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Abstract: Anchored molecular catalysts provide a good step towards bridging the gap between
homogeneous and heterogeneous catalysis. However, applications in an aqueous environment pose
a serious challenge to anchoring groups in terms of stability. Ultrathin overlayers embedding these
catalysts on the surface using atomic layer deposition (ALD) are an elegant solution to tackle the
anchoring group instability. The propensity of ALD precursors to react with water leads to the
question whether molecules containing aqua ligands, such as most water oxidation complexes, can be
protected without side reactions and deactivation during the deposition process. We synthesized two
iridium and two ruthenium-based water oxidation catalysts, which contained an aqua ligand (Ir—-OHj
and Ru-OH,) or a chloride (Ir—Cl and Ru—Cl) that served as a protecting group for the former. Using
a ligand exchange reaction on the anchored and partially embedded Ru-Cl, the optimal overlayer
thickness was determined to be 1.6 nm. An electrochemical test of the protected catalysts on meso-ITO
showed different behaviors for the Ru and the Ir catalysts. The former showed no onset difference
between protected and non-protected versions, but limited stability. Ir-Cl displayed excellent stability,
whilst the unprotected catalyst Ir-OH, showed a later initial onset. Self-regeneration of the catalytic
activity of Ir-OH, under operating conditions was observed. We propose chloride ligands as generally
applicable protecting groups for catalysts that are to be stabilized on surfaces using ALD.

Keywords: atomic layer deposition; electrocatalysis; water splitting

1. Introduction

In recent years, research focusing on tackling the challenges of finite fossil fuel resources
and renewable energies has greatly increased. One of the most promising approaches to tackle
these challenges is storing solar energy in the form of chemical bonds to generate solar fuels [1].
Among several other technologies, photoelectrochemical (PEC) water splitting has been continuously
gaining attention [2]. A PEC cell integrates both the light absorption by a photoabsorber and
the catalysis in a single device. Over the last two decades, many new photoabsorber materials
have emerged [3-6]. Furthermore, there has been significant improvement of the heterogeneous
catalysts used to accelerate the water reduction (WRR) and the water oxidation reactions (WOR) [7,8].
These catalysts are usually made up of mixed transition metal compounds dispersed on the surface
of the photoelectrode. Low overpotentials, high stability and scalable deposition of heterogeneous
catalysts have made them attractive for commercial energy conversion applications [9,10].

In a parallel field of research, homogeneous catalysts for the WRR and WOR have been
investigated. Molecular catalysts and transition-metal complexes, in particular, have been shown to
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have excellent catalytic activities and benefit from high tunability by modification of the ligands [11-14].
Reaction mechanisms of homogeneous catalysts are more easily elucidated than heterogeneous ones,
which helps to further improve their catalytic properties [15-18]. However, homogeneous approaches
to water splitting suffer severe drawbacks. The WOR requires an energy source to drive the reaction,
which must be provided either through chemical oxidants or through light. For the latter, the addition
of a suitable photosensitizer and sacrificial electron acceptors is necessary. This leads to complicated
mixtures required for the catalytic reaction, which become prone to side reactions and degradation of
one or more components over time [19-21].

Therefore, combining the benefits of homogeneous catalysts with those of heterogenized ones is
of great interest. Specifically, it was shown that several homogeneous WRR and WOR catalysts could
be connected to electrode surfaces using specific binding groups on the extremities of the ligands [22].
This anchoring of transition-metal complexes has been successfully used in dye-sensitized solar cells,
for which the most popular anchoring groups are carboxylic acids and phosphonates [23-26].

However, the stability of catalysts anchored to surfaces in the presence of water is limited,
especially for carboxylic acids. Protection strategies of anchored complexes could resolve the problem,
and have already been demonstrated to improve the lifetime of the bound species by several orders of
magnitude [27,28]. Meyer et al. showed that by using atomic layer deposition (ALD), a technique used
to deposit metal oxide layers with sub-nanometer resolution, molecular WOR catalysts anchored on
metal oxide electrodes could be successfully stabilized [29,30].

