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ABSTRACT: Films of conductive coordination network com
pounds are interesting as functional materials for charge storage,
electrocatalysis, electrochromic switching, or conversion of light.
The electrical conductivity depends on not only intrinsic material
properties but also grain boundaries. Copper hexacyanoferrate
shows a remarkable variation in film morphologies depending on the
preparation route. Conductive films can only be obtained for
continuous crystalline films that have been received by a
combination of sonication assisted casting and vapor assisted
conversion. Electrical conductivities of these films are higher than
those of powder pellets with a similar crystal structure. Temper
ature dependent and humidity dependent measurements on powder
pellets revealed the activation energies for charge transport.
Thermogravimetric analysis, temperature dependent X ray diffrac

tion data, and humidity dependent measurements on powder pellets revealed the activation energies for charge transport and the

role of proton conductivity.

INTRODUCTION

Metal hexacyanometalates (MHCMs) form a large family of
coordination network compounds,' ™ among which Prussian
blue (PB) is probably the best known representative.*”® Due
to the redox transition of the coordinated transition metal ions,
mixed valence states are accessible.” The charge associated
with the valence change of the transition metal ions is
compensated by uptake/ejection of alkali metal ions from/
into the coordination network formed by the transition metal
ions and the bridging cyanide ligands. Over the past two
decades, an extensive variety of these compounds have been
synthesized with the general formula AM[M'(CN)¢],-nH,O
(N coordinated M = Fe, Cu, Ni, Co, Ti, Zn, In, Ga, Cd, Cr,
Pb, Mn, Al, Ga, Ag; C coordinated M’ = Fe, Ru, Os, Rh, Mn,
Cr, Tj, Ir, V, Co; A = alkali metal cation or NH4J’).8_10 The
exceptional variety and tunability of their physical and
chemical properties are due to the three dimensional frame
work of alternating metal knots connected by a noninnocent
small bridging ligand forming interconnected channels that can
accommodate solvent molecules and counterions.'' Therefore,
these materials have been comprehensively studied in several
different fields, including electrochemistry,12’13 electrocata
lysts,14 electrochemical sensors,'>'¢ switchable sorption
materials,””™*° electrochromic windows,>*%*! and charge
storage devices.”**72® This interest has recently been revived
also in view of the high natural abundance of the constituting
elements. For the mentioned applications, conductivity is
critical,”” *® to which (i) band conductivity by mobile

electrons or holes (electronic conductivity),**~>* (ii) electron
hopping in mixed valence states, (iii) ionic conductivity by
mobile alkali ions in the channels of the MHCMs,** and (iv)
proton conductivity**™>® may contribute. Proton conductivity
is enabled by Grotthuss conduction mechanisms because water
is typically present in MHCMSs either as coordinated to a
transition metal ion (replacing CN~ at regular or defect
positions) or enclosed in the channel structure (zeolitic
water).**3® Here, we explore the suitability of using MHCMs
as alternative semiconducting electronic materials that enable
switching behavior through modification of the redox state. To
exploit conductivity, the materials must be prepared as
conductive films with macroscopic extensions that connect
external current collectors (or contact pads) without the use of
a conductive additive.>’

Despite an abundance of constituting elements and a
(seemingly) simple synthesis, the preparation of these
materials with defined structural and functional properties is
challenging. At the level of the crystal structure, many MHCM:s
occur in at least two forms,*** which are shown for copper
hexacyanoferrate (CuHCEF, K,,/;Cu"[Fe™(CN)g4],/3nH,0) in
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Scheme 1. Synthesizing only one of them requires substantial
effort and is typically incompatible with the production of

Scheme 1. Structures of KCu"[Fe™(CN),] and
CuH[FeHI(CN)G]2/3'nH20“
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“Color code for CuH[FeIH(CN)é]ZB-nHzO: red, Fe; brown, Cu; black,
C; yellow, N; violet, K; O atoms of coordinated water are shown in

cyan and those of zeolitic water in blue. The schematic was created
with VESTA 3°® and data from ref 39.

films. Often, motifs of one of the structures in Scheme 1 occur
as “defects” in the dominating alternative form. Therefore, the
precise characterization of the material is often challenging
even when using a wide variety of structural characterlzatlon
methods, such as 1nfrared (IR) spectroscopy,™** X ray
absorption spectroscopy,™** X ray diffraction (XRD),**** X
ray photoelectron spectroscopy (XPS),**¢ Mdssbauer spec
troscopy,” and thermogravimetric analysis (TGA).* The
simultaneous occurrence of irregularities in the coordination
environment of some transition metals and the variation in
redox states create many possible structural motifs of similar
energy, especially when the film is in contact with an
electrolyte and exposed to changing potentials—a typical
scenario for several important applications. This was recently
highlighted by an in operando infrared reflection—absorption
spectroscopic study on cobalt hexacyanoferrate (CoHCEF,
Co"[Fe™(CN)¢],/3nH,0) and CuHCE.*' The large variety
of structural features is further enriched when considering the
film’s growth on different substrate materials, which has not yet
received the same attention as other properties of MHCMs.

