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Abstract
Prussian Blue Analogues are of major interest for their use in alternative battery technologies due to their charge stor-
ing ability with a long life cycle. In this work the Prussian Blue Analogue nickel hexacyanoferrate (Ni-HCF) was produced 
using an all electrochemical method. Creating charge storing materials with electrochemical processes provides a new 
approach to the development of battery-like materials. These methods have not been commonly employed because 
the charge storing material yield is not directly known. The charge storage of the Ni-HCF was characterized with two 
different methods which provided a measure of the electrochemically active Fe present. These were then compared with 
the Particle Induced X-ray Emission (PIXE) method which measured the total amount of Fe present. By comparing the 
electrochemical measurement of active Fe to the total Fe as measured by PIXE, the percentage of material that is active 
in the charge storage was determined. This enables an independent calculation of the specific charge capacity of the 
material for comparison to other battery technologies.
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1  Introduction

Due to the intermittency of common green energy sources such as solar and wind, large scale batteries that can 
store this energy are of great importance for pursuing practical applications. Open-framework materials such as the 
Prussian Blue Analogues (PBAs) are a promising avenue of investigation to help meet these challenges for growing 
energy storage needs [1–9]. The open crystalline structure of PBAs allows for charge storage without large volume 
changes [10–14]. Additionally, the composition of PBAs is modifiable, enabling both tuning of the resulting properties 
and the use of earth abundant elements that make it a more sustainable battery alternative [15–20]. Most literature 
on the fabrication and study of these materials is based on nanoparticle techniques [21–30]. In contrast, with an 
electrochemical method described by Bocarsly and coworkers, the material can be produced directly on an electrode 
instead of requiring an additional step to bind the material to the electrode [31–39].

A downside to this all electrochemical method is that the measurement of the amount of material produced is 
indirect. Electrochemical techniques such as Cyclic Voltammetry (CV) can be used to measure the amount of active 
material in a sample. However, in order to compare charge efficiency to other battery technologies, it is important to 
have an independent measurement of the amount of material so that a specific charge capacity (in units of mAh/g, 
for example) can be calculated.

One method to obtain an absolute measurement of material in a thin film sample is Particle Induced X-ray Emission 
(PIXE) [40]. PIXE is a non-destructive materials characterization technique that can determine the type and amount 
of elements present in a sample independent of any electrochemical measurements. In PIXE, protons are passed 
through a material exciting inner shell electrons. Characteristic X-rays are emitted upon the return of electrons to 
lower energy states. The spectrum of emitted X-rays is analyzed to determine the absolute areal densities of the ele-
ments present. This method is particularly sensitive for measuring heavier elements such as transition metals because 
of the higher excitation energy compared to Energy-Dispersive X-ray Spectroscopy (EDS) using a Scanning Electron 
Microscope (SEM). In addition, the penetration depth for this technique is typically higher than that for EDS, which 
decreases measurement variability due to inhomogeneity in surface morphology or composition.

In this work, the PBA nickel hexacyanoferrate (Ni-HCF) was produced using an all electrochemical process. Ni-HCF 
is a promising candidate for this process as the two step method of deposition followed by a modification works 
particularly well in the case of Ni. The specific charge capacity of the material was determined by comparison of 
the Fe areal density found with PIXE to the active areal density of Fe measured with CV. This can then be compared 
directly to various other current battery technologies to further evaluate the effectiveness of the specific PBA for 
battery applications.

This paper verifies this methodology as a viable way to compare Ni-HCF and other PBAs directly to other battery 
technologies. Lastly, this paper describes evidence discovered during the development of these methods for the 
presence of additional reactions. Additional study of the reactions taking place in the charging and discharging of 
Ni-HCF is necessary to better understand this interesting battery alternative.

