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ABSTRACT                                                                                                                                  

Photocatalytic water splitting is a significant and promising technology to generate hydrogen, an alternative and clean 

future fuel. The present work describes the preparation and application of a TiO2 based photocatalyst with an effective 

architecture focused on the key issue of photocatalyst reusability and photocatalytic stable activity. TiO2 nanoparticles were 

embedded onto carbon nanofibers (CNF) acting as a support. The electrospinning method was adopted for fabrication of 

TiO2 embedded carbon nanofibers (TiO2/CNF). The photocatalytic activity of the TiO2/CNF under simulated light was 

improved by Pt co-catalyst photodeposition. The morphological and structural properties of TiO2/CNF and Pt 

photodeposited TiO2/CNF (Pt-TiO2/CNF) were investigated by field emission scanning electron microscopy (FESEM), 

high resolution transmission electron microscopy (HRTEM) and powder X-ray diffraction (XRD) techniques. The surface 

characteristics of these materials were investigated by X-ray photoelectron spectroscopy (XPS). Photocurrent and 

photoluminescence (PL) measurements were also take to elaborate the effect of Pt photodeposition. The reusability and 

photocatalytic stability of Pt-TiO2/CNF was tested by generation of approximately same amounts of photocatalytic 

hydrogen with the same sample under the same conditions of illumination. The highest production rate of photocatalytic 

hydrogen generation achieved under simulated light was 3.5 µmol (after 3 hours of illumination with 0.02 g of 

photocatalyst). These tests assures, Pt-TiO2/CNF as a reusable photocatalyt with a promising stable photocatalytic 

performance for solar energy conversion applications. 

Keywords  

TiO2, Carbon Nanofibers, Electrospinning, Carbothermal treatment, Pt Photodeposition, Photocatalytic hydrogen 

generation 
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1. Introduction 

  Hydrogen has emerged as a potential energy carrier in various low greenhouse gas energy applications due to its 

renewability and neutral impact on the environment. Hydrogen can be produced by various methods such as (i) steam 

reforming of natural gas,1 (ii) biomass reforming,2 (iii) water electrolysis,3 (iv) photocatalytic water splitting4 and (v) 

photoelectrochemical water splitting5. Currently, a major part of hydrogen used for industrial and commercial applications 

is being produced from fossil fuels. The limited reserves and pollutant emissions from fossil fuels have been directing the 

research efforts to focus on alternative renewable approaches for meeting hydrogen demand. The pioneering work of solar 

hydrogen evolution by Fujishima and Honda opened a new path to global research for clean and eco-friendly solar 

hydrogen production.5 A tremendous amount of research has been conducted for the development of efficient 

photocatalytic systems to produce hydrogen either by photoelectrochemical or photacatlytic water splitting. Despite of 

extensive research, photocatalytic water splitting still requires massive efforts to increase the yield of hydrogen with stable 

performance before it will be a competitive and a cost effective technology. The key aspect of photocatalytic water splitting 

is the use of photocatalysts, which create electron-hole pairs upon sunlight absorption. The electrons thus created can 

reduce hydrogen ions (H+) generated by water splitting into hydrogen. There are numerous methods for improving the 

photocatalytic hydrogen yield, which include designing novel photocatalysts,6 co-catalyst loading,7 using mixed 

semiconductors,8 modification with non-metals such as nitrogen,9 and carbon,10 Z-schemes mechanism11 and by the 

addition of hole scavengers.12 Most of the above mentioned methods employ powder photocatalysts dispersed in water for 

photocatalytic hydrogen generation. The powder photocatalysts bear the advantages of well dispersion and large scale 

applications. However, a major disadvantage is inadequate recovery or separation of powder photocatalyst from the 

photoreactor after photocatalytic reactions leading to the issues of reusability and stable photocatalytic performance. 

Moreover, the aggregation of powder photocatalysts13 and influence on the physical properties of the materials during 

photoirradiation,14 limits the use of powder photocatalysts.  

