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and Benjamin Dietzek-Ivansic*

Molecular-level insight into the interfacial composition of electrodes at the
solid-electrolyte and the solid-electrode interface is essential to understanding
the charge transfer processes, which are vital for electrochemical (EC) and
photoelectrochemical (PEC) applications. However, spectroscopic access to
both interfaces, particularly upon application of an external bias, remains a
challenge. Here, in situ surface sensitive vibrational sum-frequency
generation (VSFG) spectroscopy is used for the first time to directly access the
interfacial structure of a cobalt-containing Prussian blue analog (Co-PBA) in
contact with the electrolyte and TiO, /Au surface. Structural and
compositional changes of the Prussian blue layer during electrochemical
oxidation are studied by monitoring the stretching vibration of the CN group.
At open circuit potential, VSFG reveals a non-homogeneous distribution of
oxidation states of metal sites: Fe!''-CN-Co'' and Fe!'-CN-Co'"" coordination
motifs are dominantly observed at the Co-PBA|TiO, interface, while it is only
the Fe''-CN-Co'"" unit at the electrolyte interface. Upon increasing the
potential applied to the electrode, the partial oxidation of Fe''-CN—Co" to
Fe''-CN-Co" is observed followed by its transformation to Fe''-CN-Co'" via
charge transfer and, finally, the formation of Fe''-CN-Co'" species at the

interface with TiO, and the electrolyte.

1. Introduction

Solid-solid and solid-liquid interfaces, serving as the conduits
for charge, energy, and information transfer, play determining

roles in a range of technological ap-
plications, e.g., photovoltaic devices,
secondary-ion batteries, solar cells, and
electrochemical (EC), photocatalytic
(PC), and photoelectrochemical (PEC)
applications.[') Understanding interfaces
has become crucial to define the effi-
ciency of these underlying processes,
which rely heavily on their ability to sep-
arate and transfer charge within distinct
components efficiently. While ex situ
techniques have furnished valuable in-
sights, they often fall short of capturing
the dynamic nature of real operating
conditions. Consequently, techniques
that enable the in situ exploration of
interface dynamics, chemical reactions,
and charge transport mechanisms have
been developed to bridge the gap be-
tween fundamental understanding and
practical applications of interfaces.l?!

Cobalt-containing ~ Prussian  blue
analogs (Co-PBAs) represented
with the general molecular formula
(K,Co?[Fe"(CN);],.zH,0, where a, b
are formal oxidation states, and x, vy,
and z are stoichiometric coefficients) are acknowledged as robust,
effective, and inexpensive electrodes for sodium/potassium-ion
batteries and electrocatalytic processes including water, glucose,
and alcohol oxidation processes.}] Furthermore, Co-PBA has
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Figure 1. a) Schematic representation of the molecular structure of the Co-PBA and grazing incidence X-ray Diffraction (GIXRD) pattern, b) SEM images
(the inset shows AFM images), and c) respective C Ts with K 2p, N s Fe 2p, and Co 2p XPS spectra.

