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Electroactive nickel hexacyanoferrate (NiHCF) thin films are of interest for their ion
sensing and ion intercalation properties; these properties depend on the material’s stoichi-
ometry and structure. A small combinatorial library of NiHCF thin films was synthesized
by microdispensing 2-uL droplets of reagent with varied proportions of a divalent nickel
source (nickel sulfate), a ferricyanide source (potassium ferricyanide), and water on Pt
substrates. Two different mixing orders were used (Ni'/H,O/Fe'"' and Fe'"'/H,O/Ni'") and 13
discrete compositions on the ternary reagent diagram were chosen. These 26 library members
were electrochemically intercalated/deintercalated with K* ions by cyclic voltammetry.
Raman spectroscopy was used to screen individual library members for electroactivity; this
step eliminated 11 inactive members, most of which resulted from Ni'-rich growth conditions.
Energy-dispersive X-ray spectroscopy (EDS) was used to determine the number of interca-
lated K* ions in the oxidized unit cell (Nkx) for the remaining 15 members. The quantity
Nk ox is a sensitive measure of NiHCF matrix stoichiometry, with a perfectly stoichiometric
matrix possessing Nk ox = 4. Nk ox for this library was found to vary from 0 to ~3 (maximum
possible variability is 0—4), with smaller Nk ox from the Ni'"/H,O/Fe'"! mixing order and larger
Nk.ox from the Fe'''/H,O/Ni" order. The methods used to synthesize this small, but diverse,
library are easily scalable to much larger libraries.
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Introduction

For 2 decades, electroactive nickel hexacyanoferrate
(NiHCF) thin films have been explored as derivatization
layers for electrochemical sensing of aqueous alkali
cations.1=7 More recently, electroactive NiHCF has
generated interest as a highly cesium-selective ion
exchange matrix that can be electrochemically regener-
ated by oxidation of iron centers in the solid.8~1! These
applications for electroactive NiHCF thin films rely on
the material’s differential selectivity for various Group
I cations and, for the case of separations, the electro-
chemical regeneration efficiency of the matrix (i.e., how
thoroughly the matrix deintercalates ions upon oxida-
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tion).12 The selectivity of electroactive NiHCF has been
attributed, for some time, to the nature of solvent
exclusion from the zeolite-like NiHCF matrix.*!3 Recent
molecular simulations'* and X-ray spectroscopy stud-
ies1516 have shown the primary roles that both ion and
solvent size-exclusion effects play in polycrystalline
NiHCF thin films. Moreover, regeneration efficiency is
directly tied to the matrix stoichiometry. In short, a host
of key cation intercalation properties are dictated by the
matrix structure and stoichiometry.

The stoichiometry and structure of bulk NIHCF
powders has been shown to be highly tunable, ranging
from K1.36Ni1_07Fe(CN)e to Ko.ogNil_sj_Fe(CN)s for the
(nominally) reduced potassium form of the powder.”
The dozens of recipes reported by Loos-Neskovic for
synthesizing bulk NiHCF powders indicate that mate-
rial diversity can be controlled by varying the aqueous
composition of the ferri-/ferrocyanide and divalent nickel
solutions, as well as changing the mixing order (adding
Ni2* into Fe(CN)s~3~4 or vice versa) and the degree of
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agitation.'”18 To date, there has been no similar dem-
onstration of material diversity in electroactive thin
films of NiHCF. Thin films of NiHCF grown by anodic
derivatization of nickel electrodes are normally reported
to follow the redox stoichiometry

K,NiFe(CN); < KNiFe(CN); + e~ + K™ (1)

when electrochemically modulated from the reduced
(left) to the oxidized (right) forms in an alkali containing
electrolyte (here potassium is shown), though this has
not been explicitly confirmed.t=7 The stoichiometry and
structure of electroactive NiHCF thin films grown
cathodically from marginally stable ferricyanide/nick-
elous sulfate solutions has been investigated using X-ray
diffraction with corroborating X-ray spectroscopies
(EXAFS and EDS). These methods show that cathodi-
cally deposited materials obey the redox stoichiometry

