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ABSTRACT: Prussian blue hexacyanoferrate (HCF) materials, such as copper

hexacyanoferrate (CuHCF) and nickel hexacyanoferrate (NiHCF), can produce '
higher salt removal capacities than purely capacitive materials when used as & x<<e
electrode materials during electrochemical water deionization due to cation @ (oS
intercalation into the HCF structure. One factor limiting the application of HCF §'

materials is their decay in deionization performance over multiple cycles. By <

examining the performance of CuHCF and NiHCF electrodes at three different pH ' J

values (2.5, 6.3, and 10.2) in multiple-cycle deionization tests, losses in capacity (up -2 X CuHCF

to 73% for CuHCF and 39% for NiHCF) were shown to be tied to different redox- S NiHCF
active centers through analysis of dissolution of electrode metals. Both copper and E y With additives

iron functioned as active centers for Na* removal in CuHCF, while iron was mainly

the active center in NiHCF. This interz?ction of Na" and active center§ was Metal Concentration / pM
demonstrated by correlating the decrease in performance to the concentration of

these metal ions in the effluent solutions collected over multiple cycles at different

pHs (up to 0.86 = 0.14 mg/L for iron and 0.42 + 0.17 mg/L for copper in CuHCF and 0.38 + 0.0S mg/L for iron in NiHCF). Both
materials were more stable (<11% decay for CuHCF and no decay for NiHCF) when the appropriate metal salt (copper or nickel)
was added to the feed solutions to inhibit electrode dissolution. At a pH of 2.5, there was an increased competition between protons
and Na* ions, which decreased the Na* removal amount and lowered the thermodynamic energy efliciency for deionization for both
electrode materials. Therefore, while an acidic pH provided the most stable performance, a circumneutral pH would be useful to
produce a better balance between performance and longevity.

B INTRODUCTION batteries and biosensors.'”’*">* MHCF materials have an
open-framework crystal structure containing large interstitial
sites that allow for the insertion and extraction of a variety of
ions, including Li*, Na*, K*, and NH," in aqueous electro-
lytes.”” For example, during electrochemical deionization, an
MHCEF cathode is reduced, with the insertion of the Na* ion
into the cathode, and an MHCF anode is oxidized, releasing
the preinserted Na ion back into the solution following the

Electrochemical approaches provide alternative methods for
deionization to current technologies that use either heat (e.g.,
thermal distillation) or pressure (e.g., reverse osmosis)." These
electrochemical systems include electrodialysis,” shock electro-
dialysis,3 ion concentration polarization,4 capacitive deion-
ization (CDI),>”” and battery electrode deionization

(BDI)."°”"® Among these different electrochemical ap- half-reaction! 22529

proaches, BDI can achieve a better performance than CDI

due to higher capacity of the electrodes for salt removal and NaM[Fe(CN)s] + xNa* + xe™ = Na,, M[Fe(CN)]
improved thermodynamic energy efficiencies.'* Intercalation (1)

electrode materials used in BDI can have higher salt removal
capacities than capacitive materials because of their ability to
store ions within their crystal lattices."> The increased cation
storage capacity of intercalation materials reduces energy
demands for desalination and avoids parasitic reactions
through the use of a smaller voltage window than what is Received: December 21, 2020
needed to achieve the same desalination extent with capacitive Revised:  March 6, 2021
electrode materials. ¢~'® Accepted: March 16, 2021
Prussian blue-structured metal hexacyanoferrate (MHCF) Published: March 30, 2021
materials have been explored for storing electrical charge in
applications other than deionization, including rechargeable

The MHCEF electrodes can intercalate Na* (3.6 A hydrated
radius) or other cations with sizes similar to those of the
interstitial sites, such as 3.2—4.6 A for copper hexacyanoferrate
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(CuHCF).””?%*" The specific structure of these materials is
well known and reported in previous literature.”**”** Nickel
hexacyanoferrate (NiHCF) and CuHCF have very similar
lattice parameters, but the capacity performance of these
MHCE electrodes decays over time at rates which are
dependent on the operation conditions (e.g., applied current
density, contained electrolyte in a battery, or continuous flow
in the deionization process), cations in the electrolyte (e.g., K*
or Na*), and the specific metal in the MHCF (e.g., copper or
nickel). For example, the capacity of the CuHCF cathode
declined by only 17% compared to its original capacity after
40,000 cycles in batteries using a KNO; (1 M) electrolyte at
1.02 A/g (17 C rate).”> However, in CuHCF electrodes with
Na*-based electrolytes, the performance declined by 23% after
500 cycles at 0.5 A/g”’ and by 43% after only 50 cycles in
sodium-ion batteries at 0.02 A/g.>* The pH of the electrolytes
in these battery studies ranged from 1 to 4.°7°**° In
electrochemical deionization tests, which typically contain
feed waters with pH values near 7, the electrode performance
decays more rapidly. CuHCEF electrodes lost 53% of their
capacity after 50 cycles using 20 mM NaCl as brackish water at
0.1 A/g (5 A/mz),11 and NiHCEF electrodes lost 75% of their
capacity after 120 cycles using solutions with Mg®" and Ca**
cations at 0.05 A/g (2.5 A/m?).*® The reasons for ion-storage
capacity changes for MHCEF electrodes need to be better
understood in order to improve their stability for use in
electrochemical deionization systems.

