Chemical Engineering Journal 435 (2022) 135001

Chemical
Engineering
.. Journal

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

ELSEVIER

Check for

Co-precipitation synthesis control for sodium ion adsorption capacity and @&
cycle life of copper hexacyanoferrate electrodes in battery
electrode deionization

Le Shi®, Xiangyu Bi®, Evan Newcomer *, Derek M. Hall ”, Christopher A. Gorski ?, Ahmed Galal °,
Bruce E. Logan®
@ Department of Civil and Environmental Engineering, The Pennsylvania State University, University Park, PA 16802, USA

b Department of Energy and Mineral Engineering, The Pennsylvania State University, University Park, PA 16802, USA
¢ Chemistry Department, Faculty of Science, Cairo University, 12613 Giza, Egypt

ARTICLE INFO ABSTRACT

Keywords:

Electrochemical deionization
Prussian blue analogues
Chelators

Water content

Ton diffusion

Prussian blue analogues are being explored as electrode materials for electrochemical desalination of saline
water in battery-type electrode deionization systems and hybrid capacitive deionization systems due to their
open framework crystal structure that provides selective adsorption of multiple cations, high theoretical sodium
adsorption capacities, and low costs. However, poor electronic conductivity and instability (dissolution) prevents
the use of these materials for long-term desalination applications. To understand how synthesis conditions might
improve the properties of copper hexacyanoferrate (CuHCF) powders relative to sodium ion adsorption capacity
and cycle life, the co-precipitation process was investigated using multiple common synthesis strategies that
included addition of chelators and sodium salts as well as different concentrations and oxidation states of pre-
cursors. Smaller crystallite sizes (<35 nm) and lower structural water contents increased the initial sodium
removal capacity to 53.2 mAh/g from 40.4 mAh/g (control), but also reduced cycling stability in long-term
operation (20-55% retention over 100 cycles). The trade-off in stability is thought to be a consequence of
structural water facilitating ion diffusion within the material. Adding chelators as precursors led to a highly
reversible Cu'l/Cu! redox couple that increased the stability of the Fe'l'/Fe!! redox couple in BDI cycling per-
formance (79.4% retention over 100 cycles).

1. Introduction

Electrochemical deionization technologies, such as capacitive
deionization (CDI), have been rapidly developed by using similar elec-
trodes designed for supercapacitors to achieve selective removal of
specific ions.[1-5] Cell architectures being examined to improve CDI
performance include flow-by or flow-through electrodes,[6] symmetric
or asymmetric electrodes,[7] single or multiple channels,[8,9] and fixed
or flowing electrodes.[10] Another approach to improve performance is
using active materials with higher sodium ion adsorption capacities and
longer cycling lifetimes than purely capacitive materials.[2] Battery
electrode deionization (BDI) was recently focused to improve the CDI
process for brackish water desalination by utilizing battery-type mate-
rials (intercalation material) to replace capacitive-based electrodes,
which substantially improved sodium adsorption capacity and
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thermodynamic energy efficiencies compared to pure carbon-based
materials.[2,11,12]

Battery electrode materials such as Prussian blue analogues (PBAs)
have an open framework crystal structure that can store sodium ions
within their crystal lattice.[13] PBAs can be prepared from abundant
and non-toxic precursors of a metal salt and a hexacyanoferrate com-
plex, by an easy, low-cost and scalable co-precipitation process. Metal
sulfates, nitrates, or chlorides are used for the metal salt precursor and
AsFe'(CN)g or A4Fe!'(CN)g are used for the hexacyanoferrate precursor,
where A is usually potassium or sodium. Although co-precipitation
methods have been widely adopted for PBAs material preparation,
there is a general lack of fundamental understanding of the nucleation
and growth mechanism of PBAs during this co-precipitation process.
[14]

