Journal of Solid State Electrochemistry
https://doi.org/10.1007/510008-021-05005-w

ORIGINAL PAPER

=

Check for
updates

Stable films of zinc-hexacyanoferrate: electrochemistry and ion

insertion capabilities

Rosalinda Sciacca' - Silvia Zamponi? - Mario Berrettoni? - Marco Giorgetti>

Received: 29 March 2021/ Revised: 24 June 2021 / Accepted: 5 July 2021
© The Author(s) 2021

Abstract

A stable film of zinc hexacyanoferrate is deposited on a GC (glassy carbon) substrate following a specific electrochemical
protocol. The electrode maintains its characteristic even after dry and wet processes. SEM characterization confirms the
cubic morphology of the materials and the IR suggests the presence of the Fe''-C-N-Zn"! structural unit. The electrochemical
characterization indicates a very good stability of the film, thus opening application in ion exchange system. The focus is
on monovalent, divalent, and trivalent ions. These results, the zinc low toxicity, and cost make zinc hexacyanoferrate films

a promising candidate for many electrochemical applications.
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Introduction

In situ generation of thin film materials on a conductive sub-
strate is a useful technique for the preparation of electrodes
and electrochemical devices for many technological applica-
tions. For instance these methods allow steady film fabrica-
tion for ion sensors or ion sieve testing [1-3]. The advantage
of the electrodeposition consists of the in situ functionaliza-
tion of the electrode surface. This allows to tailor the thin
film by controlling some experimental variables such as the
applied potential, the precursor concentration, and the sup-
porting electrolytes [4, 5]. The electrode modification could
be achieved also by adsorption or via mechanical attach-
ment. Metal hexacyanoferrates (MHCFs) or Prussian Blue
analogues (PBAs) are inorganic compounds which were
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successfully electrodeposited [6—8]. MHCEF thin films fabri-
cated by electrodeposition were used for several applications
such as electrocatalysis, energy storage, and above all for
ion-sensing detection and exchange capability [9—12]. Their
open structures, also called zeolitic-like, allow to interca-
late and store alkali cations upon electrical charging, ensur-
ing the electroneutrality of the compounds. So, they are the
perfect candidates for the ion separation controlled by elec-
trochemically switched ion exchange systems, which was
reported for the first time by Lilga et al. [13]. The method
explained the selective and reversible removal of cesium
using an electrode modified by Prussian blue analogue.
Briefly, the potential was modulated and switched in polar-
ity, forcing the oxidation/reduction of the thin film, which in
turn caused the release or uptake of the alkali metal cation,
as described by Eq. (1).

M [FCHI (CN)G]X + yAn+ + ye_S AyM[FCH (CN)6]X (1)

Later on, other studies were carried out on the insertion/
de-insertion involving monovalent divalent, and trivalent
cations [14, 15], which, generally, influence the electrochem-
ical behavior of MHCFs [14, 16, 17]. In particular, their
capability as sieves for pollutants like cesium, or for mixed
aqueous electrolyte batteries, was widely reported [18-21].

Cations are host in a given lattice site in MHCFs dur-
ing the reduction reaction, while released during the oxida-
tion step. The relative reduction and oxidation potential are
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closely related to both the hydration energy and the adsorption
energy into the MHCF [23]. The transition metal of the MHCF
material also influences their ability as ionic sieve [24, 25].
Additional key aspect refers to the abundance of the metal
and safety concerns. Among MHCFs, zinc, manganese, and
iron analogues are characterized by low toxicity and low cost,
therefore making them promising systems for development
in several industrial applications [26, 27]. In particular, zinc
hexacyanoferrate (ZnHCF) is one of the MHCFs used in aque-
ous ion battery improvement, thanks to its very high operating
potential [28]. As shown in Table 1, the precursor salt ZnCl,
has a LD50 of 350 mg/kg, and relatively cheap while com-
pared to other transition metal chloride salts [22]. LD50, lethal
dose or median lethal dose, is defined as the amount of a toxic
agent lethal to the 50% of the experimental animals exposed
to it. However, although procedures for the deposition of zinc
hexacyanoferrate film are available, there is a lack of deposi-
tion protocol on the common electrode support (glassy carbon
electrode) [29]. For instance, Fenga and Stradiotto suggest a
controlled electrodeposit procedure of ZnHCF on piezoelectric
quartz crystal [30] and the ZnHCF preparation on graphite-
epoxy composite [31]. Eftekhari [32] reported the dependence
of the formal potential values in different supporting electro-
lytes and the electrocatalytic activity of ZnHCF obtained by
a direct modification of the Zn electrode. Several procedures
of chemical modification of an electrode are reported as well.
Joseph et al. [33] studied the behavior of ZnHCF on wax-
impregnated graphite electrode, evaluating the influence of
the Zn>* and ferricyanide salt ratio on electrosynthesis step as
well as the electrochemical behavior in different supporting
electrolytes. Kemmegne-Mbouguen et al. [34] investigate the
clay-zinc hexacyanoferrate carbon paste electrode as sensor
for uric acid, dopamine, and tryptophan.

