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Abstract

In this report, we investigated the impact of polymorphism vs dimension control of titania 

nanocrystals towards hydrogen generation. Two different forms of titania nanoparticles have been 

synthesized following solvothermal method leading to the formation of two distinct 

physicochemical features.  Detail structural, morphological, and optical studies revealed the 

formation of titania nanorods correspond to rutile while granular particles correspond to anatase 

phase. Among various titania polymorphs anatase is well known for superior photocatalytic 

activity but to our surprise, the as-synthesized rutile nanorods exhibited higher catalytic activity in 

comparison to anatase spheres and hydrogen evolution was significantly enhanced after addition 

of diminutive amount of Pt as co-catalyst. Thus, despite of higher catalytic activity of anatase, the 

enhanced hydrogen evolution of rutile nanorods may be related to the creation of a1D structure. 

Page 1 of 22 Nanoscale Advances

N
an

os
ca

le
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 9

/1
2/

20
24

 3
:2

2:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4NA00479E

mailto:subha@bhu.ac.in
mailto:bhavana.gupta@ddn.upes.ac.in
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00479e


2

Our study highlights the importance of considering not only TiO2 polymorphism, but also shape 

and dimension, in optimizing photocatalytic H2 production. 

Keyword: Photocatalysis; TiO2, Nanoparticle; water splitting, Polymorphism

Introduction:

Hydrogen fuel is one of the promising and reliable sources of green energy and can 

photocatalytically be produced from water utilizing solar light [1, 2]. For the first time, Fujishima 

and Honda reported the formation of gaseous hydrogen (H2) through photoelectrochemical (PEC) 

water splitting, using titania (TiO2) as photoelectrode [3]. After this report, different research 

groups have extensively explored water splitting in the presence of diverse photoelectrodes [4-6].

Over the last ten years, TiO2 has been widely studied for PEC due to its stability, unique 

optoelectronic properties, and nontoxicity [7-9]. Owing to the difference in electronic structure, 

the physiochemical properties of titania largely depend on crystallinity, shape, and size [10]. 

Amongst the polymorphs of titania i.e. anatase, rutile, and brookite, the first two are most often 

used for water splitting reactions as catalysts. Extensive studies on different polymorphs of titania 

have revealed that anatase shows superior photocatalytic activity related to rutile [11]. Various 

factors, such as the stability of the compound in aqueous solution under UV irradiation, superior 

oxidizing and reducing properties, and the band gap of the material, significantly influence 

photocatalytic performance [12]. The band gap of anatase (3.2 eV) exceeds that of rutile (3.0 eV), 

resulting in reduced photon absorption for water splitting. Even though the enhanced 

photocatalytic activity and water splitting efficiency of the anatase phase occur due to the presence 

of valence band maximum at higher energy level with respect to the redox potential of the adsorbed 

molecules [13-14]. In addition, along with the direct band gap, anatase also exhibits a lower 

indirect band gap, thus facilitating exciton generation. Semiconductors with indirect band gap 

often have higher charge carrier lifetime, accelerating efficient water splitting [15-17]. Besides, 

charge transport properties vary in individual polymorphs as a consequence of different crystal 

structures. 

Along with polymorphism, photocatalytic activity also depends on the shape and size of the 

semiconductor material. One-dimensional (1D) structures with varying dimensionalities, such as 

nanorods, nanotubes, nanowires, etc., appeal to photocatalysts owing to their anisotropy and the 

presence of less grain boundary, assisting efficient charge transport. It is well established that 
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photogenerated electron transport and collection are more effectively achieved with nanorod and 

nanowire arrays [18-23]. The photocatalytic performance of mixed-phase titania, including rutile 

and anatase nanotubes, nanorods, and nanosquares, was investigated for solar hydrogen 

production. It was observed that titania nanotubes exhibited a two-fold enhancement in hydrogen 

production compared to nanosquares [24]. In a separate study, Murakami et al. synthesized 

decahedral anatase titania with particle sizes ranging from 25 to 60 nm, finding that 40 nm particles 

demonstrated superior photocatalytic activity due to optimally enhanced surface area and efficient 

separation of redox sites [25]The thermodynamic stability of the anatase phase is higher when the 

particle size is less than 11 nm, while for the rutile phase, the stability of the compound increases 

when the particle size is more than 35 nm. Particles with smaller sizes are known to absorb more 

visible light and have lower electron-hole recombination [26].

