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Electroactive Prussian Blue Analogues/TiO,
Nanocomposites Obtained through SILAR Assembly in
Mesoporous Nanoarchitectures

Priscila Vensaus*,® " Rolando M. Caraballo*,® "< Emiliano Tritto,"
Cynthia C. Fernandez,™"® Paula C. Angelomé,™ M. Cecilia Fuertes,”” Federico J. Williams,™®!
Galo J. A. A. Soler-lllia,*™“ and Luis M. Baraldo*® "

The preparation of nanomaterials for energy applications such
as intercalation batteries and materials that can act as
substrates for water oxidation is a subject of major interest
nowadays. In this work, we report the deposition of Prussian
blue (PB) and its cobalt analogue (CoPBA) on mesoporous
titania thin films (MTTF) using the successive ionic layer
adsorption reaction (SILAR) technique under soft conditions. A
bifunctional ligand, 1,10-phenanthroline-5,6-dione (pd), was
used to functionalize the titania surface and promote the
growth of PB and CoPBA. The resulting PB@MTTF and
CoPBA@MTTF nanocomposites were characterized using several

Introduction

To overcome the challenge of global warming it is imperative
to transition from the current energy matrix, built on fossil fuels,
to one based on renewable sources.” Nonetheless, even if the
source is renewable, energy needs to be stored and carried in
environment-safe ways.”) Therefore, energy conversion and
storage requires the development of innovative batteries as
well as an efficient production of clean fuels.*” Among the
proposed fuels, molecular hydrogen has attracted attention,
given its low molecular weight and high energy content per
mass unit.®! The fact that it can be obtained from a natural and
abundant raw material, such as water, by simple electrolytic
methods makes it even more appealing.”'? Thus, the water
splitting (WS) electrochemical reaction to obtain molecular

techniques and it was determined that PB and CoPBA grow in a
controlled and sequential manner, maintaining the mesoporous
architecture. Both PB@MTTF and CoPBA@MTTF demonstrated
very good electroactive properties, while CoPBA@MTTF exhib-
ited water oxidation capabilities. The flexibility of this
PBA@MTTF platform allows the incorporation of any labile
transition metal ion or fragment into the structure of the
coordination polymer embedded into a mesoporous matrix,
opening the door for (photo)electrochemical devices and
catalysts.

hydrogen and oxygen has been thoroughly studied,"*" and

efforts are being made to develop new low-cost catalysts for
this reaction and push their efficiency to make the whole
process economically viable.®

Homogeneous catalysts have been studied with good
results and the reaction mechanisms are now well understood
in some systems, particularly those employing ruthenium and
iridium coordination complexes."”*” However, these metals are
expensive and have a low natural abundance. On the other
hand, heterogeneous catalysis is an attractive approach for
implementation on a larger production scale, since the catalyst
can be easily removed and replaced if necessary. Furthermore,
the use of materials such as oxides, phosphates and oxy-
hydroxides based in first-row transition metal explores the
possibility to obtain cost-effective and environmentally friendly
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photoelectrodes with improved functionality,?"” and have been
studied for water oxidation.”?*” In addition, the combination of
a heterogeneous WS catalyst and a photoactive material brings
up the possibility of harnessing solar energy to activate WS,
opening a potential path towards large-scale solar fuel
production.-2"

Coordination polymers (CP) are an attractive option to
explore as heterogeneous catalysts. These materials maintain
characteristics of coordination chemistry which can be trans-
lated to synthetic procedures and mechanism
rationalization.”®* The use of different ligands or post-synthetic
functionalization allows for the acquisition of a wide range of
tunable properties. Some of the simplest CP present excellent
catalytic activity, while they keep costs low and can be prepared
using soft synthetic methods. Prussian blue (PB, Fe,'[Fe"-
(CN)¢l,-nH,0) and Prussian Blue Analogues (PBA, M,"[Fe"-
(CN)gl,-nH,O where M is a transition metal), including the ones
containing cobalt, zinc and manganese, are some of the most
well-known examples.?**" PB and PBA have aroused enormous
interest in the last years as electroactive materials due to their
open framework structure that leads to high accessibility and
reversibility, together with their low cost and simple
processing.?**>*% These materials have been used for a wide
range of energy storage and conversion applications, such as
metal ion batteries, supercapacitors and water electrolyzers.*’"
The chemistry of these electrodes is critical for the device
performance, as they are based on intercalation of metal ions or
on surface-mediated catalytic processes.*"*?