The operating conditions in BDI deionization tests with
MHCE electrodes, where the electrolyte (brackish water or
seawater) has a near-neutral pH and there is a continuous flow
of this feed solution through the cells, are much different than
those for batteries which use a completely contained acidic
electrolyte. To investigate the effects resulting from the specific
metal used in the MHCEF electrodes and the feed solution pH
conditions on salt removal capacities in deionization
applications compared to those used for batteries, the
performance and stability of CuHCF and NiHCF electrodes
were examined in BDI flow cells as a function of solution pH
(2.5, 6.3, and 10.2) under continuous flow conditions. The
overall performance was evaluated using several metrics
including the specific adsorption capacity (SAC) of Na* ions,
charge efficiency, and thermodynamic energy efficiency (TEE).
Stability was investigated by examining changes in the ion
capacity, concentrations of metals (copper, nickel, and iron) in
effluent solutions over multiple cycles, and the impact of
adding metal salts into feed solutions to better simulate the
conditions of a contained electrolyte in order to minimize
dissolution of the electrodes. The Na* removal kinetics by
CuHCF and NiHCF electrodes was analyzed using a scan-rate-
dependent CV method.

B MATERIALS AND METHODS

Battery Electrode Fabrication. CuHCF and NiHCF
powders were synthesized using a coprecipitation method as
previously reported.'’™"* K;[Fe(CN)4] (0.05 M, 0.5 ml/min,
J.T. Baker) and either Cu(NO;), or Ni(NO;), (0.1 M, 0.5 ml/
min, Sigma-Aldrich) were added into deionized water with
vigorous stirring at room temperature. The precipitates were
washed by centrifugation over several cycles and dried
overnight in a vacuum oven (70 °C). The produced powders
(CuHCF or NiHCF) were ground and mixed with carbon
black (Vulcan XC72R, Cabot, average particle size = S0 nm)
and polyvinylidene fluoride (Kynar HSV 900, Arkema Inc.) in
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a mass ratio of 8:1:1 in 1-methyl-2-pyrrolidinone (NMP,
Sigma-Aldrich) (28.8:3.6:3.6 mg in 0.5 ml for one piece). The
slurry was drop cast onto a carbon cloth (with an area of 7 cm?,
a thickness of 0.356 mm, and a density of 1.5 g/cm?, AvCarb
1071 HCB, AvCarb Material Solutions). The counter electrode
for the preconditioning and cyclic voltammetry (CV) test was
prepared by the same drop-casting method except for activated
carbon (AC) used in place of CuHCF or NiHCF powders.
The coated samples were dried on a hotplate at 70 °C for 3 h
and then in a vacuum oven at 70 °C overnight.

Electrode Characterization. The surface morphology of
the MHCEF electrodes was analyzed using scanning electron
microscopy (SEM, Verios G4, Thermo Fisher Scientific). The
elemental atomic ratio of each metal ion was analyzed using
energy-dispersive X-ray spectroscopy (EDS). The CV profiles
with feed solutions (1 M NaCl) at three different pHs (2.5,
6.3, and 10.2) were recorded in a three-electrode system at six
different scan rates (1, 2, 3, S, 10, and 20 mV/s) with CuHCF
or NiHCF as the working electrode, AC as the counter
electrode, and a Ag/AgCl reference electrode (3 M NaCl,
+0.209 V with respect to a SHE) using a potentiostat (VNP3,
Bio-Logic). In theory, the voltammetric response follows a
power-law relationship of measured current with the scan rate
according to the following eq”’~**%°

i= avb 2)

where i is the measured peak current (mA), v is the scan rates
(mV/s), and both a and b are adjustable parameters. For a
typical intercalation process which is limited by a semi-infinite
linear diffusion process, the peak current i varies with v'/* (b =
0.5); for a surface-controlled process, such as adsorption, it
varies with v (b = 1).

