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Abstract 

Prussian blue (PB) and Prussian blue analogues (PBAs) are compounds 
with potential applications in a large variety of fields such as gas storage, 
poison antidotes, electrochromism, electrochemistry and molecular 
magnets. The compounds are easy to synthesize, cheap, environmentally 
friendly and have been pursued for both fundamental research and 
industrial purposes. Despite the multifunctionality of PB and PBAs, they 
have complicated compositions, which are largely dependent on the 
synthesis methods and storage conditions. Thus, performing 
investigations on such compounds with defined composition, 
stoichiometry and crystal structure is essential. 

This thesis has focused on synthesis and detailed structure 
characterization of copper hexacyanoferrate (CuHCF) via X-ray powder 
diffraction (XRPD), neutron powder diffraction (NPD), 
thermogravimetric analysis (TGA), differential scanning calorimetry 
(DSC), inductively coupled plasma-optical emission spectroscopy (ICP-
OES), scanning electron microscopy-energy dispersive spectroscopy 
(SEM-EDS), Mössbauer spectroscopy, extended X-ray absorption fine 
structure (EXAFS), infrared (IR) and Raman techniques. In addition, 
kinetics of thermal dehydration process, CO2 adsorption and CO2 
adsorption kinetics were investigated. Moreover, in operando 
synchrotron X-ray diffraction experiments were performed to gain 
insight into the structure-electrochemistry relationships in an aqueous 
CuHCF/Zn battery during operation. 
 

Key words: copper hexacyanoferrate, synthesis, structure refinement, 
thermal dehydration, CO2 adsorption, kinetic analysis, in operando 
synchrotron X-ray diffraction 
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1. Introduction  

1.1 Brief history of Prussian blue (PB) 

Prussian blue (PB) or iron(III) hexacyanoferrate(II), also known as 
ferric ferrocyanide is a member of a well-documented family of 
synthetic coordination compounds with an extensive history of 
~300 years.1,2 The structure of PB is considered as the classical 
prototype of polynuclear transition metal hexacyanides.3 Written 
evidence indicates that it was discovered accidentally between 1704 and 
1707 by the paint maker Diesbach in Berlin. PB was secretly produced 
in large quantities between 1708 and 1716 for commercial purposes.4 
The recipe for its production remained a secret until 1724, when it was 
described and published by John Woodward.5,6 At the time of its 
discovery, PB was mainly used as pigment for paints, lacquers, printing 
inks and laundry dye since it was less expensive, readily available, 
easily produced compared to ultramarine or other blue pigments that 
were in use.7 

PB can be obtained by the addition of ferric salts to ferrocyanides. 
Among the puzzling effects of PB was its similarity with Turnbull’s 
blue, also known as ferrous ferricyanide, obtained by addition of ferrous 
salts to ferricyanides. This anomaly was solved by infrared 
spectroscopy, Mössbauer spectroscopy, and photoelectron 
spectroscopy studies,8–11 which revealed that the two compounds are 
identical. Very rapid electron-transfer between FeII and FeIII ions gives 
rise to the same mixed-valence compound. 
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1.2 Crystal structures of PB and Prussian blue analogues 
(PBAs) 

Traditionally, PB compound is known to exist in at least two stable 
forms; alkali-rich (soluble), AFeIII[FeII(CN)6]·1–5H2O, where A = 
alkali metal cations, and alkali-free (insoluble), FeIII[FeII(CN)6]3/4·3.5–
4H2O.12–15 The terms “soluble” and “insoluble” are somewhat 
misleading, as both compounds are highly insoluble in water. In this 
context the solubility connotation was invented by the dye makers, and 
refers to the ease with which certain PB samples can form colloidal 
solutions.16,17 

Prussian blue analogues (PBAs) on the other hand can be formulated as 
AxM[M’(CN)6]z·nH2O, where M and M’ are transition metal ions; A 
when present, is often a monovalent cation or NH4

+. The idealized 
crystal structure of PB shown in Figure 1a, is usually described in the 
space group Fm m and a ≈ 10.2 Å, and was first characterized by 
Keggin and Miles in 1936, using powder diffraction data.18 A slightly 
modified structure model (currently the accepted one) for alkali-free PB 
was presented in 1970s by Buser et al. from single crystal X-ray 
diffraction.19 

It is very difficult to synthesize single crystals of PBAs and they are 
usually obtained as very fine powders by precipitation methods.20 The 
average crystal structure of most PBAs are generally described with the 
space groups Fm m, F 3m or Pm m but analogues with lower 
symmetries have been reported.21–29 The space groups Fm m and F 3m 
have statistically randomly distributed M’(CN)6 vacancies. However, 
partial ordering of these vacancies leads to Pm m. The space group 
F 3m differ from Fm m by a lower multiplicity of atom positions in 
the octants/cavities for the former one (Figure 1b). 
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PBA compounds with different compositions and structures are known. 
Depending on the combination of the starting reagents, several 
stoichiometries with the same transition metal can be obtained 
(Table 1). 

Table 1. Formulations and structure of PB/PBAs, M[M’(CN)6]z·nH2O with 
space group Fm m (M and M’ = e.g., Fe, Co, Mn, Cr, Cu, Zn etc.) 

Aqueous solutions Expected composition    a (Å) z Reference 
MIII + [M’III(CN)6]3- MIII[M’III(CN)6]·nH2O ~10.4 1 35 
4MIII + 3[M’II(CN)6]4- MIII[M’II(CN)6]3/4·nH2O ~10.2 3/4 13 
3MII + 2[M’III(CN)6]3- MII[M’III(CN)6]2/3·nH2O ~10.1 2/3 36 
2MII + [M’II(CN)6]4- MII[M’II(CN)6]1/2·nH2O ~10.0 1/2 36 

 

The proportion of M’(CN)6 vacancies is defined by the stoichiometric 
ratio, z (Table 1). For instance, structures with z = 1 have no vacancies, 
while those with z < 1, e.g., z = 1/2, 2/3 and 3/4 have 50%, 33% and 
25% of the M’(CN)6 sites vacant, respectively. PBA compounds are 
known to have two kinds of water molecules, n, zeolitic and 
coordinated. In compounds with no vacancies, i.e.,  z = 1, only zeolitic 
water is present in the voids/cavities formed by the M’–CN–M 
framework. However, when z < 1, the coordinated water is also present, 
and completes the coordination sphere of M atoms.13,21,36,37 

The transition metal atoms M and M’ are, respectively, located at the 
sites 4a (0, 0, 0) and 4b (½, ½, ½), in a cubic crystal structure with the 
space group Fm m. The locations of the two kinds of water molecules 
are known from NPD data. Two crystallographically distinct sites have 
been identified; (i) zeolitic water at 8c site (¼,¼,¼) and at a 32f site (x, 
x, x) in the cavity, (ii) coordinated water at a 192l position close to the 
24e site (x, 0, 0) of the CN ligands.21,37 However, in our XRPD and 
NPD studies we found an additional 48g site for the zeolitic water in 
addition to the 8c and 32f positions (Figure 2).38,39 





6 

 

PBAs can be applied in a plethora of fields, including gas storage,49 
electrochromism,50 electrocatalysis,51 ionic and electronic 
conductivity,52 charge storage,53 corrosion protection,54 molecular 
magnets,2 and antidote for heavy metal poisoning, e.g., of thallium or 
cesium.55,56,57 

The world’s energy consumption is commensurate to the ever growing 
human population. Fossil fuel is the largest source of energy and 
accounts for more than 80% of total world energy consumption.58 
However, the increased use of fossil fuels has led to significant rise of 
CO2 level in the atmosphere.59,58 The CO2 concentration is estimated to 
reach ~570 ppm by 2100 from its current level of ~400 ppm.60,61 
Therefore, the need to abate its emission is becoming increasingly 
important. This has led to policymakers and governments enacting 
regulations aimed at decreasing CO2 emissions to the atmosphere and 
advocating for use of clean energy.62 Two of the more efficient ways 
through which CO2 emission can be mitigated are (i) CO2 capture,63,64 
and (ii) use of renewable energy, e.g., wind and solar. 

1.3.1 Carbon dioxide (CO2) capture 

The primary challenge is to develop more efficient, environmentally 
friendly and economically viable methods to capture and sequester 
CO2.65 There are a number of ways in which carbon capture and 
sequestration (CCS) can be effected; pre-combustion, post-combustion, 
oxyfuel capture, and chemical looping. Although the pre-combustion 
and oxyfuel capture are merited for their ease and cost of CO2 capture, 
the post-combustion method offers a short-term solution. Traditional 
methods such as amine scrubbing and membrane separation are 
efficient but are limited by corrosion, high energy-consumption, and 
high cost of maintenance. Other CO2 capture technologies such as 
absorption, cryogenic distillation and adsorption have been developed, 
but most of them are yet to be commercialized.66,67 Among these 
technologies, the adsorption one is deemed as the most promising 
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because of its low energy penalty, low operating cost and low capital 
investment.68,69 

Solid adsorbents comprise activated carbons,70–72 metal oxides,73–76 
clays,77 zeolites,78,79 metal-organic frameworks (MOFs)80–85 and 
mesoporous silica materials.86–88 Some examples are shown in Figure 3. 

 
Figure 3. Porous structures of selected solid adsorbents. Figure reproduced from 
Choi et al89. 

