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Abstract

Flow-electrode capacitive deionization (FCDI) can be improved via enhanced charge transfer by
increasing the flow-electrode (FE) conductivity. Since water is the main component of FE (>70%),
the key to improving the electroconductivity lies in the properties of carbon materials. In this work,
three types of carbon powders, i.e., activated carbon (AC); mesoporous carbon; and carbon
nanotubes (CNTs), were employed in FEs to investigate the influence of powder properties on the
FCDI performance. The morphology and structure of powders and electrochemical behavior and
rheology of FEs were investigated to reveal the relationship between FE properties and
desalination performance. Results show that, due to their unique electrosorption behavior,
excellent conductivity, and enhanced conductivity through a bridging effect, CNTs based FE
(carbon loading: 3 wt.%) achieved the fastest (8.3 mg s™' m™2) and the most stable desalination
(charge efficiency: 93.3%). A faster desalination (13.2 mg s~! m2), due to significantly improved
electroconductivity (13.2 times) with only a slight viscosity increase (1.1 times), was achieved by
adding CNTs into 6.91 wt.% AC-based FE for a 7.41 wt% total carbon concentration. This study
highlights the importance of the intrinsic properties of carbon materials, especially

electroconductivity, in promoting FCDI desalination performance.

Keywords: Flow-electrode capacitive deionization, carbon nanotubes, desalination,
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INTRODUCTION

Capacitive deionization (CDI) has been intensively investigated in the last decade for its
potentially low energy demand and eco-friendly operation.! Due to the poor cycling performance
and co-ion rejection effect, however, industrial applications of CDI have rarely been reported.
Alternatively, membrane CDI (MCDI) utilizing ion exchange membranes attached to the surface
of the electrodes can be used to achieve high and fast salt removal and limit co-ion rejection.?3
One example of an industrial application for CDI and MCDI is Voltea B.V. (CAPDI®,
Netherlands). Even though MCDI can handle large-scale desalination through the development of
new electrode materials,* design of new devices,>® optimization of process operation,’? and
module stack-up,’ the intermittent cyclic operation and solid-carbon-electrode sheets still need
substantial improvements for expanded future applications. The electrodes in the CDI and MCDI
processes are stationary and prepared and attached to current collectors via polymer binders. Such
polymer binders as polytetrafluoroethylene may block a significant portion of the pores in carbon
electrodes and introduce hydrophobic surfaces into the electrodes, ultimately reducing their salt
adsorption performance.'® Furthermore, when the electrodes are saturated with ions during
operation, electrode regeneration is required, leading to intermittent operation.

Previous studies have indicated that flow-electrodes (FE; hereafter the MCDI process utilizing
FE is termed FCDI) can be employed to solve issues caused by the stationary electrodes used in
CDI and MCDI, !4 i.e., the intermittent operation and hydrophobic polymer binder in electrodes.
Self-regeneration outside the FCDI module, without using binders, allows FE to theoretically
provide infinite surface area for ion adsorption.!! A typical FCDI module is symmetrically
assembled from end plates, current collectors, FEs, ion exchange membranes (IEMs), and a salt

water feed channel, where the FEs typically flow through engraved channels on the current



collectors’ surface. As the main functional component of FCDI, a FE is generally composed of
carbon powder and aqueous electrolyte.!>'® The maximum reported carbon loading for FE is
approximately 28 wt.%.!? In this case, even if the electrolyte salt concentration is 0.5 M, the water
content could still be approximately 70 wt.%. Thus, since water is its main component, a FE is not
a very good electrical conductor.

Several strategies have been developed for enhancing FE conductivity including increasing the
carbon loading'? or electrolyte concentration,!” utilizing FE as a fluidized bed,' using spherical
carbon particles,'® performing surface oxidation treatment of carbon particles,'® and introducing
additives such as carbon black!® or redox couples.!® Although these methods are reported to have
improved the FCDI performance, they may also introduce additional problems; for example,
increasing the carbon loading increases the FE viscosity,?° introducing a risk of flow clogging.
Also, by increasing the electrolyte concentration to levels higher than those of treated solutions,
diffusion against the concentration gradient in FCDI will be reduced. Furthermore, surface
modification of carbon powder may be an issue for long-term operational stability. Since the
electrolyte concentration cannot be significantly increased, the key to enhancing FE conductivity
lies in the inherent properties of carbon materials, e.g., good conductivity for charge transfer and
the ability to maintain high frequency collisions between particles or particles and current
collectors.

