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Abstract 

The central governing factors that influence the efficiency of photoelectrochemical (PEC) water 

splitting reaction are photon absorption, effective charge-carrier separation and surface electrochemistry.  

Attempts to improve one of three factors may debilitate other factors and we explore such issues in 

hydrogenated TiO2, wherein significant increase in optical absorption has not resulted in significant 

increase in PEC performance which we attribute to enhanced recombination rate due to formation of 

amorphization/disorderness in the bulk during the hydrogenation process. To this end, we report a 

methodology to increase the charge-carrier separation with enhanced optical absorption of hydrogenated 

TiO2. Current methodology involves hydrogenation of non-metal (N and S) doped TiO2 which comprises 

(1) lowering of band gap through shifting of valence band via less electronegative non-metal N, S-doping, 

(2) lowering of conduction band level and band gap via formation of Ti3+ state and oxygen vacancy by 

hydrogenation, and (3) material processing to obtain disordered surface structure which favors higher 

electrocatalytic (EC) activity. This design strategy yields enhanced PEC activity (%ABPE=0.38) for N-S 

co-doped TiO2 sample hydrogenated at 800 ºC for 24 h over possible combinations of N-S co-doped TiO2 

samples hydrogenated at 500 ºC/24 h, 650 ºC/24 h and 800 ºC/72 h. This suggests that, hydrogenation at 

lower temperatures does not result much increase in the optical absorption and prolonged hydrogenation 

results increase in the optical absorption but decrease in charge carrier separation by forming 

disorderness/oxygen vacancies in the bulk. Further, the difference in double layer capacitance (Cdl) 

calculated from EIS measurements of these samples reflects the change in electrochemical surface area 

(ECSA) and facilitates assessing the key role of surface electrochemistry in PEC water splitting reaction. 

Additionally, we observed blue-shift of absorption spectrum and decrease in both electrochemical (EC) 

and photoelectrochemical (PEC) activity after removal of surface layers through focused ion beam 

sputtering suggesting the importance of surface defects and photon absorption.  

Keywords: Hydrogenated TiO2, PEC water splitting, N-S co-doping, disordered shell, optical absorption,           

                  charge carrier separation, surface electrochemistry, and oxygen vacancy  
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1. Introduction 

Recently, black hydrogenated titania was reported to enhance photocatalytic performance by 

creating surface disorderness that helps in improving visible light absorption1. Further, the surface defects 

(oxygen vacancies/Ti3+ states) created upon amorphization will enhance the electrical conductivity which 

is essential for wide band gap materials like TiO2
1-8. Therefore, stabilization of surface defects is essential 

for better utilization of TiO2 material for photocatalytic applications in long run. However, the 

stabilization of these defects is challenging and control of these oxygen vacancies is highly difficult as 

they depend on parameters such as temperature, surface states and synthesis conditions. Recently, Lin et 

al. made an attempt in better utilization of surface defects by addition of dopants to the surface disordered 

TiO2 material4. They have synthesized oxygen deficient TiO2-x by hydrogenation followed by post doping 

of non-metal (H, N, and I) and observed enhanced acitivity in photocatalytic H2 generation which is 

attributed to reduction in surface defects due to doping. Formation of surface defects can be further 

controlled by predoping of non-metal during the synthesis of TiO2 followed by controlled hydrogenation. 

In the proposed methodology, we have done non-metal (N and S) doping followed by hydrogenation. 

Since the dopants (N and S) chosen in this methodology are less electro-negative in comparison to 

oxygen, lesser is the energy required for hydrogen to remove these dopants (than oxygen) and 

create/stabilize the anion vacancies. We optimized the hydrogenation temperature and time (800 OC and 

24 h) such that hydrogen diffuses on the surface but not to the bulk (lesser the hydrogenation temperature 

and time results in hydrogenating the surface and more the hydrogenation temperature and time results in 

hydrogenating to the bulk). In this methodology, anion vacancies are predominantly present on the 

surface rather than in bulk which reduce the charge carrier recombination and the element doped in the 

bulk increases the absoprtion cross-section. 

To this end, we report the synthesis of N-S co-doped TiO2 followed by hydrogenation for 

enhanced PEC water splitting. In these doped hydrogenated TiO2 nanostructures, interaction of trapped 

electrons in oxygen vacancies (Vo) present on the surface and adjacent Ti4+ centers lead to formation of 

Ti3+ states. These electronic levels form below the conduction band and contribute to enhance optical 
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absorption cross-section9. Further, the electro/photoelectrocatalytic properties of these doped 

hydrogenated TiO2 nanostructures will be improved due to following reasons: 1) presence of under co-

ordinated or strained bonds on surface helps in increasing electrocatalytic properties10-13; 2) synergestic 

effect between added dopant and hydrogen treated to the system will stabilize the oxygen vacancies and 

improve the performance14-18.  

             In this work, we report 1) multi-element (N-S) doped hydrogenated TiO2 nanostructures 

fabricated on stainless steel (SS) substrate via “click” chemistry for enhanced PEC water splitting 

reaction, and 2) role of surface defects (oxygen vacancies/Ti3+ states) in amorphous layer of hydrogenated 

TiO2 material in charge-carrier transport. Nitrogen and sulphur are chosen as dopants as they are less 

electronegative than oxygen and expected to reduce the band-gap by introducing electronic states above 

valence band (VB) levels of TiO2 upon substitutional doping. Further, hydrogenation will lead to 

stabilization of Ti3+ states which is expected to lower band gap through lowering of conduction band and 

also helping in achieving amorphization of surface layer which will lead to increased electrocatalytic 

property. From EC/PEC measurements, it is observed that doped hydrogenated TiO2 nanostructures 

perform better than unhydrogenated undoped/doped and hydrogenated undoped TiO2 nanostructures 

underlying the importance of combined effect of doping and hydrogenation. The calculated efficiency 

metrics of hydrogenated N-S co-doped TiO2@800ºC/24h sample yields an applied bias photon to current 

conversion efficiency (ABPE) of 0.38%@0.63 V applied bias, intrinsic solar to chemical conversion 

(ISTC) efficiency of 0.031 (or 3.1%)@1.27 V vs. RHE (reversible hydrogen electrode) and electrical and 

solar power-to-hydrogen conversion (ESPH) efficiency of 6.6%@1.56 V applied bias respectively which 

is higher than undoped/doped TiO2 nanostructures hydrogenated at different temperature and time 

periods. The enhancement in PEC performance in doped hydrogenated TiO2 is attributed to the combined 

effect of doping, oxygen vacancy states and Ti3+ states. We note that, 24 h hydrogenated sample possess 

higher bandgap (~ 2.95 eV), but shows enhanced efficiency in comparison to 72 h hydrogenated sample 

(~ 2.94 eV). Though, there is no significant difference in optical bandgap measured from tauc plots of 24 

h and 72 h hydrogenated samples, there is noticeable difference in double layer capacitance (Table S6b) is 
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observed. This suggests changes in electrochemical surface area (ECSA) available for electrochemical 

reaction, which signifies the prominent role of surface electrochemistry in PEC water splitting reaction. 

