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Chapter 1. Mixed Valence Tin Oxide as Semiconductor 

Support for Dye-Sensitized Solar Cells 

 

(The work presented here is part of a manuscript under preparation, by authors 

Debora Willinger, Lacie Townsend, Maggie Purvis, Nelli McMillan, Anne D’Achille, Jeff 

L. Coffer, and Benjamin D. Sherman. I contributed with the electrochemical and 

photoelectrochemical characterization of dye-sensitized solar cells using photoanodes with 

mixed valence tin oxide (Sn3O4) and tin(IV) oxide (SnO2), as well as with supervising and 

coordinating the work of Lacie Townsend and Maggie Purvis in their efforts of the Sn3O4 

powder and paste preparation. In addition, parts of this chapter are adapted from Sherman, 

B.D.; McMillan, N.K.; Willinger, D.; Leem, G. Sustainable hydrogen production from 

water using tandem dye-sensitized photoelectrochemical cells. Nano Convergence, 2021, 

8:7. I contributed with the writing and editing of this article.) 

 

1.1 Introduction 

Economic growth has brought an ever-increasing energy demand. Until 2016, coal 

was the largest source of electricity in the United States.1 Electricity generation from coal 

peaked in 2007 at 2,016 billion kWh. Since then, natural gas and renewables replaced much 

of that capacity (Figure 1). In 2020, natural gas produced 1,617 billion kWh electricity, 

while renewable energy sources (including wind, solar, biomass, hydroelectric, and 

geothermal energy) generated 834 billion kWh, which was about 21% of the total 

electricity production. Renewables surpassed both nuclear (790 billion kWh) and coal (774 

billion kWh) for the first time in 2020. The most prevalent renewable energy source in the 
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United States currently is wind. It grew 14% in 2020 from 2019.1 Solar energy contributed 

11% to the total renewable energy generation. 

 

 

Figure 1. Annual U.S. electricity generation from all sectors (1950-2020).1 

 

Sunlight is the most abundant, widely available renewable energy source.2, 3 Energy 

from the sun reaches Earth at a substantial rate. The energy input from the sun is ~ 3 x 1024 

joules per year that is ~ 10 000 times the annual global energy consumption.4 From the 

total 172,500 TW insolation, around 65,000 TW reaches the hydrosphere and 15,600 TW 

falls on land, the rest being reflected or absorbed by the atmosphere (Figure 2).5 A small 

fraction of this irradiance is stored as chemical energy in reduced carbon for the biosphere 

by photosynthesis. The net amount of this biomass produced per year, (i.e., net primary 

production, NPP), is 112 Pg of fixed carbon, supporting nearly all life on the planet.6  

Solar energy is utilized for diverse purposes from producing electricity to heating 

water. Photovoltaic (PV) technologies for the generation of electricity are the most 

prevalent means currently of harnessing solar power.7 Photovoltaic cells (also called solar 
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cells) are devices that can convert sunlight into electricity using semiconductor materials 

based on the photovoltaic effect discovered by Edmond Becquerel in 1839.7, 8 The first PV 

cell that could turn sunlight into usable electricity was created in 1954 by Bell Labs 

scientists David Chapin, Calvin Fuller, and Gerald Pearson in New Jersey using silicon and 

achieved a 4% efficiency which they later improved to 11%.9 Since then, numerous PV 

technologies have been developed from different types of materials and methods with 

varying efficiencies.10  

 

Figure 2. Distribution of solar radiation. From the 80,000 TW that reaches the Earth’s 

surface, only 15,600 TW falls on land, the rest falls on the hydrosphere. NPP: net primary 

production, i.e. biomass produced by photosynthesis in a year.11 Reprinted with permission 

from Sherman et al.11     (Copyright 2013 Springer Science) 

 

Dye-sensitized solar cell (DSSC) technology was first reported by Brian O’Regan 

and Michael Grätzel in 1991, as a promising, lower cost alternative to photovoltaic cells 

offering facile fabrication with respectable efficiencies.12 A DSSC differs from a 

conventional PV cell in that visible light absorption is achieved by a dye layer absorbed 
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onto the semiconductor on the anode, which is therefore called a dye-sensitized 

photoanode, and charge separation by the semiconductor film underneath the dye. Hence, 

the light absorption and charge separation steps are separated. The photoconversion 

process is initiated by a dye molecule, D, absorbing a photon and thereby exciting an 

electron from the highest occupied molecular orbital (HOMO) to the lowest unoccupied 

molecular orbital (LUMO) of the dye. The photoexcited dye, D*, then injects the excited 

electron to the semiconductor which must have a conduction band at a lower energy level 

than that of the LUMO of the dye. This electron travels through the semiconductor support 

to the conductive substrate which is usually a fluorine-doped tin oxide glass (FTO) surface 

and flows through the electric circuit to the cathode. The oxidized dye (D+) on the surface, 

reforms the ground state dye by oxidizing a redox mediator in the electrolyte solution. 

Traditionally, this is achieved using an electrolyte containing iodide/triiodide (I-/I3
-).12  The 

formal potential of the D+/D couple is more positive than that of the redox couple in 

solution.13  Lastly, the oxidized mediator is reduced back at the counter electrode to 

complete the circuit.14 The maximum possible voltage that can be generated by the DSSC 

is controlled by the difference between the Fermi level of the semiconductor-dye interface 

under illumination and the redox potential of the mediator couple in the electrolyte.14 A 

schematic illustration of a conventional DSSC is shown in Figure 3.  

For commercialization of a solar cell, the most important parameters are the cost of 

materials, cost of fabrication, photoconversion efficiency, and the working lifetime.15 

Photoconversion efficiency (η) is the ratio of the power generated by the solar cell (Pout) 

divided by the power supplied from solar energy (Pin), as shown in Equation 1.  

(1) 𝜂 =  
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
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The conversion efficiency of DSSC devices can vary depending on the choice of materials 

(semiconductor, dye, redox mediator, and other electrolyte components, etc.) and the types 

of interfaces in the device.7 Current state of the art DSSCs present up to 12% solar 

conversion efficiency under AM 1.5 standard sunlight.13, 16-18 The main criteria for a high 

solar energy conversion are a) efficient light absorption by the dye, b) efficient charge 

separation at the dye/semiconductor interface, and c) slow charge recombination between 

the semiconductor and the dye or between the semiconductor and the oxidized mediator in 

the electrolyte.  

 

 

Figure 3. Illustration of the operational mechanism of a dye-sensitized solar cell indicating 

the electron energy level in the different phases. The maximum cell voltage obtained under 

illumination equals to the difference between the Fermi level of TiO2 and the Nernst 

potential of the redox couple in the electrolyte, typically iodide/triiodide. D: dye, D+: 

oxidized dye, D*: electronically excited dye, CB: conduction band. A fluorine-doped tin 

oxide (FTO) glass substrate coated with platinum serves as the cathode. The purple dotted 
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arrows represent the possible charge recombination processes that can occur through 

electron transfer from the conduction band of the semiconductor to the ground state of the 

dye or to the oxidized redox mediator, as well as from the excited state of the dye back to 

the ground state. Reproduced from Ref. 18 with permission from the Royal Society of 

Chemistry.18 

 

Dyes 

Molecular chromophores including organometallic dyes, metal-free chromophores, 

and polymer-based chromophores have been studied in dye-sensitizes solar cells. 

Especially, Ru(II)-based chromophores have been extensively investigated over the last 

several decades as light absorbers due to their long-lived excited state lifetimes, high 

absorptivity in the visible region of λ > 450 nm, and the high positive potential of the RuIII/II 

couple.19, 20 Ruthenium tris-bipyridine (Ru(bpy)3) type chromophores are commonly used 

in DSSCs. A Ru(bpy)3 type complex containing a phosphonated bipyridine ligand 

([Ru(4,4’-H2O3P-bpy)(bpy)2]
2+, 1) can be covalently anchored on oxide semiconductor 

surfaces (e.g., TiO2, SnO2@TiO2 core-shell, NiO).20-26 Structures 2 and 3 shown in Figure 

4 contain multiple phosphonic acid groups and are designed for assembly on 

semiconductor surfaces.23, 25, 26  

 

Figure 4. Examples of ruthenium polypyridyl chromophores 1,21 2,24 and 322 used in DSSC 

related studies.  
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Transparent Semiconductors Used in DSSCs  

As opposed to conventional PV cells that are based on pure, crystalline 

semiconductor light absorbers which are usually associated with high material and 

fabrication costs, dye-sensitized solar cells use thin mesoporous layers of nanocrystalline 

semiconductors. The DSSC oxide semiconductor must be stable in the electrolyte solution 

used, optically transparent in the visible region, and possess conduction band/valence band 

energies that can facilitate charge transfer from the surface-bound dye excited state. A high 

surface area of the semiconductor is also important to ensure sufficient dye absorption. 

Nanostructured metal oxides, prepared via solvothermal reactions, atmospheric pressure 

chemical vapor deposition (APCVD),27 or aqueous sol-gel methods28 are promising 

materials for solar energy applications due to their substantially lower cost of fabrication, 

as well as the tunability of their efficiency and stability through altering their size and 

morphology.16, 17  

Most commonly, TiO2 or SnO2 are used to construct dye-sensitized photoanodes,29, 

30 but other metal oxides have also been studied such as ZnO,31 and Zn2SnO3.
32 Most 

photoanodes used for DSSCs rely on TiO2 to form the high surface area base support14 due 

to its favorable conduction band potential (ECB = -0.1 V vs. NHE at pH = 0), wide band 

gap of 3.2 eV (anatase TiO2),
33 low cost, facile synthesis, and high photochemical stability 

in both non-aqueous and aqueous phases.4, 34, 35 However, the activity of TiO2-Dye surfaces 

is limited by charge recombination processes, especially with aqueous electrolytes.34, 36 

SnO2 is also a prominent candidate due to its high electronic mobility37 and wide band gap 

(~3.5 eV).38 However, SnO2 photoanodes suffer from fast recombination kinetics that 

result in low open circuit voltages and poor solar conversion efficiencies.39, 40  
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Recombination 

In an ideal dye-sensitized solar cell, 100% of the photoexcited electrons would be 

converted to electricity by making their way through the semiconductor to the counter 

electrode. However, recombination of electrons in the conduction band of the 

semiconductor with a) the hole in the oxidized dye or b) the oxidized mediator in the 

electrolyte, lowers the charge collection efficiency, and limits the power conversion 

efficiency of the DSSC.41, 42 Efficient charge separation requires that these recombination 

events happen much slower than the forward transfer of injected electrons through the 

semiconductor to the conductive substrate and the reduction of the oxidized dye by the 

reduced mediator.14 

Incorporation of a semiconductor layer with a more negative conduction band 

compared to the base semiconductor used to construct a photoanode has been proven to 

mitigate recombination effects.43-46 These so called ‘core-shell’ surfaces can prevent 

disadvantageous reduction of  oxidized mediators in solution by the conductive substrate 

or the semiconductor layer.41 Meyer and co-workers demonstrated an enhanced 

performance for water splitting in a dye-sensitized photoelectrochemical cell (DSPEC, 

introduced in Chapter 2) when using an SnO2/TiO2 nanostructured photoanode (in which 

TiO2 served as the shell layer).47 SnO2 has a conduction band (ECB ~ 0.28 V vs. NHE)44 

that is more positive than that of TiO2 (ECB = -0.1 V vs. NHE),33 and due to this ~ 0.4 V 

offset in ECB, the back electron transfer through the oxide interface between the inner core 

SnO2 and outer shell TiO2 is suppressed.47 A six-fold increase in the photocurrent, up to 

0.85 mA cm-2, was seen with this photoanode compared with a TiO2 electrode in an 

otherwise identical DSPEC.48  
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From the point of view of SnO2 based photoanodes, coating the surface of SnO2 

with a high band gap material that has a more negative conduction band compared to SnO2, 

such as ZnO,49 Zn2SnO4,
50 or MgO,51 has been shown to reduce the recombination kinetics 

of SnO2 and thereby increase the photoconversion efficiency (PCE) in DSSCs. Milan et al. 

demonstrated an improvement of PCE with a layered SnO2/ZnO photoanode (4.96%) when 

compared to that with bare SnO2 (1.20%) and bare ZnO (1.03%) photoanodes, attributed 

to the suppression of charge recombination between the SnO2 and the oxidized redox 

mediator in the electrolyte by ZnO.49 Tennakone et al. reported a significant increase in 

open circuit voltage and PCE with a nanocrystalline SnO2 based photoanode coated with a 

thin MgO film (650-700 mV and ~ 6.5%) from the values obtained without the MgO film 

(325-375 mV and ~ 1%) due to a decrease in  recombination.51 An insulating polymer film 

covering the SnO2 surface is also promising to combat recombination.52 Gregg et al. 

reported a decreased rate of recombination between SnO2 and the oxidized redox mediator 

by orders of magnitude when involving a) electropolymerization of an insulating 

poly(phenylene oxide-co-2-allylphenylene oxide) film or b) deposition of an insulating 

poly(methylsiloxane) film from methyltrichlorosilane vapor on the SnO2 photoanode 

surface exposed to the solvent.52  

 

Project Objectives 

In this work, mixed valence tin oxide (Sn3O4) was studied as the core 

semiconductor to form DSSC photoanodes for the first time. Sn3O4 was discovered during 

the synthesis of stannous (SnO) and stannic oxides (SnO2) as an oxide of tin with a 

composition that was intermediate between SnO and SnO2.
53 It is an aggregate of thin, 

highly crystalline platelets measuring about 500 nm ⨯ 500 nm ⨯ 10 nm, with the 
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constituent atoms forming the (110) plane as determined by TEM (Figure 5, see a 

structural model in the inset of (d)).54-56  

 

Figure 5. (a,b) SEM and (c,d) TEM images of Sn3O4. The inset of (c) presents the 

corresponding selected-area electron diffraction (SAED) pattern taken along the [110] zone 

axis. The inset of (d) presents the structural model, with red spheres and blue polyhedra 

depicting the Sn2+ cations and the Sn4+O6 octahedra, respectively. Reprinted with 

permission from Ref. 56.56 Copyright (2022) American Chemical Society. 

 

Berengue and co-workers reported that single crystal Sn3O4 nanobelts grown from 

SnO2 powder by a carbothermal evaporation process showed a semiconductor structure 

with a band gap of 2.9 eV.57 The semiconducting property of Sn3O4 as well as its light 

absorption in the visible region have led to investigations of photocatalysis with this 

intriguing material.56, 58, 59 He et al. synthesized flower-like hierarchical, nanostructured 
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Sn3O4 with a band gap of 2.65 eV by a solvothermal method, and this material showed 

stable photoactivity toward the degradation of the organic dyes methyl orange and 4-

phenylazophenol under irradiation of visible light.60 Balgude et al. demonstrated a high 

photocatalytic activity of nanostructured, layered Sn3O4 synthesized via a facile 

hydrothermal method for the degradation of methylene blue dye as well as for hydrogen 

evolution via H2S splitting under visible light irradiation.61 Manikandan et al. proved that 

Sn3O4 acts as a photocatalyst toward water splitting as well.56 In these reports, comparable 

surfaces composed of SnO or SnO2 showed no photocatalytic activity or significantly lower 

activity than that with Sn3O4.
56, 60 Photoluminescence spectra have also shown that in 

comparison to SnO2, Sn3O4 exhibits a lower recombination of the photo-generated charges 

indicating that fewer defects exist in the lattice of Sn3O4.
61  

 The lower recombination observed with Sn3O4, (i.e., the better ability of Sn3O4 to 

maintain charge separation) compared to SnO2 suggests that Sn3O4 could facilitate 

improved solar conversion efficiencies in a DSSC. Due to its narrow bandgap, 

photoactivity in the visible light range is also expected, which could lead to a further 

increase in the DSSC performance due to light absorption of Sn3O4 in addition to that of 

the dye adsorbed onto Sn3O4. This work reports a hydrothermal synthesis of Sn3O4 powder, 

the preparation of Sn3O4 paste, and the study of dye-sensitized solar cells with Sn3O4 

photoanodes made via simple doctor-blading of the paste onto fluorine-doped tin oxide 

(FTO) glass substrates followed by sintering. The more positive conduction band of SnO2 

(ECB = 0.28 V vs. NHE)44, 48 compared to Sn3O4 (-0.25 V vs. NHE)62 suggests that SnO2 

could serve as a passivation layer on top of the FTO surface in the Sn3O4 based DSSCs to 

limiting access of redox species in the electrolyte from contacting the FTO surface. 
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Therefore, the influence of incorporating an SnO2 blocking layer (bl) underneath the Sn3O4 

(denoted as FTO|bl|Sn3O4) was also investigated. The blocking layer was formed by spin 

coating a 15 wt% SnO2 solution on the FTO followed by sintering at 450 °C for 45 min 

and resulting in a 90-100 nm coating.63, 64 Results were compared to those obtained with 

nanosphere SnO2 based DSSCs with and without an SnO2 blocking layer (FTO|bl|SnO2 and 

FTO|SnO2, respectively). A ruthenium-based dye, cis-bis(isothiocyanato)bis(2,2′-

bipyridyl-4,4′-dicarboxylato)ruthenium(II), also known as N3 Dye (Figure 6), was used as 

the photoanode sensitizer.65 N3 adsorbs efficiently onto metal oxide semiconductor layers 

via its carboxylic acid anchoring groups.  

 

  

Figure 6. Structure of cis-bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-

dicarboxylato)ruthenium(II) (N3) dye. 

 

Current-voltage (J-V) curves and chronoamperometric experiments under 

dark/light switching were performed to characterize the performance of Sn3O4 in a DSSC. 

Electron transfer kinetics were also investigated using open-circuit voltage decay (OCVD) 

measurements. A higher fill factor, higher solar conversion efficiency, and a lower 

recombination rate were obtained with Sn3O4 photoanodes compared with SnO2. 
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Interestingly, the presence of an SnO2 blocking layer did not improve the performance of 

Sn3O4 based DSSCs.  

 

1.2 Results and Discussion 

Hydrothermal Synthesis of Sn3O4  

Mixed valence tin oxide is a mixture of Sn(II) and Sn(IV). The crystal structure of 

Sn3O4 was first reported by Lawson in 1967, and the formula of (Sn2+)2(Sn4+)O4 was 

established using Mössbauer spectroscopy.55 Since then, Sn3O4 has been well characterized 

in terms of its crystal structure and morphology.54, 55, 66 Nanocrystals of Sn3O4 with 

hierarchical morphologies such as nanospheres, nanobelts, and nanosheets have been 

prepared previously.56, 57, 60, 67 Damalschio et al. used a carbothermal reduction process to 

grow Sn3O4 nanobelts.67 Xu et al. successfully synthesized Sn3O4 microflowers by the self-

assembly of nanosheets.68 Since Sn3O4 is a metastable phase, it is challenging to synthesize 

high purity Sn3O4. Impurities of SnO, SnO2, and Sn(OH)x are often included in the Sn3O4 

product, and these impurities inhibit the photocatalytic activity of Sn3O4.
69 Tanabe et al. 

has established that when using sodium citrate as surfactant and tin(II) chloride as tin 

precursor in a hydrothermal synthesis, the product phase (viz., SnO, Sn3O4, or SnO2) is 

governed by the molar ratio of citrate to tin and the pH conditions. Citrate (C6H5O7)
3- serves 

as a trivalent chelator for Sn complexation during the synthesis, and pH affects the 

coordination number of Sn.70 Therefore, by carefully choosing the conditions, single phase 

Sn3O4 could be successfully prepared for the first time.69 

 The optimal conditions for obtaining a single phase of Sn3O4 in the study reported 

by Tanabe et al. were (C6H5O7)
3-/Sn2+ = 2.5 and pH =5.5 at the start of the 6-hour 
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hydrothermal reaction at 180 °C.69 These results served as initial inspiration for the work 

presented here. First, hydrothermal syntheses were carried out at different pH conditions 

(pH = 6, 8, and 12) using a citrate/tin(II) ratio of 3.0 and heating at 180 °C for 6 h. The 

product samples were washed and purified by centrifugation twice with Milli-Q (18 MΩ) 

water and once with ethanol. The powder was then thoroughly dried using a rotatory 

evaporator and a vacuum desiccator. The products obtained are shown in Figure 7. The 

main product phase was estimated by visual observation of the color of the product, as well 

as by comparison of UV-vis spectra of suspensions in washing liquid before the drying 

step to the UV-vis spectra of SnO, Sn3O4, and SnO2 reported by Tanabe et al.69 The main 

product obtained with pH 6, 8, and 12 at the start of the hydrothermal reaction was SnO2, 

Sn3O4, and Sn3O4, respectively. Figure 8 demonstrates the UV-vis spectrum of the product 

synthesized from a starting pH of 8, in which the distinct peak at ~ 319 nm is indicative of 

the presence of Sn3O4. Figure 7B clearly demonstrates the presence of both yellow Sn3O4 

and black, shiny SnO in the product suspension. The cleanest Sn3O4 product was obtained 

with a starting pH of 8, therefore this starting pH was used for subsequent syntheses.   

 

 

Figure 7. A) Products of hydrothermal syntheses using (C6H5O7)
3-/Sn2+ = 3 and 6 h heating 

at 180 °C, with varying initial pH = 6, 8, and 12. B) Suspension of product in washing 

liquid after the synthesis with an initial pH = 12, showing the mixture of black, shiny SnO 

and yellow Sn3O4.  

 



 

15 

 

 

Figure 8. UV-vis spectrum of the washed product suspended in water, synthesized from a 

starting pH of 8. 

 

A decrease in pH to 6.61 and 8.05 was seen during the syntheses with an initial pH 

of 8.00 and 11.48, respectively. A detailed study of the reaction mechanisms at these pH 

conditions could shed light on this change in pH. As has been reported, the main complex 

in Sn(II)-citrate solution at acidic pH conditions is SnH3L
+ and SnHL- at alkaline pH.70 

Supposedly, changes of Sn coordination during the formation of tin oxides in the 

hydrothermal treatment may result in pH change due to the release/chelating of citrate 

ligands and protons to/from the tin center. 

Percent yields were calculated with the assumption that all the product was Sn3O4, 

for the sake of comparability. From the color of the powders seen in Figure 7, as well as 

the UV-vis spectra of the washed products suspended in water, it is, however, obvious that 

not all the runs resulted in a pure Sn3O4 product. The purest form of Sn3O4, obtained with 
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an initial pH = 8.00, gave 34% yield. Final pH and percent yield of Sn3O4 for these 

syntheses are summarized in Table 1. 

Table 1. Initial and Final pH and Percent Yield of Sn3O4 Samples 

 Run 1 Run 2 Run 3 

Initial pHa 6.01 8.00 11.48 

Final pH - 6.61 8.05 

Major phase of tin oxideb SnO2 Sn3O4 Sn3O4 

Percent yieldc 41% 34% 61% 

a Apart from the starting pH, each reaction was run under the same conditions; in a solution 

of citrate/tin(II) = 3.0, and heated at 180 °C for 6 h. 
b Determined by qualitative visual assessment and UV-vis as described in the main text. 
c Percent yield based on the starting mole amount of tin used and assuming all the recovered 

product was Sn3O4.  