been used to modify semiconductor electrodes, such as TiO,,
BiVO,, and Fe,O;, and following this strategy electrodes have
been developed for PC and PEC water oxidation and organic pol-
lutant degradation processes.[l The structure of Co-PBA con-
sists of metal ions connected through cyanide bridging ligands
to form a 3D extended network (see Figure 1a inset).[3¥ The Fe—
CN—Co coordination motif affords intrinsic charge transfer be-
tween metal ions, which plays a key role in the catalytic process.
In electrocatalytic processes both Co and Fe sites exist in two
oxidation states, i.e., 2+ and 3+, to yield a mixed-valent com-
pound, which is sensitive to the type of solid and liquid inter-
faces. Although operando techniques have been used to eluci-
date the charge transfer process within the bulk PB structure and
from the PB layer to the semiconductor, they are unable to dis-
tinguish the bulk of the material from the interface.l**>! There-
fore, an interface-selective technique is needed to understand the
charge transfer processes in Prussian blue-derived mixed-valent
compounds. In this context, we utilize vibrational sum-frequency
generation (VSFG) spectroscopy, a unique and powerful surface-
specific tool,[®] which has been applied to study interfaces for EC
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and PEC applications.[?*”] However, in general, VSFG is a 2nd
order nonlinear process, and the overall signal compared to the
IR techniques is very low. Nevertheless, accessing buried inter-
faces with VSFG spectroscopy between liquid-solid or solid-solid
remains challenging due to their strong IR absorption and low
overall VSFG signal. To overcome this, earlier studies often used
a cell with a thin layer of electrolytic solution between the elec-
trode and the cell window.l”*¢8] However, it results in severe mass
transport limitations and diffusion-controlled kinetics. The sec-
ond method is for the visible and infrared beams to approach the
interface through the electrode known as the internal reflection
method,®! However, it requires the use of a transparent electrode
or films with an average thickness of less than 10 nm which often
unstable and cannot sustain the current densities. In our case,
the VSFG intensity is recorded in a conventional reflection way
with an electrolyte layer thickness of 250 um. The overall VSFG
enhancement happened due to the presence of a strong nonres-
onant background originating from the TiO,/Au substrate. Fur-
thermore, the selected TBABF,/DCM electrolyte solvent pair ex-
hibits very low IR absorption in the —CN vibrational regions.
Additionally, a homogeneous and uniform Co-PBA has been de-
signed to improve the signal-to-noise ratio.

Herein, we present the first in situ VSFG probing of the struc-
tural and compositional changes in the interfaces of a Co-PBA
thin film deposited on a TiO,/Au substrate during an EC oxida-
tion process. Our methodology begins by evaluating the primary
constituents at the surface and subsurface interfaces using VSFG
spectroscopy and X-ray photoelectron spectroscopy (XPS) prior
to characterizing the EC oxidation process. Since the VSFG tech-
nique is inherently a probe of broken centrosymmetry, the VSFG
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data characterizes the composition of a single layer of the Prus-
sian blue analog film at the interface in direct contact with the liq-
uid electrolyte and electrode surface. In addition, potentialdepen-
dent in situ VSFG data provide insight into the oxidation states
of metal sites and their respective compositions.

