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Customer Research:

Routes to visible light active C -doped TiO2 
photocatalysts using carbon atoms from 
the Ti precursors

Our Reference: 
AP0852
PROJECT SUMMARY BY: 

 James A. Sullivan

SFI Strategic Research Cluster in Solar 
Energy Conversion, UCD School of 
Chemistry and Chemical Biology, UCD 
Science Centre, University College 
Dublin, Belfi eld, Dublin 4, Ireland

PAPER REFERENCE: 
James A. Sullivan, Elaine M. Neville, Rory 
Herron, K Ravinandrathan Thampi, J.M. 
Donal MacElroy (2014) “Routes to visible 
light active C-doped TiO2 photocatalysts 
using carbon atoms from the Ti 
precursors” Journal of Photochemistry and 
Photobiology A: Chemistry 289, 60-65. 
http://dx.doi.org/doi:10.1016/j.
jphotochem.2014.05.009

HIDEN PRODUCT: 

HPR-20 QIC EGA Evolved gas analyser

FIGURE 1: Evolved CO2 and DTGA profi les from TGA / 
MS characterisation of a C-TiO2 photocatalyst that had 
been prepared using low temperature calcination of a 
titanium isopropoxide-derived sol. Results show that all 
mass loss events are connected to CO2 evolution and 
that there are three diff erent types of C-containing 
species on the material. Hiden HPR-20 QIC in the Lab

C-doped TiO2 photocatalysts (at very low 
levels of C present either at anionic or 
interstitial sites) have a smaller bandgap than 
pure TiO2 allowing them to use visible light to 
initiate photo-catalysis (pure TiO2 requires 
UV light which is not abundant in solar 
radiation). Normally the C-dopant is added 
post TiO2 synthesis, or through the addition 
of a C-containing extra chemical to the TiO2 
synthesis mixture. In this work we used the 
C-atoms that were present in the TiO2 
precursor to provide the dopant C in the 
fi nal C-TiO2 material. This is usually removed 
as CO2 by calcination treatment during TiO2 
crystal formation. We carried out calcinations 
at reduced temperature (to conserve 
precursor in the lattice) and subsequent 
heat treatments in helium at higher 
temperatures to promote crystallisation. XRD 
showed the diff erent crystallinity of the 
materials, ranging from relatively amorphous 
following a 200°C oxidation, to highly 
crystalline following such a low temperature 
oxidation and a heat treatment in helium to 
500°C. This confi rms the requirement for a 
heat treatment to promote crystallization.

XPS confi rmed that the optimally prepared 
materials had anionically doped C within 
their lattices and UV spectroscopy confi rmed 
that this had the eff ect of lowering the band 
gap of the materials into the visible region of 
the spectrum. Reactivity measurements 
showed that these He-treated C-doped 
photo-catalysts were far more effi  cient in a 
probe photo-catalysis reaction under 
simulated visible light and both the doped C 
atoms and a crystalline solid were needed 
for enhanced reactivity.

We used TGA (TA Instruments) coupled with 
mass spectrometry (Hiden HPR-20 QIC EGA) 
to probe the rates at which calcination of the 
TiO2 precursor took place and to monitor the 
species produced during the heat treatment 
of the precursor (and low temperature 
oxidised) materials. From these 
measurements we could tell the lowest 

temperature at which the catalyst precursor 
material would lose its remaining isopropyl 
groups and begin to condense to form a 
crystalline solid. 

We also characterised the formed materials 
using TGA/MS to determine the nature of 
the carbon remaining on the surface 
following the diff erent preparation 
processes. The combination of TGA/MS 
allows us to tell whether mass loss during 
calcination relates to removal of the 
precursor (where CO2, H2O and isopropanol 
might be seen in MS, and mass loss would 
take place at ~300°C), or to combustion of a 
graphitic over-layer formed following a He 
heat treatment (where only CO2 would be 
seen in the effl  uent and the mass loss event 
would take place at T>550°C).