The ALD process requires elevated temperatures and highly reactive precursors. Under those
conditions, it is reasonable to assume that the process could lead to partial decomposition of molecular
species on the electrode surfaces, leading to catalyst deactivation and degradation. Specifically,
the organometallic ALD precursors are highly reactive towards certain functional groups, such as
hydroxyls or amines [31,32]. For all water oxidation catalysts, a central requirement is the binding of a
water molecule to the metal center, which is then oxidized by stepwise oxidation followed by release
of oxygen. In this picture, the water oxidation complexes contain an aqua (OH3) ligand bound to the
central metal atom. As stated above, these aqua ligands are potential targets for side-reactions during
the ALD process.

To assess the importance of these side reactions, we designed Ir and Ru based molecular
water oxidation catalysts specifically for post-anchoring ALD protection using a chloride ligand
as a protecting group, which under operating water splitting conditions undergoes ligand exchange
with water to an active aqua complex (Figure 1). The design considers the necessary requirements
for heterogenization of molecular catalysts, most importantly the single-site catalytic activity and the
carboxylate anchoring groups. Furthermore, a nitrile group was incorporated in the Ru based catalysts
as an infrared (IR) tag for characterization of the heterogenized catalyst. We compare the effect of
ALD deposition on the chloride protected complexes with their unprotected aqua counterparts, using
UV-Vis spectroscopy, IR-spectroscopy, X-ray photoelectron spectroscopy (XPS), and electrochemical
techniques. We observe that the ALD-protected molecular species remains unchanged after catalysis,
demonstrating the stabilizing effect of the ALD layer.
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Ru-Cl Ru-OH, Ir-Cl Ir-OH,

Figure 1. Molecular water oxidation (pre-)catalysts used in this work. The anchoring groups are shown
in blue, the active site ligand (OHj) or protecting group ligand (Cl) are shown in red.

2. Results and Discussion

The Ru—Cl complex was obtained in a simple two-step procedure by reacting RuClz with the
terpyridine (tpy) ligand, followed by the bipyridine dicarboxylic acid under reductive conditions,
used for preparation of similar complexes, as described in Reference [33]. The Ir—CI complex was
synthesized according to a procedure described in Reference [34]. The aqua versions of the respective
complexes were obtained by reacting the chloride precursor with a silver salt in the presence of
water [33].

Mesoporous TiO; and ITO (meso-TiO, and meso-ITO) were determined to be suitable substrates
for the investigation, as they are transparent and provide binding sites for carboxylic acids. Meso-TiOp
was chosen for IR spectroscopic analysis of the complexes due to the transparency in the IR range
(Figure S1), whereas meso-ITO was used for UV-Vis spectroscopy, electrochemical analyses, and
XPS studies.

IR characterization was performed after anchoring of Ru—Cl and Ir-Cl onto meso-TiO,. As can
be seen in Figure 2, the aromatic nitrile (CN4,) band on the tpy of Ru~Cl is present at 2230 cm~1.
As expected, for the Ir-Cl complex, no bands are observed in this region. After deposition of ALD-TiO,,
the CNa, band of Ru—Cl is still present, although weaker than before, which could indicate a partial
degradation of the nitrile group under ALD conditions (see Figures S2 and S3). Nevertheless, a
significant amount of the complex was observed unaltered on the surface.

To verify whether the active site of the ALD-protected catalysts was still accessible, a ligand
exchange reaction was used to replace the chloride ligand by a cyanide ligand. The anchored and
protected complexes were submerged in a 1 M solution of sodium cyanide (pH = 12). Under these
strongly basic conditions, desorption of unprotected molecular complexes is typically observed [35].
This allows for determination of active site accessibility at the same time as complex stability against
desorption, which provides a practical tool for optimizing the thickness of the ALD-TiO, overlayer.