Moreover, combination of PB and PBA with other materials
can be wused to obtain multifunctional electrodes or
photoelectrodes.®® These nanocomposites can be designed to
have properties that emerge from the interaction between the
discrete chemical species, the oxide interface and its structural
organization.”¥ In this regard, the use of transition metal oxide
based mesoporous thin films of titania, ceria and zirconia, pose
a high interest. Their high surface area and interconnected pore
system turns them attractive as structural materials; while their
band gap energy and transparency in the visible range makes
them suitable for photoassisted reactions.”! As a result, these
nanocomposites have already shown a wide range of
applications™™® and have potential for many more.

On the synthetic approach, one of the most appealing
characteristics of CP is that they can be readily deposited on
surfaces through the widely used successive ionic layer
adsorption and reaction (SILAR) procedure.***” This method
allows excellent control in every step of the synthesis, even
when introducing tuning points like ligands or ions. As
mentioned above, deposition of a CP over a high surface area
substrate could boost the catalyst capabilities. Also, their
surface reactivity allows for further functionalization, opening a
vast range of possibilities to design new composites.”' In this
sense, the use of SILAR on metal oxides substrates can be
enhanced by applying a first molecular layer that promotes
nucleation and direct CP growth through specific interactions,
like coordination or m-stacking. The result is a controlled
synthetic procedure and a material with reproducible proper-
ties.
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In this work we present the synthesis of electroactive
nanocomposites of PB and its cobalt analogue (CoPBA) inside
the pores of mesoporous titania thin films (MTTF). The materials
were prepared through a SILAR approach, using the bifunc-
tional ligand 1,10-phenanthroline-5,6-dione (pd) for titania
surface functionalization. This ligand acts as nucleation center
for PB and CoPBA and enhances growth inside the pores.
Resulting nanocomposites are highly tunable, robust, and
present good electroactive properties. Furthermore, we demon-
strate that CoPBA shows catalytic activity for water oxidation
that could be advantageously used in the production of solar
fuels.

Results and Discussion
Material synthesis and characterization

Mesoporous TiO, thin films were prepared by sol-gel method-
ology, using a triblock copolymer as template for the pores.”>*®
This procedure leads to a crack-free MTTF, with a highly
organized array of 8 nm diameter pores with an Im3m cubic
structure,””’ 50% pore volume and 150 nm thickness (See
Experimental Section for details). The composites were synthe-
sized using the SILAR technique, which allowed a controlled
growth of the CP. This simple approach consists of several
consecutive steps, schematized in Figure 1. In the first step the
oxide surface is modified with the bifunctional ligand 1,10-
phenanthroline-5,6-dione (hereafter, pd) that serves as a surface
anchor for CP growth. In the second step, the film is immersed
in an Fe(ll) solution, which binds to the surface attached pd. In
the next step [Fe(CN)s*~ is attached to Fe(ll) through the
cyanide bridge. From there on, SILAR cycles involve immersion
on Co(ll) or Fe(ll) solution, followed by immersion on the
[Fe(CN)¢*~ solution. After every step, the film was water-rinsed
to remove excess reagents. The formation of clusters on the
external surface was minimized by carefully cleaning the sample
with optical paper after each SILAR cycle.®® Repeating the SILAR
cycles allows controlling the CP amount to obtain PB@MTTF
and CoPBA@MTTF films.

