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The stabilization of metal—oxide-bound molecular catalysts is essential
for enhancing their lifetime and commercial viability in heterogeneous
catalysis. This is particularly relevant in dye-sensitized photoelectro-
chemical cells (DSPECs), where the surface-bound chromophores and
catalysts exhibit instability in aqueous environments, particularly at
elevated pH levels. In this work, we have successfully employed mole-
cular layer deposition (MLD) to stabilize ruthenium-based catalysts
(RUCP(OH,)?*, denoted as RuCat). The application of polyimide (Pl) via
MLD onto the porous nanolTO surface significantly improved the
stabilization of RuCat molecules for water oxidation. Additionally,
time-resolved photoluminescence (TRPL) spectroscopy and femtose-
cond transient absorption spectroscopy (fs-TAS) results indicated that
the MLD-deposited Pl effectively preserved the robust redox capacity of
the photogenerated electron—hole pairs associated with the catalyst
molecules, thereby facilitating more efficient charge transfer. This
research presents a novel approach for stabilizing surface-bound small
molecules, which may contribute to advancements in heterogeneous
catalysis and enhance its commercial viability.

1. Introduction

Water splitting is a highly promising approach for converting
solar energy into chemical bonds." In this process, water
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New concepts

We propose that the surface binding stability of a water oxidation catalyst
(RUCP(OH,)*") over a wide pH range (2-12) can be enhanced by molecular
layer deposition of an overlayer of polyimide. (1) The molecular layer
deposition of polyimide increased the stability of surface binding, and
the reactivity of the bound catalyst. This marks the first instance of using
molecular layer deposition of polyimide to stabilize RuCat. (2) This work
provides a hybrid approach to heterogeneous catalysis. It combines the
advantages of systematic modifications achievable through chemical
synthesis with heterogeneous reactivity.

oxidation is a challenging reaction that requires four electron-
hole transfer.>? In particular, in pH-neutral media, the slow
oxygen evolution reaction (OER) limits the overall efficiency of
producing renewable fuels and feedstocks through electricity or
photoelectrochemical catalysis. Molecular catalysts provide
valuable insights into the water oxidation mechanism. Yet,
the stabilization is crucial for their lifetime and commercial
feasibility in water oxidation, as surface-bound catalysts tend to
be unstable in aqueous environments, particularly at elevated
pH levels. Numerous methods have been developed to immo-
bilize coordination complexes on oxide surfaces, including
chemical vapor deposition (CVD), atomic layer deposition
(ALD), strong metal-support interactions (SMSI), the Stober
method, and non-hydrolytic sol-gel (NHSG) methods. In some
instances, a trade-off exists between activity and stability,
particularly with CVD.* SMSI has primarily been employed to
create bifunctionality at the interfaces of metal-metal
oxide systems, establishing new pathways to enhance catalytic
activity; however, this phenomenon is predominantly observed
with group 8B metals.>® Limitations persist in these processes,
especially concerning core-shell structures, Stober synthesis,
and NHSG methods.”® The challenges of controlling shell
thickness and porosity in these architectures remain significant
concerns. The formation of thin layers of inorganic metal
oxides via atomical layer deposition (ALD) has been reported
to be an effective and reliable approach for stabilizing catalyst

This journal is © The Royal Society of Chemistry 2025


https://orcid.org/0009-0002-0499-2978
http://crossmark.crossref.org/dialog/?doi=10.1039/d4mh01274g&domain=pdf&date_stamp=2024-11-25
https://doi.org/10.1039/d4mh01274g
https://doi.org/10.1039/d4mh01274g
https://rsc.li/materials-horizons
https://doi.org/10.1039/d4mh01274g
https://rsc.66557.net/en/journals/journal/MH
https://rsc.66557.net/en/journals/journal/MH?issueid=MH012004

Published on 20 2024. Downloaded on 28/07/25 07:09:56.

