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Herein, 3D foam-like carbon nanoarchitectures are originally and rapidly constructed via a simple

photochemical strategy as high-performance electrodes for capacitive deionization. It is found that the

nanocomposites are obtained in a few seconds via UV radiation at room temperature. To date, this type

of easily available nanocomposite has rarely been explored as precursors to fabricate carbon materials.

Furthermore, the precise control of pore size and the milder synthetic conditions can be simultaneously

realized in comparison with the conventional strategies. The resulting materials feature 3D foam-like

interconnected open pore structures, ultrathin pore walls, highly accessible surface area, tunable pore

size and low inner resistance. The above characteristics significantly enhance the accessible adsorption

surface and facilitate the transport of ions, rendering the obtained electrodes adequate in attaining the

desired deionization performance. The electrochemical tests showed that the obtained materials

presented higher capacitance, good stability and low inner resistance. The deionization measurements

demonstrated a higher capacity of 20.9 mg g�1 in a 1000 mg L�1 NaCl solution at 1.4 V. Furthermore, it

has been verified that the electrodes presented higher adsorption rate. The electrodes also presented

excellent regeneration performance during the repeated adsorption–desorption experiments. In

combination with the facile and efficient photochemical preparation process, this work may open up

new probabilities for the widespread fabrication of high-quality 3D carbon nanoarchitectures for

capacitive deionization and other energy-related applications.
1. Introduction

Water scarcity has became one of the key issues faced by human
beings due to the economic development and the expansion of
population.1,2 It has been accepted that deionization of saline
water is one of the most promising strategies to tackle this
issue. Traditional deionization strategies, including distillation
and membrane processes, always have a high cost and require
signicant amounts of energy, as well as being environmentally
unfriendly.3 Therefore, further exploration of economical and
efficient water treatment technologies is urgently required.
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Recently, capacitive deionization (CDI) has been receiving great
interest as an eco-friendly and energy-efficient alternative for
removing salt ions from seawater and brackish water compared
with conventional approaches.4–6 The electrical double layers
(EDL) will be formed upon the application of an external
voltage,7 and the ions will be electroabsorbed on the oppositely
charged electrode and then stored inside the EDL. By reversing
the external voltage or short-circuiting, the adsorbed ions can
be released in the solution; then the generation of electrodes
can be successfully realized.8,9 Based on the above EDL mech-
anism, the electrodes should possess highly accessible specic
surface area (SSA), suitable pore structure, good wettability and
superior conductivity to achieve high deionization capacity.10,11

Up to now, diverse carbon-based materials have been exten-
sively probed as CDI electrodes by us and other research groups,
including graphene,12,13 carbon nanotubes,14,15 carbon aero-
gels,16,17 activated carbon,18,19 porous carbon20–22 and their
composites.23–25

Currently, 3D porous carbon nanoarchitectures have exerted
a tremendous scientic and technological fascination due to
their unique structural properties such as large accessible SSA,
various pore sizes and high pore volume.26–28 These intriguing
structural characteristics permit their enormous potential in
This journal is © The Royal Society of Chemistry 2017
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many applications, including catalysis,29,30 sensing,31–33 as well
as energy storage and conversion.34,35 In addition, 3D porous
carbon nanoarchitectures can be ideal candidates for CDI
application. Recently, the possibility of using 3D porous carbon
nanoarchitectures as electrodes for the deionization process
has been proved. Lei et al. successfully demonstrated that the
3D porous carbon electrodes have a good adsorption capacity
and present great potential in CDI.36 Moreover, 3D porous
carbon nanoarchitectures as well as 3D porous carbon
nanoarchitectures/graphene composites with increased deion-
ization performance have been veried by our groups.37–39

3D porous carbon nanoarchitectures are mainly fabricated
by hydrothermal process or thermal polymerization with the
subsequent calcination treatment. For biomass-derived porous
carbon nanoarchitectures, hydrothermal treatment has been
widely used in the preparation process.40 However, the pore
sizes are widely distributed and difficult to control, the pore size
of the resultant carbon is mainly concentrated on micropores.
For templated porous carbon, the 3D porous structure nano-
architectures are performed by predesigned hard templates or
organic molecular precursors, followed by sacricial templates
removal and structure transformation/replication.41 For
instance, recent studies of colloidal silica and aromatic poly-
mers through thermal polymerization have emphasized
potential advantages to develop 3D porous carbon with tunable
pore size.42 The hard template colloidal silica allows for the
accurate control of pore sizes. More recently, the so templating
strategies developed by Zhao and co-workers are exceedingly
impressive.43 However, in the above fabrication process of 3D
porous carbon nanoarchitectures, the hydrothermal treatment
was always realized at 180–220 �C for 5.5–15 h,44,45 and the
Fig. 1 Schematic illustration of the construction of 3DFCN.

