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In this study, the photocatalytic reduction of CO, in monoethanolamine solution to form valuable energy sources was

investigated using Mo-doped TNTs photocatalysts for the first time. The results revealed that the structure of Mo-doped
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TNTs was changed with the increase of calcination temperature. For Mo-doped TNTs calcined at 500 °C, the partial

corruption of titanate nanotubes into anatase particles caused the reduction of Mo species from Mo® to Mo®" and

produced oxygen vacancies, which resulted in the highest CO, reduction ability. The yield rates of CH;, CO and total

combustible organic compounds were 0.52, 10.41 and 13.53 pmol/g-cat., respectively, under UVA (8W, 63uW/cm2)

irradiation. The photoreduction quantum efficiencies of CHs and CO were achieved at 0.036% and 0.180%, respectively. It

was found that the molybdenum structure and oxygen vacancies could be the key factors controlling the photocatalytic

reduction efficiency of CO,. Possible structure transformation of Mo-doped TNTs at different calcination temperatures was

inferred. And reaction mechanism for photocatalytic CO, reduction with oxygen vacancy sites of Mo-doped TNTs was

proposed.

Introduction

The rapid industrial development with increasing fossil fuel
combustion is one of the major reasons which cause the
continuous increase of atmospheric carbon dioxide (CO,) level
every yearl_g. Thus reducing CO, emission from the fossil fuel
combustion sources has become a new study field. The CO,
capture and storage (CCS) process has been evaluated by the
Inter-governmental Panel on Climate Change (IPCC) as a
feasible CO, mitigation option4_9. And monoethanolamine
(MEA) has been most widely employed as the absorbent for
CO, capturem’ll.

There are many studies on direct conversion of CO, to other
valuable energy sources, chemicals or products by solar
energy. The photocatalytic reduction of CO, was induced with
the addition of some reductants such as hydrogenu'B, water
vapor”’ls, 2—propano|16’17, FeCI318 and KHCO319, etc.. As an
attempt to enhance the solubility of CO, in water, absorbents
such as KOH'® or NaOH>*?? have been added in the literature
studies.

The TiO, photocatalyst has been extensively used in CO,
reduction studies because of its exceptional properties such as
non-toxicity and low cost. Recently, titanate nanotubes (TNTs)
have attracted much attention in photocatalytic research field
because their one-dimensional nanostructure have distinctive
geometrical morphologies as well as physical and chemical
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properties. Yu and Wang23 indicated that titanate nanotube
structure allows electrons to quickly transfer to the surface as
compared to TiO, nanoparticles. This helps to reduce the
recombination of electron-hole pairs in the process of
electronic transmission. There are several methods to prepare
titanate nanotube524727; nevertheless, the hydrothermal
method is typically recommended for the commercial
production27'28. In addition, the surface area and the amount
of anatase phase of the TNTs can be modified by calcination at
various temperatureszg_32.

The metal doping and coupling with semiconductors is a
common modification method in photocatalytic studies. It was
reported that among various transition metal ions, lanthanide
group metals, precious metals or non-metals, e.g. copperzz,
silvergg, gold34’35, 36_38, nickel39, zinc40, graphene34 and
nitrogen“, in TiO, could advance electron—hole separation.
And they were widely applied in the degradation of
pollutants34'41, water splitting35’42 and CO, reduction®>*3™®,
Among many nonprecious metal-doped TiO, materialszz‘”*w,
Mo-doped TiOzso_52 was proven to have high potential of
photocatalytic activity. However, although TNTs synthesized by
hydrothermal method have many applications, to the authors’
knowledge there is no literature on using Mo-TiO, or Mo-TNTs
for the CO, reduction. This is because molybdenum usually
exists on the TiO, surface as molybdenum trioxides; it could
enhance oxidation ability and inhibit reduction ability of Mo-
TiO,.

In our previous study53, MEA was used as the absorbent and
Ti-MCM-41 as the photocatalyst, which can combine the CO,
capture and utilization into a single process and produce
regenerable energy by photocatalysis. However, when using
Ti-MCM-41 as the photocatalyst, the CO, reduction could be
activated only at deep UV light (254 nm). This would limit the
application of this process. Besides, there is still limited
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information on the effect of chemical properties of Mo-TNTs
photocatalysts and reaction mechanism in the photocatalytic
reduction of CO, with MEA solution.

The aim of this research is thus to study the photocatalytic
reduction of CO, in MEA solution using TNTs and Mo-doped
TNTs as photocatalysts under UVA light (365nm) irradiation.
The chemical reaction mechanism for CO, absorption and
reduction ability of Mo-doped TNTs were inferred. The effect
of photocatalytic properties on the CH, and CO yields was
evaluated and the photo-reduction quantum efficiency was
reported.

