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ABSTRACT
ANNA KATHRYN HAILEY: New Catalysts for the Photocatalytic Reduction of Carbon
Dioxide to C1 Organic Compounds
(under the direction of Wei-Yin Chen)

Photocatalytic reduction of carbon dioxide (CO,) has recently been identified as
one of the five notable research areas in catalysis because it simultaneously reduces
carbon emissions while storing clean, “green” solar energy in organic compounds. The
development of efficient photocatalysts that take advantage of solar radiation is therefore
an important area of research. Titanium dioxide (TiO;) is a commonly-used
photocatalyst for this reaction, but it requires ultraviolet (UV) radiation to excite its
electrons. Carbon-doping (C-doping) has been shown to reduce the intensity of energy
required, thus allowing the photocatalyst to take advantage of the visible light spectrum.
Copper (Cu), added as separated particles and not introduced into the catalyst structure,
has also been reported to enhance the photocatalytic effect. Here, a comparison of the
efficiency of CO; reduction by the following photocatalysts is reported: commercial TiO,,
commercial TiO,-Cu, C-doped TiO,, C-doped TiO,-Cu, undoped TiO,, and undoped
TiO,-Cu. Photocatalytic reactions were conducted in a single neck flask which was
irradiated by a Xenon lamp. The aqueous product was analyzed for total organic carbon
(TOC) content and also by using a mass spectrometer. Gas analysis was not conducted in
the present study. Results suggest that among the photocatalysts studied here,
commercial TiO; is the most effective in producing TOC. However, comparing only the
samples synthesized from titanium sulfate (TiOSO,) in our laboratory, C-doped TiO; is
more effective than undoped TiO,. The addition of copper was found to have an

inconclusive effect on the production of TOC.
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1. INTRODUCTION

1.1. Impact of Energy and the Environment on National Security

The use of fossil fuels is both an energy security and climate change issue.
Reliance on foreign energy costs countries both militarily and economically. The current
global energy network lies perilously open to disruption, which would cause serious
financial upheaval. ) Examples of security threats include terrorist attacks on electricity
grids and oil or gas pipelines and fuel supply restriction due to political disagreements. ®
In addition, the continued use of fossil fuels increases the production of CO, emissions.
Over 24 billion metric tons of anthropogenic CO, emissions are released into the
atmosphere each year. ® This number is only expected to rise as developing countries
increase power consumption to meet their growing economic demands. CO, consumption
by the global chemical industry is holding steady at approximately 115 million metric

tons per year, which is less than 1% of total production.

By trapping heat in the atmosphere, CO, is causing the Earth’s temperature to
slowly rise. Extreme weather, decrease in biodiversity, water shortages, desertification,
and coastal erosion emerge as a few of the problems associated with climate change. In

turn, these environmental problems will only increase issues of world hunger, infectious



diseases, displaced populations, political instability, and civil unrest in already fragile
areas. ¥ Thus, the current reliance on foreign fossil fuels presents a twofold threat,

challenging the national security of both developing and developed nations. @

1.2. Emerging Technological Solutions

Fortunately, renewable energy provides long-term solutions to both aspects of the
energy security issue. Renewable energy resources (including solar energy, wind power,
geothermal energy, hydropower, and biomass) provide clean, secure, and indigenous
sources of power. Due to the constant variation of geographical environments, one single
type of renewable energy is not likely to sufficiently support the energy needs of an entire
nation; however, a diverse portfolio of renewable energy sources contributes to the
flexibility, stability, and security of a country’s energy system. The rich variety of energy
supply reduces the disruptive impact of any one source, and local energy generation
reduces the cost and improves the sustainability of production and transportation.
Additionally, using renewable energy avoids the net production of CO, emissions into the
atmosphere and thus reduces a country’s impact on the environment and global climate
change. Therefore, research, development, and implementation of renewable energy
increasingly take a prominent role in political, economic, and environmental policy

worldwide. ®

Until an alternative energy infrastructure is developed worldwide, carbon capture
and sequestration (CCS) technology has emerged as a short-term solution for the

reduction of greenhouse gas emissions into the atmosphere. > However, current CCS



technology faces serious issues, including the addition of a 25-35% energy penalty. One
emerging carbon capture technique that utilizes alternative energy in order to reduce CO,

emissions is the photocatalytic reduction of CO,.