This journal is © The Royal Society of Chemistry 2017
thermal polymerization was mostly conducted in harsh reaction
conditions for 24–48 h.46,47 It should be noted that the above
fabrication processes are always energy-consuming, high-cost,
and practically time-consuming. Therefore, fabricating 3D
porous carbon nanoarchitectures by a much milder strategy for
energy-related applications is urgently required.

Herein, we rationally designed and originally proposed
a simple photochemical strategy to rapidly construct pore size-
tunable 3D foam-like carbon nanoarchitectures (3DFCN) under
milder conditions. The simple synthetic procedures are illus-
trated in Fig. 1. Firstly, the modied colloidal silica templates
were well mixed with a homogeneous mixture of epoxy acrylate
resin (EA) and 1,4-butanediol diglycidyl ether (BDDGE). Then
nanocomposites formed via solvent evaporation and UV irradi-
ation. The UV-induced photochemical mechanism is discussed
in detail as follows. The active centers can generate when the
photoinitiator is activated by absorbing UV radiation energy,
which will react with the unsaturated group and epoxy group, as
well as interaction concurrently to form cross-linked polymeric
network. Thereby the chain transfer reactions are initiated and
silica-templated nanocomposites are easily obtained in a few
seconds at room temperature. Aer the subsequent calcination
and removal of sacricial templates, pore size-tunable 3DFCN
was achieved. The 3DFCN possessed 3D foam-like inter-
connected open porous structures, highly accessible surface area
and tunable pore size. As a result, 3DFCN is originally fabricated
by a much milder and rapider synthetic strategy compared with
the conventional thermal polymerization and hydrothermal
process. The pore size-tunable 3DFCN should act as high-
performance candidates for the CDI application.
RSC Adv., 2017, 7, 39372–39382 | 39373
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2. Experimental section
2.1 Materials

Silica and triarylsulfonium hexauoroantimonate salts (50 wt%
in propylene carbonate) were purchased from Sigma Aldrich. 3-
(Trimethoxysilyl)propylmethacrylate (MPS) was provided by
Aladdin. EA were supplied by Nanjing Fine Chemical Co. LTD,
BDDGE was from TOKYO KASEI. All chemicals were used
without further purication except colloidal silica. Before
preparation, the colloidal silica was dialyzed in methanol
solution under continuous stirring. Deionized water was used
throughout the process.
2.2 Preparation

The 3DFCN was synthesized by photopolymerization of EA and
BDDGE in the presence of SiO2 and subsequent thermal treat-
ment. Typically, varying amounts (1 g, 1.5 g, 2 g, representing
different mass percent of 20, 30 and 40) of SiO2 was thoroughly
mixing with a certain amount (0.41 g, 0.62 g, 0.82 g) of MPS via
ultrasonication for 1 h. Depending on the amount of SiO2, 2.17–
3.59 g mixture of EA and BDDGE was added in the above
solution. The stable dispersion was formed under continuous
ultrasonication. Then 0.06–0.08 g photoinitiator was added and
the resultant solution was evaporated at room temperature to
remove solvent. Aerwards, the mixture can directly transform
into nanocomposites in few seconds by UV irradiation. The
obtained nanocomposites were then annealed at 400 �C for 2
hours then to 900 �C for 2 hours under N2 ow. The SiO2

templates were removed by the etching treatment in 3 M NaOH
solution. The resultant products were denoted as 3DFCN-x-y,
which refers to samples developed from silica templates with
x nm and mass percent of y%.
2.3 Characterization

The morphologies were observed using scanning electron
microscope (SEM, JEOL JEM-6700 F) and transmission electron
microscopy (TEM, JEOL JEM-200CX). High-Resolution TEM
(HRTEM) images were obtained using a Tecnai G2 20 TWIN
microscope operated at 200 kV. N2 adsorption–desorption
measurements were carried out on an Autosorb-IQ2, the
samples were treated in vacuum states by degasication at 573
K before tests. A Rigaku D/MAX-RB X-ray diffractometer was
utilized to record the powder X-ray diffraction (XRD) tests. A JY
H800UV spectrometer was used to measure the Raman spectra.
Thermal behaviors of the nanocomposites was evaluated by
thermogravimetry (TG) under an N2 atmosphere by an STA 449
instrument, the heating rate is 10 �Cmin�1 and the temperature
change is from room temperature to 800 �C.
2.4 Electrochemical measurements

