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ABSTRACT

Electrodes synthesized using mesoporous carbon aerogel (CA), microporous-activated carbon
(AC), and different combinations of the two were evaluated for capacitive deionization applica-
tion. Composite electrodes with CA and AC in the ratio of 75:25 provided the highest specific
capacitance value (90 F/g at scan rate of 2mV/s). Further, it was observed that on increasing
the scan rates to up to 10mV/s, the reduction in specific capacitance values for the electrodes
with 75:25 CA/AC composition was only 5%, whereas the reduction for pure CA and pure AC
electrodes were 23 and 52%, respectively. The test cell made using 75:25 CA/AC composite
electrodes (size 10 cm x 10 cm with material loading of 15 mg/cm?) showed fast adsorption and
desorption cycle of ~15 min and salt removal efficiency of 51% was obtained.
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1. Introduction

Scarcity of potable water is a global problem and is
getting further aggravated because of the increase in
population and industrial development. Since the pres-
ently used water desalination and purification technol-
ogies such as reverse osmosis [1], electrodialysis [2],
and evaporation [3] are energy intensive and expensive,
there is interest in development of more efficient tech-
niques. Capacitive deionization (CDI) which involves
separation of ions by electrochemical process is receiv-
ing considerable interest as it offers advantages of low-
voltage requirement, ambient operational conditions,
and easy regeneration [4,5]. In the CDI process, the sal-
ine liquid is passed between two high-capacity elec-
trodes. In the presence of electric potential, strong
electrical double layers formed at the electrodes, hold
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the salt ions thus removing them from the saline liquid.
On removal of the electric field, ions are released back
to the bulk solution. This offers a simple, environmental
friendly, and chemical-free regeneration.

CDI electrode should have high accessible surface
area for ionic accumulation, good electrical conductivity
for effective charge holding, and suitable pore size with
cross-linked structure for free ionic motion. Several car-
bon materials such as activated carbon (AC) [6,7], carbon
nanotubes (CNT) [8], and carbon aerogels (CA) [9] have
been studied as CDI electrode material. AC powder
offers the advantage of low cost and high surface area
material but due to the presence of micropores of sizes
<2nm, the accessible surface area is low [10]. Carbon
nanotubes have high surface area but suffer from high
production cost and low capacity due to poor wettability
[11,12]. CAs offer the advantage of high electrical con-
ductivity and due to the presence of mesopores, provide
more favorable and quicker pathways for ions to
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penetrate the pores and demonstrate good electrode
characteristics [13]. However, being dominated by mes-
opores the available surface area for CA is lower than
that available with AC [14] and it is also more costly as
compared to AC. Due to their complimentary surface
characteristics it appears that a combination of CA and
AC may prove to be a more suitable electrode material
as compared to pure CA and AC. With this objective, we
have synthesized electrodes using different ratio of CA
and AC and compared their characteristics with elec-
trodes of pure CA and pure AC. We have investigated
all electrodes for their morphology using scanning elec-
tron microscopy and for specific capacitance using cyclic
voltammetry. The results obtained show that composite
electrodes with CA and AC in the ratio of 75:25 provided
the highest specific capacitance values and also show
significantly lower reduction in capacitance with an
increase in scan rate.

2. Materials and methods
2.1. CA preparation

Resorcinol (>99%, Merck) and furfural (99%, Quali-
gens) were dissolved in isopropanol (=99%, Merck)
in 1:2M ratio. The gel formulation was made using
0.38 M resorcinol and 0.76 M furfural with solid mass
content of 11.5%. The gelation was carried out at a
constant temperature of 60°C for 48h. The gel was
subjected to supercritical drying of isopropanol (236°C
and 670psi) in an autoclave. The dried aerogel thus
obtained was carbonized in muffle furnace at 850°C
under argon atmosphere to obtain mesoporous CA.

2.2. Electrode preparation

Pure CA, AC (SD fine chemicals, product code:
43,032), and their mixture in the ratio of 85:15, 75:25,
60:40, and 50:50 were used to prepare the electrodes.
Polyvinylidene fluoride (PVDF) dissolved in N-
methyl-2-pyrrolidone (NMP) in weight ratio of 1:18
was used as binder solution. Carbon powders and
binder in the ratio 3:1 by weight was coated uniformly
on the graphite sheet. The coated electrodes were
immersed in water for 24h for NMP solvent
exchange. Electrodes of size 10cm x 10 cm with active
material loading of ~15mg/cm® were prepared for
salt removal experiments. Same process was used to
prepare electrode for cyclic voltammetry.

2.3. Scanning electron microscopy

Scanning electron microscopy (SEM) of pure PVDF
film and different electrodes was carried out using

Philips XL30CP system to study their morphology.
The micrographs of these samples were recorded at a
magnification of 2,000-2,500 to image the network of
electrodes.