Carbon nanotubes (CNTs) are a possible candidate to meet all previously mentioned
requirements. CNTs have unique tubular structure and electronic and mechanical properties.?!
They have been investigated for energy storage applications (batteries and supercapacitors),??-23
photovoltaic conversion,”* hydrogen adsorption and storage,> field emission,?® sensors and

probes,?’ etc. They are also widely used for electrode?®?° or membrane®® modification for



enhanced electrochemical and separations applications. CDI or MCDI electrodes made of CNTs,
however, could not compete with those from other porous carbon materials due to the difficulty of
uniformly dispersing CNTs in stationary electrodes?® 3! and the need to use adhesive polymers.
Moronshing et al.3? recently developed a scalable CNT-thread electrode in which CNTs are bonded
with cellulose fibers through van der Waals attraction to achieve fast CDI performance. One of the
benefits of using well-dispersed nanotubes without adhesive polymer is that both the interior and
exterior surfaces, as well as the spaces between nanotubes, are accessible to ions.3? Notably, CNTs
can be metallic or semiconducting depending on the diameter and chirality.?* Therefore, metallic
and well-dispersed CNTs may have excellent FCDI desalination performance as well.

Since electrodialysis (ED) or FCDI using carbon-free FEs is considered to contribute to FCDI
desalination,'> and the different properties (e.g., particle shape, pore structure, and conductivity)
of carbon materials such as activated carbon (AC), mesoporous carbon (MC), and CNTs also
impact the FCDI performance, the specific objectives of this work were to: (1) evaluate the FCDI
performance using FE composed of metallic CNTs by comparing results with ED and other FCDI
devices where conventional carbon materials such as AC and MC are used; (2) elucidate the
importance of FE electroconductivity on high and fast salt removal, by using CNTs as FE additive
at different dosage levels and examining the electrochemical characteristics of FEs; and (3)
propose a possible charge/ion transfer pathway in the FEs containing CNTs, to provide guidance
for subsequent development of FEs for more effective and energy efficient FCDI.
EXPERIMENTAL SECTION
Preparation of flow-electrodes. FEs were obtained by dispersing carbon powders in electrolyte
solution (129 mL, 0.2 M NaCl) under continuous sonication (24 hours) and subsequent vigorous

magnetic stirring (48 hours).'!> 15 For materials information please refer to Text S1 and Tables S1-



S2 of the supporting information. Two different carbon loadings were prepared for specific
experimental purposes described below (Table S3):

(1) Evaluate the FCDI performance using different carbon materials. Since FEs composed
of CNTs cannot flow when the carbon loading exceeds 3 wt.%, three types of FEs using AC (FE-
AC), MC (FE-MC) and CNTs (FE-CNTs) with 3 wt.% carbon loading were prepared. In addition,
for comparison, an ED experiment (carbon loading: 0.0 wt.%) was conducted under identical
conditions.

(2) Use CNTs as FE-AC additives. Since FEs generally behave better at higher carbon
loadings,'?"!? the carbon loading was further increased to 7.41 wt.% for FE-AC, where the CNT
loading varied from 0.0 wt.%, to 0.5 wt.%, to 1.0 wt.%, which were correspondingly termed as
FE-AC-TO0, FE-AC-T0.5 and FE-AC-T1.0.

Setup and operation of FCDI experiments. The FCDI process diagram is shown in Figure S1.
The FEs were pumped through serpentine shaped grooves (Figure S2A) on the surface of the
graphite current collectors, where the contact area between FE and graphite plate or between FE
and feed solution (FS) is 130.4 cm? or 43.2 cm? respectively. The FE suspension was
simultaneously pumped from a common reservoir into the anode and cathode channels at a flow
rate of 25 mL min~! each, and then back to the reservoir, by a dual-head pump (Model 7518-00,
Cole Parmer). The FE reservoir was constantly stirred to prevent settling and aggregation of carbon
particles. Another peristaltic pump (Model RP-1, Dynamax) was used to deliver FS (0.2 M NaCl,
129 mL) into the FCDI unit at a flow rate of 10 mL min~!. The FE and FS were in circulation
during all of the experiments. An electrical potential (1.6 V) was provided to the FCDI system by
a direct current (DC) power supply (HP, 3632A), and the current response of the FCDI device was

continuously monitored. The applied potential of 1.6 V was adopted after a series of preliminary



