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Abstract: Thin films of capillary deposited nickel hexacyanoferrate(NiHCF) were investigated as electrochemically switched ion 
exchange(ESIX) materials. The films were generated on platinum and graphite substrates based on the ternary reagent diagram. In  
1 mol/L KNO3 solution, cyclic voltammetry(CV) combined with energy-dispersive X-ray spectroscopy(EDS) was used to determine 
the influence of experimental conditions on the electroactivity of the NiHCF thin film on Pt substrates. The ion selectivity, 
ion-exchange capacity and the regenerability of NiHCF films on Pt and graphite substrates were investigated. The experiment results 
show that the NiHCF thin films from Ni2+-poor growth conditions have double peaks CV curves and contain relatively larger amount 
of potassium; while those from Ni2+-rich growth conditions are single peak CV curves and contain relatively smaller amount of 
potassium. It is demonstrated that the NiHCF thin films of capillary chemical deposition have good ESIX performances. 
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1 Introduction 
 

Electrochemically switched ion exchange(ESIX) is 
an environmentally benign way to separate ions via 
reversible electrochemical modulation of the matrix 
charge density[1]. Ion loading and unloading can be 
easily controlled by modulating the redox states of ion 
exchange thin films prepared on conductive substrates, to 
perform the separation of ions from mixed solution and 
regeneration of the matrix. Since electrochemical rather 
than chemical potential (i.e. solution concentration) 
modulation is the main driving force for exchange, 
chemical regeneration of the ion-exchange matrix is not 
necessary[2]. The secondary waste created by chemical 
regenerants and associated rinse water is eliminated. So 
ESIX may replace the traditional ion exchange and have 
garnered intense recent interest[3−7]. 

Nickel hexacyanoferrate(NiHCF), an inorganic 
coordination compound with an open, zeolite-like 
structure, is an excellent candidate for ESIX separation 
of alkali cations because of its different affinity for alkali 
cations (Cs+>Rb+>K+>Na+>Li+)[8]. NiHCF can be made 

as electroactive thin film by electrochemical methods: 
one is the anodic derivatization of a nickel surface[3, 4], 
another is cathodic deposition onto a conductive 
substrate[9,10]. Both methods consume lots of 
electrolyte and have to solve the recycle problem of 
depleted electrolyte; while the complex electrochemical 
system is also needed to perform the electrochemical 
reaction. So the cost is high and the operation is not 
convenient. Moreover, the traditional chemical 
deposition is simple but the good films are difficult to be 
deposited onto the conductive substrate[11−14]. 

In this study, we deposit NiHCF on the Pt and 
graphite substrates by capillary chemical deposition and 
get various structure and composition electroactive thin 
film samples according to the ternary reagent diagram. 
Cyclic voltammetry combined with the energy dispersive 
X-ray spectroscopy(EDS) is used to determine the 
preparation condition of NiHCF thin films with high 
electrochemical activity. This deposition method is 
simple and effective and can be used to screen the films 
with good ESIX properties (electroactivity, ion 
selectivity, stability and regeneration). 
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2 Experimental 
 
2.1 Experiment instrument and reagents 

All reagents were analytical grade and all solutions 
were prepared using Millipore water (18.2 MΩ·cm). All 
electrochemical experiments were performed using a 
VMP2 Potentiostat (Princeton USA) controlled with 
EC-Lab software. A three-electrode system was used 
with platinum sheet or graphite bar as the working 
electrode, a platinum wire as the counter electrode. All 
reported potentials are referenced to a saturated calomel 
electrode(SCE). EDS spectra were acquired using the 
American KEVEX SIGAMA unit. 
 
2.2 Sample preparation 

The platinum sheet electrode of 10 mm×10 mm 
surface area and 0.2 mm thickness was first mirror 
polished with different sandpapers. Prior to the capillary 
chemical deposition of a NiHCF film, the electrode 
surface was cleaned electrochemically in 1 mol/L H2SO4 
by cyclic voltammetry from −275 to 1675 mV at 100 
mV/s. The graphite rod electrode of 8 mm diameter was 
also polished by sandpapers, then rinsed with distilled 
water and dried in air. 