K1.33Nij 33F(CN)g < K 33Ni; 33F(CN)g + e + K"
)

with the ratio of nickel-to-iron going up due to
Fe(CN)e 3~ vacancies from the unit cell, rather than
added Ni.1619 The stoichiometry of redox reactions 1 and
2 can be generalized, on a unit cell basis, as

-l I
Kes—an—2m-@-nxNi" 41mlFe (CN)g] (@—n) 3)

where n represents the average number of Fe(CN)g=3/—4
vacancies per unit cell (0 < n < 43), m denotes the
number of extra interstitial Ni'' in the unitcell (0 = m
< 4), and x is the fraction of iron centers in the +3
oxidation state (0 < x < 1). Of course, the alkali cation
stoichiometry must always remain non-negative, that
is, 8—4n—2m—(4—n)x = 0. Equation 3 shows that the
effect of small nonstoichiometries in Fe(CN)g~3~4 and/
or Ni?" are amplified in the stoichiometry of the
intercalated alkali, especially for the oxidized solid (x
= 1). Thus, the alkali content of the oxidized NiHCF
matrix is a sensitive elemental probe of lattice non-
stoichiometry.

Here, we demonstrate that the synthesis strategies
used to create bulk NiHCF powders can be adopted to
the synthesis of diverse electroactive thin films. Com-
binatorial synthesis and screening of electroactive com-
pounds has most frequently involved the use of multi-
electrode arrays,?°~22 though the patterning of material
libraries on a single-electrode substrate is gaining
momentum.23-26 The former approach is especially well
suited to more focused studies, owing to the small
library size possible with a microfabricated electrode
array, whereas the latter approach is better for initial
screening of larger libraries (so long as one has a
nonelectrochemical method to probe individual library
member). We demonstrate the patterning of a single
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Figure 1. Ternary experimental design. Numbered locations
correspond to the reagent volume percents used in each
sample. A basis of 2 uL was used for each sample.

electrode using the microdispensing of an aqueous di-
valent nickel source, a ferricyanide source, and a water
diluent and show that mixing order (as in the bulk
synthesis case) influences the diversity of the library.
Raman spectroscopy is used to quantify the redox ac-
tivity of individual library members, as we have de-
scribed before,?” and energy-dispersive X-ray spectros-
copy (EDS) of intercalated cation is used to probe matrix
nonstoichiometry.10.14-16.1927 The ability to synthesize
diverse, electroactive NiHCF thin films is demonstrated.

Experimental Section

Sample Preparation and Electrochemistry. Figure 1
shows a ternary diagram with varying volume percents of
three source reagents Fe''' (40 mM KzFe(CN)g), Ni'' (40 mM
NiSO, and 0.5 M Na,SO,), and distilled H,O. The reagent
percents labeled 1—13 were chosen to assess the range of
materials produced with this combinatorial approach. Al-
though the supporting electrolyte (Na,SO,) affects solution
conductivity and potentially film growth, it was only included
in the Ni'' solution to keep this combinatorial route simple
and straightforward (future experiments may account for this
added variable, if needed).

Different NiHCF materials were nucleated and grown on
the surface of a sandpaper-roughened (600 grit), electrochemi-
cally cleaned, 1-cm-diameter platinum disk electrode by pi-
petting 2 uL of each reagent mixture into 13 reagent wells.
The 1-mm-diameter reagent wells were created using a laser-
cut PVC tape mask. Details for creating and using laser-cut
PVC tape masks are given elsewhere.?® The platinum disk was
roughened to improve mechanical adhesion of the film. The
reagent mixing order was varied as follows:

Library A: Fe"'"H,O/Ni"  Library B: Ni'"/H,0/Fe""

The different combinations of Ni', Fe"!, and H,O were
deposited onto the substrates using a P2 Pipetman (Gilson
International) in a room-temperature water-saturated envi-
ronment. The samples were left in the water-saturated envi-
ronment for several hours to ensure that water did not
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Figure 2. Photograph of a typical 1-cm-diameter Pt substrate
with 13 separate 1-mm-diameter samples in an array.

evaporate from the mixtures while the NiHCF film nucleated
and grew on the roughened electrode.

