
Sustainable
Energy & Fuels

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 5

/2
2/

20
26

 9
:3

7:
31

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A single-cell syst
aDepartment of Chemical Engineering, Scho

Biotechnology and Health, KTH Royal Ins

Sweden. E-mail: lliu@ket.kth.se
bSchool of Nuclear Science and Technolog

Hengyang, China

Cite this: Sustainable Energy Fuels,
2023, 7, 398

Received 8th November 2022
Accepted 30th November 2022

DOI: 10.1039/d2se01546c

rsc.li/sustainable-energy

398 | Sustainable Energy Fuels, 202
em of flow electrode capacitive
mixing (F-CapMix) with a cross chamber for
continuous energy production

Zhi Zou, *a Shuo Meng,b Xiaolei Biana and Longcheng Liu*ab

The generation of electricity from salinity difference energy between seawater and freshwater through

a Capacitive Mixing (CapMix) system with solid electrodes was limited by intermittent energy production.

In this study, a single-cell CapMix system using flow-electrode (F-CapMix) with a cross-chamber

configuration was examined to produce electricity continuously from simulated seawater and

freshwater. The effects of the flow-electrode electrolyte concentration, activated carbon loading,

amounts of carbon black, and connected external resistance on the system performance were

investigated. The results suggest that the system performance can be enhanced by increasing the

activated carbon loading and carbon black amounts. Furthermore, to achieve the maximum power

density of the system, the external resistance should be matched to the internal resistance. The

maximum power density of the presented single-cell F-CapMix system was 74.3 mW m−2, which was

comparable to those of previous CapMix and F-CapMix systems. In addition, this study also reveals that

using only carbon black as the flow electrode is capable of producing electricity continuously for long-

term operation. In summary, these results indicate the potential of F-CapMix and provide developing

directions for further optimization.
1 Introduction

With continuous population growth and economic develop-
ment, the global demand for accessible energy is growing.
According to the BP Statistical Review of World Energy 2021,
non-renewable energy sources, i.e., oil, natural gas, and coal, are
the most used energy sources in world energy consumption,
accounting for more than 80 percent.1 However, these non-
renewable energy sources suffer from limited resources as
well as environmental pollution from the production and
transportation process.2 In contrast, renewable energy is
regarded as a clean, sustainable, and affordable energy source.3

Based on these merits, the production and use of renewable
energy have been strongly increasing in recent years. It has
accounted for around 60% of the growth in global power
generation from 2016 to 2020.1 Among the various renewable
energy sources, salinity gradient energy (SGE) that utilizes the
Gibbs free energy from the mixing of two solutions with
different concentrations, i.e., seawater and freshwater, is an
overlooked energy source but has great potential.4 Theoretically,
around 0.81 kWh energy could be extracted frommixing 1m3 of
ol of Engineering Sciences in Chemistry,
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freshwater with the same amount of seawater, which is equiv-
alent to the energy released from water falling over a dam of 270
m.5–7 It has been estimated that the practically extractable SGE
around the world is about 625 TW h per year, which is equiva-
lent to 3% of global electricity consumption.8

Given the tremendous potential of SGE worldwide, many
technologies have been proposed and developed to harvest this
sustainable energy source. To date, the leading methods of
extracting SGE include pressure retarded osmosis (PRO),9

reverse electrodialysis (RED),10 and capacitive mixing
(CapMix).11–13 PRO utilizes the osmotic pressure difference
across a semipermeable membrane to drive the solution ow
from the dilute water compartment to the concentrated water
compartment. The expanding solution volume propels
a hydroturbine to generate energy.6,9 In RED, the dilute water
and the concentrated water alternatively ow through the
compartments divided by a stack of cation and anion-exchange
membranes, and the transportation of ions through the
membranes leads to an electric current between the cathode
and anode.2,10,14 In CapMix, the electrodes are periodically
charging and discharging in the seawater and fresh water,
resulting in a cyclically changing electric potential difference to
transfer the chemical potential in the salinity difference to
practical work.4,11–13 Among them, CapMix is the latest and is the
focus of the present study.

