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Abstract 

 

The commercial market for solar harvesting devices as an alternative 

energy source requires them to be both low-cost and efficient to replace or 

reduce the dependence on fossil fuel burning. Over the last few decades there 

has been promising efforts towards improving solar devices by using abundant 

and non-toxic metal oxide nanomaterials. One particular metal oxide of interest 

has been SnO2 due to its high electron mobility, wide-band gap, and aqueous 

stability. However SnO2 based solar cells have yet to reach efficiency values of 

other metal oxides, like TiO2. The advancement of SnO2 based devices is 

dependent on many factors, including improved methods of surface 

functionalization that can yield stable interfaces. 
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This work explores the use of a versatile functionalization method through 

the use of the Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction. The 

CuAAC reaction is capable of producing electrochemically, photochemically, and 

electrocatalytically active surfaces on a variety of SnO2 materials. The resulting 

charge-transfer characteristics were investigated as well as an emphasis on 

understanding the stability of the resulting molecular linkage. We determined the 

CuAAC reaction is able to proceed through both azide-modified and alkyne-

modified surfaces. The resulting charge-transfer properties showed that the 

molecular tether was capable of supporting charge separation at the interface. 

We also investigated the enhancement of electron injection upon the introduction 

of an ultra-thin ZrO2 coating on SnO2. Several complexes were used to fully 

understand the charge-transfer capabilities, including model systems of 

ferrocene and a ruthenium coordination complex, a ruthenium mononuclear 

water oxidation catalyst, and a commercial ruthenium based dye. 
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Chapter 1 

Introduction and Background 

 

1.1. Nanotechnology for Renewable Energy Applications 

 The need for low-cost renewable energy is undeniable, as the continued burning 

of fossil fuels is known to have adverse environmental impacts.1 Utilization of solar 

energy is the most promising of all the possible renewable energy sources due to the 

Sun’s energy output in one hour is enough to power human’s needs for an entire year.2 

However, challenges such as combining low-cost materials with high solar-to-electrical 

energy conversion continue to hinder the replacement of burning fossil fuels with solar 

devices.1,2 The use of nanomaterials for photovoltaic solar cells has thus far been one 

of the most promising due the tunability of electronic and optical properties with reduced 

fabrication costs.3-5  

One possibility for harvesting solar energy through the use of nanomaterials has 

been proposed through the fabrication of photoelectrochemical cells (PECs).6-8 A 

sensitized PEC is capable of converting light into electrical energy through the use of a 

semiconductor sensitized by a species capable of absorbing sunlight, as shown in 

Figure 1.1.  
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The semiconducting electrode is termed sensitized due to the attachment of 

either a molecular absorber or an inorganic nanoparticle, which is capable of injecting 

photoexcited electrons into the conduction band of the semiconductor electrode to 

which it is attached.8 Figure 1.1a depicts a regenerative type of cell where there is no 

net chemical change upon the generation of electricity. The second cell, shown in 

Figure 1.1b, involves a redox reaction initiated by solar irradiation, that is capable of 

splitting H2O to produce H2 for use as a fuel that burns without producing any carbon.7,9 

Both of these PECs require the use of a wide-band gap semiconductor. The 

semiconductor is named the “acceptor” due to conduction band alignment being able to 

accept injected electrons from the light-absorbing species, which is called the “donor”. 

The band gap of the semiconductor must be large enough so that the sunlight does not 

have enough energy to generate photoexcited charges within the semiconductor itself, 

which can limit the performance of the cell by causing photo-oxidation of the sensitized 

species. 10,11 

One famous example of a PEC cell is the dye-sensitized solar cell (DSSC) that 

was first introduced in 1991 by O’Regan and Grätzel.12 An illustration summarizing the 

DSSC is shown in Figure 1.2, which shows a nanostructured TiO2 electrode with an 

adsorbed Ruthenium dye onto the surface. The cell contains a counter electrode 

consisting of Pt coated fluorine-doped tin oxide (FTO) deposited onto glass. An 

electrolyte containing a redox couple, typically I3
-/3I- is used to replenish the electron-

deficient dye and complete the circuit. Since the introduction of the DSSC, the 

maximum reported efficiency has only been able to reach 11%.13,14  



 13 



 14 

 
There are several competing processes in these cells, which limit the efficiency 

of PECs such as recombination of photogenerated charge carriers and aqueous 

instability of adsorbed sensitizers.15 To increase the efficiency of PECs, several 

modifications have been proposed, which include introduction of a covalent attachment 

between the acceptor and donor species, an insulating coating to reduce recombination, 

and alternative metal oxides with more robust electron mobilities.10,15-22 The choice of 

TiO2 for the acceptor semiconductor has dominated the research area of PECs because 

it is non-toxic, abundant, and possesses aqueous stability, however it may not be the 

most ideal wide-band gap semiconductor for improving solar conversion 

efficiencies.14,23,24 Other metal oxides, such as SnO2, have been proposed to replace 

TiO2 in renewable energy applications.14 

 

1.2. Motivation for SnO2 in Renewable Energy Applications  

SnO2 is a wide-band gap semiconductor with a value of 3.6 eV,25 which is larger 

than that of TiO2 at 3.2 eV.26 The greater band gap requires deep-UV light to generate 

excitons, which is only ~10% of the solar spectrum.27 The lesser amount of excitons 

being generated decreases the amount of oxidizing holes, which are a known cause for 

degradation of adsorbed dyes and the redox couple in DSSCs thus, limiting the device’s 

overall performance.28 Figure 1.3 depicts a comparison of the band alignments of SnO2, 

TiO2, and a typical Ru-based dye. The absolute energy level of the conduction band of 

SnO2 is lower than that of TiO2, therefore the injection of the photoexcited electron from 

the dye into the conduction band of SnO2 is thermodynamically more favorable than 
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TiO2.
7 Besides SnO2 having a larger band gap with preferred conduction band energy 

alignment, SnO2 also possesses high electron mobility.  

SnO2 is an ideal material for applications in renewable technology due to its high 

electron mobility of 10 cm2V-1s-1, which is several orders of magnitude higher than TiO2 

with an electron mobility of ~ 1x10-4 to 1x10-6 cm2V-1s-1.18,19  The increased electron 

mobility is theorized to be the result of the intrinsic oxygen defects in the crystal lattice, 

which are tolerated by the multi-valence nature of the Sn atom.29 Despite the preferred 

band alignment and increased electron mobility, SnO2-based PECs have yet to reach 

the performance of PECs based on TiO2.
18,20,22,30  

The increased electron mobility, although optimal for creating low-resistance thin 

films and facilitating charge transfer, it also is also theorized to increase the rate of 

recombination with the adsorbed donor or the redox couple.31 The ability to control the 

surface chemistry of the SnO2 could lead to enhanced electron injection and increased 

stability while decreasing recombination. However, surface functionalization techniques 

for SnO2 have not been well developed and often rely on electrostatic interactions, 

which are not capable of withstanding aqueous conditions, resulting in desorption of the 

donor species.30,32-34  
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1.3. Development of Modular Surface Chemistry for Synthesizing 

Stable Interfaces 

Devices, such as PECs, rely on the ability to efficiently separate the 

photogenerated charges, which are then required to move through an interface before 

they can be utilized.35 Therefore, the engineering of a stable interface that can 

effectively separate charge is pivotal to achieve better performing devices.35,36 Improved 

surface functionalization techniques of SnO2 can allow for covalent attachment of redox 

active molecules, molecular sensitizers, or nanoparticles with a desirable band 

alignment to the surface as well as facilitate charge transfer.16,37,38 Covalent linkages to 

the surface of metal oxides have been shown to be highly stable under a variety of 

conditions as compared to adsorption through a carboxyl functional group that is often 

used as an anchor to the metal oxide surface.39,40 The ability to covalently link a 

molecule of interest to the surface of SnO2 could increase the overall stability of the 

system. A modular approach for introducing surface functionality would allow for 

versatility in the application of SnO2 in PEC devices.  

A class of organic reactions termed “click” chemistry is a possible route to 

introduce a covalent linkage between SnO2 and a molecule of interest.  “Click” reactions 

are selective with mild conditions, fast reaction times, and high yields.41-43 One example 

of a “click” reaction that has been able to introduce functionality to a variety of surfaces 

is the Cu (I) catalyzed azide-alkyne cycloaddition (CuAAC) reaction, shown in Figure 

1.4.44-47 The CuAAC reaction involves the cycloaddition of a terminal alkyne with a 

terminal azide that results in a conjugated triazole ring that is thermally, hydrolytically, 
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and electrochemically stable.43,44,46,48 The introduction of either an alkyne or azide to 

the surface of SnO2 would allow for reaction with anything that bears the 

complementary functional group. Introducing a covalent linkage to the surface of SnO2 

that is capable of undergoing a modular approach could introduce versatility with 

increased stability of the organic-inorganic interface, however it does not change the 

intrinsic nature of SnO2, which still limits the efficiency in PECs.   
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1.4. Insulating Metal Oxide Coatings on SnO2 

  Another potential method to increase SnO2 overall efficiency is the introduction of 

an insulating metal oxide coating, which could reduce recombination and increase the 

electronic coupling between the SnO2 nanocrystalline thin film and the adsorbed 

dye.17,19,49-51 Several studies have shown the initial electron injection rate from adsorbed 

dye for SnO2 is much less than for TiO2.
52-54 The disparity between the two metal oxides 

is theorized to be due to the difference in their orbitals, that comprise the conduction 

bands resulting in poor electronic overlap between the adsorbed dye and increased 

rates of recombination.31,55  

The conduction band of SnO2 consists of empty s and p orbitals which have 

densities of states orders of magnitude less than the d orbitals that comprise the 

conduction band of TiO2, as shown in Figure 1.5.26,52,56 If the electronic coupling of the 

adsorbed dye relies on the overlap of the !* orbitals in the dye and empty conduction 

band orbitals of the semiconductor, the difference in electron injection kinetics could 

arise from there being fewer accepting states available for SnO2 as compared to 

TiO2.52,56 Introduction of a thin coating of an insulating metal oxide onto SnO2 that 

introduces empty d orbitals could increase the electronic coupling between the donor 

species resulting in an increase in the electron injection efficiencies. It has also been 

theorized that an insulating metal oxide can also serve as an electron-blocking layer by 

increasing the physical separation between the SnO2 and the donor species, thus 

reducing recombination pathways as depicted in Figure 1.6.21,57,58  
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1.5. Scope of Thesis  

 The work presented here investigates the ability to functionalize different 

morphologies of SnO2 including nanocrystalline thin-films, nanorods, and planar 

fluorine-doped SnO2. Chapter 2 will explore the step-wise surface functionalization 

technique to introduce an azide-modified SnO2 nanocrystalline surface. The azide-

modified surface is then able to undergo modular attachment of two model molecular 

species through the use of the CuAAC reaction. The resulting electrochemically and 

photoelectrochemically active surfaces are characterized using electrochemistry and 

time-resolved surface photovoltage. Chapter 3 will continue to evaluate the modular 

surface attachment and the versatility of CuAAC reaction by investigating SnO2 

nanorods and planar fluorine-doped tin oxide electrodes, with the attachment of a 

ruthenium coordination complex that exhibits water oxidation capabilities. The SnO2 

nanorods provide well-defined crystal planes and increased surface area as compared 

to the nanocrystalline thin-films, providing a platform in which the photoactive ruthenium 

complex is tethered and characterized using time-resolved surface photovoltage. The 

fluorine-doped tin oxide electrodes provide a conductive substrate in which the 

ruthenium coordination complex is covalently attached to form a heterogeneous 

catalyst. The heterogeneous catalyst stability and ability to oxidize water is evaluated 

and compared to an unmodified fluorine-doped tin oxide electrode. Chapter 4 will probe 

the functionalization of SnO2 nanocrystalline thin-films with an alkyne group through a 

thermal grafting method. A small molecule with an azido functionality and CF3 group is 

used to characterize the ability for the alkyne-modified surface to undergo CuAAC 
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reaction and investigate the aqueous stability of the modification. The CF3 group 

provides a tag for x-ray photoelectron spectroscopy and Fourier-transform infrared 

analysis. Chapter 5 will evaluate the introduction an ultra-thin coating of ZrO2 on SnO2 

thin-films and the effect that the introduction of d-band character has on the initial 

electron injection from a commercial ruthenium dye.  Chapter 6 will include final 

conclusions and future directions with the work the reported here. 
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Chapter 2 

Modular “Click” Chemistry for Electrochemically and Photoelectrochemically 

Active Molecular Interfaces to Tin Oxide Surfaces 

 

The following chapter was published in ACS Applied Materials and Interfaces, 2011, 3 

(8), 3110–3119. 