After immersion in the NaCN solution, the IR spectrum of the Ru-Cl complex showed two new
peaks at 2082 cm ! and around 2175 cm~!. While the former can be attributed to the presence of a
Ru—CN species [36], the broad band at 2175 cm ! was shown to be due to adsorbed cyanide ions on
TiO,, as a control experiment without anchored molecules led to a broad band in this region (Figure S4).
The intensity of the CNAr band decreased, indicating partial desorption of the complex under the basic
ligand exchange conditions. At lower ALD-TiO; thicknesses, complete loss of adsorbed Ru-Cl was
observed, while at large overlayer thicknesses, complete burying of the anchored catalysts prevented
the ligand exchange (Figure S4). These experiments led to an optimized layer thickness corresponding
to 30 cycles of ALD-TiO,, which was measured to be 1.6 nm by ellipsometry on a reference piece
of silicon wafer. In the case of the Ir-Cl complex, the previously optimized thickness of ALD-TiO,

was used, and after ligand exchange, a band at 2113 cm ! was observed, which was attributed to the
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formation of an Ir—CN species [37]. From the ligand exchange experiments, we can conclude that the
active site on the metal center of the chloride complexes does not undergo deactivation during the
ALD protection of the molecules.

Using the optimized overlayer thickness, samples of all complexes on mesoporous ITO were
prepared. UV-Vis analysis of the anchored catalysts before and after ALD deposition (Figures S5 and
S6) show that the absorption maxima have a slight red-shift by 8 nm for Ru-Cl and Ru-OHj, compared
to the samples without TiO,-overlayers. From the intensity of the absorption, no degradation of these
molecules was evident (except for the CN 4, group, from IR-spectroscopy). A lower coverage of Ru-Cl
compared to Ru—OH, was observed. Unfortunately, the Ir complexes did not absorb strongly enough
in the transmission range of ITO (400-800 nm) to allow for interpretation of their spectra.
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Figure 2. IR spectra of (A) Ru—Cl and (B) Ir-Cl adsorbed onto meso-TiO, after anchoring (purple),
after ALD-TiO, deposition (blue) and after ligand exchange (green). (C) Schematic depiction of the
process flow.

In the absence of an infrared handle on the Ir complex, we resorted to X-ray photoelectron
spectroscopy (XPS) to characterize the heterogenized Ir catalyst. XPS analyses of the anchored Ir—Cl
and Ir-OH; confirmed the presence of the complexes on the ITO coated substrates. XPS measurements
were conducted before and after ALD. For samples with the ALD-TiO; overlayer, an overlap of the
Ir 4f and Ti 3s core level regions, as well as low count rates of the Ir signal, rendered interpretation
difficult. After deposition of 30 cycles ALD-TiO;, the Ir 4f core level emission was almost completely
attenuated. However, comparison with ALD-TiO, reference spectra revealed a weak contribution of
the underlying Ir 4f molecule at approximately the same binding energy as observed before the ALD
treatment (see Figure S7).

Using the optimized thickness of the ALD protective layer, catalyst molecules anchored on
meso-ITO and encapsulated with 30 cycles ALD-TiO, were tested electrochemically to determine
their activity for the WOR. The aqua and chloride versions of both the ruthenium and the iridium
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based catalysts were compared in terms of their onset potential for water oxidation by performing 10
cycles of cyclic voltammetry (CV) in 0.1 M H,SO4 (Figure S8). Subsequently, the samples underwent
chronoamperometry (CA) at 1.95 V vs. RHE for 30 min, followed by a post-electrolysis CV scan.
This combination of an electrochemical test allows for stability and activity measurements of the
surface-bound catalysts.

Figure 3 shows the third CV scan of the ALD-protected Ru and Ir catalysts. The Ru-Cl and
Ru-OHj; samples display a reversible oxidation peak around 1.25 V, which is in good agreement with
literature values [33,38]. The catalytic onset for water oxidation begins at ca. 1.7 V for both Ru-OH,
and Ru-Cl; however, due to lower loading of the Ru—Cl sample, the catalytic current obtained is lower.
Both Ru catalysts showed decreasing current in subsequent CV scans, indicating desorption under
strong oxidative bias despite the ALD protection layer. This observation was further underlined by a
steady decrease of current down to the low microampere range during CA (Figure 59). After 30 min at
1.95V, CV of the Ru catalysts no longer showed redox peaks and only a small increase of current was
observed at the WOR onset.

