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A B S T R A C T   

Copper hexacyanoferrate (CuHCF) is a promising Zn2+ insertion material as positive electrode in mild aqueous 
Zn-ion batteries for power grid applications, due to its excellent power capability, non-toxicity, low cost and easy 
synthesis route. Here, the effect of the reactants’ concentration and ratio during the synthesis of the CuHCF on 
the performance of the resulting material has been investigated through morphological, crystallographic and 
compositional analysis. Despite the different reaction’s conditions, the synthesised CuHCF powders did not show 
any significant change in their average particle size and morphology. Nevertheless, different structural and 
compositional characteristics have been observed for the different samples. In particular, different amounts of 
potassium have been found in the crystal structure of the investigated CuHCF materials. Subsequent electro
chemical analysis demonstrated that the CuHCF with higher initial potassium content showed higher stability 
and therefore achieved longer cycle life.   

1. Introduction 

In recent years, aqueous Zn-ion batteries (ZIBs) have attracted great 
attention because of their applicability as cheap and environmentally 
friendly energy storage devices for power grid applications [1–4]. Beside 
the optimization of the electrodeposition efficiency of the metallic zinc 
occurring at the negative electrode [5,6], research is focused in finding 
an active material for the positive electrode having long cycle life, and 
appropriate energy density and power capability [2,7–10]. Belonging to 
the Prussian blue analogues (PBAs) family, copper hexacyanoferrate 
(CuHCF) has been shown to be a promising candidate as positive elec
trode material for aqueous ZIBs. Due to its high average working po
tential (c.a. 1.7 V vs Zn/Zn2+) and its excellent power rate capability, 
together with low toxicity and costs, it is suitable for power grid appli
cations [7,8,11]. Moreover, CuHCF can be synthesised through a facile 
synthesis route, which makes its industrial scaled-up production feasible 
[2]. 

Despite CuHCF can be produced through an easy co-precipitation 
route, the synthesis of the desired phase is not straightforward to con
trol [1,2,11,12]. Such complications in controlling the synthesis’ reac
tion mechanism are commonly shared by the whole family of Prussian 

Blue analogues, because of the intrinsic challenge related to accurately 
control the process of the particles’ nucleation and growth. As a matter 
of facts, several parameters (such as: reaction time and temperature, 
reactants’ concentration, thermal treatments, etc.) can affect the 
resulting material phase(s), particles dimension and shape, ion and 
water content in the crystal, etc., strongly influencing the material 
performance [1,2,12,13]. As an example, zinc hexacyanoferrate 
(ZnHCF) has been synthesised with different particle shapes, namely 
cubo-octahedron, truncated octahedron and octahedron, by simply 
changing the mixing times of the reactants-containing solutions [1,12]. 
These different morphologies showed different electrochemical perfor
mance during the Zn2+ (de-)insertion: the cuboctahedral particles had 
the highest charge capacity (of c.a. 68 mAh g− 1) among the three 
morphologies, probably because of a better diffusion of the Zn2+ ions 
within the lattice channels [1,12]. 

It follows that a deeper understanding of the effects of the synthesis 
parameters may result in synthetising PBAs with improved performance, 
with clear benefits to the aqueous ZIBs optimisation. In particular, as the 
processes governing the stability of the CuHCF and its ageing mecha
nism remain not clearly understood [14,15], a more careful control of 
the synthesis may lead to the identification of the parameters that 
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dictate the stability of CuHCF. Such understanding may allow the syn
thesis of a CuHCF reaching a cycle life of 2000–3000 cycles at current 
rate of 1C, which is a realistic operational current rate for power grid 
applications. 

For this reason, in the frame of this work the effect of the reactants’ 
concentration within the precursor solutions on the electrochemical 
behaviour of the resulting CuHCF has been investigated. CuHCF pow
ders have been synthesised from five different starting solutions with the 
two reactants Cu(NO3)2 and K3Fe(CN)6 having different concentrations 
and ratios. Crystallographic, morphological and compositional charac
terisations have been performed on the resulting pristine CuHCF pow
ders. Successively, electrochemical analysis through galvanostatic 
cycling and differential charge plots has been carried out in order to 
estimate the Zn2+ (de-)insertion behaviour of the different in-house 
synthesised CuHCF powders. 

