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Abstract: Modifications of TiO2 in photocatalytic hydrogen production have been widely studied 

to resolve its limitations in harnessing visible light and electron-hole recombination. Among them is 
by the combination of Graphene and Fe dopant. This study examines the effects of various 
concentrations of Fe on Fe-Graphene/TiO2 and various polyalcohols as sacrificial agents for H2 
production. Graphene/TiO2 and Fe-Graphene/TiO2 were synthesized by a wet-impregnation method. 
Characterizations were applied on TiO2 P25, Graphene/TiO2, and Fe-Graphene/TiO2, using XRD, 
SEM-EDX, UV-Vis DRS, and FTIR techniques to analyze the properties of the catalysts. H2 
production experiment was carried out for 5 h in a reactor that enables internal illumination, equipped 
with a 20W UV lamp, burette, and cooling water. GC analysis of gas sample on the burette confirmed 
the formation of hydrogen. The accumulation of H2 products indicated that 0.2% Fe on Fe-
Graphene/TiO2 with a bandgap of 3.03 eV offers up to 80% higher H2 production than TiO2 P25. 
Photocatalytic H2 production with Fe-Graphene/TiO2 and 10% v/v alcohols as sacrificial agents were 
revealed to decrease in the following order: glycerol > ethylene glycol > methanol > propylene glycol 
> n-propanol. Correlations were obtained between H2 yield and key alcohol properties, notably the 
number of α-H, polarity, and oxidation potential of the alcohols. 
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1.  Introduction  
Energy plays an important role in supporting a majority 

of demands on various sectors, ranging from industrial, 
transportation, to household needs. However, energy 
consumption both in Indonesia and worldwide is still 
centered on fossil fuel energy sources, including gas, oil, 
and coal1),2). Fossil-based fuels produce CO2 emissions 
that can cause negative impacts on the environment, 
especially global warming events. Therefore, hydrogen as 
an alternative energy source can be a solution in replacing 
fossil fuels. Conventional technologies in producing 
hydrogen, such as steam reforming, partial oxidation, or 
water gas shift, have limitations on the high energy 
requirements3). An alternative to circumvent this issue is 
through a route of hydrogen production that is more 
economical and environmentally friendly, namely the 
photocatalytic water splitting using solar as an energy 
source. Photocatalysis is a versatile technology that offers 
alternative routes for many processing applications4-8). 

Photocatalytic water splitting is a heterogeneous 
process that takes place under photon illumination and 
requires semiconductor materials. In a water-splitting 

process, titanium dioxide or titania (TiO2) is generally 
used as a photocatalyst for various purposes9). TiO2 
semiconductor is widely used because its bandgap (Eg) 
straddles the redox potentials of oxygen and hydrogen. 
However, for the same reason, the bandgap of TiO2 is ca. 
3.2 eV, implying that TiO2 can only utilize UV spectra, 
which accounts for only 3% in the solar light10). 
Furthermore, the recombination of excitons (electron-hole 
pairs) has also been revealed to be the bottleneck for the 
efficient process of titania-based photo-splitting. To 
resolve these limitations, many studies have been 
conducted by pursuing various modifications of TiO2

11-13). 
One of them is through the combination of Graphene and 
Fe as promotors, which have been reported to increase the 
photocatalytic activity of TiO2. Isari et al.14) reported that 
the use of Fe-TiO2/rGO photocatalyst can reduce the 
bandgap down to 2.76 eV. 

Fe ions can be easily doped on TiO2 crystal lattice 
because their atomic size is close to Ti atom15). Graphene 
in photocatalytic applications can increase 
semiconductors activity due to its high carrier mobility 
and large surface area16). Research by Shende et al.17) 
showed that Graphene-Fe-TiO2 photocatalyst could drive 
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the crystal violet dye degradation of up to 74.6%, higher 
than the use of Graphene-Ce-TiO2 which reach only 
58.7%. In another report, even in the case where no 
sacrificial agent is present, Fe/TiO2/rGO was able to 
produce hydrogen up to 10 μmol/g in 5 h16). Despite its 
vast potentials, however, research reports regarding Fe-
Graphene/TiO2 as photocatalysts for hydrogen production 
are still limited, hence further development is needed. In 
this paper, we report Fe-Graphene/TiO2 for photocatalytic 
hydrogen production, examining the effects of 
concentrations of Fe doping and various polyalcohols as 
sacrificial agents.  

