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1. Abstract 

Prussian blue analogues (PBAs) have recently acquired a great deal of attention because 

of their promise in the fields of energy storage, drug delivery, thermochromic materials, 

magnetic materials and many more. Herein, for the first time we have fabricated high-

quality thin film of cobalt hexacyanocobaltate (CoHCC) on both Au and Si substrates. 

This was achieved by a low cost solution-processable method involving layer-by-layer 

(LbL) approach. The thin film was found to be insulating in nature with the resistance of 

~109 Ω. Doping by HCl vapors resulted in improved electrical conductivity of the thin film. 

Both the Au and Si substrates were functionalized by organic monolayers of thiol and 

alkene prior to the thin film deposition. FESEM and HRTEM analyses of isolated material 

from the thin film consistently revealed cube-like morphology. Significant difference in K+ 

alkali ion concentration between the thin film and bulk was detected by EDXS technique. 

Interestingly, appreciable difference in the intrinsic magnetic moments of thin film and 

bulk CoHCC was evinced by XAS and XMCD techniques.  
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2. Introduction 

2.1  Prussian Blue Analogues 

The general formula for PBAs is represented as AxMy[M’(CN)6]z.xH2O 

where A corresponds to alkali metal ions eg. Na+, K+ and M and M’ indicates 

transition metal ions. PBAs have open framework structure with nanoporous 

wide channels allowing rapid ionic conduction for high rate capability. They 

have high specific capacity for alkali metals and alkali earth metals which has 

been proven to play a vital role in thermal and photoinduced electron 

transfer.[1] The uptake of enough K+ ions in the interstitial sites of FeCo PBA 

was reported to undergo magnetization state change from a paramagnet to 

ferrimagnet state.[2] 

 

Figure 1: Schematic showing crystal structure of PBAs (adopted from Ref. [3]) 

     PBAs crystallizes in the face centered cubic structure forming coordination cubes 

involving M-CN-M’ links. It could lead to diverse range of applications like magnetic, 

electronic, catalytic etc. by easily changing M, M’ metal ions or the same metal with 

different oxidation states.[4]. For electronic applications transition metals with large 

number of unbonded electrons like Fe, Cu, Co have been the good competitors. For 
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magnetic application, transition metals with large number of unpaired electrons like Cr, 

Mn performed excellently.[4] The cyanide bridge in PBAs between transition metals is 

special and could encourage strong magnetic coupling between paramagnetic centres. 

PBAs are commonly synthesized by solution precipitation method. These factors allow 

substantial control and tunability in PBAs for the diverse applications. 

 

Figure 2: Schematic demonstrating photoinduced charge transfer (adopted from Ref. [5]) 

PBAs could undergo phase transitions stimulated by pressure, temperature, or light 

irradiation.[6] Thermal or photo induced charge transfer induced spin transition has been 

widely studied in FeCo PBAs. PBA of FeCo containing cesium as the alkali metal ion, 

exhibited thermally induced electron transfer from Co(ll) to Fe(lll) at low temperature.[7] 

This transfer was affected by the movement of Cesium ions back to the center of 

interstitial sites at low temperatures.  In another PBA of FeCo, parallel alignment of Fe 

and Co ions in the photoexcited state was investigated by XAS and XMCD.[8]. A PBA of 

vanadium hexacyanochromate exhibited spontaneous magnetic ordering at Tc = 315 K 

suggesting transition metal hexacyanocomplexes as the promising candidate for the 

construction of high Tc magnets.[9] 

2.2  Salient features of Cobalt Hexacyanocobaltate (CoHCC) 
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Figure 3: Schematic unveiling structure of CoHCC and spin states of Co (cubic structure 

imported from Ref. [10] with modifications)  

CoHCC in the bulk form is a thermochromic material which is reported to change 

color from pink to blue as the temperature is increased.[9] CoHCC has been utilized as 

an anode material for nonaqueous potassium ion batteries delivering highly reversible 

capacity of 324.5 mAhg-1 at a current density of 0.1 Ag-1.[11] Due to its porous framework, 

CoHCC has been proven to have high affinity towards sorption and desorption towards 

ammonia.[12] CoHCC modified bismuth vanadate was utilized for photoelectrochemical 

water oxidation.[13] 

Synthesis of PBAs in the bulk form have been known for a long time but bringing the 

PBAs in the thin film configuration by a solution deposition method using LbL approach 

is still a challenging task. Lbl offers certain novel features for example (1) highly crystalline 

and oriented growth, (2) control over thickness, (3) limiting the interpenetration of 

coordination polymers. Many studies have shown that properties of the material in the 

thin film configuration might differ from the bulk.[12] Earlier work from our group on 
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spontaneous reduction of Cu(ll) to Cu(l) in copper hexacyanoferrate thin film was evinced 

at solid-liquid interface without the use of any external reducing agent.[10]  

Motivated by the salient features of CoHCC in the bulk form and lack of CoHCC thin film 

in the literature, we decided to fabricate CoHCC thin film and explore its properties. 