Influence of the molecular linker

The use of the molecular linker pd is crucial for obtaining an
ordered and controlled deposition of PB within the mesoporous
structure. As described for similar ligands,®**" the carbonyl
groups bind to the Ti(lV) surface sites, generating a layer in
which the N,N’-phenanthroline functionality remains available
to coordinate transition M(Il) metal ions (Figure S1).°? Fig-
ure 2A-D shows scanning electron microscopy (SEM) images of
film surfaces following 4 SILAR cycles, comparing composites
prepared with and without pd. In Figure 2A, PB synthesis was
conducted without the presence of the molecular linker pd.
This image reveals the characteristic mesoporous structure of
the MTTF, albeit with small irregular particles on top of the film.
Moving to Figure 2B, we observe that the particles are not
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Figure 1. Scheme of the SILAR synthesis of PB@MTTF nanocomposites.
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Figure 2. Figure 2. Top-view SEM images for PB@MTTF nanocomposites, (A, B) prepared without pd after 4 SILAR cycles and (C-F) with pd after 4, 6 and 8

cycles. Insets show schemes representing pore filling with PB.

homogeneous, and they are scattered across the MTTF, cover-
ing the entire sample surface. Figures 2C-D and Figure S2
feature samples where PB synthesis was carried out with the
incorporation of pd as the first step. In this scenario, the
mesoporous structure is clearly discernible, devoid of any
surface particles (Figure 2D). Moreover, Figure 2C provides an
extended view of the same sample, reaffirming the absence of
particles above the mesopores. In essence, our results reveal
that in the absence of the molecular linker pd, PB growth
extends beyond the mesopores, leading to particle formation
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on the MTTF surface. This demonstrates that the surface
molecular linker is crucial for the confined growth of PB within
the mesoporous framework. Increasing the number of SILAR
cycles leads to a tunable filling of the mesopores, as shown in
Figure 2E-F. The mesoporous structure is clearly visible until
the 8" SILAR cycle, after which the pores are filled up. Here, a
granular morphology typical of PB films deposited over non-
porous substrates appears.”*”

The chemical composition of PB@MTTF after 6 SILAR cycles
was analyzed using XPS measurements. Figure 3 shows the
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Figure 3. Fe 2p;,, and N 1s XPS spectra of PB@MTTF composites and the corresponding deconvolution of the peaks.

Fe 2p;,, and N 1s XPS spectra corresponding to PB@MTTF. The
Fe 2p;, spectrum shows one contribution at low binding
energy and a broad peak consisting of two contributions at
higher energies. Thus, the spectrum could be fitted with three
peaks at 708.4, 710.8 and 712.7 eV. The peak at 708.8 eV
corresponds to Fe(ll) while the peaks at 711.2 and 713.1 eV are
due to the multiplet splitting expected for the Fe(lll) ions.***"!
The N 1s region shows two main contributions. The low binding
energy peak at 397.5 eV is due to the CN~ group,”® whereas
the main peak at 399.9 eV is due to the pyridinic N in the pd
ligand.®® An extra peak at 401.2 eV could be added to account
for the nitrogen atoms in the pd ligand coordinated to Fe ions.
Note that attachment of Fe(ll) to pd ligands should increase the
N 1s binding energy.”” The intensity ratio between the pyridinic
N (399.9 eV) and N—Fe (401.2 eV) peaks shows that most of the
pd ligand is in its free form. In addition, the N 4 to N¢y intensity
ratio is 3.9:1, indicating that there is one CN~ group for every
two pd molecules. These two facts together imply that the
PB@MTTF film does not grow uniformly, instead we suggest
that growth proceeds via the formation of clusters that start
growing at the sites where the pd ligand is coordinating an
Fe(ll) ion.

PB growth

The growth of PB@MTTF was studied using UV-vis spectro-
scopy. The appearance of a deep-blue color in the film is
indicative of the nanocomposite formation (Figure 53).°® The
origin of this coloration is the metal-to-metal charge transfer
(MMCT) band of the polymeric [Fe'-CN-Fe"] sequences, ob-
served at 695 nm in the spectra shown in Figure 4A, the same
as for bulk PB.* Even for the first growth cycle, the band is
already noticeable thanks to the incorporation of a considerable
amount of the CP on the large specific area of the MTTF. With
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an increase in the number of SILAR cycles, the MMCT
absorption band becomes more intense, showing a linear
relation with the number of cycles, indicating that roughly the
same amount of PB is incorporated in each cycle (Figure 4B).
After the 8" cycle, the absorbance growth is still linear, but the
increase between successive cycles becomes smaller.

