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 A B S T R A C T

Understanding how growth conditions govern structural order and ion transport in Prussian 
blue analogues (PBAs) thin films is essential for optimizing their electrochemical performance. 
Here, cobalt and nickel hexacyanoferrate (CoHCF and NiHCF) thin films were electrodeposited 
potentiostatically at temperatures between 20 and 60 ◦C. A combination of cyclic voltammetry, 
scanning electron microscopy, X-ray diffraction, and Raman spectroscopy was employed to 
elucidate the interplay between composition, crystallinity, and chemical structure.

Under identical conditions, CoHCF exhibits a maximum current density approximately 
2.2 times higher than NiHCF, indicating significantly faster electrochemical kinetics. X-ray 
diffraction reveals temperature-dependent lattice expansion without phase transitions, with a 
maximum near 40 ◦C, associated with structural relaxation and compositional variations. Raman 
spectroscopy further reveals temperature-dependent local structural evolution, where cyanide 
band narrowing at intermediate temperatures indicates improved short-range order, while band 
broadening at higher temperatures reflects increased defect density.

These findings demonstrate that temperature-controlled defect redistribution governs both 
short- and long-range structural order in PBA thin films, directly influencing ion transport and 
electrochemical response. This work provides new insights into structure–property relation-
ships and establishes deposition temperature as a key parameter for tuning electrochemical 
functionality in hexacyanoferrate-based electrodes.

1. Introduction

Prussian blue analogues (PBAs) constitute a versatile class of coordination polymers formed by cyanide-bridged transition-metal 
ions, exhibiting open framework structures, rich redox chemistry, and remarkable compositional flexibility [1]. Owing to these char-
acteristics, PBAs have attracted considerable attention for applications in electrochemical energy storage [2], electrocatalysis [3], and 
sensing technologies [4]. In particular, cobalt- and nickel-based hexacyanoferrates (CoHCF and NiHCF) have emerged as promising 
candidates due to their chemical stability, tunable electronic properties, strong sensitivity to chemical composition and defect 
chemistry, making them ideal platforms for investigating structure–property relationships in cyanide-bridged frameworks [5–7].

The functional properties of PBAs are governed by both local and long-range structural order. Parameters such as chemical 
composition, alkali-metal content, and the concentration of [Fe(CN)6] vacancies directly influence lattice parameters, electronic 
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structure, ionic transport, and vibrational properties [8,9]. Additionally, coordinated and interstitial water species affect local 
bonding environments and charge-compensation mechanisms, thereby influencing redox activity and lattice dynamics. Consequently, 
even subtle variations in composition and defect chemistry can induce pronounced changes in the functional response of PBAs [10,
11].

When processed as thin films, these structure–property relationships become more complex. Reduced dimensionality, substrate–
film interactions, and kinetically controlled growth conditions can stabilize non-equilibrium structures that differ significantly from 
their bulk counterparts [12,13]. As a result, thin-film PBAs often exhibit enhanced defect densities, compositional heterogeneity, 
and anisotropic structural order, all of which are critical for applications requiring controlled ion transport, stable electrochemical 
behavior, and well-defined interfacial properties [14,15]. Despite their technological relevance, systematic studies addressing how 
synthesis parameters govern defect formation and compositional variation in PBA thin films remain limited.

Among the synthesis parameters, temperature plays a central role in determining crystallinity, morphology, and defect landscapes 
in PBAs [16]. At low temperatures, limited atomic mobility typically results in reduced crystallinity, small grain sizes, and increased 
structural disorder [17]. Increasing temperature enhances atomic diffusion and long-range ordering but may simultaneously promote 
alkali-ion incorporation, vacancy formation, and the retention of framework water [18]. This introduces a trade-off between 
improved crystallinity and defect generation, which remains insufficiently understood in electrodeposited PBA thin films [19,20].

Defects in PBAs are increasingly recognized not merely as imperfections but as key parameters governing ionic transport and 
electrochemical response [21]. Vacancies and local structural distortions can facilitate ion diffusion and modulate redox processes, 
whereas excessive disorder may compromise structural stability [22,23]. Establishing direct correlations between structural evolution 
and electrochemical behavior is therefore essential for rational materials design. In this context, cyclic voltammetry provides insight 
into redox activity, charge-transfer kinetics, and ion accessibility in PBA frameworks [24,25], while Raman spectroscopy serves as 
a sensitive probe of local structural order. In particular, the C≡N stretching modes respond strongly to metal–ligand coordination, 
oxidation state, and symmetry, enabling the detection of local disorder and compositional variations that may not be captured by 
diffraction techniques [26,27].

