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Abstract 
This work have served as a preliminary work for a more extensive 

research on antimony- and nickel-doped tin dioxide electrodes used for 

ozone generation in electrolytic reactions. The target has been to test the 

manufacturing process of Sb/Ni-doped SnO2 with spin-coating tech-

nique and succeed to make electrodes for anodic ozone evolution and to 

characterize them. Electrode manufacturing was made using sol-gel 

from chloride salts of tin, antimony and nickel, which were applied to a 

titanium substrate through spin-coating. The substrates were spun to 

different thickness followed by drying and baking of the substrate. A set 

of electrodes with three layers were made just with spin-coating, addi-

tionally a set of electrodes with twenty layers were made with both 

spin-coating and dip-coating. To characterize physical properties of the 

electrodes, x-ray diffraction, scanning electron microscopy and trans-

mission electron microscopy were conducted. Electrochemical meas-

urements were made in open beakers with a platinum cathode and 

sulphuric acid electrolyte using a galvanostatic measurement with a 

fixed current. To measure the ozone evolution the optical absorbance 

difference from the electrolyte compared to a clean electrolyte was 

measured, this however only measures the amount of aqueous ozone 

present. Assembling of SnO2 electrodes for ozone evolution was success-

ful. For the three-layered electrodes the absorbance readings were 

inconclusive but with the twenty-layered electrodes there was a smell of 

ozone present within the electrolyte and absorbance reading of the dip-

coated electrode presented a clear peak for ozone. 

Keywords: Sb/Ni-doped SnO2, Spin-coating, Ozone evolution. 
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1 Introduction 
With growing cities the need for waste water treatment is increasingly 

vital and finding new and cheaper methods to sustain this for the future 

is essential. One aspect of waste water treatment is the use of oxidants to 

purify the water from various chemicals and for that ozone is a candi-

date. Ozone is a very strong oxidant and compared to other oxidants has 

the benefits of rest products being oxygen gas which therefore makes 

ozone more environmental friendly than other oxidants. Despite the 

good qualities of ozone it has seldom been used due to how cost ineffi-

cient ozone production has been. Recent discoveries of new anodic 

ozone evolution properties of antimony- and nickel-doped tin dioxide 

may change that however. 

1.1 Background and problem motivation 

Ozone production has not been a simple feat to accomplish; the most 

common technique to produce ozone has been with cold corona dis-

charge (CCD) [1]. Since 1987 research about ozone production via elec-

trochemical processes with high overpotential [2] anodes has slowly 

been developed to complement CCD [3]. Electrochemically produced 

ozone has the benefit of being both more cost efficient and more current 

efficient than CCD and it also have the potential to be made in situ in 

some applications like waste water treatment [1]. To achieve ozone 

production electrochemically has proven to be difficult as the oxygen 

evolution is much more likely thermodynamically to occur than ozone 

evolution [4]. Oxygen evolution is circumvented by using anode materi-

als with high overpotential to oxygen evolution, in a way that pushes 

the chemical reactions to favour ozone evolution [4]. Over time a wide 

variety of materials has been investigated for ozone evolution, some of 

them have been more promising than others [3]. Lead dioxide anodes 

and most recently doped tin dioxide anodes are two anode materials 

that have good properties for ozone evolution at room temperature 

[3,4]. Antimony-doped tin dioxide anodes have shown promising re-

sults in ozone evolution and also by adding nickel as a second dopant, 

ozone evolution properties are found to be greatly enhanced [5]. In 

comparison to lead dioxide anodes the tin dioxide anodes have higher 

current efficiencies when doped with both antimony and nickel and the 
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tin dioxide anodes can be used directly in situ for applications like waste 

water treatment where, as those made of lead otherwise would be too 

toxic to be used [1]. However, the doped tin dioxide anodes have gener-

ally a shorter service life than those made of lead dioxide but it is also 

found that the service life can be extended when adding platinum as a 

dopant [6]. The physics behind doped tin dioxide anodes are still not 

fully investigated and it is not yet clear what causes the enhanced ozone 

evolution properties when doped with a second dopant [7,8]. Investigat-

ing the effect of adding nickel and understanding why the overpotential 

alters the efficiency is where research is made today. Royal Institute of 

Technology and Mid Sweden University is in collaboration to further 

investigate this matter and this master thesis has been served as a pre-

liminary work for this research. 

1.2 Problem statement and aims 

As a preliminary work the problem that has been investigated was 

limited to preparation of antimony- and nickel-doped tin dioxide an-

odes and characterization of the prepared anodes. To use spin-coating 

for sample preparation was chosen because of how the little produced 

sample deviates from one another compared to those of dip-coating for 

example [9]. First objective was to make reproducible and high quality 

anode fabrication via spin-coating. Further objectives were to manufac-

ture anodes with only 3 layers and investigate physical properties of 

these three-layered anodes with different coating compositions. Electro-

chemical experiments for ozone evolution of the spin-coated three-

layered anodes and also both spin-coated and dip-coated twenty-

layered anodes have been the last objective. 

Specified goals:  

 Construct and characterize antimony- and nickel-doped tin diox-

ide electrodes 

 Try electrodes for anodic ozone evolution 
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2 Theory 
In this section necessary theory in this field is presented. Section 2.1 

explains theory behind ozone evolution. Section 2.2 provides the mate-

rial properties of tin dioxide and doped tin dioxide. Section 2.3 describes 

the method of spin-coating and the benefits of this method and section 

2.4 explain the properties of aqueous ozone and how to calculate the 

amount of ozone generated. 

