
O

D
M

a

A
R
R
A
A

K
A
T
P
H

1

p
t
b
w
o
r
p

w
e
p
C
f
b
t
C
a
s
t
e
d
t
p

0
d

Catalysis Today 181 (2012) 82– 88

Contents lists available at ScienceDirect

Catalysis Today

j ourna l ho me p ag e: www.elsev ier .com/ lo cate /ca t tod

n  the  mechanism  of  photocatalytic  CO2 reduction  with  water  in  the  gas  phase

eniz  Uner ∗, Mert  Mehmet  Oymak
iddle East Technical University, Chemical Engineering Department, Ankara, 06531, Turkey

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 15 March 2011
eceived in revised form 31 May 2011
ccepted 21 June 2011
vailable online 28 July 2011

a  b  s  t  r  a  c  t

The  mechanism  of photocatalytic  reduction  of  CO2 with  H2O over  Pt–TiO2 films  produced  by  the  sol–gel
deposition  over  glass  beads  was  investigated.  The  accumulation  of significant  amount  of  carbonaceous
intermediate  on  the  surface  followed  by  deactivation  indicated  the  rate  limiting  reaction  is  the  water
splitting  reaction,  similar  to  the  natural  photosynthetic  systems.  When  gas  phase  hydrogen  was  allowed
eywords:
rtificial photosynthesis
iO2

t
ydrogen spillover

in  the  system,  the  carbonaceous  intermediates  were  converted  to  methane  at rates  higher  than  the  arti-
ficial  photosynthesis  conditions.  In the  presence  of  hydrogen,  formation  of  methane  reaction  proceeded
in  the  dark  albeit  at  lower  rates.  The  progress  of  the  reaction  is  very  similar  to the  natural  photosynthetic
reactions  however  the rates  are  seven  orders  of  magnitude  slower  than  the  reactions  in  the  natural  photo-
synthetic  processes.  Furthermore,  the  role  of  spilled  over  hydrogen  in  the  reaction  was  also  demonstrated.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

CO2 reduction to hydrocarbons by harvesting solar energy is a
romising approach since it may  be the candidate to the solution of
wo problems: high CO2 levels in the atmosphere which could not
e compensated by CO2 fixation cycles and future world fuel crisis
hich is inevitable due to long formation times of coal, natural gas

r oil. In this paper, we report a comparative study of photocatalytic
eduction of CO2 with water and H2 over sol–gel coated TiO2 films
romoted with Pt.

One of the pioneering works on CO2 hydrogenation to methane
as reported by Sabatier and Serenders in 1902 ([1] and ref-

rences therein). In recent years, the need for CO2 mitigation
rompted new studies on catalyst and process development for
O2 based products. Very high methanation activities are reported

or Ru doped Ceria, reasonable levels of methane production can
e observed at temperatures as low as 300 K [1].  Ru is reported
o be a very active catalyst, highest activity of hydrogenation of
O2 to formic acid in a solution of triethylamine and ethanol was
chieved at 80 ◦C [2].  The mechanism of CO2 hydrogenation is
till being debated: some studies report that the CO2 hydrogena-
ion proceeded similar to CO hydrogenation with an initial oxygen
limination step from the molecule via a surface formate interme-

iate over Ni/ZrO2 catalysts [3],  while some other reports indicate
hat CO and CO2 hydrogenation reactions take place via different
aths [1].  Over Fe and Co based Fischer Tropsch catalysts, it was

∗ Corresponding author. Tel.: +90 312 210 2601; fax: +90 312 210 2600.
E-mail address: uner@metu.edu.tr (D. Uner).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.06.019
observed that when the CO amounts in the feed gas (composed
of CO, CO2 and H2) decreased, the FT product-distribution shifted
exclusively to methane [4].  Later studies on K promoted F catalysts,
the same group reported that the reverse water–gas shift reac-
tion imposed a thermodynamic limit to conversions and therefore
selectivity, supporting their arguments with a mathematical model
[5].

