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Several capacitive deionization (CDI) cell architectures employ ion-exchange membranes to control the
chemistry of the electrolyte contacting the electrodes. Here, we experimentally examined how exposing
carbon electrodes to either a saline electrolyte or an electrolyte containing a soluble redox-active
compound influenced deionization energy demands and long-term stability over ~50 hours. We
specifically compared the energy demands (W h L™) required to deionize 20 mM NaCl to 15 mM with a
50% water recovery as a function of productivity (L m™2 h™). Relative to a conventional membrane
capacitive deionization (MCDI) cell, flowing saline electrolyte over the electrodes did not affect energy
demands but increased electrode salt adsorption capacities and capacity retention over repeated cycles.
Exposing the electrodes to an electrolyte containing a redox-active compound, which made the cell
behave similarly to an electrodialysis system, dramatically reduced energy demands and showed
remarkable stability over 50 hours of operation. These experimental results indicate that using a
recirculated soluble redox-active compound in the electrolyte contacting the electrodes to balance charge
leads to far more energy efficient brackish water deionization than when charge is balanced by the
electrodes undergoing capacitive charging/discharging reactions.
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Water impact

This study directly compares three different electrochemical cell designs used to desalinate water based on their energy demands and stabilities over time.
A cell design that relied on a soluble redox-active compound to drive salt ion transport across membranes greatly outperformed cells that relied on
electrode-based reactions to drive ion transport.

Introduction via selective ion transport across ion-exchange membranes in
a process called electrodialysis (ED)."" Modeling studies have
indicated that conventional CDI systems have substantially
higher energy demands than ED,>'* but these results have
been questioned in the literature due to concerns that values
fed in the models predicted MCDI performance metrics that
are lower than what are observed in experimental studies."*™®

While early CDI cells consisted of two capacitive
electrodes in direct contact with the water being
deionized,”"**' modern cells separate the feed water from
the electrodes using ion-exchange membranes, as this
modification tends to increase ion selectivity, faradaic

The deionization of water using electrochemical reactions
has emerged as a promising alternative to reverse osmosis
for treating brackish water (total dissolved solids = 500-10
000 mg L™") at small scales due to its high degree of
modularity and potential for low energy demands.'”® Within
the literature, two main electrochemical deionization
approaches exist. The first deionizes water primarily via
electrode-based reactions in a process called capacitive
deionization (CDI),'® and the second deionizes water primarily
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efficiencies, and electrode stabilities.”*'">* This cell design is
known as membrane capacitive deionization (MCDI, Fig. 1).
To further improve the performance of MCDI cells,
researchers have explored additional ways to integrate ion-
exchange membranes into cells.”**™** One approach is to
stack additional membranes between the electrodes, creating
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(c) R-MCDI

(d) MC-MCDI (3 membrane)

Fig. 1 Schematic representation of (a) membrane capacitive
deionization (MCDI), (b) multi-channel membrane capacitive
deionization (MC-MCDI), (c) redox flow capacitive deionization (R-
MCDI), and (d) MC-MCDI (three-membrane) architecture. Darker blue
represents the concentrating stream, and lighter blue represents the
deionizing stream. The yellow stream in (c) represents the presence of
a soluble redox-active compound.

a system that resembles an ED cell.”**° This approach

decreases energy demands, but increases cell construction
costs, as the ion-exchange membranes are often the most
expensive component in a cell.