Fig.1 shows a ternary diagram with varying volume 
fraction of three source reagents Fe3+(40 mmol/L 
K3Fe(CN)6), Ni2+(40 mmol/L NiSO4) and distilled H2O. 
The reagent percents labeled 1−13 were chosen to assess 
the range of materials produced with this combinatorial 
approach. 
 

 

Fig.1 Ternary experimental design 
 

Different NiHCF materials nucleated and grew on 
the surface of cleaned platinum and graphite electrodes 
by pipetting 4 µL of each reagent mixture into reagent 
well. The 7 mm×7 mm reagent wells were created using 

a PVC tape mask and the reagent mixing order was 
varied as follows: 

Library A: Ni2+/H2O/Fe3+; Library B: Fe3+/H2O/Ni2+

The different combinations of Ni2+, Fe3+ and H2O 
were injected into the capillary aperture between the 
reagents well and a piece of hydrophobic PVC tape using 
a P2 pipetman (Gilson International), the chemical 
deposition of NiHCF was performed on the substrate in a 
room-temperature, water-saturated environment. The 
samples were left in the water-saturated environment for 
several hours. Then the NiHCF films were successfully 
prepared on substrates. 

 
2.3 Electrochemistry 

After film growth, each sample cycled 15 times in a 
1 mol/L KNO3 solution from 100 to 1 000 mV at 25 
mV/s. The sample was then rinsed with distilled H2O and 
cycled more 15 times in the same manner. After the 
cyclic voltammetry, the sample on platinum substrate 
was placed in oxidized (1 000 mV) state by holding the 
potential for 15 min. The sample was emersed from 
solution while still under potential control, then quickly 
rinsed, and dried in air. EDS spectra was acquired next. 

Cation selectivity experiments were performed by 
electrochemical oxidation and reduction (cyclic volta- 
mmetry) of the NiHCF thin films on Pt and graphite 
substrates in various aqueous mixtures of Cs+ and K+ 
nitrate. After 25 cycles between 100 mV and 1 000 mV 
(at 25 mV/s) in a solution of interest, the electrode was 
quickly rinsed in deionized water to remove any 
electrolyte dragout and dried in air under ambient 
conditions. Seven different Cs+/K+ electrolyte mixtures 
were examined. These mixtures contained CsNO3 in the 
amounts 0, 10−5, 10−4, 10−3, 10−2, 0.1, and 1 mol/L, with 
KNO3 added to reach a total cation concentration of    
1 mol/L. 
 
3 Results and discussion 
 
3.1 Influence of experimental conditions on NiHCF 

films 
3.1.1 Electrochemical behavior of various NiHCF thin 

films 
Fig.2 shows the plot of the final cyclic voltammo- 

gram(CV) for part films on Pt electrodes in 1 mol/L 
KNO3 solution. The positive currents correspond to the 
oxidation of NiHCF with K+ deintercalation from the 
matrix and negative currents denote the reduction with 
K+ intercalation. Fig.2 shows that the different 
preparation procedures for each film leads to quite 
different reversible charge densities and CV shapes. 
Some CVs from Ni2+-rich growth conditions display a 
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Fig.2 Cyclic voltammograms for NiHCF thin films on Pt 
cycled in 1 mol/L KNO3 at 25 mV/s 
 
predominant lower-voltage peak (0.48 V), such as A09, 
B12 in Fig.2(a); whereas other CVs from Ni2+-poor 
growth conditions show two comparable peaks (0.48 V 
and 0.6 V) separated by roughly 100 mV, such as A08, 
B10 in Fig.2(b). 