Not just the catalyst, but also the reactor type influences the
product distribution and selectivity. Later studies on Group VIII cat-
alysts indicated that the product distribution and site time yields
are strong functions of the reactor type: among fixed bed, fluidized
bed and slurry reactor types, fluidized bed and slurry type reactor
performances better than the fixed bed reactor for CO2 conver-
sions and hydrocarbon selectivities [6].  These findings indicate that
the micromixing conditions impose significant influence over the
selectivities; a topic which is not as broadly covered by the catalysis
community as it is needed. The catalyst structure examined along
the length of a packed bed reactor revealed that the catalysts at
the inlet of the reactor undergone phase transformations while at
the exit the carbide formations deactivated the catalyst [7].  All of
these indicate the complexity of the reaction scheme, and the need
to understand not just the catalyst and its microstructure, but also
the need to tailor the operating conditions for higher selectivities
towards the desired products.

Over Rh/SiO2 catalysts, it was  observed that the metal loading
had a significant effect of the CO2 hydrogenation selectivity: over

1% Rh/SiO2 catalysts the selectivity of the CO2 reaction was towards
CO, resulting from the formation of Rh carbonyl clusters stabilized
by OH groups on the surface of silica, while the large particles
yielded mainly methane due to the low amount of silanol groups

dx.doi.org/10.1016/j.cattod.2011.06.019
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:uner@metu.edu.tr
dx.doi.org/10.1016/j.cattod.2011.06.019
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Table  1
Water splitting reaction rates on TiO2 photocatalysts.

Photocatalyst H2 production rate
(�mol/gcat-h)

Initial H2 production
ratea (�mol/gcat-h)

O2 production rate
(�mol/gcat-h)

Conditions References

1% Degussa P25 SCRb SO4 2.72 1.6 20.64 TiO2 initial concentration. 0.75 g/l, 2 mM
Ce2(SO4)3 pH = 1, T = 20 ◦C

[33]

Fe  (1.2 wt.%) doped TiO2 15.5 – – Distilled water [34]
Rh/TiO2 (MCB®) 1497 1497 748.5 10 wt.% NaOH soln. [35]
Pt/TiO2-A1 + TiO2-R2 mixc. 360 240 180 40 mmol NaI, pH = 11, 0.5 wt.% Pt loading [36]
Au/TiO2 – P25 7200 – 4200 1 vol.% MeOH, 2 wt.% Au loading [37]
Au/FP5d 52.4 110 – Distilled water, FP5 xylene/pyridine = 8/2 [38]
Au/FP5d 7890 7890 – 6 vol.% MeOH, FP5 xylene/pyridine = 8/2 [38]
1%  Pt/TiO2 3000 3000 – Pure ethanol, T = 71 ◦C [39]

a Converted from line graph using initial data.
b Soft Chemical Reduction.
c A:Anatase R:Rutile.
d Flame Spray Pyrolysis.
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djacent to Rh sites over large particles inhibited the formation of
h carbonyls [8].

The adsorption of CO2 over TiO2 is also one of the challenges
f the scientific community. The adsorption sites, the O–C–O bond
ngle upon adsorption, bending induced changes in the LUMO of
he molecule and the resultant change in the electron transfer to
he adsorbed molecule is very nicely reviewed in a recent article
9].  In summary, it was reported that CO2 adsorption occurred at
ve coordinate Ti+4 sites and oxygen vacant sites created by vac-
um annealing on TiO2 (1 1 0) single crystals [10]. According to DFT
tudies on triplet defect-free clusters, CO2 and stoichiometric TiO2
natase do not lead to charge transfer and form CO2*−, the transfer
s possible for surface defects such as steps, kinks and vacancies
11]. Bicarbonate formation is also seen on anatase TiO2 which is
ery labile [12,13].  No dissociation of CO2 occurs on anatase TiO2
12,14,15].  CO2 dissociation is seen on Pt/TiO2 by using FTIR at RT
nd XPS [16,17]. It is also important to mention here that Pt brings
n its own activity to the reaction by efficient adsorption and dis-
ociation of O2 in the dark than TiO2, reverse spillover process for
ydrogenation, enhancing the activity of OH sites which acts as hole
raps [18].