The impact of size on photocatalytic hydrogen generation has been previously studied 

independently [27-28]. However, to the best of our knowledge, the combined influence of the 

polymorph of TiO2 and shape has not been thoroughly investigated. Though extensive studies 

revealed that anatase exhibits superior photocatalytic activity compared to other phases, it is 

important to know the impact of shape over polymorphism. What will be the effect on catalytic 

activity If 1D rutile nanocrystals are used instead of anatase? Does till anatase have higher 

photocatalytic activity? To find the answer, in this present report, we synthesize various shapes of 

titania polymorphs and investigate their photocatalytic activity towards hydrogen production. 

Anatase nanosphere and rutile nanorod were synthesized by solvothermal method, and the 

resulting systems were thoroughly characterized for their effectiveness in the hydrogen evolution 

reaction (HER). Our findings revealed that rutile nanorods exhibited three times higher catalytic 

activity compared to anatase nanospheres, leading to greater hydrogen generation through 

photocatalyst. It is well established that pure titania struggles to generate hydrogen in aqueous 

systems; consequently, researchers often utilize sacrificial reagents or noble metals, such as gold, 

palladium, or platinum, as co-catalysts to facilitate hydrogen evolution [12,29]. In our study, we 

employed 0.1 wt.% platinum as a co-catalyst and observed a significant enhancement in the 

photocatalytic hydrogen evolution rate in rutile titania, with a boost in production rate of 30 times 

compared to the absence of a co-catalyst. Our study highlights the importance of comparative 

study of titania polymorphs and dimension to optimize photocatalytic H2 production. 
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Experiment:

Synthesis:

Titanium tetra chloride (TiCl4) was procured from Merck India Ltd while potassium tetra 

chloroplatinate (K2[PtCl6]) and titanium butoxide (Ti(O-Bu)4(Purity 97%,) were obtained from 

Aldrich. On the other hand, common solvents like ethanol, methanol, toluene and hydrochloric 

acid (HCl) were procured from Aldrich.

The synthesis procedure of two different shape TiO2 nanoparticles is illustrated in Figure 1. To 

synthesize TiO2 nanorod 5 mL toluene was taken in a clean Teflon cup, followed by the addition 

of 0.3 M titanium butoxide (Ti(O-Bu)4 and 1M titanium tetrachloride (TiCl4). After 30 minutes of 

stirring at room temperature, 0.5 mL of concentrated HCl was added to the solution. Again, the 

mixture was stirred for 30 min and the Teflon cup containing the mixture was kept in steel 

autoclave and put inside a muffle furnace at 180oC for 9 hr. After the completion of the reaction, 

the product in the form of a precipitate was collected, washed in ethanol, and centrifuged. After 

centrifugation, the precipitate was dried in an oven at 60 oC and the dried powder was used for 

further characterization. Similarly, TiO2 granular particle was synthesized using ethanol as a 

solvent instead of toluene, Ti(O-Bu)4 as the precursor and oleic acid and oleyl amine as the capping 

agent. 6 ml ethanol,0.8 M Ti(O-Bu)4, 4.2 M oleic acid, and 4.2 M oleyl amine was added in a 

Teflon cup to prepare the solution and the solution was stirred for 30 min. Subsequently, the 

solution was kept in an autoclave at 180oC for 18hr. After completion of the reaction, the product 

in form of a precipitate was washed, centrifuged, and dried.
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Figure 1: Schematic of synthesis of TiO2 nanoparticle in two different morphologies. 

Characterization:

The crystal structure of the as-synthesized TiO2 was determined by X-ray diffraction (XRD) 

(Smart Lab., Rigaku, Japan), equipped with CuKα (λ =1.5406 Å) irradiation source and operated 

at 45kV and 200mA. The step size was 0.02°. The Raman spectra were acquired using a LabRam 

HR evolution spectrometer (manufacturer: Horiba). The samples were excited by a 532nm laser 

line (He-Ne laser) operating at a power of 30 mW, utilizing a grating with 600 groves/mm.