An alternative approach that does not require more
membranes is to expose the electrodes to an electrolyte that
differs from the water being deionized. Researchers have
explored using an aqueous electrolyte with a high salinity (i.e.,
multi-channel membrane capacitive deionization, MC-MCDI),
suspended capacitive carbon particles (i.e., flow-electrode
capacitive deionization, F-CDI), and/or soluble redox-active
compounds (i.e., redox flow capacitive deionization, R-MCDI)
(Fig. 1).27*>%% Using a saline electrolyte can increase the
electrodes’ salt adsorption capacities and/or salt adsorption
rates relative to those achieved in MCDI cells, while potentially
decreasing deionization energy demands.***” Recirculating the
electrolyte and flowing it over both electrodes can also
facilitate continuous cell operation.***** In some cases, the
addition of a soluble redox-active compound to the electrolyte
decreased energy demands.””®> Note that systems using
suspended carbon particles or a soluble redox-active
compound in a recirculated electrolyte begin to, or do,
resemble ED cells, as salt is stored in the electrolyte, not at or
in the electrode. In this manuscript, we refer to such cells
using their naming conventions from the literature (i.e., MC-
MCDI and R-MCDI), but they could also be described as
modifications of ED.
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While these new cell architectures have produced
compelling salt adsorption capacities, salt adsorption rates,
and/or low energy demands, the experimental results
collected in different studies can rarely be directly compared
because they were gathered under different feed water
salinities, deionization rates, and/or deionization extents.
Moreover, studies evaluating the feasibilities of these cell
designs rarely reported the systems' stabilities over repeated
cycles, which is important given that CDI cell lifetime is
considered an important comparative metric to consider
based on technoeconomic analyses.'”>*® Therefore, the goal
of this work was to experimentally compare membrane-based
cell architectures in terms of energy demand and cell
longevity. We performed the experiments under standardized
deionization conditions (i.e., deionizing 20 mM NacCl to 15
mM with a 50% water recovery at different productivities).
We compared the performances of a conventional MCDI
system with systems in which the electrodes were exposed to
a high salinity electrolyte (akin to MC-MCDI) or an electrolyte
containing a soluble redox-active compound (akin to R-
MCDI) (Fig. 1). The cell designs akin to MCDI and MC-MCDI
contained two ion-exchange membranes (Fig. 1, panelsaand b).
The difference between these two was the MC-MCDI
configuration had two outer channels containing
recirculating 100 mM NacCl, whereas the MCDI configuration
placed the membranes in direct contact with the electrodes.
The cell akin to R-MCDI required one additional cation-
exchange membrane to prevent the redox-active compound
(i.e., [Fe(CN)o]" /[Fe(CN)c]*") from being transported from the
outer electrolyte channels to the feed water stream (Fig. 1c).
To fairly compare the R-MCDI and MC-MCDI cells, we tested
a three-membrane MC-MCDI cell (Fig. 1d) because stacking
ion-exchange membranes is known to decrease energy
demands.>””® The stabilities of the MCDI and MC-MCDI cells
were measured by charging and discharging them over 250
cycles. The stability of the R-MCDI cell was measured by
monitoring the cell voltage under a constant applied current
because the cell did not require periodic discharging.

Materials and methods

All chemicals used in this study had a purity of 99% or
higher. All experiments were conducted using deionized
water (resistivity =18 MQ cm at 25 °C).

Electrode—current collector assembly

Activated carbon electrodes (PACMM 203, Material Methods,
Irvine, CA, USA, 7 cm x 3 cm) were adhered to graphite
current collectors (7 cm x 3 cm) to ensure proper contact
between the electrode and the current collector. The adhesive
was a slurry composed of conductive material (carbon black;
Vulcan XC72R, Cabot, 75 wt% = 60 mg) and binder
(polyvinylidene fluoride, PVDF; Kynar HSV 900, Arkema Inc.,
25 wt% = 20 mg) suspended in 2.5 mL solvent (1-methyl-2-
pyrrolidinone, Sigma-Aldrich). An aliquot of slurry (1 mL)
which was painted on to the graphite current collector and
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the activated carbon electrode was placed on top of it. The
electrode-current collector assembly was then dried at 70 °C
for 12 hours under vacuum in a vacuum oven. The electrodes
were desiccated, then soaked in 100 mM NacCl solution for 24
hours before conducting deionization experiments.

All deionization experiments were performed in a custom
fabricated flow-cell (section S17). The cross-sectional area of
the electrode exposed to the flow-stream was 21 cm?® (7 cm x
3 cm). Procedures used for flow-cell assembly, deionization
experiments, and longevity experiments are provided in
section S1.f The deionization experiments were conducted in
constant current mode. The voltage windows, flowrates, and
applied currents used are in Table S4.}

Energy demand and productivity calculations

The deionization performance of the three CDI architectures
were compared based on their volumetric energy demand
and throughput productivity. The volumetric energy demand
(Ey, W h L™") was calculated as:

1

By — —JI-V(t)-dt (1)
Vb

where Vp, was the volume of water deionized over the span of

the deionization experiment, I was the applied current, Wt)

was the voltage across the cell as a function of time, and d¢

was the time step between two successive V(¢) measurements.