 

2.1. Introduction 

 Recent interest in hybrid organic–inorganic structures for applications such as 

low-cost solar cells1-6 and photocatalysis7-10 is placing increased emphasis on the 

development of optimized interfacial chemistries for linking molecular systems to metal 

oxide semiconductors. SnO2 is of interest because of the semiconducting nature, which 

enhances charge separation at the molecule-semiconductor interface.11,12 SnO2 is of 

particular relevance in applications such as dye-sensitized solar cells13-22 because the 

conduction band of SnO2 is lower in absolute energy than that of the commonly studied 

TiO2, facilitating electron transfer from surface-attached molecules into SnO2.
13 The 

larger band gap of 3.6 eV also reduces creation of photoexcited holes, which are known 

to degrade surface-attached dyes.20,22 Finally, SnO2 films exhibit electron mobilities on 

the order of 10 cm2 V–1 s–1, 23,24 much higher than the values of 1 " 10–4 to 1 " 10–6 

cm2 V–1 s–1 typically obtained from nanocrystalline TiO2 films.25 The advantage of high 

electron mobility is enhancement of charge separation and production of low resistance 

films.  
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Previous studies have shown that molecules terminated with carboxylic 

acid19,26 phosphonic acid,27,28 and silane groups19,21 can be used to link molecules to 

SnO2 surfaces through a one-step adsorption mechanism. These highly functional 

molecules such as dyes or catalysts to metal oxides typically requires relatively difficult 

synthesis and purification steps en route to each of the derivatized compounds.28,29 A 

more general approach to forming molecular interfaces to surfaces uses a bifunctional 

molecule that links to the surface using one functional group and leaves the second 

functional group exposed at the outermost surface which is available for further reaction 

with a the desired molecular species. A bifunctional-linker approach has been used to 

make electrochemically or photoelectrochemically active surfaces of materials including 

silicon,30-32 diamond,33,34 gold,35 graphite,36 and SnO2.
19 In this two-step approach, 

surface attachment and compound synthesis chemistries thus become modular and 

orthogonal. Recent studies have shown a versatile route for the synthesis of surfaces34-

37 with a high degree of functionality through the generically known “click” reaction.38-40 

The Cu (I)-catalyzed azide–alkyne cycloaddition (CuAAC) reaction is of particular 

interest because studies on carbon surfaces have shown that the resulting triazole 

linkages are highly stable even under highly oxidizing conditions and support electron-

transfer processes.34,35,37,41 

Here, we present a modular approach for synthesis of molecular interfaces 

through the use of the Cu (I)-catalyzed azide–alkyne cycloaddition (CuAAC). Our results 

show that grafting of a short alkene chain with a terminal alcohol group can be 

converted to produce an azide-modified SnO2 surface.  Through the azide terminated 
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surface it is possible to use the CuAAC reaction to link more complex molecular 

structures to SnO2 surface. Model systems consisting of ferrocene and a ruthenium 

terpyridyl complex were used to demonstrate that the resulting interfaces support both 

electrochemical and photoelectrochemical charge transfer. 

 

2.2. Experimental  

 

2.2.1. Preparation of SnO2 nanoparticles and SnO2 thin films 

SnO2 nanoparticles were synthesized following previously reported procedures, 

via hydrolysis of SnCl4 under basic conditions followed by calcining.42 In a typical 

reaction 2.22 mmol of SnCl4·4H2O and 50.0 mmol of NaOH were ball-milled for 15 s, 

followed by addition of 1.11 mmol NaCl and further milling for 30 s. The mixture was 

annealed at 400 °C for 2 h, washed with deionized water three times, then dried at 100 

°C for 1 h. The resulting nanocrystalline SnO2 powder was collected and analyzed using 

scanning electron microscopy (SEM) and X-ray diffraction (XRD) methods, shown in 

Figure 2.1a and 2.1b respectively. Figure 2.1a shows an SEM image of the 

nanoparticles with an average diameter of approximately 50 nm dispersed on a 

conducting substrate. XRD data of the nanoparticles, shown in Figure 2.1b 

demonstrates the majority are tetragonal (aka cassiterite) which is the most common 

phase of SnO2.
13 A comparison of purchased nanoparticles (Nanostructured and 

Amorphous Materials, Los Alamos, NM) and the synthesized nanoparticles showed no 

significant difference in experimental results. 
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The nanoparticles were sintered to form a nanocrystalline thin film before 

further surface modification by adaptation of a previously reported procedure.43 

Typically, a 120 mg sample of SnO2 was suspended in absolute ethanol via sonication. 

To the suspended mixture was mixed 335 mg of 10 wt % ethyl cellulose (46070, Sigma-

Aldrich) in absolute ethanol (EtOH) with 260 mg of 10 wt % (in absolute EtOH) ethyl 

cellulose (46080, Sigma-Aldrich), and 484 mg of anhydrous terpineol were added. The 

mixture was subjected to ultrasonication for 30 min and the solvent was removed using 

rotary evaporation. The paste was then screen-printed onto the desired substrate, and 

the screen-printed substrate with paste applied was sintered at 600 °C for 1 h, followed 

by one additional hour at 500 °C. This procedure yielded a highly textured sintered film 

well suited for further functionalization and analysis. All experiments were performed 

using substrates consisting of a thin film of fluorinated tin oxide (FTO) on glass (sheet 

resistance 15 #/sq,) because these substrates provide good electrical contact to the 

SnO2 nanoparticle films and are transparent. As an additional control to ensure the 

SnO2 nanoparticle film was being probed and not the underlying substrate, duplicate 

XPS experiments were performed on some samples using substrates consisting of 100 

nm Ti evaporated onto heavily doped Si wafers, Unless otherwise stated, all results 

shown here were obtained using sintered SnO2 films fabricated on the fluorinated tin 

oxide substrates. 
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 A representative SEM image after the nanoparticles were synthesized into a 

continuous film is shown in Figure 2.2. SEM images of multiple samples showed that 

the SnO2 films used were typically 700 nm to 1 µm in thickness. The sintered SnO2 films 

have a highly textured surface but have a relatively low porosity. The highly textured 

nature of the SnO2 surface provided higher surface area than a comparable planar film 

(estimated as approximately a 2-fold enhancement by visual inspection of the SEM 

images), thereby enhancing the sensitivity of the surface analytical measurements. We 

chose to use sintered films with a low porosity in studies presented here because this 

structure confined the liquid reactants to a thin layer near the outmost surface, thereby 

avoiding potential reactions with the underlying substrate, enhancing transport of 

reactants to the SnO2 surface reaction sites, and facilitating proper rinsing of the SnO2 

films after reaction. These factors are important in making unambiguous distinction 

between species chemically bound to the SnO2 surface and those physically adsorbed 

or trapped in the film via non-covalent interactions. 

 

2.2.2. Molecular Reagents  

Three different molecules were used to study the coupling chemistry to the SnO2 

surface. The compounds 4-(trifluoromethoxy)phenylacetylene (TFMPA) and 

ethynylferrocene were purchased commercially (Sigma-Aldrich). The [Ru(tpy)(tpy$)]2+ 

(tpy = 2,2$:6$,2%-terpyridyl), (tpy$=4-ethynyl-2,2$:6$,2%-terpyridyl) derivative bearing a 
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pendant alkyne group was prepared using a procedure published previously.44 All 

other reagents were purchased from Sigma-Aldrich unless stated otherwise. 
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2.2.3. Fourier-Transform Infrared (FTIR) Measurements  

Infrared spectra were collected using an FTIR spectrometer (Vertex 70, Bruker 

Optics, Billerica, MA) at a resolution of 4 cm–1. FTIR spectra were collected in single-

bounce external reflection mode using a variable angle specular reflectance accessory 

with a wire grid polarizer (VeeMAX II, Pike Technologies, Madison, WI). All reflection 

spectra were collected with p-polarized light at an incident angle of 50° from the surface 

normal. FTIR spectra of functionalized surfaces were measured using an 

unfunctionalized sample as the background. Residual baselines were removed to 

improve the clarity of the spectra. Baseline correction was achieved using a polynomial 

fit to remove sloping and/or curved background. A single polynomial was fit to each 

spectrum, taking care to avoid any regions containing peaks likely to be associated with 

surface species. The polynomial fits typically included the following regions: 3150–3250, 

2700–2420, 2300–2175, 1890–1770, and 1670–1490 cm–1. In each case, the 

experimental spectrum was fit to a polynomial using all points in the selected regions, 

and the resulting polynomial was then subtracted from the data. In general, fits were 

performed using several different polynomial orders in order to ensure that the spectral 

features observed were not sensitive to the precise details of the fitting procedure. 

 

2.2.4. X-ray Photoelectron Spectroscopy (XPS)  

XPS data were obtained using a custom-built XPS system (Physical Electronics 

Inc., Eden Prairie, MN) consisting of a model 10–610 Al K& source (1486.6 eV photon 

energy) with a Model 10–420 toroidal monochromator and a model 10–360 
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hemispherical analyzer with a 16-channel detector array; measurements were 

typically performed using a electron takeoff angle of 45°. Peak areas were calculated by 

fitting the raw data to Voigt functions after a Shirley baseline correction.45,46 The Voigt 

function consists of a mixed Gaussian–Lorentzian of the form f(x) = (A)/[1+(m(E – 

E0)
2)/(w2)] exp[(1 – m)(ln2 )(E – E0)

2/(w2)].47 In this equation, w is the peak width 

parameter, E0 is the binding energy of the peak center, E is the binding energy, m is the 

mixing ratio (m = 0 for pure Gaussian, m = 1 for pure Lorentzian), and A is an amplitude 

coefficient. The spectra of each sample were shifted as necessary to make the primary 

C(1s) peak lie at a fixed energy of 284.4 eV; all other spectra for a given sample were 

shifted by the same amount. 

 

2.2.5. Electrochemical Characterization  

All electrochemical measurements were performed using an Autolab potentiostat 

(PGSTAT302N, Metrohm Autolab B.V., Utrecht, The Netherlands) using the SnO2 

samples as the working electrode, a Bioanalytical Systems (BASi, West Lafayette, IN) 

Ag/AgCl junctioned reference electrode, and a platinum wire counter-electrode. The 

aqueous Ag/AgCl reference electrode consisted of a silver wire immersed in a solution 

of 3 M NaCl. 
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2.2.6. Optical Characterization  

Absorption spectra were obtained on a UV–visible spectrophotometer 

(UV240PC, Shimadzu, Addison, IL). Excitation and emission spectra were measured on 

a spectrofluorimeter (Model K2, ISS, Champaign-Urbana IL). 

 

2.2.7. Time-Resolved Surface Photovoltage (TR-SPV) Measurements  

Time-resolved surface photovoltage measurements47-49 were performed using a 

custom-made cell holder in which an FTO sense electrode was held 25 µm away from 

the sample surface. The entire cell was sealed inside an argon glovebox. The sample 

was illuminated with short pulses (<3 ns, 600 µJ/pulse) from a tunable laser system 

(NT340, Ekspla, Inc., Vilnius, Lithuania); the resulting injection of electrons from the 

surface into the bulk induced transient changes in the potential, and these changes 

were measured at the pickup electrode. The sense electrode signal was amplified using 

a fast amplifier (Model TA2000B-3, FAST ComTec GmbH, Oberhaching/München, 

Germany) with a 50 # input and output impedances, 1.5 GHz bandwidth, and 40x 

voltage gain. The amplified output was recorded on a sampling digital oscilloscope 

(Model DSO5054A, Agilent, Inc., Santa Clara, CA). 
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2.3. Results 

 

2.3.1. Preparation of Azide-Functionalized SnO2 Surfaces  

A key step in enabling the CuAAC reaction on metal oxides is the formation of 

either an azide or alkyne group on the surface. We chose to focus on preparing azide-

modified SnO2 surfaces because reduced risk with storing molecules bearing alkyne 

groups than molecules with azide groups (which are often explosive), and because 

alkyne-modified molecules are generally easier to obtain commercially. We prepared 

azide-functionalized SnO2 nanocrystalline thin films via the three-step process shown in 

Figure 2.3. 

The initial step involved the introduction of 3-buten-1-ol to the surface by a 

photochemical grafting reaction using 254 nm ultraviolet light ( 10 mW/cm2, 15 h) 

which yielded a high density of surface alcohol groups that are slightly removed from 

the bare SnO2 surface. We choose to use the photochemical grafting of alkenes 

because it has been shown to yield highly stable molecular layers on surfaces of TiO2
50 

and other oxides.51 Although the grafting mechanism has not been fully elucidated, 

studies to date suggest that photoexcited surface 'OH groups act as hole traps that 

facilitate nucleophilic attack by the organic alkene group to link the molecules to the 

surface.50,52 The surface alcohol groups were then converted to methanesulfonyl 

(“mesyl”) groups using methanesulfonyl chloride (MsCl) with triethylamine (NEt3) in 

dichloromethane (DCM) (1:1:10) and allowed to react for 1 hour in an ice bath. The 

mesyl functional group provided an effective leaving group for azide termination. 
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Azide groups replaced the surface-bound mesyl groups by treatment with 

supersaturated NaN3 in DMSO solution into vials that were crimp-sealed inside an Ar 

environment. The vials were then heated at 80°C for ~17 hours. Figure 2.4 shows the 

FTIR spectra of the sample after photochemical grafting with 3-butene-1-ol, after the 

mesylation step and after conversion to the azide. After grafting of 3-buten-1-ol the FTIR 

spectrum shows peaks at 2860 and 2923 cm-1 from the C-H vibrations of the grafted 

molecules and a large, broad –OH peak from ~3100-3400 cm-1. After treatment with 

methylsulfonylchloride, the OH stretch is no longer present and two sharp peaks appear 

at 1174 and 1352 cm-1. These frequencies attributed to the symmetric and asymmetric 

stretching vibrations of the SO2 group. After treatment with NaN3, the S=O stretches 

disappear and the spectrum shows a sharp feature at 2096 cm-1 from the azide group. 

A small OH peak is seen that most likely arises from adsorbed water after the NaN3 

reaction and subsequent rinsing. It is important to note that the CH2 stretch is 

unchanged after each of the subsequent functionalizations, proof that the carbon chain 

remains intact and all reactions occur at the terminal functional group.  To demonstrate 

successful “click” chemistry and to understand the applications to systems involving 

electrochemical and photoelectrochemical electron transfer, several molecules bearing 

an alkyne functional group were explored.  
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2.3.2. Grafting of TFMPA to SnO2 Surfaces 

Since there has not been any previous studies demonstrating the use of CuAAC 

on metal oxide surfaces, a less complex compound was used to understand the 

reactivity of azide-modified surfaces. We used the compound 4-

(trifluoromethoxy)phenylacetylene (TFMPA), which has a CF3 group as a marker for 

XPS and FTIR analysis. TFMPA was linked to the SnO2 surfaces as depicted in Figure 

2.5, by submersing the azide-modified SnO2 nanocrystalline thin film into a solution 

containing 0.5 mM Cu(II)(tris-(benzyltriazolyl-methyl)amine)(BF4)2 (henceforth referred 

to as TBTA), 1.0 mM of TFMPA, and 25 mM of sodium ascorbate in 3:1 (v:v) 

DMSO:H2O for 17 h at room temperature. The samples were then rinsed sequentially 

with deionized H2O, CHCl3, and isopropyl alcohol (IPA). Experiments performed using 

shorter coupling times of 90 min and 5 h showed incomplete reaction, while the reaction 

was complete at 14 h. Reaction times of >14 h were used in all subsequent 

experiments. Similar reaction times have been used in previous studies of CuAAC 

reactions on azide-terminated silicon32 and diamond34 surfaces.  