2 � Methods

2.1 � Sample setup, preparation, and geometry

All electrochemical experiments were done with a BAS Epsilon (Bioanalytical Systems, Inc., West Lafayette, IN, USA) 
or a Gamry Interface 1000 (Gamry Instruments, Warminster, PA, USA) electrochemical workstation. The substrates 
were cut from a silicon wafer plated with 50 Å of titanium as an adhesion layer for the top 1,000 Å of gold that acted 
as the working electrode (Platypus Technologies, LLC, Madison, WI, USA). A coiled platinum wire (Alfa Aesar, Ward 
Hill, MA, USA) acted as the counter electrode, and the reference electrode was a Ag/AgCl (3 M NaCl) from Bioana-
lytical Systems, Inc., (West Lafayette, IN, USA). All potentials in solutions are reported with respect to the reference 
electrode. A custom-built Teflon cell [41] was used as a platform for sample fabrication. The Teflon cell limits the 
geometric area of the working electrode to be 0.032 ± 0.005 cm2 . All chemicals were purchased from Sigma-Aldrich 
(St. Louis, MO, USA) and used as received. All solutions were made using 18 MΩ⋅ cm water purified with a Barnstead 
Nanopure Infinity system (APS Water Services Corp., Van Nuys, CA, USA). Solutions were purged for 10 s with purified 
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N2 (99.999% Nitrogen, Airgas an Air Liquid Company, Radnor Township, PA, USA) and then blanketed with the gas for 
the rest of the experiment. In order to minimize cross contamination between solutions, the electrodes and Teflon 
cell were rinsed thoroughly with the 18 MΩ⋅ cm water and dried with Light-Duty Tissue Wipers (VWF International, 
Radnor PA, USA) between each different solution.

2.2 � Film fabrication

Fabrication of the Ni-HCF films included both an electrochemical deposition step and an electrochemical modification 
step. Ni was first deposited onto Au with DC Potential Amperometry. The thin Ni films were deposited from 0.1 M NiSO4 , 
0.5 M H3BO3 , and 1 M Na2SO4 aqueous solutions (pH ∼4.6). The potential of the working electrode was stepped from 
an open circuit to −1 V until 96 or 100 mC of charge had passed. The modification process used Cyclic Voltammetry (CV) 
with an aqueous solution consisting of 0.01 M K3Fe(CN)6 and 1 M NaNO3 (pH ∼5.8). During modification, CV was used to 
measure current as the potential changed continuously from 0.800 V to  − 0.200  V and back to 0.800 V at a scan rate of 
0.050 V/s. Figure S1 in the Supplementary Information shows an example of the measured current during this step. The 
main features seen in the data are due to the redox behavior of the solution Fe(CN)3−∕4−

6
 . Subtle shifts in the current and 

scan shapes between cycles, particularly around 0.4 V, are indicative of the surface-bound Ni-HCF film. The K3Fe(CN)6 
reacted with the already deposited Ni to fabricate the Ni-HCF, described by

2.3 � Electrochemical sample characterization

The newly fabricated Ni-HCF was tested in an aqueous 1 M NaNO3 solution (pH ∼5.5) by CV and Chronoamperometry 
(CA). CV scans were done from  − 0.200 V to 0.800 V at a variety of scan rates from 0.010 V/s to 1.000 V/s. Figure 1 
shows CV data for an example Ni-HCF film for several scan rates. Charge was calculated by integrating the current 
and subtracting the background for the scan from a drawn line. In some cases, especially at low scan rates, the sloped 
background current was significant. Figure S2 in the Supplementary Information  shows example CV measurements 
on a Ni film that was not subjected to the modification step. A small featureless background is observed. Therefore, 
we attribute the larger background current seen in Fig. 1 to reactions that are separate from the PBA charge stor-
age reaction, but that are enhanced due to the presence of the PBA. One possibility is reactions with water at lower 
potentials than observed on Ni alone. To account for this and focus solely on the Fe, two points were selected that 
encompass the major peak of the Fe oxidation reaction, and a straight line was drawn between the two points, as 
seen in Fig. 1. Scan rates and scan ranges were chosen for analysis based on the ability to clearly determine the Fe 
peak from the background. The uncertainty of this background subtraction method was estimated by testing the 

(1)
[FeIII(CN)6]3−

(aq)
+ Ni(s) + Na+

(aq)
⟶ [FeIII(CN)6]3−

(aq)
+ Ni2+

(aq)
+ Na+

(aq)
+ 2e−

⟶ NaNiII[FeIII(CN)6](s) + 2e−.