experiments under various applied potentials (V' = 1.2, 1.6, 2.0, and 2.4 V). In this preliminary
work, the desalination performance increased with increasing potential but, due to Faradaic
reactions, the average charge efficiency decreased significantly beyond 1.6 V. Thus, the optimum
potential for the work presented in this paper was determined to be 1.6 V. A conductivity meter
(Model 3082, Amber Science) was employed to continuously record the conductivity of FS. The
pH values of FS and FE were measured every 30 minutes by a pH meter (Accumet pH meter 50,
Thermo Scientific). The salt removal capacity (SRC, mg g '), salt removal rate (SRR, mg s! m2),
charge efficiency (A1) of FCDI desalination were obtained from eq. S1-S3 (Text S2).

Electrochemical impedance spectroscopy and Rheology measurements. To reduce the mass of
carbon needed for the electrochemical impedance spectroscopy (EIS) measurements, we designed
and fabricated a small-scale FCDI device of similar geometry (Figure S2B and Table S4). The
depth and width of the grooves on the graphite plates are 2 and 3 mm, respectively, and the contact
area between FE and graphite plate or FE and FS is 22.4 cm? or 9.2 cm?, respectively. The volumes
of FEs and FS were reduced to 50 mL each due to the smaller size of this device compared to the
size of the one described in Section 2.2 and in the supporting information. Typically, EIS
measurements of FEs in previous studies were conducted in a static cell.!”> 3435 Here, to prevent
particle settling and aggregation and to provide electrochemical information under realistic FCDI
process conditions, we operated this small device under conditions identical to those used for the
operation of the larger device mentioned in Section 2.2. The EIS testing method involved an
alternating current signal of amplitude 10 mV and frequency varying from 10° to 0.01 Hz applied

to the FCDI system through an Autolab electrochemical workstation (PGSTAT302N, Metrohm).



Rheology measurements for FEs were carried out using a torsional rheometer (MCR302,
Anton Paar, Austria), where steady shear viscometry was performed and the shear rate decreased
from 100 to 0.001 s!.

RESULTS AND DISCUSSIONS

Superior desalination performance of FE-CNTs. Morphology and structure characterization
results indicate that carbons employed in this work have vastly different morphology and pore and
graphite structure (Text S3-S4 and Table S5), and these properties may affect their
electroconductivity and, consequently, their desalination performance. Therefore, FEs consisting
of 3 wt.% AC, MC, or CNTs were employed for FCDI experiments. In addition, an ED experiment
without carbon material was carried out to investigate its contribution to the FCDI desalination
performance.

Figure 1 shows the time-dependent decrease in the NaCl concentration, SRR value, and charge
efficiency for FCDI systems using ED, FE-MC, FE-AC and FE-CNTs. Among these FEs, the FE-
CNTs enables the fastest and the most stable desalination performance. Specifically, as shown in
Table S6, after 360 minutes, the SRC value of FE-CNTs (284.3 mg g') was 4.1 and 19.7 times
greater than that of FE-AC (69.7 mg g!) and FE-MC (14.4 mg g '), respectively. Although SRC
in FCDI can increase as long as the system is running, this metric can provide information on the
differences in the desalination capacities of these FEs over long periods of operation. The average
desalination rates of ED, FE-MC, FE-AC, and FE-CNTs derived from Figure 1B were 0.47, 0.86,
2.78, and 8.32 mgs~! m~2, respectively, demonstrating a desalination rate of FE-CNTs 17.7, 9.7,
and 3.0 times greater than those of ED, FE-MC, and FE-AC, respectively. Furthermore, the charge
efficiency exhibited by FE-CNTs (93.3%) is much higher than the charge efficiency of ED (73.0%),

FE-AC (73.5%), and FE-MC (67.8%) (Figure 1C).



These results suggest that the FCDI desalination performance can be greatly enhanced by
utilizing metallically conductive CNTs. The superior desalination performance of FE-CNTs
among other FEs may be attributed to its excellent conductivity and weak Faradaic reactions.
CNTs are a single or multi-layer graphene wrapped in a tube with excellent conductivity (Figure
S3), which determines its lower resistance (see further discussion about the electroconductivity of

FEs in Section 3.3). Because of proton and hydroxyl ion transport, as well as Faradaic reactions,
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Figure 1 Time-dependent profiles for the FCDI system using different carbon powders as flow-
electrodes: (A) concentration difference, (B) salt removal rate (SRR), (C) charge efficiency and (D) pH
change of flow-electrode (FE) and feed solution (FS). The total carbon loading is kept at 3 wt.% for all

FEs used.



the pH values in FE and FS during desalination diverged (Figure 1D). Due to the greater extent of
Faradaic reactions,! the FE and FS of FE-AC and FE-MC became more alkaline and acidic,
respectively, than those of the FE-CNTs.