This work reports a facile approach to a stable modification
of GCE by ZnHCEF, obtaining a well-defined redox couple with
a formal potential of about+1.0/0.8 V assigned to the redox
couples [K,ZnFe'(CN)¢]/[KZnFe'(CN),]. Furthermore,
ZnHCF was investigated in different support electrolytes, in
order to highlight its capability as ionic sieve.

Experimental

Materials

Chemicals were reagent grade from Sigma-Aldrich®
(K3Fe(CN)—244,023, H3;B0;-B0394 KCI-P3911,

SrCl,-255,521, CaCl,-223,506, AI(NO;);-237,973)
and from Carlo Erba reagents® (NaCl-612000600,

LiCl-458256, ZnCl,-494,105, MgCl,-459,336,
BaCl,-425,026, CrCl;-440,724) used without any further
purification. All experiments have been performed in air,
at room temperature and with bi-distilled water.

Apparatus

Electrochemical measurements were performed with a
Model 730e (CH Instruments) electrochemical workstation
using a standard three-electrode electrochemical glass cell
(10 ml). The substrate of the working electrode was glassy
carbon, GC (diameter 3 mm) or graphite foil, GF (0.10 mm
thick, 99.9%, Goodfellow), and a Pt counter electrode was
used. All potentials were reported vs Ag/AgCl reference
electrode in saturated KCI.

Preparation of modified electrode

ZnHCEF films were obtained by a double-step electrosyn-
thesis: firstly, it was modified by an electrochemical dep-
osition from a 0.5 M ZnCl, and 0.4 M H;BO; solution
[35] cycled between —0.80 and —1.2 V. (Fig. 1A); the Zn-
GCE was soaked in a 10 mM solution of K;Fe(CN)q and
0.1 M KCl for about 10 min. Then it was dried at room
temperature. The film characterization was carried out in
1.0 M —1.0x 107> M KCl solutions to investigate the sup-
port electrolyte concentration effect.

The electrochemical behavior in presence of differ-
ent monovalent, divalent, and trivalent metal cations was
investigated by recording CVs in various supporting elec-
trolytes following the protocol: firstly, a CV was recorded
in a KC1 0.1 M, then a CV was recorded in other cation
0.1 M solution, and finally, a last CV scan was repeated
in 0.1 M KC1[16].

Physical characterization

To perform SEM and ATR-FTIR analysis, ZnHCF
was deposited on graphite foil following the protocol
described in the “Experimental” section used for GCE
modification. Briefly, the oxidized electrode (ZnHCF-
0O) was obtained potentiodynamically by applying a lin-
ear sweep from OCP to+1.2 V in KCI 0.1 M, while the
reduced electrode (ZnHCF-R) from OCP to +0.4 V, in the
same electrolyte.

Table.1 Cost and LD50 (rat, BaCl, CoCl, CuCl, Mn(Cl, NiCl, SnCl, ZnCl,

oral) of some metal chlorides

From reference [22] LD50 (mg kg™") 118 80 584 1484 105 700 350
Price (€ kg™") 45 1272 174 199 904 148 122
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Fig.1 A CV of zinc electrodeposited on GCE; B CV of ZnHCF-GC
modified electrode at 0.1 V s~ in a 0.1 M KCI solution—10 cycles;
C CV of ZnHCF film: Ist cycle, 15th cycle, 50th cycle, and 100th

ATR-FTIR

IR spectra were recorded from 4000 to 400 cm™' on a Perki-
nElmer Frontier FT-IR instrument, equipped with single
reflection ATR unit (universal diamond ATR top-plate) as
a sample support.

