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a b s t r a c t

Activated carbons prepared using polyaniline (PAni), a N-containing precursor, doped with different
anions were successfully employed in this work as electrode materials for capacitive deionization. The
aim of this research was to investigate the effect of chloride (Cl�), p-toluenesulfonate (PTS�),
dodecylbenze-sulfonate (DBS�) and polystirenesulfonate (PSS�) as PAni dopants on the textural and
electrochemical properties of PAni activate carbon (PAC) and evaluate their performance for desalination.
It was demonstrated that textural PAC properties such as microporosity could be properly tuned,
resulting in a suitable proportion of micro- and mesoporosity by using different doping anions.
Furthermore, it was observed that the higher the oxygen content the higher the electrode hidrophilicity
due to introduction of surface polar groups, as identified by XPS. These groups were found to be the most
important variable influencing on the PAC electrosorption capacity and energy efficiency. The highest
specific adsorption capacity (14.9 mg g�1), along with the lowest specific energy consumption, was
obtained using the PTS-doped PAC electrode. Considering its high capacity, low-cost and ease of syn-
thesis, PAC/PTS seems to be a promising electrode for CDI.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Water scarcity as result of population growth and industriali-
zation has become one of the major issues of the 21st century.
Despite the large reserves of water still available on earth (e.g.
seawater and groundwater), great part of this water does not meet
quality standards for human consumption mainly due to the high
concentration of salts. To make water drinkable, reverse osmosis
(RO), electrodialysis (ED), and multi-effect distillation (MFD) can be
employed for water desalination, although these technologies de-
mand high energy consumption in large-scale applications [1,2]. In
this context, CDI has emerged in the last few years as a low-cost
technology that can be used to remove ions from brackish water
(~10,000 mg L�1), but consuming less energy than its main
. Zornitta), pluis@ufscar.br
competitor, the RO [2]. CDI is based on the concept of charge
storage in the electric double layer (EDL) developed when ions are
attracted to a pair of porous carbon electrodes when an external
voltage is applied. The low energy consumption of CDI comes from
the low voltage needed for the electrosorption process (typically
1.0e1.4 V) and the low required pressure when compared to RO
[3e5]. After electrode saturation, the regeneration of the electrodes
is achieved by short-circuiting the cell [4,6]. Another possibility is
to invert the cell potential repelling the electrosorbed ions, thus
reducing the time needed for electrode regeneration (Fig. S1) [5].

Despite the advantages presented by CDI relative to other well-
established technologies like RO and ED, there are still challenging
issues, such as electrode material, to be overcome in order to make
this technology feasible for large-scale applications. The electrode
material for CDI must have fast electrosorption kinetics and high
adsorption capacity. A good candidate for electrode material to be
used for CDI must have high specific surface area (SSA) available for
electrosorption, high conductivity, good wettability, fast response
to polarization, and chemical stability [7]. Carbonmaterials fit most
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of these requirements and have been intensively used as CDI
electrodes, e.g., carbon aerogels [3,8,9], mesoporous activated car-
bon [4,10], microporous activated carbon [11], carbon felts [12],
carbon fibers [13], carbon nanotubes [14,15] and their modification
using oxides [16,17] and conducting polymers [18,19]. Although
there are many studies related to electrode materials for symmet-
rical membraneless CDI, the carbons showing the best perfor-
mance, such as nitrogen doped graphene, are still too expensive
and in many cases their preparations are not environmental
friendly [20].

Recently, nitrogen-doped activated carbons (N-doped AC) have
been reported to enhance CDI electrode performance [21e24]
mainly due to the (i) introduction of defects and distortion in the
carbon matrix, facilitating the ion access to the surface area and
increasing charge accumulation, (ii) enhancement of charge den-
sity due to the presence of nitrogen, which facilitates the charge-
transfer process [24,25], and (iii) introduction of surface groups
responsible for pseudocapacitance [21]. CDI materials reported to
exhibit the highest specific adsorption capacity (SAC) are N-doped
graphene (21.9mg g�1) [21], N-doped graphene sponge (21mg g�1)
[25], and N-doped cotton-derived carbon sponge (16.1 mg g�1)
[24]. The most common approach to introduce N-groups into the
carbon structure is the post-treatment with ammonia at high
temperatures. However, this technique leads to a low nitrogen
content and poor thermal stability [26]. Moreover, this process
could become too expensive considering the precursor preparation
followed by the activation with ammonia.

Nitrogen-containing precursors such as glucosamine hydro-
chloride [23], polyacrylonitrile [27], PAni [28e30] and polypyrrole
[31] have become a low-cost alternative to obtain N-doped AC
dispensing the post-treatment. Among these materials, PAni find
applications in different fields such as supercapacitors [32], cation
exchange [33], and as additive to improve AC capacitance in CDI
[19,34]. PAni presents high nitrogen-content (~15 wt%), it is inex-
pensive, easily synthetized, and has a structure similar to graphite,
which could facilitate the introduction of nitrogen-containing
active sites inside the carbon matrix at high temperatures [30,35].
Furthermore, the PAni properties can be easily customized by
varying the doping anion during the polymerization process [36].
The use of PAni as AC precursor has already been reported for
different applications such as adsorption [37], supercapacitors
[29,30,36,38e45], electrocatalysts [35,41], and batteries [45];
however, to the best of our knowledge, PAC has never been used for
CDI applications.

PAC has been considered a promising material for electro-
chemical applications due to its distinguished structural and
textural characteristics. Recent studies have shown that depending
on the precursor synthesis and activation method, PAC presents
extremely high SSA [37,44,45], high mesopore volume [40], high
capacitance [29,43], good wettability [43], and long-term stability
[29,30]. The presence of quaternary nitrogen in the carbon matrix
can enhance the charge-transfer, thus improving the CDI electrode
conductivity [24,25]. Moreover, the presence of pyridine- and
pyrrole-like nitrogen groups is recognized as being responsible to
create pseudocapacitance [21] and also to improve carbon wetta-
bility due to the redox reaction with water according to Equation
(1) [25,46].

�CH ¼ NH þ 2e� þ H2O#� CH � NHOH

In this scenario, the application of PAC as CDI electrodes seems
to be promising and was the aim of this investigation. To the best of
our knowledge, the use of PAC for CDI using PAni doped with
different anions is reported for the first time. PAni was used as N-
containing precursor to obtain a N-doped AC. Furthermore, the
effect of the large (dodecylbenzene-sulfonate, DBS�, and poly-
stirenesulfonate, PSS�) and small dopant anions (Cl� and p-tolue-
nesulfonate, PTS�) on the textural properties of the obtained PAC
was compared.

In order to understand the effect of different anions on the PAC
electrode performance for desalination, PACs were characterized
regarding to their SSA, pore size distribution (PSD), morphology,
surface functional groups, electrochemical capacitance and charge-
transfer resistance. The desalination performance was evaluated in
terms of electrosorption kinetics, SAC, charge efficiency and specific
energy consumption. The results confirmed the great potential of
this novel approach to explore the properties of PAni to obtain
tailorable N-doped activated carbons for CDI electrodes.