Solar energy is both renewable and abundant. In fact, the sun irradiates the earth
with more energy per hour (4.3x10% J) than humanity consumes in a year (4.1x10% J).
However, in 2001 less than 1.5% of the world’s energy usage was from solar energy. ©)
Therefore, there is a significant push to develop the technology to efficiently capture and
store this energy to reduce the world’s reliance on fossil fuels. The photocatalytic
reduction of CO; is one such area of research. This technology was identified as one of

the five notable research areas in catalysis because it simultaneously reduces carbon

emissions while storing clean, green solar energy in organic compounds. ©

1.3. Semiconductor Photocatalysis

Organic compounds have been produced via the photocatalytic reduction of CO,
since 1921. ™ In the last forty years, there has been renewed interest in semiconductor
photocatalysis due to its potential in environmental and solar energy applications. The
photocatalytic property of semiconductors is related to their electronic structure - a filled
valence band and an empty conduction band. ® When a photon exceeding the
semiconductor’s band gap energy irradiates the semiconductor, it excites an electron from
the valence band into the conduction band, creating a positively-charged electron hole. ®
This electron and electron hole pair is known as an exciton. Before the exciton decays (or,

before the electron and electron hole recombine), it promotes the reaction of charged



particles on the semiconductor’s surface.® Of the semiconductors most commonly used
in photocatalysis (such as TiO,, SiO,, CdS, WOs3, and Fe,03), TiO, is the most significant

due to several factors including its chemical inertness and commercial availability. © ©® ©

The “band gap” is the energy difference between the valence band and the
conduction band. Since the band gap of semiconductors can be high (for example, 3.2 eV
for anataseTiO, ‘%, ultraviolet (UV) radiation is required to excite these electrons. As
shown in Figure 1, UV radiation comprises only 3% of total solar radiation, so in terms of
energy input, the efficiency of the photocatalytic reduction of CO; is low using solar
irradiation. However, “doping” the semiconductor with nonmetal impurities such as
carbon has been shown to reduce the band gap from the UV to the visible light region. ¥
(12)

This light absorption shift allows the doped semiconductor to utilize more of the

abundant visible solar radiation.

The carbon-doping (C-doping) procedures developed by Raveendran et al ¥ and
Dong et al ™ are especially environmentally friendly. The Dong et al ™® process
synthesizes anatase-phase mesoporous C-doped TiO, nanomaterials from inexpensive
titanium sulfate (Ti(SO4),) and glucose at low temperatures. This new method avoids the
use of unstable or expensive precursors, treatment at high temperatures, and production of
toxic byproducts associated with other doping processes. In their study, C-doped TiO,
prepared by this method demonstrated a superior rate of photocatalytic decomposition of
toluene (CgHsCH3) when compared with that of undoped commercial-grade TiO, and C-

doped TiO, prepared from high temperature oxidation of TiC.



Energy (eV)
131)‘ 2;5 | 24) ‘L?S

Relative Intensity

Violet Green Orange
uv Blue Yellow Red

'560I 1660' I760I
Wavelength (nm)

400

Figure 1. Solar emission spectrum obtained at the University of Mississippi. Dips in the

spectrum are due to atmospheric gases such as CO,, H,0, and ozone (O3).