2. Experimental 

2.1. Materials synthesis 

CuHCF was synthesised through the routinely employed co- 
precipitation method [7,8,11]. Depending on the synthesis, two solu
tions of Cu(NO3)2⋅3H2O (Sigma Aldrich) and K3Fe(CN)6 (Sigma Aldrich) 
with different concentrations (Table 1) were simultaneously added 
dropwise to 60 ml of deionised water under vigorous stirring at room 
temperature. The suspension was sonicated for 30 min, and left to settle 
overnight. The resulting precipitate was centrifuged, rinsed with 1 M 
KNO3 (Sigma Aldrich) and 10 mM HNO3 (Sigma Aldrich) and then dried 
at 60 ◦C overnight. The dry powder was then ground with mortar and 
pestle. 

2.2. Materials characterisation 

All electrochemical measurements have been carried out with the aid 
of a Biologic VMP3 potentiostat, in flooded three-electrode electro
chemical cells consisting of: CuHCF-based paste electrode as working 
electrode, zinc foil (99.99% Good Fellow) as counter electrode, and an 
in-house assembled Ag/AgCl reference electrode (3 M KCl, ERE = +

0.210 V vs. SHE) separated by the electrolyte through a ceramic frit. The 
electrolyte consisted of 100 mM ZnSO4 (Sigma Aldrich). The CuHCF- 
based electrodes were prepared by hand painting the slurry on a car
bon cloth current collector (Fuel Cell Earth). The electrode slurry con
sisted of in-house synthesised CuHCF, conductive additive (Super C65, 
Timcal), Polyvinylidene fluoride (PVdF, Solef S5130-Solvay) and 
graphite (SFG6, Timcal) dispersed in N-methyl-2-pyrrolidone (NMP, 
Sigma-Aldrich) with a wt.% ratio of 80:9:9:2. The slurry was mixed with 
the aid of an Ultra-Turrax disperser (IKA) for 30 min at 4000 rpm. The 
mass loading of the resulting CuHCF-electrodes was of c.a. 10 mg cm− 2 

of active material. When shown within the graphs, the average and 
standard deviation have been calculated by comparing at least two 
different samples resulting from two different synthesis-batches for 

every synthesised material. All the CuHCF-based electrodes have been 
galvanostatically cycled with a current density of 85.2 mA g− 1, corre
sponding to a C-rate of 1C. 

The x-ray powder diffraction (XRPD) patterns of the pristine CuHCF 
powders have been obtained between 10◦ and 50◦ in the 2θ range 
through a Miniflex Rigaku® diffractometer for powder analysis by using 
CuKα radiation. The step size was 0.03◦ with a scan speed of 5 sec/step. 
For every analysis, the powder sample was placed on the quartz holder 
without using any solvent. Every diffractogram was normalised using 
the intensity of its highest peak. The resulting plot was indexed with a F- 
centred cubic unit cell. Microstructural and morphological analysis was 
performed via scanning electron microscopy (SEM), using a FEI Helios 
NanoLab™ 600 DualBeam™ apparatus. Here, due to the insufficient 
electronic conductivity of the particles, the backscattered electron mode 
was employed using an acceleration voltage of 15 kV, and a beam cur
rent of 0.69 nA. Additionally, compositional information of the respec
tive pristine powders was acquired with the help of energy dispersive x- 
ray spectroscopy (EDX) employing the same beam parameters. 

3. Results and discussion 

At first, different copper hexacyanoferrate (CuHCF) powders have 
been synthesised with employing reactants-containing solutions having 
different concentrations, as summarised in Table 1. The standard CuHCF 
co-precipitation synthesis is routinely performed in excess copper with 
the two reactants Cu(NO3)2 and K3Fe(CN)6 having a ratio of 2:1 and a 
concentration of 100 mM and 50 mM, respectively (CuHCF 100:50) 
[11]. Here, as shown in Table 1, the standard reactants ratio (2:1) has 
been kept for the samples 200:100 and 50:25, but the reactants con
centration has been increased and decreased twofold, respectively. At 
constant reaction’s yield, an increase in the reactants’ concentration 
would reduce the reaction volumes (or at constant reaction volumes, it 
would increase the reaction yield), and therefore would be desirable for 
an industrial scaled-up production of the CuHCF. On the contrary, a 
diluted concentration of the reactants might favour the formation of a 
different particles’ size/morphology [1,12]. As routinely the CuHCF is 
synthesised with excess of Cu (2:1 respect to K), a material with 
increased 4:1 ratio between the two reactants has been synthesised as 
well, namely the 200:50 CuHCF, in order to verify if a stronger excess of 
copper during the CuHCF synthesis would result in a more efficient 
material. Lastly, a synthesis with the reactants ratio of 1:1 has been 
performed as well (100:100), as avoiding to work with excess copper 
would reduce the CuHCF production costs (being Cu(NO3)2 the most 
expensive chemical needed during the synthesis of the CuHCF). 