Communication

molecules on oxides.’ However, the ultra-thin metal oxide layer
is only weakly attached to the catalyst. This can add an extra
energy barrier to restrict the diffusion and migration of catalyst
molecules on the biphasic support surface.'® Furthermore, the
necessity for low-temperature processing and the requirement
for high vapor pressure precursors at low temperatures have
limited the variety of materials applied in ALD to date. Additionally,
an ALD-introduced thin layer may change the conduction band
potential of the substrate. This leads to a notable reduction in
injection yields and an increase in emission, which is detrimental
to the photoelectrochemical performance.""> The partial deposi-
tion of oxide beneath the molecular layer during the ALD process
may result in a greater separation distance between the substrate
and molecular layer, affecting interfacial charge transfer and the
catalysis efficiency.

The capability of multistep molecular layer deposition
(MLD) to utilize molecular structure and chemistry offers a
viable solution to the above issues."®'* As the sister technique
of ALD, MLD was first coined in 1991 by Yoshimura and
colleagues.”® MLD is employed to deposit both organic and
hybrid (inorganic-organic) films, in contrast to ALD, which is
primarily used for the growth of inorganic films. MLD films
offer several advantages over their ALD counterparts: (1) due to
their high flexibility, MLD films can effectively mitigate the
occurrence of defects when subjected to strain, unlike the
relatively brittle ALD metal oxide films that are prone to defect
formation under similar conditions.'®"” (2) MLD films exhibit a
significantly lower density compared to ALD metal oxides. (3)
MLD thin films allow for the fine-tuning of the mechanical
properties, including density, refractive index, elastic modulus, and
hardness, by adjusting the ratios of organic components.'®'® (4)
The removal of organic components from MLD films through
thermal or chemical processes can yield highly porous metal
oxides.”>*" Additionally, MLD is not only low-cost but provides
excellent uniform coverage on large planar substrates and achieves
highly conformal coatings on complex structures with high aspect
ratios.”” In surface engineering, MLD facilitates the adjustment of
surface wettability and corrosion resistance.”> MLD is becoming
increasingly attractive in energy-related applications.”*® For exam-
ple, Zhang et al. prepared a porous structure by annealing the
alucone MLD layer. By depositing Pt nanoparticles on this struc-
ture, they effectively anchored the Pt catalysts to the surface,
resulting in good ORR performance.”® By leveraging the MLD
technique, it is possible to produce high-quality thin films of
various commercially viable organic polymers as well as inor-
ganic-organic hybrid materials, thereby potentially integrating
the advantageous properties of these two distinct chemistries.
Yet, currently, there are no studies available that focus on employ-
ing MLD to form organic polymer layers to enhance the stability of
surface-bound catalysts.

Herein, we took advantage of MLD to prepare polyimide (PI)
thin films for systematically stabilizing molecular catalyst
RUuCP(OH,)*" (denoted as RuCat) on metal oxide surfaces
(denoted as FTO|nanoITO-RuCat|PI). Our approach began with
the attachment of a phosphonate-derivatized molecular water
oxidation catalyst to the nanoITO particle film-modified
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electrode. The derivatized electrode was then coated with a
conformal nanoscale PI overlayer using MLD. We confirmed
the successful synthesis of the MLD-deposited PI. And the
electrochemical tests indicated a significant enhancement in
catalyst stability for water oxidation, comparable to that
achieved with the widely used ALD. Additionally, we also
analyzed the kinetic data of the excited states of the samples
through time-resolved photoluminescence (TRPL) and transi-
ent femtosecond absorption spectroscopy (fs-TAS). The results
consistently indicated that the presence of MLD-deposited PI
improved charge separation and transfer efficiency in the
samples. MLD is considered a vital method for stabilizing
heterogeneous catalysis and modifying surfaces in energy pro-
duction applications.