2.1 Ozone evolution 

Gas evolutions within electrochemical reactions occur both from oxida-

tion and reduction. Oxidation takes place on the anode and reduction 

occurs at the cathode.  

Ozone evolution from oxidation is from electrolytic decomposition of 

water on the anodic site, this can occur in two different reactions, equa-

tion (2.1) and (2.2) [1,4,7]: 

 

            
                (2.1) 

 

             
                (2.2) 

 

E0 is the potential to the reference electrode, the potential value are 

given versus a hydrogen reference electrode.  These reactions are how-

ever thermodynamically less favoured than oxygen evolution, equation 

(2.3), under normal circumstances due to having higher potential re-

quirements [1,4,7].  

 

           
                (2.3) 
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Energy needed for the evolution to take place is dependent on the 

electrode material and the ability to make pathways for the intermediate 

steps of the reaction. To circumvent the oxygen evolution an anodic 

material is selected that have high overpotential towards oxygen evolu-

tion and a lower overpotential to ozone evolution [1,2,3,4,7]. This means 

that the normally lower energy demanding pathways of oxygen evolu-

tion is increased for this particular anodic material while the intermedi-

ate steps of ozone are as low energy demanding as possible [2]. This is 

made to a degree that the intermediate steps for ozone evolution have a 

higher occurrence than those of oxygen [1,4,7]. The intermediate reac-

tions of ozone evolution, equation 2.4-2.7 [7,8]: 

            
      (2.4) 

             
       (2.5) 

                     (2.6) 

            
      (2.7) 

These equations show the full reaction from water (H2O) to ozone (O3) 

that’s occurring on the surface of an anode during ozone evolution [7,8]. 

2.2 Material properties of pure SnO2 and SnO2 doped with Sb 
and Ni 

Pure tin dioxide (SnO2) is an inorganic substance that has tetragonal 

rutile structure when crystallized, and is also called cassiterite in miner-

al form [10,11]. SnO2 is a transparent and semiconducting material with 

a band gap of 3.87- 4.3 eV [11]. Transparency and conductivity are in 

contradiction to each other, normally free electrons yield optical absorp-

tion lines and make substances non-transparent. This special property of 

SnO2 is believed to be because of the chemical disorder of SnO2 [12]. 

With the presence of small amounts of dopants in SnO2 such as antimo-

ny (Sb), fluorine (F) or molybdenum (Mo), the rutile structure of SnO2 is 

not affected tremendously but the doping greatly changes conducting 

properties [13]. Low amounts of dopants will yield conducting proper-

ties and a lower resistivity while higher amounts of dopants will in-

crease resistivity compared to pure tin dioxide [13].  
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It has been shown that SnO2 doped with antimony has a high overpo-

tential towards oxygen evolution when used as a anode and the material 

is therefore a good candidate for ozone evolution processes [4]. Fur-

thermore it has been proven that the material gets even more prominent 

ozone evolution properties when doped with nickel as a second dopant. 

Current efficiencies as high as 50% have been measured for this material 

[1,14].  

The preparation method of choice has impact on the electrodes and 

different methods can yield very different results [15]. For example it is 

proven that adding antimony to tin dioxide affects the particle sizes of 

the oxide [16]. Furthermore the current efficiency is believed to be 

dependent on the drying periods between the coating phase and the 

pyrolysis phase of the electrodes [17].  

While there are investigations on electrochemical and physical proper-

ties of differently doped tin dioxides it is still not conclusive how the 

nickel portion is affecting and greatly enhancing ozone evolution. There 

are a few theories and yet inconclusive observations on the interactions 

of antimony and nickel within the tin dioxide. 
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Figure 2.1: Possible interactions at antimony and nickel sites in during ozone 

evolution in doped tin dioxide [7]. 

One theory proposes that the enhanced ozone evolution properties are 

from the interactions between sites of antimony as p-dopant and nickel 

as n-dopant [7], as illustrated in figure 2.1.  

2.3 Coating techniques 

There are a few techniques at disposal for preparing SnO2 electrodes 

doped with antimony and nickel, one of the more common is to dip-coat 

the substrate in a solution containing tin, antimony and nickel salts 

followed by pyrolysis to form the metal oxide [14]. It is common to use 

titanium substrates to when preparing the electrodes [6]. For SnO2 

coating it is common to use a sol-gel as the solution. A sol-gel is a gela-

tion of a solution which includes refluxing for a set time and aging of 

the refluxed solution [16]. Pyrolysis to form the metal oxides is done by 

calcination in a temperature usually in the proximity of 500°C [18,19]. 

This process is repeated until the wanted thickness is met. 

Earlier research performed at Mid Sweden University has shown that 

spin coating of electrodes have proven to be a stable and reproducible 

method as the weight increase is close to linear with amounts of layers 

coated [9]. 
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The procedure of spin-coating is very similar to dip-coating; instead of 

dipping the substrate in precursors directly the precursors is placed on 

the substrate and spun in place. During the spin the precursor are even-

ly distributed over the substrate and the excess of precursor is being 

discarded, see figure 2.2. There is a relation to the amount of precursor 

remaining on the substrate and to the spin rate [9,20], Mass increase is 

linear to the inverse square root of the spin rate in which the samples are 

spun. The mass increase also depends on the molar mass of the solu-

tions [20]. Calcination process in spin-coating is the same as in dip-

coating. 