A range of commonly used conditions used to synthesize PBAs for
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producing aqueous sodium ion batteries include varying precursor
concentrations[15] and flowrates,[16] atmospheric conditions during
co-precipitation,[17] aging time after the precipitation process,[18] and
the inclusion of additives, such as sodium pyrophosphate and sodium
citrate.[18,19] Slight differences in these synthesis conditions can sub-
stantially impact the properties of the precipitation products, such as
particle sizes and shapes, ion composition, and water content, which can
impact electrochemical performance when these materials are used as
electrodes in energy storage systems.[20] Therefore, a better under-
standing of the impact of these different synthesis conditions on the
sodium ion adsorption capacity and cycle life of the PBAs is needed to
optimize the electrode materials for BDI applications that use much
lower concentrations of salts in feed solutions than those in energy
storage systems.

Copper hexacyanoferrate (CuHCF) was investigated here as a model
PBA because it has shown promising performance in brackish water and
wastewater deionization applications but poor stability.[11,21-23] A
systematic study of the effects of synthesis conditions on materials
properties and their electrochemical deionization performance was
investigated by varying the reagent concentration, metal oxidation
state, atmospheric conditions, aging time, and the inclusion of chelator
or sodium salts additives. These different synthesis parameters were
varied to determine their impacts on BDI performance in terms of so-
dium ion adsorption capacity and cycling stability over time. To un-
derstand differences in stability and performance we examined the
properties of pristine powders in terms of their crystallinity and
elemental composition using powder X-ray diffraction (XRD), induc-
tively coupled plasma atomic emission spectrometry (ICP-AES),
morphology and particle size using scanning electron microscopy
(SEM), and water content using thermogravimetric analyses (TGA). The
electrochemical characterization of each sample with cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS) was used
to analyze the sodium adsorption behavior.

Table 1

Chemical Engineering Journal 435 (2022) 135001
2. Experimental section
2.1. Materials synthesis

Copper hexacyanoferrate powders (CuHCF) were produced using a
co-precipitation method under several different conditions using: Cu
(NO3)2-2.5H,0 (Sigma-Aldrich) with or without the chelator (Solution
A), and K3Fe(CN)g (EMD Chemicals) or K4Fe(CN)g (Sigma-Aldrich) with
or without the chelator and NaCl (Sigma-Aldrich) (Solution B). Different
synthesis conditions included precursor concentrations, precursor
oxidation states, chelator types and concentrations, the use of air or
nitrogen atmosphere, and additional sodium salt as summarized in
Table 1. The Group 1 sample was control without any additives in
precursors. Samples in Groups 1 and 2 used a solution B of K3[Fe(CN)¢]
and an air atmosphere. Samples in Group 2 used Na4P,0; (Sigma-
Aldrich) in solution A (Cu + SP) and PVP-10 (polyvinypyrrolidone,
average mol wt 10,000, Sigma-Aldrich) and NaCl in solution B
(Fe3++Na). Samples in Group 3 and Group 4 used K4[Fe(CN)g] in so-
lution B and a nitrogen atmosphere. Samples in Group 3 had contained
NayP,0y7 in solution B (Fe®>T+SP) or in both A (Cu + SP) and B solutions
(Fe?*+SP). Samples in Group 4 had additives of Na3CgHs0; (Fisher
Scientific) in solution B (Fe2++SC) or in both solutions A (Cu + SC) and
B (Fe?*+SC). Solutions of A or B were added dropwise into deionized
(DI) water using a peristaltic pump (0.5 mL/min) at room temperature.
Bottles were wrapped with aluminum foil to prevent light exposure.
Solutions A and B in sample 3 and 4 were bubbled with Ny to protect
Fe?* from oxidation. Precipitates collected after 1 or 5 days were
washed several times with ethanol and DI water by centrifugation. The
products were collected and dried in a vacuum oven (70 °C) for 12 h.
The dry powders were ground carefully using a mortar and pestle.

2.2. Material characterizations

To quantify the elemental composition of the samples, the prepared

Different synthesis conditions for CuHCF samples separated into 4 main groups by number, with additional subgroupings indicated by a lower case letter. The sub-
scripts H, M and L indicate high, medium and low concentrations of the indicated reagents.

