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Structural distortion-induced monoclinic sodium
iron hexacyanoferrate as a high-performance
electrode for rocking-chair desalination batteries¥
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Sodium iron hexacyanoferrate (NaFeHCF) has been recognized as a promising Prussian blue analogue
(PBA)-based electrode for electrochemical desalination; however, its application potential is limited by its
unsatisfactory desalination capacity and cycling stability. Herein, the structurally distorted high-quality
monoclinic NaFeHCF with fewer defects in the framework was synthesized by a crystal-controlled copre-
Cipitation method via tuning the crystallization reaction conditions and applied to seawater desalination.
Physicochemical characterization and desalination experiments show that the NFHFC-2 with minimized
defects possesses enhanced electrochemical activity of Fe?* and electrochemical kinetics, thus achieving
higher desalination performance (specific capacity of 75.0 mA h g~ and capacity retention of 85.3% after
50 cycles). Furthermore, a symmetrical NFHCF-2 RCDB is assembled, and the operation parameters
(including various salinities and electrode spacing) are optimized to achieve a remarkable salt removal
capacity (SRC) of 108.9 mg g™! and a salt removal rate (SRR) of 2.22 mg g~ min~* with low energy con-
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sumption (0.056 kW h kg™-NaCl) and outstanding cycling stability (almost no capacity attenuation in 150
cycles). Impressively, the RCDB further exhibits favorable technical feasibility in the simultaneous removal
of univalent/bivalent ions from the natural seawater. This study inspires the design of high-quality PBA-
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1. Introduction

Industrial expansion and irrational utilization of freshwater
have led to an increasingly serious freshwater resource scar-
city." Given that the ocean accounts for over 97% of the global
water resources, seawater desalination, as an open-source and
incremental technology for freshwater resources, has become
an important way to solve the global freshwater crisis.
Although several conventional desalination technologies, such
as reverse osmosis,” electrodialysis,” thermal evaporation,’
and multistage flash distillation® have been widely applied,
alternative strategies with features such as a low environmental
footprint and low energy consumption are still required.
Capacitive deionization (CDI) technology is an emerging
and promising electrochemical desalination process that
enables ion storage by constructing an electric double layer at
the electrode/solution interface.””® However, the conventional
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based electrodes with optimized crystal structures for electrochemical desalination.

carbon-based CDI system based on the non-faradaic ion
storage mechanism results in a limited desalination capacity
(<15 mg g') and low charge efficiency in high-salinity
aqueous media due to the co-ion expulsion effect.”'® To
address the above issues, a desalination battery (DB) that uses
battery-type electrodes was proposed in 2012, which could
obtain high desalination performance through faradaic ion
storage mechanisms even in high-salinity aqueous media.’* A
typical DB system usually consists of a sodium storage elec-
trode and a chlorine storage electrode, but the shortage of sus-
tainable high-performance chlorine storage electrodes has
restricted its application potential.">™*> Fortunately, the deli-
cately designed rocking chair desalination battery (RCDB)
architecture based on two sodium storage electrodes and an
anion-exchange membrane can tackle the challenge.'®
Therefore, it is significant to develop sodium storage electro-
des with outstanding electrochemical desalination performance.

Prussian blue analogues (PBA) have been widely investi-
gated in various fields (rechargeable batteries, electrocatalysis,
electrochemical desalination, etc.) due to their open frame-
work structure capable of fast ion diffusion.’”'® As a typical
PBA, sodium iron hexacyanoferrate (NaFeHCF) is regarded as a
promising material for DB thanks to its low cost, environ-
mental friendliness, and facile, scalable production process."’

