of the cells with non-active (carbon paper) electrodes separating by
an AEM, CEM, or FM. (b) Open circuit voltages of the cells with CPM-900 electrodes separating by an
AEM, CEM, or FM.

To further substantiate the ions movement, the CEM was changed to a filtration membrane
or an AEM with OCVs monitored (Figure 3.13b). When the CEM was replaced by a non-selective
membrane (filtration membrane, FM), the OCV of the cell decreased to ~0.05 V (Figure 3.13b,
dotted line), which should be only resulted from the electrode potential difference (~0.07 V) since
no Donnan potential existed across a filtration membrane. The reason for the discrepancy (~0.02
V) was due to a junction potential created by the filtration membrane (Figure 3.13a, dotted line),
which has also been observed in previous studies.'® 24 2° When the junction potential was taken

into account, the OCV of the cell was ~0.07 V, similar to the electrode potential difference.
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Furthermore, when the CEM was replaced by an AEM to separate the CPM-900 electrodes, the
OCYV of the cell decreased to a much lower level (0.01 V) (Figure 3.13b, solid line), as the Donnan
potential generated by CI transferring across an AEM (~0.08 V, Figure 3.13a, solid line) was
opposite to the potential difference generated on the electrodes (~0.07 V).

An interesting phenomenon was that a peak appeared at the beginning of each cycle when
an AEM was used (Figure 3.13b, solid line). The peak value was around 0.07 V which matched
the Donnan potential generated across an AEM (Figure 3.13a, solid line). Then, the opposite
electrode potential difference made the OCV gradually decrease to 0.01 V. The delay of
equilibrium could be due to the slow kinetics of the CDLE, which has been noticed in previous
studies as traditional CDLE-based techniques with the cycle time lasted from minutes to hours.*®
17,2122 ps a result, the average power densities of CDLE-based techniques were usually very low
(max. 65 mW m“42), However, this problem was tackled in this study. First, with feeding solutions
flowing through the cell, mechanical agitation accelerated the formation of EDLs. Besides, the two
channels separated by a membrane allowed two electrodes to work in different solutions at the
same time, which halved the cycle time. Moreover, Na* transference from the HC solution to the
LC solution across the CEM provided a driving force to the movements of Cl ions in EDLs. The
fast kinetics of the CDLE in this study was proved by the quicker equilibrium achievement of the
OCV of the cell with the CEM than those with a FM or an AEM (Figure 3.13b).

Apart from improving kinetics of the CDLE, the double-channel structure of concentration
flow cells allowed this system to fully utilize the electrode potentials. When the CDLE was first
used in SG energy recovery, the electrodes were immersed in stagnant solutions with periodically
changing solutions. The cell voltage was usually lower than the electrode potential difference in

HC and LC solutions,*> 22 due to the partially trapped ions inside the electrode. However, no such
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notable compromise of electrode potentials was observed in this study with the 0.07 V of electrode
potential difference fully utilized. In addition, compared to traditional CDLE-based techniques, no
external charge was needed for this system since the Donnan potential was used as the driving

force for the formation of EDLSs.
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4. CONCENTRATION FLOW CELLSWITH MOLYBDENUM DISULFIDE
ELECTRODES

4.1.  Performance of MoS: electrodes with different interlayer spacing

The two-dimensional material MoS; has been successfully used as an anode material in
lithium ion or sodium ion batteries,*->2 particularly the MoS; with expanded interlayer spacing.>*-
% The MoS; synthesized in this research were labelled as MS220, MS160, and MS140, with the
numbers indicating the heating temperature (°C) used in the hydrothermal method. The heating
temperature is critical for the synthesis as it efficiently controlled the interlayer spacing of MoS;
as shown in Figure 4.1. The diffraction peaks at 26 = 14.0°, 32.5°, 39.5°, 44.1°, 49.8° and 58.3°
can be indexed to the (002), (100), (103), (006), (105) and (110) planes of the hexagonal MoS;
(JCPDs card number 37—1492). The (002) peaks shifted from 14.0° in MS220 to 9.4° in MS160,
which means their lattice spacings (d) increased form 0.63 nm to 0.96 nm. The appearance of the
(004) peaks is also an evidence of increased interlayer spacing, as demonstrated by the dual
relationship between the d spacings.3” % Further reducing the heating temperature to 140° did not
result in a larger interlayer spacing while significantly reduce the crystallinity as shown by the