Further, the interfacial kinetics of surface disordered TiO2 nanostructures calculated from electrochemical 

impedance spectroscopy (EIS) studies under light illumination also support optical absorption and charge 

carrier separation are not mutually exclusive path ways in enhancing the PEC performance of surface 

disordered/hydrogenated TiO2 and it is not enough to just increase optical absorption while trying to 

increase the PEC efficiency, but increase of PEC efficiency requires a finer balance of optimizing optical 

absorption without severely debilitating electron-hole separation. The role of disordered surface generated 

due to hydrogenation in enhancing PEC activity is demonstrated by removal of few surface atomic layers 

from doped hydrogenated TiO2 nanostructure by focused ion beam (FIB) sputtering upon which a 

decrease in both EC/PEC activity and photon absorption cross-section in comparison to un-sputtered 

sample is observed. This result gives credence to the need of disordered surfaces in TiO2 for obtaining 

enhanced PEC performance. 

2. Experimental section 

2.1 Synthesis of undoped and doped TiO2 nanoparticles 

           Titanium (IV) iso-propoxide (TTIP, 9 ml) was added drop wise into a homogeneous mixture of 

ethanol (150 ml) and water (9.75 ml). The reaction mixture was kept at 85 °C for 4 h under agitation 

followed by evaporation of ethanol. The sample was dried at 60 °C for 30 min to get TiO2 nanopowder 

which was finely grounded and calcined at 400 °C for 3 h to yield anatase TiO2 phase21. For synthesis of 

doped TiO2 nanoparticles, different precursor salts/solutions were used for different dopants. Nitrogen 

doping was achieved by addition of 5 ml aq. NH3 solution. Similarly, a solution of 9.3 g thio-urea in 3.75 

ml DI water was used as precursor for sulphur doping. For N-S co-doped TiO2 nanoparticle synthesis, a 

mixture of 2.5 ml aq. NH3 and 5.4 g thio-urea was used as precursor solution. Above mentioned undoped 

TiO2 experimental protocol was followed except the addition of respective precursor salt/solution before 

TTIP to ethanol-water mixture.  
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2.2 Hydrogenation of undoped/doped TiO2 nanoparticles      

            Calcined samples (undoped and doped TiO2 nanoparticles) were pelletized and hydrogenated at 

different temperatures in a range of 500 °C to 800 °C for 24 h and 72 h at 20 bar pressure in 

hydrogenation chamber. The digital photograph of the reactor was used for hydrogenation process is 

shown in Figure S1a. It is also important to eliminate the possibility of “blackness” in TiO2 due to carbon 

intercalation, which is not easy to remove because of presence of reducing hydrogenation condition. In 

the present studies, the possibility of carbon induced blackness was eliminated by careful XPS studies. 

We note that reaction conditions have to be maintained precisely to reproduce the results.  

2.3 Fabrication of nanostructured TiO2 electrodes 

Scheme 1 shows schematic representation for the synthesis of hydrogenated N-S co-doped TiO2 

nanostructures followed by clicking onto alkyne functionalized stainless steel (SS) substrate using click 

chemistry. It involves four steps: 1) synthesis of doped TiO2 nanostructures; 2) hydrogenation of doped 

TiO2 nanostructures at various temperatures (500 ºC, 650 ºC, and 800 ºC) and time periods (24 h, and 72 

h); 3) surface functionalization of TiO2 nanostructures with azide group (section 1.2, S.I); 4) surface 

functionalization of SS substrate with alkyne group (section 1.3, S.I) respectively; and 5) coating of TiO2 

nanostructures onto SS substrates via click chemistry (section 1.4, S.I). 

3. Results and Discussion 

3.1 Material Characterization 

3.1.1 XRD analysis 

XRD data of hydrogenated doped TiO2 nanostructures prepared at various temperatures and for 

different time durations are shown in Figure 1a and Figure S2. XRD data of samples hydrogenated at 500 

°C for 24 h (i.e. hydrogenated anatase TiO2@500ºC/24h, hydrogenated N doped TiO2@500ºC/24h, 

hydrogenated S doped TiO2@500ºC/24h, and hydrogenated N-S co-doped TiO2@500ºC/24h) confirms 

presence of anatase phase with JCPDS card no: 00-004-0477 (Figure 1 and Figure S2b). Up to the 

hydrogenation temperature of 650 °C, there is no appearance of rutile phase as evident from hydrogenated 

N-S co-doped TiO2@650ºC/24h sample which shows pure anatase phase (Figure 1a). Further increase of 
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hydrogenation temperature leads to formation of rutile as major phase along with small amount of anatase 

phase in hydrogenated N doped TiO2@700ºC/24h (Figure S2b and S2c), hydrogenated N-S co-doped 

TiO2@800ºC/24h, and hydrogenated N-S co-doped TiO2@800ºC/72h samples respectively (Figure 1). 

The formation of mixed phase is further supported from HRTEM/SAED analysis (Figure 3 and 4). The N 

doped, S doped and N-S co-doped TiO2 nanostructures calcined at 400 ºC possess crystallite sizes of ~ 

11.5 nm, 7.8 nm, and 4.2 nm respectively which are lesser than undoped TiO2 (~ 17.7 nm) (Figure S2a). 

The decrease in the crystallite size of single element (N or S) and multi element (N-S co-doped) TiO2 

sample compared to un-doped TiO2 suggests the dopant incorporation in crystalline matrix19, 20. Further, 

broadening of diffraction peaks of doped (N or S or N-S) TiO2 nanostructures in comparison with un-

doped TiO2 nanostructures supports the modification of crystalline lattice parameters upon doping. 

