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photosynthesis related research papers since the first pio-
neering studies conducted by Fujishima and Inoue [1,2].
Semiconductor materials are capable of triggering
oxidation-reduction reactions taking place in artificial
> &y " ) 8 photosynthesis. Metal nanostructures (Ag, Cu), metal alloys
the “Greenhouse Effect” gained significant interest in the last (Cu-Ni), metal oxides (CeO,, CuOy), sulfides (CuS, CdS), nitrides
couple of decades. Artificial photosynthesis is being consid- (C5Ny) [3] or metal organic frameworks (ZIE-8, MIL-125) [4] are
ered as a promising approach towards the synthesis of highly photoactive materials that can be used in artificial

renewable, sustainable fuels like methane, methanol and ;) otogynthesis. These materials are mostly hard to synthe-
hydrogen and the reduction of the global CO, content in the size and expensive. Some of them have low chemical and
environment. The preparation and application of a very large thermal stability.

number of photocatalytic materials were reported in artificial

Introduction

Research on the utilization of solar energy in order to
compensate the increasing energy demand and to decrease
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Titania (TiO,) based materials are mostly preferred mate-
rials for artificial photosynthesis applications due to their
superior chemical, optical and photocatalytic properties. Wide
band gap of TiO, (anatase 3.2 eV, rutile 3.0 eV) is a drawback
limiting the light absorption to only UV region representing 5%
of the solar radiation. There are several methods for the
enhancement of photocatalytic activity of TiO, such as doping
[5—7], combining with low band gap materials [8—10], dye
sensitization [11] or using different synthesis routes. Sol-gel,
precipitation or hydrothermal methods are used to prepare
highly active TiO, based photocatalysts [12—15]. Doped TiO,
phases were synthesized with various methods for photo-
catalytic water splitting in many studies in the last 15 years.
Comprehensive reviews were conducted by Ni et al. [16] and
Oluwafunmilola and Mercedes [17] on photocatalytic
hydrogen generation and CO, reduction including the mech-
anisms and TiO, modification methods to improve the artifi-
cial photosynthesis activity.

Research conducted in the last 10 years showed that rare
earths, such as La, Nd, Eu, Sm, Yb, Pr and Ce doped TiO,
powders showed higher activities than undoped TiO, powders
due to their enhanced light absorption, higher surface areas
and altered phase structures [18—28]. These studies were
mostly on the environmental applications like photocatalytic
degradation of dyes as probe molecules used for the simula-
tion of polluted water.

Rare earth element incorporated titania phases were used
in a few studies towards hydrogen production by water
splitting [29-33] and CO, photoreduction related artificial
photosynthesis [34—-38]. Research on these materials has a
vital importance towards improving the current state of un-
derstanding on artificial photosynthesis. Neodymium (Nd)
among these rare earth elements has a variety of wide ab-
sorption bands in the visible light region which may enhance
the light absorption properties of TiO, more effectively
compared to other rare earth elements.

Photocatalyst preparation method parameters such as
dopant type and doping level, heat treatment temperature
and duration, the type of method used or photocatalytic re-
action parameters such as reaction phase (gas or liquid), re-
action medium type, catalyst loading, light source, reactor
volume etc. were investigated in the given references dealing
with artificial photosynthesis.

In the present work Nd doped TiO, powders were prepared
by using three different chemical routes. The effects of pow-
der preparation method and Nd doping on the nanostructure/
electronic properties of TiO, powders were investigated. The
photocatalytic activities of these powders in hydrogen pro-
duction and CO, reduction were determined. The observed
photocatalytic activities were related to the powder properties
modified by the employed preparation method and Nd doping.

Materials and methods
Preparation of the powders
Undoped/doped TiO, photocatalysts were prepared by using 3

different chemical co-precipitation routes. The photocatalysts
prepared by the dropwise addition of 1.6 M TTIP/ethanol

solution to 0.65 M NH,OH/ethanol solution were coded as AP.
The other photocatalysts were prepared by dissolving hydro-
lyzed TTIPin 2.1 M H,SO,4 or 3.3 M HNO3 solutions. The final Ti*+
concentrations were 0.67 M and 0.61 M, respectively. These
solutions were then added dropwise to an aqueous 1.2 M NH,OH
solution. The photocatalysts prepared by using H,SO, and HNO3
were coded as SP and NP, respectively. Powder precipitates were
centrifuged and subsequently washed and dried at 70 °C over-
night prior to heat treatment at 600 °C or 700 °C for 3 h.

