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Abstract 

Given the continuous escalation in the rate of energy consumption, fossil fuels, which presently 

meet ~86% of the global energy demand, are anticipated to run out by the end of 21st century. 

Moreover, increasing concern of global warming from greenhouse gases emitted by fossil fuels, 

drives us to explore viable alternatives, such as renewable energy sources. Solar energy, the 

cleanest form of renewable energy, strikes the earth annually with a staggering 3  1024 joules 

which is ~10,000 times more than our global energy consumption. Abundance of solar energy, can 

be exploited by converting and storing them into forms like electricity and H2 by means of 

photovoltaics and photoelectrochemical H2 generation, respectively. Ever since the discovery of 

the photoelectric effect by Edmond Becquerel, there has been extensive research on converting 

light into electric power or chemical fuels. Here, our research is focused mainly on two types of 

PEC cells, firstly DSSCs, which is the regenerative cell that converts sunlight into electric power 

leaving no net chemical change behind. Secondly, a photoelectrochemical cell where there are two 

redox systems: one reacting with the holes at the surface of the n-type semiconductor photoanode 

producing oxygen, and the other, reacting with the electrons entering the counter-electrode 

yielding hydrogen. 

 

The quest for efficient and stable PEC cells has led to extensive research on photoanode materials, 

which play a key role in the charge dynamics of the overall photoelectrochemical device. 

Nanoparticle based photoanodes, have received significant attention mainly due to their high 

surface area and facile fabrication methods. Anatase TiO2 has been widely used as a photoanode 

to fabricate photoelectrochemical cells, because of the ultra-fast electron injection rates from the 

excited sensitizer into the TiO2 nanoparticles. But high electron recombination rates due to low 
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electron mobility in TiO2 limits its use. SnO2 on the other hand is a promising photoanode material 

because of its higher electronic mobility and large band gap. Mobility reported in both single 

crystal SnO2 as well as nanostructures are orders of magnitude higher than TiO2. In addition, SnO2 

has a low sensitivity to UV degradation due to its larger band gap, and hence has better long term 

stability. Our goal is to fabricate SnO2-TiO2 heterostructure photoanodes by a straight forward 

chemical post treatment approach, to combine the advantages of higher conduction band edge of 

TiO2, and the high stability and exceptional electronic mobility of SnO2. Moreover, SnO2-TiO2 

heterojunction has a type-II band alignment, which facilitates charge separation and transport. 

 

In the first part of this thesis, we report the fabrication and characterization of DSSCs based on 

SnO2-TiO2 photoanodes. Firstly, FTO coated conducting glass substrates were treated with 

TiOx or TiCl4 precursor solutions to create a blocking layer before tape casting the 

SnO2 mesoporous anode. In addition, SnO2 photoanodes were treated with the same precursor 

solutions to deposit a TiO2 passivating layer covering the SnO2 particles. We found that the 

modification enhances the short circuit current, open-circuit voltage and fill factor, leading to 

nearly 2-fold increase in power conversion efficiency, from 1.48% without any treatment, to 

2.85% achieved with TiCl4 treatment. The superior photovoltaic performance of the DSSCs 

assembled with modified photoanode is attributed to enhanced electron lifetime and suppression 

of electron recombination to the electrolyte, as confirmed by EIS carried out under dark 

condition. These results indicate that modification of the FTO and SnO2 anode by TiO2 can play 

a major role in maximizing the photo conversion efficiency. 

 

Although, nanoparticle-based photoanodes exhibit high surface to volume ratio, the main 

drawback in using nanoparticles, is that mesoporous networks experience high density of grain 
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boundaries, which facilitate charge recombination. Carbon-based nanostructures such as graphene 

and carbon nanotubes possess exceptional mechanical and electronic properties, can be used as 

charge directing structures in mesoporous nanoparticle networks. In the next part of this thesis, we 

report the effect of incorporation of graphene microplatelets into SnO2-TiO2 mesoporous anode to 

boost the performance and long-term stability of DSSCs. DSSCs were fabricated by incorporating 

different concentrations of graphene microplatelets (up to 0.50 wt.%) into the SnO2-TiO2 

mesoporous network utilizing a fast and large area-scalable technique. At optimized concentration 

of graphene (0.03 wt.%), highest PCE of 3.37% was achieved, which is ~16% higher than for 

SnO2-TiO2 photoanodes based DSSC. This enhancement of PCE can be attributed to higher 

electron lifetime and reduced charge recombination in SnO2-TiO2/graphene photoanodes as 

confirmed by transient photovoltage decay and impedance spectroscopy. Furthermore, the 

performance of the solar cells was recorded for 200 hours of continuous illumination under 

simulated sunlight (AM 1.5G) for long-term stability measurements. Our results demonstrated that 

the addition of graphene microplatelets results in superior stability of DSSCs, where the drop in 

PCE was a mere 8%, while a sharp plummet of 30% in PCE was observed in case of SnO2-TiO2 

photoanodes. These findings are encouraging, and establish SnO2-TiO2/graphene architecture as a 

promising photoanode towards efficient and stable DSSC. 

In the final part of our thesis, we introduce our novel SnO2-TiO2/graphene photoanodes for 

fabrication of PEC cells for H2 generation. H2, being a zero emission fuel, is expected to be a major 

player in the future energy scenario especially in the automobile fuel sector. However, presently 

large scale industrial production of H2 relies on utilization of fossil fuels, resulting in greenhouse 

gas emissions. PEC water splitting, exploiting solar energy as a clean energy source and 

implementing colloidal QDs as sensitizers is a promising approach for H2 generation due to the 
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QD’s size-tunable optical properties. However, the challenge of long term stability of the QDs is 

still unresolved. Here, we introduce a highly stable QD-based PEC device for H2 generation using 

a photoanode based on a SnO2–TiO2 heterostructure, sensitized by CdSe/CdS core/thick-shell 

QDs. This hybrid photoanode architecture leads to an appreciable saturated photocurrent density 

of ~4.7 mA/cm2, retaining an unprecedented ~96% of its initial current density after two hours, 

and sustaining ~93% after five hours of continuous irradiation under AM 1.5G (100 mW/cm2) 

simulated solar spectrum. Transient PL measurements demonstrate that the heterostructured SnO2-

TiO2 photoanode exhibits faster electron transfer compared with the bare TiO2 photoanode. The 

lower electron transfer rate in the TiO2 photoanode can be attributed to slow electron kinetics in 

the ultraviolet regime, revealed by ultrafast transient absorption spectroscopy. Graphene 

microplatelets were further introduced into the heterostructured photoanode, which boosted the 

photocurrent density to ~5.6 mA/cm2. Our results clearly demonstrate that SnO2–TiO2 

heterostructured photoanode holds significant potential for developing highly stable PEC cells. 
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Chapter 1:   Introduction 

1.1 Fossil fuel and adverse effects  

The awareness for renewable energy sources has increased gravely around the world due to 

immense concern over environmental pollution, increasing energy demand and limited availability 

of the traditional sources of energy such as coal, oil, and natural gas i.e. fossil fuels. In the past 

five decades, demand of energy around the globe has accelerated world energy consumption by 

more than double.[1] Presently, fossil fuels provide more than 85% of the world’s energy[2], 

combustion of fossil fuels during electricity generation release CO2 and other harmful pollutants 

to the atmosphere causing significant health and environmental impacts.[3]     

 

Figure 1.1: (a) Contribution of fossil fuels and cement manufacture in  global CO2 annual emissions.[2] (b) 

Global CO2 emission in parts per million (ppm) of air molecules since 1980.[5]  

CO2 being the main candidate responsible for global warming based on human activity, pose 

serious threat and have long-standing negative impacts on public health.[4] With the advent of the 

industrial revolution, human activities has been mainly responsible for the increase in 

the atmospheric concentration of CO2 (~45% in the period of 1750-2018).[5] CO2 emissions 
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continue to grow at an accelerated rate, shown in figure 1.1(b), even though a decline of carbon 

emissions was projected following the 1997 Kyoto Protocol.[5,6]   

1.2 Renewable energy 

To meet increasing energy demand, while minimising damage to the environment, we need to 

utilize clean, sustainable, and renewable energy sources.[7] Renewable energy is a form of energy 

that is derived from resources, which can be naturally replenished on a human timescale.[8] There 

are many forms of renewable energy, such as solar, wind, geothermal, hydropower and ocean 

resources amongst others, which are attractive primarily because they have minimal effect on the 

environment.[9]        

 

Figure 1.2: (a) Trend in global energy consumption (1900-2015).[2] (b) Global energy consumption 

statistics.[10] 

The majority of the renewable energy sources yield little or no CO2 emissions, even after taking 

into account the CO2 emissions from each stage of its life cycle i.e. manufacturing, installation, 

operation and decommissioning.[11,12] To reduce CO2 emissions, renewable based energy 

generation should emerge as a frontrunner, however it constitutes only around 10% of the global 

energy consumption shown in Figure 1.2(b). 
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1.3 Solar- The centre stage of renewable energy 

Amongst all the renewable energy sources available, solar energy is the most abundant one. The 

sun emits energy at a colossal rate of 3.8 × 1023 kW[13] among which, the earth being located 

~150 million km away from the sun, intercepts, approximately, energy at the rate of 

1.8 × 1014 kW.[13] Around 60% of this amount reaches the earth’s surface while the rest is 

absorbed by the atmosphere and radiated back into space.[13] Considering the abundance of solar 

irradiance, and the present demand for a clean and renewable energy resource, it is essential to 

explore a safe way to harness and utilize the environmentally benign and renewable solar 

energy.[14] Among several ways of utilizing solar energy, two very appealing and promising 

technologies are solar cells and H2 generation using PEC cells. After the discovery of photoelectric 

effect, by the French scientist Edmond Becquerel,[15] there has been immense effort from 

scientists all around the globe to convert light into electric power or chemical fuels such as H2.[16] 

Solar cells are mainly attractive because they can convert sunlight into electric power. Since the 

annual solar irradiation reaching the earth's surface is about 3 X 1024 J/year, which is ~ 10,000 

times the present energy consumed by the entire world’s  population,[16] the global energy 

demand can be satisfied by covering ~ 0.1%  of the earth’s surface with solar panels of power 

conversion efficiency (PCE) of about 10%.[16,17] On the other hand, H2, a clean and energy 

efficient fuel, is mainly produced in the industry from fossil fuels such as by steam methane 

reforming[18] at high temperatures (up to 900 ºC) and pressures (1.5–3 MPa). [19,20] Generation 

of H2 from solar energy will promote a plethora of new possibilities in realizing a H2 driven 

economy in the future. 
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1.4 Solar spectrum and solar energy conversion 

The sun can be approximately modeled as a black body emitting at the temperature of 5800 K. The 

spectral irradiance of a black body is defined using Planck’s radiation law[21], shown in eqn. 1.1 

𝐹(𝜆) =
2𝜋ℎ𝑐2

𝜆5(exp (
ℎ𝑐

𝑘𝜆𝑇
) − 1)

                                                           1.1 

Where, λ is the wavelength of light, T is the temperature of the blackbody in Kelvin (K), F is the 

spectral irradiance in Wm-2µm-1; and  h is the Planck constant, c is the speed of light in the vacuum 

and k is the Boltzmann constant.  

 

Figure 1.3 Comparison of spectral irradiance: black body radiation (black) at 5800 K, AM0 irradiation in 

space (blue), AM1.5 irradiation in central Europe and north American latitudes (red).[22] The path length 

in air mass unit as a function of the zenith angle.[23] 

Solar radiation is attenuated more and more by scattering and absorption as it passes through the 

earth’s atmosphere. The ozone layer is primarily responsible for the absorption of UV region, 

while water vapor and carbon dioxide are accountable for a portion of IR absorption. The solar 

spectrum outside the earth’s atmosphere is referred to as AM 0.[24] The AM is defined as the path 

length which sunlight travels through the atmosphere normalized to the shortest path length, i.e. 
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when the sun is directly overhead. If L is the path length of light, and L0 is the thickness of the 

atmosphere layer, and through this layer, θ is the zenith angle, then the AM coefficient (as shown 

in eqn. 1.2) is defined as: 

𝐴𝑀 =
𝐿

𝐿0
 ≈  

1

𝑐𝑜𝑠𝜃
                                                                               1.2 

The standard reference spectrum used for characterizing solar cells and PEC cells for H2 generation 

is AM 1.5G, which corresponds to a solar irradiance at a zenith angle of 48.2° and represents the 

overall yearly average of solar irradiance for mid-latitudes.[22,25] Figure 1.3(a) depicts the 

comparison of the black body spectrum at 5800 K, AM 0 and AM 1.5G spectra.  AM 1.5G spectra, 

which consists of both direct and diffused radiation of incident sunlight, and corresponds to an 

intensity of ~1000 W/m2 or 100 mW/cm2 is utilized for PV measurements.[26,27] Some of the 

fundamental limitations that govern the performance of solar cells were studied by Shockley and 

Queisser in 1961.[28] Under an illumination of AM 1.5 solar spectrum, the Shockley-Queisser 

limit suggested that, for an optimum photo conversion,[29] ~33% of the solar energy can be 

theoretically converted to electricity for a single junction solar cell with a band gap (Eg) of 1.4 eV. 

The rest of the solar energy, ~47% gets converted to heat, primarily phonons, 18% of the photons 

transmits through the solar cell unabsorbed,  and around 2% of the energy is lost from 

recombination of newly generated electrons and holes.[28–32] 

1.4.1 Solar cell 

The phenomenon of conversion of light into electrical energy was first observed by the French 

scientist Alexandre Edmond Becquerel in 1839, when he observed that, upon exposure to light, a 

minute amount of electric current is generated between a silver chloride and platinum electrode in 

an electrolyte.[15] This was later coined the “Photovoltaic effect” or “Becquerel effect” after the 
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scientist himself. A few decades later, a photovoltaic effect was observed by William Adams, 

while illuminating a junction between selenium and platinum in 1877.[33] The first selenium solar 

cell was constructed by inventor Charles Fritts in 1883 using selenium on a thin layer of gold.[34] 

The solar cell had an efficiency of only 1 to 2%, but marked the beginning of the PV technology. 

The theory of “photovoltaic effect” was first explained by Albert Einstein in his 1905 by a simple 

description of light quanta later termed as photons.[35] which won him the Nobel Prize in physics 

in 1921.  Following the patent by Russell Ohl 1946,[36] the first practically feasible solar cell was 

developed by Bell laboratories in 1954, implementing a silicon p-n junction, which reached an 

efficiency ~6%.[37] 

 

Figure 1.4: Evolution of power conversion efficiency records of solar cells over time since 1976.[38] 

PV technology can be broadly categorized into three generations. The first generation 

photovoltaics primarily relies on crystalline silicon. Although silicon is abundantly found in 

nature, high energy is required for the purification and manufacturing of defect free silicon, thereby 

increasing the cost per generated power.[39] Although, this class of solar cells can achieve high 

efficiency, close to the Shockley-Queisser limit,[28] high production costs demands a new cost 
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effective technology. The second generation photovoltaics mainly constitutes of thin film 

technologies like CdTe, CIGS, and amorphous silicon[40] fabricated on cheaper glass and ceramic 

substrates, thereby significantly reducing the production cost, however PCE is relatively low.[39] 

To effectively combine the advantages of both the first and second generation photovoltaics, third 

generation technology was introduced.[41,42] The third generation photovoltaic technology 

involve emerging technologies like DSSCs and perovskite solar cells, which demonstrate 

remarkable efficiency,[43,44] where the photogenerated excitons and the charge transport are 

spatially separated, thereby requiring lower purity semiconductors, hence reducing the cost. The 

PCE records of different generations of PV technologies since 1976 are depicted in Figure 1.4.[45] 

1.4.1.1 Dye Sensitized Solar Cells 

The fundamental research that lead to the pioneering work of DSSC was carried out during the era 

of 1970-1990.[46–49] It was only in 1991 when Grätzel and O’Regan, in their revolutionary work, 

introduced a mesoporous semiconductor architecture with high surface to volume ratio, yielding a 

remarkable initial PCE of 7.9%.[50] The working mechanism of DSSCs are based on the principle 

of photosynthesis in plants.[16] 

 

Figure 1.5: DSSC façade at the SwissTech convention center at École polytechnique fédérale de 

Lausanne.[51] 
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The mesoporous layer of a wide band gap semiconductor covered with a monolayer of molecular 

dye in a DSSC absorbs sunlight identical to the chlorophyll in green leaves.[7]  DSSCs outperform 

traditional silicon solar cells in low indoor light or diffused outdoor sunlight (during cloudy days) 

conditions and is less dependent on light AOI compared to conventional solar cells,[52–54] which 

depends on solar tracking systems. DSSC panels are lightweight, which can be manufactured 

industrially by simple roll-to-roll technique[55] with the possibility to be fabricated on flexible 

substrates.[56,57] Figure 1.5 exhibits a DSSC façade at the Swiss Tech convention center at 

EPFL[58] which showcases the semi-transparency and the multi-color possibilities of DSSCs. This 

is an excellent example of building integrated photovoltaics, where the DSSC façade not only 

introduces an exceptional window tint with superb aesthetics, but also generates a 8,000 kWh of 

electricity every year.[51] 

1.4.1.1.1 Key components of a DSSC 

The structure of a conventional DSSC is illustrated in Figure 1.6. A typical DSSC is mainly 

composed of five components;  

 

Figure 1.6: Schematic diagram [59] of a typical DSSC, individual components are shown in details on the 

right  
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A transparent conducting oxide substrate, a mesoporous wide-band gap semiconductor thin film 

(also known as the photoanode), a photosensitizer i.e. dye molecules adsorbed on the mesoporous 

photoanode, a redox-couple electrolyte, and finally a CE to complete the cell. 

1.4.1.1.1.1. Transparent conducting substrate 

To fabricate the TCO substrate, a thin layer of ~200 nm of TCO film is coated on glass substrates. 

Glass substrates offer good protection against penetration of water or oxygen.[60] The principal 

criteria for choosing a TCO layer is (i) it has to be optically transparent in a major portion of the 

AM 1.5G solar spectrum to be able to transmit the incident photons to the light absorber of DSSC, 

and (ii) it has to be electrically conductive (low sheet resistance) to be able to extract the electrons 

to the outer circuit. For DSSC applications, FTO or ITO based thin films fabricated with RF 

magnetron sputtering[61] are commonly used as the because of their low sheet resistance (5-15 

Ω/□),[60] high optical transparency in the solar spectrum and relatively low cost.[59] Moreover, 

to get a higher conductive film i.e. with low sheet resistance, results in a film with lower 

transmittance, typically FTO has a sheet resistance of ∼15 Ω/□ with a transmittance of ∼85% in 

the visible region.[62] ITO is not preferred since the sheet resistance of an ITO coated film sharply 

increases with temperatures above 350 ºC, [61] which is necessary for sintering of the photoanode 

of a typical DSSC.  

1.4.1.1.1.2. Nanocrystalline photoanode 

In the early literature, a monolayer of semiconductor material was used in PEC systems, which 

limited the amount of dye that could be adsorbed on the surface of the semiconductor material, 

thereby leading to a limited absorption of sunlight.[63] By introducing a mesoporous structure of 

nanoparticles the surface area can be enhanced 1000-fold compared to a thin film of similar 

thickness.[63] The efficiency of dye solar cells was limited to less than 1% until the major 
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breakthrough of Grätzel with the introduction of a mesoporous photoanode in 1991.[50] This is 

because, the nanocrystalline mesoporous network provided a high surface area for maximizing the 

absorption of the dye molecules.[64] 

 

Figure 1.7: The effect of using a mesoporous photoanode in DSSCs: IPCE as a function of the excitation 

wavelength; (a) Single-crystal anatase TiO2 cut along (101) plane, (b) Mesoporous anatase TiO2 film. In 

both cases, TiO2 photoanodes were sensitized by the same dye and same electrolyte was used.[16]  

Commonly, wide band gap semiconducting materials are chosen as photoanode for a typical 

DSSC.  The semiconductor materials, which possess an energy band gap of an excess of 3 eV are 

specified as wide bandgap semiconductors, since they cannot absorb visible light radiation. The 

incident light radiation (except UV radiation) passes through the wide band gap semiconductors, 

so that it can be efficiently absorbed by the adsorbed dye molecules on their surface. Wide bandgap 

semiconductors have proven to be potential electron acceptors in DSSCs.[60] To fabricate the 

photoanode of a DSSC, usually, the nanocrystalline wide band gap semiconducting metal oxide 

coating is applied on the top of the TCO substrate by the screen printing or doctor blading 

technique. In this thesis, we fabricate the mesoporous photoanode mainly by doctor blading a paste 
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of the nanocrystalline semiconducting metal oxide. The photoanode architecture of the DSSC is 

the focus of our research in this thesis, and will be explained in more detail. The advantage of 

using a mesoporous photoanode in DSSCs has been depicted in Figure 1.7, where IPCE is plotted 

as a function of wavelength, the values of  IPCE are three orders of magnitude higher[16] for the 

mesoporous anatase TiO2 film, in comparison to the single-crystal anatase TiO2 cut along (101) 

plane. 

1.4.1.1.1.3. Dye sensitizer 

The photosensitizer dye, acts as the primary absorber of incident solar radiation and is one of the 

major components of a DSSC. When a DSSC is illuminated, the dye molecules should absorb the 

incident photons, generate excitons i.e. electrons in the LUMO and holes in the HOMO, and the 

excited electrons should be injected efficiently in the CB of the photoanode. 

 

Figure 1.8: Examples of several Ruthenium polypyridyl dyes used in DSSCs.[65] 
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To be an efficient photosensitizer, the dye molecules should conform to the following essential 

requirements. (i) The dye molecules must strongly bind onto the surface of the photoanode 

nanoparticles with the help of an anchoring group for efficient electron injection and to prevent 

recombination with the electrolyte, rich in holes.[66] (ii) The LUMO or the excited state of the 

dye must be energetically at a slightly higher position than the CB of the photoanode material, for 

efficient electron injection and minimization of energetic potential losses[60] and (iii)  the HOMO 

or the ground state of the dye must be energetically at a lower position compared to the redox 

potential level of the electrolyte for efficient regeneration[60,67] of the oxidized dye. (iv) The dye 

should absorb light, covering a broad span of wavelengths. (v) The electron injection from the dye 

to the photoanode should be faster than recombination of electrons from the excited state to the 

ground state of the dye.[66,68] Photosensitizers can be classified mainly into three categories, 

namely, metal complex sensitizers,[69] natural sensitizers,[70] and organic sensitizers.[71] 

Although, transition metals based photosensitizers are considered to be the most suitable option 

for DSSCs.[72] Figure 1.8 demonstrates[65] the three main Ruthenium polypyridyl dyes used in 

DSSCs, which yield PCE over 10 %.[73] 

1.4.1.1.1.4. Redox Electrolyte 

The redox shuttle electrolyte plays a key role in facilitating charge transfer in a typical DSSC. The 

electrolyte regenerates the oxidized dye and thereby completes the electron transportation between 

the photoanode and the counter-electrode, via the load. The essential requirements for an ideal 

electrolyte are: (i) The redox potential level must be energetically at a higher position than the 

HOMO of the dye molecules, to be able to regenerate the dye. (ii) On the other hand, the redox 

potential level should not be at a sufficiently higher position, or else it may reduce the open circuit 

voltage (Voc) of the DSSC.[74] (iii) The electrolyte should not have strong absorption in the visible 
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spectrum. (iv) Electron transfer rate should be very fast from the CE to the electrolyte. (v) The 

electrolyte should be chemically inert to other components of the DSSC.[59,75] (vi) The redox-

couple must be completely soluble in the solvent, to guarantee high charge carrier 

concentration.[59] Typically, in DSSCs, Iodide/triiodide (I−/I3
−) in acetonitrile is commonly used 

as an electrolyte because of the proven versatility of the redox couple and excellent long-term 

stability.[76]  

1.4.1.1.1.5. Counter electrode 

The role of a CE in a conventional DSSC is to transfer the electrons from the external circuit to 

replenish the redox electrolyte. Furthermore, it can act as a reflector for the light transmitted by 

the photoanode, thereby increasing the light absorption. The CE is a FTO glass coated with a thin 

layer of platinum (Pt). Pt shows high catalytic activity and stability towards the I−/I3
− 

iodide/triiodide redox electrolyte.[77–79] Pt is an expensive element, but only a thin layer, ~ few 

nanometers on the FTO substrate exhibits an excellent thermal and electrical conductivity[80] with 

high catalytic activity, but does not increase the overall cost of the cell to a great extent. However, 

extensive research effort has been conducted to look for alternative CE materials to replace Pt. 

Potential materials such as transition metal carbides/nitrides/oxides, carbon materials, conducting 

polymers has been investigated to fabricate a low cost Pt-free CE.[80,81] 

1.4.1.1.2. Working Mechanism of a DSSC 

The working mechanism of a typical DSSC is illustrated in Figure 1.9. A conventional DSSC is 

fabricated on a glass substrate coated with a transparent conducting layer such as FTO. In our 

experiments, we create a mesoporous photoanode of SnO2 by simple doctor blading technique and 

sensitize with dye molecules, which absorb sunlight. The DSSC is closed with a Pt counter 



14 

 

electrode and a redox couple electrolyte is injected inside the DSSC, which acts a hole transporting 

medium. The detailed working mechanism of a DSSC is explained below: 

 

Figure 1.9: A schematic representation of a typical DSSC illustrating the different charge transfer 

mechanisms;[59] The structure of a classical DSSC is shown in the inset.  

1. The dye molecules absorb photons upon light irradiation and promotes an electron from 

the ground state (HOMO) to the excited state of the dye (LUMO). The excited state of the 

photo sensitizing dye is denoted as S*, as shown in eqn. 1.3:  

Light absorption by the photo sensitizing dye 

𝑺 +  𝒉𝝊 = 𝑺∗                                                                 1.3 

2. The electrons excited to the LUMO of the dye are injected to the CB of the semiconductor 

photoanode (PA) and the dye sensitizer is oxidized to S+, as shown in eqn. 1.4: 
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Electron injection 

𝑺∗  →  𝑺+ + 𝒆𝒄𝒃
−                                                                1.4 

3. The electrons injected in the conduction band of the mesoporous PA traverse through the 

nanocrystalline architecture of the PA via diffusion mechanism and reach the CE through 

the FTO and outer circuit thereby performing electrical work, as shown in eqn. 1.5: 

Electron transportation 

𝒆−(𝑷𝑨) → 𝒆−(𝑪𝑬)                                                           1.5 

4. The electron from the redox couple electrolyte restores the original state (S) of the photo 

sensitizing dye and thereby itself gets reduced and shown in eqn. 1.6: 

Dye regeneration 

𝟐𝑺+ + 𝟑𝑰−  → 𝟐𝑺 +  𝑰𝟑 
−                                                        1.6 

However, the electron in the PA can recombine with oxidized sensitizer, shown in eqn.1.7: 

     Recombination 

𝑺+ +  𝒆−(𝑷𝑨)  → 𝑺                                                           1.7 

5. At the CE, the iodide is regenerated by reducing tri-iodide by receiving an electron from 

the outer circuit, shown in eqn. 1.8: 

                                                      Iodine regeneration 

𝑰𝟑
− + 𝟐𝒆− → 𝟑𝑰−                                                              1.8 

1.4.1.1.3. Dynamic competition in a DSSC 

The performance of a typical DSSC depends on the dynamic competition between the different 

charge transfer and charge transport processes and several recombination reactions, which hinder 
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the charge transport mechanism. Mainly, the beneficial processes for a DSSC are light absorption 

by the sensitizer, electron injection from the sensitizer to the photoanode, charge transport in the 

photoanode and the regeneration of the dye sensitizer.  