 

To further optimize the protocol for Sn3O4 synthesis, a final washing was added 

using a 50/50 mixture (by volume) of water and glacial acetic acid after the initial washing 

steps with Milli-Q water and ethanol. This resulted in the sedimentation of more Sn3O4 

powder through centrifuging from the washing liquid at the bottom of the vial, which 

manifested in a higher overall percent yield, close to 50%.  

The morphology of products formed at pH 6 and pH 8 were studied by scanning 

electron microscopy (SEM). For the powder sample prepared with initial pH 6, SEM 

images showed large aggregates at lower magnification (Figure 9A) and nanospheres of 

~80 nm diameter all throughout the samples at greater magnification (Figure 9B). The 

compositional analysis by EDX showed a mole ratio of Sn/O of about 1/3.6 with 21.81 

atom% Sn and 78.19 atom% O. The powder obtained with an initial pH of 8 in the 

hydrothermal synthesis, however, contained much smaller aggregates at comparable 
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magnification (Figure 9C), and a flower-like pattern with small platelets (Figure 9D), 

typical of Sn3O4.
69 EDX showed an Sn/O = 3/5.7 with 34.38 atom% Sn and 65.62 atom% 

O. In both cases, the atom% of O seems to be slightly overestimated.   

 

Figure 9. SEM images of A-B) product from Run 1 (initial pH=6) and C-D) product from 

Run 2 (initial pH=8). (Images were taken by Dr. Anne D’Achille.) 

 

Paste Preparation 

After the successful synthesis of Sn3O4, formation of a paste from the Sn3O4 powder 

was necessary for the fabrication of high surface area Sn3O4 electrodes for subsequent 

DSSC studies.  Preparation of Sn3O4 paste has not been described in the literature. The 

optimized paste preparation procedure in this study is described in the Experimental 



 

18 

 

Section. In brief, a powder mixture of 8 wt% Sn3O4, 9 wt% 12000 MW PEG and 9 wt% 

100000 MW PEO was prepared and then suspended in a solvent mixture of 90 (V/V)% 

ethanol and 10 (V/V)% glacial acetic acid. The solution was stirred for 48 h before use. It 

was found that acetic acid enhanced the adhesion of the paste to the electrode which 

prevented flaking of the Sn3O4 coating following sintering of the film. Figure 10 shows 

pictures of Sn3O4 powder and paste prepared via the optimized routes. 

   

Figure 10. Sn3O4 powder and paste prepared via the optimized procedures. 

 

Photoanode Fabrication 

Next, the preparation of Sn3O4 coatings from Sn3O4 paste on FTO electrode 

surfaces was studied using spin-coating and doctor-blading methods. An electrode 

fabricated by spin-coating at 600 rpm for 45 s with two layers followed by sintering at 450 

°C for 45 min is shown in Figure 11A. A thin, inhomogeneous film was obtained with an 

average thickness of 2.20 μm measured by profilometry. Doctor-blading, a more facile and 

time efficient method, guaranteed a uniform, dense coating as seen in Figure 11B, and 

therefore it was chosen as the means of Sn3O4 electrode fabrication. To prepare 

photoanodes for subsequent DSSC analysis described later, the doctor-bladed and sintered 

Sn3O4 electrodes were soaked in a solution of N3 dye overnight which resulted in the 

formation of a light red-orange dye layer on the electrode surface (Figure 9C).  
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Figure 11. A) Sn3O4 film coating obtained by spin-coating two layers of Sn3O4 at 600 rpm 

for 45 s, followed by sintering. B) Sn3O4 coating obtained by doctor-blading, followed by 

sintering. C) Sn3O4 electrode after the absorption of N3 dye. 

 

Scanning Electron Microscopy (SEM) of Sn3O4 Electrodes 

Sn3O4 films on FTO using Sn3O4 formed with the optimized procedure were 

characterized by SEM. Figure 12A shows exposed FTO patches under the Sn3O4 layer, 

revealing that Sn3O4 does not uniformly cover the entire FTO surface. On a larger 

magnification image (Figure 12B), the formation of small platelets and a flower-like 

structure can be seen which are consistent with the literature.60 Cross-sectional images are 

shown in Figure 12C and D, measuring a film thickness of ~7 μm. 
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Figure 12. Top-down (A, B) and cross-sectional (C, D) SEM images of an FTO electrode 

coated with Sn3O4 prepared by the optimized procedure. (Images were taken by Dr. Nelli 

McMillan.) 

 

 

Photoelectrochemical Analysis 

Current-voltage (J-V) curves, chronoamperometry, as well as open circuit voltage 

decay (OCVD) analysis were used to assess the performance of the novel FTO|Sn3O4 

electrodes. DSSCs with SnO2 nanosphere-based photoanodes were evaluated for 

comparison with and without the addition of a thin, compact SnO2 blocking layer (bl) 

underneath the SnO2 film. This allowed for a comparison of performance between the 

novel Sn3O4 photoanode presented here and a conventional SnO2 electrode used previously 
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in dye-sensitized solar cells.71 An overall higher performance of the Sn3O4 based DSSCs 

was observed in comparison to the traditional SnO2 nanosphere based DSSC. 

First, DSSCs with Sn3O4 electrodes with and without N3 dye were compared. 

Surprisingly, only a very small photocurrent, ~50 μA cm-2, was observed at 0 V bias with 

an undyed FTO|Sn3O4 electrode despite the orange-yellow color of Sn3O4 suggesting 

photoactivity in the visible region. With N3 dye absorbed on the surface of the FTO, the 

photocurrent was 1.8 mA cm-2. Next, Sn3O4 electrodes (both dyed and undyed) were 

studied with and without an additional SnO2 blocking layer. A representative J-V curve 

taken under 1 sun illumination is shown in Figure 13 together with chronoamperometric 

spectra that were taken under zero bias with consecutive, 30-second light on and off periods 

for a total of 210 seconds to assess the magnitude and short-term stability of the current 

density. No anodic short circuit current density (J at 0 V applied bias, JSC) was observed 

in the absence of a dye-coating (FTO|Sn3O4 and FTO|bl|Sn3O4), but an average of 1.8 mA 

cm-2 and 1.7 mA cm-2 were generated in the presence of a dye coating on the Sn3O4 surface 

with and without the SnO2 blocking layer (FTO|bl|Sn3O4|N3 and FTO|Sn3O4|N3), 

respectively. The photocurrents remained stable during the measured period (210 s). The 

open circuit potential (VOC, voltage at zero current flow) was slightly larger without the 

blocking layer FTO|Sn3O4|N3 photoanode (0.39 V) than with the blocking layer 

FTO|bl|Sn3O4|N3 (0.37 V).  
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Figure 13. (Top) Representative J-V curves under light illumination taken at 20 mV/s 

starting from 0 V and going negative, and (Bottom) 30 s light on and off 

chronoamperometric experiments with Sn3O4 based DSSCs.  
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The performance of dyed Sn3O4 and SnO2 semiconductors were also compared, 

with and without the SnO2 blocking layer (Figure 14). A significant improvement in open 

circuit voltage was seen when comparing results with Sn3O4 photoanodes to that with SnO2 

photoanodes. The increase of VOC with Sn3O4 photoanodes was observed both with (green) 

and without (orange) the SnO2 blocking layer. The short circuit current, however, was 

higher with the SnO2 based electrodes. 

 

Figure 14. Representative J-V curves under light illumination taken at 20 mV/s starting 

from 0 V and going negative, with Sn3O4 (orange: without bl, green: with bl) and SnO2 

(blue: without bl, red: with bl) photoanodes. Electrodes with Sn3O4 provide a higher open 

circuit voltage (horizontal dashed line) but a lower short circuit current (vertical dashed 

line) compared to those with SnO2. 

 

Fill factor (FF) and power conversion efficiency (η) are key performance metrics 

for DSSC devices as they combine the effect of both the short circuit current JSC and open 
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circuit voltage VOC. Fill factor is the ratio of the maximum power output (Pmax) and the 

theoretical power output of the solar cell calculated from the short JSC and VOC according 

to Equation 2. Power conversion efficiency is the ratio of the maximum power output of 

the cell and the power input of the light source (Equation 3). 

(2) 𝐹𝐹 =
𝑃𝑚𝑎𝑥

𝐽𝑠𝑐×𝑉𝑜𝑐
=

𝐽𝑚𝑝×𝑉𝑚𝑝

𝐽𝑠𝑐×𝑉𝑜𝑐
 

(3) 𝜂 =
𝑃𝑚𝑎𝑥

𝑃
=

𝐽𝑚𝑝×𝑉𝑚𝑝

𝑃
 

where Pmax is the product of the current density (Jmp) and voltage (Vmp) that gives the 

maximum power (mp) from all the J-V pairs in the J-V curve. The performance metrics 

(VOC, JSC, FF, η) of the DSSC cells with the eight types of photoanode configurations 

studied (Sn3O4 and SnO2 based photoanodes both dyed and undyed, and with and without 

blocking layer) are summarized in Table 2.  

 

Table 2. Photoelectrochemical Performance of Sn3O4 and SnO2 Based DSSCs in Organic 

Electrolyte with I-/I3
-Mediator  

Photoanode configuration VOC (V) JSC (mA cm-2) FF (%) η (%) 

FTO|Sn3O4
 a -0.04 ±0.02 0.0 ± 0.0 25 ± 5 0.00 ± 0.00 

FTO|bl|Sn3O4
a -0.07 ± 0.02 0.0 ± 0.0 41 ± 11 0.00 ± 0.00 

FTO|Sn3O4|N3b -0.40 ± 0.02 1.8 ± 0.3 46 ± 2 0.34 ± 0.06 

FTO|bl|Sn3O4|N3a -0.34 ± 0.05 1.7 ± 0.3 41 ± 1 0.25 ± 0.07 

FTO|SnO2
c 0 0 0 0 

FTO|bl|SnO2
c -0.26 0 0 0 

FTO|SnO2|N3a -0.24 ± 0.01  3.7 ± 0.2 27 ± 1 0.23 ± 0.02 

FTO|bl|SnO2|N3d -0.25 ± 0.02 2.8 ± 0.5 32 ± 2 0.23 ± 0.03 
a-d Number of samples studied, a=4, b=5, c=1, d=3.  

 

No photocurrent and therefore a power conversion efficiency of zero were obtained 

in the absence of dye for each photoanode configuration, suggesting that neither Sn3O4 nor 
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SnO2 can directly harness visible light to drive photocurrent under the conditions used. 

FTO|Sn3O4|N3 electrodes showed a 70% increase in the fill factor and a 50% increase in 

the conversion efficiency compared to the conventional FTO|SnO2|N3 electrodes. 

Interestingly, the presence of an SnO2 blocking layer did not increase, but slightly lowered 

the performance of the Sn3O4 cells seen in the decreased fill factor (from 46% without and 

41% with bl), despite the suggested back electron suppression based on the relative 

conduction band potentials of Sn3O4 and SnO2. The SnO2 blocking layer, however 

increased the FF of SnO2 cells from 27% (without bl) to 32 % (with bl). In this case, the 

SnO2 bl presumably enhanced the performance of the DSSC by covering the exposed FTO 

underneath the nanosphere SnO2 layer and thereby reducing electrolyte contact with the 

conductive side of FTO leading to a loss of voltage. Even though SEM images of Sn3O4 

presented earlier also showed exposed FTO, the SnO2 bl did not prove to be necessary to 

act as a barrier between the FTO and the electrolyte. Out of the eight different Sn3O4 and 

SnO2 configurations listed in Table 2, the best performing electrode was the 

FTO|Sn3O4|N3, with VOC of 400 mV, JSC of 1.8 mA cm-2, FF of 46%, and η of 0.34%.  

 

Open Circuit Voltage Decay Analysis 

The energy conversion efficiency of dye-sensitized solar cell depends largely on 

electron transfer and recombination kinetics.72, 73 The electron lifetime (τe) of the 

photoinjected electrons in the semiconductor layer is indicative of recombination kinetics. 

The open circuit voltage decay (OCVD) method described by Zaban et al. is a powerful 

method to assess τe by monitoring the VOC after photoinduced excitation of the DSSC. 

Under light illumination, a steady state is reached when the photoexcited electron 



 

26 

 

generation rate and the recombination rate are constant. However, when light is switched 

off, the generation stops, but recombination continues, resulting in a VOC decay. Electron 

lifetime, τe, is the inverse of the derivative of VOC with respect to time, normalized by the 

thermal voltage, as shown in Equation 4.  

(4) 𝜏𝑒 = −
𝑘𝐵𝑇

𝑒
(

𝑑𝑉𝑂𝐶

𝑑𝑡
)

−1

 

where kB is the Boltzmann constant, T the absolute temperature, and e the elementary 

charge.  

 Open circuit voltage decay plots were obtained with dyed Sn3O4 and SnO2 

photoanodes, shown in Figure 15 by monitoring VOC as a function of time for a 30 s initial 

dark period followed by 30 s light on and a final 150 s dark period. 

 

Figure 15. Open circuit voltage decay plots with Sn3O4 (orange, green) and SnO2 (blue, 

red) electrodes including N3 dye and with and without an SnO2 blocking layer (bl). Each 

VOC vs. time plot was normalized to the VOC obtained in the last second of the first dark 

period.  
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The electron lifetime was then calculated from the OCVD plots by taking the first 

derivative of the voltage decay curve after the 30 s light on Figure 16 and compared 

between the samples. The electron lifetime measured instantly at the start of the dark phase 

after the 30 s illumination can be the closest estimate of the lifetime of the photoinjected 

electron in the semiconductor before it recombines with the oxidized electrolyte species 

(or transfers through the circuit to the cathode) under constant light illumination. In the 

OCVD analysis, a shorter electron lifetime implies a faster charge recombination rate, since 

the decay of VOC under dark after a light on period is a result of recombination of electrons 

from the semiconductor to the oxidized redox mediator in the electrolyte.74 

 

Figure 16. Electron lifetime versus open circuit voltage using dyed Sn3O4 electrodes 

without bl (orange) and with bl (green), as well as using dyed SnO2 electrodes without bl 

(blue) and with bl (red) photoanodes. 

 

To study the recombination kinetics with the Sn3O4 and SnO2 electrodes, the 

electron lifetimes obtained at the VOC at the start of the dark period for each electrode were 

-0.40 -0.35 -0.30 -0.25 -0.20 -0.15 -0.10 -0.05 0.00

0.1

1

 FTO| Sn3O4 | N3

 FTO| bl | Sn3O4 | N3

 FTO| SnO2 | N3

 FTO| bl | SnO2 | N3

 

 

t e
 (

s
)

DVOC (V)



 

28 

 

listed and compared in Table 3. Surprisingly, the FTO|Sn3O4|N3 photoanode showed the 

shortest electron lifetime (τe = 67 ms) despite its operation with the highest 

photoconversion efficiency. Incorporation of a blocking layer led to a slight increase in τe 

in case of Sn3O4 (τe = 70 ms), but a significant decrease in case of SnO2 (τe = 471 ms for 

FTO|SnO2|N3, τe = 145 ms for FTO|bl|SnO2|N3), which are again contradictive of what the 

previous DSSC performance metrics (described earlier, Table 2) suggested.  

Electron lifetimes calculated at an open circuit potential of 0.20 V were also 

compared in Table 3, and an increasing τe was found for the electrodes in the following 

order:  FTO|bl|SnO2|N3 (145 ms) < FTO|SnO2|N3 (381 ms) < FTO|bl|Sn3O4|N3 (1523 ms) 

< FTO|Sn3O4|N3 (1980 ms). The highest electron lifetimes were obtained with the Sn3O4 

based photoanodes. The addition of an SnO2 blocking layer decreased the electron lifetime 

by 27% for the Sn3O4 and by 62% for the SnO2 based photoanodes.  

 

Table 3. Initial Electron Lifetime and that at VOC = 0.2 V with Sn3O4 and SnO2 based 

DSSCs  

 VOC (V vs. I-/I3
-)a τe at VOC (ms) τe at 0.20 V (ms) 

FTO|Sn3O4|N3 0.37 67 1980 

FTO|bl|Sn3O4|N3 0.36 70 1523 

FTO|SnO2|N3 0.21 471 381 

FTO|bl|SnO2|N3 0.20 145 145 

a Measured at the start of the light off period after a 30 s light on phase. 

 

A longer electron lifetime (i.e., lower rate of recombination), can typically be 

explained by a higher crystallinity and lower surface trap density of the semiconductor, as 
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they increase the rate of electron transfer from the photoexcited dye through the 

semiconductor to the back contact of the DSSC photoanode, thereby decreasing 

recombination of these electrons at the surface of the semiconductor with the tri-iodide in 

the electrolyte solution.31, 75 However, the photoconversion efficiency is not solely 

dependent on the electron lifetime, therefore, it cannot always be assumed that a longer 

electron lifetime leads to better DSSC performance.31 The collection of photogenerated 

electrons at the photoanode to provide photocurrent is a complicated process. It is the result 

of a competition between the electron transfer from the photoexcited dye to the back 

contact of the DSSC photoanode and the recombination of these electrons with the tri-

iodide in the electrolyte solution. A higher conversion efficiency is achieved when the 

electron transfer time is much shorter than the electron lifetime.  

 

1.3 Experimental 

General 

All chemicals were purchased from Sigma-Aldrich or Alfa Aesar at ACS grade or 

higher and used as received unless otherwise noted. Fluorine-doped tin oxide coated glass 

(FTO) was purchased from Harford Glass (USA) and was used as a substrate to prepare 

solar cell electrodes. Ultrapure water (18 MΩ) was used when needed for synthesis or 

material testing. Ruthenizer 535, a ruthenium-based dye commonly known as N3 in the 

literature, served as the electrode sensitizer and was purchased from Solaronix 

(Switzerland) together with heat shrink film (Meltonix) necessary for preparation of dye-

sensitized solar cells. 

UV-vis absorption spectra of the electrodes were taken using a Cary 60 

spectrophotometer (Agilent). A scan with an empty sample holder served as the 
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background. The film thicknesses were measured with a Bruker DektakXT profilometer 

equipped with a 2 µm stylus. The sample morphologies were studied using field emission 

scanning electron microscopy (FESEM, JEOL JSM 7100F). Powder samples were placed 

on carbon tape.  

 

Sn3O4 Powder Synthesis 

Sn3O4 was prepared via an optimized protocol of the hydrothermal reaction 

reported by Tanabe et al.69 The reaction was carried out in a 45 mL autoclave reactor (Parr 

Instruments). First, 17 mL of ultrapure water (18 MΩ) and 9 mL of 0.420 M sodium citrate 

dihydrate was combined in a beaker and sonicated for 5 minutes. Tin(II) chloride dihydrate 

(0.3385 g) was then added and dissolved via sonication. This resulted in a 2.5:1 mole ratio 

of citrate to tin. Subsequently, the pH of the solution was adjusted between 8.05 and 8.20 

using a diluted sodium hydroxide solution or a diluted hydrochloric acid solution, as 

needed. Hydrothermal treatment at 180 °C for six hours (2.6 °C/min ramp to 180 °C) was 

carried out in a 45 mL reactor containing 30 mL of the pH 8 solution. Once cooled, the 

Teflon liner was sonicated for 15 minutes and then the contents were removed and 

centrifuged for 10 minutes at 8000 rpm. After removal of the supernatant, the pale-yellow 

product was washed via centrifuging first with Milli-Q water, then with ethanol, and lastly 

with a 50/50 V/V mixture of Milli-Q water and glacial acetic acid for 10 minutes at 8000 

rpm each time. The particles were then resuspended in about 5 mL of glacial acetic acid, 

transferred to a scintillation vial and dried using a rotary evaporator. Lastly, the powder 

was dried in a vacuum desiccator for 4-5 hours until completely dry.  
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Sn3O4 Paste Preparation 

A solution of 8% (w/w) Sn3O4 with 9% (w/w) 12000 MW PEG and 9% (w/w) 

100000 MW PEO was prepared in a solvent mixture of 90% (V/V) ethanol and 10% (V/V) 

glacial acetic acid by combining 84 mg Sn3O4 with 100 mg of each polymer and adding 

0.90 mL ethanol and 0.10 mL glacial acetic acid. The solution was stirred for 48 hours to 

ensure complete dissolution of the polymer and a homogeneous suspension for use in 

preparing electrode surfaces.   

 

SnO2 Paste Preparation 

(The description of SnO2 paste preparation below has been adapted from Pham, B.; 

Willinger, D; McMillan, N.K.; Roye, J.; Burnett, W.; D’Achille, A.; Coffer, J.L.; Sherman, 

B.D. Tin(IV) oxide nanoparticulate films for aqueous dye-sensitized solar cells, Solar 

Energy, 2021, 224, 984-991. I contributed with the writing and editing of this article.71) 

The synthesis of nanospherical SnO2 suspensions followed a literature procedure.76 

Briefly, the procedure was as follows: 1 mL glacial acetic acid was introduced to 30 mL of 

SnO2 colloid (15 wt% in water, Alfa Aesar) in a round-bottom flask, the solution was mixed 

for 24 h at room temperature, and then underwent hydrothermal treatment at 240 °C for 60 

h in a 45 mL autoclave reactor (Parr Instruments). The resulting solution was sonicated for 

several minutes before use. SnO2 paste was prepared by mixing the solution of SnO2 

particles with 2.5 wt% PEG (MW 20,000) and 2.5 wt% PEO (MW 100,000). 
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Preparation of Photoanodes 

The Sn3O4 paste was used to make Sn3O4 based photoanodes on FTO substrates, 

each 1 cm wide and 4 cm long. FTO|Sn3O4 anodes were made by a doctor-blading method, 

using a template that includes two pieces of FTO about 1.2 cm apart from each other as 

placeholders for the FTO substrate, and three pieces of scotch tape on top of both. After 

inserting the FTO substrate in between the two placeholders, with the conductive side 

facing upwards, a small amount of paste was placed across the width of the FTO at around 

2.5 cm height, and it was gently pulled downward with the side of a glass micropipette to 

cover the FTO evenly with the paste down to the bottom. Once the electrodes were air 

dried, they were sintered in the oven at 450 ºC for 45 minutes. SnO2 blocking layers on 

FTO surfaces were prepared by spin-coating a drop of 15 wt% aqueous solution of SnO2 

on the FTO substrate for 45 s at 1000 rpm, followed by sintering at 450 °C for 45 min in 

air.63 This results in a 90-110 nm coating. SnO2 paste was spread on the electrode by doctor-

blading, air-dried, and sintered at 450 °C for 45 min in air. Where indicated, an additional 

monolayer of N3 dye was absorbed on the electrode surface by soaking the electrode for 

24 hours in a solution of 300 μM N3 dye dissolved in ethanol.  