Figure 2.2: Visual representation of spin-coating. 

2.4 Identification of aqueous ozone by spectrophotometry 

After ozone evolution in electrochemical reactions, ozone exists as 

aqueous ozone within the electrolyte. Some ozone molecules will go 

from solved aqueous state to gaseous state simply by leaving the solu-

tion, gaseous ozone has a very distinct smell of strong oxidant. Over 

time all of the ozone will leave the electrolyte solution or, as ozone is 

highly reactive, it will turn to oxygen when in an aqueous state. There-

fore it is not possible to contain aqueous ozone for a longer time span 

[1]. With spectrophotometry it is possible to determine the amount of 

aqueous ozone present by measuring the absorbance of the electrolyte. 

If ozone is present in the electrolyte there will be a peak at around the 

wavelength of 258 nm, see figure 2.3 [4].  
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Figure 2.3: Absorbance spectrum for aqueous ozone with a peak at 258 nm 

reproduced from ref [4]. 

With an absorbance spectrum it is possible to calculate the concentration 

of ozone by using a simplified Beer’s law, equation (2.8). Where A is the 

measured absorbance, d is the distance light travels through the object 

(thickness of cuvettes), ε is the molar absorption coefficient for the 

substance at a given wavelength and c is the concentration of the sub-

stance [21]. 

    (  )⁄  (2.8) 

The molar absorption coefficient of ozone is 2900 L·mol-1·cm-1 at a wave-

length of 258 nm and temperature of 20 °C [22,23]. 
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3 Experimental 
In this section the experimental details are presented. Section 3.1 ex-

plains how the electrodes were created. Section 3.2 provides information 

about the instruments that have been used to investigate the physical 

properties of the electrodes. 3.3 explain the galvanostatic method and 

how the ozone amount was measured. 

3.1 Electrode preparation 

Electrodes were prepared by coating different solutions of tin, antimony 

and nickel (Sn-Sb-Ni) on titanium substrates. The titanium substrate 

consisted of circular discs with diameters of nearly 3 cm, thickness of 

about 0.5 mm and weights ranging from 1.4 to 1.6 g. Before the titanium 

substrate was treated with the solutions it was cleaned in an ultrasonic 

bath containing tap water for 10 minutes then washed in 2-propanol and 

milli-Q water. After that it was pickled in hydrofluoric acid (HF) until 

the reaction of the acid and the surface slowed down, this typically took 

around 2 minutes [24]. After pickling the substrates were washed again 

in milli-Q water before another ultrasonic bath in mille-Q water for 10 

minutes. The hydrofluoric acid was prepared with 2 ml 40% acid diluted 

to 100 ml with milli-Q water. Finally the substrates were dried for 

roughly 30 minutes at 80 °C before the coating process.  

Solution of tin tetrachloride SnCl4·5H2O (98%, Sigma-Aldrich), antimony 

trichloride SbCl3 (99%, Sigma-Aldrich) and nickel dichloride NiCl2·6H2O 

(99.9%, Aldrich Chemistry) diluted in ethanol were used. All four pre-

pared solutions had the same concentration of Sn and Sb with a varied 

amount of Ni. To prepare the solutions three base solutions of the vari-

ous salts were used. In each base solution a set amount/weight of salt 

was added to a beaker and diluted to 100 ml with ethanol. The concen-

tration in each individual base solution varied slightly. The concentra-

tions were calculated with the weight of the salts and knowing the 

molecular mass of each salt and the final diluted volume. The obtained 

concentrations later determined how much base solution that was 

needed to get the targeted amount of Sn, Sb and Ni ions in the four 

different solutions for coating. Base solutions was mixed and diluted to 

25 ml for each solution. The total amount of Sn, Sb and Ni of the solu-

tions is presented in table 3.1.  
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Table 3.1: Solution configuration. The volume of each solution was 25 ml. 

Solution: 
Tin amount 
(mmol): 

Antimony amount 
(µmol): 

Nickel amount 
(µmol): Sn:Sb:Ni ratio: 

1 9.25 250 0 296:8:0 

2 9.25 250 31.3 296:8:1 

3 9.25 250 62.5 296:8:2 

4 9.25 250 125 296:8:4 

 

The gelation process involved reflux for one hour and aging for up to 

five days [16]. The setup that was used for the reflux was a large beaker 

filled with water and placed on a heat plate. Inside the beaker a round 

bottomed flask containing the solution was lowered into the water so 

that the water surface was above the surface of the solution at all time. 

At the end of the flask a fume pipe was mounted pointing upwards. The 

pipe was enclosed in water-cooling bath in order for the gas to conden-

sate before it reached the end of the pipe. A thermometer was also 

mounted to measure the temperature of the surrounding water. Figure 

3.1 show an image of the setup. All solutions were refluxed for one hour 

at a temperature in the range of 85-90 °C (on the surrounding water).  
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Figure 3.1: Photograph of the setup used during refluxing of the solutions. 

Afterwards the refluxed solutions were tapped into open beakers and 

aged for two to five days in a fume cupboard. 25 ml solution resulted in 

roughly 1.6 ml gel. To stop the ageing the beakers were sealed shut and 

to get the gel slightly more manageable in spin-coating, 800 μl 1-

propanol was added to the gel to alter its viscosity. 