To overcome the critical issue of reusability for spent nanostructured photocatalysts, the nanofibrous morphology of 

photocatalyst seems to be an attractive and effective strategy.15,16 Several researchers have been investigating various 

approaches for synthesis of photocatalyst nanofibers (NF) such as doped photocatalyst NF,17,18 cocatalyst loaded 

photocatalyst NF,19 heterojunction photocatalyst NF20 and photocatalyst nanoparticles (NP) embedded inorganic or 

polymer NF.21-23 In the latest approach, NF acts as structural support for embedded photocatalyst NP, increasing their 

reusability, thermal and chemical stability. In this regard, Fan et al.21 investigated the successful growth of ZnIn2S4 and 

ZnS-AgIn5S8 NP on   electrospun fluoropolymer nanofibers, achieving much enhanced photocatalytic hydrogen generation. 

The fluoropolymer support also demonstrated excellent stability in thermal, radiational and chemical treatment. Tong et 

al.22 reported electrospun PAN/Ag/Pd composite NF with improved photocatalytic hydrogen generation. This material also 

shows excellent recycling stability. In addition to the polymeric supporting materials, carbon nanofibers (CNF) have also 
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attracted a wider attention as a support material due to their unique properties and broader application range.24,25 The 

numerous advantages possessed by CNF includes high surface area,26 potential as a candidate for hydrogen storage,27 

efficient catalytic supports28 and possible super capacitor applications in the near future.29 Furthermore, it is well known 

that the photocatalytic efficiency can be improved by coupling with carbon nanomaterials due to enhanced charge 

separation efficiency.30 

  In this paper, a mixed phase (anatase and rutile) TiO2 nanoparticles embedded carbon nanofibers (TiO2/CNF) were 

fabricated with the following objectives: (i) preparation of TiO2/CNF photocatalyst for easy recovery and reusability of 

spent photocatalyst and (ii) to attain a stable photocatalytic performance of recovered TiO2/CNF photocatalyst. Furthermore, 

the photocatalytic property of TiO2/CNF was modified by Pt deposition. The fabricated material was evaluated by the 

photocatalytic hydrogen generation. To the best of our knowledge there is no report regarding the application of TiO2 

nanoparticles embedded carbon nanofibers (TiO2/CNF) in photocatalytic hydrogen generation. The TiO2 nanoparticles 

were encapsulated with CNF to avoid the inadequate recovery loss of TiO2 photocatalyst in the process of photocatalytic 

hydrogen generation. TiO2 /CNF were synthesized by carbothermal reaction of TiO2 embedded polyacrylonitirle 

(TiO2/PAN).31 The TiO2/PAN nanofibers were harvested by electrospinning technique.32,33 The electrospinning method is 

considered to be simple and versatile technique for producing ultra-fine thin nanofibers. Pt was photodeposited with varied 

deposition times on the TiO2/CNF surface. The photodeposition method employed here is considered as a comparatively 

economical method to other deposition methods.34,35 Photocatalytic hydrogen was generated by employing Pt-TiO2/CNF 

under simulated solar irradiation at ambient temperature. Methanol, acting as a hole scavenger, was added to the water. The 

photocatalytic stability test for Pt-TiO2/CNF was demonstrated by generation of similar amounts of photocatalytic 

hydrogen under the same experimental conditions with same recovered material, ensuring our strategy to be a promising 

and effective approach addressing specifically the reusability and photocatalytic satbilty of photocatalyst. 

 

2. Experimental  

2.1. Materials and Reagents. 

  Commercially available TiO2   P25 (Degussa), polyacrylonitrile, (PAN, 99.0%, Aldrich), N, N-dimethylformammide 

(DMF, 99.0%, Samchun chemicals), Methanol (100.0%, J.T. Braker) and hydrogen hexachloroplatinate (IV) hydrate 

(H2PtCl6.6H2O, Kojima chemicals) were used as received. Deionized water (resistivity >18 µm) was used throughout the 

experiments. 

2.2. Preparation of TiO2/CNF 
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A solution of PAN in DMF (10.0 wt.%) was first prepared in a beaker under magnetic stirring. The stirring was 

performed at a temperature of 60 °C and continued for 96 hours to achieve a homogeneous solution. TiO2 P25 powder (1.0 

g) was dispersed under stirring in this homogeneous solution (10.0 g). The stirring was continued for 3 days followed by a 

mild sonication at ambient conditions, resulting in a well dispersed yellowish TiO2/PAN gel. The TiO2/PAN nanofibers 

were fabricated using TiO2/PAN gel via electrospinning technique. The details of the electrospinning technique are 

described in previous work.26 A dense web of TiO2/PAN nanofibers was carbonized in a tube furnace under nitrogen 

streaming to produce titanium carbonitride embedded CNF (TiCN/CNF). The carbonization process consisted of the 

following steps: (i) stabilization of TiO2/PAN nanofibers in air at a temperature of 250 °C for 20 minutes followed by (ii) 

carbonization of TiO2/PAN nanofibers at 750 °C for 1 hour and (iii) finally heating the TiO2/PAN nanofibers at 1400 °C for 