Despite previous studies on the temperature-dependent growth of PBAs in bulk systems, the systematic correlation between 
deposition temperature, local structural disorder, and electrochemical behavior in electrodeposited thin films remains largely 
unexplored. The interplay between composition, defect distribution, and multiscale structural ordering, in particular, has not 
been comprehensively addressed. In this study, we systematically investigate CoHCF and NiHCF thin films electrodeposited at 
temperatures between 20 and 60 ◦C. Using a combination of cyclic voltammetry (CV), X-ray diffraction (XRD), scanning electron 
microscopy (SEM), and Raman spectroscopy, we establish a direct correlation between deposition temperature, structural evolution, 
and electrochemical performance. Our results reveal a non-monotonic relationship between crystallinity and electrochemical activity. 
This demonstrates that defect-mediated structural dynamics play a dominant role in governing ion transport. Furthermore, a 
comparative analysis of Co- and Ni-based hexacyanoferrates highlights the role of the transition-metal center in modulating structural 
flexibility and defect sensitivity. These findings provide new insights into temperature-controlled structure–property relationships 
in PBA thin films and offer practical guidelines for the rational design of cyanide-bridged materials with tailored electrochemical 
functionality.

2. Materials and methods

2.1. Sample preparation

Prussian blue analogues (PBAs) thin films were prepared by potentiostatic electrodeposition using a conventional three-electrode 
electrochemical cell. A platinum plate served as the counter electrode, a saturated calomel electrode (SCE) as the reference electrode, 
and Au (50 nm)/Cr (5 nm) layers deposited on Si (100) substrates as the working electrode. Electrochemical deposition was carried 
out using an Ivium CompactStat potentiostat (Ivium Technologies, Eindhoven, The Netherlands). All potentials reported in this work 
are referenced to the SCE.

Film growth was performed at a constant applied potential of 0.30 V until a total charge of 50 mC was reached. The effective 
deposition area (approximately 0.5 cm2) was defined using an adhesive mask applied to the working electrode surface. The 
electrolyte consisted of an aqueous solution containing 1.0 M KCl, 0.25 mM K3Fe(CN)6, and 0.25 mM metal chloride precursor. 
The pH was adjusted to approximately 2 by the addition of hydrochloric acid. All chemicals were of analytical grade and used as 
received. The electrodeposition procedure followed protocols previously established by our group [28,29].

During deposition, the electrolyte temperature was controlled using a thermostated water bath and continuously monitored 
with a calibrated thermometer. The deposition temperature was varied between 20 and 60 ◦C. This configuration ensured thermal 
homogeneity of the electrolyte and minimized temperature gradients at the electrode surface during film growth.

Following the nomenclature adopted in our previous work [29], the deposited films were labeled according to the transition 
metal precursor: CoHCF for cobalt hexacyanoferrate films and NiHCF for nickel hexacyanoferrate films.
2 
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Fig. 1. Cyclic voltammograms of (a) CoHCF and (b) NiHCF recorded at different temperatures (20–60 ◦C) in 1.0M KCl aqueous electrolyte at a 
scan rate of 100mV s−1.

2.2. Material characterization

Structural characterization was performed by X-ray diffraction (XRD) using an X’Pert MRD diffractometer (PANalytical, Almelo, 
The Netherlands) with Co K𝛼 radiation (𝜆 = 1.78896 Å). Measurements were carried out in Bragg–Brentano geometry over a 2𝜃
range of 10–40◦ with a step size of 0.005◦.

Morphological and compositional analyses were conducted using a field-emission scanning electron microscope (FEG-SEM, 
TESCAN CLARA, Brno, Czech Republic) equipped with an energy-dispersive X-ray spectroscopy (EDS) detector (Ultim Max 65 SDD, 
Oxford Instruments, Wiesbaden, Germany). SEM imaging and EDS measurements were performed at an accelerating voltage of 20 
kV.