In summary, the results presented in Figure 1 indicate that (1) the type of porous carbon material
has profound influence on the FCDI desalination performance, and (ii) among the different types
of carbon materials employed, CNTs are the most conducive medium for the charge/ion transport
in FEs.

Using CNTs as Flow-electrode additive. Although FE-CNTs show excellent desalination
performance, CNTs may not be a perfect candidate for practical FCDI applications as a result of
its high market price and its low carbon loading. To utilize its superior FCDI desalination
performance, however, we can employ CNTs as an FE additive for other low-cost, desalination-
effective carbon materials, e.g. AC. Therefore, composite FEs were prepared including FE-AC-
T0, FE-AC-TO0.5, and FE-AC-T1.0 to investigate the effectiveness of CNTs as an additive for AC
based FE.

According to the concentration differences graph in Figure 2A, after 360 minutes, the SRC values
(Table S6) of FE-AC-TO0, FE-AC-T0.5, and FE-AC-T1.0 were 121.7, 131.3, and 132.2 mg g!,
respectively. Since the total amount of salt in FS was 1.509 g (0.2 M NaCl, 129 mL), the salt
removal efficiencies reached 87.0%, 93.6% and 94.2% for FE-AC-T0, FE-AC-T0.5 and FE-AC-
T1.0, respectively, even though the concentration difference between FE and FS could be as high
as 20 g L', Since the flow-electrodes were continuously recycled from the flow-electrode reservoir
to the FCDI module (Figure S1), the results also indicate a stable cycling ability of the flow-
electrodes. Moreover, the average desalination rate increased from 9.78 mg s~! m~ for FE-AC-TO0

to 13.16 mgs~'m2 for FE-AC-TO0.5 (Figure 2B). When the CNTs loading is increased from 0.5 to
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1.0 wt.%, however, the desalination rates of FE-AC-T0.5 and FE-AC-T1.0 (12.86 mg s~ m~2) were
similar. This phenomenon could be explained by any of the following reasons, which suggest that
the addition of CNTs significantly increases FE conductivity, so that some other process step
becomes the rate limiting mechanism:

(1) A limited amount of salt: As discussed above, FE-AC-T0.5 and FE-AC-T1.0 adsorbed nearly
all ions from FS into FE, thus the performance difference between these two FEs becomes

extremely small.
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(i) Constantly changing driving force: As the desalination progressed, the concentration
difference between FE and FS gradually increased, so that ion transport occurred against an
increasing concentration driving force resistance. In combination with the low ion concentration
in the desalinated solution, the increasing mass-transfer resistance leaves little room for
improvement.

(ii1)) Changed FE rheology: Even though high-load CNTs are likely to enhance the
electroconductivity of FE, increasing the CNTs content in FE also increases the viscosity of FE.
The higher viscosity reduces the electrode fluidity, which is related to the electrode regeneration
efficiency,!? thus the charge/ion transport rate may be slowed down.

One advantage of increasing the CNTs loading to 1.0 wt.% is the enhancement in the charge
efficiency (Figure 2C and Table S6). When the CNTs loading was 0.5 wt.%, the average charge
efficiency was 89.8%, which is comparable to a pure AC electrode (89.9 %). In comparison, the
average charge efficiency of FE-AC-T1.0 reached 97.9%. With time, however, the charge
efficiencies of FE-AC-T0.5 and FE-AC-T1.0 gradually decreased, probably due to increasing
transport resistance as discussed in the previous paragraph. When FE gains and FS loses ions, i.e.,
concentration polarization caused by the limited ions transport in the boundaries of IEMs,3¢ FE is
likely to decompose water. Thus, the charge efficiency decreases over time. Another impact of
electrochemical reactions occurring in the FCDI system is pH fluctuation in FEs and FS. As
summarized in Table S6, except for ED, the FEs and FS become basic and acidic, respectively.
This phenomenon may be the result of a synergistic effect of multiple factors. First, proton and
hydroxyl transport through the IEMs could produce pH changes in both FS and FE.37 Second, as
detected by Ma et al.,?® since the generation of hydroxyl ions is easier than the generation of

protons at 1.6 V,!6 the amounts of protons and hydroxyl ions generated in the anode and cathode
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chambers is unbalanced, so that after charge neutralization, more hydroxyl ions remain in FEs. As
the CNTs loading was increased, the pH of the FCDI system could still be maintained at a relatively
stable level due to relatively high average charge efficiency.