The electrodes were fabricated by blending 90 wt% of 3DFCN
and 10 wt% of polytetrauoroethylene in ethanol. The obtained
slurry were loaded on the graphite substrate with a size of 50
mm � 40 mm. The samples were dried for 8 h at 110 �C. The
CHI 660D workstation was utilized to measure the
39374 | RSC Adv., 2017, 7, 39372–39382
corresponding cyclic voltammetry (CV) as well as electro-
chemical impedance spectroscopy (EIS). LAND battery instru-
ments were utilized to conduct the galvanostatic charge–
discharge (GCD) tests. All the electrochemical experiments were
carried out in 0.5 M NaCl solution utilizing the three-electrode
cell conguration, including the 3DFCN electrode as working
electrodes, graphite as counter electrodes, and saturated
calomel as reference electrodes, respectively. The specic
capacitance C was calculated from the formulas:

C ¼
�ð

IdV

��
2nmDV (1)

where C represents the capacitance, DV represents the potential
change, n stands for the scan rate, I refers to the current density
and m stands for the mass of electrodes.
2.5 Deionization experiments

The deionization experiments were performed in a ow through
recycling cell included two sided electrodes possessing a total
active mass of 160 mg. The details can be seen in our previously
reported method.25 During each deionization experiments, 25
mL NaCl solution was continuously pumped to the CDI cell
utilized a pump setting the ow rate of solution at 40 mL min�1

and salt ions were removed by applying an external voltage
ranging from 1.0 V to 1.4 V with an interval of 0.2 V. The NaCl
solution with the beginning concentration of 300, 500, and
1000 mg L�1 were utilized respectively. At the outlet of the cell,
a conductivity meter was used to transiently monitor and
measure the concentration change of the solution. The salt
adsorption capacity, SAC, of electrode materials was obtained
from the formulas:

SAC ¼ (C0 � C)V/m (2)

where C0 and C is the starting and ultimate concentration of
NaCl solution, m refers to the total mass of active components
in two working electrodes and V represents the volume of NaCl
solution.

The salt adsorption rate, SAR, of the electrodes was obtained
from the formulas:

SAR ¼ SAC/t (3)

where SAR represents the salt adsorption rate, t stands for the
per time of deionization process and SAC refers to the salt
adsorption capacity.
3. Results and discussion
3.1 Characteristics

The resultant pore size-tunable 3DFCN derived from silica-
templated UV-curable nanocomposites (Fig. S1†) were sub-
jected to microscopic characterization. A complete carbon
conversion was realized by calcination at 900 �C, as determined
by TG analysis under nitrogen (Fig. S2†). The SEM images taken
on the surface in Fig. 2a demonstrated that the as-formed
3DFCN-7-30 shows well-developed foam-like carbon
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) SEM images taken on the surface, (b) TEM images and (c) HRTEM images of 3DFCN-7-30.

Fig. 3 TEM images of (a) 3DFCN-12-30, (b) 3DFCN-16-30, (c) 3DFCN-
7-20 and (d) 3DFCN-7-40.
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nanoarchitectures without structural collapse aer carboniza-
tion and etching. Fig. 2b manifests a typical TEM image of
3DFCN-7-30. It can be vividly observed that 3D interconnected
open pores were well-developed throughout the entire surface
of 3DFCN-7-30. A closer observation via HRTEM images depic-
ted in Fig. 2c clearly reveal the well-formed 3D open porous
structures, in good uniformity with the original morphology of
the SiO2. And the size of pores is around 7 nm, which is highly
consistent with size of silica (Fig. S3†). The 3D interconnected
open porous structures can ensure more transmission pathways
and lower the transmission barriers. Besides, the ultrathin walls
of around 2–5 nm can not only supply minimal resistance of ion
diffusion on the electrode interface but also facilitate ion
transmission by shortening the diffusive pathways.