1.4. TiO,-photocatalyzed Reduction of CO, in Aqueous Solution

In the following reactions depicting the photocatalytic reduction of CO; in

aqueous solution, titanium dioxide acts as the semiconductor and photocatalyst *:

. hv _ +
TlOz — €cp + hvb (1)
oxidation: h,, " + (CH3),CHOH — 2H* + (CH;),CO (2)
i Ht+e™
reduction: e.,” + CO, » CO, —— CO + OH™ (3)
Ht+2e~ | 2HY+2e~
C0+0H  —— (C+ H,0 — (H, 4)
) 2H +2e~
CH, — CH, (5)

Upon irradiation with light of an adequate frequency, electrons are excited to a
higher energy level. The small molecules CO, and H,O attack the charged sites caused by

the exciton to form C1 organic compounds as shown in Figure 2. © @

In 1992, Hirano et al ™ demonstrated the photocatalytic reduction of CO, in
aqueous solution by UV irradiation, with TiO, and Cu powder acting as co-catalysts for
the reaction. Their method produced the organic compounds CH,O (formaldehyde),
methanol (CH3OH), and formic acid (HCOOH) in the liquid phase and carbon monoxide
(CO) in the gas phase. Since no product was formed without the addition of Cu as a co-
catalyst, this suggested that TiO, was insufficient to photocatalyze the reaction on its own.
In 1994, Ohta et al ®® demonstrated the photocatalytic conversion of aqueous solutions of

CO, irradiated by sunlight and catalyzed by silicate rocks, producing H, and CH,. In



2000, Ohta et al ® further demonstrated the abiological formation of HCOOH on
common rocks found in nature. It was found that a reaction time greater than nine hours

caused the secondary decomposition of the organic compounds into CO, and H..

H,O

Figure 2. TiO, catalyzes the photochemical conversion of CO, to organic compounds

TiO,

while Cu and carbon-doping enhance the process through electron transfer and band gap

reduction, © 4



2. OVERVIEW OF THE EXPERIMENT

The specific goals of the current work can be summarized as follows:

e To compare the effectiveness of C-doped and undoped TiO, produced by a
comparable procedure,
e To compare the effectiveness of TiOSO4-based and commercial TiO,, and

e To investigate the effectiveness of Cu as a co-catalyst.

The incentives for achieving these goals are discussed in the subsequent subsections.

2.1. C-doped TiO; vs. undoped TiO,

Nonmetal doping of semiconductors has been shown to reduce the band gap to allow for
greater use of visible light radiation. The synthesis method developed by Dong et al *? is
useful for preparing catalysts with which to compare the effect of doping. This is
because the same low-temperature process can be used to produce both C-doped TiO;
and undoped TiO,. (The production of C-doped TiO, merely requires one additional,
inexpensive ingredient — glucose). Thus, it is possible to create catalysts with the same
level of purity in order to more accurately determine the effect of doping. Since C-doped

TiO, prepared by this method demonstrated a superior rate of photocatalytic



decomposition of CgHsCHs, it is also expected to exhibit a greater rate of photocatalytic

reduction of CO..

2.2. TiOSO,-based TiO, vs. commercial TiO»

Although high-purity TiO, is readily available, it is commercially produced via
sol-gel synthesis. This high-temperature process consumes a great amount of energy;
thus, the amount of CO, removed from the atmosphere by a commercial-TiO;
photocatalyst is counterbalanced by the amount of CO, produced in the synthesis of the
photocatalyst itself. If an effective TiO, photocatalyst can be synthesized from a low
energy-impact method, the cost and energy savings could be significant. Thus, the results
from TiO, synthesized from the environmentally-friendly method developed by Dong et
al @ will be compared to those of commercial TiO,. Titanium sulfate in the form of

TiOSOy is substituted here, however, for Ti(SO4),, since Ti(SOy), is not readily available.

2.3. Effect of Cu as a co-catalyst

Previous studies have suggested that mixing Cu power into TiO, suspensions
promotes the photocatalytic reaction of CO, to C1 organic compounds. Hirano et al %
proposed that this effect is due to the excited electron rapidly transferring to the Cu
particles, thereby increasing the longevity of the exciton. Thus, Cu would promote the

reaction by separating the sites of reduction and oxidation and increasing the amount of

time available for molecular interaction at these sites before the electron and electron-



hole recombine. It is expected that TiO, samples with Cu powders added to act as a co-
catalyst will have an enhanced rate of photocatalytic efficiency similar to that observed

by Hirano et al. ©®

2.4. Experimental Parameters

In order to complete these three investigations, the efficiency of CO, reduction of

the following catalysts was observed:

e commercial TiO,

e commercial TiO,-Cu

e C-doped TiO;

e C-doped TiO,-Cu

e undoped TiO, (synthesized from TiOSO,)

e undoped TiO,-Cu (synthesized from TiOSQOy,)