 

Dye-Sensitized Solar Cell Fabrication 

Dye-sensitized solar cells (DSSCs) were assembled using the Sn3O4 or SnO2 

electrodes as the photoanode. The counter electrode was prepared by drop-casting 15 µL 

of 0.01 M hexachloroplatinic acid (H2PtCl6) solution on an FTO glass substrate followed 

by sintering at 450 ºC for 45 minutes in air. Two holes were then drilled on the counter 

electrode for the electrolyte injection. The photoanode and the counter electrode were 
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sealed together using Meltronix® hot-melt sealing film (purchased from Solaronix, 

Switzerland), and the electrolyte solution was introduced through the holes. The liquid 

electrolyte was composed of 0.03 M iodine, 0.05 M lithium iodide, 1.0 M 1,3-

dimethylimidazolium iodide, 0.1 M 4-tert-butylpyridine, and 0.1 M guanidine thiocyanate 

dissolved in a 1:1 mixture of acetonitrile and valeronitrile. A small piece of microscope 

slide was then secured over the holes on the Pt electrode with parafilm. 

  

Photoelectrochemical Analysis 

A WaveNow potentiostat (Pine Instruments) and the corresponding AfterMath 

software were used for the electro- and photoelectrochemical studies. Photocurrent, 

photovoltage, and open circuit voltage decay (OCVD) measurements were performed 

using an LED light source set to provide 100 mW cm-2 (1 sun). The active area of the cells 

was 0.25 cm2.  Current-voltage (J-V) curves were obtained using 20 mV/s voltage ramp 

rate under both dark and light conditions. Chronoamperometric measurements were 

performed by monitoring the current in consecutive, 30 s light on and off phases for a total 

of 210 s. Open circuit voltage decay (OCVD) was studied by tracking the change of open 

circuit voltage in the dark after an initial 30 s light off and 30 s light on period for at least 

10 s.  

 

1.4 Conclusions and Outlook 

In this work, the hydrothermal synthesis of mixed valence tin oxide, the preparation 

of mesoporous Sn3O4 electrodes, and the fabrication and characterization of dye-sensitized 

solar cells using these photoanodes were carried out.  Photoelectrochemical studies showed 
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a 70% increase in the fill factor and a 50% increase in the solar energy conversion 

efficiency with FTO|Sn3O4|N3 electrodes compared to FTO|SnO2|N3 electrodes. Open 

circuit voltage decay analysis showed an increased electron lifetime obtained at similar 

voltages, indicating slower charge recombination with Sn3O4 compared to SnO2, and this 

in part explains the higher photoconversion efficiency. However, the collection of 

photogenerated electrons at the photoanode to provide photocurrent is a complicated 

process, therefore more studies are needed to clarify the enhanced performance of the 

Sn3O4 photoanodes compared to those with SnO2. Electrochemical impedance 

spectroscopy (EIS) is a powerful technique to evaluate charge transport and collection 

properties in solar cells such as double-layer capacitance Cdl, and charge transfer resistance 

Rct, and it could be used to further investigate the use of Sn3O4 in DSSCs.40, 75  
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Chapter 2. Photochemical Oxidation of Benzyl Alcohol 

Using TEMPO Redox Mediator 

 

2. 1 Introduction 

Dye-sensitized photoelectrochemical cells (DSPECs) are devices that use solar 

energy to drive chemical reactions. Photoelectrochemical water splitting into oxygen and 

hydrogen using a DSPEC is a promising approach for solar energy conversion.77-79 

However, the efficiency of water splitting is severely restricted due to the sluggish kinetics 

and demanding endergonic thermodynamics of the water oxidation half reaction.80-89 

Alternative approaches for solar energy conversion include other, usually more facile 

chemical transformations that lead to the production of hydrogen gas, a promising 

alternative fuel, with the concomitant formation of high-value chemicals.90-92 An example 

of such transformations is the photooxidation of primary and secondary alcohols such as 

benzyl alcohol oxidation to benzaldehyde and H2 (Equation 5)  

(5) PhCH2OH
hν
→ PhCHO + H2 

The number of studies investigating the photocatalytic conversion of benzyl alcohol to 

benzaldehyde and H2 has significantly increased in recent years, due to the industrial value 

of not only H2 as an alternative fuel, but also of benzaldehyde.93-97 Benzaldehyde is a 

common intermediate for the production of dyes, plasticizers, perfumes, flavoring 

materials, etc.98 Song et al. demonstrated the photocatalytic oxidation of benzyl alcohol 

using a chromophore-catalyst assembly on a nanoITO/TiO2 core/shell photoanode surface 

(nanoITO = tin-doped In2O3 nanoparticle) and an aqueous electrolyte buffered at pH 4.5 

and obtained a photon to current efficiency of 3.7% for the oxidation of benzyl alcohol.97 
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Li et al. presented an aqueous, semiconductor-molecular hybrid system containing a 

molecular ruthenium catalyst (RuCat) and Pt modified g-C3N4 composite capable of 

photocatalytically oxidizing benzyl alcohol and related derivatives to the corresponding 

aldehyde with over 99% selectivity towards the aldehyde which was attributed to the 

formation of Ru(IV)=O intermediate through hole transfer from g-C3N4 to RuCat.99  

Aqueous DSPECs introduce several challenges. If undesired, competitive water 

oxidation can limit the efficiency for the oxidation of the substrate. Degradation of the 

photoanode in water via desorption of dye or corrosion of the semiconductor can also be a 

major hindrance in the long-term stability of the system. Photocorrosion in water can be 

suppressed by a protective layer (e.g., CoOx, NiOx, and FeOx),
100-102 however, these layers 

tend to also suppress the oxidation of organic compounds.103, 104 Non-aqueous media are 

therefore an attractive alternative for the photoelectrochemically-driven oxidation of 

organic compounds. Oxidation of benzyl alcohol, cyclohexene, and tetralin into their 

corresponding carbonyl compounds were successfully accomplished in a 

photoelectrochemical cell (PEC) at the semiconductor-liquid junction of a BiVO4 

photoanode immersed in acetonitrile containing electrolyte, base, and electron transfer 

reagent, without a significant degradation of the photoanode.105  

 

Project Objectives 

The current work describes the photoelectrochemical oxidation of benzyl alcohol 

to benzaldehyde using 2,2,6,6-tetramethylpiperidoxyl (TEMPO) as the redox mediator in 

the electrolyte solution. A conventional fluorine-doped tin oxide (FTO) photoanode 

composed of a mesoporous TiO2 semiconductor layer with a monolayer of tris(2,2'-
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bipyridine)ruthenium(II)-based dye, RuC, absorbed onto the TiO2 was used as the 

reference point to this work, denoted as FTO|TiO2|RuC. During the operation of the 

DSPEC, the photoconversion is initiated by RuC* following photon absorption. Electron 

injection from the photoexcited dye to TiO2 results in charge separation yielding reduced 

TiO2(e
-) and RuC3+. This electron then travels to the conductive FTO substrate and flows 

through the electric circuit to the Pt cathode. The surface bound RuC3+ drives the formation 

of TEMPO+ in the electrolyte, replenishing the ground state RuC. Two equivalents of 

TEMPO+ oxidizes benzyl alcohol to benzaldehyde, with the liberation of two equivalents 

of protons and the reformation of the starting TEMPO species. In a complete DSPEC, the 

reduction of protons to form H2 gas would complete the overall chemistry in the cell. 

Scheme 1 illustrates the above discussed photoelectrochemical processes and chemical 

reactions, including the chemical structures. 

 

Scheme 1. Scheme of benzyl alcohol oxidation to benzaldehyde in a dye-sensitized 

photoelectrochemical cell including TEMPO as the redox mediator. Photoconversion is 
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initiated by RuC* following photon absorption. Electron injection from the photoexcited 

dye to TiO2 yields reduced TiO2(e
-) and RuC3+. This electron then travels to the conductive 

FTO substrate and flows through the electric circuit to the Pt cathode. The surface bound 

RuC3+ oxidizes TEMPO to TEMPO+ in the electrolyte, whereby the ground state RuC is 

replenished. Two equivalents of TEMPO+ oxidizes benzyl alcohol to benzaldehyde, with 

the liberation of two equivalents of protons and the reformation of TEMPO. The reduction 

of protons to form H2 gas at the Pt counter electrode completes the overall chemistry in the 

cell. 

 

First, it was found that the electrode FTO|TiO2|RuC produced a small photocurrent, 

75 μA cm-2 at 0.3 V vs. SCE bias under the studied conditions, presumably due to 

recombination at the electrode surface, as described more in detail in Chapter 1. Covering 

the surface of the FTO substrate with a thin blocking layer of titanium dioxide has been 

shown to effectively reduce back electron transfer from the FTO to the oxidized redox 

species in the electrolyte and to thereby increase the photocurrent.106-113 Sangiorgi et al., 

for example, reported an 84% improvement of the solar conversion efficiency with an 

optimized TiO2 blocking layer deposited on the photoanode substrate via spin coating from 

a TiCl4 precursor.111 

Numerous methods have been explored for the preparation of TiO2 blocking layers, 

such as anodic electrodeposition,41, 114-117 spin coating,118, 119 spray pyrolysis,120-122 low-

pressure cold spraying,123 sol-gel techniques,124 screen-printing, atomic layer depositions 

(ALD),125, 126 reactive sputtering of TiO2,
127-130 and radio frequency magnetron sputtering 

of Ti followed by oxidation.131, 132 Thermal oxidation133 and TiCl4 chemical bath 

deposition134 have also been reported in the literature. Each method has advantages and 

disadvantages. Some require expensive instrumentation (e.g., ALD, magnetron sputtering), 

but in return provide high reproducibility and precise control of the thickness of the 
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blocking layers.  If the quality of blocking layer is acutely sensitive to the process 

parameters, as is the case for spin coating or spray pyrolysis, the resulting blocking layers 

and thus the photoanode performance can vary substantially even when applying the same 

bl process.41  

In this work, a liquid-phase deposition method with two different titania precursors, 

TiCl4 and [TiF6]
2-, have been studied for the preparation of TiO2 blocking layers. The 

deposition of TiO2 blocking layers from TiCl4(aq) solution onto electrodes for solar cell 

applications is a common practice to increase performance by preventing recombination.14, 

71, 135, 136 TiO2 nanoparticles are deposited as a result of the hydrolysis of TiCl4 through a 

series of intermediates.137 TiCl4 is a volatile liquid, and upon contact with humidity it forms 

TiO2 and hazardous HCl(g) according to Equation 6. Therefore, it requires a storage under 

an inert atmosphere and extreme caution and proper safety protocols need to be exercised 

during handling and use. 

(6) TiCl4 + 2H2O → TiO2 + 4HCl 

Liquid-phase deposition from a [TiF6]
2- precursor solution is a significantly more facile 

and time efficient method to produce TiO2 films.138, 139 The bl is deposited onto the FTO 

substrate from liquid-phase as a result of a ligand exchange equilibrium reaction of 

ammonium hexafluorotitanate as seen in Equations 7-10. Boric acid is added to quench 

the production of toxic hydrogen fluoride (Equation 10).  

(7) [TiF6]2− + nH2O ⇌  [TiF6−n(OH)n]2− + nHF  

(8) [TiF6−n(OH)n]2− + (6 − n)H2O → [Ti(OH)6]2− + (6 − n)F− + (6 − n)H+ 

(9) [Ti(OH)6]2− + 2H+ → TiO2 + 4H2O 

(10) H3BO3 + 4HF ⇌ HBF4 + 3H2O 
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This route for the deposition of thin layers of TiO2 has been used in DSSCs and 

photocatalytic studies before.138, 139 Huang et al. deposited a compact layer of TiO2 on 

indium-doped tin oxide (ITO) glass substrate by liquid-phase deposition using ammonium 

hexafluorotitanate and boric acid, and they found a 50% improvement in the solar 

conversion efficiency with a DSSC using a TiO2 photoanode with a compact, 48 nm TiO2 

layer (5.26%) when compared to a cell without the compact layer (3.55%). The 

improvement was attributed to the ability of the blocking layer to reduce recombination at 

the ITO/electrolyte interface. 

This study compares the photoactivity of TiO2 bl depositions formed from both 

TiCl4 and [TiF6]
2- precursor and demonstrates the advantages of the latter method. The 

effect of the incorporation of blocking layers into the photoanode by liquid-phase 

deposition from [TiF6]
2- on the performance of the DSPEC was then studied. The presence 

of the bl was found to significantly alter the photocurrent of the system and thereby the 

efficiency of the photochemical reaction. The length of the deposition also impacted the 

observed photocurrents. The effect of a thin TiO2 layer deposited on top of the mesoporous 

TiO2 with liquid-phase deposition from [TiF6]
2- was also studied, and it is denoted as a 

‘coating layer’ (cl). Investigation of numerous different photoanode configurations, 

obtained by varying the length and place of the TiO2 deposition (as a blocking layer under 

the mesoporous TiO2, or as a coating layer above, or both) and the use of sintering, has 

guided optimization of the electrode surface. The highest photocurrents, with a five-fold 

increase compared to the reference photoanode, were obtained with electrodes composed 

of a TiO2 blocking layer both under and above the mesoporous TiO2 layer, with deposition 

time optimized for each layer.  Photoanodes composed of a blocking layer deposited in 20 
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min at 45 °C and left non-sintered, a sintered mesoporous TiO2 layer, and a sintered coating 

layer deposited in 13.5 min at 45 °C, gave a photocurrent density of 487 ± 66 µA cm-2. 

 

2.2 Results and Discussion 

DSPEC Components 

The dye-sensitized photoelectrochemical cell used here for the photooxidation of 

benzyl alcohol was a conventional three-electrode setup with the photoanode as the 

working electrode, platinum as the counter electrode, and a silver wire to serve as the 

Ag/Ag+ quasi reference electrode. A 0.1 M TBAPF6 in acetonitrile was used as the 

electrolyte solution, with TEMPO redox mediator in addition. The photoanode consisted 

of a mesoporous TiO2 layer prepared by doctor-blading on the FTO substrate, and a 

monolayer of RuC dye adsorbed on the surface of the TiO2. Figure 17 presents a red-

orange solution of RuC (1 mM) in acetonitrile (A), and a photoanode with RuC adsorbed 

on the TiO2 layer, denoted as FTO|TiO2|RuC (B). The orange color on the electrode surface 

indicates a good adsorption ability of RuC on TiO2.
140 The edges of the photoanodes were 

epoxied prior to the DSPEC measurements in this work to reduce inhomogeneity of the 

surface exposed to the electrolyte and thereby obtain more reliable and reproducible results.  

 

Figure 17. A) 1 mM RuC solution in acetonitrile. B) FTO|TiO2|RuC photoanode with 

epoxied edges.  
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 The half-wave potential of RuC in acetonitrile (1.36 V vs. Ag/Ag+, Figure 18 red) 

is more positive than that of TEMPO (0.66 V vs. Ag/Ag+, Figure 18 blue), therefore 

TEMPO can drive the reduction of RuC3+ to RuC2+ in the catalytic cycle.  

 

Figure 18. Cyclic voltammograms (CVs) taken at a scan rate of 0.05 V/s in air-saturated 

solutions with a pristine FTO in blank (0.1 M TBAPF6 in acetonitrile) (black), with an 

FTO|bl|TiO2|RuC working electrode in blank (red) and in a solution of 5 mM TEMPO 

(blue). The TiO2 blocking layer (bl) was deposited from TiCl4 at room temperature in 3 

days followed by sintering. 

 

A TiO2-RuC dye-sensitized photoanode shows a small photocurrent in neat 

acetonitrile electrolyte solution (see Figure 19 blue). This observation is common to 

Ru(bpy)3 based photoanodes and has been attributed to photochemical degradation of the 

dye.141 However, when TEMPO is added, an increase in the photocurrent density (j) is seen 

(Figure 19 purple). This is due to TEMPO facilitating the replenishment of RuC3+ to 

RuC2+, and thereby increasing the surface concentration of the ground state dye. In the 
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presence of both TEMPO and benzyl alcohol, a further increase in j is observed (Figure 

19 pink), thanks to BnOH replenishing TEMPO+ to TEMPO, leaving a larger concentration 

of TEMPO in solution which in turn increases the surface concentration of dye that results 

in the increased photocurrent. 

 

Figure 19. Chronoamperometric plots during 30 s light/dark transients under an applied 

bias of 0.3 V vs. Ag/Ag+ in a blank solution (0.1 M TBAPF6) (blue), in a solution of 5 mM 

TEMPO (purple), or 5 mM TEMPO and 50 mM BnOH (pink). A photoanode consisting 

of a sintered bl deposited from an aqueous solution of 40 mM TiCl4 for 60 min, a sintered 

mesoporous TiO2 layer, a sintered cl deposited from an aqueous solution of 40 mM TiCl4 

for 30 min, and a monolayer of RuC (FTO|bl(60,s)|TiO2(s)|cl(30,s)|RuC) was used as the 

working electrode. 

 

 

Optimization of Electrolyte Conditions  

The conversion efficiency of the electrochemical oxidation of benzyl alcohol 

increases in the presence of a base.142, 143 Oxidation of benzyl alcohol to benzaldehyde is 
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considered a proton-coupled electron transfer (PCET), and therefore the presence of a base 

can drive the reaction forward.144 To exploit this effect, 2,6-lutidine (pKa = 6.7)145 was 

added to the electrolyte used in this work. A concentration of 200 mM 2,6-lutidine was 

found to give the largest (an almost two-fold) increase to the photocurrent compared to that 

without any base (Figure 20). 
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Figure 20. (Top) Chronoamperometric plots during 30 s light/dark transients under an 

applied bias of 0.3 V vs. SCE in the presence of an increasing concentration of 2,6-lutidine. 

The acetonitrile electrolyte contained 5 mM TEMPO, 50 mM BnOH, 100 mM TBAPF6 

and 0 mM (black), 50 mM (purple), 100 mM (violet), 200 mM (lavender), or 250 mM 

(light purple) 2,6-lutidine. (Bottom) The photocurrent density obtained as a function of the 

concentration of 2,6-lutidine present in solution. A photoanode consisting of a sintered 
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mesoporous TiO2 layer and a monolayer of RuC (FTO|TiO2(s)|RuC) was used as the 

working electrode. 

 

The influence of the TEMPO concentration on the photocurrent density was studied 

as well. Figure 21 shows that a concentration above 5 mM TEMPO decreases the 

photocurrent. Based on the observed trends in Figures 20 and 21, the DSPEC electrolyte 

solutions used for further studies included 5 mM TEMPO and 200 mM 2,6-lutidine. 

 

 

Figure 21. Chronoamperometric plots during 30 s light/dark transients under an applied 

bias of 0.0 V vs. SCE in the presence of an increasing concentration of TEMPO. The 

acetonitrile electrolyte contained 50 mM BnOH, 100 mM TBAPF6, 200 mM 2,6-lutidine, 

and 5 mM (purple), 10 mM (lavender), 15 mM (light purple) TEMPO. A photoanode 

consisting of a sintered TiO2 blocking layer deposited from [TiF6]
2- at 45 °C in 20 min, a 

sintered mesoporous TiO2 layer, a sintered TiO2 coating layer deposited from [TiF6]
2- at 45 

°C in 20 min, and a monolayer of RuC (FTO|bl(20,s)|TiO2(s)|cl(20,s)|RuC) was used as 

the working electrode. 
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Efficiency of Blocking Layer Deposition from TiCl4 and [TiF6]2- Precursors 

TiO2 blocking layers were deposited onto FTO electrodes from TiCl4 and [TiF6]
2- 

to study their influence on the photoelectrochemical performance of DSPECs for the 

oxidation of benzyl alcohol. The temperature and length of deposition were varied for both 

methods. Since the purpose of a blocking layer is to cover the exposed FTO and thereby 

block recombination between FTO and the electrolyte, the success of the ‘blocking’ effect 

can be indicated by the suppression of the electronic signal from a redox analyte in the 

electrolyte.41 Therefore, electrodes with a layer of TiO2 bl, denoted as FTO|bl, were tested 

for their ability of suppressing the redox features of the TEMPO redox mediator in solution 

via cyclic voltammetry (CV) measurements taken using an electrolyte containing 5 mM 

TEMPO in acetonitrile. The TEMPO oxidation signals obtained with electrodes with a bl 

deposited from TiCl4 and [TiF6]
2- at 25 °C for 17 h and 69 h were compared as shown in 

Figure 22. A better suppression of the TEMPO oxidation peak (jpa) was seen at 69 h 

compared to 17 h for both the TiCl4 and [TiF6]
2- depositions. However, at either deposition 

time, the [TiF6]
2- bl resulted in a bigger decrease of jpa, which is consistent with the [TiF6]

2- 

bl creating a higher interfacial resistance to the oxidation of TEMPO. Therefore, only the 

[TiF6]
2- deposition method was used in further studies.      
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Figure 22. Cyclic voltammograms (CVs) taken at 0.05 V/s electrodes in an air-saturated 

solution of 5 mM TEMPO and 100 mM TBAPF6 in acetonitrile comparing the degree of 

the suppression of TEMPO oxidation. As the working electrode, a pristine FTO (black), an 

FTO|bl electrode with bl deposited from 40 mM TiCl4 at 25 °C for 17 h (purple) or for 69 

h (dark green), and an FTO|bl with bl deposited from [TiF6]
2- at 25 °C for 17 h (lavender) 

or for 69 h (light green) were used. 

 

Ideally, a blocking layer film should provide a satisfactory coverage of the substrate 

surface and be thin to avoid additional resistive losses.146 Waita et al. used reactive 

sputtering to obtain dense, porous, nanocrystalline TiO2 anatase films by carefully 

choosing the deposition parameters, and it was found that very thin, ~ 20 nm sputtered 

TiO2 layers were the most suitable as blocking layers in DSSCs.107 Jang et al. found an 

optimum TiO2 blocking layer thickness of about 450 nm prepared by electrodeposition at 

0.7 V for 20 min, which improved the conversion efficiency of the DSSC by 59% from 

2.41% (reference cell without the blocking layer) to 3.84%.108 
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Temperature and deposition time length have been shown to affect the blocking 

layer thickness deposited from [TiF6]
2- (Margery Purvis, unpublished results). The 

thickness of bl prepared at 25, 35, and 45 °C for an increasing deposition time was 

measured using profilometry (Figure 23), and the equations of lines were determined for 

each temperature to allow the estimation of thickness for a known deposition length. The 

thickness increased at a higher rate (i.e., with a larger slope), at higher temperatures, which 

prompted the choice of 45 °C for the deposition of all subsequent TiO2 blocking or coating 

layers in this work.  

 

Figure 23. Thickness of TiO2 blocking layers with respect to temperature and length of 

liquid-phase deposition from [TiF6]
2-. Data was provided by Margery Purvis, a Sherman 

lab alumnus (unpublished). 