 

Figure 1.10: Different charge transport and recombination mechanisms in a typical DSSC.[82] Time scale 

of different processes in a DSSC.[83] 

The main processes that hinder efficient charge transport are the relaxation of the excited electron 

in the sensitizer and the recombination of the injected electron in the photoanode to the oxidized 

dye and electrolyte. Usually, the injection of the photoexcited electron occurs in the time regime 

of fs to ps,[84] and the excited state lifetime of the dye in case of Ru- complexes are in the order 

of tens of ns,[85,86] thus in most cases electron injection is most likely than relaxation of electrons 

in the dye. For DSSCs to be practically implementable, the life cycle has to be over 108,[82] the 

regeneration of the dye should be in the range of µs which is found for best Ru-complex dyes.[87] 

The charge transport within a photoanode of a DSSC takes place by electron hopping[82] from 
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one nanocrystal to the next via diffusion mechanism, which is generally less than ms. This 

competes with the recombination of the injected electron to the holes in the electrolyte, which 

represents the electron lifetime and is generally in ms to seconds time scale.[83] The different 

charge transfer mechanisms and recombination and the time scales are demonstrated in Fig. 1.10. 

1.4.1.1.4. Role of the photoanode of a DSSC 

The photoanode of the DSSC is the most crucial component, which determines the overall 

performance of the cell. Due to its importance, the photoanodes have fascinated researchers around 

the globe much more than any other component of the DSSC. Figure 1.11 demonstrates [67] the 

importance of photoanodes in DSSC in terms of publication interest. 

 

Figure 1.11: Evolution of the number of research publications in DSSC. Inset shows the distribution of 

publications for each DSSC component in 2012.[67] 
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The essential criteria for a photoanode of a DSSC are:  

 High surface area: The photoanode must possess a high surface to volume ratio, to be 

able to anchor enough quantity of dye molecules. Large number of dye molecules will 

increase the photon absorption and thereby generate enough photoelectrons to contribute 

to the photocurrent density. Hence, increasing the overall PCE of the device.[50,64] 

 Suitable band alignment: The CB of the photoanode should be in a favorable position 

energetically with the LUMO of the dye for efficient electron injection. The CB of the 

photoanode material must be energetically at a slightly lower position than the LUMO of 

the dye for minimization of energetic potential losses.[60] 

 High electron mobility: The electron transport in a DSSC occurs by electron hopping 

from trap states present in the nanocrystalline photoanode which occurs in the ms time 

regime. For an electron to be collected by the outer circuit it has to partake in dynamic 

competition with the recombination processes, thus high electron mobility in the 

photoanode will ensure efficient electron transport. 

 

1.4.1.1.5. DSSC photoanode material 

Essentially, a thin nanocrystalline layer of wide-band gap semiconductor with high surface 

roughness[50,64] is considered as a potential electron acceptor and utilized as a photoanode 

material in a DSSC. Among different wide-band gap oxide materials, such as TiO2,[88,89] 

SnO2,[90–92]  ZnO,[93,94]  Nb2O5,[95] WO3[96] and other ternary oxides like Zn2SnO4,[97] TiO2 

is the common preference for DSSCs because of its low-cost, availability, non-toxicity and good 

chemical stability.[85]  Depending on the annealing temperature, TiO2 can exist in three crystalline 

phases, namely anatase, rutile and brookite.[98–100] However, anatase TiO2 is widely used as the 
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photoanode in DSSCs because of its wider band gap, Eg = 3.2 eV for anatase in comparison to Eg 

= 3.0 eV for rutile structure, which corresponds to an absorption edge of λg ~390 nm for anatase 

TiO2 and λg ~410 nm for rutile TiO2.[101] Since the position of the valence bands are similar[102] 

for both the crystalline phases, the wider band of anatase TiO2 translates to a higher conduction 

band edge, which leads to higher Fermi level and open circuit voltage, Voc in anatase TiO2 

DSSCs.[72] 

 

Figure 1.12: Energy band positions [16] of different semiconductors with reference to normal hydrogen 

electrode (NHE) or the vacuum level.  

 

Usually, the ZnO photoanode based DSSC is considered to be an alternative where anatase TiO2 

is not used. The valence and conduction band positions of ZnO is very similar to anatase TiO2, 

which is demonstrated in Fig. 1.12. Thus, energetically, ZnO has the same advantages as anatase 

TiO2.  Additionally, ZnO has higher electron mobility than anatase TiO2, which facilitates electron 
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transport within the photoanode. However, the poor stability of ZnO in both acidic and basic 

solutions limits its use. Carboxylic acid anchoring groups present in a typical DSSC dissolute ZnO 

resulting in Zn2+ ions.[63] These Zn2+ ions form insoluble complexes along with commonly used 

ruthenium dyes such as N3 and N719.[63] The insoluble complexes, then precipitate in the 

mesoporous photoanode structure[63] and hinder charge transfer processes. 

1.4.1.1.6. Various photoanode architectures in DSSCs 

Typically nanoparticles of size ~ 18-20 nm are utilized to fabricate the photoanode using different 

techniques such as doctor-blading,[50,64] screen printing,[103,104] etc., which can provide a large 

surface area for dye adsorption as well as a relatively high porosity[105] for efficient dye 

penetration. Although this photoanode consisting of small nanoparticles is effective for dye 

sensitization, there is no scattering for the incoming light since they are transparent to the visible 

spectrum, thereby hindering light harvestation.[106,107] 

 

Figure 1.13: (a) Typical photoanode structure consisting of small nanoparticles presenting random electron 

transport pathways; (b) bi-layer photoanode structure where light is scattered by the top layer of bigger 

nanoparticles; (c) directional electron transport in 1D nanowires and (d) hierarchical 1D nanowire 

architectures.[105] 

In order to scatter the incident light back to the photoanode, which would typically pass through 

un-absorbed in a traditional photoanode, a bi-layer structure was implemented. The second layer 
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of large nanoparticles, usually ~200-500 nm in size, are also doctor-bladed on top of the 

transparent film. These large nanoparticles trap the incoming light radiation within the photoanode, 

thereby increasing the light harvesting efficiency.[108–111] 

 

Figure 1.14: (a) Schematic representation of a hierarchical ZnO sphere consisting of densely packed ZnO  

nanoparticles;[112] (b) Enhanced light-scattering effect in a photoanode based on SnO2 octahedra, the 

structure of a SnO2 octahedra is shown on the bottom right.[113] 

Furthermore, incorporation of one dimensional (1D) nanostructures in the photoanode, such as 

nanowires, nanorods has improved electron collection efficiency in DSSCs.[105] 1D nanostructure 

based photoanodes have generated considerable interest because of their high crystallinity, and 

low surface defects, which can promote electron transport and reduce interfacial 

recombination.[105,114–116] Moreover, the internal electric field present in 1D nanostructures 

drives the transport of photoinjected electrons,[105] and can extend the diffusion length to be as 

long as ~100 µm.[117] Different photoanode structures including bi-layer and 1D nanostructures 

are depicted in Fig. 1.13. Bi-functional spherical ZnO nanoparticle assembly architectures were 

developed by Zhang et al.[112] have been demonstrated in Fig. 1.14 (a) The 100-500 nm sized 

hierarchical ZnO spheres constituted of densely packed small ZnO nanoparticles of 15 nm in 

diameter. The aim of the bi-functional structure was to provide a high surface area for dye loading 
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by small nanoparticles, and enhanced light scattering with the help of sub-micron sized 

hierarchical ZnO aggregates.[112,118,119]   

 

Figure 1.15: Schematic illustration of a TiO2 nanoparticle/ZnO nanowire composite photoanode.[120] 

Other hierarchical structures include SnO2 octahedrons of ~1 µm in size that was constructed by 

small SnO2 nanoparticles of ~30 nm in size, which is illustrated in Fig. 1.14 (b).  In spite of the 

fact that the surface area to volume ratio of the SnO2 octahedrons was decreased in comparison to 

the SnO2 nanoparticles, the hierarchical structure showed enhanced photovoltaic performance, 

which was attributed to light scattering effect.[105,113]    

 

Figure 1.16: Schematic representation of improved charge collection mechanism in a photoanode based on 

a graphene network embedded in a TiO2 nanoparticle network.[121]  
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Composite photoanode architectures using not only different structures but implementing different 

wide band gap semiconductors were reported by Bai et al. Small amounts of ZnO nanowires were 

used in a mesoporous network of TiO2 nanoparticles. The ZnO nanowire network not only increase 

the light scattering within the photoanode but also promote electron transfer. The advantageous 

effect of incorporating ZnO nanowires[120] is illustrated in Fig. 1.15. Various carbon materials 

such as graphene, SWCNTs, MWCNTs, reduced graphene oxide, nitrogen doped graphene oxide 

were incorporated within the TiO2 nanoparticle matrix to increase the electron mobility in the 

photoanode.[121–126] CNTs[123] and graphene microplatelets[121] possess high transparency 

and high electrical conductivity.[121] The absorbance of a monolayer of graphene sheet in the 

visible range is ~ 2.3%.[121] So, the addition of a small amount of graphene in the photoanode 

does not affect the transparency,[121] but creates an electron percolating network. Graphene 

microplatelets incorporated in a TiO2 nanoparticle matrix (illustrated in the schematic in Fig. 1.16), 

not only offers fast electron transport within the photoanode, but also facilitates fast collection of 

electrons[121] in the FTO. The introduction of MWNTs in the photoanode also reduces electron 

recombination and enhances the roughness factor.[124,127] In chapter 4.2 of our thesis we have 

introduced graphene based photoanodes to boost the performance of our DSSCs. 

1.4.1.1.7. SnO2 as a photoanode of DSSCs 

TiO2 photoanode based DSSCs have reached the highest efficiencies to date, essentially due to 

low overpotential w.r.t commonly used dyes and high surface to volume ratio. Also, the superior 

dye loading of anatase TiO2 and ZnO, which results from the high isoelectric point of TiO2 (pH 6-

7) and ZnO (pH ~9) in comparison to low isoelectric point of SnO2 (pH 4-5), which facilitates 

higher photocurrent density in TiO2 and ZnO.[128,129] However, SnO2 has been utilized in dye 

sensitization since the beginning of 1980’s.[130–132] Since, charge transport in DSSCs is 
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diffusion mediated, electron mobility is one of the key characteristics, which defines efficient 

electron percolation. One of the most attractive properties of SnO2 is high electron mobility 

compared to other widely used semiconductors in DSSCs.  

 

Figure 1.17: Schematic diagram of tetragonal rutile crystal structure of SnO2,[132] the (110) crystal plane 

shown in green.  

The electron mobility (µ𝑒) of SnO2 is ∼250 cm2 V–1 s−1 for single crystals and ∼150 cm2 V–1 s−1 

in the case of nanostructures, which is orders of magnitude higher than that of its main competitor 

TiO2 which has an electron mobility µ𝑒~1 cm2 V–1 s−1 in single crystals and ∼10−5 cm2 V–1 s−1 in 

nanostructures.[132–136] Electron mobility can be estimated by µ𝑒 = 𝑒
𝜏𝑠

𝑚𝑒
 ,where e is the 

electronic charge, 𝜏𝑠 is the collision frequency and me is the effective mass.[132] The high electron 

mobility of SnO2 is achieved because of its low effective mass me ~ 0.17-0.30 mo [137–139] 

whereas, the high effective mass me ~ 1-50 mo [140–143] in case of TiO2 limits its electron mobility. 

The schematic diagram of the tetragonal rutile crystal structure of SnO2 is demonstrated in Fig. 

1.17. In this SnO2 crystalline structure, each Sn atom is placed at the center of an octahedron, which 

is surrounded by six oxygen atoms.[132,144] The lattice parameters of the rutile structure are a = 

b = 4.737 Å, c = 3.18 Å. The (110) crystal plane with an interplanar spacing, d110 = 3.3470Å, is 
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shown in the Fig. 1.17, which has the most prominent peak in tetragonal rutile SnO2. In our thesis, 

devices with SnO2 rutile structure has been studied in depth. 

1.4.2 Hydrogen Production from solar energy 

Hydrogen is a non-carbon based energy resource,[145] which has the potential to replace fossil 

fuels since the by-product upon combustion is water. Moreover, molecular H2, which has the 

highest energy content per unit weight[146] drives the quest towards building a hydrogen driven 

economy. Although H2 itself is a clean energy resource, the present industrial production of H2 fuel 

mainly relies on the use of fossil fuels. Natural gas, oil, coal, and electrolysis are the main sources 

for producing hydrogen commercially.[147] In the industry, mass production of hydrogen is 

usually carried out via steam reforming of methane or natural gas, which is the most cost effective 

at present.[148] This process involves an endothermic reaction, reaching temperatures above 1000 

°C in the presence of steam. This reaction splits the methane molecules and carbon monoxide 

(CO), H2 are formed. The major drawback with the present industrial H2 manufacturing is that, it 

ir mainly dependent on fossil fuels, for example, steam methane reforming, which is one of the 

cleanest H2 generation processes, produces ~10 kg CO2 per kg of H2.[149]  

The necessity for H2 generation and the challenges with current methodologies to derive the same, 

motivates us to look for more possibilities. Although H2 production by electrolysis is considered 

to be a solution, but the electricity required for electrolysis of water may be derived from fossil 

fuel-based resources. To rule out those possibilities, solar energy can be considered as a potential 

energy resource to split water into its constituents O2 and H2. H2 production from solar energy is 

considered to be the ultimate solution for sustainable energy[150] as it is green-house emission 

free and it utilizes the two most abundant and readily available resources sunlight and water. 
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Utilizing the thermal energy from the sun, water molecules can be directly split, with or without 

the assistance of some other additional intermediate chemicals.[151] Some examples of H2 

production from solar energy include thermolysis, thermal decomposition and thermochemical 

methods.[152] In principle, direct water decomposition starts at temperatures above 2000 ºC, 

without the use of additional chemicals.[151] Although, presently, high temperatures up to 3500 

ºC can be attained by solar concentrating furnaces,[153,154] the temperature of direct thermolysis 

is very high for building the apparatus required and the selection of refractory materials.[152] 

Moreover, the product of thermolysis process is a mixture of hydrogen and oxygen gas, which 

pose a considerable threat for explosion[152] at such an elevated temperature. Thus, direct water 

thermolysis has to undergo radical development to become an industrial practice.  

1.4.2.1 Hydrogen generation using PEC cells  

In 1972 scientists Fujishima and Honda constructed a photoelectrochemical cell,[155] which 

decomposed water into hydrogen and oxygen (illustrated in Fig. 1.18). TiO2 was used as the 

photoanode, and platinum as the cathode immersed in water. In their pioneering work, they 

observed that when a TiO2 photoanode was illuminated by UV light, oxygen evolution occurred 

at the TiO2 photoanode and H2 at the cathode. 

 

Figure 1.18: Schematic diagram of the PEC cell used by Fujishima and Honda.[155] 
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Upon excitation by a simulated sunlight source, the photocatalyst such as TiO2 absorbs UV and/or 

visible irradiation, and the valence band electrons in the photocatalyst are promoted to the 

conduction band, leaving behind holes in the valence band. These are termed as excitons. After 

the photoexcitation, the excitons migrate to the photocatalyst surface. The water molecules are 

reduced by the electrons to form H2 and are oxidized by the holes to form O2 to complete the 

overall water splitting reaction. This phenomenon of exciton generation when the incident 

illumination energy is higher than the band gap of the photocatalyst, and the H2 and O2 evolution 

has been demonstrated in Fig. 1.19.  

 

Figure 1.19: Fundamental mechanism of semiconductor-based photocatalytic water splitting for hydrogen 

generation.[156] 

Under normal conditions, to achieve photoelectrochemical water splitting, an incident energy of 

ΔG = 237.1 kJ/mol is required which corresponds to a thermodynamic electrochemical potential 

of 1.23 V.[157] The overall water splitting reaction is shown in equation 1.9. The two reactions 

occurring, i.e. the OER is represented in equation 2.0 and the HER is shown in equation 2.1   

                                                  2𝐻2𝑂 +  4ℎ+ +  4𝑒− ⇆  2𝐻2 +  𝑂2                                               1.9 
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2𝐻2𝑂 + 4ℎ+ ⇆  𝑂2 +  4𝑒− + 4𝐻+               𝐸𝐻2𝑂/𝑂2

0 = 1.23 𝑉 𝑣𝑠. 𝑁𝐻𝐸                    2.0 

 

4𝑒− +  4𝐻+  ⇆  2𝐻2                                       𝐸𝐻+/𝐻2

0 = 0.00𝑉 𝑣𝑠. 𝑁𝐻𝐸                     2.1                

 

For efficient PEC water splitting, the band gap energy (Eg) of the photocatalyst must be >1.23 eV 

Additionally, The conduction band minima of the photocatalyst must be more negative than the 

reduction potential of H+/H2 (0 V vs NHE), whereas the valence band maxima must be more 

positive than the oxidation potential of O2/H2O (1.23 V).[156] 

 

Figure 1.20: The main processes for charge transport and recombination in photocatalytic water 

splitting.[156] 

The major processes in the photocatalytic hydrogen generation system are illustrated in Fig. 1.20. 

All the different processes such as light absorption by the semiconductor photocatalyst, generation 

and separation of  excitons, migration of the electrons and holes to the surface of the photocatalyst, 

bulk and/or surface recombination of the electrons, as well as transfer of excited charges to water 

or other molecules affect the final generation[156] of hydrogen from the semiconductor 
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photocatalyst system. The amount of excited electrons in the water/ photocatalyst interface 

determines the total amount of hydrogen evolution.[156] 

1.4.2.1.1 Semiconductor photoanodes for PEC cells  

Since Honda-Fujishima’s pioneering work on PEC water-splitting, there has been immense 

interest in the scientific community in developing semiconductor materials for efficient 

photoelectrodes. 

 

Figure 1.21: PEC based water splitting systems implementing (a) n-type semiconductor photoanode, and 

(b) p-type semiconductor photocathode.[158]  

Fig. 1.21 illustrates the different PEC water splitting setups, Fig. 1.21 (a) shows a PEC setup based 

on n-type semiconductors and Fig. 1.21 (b) demonstrates a typical PEC setup based on p-type 

semiconductors. In the configuration shown in Fig. 1.21 (a), when an n-type semiconductor absorb 

photons with energies higher than its band gap, excitons are created. The excited electrons migrate 

to the CE through the external circuit and reduce water to generate H2. The holes, on the other 

hand, reach the semiconductor surface to oxidize water into O2. Whereas, in the configuration 
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shown in Fig. 1.21 (b), water gets reduced on the semiconductor surface to produce H2, while O2 

is generated at the CE by oxidizing water.[158] In chapter 4.3 of our thesis, we utilize a PEC setup 

using heterostructured photoanodes in the configuration shown in Fig. 1.21 (a). Traditionally, wide 

band gap semiconductor oxides, which exhibit excellent stability against photocorrosion are 

utilized as photoanodes.[158]  

1.4.2.1.1.1 Quantum Dot based PEC cells  

Wide band gap semiconductors like TiO2 perform exceptionally in PEC systems because of their 

excellent stability against photocorrosion, but a major drawback in wide band gap semiconductors 

is that they can only absorb UV radiation. QDs which possess size tunable optical properties can 

extend the absorption of wide band gap semiconductors to the visible and near IR spectrum. 

 

Figure 1.22: Band structure of different semiconductors with respect to the redox potentials of water 

splitting.[18] 
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The band edge positions of different semiconductors with respect to the redox potentials of water 

splitting are presented in Fig. 1.22. Since QD sensitized photoanodes can expand the absorption 

range of wide band gap semiconductors higher H2 generation efficiencies can be 

achieved.[159,160] Although QD sensitized PEC cells have been extensively studied for their 

excellent efficiency in H2 generation, stability is still a major setback, which drives the quest for a 

highly stable photoanode material for QD based PEC cells. The poor stability in the QD based 

PEC cells, mainly originates from the formation of UV induced deep traps[161] in metal oxides 

such as TiO2, which promotes the formation of excess holes in TiO2. These holes act as non-

radiative recombination centres, which largely contribute to the photooxidation process of the 

QDs. In this thesis, we introduce novel SnO2-TiO2/ graphene photoanodes to alleviate this issue. 
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Chapter 2  

2.1     Research objectives 

This thesis is divided into two parts with two corresponding objectives:  

2.1.1. Part I: Fabrication and characterization of DSSCs with novel heterostructure 

photoanode 

DSSCs have been emerging as an alternative to conventional silicon PV devices over the past two 

decades because of their low cost, abundant raw material and facile fabrication process.  Compared 

to traditional semiconductors in p-n junction solar cells, the semiconductor material in a DSSC 

photoanode is allowed to have lower purities, hence reducing the overall production cost. One of 

the key roles in DSSCs is being played by its photoanode. TiO2 nanoparticle mesoporous thin films 

have been widely used as a photoanode material in DSSCs owing to its very fast electron injection 

rates from the excited state of the dye into the TiO2 nanoparticle conduction band. However, due 

to limited electron mobility in TiO2, the high electron recombination rates lead to degradation of 

PCE. While on the other hand, SnO2 is a promising oxide material because of its higher electronic 

mobility and large band gap (3.8 eV). The mobility for both single crystal and nanostructured SnO2
 

is orders of magnitude higher than in single crystal TiO2. However, due to faster electron 

recombination kinetics and lower trapping density in SnO2, resulting from a 300 mV positive shift 

of the conduction band relative to TiO2, it results in an increased dark current, limiting the device 

open circuit voltage.[162,163] Furthermore, SnO2 has a lower IEP at pH 4-5 than anatase TiO2 

(IEP at pH 6-7),[129] which leads to lower dye adsorption with acidic carboxyl groups,[163] 

decreasing the optical density of the photoanode and its ability to absorb solar radiation.  

In DSSCs, the FTO glass can directly come in contact with the liquid electrolyte, since the 

mesoporous photoanode cannot uniformly cover the entire FTO surface. At the interface of FTO 
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and liquid electrolyte, interface charge recombination limits electron collection and affects 

PCE.[164–168] Modification of FTO/electrolyte interface plays a key role in boosting the DSSC 

performance by suppressing the recombination of electrons from the FTO to the electrolytes. One 

approach of such interface modification is to add a compact metal oxide blocking layer on FTO 

that would inhibit back electron transport from FTO to the electrolyte.[169] Also, TiO2-SnO2 based 

heterojunctions can be considered to mitigate the problem of low electron mobility in case of TiO2 

and fast electron recombination in case of SnO2. In fact, the CB edge of SnO2 is at a lower position 

than TiO2, so the electrons injected from the dye to TiO2 can be efficiently injected to SnO2, which 

in turn also has a higher mobility. As a result, the overall electron conductivity of the system can 

be enhanced.[170] The SnO2-TiO2 heterojunctions create a cascading band structure when layered 

with the N719 dye.[171,172] Multistep electron transport down a cascading band structure 

increases carrier lifetime and reduces charge recombination.[173] In addition, a thin TiO2 

passivating layer at the surface of SnO2 nanoparticles can reduce recombination of electrons from 

the SnO2 photoanode to the electrolyte, which is one of the driving factors for poor performance 

of SnO2 solar cells. 

To address the above mentioned issues of recombination in a SnO2 mesoporous photoanode DSSC, 

and gain more understanding on DSSCs fabricated with SnO2 photoanode, we plan to implement 

a modified SnO2 photoanode, in which, the concept of efficient electron injection is pursued in a 

SnO2-TiO2 heterojunction, to form a cascading band structure by modifying the SnO2 photoanode 

with TiCl4 or TiOx precursor solution, and treating the FTO substrates with the same precursor 

solutions to form a blocking layer. Furthermore, the photogenerated electrons in the photoanode 

of a DSSC have to travel through the network of semiconductor particles, and thereby encounter 

innumerable grain boundaries during the transit, making it prone to recombination with the holes 



34 

 

present in the electrolyte. So addition of a small amount of MWCNT and graphene to the anode 

can create a highly conducting 3D percolating network, by acting as charge directing 

pathways.[121,174] 

1. Fabricating a blocking layer on FTO/glass substrates and a passivating layer on the SnO2 

mesoporous photoanode with TiOx and TiCl4 precursor solution, to inhibit the electron hole 

recombination process, thus creating a SnO2-TiO2 heterojunction. 

2. Studying the role of TiCl4 and TiOx precursor solution on the SnO2 mesoporous structure 

of the photoanode, and understand the combined effect of the blocking layer and the 

passivation layer on photovoltaic performance of the devices. 

3. Investigating the photovoltaic performance of SnO2-TiO2 photoanode DSSCs with the 

introduction of graphene microplatelets and its role in improving the charge transfer 

properties in the photoanode. 

4. Studying the effect of introduction of graphene microplatelets in the long term stability of 

the functional parameters of the DSSC. 

2.1.2 Part II: Investigation of novel heterostructure photoanode for PEC based H2 

generation  

H2, which has the highest energy content per unit weight[146] in comparison to other known 

gaseous fuels. Although, H2 is considered to be a clean fuel since it only results in water as a 

reaction product upon oxidation,[175] but presently, large scale production of H2 mainly relies on 

extraction from hydrocarbons such as methane utilizing fossil fuels. Production of H2 from water 

utilizing PEC cells using solar energy, is a very attractive approach. PEC cells, which generally 

use wide band gap semiconductors as photoanodes, can be further sensitized by QDs to extend 

their absorption spectrum, thereby improving their H2 generation efficiency.[159,160] Although 
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QD sensitized PEC cells have been extensively studied for their considerable efficiency in H2 

production, stability still remains a major concern. Poor stability in colloidal QD based PEC cells 

drives us to explore a highly stable photoanode material. Owing to its fascinating photocatalytic 

properties, anatase TiO2 is primarily exploited for fabrication of the photoanode in a PEC cell. 

However, the wider band gap (3.6 eV) of SnO2 as compared to anatase TiO2 (3.2 eV) creates fewer 

oxidative holes in the valence band under UV illumination,[176] This can play a crucial role in 

improving the long-term stability of PEC cells. Until now, SnO2 has been investigated 

considerably less for PEC water splitting applications, primarily because its CB minimum is lower 

than the reduction potential of water,[177] and it suffers from a limited exciton separation 

rate.[178] On the other hand, TiO2 has a favorable band alignment for water splitting, however, 

UV degradation is setback. To address these challenges, we designed a SnO2-TiO2 heterojunction, 

to integrate the advantages of both SnO2 and TiO2 (i.e. the higher CB edge of TiO2, and the high 

stability and exceptional electronic mobility of SnO2). In addition, a type-II band alignment in case 

of the SnO2-TiO2 heterojunction promotes charge transport and separation, which can boost the 

performance of PEC cells.[177,179] 

Therefore, the objectives for Part II are:  

1. Fabricating and implementing SnO2-TiO2/graphene photoanode in PEC cells for H2 generation 

application.  

2. Investigating the charge transfer kinetics in the photoanode with characterization techniques 

such as transient photoluminescence and ultrafast absorption spectroscopy. 

3. Studying the performance and the stability of our heterostructured photoanode in PEC cells. 

2.2     Thesis organization 

This thesis is divided into five chapters, which are organized as follows: 



36 

 

Chapter 1: Introduction: Fundamental concepts of the background are briefly introduced here. 

Chapter 2: Research objectives: The motivation and main goals of this thesis are presented in this 

chapter. 

Chapter 3: Experiments and characterization: The experimental details of fabrication process of 

heterostructured photoanodes for DSSCs and PEC cells for H2 generation are described here. 

Essential characterization techniques are also discussed in this chapter. 