The similarity of the CV scans of Ru—Cl and Ru-OHj led to the conclusion that the active catalyst
was the same, the ruthenium aqua complex, which showed that the chloride ligand could indeed be
exchanged for aqua under operating conditions. However, the lack of a difference in onset potential for
the Ru-OH, complex indicated that the aqua ligand is not (completely) blocked or deactivated during
the ALD process, making the requirement of a protecting group unnecessary in this case. Under the
preparation conditions (soaking of the meso-ITO in MeOH solutions of catalyst), it is possible that the
aqua ligand may be partially displaced by a methoxy ligand, which would form an in situ protecting
group. This might explain why other authors observed no deactivation of ruthenium aqua based
catalysts during ALD-protection [29].
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Figure 3. Top: Cyclic voltammetry (CV) scans of Ru-Cl (pink), Ru-OH, (orange) (A), Ir—Cl (blue)
and Ir-OHj, (green) (B) before chronoamperometry at 1.95 V vs. RHE. Bottom: CV scans of Ru-Cl
(pink), Ru—OH; (orange) (C), Ir-Cl (blue) and Ir-OHj (green) (D) after chronoamperometry. CVs were
recorded at 50 mV/s in 0.1 M HySO4 with a Pt counter electrode. Ref is meso-ITO with 30 cycles
ALD-TiO;.
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The Ir complexes showed a different behavior. In the CV scans before CA, there was a clear
onset difference of around 200 mV between Ir-Cl and Ir-OHj, with the former beginning to catalyze
water oxidation at 1.6 V vs. Ag/AgCl (380 mV overpotential vs. the thermodynamic water oxidation
potential). The CV curve of Ir-OH; also showed a less steep rise at higher potential, indicating a larger
resistance. We attribute this to the formation of a deactivated molecular iridium species, which is
significantly hindered to catalyze water oxidation. A reasonable mechanism that illustrates the different
behavior of Ir-Cl and Ir-OH)j, is shown in Figure 4. The chloride complex remains unaffected by the
ALD layer growth, whilst the aqua complex undergoes a reaction between the titanium precursor
tetrakis(dimethylamido)titanium (TDMAT) and the aqua ligand.
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Figure 4. Reaction of anchored molecular Ir—CI (A) and Ir-OH; (B) during the deposition of ALD-TiO,
using TDMAT /water as precursors. Ir-Cl remains unchanged during ALD and is encapsulated in a
TiO; layer, while Ir-OH, undergoes a reaction between the aqua ligand and the TDMAT, leading to a
deactivated Ir complex embedded in TiO,.

During CA of the Ir complexes, we observed that the current of the Ir-OH; sample increased
towards that of the Ir-Cl. Both showed only relatively small long-term losses of current during the
30 min CA measurement, indicating good stability of the bound complexes in this time range. Indeed,
the subsequent CV scan clearly showed that there was no loss of activity for Ir-Cl, and that the Ir-OH,
complex had in fact approached Ir—Cl in terms of WOR activity.

To explain this, we propose a self-regeneration of the Ir-OH, complex that was deactivated
during deposition of ALD-TiO,. Under operating conditions in strong acid, the deactivated Ir species
could hydrolyze to form the active Ir-OHj; and a titanol unit (Figure 5A). However, previous research
suggests that oxidative decomposition of the Cp* ligand is necessary to form a catalytically active
species [39-43]. An alternative activation pathway that proceeds via ligand oxidation under operating
conditions is shown in Figure 5B. The chloride ligand does not react with the ALD precursor and
can therefore be converted into the active aqua form directly under operation, without requiring any
activation. The active catalyst may then perform water oxidation without previously oxidizing the
Cp* ligand. In this picture, the chloride acts as an exchangeable protecting group for the Ir catalyst.
Remarkably, the Ir-based ALD-protected catalysts remained active over 30 min under strong bias,
without desorbing. This clearly shows the benefits that ALD overlayers can bring for stabilization of
carboxylic acid-anchored molecular catalysts on electrode surfaces.
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Figure 5. Proposed hydrolytic (A) and Cp* ligand oxidation (B) mechanisms for (re)generation of
the active Ir-OHj catalyst under operating conditions, which had undergone deactivation during the
deposition of the ALD-TiO; layer.

