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Abstract 
 

The aim of this project was to investigate the effect of different synthesis parameters on the 

structure and composition of Cu[Fe(CN)6]2/3 ∙ nH2O. The parameters investigated were ageing, 

ratio of the reactants, concentration, temperature, solvent and reaction time. 

To investigate these parameters several measurements were conducted. Infrared spectroscopy 

(IR) was used to see the extent to which Fe3+ had been converted to Fe2+. Measurements by  

X-ray diffraction (XRD) were performed to understand the structure of the compound. 

Thermogravimetric analysis (TGA) gave information on how much water was present in the 

samples. Scanning Electron Microscope (SEM) and Energy-Dispersive X-ray Spectroscopy 

(EDX) were used to analyze the micro structure of the surface of some samples as well as to 

get a sense of the composition of the compounds. Inductive Coupled Plasma Atomic Emission 

Spectrometry (ICP-AES) were used to get the true composition of the samples. 

Conclusions made from this study was that the structure and cell parameter of the compound 

was very stable regardless of synthesis changes while the formation of aggregates were very 

dependent on the synthesis. Infrared spectroscopy measurements showed a notable conversion 

from Fe3+ to Fe2+ only in samples of changed solvent, ageing and longer reaction time. The Fe2+ 

version of this PBA had a smaller particle or aggregate size than the Fe3+ version. Water content 

were decided to Cu[Fe(CN)6]2/3 ∙ 3-7H2O. The concentration of K3Fe(CN)6 is the main 

determinant to how many K+ can be included in the structure instead of having vacancies of  

Fe(CN)6
3⁻. This regardless of whether the lower concentration is due to dilution of both 

reactants or a lower ratio of the ferrate. 
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PB Prussian Blue 

PBA  Prussian Blue Analogue  

EtOH  Ethanol 

IR Infra-Red Spectroscopy 

XRD X-Ray Diffraction 

TGA Thermogravimetric Analysis 

SEM Scanning Electron Microscope 

EDX Energy-Dispersive X-ray Spectroscopy 

ICP Inductive Coupled Plasma 

AES Atomic Emission Spectrometry 

MS Mass Spectrometry 

DTA Differential Thermal Analysis 

Å Ångström, 10⁻10 m  
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1 Introduction 
1.1 Prussian Blue Analogues  

Perovskite is a mineral made up of CaTiO3. [1] Perovskites refer to the family of compounds 

with the same structure as the mineral. The general formula of these compounds is ABX3. 

Perovskites can be dielectric, piezoelectric and ferroelectric. [2] The different compounds can 

also have a range of additional properties such as magnetism, electric conductivity and 

superconductivity as well as useful optical and thermal properties. [2] 

Prussian Blue Analogues (PBAs) are compounds with general formula AxM[M’(CN)6]z · nH2O, 

where M and M’ are transition metals and A is a cation. [3] The name comes from the compound 

Prussian Blue (PB), Fe[Fe(CN)6]3/4. The PBAs have a range of applications. One of the most 

well-known applications is as blue pigment in paint, where it has been used for centuries. [4] 

More recent applications include electrode material in batteries [5], corrosion protection [6], 

hydrogen storage [7], and as catalysts [8, 9]. PBA usually accommodates a cubic structure with 

the face-centered space group Fm3̅m.  

PBAs can be described as a molecular perovskite. Molecular perovskite means that some of the 

sites in a normal perovskite are occupied by a molecule instead of a single atom. In this case, 

the oxide is replaced by the cyanide anion. The structures of an archetype perovskite (CaTiO3) 

and the PBA used in this experiment Cu[Fe(CN)6]2/3 can be seen in Figure 1.1 below.  

[1, 10, 11] 

The metal-cyanide framework, M[M’(CN)6], is negatively charged if the summarized charge of 

M and M’ is 5+. To then keep charge neutrality in the crystal, vacancies of the negatively 

charged M’(CN)6
3⁻  ions or interstitial cations are required to compensate for the negative charge 

of the framework. In the case of this study, where the compound formula is Cu[Fe(CN)6]2/3, 

copper has a charge of 2+ and iron 3+. Thus vacancies of Fe(CN)6
3⁻ or interstitial K+ will be 

the two alternatives for keeping the charge neutral in the compound of this study. The source 

of the K+ ions is the dissolved reactant K3Fe(CN)6 from the synthesis of the PBA. This does not 

mean they will end up in the product by default. [12]  

 

 
Figure 1.1 Left: Perovskite, Ca(TiO3). [10] Red=O, Blue=Ca, Green=Ti. Right: Cu[Fe(CN)6]2/3. [11] 

Red=Fe, Blue=Cu, Orange=C, Light blue=N. Illustrations made in VESTA. [13] 



8 

 