The efficiency of CO; reduction was determined by the amount of total organic
carbons (TOC) produced. Additional samples without catalyst (containing only CO,-H,0
and only H,0) were run through the experimental procedure in order to determine how
much total organic carbon (TOC) occurs naturally in these systems. Following sample
preparation, an irradiation method adapted from Hirano et al ® was followed. A Xenon
arc lamp was employed to induce the photochemical reaction because it efficiently
mimics the solar emission spectrum. Slight variations to the Hirano et al ® method

include the scale of the photocatalytic cell and the power of the light source.

10



3. MATERIALS AND METHODS

3.1. Synthesis of Doped and Undoped TiO,

To synthesize C-doped TiO,, glucose (99.9% CgH120s, CAS#50-99-7) and
titanium sulfate (TiOSO4xH,0, CAS#13693-11-3) are mixed in a 1:50 molar ratio with
700 mL of distilled water in a 1 L stainless steel cylinder. The cylinder is then
hydrothermally treated in a vacuum oven (VWR Model 1410) at 160 °C for twelve hours.
After heating, the product is filtered, washed three times with distilled water, and dried in
the vacuum oven at 60 °C to obtain C-doped TiO,. Undoped TiO; is prepared in a similar

fashion without the addition of glucose.

3.2. Photochemical Reaction Procedure

250 mL of distilled water is added to a 500 mL Ace Glass single neck flask with a
stopcock septum port side arm. A dip tube extends to the bottom of the flask. 2.5 g of a
TiO, sample (C-doped, undoped, or commercial) is added to a flask. To some samples,
1.5 g Cu powders (GFS Chemicals, <0.044 mm diameter) are also added. Instrument

grade CO, (>99.99%) is bubbled through the aqueous solution at 50 mL/min for one hour.

11



The flask is then placed in a sonicator (Fisher Scientific FS30H) and irradiated by
a 450 W Edinburgh Instruments Xenon 900 Lamp for nine hours (see Figures 3 and 4).
The beam of Xenon light activates the photocatalytic reaction to convert CO; to organic

compounds. Water is continually added to the sonicator to replace that which is lost by

evaporation and also to keep the water temperature between 40 to 60 °C.

Figure 3. Apparatus for photocatalysis with the Xenon lamp. The light from the 450 W
Xenon lamp (A) shines onto a mirror (B), which reflects the beam onto the solution in the

flask (C) in the sonicator (D).

12



Figure 4. Sample of TiO, (A) before, (B) after, and (C) during photo-catalysis. The

yellow-green coating produced on the flask suggests the formation of organic compounds.

13



3.3. Analysis Procedure

After irradiation, the gaseous products are released from the flasks through the
stopcock. Analysis of the gaseous products is not conducted in this study. The milky
aqueous products are centrifuged (Fisher Scientific Micro Centrifuge Model 235C) and
then filtered to obtain a clear aqueous solution. These solutions are analyzed by a gas
chromatograph (Agilent Technologies 6890) / 5973N mass spectrometer (GC/MS). The
GC oven is maintained at 140 °C. The sample analysis is repeated twice to ensure

reproducibility.

To measure TOC content, the aqueous samples were sent to Huffman
Laboratories for TOC analysis by SM 5310 C. This is a UV/persulfate oxidation method
that utilizes sodium persulfate as an oxidant and either heat or UV radiation to activate

the reagents. ®

To determine the specific identities of the organic compounds produced, the
aqueous samples were further analyzed at the University of Mississippi. This analysis
included the experiment samples as well as a standard solution of CH,O (which contains
both H,O and CH3OH to stabilize the solution). According to the MS results, there was
no significant amount of HCOOH and CH3OH in the experimental products (indicated by
the lack of peaks at their characteristic positive ion mass signatures of 45 and 31, due to
HCOO" and CH3O", respectively.) Thus, quantification has focused on CH,O, which is
the major product (almost 40% of the TOC produced). CH,O has a characteristic
positive ion mass signature of 29 due to CHO". However, mass 29 in the spectrum of the