Herein, we report the first time fabrication of a high-quality CoHCC thin film on both the 

gold and silicon substrates by LbL approach. Self-assembled monolayer (SAM) of 11-

mercaptoundecanoic acid (MUDA) was prepared on Au substrate, an organic monolayer 

of Undecylenic acid (UDA) was grafted on Si substrate prior to the thin film deposition.  

3. Materials and Methods 

3.1  Chemicals Required 

Cobalt (ll)acetate tetrahydrate  (Co(OAc)2.4H2O), Potassium hexacyanocobaltate     

(lll) (K3[Co(CN)6]), Hydrogen fluoride (HF) (40%), Undecylenic acid (UDA) 

3.2  Substrates Required  

Gold coated silicon wafer, P-type Silicon wafer 

3.3  Substrates Cleaning 

 For cleaning, Au and Si substrates were sonicated in a series of solvents starting 

with distilled water, acetone, methanol, isopropanol and then treated with piranha 

solution (H2SO4:H2O2 = 3:1) 

4. Synthesis and Fabrication 

Functionalization of Au Substrate: Mercaptouncanoic acid (MUDA) is used as a 

Self-assembled monolayer (SAM) on Au substrate. Cleaned Au substrate was dipped 

in 1mM MUDA solution (ethanol : acetic acid = 9:1) to obtain carboxyl-terminated 

functionalized Au substrate. Here, tail end of mercaptoundecanoic acid (i.e. SH) 

interacts with Au by HSAB principle forming the Au-S semicovalent bond. 

Functionalization of Si Substrate: The functionalization procedure on Si is different 

from Au and has been followed from the reported article with slight modifications.[14]. 

Cleaned Si substrate was oxidized with piranha solution for 45 min and then immersed 

in 40% HF solution for 2 min to remove the oxide layer from silicon surface. HF treated 
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silicon substrate was then anodized in the HF/ethanol = 1:1 (HF = 40% and ethanol = 

100%) mixture at an applied current of 80 mA/cm2 for 30 seconds. This hydrogen 

terminated porous silicon was then kept in neat undecylenic acid (UDA) solution at 

150 °C for 24 hours as shown in Fig. 4. In this step, hydrosilylation reaction occurs 

between UDA and hydrogen-terminated silicon which proceeds via thermally driven 

radical pathway.[15] This leads to the formation of Si-C high strength bond and 

thereby functionalization of Si substrate with carboxyl-termination.  

 

 Figure 4: Schematic evincing procedure for functionalizing Si substrate. 

Hydrosilylation reaction driven by radical pathway. 

Fabrication of CoHCC Thin Film: The thin film was fabricated by solution deposition 

method involving LbL approach. The functionalized Au and Si substrates were first 

dipped in 2 mM ethanolic solution of cobalt acetate (Co(OAc)2) kept at 60 °C for 30 

min accompanied by washing with methanol and drying as shown in Fig. 7a. 

Substrates were then dipped in aqueous ethanolic (H2O:C2H5OH = 3:7) potassium 

hexacyanocobaltate (K3[Co(CN)6]) solution kept at 60 °C for 30 min accompanied by 
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washing with methanol and drying. This completes one cycle of LbL growth method 

and the same procedure was repeated upto 20 cycles. 

 

Synthesis of Bulk CoHCC: Bulk CoHCC was synthesized by simple aqueous 

solution precipitation method. In this, 0.1 M aqueous Co(OAc)2 solution was mixed 

with 0.05 M aqueous K3Co(CN)6 solution under continuous stirring for 3 hours and 

then left undisturbed for 24 hours as shown in Fig. 5. The obtained precipitate was 

then centrifuged and washed 3 times with DI water. The washed precipitate was then 

vacuum dried for 3 hours at 110 °C. 

 

Figure 5: Illustration demonstrating procedure for synthesizing bulk CoHCC. 