Vacancies of M’(CN)6
3⁻ will give a more porous structure, suitable for gas or ion storage, e.g. 

hydrogen storage. [7] When the compound is used in batteries there is instead a need for high 

stability. Vacant Fe(CN)6
3⁻ in the structure makes it less stable, thus cations are the preferred 

way to neutralize the compound. Besides, the ability to harbor and move cations is essential to 

the battery mechanism itself. [5] Magnetic materials also benefit from more magnetic ions in 

the material and thus fewer vacancies. [14] 

It is not clear what synthesis conditions will result in what structure variations in the 

Cu[Fe(CN)6]2/3, i.e. interstitial cations versus vacancies of M’(CN)6
3⁻. The understanding of the 

behavior of the structure during synthesis, in regard to different parameters such as reaction 

time, concentration and temperature could be very helpful to future application research. 

The structure formula of the specific PBA considered in this project is Cu[Fe(CN)6]2/3. This 

compound is brown, despite its name. It is magnetic although it has a low Curie Temperature 

(TC) of 19 K. [15] Above this temperature, the compound no longer shows any magnetic order. 

This specific specimen of PBAs is also subject to research on electrode material in batteries 

[16, 17], though it is not as common as e.g. Na2Fe[Fe(CN)6], also called Prussian White, in this 

field. [18] 

 

 

2 Aim 
The aim of this project was to investigate the dependence of different synthesis parameters on 

the structure and composition. Several samples were made with changing one parameter at a 

time, relative to a reference sample. To identify the role of each parameter, large changes was 

used. Several different measurements were performed. Infrared spectroscopy (IR) was carried 

out to see the extent to which Fe3+ had been converted to Fe2+. Measurements by X-ray 

diffraction (XRD) was used to understand the structure of the compound. Thermogravimetric 

analysis (TGA) gave information on how much water was present in the samples. Scanning 

Electron Microscope (SEM) and Energy-Dispersive X-ray Spectroscopy (EDX) were 

conducted to analyze the microstructure of the surface of some samples as well as to get a sense 

of the composition of the compounds. Inductive Coupled Plasma Atomic Emission 

Spectrometry (ICP-AES) were used to get the true composition of the samples. 
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3 Method  
3.1 Synthesis 

0.5 ml of a 1 M solution of K3Fe(CN)6 in H2O was mixed with 0.5 ml from a standard solution 

of 1 M CuSO4 in H2O and stirred for one hour at room temperature. The mixture was then 

filtered, through filter papers of 2-3µm. The product were left to dry in air. On the following 

samples one parameter at a time was changed, otherwise the synthesis conditions were kept. 

The variations of the different samples are summarized in Table 3.1. The difference between 

ageing of the sample and a longer reaction time is that the reaction time is defined as the time 

when sample is stirred before filtering. Ageing was done by closing the lid of the sample 

container after the reaction step was finished, and letting it stay untouched for a certain amount 

of time before filtering. 

 

Table 3.1 Sample procedure for each sample. Sample A, marked with green color, shows the standard 
preparation that all other samples are based on. Empty lines means the value is the same as sample A.  

Sample Description 
T  
(°C) 

Reaction 
time  
(h) 

Ageing 
(time) Solvent 

Vtot 
(ml) 

Conc. 
K3Fe(CN)6 
(mol/l) 

Conc. 
CuSO4 
(mol/l) 

Mass of 
product 
(mg) 

A Original 20 1 0 H2O 1 0.50 0.50 72.1 

1 Ageing   1 week   -  78.3 

1f Filtrate from sample 1   1 week   0.50  11.1 

2 2 × ferrate      1.00  91.0 

3 ½ × ferrate      0.25  96.2 

4 100 × dilution     100 0.01  41.2 

5 Higher reaction T 65 ±3     0.50  98.7 

6 EtOH + H2O    1:1 EtOH+H2O  0.50  67.5 

7 Long reaction time  44    0.50  106.7 

7f Flitrate from sample 7  44    -  1.4 

 

 

3.2 Infrared spectroscopy (IR) 

Infrared spectroscopy uses vibrations to measure the strength of the bonds in a compound. It 

exploits that bonds behave like a spring and the energy of the bonds is calculated using the 

Schrödinger equation for a harmonic oscillator. In the instrument, the sample is exposed to 

infrared radiation and the variation of the absorbance is then converted to information about the 

contents of the compound using wavenumber. [1] 

IR is a good way to measure the ratio of Fe2+ and Fe3+. Even though it is not a quantitative 

method, the peak intensity can be used to approximate the Fe2+/Fe3+ ratio. [3] The vibration of 

the bonding of the C≡N molecule depends on whether it is connected to a Fe2+ or a Fe3+ ion. 

Fe2+ has more electrons that can be shared with CN and therefore binds harder to C than Fe3+. 