 

Finding the optimal blocking layer deposition time from [TiF6]
2- was the next 

objective. FTO|bl electrodes with sintered blocking layers deposited from [TiF6]
2- at 45 °C 

for different time lengths from 10 min to 1.5 h were tested for the suppression of the 

TEMPO oxidation signal (Figure 24). The current densities (j) obtained at 1.2 V vs. SCE 
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in a CV taken at 0.05 V/s scan rate in a solution of 5 mM TEMPO in acetonitrile were 

compared (Figure 24, Bottom). A bl deposited in 20 min showed the lowest current 

density, hence the best efficiency as a blocking layer. CVs of blocking layers with longer 

than 30 min deposition times gave increased current density at 1.2 V vs. SCE. This is 

attributed to the increasing thickness of the bl.  
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Figure 24. (Top) Cyclic voltammograms taken at 0.05 V/s with FTO|bl working electrodes 

in an air-saturated solution of 5 mM TEMPO and 100 mM TBAPF6 in acetonitrile. 

Blocking layers were deposited for (dark blue) 10 min, (light blue) 20 min, (pink) 30 min, 

(purple) 1.0 h, and (red) 1.5 h at 45 °C followed by sintering. (Bottom) Current density 

read from the CVs on the left at 1.2 V vs. SCE, plotted against the TiO2 bl deposition time 

length. 
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Table 4 lists the increasing thickness of blocking layers used in Figure 24, deposited at 45 

°C for 10 min, 20 min, 30 min, 1.0 h, and 1.5 h, as calculated from Equation 11 seen from 

the red fitted line in Figure 23.  

(11) 𝑦 = 0.809𝑥 + 2.18 

 

Table 4. Thickness of Blocking Layers Deposited From [TiF6]
2- at 45 °C Between 10 and 

90 min 

Deposition Time 

(min) 

Thickness 

(nm)a 

10 10 

20 18 

30 26 

60 51 

90 75 
a Calculated using Equation 11. 

 

Taking the thickness of the films in conjunction with the CV results of TEMPO 

suppression in Figure 24, it is concluded that a bl thickness of 18 nm obtained with 20 min 

deposition is the most efficient insulating layer to suppress the FTO/TEMPO 

recombination. This was also supported when comparing the photocurrents obtained with 

FTO|bl|TiO2|cl|RuC photoanodes in which the bl was deposited in 10 or 20 min, and the cl 

was deposited in 5 or 10 min (with each TiO2 layer sintered). Electrode surfaces with 20 

min bl deposition gave larger photocurrents than those with 10 min (Table 5). 
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Table 5. Photocurrents Obtained with FTO|bl|TiO2|cl|RuC Photoanodes with Different 

Deposition Times of the Blocking and Coating Layers 

Photoanode Configuration j (µA cm-2)a 

FTO|bl(10,s)|TiO2|cl(5,s)|RuC 203 

 FTO|bl(20,s)|TiO2|cl(5,s)|RuC 285 

FTO|bl(10,s)|TiO2|cl(10,s)|RuC 166 

FTO|bl(20,s)|TiO2|cl(10,s)|RuC 412 ± 25b 

a Recorded at an applied bias of 0.3 V vs. SCE in acetonitrile electrolyte (100 mM TBAPF6) 

with 5 mM TEMPO, 50 mM BnOH, and 200 mM 2,6-lutidine. 

b average and standard deviation of sample set with n = 3.  

 

Non-Sintered Blocking Layers 

 Different electrochemical behavior is observed with FTO|bl electrodes if the 

blocking layer is not sintered following the liquid phase deposition. The TEMPO redox 

peaks are fully suppressed in the CV scan demonstrating a complete insulation of the FTO 

surface by the TiO2 bl in the potential range of -0.5 and +1.5 V vs. Ag/Ag+ (Figure 25). 
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Figure 25. Cyclic voltammograms taken at 0.05 V/s in an air-saturated solution of 5 mM 

TEMPO and 100 mM TBAPF6 in acetonitrile using a pristine FTO (black) or an 

FTO|bl(3h,ns) (blue) in which the bl was deposited from [TiF6]
2- at 45 °C for 3 h and left 

non-sintered. 

  

Photoanode Design  

As seen from the previous electrochemical studies of FTO|bl electrodes, the 

deposition length and sintering following deposition significantly influence the 

(photo)electrochemical behavior of the interface. In quest of an optimized dye-sensitized 

photoelectrochemical cell (DSPEC) for the oxidation of benzyl alcohol, numerous different 

photoanode configurations have been studied varying the deposition length and sintering 

of the blocking layer. In addition, photoanodes including a thin TiO2 coating layer prepared 

via liquid phase deposition from [TiF6]
2- in a similar fashion as the blocking layers, were 

studied. Drastic changes in the resulting photocurrent were observed depending on the 

construction of the photoanode. 
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A standard photoanode consisting of a sintered mesoporous TiO2 semiconductor 

film deposited by doctor-blading onto the FTO substrate (average film thickness = 10 μm) 

and a monolayer of RuC dye absorbed onto the TiO2 as the sensitizer (FTO|TiO2(s)|RuC) 

was used for comparison of the results obtained with the photoanodes studied here. Under 

the conditions used here for controlled benzyl alcohol oxidation (5 mM TEMPO, 50 mM 

benzyl alcohol, 200 mM 2,6-lutidine, and 0.1 M TBAPF6, in acetonitrile), this surface gave 

a photocurrent density of 75 µA cm-2. Three categories of electrodes have been prepared 

and tested in a DSPEC: A) ‘bottom’, with a TiO2 blocking layer underneath the mesoporous 

TiO2; B) ‘top’, with a TiO2 coating layer above the mesoporous TiO2; and C) ‘sandwich’, 

with both a bl and a cl below and above the mesoporous TiO2. The inclusion of both a bl 

and a cl in the photoanode increases the photocurrent significantly when the length of the 

TiO2 deposition is optimally chosen.  

 

Naming of Photoanodes  

Photoanodes used in this work were named systematically, describing each layer 

from the bottom up starting from the FTO substrate. In a parenthesis, a number indicates 

the deposition length of a liquid phase deposited TiO2 layer (bl) or coating layer (cl) in 

minutes (m). Sintered layers are denoted by an ‘s’, and non-sintered layers as ‘ns’. For 

example, the photoanode named as FTO|bl(20,ns)|TiO2(s)|cl(10,s)|RuC is an FTO 

electrode with an initial TiO2 bl layer deposited in 20 minutes and non-sintered, followed 

by a sintered layer of doctor-bladed mesoporous TiO2, then another layer of TiO2 cl on top 

of that deposited in 10 minutes followed by sintering, and finally a monolayer of RuC dye. 

Figure 26 shows a schematic representation of the photoanode surface described above. 
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Figure 26. Simplified 3D side-view schematic of a photoanode constructed as 

FTO|bl(20,ns)|TiO2(s)|cl(10,s)|RuC (not drawn to scale). The red block is a TiO2 bl with 

20 min deposition, orange is that with 10 min, and ØSin. = non-sintered, Sin. = sintered. 

  

Comparison of Photoanodes via Photocurrent Assessment 

The performance of the different photoanode configurations was assessed via 

photoelectrochemical measurements. Cyclic voltammograms (CVs) were taken both under 

dark and light conditions, and chronoamperometric (CA) measurements were performed 

with the current monitored in 30 s light on and off periods. For the latter, a bias of 0.3 V 

vs. SCE was applied to obtain a higher sustained photocurrent compared to that at 0 V vs. 

SCE. At 0.3 V vs. SCE, anodic current is only observed under light on, which indicates 

that it solely comes from the photoactivity of the anode and not from the electrochemical 

oxidation of TEMPO or other species in the DSPEC which would also be seen in the CV 

under dark. The photocurrent density (j) at 0.3 V vs. SCE obtained in a DSPEC 

configuration during a CA measurement served as the means of comparing the 

photoactivity of the photoanodes studied in this work and is tabulated in Table 6. 
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Table 6. Photocurrents Obtained with the DSPEC Photoanodes 

Category Photoanode Configurationa j (µA cm-2)b 

Reference FTO|TiO2(s)|RuC 75 

A 

‘Bottom’ 

FTO|bl(20,ns)|TiO2(s)|RuC 13 

FTO|bl(20,s)|TiO2(s)|RuC 39 

B 

‘Top’ 

FTO|TiO2(s)|cl(2,ns)|RuC 198 

FTO|TiO2(s)|cl(5,ns)|RuC 70 

FTO|TiO2(s)|cl(5,s)|RuC 119 

FTO|TiO2(s)|cl(10,s)|RuC 157 

C 

‘Sandwich’ 

FTO|bl(2,ns)|TiO2(s)|cl(10,s)|RuC 324 

FTO|bl(10,ns)|TiO2(s)|cl(10,s)|RuC 387 

FTO|bl(20,ns)|TiO2(s)|cl(10,s)|RuC 298 

FTO|bl(20,ns)|TiO2(s)|cl(13.5,s)|RuC 487 ± 66c 

FTO|bl(20,ns)|TiO2(s)|cl(20,s)|RuC 402 

FTO|bl(20,ns)|TiO2(ns)|cl(20,s)|RuC 286 

FTO|bl(20,s)|TiO2(s)|cl(2,ns)|RuC 53 

FTO|bl(20,s)|TiO2(s)|cl(5,ns)|RuC 39 

FTO|bl(20,s)|TiO2(s)|cl(20,ns)|RuC 82 

FTO|bl(10,s)|TiO2(s)|cl(5,s)|RuC 203 

FTO|bl(10,s)|TiO2(s)|cl(10,s)|RuC 166 

FTO|bl(20,s)|TiO2(s)|cl(5,s)|RuC 285 

FTO|bl(20,s)|TiO2(s)|cl(10,s)|RuC 412 ± 25c 

FTO|bl(20,s)|TiO2(s)|cl(13.5,s)|RuC 471 ± 65d 

FTO|bl(20,s)|TiO2(s)|cl(20,s)|RuC 288 ± 24e 

a Each bl and cl was deposited from [TiF6]
2– at 45 °C. 

b The photocurrent density (j) reported here is the last data point from the third 30 sec light 

on period in a light on-off chronoamperometric measurement, collected at a bias of 0.3 

V vs. SCE in a solution with 5 mM TEMPO, 50 mM BnOH, 200 mM 2,6-lutidine, and 

0.1 M TABPF6. 
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c-e Sample size is c=3, d=5, e=2. 

Comparison of the photocurrents listed in Table 6 reveal important conclusions 

about the effect of the presence of a TiO2 blocking and/or coating layer as well as the length 

of deposition and sintering. In general, it was found that inclusion solely of a TiO2 blocking 

layer (‘Bottom’ category of photoanodes), either sintered or non-sintered, did not improve 

the photocurrent. The presence of only a coating layer (‘Top’ category), however, gave rise 

to increased photocurrents compared to the reference electrode FTO|TiO2(s)|RuC. While 

the sintering of the bl layer did not greatly impact the photoanode performance, sintering 

the coating layer was critical to obtain a higher photocurrent. The best performing 

photoanodes were from the ‘Sandwich’ category: FTO|bl(20,ns)|TiO2(s)|cl(13.5,s)|RuC 

with j = 487 ± 66 µA cm-2, and FTO|bl(20,s)|TiO2(s)|cl(13.5,s)|RuC with j = 471 ± 65 µA 

cm-2, composed of a blocking layer deposited in 20 min at 45 °C and non-sintered or 

sintered, respectively, a sintered mesoporous TiO2 layer, a sintered coating layer deposited 

in 13.5 min at 45 °C, and a RuC dye layer.  

One FTO|bl(20,ns)|TiO2(s)|cl(20,s)|RuC electrode showed excellent performance (j 

= 402 µA cm-2), but this could not be reproduced because subsequent attempts to fabricate 

this surface type resulted in the film flaked off following the last sintering step as shown 

in Figure 27. This negative effect was observed each time (apart from the first set of 

electrodes) after the sintering of the cl that was deposited on the mesoporous TiO2 for 

longer than 13.5 min. It may be explained by the loss of water during the heating phase of 

the sintering, resulting in a contraction in the cl structure that leads to the contraction and 

flaking off of the underlying layers as well. However, no direct evidence has been gained 

to justify this conclusion. This example does highlight the need to consider results in 
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replicate, and therefore, at least three separate electrodes are used for the data shown in 

Table 6 for the best performing sample types.  

 

 

Figure 27. Films flaked off the FTO substrate as a result of sintering the TiO2 coating layer 

deposited above the mesoporous TiO2 with deposition times longer than 13.5 min. 

 

2.3 Experimental 

General  

All chemicals were purchased from Sigma-Aldrich or Alfa Aesar at ACS grade or 

higher and used as received unless otherwise noted. Fluorine-doped tin oxide coated glass 

(FTO) was purchased from Harford Glass (USA) and was used as a substrate to prepare 

electrodes. Ultrapure water (18 MΩ) was used when water was needed for synthesis or 

material testing. A ruthenium-based sensitizer known as RuC (bis(2,2'-bipyridine)(2,2’-

bipyridine-4,4’-dicarboxylic acid)ruthenium(II)) served as the electrode sensitizer and was 

synthesized and provided for this study as the [RuC][PF6]2 salt by collaborator Shuya Li 

working in the Leem group as SUNY-ESF. UV-vis absorption spectra were taken using a 

Cary 60 spectrophotometer (Agilent). Film thicknesses were measured with a Bruker 

Dektak XT 2 µm stylus profiler. A WaveNow potentiostat and corresponding AfterMath 
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software were used for the electrochemical studies. Photocurrent, photovoltage, and open 

circuit voltage (OCV) decay measurements were performed using an LED light source set 

to provide a 100 mW cm-2 (1 sun) light. The active area of the photoanodes was fixed by 

epoxying the edges and was determined by the imageJ software. 

TiO2 Paste Preparation 

TiO2 paste was prepared following a well-established procedure.147 In detail, 20 mL 

H2O and 6.2 mL glacial acetic acid was added to a 100 mL round bottom flask and stirred 

in an ice bath. In a septum sealed, dry scintillation vial previously purged with N2, 0.75 mL 

isopropanol and 3 mL titanium isopropoxide was added through a dry syringe and mixed 

together by gentle shaking of the vial (but avoiding contact with the rubber septum). This 

isopropoxide/isopropanol mixture was then transferred to the H2O/acetic acid solution 

using a 5 mL syringe. The solution was stirred on ice and gave a thick, opaque yellow 

mixture. The remaining titanium isopropoxide in the syringe was quenched with water. 

Then, the round bottom flask was transferred to an aluminum pellet heat bath at 

temperature set to 120 °C and with a condenser installed. The mixture was refluxed for 4 

hours, yielding a white, opaque, milk-like solution. Following the reflux period, 30 mL of 

this solution was loaded into a 45 mL Teflon lined Parr reaction vessel for hydrothermal 

treatment. The heating program used consisted of a ramp from room temperature (25 °C) 

to 200 °C at a ramp rate of 5 °C/min, a 12 h hold at 200 °C, followed by cooling to room 

temperature. Once cool, the solution was agitated using a glass pipet and transferred to a 

50 mL Erlenmeyer flask. Sonication using a sonication bath for ~10 min gave a visually 

homogeneous solution. The volume of the solution was then reduced to ~5-8 mL using a 

rotary evaporator. Finally, 2.5 wt% of 20,000 MW polyethylene glycol and a 2.5 wt% of 
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100,000 MW polyethylene oxide was added to the solution and the stirred at room 

temperature overnight before use.  

 

Mesoporous TiO2 Deposition 

A simple doctor-blading technique was used to form the mesoporous TiO2 layer on 

an electrode. A template was made from FTO glass of the same thickness as the FTO 

electrode to be coated, with the template pieces covered with two layers of scotch tape. The 

mesoporous TiO2 layers used in this work were typically ~ 10 µm thick. 

 

Liquid-Phase Deposition of Titanium Dioxide Blocking Layer from TiCl4 

For the preparation of FTO|bl electrodes using TiCl4 as the precursor, an ice-cold 

solution of 40 mM TiCl4 was prepared by slowly adding TiCl4(l) using a syringe to ice-

cold water in a scintillation vial. This solution was transferred to a hot water bath for 

temperature control or kept in the fume hood if the bl deposition was performed at room 

temperature (25 °C).  A clean FTO substrate was then soaked in this solution for the desired 

time length, rinsed with ultrapure water, air-dried, and sintered at 450 °C for 45 m in air. 

 

Liquid-Phase Deposition of Titanium Dioxide Blocking Layer from [TiF6]2- 

For the deposition of bl from [TiF6]
2- as the precursor, the electrode was placed in 

a solution of 1:6 molar ratio of titanium (0.05 M (NH4)2TiF6) to boric acid (0.3 M H3BO3) 

for the desired time length and temperature (controlled by a water bath). If not otherwise 

mentioned, the deposition temperature was 45 °C. The electrodes were washed first with 
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ultrapure water and then with ethanol and air-dried before further use. If a sintering step 

was involved, it was performed at 450 °C for 45 min. 

 

Photoelectrochemical Characterization 

Evaluation of the prepared photoanodes and the photochemical conversion of 

benzyl alcohol to benzaldehyde and hydrogen gas were carried out using a three-electrode 

system in one half side of a conventional H-cell. The photoanode served as the working 

electrode, a platinum mesh electrode as the counter, and a silver wire as the Ag/Ag+ quasi 

reference electrode. The redox couple of ferrocene/ferrocenium was used to convert the 

Ag/Ag+ voltage scale to an SCE scale (Fc+/Fc E1/2 = 0.45 V vs. SCE), unless otherwise 

noted. The solution contained 0.1 M TBAPF6 as the electrolyte in acetonitrile. Other 

components added to solution as indicated included 50 mM benzyl alcohol, 5 mM TEMPO 

as the redox mediator, and 200 mM 2,6-lutidine as a base.  

 

2.4 Conclusions and Outlook 

This work first described the preparation of blocking layers via liquid-phase 

deposition from TiCl4 and [TiF6]
2- precursors. Their comparison towards suppressing 

charge recombination between the conductive FTO substrate and TEMPO redox mediator 

in the electrolyte revealed a higher blocking efficiency of blocking layers deposited from 

[TiF6]
2-. An optimal deposition length of 20 min from [TiF6]

2- at 45 °C with a resulting bl 

thickness of 18 nm was found. Photocurrents using photoanodes with and without a 

blocking layer and/or a coating layer of TiO2 deposited at different time lengths and 

sintered or non-sintered were measured in a DSPEC cell in an optimized electrolyte 
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solution containing 5 mM TEMPO, 50 mM BnOH, and 200 mM 2,6-lutidine. The highest 

photocurrent of j = 487 ± 66 µA cm-2 was obtained with a ‘sandwich’ type electrode 

including both a bl and a cl and denoted as FTO|bl(20,ns)|TiO2(s)|cl(13.5,s)|RuC.  

To better understand the underlying causes of differences in the performance of the 

different photoanodes, SEM images could be taken to assess the surface coverage, 

homogeneity, and particle size and shape of the compact TiO2 layers. XRD measurements 

could also shine light on any differences in the crystal phase, especially between the 

sintered and non-sintered blocking layers. Electron lifetime analysis from open circuit 

voltage decay measurements (described in Chapter 1) and electrochemical impedance 

spectroscopy (EIS) studies could be employed as well to investigate the electron transfer 

processes in the DSPEC. Furthermore, long-term (several hours long) chronoamperometric 

experiments under light illumination could be carried out with the best performing 

photoanodes to assess the photostability of the system. Lastly, product quantification to 

allow the calculation of Faradaic efficiency for the oxidation of benzyl alcohol to 

benzaldehyde could be achieved using HPLC.  
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Chapter 3. Electrochemically Prepared Polymer-IrOx Films 

for Electrocatalytic Water Oxidation 

 

3.1 Introduction 

The electricity generated by photovoltaic (PV) devices (with recently reported 

record efficiencies of up to almost 50% in multi-junction solar cells)148 can be stored in 

batteries, but the current state of the art battery technology (Li+ ion batteries) does not have 

enough storage capability and stability for global applications.149 Conversion of solar 

energy into storable fuel via artificial photosynthesis is a promising approach to overcome 

these challenges. A recent analysis showed that photoelectrochemical cells used for 

artificial photosynthesis could replace fossil fuels and be the primary global energy source 

if operating with a solar conversion efficiency of 10%.150, 151 Natural photosynthesis is the 

solar-driven reduction of CO2 by water producing carbohydrates and oxygen (Equation 

12), and although it is not a good model due to its low (~1%) efficiency and complexity, it 

is an excellent inspiration for the creation of artificial photosynthetic systems that can 

convert solar energy into storable, chemical energy.152  

(12) 6 H2O + 6 CO2 + 48 hν → C6H12O6 + 6 O2 

Hydrogen production from water splitting using solar energy is a potential solution 

to the current problems arising from fossil fuel consumption such as climate change due to 

rising atmospheric levels of carbon dioxide.153-156 Hydrogen gas is compatible with existing 

infrastructure and technology for energy storage and utilization,4, 33, 34, 90 and photocatalytic 

water splitting produces near zero pollutants.157 In 1972, Fujishima and Honda reported 

their pioneering work on electrochemical photolysis of water using a TiO2 semiconductor 



 

65 

 

electrode.158 Photocatalytic water splitting for H2 production using a semiconductor based 

photocatalyst consists of three major stages: 1) light harvesting by the semiconductor 

concomitant with charge excitation (exciting an electron from the valence band of the 

semiconductor to its conduction band) that results in charge separation (i.e., the creation of 

an electron (e-)-hole (h+) pair), 2) transfer of charges, and 3) photocatalytic reactions at the 

surface of the electrodes.33 The photo-generated holes and electrons are involved in the 

oxidation of water generating oxygen gas and protons (H+) and the reduction of protons to 

H2 gas, respectively.79 The half reactions of overall water splitting are commonly referred 

to as the oxygen evolution reaction (OER) and the hydrogen evolution reaction (HER). 

Equations 13-15 show these half reactions and that of overall water splitting. 

Thermodynamically, water splitting is an endothermic process with a standard Gibbs free 

energy change of 237.2 kJ/mol, that is equivalent to an overall energy of 4.92 eV or 1.23 

eV per electron.4 

(13) Water oxidation (OER): 2 H2O + 4 h+ → O2 + 4 H+ 

(14) Water reduction (HER): 4 H+ + 4 e− → 2 H2 

(15) Overall water splitting: 2 H2O + 4 hν → 2 H2 + O2 (ΔG =

237.2 kJ mol−1, 1.23 eV/hν) 

The transition from photovoltaic solar cells employing light absorbing 

semiconductors to dye-sensitized solar cells (DSSCs) applying an additional dye layer on 

the electrode for the absorption of light has been discussed in Chapter 1. The same 

transition has been made from photoelectrochemical cells (PECs) to dye-sensitized 

photoelectrochemical cells (DSPECs) due to the advantages of lower cost and facile 

production of mesoporous metal oxide semiconductor surfaces as well as the ability to use 

a wide range of dye/catalyst species to tune the absorption window of the dye in the visible 
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range and influence the water splitting efficiency of the device.91, 159 Over the last thirteen 

years from first demonstration,160 up to 1 mA cm-2 current densities161 and prolonged 

photocurrent stability162-164 have been achieved in water splitting DSPECs. 

