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Abstract XAS (EXAFS and XANES), XPS and IR
spectroscopies were used to extract redox compositional
and structural information on films of electrodeposited Co
and Ni hexacyanoferrates whose redox state was manipu-
lated electrochemically. The X-ray methods provided direct
information on the metal species and IR provided indirect
information via the behaviour of the ligand vibration. XPS
responses showed that the electrochemical response of Co
hexacyanoferrate is attributable to Co (except for a small
amount of Fe'" oxidation at very positive potentials), and of
Ni hexacyanoferrate to Fe; XANES edge shifts confirm
these deductions. Local structure around the metal atoms
was extracted from EXAFS data in terms of M'-N, M'-C
and M'-Fe (M’ = Co or Ni) distances and the associated
Debye-Waller factors as functions of film charge state. For
Co hexacyanoferrate, the redox variation of static disorder
was consistent with a molecular model involving discrete
Co" and Co™ sites, whose populations respond to potential,
but not with a solid-state model.

Keywords EXAFS, XPS - Electroactive film -
Hexacyanoferrate - Co - Ni
Introduction

Metal hexacyanometallates have attracted considerable
attention in view of their interesting and potentially useful
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physical and chemical properties. While a major attraction
is the facility to vary the metal ions present, the
overwhelming majority of effort and insight relate to the
Fe-based parent material, Prussian Blue. Here we focus on
the structures and properties of two far less well-explored
analogues in which the uncomplexed Fe is replaced by Co
or Ni. Studies on this class of materials frequently involve
samples that are prepared or manipulated chemically: this
enhances their notorious variability of composition and
properties with preparative and handling protocols. We use
an electrochemical approach: this provides more convenient
control over the conditions and thence more effective and
precise control over redox composition of the material in
thin film form. In order to address a number of controversial
issues, we use XAS and XPS to identify the site of electro-
activity, and XAS and IR spectroscopy to characterise the
resultant structural changes. While these techniques have
been used to study Prussian Blue type materials, their
application has generally been distributed across samples
whose similarity of composition could not be verified
and whose redox state was not electrochemically estab-
lished. Here, coordinated application of these techniques,
in conjunction with electrochemical control of film
charge state, reveals a coherent picture of Co and Ni
hexacyanoferrates that highlights significant differences
between the two of them along with distinctions from the
parent Fe-based material.

Metal hexacyanometallates are mixed-valence complexes
of composition [4,M',M"(CN)s] zH,O, where M’ and M" are
divalent or trivalent transition metal ions and A4 is a univalent
cation (most commonly Li*, Na", K*, or Cs"). The univalent
cations occupy interstitial sites in the lattice and their primary
function is to maintain electroneutrality; this latter constraint
determines their stoichiometry, represented by the value of x.
The remaining interstitial volume may be occupied by water
(1, 2].
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The parent material with M’ = M"” = Fe is Prussian Blue
(PB), whose existence (though not detailed composition or
structure) has been known for around 300 years. While the
literature of this family of materials is dominated by studies of
PB itself, there are a number of reports of derivative materials.
Indeed, the possibility to vary all three metals and the redox
states of M' and M" are primary attractions. This provides
scope for manipulation of material properties such as electro-
chromism and thermochromism [2, 3], ion-exchange [4—6],
mixed-valence electrical conductivity, charge storage capa-
bilities [7], and electrocatalytic [8], optical [9] and magnetic
[9, 10] characteristics. The properties of metal hexacyano-
ferrates (M” = Fe) can be also influenced by a range of
external conditions such as temperature [9—11], illumination
[9, 12, 13] or applied potential [9, 14]. This makes
hexacyanometallates attractive for applications in a variety
of (bio)sensors [15-21], batteries [22—24], separations [4, 6,
25, 26], optically switchable molecular compounds [9, 13],
high-temperature molecular magnets [13, 27-29] and elec-
trochromic devices [16, 30]. These materials has been
studied as powders and pellets [31], as guests in various
types of matrices [2] or as films in the context of modified
electrodes [32], via polymer entrapment [33], adsorption [34]
or electrodeposition [35] strategies.

The apparent simplicity of the synthesis and composition
of PB and analogues is somewhat misleading. Relatively
minor variations in deposition procedure, handling proto-
col, medium of exposure and redox history can lead to
variations in structure or to significant departure from the
simplistic formula given above. Materials prepared by
chemical and electrochemical methods, but otherwise
apparently similar, are known to be quite distinct. As a
consequence, the literature contains many inconsistencies
and ambiguities: this is true even for the much-studied
parent PB system and the situation is more extreme for the
derivative systems (such as the Co and Ni hexacyanofer-
rates studied here) upon which lesser effort has been
expended. Nevertheless, careful selection of techniques
can provide clarity and reveal structural complexity and
subtlety, as demonstrated for the parent Prussian Blue [36]
and derivatives involving substitution of Fe by Cd [37-39]
or Cu [40].