Experimental
Photocatalysts preparation

The TNTs were prepared by the alkaline hydrothermal
method>* while precipitation method was used for doping of
Mo onto TNTs. In a typical procedure, 6 g of TiO, (Degussa
P25) powder was mixed in 180 ml of 10 N sodium hydroxide
solution for 20 min and sonicated for 20 min. The solution was
then transferred into an autoclave and placed in an oven at
135 °C for 24 hrs. The resulting material was subsequently
cooled and allowed to age for 12 hrs. The cooled material was
washing and filtrating with 500 ml of DI water. After washing
and filtrating, the material was added into 1 L of DI water. The
solution was then adjusted to pH 3.0 using 0.1 N nitric acid
followed by further stirring. Meanwhile, ammonium
heptamolybdate ((NH;)sMo0;0,,24H,0) with the calculated
Mo/Ti molar ratio of 1% was dissolved in 40 ml of DI water,
which was then added into the above solution. The resulting
suspension was stirred for 30 min, and then sonicated for 30
min. After subjecting the suspension to repetitive washing
with DI water, the material was dried in air at 120 °C for 12 hrs
and finally calcined in air at different temperatures (120—700
°C) for 2 hrs. The materials were named as T-X or Mo-T-X, with
T stands for the TNTs, X denotes the calcination temperature
of the materials.

Photocatalysts characterization

The materials were characterized by different techniques for
understanding their structure, absorption spectra and element
types. The crystalline nature of Mo-doped TNTs was analyzed
by an X-ray (wavelength A = 1.5405 A) diffractometer (Bruker
D8 SSS) equipped with a copper target operated at 30 kV and
20 mA. The diffractograms of Mo-doped TNTs samples were
recorded in the 20 range of 10-80° with a scanning speed of
4°/min. The morphology of the materials was observed via a
transmission electron microscope (TEM) (Hitachi, HT7700). An
X-ray photoelectron spectroscope (XPS, ESCA PHI 1600) was
used to identify the surface composition and chemical state of
elements in the photocatalysts. The metal contents were
determined by Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES) using a Jarrell-Ash  ICAP9000
instrument. The specific surface area, pore volume and
average pore diameter (BJH method) of the samples were
measured by N, adsorption-desorption isotherms using a
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surface area and porosity analyzer (Micromeritics, ASAP 2000).
All the samples were degassed at 350 °C or lower (if their
calcination temperature was lower than 350 °C) for 6 hrs
under vacuum (10'6 mbar) prior to the adsorption
experiments.

Photocatalytic reduction of CO,

The photocatalytic activity of Mo-doped TNTs was evaluated
by photocatalytic reduction of CO,, and the experimental
details can be found in our previous study53. In the liquid phase
reaction, the catalyst loading was 0.1 g in 300 ml of 0.2M MEA
solution. Before each reaction test, the solution was aerated
with CO, (99.999%) for 1 hr to ensure the saturated absorption
of CO,. Temperature of the whole system during the
experiments was controlled at 25%2°C in a temperature-
controlled cabinet. Mo-doped TNTs photocatalysts were
illuminated in the solution under a UVA lamp (8W, 365 nm,
63pW/cm2). The products were analyzed by a Fourier
transform infrared spectroscope (FTIR, MB-104 MOMEM) and
a gas chromatographer (SRI-8610C) equipped with an FID and
5 m long Porapak Q column. The major products of the
reaction were expressed as total combustible organic
compounds (TCOCs), which includes CH,;, CO and all other
detectable organic compounds. The concentration of CH, and
TCOCs were measured by GC-FID every hour while the
concentration of CO (CH, and TCOCs as well) were measured
by FTIR after 6 hrs tests.

Results and discussion
Catalyst characterization

To improve the CO, reduction ability of photocatalysts, one of
the key factors is to increase the surface area of
photocatalystsss_ss. The pore characteristics of P25 (TiO,), T-X
and Mo-T-X are listed in Table 1. It can be observed that the
pore structures of TNTs (T-X and Mo-T-X) were quite different
from that of TiO,.