Using these gels, sixteen different three-layered electrodes were made 

by altering the spin rate in the spin-coating process and thereby altering 

the thickness of the electrodes. The four different spin rates were 1000 

rpm, 1500 rpm, 2000 rpm and 2500 rpm. Table 3.2 shows the different 

combinations of solutions and spin rates and index of the electrodes.  

Table 3.2: Manufacturing overview and electrode numbering. 

 
1000 rpm 1500 rpm 2000 rpm 2500 rpm 

Solution 1 1 2 3 4 

Solution 2 5 6 7 8 

Solution 3 9 10 11 12 

Solution 4 13 14 15 16 
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Each electrode was coated with three layers. For each layer the electrode 

was dried for 10 minutes at 80 °C and baked for another 10 minutes at 

500 °C. After baking the electrode had to cool off for a couple of minutes 

and was weighed before the next layer was coated. The last layer was 

baked for an additional 50 minutes for a full 1 hour bake. 

In addition to these sixteen electrodes a couple extra was manufactured. 

There were two electrodes which were made with a different composi-

tion of the solution. The solution was prepared by using 1-propanol as 

solvent instead of ethanol and it was not refluxed or aged into a gel. 

These two electrodes used a different concentration of Sn, Sb and Ni as 

well, 500:8:0 and 500:8:1. They were only spun with 2 layers and with a 

finishing bake time of 10 minutes instead of 1 hour.  

Also there were two dip-coated electrodes prepared with solution 2. 

These electrodes were made 20 layers thick. Dip-coated electrodes end 

up with coating on both sides were as spin-coated electrodes only get 

coated on the side facing upwards. During baking the dip-coated elec-

trodes were baked at a temperature of 540 °C rather than 500 °C. Finally 

one electrode was spin coated with 20 layers using solution 2. This 

electrode was also baked at 540 °C. Only electrochemical measurements 

and before and after weighing were conducted on these last three elec-

trodes. 

Before the electrodes were finalized and used for electrochemical meas-

urements the spin-coated discs were cut into square pieces of 1×1 cm2. In 

one of the corners of those square pieces the electrodes were attached to 

titanium wires by spot welding and the point where it was welded was 

covered with epoxy and ceramic tape. From each disc, two 1×1 cm2 

pieces were acquired, however only one was used to make the final 

electrode. The other square piece from each disc was used during scan-

ning electron microscopy measurement and transmission electron 

microscopy measurements. Furthermore for the twenty-layer spin-

coated electrode only ceramic tape was used on the welded spot and no 

epoxy. The dip-coated electrodes were cut into 1×1 cm2 pieces and spot 

welded to a titanium wire before they were dip-coated. The welding 

point was covered with tin dioxide coating and no ceramic tape or 

epoxy was used. 
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3.2 Measurement of the physical properties 

All of the sixteen three-layered electrodes were weighed, investigated 

with x-ray diffraction (XRD) and scanning electron microscopy (SEM). 

In addition one electrode of each solution was investigated using trans-

mission electron microscopy (TEM). 

On all the three-layered electrodes and the two two-layered electrodes 

an XRD measurement was conducted to verify the existence of tin 

dioxide. A Bruker D2 Phaser [25] was used and the measurement was 

conducted in θ-2θ-geometry with an x-ray wavelength of 1.54Å (Cu Kα).  

SEM measurements were conducted with the aim to compare the sur-

faces obtained with different solutions to see if there were any noticea-

ble differences. For the SEM measurements a LEO 1450EP was used. 

This was in secondary electron mode and using an acceleration potential 

of 17.52 kV and a cycle time of 55.6 s. This device is located at Mid 

Sweden University [26]. 

For the TEM measurements, pieces of the electrode disc were scratched 

with a carpet knife so that small pieces of the SnO2 layers could be 

collected on a grid. The electrodes that were used for TEM was those 

with the thickest layer from each solution, number 1, 5, 9 and 13. The 

purpose of the TEM measurement was to investigate the growth struc-

ture of the coating.  The TEM-microscope was a JEOL-2000FX operated 

at 160 kV. This device is located at Mid Sweden University [27]. 

3.3 Measurement of the electrochemical properties and 
ozone evolution 

The electrochemical measurement was conducted in an open beaker 

with a platinum counter electrode. The electrolyte consisted of 0.1 M 

H2SO4. The coated titanium electrode served as anode and the platinum 

counter electrode served as cathode, see figure 3.2. For the three-layered 

electrodes the galvanostatic measurements were conducted with a 

current of 3 mA, which was applied for 30 minutes and the cell-voltages 

was measured during that time. A suitable current to apply during the 

galvanostatic measurement was obtained from a voltage sweep made 

from 0 V to 3 V. The electrodes used during the voltage sweep could not 

be used in galvanostatic measurements afterwards because they lost 

their conductivity. For the twenty-layered electrodes, one of the dip-
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coated electrodes was chosen to make the voltage sweep on with the 

same range of 0 V to 3 V. The applied current for the galvanostatic 

measurement of the other dip-coated electrode was set to 100 mA. Same 

value of current was also used in the galvanostatic measurement on the 

twenty-layered spin-coated electrode. During the procedure for the 

twenty-layered electrodes a reference electrode (Ag/AgCl) connected 

through a Luggin capillary was used during the measurements to de-

termine the anode potential instead of the cell voltage [28]. The set of 

electrodes made without the sol-gel process was not used in the electro-

chemical experiments. 