Electrode Conditioning. Before deionization performance
tests, the potentials of the two MHCF electrodes were adjusted
to different potentials to optimize their performance relative to
Na* removal. The CuHCF electrodes were set to 0.4 V (Na*
enriched) and 1.0 V (Na* depleted) (vs Ag/AgCl in 3 M
NaCl) with a three-electrode system containing the working
(CuHCF), counter (AC), and reference (Ag/AgCl in 3 M
NaCl) electrodes and 1 M NaCl as the electrolyte. A constant
current of +10 A/m?® was applied until the predetermined
cutoff voltage (0.4 and 1.0 V) was reached. Similarly, the
potentials of the two NiHCF electrodes were adjusted to 0.1 V
(Na*-enriched) and 0.7 V (Na*-depleted) (vs Ag/AgClin 3 M
NaCl) in a comparable system.

Deionization Experiments. The BDI performance was
tested in a lab-made flow cell system constructed as previously
reported.'’™"* The cell had two chambers (with 7 cm? effective
cross-sectional area), each containing a CuHCF or NiHCF
electrode as the working and counter electrodes, separated by
an anion-exchange membrane (AEM, 106 + 1 um thick with
an jon-exchange capacity of 1.85 mmol/g, Selemion AMYV,
Asahi Glass) (Figure 1).*! The Na*-enriched CuHCF or
NiHCEF electrode was used as the anode and the Na*-depleted
CuHCF or NiHCEF electrode as the cathode. A fabric spacer
(0.28 mm thick and 33% porosity; Sefar Nitex, 06-210/33)
was placed in between the electrode and AEM to distribute the
solution evenly on the electrode surface. The feed solution of
synthetic brackish water (50 mM NaCl) at a set pH (2.5, 6.3,
and 10.2 adjusted by adding H,SO, and NaOH) was
continuously fed to the BDI cell at a flow rate of 0.5 mL/
min (no recycle). A set constant current of +10 A/m* was
applied between the anode and the cathode at a voltage

https://doi.org/10.1021/acs.est.0c08629
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Figure 1. Schematic of a BDI flow cell using CuHCF or NiHCF
electrodes in two channels separated by an AEM when a sufficient
concentration of H" is present in the solution.

window of +0.6 V using a potentiostat (VNP3, Bio-Logic).
The conductivity of the effluent was measured using flow-
through conductivity electrodes (ET908 Flow-Thru Con-
ductivity Electrode, eDAQ) located at each outlet and
converted to a NaCl concentration using a linear calibration
curve. Each pair of electrodes was used in only one type of feed
solution.

Electrode Stability Test. The electrode stability test
conditions were the same as those used in deionization
experiments except that the tests were conducted for a total of
52 cycles (Figures S1 and S2). The effluents from the two
channels were collected in one container without recycling to
measure total metal dissolution during the tests conducted at
different pHs. The ion composition in the effluents was
measured by inductively coupled plasma optical emission
spectroscopy (ICP-OES, ICAP 7400, Thermo Fisher). Control
experiments (no electrode preconditioning or current) were
conducted by immersing one piece of CuHCF or NiHCF
electrode in different pH solutions containing 50 mM NaCl
with the same volume of 250 mL for 10 h. The total volume of
effluent collected after 52 cycles varied depending on the
solution pH due to differences in cycle durations. The samples
were diluted four times with 2% HNO; solution and stored at
4 °C before analysis.

Calculations. The deionization performance was examined
in terms of specific adsorption capacity, specific capacity,
charge efficiency, cycling efficiency, and thermodynamic
energy efficiency. Specific adsorption capacity (SAC, mg of

Na* per gram of electrode, mg g~') was calculated as

()

where T. is the charging or cycling time, Cy, the moles of Na*
removed in the desalinated chamber, My, the molecular weight
of Na', and E,, the electrodeactive material mass. Specific
capacity (SC, mA h g™') was calculated as

/0T°1dt
T E

mass

mass

SC

(4)

where I is the applied current. Charge efficiency (A, %) was
calculated as the ratio of the charge consumption for Na*
removal to the total charge put into the electrode over a full

cycle
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F fo " Cdt

A= T
/0 Idt B

where F is Faraday’s constant (96,485 C mol™'). Cycling
efficiency (CE, %) was calculated as

_1h
IT. (©)

where Tp, is the discharge time and T¢ is the charging time.
The charge and discharge times are the time taken for the
voltage to increase from —0.6 to 0.6 V or decrease from 0.6 to
—0.6 V at a constant current, +10 A m~> Energy consumption
(Ec, kW h m™) was calculated as