Throughput productivity (P, L m™ h™") was calculated as:
B A-total

(2)

where A was the cross-sectional area of the electrode (21 ¢cm?)
and t was the total time taken for the deionization
experiment. Detailed explanation on the procedure for energy
demand, salt adsorption capacity, and productivity
calculations are provided in sections S2 and S3.}

Results and discussion
Energy demands for deionization

We determined the volumetric energy demand required to
deionize 20 mM NaCl to 15 mM in a single pass with a
constant applied current for the four cell designs depicted in
Fig. 1 under multiple flow rate-current density combinations
(Fig. 2). The volumetric energy demand of the MCDI and MC-
MCDI cells were calculated using eqn (1) assuming complete
energy recovery (ie., 100% of the energy released during
discharge was recovered). No energy could be recovered from
the R-MCDI cell because the current direction was never
switched. As expected, the volumetric energy demand needed
to deionize 20 mM NaCl to 15 mM was larger at higher
productivities for all cell designs, as higher current densities
were needed to achieve the required separation in a shorter
time period (Fig. 2). To benchmark the data collected here,
we compared it to data reported for an MCDI cell deionizing
20 mM NacCl to 15 mM by Hawks et al. Our MCDI cell data
yielded a slightly higher energy demand, which was likely

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Energy demand versus productivity plot for the four cell
architectures tested when deionizing 20 mM NaCl to 15 mM with a
water recovery of 50%. Higher current densities were used to collect
datapoints further to the right. The Hawks et al. MCDI (2 membranes)
data is shown in panel A for comparison.*® Each data point on the plot
represents the average energy demand and productivity calculated
based on two sets of experiments collected with fresh electrodes, and
the error bars represent the range of values calculated. The MC-MCDI
system had 100 mM NaCl solution circulating through the outer
channel at the same flowrate as the central desalinating channel. The
R-MCDI system had a solution mixture of 50 mM Na,SO4 + 40 mM
Ks[Fe(CN)s] + 40 mM NaylFe(CN)g] recirculating through the outer
channels at a flowrate of 20 mL min™.

due to our cell having a higher cell resistance (2.7 Q at cycle
50, measured with EIS, see Fig. S7a in section S47) than what
was reported in the previous study (1.2 Q).

In our experiments, the two-membrane MCDI and MC-
MCDI cells exhibited similar energy demand - productivity
relationships (Fig. 2). We attributed the modest differences
between the two datasets to experimental error (i.e., minor
differences in the cells each time they were assembled). The
similar energy demands for the two configurations were
consistent with the cells having the same faradaic efficiencies
(both ~100%, data not shown) and comparable cell
resistances (MCDI: 2.7 Q at cycle 50, MC-MCDI: 3.8 Q at cycle
50; EIS data in Fig. S7,f panels a and b). The MC-MCDI cell
resistance was slightly higher due to the cell having two
additional outer-channels (each ~0.1 cm thick) that
increased the distance between the two electrodes and
possibly higher membrane resistances due to the larger
concentration gradient. The performance metric that differed
between the two cell designs was the salt adsorption capacity
(SAC), with the MC-MCDI cell yielding higher SAC values
than the MCDI cell. For example, under an applied current of
20 mA and flow rate of 3 mL min’, the SAC of the MC-MCDI
cell was 8.14 = 0.01 mgnaci gelecm,de_l, and the SAC of the
MCDI cell 5.65 + 0.13 MZnaci Zelectrode -+ The difference in
SAC values is also apparent in the representative cell voltage
plots of each cell, with the MC-MCDI cell taking longer to
reach cutoff voltage (Fig. 3, panels a and b). This observation
indicates that increasing the SAC of an electrode did not
decrease the energy required for the separation,”® consistent
with a previous derivation finding that energy demand values
are independent of SAC values.”® Note that the flow
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Fig. 3 Representative plots of cell voltage and effluent concentration
are shown as a function of time at a current of 20 mA and flow rate of
3 mL min* for (a) MCDI (2 membranes), (b) MC-MCDI (2 membranes),
(c) R-MCDI (3 membranes), and (d) MC-MCDI (3 membranes).

inefficiencies caused by the intermittent operation of MCDI
and MC-MCDI systems would not have significantly altered
the energy demands exhibited in Fig. 2 as the flow
efficiencies calculated based on a previous study by Hawks
et al. ranged between 0.90 and 0.98 for all conditions in this
study.®”