After synthesising all the different CuHCF powders, XRPD patterns 
have been taken from the pristine powders (Fig. 1a) showing that a 
similar highly crystalline material has been obtained as a result of the 
different synthesis employing different reactants’ concentrations. In 
particular, the main reflections in the pattern corresponded to the main 
reflections of K2x/3Cu[Fe(CN)6]2/3⋅nH2O, which is characterised by a 
cubic framework (space Fm3m) [16]. Such crystal structure containing 

Table 1 
Summary of the concentration of the reactant-containing solutions used for the different synthesis of CuHCF, normalised K-to-Fe and Cu-to-Fe ratios, average particles’ 
dimension and I220/I200 peak intensity for all the pristine CuHCF powders, including the average maximum discharge capacity and energy at the 25th cycle. (The 
average maximum discharge capacity and energy have been estimated by considering at least two CuHCF-based electrodes prepared with CuHCF powders coming from 
two synthesis’ batches.)  

Synthesis Cu(NO3)2 : K3Fe 
(CN)6 

K : Cu : Fe Average Particles 
Diameter[nm] 

I220/I200 Peak 
Intensity Ratios 

Average Qdischarge @25◦

cycle [mAh g− 1] 
Average Energydischarge @25◦

cycle [mWh g− 1] 
Concentration 
[mM] 

Normalised Ratios 
to Fe 

50:25 50:25 0.04:1.52:1 66 ± 20  0.41  53 ± 1.0  86 ± 1.8 
Standard 100:50 0.03:1.58:1 68 ± 16  0.39  56 ± 1.3  92 ± 2.4 
200:100 200:100 0.06:1.56:1 83 ± 25  0.42  58 ± 0.1  94 ± 2.6 
100:100 100:100 0.09:1.50:1 57 ± 13  0.43  56 ± 0.9  92 ± 2.0 
200:50 200:50 0.02:1.54:1 65 ± 16  0.40  60 ± 2.0  102 ± 1.2  
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FeIII octahedrally linked with the CN− groups, generates the open 
framework structure with large channels available for the (de-)insertion 
of guest ions, which is a typical trait of the PBAs family [2,17–19]. 

Despite the similarities of the XRPD patterns, a change in the I200/ 
I220 peak intensity ratio could be observed among the different samples 
(Fig. 1a and Table 1). Additionally, a shift towards higher 2-theta of the 
(200) reflection was observed for the 100:100, 200:100 and, 50:25 
CuHCF samples with respect to the standard one (100:50), whereas 
200:50 remained at the same 2θ. SI Section 1 shows the 2θ shifts of the 
(200) and (220) reflections. As pointed out by Ojwang et al., both the 
increase in the I200/I220 peak intensity ratios and such 2θ shift can be 
explained with the presence of potassium ions within the CuHCF 
structure [16,20]. Here, the variation of the synthesis conditions (i.e. the 
change of the ratio/concentration of the two reactants Cu(NO3)2 and 
K3Fe(CN)6) caused a slight modification of the composition of the 
resulting CuHCF crystal structure. In particular, a higher I200/I220 peak 

intensity ratio and a shift towards higher 2θ, which are symptomatic of a 
higher amount of K ion within the CuHCF lattice, indicates smaller unit- 
cell parameters. When K ions are present within the CuHCF structure, 
the Cu–N bond distance of the lattice is slightly reduced, thus affecting 
the electronic structure of the Fe in the crystal [16,20]. According to the 
XRPD patterns, the CuHCF particles exhibiting a higher K-content in 
their lattice were the 200:100 and especially the 100:100, which are the 
powders characterised by the highest I200/I220 peak intensity ratio and 
the most prominent shift towards higher 2θ (Table 1, SI Section 1). 

All the CuHCF powders exhibited no significant difference in terms of 
average particles diameter (around 60–80 nm) and morphology as the 
one shown in Fig. 1b (see also Table 1 and SI Section 2 for the SEM 
images and the distribution of the particles’ size for all the CuHCF 
powders). Through EDX analysis, a similar normalised Cu-to-Fe atomic 
ratio of c.a. 1.5 has been observed for all the pristine CuHCF materials, 
whilst their K-content changed with changing the reactants concentra
tion. In particular, the 200:100 and especially the 100:100 CuHCF were 
characterised by the higher normalised K-to-Fe ratios of 6% and 9%, 
respectively as shown in Table 1. The complete compositional analysis 
of all the pristine powders can be found in SI Section 3. It is worth 
noticing that in order to reduce the experimental errors in the EDX 
analysis correlated to the samples’ preparation and handling, all the 
samples have been carefully prepared in the same way, having the same 
orientation with respect to the EDX detector. The fact that the compo
sitional analysis is supported with what has been observed through the 
XRPD pattern analysis due to the different I200/I220 peak intensity ratios 
and the (200) reflection shift towards higher 2θ values, is a further 
evidence of the higher initial K-content of the 200:100 and especially 
100:100 CuHCF powder. 