Figure 2.6 shows infrared spectra of an azide-modified SnO2 surface, an azide-

modified SnO2 surface after the CuAAC reaction with TFMPA, and neat TFMPA. Figure 

2.6a shows the entire region of interest, while Figure 2.6b is an enlarged view of the 

1100–1600 cm–1 region.  
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The azide-modified SnO2 surface exhibits a very sharp peak at 2096 cm–1 that is 

characteristic of the symmetric stretch of the azide group, along with C–H modes at 

2914 and 2860 cm–1 from the 3-buten-1-ol molecule. In addition, a broadened peak near 

1261 cm–1 and a smaller peak near 1444 cm–1 arise from the alkyl chains of the butenol 

and lattice vibrations of SnO2.  

Finally, a sharp peak at 1724 cm–1 is observed, likely arising from the C(O 

stretch of adsorbed CO2.
53 After CuAAC reaction with TFMPA, the azide peak is no 

longer present and three additional peaks appear at 1165, 1220, and 1265 cm–1. These 

peaks are a clear superposition (with small shifts) of the triplet of C–F peaks from 

TFMPA at 1165, 1211, and 1255 cm–1.  The CuAAC-reacted sample also shows a peak 

at 1498 cm–1; and neat TFMPA shows a similar peak shifted at 1504 cm–1 attributed to 

the aromatic ring.54 The disappearance of the azide peak and appearance of the triplet 

associated with CF3 indicates successful CuAAC reaction. 

XPS was used to further verify successful CuAAC reaction. Figure 2.7 shows the 

C(1s), F(1s), and N(1s) regions of an azide-modified sample that was reacted with 

TFMPA in the presence of the Cu(I) catalyst along with results from two control 

samples. One control sample (“No Cu”) was carried through the entire procedure 

depicted in Figures 2.3 and 2.5 except the Cu catalyst was left out during the final step. 

A second control sample (“No azide”) was carried through the complete procedure 

except the mesylation/azidation sequence shown in Figure 2.3 was eliminated. If the 

reactions proceed as depicted in Figures 2.3 and 2.5, the “No azide” control should 
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correspond to the alcohol-terminated surface, whereas the “No Cu” control should 

correspond to the azide-terminated surface. 

The “Full CuAAC” sample shows a single F(1s) peak at 689.3 eV from the 'CF3 

group of TFMPA. The C(1s) spectrum shows a main peak at 284.4 eV, a shoulder at 

285.5 eV, and an isolated peak at 294.0 eV. The peak at 284.4 eV corresponds to non-

oxidized carbon from the alkyl chain of the initial butenol layer and from the carbon 

atoms in the aromatic ring of TFMPA. The peak at 294.0 eV arises from C atoms in the 

CF3 group of TFMPA, while the small shoulder at 285.5 eV is consistent with C atoms 

adjacent to either N or O atoms which are both electron-withdrawing. Finally, the “Full 

CuAAC” sample shows two overlapping N(1s) peaks at 399.6 and 401.1 eV, similar to 

previous results of CuAAC reactions on surfaces 34,41 and correspond to the N atoms in 

the triazole ring. Thus, the “Full CuAAC” spectrum is fully consistent with the spectrum 

expected from the reaction depicted in Figure 2.5.  

From the peak areas of F(1s) and Sn(3d) peak areas coverage of TFMPA can be 

estimated. Using an electron escape depth of 2 nm in SnO2
55,56 and atomic sensitivity 

factors of 4.1 for the Sn (3d5/2) peak and 1.0 for F(1s)57 yields an coverage of 1.7 " 

1015 TFMPA molecules/cm2  in the planar-sample limit. However, this value is larger 

than the true molecular coverage because the textured nature of the film surface 

increases the effective surface area and consequently the number of 'CF3 groups 

within the sampling area relative to the number of Sn atoms detected. Accurate 

determination of molecular coverage would require detailed modeling of electron 

emission and scattering in the nanoparticle film, but simple geometric arguments 
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indicate that the geometric corrections have a magnitude of approximately 2.50 Thus, 

we estimate the true TFMPA coverage is on the order of 5 " 1014 to 1 " 1015 

molecules/cm2. Although the molecular coverage cannot be determined exactly, the 

values obtained are high and indicate that the molecules achieve dense packing on the 

surface. 

Further confirmation that the surface grafting took place via the CuAAC reaction 

and not from non-specific binding comes from the control samples. The spectrum of the 

“No Cu” control sample shows no detectable fluorine and an N(1s) signal consisting of 

two peaks at 404.3 and 400.1 eV. The peak at 404.3 eV has a binding energy 

characteristic of the central N atom with the localized positive charge of the azide 

group.58 The presence of this peak on the “No Cu” control but not on the “Full CuAAC” 

sample is strong evidence for reaction of the azide group with the alkyne group of 

TFMPA to form the triazole ring. The spectrum of the “No azide” sample shows no 

detectable F(1s) or N(1s) intensity but shows two C(1s) peaks: a main peak at 284.4 eV 

and a shoulder at 285.9 eV. The 284.4 eV peak arises from the alkyl chains while the 

285.9 eV peak is consistent with that expected from C atoms of alcohol groups. From 

these control experiments it can be concluded that the absence of any F(1s) signal on 

the two control samples shows that there is no significant nonspecific binding of TFMPA 

to the surface. It can also be concluded that the CuAAC reaction requires the Cu(I) to 

catalyze the cycloaddition between the azide terminated nanocrystalline thin film SnO2 

and TFMPA. The XPS data are fully consistent with the FTIR data, and confirm the 

reaction proceeds as depicted in Figure 2.5.   
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2.3.3. Formation and Characterization of Ferrocene-Modified SnO2   

 Surfaces via CuAAC Reaction  

The XPS and FTIR data of TFMPA-modified SnO2 establishes the successful use 

of CuAAC chemistry to link model compounds to the surface. To test the generality of 

the method and reaction conditions, we tested the ability to make surface adducts with 

molecules that are expected to exhibit charge-transfer processes under electrochemical 

conditions. Ferrocene was chosen as a model system because previous studies based 

on the CuAAC, has been performed on carbon-based materials36,41 and on self-

assembled monolayers on gold.35,37 Figure 2.8 depicts the binding of ethynylferrocene 

to the SnO2 surface. In this case, the azide-modified SnO2 thin films were immersed in a 

solution containing 3.8 mM ethynylferrocene, 8.0 mM sodium ascorbate, 0.4 mM 

Cu(BF4)2, and 0.1 mL of triethylamine in 3:1 (v:v) DMSO:H2O. The reaction was carried 

out at room temperature for 17 h, and the sample was then rinsed sequentially with 

MeOH, CHCl3, and IPA.
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Figure 2.9a shows the FTIR spectra of the azide-modified SnO2 surface before 

and after the CuAAC reaction with ethynylferrocene.  After reaction with 

ethynylferrocene the 2100 cm–1 peak associated with the azide group, decreases 

almost completely, and a new sharp peak at 3103 cm–1 appears. The latter matches 

very well the 3106 cm–1 peak associated with the aromatic C–H modes of ferrocene 

vapor.51 As compared to the previous results with TFMPA, the azide peak is not 

completely eliminated, suggesting the ethynylferrocene steric bulk does not allow for 

complete reaction with available azide groups but can pack sufficiently close together to 

allow for the majority of azide groups to be reacted.  

XPS spectra were also obtained of the ferrocene-modified surface. The signature 

of surface-bound ferrocene is the appearance of a Fe (2p3/2) peak in the XPS spectra 

near 709 eV, as shown in Figure 2.9b. This peak is weak and lies close to the larger Sn 

(3p3/2) peak, but it is clearly visible on the sample exposed to the full CuAAC conditions 

and absent on the “No Cu” control sample where it was exposed to ethynylferrocene in 

the absence of Cu catalyst. The XPS and FTIR data strongly support the successful 

grafting of ferrocene groups to the SnO2 surface through the same azide termination 

followed by CuAAC.  
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2.3.4. Electron-Transfer Properties of Ferrocene-Modified Layers  

To determine if the ferrocene groups linked to SnO2 are electrochemically active, 

cyclic voltammetry (CV) was performed at scan rates of 0.3 V/s, 1 V/s, 3 V/s, and 10 V/s 

in 1M HClO4 as seen in Figure 2.10.59 A “No Azide” control consisting of a butenol 

terminated SnO2 exposed to full CuAAC reaction solution was also scanned.  For a 

perfect redox-active monolayer on a metallic surface, the splitting between oxidized and 

reduced waves should approach zero at infinitely slow scan rate,60,61 and the 

background from the (non-functionalized) electrode should be a simple trapezoid arising 

from the Helmholtz capacitance of the interface and uncompensated solution 

resistance. With semiconductors however, the space-charge layer and surface defects 

introduce additional resistance and capacitance components. These effects are 

particularly important for nanocrystalline semiconductor films because they have very 

high density of surface states.62,63 

The CVs on the ”no azide” control sample are similar to those reported previously 

on bare nanocrystalline films of SnO2
64 and TiO2.

63 Those studies showed that 

nanocrystalline SnO2 and TiO2 films have chloride impurities and bulk oxygen vacancy 

defects that create a band of unoccupied states in the bandgap.64 The gap states give 

rise to an interfacial capacitance that is dependent on the sample potential and scan 

rate due to the distribution of energies extending from the conduction band edge into 

the band gap, 63 The scan rate dependent charging and discharging of the interfacial 

capacitance gives rise to the general shape of the background scans and is well 

described by these models.63 It is important to note the “no azide” control sample does 
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not show any peaks that can be attributed to oxidation or reduction of ferrocene, 

however the azide-terminated surface that was exposed to CuAAC reaction conditions 

show clear oxidation and reduction peaks, similar to what has been observed on gold, 

at ~0.3-0.4 vs. Ag/AgCl. 65 These results confirm that the binding of ferrocene to the 

surface requires the presence of the surface azide group. 

The electron-transfer properties of this system can be understood from analysis 

of the potentials at which the oxidation and reduction waves reach their maxima, 

obtained by subtracting the capacitive background from the oxidation and reduction 

waves at each scan rate. Figure 2.10e summarizes the potentials at which the oxidation 

and reduction peaks reached their maximum current. For a perfectly reversible system, 

zero splitting of the peaks would be observed, however ferrocene-modified SnO2 shows 

a splitting between oxidation and reduction waves of ~50mV.  This nonzero splitting 

indicates that the electron transfer is not fully reversible. At higher scan rates the 

splitting becomes larger, but in an asymmetric manner: the peak potential for the 

oxidation wave remains nearly constant while the potential of the reduction wave 

changes significantly with scan rate. A lower bound on the standard electrochemical 

charge-transfer rate k0
ct can be estimated from the peak-to-peak splitting, )Epp, and 

rate, R, as k0
ct=R/)Epp. This value is a lower bound because it neglects other charge 

transfer processes that can limit the rate at which the surface potential changes, such 

as space-charge effects and/or charging of surface states. The 50 mV change in )Epp 

as the scan rate is increased from 0 to 10 V/s yields a lower limit of k0
ct>1000 s–1. The 

peak splitting we observe here is smaller than that observed in previous work linking 
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ferrocene to SnO2 and TiO2 via a phosphonic acid linkage, where a peak-to-peak 

splitting of ~400 mV was observed on SnO2 and 390 mV on TiO2.
27 The small value we 

observed here suggests that the CuAAC reaction substantially improves the electron 

communication between ferrocene and the underlying oxide surface compared with the 

approach employed previously. In repeated cycling, the cyclic voltammograms were 

extremely stable for more than 100 repeated cycles but eventually degraded, likely due 

to the inherent instability of SnO2 in acidic conditions, as shown in Figure 2.11. 

Integration of the oxidation peak yields a total integrated charge of 2.2 " 10–5 Coulombs. 

Using the projected sample area, this corresponds to 5 " 1014 redox active ferrocene 

groups/cm2. This value is at the lower end of the range of 5 " 1014 to 1 " 1015 

molecules/cm2 estimated from XPS studies of TFMPA, consistent with the slightly larger 

size of the ferrocene molecule and the presence of a small azide peak observed in 

FTIR. 
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2.3.5. Photoelectrochemically Active Charge-Transfer Complex  

To test whether the use of the CuAAC chemistry is capable of allowing surface-

tethered molecules in excited electronic states to transfer electrons into the SnO2 

conduction band, a Ru-based coordination complex was used as shown in Figure 2.12. 

Ruthenium coordination complexes have attracted wide attention for their unique 

photophysical properties.10,66 The alkyne-modified coordination complex [Ru(tpy)(tpy$)]2  

was tethered to the azide-modified SnO2 by immersing the samples into a solution of 

100 µM [Ru(tpy)(tpy$)]2+, 0.8 mM CuTBTA, and 15 mM sodium ascorbate in 3:1 (v:v)  

DMSO:H2O for 18 h at room temperature. The samples were rinsed sequentially with 

MeOH, CHCl3, and IPA.  

FTIR analysis shown in Figure 2.13a show reduction of the azide peak at 2100 

cm-1 suggesting the steric interactions limit the efficiency of CuAAC reaction on the 

surface of SnO2. XPS data shown in Figure 2.13b and 2.13c provide evidence for 

functionalization of the azide-modified SnO2 surface with the [Ru(tpy)(tpy$)]2+ complex. 