X 100

CE X 100

/ “vidr
Ec=——
Jw (7)
and energy recovery (Eg, kW h m™) was calculated as
T;
J,vide
Ep=22
Jw (8)

where T is the beginning of the first half-cycle when the flows
are switched (—0.6 to 0 V when 10 A m™? is applied or 0.6 to 0
V when —10 A m™ is applied). T, is the rest of the half-cycle
until the direction of applying current is switched and J,, is the
water flux during operation (volume of desalinated water
during T; and T). During the ion adsorption step (T), the
voltage (V) and the current (I) have the same sign (either
positive or negative), meaning that this step consumes energy.
However, during the ion desorption step (Tj), the voltage (V)
and the current (I) have different signs since ions are
spontaneously released so that this step recovers energy.
Energy recovery was calculated when the direction of the
applied current was switched until the cell voltage reached 0 V.
Thermodynamic energy efficiency (TEE, %) was calculated as

Ag

c ER

TEE = X 100

9)

The specific Gibbs free energy of separation (Ag, kW h m™2)
was calculated as
(10)

where R is the ideal gas constant equal to 8.314 Jmol ' K™', T
is the absolute temperature (room temperature 298 K), C; is
the feed concentration, Cp, is the product water concentration
at a steady state, and y is the water recovery calculated as

Co — 7Cp

Co(1 =7)

Co —7Cp
Cp(1 = 7)

C
Ag = ZRT{—Oln b In

4

Vv
—D _ x100

Y_VD+VC

(11)
where Vp, is the volume of desalinated water and V. is the
volume of concentrated water. In all experiments, the flow
rates of both chambers were the same, so the water recovery
was fixed at y = 50%. All of these performance metrics were
calculated based on the second charge and discharge cycles
with all experiments conducted in duplicate with a pair of new
electrodes for each test.
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Figure 2. Capacity retention of (a) CuHCF and (b) NiHCF electrodes over 52 cycles in the BDI flow cell with S0 mM NaCl feed solution with
different pHs (2.5, 6.3, and 10.2). A constant current of £10 A/m?” was applied in the voltage window of +0.6 V with a flow rate of 0.5 mL/min.

a 1.2 . — b 80
7/////: Cu CuHCF i NiHCF CuHCF —_—A

10 Y Fe ; 70F  NiHCF

U BN <
T S 60t
B N z
E \ g sof
S o6 § § 40 ©
= 0.6 N -
\ : o
3 04 + § S 30
= i N B O pH25

\ =]
[3) g ?;§ S 20 O pHB.3
N (' A
0.2 g§ §§§ ol =N pH 10.2
N N
0.0 é § é§ \ = =R 0 1 1 1 1
25 6. 102 25 63 102 0 5 10 15 20 25
pH Concentration / 1M

Figure 3. (a) Metal-ion concentration (mg/L) in effluents collected over 52 cycles of deionization tests with CuHCF or NiHCF electrodes with a
50 mM NaCl feed solution in different pHs (2.5, 6.3, and 10.2). A constant current of +10 A/m” was applied in the voltage window of +0.6 V with
a flow rate of 0.5 mL/min. (b) Relationship between the capacity reduction of CuHCF and NiHCF electrodes at different pHs (2.5, 6.3, and 10.2)
and the concentration (#M) of metal ions in effluents (Fe only for the NiHCF electrode and the sum of Fe and Cu for the CaHCF electrode).
Error bars show the standard deviation between replicates using different pieces of electrodes. A filled symbol was used to indicate the sum of Cu

and Fe, and the empty symbol was for only Fe.

B RESULTS AND DISCUSSION

Electrode Stability in Different Feed Solutions. The
CuHCEF electrodes had a much greater reduction in capacity
retention than the NiHCF electrodes after 52 deionization
cycles at all three pH conditions (Figure 2). The CuHCF
electrodes retention decreased by 43% using the pH = 6.3
solution by the end of the process compared to 37% with the
acidic solution (pH = 2.5). Under alkaline conditions (pH =
10.2), the CuHCF performance decayed even faster with a
73% loss of capacity retention after the 52 cycles. In contrast,
the NiHCF electrodes had a reduction of only 12% at pH = 6.2
and 14% at pH = 2.5. The NiHCF solutions also showed a
large change in stability with the alkaline solution, with a decay
of 39% at a pH of 10.2 solution (Figure 2).

