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a  b  s  t  r  a  c  t

The  photocatalytic  reduction  of carbon  dioxide  (CO2)  on  jet  spray  formed  titanium  dioxide  (TiO2)  was
studied  using  light-emitting  diode  (LED)  illumination  centred  at a wavelength  of  388  nm.  In addition,
the  photocatalytic  reduction  of CO2 under  soft  X-ray  irradiation  was  also  studied.  Specifically,  the  exper-
iments  examined  the  reduction  of CO2 in a gaseous  and  liquid–gas  system  using  residual  gas  analysis  mass
spectrometry.  A photochemical  reduction  of CO2 was observed  over  a course  of  250  min,  with  transforma-
tion  to  a major  product,  C2H3O− (ethenolate),  until  equilibrium  was  reached.  The product  was observed
eywords:
itania
itanium dioxide
arbon dioxide
ixation
-ray activation

to  be  surface  stabilised,  with  it reverting  back  to  CO2 over  the  course  of  100  min  without  illumination.  A
proposed  free  radical  mechanism  is  presented  for the formation  of  this  product.  A  similar effect  to  that  of
UV illumination  is  also  observed  to occur  under  the  influence  of  soft  X-rays,  which  presents  a  potentially
significant  alternative  method  for the  activation  of TiO2.

© 2011 Elsevier B.V. All rights reserved.

-ray irradiation

. Introduction

Greenhouse gases such as CO2, CH4, CFCs and NOx are being
eleased in increasing quantities worldwide and have been linked
o anthropogenic climate change [1].  These are of serious environ-

ental concern with research suggesting melting ice caps, rise in
ea level and a reduction in biodiversity from the climate change
n the next century [2].  Although gasses such as CH4 have a greater
eating effect per mole of substance, research has been primarily

ocused on CO2 due to its long atmospheric life time, and high rates
f emission. Significant research effort has focused on methods to
educe the amount of CO2 released and also develop procedures to
emove excess CO2 from the atmosphere. Several different storage
echniques have been proposed, for example: storage in soils; fixa-
ion in obsolete oil wells; or mineralisation within mafic rocks [3].
n area that has received relatively less attention is the use of pho-

ocatalytic semiconductors such as TiO2 for the chemical reduction
f CO2 [4–8]. Conceptually, the reaction products, such as ethanol,
an then be stored, used as a fuel source or polymerised to be used
n the plastics industry. With peak oil predicted to occur within
0 years [3] a method of transforming CO2 into an alternative fuel
ource would have significant value [9].
Furthermore, with the signing of the Kyoto protocol, many coun-
ries have agreed to reduce CO2 emissions to 5% below 1990 levels
10]. Accordingly the evolution of a new market in carbon trading

∗ Corresponding author. Tel.: +44 0117 331 1171; fax: +44 0117 331 1171.
E-mail address: james.macfarlane@bristol.ac.uk (J.W. MacFarlane).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.09.026
has developed [3,11].  Carbon trading enables governments to offset
overproduction of CO2 via trading with under-producing nations to
avoid economic penalisation. Thus technology to enable a country
to reduce its CO2 emissions without cutting fossil fuel consumption
is highly desirable.

TiO2 worldwide annual production exceeds 5.5 × 1012 tonnes,
and is commercially inexpensive [12]. It is widely used as a pigment,
is a permitted food colouring as E171 and is a common compo-
nent in sun screen products. The surface photocatalytic oxidation
mechanism of semiconductors with adsorbed water is well docu-
mented [12,13]. Upon the illumination of TiO2 surfaces, with light
of wavelength <388 nm,  electrons are promoted from the valence
band to the conduction band. This leaves a corresponding hole (h+

vb
)

upon the surface of the material which reacts with adsorbed H2O
generating reactive oxygen species (ROS) (1).

TiO2
h�−→h+

vb
+ e−

cb
(1a)

h+
vb

+ H2O −→ •OH + H+ (1b)

e−
cb

+ H+ −→ •H (1c)

The ROS can in turn oxidise and reduce surface bonded com-
pounds and provide a possible mechanism for the reduction of CO2.
Previous studies have examined CO2 saturated aqueous suspen-
sions of TiO2 nanoparticles [14], or free nanoparticles [4–8]. Here

we demonstrate with use of residual gas analysis mass spectrom-
etry intermediate reactant products present in the system, and the
effectiveness of jet sprayed TiO2 for the chemical reduction of CO2
in the gaseous phase.

dx.doi.org/10.1016/j.jhazmat.2011.09.026
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:james.macfarlane@bristol.ac.uk
dx.doi.org/10.1016/j.jhazmat.2011.09.026
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ig. 1. XRD (a) and XPS (b) data of surface with insert showing bonded H2O. XRD
hemisorbed water.