Chapter 4.1: Surface modified SnO2 photoanodes for DSSCs: the publication related to this 

chapter is: Enhanced photovoltaic properties in dye sensitized solar cells by surface treatment of 

SnO2 photoanodes. Kaustubh Basu, Daniele Benetti, Haiguang Zhao, Lei Jin, Fiorenzo Vetrone, 

Alberto Vomiero, Federico Rosei.  Sci. Rep. 6 (2016) 23312, 1-10. 

Chapter 4.2: Graphene based SnO2-TiO2 photoanodes for DSSCs: the publication related to this 

chapter is: Graphene modified SnO2-TiO2 photoanodes for efficient and stable dye sensitized solar 

cell. Kaustubh Basu, Gurpreet Singh Selopal, Mahyar Mohammadnezad, Rusoma Akalimali, 

Zhiming M. Wang, Haiguang Zhao, Fiorenzo Vetrone, Federico Rosei. In preparation.  

Chapter 4.3: SnO2-TiO2 photoanodes for application in colloidal QD based PEC cells: the 

publication related to this chapter is Highly stable photoelectrochemical cells for hydrogen 

production using SnO2-TiO2/quantum dot heterostructured photoanode. Kaustubh Basu, Hui 

Zhang, Haiguang Zhao, Sayantan Bhattacharya, Prasanta Kumar Datta, Lei Jin, Shuhui Sun, 

Fiorenzo Vetrone, Federico Rosei. Published in Nanoscale. 

Chapter 5: Conclusions: Concluding remarks are described in this chapter.  

Most of work in this thesis was done by Kaustubh Basu, however, some parts were conducted 

through collaboration. All collaborators who participated in experiments have been duly 
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acknowledged by adding them as co-authors in the manuscripts. Following the main body of this 

thesis is an appendix containing a summary of this thesis in French according to INRS guidelines. 
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Chapter 3:  Materials and methods 

In this chapter, the experimental details for the preparation of the SnO2 paste, preparation of SnO2-

TiO2 photoanode, fabrication and characterization of the photoanode structure and the entire PEC 

cells, namely the DSSC, and PEC cell for H2 generation are reported. The first section mainly 

introduces the preparation of SnO2-TiO2 photoanode, and SnO2-TiO2/graphene photoanode and 

the fabrication and characterization of the entire DSSC structure. The second section focuses on 

the preparation of the SnO2-TiO2 photoanode, SnO2-TiO2/graphene photoanode and the 

fabrication and characterization of the PEC cell for application in H2 generation. The SnO2 paste 

was deposited on fluorine doped tin oxide (FTO) coated glass substrates using a simple doctor 

blade technique followed by annealing in air ambience, SnO2-TiO2 photoanode was fabricated by 

different precursor solution routes. Finally, to fabricate the SnO2-TiO2/graphene photoanode, 

different concentrations of graphene (dispersed in ethanol) were systematically introduced and the 

photoanodes were sensitized by dye via dip coating technique. To fabricate the photoanodes for 

PEC based H2 generation, similar approach was undertaken, here the photoanodes were sensitized 

by colloidal core-shell quantum dots (QDs) using Electrophoretic deposition (EPD) technique.  

3.1 Materials 

 FTO coated glass substrates were purchased from Pilkington glasses with a sheet resistance of 8 

Ω/□. SnO2 nanopowder (99.9% tin(IV) oxide), to fabricate the photoanode, was obtained from 

American Elements. Graphene microplatelets were purchased from Raymor Inc. The redox couple 

electrolyte, consisting of iodine and tri-iodide (I-/I3
-), ruthenium based N719 dye (Ruthenizer 535-

bisTBA), and Meltonix thermoplastic spacers were bought from Solaronix. Titanium(IV) chloride 

(0.09 M in 20% HCl), titanium isopropoxide (99.999%), hydrochloric acid (37%),  alpha-terpineol, 

ethyl cellulose, sulfur (100%), oleylamine (OLA) (technical grade, 70%), cadmium oxide (99%), 



39 

 

oleic acid (OA), Rhodamine 6G and octadecene (ODE), selenium pellet (≥99.999%), trioctyl 

phosphine oxide (TOPO), trioctyl phosphine (TOP) (97%), zinc acetate dihydrate (≥98%), sodium 

sulfide (Na2S), sodium hydroxide, sodium sulfite (Na2SO3), hexane, toluene, methanol, acetone, 

ethanol and isopropanol (IPA) were obtained from Sigma-Aldrich Inc. All the starting chemicals 

used in this work, were used without further purification. 

3.2 Methods 

3.2.1 Experimental details relevant to DSSC fabrication with SnO2 photoanodes with 

different post treatment routes 

3.2.1.1 Preparation of SnO2 paste 

The SnO2 nanoparticles ~20 nm (American Elements 99.9% tin(IV) oxide) of APS were used. To 

prepare the paste, 1 g of SnO2 powder was mixed with 5 ml of ethanol which acts as solvent, 1 ml 

of alpha-terpineol as dispersant, 0.5 g of ethyl cellulose as thickener and 1ml of water. All of these 

ingredients were mixed in a beaker under overnight magnetic stirring. By continuous magnetic 

stirring of the mixture while connecting it to a pump, the solvent was removed until the volume 

reduced to half of our starting volume.  

3.2.1.2 Pre- and post-treatment of the SnO2 photoanode  

The pre-treatment of the SnO2 photoanode, i.e. deposition of the blocking layer of TiO2 was carried 

out by spin coating the precursor solution of TiOx flat film at 2,000 r.p.m. for 60 s and  followed 

by annealing at 500 ºC for 30 min.[180] Alternatively, by soaking the FTO substrates in 50 mM 

TiCl4 aqueous solution and 90 mM TiCl4 aqueous solution, pre-treatment was also performed for 

30 min at 70 ºC. After that they were flushed with deionized water and sintered at 450 ºC for 30 
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min.[181] For post treatment of the SnO2 film, the same procedure as pre-treatment was followed 

with the TiOx and TiCl4 precursor solutions. 

3.2.1.3 DSSC fabrication  

Fluorine doped tin oxide (FTO) coated glass substrates were bought from Hartford Glass Co. Inc., 

USA with sheet resistance 15 Ω/□. For the removal of traces of glue from packaging, the FTO 

substrates were sonicated for 30 min with 2% Triton X-100 in deionized water, followed by 30 

min sonication in isopropyl alcohol and then thoroughly rinsed with deionized water and finally 

dried in a filtered air stream. Subsequently using the techniques described above, a blocking layer 

of TiO2 was deposited on the substrate. Then, using a simple doctor blade technique, a layer of the 

prepared SnO2 paste was deposited and dried in air for 10 -15 min and then annealed using a hot 

plate at 150 ºC for 6 min. After cooling down to ambient temperature, another layer was tape 

casted, followed by  500 ºC for 30 min annealing  and then again cooled back to room temperature. 

Then a passivating layer of TiO2 along with the SnO2 film was coated using the methods which 

are already described in the experimental methods section entitled “Pre- and Post-Treatment of the 

SnO2 Photoanode”.  

3.2.1.4 Dye sensitization and DSSC assembly 

To sensitize the treated anodes with dye, they were immersed in a 0.5 mM ethanolic solution of 

the commercial N719 dye (Ruthenizer 535-bisTBA from Solaronix) for 18 h and then washed 

away with ethanol to remove any unabsorbed excess dye molecules. To make the counter electrode 

a 10 nm layer of platinum was sputtered on FTO substrates. A thick spacer Meltonix 1170-25 of 

25 μm was used to prevent the cell from short circuiting and a redox couple iodide/tri-iodide HI-

30 was injected through the spacer. 
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3.2.2 Experimental details relevant to DSSC fabrication with SnO2-TiO2 photoanodes 

with graphene 

3.2.2.1 Fabrication of the SnO2-TiO2/graphene photoanodes and DSSCs 

First, the FTO coated glass substrates were cleaned and consequently a blocking layer was 

prepared following methods described in section 3.2.1.2 and 3.2.1.3, respectively. Subsequently, 

graphene microplatelets of different weight concentrations ranging from 0% to 0.5% was mixed 

with SnO2 paste (preparation method described in 3.2.1.1). Using simple tape casting technique, 

the prepared SnO2 paste was applied on the blocking layer (BL) TiO2 following previously 

reported procedure.[174] After that it was dried at room temperature for 15 min, followed by 

annealing on a hot plate at 150 °C for 6 min. After cooling the substrates to room temperature, 

using the similar drying procedure another layer of paste of the same recipe was tape casted and 

then annealed in ambience air in a furnace at 500 C for 30 min and again cooled down to room 

temperature. To create a SnO2-TiO2 heterostructure, the SnO2 photoanodes were dip-coated in 50 

mM TiCl4 precursor solution for 30 min at 70 °C, then they were flushed with deionized water and 

subsequently annealed at 500 C for 30 min. Finally, the photoanodes were sensitized in N719 dye 

and the DSSCs were assembled using the procedures explained in section 3.2.1.3.  

3.2.3 Experimental details relevant to colloidal QD based PEC H2 generation 

3.2.3.1 Synthesis of CdSe QDs 

Using the hot-injection approach, synthesis of CdSe QDs of diameter 1.65 nm were carried 

out.[160,182] Typically, at room temperature, TOPO (1 g) and Cd−oleate (0.38 mM, 1 mL) in 8 

mL of ODE were purged by N2 for 30 min. The reaction system was evacuated for 30 min at 

100 °C, and then the temperature was raised to 300 °C. The mixture of 3mL of OLA, TOP-Se (4 
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mM, 4 mL) and 1 mL of ODE at room temperature was injected rapidly into the Cd-oleate 

suspension while stirring the mixture vigorously. After injection, the reaction cell was quenched 

with cold water. After that 20 mL of Ethanol was added and then the suspension was centrifuged. 

Finally the supernatant was removed and the QDs were dispersed in toluene.  

3.2.3.2 Synthesis of CdSe/CdS “giant” QDs 

According to the procedure described in Ghosh et al[160,183], the deposition of CdS layers on 

CdSe QDs was obtained by successive ionic layer adsorption and reaction (SILAR). The synthesis 

of the “Giant” CdSe/CdS QDs were obtained by growing CdS monolayers over the CdSe core. 

Typically, in a 100 mL round-bottom flask, 5 mL of ODE, 5 mL of OLA and CdSe QDs (∼2 × 

10−7 M in hexane) were degassed at 110 °C for 30 min. While re-storing the reaction flask in N2, 

the temperature was increased to 240 °C with stirring. Subsequently, the Cd(OA)2 which was 

dispersed in ODE (0.25 mL, 0.2 M) was added drop by drop in the the mixture and was allowed 

to react for 2.5 h, followed by, 0.2 M sulfur in ODE was added dropwise with the same volume. 

All subsequent shells were annealed at 240 °C for ~10 min succeeding the injection of sulfur, and  

~2.5 h following drop by drop  addition of the Cd(OA)2 in ODE. Sulfur/Cd(OA)2 addition volumes 

for shell addition cycles 1-13 were as follows: 0.25, 0.36, 0.49, 0.63, 0.8, 0.98, 1.18, 1.41, 1.66, 

1.92, 2.2, 2.51 and 2.8 mL, respectively.[160] Using cold water, the reaction was cooled down to 

room temperature. Ethanol was added to the mixture was which to get the suspension which was 

centrifuged and the supernatant was removed. The QDs were then dispersed in toluene for further 

characterization. 
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3.2.3.3 Sensitization of the SnO2 film with CdSe/CdS “giant” QDs 

To sensitize the SnO2 film with CdSe/CdS “giant” QDs, electrophoretic deposition (EPD) process 

was carried out. In this method, the SnO2 composite films coated on FTO substrate were dipped 

in the QD solution vertically, so that the deposited films were facing each other. Maintaining a 

fixed distance of 1 cm,  a direct current (DC) bias of 200 V was applied in  the case of SnO2-TiO2 

photoanode for 20 min and TiO2 photoanode for 2 h.[184] To remove the unbounded QDs on the 

anode surface, the photoanodes were rinsed several times with toluene and subsequently dried 

using N2 at room temperature.  

3.2.3.4 ZnS capping layer 

ZnS capping layer was fabricated using the SILAR process in which Zn2+ ions were deposited 

from 0.1 M solution of Zn(CH3COO)2 in ethanol. The sulfide source was prepared using 0.1 M 

solution of Na2S in water. In a single SILAR cycle, the SnO2-TiO2 or the TiO2 working electrode 

were dip-coated for 1 min into the metal precursors (Zn2+), followed by into the sulfide solutions. 

After each bath, by immersing the photoanode in the corresponding solvent (methanol or methanol 

and water, respectively), it was cleaned rigorously to remove the chemical residuals from the 

surface and then dried with a N2 gun. To create the ZnS capping layer, two SILAR cycles were 

performed. 

3.3 Characterization techniques 

3.3.1 SEM and TEM characterizations 

SEM is an important technique to study the surface morphology of different materials. HRTEM 

can be used to study the morphology and reveal the fine crystalline structure of samples. The 

morphological characterizations of the SnO2-TiO2 heterostructure was studied using SEM and 
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TEM. SEM images were recorded using JEOL JSM840 at an accelerating voltage of 10 kV. Bright 

field TEM and high resolution HRTEM imaging at 200 kV and EDS were carried out using a 

JEOL JEM-2100F. 

3.3.2  XRD characterizations 

XRD is a non-destructive analytical technique which is used to determine the atomic and molecular 

structure ranging from fluids to powder and crystals. In this process, monochromatic X-rays are 

used to diffract into many specific directions by the crystalline atoms thus to determine the inter 

planar spacing of the unknown material.[185] Incident X-rays are scattered by a crystalline sample 

according to Bragg’s law:  n  2d sin [185] where λ is the wavelength of the X-ray beam, θ is 

the incident angle, and d is the distance between crystal planes. The value for d is dependent on 

the Miller indices h, k and l. In this thesis, the measurements of powdered samples were analyzed 

by XRD (Bruker D8 Advanced Diffractometer, Cu Kα radiation). 

3.3.3 DRS measurements 

 DRS is an exceptional tool for measuring diffused reflectance for powdered or crystalline 

materials. To characterize the sample DRS uses a focused spectrometer beam into the sample from 

where it is reflected, scattered and some part transmitted through the sample. Subsequently the 

back scattered and diffusely scatted light are collected and transferred to the detector to 

analyze.[186] Diffuse reflectance spectroscopy of SnO2 photoanode, and SnO2 photoanode treated 

with TiOx flat film precursor solution was carried out using UV-Visible-NIR spectrometer, Perkin 

Elmer, Lambda 750 in the wavelength range of 250-800 nm with resolution of 2 nm. K-M function, 

was calculated following literature procedure,[187] and was plotted as a function of photon energy. 

K-M function was used to determine the band gap of SnO2 photoanode before and after post-

treatment. 
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3.3.4 UPS measurements 

 UPS is a very useful technique used to determine the molecular orbital energies in the valence 

region by analyzing the kinetic energy spectra of photoelectrons emitted by molecules which have 

absorbed UV photons.[188] SnO2 photoanode, and SnO2 photoanode treated with TiOx precursor 

solution were studied with UPS collected using VG ESCALAB 3 Mark II high vacuum system. 

During the UPS measurement, illumination at 21.21 eV was provided by the He (I) emission line 

from a helium discharge lamp. Cutoff energies were determined from the intersection of a linear 

extrapolation of the cutoff region to a linear extrapolation of the baseline. 

3.3.5 PL measurements 

PL spectroscopy is a non-destructive versatile method to examine the electronic structure of 

materials. In this process, from a monochromatic source, light is directed onto a sample where it 

is absorbed and re-emitted very rapidly in the form of emission of light, or luminescence. As the 

luminescence is caused due to photo-excitation, hence it is called photoluminescence. The emitted 

light from the sample can be collected and analysed spectrally, spatially and temporally and 

depending upon the intensity and spectral content, various material properties can be identified 

from it.[189] The PL lifetime of the QDs in the photoanode films were measured using a TCSPC 

mode with a 408 nm and 444 nm laser. The fitting for the decay curves was carried out using a 

three-component exponential decay, which gave the best fitting results. The intensity-weighted 

average lifetime <> is evaluated by the following equation: 

< 𝜏 >=
a1τ1

2+a2τ2
2+a3τ3

2

a1τ1+a2τ2+a3τ3
                                                       3.1 

Where 𝑎𝑖 (i=1, 2, 3) are the coefficients of the fitting of PL decay and 𝜏𝑖 (𝑖 = 1, 2, 3) are the 

characteristic lifetimes, respectively. The electron transfer rate, Ket is calculated from the following 
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equation:[190] ZrO2-QDs system was used as a reference, since electron transfer is not favourable 

from the QDs to ZrO2. 

𝐾𝑒𝑡 =
1

<𝜏>𝑄𝐷𝑠 𝑒 𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑒𝑟⁄
−

1

<𝜏>𝑄𝐷𝑠/𝑍𝑟𝑂2

                                           3.2 

Where < 𝜏 >𝑄𝐷𝑠 𝑒 𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑒𝑟⁄  and < 𝜏 >𝑄𝐷𝑠/𝑍𝑟𝑂2
 are the average PL lifetimes of the QDs/TiO2 and 

QDs/ZrO2, respectively. 

3.3.6    Ultrafast TAS measurements 

Transient spectroscopy utilizing a pump-probe technique is one of the most powerful methods 

which is used to investigate the short lived excited states of photochemically/photophysically 

relevant molecules.[191] For our experiment, TAS of the TiO2 and ZrO2 photoanodes sensitized 

by QDs were carried out with a commercially available transient absorption spectrometer from 

Newport. A Ti: sapphire (Coherent, Libra) regenerative amplifier laser system was used as laser 

source. The output of the regenerative amplifier was centered at 808 nm, at a repetition rate of 1 

kHz with an average pulse energy of 3.5 mJ and pulse width of 50 fs. The beam was split into two 

parts by a 70/30 (R/T) beam splitter. A major portion of the beam was used to generate the pump 

beam from an optical parametric amplifier (TOPAS-Prime). A small portion of the fundamental 

beam was allowed to pass through a computer-controlled motorized delay stage (ILS-LM, 

Newport) and was used to generate a WLC with a spectral range of 350−850 nm by focusing it 

onto a 3-mm CaF2 crystal. Pump and probe beams were focused on the photoanode with a spot 

size of 210 µm and 80 µm, respectively. The maximum time delay that could be achieved between 

pump and probe beams in our set-up is 3 ns. After passing through the photoanode WLC probe 

was collected by a fiber coupled spectrometer coupled to a Si photodiode array (MS-260i, Oriel 

Instrument). Both the TiO2-QD and ZrO2-QD photoanodes were pumped at 350, 400 and 450 nm, 

respectively, and differential absorbance spectra (ΔA) from a broadband probe were collected in 
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transmission geometry using a spectrometer. The electron transfer rate, Ket is calculated from the 

following equation: 

𝐾
𝑒𝑡=

1

𝜏𝑆(𝑇𝑖𝑂2)

−
1

𝜏𝑆(𝑍𝑟𝑂2)

 
                                                           3.3 

3.3.7 PV measurements 

One of the most essential measurement to determine the performance of a solar cell is the current-

voltage (I-V) characteristics. By analyzing the I-V curve, information regarding solar cell 

parameters such as the Isc, the Voc, the Imax and the Vmax at the Pmax, the FF and the 𝜂 can be 

determined.[63] To determine the performance of our prepared DSSCs, the photocurrent density-

voltage (J-V) characteristics were measured under simulated sunlight (1 sun = AM 1.5G, 100 

mW/cm2) using a Class AAA Solar Simulator from Photo Emission Tech (SS50AAA) with a 

Keithley 2400 sourcemeter. The simulator used has a class as per ASTM E927, AAA with non-

uniformity of irradiance of 2% or lower over 2x2 inch area. The system for device characterization 

was calibrated with a Si reference diode. The sourcemeter was controlled by a computer using an 

application written under TESTPOINT software platform. The FF and the PCE were calculated 

from the following equations.[82] 

FF =
Pmax

Jsc × Voc
=

Jmax × Vmax

Jsc X Voc
                                                       3.4 

PCE(%) =
Pmax

Pin
× 100% =

Jsc × Voc × FF

Pin
× 100%                                    3.5 

where Pmax is the maximum power output, Jsc is the short-circuit current density, Voc is the open-

circuit voltage. Jmax, Vmax  are the current density and the voltage at maximum power output in the 

J−V curves respectively. Pin is the incident light power. 
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For the EQE or IPCE measurements of our devices, we used the Oriel IQE-200 certified 

system, which is calibrated using NREL certified Si and Ge detectors. The solar cells were 

connected using a probe station. 

3.3.8 Electrochemical impedance spectroscopy measurements 

EIS is a powerful tool to characterize DSSCs to provide several information such as charge 

transport, transfer and accumulation processes in the cells.[192] For carrying out our experiments, 

EIS was studied under dark ambience using a SOLARTRON 1260A Impedance/Gain-Phase 

Analyzer. All spectra were collected by applying an external bias between 0 and 800 mV, on a 100 

mHz-300 kHz frequency range. The measurements were carried out inside a Faraday cage for all 

the samples. 

3.3.9   PEC performance analysis 

 The PEC performance of the photoelectrodes were evaluated in a typical three-electrode 

configuration, consisting of a QD-sensitized SnO2–TiO2 heterostructured photoanode as the 

working electrode, Pt as the counter electrode, and an Ag/AgCl (saturated KCl) as a reference 

electrode.[193] The sample’s surface (except for the active area) was covered with insulating 

epoxy resin, to avoid any direct contact between the electrolyte and the conducting back-contact 

and/or the connecting wire. Subsequently, the sample was fully immersed in the electrolyte 

containing 0.25 M Na2S and 0.35 M Na2SO3 (pH ~13) as the sacrificial hole scavenger. The 

electrolyte solution was purged by N2 to remove any dissolved oxygen before PEC analysis. All 

potentials, measured with respect to the reference electrode of Ag/AgCl during the PEC 

measurements, were converted to the RHE scale according to the following equation VRHE = 

VAg/AgCl + 0.197 + pH × (0.059).[193] The photoresponse was measured by using a Class AAA 

Solar Simulator (model SLB-300A by Sciencetech Inc.) equipped with a 300 W Xenon arc lamp 
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as a light source with an AM 1.5 G filter under 1 sun illumination. Prior to each measurement, the 

light intensity was monitored by a power meter and was adjusted to 100 mW/cm2. All the current 

versus potential measurements were carried out at a 20 mV/s sweep rate. 
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Chapter 4:  Results 

The results section is presented in three different parts, each of which represents different articles.  
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Abstract 

 
We report the fabrication and testing of dye sensitized solar cells (DSSC) based on tin oxide (SnO2) 

particles of average size ~20 nm. Fluorine-doped tin oxide (FTO) conducting glass substrates were 

treated with TiOx or TiCl4 precursor solutions to create a blocking layer before tape casting the 

SnO2 mesoporous anode. In addition, SnO2 photoelectrodes were treated with the same precursor 

solutions to deposit a TiO2 passivating layer covering the SnO2 particles. We found that the 

modification enhances the short circuit current, open-circuit voltage and fill factor, leading to 

nearly 2-fold increase in power conversion efficiency, from 1.48% without any treatment, to 2.85% 

achieved with TiCl4 treatment. The superior photovoltaic performance of the DSSCs assembled 

with modified photoanode is attributed to enhanced electron lifetime and suppression of electron 

recombination to the electrolyte, as confirmed by electrochemical impedance spectroscopy (EIS) 

carried out under dark condition. These results indicate that modification of the FTO and SnO2 

anode by titania can play a major role in maximizing the photo conversion efficiency. 
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Introduction 

 
Over the last two decades, dye sensitized solar cells (DSSCs) have been widely explored as 

potential alternatives to conventional silicon photovoltaic (PV) devices due to their low cost, 

abundance of raw material, facile fabrication process and overall good photovoltaic performance 

(record efficiency above 14%).1,2 Compared to typical semiconductors used in p-n junction solar 

cells, the materials employed in a DSSC photoanode may have lower purities,3 thereby leading to 

lower production costs.4,5 However, to become a realistic candidate to replace traditional solar 

cells, several challenges have to be addressed to enhance device performance. The photoanode 

material plays a major role for such purposes: TiO2 nanoparticle films have been widely used in 

DSSCs thanks to the very fast electron injection rates from the excited state of the dye into the 

TiO2 nanoparticle conduction band, of the order of femtoseconds. On the other hand, due to limited 

electron mobility in TiO2, the high electron recombination rate leads to degradation of photo 

conversion efficiency (PCE).6  

Other potentially suitable semiconducting metal oxides were recently considered, such as 

ZnO and SnO2.
7-10 These are appealing candidate materials, due to their higher electron mobility, 

as compared to TiO2
11,12 and specific advantages, such as: (i) the ZnO band gap and band 

positioning is energetically similar to TiO2;
1 (ii) SnO2 on the other hand is a promising oxide 

material because of its higher electronic mobility and large band gap (3.8 eV).13 The mobilities 

reported in both single crystal SnO2
14 as well as nanostructures15 are orders of magnitude higher 

than in single crystal TiO2.
6 The high electron mobility in SnO2 compared to its counterpart TiO2, 

leads to faster diffusion-mediated transport of photoinjected electrons. The wider bandgap of 

SnO2, compared to anatase TiO2 (3.2 eV) creates fewer oxidative holes in the valance band under 

UV illumination, so as to minimize dye degradation rate and long term stability of DSSCs.16,17  
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Figure 1. (a) Proposed schematic representation of DSSC. (b) Electronic band diagram showing the beneficial effect 

of the present methodology to modify SnO2 anode by TiO2 (encircled) in alleviating charge recombination from anode 

to electrolyte as opposed to only using SnO2 anode.The conduction band, valence band positions and band gap values 

of present SnO2 anode and SnO2 anode modified by TiO2 are calculated from data acquired from the combination of 

UPS and diffuse reflectance spectroscopy. All other values are from reported literature. 61-63 

Because of these appealing properties, SnO2 has been recently utilized in other advanced 

applications,18-20 including Hydrogen gas sensing.21,22 Various synthesis techniques of SnO2 

nanocomposites have also been reported in recent literature.23,24 In the specific field of DSSCs, a 

drawback of SnO2 is its faster electron recombination kinetics and lower trapping density 

compared to TiO2, resulting from a 300 mV positive shift of conduction band relative to TiO2, 

which results in an increased dark current, thereby limiting the open circuit voltage.25,26 In addition, 

SnO2 has a lower isoelectric point (IEP, at pH 4-5) than anatase TiO2 (IEP at pH 6-7),27 which 

leads to lower dye adsorption with acidic carboxyl groups,26 decreasing the optical density of the 

photoanode and its ability to absorb solar radiation. In DSSCs, the FTO glass can directly come in 

contact with the electrolyte, since the mesoporous photoanode cannot uniformly cover the entire 

FTO surface. At the FTO-electrolyte interface, charge recombination limits electron collection and 
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affects PCE.28-32 Modification of the FTO/electrolyte interface plays a key role in boosting DSSC 

performance by suppressing the recombination of electrons from the FTO to the electrolytes. A 

promising approach for such interface modification is to add a compact metal oxide blocking layer 

on FTO that would inhibit back electron transport from FTO to the electrolyte.33 Also, TiO2-SnO2 

based heterojunctions can be potentially considered to mitigate the problem of low electron 

mobility in TiO2 and fast electron recombination in SnO2. In fact, the conduction band edge of 

SnO2 is at a lower position than that of TiO2, so the electrons injected from the dye to TiO2 can be 

efficiently injected into SnO2, which in turn also has a higher mobility, so that the overall electron 

conductivity of the system can be enhanced.13 The TiO2-SnO2 heterojunction creates a cascading 

band structure when layered with the N719 dye.34,35 Recently, a new record conversion efficiency 

around 7.4% has been set with SnO2 multiporous nanofibers DSSC with TiCl4 treatment by Qamar 

Wali and co-workers.19 Multistep electron transport down a cascading band structure increases 

carrier lifetime and reduces charge recombination.36 Also, a thin TiO2 passivating layer at the 

surface of SnO2 nanoparticles can reduce recombination of electrons from the SnO2 photoanode 

to the electrolyte, which is one of the main contributors that cause poor performance of SnO2 solar 

cells.  