2. Experimental

2.1. Materials

The monomer aniline (99% Sigma-Aldrich) was distillated prior
to use for polymerization and maintained in amber bottle at low
temperatures (<3 �C) to prevent oxidation. Anion sources used as
counter ions for polyaniline were hydrochloric acid (HCl, 36.5e38%,
J.T. Baker), p-toluenesulfonic acid monohydrate (HPTS, �98.5%,
Sigma-Aldrich), sodium dodecylbenzene-sulfonate (NaDBS, Sigma-
Aldrich) and poly(4-styrenesulfonic acid) (HPSS, 18 wt % solution in
water, Sigma-Aldrich). The oxidant used for polymerization was
ammonium persulfate (98%, Sigma-Aldrich). Polyvinylidene fluo-
ride (PVDF, Sigma Aldrich) and n-methylpyrrolidone (NMP, 99.5%,
Synth) were used as binder and solvent, respectively, for electrode
preparation. Commercial activated carbon (CAC) YP-50F was pur-
chased from Kuraray Corp., Japan.

2.2. Polyaniline synthesis

PAni was chemically synthesized using the optimized condi-
tions adapted from Jelmi et al. [47] Briefly, 10 mL of aniline
(0.21 mol L�1) was added at low temperature (~3 �C) and constant
stirring to 500 mL solution containing 0.30 mol L�1 of the doping
compounds (HCl, HPTS, NaDBS and HPSS). The polymerization
started adding 85.9 mL of the oxidant solution ((NH4)2S2O8
1.0 mol L�1), dropped slowly into the monomer solution. The
mixture was left to react for 24 h under stirring. After polymeri-
zation, the precipitated PAni dopedwith Cl� and PTS�were filtered,
washedwith acid solution (HCl and HPTS, respectively) and dried in
oven at 60 �C for 24 h [43]. Regarding to PAni doped with DBS�,
750 mL of acetone (99.5%, Synth) was added to the polymerization
solution to precipitate the polymer particles, followed by filtration
and washing with plenty of water and dried in oven at 60 �C for
24 h [48,49]. The particles of PAni doped with PSS� were separated
by leaving the polymerization solution in an oven for 24 h at 60 �C
to evaporate the solvent [50]. The samples of PAni doped with the
different anions were referred as PAni/Cl, PAni/PTS, PAni/DBS and
PAni/PSS.

2.3. Polyaniline carbonization and activation

PAni was activated according to the procedure adapted from Yan
et al. [29]. In this procedure, PAni was firstly carbonized in a tubular
furnace (Thermo Scientific Lindberg Blue M) at 850 �C at a heating
rate of 10 �C min�1 for 2 h under N2 atmosphere (150 mL min�1).
After carbonization, the samples were activated with KOH in a
proportion of 1:4 (polymer:KOH, w/w) followed by heating at
850 �C for 1.5 h using the same heating rate and N2 flow conditions
of the carbonization process. The ratio 1:4 (w/w) of carbonized
carbon to KOH was chosen based on previous studies reporting an
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increase of 41% of the SSA when the activation agent KOH was
increased from 1:2 to 1:4 [43].

After carbonization, the activated carbon was washed with HCl
0.5 M and warm water until constant pH and then dried at 105 �C
for 24 h. The samples were referred as PAC followed by the doping
source of the PAni precursor: PAC/Cl, PAC/PTS, PAC/DBS and PAC/
PSS.
2.4. Preparation of the CDI electrodes

Carbon electrodes were prepared by mixing 10 wt% of PVDF
previously dissolved in NMP and 90 wt% of activated carbon. The
slurry was kneaded and poured into a mold containing a graphite
substrate. The mold was then placed into an oven at 80 �C for 12 h
to remove all the solvent and form the carbon film [5]. The mass of
the active material in the electrodes used in the desalination ex-
periments was ~0.64 g.
2.5. Material characterization

Doped PAni was characterized by Fourier transform infrared
spectroscopy FTIR (Bruker Vertex 70 spectrophotometer) using the
KBr pellet technique. Activated carbon morphology was analyzed
by scanning electron microscope (SEM, JEOL JSM-840) using high
voltages (20e25 kV) and depositing a gold layer to increase con-
ductivity. SSA and PSD were investigated through N2 adsorption/
desorption at �196 �C using an Omnisorp 100cx (Coulter). The
samples were prior outgassed for at least 8 h at 150 �C. The volume
of micropores and the SSA were calculated from the N2 isotherm
using t-plot method and the Brunauer-Emmett-Teller (BET) equa-
tion, respectively. The mesopore volume was determined by the
difference between the total pore volume of N2 adsorbed at P/
P0¼ 0.95 and themicropore volume. The PSD between 1 and 20 nm
was calculated using the density functional theory (DFT) method.
X-Ray photoelectron spectroscopy analysis (XPS) was performed
using a 5700C model Physical Electronics apparatus with Mg Ka
radiation (1253.6 eV). This technique was used for a quantitative
analysis and determination of the chemical bonding structure of
the PAC samples. The spectra were fitted without placing con-
straints using multiple Voigt profiles using the CasaXPS software.
The ultimate analysis of the samples were performed in a Leco
CHNS-932 system, being the oxygen content calculated by
difference.
2.6. Electrochemical characterization

Cyclic voltammetry (CV), galvanostatic charge-discharge, and
electrochemical impedance spectroscopy (EIS) were performed in
NaCl 0.2mol L�1 using a three-electrode cell with carbon electrodes
as working (2.5 cm � 2.5 cm) and counter electrode
(2.5 cm� 3.0 cm). The reference electrodewas Ag/AgCl in saturated
KCl. A potentiostat Autolab PGStat 204 was used in all
measurements.

CV was carried out at different scan-rates (n): 1, 5, 10, 50, and
100mV s�1, in a potential window between�0.2 V and 0.5 V, which
was previously determined to prevent redox reactions. The specific
capacitance (CS) and the total specific capacitance (CCV) of the
electrode (F g�1), was calculated using Equations (1) and (2),
respectively, where I is the current, m is the mass of the working
electrode (g) and E1 and E2 are the low and high values of the po-
tential window.
CS ¼
I
nm

(1)

CCV ¼

Z E2

E1
IdV

nmðE2 � E1Þ
(2)

The galvanostatic charge-discharge experiments were carried
out at ± 0.4mA cm�2. In this case, the specific capacitance (CCD) was
calculated from the slope of the discharge curve using Equation (3),
where Id (A) is the discharge current, Dt (s) is the discharging time,
andDU is the potential drop during discharging (excluding IR drop).
The inferior and superior electrode potential cutoffs used in these
experiments were 0 V and 0.6 V, respectively.

CCD ¼ IdDt
mDU

(3)

EIS measurements were carried out in the frequency range be-
tween 1 mHz and 100 kHz applying a potential of 0.0 V and an AC
amplitude of 10 mV. Specific capacitance obtained from EIS (CEIS)
was calculated using Equation (4), where u is the angular frequency
and Z00 is the imaginary part of the impedance spectrum. The fitting
for the equivalent circuit was performed using the Metrohm
Autolab NOVA v1.11 software.

CEIS ¼
1

mjuZ 00 j (4)
2.7. Electrosorption experiments

The CDI experiments were used to evaluate the desalination
performance in a batch experimental system. A detailed description
of the CDI cell can be found in our previous work [5]. Briefly, the
electrosorption unit cell consisted of two acrylic plates where car-
bon electrodes with dimensions of 10 cm � 5 cm were placed on
titanium sheets used as current collectors. Two plastic meshes
placed between the carbon electrodes provided a gap of 1.8 mm
necessary for ensuring the electrolyte flow and preventing short
circuit. Rubber gaskets sealed up the cell and all the components
were assembled by nuts and bolts.