To assess the stability of the Ir-based catalysts, XPS was measured on the anchored and
ALD-protected samples before and after the electrochemical measurement (Figure 6). The difference
spectra showed that there was no measurable change in the combined Ir 4f and Ti 3s core level emission
after 30 min under operation, indicating the stability of Ir-Cl and Ir-OH, after ALD-protection.
One would expect a significant change in the Ir 4f binding energy upon oxidative degradation of the
Cp* ligand, which was not observed. However, due to the rather weak Ir signal, we cannot conclusively
determine which of the pathways in Figure 5 is operative.
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Figure 6. XPS spectra of (A) Ir-Cl and (B) Ir-OH; with ALD-TiO, before and after electrochemical
measurements. The respective difference spectra are shown in green.

3. Materials and Methods

3.1. General

Unless stated otherwise, all reactions were carried out under a nitrogen atmosphere. All chemicals
and solvents were used as purchased without further purification. 1H and 13C spectra were recorded
using a Bruker 400 or 500 MHz spectrometer. The signals were referenced to residual solvent signals.
Chemical shifts were reported in ppm. IR spectra of molecules were recorded on a Bruker IR
spectrometer. UV-Vis spectra were recorded on a Shimadzu UV-3600 spectrometer using a quartz
cell (L =1 cm). Electrochemical experiments were carried out on a Biologic SP-50 potentiostat.
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High-resolution mass spectra were acquired on a QExactive instrument (ThermoFisher Scientific,
Bremen, Germany) equipped with a heated electrospray (ESI) ionization source and connected to a
Dionex Ultimate 3000 UHPLC system (ThermoFischer Scientifics, Germering, Germany). The samples
were dissolved in MeOH, a positive detection mode was used.

[Cp*Ir(k-N,O-lutidine)Cl] (Ir—Cl) was synthesized according to a published procedure in
Reference [34].

3.2. Materials

3.2.1. 4-(4-Cyanophenyl)-2,2":6' 2”-terpyridine (tpy-PhCN)

The ligand was synthesized using a Krohnke-type reaction approach, as described in
Reference [44]. 4-Cyanobenzaldehyde (1.994 g, 15.2 mmol, 1 eq) was dissolved in 80 mL MeOH,
then KOH (0.91 g, 16 mmol, 1.05 eq) and concentrated NH4OH (25%, 15 mL) were added to the
solution. Next, 2-acetylpyridine (3.42 mL, 30.5 mmol, 1 eq) was added, and the solution was heated to
reflux for 2.5 h. A white precipitate formed and was filtered off after cooling the reaction mixture to
room temperature. The precipitate was washed with cold MeOH (80 mL) and ether (20 mL), then air
dried. Yield: 1.74 g, 34%. Analysis (conforms to Reference [45]): 'H NMR (400 MHz, Chloroform-d):
8.78-8.71 (m, 4H), 8.69 (d, 2H), 8.00 (d, 2H), 7.91 (dd, 2H), 7.81 (d, 2H), 7.38 (dd, 2H).

3.2.2. Synthesis of [Ru(tpy-PhCN)Cls]

4'-(4-cyanophenyl)-2,2":6/,2”-terpyridine (0.134 g, 0.4 mmol, 1 eq) and RuCl; x H,O (0.098 g,
0.4 mmol, 1 eq) were refluxed in methanol for 4 h under nitrogen. The resulting red-brown powder
was filtered off and washed with cold methanol and diethyl ether. The product was dried at 50 °C
for 10 min, yielding a brown powder (0.185 g). The product was used without further purification.
IR (em~1): 2227, 1598, 1531, 1468, 1425, 1399, 1289, 1245.