This weakens the C≡N bond and thus gives a signal at lower frequency than if the compound 

contains mainly Fe3+ atoms. The peak of Fe3+ is expected to appear at ~2275 cm⁻1 and the peak 

that represents Fe2+ at ~2100 cm⁻1. [19, 20] Earlier studies on PBAs have been done that 

suggests a greater conversion from Fe3+ to Fe2+ when exposed to higher temperatures. [21] The 
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reduction of Fe3+ to the more stable Fe2+ could reasonably happen at synthesis at higher 

temperatures as well as in the completed compound. 

The instrument used was a PerkinElmer Spectrum One instrument equipped with a KBr 

beamsplitter, DTGS/KBr detector and a Pike GladiATR diamond ATR, using a resolution of 2 

cm−1 within the range of 4100-250 cm⁻1. Data was collected for 3 minutes on every sample and 

a background run was made with the same settings before every measurement. 

  

3. 3 X-Ray Diffraction (XRD)  

XRD, in this case Powder X-ray Diffraction, is a method that determines the structure of a solid 

compound by the scattering of X-rays. In the diffractometer, X-rays are directed at the sample 

and the machine measures the angles at which the rays are reflected from the sample. The 

diffraction pattern will give information on the positioning of the atoms in the crystals and the 

lattice. It can also be used to tell the homogeneity or purity of the sample, the symmetry, and 

cell unit parameters. [1] Narrow, clear peaks indicates homogeneity and strict order in the 

crystals while broader peaks indicate either strain in the crystal structure or smaller particles. 

[22] 

Structural characterization of the powder from the grinded sample was carried out by X-ray 

diffraction (XRD) using Cu K radiation in a Bruker D8 Advance diffractometer equipped 

with a Lynx-eye XE position sensitive detector. Bragg-Brentano setup was used and the scan 

was made in the range of 7 to 80 degrees. 

 

3.4 Thermogravimetric Analysis (TGA)  

TGA is used to measure the mass change as a function of temperature. The sample is weighed 

while simultaneously experiencing a gradual change in temperature. The mass change observed 

gives information of changes in the sample at different temperatures. Conclusions from these 

measurements can be made on at what temperature a certain component of the sample 

decomposes and evaporates or at what temperature all water has left the compound. [20, 23]  

When knowing the loss of water in the sample, the number of water molecules per formula unit 

of PBA can be calculated. A high water content in the crystal could indicate a very porous 

structure and vice versa. [3] It could also mean that there is much water at the surface of the 

sample, which has nothing to do with a porous structure. 

The measurements were carried out using Aluminum crucibles in a NETZSCH STA 409 PC 

under air at a flow rate of 50 ml/min. The temperature program was set to heating at 5 degrees 

per minute from 25 °C to 600 °C.  

 

3.5 Scanning Electron Microscope (SEM) and Energy-Dispersive X-ray Spectroscopy 

(EDX) 

SEM makes it possible to see sample at a scale that is impossible for the naked eye. The 

technique uses a beam of focused electrons to scan the surface of a sample. SEMs typically has 

a good enough resolution for analyzing surfaces on a scale of 1μm or less. [1] 
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EDX is a technique used in electron microscopes to identify and quantify the elements present 

in the studied sample. The electron beam ejects core electrons from the sample and when outer 

electrons fill the empty places, X-rays are emitted that have specific wavelength for the element 

in question. The intensity of the X-rays is relative to the quantity of the element, though a few 

percent inaccuracy is to be expected. [1] 

The elemental composition and microstructure were studied by EDS in a Zeiss Merlin scanning 

electron microscope (SEM) equipped with an Ultim Max 100 mm2 Silicon Drift Detector. The 

data was acquired using an acceleration voltage of 20 kV and a beam 

current of 1 nA with a working distance of 6 mm until 500000 counts were reached. The data 

was evaluated using the AZtec software. 

 

3.6 Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) 

In ICP the photons emitted from excited sample atoms or ions are measured. Sample is injected 

in gas or liquid form into the instrument where it is converted to an aerosol. The sample is lead 

to a radiofrequency induced plasma where it turn into free atoms in gas phase. The elements 

turn into ions and then to excited states. The excited elements emit photons with wavelength 

specific to the originating element that can be analyzed by Atomic Emission Spectrometry 

(AES). The number of photons that are picked up in the AES is directly proportional to the 

concentration of the element in the sample. [24]  

 

 

4 Results and discussion 
4.1 Appearance of sample 

All samples showed similar visible qualities with only slight differences to particle size and 

with a color inside a green-brown color gradient.  

Sample 6, with 50% EtOH as solvent, was the one differing the most visually. It stuck very 

hard to the filter paper. When it came off it was a finer powder and had a darker color than the 

other samples. Most of the samples were in the shape of sharp flakes, like that of freeze dried 

coffee, and had a brown-green color. There was a high similarity to dried, crumbled moss. 