 

Water Oxidation Catalysis 

Without the use of a catalyst, the rate of water oxidation is very sluggish due to the 

several intermediates needed for the coupling of two oxygen atoms while simultaneously 

removing 4H+ and 4e- from water.165 Hence, water oxidation is the rate-limiting, most 

challenging half reaction of overall water splitting.166 In oxygenic photosynthesis, water 

oxidation occurs at the oxygen-evolving complex (OEC) which accumulates the four 

oxidizing equivalents following sequential light absorption and charge separation by the 

Photosystem II (PSII) primary donor, P680. The OEC is part of PSII, which is a large, 

multi-subunit protein complex located in the thylakoid membrane with a molecular weight 

of around 650 kDa.167-169  As demonstrated by EPR,170-173 EXAFS,174 and X-ray 

diffraction175 experiments, the OEC contains a Mn4CaO5 cluster at its core. Other 

components have been found beyond the core, including chloride176, 177 and bicarbonate178, 

179 ions. To facilitate the four-electron, four-proton process of water oxidation, the Mn 

cluster goes through a cycle of four light-driven excitation and oxidation intermediates 

called S states (S0-S4).
180 As a result of these structural changes, the water oxidation 

intermediates are stabilized in the OEC and at the end of each cycle, one molecule of O2 

forms with the successive release of four protons.181-191  

Catalysts that can stabilize the intermediates of water oxidation and therefore result 

in faster kinetics have been studied in dye-sensitized photoelectrochemical cells.29, 192-195 
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The development of photoanodes with efficient water oxidation catalysts (WOCs) faces 

some serious challenges such as 1) the catalyst must facilitate the accumulation of four 

holes required for the formation of dioxygen instead of yielding partially oxidized side 

products (e.g., HO∙, H2O2); 2) ligands on the catalyst must withstand the harsh oxidizing 

condition required for water oxidation to avoid oxidative degradation and deactivation, 3) 

materials used need to be of low cost, and 4) WOC must demonstrate long-term stability.196 

A nanoparticulate, mesoporous, hydrated iridium oxide (IrOx∙nH2O) catalyst was the first 

reported WOC used in a DSPEC.160 Among the heterogeneous metal oxide-based water 

oxidation catalysts, IrOx∙nH2O has remained one of the most active and stable WOCs in 

acidic media, and it has been widely used in dye-sensitized photoelectrochemical 

applications.197-200 Morris et al. recently showed that turnover rates (per surface atom) with 

10-30 nm diameter IrOx nanoparticles are only 1-2 orders of magnitude slower than that 

with the manganese oxo clusters in PSII.201, 202  

 

Dye/Catalyst Assemblies 

In water splitting DSPECs, the water oxidation catalyst is incorporated into a 

chromophore catalyst assembly and the activation of the WOC occurs by electron transfer 

from the catalyst to the oxidized chromophore. Coupling of IrOx nanoparticles directly to 

molecular sensitizers at the metal oxide electrode surface has been a difficult challenge.159, 

203, 204 The ability to functionalize  the surface of the colloidal iridium oxide nanoparticles 

with various ligands, including the chromophore itself, has been especially useful for the 

preparation of chromophore-catalyst assemblies.159, 199, 201, 205-208 Strategies to prepare 

dye/catalyst assemblies have included pre-synthesized assemblies,47, 209, 210 co-loading,211-
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213 direct synthesis on the surface with a ‘layer-by-layer’ approach using an ion bridge to 

link the chromophore and the catalyst layers,214, 215 atomic layer deposition (ALD),216-218 

or self-assembly bilayers by non-covalent interactions.219, 220  

Murray and co-workers successfully formed an assembly of RuP2 chromophore and 

IrOx catalyst by acidifying a solution of IrOx nanoparticles (synthesized at pH 13) with 0.1 

M HClO4 that induced precipitation of the IrOx nanoparticles onto a RuP2 layer that was 

pre-formed on the metal oxide electrode via its phosphonate linkers.216 Mallouk and co-

workers developed a Ru(bpy)3
2+−IrOx∙nH2O based photoanode for photoelectrochemical 

water splitting by first forming IrOx∙nH2O nanoparticles (1-5 nm) capped with Ru(bpy)3
2+ 

molecules through the malonate group on one of the bipyridyl ligands of the dye, and then 

attaching the assembly to a TiO2 semiconductor via the phosphonate group on the other 

bipyridyl ligand of the dye that remained exposed during the synthesis of the 

Ru(bpy)3
2+−IrOx∙nH2O nanoparticles.160  

 Chromophore-catalyst assemblies for water splitting using molecular catalysts have 

been prepared by electropolymerization as well.221-224 However, no results of 

electropolymerization involving IrOx has been reported to date. Electroassembly offers the 

benefit of facile direct synthesis on the electrode surface as opposed to using preformed 

dye-catalyst assemblies that require multiple synthetic steps for the formation of covalent 

bonds prior to surface attachment.221 Sherman et al. used a potential step method to 

assemble a Ru-based chromophore and a Ru-based catalyst by reductive vinyl coupling of 

the catalyst onto a layer of dye previously adsorbed onto a core/shell SnO2/TiO2 electrode 

via its phosphonate groups.221 During electropolymerization, the potential at the electrode 

was first held at -2 V vs. Ag/Ag+ for 1 s, then at 0.2 V vs. Ag/Ag+ for 5 s, for a total 200 
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cycles. They reported a 22% faradaic efficiency for O2 production with 1 sun (100 mW 

cm-2) illumination at an applied bias of 0.4 V vs. SCE. These photoanodes, however, 

showed a gradual decrease in photocurrent due to the instability of the photo-oxidized dye. 

Sun and co-workers reported the electrochemical polymerization of a Ru based water 

oxidation catalyst onto a RuP-sensitized TiO2 electrode by electrolysis at -2.0 V vs. 

Ag/AgNO3 for 200 s in an acetonitrile solution of the catalyst (RuP is [Ru(bpy)2(dpb)]2+, 

where bpy = 2,2’-bipyridine and dpb = 4,4’-diphosphonic acid-2,2’-bipyridine).222 A high 

photocurrent density of ca. 1.4 mA cm-2 was obtained under pH 7 with the as constructed 

photoanode. 

Project Objectives 

The work described here focuses on the assembly of a DSPEC photoanode for water 

splitting via electropolymerization of iridium oxide (IrOx ∙ nH2O) water oxidation catalyst 

onto the electrode surface. IrOx nanoparticles functionalized with malonate and citrate as 

well as novel particle types formed with itaconate and acrylate were synthesized via an 

alkaline (‘classical’) or an acidic (‘HNO3’) procedure adapted from literature.159, 207 The 

latter two capping groups contain a vinyl C=C bond that is susceptible for radical 

polymerization. Radical formation of the monomeric species necessary for polymerization 

can be initiated either oxidatively or reductively by appropriate control of potentials at the 

working electrode. Electropolymerization of acrylic acid and acrylamide small molecule 

precursors, and acrylic and itaconic acid capped IrOx nanoparticles on fluorine-doped tin 

oxide (FTO) surfaces was studied in aqueous solutions and in acetonitrile. The structure of 

the acrylic acid and acrylamide surface polymers enabled the incorporation of catalyst units 

to the interface.  
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3.2 Results and Discussion 

Synthesis and Characterization of Surface Capped IrOx∙nH2O Nanoparticles 

Synthesis of IrOx∙nH2O nanoparticles capped with malonic acid (MA), citric acid 

(CA), itaconic acid (IA), or acrylic acid (AA) (Figure 28) has been investigated via the 

‘classical’ (i.e., alkaline) and acidic (‘HNO3’) routes starting from an [IrCl6]
2- precursor.159, 

207 Itaconic acid and acrylic acid contain terminal double bonds that enable the subsequent 

electropolymerization of the capped IrOx∙nH2O particle onto the electrode surface. It has 

been reported that IrO2 particles synthesized by hydrolysis of [IrCl6]
2- solutions are 

stabilized at 2 nm diameter with dicarboxylic acid capping groups such as malonate, 

butylmalonate, and succinate, but individual 2 nm nanoparticles aggregate to different 

degrees based on the use of a monodentate (acetate) or tridentate (citrate) capping ligand.159   

 

Figure 28. Capping groups used for the functionalization of IrOx∙nH2O nanoparticles.  

 

 A capping group versus Ir (from K2IrCl6) molar ratio of 10:1 and an initial pH of 

10.5-11.5 (ending with a 6.0-7.5 final pH) were used for the alkaline synthesis, whereas 

for the acidic synthesis, the molar ratio was 1:10 and the initial pH was 12.0-13.0, reaching 

1.0-2.0 during the synthesis after the addition of HNO3. The acidic synthesis resulted in a 
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darker blue solution compared to the classical synthesis, suggesting a higher yield of 

IrOx∙nH2O. Figure 29 shows the color changes from brown through yellow to blue during 

an acidic hydrothermal reaction at 90 °C.  

 

Figure 29. The characteristic color transitions from the initial brown K2IrCl6 solution to 

the dark blue suspension of surface capped IrOx∙nH2O nanoparticles during the acidic 

hydrothermal synthesis.  
 

After the synthesis, size-exclusion chromatography (SEC) was used to separate the 

capped iridium oxide nanoparticles from the remaining dissolved species in solution. The 

blue suspensions made via the acidic route did not elute well off the column, so their 

purification with SEC was not possible. Those made via the ‘classical’ route were 

successfully purified by SEC. 

UV-vis absorption spectra of IrOx∙nH2O made via the alkaline and acidic routes are 

shown in Figure 30. The absorption band at 580 nm originates form the IrIV-O-IrIV linkages 

of the IrOx∙nH2O nanoparticles.9 The spectrum of HNO3 implies that the absorbance in the 

range of 300-310 nm can be attributed to HNO3. 
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Figure 30. UV-vis spectra of acrylic acid (AA) capped IrOx∙nH2O made via the ‘classical’ 

(light blue) and the acidic routes (dark blue), compared with those of HNO3 and AA.  

 

The capped IrOx∙nH2O nanoparticles made via the ‘classical’ route were 

characterized by FT-IR spectroscopy after column purification. The similarity of the 

spectra of the citrate capped IrOx∙nH2O (green) and that of citrate (blue) in Figure 31 

indicates that citrate was successfully incorporated onto the surface of IrOx∙nH2O 

nanoparticles. 
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Figure 31. FT-IR spectra of citrate-capped IrOx∙nH2O (green) made via the ‘classical’ 

route, and citric acid (blue). 

  

The activity of the surface functionalized IrOx nanoparticles prepared via the 

‘classical’ route were characterized electrochemically. An increased anodic current is 

observed in the cyclic voltammograms (CVs) of capped IrOx solutions with an onset 

potential Eonset = 1.1 V vs. Ag/AgCl (Figure 32), which is indicative of water oxidation 

catalysis. The current density (j) increased in the following order suggesting an increasing 

catalytic activity: citrate-IrOx < itaconate-IrOx < acrylate-IrOx < malonate-IrOx.  
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Figure 32. CVs taken at 0.1 V/s with IrOx solutions prepared via the ‘classical’ route with 

malonic acid (blue), acrylic acid (purple), itaconic acid (black), and citric acid (red), 

including 0.1 M KNO3 as the supporting electrolyte. The sharp increase in anodic current 

at sufficiently high potential is indicative of water oxidation activity. 

  

Electropolymerization of Acrylic Acid and Acrylamide in Aqueous Electrolyte 

Described below is the formation and characterization of polymer surface films on 

fluorine-doped tin oxide (FTO) electrodes via consecutive cyclic voltammetry scans 

(potential scanning). Electrodeposition of polymer films from acrylic acid (AA) and 

acrylamide (AM) small molecular precursors (Figure 33) was first investigated.  

        

Figure 33. Structure of acrylic acid and acrylamide. 
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Aqueous solutions of the monomers in different molar ratios were used (in 0.1 M 

H2SO4 and 0.1 M Na2SO4 as electrolyte), with a Ag/AgCl reference electrode, platinum 

counter electrode, and FTO working electrode. To prove successful formation of a surface 

polymer film, cyclic voltammograms (CVs) were taken with the FTO electrode after the 

electropolymerization in a solution of ferrocyanide [Fe(CN)6]
4-, and the characteristic 

Fe3+/Fe2+ peaks were compared to those seen with a pristine FTO under the same 

conditions. In case of the FTO coated with poly(acrylic acid-acrylamide) shown in Figure 

34, a decrease of current density of the anodic peak by 30%, and of the cathodic peak by 

25%, as well as an increase of the peak-to-peak separation (ΔEp) from 88 to 123 mV 

compared to that with a pristine FTO, indicate a suppression of the Fe3+ + e- ⇌ Fe2+ process. 

This result can be attributed to the presence of the polymer coating on the FTO that acts as 

a physical barrier between the FTO surface and [Fe(CN)6]
4- species in solution, restricting 

the oxidation and reduction processes. 

 

Figure 34. CVs taken in a solution of ferrocyanide (0.5 mM) with a pristine FTO (grey), 

and with an FTO with a poly (acrylic acid-acrylamide) film formed by a 10-hour long CV 
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scanning between 1.8 and -0.6 V vs. Ag/AgCl at 0.01 V/s (in 50 mM AA, 50 mM AM, 0.1 

M H2SO4 and 0.1 M Na2SO4) (blue). 

 

In addition to the electrochemical detection described above, scanning electron 

microscopy (SEM) was used to characterize the polymer films. Figure 35 presents SEM 

images of FTO coated with a poly(acrylic acid) film. The elemental analysis (EDX) of the 

darker area of the right picture in Figure 35 showed a 21% increase of carbon atom %, 

compared to the EDX of the lighter area of the same size on the same image. This increase 

is attributed to the poly(AA) film in the darker area of the SEM. 

 

Figure 35. SEM images of an FTO coated with a poly(AA) film formed by a 3-hour CV 

scanning between 1.2 and -1.2 V vs. Ag/Ag+ at 0.1 V/s in 80 mM acrylic acid and 0.1 M 

TBAPF6 solution in acetonitrile. Left: x140, right: x3000 magnification. 

 

Electropolymerization of Itaconic Acid Capped IrOx∙nH2O in Aqueous Electrolyte 

Electrodeposition of acrylic acid and acrylamide precursors onto FTO was followed 

by studies on electropolymerization of itaconic acid capped IrOx∙nH2O. A 25 mL 

suspension of itaconic acid capped IrOx∙nH2O (IA-IrOx) synthesized via the ‘classical’ 
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procedure and purified with SEC was dried using a rotary evaporator, and subsequently 

dissolved in a 0.1 M KNO3 aqueous solution for the electropolymerization. 

Electrodeposition of IA-IrOx was achieved via potential scanning between 1.6 and -0.6 V 

vs. Ag/AgCl at 0.01 V/s for 12 hours first onto a pristine FTO substrate, then onto an FTO 

with a pre-formed poly(acrylamide) layer. The success of electropolymerization was 

proven in each case by immersing the FTO electrode into a fresh blank solution (0.1 M 

KNO3) and observing the anodic feature above 1.0 V vs. Ag/AgCl (Figure 36) attributed 

to catalytic water oxidation in the presence of IA-IrOx. An increased current density of 

water oxidation was found in the case of FTO electrodes with a poly(IA-IrOx) surface film 

(Figure 36, dark red and blue CVs) compared to an FTO immersed in a solution of IA-

IrOx (Figure 36, light red). This current increase may be attributed to the larger local 

concentration of IrOx at the electrode surface.  

 

Figure 36. CVs taken at 0.01 V/s in a fresh blank solution (0.1 M KNO3) with (dark red) 

an FTO working electrode that had undergone electropolymerization of itaconic acid 

capped IrOx∙nH2O (IA-IrOx) via CV scanning between 1.6 and -0.6 V vs. Ag/AgCl at 0.01 
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V/s for 12 hours; (blue) an FTO where IA-IrOx was electrodeposited via CV scanning 

between 1.6 and -0.6 V vs. Ag/AgCl at 0.01 V/s for 12 h as a second layer on a pre-formed 

poly(acrylamide) film; compared to CVs with (light red) a pristine FTO in an aqueous 

solution of IA-IrOx with 0.1 M KNO3, and (grey) with a pristine FTO immersed in blank 

(0.1 M KNO3). 

 

Transition from Aqueous to Organic Electrolyte 

 Electropolymerization in an aqueous electrolyte may be compromised by the 

possibility of water oxidation and/or water reduction, but by using an organic electrolyte, 

these processes can be avoided. Therefore, the electroformation of first acrylic acid and 

acrylamide polymer coatings on FTO was studied in acetonitrile with 0.1 M TBAPF6 as 

supporting electrolyte, using a Pt mash electrode as the counter electrode, and a silver wire 

as a Ag/Ag+ quasi reference electrode. Where indicated, the potential scale was calibrated 

to SCE with the ferrocenium/ferrocene redox couple (Fc+/Fc, E1/2 = 0.45 V vs. SCE).  The 

electrodeposition of polymer-IrOx surfaces in acetonitrile was later investigated. The films 

formed on FTO were characterized in a similar fashion as in case of aqueous 

electropolymerization. CVs with the electrodes were taken in a blank solution (0.1 M 

TBAPF6 in acetonitrile) and compared to a CV with a pristine FTO to detect any additional 

features attributed to the presence of a surface coating. CVs were obtained in a solution of 

ferrocene as well (ferrocene was used instead of ferrocyanide, due to the low solubility of 

ferrocyanide in acetonitrile) to confirm the success of electrodeposition. Ferrocene was 

also used as an in-situ indicator of film formation during the electropolymerization 

experiments as described below.  
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Electropolymerization of Acrylic Acid in Acetonitrile 

A CV of an 80 mM acrylic acid solution in acetonitrile taken with a clean FTO 

shows an anodic wave with an Eonset = +0.9 V vs. Ag/Ag+ and a cathodic wave with Eonset 

= -1.1 V vs. Ag/Ag+ (Figure 37). The cathodic wave presumably corresponds to the 

reduction of the vinyl group, which is supported by the increase of the reductive current 

density with increasing AA concentration as shown in Figure 38.  

 

Figure 37. CVs taken at 0.1 V/s with a clean FTO electrode in a N2-saturated blank solution 

(0.1 M TABPF6 in acetonitrile) (black) and an additional 80 mM acrylic acid (green). 

 

The anodic wave in Figure 37 cannot be assigned confidently from the CV shown. 

It may be attributed to the radical oxidation of the vinyl group on acrylic acid; however, a 

similar current of the opposite sign would be expected for the oxidation as that for the 

reduction, since the reduction and oxidation of the vinyl group are both one-electron 

processes of the same concentration of acrylic acid. A scan that goes more positive than 
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1.6 V vs. Ag/Ag+ would be needed to verify at which potential the oxidation of the AA 

vinyl onsets.  

 

 

Figure 38. CVs taken at 0.1 V/s with a clean FTO electrode in a blank solution (0.1 M 

TABPF6 in acetonitrile) (black), a solution including 3 mM ferrocene (green), a solution 

including 3 mM ferrocene and 50 mM acrylic acid (purple), and a solution including 3 mM 

ferrocene and 57 mM acrylic acid (blue). All solutions were N2-saturated.  

 

Electropolymerization first was carried out with a solution of 80 mM acrylic acid 

via potential scanning between 0.2 and -1.4 V vs. Ag/Ag+ at a scan rate of 0.1 V/s for 1500 

segments (~ 6.5 h). A CV in a blank solution (0.1 M TBAPF6 in acetonitrile) taken with 

the electrode after the electrodeposition shows additional features compared to that with a 

pristine FTO (Figure 39), such as an anodic wave with Eonset = 1.0 V vs. Ag/Ag+ and a 

cathodic wave with Eonset = -0.8 V vs. Ag/Ag+, indicative of the presence of a surface film, 

presumably poly(acrylic acid), on the electrode. 
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Figure 39. CVs in blank (0.1 M TBAPF6 in acetonitrile) with a pristine FTO (black) and 

with an electrode after potential scanning in a solution of 80 mM AA between 0.2 and -1.4 

V vs. Ag/Ag+ at a scan rate of 0.1 V/s for 1500 segments (~ 6.5 h) (green). 

 

 Next, polymerization of acrylic acid in the positive (oxidative, ox) and negative 

(reductive, red) potential regimes was investigated via potential scanning between 0.3 and 

1.3 V vs. SCE and between -1.1 and -0.1 V vs. SCE, respectively. Both experiments were 

run at a scan rate of 0.05 V/s for 1.7 hours (equivalent to 300 segments) in an acetonitrile 

solution including 80 mM AA, 0.1 M TBAPF6 as the electrolyte and ferrocene (1.3 mM) 

as an in-situ control. In case of the oxidative electrodeposition, an overall 49% decrease of 

the current density (jpa before vs. after potential scanning: 179 vs. 87 μA cm-2) and a 60 

mV positive shift of the oxidation peak potential of ferrocene (Epa before vs. after potential 

scanning: 0.64 vs. 0.70 V vs. SCE) were seen (Figure 40 Top). During the reductive 

potential scanning between -0.1 and -1.1 V vs. SCE, a 35% decrease in the peak current 

density of the reduction of ferrocene (jpc before vs. after potential scanning: -246 vs. -87 
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μA cm-2) and a 330 mV negative shift of the peak potential (Epc before vs. after potential 

scanning: 0.21 vs. -0.12 V vs. SCE) were observed in the CVs taken directly before and 

after the long potential scanning experiment (Figure 40 Bottom). These changes in the 

CVs in case of both the oxidative and the reductive cycling are indicative of the loss of 

electrode surface area due to deposition of an insulating film.  
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Figure 40. Top) CVs at 0.05 V/s taken directly before (red) and after (blue) the potential 

scanning experiment between 0.3 and 1.3 V vs. SCE, and Bottom) CVs at 0.1 V/s taken 

directly before (red) and after (blue) the potential scanning experiment between -1.1 and -

0.1 V vs. SCE. Both potential scanning experiments were run at a scan rate of 0.05 V/s for 
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1.7 hours (300 segments) in an N2-purged acetonitrile solution including 80 mM AA, 0.1 

M TBAPF6 as the electrolyte and ferrocene (1.3 mM) as an in-situ control. 

 

 CVs with the electrodes that had undergone oxidative and reductive potential 

scanning were taken in a fresh blank electrolyte solution (0.1 M TBAPF6 in acetonitrile) 

as well as in a ferrocene solution, and they were compared to those obtained with a pristine 

FTO electrode. CVs in blank (Figure 41) showed distinct features presumably 

corresponding to the presence of a poly(acrylic acid) film on the electrodes.  

 

Figure 41. CVs at 0.1 V/s in a N2-saturated blank solution with a pristine FTO (black) and 

with the electrodes that had undergone oxidative (blue) and reductive (pink) potential 

scanning between 0.3 and 1.3 V vs. SCE and between -1.1 and -0.1 V vs. SCE, respectively, 

at a scan rate of 0.05 V/s for 1.7 hours (300 segments) in an acetonitrile solution including 

80 mM AA, 0.1 M TBAPF6 as the electrolyte and ferrocene (1.3 mM) as an in-situ control. 