In fact, the realization of 3D interconnected open porous
structures of 3DFCN-7-30 is realized by adjusting the size and
mass percent of colloidal silica. When colloidal silica of
different size was used (Fig. S3†), the pore size of 3DFCN could
be effectively adjusted as manifested in Fig. 3a and b. The
3DFCN-12-30 and 3DFCN-16-30 exhibited similar 3D homoge-
neous foam-like open pores ranging from 12 nm to 16 nm.
Therefore, the colloidal silica with different size were served as
mesoporous templates for EA/BDDGE photopolymerization and
the pore size-tunable interconnected open networks can be well
formed aer carbonization and removal of templates. In addi-
tion, the mass percent of silica with 7 nm is also easily modu-
lated to control the morphology of 3DFCN (Fig. 3c and d).
Obviously, when the mass percent of silica is 20, 3DFCN-7-20
still maintains the interconnected 3D foam-like porous
morphology and the uniform thinner carbon layers. However,
as the mass ratio of silica increased to 40, the morphology of
3DFCN-7-40 is broken to some degree, this is because the
excessive amounts of silica could induce severe agglomeration.
Similarly, when varying the mass ratio of silica from 20 to 40 for
the 3DFCN with 12 nm and 16 nm, they also possess the same
variation trend of 3D foam-like porous structures (Fig. S4†).
Thereby, the unique structures and morphology analyses veri-
ed that the facile UV-curable polymerization strategy is
a promising route to rationally design and rapidly construct 3D
foam-like carbon nanoarchitectures with controllable pore size
and morphology.
This journal is © The Royal Society of Chemistry 2017
To further explore the physical characteristics of 3DFCN, N2

adsorption–desorption measurements were also conducted to
probe the porosities of the 3DFCN, which is crucial to the CDI
applications. As can be seen in Fig. 4a, the above samples all
exhibited type-IV isotherms with a large capillary condensation
step at a relatively higher pressure starting from around 0.65,
indicating a dominant mesostructure with 3D interconnected
open networks.48 This could be further demonstrated by the
pore size distribution calculated from QSDFT in Fig. 4b. Obvi-
ously, the pore size distribution plots determined distribution
peak at around 7, 12 and 16 nm for 3DFCN-7-30, 3DFCN-12-30
and 3DFCN-16-30 respectively, which is highly consistent with
the size of silica and TEM observations. The results, including
SSA, pore size and pore volume, are summarized in Table 1. The
SSA for 3DFCN-7-30, 3DFCN-12-30 and 3DFCN-16-30 were
calculated to be 1096, 992 and 762 m2 g�1 respectively, indi-
cating the pores with smaller size can signicantly enhance the
RSC Adv., 2017, 7, 39372–39382 | 39375
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Fig. 4 (a) N2 adsorption–desorption isotherms and (b) pore size
distribution profiles of all samples.

Table 1 Specific surface area, pore size and pore volume for the
investigated samples

Sample
Specic surface
area (m2 g�1)

Average pore
size (nm)

Pore volume
(cm3 g�1)

3DFCN-16-30 762 16 2.51
3DFCN-12-30 992 12 2.67
3DFCN-7-30 1096 7 2.80
3DFCN-7-20 793 7 2.58
3DFCN-7-40 551 7 2.40
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SSA. The colloidal silica with different size can utilized as
mesoporous templates for EA/BDDGE photopolymerization and
the interconnected open porous networks can be well developed
aer carbonization and removal of templates, which render the
3DFCN with large SSA. Moreover, compared with 3DFCN with
12 nm and 16 nm, the 3DFCN with 7 nm can be a well balance of
SSA and pore size. It is noteworthy that the mesopore size of
7 nm is large enough to ensure the smooth delivery of salt ions.
Therefore, in combination with the N2 adsorption isotherms
and pore size distribution analysis, 3DFCN-7-30 with pore size
of 7 nm could ensure more available adsorption surface for ions
transmission and facilitate the faster transport of salt ions
39376 | RSC Adv., 2017, 7, 39372–39382
across the 3D networks. In addition, when increasing the pore
size of 3DFCN from 7 nm to 16 nm, the pore volume also
remarkably decreased from 2.80 cm3 g�1 to 2.51 cm3 g�1. The
larger pore volume of 3DFCN-7-30 can facilitate fast ion trans-
port and result in a signicantly increased rate performance of
electrodes. Besides, the 3DFCN with a mass percent of 20 to 40
gave SSA from 551 to 1096 m2 g�1. The higher surface area can
be attributed to the well-developed interconnected open pores
generated from appropriate template content. It is noteworthy
that they all exhibit a mesopore distribution peak at 7 nm,
highly consistent with the diameter of silica. The pore volume of
3DFCN with a mass percent of 20 to 40 was signicantly
different from 2.40 cm3 g�1 to 2.80 cm3 g�1. Therefore, combing
the SSA and pore volume, the 3DFCN-7-30 with a silica mass
ratio of 30 presents the better developed porous structures and
favors the faster transport of salt ions than 3DFCN-7-20 and
3DFCN-7-40. These results demonstrate that pore size-tunable
3DFCN with various morphologies could be originally
designed and easily modulated via the milder UV-curable
polymerization strategy. The large SSA, pore volume and well-
developed interconnected open pore structures of 3DFCN-7-30
could supply sufficient adsorption surface and be benecial to
the faster transmission of salt ions, thus the 3DFCN-7-30 is
anticipated to present excellent adsorption performance.