During desalination, a volume of 25 mL of NaCl 600 mg L�1

solution was pumped through the CDI cell using a peristaltic pump
(Masterflex L/S Cole-Parmer) at a constant flow-rate of
26 mL min�1. A potentiostat Autolab PGStat 204 supplied the
constant cell potential (1.2 V or 1.4 V) during electrosorption and
0 V during desorption. The solution conductivity was measured
online at the exit of the cell and it was recorded every 30 s using a
conductivity meter (Mettler Toledo SevenCompact Conductivity).
The conductivity was then converted to salt concentration using a
linear relationship obtained prior to the experiment. Each elec-
trosorption/desorption experiment was performed until no
apparent conductivity variation was observed.

Salt adsorption capacity (SAC), charge efficiency (QE) and specific
energy consumption (h) were calculated using Equations (5)e(7),
respectively, and used to evaluate the performance of the electrode
in the desalination process.

SAC ¼ ðC0 � CtÞ V
mE

(5)
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QE ¼ 100
zFVDCZ

Ied
(6)

h ¼
Ecell

Z
Idt

mrem
(7)

In these Equations, C0 is the initial salt concentration (mg L�1), Ct
(mg L�1) is the salt concentration at time t, V is the volume of
electrolyte (L),mE is the mass of active material in both electrodes, z
is the ion charge, F is the Faraday constant (96,485 C mol�1), Ecell is
the cell voltage during electrosorption (V), mrem is the mass of ions
removed. The current (Ie) in Equation (6) is the effective current
used for electrosorption (subtracting the leakage current) while the
current (I) in Equation (7) is the total current applied to the cell.

3. Results and discussion

3.1. Polymerization and activation

Table S1shows the polymerization yield (YPAni) calculated from
the ratio of polyaniline/aniline (wt./vol.) for the solutions contain-
ing the different anions. The highest yield was achieved using PSS�

followed byDBS� and PTS�. This result can be explained by the high
molecular weight of PSS� (~75,000 g mol�1), followed by DBS�

(348.5 g mol�1) and PTS� (172.2 g mol�1). As the size of the anion
gets smaller, the PAni final mass also decreases, reaching the lowest
value for PAni/Cl. The polymerization process was adapted from the
best yield conditions obtained by Jelmy et al. [47], although the
doping anion used in their work was the methanesulfonate.
Nevertheless, it was possible to observe a high YPAni considering
that for most of the experiments the final mass of PAni was close or
even higher than the mass of aniline used for polymerization. For
comparison, John et al. [51] synthesized PAni/PTS and obtained a
YPAni of 91.4% with respect to aniline which is fairly close to the 82%
achieved is this work.

Another way to estimate YPAni is to consider the ratio of the mass
of the conducting polymer and the total mass of aniline plus the
doping anion. In this case, the PAni/DBS yield only 26.7%, which is
much lower than the 92.3% obtained by Shreepathi [48], but this
author used acidic DBS instead of the sodium salt used in this work.
A possible explanation for the lower YPAni observed for PAni/DBS
might be the high pH of the salt solution. The lower the pH the
more protonated the PAni [52] and, consequently, there will be
more doping sites for DBS�. Therefore, it can be concluded that YPAni
can be further optimized using different polymerization conditions.

After polymerization, the PAni powder was first carbonized and
in a second step activated according to the methodology adapted
from Yan et al. [29], which describes the preparation of high SSA
PAC/Cl for high performance supercapacitor. Table S2 displays the
mass yield for the different materials obtained after carbonization
(YC), activation (YAC), and the overall yield (YO). It is interesting to
notice that the sequence of YO for carbonization and activation is
the opposite of the polymerization yield (Table S1). This could
suggest that most part of the doping anion had been released
during the carbonization or activation processes; therefore, the
highest mass loss was obtained after the activation process of the
PAni doped with the highest molar weight anion.

3.2. Characterizations

3.2.1. FTIR
Prior carbonization and activation, FTIR was performed to
investigate if PAni polymers have been successful doped and also to
understand the bonding of PAni with the different anions.

Fig. 1(a) shows the FTIR spectra. Despite of some similarity, each
spectrum showed typical peaks related to the dopant structure. In
all cases, PAni presented NeH stretching at ~3440 cm�1, NeH
bending in the range of 1560e1640 cm�1, CeC stretching at
~1100 cm�1, CeC twisting at 1235 cm�1, CeN stretching of the
benzenoid at 1300 cm�1 and 1407 cm�1, C]C stretching of the
benzenoid ring in the range of 1477e1490 cm�1, C]C stretching of
the quinoid ring in the range of 1585e1599 cm�1 and the NeH out-
of-place deformation at 800 cm�1 [51e54]. The small peak
observed between 735 and 758 cm�1 for PAni/Cl indicates the
presence of NeCl [55,56], confirming the PAni was doped by Cl�.
For PAni/PTS, PAni/DBS and PAni/PSS the peaks between 513 and
560 cm�1 and 1130-1140 cm�1 indicate the presence of SO3

�, also
confirming the doping [51,53,54].

Fig. 1(aed) confirmed the PAni doping by different anions after
polymerization. During oxidation, the nitrogen atoms between
quinonoid and benzenoid rings are protonated and a positive
charge emerged in the polymer backbone, which is compensated
by the negative charge of the anion, characterizing the polymer
doping. Depending on the polymerization conditions, PAni may be
more or less oxidized, varying from leucoemeraldine (fully
reduced) to pernigraniline (fully oxidized). Nevertheless, the
emeraldine state (approximately 50% oxidized) is commonly ob-
tained for the most of the synthesis conditions reported in litera-
ture [48]. The presence of quinonoid and benzenoid rings
determined by FTIR is an evidence that the polymer has oxidized
and reduced units, thus indicating an intermediate oxidation state
between leucoemeraldine and pernigraniline. The oxidation state
probably plays an important role on the polymerization yield
because the doping level directly depends on the oxidation state.
The higher the oxidation state the higher the doping. Moreover, the
anion volumemay cause steric hindrance and have influence on the
doping process [48].

3.2.2. Morphology
The different morphologies obtained for doped PAni after

carbonization and activation are shown in Fig. 2. The size and shape
of the AC particles varied according to the dopant employed. The
PAC/Cl particles (Fig. 2(a)) were smaller and presented an irregular
granular shape, similar to the morphology reported by Yan et al.
[29]. The morphology of PAC/Cl retains the original morphology of
the precursor PAni/Cl [29]. PAC/PTS and PAC/DBS (Fig. 2(b) and (c))
particles were larger and smoother than those of PAC/Cl, presenting
also small cavities and sponge-like shape. PAC/PSS (Fig. 2(d)) also
presents smooth surface, but unlike PAC/PTS and PAC/DBS, no
cavities were observed. Similarly to PAC/Cl, the PAC/PSS also retains
the same precursor morphology after carbonization and activation
[37]. It is important to point out that the PAni morphology strongly
depends on the method and solvent used for the synthesis [57] and
the PAC characteristics depends directly on its precursor [29].

3.2.3. Elemental analysis and surface groups
Elemental analysis and surface composition near the surface

region (<5 nm) obtained by quantitative XPS analysis, are pre-
sented in Table 1, including as reference one sample prepared
without KOH activation, referred to PC/Cl. It can be observed that
the PACs are mainly composed by carbon and oxygen. As expected,
the oxygen content increased after activation with KOH since the
hydroxyl ion present in KOH is a strong oxidant [44].

The deconvoluted XPS core-level spectra of C 1s, shown in Fig. 3,
indicate that about 70% of the carbon is present in form of aromatic
structures (component at 284.4 eV, ~60% of the peak area) and
aliphatic CeH groups at 285.3 eV (~10%). The introduction of



Fig. 1. Infrared spectra of PAni doped with different anions (a) and schematic representation of the anion doping: (b) Cl�, (c) PTS�, (d) DBS�, and (e) PSS�. (A colour version of this
figure can be viewed online.)
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Fig. 2. SEM images of (a) PAC/Cl, (b) PAC/PTS, (c) PAC/DBS, and (d) PAC/PSS.