Figure 3.2: The galvanostatic setup. Different sizes of beakers where used for the 

three-layered electrodes and the twenty-layered electrodes, respectively, to try and 

increase the relative ozone concentration for the three-layered electrodes by 

lowering the amount of electrolyte. No reference electrode was used for the three-

layered electrodes as a consequence of using a smaller beaker, as there were no 

room for the Luggin capillary in the beaker. 

Ozone evolution, if successful, would yield aqueous ozone within the 

electrolyte. It is then possible to detected aqueous ozone with spectro-

photometry by doing measurements on the electrolyte immediately 

after the galvanostatic measurements. 
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A Shimadzu UV1800 UV-VIS spectrophotometer was used to determine 

if any aqueous ozone were present. Ozone generation was measured by 

comparing the electrolyte used in the galvanostatic procedure to a 

sample of pure electrolyte. The spectrophotometer was swept over 

wavelengths from 190 nm to 450 nm and the difference in absorbance 

between the two electrolytes for each wavelength was measured. 
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4 Results and discussion 
In this section the results are presented and discussed. Section 4.1 pre-

sents the weight gain from creating the electrodes. Section 4.2 shows the 

XRD results. Section 4.3 shows the SEM results. Section 4.4 shows the 

TEM results. Section 4.5 shows the results from electrochemical meas-

urements and section 4.6 shows the results from spectrophotometry 

measurements of ozone evolution. 

4.1 Manufacturing 

In figure 4.1-4.4 the weight gain is plotted against the amount of layers 

for the spin-coated three-layer electrodes. Weight gain is calculated from 

measuring the total weight before and after each layer and subtracting 

the weight of the substrate. The measured weight for each individual 

electrode is presented in table A.1 and the corresponding weight gains 

in table A.2. 

Figure 4.1: The weight gain for the electrodes coated in solution 1 at different spin 

rates plotted as a function of number of layers. Margin of error is in the range of ±10 

µg. 

 

3.5

3.0

2.5

2.0

1.5

1.0

W
e

ig
h
t 

g
a

in
 (

m
g

)

321

Layers

Solution 1

 1000 rpm
 1500 rpm
 2000 rpm
 2500 rpm



Spin-coated antimony- and nickel-

doped tin dioxide electrodes for 

anodic ozone evolution  

Joel Sjölander  

4 Results and discussion 

2015-05-29 

 

17 

Figure 4.2: The weight gain for the electrodes coated in solution 2 at different spin 

rates plotted as a function of number of layers. Margin of error is in the range of ±10 

µg. 

 

Figure 4.3: The weight gain for the electrodes coated in solution 3 at different spin 

rates plotted as a function of number of layers. Margin of error is in the range of ±10 

µg. 
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Figure 4.4: The weight gain for the electrodes coated in solution 4 at different spin 

rates plotted as a function of number of layers. Margin of error is in the range of ±10 

µg. 

Table 4.1 shows the weight of each layers for the two spin-coated elec-

trodes constructed without reflux and aging of the solution. 

Table 4.1: Weight of electrodes with non-refluxed and 
non-aging solution 

 
Electrode 1 Electrode 2 

Starting weight (g) 1.44847 1.47866 

1 layer (g) 1.44865 1.47883 

2 layer (g) 1.44863 1.47885 

 

Table 4.2 shows the weights before and after the coating for the two dip-

coated electrodes and the twenty-layer spin-coated electrode as well as 

the calculated weight increase per surface area unit. The area of the disc 

used during spin-coating was measured to be 7.06 cm2. The covered area 

for the dip-coated electrodes is estimated assuming that both sides were 

coated and that a certain length of the titanium wire also was exposed 

during the coatings. The areas of the dip-coated electrodes are estimated 

to be 3 cm2. The lack of significant digits for the weight gains of the dip-

coated electrodes is primary due to the fact that a different, less accu-

rate, scale had to be used for the weight measurement of the dip-coated 

electrodes. 
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Table 4.2: Weight of dip coated and thick spin coated electrodes from before and 
after coating and the increase per area unit. 

 

Before 
coating 

After 
coating 

Weight increase per 
cm2 

Dip-coated electrode 1 6.04 g 6.08 g 0.01 g 

Dip-coated electrode 2 6.13 g 6.17 g 0.01 g 

20 layer spin-coated electrode 1.48587 g 1.50473 g 2.67 mg 

 

From Results, figure 4.1-4.4, the weight gain for all the electrodes does 

not indicate any major differences between the four solutions. The 

margin of error is within 10 μg for all weight measurements apart from 

the weight measurement of the dip-coated electrodes.  

 

By plotting weight gain to the inverse of the square root of spin rate a 

linear behaviour, as expected from theory [20], is not evident for these 

electrodes as shown in figure 4.5. 

 

 
Figure 4.5: Total weight increase divided by the amount of layers from all electrodes 

of solution 3 and solution 4 plotted against the inverse square root of the spin rates 

(ω). Two lines are fitted to the data using linear regression. Line A is fitted to the 

data from solution 3 and line B to the data from solution 4. 

The reason why these weights do not follow an inverse square root 

dependence on the spin rate as proposed by the theory is not apparent. 
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The difference in slope for the two fitted lines could be due to that the 

solutions have some slight variation in viscosity due to the approximat-

ed volume loss from aging and the addition of 1-propanol which may 

affect the molar mass relations. 

In table 4.1 there are almost no difference between the starting weight 

and the weight after applied layers on either of the both electrodes so 

there are very little if any doped tin dioxide attached to them. 

