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Appendix B - Supplementary material of Chapter 4 

XPS for the Photocatalysts of Mesoporous TiO2 

This appendix provides together with Chapter 4 additional information regarding the XPS 

analysis for the photocatalyst of the present study. In particular, Figure A.14 reports 

photoelectron spectroscopy (XPS) survey for the 2.50 wt. % Pt-mesoTiO2-550 oC.  

Regarding XPS it was valuable to establish the electronic state of Pt in the prepared 

photocatalysts. One can see in Fig. A1 (a) the peaks for Ti, O, C, and Pt elements. 

Regarding the carbon peak, it can be attributed to the residual carbon from the pluronic 

precursor.  

Furthermore, and concerning the Ti2p peak at 455.85 eV, the O1 s peak at 527.25 eV and 

the Pt4f peak at 70.15 eV. These peaks reveal the presence of Ti, O, and Pt elements in Pt–

TiO2. Fig.A.2 shows the high-resolution XPS spectra in the 67 to 85 eV range. These 

findings confirm the presence of Pt, as Pt4f7/2 at 70.05 eV and Pt4f5/2 at 73.41 eV). There 

is also the calculated splitting of the Pt4f doublet at 3.36 eV. All these three peaks at the 

above-mentioned binding energies, unquestionably confirm that platinum is present in Pt-

TiO2 at the metallic state. One should notice that the reported XPS in terms of the Pt and 

Ti species and their reduced and oxidation states respectively are consistent with the ones 

reported in Figures 7a and 7b of the main text,    

                      (a) XPS survey spectra                        (b) High-resolution XPS spectrum 

Figure B.1 X-ray photoelectron spectra (XPS) of 2.50 wt. % Pt-mesoTiO2-550 oC.     
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Appendix C - Supplementary material of Chapter 4 

Quantum Yield Calculation in Photo-CREC 

The Quantum Yield provides photonic efficiencies in a photo-catalytic reactor. An 

appropriate definition for the QY is the ratio of twice H2 produced over the photons 

absorbed on mesoporous TiO2 with a wavelength smaller than 415 nm (i.e. 2.99 eV), 

such as: 

𝑄𝑌 =
2. 𝑅𝑎𝑡𝑒 𝑜𝑓 𝐻2 𝑚𝑜𝑙𝑒𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑟𝑎𝑡𝑒 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑤𝑖𝑡ℎ 𝜆 ≤ 𝑜 
               (𝐶. 1) 

With o being the wavelength that corresponds to the value of the optical band gap for the 

semiconductor material considered. 

In order to calculate the absorbed photons by the photocatalyst, macroscopic balances as 

allowed in Photo-CREC-Water II unit, includes the measurement of:  a) Incident photons 

to the semiconductor (Pi), b) Photons transmitted by the semiconductor (Pt) and c) Photons 

backscattered by the semiconductor (Pbs).  

In this regard, one can consider the calculation of the absorbed photons by the photocatalyst 

applying the algebraic addition of the Pi, Pt, Pbs ration as follows: 

𝑃𝑎(𝑡) = 𝑃𝑖(𝑡) − 𝑃𝑡(𝑡) − 𝑃𝑏𝑠(𝑡)              (𝐶. 2) 

With the units of all these terms being in photons/s. 

The Quantum Yield calculation equation (C.1), in the denominator accounts for radiation 

variation in each location of the r, θ and λ axis as follows: 

 

𝑃𝑎 =
∫ ∫ ∫ 𝑞(𝜃, 𝑧, 𝜆)𝑟𝑑𝜃𝑑𝑧𝑑𝜆

2𝜋

0

∞

0

𝜆𝑜

𝜆𝑚𝑖𝑛

𝐸̅
          (𝐶. 3) 

where 𝐸̅ is the average energy of a photon at a wavelength range, J/mol photon. 
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The near-UV lamp spectrum was characterized as reported in Figure C.1 using a 

spectrophotoradiometer.  

Figure C.1 reports the measurements of radiation distribution in the Photo-CREC-Water II 

Reactor. These measurements were carried out to calculate the total absorbed radiation 

using eq. (C.2) and subsequently to evaluate the quantum yield with eq. (C.3). 

 

Figure C.1 Radiation distribution along axial position in the Photo-CREC-Water II 

Reactor. Three measurement locations were performed: a) Incident radiation on the 

mesoporous TiO2 (□), b) Transmitted radiation through photocatalyst (Δ), and c) 

Backscattered radiation by the semiconductor (○). 