FTIR spectra were also used to follow film growth, making
use of the strong absorption around 2080 cm™' characteristic of
the C=N bond. PB@MTTF spectra showed an increase in
absorbance at 2086 cm™' with the increase of SILAR cycles
(Figure 4C, D). The infrared absorbance follows the same
behavior as the one observed with UV-Vis spectroscopy: a
linear increase in the first seven cycles, levelling off after the 8™
SILAR cycle.

The change in pore accessibility of PB@MTTF with different
number of SILAR cycles was quantified using X-ray reflectom-
etry (XRR) measurements (Figure S4). The MTTF sample shows a
clear displacement in its critical angle when humidity is
increased. From these measurements, an accessible porosity of
50% is calculated, which is in good agreement with previous
results in similar systems.”® When PB is deposited over MTTF,
the accessible porosity decreases. Indeed, Table 1 shows that as
the number of SILAR cycles increases, the accessible porosity
decreases, reaching 5% after 9 SILAR cycles due to PB filling.””
This is an indication of the progressive filling of the MTTF pores.

Table 1. Accessible porosity for PB@MTTF with different number of SILAR
cycles.

N° SILAR cycles Acc. Porosity [%]

0 50
3 17
6 10
9 5
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Figure 4. UV-Vis spectra of PB@MTTF nanocomposites with increasing number of SILAR cycles (A), and absorption at the maximum (Abses) vs number of
SILAR cycles (B). FTIR absorption spectra for PB@MTTF, showing the vcy band as a function of SILAR cycles (C) and absorbance at 2086 cm™' as a function of

SILAR cycles (D).

Nonetheless, the pore network is still accessible, particularly for
a low number of cycles. From nine cycles and beyond, the
remaining porosity is probably due to PB particles roughness.

The obtained results suggest a two-step growth process of
PB on MTTF. A schematic representation of this process is
shown in Figure 5. During the first SILAR cycles, PB growth
within the mesopores is favored due to preconcentration”" and
increased surface areas of the empty pores (Figure 5B 1-3). This
leads to a large increase in the amount of PB deposited, as seen
with UV-vis and FTIR spectroscopies. When the pores are filled
up, the available surface area is much smaller. This results in a
significant decrease in the amount of PB incorporated in each
cycle, leading to a change in slope and morphology after the 8"
SILAR cycle. (Figure 5B 4).

Abs

N° SILAR cycles

Electrochemical performance: connectivity within the pores

The high surface area and controllable accessible porosity of
MTTF are unique features that can be exploited in the
generation of catalytically active nanocomposites. For
PBA@MTTF nanocomposites, the pore space is still accessible,
as determined by XRR, and a high interface is achieved.
Therefore, electrochemical currents are expected to be higher
than those observed in low surface area substrates. This feature
is particularly relevant in the development of intercalation
batteries,”® sensors”>”¥ and catalysts.””!

A typical cyclic voltammogram of PB@MTTF prepared using
4 SILAR cycles is presented in Figure 6. Redox peaks are

observed at E,,=214 mV and 873 mV in this case.

pd

® Fez
Fe(CN)g*

@ =

Figure 5. Scheme of the absorbance response on SILAR cycles (A) and a corresponding idealized model of PB growth within the mesopores (B). The molecular
linker pd binds to the TiO, walls. After the first SILAR cycle (1), Fe?" binds to some of the free pb linkers and Fe(CN)¢*~ binds to it, forming the first nuclei for
PB formation. After several SILAR cycles, PB grows on these nuclei (2). With each SILAR cycle, PB particles grow leading to a linear increase in absorbance.
After 8 cycles, the pores are filled up (3). Further SILAR cycles lead to PB formation on top of the MTTF (4), and a lower increase in absorbance.
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Figure 6. Cyclic voltammogram of PB@MTTF nanocomposite prepared using
4 SILAR cycles. Scan rate 50 mV.s™" in pH 7 phosphate buffer.