2. Results and Discussion

While a variety of methods, including spin coating, electrode-
position, and insitu synthesis, have been used to prepare
Co-PBA-modified electrodes, we developed a new technique to
fabricate a uniform Prussian blue layer on TiO, in order to im-
prove the signal-to-noise ratio in the VSFG experiments.l'%l The
TiO,/Au substrates were allowed to stay in a heated solution of
Co-PBA, which afforded a film thickness of 90 nm (see Figure
S1, Supporting Information). The film possesses a cubic lattice
structure with metal atoms connected by bridging CN groups, as
shown in Figure 1a. Figure 1b illustrates the morphology of the
Co-PBA structure, displaying sizes distributed from 17 to 114 nm
in the SEM image and accompanying AFM image. Prior to the
in situ VSFG experiments, an ex situ XPS study was performed
to determine the elemental ratio and oxidation state of Co and Fe
in the surface layer. The element analysis suggests a Co/Fe ratio
0f0.9:1 + 0.1 and the K-content in the surface layer is 2.6 at.%
(see Table S1 and Figure S2, Supporting Information). The layer
composition is estimated to be K, ;Fe,Co,4(CN),,. In addition,
the HR XPS spectra of C, N, Fe2p;,, and Co2p;), are depicted
in Figure 1c. XPS reveals the presence of C 1s peaks at 284.8,
285.7, and 287.0 eV. Binding energies for C in cyanide ligands
such as in Prussian blue, are reported to be in a range between
~284 and ~286 eV for the respective hexacyano complexes.!!!]
The N1s spectrum is also analyzed as contributions from adven-
titious carbon at ~284.7 eV cannot be excluded. The N1s spec-
trum shows peaks at three distinct binding energies, i.e., 397.9,
400.0, and 402.3 eV, which are assigned to the different bond-
ing environments of nitrogen in C=N, N-H, and N, which
is in good agreement with the Prussian blue structure.'') Ad-
ditionally, a visible peak of Fe2p,, at 708.6 eV represents only
Fe!! species. The presence of Fe'!, which would show as a peak
at binding energy around ~710 eV, cannot be identified in the
Fe2p,, spectrum.I’”] The peak present around ~709.1 eV could
possibly originate from Fe!' bonded through the N in cyanide in-
stead of a Fe'"-C-bonding motif as N is the more electronega-
tive bonding partner.'?l Additionally, the Co2p;, spectrum indi-
cates the presence of 2+ as an oxidation state. However, a clear
assignment of Co! and Co'™ is difficult due to the multiple split-
ting, the contribution of the satellite peaks, and the broadness
of the peaks.!'3] However, for the Co2p spectrum, the peak with
the highest intensity is found at 782.7 eV. A binding energy of
~780.4 eV points to a Co'! component while the one at 782.7 eV
could be attributed to Co™, but also originate from multiplet
splitting of the Co™.['!l While the synthesis of the Co-PBA (using
Co(NO,),6H,0 as a precursor) should yield Co™ species exclu-
sively, partial oxidation to Co'" in the pristine film, which is possi-
bly created during the synthesis at high temperatures. Moreover,
the ratio of Co/Fe, which is calculated from the XPS data varies
slightly within the layer, which could additionally affect the Co2p
signal and shift the binding energies due to different chemical
environments.['*! Therefore, it is difficult to derive a final con-
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clusion about the oxidation states for Co using XPS. It is also
important to note that XPS analysis doesn’t directly relate to the
interface composition. In comparison, as discussed in the next
section, VSFG is utilized to characterize Co-PBA present at the
Co-PBA|TiO, and Co-PBA|electrolyte interfaces.

Figure 2a,b illustrate the experimental setup for in situ VSFG
experiments and the VSFG spectra of ~#90 nm Co-PBA thin film
deposited on TiO,/Au, respectively. The spectrum was recorded
at open circuit potential (OCP) in ppp polarization combina-
tions (polarization of SF, visible, and IR respectively) in 2000—
2230 cm™ region to probe the CN stretching vibrations with
VSFG. The assignment of oxidation states of metal ions based
on the CN stretching wavenumbers is a well-established method
in cyanide chemistry.’] As shown in Figure 2b, VSFG measure-
ment reveals three distinct bands in the interface, correspond-
ing to Fe'-CN-Co!, Fe'-CN-Co'"-A, and Fe"'-CN-Co" units,
at 2105, 2119, and 2160 cm™!, respectively. It should be noted
that the Fe!"-CN-Co'" composition gives rise to two characteris-
tic bands at #2120 and ~2137 cm™!, depending on the relative
K* ion concentration, which are referred to as type -A and -B
throughout the manuscript.®® The signal at 2119 cm™ in the
VSFG spectrum (see Figure 2b) reveals the presence of the Fel'-
CN-Co'™-A coordination motif, suggesting the presence of a high
K* ion concentration. Moreover, we calculated the respective res-
onant contributions from fitting the VSFG spectrum, yielding in-
formation about the relative population of each band (grey line in
Figure 2b). The vertical sticks indicate the strength of each band.
These intensities represent an approximate measure of the rela-
tive contribution of Fe*~CN-Co® units to the overall VSFG signal.
We estimate Fel!l-CN-Co!!, Fe'-CN—Co!!'-A, and Fe!'-CN—-Co!!
to contribute to the signal by about 54%, 25%, and 21%, respec-
tively. The exact peak position, width, and corresponding oscil-
lator strengths utilized for the line strength calculation are dis-
played in Table S2 (Supporting Information). Additionally, the
red line in Figure 2b shows the ATR-FTIR spectrum of the same
Co-PBA film. The ATR-FTIR single peak at 2135 cm™! repre-
sents the Fe™-CN-Co™-B coordination motif. Since the ATR-
FTIR probing depth is in the range between 100 nm and sev-
eral pum, it cannot be considered a surface-sensitive technique.!*]
On the other hand, VSFG is a second-order nonlinear technique
that provides interface-sensitive and selective molecular informa-
tion where symmetry is broken, which explains the absence of
Fe'-CN-Co'"-B units, representing the bulk compositions of Co-
PBA. Nevertheless, a combined analysis of ATR-FTIR and VSFG
spectra provides complete 3D structural information of the bulk
structures and interfaces.