 

HCl Doping: To modulate the electronic conductivity in both CoHCC bulk and thin film 

were exposed to HCl vapours. CoHCC bulk and thin film were first activated at 110 °C 

to remove the water molecules and then HCl vapours were allowed to pass in 

activated CoHCC bulk and thin film under vacuum at room temperature for 20 hours 

as shown in Fig. 6. 
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Figure 6: Representation displaying HCl doping procedure in CoHCC bulk. 

 

5. Results and Discussion 

The bulk form of CoHCC has been reported as Co3[Co(CN)6]2.nH2O where Co(lll) is 

linked with C and Co(ll) is linked with N of nitrile group experiencing strong ligand field 

and weak ligand field respectively and thereby forming Co(lll)-C≡N-Co(ll) link. Here, Co(lll) 

is in the low spin state with S = 0 and acts as a diamagnetic center while Co(ll) is in the 

high spin state with S = 3/2 acting as a paramagnetic center. 
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Figure 7: (a) Schematic demonstrating layer-by-layer growth method, (b) and (c) 

Zoomed-out and zoomed-in CoHCC thin film FESEM images respectively, (d) EDXS 

mapping of the CoHCC thin film across the plane, (e) SAED pattern acquired by HRTEM 

of the material extracted from the thin film, inset displays the cube observed in the 

extracted material from the thin film 
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     The fabricated thin film was characterized by various techniques. Field emission 

scanning electron microscope (FESEM) revealed uniform, smooth and high-quality thin 

film having cube-like morphology on both Au and Si substrates as shown in Fig. 7(b,c). 

The thickness of the thin film on Si substrate was measured by using cross-sectional 

FESEM and was observed to be ~550 nm as shown in Fig. 8.  

 

Figure 8: Cross-sectional FESEM image of CoHCC thin film on Si substrate. 

 

While the thickness on Au substrate was found to be ~200 nm. The reason behind the 

discrepancy in the thickness of the thin film on Au and Si substrates might be attributed 

to different functionalization procedure. Homogeneous distribution of all the elements (Co, 

C, N, K) across the thin film was observed through the elemental mapping by energy 

dispersive X-ray spectroscopy (EDXS) technique (Fig 7d).      

 

Figure 9: Table showing EDXS of both the bulk and thin film CoHCC. 

 

Surprisingly, the thin film exhibited the presence of potassium ions which were 

nearly absent in the bulk form configuration (Fig. 8). This difference in the composition of 

alkali metal ion between thin film and the bulk form is high and significant enough to cause 

the properties differences. The morphology and crystallinity of the thin film was further 

analyzed using high-resolution transmission electron microscopy (HRTEM) and selected 

area electron diffraction (SAED) technique (Fig. 7e). HRTEM image of the material 
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extracted from the thin film exhibited cube like morphology (inset Fig. 7e). SAED pattern 

of the thin film revealed highly crystalline cubic nature of the thin film while the weak 

diffraction rings in the SAED pattern of the bulk form indicated its polycrystalline nature. 

Further the spacing between lattice fringes dTEM=0.53 nm value was also calculated 

through HRTEM. 

 

Figure 10: (a) Out-of-plane XRD patterns of CoHCC bulk and thin film on Si and Au 

substrates. (b) Raman spectra of precursors Co(OAc)2 and K3[Co(CN)6], bulk CoHCC, 

thin film CoHCC on Au and Si substrates. 

 

Further crystallinity and structural study was carried out using out-of-plane X-ray 

diffraction technique (XRD) as shown in Fig. 10a. The two diffraction peaks at 2θ ~15.1° 

and ~17.5° corresponding to (111) and (200) crystallographic planes respectively were 

characteristic of the CoHCC in the face-centered cubic phase and matches well with the 

simulated XRD. Analysis of the diffraction peak at 2θ = 17.5° gives the lattice spacing 

value dXRD=0.51 nm. This dXRD value matches well with the dTEM value, thereby confirming 

the cubic structure. To check the bonding and valence states in the CoHCC coordination 

network, Raman study was carried out (Fig. 10b) on both the CoHCC bulk and the thin 

film. The two Raman peaks at ~2181 cm-1 and ~2196 cm-1 may be attributed to the 

cyanide stretching frequencies arising due to the presence of mixed valence states Co(ll)-

C≡N-Co(lll) and Co(lll)-C≡N-Co(ll) respectively, as predicted in an earlier report with 

similar PBA Copper hexacyanocobaltate (CuHCC).[16] Here the reason could be, as the 
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positive charge on the central atom (i.e. cobalt attached with the carbon of nitrile group) 

increases the bond between metal and carbon becomes shorter, thereby increasing the 

Raman frequency. However, the peaks in precursor K3[Co(CN)6] at ~2138 cm-1 and 

~2150 cm-1 are a significance of Eg and A1g modes respectively, emerging from Co(lll)-

CN free cyanide stretching.[17] 

 

Figure 11: Temperature dependent XRD plots of (a) CoHCC thin film, (b) CoHCC bulk. 