To study the morphology of the TiO2 nanoparticles, scanning electron microscopy (SEM) 

(SU8020. Hitachi, Japan) and transmission electron microscopy ((S)TEM, JEM-2800, JEOL, 

Japan) characterization was performed using X-MAX 100 TLE SDD detector operating at 200 kV. 

High resolution TEM (HR-TEM) images were analyzed in Gatan Digital Micrograph 2.3 software. 

Elemental composition maps were acquired within 10 keV channel with a resolution of 0.64 nm/px 

and a dwell time of 8192 μs using the Bruker Xflash detector with 129 eV energy resolution. The 

optical properties of TiO2 nanoparticles were studied by FTIR and UV-visible diffuse reflectance 

spectroscopy (UV-vis-DRS) using (FIR, Perkin Elmer) and (V-670, Jasco, Japan) instruments 

respectively. 
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The PEC properties of the TiO2 thin films photoelectrodes were investigated using a three-

electrode system with the specimen, Ag/AgCl in a saturated aqueous KCl solution, and a Pt wire 

connected to a potentiostat (Autolab model) as working, reference, and counter electrodes. TiO2 

thin films photoelectrodes were fabricated using TiO2 dispersion in isopropanol (20 mg in 50 µl). 

This dispersion was cast on an exposed area of ITO control by scotch tape boundary. 0.5 M Na2SO4 

(pH 7) was used as an electrolyte. A Xenon lamp (lumen 200) of 25 percent intensity shining 60 

Lumen (40 mW/cm2) of light on the electrode was used as light source. Each PEC measurement 

was performed under Ar ambient in a gas-tight cell with an optical window. 

Photocatalytic H2 generation:

For the photocatalytic generation of hydrogen, 20 mg of TiO2 powder was dispersed in a 40 ml 

mixture of methanol and water (with a ratio of 80:20), with and without the addition of 0.1 % Pt. 

The addition of platinum was achieved via photodeposition. Specifically, 5 μL of a 20 mM K2PtCl6 

solution was added to the TiO2 dispersion in a methanol-water mixture, with a total volume of 40 

mL, and a composition identical to that previously mentioned. The hydrogen gas generation was 

monitored until the deposition process was completed. The dispersion was achieved through 

sonication to ensure homogeneity. Subsequently, the prepared substances were placed in a Pyrex 

reactor, which was top-illuminated and connected to a closed gas circulation system. All 

photocatalytic reactions were conducted at 288K under a background pressure of 5 kPa. To 

eliminate any air present in the reaction mixture, evacuation was carried out before introducing Ar 

gas to establish a background pressure of approximately 5 kPa. The reactant solution was then 

exposed to irradiation from a 300 W Xe-lamp. The distance from lamp to the sample is 10 cm. The 

gaseous products generated during these reactions were analyzed using an integrated online gas 

chromatography system. The system consisted of a chromatograph (GC-8A Shimadzu, Japan) 

equipped with molecular sieve 5 Angstrom columns and a thermal detector, with Ar serving as the 

carrier gas.

Results and discussion:

The as-synthesized nanoparticles by a solvothermal method employing diverse solvents, 

precursors and capping agents are expected to have distinct phases and shapes. The difference in 

shape and structure characteristics of the nanoparticles can significantly impact their optical and 
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other physicochemical properties. XRD and Raman studies have been performed to verify the 

crystal structure and phase of the nanoparticles (Figure 2 a and b). Diffraction at an angle of 25.3° 

and 27.5°, are indexed for the anatase (101) and rutile (110) phase of TiO2, respectively [30, 31]. 

Also, (101) and (211) diffraction plane of the rutile phase at 36.2◦ and 54.6◦ was observed, whereas 

the diffraction pattern at 48.1° and 54.9° correspond to (200) and (105) plane of anatase is detected. 