 

There are two well developed adsorption methods: temperature swing 
adsorption (TSA) and pressure swing adsorption (PSA). The PSA is 
more promising than TSA because of its higher regeneration rate and 
low energy penalty.68,69,90 In this regard, PBAs, have emerged as 
potential gas adsorbents due to their microporous behaviour and lower 
energy of regeneration. Their CO2, H2, N2, CH4, SO2, NO and H2O 
adsorption properties have been investigated.91–93 However, in this 
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thesis, only CO2 adsorption will be discussed in details. The CO2 
adsorption capacities of M3[Co(CN)6]2 and M3[Fe(CN)6]2 (M = Mn, Fe, 
Co, Ni, Cu, Zn, Cd) series compounds have been reported.91–95 

Different analogues have shown different CO2 uptake capacity, which 
depends on the transition metal in the framework. Metals with higher 
ionic character are said to have higher affinity for CO2.91,96 However, 
the differences in the adsorption properties are subtle and cannot be 
explained by ionicity alone.91 Some of the major challenges with PBAs 
are (i) their adsorption capacity is reduced in the presence of moisture 
and (ii) they have rigid pores sizes, ~4.5 Å compared to (MOFs) ~5–
15 Å.80 

PBAs have CO2 capacities of ~3.0 mmol g-1, which is in close range 
with other well established CO2 adsorbents, e.g., zeolite 13X (~4.5 
mmol g-1), activated carbon (AC) (~2.9 mmol g-1), and MOF (MIL-101, 
~3.62 mmol g-1), all at 1 bar and 298 K (Table 2).91,95,97–99 

Table 2. Comparison of CO2 adsorption capacity of PBAs to those of other 
selected adsorbents reported in the literature at 1 bar and 298 K 

Adsorbent n (mmol g-1) Reference 

M3[M’(CN)6]2 
* 1.5–3 91, 95, 100 

AC 2.9 99 
Norit RB2 2.5 80 
Zeolite 13X 4.5 97 
NaM 2.95 101 
MOF-5# 2.1 85 
MIL-101 3.62 98 

                                    *M = Mn–Zn, M’ = Fe and Co, # = at 296 K 

The adsorption kinetics are critical for assessing the performance of an 
adsorbent and to design efficient adsorption processes. Moreover, 
information on how molecules are adsorbed and how they interact with 
the structure can be acquired.69 Adsorption capacities, heats of 
adsorption and kinetic parameters are fundamental for selecting optimal 
conditions for a gas storage system. The adsorption process can either 
be physisorption or chemisorption, and the activation energy derived 
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can be used to distinguish the two processes. The kinetics of CO2 
adsorption and adsorption isotherms on copper hexacyanoferrate 
(CuHCF) have been investigated and will be discussed in details later 
on. 

1.3.2 Energy storage 

Despite solar and wind being clean sources of energy, they suffer from 
short-term transients.102,103 Therefore, low cost, rapid-response, high 
power output and environmentally friendly energy storage devices that 
can be integrated with the electrical power grid are needed.104 Pumped-
storage hydropower is currently the most used for grid energy storage, 
however, it is site specific and requires high initial capital. Sodium-
sulphur (NaS) battery is another existing system, however, it operates 
at high temperatures (300–350 °C) and has low energy efficiency.105 
Other proposed energy storage technologies for large-scale applications 
are yet to be effectively integrated into the electrical power grid due to 
a number of setbacks.106 Flow batteries (e.g., vanadium redox battery) 
have low power densities; lead-acid batteries are associated with low 
cycle life and cannot withstand deep discharge;103,107,108 while metal 
hydride and Li-ion (widely used for portable electronic devices) 
batteries are currently too expensive for the power grid.109–111 

The present energy situation has spurred research on rechargeable 
batteries with better and cheaper materials that can be integrated with 
the electrical power grid. There are also rising concerns regarding Li 
future supply.58,112,113 As a consequence, batteries based on inexpensive 
earth abundant elements, e.g., Na and K, could be more suitable for the 
power grid.114–116 A number of host materials for monovalent (Na or K) 
ion batteries have been explored, among them are open framework 
materials with PB/PBA crystal structures (Figure 4).104 
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1.4 Kinetic analysis 

Kinetic analysis can provide information on the reaction mechanism of 
a given process. The kinetic parameters, i.e., the reaction model, 
activation energy and pre-exponential factor of the process can be 
obtained from isothermal or non-isothermal TGA data. The reaction 
rate of a chemical reaction under isothermal conditions can be 
expressed as 

 = k(T)·f(α) = A exp ·f(α)                                                           (1) 

where  is the reaction rate (s-1), α the degree of conversion, k(T) the 
Arrhenius rate constant, f(α) the reaction model (which may take 
various forms),127 A the pre-exponential factor (s-1), Ea the activation 
energy (kJ mol-1), T the temperature (K) and R the universal gas 
constant. The degree of conversion, 0 ≤ α ≤ 1 can be defined as 

α =                                                                                                      (2) 

where  is the initial sample weight,  the sample weight at time, t, 
and the final sample weight. 

Under non-isothermal conditions, equation (1) is modified by 
introducing a heating rate (β = ), such that 

=  exp ·f(α)                                                                                  (3) 

Two approaches that can be used to adequately describe the kinetics of 
a given reaction process under both isothermal and non-isothermal 
conditions are; model-fitting kinetics and model-free kinetics.128 

Model-fitting approach involves fitting experimental data to semi-
empirical reaction models. This approach often gives a good fit to both 
isothermal and non-isothermal data, however, it fails to achieve a clear 
distinction between the k(T), and f(α) variables for the latter data. Most 
often, several models satisfactorily fit the data but with high uncertainty 
in the individual values of Arrhenius parameters (A and activation 
energy, Ea). 
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In this study, model-free (isoconversional) methods were preferred as 
they do not require assumption of specific reaction models, and the 
Arrhenius parameters can be extracted independent of the reaction 
model. The isoconversional methods are based on the assumption that 
the reaction rate at constant extent of conversion is only a function of 
temperature. The model-free methods can be categorised into two 
groups; differential or integral methods. 

Friedman method 

This is the most straight forward and common differential 
isoconversion method applicable to both isothermal and non-isothermal 
data.129 It uses a differential form of equation (3), 

ln  =                                              (4) 

where the subscript α refers to the value related to a considered 
conversion, and i to a given heating rate. 
Plotting ln[�(dα/dt)]α,i vs T-1

α,i at fixed α for different heating rates, 
yields straight lines with slopes -Eα/RT from which Ea can be estimated. 

Kissinger-Akahira-Sunose (KAS) method 

This method,130,131 is based on linear integral form of equation (3) and 
can be expressed as: 

                                                                              (5) 

At a constant α, the plot vs. T-1 gives a straight line from which 

E� can be estimated. 

1.5 Inspiration 

At first glance, the synthesis, composition and formulation of PB and 
PBAs appears to be a routine college chemistry exercise. However, the 
compounds may have complicated and variable stoichiometry, hence 
the apparent simplicity can be deceiving. Different methods (chemical 
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and electrochemical) of preparation, variations in handling procedure 
and storage conditions may lead to products with subtle differences in 
composition and properties, which often are overseen.36,132–134 In fact 
PB and to more extreme PBAs reported in the literature may exhibit 
ambiguous compositions and structures. As of today, less attempt has 
been made to prepare samples with carefully controlled and 
reproducible compositions, hence a number of studies in the literature 
may have been performed on ill-defined compounds. Consequently, 
systematic study of the preparation methods, compositions, and 
structures is crucial and can provide clarity for PB and PBAs. 

This thesis aims at gaining a better understanding of the structure-
properties relationships of a selected PBA compound with defined 
composition and crystal structure. Recent progress in battery 
technology has shown that CuHCF is a PBA with promising 
electrochemical properties. It has been demonstrated that charging and 
discharging in this system involve insertion and extraction with a 
monovalent cation such as Li+, Na+, K+ or NH4

+ or a divalent cation 
such as MgII or CaII and combinations thereof.104,115,118,123,124 However, 
there is still lack of detailed structural information of what happens 
during the redox chemistry. Therefore, we have carried out a detailed 
study of K2x/3CuII[FeII

xFeIII
1-x(CN)6]2/3·nH2O compounds with 

0.0 ≤ x ≤ 1.0, and Δx = 0.2. In addition, their water contents, kinetics of 
thermal dehydration, kinetics of CO2 adsorption and electrochemical 
properties have been evaluated. 
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Figure 7. SEM image of ground sample of CuII[FeIII(CN)6]2/3·nH2O (x = 0.0) 
obtained using an accelerating voltage of 2 kV. Figure adapted from paper I.38 

 

In an effort to tune the sample morphology and particle size 
distribution, a number of parameters such as temperature, 
concentration, mixing speed, stirring, pH, aging, and reagent mixing 
ratios were explored. However, due to the rapid nature of the 
precipitation reaction process, producing sample products with 
controlled morphology and size distribution proved very difficult. 
These challenges led us to try a different synthetic procedure, local 
growth. This method has been used in the literature to synthesis PBA 
compounds with different chemical compositions, wide-particle size 
distribution, morphologies and crystal structures.36,132,134,135 It involves 
two reactants, where an insoluble compound grows when one of the 
reacting products is immersed as a solid phase into a solution of the 
other reacting compound.136,137 In our case, crystals of K3Fe(CN)6 or 
K4Fe(CN)6 salt were immersed into an aqueous solution of 
CuSO4·5H2O or Cu(NO3)2. This method yielded sample products with 
a mixture of phases with different crystal structures and of poor 
crystallinity. Therefore, it was very difficult to investigate them 
systematically, and were not considered for further studies. 
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2.2 Characterization 

2.2.1 X-ray powder diffraction 

X-ray powder diffraction (XRPD) patterns were mainly used for phase 
identification and structural analysis. Powder patterns of the samples 
were obtained using a PANalytical X’Pert PRO X-ray diffractometer 
operating in a Bragg-Brentano geometry at 40 kV and 40 mA with 
CuKα1 (λ = 1.5406 Å) radiation. All samples were  mixed with Si as an 
internal standard. The diffraction patterns were recorded with a step size 
of 0.026° in the 2θ range 10–70° and a total measuring time of 2 h. 
High-resolution XRPD patterns were recorded in the range 3.5–40°, at 
the ID22 beam line (λ = 0.4009 Å), ESRF synchrotron radiation facility 
in Grenoble, France. Both the conventional and synchrotron data were 
recorded at room temperature. The Rietveld method,138 was employed 
for structure refinement using the TOPAS 4.1 program.139  

The in-house diffractometers are advantageous since they are cheap and 
easily accessible compared to synchrotron sources. However, they are 
limited to fixed wavelengths, relatively low intensity and require longer 
exposure times. On the other hand, synchrotron radiation sources have 
a wide range of wavelengths, and high intensity. In general, X-ray 
sources have their own pitfalls; they interact weakly with lighter 
elements. Although structure refinement can be performed through the 
Rietveld method, it requires high quality experimental diffraction data. 

2.2.2 Neutron powder diffraction 

To locate the water positions with higher precision, neutron powder 
diffraction (NPD) data were obtained at the time-of-flight (TOF) 
instrument GEM at ISIS, United Kingdom. Deuterated samples were 
loaded in 8 mm vanadium cans sealed by indium wire. The structure 
refinement was performed in the TOPAS 4.1 program by least squares 
Rietveld method.  Unlike X-rays, neutrons can be used to probe light 
elements and to study magnetic structures. However, the number of 
neutron sources in the world are limited. Therefore, neutron diffraction 
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is a special and expensive analytical tool. In addition, relatively large 
amounts of sample (grams) are required for NPD, since neutrons 
interact weakly with matter compared to X-rays. Moreover, due to 
strong incoherent scattering of hydrogen atoms, samples for neutron 
diffraction studies must be deuterated. 