Hence, the Quantum Yield is calculated taken in account the considerations of equation 

(A.3). Thus, the equation (4) converts to equation (A.4), 

QY =
2

dH●

dt

∫ ∫ ∫ qa(θ, z, λ)rdθdzdλ
2π

0

∞

0

λo

λmin

𝐸̅

         (A. 4) 

 where qa accounts for the absorbed radiation in µW/cm2. The denominator is 

calculated using macroscopic balances as described in equation (C.2).  
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As an illustration of this calculation, one can consider the hydrogen evolution rate 

exhibited by the 2.50 wt. %-Pt-TiO2-Meso-550oC as 0.117 µmol H2 / cm3 h1, Vg volume of 

the gas phase in the storage tank as 5716 cm3 [36], Pa = 9.89 x 1017 photons/s, NA = 6.022 

x 1023 / mol H2, the quantum yield (QY) can be calculated as follows: 

𝑄𝑌 =
2 ∗ 

0.117 𝑥 10−6 𝑚𝑜𝑙 𝐻2

𝑐𝑚3ℎ
∗ 5716 𝑐𝑚3 ∗

6.022 𝑥1023

𝑚𝑜𝑙 𝐻2
∗

1ℎ
3600 𝑠

9.89 𝑥1017 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 
𝑠

𝑋 100 %

= 22.6 % 

Thus, on this basis one can conclude that the QY for the 2.50 wt.%-Pt-TiO2-Meso-

550oC in the present article reaches the 22.6% value. 
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Appendix D -  Supplementary material of Chapter 4 and 5. 

Pa Absorbed Photon Energy 
 

The calculation of the Pa absorbed photon energy involves: (a) the amount of incident 

photons on the semiconductor surface (Pi); (b) the number of photons transmitted by the 

semiconductor (Pt); and (c) the photons backscattered by the semiconductor (Pbs). 

 

One calculates the number of absorbed photons by the photocatalyst through the algebraic 

addition of the Pi, Pt, Pbs ratios as follows: 

𝑃𝑎(𝑡) = 𝑃𝑖(𝑡) − 𝑃𝑡(𝑡) − 𝑃𝑏𝑠(𝑡) , (D.1) 

with the units of all these terms being in photons/s. 
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Appendix E - Supplementary material of Chapter 4 and 5 

Eav Average Photon Energy 

The average photon energy can be calculated by using the spectrum of the lamp and the 

following equation: 

   

 




max

min

max

min













dI

dEI
Eav , (E.1) 

where )(I represents the intensity of the emitted photons in W/cm2, which can be 

calculated via   ),,,()( tzqI , with ),,,( tzq   representing the irradiance in 

W/(cm2 nm) as per in Figure E.1. 

 

Figure E1. q at λ various wavelengths. 

As a result, the average Eav photon energy is as follows: 










max

min

max

min

max

min

max

min

),,,(

),,,(

),,,(

)(),,,(




























dtzq

d
hc

tzq

dtzq

dEtzq

Eav  (E.2) 
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max

min

max

min

16

2

19

2

( , , , )  nm
6.48 1.8 10

cm nm photon
5.35 10

photon
2407( , , , )

cm

av

q z t W J
hc d

J
E

W
q z t d









  



  





 
 

    





. 

(E.3) 
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Appendix F - Supplementary material of Chapter 4 and 5 

Rate of H● Formation 

The rate of formation of H● is described in this appendix for the 1.70 wt. % Pt prepared by 

sol-gel method A. In this case, the H● radical concentrations at 2.5 h and 3.0 h are 

considered: 

   2 23 32.5h 3.0h

nanomoles nanomoles
125.8 , 0165.4

cm cmt t
H H

 
  .  

Thus, the moles of H● radicals at these two irradiation times are: 

 
2

3 6

2.5h 3

nanomoles moles  of 
125.8 5715 cm 2 1.44 10  nanomoles

cm moles of 
t

H
H

H

•
•



 
   

 
 

  

 
2

3 6

3.0h 3

nanomoles moles  of 
165.4 5715 cm 2 1.89 10  nanomoles

cm moles of 
t

H
H

H

•
•



 
   

 
 

.  

Then, the rate of H● formation can be defined as: 

𝑑𝑁
•

H

𝑑𝑡
=

(1.89 nanomoles−1.44 nanomoles)×106

3.0 h−2.5 h
= 9 × 105 nanomoles

h
.  

 

Quantum Yield Calculation 

Based on the information provided in previous Appendices, one can establish the quantum 

yield for 1.70 wt. % Pt prepared by sol-gel method A as: 

9
5 nanomoles 1 10 moles

2 2 9 10
nanomole

%   100   100% 16.98%
Einstein

0.0106

H

a

dN

dt h

P

h



•
    

    
         .  
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Appendix G - Supplementary material of Chapter 5 

 

Carbon Balances 

Carbon balances are required to establish the reliability of each of the experiments 

developed. In order to accomplish this, one has to compare the sum of moles of carbon as 

found in each of the species detected, with the initial moles of carbon fed to the 

photocatalytic reactor as ethanol. 