3.1.2 Electron microscopy studies 

To study the morphology and subsequent changes in undoped/doped TiO2 nanostructures during 

hydrogenation step, scanning electron microscopy (SEM) images were taken (Figure 2, S3, and S4). N-S 

co-doped TiO2 sample hydrogenated at 500 ºC temperature for 24 h shows irregular morphology with 

increased aggregation as compared to unhydrogenated sample (Figure 2a). Further, same sample 

hydrogenated at elevated temperatures (650 °C and 800 °C) for 24 h/72 h shows larger clusters with 

irregular morphology (Figure 2b, 2c and 2d). Therefore, it can be concluded that the surface morphology 

of multi-element doped TiO2 nanostructures enormously changes with increase in hydrogenation 

temperature. The amorphous TiO2 (uncalcined) and crystalline TiO2 (calcined) nanoparticles show 

spherical morphology with size range from 110-160 nm (Figure S3a, S3b). N doped and S doped TiO2 

nanoparticles also possess spherical shape with particle size of ~100±10 nm and 175±10 nm, respectively 

(Figure S3c, S3d). However, co-doping with nitrogen and sulphur to TiO2 leads to anisotropical 

morphology (Figure S3e). Moreover, undoped/single element doped (N or S) TiO2 samples hydrogenated 

at 500 °C for 24 h lead to increase in particle size compared to unhydrogenated samples, while retaining 

spherical morphology (Figure S4). Additionally, SEM image of N doped TiO2 clicked over SS substrate 

(Figure S4d) shows good surface coverage. Further, EDAX analysis (Figure S3f, and Table S1) confirms 
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the presence of Ti and O elements along with dopants nitrogen (N) and sulphur (S). We believe that the 

photo efficiency can be further enhanced by the precise optimization of dopant and hydrogenation 

conditions.  

The morphology, crystallinity and formation of amorphous layer upon hydrogenation have been 

further confirmed from transmission electron microscopy (TEM), high resolution transmission electron 

microscopy (HRTEM) and selective area electron diffraction (SAED) studies (Figure 3, 4, and S5). TEM 

images of hydrogenated N-S co-doped TiO2@500ºC/24h (Figure 3a) and N-S co-doped TiO2@650ºC/24h 

(Figure 3c) show the particles with irregular morphology and the indexed SAED pattern (Figure 3b, 3d) 

confirms the presence of anatase phase which matches with XRD data (Figure S2d). Further, N-S co-

doped TiO2 samples hydrogenated at 800 °C for 24 h and 72 h also show irregular morphology (Figure 

3e, 3g) but possess both anatase and rutile crystalline phases. This is further supported by indexed SAED 

pattern (Figure 3f and 3h) and XRD data (Figure 1a). Figure 4 shows the HRTEM information of N 

doped TiO2 hydrogenated at 700 °C for 24 h. The contrast in the TEM image clearly demarcates the rutile 

and anatase phases with lattice fringes (Figure 4a). Further, HRTEM image (Figure 4b) confirms the 

formation of disordered/amorphous layer over crystalline core with thickness ~ 0.5 nm, which indicates 

that hydrogenation has created the surface defects (Figure 4b) in TiO2 material. The calculated d-spacing 

values of 0.1462, 0.2313 and 0.2145 nm corresponds to anatase phase and (130), (200), (111) planes 

correspond to rutile phases respectively (Figure 4b). Further, Figure S5 shows the TEM images and 

SAED pattern of crystalline TiO2 and N doped TiO2 hydrogenated for 500 ºC for 24 h. TEM images 

(Figure S5a and S5c) of both samples show particles with irregular shape and SAED indexed patterns 

(Figure S5b and S5d) shows pure anatase phase. 

3.1.3 Raman spectra analysis 

Raman spectra of undoped, doped and hydrogenated doped samples are shown in Figure 1b and 

S6. Raman spectra of unhydrogenated undoped/doped samples (Figure S6a) depict four major intense 

peaks observed at 143 cm-1, 395 cm-1, 513 cm-1 and 639 cm-1, attributed to Eg band, B1g band, A1g+B1g and 

Eg bands of anatase phase of TiO2 respectively. Further, hydrogenated TiO2@500ºC/24h, hydrogenated N 
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doped TiO2@500ºC/24h, hydrogenated S doped TiO2@500ºC/24h, hydrogenated N-S co-doped 

TiO2@500ºC/24h and hydrogenated N-S co-doped TiO2@650ºC/24h possess anatase bands (Figure S6b 

and 1b) which confirms the anatase crystalline phase consistent with XRD data (Figure S2b). However, 

N-S co-doped TiO2@800ºC/24h and N-S co-doped TiO2@800ºC/72h samples show three peaks located at 

~234 cm-1, 443 cm-1 and 610 cm-1, attributed to B1g, Eg, and A1g bands of rutile TiO2 phase respectively, 

which is consistent with its XRD data (Figure 1a). Further, N doped TiO2@700ºC/24h possess both 

anatase and rutile bands indicating both anatase and rutile crystalline phases formation, which is 

consistent with its XRD data (Figure S2b). Additionally, a small shift along with broadening of peak is 

observed at 141 cm-1(Eg), (attributed to both anatase and rutile phases) with N doped hydrogenated 

TiO2@500ºC/24h and N doped TiO2@700ºC/24h nanostructures in comparison to N doped TiO2 

nanostructure (Figure S6c). Further, the same observation is found for hydrogenated N-S co-doped 

TiO2@650ºC/24h sample (B1g) as shown in Figure S6d. The shift and broadening of the peak indicate the 

non-stoichiometry or reduction in original symmetry of TiO2 lattice due to surface disorder21. 

Additionally, Raman spectra of hydrogenated TiO2@500ºC/24h sample, shows two peaks at 1339 cm-1 (D 

band) and 1606 cm-1 (G band), which are attributed to Ti-H vibrations or surface disorder defects created 

due to the presence of carbon, wherein D and G bands (which are due to presence of carbon in SS 

substrate) will also emerge at the same wavenumbers (Figure S18a). 

3.1.4 FTIR analysis 

FTIR spectra of undoped/doped/hydrogenated TiO2 nanostructures are shown in Figure S7, S8, 

and Table S2. FTIR spectra (Figure S8b) of hydrogenated TiO2 nanostructures show reduction in –OH 

peak intensity in comparison to unhydrogenated nanostructures suggests that the reduction of -OH groups 

present in TiO2 sample. The presence of dopants N, S in TiO2 matrix is confirmed from Ti-S and Ti-N 

characteristic peaks as shown in Figure S7c and S7d and Table S2. Further, the peaks at ~3645, 3670 and 

3685 cm-1 of hydrogenated S doped TiO2@500ºC/24h sample are attributed to the tetrahedral co-ordinated 

vacancies (Figure S8a)22. FTIR spectra of azide functionalized undoped/doped and doped-hydrogenated 

TiO2 particles show a peak at ~ 2110 cm-1 (Figure S7b) which confirms the presence of azide group on 
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particles. Additionally, FTIR spectra of alkyne functionalized SS substrate show a peak at ~2156 cm-1 

confirming the presence of alkyne group (Figure S8b). All functionalized TiO2 nanostructures show the 

presence of strong -CH2 stretch at ~2950 cm-1 confirming the surface modification. Further, increase in 

contact angle (~97.50°) in the case of alkyne functionalized electrode (hydrophobic) compared to bare SS 

substrate/electrode (~60°) (Figure S8c), suggests the presence of terminal alkyne moiety on surface which 

matches with our earlier report23. 