2. Results and discussion
2.1. Catalysts fabrication and characterizations

The molecular structure of RuCat is shown in Fig. S1 (ESIt),
and the detailed synthesis procedures for RuCat, FTO|nanoITO,
FTO|nanolTO-RuCat, and FTO|nanoITO-RuCat|PI are available
in the Experimental section.’®?' Fig. 1a illustrates the sche-
matic representation of PI-stabilized catalyst molecules on an
oxide surface (here nanoITO) via the MLD technique. In this
study, two cycles of MLD were employed to prepare FTO
|nanoITO-RuCat|PI for characterization and performance ana-
lysis. The FTO|nanoITO structure features a large porous sur-
face that can adsorb a high percentage of catalyst, facilitating
the subsequent electrochemical measurements.** Additionally,
these pores allow precursor molecules to diffuse into the
interior of nanoITO, forming conformal PI around the catalyst
molecules for efficient stabilization. The deposited PI on the
FTO|nanoITO-RuCat surface was initially characterized by Four-
ier transform infrared (FTIR) spectroscopy (Fig. 1b). The peak at
~1772 em ™! was ascribed to the symmetric C=0 bond of the
imide, while the peaks at ~1712 and 1380 cm ' were asso-
ciated with the stretching of the asymmetric C=C bond and the
C-N bond of the imide, respectively.*® Additionally, the peak at
~728 cm ™" was assigned to the deformation of the imide ring
or the carbonyl group.** These findings indicated that the PI
was successfully deposited on the oxide surface.

(@) p P b ., — mon
Catalyst Molecule ‘M) + MLD Polyimide : o
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- - - PMDA * DAH . . . g e o
- - s i il .
G - 0 S

Fig. 1 (a) Schematic representation of Pl-stabilized catalyst molecules on
the electrode via MLD; (b) FTIR absorption spectra of FTO|nanolTO-
RuCat|PI; AFM images of (c) and (d) FTO|nanolTO-RuCat, and (e) and (f)
FTO|nanolTO-RuCat|PI; Rg denotes roughness.
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To study the surface morphology of FTO|nanoITO-RuCat|PI,
atomic force microscopy (AFM) was performed. As shown in Fig. 1c
and d, the surface roughness of FTO|nanoITO-RuCat was approxi-
mately 13.4 nm over a larger area and 4.36 nm over a smaller area;
while the surface roughness of FTO|nanoITO-RuCat|PI was around
11.8 nm in a larger area and 3.5 nm in a small area (Fig. 1e and f).
The reduction in surface roughness was attributed to the confor-
mal coating of MLD-deposited PI on the ITO nanoparticles.
Amorphous PI film planarized the pristine surface, thus further
proving the formation of a PI film.*>*® From scanning electron
microscopy (SEM) images of FTO|nanoITO (Fig. 2a and b), the
porous and rough surface of the nanolTO layer with 5.6 um
thickness was clearly observed. The high-resolution transmission
electron microscope (HRTEM) images of FTO|nanolTO-RuCat|PI
revealed that the average particle size of the nanoITO was 20 nm,
and the lattice stripe space was determined to be 0.22 nm, which is
well consistent with the nanoITO’s d-value.”” In Fig. 2c and d, an
amorphous PI layer was clearly different from the nanoITO lattice
observed. The PI layer was evenly coated on the ITO surface with
1-2 nm of thickness through 2 cycles of MLD.

Subsequently, the adsorption capacity of RuCat was investigated
by simply adjusting the soaking time of the FTO|nanoITO electrode
in the catalyst solution. The surface loading extent (I" in mol cm™?)
of RuCat on FTO|nanoITO was calculated from UV-vis measure-
ments using eqn (1), where A(4) and ¢(2) are the absorbance and
molar absorptivity at wavelength /. For surface-bound RuCat, Apax =
497 nm, and &y = 1.5 X 10* M~ ' em™~.*® Fig. 2e displays the UV-vis
absorption spectra of the FTO|nanoITO electrodes after being soaked
for different times in 150 uM RuCat in methanol. The calculations of
surface coverage indicated that the absorption intensity increases
with extended immersion time (Fig. 2f).

T = A()/[10%(2)] (1)