Raman spectroscopy was carried out using a confocal Raman system (WITec RISE, Ulm, Germany) with a 532 nm excitation 
laser. To avoid local heating and sample degradation, the laser power was limited to 0.4 mW for all measurements.

Electrochemical characterization was performed by cyclic voltammetry (CV) using the same three-electrode configuration 
described above. Measurements were conducted in a 1.0 M KCl aqueous electrolyte within a potential window of 0.0–0.6 V at 
a scan rate of 100mV s−1. All potentials are reported with respect to the SCE.

3. Results and discussion

3.1. Electrochemical characterization

The electrochemical behavior of CoHCF and NiHCF thin films was investigated by cyclic voltammetry (CV) in a 1.0M KCl aqueous 
electrolyte within a potential window of 0.0–0.6V vs SCE at temperatures ranging from 20 to 60 ◦C (Fig.  1). This potential range 
was selected to avoid irreversible oxidation processes and to ensure structural stability during cycling. The upper potential limit 
was further restricted to isolate the dominant Fe2+/Fe3+ redox process associated with K+ insertion/extraction, while minimizing 
contributions from secondary reactions [29].

Both materials exhibit reversible redox features characteristic of Prussian blue analogues (PBAs), in which Fe-centered redox 
reactions are coupled to alkali-ion transport within an open cyanide-bridged framework [30–32]. The electrochemical response was 
highly reproducible across multiple samples.

For CoHCF (Fig.  1(a)), a well-defined cathodic peak centered at approximately 0.37V vs SCE is observed, accompanied by 
a corresponding anodic peak at higher potentials. Increasing temperature results in a systematic increase in current density 
and progressive sharpening of the redox peaks. At 60 ◦C, CoHCF reaches a maximum cathodic current density of approximately 
1.2 mAcm−2, indicating an enhanced electrochemical response under elevated temperature conditions.

In contrast, NiHCF (Fig.  1(b)) exhibits broader redox features distributed over a wider potential window (approximately 
0.12–0.50V vs SCE), indicating the presence of multiple local redox environments rather than a single well-defined transition [33]. 
At 60 ◦C, the maximum cathodic current density reaches approximately 0.55 mAcm−2. A quantitative comparison based on the 
maximum cathodic peak current at 60 ◦C shows that CoHCF exhibits a current density approximately 2.2 times higher than NiHCF 
under identical conditions. This difference provides experimental evidence of enhanced electrochemical kinetics in CoHCF.

The temperature-dependent increase in current density and peak sharpening observed for both materials indicates thermally ac-
tivated electrochemical behavior, consistent with enhanced ionic mobility and reduced kinetic limitations at elevated temperatures. 
In CoHCF, the sharper and more intense peaks suggest a more uniform electrochemical response and improved ion accessibility 
3 
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Table 1
Comparison of electrochemical performance of hexacyanoferrate-based materials reported in literature and in this work.
 Material Synthesis method Current density Electrolyte/Ion Key feature Ref  
 (mA cm−2)  
 CoHCF (this work) Electrodeposition ∼1.2 KCl/K+ Temperature-controlled electrochemical 

response; maximum at 60 ◦C
This work 

 NiHCF (this work) Electrodeposition ∼0.55 KCl/K+ Broader redox features; 
disorder-sensitive response

This work 

 CoHCF Electrodeposition 0.5–1.0 –/K+ Electrocatalytic enhancement with Au 
co-deposition

[32]  

 NiHCF Cathodic thin film 0.2–0.6 –/K+ Structural disorder governs 
electrochemical response

[33]  

 NiHCF Chemical (aqueous) ∼0.8 KNO3/K+ Improved ion transport in 
nanostructured films

[39]  

 Co/Ni PBA Composite 1.0–2.0 – Synergistic electrochemical enhancement [25]  

within the framework. In contrast, the broader response observed in NiHCF reflects a distribution of redox sites, typically associated 
with structural disorder, vacancy distribution, and compositional heterogeneity [34,35].

Although electrochemical impedance spectroscopy would be required for a quantitative separation of charge-transfer resistance 
and diffusion contributions, the consistent trends observed in cyclic voltammetry (CV), together with structural and spectroscopic 
analyses (scanning electron microscopy (SEM), X-ray diffraction (XRD), and Raman spectroscopy), indicate that the electrochemical 
response is governed by coupled ionic transport and interfacial processes.