 

The thermal stability of CoHCC bulk and thin film structure was checked by 

variable temperature XRD (VT- PXRD) technique as shown in Fig. 11. A peak at ~15.1° 

corresponding to (111) plane in the thin film becomes absent at 150 °C. The XRD peaks 

in bulk CoHCC experienced blue shift as the temperature is increased from room-

temperature to 150 °C (Fig. 11b). According to the Bragg’s law 2dSinθ=nλ, increase in 2θ 

implies decrease in d value of the crystal structure. This change may be attributed to 

shrinking of the crystal structure due to loss of water molecules from the bulk CoHCC. 

But, interestingly this shift was not observed in the CoHCC thin film as the temperature is 

increased. Overall the crystallinity of both the CoHCC bulk and thin film was retained upto 

150 °C. 
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Figure 12: (a) XAS spectra at L-edge of K-HCC, bulk CoHCC and thin film CoHCC. (b) 

XMCD spectra at L-edge of K-HCC, bulk CoHCC and thin film CoHCC. 6 

To understand the valence and spin states, X-ray absorption spectroscopy (XAS) 

is one of the powerful experimental technique.[18] Low temperature XAS studies at 2K 

were performed at the L2,3 -edge for cobalt ions in both the CoHCC bulk and thin film (Fig. 

12). The peaks at 780.5 eV and 783.5 eV in potassium hexacyanocobaltate (K3[Co(CN)6]) 

are a signature of cobalt in Co(lll) configuration as expected. XAS spectra of both CoHCC 

bulk and thin film exhibits the peaks at 776.5 eV, 777.0 eV and 777.8 eV which are arising 

from Co(ll) state while the peaks at 780.5 eV and 783.2 eV are an indication of Co(lll) 

state.[8] Interestingly, a distinctive peak at 775.2 eV arising due to Co(ll) is present only 

in thin film but absent in bulk CoHCC. Both CoHCC bulk and thin film reveals the presence 

of both the Coll HS and Colll LS states, thereby supporting the existence of Colll-C≡N-Coll 

link. 

The intrinsic magnetic study of the CoHCC bulk and thin film was done by the X-ray 

magnetic circular dichroism (XMCD). The shown XMCD plot in Fig. 12b was obtained at 

low-temperature of 2K at an applied field of 6.8 T. As K-HCC contains cobalt in Co(lll) 

state, which is a diamagnetic state, no XMCD signals were observed. The intense XMCD 

signals occuring in both CoHCC bulk and thin film are arising due to Coll HS state. The 

variation in intensity between the bulk and thin film at L3-edge ~776 eV may be due to 

higher composition of Coll HS in the thin film than in the bulk. The difference in the intensity 
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of peaks at the L2-edge (790 eV - 795 eV region) in the CoHCC bulk and thin film is due 

to the different composition of spin and orbital angular magnetic moments.[19] As CoHCC 

thin film has more intensity in opposite sign at the L2 edge, it is predicted to exhibit more 

spin magnetic moments based on the XMCD sum rules. This difference in spectra 

indicates different intrinsic magnetic moments and the possibility of different alignment or 

different composition of Coll HS spins in the CoHCC bulk and the thin film.  

To get a deeper understanding of the intrinsic magnetic moments in both CoHCC bulk 

and thin film, a measurement is planned to study magnetization (χ-H and χ-T) plots of 

both the CoHCC bulk and thin film. 

The color of CoHCC thin film was observed to be black and the thermochromic property 

which could be observed in bulk CoHCC was not evidenced in the thin film (Fig. 13) which 

suggests that the physical properties of material can be tuned in thin films. 

 

Figure 13: Thermochromic property analyses in thin film. 