This journal is © The Royal Society of Chemistry 2015

Page 2 of 10



Page 3 of 10

Table 1. Pore characteristics of P25, pure TNTs and Mo-doped TNTs after calcination
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nanotubular structures with diameters of 8-11 nm and lengths
of a few micro-meters. After calcined at 200-700 °C for 2

Catalysts Calcinati hours, the morphology of TNTs and Mo-doped TNTs shifted
alcination
Catalyst  Sample Temp.(“C) Seer(m?/g)  "DPaw(nm)  Vi(em’/g)  from tubes to rods and to spherical particles. The morphology
Type Name of Mo-doped TNTs at 200-300 °C still showed tubular
TiO, P25 - 53 9.6 01 structures but their lengths were reduced to 40 to hundreds of
7-120 120 390 118 12 nanometers. Theré was an obwous- change in morpf:ology
7-300 300 341 13.6 1.2 when the calcination temperature increased to 500 °C, at
T-400 400 161 223 0.9 which the tubular, rod and nanoparticle structures were
Pure T-500 500 106 23.5 0.6 coexisted (Figs. 3B and 3D).
TNT:
> T-600 600 61 23.9 0.3
T-700 700 26 54.6 0.1 oo o
2000517 o, @ 0.006 . )
- \ - *— Mo-T-120
Mo-T-120 120 342 11.6 1.3 gmgp- \ . soms| 5 o~ MoT300
. 3 Pt . - M 0
Mo-T-300 300 297 12.5 1.2 ol 1\ £ o MoT500
Mo- 2 W e /R 2 A a— Mo-T-700
Mo-T-400 400 221 18.1 1.2 ool o4 \: £
doped £ N 8
TNT Mo-T-500 500 110 29.7 1.1 ERYTY 2 o001 7 L
S 5 4 i S — 3 !..::. — S
Mo-T-600 600 77 383 0.9 0000 [MiEe s s e | om0 s
Mo-T-700 700 38 36.2 0.3 0 10 20 30 40 S50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

NOTE: *BET surface area. °Pore volume. ‘Pore diameter calculated by BJH theory.

The specific surface areas of both T-X and Mo-T-X were higher
than that of P25 when they were calcined at temperatures
below 600 °C. For example, the specific surface areas of T-120
and Mo-T-120 were 390 and 342 mz/g, respectively, which
were 7.4 and 6.5 times higher than that of P25. Compared to
the TNTs without metal doping, the doping of Mo into the
TNTs led to a lower specific surface area at lower calcination
temperatures (<300 °C). However, the thermal stability of Mo-
doped TNTs was relatively higher as their specific surface area
became larger when calcination temperature was increased to
over 400°C.

When calcination temperature was further increased to 700
°C, the specific surface area and pore volume of T-700 and Mo-
T-700 were significantly reduced to 26-38 mz/g and 0.1-0.3
cm3/g, respectively. Their pore characteristics were similar to
those of P25, but the values of pore diameter were quite
different which might be due to the sintering of the porous
TNTs materials into large particles at high calcination
temperature. Fig. 1 shows the pore size distribution of T-Xs
and Mo-T-Xs. Two obvious peaks of the pore size distribution
were observed for both T-Xs and Mo-T-Xs as the calcination
temperature was lower than 300-400 °C. By increasing the
calcination temperatures from 400 to 700 °C, the first pore size
distribution at ca. <5nm gradually disappeared.

Fig. 2 demonstrates the correlation between the specific
surface area and the calcination temperature, which showed
high linear correlation. The R? values between specific surface
areas and calcination temperatures were 0.9279 and 0.9538,
respectively, for T-Xs and Mo-T-Xs. These results confirmed
that the specific surface areas of TNTs and Mo-doped TNTs
strongly depend on the calcination temperature. Figs. 3(A)-
3(F) display the TEM images of TNTs, Mo-doped TNTs and P25
formed after various calcination temperatures. The TNT
precursor of P25 TiO, consists of large particles with sizes of 40
to 80 nm (Fig. 3F). After hydrothermal treatment, the as-
synthesized T-120 (Fig. 3A) and Mo-T-120 (Fig. 3C) showed

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 The pore size distribution of TNTs and Mo-doped TNTs calcined at various
calcination temperatures ranging from 120 to 700 °C.
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Fig. 2 Correlation between the specific surface area and the calcination temperature of
TNTs and Mo-doped TNTs calcined from 120 to 700 °C.

The nano-tubular structure was converted to nano-rods which
were ready to crumble into particle shapes at higher
temperatures. The tubular-shaped nano-materials obviously
disappeared at calcination temperature of 600 °C, and
completely collapsed into powder form with particle sizes of
20-40 nm. When calcination temperature increased to 700°C,
TiO, particles sintered into larger nanoparticles of 60—-120 nm
in size (Fig. 3E). The larger particle size of Mo-T-700 made its
specific surface area became smaller than that of P25 (Fig. 3F)
as their values can be seen in Table 1.

RSC Adv., 2015, 00, 1-9 | 3
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with the increase of calcination temperature, but total
amounts of Mo and Na (from ICP-AES results) were not
significantly affected by the calcination temperature. Hence,
according to Table 2 as well as the TEM images and XRD
results it can be inferred that the presence of Na and Mo on
the surface of photocatalysts were from structure degradation
of Mo-doped TNTs. In addition, most of the Mo metal species
in the Mo-TNTs are possibly incorporated into or covered by
the TNTSs structure.