This journal is © The Royal Society of Chemistry 2024
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However, NaFeHCF suffers from mediocre desalination
capacity and poor cyclic stability.?® Most previous studies have
focused on improving the desalination performance of
NaFeHCF by conductive layer coating and/or metal-ion (e.g,
Co, Ni, Cu, etc.) doping, but these methods often involve
complex synthesis steps.>'>°

On the other hand, it has been found that the electro-
chemical properties of PBA are closely related to its intrinsic
crystal structure. Due to the rapid growth of crystals during the
preparation process, a large number of Fe(CN)s vacancies and
heterogeneous molecules (e.g., interstitial water) are usually
generated in the PBA framework, which will decrease host
sites for Na', retard electron/ion transport, and impair the
crystal periodicity, making the framework easy to collapse.””*
To address the above issues, some advanced reports have been
devoted to preparing high-quality and well-crystallized PBA.
For instance, Mai et al.>® introduced a chelating agent in the
hydrothermal process to reduce the crystallization rate and
obtained a highly crystalline monoclinic PBA with excellent
rate performance in nonaqueous sodium-ion batteries. It is
reported that PBA with low vacancies, low interstitial water
content, and high Na content often exhibit a monoclinic struc-
ture with low symmetry rather than a cubic structure, due to
the crystal distortion, and show a higher capacity and long-
term cyclability for nonaqueous sodium-ion batteries than
those of cubic phase.’”®' Nevertheless, to the best of our
knowledge, the desalination behavior of NaFeHCF with low
defects has not yet been explored.

Herein, monoclinic NaFeHCF with low defects was syn-
thesized via a facile crystallization-controlled co-precipitation
method. Insights into the influences of synthesis conditions
on the crystal structure, electrochemical properties, and desali-
nation performances of NaFeHCF were investigated. Moreover,
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a NaFeHCF||NaFeHCF symmetrical RCDB was assembled to
demonstrate its application potential, and the effects of
various initial salinities and electrode spacing on its desalina-
tion performance and energy consumption were further inves-
tigated. Finally, the technical feasibility of the RCDB for
natural seawater desalination was evaluated. This crystalliza-
tion-controlled strategy paves a new way for the rational design
of other PBA-based materials to achieve high-performance
electrochemical desalination.

2. Experimental section

A detailed description of material preparation, desalination
experiments, and characterization is given in the ESLf

3. Results and discussion
3.1 Characterization

Since the chelating agent amount and reaction temperature
will affect the crystallization rate during the precipitation
process and thus control the density of lattice defects, their
effect on the crystal structure and desalination performance of
NaFeHCF was first optimized. It can be found that the as-syn-
thesized NaFeHCF exhibits a monoclinic structure with high
crystallinity when the chelating agent dose and the reaction
temperature are 0.3 M and 60 °C, respectively, which delivers
superior desalination capacity and cycle performance (detailed
information, see Fig. S1 and 27). Following the above optimal
synthesis parameters, the crystal structure of NaFeHCF was
tuned by adding an extra sodium source (NaCl), and then the
relationship between crystal structure (defects) and desalina-
tion performance of NaFeHCF was revealed.

Fig. 1A exhibits the X-ray powder diffractometry (XRD) pat-
terns of the as-synthesized NaFeHCF with different NaCl doses
(NFHCF-x). The XRD pattern of NFHCF-0 can be indexed to
the face-centered cubic structure of Prussian blue (JCPDS no.
73-0687). Through adding extra NaCl, several diffraction peaks,
such as at 26 = 24°, 39°, 50°, and 56°, split into double peak
structures, indicating the change in crystal structure from
cubic to monoclinic due to the distortion. It is believed the
structural change should be rooted in a high-content Na" occu-
pying the lattice positions, which reduces the interstitial water
molecules in the PBA framework.>” With the increased dose of
NaCl to 2 M, the diffraction peaks of the monoclinic phase
show an increased relative intensity. However, further increas-
ing NaCl doses to >3 M results in a reduced crystallinity of
NaFeHCF. This is because excessive NaCl accelerates the crys-
tallization rate of NaFeHCF, making some of the Na" unable to
diffuse fast enough to reach the crystal position in time. As a
result, water molecules will serve as a substitute in the crystal
lattice to neutralize the charges arising from defective octa-
hedrons, thus reducing the crystallinity of NaFeHCF.

