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Abstract

In this work a simple chemical bath deposition method was developed and employed for the preparation of
Nickel Hexacyanoferrate (NiHCF) films. The films were deposited by successive immersion of the fluorine
doped glass substrates (FTO) into acidic aqueous solution of NiCl, and K4[Fe(CN)g]. X-ray diffraction (XRD),
Scanning electron microscopy (SEM) and Atomic force microscopy (AFM) confirmed that the obtained NiHCF
films had crystalline structure. Cycling voltammetry was performed in order to investigate the electrochemical
properties of the films. Visible spectra of NiHCF films were recorded in-situ in the both, bleached and colored
state. From those spectra were estimated the optical band gaps. The response times of the bleaching and coloring
was estimated to an abrupt potential change from -2 V to +2 V and reverse. The coloration efficiency was

estimated from the dependence of the optical density on charge density.
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1. Introduction

A reversible change in a material’s color under an applied voltage is known as Electrochromism [1-3]. Since the
discovery of the phenomenon, electrochromic materials have been widely investigated, their electrochromic
properties have been improved, new materials have been synthetized and electrochromic devices have been

constructed.

Today electrochromic materials give opportunity for many technological applications such as smart windows [4-
7], antiglare mirrors [8] displays [9], camouflages [10] and sunglasses [11]. Among them, smart windows
represent a promising application because they can reduced the power consumption for lightening and air

conditioning by reducing solar heat gain and provide indoor comfort by reversible color changes.

Numerous materials, inorganic and organic, exhibit electrochromic behavior, and they can be divided into two
classes [12, 13]: cathodically coloring electrochromic materials which possess a reduced color state, and

anodically coloring materials which possess oxidized colored state.

Among the inorganic electrochromic materials, transition metal oxides are the most investigated electrochromic
materials, but recently, transition metal hexacyanoferrates have been considered in many technologies including
electrochromic devices [14-17], charge storage [18-20], ion exchange [21,22], electrocatalysis [23-25] and

molecular electronics and magnetism [26,27].

Transition metal hexacyanoferrate refers to iron(l11) hexacyanoferrate(ll) known as Prussian blue (PB) and its
analogues (PBAs) [16,21]. Among the PBAs, nickel(Il) hexacyanoferrate(ll,111) (NiHCF) films exhibit attractive

redox properties in terms of the model electroactivity and the related sorption of electrolyte cations [28].

The electrochemical behavior of transition metal hexacyanoferrates heavily depends on the structure and
composition of the film, which on the other hand depend on the synthesis method and deposition conditions
[29].

The aim of this work is to investigate electrochromic properties of NiHCF thin films prepared by a simple

chemical method.

2. Materials and methods

2.1. Deposition of the thin films

NiHCF thin films have been deposited onto commercially fluorine doped tin oxide (FTO) coated glass
substrates with dimensions of 50x20 mm and electric resistance of 10 — 20 Qcm™. Before the deposition, the
substrates have passed a cleaning process which is described in our previous work [17]. The deposition of the
films was carried out at room temperature from two solutions: aqueous solution of nickel(Il) chloride, and
aqueous solution of potassium hexacyanoferrate(ll). The 0.1 M nickel(ll) chloride solution was prepared by
weighing 2.379 g of nickel(ll) chloride hexahydrate, dissolving in 100 ml volumetric flask in approximately 50

ml deionized water, andafter dissolving, it was diluted up to desired volume of 100 ml. The 0.1 M stock solution
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of potassium hexacyanoferrate(ll) with volume of 100 ml was prepared in similar way by dissolving 4.224 g of
potassium hexacyanoferrate(ll) trihydrate in about 50 ml deionized water in 100 ml volumetric flask, and after
dissolving, it was diluted up to 100 ml. Previously cleaned substrate has been immersed in the first solution, and
after 2-3 s in the second solution, where it stays for the same time. The two immersions have been counted as
one deposition cycle. The film thickness depends on the number of deposition cycles and can be control by
counting the immersions of the substrate in one of the solutions. The detailed deposition procedure is previously
described in our work [17] for deposition of cobalt(ll) hexacyanoferrate(ll,I11) thin films. The obtained NiHCF
thin films were transparent. Two kind of samples prepared with 100 and 200 deposition cycles have been
investigated. The thickness of the films was 590 nm and 1100 nm corresponding to 100 and 200 cycles

respectively, with average increase in the growth in the film thickness in one deposition cycle of 5.7 nm.
2.2. Characterization of the films

The XRD patterns of the NiHCF thin films have been recorded by RigakuUltima IV X-ray powder diffraction
instrument, where CuKa radiation has used in the 20 range of 5%-70°. The thickness and the surface morphology
of the films have been observed by Tescan Vega 3 LMU Scanning Electron Microscope. Shimadzu Scanning
Probe Microscope SPM-9700 has been used in dynamic mode at room temperature for taking AFM
micrographs. The chemical identification has been conducted using Oxford X-act EDS. The samples for SEM

and EDS analysis have been gold coated using Quorum, Q150R ES Rotary Pumped Coating System.