2.4. Surface area analysis

Micromeritics ASAP2020 system was used to mea-
sure surface area and pore size distribution of CA and
AC samples using N, adsorption-desorption iso-
therms. The system makes use of Brunauer-Emmett—
Teller (BET) theory for determining specific surface
area using adsorption data and Barrett-Johner-Halen-
dar (BJH) theory for pore size distribution using
desorption data. The samples were degassed at 350°C
for 15h prior to analysis.

2.5. Measurement of capacitance

Specific capacitance of electrodes was evaluated by
cyclic voltammetry measurements using AUTOLAB
PGSTAT302 potentiostat in a conventional three elec-
trode cell. The working electrode was formed with the
electrode under test. Platinum electrode was used as
counter electrode and a saturated calomel electrode
was used as a reference electrode. Cyclic voltagrams
(CV) were obtained in the potential range of —0.4 to
+0.6V in 0.5M NaCl electrolyte. The samples were
subjected to scan rates of 1, 2, 5, and 10mV/s.

The capacitance (C) value was evaluated using fol-
lowing equation.

C=A/(AV x S) (1)

where A is the area of the CV curve obtained by inte-
grating the voltagram over the voltage range (AV) and
S represents the scan rate. Test electrodes of size
1.5 sz, five sets for each composition, were used and
their specific capacitances were evaluated.

2.6. Experiments for salt removal

Performance of electrodes was evaluated for CDI
application in a desalination test cell of 100 ml capac-
ity, a schematic of which is shown in Fig. 1. A set of
two electrodes, each of size 10cm x 10cm were
mounted in the test cell with a separation of ~2.5mm.
Desalination experiments were conducted using NaCl
electrolyte at a concentration of 1,000mg/l. For
adsorption cycle, potential of 1.2V was applied to the
cell and for desorption cycle the potential was
reduced to OV. In each experiment, the effluent was
continuously circulated and concentration of NaCl
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Fig. 1. Schematic diagram of the test cell used for CDI
experiments.

was monitored by using conductivity meter (WTW,
Cond 330i). The conductivity meter was calibrated
using standard salt solutions for measuring the salt
concentration. Adsorption and desorption cycles of
15min were recorded to evaluate the salt adsorption
behavior.

The NaCl salt removal was calculated according to

Salt removal (%) = 100 x (C — Cy)/C (2)

where C is the starting NaCl concentration and Cj is
the final NaCl concentration expressed in mg/1 [15].

3. Results and discussion
3.1. Morphology of carbon electrode

SEM of pure PVDF film formed by wet exchange
process is shown in Fig. 2a. The micrograph shows a
regular network of pores of size 2—4 um. These open
pores of the network structure are desired as they allow
fast and easy transfer of ions of electrolyte to the under
layers. The micrograph of pure CA electrode formed
with PVDF binder (Fig. 2b) shows that although the CA
film is porous, the PVDF network is hindered resulting
in restricted accessibility of under layers of CA.

In the micrograph of pure AC electrode (Fig. 2c)
both the AC particles of size 5-10pm and the PVDF
network are visible. The micrograph for composite
electrode of CA and AC (Fig. 2d) shows that along
with the porosity of CA, the PVDF network is also
visible. This suggests that addition of AC to CA helps
in forming PVDF network in composite electrode. Fur-
ther the composite electrode was found to have better
mechanical strength than pure CA and no material
loss was observed when rubbed with cloth. The coat-
ing material of the composite electrodes did not peel
off with repeated use in desalination cell.

Fig. 2. SEM image of (a) pure PVDF film, (b) pure CA electrode, (c) pure AC electrode, and (d) composite electrode

formed with combination of CA:AC::75:25.
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Table 1
Physical properties of CA and AC powders as measured
by ASAP2020

Sample BET surface Total pore Micropore
area volume volume
(m*/g) (cm’/g) (em®/g)
CA 605 0.87 0.20
AC 1,155 0.76 0.49
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Fig. 3. Pore size distribution of CA and AC powders.

3.2. Comparison of pore size distribution

The basic physical structural parameters of AC and
CA were determined using ASAP2020 and are summa-
rized in Table 1. The pore size distribution is shown in
Fig. 3. In case of CA, the maximum pore volume was in
the range of pore size 3-30 nm. These mesopores of CA
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are favorable for fast ion transport. For AC, majority of
pore volume was associated with pores of size less than
5nm which mainly contribute to surface area.

3.3. Cyclic voltammetry

The CV of different electrodes as a function of scan
rates is shown in Fig. 4. The CV of composite elec-
trode (CA:AC::75:25) and pure CA have rectangular
shape typical for an ideal double-layer capacitor [16].
This is attributed to the fact that mesoporous surfaces
are readily accessible to ions. For pure AC electrode,
tilted CV was obtained indicating delayed current
response owing to slow transfer of ions in micropores.