Here, we present results on copper hexacyanoferrate
(CuHCF, K,,/;Cu"[Fe(CN),], 5-nH,0), which demonstrate
particularly well the variation in film morphology and its
influence on conductivity as a key functional property. Density
functional theory calculations predict for CuHCF one of the
lowest ligand field splitting among the simple metal
hexacyanoferrates,”**”** which would favor the electronic
conductivity of the material. We expected different influences
on the conductivity of a macroscopic film that may originate
from changes of the dominating conductance mechamsms
because of the possible variations in their structures,® the
number of defects, and the connection between different grains
in a macroscopic film. The latter two may be largely influenced
by the film preparation technique.

EXPERIMENTAL SECTION

Materials and Chemicals. 4’ Mercaptobiphenyl carbon
itrile (>97%, Sigma Aldrich), 3 cyanopropyltrichlorosilane
(>97%, Sigma Aldrich), K;[Fe(CN)s] (=99%, Alfa Aesar),
CuCl, (>98%, Merck Schuchardt), H,SO, (97%, Sigma
Aldrich), H,0, (30%, VWR), ethanol (99.8%, Sigma Aldrich),
acetone (>99.5%, Sigma Aldrich), acetonitrile (>99.5%,

VWR), and gold wire (99.999%, GoodFellow) were used as
received. Deionized water (ELGA LabWater, Celle, 18.2 MQ
cm at 296 K) was used to prepare solutions. Muscovite mica
sheets were obtained from SPI Supplies (West Chester, PA),
and p silicon wafers were from Silchem Handelsgeselschaft
GmbH (Freiburg, Germany).

Electrodeposition. The CuHCF films in Figure 1 were
electrodeposited at room temperature on a polycrystalline gold
film electrode (on glass, Cr as an adhesion layer) by applying
20 potential cycles between 0.5 and 0.9 V at a scan rate v =
0.05 Vst using a potentiostat (CH660A, CH Instruments,
Austin, TX). The three electrode cell consisted of a gold film
electrode as a working electrode (WE), a Pt foil as an auxiliary
(Aux) electrode, and a AglAgClI3 M KCl as a reference (Ref)
electrode to which all potentials are referred to. The electrolyte
solution contained 0.5 mM K;[Fe(CN)g], 0.5 mM CuCl,, and
0.5 M K,SO, and was deoxygenated by purging with Ar for 30
min.

Layer-by-Layer (LbL) Fabrication of Thin Films of
CuHCF. LbL deposition was carried out on cyanide terminated
organic layers on either template stripped gold or thermally
oxidized silicon wafers (SiO,ISi) for the experiments in Figures
2 and 3. The preparation of these substrates is detailed in the
Supporting Information (Section SI 1). The LbL deposition
followed the procedure described before.*' Briefly, the
substrate was mounted on a frame at the end of a computer
controlled homemade mechanical hand robot (operated by
Robo Pro software; Fischer Technik, Waldachtal, Germany).
The robot transferred the substrate in 30 cycles between the
vials containing 0.15 M CuCl, in water (immersion time 20
min), water for rinsing, 0.125 M K;[Fe(CN)¢] in water
(immersion time 20 min), and water for rinsing again.

Bulk Synthesis. K,,;Cu"[Fe™(CN)4],/;nH,0 was ob
tained by dropwise adding 50 mL of 0.25 M K;[Fe(CN),] to
100 mL of 0.30 M CuCl, in a glass jacketed reactor vessel over
1 h at 50 °C under an Ar atmosphere with constant stirring. It
is necessary to add K;[Fe(CN)4] gradually to CuCl, to
maintain an excess of Cu(II) at each stage to form a potassium
free product.**® Afterward, the reaction mixture was aged for
4 h at 50 °C under Ar. The precipitates were separated from
the mother liquid through centrifugation, washed several times
with distilled water, and dried under Ar at 60 °C. This powder
was used to prepare pellets of 8.2 mm diameter and 0.43 mm
thickness for the experiments in Figures 6 and 7. The powder
was compressed between two porous stainless steel electrodes
by a torque of 40 cN m. A graphite felt (GDL 25 BC, SGL
Carbon, Wiesbaden, Germany) ensured the electrical con
nection of the pellet and the current collectors.

CuHCF Film Fabrication by Sonication-Assisted
Casting (SAC) and Vapor-Assisted Conversion (VAC).
The synthesis of the bulk CuHCF was performed similar as
described above but at lower temperature (in order to obtain
smaller seeds) and with a different workup. It was used for the
films in Figures 4 and S. The synthesis of the bulk CuHCF was
performed similarly to that described above but at a lower
temperature (to obtain smaller seeds) and with a different
workup. In detail, SO mL of 0.25 M K;[Fe(CN);] was added to
100 mL of 0.30 M CuCl, in a glass jacketed reactor vessel over
1 h at 0 °C under an Ar atmosphere with constant stirring.
Immediately afterward (i.e., without aging), the precipitates
were separated from the mother liquid by centrifugation and
washed several times with an ethanol—water mixture [50/50%
(v/v)] to remove KCL. The solid product was then dispersed in


https://pubs.acs.org/doi/10.1021/acs.jpcc.0c06114?fig=sch1&ref=pdf

an ethanol—water mixture [50/50% (v/v)] as a colloidal
dispersion with a suitable concentration for casting in the next
step.

