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A facile electrochemical approach was developed for the controllable synthesis of holmium 

hexacyanoferrate(II) (HoHCF(II)) carambolalike and multilayered flowerlike microparticles. The 

composition, morphology and structure of the as-prepared HoHCF(II) products were characterized by 

the techniques such as powder X-ray diffraction (XRD),  infrared spectrum (IR), thermogravimetry 

(TG), differential scanning calorimetry (DSC),  energy-dispersive X-ray spectrum (EDS) and scanning 

electron microscopy (SEM). The formula of the prepared HoHCF(II) could be assigned to be 

KHo[Fe(CN)6]∙4H2O. It was observed that the size and morphology of the HoHCF(II) microparticles 

were altered by electrodepositing potential and time. To the best of our knowledge, these morphologies 

of HoHCF(II) have not been reported before. Based on the morphology, the particle size and the 

crystal field splitting energy caused by CN
-
 bonding to Ho

3+
, HoHCF(II) showed good fluorescent 

properties and high fluorescent intensity. 
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1. INTRODUCTION 

As an important class of polymeric inorganic compounds, Prussian blue (PB) and its analogue 

of metal hexacyanoferrates (MHCFs, include hexacyanoferrate(II) and hexacyanoferrate(III) 

compounds) have been studied extensively for many years. Because of their intriguing properties such 

as electrocatalytic, electrochromic, ion-exchange, ion-sensing and photomagnetic properties, PB and 

its analogues have received renewed attentions [1-4]. The considerable reports are focused on the 

preparation and characteristics of the transition metal hexacyanoferrates as well as their applications. 
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For the lanthanide hexacyanoferrates (LnHCF), the synthesis and/or properties of compounds such as 

LaHCF,
  
CeHCF, PrHCF,

 
NdHCF,

 
SmHCF,

 
EuHCF,

 
GdHCF, TbHCF, DyHCF, ErHCF and TmHCF 

have been investigated [5-14], but only a few papers, to our knowledge, reported the preparation and 

characterization of holmium hexacyanoferrates [15]. 

In recent years, based on the effective intermolecular energy transfers from the coordinated 

ligands to the luminescent central of lanthanide ions, rare earth compounds have been studied 

intensively for their unique optical properties and high luminescence quantum efficiency [16-18]. 

Their versatile luminescent properties have inspired vigorous research activities and applied in a wide 

range fields, such as optical materials [19-21], bioassays [22, 23] and sensor systems [24, 25]. 

However, the progress with regard to new luminescent materials is chiefly focused on short emission 

wavelengths at present, which is useful in lithography, imaging and optical data recording [26-28]. The 

4f electrons of lanthanide ions are well shielded from the neighboring ions, and the shielding effect 

results in discrete and well-defined energy level schemes, as well as weak coupling between the 

electronic and vibrational wave functions. The f-f emissions of lanthanide ions lead to a long lifetime 

fluorescent properties, and the position of the excitation and emission bands depends strongly on the 

host lattice, i.e., the crystal structure and composition [29, 30]. Unfortunately, the light output of 

fluorescent materials is often affected by the concentration aggregation, the materials size and 

morphology, the concentration of the fluorescent central increases will leading to nonradiative 

processes
 
and resulting in concentration quenching [26, 31], and the energy quenching in energy-

transfer processes originating from surface trapping states in the nano-sized materials. Therefore, it is 

important to control the fluorescence material size, morphology and the distance of fluorescent 

centrals. 

Much progress has been made in the preparation, and the fluorescent properties of different 

morphology and size of lanthanide compounds [32-47]. As for the metal cyanides, the interesting 

photoluminescence properties of M[Ag(CN)2]3 (M = La, Tb, Eu, Dy) have been studied extensively 

[48-52], but there is only a few studies involving in the preparation and the fluorescent properties of 

PB and its analogs [14, 53, 54]. Until now, to the best of our knowledge, no reports were involved with 

holmium hexacyanoferrates(II) (HoHCF(II)). 