2.2.3 Scanning electron microscopy and elemental analysis 

For visualizing the sample morphology and particle size, SEM images 
were obtained by a JEOL JSM-7401F, operated at an accelerating 
voltage of 1–2 kV and a working distance of 3 mm.  Sample powders 
were dispersed on a double sided carbon tape and mounted on an 
aluminium stub prior to the analysis. 

The cation compositions and semi-quantitative estimation of the C, N 
and O contents were achieved using a HITACHI TM3000 microscope 
equipped with an EDS, operated at 20 kV. Before probing the samples, 
the powders were pressed into pellets to obtain flat dense surfaces for 
better results. 

The Fe, Cu and K cation compositions were further confirmed by ICP-
OES. C, H and N analysis were obtained through elemental combustion. 
These measurements were performed by Medac Ltd. in the United 
Kingdom. 

Information on morphology can be gained from SEM analysis. 
However, poor sample preparation can result in artifacts, while beam 
sensitive samples are difficult to probe. EDS on the other hand can 
provide information on the sample composition, but is less accurate for 
light elements. A more quantitative information can be obtained by ICP, 
since it has a better precision and has lower detection limits than EDS. 
One of the main weaknesses of ICP is that samples must be in solution 
form. 
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2.2.4 Thermogravimetric analysis 

The water content, thermal stability and the dehydration temperature 
were estimated using a PerkinElmer TGA7. In addition, simultaneous 
TG-DSC curves were recorded using a Netzsch STA 449 F3 Jupiter 
thermobalance (JT), while simultaneous TG-MS signals were obtained 
by a TA instruments Discovery thermobalance (DT) connected to a 
Pfeiffer Thermostar mass spectrometer. Samples were placed in either 
Pt or alumina crucibles, and heating rates of 0.5–20 ° min-1 from 30 to 
900 °C and purge gas (air or N2) with flow rates of 20–200 mL min-1 
were used. TGA can be advantageous in that the sample preparation is 
simple and the data obtained is reliable/reproducible. However, the 
shapes of the TG curves are known to depend on parameters such as 
atmosphere, the amount of sample, heating rate, TG instrument and 
sample cups used. Moreover, it is very difficult to analyze samples 
sensitive to humidity by an ordinary TG. 

2.2.5 Mössbauer spectroscopy 

The oxidation state of Fe in the compounds were obtained by recording 
Mössbauer spectra at room temperature using a spectrometer with a 
constant acceleration type of vibrator and a 57CoRh source. The samples 
were ground and mixed with boron nitride and spread out to form 
absorbers with a concentration of 25 mg cm-2. Calibration spectra were 
recorded using natural iron foil at room temperature as a reference 
absorber. The final spectra were folded and fitted using the least-
squares Mössbauer fitting program Recoil.140 Using this technique, 
information on the oxidation states and coordination number of selected 
elements can be gained. Despite that, only a limited number of isotopes 
can be probed and data interpretation are somewhat model/fit 
dependent. 

2.2.6 Extended absorption fine structure analysis 

In order to study the local structure of Fe, Cu and K atoms in the 
compounds, experiments were performed using an extended X-ray 
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absorption fine structure (EXAFS) at the wiggler beamline I811 at the 
Max-Lab, Lund, Sweden. Prior to the analysis, samples were mixed 
with boron nitride (30:50 w/w), ground and pressed into 1 mm thick 
pellets. The spectra for K-edges of Fe and Cu were recorded in 
transmission mode, while the K-edge for K was acquired in 
fluorescence mode. The EXAFSPAK package141 was employed for the 
data treatment, while the FEFF6 program142 was used to calculate the 
amplitude and phases for multiple scattering (MS) signals. While 
conventional XRD techniques provide information on the average 
structure, EXAFS analysis is useful in probing the average local 
structure around a particular element. However, light elements are very 
difficult to probe due to weak EXAFS signals. 

2.2.7 Vibrational spectroscopy 

The infrared (IR) spectra of the samples were recorded at room 
temperature on a Varian 610-IR FTIR spectrometer in the mid-IR range 
(400–4000 cm-1) using attenuated total reflectance (ATR). The 
spectrometer was equipped with a deuterated triglycine sulfate (DTGS) 
detector. The spectra acquired were the sum of 64 cumulative scans, 
and the spectral resolution was 4 cm-1. 

Raman spectra were acquired using a Renishaw InVia Raman 
spectrometer with a 532 nm laser. Both IR and Raman spectra can be 
used for ‘fingerprinting’, i.e., providing information on specific 
functional groups. As such, the v(CN) band positions in FeIII–CN–CuII 

and FeII–CN–CuII linkages can be unequivocally differentiated via IR 
and Raman analyses.143–147 Free CN- has v(CN) of ~2080 cm-1 in an 
aqueous solution. When binding to metal via σ-bond, the CN- tends to 
donate electrons to the metal from its weakly antibonding 5σ orbital, 
and in a π-bond by accepting electrons from the metal in a back-
donation to its antibonding π-orbital. The resulting shift in v(CN) 
depends on the electronegativity, the oxidation state, and coordination 
numbers of the metal bonded directly to the cyanide group.2 However, 
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these techniques are not suitable for analysing complex mixture. 
Further details are given in paper I.38 

2.2.8 CO2 and N2 adsorption analysis 

2.2.8.1 Volumetric analysis 

CO2 adsorption/desorption isotherms were recorded at 273 K and 298 K 
and 1 bar using a Micromeritics accelerated surface area porosimetry 
(ASAP 2020) apparatus. Prior to the measurements, samples of 
~120 mg, were degassed at 95 °C under vacuum for 48 h. The 
Brunauer-Emmett-Teller (BET) surface areas of the samples were 
obtained by analyzing nitrogen adsorption/desorption isotherms at 
77 K. The volumetric method is fairly simple but requires large amount 
of sample, and the adsorption process may last for few seconds or days. 
Moreover, information on the kinetics of adsorption cannot be obtained 
by this method. 

2.2.8.2 Thermogravimetric analysis 

The CO2 adsorption/desorption profiles were obtained using the DT 
with N2 as the purge and protective gas. Before the analysis, samples of 
~15 mg, were first dehydrated at 90 °C for 1 h under N2. DSC curves 
for the same samples were recorded using the JT. Unlike the volumetric 
method, small sample amounts are required for gas adsorption in 
gravimetric analysis. In addition, information on the kinetics of 
adsorption process can be obtained. However, the method can be 
tedious sometimes as it might require various calibration 
measurements, i.e., correction runs with empty sample crucibles. 

2.2.9 Electrochemistry 

Aqueous CuHCF/Zn batteries are advantageous due to the non-toxic, 
abundant and low-cost of Zn in comparison with Li. They are also 
environmentally friendly and safe, and are thus promising candidates 
for large-scale batteries. The main inherent problem for aqueous 
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batteries is the limited electrochemical stability window of water, which 
in turn limits the cell operating voltage. To prepare electrodes, 75 wt% 
active material of CuHCF-PBA, 15 wt% carbon black (Super P, 
Timcal) and 10 wt% polyvinyl alcohol (PVA, 18–88, Fluka) binder 
were thoroughly mixed for 1 h by using ball milling. Working 
electrodes with mass loadings of ~2 mg cm-2 were prepared by casting 
the slurry on a graphite sheet (120 μm thickness, SIGRA-FLEX, SGL 
Carbon) current collect. Afterwards, the electrodes were dried before 
cell assembly. For galvanostatic cycling experiments, 1M ZnSO4(aq) 
was used as the electrolyte. Prior to cell assembly, the electrolyte 
solution was deoxygenated by flushing with Ar(g). A flat Zn metal 
(0.25 mm thickness, Alfa Aesar) acted as both counter and reference 
electrode, while a piece of fibre glass soaked in the electrolyte was used 
as separator in the aqueous cell. The electrode stack was then vacuum 
sealed inside a polymer/aluminium/polymer laminate to avoid 
atmospheric influences on the cell performance over long-term 
galvanostatic measurements (Figure 8). 

 
Figure 8. Photograph showing the typical assembly of a vacuum-sealed aqueous cell 
for in operando experiments. Picture taken from supporting information of Paper V. 
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Electrochemical tests were performed by using a Digatron BTS-600 
instrument. In operando XRPD data were collected at beamline I711 at 
the MAX-Lab synchrotron source (λ = 0.9941 Å) in Lund, Sweden. 
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3. Results and discussions 

The results and discussions presented in this thesis are a synopsis of 
those given in papers I–V. Papers I and III cover detailed synthesis, 
composition, structure characterization and properties of copper 
hexacyanoferrate (CuHCF). Papers II and IV, respectively, deal with 
kinetics of thermal dehydration and adsorption kinetics of CO2. Paper 
V explores the electrochemical properties of CuHCF as an electrode 
material in aqueous Zn-ion batteries. 

3.1 Structure and properties of CuHCF (Papers I, II and III) 

All sample powders were crystalline and their XRPD patterns could be 
indexed with a face-centered cubic unit-cell. The unit-cell constant 
from the Rietveld refinement was found to decrease from a ≈ 10.11 Å 
for x = 0.0 to a ≈ 10.03 Å for 0.8 ≤ x ≤ 1.0 (Figure 9a). This is in line 
with what has been observed when K+ ions are electrochemically 
inserted, however, therein a complete linearity of the unit-cell constant 
with K+ ion content is observed.118  Similar behaviour for x ≥ 0.8 has 
also been reported by Pasta et al.117 where they used Na2S2O3 as a 
reducing agent. However, these authors claim that the redox potential 
of the pristine sample is so high that FeIII in CuHCF is spontaneously 
partially reduced by water.117 Herein, we find no such evidence from 
Mössbauer, IR and Raman techniques. 
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The ICP results suggest that K+ ions are not inserted for x ≤ 0.2. The K 
content of 0.06(3) for x = 0.0 comes from the precursor K3Fe(CN)6 (aq). 
On the contrary, Mössbauer, IR and Raman spectroscopies as well as 
changes in unit-cell constant, show that there is a partial reduction of 
FeIII. Since the spectroscopic data show that all Fe is 3+, it implies that 
charge compensation occurs via a different mechanism. As has been 
reported for PB,148  it is possible that the K+ ions are charge balanced 
by OH-, and e- charge compensated by H+, which forms H2O, and when 
this process is completed, the insertion of K+ ions ensue. The reaction 
can be expressed as 