Photocatalytic CO2 reduction with H2 [19] is studied on tita-
ia and CO and CH4 evolution have been observed. In the same
tudy, the enhancing effect on CH4 production is shown when H2O
as added besides H2 as reactant. Methanation of CO2 with H2 has

een observed on Ru/TiO2 at RT and atmospheric pressure which
s greatly enhanced with photoirradiation [20]. Photoreduction of
O2 by H2 occurred on Rh/TiO2 under low pressure and RT [21].
roduct change has been observed from CO to CH4 when oxida-
ion state of Rh has changed to metallic state. This was explained
y the suppression in the H2 dissociation ability by Rh in an oxide
tate [21]. Hydrogen remaining adsorbed on the solid after reduc-
ion promotes the dissociation of CO2 on Rh/TiO2 [22–24].  On TiO2
1 1 0) surfaces, heating of the hydrogenated sample did not lead to
ecombinative desorption of H2 (or H2O) molecules, contrary to the
bservation over hydroxylated oxide surfaces, but to migration of H
toms into the bulk [25]. Hydrogen molecule spills over on Pt–TiO2
ystems at low temperatures [26]. Hydrogen spillover effect was
tudied with conductivity measurements [26,27], NMR  [28], ESR
29] studies.

Unfortunately, the engineering aspects, yields and selectivities
f photocatalytic CO2 reactions are not as extensively studied due
o the slow rates of the reaction requiring primarily batch pro-

esses. Furthermore, the photocatalytic CO2 reduction with H2O,
r artificial photosynthesis, reactions are further hampered by the
dditional resistances due to the water splitting kinetics. We  have
eviewed the literature for the photocatalytic water splitting rates
as well as CO2 reduction rates and presented a sample pool of the
results in Tables 1 and 2. The immediate conclusion we  can draw
from the data presented in Tables 1 and 2 is that photocatalytic
water splitting reactions have higher rates than CH4 formation
rates. However, this fact has to be taken with some caution: the
highest rates observed in photocatalytic water splitting reactions
have sacrificial reagents such as MeOH or NaOH in the system thus
the true rates of water splitting are a little bit elusive under the
reported conditions. Similar to the catalytic CO2 reduction reaction
with H2 over unpromoted Fe catalysts [4],  the primary product of
photocatalytic CO2 reduction reaction with water is methane. A
recent report [30] challenges the low production rates of methane
formation during artificial photosynthesis reactions. The authors
studied the CO2 reduction rates with 13C labeled CO2 to observe that
formed methane is mostly 12C indicating that the methane evolu-
tion was  a result of the structural carbon remained in the catalyst
from residual organic material of the starting precursor. Although
this challenge is genuine, the vast amount of information pouring
in the knowledgebase about highly active catalysts operating at low
temperatures without illumination cannot be disregarded [1,2].

In this study, we report the carbon deposition over Pt/TiO2 struc-
tures, and the removal rates of the carbon with water and with
H2 under photo driven and thermally driven reaction conditions.
Our results indicate that the photocatalytic activation is predomi-
nantly required for water splitting reaction and in the presence of
gas phase H2, the methane formation rates from the surface carbon
layer are much higher than that observed during the photocatalytic
reduction of CO2 with water.

2. Experimental

2.1. Catalyst preparation

The sol was prepared by mixing Ti(OC3H7)4, C2H5OH, CH3COOH,
H2O at the ratio [15:90:1:1], respectively [31]. The solution was
mixed for 15 h. The glass beads were dip-coated (dipping rate:
7.5 cm/min – 10 min  holding in the solution) 1–3–5 times with
the sol, dried at 120 ◦C and calcined in the end at 450 ◦C for 5 h.
Several layers were coated as such. Pt incorporated into the struc-
ture by adding Pt precursor (Pt(NH3)4Cl2·H2O) into the solution in
0.1 mol.%. These samples are indicated as (Pt(in)–TiO2). In addition,
for reaction tests in series, Pt was  dip-coated on the surface of 5

times coated Pt(in)–TiO2 glass beads by the same procedure using
Pt precursor dissolved in water. These samples are indicated as
(Pt(on)–Pt(in)–TiO2). The samples were further calcined at 450 ◦C
for 5 h for Pt activation.
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Table 2
Photocatalytic CO2 reduction rates.