The Ru(3d5/2) peak is close to the primary C(1s) peak  at 284.4 eV overlapping with the 

3d3/2 spin–orbit component that should be 2/3 the intensity of the 3d5/2 component seen 

at 280 eV. The N(1s) peaks show the characteristic changes expected from the azide 

functionalization step and subsequent CuAAC reaction.  
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Figure 2.14a shows optical absorption spectra of the [Ru(tpy)(tpy$)]2+ complex in 

DMSO and a measurement made in transmission mode of the complex linked to the 

SnO2 surfaces. The spectrum of [Ru(tpy)(tpy$)]2+ in DMSO has a maximum at 487 nm 

and appears similar to that reported previously for the unmodified [Ru(tpy)2]
2+ in acetone  

and in acetonitrile.67,68 The spectrum of the [Ru(tpy)(tpy$)]2+ bound to SnO2 shows a 

peak at 496 nm that is slightly broadened and red-shifted compared to the 

[Ru(tpy)(tpy’)]2+ in DMSO. This shift is attributed to the additional delocalization of the 

electrons onto the triazole ring and is indicative of covalent bond formation. The 

excitation spectrum of [Ru(tpy)(tpy$)]2+ in DMSO at an emission wavelength of 680 nm 

shows a more complex spectrum, with a broad but structured peak at 505 nm, and 

additional peaks at 290 and 405 nm. The emission spectrum with excitation at 480 nm 

shows a maximum at 660 nm. 

To characterize the charge injection of the [Ru(tpy)(tpy$)]2+ complex into the 

nanocrystalline SnO2 thin film conduction band, time-resolved surface photovoltage 

(TR-SPV) measurements were performed. Figure 2.15a depicts the TR-SPV apparatus. 

Figure 2.15b and Figure 2.15c show the resulting TR-SPV transients measured at 

different wavelengths for the bare SnO2 surface and [Ru(tpy)(tpy$)]2+ bound to the SnO2 

surface, respectively. A constant energy of 600 µJ/pulse and 20 Hz pulse rate were 

used. The bare SnO2 surface shows no significant response in most of the visible 

region, although there is a small response at the shortest wavelengths. The 

[Ru(tpy)(tpy$)]2+/SnO2 sample generates a much larger transient SPV response that 
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reaches a maximum at 490nm, close to where the absorption and fluorescence 

excitation spectra exhibit maxima. The positive sign of the transients corresponds to 

injection of electrons from the molecule into the SnO2 surface, which leaves the surface 

with a transient positive charge that the sense electrode then polarizes to a negative 

charge. The time-resolved signal shows a fast rise and an almost equally fast fall time, 

both corresponding to the ~3 ns width of the incident laser pulse.  

 Since the rapid rise and decay are close to the bandwidth limits of the detection 

electronics, it is not possible to determine precise electron injection kinetics. However, 

the results demonstrate that optical excitation does induce significant charge transfer 

and that measurable charge transfer takes place on time scales of 3 ns or less. 

Literature reports the parent Ru(tpy)2
2+ complex has an excited state lifetime of 250 ps 

at room temperature.69 

Figure 2.15d shows normalized peak intensities versus wavelength, in which the 

peak amplitudes from Figure 2.15c have been normalized to represent the SPV 

generated per incident photon. This wavelength dependence appears similar to that of 

the UV–visible absorption spectrum in Figure 2.14a suggesting that all wavelengths 

capable of being absorbed are also able to inject electrons from the molecule into the 

SnO2. 
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2.4. Discussion 

These results demonstrate that photochemical grafting as a multi-step pathway 

for producing azide-modified SnO2 thin films can be combined the CuAAC “click” 

reaction and provides a versatile method to tether electrochemically and 

photoelectrochemically active molecules to SnO2. The ability to transfer charge across 

molecular interfaces is central to the use of molecular adducts in applications such as 

photovoltaic devices and photocatalysis. Our results suggest that the methods 

described here may be promising for these and other emerging applications. 

Our approach to functionalization involves the use of a short molecular linker (3-

buten-1-ol) that provides a high density of surface alcohol groups that are slightly 

removed from the surface. By using a short spacer to move the 'OH groups slightly 

away from the metal oxide surface we enable a wide range of organic chemistry 

reactions, such as the CuAAC reaction, to be used in subsequent transformations. This 

approach enables the surface-attachment chemistry to be optimized independently of 

the synthesis of redox- and photoactive molecular species. 

One potentially adverse effect of this two-step chemistry is that the use of a 

molecular tether reduces the direct electronic coupling between the appended electron-

injector groups and the metal oxide surfaces. To optimize electron transfer it may be 

desirable to link molecules to the surface using completely conjugated linkages. Recent 

studies on metals,70-72 carbon nanostructures,41,72 and conductive diamond34 have 

shown that electron transfer in disordered molecular systems can be surprisingly facile, 



 69 

even when alkyl chains and/or other nonconductive groups are included in the 

molecular chains. This enhanced electron transfer has been attributed to the increased 

conformational flexibility of loosely tethered molecules, which allows a closer approach 

of the molecule to the underlying substrate than would be the case for a densely packed 

self-assembled monolayer.34,41,70-74 This property is further supported by previous 

studies of electron transfer in proteins75 and in DNA layers on surfaces.70,71,75 

Although extraction of quantitative rates from the ferrocene/SnO2 data is 

complicated by the convolution of electron transfer and charge trapping/detrapping 

processes in SnO2 gap states, our data with ferrocene suggests that thermal electron 

transfer takes place with a standard rate constant of >1000 s–1, and our data for 

[Ru(tpy)(tpy$)]2+ indicate that photoexcited electron transfer can take place on time 

scales of 3 ns or less from excited electronic states. Thus, we conclude that the use of 

“click” chemistry as outlined here can be used as a way to link a diverse range of 

electrochemically and photoelectrochemically active groups to metal oxide surfaces 

while still maintaining desirable electron transfer properties. Additional studies will be 

required to fully characterize the rates and mechanisms of electron transfer. 

 

2.5. Conclusions 

Our results demonstrate a modular approach to the functionalization of metal 

oxide surfaces to yield electrochemically and photoelectrochemically active surfaces. 

Photochemical grafting of a short molecular layer provides a convenient means to 

produce a high density of alcohol groups slightly separated from the highly ionic and 
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reactive metal oxide surface. Therefore, subsequent steps, including conversion of 

surface 'OH groups to surface azides, can be carried out without interference from the 

underlying metal oxide. The azide-modified surface is then able to undergo the Cu(I)-

catalyzed azide–alkyne [3 + 2] cycloaddition “click” reaction to form electrochemically 

and photoelectrochemically active metal oxide surfaces, demonstrated here through the 

model systems of ethynylferrocene and [Ru(tpy)(tpy$)]2+. Although alkyl chains such as 

the short 3-buten-1-ol as the initial functionalization layer are often considered to be 

insulating, our results show that surface-tethered species such as ferrocene and 

[Ru(tpy)(tpy$)]2+ can undergo facile electron transfer to the metal oxides. Our results 

suggest that this method provides versatile and convenient pathway toward the 

formation of hybrid interfaces of metal oxides with organic molecules for potential 

applications in renewable energy. 
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Chapter 3 

Versatility of CuAAC Reaction with A Ruthenium Coordination Complex to Yield 

Photoelectrochemically SnO2 Nanorods and Electrocatalytically Active Fluorine-

doped SnO2 Electrodes 

 

3.1. Introduction 

Various morphologies of SnO2 like nanorods and planar fluorine-doped SnO2 

electrodes have become materials of increasing interest for photovoltaic applications 

due to their high electron mobilities, low manufacturing costs, and ease in fabrication.1-3 

Although their use in photovoltaic devices has been investigated, there has been little 

progress in the engineering of stable interfaces between SnO2 surfaces and a molecular 

species, such as a ruthenium based light absorber or water oxidation catalyst.2-7 The 

interface between the molecular species and the semiconducting electrode governs 

many of the electron transfer processes that can limit the performance of photovoltaic 

devices, which necessitates the need for better control of the molecular tether.8-10 

Previous methods of anchoring molecular species to SnO2 and other metal oxide 

surfaces have been dependent on linkages that are labile in aqueous conditions.4-6,11,12 

Recently, we have shown progress towards improving the interface between the SnO2 

surface and organometallic complex through the use of a modular attachment with the 

Cu(I) azide-alkyne cycloaddition (CuAAC) reaction.13-16 A model ruthenium complex 

was anchored to the surface of nanocrystalline SnO2 through a short alkyl chain with a 

terminal azide that was able to undergo CuAAC reaction with a modified ruthenium 
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complex with a ligand bearing a terminal alkyne. The modification produced a 

photoelectrochemically active surface upon excitation by visible light.13 However, to 

elucidate the versatility of the CuAAC reaction with various SnO2 surfaces we used a 

ruthenium coordination complex that was synthesized by our collaborators in Professor 

Thummel’s lab at the University of Houston. The modular attachment of 

[Ru(bpy)(tpy”)Cl]+ (where bpy=2,2, bypridine and tpy”= 4'-(4-Ethynylphenyl)-2,2':6',2''-

terpyridine) to both SnO2 nanorods and fluorine-doped SnO2 was investigated.  

SnO2 nanorods are an interesting morphology because of their ability to maintain 

high electron mobility compared to nanocrystalline thin films which can have reduced 

electron mobility arising from grain boundaries.17 Additionally, the one-dimensional 

morphology of the nanorods is theorized to allow a direct pathway for the photoexcited 

electrons injected from a molecular absorber.18,19 Recent progress in SnO2 nanorods in 

DSSCs have shown several 100 mV increase in the VOC as compared to SnO2 

nanocrystalline thin films.20 However, these linkages still relay on electrostatic 

interactions that can easily become desorbed in aqueous conditions.18,19 Another, 

morphology of SnO2 that has shown great promise in emerging renewable energy 

technologies is planar fluorine-doped tin oxide electrodes.  

Fluorine-doped tin oxide (FTO) is used in many renewable energy applications 

such as a support for immobilizing electrochemically active catalysts, termed a 

heterogeneous catalysis system.11,21-25 An advantage for the immobilization of an 

electrochemically active catalyst is that the presence of a sacrificial agent, like Ce (IV), 

is not needed.26 One method of anchoring active catalysts to FTO is to drop cast a 
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water insoluble compound onto the surface of the electrode, however the catalytically 

active layer can easily become detached during electrochemical activation of the 

catalyst.6,11 Another approach is to use a phosphine group to anchor a catalyst to the 

surface of FTO, however the phosphine functional groups can become desorbed in 

aqueous conditions.11,24,25 It is essential for a heterogeneous catalysis in renewable 

energy applications consist of linkages that are water stable without hindering electron 

transfer.27 The work presented here will explore the versatility of the modular approach 

for attaching [Ru(bpy)(tpy”)Cl]+ to different SnO2 morphologies, including nanorods and 

planar FTO electrodes.   

 

3.2. Experimental 

 

3.2.1. Synthesis of SnO2 nanorods and preparation of FTO electrodes 

SnO2 nanorod films were prepared following previously reported hydrothermal 

synthesis procedures.18,28 Nanorod arrays were grown on 0.5 mm thick molybdenum foil 

cut into 10x10 mm squares. Prior to the nanorod growth, substrates were cleaned in a 

detergent solution, followed by sonication in acetone for ~30 minutes. The hydrothermal 

reaction consisted of a growth solution containing 6.00 g NaOH, 3.51 g of SnCl4·5H2O, 

and 150 mL DI H2O. The solution was then poured into a 300 mL stainless steel 

autoclave followed by placement of the Mo foil substrates.  The autoclave was heated to 

285°C for 15 hours, during which time the pressure within the autoclave reached ~1000 

psi.  The nanorods on the Mo substrates were then removed and rinsed with DI H2O 
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followed by isopropanol for ~30 seconds each and characterized by SEM. The SEM 

image shown in Figure 3.1 show the nanorods grow in a “flower-like” geometry with the 

nanorods having a rectangular geometry that are approximately ~1 µm in length with a 

diameter range ~50-200 nm. FTO samples were purchased from Hartford Glass with a 

sheet resistance of 15 # cm-1, with ~400 nm thick FTO layer deposited onto the glass 

slide. Samples were cut and cleaned with a detergent solution followed by rinsing with 

DI H2O and isopropanol for ~30 seconds each.  

 

3.2.2. X-ray Photoelectron Spectroscopy (XPS) Measurements 

XPS data were obtained using a custom-built XPS system (Physical Electronics 

Inc.) consisting of a model 10–610 Al K& source (1486.6 eV photon energy) with a 

Model 10–420 toroidal monochromator and a model 10–360 hemispherical analyzer 

with a 16-channel detector array; measurements were typically performed using a 

electron takeoff angle of 45°. Peak areas were calculated by fitting the raw data to Voigt 

functions after a Shirley baseline correction. The spectra of each sample were shifted 

as necessary to make the primary C(1s) peak lie at a fixed energy of 284.4 eV; all other 

spectra for a given sample were shifted by the same amount. Coverage calculations 

were determined using equation derived elsewhere, which uses literature values for 

sensitivity factors and an electron escape depth ~2 nm for SnO2.
29,30 
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3.2.3. Electrochemical Characterization  

All electrochemical measurements were performed using an Autolab potentiostat 

(PGSTAT302N, Metrohm Autolab) using the FTO samples as the working electrode, an 

Ag/AgCl “no leak” reference electrode (Cypress Systems), and a platinum wire counter-

electrode. The exposed area of the FTO sample was 0.785 cm2. 

 

3.2.4. Optical Characterization  

Diffuse reflectance UV-Vis measurements were performed on a Jasco (V-570) 

UV/Vis/NIS spectrometer equipped with an integrating sphere accessory. Samples were 

mounted on a Teflon spacer to ensure equidistance between the sample surface and 

the sampling window. Absorption spectra of solutions were obtained on a UV–visible 

spectrophotometer (UV240PC, Shimadzu).  