It was observed that the XRD peak for anatase is broader than that for the rutile, which can be 

attributed to the smaller crystallite size of anatase. As crystallite size decreases, the peaks in the 

XRD pattern tend to broaden. Figure S1 presents the TEM images of the as-synthesized 

nanoparticles, revealing crystallite sizes of ~ 10 for anatase granular particles and 40nm for rutile 

nanorods, thereby supporting the findings from XRD analysis. Due to its smaller crystallite size, 

anatase exhibits a higher surface area compared to rutile nanorods. The Brunauer−Emmett−Teller 

(BET) analysis indicates observed surface area of 36.02 m2/g for anatase and 14.76 m2/g for rutile, 

as shown in Figure S2.Therefore, the as-synthesized anatase granular particles possess a greater 

surface area than the rutile nanorods. Rutile nanorods are synthesized in the presence of 

hydrochloric acid (HCl) and titanium precursors (TiO(Bu)4 and TiCl4), which exhibit differing 

rates of hydrolysis, with toluene serving as the solvent. A combination of various titanium 

precursors and HCl is introduced into the reaction vessel containing toluene to modulate the 

hydrolysis rate and facilitate the rapid precipitation of titanium hydroxides. The primary role of 

HCl is to regulate the hydrolysis rate, thus preventing the rapid precipitation of titanium hydroxide. 

The hydrolyzed precursors significantly influence the growth and morphology of the resulting 

nanocrystals [28, 29]. 

As the temperature increases, H+ ions are released from the hydrolyzed precursor, leading to the 

formation of hydrated titanyl ions through intramolecular oxolation. Subsequently, with further 

elevation of temperature and pressure within the hydrothermal reactor, condensation of the 

hydrated titanyl ions occurs, resulting in the formation of TiO6 octahedra through the edge-sharing 

of hydrated titanyl ions in the equatorial position. Thereafter, rutile nanorods are formed through 

the polymerization of octahedra, crystallizing into a one-dimensional structure along the c-axis. 

Previous studies have shown that when only TiCl4 is utilized as a precursor, faceted truncated 

bipyramidal nanocrystals are obtained. Conversely, the exclusive use of Ti(OBu)4 leads to the 

formation of an agglomerated film [33]. Therefore, both TiCl4 and Ti(OBu)4 precursors are 

essential for the successful formation of rutile nanorods.
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The formation and purity of the anatase and rutile phase nanocrystals were confirmed through X-

ray diffraction (XRD) analysis, which indicated the absence of additional peaks corresponding to 

impurities. Granular anatase nanocrystals are generated in the presence of capping agents, 

specifically oleic acid and oleylamine, which bind to high-energy facets during nucleation and 

facilitate the formation of granular nanoparticles [34, 35]. Previous reports indicated that oleic acid 

and oleylamine exhibit differing binding strengths: oleic acid binds more strongly to the {001} 

facets of anatase, while oleylamine preferentially attaches to the {101} facets. This selective 

binding suppresses growth in the corresponding directions, thereby promoting the formation of 

nanospheres [36].The formation and purity of the anatase and rutile phase nanocrystals were 

affirmed by XRD analysis, which clearly showed the absence of additional peaks due to impurity. 

Granular anatase nanocrystals are formed in the presence of capping agents (oleic acid and oleyl 

amine), which are used to attach to the high energy facets during nucleation and promote the 

formation of granular nanoparticles [34, 35]. It was reported earlier that oleic acid and oleyl amine 

have different binding strengths where oleic acid binds strongly to {001} facets of anatase whereas 

oleyl amine attaches to {101} facets. Hence, the selective binding hinders the growth in 

corresponding direction and aid the formation of nanosphere [36].

The formation of pure phase anatase and rutile nanoparticles has also been confirmed by Raman 

analyses (Figure 2b). The granular anatase nanoparticles displayed characteristic peaks at 144, 

396, 515 and 637 cm-1 corresponding to Eg, B1g, A1g and Eg vibration modes, respectively. 

Conversely rutile nanorods exhibited characteristic Raman active fundamental vibration at 439 

and 606 cm-1 correspond to Eg and A1g mode, along with second order vibration at 146 cm-1. The 

Eg and A1g vibration modes are caused by the asymmetric bending and symmetric stretching of the 

O-Ti-O bond along {001}and {110} planes, respectively [37].