Nd doped TiO, powders were prepared by following the
same chemical routes. The only difference was the addition of
predetermined amounts of neodymium  nitrate
((Nd(NOs3)5-5H,0 Aldrich 99.9% trace metal basis) to TTIP
containing solutions. Nd,O5 content was set constant at 0.1%
(molar basis) in the final oxide powder. Photocatalyst prepa-
ration processes are schematically shown in Fig. 1. A com-
mercial TiO, powder (Degussa Evonik P25) was also similarly
characterized, further used in the artificial photosynthesis
experiments and the results were given along with those of
the powders prepared in this work.

Characterization of the powders

Phase characterization of the prepared powders was per-
formed by Philips X'pert Pro XRD equipment with mono-
chromated high-intensity (A = 1.54 A) CuKe radiation. The
scanning rate was 2.5 20/min between 5° and 80° with 0.033°
step size. Characterization was conducted with 1-2 g of
powder pressed in an aluminum cassette which was also used
as reference material for the calculation of accurate peak
positions. The crystallite sizes were calculated from the
broadening of the (101) reflection for anatase and (110)
reflection for rutile using Scherrer's equation [39]. The rutile
and anatase weight fractions were determined by using the
relation xa = (1 + 1.26IR/IA)*1, where x, is the anatase weight
fraction, Ir and I, are the intensities of the rutile (110) and
anatase (101) peaks, respectively [40]. The determination of
the anatase lattice constants for tetragonal geometry (a and c)
was conducted by using expression 1/d? = (h? + k?)/a” + 1%/c?,
where d is the interplanar distance and hkl are the Miller
(plane) indices. The lattice constants were determined by
selecting two peaks (101 and 200 for anatase) [41]. Lattice
strain was calculated by using Williamson-Hall (W-H) plot
with at least 4 diffraction peaks to be used in the relation
Bcost/x = 1/c + msind/A, where o is the effective particle size
and n is the effective strain [41].

The existence and bonding states of the elements in the
prepared powders were identified by using X-ray Photoelec-
tron Spectroscopy (XPS) (XPSSPECS EA 300). Carbon C1s line at
284.8 eV was chosen as a reference for the correction of the
peak positions [42]. The C1s, Ti2p, Ols, N1s and S2p spectra
were fitted with a 70% Gaussian-30% Lorentzian product
function peak shape model (GL30) in combination with a
Shirley background by using XPS Peak Fit 4.1 software pro-
gram. Quantitative analyses for the calculation of O:Ti and
S:Ti atomic ratios were performed by using the corresponding
peak areas and the atomic sensitivity factors of Ti2ps/,, lattice
Ols, and S2p as 1.2, 0.66 and 0.54, respectively [43].

UV-—Vis diffuse reflectance spectra (DRS) of the prepared
powders were recorded by Perkin Elmer Lambda 25 UV—Vis
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Fig. 1 — Powder preparation process flow diagrams.

Spectrophotometer equipped with an integrating sphere.
Pellets 1.5 cm in diameter and 2—3 mm thickness were pre-
pared by pressing the powders with a uniaxial press. BaSO,
was used as the reference material. Band gaps of the prepared
powders were determined by using Kubelka-Munk equation
F(R) = (1-R)"/2 R, where R is the reflectance, F(R) is Kubelka-
Munk function and n = 2 or 0.5 for direct and indirect band
gap, respectively [44].

Nitrogen adsorption and desorption isotherms and surface
areas were obtained with Micromeritics Gemini V Surface
Area Analyzer.

Photocatalytic water splitting and CO, reduction products
(H,, CO, CH,) were identified and quantified by Agilent 7820A
(Gas Chromatograph-GC) equipped with a Molecular Sieve 5A
column and thermal conductivity detector (TCD). He (High
purity, 99.99%) carrier gas volumetric flow rate was 20 mL/
min. Inlet, oven and detector temperatures were 200 °C, 105 °C
and 250 °C, respectively.