. Materials and methods

.1. Photocatalysts

Photocatalytic surfaces used in this study, kindly donated by
he University of Aveiro Portugal, were prepared via a jet spray
creen printing method. Commercial TiO2 nano-particles (Kronos),
uspended in an organic medium (1:1 wt%), were deposited upon
n aluminium substrate and heated to 450 ◦C in order to crystal-
ize the surface. A full description of the formation method can be
ound in the literature [15]. The surfaces produced exhibited a high
urface area (13.72 m2 g− 1) and were physically stable, uniform
nd robust. Preliminary X-ray diffraction (XRD) analysis confirmed
hat the TiO2 was  in the anatase form, whilst X-ray photoelectron
pectroscopy (XPS) was used to examine the surface chemistry
f the coating and confirmed the presence of both physi- and
hemisorbed water (Fig. 1). The UV light source implemented in
his study was a specifically developed 40 W light-emitting diode
LED) experimentally determined to emit at 388 nm (W.N. Wang,
niversity of Bath).
.2. Reaction vessel

The batch system for exposing the TiO2 coatings to the reactants
as set up as illustrated in the simplified schematic, Fig. 2.

CO   H O Bubbler Reac�on Cell

UV LED

Isola�on  Tap Isola�on T

ig. 2. Simplified schematic diagram of experimental setup, consisting of a stainless stee
pectrometer. UV illumination is provided via a high power LED light source.
hows a strong anatase signal, and XPS illustrates the presence of both physi- and

A sealed stainless steel reaction vessel of 590 cm3 internal vol-
ume  was used to house each experiment and was fitted with a
UV transmitting window. The vessel was directly connected to
a residual gas analysis (RGA) mass spectrometer (e-Vision, MKS
Instruments) and associated pumping system, via a sapphire leak
valve, such that gaseous species in the reaction vessel could be
sampled without any significant volume loss. 75 cm3 min− 1 of CO2
(99.8% pure, obtained from Air Products) was bubbled through dis-
tilled water to provide a high humidity environment within the
reaction vessel. The system was  flushed out in this manner for
30 min, then the reaction vessel isolated. Samples where illumi-
nated using a 40 W LED, and shielded from external light sources.
The RGA mass spectrometer was  operated at a working pressure
of 4.0 × 10− 5 mbar. Gas samples were both taken continuously to
analyse the compositional changes with time, over a course of up
to 48 h. Furthermore all samples were run under continuous LED
illumination unless specifically stated otherwise. All experiments
were performed in an air conditioned laboratory, with a working
temperature of 290 K, however, no active method was employed to
control the absolute temperature within the reaction vessel.
2.3. Experimental method

Three main experiments where performed, with multiple
repeats to ensure consistency of results. In the first experiment, the

RGA Mass Spe ctrome ter Turbo  Vacuum  Pump

Leak  Val ve 

ap

Exhaust
Line

l reaction vessel connected via a sapphire leak valve to a residual gas analysis mass
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Fig. 3. The initial gas composition of the cell analysed by residual gas mass spec-
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2.4. Data processing

F
i

rometry. Peak heights express the fraction that each peak contributes to the total
ignal. A fractional composition can be calculated by taking the area of each peak.

tainless steel reaction cell was filled with wet CO2 and then sub-
equently sealed as a fixed volume. The wet CO2 was generated by
ubbling CO2 through deionised water which was passed through
he reaction cell at a constant rate of 100 cm3 min− 1 for 15 min
efore being sealed. Prior to UV illumination, the gas composition
f the cell was monitored over a 10 min  period to determine the

nitial baseline composition.

In the second set of experiments, the reaction vessel was half
lled with deionised H2O. This mixed-phase system was  cycled by

ig. 4. The change in gas composition over time. The 2D slice (a) shows the composition
ndication of the reaction kinetics over the course of illumination.
ous Materials 211– 212 (2012) 247– 254 249

washing the H2O over the sample surface. The sample, mounted
vertically and at mid  height within the reaction cell, was con-
tinuously washed with a flow of water droplets from height
(65 cm3 min− 1), which then ponded into a lower reservoir within
the cell. Total H2O in the system occupied 27% (160 ml)  of the
reaction cell.

In the third set of experiments, a wet  CO2 system was investi-
gated but the UV source was replaced with a Cr K� X-ray source.
The quartz reaction vessel window was  replaced with beryllium,
to allow for the propagation of X-rays to the sample. Samples were
analysed for a duration of 3 h with RGA data continuously recorded.