In both systems, the electrochemical behavior is dominated by the reversible Fe2+/Fe3+ redox couple associated with K+
insertion/extraction, while Co2+ and Ni2+ primarily act as structural centers without distinct redox activity within the investigated 
potential window [30,31,36]. These electrochemical reactions can be described by the following equilibria for CoHCF [32,37]: 

KCoII1.5[Fe
II(CN)6] ⇌ CoII1.5[Fe

III(CN)6] + K+ + e− (1)

K2Co
II[FeII(CN)6] ⇌ KCoII[FeIII(CN)6] + K+ + e− (2)

An analogous mechanism can be applied to NiHCF, where the Fe2+/Fe3+ couple similarly dominates the electrochemical response. 
The coexistence of these configurations is closely linked to the presence of [Fe(CN)6] vacancies and coordinated water molecules, 
which introduce local structural distortions and a distribution of redox potentials [34,35,38]. These effects are consistent with the 
broader electrochemical features observed, particularly for NiHCF.

A comparison with literature data (Table  1) indicates that the current densities obtained here fall within the typical range reported 
for hexacyanoferrate-based thin films. The differences observed between CoHCF and NiHCF are primarily attributed to variations in 
structural ordering and defect distribution induced by deposition temperature, rather than to significant differences in metal-centered 
redox activity within the investigated potential window.

Importantly, these results indicate that the distinct electrochemical behavior of CoHCF and NiHCF arises primarily from 
differences in framework rigidity, defect chemistry, and ion-transport pathways, rather than intrinsic differences in metal-centered 
redox activity, as discussed in the following sections.

3.2. Morphological characterization by SEM and EDS

To elucidate the structural origins of the distinct electrochemical behavior observed for CoHCF and NiHCF, their morphology 
and microstructure were investigated by scanning electron microscopy (SEM) (Fig.  2). As electrodeposition was performed within 
the electrochemically active Fe2+/Fe3+ redox regime, the resulting morphologies reflect kinetically controlled growth conditions 
governed by the interplay between nucleation and crystal growth.

For both materials, a clear evolution of surface morphology with deposition temperature is observed, highlighting the role of 
temperature in governing growth processes. Increasing temperature enhances surface diffusion and reduces kinetic barriers, thereby 
promoting crystallite growth and coalescence [40,41].

However, the extent of this effect differs significantly between the two systems. CoHCF films (Fig.  2(a)) exhibit relatively 
large and well-defined faceted crystallites across the entire temperature range, indicating a predominantly growth-controlled 
deposition regime. Only minor morphological variations are observed between 20 ◦C and 60 ◦C. At 20 ◦C, the films already display 
well-developed faceted grains, while at 60 ◦C a slight increase in crystallite size and improved inter-grain connectivity are observed.

This comparatively weak temperature dependence suggests a kinetically favorable growth regime that is less sensitive to thermal 
variations. Such behavior is consistent with stronger metal–ligand interactions and higher framework rigidity in Co-based PBAs, 
which favor structural stability and long-range ordering [34,35].

Although no statistical grain size analysis was performed, the observed morphological features were consistent across multiple 
regions and independently prepared samples, supporting the reproducibility of the trends discussed.

In contrast with CoHCF, NiHCF films (Fig.  2(b)) exhibit a pronounced temperature dependence. At 20 ◦C, the films display an 
inhomogeneous morphology with visible cracks and poorly connected grains, indicative of limited surface diffusion and nucleation-
dominated growth. At intermediate temperatures (30–40 ◦C), the morphology evolves into dense and more homogeneous granular 
4 
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Fig. 2. SEM images of (a) CoHCF and (b) NiHCF thin films electrodeposited at different temperatures (20–60 ◦C).

Fig. 3. EDX elemental mapping of CoHCF thin films electrodeposited at 20 and 60 ◦C.

structures, reflecting increased nucleation density and enhanced surface mobility. At higher temperatures (50–60 ◦C), significant 
grain growth and coalescence occur, leading to larger aggregates and improved film continuity. This transition from nucleation-
limited to growth-dominated regimes highlights the stronger sensitivity of NiHCF to deposition temperature. The improved 
homogeneity observed at intermediate temperatures is consistent with the reduced electrochemical polarization and enhanced 
current response observed in CV measurements.