Page 4 of 10

Fig. 3 The TEM images of TNTs and Mo-doped TNTs at different calcination
temperatures, (A) T-120; (B) T-500; (C) Mo-T-120; (D) Mo-T-500; (E) Mo-T-700; (F) P25.

These results indicate that the calcination temperature
influenced the morphology of Mo-doped TNTs and the
phenomenon of shape transformation was similar to those
reported in the literature®®*.

The XRD patterns for Mo-doped TNTs are plotted in Fig. 4,
with those of P25 and MoOx calcined at 500°C were also
added for comparison basis. One can observe that the TNTs
characteristic peakszg"r’g'39 at 10° ~ 24° ~ 29° and 48° were
appeared for Mo-doped TNTs calcined at temperatures below
400°C. These characteristic peaks gradually decreased with the
increase of calcination temperature. On the contrary, TiO,
anatase peakssg’60 at 25.3°, 37°, 37.8°, 38.6° and 48.2° started
to appear at 400°C and gradually increased with the increase of
calcination temperature. At 700°C, rutile peaks37'39 at 27.5°,
36.2°, 39.4°, 41.3° and 44.1° were found as the result of
sintering of TiO, structure to form bigger crystalline particles.
This phenomenon further confirmed on the TEM results that
the TNTs tubular structure started to corrupt at the calcination
temperature of around 300 to 500°C. On the other hand, the
XRD patterns did not reveal any evidence of MoOy for Mo-
doped TNTs calcined from 120 to 700°C. This might be due to
that the MoOy particles on the surface of Mo-doped TNTs only
appeared in a minor amount, or most of the Mo content was
incorporated into or covered by the TNTs structure.

The Mo and Ti contents of Mo-doped TNTs were detected
by the X-ray photoelectron spectroscopy (XPS) analysis for
surface atomic amount and ICP-AES analysis for total weight
amount. The amounts of Mo and Ti were then converted to
Mo/Ti molar ratio as shown in Table 2. From the XPS and ICP-
AES results, it is known that Na and Mo were presented in the
calcined Mo-doped TNTs. This may indicate that the TNTs
structure could be NaXHz_XTi3O7-H2061. The surface Mo and Na
contents of Mo-doped TNTs (from XPS results) were increased

4 | RSC Adv., 2015, 00, 1-9
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Fig. 4 XRD results of MoOx-500, P-25 and calcined Mo-doped TNTs: (A) anatase peaks,
(R) rutile peaks, (o) MoO, peaks, (®) MoOs peaks and (o) characteristic peaks of TNT.

Table 2. Atomic concentration® and metals contents® of Mo-doped TNTs

XPS analysis ° ICP-AES analysis °

Catalysts

Na/Ti Mo/Ti Na/Ti Mo/Ti

(at. %) (at.%) (mol. %) (mol. %)
Mo-T-120 4.9 1.8 8.1 1.3
Mo-T-300 29.6 1.5 8.1 13
Mo-T-400 49.4 1.9 8.1 13
Mo-T-500 49.7 3.0 8.0 1.3
Mo-T-600 67.2 35 7.7 1.2
Mo-T-700 61.5 7.4 7.5 1.2

NOTE: “The atmoic concentration on the surface of Mo-T-X was detected by XPS
analysis. °The metal contents of the bulk materials were detected by ICP-AES
analysis.

To explore the chemical state of the metal species, the Mo-
doped TNTs samples were subjected to XPS analysis and the
results are shown in Fig. 5. The Na;; and Mosqgs/, peaks were
observed from calcined Mo-doped TNTs, this may indicate that
the TNTs structure could be NaXHz,xTigoerOGl. The intensity
of Na" peak (1072.5 eV)GZ’63 was gradually enhanced with
increasing the calcination temperature, and their atomic
concentration of Na can be seen in Table 2. This indicates that
Na was possibly accommodated into the Mo-doped TNTs
framework before Mo-doped TNTs were calcined. And after
calcination at high temperature, the Na atoms migrated from
the framework into the surface of photocatalyst.

The Mosg3/, regions showed two peaks at 231.4 and 232.5
eV corresponding to molybdenum in Mo>* and Mo®" oxidation
state64’65, respectively, as seen from Fig. 5B for the Mo-doped
TNTs.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 XPS results of Oy, Najs and Mosy for Mo-doped TNTs calcined at different
temperature.