1 hour. Both, carbonization and final heating steps were carried out under N2 streaming. During carbonization process a 

ramp rate of 5 °C/min was applied between all plateaus of 250 °C, 750 °C and 1400 °C. Further oxidation of TiCN/CNF 

was carried out for its conversion to TiO2/CNF at 410 °C for 90 minutes with a ramp rate of 5 °C/min in furnace. The 

schematic presenting the synthesis of TiO2/CNF is shown in Fig. 1. 

 

Fig. 1 - Schematic representation of TiO2/CNF fabrication. 

 

2.3. Preparation of Pt-TiO2/CNF  

 To improve the photocatalytic activity of TiO2/CNF, Pt cocatalyst was deposited on the surface of TiO2/CNF via 

photodeposition method.34,35 Pt photodeposition was conducted in a quartz reactor (7.5 ml) containing an aqueous solution 

(5.0 ml) of H2PtCl6.6H2O (0.15 mmol) and methanol (10.0 vol.%) as a sacrificial hole scavenger.  TiO2/CNF (0.02 g) was 

added into the quartz reactor and different amounts of Pt were photodeposited on its surface. Any air present inside the 

quartz reactor was removed prior to photodeposition experiments by N2 gas streaming for 30 minutes. A 300 W Xe arc 

lamp (Oriel) with a 10.0 cm long IR water filter and a UV cutoff filter (λ > 295 nm) was used as a light source for Pt 

photodeposition. Various samples of Pt photodeposited TiO2/CNF (Pt(n)-TiO2/CNF, where n=Pt photodeposition time) 

were prepared by varying Pt photodeposition time as 0, 30, 60, 120 and 180 minutes. All the Pt(n)-TiO2/CNF samples 
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prepared were thoroughly cleaned with DI water and dried under ambient conditions for 24 hours. The samples obtained 

after drying were labeled as Pt(0)-TiO2/CNF, Pt(30)-TiO2/CNF, Pt(60)-TiO2/CNF, Pt(120)-TiO2/CNF and Pt(180)-

TiO2/CNF corresponding to their respective Pt photodeposition times. 

 

2.4. Photocatalytic hydrogen generation 

The photocatalytic hydrogen generation was demonstrated in a Quartz reactor (7.5 ml). A specific amount of Pt-

TiO2/CNF photocatalyst (4.0 g/L) was placed in a solution of H2O (5.0 ml) and methanol (0.5 ml). Any air present was 

purged by N2 streaming for 30 minutes prior to photoirradiation. The reactor was illuminated for 3 hours using light from a 

300 W Xe arc lamp (Oriel) after passing through a 10.0 cm long IR water filter and a UV cutoff filter (λ > 295nm). The 

photocatalytic hydrogen generation was studied with batch system using bare TiO2/CNF and Pt(n)-TiO2/CNF samples. The 

amount of hydrogen produced was monitored at 30 minute intervals by gas chromatography (GC, HP 6890) equipped with 

a Molsieve column and a thermal conductivity detector (TCD). The reusability and photocatalytic stability tests were 

conducted using the Pt(120)-TiO2/CNF sample. The sample was withdrawn from the photoreactor after first cycle (3 hours 

illumination) and was retested for additional four cycles of photocatalytic hydrogen generation under the same 

experimental conditions. 

2.5. Photocurrent and Photoluminescence measurements 

  Photocurrent and photoluminescence measurements were taken for CNF, TiCN/CNF, TiO2/CNF and Pt-TiO2/CNF The 

photocurrent was measured using three-electrode system in a 0.1 M Na2SO4 buffer (~ Neutral pH). The working electrode 

size was fixed at 1 cm × 3 cm. The reference electrode and counter electrode were Ag/AgCl and Pt wire, respectively. N2 

was continuously purged before and during photocurrent measurement, and a constant potential (0.5 V vs. Ag/AgCl) was 

applied to the working electrode using a potentiostat (VSP, Princeton Applied Research). Photocurrent generations were 

measured under AM 1.5 light irradiation (Abet technology). Mixed solution was stirred for 100 seconds for stabilization. 