K0.06Cu[FeIII(CN)6]2/3(OH-)0.06-y·nH2O + 2y/3·e- + 2y/3·H+ = 

K0.06Cu[FeIII
1-yFeII

y(CN)6]2/3·nH2O + 2y/3·H2O 

For x > 0.2, the increase in the K+ ion content corresponds to the 
reduction of FeIII. This is in good agreement with the Mössbauer, IR 
and Raman data. It is noteworthy that a reduction of CuII to CuI upon 
electrochemical reduction of CuHCF studied by X-ray photoelectron 
spectroscopy (XPS) and X-ray absorption near-edge structure 
(XANES) have been reported.121,149,150 However, in this study XANES 
analysis revealed the presence of only CuII for 0.0 ≤ x ≤ 1.0.38 

3.2 Thermal decomposition 

Thermogravimetric analysis using a PerkinElmer TGA7 revealed that 
weight-loss occurs in two steps as shown in Figure 10. For a heating 
rate of 10 �C min-1; the first step, ~26 wt%, corresponds to release of 
zeolitic and coordinated water between room temperature and ~180 �C. 
This step is reversible when the samples are exposed to air.38,151 The 
second step above ~180 °C corresponds to gradual decomposition of 
the compound. 
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Figure 10. (a) TG curves for CuII[FeIII(CN)6]2/3·nH2O (x = 0.0) using heating rates of 
0.5 and 10� min-1. Before heating, the sample was held isothermally at 30 �C with a 
dwell time of 2 h. The expected water loss ~26 wt% for n = 4, is marked in the figure. 
Figure reproduced from paper I.38 

 

The TG-MS results of the first region on x = 1.0 show m/z 18 (H2O) 
and m/z 17 (OH) signals, confirming simultaneous loss of zeolitic and 
coordinated water (Figure 11). This was also the case for x = 0.0. The 
MS signals above ~180 °C correspond to the release of m/z 52 (CN)2 
and m/z 44 (CO2). An increase in weight is seen at ~220 °C, which is a 
backstroke effect caused by a rapid exothermic combustion with strong 
m/z 44 (CO2) signal. 
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Figure 11. TG-MS curves for thermal dehydration of x = 1.0 in air at a heating rate 
of 10 °C min-1 and a sample mass of �10 mg. Figure adapted from paper II.152 

 

Above 400 °C, NO2 and NO gases are evolved. The water content, 
dehydration and decomposition temperatures, are known to be 
dependent on the composition.24,25,150–157 In most PBA compounds, the 
zeolitic and coordinated waters are lost in one step, however, for some 
compositions, multiple steps have been reported.24,154 

3.3 Degree of hydration 

The water content of PB and PBAs may vary markedly on the synthesis 
and storage conditions.12,13,30 As previously mentioned, the compounds 
have two distinct kinds of water: (i) zeolitic water in cavities formed by 
the M’–CN–M framework and (ii) coordinated water completing the 
coordination sphere of  M atoms. Ideally, the maximum number of 
water molecules in the unit-cell of the as-synthesized 
CuII[FeIII(CN)6]2/3·nH2O compound is 16 (n = 4), 8 zeolitic and 8 
coordinated. As has been revealed by the MS results, the first weight-
loss step is an overlapping process between the two kinds of water 
molecules. However, they are not easy to separate. Therefore, the 
region for water between room temperature and ~180 °C was treated as 
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a single step in determining the amount of water for 0.0 ≤ x ≤ 1.0 (Figure 
12). 

 
Figure 12. TG curves for various x, recorded in air with a heating rate of 10 °C min-1 
using the DT. Figure taken from paper II.152 

 

Note that, there is a very fast initial weight-loss when samples 

equilibrated with ambient humidity are subjected to the dry atmosphere 

in the TG. This initial weight-loss is essentially not registered by the 

TG and amounts to ~10% of the registered one. This very rapid weight-

loss can be attributed to either surface adsorbed or very loosely bound 

water. Therefore, the initial water-loss was excluded when estimating 

the water content (Table 3). 

Table 3. Determined water content per formula unit of 
K2x/3CuII[FeII

xFeIII
1- x(CN) 6]2/3·nH2O; n = as determined water content using 

DT, the initial very fast water-loss is ~0.44 for all samples.152 

x n* 
0.0 2.89 
0.2 3.42 
0.4 3.50 
0.6 3.70 
0.8 3.84 
1.0 3.38 

                       *n = 4 corresponds to 16 water molecules per unit-cell 

The water content, n shows a systematic variation with K+ ion content, 
such that n increases with increasing x for x ≤ 0.8, and varies between 
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2.9 and 3.8 per formula unit. Typical value of n reported in the literature 
is ~3.5. However, as shown by the fast water-loss, it is very difficult to 
measure the water content precisely and draw any conclusions.13,55,158 
As mentioned before, the ideal maximum n is 4, disregarding the 
surface adsorbed water. One explanation for the water-K relationship 
could be that K+ ions are inserted into the structure as hydrated ions. 
However, n decreases to ~3.4 for x = 1.0, possibly because the inserted 
K decreases the available sites for water in the cavity. 

3.4 Crystal structure 

3.4.1 X-ray powder diffraction 

As mentioned earlier in the introduction, the crystal structure of most 
PBAs have been resolved in the cubic space groups Fm3m, F43m and 
Pm3m.21–29 A lower multiplicity of atom positions in the cube octants 
results in F43m, while ordering of M’(CN)6 vacancies leads to Pm3m. 
The XRD patterns for Fm3m and F43m are very similar, while for 
Pm3m there are additional reflections with respect to the former 
two.25,159 In this study, the crystal structures of 
K2x/3Cu[Fe(CN)6]2/3·nH2O with x = 0.0 and x = 1.0 were refined in the 
space group Fm3m. During the Rietveld refinement, Fe and Cu atoms 
were located on sites 4a (0, 0, 0) and 4b (½, ½, ½), respectively, while 
C and N atoms of the CN ligands on sites 24e (x, 0, 0). For both samples 
33% of the [Fe(CN)6] sites are empty and filled with coordinated water 
molecules, that bind to Cu at a site 24e (x, 0, 0) and completes its 
coordination sphere. 

The location of the O/K atoms in the the –Cu–NC–Fe–CN–Cu– 
framework cavity can be described by either a model with an atom at 
site 8c (¼, ¼, ¼) with a large temperature factor or by distributing atoms 
over the site 8c and two additional positions, 32f (x, x, x) and 48g 
(x, ¼, ¼), as evidenced by difference Fourier maps (Figure 13d).160 
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Both models yielded similar total water content, �2 and RF values 
(Table 4), however, the second model is preferred as it is more 
reasonable from chemical and structural view point. 

 
Figure 13. Three possible arrangements of Fe atoms around the cavities in the 
structure and their influence on K/O atom positions; (a) none of the four Fe atoms is 
missing and K/O at site 8c  (b) one Fe atom is missing and, (c) two Fe atoms are 
missing. The vacancies lead to shifts in K/O positions either to sites 32f or 48g. (d) 
Difference Fourier map for x = 0.0 generated with a model containing no atoms at site 
8c. The shape can be explained by two additional atoms at sites 32f and 48g. 
Figure reproduced from paper I.38 

 

Table 4a. Crystal structure (XRD) data for Cu[Fe(CN)6]0.70(1)·1.9(1)·H2O, 
a = 10.1314(2)  Å* 

Atom Site x y z Biso (Å2) sof Atoms per unit-cell 

Fe 4a 0 0 0 1.80(2) 0.70(1) 2.8 

Cu 4b ½ ½ ½ 1.80(2) 1 4 

C 24e 0.1889(3) 0 0 3.17(7) 0.70(1) 16.8 

N 24e 0.3036(3) 0 0 3.17(7) 0.70(1) 16.8 

O1 24e 0.256(2) 0 0 3 0.09(1) 2.2 

O2 8c ¼ ¼ ¼ 2 0.24(2) 1.9 

O3 32f 0.217(2) 0.217(2) 0.217(2) 2 0.07(1) 2.2 

O4 48g 0.331(3) ¼ ¼ 2 0.023(4) 1.1 

* Rp = 3.6 %, Rwp = 4.5 %, Rexp = 3.1 %, RBragg = 1.4 %, χ2 = 2.1 
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Table 4b. Crystal structure (XRD) data for K2/3Cu[Fe(CN)6]0.68(1)·2.2(1)·H2O, 
a = 10.0487(2)  Å**. Tables adapted from paper I.38 
 
Atom Site x y z Biso (Å2) sof Atoms per unit-cell 

Fe 4a 0 0 0 1.57(2) 0.68(1) 2.7 

Cu 4b ½ ½ ½ 1.57(2) 1 4 

C 24e 0.1917(4) 0 0 4.2(1) 0.68(1) 16.3 

N 24e 0.3061(3) 0 0 4.2(1) 0.68(1) 16.3 

O1 24e 0.212(2) 0 0 3 0.09(5) 2.2 

O2 8c ¼ ¼ ¼ 1 0.2(1) 1.6 

O3 32f 0.224(3) 0.224(3) 0.224(3) 1 0.16(6) 5.1 

K1 32f 0.224(2) 0.224(2) 0.224(2) 1 0.04 1.3 

K2 48g 0.325(4) ¼ ¼ 1 0.03 1.4 

** Rp = 3.5 %, Rwp = 4.4 %, Rexp = 3.1%,  RBragg = 1.5 %, χ2 = 2.0 

 

The obtained water content estimated from the refined O occupancies 
are significantly smaller than those obtained by TG analysis; for x = 0.0, 
7.42(1) and 11.6(5), respectively, and for x = 1.0, 8.88(1) and 13.6(5), 
respectively, per unit-cell. This discrepancy can be due to the fact that 
the samples start to lose water already at room temperature, and even 
so during XRD measurements. 

The refinement results in Tables 4a and 4b show that there are three 
occupied K/water sites (8c, 32f and 48g) in the cavity, and when 
present, the K atoms occupy the two latter sites. The site 48g is a new 
position found herein and has not been reported elsewhere.21,28,37,161 
Therefore, to verify the occupancy of the water and K+ positions, NPD 
studies were performed. 

3.4.2 Neutron powder diffraction 

Even though PB and PBAs have attracted much attention, surprisingly 
few NPD studies have been performed on these compounds.21,37,162 It is 
necessary to determine the site occupancies of water molecules and 
alkali ions with high precision. Therefore, samples deuterated to ~80%, 
according to IR analysis, were used for NPD studies. In order to locate 
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water molecule positions, the Rietveld refinement of x = 0.0 was 
initiated in the space group Fm m using the PB structure as a starting 
model.21 The rest of the steps followed were similar to those used for 
XRD data as described earlier. 