Samples by Group Solution Reagents Concentration (M) Atmosphere Aging time (d)
1: (Cup)[A]+(Fen®M)[B] A Cu(NO3), 0.1 Air 1
B Ks[Fe(CN)el 0.05
2a: (Cup, + SP)[A]+(Fe >* +Nay)[B] A Cu(NO3), 0.008 Air 5
Na4P,07 0.008
B Ks[Fe(CN)el 0.003
PVP-10 0.06 g/L
NaCl 0.8
2b: (Cuy + SP) [A]+(FeM3++NaH) [B] A Cu(NO3)» 0.05 Air 5
Na4P,0; 0.05
B K3[Fe(CN)g] 0.02
PVP-10 0.06 g/L
NaCl 0.8
2¢: (Cuy + SP)[A]+(Fey® " +Nay)[B] A Cu(NO3), 0.05 Air 5
Na4P,07 0.05
B Ks[Fe(CN)e] 0.02
PVP-10 0.06 g/L
NaCl 0.2
3a: (Cuy + SP)[A]+(Fey " +SP)[B] A Cu(NO3), 0.05 N, 1
Na4P,0, 0.05
B K4[Fe(CN)6] 0.05
NayP,0, 0.05
3b: (Cun)[A]l+(Fey > +SP)[B] A Cu(NO3), 0.05 Noy 1
B K4[Fe(CN)el 0.05
Na4P,07 0.05
4a: (Cuy + SC)[Al+(Fen? +SC)[B] A Cu(NO3), 0.05 N, 1
Na3CgHsO7 0.05
B K4[Fe(CN)6] 0.05
NasCgHs05 0.05
4b: (Cup)[Al+(Fey > +SC)[B] A Cu(NO3), 0.05 Noy 1
B K4[Fe(CN)6] 0.05
NazCgHs07 0.05
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powders were decomposed in aqua regia by microwave digestion.
Powder (0.05 g) was placed in Teflon-lined vessels and hydrochloric
acid (9 mL HCI, trace metal grade, 35-38% Fisher Scientific) and nitric
acid (3 mL HNOg, trace metal grade, VWR, 67-70%) were added into
each vessel and reacted for 30 min at room temperature. Vessels were
then heated in a microwave oven (MARS 6, CEM) at 220 °C for 30 min.
The mixtures were dried and diluted with 2% HNOg solution to reach an
appropriate concentration range for subsequent analysis using induc-
tively coupled plasma atomic emission spectrometry (ICP-AES, iCAP
7400, Thermo Fisher Scientific). High purity standards were used to
calibrate the results. All tests were conducted in duplicate.

Powder X-ray diffraction patterns were recorded using a powder
diffractometer (Malvern Panalytical Empyrean) with a Cu Ka (\ =
1.5406 A, Ay = 1.5444 2’\) radiation source, at an accelerating voltage of
45 kB and current of 40 mA. Scans were operated between 10 and 60°
(20) with a nominal step size of 0.026°/s. Phase ID was carried out using
Jade software from Materials Data Inc (MDI). The morphology of par-
ticles in samples was analyzed using scanning electron microscopy
(SEM, Verios G4, Thermo Fisher Scientific). Due to the insufficient
electronic conductivity of the synthesized particles, Iridium (5 nm) was
coated on the samples before scanning and the backscattered electron
mode was employed using an acceleration voltage of 5 kV and a beam
current of 0.2nA. The thermal stability, dehydration temperature and
water content of each sample were analyzed with a thermogravimetric
analyzer (TGA, NETZSCH STA 449F3, Selb) under a flowing Ny gas at-
mosphere at 25 to 600 °C (10 °C/min) with the sample placed in crucible
(Al,03 85 pl).