Then light was irradiated for 100 seconds and light off for 100 seconds.   

  Photoluminescence (PL) experiments were performed with a spectrometer (f = 0.5 m, Acton Research Co., Spectrograph 

500i), and an intensified photo diode array detector (Princeton Instrument Co., IRY1024) equipped with 325 nm He-Cd 

laser (Kimon, 1K, 50 mW). 
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2.6. Characterization of Pt-TiO2/CNF 

  The morphological analysis of TiO2/PAN nanofibers, TiCN/CNF, and TiO2/CNF were done using a field emission 

scanning electron microscope (FESEM, Hitachi S-4800). Powder X-ray diffraction (XRD) patterns of the samples were 

recorded in a wide angle range (2θ=20-80°) using an X-ray diffractometer (Panalytical, Empyrean) operating at 40 kV and 

30 mA with Cu Kα radiation (λ=1.54187 Å). The transmission electron microscopy (TEM) and the selected area electron 

diffraction (SAED) patterns of Pt(180)-TiO2/CNF were obtained using a field emission transmission electron microscope 

(FETEM, Hitachi HF-3300) instrument operating at 300 kV. The surface composition, their oxidation states, and atomic 

ratios of the samples were determined by X-ray photoelectron spectroscopy (XPS, Thermo VG, K-alpha) using Al Kα line 

(148606 eV) as the X-ray source.  

3. Results and Discussion  

3.1. Morphological properties of TiO2/CNF 

 

Fig. 2 - FESEM images of (a) TiO2/PAN nanofibers, (b) TiCN/CNF, (c) TiO2/CNF and (d) a selected TiO2/CNF exposing 

the embedment of TiO2 nanoparticles. 
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  FESEM images of TiO2/PAN nanofibers, TiCN/CNF and TiO2/CNF are shown in Fig. 2.  Fig. 2a shows a dense web of 

well aligned TiO2/PAN nanofibers (diameter = 550 nm) as synthesized. After carbonization of TiO2/PAN, a decrease in the 

thickness of TiCN/CNF (390 nm) was noticed (Fig. 2b). The formation of carbon from PAN at high temperature caused 

shrinkage of the TiO2/PAN nanofibers.36 However, no significant change in the morphology of TiO2/CNF (Fig. 2c) was 

observed after the oxidation of TiCN/CNF. The FESEM image of a selected TiO2/CNF is shown in Fig. 2d. The image 

clearly displays random embedment of TiO2 nanoparticles on the CNF surface.   

3.2. XRD analysis 

 

Fig. 3 - XRD patterns of (a) TiO2/PAN, (b) TiCN/CNF and (C) TiO2/CNF (A, anatase; R, rutile; TC, titanium carbide). 

 

Fig. 3 shows XRD patterns of TiO2/PAN, TiCN/CNF and TiO2/CNF. TiO2/PAN consists of highly crystalline anatase 

(A) co-existing with small amounts of rutile (R) TiO2 phase (Fig. 3a). The sample exhibits main diffraction peaks of 

anatase and rutile phases of TiO2 at 2θ values of 25.2º and 27.5 º respectively along with other respective minor peaks.10 

After the carbonization process, the peaks of anatase and rutile phases of TiO2 disappear with the appearance of various 

other diffraction peaks at 2θ values of 36º, 42.7º, 62 º, 74º, and 78 º (Fig. 3b). These diffraction peaks are attributed to the 

formation of Titanium carbide (TC) in CNF,37-39 ensuring the formation of TiCN/CNF as an intermediate product. However, 

after oxidation of TiCN/CNF, the main peaks of anatase and rutile TiO2 phases reappear in the TiO2/CNF sample (Fig. 3c). 
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The reappearance of anatase and rutile phases of TiO2 is accredited to the oxidation of TiCN/CNF during the calcination 

process.31,40,41  

The XRD pattern of Pt(n)-TiO2/CNF samples (n= 0, 30, 60, 120 and 180 minutes of Pt photodeposition) are shown in 

Fig. S1. It is obvious that all of the samples show peaks of anatase (A) and rutile (R) phases of TiO2 in their respective 

XRD patterns, confirming the presence of TiO2. However, it is hard to observe the Pt peaks in the XRD pattern due to the 

high dispersion of Pt nanoparticles or due to the low level of photodeposition.42 Hence, further analyses were conducted to 

confirm the presence of Pt in these samples and are discussed later. 