2.2. Electrode stability assessment

Repetitive cyclic voltammetry (CV) scans through the Ru™*Cat
redox couple were used to evaluate the surface stabilization
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Fig. 2 SEM images of FTO|nanolTO from (a) (top view) and (b) cross-
sectional view; (c) and (d) HRTEM images of nanolTO-RuCat|PI. (e) UV-vis
absorption spectra of FTO|nanolTO electrodes after various soaking times
in 150 pM RuCat in methanol; (f) RuCat surface coverages after exposure
for different times.
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effect by different cycles of MLD-deposited PI (Fig. S2-S4, ESIT).
We quantitatively analyzed the changes in redox peak current
for FTO|nanoITO-RuCat and FTO|nanoITO-RuCat|PI over
50 cyclic voltammetry (CV) cycles. As illustrated in Fig. S5
(ESIY), the rate of current decline slows after the deposition
of the polymeric interface, indicating the stabilizing effect of PI
on the catalyst. In the range of 0 to 0.8 V vs. Ag/AgCl, one set of
reversible redox peaks appeared near E;, = 0.5 V, corres-
ponding well to the Ru"™"Cat redox processes in the Ru metal
centers of the catalyst.>® The findings clearly demonstrated that
the peak current decreased with increasing CV scans, suggest-
ing the desorption of RuCat from the surface.*>*' However, the
presence of PI significantly slowed down the desorption rates of
RuCat. To quantitatively analyze the experimental results, sur-
face coverage values (I" in mol cm ™~ ?) were further calculated by
integrating the current-potential waveform for the Ru™"'Cat
redox couple, using eqn (2), where Qcy represents the inte-
grated charge from the current-potential waveform, n (=1) is
the number of electrons transferred for the redox couple, F is
the Faraday constant, and A represents the surface area of the
electrode.”*

r= ch/ nFA (2)

Fig. S6 (ESIt) illustrates the relationship between I" and the
number of CV scans for electrodes with different cycles of PI on
FTO|nanoITO-RuCat electrodes. In the absence of a PI over-
layer, more than 60% of the catalyst is lost from the oxide
surface after 50 continuous CV cycles. The electrodes with
different catalyst adsorption capacities exhibited a similar
trend in surface stability. However, after introducing a PI layer
on the oxide surface, the desorption rate of the catalyst signifi-
cantly decreased. Compared to the pristine FTO|nanoITO-
RuCat electrodes, the FTO|nanoITO-RuCat|PI configuration
only lost 20% of the surface-bound catalyst after 50 CV cycles.
This enhanced stability is attributed to the binding groups that
are protected by the added PI. During the MLD process, the
molecular precursor diffused into the pores of the ITO nano-
particles, where it adsorbed, reacted, and formed PI molecules
within the voids of RuCat, making the phosphate binding
group less susceptible to hydrolysis. However, the stability of
the FTO|nanoITO-RuCat|PI decreased with further increasing
cycles of PI. The catalyst molecules may be completely “bur-
ied”, inhibiting electron transfer across the surface and
negatively affecting the catalytic reaction.

The stability of the FTO|nanoITO-RuCat|PI electrode under a
wide pH range was investigated by electrochemical measure-
ments.*>** Under acidic conditions (pH = 2), as shown in
Fig. 3a, the FTO|nanoITO-RuCat|PI indicated a significant
increase in current peaks after 50 CV cycles compared to the
FTO|nanoITO-RuCat. Similar boosted stability of the FTO|na-
noITO-RuCat|PI is more pronounced during neutral (pH = 7,
Fig. 3b) and alkaline (pH = 12, Fig. 3c) electrolytes. The surface
molecular loading amount I" (mol cm™?) after 50 CV cycles at
the three different pH levels was calculated. Fig. 3d shows that
79% of the catalysts were preserved with the PI protective layer,

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4mh01274g

Published on 20 2024. Downloaded on 28/07/25 07:09:56.

Communication

o
<
>
=

o

.0{— FTO[nanolTo-RuCat

-01— FTO|nanolTO-RuCat
|— FTO|nanolTO-RuCat/P)

|— FTO|nanolTO-RuCat|PI

FrojnanoToRucatel /]

e
o

°
o

Current (mA)
5 o

I3
Current (mA)
S

Current (mA)
5 o
5

o
13
o

pH=2 pH=7 pH=12

o
o

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 0.0 0.2 04 0.6 08
Potential (V vs. Ag/AgCl) Potential (V vs. Ag/AgCl) Potential (V vs. Ag/AgCl)

\ pH=12

— ]

c
3
B
2
H

pH=2| pH=7

e
E
E

=
g
©
8
3

F3
3
2
2
3

IS
&

N

3

N
3
3

% Surface Coverage’

