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Abstract: Prussian blue analogues are of great interest as alternative battery materials because of
their long life cycle and potential use of earth-abundant elements. In this work, thin film mixed-metal
hexacyanoferrates (HCFs) based on NiCo and NiCu alloys were fabricated in an all electrochemical
process. The structure and composition of the samples were characterized, along with the charge
storage capacity and kinetics of the charge transfer reaction. For both NiCo-HCF and NiCu-HCF
samples, the total charge capacity increased with the substitution of Ni with more Co or Cu, and
the increase was larger for Cu samples than for Co samples. On the other hand, the charge storage
kinetics had only a modest change with substituted metal, and these effects were independent of the
amount of that substitution. Thus, the mixed-metal HCFs have promise for increasing overall storage
capacity without negatively influencing the rate capability when used in battery applications.

Keywords: Prussian blue analogues; alloys; electroformation; batteries; supercapacitors;
energy storage

1. Introduction

Prussian blue analogues (PBAs) and other open framework intercalation compounds have been
the subject of increasing interest as promising battery materials [1-6]. The general formula for PBAs
can be written as A ;M [M’(CN);],, where M and M are transition metals, A is a counter cation, and
the stoichiometry depends on the identities of M, M, and A, as well as the number of cyanometalate
vacancies incorporated into the structure [7]. Supercapacitive behavior occurs in these materials when
the metal centers change oxidation state, accompanied by the intercalation or deintercalation of counter
cations. For example, in the subset of PBAs known as hexacyanoferrates (HCFs), where M’ = Fe, one
possible redox reaction is [7,8]

AM"[Fe"™(CN)g] + AT + ¢ & AgMU[Fe! (CN)], (1)

where in this example M is a divalent ion. The wide variety of transition metals that can be substituted
for M and M’ makes tuning the properties of PBA materials a possibility. For example, by changing the
transition metals, the potential of the redox reactions can be adjusted [9]. Thus, by appropriate choices
of M and M/, PBAs can function as both the cathode and anode in a battery [10-12]. Mixed-metal PBAs
have also been produced, where either M and M’ or both metals are occupied by a mixture of elements
rather than just one, providing additional degrees of tunability [8,13-18].

In this work, mixed-metal HCFs were fabricated, where M was Ni, NiCo, or NiCu in various
concentrations. In contrast to the nanoparticles that have been the focus of much of the PBA
literature, the Ni-HCF electroformation method described by Borcarsly and coworkers [19-24] was
adapted. Starting with electrodeposited NiCo and NiCu in various alloy compositions, NiCo-HCF and
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NiCu-HCF were produced in an all electrochemical process through potential cycling in the presence
of K3[Fe(CN)s]. The reactions leading to HCF formation can be written as

[ (CN)](aq) + M(s) + A* (aq) — [Fe(CN)|”(aq) + M (aq) + A" (aq) + 26" >
AM"[Fe™ (CN);](s) + 2¢7,

where in this work, M = Ni, Co, Cu, or a mixture of metals. The thin film HCF was formed directly on
the substrate surface, and the charge transfer properties of the materials were then measured without
an additional electrode fabrication step. The goal was to investigate the effects of substituting Ni with
Co or Cu for the case of electrogenerated thin film HCFE. In particular, the charge storage capacity, redox
reaction potential, and kinetic behavior of the charge storage reaction were measured as a function of
the amount of substituted metal to the base Ni-HCF material.

2. Materials and Methods

All electrochemical fabrication and characterization steps were performed in a custom-built
chemically inert Teflon cell with a working electrode area of 0.032 cm? [25] using a BASi Epsilon
(Bioanalytical Systems, Inc., West Lafayette, IN, USA) or Gamry Interface 1000 (Gamry Instruments,
Warminster, PA, USA) electrochemical workstation. A standard three-electrode set up was used with
an Ag/AgCl (3M NaCl) reference electrode (Bioanalytical Systems), a Pt wire counter electrode and a
gold wafer substrate working electrode. The substrate was prepared from a silicon wafer plated with
1000 A of gold over a 50 A titanium adhesion layer (Platypus Technologies, LCC, Madison, WI, USA).
All electrolytes were prepared with salts from Sigma-Aldrich (St. Louis, MO, USA), used as received,
and 18 MQ)-cm water purified using a Barnstead Nanopure Infinity (APS Water Services Corp., Van
Nuys, CA, USA) or Milli-Q (MilliporeSigma, Burlington, MA, USA) system.