 
2.  Experimental Methods 
2.1  Synthesis of Photocatalysts 

Graphene/TiO2 was synthesized by a wet-impregnation 
method. An amount of 5 mg of Single-Layer Graphene 
(ACS Material) was firstly dissolved in 100 ml 
ethanol/water (volume ratio of 4:1) solution using an 
ultrasonic bath for 1 h. An amount of 1 g of TiO2 P25 
(Evonik) was then introduced into the solution and 
vigorously stirred for 1 h, followed by 1 h of sonication. 
The attained suspension was centrifuged several times for 
1 h before it was dried in an oven for 2 h at 80oC. The 
resultant Graphene/TiO2 precipitate was ground and, 
subsequently, the powder was calcined at 400oC for 2 h.  

Preparation of Fe-Graphene/TiO2 was carried out using 
the same wet-impregnation method. Initially, 5 mg of 
Single-Layer Graphene (ACS Material) was dispersed in 
45 ml absolute ethanol for 45 mins. An amount of 1 g of 
TiO2 P25 (Evonik) was then introduced into the solution 
and dispersed using an ultrasonic instrument for another 
45 mins. The solution on the beaker was stirred until 
homogeneity is achieved using a magnetic stirrer for 2 h. 
Subsequently, a solution containing 14.5; 36.2; 50.7 mg 
(0.2; 0.5; 0.7% Fe, respectively) of Fe(NO3)3.9H2O 
(Merck) as a precursor of iron and 10 ml absolute ethanol 
was added drop wisely into the mixture under vigorous 
stirring, and the stirring continued overnight. The attained 
gel was dried for 2 h in an oven at 80oC, then grounded 
using mortar and pestle. Finally, the resulted powder of 
Fe-Graphene/TiO2 was calcined at 400oC for 2 h. 

 
2.2  Material Characterization 

Photocatalyst characterization was done on TiO2 P25, 
Graphene/TiO2, and Fe-Graphene/TiO2 with a Fe doping 
concentration of 0.2%. The crystal phase of the 
photocatalysts was checked by X-ray diffraction (XRD, 
PANalytical Aeris), which scanning range was 2θ = 5-90o. 
A scanning electron microscope (SEM, FEI Quanta 650 
FEG) was used to detect the morphology and structure of 
the catalysts, while the composition of atomic elements on 
the surface of the photocatalyst was identified with energy 
dispersive X-ray (EDX, Oxford Instruments Xplore 15). 
Optical absorption properties of the photocatalyst samples 
over the range of 200 nm to 800 nm were recorded using 

UV-Vis diffuse reflectance spectra (DRS, Agilent Cary 60 
UV-Vis). To verify the several functional groups present 
in the prepared photocatalysts, Fourier-transform infrared 
(FTIR, Thermo Scientific Nicolet iS5) was utilized in the 
range of 4000-400 cm-1. 

 
2.3  Photocatalytic Hydrogen Production Test 

The photocatalytic hydrogen production tests were 
conducted in a reactor with a configuration that enables 
internal illumination. For each measurement, 0.2 g 
photocatalyst is added to 320 ml alcohol-water mixtures, 
containing 10% v/v alcohol. A range of alcohols are 
utilized as sacrificial agents, namely: methanol (CH4O), 
n-propanol (C3H8O), ethylene glycol (C2H6O2), propylene 
glycol (C3H8O2), glycerol (C3H8O3). Continuous stirring 
is applied throughout the reaction, and the headspace of 
the reactor was connected to an inverted burette filled with 
water at atmospheric pressure to measure the evolved 
hydrogen volume. The reactor was also equipped with a 
cooling water system maintained at 25oC to compensate 
for the generated heat from photon exposure, and a 
thermometer to monitor the temperature of the reactor. 
Before light illumination, purging with argon flow 
followed by leakage testing was done for 15 mins each to 
remove air on the reactor and to ensure no leak during the 
tests. The reaction was performed for 5 h with a 20 W UV 
lamp as the light source. Sampling was done by recording 
the amount of gas evolved in the burette periodically. The 
hydrogen gas product accumulated on top of the burette 
was characterized by gas chromatography (GC, Shimadzu 
GC-8A) to confirm the formation of hydrogen. Total 
hydrogen volumes data obtained were calculated to moles 
by assuming that the gas behaves as an ideal gas. 