According to the scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images, the NFHCF-0
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presents a cube morphology with a particle size of <1.2 um.
With the increased dose of NaCl to 2 M, the particle size of the
samples increases, and the cubic shape becomes more
obvious (Fig. 1 and S31). When the NaCl dose increased to >3
M, part of the materials collapsed into small particles with
irregular shapes and aggregates. As shown in Fig. 1C, the high-
resolution TEM (HRTEM) image of NFHCF-0 exhibits a lattice
fringe of 0.263 nm, corresponding to the (400) plane of
Prussian blue. Whereas the lattice spacing of NFHCF-2
increases to 0.278 nm as induced by the structural distortion
(Fig. 1E). The elemental mapping (EDS) images reveal that Na,
Fe, C, and N scatter uniformly on NFHCF-2 (Fig. 1F-I).

Based on the cause of lattice defects in PBA as shown in the
introduction, the lattice defect degree in NaFeHCF should be
closely related to the content of interstitial water and Fe** (or
Na' amount) in the material framework. Thus, thermo-
gravimetric analysis (TGA) tests and X-ray photoelectron spec-
troscopy (XPS) were conducted to determine the interstitial
water content and Fe®* (or Na* amount) in the NFHCF-x, thus
reflecting their defect degrees. As shown in Fig. 2A, the weight
loss of NFHCF-0 was 0.34% (adsorbed water) and 14.9% (inter-
stitial water), respectively. However, the interstitial water
content of NFHCF-1/2/3/4 with monoclinic structure was sig-
nificantly lower than that of NFHCF-0 with cubic structure,
implying that the abundant Na" suppresses the occupation of
water molecules in crystals. The interstitial water content of
NFHCF-2 was only 10.5%, indicating a higher Na' content in
the NaFeHCF framework.

XPS was further conducted to investigate the chemical com-
position and oxidation states of NFHCF-x. The XPS survey of
all NFHCF-x demonstrated the existence of C, N, Fe, Na, and O
elements (Fig. 2B). As shown in Fig. 2C, the high-resolution Fe
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2p spectrum of NFHCF-x can be deconvoluted into four peaks
attributed to Fe*" (708.6 eV and 721.4 eV) and Fe*" (710.9 eV
and 724.1 eV), respectively.’>** It can be observed that the Fe**
content increases from 51.2% for NFHCF-0 to 67.7% for
NFHCF-2 due to the valence balance caused by the higher Na*
content within the NaFeHCF framework. However, with the
addition of excessive NaCl (>3 M), Fe*" content gradually
decreases to 56.7% for NFHCF-3 and 52.0% for NFHCF-4,
respectively. The Na' content in NFHCF-x was further investi-
gated via ICP-OES analysis (Fig. 2D). It can be found that
NFHCF-2 has a higher Na* content of 7.89 wt%, which is posi-
tively correlated with the Fe** content in XPS.

The redox reaction process of NFHCF-x was analyzed by
cyclic voltammetry (CV) measurements in Fig. 2E. The redox
peaks at around —0.07/0.01 V and 0.03/0.16 V for NFHCF-x are
related to redox reactions of Fe’*/Fe**. Compared with
NFHCF-0, the peak current density of NFHCF-2 is obviously
improved, corresponding to the higher electrochemical per-
formance. To investigate the effect of crystal structure on the
charge transfer kinetics of electrodes, electrochemical impe-
dance spectra (EIS) were performed (Fig. S4 and Table S27).
The charge transfer resistance (R.;) of NFHCF-0 is determined
to be 12.0 Q, which is obviously higher than those of
NFHCF-1/2/3/4 due to the presence of plentiful vacancies and
interstitial water in its cubic structure, impeding the elec-
tronic/ionic transfer pathway. Thus, the PBA with fewer
vacancies and interstitial water is expected to have higher ionic
diffusion ecoefficiency. In this regard, the Dy, is calculated
based on the EIS (calculation process shown in the ESIT), and
the results are 2.07 x 107°, 2.86 x 107°, 3.17 x 10~°, 1.37 x
107°, and 1.03 x 10~° cm?® s~ for NFHCF-0/1/2/3/4, respectively
(Fig. 2F). The Dy, results are consistent with the above results

2 pm

500 nm 500 nm

Fig. 1 (A) XRD patterns of NFHCF-x. (B) SEM, TEM images, and (C) HRTEM image of NFHCF-0. (D) SEM, TEM images, and (E) HRTEM image of

NFHCF-2. (F-I) Elemental mapping images of NFHCF-2.
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2p spectra; (D) Na* content detected by the ICP-OES and Fe?* content

detected by the XPS; (E) CV curves at 1 mV s™%; and (F) calculated Dy, based on the EIS of NFHCF-x.

for interstitial water content and Fe®" content. Clearly,
NFHCF-2 possesses a smaller R.; and the highest Dy, thanks
to its lower defect degree in the lattice.