Films were deposited through controlled potential electrolysis by stepping the potential from
open circuit to —1200 mV until 100 mC had been deposited. Deposition solutions contained 0.5 M
H3BOj3 and 1 M Na,SO, with NiSOy4 and either CuSO,4 or CoSO, in various amounts. The total metal
concentration was constant at 100 mM, of which CuSO;, (below denoted as Cu samples) or CoSO4
(below denoted as Co samples) consisted of 10, 15, 20 or 25%. The metal thin film was modified
through cyclic voltammetry (CV) for 30 cycles from —200 to 1000 mV with a sweep rate of 50 mV/s
in a solution containing 0.01 M K3[Fe(CN)¢] and 1 M NaySOy in order to form the HCF as shown in
Equation (2). The charge storage capacity and kinetic behavior of the HCF was characterized in a blank
solution of 1 M Na,SO, with several CV scans with sweep rates from 10 to 1000 mV/s.

Structure and composition measurements, before and after the modification and characterization
steps, were performed using a TM3000 Tabletop scanning electron microscope (SEM) (Hitachi, Tokyo,
Japan) with a Quantax 70 energy dispersive X-ray spectroscopy (EDS) attachment (Bruker, Madison, WI,
USA). SEM images were obtained at 2500x magnification and composition measurements were extracted
from EDS spectra taken at 300X magnification to determine Ni, Cu, and Co relative compositions.

Several sets of samples were fabricated, with variations to the procedure above. For one set
of samples, Set A, composition and structure were analyzed both before and after the modification
step using SEM and EDS. Another set of samples, Set B, was fixed in the Teflon cell throughout the
deposition, modification, and characterization steps. The latter set was investigated to avoid the
uncertainty of replacing the sample in the custom-built Teflon cell, and thus no pre-modification
composition and structure analysis was performed with SEM and EDS measurements. For this set, the
range of measurements conducted in the characterization step was extended with sweep rates from 5
mV/s to 10,000 mV/s. Finally, for a small set, Set C, only Ni was used in the deposition step. These
samples provided a reference for comparison of the mixed-metal samples in Sets A and B.
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From the CV data, the total charge storage capacity was calculated by integrating the anodic
current density, j = j, as a function of potential, E,

1 :
92w, ®

where v is the scan rate and A is the geometric area of the working electrode. In addition, the peak
current density, jp, and peak potential, E;,, for each anodic sweep were extracted.
Average results were calculated by grouping the samples by deposition solution percentage so
that trends and variations between samples could be analyzed more clearly. Weighted averages,
L wiXi

¥ =00 )

and weighted standard deviations,
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were calculated from the individual measurements, x;, and associated uncertainties, o;, where w; = Glz

are the weighting factors and w = }’; w; is the sum of the weights. Graphs of the individual results are
included in the Supplementary Materials.

3. Results

To investigate the effect of the modification step on the metal composition, the relative amounts
of the metals in the film were measured with EDS at a magnification of 300x. Figure 1 shows
the composition of the samples in Set A before the modification step. The results show that the
amount of Cu or Co in the film does not match the solution composition. This behavior is typical
of metal deposition, particularly in the case of iron-group metals, where it is known as anomalous
codeposition [26-30]. The Cu samples had large variations in composition whereas the Co samples
had a clearer correlation between solution percentage of metal and deposited percentage of metal.
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Figure 1. The dependence of the amount of deposited metal for each solution percentage for Set A.
Results for the two alloys were grouped and averaged by deposition solution percentage. The line
represents a 1:1 relationship. Figure S1 shows the results for the individual samples.

Figure 2 compares the composition results for the samples in Set A before and after the modification
step. Some of the Cu samples lost up to half their amount of Cu, whereas no loss of Co was observed.
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This is consistent with the observations that for NiCu alloys, Cu is selectively removed during
electrochemical dealloying, whereas for NiCo alloys, neither metal is more stable compared to the
other [31-34]. Thus, for the Cu samples here, the electrochemical modification step to form the HCF
(CV cycles between —200 and 1000 mV) also removes some of the Cu.
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Figure 2. The dependence of the metal remaining after the modification step compared to the deposited
metal for Set A. Results for the two alloys were grouped and averaged by deposition solution percentage.
The line represents a 1:1 relationship. Figure S2 shows the results for the individual samples.

Figure 3 compares the solution percentage to post-modification composition for the samples in
both Sets A and B. Similar trends were seen for both sets of samples with the Cu percentages being
more scattered than those for Co. When comparing Set A and Set B, the nominally identical Cu samples
were more consistent in the latter set when the electrochemical cell was not dismantled between the
deposition and modification steps.
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Figure 3. The dependence of the metal remaining after the modification step compared to the
deposition solution percentage for Sets A and B. Results for the two alloys were grouped and averaged
by deposition solution percentage. The line represents a 1:1 relationship. Figure S3 shows the results
for the individual samples.