Control experiments (without UV or X-ray illumination) were
performed for comparison, but exhibited no detectable changes in
gas composition, above instrument noise, over the course of the
experiment.

The initial gas composition within the reaction cells for each of
the experiments was  equivalent and can be seen in Fig. 3. Within
the system the masses of the predominant species detected were
recorded at 44 amu  (CO2 – 90%), 28 amu  (CO, or CO2+

2 ), 16 amu  (O)
and 12 amu  (C). Trace amounts of H2O were also detected in the gas
phase, equivalent to approximately 19 mbar water vapour pressure
in the reaction cell.
In order to identify any changes in system gas composition over
time the following data processing was  performed. The RGA data

al change after 250 min  of illumination. The 3D image (b) is included to give some
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Fig. 5. Showing the changes in gas composition ov

as collected continuously, scanning over a range of 0–50 amu  with
 step size of 0.3 amu. The raw signal, recording partial pressure
s a function of mass, was converted to the fractional amount of
ass within the system. The average gas composition determined

ver the initial 10 min  sampling period without UV or X-ray illumi-
ation, was subtracted as a background from the remaining data
o highlight temporal changes in the gas composition. A typical
xample of processed data can be seen in Fig. 4 with 3D plots used
o illustrated the change in composition over time, and a 2D slice
emoved at t = 250 min, in order to better show the change in com-
osition. The format for all subsequent figures follows the above
tated configuration.

. Results

.1. Compositional changes in gas chemistry

The results of residual gas analysis provided clear evidence for
he photocatalytic reduction of CO2 during sample illumination by
oth UV and soft X-rays. For experiment 1, which investigated a
et CO2 system under UV illumination, the change in gas compo-

ition after 250 min  of illumination with three repeats is shown
n Fig. 5. Increases at m/z values of 12, 16, 18, 27, and 43 and

ajor decreases at 28, and 44 were recorded, indicating a signif-
cant change in gas composition with the system. Detailed peak
nalysis indicated that there was no change in the total gas pres-
ure over the course of the experiment. The intensity decrease of
he recorded mass peak at 44 amu  (ascribed to CO2) was  observed to
ccount for 90% of the total observed mass peak decreases. Concur-
ently the most abundant species produced during the experiment
as at 43 amu, accounting for 40% of all mass peak increases. The

ecorded decrease in CO2 equated to approximately a 10% net
ecrease in the total amount of CO2 within the system. This can
e calculated approximately as 0.024 mol  of CO2 uptake over the
ime period. Scaling appropriately this equates to a CO2 fixation
ate of 240 mol  m− 2 of sample over the 4 h period. Concurrently
.002 mol  of the product at 43 amu  was generated over the time
eriod equivalent to 100 mol  m− 2 of surface.

Fig. 6 illustrates the volatile compositional changes of the sys-
em during the course of illumination when the surface is washed

ith H2O. Although the main changes to the mass peaks remain

imilar, the reduction in CO2 is slightly less, and the reduction of
O is enhanced. This is likely to be appertained to CO2 dissolu-
ion in H2O, and the chemically buffered scenario this creates. The
e. The multiple samples show high concordance.

mass peak at 43 amu, ascribed as the principle reaction product was
found to have twice the intensity, indicating a greater reaction effi-
cacy. Coupled with this, catalyst poisoning was observed to occur
at an enhanced rate.

From the above system a water sample was  removed after 48 h
of illumination, in order to gain a better understanding of the reac-
tion product. The sample was  agitated and slightly warmed, in order
to increase the partial pressure of the volatile organics within the
head space. The spectrum of which can be seen in Fig. 7.

Fig. 8 shows the influence of X-ray irradiation on the gaseous
sample system. A comparable spectrum to that recorded for UV
illumination was observed, although some minor variations in the
signal exist. A significant increase at mass 27 is observed along
with a major decrease at 28 amu. The reaction rates, and percent-
ages of products formed appear similar to these observed under UV
illuminated samples.

In order to assess the stability of the formed products, a sample
was illuminated as above for 8 h. After this time period illumina-
tion ceased, and the vessel remained sealed. It was observed that
the reaction product of mass 43 amu  gradually disappeared over
the course of 100 min, Fig. 9, although some stable bi-products
remained (C, CH4, CO). It is indicated that there is a net overall
decrease in the amount of CO2 within the system, suggesting that
the reactive intermediates are stable.

In all of the above experiments, good concordance between
repeat samples was  observed, with no statistically significant devi-
ations observed.