Metal concentrations measured in the effluents collected
from both sides of the cell following the 52 deionization cycles
showed a clear trend of increase in dissolved iron
concentrations with increased pH for both electrode materials
(Figures 3a and S3a). For the CuHCF electrodes, as the feed
solution pH increased, the dissolved iron concentration
increased slightly from 0.1S + 0.02 mg/L at pH = 2.5 to
0.24 + 0.04 mg/L at pH = 6.3, consistent with the slightly
decreased performance at these two pHs. In the pH = 10.2
solution, the dissolved iron increased to 0.86 + 0.14 mg/L,
which was consistent with the large drop in performance of this
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material (Figure 2a). The iron signal was assumed to be from
Fe(CN)*™ and Fe(CN)*™ rather than from free Fe ions due
to the tight binding of the CN™ to the Fe** or Fe*".*"
Copper was also measured in the effluents, with the lowest
concentration of 0.31 + 0.19 mg/L measured for the highest
loss of retention (73%) at pH = 102 and the highest
concentration of 0.42 + 0.17 mg/L at pH = 6.3. All the metal
ions depleted due to chemical reactions were much smaller
under all three pH conditions compared to those with the
applied current in the BDI cycling test (Figure S3a).

The decay of capacity retention performance of the NiHCF
electrodes was correlated with a loss of iron from the
electrodes after the long-term cycling tests. In the tests at
the two lower pH conditions, the iron concentrations were low
with only a slightly higher increase in iron at pH = 6.3 (0.19 =
0.02 mg/L) compared to pH = 2.5 (0.15 = 0.02 mg/L)
(Figure 3a), consistent with a similar change in capacity
retention performance for the NiHCF electrodes (Figure 2b).
A much larger increase in the concentration of iron was
measured at the relatively high pH = 10.2 of 0.38 + 0.05 mg/L,
which coincided with a substantial reduction in NiHCF
performance at that pH. While nickel was measured in the
solutions at all three pHs, the lowest nickel concentration was
found in the alkaline solutions indicating improved stability of
nickel at pH = 10.2 compared to the CuHCF electrodes. In

https://doi.org/10.1021/acs.est.0c08629
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Figure 4. Capacity retention of (a) CuHCF and (b) NiHCF electrodes with additives of 20 and 1 mM Cu(NO;), and 20 and 1 mM Ni(NO;),,
respectively, in a 50 mM NaCl (pH = 6.3) feed solution over 50 cycles in the BDI flow cell. A constant current of +10 A/m?* was applied in the
voltage window of +0.6 V with a flow rate of 0.5 mL/min. Curves for 50 mM NaCl are the same as in Figure 2 at pH = 6.3 condition for CuHCF
and NiHCF electrodes. Insets show the SEM images of the fresh active material ((a-1) CuHCF and (b-1) NiHCF) and the active material after
cycling in SO mM NaCl (pH = 6.3) ((a-2) CuHCF and (b-2) NiHCF).

contrast to the loss of copper in CuHCEF electrodes, the
NiHCEF electrodes showed a large amount of nickel dissolution
at pH = 2.5 (0.6 + 0.01 mg/L) and 6.3 (0.55 + 0.06 mg/L)
solutions. However, this higher loss of nickel from the
electrodes at this low pH did not result in a greater decay in
performance for the NiHCF electrodes, which indicated that
nickel was not the reactive center for Na" intercalation in the
NiHCEF electrodes.

The concentrations measured in the effluents from multiple-
cycle (long-term) BDI tests for the three metals (iron, copper,
and nickel) (Figures 3 and S3) suggest different Na* ion
interactions with copper in the CuHCEF electrodes compared
to those with nickel in the NiHCF electrodes. For both
electrodes, the highly increased dissolution of iron into the
solution at pH = 10.2 explained the highly increased losses in
capacity retention compared to the other two pHs due to the
increased chemical decomposition.”” The main differences
between the two electrodes were seen at the lower pHs based
on the measured concentrations of copper and nickel in the
effluents. For the NiHCF electrodes, there was a high
concentration of nickel in the effluent but the decrease in
the performance was less than that for the CuHCEF electrodes.
It was found that with a similar iron depletion for CuHCF and
NiHCEF electrodes in acidic and neutral pHs, the capacity
reduction for the CuHCEF electrode was much larger than that
for the NiHCF electrode (Figure S3b). For example, the iron
depletion was 2.71 + 0.34 uM from CuHCF and 2.66 + 0.42
UM from the NiHCF electrode under acidic conditions, while
the capacity reduction was 37% for the CuHCF electrode but
only 14% for the NiHCF electrode. Therefore, considering that
there was similar iron depletion from both electrodes, the
observed decrease in performance of the CuHCF electrode
was concluded to be associated with the loss of copper at the
lower pH conditions. A linear relationship was found between
the capacity reduction using the sum of copper and iron
concentrations in the effluents for the CuHCF electrodes but
only iron concentrations for NiHCF electrodes (Figure 3b).
The opposite trend for the copper and nickel concentrations
relative to the capacity retention performance suggested that
copper was active with Na* intercalation but nickel was not
directly interacting with Na*. Previous studies on batteries
(using contained electrolytes) have suggested that the
performance of NiHCF electrodes in aqueous divalent
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electrolytes was linked to the dissolution of Ni**.*%**