The results of Table S6 indicate that, adding a certain amount of CNTs (e.g., 0.5 wt.%) in an
AC based FE can effectively promote the desalination performance; however, excessive loading
of CNTs not only cannot enhance desalination, but also wastes electrode materials and energy
pumping a higher-viscosity fluid. Certainly, the influence of the CNTs loading on the desalination
performance may vary with changing total carbon loading. For example, the influence of the
viscosity can be reduced by decreasing the total carbon loading, while an increase in the CNTs
loading may further enhance the FCDI performance. In practical applications, however, it is
desirable to achieve rapid desalination, which can be accomplished by high carbon loading.!? 20
Therefore, follow-up work should focus on finding inexpensive but highly effective carbon
materials to promote FCDI desalination.

The influence of carbon powder types and CNTs addition on the FCDI performance suggests
that the electroconductivity and rheology of FEs may synergistically affect the FCDI desalination
performance. Thus, the electroconductivity (Section 3.3) and rheology (Section 3.4) of FEs under
different FE compositions were specifically analyzed in the following two sections to investigate
the mechanism of how charge/ion transfer is enhanced in CNTs-containing FEs (Section 3.4).
EIS analysis of the FCDI system. EIS was employed to analyze the electroconductivity of FEs.
The charge/ion transfer in an FCDI process can be easily analyzed by considering FE as a
homogeneous object rather than a mixture of electrolyte and carbon powder. The measured EIS
plots were fitted using an equivalent circuit diagram to yield the values of the circuit components,

which can be qualitatively associated to process transport parameters.
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Figure 3 Electrochemical impedance spectroscopy (EIS) of flow-electrodes using different carbon
powders at 3 wt.% carbon loading (A-C) and AC flow-electrodes using CNTs as additives with total
carbon loading at 7.41 wt.% (D-E): Nyquist plots (A, D) and the corresponding bode modules (B, E) and

phase diagrams (C, F). The simulated equivalent circuit for EIS signals is shown in (G).
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Table 1 Fitting parameters obtained from simulated components of electrochemical impedance

spectroscopy of flow-electrodes measured in flow mode

Flow- Rem Qum Ry Wum Qg Rg Wg x?
electrodes @ Y0 N (Q (mMho) YO0 N (@ (mMho)
(mMho) (mMho)

ED 260 0273 0994 635 115 42 0.889 1627 0.656 0.0030
FE-MC 260 0320 0999 482 102 16.4 0924 603 395  0.0200
FE-AC 250 305 0.697 136 286 63.0 0956 993 333  0.0183
FE-CNTs 255 798 0502 296 NA 478 0990 456 NA  0.0049
FE-AC-TO 274 107 0.609 0.80 NA 103 0815 266 NA  0.0180
FE-AC-TO.5  2.60 67.9 0608 4.17 NA 995 1.000 2.0 NA  0.0073
FE-AC-TIO 261 752 0590 261 NA 1350 0970 212 NA 00122

As shown in Figures 3A to 3C, FEs containing 3 wt.% carbon powders demonstrated completely
different EIS responses. The real (Z’) and imaginary (-Z") resistance components in the Nyquist
plot (Figure 3A), as well as the equivalent circuit resistance (|Z | = |Z'| + | —Z"|, Figure 3B)
decreased significantly in the order of ED, MC, AC, and CNTs, suggesting enhanced
electroconductivity of FE-CNTs. Furthermore, according to the phase change vs signal frequency
(Figure 3C), FEs with enhanced electroconductivity in a running FCDI system, i.e. FE-CNTs, act
more like a resistor with a low resistance rather than a capacitor because the phase lag in the low
frequency region (close to a DC signal) is far less than 90 degrees. By contrast, a stationary porous
carbon electrode generally acts as a capacitive component in the low frequency region because of
a phase lag close to 90 degrees.’*-40 Moreover, FE-CNTs allows a high frequency signal to pass
smoothly, suggesting a capacitive component with high frequency in the circuit as well. The

combination of the phase changes in the high and low frequency regions indicates that FE-CNTs
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are able to store more ions due to high capacitance and can enable fast charge transfer due its low
series resistivity.