It seemed that Mo™ (peaks at 229.7 and 232.9 eV) also
appear in Mo-T-500, but with a minor amount. Hence their
peaks were not indicated. The Mo>" peak intensity was
gradually changed to Mo®" as the calcination temperature was
increased. According to TEM and XRD results, it can be inferred
that Mo®" was the main form of molybdenum accommodated
into the Mo-doped TNTs framework for samples calcined at
300°C and below. Moreover, it did not reveal any evidence of
MoOy for Mo-doped TNTs from XRD patterns. Therefore, the
presence of Mo was possibly due to the accommodation of
Mo into the TNTs framework for materials calcined at low
temperature. One can also conclude that the emergence of
Na" and Mo®" contents due to the increasing temperature was
probably from the structure degradation of Mo-doped TNTs.

Furthermore, as seen in Fig. 5A the O, had two peaks,
which were 0> and O™ at 529.3-530.2 and 531.3-531.9 eV,
respectively. The peak at 529.3-530.2 eV corresponded to the
lattice oxygen o> (hereafter denoted as Og), and the peak at
531.3-531.9 eV corresponded to the material surface
adsorbed oxygen (hereafter denoted as O,) such as 0% or o,
which were results of defect oxide or hydroxyl groupsse{g.

The hydroxyl group was due to chemisorbed oxygen on the
catalyst surface, while the defect oxide was due to the change
of metal species by calcination which could cause a charge
imbalance, vacancies and unsaturated chemical bonds on the
catalyst surface®®. One can observe from Fig. 5A that the O,
concentration of Mo-doped TNTs was decreased when the
calcination temperature increased from 120 to 400 °C, which
was due to the dissociation of chemisorbed oxygen on the
catalyst’s surface. However, the intensity of O, peak was
increased again as the calcination temperature further
increased to 500 °C, which was because of the metal species
being disaggregated from Mo-doped TNTs structure (such as
Mo and Na). The disaggregation of metal species was due to
that the tubular structure of Mo-doped TNTs gradually

This journal is © The Royal Society of Chemistry 2015
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transformed to particle structure. According to Iiteratureso'sg,

the structure degradation of TNTs would bring a lot of
reduction electrons and lead to metal species reduction. This
probably brought some oxygen vacancies and reduced Mo® to
Mo>*. One can also see from Fig. 5 that only Mo species had
obviously changed. Therefore, it can be inferred that oxygen
vacancies were arisen from changing of Mo species.

In addition to XPS results, the absorption of visible light
could be further used to reveal the state of molybdenum.
Dieterle et al.”® discussed the structural characterization of
oxygen defects in MoOj;_, and indicated that the absorption
bands of energy gap between 0.55 to 3.1 eV could be
interpreted as different states of Mo ligand to metal charge
transfer (LMCT). Moreover, the intervalence charge transfer
(IVCT) band positions at 2.0 eV could be used to determine the
sample oxygen stoichiometries of [Mo>*Os] and [Mo> O]
defect centers. Liu et al.”* further indicated that the presence
of oxygen vacancies possibly the
photoreduction efficiency.

Fig. 6 shows the UV-Vis absorption spectra obtained by
diffuse reflection of TNTs and Mo-doped TNTs.

could enhance

Mo-T-500
Mo-T-300

Mo-T-600
Mo-T-700

Mo-T-300_

ot By ’

A6 A8 20 22 24 26/

\ Energy (eV) 4

;
\ //

/
\ /

Energy (eV)

Kubelka-Munk Al

4 5

Fig. 6 UV-Vis absorption spectra obtained by diffuse reflections of TNTs and Mo-doped
TNTs.

The adsorption band spectra were converted to band energy
by the equation of Eg = 1240/A (where A is wavelength edge of
absorption band). It can be observed from Fig. 6 that Mo-
doped TNTs of different calcination temperatures had the
absorption edge at lower energy gap (< 2.7 eV). It can also be
observed that the absorption capacity at 2.0 eV increased with
the increase of calcination temperature in the range of 200 to
500 °C. However, the absorption ability was decreased as Mo-
doped TNTs were calcined at temperatures higher than 500 °C.
On the other hand, pure TiO, (P25), TNTs and Mo-T-120 had
no significant absorption edge at lower energy gap (< 2.7 eV,
i.e. A> 460 nm). This may demonstrate that the Mo species in
the structure of Mo-T-120 was not effective for visible light
adsorption.