Fig. 1   Example CV scans of 
a Ni-HCF sample at 0.010, 
0.050, and 0.180 V/s. The red 
dashed lines are the assumed 
background lines for the 
anodic scan. The charge was 
calculated for each scan rate 
by integrating the anodic 
peak above the background 
line and using Eq. 4
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variation of results with differing endpoints. After multiple tests of multiple samples, it was found that for reasonable 
background selection, the uncertainty in the integrated charge was negligible compared to other uncertainties in 
the calculation of the areal density of Fe.

Total active atoms are more accurately measured by CV using a scan rate that is kept slow enough to capture the 
entire reaction. Therefore, most analysis was done with the slower scan rate of 0.010 V/s. This choice of scan rate was 
a trade off between being able to measure any slow kinetic processes and the practical consideration of observing 
the Fe peak clearly. If scan rates lower than 0.010 V/s were used, the peak became difficult to distinguish clearly from 
the background.

The charge, QCV , was calculated by integrating the anodic current i, above the chosen background as a function 
of potential, E,

where v is the scan rate. From the integrated charge, the areal density of active Fe, ΓCV , was calculated with

where n = 1 is the number of electrons transferred per iron in the charge storage reaction, e is the charge on the electron, 
and A is the geometric area of the electrode.

All CA scans were stepped from 0.300 V to 0.800 V and back to 0.300 V. Due to the instrument’s inability to auto-
scale from the large current values at the beginning to the small current values that are present at a longer timescale, 
two different CA tests were done. The short timescale CA had a stepping time of 4 s at a sampling rate of 10,000 Hz 
and a current scale of imax = 100 mA. The long timescale CA had a stepping time of 120 s, a sampling rate that started 
at 10,000 Hz and was periodically decreased by factors of 10 until the rate reached 0.1 Hz with a current scale of 
imax = 1 mA. The periodically changing sampling rate for the long timescale CA was chosen to reduce the large amount 
of data that would be collected over the entire 120 s at a constant 10,000 Hz. The long and short timescale CA scans 
were combined together as seen in Fig. 2. The short timescale CA values were retained up until the current values 
measured by the long timescale CA scans stopped overloading. The charge, QCA , as a function of time was found by 
integrating the current for the forward step,

(2)QCV =
1

v ∫ i(E) dE,

(3)ΓCV =
QCV

neA
,

(4)QCA = ∫ i(t) dt.

Fig. 2   Example of the method 
for combining long and short 
timescale CA raw data for a 
Ni-HCF sample. The non-filled 
points are the ones that are 
removed. For early times, up 
until about 2 ms, the long 
timescale current data is 
overloaded. The variation in 
the early portion of the short 
timescale data is noise and 
exists mainly when the time is 
less than 1 ms
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Repeated CV scans were performed after the CV measurements at various scan rates and after the CA measure-
ments. An example is shown in Figure S3 in theSupplementary Information, which confirms reasonable stability of 
the samples during electrochemical testing.

2.4 � X‑ray spectroscopic sample characterization

PIXE measurements were taken using a National Electrostatics Corporation 1.7 MeV tandem Pelletron particle accelera-
tor at the Hope College Ion Beam Analysis Laboratory (HIBAL). X-ray emission, measured with a XR-100SDD Silicon Drift 
Detector (Amptek Inc., Bedford, MA, USA) was induced by a beam of 3.4 MeV protons with a beam current of ∼0.3–1.0 nA. 
Beam current was averaged from the electric current caused by the proton beam before and after the experimental run. 
Data collection was performed for 500 s or was terminated when the area under the Fe peak had reached 1,000 counts. 
A 5 mil Mylar film filter, placed between the target and detector, eliminated low energy X-rays and limited system dead-
time. In order to obtain absolute measurements of the areal density of the elements present, the detector system was 
calibrated with an Fe Micromatter thin film standard (Micromatter Technologies Inc., Surrey, British Columbia, Canada). 
These calibration runs were done at a beam current of ∼0.5 nA for 300 s. The Micromatter standards are thin and beam 
particles have enough energy to pass through allowing the beam current to be measured simultaneously with data col-
lection. Some samples were analyzed more than once in order to test the consistency of the technique and to investigate 
sample degradation. Others were measured at multiple locations of the same sample to detect consistency of the sample 
across the area. These results are in agreement with previous research for these type of materials [42].