In table 4.2 it is clear that there are much more coating on the dip-coated 

electrodes compared to the spin-coated electrode per area unit. So to 

produce equally thick spin-coated electrodes to those that are dip-coated 

almost four times as many layers need to be applied using this set up. 

However there could be possible to find better solutions and/or viscosi-

ties that increases the amount of tin dioxide applied in each layer with 

spin-coating to close the gap between spin-coating and dip-coating. 

4.2 X-ray diffraction results 

Figure 4.6 shows the XRD spectra of two three-layer electrodes spin-

coated at 1000 rpm using the solution without nickel (solution 1) and the 

solution with the highest amount of nickel (solution 4) and the spectra 

from one of the two-layer electrodes made from the solution without the 

gelation process. These spectra are compared with a reference spectrum 

of pure titanium (Aldrich, 99.7%). 
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Figure 4.6: XRD spectra are shown for one of the two-layer electrode coated without 

gelation process of refluxing and aging the solution, the three-layered electrode 

spin-coated at 1000 rpm using solution 1 and the three-layer electrode spin-coated at 

1000 rpm using solution 4. These spectra are compared with a reference spectrum of 

pure titanium. Each spectrum is offset by 1000 counts. 

There are peaks appearing in the two spectra from the three-layer elec-

trodes that are not appearing in the other two spectra. Those peaks are 

signals from the typical rutile structure of tin dioxide. There are no 

visible difference between the spectra of the the three-layer electrode 

containing nickel (solution 4) and the one without nickel (solution 1). It 

is also clear that there is no visible coating present for the electrode 

made from the propanol based solution of salts without sol-gel treat-

ment. This however does not prove that the sol-gel was necessary, the 

solution used for the two-layer electrodes contained less amounts of salt 

and was diluted in another solvent which could potentially be the 

reason no coating was visible on the two-layer electrode. 

X-ray fluorescence (XRF) spectroscopy, to verify the existence of Ni and 

Sb, was not originally made. This was decided because that the XRF 

spectrometer available have been used to study samples containing high 

amounts of nickel, so the results would have been questionable about 

their accuracy due to the potency of nickel remnants on the spectrome-

ter. However, XRF measurements were made on the three-layered spin-
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coated electrode roughly five month after the electrodes were construct-

ed and the electrode was one square piece that had been stored in a 

plastic bag and was not used during the electrochemical measurements. 

The data from the XRF measurement were collected by Joakim Bäck-

ström and the actual measurement was conducted by Rune Öhrn at 

Vesta Si on a Philips PW2400 spectrometer. 

The results from these measurements, Joakim Bäckström et al, clearly 

shows a shifted relation between Sn, Sb and Ni compared to the original 

solution so some matter loss is happening during construction of the 

electrodes. Where that is happening and why is yet to be determined 

[29]. 

4.3 Scanning electron microscope results 

The images from SEM of all the electrodes spun at 1000 rpm are pre-

sented in figure 4.7. 
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Figure 4.7: A) SEM image of electrode with solution 1 spun at 1000 rpm. B) SEM 

image of electrode with solution 2 spun at 1000 rpm. C) SEM image of electrode with 

solution 3 spun at 1000 rpm. D) SEM image of electrode with solution 4 spun at 1000 

rpm. 

The image in figure 4.7 of the solution 1 electrode appears to be more 

porous than those of all the other solutions, but as seen in figure 4.8 the 

porosities of the solution 1 electrodes spun at 1500 and 2000 do not 

appear to be very high. So the conclusion is that the high porosity found 

in figure 4.7A does not necessary have to be caused by the amount of 

dopants. 
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Figure 4.8: A) SEM image of electrode with solution 1 spun at 1500 rpm. B) SEM 

image of electrode with solution 1 spun at 2000 rpm. 

It is visible in both figure 4.7 and 4.8 that the tin dioxide surfaces cracks 

easily and the figures also show that the underlying layers also contains 

cracks. It does seems like that spinning with higher velocity reduces the 

amount of cracks slightly, however if that is tied to sample thickness or 

directly to rpm is not conclusive. 

4.4 Transmission electron microscope results 

In figure 4.9 measurements made in TEM are presented. Only results 

from the electrodes that were made with 1000 rpm are present in the 

figure. 
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Figure 4.9: A) TEM image of doped tin dioxide from solution 1. B) TEM image of 

doped tin dioxide from solution 2. C) TEM image of doped tin dioxide from solution 

3. D) TEM image of doped tin dioxide from solution 4. 

The TEM measurements indicate no noteworthy difference in tin diox-

ide structure between the four different solutions, and all of them typi-

cally had an estimated grain size of around 10 nm. Some deviations of 

grain size within the same tin dioxide were found however. Figure 4.10 

shows another image from solution 2 with grain sizes ranging from as 

low as 5 nm to grain sizes up to 15 nm. 
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Figure 4.10: Grain size deviations within tin dioxide from solution 2. 

Reason for the occurrence of these size differences has not been investi-

gated but it is likely that the different sized grains were formed during 

manufacturing and it is plausible that these grain-size variations also are 

responsible for some of the many cracks seen through SEM. Whether the 

cracks are beneficial for ozone evolution or not has not been investigat-

ed in this project. 