Furthermore, the appearance of the VSFG spectrum in
Figure 2D is notably different than regular FTIR spectra. More
specifically, the VSFG spectrum shows a dispersive line shape in-
stead of a regular Lorentzian profile and exhibits peaks for Fe!'—
CN-Co'!, Fe!'-CN-Co""-A, and a dip for Fe!'"-CN-Co!" units.
These characteristics are common in VSFG measurements of
molecules adsorbed onto metallic/metal oxide interfaces and
indicate a different orientation of the oscillating dipole at the
surface.l'! In our results, the resonant part, which contains —
CN vibrations of the —-Fe—~CN—Co units, interferes with the non-
resonant background from the TiO,/Au surface. The spectral
fit shown in Figure 2b indicates a relative phase of 2.6 + 0.2
(i.e.,150°+ 10°) between the peak and dip. As we will argue
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Figure 2. a) Schematic illustration of the electrochemical cell for in situ VSFG measurements. b) ppp VSFG spectrum (polarization of SF, visible, and IR,
respectively) of a Co-PBA film deposited on TiO,/Au substrate before applying potential in T mM TBABF,/DCM solution. This spectrum is influenced
by the non-resonant background stemming from the TiO, /Au film. The black solid line represents the fit to the data. The grey solid line is the linear ppp
spectrum calculated using the parameters obtained from the fit and offset by the level of the non-resonant background. The three bands as contributing
are identified. The vertical sticks indicate the strength of each band. The inset red solid line is the FTIR spectra recorded from the same sample. c) ppp
VSFG spectra of the more than twofold thicker (%200 nm) Co-PBA film deposited on TiO,/Au substrate recorded at open circuit potential in 1 mM
TBABF4/DCM solution. This spectrum has a Lorentzian line shape as there is no influence of the background non-resonant signal. d) The schematic
diagram of the interfaces and respective Co-PBA composition present at Co-PBA|TiO,-and electrolyte and the Co-PBA|electrolyte interface.

below, the ability of VSFG to probe both interfaces of the Co-PBA
film, i.e., the Co-PBA|electrolyte and the Co-PBA|TiO, interface,
can additionally contribute to the observed phase difference and
spectral shape.

We also investigated a significantly thicker Co-PBA film (thick-
ness of ~200 nm) to gain insight into the contributions of the
TiO,|Co-PBA and the Co-PBA|electrolyte interfaces to the ob-
served VSFG signal. Studying the thick Co-PBA film, we elim-
inate the interference between the non-resonant background
stemming from the TiO, /Au layer with the vibrationally resonant
signal from the Co-PBA|electrolyte interface.l'”] Figure 2¢c shows
the resultant VSFG spectrum of the thick Co-PBA. The spectrum
reflects a single Lorentzian band stemming from Fe'~-CN-Co"
units. This feature is solely present at the electrolyte interface (de-
picted in Figure 2d). The observed red shift of the band compared
to the thin Co-PBA layer is due to the presence of more K* ions,
which is suggested by angle-resolved XPS (Figure S4, Support-
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ing Information). The latter experiment indicates an increased
K* concentration towards the surface (see Figure S4, Support-
ing Information). Furthermore, the VSFG finding also suggests
that the other two compositions (reported in Figure 2b), i.e., Fel'-
CN-Co!l-A and Fe''-CN-Co!, are formed at the Co-PBA|TiO,
interface. Figure 2d depicts all compositions present at different
interfaces at the Co-PBA film. As indicated above, the phase dif-
ference or the presence of peaks and dips between Fe!'-CN-Co!!
and Fe™-CN-Co" can be explained by contributions of the two
distinct Co-PBA interfaces to the overall VSFG signal.