Attempts to use TGA/MS to correlate mass 
loss following removal of the doped carbon 
at higher temperatures are fraught – since 
the amounts of “doped” C are extremely low, 
and normally when anionic C is removed by 
oxidation, it is replaced in the lattice with O 
atoms (actually increasing mass) at the same 
time as other (non-doped) C is also being 
removed (decreasing mass).

This work was funded by SFI under this 
Strategic Research Cluster Programme
(07/SRC/B1160).
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SEM image of 
indium oxide cubes

Indium oxide cubes prepared by 
hydrothermal synthesis as catalysts for 
CO oxidation

Our Reference: 
AP0935
PROJECT SUMMARY BY: 

  Aleksandra Djurisic

Department of Physics,
The University of Hong Kong,
Pokfulam Road, Hong Kong

PAPER REFERENCE: 
M. Y. Guo, F. Z. Liu, J. Tsui, A. A. Voskanyan, 
A. M. C. Ng, A. B. Djurišić, W. K. Chan, K. Y. 
Chan (2015) “Indium oxide cubes 
prepared by hydrothermal synthesis as 
catalysts for CO oxidation” Materials 
Chemistry and Physics 153, 243-247

HIDEN PRODUCT: 

CATLAB-PCS Microreactor &
QGA Real-time gas analyser

CO oxidation is a reaction of particular 
interest for catalysis, since this is a model 
reaction for studying heterogeneous 
catalysis as well as a reaction of signifi cant 
practical interest due to the need to reduce 
CO pollution. Diff erent metal oxides have 
been used as the metal supports for catalytic 
oxidation of CO. Material combinations 
reported include Pt-CeO2, Au-Fe2O3, Au-SiO2, 
Au-ZrO2, Ag-Al2O3, Au-ZnO, etc.  In these, 
oxide support could be inert (for example 
alumina) or active (for example ceria and 
titania). In comparison with these commonly 
used catalytic supports, indium oxide has 
been less commonly studied. Since indium 
oxide nanostructures can be prepared by 
simple environmentally friendly methods, 
and since this material has been shown to 
be promising for CO sensing, it is of possible 
interest as a support for CO oxidation. 
However, previous reports on catalytic 
oxidation of CO over commercial indium 
oxide samples did not show signifi cant 
activity, while for nanostructures there was a 
signifi cant morphology dependent variation 
in the reaction onset temperature. To 
explore the possible use of indium oxide for 
catalytic oxidation of CO, we prepared 
indium oxide cubes by hydrothermal 
synthesis and compared their performance 
to commercial indium oxide samples 
(powder and nanoparticles).

The CO oxidation reaction was performed in 
a Hiden CATLAB fi xed-bed system and the 
reaction products were analyzed in a Hiden 
QGA quantitative gas analysis system. 
Indium oxide cubes were micron-sized, but 
found to be porous with average crystallite 
size ~15 nm and large BET surface area of 
60.6 m2/g. They exhibited considerably 
improved performance compared to 
commercial indium oxide powder 
(T50=309ºC) and nanoparticles (T50=290ºC), 

with T50 temperature of 260ºC. Their 
performance could be further improved by 
metal impregnation, which resulted in the 
lowering of T50 temperature to 236ºC for Pt, 
212ºC for Cu, and 198ºC for Pd. The 
performance of indium oxide cubes was 
signifi cantly better than that of alumina 
support. Alumina as an inert support 
resulted in no catalytic activity in the absence 
of metal impregnation, while the T50 
temperature obtained for Pd/Al2O3 samples 
was 234ºC, signifi cantly higher than that of 
Pd/In2O3 cubes. High BET surface area of 
indium oxide cubes defi nitely contributes 
toward their improved catalytic activity 
compared to other reports on indium oxide. 
However, since cubes are polycrystalline and 
relatively large and thus non-transparent to 
electron beam, it is not possible to 
conclusively identify dominant terminating 
facets in these structures. Consequently, 
exact reasons for high catalytic activity of 
indium oxide cubes compared to other 
forms of indium oxide require further study.