The relative electroactivity can be explored 
straightly by comparing the cyclic voltammogram area of 
each sample. The different processing conditions lead to 
different sample charge densities. The processing 
condition A12 creates films with the largest charge 
density (qA12), so we use it to normalize all the other 
conditions to get the relative charge density, xi=qi/qA12 
for each sample i. The relative electroactivity of each 
sample and the reagent compositions that produce 
electroactive members in both libraries are shown 
schematically in Fig.3. Larger circles correspond to 
greater electroactivity, which indicate more films or 
thicker films produced in this sample. The ternary 
diagrams for the two libraries are plotted edge-to-edge to 
better show symmetry in the synthesis conditions. Fig.3 
shows that high electroactivity samples in Library A are 

also high in Library B. The capacities of the samples in 
the middle of the diagram are quite high; whereas those 
of thin films from Fe3+-rich or Ni2+-rich growth 
conditions are usually low. 
 

 

Fig.3 Electroactivity of NiHCF samples on ternary diagram 
 

3.1.2 EDS spectroscopy and K+ contents of various 
NiHCF thin films 

Energy dispersive X-ray(EDS) analysis is a fairly 
straightforward way to get at the relative cation content 
of different films. Fig.4 shows the oxidized-state EDS 
spectra for the same electroactive NiHCF samples shown 
in Fig.2. The peak at 3.3 keV corresponds to intercalated 
K ions while the peak at 6.4 keV is from Fe and 7.5 keV 
is from Ni. Each spectrum in Fig.4 is normalized to give 
identical integrated Fe peak intensities. Because the 
incident electrons easily penetrate through the entire 
NiHCF film and into the Pt substrate, a thin film analysis 
is possible (see details in [2, 6]). By normalizing with 
respect to Fe intensity (the films redox centers), the 
influence of film thickness is removed, so long as all the 
films are thin compared with the penetration depth of the 
electron beam. In this thin film limit, the K peak 
intensity is proportional to the amount of K intercalated 
into the matrix, so we can determine the K contents in 
the film by the ratio of K to Fe peak intensity (IK/IFe).  
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Fig.4 EDS spectra for parts of oxidized NiHCF samples 
Fig.4 shows that the NiHCF thin films from various 
preparation conditions have very different K intensity in 
oxidized state. 

Eleven samples acquired the EDS spectra in Library 
A but only 10 samples in Library B. The ratios of IK/IFe 
in the EDS spectra for the 21 samples range from close 
to 0 (as A7) to greater than 1 (A11, B4, B10). These 
indicate the diversity of the samples with different 
composition and structure. Fig.5 shows the relationship 
between the K+ contents for each sample in both libraries 
and the reagent compositions that produce the film. The 
darker the circle, the higher the ratio of IK/IFe is; and the 
whiter the circle, the lower the ratio is. The IK/IFe ratio 
plot shows that the darker samples are from high iron 
areas and the whiter samples are from low iron areas. 
Thus, the NiHCF thin films from different film-growth 
areas or conditions will have different electrochemical 
behaviors and compositions or structures. The ternary 
diagrams for two libraries display good symmetry, 
indicating there is not too much dependence on mixing 
order. 
 

 

Fig.5 K+ contents of NiHCF samples on ternary diagram 
 

The ideal ESIX thin film should have high 
electroactivity and low cation contents in oxidized state; 
therefore, NiHCF thin films from Ni2+-rich growth 
condition are suitable for separation of the alkali cations. 
In the following sections we will focus on sample 9 in 
Library B. 
 
3.2 Ion selectivity of NiHCF thin film 

Fig.6 shows the cyclic voltammograms for the 
NiHCF thin film on graphite substrate cycled in different 
electrolyte solutions with varied K+/Cs+ compositions. 
These curves illustrate the transition from predominantly 
K+ exchange to Cs+ exchange as the capillary deposited 
film is cycled in K+/Cs+ mixtures with increasing amount 
of Cs+. The redox potential of the reversible wave 
depends on the ionic radius of the exchanging cation in 
the film. Therefore, the shift of the redox potential 

toward more positive values in curves a through f 
qualitatively indicates an increasing amount of Cs+ 
loading and the higher potential of the cesium CV peak 
also indicates the selectivity of this species over K+[1, 2]. 
The film on Pt substrate has similar electrochemical 
characteristics. 