The Co-PBA|TiO,/Au substrate has been scrutinized thus
far under open circuit potential conditions. In the next step,
we will investigate the Co-PBA|TiO,/Au sample in situ, ie.,
upon applying an electrical potential, to elucidate the impact
of electrochemical oxidation of the various metal centers in
PBA on the vibrational characteristics of the cyano-bridges.
Figure 3a shows the cyclic voltammetric (CV) profile of the

© 2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. a) The CV of Co-PBA|TiO, /Au electrode in T mMm TBABF,/DCM solution in the —0.2—+1.0 V (vs Ag/AgCl) potential range. b) Comparative
VSFG spectra of the electrode before and after the redox process were recorded at —0.1 (black color spectrum) and 0.9V (magenta color spectrum) versus
Ag/AgCl, respectively. The compositions before oxidation are Fe!'-CN-Co'!, Fe!'-CN-Co'""-A, and Fe!''-CN-Co'" as also observed at OCP (Figure 2b) while
the compositions after oxidation are Fe!'-CN-Co'"'-A, Fe'-CN-Co'"-B, and Fe'"'-CN-Co'"".

Co-PBA|TiO, /Au electrode in 1 mMwM
TBABF, /Dichloromethane (DCM) solution in the —0.2—1.0 V
(vs Ag/AgCl) potential range. An oxidation process is observed
at 0.5 V versus the Ag-AgCl reference electrode. The width of the
peak is attributed to the presence of two overlapping oxidation
processes, ie., Fell-» Fell and Co'— Co".['®] Additionally,
a small irreversible redox peak at 0.06 V is observed, which
originates from the bare TiO,/Au surface. The CV of the bare
TiO, /Au has been plotted in the supporting information (Figure
S6, Supporting Information). This small local peak is often
attributed to the charge transfer between intraband gap localized
states, which originates due to partially coordinated surface Ti
atoms.[!]

In situ VSFG spectra upon oxidation of Co-PBA|TiO, /Au elec-
trode were recorded in a chronoamperometric fashion at differ-
ent potentials (see Figure 4a). Figure 3b shows VSFG spectra
of the first structural characteristics before and after the oxida-
tion process. The spectra, recorded for Co-PBA|TiO, /Au, are fit-
ted with the function given in Equation S1 (see Experimental
Methods in Supporting Information). From the fitting, we deter-
mine the normalized oscillator strength of the i-th component
(A,), which presents a measure of the concentration of the indi-
vidual Fe®-CN-CoP units (see Equation S2, Supporting Informa-
tion). Figure 4b presents an analysis of the distribution of oxida-
tion states upon variation of the potential.

2.1. In Situ VSFG in the Potential Range Between Open Circuit
Potential and 0.7 V (Anodic Scan)

At open circuit potential (OCP), three coordination motifs are
discernible based on the VSFG spectra: Fe'-CN-Co'"!, Fe!'-CN-
Co'!'-A, and Fe''-CN-Co"! (vide supra in the context of Figure 2).
No spectral changes are observed upon increasing the potential to
0.1V, i.e., remaining below the onset of the electrochemical oxi-
dation feature. At potentials more positive than OCP, the Fe!'-
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CN-Co'" unit, decreases in intensity, while the Fe'"-CN-Co!
unit, increases. The first major spectral change occurs at 0.2 V as
the Fe''-CN—Co'! unit signal increases 1.75 times in comparison
to the OCP state. We attribute this potential-dependent signal in-
crease to the partial Fel! - Fe!!! oxidation to yield Fe!''-CN-Co'!
units. Moreover, at 0.7 V, the Fe!'-CN-Co!! unit signal reached
its maximum intensity (increased by 2.6 times), while Fe'-CN-
Co'" decreased by a factor of 1.4 compared to the OCP. Further-
more, a slight, ca. 10%, increase is observed in the Fe!!-CN-Co!!-
A unit, indicating that the onset of Co" — Co™! oxidation process
is reached. This is consistent with the broad oxidation peak ob-
served in CV at 0.5 V in the anodic scan (Figure 3a) It is important
to note that a small vibrational redshift of 2-4 cm™! is observed
in the CN vibration before 0.7 V, and up to 7 cm™! at higher po-
tentials from 0.7 V. This is most likely due to the vibrational Stark
effect as previously reported for CN group which is a well-known
Stark reporters.[2]