A cyclic voltammetry was employed for the electrochemical measurements, using AUTOLAB Il equipement
(Eco-Chemie, Utrecht, Netherlands) in the potential range between -0.7 V and -0.2 V. A conventional three
electrode system consisted of NiHCF/FTO as working electrode, Pt wire as counter electrode, KCl-saturated
Ag/AgCI as reference electrode and 0.1M KCI aqueous electrolyte, has been used for examination of the
electrochemical properties of the films. The working area of the film was 0.8 cm? and the potential scan rate
was 10 mV/s.The optical spectra of the NiHCF thin films in the both, bleached and colored states, have been
recorded using Varian Cary 50 Scan Spectrophotometer in the range from 350 nm to 900 nm. The films have
been colored and bleached using +2 V and -2V respectively. The coloring and the bleaching of the films have
been performed in an electrochromic, two-electrode glass, home-made cell, consisted of NiIHCF/FTO and blank
FTO as electrodes, and 1M KCI aqueous solution as an electrolyte. An electrochromic cell with two clean FTO
substrates filled with electrolyte has been measured as 100% background. Sequential potential (2 V) have been

carried out for response time calculations.
3. Results and discussion

The NiHCF thin films investigated in this work revealed electrochromic behavior, repeatedly changing color
from transparent to yellow by alternative application of a negative and positive voltage respectively. Fig. 1
presents ex-situ photographs of NiHCF film in (a) bleached and (b) colored states. After bleaching (coloring),
the film was removed from the electrochromic cell, rinsed in distilled water, dried and then photographed with a

digital camera.
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(@) (b)

Figure 1: Ex-situ photographs of chemically deposited NiHCF film in (a) bleached and (b) colored states

The diffraction patterns of the blank FTO substrate and NiHCF film deposited on FTO substrate are presented in
Fig. 2., The diffraction peaks at 17.680°, 25.100° and 35.780° 26 values belong to NiHCF (JCPDS No. 51-1897),
while the other intensive peaks denoted with asterix belong to SnO, from the FTO substrate (JCPDS No. 46-
1088). These results confirm creation of NiHCF films onto FTO substrate [30]. As can be seen, all the peaks
related to NiHCF represent a typical face-centered structure [31, 32]. According to the diffractogram, the lattice

constant has been evaluated as 10.035 A.

== NiHCF/FTO

—FTO

Intensity

20 [degrees]

Figure 2: XRD patterns of the blank FTO substrate and NiHCF film deposited on FTO substrate

Scanning electron microscopy (SEM) was employed for investigation of the surface morphology of the
chemically deposited NiHCF films. The SEM microphotograph is shown in Fig. 3. It illustrates two dimensional
image of film with relatively rough surface, formed of well-defined crystallites or crystal clusters with

dimensions between 80 nm - 800 nm. It should be noted that some cracks also appeared on the surfaces, and this
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seemed to be the common phenomenon due to the shrinkage of film whilst it was dried [33]. The same result has

been obtained from the AFM microphotograph (Fig. 4).

4.3

SEM HV: 30 kV SEM MAG: 29.6 kx VEGA3 TESCAN|
WD: 6.43 mm Det: SE 1pm
View field: 6.40 ym | Date[m/dly): 06/27/17

Figure 4: AFM microphotograph of the chemically deposited NiHCF film

Electrochemical behavior of the NiHCF films has been investigated by cyclic voltammetry (CV). The cyclic

voltammograms of NiHCF films with two different thicknesses (590 and 1100 nm) are presented in Fig. 5.

The cyclic voltammograms of NiHCF films recorded in solutions which contain K* ions, usually have two pairs
of re-dox peaks [28, 34]. The presence of the two pairs has been ascribed to existence of two stable forms of
NiHCF: soluble and insoluble. The pair of peaks which occurs at more positive potentials is related to the
soluble form of NiHCF, and the other pair is related to the insoluble form. The corresponding red-ox reactions

can be represented by the equations:

299



International Journal of Sciences: Basic and Applied Research (1JSBAR) (2022) Volume 63, No 2, pp 295-307

K,Ni" [Fe"(CN)g| & KNi"[Fe"™ (CN)¢] + e~ + K* (1)
for the soluble form, and
KNij s [Fe" (CN)g] © Nij5[Fe"™ (CN)¢] + e+ K* (2)

for the insoluble form of NiHCF.
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Figure 5: Cyclic voltammograms for 590 nm and 1100 nm thick NiHCF films
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Figure 6: Visible transmittance spectra 0f590 nm (A) and 1100 nm (B) thickNiHCF films

As can be seen from the Fig. 5, the chemically deposited NiHCF films investigated in our work have only one
well defined pair of red-ox peaks which corresponds to insoluble form of NiHCF. Similar situation have been
observed in [35]. The absence of the soluble form indicates that the bleaching (reduction) and the coloring
(oxidation) of the chemically deposited NiHCF films takes place according to the equation (2). Another

characteristic feature is the higher anodic peak current than the cathodic one which could be ascribed to an
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electrocatalytic oxidation [36].