FTIR spectra provided additional structural information of the nanoparticles (Figure S3). 

The crystallinity of the material can be correlated with the peak intensity between 750 and 1000 

cm−1, with anatase exhibiting greater intensity related to the rutile phase, probably due to nano 

crystallization/defect centre during hydrothermal synthesis. [38] 
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Figure 2: a) XRD pattern and b) Raman spectra of anatase granular (1) and rutile TiO2 nanorod 

(2).

Following the confirmation of the formation of pure anatase and rutile nanoparticles, our research 

aimed to investigate the optical properties and band structure of the as-synthesized compounds, as 

the band gap of these materials plays a crucial role in H2 generation [29, 39-40] The band gap was 

determined from UV-vis-DRS spectra using Kubelka-Munk’s function (Figure 3), revealing 

values of 3.2 eV for anatase and 3 eV for rutile. The sharp transition observed near the band edge 

is attributed to the electronic transition from the valence band of O2p to the conduction band of 

Ti3d. Interestingly, the rutile phase exhibited a 0.2 eV lower band gap compared to the anatase 

phase, in line with earlier report [41].
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Figure 3: Band gap determination of as-synthesized anatase granular (1) and rutile TiO2 nanorod 
(2) from UV-vis-DRS spectra using Kubelka Munk function. 

It is hypothesized that the low band gap observed in the rutile phase TiO2 is due to a downward 

shift in the conduction band energy. Enhanced H2 generation is most effectively achieved with a 

low band gap; however, the catalytic performance is also influenced by other physicochemical 

characteristics. Therefore, a comprehensive study of the surface properties, morphology, and 

photoelectrochemical characteristics is essential before investigating the photocatalytic H2 

evolution feature.

The crystalline phase and shape of TiO2 can be controlled by the choice of solvent, precursor, and 

capping agent. Figures 4 a and b illustrate that the use of a capping agent in ethanol yields granular 

anatase TiO2 nanoparticles, while TiO2 nanorods are obtained without a capping agent in toluene. 

Energy-dispersive X-ray spectroscopy (EDAX) mapping reveals a uniform distribution of titanium 

(Ti) and oxygen (O) across the surface, along with the calculation of the atomic weight percentages 

of these elements (see Figures 4c, 4d, and supporting information Figure S4) Notably, the solvent 

used in the synthesis influences nanoparticles morphology and surface properties and impacts the 

O/Ti ratio, as shown in Figure. 4a and b-Inset. Rutile phase TiO2 nanorods exhibit a higher O/Ti 
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ratio compared to anatase phase TiO2 spheres. The oxygen-to-titanium (O/Ti) ratios were also 

determined using X-ray photoelectron spectroscopy (XPS), yielding values 1:2.04 for anatase 

granular and 1: 2.40 for rutile nanorods. These results are consistent with the trends observed in 

the EDAX analysis. The XPS spectra and the calculations of the O/Ti ratios are provided in the 

supporting information (Figure S5, S6 and Table S1).

 

Figure 4: SEM images of a) anatase granular and b) rutile TiO2 nanorod (Inset-atomic percentage 
of Ti and O). c) Ti and d) O mapping of TiO2 nanorod surface.

The resistivity of TiO2 is strongly correlated with the ratio of O/Ti. The material's resistivity 

increases with a larger ratio and vice versa. Increased resistivity has an adverse effect on the 

electron transfer, or charge transfer, that occurs during photocatalysis. [42] However, because the 

path for charge transport is shorter in nanostructure shape, photocatalysis benefits from shorter 

path length during photocatalysis [43].  The Ti and O ratios for TiO2 rutile (nanorod) and TiO2 
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anatase (granular) were found to differ based on the EDAX mapping. This difference in ratio 

ultimately affects the overall electron transfer to the adjacent moiety in water (photocatalysis) or 

electrode (photo-electrocatalysis) and competes with the effect of path length.