It should be mentioned that using this facile UV-curable
strategy to prepare pore size-tunable 3DFCN can be further
extended to other carbon- and nitrogen-rich polymer precursors
such as the mixture of epoxy resin and BDDGE (ER/BDDGE), as
well as the mixture of polyurethane acrylate and 1,6-hexanediol
diacrylate (PUA/HDDA). The corresponding 3DFCN obtained by
altering precursor exhibited similar pore size and continuous
foam-like interconnected open porous morphology (Fig. S5†).
Meanwhile, the SSA of 3DFCN prepared from PUA/HDDA
(designated as 3DFCN-PUA/HDDA) and 3DFCN prepared from
ER/BDDGE (designated as 3DFCN-ER/BDDGE) were calculated
to be 764 m2 g�1 and 721 m2 g�1 respectively (Fig. S6†), indi-
cating the universality of this rapid UV-curable methodology.

The XRD patterns of 3DFCN samples investigated in Fig. 5a
all identied two weak and broad peaks standing for the (002)
and (100) diffraction modes respectively, suggesting the nature
of amorphous carbon. The impurities are not observed and the
colloidal silica templates have been completely removed. In
addition, the shi to the smaller degree of (002) peak in
comparison with the standard graphite (26.6�) suggests the
broader interlamellar spacing between the (002) planes of
3DFCN. Furthermore, the (002) peak of 3DFCN is broad
compared with the sharp ones of graphite, which can be
attributed to more defects and pores in the structures of
3DFCN.49 The relatively weak (100) peak manifests a similarly
low crystalline structure of the as-prepared 3DFCN.50 This could
be further elaborated by Raman spectra analysis in Fig. 5b.
Raman spectra of all samples displayed a crystalline graphitic G
band at 1590 cm�1 and a broad disorder-induced D band at
1344 cm�1. In addition, the intensity ratio of the D band to G
band is related to the amounts of defects in carbon-based
materials, representing the graphitization degree.51–53 The
lower ID/IG values always correspond to the elevated
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra04613h


Fig. 5 (a) XRD patterns and (b) Raman spectra of all samples.

Fig. 6 (a) CV curves of 3DFCN with different template content at
a scan rate of 1 mV s�1, all the curves were obtained in a 0.5 M NaCl
aqueous solution. (b) GCD curves of 3DFCN with different template
content at 0.2 A g�1. (c) iR drop of the 3DFCN-7-30 electrode vs.
current density.
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graphitization degree. As calculated, the ID/IG values of 3DFCN-
7-30, 3DFCN-12-30, 3DFCN-16-30 are 1.02, 1.04 and 1.09
respectively, suggesting that the 3DFCN all have a disordered
structure and 3DFCN-7-30 present the highest graphitization
degree. Further, the ID/IG values of 3DFCN-7-20, 3DFCN-7-40 are
calculated to be 1.06 and 1.11 respectively, indicating that when
the mass percent of template is increased to 40, the structure of
3DFCN-7-40 are more disorder and the graphitization degree
are signicantly decreased. It can be concluded that 3DFCN-7-
30 possessed the highest graphitization degree among the
series of 3DFCN, which can facilitate the ion transmission and
lower the internal resistance of electrode in the CDI process.

3.2 Electrochemical performances

As a demonstration of the great potential in CDI, the electro-
chemical measurements of the 3DFCN was carried out,
considering that the capacitive behavior was closely related to
the CDI performance. The corresponding CV measurements of
3DFCN with different silica content were depicted in Fig. 6a.
Obviously, the CV curves all have a rectangular-like shape and
no obvious redox peaks are observed, indicative of an ideal
capacitive behavior.54 Generally, a larger enclosed area of the CV
This journal is © The Royal Society of Chemistry 2017
curve is desirable for a higher capacitance, which is an index of
adsorption capacity. The calculated specic capacitance based
on the integral area of the CV curves are 238, 180 and 115 F g�1