 

3.2.5. Time-Resolved Surface Photovoltage (TR-SPV) Measurements  

Time-resolved surface photovoltage measurements31-33 were performed using a 

custom-made cell holder in which an FTO sense electrode was held 25 µm away from 

the sample surface. The sample was illuminated with short pulses (<3 ns, 500 µJ/pulse) 

from a tunable laser system (NT340, Ekspla, Inc.); the resulting injection of electrons 

from the surface into the bulk induced transient changes in the potential, and these 

changes were measured at the pickup electrode. The sense electrode signal was 

amplified using a fast amplifier (Model TA2000B-3, FAST ComTec GmbH) with a 50-# 



 84 

input and output impedances, 1.5 GHz bandwidth, and 40x voltage gain. The 

amplified output was recorded on a sampling digital oscilloscope (Model DSO5054A, 

Agilent, Inc.) 

 

3.3. Results 

 

3.3.1. Azide termination of SnO2 Nanorods and FTO Electrodes 

 SnO2 samples were terminated with an azide through a multi-step surface 

chemistry that was previously used on SnO2 nanocrystalline films.13 In summary, the 

samples were photochemically grafted with neat 3-buten-1-ol under 254 nm illumination 

for  ~17 hours, to give alcohol groups slightly removed from the SnO2 surface. The 

samples were then rinsed with methanol and isopropanol, ~30 seconds each. A 

mesylation reaction was performed to replace the alcohol group with a mesyl group in a 

1:1:10 solution of methanesulfonyl chloride, triethylamine, and dichloromethane in an 

ice bath for ~1 hour. The samples were then rinsed with dichloromethane, methanol, 

and isopropanol, ~30 seconds each. The azide termination reaction was performed by 

submersing the samples in a supersaturated solution of NaN3 in DMSO and heated to 

80°C for ~17 hours then rinsed with DI H2O and isopropanol, ~30 seconds each, refer to 

Chapter 2, Figure 2.3 for schematic representation.   
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3.3.2. Characterization of Photochemical Grafting on FTO 

Because the photochemical grafting technique can lead to multilayer formation 

that could potentially perturb electron transfer processes,16,34,35 it is important to 

characterize the extent of the initial photochemical grafting functionalization. FTO was 

used for these experiments because it is relatively smooth and variations in the 

calculations due to varying surface area morphology are minimized. FTO samples were 

exposed to 3-buten-1-ol and illuminated for varying amounts of time (~3 to 68 hours). 

The samples were then azide terminated to give a distinguishable feature by XPS. As 

seen in Figure 3.2a, the high resolution XPS scan of the N (1s) region shows a broad 

peak at ~400 eV that is from two overlapping. These peaks are associated with the two 

nitrogens that have a neutral and localized negative charge. An additional peak 

becomes especially distinguishable with increasing illumination times. This high binding 

energy peak at 405 eV is due to the nitrogen with the localized positive charge. 

Determining the peak area from nitrogen and comparing to the area under the Sn (3d5/2) 

peak combined with the sensitivity factors of 0.477 and 4.095 for N (1s) and Sn (3d5/2), 

respectively an approximate coverage of azide molecules can be determined. Figure 

3.2b shows the calculated azide molecules per cm2 on the left vertical axis while the 

right axis gives the C (1s) peak area to Sn (3d5/2) peak area ratio. Illumination time for 

initial grafting is given on the x-axis. It is apparent that at illumination times shorter than 

17.5 hours gives sub-monolayer formation and greater than 24 hours gives multilayer 

formation, therefore the photochemical grafting reaction illumination times were always 

between 17 and 24 hours.  
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3.3.3. CuAAC Reaction of Azide-Modified Samples and [Ru(bpy)(tpy)”Cl]+ 

Azide-modified surfaces were submersed into a solution of 1 mL of 5 mM 

[Ru(bpy)(tpy”)Cl]+ in DMSO, 1 mL of 10 mM Cu(II)(tris-(benzyltriazolyl-

methyl)amine)(BF4)2 (henceforth referred to as Cu/TBTA) in DMSO, 1 mL 50 mM 

sodium ascorbate in H2O diluted with an additional 2.25 mL of DMSO. The solution 

stirred at room temperature for ~15 hours to ensure complete reaction. The samples 

were rinsed sequentially with methanol and isopropanol for ~30 seconds each. The 

reaction scheme in Figure 3.3 summarizes the reaction with the azide modified SnO2 

surfaces and [Ru(bpy)(tpy”)Cl]+.  

XPS analysis of the SnO2 nanorods and FTO samples modified with 

[Ru(bpy)(tpy”)Cl]+ was used to determined the successfulness of CuAAC reaction. 

Figure 3.4a shows the XPS high-resolution scan on FTO of the Ru (3d) region, which 

overlaps with the C (1s) region. For the azide-modified FTO sample that was exposed 

to the full CuAAC reaction conditions, a new peak arises at 280 eV, which corresponds 

to the Ru (3d5/2), the peak from Ru (3d3/2) is not distinguishable from the C (1s) peak at 

284.4 eV. A control was performed in which the azide-modified FTO sample was 

exposed to the CuAAC reaction except the Cu/TBTA solution was omitted. It is apparent 

that there is no Ru peak for the no Cu control.  The azide-modified SnO2 nanorods 

yielded similar results, as seen in Figure 3.4b. The azide-modified SnO2 nanorods that 

were exposed to the full CuAAC reaction conditions show the same peak at 280 eV 

from the Ru (3d5/2) and for the no Cu control there is no observable peak from Ru 

(3d5/2). Comparison of the peak areas of the Ru (3d5/2) and Sn (3d5/2) and sensitivity 
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factor of 2.196 for the Ru (3d5/2) which should be 3/2 the for Ru (3d) peaks,29 an 

approximate coverage is determined to be 9.28 x 1013 Ru atoms/cm2 for 

[Ru(bpy)(tpy”)Cl]+-modified FTO and 1.05 x 1014 Ru atoms/cm2 for [Ru(bpy)(tpy”)Cl]+-

modified SnO2 nanorods. 
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3.3.4. Photoelectrochemical Characterization of [Ru(bpy)(tpy”)Cl]+- 

Modified SnO2 Nanorods 

SnO2 nanorods have many interesting properties for DSSCs, which depend on 

the ability to effectively separate charge.2 Time-resolved surface photovoltage (TR-

SPV) was performed on the [Ru(bpy)(tpy”)Cl]+-modified SnO2 nanorods to characterize 

the electron injection. Figure 3.5a gives a representative transient signal at 500nm 

excitation. The initial negative signal results from the sample having a positive charge at 

the surface following electron injection into SnO2 nanorods, which causes the sense 

electrode to polarize to a transient negative charge. The transient signal also has a 

positive sign followed by an exponential decay, corresponding to the recombination of 

charges. Integration of the total transient signal, normalization by incident photons, and 

plotting versus excitation wavelength, as shown in Figure 3.5b, elucidates the 

wavelength dependence of the [Ru(bpy)(tpy”)Cl]+ modified SnO2 nanorods. Comparing 

to the UV-Vis, as seen in Figure 3.5c of the [Ru(bpy)(tpy”)Cl]+ modified SnO2 nanorods 

and [Ru(bpy)(tpy”)Cl]+ in DMSO to the [Ru(bpy)(tpy”)Cl]+ is capable of injecting 

electrons at all absorbing wavelengths.  
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3.3.5. Electrocatalytic Characterization of [Ru(bpy)(tpy”)Cl]+ Modified 

 FTO  

The chloro ligand in ruthenium coordination complexes, like the 

[Ru(bpy)(tpy”)Cl]+ is theorized to increase the electrophilicity of the metal, allowing for 

the likely attachment of a water molecule to the metal center following loss of two 

electrons during electrocatalytic water oxidation, as depicted in Figure 3.6.26 The RuIV-

OH2 complex is further oxidized to form the intermediate RuVI=O. An additional water 

molecule is likely involved at the electrophilic RuVI=O center to create a RuVIOOH 

species. A loss of an additional proton then produces O2 and the starting catalyst.26  

To test the ability for [Ru(bpy)(tpy”)Cl]+ covalently tethered to the FTO surface to 

oxidize water, an electrochemical cell was assembled using 0.1 M n-Bu4N(PF6) in 

acetonitrile (n-Bu4N
+= tetrabutylammonium cation) was used. Water was added to the 

cell so that a ratio of 3:1 CH3CN:H2O by volume was achieved. The potential was 

scanned from 0 to 1.8 V vs. Ag/AgCl at a scan rate of 1.0 V/sec. As seen in Figure 3.7a, 

the cyclic voltammogram (CV) without H2O (black curve) the oxidation and reduction 

peaks are clearly visible at 1.00 V and 0.900 V from the Ru (III/II) couple.4 After the 

addition of 1 mL H2O (blue curve), the peaks become larger and shift to lower potentials 

of ~0.95 V and 0.87 V.  
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The change is attributed to the outer-sphere solvation effect.24,36 Another feature 

that arises with the addition of H2O is the onset of a catalytic wave at ~1.6 V from the 

oxidation to achieve the RuVI=O complex, 4,37 and reaches a maximum at 1.8 V where 

the electrocatalytic water oxidation is sustained. This over-potential is similar to what 

has been reported previously on FTO surfaces with water oxidation catalysts anchored 

through a phosphine group.24 Integration under the anodic peak of the no H2O CV and 

using the working electrode area of 0.785 cm2 gives approximately 4.78 x 1013 

[Ru(bpy)(tpy”)Cl]+ redox active molecules/cm2, which closely correlates with XPS 

calculations.  Comparison to an unmodified FTO electrode is shown in Figure 3.7b. The 

unmodified FTO shows small catalytic activity towards water oxidation, however there is 

a large enhancement for the FTO electrode with surface bound [Ru(bpy)(tpy”)Cl]+. The 

molecular tether was studied by stressing the system by holding the FTO working 

electrode at a constant potential of 1.7 V. After 10 minutes at 1.7 V, the CV (shown in 

pink) shows a reduction in the peaks associated with Ru(III/II) couple and a shift in the 

onset of the catalytic wave as well as an overall reduction in the electrocatalytic 

oxidation of H2O. The decrease and change in catalytic activity could be caused from 

degradation of the molecular tether and/or degradation of the catalyst, however based 

on these electrochemical experiments it is difficult to elucidate the possible degradation 

routes.  
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3.4. Discussion 

Because photochemical grafting on SnO2 surfaces has only recently been 

investigated,13,28 we used FTO as a model for determining the extent of photochemical 

grafting of 3-buten-1-ol because the planar morphology reduced any variations between 

sample surfaces. It was determined that at illumination times >24 hours multilayer 

formation occurred while at illumination hours <17 hours sub-monolayers were formed, 

therefore all photochemical grafting reactions occurred at illumination times of ~17 

hours and never exceeded 24 hours. The SnO2 nanorod morphology investigated the 

reactivity of well-defined crystal faces of (100) and (001). From our experimental results 

on the SnO2 nanorods and previous results on SnO2 nanocrystalline thin films,13 the 

modular attachment of a photochemically active species is robust on all SnO2 crystal 

faces. The TR-SPV results show the electron injection of [Ru(bpy)(tpy”)Cl]+ into the 

nanorods occurs at all absorbing wavelengths of the [Ru(bpy)(tpy”)Cl]+ complex.  

 We explored the electrocatalytic activity of the surface bound [Ru(bpy)(tpy”)Cl]+ 

FTO due to its excellent conductivity for electrochemical analysis. [Ru(bpy)(tpy”)Cl]+ 

was successfully tethered to the surface of FTO through CuAAC reaction. The 

electrochemical analysis compared the [Ru(bpy)(tpy”)Cl]+ modified FTO electrode and 

an unmodified FTO electrode. The unmodified FTO electrode yielded a small catalytic 

wave, but the presence of [Ru(bpy)(tpy”)Cl]+ greatly enhanced the electrocatalytic 

oxidation of water. The stability of the system was investigated by holding the 

[Ru(bpy)(tpy”)Cl]+ modified FTO electrode at 1.7 V for 10 minutes, followed by a CV 

scan. The CV showed a reduced amount of the [Ru(bpy)(tpy”)Cl]+ complex as 
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evidenced by the reduction in the peaks for the Ru(III/II) couple. A reduction in the 

electrocatalytic wave associated with water oxidation was also observed. The loss in 

electrocatalytic activity could be the result of catalyst degradation or from detachment of 

the catalyst from the FTO surface or a combination of both. Detailed mechanistic 

studies of mononuclear ruthenium water oxidation catalysts and their degradation 

pathways are still being investigated, however the ability to tether to an electrode 

surface can allow for improved mechanistic studies because the use of a sacrificial 

agent is no longer needed.26,36  

 

3.5. Conclusions 

 SnO2 possesses many properties, like high electron mobility and aqueous 

stability, which make it a leading candidate for renewable energy technologies.3,37,38 The 

ability to modify the surfaces of many SnO2 morphologies, like nanorods and planar 

FTO, through the use of a modular attachment chemistry employing the use of the 

CuAAC reaction broadens the use of SnO2 in many applications such as photovoltaics 

and heterocatalysis.3,38 In the work presented here, we show that the CuAAC reaction is 

a versatile method for tethering molecular species to SnO2 surfaces. There is no 

noticeable variation in the reactivity of well-defined crystal faces or the conductivity of 

the substrate for the initial photochemical grafting of 3-buten-1-ol, mesylation, and azide 

termination of the SnO2 surfaces. The CuAAC reaction with [Ru(bpy)(tpy”)Cl]+ and the 

azide-modified SnO2 surfaces proceed under mild conditions and only in the presence 

of Cu. The resulting [Ru(bpy)(tpy”)Cl]+ modified SnO2 nanorods are 



 99 

photoelectrochemically active with electron injection at all absorbing wavelengths of 

the [Ru(bpy)(tpy”)Cl]+ complex. The [Ru(bpy)(tpy”)Cl]+ modified FTO surface was 

capable of electrocatalytically oxidizing water at over-potentials similar to what has been 

reported previously for FTO. 24 The work presented here further validates the versatility 

of the CuAAC reaction between various azide-modified SnO2 surfaces and a ruthenium 

complex to yield surfaces that are photoelectrochemically and electrocatalytically active.  
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Chapter 4 

A Stable Functionalization Method for the Introduction of a Short-chain Alkyne to 

a SnO2 Nanocrystalline Thin Film to Enable Further CuAAC Mediated Surface 

Derivatization 

 

4.1. Introduction 

The ability to introduce a variety of functional groups onto the surface of SnO2 

would increase its use in applications such as solar harvesting devices and supports for 

heterocatalysis.1-3 Recently, it has been demonstrated an organic azide introduced onto 

the surface of metal oxides, noble metals, and carbon materials is capable of 

undergoing the Cu(I) catalyzed azide-alkyne cycloaddition (CuAAC).4-7 However organic 

azide installation often involves the use of long alkyl chains, which can inhibit electron 

transfer from a tethered electro- or photoactive species.8,9 Another disadvantage of 

being limited to only an azide-modified surface is that only alkyne-containing molecules 

or nanoparticles can be attached to the surface via CuAAC. A step-wise method, similar 

to previous azide termination technique,10 to introduce a terminal alkyne would require 

much more harsh and highly basic conditions that can lead to dissolution of the SnO2 

surface.11-15 One solution is the direct attachment of the terminal alkynes to metal 

oxides. This has been only sparsely investigated but often relies on the adsorption of 

anchoring groups that lack stability under a wide variety of conditions.16-18 The silicon 

literature offers some insight into methods of producing alkyne terminated surface 

through the thermal grafting of a long chain diyne as shown in Figure 4.1a, however, it 
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has been acknowledged the long alkyl chains are capable of hindering electron 

transfer.19,20 Another method of attaching an alkyne group has been through silane 

grafting, shown in Figure 4.1b.21 However, the M-O-M bond (where M = any metal of 

metalloid) is easily hydrolyzed and can cause the alkyne to become detached form the 

surface.16 The limitations of current methods for introducing an alkyne group to the 

surface of a metal oxide highlight the need for alternate techniques.  