3.1.5 UV-Vis spectra analysis 

UV-Vis spectra of undoped/doped and hydrogenated doped TiO2 samples are shown in Figure S9. 

The approximate band gaps of all TiO2 nanostructures calculated from tauc plots 

(undoped/doped/hydrogenated doped TiO2) are summarized in Table S3. The decrements in optical 

bandgap in doped and hydrogenated samples are clearly visualized with color of samples (Figure S1b-n). 

Both amorphous (uncalcined) and crystalline (calcined) TiO2 samples show absorption bands around 387 

nm and 392 nm (Figure S9a) which correspond to bandgap of 3.66 eV, and 3.46 eV respectively 

measured from corresponding tauc plots (Figure S9b). A red shift in absorption band is observed when 

TiO2 matrix is doped. The measured band gap for N doped TiO2, S doped TiO2 and N-S co-doped TiO2 

are found to be ~ 3.38 eV, 3.37 eV, and 3.09 eV respectively. S dopant due to its lower electronegativity 

can shift VB to more upward direction in comparison to N dopant, although both seem to possess same 

absorption cross-section. Further, N-doping leads to stabilization of Ti3+ states14, 24. For this reason, co-

doping leads to lowering of band-gap more than individual doping (S or N).  Further, absorption spectra 

of hydrogenated TiO2 nanostructures (Figure S9c) show red-shift with less optical band gap compared to 

their unhydrogenated counter parts. This is attributed to formation of mid-gap states between CB and VB 

due to hydrogenation and formation of oxygen vacancy and Ti3+ states. 

3.1.6 Electron paramagnetic resonance (EPR) analysis 

Ti3+ surface defects is quite different from oxygen vacancies (Vo)
19. It is to be noted that Ti3+ 

states will be generally formed by reduction of Ti4+ in either of the two ways: 1) Ti4+ ion receives a photo 

electron usually by UV light absorption on TiO2 surface. The electrons can be trapped and tend to reduce 
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Ti4+ cations to Ti3+ states19, 20. Similarly, oxygen vacancies (Vo) are responsible for formation of color (F) 

centers, as the electron pair that remains trapped in cavity (Vo), upon loss of an oxygen atom from the 

surface of metal oxide25. Electron paramagnetic resonance (EPR) spectra is used to confirm the presence 

of surface defects (oxygen vacancies/Ti3+ states) in surface disordered/hydrogenated TiO2 sample. It is 

known that for paramagnetic materials containing ‘‘F-centers’’ or oxygen vacancies, the resonance at g = 

2.004, is the most prominent and characteristic electron signal26. Undoped TiO2 nanostructures show a g- 

value of ~2.003-2.004 (Figure S10a), which is attributed to the existence of oxygen vacancies. Further, N-

S co-doped TiO2 samples hydrogenated at 500 °C, 650 °C and 800 °C for 24 h, results in additional peak 

at g~1.996 to 1.999 along with small shift in original oxygen vacancy state (g ~ 2.003-2.007) (Figure 

S10b, e, f). Peak emerged at g = 1.996 to 1.999 in these samples is attributed to Ti3+ states due to 

interaction of H atoms and Ti4+ state of TiO2 leading to formation of Ti3+ states (eq. 1). 

O2- + 2Ti4+ + H2 → 2Ti3+ + H2O …………… (1) 

This observation clearly confirms the presence of oxygen vacancies and Ti3+ states upon 

hydrogenation which is consistent with earlier reports21, 27. Further, doped unhydrogenated TiO2 sample 

(N-S co-doped TiO2) also shows characteristic signal nearer to g value of 1.997 indicating the presence of 

Ti3+ states (Figure S10c, d). Therefore, Ti3+ states are present along with oxygen vacancies before 

hydrogenation (i.e. in doping stage) which is consistent with previous reports28. Although, it is highly 

difficult to demarcate the presence and individual role of oxygen vacancies relative to Ti3+ states in 

showing enhanced PEC performance of doped cum hydrogenated TiO2 samples29, we attempted to find 

out the relative change in concentration of oxygen vacancies from Mott-Schottky plots (Figure S11)28, 30. 

Since oxygen vacancies act as electron donors, increase in the donor density can be attributed to the 

increase in concentration of oxygen vacancies. The donor density can be calculated from the relation  

…………….. (2) 

where Nd is the donor density, e0 is the electron charge, C is the capacitance,  ε is the dielectric constant of 

TiO2 (~31 in case of anatase TiO2)
31, ε0 is the permittivity of vacuum, and V is the potential applied at the 
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electrode. The calculated slopes from Mott-Schottky plots, for anatase TiO2, hydrogenated N-S co-doped 

TiO2@800oC/24h, and hydrogenated N-S co-doped TiO2@800oC/72h are found to be 6.87 x 1010 cm4F-

2V-1, 4.44 x 1010 cm4F-2V-1, and 4.34 x 1010 cm4F-2V-1 respectively. Further, the donor densities of the 

anatase TiO2, hydrogenated N-S co-doped TiO2@800oC/24h, and hydrogenated N-S co-doped 

TiO2@800oC/72h are calculated to be 0.66 x 1020, 1.02 x 1020 and 1.05 x 1020 cm-3 respectively. Increase 

in the donor density of hydrogenated N-S co-doped TiO2@800oC/72h, hydrogenated N-S co-doped 

TiO2@800oC/72h samples with respect to anatase TiO2, suggests that there is an increment in the 

concentration of oxygen vacancies in doped hydrogenated samples (hydrogenated N-S co-doped 

TiO2@800oC/72h, and hydrogenated N-S co-doped TiO2@800oC/24h) over undoped unhydrogenated 

sample (anatase TiO2). 