In principle, three CapMix techniques have been proposed
depending on the transportation pattern of ions into the
This journal is © The Royal Society of Chemistry 2023
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electrodes from the bulk solution.15,16 The rst one is capacitive
energy extraction based on the capacitive double-layer expan-
sion (CDLE), which is a membranes-free technology that utilizes
an external power source to accomplish the energy extraction
process.11 The second one is capacitive energy extraction based
on the capacitive Donnan potential (CDP), in which the elec-
trodes are covered by ion-exchange membranes (IEMs) that
develop a Donnan potential to extract the SGE instead of using
an external power source.12 The last one is a so electrode (SE),
in which the electrodes are coated with negatively or positively
charged polyelectrolyte layers to generate a potential difference
to harvest the SGE. No IEMs and external power sources are
used in the SE.13 To date, many studies on CapMix have been
conducted to enhance the system performance, including the
development and modication of electrode materials;17–22

design and application of innovative cell conguration, i.e.,
using a wire geometry cell23 and stacking of cells;24 optimization
of the operating parameters (e.g., temperature25,26 and the ow
rate of the solution27); the combination of these techniques (e.g.,
CDP with CDLE,28 and CDLE with SE16) In addition to the
extensive experimental studies, corresponding theoretical
modeling studies were also performed to understand the
process behavior.29–31 However, the use of solid electrodes in
CapMix makes it produce energy in an intermittent way, i.e., the
ions are rst adsorbed into the electrodes by external power
(e.g., voltage or current) or membrane potential until the elec-
trodes are saturated with ions, and the adsorbed ions are then
released from the electrodes. This discontinuous energy supply
is insufficient to meet basic power requirements for practical
applications.32,33

Recently, an innovative design using an activated carbon
suspension as the electrode was introduced in the capacitive
technique to overcome the nite ion storage capacity of solid
electrodes.34 This owable electrode's design was rst applied in
desalination (FCDI)34–36 and was then applied in the CapMix (F-
CapMix) eld for energy production.37,38 The research on F-
CapMix is still at the initial stage, and limited studies have
been reported so far.15,21,33,39,40 Theoretically, this F-CapMix
technique is capable of producing energy continuously by
unintermittently supplying fresh ow electrode (FE). However,
this leads to a massive waste of activated carbon. For a practical
F-CapMix system, the FE was recirculated within the system, and
the activated carbon (AC) in the ow electrode (FE) slurry will be
saturated without regeneration. It has been reported that the
energy production and regeneration of the FE can be achieved
simultaneously through a system with four cells connected in
series.37 However, a system with extra cells will make the system
more complex to operate. Therefore, designing a continuous
system with only one cell performing energy production and FE
regeneration at the same time is highly desirable. Recently, Liu
et al.33 developed a single-cell system with a graphite brush and
graphite plates (without caved channels) as current collectors to
generate electricity continuously. While Liu et al.33 took the rst
step and developed a one-cell system suggesting that the system
performance can be signicantly enhanced by using a graphite
brush as a current collector compared to at graphite plates
(without caved channels), for a large cell, the use of at graphite
This journal is © The Royal Society of Chemistry 2023
plates (without caved channels) might lead to a great dead-zone
of the FE due to the great viscosity of the FE. Here in this study,
we use a more application-oriented method based on the utili-
zation of graphite plates with caved channels as current collec-
tors, which is now widely used in FCDI41,42 and F-CapMix
systems,15,39 to produce electricity from salinity gradient energy.
But using graphite plates with caved channels in a single cell F-
CapMix system with a cross chamber design for continuous
energy production, to the best of our knowledge, has not yet been
detailed investigated.

