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Abstract:
The push for a hydrogen economy has created a 

need for more efficient methods of production of 
the fuel. Although limited by the efficiency of the 
materials used as catalysts, photoelectrolysis is 
attractive as a sustainable, non-polluting method 
of hydrogen production. This work focuses on the 
synthesis of α-Fe2O3 (hematite) using the sol-gel 
process for its production. Titanium doped hematite 
showed two orders of magnitude improvement in 
photocurrent production over undoped samples. 
XRD was used to confirm that the hematite phase 
was preserved after doping.

Introduction:
The potential environmental crisis due to the increasing 

greenhouse gas emissions by fossil fuel burning has led 
to the quest for a sufficient renewable source of a clean 
burning fuel. Recent developments and advances in the 
field of hydrogen as a fuel has renewed interest in what 
has been called a “holy grail” in photoelectrochemical 
research—splitting water with visible light, both abun-
dant, low cost resources—which was first demonstrated 
by Fujishima and Honda in the early 1970’s [1]. 
Figure 1 illustrates the method by which hydrogen is 
photoelectrochemically produced from water. Incident 
photons impinging on the semiconductor electrode create 
electron-hole pairs that can perform redox chemistry to 
create hydrogen and oxygen. Hydrogen is an attractive 
fuel source because combustion with oxygen releases 
only water as a byproduct.

Development of Ti Doped Iron Oxide by Sol-Gel  
Synthesis Routes for Photocatalytic H2 Production

Samantha C. Cruz, Materials Science and Engineering, Northwestern University
NNIN REU Site: Nanotech, University of California at Santa Barbara

NNIN REU Principal Investigator: Eric W. McFarland, Department of Chemical Engineering, UCSB
NNIN REU Mentor: Alan Kleiman-Shwarsctein, Chemical Engineering, University of California, Santa Barbara

Contact: s-cruz@northwestern.edu, mcfar@engineering.ucsb.edu

Since the materials used for this process are in an 
aqueous environment, they must be resistant to photo-
corrosion, as well as have electronic properties suitable 
for the photo-catalytic reaction, namely a bandgap well 
positioned for absorbance of the solar spectrum (bandgap 
1.8-2.23 eV). Oxides generally have the robustness 
necessary for the task, but few have the valance and 
conduction bands matching the redox level of water. 
Hematite has a bandgap in the range of 2.0-2.2 eV which 
has the ability to absorb about 40% of the solar spectrum, 
but does not match the redox levels necessary to photo-
electrochemically split water. 

α-Fe2O3 can be created through the thermal oxidation 
of iron, and the sol-gel process allows for an industrially 
scalable process in which an iron oxide precursor is 
deposited on substrates from solution and trapped in a 
gel matrix. This process also allows for some controlled 
doping of the oxide.

Procedure:
Various compositions of Fe sol-gels were made using 

Fe(NO3)3•9H2O as the iron precursor and a process 
similar to those previously published by Gash et al [2]. 
The solution was allowed to cure and then fluorine doped 
tin oxide (FTO) slides were dip coated in the solution 
using an automated micrometer. The rate at which the 
samples were dip coated varied from 100-500 µm/s with 
a 5s stand in the solution. The samples were then allowed 
to air dry, and finally calcined at 450-600°C for 6 hrs. 
Further sol-gels were synthesized with the addition of 
metal salts as dopants (Ti, Ni, Co, Cu and Mg).

Electrochemical and physical characterizations of 
the films were performed on all the samples. Transient 
photocurrent measurements were taken under light 
illumination and at dark to record the amount of current 
produced while illuminating. IV curves where also 
performed under chopped illumination to obtain the flat 
band potential of the samples. A schematic demonstrating 
the photocurrent measurements configuration is shown in 
Figure 2. 

Physical characterizations of the films were done 
through microscopy and spectroscopy. Confirmation of 

Figure 1: 
Schematic of an n-
type semiconducting 
photoelectrochemical cell.
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the presence of hematite was made through powder x-ray 
diffraction and further analysis was made through UV-
VIS absorbance spectroscopy to approximate bandgaps 
for each film. Film morphology was observed through 
optical profilometery and scanning electron microscopy. 

Results:
XRD spectra resulted in peaks matching those of 

polycrystalline α-Fe2O3 references for the experimental 
films, Figure 3. There was no observable difference 
in the spectra of the Ti doped samples, indicating no 
evidence of new phases. Absorbance spectroscopy 
showed that for a sample set of undoped and doped 
films, the average bandgap is 2.1 ± 0.3 eV, which 
is consistent with the bandgap of hematite. Surface 
analysis of the hematite showed that films had 
thicknesses ranging from 50-600 nm depending on the 
length of cure time of the sol-gel. Further, the thicker  
( > 400 nm) samples had a more cracked surface as 
opposed to the very thin ( ~ 100 nm) samples which had 
fewer visible cracks. 

Zero-bias photocurrent measurements of undoped 
hematite records less than 1 µA, where Ti doped films 
show lab record photocurrent for hematite at zero-bias 

Figure 4: Zero-bias transient photocurrent of hematite with 
chopped light source.

with two orders of magnitude increase. Figure 4 displays 
the photocurrent measured with and without UV filtration 
of the incident light for both Ti-doped and undoped 
hematite films. External-bias photocurrent studies show 
significant increase of photocurrent at positive bias with 
respect to an Ag/AgCl reference. For an undoped sample 
the flatband potential was around 0.26 V where Ti doped 
samples had larger flatband potentials with 0.45 V at 
5% Ti loading in the solution, but decreasing as doping 
increased.

Conclusions:
α-Fe2O3 films can be synthesized using the sol-gel 

process for the photocatalytic production of hydrogen. 
Doping of hematite with Ti can be performed during the 
solution stage of the sol-gel dip-coating process. Ti doped 
samples do not show titania-hematite phase separation as 
indicated through XRD as well as the presence of induced 
photocurrent using only the VIS spectrum, since titania 
only absorbs UV light. Further, increased Ti doping 
increases photocurrent, as well as decreases the amount 
of external bias needed for photoelectrolysis of water.
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Figure 3: XRD spectra of undoped and doped hematite.

Figure 2: Photo-
electrochemical 
measurement set-up.