CH,0 standard is contributed by CH,0, CH30CH,OCH3;, and HOCH,OCHj3, these last

14



two molecules being the products of reactions between CH,O and CH3OH. 9 0 @1
Thus, the calibration value of CH,O is underestimated if mass 29 of the standard is used
as the characteristic mass. The maximum possible error (occurring if all CH3;OH
completely converted to HOCH,OCH, and did not contribute to mass 29) would yield a
30% underestimated CH,O calibration value, or a 30% overestimated CH,O vyield in the
experimental results. Thus, the reported CH,O yields from experimentation are estimated
from the amount present in the standard solution based on an adjusted calibration value.
(1920 1) Figure 5 presents the total ion and mass 29 chromatograms of two injections

and the MS spectrum of one commercial-TiO,-CO,-H,0 sample.

15
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Figure 5. Chromatograms and Spectrum of a TiO,-CO,-H,O Sample. This figure shows the total ion chromatogram (2 consecutive

injections) (A), mass 29 chromatogram (2 consecutive injections) (B), and MS spectrum (C).
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4. RESULTS

4.1. C-doped TiO; vs. undoped TiO;

The photocatalytic activity of C-doped TiO; is in fact greater than that of undoped
TiO,, both with and without Cu (see Table 1). The amount of CH,O produced by C-
doped TiO; is 53% greater than that of undoped TiO,, and the amount of TOC produced
by C-doped TiO; is 164% greater than that of undoped TiO,. In addition, the amount of
CH,0 produced by C-doped TiO,-Cu is 358% greater than that of undoped TiO,-Cu, and
the amount of TOC produced by C-doped TiO,-Cu is 77% greater than that of undoped
TiO,-Cu. This discovery is significant because the C-doping procedure of Dong et al *?
as used here is inexpensive, does not require high temperatures, and does not produce
toxic materials. Thus, this procedure reduces the amount of CO, produced in the
photocatalyst synthesis process while increasing the amount of CO, consumed in the

photocatalytic reaction process.

4.2. TiOSO4-based TiO, vs. Commercial TiO,

The photocatalytic activity of undoped commercial-grade TiO, is greater than that
of both doped and undoped TiOSOy-based TiO,, both with and without Cu. The amount
of CH,0 produced by commercial-grade TiO, is 34% greater than that of C-doped TiO,-
Cu, 515% greater than undoped TiO,-Cu, 1154% greater than C-doped TiO,, and 1820%

greater than undoped TiO,. The amount of TOC produced by commercial-grade TiO; is

17



55% greater than that of C-doped TiO,-Cu, 175% greater than undoped TiO,-Cu, 217%

greater than C-doped TiO,, and 738% greater than undoped TiO..

The TiOSO, used in these experiments was low grade (65% purity); if higher
purity TiOSO, were to be used, it is likely that TOC and CH,O production from the
TiOSOy-based catalysts would be even greater. Whether or not the TiOSO,-based
catalysts reach the effectiveness of the commercial-grade ones, the benefit to using
TiOSOy-based TiO; is that its synthesis process is a low temperature and thus low energy

impact method, both relatively inexpensive and environmentally-friendly.

4.3. Effect of Cu as a Co-Catalyst

The effect of the Cu powder on the photocatalytic efficiency of doped and
undoped TiO, was found to be inconclusive. While the TOC for undoped TiO, was
greater with Cu than without (2.05 mg/L vs 1.42 mg/L), this trend was reversed for the C-
doped TiO; (3.62 mg/L with Cu vs. 3.74 mg/L without) and the commercial TiO, (5.62
mg/L with Cu vs. 11.9 mg/L without). Furthermore, while the amount of CH,O
produced by C-doped TiO, was greater with Cu than without (0.176 mg/L vs 0.0929
mg/L), this trend was reversed for the undoped TiO; (0.0383 mg/L with Cu vs. 0.0607

mg/L without) and the commercial TiO; (0.236 mg/L with Cu vs. 1.17 mg/L without).