The material content of this stock suspension was calculated
as Cyocy Which provides the concentration of formula units
(Kyy/3Cu"[Fe™(CN)4]y/5°3.5H,0, x = 0.6 from XPS) per
volume of the suspension. It is obtained from the molar mass
Mcuncr = 280.24 g mol™ (with water) of one formula unit and
the volume of the ethanol—water mixture used to prepare the
dispersion. The substrate was placed on a piece of parafilm (R)
(Pechiney Plastic Packaging, Menasha, WI) in a Petri dish. The
Petri dish was floating in warm water (70 °C) inside an
ultrasonic bath (Emmi 40HC, EMAG AG, Morfelden Wall
dorf, Germany). An aliquot of volume Vg = 200 uL cm™ of
the dispersion was placed on the substrate with an area A & 1
cm?® and allowed to dry while the substrate was sonicated
(Figure 4a). This procedure yielded a continuous film with
very low roughness. The thickness of the resulting film was
estimated according to eq 1, where d is the film thickness and
Pcatice = 1.83 g cm™ is the density of CuHCF as calculated
from XRD data and the water content of the bulk synthesized
product.

d= Cstock” stock'MCuHCF
A Peuncr (1)

To improve the crystallinity of the film, the vapor assisted
conversion (VAC) method was used (Figure 4b).**~> For this
purpose, 15% (v/v) acetonitrile was added to a mixture of
water/ethanol [50/50% (v/v)]. This solvent mixture was
placed in a vial. The CuHCEF coated substrates as obtained
from SAC were placed above the solution. The reaction
chamber was closed and placed in a temperature controlled
water bath at 70 °C where the conversion was allowed to
proceed for 3 h.

Characterization. Cyclic Voltammetry. Cyclic voltamme
try in Figure S was performed at room temperature with a
CHG660A potentiostat in a three electrode cell with the
CuHCF film electrode as the working electrode (A = 0.217
cm?), a Pt foil as the auxiliary electrode, and an AglAgClI3 M
KCl as the reference electrode to which all potentials are
referred to. The electrolyte solution was deoxygenated by
bubbling with Ar for 30 min. The 1 pm thick CuHCF film
investigated in Figure S was prepared by the SAC—VAC
method on a gold electrode.

X-ray photoelectron spectroscopy (XPS). XPS in Figures
S$2—S6 was performed with monochromatized Al Ka radiation.
Further details are given in Section SI 2.

X-ray diffraction (XRD). The LbL film (Figure 3) and the
film prepared by SAC—VAC (Figure 4e) were characterized
using a Bruker D8 Advance equipped with a Si strip detector
(PSD Lynxeye; position sensitive detector) with Cu Ka,,
radiation (4 = 0.15418 nm) in the 6—0 geometry and a variable
slit on the primary circle. Data evaluation was performed with
Eva software and data system (Bruker). Scans were run over
various ranges with a step width of 0.024° 26 and 84 s for
higher order peaks up to 336 s per step. The 26 angle scanning
ranges to observe the corresponding peaks of the deposited
film are from 16 to 36° (out of plane) and 7 to 41° (in plane).

XRD pattern of powders (Figures 6 and S11—S17) have
been collected with a PANalytical X’pert PRO 6—6 X ray
diffractometer (Malvern Panalytical B.V., Almelo, The Nether
lands) operating at 40 kV and 40 mA. Measurements have

been performed in the range of 10—70° 26 with a step size of
0.0263° (26) and a counting time of 297 s. Powder samples
have been prepared on a zero background silicon substrate and
mounted on a reflection transmission spinner stage. The
reaction chamber XRK900 (Malvern Panalytical) was applied
for temperature dependent XRD. The temperature was
controlled with a temperature control unit (TCU 750, Anton
Paar GmbH, Graz, Austria). Patterns have been evaluated with
software TOPAS Academic version 4.1.

Scanning Force Microscopy. Samples in Figures 1b, 2b,c,
and 4d were measured with a scanning force microscope
(SFM, Nanoscope IIIA controller and an Enviroscope stage,
operated under Nanoscope Software V5.3r3s3, Veeco Instru
ments Inc, Santa Barbara, CA) in the tapping mode with
NCHV A tips (42 N m™, f, = 320 kHz, Bruker, Camarillo,
CA).