The visuals of each sample can be seen in Table 4.1. Note that the visual attributes of the 

samples only differs slightly. 

When filtering sample 1 and 7, there was so much visible remainder of sample left in the 

filtrate that it was collected, centrifuged and treated as separate samples. These are henceforth 

called sample “1f” and “7f”. 
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Table 4.1 The color and powder quality of all samples. 

Sample What Color Powder quality 

A Original Darker Clumped fine powder 

1 Ageing Darker Fine powder 

1f Filtrate from sample 1 Green-brown Fine powder 

2 2 × ferrate Green-brown Clumped fine powder 

3 ½ × ferrate Moss green Sharp flakes 

4 100 × dilution Green-brown Clumped fine powder 

5 Water bath, 65 °C Moss green Sharp flakes 

6 EtOH + H2O Darker Fine powder 

7 Long reaction time Moss green Sharp flakes 

7f Filtrate from sample 7 Green-brown Fine powder 

 

4.2 Infrared Spectroscopy  

The IR spectra for all samples showed a greater content of Fe3+ than Fe2+. In general, there was 

no great variation (Figure 4.2.1). However, certain samples gave results that deviated 

significantly from the rest. Sample 7f deviated in the way that the peak of Fe2+ was considerably 

larger compared to the Fe3+ peak than in the other samples (Figure 4.2.2). The peak intensity 

of Fe2+ was here nearly half of the Fe3+’s. This sample had a longer reaction time than the others 

and also went through the filter papers and was thus collected by centrifugation. Similar traits 

were indicated for sample 6, synthesized in a 50% EtOH solution. The Fe peaks for this sample 

had lower intensities altogether, but the relative intensity of Fe2+ was nearly half of the Fe3+ 

peak (Figure 4.2.2). It is though hard to know if the changed solvent is the sole cause of this 

result or if it is in fact due to the changed reactant used as Cu source to the compound. In sample 

6 the CuSO4 solution had to be exchanged for CuCl2 to be soluble in EtOH. To know if the 

change of reactant or the change of solvent caused the reduction of Fe3+, further studies would 

have to be performed with more samples. Particularly this should be done with samples made 

from CuCl2 in both EtOH and H2O. Sample 1 and its filtrate also had a similar behavior where 

the filtrate showed a bigger peak of Fe2+ compared to the Fe3+ peak (Figure 4.2.3). 

Apart from these three samples, the compound seemed insensitive in regard to the Fe3+ 

reduction despite the parameter changes. This could mean that the Fe2+ has a generally smaller 

particle size than the Fe3+ version and thus slips through the filter papers. If the filter paper is 

too big for the Fe2+ compounds, this could explain the absence of Fe2+ peaks in the rest of our 

samples. This since the specimen in that case has been thrown away during the filtering step. 
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Figure 4.2.0.1. Left: IR spectra of all samples at an interval of 4100-250 cm⁻1. The framed peaks are 

the subject of the spectra to the right. Right: IR spectra of all samples at an interval of 2350-1900 
cm⁻1. 

 

 
Figure 4.2.2. IR spectra of the original sample A, sample 6, sample 7 and its filtrate at an interval of 

2350-1900 cm⁻1. 

 

 
Figure 4.2.3. IR spectra of the original sample A, sample 1 and its filtrate at an interval of 2350-1900 

cm⁻1. 
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4.3 X-ray Diffraction 

The XRD measurements showed that all the samples were of space group Fm3̅m, as expected. 

[3] The crystal structure were also the same since the peaks appear at nearly the same positions 

and the samples have very similar unit cell parameter (Figure 4.3.1). The unit cell parameter 

varied from 10.082(3) to 10.107(1) Å, as can be seen in Table 4.3. The space group for all 

samples was determined using Pawley refinements as implemented in the software TOPAS v.6. 

[25]  

 

Table 4.3. Cell parameter in Å for all samples from XRD measurements. Cell parameter optimized 
using Pawley refinements as implemented in the software TOPAS v.6. [25] *The errors are 

underestimated by the least squares fitting procedure. 

Sample Description Cell parameter (Å)* 

A Original 10.085(4) 

1 Ageing 10.097(3) 

1f Filtrate from sample 1 10.100(3) 

2 2 × ferrate 10.082(3) 

3 ½ × ferrate 10.096(2) 

4 100 × dilution 10.107(1) 

5 Water bath, 65 °C ± 3° 10.086(2) 

6 EtOH + H2O 10.082(3) 

7 Long reaction time 10.098(2) 

7f Filtrate from sample 7 10.097(3) 

 

 

 
Figure 4.3.1. XRD diffraction patterns of all samples, =1.5406 Å. 
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Figure 4.3.2. XRD pattern show peaks at ~17 and ~25 2 =1.5406 Å. 