Elemental composition and spatial distribution were further examined by energy-dispersive X-ray spectroscopy (EDS). Repre-
sentative elemental maps for films deposited at 20 and 60 ◦C are shown in Figs.  3 and 4, while additional maps for intermediate 
temperatures are provided in the Supplementary Information. For both materials and all investigated temperatures, the EDS maps 
confirm a homogeneous spatial distribution of the constituent elements, with no evidence of segregation or secondary phase 
formation.

Semi-quantitative EDS analysis of CoHCF and NiHCF films (Tables  2 and 3) confirms the presence of potassium and oxygen, 
reflecting the incorporation of 𝐾+ ions for charge compensation and the presence of coordinated and/or interstitial water molecules.

It should be noted that EDS measurements probe near-surface composition and may be influenced by interaction volume effects 
as well as possible substrate contributions. In addition, absolute atomic percentages should be interpreted with caution due to the 
limitations of EDS in light-element quantification; however, the observed trends provide reliable comparative information across 
the temperature series.

A systematic dependence of the O/K ratio on deposition temperature is observed for both materials. In general, increasing 
temperature promotes higher potassium incorporation and a relative decrease in oxygen content. For CoHCF, the K content increases 
from 7.36 at.% at 20 ◦C to 9.82 at.% at 60 ◦C, while the O content decreases from 6.82 to 4.82 at.%. A similar trend is observed 
for NiHCF, where the K content increases from 5.30 to 8.22 at.%, whereas the O content varies within a narrower range between 
4.27 and 5.05 at.%.

These trends suggest temperature-dependent changes in the balance between alkali-ion incorporation and hydration within 
the framework. Although EDS does not directly quantify vacancy concentration, the observed variations are consistent with 
modifications in defect distribution and coordinated water content.

Independent evidence of the chemical states and composition of CoHCF and NiHCF thin films has been reported in our previous 
work [29], where X-ray photoelectron spectroscopy (XPS) confirmed the presence of Co2+, Ni2+, and mixed Fe2+/Fe3+ oxidation 
5 
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Fig. 4. EDX elemental mapping of NiHCF thin films electrodeposited at 20 and 60 ◦C.

Table 2
Elemental composition (at.%) of CoHCF thin films obtained by EDS mapping at different deposition temperatures.
 Temperature (◦C) C N K O Fe Co  
 20 41.12 36.01 7.36 6.82 4.22 4.46 
 30 37.84 35.14 8.69 8.04 5.00 5.28 
 40 39.38 35.25 9.36 5.78 5.08 5.15 
 50 39.56 35.88 9.32 5.07 5.13 5.05 
 60 39.45 35.36 9.82 4.82 5.42 5.13 

Table 3
Elemental composition (at.%) of NiHCF thin films obtained by EDS mapping at different deposition temperatures.
 Temperature (◦C) C N K O Fe Ni  
 20 43.77 39.60 5.30 4.27 3.31 3.75 
 30 41.87 37.57 7.23 4.90 4.32 4.11 
 40 41.73 37.44 7.59 4.51 4.34 4.39 
 50 40.41 37.94 7.20 5.72 4.98 3.74 
 60 40.20 37.47 8.22 5.05 4.80 4.27 

states. These results support the compositional interpretation presented here and further validate the use of EDS for comparative 
analysis across the temperature series.

Such compositional changes are expected to influence both lattice parameters and local structural environments, in agreement 
with the XRD and Raman results. Increased potassium incorporation may partially compensate framework vacancies, while variations 
in oxygen content are associated with changes in coordinated and/or interstitial water. Together, these factors modify the local 
bonding environment and contribute to the structural stability of the PBA framework.

Taken together, the combined morphological and compositional analyses reveal distinct growth mechanisms for CoHCF and 
NiHCF under identical deposition conditions. CoHCF exhibits a relatively stable, growth-dominated morphology with weak 
temperature dependence, whereas NiHCF undergoes a clear transition from nucleation-controlled to growth-controlled regimes as 
temperature increases. These differences influence structural ordering and defect distribution, providing a consistent and unified 
interpretation of the temperature-dependent trends observed across XRD, Raman, and electrochemical measurements.