Figure 4 shows SEM images collected at 2500x magnification for a representative Co sample (a,
b) and Cu sample (c, d) both before (a, c) and after (b, d) the modification step. In general, samples
containing Co were smoother than those containing Cu. The Cu samples had a rough surface with
dendrites, but no correlation was observed between the density of dendrites and the percentage of Cu.
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Figure 4. SEM images of a representative Co sample (a,b) and Cu sample (c,d) from Set A both before
(a,c) and after (b,d) the modification step. The scale bar is 10 pm.

Representative CV scans are shown in Figure 5 for a Co sample (a) and a Cu sample (c). For both
Co and Cu samples, either one oxidation and reduction peak or two closely-spaced, overlapping peaks
were observed, corresponding to the redox reaction in Equation (1). The separation between the anodic
and corresponding cathodic peaks increased with increasing scan rate, which is indicative of kinetic
limitations and/or resistance effects for these samples.

The dependence of the anodic current density on sweep rate is shown in Figure 5b,d on a log-log
scale. Insight into the kinetics of the reaction can be gained by performing a power-law fit, j, = av?, as
shown in the figure. A value of b equal to 0.5 demonstrates a current dependent on semi-infinite linear
diffusion, whereas a value of one illustrates a surface-controlled (capacitive) current [35]. In this case,
an intermediate value of b was observed.

Additional kinetic analysis can be obtained by graphing the integrated charge per area as a
function of scan rate, and fitting the data to the functional form described by Trasatti and coworkers,

o 1

__1 L
AT A

(Qcap + Qdiff) =

(ky + kpo1/2), ©)
where Qcap and Qqigt are the capacitive and diffusional contributions to the charge respectively [36,37].
From the fit parameters, k; and ky, the two contributions can be quantified at specific scan rates.
Representative examples of this analysis are shown in Figure 54, confirming that the charge storage
kinetics for these samples is the result of mixed capacitive and diffusional behavior. Both an intermediate
value of b in power-law fits and mixed kinetic behavior from Trasatti fits have been observed in a
variety of intercalation charge storage systems [38—46].

The integrated charge capacity of the HCF films was calculated from 20 mV/s CV data. Because
the total amount of HCF formed on the deposited metal is unknown, a charge per geometric area
was calculated. Figure 6 shows that integrated charge per area vs. the amount of added metal to the
film. The results showed that samples fabricated from NiCu alloys yield a significantly higher charge
capacity than those from NiCo alloys. There is also a positive trend in charge capacity versus added
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metal percentage for both types of samples. This effect is larger for the Cu samples, and therefore those
samples can store more charge per substituted metal, compared to the Co samples.
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Figure 5. Example cyclic voltammetry (CV) scans from (a) a Co sample and (c) a Cu sample for scan

rates from 10 mV/s to 1000 mV/s. The corresponding peak current density vs. v graphs are shown in (b)

and (d) on a log-log scale with power law fits to j, = av’.
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Figure 6. The measured anodic charge per area from the 20 mV/s CV as a function of the amount of
added metal for Sets A and B. Results for the two alloys were grouped and averaged by deposition
solution percentage. Figure S5 shows the results for the individual samples.

In Figure 7 the peak potentials for the samples extracted from the anodic sweep of a 20 mV/s CV
scan are graphed vs. the amount of added metal. The peak potentials for the Cu samples are generally
larger than for the Cu samples, but there is no correlation for either alloy between the percentage of
added metal and the peak potential. The averages and standard deviations of the peak potentials were
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calculated for each set as well as for the Co samples and Cu samples grouped together, and are listed
in Table 1. The results for the single-metal Ni samples (Set C) are also listed. There is a fair amount of
variability within and between sets; however, the average peak potential for the Cu samples is slightly
higher than that for either the Co samples or solely Ni samples, which are statistically similar.
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Figure 7. The anodic peak potential from the 20 mV/s CV as a function of the amount of added metal for

Sets A and B. Results for the two alloys were grouped and averaged by deposition solution percentage.

Figure 56 shows the results for the individual samples.