The observed behavior is similar to that described for the
bulk materials,”*”® but with slightly shifted redox potentials.
The PB@MTTF nanocomposite shows the two known redox
processes in the explored window of potentials. PB (Fe"-Fe") is
reduced to form Prussian White [Fe'-Fe", Eq. (1)] at cathodic
potentials (E <214 mV), while in the anodic region (E>873 mV)
PB is fully oxidized [Fe"-Fe", Eq. (2)].®

Fe",[Fe"(CN)s); +4 e~ + 4K" = K,Fe'",[Fe"(CN)g];

1
Eij = 214mV, E; oy = 234 mV (1)

Fe",[Fe"(CN)¢]; + 3 NO;~ = 3 e~ + Fe",[Fe" (CN),]5(NO;),

2
Ei ), = 873 MV, E; jpopu = 909 mV @)

The use of transparent MTTF electrodes enabled the
spectroelectrochemical investigation of the nanocomposites
under cycling.”™ The spectroelectrochemistry of PB@MTTF
allowed us to further characterize the cathodic peak, where the
reduction is accompanied by bleaching in the visible part of the
spectra due to the loss of the MMCT transition (Figure S5).

The fact that redox bands are observed for each species
shows that the immobilized Prussian blue presents electrical
communication. For moieties anchored to the surface of

0 100 200 300 400

E (mV vs. Ag/AgCl)

insulating materials, electron transfer usually occurs through an
electron hopping mechanism between neighboring sites. The
higher the density of surface groups, the higher the current
achieved.”” Semiconductor substrates, such as titania, also
improve electron transfer. Electrolyte ions diffusion is needed in
order to maintain charge balance and, when diffusion is fast
enough and does not become the rate determining step, peak
currents are proportional to the scan rate.” If diffusion is slow,
peak currents show a linear behavior with the square root of
scan rate.”” For PB@MTTF, peak currents have a linear relation-
ship with the increase in the scan rate from 5mV.s™' to
400mV.s™', as can be observed in Figure7 (R?=0.992).
Furthermore, no linearity is observed with the square root of
the scan rate (Figure S6). This is further evidence that PB is
immobilized in the pore walls of MTTF. Also, peak-to-peak
separation grows with the scan rate, while E,,, is independent,
which is analogous to what was previously reported for similar
immobilized materials.®”

The stability of the PB@MTTF composites was studied
through cyclization around each redox process independently.
The results for PB@MTTF after 4 SILAR cycles are shown in
Figure S7. The process at lower potential is completely rever-
sible and retains its current even after 15 cycles, while cycling
around the oxidation process results in a significant current
intensity decrease, suggesting that desorption occurs to some
degree.

Each SILAR cycle results in an increase in peak current due
to the higher PB loading (Figure S8). The peak current of the
cathodic peak grows linearly with the number of cycles until
the 8™ SILAR cycle, when the pores are filled up. This behavior
correlates with the one observed by UV-Vis and FTIR spectros-
copies. Also, peak-to-peak separation for both redox processes
in PB@MTTF gets larger with each SILAR cycle, with a sharp
increase from the 6™ cycle onwards (Table 2). A smaller peak
separation indicates a more reversible electron transfer process.
A less reversible process takes place with more layers, i.e., when
the content of PB increases. This could be related to the need
for cation insertion during the reduction of PB, essential in
maintaining electroneutrality. Cation insertion in PB results in a
structural deformation (expansion), as well as a distinct electro-
chemical response when changing the electrolyte from KNO; to
NaNO;, as reported in the literature.® The same dependence

120{g T T T T
100
80+

60

I (nA)

40-
20-

0

0 100 200 300 400
Scan rate (mV.s™)

Figure 7. Voltammogram at different scan rates of PB@MTTF, 4 SILAR cycles, in pH 7 phosphate buffer (A); peak current vs scan rate for the same film (B).
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Table 2. Peak to peak separation for PB@MTTF redox potentials (AE, in mV).

Number of SILAR cycles 2 3 4 5 6 7 8
AE (E,,=214 mV) 336 41.6 526 439 103.6 1145 159.5
AE (E,,=873 mV) 35.5 45.6 54.5 538 1426 1195 169.5

was observed in PB@MTTF nanocomposite (Figure S9), indicat-
ing that ions permeate through the PB located within the
mesoporous structure. However, as the PB film thickens, the
diffusion of cations within the pore network becomes more
challenging, possibly due to the significant reduction in
porosity, which could ultimately limit the overall charge transfer
process.