After film growth, the PVC-tape masks were removed and
the libraries were cycled 15 times in a 1 M KNOg solution from
200 to 800 mV at 25 mV/s. The samples were then rinsed with
distilled H,O and cycled 15 more times in the same manner.
The samples were placed in either the reduced (200 mV) or
oxidized (800 mV) state by holding the potential for 15 min.
All electrochemical experiments were performed using a PAR
273A Potentiostat, with potentials referenced to a saturated
calomel electrode.

Figure 2 shows a photograph of a Pt substrate patterned in
this manner. The 13 different 1-mm-diameter NiHCF library
members are evident on the platinum disk substrate.

Raman Spectroscopy. The Raman spectroscopy system
consisted of a Krt laser tuned to 647.1 nm (Coherent Innova
90), a Spex 270M imaging spectrograph, and a Princeton
Instruments CCD detector. Plasma emissions were removed
from the laser line using an Omega Optical band-pass filter,
and inelastically scattered light was collected from the sample
at 90° from incident using a f/1.2 Nikon camera lens. The
collected light was passed through an OD6 holographic notch
filter before being focused into the spectrograph using an f/4
lens. A 200-um slit and 1800 groove/mm grating were used.
High signal-to-noise spectra were acquired between 30 and 300
s, depending on the amount of NiHCF material present. The
spectral baseline was removed using a locally weighted least-
squares regression technique before the spectra were area-
normalized to account for differences in focusing and film
thickness.

Energy-Dispersive X-ray Spectroscopy. A scanning
electron microscope (JEOL JSM-5200) was operated at a 15-
keV accelerating voltage to stimulate X-ray emissions. X-ray
emissions with energies between 0 and 10 keV were collected
using a Si(Li) detector with a Be window (Link Systems).
Elements with Z > 10 were identified with this system.
Spectra were acquired between 10 and 15 min, depending on
the amount of material present. Spectral background was
subtracted using a locally weighted least-squares regression
technique, and the peaks were fit to a Gaussian function. All
reported spectra were normalized using the Fe peak ampli-
tude. Potassium was used as the intercalating cation for these
studies because it has a strong EDS signal and no interference
from other elements present in the system.

Results and Discussion

To create a material library, we varied the solution
concentration and the mixing order for the ternary
components described above and shown in Figure 1.
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Figure 3. Composite cyclic voltammograms for Libraries A

and B. The final CV is shown, with cycling performed in 1 M
KNO;3 at 25 mV/s.

Mixing speed, temperature, pH, and substrate prepara-
tion were held fixed to simplify our strategy for creating
a diverse electroactive thin film library. The rationale
for selecting the two specific reagent mixing orders
presented (Fe!'/H,O/Ni" and Ni'/H,0/Fe'"), and for
rejecting the other four possibilities (H,O/Fe'"'/Ni'!, H,O/
Ni'l/Fe'!, Fe!"/Ni"'/H,0O, Ni'/Fe!"'/H,0), deserves more
elaboration. Since water is a diluent and film growth
does not occur until both transition metal reagents are
added, the mixing orders Fe'"'/H,O/Ni" and H,O/Fe'"!/
Ni'' are identical, as are Ni''/H,O/Fe""" and H,O/Ni'!/
Fe'''. We rejected the mixing orders Fe'''/Ni''/H,0O and
Ni'l/Fe"'/H,0 because the film-forming reaction would
commence as soon as the second transition metal
reagent was added. As a result, the exact nature of the
final film would likely depend on the exact timing for
the addition of water. This added constraint, though
perhaps useful for building library diversity, would
make eventual scaling of the process to larger libraries
difficult. Thus, if we can demonstrate a diverse library
without adding the diluent last, the synthesis will be
more straightforward and scalable.

Figure 3 is a plot of the last cyclic voltammogram (CV)
for Libraries A and B and shows that robust thin film
libraries are produced. Cyclic voltammetry is a simple
way to assess whether some or all of the library
members are electroactive, but it does not address the
electroactivity of individual members nor does it assess
member diversity. Positive current in Figure 3 corre-
sponds to the oxidation of NiHCF and K* deintercala-
tion out of the matrix. Negative current denotes re-
duction and K* intercalation back into the NiHCF
matrix. The CVs for Libraries A and B represent the
superposition of all the electroactive library members.
Library A clearly has the higher average capacity, which
may indicate more members are electroactive or that
mixing order A results in thicker films. The higher
currents could also be due to Library A having, on
average, more members with stoichiometries closer to
n~m~0ineq3.