Table 1
Elemental analysis and atomic composition of the near surface region obtained by
XPS for PAC doped with different anions.

Elemental analysis (at.%) Surface elemental composition
(at.%)

C H N S O C 1s N 1s O 1s S 2p Cl 2p

PAC/Cl 87.9 0.66 0.88 0.08 10.48 90.4 0.6 8.6 0.1 0.3
PAC/PTS 83.9 1.52 1.01 0.38 13.19 87.6 0.8 10.7 0.8 0.1
PAC/DBS 81.6 0.59 0.68 0.80 16.33 88.7 0.8 9.8 0.5 0.2
PAC/PSS 88.8 0.33 0.69 0.46 9.72 89.7 0.9 8.9 0.5 0.2
PC/Cl e e e e e 86.4 5.5 7.8 0.1 0.2
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oxygen surface groups in the carbon matrix was reported to be
beneficial for the process of electrosorption mainly due to the in-
crease of wettability [58] and the displacement of the potential of
zero-charge (Epzc) of the electrode [59]. The analysis of the fitted C
1s and O 1s spectra showed that surface oxygen groups of car-
boxylic acid (eCOOH), found at 289.3 eV for C 1s and 533.7 eV for O
1, were present in all materials, however to a lower extent in PAC/
DBS (Fig. 3). On the other hand, phenolic (CeOH) and/or ether
(CeOeC) groups at 286.4 eV (C 1s) and 532.3 eV (O 1s) were most
abundant in PAC/PTS and PAC/DBS, while carbonyl groups (C]O) at
287.9 eV (C 1s) and ~531 eV (O 1s) were present in all materials
[30,36]. Finally, chemisorbed water was detected in all samples at
about 535.5 eV (O 1s) [43]. It has been suggested that carbonyl
groups are electrochemically inert and their main effect is in the
shift of the Epzc. [60] In contrast, phenolic and carboxylic acid
groups are responsible for a polar and thus hydrophilic behavior of
the electrode [61]. Oxygen polar surface groups were observed in
different amounts in PAC/PTS (7.3 at.%), PAC/PSS (6.1 at.%), PAC/DBS
(5.6 at.%), and at lower level at PAC/Cl (4.9 at.%). These polar groups
are important because they enhances hydrophilicity and wetta-
bility, which has a direct impact improving the electrode capaci-
tance and performance for CDI since the access of water and ions to
the active sites of the electrode will be facilitated, hence allowing
better EDL formation [58].
The presence of nitrogen surface groups in PAC introduced by
the presence of nitrogen in the PAni precursor must also be
considered due to the reasons aforementioned. However, according
to Table 1, the content of nitrogen after activationwas relatively low
(<1 at.%). As an attempt to understand why the concentration of
nitrogen was drastically reduced after activation, a XPS analysis of
PAni/Cl after carbonization (PC/Cl) was performed. Table 1 indicates
that the amount of nitrogen was significantly higher prior activa-
tion, indicating that KOH is probably eliminating N groups from the
carbon matrix at high temperatures. This result is in accordance
with those obtained by Zhu et al. [44], which observed that during
the pre-carbonization step at 500 �C the N groups were firstly
released. Studying the activation at 700 �C and increasing the ratio
of carbon and KOH from 1:2 to 1:4 (wt./wt.) these authors observed
drastic reduction of the N content from 5.3 at. % to 0.9 at.%, which is
a similar value found in this work. On the other hand, when the
ratio of carbon and KOHwas reduced to 1:1 (wt./wt.), Zhu et al. [44]
observed an increase of the N content from 0.9 at.% to 5.3 at.%,
indicating that KOH reacts preferentially with C atoms. Zhang et al.
[43] also observed a reduction in N content when the ratio of
carbonized PAni and KOH was increased from 1:2 to 1:4 during
activation. It seems that the amount of KOH employed during the
activation step plays an important role to control the amount of N-
groups in the AC structure. On one hand, increasing the amount of
KOH leads to high SSA and pore volume [43,44], while it seems to
eliminate N-groups.

The fitted N1s spectra (Fig. 3) shows that the most intense
component of the PAC/Cl, PAC/PTS and PAC/PSS samples, located at
400.1 eV, is related to pyrrole and pyridine sites, while PAC/DBS
presents pyridinic-like nitrogen structures (C]NeC) at 398.2 eV as
the strongest contribution [21]. Furthermore, the high-energy tail
of the N 1s spectra indicates the presence of traces of eNþO�/Cl�

structures at ~532 eV, OeN]O groups (~405 eV) and possibly also
quaternary nitrogen reported to be located at 401.4 eV. The first one
is related, according to Fig. 1, to a residual contribution of PAni
doping sites, identified also in the Cl 2p (198.1 eV) and S 2p



Fig. 3. Deconvoluted high resolution XPS C 1s, O 1s, N 1s, Cl 2p and S 2p spectra of PAC/Cl, PAC/PTS, PAC/DBS and PAC/PSS. (A colour version of this figure can be viewed online.)
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(168.7 eV) spectra (Fig. 3), while the OeN]O groups are probably
formed during the KOH activation process. Evidence for the pres-
ence of traces of potassium in the samples was found in the tail of
the C 1s spectra, showing the presence of the K 2p3/2 / 2p1/2 spin-
orbit pair at 293.3 eV and 295.7 eV, respectively. At this point, it
is important to note that compared with other materials the PAC/
PTS electrode showed the highest fraction of phenolic and/or ether
groups (C 1s), pyrrole and pyridine nitrogen groups and residual
eNþO� sites (N 1s), as well as the highest proportion of chem-
isorbed water (O 1s), suggesting a distinct nature of this material.

Graphitic (or quaternary [21]) nitrogen is formed at high tem-
peratures in a process that replaces carbon by nitrogen atoms in the
activated carbon matrix, thus leading to an enhancement of the
conductivity which could be improve the electrosorption process
[21,25,62]. On the other hand, pyridine- and pyrrole-like nitrogen
are located at the edge of the carbon matrix and are responsible for
the pseudocapacitive effect which improves the total capacitance of
the electrode and increases the SAC of the electrode [62]. Further-
more, the introduction of N could generate defects inside the car-
bon matrix, such as the identified residual doping sites, which
would increase the SSA and improve the ability of charge-transfer
inside the carbon matrix [22]. In conclusion, it seems that the
main contribution of nitrogen groups for all PACs would be the
introduction of pseudocapacitance due to the presence of pyridine-
and pyrrole-like nitrogen.
3.2.4. Textural properties
Fig. 4(a) shows the N2 adsorption-desorption isotherms for the

different PACs. All activated carbons have a type I isotherm ac-
cording to IUPAC classification [63], indicating the predominance of
microporous structure. The type H4 hysteresis of PAC/Cl and PAC/
DBS at higher pressures (P/P0 > 0.5) indicates a considerable



Fig. 4. (a) Isotherms of N2 adsorption-desorption; (b) PSD. Inset: Relative cumulative
pore volume distribution (V/VT). (A colour version of this figure can be viewed online.)
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contribution of mesopores.
The pore size distribution (PSD) is shown in Fig. 4(b). In accor-

dancewith the isotherms, PAC/DBS showedmost part of pores with
diameters larger than 2 nm, confirming the predominance of
mesopores in this material. According to the IUPAC classification,
micropores are related to pore diameters lower than 2 nm, meso-
pores as pores between 2 and 50 nm, and macropores as pores
beyond 50 nm [63]. Thus, PAC/DBS was the only material that could
be classified as a mesoporous material while all other PACs present
their main pore contributions under 2 nm.
Table 2
Textural properties of the PAC doped with different anions, including the commercial ac

SSABET (m2 g�1) VT (cm3 g�1)

PAC/Cl 2652 1.38
PAC/PTS 1484 0.64
PAC/DBS 2041 1.05
PAC/PSS 1268 0.53
CAC 2107a 1.07

a Data obtained from Aslan et al. [64].
Table 2 Displays the textural properties determined from ni-
trogen adsorption-desorption isotherms shown in Fig. 4(a). As
previously hypothesized, the use of different dopants for PAni
preparation had a strong effect on SSA, micropore (Vmic) and
mesopores (Vmes) volumes of the PACs.