SEM

SEM experiments were performed on a field emission scan-
ning electron microscope (FESEM) ZEISS SIGMA 300.
Results and discussion

ZnHCF electrochemical characterization

Zinc hexacyanoferrate films were obtained on a GCE follow-

ing the double-step electrosynthesis protocol detailed in the
“Experimental section.” The soaking of Zn-modified GCE
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cycle recorded; and D first cycles of ZnHCF film CV response for
three different electrodes

in a K;Fe(CN), solution causes the redox reaction in about
10 min. It takes place on the surface of the electrode, with
the conversion of zinc to potassium zinc hexacyanoferrate,
as follows:

37Zn°+6 K Fe' (CN)s + y H,0 5 K,Zn,

2
[Fe'(CN)s1, x H,0 + 4 K Fe!/(CN), @)

The ZnHCEF films on GCE were characterized in a 0.1 M
KCl1 solution by cyclic voltammetry. Voltammograms
show the K,Zn;[Fe''(CN)],/KZn;[Fe'(CN)], reversible
redox couple with a formal potential of about+0.9 V vs
Ag/AgCl and a steady current density for the first 30 seg-
ments (Fig. 1B). The CV shape is characterized also by the
weak anodic and cathodic peaks at approximately 0.65 V.
As reported, this particular morphology is due to the cubic
structure [23] that is confirmed also by the SEM analysis
(“Physico-chemical characterization of ZnHCF films” sec-
tion). Furthermore, the stability of the film by repeated CV
scans at 0.1 V s~! was checked. The intensity of the cathodic
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and anodic peak current is stable until the 15th cycle, then
it decreases gradually until 50th cycle, and the last cycles
are characterized by a fast decrease of the current with the
number of the cycles (Fig. 1C). The procedure, described in
the “Experimental section,” was tested several times obtain-
ing charge values with a RSD % of 21. The data is affected
by the electrochemical control lacking during the deposition.

The stickiness was ensured by the electrode drying at
room temperature, whereas the electrode rinsing was a pre-
condition to obtain a well-defined peak. Three ZnHCF film
comparable CV responses were shown in Fig. 1D, with simi-
lar peak current values. The current involved in the process
is closely related to the amount of the electroactive material
originated from the reaction taking place on the electrode
surface during the soaking step. The calculated surface cov-
erage value was 1.46x 10~% mol/cm?, considering the aver-
age charge value of the first five CVs.

ZnHCF films were characterized using different concen-
trations of a KClI solution, and the results are reported in
Fig. 2. This test reveals the role of the potassium cation in
the redox reaction, based on Nerstian equation for a solid
film:

KyZn, [Fe™ (CN)e], + K* + 7 5 KyZny[Fe' (CN)o|, (3)

E =k +0.059 log [a,,] 4)
According to Eq. (4), Fig. 2 shows linear dependence

of the two variables (E cathodic vs log of KCI solution

Fig.2 Potential vs log[K*] of 0.96

concentration) with a slope of about 68 mV, close to theo-
retical value of 59 mV. This, in turn, confirms a Nerstian
behavior and a one-electron transfer reaction. In addition,
the effect of other supporting electrolytes was investigated;
the results are shown in the “ZnHCEF as ionic sieves” section.