 

HCl Doping 

FESEM revealed no change in the morphology of the thin film and the thin film 

remained uniform and smooth with cube-like morphology as shown in the figure. To 

confirm the doping of HCl, EDXS technique was employed. Homogeneous distribution of 

all the elements (Cl, Co, K shown in the Fig. 14b) across the thin film was observed 

through the elemental mapping by EDXS. The presence of chlorine was also revealed by 

EDXS in both the thin film (At. % = 0.63) and bulk (At. % = 0.27) CoHCC as shown in the 

Fig. 14(b,c). To check the stability of bulk and thin film CoHCC structure after HCl doping, 

we carried out the out-of-plane XRD measurements. The two peaks at ~17.5° and ~24.8° 

https://en.wikipedia.org/wiki/Chi_(letter)
https://en.wikipedia.org/wiki/Chi_(letter)
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corresponding to (200) and (220) planes indicated the intact fcc structure. But the peak 

~15.1° corresponding to (111) plane which is present in thin film CoHCC becomes absent 

after HCl doping in thin film (Fig. 14d). The same change in the peak at ~15.1 ° in the 

XRD was observed upon heating the thin film at 150 °C.  

 

Figure 14: (a) Zoomed-in FESEM image of HCl doped CoHCC thin film. (b) Elemental 

mapping of HCl doped CoHCC thin film. (c) Table showing EDXS of HCl doped CoHCC 

thin film and HCl doped bulk CoHCC. (d) Out of plane XRD pattern of HCl doped bulk 

and thin film CoHCC. (e) Raman Spectra of HCl doped bulk and thin film CoHCC. 

In Raman spectra (Fig. 14e), the cyanide stretching frequencies at ~2181 cm-1 and ~2200 

cm-1 suggested the stability of mixed-valence state for Co(lll)-CN-Co(ll) even after HCl 

doping in both CoHCC bulk and thin film. 
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Figure 15: (a) UV- spectra of HCl doped bulk CoHCC. (b) I-V plot of HCl doped CoHCC 

thin film. (c) I-V plot of HCl doped bulk CoHCC.  

In Fig. 15a, UV-vis absorption spectra of bulk CoHCC displays a strong absorption 

at ~515 nm which is characteristic of 4T1(F) →4T1(P) transitions in hexacoordinated Co(ll) 

(OhColl). A distinctive absorption band at ~600 nm in the HCl doped bulk CoHCC indicates 

the 4A2(F) →4T1(P) in tetracoordinated Co(ll) (TdColl). This transformation of OhColl  to 

TdColl (or 6→4 coordination) was earlier recorded due to the removal of water 

molecules.[20] . Influence of HCl doping on bulk and thin film CoHCC was studied by two-

probe I-V measurements. The CoHCC thin film and bulk were found to be insulating with 

the resistance of 109 Ω and 107 Ω. The resistance was immensely reduced by 2 orders 

and 3 orders in the thin film and bulk CoHCC respectively after HCl doping (Fig. 15c).  
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Figure 16: (a) Nitrogen adsorption and desorption isotherms of bulk CoHCC collected at 

77 K . (b) Thermochromism in bulk CoHCC before and after HCl doping. 

Effect of HCl doping on the porosity of bulk CoHCC was investigated by gas adsorption 

technique (Fig. 16a). Brunauer-Emmett-Teller (BET) surface area of bulk CoHCC 

decreased from 858 m2/g to 740 m2/g after HCl doping. This change in surface area is 

accompanied by a slight diminution in mean pore diameter from ~3.49 nm to ~3.48 nm 

after HCl doping in bulk CoHCC. This study reveals the retention of mesoporosity in bulk 

CoHCC even after HCl doping. The thermochromic property of bulk CoHCC was retained 

after HCl doping as shown in Fig. 16b. A change in the intensity of blue color was 

observed at 90 °C before and after HCl doping. At 90 °C, bulk CoHCC showed Cobalt 

blue color while the HCl doped bulk CoHCC exhibited royal blue color. This change also 

confirms the HCl doping. 
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6. Conclusions  

First time fabrication of high-quality CoHCC thin film by robust method on both Au 

and Si substrates using solution deposition method involving LbL approach is reported. 

The thin film was found to be thermally stable by VT-PXRD. Functionalization of 

substrates played a crucial role for the fabrication of high-quality thin film. The thin film 

was analyzed to be insulating with the resistance of ~109 Ω. Electrical property of CoHCC 

thin film was modulated by HCl doping. The thermochromic feature of bulk CoHCC was 

not observed in the thin film configuration which suggest that physical properties of 

material in the thin film could be altered. Electronic structure vis-à-vis magnetic property 

of thin film CoHCC was realized to be significantly different from that of bulk CoHCC. It 

would be good to study modulation of magnetic property of CoHCC thin film by external 

stimuli. 
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