As shown in Figures 3D and 3E and Table 1, the conductivity of FEs can be further enhanced
by increasing the carbon loading (3.7 times better for FE-AC-TO at 7.41 wt.% vs FE-AC at 3
wt.%), as well as using CNTs as an additive (13.2 times better for FE-AC-T0.5 vs FE-AC-TO0).
Because of the enhanced electroconductivity, the current signal phase change in the region of
medium to low frequency further decreased (Figure 3F). Note that, for the FEs showing phase
hysteresis less than 20° in the low frequency region (Figures 3C and 3F), there were two peaks
observed, indicating that there are two components (e.g., IEMs and FEs) affecting the EIS response.

Based on the results and discussion from Figures 3A to 3F, the FEs listed in Table 1 can fall
into two categories, i.e., FEs with relatively poor (ED, FE-AC, FE-MC) or good (FE-AC-TO, FEs
containing CNTs) electroconductivity.

To clearly understand the electrochemical behavior of FEs in a running FCDI system, we
proposed an equivalent circuit (Figure 3G) to simulate the EIS signals (Figure 3A to 3F). The
fitting parameters for this equivalent circuit are summarized in Table 1. As shown in Figure 3G,
the electrochemical elements for the small FCDI device can be considered as three parts: (i) the
series resistances of FS and IEMs and the contact resistance between phases (Rsy); (i) the ion
transport and diffusion from feed solution into IEMs (Ry;, Om and Wy); (iii) the ion transport and

diffusion from IEMs into FEs (Rg, Og and Wg). The YO0 and N values of Oy and Qg are related to

1

5 S-1
the capacitance (C) according to the calculation C = YO(N) X R(N ) It should be noted that the

1

elements representing ion diffusion and transport in IEMs and FEs (Figure 3G) include the

characteristics of anion and cation exchange membranes, and anode and cathode, as well.
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The Rsy values for all FEs of the FCDI device were similar because the operating conditions
and the membranes employed were identical. For FCDI systems using FEs with poor conductivity,
the ions transport (R) and diffusion resistances (W) in IEMs (Ry;, W) and FEs (Rg, Wg) were high,
and the capacitive equivalent components (Qy and Q) were low, suggesting that the IEMs and
FEs likely acted as charge/ion resistors rather than conductors. For FEs with high conductivity, the
equivalent circuit can be well-simulated only when the diffusion resistance (Wg & Wy) is
negligible, which means ion-transport-mechanism dominated ion removal. FEs with high
conductivity acted as ideal capacitors due to the extremely low Rg and high Qg values (Table 1).
In addition, because the values of the simulated parameter N of the constant phase elements for
IEMs (Qw) deviated from 1 to 0.5, while the N values of O and Oy were close to 1,*! ion removal
was primarily controlled by the ion exchange capacity of IEMs.

Overall, it is also worthy to note that the capacitance of FEs may keep increasing due to the
subsequent discharging of FEs outside the flowing FCDI module; therefore, the low resistance of
FEs is more critical in guiding the electrochemical performance of FEs. Furthermore, the analysis
of the EIS results suggests that the electroconductivity of FEs is mainly governed by the intrinsic
properties of carbon materials, and it can be further enhanced by increasing the carbon loading, as
well as adding CNTs as additive.

The increased conductivity of FE-CNTs is also likely to reduce the overpotentials of Faradaic
processes, thereby suppressing the Faradaic reactions of FE-CNTs, increasing the charge
efficiency and ultimately improving the desalination performance. Generally, overpotentials of
Faradaic processes would be generated when there is electrochemical polarization, or
concentration polarization, or resistance polarization on the electrode-electrolyte interface.*? These

polarizations can be reduced by ensuring that charges are transported in the form of electrons in
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the electrodes and ions in the solution, rather than Faraday reactions on the electrode-electrolyte
interface. Correspondingly, there are three strategies to decrease the overpotentials: (i) increasing
effective surface area to decrease the charge density on the electrodes;* (ii) increasing the ion
diffusion rates in the carbon pores by controlling the pore structure (e.g., large pore size);** and
(iii) increasing the electrode conductivity to reduce ohmic overpotential.*