3.3. Structural characterization by X-ray diffraction

X-ray diffraction (XRD) was employed to investigate the crystallographic structure and lattice evolution of CoHCF and NiHCF thin 
films as a function of deposition temperature. In Prussian blue analogues (PBAs), the lattice structure is highly sensitive to alkali-
ion occupancy, [Fe(CN)6] vacancies, and local structural distortions within the metal–cyanide framework. These factors can induce 
measurable deviations from ideal cubic symmetry and significantly influence long-range structural order [34,35,38]. Consequently, 
the temperature-dependent compositional variations identified by EDS are expected to impact both lattice parameters and structural 
ordering.

The XRD patterns collected in the 2𝜃 range of 10–40◦ are shown in Fig.  5. This angular range emphasizes the characteristic 
reflections of the PBA framework while minimizing contributions from the Au/Cr substrate, whose most intense peaks occur at 
higher diffraction angles [42,43]. The dominant reflections observed at approximately 17◦, 24◦, 35◦, and 39◦ correspond to the 
(111), (220), (222), and (400) planes, respectively, consistent with a face-centered cubic structure (space group 𝐹𝑚3̄𝑚).

To facilitate phase identification, reference stick patterns corresponding to the cubic PBA structure were included in Fig.  5, based 
on standard diffraction data from the ICDD database (PDF No. 01-0239). The reference data were adapted to Co K𝛼 radiation to 
6 
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Fig. 5.  X-ray diffraction (XRD) patterns of (a) CoHCF and (b) NiHCF thin films electrodeposited at different temperatures (20–60 ◦C). Reflections 
marked with asterisks (*) are associated with structural disorder, while diamond symbols (⧫) indicate the presence of a surface oxide layer. 
Reference stick patterns corresponding to the cubic Prussian blue analogue structure (space group 𝐹𝑚3̄𝑚, ICDD PDF No. 01-0239) were adapted 
to Co K𝛼 radiation and are shown at the bottom of each panel for comparison.

match the experimental conditions. Although the original ICDD data are typically reported for Cu K𝛼 radiation, this conversion 
preserves the relative peak positions and crystallographic indexing, enabling direct comparison with the experimental patterns.

A clear evolution of peak intensity and sharpness with deposition temperature is observed for both materials. For CoHCF (Fig. 
5(a)), relatively well-defined reflections are obtained at intermediate temperatures, while partial peak broadening and intensity 
reduction occur at 40 and 60 ◦C. Similarly, NiHCF (Fig.  5(b)) exhibits broader and less intense reflections, particularly at 30 and 
40 ◦C. These features indicate a reduction in long-range structural coherence and an increase in structural disorder.

The observed peak broadening and intensity variations are attributed to temperature-dependent structural disorder, including 
defect formation, lattice strain, and finite crystallite size effects, rather than to the formation of secondary crystalline phases. This 
interpretation is supported by the absence of additional diffraction peaks and the good agreement between experimental reflections 
and the reference stick pattern. Such behavior is commonly reported for electrodeposited PBA thin films, where kinetic growth 
conditions promote non-equilibrium structures with varying vacancy concentrations and compositional heterogeneity [44,45].

Due to the relatively low peak-to-background ratio and the intrinsic limitations of thin-film diffraction data, full Rietveld 
refinement was not performed [46]. Instead, lattice parameters were estimated from the position of the (222) reflection assuming 
cubic symmetry (𝐹𝑚3̄𝑚), which provides the highest intensity and most reliable peak position across all samples. Although preferred 
orientation effects cannot be completely excluded, the consistent evolution of the (222) peak across the temperature series enables 
a reliable comparative analysis of lattice trends. This approach is commonly adopted for thin-film PBAs when peak broadening and 
substrate contributions limit full-pattern refinement.

The calculated lattice parameters are summarized in Table  4. For CoHCF, the lattice parameter increases from approximately 
10.08Åat 20 ◦C to a maximum of 10.18Åat 40 ◦C, followed by a slight decrease at higher temperatures. This non-monotonic behavior 
indicates temperature-induced structural relaxation and framework rearrangement.