These results suggest that Cu may not be necessary as a co-catalyst for all
photocatalytic reaction systems. The different results may stem from the modifications to
the Hirano et al *> method made for this study. The higher temperatures achieved during

this study (62-66 °C vs. 40 °C for Hirano) enhance the conversion rate of CO, regardless

18



of the addition of Cu. This perhaps masks the contribution of Cu observable at lower
temperatures. Another possible factor is that the Cu powder may obstruct light from
reaching the TiO,, thus reducing Cu’s positive effect on the photocatalytic efficiency. Yet
an additional explanation perhaps results from the state of the Cu particles. Both in the
Hirano et al *® study and the experiment presented here, the Cu particles are separate
from the TiO,. It is possible that actually doping the Cu into the TiO, would produce a
stronger positive effect on photocatalysis than simply mixing the Cu and TiO, particles

together.

19



Table 1. Summary of Experimental Parameters and Statistical Analyses. Experimental data obtained at the University of Mississippi,

with the results of Hirano et al ** shown as reference. Each photocatalyst was tested three times to ensure reproducibility of results.

Avg.
. Carbon
Amount Purity . . Avg. Standard Carbon Standard
Experiment Reactants of of TiO, Posvl::ler Ex%ee::Jment SLol ngirEe Tecrgp., ;O/(I:_ TOC, Deviation, CSSO as Deviation,
Water CO, P g mg/L mg/L 2 CH,0, mg/L
mg/L
mg/L
500 W
; 30 mL 0.500 g Cylindrical Xenon
Hirano etal | 130, cu-co,H,0 | Millipore | 99.99% | 99.99% %g%?, 9| pyrexcall Lamp 40 | 240" 0.800
Water Anatase e (60 mL) (WAKOM
KXL-500F)
Commercial TiO,-
! CO,-H,0 1.9 126
Commercial TiO,- Avg.
2 CO,2H,0 250 65 111 11.9 0.751 1.07 117 0.134
3 Commercial TiO,- 99.9% 12.6
CO,-H,0 Inframat ) 0.654*
4 Commercial TiOp- Advan_ced 5.99
- C“'CO?'IH;QO '\/As\?]t:tng Ls0q | ACEGlss | asow | 0.165
5 ey | 2s0mL | >99.99% oot Inc. Edinburgh e | AT 56 0.738 0177 0.236 0.112
U-L0Ht Distilled 0 6934-27 Instruments :
6 Commercial TiO,- Water Flask Xenon 900 6.10
Cu-CO,-H,0 (500 mL) Lamp 0.365
7 COzH;0 111 ND**
Avg.
8 CO,-H,0 62 0.260 0.567 0.472 ND** -- -
9 CO,-H,0 0.330 ND**
10 Distilled Water 0.640
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Table 1 continued.

Avg.
. Carbon
Amount Purity . . Avg. Standard Carbon Standard
Experiment Reactants of of TiO, Pof/:vlsjer Ex%(z::lment Sblgpcte Teonép., ;O/CI:_ TOC, Deviation, Cliso as Deviation,
Water CO, P 9 mg/L mg/L 22 CH,0, mg/L
mag/L
mg/L
undoped TiO,-
1 CO-H,0 L 0.0646
undoped TiO,-
12 CO-H,0 1.45 1.42 0.311 0.0691 0.0607 0.0109
undoped TiO,- GFS
13 CO,-H,0 Chemicals Avg. 109 0.0483
undoped TiO,- 65% 65
14 Cu-CO,-H;0 TiOSO; 149 0.0487
undoped TiO,- 1509
15 Cu-CO,-H,0 99% Gl ssow 2.69 2.05 0.605 0.0354 0.0383 0.009
o ass
16 “gﬂ"gg‘j E% 250 mL Inc. Edinburgh 1.96 0.0309
Cdo edz TiZO - Distilled | >99.99% 6934-27 Instruments -
17 P 2 Water Flask Xenon 900 3.26
CO2-H,0 L L 0.0928
C-doped TiO»- GFS (500 mL) amp
18 CO,-H,0 Chg?ol/cals 4.30 3.74 0.525 00733 0.0929 0.0191
C-doped TiO,- 0070
19 CO»-H,0 TiOSO, Avg. 3.66 0112
- & 99.9%
20 C-doped TiO,- Anhydrous 63 332
Cu-CO,-H,0 : ' 0.242
C-doped TiO Glucose I |1 504
- z 1:50 Mol :
21 Cu-CO»-H,0 slgatig ar 99% 3.76 3.62 0.260 0.233 0.176 0.107
C-doped TiO,-
22 Cu-CO,-H,0 878 0.0516
Notes: All experiments, including those by Hirano et al **) were conducted with 9 hours of reaction time.