Fig. 6 presents the in-situ optical transmittance spectra in the wavelength range from 350 nm to 900 nm in both,
bleached and colored states of the films. As can be seen, the spectra show maximum transmittance difference
about 25% and 58% for 590 nm and 1100 nm thick NiHCF films respectively, at around 400 nm.

The optical transmittance spectra have been used to estimate the optical band gaps Eg4 of the films. The optical

band gaps were estimated from the absorption coefficient a by fitting the data to the relation.
ahv = B(hv — E;)™ (3)

where the absorption coefficient o was calculated from the transmittance data (T) and film thickness (t) by the

equation:
1 1
a = ? In ; (4)

andB is the constant, Av is the energy of the incident photon and m is a humber which determines the type of

electron transition causing the absorption [37].

Fig. 7 shows the plots of (ahv)? versus hv in both, the bleached and the colored states of 590 nm thick (A) and
1100 nm thick (B)NiHCF films. The optical band gaps were calculated from the linear parts as intercepts with the

photon energy axes, and the obtained results are presented in Table 1.

Table 1: Optical band gaps estimated from the linear parts as intercepts with the photon energy axes,

Thickness (nm) State E, (eV) R
Bleached 2.98 0.987

590 Colored 2,53 0.996

1100 Bleached 3.01 0.981
Colored 2.62 0.999

The coloration efficiencyn of the NiHCF films was calculated from the dependence of the optical density change:
AOD = In(T,/T_.) on charge density AQ/A at 400 nm (wavelength of the maximum transmittance difference)

during the coloration after the films were fully bleached:

_ Aln(Tb/Tc)
= 1D ()

whereT, and T, are transmittance of the fully bleached and colored states respectively, AQ is the injected/ejected
charge during the coloration process and A is the active area of the electrochromic film. Fig. 8 presents the plot of
the optical density change against the charge density. The coloration efficiency at 400 nm was determined as the
slope from the line fitted to the linear part of the curve. The estimated n values have been found to be 13.9 and
23.7cm’C™ for the 590 nm and 1100 nm respectively. The obtained results showed increasing of the coloration

efficiency with increasing of the thickness for the chemically deposited NiHCF films.
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Figure 7: The plots of (ahv)? versus photon energy (hv) for chemically deposited 590 nm (A), and 1100 nm (B)
thick NiHCF films
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Figure 8: The dependence of the optical density change ont the charge densityat a wavelength of 400 nm
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In order to examine the response time, the time dependence of transmittance (T)at 400 nm due to the abrupt
potential (U)change between £2 V was recorded in-situ and presented in Fig. 9 and Fig. 10. The response times of
coloring and bleaching was determined as the time needed for the film to reach 80% of the final change in the
transmittance. The response times were found to be 48 s for coloring and 42.9 s for bleaching for the 590 nm
thick film, and 35 s for coloring and 43.5 for bleaching for the 1100 nm thick film. As can be seen, the chemically
deposited NiHCF films showed decreasing of the response time with increasing of the thickness in the coloring
process, while in the bleaching process it is almost constant.
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Figure 9: The time response of the transmittance at 400 nm during one cycle of bleaching and coloring of NiHCF
film with thickness of 590 nm
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Figure 9: The time response of the transmittance at 400 nm during one cycle of bleaching and coloring of NiHCF
film with thickness of 1100 nm

4. Conclusions

This work presents the investigation on electrochromism of nickel hexacyanoferrate (NiHCF) films. For that
purpose new chemical method for deposition was developed. The designed method is simple, economical, do
not required sophisticated equipment, offer a possibility for large area deposition and yield stable, adherent,

uniform and hard films with good reproducibility by a relatively simple process. The films were chemically
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deposited at room temperature from two solutions onto fluorine doped tin oxide (FTO) coated glass substrates.
The investigation were conducted with films with two different thickness of 590 nm and 1100nm. Obtained
films exhibited anodic electrochromism changing color from transparent to yellow. The X-ray diffraction
(XRD) patterns showed that the films have typical face-centered cubic (fcc) structure. The evaluated lattice
constant was .10.035 A. The cyclic voltammetry (CV) showed a clear redox reaction, indicating switching
between reduced (transparent) and oxidized (colored) states of the films. The anodic peak current was bigger
than the cathodic one which could be ascribed to an electrocatalytic oxidation. The optical transmittance spectra
in the wave range from 350 - 900 nm showed maximum transmittance difference about 25% and 58% for 590
nm and 1100 nm thick NiHCF film at around 400 nm. The optical transmittance spectra were also used to
estimate the optical band gaps. The coloration efficiency of the films was calculated at 400 nm (maximum
transmittance difference) and the obtained results showed increasing with increasing of the film thickness. The
response times of the coloring and bleaching to an abrupt potential changed from -2 V to +2 V and reverse,
determined as the time needed for the film to reach 80% of the final change in the transmittance. According to
this criterion, the response time decreases with increasing of the film thickness in the coloring process, and it is

almost constant in the bleaching process.
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