 

3.3. TEM studies  

Fig. 4a show a TEM image of a selected Pt(180)-TiO2/CNF. The TEM image reveals the presence of agglomerated 

nanoparticles on the nanofiber surface. The agglomerated nanoparticles were classified as embedded TiO2 and 

photodeposited Pt nanoparticles by scanning transmission electron microscopy (STEM) analysis. The STEM image (Fig. 

4b) illustrates randomly distributed brighter and darker regions on the nanofiber surface. The brighter regions are attributed 

to photodeposited Pt nanoparticles, whereas the darker regions indicate the embedment of TiO2 nanoparticles.43 The 

randomness of the brighter regions, as indicated by dotted circles, points to varying amounts of Pt photodeposition on the 

nanofiber surface. The High resolution transmission electron microscopy (HRTEM) image (Fig. 4c) of brighter region 

observed by STEM was taken to investigate the interface region between Pt and TiO2. It can be seen that the HRTEM of 

brighter region for representative Pt(180)-TiO2/CNF displays well defined interface and lattice fringes of Pt and TiO2. The 

interface between Pt and TiO2 as shown by HRTEM image also supports the successful photodeposition of Pt on the TiO2 

nanoaprticles. A lattice spacing of 0.345 nm is associated to the d101 plane of anatase TiO2 
44 and 0.224 nm corresponds to 

the d111 plane of cubic Pt.45 In addition, the selected area electron diffraction (SAED) pattern of the Pt-TiO2 interface, 

observed in HRTEM (Fig. 4c) was studied. Fig. 4d shows the SAED patterns of Pt(180)-TiO2/CNF, which clearly 

demonstrates the polycrystalline nature of the selected area. The diffraction pattern shows rings which can be indexed to the 

d101 plane of anatase TiO2 and the d 111 plane of Pt.  
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Fig. 4 - Representative images of Pt(180)-TiO2/CNF: (a) TEM image of a selected nanofiber, (b) STEM image of (a), (c) 

HRTEM image and (d) SAED pattern. 

 

3.4. XPS studies  

X-ray photoelectron spectroscopy (XPS) analysis of the representative Pt(180)-TiO2/CNF was conducted to investigate 

the chemical compositions of the photocatalyst. Furthermore, XPS data provides additional information regarding the 

surface composition and binding interaction of different charged species present in Pt(180)-TiO2/CNF. The complete 

survey scan of Pt(180)-TiO2/CNF (Fig. S2) revealed that the sample surface is mainly composed of titanium, oxygen, 

platinum and carbon. Fig. 5a, b, c and d shows the high resolution XPS spectra of Ti 2p, O 1s, Pt 4f and C 1s regions 

respectively. The high resolution peaks were deconvoluted to analyze the binding energy signals corresponding to titanium, 

oxygen, platinum and carbon atoms.  
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  The Ti 2p region (Fig. 5a) shows peaks at 459.3 eV, 460.8 eV, and 465.8 eV. The peaks appearing at 459.3 eV and 465.8 

eV can be assigned to Ti 2p3/2 and Ti 2p1/2 of TiO2,
46 verifying the presence of TiO2 in respective Pt(180)-TiO2/CNF. 

Whereas, the peak appearing at 460.8 eV corresponds to the Ti-C bond confirming the embedment of TiO2 in the CNF via 

Ti-C linkage.47 Fig. 5b shows XPS spectra of O 1s region displaying peaks near 530.7 eV and 532.0 eV. Previous studies 

have attributed the peak at 530.7 eV to Ti-O bond (associated with lattice oxygen of the bulk TiO2) and the shoulder peak 

near the binding energy at 532.0 eV to O-C bonds on the surface of TiO2.10 The XPS spectra of the Pt 4f region (Fig. 5c) 

exhibit peaks at 71.6 eV and 74.9 eV. These peaks can be assigned to Pt 4f7/2 due to bulk Pt with an oxidation state of zero 

(Pt(0)), and Pt 4f5/2 associated to the PtO having +4 oxidation (Pt(IV)), assuring the successful photodeposition of Pt on 

TiO2/CNF.45,48  This indicates that the Pt exhibits in both oxidized state and zero state on TiO2/CNF providing moderate 

active sites for photocatalytic hydrogen generation.  