In this manuscript, we implement a modified SnO2 photoanode, in which the concept of 

efficient electron injection is pursued in a SnO2-TiO2 heterojunction (Figure 1), to form a cascading 

band structure34,35 by modifying the SnO2 photoanode with TiCl4 or TiOx precursor solution, and 

treating the FTO substrates with the same precursor solutions to form a blocking layer. The 

morphological characterization of the photoanode indicates an interconnected structure of SnO2 

and TiO2 nanoparticles, where small TiO2 nanoparticles grow on top of each other forming wire-

like structures connecting the mesoporous SnO2 photoanode. The functional characterization of 
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the entire solar cell (which demonstrate a marked improvement of photovoltaic parameters) 

indicated an overall increase of ~90% in the PCE from 1.48% without any treatment, to 2.85% 

achieved with TiCl4 treatment.  

Results and Discussion 

 
Size tuning of nanoparticles is very important in determining the performance of DSSCs. The 

optimum size is around 20 nm, because for larger nanoparticles, less surface per unit volume is 

available for dye adsorption. On the other hand, in the case of smaller sized nanoparticles, a larger 

number of grain boundaries can be found, which increases the probability of electron trapping,37-

40 and smaller pore size, which can inhibit dye penetration during the sensitization process.41 We 

chose SnO2 nanoparticles 20 nm in diameter for photoanode preparation. The surface 

morphology of different photoanodes, with/without treatment is illustrated in Figure 2(a-d). The 

typical mesoporous structure is visible after sintering. The TiCl4 treatment (Figure 2b and Figure 

2c) induces the formation of small nanoparticles of about 5 nanometers (nm), which are confirmed 

to be composed of titanium oxide by energy dispersive X-ray spectroscopy (EDX) selectively 

performed on a single nanoparticle, as shown in Figure 3. The TiO2 nanoparticles preferentially 

form short interconnected nanowires (Figure 2b and Figure 2c). The higher the TiCl4 molar 

concentration, the more connected is the wire-like structure (see comparison of Figure 2b and c 

and Figure 2f and g). The TiOx treatment induces the formation of completely different structures 

compared to TiCl4: the TiO2 structures seem to cover the larger SnO2 particles. If we compare the 

scanning electron microscope (SEM) and transmission electron microscope (TEM) images from 

Figure 2, we can more clearly observe the influence of the different precursors on bare SnO2 

nanoparticles. Inspection of TEM images reveals that the pure SnO2 sample consists of shperical 

nanoparticles whose average size is about 20 nm (Figure 2e). However, TEM images Figure 2f 
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through Figure 2h indicate that spherical nanoparticles of size around 20 nm are decorated with 

smaller size nanoparticles, which sometimes grow on top of one another to form nanowire like 

structures (SEM images 2b and 2c) and sometimes cover the SnO2 nanoparticles (Figure 2d).  

 

Figure 2. SEM images (a-d), TEM images (e-h), and EDX spectra on different SnO2 photoanodes, confirming the 

presence of the constituent elements,: (a, e, i) before treatment; (b, f, j) treated with 50 mM TiCl4; (c, g, k) treated with 

90 mM TiCl4; (d, h, l) treated with TiOX. 

EDX mapping analysis is reported in Figure 2. The elemental characterization of the SnO2 

photoanode is shown in Figure 2i. EDX carried out on SnO2 mesoporous photoanode treated with 

50 mM TiCl4, 90 mM TiCl4 and TiOX are shown in Figure 2j, kand l, repectively and confirm the 
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presence of the constituent elements of SnO2 and TiO2. High Resolution Transmission Electron 

Microscopy (HRTEM) was carried out on treated samples to examine their fine structure. The 

results are reported in Figure 3, which shows the crystalline structure of the SnO2 and the TiO2 

nanoparticles. Distinct lattice fringes in the HRTEM images highlight the presence of crystalline 

phases for both SnO2 (green coloured text) and TiO2 (red coloured text). HRTEM indicates that 

the crystalline phase of both SnO2 and TiO2 can be indexed to a rutile structure, (JCPDS No. 00-

041-1445 and JCPDS No. 01-088-1175, respectively). This finding is consistent for both TiCl4 

and TiOx treatments. X-ray diffraction (XRD) analysis was performed to further confirm the 

crystalline structure of our anodes and is reported in Figure S2. In all the cases the diffraction 

pattern matches with rutile SnO2 (JCPDS No. 00-041-1445). XRD reveals that the crystal structure 

of SnO2 nanoparticles did not change after TiOx treatment or after the photoanalysis process. TiO2 

peaks could not be found for the treated samples since the quantity is most likely below the 

detection limit.  

 

Figure 3. HRTEM images of (a) TiCl4 treated and (b) TiOx treated SnO2 nanoparticles. (c) EDX spectra confirming 

the presence of constituent elements of TiO2 when selectively done on the TiO2 nanoparticles covering the SnO2. 

nanoparticles, the presence of Cu and C is due to the grid used as sample holder. 

To determine the band gap of SnO2 photoanode before and after post-treatment, diffuse 

reflectance spectroscopy measurement were carried out. Kubelka Munk function was used to 
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calculate the band gap of SnO2 photoanode before and after TiOx post-treatment (Figure 4). The 

band gap of SnO2 photoanode was found to be 3.78eV, which is consistent with literature37 and 

the band gap of SnO2 photoanode after TiOx post-treatment was found to be 3.6eV.  

 

Figure 4  (a) Diffuse Reflectance spectra plotted with respect to photon energy for SnO2 anode and SnO2 anode after 

TiOx post-treatment; (b) Kubelka-Munk transformed spectra for SnO2 anode and SnO2 anode after treatment;(c) 

Complete UPS of SnO2 and treated SnO2 anodes; (d) magnified view of high binding energy cut-off (Fermi level) and 

(e, f) low binding energy cut-off (VB edge) of SnO2 anodes. 

Ultraviolet Photoelectron spectroscopy (UPS) analysis (Figure 4c-4e), was performed to identify 

the band positions of the various photoanodes. The valence band (VB) edge for SnO2 anode is -

8.03 eV, which shifts to a higher value of -7.58 eV after TiOx post-treatment. The energy band gap 

values from Kubelka-Munk transformed diffuse reflectance spectra for SnO2 anode and SnO2 

anode after TiOx post-treatment along with values of valence band edge from UPS measurement 
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reveals the lowest position of the conduction band (CB) for both the samples. The values of CB 

minima, VB maxima, and the band gap for SnO2 anode and SnO2 anode after TiOx post-treatment 

are reported in Figure 1b. X-ray photoelectron spectroscopy analysis (XPS), was performed to 

detect any possible shift in the binding energy for the Ti 2p and Sn 3d peaks. The high resolution 

XPS of Ti 2p of the treated anode and the treated anode after photoanalysis process (Figure S2) 

shows that there is no significant change for Ti  2p peaks  after the cell operation, which means 

that the chemical state of Ti4+ does not change during the photoanalysis process. Similar inference 

can been also drawn in the case of Sn 3d peaks, which are reported in Figure S3, confirming that 

the chemical state of Sn4+ does not change. 

 

Figure 5. (a) Photocurrent density–photovoltage (J-V) characteristics of SnO2 nanoparticle based DSSCs, under 1 Sun 

illumination, obtained from pre- and post-treatment of different concentration of TiCl4 precursor; (b) J-V 

characteristics obtained from pre- and post-treatment of TiOx precursor; (c) Dependence of absolute IPCE of the solar 

cells with dye-sensitized nanocrystalline SnO2 electrodes modified with TiOX and TiCl4 treatment. 

To understand the influence of the different treatments on the cell performance, the functional 

properties of the solar cells were investigated under standard AM1.5G simulated sun irradiation. 

The results are presented in Figure 5, and the PV parameters (open circuit voltage (Voc), short 

circuit photocurrent density (Jsc), fill factor (FF), and PCE) are shown in Table 1.A maximum PCE 
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of 2.85% is achieved in the TiCl4-treated cell (with pre- and post-treatment) and 2.66% for TiOx 

pre- and post-treatment, compared to 1.48% for the pristine SnO2 photoanode.  

DSSC Treatment type 
Voc 

(V) 

Jsc 

(mA/cm2) 

Fill 

Factor 

(FF) 

Efficiency 

(%) 

SnO2_1 No Treatment 0.45 5.83 0.56 1.48 

TiCl4_1 TiCl4 Pre 50 mM + Post 50 mM 0.53 9.43 0.57 2.85 

TiCl4_2 TiCl4 Pre 50 mM + Post 90 mM 0.43 9.44 0.53 2.15 

TiCl4_3 TiCl4 Post 50 mM 0.45 11.4 0.51 2.64 

TiCl4_4 TiCl4 Post 90 mM 0.41 9.98 0.52 2.13 

TiOx_1 TiOx Pre Treatment 0.43 8.41 0.54 1.96 

TiOx_2 TiOx Pre + Post Treatment 0.53 8.94 0.56 2.66 

TiOx_3 TiOx Post Treatment 0.49 9.52 0.55 2.59 

 

Table 1. Photovoltaic properties of DSSC with different configurations of TiOx and TiCl4 treatment 

This marked improvement in the PCE originates from the higher Voc and Jsc of the cells, which in 

turn are induced by the treatments. A possible explanation in the increase of Voc can be due to an 

increase of electron density in SnO2 as a consequence of effectively suppressed recombination, the 

Fermi level shifts to a more negative value42 and since Voc is the difference between the Fermi 

level in the semiconductor and the redox potential of I-/ I3- of the electrolyte, a higher value of 

open circuit voltage is recorded for all treated anodes. A high Voc of 0.53 V can be observed for 

the best TiCl4 and TiOx treated cells. Also due to the treatment, the electronic contact between the 

nanoparticles is improved because of broadened contact interface and the increased contact point 

which make the electrons traverse the film more easily,43 which further confirms the reduction of 

recombination. In addition, interconnection between the nanoparticles facilitate the percolation of 

electrons from one nanoparticle to other and lead to a global increase of current.43 However, when 

we introduce additional TiO2 by treating our anodes with higher molar concentration of TiCl4, due 
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to the increase in nucleation and growth of nanoparticles, which leads to higher concentration and 

density of the nanoparticles, there is a reduction of film porosity, which may lead to a decrease of 

dye adsorption, thus deteriorating the PV properties.44,45 For TiCl4 modification, the Jsc increases 

by 60% from the untreated cell and for TiOx modification, an increase of 53% is observed. The 

family of IPCE curves in Figure 5are constructed with the IPCE spectra of a normal SnO2 

photoanode cell and the best cells with both TiOx and TiCl4 treatment. The curves are in 

accordance with the current density versus voltage curves where we observe a marked 

improvement as a result of treatment. As already established from SEM images, in case of TiCl4 

treatment, the small titania nanoparticles connect with each other, forming nanowire like 

structures. On the other hand, in the case of TiOx treatment, TiO2 particles cover the SnO2, 

effectively reducing direct contact of SnO2 with the electrolyte, possibly decreasing 

recombination, thereby leading to an enhancement of IPCE. 

We performed electrochemical impedance spectroscopy (EIS) analysis to understand the 

physical-chemical processes which regulate charge dynamics in our cells. Figure 6 displays the 

EIS spectra under dark condition of our pristine SnO2 cell and the two best cells after TiCl4 and 

TiOx treatments. The treated cells were subjected to a pre-treatment that forms a blocking layer 

(BL) and a post-treatment that influenced film morphology and PV performances.3,46,47 The role 

of the BL in DSSCs is still under debate; different hypotheses have been formulated. Cameron and 

Peter, and more recently Park and co-workers demonstrated the ability of the BL to prevent back 

reaction (i.e. electron recombination from FTO to electrolyte) of electrons and attributed the 

improved performance to the charge transfer resistance at the BL/electrolyte interface. Hence, BL 

was effective in reducing charge losses at the FTO/anode interface.48,49 On the other hand, Fabregat 

and co-workers indirectly deduced that the main factor leading to the enhancement in PCE was 
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the improved physical contact between the coated FTO and the TiO2 film.50 Figure 6a compares 

the Nyquist plots of three different cells (bare SnO2, TiCl4 and TiOx treatment) under dark 

condition and at bias voltage equals to Voc. Three semicircles are clearly visible: the high frequency 

arc is attributed to the redox reaction at the platinum counter electrode, the medium arc takes in 

account the oxide/electrolyte interface and the low frequency arc is related to the Nerst diffusion 

in the electrolyte.51,52  

 

Figure 6. Nyquist plots of devices with and without treatment, under dark condition and around Voc. The inset shows 

the model used for fitting the data. From left to right: series resistance (R1), electron transport and back reaction at 

the TiO2/electrolyte interface, charge transfer at electrolyte/Pt-FTO interface and diffusion of ions in the electrolyte. 
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(b) Recombination resistance as calculated from EIS analysis. (c) Electron lifetime obtained from the product Rrec*Cμ.  

(d) Series resistance calculated from EIS analysis. 

The medium arc is evidently larger for the treated cells, indicating that the methods used increase 

the resistance, thus lowering the recombination processes, at the oxide/electrolyte interface. Figure 

6b shows the trend of the recombination resistance (Rrec) as a function of applied bias. For both 

treatments the values of Rrec are increased compared to the pristine cell, thus indicating reduced 

recombination after treatment. The overall trend of Rrec clearly shows that after the treatment the 

recombination resistance is increased across the whole bias range, confirming a decrease in 

recombination phenomena. The region at low bias (below ~250 mV) is dominated by the charge 

recombination and capacitance of the back layer.53,54 In this region it is thus possible to observe 

the different contributions to the recombination resistance due to the different back layer (in fact, 

without and with the blocking layers the response of the system will be different: without BL, 

increased FTO/electrolyte back reaction occurs).48,55 In our case, we can observe that Rrec 

increases, in particular for the TiCl4 treatment, indicating the effectiveness of the BL to reduce 

charge recombination at this interface. The increase in Rrec for TiOx treatment is lower compared 

to the TiCl4, probably due to presence of more voids in the blocking layer, which allow the 

electrolyte to come in contact with the FTO.56 

In general, the combined effect of the pre- and post-treatment on the cells is an increase of the 

electrons lifetime, as shown in Figure 6c: the lifetime is systematically higher for the treated cells. 

Similar results can be found in the literature where the presence of the BL suppresses the charge 

recombination at the FTO/electrolyte interface.49,57,58 The main contribution of the post treatment 

is more difficult to observe in the EIS spectra, because this kind of treatment usually affects the 

morphology of the sample, modifying, for example, the total surface area. This in turn favors a 
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higher dye loading and greater light harvesting,46 yet has less influence on the electronic processes 

related to charge transport and recombination. As already found by Fabregat and co-workers, the 

treated cells present a higher value of the series resistance (Rs) Figure 6d, which is detrimental for 

the overall PCE of the cell.50 However, this effect is largely compensated by a much higher 

reduction of the charge recombination at the FTO/electrolyte interface, so that the net result is the 

enhancement of the PCE. 

Conclusions and perspectives 

 
In summary, we demonstrated the synthesis of SnO2 photoelectrodes prepared with SnO2 

nanoparticles of average size 20 nm, treated with TiCl4 precursor solution and TiOx flat film 

precursor solution. The modified photoanodes exhibit a significant relative increase in power 

conversion efficiency of the solar cell, which is attributed to the enhancement of functional 

properties of the DSSC. The blocking layer inhibits the transport of electrons back to the 

electrolytes, which are collected by the FTO, while passivation of the SnO2 mesoporous layer 

blocks the back-reaction pathway of photoinjected electrons from semiconductor anode to 

electrolyte. The enhancement of open circuit voltage was made possible due to the modification 

of the electronic band alignment because of the reduced charge recombination. The effect of 

interconnection of the electrode nanoparticles provides a better path for electron flow and plays a 

major role in enhancing the short circuit current of the device. The increase of Rrec, and higher 

lifetime for solar cells with treated anodes further confirms reduced recombination and greater 

diffusion length of an electron before recombination, thus enhancing the functional properties of 

the DSSC, which led to nearly a 2-fold improvement in overall PCE.  

We obtained experimental evidence (through UPS and diffuse reflectance) of the possibility 

to modify the electronic band structure in SnO2 photoanodes, which facilitates efficient electron 
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transport in treated photoanodes, by suppressing charge recombination and thus improving the 

functional properties of the DSSC. 

Experimental Methods 

 
Preparation of SnO2 paste. The SnO2 powder used consists of nanoparticles of average particle 

size ~20 nm (American Elements 99.9% tin(IV) oxide). 1g SnO2 powder was mixed with 5ml 

ethanol as a solvent, 1ml alpha-terpineol as dispersant, 0.5g ethyl cellulose which acts as a 

thickener and 1ml of water. The mixing of these ingredients were carried out in a beaker under 

overnight magnetic stirring. The solvent was removed by continuous magnetic stirring while 

connecting it to a pump until the volume of the mixture reduced to half of our starting volume.  

Pre- and post-treatment of the SnO2 photoanode. The pre-treatment of the SnO2 photoanode, 

i.e. a blocking layer with TiO2 was deposited by spin coating the TiOx flat film precursor solution 

at 2,000 r.p.m. for 60 s and subsequently heating at 500ᵒ C for 30 min.59 Alternatively, pre-

treatment was also carried out by soaking the FTO substrates in 50 mM TiCl4 aqueous solution 

and 90 mM TiCl4 aqueous solution for 30 min at 70 ºC, then they were flushed with deionized 

water and sintered at 450 ºC for 30 min3. For post treatment of the SnO2 film, the same procedure 

as pretreatment was followed with the TiOx and TiCl4 precursor solutions. 

Diffuse reflectance spectroscopy. Diffuse reflectance spectroscopy of SnO2 photoanode, and 

SnO2 photoanode treaed with TiOx flat film precursor solution was carried out using UV-Visible-

NIR spectrometer, Perkin Elmer, Lambda 750 in the wavelength range of 250-800nm with 

resolution of 2nm. Kubelka Munk (K-M) function, was calculated following literature procedure,60 

and was plotted as a function of photon energy. K-M function was used to determine the band gap 

of SnO2 photoanode before and after post-treatment. 
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Ultraviolet Photoelectron Spectroscopy. SnO2 photoanode, and SnO2 photoanode treaed with 

TiOx precursor solution were studied with Ultraviolet Photoelectron Spectroscopy (UPS) collected 

using VG ESCALAB 3 Mark II high vacuum system. During the UPS measurement, illumination 

at 21.21 eV was provided by the He (I) emission line from a helium discharge lamp. Cutoff 

energies were determined from the intersection of a linear extrapolation of the cutoff region to a 

linear extrapolation of the baseline. 

DSSC assembly. Fluorine doped tin oxide (FTO) coated glass substrates (Pilkington, bought from 

Hartford Glass Co. Inc., USA) with sheet resistance 15 Ω/□ were sonicated for 30 min with 2% 

Triton X-100 in deionized water to remove traces of glue from packaging, then they were cleaned 

by 30 min sonication in isopropyl alcohol and then thoroughly rinsed with deionized water and 

dried in a filtered air stream. Subsequently a blocking layer with TiO2 was deposited using the 

techniques described above. Then, a layer of the prepared SnO2 paste was deposited using a simple 

doctor blade technique and dried in air for 10 -15 min and then fired on a hot plate at 150 ᵒC for 6 

min. When the substrates cooled down, another layer was doctor bladed, followed by annealing at 

500 o C for 30 min in air and then cooled back to room temperature. Then the SnO2 film was coated 

with a passivating layer of TiO2 by methods described already in the experimental methods section 

of Pre- and Post-Treatment of the SnO2 Photoanode. The treated anodes were then sensitized by 

dye, upon immersion in a 0.5 mM ethanolic solution of the commercial N719 dye (Ruthenizer 

535-bisTBA from Solaronix) for 18 h and then washed with ethanol to remove any excess of 

unabsorbed dye molecules. Solar cells were assembled using a sputtered 10 nm thick platinized 

counter electrode on FTO glass substrate, 25 μm thick spacer Meltonix 1170-25 (to prevent the 

cell from short circuiting when the working and counter electrodes are clamped together), and 

iodide/tri-iodide redox couple HI-30as the electrolyte. 
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PV measurements. Photocurrent density-voltage (J-V) characteristics were measured under 

simulated sunlight (1 sun = AM 1.5G, 100 mW/cm2) using a Class AAA Solar Simulator from 

Photo Emission Tech (SS50AAA) with a Keithley 2400 sourcemeter. The simulator used has a 

class as per ASTM E927, AAA with non-uniformity of Irradiance of 2% or lower over 2x2 inch 

area. The system for device characterization was calibrated with a Si reference diode. The 

sourcemeter was controlled by a computer using an application written under TESTPOINT 

software platform. The fill factor (FF) and the power conversion efficiency (PCE) were calculated 

from the following equations2. 

 
FF =

Pmax

Jsc ×  Voc
=

Jmax × Vmax

Jsc X Voc
 (1) 

 

 
PCE(%) =

Pmax

Pin
× 100% =

Jsc × Voc × FF

Pin
× 100% (2) 

 

Where, Pmax is the maximum power output, Jsc is the short-circuit current density, Voc is the open-

circuit voltage, Jmax is the current density and and Vmax is the voltage at maximum power output in 

the J−V curves, and Pin is the incident light power. 

For the external quantum efficiency (EQE) or incident photon to current efficiency (IPCE) 

measurements of our devices, we used the Oriel IQE-200 certified system, which is calibrated 

using NREL certified Si and Ge detectors. The solar cells were connected using a probe station. 

EIS measurements. Electrochemical impedance spectroscopy (EIS) was studied under dark 

ambience using a SOLARTRON 1260A Impedance/Gain-Phase Analyzer. All spectra were 

collected by applying an external bias between 0 and 800 mV, on a 100 mHz-300 kHz frequency 

range. The measurements were carried out inside a Faraday cage for all the samples. 
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Materials characterization. The morphology of the samples was studied using Scanning Electron 

Microscopy (SEM) and Transmission Electron Microscopy (TEM). SEM images were recorded 

using JEOL JSM840 at an accelerating voltage of 10kV. Bright field TEM and high resolution 

HR-TEM imaging at 200 kV and energy dispersive X-ray spectroscopy (EDS) were carried out 

using a JEOL JEM-2100F. 
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1. X-ray diffraction Analysis (XRD) 

XRD analysis has been performed using Bruker D8 Advance X-ray diffractometer for the SnO2 

nanoparticle powder sample, SnO2 photoanode, SnO2 photoanode after TiOx post-treatment, SnO2 

photoanode after photoanalysis process, and SnO2 photoanode with TiOx post-treatment after 

photoanalysis process reported in Figure S1. In all cases the diffraction pattern matches with rutile 

SnO2 (JCPDS No. 00-041-1445). XRD reveals that the crystal structure of  SnO2 nanoparticles did 

not change after the treatment or the photoanalysis process. TiO2  peaks could not be found for the 
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treated samples since the quantity is possibly below XRD detection limit. However TiO2 rutile 

structure corresponding to JCPDS card no. 01-088-1175 was confirmed from HRTEM images 

shown in Figure 3 in our manuscript. 

 

Figure S1:  X-ray diffraction patterns of SnO2 nanoparticle powder sample, SnO2 photoanode, SnO2 photoanode after 

TiOx post-treatment, SnO2 photoanode after photoanalysis process, and SnO2 photoanode with TiOx post-treatment 

after photoanalysis process. Black bars show peak positions of  rutile SnO2 structure of  JCPDS card No. 00-041-1445 

and red bars shows peak positions of  TiO2 rutile structure of JCPDS card no. 01-088-1175 

2. X-ray photoelectron spectroscopy analysis (XPS) 

XPS Analysis was performed using a VG Escalab 220i-XL equipped with an Al source. The XPS 

data were analyzed by using CasaXPS software. Shirly subtraction is used for background 

correction1 and then the shape of the peaks used for the deconvolution is Gaussian-Lorentzian 

shape. Figure S2 shows the high resolution XPS of Ti 2p of the SnO2 photoanode after TiOx post-
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treatment and the SnO2 photoanode after TiOx post-treatmentafter photoanalysis process. There is 

no significant change for Ti4+ after the cell operation.   

         

Figure S2: High-resolution X-ray Photoelectron peak spectra and curve fit of Ti 2p for SnO2 photoanode after 

treatment, SnO2 photoanode after photoanalysis process, and SnO2 photoanode with treatment after photoanalysis 

process. 

In Figure S3, we report the Sn 3d peaks for SnO2 photoanode, SnO2 photoanode after treatment, 

SnO2 photoanode after photoanalysis process, and the treated anode after photoanalysis process. 

The XPS clearly reveals that there is no significant change in the Sn4+ state after the post treatment 

and also after cell fabrication and photoanalysis process. Since there is no significant shift in the 

Sn 3d peak position, so, from our XPS results we confirm that there is no oxidation/reduction of 

SnO2. 
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Figure S3: High-resolution X-ray Photoelectron peak spectra and curve fit of  Sn 3d for SnO2 photoanode, SnO2 

photoanode after treatment, SnO2 photoanode after photoanalysis process, and the treated anode after photoanalysis 

process 
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Abstract 

We report the effect of incorporating graphene microplatelets into a SnO2-TiO2 mesoporous 

heterostructure photoanode, to enhance the efficiency and long-term stability of dye sensitized 

solar cells (DSSCs). DSSCs were fabricated by introducing different concentrations of graphene 

microplatelets (up to 0.50 wt.%.) into the SnO2-TiO2 mesoporous network, realizing a fast and 

large area-scalable approach. At an optimized concentration of 0.03 wt.% of graphene 

microplatelets, the highest photoconversion efficiency (PCE) of 3.37% was achieved. This PCE is 

~16% higher than the one measured for DSSCs based on standard SnO2-TiO2 photoanodes. This 

improvement of PCE can be attributed to enhanced electron lifetime and reduced charge 

recombination in the hybrid SnO2-TiO2/graphene heterostructure photoanodes, confirmed by 

transient photovoltage decay and impedance spectroscopy. In addition, we recorded long-term 

stability of the DSSCs during 200 hours of continuous illumination under one sun simulated 

sunlight (AM 1.5G). Our investigation demonstrated that the addition of graphene microplatelets 

(0.03 wt.%) in the DSSCs made with the hybrid  photoanode shows superior long-term stability 

than the control device. The PCE drop in the SnO2-TiO2/graphene hybrid photoanode cells was a 

mere 8%, while a sharp plummet of ~30% in PCE was observed in control devices. These findings 

demonstrate the SnO2-TiO2/graphene heterostructure architecture as a promising photoanode 

towards efficient and stable DSSCs.  