broadened and less intense peaks.
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Figure 4.1. XRD pattern of MS220, MS160, and MS140 and the standard pattern of MoS..
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Figure 4.2.(a) Representative OCV curves and (b) power and energy production of concentration flow cell

with MS220, MS160, and MS140 (Rex = 10 Q, cutoff voltage = 8 mV).

The 52% increase in interlayer spacing had significant impact on the performance of the

MoS. material on harvesting SG energy. The representative OCV curves are shown in Figure 4.2

(@). The OCV increased from 0.10 V (MS220) to 0.15V (MS160) when the interlayer spacing

increased from 0.63 nm to 0.96 nm. However, the OCV of MS140 became unstable: when the flow

direction was switched, the OCV is reversed, reached the maximum value of 0.15 V, and then

gradually decreased to 0.10 V, which could be due to the less crystallinity of the MS140. The
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ordinary MoS; (MS220) produced minimum power compared with the other two MoS; specimens.
The highest power and energy production were obtained when MS160 was applied, with a peak
power density of 5.21 W/m?, an average power density of 0.76 W/m?, and an energy density of
66.59 J/m?, which was 6 times of the peak power density of MS-220 (0.82 W/m?), 11 times of the
average power density of MS220 (0.07 W/m?), and 34 times of the energy density of MS220 (1.93
JIm?). The performance did not increase when the MS140 electrodes were applied, as indicated by

the unstable OCV.

4.2.  Influences of NaCl concentrations

Same as the CPM electrodes, MS160 is also a material that enable the system to harvest
SG energy from highly saline waters. By fixing the LC solution at 1 g L™ and varying the HC
solution from 5 to 300 g L, we evaluated the performance of the concentration flow cell with
MS160 electrodes under different salinities. The measured OCVs increased from 0.07 V to 0.24
V (Figure 4.3), which indicates similar working principle of MoS; to CPM. From Figure 4.3 (b),
gradual increments of peak power densities, average power densities, and energy densities were
observed. When the HC concentration is 300 g L™, the peak power density was 15.67 + 0.06 W m
2, the average power density was 1.41 + 0.03 W m, and the energy density was 181.10 + 0.21 ]
m2. These results indicate the feasibility of applying layer expanded MoS; for SG energy recovery

from highly saline waters.
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Figure 4.3. (a) Measured and calculated OCVs of the concentration flow cell with MS160 electrodes as a
function of HC concentrations (LC =1 g L't NaCl). (b) Peak power densities, average power densities,
and energy densities of the concentration flow cell with MS160 electrodes as a function of HC
concentrations (LC =1 g L, Rext = 10 Q, cutoff voltage = 8 mV).

4.3.  Stability of the capacitive concentration flow cell

MS160 showed satisfying stability when working as an anode in sodium ion batteries,>’
which was also expected in this study. The stability of the MS160 electrodes for harvesting SG
energy was examined by running the cell for 120 cycles. Analogous to CPM electrodes, the MS160
demonstrated an electrode conditioning period. The peak power densities, average power densities,
and energy densities slightly increased for the first 50 cycles, and then became stable (Figure 4.4).
The peak power density was determined to be 4.99 + 0.23 W m, with an average power density
of 0.59 + 0.03 W m, and an energy density of 73.38 + 3.68 J m2. A relatively high energy density,
compared with the cell with CPM electrodes (29.87 + 1.07 J m?), was due to the larger external
resistance (10 € rather than 8 Q for CPM electrode) applied to the cell and the smaller cutoff
voltage (8 mV instead of 10 mV for CPM electrode), resulting in a longer cycle time. This also

explained the lower average power density than cell with CPM electrodes (0.95 + 0.04 W m™),
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Figure 4.4. Peak power densities, average power densities and energy densities of the concentration flow
cell with MS160 electrodes over 120 cycles (Rex =10 Q, cutoff voltage = 8 mV).