3.2.3. Synthesis of [Ru(tpy-PhCN)(bda)Cl]CI (Ru—Cl)

[Ru(tpy-PhCN)Cl3] (0.055 g) and 2,2’-bipyridine-4,4’-dicarboxylic acid (0.025 g) were suspended in
a water-ethanol mixture (1:3, 12 mL). After degassing by bubbling with N, for 10 min, trimethylamine
(0.1 mL) was added and the reaction mixture was refluxed for 4.5 h. After cooling, the reaction
was filtered and the filtrate washed with methanol (10 mL). The filtrate solution was basified with
KOH/KClI in water (1 M each), washed with MeOH/THF/CHCI3 2:1:3 and then acidified with conc.
HCL. The aqueous phase was extracted twice with the organic solvent mixture, the organic phase then
dried over MgSOy, and concentrated in vacuo. The crude product was dissolved in MeOH, filtered
through a pad of celite, and finally concentrated to dryness. Yield: 0.020 g, 27%. 'H NMR (400 MHz,
Methanol-dy) 6 10.40 (d, ] = 5.9 Hz, 1H), 9.27 (s, 1H), 9.05 (s, 2H), 8.97 (s, 1H), 8.74 (d, ] = 7.9 Hz,
2H), 8.50 (d, ] = 5.8 Hz, 1H), 8.36 (d, ] = 8.5 Hz, 2H), 8.05 (d, ] = 8.5 Hz, 2H), 7.99 (dd, | = 7.9 Hz,
2H),7.74 (d, ] = 5.9 Hz, 1H), 7.70 (d, ] = 5.3 Hz, 2H), 7.54 (d, | = 4.2 Hz, 1H), 7.36 (dd, 2H). 13C NMR
(126 MHz, Methanol-d4) 6 165.31, 164.60, 159.51, 158.50, 157.98, 156.76, 153.07, 152.48, 152.19, 145.69,
141.40, 138.34, 137.50, 137.28, 132.94, 128.32, 127.40, 125.94, 125.19, 123.98, 123.05, 122.56, 120.60, 117.89,
113.21. HRMS: [M]* 715.04301 (calc. 715.04291). IR (cm™1): 2224, 1702, 1637, 1605, 1551, 1470, 1432,
1402, 1383, 1309, 1290, 1248, 1227.

3.2.4. Synthesis of [Ru(tpy-PhCN)(bda)(OH,)](ClO4), (Ru-OH,)

A solution of AgClO; in deionized water (8.5 mg in 3.2 mL, 2.1 equiv) was added to a Schlenk
flask containing [Ru(tpy-PhCN)(bda)Cl]Cl (14.8 mg, 1 eq), and the solution was refluxed for 2 h under
Ny. After cooling, the reaction mixture was filtered through celite using water as eluent. The product
was obtained after drying in a stream of nitrogen as a red-black microcrystalline solid. 'H NMR
(500 MHz, DMSO-dg) 6§ 9.98 (d, ] = 5.7 Hz, 1H), 9.39 (s, 2H), 9.03 (d, ] = 8.2 Hz, 2H), 8.95 (s, 1H), 8.72
(s, 1H), 8.57 (d, ] = 8.4 Hz, 2H), 8.31 (d, ] = 5.9 Hz, 1H), 8.27 (d, ] = 8.3 Hz, 2H), 8.23 (t, ] = 7.8 Hz, 2H),



Inorganics 2018, 6, 105 9of 14

7.85 (d, ] = 5.2 Hz, 2H), 7.58-7.51 (m, 3H), 7.23 (d, ] = 5.7 Hz, 1H). HRMS: [M — H,O + CH;OH]*
711.09239 (calc. 711.09244).

3.2.5. Synthesis of [Cp*Ir(k-N,O-lutidine)(OH,)] (ClOy) (Ir-OH,)

[Cp*Ir(k-N,O-lutidine)Cl] (55.2 mg, 1 equiv) was added to a solution of AgClO4 (22.8 mg,
1.05 equiv.) in MeCN/H,0O 5:1 (6 mL) and stirred for 30 min, during which a white precipitate
formed. The reaction solution was filtered through celite, washed with 1 mL MeCN, and the solvent
removed under reduced pressure, yielding a green-yellow powder. Yield: 51 mg, 80%. 'H NMR
(500 MHz, Acetone-dg) $ 9.12 (d, | = 5.6 Hz, 1H), 842 (d, | = 1.4 Hz, 1H), 8.25 (dd, ] = 5.7, 1.9 Hz,
1H), 1.74 (s, 15H). '3C NMR (126 MHz, Acetone) & 163.90%, 151.84, 140.71*, 128.75, 126.22, 86.15, 8.08
(signals denoted with * from HMBC experiment; 2 quaternary carbons could not be measured). HRMS:
[M — H,OJ* 494.09411 (calc. 494.09378).