Following particle transfer on an ITO surface at equal amounts and surface area, 

photoelectrochemical studies were conducted utilizing voltametric and impedance techniques (as 

depicted in Figure 5 a and b) to assess charge transfer resistance. [44] Rutile TiO2 exhibited 

approximately three times higher catalytic current under light irradiation compared to anatase TiO2 

using linear sweep voltammetry (LSV). Consistent results were observed in impedance 

measurements via Nyquist plot, demonstrating a charge transfer resistance in TiO2 rutile three 

orders of magnitude lower than in TiO2 anatase. A significant current was observed in case of TiO2 

nanorods, likely due to efficient charge transfer from the materials to the electrode surface, 

facilitated by charge generation in the presence of light. The increased charge production can be 

attributed to the enhancement of diffusion length in the nanorods, which effectively compensates 

for the effects of charge recombination.  

Figure 5: a) LSV and b) Nyquist plot of anatase granular (1-dark 2-light) and rutile TiO2 nanorod 
(3-dark 4-light) 

It can be inferred that the ratio of O/Ti plays a significant role in determining the resistivity of 

materials. Additionally, the morphology and band gap are important in influencing charge mobility 

and separation within the matrix. The results suggest that photocatalytic H2 evolution will be much 

higher in the case of rutile TiO2 compared to anatase TiO2.
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In order to evaluate the efficiency of photocatalytic H2 generation and understand the influence of 

various physicochemical parameters, the as-synthesized TiO2 nanoparticles with different 

morphology were further examined. The results depicted in Figure 6a reveal that the TiO2 nanorod 

morphology exhibited a higher rate of H2 generation (average 1.2 µmol/h and highest 3 µmol/h) 

compared to the TiO2 granular morphology (average 0.8 µmol/h and highest 1 µmol/h). The 

sustained stability of the nanorod during four hours of hydrogen production is evidence of the 

consistent rate of hydrogen evolution observed over three consecutive cycles (Figure. 6b 

supporting information Figure S7). This enhanced performance can be attributed to the superior 

dispersion of the nanorods due to their smaller size, which facilitates efficient light absorption and 

charge separation (Figure S8 a-c). Thus, the size and dimensions of TiO2 play a significant role 

in enhancing H2 production. The morphology of TiO2 nanorods aids in the efficient separation of 

light-generated charges due to their shorter surface diffusion length. Previous studies have 

indicated that various physicochemical properties affect the generation of H2 on TiO2 surfaces, 

with shape and size emerging as key factors in this process [29,39] 

Figure 6: a) Photocatalytic H2 generation under 300 W Xe-lamp for 1) anatase granular and 2) 
rutile TiO2 nanorod b) three consecutive runs until maximum rate of H2 generation.

As evidenced from the results above, the nanorod morphology of TiO2 is beneficial for improving 

charge separation, a process which can be further optimized through the inclusion of a surface co-

catalyst layer. TiO2 nanorods were modified with 0.1 wt. % of Pt to enhance charge separation 

during hydrogen production. The simultaneous deposition of Pt (in form of nanoparticles) during 

hydrogen production, which eventually reached a plateau at 90 µmol/h highest rate of H2 
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generation while average rate is 50 µmol/h once Pt deposition was complete. This suggests that 

the co-catalytic effect of the charge transfer from the TiO2 surface is enhanced in the presence of 

Pt nanoparticles, as illustrated in (Figure S8 d).

Figure 7a displays the low-resolution TEM image of the TiO2 rutile sample with Pt deposited on 

TiO2 nanorod. Distribution of Pt is partly (less than 10 percent) covering the surface of TiO2 

nanorod surface (Supporting information S9). This clearly supports the increase in the H2 

evolution with increasing the amount of Pt from 0.1 wt. % to 1 wt. %. Lattice fringes with 

interplanar distances of ~0.32 nm corresponding (110) plane are observed in Figure 7 b, consistent 

with literature values [45]. The sharp and ordered selected area electron diffraction (SAED) pattern 

in Figure 7 c along [001] zone axis confirms the single crystalline nature of the rutile nanorods. 

High-resolution TEM reveals uniform deposition of 2-4 nm Pt nanoparticles in small patches on 

the surface of TiO2 nanorod, as depicted in Figure 7a. Elemental mapping in Figure 7d-f further 

verifies the distribution of Pt on the nanorod surface. The nanorod structure provides a larger 

surface area for a precise and thin layer of Pt deposition, preventing agglomeration and 

significantly enhancing H2 generation. The morphological characterization of the nanorods was 

performed after hydrogen evolution experiment (Figure S9 and Figure S10), and no observable 

changes in shape were detected. This indicates that the nanorods exhibit high photocatalytic 
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stability. 