The most common variations are associated with the
interstitial sites, which tend to be filled with solvent
molecules or with the counterions used in the synthesis.
The water content may vary from sample to sample, and is
very sensitive to the preparation and storage conditions [41,
42]. Solids may contain several phases with different
chemical environments around the M’ sites, or bridging
cyanide ligands may undergo linkage isomerism [42, 43].
The extent of linkage isomerism depends strongly on the
electronic structure of M’ and M”; it does not occur at all in
some PB analogues but is very common in others [42].
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While electrochemical techniques are extremely effective
in determining the extent and rate of electron transfer, they
do not identify the source or sink of the electron(s). Thus,
for example, there are conflicting reports in the literature
about whether (or under which conditions) it is the Co
or Fe that is the electroactive site when M’ = Co and M" =
Fe [2, 3, 11, 12, 14, 44]. The electrochemical behaviour of
Co hexacyanoferrate appears to depend on the preparation
route and on the nature of the interstitial countercation [2,
3]. Recent studies [1, 2] of Co hexacyanoferrate entrapped
in a matrix comprising sol-gel-derived silica and generation
4 poly(amidoamine) dendrimer suggested that complex
electrochemical processes involving more than one species
are possible. Both metal sites have been proposed as redox
centres and the additional possibility of metal-to-metal
electron transfers (Fe''-CN-Co"=Fe"-CN-Co"") has
been invoked. An additional argument [2, 10] is that the
existence of Co®" is associated with the “insoluble” form of
hexacyanoferrates, as the lack of a Fe(CN)g unit gives more
flexibility to the Co local environment, facilitating oxida-
tion of the cobalt redox centre. On the basis of XPS and
other spectroscopic observations, Sauter et al. [14] con-
cluded that Co is the redox site in Co hexacyanoferrate, and
that Fe is the redox site in Fe hexacyanoferrate. However,
as discussed later, the surface sensitivity of XPS brings
ambiguities in terms of bulk speciation; additionally, these
measurements were made on films prepared differently to
those studied here.

Photoinduced redox transformation of the low spin Co
state to the high spin Co" state has also been reported [14].
On the other hand, for Co hexacyanoferrate prepared by a
precipitation route, Kulesza and co-workers suggest that Fe
is the electroactive site in the presence of Li", Na", K", Cs*
and Co?" countercations [3], although in the presence of the
last two of these cations the film is much less electroactive.
In the presence of K™ and Na' cations, a combination of
Massbauer, IR, UV-visible and EXAFS spectroscopies has
been used to deduce that the redox chemistry of Co
hexacyanoferrate (prepared by an electrochemical route,
but not identical to that used here) is dependent on the
electrolyte cation according to [9]:

1

NaCl solution :

Fe' — CN — Co'" 18 = pelll _ ON — Co''H8

KClI solution :
Fell — ON — Co"HS = Fell _ ON — CollI-LS

Lezna et al. [12] deduced complex relationships between
different Co hexacyanoferrate samples on the basis of
voltammetric, IR and XPS experiments. In the presence of
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K" ions, XPS data clearly displayed a change in the Fe line
but not the Co line, signalling Fe as the redox centre.
Irradiation of the sample with near IR radiation was also
reported to generate the Co™'Fe'™ compound. EXAFS data
reported by Yokoyama et al. [10] for chemically and
electrochemically prepared Co hexacyanoferrate films as a
function of temperature showed a change of Co oxidation
state from Co™" at 30 K to Co" (with some residual Co'™) at
296 K. For Ni hexacyanoferrate, an interesting contribution
has been the comparison of XRD and EXAFS to explore
structure and structural order on different length scales [45].

The general objective was to determine the equilibrium
compositions and local structures around the metal species
within electrochemically deposited and redox-manipulated
Co and Ni hexacyanoferrate films. The (non-)variations of
bond lengths, coordination numbers and Debye-Waller
factors with applied potential are then to be used to assign
chemical identities to the species associated with changing
film charge state, i.e., to identify the sources and sinks of
electronic charge.

As will be clear from the foregoing summary of the
literature, the primary novelty of the present study is the
coordinated use of EXAFS and supporting spectroscopic
techniques on electrochemically prepared Co and Ni
hexacyanoferrate films whose charge was systematically
manipulated across a range of partially and completely
converted redox states. While a substantial body of
literature exists for characterization of electrodes modified
with Prussian Blue and its analogues, and there are EXAFS
studies involving chemically prepared pellets of the Co and
Ni analogues [44], these are not compositionally or
structurally the same as electrochemically prepared material.
The significance of the present study is that comparisons
between the outcomes of the various methods can be
made with confidence that the samples are synthetically
and redox history identical; the evidence (above) is that
this has been a limiting factor to progress in understand-
ing these systems, as exemplified by the differing
conclusions regarding Co or Fe as the electroactive site
in cobalt hexacyanoferrate [3, 44].

Experimental
Materials

Co and Ni hexacyanoferrate films were deposited from de-
oxygenated (N, or Ar purged for 30 min) aqueous solution
comprising 25 ml of 0.5 M potassium chloride (Fisher
Scientific) and 50 pl of either 0.5 M cobalt(Il) chloride
hexahydrate (Riedel-de Haén) or 0.5 M nickel(Il) chloride
hexahydrate (Fluka) to which was added 50 pl of de-
oxygenated 0.25 M potassium ferricyanide (Sigma-Aldrich).

Instrumentation

Electrochemical measurements were made in a conventional
three-electrode cell, using an ECO CHEMIE pAutolab
PGSTAT 20 potentiostat under computer control. The
working electrode was a Pt disc (EXAFS) or ITO-coated
glass (XPS and FTIR), the counter electrode was a large area
Pt gauze and the reference electrode was either a saturated
calomel electrode (SCE; for the EXAFS and XPS samples) or
Ag/AgCl/sat’d KCl (for the FTIR samples).