Customer Research:

  Aleksandra Djurisic
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Direct Octane Fuel Cells: A Promising 
Power for Transportation

The demand for electric vehicles has inspired extensive eff orts to develop solid oxide fuel 
cells (SOFCs) for transportation. However, the high cost of hydrogen fuelled SOFC 
systems and the deactivation of Ni-YSZ anodes in hydrocarbon fuels hinder the progress 
of SOFCs’ development and commercialization. In this study, a unique SOFC design based 
on a multi-functional anode was reported to directly utilize transportation fuels (iso-
octane, a common surrogate for gasoline) as fuel, demonstrating excellent performance 
and stability at intermediate temperature range.

As schematically shown in Fig. 1a and b, the 
multi-functional anode consists of two 
layers: an outer catalyst layer for reforming 
of hydrocarbon fuels and an inner active 
anode layer in direct contact with the 
electrolyte for electrochemical oxidation of 
the reformed fuels.  The outer catalyst layer 
(Ni-YSZ-BZY) signifi cantly enhances the 
tolerance to coking because the discrete 
BaO nanoparticles on the Ni surface (Fig. 1c) 
and the thin-fi lm BZY coating on the YSZ (Fig. 
1d) can strongly uptake water, which plays a 
vital role not only in promoting octane 
reforming but also in facilitating water-
mediated carbon removal to avoid coking.

Shown in Fig. 2a are the performances of a 
Ni-YSZ-BZY supported cell with wet (3v% 
H2O) iso-octane (6.5 % in Ar) as fuel, 
demonstrating peak power densities of 0.6 
and 0.1 W/cm2 at 750 and 600oC, 
respectively, comparable to those reported 
with Ru-CeO2 as catalyst while using extra air 
and CO2 (5% iso-octane-9 % air-86 % CO2) in 
the fuel for reforming the iso-octane to 
avoid coking.  In this novel cell design, by 
contrast, humidifi ed (3 % H2O) iso-octane 
(6.5% in Ar) was used as the fuel without 
addition of any O2 and/or CO2, dramatically 
reducing the system complexity and cost for 
fuel management. Presented in Fig. 2b are 

Customer Research:

FIGURE 1: The architecture of a Ni-YSZ-BZY supported cell and microanalyses of the new anode.
(a) Schematic of a SOFC based on a multi-functional anode; (b) a typical cross sectional view of a Ni-YSZ-BZY 
supported porous Ni-YSZ active anode layer and a dense YSZ electrolyte; (c) a higher magnifi cation of a small area 
in the Ni-YSZ-BZY layer shown in (b); (d) a cross-sectional view (TEM image) of a BaZr1-xYxO3-δ (BZY)-coated YSZ grain 
shown in (c).

Our Reference: 
AP0359
PROJECT SUMMARY BY: 

Mingfei Liu
School of Materials Science and 
Engineering, Center for Innovative Fuel 
Cell and Battery Technologies, Georgia 
Institute of Technology, Atlanta, GA 
30332-0245 USA 

PAPER REFERENCE: 
M. Liu et al. (2012) “Direct octane fuel cells: 
A promising power for transportation” 
Nano Energy 1 (3), 448–455
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HPR-20 QIC R&D Real-time gas analyser
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FIGURE 2: (a) Typical performance of the cell measured at 600 to 750ºC with wet so-octane as fuel. (b) Current 
density as a function of time for the Ni-YSZ and Ni-YSZ-BZY supported cells operated at 750ºC at a constant cell 
voltage of 0.7 V as the fuel was switched from humidified H2 to dry or wet iso-Octane (6.5% in Ar).

FIGURE 3: Effect of temperature on internal reforming of iso-octane.  
Concentration profile (as determined by a mass spectrometer, Ar was removed from 
the calculation) of the effluent gas from the Ni-YSZ-BZY supported cell as a function 
of operating temperature.

The Hiden Analytical HPR-20 QIC in the School of Materials Science and 
Engineering, Georgia Institute of Technology.

the current densities of two different anode 
supported cells operated at a cell voltage of 
0.7 V at 750°C with the fuel switched from 
humidified H2 to dry or wet iso-octane (6.5% 
in Ar).  A stable power output was observed 
for the cell supported by Ni-YSZ-BZY with 
wet iso-octane (6.5 % in Ar) as the fuel, 
achieving a relatively stable current density 
of ~0.56 A/cm2 at 750°C. In contrast, the 
current output of the conventional Ni-YSZ 
supported cell dropped to zero quickly due 

to severe carbon build-up on the Ni-YSZ 

anode.