The PAC/Cl presented not only the highest value of SSA
(2652 m2 g�1), but also the highest volume of pores (1.38 cm3 g�1)
and 23% of mesopores. This value of SSAwas even higher than that
obtained by Yan et al. [29] (1976 m2 g�1) using PAni/Cl synthetized
under higher acid (1.0 mol L�1) and lower oxidant (0.25 mol L�1)
concentrations. The value of SSA obtained in this work for PAC/Cl
was also very close to that obtained by Qiu et al. [65] (2923 m2 g�1)
for a composite of PAni/Cl and carbon nanotubes prepared under
the same activation conditions. This high SSA could be ascribed to
pores generated by Cl volatilization in the carbonization step at
high temperature (850 �C), which was confirmed by the low con-
tent of chloride after carbonization (PC/Cl) or activation (PAC/Cl)
(Table 1). The pore volume was further increased by the KOH
activation, resulting in large SSA.

Large SSA was also observed for PAC/DBS, however with a
considerably higher mesopore volume fraction (~60%) which could
be related to micelle formation during polymerization [48], which
would induce the formation of large pores after carbonization.
Unlike the other anions used in this study, DBS� is a voluminous
molecule with polar and non-polar sites, which allows micelle
formation according to Fig. 5. These micelles would act as a tem-
plate for mesopore formation after carbonization.

Differently of PAC/Cl and PAC/DBS, PAC/PTS and PAC/PSS showed
lower SSAwith a higher contribution of micropores. Although PTS�

and especially PSS� are also large molecules, they are not likely to
form a micelle structure and, consequently, high mesopore for-
mation was not expected. These results emphasize the importance
of PAni dopants as template agents defining the textural charac-
teristic of activated carbons. Although Gavrilov et al. [36] have
studied carbonized PAni doped with 3,5-dinitrosalicylic and 5-
sulfosalicylic acid for supercapacitors [36], their influence as a
template for activated carbons have yet not been explored. More-
over, in contrast with this work, the values of SSA obtained by
Gavrilov et al. [36] (300e500 m2 g�1) were significantly lower,
which demonstrates the importance of the activation step. Even so,
Gavrilov et al. also observed the important effect of the dopants on
the pore structure, SSA and nitrogen content of the carbonized
PAni.
3.2.5. Electrochemical characterizations
As a first attempt to compare the different electrodes, cyclic

voltammetry experiments were performed in order to analyze the
capacitance and kinetics of the carbon electrodes. In this case, a
more concentrated electrolyte was used in order to prevent any ion
diffusion limitation and allow the comparison with other results
reported in literature. Fig. 6(a) shows the CVs measured at
1.0 mV s�1 in NaCl 0.2 mol L�1, which is the typical concentration
used in CDI literature for electrochemical characterizations. At this
scan rate, the CVs for PAC/Cl, PAC/PSS and CAC showed a quasi-
tivated carbon reference (CAC).

Vmic (cm3 g�1) Vmes (cm3 g�1) %Vmes

1.06 0.32 23
0.59 0.05 8
0.44 0.61 58
0.50 0.03 6
e e e



Fig. 5. Scheme of micelle formation prior to PAni/DBS polymerization.

Fig. 6. (a) Cyclic voltammetries of PAC and CAC electrodes. Scan-rate: 1.0 mV s�1;
electrolyte: NaCl 0.2 mol L�1; (b) capacitance as a function of the potential scan rate.

Table 3
Capacitance values determined from CV curves, charge-discharge and EIS
measurements.

CCV / F g�1 CCD / F g�1 CEIS / F g�1

PAC/Cl 87 69.3 121.5
PAC/PTS 90 121.0 122.9
PAC/DBS 89 118.6 125.0
PAC/PSS 88 108.4 113.9
CAC 69 84.5 80.0

Fig. 7. Nyquist plot (a) and capacitance as a function of the frequency (b) for PAC and
CAC electrodes. (c) Modified Randle equivalent circuit. Electrolyte: NaCl 0.2 mol L�1;
potential: 0.0 V; AC amplitude: 10 mV. (A colour version of this figure can be viewed
online.)
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Table 4
EIS parameters from the Nyquist plot and the modified Randle equivalent circuit.

RU / U RCT / U A0 / mS Q0 / mS sN N CC
a / mF g�1 Cd / F g�1

PAC/Cl 0.71 14.7 260 1.23 0.86 0.02 162.0
PAC/PTS 0.95 16.5 790 226 0.82 2.10 174.7
PAC/DBS 0.86 25.1 1000 139 0.84 1.64 156.3
PAC/PSS 0.79 2.3 2170 320 0.75 0.58 125.7
CAC 0.80 4.0 1520 484 0.65 0.59 82.0

a CC was calculated based on the values of RCT, Q0 and N.

Fig. 8. SAC of PAC and CAC electrodes for desalination at 1.2 V (a) and 1.4 V (b). (A
colour version of this figure can be viewed online.)
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rectangular shape, characteristic of capacitive and easily polarized
materials [8,66]. This characteristic could also be observed for PAC/
PTS and PAC/DBS, however with some resistivity indicated by the
distortion of the CV curve [66]. Table 3 displays the specific
capacitance (CCV) values calculated using Equation (2). Surprisingly,
all PACs exhibited similar capacitances (85e90 F g�1), although the
carbons presented distinguished characteristics. For instance,
despite the highest SSA and percentage of mesopores of PAC/Cl and
PAC/DBS, the electrode capacitances were quite similar to PAC/PTS
and PAC/PSS, which are mostly composed by micropores. In this
case, the surface groups probably played the most important role
determining the capacitance of the electrodes. PAC/PTS and PAC/
PSS had the major contribution of oxygen polar surface groups
(phenol, ether and carboxylic groups), which probably enhanced
the electrode wettability. In addition, PAC/PSS had major contri-
bution of pseudocapacitive nitrogen surface groups. On the other
hand, the CAC presented the lowest value of capacitance despite of
its good capacitive behavior. It is also important to point out that
the highest capacitance obtained in this study was very close to
those obtained by other authors in literature. For instance, using
similar electrolyte, Rasines et al. [6,67] obtained values of capaci-
tance at 0.5 mV s�1 of 84 F g�1 and 97 F g�1 using nitrogen-doped
carbon aerogel and carbon black-modified mesoporous, respec-
tively. These values were very close to 90 F g�1 obtained for PAC/PTS
at scan-rate of 1.0 mV s�1.