3.1.7 X-ray Photoelectron Spectroscopy (XPS) analysis 

X-ray photoelectron spectroscopy (XPS) reveals the presence of elements and associated 

chemical bonds on the surface within few atomic layers of the material. Two peaks of Ti 2p3/2 (456.8 eV) 

and Ti 2p1/2 (462.7 eV) are observed for hydrogenated N-S co-doped TiO2@650ºC/24h nanostructure 

(Figure S12), which confirms the presence of Ti3+ states ( ). The observed binding 

energies of 284.05 eV, 162.5 eV, 232.6 eV, and 397.7 eV represent C 1s, S 2p, S 2s and N 1s signals 

respectively (Figure S12a). Further, XPS measurements were taken at slow scan rates to magnify the Ti 

and O peaks. Two nearby peaks are observed at binding energies ~ 55.1 eV and 61.6 eV which 

correspond to Ti 3s states. Additionally, O 1s peak can be resolved into two peaks at about 530.39 eV and 

531.2 eV, wherein peak at 530.39 eV is attributed to Ti-O-Ti groups on surface and broader peak at 531.2 

eV can be attributed to Ti-OH (Figure S12b and S12c). These observations confirm the presence of 

dopants as well as defect states in TiO2 matrix. Further, deconvoluted XPS spectra for hydrogenated N-S 

co-doped TiO2@800ºC/24h nanostructure is shown in Fig 5. Four peaks at 557.7 eV, 558.6 eV, 559.3 eV 

and 564.6 eV was observed from deconvoluted XPS Ti 2p spectra. The peaks at 558.6 eV and 564.6 eV 

can be attributed to 2p3/2 and 2p1/2 of Ti4+ ion states (Figure 5c) and peaks at 557.7 eV (Figure 5d) and 
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559.3 eV (Figure 5c) can be attributed to 2p3/2 and 2p1/2 of Ti3+ states respectively, confirms the presence 

of Ti3+ states and defect states in TiO2 matrix (Figure 5d) consistent with earlier reports32-34. 

We have performed XPS measurements to determine the valence band edge position of anatase 

TiO2 and hydrogenated N-S co-doped TiO2@800ºC/24h samples (Figure S13). The calculated valence 

band edge position of anatase TiO2 is about 1.29 eV, whereas 0.86 eV in case of hydrogenated N-S co-

doped TiO2@800ºC /24h sample. This confirms the shift of valence band edge position of hydrogenated 

N-S co-doped TiO2@800ºC/24h sample is by 0.43 eV towards vacuum. Since, the difference in optical 

bandgap between anatase TiO2 and N-S co-doped TiO2@800ºC/24h is about 0.51 eV, the rest of the 

fraction can be considered as shift in the conduction band edge towards valence band.  

3.2 Electrochemical (EC)/Photoelectrochemical (PEC) water splitting 

The performance of fabricated nanostructures towards photoelectrochemical (PEC) water 

splitting is evaluated using both two probe and three probe methods35. Current vs. applied bias/applied 

potential plots were recorded for all fabricated undoped/doped/hydrogenated doped TiO2 nanostructured 

electrodes in 2-probe (Figure 6, S14, S15, and Table S4) and 3-probe modes (Table S5) in 0.1M NaOH 

solution (pH~13.6). The observed onset working electrode potential of fabricated nanostructured 

electrodes is 0.52-0.6 V vs. Ag/AgCl (1.52-1.6 V vs. RHE) corresponds to the oxygen evolution reaction 

(OER) potential. The best performance among all the prepared hydrogenated doped TiO2 samples is found 

to be for hydrogenated N-S co-doped TiO2@800ºC/24h sample with a current density of 6.3 mA/cm2 

(under light) and 4.7 mA/cm2 (under dark) at 1.6 V applied bias respectively measured in 2-probe mode 

(Figure 6d). Further, the same electrode shows a current density of 31.4 mA/cm2 (under light) and 25.6 

mA/cm2 (under dark) in three-probe mode at a working electrode potential of 1.2 V vs. Ag/AgCl (2.2 V 

vs. RHE) applied potential (Table S5). Two-probe measurements of undoped/doped/hydrogenated doped 

TiO2 nanostructured electrodes are shown in Figure S14 and S15.  

From Table S5, it is observed that hydrogenated TiO2 nanostructures show enhanced PEC activity 

in comparison to unhydrogenated TiO2 nanostructures. From the table, N doping in TiO2 improves EC 

activity but S doping does not. This can be rationalized from the fact that aliovalent N-doping leads to 
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formation of Ti3+ state which helps in increasing EC activity. However, isovalent S-doping does not lead 

to formation of any intermediate Ti3+ state, which contributes towards improvement in EC activity. 

Further due to less electronegativity of S, there would be less charge polarization over Ti-atom which 

slightly lowers EC activity towards water splitting as evident from lower EC activity of S doped TiO2 in 

comparison to TiO2. However, co-doped TiO2 shows higher EC activity than both monodoped N- and S-

doped TiO2 due to either synergistic interplay of both dopants in enhancing the activity and/or improved 

electronic conductivity36-38. It is also observed that all the hydrogenated samples show better EC activity 

in comparison to their unhydrogenated counterparts. This result implies that amporphization due to 

hydrogenation process improves EC activity towards water splitting. However, EC activity of the 

hydrogenated samples significantly depends on the hydrogenation temperature which determines the 

crystalline phase. Among the co-doped hydrogenated TiO2 samples, the EC activity is found to be in order 

hydrogenated N-S co-doped TiO2@800ºC/24h > hydrogenated N-S co-doped TiO2@800ºC/72h > 

hydrogenated N-S co-doped TiO2@650ºC/24h > hydrogenated N-S co-doped TiO2@500ºC/24h. The 

increased EC activity of hydrogenated N-S co-doped TiO2@800ºC/24h may be attributed to synergistic 

effect of rutile and small amount of anatase present in the sample. In this regard, it is pointed out that 

mixed phase shows better EC activity in comparison to any single phase39, 40. However, increase of rutile 

phase beyond a percentage leads to reduction in EC activity41. Further, the decrease in dark current of 

hydrogenated N-S co-doped TiO2@800ºC/72h sample in comparison to hydrogenated N-S co-doped 

TiO2@800ºC/24h sample (Table S4) may be attributed to decrease in electrochemical surface area 

(ECSA) upon hydrogenation for longer time (72 h), which is supported by decrease in double layer 

capacitance (Cdl) calculated from EIS circuits (Table S6b, section 3.3). 