Photocatalytic water splitting and CO, reduction
experimental setup

Photocatalytic hydrogen production experiments were per-
formed simultaneously with in-situ copper (Cu) photo-
deposition. In this work Cu was chosen as cocatalyst instead

of platinum (Pt) because of its abundancy and cheapness
compared to platinum.

In-situ Cu photodeposition was performed according to the
following procedure. Stock solution of Cu?" was first prepared
by dissolving copper (II) nitrate (Cu(NOs),.2.5H,0 Aldrich 99.9%
trace metal basis) in deionized water at room temperature with
a concentration of 1.5 x 10~* g Cu/mL (2.4 mM Cu®" ions). TiO,
powders (0.15 g) were dispersed in water and the suspension
was sonicated to disperse relatively weak agglomerates. Pre-
determined amounts of Cu stock solution and methanol
(Merck, absolute) along with water were subsequently added to
form the final mixture (100 mL, 25% v/v methanol-water) prior
to UV—Vis irradiation (the output wavelengths of the lamp is
between 300 nm and 2000 nm according to the spectrum pro-
vided by the supplier, OSRAM). Simultaneous hydrogen pro-
duction was monitored and quantified by an online gas
chromatograph (Agilent Technologies 7820A GC System) dur-
ing in-situ Cu photodeposition process. A schematic illustra-
tion of Cu photodeposition mechanism is shown in Fig. 2.

A homemade Pyrex photoreactor was used in the photo-
catalytic water splitting and CO, reduction experiments and
setup was constructed as shown in Fig. 3. The setup consists
of mainly 3 parts:

e High purity (99.99%) CO, and Ny (99.99%) source.
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Fig. 2 — Schematic illustration of copper photodeposition
mechanism.

¢ Homemade Pyrex glass photoreactor with N,/CO; inlet and
product gas outlet connected to online GC for water split-
ting experiments or sealed with a rubber septum for the
sampling of gaseous products evolved in the photocatalytic
CO, reduction experiments. Total volume of the reactor
was 133 mlL, liquid and gas volumes were 100 mL and
33 mlL, respectively. Continuous agitation (at 1000 rpm) was
supported by a magnetic bar and a stirrer during the pho-
tocatalytic activity tests to avoid mass transfer limitations
and to hold the photocatalyst particles suspended.

GC system for tracing artificial photosynthesis products.

Photocatalytic water splitting experiments were per-
formed simultaneously with in-situ Cu photodeposition in
continuous (by online GC quantification) operating mode.
Photocatalyst powders (0.15 g) were dispersed in the reaction
mixture containing 25% (by volume) methanol and pre-
determined amount of Cu®*" aqueous stock solution. N, was

purged for 15 min prior to illumination in order to maintain
anaerobe conditions in the photoreactor. Samples were
withdrawn by the GC sampling valve (0.5 mL loop) every
10 min. Online calibration was conducted by a gaseous
mixture containing H,, CO and CH, (Refinery Gas Test Sample
Agilent P/N 5080-8755). Online injections (four times) were
performed by the sampling valve of the GC system.

Photocatalytic CO, reduction experiments were performed
without in-situ Cu photodeposition in batch mode. Photo-
catalyst powders (0.1 g) were dispersed in 0.1 M NaOH which is
used to enhance CO, solubility in water and act as hole
scavenger. CO, was purged for 30 min prior to illumination to
saturate the solution. The solution pH decreased from 12.6 to
6.9 at the end of CO, purge. Gas samples (volume: 1 mL) were
withdrawn with predetermined time intervals and injected to
GC system manually with a gas-tight syringe (Agilent, PN
5190-1535, 2.5 mL). The temperature inside the photoreactor
was kept at ~45 °C by using a cooling fan and the pressure in
the headspace was 1—1.1 bar during the experiments.

A calibration curve was constructed by using the refinery
gas test sample for the quantification of CO evolved during the
photocatalytic CO, reduction. CO was calibrated with two
points (four repeats). Trace amounts of CH, and H, which
evolved during the photocatalytic CO, reduction were not
quantified.