These above results suggest that inducing abundant Na* in
the NaFeHCF framework can decrease the crystal vacancies
and interstitial water content and enrich the active Fe**, thus
leading to a monoclinic, well-crystalline NaFeHCF with fast
charge transfer kinetics.

3.2 Desalination performance

The desalination capabilities of NFHCF-x electrodes were eval-
uated by the galvanostatic charge-discharge test at 0.25 A g~
(Fig. 3A). NFHCF-2 shows two distinct plateaus at around

This journal is © The Royal Society of Chemistry 2024

—0.05/0.23 V and —0.07/0.19 V, resulting from the redox reac-
tions of Fe*'/Fe** accompanied by the insertion/de-insertion of
Na*".*® Compared with NFHCF-0 (72.6 mA h g~'), NFHCF-2
exhibits a smaller voltage polarization and higher initial
specific capacity (75.0 mA h g™") due to its monoclinic struc-
ture enabled by a low defect degree.

As illustrated in Fig. 3B, NFHCF-0 suffers from poor cycling
performance with a capacity retention of only 59.4% after 50
cycles, while the capacity retention of NFHCF-2 can reach
85.3%. This is because NFHCF-2 exhibits higher crystal period-
icity and promotes electron/ion transport, which in turn
enhances its structural stability during the desalination
process. It should be noted that excess NaCl (>3 M) causes an

Nanoscale, 2024,16,1724-1732 | 1727
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Fig. 3 (A) Initial charge—discharge curves and (B) cycle performance of NFHCF-x electrodes at 0.25 A g~*. (C) Rate performance of NFHCF-x elec-
trodes. (D) Ragone plot between the desalination capacity and rate of NFHCF-x electrodes at different current densities (the calculation of the rate is

shown in the ESI{).

increase in the content of vacancies and interstitial water in the
NaFeHCF framework, which attenuates its desalination capacity
and cycle stability (e.g., for NFHCF-4, the initial specific capacity
is 67.7 mA h g~" and capacity retention is 52.7% after 50 cycles).
The desalination capacities of NFHCF-x were further tested at
various current densities (Fig. 3C). NFHCF-2 displays a superior
rate capability and delivers a specific capacity of 81.4 mA h g™*
at 0.1 A ¢”'. With the current density increasing to 1.0 A g™,
the specific capacity of 68.4 mA h g~ can still be achieved,
corresponding to 83.9% of that at 0.1 A g”', which is much
superior to that of NFHCF-0 (ie., 68.8%). The Ragone plot
between the desalination capacity and rate clearly demonstrates
that NFHCF-2 has a larger desalination capacity at a high desali-
nation rate (Fig. 3D).

3.3 Application of symmetrical NFHCF-2-based rocking-chair
desalination battery

To further demonstrate the application potential of NFHCF-2,
a symmetrical RCDB device was assembled for seawater desali-
nation. The desalination performance of NFHCF-2-based
RCDB at different salinities was assessed in NaCl solution in
the range of 0.2 to 1.0 M. As the initial NaCl concentration
increases, the charge-discharge curves of the NFHCF-2-based
RCDB reveal a decrease in voltage polarization (Fig. 4A). The

1728 | Nanoscale, 2024, 16, 1724-1732

specific capacity increases from 48.9 mA h g~ for 0.2 M to
63.7 mA h ¢”' for 1.0 M; meanwhile, the capacity retention
increases from 94% to 108.2% after 150 cycles (Fig. 4B).