X-ray measurements were made at the synchrotron
radiation source (SRS, Daresbury Laboratory, UK). EXAFS
spectra were taken ex situ in fluorescence mode on beamline
16.5 (30-element solid-state Ge(111) detector) or beamline 7.1
(nine-element Si(111) detector). Measurements were taken at
the Fe K-edge (7,125 eV), Ni K-edge (8,333 eV) and Co K-
edge (7,710 V) up 0 kmax=14 A", Typical acquisition times
were 3040 min. XPS measurements were made using
monochromatic Al Ko radiation (E=1,486.7 eV) on the
Scienta ESCA300 spectrometer at the National Centre for
Electron Spectroscopy and Surface Analysis at Daresbury
Laboratory. The take-off angle was 90°. An electron flood gun
was used to prevent sample charging. IR data were recorded
ex situ in transmission mode (Perkin Elmer Instruments
Spectrum One FTIR spectrometer).

Procedures

Films for electrochemical and spectroscopic characterization
were made using identical procedures: potentiodynamic
cycling from 0.0 V to +0.9 V (SCE) at a scan rate, v=
0.1 V s '. Where the experiment or exploration of
parameters demanded, film thickness was varied via the
number of deposition cycles, typically varied in multiples of
50 cycles. Films for XAS, XPS and FTIR spectroscopy were
deposited by 150, 50 and 50 redox cycles. Freshly deposited
films were cycled ten times in 0.5 M KCI electrolyte at scan
rate, v=0.1 V s, held for 20 min at the required potential,
then removed from solution and rinsed with de-oxygenated
deionised water prior to spectroscopic characterization at
room temperature.

Spectroscopic data analysis

Fluorescence EXAFS spectra were summed, calibrated and
background subtracted using the Daresbury programmes
EXCALIB [46] and EXBACK [46]. Fitting was achieved
using EXCURV98 [47], providing interatomic distances
(R), coordination numbers (/N), root mean square deviation
of bond length (i.e., r.m.s. disorder or Debye-Waller factor,
0?) and the elemental identities of neighbouring atoms. An
estimate of uncertainties in the fitted parameters is also
provided by the EXCURV9S fitting programme.
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The electroactive surface population of sites (I'/mol cm ?)
was calculated by integration of slow scan voltammetric
responses to yield the charge (Q/C) and application of
Faraday’s law:

I' = Q/nFA (1)

where the number of electrons transferred per redox site,
n=1, and A4 is the electrode area. An estimate of film
thickness (#) was made assuming the film is predomi-
nantly hexacyanometallate, i.e., the volume fraction of
electrolyte is small [48, 49]:

0 &Ny
- nFA 4

(2)

where d (cm) is the length of the unit cell, N, is the
Avogadro constant and the factor of four arises because there
are four electroactive metal sites in the unit cell. For Co and
Ni hexacyanoferrates, the length of the unit cell, @=10.35 A
[50]; this is slightly larger than for the parent Prussian Blue
material [48].

Signal-to-noise constraints allowed EXAFS data to be
fitted only up to kpnax=10 A™". For the Co K-edge in the Co
hexacyanoferrate system, the first Co—-N shell was fitted
first and subsequent shells fitted stepwise, with progressive
and significant improvement of the fit index. Although the
[-*Co—N=C-Fe---] atom sequence is almost linear, inclusion
of multiple scattering did not improve the fit. When the
possibility of multiple scattering was included, the bond
angles iterated to a point where this was not a significant
effect; consequently, multiple scattering was not included in
the fits.

There was a small shift between EXAFS data acquired at
the two experimental stations (7.1 and 16.5) due to the
monochromator calibration. To remove this systematic
effect, all data are placed on a single scale, referred to the
7.1 calibration.

Results
Electrochemical responses

Cyclic voltammograms at a range of scan rates for
representative Co and Ni hexacyanoferrate films are shown
in Figs. 1 and 2, respectively. For the collection of films
studied, film thicknesses (calculated as described above)
were in the range 10-70 nm. The mean of the anodic and
cathodic peak potentials at slow scan rates (where kinetic
and transport limitations are minimised) was 0.56 V (vs.
SCE) for Co hexacyanoferrate and 0.61 V (vs. SCE) for Ni
hexacyanoferrate. The variations of anodic and cathodic
peak currents with potential scan rate for both films was
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linear (see insets to Figs. 1 and 2). This signals that, within
the range of conditions employed, there is complete redox
conversion of the electroactive sites; this validates the
coulometric assay represented by Eq. 1.

Extended X-ray absorption fine structure

k*-weighted EXAFS data and the corresponding Fourier
transform (radial structure function) acquired at the Co K-
edge for a Co hexacyanometallate modified electrode are
presented in Fig. 3. There are three clear peaks visible in
the FT plot at distances of ca. 2, 3 and 5 A, corresponding
to distances from the Co atom to its neighbouring N, C and
Fe atoms, respectively. Comparison of the experimental
data and the fits shows that the precision is excellent for the
nearest neighbours, but less good for the more distant (third
shell) Fe atom.

XANES data at the Co K-edge as a function of Co
hexacyanometallate film emersion potential, shown in
Fig. 4, reveal obvious changes in position and shape. The
former signals Co oxidation state changes. The significant
characteristic of the latter is that the peak at intermediate
potentials (partial redox conversion) is broad and has two
components. As will be argued below in conjunction with
Debye-Waller factor values, this is characteristic of a
“molecular” rather than solid-state model, i.e., with localised
sites of discrete oxidation state.