respectively, which followed the sequence of 3DFCN-7-30 >
3DFCN-7-20 > 3DFCN-7-40. Moreover, 3DFCN-12-30 and
3DFCN-16-30 also exhibited high specic capacitance up to 206
F g�1 and 187 F g�1, but still lower than 3DFCN-7-30 (Fig. S7†).
RSC Adv., 2017, 7, 39372–39382 | 39377
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Fig. 7 EIS presented as Nyquist plot of 3DFCN with different template
contents. The inset is the enlarged view of the high frequency region.
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The much higher capacitance of 3DFCN-7-30 can be attributed
to the following advantages. Firstly, the 3D interconnected open
structures of 3DFCN-7-30 can function as shortcuts between
neighboring pores for ion transport, accelerating ion dynamics
across the 3DFCN. Secondly, the ultrathin walls of 3DFCN can
not only supply minimal resistance of ion diffusion on the
electrode interface but also facilitate ion transmission by
shortening the diffusive pathways. Thirdly, the mesopores of
7 nm on the carbon layer provides abundant ion transport
pathways with low resistance, so the ions in the bulk solution
can easily penetrate and transport into the pores. Besides,
smaller mesopore size increases the available surface area to
storage ions.55 Therefore, combining the 3D interconnected
open structures, the ultrathin walls, the mesopores of 7 nm, low
resistance as well as high available surface area, the 3DFCN-7-30
exhibits signicant advantages in ions transmission and
adsorption.

Next, the samples were subjected to the GCD tests with
a potential change from 0 V to�1 V at 0.2 A g�1 (Fig. 6b). A close
comparison reveals that 3DFCN-7-30 has a longer discharge
time than 3DFCN-7-20 and 3DFCN-7-40. Besides, the GCD
measurements of 3DFCN-12-30 and 3DFCN-16-30 also revealed
longer discharge time, which followed the sequence of 3DFCN-
7-30 > 3DFCN-12-30 > 3DFCN-16-30 (Fig. S8†). Therefore, the
3DFCN possessed quite larger capacitance, which agree well
with the above CV analysis. The higher capacitance determined
from GCD tests further veried that the 3D interconnected open
structures, the ultrathin walls as well as the abundant meso-
pores of 7 nm can greatly enhance the specic capacitance
because of the enhanced conductivity, sufficient ions trans-
mission pathways and short diffusion distance. The cycling
stability is another crucial criterion for high efficiency and long
term operation of electrodes. Signicantly, the nearly identical
charge–discharge curves aer 10 000 cycles further conrm its
electrochemical stability (Fig. S9†). The sudden voltage drop (iR
drop) of 3DFCN-7-30 electrode at the initial stage of discharge
process can be used to reveal the inner resistance of electrode.
Fig. 6c presents the detailed values of iR drop of 3DFCN-7-30.
The iR drop at lower current density can be inconspicuous,
however, when increasing the current density, the value of iR
drop increase. This can be attributed to the insufficient
discharge time in the EDL at the initial stage of discharge
curves.56,57 Obviously, the small iR drop of 3DFCN-7-30 reveals
the smaller internal resistance, which will potentially accelerate
the ion transport. This further conrms that the interconnected
open pore structures can decrease the inner resistance of the
electrodes and facilitate transmission of salt ions. As a conse-
quence, more salt ions can be easily adsorbed and penetrated in
such designed 3D structures with low resistance, which show
great potentiality in superior deionization performance.58

The transport property of the salt ions within the 3DFCN
electrodes was also probed by EIS. As presented in Fig. 7, the
Nyquist proles consisted of a linear shape in the low frequency
range and a small quasi-semicircle at the high frequency one.59

The relatively straight and nearly vertical line of all electrodes in
the low-frequency region conrms the primary electrostatic
adsorption and capacitive behaviours. And the width of quasi-
39378 | RSC Adv., 2017, 7, 39372–39382
semicircles plotted is in parallel with the charge-transfer resis-
tance caused by faradic reactions in the interface. It should be
noted that the semicircle impedance loop can be ignorable. In
addition, the equivalent series resistance (ESR) can be revealed
by the point intersecting the real axis. In general, a smaller ESR
value indicates lower internal resistance and faster charge/
discharge rate.60,61 It can be obviously seen from the inset of
Fig. 7, the ESR value of 3DFCN-7-30 is smaller than that of
3DFCN-7-20 and 3DFCN-7-40. Therefore, the 3D interconnected
open porous structures can not only favor the contact between
the salt ions and electrodes but also serve as multi-dimensional
pathways facilitating the charge transfer and the diffusion of
salt ions in the bulk electrode. The EIS measurement shows that
the 3DFCN-7-30 electrode has easy electron/ion transport
pathway with lower resistance, which also agrees well with the
iR drop discussed above.