Subsequently, the CuHCF-based electrodes have been galvanostati
cally cycled at a rate of 1C in an aqueous solution containing 100 mM 
ZnSO4. All the different CuHCF electrodes showed a similar initial ca
pacity (Table 1), however their cycle life varied significantly in depen
dence on the reactants’ concentration employed during their synthesis. 
In particular, the 200:100 and the 100:100 CuHCF reached a capacity 
retention of 80% after 475 and 600 cycles respectively, contrary to the 
standard CuHCF (100:50) reaching 80% of capacity retention after 
250–300 cycles (Fig. 2a). In agreement with what has been previously 
reported on this material [7,21], all the CuHCF-based electrodes showed 
a very high coulombic efficiency (>99%), independently on the syn
thesis conditions. In particular, as shown in Fig. 2b, the average 
coulombic efficiency ranged between 99.4% and 99.7% among the 
different CuHCF-based electrodes. 

The average energy that the cell could deliver during its discharge 
has been calculated considering an ideal Zn counter electrode (EZn/Zn2+
= − 1.025 V vs Ag/AgCl), and despites its initial value did not change 
substantially (Table 1), its retention varied significantly among the 
different CuCHF electrodes. Similarly, the cells with the 200:100 and 
100:100 CuHCF-based electrodes reached the 80% of energy retention 
after 550 and 800 cycles, respectively, whilst the one containing the 
standard CuHCF (100:50) only after 300 cycles (Fig. 2c). 

Such extended cycle life when considering the average delivered 
energy of the cell with respect to the capacity of the electrode is related 
to the change of the galvanostatic profile of the CuHCF during the 
cycling from a single-phase to a two-phase one, with the development of 
a plateau at c.a. 0.8 V vs. Ag/AgCl [11]: during its ageing, the specific 
capacity loss of the material is therefore conveniently compensated, at 
least partially, by an increase in Zn2+ (de-)insertion potential. As shown 
in Fig. 3a, 3b, both the 200:100 and 100:100 CuHCF develop such 
higher-potential plateau in a more pronounced way along the galvano
static cycles with respect to the standard CuHCF (100:50, Fig. 3c) and to 
the other synthesised CuHCF-powders as well (SI Section 5). This is even 
more evident in the differential charge plots, in which the development 
of the plateau in the galvanostatic cycles corresponds to the develop
ment of two new peaks located around 0.8 V vs. Ag/AgCl (Fig. 3d, 3e, 
3f). As previously reported, such pair of newly developed peaks are 

Fig. 1. a) XRPD patterns of the pristine CuHCF powders synthesised with 
different Cu(NO3)2 and K3Fe(CN)6 concentrations; the vertical lines correspond 
to the simulated patterns of the KCuFe(CN)6 reported in reference [16]; b) SEM 
image of the pristine CuHCF powder synthesised with the Cu(NO3)2 : K3Fe(CN)6 
concentration of 200 mM : 100 mM. 
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related to the phase transition occurring during the ageing of the CuHCF 
[7,11]. It has been previously suggested that such phase transition may 
involve a partial substitution of Cu2+ with Zn2+ in the B sites of the 
CuHCF crystal, with the consequent formation of a distorted CuZnHCF 
phase [7,11]. Moreover, such phase transition with consequent change 
of the potential profile may also be due to the formation of a different 

insertion site, with the Zn2+ swapping its position from the lattice’s 
tunnels to the Fe(CN)6 vacancies, which eventually may lead to the 
nucleation of a ZnHCF phase [20]. It has been suggested that such phase 
transition might have an influence on the ageing of the CuHCF [7,8,11]. 
It is worth noticing that previous inductively coupled plasma mass 
spectrometry (ICP-MS) analysis has shown that no appreciable amount 
of Cu atoms has been found within the aqueous Zn-containing electro
lyte, suggesting that no appreciable amount of Cu2+ is dissolved upon 
repeated cycling of the CuHCF [15]. 