Hence, according to analysis results one can infer a possible
structure transformation at different calcination temperature
ranges for Mo-doped TNTs, as can be seen in Chart 1. The
possible structure of Mo-T-120 was [Ti4+—O—M05+]. From the
XPS result, one can prove that Mo species of Mo-T-120 was in
Mo>" oxidation state and O, was hydroxyl groups. The UV-Vis
result can further confirm that the major part of O, was
hydroxyl groups. The Mo-T-120 photocatalyst had a significant

RSC Adv., 2015, 00, 1-9 | 5
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O, intensity as seen from XPS results, but it did not have
significant energy gap at 2.0 eV in UV-Vis results. And the
amount of O, was decreasing when calcination temperature of
Mo-TNTs was increased from 120 to 400°C. This is because the
Mo species was converted from Mo®* to Mo® by
dehydroxylation on Mo-TNTs surface. Furthermore, the Mo®*
was transferred to Mo’ along with the amount of O,
increased when calcination temperature of Mo-TNTs was
increased from 300 to 500°C. This is due to structure of titania
nanotubes was decomposed by
deoxygenation, can be proved from XRD results.
Consequently, this process could produce many electrons to
reduce Mo®* to Mo®* oxidation state.

According to the XPS and UV-Vis results, one can observe
that the oxygen vacancies of calcined Mo-TNTs were produced
between 300 and 700°C, they were probably defected at
MO ~Voyygen=Ti>'T and [Ti**~Voyygen=Ti> '] positions’*. Then, the
Mo was transferred to Mo®* once again when calcination
temperature was increased over 500°C. This is Mo of [M05+—
Voxygen=Ti-'] oxidized to Mo® along with the increase of
calcination temperature.

The possible reaction pathways are as follows, where V,,cen
represents oxygen vacancy.

to titania anatase

as

[Ti*-0-Mo’] + % 0, — [Ti*-0-Mo®*"-07] )

H H
[Mo®"~0-Ti*"~0 —Ti*""] = [M0**~Vygyeer=Ti’ ~O-Ti*'] + H,O0 (2)

HO OH HO OH

/

00— Mo— 0 0— Mo®™— 0
120°C VAN /N
T
—Ti—O0—Ti—O0—Ti— 0 —Ti—
o\\ //o o\\ //o
M06+ MOM
6} 6} 0o

— Ti— O—Ti— O —Ti—

1
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500°C

(6] 0O 0 (6]
N7
M06+ M06+
SN /N
o (6] (6]

Ti* Ti* Ti**

700°C

Chart 1 Model of Mo-doped TNTs structure changes reaction pathways at different
calcination temperatures.

Photocatalytic reduction of CO, and reaction mechanisms

In this study, the photocatalytic reduction of CO, using P25
and TNTs were evaluated, and the CH, yields are displayed in
Fig. 7. The CH, production yields performed by P25, T-120, and
T-500 were similar and almost zero during short term (360
min) test, while relatively higher CH, yields were observed for
all Mo-doped TNTs. This confirms that the CO, reducing ability
was provided by adding the Mo metal species into the TNT
structure. This result is different from other studie55°'72'73,
which usually indicated the Mo-doped TiO, could enhance
oxidation ability.

It can also be observed from Fig. 7 that the CH, vyield
increased with the increase of calcination temperature up to
500°C. The CH, product yield of Mo-T-500 reached 0.52umol/g
after 360 min, which was the highest among all materials. The
CH, yield was then decreased as calcination temperature was
over 500°C, and the CH, production yield of Mo-T-700 was
dropped to 0.07umol/g.

In addition to CH, as a desired product of the CO, reduction
process, CO and TCOCs which can also be used as valuable
energy sources were also formed. The yields of CO and TCOCs
were measured by FTIR at the end of 360 min experiment and
presented in Fig. 8, where the CH, yield was also added for
comparison. The results showed that CO was the major CO,
reduction product for most of the Mo-doped TNTs. Among all
photocatalysts, Mo-T-500 had the highest CO yield of 10.41
pumol/g for, followed by Mo-T-400 (6.33 umol/g) and Mo-T-600
(6.14 umol/g). Similar to the trend of CO, TCOCs vyield
(including CO and CH,) of Mo-T-500 reached the highest of
13.53 umol/g, followed by that of Mo-T-400 (8.10 umol/g) and
Mo-T-600 (7.79 umol/g). In the TCOCs, ethylene and some
unknown products were also detected other than CO and CH,
species, but they were in trace amounts that it had difficulty to

This journal is © The Royal Society of Chemistry 2015

Page 6 of 10



Page 7 of 10

detect them with accuracy due to the detection limit of the
instrument.

To ensure that the carbon products of the photocatalytic
reduction reaction were not from the MEA solution itself,
blank tests were performed with Mo-T-500 as the
photocatalyst with UV light on, where only MEA solution was
presented as the only carbon source without the introduction
of any CO,. It was observed that there was no CH, and CO
formation during the blank reaction, while a minor amount of
TCOCs other than CH, and CO was detected with the yield of
0.16umol/g. This is only 6.2% of the TCOCs yield (other than

—e— P25
0sk|—o— 1120
v T-500
—o— Mo-T- 120
04 —&— Mo-T-200
0~ Mo-T-300
—— Mo-T-400
0.3 —<O— Mo-T-500
—a— Mo-T-600
—o— Mo-T-700

=

Methane yield (umol/g)

0.1

0 60 120 180 240 300 360

Time (min)

Fig. 7 Methane yields for the photocatalytic reduction of CO, in MEA solution using
P25, pure TNTs and Mo-doped TNTs.