For the Co hexacyanoferrate films, full oxidation causes
a shortening of the Co—N bond distances from 2.03+0.02 A
to 1.89+0.02 A. The situation at intermediate potentials is
more complicated. Fitting to a (hypothetical) single type of
site results in a large Debye-Waller factor, indicating (at
least) two types of site of distinct charge and geometry.
Fitting to a two-site model results in lower Debye-Waller
factors, more in line with those for the fully oxidised and
fully reduced films; we interpret this to signal a mixture of
oxidised and reduced Co sites, each with distinct geometry.
There is also shortening of the Co—C and Co-Fe bond
lengths. However, these do not (within experimental
uncertainty) exceed the shortening of the Co—C bond
lengths, so we interpret this to indicate that the N = C unit
and the Fe shift without internal change towards the Co
atom.

The reproducibility of the data acquired on different
instruments for different films (see Table 1) allows us to
explore some more subtle features. Even at the extremes of
potential, where the voltammogram indicates no further
charge transfer, the Debye-Waller factors are higher than for
the standard compound (CoCl,), and suggest the presence
of more than one Co-N distance. There are two possible
sources of such an effect. The first is an electrochemical
one, namely that the much thicker films (cf. Fig. 1) required
for EXAFS experiments have morphology and/or transport
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Fig. 1 Representative cyclic 0.15 | . | . | . | . | .
voltammograms of a cobalt 1a0]
hexacyanoferrate modified 1 4
electrode in 0.5 M KCI. T'=2.7 < 207
107® mol cm 2 (thickness ca. 0.10 __;100" _
45 nm). Scan rates: (@) 10, (b) 5, S 8ot
(¢)2 and (d) 1 mV s . Inset 15 .1 il
variation of anodic peak current <
with scan rate 0.05 ——;.8 ! 1
201
< 4 0 4
£
= 000+ -
-0.05 -
-0.10 -
| : | : | : | : | :
0.0 0.2 0.4 0.6 0.8 1.0
E/V

characteristics that result in incomplete redox conversion,
i.e., there is residual Co*" (Co®") even at the most positive
(negative) potentials. The second explanation is a compo-
sitional one, namely that the electrodeposition process may
result in some interstitial cobalt (as a charge balancing ion,
along with K*). The standard redox potential of the Co®"**
process in aqueous solution is +1.92 V vs. NHE [51],
making it electrochemically “silent” and distinct from the
electroactive Co sites that dominate film response. These
interstitial cobalt counterions introduce additional disorder

to the data, which is reflected in increased Debye-Waller
factors. XPS data (see below) provide additional support for
the latter effect.

The discussion of the Ni K-edge data in Ni hexacyano-
ferrate films (see Table 2) is brief, but diagnostically clear.
XANES data at the Ni K-edge for Ni hexacyanoferrate
films (exemplified by Fig. 5) are quite different, in that
there is no significant variation in the white line position or
shape. Analysis of the k’-weighted EXAFS spectra and
Fourier transform (see Fig. 6) reveal no significant change

Fig. 2 Representative cyclic 0.08 |
voltammograms of a nickel 80
hexacyanoferrate modified T <7
electrode in 0.5 M KCI. '=6.8 x 0.06 T 260+
10~° mol cm 2 (thickness ca. 1 'g' sl
12 nm). Scan rates: (@) 10, (b) 5, S wl
(¢)2 and (d) 1 mV s . Inset 0.04 TS
variation of anodic peak current + § o1
1 20+
with scan rate 0.02 +
10+
< 1
€ 0.00 +
~
-0.02
-0.04
-0.06 -
-0.08 |
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Fig. 3 a Co K-edge k*-weighted EXAFS spectra of cobalt hexacya-
noferrate film emersed at 0.9 V. b Fourier transform of data in (a); line
experimental data, points fitted theoretical data
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Fig. 4 XANES of the Co K-edge for a cobalt hexacyanoferrate film.
Potential, 0.0 V filled square, 0.3 V filled circle, 0.9 V filled triangle
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in the Ni-N, Ni—C or Ni—Fe distance between fully oxidised
and fully reduced films. The qualitative implication is that the
Ni centres are not the site of electroactivity in this potential
range.

X-ray photoelectron spectroscopy

Figure 7 shows XPS data in the Co 2p;, and Fe 2ps.,
regions for a Co hexacyanoferrate film. Qualitatively, the
observation is that the oxidation state of (some of) the Co
responds to potential but, aside from a very minor effect at
the most positive potentials, that of Fe does not. Similarly,
Fig. 8 shows Ni 2p;, and Fe 2p;, spectra for a Ni
hexacyanoferrate film. In this case, it is the oxidation state
of Fe that responds to potential, with all the Ni remaining in
the formal 2+ oxidation state. Quantitation of these
population changes in Co (for Co hexacyanoferrate) and
Fe (for Ni hexacyanoferrate) oxidation states is less simple.
In the former case, both Co>” and Co>" are observed at all
potentials, with the predominant species shifting from Co?"
to Co’" with increasing potential. In the latter case, there is
exclusively Fe’* at the negative extreme of the potential
range used, and predominantly (but not exclusively) Fe*" at
the positive extreme. The situation here is complicated by
the fact that the transfer of the sample to the XPS UHV
chamber necessarily involves exposure to the laboratory
atmosphere, which is likely to influence the redox compo-
sition of the outer region of the film. Since XPS is surface
selective, it samples only the region that is vulnerable to
this redox “contamination”. We therefore take the XPS data
to be a source of unequivocal qualitative confirmation of
the site of electroactivity, but not a quantitative measure of
redox composition.