As shown in Fig. 4C, the solution conductivity decreases
with charge and recovers with discharge during the desalina-
tion-salination process. According to the change in solution
conductivity, the average salt removal capacity (SRC) of
NFHCF-2-based RCDB at 0.2 M, 0.4 M, 0.6 M, 0.8 M, and 1.0 M
is calculated to be 82.3, 94.4, 96.3, 106.4, and 108.9 mg g™,
respectively. In addition, the corresponding salt removal rate
(SRR) is calculated to be 1.87, 1.97, 1.99, 2.16, and 2.22 mg g™ *
min~", and the corresponding energy consumption (EC) is cal-
culated to be 0.106, 0.071, 0.058, 0.057, and 0.056 kW h kg™'-
NacCl, respectively. To comprehensively evaluate the desalina-
tion performance of the NFHCF-2-based RCDB, a radar chart
involving five key figures of merit was plotted. As shown in
Fig. 4G, each figure of merit also shows an upward trend with
the increase in initial NaCl concentration. It can be found that
the NFHCF-2-based RCDB has favorable desalination perform-
ance and energy consumption at different salinities, especially
in high-salinity aqueous media (such as seawater and reverse
osmosis brine).

Electrode spacing is of great significance to desalination
efficiency in practical applications, as it is a key parameter

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Charge—discharge curves of NFHCF-2||[NFHCF-2 RCDB after full activation at 0.1 A g~* with (A) various initial NaCl concentrations and (D)
various electrode spacings. Cycle performance of NFHCF-2||[NFHCF-2 RCDB with (B) various initial NaCl concentrations and (E) various electrode
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Radar chart of NFHCF-2|[NFHCF-2 RCDB at (G) various initial NaCl concentrations and (H) various electrode spacings. (l) Radar chart comparison
between NFHCF-2||[NFHCF-2 RCDB and other reported PBA-based RCDBs (detailed information is listed in Table S47).

affecting energy consumption (through impacting reaction
kinetics) and desalination efficiency. Fig. 4D and E reveal the
desalination performance of RCDB at various electrode spa-
cings. With electrode spacing decreasing from 8 mm to 4 mm,
the ion diffusion distance decreases; thus, the polarization of
the RCDB decreases from 0.61 to 0.46 V, the specific capacity
increases from 60.6 to 63.7 mA h g™, and the capacity reten-
tion for 150 cycles increases from 105.2% to 108.2%. However,
too narrow a spacing (2 mm) will induce greater concentration
polarization, which is not conducive to cycle stability during
the desalination process (capacity retention decreases to
86%).%°

As shown in Fig. 4F, the SRC of NFHCF-2-based RCDB at
various electrode spacings can be calculated based on the
change in solution conductivity, which is 109.9 mg g™* for
2 mm, 108.9 mg ¢~' for 4 mm, 110.2 mg g¢~* for 6 mm, and
100.3 mg g~' for 8 mm, respectively. The corresponding SRR
and EC are calculated to be 2.35 mg g~ " min~" and 0.07 kW h
kg~ '-NaCl, 2.22 mg g~' min~" and 0.056 kW h kg '-NaCl,
2.24 mg ¢ " min~" and 0.067 kW h kg '-NaCl, as well as
2.02 mg ¢ " min~" and 0.071 kW h kg '-NaCl, respectively.
Fig. 4H reveals that electrode spacing has a significant effect

This journal is © The Royal Society of Chemistry 2024

on the SRR, EC, and capacity retention of RCDB; moreover, the
enclosed area in the radar chart is the largest when the elec-
trode spacing is 4 mm.

The optimal NFHCF-2-based RCDB delivers a large SRC
(108.9 mg g~ ') with a rapid SRR (2.22 mg g~' min™"), moderate
charge efficiency (78.4%), low energy consumption (0.056 kW
h kg™'-NaCl), and high cycle stability. As shown in Fig. 41, the
area enclosed by the NFHCF-2-based RCDB in the radar chart
is clearly better than that of previously reported PBA-based
RCDBs, indicating its great potential for practical applications.>”*°