2.3. Electrode fabrication

Electrodes were prepared by painting the CuHCF slurries onto car-
bon cloth (7 ecm? of catalyst area of 11 em? total cloth area, cloth
thickness of 0.356 mm and density of 1.5 g/cm3, AvCarb 1071 HCB,
AvCarb Material Solutions). The carbon cloth was cleaned before use by
soaking in HNO3 (1 M), DI water, and then ethanol (70%) with soni-
cation (20 min each solution) and heated at 450 °C in an oven overnight.
The CuHCF slurry consisted of synthesized active material (CuHCF),
carbon black (Vulcan XC72R, Cabot, average particle size = 50 nm), and
polyvinylidene fluoride (PVDF, Kynar HSV 900, Arkema Inc.) in a mass
ratio of 8:1:1 in 1-methyl-2-pyrrolidinone (NMP, Sigma-Aldrich, 0.5 mL
for each). The active material and carbon black were mixed and ground
with a mortar and pestle and then NMP containing dissolved PVDF was
added into the mixture with continuous grinding. The total mass loading
of the resulting CuHCF electrodes was ~ 6 mg/cm?. The counter elec-
trodes for the pre-conditioning, CV and EIS tests were prepared by the
same method except activated carbon (AC, YP-50F, Kuraray Chemical)
used in place of CuHCF powders. The coated electrodes were dried on a
hotplate at 70 °C for 30 min and then in a vacuum oven at 70 °C for 12 h.

2.4. Battery deionization performance

A pair of electrodes containing identical CuHCF materials were used
for deionization tests with a lab-made flow cell system constructed as
previously reported.[21] Before deionization performance tests, the
potentials of the two CuHCF electrodes were adjusted to different states
of charge to optimize their performance for Na® ion uptake. The two
CuHCF electrodes were set to 0.4 V or 1.0 V (vs Ag/AgCl in 3 M NaCl) as
a working electrode in a three-electrode system, with AC coated carbon
cloth as a counter electrode and a reference electrode (Ag/AgCl, 3 M
NaCl) in a 1 M NaCl electrolyte. A constant current of + 7 mA/30 mg
(normalized by the mass of active material) was applied until the pre-
determined cut-off potential (0.4 and 1.0 V) was reached and then fol-
lowed by the charging with constant potential of 0.4 or 1.0 V for 20 min.

The sodium-enriched electrode was placed as the anode and the
sodium-depleted electrode was placed as the cathode in the BDI flow cell
system, with the two chambers separated by an anion exchange
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membrane (AEM, 106 + 1 pm thick with an ion exchange capacity of
1.85 mmol/g, Selemion AMV, Asahi Glass). A fabric spacer (0.28 mm
thick and 33% porosity; Sefar Nitex, 06-210/33) was placed between
the electrode and AEM. A constant current of 7 mA/30 mg (normalized
by the mass of active material) was applied in the voltage window of +
0.6 V. Feed solution was 50 mM NaCl as synthetic brackish water with a
flow rate of 0.5 mL/min by a peristaltic pump at room temperature.

2.5. Electrochemical characterization

All electrochemical measurements were carried out with a Bio-logic
VMP3 potentiostat, in three-electrode cells consisting of a CuHCF elec-
trode as the working electrode, AC as the counter electrode, and a Ag/
AgCl reference electrode (3 M NaCl, +0.209 V with respect to SHE).
Before each electrochemical test, the prepared electrodes were
immersed in 1 M NaCl solution in a vacuum desiccator for 20 min to
remove gas bubbles attached on the surface of electrode. Cyclic vol-
tammetry (CV) scans were obtained from -0.3 to 1.0 V, and galvano-
static charge and discharge tests were conducted over arange of 0 to 1 V
in 1 M NaCl without IR correction. Electrochemical impedance spec-
troscopy (EIS) was carried with the frequency range from 2 mHz to 500
kHz with amplitude of 5 mV at open circuit potential (OCP). All EIS
measurements were performed allowing the electrodes to rest at their
open circuit potential (OCP) values for 10 min.