Thermal grafting under mild heating conditions have shown to give alkyl, benzyl, 

or aryl functionality covalently bound to TiO2 such that it is stable under a variety of 

conditions.22,23 Thermal grafting requires gentle heating to remove the adsorbed water 

from the surface of the metal oxide, followed by formation of an ether-like linkage similar 

to the well-known Williamson Ether Synthesis. Metal oxide surfaces are comprised of 

hydroxyl groups and exposed Lewis acidic metal cations, which have unique reactivity 

where interesting surface functionalizations can occur. 23 The pKa of SnO2 hydroxyl 

groups are <1, while that of secondary alcohols are ~16.24,25 The work presented here 

shows the ability to thermally graft a short-chain terminal alkyne to SnO2 surfaces. The 

resulting ether linkage to the surface of SnO2 possesses enhanced stability as 

compared to thermally grafted molecules to TiO2 surfaces.23 The resulting terminal 

alkyne is confirmed to be orthogonal to the surface of SnO2 due to its availability to 

undergo CuAAC reaction.  
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4.2. Experimental  

 

4.2.1. SnO2 Nanocrystalline Thin Film Preparation 

SnO2 nanoparticles (20-70nm) were purchased from Nanostructured and 

Amorphous Materials. The nanoparticles were made into a paste using previously 

developed procedures.10 SnO2 nanocrystalline thin-films were created by screen-

printing the SnO2 paste onto fluorine-doped tin oxide (FTO) deposited onto a glass slide 

(sheet resistance 15 #/sq). The films were then sintered at 500°C for ~2 hours to yield a 

nanocrystalline film with good electrical contact to the substrate. Scanning electron 

microscopy was performed to characterize the film thickness to be ~700nm to 1µm, see 

Chapter 5, section 5.3.1 for SEM image.  

 

4.2.2. Fourier-Transform Infrared (FTIR) Measurements  

Infrared spectra were collected using an FTIR spectrometer (Vertex 70, Bruker 

Optics) at a resolution of 4 cm–1. FTIR spectra were collected in single-bounce external 

reflection mode using a variable angle specular reflectance accessory with a wire grid 

polarizer (VeeMAX II). All reflection spectra were collected with p-polarized light at an 

incident angle of 50° from the surface normal. FTIR spectra of functionalized surfaces 

were measured using an unfunctionalized sample as the background. In some specified 

cases an attenuated total reflectance (ATR) accessory (Pike Gladiator Technologies) 

was used with a diamond crystal. Other cases FTIR analysis required the use of 

transmission with the material of interest evaporated onto CaF2 salt plates. Residual 
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baselines were removed to improve the clarity of the spectra. Baseline correction 

was achieved using a polynomial fit to remove sloping and/or curved background. In 

each case, the experimental spectrum was fit to a polynomial using all points in the 

selected regions and avoid regions where containing peaks from surface species, and 

the resulting polynomial was then subtracted from the data. In general, fits were 

performed using several different polynomial orders in order to ensure that the spectral 

features observed were not sensitive to the precise details of the fitting procedure. 

 

4.2.3. X-ray Photoelectron Spectroscopy (XPS) Measurements 

XPS data were obtained using a custom-built XPS system (Physical Electronics 

Inc.) consisting of a model 10–610 Al K& source (1486.6 eV photon energy) with a 

Model 10–420 toroidal monochromator and a model 10–360 hemispherical analyzer 

with a 16-channel detector array; measurements were typically performed using a 

electron takeoff angle of 45°. Peak areas were calculated by fitting the raw data to Voigt 

functions after a Shirley baseline correction. The spectra of each sample were shifted 

as necessary to make the primary C (1s) peak at a fixed energy of 284.4 eV; all other 

spectra for a given sample were shifted by the same amount. Approximate coverage of 

ATMB molecules/cm2 was determined using the equation below:26 
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Where A is the peak area, SF is the sensitivity factor reported in literature, density of 

Sn atoms in SnO2, * is the inelastic mean free path of Sn 3d electrons through SnO2, 

and + is the electron collection angle of 45°. The factor of 1/3 accounts for there being 3 

F atoms/1 ATMB molecule. 

 

4.3. Results 

 

4.3.1. Alkyne Functionalization of SnO2 Nanocrystalline Thin Films and 

CuAAC Reaction with ATMB 

SnO2 thin films were submerged into a neat solution of propargyl alcohol and 

placed in a sealed vial at 80°C for ~15 hours. The samples were then removed and 

rinsed sequentially with methanol and isopropanol for ~30 seconds with each solvent. 

The alkyne-terminated surface, as shown in Figure 4.2, was submerged into a solution 

of 2 mL DMSO, 1 mL 50mM sodium ascorbate in H2O, 1 mL 2 mM p-azido-

trifluoromethoxy benzene (ATMB) in DMSO, and 2 mL 1 mM Cu(II)(tris-(benzyltriazolyl-

methyl)amine)(BF4)2 (Cu/TBTA) in DMSO, and allowed to stir at room temperature for 

~15 hours to ensure complete reaction with the porous thin-film.  Synthesis of ATMB is 

described elsewhere.17 Control experiments were performed in the absence of Cu/TBTA 

solution but still in the presence of ATMB.  
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4.3.2. Characterization of Thermal Grafting and CuAAC Reaction of 

Alkyne-Modified SnO2 Surfaces 

FTIR analysis of the alkyne-modified SnO2 nanocrystalline thin-film, shown in 

Figure 4.3 reveals the characteristic peaks of the alkyne C-C stretch at 2111 cm-1. 

Additionally there is a small feature on the broadened –OH region for the alkyne C-H 

stretch at 3318 cm-1. For comparison, the FTIR of neat propargyl alcohol, which was 

taken using ATR accessory, is also shown.  The large negative peak at 3479 cm-1 

indicates loss of Sn-OH as compared to the bare SnO2 nanocrystalline thin film 

background, indicating that grafting of propargyl alcohol proceeds through the surface 

hydroxyls. Smaller negative peaks in the CH2 region 2925-2964 cm-1 are observed from 

the relative lack of –CH2 functionality present in propargyl alcohol-grafted SnO2 surface 

as compared to the “bare” SnO2 background. It is difficult to remove all traces of 

adventitious carbon on the “bare” background when working in ambient atmosphere. 

Therefore the “bare” SnO2 background has more –CH2 groups than the alkyne-modified 

SnO2, this observation confirms that propargyl alcohol grafts onto the surface of SnO2 

uniformly and is not displaced by CH2 containing molecules in the atmosphere.  

The FTIR Spectrum of the alkyne-modified surface after it was subjected to the CuAAC 

reaction with ATMB, the FTIR is shown in Figure 4.4. New peaks at 1186, 1224, and 

1227 cm-1 are present, which correspond to the CF3 stretches from ATMB. Additional 

we attribute a peak at 1517 cm-1 to the C-O bond stretch of ATMB. The sharp peaks at 

1689 and 1716 cm-1 are attributed to adsorbed CO2.
27  
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 The peak at 2111 cm-1 from the alkyne C-C stretch is no longer present, 

indicating all of the alkyne groups were consumed during reaction with the azide and 

formation of the triazole ring. A spectrum of ATMB in chloroform taken in transmission 

mode using a CaF2 salt plate is shown for comparison. The sharp peak sharp at 2113 

cm-1 for ATMB is from the N3 group, which is also not seen on the surface of SnO2, 

strongly suggesting the CF3 and C-O peaks observed are due to ATMB that has 

undergone covalent bond formation to the alkyne-modified surface via the CuAAC 

reaction. If these peaks were caused by non-specific binding of ATMB, the N3 stretch at 

2113 cm-1 should still be present.  

 

4.3.3. XPS Characterization of ATMB-Modified SnO2  

XPS of the nanocrystalline thin films after CuAAC with ATMB show the 

appearance of F (1s) and N (1s) peaks, as seen in Figure 4.5. High resolution scans of 

the C (1s) region in Figure 4.5a for the ATMB-modified SnO2 shows a high binding 

energy peak at 293.5 eV, from the C atoms in the CF3 group. Conversely, this peak is 

not observed in the no-Cu control sample. We attribute the broad shoulder at the high 

binding energy side of the main peak at 284.4 eV to the presence of carbon bonding to 

oxygen and nitrogen atoms. The N (1s) high-resolution scan in Figure 4.5b gives a 

broad peak that is composed of two overlapping peaks at 401 eV and 400 eV. This 

peak shape is indicative of the formation of a triazole ring.6,7,10 There is no N (1s) or F 
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(1s) signals for the no-Cu control, confirming no non-specific binding of ATMB 

occurs in the absence of Cu.  

Comparison of the peak areas for F (1s), shown in Figure 4.5c and that of Sn 

(3d5/2) taking sensitivity factors and using an inelastic mean free path of ~2nm for 

SnO2,
28,29 an approximate coverage calculation of ATMB molecules was determined to 

be a monolayer with 5.89 x1014 ATMB molecules/cm2. This value is consistent with the 

formation of a monolayer as seen previously with other nanocrystalline thin-films.30,31 

From the control experiment it can be concluded that the CuAAC requires a source of 

Cu(I) for the cycloaddition to take place and there is no non-specific binding of ATMB to 

the surface of SnO2 nanocrystalline surface in the presence of Cu. 
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4.3.4.  Maximization of ATMB Coverage Without Evidence of 

Polymerization Side-Reactions 

Propargyl alcohol, under highly acidic conditions and elevated temperatures 

(>100°C) is capable of polymerization.33,34 To ensure that polymerization does not occur 

at mild grafting temperatures while maximizing ATMB coverage, XPS analysis of the F 

(1s) and C (1s) peak areas relative to that of the Sn (3d5/2) was compared ATMB 

modified samples that varied with initial grafting times. Samples were removed from the 

oven at varying intervals and were then subjected to CuAAC reaction with ATMB. The 

results are summarized in Table 4.1. There is some variability in the C/Sn ratio and the 

ATMB molecular coverage values, but there is no clear trend toward increasing 

molecular coverage observed. This suggests the thermal grafting is self-terminating at 

one monolayer and there is no evidence of a polymerization reaction occurring at 80°C 

with reaction times up to 3945 minutes.  



 118 

 



 119 

4.3.5. Investigation of Aqueous Stability of ATMB Modified SnO2 

Surface and the Ether-like Linkage 

To understand the stability of the thermally grafted propargyl alcohol linkage, the 

ATMB-modified SnO2 nanocrystalline thin-films were subjected to various aqueous 

conditions. The characteristic C-F peak at 1222 cm-1, as shown in Figure 4.6a-d, was 

used as a marker. The broadening and peak shift seen at pH 13 and 65°C can be 

explained by the increasing amount of water adsorption.27 Figure 4.7, which gives the 

absolute peak intensities that were normalized to the same initial intensity versus time, 

shows the thermally grafted linkage is more stable at room temperature and pH 3 

conditions than at pH 13 and 65°C H2O, with the initial loss in intensity being the 

greatest. The thermally grafted alkyne and subsequent CuAAC reaction giving the 

ATMB-modified surface is stable in a variety of aqueous conditions for at least 72 hours. 