Powder and Thick Film Conductometry. The conductivity
of CuHCF in Figures 6a, S8, and S9 was determined by
electrochemical impedance spectroscopy (EIS) on powder
samples of pellets of 8.2 mm diameter and approx. 0.43 mm
thickness compressed between two porous stainless steel
electrodes by a torque of 40 cN m. A graphite felt (GDL 25
BC, SGL Carbon, Wiesbaden, Germany) ensures the electrical
connection of the pellet and the current collector electrode.
The sample holder from 3poly (tetrafluoro ethylene) was placed
in a custom made cell®> that was connected to the electro
chemical work station (IMé6e, Zahner, Kronach, Germany).
The EIS spectra were recorded in the frequency range from 1
Hz to 1 MHz with an alternating voltage of 10 mV amplitude.
The relative humidity was adjusted by means of the
temperature difference between a temperature controlled
sample chamber and a temperature controlled water reservoir,
as described before.>* Further details are provided in Section
SI 3. The conductivity was extracted from the Bode plot at the
frequency at which the phase angle reached its minimum.

One pellet prepared as described above was first
characterized in a dry atmosphere at room temperature, then
subjected to a VAC treatment, and measured again under
identical conditions (Figure 8). To maintain the integrity of
the sample, the entire EIS cell was placed in an autoclave filled
with a solvent mixture of 15% (v/v) of acetonitrile in the
water—ethanol mixture [50/50% (v/v)]. The reactor was
placed in a water bath at 70 °C for 12 h. Inside the EIS cell, the
powder pellet is sandwiched between the carbon felt and steel
frits, which allow the exchange with the surrounding gas
atmosphere and thus support the VAC process of the mounted
powder pellet. To accommodate the larger thickness of the
powder pellet and the restricted access to the sample in the EIS
cell, the duration of SAC treatment was prolonged compared
to the 1 ym thick film used for film conductivity measurements
in Table 2.

Thin-Film Electrical Conductometry. Four contact van der
Pauw samples were used for the thin film electrical
conductivity measurements (Table 2), where corner contacts
in square samples produce fewer errors than contacts placed at
the center of the sample sides. These measurements were
carried out with an Ecopia Hall effect measurement system
(HMS 5300) equipped with 0.55 Tesla permanent magnet.
We used a shadow mask to sputter the Au contacts through the
mask openings to fabricate the four corner contacts. To ensure
the integrity of the CuHCEF films, we always used bottom Au
contacts and synthesized the films on top of the predeposited
gold contacts because a postfilm deposition sputter contact



process could affect the surface morphology of the CuHCF
films. By utilizing van der Pauw samples, the electrical
conductivity ¢ has been measured.

Thermogravimetric Analysis (TGA). TGA in Figure 7b,c
was performed on a TGA 4000 (thermogravimetric analyzer,
PerkinElmer, Inc, Waltham). A sample of 11.422 mg was
equilibrated at 30 °C. The temperature was increased up to
350 °C at 10 K min™ under an O, flow of 20 mL min™".

RESULTS AND DISCUSSION

Control of Film Morphology. Electrodeposition. The
mechanism of electrochemical film deposition®” starts with the
reduction

[Fe™(CN)s I~ + ¢ = [Fe' (CN)]* @)

followed by the precipitation with Cu®>* and K* on the
electrode surface.

2K* 4+ Cu®* + [Fe"(CN)(]*™ = K,Cu[Fe"(CN),]  (3)

Other stoichiometries might be possible depending on the
relative content of the structures in Scheme 1. Due to the
lower reagent concentration, no spontaneous precipitation
occurs in the solution. This process has the general advantage
that the deposition can be site directed to electrodes, enabling
the coating of microstructures and electrodes of complicated
shape or even three dimensional architectures (Figure 1a).55%7
A large variety of MHCMs have been electrodeposited on
various electrode materials,'* among them is CuHCF on glassy
carbon.*® Even epitaxial films have been obtained for FeHCFs
on Au(110) single crystal electrodes.”® However, contact
mode SFM images in Figure 1b show that this procedure
yields isolated deposits for CuHCF on Au. As demonstrated in
our previous paper,*' they exhibit a well defined electro
chemical response despite the fact that no continuous film is
formed and, therefore, no conductivity over macroscopic
distances can be expected. As shown by in operando infrared
reflection—absorption studies, a small fraction of the Cu(1II)
centers is oxidized to Cu(Ill) in the electrochemically
deposited film.*' The Cu(III) species are unstable and cause
oxidation of Fe(II) to Fe(IIl). In addition, CuHCF shows
“annealing,” in which some cyanide groups change the
coordination to C coordinated Cu ions and N coordinated
Fe ions.*!