To further investigate the technical feasibility of a sym-
metrical NFHCF-2-based RCDB, desalination experiments were
carried out using natural seawater (South China Sea) as an
electrolyte, whose composition was analyzed by the ICP-OES
test and shown in Table S3.7 As shown in Fig. 5A and B, the
symmetrical NFHCF-2-based RCDB delivers a specific capacity
of 46.2 mA h g', and 60.1% of the initial capacity can be
retained after 200 cycles with a coulombic efficiency of ~100%.
Compared with the NaCl solution, the decrease in desalination
performance in natural seawater can be attributed to the dis-
solved organic matter (e.g., humic acid) and various univalent/
bivalent cations (e.g., Na*, Mg”*, Ca**) contained in natural
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Fig. 5 (A) Charge—discharge curves after full activation and (B) cycle performance of NFHCF-2|[NFHCF-2 RCDB in natural seawater at 0.1 A g™*. (C)
Various ion removal capacities of NFHCF-2||[NFHCF-2 RCDB in natural seawater over consecutive runs. (D) XRD patterns of NFHCF-2 before and

after 50 cycles.

seawater. During the desalination process, the organic matter
can pollute the surface of electrodes and AEM, hindering the
mass transfer process; meanwhile, various univalent/bivalent
cations can lead to competitive effects, weakening the ion
insertion dynamics of NFHCF.*"*> As shown in Fig. 5C, after
continuous desalination in the RCDB, the ionic concentration
in effluent decreases from 10101.6 to 74.9 mg L™ for Na,
622.7 to 509.6 mg L~' for Mg>*, and 74.9 to 59.3 mg L™ for
Ca®", with removal rates of 99.2%, 18.2%, and 20.8%, respect-
ively. Meanwhile, only a slight decrease in solution pH and the
additional existence of 0.26 mg L™" of Fe ions are detected
after long-term operation, implying limited ion leaching
during the desalination process. Fig. 5D reveals the XRD pat-
terns of the NFHCF-2 electrode before and after long-term
desalination. It can be found that the XRD pattern of the
cycled NFHCF-2 electrode has no significant change and still
maintains a monoclinic phase structure, which indicates the
favorable structural stability of NFHCF-2 in the long-term desa-
lination process.

Based on the above results, the mechanism for ion removal
in the symmetrical NFHCF-2-based RCDB is proposed. As
shown in Fig. 6, the anode loses electrons during the charging
process, resulting in the oxidation of Fe** in the NFHCF frame-
work to Fe**, and the cations (e.g., Na*, Mg>*, and Ca®") are
released from the NFHCF to the anode chamber concurrently,
while anions (e.g., CI7) in the cathode chamber pass through
the anion-exchange membrane to ensure the electroneutrality
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Fig. 6 Schematic illustration of the NFHCF-2||[NFHCF-2 RCDB.

of the electrolyte in the anode chamber, thereby producing a
concentrated effluent. Following electrons flow into the
cathode through the external circuit, Fe** in the NFHCF frame-
work is reduced to Fe®*, accompanied by cations inserting
from the cathode chamber into the electrode, thereby decreas-
ing the salt content of the solution and causing the desali-
nated effluent. Upon current reversal, the opposite reactions
happen in chambers. Therefore, desalinated and concentrated
streams can be continuously obtained in the cathode and

This journal is © The Royal Society of Chemistry 2024
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anode chambers, respectively. Thanks to the large three-
dimensional diffusion channels in the PBA framework, it can
accommodate various ions with multiple valence states.****
Herein, the symmetrical NFHCF-2 RCDB can achieve synchro-
nous removal of monovalent/bivalent ions in the natural sea-
water, which is more suitable for effective desalination of
complex natural water matrices.

4 Conclusion

In this work, a series of NaFeHCF samples with tunable
defects were successfully synthesized via a controlled copre-
cipitation method. Benefiting from the minimized defect
degree, the structurally distorted high-quality monoclinic
NFHCF-2 exhibits a high desalination capacity (75.0 mA h g™)
and long cycle stability (capacity retention of 85.3% after 50
cycles). Moreover, a symmetrical NFCHF-2 RCDB with opti-
mized operation parameters delivers an average SRC of
108.9 mg g ' and an SRR of 2.22 mg g~ min~" with moderate
charge efficiency (78.4%), low energy consumption (0.056 kW
h kg '-NaCl), and almost no capacity attenuation after 150
cycles, which is superior to previous PBA-based RCDBs.
Furthermore, the RCDB system can simultaneously remove
univalent/bivalent ions from natural seawater, indicating its
potential application prospects in seawater desalination.
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