Photocatalyst CH4 production rates
(�mol/gTiO2-h)

CH4 initial production
ratesa (�mol/gTiO2-h)

CH3OH production
rates (�mol/gTiO2-h)

Reductant Light source References

1%Rh/TiO2 – – 0.53 Water (l) 500 W high
pressure Xe lamp

[40]

1%Rh + TiO2 + 2% WO3 – – 3.97 Water (l) 500 W high
pressure Xe lamp

[40]

TiO2 on glass (Vycor®) 0.1b – 0.02 Water (g) 75 W Hg lamp
>280 nm

[41]

JRC-TiO-4c 0.2 – Water (g) 75 W Hg lamp
>280 nm

[42]

exd-Ti-oxide/Y-zeolite 4.2b 6.7 2.78 Water (g) 75 W Hg lamp [43]
Pt  – exd-Ti-oxide/Y-zeolite (1%) 7.3b – 0.53 Water (g) 75 W Hg lamp [43]
Ti-MCM-48 7.7b – 3.07 Water (g) Hg lamp [44]
Pt–Ti-MCM-48 (1%) 12.3b – 0.28 Water (g) Hg lamp [44]
Pt–Ti-MCM-48 (0.1%) 9.6b – 1.02 Water (g) Hg lamp [44]
Ti-MCM-41 1.8b – 0.8 Water (g) 100 W Hg lamp [45]
Ti-PS  (h,50)e 4.3b – 1.13 Water (g) 100 W Hg lamp [45]
Ti-�(F)f 0.4b – 0.31 Water (g) 100 W high

pressure Hg lamp
[46,47]

TS-1  0.8b – 0.25 Water (g) 100 W high
pressure Hg lamp

[46]

Ti-�(OH)g 3.5b – 0.43 Water (g) 100 W high
pressure Hg lamp

[46]

P-25 0.2b – – Water (g) 100 W high
pressure Hg lamp

[46]

TiO2 on pyrex glass 1.4a 1.8 – H2 UV light 365 nm [19]
TiO2 on pyrex glass 1.7a 2.2 – Water (g) UV light 365 nm [19]
TiO2 on pyrex glass 4.1a 16.1 – Water (g) + H2 UV light 365 nm [19]
Ti-SBA-15 63.9b – 16.6 Water (g) 100 W Hg lamp

>250 nm
[48]

Cu–Fe  (0.5 wt.%)-P25 on glass 0.06 – – Water (g) 150 W Hg lamp [49]
Cu–Fe  (0.5 wt.%)-P25 on fiber optic cable 0.9 – – Water (g) 150 W Hg lamp [49]
Cu–Fe  (0.5 wt.%)-P25 on fiber optic cable 0.3 – – Water (g) Sun light [49]
TiO2 (in pellet form) (P-25) 0.0025a – – Water (g) 1.6 W germicidal

lamp 253 nm
[50]

TiO2 coated beads 4.3a 5.0 – Water (g) 150 W Hg lamp [51]
Pt–TiO2 coated beads (0.25%) 11.5a 17.2 – Water (g) 150 W Hg lamp [51]

a Converted from line graph using initial data.
b Converted from bar graph.
c Reference standard catalyst from Catalysis Society of Japan.
d Prepared by ion exchange.
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f Ti-� zeolite synthesized under hydrothermal conditions using F-ions as anions 

g Ti-� zeolite synthesized under hydrothermal conditions using OH-ions as anion

.2. Catalyst characterization

The XRD measurements of the catalysts were performed using
igaku D/Max 2200 PC X-Ray Diffractometer using Cu-K� radiation.
ET measurements were done with Micromeritics Gemini V Surface
rea and Pore Size Analyzer. HR-TEM analysis was performed on a

EOL JEM 2100F field emission gun scanning transmission electron
icroscope operating at an accelerating voltage of 200 kV using a

ingle tilt holder. Specimen was prepared after scraping the film
y a scalpel from the glass substrate as powder, dispersing this
owder in ethanol in an ultrasonic bath for 10 min. The solution
as dropped on copper grids covered with lacey carbon films.