The R-MCDI cell, which had an outer electrolyte
containing equal concentrations of Fe(CN)s*~ and Fe(CN)*",
produced far lower energy demands than the MCDI and MC-
MCDI cells (Fig. 2). This trend was due to two differences
between the R-MCDI cell and the (MC-)MCDI cells. The first
difference was that the R-MCDI cell had one more ion-
exchange membrane than the MCDI and MC-MCDI cells. The
R-MCDI cell required an additional cation-exchange
membrane to prevent Fe(CN)s*/*" from leaving the outer
electrolyte (Fig. 1c). The stacking of ion-exchange membranes
in this manner allowed the R-MCDI architecture to (1)
operate continuously, which doubled the productivity of
R-MCDI cell compared to two-membrane MCDI and MC-
MCDI architecture, (2) avoided flow inefficiencies that can
arise when operating intermittently,*® and (3) allowed the cell
to operate at lower current densities to achieve the same
productivities. Stacking additional ion-exchange membranes
is also known to decrease energy demands because they
increase the number of salt ions transported across the
membranes per electron transferred.’””® To facilitate a fairer
comparison between the R-MCDI architecture and the (MC-)
MCDI architectures, we constructed and tested a MC-MCDI
cell having three ion-exchange membranes (Fig. 1d). The
inclusion of the third membrane cell increased the
productivity and decreased the energy demand required to
deionize the water (Fig. 2). The energy demands for the three
membrane MC-MCDI cell was, however, still substantially
higher than the energy demands for the R-MCDI cell,
indicating that the higher energy efficiency of the R-MCDI
cell was not solely due to the cell containing a third ion-
exchange membrane which enabled continuous operation.
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To determine the other key difference between the cells,
we evaluated each configuration's energetic losses. For all the
cells, losses arose from cell resistance (ie., the IR drop),
which was a combination of the solution resistances in each
channel, membrane resistances, and Donnan potentials
across the ion-exchange membranes at a fixed current. The
resistance of the R-MCDI cell (2.9 Q after 10 hours of
operation, Fig. S7cf) was 38% lower than the three
membrane MC-MCDI cell (4.7 Q, Fig. S7d¥), indicating that
the cell resistances contributed to the difference in energy
demands. Apart from the different resistances between the
two cell architectures, the (MC-)MCDI cells also suffered from
inefficient energy recovery (i.e., a portion of the energy used
to charge the electrodes was not recovered during discharge).
This loss was caused by the IR drop loss that occurs when
the current direction is switched, the occurrence of charge
redistribution within the electrodes, and parasitic faradaic
reactions.**®'"®* In contrast, the R-MCDI cell did not have
losses associated with imperfect energy recovery because the
carbon electrodes did not undergo capacitive charging/
discharging reactions and did not require the direction of
current to be switched. For the R-MCDI cell, there was an
additional possible loss associated with the overpotential
required to drive the Fe(CN)s>’*" redox cycling. Our results
suggest that the losses associated with Fe(CN)s>’* redox
cycling were far smaller than the losses associated with
charging and discharging the capacitive carbon electrodes.

Overall, the R-MCDI system outperformed both the
capacitive electrode-based MCDI systems in terms of energy
demand. In fact, the energy demand for deionization with
R-MCDI was similar to what was recently reported for a
simulated full-stack (ie, 500 cell) ED cell under similar
operating conditions.”®> The previous work estimated an energy
demand of 0.013 W h L™ when deionizing 1 ¢ L™* NaCl to 0.7 g
L™ with a water recovery of 80% and a productivity of 20 L m™
h™. We deionized 1.17 g L'" NaCl to 0.88 g L" with a water
recover of 50%. Extrapolating the data for R-MCDI from Fig. 2
to a productivity of 20 L m™ h™" yields a similar energy demand
of ~0.01 W h L™. The similar performances between the
simulated full-stack ED cell and the three-membrane R-MCDI
cells used here indicate that the voltage needed to drive the
Fe(CN)e oxidation and reduction reactions at the electrodes is
effectively negligible. In other words, the single-stack R-MCDI
and full-stack ED cells have similar energy demands under the
conditions studied because the energy demands in both systems
are dominated by the ionic transport across ion exchange
membranes and not the electrochemical reactions at the
electrodes. Note that we used Fe(CN)s®'* as a redox couple
based on its use in a past R-MCDI study and its simplicity.>* We
anticipate that the R-MCDI configuration could be improved by
selecting alternative redox-active compounds with lower
toxicities and/or faster electron transfer kinetics at the
electrodes. Collectively, these findings indicate that separation
based on ion transport across ion-exchange membranes, such
as R-MCDI and ED, require lower energy demands compared to
electrode-based separation, such as MCDI and MC-MCDI.’