In contrast, NiHCF exhibits slightly smaller lattice parameters (10.01–10.14Å), consistent with the smaller ionic radius of Ni 
compared to Co [47]. A similar non-monotonic trend is observed, with a maximum at 30 ◦C, suggesting that deposition temperature 
primarily influences defect distribution and local structural ordering rather than simple thermal expansion.

These results demonstrate that deposition temperature governs the balance between structural ordering and defect formation in 
PBA thin films. At intermediate temperatures, enhanced atomic mobility promotes structural rearrangement and lattice expansion, 
whereas higher temperatures favor defect incorporation and partial structural relaxation. The absence of peak splitting or additional 
reflections confirms that the cubic 𝐹𝑚3̄𝑚 structure is preserved across the entire temperature range.

When considered together with SEM and Raman analyses, the XRD results indicate that temperature-dependent compositional 
variations and defect redistribution control both long-range structural coherence and local structural disorder, which ultimately 
govern the electrochemical response of CoHCF and NiHCF thin films.

3.4. Raman spectroscopy

Raman spectroscopy was employed to investigate the temperature-dependent structural evolution of CoHCF and NiHCF thin 
films, with particular emphasis on the cyanide stretching region (2000–2250 cm−1). This spectral range is highly sensitive to 
local bonding environments, oxidation states, and defect chemistry in Prussian blue analogues (PBAs) [48]. The C ≡ N stretching 
7 
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Table 4
Lattice parameters of CoHCF and NiHCF thin films as a function of deposition temper-
ature, estimated from the (222) reflection.
 Temperature (◦C) CoHCF NiHCF

 2𝜃(222) (◦) 𝑎 (Å) 2𝜃(222) (◦) 𝑎 (Å)  
 20 35.81 10.08 36.04 10.01 
 30 35.73 10.10 35.57 10.14 
 40 35.45 10.18 35.62 10.13 
 50 35.62 10.13 36.04 10.01 
 60 35.46 10.17 35.89 10.05 

frequency is governed by the 𝜎-donor and 𝜋-acceptor character of the metal ions coordinated to the carbon and nitrogen termini; 
consequently, variations in local symmetry and compositional environment induce measurable frequency shifts [49]. Owing to this 
strong coupling, Raman spectroscopy provides a sensitive probe of short-range order and local structural heterogeneities – such as 
[Fe(CN)6] vacancies and interactions with coordinated water – which are often not detectable by diffraction techniques probing long-
range periodicity. In this work, the analysis focuses on qualitative trends in band position and linewidth, which serve as indicators 
of temperature-dependent local structural disorder.

The most intense features appear between approximately 2000 and 2150 cm−1, corresponding to the 𝜈(C ≡ N) stretching modes 
of Fe − CN −M linkages. The presence of a well-defined doublet (e.g., at 2088 and 2128 cm−1 for CoHCF, Fig.  6(a), and 2095 and 
2136 cm−1 for NiHCF, Fig.  6(c)) reflects the coexistence of distinct local coordination environments. These arise from variations 
in metal–cyanide bonding, local compositional heterogeneity, and electrostatic interactions within the PBA lattice [48]. In both 
systems, the low-frequency region (<600 cm−1) is dominated by vibrational modes associated with Fe − C stretching and Fe − CN −M
(𝑀 = 𝐶𝑜,𝑁𝑖) bending, confirming the preservation of the cyanide-bridged framework.

At low deposition temperatures (20–30 ◦C), both CoHCF (Fig.  6(b)) and NiHCF (Fig.  6(d)) films exhibit pronounced band 
broadening across the spectral range. This behavior indicates increased local structural disorder and reduced short-range ordering, 
characteristic of films formed under kinetically limited conditions. Restricted atomic mobility at low temperatures promotes rapid 
nucleation and the formation of small coherent domains, resulting in a distribution of Fe − CN −M bond lengths and angles. This 
interpretation is consistent with SEM observations of heterogeneous morphology and XRD results indicating reduced structural 
coherence.