Shown in Fig. 3 are the concentration 

profiles of the effluent gas from a Ni-YSZ-

BZY supported cell as a function of 

operating temperature. The concentration 

of CO2 remained relatively low and constant 

in the temperature range studied, indicating 

that the rate of electrochemical oxidation 

and/or reforming of carbon species to CO2 

were relatively low. The concentration of 
H2O increased significantly with temperature 
due to the corresponding increase in 
current density (oxygen flux) or 
electrochemical oxidation of H2 and C2H4. 
Thus, the concentrations of H2 and C2H4 
decreased with temperature accordingly. 
It is noted that the cell operated under low 
fuel utilization is more susceptible to coking 
because the tendency for coking decreases 
with fuel utilization when more oxidation 
products (CO2 and H2O) are produced in the 
anodic compartment.

The unique properties of the bi-layer anode 
are attributed to the nanostructured BZY 
coating on the YSZ phase and the BaO 
nanoparticles on the Ni surface of the 
composite anode, which can be created by a 
simple and cost-effective modification of the 
existing processes for fabrication of the 
state-of-the-art SOFCs based on YSZ 
electrolyte. High-performance fuel cells that 
run on transportation fuels hold great promise 
for electric and hybrid electric vehicles.

(a) (b)
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Customer Research:

H2S purifi cation from biogas by
direct selective oxidation to sulphur on 
V2O5–CeO2 structured catalysts

Our research project concerns the H2S purifi cation from a biogas stream by direct and 
selective oxidation to sulphur and water at low temperature.

Our Reference: 
AP0904
PROJECT SUMMARY BY: 

 Vincenzo Palma and   
 Daniela Barba

Department of Industrial Engineering 
University of Salerno
Via Giovanni Paolo II
132, Fisciano, SA, Italy

PAPER REFERENCE: 

V. Palma & D. Barba (2014) “H2S 
purifi cation from biogas by direct 
selective oxidation to sulphur on 
V2O5–CeO2 structured catalysts” Fuel 
135, 99-104

HIDEN PRODUCT: 

HPR-20 QIC R&D Real-time gas analyser

FIGURE 1: Laboratory plant for the catalytic tests. FIGURE 2: Catalytic activity test of structured catalyst at T = 200°C

Biogas is a renewable energy source that can 
be produced from biomass, agricultural and 
industrial waste and sewage sludge. Its main 
components are CH4, CO2 but unfortunately 
sulphur based compounds such as H2S, COS 
are also present.

The main limitation of the biogas utilization 
as fuel in Molten Carbonate Fuel Cells is due 
to the presence of sulphur compounds such 
as H2S that can poison the main components 
of the fuel cell.

The partial H2S oxidation reaction is carried 
out in presence of vanadium-based catalysts 
that are active and very selective toward 
Sulphur formation.

The aim of the work is to study the preparation 
procedure of V2O5/CeO2 structured catalysts 
from the washcoating with CeO2–ZrO2 to the 
deposition of the active phase (V2O5) for the 
abatement of H2S at 150–200°C.

The catalytic tests were carried out in a fi xed 
bed fl ow reactor, made of a steel tube 21 cm 
long and a 14 mm of internal diameter. The 
reactor is inserted in an electrical furnace 
equipped with a PID electronic temperature 
controller. A thermocouple is inserted in a 
steel sheath concentric to the reactor. The 

catalytic tests were carried out in the 
temperature range 150 – 250°C, with a GHSV 
of 180,000 h-1, by feeding 500 ppm of H2S, 
250 ppm of O2 and N2 to balance.

In Figure 1, the scheme of the laboratory 
plant is shown.

The exhaust stream (H2S, O2, H2O) was 
analyzed by a quadruple fi lter mass 
spectrometer (Hiden HPR-20 QIC R&D).
It was equipped with a sulphur trap to 
prevent that the sulphur causes the 
occlusion of the capillary and damage to
the fundamental parts of the analyzer.