CVs at different scan-rates were also carried out in order to
observe the effect of mass transfer for different electrodes
(Fig. 6(b)). As expected, the faster the scan rate the lower capaci-
tance due to a diffusion limited ion transfer to the electric double
layer [8]. The capacitance drop for PAC/Cl, PAC/PSS, and CAC was
less pronounced when compared to the sharp drop in capacitance
observed for PAC/PTS and PAC/DBS. Besides the mass transfer
resistance, another possible explanation for this trend could be the
higher surface conductivity of PAC/Cl, PAC/PSS, and CAC electrodes,
which have a direct effect on the electric field developed in the
polarized electrode. Accordingly, the higher the electrode re-
sistivity the lower the electric field; therefore, the lower the
capacitancewhen the scan rate is faster. Consequently, PAC/PTS and
PAC/DBS, which were the most resistive electrode, showed the
highest capacitance drop.

Galvanostatic charge-discharge experiments were performed
applying a current density of 0.4 mA cm�2 (or ~0.13 A g�1). The
charge-discharge curves (Fig. S2) displays that PAC/PSS and CAC
showed a very triangular shape which indicates good reversibility
and low IRdrop (0.02 V for both electrodes) [21,68]. PAC/PTS and
PAC/DBS showed the highest IRdrop (0.09 V and 0.12 V, respectively)
compared with PAC/Cl (0.06 V). These results are in agreement with
conclusions obtained from the CV analysis regarding to the shape of
the voltammograms and confirm that PAC/PSS and CAC can be
easily polarized, while PAC/DBS is the most resistive electrode. The
IRdrop is a combination of different resistances in series including
the contact between electrode and current collector, solution
resistance, electrode resistivity and diffusion resistance [68].
Considering that all charge-discharge measurements were
performed in the same three-electrode cell, it can be concluded
that the difference in the IRdrop results from the major contribution
of the electrode resistivity and ion diffusion resistance in the carbon
matrix.

Although the capacitance determined from charge-discharge
(CCD) experiments were higher than the calculated from CCV
(except for PAC/Cl), the trend in capacitance observed for the
different electrodes using the two techniques was the same. As in
the CV experiments, PAC/PTS showed highest capacitance, followed
by PAC/DBS and PAC/PSS. This result indicates that PAC/PTS would
be the best material in terms of charge storage.

Differently of the other techniques, EIS measurements allow to
evaluate both capacitance and series resistances in the electrode
cell. The Nyquist plots obtained using EIS measurements for PACs
and CAC are displayed in Fig. 7(a). The shape of the curves are
typical of electrochemical supercapacitors [69] and present two
main regions: (1) the charge-transfer region that is ascribed to the
double-layer capacitance, represented by the semi-circle observed
at high-frequencies and limited by the material conductivity and
electrosorption kinetics and (2) mass-transfer controlled region,
represented by the linear line obtained at low-frequencies [70].
Using the Nyquist plot, it is possible to measure the electric contact
resistance (RU) of the electrode (current collector and electrolyte
resistances) and the charge-transfer resistance (RCT), which is an
intrinsic property of the AC electrode. The value of RU and RCT are



Table 5
Electrosorption parameters QE, h, SAC, and k1, of the PAC and CAC electrodes.

Ecell Electrode SAC (mg g�1) k1 (x10�3 s�1) QE / % h / J mg�1

1.2 V PAC/Cl 5.8 3.3 44.5 6.9
PAC/PTS 14.3 2.6 81.3 3.8
PAC/DBS 12.6 2.1 74.1 7.6
PAC/PSS 13.1 2.7 86.2 4.1
CAC 8.9 4.4 69.7 4.2

1.4 V PAC/Cl 5.1 5.2 32.8 12.0
PAC/PTS 14.9 3.8 89.6 4.2
PAC/DBS 11.7 3.9 71.5 5.1
PAC/PSS 13.7 2.3 84.5 5.2
CAC 10.9 4.1 73.0 4.7

Fig. 9. ASAR vs. SAC for PAC/PTS and CAC at 1.2 and 1.4 V. (A colour version of this
figure can be viewed online.)
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obtained from the first and second intersection of the semi-circle
with the abscissa, respectively [70]. The values of the resistances
are displayed in Table 4. As expected, all values of RU were very
similar because the same three-electrode cell was used for all EIS
measurements. On the other hand, the values of RCT were quite
different and express the differences in textural and electro-
chemical properties of the electrode materials. For instance, the RCT
for PAC/DBS was 11-times higher than PAC/PSS. This trend is in
agreement CV and charge-discharge results. Thus, despite the high
SSA and mesoporosity of PAC/DBS, these properties were not
enough to compensate the effect of its low conductivity. In contrast,
PAC/PSS had the lowest SSA and mesopore ratio, and even so,
presented a capacitance similar to other PACs. Similar trends were
also observed by Xiong et al. [71] studying a PAni composite for
supercapacitors.

Comparing the RCT values in Table 4 with those reported in
literature, e.g., 4.58 U for a N-doped copolymer [62], it can be
verified that the values obtained in this work are relatively high,
except for PAC/PSS (2.3 U).

A method widely used to describe the resistive and capacitive
components of carbon electrode is the equivalent circuit fitting the
Nyquist plots. The modified Randle equivalent circuit shown in
Fig. 7(c) was successfully used to fit all plots of Fig. 7(a), as can be
verified in Fig. S3. The values of RU and RCT were identical with
those already presented in Table 4. The CPE element was used
because in double layer capacitors a perfect semicircle ascribed to
an ideal capacitor is seldom observed. The non-ideality of the
double layer capacitor is typical of electrochemical charging pro-
cesses and may be related to the non-uniformity of electrode
thickness, variation of the microscopic charge-transfer rate,
adsorption processes, or surface roughness [72]. The values of Q0

and N were obtained from the CPE impedance described by Equa-
tion (8), which is a modification of Equation (4):

Z
00 ¼ 1

ðjuÞNQ0
(8)

In this Equation, j is the imaginary number, N is a constant in the
range of 0 � N � 1 and Q0 (S sN) has the numerical value of
admittance at u ¼ 1 rad s�1. When N ¼ 1, Q0 ¼ CEIS and Equation (9)
becomes exactly the same Equation (4). However, as can be
observed in Table 4, N was always lower than unit, reaching the
lowest value for CAC. In order to obtain the capacitance associated
to the CPE (CC), Equation (9) [73] was used inwhichmWE is the mass
of the working electrode.

CC ¼
�
Q0�1

N ðRCT Þ
ð1�NÞ

N

mWE
(9)

The CC is the capacitance at the interface electrolyte/electrode at
high frequencies [74,75], while the capacitance of the capacitor
element (Cd) in the equivalent circuit is associated to the capaci-
tance developed inside the micropores of the carbon electrode
[74,76]. According to Table 4, it can be observed that PAC/PTS has
the highest values of CC and Cd among the electrodes studied;
which Cd represents the main contribution to the total electrode
capacitance.

Another component used to describe the EIS spectra is the
Warburg element (W), which is a diffusion element used to
describe the effect of ion migration in the interior of pores of the
carbon film [74,77]. The Warburg element was associated in series
with the RCT because the Warburg region is located between the
semicircle and the spike in the Nyquist plot [78]. The element A0

displayed in Table 4 was obtained from the circuit fitting for the
Warburg element and represent the admittance, which is the in-
verse of the Warburg impedance. The higher A0 the higher the
conductivity for the ion diffusion inside the pores. According to
Table 4, while PAC/PSS showed the highest admittance (or the
lowest Warburg resistance), PAC/Cl showed the lowest values.