It is generally believed that all techniques based on such
a owable electrode design depend heavily on the adsorption
capacity of electrodes. Therefore, activated carbon (AC) with
a high surface area is widely used in FCDI and F-CapMix
systems.15,43,44 However, due to the poor electronic conduc-
tivity of AC suspension, the FE wasmade of a high AC loading or
the mixture of AC with additional small amounts of conductive
additives, such as carbon black (CB) with high conductivity, to
elevate the electronic conductivity of the FE. And recently, it has
been proved that using only carbon black with high conductivity
and a low specic surface area as electrodes for desalination in
FCDI can outperform microporous AC-based electrodes.45 To
the best of our knowledge, there is low research on the F-
CapMix system using only CB for extracting SGE, which will
be addressed in the present study.

In the present study, we experimentally examined the feasi-
bility of simultaneous energy extraction and regeneration of the
FE in a single-cell F-CapMix system with a cross-chamber
design. The system performance was investigated under
different conditions, including the electrolyte concentration in
the FE, carbon weight percentage or carbon loading, additional
carbon black amounts, and external resistance. In addition, the
performance of the F-CapMix system using CB solely as the
electrodes was investigated.
2 Materials and methods
2.1 Materials

The sodium chloride (NaCl) used in the present study was
analytical reagent grade and was purchased from Aladdin
Industrial Co., Ltd. (Shanghai, China). The activated carbon
used in the present study was YP-50F (Kuraray Chemical
Company, Tokyo, Japan). Three different carbon black (CB)
samples were applied as conductive additives and electrodes in
this study: (1) CB (Ketjenblack ECP600JD, Lion Corporation,
Tokyo, Japan), (2) CB2 (Ketjenblack ECP, Lion Corporation,
Tokyo, Japan) and CB3 (DENKA acetylene black, Denka
Company Limited, Tokyo, Japan). A synthetic 500 mM NaCl
high concentration (HC) and a 20 mM NaCl low concentration
(LC) water were used to simulate the seawater and freshwater,
respectively.
2.2 Experimental setup and operation

The conguration of the F-CapMix cell used in this study is
shown in Fig. 1. The F-CapMix cell was assembled with the
following components: two acrylic-made plates (150 mm ×
Sustainable Energy Fuels, 2023, 7, 398–408 | 399
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Fig. 1 Schematic of (a) the main components of an F-CapMix cell, (b) experimental setup, and (c) F-CapMix circuit.
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80 mm × 10 mm) as the supporting plates, two graphitic-made
plates (150 mm × 80 mm × 7 mm) as the current collectors,
two silicon gaskets (thickness: 0.5 mm) with hollow space
(110 mm× 42 mm) as the ow channel of the feedwater (FW) of
seawater and freshwater, two anion-exchange membranes
(AEM, HMTECH—E18230, HUAMOTECH, China), and a cation-
exchange membrane (CEM, HMTECH—E17270, HUAMOTECH,
China) were placed on the joints between the silicon gaskets
and graphitic plates. Each graphitic plate was engraved with
ow channels (cross-section: 2 mm × 2 mm, length: 11 cm, and
the number of paths: 11) on the surface for FE slurry owing
through. To ensure the uniform distribution of FW in the
spacer, ve nylon sheets (thickness: 0.1 mm and 100 mesh for
each) were placed in the hollow part of the silicon gasket. All the
components were fastened together with an M5 screw. The FE
slurry and FW were pumped into the cell by two peristaltic
pumps (L100-1S-1, Longer Precision Pump Co., Ltd., China).
During the operation, the FE slurry was continuously recircu-
lated in the cell, while the FW was pumped into the cell in
a single-pass mode. The cell voltage of the F-CapMix system Vcell
was recorded by using an electrochemical workstation (CS3104,
Wuhan Corrtest Instrument Corp, China).
400 | Sustainable Energy Fuels, 2023, 7, 398–408
There was no external power used in this system. The salinity
gradient between the membrane generates an electrochemical
potential that is known as the Nernst potential or the Donnan
potential VD, as:

VD ¼ a

z

RT

F
ln

�
cHC

cLC

�
(1)

where a is the permselectivity of the membrane, z is the ion
valence (e.g., z= 1 for NaCl), R is the gas constant (8.314 J (mol−1

K−1)), T is the absolute temperature (298 K), F is the Faraday
constant (96 485 C mol−1), c is the mole concentration (mol
m−3), and the subscripts HC and LC represent water with high
concentration and low concentration, respectively.