Herein, we describe a facile electrochemical preparation of carambolalike and multilayered 

flowerlike HoHCF(II) microparticles, and its fluorescent properties were observed. The structure and 

composition of the as-prepared HoHCF(II) were characterized with X-ray powder diffraction (XRD), 

infrared spectrum (IR), thermogravimetry (TG), differential scanning calorimetry (DSC) and energy-

dispersive X-ray spectrum (EDS) techniques. The morphology and size of the final products were 

investigated by scanning electron microscopy (SEM). It was found to be a fast, convenient route for 

the preparation of caramkolalike and multilayered flowerlike HoHCF(II) microparticles. To the best of 

our knowledge, the carambolalike and multilayered flowerlike HoHCF(II) has not been reported 

before. On the coordinated of CN
-
 ligands, HoHCF(II) showed different fluorescent properties with 

Ho
3+

 ions, and its good fluorescent properties can be attributed to the proper distance of Ho
3+

 ions in 

HoHCF(II), the moderate particle shape and size. 
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2. EXPERIMENTAL SECTION  

Analytical grade of holmium nitrate (Ho(NO3)3) was purchased from Aldrich, potassium 

hexacyanoferrate(III) (K3[Fe(CN)6]) and potassium nitrate (KNO3) were purchased from Shanghai 

Chemical Reagent Co. All reagents were used without further purification, and distilled water was 

used throughout. 

Powder XRD measurement was performed on a Shimadzu XD-3A X-ray diffractometer at a 

scanning rate of 4°/min in the 2θ range from 10 to 65°, with graphite monochromatized Cu Kα 

radiation (λ = 0.15406 nm) and nickel filter. IR spectroscopy was carried out on a Bruker Ifs66 Fourier 

transform infrared (FTIR) spectrometer (Bruker Co.) with KBr (FTIR grade) pellet in the single-beam 

mode over the range of 400 - 4000 cm
-1

 at room temperature. The TG and DSC curves were recorded 

in a Netzsch STA-409 PC instrument. The SEM images and EDS spectra were carried out on a S-3000 

N (Hitachi, Japan) scanning electron microscope with EX-250 (Horiba, Japan) operating at 20 kV.  

Electrochemical experiments were carried out on a CHI 660C electrochemical workstation 

(Chenhua, Shanghai, China) at room temperature. A traditional three electrode configuration was used 

with an indium tin oxide (ITO) slide as the working electrode. A platinum wire and a saturated calomel 

electrode (SCE) served as counter electrode and reference electrode, respectively. All potentials given 

below were relative to the SCE. 

Ultraviolet (UV) absorption spectrum was measured at a UV-vis Recording Spectrophotometer 

(UV-2401 PC, Shimadzu). Fluorescence spectra were recorded with an F-7000 fluorescence 

spectrophotometer (Hitachi). Dispersions of the resulting products in water were measured in standard 

quartz cuvettes at room temperature. The concentration of HoHCF(II) and Ho
3+

 ions are 20 mM. 

The caramkolalike and multilayered flowerlike HoHCF(II) microparticles were synthesized by 

amperometric method. In a typical procedure, the ITO electrode was immersed into the mixture 

containing 5.0 mM Ho(NO3)3, 5.0 mM K3 [Fe(CN)6] and 0.1 M KNO3, the potential was kept at a 

certain value for given times. Then, the ITO electrode was gently washed with doubly distilled water 

to remove the adsorbed salts. The ITO slide with deposited HoHCF(II) was dried in a desiccator for 

XRD, SEM and EDS measurements. For IR, TG, DSC, UV and fluorescence measurements, the 

electrodeposited HoHCF(II) was scraped from the ITO slide by a stainless steel knife. 

 

 

 

3. RESULTS AND DISCUSSION 

Typical IR spectrum of the HoHCF(II) sample is shown in Fig. 1. As PB and other metal 

hexacyanoferrate(II), the HoHCF(II) IR spectrum has a sharp stretching vibration peak of the CN 

group (ν(CN)) around 2065 cm
-1

, which indicates the typical asymmetric CN vibration of ferrocyanide 

[55]. Two peaks appeared at 589 and 458 cm
-1

 respectively in the HoHCF(II) spectrum, corresponding 

to the stretching mode of ν(MC) and bending mode of δ(MCN) [55]. Broad bands at around 3331 and 

3218 cm
-1

 show that there are two types of stretching vibrations of the OH group, indicating that there 

are two types of H2O in the structure. One is the interstitial water or zeolitic water, corresponding to 

the broad adsorptive band occurring at approximately 3218cm
-1

, which results from the association of 
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water due to the H-bonding, this is similar to the case of PB [56, 57].
 
The other is the water 

coordinated to Ho, corresponding to the peak at 3331 cm
-1

.  