Integration of the relevant peak(s), taking into account
elemental cross-sections, allows estimation of the relative
populations of the elements present in the surface region of
each film. Tables 3 and 4, respectively, show ratios of the
elements present (irrespective of oxidation state) at the
surfaces of Co hexacyanoferrate and Ni hexacyanoferrate
films. Given the universal problem of surface contamina-
tion by carbon-containing species, we restrict our attention
to the metals present and nitrogen (as an unambiguous
marker for the ligand).

Simplistically, if the ideal film compositions (see above)
applied, the Fe—Co and Fe—Ni ratios would be unity and the
N-Fe ratio would be 6 at all potentials and the Fe-K ratio
would decrease upon film oxidation. In all cases, we find
the Fe—Co and Fe—Ni ratios low, i.e., there is excess Co or
Ni. This is the result of some of the role of charge balancing
counter ion being taken by interstitial Co or Ni; the
presence of these (electroinactive) species was inferred
from the EXAFS data (see above). The N—Fe ratios are a
little high, but qualitatively reasonable. The Fe—K ratio is
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Table 1 Structural parameters ] o R )
for Co hexacyanoferrate films Sample Edge Element Distance, Coordination o”/(pm)
at different oxidation states RIA number (N)
50 mM CoCl, Co K-edge O 2.09+0.02 6+0.5 50+10
CoHCF film Co K-edge
09 V N 1.89+0.02 6 130+60
C 3.15+0.02 6 —25+10
Fe 5.05+0.02 6 50+25
0.7 V N 1.88+0.04 6 130+20
C 3.18+0.02 6 40430
Fe 5.07+0.04 6 40+10
0.3 'V single first shell N 1.96+0.02 6 270+40
C 3.27+0.02 6 50+30
Fe 5.16+0.04 6 120+£50
0.3V split first shell N 1.85+0.06 - 180+120
N 2.04+0.06 - 190+160
C 3.274+0.02 - 50+30
Fe 5.16+0.04 - 120+50
0.0 V N 2.02+0.02 6 220+50
C 3.33+0.02 6 30+30
Fe 5.16+0.08 6 140£100
Replicate N 2.04+0.02 6 170+30
C 3.35+0.02 6 60+30
Fe 5.11+0.04 6 110+40
00 V Fe K-edge C 1.98+0.02 6 100+£20
N 3.13+0.03 6 80+50
Fits to EXAFS data truncated Co 5.21+0.04 6 90+40

at ke =10 A"

not straightforward to interpret since some of the role of K
as a charge balancing ion is assumed by Co or Ni.
However, it is clear that film oxidation, i.e., removal of
electronic charge, is accompanied by ejection of K to
maintain electroneutrality, as manifested by the increase in
Fe—K ratio. It is worth noting that the much larger variation
with potential of the Fe—K ratio than Fe—Co or Fe—Ni ratio
(in the respective cases) indicates that K transfer is more

facile than Co?" or Ni*" transfer; electrostatic arguments
would seem to provide an explanation for this.

Infrared spectroscopy
Figure 9 shows IR transmission spectra for the v(CN)

vibrational bands of Co hexacyanoferrate films. Based on
data for chemically prepared materials [52], the bands at

Table 2 Structural parameters
for Ni hexacyanoferrate films at Sample Edge

Element  Distance, R/A  Coordination number, N ¢/(pm)?

different oxidation states

500 mM NiCl, Ni K-edge
Ni hexacyanoferrate ~ Ni K-edge
09 V
0.0 V
0.0 V Fe K-edge

Fits to EXAFS data truncated at
kmax=10 A

O 2.06+0.02 4.8+0.5 75+10
N 2.06+0.02 6 70+15
C 3.33+0.03 6 40+30
Fe 5.24+0.02 6 60+20
N 2.05+0.02 6 8015
C 3.33+£0.02 6 40+20
Fe 5.22+0.03 6 100430
C 2.01+0.01 6 40+15
N 3.26+0.03 6 15425
Ni 5.17+0.04 6 80+40
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Fig. 5 XANES of the Ni K-edge for a nickel hexacyanoferrate film.
Potential, 0.0 V filled square, 0.9 V filled circle
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Fig. 6 a Ni K-edge i’-weighted EXAFS spectra of nickel hexacya-
noferrate film emersed at 0.0 V. b Fourier transform of data in (a); line
experimental data, points fitted theoretical data
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Fig. 7 a Co 2p and b Fe 2p spectra for a cobalt hexacyanoferrate film
emersed at different potentials (as indicated); arrow indicates
sequence of measurements. Vertical lines are a guide to the eye to
assist in identifying (absence of) changes in peak position

2,099, 2,141 and 2,200 cm! can be assigned to Fe''Co™,
Fe"'Co"Co™ and FeFe"Co™Co", respectively, where the
nomenclature simply indicates the oxidation state(s) of the
metals present. The potential variations of the strength of
these bands indicates that not all the Co" species are
oxidised, as discussed above and commented on by Sauter
et al. [14]. The feature signalling the presence of Fe is
rather small, consistent with the earlier observation of this
as a minority species in the XPS data.

The case of Ni hexacyanoferrate, illustrated by the v(CN)
vibrational band region IR transmission spectra in Fig. 10, is
somewhat simpler. Assignment of the vibrational bands at
2,106 and 2,141 ¢cm ! to Fe'™Ni" and Fe™Ni', respectively,
confirms the X-ray spectroscopic-based deduction of no
electroactive component from the Ni sites and a potential-

driven shift from all Fe"! to dominant Fe'™.