The sum of the Nernst potential across the membranes in
a cell represents the membrane potential Vmem, which is also
the cell's open circuit voltage.

To exploit the extracted salinity gradient energy from the
CapMix system, it is necessary to connect the cell to a device,
which was usually replaced by an external resistor in previous
research.27,37,46 The performance of the system can be quantied
by power density, which can be calculated from the cell voltage
Vcell, external resistance Rext, and projection area of the
This journal is © The Royal Society of Chemistry 2023
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membrane Am on the hollow part of the gasket (46.2 cm2 in the
present study), as:

P ¼ Vcell
2

RextAm

(2)

The overall performance is represented by the average power
density of the experimental duration.

For an F-CapMix system, the cell is not ideally conductive but
with some internal resistance that impedes the current in the
circuit. In this way, an F-CapMix system can be represented as
a power source Vmem that is in series with its internal resistance
Rint and the external resistance Rext, as shown in Fig. 1c. The
internal resistance Rint can be roughly calculated from the
membrane potential Vmem, the value of external load Rext, and
the cell voltage Vcell, as

Rint ¼ VmemRext

Vcell

� Rext (3)

In this study, a series of experiments were performed to
evaluate the effects of different experimental parameters
(contents of AC and CB, and external resistance value Rext) on
the energy production of F-CapMix. The detailed experimental
scheme is listed in Table 1. The FE slurry suspension was
prepared by mixing different amounts of AC or CB materials
with an 80 mL solution with different NaCl concentrations. The
prepared FE slurry was continuously stirred overnight to wet
AC/CB powders thoroughly. All experiments were conducted at
room temperature (25 °C) in triplicate.
3 Results and discussion
3.1 Effect of FE concentration

The results obtained in a previous study using a four-cell F-
CapMix revealed that the performance is dependent on the
electrolyte concentration difference between FE and FW.37 In
this study, the effect of FE concentration on the performance of
the cross-chamber F-CapMix system was investigated at three
FE concentrations: 140, 260, and 380 mM, while the external
Table 1 Experimental scheme for the F-CapMix system in the present
study

NaCl concentration
(mM) Electrode content External resistance (U)

140/260/380 5% AC 5
260 2.5%/5%/7.5%/10% AC 5
260 0.25% CB + 4.75% AC 5
260 0.5% CB + 4.5% AC 5
260 0.5% CB2 + 4.5% AC 5
260 0.5% CB3 + 4.5% AC 5
260 0.75% CB + 4.25% AC 5
260 1.0% CB + 4.0% AC 5
260 0.5%/1.0%/1.5% CB 5
260 0.5%/1.0%/1.5% CB2 5
260 0.5%/1.0%/1.5% CB3 5
260 5% AC 1/5/20/50/100

This journal is © The Royal Society of Chemistry 2023
resistance was xed at 5 U. As can be seen in Fig. 2a, three
experimental cases gave similar OCV results, at ∼128 mV. Aer
the circuit was connected with an external resistance, the cell
voltage dropped from the OCV to a lower value (∼16 mV) and
then remained stable during the period of 10 hours of experi-
mental operation for the three experimental groups with
different FE concentrations (Fig. 2b). These stable cell voltages
resulted in a stable power density during the operation (Fig. 2c).
In the triplicated experiments of 10 hours' operation, similar
performance was found for different FE concentrations
(Fig. 2d). The stable voltage and power densities during the
process proved the feasibility of this two-chamber F-CapMix
system, indicating that the movement of ions reaches
dynamic equilibrium conditions, i.e., the number of ions
transferred from FW into the FE on one side of the cell was
equal to the number of ions released from the other side of the
cell into FW. As a result, this system simultaneously realized the
power production and regeneration of the FE within one cell
unit, which is an improvement to the traditional F-CapMix
system, whereas the regeneration of the FE requires an addi-
tional cell to accomplish.