Assessment of the difference Fourier maps for x = 0.0 confirmed the 
presence of atoms at a site 48g, in addition to occupied 8c and 32f 
positions (Figure 14), which corroborates the XRD synchrotron data 
above. However, there is no indication of water located at 4a (0, 0, 0), 
contrary to what Beall et al. reported for Mn3[Co(CN)6]2·12H2O.37 
Futhermore, the coordinated water molecules are positioned at a site 
192l (x, y, z), a split position of a site 24e (x, 0, 0) close to the CN 
groups, and not at the often reported 24e positions, also used in our X-
ray synchrotron study. The former position of the coordinated water is 
similar to the model proposed by Ludi et al.15 

 
Figure 14. Difference Fourier map generated with a model including only the 
framework atoms (Cu, Fe, C and N). The unit-cell with one cube octant selected is 
shown. The three positions of zeolitic water O1, O2 and O3 at sites 8c, 32f and 48g, 
and coordinated water O4 at a site 192l, respectively, are marked as red spheres. 
Figure reproduced from paper III.39 
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The same model as for x = 0.0 was used for x = 1.0. Refinement with 
only D2O molecules in the 8c, 32f and 48g positions showed substantial 
differences in the site occupancy factors (sofs) for sites 8c and 48g in 
comparison with those of x = 0.0. The difference in the sofs can be 
accredited to the presence of K atoms on these sites. The amount of K 
was distributed over the sites 8c and 32f and the sum fixed according to 
ICP, i.e., 2.6 K atoms per unit-cell. Therefore, only the site occupancy 
for the zeolitic water molecules was refined. 

It should be remarked that the XRD synchrotron data revealed that the 
K atoms were likely to reside on the 32f and 48g sites. Conversely, the 
NPD data shows that the K atoms reside on sites 8c and 32f. However, 
it is clear that the water positions and changes in site occupancies can 
be determined with a higher precision from the NPD data, which 
furthermore allows for refinement of a collective thermal displacement 
parameter for the water molecules and K atoms. The refinement result 
are shown in Tables 5a and 5b. 

Table 5a. Atomic coordinates and isotropic thermal parameters for 
K2x/3Cu[Fe(CN)6]2/3�nH2O, x = 0.0 

Atom Site x y z Biso (Å2) sof Atoms per unit-cell  

Fe 4a 0 0 0 1.1(1) 0.68(1) 2.7 

Cu 4b ½ ½ ½ 3.1(3) 1 4 

C 24e 0.185(1) 0 0 2.6(1)a 0.68(1) 16.3 

N 24e 0.302(1) 0 0 2.6(1)a 0.68(1) 16.3 

O1 192l 0.046(1) 0.099(2) 0.296(2) 3.4(5) 0.046(1) 8.8 

D1b 192l 0.026(1) 0.049(2) 0.218(2) 3.4(5) 0.046(1) 8.8 

D2b 192l 0.127(1) 0.146(2) 0.277(2) 3.4(5) 0.046(1) 8.8 

D2O1c 8c ¼ ¼ ¼ 8(1) 0.24(4) 1.9 

D2O2c 32f 0.202(4) 0.202(4) 0.202(4) 8(1) 0.10(2) 3.2 

D2O3c 48g 0.176(7) ¼ ¼ 8(1) 0.06(1) 2.9 
aIsotropic equivalent of u11 = 0.021(1), u22 = u33 = 0.046(1), bb{D} = 0.8b{D} + 0.2b{H}, c b{D2O} = b{O} 
+ 2(0.8b{D} + 0.2b{H}) 
Space group Fm m, a = 10.1036 (11) Å, Rexp = 0.8%, Rwp = 0.9%, �2 = 1.4, RBragg = 0.2% 
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Table 5b. Atomic coordinates and isotropic thermal parameters for 
K2x/3Cu[Fe(CN)6]2/3�nH2O,  x = 1.0. Tables adapted from paper III.39 

aIsotropic equivalent of u11 = 0.027(1), u22 = u33 = 0.044(2), bb{D} = 0.8b{D} + 0.2b{H}, c b{D2O} = b{O} 
+ 2(0.8b{D} + 0.2b{H}) 
Space group Fm m, a = 10.0588(5) Å, Rexp = 0.7%, Rwp = 1.0%, �2 = 1.7, RBragg = 0.3% 
 

The total refined water content is 16.8(8) for x = 0.0 and 13.9(7) for 
x = 1.0. If 2.6 K atoms from ICP measurements are taken into account, 
the latter value adds up to 16.5. There is a good agreement between the 
refined water content and the TG results. 

The difference in the unit-cell constant between x = 0.0, 

a = 10.1036 (11) Å and x = 1.0, a = 10.0588(5) Å is 0.4%. This change 

in the unit-cell constant is similar to what has been reported, and is 

mainly due to changes in the bond length of the framework atoms 

(Table 6), when [FeIII(CN)6]3- is reduced to [FeII(CN)6]4-.118,122,163 The 

distance between the coordinated and zeolitic water molecules/K+ ions 

is ~3.0 Å, suggesting a weak interaction via hydrogen bonds. 

 

 

 

 

Atom Site x y z Biso (Å2) sof Atoms per unit-cell 

Fe 4a 0 0 0 0.6(2) 0.68(2) 2.7 

Cu 4b ½ ½ ½ 3.2(3) 1 4 

C 24e 0.189(1) 0 0 2.6(1)a 0.68(2) 16.3 

N 24e 0.307(1) 0 0 2.6(1)a 0.68(2) 16.3 

O1 192l 0.023(3) 0.095(5) 0.285(3) 7(1) 0.044(2) 8.4 

D1b 192l 0.015(3) 0.064(5) 0.196(3) 7(1) 0.031(2) 6 

D2b 192l 0.108(3) 0.139(5) 0.290(3) 7(1) 0.031(2) 6 

D2O1c 8c ¼ ¼ ¼ 7(1) 0.16(3) 1.3 

K1 8c ¼ ¼ ¼ 7(1) 0.125 1 

D2O2c 32f 0.200(3) 0.200(3) 0.200(3) 7(1) 0.04(1) 1.3 

K2 32f 0.200(3) 0.200(3) 0.200(3) 7(1) 0.05 1.6 

D2O3c 48g 0.175(5) ¼ ¼ 7(1) 0.06(1) 2.9 
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Table 6. Selected bond lengths (Å).39 

Bond x = 0.0 x = 1.0 
Fe–C 1.929(1) 1.925(1) 
Cu–N 1.962(1) 1.949(1) 
C–N 1.163(1) 1.156(1) 
Cu–O(192l) 2.341(2) 2.375(1) 
K(8c)–C/N - 3.603(1) 
K(32f)–C/N - 2.945(4) 

 

3.4.3 EXAFS analysis 

EXAFS spectra were fitted using the crystallographic models from the 
NPD data. The EXAFS spectra and corresponding Fourier transforms 
(FTs) acquired at the Fe and Cu K-edges for x = 0.0 and 1.0 are 
presented in Figures 15 and 16. A careful inspection of the EXAFS 
spectra and FTs of x = 0.0 and x = 1.0 show that they are quite similar. 
The distances found also accord with NPD results. 

 
Figure 15. (a) EXAFS functions at the Fe K-edge for x = 0.0, (b) corresponding FT, 
(c) EXAFS functions at the Fe K-edge for x = 1.0, (d) corresponding FT. Figure taken 
from paper III.39 
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Figure 16. (a) EXAFS functions at the Cu K-edge for x = 0.0, (b) corresponding FT, 
(c) EXAFS functions at the Cu K-edge for x = 1.0, (d) corresponding FT. Figure taken 
from paper III.39 

 

The EXAFS data and corresponding FTs acquired at the K K-edge for 
x = 1.0 is shown in Figure 17. 

 
Figure 17. EXAFS data for x = 1.0: (a) k3-weighted EXAFS function at the K K-edge 
obtained in the 2–6/Å k space, (b) corresponding FT of the EXAFS spectra. Figure 
taken from paper III.39 
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To the best of our knowledge, this is the first time that EXAFS analysis 
at the K K-edge is performed on PBAs. However, the data quality was 
limited by weak EXAFS signals from the K K-edge. Nevertheless, the 
FT reveals the nearest neighbour of K at ~3 Å, corresponding to 
K– C/N/O bond distance. This strongly indicates that the K+ ions are 
located in the framework cavity in good accord with the NPD model. 
More details on the crystallography are available in papers I and III. 

3.5 Kinetics of  thermal dehydration by model-free kinetics 
method 

PB and PBAs have been widely investigated with respect to synthesis, 
structure characterization, and applications. However, there have been 
fewer attempts to study the kinetics during dehydration.153,164,165 In an 
attempt to fill this knowledge gap, thermogravimetry was used to 
determine the kinetic parameters of thermal dehydration of CuHCF by 
using the Friedman and KAS model-free kinetic methods. These 
methods have already been discussed in the introduction section. In 
addition, the dehydration enthalpy of the compound was also 
determined using DSC analysis. 

3.5.1 Dehydration enthalpies 
The dehydration enthalpy were estimated from the area of the 
endothermal DSC peak between room temperature and 160 °C as 
shown in Figure 18. 
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Figure 18. TG-DSC curves for x = 1.0 recorded in air at a heating rate of 10 °C min- 1, 
using the JT. The dehydration enthalpy was estimated by the area of the DSC peak 
between room temperature and 160 °C as illustrated. Figure reproduced from 
paper II.152 

 

The enthalpy values per mole of compound, �Hm, and per mole of water 
n, �Hn, are shown in Table 7. 

Table 7. Determined dehydration enthalpies for 
K2x/3CuII[FeII

xFeIII
1- x(CN)6]2/3·nH2O (0.0 ≤ x ≤ 1.0); (a) per formula unit, �Hm, 

and (b) per formula unit of determined water content n, �Hn.152 

x �Hm (kJ mol-1) �Hn (kJ mol-1) 
0.0 151 52 
0.2 175 51 
0.4 194 55 
0.6 213 58 
0.8 236 62 
1.0 230 68 

 

The dependence of �Hm values on x, parallels that of n, cf. Table 3. The 
observed increase in the dehydration enthalpy values can be attributed 
to bonding between the inserted K+ ions and water molecules. The 
magnitude of the �Hn is in close range to those reported for laponite, 
sodium montmorillonite and chitosan; 54(7), 57(9) and 62(5) kJ mol-1, 
respectively.166 
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3.5.2 Activation energies 
To estimate the activation energies, Ea, for x = 0.0 and 1.0, TG curves 
were recorded at four different heating rates (2, 5, 10 and 20 °C min-1) 
using both DT and JT thermobalances. One such example using the DT 
is shown in Figure 19. 