Figure 7: (a) ADF STEM image of rutile TiO2 nanorod after Pt deposition. (b) HRTEM image 

taken on the surface of rutile TiO2 particle (c) SAED pattern from the rutile TiO2 particle 

confirming the formation of single crystal and d)-f) elemental mapping for Ti, O, and Pt, 

respectively.

Since the influence of Pt on H2 generation is already well established in the literature, our result is 

compared with previous studies and illustrated in Table 1. The table demonstrates that the unique 

nanorod morphology facilitates cocatalyst deposition for enhanced H2 production using minimal 

Pt, in contrast to prior studies requiring larger amounts of Pt. This effect is observed even in the 

less favorable rutile phase of TiO2. 

TiO2Pt

Ti O Pt

2 nm

110

110

a) b) c)

d) e) f)

20 nm

50 nm 50 nm 50 nm
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Table 1 A summary of the key findings of Pt-doped TiO2 photocatalysts reported in recent years 
for H2 production.

Pt 
loading 
on TiO2

Light 
Source

Crystalline 
phase of 
TiO2

Photocatalyst 
loading (mg)

H2 
production 
efficiency

Quantu
m 
efficien
cy

Referenc
e

Pt-5 wt % 500 W Hg-
Xe lamp 
with 
dichroic 
filter (280 – 
400 nm)

Anatase-
Rutile bulk

500 mg in 1 L 
in 1:9 
MeOH/H2O 
medium

27.6 mmol g−1 
h−1

5.6 % [46]

Pt- 2.5 wt 
%

Black Light 
Blue Lamp 
of
15W

Anatase-
Rutile bulk

150 mg in 1 L 
containing 2 
vol.% ethanol

383 mmol h−1 
g−1

7.8 % [47]

Pt- 1.0 wt 
%

300 W Xe 
lamp

Anatase 
nanosheet

5 mg in 100 ml 
water 
containing 10 
% methanol

5086 µmol h−1 
g−1

- [48]

Pt- 1.0 wt 
%

8 Philips 
CLEO 15 
W

Anatase-
Rutile bulk

200 mg in 200 
ml water 
containing 25 
vol.% methanol 

1846 µmol h-1 - [49]

Pt- 0.1 wt 
%

300 W 
Xenon 
lamp

Rutile 
nanorod

20 mg in 40 ml 
water 
containing 10 
vol % methanol

Average 50 
µmol h-1

highest 90 
µmol h-1

Average 
7.41 %
Highest 
10.11 %

Current 
work

Pt-1 wt % 300 W 
Xenon 
lamp

Rutile 
nanorod

20 mg in 40 ml 
water 
containing 10 
vol % methanol

Average 150 
µmol h-1

highest 250 
µmol h-1

Average 
22.23 %
Highest 
30.33 %

Current 
work

Conclusion:

In summary, this study underscores the significance of TiO2 morphology and crystalline phase in 

photocatalytic water reduction. Notably, the results suggest that the charge carrier diffusion path 

plays a crucial role, and nanorods exhibit a distinct advantage due to their one-dimensional shape. 

Specifically, the experiments show a threefold increase in H2 generation (3 µmol/h) in rutile 

nanorods compared to anatase nanosphere (1 µmol/h), suggesting that the 1D structure is more 

effective for hydrogen production. The enhanced photocatalytic activity in TiO2 nanorods is 

attributed to improved charge mobility. Therefore, the charge mobilities and exciton lifetime of 

the photocatalyst should be taken into consideration when optimizing photo catalytical properties. 

Additionally, the uniform deposition of Pt cocatalyst on the nanorod surface further enhances 
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charge carrier mobility, resulting in a 30-40-fold increase in H2 gas evolution (average 50 µmol/h 

and highest 90 µmol/h). This study paves the way for future research to explore the impact of nano 

dimensions on the photocatalytic performance of the most effective photocatalyst.
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