Note that the similar OCVs of the present two-chamber F-
CapMix system under the three different FE concentrations
were not consistent with a prior reported F-CapMix system,37 in
which the OCVs were dependent on the FE concentrations. The
reason for the difference can be attributed to the different cell
congurations. For the prior F-CapMix system, there is only one
FW chamber in the cell, and the OCV was the sum of the Nernst
potential across the two membranes (one AEM and one CEM)
that can be calculated from eqn (1), as

V1c
mem ¼

�
aCEM

zþ
þ aAEM

z�

�
RT
F

ln
�
cspacer
cFE

�
. When the electrolyte

concentration in the spacer cspacer was xed (e.g., cspacer =HC or
LC), different FE electrolyte concentrations led to different
OCVs. Meanwhile for the present two-chamber F-CapMix
system, the OCV was the sum of the Nernst potential across
the three membranes (two AEMs and one CEM) that can be

represented as V2c
mem ¼

�
aCEM

zþ
þ aAEM

z�

�
RT
F

ln

 
cHC
spacer

cLCspacer

!
. As

a result, the OCV of this two-chamber F-CapMix system was only
dependent on the concentration difference between the HC and
LC. And the identical OCVs also explain the similar perfor-
mance of this two-chamber F-CapMix system under different
NaCl concentrations (Fig. 2d). Since the performance of this
two-chamber F-CapMix system is independent of the NaCl
concentration, we only used one NaCl concentration (260 mM)
to perform the subsequent experiments.

3.2 Effect of carbon loading on the system performance

The activated carbon (AC) in the FE plays an important role in
conducting the electric charges and electrons in the F-CapMix
system.47 For analyzing the relationship between the power
production of the present cross-chamber F-CapMix system and
carbon loading in FE, experiments were conducted at four
different carbon loadings: 2.5, 5.0, 7.5, and 10 wt%. As shown in
Fig. 3a, a relatively steady cell voltage Vcell was found for all the
Sustainable Energy Fuels, 2023, 7, 398–408 | 401
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Fig. 2 Plot of (a) the open circuit voltage, (b) the cell voltage, and (c) the power density during the experiments. (d) The average cell voltage and
the average power density at different FE concentrations, and the error bars denote the standard deviation for the triplicate experiments.
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experimental cases, proving again that this F-CapMix success-
fully realized the energy production continuously for long-term
operation. Meanwhile, Vcell was proportional to the carbon
loading, increased by around 3-fold as the carbon loading
increased from 2.5 to 10 wt%. The increased Vcell resulted in an
enhanced power density P at a larger carbon loading as well
(Fig. 3b). The power density increased from 5.5 to 46.1 mWm−2,
when the carbon loading increased from 2.5 to 10 wt%. These
power densities are comparable to the power densities obtained
with solid electrodes11,12 as well as ow electrode systems of
single38 and multiple37 reactor congurations. But the FE was
continuously regenerated within the proposed single-cell F-
CapMix system with a cross-chamber conguration, which
greatly simplies the cell conguration compared to the
multiple-reactor conguration.37