J Solid State Electrochem (2010) 14:1997-2010

2005

a -+

™

Ni 2 8

p ‘\ ]
+0.0V |

+0.5V

+0.9V |

Intensity / a.u.

b
-
.N +05V
-

+0.0V

7071

Fe2p

+0.0V
+0.5V

+0.9V

L A

1 " 1 " 1
730 750
BE/eV

Intensity / a.u.

740 700

Fig. 8 a Ni 2p and b Fe 2p spectra for a nickel hexacyanoferrate film
emersed at different potentials (as indicated); arrow indicates
sequence of measurements. Vertical lines are a guide to the eye to
assist in identifying (absence of) changes in peak position

In both systems, the increase in v(CN) frequency
(wavenumber) upon film oxidation is a consequence of
the more positively charged metal ion withdrawing electron
density from the N=C bond. The fact that the vibrational
bands undergo a blue shift indicates that the N=C bond is

Table 3 Selected surface atom ratios (derived from XPS) for Co
hexacyanoferrate films as a function of emersion potential

Potential Fe/Co Fe/K N/Fe
00 V 0.6 0.6 8
04 V 0.7 0.5 7
05V 0.8 0.5 8
09 V 0.6 1.0 8
05V 0.7 0.8 7

Table 4 Selected surface atom ratios (derived from XPS) for Ni
hexacyanoferrate films as a function of emersion potential

Potential Fe/Ni Fe/K N/Fe
0.0 V 0.8 0.5 7
05V 0.8 0.5 6
09 V 0.8 1.3 6
05V 0.8 0.6 7

stronger; this is consistent with removal of electron density
from a 7t* orbital.

Discussion

Since the EXAFS data are the primary source of informa-
tion, we begin with these. Of the two systems, the
behaviour of Ni hexacyanoferrate is the simpler, so we
discuss this case first. The Ni pre-edge structure is very
similar to that at the Fe K-edge and shows no significant
change in position with potential. The EXAFS data yield
three shells; none of the distances associated with these
shells changes with film redox state. In considering the
relatively constant Fe---Ni distance, there are two factors
worth noting. First, it is noticeable that the Fe—C distance
changes little; this would be the main generator of a change
in Fe--Ni distance. Second, the distances from the Ni,
combined with a Fe-C distance of about 2.0 A from the
fitting of EXAFS data at the Fe K-edge, imply a non-linear
[-Ni-N = C—Fe---] arrangement, although the angles are all
close to 180°. Variations in these small deviations from

. %
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- Fe'Fe"Co'"Co 3‘5
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Fig. 9 FTIR transmission spectra in the v(CN) region for a cobalt
hexacyanoferrate modified electrode as a function of potential (as
indicated). With film oxidation, v(CN) increases from 2,099 cm '
through 2,141 cm ™" to 2,200 cm™'
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Fig. 10 FTIR transmission spectra in the v(CN) region for a nickel
hexacyanoferrate-modified electrode as a function of potential (as
indicated). With film oxidation, v(CN) increases from 2,106 to
2,141 cm’!

linearity could also explain the constancy of metal-metal
distance. Since the Ni is not electroactive, i.e., remains in
the Ni"' state, there is no indication of a split first shell; this
contrasts with Co hexacyanoferrate. The low values of
Debye-Waller factors (0%) for the second and third shells
suggest some multiple scattering, but not to the extent that
it could be reliably fitted.

For the Co K-edge in the XANES of Co hexacyanofer-
rate films there is a marked increase in energy of the white
line position as the film is oxidised. Before discussing this
in detail it is worth recalling that the XAS data represent an
average of all the film, which contrasts with the high (ca.
nm) surface selectivity of the XPS data. At an emersion
potential of 0.0 V, the energy of the white line (at 7,723 eV)
is essentially the same as for Co®>" in aqueous CoCl..
Increasing the emersion potential to 0.3 V, there is a clear
doublet (at energies of 7,723 and 7,726 eV). This represents
oxidation of some of the Co®" sites to Co>"; the peak
intensities indicate a slight preponderance of Co>". At
emersion potentials of 0.7 and 0.9 V, there is a single peak
at 7,726 eV, signalling that conversion to Co®" is essentially
complete. At this point, we note that the static nature of the
study prevents any investigation of mechanism—we simply
detect Co(II) as the end product—but the kinetically slow
nature of Co(Il)/Co(IIl) redox conversion points to the
likelihood of a less direct process, for example involving
Fe(III) sites as mediators.

The EXAFS data at the cobalt K-edge show three strong
peaks in its Fourier transform (Fig. 3b), which were fitted on
the assumption that they represent progressive translation
outward from Co in the [---Co—N=C-Fe--] lattice. Features at
approximate distances of 2, 3 and 5 A thus represent Co—N,
Co—C and Co—Fe distances, respectively [53].

@ Springer

The nearest neighbour distance Co-N is well defined
and, initially, was fitted with a single parameter. The result,
presented in Fig. 1la, is a progressive decrease in bond
length as the Co site is oxidised. Simultaneously, the
Debye-Waller factor goes through a maximum value at
about +0.3 V, i.e., at partial conversion, with more typical
(and similar) values for the film in its fully reduced (0.0 V)
and fully oxidised (>0.7 V) states. Recalling the earlier
discussion of the shapes of the raw spectra, enforcement of
a single bond length is inconsistent with the application of a
“molecular” model with distinct Co™ and Co™ sites of
different geometry. If, as the raw data demand, one
recognises the presence of two types of site, their existence
must be included within the fitting regime.