A comparison of the thermally grafted alkyne versus carboxylic anchoring group 

was performed using propiolic acid, as shown in Figure 4.8. Using similar procedures 

reported in literature for carboxylic acid adsorption to metal oxides,32,33 the propiolic acid 

was adsorbed onto the surface of SnO2 nanocrystalline thin-film samples by 

submerging them overnight into a 9% (v/v) solution in methanol. FTIR analysis 

confirmed the presence of the alkyne group on the surface by the peak at 2120 cm-1 

from the alkyne C-C bond. The change in the C=O stretch from 1680 cm-1 to 1625 and 

1583 cm-1 for the asymmetric and symmetric carboxyl stretches, respectively, confirms 

the acid group becomes deprotonated upon adsorption to the surface of SnO2.
32,34  
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The CuAAC reaction with ATMB was performed using the same procedure for 

the propargyl alcohol grafted samples. After CuAAC reaction, FTIR analysis reveals a 

broad peak, at 1216 cm1, this peak is similar to C-F stretches; however, the 

characteristic triplet feature is not distinguishable as seen previously in Figure 4.4.  One 

explanation for the discrepancy between the ATMB-modified SnO2 through the two 

different methods of introducing an alkyne-modified surface is that H2O is protonating 

the carboxylic acid linkage while the CuAAC reaction with ATMB is occurring, resulting 

in a reduced ATMB coverage.27,35 It is observed that after CuAAC reaction, the 

reappearance of the C=O stretch at 1680 cm-1 from the protonated carboxylic functional 

group, suggests that the CuAAC reaction, which uses H2O as a solvent, indeed causes 

protonation of the carboxyl anchoring group, thus changing the mode through which the 

alkyne is adsorbed to the surface and could lead to possible desorption.34 From the 

FTIR analysis, it can be concluded that propiolic acid is capable of yielding an alkyne-

modified SnO2 nanocrystalline thin-film, however the CuAAC reaction conditions result 

in reduced ATMB coverage as well as the carboxylic acid linkage is capable of being 

protonated by H2O.  
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4.4. Discussion 

 Thermal grafting of propargyl alcohol is capable of producing an alkyne-modified 

SnO2 surface that is self-terminating. Although propargyl alcohol is capable of 

polymerization at temperatures >100°C or in the presence of concentrated acid, 36,37 the 

results reported here show no evidence of polymerization, likely due to the mild 

conditions used for thermal grafting. The thermal grafting occurs through the alcohol 

group, as evidenced by the ability for the alkyne group to participate in the CuAAC 

reaction with ATMB. The resulting ether-like linkage between the SnO2 surface and the 

modified surface proves to be stable for at least 72 hours in a variety of aqueous 

conditions. This stability far exceeds reported results of other thermally grafted 

molecules.22,23 A comparison of the introducing an alkyne-modified surface through the 

anchoring of a carboxylic acid group was performed using propiolic acid. The resulting 

alkyne-modified surface was not capable of producing an ATMB-modified surface with 

the surface coverage yield that is comparable to that of propargyl alcohol grafted 

surfaces likely due to H2O causing protonation of the carboxyl group during the course 

of CuAAC reaction and leading to eventual desorption from the SnO2 thin-film. 

 

4.5. Conclusions 

By exploiting the unique reactivity of the SnO2 surface containing hydroxyl 

groups and exposed Sn4+ atomos which are highly Lewis acidic,2 the method of 

thermally grafting propargyl alcohol provides a self-terminating short alkyl chain that 

allows for further fuctionalization by use of the CuAAC reaction. The resulting grafting 
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linkage is stable for several hours in a variety of aqueous conditions.  The ability to 

form a stable surface species that is capable of undergoing a step-wise functionalization 

using a short alkyl chain poses many opportunities for future development in renewable 

energy applications, where the chain length of the organic interface controls electron 

injection.8,9,38  
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Chapter 5 

Ultra-thin ZrO2 Coating on SnO2 Nanocrystalline Thin-Film Enhances Electronic 

Coupling Between the Semiconducting Electrode and Adsorbed N719 Dye 

 

5.1. Introduction 

 The improvement of photovoltaic devices, such as the DSSC, hinges on the 

ability to better understand and control the interfacial charge transfer between the 

organic or organometallic light absorber and the inorganic wide band-gap 

semiconductor.1-3 TiO2 has essentially dominated the DSSC research area due the 

relatively large tolerance to a variety of chemical conditions, low-toxicity, and 

inexpensive manufacturing costs.4-7 However, SnO2 has emerged as another promising 

candidate for solar energy technologies due to its electron mobility being orders of 

magnitude greater than TiO2.
8,9 SnO2 conduction band resides 0.5 eV lower in absolute 

energy thus electron injection from adsorbed dyes is thermodynamically more favorable 

as compared to TiO2.
5,10 However, SnO2 based DSSCs have yet to reach efficiency 

values that exceed TiO2 based DSSCs.11,12 Several studies have compared the initial 

electron injection into the conduction band of both of these metal oxides from an 

adsorbed dye have shown the rate of injection for SnO2 is much less than TiO2.
13-15 The 

discrepancies between the two metal oxides are theorized to exist due to the poor 

electronic overlap between the dye and the SnO2 and/or the recombination rate 

dominating the lowered performance.15-17   
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 Recently it has been shown that the introduction of a secondary metal oxide 

in the form of a conformal coating by either a deposition reaction or synthesis of core-

shell structures increase the overall performance of SnO2 solar devices.11,18-27 One 

particular metal oxide of interest as a coating is ZrO2 due to its relative chemical 

inertness, conduction band consisting of empty d-orbitals thought to increase electronic 

coupling between the semiconductor and dye, and the ability to reduce back electron 

transfer.11,24,28 Kay et al, introduced a variety of metal oxide coatings to the SnO2 

nanoparticles before they were dispersed into a thin-film. They showed that the 

introduction of ZrO2 on SnO2 increased the solar efficiency and attributed the results to 

the reduction of back electron transfer from SnO2 to the redox electrolyte and improved 

dye adsorption due to the increased basicity of the SnO2 surface. Similarly, our results 

show that a ZrO2 coating on the SnO2 nanocrystalline thin-film also enhances the 

overall cell performance. Additionally, our time-resolved surface photovoltage 

measurements provide insight into the important role the ZrO2 coating plays in the 

electronic coupling between the adsorbed dye and the nanocrystalline thin-film.  

 

5.2. Experimental  

 

5.2.1. Preparation of SnO2 Nanocrystalline Thin Films and ZrO2 Coated 

SnO2 Nanocrystalline Thin Films 

 SnO2 nanoparticles (20-70nm) were purchased from Nanostructured and 

Amorphous Materials. The nanoparticles were made into a paste using previously 
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developed procedures.29 SnO2 nanocrystalline thin-films were created by screen-

printing the SnO2 paste onto fluorine-doped tin oxide (FTO) deposited onto a glass slide 

(sheet resistance 15 #/sq). The films were then sintered at 500°C for ~2 hours to yield a 

nanocrystalline film with good electrical contact to the substrate. Scanning electron 

microscopy was performed to characterize the film thickness. The introduction of the 

ZrO2 coating was completed using modified published procedures.30,31 In summary, 

zirconium (IV) propoxide solution (70% v/v) in 1-propanol was introduced to the SnO2 

nanocrystalline thin-film on FTO in an inert atmosphere and allowed to react for ~1 

minute. The films were then triply rinsed with inhibitor free anhydrous tetrahydrofuran 

(THF) followed by removal from the inert environment. The films were then heated to 

400°C for ~1 hour. Scanning electron microscopy and x-ray photoelectron spectroscopy 

were performed to determine the extent of ZrO2 conformal coating.  

 

5.2.2. N719 Dye Loading Onto Nanocrystalline Thin Films 

A concentrated solution of the ruthenium based dye, N719, (Silaronix) was 

created in a 1:1 mixture of anhydrous acetonitrile and n-butyl alcohol. Each of the thin 

films were submerged in the N719 solution for ~12 hours in an inert atmosphere. The 

ZrO2 coated SnO2 thin films were never soaked in the same container as the uncoated 

SnO2 thin films to prevent undesired introduction of ZrO2. Upon removal from the dye 

solution films were rinsed with anhydrous methanol to remove any un-adsorbed N719.  
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5.2.3. Optical Characterization  

Diffuse reflectance UV-visible spectroscopy was completed using UV/Vis/NIR 

spectrometer (Jasco V-570) equipped with integrating sphere accessory. A Teflon 

spacer was used behind planar surfaces to ensure equal distance between sample 

surface and sampling window. Absorption spectra of solutions were obtained on a UV–

visible spectrophotometer (UV240PC, Shimadzu).  

 

5.2.4. Solar Cell Assembly and Experiment 

The platnized counter electrode was created by spreading a thin layer of 

chloroplatinic acid hexahydrate solution (Sigma) on FTO glass slide. The electrode was 

then placed in a furnace at 470°C for 15 minutes. The electrolyte comprised of a 0.6M 

1-propyl-3-methyl-imidazolium iodide (PMII), 0.03M I2, 0.05M LiI, 0.1 M guanidine 

thiocyanate (GuNCS) and 0.5M 4-tert-butylpyridine (t-BP) in 85:15 anhydrous 

acetonitrile and valeronitrile. The custom built cell was assembled in a dry box with the 

counter electrode held by a 25 µm kapton spacer. The active area of the film was 0.196 

cm2 and the photovoltaic measurements were performed using solar simulator of 1 Sun, 

~100 mW/cm2. 

 

5.2.5. Time-Resolved Surface Photovoltage (TR-SPV) Measurements  

Time-resolved surface photovoltage measurements32-34 were performed using a 

custom-made cell holder in which an FTO sense electrode was held 25 µm away from 

the sample surface. The sample was illuminated with short pulses (<3 ns, 200 µJ/pulse) 
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from a tunable laser system (NT340, Ekspla, Inc.); the resulting injection of 

electrons from the surface into the bulk induced transient changes in the potential, and 

these changes were measured at the pickup electrode. The sense electrode signal was 

amplified using a fast amplifier (Model TA2000B-3, FAST ComTec GmbH) with a 50 # 

input and output impedances, 1.5 GHz bandwidth, and 40x voltage gain. The amplified 

output was recorded on a sampling digital oscilloscope (Model DSO5054A, Agilent, 

Inc.). 

 

5.2.6.  Fourier-Transform Infrared (FTIR) Measurements  

Infrared spectra were collected using an FTIR spectrometer (Vertex 70, Bruker 

Optics) at a resolution of 4 cm–1. FTIR spectra were collected in single-bounce external 

reflection mode using a variable angle specular reflectance accessory with a wire grid 

polarizer (VeeMAX II, Pike Technologies). All reflection spectra were collected with p-

polarized light at an incident angle of 50° from the surface normal. FTIR spectra of 

functionalized surfaces were measured using a background of 100 nm Au evaporated 

onto microscope glass slide. Residual baselines were removed to improve the clarity of 

the spectra. Baseline correction was achieved using a polynomial fit to remove sloping 

and/or curved background. A single polynomial was fit to each spectrum, taking care to 

avoid any regions containing peaks likely to be associated with surface species. The 

experimental spectrum was fit to a polynomial using all points in the selected regions, 

and the resulting polynomial was then subtracted from the data. In general, fits were 
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performed using several different polynomial orders in order to ensure that the 

spectral features observed were not sensitive to the precise details of the fitting 

procedure. 

 

5.2.7. X-ray Photoelectron Spectroscopy (XPS) Measurments 

XPS data were obtained using a custom-built XPS system consisting of a model 

10–610 Al K& source (1486.6 eV photon energy) with a Model 10–420 toroidal 

monochromator and a model 10–360 hemispherical analyzer with a 16-channel detector 

array; measurements were typically performed using an electron takeoff angle of 45°. 

Peak areas were calculated by fitting the raw data to Voigt functions after a Shirley 

baseline correction.35,36 The spectra of each sample were shifted as necessary to make 

the primary C(1s) peak lie at a fixed energy of 284.4 eV; all other spectra for a given 

sample were shifted by the same amount. Concentration of Zr atoms/cm2 was 

calculated using the equation shown:37 

 

Where A is the peak area, SF is the sensitivity factor reported in literature, density of Sn 

atoms in SnO2, * is the inelastic mean free path of Sn 3d electrons through SnO2, and + 

is the electron collection angle of 45°.  The attenuation of Sn (3d5/2) peak due to the 

ZrO2 coating was determined to be negligible by experimental comparison of an 

uncoated SnO2 thin film and a ZrO2 coated thin film samples at the same sampling 

! 

N
Zr
atoms

area
=
A
Zr

A
Sn

SF
Sn

SF
Zr

" #
Sn: SnO

2

" $
Sn: SnO

2

" cos%



 137 

alignment. These results were similar to what has been observed for ultra-thin 

coatings of ZrO2 on a variety of surfaces.38,39 

 

5.3. Results 

 

5.3.1. Characterization of ZrO2 coating on SnO2 Nanocrystalline Thin Film 

The ZrO2 coating on SnO2 reacts with the surface hydroxyl groups that are native 

to the SnO2 surface, as shown in Figure 5.1. Upon exposure of zirconium (IV) propoxide 

solution to the SnO2 surface, one or two of the propoxide ligands are displaced, leaving 

the Zr alkoxide directly bound to the surface of SnO2. Any un-reacted zirconium (IV) 

propoxide is rinsed away by the THF, leaving only bound Zr atoms. The remaining 

alkoxide ligands are removed during the annealing process, giving the final ZrO2 

coating. Film thickness was determined by scanning electron microscopy (SEM) for 

both uncoated SnO2 and ZrO2 coated SnO2 thin films.  
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As seen in Figure 5.2 there is no resolvable difference in the thickness and 

topography of the films after introduction of ZrO2 coating. XPS analysis, in Figure 5.3, 

shows the appearance of Zr (3d) doublet at 184 eV, which is consistent with Zr atoms in 

ZrO2.
38 Comparison of the Sn (3d) and Zr (3d) peak areas, atomic sensitivity factor 

values40 of 4.095 for Sn (3d5/2) and 2.216 for Zr (3d), an electron escape depth of ~2 nm 

give an approximate concentration of ~2.57x1014 Zr atoms/cm2, corresponding to about 

a monolayer of ZrO2. 
41To determine the extent of ZrO2 coating, the cycle of exposure to 

zirconium (IV) propoxide, THF rinse, and annealing was repeated multiple times. 

Additional cycles resulted in no experimental difference by XPS analysis, as 

summarized in Figure 5.4. One explanation for this observation is the reduced number 

of surface hydroxyl groups from the resulting ZrO2 coating therefore the propoxide 

ligands are not displaced and the un-reacted zirconium (IV) propoxide is rinsed away. 