Figure 3B shows the characterization of the ZnHCF elec-
trode in terms of anodic current dependence to the scan rate.
Specifically, the CVs of ZnHCF-GCE at several scan rates
are displayed in Fig. 3A. The curves highlighted that the
decreasing of the scan rate causes a decreasing of the anodic
and cathodic peaks, as expected, and a shifting of E’. A
checking of the power-law relationship with the scan rate,
i.e., i=av® where i is the current of anodic and cathodic
peaks, v is the scan rate, and a and b are the experimental
parameters, is shown in the panel B of Fig. 3. The panel dis-
plays two different slopes for the log(v) —log(i) plot, where
b value is about 0.5 at higher scan rate underling a diffusion-
controlled process, whereas b is quoted around 1 at low scan
rate, indicating a surface-controlled process. Therefore, the
K* insertion/de-insertion processes are surface-controlled at
lower scan rates and diffusion-controlled at higher ones. In
light of this evidence, we consider that 100 mVs~!is a suit-
able scan rate to investigate ZnHCF capability as ionic sieve,
which ensure the occurrence of a diffusion-controlled pro-
cess. Similar results were reported by Eftekhari and Joseph
et al. [32, 33], who studied the effect of the support elec-
trolytes at high scan rate and at low scan rate, respectively.
Eftekhari reported the effect of the support electrolytes on
the voltammogram shape and formal potential shifting of the

ZnHCF-GC modified electrode
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Fig. 3 A ZnHCF-GC modified electrode at several scan rate in KC1 0.1 M

ZnHCF chemically modified electrode, testing several alkali
cations, while Joseph et al. focused on surface processes of
a ZnHCF wax-impregnated graphite electrode

Physico-chemical characterization of ZnHCF films

The ZnHCF was electrodeposited on grafoil following the
same experimental protocol, in order to be investigated by
SEM and ATR-FTIR spectroscopy. For this purpose, two
different electrodes were analyzed: ZnHCF-O, referring to
the oxidized electrode and ZnHCF-R to the reduced one.
SEM characterization reveals a surface morphology
composed of poly-dispersed particles that are aggregated
to form a porous network. The ZnHCF samples consist
of size-heterogeneous particles, of about 100-300 nm
(Fig. 4C), although some particles are bigger (Fig. 4B).
The morphology is characterized by cubic particles which
are pointed out distinctly, at a nanometric level as well. The
cubes visible in the figure can be related to the cubic struc-
ture of zinc hexacyanoferrate. The morphologies displayed
in Fig. 4A, B, for the ZnHCF-R and ZnHCF-O, respec-
tively, confirms a similar behavior of the modified elec-
trode. Therefore, the potentiodynamic modification does
not affect the overall shape and morphology of the films.
FTIR characterization provides useful information on the
oxidation state of the studied compounds. The ATR-FTIR
spectra of the oxidized and reduced electrodes are repre-
sented in Fig. 5. All samples show a broad band of the vy
adsorption at about 2000-2200 cm™!, as expected for bime-
tallic cyanide Fe—C-N-Zn, which can be used as a fingerprint
of the oxidation state. A close inspection of the figure reveals
that the spectrum recorded for ZnHCF-O shows a band at
2096 cm™!, which is close to the band at 2091 cm™! founded
for Fe-C-N-Zn" system [36]. In addition, the insert in the
figure displays a couple of broad peaks at 489 cm~! and
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603 cm~! which are related to Zn-N and Fe—C stretching,
respectively. Lastly, peaks at 1622 cm™! and 3620 cm™! are
due to the presence of OH from water molecules.

ZnHCF as ionic sieves

A precise protocol was followed to investigate the ZnHCF-
GCE electrochemical behavior in several monovalent, diva-
lent, and trivalent cations in order to evaluate the affinity of
the tested cations compared to K: the first CV was recorded
in 0.1 M KClI, the second CV was recorded in 0.1 M of
cation tested, and finally the last CV was repeated in 0.1 M
KCl1[16].

The CVs of ZnHCF-GCE were studied in different sup-
port electrolyte cations in addition to K*. The results are
shown in Fig. 6A (all cations), B (monovalent cations), C
(divalent cations), and D (trivalent cations).

The various cation species cause a potential shifting and
a peak shape variation (Fig. 6A). This behavior has been
reported for other MHCFs [37-39] and rationalized in
terms of cation overall dimension. An insertion/de-inser-
tion mobility order of monovalent cations was reported for
ZnHCF film, and potassium shows the best cation mobility
[33]. Figure 6B, C, and D show the ZnHCF film capabil-
ity to intercalate/de-intercalate, respectively, monovalent,
divalent, and trivalent cations compared to K*. The perfect
reversibility of the process is confirmed for all the cations,
by the CV recorded in K* before and after the CV. There is
almost complete match of the pristine and of the recovered
CVs in potassium salt, also in terms of peak current. This
unambiguously suggest that ZnHCF film here reported has
the capacity to exchange monovalent, divalent, and trivalent
cations with high efficiency.