3. Results and discussion
3.1. Impact of preparation methods on stability and performance

To investigate the cycling performance in a BDI flow cell system of
each CuHCF sample, a potential window of + 0.6 V was used to focus on
the Fe'/Fe'l redox couple reaction (Fig. 1). The highest capacity
retention was 79.4 % after 100 cycles for sample 2a. The capacity
retention, normalized to the initial capacity for each sample, was
decreased to 55.5% (sample 4b), 45.6% (sample 4a), 39.6% (sample 3b),
and 20.7% (sample 3a), after 100 cycles (Fig. 1). The capacity retention
without normalization are in the SI for a subset of samples (Figure S1).
Charge-discharge efficiency was also impacted with a higher efficiency
observed for sample 2a and 2b compared to other samples likely due to
the enhanced reversible Fe''l/Fe!! redox reaction than others. These re-
sults showed that the combination of materials and fabrication methods
used for sample 2a produced the most stable electrodes. The reasons for
this improved performance were examined through an analysis of the
materials in terms of surface and morphological properties such as
particle size, types of water content, and electrochemical characteristics
of the electrodes.

3.2. Morphological and structural properties

Powder X-ray diffraction (XRD) patterns obtained for the different
CuHCF pristine powders (Fig. 2) indicated the presence of similar and
highly crystalline materials. The main peaks in the spectra corresponded
to those reported for Ay xM[Fe(CN)gl1.y-[Jy-zH20 (A is an insertion ion,
M is the transition metal and a blank box is a vacancy), indicating the
cubic framework with Fe was octahedrally linked with CN~ groups that
produced the open framework structure needed for large channels to
accommodate cation intercalation.[24] A change in the peak intensity
ratio of Ipp0/Iz00 was observed among the samples. An increase in the
I290/I200 peak ratio indicates a larger concentration of alkaline ions
within the CuHCF crystal structure. Additional alkaline ions reduce
Cu-N bond distance and affect the electronic structure of the Fe in the
crystal.[15,24,25] The change in the I530/Iz00 peak ratio was consistent
with the stoichiometry composition of each sample determined by ICP-
OES (Table S1). A higher concentration of alkaline ions were found
when chelators or NaCl were present in the precursors of samples 2-4,
while the smallest I520/I200 intensity of sample 1 was a result of no extra
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Fig. 1. Cycling performance of CuHCF-based electrodes with powder sample 1-4 over 100 cycles in the BDI flow cell with 50 mM NacCl feed solution. A constant
current of 7 mA/30 mg was applied in the voltage window of + 0.6 V with a flow rate of 0.5 mL/min.
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Fig. 2. Powder X-ray diffraction (XRD) spectra of CuHCF pristine powders
prepared under different conditions (sample 1-4).

alkaline ions addition in the precursors. CuHCF powders synthesized
with metal salts in different oxidation states produced differently shaped
peaks. Sharper peaks were observed (Fig. 2) for the CuHCF samples
prepared with the oxidized form [Fe(CN)6]3' (samples 1 and 2)
compared to CuHCF samples prepared with the reduced form [Fe
(CN)6]4' (samples 3 and 4). The broader peaks of the reduced form
(samples 3 and 4) compared to the oxidized form (samples 1 and 2)
suggested that the reduced samples had smaller crystallite sizes,[16,24]
which was confirmed based on the decreased calculated crystallite size
using peak width at the half-maximum intensity of peaks (200) in the
Scherrer formula (Table S2). The smaller crystallite sizes of samples 3
and 4 could also be due to the shorter aging time than samples 2. As
observed in the SEM images, samples with smaller crystallite sizes such
as 4a (21.1 nm) and 4b (14.8 nm) tended to show aggregation into larger
particles (Figure S2).