This journal is © The Royal Society of Chemistry 2022
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Long-term stability

The long-term stabilities of the MCDI and two membrane
MC-MCDI cells were evaluated based on charge storage
capacity retention over 250 charge and discharge cycles (i.e.,
~50 hours of constant operation under an applied current of
15 mA). The capacity of the MCDI cell began at 0.18 C m™>
and decayed over 250 cycles to 45% of its initial capacity
(Fig. 4a), consistent with a longevity study performed on
different carbon electrodes that lacked ion-exchange
membranes. In contrast, the MC-MCDI cell had a higher
initial capacity (0.30 C m™2, Fig. 4a) and retained ~87% of its
initial capacity over 250 cycles. The higher capacity retention
of the MC-MCDI cell was likely due to the higher salt
concentration in the electrolyte, which decreased the
occurrence of parasitic electrode degradation reactions.®®
Note the longevity test on the MC-MCDI configuration was
performed without any binder between the electrode and the
current collector because experiments performed with a
binder led to probable binder dissolution that complicated
data interpretation (see section S5+ for details). The absence
of a binder did not substantially affect the MC-MCDI cell
resistance (with binder: 3.8 Q, without binder: 4.2 Q) because
the electrode and spacer were tightly packed between the
cation exchange membrane and current collector to facilitate
pressure-based contact (refer to section S1t for detailed
explanation of cell assembly). Note that the binder
dissolution did not occur while performing the deionization
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Fig. 4 Capacity retention of (a) MCDI and two membrane MC-MCDI
over 250 charge and discharge cycles at an applied constant current
of 15 mA. (b) Variation in cell voltage of R-MCDI system under
constant current application (15 mA) for 50 hours. The flowrate of the
desalinating stream was 3 mL min™* for all three architectures. 100 mM
NaCl solution was circulated in the outer channels at a flowrate of 3
mL min? for the MC-MCDI system. A solution mixture of 50 mM
Na,SO4 + 40 mM Ks[Fe(CN)gl + 40 mM NaylFe(CN)g] was circulated
through the outer channels of the R-MCDI system at a flowrate of 15
mL min™%,
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tests and likely was only observed during the longevity tests
because of the longer experimental time frame (ie., 50
hours).

Unlike the MCDI and MC-MCDI cells, the stability and
retention of the R-MCDI cell depended on the Fe(CN)g*"*
maintaining its structure and being retained in the outer
electrolyte channels. Therefore, we used the cell-voltage as a
proxy for cell stability and Fe(CN)s>'* retention. We
measured the cell voltage when a constant current of 15 mA
was applied to the flow-cell for 50 hours (Fig. 4b). The
R-MCDI showed a stable cell-voltage of 0.129 + 0.006 V for
the entire duration of the experiment (Fig. 4b) indicating
negligible Fe(CN)s*’*" loss over 50 hours. A previous study
conducted on an R-MCDI cell also observed negligible
crossover of Fe(CN)s>*" redox couple.’® From these data, we
observed that the R-MCDI cell exhibited stable performance
over 50 hours of continuous operation, while both the MCDI
and MC-MCDI cells exhibited capacity degradation over the
same period of time. Note that alternative redox-compounds
can likely be found that exhibit lower crossovers than
Fe(CN)s>*" if the R-MCDI system were optimized for long-
term performance.

Implications

Several new membrane-based CDI architectures have recently
been proposed primarily to decrease deionization energy
demands. These approaches often utilize both electrode-
based and ion-exchange membrane-based separations,
making them effectively hybrids of CDI and ED. Among the
architectures we tested, the addition of a soluble redox-active
compound to the electrolyte in contact with electrode (R-
MCDI) led to the largest decrease in energy demand while
improving system stability. This modification effectively
created an ED-like process where the salt removal capability
of the system was decoupled from the salt adsorption
capacity of the electrode. Our findings are consistent with ED
being more energy efficient than CDI based on previous
modelling work.” Our results indicate that using a
recirculated soluble redox-active compound in the electrolyte
contacting the electrodes to balance charge leads to more
energy efficient brackish water deionization than when
charge is balanced by the electrodes undergoing capacitive
charging/discharging reactions. But, removing ion exchange
membranes from CDI cells substantially increases energy
demands.**®” We opine that future work aiming to increase
the viability of MCDI cell architectures that rely on capacitive
reactions to store and release charge from electrodes without
the use of redox-active compounds should search for
inexpensive materials to perform ion selective charge
transport across membranes that function in concert with
the electrodes.®®™”?
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