2.2. In Situ VSFG at Potentials More Positive than 0.7 V (Anodic
Scan)

At voltages more positive than 0.7 V versus Ag/AgCl, significant
spectral changes become visible; i.e., the peaks associated with
the Fe!'-CN-Co!" and Fe"'-CN-Co!" units at 2105 and 2160 cm ™,
respectively, vanish. Concertedly, two new peaks emerge at 2137
and 2185 cm™!, attributed to Fe!'-CN-Co'!-B and Fe!'-CN-Co'!!
units, respectively. The profile suggests that, at anodic potentials
more positive than 0.7 V, the Fe"-CN-Co'" and Fe'"-CN-Co™
units are oxidized yielding Fe!!'~-CN-Co'"! and Fe!'-CN-Co'!!, re-
spectively. In addition, Fe"-CN—Co'""-A also attains its highest
intensity. A potential increase from 0.9 to 1.2 V does not lead to
further spectroscopic changes, indicating that the composition
of oxidation states remains constant in this potential window. It
should be pointed out that the spectral changes are reversible, i.e.,
a cathodic scan of potentials from positive potentials to OCP can
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Figure 4. a) An in situ VSFG spectra of a Co-PBA film deposited on
TiO,/Au substrate in 1 mm TBABF,/DCM solution at stepwise increas-
ing potentials (—0.1,0, 0.2, 0.4, 0.7, 0.9, and 1.2 V). The spectra represent
the CN stretching vibration of Fe?-CN-CoP units. The curves were verti-
cally offset to ease visual inspection of the data. b) Oscillator strength (A;)
of the individual species of the deconvoluted VSFG bands as a function
of potential from the spectra in Figure 3a. The A; is proportional to the
relative contribution of a species to the overall signal. The spectra were
normalized versus OCP data.

reproduce the results discussed above (see Figure S7, Supporting
Information). In this potential scan, all structural formation is
related to the oxidation of the cobalt center (Co — Co'™). There-
fore, the VSFG not only correlates with the main voltammetric
processes observed by the CV but also provides significant infor-
mation about the interfacial structure of Co-PBA, which is crucial
for understanding charge transfer mechanisms for EC and PEC
applications.

3. Conclusion

In summary, surface-specific in situ VSFG spectroscopy eluci-
dated the compositional and electronic evolution of Co-PBA in-
terfaces during the electrochemical oxidation of the material.
The methodology is applied for the first time to Prussian Blue
analogs and reveals structural and oxidation-state information
from both the Co-PBA|electrolyte and the Co-PBA|TiO,-electrode
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interfaces. Our findings showcase that the metal sites in the in-
terface undergo different structural changes than the ones in the
bulk. The advancement of surface and interface-sensitive tech-
niques is critical to distinguish potentially catalytically active sites
from the bulk of the material and to unravel the catalytic mecha-
nism. The happy pairing of VSFG and electrochemistry provides
us with the platform to investigate the photocatalytic and pho-
tochemical properties of Prussian blue structures at suitable in-
terfaces. Our molecular-level analysis of the electrolyte-electrode
interface provides the basis for a variety of scientific and techno-
logical applications, including energy storage and electrocataly-
sis.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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