 
Figure 19. (a) TG curves, recorded in air with the DT, for x = 1.0 and different heating 
rates, and (b) corresponding α vs. T curves. Figure taken from paper II.152 

 

The two model-free computational methods, KAS and Friedman were 
applied in the α-range 0.2–0.8. For each α, ln(β/T2) or ln[�(dα/dt)] were 
plotted versus Tα

-1, giving a straight line (Figure 20). The Eα values were 
obtained from the slope -Eα/RT as a function of α. 
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Figure 20. Plots of (a) ln(β/T2) (KAS method) and (b) ln[�(dα/dt)] (Friedman 
method), for x = 1.0 and measurements in air using the DT. Figure taken from paper 
II.152 

 

Table 8 summarizes the Ea values obtained by the two thermobalances 
as well as those obtained isothermally and non-isothermally. 

Table 8. Activation energies [kJ mol-1] for the dehydration of x = 0.0 and 1.0 
from non-isothermal and isothermal TG measurements for 0.2 ≤ α ≤ 0.8. 
Table taken from paper II.152 

Method Instrument x Average Ea
 a 

Non-isothermal 
Friedman DT 0.0 54(7) 
Friedman JT 0.0 51(7) 
Friedman DT 1.0 54(3) 
Friedman JT 1.0 59(6) 
KAS DT 0.0   57(10) 
KAS JT 0.0 58(8) 
KAS DT 1.0   57(10) 
KAS JT 1.0 58(9) 
                                  Isothermal 
Friedman DT 0.0 56(9) 
Friedman DT 1.0   56(15) 

                    aThe numbers in parenthesis are the spread in Ea for 0.2 ≤ α ≤ 0.8. 
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The determined Ea values for x = 0.0 and 1.0 in the range 0.2 ≤ α ≤ 0.8 
are rather constant, falling between 51 and 59 kJ mol-1. An observed 
similarity in the Eα values strongly indicate that the dehydration process 
of zeolitic and coordinated water can be regarded as a single-step 
reaction.128,167 The Ea values obtained here compare well with 
~50 kJ mol-1 obtained by Mishra,165 and with the 60 and 90 kJ mol-1 
reported for dehydration of PBAs zinc- and nickel-hexacyanocobaltate, 
respectively, determined by using modulated TG.164 The dehydration 
process is best described by a three-dimensional diffusion model, 
D3 Jander model (Table 9).168 

Table 9. Some of the reaction models typically used in kinetic analysis. 
More details can be found in paper II.152 

Reaction model g(α) 
First-order (F1) α 
1-D diffusion (D1) α2 
2-D diffusion (D2) [(1-α)ln(1-α)] + α 
3-D diffusion-Jander (D3) [(1-(1-α)1/3]2 
Power law (P2) α1/4 
Contracting area (R2) [1-(1-α)1/2] 

 

3.6 CO2 adsorption and CO2 adsorption kinetics (Paper IV) 

As highlighted earlier, dehydrated PBAs are good CO2 adsorbents. It is 
striking to note that PBA compounds with the same composition have 
been reported by different authors to have significant differences in the 
adsorption capacities at similar conditions (Table 10).91,95 
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Table 10. Comparison of CO2 adsorption content of selected PBAs 
 

PBA n (mmol g-1) P (bar) T (K) Reference 
Mn[Co(CN)6]2 ~2.6 

~6.8 
~0.3 

        1 
30 
30 

298 
298 
318 

91 
95 
95 

Cu[Co(CN)6]2 ~2.7 
~6.3 
~3.7 

        1 
30 
30 

298 
298 
318 

91 
95 
95 

Ni[Co(CN)6]2 ~2.9 
~5.1 
~1.7 

        1 
30 
30 

298 
298 
318 

91 
95 
95 

Co[Co(CN)6]2 ~1.4 
~5.1 
~3.5 

        1 
30 
30 

298 
298 
318 

91 
95 
95 

Zn[Co(CN)6]2 ~1.3 
~7.4 

        1 
30 

298 
298 

91 
95 

Cu[Fe(CN)6]2 ~2.5 30 318 95 
Co[Fe(CN)6]2 ~1.2 30 318 95 
Fe[Fe(CN)6]2 ~0.3 30 318 95 

 

The amount of adsorbed CO2 on PBAs is highly dependent on P, T and 
nature of the transition metal involved in the structural framework.91,95 
However, reasoning in these terms alone does not seem sufficient for 
explaining the significant differences in the CO2 adsorption capacity. 
According to the literature survey, little effort has been made to 
understand the adsorption kinetics of CO2 on PBAs, and the available 
information is rather limited. Therefore, the objective herein was to 
investigate the CO2 adsorption capacity and CO2 adsorption kinetics of 
CuHCF-PBA, with and without K+ inserted, CO2/N2 selectivity, and its 
stability during cycling. 
The CO2 sorption processes can be measured through volumetric and 
thermogravimetric methods, where each technique gives different 
information. However, the thermogravimetric method is fast with 
respect to the volumetric one and can provide information on the 
kinetics of the adsorption/desorption processes. 
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3.6.1 Heats of adsorption 

To design a practical adsorbent for either pressure swing or temperature 
swing adsorption processes, it is vital to determine the isosteric heats of 
adsorption. This can be obtained directly from calorimetric 
measurements (integral heats of adsorption, Qad = -ΔHad) or indirectly 
from adsorption isotherms (differential heats of adsorption, Qst). The 
magnitude of the heat of adsorption can be used to judge the strength of 
the adsorbate-adsorbent interactions, the degree of surface 
heterogeneity, and extent of surface coverage.169 

The ΔHad of CO2 were obtained directly from DSC measurements at 
three temperatures; 30 °C, 60 °C and 80 °C (Figure 21). The determined 
average ΔHad for x = 0.0 and x = 1.0 was found to be 26 kJ mol-1. 

 
Figure 21. Recorded DSC curve (red) upon adsorption and desorption of CO2 for 
x = 0.0 (solid) and x = 1.0 (dashed) at 30 °C together with temperature T signal (blue) 
for x = 0.0. Figure adapted from paper IV. 
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To estimate the isosteric heat, Qst values, adsorption isotherms were 
recorded at different temperatures using TG analysis as shown in Figure 
22. 

 
Figure 22. Adsorption isotherms from thermogravimetric data for gas pair CO2-N2 of 
CO2 on (a) x = 0.0 and (b) x = 1.0. Figure adapted from paper IV. 

 

The Qst (kJ mol-1) values at specific loading q (mmol g-1 of CO2) were 
calculated using Clausius-Clapeyron equation. 

                               = -                                                      (6) 

where T is the temperature, R the universal gas constant and P the 
pressure. 

The Qst values for x = 0.0 and 1.0 shown in Figure 23 were obtained 
from the slopes of the isosters, i.e., plots of ln P vs. T-1 at a given 
loading, q. 
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Figure 23. Differential heats for CO2 adsorption from thermogravimetric data in gas 
pair CO2-N2 on x = 0.0 (lower curve) and 1.0 (upper curve). Dashed lines are for eye 
guidance only. Figure adapted from paper IV. 

 

The average Qst for x = 0.0 is 28 kJ mol-1 and exhibits a small maxima 
around ~1.0 mmol g-1 of CO2. For x = 1.0, the Qst is 33 kJ mol-1 with a 
relatively larger maxima. The variation of the Qst with loading, though 
small, could indicate an energetically heterogeneous surface. Larger 
variations have been reported for N2O adsorption on natural zeolites.170 

Overall, there is a good correlation between the two methods used. The 
Qst and Qad values obtained herein are typical of physical adsorption 
and are in line with those of other porous materials (Table 11). 

Table 11. Comparison of Qst and Qad values for x = 0.0 and 1.0 with 
other adsorbents reported in the literature 

Compound Qst (kJ mol-1) Qad (kJ mol-1) Reference 
x = 0.0 ~28 26 Current study 
x = 1.0 ~33 26 Current study 
PBAs ~25–28 ~28–30 92, 93 
Zeolites ~27 - 171 
Mesoporous silica ~25 - 172 
Silicalite ~20–28 - 173 
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3.6.2 Adsorption/desorption kinetics of CO2 

The study of adsorption kinetics is necessary for selecting efficient 
adsorbents. Various models such as linear driving force (LDF), Fickian 
diffusion, combined barrier resistance diffusion (CBRD) and double-
exponential (DE) function,174–178 can be used to assess the adsorption 
kinetics. The model that fits best with the experimental data is chosen. 
It is interesting to note that, different models have been used to fit 
kinetics of thermal dehydration and kinetics of CO2 adsorption. 
However, it is not obvious why the two kinetic processes should be 
modelled differently. 
In this study, a good fit was obtained by modeling the experimental data 
with a DE function. This function has been utilized to model gas 
sorption kinetic profiles in MOFs and clays.178–181 The DE describes 
cases with two types of parallel processes, which equilibrate at different 
rates. 

                                   (7) 

where α is the fractional conversion degree of the 
adsorption/desorption, 0 	 � 	 1, k1 and k2 the rate constants (time-1) for 
the two processes, and A1 and A2 their relative contributions (Figure 24). 

 
Figure 24. Illustration of the contributions of the two double-exponential terms for 
adsorption of CO2 on x = 1.0 at �30 �C. The thin solid black line shows the 
experimental curve and the dashed one the fit function. Figure adapted from paper IV. 
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During kinetics analysis, the CO2 adsorption/desorption curves for 
x = 0.0 and 1.0 were treated in a similar manner to the one shown in 
Figure 24. The rate constants, k1 and k2 and the Ea are given in Table 12. 

Table 12. The determined kinetic parameters, rate constants k (min-1) and 
activation energies, Ea (kJ mol-1) for fast and slow adsorption/desorption 
processes of CO2 on x = 0.0 and 1.0 obtained between 15 and 90 °C. 
Table taken from paper IV 

            x = 0.0         x = 1.0 
Process  Fast Slow Fast Slow 
Adsorption Ea 

k range 
6(1) 
20–29 

16(1) 
2–7 

9(1) 
5–9 

7(1) 
0.7–1.7 

Desorption Ea 

k range 
10(1) 
6–28 

- 
1.9–4 

15(1) 
2.6–6 

17(2) 
0.3–1 

 

The results show that x = 0.0 has much faster adsorption/desorption 
kinetics than x = 1.0. This could be explained by the presence of K+ ions 
for x = 1.0, which interacts with the CO2 molecules during adsorption. 
For both samples, the desorption is markedly slower than the 
adsorption. 