.3. Reaction tests

The reaction tests were carried out in a Pyrex manifold
79.7 cm3) connected to a high vacuum system (10−6 Pa range)
nder batch conditions. Prior to the reaction measurements, H2
retreatment was done over the catalyst for 2 h at 220 ◦C around
50 Torr gas pressure while replacing H2 gas was replaced every
our. After the reduction the manifold was evacuated and the sam-

le was cooled to room temperature under vacuum. After ensuring
hat all the gases were evacuated from the manifold, liquid water
as injected in the manifold with a syringe through the sampling

eptum and allowed to evaporate to its vapor pressure ∼20 Torr
cture directing agent.
tructure directing agent.

at room temperature. CO2 gas was introduced into the manifold
to bring the total pressure to around 680 Torr. The reaction was
allowed to progress under UV light or in dark. The reaction prod-
ucts were collected using a syringe from the gas phase and were
analyzed by Varian 3900 GC with FID detector and PoraPLOT Q cap-
illary column at every 30 min. After 2 h of reaction progress, the
chamber was  evacuated and the fresh gases were introduced. The
vacuuming time between runs was kept at 10–15 min. UV irradia-
tion of the catalysts was  carried out using a 100-W high pressure
Hg lamp (average � ∼ 365 nm). Due to the heating of the reaction
chamber by irradiation, the reaction chamber was at ∼80–85 ◦C.
When the gas phase was  pure H2, the chamber pressure was  kept
at 680 Torr.

3. Results and discussion

The objective or this work was  to investigate the CO2 reduction
performance of sol–gel coated TiO2 films. The effect of Pt metal
introduced into the sol–gel structure as well as added on the films
by incipient wetness technique was also investigated. In this part,
the results of this study and our interpretations for the future mate-

rial design will be presented.

The crystal structures of the sol–gel coated films with Pt incor-
porated both in and on the structures monitored by XRD are given
in Fig. 1. The XRD data of the films are compared to the XRD struc-
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Fig. 1. XRD patterns of the TiO2 films coated on the glass beads (a) TiO2 films with Pt
incorporated in the sol prior to calcinations, calcined at three stages; (b) the films are
f
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work observed in the pure films was  no longer present. The BET
analysis of the films revealed that the Pt containing films indeed
had lower surface areas (Table 3).
urther coated with Pt via the incipient wetness technique and (c) the corresponding
R-TEM image containing Pt incorporated via incipient wetness technique.

ures of pure anatase powder. In Fig. 1a TiO2 films with Pt added in
he sol are presented. The pretreatment procedure was  definitely
ot sufficient to form crystalline phases as the increase in the cal-
ination temperatures increased the crystallinity indicated by the
ncrease in the anatase related peaks with increasing duration of
he calcination. On the other hand, not much variation in the peaks
ere observed for the samples when more Pt was added by incip-

ent wetness technique, as seen in Fig. 1b. Due to the low amounts
f the samples, the diffraction patterns exhibit very low signal to
oise ratio. However, the data can be used to confirm the formation
f the anatase phase based on the peaks at 2� = 25.28 and 48.05.
he XRD patterns of the samples further calcined for 4 h and 8 h
evealed a lack of change, indicating the completion of calcination
nd the formation of long range order. Furthermore, the lack of
hange also confirms that the calcination of the samples was suffi-
ient to remove all the organic phase [30] and the formation of TiO
2
hase would not be altered with further calcinations. The HR-TEM

mage shown in Fig. 1c confirms the crystallinity of the Pt. It is even
ossible to observe Moire fringes on some of the particles. Further-
Fig. 2. The photocatalytic methane formation rates from CO2 and H2O over pure
TiO2 films. The activities are reported normalized to the amount of the catalyst.

more, the crystal planes of TiO2 are also clearly visible in the image
indicating the formation of long range order.

The effect of the film thickness on the activity was  tested for
pure and Pt containing sol–gel films of TiO2. The motivation for
this part of the study was to investigate the effect of Pt “doped” in
the structure on the CO2 reduction activity of TiO2 films. In Fig. 2,
the results of film thickness on the catalytic activity under pho-
tocatalytic water reduction of CO2 were presented. The reaction
rates were presented normalized to the amount of the catalyst pre-
sented. It was observed that the methane evolution rates did not
change much when the film thicknesses were increased. The results
are interpreted as the formation of a tortuous TiO2 structure such
that the lower layers were accessible to illumination and also to
chemical conversion.