Kinetics of the exchange was also investigated, and our
experimental data suggests that the uptake of divalent or
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trivalent ions is slower than the uptake of the potassium.
For example, Fig. 7 shows the CVs of ZnHCF recorded in
KCl1 0.1 M, in CaCl, 0.1 M, and then back to KCIl. Unlike
the CV related to the re-uptake of K* ion, the CV recorded
during the insertion of Ca®* shows a potential shift from the
first segment to the steady last ones. A similar behavior does
not occur for the potassium insertion; in fact, the voltam-
mogram (Fig. 7) is characterized by the overlapping seg-
ments. Therefore, these processes are controlled by kinetics
and the uptake of divalent and trivalent cations takes place
slowly, whereas smaller radii cations were exchanged easily.
Although the channel diameter for metal hexacyanoferrates
is similar and close to 320 pm, the cationic radii influence

Table. 2 Tonic and hydrated radii and cathodic and anodic potential
of different cations tested

Ionic radii Hydrated Cathodic Anodic
r.(A) [42] iQnic radiir, potential (V) potential (V)
(A) [42] vs Ag/AgCl vs Ag/AgCl

Lit 0.6 3.82 0.700 -0.870
Na*  0.95 3.58 0.706 —0.838
K* 1.33 3.31 0.786 —0.881
Mgt 0.65 4.28 0.713 —0.858
Ca*? 0.99 4.12 0.707 —0.896
Srt? 113 4.12 0.698 —0.801
Ba*? 1.35 4.04 0.722 -0.828
Al¥ 05 4.75 0.723 —0.988
Crt? 0.64 4.61 0.774 -0.870

Hydrated radii / A

the potential shift and also the attitude of each ion to be
inserted and de-inserted [40].

Figure 8 shows the relationship between radii size (hydrated
radius) of alkali cations and the ZnHCF intercalation potential.
It decreases with the hydrated radii size (in details in Table 2),
following the order K>> Na>Li, as also accepted for other
MHCFs [41]. ZnHCF easily hosts alkali earth cations as well.
The diffusion coefficients (D,,,) were calculated by the Ip vs
v slope. As shown in Table 3, potassium D, is by far the
highest as described by the potential vs hydrated radius. As
a matter of fact, Li* shows a faster diffusion then Na™ into
ZnHCF, even though their D, values are comparable. The
CVs (Fig. 6C) show a good reversible process in spite of the
increasing of ionic radii size of the cations accommodated
into the structure. As matter of fact, the lattice might go to
microstructural distortions. Ions with smaller ionic radii have
larger hydrated radii so they hold on their hydration shells.
On the other hand, larger radii ions are less strongly hydrated;
therefore, they able to break off their hydration shells during
the insertion into the ZnHCF lattice. Similar CVs of the Fig. 7
for monovalent and divalent ions are available as supporting
information.

Table. 3 Diffusion coefficient (Dypp) of alkali cation (0.1 M solution)
in the ZnHCF film, obtained from CV at high scan rates

Cation Lit Nat K+
107 D, rid (cm® s™") 3.66 1.67 8.56
108D, ox (cm?s™") 5.08 3.28 6.02

app'
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Conclusions

Films of zinc hexacyanoferrate have been deposited on a
glassy carbon electrode with a specific protocol aimed at
ensuring reproducible electrode characteristics. The mor-
phology of the electrodeposited material has been further
studied by SEM and ATR-FTIR spectroscopy confirming
the occurrence of the Fe!'-C-N-Zn"! structural unit. A full
electrochemical characterization suggested a good stabil-
ity of the film and the capacity to intercalate several both
monovalent and divalent cations. Kinetics of the interca-
lation/deintercalation process has been also addressed.
Overall, the low-toxicity and cheapness zinc make zinc
hexacyanoferrate films a promising candidate for applica-
tion in ion exchange system.
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