The electroactivity of individual library members was
explored using Raman spectroscopy. Both libraries were
electrochemically reduced and ex situ Raman spectra
were taken of all 26 members; the libraries were then
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Figure 4. Representative Raman spectra of NiHCF for
sample Al in the oxidized and reduced states. The values
labeled x.x and xreq quantify the fraction of iron centers in the
+3 valence state for the oxidized and reduced samples,
respectively, based on a multivariate regression model detailed
elsewhere.?’

oxidized and spectra were again acquired. Figure 4
shows representative cyanide stretching spectra for
member 1 of Library A (referred to as Sample Al). The
two low wavenumber peaks (ca. 2100 and 2140 cm™1)
in the lower spectrum are representative of cyanide
stretching in the vicinity of Fe!' while the upper
spectrum with its single, higher wavenumber peak (ca.
2175 cm™1) is representative of cyanide near Fe'll.
Multivariate analysis is used to calculate the fraction
of Fe in the +3 state (i.e., the variable x in eq 3).272°
The values of x shown in Figure 4 for Sample Al (i.e.,
Xred = 0.09 and xox = 0.98) prove that this library
member is quite electroactive, with 89% of all irons (Ax
= 0.98-0.09) switching between the reduced and oxi-
dized states. The most electroactive materials have Ax
= 1; inactive members have Ax approaching 0. Raman
spectroscopy was used to eliminate 5 inactive members
from Library A and 6 from Library B. What remains
are 8 electroactive members in Library A and 7 in
Library B, which is consistent with the larger currents
observed in Figure 3 for Library A (though not in direct
proportion).

The reagent compositions that produce electroactive
and inactive members in both libraries are shown
schematically in Figure 5. Larger circles correspond to
greater electroactivity (i.e., circle diameter increases as
Ax increases). Inactive samples are denoted by an “X”.
The ternary diagrams for the two libraries are plotted
edge-to-edge to better show symmetry in the synthesis
conditions. Figure 5 shows that four of the five inactive
members in Library A are also inactive in B, with high
nickel growth conditions leading to the majority of
inactive members. The values of Ax for all electroactive
members are >0.7 with most approaching 1.

Oxidized state EDS spectra of the 8 remaining elec-
troactive members from Library A are shown in Figure
6a. Spectra for the 7 remaining samples from Library
B are shown in Figure 6b. Each spectrum in Figure 6
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Figure 5. Redox activity for Libraries A (left) and B (right).
The diameter of the black dots is proportional to Ax (see
legend). The ternary diagrams are positioned with a common
edge to better illustrate the processing symmetry in the two
Libraries.
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Figure 6. Fe-normalized EDS spectra for the electroactive

samples in Library A (a) and Library B (b). The K peak is at
3.3 keV, Fe is at 6.4 keV, and Ni is at 7.5 keV.

is normalized to give identical integrated Fe peak
intensities (at 6.4 keV). By normalizing with respect to
Fe intensity (the films redox centers), the influence of
film thickness is removed, so long as all the films are
thin compared to the penetration depth of the electron
beam.1019 In all the spectra, a dominant Pt substrate
signal was seen at ~2 keV, indicating the NiHCF films
were indeed thin (not shown, since it dwarfs all other
peaks). The peak at 3.3 keV corresponds to intercalated
K ions while the peak at 7.5 keV is from Ni. In this thin
film limit, the ratio of K-to-Fe peak intensity (Ix/lre) is
proportional to the unit cell stoichiometry for K inter-
calated into the matrix.

As noted in the Introduction, eq 3 shows that small
variations in matrix stoichiometry (n and m) are am-
plified in the intercalated cation stoichiometry. Thus,
Ik/lge is a straightforward probe of lattice nonstoichi-
ometry, with variations in the oxidized state K content
being the simplest measure of material diversity. Figure
6a shows that all of Library A’'s members display ap-
preciable K intensity in the Fe-normalized EDS spectra,
but A3, A10, and A12 are more than twice as big as Al.
On the other hand, most of Library B's members (Figure
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Figure 7. Plot of I/l (black bars) and X.x (gray bars) for
every electroactive sample in Libraries A and B, and a
reference sample of known stoichiometry and structure. The
reference sample, denoted by x and labeled REF, has been
analyzed elsewhere using EDS, Raman, X-ray diffraction, and
extended X-ray absorption fine structures.'61® Samples to the
left of REF have a more nonstoichiometric matrix and vice
versa for those to the right.