 
3.  Results and Discussion 
3.1  Photocatalyst Characterization 
3.1.1 XRD Analysis 

The characteristic diffraction peaks of anatase and rutile 
phases ascribed to TiO2 are shown in Figure 1 (a). The 
anatase phase was identified by peaks that appear at 2θ = 
25.2o, 37.7o, 47.8o, 53.8o, 54.9o, 62.5o, 68.6o, 70.1o, and 
74.8o, which represent the indices of (1 0 1), (0 0 4), (2 0 
0), (1 0 5), (2 1 1), (2 0 4), (1 1 6), (2 2 0), and (2 1 5) 
facets, respectively. Meanwhile, a minor part of the rutile 
phase was detected by 2θ peaks at 27.5o and 36.1o, indexed 
to (1 1 0) and (1 0 1) facets. No other diffraction peaks are 
observed as a result of Graphene addition because 
Graphene is typically amorphous or not having a fixed 
crystal structure18). The XRD profile of Fe-Graphene/TiO2 
on (1 0 1) plane displays a slight, yet observable, shift of 
diffraction signal to a higher 2θ value (Figure 1 (b)). This 
may indicate that some Fe(III) cations might be 
substituted into TiO2 lattice due to the smaller ionic radius 
of Fe3+ (0.64 Å) compared to Ti4+ (0.68 Å)19). The 
crystallite size of the photocatalysts estimated using the 
Scherrer equation shows a decreasing crystallite size 
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(Table 1). This can be caused by Graphene and Fe as 
additives that suppress the crystal growth of TiO2, hence 
inhibiting contact between TiO2 particles for sintering to 

take place14),20). 
 

 

  
Fig. 1: (a) XRD patterns of TiO2 P25, G/TiO2, and Fe-G/TiO2 (b) XRD magnification on (1 0 1) plane 

 
Table 1. Photocatalyst crystallite size 

Photocatalyst 2θ FWHM Crystallite Size (nm) 
TiO2 P25 25.260 0.460 17.681 
G/TiO2 25.253 0.461 17.661 

Fe-G/TiO2 25.347 0.537 15.163 
 
3.1.2 SEM-EDX Analysis 

Figure 2 shows the surface morphology of the prepared 
photocatalysts. As depicted in the figure, both 
Graphene/TiO2 and Fe-Graphene/TiO2 display a typical 
morphology that consists of domains of aggregated 
particles. No specific characteristic differences were 
identified between photocatalysts surface morphology 
due to the small magnification and much higher content of 
TiO2. From Table 2, it can be seen that all photocatalysts 

are characterized to show the existence of Ti and O 
elements. Fe dopant presence on Fe-Graphene/TiO2 was 
also detected in the EDX results. However, it is at a 
different loading content (0.4%) from the theoretical one 
(0.2%). This happened because of the relatively small 
concentration of Fe dopant, which made it difficult to 
precisely control the amount of Fe(NO3)3.9H2O as a 
precursor due to its hydrates presence. 
 

 

   
Fig. 2: Surface morphology of (a) TiO2 P25, (b) G/TiO2, and (c) Fe-G/TiO2, with 10.000x magnification 

 
Table 2. Photocatalyst EDX result 

Photocatalyst 
Theoretical Content (wt%) Actual Content (wt%) 

Graphene Fe Ti O Fe 
TiO2 P25 - - 56.46 43.54 - 
G/TiO2 0.50 - 59.13 40.87 - 

Fe-G/TiO2 0.50 0.20 54.59 45.01 0.40 
 

3.1.3 UV-Vis DRS Analysis 
The resultant UV-Vis spectra (Figure 3) reveal slight 

variations in absorption intensity of TiO2 P25, 
Graphene/TiO2, and Fe-Graphene/TiO2. Within the range 