When Pt(in) samples were tested for photocatalytic CO2 reduc-
tion reaction with H2O, it was  observed that the activity of the films
with one layer of coating was  greater than the other samples (Fig. 3).
In fact, a systematic decrease of the methane formation rates was
observed with increasing film thickness. This was interpreted as Pt
catalyzed crystallization of the TiO2 structures. The tortuous frame-
Fig. 3. The photocatalytic methane formation rates from CO2 and H2O over TiO2

films containing Pt in the structure. The activities are reported normalized to the
amount of the catalyst.
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Table 3
Photocatalytic CO2 reduction rates obtained in this study along with the specific
surface areas of the samples.

Catalyst BET surface area (m2/g) Rate (�mol/gcat-h)

TiO2-1 layer – 2.05
TiO2-3 layer 49 2.55
TiO2-5 layer 63 3.50
Pt–TiO2-1 layer – 1.53
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Fig. 5. Methane formation rates under different reaction conditions: first frame:
methane formation from residual hydrogen on the surface from reduction and gas
phase CO2; next five frames: methane production from surface carbon intermediate

F
s

Pt–TiO2-3 layer 43 0.94
Pt–TiO2-5 layer 29 0.44

After this point, it was decided to look for the methane formation
echanisms over the samples which had the most dense struc-

ure. The sample with Pt incorporated in the TiO2 sol with further
t added via incipient wetness technique was chosen for further
tudy. The sample was exposed to different gas atmospheres and
he results of the photocatalytic methane production reaction are
resented in Fig. 4. There are three different reaction zones, and the
ertical dotted lines indicate evacuating the system and replen-
shing the gas phase atmosphere. In the first reaction zone, CO2
eduction with water vapor was followed. The deactivation of the
atalyst could be followed by the activity loss with each subsequent
as replenishment. In the second reaction zone, only gas phase H2
as provided and the reaction products with respect to time was

ollowed. In this zone, no carbon source was available except the
arbon deposited on the surface most probably in the form of a sur-
ace carbonate. It is clear that the rate of methane formation was

uch faster, and a significant amount of methane was  formed dur-
ng this reaction zone. After the methane formation rates decreased
o that of the fresh catalyst, the system was evacuated and pure CO2
as delivered in the reaction chamber with no source of hydrogen

third reaction zone). In this zone significant formation of methane
as still observed, due to the presence of spilled over hydrogen

ver TiO2 surface.
In order to demonstrate that the hydrogen spilled over from

he metal to TiO2, the fresh catalyst was reduced with hydrogen

ollowed by a brief evacuation period ensuring that spilled over
ydrogen is not removed from the catalyst (10 min, in this system)
28]. Subsequently, CO2 was sent to the chamber, and the kinetics of
he methane formation was monitored. The results are presented

ig. 4. Methane formation rates under different reaction conditions: first three frames: 

urface  carbon and gas phase hydrogen; last frame: methane formation from surface spil
and  gas phase hydrogen; last frame: methane formation from surface hydrogen and
gas phase CO2.

in Fig. 5. The follow up figures indicate the presence of only one
reactant (CO2 or H2), and the other reactant is present in the sys-
tem as a surface intermediate. In the first step, the spilled over
hydrogen over the support is used to reduce CO2. In the second
step, we observe a very high rate of methane formation. Methane
forms from the carbon containing intermediate over the surface
via the hydrogen adsorbed on the surface from the gas phase. After
1 h of monitoring the kinetics, the system was evacuated and fresh
hydrogen was fed to the system. The decrease in the methane for-
mation rates upon each hydrogen dose was due to the depletion

of the carbon intermediate over TiO2 surface. In the last frame, the
system was dosed with pure CO2 and methane formation kinetics
from spilled over hydrogen was  monitored. It is important to note
that the methane formation rates in the first and the last steps are

artificial photosynthesis conditions; next six frames: methane formation from the
led over hydrogen and gas phase CO2.
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Fig. 6. Dark kinetics of methane formation after artificial photosynthesis conditions:
first two frames: UV irradiated CO2 + H2O reactants; next two frames: methane
production in dark from surface carbon intermediate and gas phase hydrogen;
5th frame: methane production in dark at 85 ◦C from surface carbon intermedi-
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in:  M.  Anpo, P.V. Kamat (Eds.), Environmentally Benign Photocatalysts: Applica-
te and gas phase hydrogen; last frame: methane production from surface carbon
ntermediate and gas phase hydrogen under UV illumination.

imilar indicating that the activity of the catalyst was not altered
uring the tests.