Fig. 7(b) shows the capacitance obtained using EIS measure-
ments as function of frequency. At high frequencies, there was a
predominance of the ohmic resistance, and the capacitances of the
electrode materials were very low. This is expected since the ions
do not have enough time to reach the pores and be stored in the
EDL. As the frequency decreases they are able to reach the micro-
pores, thus increasing significantly the capacitance, which reaches
a maximum value at the lowest frequency [79].
3.2.6. Electrosorption experiments
Desalination experiments were performed in a batch opera-

tional mode at different cell voltages (Ecell). The electrode per-
formance at 1.2 V and 1.4 V (Fig. 8(a) and (b), respectively) is
displayed in terms of specific adsorption capacity (SAC) against
time for PAC and CAC electrodes. It can be observed that an in-
crease of the applied voltage from 1.2 V to 1.4 V led to an increase
of the SAC for PAC/PTS, PAC/PSS, and CAC electrodes. This
enhancement can be ascribed to an EDL thickness reduction at
higher voltages, which prevents the EDL to overlap, and conse-
quently, increases the ions storage in the micropores [80]. In
contrast, for PAC/Cl and PAC/DBS electrodes, SAC decreased
applying 1.4 V, what could suggest the occurrence of Faradaic
reactions that interfere in the conductivity measurement due to
the release of new ionic species (Fig. 8(b)) [5]. The generation of
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protons due to water electrolysis or carbon electrode oxidation
has been often reported in the CDI literature [81e86]. In addition,
the occurrence of certain species such as H2O2 or ClO3

� has been
also identified in electrosorption experiments. In these studies,
the likelihood of inducing Faradaic reactions has been demon-
strated to rise with the increase of the applied cell potential.
Moreover, higher concentrations of these species were found
when higher cell voltages were applied, producing, as a conse-
quence, a more disruptive effect on the conductivity measure-
ments [87].

The different response of these electrodes to the application of
relatively high voltages (1.4 V) could be attributed to two main
causes: (i) The cell setup could introduce a series of resistances
between the pair of electrodes such as the electric contact current
between collector/substrate, flowing channel, and electrolyte re-
sistivity. These resistances could be responsible for a potential drop
throughout the cell and this would reduce the electrode potential
preventing in this fashion the occurrence of faradaic reactions
[25,88]. (ii) Another hypothesis is based on the electrode electro-
chemical stability and the shifting of the electrode potential due to
the presence of certain surface groups that might avoid or promote
the occurrence of faradaic reactions [5]. In this sense, Cohen et al.
[84] and Lado et al. [87] showed how the presence of surface ox-
ygen groups shifted the anode potential of the carbon electrodes
inducing the oxidation of the carbon electrode, proton generation
and pH drop.

In the present study, all the experiments were performed using
the same CDI cell configuration and, consequently, cell resistances
were always the same. Therefore, considering that PAC/PTS, PAC/
PSS and CAC showed higher electrochemical stability at higher cell
voltages, the authors attribute the differences in SAC to the po-
tential shifting that induced the occurrence of faradaic reactions.

Comparing the values of capacitance shown in Table 3 with SAC
values from Table 5, it can be observed that only the charge-
discharge technique was able to predict the electrosorption trend
in terms of SAC, i.e., CCD, PTS > CCD, PSS > CCD, DBS > CCD, CAC > CCD, Cl
and, consequently, SACPTS > SACPSS > SACDBS > SACCAC > SACCl.
These results suggest that this technique would be rather used to
predict the performance of the carbon electrodes for CDI. Although
CV capacitance (and CEIS as well) has been frequently used to pre-
dict the electrode performance in CDI, in this case this technique
failed. Surprisingly, PAC/Cl had the worst electrosorption perfor-
mance despite its high surface area (Table 2), which can be
explained by the lower content of polar oxygen groups (Table 1). As
discussed in section 2.2.3, polar oxygen groups play a paramount
influence on the electrode wettability and, consequently, on the
electrode performance.

The kinetic constant of pseudo first order (k1) of the process
carried out using the different electrodes was evaluated by the
fitting of the electrosorption curves (Fig. 8). PAC/Cl was by far the
electrode that showed the lowest SAC but with fast electrosorption
kinetics, which can probably be ascribed to its high conductivity
(Table 4), and large exposed area (Fig. 2(a)). This same trend was
also observed for CAC, which presented the highest conductivity
among all ACs and displayed the highest k1 at 1.2 V. On the other
hand, the lowest value of SAC observed for PAC/Cl can be attributed
to the deficiency of polar surface groups (phenol, ether and car-
boxylic), which increases hydrophobicity (lowwettability) and thus
prevent the access of ions to the micropores. Furthermore, its
lowest pyrrole- and pyridinic-like nitrogen content (Table 1 and
Fig. 3) prevents pseudocapacitive processes, which would
contribute to the lowest value of SAC of PAC/Cl. All other PAC
electrodes showed similar values of SAC ranging from 12 to
15 mg g�1. It is interesting to note that despite the high SSA and
mesopore ratio of PAC/DBS, the highest content of polar and
pseudocapacitive surface groups of PAC/PTS and PAC/PSS, respec-
tively, seems to provide easy access to the electrosorption sites,
which resulted in the best performance of these electrodes in terms
of SAC [58]. In the case of PAC/PTS, a clear evidence of its hydro-
philicity is the high proportion of chemisorbedwater demonstrated
by its O 1s XPS spectra. Therefore, the synergetic effect of different
material characteristics such as active surface groups, electric
properties and texture might be responsible for determining the
electrode performance.

The electrosorption kinetics is another important characteristic
that influences the operation of a CDI cell. As the desalination
process presupposes several electrosorption and regeneration cy-
cles, the water recovery is directly affected by the time required for
sorption and desorption. CDI Ragone Plot is widely applied as
important tool to evaluate simultaneously the kinetics and elec-
trosorption capacity by using the average salt adsorption rate
(ASAR) and SAC, respectively. According to Fig. 9, PAC/PTS presents
the highest values of SAC compared to CAC. The points displayed in
Fig. 9 represent a complete electrosorption cycle indicating how
SAC and ASAR varied with time. The curves displaced in the upper-
right corner of the Ragone plot indicates the better electrode per-
formance [89]. Although both electrodes display slightly similar
electrosorption kinetics, PAC/PTS outperforms CAC in terms of ca-
pacity, especially at 1.4 V. The optimized condition using PAC/PTS
was achieved for SAC 9.9 mg g�1 and ASAR 0.033 mg g�1 s�1 at
1.4 V, after 5 min of the beginning of the electrosorption process.

Besides SAC and the Ragone plot, the desalination process was
also evaluated regarding to charge efficiency (QE) and specific en-
ergy consumption (h), which are parameters that indicate whether
the charge supplied to the CDI system has being effectively used for
the electrosorption process and how much energy is required per
mass of salt removed (Equation (7)), respectively. In order to
properly evaluate QE, only the current effectively used for electro-
sorptionwas used in Equation (6), i.e., the leakage current, which is
a parasitic process commonly associated to redox reactions, was
subtracted from the total current [23,58,90]. In the case of h, the
leakage current was considered since it contributes to the overall
energy consumption.

Table 5 shows the values of QE and h obtained for the NaCl
electrosorption at different cell voltages using the PAC and CAC
electrodes. In all cases, the values of QE were lower than the 100%
valid for an ideal system in which the entire charge supplied by the
external source is used for ion separation of monovalent salts such
as NaCl. However, due to energy losses, faradaic reactions [91], and
the presence of co-ions [92], this value hardly reaches more than
90%.