4.4.  Electrochemical characterizations of MoS: electrodes
Expanding the interlayer spacing has been proved to be a straightforward and efficient
strategy to alleviate the restriction of ion intercalation.>® To further elucidates how the interlayer
spacing facilitated the electrochemical process took place in the materials, CV and EIS were
conducted for different MoS> specimens. Figure 4.5(a) shows the CV curves of MS140, MS160
and MS220. The smooth curve suggests that the MoS; functioned as a pseudocapacitor when
working in NaCl solution:
MoS, + xNa* + xe~ = Na,MoS, (1)
The greatly enlarged area of the CV curves suggests a much higher pseudocapacitance of
MS140 and MS160, compared with MS220, which was in accordance with the power production.
The capacitances, calculated based on the charge-discharge profiles (Figure 4.5b), are 15 F/g for
MS220, 50 F/g for MS160 and 55 F/g, for MS140. The slightly higher pseudocapacitance of

MS140 coinciding with its larger CV curve area compared with MS160.
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Figure 4.5. (a) CVs curve of the MoS; electrodes at a scan rate of 1 mV/s. (b) Galvanostatic charge-
discharge curves recorded at 0.2 A/g.

Although the CV curve clearly showed the pseudocapacitance of MoS; was improved by
increased interlayer pacing, the reason for the different cell performance with MS160 and MS140
electrodes has not been clarified. EIS offers another insight into the electrochemical kinetics of the
MoS: specimens. As shown in Figure 4.6, the Nyquist plots consist of a semicircle followed by a
tail. The intercept of the curve with the X-axis reflected the ohmic resistance of the solution and
the electrode, which did not show notable difference between the three samples. The low value (~
4 Q, Table 4.1) of the ohmic resistance revealed the good conductivity of electrodes. The tail of
the MS220 EIS curve was less steep than those of MS160 and MS140, which indicated a larger
diffusion resistance on MS220 specimen compared with those of the layer expanded MoS,. The
data fitting results shows the Warburg impedance (s) decreased from 13.90 Q-s/2 for MS220 to
1.96 Q-5 for MS160 (Table 4.1), supporting that expanded interlayer accelerated the sodium ion
intercalation in the electrode. The diameter of the semicircle revealed the charge transfer resistance.
The larger charge transfer resistance of MS140 than that of MS160 explained the depressed power

production although they shared the same interlayer spacing (0.96 nm).
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Figure 4.6. EIS of MS140, MS160, and MS220 electrodes in 30 g/L NaCl solutions.

Table 4.1. Fitting results of EIS data with the Randles model (in 30 g/L NaCl solution)

Parameters MS140 MS160 MS220
Rs (Q) 3.491 3.696 3.71
Q (F-s@-1) 84.24E-6 23.84E-6 26.24E-6
o 0.8901 0.9390 0.9415
Ret (Q) 9.754 3.419 3.388
s (Q-s72) 2.405 1.959 13.90

Notes: Rs is the solution resistance, Q represents the constant phase element and its Nyquist plot is a
straight line with a -amt/2 angle with the real axis. R is the charge transfer resistance, s is the estimation of
Warburg impedance.

4.5.  Working Principles of the capacitive concentration flow cell

The working principles of the cell with MnS; electrodes was different from the cell with
CPM electrodes, in terms of the formation mechanism of electrode potential and the Donnan
potential. Different from CPM electrodes, MS160 electrodes worked as a pseudocapacitor. The
electrode potentials, as shown in Figure 4.7, linearly increased with the log of solution

concentration. And the potential difference in HC and LC solution was 0.07 V.
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Figure 4.7. Spontaneous potentials of the MS160 electrode in 1, 5, 10, 20, 30, 50 g/L NaCl solutions.