Changing M**: towards an ordered OER catalyst based in
CoPBA

Influence of pH in the material synthesis

For CoPBA synthesis, a CoCl, solution was used after the first
SILAR cycle, which is performed using the Fe(SO,)(NH;),
solution, as Fe** binds to pd with higher affinity. The growth
process of CoPBA@MTTF was followed by SEM and FTIR
spectroscopy. UV-vis spectroscopy results are not significant in
this system, as the MMCT band is less intense than in PB,
leading to almost no color and thus no signal of absorbance in
the composite.

When the CoCl, solution was used as-prepared (pH ~5),
high amounts of CoPBA were deposited, forming large cubic
nanoparticles on top of the mesostructured film, which is
undesirable (Figure 8A-B). To favor a highly controlled deposi-
tion within the pores, the solution pH was changed to 4, a pH
closer to that measured of the Mohr salt used for PB deposition.
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The pH of the solution affects the adsorption and formation of
the CP because several acid-base equilibria are involved, and
the TiO, surface —OH density, pd protonation and Co”*(aq)
speciation depend on pH. These features change the interaction
of the metal ion with the pore surface and affect the adsorption
rate.

For CoOPBA@MTTF grown at pH 4, the intensity of the vqy
band in the IR spectrum follows a linear increase with the
number of SILAR cycles. Intensity is smaller than for PB@MTTF,
but its controlled and steady increment indicates that the
composite is growing (Figure 8C). This procedure resulted in a
composite material with almost no particles on the surface
(Figure 8D). In this case, no change of slope is observed in FTIR
measurements, indicating that the pore saturation is not
achieved within the number of SILAR cycles performed. These
results show the critical influence of the solution pH during
cation adsorption in the controlled formation of CoPBA within
the mesopores. Higher pH leads to formation of cubic nano-
particles on top of the MTTF, as seen in Figure 8B, while a lower
pH allowed us to avoid this.

Electrochemical performance

Cyclic voltammograms of CoOPBA@MTTF prepared using 4 SILAR
cycles are shown in Figure 9. The CoPBA@MTTF nanocomposite
shows two different redox processes at E,,=296 mV and
756 mV. Upon the formation of CoPBA, an internal electron

&5

6 cycles

6 cycles

Figure 8. FTIR absorbance spectra showing the v band and absorbance at 2108 cm™ as a function of SILAR cycles and SEM top-view for COPBA@MTTF
grown by direct dissolution of CoCl, (A, B) and after adjusting the solution pH to 4 (C, D).
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Figure 9. (A) Cyclic voltammogram of the COPBA@MTTF nanocomposite, 4 SILAR cycles, grown at pH 4, scan rate 50 mV.s™' in pH 7 phosphate buffer.
(B) Oxygen evolution catalysis at bare MTTF, 4 SILAR cycles COPBA@MTTF before and after extra Co>* incorporation.

transfer from Co(ll) to [Fe(CN),J*~ occurs, generating the mixed-
valence form of CoPBA (Co"Fe"). Then, the reduction to Co(ll) is
assigned to the cathodic peak, as previously described.” On
the other hand, the peak at higher potentials is assigned to the
oxidation of the [Fe"(CN)¢]*~ moiety to form the fully oxidized
form (Co"Fe™).

Films of Cobalt Prussian Blue Analogue deposited over
different substrates have shown to be active for the oxidation
of water in neutral media,®***®' and CoPBA@MTTF composites
are not an exception. Figure 9A shows the cyclic voltammetry
of CoPBA@MTTF at pH 7. A catalytic wave is observed at high
oxidation potentials (>1.2V), which is attributed to oxygen
evolution. Figure 9B shows the comparison between bare MTTF
and a CoPBA@MTTF with 4 SILAR cycles. An additional
immersion of the film into the CoCl, solution increases the
obtained current while also decreasing the onset oxidation
potential (E, =128V for CoPBA@MTTF and 125V for
CoPBA@MTTF with an extra immersion in Co(ll) solution,
Figure S10).The additional Co ions incorporated in the last step
certainly do not present a saturated coordination sphere, and
these extra open coordination sites can act as additional
catalytic sites for the water oxidation reaction. The measured
onset potential is consistent with previous studies on CoPBA®?
(Eonset ~1.26'V), although the current observed at these
potentials is lower. We attribute this discrepancy to the
considerably lower loading of the catalytic material in our films,
which could be further optimized for higher currents in future
work.