3.3 Deionization performance

To explore the deionization performance of the above 3DFCN
electrodes, CDI measurements were evaluated in 500 mg L�1

NaCl solution under 1.4 V. The salt adsorption capacity (SAC) vs.
time under the external voltage of 1.4 V is depicted in Fig. 8a. As
can be seen, the SAC of 3DFCN increased sharply at the initial
stage of CDI process, then increases slowly and even achieves
stable with the time going by. At rst, the electrodes have
sufficient SSA for ions adsorption and accumulation; the elec-
trostatic repulsion is weak, leading to quicker ion adsorption.
As the time increased, the adsorption became slower due to the
electrosorption equilibrium at the electrode surface. The obvi-
ously different performance of the 3DFCN electrodes can be
clearly seen. The ascent rate of SAC for 3DFCN-7-30 electrode is
always higher than that of 3DFCN-7-20 and 3DFCN-7-40, indi-
cating a better adsorption ability of 3DFCN-7-30 electrode. As
calculated, the 3DFCN-7-30 yields a signicantly higher SAC
(17.5 mg g�1) than 3DFCN-7-20 (13.4 mg g�1) and 3DFCN-7-40
(8.62 mg g�1). The SAC of 3DFCN-7-30 is also higher than that
of 3DFCN-12-30 (16.5 mg g�1) and 3DFCN-16-30 (11.1 mg g�1)
(Fig. S10†). Furthermore, the 3DFCN-7-30 electrode presents
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 (a) Plots of SAC vs. time and (b) Ragone plots of SAR vs. SAC for
the 3DFCN with different template contents in a 500 mg L�1 NaCl
solution at 1.4 V.
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higher SAC than other carbon materials reported in recent
literatures under the similar testing conditions (Table S1†). In
addition, the charge efficiency of 3DFCN-7-30 is 0.54, demon-
strating lower energy consumption during the deionization
process. The value less than 1.0 can be elaborated by the co-ion
repulsion effect, the weak adhesion between the electrodes and
current collector, as well as the blocking effect of the binder
(Fig. S11†).

Ragone plot was a functional method to estimate the overall
CDI performance of a system, in which the salt adsorption rate
(SAR) vs. SAC is plotted.62 The SAR, as a new rate performance
indicator of salt adsorption, is calculated according to the eqn
(3). The corresponding Ragone plots of 3DFCN depicted in
Fig. 8b present an appreciable change trend. Apparently,
3DFCN-7-30 always has a higher rate and a larger SAC (a shi to
the upper and righter region) than that of 3DFCN-7-20 and
3DFCN-7-40. Furthermore, for the two-stage desalination
process, the SAR of 3DFCN-7-30 is also higher than that of salt
desorption rate (SDR) (Fig. S12†). That's to say, the 3DFCN-7-30
is a better option for rapid deionization with large capacity and
high rate. The higher deionization capacity and rate of the
3DFCN-7-30 can be elaborated by the following aspects: (i) the
3D interconnected foam-like nanostructures are well formed,
which provide ion transport shortcuts between neighboring
This journal is © The Royal Society of Chemistry 2017
pores and reduces the contact resistance; (ii) the ultrathin walls
can not only supply minimal resistance of ion diffusion on the
electrode interface but also facilitate ion transmission by
shortening the diffusive pathways; (iii) the foam-like structures
provide much larger available surface area and pore volume,
which ensure more accessible adsorption surface for the rapid
ion adsorption; (iv) the mesopores of 7 nm provide smooth
pathways for ion transportation and enormous available surface
to adsorb and storage ions; (v) lower inner resistance of 3DFCN-
7-30 can also propel the transportation of ions across the 3D
porous networks. Therefore, in combination with the 3D
interconnected open structures, the ultrathin walls, high avail-
able surface area, the mesoporous structures and low resis-
tance, the 3DFCN-7-30 shows great advantages in CDI
application.