The Donnan potential was generated by the transferring of CI- through the AEM and it was
about 0.08 V. To verify the formation mechanism, the OCV and power production from cells with
different membrane (Figure 4.8) were evaluated. When the AEM was replaced by a non-selective
membrane (filtration membrane, FM), the Donnan potential was eliminated and the OCV
decreased to ~0.08 V, which was resulted from the electrode potential difference (~0.07 V) and
the junction potential from the filtration membrane. When the AEM was replaced by CEM, the
OCV of the cell decreased to a much lower level (0.01 V), as the Donnan potential generated by
Na* transferring was opposite to the electrode potential difference. The little power production
form cell with FM or CEM were in accordance with the OCV and further validated the working

principle.
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Figure 4.8. (a) Open circuit voltages and (b) representative power curves of the cells with MS160
electrodes separating by an AEM, CEM, or FM.

In summary, the overall working principle of the cell with MoS; electrodes is illustrated in
Figure 4.9. The cell voltage (~0.15 V) consisted of an electrode potential difference resulting Na*
intercalation (~0.07 V) and the Donnan potential (~0.08 V) (Figure 4.9a). The MS160 electrodes
exposed to the HC solution is more favorable than the one in LC solution to have Na* intercalation.
Once connected, electrons would flow from the electrode in the LC solution to the one in the HC
solution to counterbalance the charge from Na™ intercalation. The charge in the solution, then, was
balanced by the CI" transferring from HC to LC solutions driven by the Donnan potential. When
the HC ad LC solutions were switched, the previously charged electrode became less favorable to
have Na* intercalation. Consequently, the Na* would be released and the electrons would flow in
the opposite direction. Meanwhile, more Na* intercalated into the other channel, which also drove

the electrons to flow in. These processes, then, resulted in a reversed OCV.
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Figure 4.9. (a) Potential profile across the cell. Green arrow marks the Donnan potential, black arrow
marks the cell potential. (b) Schematic representation of ions transportation and distribution throughout
the whole cell.
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5. SUMMARY AND CONCLUSIONS

Capacitive concentration flow cells with self-made electrodes, namely CPM-900 or MS160,
were proposed for SG energy extraction based on electrode capacitance and the Donnan potential.
Under optimal operation condition, the cell with CPM-900 electrodes produced a peak power
density of 5.33 W m, an average power density of 0.95 W m, and an energy density of around
30 J m?, over 100 cycles using synthetic seawater (30g L™* NaCl) and river water (1g L™ NaCl).
The cell with MS160 electrodes produced slightly lower power density with a peak power density
of 5.21 W/m? and an average power density of 0.76 W/m?, but the energy density it generated was
notably higher (66.59 J/m?), as a result of longer cycling time.

The power output of the concentration flow cells with CPM-900 or MS160 electrodes was
much higher than any other traditional CDLE-based systems and capacitive concentration flow
cells with other carbonaceous electrodes (e.g., hydrogel carbon and commercial activated carbon).
Their superior electrochemical behaviors were ascribed to the advantageous properties of the
electrode materials. For the CPM electrodes, the macroporous architecture achieved better water
permeability and lower mass transfer resistance, which outmatched other carbonaceous material
ever studied. For the MS160 electrodes, they produced impressive energy density over 30 times
when compared to the MS220, owing to their largest interlamellar spacing of 0.96 nm at plane
(002) with easily accessible diffusion channels for Na* intercalation. In addition to the electrode
properties, the employment of the Donnan potential and the double-channel structure of the cell
also played an important role in improving cell performance. The double-channel flow cell fully
utilized the electrode potential and the Donnan potential, allowed spontaneous power production
without an external charge. The electrode materials were synthesized by a simple pyrolysis or

hydrothermal method, which made this system more economically feasible than other system that
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using battery materials. Moreover, this system was durable because it worked steadily over 100
cycles and was versatile for varying salinity concentrations.

Future efforts will look to improve the cell efficiency by optimizing electrode properties
(e.g., surface charge and pore size for carbonaceous material, interlayer spacing for layered

structure material, conductivity) through well-guided approaches from theory.
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Figure A.4. Zeta potentials of CPM materials and CAC in LC (1 g L'Y) and HC (30 g L) NaCl solutions.
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