4. Discussion

4.1. Formation products

Increases at masses 12, 16, 18, 27, 43 and decreases at 28, and
44 amu  are seen with illumination. C (12), O(16), H2O (18), C2H3
(27), C2H3O− (43) are ascribed to the increases, and CO2+ (28) and
CO2 (44) to the decrease. Fig. 7 shows the composition of the volatile
organic (mass 43 amu) formed during the experiments. Major elec-
tron impact (EI) ionization splitting peaks are ascribed to C2H3 (27),
CO (28), CH3O (31) and C2H3O− (43). The major product appears
surface stabilised and is discussed below. During the course of the

experiment, poisoning of the catalysis occurs, with the deposition
of solid C onto the TiO2 surface. The deposition of the carbon is
relatively slow, with noticeable change only after 200 h, and was
confirmed using EDX analysis.
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Fig. 6. The influence of water on the reaction. The change in the composi

.2. Discussion of the effects of the stabilisation of the surface

TiO in its anatase form has a tetragonal, ditetragonal dipyrami-
2
al, mineral structure. This results, on the surface, in the formation
f both five (5f) and six fold co-ordinated (6f) Ti atoms and two  (2f)
nd three fold co-ordinated (3f) oxygen atoms. This leads to a saw

ig. 7. Showing the composition of the main formed product. Major electron impact (EI) i
43).
hows a similar change to that seen within the reaction that is unwashed.

tooth surface consisting of acidic basic pair of unsaturated Ti+4 5f
linked by O−

2 2f bridging pairs interspersed with fully saturated Ti
6f and O 3f pairs [16–18].  Using Paulings second rule, the valency

of an ion is equal to the sum of the electrostatic bond strength of
the adjacent ions surrounding it [19]. It is possible to consider the
two different types of oxygen atom, and the corresponding relative

onization splitting peaks are ascribed to C2H3 (27), CO (28), CH3O (31) and C2H3O−
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Fig. 8. The influence o

ond strength each draws as an approximation for the reactivity of
he surface. This can be also be used to compare relative changes
nd proton affinity of surface oxygen. Considering a fully saturated
i 6f and O 3f pair, Ti is donating a +4 charge over 6 O atoms, i.e.

ach a +2/3 charge. The O 3f gains three times this charge so thus
s has a +2 electrostatic charge and so is neutral. Considering an
nsaturated Ti 5f, O 2f pair then the Ti is donating a +4 charge over

 O atoms i.e. each +4/5 charge. This results in the O atom carrying

ig. 9. Showing the changes in gas composition over time without illumination, a near
ntermediates remain
-rays on the reaction.

a  relative −2/5 charge deficiency, when relaxed. As is well docu-
mented [12] the surface of the TiO2 molecule will interact with UV
light to produce an electron hole in the valance band. This electron
hole can interact with the adsorbed molecules, changing the charge

surface to an effective +3/5. Compounds with high electron density,
including those such as C2H3O−, will interact with this electron
hole and stabilise the structure. The negative charge carried by the
molecule can stabilise the excess hole, and in turn this can stabilise

 complete reversion is seen after 100 min, although a small proportion of stable
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he heavily strained bond. When the illumination of the surface is
eased the electron holes will no longer form. This will lead to the
arbonyl compounds interacting with the hole, being desorbed and
roken down (Fig. 9).

.3. Reaction mechanics

The major increase detected in the gas phase in each experi-
ent was ascribed to the formation of C2H3O−, ethenolate (mass

3). The other species generated during the experiment (CO, CH4,
) were considered to represent more stable (i.e. non free radi-
al) bi-products of the photocatalytic reduction, illustrated by their
ersistence after the cessation of illumination. From this a pos-
ible reaction mechanism is described in the following series of
eactions:

iO2
h�−→h+

vb
+ e−

cb
(2a)

+
vb

+ H2O −→ •OH + H+ (2b)

−
cb

+ H+ −→ •H (2c)

O2 + e−
cb

−→ •CO−
2 (2d)

CO−
2 + •H −→ C + OH− (2e)

O + e−
cb

−→ •CO− (2f)

CO− + •H −→ C + OH− (2g)

H− + h+
vb

−→ •OH (2h)

OH + h+
vb

−→ H+ + 1
2

O2 (2i)

OH + •H −→ H2O (2j)

C + •H −→ •CH (2k)

CH + •H −→ CH2 (2l)

H2 + •H −→ •CH3 (2m)

CH3 + •CO− −→ C2H3O− (2n)

The mechanisms have been proposed previously [4,14,20,21]
ith the reactive sequence considered to produce methane (CH4)

nd hydrogen (H2) as major products.
In the mechanism presented by Eqs. (2a)–(2n), the TiO2 absorbs

 photon of light (h�) generating an electron in the conductive band
nd a corresponding hole in the valence band on the surface (2a).
he hole will interact with the H2O that is adsorbed to the surface,
enerating the highly reactive •OH radical (2b). The corresponding
+ ion will interact with the free electron to produce a •H radical