Table 1. Number of samples, N, weighted averages, and weighted standard deviations of the peak

potentials, Ep, and power-law b-values for all the samples in each set and for the Co and Cu samples

grouped together.
Set N BV s b s

NiCo Set A 24 0.53 0.05 075 0.10

NiCo Set B 15 0.51 0.06 0.77  0.06

NiCo Sets A & B 39 0.52 0.05 0.76  0.09

NiCu Set A 24 0.58 0.03 0.84 0.03

NiCu Set B 14 0.55 0.03 0.83 0.04

NiCu Sets A & B 38 0.57 0.03 0.83 0.04

Ni Set C 4 0.537 0.024 0.713  0.012

The results of the kinetic analysis are shown in Figure 8. The b-values extracted from the power-law
fits to anodic peak current density vs. scan rate are generally larger for the Cu samples than for the Co
samples, and there is no observed trend between the metal concentration and the power-law exponent.
The overall averages and standard deviations are listed in Table 1. Again, there is a good deal of
variability between samples. The average b-value for the Cu samples is larger than that for the Co and

Ni samples.
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Figure 8. The b-value determined for a power-law fit to the anodic peak current density vs. scan rate as
a function of the amount of added metal for Set A and B. Results for the two alloys were grouped and
averaged by deposition solution percentage. Figure S7 shows the results for the individual samples.

4. Discussion

It was assumed that there would be increased reproducibility for the samples in Set B, when the
electrochemical cell was not disassembled between the fabrication steps. For most of the quantities
measured here, the standard deviations, measuring the ranges of results between nominally identical
samples, were smaller for those in Set B compared to Set A. For example, the post modification
percentage of Cu was not as scattered for Set B as for Set A (Figure 3). Furthermore, the uncertainties
in the power-law fits were smaller and the precisions for the same measurements were better for both
metals with this comparison (Figure 8). However, the opposite trend with the standard deviations is
seen for the integrated charge for both metals, (Figure 6). Taken as a whole, the data between the sets
are correlated, but Set B has better precision, which displays that reproducibility increased when all
of the fabrication steps were performed without disassembling the electrochemical cell. As a result,
while Set A was not prepared in the same way as Set B, it served as a structural reference for the more
accurate measurements of Set B. Set B, in turn, was used to assess any differences in charge storage and
kinetic behavior between the samples fabricated using different alloy percentages.

In comparison to the Co samples, the Cu samples showed a rougher surface in the SEM images
and a greater loss of metals in the EDS data. These two outcomes can explain the difference in charge
storage between the two types of added metals; a rougher surface results in a bigger surface area,
and therefore the Cu samples react more during the modification step, yielding a larger charge per
geometric area than for the Co samples. Both Co and Cu samples demonstrate that a higher substituted
metal concentration yields a larger charge. However, the trend was not as clear for the Cu samples
with more scattered data, which can be explained by the variances in remaining metal Cu after the
modification step.

The power-law analysis showed that for the Cu samples, there was a modest increase in the
kinetics of the charge storage reaction, closer to the ideal surface-bound response. For both the Co
and Cu samples, the amount of added metal did not have a significant effect on the power-law results.
Similar conclusions can be drawn for the peak potential; while there was a small increase in potential
for the Cu samples, the potentials for all samples did not correlate with the extent of added metal.
Taken together, these results show that substitution of either Cu or Co in Ni-HCF can increase the
amount of charge that can be stored in the material without affecting the kinetics negatively.

5. Conclusions

In this work, mixed-metal PBA films were fabricated through an entirely electrochemical process,
distinct from the nanoparticle fabrication methods which have been studied more often. The charge
storage capacity and kinetics of the charge storage reaction were measured and compared with the
structural and chemical outcomes. It was observed that the larger increase in charge per geometric area
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of the Cu samples compared to the Co samples was correlated with a larger surface area. Furthermore,
the substitution of Co or Cu in Ni-HCF changed the kinetics and the peak potential of the charge
storage reaction a modest amount in some cases, and these changes were independent of the amount
of added metal.

For these observations to be applied to practical charge storage devices, future work planned
in our lab will include measurements quantifying the absolute amount of the metals in the starting
alloy as well as the amount of PBA formed through the modification step, allowing for comparisons to
PBA materials formed through other methods. Additionally, future work will take advantage of the
all-electrochemical process for PBA fabrication highlighted here to explore the effects of underlying
surface structure on the charge storage capacity of PBA films.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4701/9/12/1343/s1,
Figures S1-S3: Results for each individual sample corresponding to Figures 1-3 in the main text. Figure S4:
Example Trasatti fits to integrated charge vs. scan rate. Figures S5-S7: Results for each individual sample
corresponding to Figures 6-8 in the main text.
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