** Not detectable.

+ TOC from Hirano et al ™ was calculated from peak product formations of aqueous organic compounds including methanol, formaldehyde, and formic acid.
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5. CONCLUSIONS

Based on the preceding data, the following conclusions can be drawn:

e Commercial TiO; is a more effective photocatalyst than either C-doped or
undoped TiO, synthesized from TiOSO,.
e C-doped TiO, is a more effective photocatalyst than undoped TiO,.

e Cu serves as a co-catalyst for some photocatalytic systems

Further research could explore several different areas of this experiment. More
results data could be collected by analyzing the composition of the gaseous products with
a GC column, perhaps by using isotopically labeled CO,. Additionally, this analysis will
be necessary to close the material balance. The CH,O quantification method could be
made more precise, since the standard deviation for the CH,O result calculation was often
found to be of the same order of magnitude as the actual quantity. In order to more
clearly determine the effect of Cu as a co-catalyst, the size and amount of Cu powder and
the average operating temperature could be varied in additional experiments. Cu could
also be doped into the TiO,, in order to compare this effect to that of Cu as a separate

particle from the TiO..

Dong et al *? tested the photocatalytic activity of C-doped TiO, prepared with
three different molar ratios of CgH120¢ to Ti(SOy),: 3:50 (high concentration), 1:50

(middle concentration), and 1:150 (low concentration). Since Dong et al % found that
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the middle concentration C-doped TiO, yields the maximum photocatalytic activity, this
was the concentration adopted for the experiment detailed here. Although high
concentration C-doped TiO, has the lowest band gap (2.78 eV), any increased
photocatalytic activity is suppressed by the additional carbon atoms causing oxygen
vacancies to populate the impurity states. However, a more ideal ratio might exist
between the 1:50 and 3:50 CgH1,05 to TiOSO4/Ti(SO,4), concentrations. Future work
could include finding the amount of carbon doping that optimally enhances

photocatalytic activity.
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A.l. CISS CAPSTONE SUMMARY

Problem

The use of fossil fuels is both an energy security and climate change issue. The
United States oil supply relies heavily on fuel purchased from foreign sources. Many of
these countries are economically and politically unstable, and their diplomatic relations
with the United States are tenuous at best. Additionally, during transportation from these
foreign countries to United States oil, the fuel (traveling in pipelines, tankers, etc) lies
open to attack. A major economic, political, or diplomatic disturbance or terrorist attack
cutting off access to the fuel supply could cause serious financial upheaval in the United
States. In addition, the continued use of fossil fuels increases the production of CO,
emissions. By trapping heat in the atmosphere, CO; is causing the Earth’s temperature to
slowly rise. Extreme weather, water shortages, desertification, and coastal erosion emerge
as a few of the problems associated with climate change. In turn, these environmental
problems will only increase issues of world hunger, displaced populations, political
instability, and civil unrest in already fragile areas. Fortunately,  renewable  energy
technologies provide long-term solutions to both the energy security and climate change
issues. Renewable energy resources (including solar energy, wind power, geothermal
energy, hydropower, and biomass) are indigenous sources of power that do not produce

pollutants or CO, emissions.
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Solution

Therefore, use of these resources can reduce the United States’ reliance on foreign
sources of oil, as well as reducing the United States’ impact on the environment. Until
the use of renewable energy technologies is developed worldwide, carbon capture and
sequestration (CCS) technology has emerged as a short-term solution for the reduction of

greenhouse gas emissions into the atmosphere.