Layer-by-Layer Deposition. In contrast to electrodeposi
tion, LbL deposition on CN terminated organic layers (Figure
2a) on Au leads to films composed of well defined cubic
crystals (Figure 2b). The film thickness can be exactly
controlled by the number of LbL cycles. These films exhibit
a well defined redox behavior in cyclic voltammetry.*' This
behavior is enabled by a mixed electronic and ionic
conductivity. However, it is sufficient when this conductivity
occurs within a single grain. A macroscopic conductivity or a
conductivity across grain boundaries cannot be concluded
from the voltammetric data for these films. In operando
infrared reflection—absorption studies had shown that these
films contain fewer defects at the molecular level than
electrodeposited films.*' These findings correspond to the
results of XRD studies of the film shown in Figure 3. Well
defined diffraction peaks are obtained from the film. A
comparison with powder XRD data of CuHCF*® reveals a
preferential orientation of the crystals within the CuHCF film.
Characterization of the film conductivity on a Au substrate is

problematic because the gold substrate may contribute to the
measured lateral conductivity. It is also extremely difficult to
rule out the option of conductive shunts in through film
conductivity measurements when connecting the films by
evaporating materials on top of the film or mechanically
contacting the film from the top.
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Figure 1. Schematics of (a) electrodeposition of CuHCF and (b)
scanning force microscopy (SFM) contact mode images of electro
deposited CuHCF on Au. The scale bar in (b) is 1 ym.

Figure 2. Schematics of (a) LbL deposition on the CN terminated
self assembled monolayer (SAM) on Au or SiO,ISi; SFM contact
mode images of CuHCF from LbL on cyanide terminated self
assembled monolayer on (b) Au and (c) SiO,ISi. Scale bars in (b) and
(c) are 0.5 um.

Therefore, we carried out LbL deposition on a CN
terminated organic layer on a SiO,Si wafer (Figure 2a).
SFM images of the resulting film in Figure 2c show fewer well
defined crystals than for LbL deposition on a CN terminated
SAM on gold despite a comparable very small roughness of
both substrates (Table 1). The crystals have a size of about 76
nm. No preferential orientation of the crystals can be identified
from the SFM images in Figure 2c. The Fe/Cu stoichiometries
in the film agree with that of the original powder within the
uncertainty margins of XPS (Table S7). A higher C content in
the films may result from adsorption of contaminations as well
as from emissions from the exposed SAM in between crystals.
The conductivity of the deposited thin films was too low to
allow reproducible measurements of sheet conductivity
probably caused by large contact resistance at the contact
pads. This contact resistance could not be decreased by the
applied force due to the low mechanical strength of this porous
film.

Sonication-Assisted Casting. The contacting problem
described above occurs commonly when MHCMs or other
coordination network compounds such as metal—organic
framework (MOF) compounds will be used as conductive
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Figure 3. XRD pattern of CuHCF films obtained by LbL on a
cyanide terminated self assembled monolayer on Au.

Table 1. Thicknesses of CuHCF Films Obtained from the
LBL Procedure and Measured by SFM

item LbL cycles  crystal size av. (nm)  roughness (nm)
LbL on Au 60 150 + 30 45
LbL on SiO,ISi 60 76 + 14 19

layers in device applications. An obvious solution would be a
coating method that, unlike the procedures in Figures 1 and 2,
provides crystalline films independently on the used substrate
materials. This would allow us to coat planar insulating chips
with embedded contact electrodes with a film of uniform
morphology and film properties. Along this line, Ono et al.**
demonstrated the formation of a Prussian blue film between
gold contact pads on a glass substrate coated with a monolayer
of aminopropyl trimethoxy silane. Our approach is based on
first synthesizing CtHCF (and in a similar way as for other
MHCMs) in a bulk procedure, then casting this material as a
film, and postprocessing the film to enhance the conductivity
between the crystals that were already obtained in the bulk
synthesis. There is no need for an organic interface layer on the
substrate. The bulk synthesis can be described as

+ 2+ 111 3—
2/3K" (oq) + Cu™" ) + 2/3[Fe (CN)e ™"

- K, /3Cu" [Fe" (CN)l, 5-nH, Oy (4)

The stoichiometry of the products was verified by XPS and
shows a K content of x = 0.2 (Table S7). The water content
was determined by TGA with n = 3.5 (vide infra). Le Bail
refinements in the Fm3m space group for XRD of the powder
XRD samples (Figure S11) are in good agreement with
reported structures.”” Additional reflexes can be assigned by
the lower symmetric Pm3m space group, which has been
reported before for CuHCE.>*®® The defects are isolated as
indicated by the broadening and low intensity of the reflexes.
Additional reflexes cannot be assigned. The respective data are
shown in full detail in Section SI 4.