To evaluate the performance of 3DFCN-7-30, a series of CDI
measurements were conducted under different salt concentra-
tion. The corresponding results are plotted in Fig. 9a. For initial
NaCl solution of 300, 500 and 1000 mg L�1, the SAC increases
signicantly when the external voltage is introduced, then aer
around 60min, the adsorption equilibrium can be achieved. The
upward trend of SAC at a higher salt concentration is more
obvious, demonstrating that more ions are electroabsorbed by
the 3DFCN-7-30 electrode. It can be noted that the SAC signi-
cantly increased to 20.9 mg g�1 when the concentration
increased to 1000 mg L�1. The corresponding Ragone plots are
depicted in Fig. 9b. It could be noted that a higher concentration
of NaCl solution shied the Ragone plot to the upper and righter
range, suggesting faster SAR and higher SAC. The increase in
capacity is mainly because of the formation of compact EDL and
the subsequent increase in capacitance in higher concentra-
tion.63 In addition, the increased SAR can be simply interpreted
by the conductivity enhancement of the inuent solution with
higher concentration, accelerating swier transport of ions into
the electrodes. In this regard, a higher concentration of salt
solution is favorable due to the accessible fast desalination in
comparison with a lower salt concentration.

The impact of applied voltage on deionization performance
was also carefully examined. Fig. 9c depicted the corresponding
SAC vs. time plots conducted in 500mg L�1 NaCl solution under
external voltage ranging from 1.0 to 1.4 V. As can be seen, the
SAC increases as the time increasing, but the upward tendency
of SAC is more apparent at a higher external voltage. It can be
noted that the SAC increased from 8.76 to 17.5 mg g�1 when the
external voltage ranging from 1.0 to 1.4 V. In Fig. 9d, it can be
seen that the corresponding Ragone plot was shied to upward
and righter range when enhancing the external voltage, indi-
cating better desalination capacity and rate. The results
demonstrated that at higher applied voltage, the faster desali-
nation and easier ionic adsorption can be conducted due to the
stronger coulombic interaction between electrode and charged
ions. In this work, at the external applied voltage of 1.4 V, no
bubbles were observed due to the intrinsic resistance of the
electrodes and solutions, which permits an overvoltage.64,65

The regeneration ability of CDI electrodes is very signicant
for the practical application. Fig. 10 manifests the long-time
adsorption–desorption performance of the 3DFCN-7-30, which
RSC Adv., 2017, 7, 39372–39382 | 39379
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Fig. 9 (a) Plots of SAC vs. time and (b) Ragone plots of SAR vs. SAC for the 3DFCN-7-30 under different concentration of NaCl solution. (c) Plots
of SAC vs. time and (d) Ragone plots of SAR vs. SAC for the 3DFCN-7-30 under different external voltages.
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are carried out by repeating adsorption (1.4 V) and desorption (0
V) procedure in a NaCl solution with a starting concentration of
100mg L�1. A direct voltage was applied on the electrodes in the
electrosorption charge process while a short-circuit was utilized
to desorb the ions. It is obvious that the CDI process was
perfectly reproducible. Furthermore, no apparent declination of
Fig. 10 Long-time adsorption–desorption curves of the 3DFCN-7-30
in a 100 mg L�1 NaCl solution at 1.4 V.

39380 | RSC Adv., 2017, 7, 39372–39382
SAC was observed aer 10 cycles, indicating an excellent
regeneration performance. This can be attributed to rapid ion
transport and shorter diffusion distance in the interconnected
open porous structures of 3DFCN-7-30. The superior regenera-
tion performance of the electrodes further veried that the
3DFCN-7-30 is a promising candidate for CDI applications.
4. Conclusions

In this work, pore size-tunable 3D foam-like carbon nano-
architectures are originally and rapidly fabricated under milder
synthetic conditions through the photopolymerization strategy,
which can be implemented in several seconds at room
temperature to generate nanocomposites compared with
conventional strategies. The colloidal silica was utilized to
modulate mesopores. The resultant materials demonstrated 3D
interconnected open porous structures, ultrathin pore walls,
highly accessible SSA, easily adjustable pore size and low
internal resistance. When 3DFCN were detected as electrodes
for capacitive deionization, they presented higher capacitance,
low inner resistance and good stability in the electrochemical
measurements. Further, in the deionization tests, an increased
adsorption capacity of 20.9 mg g�1 in 1000 mg L�1 was ob-
tained, much higher than that of recently reported carbon
materials. The 3DFCN also exhibited high electrosorption rate
This journal is © The Royal Society of Chemistry 2017
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as well as excellent regeneration ability. Therefore, the rapid
construction and intriguing performance of 3DFCN demon-
strated that this strategy is potentially exciting in the wide-
spread preparation of high-quality 3D carbon nanoarchitectures
for CDI and other electrochemistry applications.
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