 

 

 

 

Key words: Graphene microplatelets, SnO2-TiO2, electron transport, charge recombination. 
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Introduction 

The direct conversion of solar energy into electricity presents a promising opportunity to reduce 

the dependence from non-renewable energy sources such as fossil fuels, also reducing the related 

carbon footprint which is the root cause of climate change.[1] Dye sensitized solar cells (DSSCs) 

are viewed as potential alternatives to first and second generation solar cells due to their promising 

attributes such as being environmentally benign, low cost and large area scalability.[2] The highest 

photoconversion efficiency (PCE) reported for DSSCs reaches 14.3%,[3] still lower than typical 

commercial values of single-crystal silicon solar cells (PCE of 20%) [4,5]. Such low values are 

primarily due to recombination events during charge transport and the limited absorption spectrum 

of dyes.[6] Typically, a DSSC consists of a mesoporous wide-band-gap semiconductor oxide film 

with high specific surface area deposited on a fluorine doped tin oxide (FTO) transparent 

conductive glass as an electron transporter, dye molecules as a light harvester, anchored to the 

mesoporous film, a redox couple electrolyte as a hole transport medium and platinum (Pt) coated 

FTO as a counter electrode.[6] 

The semiconducting oxide film plays a crucial role in the electron transport kinetics of a DSSC 

and offers a scaffold to anchor the dye molecules. [6] The photo-injected electrons have to traverse 

a significant path encountering grain boundaries,[7] which act as charge traps or recombination 

centers. Until now, various strategies have been realized to alleviate this problem, by the 

application of one dimensional (1-D) oxide nanostructures such as nanotubes,[8,9] 

nanowires,[10,11] nanorods,[12,13] composite systems,[14,15] or hierarchically assembled 

photoanodes of separate wide band gap semiconductors.[16,17] In addition, carbonaceous 

materials, such as carbon nanotubes (CNTs) or graphene, and their composites, have attracted great 

attention, due to their unique structural and optoelectronic properties and low cost,[18–22] which 
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can play a significant role to enhance the charge collection and transport. Our previous studies 

demonstrated that  the incorporation of carbonaceous materials like CNTs, graphene and graphene 

nanoribbons in TiO2, assists in enhancing the electron transport by directing the electron flow 

towards the FTO conducting electrode.[23–25] The high specific area of carbon allotropes also 

improves dye loading resulting in an enhancement of overall photovoltaic performance through 

increased short circuit photocurrent density (Jsc) and PCE.[18,24,26] Until now, carbonaceous 

materials have been mostly incorporated in TiO2 based photoanodes for DSSCs. TiO2 is widely 

preferred as the photoanode material for DSSCs, mainly because of its favorable band alignment 

with extensively used dyes (N719, black dye, etc.), which facilitates fast electron injection from 

the lowest unoccupied molecular orbital (LUMO) of excited dye molecules to the conduction band 

of TiO2. On the other hand, SnO2 is a promising alternative photoanode material due to its large 

band gap (3.8 eV),[11] and higher electronic mobility of ~125 cm2/V.s [27,28] than its 

counterpart TiO2 (mobility of ~ 1 cm2/V.s for rutile crystalline structure).[29] In addition, SnO2 

(3.8 eV) creates fewer oxidative holes in the valence band under UV illumination as compared 

to TiO2 (3.2 eV). This is a major concern in DSSCs based on TiO2 photoanodes, since the 

oxidative holes in the valence band promotes dye degradation rate and hinders long-term 

stability of DSSCs, which are detrimental for DSSC technology.[30] Moreover, higher electron 

mobility in SnO2, leads to fast transport of photo-injected electrons within the nanoparticle 

network. Therefore, an effective approach for producing an efficient and stable DSSC, is to 

combine the advantages of both SnO2 and TiO2 materials by fabricating a SnO2-TiO2 

heterostructure photoanode. Although DSSCs hold significant promise in terms of PCE,[3] long 

duration stability still remains a key challenge. Several mechanisms such as thermal and 

mechanical stress are responsible for the deterioration of the performance of DSSCs in the long 
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run.[31] Therefore, degradation mechanisms on the performance of DSSCs under long-term 

operation needs to be thoroughly investigated. However, carbon allotropes were proven to 

alleviate the thermal stability degradation mechanism in DSSCs.[32]  

 
Figure 1. (a) Schematic illustration of improved charge transport in the anode, charge collection 

in the FTO with the introduction of graphene microplatelets. (b) Electronic band diagram of the 

DSSC incorporated with graphene microplatelets. 

Herein, we fabricated a SnO2-TiO2/graphene hybrid heterostructure photoanode, by introducing 

different concentrations (up to 0.50 wt.%.) of graphene microplatelets. The schematic in Fig. 1(a) 

shows the advantage of introducing graphene microplatelets in the photoanode to directing the 

carrier path toward FTO. At an optimum concentration of 0.03 wt.% of graphene microplatelets, 

a PCE of 3.37% was achieved as opposed to 2.91% for the control device. The enhancement of 

PCE can be attributed to higher electron lifetime and reduced charge recombination in graphene-
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based hybrid photoanodes as confirmed by transient photovoltage decay and impedance 

spectroscopy measurements. Furthermore, the performance of the solar cells was studied for 200 

hours of continuous illumination under simulated sunlight (AM 1.5G). Introduction of graphene 

microplatelets results in superior stability of the DSSCs, which establish our novel SnO2-

TiO2/graphene heterostructure photoanode, as an efficient and stable photoanode architecture for 

DSSCs. Besides, to the best of our knowledge, stable and efficient DSSCs with graphene 

microplatelets in a SnO2-TiO2 scaffold has been implemented for the first time.  

Experimental procedure 

Materials: FTO coated glass substrates were purchased from Pilkington glasses with a sheet 

resistance of 8 Ω/□. SnO2 nanopowder (99.9% tin (IV) oxide), to fabricate the photoanode, was 

obtained from American Elements. Graphene microplatelets were purchased from Raymor Inc. 

The redox couple electrolyte, consisting of iodine and tri-iodide (I-/I3
-), ruthenium based N719 dye 

(Ruthenizer 535-bisTBA), and Meltonix thermoplastic spacers were bought from Solaronix. 

Titanium (IV) chloride (0.09 M in 20% HCl), alpha-terpineol, ethyl cellulose, ethanol and 

isopropanol (IPA) were obtained from Sigma-Aldrich Inc. 

Preparation of SnO2 paste: The SnO2 nanopowder utilized to prepare the paste consisted of 20 

nm (average particle size) nanoparticles. 1g of SnO2 nanopowder was mixed with 0.5 g of ethyl 

cellulose, 1 mL of alpha-terpineol, 1 mL of water and 5 mL of ethanol [33] in a beaker under 12 

hours of magnetic stirring. The solvent was evaporated by connecting the beaker to a rotary pump, 

while under continuous magnetic stirring, until the volume of the mixture reduced to half of the 

initial volume.[33] 

Fabrication of DSSCs: First, the FTO coated glass substrates were sonicated with 2% Triton X-

100 in deionized water for 30 min to remove the adhesive from the packaging, then the FTO was 
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cleaned in IPA by sonication for 30 min and subsequently flushed with deionized water and dried 

using compressed air. FTO substrates were soaked in 50 mM TiCl4 solution for 20 min at 70 °C 

and subsequently rinsed with deionized water and annealed at 500 °C for 30 min to deposit a thin 

and compact TiO2 blocking layer (BL) on the FTO substrates.[33,34] Next, an ethanolic solution 

of graphene microplatelets were prepared with a concentration of 0.13 mg/ml. A calibration curve, 

shown in Fig. S1 for the graphene microplatelet concentration was constructed utilizing 

UV/Vis/near-infrared (NIR) spectrophotometry to ensure reproducibility. Subsequently, SnO2 

paste (preparation methodology described earlier) was mixed with different weight concentrations 

of graphene microplatelets with respect to the SnO2 nanopowder weight (from 0 wt.% to 0.50 

wt.%) and applied on the BL by the doctor blading technique following previously reported 

procedure.[24] The substrates were dried at room temperature for 15 min, followed by heating at 

150 °C for 6 min on a hot plate to create the first layer. After the substrates were cooled down to 

room temperature, another layer of paste of the same recipe was tape casted using the similar 

drying procedure and annealed in a furnace at 500 C for 30 min in air and cooled down to room 

temperature. The annealed SnO2 photoanodes were dip-coated in 50 mM TiCl4 precursor solution 

following a procedure described in the literature,[34] thereby creating a SnO2-TiO2 heterostructure. 

The photoanodes were then immersed in a 0.5 mM ethanolic solution of the commercial N719 dye 

for 18 hours, and subsequently rinsed with ethanol to remove the unabsorbed dye molecules.[33] 

A 10 nm thick Pt deposited on FTO glass substrate was used as a counter electrode. To prevent 

the DSSCs from short circuiting when the photoanode and counter electrode are clamped together, 

a 60 μm thick thermoplastic spacer was used. An iodide/tri-iodide redox couple electrolyte was 

injected through the spacers, which act as the hole transporting medium. 
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PV measurements: A Class AAA Solar Simulator from Photo Emission Tech (SS50AAA) 

coupled with a Keithley 2400 sourcemeter was used to measure the current density vs voltage (J-

V) under simulated sunlight of 1 sun AM 1.5G irradiation (100 mW/cm2). The power intensity of 

the simulated sunlight was calibrated with a Si reference diode. The Keithley 2400 sourcemeter 

was controlled with a computer software written using the TESTPOINT platform. The fill factor 

(FF) and the PCE were calculated using the following equations.[6]  

FF =
Pmax

Jsc × Voc
=

Jmax × Vmax

Jsc X Voc
 

PCE(%) =
Pmax

Pin
× 100% =

Jsc × Voc × FF

Pin
× 100% 

Where, Pmax is the maximum power output, Jsc is the short-circuit current density, Voc is the open-

circuit voltage. Jmax and Vmax  are the current density and the voltage at maximum power output in 

the J−V curves respectively. Pin is the incident light power. 

Electrochemical impedance spectroscopy (EIS) measurements: EIS was studied in the dark 

using a SOLARTRON 1260A impedance/gain-phase analyzer. The measurements for all the 

samples were carried out inside a Faraday cage in the 100 mHz-300 kHz frequency range, by 

applying an external bias between 200 and 600 mV. All impedance measurements were analyzed 

using their relevant equivalent circuit model with Z-View software (v3.5, Scribner Associate, Inc.). 

Dye loading measurements: Dye loading measurements of SnO2-TiO2 photoanodes with 

different concentrations of graphene microplatelets, were performed by UV-Vis-NIR 

spectrophotometry. Dye molecules were removed from the photoanodes by washing the anodes 

with 0.1 M NaOH aqueous solution. Optical absorption spectra were collected of the removed  dye 

molecules solutions by using a Cary 5000 UV-Vis-NIR spectrophotometer (Varian) with a scan 

speed of 600 nm/min. One cubic centimeter quartz cuvettes were used for liquid samples. 
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Materials characterization: The morphology of the samples was studied using scanning electron 

microscopy (SEM) and Raman analysis. SEM images were recorded using a focused ion beam 

(FIB) integrated with a SEM Tescan LYRA 3XMH at an accelerating voltage of 20 kV. Raman 

analysis of the samples were carried out employing a WITec alpha 300 micro Raman, which uses 

a 532 nm fiber coupled laser for excitation. 

Results and Discussion 

SnO2 nanoparticles of 20 nm size were used to fabricate the photoanode of the DSSCs, which offer 

adequate surface area for dye adsorption, and relatively less number of grain boundaries, in 

comparison with smaller sized nanoparticles, that increase the electron trapping probability.[35–

39] To create the SnO2-TiO2 heterostructured photoanode, we fabricated a SnO2 photoanode by 

the doctor blade technique, and consequent hydrothermal treatment of the anodes with an aqueous 

TiCl4 solution. Different approaches to create this heterostructured photoanode have been studied 

extensively in our previous work,[33] and an aqueous TiCl4  hydrothermal treatment was proven 

to be favorable for fabricating high efficiency DSSCs.[33] To enhance the electron transport within 

the photoanode, we introduced graphene microplatelets in the SnO2-TiO2 nanoparticle framework. 

The morphologies of the samples, with or without graphene microplatelets were investigated using 

SEM. Fig 2(a)-(b) displays the SEM of the bare photoanode and the photoanode with optimum 

loading of graphene (0.03 wt.%), which shows similar morphology in both cases, confirming that 

the minute addition of graphene microplatelets does not alter the morphology of the mesoporous 

film. When we further introduced more graphene, i.e. at 0.50 wt.% by weight in SnO2, SEM images 

shown in Fig. 2(c) reveal the formation of micro-cracks within the mesoporous framework. 

Previous literature reports [18,19,40] have demonstrated that the presence of carbonaceous 

materials inside the photoanode induces cracks or leads to an increase in the porosity of the 
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photoanode, which is detrimental for the performance of DSSCs. Graphene microplatelets may be 

directly observed by techniques like SEM, only at very high concentrations.[18,19] The SnO2-

TiO2/graphene composite photoanodes with different graphene contents were investigated using 

Raman spectroscopy. The Raman spectra for the three different contents of graphene, namely, 0, 

0.03 and 0.50 wt.% in the SnO2-TiO2 photoanodes are presented in Fig. 2 (d). In the high 

concentration graphene sample (0.50 wt.%), three prominent features are observed, the G peak ~ 

1580 cm-1, D peak ~ 1350 cm-1 and a 2D peak ~ 2700 cm-1 (Fig. 2 (d) inset). The G peak arises 

from the doubly degenerate phonon mode (E2g symmetry),[41] which confirms the existence of 

the sp2 carbon networks present in graphene.[42] We can see the presence of the G peak in both 

the photoanode with 0.50 wt.% graphene and the photoanode with a very minute quantity of 

graphene (0.03 wt.%). On the other hand, the D peak, which is attributed to the disorder induced 

mode primarily present in graphene with defects,[42] does not appear in the 0.03 wt.%  

photoanode. Usually, the intensity of the G peak (IG) is higher than that of the D peak (ID) for low 

defect or defect free graphene and the relative intensity ratio (ID/IG) determines the quantity of 

defects present in the graphene.[43] At very low concentration (0.03 wt.%) of graphene in our 

sample, we are unable to detect the presence of the D peak, since the intensity of the G peak is 

already very low. However, the 2D peak at ~2700 cm-1, which is considered a second order 

overtone of the D peak (not related to defects) [42] is detected in our sample with 0.03 wt.% 

graphene, which clearly demonstrates that the graphene preserves its original structure at low 

concentrations, even after sintering at high temperature (500 ºC) for device fabrication. 
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Figure 2: SEM images of the SnO2-TiO2 film with different concentrations (wt.%) of graphene 

microplatelets deposited on FTO substrate: (a) bare SnO2-TiO2; (b) 0.03 wt.% of graphene 

microplatelets in SnO2-TiO2; (c) 0.50 wt.% of graphene microplatelets in SnO2-TiO2. The dashed 

ovals in the inset highlight the presence of cracks. (d) Raman spectra for the bare photoanode, and 

with 0.03 and 0.50 wt.% of graphene microplatelets; (e, f) Dye loading measurement for the bare 

photoanode, and with 0.03 and 0.50 wt.% of graphene microplatelets. 

Fig. 2 (e) shows the comparison of the absorption spectra of the N719 dye molecule solution 

extracted from the SnO2-TiO2/graphene composite photoanodes with different concentrations of 

graphene microplatelets. The absorption increases with increased concentration of graphene 

microplatelets. Based on the absorption spectra, the calculated average amount of dye molecules 
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mole per unit volume is shown in Fig. 2(f).  The results demonstrated that with the increase in 

graphene content, the dye loading amount increases. Higher dye loading with increased 

concentration of graphene (0.50 wt.%), is mainly attributed to adsorption of multilayered dye 

molecules. These multilayered dye molecules can not participate in electron injection into the 

photoanode and hence reduce the overall device performance. These findings are consistent with 

our previous studies on the negative effect of higher loading of carbonaceous materials in 

carbonaceous-TiO2 hybrid photoanodes based solar cells.[18,24]  

To understand the role of the graphene microplatelets on the photovoltaic performance of the 

devices, we studied the J-V characteristics under simulated sunlight of one sun (AM 1.5G, 100 

mW/cm2), which is displayed in Fig. 3(a). The functional parameters, which include the open 

circuit photovoltage (Voc), Jsc, the fill factor (FF) and the PCE are reported in Table 1. From Fig. 

3(a) we observed that, with the increase of graphene microplatelets concentration, from 0 to 0.03 

wt%, there is a steady increment of Jsc, which reflects on the overall PCE of the device. 
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Figure 3: (a) J-V curves of devices with different concentrations (by wt.%) of graphene 

microplatelets in the SnO2-TiO2 photoanode under one sun illumination (AM1.5G,100 mW/cm²); 

(b) Normalized transient open circuit photovoltage (Voc) decay curves of the corresponding 

devices; (c) Computed electron lifetime values from Voc decay dynamics. 

Table 1: Functional parameters of DSSCs with different concentrations of graphene microplatelets. 

Graphene  

Wt. % 

Voc (V) Jsc 

(mA/cm2) 

FF PCE (%) 

0 0.67 7.76 0.56 2.91 

0.01 0.65 8.59 0.57 3.14 

0.02 0.64 9.01 0.57 3.27 

0.03 0.65 9.03 0.58 3.37 

0.04 0.64 9.06 0.56 3.22 

0.05  0.63 7.77 0.60 2.96 

0.50 0.60 6.69 0.56 2.24 
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The introduction of a controlled amount of graphene microplatelets can create three-dimensional 

(3D) percolating networks within the photoanode, [18] which facilitate charge transport and hence 

significantly boost Jsc of the device. Moreover, addition of MWCNTs and graphene improves the 

effective surface area for efficient dye adsorption,[44–46] hence we confirmed a better dye loading 

with the introduction of graphene microplatelets, which is presented in Fig. 2(e), (f). However, 

with further increase of graphene concentration, the Jsc of the DSSCs deteriorate, which is 

primarily because at higher loading of graphene microplatelets, they tend to agglomerate. This 

enables direct contact between the graphene microplatelets and the electrolyte, adding a new 

recombination pathway.[23] In addition, higher concentration of graphene provokes a light-

harvesting competition between the graphene microplatelets and the dye,[47] and since the photons 

absorbed by the graphene microplatelets do not contribute to photocurrent generation,[23] the 

DSSC performance deteriorates. Besides, an excess of graphene microplatelets may form large 

pores at the micron scale [40] resulting in a less compact photoanode layer, which is detrimental 

for electron transport. This behavior of Jsc as a function of the graphene concentration is reported 

in Fig. S2 (c). The addition of graphene microplatelets, however, reduces the Voc of the devices, 

although the effect is overcompensated by a systematic increase of the Jsc and the FF. This behavior 

can be explained from the band alignment illustrated in Figure 1b. With an increase in graphene 

concentration, the conduction band edge [18] of the SnO2-TiO2/graphene hybrid heterostructure 

system downshifts with respect to SnO2-TiO2 , resulting in a systematic decrease of the Voc of the 

final device from 670 mV in SnO2-TiO2 photoanode to 600 mV in 0.50 wt.% SnO2-TiO2/graphene 

hybrid photoanode as presented in Fig. S2 (a). The trend for PCE as a function of graphene loading, 

has been displayed in Fig. S2 (d), which demonstrates similar behavior like Jsc. The PCE increases 

from ~ 2.9 % to ~ 3.4% until the optimum concentration of 0.03 wt.% is reached, but with further 
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increase in graphene microplatelets loading, the magnitude of PCE deteriorates, the primary 

driving factor being the reduction in Jsc. 

To better understand the effect of different concentrations of graphene microplatelets on the carrier 

dynamics of the DSSCs, we performed the transient photovoltage decay measurement, which 

provides an insight of photogenerated carrier recombination at the SnO2-TiO2/dye/electrolyte 

interface. DSSCs were irradiated with one sun simulated sunlight (AM 1.5G, 100 mW/cm2) until 

Voc was attained. Few seconds after the Voc was stable, the shutter of the sun simulator was closed 

and the transient voltage decay was recorded under dark conditions. Fig. 3(b) displays the transient 

Voc decay curves for DSSCs based on SnO2-TiO2/graphene photoanodes of different 

concentrations (by wt.%) of graphene. We observe, that the Voc decay is fastest for the DSSC with 

graphene of 0.50 wt.% and slowest in the case of the optimal concentration of 0.03 wt.%, which 

is consistent with the “J-V” characteristics. 

The electron lifetime (τe) was determined from the Voc decay measurements by using the following 

equation [48,49] 

𝜏𝑒 = (
𝑘𝐵𝑇

𝑒
) / (

𝑑𝑉𝑜𝑐

𝑑𝑡
) 

Where, kB is the Boltzmann constant, T is the absolute temperature, and e is the elementary charge. 

From Fig. 3 (c), we notice that the magnitude of τe systematically increases as further graphene 

microplatelets were incorporated until the optimum concentration of 0.03 wt.% is reached, where 

the magnitude of τe is the highest. Higher value of τe suggests longer diffusion length,[6] which 

confirms reduced carrier recombination. Thus, controlled quantity of graphene microplatelets can 

boost the electron transport in the photoanode. On the other hand, for further increase the graphene 
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loading we observed that the magnitude of τe decreases sharply and reaches the lowest value at the 

maximum concentration (0.50 wt.%) of graphene microplatelets. This is due to the formation of 

micro-cracks at high loading of graphene microplatelets confirmed by SEM image presented in 

Fig. 2(c). The presence of micro-cracks inhibits a continuous pathway of transport for the photo-

generated electron. Furthermore, the abundance of interpenetrating electrolyte in these cracks act 

as electron trapping centers, which hinder efficient electron percolation, thereby limiting the 

electron lifetime of the devices. 

EIS spectra were measured under dark conditions by applying an external potential from 200 mV 

to 600 mV in the frequency range of 100 mHz-300 kHz. The Nyquist plots of EIS for DSSCs based 

on bare SnO2-TiO2 and the optimized SnO2-TiO2/graphene hybrid photoanodes is shown in Fig. 

4(a). By fitting the EIS data with suitable equivalent circuit, charge transfer resistance (Rct) at 

different value of applied was calculated for DSSCs based on SnO2-TiO2 photoanode with and 

without graphene. The systematic comparison of Rct of both DSSCs (with and without graphene) 

is shown in Fig. 4(d). The results demonstrated that the Rct is lower for DSSC with SnO2-

TiO2/graphene hybrid photoanodes than the DSSC with SnO2-TiO2 photoanodes. This is mainly 

attributed to the efficient path offered to the electrons by graphene microplatelets within the SnO2-

TiO2/graphene hybrid photoanode.  

The electron lifetime was calculated from the Bode phase plot of cells by using the equation: τe= 

1/(2π fmax), where fmax is the peak frequency in the bode plot. The shift in the fmax is directly related 

to the electron lifetime value. The comparison of the calculated electron lifetime values of DSSCs 

with bare SnO2-TiO2 and SnO2-TiO2/graphene hybrid photoanodes is shown in Fig. 4(c). The 

electron lifetime of the DSSC based on SnO2-TiO2/graphene hybrid photoanodes is higher than 

the DSSC based on the graphene-SnO2-TiO2 photoanode. On the basis of the EIS results, we can 
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demonstrate that this improvement in PCE of DSSCs with the addition of an optimized amount of 

graphene microplatelets in SnO2-TiO2 heterostructured photoanodes is due to reduced Rct and 

improved electron lifetime values as compared to the bare SnO2-TiO2 heterostructured 

photoanodes. 

 

Figure 4. EIS analysis of DSSCs with different graphene microplatelet concentrations under dark 

condition and around Voc: (a) Nyquist plots recombination resistance; (b) Phase Bode plots. (c) 

Electron lifetime of devices. (d) Charge transfer resistances. 
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Figure 5: Functional parameters of the DSSCs with or without graphene microplatelets under 

continuous irradiation of 1 Sun (AM 1.5G, 100 mW/cm2) for 200 hours: (a) normalized PCE (%); 

(b) normalized Voc (V); (c) normalized Jsc (mA/cm2) and (d) normalized FF. 

In addition to the excellent PCE in DSSCs, long-term stability is also a critical issue to 

commercialize this technology. Hence, we furthermore, carried out long-term stability tests for 

both the DSSCs with the SnO2-TiO2/graphene photoanode with the optimum concentration of 

graphene microplatelets and bare SnO2-TiO2 photoanode. The DSSCs fabricated with these 

photoanodes were irradiated under 1 sun simulated sunlight (AM 1.5G, 100mW/cm2) for a period 

of 200 hours and their performance was measured at regular time intervals. The stability tests 
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displayed in Fig. 5 shows that the DSSC with graphene exhibits significantly better stability in 

comparison to the bare one. The PCE of the graphene incorporated DSSC retains ~92% of its initial 

value after 200 hours, whereas the bare sample retains only 71% of its initial value. This impressive 

performance of graphene incorporated DSSCs was only possible due to the exceptional stability 

of the photocurrent density, shown in Fig. 5(c), which drops only ~ 8% after 200 hours of 

continuous illumination. It has been reported that carbon microstructures like graphene/MWCNTs 

improve particle bonding, [44,50] which improves the stability of the solar cells. Besides, the 

optimized graphene photoanode is ~10% more stable for Voc and ~7% more stable for FF over the 

bare photoanode after 200 hours of continuous illumination, which further contributes to better 

performance of the SnO2-TiO2/graphene based DSSCs. Moreover, continuous illumination can 

induce thermal stress, but the addition of CNTs/graphene can improve the stability because they 

have excellent thermal conductivity. [51–53]. Thus, DSSCs fabricated with SnO2-TiO2 /graphene 

photoanode offer a realistic approach towards implementing an efficient and stable DSSC.  

Conclusions 

In summary, we successfully demonstrate DSSCs with novel SnO2-TiO2/graphene mesoporous 

photoanode architecture. A systematic investigation was carried out on the functional parameters 

and long-term stability of the DSSCs by incorporating different concentrations of graphene 

microplatelets into the SnO2-TiO2 mesoporous framework. A PCE of 3.37% was achieved under 

1 sun simulated irradiation, AM 1.5G, for SnO2-TiO2/graphene DSSC by optimization of graphene 

concentration, which is ~16% higher than the SnO2-TiO2 DSSCs. This enhancement of PCE can 

be accredited to higher electron lifetime and reduced charge recombination in SnO2-TiO2/graphene 

hybrid photoanodes as confirmed by EIS and consistent with our findings from Voc decay 

experiments. In addition, the performance of the solar cells was recorded for 200 hours of 
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continuous illumination under simulated sunlight (AM 1.5G). Results demonstrated that the 

incorporation of graphene microplatelets in SnO2-TiO2 significantly improve the long-term 

stability with respect to bare SnO2-TiO2 DSSCs. These results establish SnO2-TiO2/graphene 

architecture as a promising photoanode towards highly efficient and stable DSSCs. 
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Figure S1: UV-Vis-near-infrared spectrophotometry of diluted ethanolic solutions of graphene 

microplatelets; The inset shows a linear fit of the graphene absorption peak ~274 nm. 

 
 
 
 
 
 
 



110 

 

 
 
Figure S2: Dependance of the functional parameters of the DSSCs with different graphene 

microplatelet concentration (by wt.%) in the SnO2-TiO2 heterostructure under one sun illumination 

(AM1.5G, 100 mW cm−2) with graphene concentration: (a) Voc (V); (b) FF; (c) Jsc (mA.cm-2); (d) 

PCE (%).  
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Abstract 

Photoelectrochemical (PEC) water splitting implementing colloidal quantum dots (QDs) as 

sensitizers is a promising approach for hydrogen (H2) generation, due to the QD’s size-tunable 

optical properties. However, the challenge of long term stability of the QDs is still unresolved. 