This product was then used for different variations of film
casting procedures. Simple drop casting yielded films with
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Figure 4. (a) Schematic representation of the SAC method, (b) VAC
of the film from (a), (c) optical photograph of the film, (d) SFM
contact image of the film prepared by SAC—VAC, and (e) XRD data
of the film prepared by SAC—VAC.

strong coffee ring effects’’ unsuitable for film conductivity
studies. Spin coating tended to give films that appeared
macroscopically homogeneous but showed isolated crystals in
SEM images. The first significant improvement was obtained
by placing the SiO,ISi substrate on a Petri dish that was
floating in an ultrasound bath before drop casting a suspension
of bulk synthesized CuHCF dispersed in an ethanol—water
mixture [50/50% (v/v)]. For brevity, we call this procedure
sonication assisted casting (SAC, Figure 4a). SAC efficiently
suppressed the coffee ring effect and produced films of rather
uniform and adjustable thicknesses. The minimum thickness is
determined by the size of the crystals in the suspension. The
maximum thickness is flexible and controlled by the applied
amount of solid fraction per geometric surface area of the
substrate. However, the conductivities of the films were too
low for a reliable characterization in the dry state. We attribute
this to the high resistance between the nanometer sized grains
obtained in the bulk synthesis rather than to the intrinsic
properties of CuHCEF.

Vapor-Assisted Conversion. To improve the electrical
contact between the crystallites in the casted film, we
combined the SAC method with vapor assisted conversion
(VAC) recently described for various inorganic films.**~*>°* In
this method, a weak monodentate ligand, acetonitrile in our
case, is supplied via the gas phase and aids in solubilization—
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redeposition processes in the defect rich outer regions of the
initial crystals. While the application of the colloidal solution
by the SAC method provides for a crack free and continuous
film of small nuclei or crystals, the VAC step adds another
secondary growth step, during which the initially weak
particle—particle contacts are improved. The SFM image in
Figure 4d and XRD data (Figure 4¢) of the film did not show
significant differences in the films obtained from SAC because
these techniques mainly respond to the structures formed in
the bulk synthesis. Individual crystals could not be recognized
from SFM images, such as in Figure 4d. The XRD analysis of
the film (Figure 4e) shows the same signals as for the product
of the bulk synthesis (Figure S11), proving the crystallinity of
the films. The much thicker films from the SAC—VAC
procedure do not have a preferential orientation of the grains,
which is in contrast to the films obtained from LbL deposition
(cf. Figure 3). However, measurements of film conductivity
were possible, and the values obtained are listed in Table 2.

Table 2. Thin Film Electrical Conductivity for Films
Obtained by the SAC/VAC Method

compound log(6/S cm™)
Cu''[Fe™(CN),4],/3 nH,0, sample 1 24 +03
Cu"'[Fe"™(CN)4],/3 nH,0, sample 2 1.1 +0.2
Cu''[Fe™(CN),],/3 nH,0, sample 3 20+ 02
average of three samples 1.8 + 0.7

The uncertainty of the conductivity for each sample is given as
the standard deviation between 18 measurements of one film,
while the uncertainty of the average is given as the standard
deviation between the mean values of the three samples. The
average conductivity of the three samples yielded a value of 6 =
1.58 X 107> S cm™". Despite this high conductivity, the contact
resistance between the CuHCF films and external contacts was
too high and prevented reliable and repeatable Hall measure
ments at a magnetic field of 0.55 T.

We attribute this conductivity of CuHCF films to a mixed
electronic and ionic conductivity (including proton con
ductivity). This conclusion is based on the recording of well
defined signals in cyclic voltammograms of a 1 um thick
CuHCEF film produced by the SAC—VAC method on a bare
Au substrate without any conductivity additives and analyzed
in 0.5 M K,SO, solution at scan rates v of 0.1, 1, and 50
mV s~ (Figure 5). The electrochemical process is

K,Cu, W[F(CN),)1,
= Cu,V[F"™(CN),], + 2¢~ + 2K+ (s)

The normalization of the plot with respect to v allowed us to
print all curves in the same diagram. Furthermore, the shaded
areas under the current—voltage curve are directly proportional
to the transferred charge.

Q== ["1E)aE
T Av E, (6)
The voltammogram at v = 0.1 mV s~' was almost
symmetrical with vanishing peak splitting AE, = E,, — E,
between the anodic (E,,) and the cathodic (E,.) peak
potentials (Table 3). This indicates an almost ideal reversible
thin layer voltammetry, which can only be achieved when the

transport processes are so fast with respect to the time scale of

the experiment that no significant concentration gradient forms
in the CuHCF film.

Table 3. Voltammetric Characteristics of a CuHCF Film
Obtained by the SAC—VAC Method with a Thickness of

1 pm (Figure S)

v/mV s7! Epa/V EPC/V AEP/V Q/As cm™
0.1 0.767 0.753 0.014 0.147
1 0.786 0.763 0.023 0.119
NY 0.915 0.679 0.236 0.108

These films have a thickness of 1 um so that a complete
conversion of the redox centers is possible only when electrons
from the entire film can reach the Au contact electrode and the
charge is compensated by the ingress/ejection of potassium
ions. This requires the transport of electrons and alkali cations,
i.e., mixed conductivity. This is remarkable for a film of this
thickness produced without conductive additives.

The reversible character was lost gradually when higher scan
rates were applied. However, the charge extracted from the
film decreased only slightly (Table 3). It should be noted that
the films obtained by electrodeposition and by LbL deposition,
which are discussed in Figures 1—3, are much thinner than the
SAC—VAC film investigated in Figure S.