Fig. 5d shows the XPS of the C 1s region with peaks appearing at 284.6 eV, 285.7 eV, 286.3 eV, and 288.0 eV. Based on 

the reported data, these peaks are attributed to C-C, C-O, and C=O, and surface carbonate, respectively.49 

 

Fig. 5 - XPS spectra of Pt(180)-TiO2/CNF showing the regions of (a) Ti 2p, (b) O 1s, (c) Pt 4f and (d) C 1s. 
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  XPS analysis for the TiCN/CNF and TiO2/CNF were also conducted to investigate the chemical composition changes 

after calcination of TiCN/CNF. Fig S3(a-d) shows high resolution XPS of Ti 2p, O 1s, C 1s and N 1s for TiCN/CNF and 

TiO2/CNF. The Ti 2p region for TiCN/CNF (Fig. S3a) shows a single peak near 459.3 eV corresponding to Ti 2p1/2. While 

the Ti 2p region for TiO2/CNF (Fig. S3a) exhibits two peaks near 460.0 eV and 465.8 eV corresponding to Ti 2p1/2 and Ti 

2p3/2, respectively. The shifting of the Ti 2p1/2 signal towards a slightly high binding energy and reappearance of the Ti 2p3/2 

signal in TiO2/CNF depicts the oxidation of Ti ions present in TiCN/CNF after calcination. Both TiCN/CNF and TiO2/CNF 

exhibit a single peak with varied intensity in the O 1s (Fig. S3b) and the C 1s (Fig. S3c) regions. The O 1s region shows a 

peak around 530.7 eV corresponding to the Ti-O bond.46 An increase in the intensity of the Ti-O bond signal confirms the 

reappearance of oxidized Ti states in TiO2/CNF.47 The C 1s region shows a peak associated to C-C bonds appearing near 

284.6 eV. A decrease in signal intensities of the C-C bonds observed in TiO2/CNF reassures the conversion of TiCN to 

TiO2 during calcination. Fig. S3d shows XPS spectra of N 1s regions of TiCN/CNF and TiO2/CNF. In TiCN/CNF, a strong 

N 1s signal intensity at 397.1eV appeared corresponding to Ti-N bonds.47 This signal indicates TiN existence on the 

titanium surface due to accumulation of nitrogen from PAN during the carbothermal reaction. However, after the 

calcination of TiCN/CNF (carbothermal product) most nitride ions are burned off, resulting in no N 1s signal in TiO2/CNF. 

The XPS spectra of Pt(n)-TiO2/CNF samples formed with varied Pt photodeposition times are also shown in Fig. S4. The 

atomic ratios for Pt content were calculated using XPS data and is shown in Table S1. It can be seen that with the increase 

of Pt photodeposition time, the Pt atomic concentration is increased resulting in the signals intensification of Pt 4f7/2, and Pt 

4f5/2 irrespective of binding energies. This increase clearly indicates that the increased Pt photodeposition time lead to 

increase of Pt quantity on the TiO2/CNF. 

3.5. Photocatalytic hydrogen generation 

  Fig. 6 shows photocatalytic hydrogen generation from different Pt(n)-TiO2/CNF samples. All the samples were irradiated 

for 3 hours. It can be seen clearly Pt(n)-TiO2/CNF exhibits a significant enhancement in H2 evolution as compared to 

TiO2/CNF or Pt(0)-TiO2/CNF sample (without Pt photodeposition) which produces negligible amount of photocatalytic H2.  

Thus an increase in photocatalytic performance of Pt(n)-TiO2/CNF is mainly due to photodeposition of  Pt nanoparticles. 

While the beneficial role of CNF remains as a physical support for embedment of TiO2 nanoparticles contributing to the 

easy recovery and reusability of photocatalyst. Furthermore increasing the Pt photodeposition times also increased the 

hydrogen yield. The longer Pt photodeposition time increases the Pt loading, raising the Pt atomic ratio (inset to Fig. 6). 