Results and discussion
Characterization of the powders

XRD patterns of undoped/doped TiO, powders heat treated at
600 °C and 700 °C are given in Fig. 4. The characteristic
diffraction peaks of anatase (JCPDS Card #841286) were iden-
tified in the XRD patterns of all the prepared powders. Anatase
phase was found to be the only phase for undoped SP powder

,(.,) . e Io_.l .(/6 2
&%\ | o.:...:..: : ) Mj
Jy X3‘ N .C;‘;/ L

Fig. 3 — Photocatalytic water splitting/CO, reduction setup. 1: Photoreactor, 2: UV—Vis lamp (Osram Ultravitalux 300 W), 3:
N,/CO, inlet, 4: Magnetic stirrer, 5: Gas outlet, 6: Photocatalyst particles, 7: Magnetic bar, 8: Cooling fan, 9: N, or CO, source,

10: Gas Chromatograph.
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Fig. 4 — XRD patterns of undoped/doped TiO, powders heat treated at 600 °C and 700 °C.

while it coexists with the rutile phase (JCPDS Card #870920) in
the undoped powders of AP and NP heat treated at 600 °C.
Anatase was the only phase for the doped powders heat
treated at this temperature. The nanophase structure of the
undoped powders heat treated at 700 °C was dominated by
rutile phase with an exception of SP powder. The main phase
in the doped powders heat treated at this temperature was
found to be anatase. The phase structure and physical prop-
erties such as crystallite size, rutile weight fraction, lattice
constants, lattice strain and BET surface area (Sger) of the
prepared powders are summarized in Table 1.

Anatase phase is known to be more active than rutile phase
in photocatalytic processes and rutile phase has a lower band
gap than anatase phase which makes rutile phase to utilize
solar light more efficiently than anatase phase. These two
reasons promoted scientists to prepare TiO, powders having a
mixture of anatase and rutile phases in the nanostructure.
Crystallinity is also an important parameter in photocatalytic
applications. An optimized crystalline structure may provide

a high photocatalytic activity. Well-developed crystalline
structures with high specific surface areas can be obtained by
keeping the heat treatment temperature at an optimum level,
not too low in order to have well-developed crystalline
structure and not too high in order not to decrease the surface
area. It was, therefore, intended in this work to prepare
various undoped/doped TiO, powders with anatase rich and
well developed crystalline nanostructure which were evi-
denced by the crystallite sizes and rutile weight percentages
given in Table 1.

Anatase crystallite sizes were determined to be in the
34.1-17.8 nm range for the undoped powders heat treated at
600 °C which was significantly reduced (19.2—16.2 nm range)
with Nd doping. The crystallite sizes increased with the heat
treatment temperature for both undoped and doped powders.
Rutile weight fraction was found to be the highest for the
undoped NP powders heat treated at 600 and 700 °C.

Anatase lattice constant ¢ changed significantly with the
preparation method and Nd doping. The lattice constant c

Table 1 — Properties of undoped/doped TiO, powders heat treated at 600 °C and 700 °C.

Photocatalyst  Anatase crystallite Rutile Anatase lattice parameters  Anatase lattice  Sger  Zeta potential
size (nm) wt. frac. (%) a (A) c (@) strain (%) (m?%g) (mvV)
Undoped-AP-600 34.1 10.0 3.77 9.39 0.56 27.3 —31.0 (+4.1)
Undoped-NP-600 22.6 15.9 3.77 9.35 0.48 54.5 —29.1 (+4.9)
Undoped-SP-600 17.8 0 3.78 9.31 0.78 84.5 —35.0 (+1.2)
Doped-AP-600 19.2 0 3.78 9.41 0.77 47.7 —37.3 (+9.0)
Doped-NP-600 16.3 0 3.78 9.33 0.68 88.4 —35.5 (+5.5)
Doped-SP-600 16.2 0 3.77 9.26 1.17 83.2 —26.5 (+3.9)
Undoped-AP-700 40.8 74.7 3.77 9.42 —0.54 15.8 —35.5 (+2.1)
Undoped-NP-700 37.2 89.0 3.77 9.47 N/A 14.2 —35.5 (+2.5)
Undoped-SP-700 27.9 1.2 3.77 9.39 0.59 50.2 —28.6 (+2.6)
Doped-AP-700 27.4 9.3 3.77 9.39 0.65 33.8 —31.8 (+5.0)
Doped-NP-700 23.1 3.8 3.77 9.37 0.34 55.5 —29.8 (+3.4)
Doped-SP-700 22.3 Trace 3.77 9.38 0.19 57.7 —35.0 (+2.8)
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values were calculated to be the lowest for SP powders. Nd
doping caused a significant decrease in the lattice constant c
which may be attributed to the decrease in the crystallite size
as was previously stated in the literature [45] or the presence
of oxygen vacancies in the nanostructure which may be due to
a possible segregation of Nd oxides/hydroxides on the grain
boundaries or interstitial accommodation of Nd*" ions in the
TiO, lattice. It may be difficult for Nd*" ions to replace the Ti*"
ions in the lattice since the ionic radius of Nd** (112.3 p.m.) is
significantly higher than that of Ti*" (68 p.m.).