With respect to the first strategy, compared to the ED process, the increased electrode area of
the carbon flow-electrodes should be the reason for the suppressed Faradaic reactions. Compared
to MC and AC, however, CNTs had the lowest surface area (Table S5) and FE-CNTs demonstrated
the best desalination performance. Thus, the increased surface area should not be the reason for
the decreased overpotentials of Faradaic processes for FE-CNTs. For the second strategy, as shown
in Table S5, the average pore widths of the three carbon powders were in the range of mesopores,
which are much larger than the diameters of hydrated sodium and chloride ions (< 0.8 nm). In
addition, in the FCDI devices using carbon flow-electrodes, the concentration differences between
electrolyte and feed solutions were the same. These results indicate that the concentration
polarization behavior was similar in all carbon flow-electrode cases. For the third strategy,
according to the EIS results (Table 1), after the addition of carbon powders in the electrolyte, the
Rg values of flow-electrodes was significantly reduced. Therefore, the main reason for the reduced
overpotentials of Faradaic processes is the increased electroconductivity of the electrodes, as only
the electroconductivity is positively correlated with the desalination performance of flow-
electrodes.

Enhanced charge/ion transfer in FEs containing CNTs. Based on FCDI desalination
performance and EIS analysis, we confirmed that the key factor for ensuring rapid FCDI

desalination was the use of high-conductivity FEs. When using CNTs as a conductive additive to
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FE-AC-TO, however, the addition of 0.5 wt.% was as effective as that of 1.0 wt.%, even though
the electroconductivity of the latter was higher. This is because, when the conductivity increases
beyond a certain value, another factor involved in ion removal may become the limiting
mechanism. Possible candidates that can limit the process include: diffusion through IEMs and
diffusion through the electrolyte solution. The latter becomes important when the viscosity

increases, which happens as more CNTs are added to the carbon suspension (Figure 4A).
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Figure 4 (A) Rheological properties of flow-electrodes containing carbon nanotubes (CNTs), where the
shear rate decreases from 100 to 0.001 s!. (B) Initial current response in FCDI systems using flow-

electrodes of different carbon content.
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Table S7 shows the rheological parameters of FEs containing CNTs, where the simulated
consistency index £ is related to the fluid viscosity through eq. S4.!> The limiting behavior of high-
viscosity FE is flow clogging. The viscosity increase of FE-AC-TO0.5 is relatively small compared
to that of the FE-AC-TO, but its conductivity is increased by 1323%. The viscosity of FE-AC-T1.0,
however, almost doubled, while the conductivity is similar to that of FE-AC-T0.5. From the
experimental data of Table S6, the salt removal ability of FE-CNTs was intrinsically much greater
than that of other FEs. It is interesting to note here that the SRC value for the 3 wt.% CNTs in FE
was 284.3 mg g~! carbon, while for 7.41 wt.% AC in FE, the SRC value was 121.7 mg g~! carbon.
This difference corresponds to 234% greater SRC for FE-CNTs at 3 wt.% than for the second-best
carbon at 7.41 wt.% (FE-AC-TO0), while the electroconductivity of FE-CNTs is increased by 583%
and its viscosity by 1298%. These results indicate that high electroconductivity is needed for
enhanced ion-removal rates. It is also important to note that high viscosity may cause problems
with increased pump energy consumption and blockage of the FE channels.

According to the FE composition used in this study, FEs can be classified into three types, (i)
carbon-free FE (ED), (i1) FE using carbon particles having a random shape, e.g., AC and MC, and
(i11) FE containing CNTs. Accordingly, three kinds of charge/ion migration paths for these three
types of FEs are proposed here (Figure 5):

(1) Carbon-free FE (Electrodialysis system): Electrolyte is the only charge/ion transfer medium in
a carbon-free FE with water as the main content. Since water has high resistance, the charge/ion
transfer in a carbon-free FE relies on the number of ions in the electrolyte.

(i1) FEs using carbon particles with random size and shape: In addition to the paths in electrolyte,
charge/ion transfer could occur by collisions among carbon particles and between carbon particles

and current collector.!©
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using regular carbon powders, and (C) FCDI system using CNTs.

(ii1) FEs using CNTs as additive for carbon particles: Except for the two routes described above,
charge can be easier transferred based on the bridging effect of conductive nanotubes. Since CNTs
are a kind of tubular elongated carbon material compared to granular carbon particles, the
hypothesis is that CNTs are more likely to collide with each other and keep in contact with each
other during flow.