 

Two samples stand out regarding to the peak width. The peaks of sample A and 6 are broader, 

as visible in the zoomed in diffraction pattern in Figure 4.3.2, here compared to sample 3. The 

broadened peak could mean either strain in the structure or that the particle size is smaller than 

the other samples.  

The conclusion drawn from these measurements is that the structure is fairly stable despite 

being synthesized in very different conditions. It would be interesting to escalate the parameter 

changes during synthesis even more to see where the structure is no longer stable. 

 

4.4 Thermogravimetric Analysis 

The TGA measurements show the loss of water in two steps. Example can be seen in  

Figure 4.4. The TGA results for the rest of the samples can be surveyed in Appendix. The first 

step in all samples occurs at the very start of the measurement until approximately 160 °C. This 

would be the surface water or interstitial water present in the sample. [3] A higher value from 

the first step of water loss could indicate a higher amount of surface water and mean there is 

more available surface area. More surface area could originate from smaller particle sizes of 

the compound. The second step varies more in temperature. If there are vacancies in the sample 

water molecules can substitute CN and bind to Cu. [3] The second step is likely to be the 

evaporation of the water that is bound inside the sample. [3]  When breaking bonds an activation 

energy is needed, which is clearly visible as the distinct exothermal peak in the Differential 

Thermal Analysis (DTA) curve (Figure 4.4.). This also explains the plateau in between the first 

and the second drop of mass, where the energy from the temperature build up disappears into 

the intermolecular bonds until enough to break them. The weight loss occurring after the two 

steps of water evaporation is presumably due to the decomposition of the structure, i.e. 

evaporation of CN and possibly the structural decomposition of other compounds. [26] 
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Figure 4.4. Green curve is TGA of sample A. Black curve is DTA of sample A.  

 

Table 4.4   TGA data of water loss of first step, second step and both steps combined. Calculated 

values of the number of H2O molecules for each Cu[Fe(CN)6]2/3 unit; in total, loose and bonded to the 

compound. Values are presented in percent of total sample weight. Sample 1f and 7f were not included 
in these measurements. 

Sample Description 

Initial 
weight 
(mg) 

Weight 
loss step 
1 (%) 

Weight 
loss step 
2 (%) 

Total 
weight 
loss (%) 

Nr of 
interstitial 
H2O/PBA 

Nr of 
bound 
H2O/PBA 

Total nr 
of 
H2O/PBA 

A Original 15.0 7 13 21 1 2 3 

1 Ageing 16.5 18 4 22 3 1 3 

1f Filtrate from sample 1 - - - - - - - 

2 2 × ferrate 14.7 17 4 21 2 1 3 

3 ½ × ferrate 13.7 27 10 37 5 2 7 

4 100 × dilution 15.0 19 9 27 3 1 4 

5 Higher reaction T 16.4 18 5 23 3 1 3 

6 EtOH + H2O 15.3 16 6 22 2 1 3 

7 Long reaction time 15.1 18 5 23 3 1 3 

7f Filtrate from sample 7 - - - - - - - 

 

 

Similar results were observed for all samples regarding distribution of the weight loss in the 

first step and the second step respectively. The exception is sample A, which is supposed to be 

the original sample compared to all other samples. A possible explanation is that sample A is 

formed in bigger aggregations and thus has less surface area where water can be attached. The 

sample with the highest amount of interstitial water is sample 3. This could indicate a 

particularly small particle or aggregate size or an overall porous structure. There is also a higher 

value of interstitial water in this sample. The high water content of sample 3, compared to the 

rest of the samples, suggests that this is the sample with the most Fe(CN)6
3⁻ vacancies or most 

porous structure. 

The amount of water found in the samples is less than expected. The results from this TG 

analysis are varying from a total of 2.69 to 6.66 water molecules per PBA (Table 4.4.). In 
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previous studies the maximum number of water molecules in one unit cell was determined as 

14. [3] If the values are correct, this could mean the samples made in this experiment is not very 

porous [3] and would instead contain relatively many cations, as long as the charge of the Cu 

and Fe in the framework is still 2+ and 3+ respectively.  

The results from these measurements are not exact, but can be used to see trends and estimate 

the behavior of the water in the samples. The results in this section are calculated based on the 

assumption that the composition is Cu[Fe(CN)6]2/3, which is not accurate. A more accurate 

molar mass and composition can be found in Table 4.6.2, where the true composition for each 

sample have been calculated based on the formula KxCu[Fe(CN)6]y from composition results 

from ICP-AES. The molar masses based on the ICP results differs slightly from the molar mass 

of Cu[Fe(CN)6]2/3 (204.85 g/mol). All samples had higher true molar mass, which would give 

a slightly higher value for the number of water molecules per PBA unit than can be seen in 

Table 4.4. Since the uncertainty of the results in TGA is so large, there is no great value in 

calculating the exact value of the water content. An approximation of one additional water 

molecule in total per BPA unit is an estimate of the difference of using the true mass versus the 

theoretical mass. 