The concentration of SO2, which may be 
present at a very low concentration in the 
stream leaving the reactor is also monitored 
by an analyzer FT-IR Multi-gas continually.

In Figure 2, we have shown the typical 
behaviour of a catalytic activity test carried 
out by using a catalyst with the highest 
vanadium loading (19 wt%V2O5).

It is worth noting that when the feed stream 
is sent to the reactor, an immediate and 
strong decrease of the H2S concentration 
and O2 signal is verifi ed, while a very low SO2 
concentration (10 ppm) is produced. The 

formation of the water, that remains stable 
and constant during the test, is indicated by 
the signal m/z = 18. During this test (2h), no 
deactivation phenomena were observed. 
The fi nal H2S conversion value was higher 
than 90%.

Finally, the structured catalysts can be 
considered, based on these results, 
promising and innovative catalytic systems 
for the H2S partial oxidation at low 
temperatures, having shown good catalytic 
performances with results very similar to 
those showed by powder catalysts.
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Sensitive gas analyser 
monitors sealed 
controlled 
environments

A new interface for the QIC-series quadrupole gas 
analysers, the QIC-SC interface, encloses an 
element of the QIC sampling line within a fl exible 
outer stainless steel bellows sealing directly to the 
internal wall of the process or environment 
enclosure to ensure totally secure containment of 
the enclosed environment with just the analyte 
extracted. The analyte extraction rate from near 
atmospheric pressure is just 1mL/minute.

The heated sampling line can be positioned within 
the enclosure for precise location of the sampling 
point. In glovebox applications the sampling point 
can then be manipulated manually by the integral 
handgrip for precise leak location, for connection to 
individual internal containers and for load lock 
integrity testing for example.

The QIC-series systems are benchtop or cart 
mounting and include mass spectrometer options 
for analysis of gaseous species with molecular 
weights typically up to 300 amu, together with 
alternative mass ranges to 1000 amu for 
specialised applications. The Transient MS variant is 
available for users requiring the very fastest 
response times.

CATLAB - for Catalyst Characterisation, Kinetic 
and Thermodynamic Measurements
A catalyst characterisation and microreactor system designed
to make the analysis of catalysts rapid and simple:

Pulse Chemisorption

TPD, TPO, TPR, TP-Reaction

Catalyst Screening

On-Line Continuous Product Analysis

Metal Surface Area

Active Surface Area

Reaction Kinetics

Mechanisms of Surface Reactions

Heats of Adsorption

QGA – for Real-time Gas & Vapour Analysis
A compact bench-top analysis system for real-time gas and vapour analysis:

Gas Reaction Studies

Fuel Cell Reaction Studies

Contamination Studies

Fermentation Analysis

Environmental Gas Analysis

Catalysis Studies/Reaction Kinetics

Thermal Analysis Mass Spectrometry

HPR-20 QIC EGA – for Evolved Gas Analysis in 
TGA-MS
The Hiden HPR-20 QIC EGA gas analysis
system is confi gured for continuous
analysis of evolved gases and
vapours from thermogravimetric
analysers (TGA):

Thermal Analysis Mass Spectrometry

Catalysis

Fuel Cells

CVD/MOCVD/ALCVD

Environmental Monitoring

to make the analysis of catalysts rapid and simple:to make the analysis of catalysts rapid and simple:



Hiden’s quadrupole mass spectrometer systems address 
a broad application range in:
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GAS ANALYSIS

dynamic measurement of reaction gas streams
catalysis and thermal analysis
molecular beam studies
dissolved species probes
fermentation, environmental and ecological studies

SURFACE ANALYSIS

UHV TPD
SIMS
end point detection in ion beam etch
elemental imaging – 3D mapping

PLASMA DIAGNOSTICS

plasma source characterisation
etch and deposition process reaction kinetic studies
analysis of neutral and radical species

  

VACUUM ANALYSIS

partial pressure measurement and control of process gases
reactive sputter process control
vacuum diagnostics
vacuum coating process monitoring

etch and deposition process reaction kinetic studies
analysis of neutral and radical species

  

VACUUM ANALYSIS