4.5 Electrochemical results 

Figure 4.11 shows the potential sweep made on the dip-coated electrode 

number 2 to determine the minimum voltage needed for the ozone 

evolution to occur. The curve is used as guideline when determining the 

appropriate current for the galvanostatic measurements. 
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Figure 4.11: Potential sweep with an Ag/AgCl reference electrode on dip-coated 

electrode 2 from 0-3 V. 

A current at 1.0 A for the galvanostatic measurement was chosen by 

looking at potential for when the electrochemical reaction occurred, 

which was around 2 V. 

In figure 4.12 the potential sweep made on the three-layered electrode 

from solution 2 spin-coated at 1000 rpm is presented. From this figure it 

is possible to read that the electrode is not able to sustain currents above 

0.03 A so choosing a current at 0.1 A for the three-layered electrodes was 

not possible. For them a much lower current of 3 mA was used. This 

was determined in the same way as for the potential sweep of the dip-

coated electrode in figure 4.11 by looking at the current values for when 

the electrochemical reaction just started. 
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Figure 4.12: Potential sweep with an Ag/AgCl reference electrode on the three-

layered electrode made from solution 2 spin-coated at 1000 rpm from 0-3 V. 

During the galvanostatic measurement the anodic potential was meas-

ured. Figure 4.13 presents the anodic potential of dip-coated electrode 

number 1 and Figure 4.14 present the anodic potential of the twenty-

layered spin-coated electrode. Both measurements used an Ag/AgCl 

reference electrode. 
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Figure 4.13: Anodic potential measurement on dip-coated electrode 1 versus an 

Ag/AgCl reference electrode for 20 minutes with a current of 0.1 A. 

Figure 4.14: Anodic potential measurement of twenty-layer spin-coated electrode 

versus an Ag/AgCl reference electrode for 20 minutes with a current of 0.1 A. 
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The small increase in potential over time is a reoccurring phenomenon 

during all of the galvanostatic measurements and is visible when meas-

ured versus a reference electrode and when measuring the cell voltage 

directly.  

The increase over time in anodic potential in both figure 4.13 and figure 

4.14 show a difference in magnitude. The reason there is an increase in 

anodic potential could indicate that the electrodes are slowly degrading 

during the galvanostatic measurement and the difference in magnitude 

would then indicate that some electrodes degraded faster than others. 

The potentiostat used during the measurements is constructed to meas-

ure voltages and currents with high precision. 

 

4.6 Spectrophotometry of the samples 

In figure 4.15 the spectrophotometry absorbance spectrum is presented 

for the electrolyte after the galvanostatic measurement of dip-coated 

electrode 1. In figure 4.16 the spectrum of the electrolyte from the twen-

ty-layer spin-coated electrode is presented. 
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Figure 4.15: UV-absorbance measurement of the electrolyte made immediately after 

the galvanostatic measurement with dip-coated electrode 1.  

Figure 4.16: UV-absorbance measurement of the electrolyte made immediately after 

the galvanostatic measurement with the 20 layer spin-coated electrode.  

The absorbance spectrum of the electrolyte from the galvanostatic test 

on the dip-coated electrode, figure 4.15, shows a clear peak at around 

258 nm, the absorption wavelength of ozone, and there was also a 

distinct smell of ozone coming from the beaker. By using Beer’s law, 

equation 2.8, the concentration of ozone is calculated to be 0.056 

mmol/L.  The electrolyte from the 20 layer spin-coated electrode does 

only have a small peak, barely above the noise, around 258 nm. Howev-

er, also this electrolyte had that distinct smell of ozone so there is no 

doubt that this electrode also managed ozone evolution. The peak in the 
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absorbance spectrum of the electrolyte from the twenty-layered spin-

coated electrode is so weak that calculation by Beer’s law cannot be 

made with good accuracy.  

From the smell there is evidence that the electrolyte contained ozone just 

before the absorbance measurement. The reason behind the low ozone 

absorbance peak in figure 4.16 is not known. A possible reason for the 

lack of absorbance could be that the ratio of aqueous ozone and gaseous 

ozone leaving the electrolyte highly favoured the latter. More extensive 

testing would be needed to conclude if that is the case and if so why that 

would occur. Alternatively there could be some kind of error with the 

measurement of the twenty-layer spin-coated electrode that is not 

present on the dip-coated electrode. Furthermore there was no potential 

sweep made for twenty-layered electrodes and the current used during 

the galvanostatic measurement was the same as for the dip-coated 

electrodes at 0.1 A. If the amount of aqueous ozone is related to current 

strength is also something that needs to be tested further before any 

conclusion can be made. 

Not a lot of electrochemical measurements and ozone absorbance meas-

urements were made on the three-layered electrodes. Most of the elec-

trodes were rendered useless after the welding point was covered with 

epoxy. Because epoxy expanded over large parts of the active surface of 

the electrodes, only 3 out of 16 electrodes had a useful 1×1 cm2 active 

surface and were selected for measurements. While this was unfortunate 

the three electrodes that were used for measurements was one without 

the addition of nickel, solution 1, and one with nickel, solution 3, spin-

coated at the same rate and the last one was also a solution 3 spin-coated 

at a different rate. This makes the results to some degree comparable.  

The figures 4.17-4.19 show absorbance spectra of the electrolytes after 

galvanostatic measurement of these three three-layered electrodes. 