 

 
 

Figure 1. IR spectrum of the as-prepared HoHCF(II) 

 

The peak at around 1600 cm
-1

, which is assigned to the bending vibrations of the OH group in 

water, splits into two peaks at 1584 and 1645cm
-1

 also indicates that there are two kinds of OH groups 

in the HoHCF(II), the peak at 1584 cm
-1

 corresponds to the bending vibration of the interstitial water, 

and the peak at 1645 cm
-1

 corresponds to the bending vibration of the coordinated water. The IR 

spectrum of the as-prepared product shows that the HoHCF(II) is a metal hexacyanoferrate(II) 

compound.  

 

 
 

Figure 2. TG and DSC curves of the as-prepared HoHCF(II) 

 

Fig. 2 shows the TG and DSC curves of the HoHCF(II) prepared at - 0.4 V. In the TG curve, it 

can be observed that both coordinated and zeolitic waters are weakly bonded, and the dehydration 
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process starts at about 60 and ends at about 200 °C. The mass loss is about 15.5% of the sample 

weight, this value is close to the value 14.8% representing the relative molecular mass of the four 

water molecules to the molecular mass of KHo[Fe(CN)6]·4H2O. This easy dehydration may be related 

to the framework of the HoHCF(II), which facilitates the removed water molecules release from the 

solid. Since ferricyanides decompose at lower temperature, only ferrocyanides remain stable up to 

above 300 
o
C, TG curve indicates the as-prepared product is a hexacyanoferrate(II) compounds and it 

is consistent with the IR results. The DSC curve shows a structural variation indicated by two distinct 

endothermic peaks observed at 154.9 and 192.0 °C, respectively. This variation is due to the evolution 

of the four water molecules in the crystal lattice of HoHCF(II) forming two groups observed in the IR 

spectrum , and each group has its peculiar character. 

 

 
 

Figure 3. EDS spectrum of the as-prepared HoHCF(II) 

 

 
 

Figure 4. (a) Powered XRD pattern of the as-prepared HoHCF(II) and (b) Standard XRD pattern of  

theorthorhombic KY[Fe(CN)6]·3H2O (JCPDs Card No. 81-1365) 
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The chemical composition of the as-prepared product is further determined by EDS technique 

and shown in Fig. 3. Only those peaks with the elements of K, Fe, Ho, C, N, O and Au are present in 

the EDS spectrum, the Au peaks arise from the gold sputtered on the sample surface. The approximate 

element proportion of K, Fe, Ho, C, N and O is about 0.93:1.00:1.05:6.28:5.53:3.78, which is close to 

the nominal composition of KHo[Fe(CN)6]·4H2O. 

Powered XRD pattern of the HoHCF(II) deposited at -0.4 V for 500 seconds is shown in Fig. 4. 

The sharp and narrow diffraction peaks indicate the product has highly preferential orientation. To the 

best of our knowledge, there is no literature on KHo[Fe(CN)6]·4H2O, only has one literature on 

Ho4[Fe(CN)6] (JCPDS 40-0539) and HoFe(CN)6 (JCPDS 40-0526)
 
[58], although some main peaks in 

KHo[Fe(CN)6]·4H2O can be indexed in JCPDs 40-0539, there are many peaks can not be checked in 

the XRD spectrum of Ho4[Fe(CN)6].
 
Based on the atomic radii of Ho

3+ 
and Y

3+
 ions are approximately 

equal, it may be interpreted
 
that hydrous holmium hexacyanoferrate(II) has a similar XRD mode with 

hydrous yttrium hexacyanoferrate(II). Through carefully inspecting the JCPDs, we find that almost all 

of the detected peaks are indexed as the orthorhombic KY[Fe(CN)6]·3H2O (JCPDs 81-1365) with the 

lattice constants of a, b and c of 7.202, 12.59 and 13.59 Å, respectively. However, there is slight 

variation between the two XRD patterns, which can be attributed to the different amount of hydrated 

water in the two materials and/or the tiny difference in the radii of Ho
3+ 

and Y
3+

 ions. 

 

 
 

Figure 5. SEM images of HoHCF(II) microparticals deposited at - 0.4 V for 500s: (a) low magnitude 

and (b) individual carambolalike and multilayered flowerlike microparticles 

 

In the experiments, when an ITO electrode was placed in a solution with 5.0 mM Ho(NO3)3, 

5.0 mM K3[Fe (CN)6] and 0.1 M KNO3 and was electrodeposited at - 0.4 V for 500 seconds, plenty of 

caramkolalike and multilayered flowerlike products were observed, as shown in Fig. 5a. The 

magnified SEM image of the products (Fig. 5b) shows that the carambolalike and multilayered 

flowerlike products are in good symmetrical with size of about 3.0 μm. 