In order to compare the photo-performance of the electrodes, the applied bias photon to current 

conversion efficiency (ABPE) has been calculated using the following relation, 

 

 ………….. (3) 
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Where jph is photocurrent, Vb is applied bias between working and counter electrode and Ptotal is intensity 

of light (power) from solar simulator. Since, the photocurrent developed at low applied bias values play 

an important role in characterizing any photo material, we have taken the true activity of photo material 

by measuring applied bias to photo current conversion efficiency (ABPE), which signifies the minimum 

applied bias (below thermodynamic potential of water i.e. 1.23 V), at which maximum photon to current 

conversion is achieved42-44. The measured ABPE values of unhydrogenated and hydrogenated samples 

prepared at different temperatures and time periods are compared at 0.63 V and tabulated in Table S3. 

Among all the prepared electrodes, the best ABPE value is found for hydrogenated N-S co-doped 

TiO2@800ºC/24h sample with a value of ~ 0.38%, at 0.63 V applied bias (Figure 6f). Therefore, the best 

photo activity performed sample in this work is hydrogenated N-S doped TiO2@800ºC/24h and is chosen 

based on true ABPE value. We conclude from above values that hydrogenated undoped/doped TiO2 

nanostructures show better PEC performance than unhydrogenated nanostructures and we can attribute 

the enhanced performance to reduction in charge carrier recombination as well as improvement in optical 

absorption with the proposed design strategy. From Table S3, it is found that both N-doping and S-doping 

yields enhancement of ABPE which can be ascribed to enhancement of photon absorption cross-section. 

The co-doping leads to better ABPE value than any singular N- or S-doping (Figure S16). The order of 

ABPE among co-doped hydrogenated TiO2 samples is found to be N-S co-doped TiO2@800ºC/24h > 

hydrogenated N-S co-doped TiO2@800ºC/72h > hydrogenated N-S co-doped TiO2@650ºC/24h > 

hydrogenated N-S co-doped TiO2@500ºC/24h. The PEC activity in the disordered mixed phase is higher 

in comparison to anatase phase40, 41, 45. It is evident from the above results that hydrogenation at higher 

temperature enhances the efficiency. It is to be noted that, 24 h hydrogenated sample with optical bandgap 

of ~2.95 eV shows enhanced efficiency in comparison to 72 h hydrogenated sample having bandgap of 

~2.94 eV. The reduction in PEC performance of 72 h hydrogenated sample over 24 h hydrogenated 

sample can be attributed to 1) decrease in electrochemical surface area (ECSA) (Table S6b) as explained 
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in section 3.3, and 2) high charge carrier recombination that persists due to defect states/oxygen vacancies 

developed in bulk.  

The PEC performance of the electrodes is also benchmarked by comparing intrinsic solar to 

chemical conversion (ISTC) efficiency. This efficiency is calculated using three-electrode cell potentials 

(Figure 7) which measures the maximum intrinsic power of photo-anode to convert the solar light into 

chemical energy as per below relation, 

 

 ……………… (4) 

 

 
Where photocurrent (jphoto, difference of current density obtained with and without light at the same 

potential) is in mA/cm2, on the other hand photo voltage i.e. Vphoto is the difference of potentials under 

light (Vlight) and dark (Vdark) conditions at same current density. Further, maximum internal photovoltaic 

power of TiO2 nanostructures is calculated from the plot between jphoto and Vphoto as shown in Figure 7b. 

For instance, under light illumination hydrogenated N-S co-doped TiO2@800ºC/24h shows the 

photocurrent of ~ 0.58 mA/cm2 at 1.45 V (vs. RHE) whereas to obtain same current under dark condition, 

this sample requires 1.48 V (vs. RHE) which means solar light provides energy corresponds to potential 

of 0.036 V or power of ~0.021 mW/cm2. As mentioned by Grätzel and co-workers, external power is 

saved as a result of the internal photovoltaic power of this sample which is calculated by the reduction in 

the water electrolysis conversion efficiency i.e. 1.23 (VRHE)/Vdark, RHE = ~ 82%. Thus, ISTC efficiency of 

this sample is ~ 0.82 × 0.021 = 0.0172 or 1.72% (Figure 7a). The maximum ISTC efficiency of ~ 3.1% is 

obtained for hydrogenated N-S co-doped TiO2@800ºC/24h compared to other hydrogenated samples. 

Significance of ISTC can be further understood as follows; maximum current density obtained at 1.45 V 

(vs. RHE) with hydrogenated N-S co-doped TiO2@800ºC/24h is 0.775 mA/cm2 which means that this 

electrode can produce the maximum chemical power of ~0.953 mW/cm2 and in this total power output, 

internal solar conversion to chemical power of hydrogenated N-S co-doped TiO2@800ºC/24h contributes 

~ 0.0172 i.e.1.8% and remaining power could be supplied from external electrical energy. ISTC provides 
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only half cell efficiency (as it is measured in three electrode configuration) and does not include losses 

from other components of PEC cell i.e. counter electrode, electrolyte, wires etc. Further, both the 

efficiencies i.e. ABPE and ISTC are mainly used to evaluate the performance of either PEC device or 

photoanode based on the photocurrent and photo-voltage. However, none of the above efficiencies 

provides the performance evaluation based on the total power output generated from PEC device which is 

based on the total current density obtained due to contribution from applied bias and light. Hence, in order 

to do so, we propose a new efficiency metric called “electrical and solar power-to-hydrogen (ESPH)” 

which is based on the definition of efficiency i.e. total power output divided by total power input.  

We measured ESPH for hydrogenated N-S co-doped TiO2@800ºC/24h electrode, which includes 

the external applied electrical power, along with solar power as total power input.  

 

...……… (5) 

 

                                                                                                                   ............. (6) 

During water splitting reaction, oxygen and hydrogen gases were collected at working and 

counter electrodes respectively. Evolved gases were observed to be in stoichiometric ratio which suggests 

that there is no side product formation. The sample shows ESPH efficiency of ~ 1.18% and 7.2%at 0.63 

and 1.56 V applied bias respectively which is highest ESPH efficiency among all other samples 

(Figure7d). The possible reasons for lower ESPH efficiency: (1) it is measured in two-electrode 

configuration and gives full cell efficiency and (2) it includes all the parasitic losses arise from different 

components of PEC cell. Figure 7c shows a plot of hydrogen collected during reaction vs. applied bias for 

the same sample under light illumination condition. Further, ESPH efficiencies (based on moles of H2 

production) under illumination (@ ~1.56 V bias) for this sample is ~ 5.83%. Additionally, we calculated 
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the amount of hydrogen generated based on current density as well as based on collection as shown in 

Figure 7c. The difference in ESPH as well as production of H2 based on current and moles of hydrogen 

collection can be attributed to ohmic drop (IR drop) and other associated resistances during the collection 

of evolved gases using “inverted beaker method” (Figure S19). 