Conclusions

Nanocomposites made up of Prussian blue and its cobalt
analogue CoPBA embedded within mesoporous titania thin
films were obtained through a simple, soft and highly tunable
SILAR treatment. We also showed the important influence of a
surface linker species (pd) used as a controller of PB nucleation
within the mesopores. This led to a smooth and continuous
pore filling. The multi-technique characterization allowed a full
portrayal of these materials obtained by different synthetic

Eur. J. Inorg. Chem. 2024, 27, €202300576 (8 of 11)

procedures, from finely tuned pore loading with PB@MTTF or
CoPBA@MTTF to surface segregated particles. Surface modifica-
tion of the MTTF porous structure permits to tune PB growth in
a stepwise and controlled way, where material properties
change smoothly and in a controllable fashion as the
mesopores are filled up. Furthermore, these nanocomposites
are electroactive and transparent while retaining their porous
structure, making them attractive for future electro- and photo-
electrocatalytic applications. PB@MTTF in particular could be
further studied for intercalation batteries, while CoPBA@MTTF
presents an interesting catalytic activity toward oxygen evolu-
tion that could be further optimized. The flexibility of this
PBA@MTTF platform allows for the incorporation of any labile
transition metal ion or fragment into the structure of the
coordination polymer and into the mesopores. Thus, this work
provides the reproducible procedures for the design and
synthesis of a family of composites made up of a straightfor-
ward combination of mesoporous materials and coordination
polymers that can be the base for (photo)electrochemical
devices. Having demonstrated electroactivity and connectivity
of the metal centers towards OER, future work is aimed at an in-
depth study of nanocomposite photoanodes produced through
this simple, tunable, and reproducible route, with solar fuel
production as target application.

Experimental Section

All chemicals were reagent grade and used without further
purification. TiCl,, non-ionic block-copolymer Pluronic F127
((PEO)4(PPO),,(PEO),os Where PEO=poly(ethylene oxide) and
PPO =poly(propylene oxide)) and absolute ethanol were purchased
from Merck. 1,10-phenanthroline, K;[Fe(CN)¢], concentrated HCl and
CoCl,-6 H,0 were purchased from Sigma-Aldrich. Fe(NH,),(SO,),-6
H,O, K,HPO, and KH,PO, were purchased from Biopack. Glass
substrates were purchased from Biotraza, indium tin oxide (ITO)
coated glass was purchased from Marienfeld-Superior, fluorine-
doped tin oxide (FTO) coated glass was purchased from Delta
Technologies and silicon wafers were purchased from University
Wafer. All solutions were prepared using Milli-Q water (Elga System
UHQ, 18 MQcm™). The ligand 1,10-phenanthroline-5,6-dione (pd)
was prepared according to literature procedures.®
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Mesoporous TiO, thin films

MTTF were synthesized onto different substrates according to
literature procedures.®®®” Briefly, initial sols were obtained by
mixing TiCl, ethanol, copolymer template Pluronic F127 and water
in a 1:40:5x107°:10 molar ratio. Films were deposited by dip-
coating on clean glass substrates, ITO coated glass or silicon wafers
at 30°C, 25-30% relative humidity (RH) and 2.0 mm.s~' withdrawal
rate. As-prepared films were aged 24 h at 50% RH. Further thermal
treatment was performed by heating 24 h at 60°C, 24 h at 130°C
and 2 h at 350°C, with a heating ramp of 1°C.min~".