Following a noticeable initial decay in retention capacity in
the battery, the subsequent performance was shown to be
stable due to the elevated concentration of nickel in the
contained electrolyte.** This suggested that the observed
decays in performance here in the deionization process were
associated with the continued loss of electrodes under
continuous flow conditions.

To test the importance of the concentrations of copper or
nickel ions in the electrolytes, lower concentrations of these
metals were added to the feed solutions. When Cu(NOj;), was
added to the feed solution containing S0 mM NaCl (pH 6.3)
with CuHCEF electrodes, the capacity retention decay was only
8% with 20 mM Cu(NO;), and 11% with 1 mM Cu(NO;),
after S0 cycles compared to its initial capacity (Figure 4). For
the NiHCF electrodes, when 20 or 1 mM Ni(NO,;), was
added to the feed solution, there was essentially no decay in
performance over time. These lower concentrations of
additives rule out possible impacts of the intercalation of
Cu® ions (4.2 A) and Ni** ions (4.0 A) influencing these
results.””?°! In both cases, there was a slight increase in
capacity retention that could have occurred for different
reasons. In the case of CuHCF electrodes, the limited
dissolution of copper provided more reactive active centers
for Na* intercalation and prevented the collapse of the lattice
structure. For NiHCF electrodes, the presence of nickel in the
solution could reduce the dissolution of nickel and help
maintain the integrity of the lattice structure for improved
stable performance over multiple cycles. From these results, we
can infer that a critical factor in the decrease of capacity
performance was the loss of copper or nickel from the
electrodes. The dissolution of copper and nickel caused a
collapse in the lattice structure, resulting in the loss of iron,
which further contributed to the overall loss in performance. In
batteries, the loss of the electrode metals results in saturation
of the solutions and thus enables greater stability of the
capacity retention relative to performance.44 It is important to
mention that the addition of background ions was not
designed as a strategy for improving the performance stability
but to prove the hypothesis that metal depletion was one of the
key reasons for capacity reduction in BDI systems using
MHCEF electrodes. The results obtained here demonstrated a
reason for the decreased performance and therefore that new
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approaches are needed for improving the electrode stability in
the electrochemical deionization process. The conditions
which produced stability in batteries using a contained
electrolyte under acidic solution conditions cannot be adopted
even though similar electrode materials are used in these two
fields.

The SEM images showed that the as-synthesized CuHCF
and NiHCF powders consist of micrometer-size particles
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(Figure S4) composed of smaller particles 10—60 nm in size
(Figure 4). A higher number of cubic-shaped particles having
larger sizes were observed on the CuHCF sample after cycling
in 50 mM NaCl (pH 6.3) with and without the Cu-ion
additives (Figures 4a and S4b,c). Such changes in the cubic-
shaped morphology following cycling tests have been
previously reported in studies using CuHCEF electrodes in
Ca- and Zn-ion batteries.””~* The morphological trans-
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formation of CuHCEF electrodes via reaction with Na* ions
might be due to the substitution of Cu ions by Na ions in
substitutional as well as in interstitial sites.”> For NiHCF
electrodes, there were no obvious particle shape and size
changes observed after cycling in 50 mM NaCl (pH 6.3) with
and without Ni-ion additives. The morphology changes also
indicated that the reactive center for CuHCF and NiHCF
electrodes might be different for Na® intercalation in this
process. The atomic ratios of Cu:Fe in the CuHCF electrode
and Ni:Fe in the NiHCF electrode collected under different
conditions were calculated based on the relative atomic
percentage of each metal ion through SEM—EDS analysis
(Table S1). The abundance of Cu and Ni was normalized to
one Fe unit. For the CuHCEF electrode, this ratio was changed
from 1.21:1 (fresh electrode) to 1.14:1 after cycling in SO mM
NaCl (pH 6.3) and to 1.69:1 after cycling with added Cu ions
to the solution. The atomic ratios for Ni:Fe in the NiHCF
electrode changed from 1.45:1 to 1.52:1 after cycling in S0
mM NaCl (pH 6.3) and then to 1:44:1 after cycling with
background Ni ions. The increased ratio of Cu:Fe after cycling
with additives would be expected from the possible residual Cu
on the surface of the material. However, as the atomic
percentage of Na or K was also changed for the samples under
different conditions, it was difficult to reach a clear conclusion
about the fate of the metals relative to retention in the
materials or loss into the solution from these studies.