Here, we introduce a highly stable QD-based PEC device for H2 generation using a photoanode 

based on a SnO2–TiO2 heterostructure, sensitized by CdSe/CdS core/thick-shell “giant” QDs. This 

hybrid photoanode architecture leads to an appreciable saturated photocurrent density of ~4.7 

mA/cm2, retaining an unprecedented ~96% of its initial current density after two hours, and 

sustaining ~93% after five hours of continuous irradiation under AM 1.5G (100 mW/cm2) 

simulated solar spectrum. Transient photoluminescence (PL) measurements demonstrate that the 

heterostructured SnO2-TiO2 photoanode exhibits faster electron transfer compared with the bare 

TiO2 photoanode. The lower electron transfer rate in the TiO2 photoanode can be attributed to slow 

electron kinetics in the ultraviolet regime, revealed by ultrafast transient absorption spectroscopy. 

Graphene microplatelets were further introduced into the heterostructured photoanode, which 

boosted the photocurrent density to ~5.6 mA/cm2. Our results demonstrate that SnO2–TiO2 

heterostructured photoanode holds significant potential for developing highly stable PEC cells. 
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Introduction 

The demand for clean and renewable energy is ever growing, due to the limited availability of 

fossil fuels and the increasing concern of climate change caused by carbon emissions. Molecular 

hydrogen (H2), which has the highest energy content per unit weight1 amongst the known gaseous 

fuels, is a clean fuel as the only reaction biproduct upon oxidation is water.2 Although H2 is not 

present in nature by itself, it is the main constituent element of water, which is plentiful on the 

earth’s surface. Currently, however, H2 is extracted from methane (CH4), as the rupture of a water 

molecule is an exothermic reaction. As such, it must be aided by the use of an external source of 

“freely” available energy. 

Photoelectrochemical (PEC) H2 generation is a promising approach to produce H2 from water 

using solar energy, which is the cleanest and the most abundant form of renewable energy available 

on our planet. Due to the relative ease of H2 storage, as opposed to other forms, such as heat and 

electricity,3 PEC H2 generation holds significant promise for solar energy conversion. PEC cells 

use wide band gap semiconductors as photoanodes, which are further sensitized using quantum 

dots (QDs) to extend their absorption in the visible or near-infrared (NIR) region, thereby 

improving their H2 generation efficiency.4,5 Although QD sensitized PEC cells have been widely 

studied for their appreciable efficiency in H2 production, stability is still a major concern, which 

drives the quest for a highly stable photoanode6,7 material for QD based PEC cells. To the best of 

our knowledge, the highest stability ever recorded, recently reported for a QD-based PEC cell, is 

~94.9% of the initial current density value after two hours under one sun illumination for “giant” 

core/alloyed-shell CdSe/PbXCd1-XS/CdS QDs.8  

Recently, a myriad of photocatalyst materials such as α-Fe2O3,
9–11 TiO2,

12–16 ZnO,17,18 and 

WO3
19,20 have been extensively studied for PEC H2 production. Graphitic carbon nitride21 and 
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other novel materials,22–25 have also generated immense interest in H2 and oxygen evolution 

reactions in recent years.26–30 Compared with other photocatalysts, SnO2 is a promising 

semiconducting oxide, because of its high electron mobility (~ 100-200 cm2V-1s-1),31,32 as well as 

its good activity and stability during irradiation, both in acidic and basic media.33,34 In addition, 

SnO2 has a wider band gap (3.6 eV), compared to the widely used anatase TiO2 (3.2 eV). This 

creates fewer oxidative holes in the valence band under ultraviolet (UV) illumination,35 which can 

play a pivotal role in improving the long-term stability of PEC devices. So far, for PEC water 

splitting applications, SnO2 has been investigated considerably less because its conduction band 

minimum is lower than the reduction potential of water,36 it suffers from low light absorption 

efficiency and a limited exciton separation rate.37 On the other hand, TiO2 has a favorable band 

alignment for water splitting, however UV degradation is a major drawback. To address these 

challenges, we designed a SnO2-TiO2 heterojunction, to combine the advantages of the higher 

conduction band edge of TiO2, and the high stability and exceptional electronic mobility of SnO2. 

Moreover, the SnO2-TiO2 heterojunction has a type-II band alignment, which facilitates charge 

separation and transport, and has been reported36,38 to boost the performance of PEC cells.  

Herein, we introduced a novel multi-heterojunction SnO2-TiO2/QD photoanode for highly stable 

PEC H2 generation. SnO2 mesoporous thin films were treated with the TiCl4 precursor to form 

TiO2 nanoparticles connecting the SnO2 nanoparticle mesoporous framework39, thereby creating a 

SnO2-TiO2 heterojunction for efficient electron percolation within the anode. The metal oxide 

composite anode was sensitized by core/thick-shell “giant” CdSe/CdS QDs. We obtained a 

saturated photocurrent density of ~4.7 mA/cm2 in a PEC cell under one sun illumination (AM 

1.5G, 100 mW/cm2). The composite photoanode exhibited exceptional stability, sustaining ~93% 

of its initial current density after 5 hours of continuous irradiation. Furthermore, the incorporation 
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of 0.1 wt.% of graphene in the photoanode increases the photocurrent density up to 5.6 mA/cm2. 

To the best of our knowledge, this device architecture has never before been investigated for PEC 

H2 production, and we report the highest ever stability in a QD-based PEC device for efficient H2 

production.  

Experimental procedure 

Materials: Fluorine-doped tin oxide (FTO) coated glass substrates of dimensions 2 cm × 1.5 cm 

with a sheet resistance of 10 Ω/□ were purchased from Pilkington glasses. Ti-Nanoxide BL/SC 

was purchased from Solaronix and SnO2 nanopowder (99.9% tin(IV) oxide) from American 

Elements. Graphene microplatelets (D type) were supplied by Nanoxplore Inc., titanium(IV) 

chloride (0.09 M in 20% HCl), titanium isopropoxide (99.999%), hydrochloric acid (37%),  alpha-

terpineol, ethyl cellulose, sulfur (100%), oleylamine (OLA) (technical grade, 70%), cadmium 

oxide (99%), oleic acid (OA), octadecene (ODE), selenium pellet (≥99.999%), trioctyl phosphine 

oxide (TOPO), trioctyl phosphine (TOP) (97%), zinc acetate dihydrate (≥98%), sodium sulfide 

(Na2S), sodium hydroxide, sodium sulfite (Na2SO3), hexane, toluene, methanol, acetone, ethanol 

and isopropanol (IPA) were obtained from Sigma-Aldrich Inc. 

Preparation of SnO2, TiO2 and ZrO2 paste: The SnO2 nanopowder utilized, consisted of 

nanoparticles with average particle size of ~20 nm. To prepare the SnO2 paste, 1 g of SnO2 

nanopowder was mixed with 1 mL of water, 1 mL alpha-terpineol, 5 mL of ethanol and 0.5 g ethyl 

cellulose.39 These ingredients were mixed in a beaker under 12 h magnetic stirring. The solvent 

was removed by connecting it to a rotary pump, while under continuous magnetic stirring, until 

the volume of the mixture reduced to half of our starting volume. ZrO2 was utilized as a control 

photoanode, to determine charge transfer dynamics in TiO2 and SnO2-TiO2 heterojunction 
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photoanodes, because charge transfer from QDs to ZrO2 is unfavourable. To make TiO2 and ZrO2 

pastes, an identical recipe to that of SnO2 paste was followed to achieve similar film thickness. 

Photoanode preparation: FTO coated glass substrates were cleaned by 30 min sonication in IPA 

and then thoroughly rinsed with deionized water and subsequently dried under a filtered air 

stream.39 A thin and compact blocking layer (BL) of TiO2 was deposited on the FTO substrate by 

soaking the FTO substrates in 50 mM TiCl4 solution for 20 min at 70 °C, then they were flushed 

with deionized water and consequently annealed at 500 °C for 30 min. As a control experiment, to 

compare the performance of TiO2 BL fabricated with TiCl4 precursor, commercial TiO2 BL was 

spin coated on FTO glass substrates at 5000 rpm for 30 s by using the solution Ti-Nanoxide BL/SC 

(Solaronix), followed by annealing in air at 500 °C for 30 min, and cooled down to room 

temperature. Subsequently, SnO2 paste (preparation method described earlier) was mixed with 

different weight concentrations of graphene and applied on the BL by the tape casting technique 

and dried at room temperature for 15 min to fabricate the first layer, followed by heating on a hot 

plate at 150 °C for 6 min. After drying, another layer of paste of the same recipe was tape casted 

using the similar drying procedure and annealed in an air ambience in a furnace at 500 C for 30 

min and cooled down to room temperature. The sintered SnO2 photoanodes were dip-coated in 50 

mM TiCl4 precursor solution for 30 min at 70 °C, then they were flushed with deionized water and 

subsequently annealed at 500 C for 30 min. Separately, TiOx post-treatment was carried out by 

spin-coating a TiOx flat film precursor solution at 2000 rpm for 60 s followed by heating at 500 

C for 30 min.40 

CdSe QDs synthesis: The synthesis of CdSe QDs of diameter 1.65 nm was carried out using the 

hot-injection approach.5,41 TOPO (1 g) and Cd−oleate (0.38 mmol, 1 mL) in 8 mL of ODE were 

purged at room temperature by N2 for 30 min. The reaction system was evacuated at 100 °C for 
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30 min, and subsequently the temperature was increased to 300 °C. The mixture of 3 mL of OLA, 

TOP-Se (4 mmol, 4 mL) and 1 mL of ODE at room temperature was injected rapidly into the Cd-

oleate suspension while stirring the mixture vigorously. After injection, the reaction cell was 

quenched with cold water. Subsequently, 20 mL of ethanol was added and then the suspension was 

centrifuged. Finally the supernatant was removed and the QDs were dispersed in toluene. 

Synthesis of CdSe/CdS “giant” QDs: According to the procedure mentioned in Ghosh et al.5,42, 

the deposition of CdS layers on CdSe QDs were achieved by successive ionic layer adsorption and 

reaction (SILAR). “Giant” CdSe/CdS QDs were prepared by subsequently growing CdS 

monolayers over the CdSe core. Typically, in a round-bottom flask of 100 mL, ODE (5 mL), OLA 

(5 mL), and CdSe QDs (∼2×10−7 mol in hexane) were degassed for 30 min at 110 °C. While re-

storing the reaction flask in N2, the temperature was increased to 240 °C under magnetic stirring. 

Subsequently, the Cd(OA)2 which was dispersed in ODE (0.25 mL, 0.2 M) was added drop by 

drop in the mixture, and was allowed to react for 2.5 h, followed by addition of 0.2 M sulfur in 

ODE, dropwise, with the same volume. Subsequently, the shell was annealed further for 10 min. 

All further shells were annealed at 240 °C for ~10 min succeeding the injection of sulfur, and ~2.5 

h following the addition of the Cd(OA)2 in ODE. The addition volumes of sulfur/Cd(OA)2 for shell 

addition cycles 1-13 were as follows: 0.25, 0.36, 0.49, 0.63, 0.8, 0.98, 1.18, 1.41, 1.66, 1.92, 2.2, 

2.51 and 2.8 mL, respectively.5 Using cold water, the reaction was cooled down to room 

temperature. Adding ethanol, centrifugation of the suspension was carried out to separate the 

supernatant. The supernatant was collected and finally the QDs were dispersed in toluene. 

Sensitization of the SnO2 film with CdSe/CdS “giant” QDs: Electrophoretic deposition (EPD) 

process was carried out to sensitize the SnO2-TiO2 photoanode with CdSe/CdS “giant” QDs. The 

SnO2-TiO2 composite photoanodes on FTO substrate were vertically immersed in the QD solution, 
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in such a manner, that the deposited films faced each other with a distance of 1 cm between them. 

A direct current (DC) bias of 200 V was applied for 20 min in case of SnO2-TiO2 photoanode and 

2 h for TiO2 photoanode.43 The photoanodes were cleaned several times with toluene to wash off 

the unbounded QDs on the photoanode surface, and subsequently dried with N2 at room 

temperature.  

ZnS capping layer: The ZnS capping layer was fabricated using the SILAR process. In the usual 

SILAR deposition cycle, Zn2+ ions were deposited from 0.1 M solution of Zn(CH3COO)2 in 

ethanol. The sulfide source was prepared using 0.1 M solution of Na2S in deionized water. Each 

SILAR cycle consisted of 1 min of dip-coating the SnO2-TiO2 or the TiO2 photoanode into the 

Zn2+ precursors, followed by the sulfide solutions. To remove the chemical residue from the 

surface, the photoanode was thoroughly rinsed by dipping it into the corresponding solvent 

(methanol or methanol and water) after each bath, and subsequently dried with a N2 gun. Two 

SILAR cycles were employed to form the ZnS capping layer. 

Structural Characterizations of the photoanode: The morphology of the photoanode was 

characterized using a JSM-7401F scanning electron microscope and the chemical composition was 

characterized by energy-dispersive X-ray spectroscopy (EDS) analysis. XRD analysis was carried 

out using Panalytical X-Pert PRO MRD system in a Bragg-Brentano geometry and Xpert 

Highscore was used to analyse the data. X-ray Photoelectron spectra of SnO2-TiO2/QD photoanode 

were collected using a VG Scientific Escalab 220i-XL equipped with an aluminium 

monochromatic source of 1486.6 eV energy, and CasaXPS software was used for data analysis. 

Photoluminescence (PL) Measurements: The PL lifetime of the QDs in the photoanode films 

were measured using a time-correlated single-photon counting (TCSPC) mode with a 408 nm and 

444 nm laser. The fitting for the decay curves was carried out using a three-component exponential 



119 

 

decay, which gave the best fitting results. The intensity-weighted average lifetime <> for the PL 

decay was evaluated by the following equation:5 

< 𝜏 >=
a1τ1

2+a2τ2
2+a3τ3

2

a1τ1+a2τ2+a3τ3
          (1) 

Where 𝑎𝑖 (i=1, 2, 3) are the fitting coefficients of the PL decay and 𝜏𝑖 (𝑖 = 1, 2, 3) are the 

characteristic lifetimes. The electron transfer rate, Ket is calculated from the following equation:44 

ZrO2-QDs system was used as a reference, since electron transfer is not favorable from the QDs 

to ZrO2. 

𝐾𝑒𝑡 =
1

<𝜏>𝑄𝐷𝑠 𝑒 𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑒𝑟⁄
−

1

<𝜏>𝑄𝐷𝑠/𝑍𝑟𝑂2

       (2) 

Where < 𝜏 >𝑄𝐷𝑠 𝑒 𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑒𝑟⁄  and < 𝜏 >𝑄𝐷𝑠/𝑍𝑟𝑂2
 are the average PL lifetimes of the QDs/TiO2 and 

QDs/ZrO2, respectively. 

Ultrafast transient absorption measurement: Transient absorption spectroscopy (TAS) of the 

TiO2 and ZrO2 photoanodes sensitized by QDs were carried out with a commercially available 

transient absorption spectrometer from Newport. A Ti:Sapphire (Coherent, Libra) regenerative 

amplifier laser system was used as the laser source. The output of the regenerative amplifier was 

centered at 808 nm, at a repetition rate of 1 kHz with an average pulse energy of 3.5 mJ and pulse 

width of 50 fs. The beam was split into two parts by a 70/30 Reflection/Transmission (R/T) ratio 

beam-splitter. A major portion of the beam was used to generate the pump beam from an optical 

parametric amplifier (TOPAS-PRIME). A small portion of the fundamental beam was allowed to 

pass through a computer-controlled motorized delay stage (ILS-LM, Newport) and was used to 

generate a white-light continuum (WLC) with a spectral range of 350−850 nm by focusing it onto 

a 3 mm CaF2 crystal. Pump and probe beams were focused on the photoanode with a spot size of 

210 µm and 80 µm, respectively. The maximum time delay that could be achieved between pump 

and probe beams in our set-up is 3 ns. After passing through the photoanode WLC probe was 
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collected by a fiber coupled spectrometer coupled to a Si photodiode array (MS-260i, Oriel 

Instrument). Both the TiO2-QD and ZrO2-QD photoanodes were pumped at 350, 400 and 450 nm, 

respectively, and differential absorbance spectra (ΔA) from a broadband probe were collected in 

transmission geometry using a spectrometer. The electron transfer rate, Ket is calculated from the 

following equation: 

𝐾
𝑒𝑡=

1

𝜏𝑆(𝑇𝑖𝑂2)

−
1

𝜏𝑆(𝑍𝑟𝑂2)

       (3) 

PEC performance analysis: The PEC performance of the photoanodes were evaluated in a typical 

three-electrode arrangement, consisting of a QD-sensitized SnO2–TiO2 heterostructured 

photoanode as the working electrode, Pt as the counter electrode, and an Ag/AgCl (saturated KCl) 

as a reference electrode.4 The sample’s surface (except for the active area) was covered with 

insulating epoxy resin, to inhibit exposure of the conducting back-contact with the electrolyte. The 

prepared samples were immersed in the electrolyte comprising of 0.25 M Na2S and 0.35 M Na2SO3 

(pH ~13), which acts as the sacrificial hole scavenger. The electrolyte solution was continuously 

purged by N2 to remove any dissolved oxygen before PEC analysis. During PEC measurements, 

the potentials measured with respect to the reference Ag/AgCl electrode were converted to the 

reversible hydrogen electrode (RHE) scale following the equation VRHE = VAg/AgCl + 0.197 + pH × 

(0.059).45 The photoresponse was measured by using a Class AAA Solar Simulator (model SLB-

300A by Sciencetech Inc.) equipped with a 300 W Xenon arc lamp as a light source with an AM 

1.5 G filter under 1 sun illumination. Before every measurement, the light intensity was calibrated 

using a power meter and was adjusted back to 100 mW/cm2. The sweep rate for every “current 

versus potential” measurement was fixed at 20 mV/s. 

Results and discussion 
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Structure of the photoanode. SnO2 nanoparticles 20 nm in diameter were used for photoanode 

preparation. Systematic investigation of the effect of TiOx and TiCl4 treatment on the morphology 

and the performance in photovoltaic devices has been carried out in previous work,39 where we 

found from the morphological characterizations that small TiO2 nanoparticles of about 5 nm 

preferentially form short interconnected nanostructures in the case of TiCl4 treatment. Whereas in 

the case of TiOx treatment, the TiO2 nanoparticles seem to cover the SnO2 nanoparticles. This kind 

of surface treatment plays an important role in modifying the band alignment for efficient charge 

separation and electron transport39 in the photoanode, as shown in detail in Fig. S1 of the 

supplementary information, where the band diagram has been constructed by combining data from 

ultraviolet photoelectron spectroscopy (UPS) and diffuse reflectance spectroscopy (DRS). The 

advantage of using the SnO2-TiO2 heterostructure is apparent in Fig. S2, which shows that the 

conduction band (CB) minima for the heterostructured photoanode has moved upwards, which 

eliminates the problem for lower CB edge position in the case of pure SnO2.  
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Figure 1:(a) Cross-sectional SEM image of our composite photoanode after CdSe/CdS core/shell 

“giant” QD sensitization. (b) EDS maps of all the elements including (b) Sn, (c) Ti, (d) Cd, (e) Se, 

(g) S and (h) Zn (f) EDS spectrum of the SnO2-TiO2 composite confirming the presence of its 

constituent elements and (i) EDS line mapping (j) HRTEM image of the SnO2-TiO2 composite 

structure. (k) Charge transfer in our PEC cell consisting of SnO2-TiO2
39 heterostructured 

photoanode sensitized by CdSe/CdS QD, in our electrolyte. (1) Excitation of electron from VB to 

CB of SnO2-TiO2, (2), (4) Recombination of injected electron in the photoanode to VB of QD and 
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redox potential of electrolyte, (3) Regeneration of electron from the electrolyte. The arrows denote 

the electron and hole transfer processes.  

In the case of TiO2, which is the commonly preferred photoanode for PEC applications, UV 

radiation produces excess holes, which has been attenuated by our SnO2-TiO2 heterostructured 

photoanode. We sensitized our composite photoanode with “giant” CdSe/CdS core/shell QDs 

consisting of a CdSe core of size 1.65 nm with a CdS shell of 4.3 nm thickness and a subsequent 

ZnS capping layer. “Giant” core/shell QD,46 a very attractive kind of core/shell QD architecture, 

in which a very thick shell (from several up to 10 nm) is over-coated around the core, has gained 

considerable attention for their superior chemical and photo-stability over both traditional core 

QDs and thin-shell QDs.47,48 By tailoring the shell thickness, these “giant” core/shell QD can be 

designed to form a quasi-type II band alignment such as in CdSe/CdS “giant” core/shell QD, where 

the electron and hole wave functions are spatially separated, which reduces the recombination 

probability, resulting in a prolonged lifetime.49 These “giant” QDs were successfully realized very 

recently by Adhikari et al.5 for sensitization of TiO2 nanoparticles. We investigated the typical 

photoanode structure with SEM cross-sectional imaging, as reported in Fig. 1(a). The SEM 

analysis demonstrates the mesoporous structure of our photoanode and the thickness of our 

sensitized photoanode is estimated to be ~10.7 m. Furthermore, the chemical composition of our 

photoanode, presented in Fig. 1(b-h), was investigated with EDS analysis. Two-dimensional (2D) 

mapping of the photoanode shows the presence of the constituent elements and confirms that the 

CdSe/CdS core/shell “giant” QDs penetrated through the mesoporous structure and are evenly 

distributed throughout the photoanode. Successful penetration of the QDs in the photoanode matrix 

suggests efficient sensitization of the overall mesoporous structure of the composite photoanode. 

Furthermore, EDS line-analysis pointed out that TiO2 was homogeneously distributed within the 
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entire volume of the SnO2-TiO2 photoanode, as displayed in Fig. 1(f). Additionally, semi-

quantitative analyses of several regions indicated that the Sn:Ti elemental ratio is 11:1. The 

crystalline phases, for both SnO2 and TiO2 in the SnO2–TiO2 heterostructured photoanode, can be 

ascribed to the rutile structure (JCPDS No. 00-041-1445 and JCPDS No. 01-088-1175 for SnO2 

and TiO2, respectively). This is confirmed by the high resolution transmission electron microscopy 

(HRTEM) image displayed in Fig. 1(j). The XRD peak pattern of the SnO2-TiO2/QD 

heterostructure sample is presented in Fig. S3(a). The peaks are consistent with rutile SnO2 

corresponding to JCPDS card no. 00-041-1445. Since the quantity of TiO2 and the CdSe/CdS 

core/shell “giant” QDs are very low in comparison to SnO2, the effect was possibly below the 

detection limit of XRD. In addition, to determine the crystalline phase of the CdSe/CdS core/shell 

“giant” QDs, the same QD solution, which was introduced inside the photoanode to perform 

photoelectrochemical (PEC) tests, was drop-casted on a silicon (Si) substrate. XRD analysis was 

carried out using grazing angle incidence of 0.5 º to nullify the peaks from the Si substrate. The 

XRD pattern for CdSe/CdS core/shell “giant” QDs is presented in Fig. S3(b) and matches perfectly 

with that of wurtzite CdS (JCPDS card no. 01-077-2306). Our data is consistent with previous 

studies, where the CdSe/CdS core/shell structure was used.50,51 In Fig. S4, we report high 

resolution X-ray Photoelectron spectra (XPS) data for Sn 3d, Ti 2p, Cd 3d and S 2p peaks for the 

SnO2-TiO2/QD heterostructured photoanode. The peak positions of Sn 3d5/2, Sn 3d3/2 and the 

difference in binding energy between the two peaks are shown in Fig. S4(a), and are consistent 

with the literature for the Sn4+ state in the case of SnO2.
52 Also, as presented in Fig. S4(b), the peak 

position of Ti 2p3/2 and Ti 2p1/2 and the relative intensity ratio of these two peaks match perfectly 

with reports on Ti4+ for TiO2.
53,54 The Cd 3d peak, which splits into Cd 3d5/2 and Cd 3d3/2 due to 

spin–orbit splitting, also agrees with the reported peak positions for Cd2+.55 The S 2p core level 
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was deconvoluted into S 2p3/2 and S 2p1/2 and matches with S 2p3/2 and S 2p1/2 peak positions 

attributed to S2- state for CdS.56 In this work, we introduce a “giant” QD with CdSe core and a 

thick CdS shell. Consequently, the amount of Se was very low, quantified from EDS analysis to 

be ~0.05 wt%, and therefore the signal from Se was not detected by XPS. 

 

Figure 2: (a) PL spectra of CdSe/CdS “giant” QDs in different photoanodes. (b) PL decay 

dynamics for different anodes sensitized with CdSe/CdS “giant” QDs under 408 nm laser 

excitation. (c) PL decays for different anodes sensitized with CdSe/CdS “giant” QDs under 

excitation wavelength, λ = 444 nm.  

Electron dynamics. The scheme for the integrated PEC cell, illustrating different exciton 

generation, transport and recombination processes during the PEC test is displayed in Fig. 1(k). 

The modification of the SnO2 photoanode, forming a SnO2-TiO2 heterostructure, offers favorable 

band alignment for efficient electron injection into the photoanode. As shown in Fig. 1(k), the 

photogenerated exciton dissociation takes place at the QD, subsequently, the photogenerated 

electrons are injected into the heterostructured SnO2-TiO2 mesoporous anode where the electron 

is transported via a diffusion mechanism and collected at the front electrode. The holes 

subsequently oxidize the hole scavengers at the photoanode and the electrons migrate to the Pt 

counter electrode to produce H2. PL spectra of CdSe/CdS “giant” QD-sensitized samples have 

been normalized and presented in Fig. 2(a). The PL denotes no significant change in the peak 
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positions for different samples, indicating good optical stability of the photoanode. The lifetime 

for the SnO2-TiO2 and the TiO2 samples in CdSe/CdS were estimated from PL decay curves shown 

in Fig. 2(b), and Fig. 2(c), which were carried out under laser excitations of 408 nm and 444 nm, 

respectively. The PL lifetime decay curves reveal that the SnO2-TiO2 sample has a shorter lifetime 

(data presented in Table 1) of 24.19 ns, 22.02 ns compared to 27.45 ns, 24.44 ns in the case of the 

bare TiO2 photoanode for 408 nm and 444 nm laser excitations, respectively. The ZrO2 photoanode 

showed a lifetime of 29.17 ns and 29.01 ns at 408 nm and 444 nm, respectively. Based on these 

data, we further calculate the electron transfer rate (Ket). As shown in Table 1, the Ket of the 

photoanode based on heterostructured SnO2-TiO2 is faster than that of photoanode based on bare 

TiO2. The faster electron transfer rate indicates less probability of exciton recombination for the 

generated electrons and holes, thus a better stability of the photocurrent density is expected for the 

heterostructured SnO2-TiO2 photoanode with respect to the bare TiO2 anode. Moreover, we found 

that, at the shorter excitation wavelength, i.e. 408 nm, which is closer to UV illumination, the 

electron transfer rate is drastically faster (~3.5 fold) in the SnO2-TiO2 photoanode (7.1 x 106/s) 

compared with that of the TiO2 photoanode (2.2 x 106/s). The slower electron transfer rate of the 

TiO2 photoanode compared to that of the SnO2-TiO2 photoanode can be attributed to UV induced 

excess hole formation in the TiO2 photoanode, which increases the probability for electron-hole 

recombination, other than electron transfer from QDs to oxide. When moving further away from 

UV excitation wavelengths, i.e. at longer wavelength (444 nm), this effect is less pronounced, 

where the electron transfer rate in the SnO2-TiO2 photoanode is only ~1.5 higher than that of the 

bare TiO2 photoanode. We also measured and calculated the hole transfer rate using Na2S and 

Na2SO3 as hole scavengers using ZrO2 as a scaffold. The hole transfer rate is ~9.5×106/s, indicating 

the strong base solution (Na2S and Na2SO3 in water) can serve as a very strong hole scavenger. 
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Photoanode 

 

408 nm excitation 

 

444 nm excitation 

 τ(ns) Ket (106/s) τ(ns) Ket (106/s) 

 

SnO2-TiO2 with QDs 

 

24.19 

 

7.1  0.5 

 

22.02 

 

10.9  0.5 

TiO2 with QDs 27.45 2.2  0.3 24.44 7.7  1.2 

ZrO2 with QDs 29.17 ---- 29.01 ---- 

Table 1: Lifetime and electron transfer rate constants from photoluminescence decay dynamics. 