Water contents of the CuHCF pristine powders were measured using

TGA (Fig. 3). Based on the rate of weight loss, water content was clas-
sified into three types of water content in the PBA framework: surface
adsorbed, zeolitic, and coordinated. The adsorbed water on the particle
surface was removed first followed by zeolitic or interstitial water
located in the interstitial sites of the crystal framework, and lastly the
water chemically coordinated with the transition metal ions. These
different types of water content are indicated by different colors in
Fig. 3, with results summarized in Table S3. Generally, the weight loss
due to surface water occurred below 200 °C, zeolitic water followed by
coordinated water loss occurred at temperatures of 200 to 400 °C, and
the weight loss by thermal decomposition at higher temperatures.
[20,26] The coordinated water bonds with Fe ions in PBA framework
required higher temperature to volatilize, which might affect the sur-
rounding electronic states of the Fe ions or the Fe(CN)g groups.
[20,27,28] It was found that the amount of zeolitic water decreased
significantly from 12.3% (sample 1, Fig. 3a) to 6.2% — 8.2% (among
sample 2-4, Fig. 3b-h) due to additional chelators or sodium added into
the precursor solutions. This result showing a higher water content of
alkaline-free than alkali-rich Prussian blue is consistent with the previ-
ous reports.[29] The amount of coordinated water increased from 3.9%
in Sample 1 to higher values in sample 2 of 6.1% (2c) 13.6% (2a), and
13.8% (2b), with no substantial weight loss observed from coordinated
water for samples 3 and 4 containing reduced oxidation state of iron ([Fe
(CN)6]4'). The reasons for the increased amount of coordinated water in
these samples were not clear but further investigation could lend addi-
tional insight into improving the performance of these materials.

3.3. Electrochemical properties

CV curves were obtained for CuHCF-based electrodes with each
powder sample, revealing different redox couples and level of activities
in each sample (Fig. 4). The peaks of O1/R1 pair at higher potentials
(0.5-0.8 V) corresponded to the oxidation/reduction of Fel/Fe!, and
the O2/R2 pair at lower potential (~0.2 V) was attributed to cu'/cul,
[30,31] The pair of Cu"/Cu' redox peaks became more pronounced in
samples with the addition of chelators and sodium (Fig. 4b-h) compared
to the sample without any additives (Fig. 4a). The activation of Cu/Cu!
redox reaction in CuHCF could be affected by multiple factors, such as
chelators in precursors,[19] and presence of the abundant lattice water
in the framework.[31] The activation of Cu'l/Cu' redox reaction in
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Fig. 3. Thermogravimetric analyses (TGA) of CuHCF pristine powders (a-sample 1, b-sample 2a, c-sample 2b, d-sample 2c, e-sample 3a, f-sample 3b, g-sample 4a and
h-sample 4b). Different background colors indicated for different forms weight loss (green-surface adsorbed water, yellow-zeolitic water, orange-coordinated water

and blue-thermal decomposition).
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Fig. 4. Cyclic voltammetry (CV) of CuHCF-based electrodes with each powder sample with scan rate of 1 mV/s in the potential window of —0.3 to 1.0 Vin 1 M NaCl
solution (a-sample 1, b-sample 2a, c-sample 2b, d-sample 2c, e-sample 3a, f-sample 3b, g-sample 4a and h-sample 4b).

sample groups 2-4 was likely due to the surface adsorbed chelates ions
from the precursor solution.[19] During the crystallization process, the
chelator ions can be adsorbed onto the metal cation surfaces because the
pyrophosphate ions (P207*) in sodium pyrophosphate or carboxylate
groups (~COOH) in sodium citrate could form strong covalent interac-
tion with Cu cations.[18,19] The most active cu'/cu! redox reaction
was found for sample 2a, which might due to the lowest concentration of