= TCOCs
= CO
CH,

Creocs (nmolg) as Methane

Fig. 8 CH, , CO and TCOCs yields for the photocatalytic reduction of CO, in MEA
solution using P25, pure TNTs and Mo-doped TNTs.

CO and CH,) as compared to the reaction under the presence
of CO,.

According to the structure transformation at different
calcination temperature shown in Chart 1, the generation of
oxygen vacancies arose between 400 to 600 °C could be the
reason for the better product yields of Mo-T-400, Mo-T-500
and Mo-T-600. On the other hand, Mo-T-300 exhibited the
poorer vyield, which was because that Mo species in the
structure of Mo-T-300 was more stable than those in the
materials calcined at 400 to 600°C. From these results, it
implies that the oxygen vacancies could indeed enhance the
photocatalytic activity in the CO, reduction reaction. The
reaction mechanism of Mo-TNTs for CO,—MEA absorption
reaction is proposed as follows based on the literature’”®
our previous study’,

and

CO, + 2R-NH, <> R-NHCOO + R-NH;,"
CO, + H,0 + R-NH, <> HCO; + R-NH,"

R-NH, + H,0 + CO, <> R-NH;HCO,

This journal is © The Royal Society of Chemistry 2015
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R-NHCOO™ + H,0 < HCO; + R-NH, @]

R-NHCOO™ + R-NH;" <> R-NHCOOH + R-NH, ®)

R-NHCOO™ + H,0 < R-NHCO(OH), )
The MEA absorption mechanism demonstrates the

generation of HCO3 , which is a basic carbon source for CO,
reduction in solution. However, it can be found in the
literature'™”® that HCO; is very difficult to be dissociated from
carbon compounds after MEA absorption reaction. Therefore,
although MEA has been widely investigated and used as the
absorbent in the CO, capture process, it has not been
considered to be used as absorbent for CO, photocatalytic
reduction purpose in the literature.

In this study, it is discovered that the oxygen vacancy
presented in the Mo-doped photocatalysts was the key factor
to induce the CO, reduction reaction in the CO,-MEA solution.
Typical reaction of CO, reduction revealed in the literature’®”’
was that CO,” would be reduced to CO via reaction with H",
which was due to the dissociation of water, as demonstrated
by equations (10) and (11).

H,0 + 2h" —%0, + 2H" (10)

am

However, Liu et al.”’ indicated that CO, was directly
dissociated by healing the oxygen vacancy sites. This argument
was similar to our study results. Therefore, the possible
mechanism for photocatalytic CO, reduction reaction is
proposed in equations (12)-(15) LT3, During the CO, reduction
reaction, CO was possibly formed by direct dissociation of
HCO;~, R-NH3;HCO;, or R—-NHCOOH with the oxygen vacancy
sites of [M0®> ~Voyygen=Ti> T and [Ti**Vo,ygen=Ti>']. The produced
CO was further reduced to CH, via complex reactions with
electrons, protons and H".

CO, +H +¢ — CO+OH"

[M0*"~V grygen=Ti* ']+ HCO5~, R-NH;HCO3, R-NHCOOH + H'—-+-
-++— [M0*—O-Ti*"] + CO + H,0 (12)
[T Vouygen-Ti* 1+ HCO; ™, R-NH;HCO;, R-NHCOOH + H* —---

-+ [Ti**-0-Ti*1 + CO + H,0 (13)

[M0**~VigygerTi*'] + HCO; ", CO, HCOOH + nH' — ¢ ...

we € 5 IMo-0 —Ti*] + CH, + H,0

(14)
TV oo Ti**] + HCO;, CO, HCOOH + nH' — ¢ ...
g
e ¢ IT_OPTi*] + CH, + H,O (15)

The photocatalytic reduction efficiencies of photocatalysts
were evaluated in terms of the photo-reduction quantum

(4) efficiency (PQE) defined by the following equation:!%?

n, x Mole of production yield rate(umol /hr)
Mole of incident UV photon absorbed rate by catalyst(pmol / hr)

x100%
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Where n, is the number of moles of electrons required to

produce one mole of product from reactant. And the mole of
incident UV photons absorbed by photocatalysts was
calculated by the following equation:

o) o)

Mole of incident UV photon absorbed by catalyst =
' P : y ey he/ A(J/# of photon)

Where L, is the incident light intensity (63 uW/cmz)

4 is the area of light irradiation projected in the reactor
proj

(278 cmz)

h is the Plank constant

¢ is the speed of light

A is the wavelength of light (365 nm)

From the reaction mechanism in the Iiteraturels, one can
assume that 1 mole of methane produced will consume 8
moles of electrons, whereas 1 mole of carbon monoxide
produced will only consume 2 moles of electrons.