6b) are smaller than Al. In fact, members B1, B2, and
B6 have extremely small amounts of intercalated K.
Despite the small library size, the wide range of
Fe-normalized K EDS intensities seen in Figure 6
reflects a substantial amount of stoichiometric diversity.

It is worthwhile gaining a more quantitative ap-
preciation for the stoichiometric diversity in this library.
Figure 7 is a plot of Ik/lge (black bars) and x.x (gray bars)
for all electroactive samples and a fully characterized
reference sample (denoted REF, described below). Most
samples approach a fully oxidized state (i.e., Xox — 1), @
fact that could be surmised from Figure 5. For a
perfectly oxidized sample with x = 1, eq 3 gives the
number of K* ions per unit cell as Nk ox =4 — 3n — 2m.
We have shown using EDS, X-ray diffraction (XRD), and
extended X-ray adsorption fine structure (EXAFS) that
cathodically deposited NiHCF thin films have values of
n~ 1and m~ 0, yielding Nk, ~ 1 and the number of
irons per unit cell as Nge = 3.1619 The Fe-normalized
EDS signals for oxidized NiHCF thin films made by
cathodic deposition is labeled REF in Figure 7 and is
near Ix/lge ~ 0.5.19 Since Ix/lk. is linearly proportional
to Nk ox/Nge for a thin film, we have sufficient informa-
tion about REF to find the constant of proportionality,
that is, Ix/lge = 1.5*Nk ox/Nge. In general, eq 3 shows
that N ox/Nre = (4 — 3n — 2m)/(4 — n) for an oxidized
matrix. As a result, library members with g/l too
small to be accurately fit (B1, B2, B6) have Nk ox/Nge ~
0, meaning the maximum possible matrix nonstoichi-
ometry (i.e., 3n + 2m =~ 4). On the other hand, a
perfectly stoichiometric matrix (n = m = 0) yields
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Nk ox/Nre = 1 and an intensity ratio Ix/lge ~ 1.5. Figure
7 shows that the largest intensity ratios we observe (A3,
A10, A12) are near Ik/lge =~ 1.25. Thus, our small library
has a great deal of diversity, but seems to miss those
electroactive NiHCF thin films for which 3n +2m < 1
(or, Nk,ox = 3). These results, namely, the higher matrix
nonstoichiometries in Library B compared to those in
A, are also consistent with the lower currents seen in
the composite CV for Library B (Figure 3). For films of
a given thickness, a higher matrix nonstoichiometry
means fewer electrons are transferred (lower current)
because fewer alkali cations are intercalated/deinter-
calated. In short, the composite response of the libraries
is entirely consistent with the number of electroactive
members in each library and the overall differences
observed in their level of matrix nonstoichiometry.

Concluding Remarks

A route for synthesizing a diverse combinatorial
library of electroactive NiHCF thin films was demon-
strated, with Raman spectroscopy and EDS providing
the evidence for this diversity. Though not explored
further, the synthesis approach described here uses
fairly mild conditions and appears well-suited for scaling
to much larger libraries. For example, others have
patterned conductive carbon paper substrates by direct
ink jet printing of reagent mixtures;?® this should be
possible here since electroactive metal hexacyanofer-
rates have been shown to grow on carbon supports.3°
Ink jet printing would remove the need to create a PVC
tape mask to define reagent wells and smaller drops
would mix more quickly, leading to more reproducible
film growth conditions.

It is also worth noting that a number of the library
members completely (or, almost completely) deinterca-
late their cations upon oxidation. This trait, which has
not been observed before in an electroactive NiHCF thin
film, is an extremely desirable property for the efficient
regeneration of the matrix when used for cation separa-
tions. Thus, the ability to make a diverse library of
stoichiometric/structural variants appears to create
opportunities for developing better electrochemical sen-
sor and separation materials. Focused characterization
of the selectivity traits and cycle life of promising
variants is necessary for achieving this goal.
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