The greater Vcell and P of the cross-chamber F-CapMix system
at a higher carbon loading are consistent with those in a previous
study.37 The enhanced performance might be explained by the
decreased internal resistance of the cell at a higher carbon
loading. The internal resistance Rint can be calculated by using
eqn (3), where Vmem is dependent on the electrolyte concentra-
tion of LC and HC, which was unchanged in the experiments
(Vmem = ∼129 mV), and Rext (5 U) was unchanged for different
carbon loadings as well. As a result, the higher Vcell at a higher
carbon loading can only be attributed to the decrease of Rint. As
shown in Fig. 4, Rint was decreased by 260% as the carbon
loading increased from 2.5 to 10 wt%. In general, Rint consists of
402 | Sustainable Energy Fuels, 2023, 7, 398–408
the setup resistance, the electronic resistance of ow electrodes,
and the contact resistance between the electrode particles and
the current collector.36 It has been previously reported that
increasing the carbon loading from 5 to 20 wt% in FE could
signicantly reduce both electronic and ionic resistance in the
FE.36 The reduced electronic resistancemight be attributed to the
larger average size of the percolating cluster of AC in the FE
formed at a higher carbon loading, which facilitates the electron
transport.48,49 As a result, the charge and electron transportation
within the FE was improved, and hence the performance was
enhanced at a higher carbon loading.38,50 Although the system
performance can be enhanced by increasing the carbon loading
in the FE, excessive AC amounts in the FE could increase the
viscosity of the FE slurry and lead to the blockage of the FE
channel and nally interrupt the experiments.50 The blockage
problem has been reported previously,36,49 and the reason can be
attributed to the hydrophobicity of AC and CB. In our study, the
maximum carbon loading of the FE slurry that would not cause
the clogging of the FE channel was 10 wt%, which is lower than
the previously reported max carbon loading (e.g., 20 to
35%).35,50,51 The reason might be attributed to the different cell
congurations (e.g., the size of the FE channel and silicon tubes
for the transportation of the FE) and the rheological properties of
the utilized FE materials. Future work can focus on reducing the
viscosity of FE slurry, e.g., modifying the surface of AC materials
through emulsion polymerization50 or oxidative methods52 to
reduce its hydrophobicity.
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Plot of (a) the cell voltage and (b) the power density during the experiments of different carbon loadings. (c) The average cell voltage and
the average power density at different carbon loadings, and the error bars denote the standard deviation for the triplicate experiments.

Fig. 4 Plot of the system's internal resistance Rint at different carbon
loadings.
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3.3 Effect of carbon black on the system performance

The above results suggested that the system performance of the
F-CapMix system can be improved by increasing the carbon
loading in the FE due to the reduction in the resistance of the
FE. Other than increasing the carbon loading, the resistance of
This journal is © The Royal Society of Chemistry 2023
the FE can also be reduced by adding additional carbon black in
the FE slurry.35,53 To investigate the effects of CB amounts on the
system performance, experiments were performed at ve
different CB amounts: 0.25, 0.5, 0.75, and 1.0 wt%, under a xed
total electrode (including AC and CB) loading of 5 wt%. As is
expected, the cell voltage at different CB amounts was stable
during the experiments. The performance of the system was
increased with the additional amounts of CB (Fig. 5). The
maximum average power density was found for the case of
4.0 wt% AC with 1.0 wt% additional CB amounts, at around 74.3
mW m−2, which is around 6-fold the average power density of
the case without additional CB.

The results in Fig. 5 proved that the system performance of F-
CapMix can be enhanced by adding additional CB in the FE. The
reason can be attributed to the decreased internal resistance of
the FE. As shown in Fig. 6, Rint sharply reduced from 33.7 to 11.8
U when 0.75 wt% CB was added to the FE. Increasing the CB
amount to 1.0 wt% only resulted in a minor reduction in Rint,
from 11.8 to 10.7 U. The decreased resistance might be attrib-
uted to the mesoporous structures of CB. From the N2 adsorp-
tion–desorption experiments (Table 2), both the AC and CB in
the present study have a high specic surface area, with a value
of 1433.66 and 1405.33 m2 g−1, respectively. The main differ-
ence between these two materials is the pore size distribution
(Fig. 8). The AC particles are mainly occupied by micropores
with an average pore diameter of 2.14 nm. The microporous
Sustainable Energy Fuels, 2023, 7, 398–408 | 403
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Fig. 5 Plot of (a) the cell voltage and (b) the power density during the experiments of different CB amounts. (c) The average cell voltage and the
average power density at different CB amounts, and the error bars denote the standard deviation for the triplicate experiments.