(a) (b) 

(a) (b) (c) 

3 𝜇𝜇m 3 𝜇𝜇m 3 𝜇𝜇m 
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of 400-800 nm, TiO2 P25 appears to exhibit weaker 
absorbance as compared to its photocatalyst counterparts. 
In the visible light region, Graphene/TiO2 has slightly 
better absorption intensity than TiO2 P25, suggesting a 
moderate role of Graphene as a photosensitizer. Moreover, 
Fe doping on Fe-Graphene/TiO2 shows greater 
absorbance responses than Graphene/TiO2. Near the 
conduction band of TiO2, Fe ions can form an impurity 
energy level, thus allowing electrons to be excited from 
the valence band to the intermediate level by absorbing 
light in the visible region16). 

 

 
Fig. 3: UV-Vis spectrum comparison of TiO2 P25,  

G/TiO2, and Fe-G/TiO2 
 
Bandgap energy can be calculated using Tauc Plot 

between (F(R)hv)1/2 vs photon energy (hv). The bandgap 
of all photocatalysts is tabulated in Table 3. It implies that 
Fe-Graphene/TiO2 has the lowest bandgap as compared to 
TiO2 P25 and Graphene/TiO2. This inferred the notable 

effects of Graphene and Fe combination on the optical 
characteristics of the photocatalyst, which has been 
documented to be able to promote band gap lowering 
through the formation of intermediate energy band near 
TiO2 conduction band21). 
 

Table 3. Bandgap energy 
Photocatalyst Bandgap (eV) 

TiO2 P25 3.14 
G/TiO2 3.08 

Fe-G/TiO2 3.03 
 

3.1.4 FTIR Analysis 
The results of FTIR characterization in Figure 4 show 

absorption peaks of the photocatalysts at wavenumbers of 
4000-400 cm-1. Absorption peaks in the wavenumber 
region of 590 cm-1 and 1403 cm-1 of all photocatalysts 
indicate stretching vibrations of Ti-O and Ti-O-Ti bond. 
The appearance of a specific absorption peak that 
distinguishes Fe-Graphene/TiO2 from TiO2 P25 and 
Graphene/TiO2 occurs at 1326.46 cm-1. Epoxidation of C-
O-C functional group is generally identified in this range 
(1280-1320 cm-1), indicating an influence of Graphene22). 
The presence of Graphene on Graphene/TiO2 can also be 
identified by Ti-O-C vibrations at 3230 cm-1. Absorption 
of Fe-Graphene/TiO2 at wavenumber of 1634 cm-1 was 
greater than TiO2 P25 (1633.70 cm-1) and Graphene/TiO2 
(1631.03 cm-1). This absorption peak corresponds to a 
surface hydroxylation due to the existence of Fe dopant on 
TiO2

23)
. The addition of Fe dopant causes fewer electrons 

at 3d64s2 level to absorb photons, resulting in an increase 
in transmission which is identified by a specific 
absorption peak shift24). 

 

 
Fig. 4: IR spectra of (a) TiO2 P25, (b) G/TiO2, and (c) Fe-G/TiO2 

 
3.2  Photocatalytic Activity for H2 Production 
3.2.1 Effect of Fe Concentration 

At optimum concentration, Fe is a promising cocatalyst 
because it can increase the number of active sites on the 
catalysts, reduce the bandgap of TiO2, and decrease the 
electron-hole recombination rate25). As inferred from 
Figure 5, 0.2%Fe-Graphene/TiO2 offers the highest 
amount of hydrogen produced (394.2 μmol) relative to its 
photocatalyst counterparts. On the other hand, 0.5%Fe-
Graphene/TiO2, which was expected to be the optimum Fe 

loading in a Fe-Graphene-TiO2 system according to 
Khalid et al.26), produced only 314.6 μmol of hydrogen. 
This can be explained by the differences in experiments 
system configuration and characteristics of the Graphene 
used. Further addition of Fe into the composite is 
detrimental to the amount of hydrogen produced, such as 
in the case of 0.7%Fe-Graphene/TiO2 (171.4 μmol). In the 
case where Fe3+ doping is too high, the distance between 
the traps (hole scavenger) can substantially decrease, 
turning Fe sites into recombination centers27). Moreover, 

(a) (b) (c) 
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the addition of Fe above the optimum concentration also 
results in excessive Fe ions that hinder interaction 
between TiO2 and the incoming photons. Excess of Fe 
may also lead to poor incorporation on TiO2 crystal lattice, 
which in turn reduce photocatalyst crystallinity, thus 
compromising the photocatalytic capacity28). 