The Ea for adsorption/desorption is between 6(1) and 17(2) kJ mol-1, 
which is in the same range as those reported for silicalite, 5.1 kJ mol-1, 
and NaY zeolite, 6.3 kJ mol-1.182 The Ea indicate physisorption 
processes.183 
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3.6.3 Thermogravimetric and volumetric gas adsorption 

The CO2 adsorption capacities of dehydrated x = 0.0 and 1.0 are shown 
in Figure 25. 

 
Figure 25. (a) Thermogravimetrically determined adsorbed amount of CO2 
(mmol g- 1) on x = 0.0 and 1.0 in gas pairs CO2-N2 and CO2-He at different 
temperatures. (b) Volumetrically determined CO2 adsorption isotherms at 0 �C and 
25 �C and N2 adsorption isotherms at 25 �C for x = 0.0 (red symbols) and x = 1.0 (blue 
symbols). Open and filled circles represent data upon increasing and decreasing 
pressure, respectively. Figure adapted from paper IV. 

 

The CO2 uptake for x = 1.0 is higher at temperatures above ~35 �C, but 
at lower temperatures the uptake for x = 0.0 is slightly higher (Figure 
25a). The CO2 uptake for x = 0.0 at 25 �C is similar for TG and 
volumetric analyses. However, the former technique shows 
considerably smaller uptake for x = 1.0. This anomaly could emanate 
from different dehydration conditions of the sample for TG (N2 gas, 
90 °C and 2 h) and volumetric (high vacuum, 95 °C and 48 h) analyses. 
For both samples, the gas pair CO2-He shows slightly higher CO2 
uptake (~0.1 mmol g-1) than gas pair CO2-N2, and this difference is 
independent of temperature. 

The two samples showed reversible type I sorption behaviour, 
characteristic of microporous materials (Figure 25b). The shapes of the 
isotherms bear similarity with those reported on similar compounds.93 
The BET surface area of 504 m2 g-1 for x = 0.0 is higher than the 
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370 m2 g-1 obtained for x = 1.0, indicating slightly different sample 
surface areas (Table 13). There is an increase in CO2 uptake at 1 bar 
from ~2.7 mmol g-1 (11.9 wt%) to ~4.0 mmol g-1 (17.6 wt%) for x = 0.0, 
and from ~3.0 mmol g-1 (13.2 wt%) to ~4.5 mmol g-1 (19.8 wt%) for x = 1.0 
at 273 K and 298 K, respectively. It is interesting to note that, CO2 
uptake for x = 1.0 is slightly higher than that of x = 0.0, however, there 
is no correlation between the amount of adsorbed CO2 and the surface 
area. 

Table 13. Surface area, CO2 uptake capacity, and selectivity of x = 0.0 and 
1.0 

Sample BET surface 
area, m2 g-1 

CO2 uptake  
(mmol g-1) 

CO2/N2 
selectivity 

x = 0.0 504 ~4.0  31 
x = 1.0 370 ~4.5  54 

 

The approximate adsorption selectivity for CO2 over N2 at 298 K is 31 
for x = 0.0 and 54 for x = 1.0. According to volumetric results, the 
presence of K+ ions hinders the adsorption of N2 but not of CO2, thereby 
improving the selectivity. The selective sorption for CO2 over N2 can 
mainly be associated with strong interaction between the framework 
atoms and CO2 molecules, due to its larger quadrupole moment 
(13.4×10-40 Cm2) than that of N2 (4.7×10-40 Cm2).184 The CO2 
adsorption capacities, BET values and the selectivity factors are 
comparable to those reported for zeolites, MOFs and other PBAs under 
similar conditions.71,91–93,184,185 

3.6.4 Cyclic performance 

The cyclic stability of x = 0.0 was tested by performing 50 consecutive 
CO2 adsorption/desorption cycles at room temperature using TGA 
(Figure 26). No deterioration in weight is seen even after 50 cycles, 
suggesting excellent reproducibility. 
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Figure 26. Adsorption/desorption cycle on x = 0.0 at �30 �C, showing weight changes 
for the 13th and 50th cycles. The x-axis tic spacing corresponds to a time of 10 min. 
Figure adapted from paper IV. 

3.7 In operando XRD studies on aqueous CuHCF/Zn battery 
(Paper V) 

The reversible ZnII ion insertion/extraction into CuHCF in an aqueous 
electrolyte has been investigated by others.123,124 The current study is 
intended to shed light on the structural-electrochemical relationship in 
the aqueous CuHCF/Zn battery via in operando synchrotron XRD 
experiment. Several peculiar but highly important phenomena are 
detected and commented, in particular the non-linear changes in unit-
cell constant as a function of ZnII insertion and the location of ZnII ions 
in the structure. These findings may be of relative importance for Zn-
based power sources in the battery community. 

3.7.1 Cycling behaviour 

The galvanostatic (constant current) voltage profiles of a CuHCF/Zn 
cell shown in Figure 27 clearly demonstrate the reversibility of cation 
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insertion/extraction from the structure. The electrochemical 
performance of the cell is based on the FeIII/FeII redox couple. 

 
Figure 27. Galvanostatic charge-discharge curves of CuHCF/Zn cell for 1st, 10th and 
50th cycles at 1 C charge rate in the range 2.1–1.2 V at room temperature. 
Figure reproduced from paper V. 

 

The 1st, 10th and 50th galvanostatic (constant current) measurements of 
CuHCF/Zn cell with observed reversible capacity of 60 mAh g-1 
measured at 1 C rate (60 mA g-1) are shown in Figure 27. Potassiated 
CuHCF (K2x/3Cu[Fe(CN)6]2/3�nH2O, x = 1.0) was used because a fully 
oxidized one (Cu[Fe(CN)6]2/3�nH2O) has a potential so high that it can 
be reduced by water.117 A relatively smooth one-step plateau centered 
at ~1.6 V vs. ZnII/Zn is observed during the first cycling. This trait is 
typical of monovalent cations in PBAs,186 and herein may be ascribed 
to presence of K+ ions in the structure. A two-step plateau is seen to 
evolve upon further cycling, while the voltage potential also increases 
to ~1.7 V vs. ZnII/Zn, which is attributable to the insertion of ZnII. The 
split in the redox potential has also been observed in other studies, and 
is said to be a result of a higher electrostatic repulsion during insertion 
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of a divalent cation.122,123 However, a more complex mechanism in 
which ZnII ions are incorporated in the Fe(CN)6 vacancies of CuHCF 
followed by nucleation of ZnHCF after long-term cycling has been 
proposed in a more recent study.187 

A stable cycling performance of CuHCF, albeit with a relatively low 
coulombic efficiency, ~96% after 50 cycles, suggests considerable side 
reactions during charge/discharge processes (Figure 28). The 
coulombic efficiency observed here bears similarity with those 
previously reported for CuHCF/Zn,123 and ZnHCF/Zn cells.124 

 
Figure 28. Gravimetric charge and discharge cycles of a CuHCF/Zn cell cycled 
between 2.1–1.2 V in 1 M ZnSO4 (aq) with pH = 5–6. The coulombic efficiency 
(Qdischarge/Qcharge) is marked with green diamonds. Figure reproduced from paper V. 

 

During the insertion/extraction of ZnII ions, the unit-cell constant, a, 
expands/contracts (Figure 29). There are clear changes in the XRD 
pattern during battery cycling (Figure 29a). The expansion/shrinkage of 
a is manifested by slight shifts in the (002), (022) and (004) peaks 
during charge/discharge. Apparently, there is an inverse dependence of 
changes in a and the ZnII ion content (Figure 29b). The unit-cell 
constant increases comparatively more during charging from 1.59 V to 
1.75 V, but the increase then becomes very minor from 1.75 V to 2 V. 
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No significant change in the unit-cell constant is observed above 2 V, 
indicating that the oxidation of FeII to FeIII is complete and that all ZnII 
ions have been completely extracted from the structure. 

 
Figure 29. (a) Top-view elevation map (intensity axis is perpendicular to the plane of 
the figure) displaying peak shifts of a CuHCF/Zn cell during the in operando XRD 
experiment. (b) Time evolution of the corresponding voltage profile (continuous line) 
of the first two cycles with the refined lattice parameter (circles) superimposed. (c) A 
plot of the time-derivative of both the voltage (dE/dt) and the cell parameter (da/dt). 
Note that the dE/dt axis has been truncated in order to highlight the inflection points 
of the two-step plateaus. Note also that the central non-shifting peak at ~17 ° is due to 
cell hardware. Figure reproduced from paper V. 

 

An analogous behavior is seen when the process is reversed during 
discharge. However, the unit-cell constant changes more dramatically 
in the voltage range of 1.5–1.2 V when most of the FeIII have been 
reduced to FeII. The voltage was then pushed to a low limit, 
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disregarding long term cycling stability effects, ~1 V vs. ZnII/Zn to fully 
reduce FeIII to FeII. The refined unit-cell constant was 9.99(2) Å 
implying that the unit-cell contracts more when ZnII ion is inserted 
instead of K+ ion.118 Since the reduction of FeIII to FeII is complete at 1.1 
V, the final plateau observed at ~1 V vs. ZnII/Zn is ascribable to an 
overpotential required to fully insert ZnII ions into the structure, 
although a contribution from the CuII/CuI redox couple at a relatively 
low voltage cannot be ruled out.149,150 This finding parallels that in our 
previous study, where the unit-cell constant was seen not to vary for 0.8 
≤ x ≤1.0 when K+ ions are chemically inserted into CuHCF compound. 
However, a different charge balance mechanism was proposed therein 
as XANES analysis showed no evidence of CuI.38  

The non-linear behavior of the unit-cell constant during 
insertion/extraction of ZnII ions also differs from what has been 
observed with K+ ions in the same compounds.118 The total change in a 
is ~0.9%. One reason for the shrinkage in a could be that the Fe–C–N–
Cu π-bonding system is affected when [FeIII(CN)6]3- is reduced to 
[FeII(CN)6]4- upon insertion of ZnII ions.38,163,188 

The structural occupancy changes of ZnII ions during 
insertion/extraction were investigated through the Rietveld refinement 
of the in operando XRD data (Figure 30). The refinement results 
suggest that the ZnII ions hop from the framework cavity sites 8c to 
Fe(CN)6 vacancy positions at sites 4a during insertion and vice versa 
(Figure 31). This phenomenon could explain the voltage plateau 
observed at ~1.1 V vs. ZnII/Zn. 
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Figure 30. The (111) and (002) XRD peaks of CuHCF modeled (a) without ZnII and 
(b) with ZnII ions at site 4a (c) The occupancies of the two ZnII sites, 8c and 4a,  and 
their relation to the voltage profile during ZnII cycling. Figure reproduced from paper 
V. 
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Figure 31. A sketch showing the reversible hopping of ZnII ions (purple spheres) 
between sites 8c and 4a in the cavity and Fe(CN)6 voids, respectively. Fe (yellow), 
Cu (blue), N (green), C (gray), O (light blue). Figure reproduced from paper V. 