The measured error for the lifetime is around 0.1 ns. 

PEC performance. The PEC performance of the SnO2 photoanodes sensitized with “giant” QDs 

was studied using a three-electrode electrochemical cell configuration with Pt as the counter 

electrode, and a saturated Ag/AgCl as a reference electrode.38 The voltage was linearly swept and 

converted to RHE, prior to plotting it against the photocurrent density generated under 1 sun 

illumination (AM 1.5G, 100 mW/cm2) and dark conditions.  

 

Figure 3: (a) Photocurrent density versus the applied voltage (vs RHE) for different configurations 

of SnO2- TiO2 and core/shell QD in the dark and under 1 sun AM 1.5G illumination (100 mW/cm2) 

with commercial TiO2 (BL) and TiCl4 blocking layer. (b) Long duration stability test of 5 h for at 

0.6 V (vs RHE) for SnO2-TiO2 and 1 h for TiO2 photoanode under 1 sun illumination using AM 
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1.5G filter. First 15 min of the long duration stability shown in the inset. (c) Stability of SnO2-

TiO2 and TiO2 photoanode under UV illumination. 

With the increase in voltage, the photocurrent density gradually increases under illumination, until 

a saturated current density is obtained (Fig. 3a). The effect of different BL samples such as the 

TiO2 commercial BL and TiCl4 BL, which were prepared with TiOx post treatment and TiCl4 post-

treatment, are shown in Fig. S5 and Fig. 3a, respectively. The TiCl4 BL was fabricated following 

protocols described in the literature57 where at the optimal thickness of the compact layer, the 

charge transfer resistance at the FTO interface is the lowest,5,46,49 improving the charge collection 

and hence, the overall photocurrent density of the device. With the introduction of the TiCl4 BL, 

the photocurrent density was improved by 50% from 1 mA/cm2 to 1.5 mA/cm2 for TiOx post 

treated devices, which is shown in Fig. S5 and nearly a 2.5-fold increment from 2 mA/cm2 to 4.7 

mA/cm2 was achieved for the TiCl4 post treated cell, which is presented in Fig. 3a. The 

photocurrent density was ~10 mA/cm2 for the PEC cell based on the TiO2/QDs anode, which is 

two-fold higher than that of PEC cells based on SnO2-TiO2/QDs. Our typical three electrode PEC 

experimental arrangement is demonstrated in Fig. S6 (a) and evolution of H2 bubbles on the surface 

of the Pt CE can be seen in Fig. S6 (b). In this work, the structure of the PEC cells are identical 

except for the type of metal oxide (TiO2 or SnO2 or SnO2-TiO2). As the band energy level of SnO2 

does not favor the efficient electron transfer from the QDs to SnO2, there is no photoresponse. As 

shown in Fig. 1k, the photogenerated electrons may recombine with the holes of QDs, or after 

transferring to TiO2 (or SnO2-TiO2), the electrons may recombine with the holes in the QDs (2) or 

electrolyte (4) during the electron transfer process. In addition, the photogenerated electrons can 

directly react with the electrolyte (3). In our PEC set-up, the QDs, electrolyte, counter electrode 

(Pt), and reference electrode are the same, so the different photocurrent density is mainly due to 
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the electron transfer rate from the QDs to the metal oxide and the possible charge recombination 

between the photogenerated electrons and the electrolyte. In the TiO2 photoanode, the charge 

transfer rate is much faster and the photoanode is very compact to facilitate the electron collection 

at the surface of the FTO glass before they react with the electrolyte. While in the SnO2-TiO2 

anode, as shown in Fig. 1a, the SnO2 nanoparticles do not connect to each other very well even 

after the post-treatment of TiO2. This structure will lead to a great portion of the electrons reacting 

with the electrolyte before they reach the FTO glass substrate, which explains the lower current 

density compared to the PEC cell based on only on the TiO2/QDs anode. The better performance 

for TiCl4 post treated samples in comparison with the TiOx post treated samples, is due to the 

morphological advantage of TiCl4 treated samples, which exhibit enhanced interconnection 

between the nanoparticles, as compared to the TiOx post treated samples, which facilitate the 

percolation of electrons between the nanoparticles and lead to a global increase of current.58 

The stability of the photoanodes was investigated under 1 sun (100 mW/cm2) AM 1.5G 

illumination in 0.25 M Na2S and 0.35 M Na2SO3 (pH ~ 13) aqueous solution and the results are 

reported in Fig. 3(b). Three batches of PEC samples were measured with the same PEC set-up at 

identical temperatures (25 C). The representative photoanodes based on heterostructured SnO2-

TiO2 exhibit remarkable stability. The photocurrent density of the PEC devices based on SnO2-

TiO2 retains ~93  3% of its initial value after 5 h (100 mW/cm2). To the best of our knowledge, 

such remarkable stability has never been reported in the literature. The TiO2 sample shows a rapid 

decay until it maintains only ~79% of its initial photocurrent density as compared to ~96% for the 

PEC cell based on SnO2-TiO2/QDs after 1 h of simulated solar illumination.  
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Figure 4:(a) Photocurrent density versus the applied voltage (vs RHE) for different graphene 

concentrations in the SnO2-TiO2 photoanode PEC cells (b) 300 s chopped transient response of 

photocurrent density at 0.6 V (vs RHE) for the sample without any graphene and with 0.1% 

graphene. 

Although the surface treatment enhances charge transport by implementing a SnO2–TiO2 

heterojunction, electrons in nanoparticle networks encounter a sufficiently large number of grain 

boundaries, which hinder efficient electron percolation. Recently, Dembele and co-workers 

demonstrated a simple and fast method to incorporate small quantities of graphene microplatelets 

into the TiO2 photoanode of a DSSC.59 Their investigation indicated that a small quantity of 

graphene does not bring a considerable reduction in the transparency of the photoanode, which is 

detrimental to solar cell performance, instead, small quantities of graphene increase the 

photocurrent density improving the overall efficiency of the photovoltaic device.59 A similar 

technique, for the introduction of a small amount of graphene, has been implemented in our SnO2–

TiO2 photoanode architecture, where the mechanism of efficient fast electron transport through 

conducting graphene microplatelets has been illustrated in the proposed schematic in the Fig. S7. 

Compared to the SnO2–TiO2 photoanode without any graphene, the photocurrent density in the 
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photoanode with 0.1% graphene loading is enhanced by ~20% from 4.7 mA/cm2 to a value of ~5.6 

mA/cm2, as seen in Fig. 4 (a). This remarkable enhancement of photocurrent density might be 

attributed to the exceptional charge directing properties of conducting graphene pathways,59 which 

reduces the probability of carrier recombination, thus promoting better electron transport and 

collection. This value of photocurrent density corresponds to a faradaic efficiency (FE) of ~80% 

and a maximum applied bias photon-to-current conversion efficiency (ABPE) of 2.89%, see details 

in Note 1 of the supporting information. The chopped transient response of photocurrent density 

for the SnO2–TiO2 photoanodes with and without graphene were studied for a time period of 300 

s and is displayed in Fig. 3(b). The immediate transition of the photocurrent from the saturated 

current value to the zero value and vice versa when the shutter for the lamp source switched 

between on and off positions indicates efficient charge separation in our device. Further 

improvement of both the efficiency and stability of the PEC cells based on SnO2–TiO2 anode, may 

focus on investigating the size effect of the SnO2 nanoparticle, the thickness and crystalline 

structure of post-treated TiO2 layer, and the size/shape/thickness of graphene microplatelets, etc. 

Mechanism of fast photocurrent decay in TiO2/QDs based photoanode. Usually, several 

factors may affect the photostability of PEC cells, including, i) the formation of UV induced excess 

holes of metal oxides (such as TiO2), which induces the formation of non-radiative recombination 

centres, contributing to the photooxidation process of the QDs, ii) UV induced degradation of QDs, 

iii) the corrosion of QDs due to the strong base (electrolyte, pH of 13) and iv) slow hole transfer 

rate of QDs to electrolyte, which induces hole accumulation further leading to self-oxidation of 

the QDs. In our case, as the only difference between the PECs, is the metal oxides, the dominant 

factor for the substantial difference in the stability of PECs could be the UV induced reaction 

between the QDs and photoinduced holes in the metal oxide. In general, the weight concentration 
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of TiO2 in the SnO2-TiO2 photoanode is much lower compared to that of SnO2 and of course, SnO2 

only absorbs UV light in the 300-330 nm range nm of the solar spectrum due to its large bandgap 

(Eg = 3.78 eV). In the case of the TiO2 anode, the excess holes under UV illumination will interact 

with the QDs. To confirm our hypothesis, we further carried out stability tests under UV 

illumination [bandpass filter (350 nm) on one sun illumination], which is reported in Fig. 3(c). In 

the case of the TiO2 sample, ~49% of its initial photocurrent density is maintained after 

illumination under UV light for 45 min, which can be attributed to hole induced self-oxidative 

decomposition.60 On the other hand, in the case of the PEC cell based on SnO2-TiO2, it retained 

80% of its initial current density retained where decrease of 20% after 45 mins is mainly due to 

the UV-induced degradation of the QDs.  
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Figure 5: Transient absorption spectra of the TiO2-QD sample pumped at (a) 350 nm, (c) 400 nm, 

(e) 450 nm with 0.5 µJ pulse energy; Decay dynamics of the TiO2-QD sample pumped at (b) 350 

nm, (d) 400 nm, and (f) 450 nm. 
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Pump 

Wavelength 

(at 0.5 µJ pulse 

energy) 

Probe 

wavelength 

Decay time (τ) in ps 

TiO2 Sample 

Decay time (τ) in ps 

ZrO2 sample 

Ket (s
-1) 

[1/τS (TiO2)-

1/τS (ZrO2)] τs τL τs τL 

350 nm (3.54 eV) 460 nm 10±1.6 202.6±7.6 15.8±1 259.7±17.8 3.67x1010 

400 nm (3.10 eV) 484 nm 8.9±1.6 170.8±9.2 14.9±3.2 331.8±11.3 4.52x1010 

450 nm (2.75 eV) 475 nm 8.8±0.3 222.1±4.5 17.4±0.9 275.5±5.2     5.61x1010 

Table 2: Decay times (τ) for TiO2 and ZrO2 sample and electron transfer rate (Ket) in case of TiO2 

sample for pump wavelengths of 350 nm, 400 nm, and 450 nm. 

 

To better understand the degradation of the photocurrent density for the TiO2 photoanode, a 

detailed investigation of the electron kinetics in TiO2-QDs was carried out with ultrafast TAS. The 

photoanode was excited with different photon energies, 3.54 eV (350 nm), 3.1 eV (400 nm), and 

2.75 eV (450 nm) and probed with wavelengths of 460 nm, 484 nm and 475 nm, respectively, at 

various pump–probe delays. The pulse energy of the pump beam was fixed at 0.5 µJ. The 

differential absorbance spectra (ΔA) from the broadband probe were collected in transmission 

geometry using a spectrometer, and the results are demonstrated in Fig. 5 (a,c,e) for the TiO2-QD 

sample. The fluence of the pump beams were chosen in such a manner that the Auger 

recombination of the charge carriers can be avoided. A negative magnitude in the differential 

absorbance spectra (ΔA) corresponds to photobleaching (PB), and ideally, the PB maximum 

coincides with the first exciton transition observed in their absorption spectrum.61 When we 

introduce a pump beam of 3.54 eV energy (i.e. at 350 nm) to the TiO2-QD sample, we detect a 

broad response, which is possibly from the excited carriers of anatase TiO2 (3.2 eV), CdS shell 

(2.5 eV) and the CdSe core (2.1 eV), and is depicted in Fig. 5(a). The prominent feature appearing 
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in all (ΔA) spectra is a PB signal at ~490 nm, indicates the presence of excited carriers in the CdS 

shell, and has an absorption onset at ~490 nm owing to its bandgap of 2.5 eV. In Fig. 5(c), we also 

notice the PB peak around 600 nm from CdSe, which has an absorption onset at ~590 nm. A large 

PB is observed at ~450 nm in Fig. 5(e) as a result of scattering of the pump signal of the same 

wavelength. The data for the decay dynamics of the TiO2-QD and ZrO2-QD samples, along with 

the electron injection rates in the TiO2-QD sample are presented in Table 2. Corresponding decay 

kinetics are fitted with a bi-exponential decay function, which resulted in a short (τS) and long (τL) 

lifetime. The long lifetime (τL) can be attributed to a combination of electron-hole radiative 

recombination and back electron transfer from the metal oxide to the QD, whereas the short 

lifetimes (τS) may be ascribed to either trapping or a convolution of trapping and electron transfer.62 

The ZrO2-QD sample (data presented in Fig. S8) is used as a benchmark to calculate the electron 

injection rates for the TiO2-QD sample, since electron transfer from QDs to ZrO2 is not likely due 

to the fact that the CB minima of ZrO2 is at a higher position than the CB minima of both CdSe 

and CdS QDs. The electron transfer rate of the TiO2-QD sample pumped in the UV regime (at 350 

nm) is determined to be 3.67 x 1010/s, which is lower than the electron transfer rate obtained from 

400 and 450 nm pump wavelengths (i.e. 4.52 x 1010/s and 5.61 x 1010/s, respectively). This slow 

electron transfer rate with the 350 nm is primarily due to the electron recombining with the excess 

holes present in the TiO2 nanoparticles. These excess holes originate from the formation of 

energetically deep traps in TiO2, which are induced by the UV illumination.63 The electrons cannot 

escape the deep traps, so they recombine with the holes, thereby diminishing the electron transfer 

rate in the UV excitation. When the TiO2-QD sample was pumped at a wavelength of 450 nm, the 

highest electron transfer rate of 5.61 x 1010/s is recorded. This result is expected, because amongst 

the utilized pump wavelengths, 450 nm is closest to the CdS absorption onset at ~490 nm, thus 
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high electron transfer from the QDs is likely. The results from TAS measurements are in good 

agreement with data obtained from the PL analyses and provides insights into the low charge 

transfer phenomenon of TiO2 photoanodes under UV pump excitation, thereby explaining the 

superior performance of our SnO2–TiO2 heterostructured photoanode over traditional TiO2 

photoanodes. 

Conclusions and perspectives 

In conclusion, we demonstrated a novel photoanode architecture based on heterostructured 

SnO2–TiO2 mesoporous films, sensitized by “giant” CdSe/CdS core/shell QDs for PEC H2 

generation. We achieved a saturated photocurrent density of ~ 4.7 mA/cm2 with unprecedented 

stability, retaining 93% of initial photocurrent density after 5 h of irradiation (100 mW/cm2). 

Detailed analysis with transient photoluminescence (PL) measurements demonstrates that the 

heterostructured SnO2–TiO2 photoanode exhibits a faster electron transfer compared to a 

traditional TiO2 photoanode. Lower electron transfer rates in the TiO2 photoanode can be largely 

attributed to slow electron kinetics in the UV regime, as revealed by ultrafast transient absorption 

spectroscopy. In addition, 0.1% by weight of graphene microplatelets in the heterostructured 

photoanode improves the photocurrent density to ~ 5.6 mA/cm2. These results indicate that 

heterostructured SnO2-TiO2 can serve as stable and efficient photoanode after sensitization by 

“giant” QDs, signifying this is a very promising photoanode architecture for PEC hydrogen 

generation. 
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Figure S1 Band diagram constructed by combining the data from UV photoelectron spectroscopy (UPS) 

and diffuse reflectance spectroscopy (DRS) of the SnO2 and SnO2/TiO2 photoanode.1 
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Figure S2 Band diagram depicting the beneficial effect of using SnO2-TiO2

 over traditional TiO2 

photoanode. Approximate energy levels (corresponding to pH=13) of SnO2-TiO2
1, CdSe, CdS, along with 

related characteristic redox potentials. The band gap value of CdSe and CdS correspond to QD and bulk 

semiconductors, respectively. The arrows denote the electron and hole transfer mechanisms. 
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Figure S3: (a) X-ray diffraction patterns of the SnO2-TiO2/QD photoanode; (b) Grazing angle X-ray 

diffraction patterns of the CdSe/CdS core/shell QDs on Si substrate. 
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Figure S4:  X-ray Photoelectron spectra and curve fit of; (a) Sn 3d peak , (b) Ti 2p peak   (c) Cd 3d peak, 

and (d) S 2p peak for the SnO2-TiO2/QD photoanode. 
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Figure S5: Photocurrent density versus the applied voltage (vs RHE) for SnO2-TiO2 photoanode PEC cells 

with different blocking layers.  
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Figure S6: General schematic for efficient photoelectron transfer via graphene conducting pathways in the 

composite photoanode sensitized with giant QDs, arrows indicate the electron transfer processes. 
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Figure S7: Transient absorption spectra of ZrO2-QD sample pumped at (a) 350 nm, (c) 400 nm, (e) 450 

nm with 0.5 µJ pulse energy ; Decay dynamics of ZrO2-QD sample pumped at (b) 350 nm, (d) 400 nm, and 

(f) 450 nm. 
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Note 1 

We have estimated the H2 gas evolution within our CdSe/CdS g-QD/SnO2-TiO2 photoanode by 

using the H2 evolution measurements conducted in a similar system composed of CdSe/CdS 

“giant”-QD /TiO2 photoanode,2  Pt as the counter-electrode and a Ag/AgCl saturated reference 

electrode. The produced H2 gas in this benchmark system was detected using a ShimadzuGC-8A 

gas chromatography (GC) device equipped with a thermal conductivity detector. Argon was used 

as the carrier gas for GC analysis. An air-tight syringe was used for sampling from the vacuum 

sealed chamber. After 5610, 6280 and 7172 s, the H2 gas measured was 23.55, 24.65 and 25.61 

μmol, respectively. This approach is quite reliable because after 1.5 h, the evolution of the H2 gas 

within our benchmark PEC system2 stabilizes and the photocurrent density  is similar to the one 

produced in this work with the incorporation of 0.1 wt% graphene microplatelets, (~5.6 mA/cm2). 

The Faradaic Efficiency (FE) was calculated using the formula:3  

𝐹𝐸(%) =
𝐻2 evolved (mol)  × 2 × 𝐹(𝐶𝑚𝑜𝑙−1)

Charge passed through WE (C)
× 100% 

                                             =  81.27% 

Where, Faraday constant (F) = 96484.34 C/mol 

The solar to hydrogen (STH) conversion efficiency was calculated using the formula:4 

𝑆𝑇𝐻 = [
|𝐽𝑠𝑐 (

𝑚𝐴
𝑐𝑚2 )| × 1.23 (𝑉) × 𝐹𝐸

𝑃 (
𝑚𝑊
𝑐𝑚2 )

]

𝐴𝑀 1.5𝐺

 

                                                                          = 5.51 % 

Where Jsc is the photocurrent density, P is the input power provided by solar simulator. 
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When a photoanode for PEC based H2 generation is used unassisted i.e. without a tandem cell, 

STH efficiency becomes irrelevant.4 In such cases, applied bias photon-to-current conversion 

efficiency (ABPE) may be used to overcome this drawback.4 

ABPE is defined as:4 

𝐴𝐵𝑃𝐸 = [
|𝐽𝑝ℎ𝑜𝑡𝑜 | × (1.23 − 𝑉)

𝑃
]

𝐴𝑀 1.5𝐺

 

                                                         =2.89% 

Where, V is the voltage that is applied to the cell from an external power source 

             Jphoto is the photocurrent measured at this voltage. 
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Chapter 5:    Conclusion  

Solar energy conversion implementing PEC cells is a promising technology towards building a 

clean carbon emission free future. Primarily, two types of PEC cells were introduced in this thesis, 

firstly DSSCs, that converts sunlight into electric power. Secondly, a PEC cell where solar energy 

can be converted into hydrogen which holds immense potential in future energy applications.  

The photoanode of PEC cell plays a pivotal role in the charge dynamics of the overall device. 

Mesoporous nanoparticle based photoanodes, has garnered significant interest due to high surface 

area and facile fabrication techniques. Owing to ultrafast electron injection rates from the excited 

dye into TiO2 nanoparticles, TiO2 has been widely used as a photoanode in PEC cells. Although 

high electron recombination in TiO2 due to poor electron mobility, limits its use. On the other 

hand, SnO2 is a promising photoanode, which has electronic mobility that is orders of magnitude 

higher than TiO2. Furthermore, SnO2 has a low sensitivity to UV degradation due to its larger band 

gap, and hence more stable. To address all the issues, in this thesis, we fabricated SnO2-TiO2 

heterostructure photoanodes by a straight forward chemical post treatment approach, to integrate 

the advantages of higher conduction band edge of TiO2, and the high stability and exceptional 

electronic mobility of SnO2. In addition, the type-II band alignment of SnO2-TiO2 heterostructure  

facilitates charge separation and transport. The conclusion for the results in our thesis are divided 

into two parts, in the first part we implement SnO2-TiO2 heterostructure in DSSCs, and in the 

second part, we study the performance of SnO2-TiO2 heterostructure photoanodes in PEC cells for 

H2 generation. 

In part I of our thesis, we have demonstrated the synthesis of the SnO2-TiO2 photoanode achieved 

following different precursor treatment routes such as TiOx and TiCl4. The blocking layer of TiO2 
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fabricated on FTO, inhibits the transport of photoinjected electrons back to the electrolytes, which 

were collected by FTO. In addition, the passivation of the SnO2 with TiO2 layer blocks the back-

reaction pathway of photoinjected electrons from the heterostructure photoanode to the electrolyte. 

The enhancement of open circuit voltage was achieved due to the reduced charge recombination 

from modification of the electronic band alignment confirmed with UPS and diffuse reflectance. 

The effect of interconnection of the photoanode nanoparticles provides a better path for electron 

flow and plays a major role in enhancing the short circuit current of the device. Impedance 

spectroscopy analysis confirms the increase of Rrec, and higher lifetime for solar cells with TiO2 

post treatment. This further confirms reduced recombination and greater diffusion length of an 

electron prior to recombination, thereby enhancing the functional properties of the DSSC, which 

led to nearly a 2-fold improvement in overall PCE. Therefore, SnO2-TiO2 photoanode fabricated 

via different precursor treatment routes of TiOx and TiCl4 demonstrated a marked improvement 

over conventional SnO2 photoanode, and could be considered as a promising approach towards 

making high performance DSSCs. 

Although, SnO2-TiO2 based photoanode achieved a considerable improvement in comparison to 

traditional SnO2 photoanode, we furthermore investigated and successfully demonstrated DSSCs 

with novel SnO2-TiO2/graphene mesoporous photoanode architecture. A systematic study was 

carried out on the photovoltaic performance and stability of DSSCs by incorporating different 

concentrations of graphene microplatelets inside the SnO2-TiO2 network implementing a fast and 

large area-scalable methodology. A PCE of ~3.4 % was achieved under 1 sun simulated irradiation, 

AM 1.5G for SnO2-TiO2/graphene DSSC by optimization of the graphene concentration. This 

enhancement of PCE could be attributed to higher electron lifetime and reduced charge 

recombination in graphene based photoanodes which was confirmed by EIS. The reduced charge 
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recombination subsequently boosted Jsc from 7.76 mA/cm2 to 9.03 mA/cm2. We also confirmed 

higher electron lifetime in SnO2-TiO2/graphene photoanode DSSCs in comparison to SnO2-TiO2  

photoanode DSSCs with the help open circuit voltage decay experiments. To study the long 

duration stability of the DSSCs, we investigated the performance of the cells for 200 hours of 

continuous illumination under AM 1.5G simulated sunlight. We found that, introduction of 

optimized quantity of graphene microplatelets results in superior stability of all the functional 

parameters of our solar cells. These results establish SnO2-TiO2/graphene photoanode architecture 

as a promising photoanode towards efficient and stable DSSC. 

In part II of the thesis, we have demonstrated the implementation of a novel photoanode 

architecture based on heterostructured SnO2–TiO2 mesoporous films, sensitized by “giant” 

CdSe/CdS core/shell QDs for PEC H2 generation. The “giant” CdSe/CdS core/shell QDs 

incorporated in the mesoporous photoanode structure by EPD technique, further extended the 

absorption of the photoanode to the visible spectrum. We achieved a saturated photocurrent density 

of ~ 4.7 mA/cm2 under 1 sun simulated AM 1.5G irradiation, with an unprecedented stability of 

93% of initial photocurrent density after 5 h of irradiation which is the highest value for QDs based 

PEC cells. Detailed investigation with transient PL measurements demonstrate that the 

heterostructured SnO2-TiO2 photoanode architecture exhibits  faster electron transfer compared to 

a traditional TiO2 photoanode. Ultrafast transient absorption spectroscopy revealed lower electron 

transfer rates in the TiO2 photoanode which can be largely attributed slow electron kinetics of TiO2 

in the UV regime. Moreover, 0.1% by weight of graphene microplatelets in the heterostructured 

photoanode further enhances the photocurrent density to ~ 5.6 mA/cm2. These results show that 

heterostructured SnO2-TiO2 photoanodes can serve as stable and efficient photoanode after 
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sensitization by “giant” QDs, signifying this is a very promising photoanode architecture for PEC 

hydrogen generation. 
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Appendix: Résumé 

L’introduction 

Tout autour du monde, motiver par la pollution de l'environnement, l'augmentation de la demande 

énergétique et de la disponibilité limitée des sources d'énergie traditionnelle telles que le charbon, 

le pétrole et les combustibles fossiles, La prise de conscience concernant les sources d'énergie 

renouvelable a augmenté considérablement. Au cours des cinq dernières décennies, la demande 

d'énergie dans le monde a augmenté très rapidement la consommation mondiale d'énergie passant 

ainsi du simple au double. [1] Pour répondre à la demande croissante d'énergie, tout en minimisant 

les dommages fait à l'environnement, nous devons utiliser des sources d'énergie propre, durable et 

renouvelable. [7] Parmi toutes les sources d'énergie renouvelable disponibles, l'énergie solaire est 

la plus abondante. Le soleil émet de l'énergie à un taux colossal de 3,8 × 1023 kW, [13] et la terre, 

étant située à environ 150 millions de km du soleil, en intercepte près de 1,8 × 1014 kW. [13] Le 

phénomène de transformer la lumière en énergie électrique a été initialement observé en 1839par 

le scientifique français Alexandre Edmond Becquerel. Il a observé que l'exposition à la lumière 

d’une électrode en platinum et une en chlorure d'argent dans un  électrolyte produisait une petite 

quantité de courant électrique. [15] La première cellule solaire a été mise au point par les 

laboratoires Bell en 1954, mettant en œuvre une jonction p-n de silicium, qui a atteint un rendement 

d'environ 6%. [37] La technologie PV peut être catégorisée en trois générations. La première 

génération de photovoltaïque repose principalement sur le silicium cristallin. Bien que le silicium 

soit abondamment présent dans la nature, la purification et la fabrication de silicium sans défaut 

consomment beaucoup d'énergie, ce qui augmente le coût par énergie produite. [39] Bien que cette 

classe de cellules solaires puisse atteindre un rendement élevé, proche de la limite de Shockley-

Queisser, [28] les coûts de production élevés exigent de travailler avec une nouvelle technologie 
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plus rentable. La deuxième génération de photovoltaïques constitue principalement des 

technologies à couches minces telles que le cadmium tellurure (CdTe), le cuivre indium gallium 

séléniure (CIGS) et le silicium amorphe [40] fabriqués sur des substrats en verre ou en céramique, 

ce qui est moins chers, réduisant ainsi considérablement les coûts de production. En revanche, 

l’efficacité de puissance de conversion (PCE) de ces photovoltaïques est relativement faible. [39] 

La troisième génération a été introduite pour combiner efficacement les avantages des deux 

premiers générations de photovoltaïques. [41,42] Les technologies photovoltaïques de troisième 

génération utilisent des technologies émergentes telles que les cellules solaires à pigment 

photosensible (DSSC) et les cellules photovoltaïques à pérovskite, [43,44] dont les excitons 

photogénérés et le transport de charges sont réalisée séparément dans des semi-conducteurs de 

pureté inférieure, réduisant ainsi leurs coûts de production. Les cellules photovoltaïques à pigment 

photosensible sont une technologie photovoltaïque de troisième génération de perspectives 

prometteuses qui peuvent surpasser le rendement des cellules photovoltaïques traditionnelles dans 

des conditions de faible éclairage intérieure ou en lumière solaire diffuse et est moins dépendant 

de l'angle d'incidence de la lumière (AOI) que les cellules solaires conventionnelles. [52-54] 

 

Figure A1: Diagramme schématique [58] d'un DSSC typique, les composants individuels sont montrés en détails à 

droite 
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Un DSSC typique est construit par un substrat d'oxyde conducteur transparent, un film mince de 

semi-conducteur mésoporeux à large bande interdite (également appelé photoanode), un 

photosensibilisateur (des molécules de colorant adsorbées sur la photoanode mésoporeuse), un 

électrolyte en couple redox, et enfin une contre-électrode (CE) pour compléter la cellule. La 

photoanode est le composant le plus important d'un DSSC, qui joue un rôle crucial dans la 

maximisation du PCE d'un DSSC. La photoanode nécessite une grande surface pour pouvoir ancrer 

une grande quantité de molécules de colorant et ainsi générer suffisamment de photoélectrons pour 

contribuer à la densité de photocourant et donc augmenter le PCE global du dispositif. [50,64] La 

bande de conduction (CB) du matériau photoanode doit être énergétiquement à une position 

légèrement inférieure à la plus basse orbitale moléculaire inoccupée (LUMO) du colorant pour 

minimiser les pertes potentielles énergétiques. [60] La photoanode doit également posséder une 

grande mobilité d'électrons pour assurer un transport d'électrons efficace puisque le transport de 

charge dans un DSSC se produit via un procédé de diffusion lente caractérisée par des pièges à 

électrons. Les DSSCs basé sur des photoanodes de TiO2 ont atteint les rendements les plus élevés 

à ce jour, essentiellement en raison de la faible surtension par rapport aux colorants couramment 

utilisés et du rapport surface / volume élevé.  