Finally, the dark reaction kinetics of CO2 reduction with
ydrogen was followed. For this purpose, the surface of the cat-
lyst was populated with the carbon containing intermediate by
xposing CO2 + H2O mixture twice and irradiated under UV for 1 h
ach and methane formation kinetics were monitored (Fig. 6). After
stablishing that the surface is coated with carbon containing inter-
ediate, the dark reaction kinetics upon hydrogen exposure was

ollowed. Methane formation was observed, but the rates were
ower than that observed under UV irradiation (Fig. 5) and the
ctivity was lost immediately. The effect of temperature was  also
onitored by setting the temperature to 85 ◦C and higher rates of
ethane formation was observed in the dark. It should be noted

hat the methane formation rates exhibited a peak during these
ests which needs further exploration of the surface reaction mech-
nism. In the last step of the measurements, the methane formation
ates were monitored in the presence of hydrogen gas only and
nder UV irradiation. The rates under UV irradiation are much
igher than the dark reaction kinetics indicating a thermal and a
hotocatalytic component of the surface carbon containing inter-
ediate hydrogenation.
All of these experiments indicated that during the photocatalytic

eduction of CO2 with water, a significant carbon containing inter-
ediate deposition took place. The carbon containing intermediate

eposition started as surface HCO3
− formed from CO2 and surface

H groups [13]. Once dissociated hydrogen is available, the surface
ntermediate was immediately converted to methane. Hydrogen is
resent over the surface as spilled over form, and it can resist evac-
ation due to the surface diffusion resistance [28]. These results
resent a different perspective and can be used to design photocat-
lytic CO2 reduction systems.

The results presented in this study reveal striking similarities
etween natural and artificial photosynthesis systems. The exper-
ments intended to elucidate the mechanism of reduction of CO2
ith H2O over TiO2 surfaces revealed that it was  very easy to

ccommodate CO2 on basic TiO2 structures. CO2 was  essentially

[

[
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titrating the OH groups present over TiO2 and forming HCO3
−

structures similar to the accommodation of the CO2 via the CAM
(Crassulacean Acid Metabolism) in Cacti and succulent plants.

There are two  important steps in the artificial (and natural)
photosynthesis systems. One is the activation of CO2 and the
other one is the activation of H2O. The data presented above
clearly indicated that the adsorption and accommodation of CO2
is not limiting the rate of methane formation. On the other hand,
production of protons and electrons, or hydrogen atoms, is the
rate limiting step in the overall process. As can be seen from the
data compiled from the literature, the rates of methane formation
are close to the rates of photocatalytic water splitting in neutral
conditions when no sacrificial agents (such as methanol) are
present. It is also important to note that the photocatalytic water
splitting rates are still 6–7 orders of magnitude behind the rates of
water splitting in the photosynthetic cells [32]. Thus, while there
is a huge room for improvement of the artificial photosynthesis
mechanisms, the role of the surface and interface transport mech-
anisms in enhancing the rates and selectivities towards glucose
in the photosynthesis is still waiting to be explored for designing
efficient artificial photosynthesis systems.

4. Conclusions

Photocatalytic reduction of CO2 with H2O was  limited by the
rates of water splitting reaction, similar to the natural photo-
synthesis. Carbon deposition over the photocatalyst surface was
identified, which could be removed by a hydrogen dose, indicating
that the carbon was in partially hydrogenated form. Spilled over
hydrogen was  responsible for the final hydrogenation step. Fur-
thermore, in the presence of gas phase hydrogen, significant dark
activity was  also present.
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