Consider the situation at any given potential, at which a
fraction x of Co species exist in the Co' oxidation state,
characterised by Co-N distance R1, and the remaining
fraction (1—x) of Co"' sites are characterised by Co-N
distance R2; it is assumed that the structure of each species
is independent of potential. The Debye-Waller factor
represents a sum of thermal and static contributions to the
total disorder. Potential variation leads to a changing
distribution of Co™ and Co™, so the potential variation in
Debye-Waller factor has a structural (static) origin. In the
event that the spectral features are unresolved, there will be
a single broad feature at a mean value:

R=xR +(1-x)R, (3)

with an additional contribution o2 to the total Debye-
Waller factor, o2, of:

0; =x(R, — R)2 + (1 —x)(R, — R)2
= x(l —x)(R1 — R2)2 (4)

Thus, the model predicts that a plot of o as a function of
redox composition (represented by charge) will follow a
parabolic curve, showing a maximum at x=0.5 (equal
populations of the two redox forms) between the lower o
values associated with the presence of the individual redox
forms that dominate at potentials well above or below the
redox transition.

The number of data points available clearly limits the
precision, but the consistency of the qualitative behaviour
with this model justifies a little further pursuit. Applying
this model to the data, we find R1=2.03 (+0.02) A and R2=
1.89 (£0.02) A, so (R1-R2)*=200 (pm)’. o2 peaks at x=
0.5, with a value of 50 (pm)>. This is in good agreement
with the fitted o2 values if the vibrational contribution
(represented by the single species at the end points) has the
physically reasonable value of ca. 170 (pm)z, and x=0.5 at
E=0.3 V. Furthermore, fitting the EXAFS data at E=0.3 V
allowing distinct values for the first neighbour Co"-N and
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Fig. 11 Co K-edge EXAFS derived Co-neighbour atom distances in a
cobalt hexacyanoferrate film as a function of potential. With the exception
of (b), data are for a single shell fit and a linear fit of the data. Two
values at the potential £=0.0 V denote replicate measurements on

Co™-N distances generates values for these distances (in
the mixed state film, where x~0.5) of 2.04 (£0.06) A and
1.85 (£0.06) A, respectively. These are in good agreement
with the single species fits at the extremes of potential
(where x=0 and 1), and the associated Debye-Waller o”
values are 150-200 (pm)>. The outcomes for the split first
shell Co—N distances are shown in Fig. 11b.

The presence of two distinct distances indicates that the
cobalt hexacyanoferrate film behaves in a molecular
manner, with discrete sites of integer oxidation state and d
level occupancy. This contrasts with a solid state model,
involving indistinguishable sites associated with delocalised
charges in a partially filled d-band. The contrasting
characteristics of these two models are worthy of brief
discussion. In the molecular model, individual sites have
charge and local structure associated with a given metal

E/V

different instruments (stations 7.1 and 16.5). In each case, lines are a
guide to the eye. a First shell Co-N distances. b First shell Co-N
distances for split shell fit (see text). ¢ Second shell Co—C distances. d
Third shell Co—Fe distances

species. Potential does not influence the characteristics of
these individual species, but rather their relative populations.
In a thick film, of the type used here, electronic charge
propagates by sequential self-exchange in a “hopping”
mechanism, typically resulting in low conductivity [54]. In
the solid-state model, there is a band structure with
delocalised electrons not affiliated with any particular atom
or bond. In this case, potential influences the (non-integer)
charge and local structure of the metal ions in a continuous
manner. To summarise, key features of the data that are
consistent with the molecular model are a broad Co K-edge,
the width of which changes with redox composition, and a
characteristic Debye-Waller signature; these are inconsistent
with the solid state model.

At the most positive potential (E=0.9 V) the fit gives an
indication, albeit weak, of a Co—X distance of ca. 2.1 A;
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this is probably due to interstitial counterions (X = Co>" or
K'; we cannot be specific) incorporated during deposition
and/or cycling. The second (Co—C) and third (Co—Fe) shell
distances decrease steadily with increasing film oxidation
(see Fig. llc and d). The low Debye-Waller factors
obtained for these more distant coordination shells using
only single scattering contributions suggest some multiple
scattering, although inclusion of multiple scattering effects
does not significantly improve the data fits. Nonetheless,
this clearly shows that the [:-:Co—N=C-Fe-::] structure
along the cube edge is not perfectly linear.

The difference between the Co—C and Co—N distances is
independent of potential. Given the possibility of a non-
linear structure, this difference (1.31 A) will be a lower
limit estimate of the C=N bond length. Even this is
somewhat longer than C=N bonds typical of hexacyano-
metallate (ca. 1.15 A), although other EXAFS studies [44]
of this class of materials have revealed substantially longer
C=N distances.

The third shell distance is in a good agreement with
(single crystal) crystallographic data for Cojz(Fe
(CN)g)>'xH,O [55]. The Fe site is a strong scatterer, so
any additional contributions at this distance will be
comparatively weak. Again, multiple scattering contribu-
tions are not significant. Comparing the Co—C and Co-Fe
distances yields a lower limit (according to the extent of
non-linearity of the [-*Co—N=C-—Fe-::] structure) for the
Fe—C separation of 1.85-1.90 A. As an internal consistency
check, we note that this Co K-edge derived distance is in
agreement with the value found by fitting Fe K-edge data.