In addition to a shift in redox potential, the 
reversible ion-exchange capacity is seen to decrease 
dramatically and the redox peak becomes flat as [Cs+/K+] 
in solution increases. Since the cyclic voltammetry in 
pure 1.0 mol/L KNO3 or 1.0 mol/L CsNO3 results in the 
exclusive exchange of K+ or Cs+, respectively, the CV 
peak in pure KNO3 solution is steep and that in pure 
CsNO3 solution is flat. The broad peak with low current 
indicates qualitatively the rate of loading and unloading 
of films. The broader the peak is, the slower the loading 
or unloading rate of ions is and the higher affinity for Cs+ 
the film has. These results are consistent with the NiHCF 
films prepared by anodic derivatization and cathodic 
deposition[1, 15]. 
 

 
Fig.6 Cyclic voltammograms for NiHCF film on graphite 
substrate in a series of aqueous K+ and Cs+ nitrate mixtures 
(The total alkali content of ([Cs+] + [K+]) is 1 mol/L, the Cs+ 
concentrations in each solution were 10−5 mol/L(a), 10−4 

mol/L(b), 10−3 mol/L(c), 10−2 mol/L, 10−1 mol/L and 1 mol/L(f).) 
 

3.3 Cycle life of NiHCF thin film 
The cycle life is an important property to assess 

ESIX films. The voltammetric cycles mimic redox 
switching in an ESIX process and are a measure of 
cycling stability. The CVs change of films on Pt and 
graphite are investigated in 1 mol/L KNO3 at 25 mV/s 
for 1000 times. Fig.7 clearly indicates decreases in cation 
loading capacity as a function of cycling. After 1 000 
cycles, the Pt film demonstrates a loss of about 37.45% 
of its capacity and the graphite film lost only 24.5% of 
its capacity. But they still have good redox activity. Also 
note that two distinct peaks appear in the CVs of Pt 
substrate with the increasing of the cycle number. This 
may be caused by structural modifications in the NiHCF 
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film with cycling. But the CVs of graphite substrate keep 
the same shape as the first cycle. So the film on graphite 
shows better stability and is suitable for the application 
of ESIX. 
 

 
Fig.7 Cyclic voltammograms for repeated potential cycling of 
NiHCF films in 1 mol/L KNO3 (The cycling number is 1, 200, 
500, and 1000 respectively from outside to inside.) 
 
3.4 Electrochemical regeneration of NiHCF thin film 

One advantage of ESIX technology is that the 
transition of oxidized and reduced states corresponding 
to unloading and loading of metal ions of NiHCF thin 
film is easily controlled by electrochemistry. Accordingly 
the metal ions are separated and thin films are 
regenerated. The film used in the solution containing Cs+ 
is called Cs+ form. The regeneration of the thin films on 
Pt and graphite substrates from the Cs-form to the 
K-form can be accomplished by cycling a Cs-loaded film 
in a K+-containing electrolyte. Fig.8 shows the 
voltammograms of regenerated films at the 25th cycle in 
1 mol/L KNO3 solution. For comparison, the initial CVs 
of the films are also shown in this figure. After 
regeneration the CVs for Pt and graphite films have 77% 
and 80% as much ion-exchange capacity as initially CVs 
in K+-containing electrolyte respectively. The ion 
exchange capacity could be increased with the cyclic 
number and the regenerated NiHCF films on Pt and 

graphite still have good redox reversible activity. 
 

 
Fig.8 Cyclic voltammograms for matrix regeneration by 
potential cycling Cs-loaded film in 1 mol/L KNO3

 
4 Conclusions 
 

1) Based on the ternary reagent diagram, the 
electroactivity NiHCF thin films are successfully 
prepared by capillary chemical deposition on platinum 
and graphite substrates. The ideal preparation for 
electroactivity NiHCF thin film is from Ni2+-rich growth 
condition according to cyclic voltammograme and EDS. 

2) It has been demonstrated that the capillary 
deposited NiHCF thin films are suitable for ESIX 
processes. The NiHCF thin films have good Cs+ 
selectivity, stability and regenerability. 

3) The ESIX performances of NiHCF film on 
graphite substrate are better than that on Pt substrate. It is 
important to the development of a practical and 
large-scale ESIX process. 
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