The correction run that was made without any sample, turned out to be unsuccessful. A 

correction run is made to correct for the instrument’s and crucible’s impact on the measurement 

that is not connected to the behavior of the sample. The error in the correction run was clearly 

visible by an abrupt jump along the y-axis in the graph around 220 °C. This makes the results 

from the TGA measurements less trustworthy. Yet this does not affect the analysis of the water 

content.  

The first increase of weight that seem to be present in the TGA graphs is an effect from the 

heating of the air that expands and put pressure on the scale. This could have been accounted 

for by the correction. It is though not possible to know the exact rate at which the water 

disappears in this section without the correction, only assumptions can be made. 

 

4.5 Scanning Electron Microscope and Energy-Dispersive X-ray Spectroscopy 

For analyses by SEM samples 6, 7 and 7f were chosen because of their disparate behavior and 

difference in visual appearances and sample A was chosen as reference. The SEM 

measurements showed great variation on the sample behavior between the four samples. 

Sample A (Figure 4.5.1) appeared as big aggregations, some the size of 300 μm, with flat 

surfaces and sharp edges, with small crystals on the surface. There were very few small 

particles. The other samples were divided into smaller particles. Especially sample 6  

(Figure 4.5.2) seemed to have a very small particle size compared to the rest. Most particles of 

sample 6 were up to 50 μm and none much over 100 μm.  

The grain size of all four samples seem to be very small. It is not possible to distinguish the 

grains or separate crystals of PBA from the SEM micrographs, which only makes it possible to 

conclude that they are smaller than what a resolution in the μm range can present. What can be 

analyzed is the attributes of the aggregation.  

All samples but sample 6 contained small crystals present on the surface of the bigger particles. 

EDX showed that these crystals were rich in K, S and O (Figure 4.5.3). Hence the most probable 

explanation is that crystals of K2SO4 has formed from the K+ and CuSO4 available from used 
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reactants. Sample 6 and 7f contained less of these K2SO4 crystals. Sample 6 had the reactant 

CuSO4 switched for CuCl2 which would explain the absence of the sulfate crystals. In sample 

7f the absence of these crystals could be due to longer contact with water so that it had better 

opportunity to dissolve. The SEM micrographs that is not presented in the report can be 

surveyed in Appendix. 

The EDX showed the samples to be very homogenous concerning the Fe, Cu, K, N and C 

(Figure 4.5.4). The low voltage used increases the uncertainty of the results. According to the 

EDX measurements the percentage of the C and N are higher in the sample than it should be, 

though this is no surprise since some inaccuracy is to be expected in composition data from 

EDX. [1] 

The varying results of the SEM and EDX measurements shows that the synthesis conditions 

have a big impact on the constitution of the aggregates. To understand more thoroughly what 

parameters have what influence, all samples should be studied instead of just a few.  

 

 

Figure 4.5.1.  SEM micrograph of sample A–Original 

 

 

 
Figure 4.5.2.  SEM micrograph of sample 6-EtOH. 
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Figure 4.5.3. EDX analysis of crystal in sample A. 

 

 

 
Figure 4.5.4. EDX analysis of sample 7f showing a sulfate crystal on the surface of a PBA grain. 

 

 

4.6 Inductively Coupled Plasma Atomic Emission Spectrometry 

ICP-AES results show an overall low content of K, i.e. K+ (Table 4.6.1). The amount of K 

should inversely correlated by the amount of vacancies, which is confirmed in Figure 4.6. The 

amount of vacancies can, beside from TGA results, be estimated from comparing the content 

of Fe to Cu, since a vacancy in this case means the loss of one Fe as Fe(CN)6
3⁻, while Cu 

supposedly stays in the compound (Figure 4.6). The S present in the samples is likely due to 
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the presence of K2SO4 crystals on the surface of the samples or residues of CuSO4 used as 

reactant. 

Sample 3 and 4 diverge slightly from the rest of the samples by having a higher amount of 

Fe(CN)6
3⁻ vacancies. From the nature of these samples there seem to be the ferrate, and in turn 

the availability of K+ ions during the reaction, which is limiting to the ability to prevent 

formation of vacancies.  

Cu[Fe(CN)6]2/3 is the PBA theoretically examined in this project though it is not a perfect 

representation of the compound in reality. The actual formula can be found by integrating the 

composition given by the ICP results with the formula KxCu[Fe(CN)6]y. x and y in this formula 

can then be calculated and a more accurate molar mass can be obtained (Table 4.6.2). This truer 

molar mass can in turn give more accurate values for further calculations, such as water loss in 

TGA.  