X-ray photoelectron spectroscopy and infrared
spectroscopy

It is clear even from the raw XPS data that Co and Ni
hexacyanoferrate films respond quite differently upon
voltammetric cycling. In the case of Co hexacyanoferrate
films it is Fe that maintains constant oxidation state, with
Co as the redox centre. This is unambiguously visible from
the raw Co 2pz, XPS data (Fig. 7): there are clearly two
components at BE=778.2 eV and BE=779.8 eV, attribut-
able to Co" and Co™, respectively. Interestingly, although
there are significant changes in the ratio of Co™ and Co™
species, both components (and thus species) are seen for
samples emersed at both extremes of the potential range.
We do not pursue this quantitatively or make comparisons
with the Ni hexacyanoferrate system, given arguments
based on sample vulnerability to atmospheric redox
“contamination” during transfer. An interesting observation
is the appearance at an emersion potential of 0.9 V of a
small feature (at 707.3 eV) on the high binding energy side
of the Fe 2ps,, band, signalling oxidation of a small fraction
of Fe' to Fe'".
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The IR transmission data provide similar insights, but with
the important distinction that these relate to the composition of
the entire film. The v(CN) bands are broad, consistent with
mixed Co redox states. The vibrational frequency of the
v(CN) band changes from 2,100 cm™' at £=0.0 V to
2,142 cm ™' at E=0.9 V and a small feature appears at
2,200 cm ' at E=1.1 V. These vibrations can be assigned to
films of (mixed) redox state Fe''Co", Fe''Co"Co™ and
Fe'"Fe"'Co™Co", respectively.

Turning to Ni hexacyanoferrate, emersion at £=0.0 V,
results in a single narrow Fe 2p line at a binding energy of
705.5 eV, attributed to Fe' centres. As the emersion
potential is made more positive, a second Fe 2p appears
at the higher binding energy of 707.1 eV (see Fig. 8); this is
attributed to Fe' centres. The areas under each of these
features can be used to estimate the surface redox
composition. At the negative extreme of the potential range
(E=0.0 V), the fraction of surface sites in the reduced Fe"
state is ~100%; apparently, atmospheric oxygen does not
oxidise the surface sites during transfer to the UHV
chamber. At the positive extreme of potential (£=0.9 V),
the majority (ca. 55%) of the Fe surface site population is
in the Fe'"" state, but this dominance is not overwhelming.
For the Ni hexacyanoferrate film, no change was observed
in the Ni 2p;, band: the shape and position (binding
energy, BE=853.3 eV) remained at a value characteristic of
Ni" (see Fig. 8).

The IR data (see Fig. 10) for the v(CN) mode in Ni
hexacyanoferrate show a frequency change with film
oxidation state: v(CN)=2,106 cm ' at E=0.0 V and
v(CN)=2,141 cm™' at E=0.9 V. However, the bands are
broad, indicating that not all the Fe centres are oxidised.
This is interesting, in that the transmission IR measurement
(which probes the bulk of the film) is not only consistent
with, but also extends, the (surface sensitive) observation of
partial oxidation by XPS.

Conclusions

Coordinated use of XAS (EXAFS and XANES), XPS and
IR spectroscopies was used to extract redox compositional
and structural information on films of electrodeposited Co
and Ni hexacyanoferrates. In each case, electrochemistry
was used to manipulate overall film redox state, although it
cannot alone define the sources/sinks of electronic charge.
For both systems, the techniques provide consistent
pictures, although accessing information by distinct and
independent routes. XPS-derived assays of metal ion
oxidation state(s) relate to the outer surface of the film,
while the XAS and IR methods (in the modes employed)
sample the bulk (interior) of the film. Surprisingly, these
two assays were generally not significantly different. In the
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case of XAS and XPS, the responses relate directly to the
metal species, while in the case of IR information on the
metal species is inferred from changes in the behaviour of
the adjacent cyanide ligands; it is gratifying that these direct
and indirect probes yield consistent outcomes.

The XPS responses unequivocally show that the electro-
chemical response of Co hexacyanoferrate is associated
with a formal Co™" redox state change. The exception to
this is a small amount of Fe" oxidation at extremely
positive potentials. Analogous data for Ni hexacyanoferrate
unequivocally show that the electrochemical response of is
associated with a formal Fe"""" redox state change. For both
systems, edge shifts in XANES were consistent with the
relevant XPS-derived conclusions.

Local structure around the metal atoms was extracted
from EXAFS data in terms of M'-N, M'-C and M'-M"
distances and the associated Debye-Waller factors. Electro-
active metal ion oxidation resulted in subtly different
behaviours. In Co hexacyanoferrate, the Co-ligand distance
shortened progressively and significantly with Co oxidation.
In Ni hexacyanoferrate, the Fe-ligand distance did not shorten
significantly with Fe oxidation.

In the Co hexacyanoferrate case, more detailed exploration
of structure was possible. First, the contraction of the Co-N
bond was associated with an essentially uniform “shrinkage”,
with the surrounding shells of C and Fe atoms moving
inwards equally. As a consistency check, the estimates of Co—
Fe distance measured outwards from either atom (via data at
Co and Fe K-edges) were consistent. Second, the presence of
static disorder (parameterized via the Debye-Waller factor)
and its variation with redox state were consistent only with a
molecular model involving discrete d levels and a mixture of
distinct Co™ and Co'" sites; the data were not consistent with
a solid state model.
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