—0.1mV/s|
— 1 mV/s
— 50 mV/s

(11v)

0.1As V'

0.2 04 06 0.8 1.0 1.2
E/V vs. Ag/AgCI

Figure S. Cyclic voltammogram of a CuHCF film on an Au electrode
(A =0217 cm?) in 0.5 M K,SO, solution at scan rates of 0.1, 1, and
50 mV s™". The plot is normalized to the scan rate.

Detailed Analysis of the Conductivity Mechanisms.
For the analysis of the conductivity mechanisms, we used the
bulk synthesized CuHCF powder and processed it to pellets,
which allowed the characterization of conductivity by EIS.
Despite the effect of grain boundaries in such pellets, the
trends observed with the variation in temperature and relative
humidity (RH) provide information about the intrinsic
conduction mechanisms within grains of Cu"[Fe"(CN)¢],/3:
nH,0. Figure 6 shows the product of conductivity and
temperature oT in the temperature range between 20 and
120 °C for RH of 0 and 90%. The conductivity values and the
complete EIS data are shown in Section SI 3. Between room
temperature and 80 °C, 6T depends linearly on the reciprocal
temperature. Activation energies of 0.27 eV for dry atmosphere
and 0.37 eV for 90% RH can be obtained from the slope.


https://pubs.acs.org/doi/10.1021/acs.jpcc.0c06114?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c06114?fig=fig5&ref=pdf

These values are similar to the reported values of 0.48 eV for
Co''[Cr"(CN)4],,3-nH,0 and 0.36 eV for
Mn"[Cr™(CN)¢],,3:nH,0.*° The conductivity drops by
approximately a factor of 30 from 5.5 X 1077 S cm™ at
100 °C to 1.9 X 107® S cm™" at 120 °C (Figure S10).

It is generally accepted that proton conductivity significantly
contributes to the conductivity of MHCMs by a Grotthuss
mechanism that is enabled by an extended hydrogen bonding
network between coordinated and zeolitic water present in
MHCM structures.>*® The conductivity decrease above
100 °C in Figure 6 might be caused by the loss of water and
concomitant interruption of the hydrogen bonding network
required for efficient proton conductivity. Furthermore, it was
shown before that proton conductivity of a Prussian blue film
decreased in a D,O atmosphere, again indicating the role of
protons as charge carriers.>* The activation energies in Figure 6
of 0.27 eV (dry atmosphere) and 0.37 eV (90% RH) are in
agreement with proton hopping as the dominant conduction
mechanism. Activation energies between 0.1 and 0.4 eV have
been reported before for different water mediated proton
conductors such as coordination polymers® or Nafion.%*
Proton hopping requires an extended hydrogen bonding
network.®® Potassium ions as possible alternative ionic charge
carriers in Cu"[Fe'(CN)4],/3nH,0 cannot provide a
conduction pathway of such low activation energy due to
restrictions by the required space and charge neutrality.

Thermogravimetric analysis (Figure 7b,c) shows a gradual
loss of water in the temperature range of 70—140 °C. Lattice
constants (Figure 7a) extracted by Le Bail (Figures S11—S16)
refinements from the temperature dependent XRD data in
Figure 6b confirm the integrity of the structure, even the lattice
constant remains constant until 80 °C despite the loss of water.
Further fitting results are summarized in Table S7. We
conclude that water lost below 80 °C is mainly zeolitic water,
which can be released without affecting the crystal structure.
This observation is also in agreement with previous reports for
CuII[FeIII(CN)6]2/3-nH20 in the temperature range up to 120
°C.* The conductivity data do not seem to be affected by the
loss of loosely bound zeolitic water, indicating that it is does
not play a major role in the conduction mechanisms of
CuHCEF.

Above 80 °C, the lattice contracts (Figure 7a) and the
reflexes broaden, in agreement with an incipient amorphization
of the sample, which reaches its full extent at 120 °C, at which
the conductivity also sharply decreases.’®® This is likely
caused by the loss of coordinated water that is associated with
missing transition metal ions in the cubic lattice (Scheme 1,
right panel).

When cooling down the sample from 120 to 20 °C, the
conductivity remains below the initial conductivity by a factor
of 30 because the dry atmosphere does not provide enough
water to resupply the water lost at temperatures above 100 °C.
However, storing the sample for 3 h at 40 °C and 90% RH
restored the initial conductivity, while the crystal structure is
only partially restored (Figure S17). The conductivity values
determined at 90% RH are slightly above the values
determined in a nonhumidified atmosphere (Figure 6a).
However, the activation energy increased from 0.27 to 0.37
eV since the slightly impaired structure after heating to 120 °C
causes a more disordered hydrogen bonding network in which
the proton hopping is less effective than that in pristine
CuHCEF. This is in contrast to films of PB nanoparticles, whose
surface had partially been modified with [Fe(CN)4]*" and the

grain boundaries vanished upon heating to 120 °C, which in

turn facilitated effective grain boundary free proton hopping
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with low activation energies.
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Figure 6. Temperature dependent conductivity data (a) for CuHCF
pellets at a dry atmosphere (M) and at 90% relative humidity (RH)
(O). Lines are linear fits from which the activation energy is obtained
as well as temperature dependent XRD data (b) from the powder
sample in a nonhumidified atmosphere, i.e., at ambient conditions.