 

 
Fig. 5: Hydrogen production with Fe-G/TiO2 and 10% v/v 

glycerol at various Fe concentrations 
 

Table 4. Hydrogen production comparison 
Photocatalyst H2 Produced (μmol) 

TiO2 P25 219.3 
0.2%Fe-G/TiO2 394.2 

 
As shown in Table 4, 0.2%Fe-Graphene/TiO2 gives 

hydrogen production up to 80% higher than TiO2 P25. It 
suggests at this concentration, it is an optimum Fe loading 
that is not too high to cause recombination center 
formation, shielding effect, or reduced crystallinity, as 
mentioned above. With more hydrogen production by Fe-
Graphene/TiO2 catalyst, it also signifies the role of 
Graphene and Fe as a transition metal dopant that function 
effectively as electron trappers in inhibiting electron-hole 
recombination. 

 
3.2.2 Effect of Polyalcohol Sacrificial Agent 

Hydrogen accumulation from different sacrificial agent 
solutions appear to decrease in the following order: 
glycerol > ethylene glycol > methanol > propylene glycol 
> n-propanol, as depicted in Figure 6. The highest 
hydrogen production of 394.2 μmol was obtained with 
glycerol solution, confirming glycerol as a sacrificial 
agent that acts effectively as an electron donor on the 
anodic part of the redox reaction wherein it reacts with 
holes and/or hydroxyl radicals formed on TiO2 surface29). 
Through the experiment with Fe-Graphene/TiO2, it was 
also revealed that glycerol and ethylene glycol (394.2 
μmol and 342.6 μmol, respectively) have superior 
hydrogen production compared to the other alcohols. 
Meanwhile, propylene glycol which is also classified as 
glycol (2 -OH) like ethylene glycol, appears to offer lower 
hydrogen production. This denotes that hydrogen 

production is related to other factors that can affect 
alcohol performance as a sacrificial agent. The production 
of H2 can be examined based on the structure and physical 
properties of the alcohols used, as in Table 5 which 
summarizes key characteristics of the alcohols, and Figure 
7 which shows a plot of hydrogen production against 
physical properties of the alcohols. 

 

 
Fig. 6: Hydrogen production with 0.2%Fe-G/TiO2 and 

various 10% v/v sacrificial agents 
 
The photoreforming reaction of alcohols is generally 

written as follows31): 
𝐶𝐶𝑝𝑝𝐻𝐻𝑞𝑞𝑂𝑂𝒓𝒓 + (2𝑝𝑝 − 𝑟𝑟)𝐻𝐻2𝑂𝑂 → 𝑝𝑝𝐶𝐶𝑂𝑂2 + 𝑥𝑥𝐻𝐻+ + 𝑥𝑥𝑥𝑥− (1) 

where p, q, and r, are the number of carbon, hydrogen, and 
oxygen atoms in the alcohol, respectively, while x is the 
number of protons or electrons discharged. Photoreaction 
in aqueous media occurs through the formation of alpha 
hydroxyl radicals, which can be detected on TiO2 by 
Electronic Paramagnetic Resonance (EPR) technique31). 
𝑅𝑅𝐶𝐶𝐻𝐻2 − 𝑂𝑂𝐻𝐻(𝑎𝑎) + ℎ+(𝑉𝑉𝑉𝑉) → 𝑅𝑅𝐶𝐶𝐻𝐻 ∙ −𝑂𝑂𝐻𝐻(𝑎𝑎) + 𝐻𝐻+ (2) 
𝑅𝑅2𝐶𝐶𝐻𝐻 − 𝑂𝑂𝐻𝐻(𝑎𝑎) + ℎ+(𝑉𝑉𝑉𝑉) → 𝑅𝑅2𝐶𝐶 ∙ −𝑂𝑂𝐻𝐻(𝑎𝑎) + 𝐻𝐻+ (3) 

This reaction mechanism highlights the importance of α-
H in the chemical structure of an alcohol sacrificial agent 
to obtain high hydrogen production. n-Propanol which has 
the lowest number of α-H compared to the other alcohols 
was also seen to have the lowest hydrogen accumulation 
of only 123.8 μmol (Table 5). 