 

These features were more pronounced with electrodes used for the reductive 

potential scanning (pink), where a reductive peak appeared at Epc = -0.80 V vs. SCE and 
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jpc = -19 µA cm-2, as well as an oxidative peak at Epc = 0.0 V vs. SCE and jpc = +5 µA cm-

2, and an anodic wave with an onset potential Eonset = 0.46 V vs. SCE.  

In the CVs taken in a ferrocene solution (Figure 42) with the same electrodes as 

described above, the redox peaks of ferrocene are clearly suppressed, and the peak-to-peak 

separation is larger compared to the CV with a pristine electrode in the same solution. The 

greater suppression of the ferrocene signals seen with the electrode after reductive potential 

scanning (Figure 42, pink) corresponds to a thicker film deposited on the electrode.  

 

Figure 42. CVs at 0.1 V/s in a N2-saturated ferrocene solution with a pristine FTO (black) 

and with the electrodes that had undergone oxidative (blue) and reductive (pink) potential 

scanning between 0.3 and 1.3 V vs. SCE and between -1.1 and -0.1 V vs. SCE, respectively, 

at a scan rate of 0.05 V/s for 1.7 hours (300 segments) in an acetonitrile solution including 

80 mM AA, 0.1 M TBAPF6 as the electrolyte and ferrocene (1.3 mM) as an in-situ control. 
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Observations from Figures 41 and 42 have led to the conclusion that potential 

scanning in the negative regime (between -1.1 and -0.1 V vs. SCE) is more efficient than 

that in the positive regime (between 1.3 and 0.3 V vs. SCE) under the same conditions. 

 

Electropolymerization of Acrylamide in Acetonitrile 

 The electropolymerization of acrylamide was studied using the potential scanning 

method as well. The CV of a solution including 65 mM acrylamide (AM) in acetonitrile 

(Figure 43) shows a large reductive wave with an Eonset = -0.2 V vs. SCE, as well as a 

small anodic feature at Eap = 1.2 V vs. SCE (Figure 43 Inset).  

 

Figure 43. CVs of a blank solution (0.1 M TBAPF6 in acetonitrile) (black) and a solution 

including 65 mM acrylamide at 0.1 V/s under N2-saturated conditions using a pristine FTO 

(blue). Inset: Zoom-in graph of the previous CVs showing the anodic feature at Epa = 1.2 

V vs. SCE in the presence of acrylamide. 
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The former presumably corresponds to the reduction of the vinyl group forming vinyl 

radical anions. The latter can be attributed to the oxidative generation of N-radical, which 

attacks the vinyl group to initiate polymer formation.225  

 

Potential scanning was run with 80 mM AM in the presence of ferrocene in 1) 

oxidative range, between 1.23 and 0.23 V vs. SCE at 0.05 V/s for 1.7 h (300 segments), 

and 2) reductive range, between -1.17 and -0.17 V vs. SCE at 0.05 V/s for 1.7 h (300 

segments). In each case, a gradual decrease of the electrochemical features was observed 

during the cycling (Figure 44 Top and Bottom). CVs taken right before and after both 

electropolymerization runs showed a clear decrease of the ferrocene redox peaks and an 

increase in the peak-to-peak separation. 

CVs of the electrodes used for the oxidative and reductive electrodepositions were 

taken in a clean blank solution (0.1 M TBAPF6 in acetonitrile) (Figure 45). Additional 

signals indicative of the presence of a surface film appeared at Epc = -0.58 V and Epc = -

0.93 V vs. SCE, and an anodic feature at Epa = 1.02 V vs. SCE not seen in the CV with a 

pristine FTO electrode. These signals were more pronounced in case of the oxidative 

polymerization, suggesting that a thicker film was deposited compared to the reductive 

polymerization. 
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Figure 44. Potential scanning experiments with 80 mM AM in Top) an oxidative range, 

between 1.23 and 0.23 V vs. SCE at 0.05 V/s for 1.7 h (300 segments) with 0.8 mM 

ferrocene, and Bottom) a reductive range, between -1.17 and -0.17 V vs. SCE at 0.05 V/s 

for 1.7 h (300 segments) with 1.6 mM ferrocene. 
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Figure 45. Top: CVs at 0.1 V/s in a N2-saturated blank solution with a pristine FTO (black) 

and with the electrodes that had undergone oxidative (blue) and reductive (pink) potential 

scanning between 1.23 and 0.23 V vs. SCE with 0.8 mM ferrocene, and between -1.17 and 

-0.17 V vs. SCE with 1.6 mM ferrocene, respectively, at a scan rate of 0.05 V/s for 1.7 
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hours (300 segments) in an acetonitrile solution including 80 mM AM. Bottom: Same CVs 

as in the top graph, but the entire potential window is shown. 

 

The same conclusion could be made from another pair of polymerization 

experiments in which the potential scanning was run in the range of 1.4 and 0.4 V vs. 

Ag/Ag+ for the oxidative and between -1.4 and -0.4 V vs. Ag/Ag+ for the reductive 

deposition, both at 0.08 V/s for 25 min (120 segments) using a solution of 61 mM AM. 

CVs in a solution of ferrocene showed a greater suppression of the ferrocene peaks and a 

bigger peak separation with the electrode used for the oxidative polymerization of 

acrylamide than that with the electrode used for the reductive scanning, compared to a CV 

with a pristine FTO in the same solution (Figure 46).   

 

Figure 46. CVs at 0.1 V/s in a N2-saturated ferrocene solution with a pristine FTO (black) 

and with the electrodes that had undergone oxidative (blue) and reductive (pink) potential 

scanning 1.4 and 0.4 V vs. Ag/Ag+ and between -1.4 and -0.4 V vs. Ag/Ag+, respectively, 

both at 0.08 V/s for 25 min (120 segments) in an acetonitrile solution of 61 mM AM. 
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  A potential scanning combining both the anodic and cathodic regions (ox + red), 

between 1.22 and -1.18 V vs. SCE at 0.05 V/s for 1.9 h (150 segments) was performed as 

well, using a solution of 80 mM AM including ferrocene (1.9 mM). A drastic decrease of 

the ferrocene peaks and increase of the peak separation were observed during the cycling 

(Figure 47). A CV in a ferrocene solution with the electrode after the electrodeposition 

showed largely suppressed ferrocene peaks compared to that with a pristine FTO in the 

same solution (Figure 48).  

 

Figure 47. Potential scanning experiment with 80 mM AM between 1.22 and -1.18 V vs. 

SCE at 0.05 V/s for 1.9 h (150 segments) with 1.9 mM ferrocene.  
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Figure 48. CVs at 0.1 V/s in a N2-saturated ferrocene solution with a pristine FTO (black) 

and with the electrode that had undergone potential scanning shown in Figure 47 (purple). 

 

Co-Polymerization of Acrylic Acid and Acrylamide  

Potential scanning experiments were run with solutions including acrylic acid to 

acrylamide molar ratios of AA:AM = 3:1, 1:3, and 1:1, keeping the total monomer 

concentration at 80 mM. At each molar ratio, oxidative (ox) (between 1.2 and 0.2 V vs. 

Ag/Ag+), reductive (red) (between -1.2 and -0.2 V vs. Ag/Ag+), and oxidative + reductive 

(ox + red) (between 1.2 and 1.2 V vs. Ag/Ag+) cycling were conducted at a scan rate of 

0.05 V/s for 300 segments in case of ox and red electrodeposition or for 150 segments in 

case of ox + red electrodeposition. The efficiency of the film deposition on the electrodes 

was evaluated and compared based on the degree of the suppression of the ferrocene 

reduction signal in CVs taken in a solution of ferrocene after the potential scanning as 

shown in Figure 49 A-C. In case of AA:AM = 1:1, the suppression of the cathodic 
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ferrocene peak followed the order of red < ox + red < ox (Figure 49 A, blue). In case of 

AA:AM = 3:1, the suppression of the cathodic ferrocene peak followed the order of ox + 

red < red < ox (Figure 49 B, blue). In case of AA:AM = 1:3, the suppression of the cathodic 

ferrocene peak followed the order of ox < ox + red < red (Figure 49 C, pink). 
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Figure 49. CVs at 0.1 V/s in a N2-saturated ferrocene solution with a pristine FTO (black) 

and with the electrodes that had undergone oxidative (blue) (between 1.2 and 0.2 V vs. 

Ag/Ag+ for 300 segments), reductive (pink) (between -1.2 and -0.2 V vs. Ag/Ag+ for 300 

segments), and oxidative + reductive (purple) (between 1.2 and 1.2 V vs. Ag/Ag+ for 150 

segments) potential scanning between at a scan rate of 0.05 V/s with a solution including 
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a total monomer concentration of 80 mM and a molar ratio of acrylic acid and acrylamide 

of A) AA:AM=1:1, B) AA:AM=3:1, C) AA:AM=1:3. 

 

 The results with the most efficient electrodeposition from all three series were then 

compared as shown in Figure 50, and the electropolymerization via reductive potential 

scanning using a molar ratio of AA:AM = 1: 3 (pink) was found to be the most efficient 

when comparing the extent of the suppression of ferrocene redox peaks. 

 

Figure 50. CVs at 0.1 V/s in a N2-saturated ferrocene solution with a pristine FTO (black) 

and with the electrodes that had undergone potential scanning in a solution of AA:AM=1:1 

(40 mM acrylic acid and 40 mM acrylamide) between 1.2 and 0.2 V vs. Ag/Ag+ for 300 

segments (oxidative) (light blue), AA:AM=3:1 (60 mM acrylic acid and 20 mM 

acrylamide) between 1.2 and 0.2 V vs. Ag/Ag+ for 300 segments (oxidative) (dark blue), 

and AA:AM=1:3 (20 mM acrylic acid and 60 mM acrylamide) between -1.2 and -0.2 V vs. 

Ag/Ag+ for 300 segments (reductive) (pink), each at a scan rate of 0.05 V/s. 
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Electropolymerization of Acrylic Acid Capped IrOx∙nH2O in Acetonitrile 

 Electrodeposition of acrylic acid capped IrOx∙nH2O (AA-IrOx) was studied via 

potential scanning between -0.7 and -1.1 V vs. Ag/Ag+ at a scan rate of 0.05 V/s for 20 min 

(150 segments) using an electrolyte containing AA-IrOx, 0.1 M TBAPF6 in acetonitrile, 

and ~ 2-3 drops of water (added to aid the dissolution AA-IrOx). An increase of the cathodic 

currents was observed during the scanning as shown in Figure 51, and a uniform grey film 

was obtained.  

 

Figure 51. Potential scanning between -0.7 and -1.1 V vs. Ag/Ag+ at a scan rate of 0.05 

V/s for 20 min (150 segments) using an electrolyte solution containing acrylic acid capped 

IrOx∙nH2O (AA-IrOx) and 0.1 M TBAPF6 in acetonitrile. 

 

A CV in blank with the electrode after the potential scanning (Figure 52, blue) 

showed electrochemical signals different than that taken with a pristine FTO in blank 

(black). These features are indicative of the presence of a surface coating, presumably 

consisting of poly(AA-IrOx). The anodic wave with an Eonset = 0.86 V vs. Ag/Ag+ 
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resembles to that seen in the solution of AA-IrOx prior to the potential scanning 

electrodeposition (pink) albeit with higher current density, and the reductive signals at 

potentials below 0.0 V resemble to those seen previously with surface films formed via 

electrodeposition of acrylic acid (Figure 41). A control experiment carried out with a blank 

solution in the absence of IrOx under the same conditions resulted in no formation of a 

visible film and no appearance of new electrochemical features (Figure 52, grey dashed).  

 

Figure 52. CVs at 0.1 V/s with a pristine FTO in a blank solution (0.1 M TBAPF6 in 

acetonitrile) (black) and in a solution of AA-IrOx (pink), and CVs with electrodes that had 

undergone potential scanning between -0.7 and -1.1 V vs. Ag/Ag+ at a scan rate of 0.05 

V/s for 20 min (150 segments) using an electrolyte solution containing acrylic acid capped 

IrOx∙nH2O (AA-IrOx) in acetonitrile (blue) or using a blank electrolyte (grey dashed). 

 

 The results presented above show the feasibility of the electrodeposition of acrylic 

acid capped IrOx in acetonitrile via potential scanning. However, dissolution of AA-IrOx 

in acetonitrile proved problematic; the dried AA-IrOx powder had to be dissolved in a drop 
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of water prior to adding it to the acetonitrile electrolyte. This resulted in a much smaller 

concentration of the IrOx particles as compared to using an aqueous suspension of 

functionalized IrOx directly as synthesized, as was the case for the electrodeposition of IA-

IrOx in aqueous electrolyte described earlier. Longer deposition times may be needed to 

produce a better poly(AA-IrOx) layer on the electrode surface. 

 

3.3 Experimental  

General 

For the work presented here, all chemicals were used as purchased, except for 

tertbutyl ammonium hexafluorophosphate (TBAPF6) salt that was purified via 

recrystallization in ethanol. All aqueous solutions were made from ultrapure (18 MΩ) 

water. UV-Vis absorption spectra were taken with a Cary 60 UV-Vis spectrometer, using 

a 1 cm pathlength quartz cuvette. An IRAffinity-1S Fourier Transform Infrared 

Spectrophotometer (Shimadzu), equipped with QATR10 Single Reflection ATR 

Accessory was used for taking FT-IR spectra, each spectrum taken with air-background. 

Scanning electron microscopy (SEM) images of polymer surface films formed on fluorine 

doped tin oxide (FTO) electrodes by electropolymerization were obtained using a Jeol JSM 

6100 Field-Emission SEM. An acceleration voltage of 15.0 kV was used for the collection 

of images. FTO surfaces were imaged without any postprocessing after 

electropolymerization. 

All electrochemical investigations were carried out with a CHI760E 

electrochemical workstation, in a custom made electrochemical round bottom cell using a 

three-electrode setup. Electrolyte solutions (2-3 mL) were purged with nitrogen for 3-5 
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minutes before measurements and kept under nitrogen atmosphere during measurements, 

unless otherwise noted. For cyclic voltammetry (CV) studies in aqueous solutions, a 

Ag/AgCl reference electrode, a Pt working electrode, and an FTO working electrode was 

employed. In the case of investigations of acrylic acid and acrylamide 

electropolymerization, 0.1 M H2SO4 and 0.1 M Na2SO4 were used as supporting 

electrolyte. In case of solutions for the investigation of surface capped IrOx∙nH2O 

electropolymerization, the supporting electrolyte was 0.1 M KNO3. The CVs taken are 

reported against the Ag/AgCl reference electrode. For electrochemical studies in 

acetonitrile solutions, a Ag/Ag+ quasi reference electrode, a Pt working electrode, and an 

FTO working electrode were used, with 0.1 M TBAPF6 as supporting electrolyte. CVs 

were reported against the Ag/Ag+ quasi reference, or against SCE when ferrocene 

calibration was available (Fc+/Fc, E1/2 = 0.45 V vs. SCE). 

 

‘Classical’ (Alkaline) Synthesis of Surface Capped IrOx∙nH2O 

For the ‘classical’ synthesis of surface capped IrOx∙nH2O nanoparticles, a 25 mL 

aqueous solution of K2IrCl6 salt (1 mM) as iridium precursor and capping agent (malonate, 

itaconate, citrate, or acrylate) (10 mM) in 1:10 molar ratio was first prepared. The pH of 

the solution, brown in color, was adjusted to 10.5-11.5 using 3 M NaOH, and a subsequent 

hydrothermal reaction carried out in a round bottom flask with a heat bath of aluminum 

beads at 90 °C for 20-40 minutes yielded a purple or blue suspension of capped IrOx∙nH2O. 

After purification of the solutions with size exclusion chromatography (SEC), they were 

characterized by FT-IR spectroscopy to prove the presence of capping agents incorporated 

onto the surface of IrOx∙nH2O. Solutions were stored in refrigerator at 9 °C and were stable 

for more than seven months. 
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‘HNO3’ (Acidic) Synthesis of Surface Capped IrOx∙nH2O  

For the ‘HNO3’ synthesis of surface capped IrOx∙nH2O nanoparticles, a 25 mL 

aqueous solution of K2IrCl6 salt (10 mM) as iridium precursor and capping agent 

(malonate, itaconate, citrate, or acrylate) (1 mM) in 10:1 molar ratio was first prepared. 

The pH of the solution, brown in color, was adjusted to > 12 with the addition of 0.3 mL 

of 3 M NaOH, and a subsequent hydrothermal reaction carried out in a round bottom flask 

with a heat bath of aluminum beads at 90 °C for 15-30 min, followed by acid condensation 

with 0.4 mL of 3 M HNO3 at 4-6 °C in ice-bath, yielded a dark blue suspension of capped 

IrOx∙nH2O. Purification of the products by size exclusion chromatography was not 

possible, since the blue suspension did not elute well from the column. Therefore, 

characterization of the IrOx∙nH2O nanoparticles synthesized via the acidic pathway was not 

feasible with FT-IR. More research is needed on this account. Solutions were stored in 

refrigerator at 9 °C and were stable for more than seven months. 

 

Size Exclusion Chromatography for the Purification of Surface Capped IrOx∙nH2O 

Size exclusion chromatography (SEC) was used for the separation of surface 

capped IrOx∙nH2O nanoparticles from unbound capping molecules in the suspension after 

the synthesis. Before SEC, the solution to be purified was run through a 0.45 μm PTFE 

syringe filter of 13 mm diameter, purchased from Celltreat, for an initial purification. The 

SEC column consisted of Sephadex G-25 gel, and ultrapure (18 MΩ) water served as 

eluent. Fractions of ~5-8 mL were collected and subsequently characterized by UV-vis 

absorption spectroscopy.  
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Characterization of Surface Capped IrOx∙nH2O by FT-IR Spectroscopy 

Surface capped IrOx∙nH2O nanoparticles synthesized via the classical method were 

characterized using FT-IR spectroscopy. To obtain spectra of good signal-to-noise ratio, 

several drops (~3-5) of the surface capped IrOx∙nH2O suspensions were allowed to dry on 

the ATR diamond before the final collection of the FT-IR spectra. ‘In-between’ spectra 

were taken during the evaporation of the solvent to monitor the development of signals due 

to concentration increase. 

 

Formation of Polymer Films on FTO via Electropolymerization 

A consecutive cyclic voltammetry (CV) scanning method was used for the 

electropolymerization of monomeric precursors onto fluorine doped tin oxide (FTO) 

working electrode, including acrylic acid, acrylamide, itaconic acid capped IrOx∙nH2O, and 

acrylic acid capped IrOx∙nH2O. Some were carried out in aqueous, some in organic 

(acetonitrile) solution, at different concentrations of the monomers, specified in the Results 

and Discussion. Itaconic acid capped IrOx∙nH2O (purified previously by SEC) was first 

dried on a rotatory evaporator and re-dissolved into 2 mL water when 

electropolymerization was run in aqueous solution. Acrylic acid capped IrOx∙nH2O did not 

dissolve in acetonitrile, therefore ~ 2-3 drops of water had to be added to acetonitrile to 

prepare the itaconic acid capped IrOx∙nH2O electrolyte solution for the 

electropolymerization in organic phase.  

For each electropolymerization experiment, a certain potential range and scan rate, 

as well as number of cycles was chosen. These details are mentioned in the report. After 

electropolymerization, the FTO electrode was taken out of the electrolyte solution, and the 

surface area that was immersed into the solution was measured with a ruler. The electrode 
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was rinsed thoroughly with water, if electropolymerization was run in aqueous phase, or 

with acetonitrile, if run in organic phase; and stored in a polystyrene petri dish, with 

polymer coated side facing upside. 

 

3.4 Conclusions and Outlook 

 In this work, the synthesis and characterization of surface functionalized IrOx 

nanoparticles was achieved via the ‘classical’ and the ‘HNO3’ routes. The acidic IrOx 

suspension could not be efficiently purified via column purification and therefore the 

‘classical’ synthesis was chosen for further studies. The electropolymerization of acrylic 

acid and acrylamide small molecular precursors, as well as the electropolymerization of 

itaconic and acrylic acid capped IrOx were also studied in aqueous and acetonitrile 

solutions. Electrochemical characterization of the electrodes after the electrodeposition 

experiments proved the presence of surface films by the appearance of new signals in blank 

solution and by the suppression of the ferrocene redox peaks when compared to a pristine 

FTO. Electrodepositions were done using potential scanning in different potential ranges 

(oxidative, reductive, or oxidative + reductive). Reductive electropolymerization was 

found to be more effective in the case of acrylic acid, and oxidative in case of acrylamide. 

Co-polymerization of AA and AM was also investigated, and the reductive potential 

scanning electrodeposition of AA:AM in a molar ratio of 1:3 was found to be the most 

effective.  

 Future work could involve the systematic study of electropolymerization of acrylic 

acid, acrylamide, and acrylic acid capped IrOx at different scan rates and for different 

numbers of cycles, and the correlation between these parameters and film thickness could 
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be investigated using profilometry to measure film thickness. Electrodeposition 

experiments with IrOx functionalized with malonate and citrate could serve to confirm that 

electropolymerization is only successful with IrOx functionalized with surface groups that 

contain vinyl groups such as acrylic acid and itaconic acid. 

Electropolymerization on a mesoporous titanium dioxide (TiO2) electrode could be 

studied as well, and the layer-by-layer electrodeposition of a dye containing a vinyl group 

such as the dye I 208 with a layer of IrOx on top could be followed to build photoanodes 

for water oxidation. Characterization of these photoanodes toward water oxidation could 

be done using the collector-generator method described in Chapter 4, assessing the 

Faradaic efficiency and turn over number for water oxidation. The performance of dye-

sensitized photoelectrochemical cells assembled from the photoanodes could be evaluated 

using a solar simulator available in the Sherman lab. Current density at specific 

overpotentials, the activity and stability of the surface films during long term 

photocatalysis, and faradaic yields for O2 could be assessed and compared to literature 

about other DSPEC systems using surface bound IrOx as WOC. 
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Chapter 4. Electrochemical and Spectroscopic Studies of 

Manganese Macrocyclic Complexes of Pyclen and Cyclen 

 

4.1 Introduction 
  

(This chapter has been partially reproduced from Freire, D. M., Beeri, D.; Pota, K.; 

Johnston, H. M.; Palacios, P.; Pierce, B. S.; Sherman, B. D.; Green, K. N. Hydrogen 

peroxide disproportionation with manganese macrocyclic complexes of cyclen and pyclen. 