One of the common approaches to obtain higher values of
PQE is to do the experiments at a lower wavelength (e.g.
254nm) as we did in our prior study53. And the PQE of 9.18%
for CH, production was obtained using Ti-MCM-41 as the
photocatalyst53. However, Ti-MCM-41 could not be activated
at higher wavelengths for the CO, photocatalytic reduction.

Table 3.
illumination.

Photo-reduction quantum efficiency (PQE) of catalysts after 360 min UV

CH, yield CO yield PQE(%)
Catalysts
(umol/g-cat.)  (umol/g-cat.) CH,4 co

TiO, (P25) ND ND - -

T-120 ND ND - -

T-500 ND 0.01 - -
Mo-T-120 0.08 0.46 0.006 0.008
Mo-T-300 0.13 0.09 0.009 0.002
Mo-T-400 0.19 6.33 0.013 0.110
Mo-T-500 0.52 10.41 0.036 0.180
Mo-T-600 0.12 6.14 0.008 0.106
Mo-T-700 0.07 0.47 0.005 0.008

NOTE: “ND” means No Detected.

In this study, it was found that the Mo-doped TNTs could be
activated under 365 nm UVA light irradiation. And all CH, and
CO vyields of photocatalysts were compared after 360 min of
UVA illumination, with the total PQEs summarized in Table 3.
One can see that the PQEs were 0.005-0.036% and 0.002-
0.180%, respectively, for CH, and CO yields. And the best PQEs
for CH, and CO (0.036% and 0.180%) were achieved when Mo-
T-500 was used as the photocatalyst. This seemed to be better
than literature data which used the same wavelength of 365
nm for CO, photocatalytic reduction78’79, where the values of
PQE were in the range of 0.0002-0.0300% for CH, production.

In addition, the Mo-T-500 was also tested for photocatalytic
reduction of CO, under visible light condition (fluorescent
lamp, 840nm, 8W). The product yields for CH,, CO, and TCOCs
were 0.15, 0.06, and 0.21umol/g, respectively, after 360min
experiment. And long-term stability test (24hrs) under visible
light condition was also performed. It was found that the CH,

8 | RSC Adv., 2015, 00, 1-9

yield started to decrease and disappear after 4 hr, while the
CO vyield continuously increased up to 10.29 umol/g after 24
hrs. This indicated that there was a re-oxidation of CH, during
the long-term test, which might be due to that the system
used in this study was a batch reactor and the product was not
continuously taken out to restore back to the fresh condition
as the beginning. The low CO, reduction yields and the stability
test under visible light condition indicated that future work is
still needed to improve the design of the whole system
including light intensity, photocatalyst as well as the reactor
design.

Conclusions

The photocatalytic reduction of CO, using Mo-doped TNTs as
photocatalysts with MEA to form CH, and TCOCs were studied
and possible reaction mechanism for Mo-doped TNTs to
reduce CO, in MEA solution was proposed. The results showed
that Mo-doped TNTs were good materials for photocatalytic
reduction of CO, with high efficiencies at low-power lamp
source. The CH,, CO, and TCOCs production rates by Mo-doped
TNTs were much higher than those by P25 and pure TNTs (T-
120 and T-500). The photocatalyst of Mo-T-500 had the
highest TCOCs yield of 13.53 umol/g-cat. It also achieved the
highest CH, and CO production rates of 0.52 and 10.41
pumol/g-cat., respectively, and photo-reduction quantum
efficiency of 0.036 and 0.180%, respectively, under UVA light.
Furthermore, it could be concluded that the structure of
molybdenum morphology and oxygen vacancy would affect
CO, photocatalytic reduction efficiency, and the preparation
condition of Mo-T-500 had the most oxygen vacancy sites,
which was because of the partial disintegration of Mo-T-500
from tubular structure to particle structure that raised more
oxygen vacancies. The high CO, reduction ability discovered in
this study will open a new possibility for CO, utilization by
simultaneously capturing and reducing it into valuable energy
sources. Future studies should be directed to the development
of photocatalysts with higher photo-reduction quantum
efficiency under solar light, and to the investigation of reaction
mechanisms associated with different test conditions such as
light source/intensity, catalyst amount, MEA concentration,
and pH value of the test solution.
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