To further examine the proposed hypothesis, we plotted the initial current responses of the above
three types of FEs in Figure 4B. The current generated by the electrolyte is 0.166 A; after loading
the regular carbon particles (MC and AC), the current of the FEs is increased to 0.269 and 0.405
A, respectively, which is 1.6 to 2.4 times better that of the electrolyte alone; with the same amount
of CNTs (3 wt.%) added, FE-CNTs have a current response of 0.622 A, which is comparable to

an AC based FE with a load of 7.41 wt% (0.618 A). When CNTs are used as additive for FE-
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AC-TO, the current response shows a linear relationship with the amount of CNTs added (0, 0.5
and 1 wt.%). Quantitatively, the current increased by 12.5% and 9.6%, respectively, as the CNTs
content was increased from 0 to 0.5 to 1.0 wt.%. As the current is proportional to the
electroconductivity, these results confirm that CNTs can increase the electroconductivity of FEs.
The slope of increase, however, is much lower than the values reported on Table 1. The difference
is that current measurements reveal the overall conductivity of the system, while the conductivity
values of Table 1 are specifically for the FEs. This discrepancy reveals that, as the conductivity of
the FEs increases, other transport processes in the system may become the limiting mechanism to
ion/charge transfer.

For a low-cost, continuous, and energy-efficient FCDI system, carbon materials in the FE should
have the following characteristics for high and fast salt removal: first, they should be inexpensive
to maintain a low material cost for long-term operation; second, they should have high porosity to
avoid particle settling and aggregation, while providing enough ion storage area; third, collisions
among particles of the carbon material or between particles and current collectors should be
maintained at high frequency; forth and most important, the FE conductivity must be high enough
to ensure that charge/ion migration can proceed directly through interconnected carbon materials.
As shown in Table S8, for flow-electrodes with ASRR values greater than 10 mg s! m2, they either
had a high carbon loading (more than 20 wt.%)!3 16 or the concentration of feed solution was
significantly higher than the electrolyte concentration (increased driving force for ion transfer).!!
In our case, even with a low carbon loading (3 or 7.4 wt.%) and the same concentration of feed
and electrolyte solutions (0.2 M), the FE-CNTs and FE-AC-TO0.5 still demonstrated relatively high
ASRR values. Note that the ASRR values in this work were based on twice the contact area between

flow-electrodes and feed solution since both anion and cation exchange membranes were used
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when one salt molecule was removed. This comparative study further indicates that, when using
CNTs as an additive of AC-based FEs, the material cost can be significantly reduced since a much

lower carbon loading is needed to achieve a relatively high desalination rate.

CONCLUSIONS

Based on the morphology and structure characterization, electrochemical testing, and application
in FCDI, we found that CNTs achieved the highest (284.3 mg g! in 6 hours) and fastest (8.32 mg
s! m™2) salt removal for an initial FS concentration of 0.2 M NaCl, which is a result of the
adsorption behavior of CNTs, their high electroconductivity and the enhancement in conductivity
contributed by the bridging effect of CNTs. CNTs could increase the desalination rate of FE-AC-
TO by 34% at an optimized addition of 0.5 wt.%, due to the significant improvement in the
electroconductivity (13.2 times better for FE-AC-T0.5 vs FE-AC-TO0) with only slight increase in
viscosity, resulting in a salt removal efficiency of 93.6% and an average salt removal rate of 13.16
mg s~ m~2. The high electroconductivity of CNTs-contained FEs was confirmed by EIS analysis.
Compared to the capacitance and viscosity, electroconductivity is more critical in determining the
FCDI performance than the flowing characteristics of FEs. A path was proposed for the transfer
of charge/ion in CNTs-containing FEs, i.e., (i) transport of ions through the electrolyte, (2)
transport through collisions between particles, and (3) transport through bridged CNTs, which is
the fastest path. As these same mechanisms occur during regeneration of the anion and cation
loaded carbon particles at the exit of the FCDI cell, addition of CNTs should be expected to
accelerate regeneration as well. Finally, according to the bridging effect provided by the CNTs,
other relatively inexpensive carbon materials having tubular, planar, or fiber structures, including

graphene and carbon fibers, should be investigated for their FCDI desalination performance. The
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results of this study are also applicable to energy storage devices, including ultracapacitors and
batteries, which are important for energy sustainability.
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Synopsis: Flow electrodes containing carbon nanotubes exhibit excellent charge efficiency toward

a sustainable desalination process.
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