Interestingly, the cycle at which such phase transformation started 
occurring was different among the various CuHCF electrodes. In 
particular, a small bump appeared in the differential charge plot of the 
50:25, standard (100:50), and 100:100 CuHCF after the 200th cycle 
(Fig. 3 and SI Section 4 and 5), and in the one of the 200:100 CuHCF 
after the 300th cycle (SI Section 4). A magnification of the differential 
charge plots of the 200:100 and 100:100 CuHCF has been included in SI 
Section 4. Such phase transition occurred at a later stage in the 200:100 
CuHCF with respect to the other CuHCF samples, however, this did not 
ensure a longer cycle life of the material. At the same time, the 200:50 
CuHCF reached 80% of its capacity and energy retention in the shortest 
time among all the synthesised materials without going through such 
phase-transition at all, as shown from both the galvanostatic profile and 
the differential charge plot in SI Section 5. Thus, it appears that the 
occurrence and the consequent development of such two-phase plateau 
in the galvanostatic profile of the CuHCF may not necessarily have a 
detrimental effect on the stability and therefore on the ageing of the 
material. 

Interestingly, the two CuHCF powders that showed a longer cycle 
life, i.e. the 200:100 and especially the 100:100, were the ones with the 
higher potassium content, as shown from the compositional analysis ( 
6% and 9% normalized K-to-Fe, respectively). Despite the presence of K 
in the CuHCF structure leads to smaller bond distances in the crystal, and 
therefore to smaller unit-cell parameters, it does not seem to negatively 
affect the Zn2+ (de-)insertion process. The consequent changes in the 
electron density of the Fe in the 200:100 and especially 100:100 CuHCF 
lattice might be responsible for the better electrochemical performance 
of these materials during their cycle life. 

From the electrochemical results it is clear that among the five 
different CuHCF samples, the initial K-content in the material’s lattice 
does not influence its starting electrochemical performance (Table 1), 
but rather it has a high impact on its cycle life (Fig. 2a, 2c). For com
parison, rhombohedral ZnHCF shows an initial specific charge of 65 
mAh g− 1, a coulombic efficiency of c.a. 90%, and a cycle life of only 100 
cycles at charge/discharge rate of 1C in 1 M ZnSO4 [1]. A graphical 
comparison of the cycle life of different PBAs at a current rate of 1C can 
be found within the SI Section 6. It follows that the identification of a 
strategy to improve the CuHCF performance would certainly be bene
ficial for the development of long-lasting, cheap and environmentally 
friendly aqueous Zn-ion batteries, for which further studies are 
necessary. 

4. Conclusions 

Despite the great interest that aqueous Zn-ion batteries have recently 
attracted as energy storage devices for power grid applications, their 
commercialisation remains hindered by the lack of efficient and green 
materials for the positive electrode side. Among the members of the 
Prussian Blue analogues’ family, CuHCF is particularly promising as 
positive electrode material for aqueous ZIBs because of its low costs, 
non-toxicity, excellent power capability, and relatively simple synthesis 
route, which could enable the production of larger amounts of material 
at an industrial scale. 

Here, different CuHCF powders have been synthesised in depen
dence on the variation of the concentration and ratio of the two re
actants, i.e. Cu(NO3)2 and K3Fe(CN)6, employed during the co- 
precipitation synthesis, in order to optimise the electrochemical 

Fig. 2. Average a) charge and c) energy retention together with the average b) 
coulombic efficiency of the different CuHCF-based electrodes galvanostatically 
cycled at 1C. Both retentions have been normalised by the charge/energy at the 
25th cycle. The average and standard deviation have been calculated by 
comparing at least two different samples resulting from two different synthesis- 
batches for every synthesised CuHCF. 
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performance of the material. No significant change has been observed in 
terms of particles dimension (around 60–80 nm) and morphology 
among the different CuHCF powders. However, depending on the re
actants’ concentration employed during the synthesis, crystallographic 
and compositional analysis demonstrated that the different pristine 
CuHCF crystals were characterised by a different potassium content, 
which changed the bond distances of the lattice, namely: the higher the 
K-content in the crystal structure, the shorter the bond distances. 

Galvanostatic cycling showed that the CuHCF powder with the 
highest initial K-content in its crystal structure (namely the 100:100) 
had a longer cycle life, with an energy retention of 80% reached after 
800 cycles, contrary to the c.a. 300 cycles of the standard CuHCF. 

Further electrochemical, kinetics and post mortem investigation on 
the aged CuHCF powders will be needed in order to shed light on the 
mechanism and the morphological and structural changes these mate
rials undergo during their ageing. Such understanding will be vital to 
further optimise the synthesis parameters and the experimental condi
tions in order to extend the cycle life of aqueous Zn-ion batteries based 
on CuHCF. 
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