% Surface Coverag:
3

% Surface Coverage
a

-0~ FTO|nanolTO-RuCat
-0~ FTO|nanolTO-RuCat|PI

o 10 20 30 40
n of Consecutive CVs

|—o- FTO|nanolTO-RuCat
-~ FTO|nanol TO-RuCat|PI

0 10 2 30 40 50 o 10 20 30 40 50
n of Consecutive CVs n of Consecutive CVs

o] == FTOInanoiTo-Rucat

°
°

8

Fig. 3 (a)-(c) 50 consecutive CV curve comparisons of FTO|nanolTO-
RuCat and FTO|nanolTO-RuCat|Pl electrodes at different pH; (d)-(f)
variation of I'/T, with the number of CV cycles for FTO|nanolTO-RuCat
and FTO|nanolTO-RuCat|PI electrodes.

while only 51% of the catalyst remained without PI protection
at pH = 2. Similar trends were observed in neutral (pH = 7,
Fig. 3e) and alkaline (pH = 12, Fig. 3f) electrolytes. Notably, the
stability of both electrodes significantly decreased in alkaline
media, mainly due to ligand decomposition, consistent with
known reactivity in solution,** and not to surface detachment
due to hydrolysis. Additionally, the stabilizing effect of the
MLD-PI is comparable to that of ALD-TiO, protection (Fig. S7,
ESIY), further confirming the protective role of the PI overlayer.

2.3. Catalytic performance and mechanism analysis

To assess the electrode’s activity in catalyzing the water oxida-
tion reaction, a quantitative analysis of the oxygen generated is
necessary. Gas chromatography was used to analyze the head-
space in the electrolysis cell with a controlled potential of
~1.4V (vs. Ag/AgCl). As illustrated in Fig. 4a, both electrodes
produced oxygen, and Fig. 4b compares the oxygen yields of
electrodes with and without the PI layer during water oxidation.
The results indicated that the electrode with the PI protective
layer achieved a relatively higher oxygen yield, reaching
1281 pmol over 3 hours. This aligns with previous electroche-
mical performance tests. The MLD-deposited PI layer reduced
the desorption of catalyst molecules from the nanoITO surface,
thereby enhancing the catalytic efficiency of water oxidation.
Fluorescence spectroscopy was employed to investigate the
efficiency of separation for photogenerated carriers and inter-
facial transfer. As shown in Fig. 4c, the steady-state fluores-
cence spectra revealed that at an emission wavelength of
580 nm, the FTO|nanoITO-RuCat exhibited a slightly stronger
fluorescence response compared to FTO|nanoITO-RuCat|PI.
This indicated that the photogenerated electrons and holes
were effectively suppressed after PI-coating.*>*® In the transient
fluorescence spectra presented in Fig. 4d, the average lifetime
of RuCat for FTO|nanoITO-RuCat was 420 ns, whereas for
FTO|nanoITO-RuCat|PI, it was longer at 497 ns. The longer
lifetimes suggested that the PI layer significantly decreased
trap-induced recombination and promoted charge transfer,
thereby increasing the chances of holes participating in the
water oxidation reaction.*” From Fig. S8(a) (ESIf), the
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Fig. 4 (a) Gas chromatogram following electrolysis of FTO|nanolTO-
RuCat and FTO|nanolTO-RuCat|P!I; (b) comparison of oxygen production
during three hours of electrode catalysis for FTO|nanolTO-RuCat and
FTOlnanolTO-RuCat|PI. E,p, = 1.40 V vs. Ag/AgCL pH = 7. (c) Steady-state
fluorescence spectra and (d) transient fluorescence spectra of FTO|na-
nolTO-RuCat and FTO|nanolTO-RuCat|Pl electrodes excited using a
375 nm laser.

FTO|nanoITO-RuCat|TiO, composite enhances photocatalytic
performance by inhibiting the recombination of photogener-
ated charge carriers, as evidenced by the decrease in peak
intensity. Fig. S8(b) (ESIt) demonstrates that the FTO|na-
noITO-RuCat|TiO, sample has a lifetime of 453 ns, which is
significantly longer than that of the FTO|nanoITO-RuCat sam-
ple (420 ns). This suggests that the addition of TiO, consider-
ably slows down trap-mediated recombination. Furthermore,
the FTO|nanolTO-RuCat|PI sample exhibited a lifetime of
497 ns across the entire visible wavelength range (400 nm <
A < 800 nm), indicating an even longer lifetime. Therefore, we
conclude that the PI provided hole-storing trap states, which
extended the lifetime of the trapped holes.