PB growth on MTTF

The preparation of confined Prussian Blue (Fe;[Fe(CN)¢l,; PB@MTTF)
and its cobalt analogue (Co,Fe(CN)sl;; CoPBA@MTTF) was done
using a successive ionic layer adsorption and reaction (SILAR)
approach based on previous work.””*® MTTF films were first
immersed overnight in a 5 mM solution of pd in ethanol and then
30 min in pure ethanol to remove the non-specifically bound
ligand. This procedure forms the anchoring ligand layer. The pd-
functionalized films were then immersed for 30 min in a 50 mM
solution of Fe(NH,),(S0,),.6 H,0, followed by rinsing with water and
immersed for another 30 min in a 50 mM solution of K;[Fe(CN)].
Afterwards, the film surface was gently cleaned with optical paper
to remove superficial particles and to avoid growth outside the
mesopores. To continue the CP growth, a new immersion in a
50 mM solution of M(Il) (either Fe(NH,),(SO,),.6 H,0 or CoCl,.6 H,0)
for 30 min was done. Two different treatments were made for
obtaining the CoPBA@MTTF. The first was performed by dissolving
cobalt chloride in water, while the second was done by acidifying
the same solution to pH=4.0 with HCI (c). Finally, in both cases, the
films were rinsed with water and immersed for another 30 min in a
50 mM solution of K;[Fe(CN)s] and the film surface was cleaned.

Materials characterization

The growth progress of the composite material on glass or ITO
substrates was monitored through UV-Vis absorption spectroscopy
on an HP8453 Hewlett-Packard spectrophotometer. The spectra
measurements were made by immersing the film in ethanol, using
a Teflon piece designed to hold it inside a quartz cuvette
controlling the exposed area.

FTIR absorption spectra for composite growth analysis were
collected on the thin films deposited onto silicon wafer substrates,
using a Nicolet FTIR 510P spectrometer.

Field Emission Scanning Electron Microscopy (FE-SEM) images were
obtained on an SEM Zeiss Supra 40 equipped with a field emission
gun from CMA - FCEN-UBA.

X-ray photoelectron spectroscopy (XPS) measurements were made
in an ultrahigh vacuum (UHV) chamber. The chamber is equipped
with a monochromatic Al Ka X-ray source and a hemispherical
SPECS electron energy analyzer. PB@MTTF with 6 SILAR cycles on
ITO coated glass was used for these measurements.

X-ray reflectometry (XRR) measurements were performed on a
Panalytical Empyrean X-ray diffractometer with an incident beam of
Cu Ka radiation at 1.54 A. A divergence slit of 0.05 mm and a mask
of 10 mm were used for the measurements®™ The samples
accessible porosities was calculated from XRR data by measuring
the change in the critical angle (indicative of the thin film electronic
density) when the RH changes from < 5% (i.e. the pores are full of
air) to >90% (i.e. the pores are filled with water). For that purpose,
first the films were carefully dried at 60°C and kept under dry
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atmosphere. XRR measurements were performed using a chamber
whose humidity was controlled by introducing silica gel (to
decrease RH) or boiling water (to increase RH).

The increment in the film density at high RH values was considered
only due to the water content in the pores. After this assumption,
the water volume fraction (F,(H,0)) within the film was determined
from the measured electronic densities using Equation (3). Under
this conditions, the calculated F,(H,0) is equivalent to the accessible
porosity (P) of the material.

Pe (f’lm + HZO) — pe( fllm)
P=F,(H,0) =
v( 2 ) Pe(HzO) (3)

where p,(film +H,0) is the electronic density of waterfilled film
(measured at high RH), p.(film) is the electronic density of the film
(measured at low RH) and the p,(H,0) is the water electronic
density.

Electrochemical experiments were performed with a TEQ V3.0
potentiostat from nanoTEQ and TEQ_03 software. A standard three-
electrode array was used, consisting of a platinum mesh counter
electrode, Ag/AgCI/KCl 3 M electrode as reference and PB@MTTF or
CoPBA@MTTF on ITO coated glass as the working electrode.
Supporting electrolyte was KNO; 1M in 50 mM pH 7 phosphate
buffer. Spectroelectrochemical measurements were made using a
silver wire as reference instead, with UV-Vis absorption spectra
recorded on an HP8453 Hewlett-Packard spectrophotometer. The
film was supported in the cuvette by a Teflon piece adapted to
hold the reference and counter electrodes.

The onset potential for OER was estimated as the intersection
between the linear extrapolation of the catalytic current and the
current before the sudden increase. For comparison, data was
extracted from Ref. [35] (Figure 3) and the E,... was estimated in
the same way.
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