3.3 Electrochemical Impedance Spectra (EIS) analysis 

 The electrode/electrolyte interface kinetics and dynamics of electron transport of fabricated 

nanostructures can be analyzed from EIS analysis46, 47. We performed EIS measurements to investigate 

the conductivity and impedance values for best sample “hydrogenated N-S co-doped TiO2@800ºC/24h” 

on SS substrates under dark and light conditions (Figure S17); The experimental and simulated patterns 

matches with RS(R1C)(R2Q) circuit (inset image of Figure S17a), where RS represents solution resistance 

of the electrolyte (i.e. ohmic resistance including the resistance of the electrolyte, separator and electrical 

contacts), C and Q being capacitance and constant phase element, R1 and R2 being the resistance 

associated in charge transfer process. The two semicircles correspond to oxide/hydroxide covered mixed 

surface48. The double layer charge capacitance (Cdl) vs. applied potential data of this sample is given in 

Table S6a. Further, decrease in charge transfer resistance upon illumination is observed from decrease in 

diameter of the semicircle as shown in Figure S17b, which signifies the enhancement in charge transport 

rate due to increase in photon absorption cross section. This is because the illuminated light source 

provides additional electrochemical potential which helps in overcoming the activation energy for 

electrochemical reaction. Further, EIS measurements were performed on three control samples (Anatase 

TiO2, hydrogenated N-S co-doped TiO2@800oC/24h and hydrogenated N-S co-doped TiO2@800oC/72h) 

in faradaic zone (0.5 V, 0.6 V, 0.7 V, and 0.8 V vs. Ag/AgCl) under light conditions (Figure 8) to trace 

the charge transfer kinetics which is informative of the charge carrier recombination rate (films on 

fluorine doped tin oxide FTO substrate). Inset image in Figure 8(d) shows the equivalent circuit 

((Rs(Rf(RctCµ)Cdl))) which is chosen for fitting the Nyquist data proposed by Bisqert et.al.49, 50 for three 

control samples. The reason for choosing this circuit is, after illumination of light on photoanode, electron 

hole pair gets generated. Some of the excited electrons in the conduction band form the double layer 
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capacitance (Cdl) with ions in the electrolyte and rest of the electrons recombine with holes in the valance 

band (which is denoted as film resistance (Rf)). Since Cdl and Rf are mutually inclusive events, these two 

are kept in parallel. Further, the fraction of holes which are left after recombination with electrons are 

transported from the surface to species to oxidize them (Rct, which is the measure of charge transport 

from the valence band of semiconductor to the electrolyte (i.e. less the charge transfer resistance, more 

the activity towards oxidation/reduction of the species)) and rest of the fraction forms the chemical 

capacitance (Cµ, which denotes the concentration of holes in the valence band). Since Rct and Cµ are 

inclusive events and series events with charge carrier recombination (Rf), Rct and Cµ are in parallel and 

these are in series with Rf. After inclusion of solution resistance (Rs) in to the circuit, which is a series 

event with all of the above mentioned system, the overall EIS circuit is (Rs(Rf(RctCµ)Cdl)). 

          From the fitted data of the EIS circuits, we infer that there is a decrease in the resistance of film 

(which is measure of charge carrier recombination) for hydrogenated N-S co-doped TiO2@800ºC/24h 

sample over anatase TiO2 and hydrogenated N-S co-doped TiO2@800oC/72h samples at 0.5, 0.6, 0.7 and 

0.8 V potentials (Figure 8 and Table S6b). This result confirms the hydrogenated N-S co-doped 

TiO2@800ºC/24h sample having faster charge carrier separation in comparison to other two samples51. 

Therefore, improvement in optical absorption does not lead to enhance the photo performance as charge 

carrier recombination step is dominating. It is to be noted that the measure of double layer capacitance is 

an indicative of the active surface available for electrochemical reaction (ECSA) if the specific 

capacitance, Cs (capacitance of an atomically smooth planar surface per unit area) of the material under 

identical electrolytic conditions is known52. Therefore, the double layer capacitance (Cdl) calculated from 

EIS circuits (Table S6b) represents the electrochemical surface area (ECSA) available for electrochemical 

reaction. From Table S6b, it can be concluded that 24 h hydrogenated sample possess better ECSA than 

72 h hydrogenated sample. Additionally, the low charge transfer resistance, Rct (which is measure of 

faradaic activity at electrode/electrolyte interface) of 24 h hydrogenated sample also reflects the same. 

Therefore, surface electrochemistry parameter cannot be ruled out in true activity measurement of 

electrodes used in PEC water splitting reaction. This experimental data assists in inferring the interplay of 
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the coupled parameters (optical absorption, charge carrier separation, and surface electrochemistry) in 

enhancing the PEC water splitting reaction. 

3.4 Role of amorphous layer/surface disorder  

Sputtering via focused ion beam (FIB) was employed to remove few atomic layers from surface 

disordered/hydrogenated TiO2. For this purpose, we have taken N doped TiO2@500°C/24h sample for 

study. SEM images of FIB sputtered sample show smoother surface (Figure 9b) in comparison to 

unsputtered sample (Figure 9d). The UV-Vis spectrum of sputtered sample (Figure 9c) shows a blue shift 

in absorption with respect to unsputtered sample. This confirms that defects contributing to lowering of 

band gap and they are concentrated in the first few surface and subsurface layers in comparison to bulk. 

From Raman spectra, a decrease in peak intensity ratio (B1g/Eg or D/G) is observed for sputtered portion 

of the sample over unsputtered portion (Figure S18a and S18b). This observation further confirms 

removal of surface defects present on disordered/amorphous surface upon FIB sputtering. Further, the 

XPS spectra peaks of sputtered and un-sputtered portions (Figure S12d) of the sample were tabulated in 

Table S7. There is no noticeable change from FTIR and XRD analysis before and after FIB sputtering 

(Figure S18c and S18d). 

The sputtered sample shows less EC activity in comparison to unsputtered sample (Figure 10a). 