3.2.6. Preparation of ITO Spin Coating Solution

ITO particles (18 nm, 99.99%, US Research Nanomaterials Inc., Houston, TX, USA) (2 g) were
sonicated in ethanol for 20 min. A solution of ethyl cellulose (0.2 g), alcohol surfactant (proprietary
nanopowder dispersant, US Research Nanomaterials Inc.) (0.225 g), and terpineol (5 g) in ethanol
(5 mL) was added to the ITO suspension. The volatiles of the resulting mixture were removed by rotary
evaporation (30 min) to form a viscous blue paste. The spin coating solution was made by diluting the
obtained paste with ethanol in a 1:4 ratio.

3.2.7. Preparation of TiO, Spin Coating Solution

50 nm rutile particles (50 nm, 99.9%, rutile, US Research Nanomaterials Inc.) (2 g) and a solution
of ethanol, acetic acid, and water (5:5:1 by volume) (5 mL) were ball-milled with 0.2 mm zirconia
balls for 3 h at 500 rpm. After sieving off the zirconia balls, the particles were suspended in ethanol.
To this suspension was added a solution of ethyl cellulose (0.5 g) and terpineol (5 g) in ethanol (25 mL).
The ethanol was then removed from the resulting mixture by rotary evaporation. Then, 50 mL of
ethanol were added, the mixture sonicated for 30 min, and the volatiles again removed. The spin
coating solution was made by diluting the viscous white paste with 36 mL of ethanol.

3.2.8. Preparation of Mesoporous Substrates

An FTO on glass window (FTO TEC 15, Pilkington, Tokyo, Japan) was cut into pieces (1.25 X
2.5 cm for TiO2, 1 x 2.5 cm for ITO) and cleaned by sonicating in acetone, Deconex solution in water
(5%), distilled water, and ethanol for 10 min each. After drying in a stream of Ny, the pieces were
partially covered with Kapton tape on the conductive face, leaving a free area of 1.5 cm?. Freshly
sonicated spin coating solutions were first applied to the samples, which were then spun at 2000 rpm
for 20 s, using an acceleration of 500 rpm per second. After spin coating, the samples were dried on a
hot plate at 125 °C for 5 min. The spin coating and drying process was repeated 3 times. After the
final spin coating, the Kapton tape was removed and the samples sintered in air at 550 °C for one hour
(TiOy), or 450 °C for 30 min (ITO).

3.2.9. Anchoring of Molecular Catalysts on Substrates

Molecules were anchored on the mesoporous substrates by submersion in a 0.2 mM methanolic
solution for one hour or overnight. After catalyst anchoring, the substrates were placed in pure
methanol (10 mL) for 30 min before being dried under N.

3.2.10. Atomic Layer Deposition

ALD deposition of TiO, was performed using a Picosun R200 deposition system, using
tetrakis-(dimethylamido)titanium(IV) (99.999%, Sigma-Aldrich, Buchs, Switzerland) and Milli-Q water
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as precursors, and Nj (99.9999%) as carrier gas. The titanium precursor was kept at 85 °C throughout
the deposition process, whilst the water was kept at 25 °C. The substrate and reactor were kept at
120 °C during the deposition. A protocol for high surface area substrates was used to deposit the TiO;
layers on the mesoporous substrates. Each cycle consisted of an initial 2 s TDMAT pulse, followed
by a 20 s purge. A water pulse of 0.1 s followed by a 20 s purge was then applied. A flow rate of
30 sccm for both TDMAT and water was used for this process. Growth of the layers was tracked by
inserting a 1 x 1 cm piece of silicon wafer into the reactor and measuring the resulting film thickness
by ellipsometry. An average growth rate of 0.054 nm/cycle was observed.

3.3. Methods

3.3.1. Ligand Exchange Experiments and IR Spectroscopy

FTIR spectra were measured in external reflection using the mesoporous substrates described
above: As-prepared, before and after anchoring of the molecules, and after ALD. The samples were
then submerged in a freshly prepared 1 M solution of NaCN for 30 min. They were then rinsed by
repeated dipping in distilled water, then soaked in EtOH for 2 min. The samples were finally dried
under N flow. Spectra were acquired after the ligand exchange. For the analysis of the CN stretching
bands, a baseline correction using a polynomial fit in the region between 2300 cm ! and 2000 cm~*
was applied.