The capacitance values were calculated using Eq.
(1) and divided by sample weight to give specific
capacitance. Specific capacitances for different types of
electrodes at a scan rate of 2mV/s are tabulated in
Table 2. In case of pure CA, specific capacitance was
measured to be ~80F/g which is in agreement with
other reported values for CAs [17]. The specific capac-
itance is significantly lower for pure AC (37F/g)
which can be attributed to absence of mesopores. AC
has been used by many researchers as low-cost elec-
trode material and the capacitance values obtained in
the range of 20-40F/g [18]. For the composite elec-
trode with CA:AC::75:25, the specific capacitance
value was the highest (90F/g). The enhancement in
specific capacitance for composite electrode can be
attributed to the availability of mesopores, high sur-
face area offered by AC and open PVDF network
which allows ions to penetrate the pores. On increas-
ing the ratio of AC to 50% in composite electrode, the
capacitance value was reduced to 55F/g.
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Fig. 4. Cyclic voltagrams for electrodes with pure CA, composite electrode with CA:AC::85:15, composite electrode with
CA:AC::75:25, composite electrode with CA:AC::60:40, and composite electrode with CA:AC::50:50 and pure AC for (a)

scan rate of 2mV/s and (b) scan rate of 10mV/s.
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Table 2
Specific capacitance of different types of electrodes at scan
rate of 2mV/s

Electrode type Average specific

capacitance in F/g

(a) Pure CA 80+4
(b) Composite of CA:AC::85:15 84+4
(¢) Composite of CA: AC::75:25 90+4
(d) Composite of CA:AC::60:40 75+4
(e) Composite of CA:AC::50:50 55+4
(f) Pure AC 37+3

In Fig. 5, we show the measured variation in specific
capacitance as a function of the scan rate. The specific
capacitance decreases with increasing scan rates. The
reduction in capacitance for pure AC and pure CA with
an increase in scan rate from 1 to 10mV/s was 52 and
23%, respectively. This is consistent with the fact that
while at low scan rates both micropores and mesopores
are accessible to ions, at high scan rates the ions are not
able to access the micropores and only small portion of
total surface area is utilized. For composite electrode
(CA:AC::75:25) the decrease in capacitance was signifi-
cantly lower (only 5%). This is because of availability of
mesopores in CA and the well-developed PVDF net-
work which allows easy transport of ions and utiliza-
tion of micropores even at higher scan rates. The
observed high capacitance at fast scan rate helps in fast
regeneration which is desirable for CDI applications.

3.4. CDI experiment

The capacitive deionization experiments were con-
ducted to evaluate salt removal and their regeneration
behavior [19].
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Fig. 5. Variation of specific capacitance with scan rate for
different electrodes.
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Fig. 6. Variation of salt concentration during adsorption
and desorption cycle for different electrodes.

The change in salt concentration during the
adsorption and desorption cycle was recorded for all
the electrodes and is plotted in Fig. 6. Highest salt
removal of ~51% was observed for the composite
electrode with CA:AC:75:25. For the electrodes with
pure CA, CA:AC::50:50 and pure AC, the salt removal
obtained was 40, 29, and 20%, respectively. The equiv-
alent salt adsorption obtained in case of composite
electrode (CA:AC::75:25) was 17mg per gram of elec-
trode material. The corresponding salt adsorption for
the electrodes with pure CA, CA:AC:50:50 and pure
AC was 13mg, 10mg, and 7 mg, respectively.

The regeneration of the composite electrode with
CA:AC::75:25 was evaluated for number of adsorption
and desorption cycles in the same cell at an initial
NaCl concentration of 1,000 mg/1. The variation of salt
concentration is shown in Fig. 7. The regeneration effi-
ciency of ~92% was obtained. This high regeneration
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Fig. 7. Regeneration behavior of the composite electrode
for repeated cycles.
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efficiency is mainly attributed to free transport of ions
due to presence of open network.

4. Conclusion

Studies carried out on electrodes, which synthe-
sized using mesoporous CA, microporous-AC, and
different combinations of the two showed that com-
posite electrodes with CA and AC in the ratio of 75:25
provided the highest specific capacitance value (90F/
g at scan rate of 2mV/s). The test cell made using
75:25 CA/AC composite electrodes (size 10 cm x 10 cm
with material loading of 15mg/cm?) showed fast
adsorption and desorption cycle of ~15min and salt
removal efficiency of 51% was obtained with regener-
ation efficiency of 92%. The excellent electrosorption
performance of composite electrodes is ascribed to
mesopores available in CA, high surface area of AC,
and well-developed PVDF network. The composite
electrode had good integrity and mechanical strength.
Results of the studies suggest that the composite elec-
trode with optimized composition can be suitably
applied to CDI applications.
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