The influence of applied potential on the size and surface morphology of HoHCF(II) were 

firstly investigated. When depositing at - 0.6 V, well crystallized carambolalike with size of about 4.5 

μm can be obtained and the thickness of each ridge of the carambolike deposits is less than 200 nm, as 

shown in Fig. 6a. It is obvious that the size of the microparticles shown in Figure 6a is larger than that 

shown in Figure 5b. During the deposition at - 0.2 V, the morphology of the products are most of 
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multilayered flowerlike, and the size of the product is about 4.0 µm (Fig. 6b). At the stage of 

deposition at 0 V and 0.2 V, the surface morphology of the prepared products becomes thoroughly to 

be multilayered flowerlike products (as shown in Fig. 6c and Fig. 6d), and the size of the products 

were about 10.0 and 8.5 μm respectively. 

 

 
 

 

Figure 6. SEM images of the HoHCF(II) prepared for 500 seconds at: (a) - 0.6, (b)- 0.2, (c) 0 and (d) 

0.2 V 

 

The role of depositing time was also investigated. When - 0.4 V potential was applied, the 

products size increased with the deposition time, as shown in Fig. 7. After deposition for 20 seconds, 

the products size is in the range from about 1.8 to 2.5 μm, as shown in Fig. 7a. Increasing the 

deposition time to 200 seconds, the size of the microparticles is about 3.0 μm (Fig. 7b). When the 

depositing time reaches to 2000 seconds, the size of the microparticle develops to about 5.0 μm (Fig. 

7c). With prolong further the deposition time to 9000 seconds, the aggregations of the deposits can be 

obtained, as indicated in Fig. 7d. 

In order to exploit the formation mechanism of the as-prepared products, cyclic voltammetry 

(CV) technique is also applied to study the deposition process of HoHCF(II), the result is shown in 

Fig. 8. When the potential was scanned in the range of - 0.5 V to 0.6 V, a cathodic peak appeared at 0 

V, it corresponded to the reduction of [Fe(CN)6]
3- 

to [Fe(CN)6]
4-

. The anodic peak corresponding to the 

oxidation of [Fe(CN)6]
4- 

to [Fe(CN)6]
3-

 appears at 0.33 V [59]. The peak currents corresponding to the 

reaction of [Fe(CN)6]
3-/4- 

redox couple decrease gradually with the increase of the scan cycles, which 
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indicates the concentrations of [Fe(CN)6]
3-

 in the electrolyte decrease gradually and the formation of 

HoHCF(II) on the electrode surface.  

 

 
 

Figure 7. SEM images of the HoHCF(II) microparticles prepared at -0.4 V for different times: (a) 20, 

(b) 200, (c) 2000 and (d) 9000 seconds 

 

There is a cathodic peak appears at about 0.32 V in the first scan cycle and gradually moves to 

negative potentials, which corresponds the reduction of Ho[Fe(CN)6]·xH2O formed on the electrode 

surface in the oxidation procedure. On the basis of experimental results mentioned above, a possible 

formation mechanism for the carambolalike HoHCF(II) microparticles might be proposed. 

Ho[Fe(CN)6]·xH2O was firstly formed on the electrode surface through a chemical reaction. When 

designed potential was applied to ITO electrode, two electrochemical reactions were performed, one 

was the reduction of Ho[Fe(CN)6]·xH2O and transformed to be KHo[Fe(CN)6]·4H2O, the other was 

that Fe(CN)6
3- 

reduced to be Fe(CN)6
4-

 at the electrode/electrolyte interface, and followed a chemical 

reaction to form HoHCF(II) on the electrode surface: 

 

Fe(CN)6
3-

 + Ho
3+

 + xH2O → Ho[Fe(CN)6]∙xH2O  (chemical procedure) 

 

Ho[Fe(CN)6]∙xH2O + K
+
 + e + (4-x)H2O→KHo[Fe(CN)6]∙4H2O (electrochemical-chemical procedure) 

 

Fe(CN)6
3-

 + e →Fe(CN)6
4-    

(electrochemical procedure) 

 