The plot of hydrogen production to the number of OH 
groups and α-H atoms of alcohols shows a relationship 
between the two variables, as depicted in Figure 7 (a) and 
(b), respectively. The number of hydroxyl groups can 
affect the ease of alcohol photoreforming29), with alcohols 
having C:O ratio = 1 (methanol, ethylene glycol, glycerol), 
easier to completely oxidize than alcohol with C:O ratio = 
3 (n-propanol). In addition, alcohols with high polarity 
will interact strongly with the TiO2 surface, allowing in 
more electrons being injected into the valence band of 
TiO2

30). The standard oxidation potential of each alcohol 
can also be considered. Standard oxidation potential (Eo

ox) 
vs NHE of alcohols which are lower than water (1.23 V vs 
NHE) denotes that the alcohols are more preferred as 
oxidation targets in the alcohol-water system31). 
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Table 5. The characteristics of alcohols used in the H2 production experiment with Fe-G/TiO2 

Sacrificial Agent 
Number  
of OH 

Number 
of α-H 

C:O 
Ratio 

Polarity30) 𝑬𝑬𝒐𝒐𝒐𝒐𝒐𝒐  (V)  
vs NHE30) 

H2 Produced 
(μmol) 

Water 1 0 0 0.963 1.230 72.0 
Methanol 1 3 1 0.914 0.016 297.8 

n-Propanol 1 2 3 0.864 0.100 123.8 
Ethylene glycol 2 4 1 0.924 0.009 342.6 
Propylene glycol 2 3 1.5 0.912 0.047 166.6 

Glycerol 3 5 1 0.939 0.004 394.2 
 

   
Fig. 7: The plot of hydrogen production with various 10% v/v sacrificial agents versus (a) Number of OH groups,  

(b) Number of α-H, and (c) Alcohol polarity
 
According to Chen et al.31), the greater the distance 

between the valence band potential of TiO2 (2.7 V vs NHE 
for anatase) to the oxidation potential of alcohols as donor, 
the higher the amount of hydrogen produced. 
Experimental results in this study agree with these 
statements, where the amount of hydrogen accumulated 
decreases in the order: glycerol > ethylene glycol (1,2-
ethanediol) > methanol > propylene glycol (1,2-
propanediol) > n-propanol. Furthermore, photocatalytic 
activity against propylene glycol displays slight variations 
from that reported by Al-Azri et al.30). In their work, the 
hydrogen produced with propylene glycol (21.9 
mmol/g.h) was close to that of ethylene glycol (20.6 
mmol/g.h). This difference can be explained because more 
complex alcohols are likely to form a number of other 
intermediates that can interfere with the formation of 
hydrogen32). Another possible reason is the possible 
presence of oxidation reaction products that poison 
photocatalyst surface31). 

 
4.  Conclusion 

Based on the results of the study, it can be concluded 
that the combination of Graphene and Fe dopant on Fe-
Graphene/TiO2 with optimum Fe concentration of 0.2% 
increases hydrogen production for up to 80% higher than 
TiO2 P25, with a total of hydrogen produced were 394.2 
μmol and 219.3 μmol, respectively. The correlation was 
obtained between alcohol properties, notably the number 
of α-H, polarity, and oxidation potential of the alcohols, to 
the amount of hydrogen produced. Hydrogen production 

with various 10% v/v sacrificial agents was revealed to 
decrease in the following order: glycerol > ethylene glycol 
> methanol > propylene glycol > n-propanol, with the 
hydrogen accumulated were 394.2 μmol, 342.6 μmol, 
297.8 μmol, 166.6 μmol, and 123.8 μmol, respectively. 
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