An example of a carbon balance calculation is reported for a photocatalyst prepared 

via incipient impregnation with 1.00 wt. % of platinum: 

(a) Moles of carbon at irradiation time zero: 

 

 

moles
0.342 6.0 L 2.05 moles of ethanol

L
moles of carbon

2.05 moles 2 4.11moles of 
moles of ethanol

EtOH

C C





  

 
    

 

  

(b) Moles of carbon observed at the end of the experiment in both gas and liquid phases 

following 6 h of irradiation: 

(b.1) Moles of ethanol in both liquid and gas phase: 

 

1.98 moles
moles of carbon

1.98 moles 2 3.96 moles of 
moles of ethanol

EtOH

C C





 

 
    

 

  

(b.2) Moles of methane in the gas phase: 

 

  

5

4

5 5

moles
0.0050 5716 mL 2.86 10 moles

mL
2.86 10 moles 1 2.86 10 moles of 

CH

C C








 

   

    

  

(b.3) Moles of ethane in the gas phase: 

 

  
2 6

5

5 5

moles
0.0058 5716 mL 3.36 10 moles

mL
3.36 10 moles 2 6.72 10 moles of 

C H

C C








 

   

    
  

(b.4) Moles of acetaldehyde in the gas phase: 
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 

  
2 6

6

6 5

μmoles
0.0015 5716 mL 8.574 10 moles

mL
8.57 10 moles 2 1.71 10 moles de 

C H O

C C







 

   

   
  

(b.5) Moles of carbon dioxide in both liquid and gas phase: 

  
2

4

4 4

7.2 10 moles

7.2 10 moles 1 7.210 moles of 
CO

C C







 

 

  
  

Thus, the sum of all the moles of carbon contained in various chemical species after 

six hours of irradiation is: 

     

5

6.0
5 5 4

6.0

(3.96 moles) (2.86 10 moles)

                    6.72 10 moles 1.71 10 moles 7.2 10 moles

3.97 moles

c t h

c t h








  



     

       

 

  

While this quantity is compared with the moles of ethanol fed, one can see that the 

percentage error in the carbon balance is as follows: 

0 6h

0

4.11 3.97
% error 100 100 3.37%

4.11

t t

t

C C

C

 



 
        

Thus, a percentage error in the 3% range is assessed. This is acceptable and provides 

confirmation that all relevant species containing carbon were included in the reaction 

product analysis. 
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Appendix H - Supplementary material of Chapter 5 

Ratio of ●OH and H● Consumed 

The ratio of ●OH moles and H● moles consumed can be calculated using the following 

equation: 

R =
−r●OH

−rH●
=

(rCO2 liq
+rCO2 gas)υCO2+rC2H4OυC2H4O+rH2O2υH2O2

rCH4υCH4+rC2H6υC2H6+rH2υH2

,  

with υCO2
= 6, υC2H4O = 2, υH2O2

= 2, υCH4
= 8, υC2H6

= 14, υH2
= 2. 

 

For the 2.50 wt. % Pt–TiO2 photocatalyst prepared via sol-gel B, ṙCO2 gas
=

1.63 nanomoles/cm3h , ṙC2H4O = 1.246 nanomoles/cm3h, ṙCH4
=  0.227 nanomoles/

cm3h, ṙC2H6
= 2.066 nanomoles/cm3h, ṙH2

= 100 nanomoles/cm3h. These values 

were obtained from Figures of photocatalytic hydrogen evolutions. The concentration with 

respect to time for hydrogen peroxide was tracked experimentally using titration with a 

solution of potassium permanganate (KMnO4) [11], the rate rH2O2
= 1.77 ×

10−12 nanomoles/h was found. For ṙCO2 liq
 the value of 39.16 nanomoles/cm3h was 

assessed using thermodynamic equilibrium calculations, assuming both ideal gas and ideal 

solution assumptions. 

R =
−r●OH

−rH●

=

6 (40.790 
nanomoles

cm3h
(5715 cm3 )) + 2 (1.246 

nanomoles
cm3h

(5715 cm3 )) + 2 (2.95 ×  10−16  
nanomoles

cm3h
(6000 cm3))

2 (0.227 
nanomoles

cm3h
(5715 cm3 )) + 14 (2.066

nanomoles
cm3h

(5715 cm3 )) + 2 (100
nanomoles

cm3h
(5715 cm3 ))

= 1.07 
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Appendix I -Royal Society of Chemistry License for Chapter 2 
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