FTIR analysis was performed to confirm the difference of surface hydroxyl groups of a 

SnO2 nanocrystalline thin film and a ZrO2 coated SnO2 nanocrystalline thin film. Figure 

5.5 shows a sharp peak at 3480 cm-1 for the SnO2 sample without ZrO2, which 

corresponds to bridging surface hydroxyls that arise from the disassociation of water at 

the SnO2 surface.42 The ZrO2 coated SnO2 nanocrystalline thin film has a reduced peak 

that is shifted to 3467 cm-1, this peak shift could be attributed to molecular water 

adsorbed on the surface of ZrO2.
43 The reduction of surface hydroxyls and shift, 

combined with XPS and SEM analysis shows the coating is conformal, self-terminating 

at ~1 monolayer, and results in a change of the surface hydroxyl groups.  
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5.3.2. N719 Dye Adsorption and Characterization 

The ruthenium dye, N719, adsorbs to the metal oxide surface through the 

carboxylic groups as shown in Figure 5.6. N719 was adsorbed onto each of the 

nanocrystalline thin films as described in the experimental section, and diffuse 

reflectance UV-Vis was measured. The change in color of the films and the appearance 

of two peaks in the UV-Vis spectra shown in Figure 5.7 at 403 nm and 523 nm for both 

of the nanocrystalline thin-films confirms successful N719 dye loading, the slight red-

shift from the peak maxima for N719 at 381 and 520 nm is indicative of increased 

delocalization upon dye adsorption to the nanocrystalline thin-film. XPS analysis of 

N719 on both of the nanocrystalline thin-films was performed to determine the 

approximate surface coverage of Ru atoms on each of the nanocrystalline films. Figure 

5.8 shows the high resolution scan of the C (1s) peak at 284.4 eV, the Ru (3d3/2) peak is 

not distinguishable from the C (1s) peak, however the Ru (3d5/2) peak at 281 eV is 

clearly present. Using the Ru (3d) sensitivity factor of 3.696 and subtracting by 3/2 gives 

a value for the sensitivity of the Ru (3d5/2) peak. The approximate coverage calculated 

was 6.49 x 1013 Ru atoms/cm2 and 8.30 x 1013 Ru atoms/nm2 for ZrO2 coated SnO2 and 

uncoated SnO2, respectively. Based on the coverage estimations, the amount of N719 

dye is experimentally not different for either of the films and can be concluded that any 

variances between these two films is not due to more favorable dye loading for either of 

the thin films.  
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5.3.3. Photovoltaic Characterization 

Previous studies of a ZrO2 coating through the introduction of a zirconium salt to 

suspended SnO2 nanoparticles before being cast into a thin film showed that there was 

an enhancement in the solar efficiency. To confirm that our introduction of a ZrO2 

coating also showed an enhancement, we assembled the photovoltaic cell as described 

in the experimental section. The J-V curve generated, as seen in Figure 5.9 shows a 

greater JSC at 2.635 mA for the ZrO2 coated SnO2 nanocrystalline thin-film and ~1.5 

times enhancement in the efficiency, 0.707 %, versus the uncoated SnO2 

nanocrystalline thin-film with a JSC of 1.869 mA and an efficiency of 0.531%. The JSC is 

determined by the charge accumulation from the injected electrons that eventually 

becomes large enough that the electrons are transported to the FTO, this process is 

also in competition with the recombination.44 Because the VOC was comparable with 

0.483 V for uncoated SnO2 and 0.473 V for ZrO2 coated SnO2, we can conclude that in 

our system the nanocrystalline films have similar dynamic equilibrium for the 

recombination and electron generation.44 Time-resolved surface photovoltage (TR-SPV) 

was used to better understand the origin of the JSC change and the increase in efficiency 

of the N719 loaded nanocrystalline thin films.  
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5.3.4. Time-Resolved Surface Photovoltage Characterization 

The increase in the efficiency for metal oxide coated SnO2 has been attributed to 

the metal oxide with greater conduction band energy introducing a potential barrier 

towards recombination, thus providing an overall reduction to back electron 

transfer.11,45,46 Another possible explanation is the increased electronic coupling 

between the !* orbitals on the bypyridine ligand of N719 to the empty d-band orbitals 

introduced by ZrO2 coating.15 TR-SPV is used to probe the initial electron injection of 

the N719 dye as well the recombination. A TR-SPV experimental set up scheme can be 

seen in Chapter 2, Figure 2.15. A digital oscilloscope records a signal, shown in Figure 

5.10a resulting from an excitation pulse of 200 µJ from the tunable Nd-YAG laser. The 

signal shows a sharp peak at t = 0 ns from the sense electrode polarizing caused by the 

accumulation of holes at the sample surface. A comparison to the bare films shows little 

response and only at short wavelengths. The peak maximum can be extracted and 

normalized per incident photon and plotted versus excitation wavelength to obtain 

information on the wavelength dependence. From Figure 5.10b, it is apparent that the 

initial charge injection for the ZrO2 coated SnO2 thin film is greater than the uncoated 

SnO2 thin film. A comparison to the bare films shows minimal response with the 

greatest response only at short wavelengths.  The change in sign followed by an 

exponential decay can be used to extract qualitative information about the 

recombination kinetics.  
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 Fitting the positive portion with a single exponential decay, gives a qualitative 

rate of recombination. It can be seen in Figure 5.10c that the rate of recombination is 

only reduced at short wavelengths (<350 nm) and long wavelengths (>650nm) but in the 

range the of N719 adsorption, the recombination rate is similar. The reduced 

recombination can be attributed to the suppression by the creation of a potential 

barrier.11,45,46 Based on the TR-SPV results, we predict the electron injection 

enhancement is due to an increase in the electronic coupling between the 

nanocrystalline surface and the adsorbed dye and less due to reduced recombination.  

 

5.4. Discussion 

The addition of a ZrO2 coating through the reaction of zirconium (IV) propoxide 

with the surface hydroxyl groups on SnO2 provides a self-terminating monolayer. The 

motivation for introducing a ZrO2 coating after the SnO2 nanoparticles were processed 

into a thin film was to avoid creating insulating barriers between the nanoparticles which 

are known to result in reduced electron mobility.26 The resulting ZrO2 coating increases 

the solar conversion efficiency by ~1.5 times with an increase in the JSC. The increase in 

JSC could be the result of increased coupling between the !* orbitals on the bypyridine 

ligand on N719 dye and the introduction of d-band orbitals from the ZrO2 coating.  The 

TR-SPV measurements further elucidate the increased electronic coupling as 

evidenced by the increase in charge injection for the ZrO2 coated SnO2 thin films.15,31  
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A schematic representation of the band gap alignments, which assumes 

there is no interaction between the metal oxides and the adsorbed dye is shown in 

Figure 5.11. Previous studies on electron injection efficiency of adsorbed dye on ZrO2 

gave very low electron injection efficiency as compared to SnO2 due to the conduction 

band alignment being less favorable.17 Our results suggest that the electron injection is 

more favorable with the ZrO2 coated SnO2 nanocrystalline thin film than the uncoated 

SnO2 nanocrystalline thin film therefore interaction between the SnO2 and ZrO2 coating 

must occur.31 The addition of the ZrO2 coating could create a surface with increased 

dye loading, which would appear as an enhancement in the electron injection for TR-

SPV, however XPS analysis demonstrates that the N719 dye loading is not different. 

Therefore the electron injection enhancement is not due to increased dye loading. The 

recombination could also be decreased by the creation of the potential barrier; however, 

it is understood that the entire charge movement is within the bandwidth of the 

excitation pulse (<3 ns), therefore, the observations are only qualitative. A faster system 

is required to further investigate the electron injection rates of N719 into the conduction 

bands of ZrO2 coated SnO2 thin films and uncoated SnO2 thin films.  
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5.5 Conclusions 

The addition of a ZrO2 coating through the reaction of a zirconium alkoxide with 

the surface hydroxyl groups on SnO2 provides a self-terminating monolayer. The ZrO2 

coating increased the solar efficiency as observed previously, which had been attributed 

to reduced recombination, however our TR-SPV results suggests the presence of Zr 

atoms increases the electronic coupling by introducing d band character.11,31 The broad 

conduction band of SnO2 consists of empty s and p orbitals from Sn4+, and has a 

density of states several orders of magnitude lower compared to the TiO2 conduction 

band comprised of d-orbitals.47,48 For efficient charge injection to occur, the electronic 

coupling between the adsorbed dye and the semiconducting nanocrystalline thin-film 

needs to be favorable to reduce competing processes such as recombination.49 The 

timescale of electron injection (<3 ns) is not accurately determined with the current Nd-

YAG laser, however the magnitude of the TR-SPV signal is evidence that the electronic 

coupling between the N719 and the nanocrystalline film is enhanced. Increasing the 

electronic coupling between the adsorbed dye and SnO2 through the introduction of an 

ultra-thin coating of a material that introduces d-band character may be a promising 

route to further increasing the efficiencies of future DSSCs.   
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Chapter 6 

Conclusions and Future Work 

 

6.1.  Conclusions 

 The work presented here showed a modular approach for tethering molecules 

that exhibit electrochemical, photoelectrochemical and electrocatalytic properties. The 

introduction of a surface bound azide group proceeded through a multi-step 

functionalization, which allowed for further reaction with molecules of interest. The first 

step involved the photochemical grafting of 3-buten-1-ol. The alcohol groups could then 

be replaced by a mesyl group, which provided an excellent leaving group for further 

transformations. The mesyl functional group was replaced by an azide group through a 

nucleophilic attack by N3 upon treatment with NaN3. The azide-modification proved to 

be a robust and not discriminatory towards different SnO2 surfaces, including 

nanocrystalline thin films, nanorods, and planar fluorine-doped SnO2. The azide-

modified surfaces were able to undergo a cycloaddition reaction with a molecule 

bearing an alkyne functional group, through the CuAAC reaction.   

 The CuAAC reaction with an azide-modified surface yielded ferrocene and 

[Ru(tpy)(tpy’)]2+ modified SnO2 nanocrystalline thin films. The ferrocene-modified thin 

films showed good electron transfer properties that exceed previous reports of 

ferrocene-modified SnO2 and TiO2 surfaces through a phosphine anchoring group.1 

[Ru(tpy)(tpy’)]2+ modified thin films are capable of separating photoexcited charges 

through excitation of the [Ru(tpy)(tpy’)]2+ followed by electron injection into the 
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conduction band of SnO2. The electron injection occurs at all absorbing wavelengths 

of the [Ru(tpy)(tpy’)]2+ complex. We further tested the versatility of the azide 

functionalization technique on SnO2 surfaces through the investigation of SnO2 

nanorods and planar FTO.  

 SnO2 nanorods are an interesting nanostructure due to their reduced number of 

grain boundaries, which can retard electron mobilities.2-5 The CuAAC reaction of the 

azide-modified SnO2 nanorods with [Ru(bpy)(tpy”)Cl]+ produced photoelectrochemically 

active nanorods, where the [Ru(bpy)(tpy”)Cl]+ complex is capable of injecting 

photoexcited electrons at all absorbing wavelengths of the complex. The bare nanorods 

showed little photoelectrochemical response in the visible region. We tested the ability 

for the modular functionalization technique to produce a heterogeneous electrocatalytic 

system by tethering [Ru(bpy)(tpy”)Cl]+ to planar FTO. The [Ru(bpy)(tpy”)Cl]+-modified 

FTO electrodes were electrocatalytically active towards water oxidation, showing the 

[Ru(bpy)(tpy”)Cl]+ water oxidation properties were preserved after CuAAC reaction with 

azide-modified FTO. The tether proved to be stable in aqueous conditions at highly 

oxidizing potentials for over 10 minutes. We also investigated the CuAAC reaction with 

alkyne-modified SnO2 thin films. 

 We have shown the versatility of CuAAC reaction with a variety of molecules and 

azide-modified SnO2 surfaces, to demonstrate the ability for CuAAC reaction to proceed 

through an alkyne-modified surface; we used a short-chain alkyne. By exploiting the 

unique surface reactivity of SnO2 which has highly Lewis acidic Sn4+ atoms and surface 

hydroxyl groups with pKas < 1,6,7 we were able to thermally graft propargyl alcohol 
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through the alcohol group. The alkyne group was then exposed for further reaction 

via CuAAC with a small molecule bearing azido and trifluoromethoxy functional groups. 

The trifluoromethoxy group provided a distinct tag for XPS and FTIR analysis. The 

thermally grafted linkage and CuAAC reaction proved to give a stable modification that 

was able to withstand different aqueous conditions up to 72 hours. This stability far 

exceeds what has been shown for thermally grafted molecules on TiO2 surfaces.8,9  

 Lastly, we investigated an ultra-thin coating of ZrO2 to SnO2 thin films through the 

reaction of Zr (IV) propoxide and the surface hydroxyl groups of SnO2 and the resulting 

effect on electron injection. The ultra-thin coating is self-terminating at ~1 monolayer of 

ZrO2 likely due to the reduction of surface hydroxyl groups after ZrO2 coating 

introduction. Adsorption of a commercial Ru-based dye, N719, to both the ZrO2 coated 

SnO2 thin films and uncoated SnO2 thin films, allowed for a direct comparison of initial 

electron injection via TR-SPV. Based on our results presented here, the ultra-thin 

coating of ZrO2 on SnO2 creates a surface in which initial electron injection from N719 is 

more favorable. We theorize the result of this observation is due to the increase in 

electronic coupling between the dye and the semiconductor surface through the 

introduction of d-band orbitals.10,11  
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6.2. Future Directions 

 The synthesis of stable interfaces introduces controllability and new degrees of 

versatility for the applications of SnO2 in renewable energy technologies. We reported 

several SnO2 surfaces that are capable of being modified with a variety of molecules 

that exhibit charge-transfer properties, however the modular functionalization technique 

can be extended to other applications such as scaffolds for polymerization reactions,12 

flexible platforms for organic light-emitting diodes,13 and surfaces for the creation of 

biocompatible interfaces.14 The introduction of ultra-thin coatings can drastically alter 

the surface that result in changes in surface hydroxyl groups as well as initial electron 

injection dynamics.15-18 A comprehensive understanding of ultra-thin coatings can allow 

for better design of surfaces and interfaces for applications that rely on charge 

separation. From the work presented here, SnO2 and the many functionalization 

techniques developed for SnO2 can significantly broaden the applications for many 

different technologies and we predict the modular functionalization approach can be 

extended to several other metal oxide surfaces. 
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