 

Table 4.6.1. ICP results of composition presented in at% and compared to the Cu content.  

Sample Description S at% Cu at% Fe at% K at% K/Cu Cu/Cu Fe/Cu Vacancies 

A Original <0.03 30.14 23.63 12.97 0.43 1.00 0.78 0.22 

1 Ageing <0.03 31.41 23.80 9.54 0.30 1.00 0.76 0.24 

2 2 × ferrate <0.03 31.22 24.21 10.66 0.34 1.00 0.78 0.22 

3 ½ × ferrate <0.03 34.26 23.12 3.55 0.10 1.00 0.67 0.33 

4 100 × dilution <0.03 34.40 23.47 3.07 0.09 1.00 0.68 0.32 

5 Higher reaction T <0.03 31.73 23.38 8.41 0.27 1.00 0.74 0.26 

6 EtOH + H2O <0.03 31.46 23.55 10.43 0.33 1.00 0.75 0.25 

7 Long reaction time 4.02 31.63 23.49 8.64 0.27 1.00 0.74 0.26 

 

 

Table 4.6.2 ICP results and calculated values of actual composition and molar mass based on the 

formula KxCu[Fe(CN)6]y.  

Sample Description 
Cu  
at% 

Fe  
at% 

K  
at% 

Mw 
KxCu[Fe(CN)6]y 
g/mol x y 

A Original 30.14 23.63 12.97 246.55 0.43 0.78 

1 Ageing 31.41 23.8 9.54 236.03 0.30 0.76 

2 2 ×  ferrate 31.22 24.21 10.66 241.27 0.34 0.78 

3 ½ × ferrate 34.26 23.12 3.55 210.64 0.10 0.67 

4 100 × dilution 34.4 23.47 3.07 211.65 0.09 0.68 

5 Higher reaction T 31.73 23.38 8.41 230.09 0.27 0.74 

6 EtOH + H2O 31.46 23.55 10.43 235.18 0.33 0.75 

7 Long reaction time 31.63 23.49 8.64 231.64 0.27 0.74 
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Figure 4.6. ICP results of K content compared to the Cu content and the share of vacancies in each 

sample. 0 on the x-axis denotes sample A. 

 

4.7 Meaning of results linked to the synthesis parameters 

ICP results showed the samples to have an overall low content of K, i.e. K+  

(Table4.6.1, Figure 4.6). Since the IR measurements revealed a very low conversion from Fe3+ 

to Fe2+ this means that the cyanide-metal framework is still mostly negatively charged and 

instead should have many vacancies of the Fe(CN)6
3⁻ ions. The TGA results are a bit 

contradictory to this since they show a low content of bound water in the samples. This could 

though be explained by the Cu getting so much of the electrons from the nearby CN that it is 

content without needing to bind water. This means that there can still be vacancies even though 

they are not filled by bound water molecules.  

The amount of vacancies is confirmed from ICP measurements to be the main way to keep 

charge neutrality in the compound. This coincides with previous studies made, showing that it 

is hard to get more cations into the structure instead of getting vacancies of M’(CN)6
3⁻. [27, 28] 

Sample A, which was the standard sample, seems from the ICP results to be the sample with 

the highest amount of K+ and the fewest vacancies. This means that as far as this project 

concerns, none of the parameter changes made results in more cations in the compound but 

instead increases the number of vacancies or reduces more Fe3+ to Fe2+. The TGA results show 

a higher amount of bound water compared to the other samples. This might mean that the 

vacancies present are to a higher extent filled with water molecules even though the total 

number of vacancies might be less than for the other samples.  The lower amount of interstitial 

water compared to bound water from the TGA measurements together with the SEM 

micrographs indicate bigger particles or aggregates for sample A compared to the rest. 

Sample 1 and 7 seemed to follow the same trend. Sample 1, the ageing sample, was let to stand 

untouched for one week before water was filtered away while sample 7 had a prolonged reaction 

time while still being stirred. The similarity in sample preparation for these samples can thus 

be encapsulated as having a longer time in water than the rest of the samples and thus maybe 

longer time to react. Both these samples had a considerable amount of product in the filtrate. 

Further the filtrates showed a higher conversion from Fe3+ to Fe2+ than the average sample. 
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All samples with a higher content of Fe2+ (sample 1f, 6 and 7f) had indications of a smaller 

particle size from several measurements. Firstly, the fact that the filtrate samples did not stay 

in the filter paper is a clear indication of this. Second, the SEM micrographs of 7f and 6 both 

showed small aggregate sizes. Sample 6 also had broader XRD peaks which could indicate a 

smaller particle size than the average.  