3.3.2. Electrochemical Analyses

Unless otherwise noted, cyclic voltammetry and chronoamperometry were performed in 0.1 M
sulfuric acid solution (pH = 1), with an Ag/AgCl (saturated KCI) reference electrode and a platinum
wire as a counter electrode. The scan rate was 50 mV/s. The substrates were connected from the
bare FTO part and submerged to completely cover the mesoporous layer. Current densities were
normalized to geometric areas of the mesoporous layers of the samples. Voltages were reported vs.
the reversible hydrogen electrode (RHE) by converting the potentials measured with the Ag/AgCl
electrode using the Nernst equation, according to the following formula:

ErnE = Eag/agar +0.059-pH + EXy accy )

3.3.3. X-ray Photoelectron Spectroscopy (XPS)

XPS was conducted on selected samples using a Physical Electronics (PHI) Quantum 2000 X-ray
photoelectron spectrometer (Physical Electronics, Ismaning, Germany) featuring monochromatic
Al-Ka radiation, generated from an electron beam operated at 15 kV and 32.3 W. The energy scale of
the instrument was calibrated using Au and Cu reference samples. The samples were firmly pressed
onto indium foil patches, which were then mounted onto a sample platen and introduced into the
spectrometer. The analysis was conducted at 8 E-9 mbar, with an electron take off angle of 45° and a
pass energy of 46.95 eV for all samples. Owing to the low count rate of the Ir 4f core level emission,
measurement times in excess of 8 h per sample were used. Measurements were repeated using different
exposure times to ensure no X-ray beam damage occurred on the specimen. Ir 4f core level emissions
were fitted for a qualitative comparison between different samples using Voigt profiles (GL30), with
a double separation of 2.9 eV for each individual component. The line shape of the Ti 3s emission,
which was used for the interpretation of the combined Ti 3s and Ir 4f spectra, was fitted on a reference
ALD-TiO2 sample processed under identical conditions.

4. Conclusions

Ruthenium and iridium based water oxidation catalysts with carboxylate anchoring groups have
successfully been synthesized and grafted onto meso-TiO, and meso-ITO substrates. ALD-TiO, was
deposited to prevent the anchored catalysts from desorbing. We showed that the ALD protection
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reduces and prevents desorption in strongly acidic aqueous environments. The Ru catalysts could
not be stabilized under strongly oxidizing operating conditions for prolonged times. In contrast,
the Ir catalysts showed no degradation, even under strong oxidative bias. When comparing the
aqua and chloride version of the complexes, we observed different behavior during the deposition
of the ALD-TiO; layer. While the Ru complexes seemed to remain unaffected by the presence of
TDMAT during the protection layer growth, Ir-OH; showed catalytic deactivation compared to Ir-Cl,
presumably due to a reaction between the aqua ligand and TDMAT. Under operating conditions, the
deactivated Ir catalysts were regenerated.

Chloride ligands as protecting groups for water oxidation catalysts are a viable strategy to prevent
deactivation and degradation during ALD deposition of protecting layers. Chloride-protected active
sites are much less prone to undesired reactions with ALD precursors. We note that in some cases,
protection is not necessary (Ru catalysts). Furthermore, self-regeneration of deactivated catalysts may
take place and make protecting groups redundant. As this regeneration process is not a given for all
deactivated catalyst systems, using chloride ligand as a protecting group is a simple way to ensure an
active catalyst after ALD protection.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2304-6740/6/4/105/s1,
Figure S1: IR spectrum of meso-TiO, support, Figure S2: Raw IR spectra of Ru-Cl with increasing ALD layer
thickness, Figure S3: Ru—Cl IR spectra after baseline correction in the relevant range, Figure S4: IR spectra of
Ru—Cl after NaCN treatment, with varying ALD-layer thickness, Figure S5: UV-Vis spectra before ALD, Figure
S6: UV-Vis spectra after ALD, Figure S7: XPS spectra before and after ALD deposition, Figure S8: Full CV scans,
Figure S9: Chronoamperometric data.
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