 

Figure A2: Schéma de la structure cristalline rutile tétragonale de SnO2 [130], plan cristallin (110) représenté en vert. 
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Le chargement supérieur de colorant dans  l'anatase TiO2 et ZnO est le résultat du point 

isoélectrique élevé de TiO2 (pH 6-7) et ZnO (pH ~ 9) par rapport au point isoélectrique faible de 

SnO2 (pH 4-5). Ceci facilite une densité de photocourant plus élevé dans TiO2 et ZnO. [128,129] 

Cependant, le SnO2 a été utilisé dans la sensibilisation des colorants depuis le début des années 

1980. [130-132] Comme le transport de charge dans le DSSC est attribuable par la diffusion, la 

mobilité électronique est l'une des caractéristiques clés qui définit l'efficacité de la percolation des 

électrons.  

L'une des propriétés les plus attrayantes de SnO2 est la grande mobilité des électrons par rapport 

aux autres semi-conducteurs largement utilisés dans les DSSCs. La mobilité des électrons (µ𝑒) de 

SnO2 est de ∼250 cm2 V–1 s−1  pour les monocristaux et de ∼150 cm2 V–1 s−1  pour les 

nanostructures, ce qui est de plusieurs ordres de grandeur supérieur à TiO2, le choix alternative 

préféré, qui a une mobilité d’électrons ~1 cm2 V–1 s−1 en monocristaux et ∼10−5 cm2V–1 s−1 en 

nanostructures. [132-136] La mobilité d'électrons peut être estimée par µ𝑒 = 𝑒
𝜏𝑠

𝑚𝑒
, où e est la 

charge électronique, 𝜏𝑠 est la fréquence de collision et me est la masse effective. [132] La mobilité 

d'électrons élevée de SnO2 est obtenue grâce à sa faible masse effective, me,  ~ 0,17-0,30 mo [137-

139] alors que dans le cas du TiO2 la masse effective élevée ~1-50 mo [140-143] limite la mobilité 

d'électrons. Le diagramme schématique de la structure cristalline rutile tétragonale de SnO2 est 

démontré sur la Fig. A2. Dans la structure cristalline de SnO2, chaque atome de Sn est placé au 

centre d'un octaèdre entouré de six atomes d'oxygène. [132, 144] Les paramètres de maille de la 

structure rutile sont a = b = 4,737 Å, c = 3,18 Å. Le plan cristallin (110) avec un espacement 

interplanaire, d110 = 3,33470 Å, est représenté sur la Fig. A2, qui a le pic le plus proéminent de 

SnO2 rutile tétragonal. Dans notre thèse, des dispositifs avec structure rutile SnO2 ont été largement 

étudiés. 



183 

 

L'hydrogène est une ressource énergétique non carbonée [145] qui a le potentiel de remplacer les 

combustibles fossiles qui produisent le gaz à effet de serre car le seul sous-produit de sa 

combustion est l'eau. De plus, l'hydrogène a une énergie spécifique (énergie par unité de poids) 

meilleure que toutes autres sources d’énergie chimique [146] et conduit à la recherche d'une 

économie entraînée par l'hydrogène. Dans l'industrie, la production de masse d'hydrogène est 

habituellement effectuée par le reformage à la vapeur du méthane ou du gaz naturel, qui est 

actuellement le plus rentable. [147] Ce processus implique une réaction endothermique, atteignant 

des températures supérieures à 1000 °C. Cette réaction divise les molécules de méthane en 

présence de vapeur et le monoxyde de carbone (CO) et les molécules de H2 sont alors formées. 

L'inconvénient majeur de la fabrication industrielle actuelle de H2 est qu'elle dépend des 

combustibles fossiles. Le reformage à la vapeur du méthane, l'un des plus propres procédés de 

génération de H2, produit environ 10 kg de CO2 par kg de H2. La production de H2 à partir de 

l'énergie solaire est considérée comme la solution ultime pour l'énergie durable [151] car elle 

n’émet pas de gaz à effet de serre et elle utilise les deux ressources les plus abondantes et les plus 

facilement disponibles: la lumière et l'eau. En 1972, les scientifiques Fujishima et Honda ont 

construit une cellule photoélectrochimique [155] qui décomposait l'eau en hydrogène et en 

oxygène. Le TiO2 a été utilisé comme photoanode et le platine, comme la cathode, a été immergé 

dans l'eau. Dans leur travail de pionnier, ils ont observé que lorsqu'une photoanode de TiO2 était 

éclairée par la lumière ultraviolette (UV), un dégagement d'oxygène se produisait à la photoanode 

de TiO2 et de H2 à la cathode. Depuis lors, des efforts considérables ont été réalisés pour générer 

de l'hydrogène en mettant en œuvre des cellules PEC en utilisant des semi-conducteurs à large 

bande interdite. Les semi-conducteurs à large bande interdite comme le TiO2 sont 

exceptionnellement performants dans les systèmes PEC en raison de leur excellente stabilité contre 
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la photocorrosion, mais un inconvénient majeur est qu'ils ne peuvent absorber que le rayonnement 

UV. Les points quantiques (QD) qui possèdent des propriétés optiques programmables selon leur 

selon leur taille, et peuvent étendre l'absorption des semi-conducteurs à large bande interdite au 

spectre visible et au proche infrarouge. Puisque les photoanodes sensibilisées par QD peuvent 

élargir la gamme d'absorption des semi-conducteurs à large bande, des rendements de génération 

de H2 plus élevés peuvent être obtenus. [159,160] Bien que les cellules PEC sensibilisées QD aient 

été largement étudiées pour leur excellente efficacité en génération H2, la recherche d'un matériau 

photoanode hautement stable pour les cellules PEC à base de QD est toujours en cours. En effet, 

la faible stabilité des cellules PEC à base de QD provient principalement de la formation de pièges 

profonds induits par les UV [161] dans les oxydes métalliques tels que TiO2, qui favorisent la 

formation de trous excessifs dans TiO2. Ces trous agissent comme centres de recombinaison non 

radiatifs qui contribuent largement au processus de photooxydation des QD. Dans cette thèse, nous 

présentons de nouvelles photoanodes SnO2-TiO2 / graphène pour résoudre ce problème. 

Les objectifs 

Cette thèse est divisée en deux parties avec deux objectifs correspondants : 

Partie I : Fabrication et caractérisation des DSSC avec une nouvelle photoanode à 

hétérostructure 

Dans les DSSC, les films minces mésoporeux de nanoparticules de TiO2 ont été largement utilisés 

comme matériau de photoanode en raison de ses vitesses d'injection d'électrons très rapides de 

l'état excité du colorant dans la bande de conduction des nanoparticules de TiO2. Cependant, en 

raison de la mobilité limitée des électrons dans le TiO2, les taux de recombinaison élevés des 

électrons conduisent à une dégradation de PCE. D'un autre côté, le SnO2 est un matériau oxyde 

prometteur en raison de sa plus grande mobilité électronique et de sa grande bande interdite (3,8 
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eV). La mobilité pour le SnO2 monocristallin et nanostructuré est supérieure d'un ordre de grandeur 

à celle du TiO2 monocristallin. Cependant, en raison d'une cinétique de recombinaison électronique 

plus rapide et d'une densité de piégeage plus faible dans SnO2, résultant d'un décalage positif de 

300 mV de la bande de conduction par rapport au TiO2, il en résulte une augmentation du courant 

d'obscurité [162,163] En outre, SnO2 a un point isoélectrique inférieur (IEP, à pH 4-5) par rapport 

à l'anatase TiO2 (IEP à pH 6-7), [129] ce qui conduit à une adsorption de colorant plus faible avec 

des groupes carboxyle acides, [163] en diminuant la densité optique de la photoanode et sa capacité 

à absorber le rayonnement solaire. 

Le verre d'oxyde d'étain dopé au fluor (FTO) dans les DSSC peut directement entrer en contact 

avec l'électrolyte liquide, car la photoanode mésoporeuse ne peut recouvrir uniformément toute la 

surface FTO. À l'interface de FTO et de l'électrolyte liquide, la recombinaison de charge d'interface 

limite la collection d'électrons et affecte le PCE. [164-168] La modification de l'interface 

FTO/électrolyte joue un rôle clé dans le renforcement des performances du DSSC en supprimant 

la recombinaison des électrons du FTO vers les électrolytes. Une approche d'une telle modification 

d'interface consiste à ajouter une couche de blocage d'oxyde métallique compact sur FTO qui 

inhiberait le transport d'électrons de retour de FTO vers l'électrolyte. [167] En outre, des 

hétérojonctions à base de SnO2-TiO2 peuvent être considérées pour atténuer le problème de la 

mobilité à faible électron dans le cas du TiO2 et de la recombinaison d'électrons rapides dans le 

cas de SnO2. En fait, le bord de la bande de conduction de SnO2 est à une position plus basse que 

TiO2, de sorte que les électrons injectés du colorant au TiO2 peuvent être injectés efficacement 

dans SnO2, qui à son tour a également une plus grande mobilité. En conséquence, la conductivité 

électronique globale du système peut être améliorée. [170] Les hétérojonctions SnO2-TiO2 créent 

une structure de bande en cascade lorsqu'elles sont stratifiées avec le colorant N719. [171,172] Le 
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transport d'électrons à plusieurs étages dans une structure de bande en cascade augmente la durée 

de vie du porteur et réduit la recombinaison de charge. [173] De plus, une couche mince de 

passivation de TiO2 à la surface des nanoparticules de SnO2 peut réduire la recombinaison des 

électrons de la photoanode SnO2 vers l'électrolyte, qui est l'un des facteurs déterminants des 

mauvaises performances des cellules solaires SnO2. 

Pour traiter les problèmes de recombinaison mentionnés ci-dessus dans une photoanode 

mésoporeuse SnO2 DSSC, et acquérir plus de compréhension sur les DSSC fabriqués avec 

photoanode SnO2, je prévois de mettre en œuvre une photoanode SnO2 modifiée, dans laquelle le 

concept d'injection électronique efficace est poursuivi dans un SnO2- Hétérojonction de TiO2, pour 

former une structure de bande en cascade en modifiant la photoanode de SnO2 avec une solution 

de précurseur TiCl4 ou TiOx, et en traitant les substrats de FTO avec les mêmes solutions de 

précurseur pour former une couche de blocage. De plus, les électrons photogénérés dans la 

photoanode d'un DSSC doivent traverser le réseau de particules semi-conductrices et rencontrer 

ainsi d'innombrables joints de grains pendant le transit, ce qui les rendent sujet à recombinaison 

avec les trous présents dans l'électrolyte. Ainsi, l'ajout d'une petite quantité de nanotubes de 

carbone à parois multiples (MWCNT) et de graphène à l'anode peut créer un réseau de percolation 

tridimensionnel (3D) hautement conducteur, en agissant comme des voies de guidage de charges. 

[121,174] 

Par conséquent, les objectifs de la partie I sont les suivants : 

1. Réalisation d’une couche de blocage sur des substrats FTO / verre et une couche de 

passivation sur la photoanode mésoporeuse SnO2 avec une solution de précurseur TiOx et 

TiCl4, pour inhiber le processus de recombinaison des trous d'électrons, créant ainsi une 

hétérojonction SnO2-TiO2. 
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2. Etude du rôle de la solution précurseur TiCl4 et TiOx sur la structure mésoporeuse SnO2 de 

la photoanode, et comprendre l'effet combiné de la couche de blocage et de la couche de 

passivation sur la performance photovoltaïque des dispositifs. 

3. Étude de la performance photovoltaïque des DSSC de photoanodes SnO2-TiO2 avec 

l'introduction de microplatelets de graphène et son rôle dans l'amélioration des propriétés 

de transfert de charge dans la photoanode. 

4. Étude de l'effet de l'introduction de microplatelets de graphène dans la stabilité à long terme 

des paramètres fonctionnels du DSSC. 

Partie II : Etude d'une nouvelle photoanode à hétérostructure pour une génération de 

H2 à base de PEC 

L'hydrogène (H2) a la plus forte teneur en énergie par unité de poids [146] par rapport aux 

autres combustibles gazeux connus. Bien que H2 soit considéré comme un combustible propre 

puisqu'il ne restitue, comme produit de réaction lors de l'oxydation, que de l'eau [175],  

mais actuellement, la production à grande échelle de H2 repose principalement sur l'extraction 

d'hydrocarbures tels que le méthane utilisant des combustibles fossiles. La production 

d'hydrogène à partir d'eau en utilisant des cellules photoélectrochimiques (PEC) utilisant 

l'énergie solaire est une approche très intéressante. Les cellules PEC qui utilisent généralement 

des semi-conducteurs à bande large comme photoanodes peuvent être davantage sensibilisées 

par des points quantiques (QD) pour étendre leur spectre d'absorption, améliorant ainsi leur 

efficacité de génération de H2.[159,160] Bien que les cellules PEC sensibilisées par QD aient 

été largement étudiées pour leur efficacité considérable dans la production de H2, la stabilité 

reste toujours une préoccupation majeure. Une faible stabilité dans les cellules PEC à base de 

QD colloïdales nous pousse à explorer un matériau photoanode hautement stable. En raison de 
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ses propriétés photocatalytiques fascinantes, l'anatase TiO2 est principalement exploitée pour 

la fabrication de la photoanode dans une cellule PEC. Cependant, une bande interdite plus large 

(3,6 eV) de SnO2 par rapport à l'anatase TiO2 (3,2 eV) crée moins de trous oxydatifs dans la 

bande de valence sous éclairage ultraviolet (UV),[176] Ceci peut jouer un rôle crucial dans 

l'amélioration à long terme stabilité des cellules PEC. Jusqu'à présent, le SnO2 a été beaucoup 

moins étudié pour les applications de séparation d'eau PEC, principalement parce que ces 

minima de bande de conduction sont inférieurs au potentiel de réduction de l'eau[177], et qu'il 

présente un taux de séparation d'excitons limité.[178] D'un autre côté, le TiO2 présente un 

alignement favorable de la bande pour la séparation de l'eau, mais la dégradation des UV est 

un revers. Pour relever ces défis, nous avons conçu une hétérojonction SnO2-TiO2, afin 

d'intégrer les avantages de SnO2 et de TiO2, à savoir le bord supérieur de la bande de 

conduction de TiO2 et la stabilité élevée et la mobilité électronique exceptionnelle de SnO2. En 

outre, un alignement de bande de type II dans le cas de l'hétérojonction SnO2-TiO2 favorise le 

transport et la séparation des charges, ce qui peut améliorer les performances des cellules 

PEC.[177,179] 

Par conséquent, les objectifs de la partie II sont les suivants : 

1. Fabrication et mise en œuvre de photoanode SnO2-TiO2/graphène dans des cellules PEC 

pour une application de génération de H2. 

2. Étude de la cinétique de transfert de charges dans la photoanode avec des caractérisations 

telles que la photoluminescence transitoire et la spectroscopie d'absorption ultrarapide. 

3. Étude des performances et de la stabilité de notre photoanode hétérostructurée dans les 

cellules PEC. 
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Résultats : Partie I : Propriétés photovoltaïques améliorées dans les cellules solaires 

sensibilisées aux colorants par traitement de surface des photoanodes SnO2  

Dans cette partie, nous rapportons la fabrication et la caractérisation de cellules solaires à colorant 

(DSSC) à base de particules d'oxyde d'étain (SnO2) de taille moyenne ~ 20 nm. Des substrats en 

verre conducteurs d'oxyde d'étain dopé au fluor (FTO) ont été traités avec des solutions de 

précurseurs de TiOx ou de TiCl4 pour créer une couche de blocage avant la coulée sur bande de 

l'anode mésoporeuse de SnO2. 

 
Figure A3: (a) Les spectres de réflectance diffuse en fonction de l'énergie des photons pour l'anode SnO2 et l'anode 

SnO2 après le post-traitement TiOx; (b) les spectres transformés de Kubelka-Munk pour l'anode SnO2 et l'anode SnO2 
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après traitement; (c) UPS complet de SnO2 et anodes de SnO2 traitées; (d) vue agrandie de la coupure d'énergie de 

liaison élevée (niveau de Fermi) et (e, f) coupure d'énergie de liaison faible (bord VB) des anodes SnO2. (g) les 

caractéristiques photocourant de photocourant (J-V) photocourant des DSSC à base de nanoparticules de SnO2, sous 

1 illumination solaire, obtenues à partir du pré- et post-traitement de différentes concentrations de précurseur de TiCl4; 

(h) les caractéristiques J-V obtenues à partir du pré-traitement et du post-traitement du précurseur de TiOx;                      

(i) Dépendance de l'IPCE absolu des cellules solaires avec des électrodes de SnO2 nanocristallines sensibilisées au 

colorant modifiées par traitement TiOx et TiCl4. 

De plus, les photoélectrodes SnO2 ont été traitées avec les mêmes solutions de précurseurs pour 

déposer une couche de passivation de TiO2 recouvrant les particules de SnO2. La couche de 

blocage inhibe le transport des électrons vers l'électrolyte, qui sont collectés par le FTO, tandis que 

la passivation de la couche mésoporeuse de SnO2 bloque la voie de réaction inverse des électrons 

photo-injectés de l'anode semi-conductrice à l'électrolyte. Nous avons constaté que la modification 

améliore le courant de court-circuit, la tension en circuit ouvert et le facteur de remplissage, 

conduisant à une augmentation de près de deux fois l'efficacité de conversion de puissance, de 

1,48% sans traitement, à 2,85% avec TiCl4. L'amélioration de la tension en circuit ouvert a été 

rendue possible grâce à la modification de l'alignement de bande électronique en raison de la 

recombinaison de charge réduite. L'effet de l'interconnexion des nanoparticules d'électrode fournit 

un meilleur chemin pour le flux d'électrons et joue un rôle majeur dans l'amélioration du courant 

de court-circuit du dispositif. La performance photovoltaïque supérieure des DSSC assemblés avec 

la photoanode modifiée est attribuée à une durée de vie accrue des électrons et à la suppression de 

la recombinaison électronique à dans l'électrolyte, confirmée par spectroscopie d'impédance 

électrochimique (EIS) réalisée à l'obscurité. Ces résultats indiquent que la modification de l'anode 

FTO et SnO2 par l'oxyde de titane via l'approche du précurseur TiOx ou TiCl4 peut jouer un rôle 

majeur dans la maximisation de PCE. 

Les résultats extraits de cette partie sont présentés dans la publication [90]:  

[91]: K. Basu, D. Benetti, H. Zhao, L. Jin, F. Vetrone, A. Vomiero and F. Rosei, Sci. Rep., 2016, 

6, 23312, 1-10. 
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Partie I: Photoanodes Hybrides de Graphène et d'Oxyde de Métal pour Cellule Solaire 

Sensible et Efficace et Stable 

Dans une photoanode mésoporeuse, les électrons doivent rencontrer une quantité considérable de 

joints de grains, cela augmente la probabilité de recombinaison avec les trous présents dans 

l'électrolyte. 

 

Figure A4: (a) Courbes J-V de dispositifs avec différentes concentrations de microplatelets de graphène dans la 

photoanode SnO2-TiO2 sous un seul éclairement solaire (AM1.5G, 100 mW/cm²); (b) Courbes de décroissance de 
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tension de photovoltage (Voc) à circuit ouvert transitoire normalisées des dispositifs correspondants; (c) Valeurs de 

durée de vie des électrons calculées à partir de la dynamique de désintégration de Voc. (d) les spectres Raman pour la 

photoanode nue et avec 0,03% et 0,50% de microplatelets de graphène; (e, f) Mesure du chargement de colorant pour 

une photoanode nue et avec 0,03% et 0,50% de microplatelets de graphène. 

Pour pallier ce problème, des nanomatériaux de carbone à charge dirigée peuvent être introduits. 

Dans ce travail, nous rapportons l'effet de l'incorporation de microplatelets de graphène dans une 

photoanode mésoporeuse SnO2-TiO2 pour augmenter l'efficacité et la stabilité à long terme des 

DSSC. Les DSSC ont été fabriqués en introduisant différentes concentrations de microplatelets de 

graphène (jusqu'à 0,50% en poids) dans le réseau mésoporeux SnO2-TiO2 en utilisant une 

technique de racle rapide et de grande surface. A une concentration optimisée de 0,03% en poids 

de microplatelets de graphène, PCE la plus élevée de 3,37% a été atteinte, soit environ 16% de 

plus que pour les DSSC à base de photoanode SnO2-TiO2. Cette amélioration du PCE peut être 

attribuée à une augmentation de la durée de vie des électrons et à une réduction de la recombinaison 

de charge dans les photoanodes SnO2-TiO2 / graphène, comme le prouvent la désintégration 

transitoire de photovoltage et la spectroscopie d'impédance. De plus, les mesures de stabilité à long 

terme des DSSC ont été enregistrées pendant 200 heures d'éclairage continu sous une lumière 

solaire simulée (AM 1,5G). Notre étude a démontré que l'addition de microplatelets de graphène 

entraîne une stabilité supérieure des DSSC, où la chute de PCE était de seulement 8%, tandis 

qu'une chute brutale de 30% dans PCE était observée dans le cas du DSSC basé sur des 

photoanodes SnO2-TiO2. Ces résultats indiquent que l'architecture SnO2-TiO2/ graphène est une 

photoanode prometteuse pour des cellules solaires efficaces et stables, telles que les DSSC et 

d'autres dispositifs optoélectroniques. 

Les résultats extraits de cette partie sont présentés dans la publication, être soumis. 
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Partie II: Cellules photoélectrochimiques hautement stables pour la production d'hydrogène 

à l'aide de photoanodes hétérotropes SnO2-TiO2 / Points quantiques 

La séparation photoélectrochimique (PEC) de l'eau mettant en œuvre des points quantiques 

colloïdaux (QD) en tant que sensibilisateurs est une approche prometteuse pour la génération 

d'hydrogène (H2) en raison des propriétés optiques accordables en taille de QD. 

 
 
Figure A5: Image en coupe transversale au MEB de notre photoanode composite après la sensibilisation QD "géante" 

CdSe / CdS. (b) Cartes EDS de tous les éléments incluant (b) Sn, (c) Ti, (d) Cd, (e) Se, (g) S et (h) Zn (f) spectre EDS 
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du composite SnO2-TiO2 confirmant la présence de ses éléments constitutifs. (i) Spectres PL de QD "géantes" CdSe / 

CdS dans différentes photoanodes. (j) Dynamique de décroissance de PL pour différentes anodes sensibilisées avec 

des QD "géantes" CdSe / CdS sous une excitation laser de 408 nm. (k) décroissances PL pour différentes anodes 

sensibilisées avec des QD "géantes" CdSe / CdS sous la longueur d'onde d'excitation, λ = 444 nm. (l) Densité 

photocourant en fonction de la tension appliquée (vs RHE) pour différentes configurations de SnO2-TiO2 et core / 

shell QD dans l'obscurité et sous 1 soleil AM 1.5G illumination (100 mW / cm2) avec TiO2 commercial (BL) et TiCl4 

couche de blocage. (m) Essai de stabilité de longue durée de 5 h pour 0,6 V (vs RHE) pour SnO2-TiO2 et 1 h pour 

photoanode TiO2 sous 1 illumination solaire en utilisant un filtre AM 1,5G. Les 15 premières minutes de la stabilité 

de longue durée sont montrées dans l'encart. (n) Stabilité de la photoanode SnO2-TiO2 et TiO2 sous éclairage UV. 

Cependant, le défi de stabilité à long terme des QD n'est toujours pas résolu. Ici, nous présentons 

un dispositif PEC à base de QD hautement stable pour la génération de H2 en utilisant une 

photoanode basée sur une hétérostructure SnO2-TiO2, sensibilisée par des QD CdSe / CdS / shell 

épais. Cette architecture photoanode hybride conduit à une densité de photocourant saturée 

appréciable de ~ 4,7 mA / cm2, en conservant ~ 96% de sa densité de courant initiale après deux 

heures, et en maintenant ~ 93% après cinq heures d'irradiation continue sous AM 1,5G                   

(100 mW /cm2) spectre solaire simulé. Les mesures de photoluminescence transitoire (PL) 

montrent que la photoanode SnO2-TiO2 hétérostructurée présente un transfert d'électrons plus 

rapide par rapport à la photoanode TiO2 nue. Le taux de transfert d'électrons inférieur dans la 

photoanode TiO2 peut être attribué à la cinétique des électrons lents dans le régime ultraviolet, 

révélée par la spectroscopie d'absorption transitoire ultrarapide. Des microplatelets de graphène 

ont ensuite été introduits dans la photoanode hétérostructurée, ce qui a augmenté la densité de 

photocourant à ~ 5,6 mA/cm2. Nos résultats démontrent que photoanode hétérostructuré SnO2-

TiO2 détient un potentiel important pour le développement de cellules PEC hautement stables. 

Les résultats de cette publication sont publiés dans la publication, accepté pour publication à 

Nanoscale. 

 

 