metal salt ions in the precursor, providing a better contact between
chelators and Cu ions. The peak-to-peak separation between the Fe'l/
Fe'' (01 and R1) peaks (Table S4) was smaller for samples 2a (0.114 V),
2b (0.171) and 2c (0.093 V) compared to sample 1 (0.221 V). The
smaller separation between the peaks could indicate either a faster and
more reversible electron transfer processes or faster diffusion rates. The
CV curves for samples 1 and 2a were obtained at various scan rates (0.05
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-1 mV/sin 1 M NaCl) (Figure S3), with the peak current of each redox
reaction used to calculate exponent b in the equation i = av’(SI). The b
value of 0.5 indicates a typical intercalation process limited by a semi-
infinite linear diffusion process, while a b value of 1 indicates a
surface-controled process. The b values for R1 and R2 peaks for both
samples were close to 1, indicating either surface-controlled process
contributed to Na™ removal or a fast faradaic process with minimal
diffusion limitations occurred due to the small particle size of the active
material.[32,33] The CV scans at faster rates (1 — 20 mV/s in 1 M NaCl)
were also obtained for sample 2a (Figure S3) to confirm the reversibility
of the second redox reaction from Cu"/Cu'. The peaks for Cu"/Cu were
also clearly observed as scan rates increased to 20 mV/s. However, the
peaks positions shifted as scan rates increased likely due to irreversible
ohmic polarization effects.[34,35] The CV curves after BDI cycling were
also obtained for a subset of samples (Figure S4). The sample with higher
cycling stability showed fewer changes on peaks of Fel'/Fe!l and the
samples with lower cycling stability showed bigger changes on peaks of
Felll/Fell (Figure S4).

Solid-state ion diffusion (within the electrode material) in each
sample can be characterized by the ion diffusion coefficient (D) calcu-
lated from EIS data (Fig. 5). For typical intercalation materials the
Nyquist plot contains a depressed semi-circle with an inclined straight
line.[36] The Warburg impedance, Zy , is calculated from the straight
line in the low-frequency region of a Nyquist plot. The Warburg coeffi-
cient (o) for each sample was therefore obtained from the slope of a plot
of Re(Z) versus @~ /2 in the same region as the Warburg impedance
(Figure S5), and the ion diffusion coefficient (D) was calculated from o
and other constants as described in the supporting information.[37] The
diffusion coefficients for samples 1 (1.45 x 1078 cmzs’l), 2a (4.78 x
108 em?s 1) and 2b (6.56 x 107'° cm?s~!) were 10-1000 times larger
than the other samples (range of 1.08 x 10 t0 8.49 x 1071 cmzs_l)
(Table S5). A larger diffusion coefficient for the 1, 2a and 2b samples
suggests high coordinated water content in the CuHCF framework could
promote ion diffusion within the materials, but the impact of coordi-
nated water on ion diffusion is not clear (Fig. 3). A previous study
suggested that ion diffusion in the PBA solid material was assisted by
coordinated water via a paddlewheel mechanism, in which the guest
ions moved through channels and vacancies.[38] However, another
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reached the opposite conclusion due to results that PBAs without coor-
dinated water in the framework showed excellent cycling stability in a
sodium-ion battery.[28] The role of water content in PBA framework for
ionic conduction therefore is poorly understood, making it difficult to
use water content as a design parameter in production of PBA materials
for different applications.[14]

3.4. Battery deionization performance

Galvanostatic charge and discharge profiles of the different CuHCF-
based electrodes were used to assess their sodium removal (charge
storage) capacities (Fig. 6). During the discharge step, there was a first
recognizable plateau (1.0 — 0.5 V vs Ag/AgCl) corresponded to the Fe'l/
Fe! cathodic peak for all samples. A second plateau (0.4 — 0.0 V vs Ag/
AgCl) was more visible and pronounced for sample 2, that likely were
due to the Cu"/Cu' cathodic peaks identified in CVs in Fig. 4. Further
support for the presence of these two peaks was shown by the plot of
differential capacitive curve (dQ/dV versus V, Figure S6). Sample 2
showed higher activity of Cu'’/Cu' redox reaction as shown with higher
peak of differential capacity (Figure S6) consistent with the CV results
(Fig. 4).