Inorganic Chemistry Frontiers, 2020, 7, 1573-1582 with permission from the Chinese 

Chemical Society (CCS), Peking University (PKU), and the Royal Society of Chemistry.226 

) 

 

Oxidative stress results from an imbalance between reactive oxygen species (ROS) 

and the availability/activity of antioxidants.227 Hydrogen peroxide and the hydroxyl radical 

(OH•), formed after the one electron reduction of the former, are examples of ROS 

involved in Fenton or Haber–Weiss type reactions that occur between redox active 

transition metal ions and molecular oxygen. The high chemical reactivity of ROS and wide 

availability of the chemical precursors in biology make these species a threat to multiple 

types of tissues and cells and thereby contribute to the development of neurodegenerative, 

pulmonary, and cardiovascular diseases as well as promote a number of inflammation 

pathways.227-236 The catalase family of enzymes mitigate the risk from ROS by facilitating 

the disproportionation of H2O2 into molecular oxygen and water. While most catalase 

enzymes contain an iron-protoporphyrin IX prosthetic group, some bacteria accomplish 
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H2O2 decomposition via a non-heme manganese containing catalase (MnCAT) with an 

active site that consists of a dinuclear manganese core bridged by carboxylate and single 

atom ligands, likely water or hydroxide.237-240 

Both structural and functional models of MnCAT have been produced as a result 

of the importance of this enzyme activity and interesting active site.241 Many of these 

biomimetic complexes are dimeric in nature. However, only a small subset of monomeric 

manganese complexes have been isolated and reported to catalyze H2O2 

disproportionation; of these, few can function in aqueous solution or maintain activity 

across a range of pH values.241, 242 Interest in these types of complexes remains high due to 

their potential to serve as antioxidants for the treatment of diseases involving excess ROS 

and inflammation. 

The di-μ-oxo bridged manganese dimer of cyclen was first reported in 1988 by 

Brewer and co-workers and shown to provide water oxidation reactivity in acetonitrile.243 

In 2005, a modified synthesis and detailed characterization of [Mn2(cyclen)2(µ-

O)2][ClO4]3·4H2O was reported.244 The authors noted the resemblance of the IR and 

electronic spectra with those reported for MnCAT but no reactivity toward H2O2 

decomposition has been reported to date. While pyclen binds to a range of metal ions, 

complexes of pyclen with manganese have not been reported to date.245-248 Recent reports 

of mononuclear 12-membered Mn(II)Py2N2 complexes that were functional mimics of 

MnCAT for the decomposition of H2O2 motivated the synthesis and study of pyclen 

derivatives herein.242, 249, 250 Likewise, work by the Green group at TCU has explored the 

coordination chemistry of pyridinophane molecules like pyclen and revealed that the EPR 

spectrum of [Mn2(pyclen)2(µ-O)2][ClO4]3 resembles that of MnCAT.226 The similarities in 
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electronic structure with the native enzyme motivated the investigation of these complexes 

as H2O2 disproportionation catalysts as presented here. Comparison of the reactivity with 

other macrocyclic forerunners illustrates the relationship between activity and the rigidity 

of the tetraazamacrocyclic core and helps to explain why nature utilizes a rigid polypyrrole 

macrocyclic core in MnCAT to achieve high catalytic activity. 

 

In addition to the hydrogen peroxide disproportionation studies with the pyclen and 

cyclen manganese complexes, the water oxidation activity of the pyclen complex was 

investigated using the collector-generator analytical technique given the structural 

similarities between the pyridinophane ligands employed by Smith and co-workers and 

pyclen studied in this report.251, 252 Smith and co-workers have reported a class of 

mononuclear [(Py2NR2)Mn(II)Cl2] complexes (R = cyclohexyl (Cy), isopropyl (iPy), or 

tert-butyl (tBu)) capable of evolving O2 from water under basic (pH 12.2) conditions 

(Figure 53).249 An important conclusion drawn from their work is that the R-group used to 

modify the secondary amine N-atom of the pyridinophane ligand regulates the catalytic 

activity of the Mn(II) complex. Large R-groups (Cy, iPr, tBu) promote water oxidation 

activity that is not observed with derivatives containing small R groups (-H, -CH3). It was 

found that the pyclen complex was not a stable oxygen evolving catalyst, despite its 

structural similarities to water oxidation catalysts with pyridinophane ligands reported by 

Smith and co-workers.249  
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Figure 53. Examples of monomeric Mn(III) complexes with tetraazamacrocyclic ligands 

that exhibit water oxidation catalytic activity.249, 253-255 

 

4.2 Results and Discussion 

Synthesis and Spectroscopic Analysis  

First, to assess Mn(II) complexation to pyclen and cyclen in a mononuclear form, 

potentiometric titrations were carried out in aqueous conditions at 25 °C with I = 0.15 M 

NaCl to emulate biological conditions. The formation constants (log β) for compositions 

of [ML]/[M][L] for cyclen and pyclen with manganese ions, and species distribution for 

Mn(II) with cyclen and pyclen were evaluated.226 Overall, the manganese complex with 

pyclen is thermodynamically more favorable than that with cyclen. It was found that 99% 

of the Mn(II) ions are complexed by pyclen at pH 8.1, while the cyclen congener reaches 

a maximum of 91% at pH 8.8. However, the Mn(II)L(OH) species is modeled to be the 

predominate species at slightly more basic conditions (pH > 8.5) and prevents complete 

complexation of Mn(II) by cyclen in the bis-aquo form. This observation is consistent with 

that of other dinuclear µ-oxo complexes formed under basic conditions.256 

The potentiometric titrations prompted isolation of bona fide manganese complexes 

of pyclen and cyclen. [Mn(pyclen)Cl2][ClO4] was produced by adding Mn(ClO4)2 to an 

aqueous solution of pyclen pre-adjusted to pH ~8 and stirred overnight under aerobic 



 

108 

 

conditions (Figure 54). A mononuclear cyclen complex was not isolable but is probable 

based on potentiometric data. The dinuclear [Mn2(pyclen)2(µ-O)2][ClO4]3 was produced by 

co-dissolving pyclen with Mn(ClO4)2 in water and adjusting the pH of the mixture to ~8.257 

The [Mn2(cyclen)2(µ-O)2][ClO4]3·4H2O complex was isolated using a previously 

published procedure.243, 244 The solid state structure of [Mn2(cyclen)2(µ-O)2][ClO4]3·4H2O 

was reported previously and spectroscopic analysis agreed with the previous reports.243, 244 

Therefore, only [Mn(pyclen)Cl2][ClO4] and [Mn2(pyclen)2(µ-O)2][ClO4]3 were evaluated 

by full spectroscopic and X-ray diffraction analysis.226  

 

Figure 54. Reaction conditions for the synthesis of monomeric [Mn(pyclen)Cl2][ClO4] and 

dimeric [Mn2(pyclen)2(µ-O)2][ClO4]3 and the corresponding solid state structures 

determined by XRD analysis. Counter ions have been removed for clarity. 

 

In addition to X-ray diffraction, complexes were also characterized using UV-vis 

spectroscopy. The electronic spectra of both [Mn(pyclen)Cl2][ClO4] and [Mn2(pyclen)2(µ-

O)2][ClO4]3 (Figure 55) confirmed the presence of a high-spin Mn(III) metal center, 

exhibiting the spin-allowed 5Eg → 5T2g transition of the Mn(III) ion at ~555 nm.258 

Spectroscopic analysis of [Mn2(pyclen)2(µ-O)2][ClO4]3  in water showed a broad 
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absorbance at 665 nm, a hallmark of a di-µ-oxo bridged dimer (Figure 55 Right).259, 260 

The absorbance band at ~800 nm in aqueous solution corresponds to an intervalence 

transfer between the two manganese metal ions, based on literature precedent.243, 253, 260-266 

In addition, the Mn2O2 stretch for [Mn2(pyclen)2(µ-O)2][ClO4]3  (683 cm-1) is consistent 

with previous reports of similar complexes, including that of [Mn2(cyclen)2(µ-

O)2][ClO4]3•4H2O (689 cm-1).243 

 

 

Figure 55. Electronic spectrum of Left) [Mn(pyclen)Cl2][ClO4] in CH3CN and Right) 

[Mn2(pyclen)2(µ-O)2][ClO4]3  in H2O. 

 

A one-pot approach for generating the Mn complex in situ was developed by taking 

advantage of the potentiometric titration data discussed above. Fresh solutions were 
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prepared from aqueous stock solutions containing MnCl2 and cyclen or pyclen. For a given 

preparation, the reagent solutions were added to a starting volume of ultrapure water in the 

order of ligand, buffer, followed by Mn salt. This one-pot approach avoided complications 

related with (1) the rapid formation of inactive Mn oxide/hydroxide species from the pre-

synthesized and isolated samples upon re-dissolution and (2) the need to adjust the pH after 

adding the Mn(II) salt that would affect the relative concentration of the metal complex in 

solution. 

 

Catalytic H2O2 Disproportionation 

Oxygen evolution measurements from the decomposition of H2O2 were carried out 

using 1.5 mM of [Mn2L2(O)2]
3+ or [MnLCl2]

+ in a solution buffered at pH 8 with phosphate 

buffer and an O2 microsensor probe (Unisense, Denmark) inserted into a hermetically 

sealed 15 mL reactor after flushing with nitrogen. Addition of H2O2 (150 mM) resulted in 

obvious oxygen evolution based on the formation of bubbles in solution. For both 

manganese complexes of cyclen and pyclen, the introduction of H2O2 led to an immediate 

change in solution color (clear or light yellow to green) concomitant with the observation 

of gas evolution from solution. The microsensor used measures the partial pressure 

(concentration) of O2 in contact with the probe and showed an increase in [O2] 

synchronized with the visual evolution of gas. Oxygen evolution plateaued after roughly 

10–15 minutes for a given catalyst, and turnover numbers (TON) of 9.5 for the cyclen and 

22.5 for the pyclen analog showed non-stoichiometric reactivity for H2O2 

disproportionation. The turnover frequency (TOF) calculated at 10 min after the addition 

of H2O2 to solution was 1.23 for the cyclen and 2.69 for the pyclen manganese complex. 
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Control reactions with ligand or metal alone showed a small increase in O2 relative to that 

observed with the complexes and is attributed to the auto-disproportionation of H2O2. 

Negligible H2O2 disproportionation in buffer alone is represented by the black trace in 

Figure 56. These controls validate that the complex must be present for catalysis to occur.  

 

Figure 56. Dioxygen formation from H2O2 disproportionation catalyzed by manganese 

complexes of cyclen (green) and pyclen (orange) at pH 8. The background generation of 

O2 from H2O2 in the absence of complex, metal, or ligand is shown for reference (black). 

In each experiment, a concentrated sample of H2O2 was injected at t = 2.5 min to give 

[H2O2] =150 mM in the reactor. Initial conditions for generation of the given complex: 

[Mn2+] = 1.5 mM, [ligand] = 1.54 mM, [buffer] = 50 mM. 

Smith and co-workers have reported the Py2N2 pyridinophane congener of 

[Mn(pyclen)Cl2], which demonstrated a TON at pH 4 an order of magnitude greater than 

observed here.242, 255 This suggests that structural differences are key to the relative activity 

of the Mn complex. Xu et al. also demonstrated that the addition of –CH3 moieties to the 

non-aromatic N-atoms enhanced reactivity, while more bulky substituents (t-butyl, 

cyclohexyl) abolish any H2O2 disproportionation.249 Taken in concert with the work here, 

catalase activity (TON) increases with the number of pyridine (Py) moieties in the 

macrocyclic ligand as N4 (cyclen) → PyN3 (pyclen) → Py2N2 (pyridinophane) (Figure 57). 
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Figure 57. Structure of cyclen, pyclen, and pyridinophane ligands. 

 

 Inclusion of pyridine moieties is known to enhance open-chain and macrocycle 

ligand rigidity and basicity, which has not been a consideration to date for catalytic 

reactions of this type.267-269 Although the activities of the cyclen and pyclen complexes are 

lower in comparison to Py2N2 pyridinophanes, it is important to note that cyclen, a water 

oxidation catalyst,243 is still active for H2O2 decomposition. Interestingly, 

[Mn(pyclen)Cl2][ClO4] showed no water oxidation activity as described in more detail 

below.  Moreover, cyclen–Mn readily forms µ-oxo dimers based on color changes 

observed in solution (the dimer has a characteristic green color). Conversion of the 

[Mn(pyclen)Cl2][ClO4] to [Mn2(pyclen)2(µ-O)2][ClO4]3 proceeds similarly under 

comparable conditions. To further explore this phenomenon and relate it to the catalytic 

results, UV-visible spectroscopy was used to observe the Mn species present during the 

time course of the catalytic reaction. 

 

Spectroscopic Investigation of the H2O2 Disproportionation Catalysis 

Spectroscopic investigations of [Mn2(cyclen)2(µ-O)2]
3+ and [Mn(pyclen)Cl2]

+ 

mimicked the conditions used for H2O2 disproportion catalysis described above, however, 

a starting concentration of 2.0 mM MnCl2 was used to ensure strong UV-visible signal. 
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The one-pot synthetic method was used to generate the given Mn complex at the start of 

the UV-visible absorption studies. Spectra of the ligand in the absence of Mn(II) salt 

showed elevated absorbance across the visible range, attributed to scattering, compared to 

the baseline taken of neat buffered solution. Upon addition of Mn(II) to an air saturated 

solution containing the ligand and buffer, an initial return to baseline followed by a gradual 

increase in absorbance in the visible range occurred over ten minutes (Figure 58-59).  

In the case of cyclen (Figure 58), a shift and increase in strong absorbance for λ < 

375 nm indicates coordination of Mn with corresponding appearance of the ligand to metal 

charge transfer band of the complex. Over the 30 min aging period, features appear at 403 

(sh) and 710 nm (attributed to MnIII d-d transitions) similar to that observed for [MnIII–(μ-

O)2–MnIII]2+ species.265, 270, 271 At longer aging times (~30 min), subtle growth in features 

at 554 and 650 (broad) nm indicate formation of the [MnIII–(μ-O)2–MnIV]3+ complex of 

cyclen.  
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Figure 58. Absorbance spectra of [Mn2(cyclen)2(µ-O)2]
3+ in pH 8 solution measured 

starting from 0.5 min after the addition of MnCl2 to solution (dark blue) to 30 min 

following the addition of the MnII salt (light blue). The absorbance of solution only 

containing cyclen is omitted because the apparent absorption was above 0.1 absorbance 

units, likely do to scattering from aggregates in solution. Initial conditions: 2 mM MnCl2, 

2.04 mM cyclen, 50 mM Tris buffer. 

 

Similarly, solutions containing pyclen gave rise to initial spectral features (Figure 

59) consistent with a monomeric MnIII species at short times (0 – 2 min); increasing 

absorbance in the UV, strong absorbance near λ ~ 400 nm (sh), weak broad feature with λ 

= 525 nm. At times greater than 2 min after addition of the Mn salt, characteristic spectral 

features for [MnIII–(μ-O)2–MnIV]3+ appear with a diagnostic MnIII-MnIV d-d transition at 

554 nm, broad absorbance centered at 650 nm (oxo–MnIV LMCT) and a weak, broad 

intervalence band at low energy (~750 nm).261, 271 
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Figure 59. Absorbance spectra of [Mn(pyclen)Cl2]
+ in pH 8 solution measured starting 

from just after the addition of MnCl2 to a solution of pyclen (t = 0.5 min, dark purple) to 

10 min after the addition of MnCl2 (dark pink). Initial conditions: 2 mM MnCl2, 2.04 mM 

pyclen, 50 mM Tris buffer. Spectra of the ligand in the absence of Mn(II) salt showed 

elevated absorbance across the visible range, attributed to particulate scattering, compared 

to the baseline taken of neat buffered solution. 

 

UV-visible absorbance spectroscopy studies in air saturated solutions of the cyclen 

and pyclen Mn complexes showed evidence for the formation of higher valent µ-O species. 

To further probe the species present during H2O2 disproportionation catalysis, the solution 

absorbance was monitored in 30 s increments following the addition of ½ molar 

equivalents of H2O2 (relative to MnII added at the start). The solutions were allowed to age 

for 10 min in the case of pyclen or 30 min for cyclen prior to adding any H2O2. An initial 

½ molar equivalent of H2O2 was added at t = 0 of the experiment and additional ½ molar 

equivalents every 10 min thereafter. In the case of pyclen (Figure 60 Left) absorbance 
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features characteristic of [Mn2(pyclen)2(µ-O)2]
3+ grew more intense with increases in 

absorbance at 390, 554, and 650 nm. A maximum intensity for [Mn2(pyclen)2(µ-O)2]
3+ was 

observed after addition of the first half equivalent and bleached progressively over time. 

[Mn2(cyclen)2(µ-O)2]
3+ demonstrated similar behavior (Figure 60 Right), however, 

maximum intensity was observed following the addition of 1 full equivalent of H2O2 and 

decayed thereafter. 

 

Figure 60. Absorbance spectra in pH 8 buffered aqueous solution taken over an extended 

time as indicated for [Mn2(pyclen)2(µ-O)2]
3+ (Left) and [Mn2(cyclen)2(µ-O)2]

3+ (Right). In 

each plot, the spectrum of the solution following the aging period (10 min for pyclen, 30 

min for cyclen) is shown in grey. At t = 0 min of the experiment, ½ molar equivalent of 

H2O2 was added to solution and additional ½ equivalents added every 10 min thereafter for 

the duration of the experiment. The orange spectrum for [Mn2(pyclen)2(µ-O)2]
3+ and green 

spectrum for [Mn2(cyclen)2(µ-O)2]
3+ were recorded immediately before the addition of the 

second ½ equivalent of H2O2. The vertical grey dash indicates the wavelength monitored 

in Figure 61.  

 

Figure 61 tracks the absorbance measured at 554 nm indicative of the mixed 

valence [MnIII–(μ-O)2–MnIV]3+ species for both pyclen and cyclen during the addition of 

increasing molar equivalents of H2O2. In both cases, the addition of H2O2 resulted in a rapid 
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initial increase in the absorbance at 554 nm, indicating formation of the [MnIII–(μ-O)2–

MnIV]3+ complex. Additional ½ molar equivalents of H2O2 added to solution caused a 

gradual decrease in the absorbance at 554 nm with complete bleaching observed following 

the addition of 13 full equivalents to [Mn2(pyclen)2(µ-O)2]
3+ and 7 full equivalents to 

[Mn2(cyclen)2(µ-O)2]
3+.  

 

Figure 61. Change of absorption intensity monitored at 554 nm (indicated with vertical 

dash line in Figure 60) for [Mn2(pyclen)2(µ-O)2]
3+ (orange, left) and [Mn2(cyclen)2(µ-

O)2]
3+ (green, right) recorded every 30 s during the experiment. The diamonds indicate the 

addition of a ½ molar equivalents of H2O2 (to MnII) added every 10 min. Complete 

bleaching of the 554 nm feature was observed after the addition of 13 full equivalents of 

H2O2 for [Mn2(pyclen)2(µ-O)2]
3+ and 7 equivalents for [Mn2(cyclen)2(µ-O)2]

3+.  
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This trend implies better chemical stability of the pyclen complex under the 

catalytic conditions and matches the trend in TON measured in the presence of excess 

hydrogen peroxide with 22.5 ± 0.5 for [Mn2(pyclen)2(µ-O)2]
3+ and 9.5 ± 0.5 for 

[Mn2(cyclen)2(µ-O)2]
3+. Importantly, the persistence of the catalase activity of the 

complexes tracks with the presence of the [MnIII–(μ-O)2–MnIV]3+ species, indicating that 

this is an important intermediate in the catalytic mechanism. 

To verify the source of bleaching at 554 nm, an experiment was carried out with a 

two hour dwell period following the addition of two equivalents of H2O2 to monitor the 

stability of the absorbance over longer times before the addition of more H2O2 (Figure 62). 

After addition of one full equivalent of H2O2, an initial rapid loss in absorbance at 554 nm 

over ~5 min is followed by a slow loss in absorbance over the remaining 2 h period. The 

addition of fresh ½ equivalent aliquots of H2O2 after 175 min again causes a rapid loss in 

absorbance at 554 nm. This result shows that the loss in absorbance at 554 nm coincides 

with the presence of H2O2 and indicates that irreversible deactivation of the complex 

competes with the catalytic mechanism for the H2O2 disproportionation.  
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Figure 62. Absorbance at 554 nm for [Mn2(cylen)2(μ-O)2]
3+ with a two hour dwell period 

after the addition of two equivalents of H2O2. The diamonds indicate the addition of a ½ 

molar equivalents of H2O2 (to MnII). At 0 min (after the initial incubation time of the 

complex solution for 30 min, not shown here), the first ½ molar equivalent of H2O2 was 

added, followed by the subsequent addition of three more ½ equivalents of H2O2, each 10-

15 min apart (pink shaded regions indicate periods of H2O2 addition). The solution was 

then allowed to ‘age’ for two hours (blue shaded region) prior to the addition of two more 

½ equivalents of H2O2 starting at 175 min. 

 

Taken in conjunction with the activity for the related pyridinophane–Mn complexes 

reported by Smith and co-workers,242, 255 increasing the number of pyridine rings in the 

macrocycle progressively increases the stability of catalyst for H2O2 disproportionation 

with the TON increasing for cyclen < PyN3 pyclen < Py2N2 pyridinophane. Interestingly, 

the activity of the Py2N2 pyridinophane complex has been reported as a monomeric 

catalyst,242, 255 whereas the spectroscopic investigation here with the cyclen and pyclen 

derivatives implicates the dimeric [MnIII–(μ-O)2–MnIV]3+ species during catalysis. The 

reliance of the catalytic activity on the presence of a dinuclear Mn complex resonates with 

the active site architecture of MnCAT. It is also notable that, while demonstrating the 
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lowest TON of the series, the [Mn2(cyclen)2(µ-O)2]
3+ complex is competent for H2O2 

disproportionation, which has not been previously reported for this well-studied complex. 

 

Water Oxidation Catalysis 

Electrochemical Analysis 

The water oxidation activity of [Mn(pyclen)Cl2][ClO4] was investigated via 

electrochemical studies. Figure 63 shows cyclic voltammograms (CVs) for the pyclen 

complex in aqueous 0.5 M sodium perchlorate at pH 6.7 taken with an FTO (fluorine doped 

tin oxide) working electrode. Two anodic features are observed in the voltammograms, a 

quasi-reversible couple with E1/2 = 0.483 V vs. Ag/AgCl and an irreversible couple with 

Epa = 1.00 V vs. Ag/AgCl. Both of these features are assigned to one electron oxidations 

of a Mn center (MnIV/III).243 The low potential signal may arise from the oxidation of the 

monomeric complex or a dimeric species (MnIV,III/III,III) and the high potential wave from 

the oxidation of a dimeric species (MnIV,IV/III,IV). Absorbance measurements before and 

after electrochemical analysis were consistent with the monomeric pyclen complex 

[Mn(pyclen)Cl2][ClO4] as the dominant species in solution (Figure 64). An anodic wave 

with increasing current well above background is also observed with an onset potential of 

~ 1.20 V vs. Ag/AgCl. 
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Figure 63.  Cyclic voltammograms of 1.2 mM [Mn(pyclen)Cl2][ClO4] in 20 mM 

phosphate buffer at pH 6.7 (0.5 M NaClO4) taken at a scan rate of 0.1 V/s using an FTO 

working electrode. Each CV was performed starting from 0 V, scanned to the anodic max 

potential, then cathodically to -0.9 V, and back to 0 V vs. Ag/AgCl. The gray trace shows 

the background current without the complex present. The CVs shows were taken with an 

anodic limit of 0.8 V (red), 1.0 V (blue), 1.2 V (green), and 1.4 V vs. Ag/AgCl (black). 