Fe(CN)6
4-

 + Ho
3+

 + K
+
 + 4H2O → KHo[Fe(CN)6]∙4H2O  (chemical procedure) 
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Figure 8. A typical cyclic voltammograms of HoHCF(II) deposition process on a ITO electrode 

surface in a solution of 5.0 mM Ho(NO3)3, 5.0 mM K3[Fe(CN)6] containing 0.1 M KNO3 as 

supporting electrolyte. The scan rate is 50 mV/s 

 

 
 

Figure 9. UV absorption spectrum of the as-prepared HoHCF(II) microparticles (curve a) and Ho
3+

 

ions (curve b) 

 

All the results above demonstrate that the morphology and size-controlled synthesis of 

HoHCF(II) could be carried out by modulating the depositing parameters, suggesting that the adopted 

method was an effective approach to the preparation of HoHCF(II) materials. However, the growth 

mechanism of different morphologies should be further investigated. 

The absorption spectra of the as-prepared microsized HoHCF(II) and Ho
3+

 ions in the UV 

region are shown in Fig. 9. As a result of the f-f electron transitions, both HoHCF(II) and Ho
3+ 

ions 

intensively absorb UV light in the range from 190 to 250 nm. Other than the broad and flat absorption 

peak of Ho
3+

 ions in the range from 211 to 235 nm, HoHCF(II) shows a sharp absorption peak at 217 

nm, and the absorption peak at about 300 nm of Ho
3+

 ions disappears. This different spectral behavior 

may be attributed to the different crystal field interactions caused by ligands bonded to Ho
3+

.  
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Figure 10. Excitation (a) and emission (b) spectra of the as-prepared HoHCF(II) microparticles(curve 

1) and Ho
3+

 ions (curve 2)  

 

The fluorescent spectra of the as-prepared HoHCF(II) products (curve 1) and Ho
3+

 ions (curve 

2) are shown in Fig. 10. In the excitation spectra (Fig. 10a), both HoHCF(II) and Ho
3+

 ions have three 

exciting peaks in the UV region originating from the transition of 
5
I8 to 

3
I7, 

3
L9 and 

3
K7, respectively 

[60]. Compared with Ho
3+

 ions, the transition of 
5
I8 to 

3
I7 in HoHCF(II) shows a red shift, but the 

5
I8 to 

3
L9 and 

3
K7 transition need higher energies. It is clear that the maximum excitation peak locates at 

about 270 nm corresponding the transition of 
5
I8 to 

3
I7 in HoHCF(II), but for Ho

3+
 ions, the maximum 

peaks is at about 337 nm, which comes from the transition from the ground state 
5
I8 to the excited 

3
L9 

state. This phenomenon may be contributed to the high crystal field splitting energy caused by CN
-
 

bonding to Ho
3+

. Upon excitation at 270 nm, HoHCF(II) exhibits two partially overlapped strong 

emission peaks at about 416 and 432 nm, respectively, which can be assigned to the (
5
G, 

3
G)5-

5
I8 

transitions [60], as shown in Figure 10b. On excitation at 337 nm, Ho
3+

 ion also has two partially 

overlapped emission peaks at about 415 and 424 nm, respectively. The emission intensity ratio of 

HoHCF(II) and Ho
3+

 ions with equivalent concentration is about 1.0 : 0.85. The enhanced emission of 

the as-prepared HoHCF(II) microparticles may be root in two aspects, one is the carambolalike and 

multilayered flowerlike microsized products, and the other is the proper distance of Ho
3+

 ions in 

HoHCF(II). These results indicate that the fluorescent properties of the microstructured HoHCF(II) are 

largely affected by factors such as the morphology, the particle size, and the bonding ligands. 

 

 

 

4. CONCLUSIONS 

In summary, carambolalike and multilayered flowerlike HoHCF(II) microparticles have been 

synthesized by a facile electrochemical deposition method. The prepared sample is a stoichiometric 

compound of KHo[Fe(CN)6]∙4H2O. It is found that the size and morphology of HoHCF(II) 

microparticles were altered by electrodepositing potential and time. The formation mechanism of the 

HoHCF(II) has been investigated. UV absorption and fluorescent properties of HoHCF(II) have also 

been investigated. The obtained samples showed good fluorescent properties, which could be related to 
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their different morphologies, particle sizes, and bonding ligands. The enhanced fluorescent properties 

of microsized HoHCF(II) may open up new applications in the assembly of microscale optical devices. 
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