An example PIXE spectrum of a Ni-HCF sample is seen in Fig. 3. The uncalibrated, relative areal densities for the ele-
ments present were extracted from the measured spectra with the computer program GUPIX developed by J. L. Camp-
bell of University of Guelph [43]. Within GUPIX, the thick sample with surface elements option was selected due to the 
relative thinness of the PBA and the gold layers compared to the silicon of the wafer. A Si matrix element with surface 
fit elements of Ni-K, Fe-K, Ti-K, and Au-L X-rays along with parameters that corresponded to the setup of the accelerator 
and detector were included in the model. From the fit, GUPIX calculated and then reported an areal density in units of 
ng/cm2 for each element present in the sample. For the example shown in Fig. 3, the Ni:Fe ratio is approximately 1800:1. 
This is evidence that for these samples, only a small portion of the deposited Ni layer reacted to form Ni-HCF. In addition, 
a peak due to intercalated Na is not visible in the spectrum because the energy is too low for the detector/filter setup. 
These two observations together show that the stoichiometry of the reacted Ni-HCF film can not be determined from 
PIXE measurements.

Nevertheless, the PIXE measurements are useful to determine the total amount of Ni-HCF present. Fe is not present 
after the initial deposition step, and is only present after the modification step that forms the Ni-HCF film. Additionally, 
the iron sites in the crystalline structure are what undergoes charge exchange. Therefore, the primary values of interest 
from the GUPIX fits are the Fe results. The Fe values reported from the GUPIX fits of the emission spectra were converted 
to an areal density of Fe, ΓPIXE , in atoms/cm2 using the molar mass of Fe. The absolute normalization of all measurements 
was based on regularly repeated measurements of the Micromatter standard.

Fig. 3   Example PIXE spectrum 
of a Ni-HCF sample. Ti-K, Ni-K, 
Fe-K, and Au-L X-ray lines are 
indicated
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3 � Results and discussion

Figure 4 shows the ratio of the Fe determined by integrating CV measurements to the Fe determined by PIXE. The 
hypothesis underlying these measurements was that the PIXE method measures all the Fe in the sample, while the 
CV method only measures the active Fe in the sample, and therefore the ratio should be smaller than one. This is 
because the proton beam passes through the entire thickness of the sample and therefore PIXE measures the areal 
density of all of the Fe present in the sample. The ratios of these two measurements as seen in Fig. 4, confirms the 
initial hypothesis for a number of samples fabricated and tested.

Efficiency is defined by this ratio of active to total amounts of material. These ratios also can be converted to a 
specific charge capacity assuming a ratio of 1 corresponds to the theoretical capacity of Na2NiFe(CN)6, 84.9 mAh/g 
[6], and that conversion is shown as a second vertical axis on the figure. The results demonstrate that there is an effi-
ciency of approximately 40–90% of active to total Fe in a sample which corresponds to a specific capacity of about 
34–76 mAh/g.

The results also demonstrate that even for the same procedure, sample to sample variation occurs and therefore 
doing such sample fabrication in a more controlled environment may enable more reproducible results. It is neces-
sary to understand what variations are occurring and if they affect the percent efficiency of the sample. Reasons for 
this may depend on variation in sample creation such as sample smoothness, as well as possible kinetic differences 
that occur even when the same method for fabrication is used. Previous work with mixed metal PBAs has shown that 
increasing surface area is correlated with increasing measured charge storage [44]. Further research could evaluate 
if the efficiency of charge storage is also affected by the roughness of the sample.

To better understand the details of the charge exchange and study the kinetics of the charge storage properties 
of the PBA, CA analysis was performed on the samples. For an electroactive thin film, the integrated charge as a 
function of time is given by

where Qf is the finite amount of charge stored in the film,

is the time constant for charge transfer within the film, d is film thickness, and D is the effective diffusion constant [45]. 
For the samples measured, instead of asymptotically approaching Qf  as predicted by Eq. 5, the charge calculated from 
the CA scans on time scales of 60–300 s continued to increase linearly (Fig. 5). To account for this behavior, the theory 
was adapted to include a constant current term,

(5)Q = Qf

(

1 −
8

�
2
exp

(

−�2t

�

))