One emerging carbon sequestration technique that utilizes renewable energy in
order to reduce CO, emissions is the photocatalytic reduction of CO,. In the results
presented in this paper, it is shown that an inexpensive, easy-to-produce, and
environmentally-friendly photocatalyst (C-doped TiO,) can effectively use renewable
solar energy to remove CO, from aqueous solutions. Due to the environmental
implications of this technique’s successful ability to sequester CO, in organic compounds,
the research, development, and implementation of this technique should take a significant

role in political, economic, and environmental policy worldwide.

Facts and Evidence

In this reaction, CO, reacts with H,O to produce C1 (one carbon) organic
compounds such as CH,O (formaldehyde), methanol (CH3OH), and formic acid
(HCOOH). “Reduction” refers to the fact that the oxidation state of the carbon is reduced
from +4 in CO; to +2 to -2 in these organic compounds. “Photocatalytic reduction” refers
to the fact that, on its own, CO; is too stable to react with H,O, and therefore a

photocatalyst is needed for this reaction to take place. When light strikes a photocatalyst,
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it absorbs the light’s energy. This excess energy causes the photocatalyst’s electrons to
become “excited” and jump to a higher energy level, leaving behind electron holes. After
releasing the excess energy at the higher energy level, the electrons fall back into their
initial ground state, and the electrons and electron holes recombine. However, before the
electrons and electron holes recombine, a charge separation is produced between the
negative electrons and the positive electron holes. These charged areas can react with
other molecules on the photocatalyst’s surface. In the case of the photocatalytic
reduction of CO,, the CO, and H,O molecules react on the charged surface to produce

organic compounds.

TiO, is the most commonly used photocatalyst, due in part to the fact that it is
cheaply and easily commercially available. However, it takes high energy light (in the
range of UV radiation) to excite its electrons. Since solar radiation is primarily lower-
energy visible light and only 3% UV radiation, in terms of solar energy input the
efficiency of this reaction is low. However, “doping” TiO, (meaning to introduce
impurities such as carbon into its crystal structure) has been shown to reduce the light
intensity needed to excite its electrons from the UV to the visible light region. Copper
(Cu) is also often used as a co-catalyst with TiO,. It is believed that the excited electrons
from the TiO; rapidly transfer to the Cu particles before recombining with the electron
holes. Thus, Cu would promote the reaction by separating the charged sites on the
photocatalyst and increasing the amount of time available for molecular interaction at

these sites.

In this paper, the efficiency of CO, reduction by the following photocatalysts is

reported: commercial TiO,, commercial TiO,-Cu, C-doped TiO,, C-doped TiO,-Cu,
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undoped TiO,, and undoped TiO,-Cu. A Xenon lamp was used to irradiate the samples
due to the similarity of its spectrum to that of natural sunlight. Results suggest that
among the photocatalysts studied here, commercial TiO; is the most effective in
producing total organic carbon (TOC). However, high-purity commercial TiO; is
synthesized via a high-temperature (and thus high-energy impact) process. Among the
samples synthesized via a low-energy process from low-purity titanium sulfate (TiOSO,),
C-doped TiO, was found to be more effective than undoped TiO,. The addition of Cu had
an inconclusive effect on the production of TOC. From these results it can be concluded
that C-doped TiO, can be synthesized from an environmentally-friendly process to
produce an effective photocatalyst for reducing CO, in aqueous solution to organic

compounds.

Recommendations

Significant funding should be directed towards future research of this technology.
Additional experiments should be conducted to improve the quality of C-doped TiO,
synthesized from the low-energy process, such as by starting from higher-quality TiOSO,4
or by finding the optimal ratio of C to Ti. Implementation of this carbon sequestration
technique should lead to a cheap, effective, efficient, and environmentally-friendly way
to store CO, in organic compounds, thus reducing greenhouse gas emissions in the

atmosphere without using additional fossil fuel resources.
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