The higher Pt atomic ratio results in an increase of electron sinks thus improving the photocatalyst activity with moderate 

reaction rates.4 However, when Pt(n)-TiO2/CNF sample with Pt photodeposition times longer than 120 min was employed, 

no significant increase in the photocatalytic hydrogen generation  was observed. A similar trend was noticed for the Pt 

atomic ratio with increased Pt photodeposition time (inset to Fig. 6). This may be due to blockage of TiO2 active sites due 
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to high Pt loading, limiting photocatalytic hydrogen generation.50 Due to this converged behavior, experiments for 

photocatalytic hydrogen generation were bound to the Pt(180)-TiO2/CNF sample. Thus increase of photocatalytic hydrogen 

generation for each Pt(n)-TiO2/CNF sample can be attributed to improved photocatalytic activity as a result of Pt 

photodeposition. The photocatalytic hydrogen generation in all Pt(n)-TiO2/CNF samples increased with longer irradiation 

time and after 3 hours of irradiation were 0, 1.5, 2.6, 3.2, and 3.5 µmole, respectively (Fig. S5). 

 

Fig. 6 - Amount of photocatalytic hydrogen generated after 3 hours of irradiation employing Pt(n)-TiO2/CNF samples 

prepared at photodeposition times of 0, 30, 60, 120 and 180 min respectively. Inset figure shows the relation between Pt 

atomic ratio with photodeposition times.  

 

  It is well known that the deposition of noble metals usually enhance the separation and prolong the lifetime of 

photogenerated electrons and holes (e--h+), resulting in the improved photocatalytic activity.51,52 The mechanism involved 

in the generation of photocatalytic hydrogen employing Pt(n)-TiO2/CNF is illustrated in Fig. 7a. Upon light irradiation, the 

photogenerated electrons are excited from the valence band to conduction band (CB) of TiO2 and migrated to Pt 

nanoparticles which acts as electron traps. On the other hand the holes are accumulated at the TiO2 valence band (VB). The 

photogenerated electrons trapped by Pt nanoaprticles are transferred to surface adsorbed protons to produce H2, while the 

holes diffuse to photcatalyst surface and oxidize water to give oxygen. The Pt nanoparticles photodeposition on TiO2 
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results in the formation of Schottky barrier at Pt-TiO2 interface based on the difference between the Pt work function (ΦPt = 

5.7 eV) 53 and the electron affinity (χ = 3.8 eV) 54 of TiO2 conduction band (Fig. 7b). The height of Schottky barrier (Φb 

=1.7 eV) 55 is appropriate enough for suppressing the e--h+ recombination thus acting as an electron trap during the 

photocatalytic process. 

 

 

Fig. 7 – (a) Schematic illustration of photocatalytic hydrogen generation and (b) energy band diagram for Pt-TiO2 junction 

on Pt(n)-TiO2/CNF sample. (Evac, EF, ΦPt., χ, Φb represents Vacuum level, Fermi level, work function of Pt, electron 
affinity of TiO2 conduction band and Schottky barrier height respectively (all values in eV)). 

 

  To further support the suppression the e--h+ recombination and improved charge separation by Pt photodeposition, the 

photocurrent and photoluminescence (PL) of CNF, TiCN/CNF, TiO2/CNF and Pt-TiO2/CNF were measured. The time 

profiles of photocurrent with electrodes of respective material is shown in Fig S6. When the light is turned “on” the 

photocurrent is instantaneously produced, however when the light is turned “off”, the dark current is found to be negligible. 

It can be seen form the photocurrent profiles that the Pt-TiO2/CNF sample shows the highest photocurrent value compared 

to other samples. The pure CNF shows negligible photocurrent, whereas the TiCN/CNF and TiO2/CNF shows lower 

photocurrent then Pt-TiO2/CNF.  The synergistic photoresponse of Pt-TiO2/CNF can be attributed to the presence of Pt on 

TiO2 which increases the electron transfer and effectively suppress the e--h+ recombination. The PL spectra for respective 

samples are also shown in Fig. S7. The PL emission spectrum of pure TiO2 (P25) was also measured as a reference. All the 

samples were excited at 325 nm and the PL spectra recorded in the range of 400-900 nm. The PL emission peak for TiO2 (P 