Sample 2a had an increased sodium adsorption capacity by 49%
(60.2 mAh/g) compared to sample 1 (40.4 mAh/g) during the discharge
step in the potential window of 1 — 0 V (vs Ag/AgCl) (Fig. 6). The in-
crease of capacity suggested that chelators enabled CuHCF to have both
Cu and Fe redox-active centers for sodium intercalation.[18] Despite an
activated Cu redox site in sample 2c, the ion capacity (25.5 mAh/g) was
not increased compared to sample 1, which could be attributed to its
large crystal and particle size (Figure S2 and Table S3) for sample 2C,
leading to longer diffusion paths or a kinetic barrier for diffusion.
[39,40] The bigger sodium adsorption specific capacities in other sam-
ples of 50.8 mAh/g (3a), 53.2 mAh/g (3b) and 49.1 mAh/g (4a) and
47.7 mAh/g (4b) could be explained by the smaller crystallite size,
resulting in a shorter diffusion path, which would lead to more rapid
ionic transfer.[41,42] The lower water content of these samples in the
crystal framework may also have contributed to the improved adsorp-
tion capacity as the water in the framework could occupy the interca-
lation sites.[20]
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3.5. Assessment of improved stability and performance

The conditions and materials used for the preparation of Sample 2a
resulted in the most stable electrode material and a charge to discharge
efficiency of ~ 100% (Fig. 1). However, all samples showed some
reduction in capacity retention over time. This decrease in capacity
retention with the number of cycles might be due to the lack of coor-
dinated water content in the CuHCF framework (Fig. 3 and Table S3).
The coordinated water was reported to be beneficial to stability of the
crystal structure of PBAs in an open framework.[13] Even though less
total water content may have contributed to the improved adsorption
capacity (Fig. 6),[39,40] such a relationship was not observed in cycling
tests. This trade-off in performance is consistent with the previous
studies that the enhanced sodium storage capacity for CuHCF electrodes
is often accompanied by a decrease in structural stability.[43]

Other factors that could have contributed to the stability of Sample
2a include unconventional carbon-nitrogen vacancies that help to sup-
press iron leaching in PBAs.[44] Active metals leaching from PBAs can
lead to a decay in performance due to a loss of the active sites and thus a
drop in charge-discharge capacity.[21] Increased stability can also
result from activation of the reversible Cu''/Cu' redox couple, as this
second redox couple appears to improve the reversible Fe''/Fe!l redox
behavior(Fig. 4) and lead to more stable cycling performance (Fig. 1).
However, there was little extra capacity contributed by the Cu''/Cu'
redox reaction itself due to the smaller potential window (+0.6 V) used
in the flow cell BDI system compared to the half cell (+1.0 V in Fig. 6).
Coulombic efficiencies were also impacted, with a higher efficiency
observed for sample 2 compared to other samples likely due to the
enhanced reversible Fe'''/Fel redox reaction than others. The smaller
coulombic efficiency in the initial several cycles might be due to the
decomposition of zeolitic water in the CuHCF framework.[45]

4. Conclusions
The properties of CuHCF powders were highly dependent on

different synthesis conditions that included a variety of precursor con-
centrations, metal oxidation states, presence of chelators, and addition

of sodium ion salts. Analysis of the different synthesis conditions sug-
gests that an increase of sodium concentration in the precursor could
reduce the Cu-N bond distance and therefore the unit cell volume. The
reduced oxidation state of iron (Fe2+ rather than Fe3+) in the precursors
always produced smaller crystallites. Addition of chelators reduced
zeolitic and/or coordinated water contents in the CuHCF framework,
which further affected the ion conduction within the solid material. The
combination of smaller particle sizes and lower water contents in the
CuHCF framework led to a higher initial sodium removal capacity due to
the shorter diffusion length, and fewer water-occupied intercalation
sites. However, the lower water contents adversely impacted BDI cycling
stability as shown by a loss in capacity over time. The presence of co-
ordinated water in the framework was helpful for increasing ion diffu-
sion rates and could also provide beneficial vacancies to suppress active
metal leaching. The activation of reversible Cu"/Cu' redox reaction was
observed due to the coordination of chelators in precursor solutions,
which contributed to a faster and more reversible Fe''/Fe' redox reac-
tion and led to a more stable BDI cycling performance with long-term
operation. These results therefore combined to produce the improved
stability of 79.4% retention after 100 cycles for the conditions used in
Sample 2a, compared to a range of 20-55% for the other samples.
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