2c). Furthermore CO2 will interact with the free electrons to pro-
uce •CO−

2 radicals (2d). It is then possible for this to combine with
•H radical, with the formation of the stable intermediate CO, cor-

esponding to the increase in mass 28 that is observed. The CO can
hen go on to interact with a further free electron to produce a •CO−

adical (2f), which in turn can interact with a •H radical to give sta-
le C (2g) shown to build up and poison the catalysis surface over
ime. It is possible for the generated OH− to either directly combine
ith H+ or with and electron hole and a •H (h,i) to reproduce H2O.

he C can be built up by the addition of •H radicals to the •CH3 radi-
al (2k–m).  To form the C2H3O− the •CH3 radical interacts with the
CO− form (2f) to produce the end product (2n). The excess •OH−

ons generated in (2e,g) can be converted back to •H radicals by
2h,i,c). The overall reaction equates to:

+ −

CO2 + 3

2
H2O

9h
vb

+10e
cb−→ C2H3O− + 9

2
O2 (3a)

There is a partial pressure increase of 2 molecules associated
ith the above reaction (3a), and there is no associated loss of water
ous Materials 211– 212 (2012) 247– 254 253

out of the gas phase. However, there is an increase in the amount
of O in the system and significant raise in CO and C in the reaction
path way. The overall reactions for these are summarised by Eqs.
(4a) and (4b).

CO2

2h+
vb

+2e−
cb−→ CO + 1

2
O2 (4a)

CO2

4h+
vb

+4e−
cb−→ C + O2 (4b)

These also produce more O2 which offsets partial pressure drops
related to other reactions and maintains overall system pressure.
From the data it can be determined that 11 times as much C2H3O− is
produced as CO and C combined. This is equivalent, in terms of pres-
sure, as these reactions generate excess pressure and the products
are likely to fill the adsorption sites of the H2O. The equilibrium gas
composition achieved in the system after 250 min of illumination
is considered to represent a balance between production of new
C2H3O− on the titania surface and spontaneous decomposition of
the gaseous C2H3O−. The H2O for the reaction is likely to come off
the adsorbed surface as opposed to the gas phase. It is likely that
these sites are then left either vacant or adsorbed with the formed
product, O2. Thus the overall increase in O2 is less than is normally
observed as most is likely to be adsorbed to the surface.

4.4. X-ray

It has been well documented that with UV illumination TiO2
can be excited to act photocatalytically, with the band gap of a
material determining the minimum energy required to promote an
electron to the conduction band [12]. The current work provides a
clear demonstration that photocatalytic behaviour in TiO2 may  also
be induced using soft X-ray irradiation. It is considered that when
irradiated with a higher energy photon the TiO2 electrons are pro-
moted to a higher energy level. These are available in the same
manner for interactions with adsorbed molecules. Results show
only a minor difference in formation products, with more C2H3O−

formed by X-ray exposure, as (presumably) shadowing effects are
eliminated. It is also postulated this may  be due to the influence of
higher energy electrons being able to facilitate alternative reaction
pathways. Greater rates of catalysis poisoning are also observed on
the titania surface with X-ray illumination. The exact mechanism
for X-ray activation is beyond the scope of this paper and will be a
focus of further research.

5. Conclusions

The present study has tested the capability of nano-TiO2 coated
surfaces for the reduction of CO2 in the gas phase. The results clearly
indicate that it is possible to reduce CO2 on TiO2 with a relatively
short time to achieve an equilibrium state. Further work would
be required in three main areas in order to use TiO2 as a material
for CO2 sequestration. Firstly, the catalyst would require band gap
modification in order to be active under visible light and there-
fore able to be formed into a passive system. Secondly, the reaction
product would have to be modified in order to form a stable prod-
uct that could be removed and processed further. Finally, a method
to overcome catalysis poisoning would have to be developed.

From this study the following key conclusions have been drawn:

• Under continuous UV illumination within a closed system and

in the presence of H2O, TiO2 surfaces are observed to transform
CO2 through photocatalytic reduction forming C2H3O− as a major
product. The amount of product produced is increased 2-fold by
adopting a mixed phase system.
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The product is observed to be surface stabilised, revert-
ing predominantly and gradually to CO2 achieving
complete decomposition within 100 min  of ceasing
illumination.
Irradiation with soft X-rays was also found to activate TiO2 and
reduce CO2 on the surfaces in a similar manner to that seen for UV
illumination. This has significant implications for other studies
beyond the scope of this work.
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