25) is centered around 500 nm. The enlarged view of PL emission peaks (because of weak intensity) for all the samples are 

shown in inset to fig. S7. The decrease in the intensity of PL emission peaks of samples follows the order: CNF, TiO2/CNF, 

Pt-TiO2/CNF and TiCN/CNF. It can be seen, the PL emission for Pt-TiO2/CNF is decreased specifically in the range of 

400-530 nm. This result indicates Pt photodeposition promotes the electron transfer from TiO2/CNF to Pt and quenches the 
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e--h+ recombination.56 While all the other PL emissions in the longer wavelength range (>530 nm) can be assigned to 

intrinsic defects and nonstoichiometry due to presence of oxygen vacancies in the mixed (anatase and rutile) phase TiO2. 

57,58 The low intensity PL emission spectra of TiCN/CNF may be because of no or very low amount of mixed phase TiO2 in 

the sample. 

 

3.6. Photocatalytic stability test 

The reusability and photocatalytic stability test of the Pt(n)-TiO2/CNF sample was investigated by repeating the cycles 

of photocatalytic hydrogen generation with the same sample after a fixed time interval. The photocatalytic experiment was 

performed for five cycles as illustrated in Fig. 8. The illumination for each cycle was done for 30 minutes to study 

photocatalytic hydrogen yield. After the completion of first cycle the spent photocatalyst was recovered and the same 

sample was reused as a photocatalyst for the next four cycles. The spent photocatalyst was simply recovered by tweezers 

after each cycle, washed with DI water and reused. It is obvious from Fig.8 that during all repeated cycles employing the 

same material, the recycling reactions produces approximately similar amount of hydrogen generation. This data confirms 

the photocatalytic stable performance of spent photocatalyst during all cycles of reaction and sufficiently supports the 

reusability of the recovered photocatalyst.  

 

Fig. 8 - Photocatalytic hydrogen generation using Pt(120)TiO2/CNF spent sample under simulated solar light illumination 

after each interval of 3 hours.  
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4. Conclusions  

In this work TiO2 embedded CNF was prepared with the aim of achieving photocatalyst reusability and photocatalytically 

stable performance for photcatalytic hydrogen generation. The embedment of TiO2 nanoparticles in PAN nanofibers was 

accomplished by electrospinning technique. The TiO2/CNF was obtained by carbothermal reaction followed by calcination 

process. Formation of Pt-TiO2/CNF was achieved by photodeposition of platinum precursor on the TiO2/CNF surface. The 

Pt photodeposition enhances the photocatalytic activity of the material due to increased electron transfer and recued 

electron hole recombination. Furthermore we found that an increase in Pt photodeposition time, results in an increase of 

photocatalytic hydrogen generation. However, we observed that the photocatalytic hydrogen generation becomes saturated 

with longer Pt photodepsotion time (longer than 120 min). This saturation was due to excess deposition of Pt on the 

TiO2/CNF, which cover the TiO2 active sites and influence the photcatalytic performance of Pt-TiO2/CNF.    

The reusability and photocatalytic stability test of the prepared Pt-TiO2/CNF was demonstrated by repeating the 

photocatalytic hydrogen generation cycles. The repetition was done after a fixed interval of time employing the same 

sample each time. Approximately similar amount of photocatalytic hydrogen was generated during each repeated cycle, 

assuring the stable behavior of Pt-TiO2/CNF. On the basis of the characteristic physical properties of Pt-TiO2/CNF, we 

believe that such a configuration will be advantageous and cost effective for large scale application in near future.  
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An effective strategy was designed aimed at photocatalyst reusability with photocatalytic stabile performance. TiO2 nanoparticles 

were embedded on the carbon nanofibers support by a simple electrospinning route. The photocatalytic activity of the TiO2 

embedded carbon nanofibers was improved with Pt photodeposition. Pt photodeposition was optimized by varying the 

photodeposition time and optimized sample employed for photocatalytic hydrogen generation. TiO2 embedded carbon nanofibers 

(0.02 g of photocatalyst) with optimize d Pt photodeposition generated 3.5 µmol of photocatalytic hydrogen. The reusability of 

photocatalyst was confirmed by repeating hydrogen generation cycles using the spent sample under similar illumination 

conditions. The photocatalytic stability was also demonstrated by generating similar amount of hydrogen during repeated cycles.  
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