Deionization Performance. Adjustment of the pH of the
feed solution appeared to have an impact on the internal
resistance of the BDI cell based on the potential drop between
charge and discharge cycles as well as on salt adsorption in
terms of the deionization performance.”® The potential of the
electrode instantaneously decreases as the direction of the
current changed under constant current conditions due to the
internal resistance of the cell.*” The potential drop (or Ohmic
drop) in the interval between the charge and discharge cycles
(Figure SS) was smaller for both CuHCF and NiHCF
electrodes in pH 2.5 (0.18 V for CuHCF and 0.34 V for
NiHCF) and pH 102 (0.21 V for CuHCF and 0.38 V for
NiHCF) conditions compared to the pH 6.3 condition (0.25 V
for CaHCF and 0.40 V for NiHCF). This smaller potential
drop of the system with acidic and basic feed solutions was
likely due to the increased conductivity of the feed solution
along with the adjustment of the solution pH.
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For both CuHCF and NiHCF electrodes, a 50 mM NaCl
solution was desalinated by 12% (to 44 mM) using the acidic
feed solution, which was less than that using the neutral (16%,
to 42 mM) or basic (14%, to 43 mM) feed solutions (Figure
Sa). This result was a consequence of lower salt adsorption
(Figures Sa and S6) at the lowest pH = 2.5 (SAC = 19.4 + 2.4
mg-Na/g for CuHCF and 17.9 + 1.9 mg-Na/g for NiHCF)
(Figure 6a), compared to the higher near-neutral pH = 6.3
(SAC =238 + 3.2 mg-Na/g for CuHCF and 20.7 + 2.1 mg-
Na/g for NiHCF) conditions. A smaller charge efficiency was
observed under acidic conditions for CuHCF (A = 72.3 +
0.5%) and NiHCF (A = 67.5 & 6.5%) compared to that under
the neutral condition (79.9 + 2.9% for CuHCF and 79.3 +
1.1% for NiHCF). The smaller SAC and A indicated the
possible occurrence of side reactions of co-intercalation of
protons into the electrode, the hydrogen evolution reaction
(HER) and the oxygen evolution reaction (OER), which
would consume a portion of the charge and therefore do not
contribute to the removal of Na* from the solution.'***" As
shown in studies on aqueous batteries, the use of neutral pH
electrolytes generally show higher operating voltages than
acidic or alkaline electrolytes, which is attributed to the larger
HER and OER overpotentials in the neutral electrolytes.”” The
cycling efficiency for both electrodes under all three conditions
was high (CE > 94%), indicating nearly identical duration time
for charging and discharging cycles for each condition."”

The thermodynamic energy efficiency (TEE) of different
conditions based on the fraction of the consumed energy
utilized for sodium removal was the lowest in acidic solutions
for both electrode materials. For example, the TEE was 3.2 +
0.1% for CuHCF and 4.5 + 0.05% for NiHCF under acidic
conditions, and it increased to 4.2 + 0.1% for CuHCF and 5.9
+ 0.5% for NiHCF under near-neutral conditions (Figure 6).
The smaller TEE obtained in the acidic solution indicated a
less energy-efficient deionization performance, which might be
due to the intercalation competition between the protons and
Na" ions. The proton intercalation can be observed from the
redox peaks in the CV curve using dilute HCI acid with a pH
of 2.5 for both CuHCF and NiHCF electrodes (Figure S7).
Protons can insert into the CuHCF and NiHCF cathodes
before Na* ions because they have a smaller size (2.82 A for
H,0") and diffuse faster than Na® ions.”*® It was also
reported that a high number of protons in the host electrode
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material may increase the diffusion barrier for intercalating
cations and subsequently block intercalation channels.”*