,

(6)� =
4d2

D

Fig. 4   The ratio of the Fe 
measured by the CV method 
to the Fe measured by the 
PIXE method for a number 
of samples. The range of the 
ratio of active atoms to total 
atoms varies between 40 
and 90%. The second vertical 
axis is the specific charge 
capacity assuming a ratio of 1 
corresponds to the theoreti-
cal capacity of Na2NiFe(CN)6 , 
84.9 mAh/g
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where Ic is the constant current. The CA data was interpreted with the adapted equation. From these fits, values for Qf  , 
Ic , and � were determined. Non-zero values of Ic were observed for all of the samples, indicating the presence of an addi-
tional constant current reaction at 0.800 V. By using Eq. 7 to interpret the CA data, Qf  values do not include the effects of 
the constant current process. This is analogous to the background subtraction procedure used to interpret the CV data 
without the influence of the sloped background current. Therefore, in both cases, we only measure the charge storage 
of the Ni-HCF film and do not include any other additional effects.

Other researchers have also observed additional reactions occurring for PBAs in water. For example, Cordova and cow-
orkers observed a linear current during a reductive CA step from 1.1 V to 0.5 V for a Prussian Blue film [46]. They attribute 
this to a cycle of chemical and electrochemical reactions that occur due to the catalytic oxidation of water during the 
previous oxidative step. Research planned in our lab includes testing PBAs in both aqueous and non-aqueous solutions. 
Comparing the aqueous and non-aqueous characterization of these samples will allow us to identify and explore these 
additional reactions.

Figure 6 shows the charge values from background subtracted CV data at various scan rates and the average of the 
Qf  values which were determined from fitting several sets of integrated CA data to Eq. 7. Although the two methods are 
analogous, there is a discrepancy between the calculated charges. The CV charge values were calculated assuming the 

(7)Q = Qf

(

1 −
8

�
2
exp

(

−�2t

�

))

+ Ict,

Fig. 5   Example integrated 
CA data for a Ni-HCF sample. 
The line is a fit to Eq. 7 with 
fit values of Qf = 79 ± 3 � C, 
� = 76 ± 6 s, Ic = 3.39 ± 0.03 �
A

Fig. 6   Charge as measured 
for a single sample using the 
integrated CV results and 
the fitted Qf  values from the 
CA method. CA runs for this 
sample were averaged and are 
drawn as a dashed line with 
its minimum and maximum 
uncertainty as the dotted 
lines. The charge values meas-
ured from CV scans for slower 
scan rates are significantly 
higher than the charge values 
for higher scan rates
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only reaction of interest was the oxidation of the Fe present in the PBA. Thus, this analysis reveals that the reactions of 
the PBA may be more complex than initially thought.

4 � Conclusion

Fabricating Ni-HCF thin films with only electrochemical processes introduces a new method of production and study for 
PBAs. An original, non-destructive method for independently measuring the amount of Fe present in the PBA sample 
was developed. As a result, CV and PIXE measurements of the amount of Ni-HCF formed in a sample can be accurately 
analyzed and compared. This comparison method gives the measured specific capacity as a fraction of the theoretical 
capacity of the Ni-HCF. This now enables a metric with which PBA samples can be compared to typical or current battery 
technologies. Lastly, the disagreement between the CV and CA electrochemical measurements of the areal density of 
active Fe present in a sample requires further study. These results mean that charge storage properties may be depend-
ent on the kinetics of the intercalating ions, leading to the difference between the CA and CV measurements. Another 
interpretation of the results is that Fe may not be the only substance oxidizing. This additional reaction would not be 
contributing to the observed peak but could be part of the background, boosting the charge capacity of the sample as 
measured by the CA method. Finally, the model selected could be insufficient for properly fitting the CA data, especially 
if there is an additional, finite reaction occurring.

Efforts are now under way to precisely determine the specific reactions that are responsible for the PBAs’ charge stor-
age. In addition, future work planned in our lab will adjust the Ni deposition step so that all of it is reacted to form PBA 
in the modification step. In this case, PIXE can be used to determine not only the Fe content in the material, but also the 
stoichiometry of the entire PBA film as fabricated.

We also plan to pursue methods that could be applied to these fabrication techniques in order to increase the effi-
ciency of the PBA samples. One such method of interest is increasing the surface area of the sample. For this future work, 
the methods described here will enable accurate comparison of the efficiency of fabricated PBA samples to each other 
and to other current battery technologies.
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