To further validate the role of the introduced PI layer by
MLD on photogenerated carrier separation and transport, fs-
TAS was performed on FTO|nanoITO-RuCat and FTO|nanoITO-
RuCat|PI electrodes. As shown in Fig. 5a and b, after excitation
at 430 nm, the FTO|nanoITO-RuCat|PI sample showed an
upward trend from 600 nm to 700 nm compared to the
FTO|nanoITO-RuCat. This increase is primarily attributed to
improved transport of photogenerated electrons, which either
eliminated the deeply captured electrons or enhanced the
shallowly captured electrons.*®*° We fitted the dynamic decay
curves of the photogenerated carriers, as depicted in Fig. 5c and
d. The FTO|nanoITO-RuCat sample exhibited a carrier lifetime
of 958 ps, while the FTO|nanoITO-RuCat|PI sample demon-
strated an exceptionally long carrier lifetime of 2202 ps. Com-
pared to pristine RuCat, the absorption of RuCat|TiO, decays
more slowly over a delay time of 1 to 5000 ps (see Fig. S9(a),
ESIT). The absorption-time profiles of RuCat|TiO, recorded at
515 nm are illustrated in Fig. S9(b) (ESIt). The weighted average
lifetime (t,ye) Of the electron-hole pairs is 1590 ps. In contrast,
the RuCat|PI electrode exhibits superior electron transport
kinetics. In other words, it can be said that the PI acts as a
‘shelter’ for the photoexcited holes to prevent recombination.

Mater. Horiz., 2025, 12,1200-1206 | 1203
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Fig. 5 Ultrafast absorption spectra of (a) FTO|nanolTO-RuCat and (b)
FTOlnanolTO-RuCat|PI; normalized transient time absorption spectra of
(c) FTOlnanolTO-RuCat and (d) FTO|nanolTO-RuCat|PI.

This implied that the photogenerated electrons and holes can
be efficiently separated and transferred to the catalyst surface.
The prolonged lifetime of the photogenerated charges facil-
itates catalytic oxidation performance. These findings aligned
well with the results from steady state fluorescence spectro-
scopy, transient fluorescence spectroscopy, and electrochemi-
cal tests mentioned above.

3. Conclusions

In summary, we employed the MLD method to deposit a PI
layer on FTO|nanoITO-RuCat, showcasing the excellent stability
of MLD-deposited PI on surface-attached molecular catalysts
and enhanced catalytic performance for water oxidation. This
work provides a novel approach for stabilizing molecular
catalysts, revealing significant insights: (1) the surface proper-
ties and reactivity were maintained after adding an MLD-
deposited PI layer; (2) at elevated pH levels, there is a strong
stability in surface binding and water oxidation reactivity; and
(3) it lays a foundational approach for creating custom surfaces
by integrating molecular and heterogeneous catalytic proper-
ties. Our results have explicit implications for employing the
MLD-deposited PI protective layer strategy to stabilize molecu-
lar catalysts and components on oxide electrodes and semi-
conductor surfaces, which could be beneficial in the field of
photoelectrochemistry.

4. Experimental
4.1. Materials

Pyromellitic dianhydride (PMDA), 1,6-diaminohexane (DAH),
and hydroxypropyl cellulose (HPC) were purchased from
Sigma-Aldrich. Sodium dihydrogen phosphate (NaH,PO,), dis-
odium hydrogen phosphate (Na,HPO,), and sodium phosphate

1204 | Mater. Horiz., 2025, 12, 1200-1206
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(NazPO,) were purchased from Macklin. Anhydrous ethanol
and methyl alcohol were purchased from Sinopharm Chemical
Reagent Co. Indium tin oxide (ITO) nanoparticle dispersion
(20%) was purchased from Nangong Longao Trading Co.
Fluorine-doped tin oxide (FTO) coated glass (sheet resistance
15 Q cm™?) was purchased from Wuhan Jingge Solar
Technology Co.