Further, the change in surface structure of the sample upon sputtering is observed from additional redox 

peaks in non-faradiac region of CV (Figure 10b). In addition, decrease in PEC performance is observed 

for sputtered sample over unsputtered part (Figure 10c). The calculated ABPE efficiency for sputtered 

and unsputtered portions of the sample is ~ 0.06, and 0.1% respectively (Figure 10d). Further, reduction 

in differential capacitance value (at 0.1 V and 0.2 V) is observed after sputtering/removing few atomic 

layers from the sample (Table S8) which suggests reduction in electrocatalytic active sites. The surface 

disorder/amorphous layer is found to be beneficial for enhancement of electrocatalytic activity, photon 

absorption cross-section and charge carrier transport which is in agreement with recent literature reports53, 

54. 
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4. Conclusions 

 In the present work, we explore the issue of enhancement in optical absorption cross section and 

EC activity without compromising electron-hole pair separation in PEC water splitting reaction via 

hydrogenated (N-S) doped TiO2 nanostructures. The maximum EC/PEC activity is found in hydrogenated 

N-S co-doped TiO2@800ºC/24h sample with an applied bias photon to current conversion efficiency 

(ABPE) of ~ 0.38% @0.628 V applied bias, intrinsic solar to chemical conversion efficiency (ISTC) of ~ 

3.1% @1.27 V (vs. RHE) and electrical and solar power-to-hydrogen (ESPH) conversion efficiency of ~ 

6.6%@1.56 V applied bias. The enhancement in PEC performance in the co-doped hydrogenated TiO2 

samples over doped/unhydrogenated TiO2 samples is attributed to the combined effect of dopants, oxygen 

vacancy states and Ti3+ states. The photon absorption cross-section is increased by shifting VB upward 

through introduction of less electronegative dopants (N, S) and lowering of CB through formation of Ti3+ 

upon hydrogenation. The presence of Ti3+ state and oxygen vacancies are confirmed through Raman, 

EPR, and XPS studies. Further, double layer capacitance (Cdl), charge transfer resistance (Rct), and film 

resistance (Rf) data obtained from electrochemical impedance spectroscopy (EIS) analysis also supports 

the view point that optical absorption, charge carrier separation, and surface electrochemistry are not 

mutually exclusive path ways in enhancing the PEC performance of surface disordered/hydrogenated 

TiO2.The formation of Ti3+ state and oxygen vacancies due to hydrogenation lead to a few layers of 

disordered surface/subsurface region. Removal of surface layers through focused ion beam sputtering 

result in blue-shift of absorption spectrum and also in decrease of both electrochemical (EC) and 

photoelectrochemical (PEC) activity. This signifies that the surface disordered layer plays a vital role in 

both enhancing electrocatalytic activity as well as enhancing photon absorption. However, increase in 

defect states (Ti3+ and oxygen vacancy) beyond a point (extending towards bulk), while increasing the 

photon absorption cross section, reduces the charge-carrier separation/transport and EC activity which in 

turn reduce the PEC activity. The understanding from the present work helps in partial decoupling the 

effects of photon absorption cross-section, surface electrochemistry, charge-carrier transport and paves 

the way for rational material design for water oxidation PEC catalyst. 
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Scheme 1 Schematic representation of synthesis and fabrication hydrogenated N-S co-doped TiO2 

nanostructures onto alkyne functionalized stainless steel (SS) substrate via click chemistry. 
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Fig. 1 (a) XRD; and (b) Raman spectra of undoped TiO2 and hydrogenated N-S co-doped TiO2 samples. 
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Fig. 2 SEM images of (a) hydrogenated N-S co-doped TiO2@500ºC/24h; (b) hydrogenated N-S co-doped 

TiO2@650ºC/24h; (c) hydrogenated N-S co-doped TiO2@800ºC/24h; and (d) hydrogenated N-S co-doped 

TiO2@800ºC/72h. 
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Fig. 3 TEM images of N-S co-doped TiO2 hydrogenated at temperature of (a) 500 °C; (c) 650 °C; (e) 800 

°C for 24 h; and (g) 800 °C for 72 h; and b, d, f and h are corresponding SAED patterns. 
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Fig. 4 HRTEM image of hydrogenated N doped TiO2@700ºC/24h sample showing (a) anatase-rutile 

phase interfaces; and (b) amorphous layer over crystalline core. 
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Fig. 5 XPS spectra of hydrogenated N-S co-doped TiO2@800oC/24h: a) whole scan, b) O 1s, c) Ti 2p, 

and d) enlarged/resolved portion (red dotted lines of c) of Ti 2p XPS peak.     
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Fig. 6 Current vs. applied bias plots of (a) N-S co-doped TiO2; (b) hydrogenated N-S co-doped 

TiO2@500ºC/24h; (c) hydrogenated N-S co-doped TiO2@650ºC/24h; (d) hydrogenated N-S co-doped 

TiO2@800ºC/24h; (e) hydrogenated N-S co-doped TiO2@800ºC/72h, and (f) Applied bias to photo-

conversion efficiency (ABPE) of all N-S co-doped hydrogenated TiO2 samples performed in 0.1M NaOH 

solution (two-probe measurements). 
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Fig. 7 (a) Intrinsic photovoltaic power characteristics; (b) Intrinsic solar to chemical conversion (ISTC) 

efficiency; (c) micromoles of hydrogen production; and (d) electrical and solar power-to-hydrogen 

(ESPH) conversion efficiency based on current and moles of hydrogen collected for hydrogenated N-S 

co-doped TiO2@800ºC/24h sample. 
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Fig. 8 Electrochemical Impedance Spectroscopy (EIS) of anatase TiO2 (black square), hydrogenated N-S 

co-doped TiO2@800oC/24h (blue triangle) and hydrogenated N-S co-doped TiO2@800oC/72h (red circle) 

under light condition at different potentials (vs. Ag/AgCl) (a) 0.5 V, (b) 0.6 V, (c) 0.7 V, and (d) 0.8 V 

(symbols represent the experimental data, lines represent the fitted data, and inset in figure d represents 

the EIS circuit).  
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Fig. 9 SEM images of hydrogenated N doped TiO2@500ºC/24h: (a) at normal resolution, (b) unsputtered 

portion, (d) FIB sputtered portion; and (c) UV-Vis spectra of FIB sputtered and unsputtered portion of the 

sample hydrogenated N doped TiO2@500ºC/24h.  
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Fig. 10 EC/PEC data of hydrogenated N doped TiO2@500ºC/24h sample before and after FIB sputtering: 

a) cyclic voltammetry data (3-probe), b) enlarged portion of fig a, c) current vs. applied bias plots (2-

probe); and d) % applied bias photon to current conversion efficiency (ABPE).  
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TOC Graphic: Coupled optical absorption, charge carrier separation, and surface electrochemistry 

in surface disordered/hydrogenated TiO2 for enhanced PEC water splitting reaction.  
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