To verify that indeed the VAC treatment dramatically
improves the conductivity in measurements outside an
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Figure 7. Temperature dependent structural changes of
K,,/;Cu"[Fe™(CN)¢],/3nH,0. (a) Change of lattice parameter a
obtained from Le Bail refinements of the XRD data (Figures S11—
S16); error bars are uncertainty ranges of the refinement. (b) TGA
and the (c) differential thermal analysis (DTA) curves. The sample
was equilibrated at 30 °C and heated at 10 °C min™" to 250 °C in
ambient conditions.
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electrolyte solution, we first characterized a fresh powder pellet
by EIS, yielding the Nyquist plot in Figure 8, curve 1. Then,
the pellet was subjected to VAC treatment while it remained
sandwiched between the porous current collectors. To mitigate
the larger sample thickness and the presence of the porous
current collectors during VAC treatment, we used a 12 h VAC
treatment for the pellet instead of 3 h for the 1 ym uncovered
film studied in Table 2.

The VAC treated pellet was again connected to the EIS
workstation. The Nyquist plot in Figure 8, curve 2, shows a
strongly reduced resistance of the VAC treated sample. The
full details are only appreciable when curve 2 is shown on an
expanded scale in the inset of Figure 8. The VAC treatment
increased the conductivity of the CuHCEF pellet by one order
of magnitude from 7.43 X 107™° to 7.91 X 1077 S cm™".
Furthermore, some mechanistic insights can be deduced. The
pristine sample in Figure 8, curve 1, gave a depressed
semicircle with a crumbled tail in the Nyquist plot. The
high frequency intercept represents the bulk resistance used to
calculate the proton conductivity. The tail of the Nyquist plot
accounts for diffusion processes. The degree to which a tail
develops in the Nyquist plot correlates with the diffusion
coefficient of the involved species.®® A high bulk resistance
along with a poorly developed tail in the Nyquist plot of a
coordination polymer was previously associated with low
proton conductivity due to reduced water mobility.””

The comparison of the Nyquist plots of the pristine sample
and the VAC treated sample in Figure 8 revealed a strong
decrease of the bulk polarization of the sample. Before the
treatment, the tail in the Nyquist plot (curve 1 of Figure 8) is
poorly developed, indicating low mobility of water. The fully
developed tail in curve 2 of Figure 8 (well visible in the inset)
points toward an increased mobility of water and the
associated proton conductivity by a Grotthuss mechanism.
The same finding was reported for nanoparticulate PB films in
which the grain boundaries were healed by temperature
treatment. The Nyquist plot of the untreated particle film
revealed a crumbled tail, while the temperature treated film
gave a distinctly developed tail.**

CONCLUSIONS

This work demonstrates for copper hexacyanoferrate that the
electrical conductivity of coordination network compounds
may decisively depend on the way the material is processed.
We succeeded to devise a simple method for preparation of
conducting films of metal hexacyanoferrates without the need
for surface pretreatment. This is especially helpful when
coating substrates are composed of different materials. For this
purpose, copper hexacyanoferrate was obtained by mixing
precursors in solution. The obtained suspension was then cast
during sonication on the substrate. Subsequent vapor assisted
conversion improved the contact between the particles in the
film. Films obtained in this way showed electrical conductiv
ities of 1.58 X 107> S cm™" without the addition of conductive
additives, which is orders of magnitude higher than the film
conductivity of powder pellets of the same material. The
conductivity is also better than that in films obtained by layer
by layer deposition with a preferential orientation of crystal
planes but insufficient contact between the grains. Cyclic
voltammograms of films prepared by the SAC—VAC method
showed reversible thin film voltammetry, indicating a mixed
electronic and ionic conductivity. Temperature dependent and
humidity dependent conductivity data, thermogravimetric
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Figure 8. EIS data between 1 Hz and 1 MHz of a
K,,/3Cu"[Fe™(CN)],/3:nH,0 powder pellet at room temperature
in a dry atmosphere (1) before and (2) after VAC treatment. The
inset shows curve 2 on an expanded scale.

analysis data, and temperature dependent XRD data of powder
pellets confirmed the critical role of water that is removed
gradually from the structure until 140 °C. The loss of water
occurs up to 80 °C without any change in the lattice constant,
while above 80 °C, the crystal contracts and the crystallinity
decreases. Upon cooling samples, the conductivity can be fully
recovered, while the crystallinity can only be partially restored.
The VAC treatment of powder pellets resulted in an enhanced
conductivity as it was also found for films.
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