 

It should be added that when the cycling rate is increased from 1 C to 
2 C (120 mA g-1), an analogous trend of the voltage profile and the unit-
cell constant is observed for the second charge-discharge cycle, which 
implies structural and electrochemical stability. In summary, the unit-
cell constant of CuHCF changes non-linearly upon insertion/extraction 
of ZnII ions. The main structural changes are due to hopping of ZnII ions 
between the cavities and the Fe(CN)6 vacant sites. This interplay 
mechanism has a major contribution to the electrochemical behavior of 
the CuHCF/Zn battery. More details are available in paper V. 
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4. Conclusions  

Crystalline K2x/3CuII[FeII
xFeIII

1-x(CN)6]2/3·nH2O (0.0 ≤ x ≤ 1.0, Δx = 0.2) 
compounds were synthesized at controlled equivalences. The relative 
ratios of FeIII and FeII at different x-values were determined by 
Mössbauer, IR and Raman measurements. Results from these 
techniques are in line with changes in the unit-cell constant for x ≤ 0.8. 
Furthermore, the ICP analysis suggests that the insertion of K+ ions only 
starts when x > 0.2, in contrast with the aforementioned techniques. 
This would imply that charge compensation for x ≤ 0.2 occurs via 
different ions, most probably OH-. 

The refinement results from XRPD and NPD show that the crystal 
structures of x = 0.0 and 1.0 are very similar. According to XRPD, 
K/zeolitic water molecules occupy sites, (8c, 32f and 48g), of the 
framework cavity, with the latter two sites occupied by K atoms when 
present. The coordinated water molecules on the other hand are 
positioned close to empty CN positions at site 24e in the absence of 
Fe(CN)6. The three positions in the cavity were verified by NPD results. 
However, the data suggested that K atoms reside on sites 8c and 32f, 
while the coordinated water molecules are located at a site 192l (x, y, z), 
a split position of the often reported site 24e, close to the CN groups. 
The occupancy of the site 48g, confirmed by both techniques has not 
been reported elsewhere. The total refined water content from NPD 
data, for samples drenched in D2O, of 16.8(8) for x = 0.0 and 13.9(7) 
for x = 1.0 fit well with the TG results. The EXAFs analysis are also in 
agreement with the NPD results.  

The thermogravimetric analysis revealed that both zeolitic and 
coordinated water molecules are lost in one step between room 
temperature and ~180 °C. The total water content, n, estimated from the 
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weight-loss is between 2.9 and 3.8 molecules per formula unit. The 
samples are sensitive to the humidity and can adsorb typically ~10% of 
water from the surrounding. 

The dehydration enthalpy ΔHn per mole of water increases with K+ ion 
content from 52 to 68 kJ mol-1 for x = 0.0 and 1.0, respectively. This is 
a strong indication that water molecules form bonds with the inserted 
K+ ions. The average Ea of ~56 kJ mol-1, is in a similar range as the 
dehydration enthalpies. These results are also in good agreement with 
other studies reported on laponite, sodium montmorillonite, chitosan 
and zeolites. Furthermore, the kinetic analysis shows that the 
dehydration process is diffusion limited, following the three- 
dimensional diffusion model, D3 Jander. 

The amount of CO2 adsorbed by x = 0.0 and 1.0 was found to be 
~2.7 mmol g-1 (11.9 wt%) and ~3.0 mmol g-1 (13.2 wt%) respectively, 
at 1 bar and 298 K, which is comparable to those of MOFs and zeolites 
at similar conditions. The kinetic plots revealed a two-process 
adsorption/desorption, with two rate constants, which could be 
modelled very well with a double-exponential function. Faster kinetics 
were found for x = 0.0 than for x = 1.0, which may be credited to 
interactions between CO2 and K+ ions in the latter. The mean 
differential heats of adsorption were determined as 28 and 33 kJ mol-1 
for x = 0.0 and 1.0, respectively, which accords to physisorption 
process. 

While the main structural changes are due to hopping of ZnII ions 
between the cavities and the Fe(CN)6 vacant sites, the electrochemical 
insertion/extraction of divalent ZnII ions into the CuHCF-PBA structure 
does not result in any significant changes in the overall unit-cell 
constant. This suggests structural and electrochemical stability. The 
CuHCF/Zn cell has an average potential of ~1.7 V over 50 cycles of 
charge/discharge at 1 C. Due to the favourable kinetics of aqueous 
batteries, studies focusing on in-depth long term structural dynamics 
relationships in this relatively new and largely unexplored combination 
of materials could soon become a benchmark for these battery systems. 
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5. Future perspective 

Current investigations have focused on the electrochemical behaviour 
of PBAs in different aqueous electrolytes containing monovalent, 
divalent or trivalent cations. In order to improve the electrochemical 
properties and cycleability of such battery systems, an accurate study 
of the crystal structure is crucial and especially unravelling how the 
structural changes relate to the observed electrochemical behaviours. 
Accessing information on the crystal structure changes, while using 
these compounds as ion insertion hosts in rechargeable batteries based 
on aqueous electrolytes, would be very relevant from both the 
fundamental point of view of the materials and that of practical 
understanding of their associated electrochemical behaviours. 
Therefore, finding ways to develop an advanced approach combining 
high-resolution data with in situ (or in operando) electrochemical 
characterization of rechargeable batteries based on PBA could be one 
way forward. 

Even though we have studied the water content of CuHCF using both 
XRD and NPD data at ambient conditions, in situ investigation of the 
water-loss process occurring in the compound upon thermal heating 
could provide further understanding of the water substructure. 

Ultimately, this thesis has mainly focused on CuHCF from various 
aspects. It would be of interest to extend to other PBAs including in situ 
XRD and NPD measurements combined with kinetic studies using 
TGA. 
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6. Populärvetenskaplig summanfattning 

Önskan att designa, syntetisera och utveckla multifunktionella material 
har lett till ett ökat intresse för forskning på preussiskt blått (PB) och 
preussiskt blå-analoger (PBA). PB och PBA är attraktiva både som 
grundforskningsobjekt och för industriella tillämpningar. Föreningarna 
har ett antal fördelar; billiga, lätta att syntetisera och miljövänliga. Det 
finns en rad områden där PB och PBA kan användas; t.ex. gas 
separation, färgpigment, elektrokromism, elektrokatalys, jon- och 
elektron-ledare, molekylära magneter, optik och i batterier. 

PB och PBA-föreningar har hittills framförallt undersökts med 
avseende på syntes, karakterisering, egenskaper och tillämpningar. Ett 
problem är att de rapporterade sammansättningarna hos PB och PBA 
varierar i litteraturen. Det verkar som om både sammansättning, 
struktur och egenskaper är känsliga för framställningsmetod, hantering 
och lagringsförhållanden. Ett vanligt resultat är att de rapporterade 
produkterna har tvetydiga sammansättningar och strukturer. 
Systematiska studier av sambandet mellan syntesmetod, 
sammansättning, struktur och egenskaper är därför nödvändiga. Denna 
avhandling är en sammanfattning av ett antal sådana studier på en PBA-
förening, kopparhexacyanoferrat (CuHCF).  

En detaljerad studie av K2x/3CuII[FeII
xFeIII

1-x(CN)6]2/3·nH2O-föreningar 
med 0,0 ≤ x ≤ 1,0 och Δx = 0,2 har genomförts. De syntetiserade 
föreningarna har karakteriserats med energidispersiv spektroskopi 
(EDS), induktivt kopplad plasma-optisk emissionsspektroskopi (ICP-
OES), pulverröntgendiffraktion (PXRD), neutronpulverdiffraktion 
(NPD), svepelektronmikroskopi (SEM), termogravimetrisk analys med 
masspektrometri (TG-MS), differentialsvepkalorimetri (DSC), 
utvidgad röntgenabsorptionsfinstruktur (EXAFS), Raman-, infraröd- 
(IR) och Mössbauer-spektroskopi. Dessutom undersöktes egenskaper 
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som vattenhalt, kinetik för termisk dehydratisering, elektrokemi, CO2-
adsorption och adsorptionskinetik. 

Vatten bundet i PB och PBA brukar delas upp i två grupper: zeolitisk 
och koordinerat vatten. Enligt både XRD och NPD finns zeolitiskt 
vatten respektive K på platserna (8c, 32f och 48g, i rymdgruppen 
Fm m).  XRD-data visar att det koordinerade vattnet finns på plats 24e 
där CN-grupperna saknas på grund av Fe(CN)6 vakanser medan 
däremot NPD-data visar att de egentligen finns på 192l som är en 
splitposition till 24e. De två grupperna av vattenmolekyler lämnar 
CuHFC i enda steg från rumstemperatur till ca 180 °C enligt TG-MS-
resultaten. Den totala vattenhalten för 0,0 ≤ x ≤ 1,0 varierar mellan 2,9 
till 3,8 molekyler per formelenhet och vattenhalten enligt NPD 
överensstämmer väl med TGA-resultaten. 

Dehydratiseringsentalpin ΔHn per mol vatten ökar med K+-jonhalten 
mellan x = 0,0 och 1,0 från 52 till 68 kJ·mol-1. Det är en stark indikation 
på att vattenmolekylerna bildar bindningar med de inkorporerade K+-
jonerna. Den genomsnittliga aktiveringsenergin Ea som är ungefär 56 
kJ·mol-1, ligger i samma storleksområde. Resultaten är i god 
överensstämmelse med vad som rapporterats för laponit, 
natriummontmorillonit, kitosan och zeoliter. Adsorptionskapaciteten av 
CO2 är för x = 0,0 ca 2,7 mmol·g-1 (11,9 vikt%) och för x = 1,0 ca 3,0 
mmol·g-1 (13,2 vikt%), vid 1 bar och 298 K. Dessa värden är i samma 
storleksordning som rapporterats för MOFar och zeoliter vid liknande 
förhållanden. 

Enkla elektrokemiska celler med CuHFC och ZnII/Zn(s) som 
elektrodmaterial har tillverkats och studerats. Cellkanterna för CuHCF 
förändras icke-linjärt vid inkorporering/extraktion av ZnII-joner. In 
operando XRD-studier visar att ZnII-jonerna flyttar sig mellan 
kaviteterna och Fe(CN)6-vakanserna i strukturen vid laddning och 
urladdning. Detta kan ha stor betydelse för det elektrokemiska 
beteendet hos CuHCF/Zn batterier. 
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