Sample 2, made from double the amount of ferrate to unchanged amounts of solvent and CuSO4, 

had results that did not deviate from that of sample A, which was set as standard. Sample 5, 

synthesized at 65 °C, showed the same behavior. The only clearly visible difference in these 

samples from sample A is the division of bound and interstitial water from TGA measurements, 

where sample A stood apart from all other samples (Table 4.4). A higher concentration of 

K3Fe(CN)6 does not appear to have an impact on the structure or composition of the PBA. 

Sample 3 and 4 both stand out in the SEM results by having less K and more vacancies than the 

rest of the samples. The TGA measurements corroborate this since both of the samples had a 

higher water content than the others (Table 4.4), though the exceptionally high interstitial water 

content for sample 3 rather would indicate small particle size or an overall porous structure. In 

comparison to the unchanged results of sample 2 the concentration of the ferrate here seems to 

have had clear impact. Sample 3 is synthesized from half the amount of ferrate as the other 

samples and sample 4 is diluted by a factor of 100. Considering their similar behavior from 

results it seems a plausible conclusion that the ferrate is the limiting factor in the reaction. The 

explanation could be that the reaction is so fast that the compound forms vacancies if cations is 

not available in abundance even though the ratio of reactants is the same, although in lower 

concentrations.  

 

 

5 Conclusion  
The aim of this project was to investigate the effect of different synthesis parameters on the 

structure and composition of Cu[Fe(CN)6]2/3 ∙ nH2O. The parameters investigated was ageing, 

proportion of the reactants, concentration, temperature, solvent and reaction time. To 

investigate these parameters several measurements were conducted. 

The conclusions made from this project are as follows:  

- The standard sample preparation results in the most amount of cations in the structure 

of the PBA, compared to all investigated parameter changes for the synthesis. 

- The concentration of K3Fe(CN)6 is the main limiting factor to how many K+ can be 

included in the structure instead of having vacancies of Fe(CN)6
3⁻. This regardless of 

whether the lower concentration is due to dilution of both reactants or a lower ratio of 

the ferrate. 

- Synthesis in temperature of 65 °C does not have a big impact on the structure and 

composition of Cu[Fe(CN)6]2/3 compared to synthesis made in room temperature. 

- The time in solution before filtering impacts the reduction of Fe3+ in Cu[Fe(CN)6]2/3. 

- The Fe2+ version of this PBA has a smaller particle or aggregate size than the Fe3+ 

version. 
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6 Future work 

In this project several synthesis parameters were tested in their extremes. To properly 

understand the effect of the different parameters there would have to be further studies on a 

greater number of samples and variations of the parameters examined, e.g. carrying out 

reactions at smaller steps of a temperature range when looking for the temperature dependence. 

This would give a better value of where the change is happening and not just knowing it can 

happen somewhere between room temperature and 65º C. The same goes for all the different 

parameters.  

If the reason for the low amount of K+ in the compounds is a fast reaction time, it means that 

the capability for K+ ions to enter the compound during synthesis is limited. It would then be 

interesting to see if it would be possible to slow down the reaction by cooling and see if this 

would result in a higher amount of cations and fewer vacancies in the PBA. 

A few more properties could be interesting to investigate, such as magnetism and electric and/or 

radiation sensitivity. If temperature can have an impact on the Fe3+ reduction, then maybe other 

forms of energy can have similar effects. 

An alternate approach is to do the same kind of experiments, but with other versions of the 

PBAs. This would give a better idea of what properties the group has as a whole, and what 

attributes the different metals bring to the compound.  

An obvious part of what eventual future work should contain is to get a more accurate value of 

the water content of the Cu[Fe(CN)6]2/3 from TGA measurements by redoing them with a new, 

satisfactory correction run. 
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Appendix 

 

Thermogravimetric analysis (TGA) 

 
Figure 1. Green curve is TGA of sample 1. Black curve is DTA of sample 1. 

 
Figure 2. Green curve is TGA of sample 2. Black curve is DTA of sample 2. 
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Figure 3. Green curve is TGA of sample 3. Black curve is DTA of sample 3. 

 

 
Figure 4. Green curve is TGA of sample 4. Black curve is DTA of sample 4. 

 
Figure 5. Green curve is TGA of sample 5. Black curve is DTA of sample 5. 
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Figure 6. Green curve is TGA of sample 6. Black curve is DTA of sample 6. 

 

 
Figure 7. Green curve is TGA of sample 7. Black curve is DTA of sample 7. 
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Scanning Electron Microscope (SEM) 

 

 
Figure 8.  SEM micrograph of sample A. 

 

 
Figure 11.  SEM micrograph of sample 6. 
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Figure 9.  SEM micrograph of sample 7. 
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Figure 10.  SEM micrograph of sample 7f. 

 