Figure 4.17 presents the spectra for the electrode made using solution 1 

and spin-coated at 1500 rpm. Figure 4.18 shows the results for the elec-

trode made using solution 3 spin-coated at 1500 rpm and figure 4.19 

shows the results for the electrode made using solution 3 spin-coated at 

2000 rpm. 
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Figure 4.17: UV-absorbance measurement of the electrolyte after the galvanostatic 

measurement with the three-layered electrode made using solution 1 and spin-

coated at 1500 rpm.  

 

Figure 4.18: UV-absorbance measurement of the electrolyte after the galvanostatic 

measurement with the three-layered electrode made using solution 3 and spin-

coated at 1500 rpm. 
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Figure 4.19: UV-absorbance measurement of the electrolyte after the galvanostatic 

measurement with the three-layered electrode made using solution 3 and spin-

coated at 2000 rpm. 

All the absorbance spectra of the three-layered electrodes have much 

higher noise in the data than the spectra in figure 4.16. Also there is no 

apparent peak at around 258 nm and there were also no apparent ozone 

smell coming from the beakers. No strong conclusion should be made 

from these absorbance measurements. The reasons for the high noise 

and lack of ozone peak are not yet known but are quite likely a result of 

an error. It is plausible that errors in the measurement set up or 

execution of the measurements affected the absorbance measurements. 

Therefore the results from the absorbance measurements do not 

necessarily mean that the electrodes are not functional. 
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5 Conclusion 
Both objectives of constructing spin-coated antimony and nickel doped 

tin dioxide electrodes and characterizing the physical properties 

through XRD, TEM and SEM was met. The secondary objective to try 

electrodes for ozone evolution through electrochemical measurements 

was also met and at least one of the electrodes was proven successful to 

generate ozone. 

 

To make spin-coated electrodes with acceptable precision and thickness 

turned out to be rather time consuming with the tools at hand. Further 

work within this field maybe should consider keeping dip-coating as a 

method to produce electrodes at the early stage of investigations while 

also investigate the possibility to make spin-coating more efficient and 

less time consuming. 

 

Another thing that were time consuming were the aging process and it 

turned out to be quite unreliable when the time it took for the solutions 

to become gels varied each time. To investigate how to improve this 

process or finding ways to remove this step completely should be a 

topic for future research. 
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Appendix A: Weight change tables 
for three-layered electrodes during 
manufacturing 
In table A.1 the total weight of the electrodes before coating and after 

each of the layers is shown and table A.2 the total weight subtracted 

with the weight of the titanium discs before coating to get total weight 

gain in each layer is presented. Electrodes are labelled using table 3.2. 

 

Table A.1: Weight of all the three-layered electrodes before and after 
every applied layer. 

 
Electrode 1 [g] Electrode 2 [g] Electrode 3 [g] Electrode 4 [g] 

Zero layer 1.39676 1.45853 1.46345 1.3913 

One layer 1.39783 1.45935 1.4643 1.39195 

Two layers 1.39958 1.46053 1.46516 1.3926 

Three layers 1.40051 1.46129 1.46596 1.39332 

 
Electrode 5 [g] Electrode 6 [g] Electrode 7 [g] Electrode 8 [g] 

Zero layer 1.42988 1.46159 1.47275 1.43154 

One layer 1.43148 1.46266 1.47364 1.43249 

Two layers 1.43312 1.46379 1.47491 1.43354 

Three layers 1.43421 1.46466 1.47568 1.43413 

 
Electrode 9 [g] Electrode 10 [g] Electrode 11 [g] Electrode 12 [g] 

Zero layer 1.47598 1.46303 1.469 1.4601 

One layer 1.47718 1.46407 1.46991 1.46083 

Two layers 1.47877 1.46511 1.47114 1.46166 

Three layers 1.48002 1.46596 1.47183 1.46217 

 
Electrode 13 [g] Electrode 14 [g] Electrode 15 [g] Electrode 16 [g] 

Zero layer 1.47746 1.48642 1.46253 1.4536 

One layer 1.47893 1.48733 1.46338 1.45438 

Two layers 1.48002 1.48824 1.46427 1.45508 

Three layers 1.48112 1.48905 1.46515 1.45582 
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Table A.2: Weight gain of all the three-layered electrodes after each 
layer. 

 
Electrode 1 [g] Electrode 2 [g] Electrode 3 [g] Electrode 4 [g] 

Zero layer 0 0 0 0 

One layer 0.00107 0.00082 0.00085 0.00065 

Two layers 0.00282 0.002 0.00171 0.0013 

Three layers 0.00375 0.00276 0.00251 0.00202 

 
Electrode 5 [g] Electrode 6 [g] Electrode 7 [g] Electrode 8 [g] 

Zero layer 0 0 0 0 

One layer 0.0016 0.00107 0.00089 0.00095 

Two layers 0.00324 0.0022 0.00216 0.002 

Three layers 0.00433 0.00307 0.00293 0.00259 

 
Electrode 9 [g] Electrode 10 [g] Electrode 11 [g] Electrode 12 [g] 

Zero layer 0 0 0 0 

One layer 0.0012 0.00104 0.00091 0.00073 

Two layers 0.00279 0.00208 0.00214 0.00156 

Three layers 0.00404 0.00293 0.00283 0.00207 

 
Electrode 13 [g] Electrode 14 [g] Electrode 15 [g] Electrode 16 [g] 

Zero layer 0 0 0 0 

One layer 0.00147 0.00091 0.00085 0.00078 

Two layers 0.00256 0.00182 0.00174 0.00148 

Three layers 0.00366 0.00263 0.00262 0.00222 

 

 

 