Kinetic Analysis for Sodium Removal. The Na* removal
kinetics of CuHCEF and NiHCF electrodes in this BDI system
was investigated using a scan-rate-dependent CV test (Figure
7), commonly applied in the battery field, to investigate the ion
storage mechanism. The b values obtained by fitting eq 2, using
the reduction stages in the scan rates of 0.05—1 mV/s, were
greater than 0.5 for both materials, with 0.85 for CuHCF and
0.73 for NiHCF electrodes (Figure 7a-2,b-2). Values of b > 0.5
suggest that either surface-controlled processes contributed to
Na' removal or a fast Faradaic process with minimal diffusion
limitations occurred due to the small sizes of the active-
material particles.”®>*™>” The b values of electrode materials
after BDI cycling tests (S0 mM NaCl pH 6.3) were also
analyzed, with b = 0.91 for the CuHCEF electrode and b = 0.67
for the NiHCF electrode (Figure S8). The reasons for these
changes in b value were not clear. Also, a purely capacitive
effect should show a rectangular CV (Figure S9) rather than
the clear presence of sharply defined redox peaks here. These
various results suggesting different mechanisms and the
contrasting shapes of the CV curves indicated that further
and more detailed investigations are needed for understanding
these results relative to the Na® removal process as the
Prussian blue materials are expected to be mainly controlled by
diffusion-controlled processes in the bulk phase materials.

Different reactive centers for Na* intercalation in these two
materials were further supported by the different CV curves
obtained for the CuHCF and NiHCF electrodes (Figure 7a-
1,b-1). The capability for Na* intercalation with MHCF
electrodes was attributed mainly to the reaction of Fe (II) <
Fe (I1I), which can be seen by the redox peaks with an average
potential (E,/,) of 0.60 V vs Ag/AgCl in pH 6.3 (1 M NaCl)
for CuHCF electrodes (Figure 7a-1) and E,;, of 0.37 V for
NiHCF electrodes with a scan rate of 0.0S mV/s (Figure 7b-
1). It was observed here that both the copper and iron in
CuHCEF electrodes were redox-active centers because for this
material there is another pair of redox peaks with E, , of 0.23 V
due to the reaction of Cu (I) & Cu (II) over the larger
potential window (Figure 7a-1).>*~°" The potential of both the
cathode and the anode could shift during the deionization
process to the region for the reaction of Cu (I) <> Cu (II) and
thus this shift further degrades the capacity retention of the
CuHCF electrodes due to a cubic to tetragonal solid-state
phase transition that accompanies the Cu(II) reduction.”*** In
NiHCF electrodes, the Ni ion was relatively inactive in the
potential window (Figure 7b-1) and therefore only iron ions
were active for Na* intercalation with this material.

Outlook. A higher pH feed solution and the operation of
the BDI system under continuous flow conditions led to a
decrease in the electrode capacity retention of cations and
consequently a reduction in deionization performance. In
batteries that use MHCF materials, electrode dissolution can
occur, but the extent of loss of material is limited by saturation
of the metals in the contained electrolytes. Operation of the
BDI under continuous flow conditions resulted in continuous
dissolution of these materials and relatively rapid decay of the
CuHCF and NiHCF electrodes over multiple cycles.* This
link between dissolution and performance was shown by
adding copper or nickel salts to the feed solutions as that
minimized (CuHCF electrodes) or prevented decay (NiHCF
electrodes) in capacity retention. The use of a low pH feed
solution minimized the dissolution of electrode materials and
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maintained more stable capacity retention, but it did not
completely prevent a decay in performance. The feed solution
conditions also impacted the internal resistances and
contributed to the generation of side reactions such as co-
intercalation of protons (at low pH) in addition to Na*,
dissolved oxygen reduction, and HER/OER on the surface of
the electrodes.

The Na* removal kinetics by CuHCF and NiHCEF electrodes
were found to be a function of either a surface-controlled
process or a fast Faradaic process that had no diffusion
limitation due to the small-size particles. As a result, the design
of the electrode materials for the BDI system should take
advantage of the fast reaction kinetics from the surface-
controlled process and the high ion removal capacity from the
intercalation process. Different reactive centers were found for
Na* intercalation for CuHCF and NiHCF electrodes. For
CuHCEF electrodes, Na* intercalation involved the reaction of
Cu (I) < Cu (II) in addition to the single-phase reaction of Fe
(I) & Fe (III). The dual redox-active centers in CuHCF
electrodes could therefore provide a higher Na* adsorption
capacity than the electrodes with a single redox-active center
such as NiHCEF, if the copper in the electrodes could be better
stabilized over time. The general electrochemical behavior of
CuHCF is known to be more complex than that of other
Prussian blue analogues, and many factors can influence the
activity of Cu(II) and Cu(I), such as the effect of specific
cations in the feed solution, crystal vacancies, and water
content of the CuHCF framework.”***®*~°* An improved
understanding of different cation interactions with the copper
and nickel metals in these electrodes will be needed to improve
the stability of these electrodes for brackish water deionization
applications.
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