As the deposition temperature increases to 40 ◦C, a noticeable narrowing of the Raman bands is observed, particularly in the 
C ≡ N stretching region. This trend is consistent with the formation of a more homogeneous cyanide framework with improved short-
range ordering, driven by enhanced atomic mobility and more efficient structural rearrangement during film growth. Notably, this 
temperature coincides with the maximum lattice parameter obtained from XRD and the highest electrochemical response observed 
in CV measurements. These combined observations suggest that 40 ◦C represents a structural–kinetic optimum, where the expanded 
lattice framework is associated with improved local ordering and enhanced ion-transport pathways.

At higher deposition temperatures (50–60 ◦C), the Raman spectra show a subtle but systematic re-broadening of the C ≡ N
stretching bands, particularly at the band edges, despite the absence of any crystallographic phase transition. This behavior indicates 
the emergence of additional local structural heterogeneities rather than a loss of long-range order. Elevated temperatures promote 
compositional fluctuations, alkali-ion incorporation, and defect redistribution, which can modify the local electrostatic environment 
of the cyanide ligands through mechanisms such as changes in hydrogen-bonding interactions, local symmetry distortions near 
defect sites, and strain fields associated with lattice rearrangements [50]. This trend is consistent with the temperature-dependent 
variations in the O/K ratio observed by EDS, supporting the role of compositional changes in governing local structure.

A comparison between CoHCF and NiHCF reveals that NiHCF exhibits more pronounced band broadening at elevated tempera-
tures, indicating greater sensitivity to local structural perturbations. This behavior is consistent with differences in metal–nitrogen 
bonding strength and electronic configuration between Co2+ and Ni2+, which influence the framework’s tolerance to defects and 
compositional variations [29,35,51].

Although detailed peak deconvolution is beyond the scope of the present work, the systematic evolution of band linewidths 
provides robust qualitative evidence of temperature-dependent structural disorder. Overall, these results indicate that the structural 
evolution of CoHCF and NiHCF thin films is governed by a balance between long-range structural ordering and defect-induced 
local disorder. Specifically, low deposition temperatures favor heterogeneous frameworks with limited short-range order, whereas 
intermediate temperatures (40 ◦C) promote a more homogeneous cyanide network. In contrast, higher temperatures introduce 
composition- and defect-related distortions that broaden Raman features, despite the improved average structural ordering observed 
by XRD.

These local structural variations correlate with the temperature-dependent electrochemical behavior observed in CV mea-
surements, indicating that composition- and defect-mediated structural dynamics play a key role in governing electrochemical 
performance in Prussian blue analogue thin films.
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Fig. 6. Raman spectra of (a) CoHCF and (b) NiHCF thin films deposited at different temperatures. Panels (a,c) show the full spectral range, and 
panels (b,d) present the enlarged CN stretching region (2000–2250 cm−1).

4. Conclusion

This work demonstrates that deposition temperature plays a critical role in balancing structural ordering and defect formation 
in Prussian blue analogues (PBAs) thin films. A clear non-monotonic relationship is observed between structural evolution and elec-
trochemical performance, indicating that optimal ion transport is achieved by balancing framework ordering and defect-mediated 
transport pathways.

Quantitative comparisons based on cyclic voltammetry reveal that, under identical conditions, CoHCF exhibits approximately 2.2 
times higher current densities than NiHCF, providing direct evidence of faster electrochemical kinetics. This enhanced performance 
is attributed to CoHCF’s higher framework rigidity and lower sensitivity to defect-induced disorder.

Combined scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), and Raman 
analyses demonstrate that deposition temperature modulates both long-range crystallinity and local structural environments 
through changes in composition, defect distribution, and hydration state. Specifically, intermediate temperatures promote improved 
structural homogeneity, whereas higher temperatures favor increased defect incorporation and local disorder.

These results show that the electrochemical performance of PBA thin films is not only governed by crystallinity, but also by the 
complex interplay of defect chemistry, lattice dynamics, and ion transport pathways. Therefore, deposition temperature emerges as 
a key and accessible parameter for controlling these properties.

This study provides new insights into the temperature-dependent structure–property relationships of electrodeposited PBAs and 
establishes a practical framework for the rational design and optimization of hexacyanoferrate-based thin-film electrodes. Notably, 
the results demonstrate that defect engineering, controlled by deposition temperature, is an effective method for tailoring ion 
transport and electrochemical functionality in cyanide-bridged materials.
9 
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