4.2. Synthesis of RuCP(OH,)**

In a 100 mL Teflon microwave vessel, [Ru(2,6-bis(1-methyl-
1H-benzo[d]imidazol-2-yl) pyridine) (CD],[Cl], (41.2 mg,
4.03 x 107° mol) and 4,4-(H,0;P-CH,),-2,2-bipyridine
(27.8 mg, 8.08 x 10~°> mol) were suspended in ethanol
(20 mL) and water (10 mL). The vessel was briefly subjected
to sonication (~1 minute). The vessel was placed in a micro-
wave reactor where, following a 5-minute ramping period, it
was heated at 160 °C for 30 minutes. The pressure of the vessel
did not exceed 300 psi. The vessel was allowed to cool to room
temperature. The solution was filtered. From the filtrate, the
solvent was removed on a rotary evaporator. The residue was
dried under vacuum overnight. To the residue, anhydrous
methylene chloride (50 mL) was added. The suspension was
de-aerated with argon for 15 minutes. With a vent needle in
place and under continuous flow of argon (Caution: HCI gas is
evolved), trifluoromethanesulfonic acid (1.8 mL) was added
slowly. The reaction immediately releases HCI (gas). The reac-
tion was stirred at room temperature overnight (note: the flow
of argon was high enough to vent HCI but low enough as to not
evaporate methylene chloride over the time of the experiment).
Following the reaction, diethyl ether was added to precipitate
the solid, which was collected on a glass frit and washed with
diethyl ether (62.4 mg, 5.67 x 10> mol, 70%).

4.3. Preparation of FTO|nanoITO

Take 5 mL of 20% nanolITO dispersion, and 5 mL of anhydrous
ethanol, then add 500 mg of HPC, and magnetically stir for
2 hours. The FTO glass was ultrasonically cleaned in ethanol
and acetone for 30 min, after which the dispersion was coated
with an area of 1 x 1 cm on a clean FTO glass, and then
annealed for 2 hours at 500 °C in air.

4.4. Preparation of FTO|nanoITO-RuCat

A packed RuCat monolayer was formed on FTO|nanoITO by
soaking the slides in 150 uM RuCP(OH,)** in methanol
solution overnight.

4.5. Preparation of FTO|nanoITO-RuCat|PI

PI thin films were deposited in a hot-wall, crossflow F120 ALD
reactor (ASM Microchemistry) from GEM Star with an operating
pressure of around 10 mbar. Nitrogen (N,, AGA, 99.999%) was
used as the carrier and purge gas. Pyromellitic dianhydride
(PMDA) and 1,6-diaminohexane (DAH) were evaporated inside
the reactor at 190 and 75 °C, respectively. The temperature of
the chamber is set to 170 °C. MLD cycles consisted of a 5 s
PMDA dose, 40 s hold, 60 s purge, 5 s DAH dose, 40 s hold, and
60 s purge. Holds were accomplished by closing gate valves on

This journal is © The Royal Society of Chemistry 2025
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both sides of the reaction zone. In this study, two cycles of MLD
were employed to prepare FTO|nanoITO-RuCat|PI for charac-
terization and performance analysis.

4.6. Film characterization

Bonding information about the as-deposited PI films was
obtained from attenuated total reflection Fourier transform
infrared (FTIR) spectra (INVENIO). Determination of catalyst
adsorption was done by UV-visible spectroscopy (UH-4150). The
SEM images were taken by scanning electron microscopy (SEM,
S-8230) to characterize surface topography. The TEM images
and high-resolution TEM (HRTEM) were taken on a Talos
F200X to characterize the PI layer morphology. Surface rough-
ness was characterized with AFM (NT-MDT Spectrum Instru-
ments). Time-resolved photoluminescence (TRPL) spectroscopy
(FLS1000) and femtosecond transient absorption spectroscopy
(fs-TAS, Helios) were employed to characterize the charge
transfer transport kinetics.

4.7. Electrochemical measurements

Electrochemical measurements were performed with a model
601D electrochemical workstation from CH Instruments by a
three-electrode system. The fabricated sample acted as the
working electrode (roughly 1 cm? area), a Pt wire acted as the
counter electrode, and Ag/AgCl was used as the reference
electrode. Oxygen yield was monitored using gas chromatogra-
phy (8890).
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