The cathodic feature with Epeak ~ -0.45 V grows in after the potential had been scanned 

above 0.80 V vs. Ag/AgCl (see inset with a zoom view from 0 to -0.8 V of the scans shown 

in the main plot).  

 

If the monomer complex is the dominate species in solution, application of 

sufficiently positive potential (>0.8 V vs. Ag/AgCl, pH 7) may initiate the formation of a 

dimeric species resulting in the second anodic wave at 1.0 V vs. Ag/AgCl, the loss of the 

cathodic wave of the quasireversible couple at 0.35 V vs. Ag/AgCl, and a new cathodic 

wave at Epc = -0.45 V vs. Ag/AgCl that is attributed to the reduction of the species formed 

after the second anodic wave (reduction of the MnIV,IV dimer).  
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Figure 64. Absorbance spectra of 1mM [Mn(pyclen)Cl2][ClO4] in 20 mM phosphate 

buffer at pH 6.7 (0.5 M NaClO4), before (black) and after (blue) electrochemical analysis. 

The spectra shown were taken approximately 5 hours apart. The increase in absorbance 

between 425 and 550 nm is likely from loss of solvent due to evaporation during the 

electrochemical measurements.  

 

For comparison, Figure 65 shows the current response measured with an FTO 

working electrode in the absence of the complex under aerobic and N2 purged conditions. 

An FTO surface shows increasing anodic current at potentials more positive than 1.20 V 

vs. Ag/AgCl at these conditions. Also, the wave at -0.45 V vs. Ag/AgCl observed in the 

presence of the complex is near the potential range of O2 reduction at FTO in an air 

saturated solution under the conditions used. 
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Figure 65.  Cyclic voltammogram of 1.2 mM [Mn(pyclen)Cl2][ClO4] in 20 mM phosphate 

buffer at pH 6.7 (red, 0.5 M NaClO4 supporting electrolyte) under a nitrogen atmosphere 

taken at a scan rate of 0.1 V/s using an FTO working electrode. Each CV was performed 

starting from 0 V, scanned to the anodic max potential, then cathodically to -1.0 V, and 

back to 0 V vs. Ag/AgCl. The gray trace shows the background current without the 

complex present in solution under a nitrogen atmosphere and the black trace the same under 

aerobic conditions. The vertical dashed lines indicate the applied potentials used for 

collector-generator experiments (see Figure 67). 

 

Collector-Generator Analysis 

As seen in Figure 63, a steep increase in current occurs at applied potentials more 

positive than 1.2 V vs. Ag/AgCl, with catalytic water oxidation as a possible cause. To 

investigate this, the dual working electrode collector-generator (CG) method was used to 

determine the water oxidation catalytic activity of [Mn(pyclen)Cl2][ClO4] complex.251, 252 

This approach allows for straightforward determination of Faradaic efficiencies for O2 

formation and the real-time monitoring of O2 generation activity assuming correct 

conditions are maintained and control experiments carried out.160, 214, 217, 223, 251, 252 
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Unmodified FTO electrodes served as both the generator and collector electrodes (Figure 

66). When water is oxidized at sufficiently positive potentials at the generator, the oxygen 

produced there (hence it is called the generator electrode) then diffuses to the collector 

electrode, that is separated from the generator by a 1 mm thick spacer and is there 

subsequently reduced. The resultant amperometric behavior observed at the CG electrodes 

as a function of the applied potential provides a basis for assessing the catalytic activity of 

the analyzed species towards water oxidation. 

      

Figure 66. (Left) Scheme of a collector-generator cell. At the generator, O2 is produced 

via oxidation of water if the electrode is poised with a positive enough potential. The 

collector electrode then “collects” the oxygen, and reduces it back to water, if poised with 

a negative enough potential.251 Reprinted with permission from Sherman et al.251 Copyright 

2016 American Chemical Society. (Right) A hand-made collector-generator cell, 

consisting of two FTO electrodes facing each other with their conductive sides, separated 

by a 1 mm thick spacer. 

  

The results of a representative CG analysis are shown in Figure 67. For reference, 

the vertical dashed lines in Figure 65 show the applied potentials used for the CG analysis, 
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1.4 V vs. Ag/AgCl for the generator and -0.8 V or -0.45 V vs. Ag/AgCl for the collector as 

indicated. 

 

Figure 67. Collector–generator analysis of [Mn(pyclen)Cl2][ClO4] in 20 mM phosphate 

buffer at pH 6.7 (0.5 M NaClO4 supporting electrolyte). The top frame shows the current 

measured at the generator when poised at 1.4 V vs. Ag/AgCl in the presence of 

[Mn(pyclen)Cl2][ClO4] (red and green traces) and in the absence of 

[Mn(pyclen)Cl2][ClO4] in solution (blue). The bottom frame shows the current measured 

at the collector electrode, positioned 1 mm from the generator, under the indicated applied 

potentials in the presence (red, -0.8 V vs. Ag/AgCl; green, -0.45 V vs. Ag/AgCl) and 

absence (blue, -0.8 V vs. Ag/AgCl) of [Mn(pyclen)Cl2][ClO4] in solution. 

 

To assess the possible production of oxygen by the complex, the charge passed (the 

integral of the current as shown in Figure 67 at the generator at an applied potential of 1.4 

V vs. Ag/AgCl is compared with the charge passed at the collector when poised at -0.8 V 

vs. Ag/AgCl (red traces in Figure 67), with both measured simultaneously, and this value 

is corrected for the amount of charge collected under the same conditions without the 

pyclen complex present (blue traces in Figure 67) and the charge passed with a collector 
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potential too positive for O2 reduction in the presence of the complex (-0.45 V vs. Ag/AgCl, 

green traces in Figure 67). The correction with the collector poised at -0.45 V vs. Ag/AgCl 

was necessary due to the growth of a cathodic feature in the presence of the complex when 

the FTO working electrode is scanned positive of 0.8 V vs. Ag/AgCl. In this analysis, the 

amount of charge attributable to oxidized species formed from the pyclen complex (and 

not resulting from O2 reduction), as well as from O2 produced by the FTO alone at the same 

applied bias, can be accounted for.  

The Faradaic efficiency for water oxidation by [Mn(pyclen)Cl2][ClO4] was 

determined from the CG analysis by subtracting the charge collected at Ecollector = -0.45 V 

vs. Ag/AgCl (attributed to the reduction of oxidized species formed from the complex) 

from the charge collected with Ecollector = -0.80 V vs. Ag/AgCl under identical conditions. 

The charge observed with Ecollector = -0.80 V vs. Ag/AgCl in the absence of the complex 

was then subtracted to correct for O2 produced by the FTO alone, and the resulting charge 

was divided by the charge observed at the generator with Egenerator = 1.4 V vs. Ag/AgCl 

from which the charge observed with Egenerator = 1.4 V vs. Ag/AgCl in the absence of the 

complex was previously subtracted. Finally, dividing this value by the average collection 

efficiency of the CG setup for detecting O2 (70%)251 gave the Faradaic efficiency for the 

production of O2 by the pyclen complex under an applied potential of 1.4 V vs. Ag/AgCl. 

Equation 16 gives the overall expression used to calculate the Faradaic efficiency for a 

given trial with the results of each trial shown in Table 7. 

Based on the results of eight trials using separate CG electrode assemblies, the 

Faradaic efficiency for O2 formation from water by the complex at pH 6.7 is calculated as 

14.2 ± 13.5%. The low overall Faradaic efficiency and relatively large standard deviation 
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indicates that, while some O2 might be formed from the oxidation of 

[Mn(pyclen)Cl2][ClO4], this is not the major anodic product and varied across the 

redundant measurements. In part, this analysis is complicated by the fact that 

[Mn(pyclen)Cl2][ClO4] is in homogeneous phase and shows a reduction at -0.45 V vs. 

Ag/AgCl which is near the potential range of O2 reduction at FTO under the conditions 

used. The low Faradaic efficiency for water oxidation activity by the pyclen complex, 

combined with the observation of a predominate cathodic peak following oxidation of the 

complex, indicate that this complex is not a competent catalyst for water oxidation. 

 

(16) 
𝑄𝐶𝑜𝑙,−0.80 𝑉(𝐶)− 𝑄𝐶𝑜𝑙,−0.45 𝑉(𝐶)− 𝑄𝐶𝑜𝑙,−0.45 𝑉(𝐵)− 𝑄𝐶𝑜𝑙,−0.80 𝑉(𝐵)

𝑄𝐺𝑒𝑛,1.4 𝑉(𝐶)−𝑄𝐺𝑒𝑛,1.4 𝑉(𝐵)
∗

100%

70%
 

 

Table 7. Data From the Collector-Generator Analysis of the [Mn(pyclen)Cl2][ClO4] Complex 

Trial QCol, -0.45 V (B) QCol, -0.45 V (C)  QCol, -0.80 V (B)  QCol, -0.80 V (C)  QGen, 1.4 V (B)  QGen, 1.4 V (C)  Faradaic efficiency  

No. (mC/cm2) (mC/cm2) (mC/cm2) (mC/cm2) (mC/cm2) (mC/cm2) (%) 

1 -2.242 -1.218 -3.834 -4.149 7.103 9.822 16.6 

2 -0.431 -3.520 -5.731 -5.671 9.671 13.19 0.0 

3 -0.449 -3.379 -0.866 -5.090 6.402 13.26 27.0 

4 -3.187 -3.069 -5.354 -8.440 7.910 20.37 35.4 

5 -0.406 -2.410 -3.099 -3.359 5.942 11.89 0.0 

6 -2.654 -2.140 -3.851 -4.461 7.247 13.75 13.4 

7 -3.539 -3.237 -12.82 -12.54 13.22 37.71 0.0 

8 -0.778 -3.598 -1.577 -7.208 1.973 20.49 21.7 

QCol, -0.45 V (B): charge per area at Collector at -0.45 V, while Generator is at 1.4 V, without 1 

(Blank) 

QCol, -0.45 V (C): charge per area at Collector at -0.45 V, while Generator is at 1.4 V, with 1 

(Complex) 

QCol, -0.80 V (B): charge per area at Collector at -0.80 V, while Generator is at 1.4 V, without 1 

(Blank) 

QCol, -0.80 V (C): charge per area at Collector at -0.80 V, while Generator is at 1.4 V, with 1 

(Complex) 
QGen, 1.4 V (B): charge per area at Generator at 1.4 V, while Collector is at -0.80 V, without 1 

(Blank) 

QGen, 1.4 V (C): charge per area at Generator at 1.4 V, while Collector is at -0.80 V, with 1 

(Complex) 
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The lack of water oxidation activity for [Mn(pyclen)Cl2][ClO4] coincides with the 

conclusions of Smith and coworkers where only [(Py2NR2)Mn(II)]2+ complexes with bulky 

amino substituents show catalytic O2 production from water.249, 250 The increasing currents 

observed above 1.2 V vs. Ag/AgCl in the case of [Mn(pyclen)Cl2][ClO4] are then attributed 

to ligand oxidation, especially oxidation of methyl groups present in the pyclen ligand.272 

 

 

4.3 Experimental 

Note  

Experimental details not pertaining directly to the work and results described here 

in full detail are not included in this section but can be found in the original paper.226 

 

General Methods 

Caution! Perchlorate salts are explosive and should be handled with care; such 

compounds should never be heated as solids. All chemical reagents were purchased from 

either Millipore Sigma or Alfa Aesar and used without further purification unless otherwise 

indicated. All aqueous solutions were made from ultrapure (18 MΩ) water. Pyclen was 

isolated as the hydrochloride salt prior to metal ion complexation in accordance with 

previous reports.245 Each reaction was carried out in H2O. Elemental analyses were 

performed by Canadian Microanalytical Services Ltd. 
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Preparation of [Mn(pyclen)Cl2][ClO4] 

Pyclen (100 mg, 0.317 mmol) was dissolved in 12 mL of H2O. The pH of this 

solution was adjusted to 8 with a dilute solution of KOH. Mn(ClO4)2 (80 mg, 0.317 mmol) 

was then added to the pH adjusted solution. This mixture was stirred at room temperature 

for 12 h; the solution color gradually darkened from pale yellow to dark brown. After 12 

h, this brown solution was filtered, and solvent removed under reduced pressure to afford 

a dark brown/red tinged solid. The resulting solid was re-dissolved in CH3CN (20 mL) and 

stirred, open to air, for 12 h. The resulting red-pink solution was filtered, and the solvent 

from the supernatant was removed under reduced pressure to afford a pale pink-red powder 

(40.2 mg, 0.085 mmol, 57% yield). The pale pink-red powder was dissolved in CH3CN 

and filtered, slow evaporation of the CH3CN solution yielded X-ray quality crystals. 

Electronic absorption, λmax/nm (ε/M-1 cm-1); CH3CN: 370 (sh, 153), 525 (46). Elemental 

Analysis; [Mn(pyclen)Cl2][ClO4]·2H2O Found (calculated): C, 28.10 (28.25); H, 3.70 

(4.74); N, 11.73 (11.98) %. 

 

Preparation of [Mn2(pyclen)2(µ-O)2][ClO4]3 

Pyclen (100 mg, 0.317 mmol) and Mn(ClO4)2 (80 mg, 0.317 mmol)  were dissolved 

in 12 mL of H2O. The pH of this solution was adjusted to 8 with a dilute solution of KOH. 

The resulting mixture was stirred at room temperature for 12 h; the solution color gradually 

darkened from pale yellow to dark brown to deep forest green. After 12 h, this green 

solution was filtered, and solvent removed under reduced pressure to afford a dark 

green/brown solid. The resulting solid was re-dissolved in CH3CN (20 mL) and stirred, 

open to air, for 12 h. The resulting solution, which was a dark green color, was filtered. 
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The solvent from the supernatant was removed under reduced pressure to afford a dark 

green powder (90.0 mg, 0.097 mmol, 60% yield). The dark green powder was dissolved in 

H2O and filtered, slow evaporation of the aqueous solution yielded X-ray quality crystals. 

Electronic absorption, λmax/nm (ε/M-1 cm-1); H2O: 382 (652), 555 (181), 665 (211), 800 

(sh). ν(Mn2O2) (neat): 683 cm-1. Elemental Analysis; [Mn2(pyclen)2(µ-O)2][ClO4]3·5H2O 

Found (calculated): C, 28.37 (28.03); H, 4.53 (4.92); N, 11.86 (11.88) %. 

 

Physical Measurements 

Electronic absorption spectra were collected between 190 nm and 1100 nm using a 

Cary 60 spectrophotometer (Agilent) and a 3-mL quartz cuvette with a path length of 1.0 

cm. Molar extinction coefficients were calculated utilizing the Lambert-Beer law (A = εbc). 

 

Electrochemical Analysis 

For the general electrochemical analysis of [Mn(pyclen)Cl2][ClO4], a three-

electrode cell configuration was used with fluorine-doped tin oxide (FTO) as the working 

electrode, an Ag/AgCl reference electrode, and a Pt wire as the counter electrode. For the 

collector-generator (CG) analysis of [Mn(pyclen)Cl2][ClO4], a collector-generator dual 

working electrode was used, an Ag/AgCl reference electrode, and a Pt wire as the counter 

electrode. All solutions for the CG studies were bubbled with nitrogen gas for at least 10 

min prior to experimentation and were kept under a nitrogen atmosphere.    
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UV-Vis Studies of [Mn(pyclen)Cl2]+ and [Mn2(cyclen)2(μ-O)2]3+  

UV-Vis scan kinetic studies were carried out to assess the catalytic intermediates 

of [Mn(pyclen)Cl2]
+ and [Mn2(cyclen)2(μ-O)2]

3+ during hydrogen disproportionation 

reaction. For each measurement, a fresh solution of the complex was used, made by the 

‘one-pot’ synthesis approach, described herein. Stock solutions of 3.003 M Tris buffer, pH 

8, as well as 49.87 mM ligand (pyclen or cyclen), and 61.748 mM MnCl2 were available 

for the synthesis. First, 88.7 μL ligand stock solution, then 1513.7 μL of water, and 333 μL 

Tris buffer (pH 8) stock was added to the quartz cuvette used for the UV-Vis analysis, in 

this order (otherwise pH change or MnO2 precipitation were found to occur later). After 

complete mixing of the aqueous solution of the ligand and buffer only, a UV-Vis absorption 

spectrum was recorded between 750 and 250 nm at a scan rate of 3984 nm/min, with 0.83 

nm step interval. Then, 64.6 μL MnCl2 stock was added to the cuvette, and the solution 

was allowed to age for 10 min in case of pyclen, and 30 min in case of cyclen. The total 

solution volume was 3 mL, and the concentrations were 2 mM MnCl2, 2.04 mM ligand 

(pyclen or cyclen), and 50 mM Tris buffer. The incubation time was necessary to allow for 

formation of the complex. As evidenced by UV-Vis studies shown in Figures 58 and 59, 

the formation of the pyclen complex was sufficient after 10 min while the absorbance of 

the cylen-Mn complex was slower to grow in.  

After the incubation time, a ½ molar equivalent of H2O2 (3.33 μL of 600 mM H2O2 

stock solution buffered at pH 8 with 50 mM Tris) was added to the manganese complex 

solution. Because of the negligible volume of the added H2O2 to the 3 mL solution, the 

concentration of manganese, ligand and buffer can be considered constant, and thus, the 

absorption changes are not attributed to dilution caused by the addition of H2O2 aliquots, 
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but to chemical change of the complex during catalytic H2O2 disproportionation. 

Immediately after the addition of the first ½ equivalent H2O2 to the solution, a scan was 

taken in the 750-250 nm range at a scan rate of 3984 nm/min, with 0.83 nm step interval, 

and from there on, a scan was collected every 30 seconds until the end of the experiment. 

After every 10 min, additional ½ equivalents of H2O2 were added until complete bleaching 

of absorptions originating from the pyclen or cyclen manganese complex was observed.  

 

Fabrication of Collector-Generator Cells 

Collector-generator cells were made up of two fluorine doped tin oxide (FTO) 

electrodes, each 1 x 4 cm2 in size.  The two pieces of FTO were epoxied (Loctite E-00CL) 

glued together along their left and right sides with a pre-cut piece of microscope slide (1 

mm thick) sandwiched between the FTO pieces. A conductive wire was glued onto the 

conductive side of each electrode using a conductive epoxy (Chemtronics) whereby they 

could be connected to the potentiostat. The two electrodes served as the working electrodes 

for the collector-generator experiments.  

 

 

Collector-Generator Analysis of [Mn(pyclen)Cl2]+ 

1 mM solutions of [Mn(pyclen)Cl2]
+ buffered at pH 7 with 20 mM phosphate buffer 

(12 mM Na2HPO4 and 8 mM NaH2PO4), and with 0.5 M NaClO4 supporting electrolyte, 

were used for the collector-generator (CG) analysis. A pristine CG cell was used for each 

experiment. ‘Blank’ measurements were also carried out with pristine CG cells, in a 

solution of buffer at pH 7 and 0.5 M NaClO4 salt without the manganese complex. 
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4.4 Conclusions 

This report details the synthesis, H2O2 disproportionation activity, as well as water 

oxidation activity for a novel Mn complex with pyclen that is isolable as both the 

monomeric [Mn(pyclen)Cl2]
+ and dimeric [Mn2(pyclen)2(µ-O)2]

3+ species. The reported in 

situ method for preparing this complex, as well as the related [Mn2(cyclen)2(µ-O)2]
3+, 

offers a facile method for assembling these complexes for catalytic studies. While modest 

in comparison with other Mn-based catalysts for H2O2 decomposition, quantification of the 

activity of both [Mn2(pyclen)2(µ-O)2]
3+ and [Mn2(cyclen)2(µ-O)2]

3+ mark these as 

important entrants to the series of macrocyclic MnCAT mimics reported to date and present 

a useful platform for interrogating the influence of the rigidity and electronic properties of 

the ligand on the catalase functionality of the Mn complex. Collector-generator analysis of 

the [Mn(pyclen)Cl2][ClO4] complex did not indicate water oxidation activity beyond that 

of the FTO substrate which coincides with the observations of Smith and coworkers that 

only [(Py2NR2)Mn(II)]2+ complexes with bulky amino substituents show catalytic O2 

production from water.249, 250 
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Dye-sensitized solar cells (DSSCs) are cheaper alternatives to conventional, 

silicon-based photovoltaic cells for the conversion of solar energy into electricity. In this 

work, the use of mixed valence tin oxide (Sn3O4) as photoanode semiconductor, with N3 

molecular dye, is described for the first time in literature. Results demonstrate an increase 

in photoconversion efficiency with Sn3O4 compared to a conventional SnO2 photoanode, 

with an average of 1.8 mA cm-2 photocurrent obtained. The effect of the incorporation of 

SnO2 blocking layers is also investigated, and a slight decrease in the conversion efficiency 

is found.  

The generation of hydrogen as an alternative fuel with the concomitant production 

of a value-added chemical using solar energy is a promising clean energy approach as well. 

In this work, a dye-sensitized photoelectrochemical cell (DSPEC) is used to drive the 

oxidation of benzyl alcohol to produce benzaldehyde and hydrogen gas. A photoanode 

composed of a mesoporous TiO2 semiconductor layer and a monolayer of a ruthenium-

trisbipyridine-based dye, RuC, serves as the reference photoanode for this work. 



 

 

Incorporation of a compact, thin layer of TiO2 significantly alters the resulting photocurrent 

of the system. The location of the thin TiO2 layer—either under, above, or both under and 

above the mesoporous TiO2 layer also impacts the observed photocurrents. Investigation 

of numerous different photoanode configurations, obtained by varying the length of the 

thin TiO2 layer deposition and the use of sintering, has guided optimization of the electrode 

surface. The highest photocurrents, with a five-fold increase compared to a reference 

photoanode, was obtained for electrodes composed of a TiO2 blocking layer both under 

and above the mesoporous TiO2 layer, with deposition time optimized for each layer. 

The production of H2 gas via light-driven water splitting is another promising 

approach for a carbon-neutral economy. To improve the solar energy conversion efficiency 

of a water splitting DSPEC, electropolymerization has been investigated as a new means 

of fabricating the photoanode. Synthesis of iridium oxide nanoparticle water oxidation 

catalyst (IrOx·nH2O), functionalized with capping groups that contain terminal double 

bonds to enable electrochemical polymerization to form a surface polymer film, was first 

performed. Using acrylic acid and acrylamide as small molecule precursors, 

electropolymer coatings have been prepared on fluorine-doped tin oxide (FTO) surfaces, 

which served as a foundational layer for the electrochemical deposition of surface coated 

IrOx·nH2O. 
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