Fig. 6 Plot of cell's internal resistance Rint at different carbon black
amounts.

Table 2 The specific surface area (SBET), total pore volume (vpore),
micropore volume (vm,pore), and average pore size (Dp) of activated
carbon (AC) and three different carbon blacks (CB)

SBET (m2 g−1) vpore (cm
3 g−1) vm,pore (cm

3 g−1) Dp (nm)

AC 1433.66 0.77 0.63 2.14
CB 1405.33 1.82 0.04 5.17
CB2 805.13 0.93 0.14 4.63
CB3 49.67 0.12 0.01 10.01
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structure of ACmight result in EDL overlap inside the pores and
hinder the ions' transportation.45 The CB particles, on the other
hand, have an average pore diameter of 5.17 nm, which was
around 2.4 times larger than that of AC. More importantly, CB is
dominated by mesoporous structures with a larger pore size,
which might facilitate the ions' transportation and thus reduce
404 | Sustainable Energy Fuels, 2023, 7, 398–408
the internal resistance.45 In addition, it should be noted that the
performance of the case with 0.75 wt% CB (65 mW m−2) was
already greater than that of 10 wt% AC without CB (46 mW
m−2). This suggested that only a tiny portion of AC in the FE was
able to transport and store the charged ions. Considering that
the FE was continuously recirculating between the two graphite
plates, the adsorbed ions from the HC were shortly released into
the LC. It might be concluded that the charged ions were only
stored in the outer part of AC. Therefore, the larger pore size of
CB gave a greater system performance even with less AC
contents.
3.4 Effect of different types of carbon materials on the
system performance

The effect of different types of carbon blacks on the system
performance was also investigated in the present study by using
This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (a) Power density of F-CapMix under different types of additional carbon black. (b) Power density of F-CapMix by using carbon black as the
electrodes. The external resistance is 5 U for all the experiments. The error bars denote the standard deviation for the triplicate experiments.
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three different types of carbon blacks. As shown in Fig. 7a, all
the experimental cases with additional CB produced greater
power density compared with the case without CB, which proves
again that the additional CB could enhance the system perfor-
mance. In addition, it has been previously demonstrated that
using only CB as the ow electrode could improve the desali-
nation performance.45 The feasibility of using only CB to
produce electricity was experimental examined in the present
study. As shown in Fig. 7b, the experimental cases of CB and
CB2 produced electricity in both F-CapMix systems, and the
power density was proportional to the CB loading, suggesting
that it is possible to use these two types of CBs to replace AC as
the ow electrode in the F-CapMix system to produce energy. In
addition, the power density of using 1.0 wt% amounts of CB and
CB2 was greater than the power density of using 5.0 wt%
amounts of AC solely, suggesting that these two CBs were more
suitable than AC for the energy production of the F-CapMix
system. On the other hand, the case of using CB3 produced
little electricity in both F-CapMix systems, indicating that CB3 is
not suitable as the FE material.
Fig. 8 (a) Nitrogen adsorption isotherms and (b) pore size distribution di
used in the study.