Interestingly, PAC/PTS showed an increase in QE when Ecell was
increased from 1.2 V to 1.4 V, confirming a minor contribution of
faradaic reactions to the total current of this electrode. PAC/PSS
and PAC/DBS had only a small drop in QE (2e3%), in contrast with
the PAC/Cl that showed a strong decrease (12%). The charge ef-
ficiency drop observed for PAC/Cl is in accordance with the
decrease of the SAC values when the applied voltage was raised
from 1.2 to 1.4 V and it supports the hypothesis that faradaic
reactions is the main process explaining the SAC reduction. In
addition, the CDI process carried out using PAC/Cl at 1.4 V
demanded almost twice more energy than at 1.2 V, which can be
attributed not only to faradaic reactions but also to resistive
dissipation (heat loss) [93].

Surprisingly, PAC/DBS showed a simultaneous decrease of QE

and h when the cell voltage was increased. One could think that a
charge efficiency drop would lead to the increase of the energy
consumption, however, higher values of leakage current were
measured at 1.2 V (11.2 mA) than at 1.4 V (6.4 mA), which explains
the reduction of the energy consumptionwhen the cell voltage was



Table 6
SAC obtained using different carbon materials in a CDI process.

Authors Electrode material Salt concentration / mg L�1 Cell voltage SAC (mg g�1)

Gu et al., 2014 [21] N-doped graphene 500 2.0 21.9
Liu et al., 2015 [22] N-doped nanofiber graphene 500 1.2 11.6
Liu et al., 2015 [95] N-doped carbon nanospheres 500 1.2 13.7
Porada et al., 2015 [23] N-doped biomass 300 1.2 15.0
Xu et al., 2015 [25] N-doped graphene 500 1.2 12.8
Xu et al., 2015 [96] N-doped graphene sponge 500 1.2 21.0
Xu et al., 2015 [97] Graphene sponge 500 1.2 14.6
Kumar et al., 2016 [9] Carbon aerogel 500 1.2 10.5
Zhao et al., 2016 [68] Hollow carbon nanospheres 500 1.4 13.0
Li et al., 2016 [24] N-doped carbon sponge 500 1.2 16.1
Li et al., 2016 [62] N-doped copolymer 500 1.2 13.8
Shi et al., 2016 [98] Three-dimensional graphene 500 1.2 12.4

500 1.6 17.1
This work PAC/PTS 600 1.2 14.3

600 1.4 14.9
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increased. On contrary, for CAC electrode, QE and h increased with
the cell voltage, indicating that despite of the efficient use of the
supplied charge to remove ions, the increase of the leakage current
at 1.4 V (from 3.2 mA at 1.2 V to 3.9 mA at 1.4 V) lead to an increase
of h. Concerning PAC/PTS, only a slight increase of hwas observed at
1.4 V, suggesting an improved stability of this electrode material.

Another way to analyze the effect of the cell voltage on the
electrode performance was proposed by Kim et al. [94] (Equation
(10)). Using this method, the capacitance can be obtained from
charge-discharge experiments to estimate the highest value of SAC
(Dc). The ratio between the values of SAC, determined from the
electrosorption experiments, and Dc is referred as capacitance ef-
ficiency (ε).

Dc ¼ 1000
CCD Ecell Mw

4F
(10)

In Equation (10), Dc is in mg g�1 andMw is the molecular weight
of NaCl (58.5 g mol�1). As can be observed in Table S3, the capac-
itance overestimate the SAC values in all cases, what was expected
since the experiments of charge-discharge were carried out in a
more concentrated solution (0.2 mol L�1 NaCl). Moreover, capaci-
tance measurements consider that all current have been effectively
used for electrosorption, excluding the leakage current. The same
reason supports the increase of Dc values when the applied voltage
was boosted due to since the negative effect of the faradaic re-
actions on charge efficiency and SAC values were not considered by
this parameter. This argument was clearly appreciated in the case of
PAC/Cl electrodes, where the increase of the cell voltage led to
contradictory trends. Thus, while Dc values accompanied the
applied potential increment, the drop in SAC values are supported
by the previous results that suggested the occurrence of faradaic
reactions as the cause of the salt electrosorption decay. These fac-
tors led to the lowest ε value displayed by PAC/Cl (45.9% at 1.2 V and
34.6% at 1.4 V). The same trend was observed for PAC/DBS which
exhibited low ε at 1.4 V (46.4%), indicating the occurrence of fara-
daic reactions at this cell voltage. On the other hand, PAC/PSS and
PAC/PTS showed a good correlation between Dc and SAC (58e67%).
Regarding PAC/PSS, the values of SAC seems to be boosted by its
high conductivity (low RCT) and pseudocapacitive surface groups,
therefore this material achieved almost 70% of the value of pre-
dicted by the capacitance (Dc).

Interestingly, except for CAC, in all cases the application of 1.4 V
resulted in lower ε, even for PAC/PTS. Despite the higher values of
SAC observed using PAC/PTS at 1.4 V, this enhancement was not
proportional to the difference estimated by Dc. This suggests that
despite of SAC enhancement after increasing the voltage from 1.2 V
to 1.4 V, the values of SAC were still underestimated, probably due
to a minor contribution of faradaic reactions. As a final remark, CAC,
unlike the other electrodes, experienced a capacitance efficiency
improvement at 1.4 V, suggesting that CAC presents higher elec-
trochemical stability at high cell voltages than the PAC electrodes.
The results suggest that capacitance efficiency analysis seems to be
a useful tool for estimating the faradaic reactions effect on the CDI
performance at different cell voltages.

In summary, PAC/PTS gathered most of the best results required
for CDI: high salt electrosorption capacity (14e15 mg g�1), high
charge efficiency (81e90%), and low energy consumption
(3.8e4.2 J mg�1). Finally, Table 6 compares PAC/PTS with values of
SAC obtained by other authors employing different electrode ma-
terials (most of them, N-doped carbon) under similar operational
conditions. The comparison reveals that PAC/PTS is among the best
electrodes regarding the electrosorption capacity, although the SAC
reported for N-doped graphene electrodes surpasses the PAC/PTS;
however, PAni can be easily prepared and the low-cost of the
monomer with respect to the graphene materials makes PAC/PTS a
promising material for CDI applications.

4. Conclusions

In this study, new activated carbon materials have been pre-
pared using PAni doped with different anions as precursor. By the
best of our knowledge, this was the first time that different dopant
anions were used as template to prepare high-performance elec-
trodes for CDI. Structural analysis of the PAC characteristics such as
morphology, SSA, conductivity and surface groups were highly
dependent on the anion used for PAni doping.

Although one of the initial ideas of using PAni as precursor was
to obtain an activated carbon with high nitrogen content, the
activation using KOH at high temperature removed most part of it.
On the other hand, the high oxygen content in the PACs, mainly in
PAC/PTS, seemed to play the most important role improving the
PAC wettability by the introduction of surface polar groups such as
phenolic and carboxylic groups.

Regarding to electrosorption process, PAC/PTS, PAC/PSS, and
PAC/DBS showed similar removal efficiencies, while PAC/Cl pre-
sented by far the lowest value of SAC. Although PAC/PTS presented
low specific surface area and mesopore ratio among the electrodes,
the values of SAC (14.3 mg g�1 at 1.2 V and 14.9 mg g�1 at 1.4 V), QE

(81.9% and 89.6% at 1.2 V and 1.4 V, respectively), and h (3.8 J mg�1

at 1.2 V) outperformed those for all the other electrodes due to its
high polar surface group content. Considering simplicity and low-
cost preparation of PAC/PTS, it can be considered as very prom-
ising candidate for large-scale CDI applications.
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