This journal is © The Royal Society of Chemistry 2023
The difference in the system performance under different CB
types might be explained by their physical properties. Table 2
shows the N2 adsorption–desorption experimental results. CB3
has the smallest BET-specic surface area (49.67 m2 g−1), pore
volume (0.12 cm3 g−1), and micropore volume (0.01 cm3 g−1)
compared to other CBs. Such a low specic surface area and
micropore volume of CB3 signicantly restricted its ions'
storage capacity, thus producing little energy in all the experi-
mental cases (Fig. 7b). By comparing the results of AC with
those of CB2, although AC has a higher specic surface area, the
power density of AC with 2.5 wt% was lower than that of CB2
with 1.0 wt%, indicating that the specic surface area might not
be the only critical factor determining the system performance.
By contrast, the pore volume, especially the mesopore volume,
seems to be an essential factor for the system performance. The
total pore volumes for AC and CB2 are close, at 0.77 and 0.93
cm3 g−1, respectively. As shown in Fig. 8, AC was mainly occu-
pied by micropores, while CB and CB2 were dominated by
mesopores. The mesoporous structure with a larger pore size
might facilitate the ions' transportation within the materials
agrams of activated carbon (AC) and three different carbon blacks (CB)
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Fig. 9 Plot of (a) the cell voltage and (b) the power density during the experiments of different external resistance. (c) The average cell voltage
and the average power density at different external resistances, and the error bars denote the standard deviation for the triplicate experiments.
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and enhance the performance.45,54,55 In addition, the CB and
CB2 materials have similar pore sizes and mesoporous struc-
tures, but CB with a larger pore volume, which might explain
the better system performance when using only CB as the
electrodes. Therefore, it might be concluded that a material
with a larger specic surface area and mesoporous structure is
benecial for increasing the performance of the F-CapMix
system.
3.5 Effect of the external resistance on the system
performance

The system performance is dependent on both the cell voltage
and the value of external resistance Rext (eqn (2)). In this study,
four external resistors (Rext = 1, 20, 50, and 100 U) were con-
nected to the cells to investigate the system performance under
different resistances. As shown in Fig. 9, the cell voltage Vcell was
increased with the external resistance Rext. By contrast, the
corresponding instantaneous power density P increased with
Rext and reached a maximum of 23.3 mW m−2 when Rext was 50
U. Increasing Rext to 100 U led to a 19% reduction in P (18.8 mW
m−2). Note that the power density of Rext = 20 U (22.2 mWm−2)
was very close to the maximum value at Rext = 50 (23.3 mW
m−2). It has been suggested previously that themaximum power
density can be obtained when the external resistance Rext equals
the internal resistance Rint.56,57 Therefore, it might be speculated
406 | Sustainable Energy Fuels, 2023, 7, 398–408
that Rint should be in the middle between 20 and 50U. As can be
seen in Fig. 4, the calculated Rint was similar for all the cases, at
around 33.7 U, which explains the similar power density at
these two Rext. Meanwhile, the similar Rint for all the cases can
be explained by the identical FE components (5 wt% AC and
0 wt% CB) of these experiments.
4 Conclusions

In this study, a single-cell F-CapMix system with a cross-
chamber conguration has been developed to continuously
generate stable electricity from salinity gradient energy between
HC and LC solutions for long-term operation. The maximum
power density of the system was 74.3 mW m−2, under the
experimental conditions of using 4.0 wt% AC loading with
additional 1.0 wt% CB under a Rext of 10 U. This performance
was comparable to those of previous systems of both CapMix
with solid electrodes and F-CapMix with ow electrodes. In
general, the energy production performance of this single-cell F-
CapMix system was dependent on the activated carbon loading,
the amount of carbon black, and the external resistance.
However, the performance of the single-cell F-CapMix system
was independent of the FE electrolyte concentration, which was
different from the multiple-cell F-CapMix system.37 The results
suggest that the performance of the system can be enhanced by
This journal is © The Royal Society of Chemistry 2023
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increasing either the AC loading or CB amounts due to the
reduction in the internal resistance of the system. Furthermore,
it is possible to use solely carbon black with a mesoporous
structure as the ow electrodes in the F-CapMix system for
energy production. In addition, the maximum power density
was achieved when the external resistance matched the internal
resistance of the system. In summary, these results indicate that
the presented single-cell F-CapMix system with a cross-chamber
design can produce electricity continuously from the salinity
gradient difference between seawater and freshwater.
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