The lower c values obtained with NP and SP powders may
be attributed to the significantly lower crystallite sizes
compared to AP powders and to the formation of oxygen va-
cancies which may be created by the substitutional incorpo-
ration of N or S atoms for O and Ti atoms in the TiO, lattice.
Substitutional incorporation may be possible since high
concentrations of HNO; or H,SO, were used during the syn-
thesis of these powders. Nitrogen ions most likely substituted
lattice oxygen forming N-Ti-N bond and formed a mixed N2p
state with O2p state above the valence band [46]. Substitution
of S with O is difficult since S*>~ ion (170 p.m.) is relatively
larger than 0% ion (126 p.m.) compared to N*~ ion (132 p.m.).
More energy is required for the formation of Ti-S bond instead
of Ti-O bond; however XPS analysis revealed that Ti2p3/2
binding energy of SP powder was higher than the other
powders heat treated at 600 °C which may be interpreted as
Ti-S bonds were formed in the SP powders. The level of S
substitution may be at a very low level since S?~ peak was not
detected in the XPS spectra of the SP powders. The substitu-
tion of Ti*" (68 p.m.) with S** (37 p.m.) or S°* (29 p.m.) is more
favourable [47] as will be later discussed in our XPS results
given in Fig. 6.

The lattice strains were determined to be the highest for SP
and the lowest for NP (except for the doped powders at 700 °C).
Lattice strain did not show a direct correlation with the crys-
tallite size and showed variation depending on the phase
composition. A negative slope in the W-H plot indicates the
presence of compressive strain, while a positive slope in-
dicates the presence of tensile strain [48]. All the prepared
powders showed tensile strain; the variations are significant
and can be related to the significant variation in the crystallite
sizes and phase compositions. Highest tensile strain was
calculated for the SP powders which have smaller crystallite
sizes and a nanophase structure dominated by anatase phase.
NP powders which have relatively smaller crystallite sizes and
higher rutile phase content, showed lower strain compared to
AP and SP powders.

It is well known that strain can be reduced by increasing
the heat treatment temperature for ceramic materials. Excess
number of disordered atoms and defects on the grain
boundaries are present in the microstructure of the powders
heat treated at low temperatures. These atoms and defects
cause a stress field (surface strain). Increase in the heat
treatment temperature causes some structural changes such
as grain growth and phase transformation. The level of dis-
order and the number of defects decrease at higher temper-
atures. XRD pattern of NP powders indicated that anatase to
rutile phase transformation occurs at a lower temperature
and the structure stabilizes earlier with the formation of aless
defective structure compared to the other powders.

Surface areas of the prepared powders were determined to
be in the following order: SP > NP > AP. Powders with higher
surface areas may be prepared by precipitation method
compared to sol-gel method. The reason for obtaining higher
surface areas with SP powders may be attributed to the
presence of SO; ions in the nanostructure inhibiting the
anatase to rutile phase transformation [49].

In general the change in the nanophase structure were
similar for the undoped and doped powders heat treated at
600 °C, however at 700 °C, SO3~ or NO, ions were significantly
removed from the nanostructure due the increased heat
treatment temperature. As a result the effect of these ions on
the nanophase evolution was minimized by increasing the
heat treatment temperature.

UV—Vis DRS spectra and estimated band gap energies of
the prepared powders are given in Fig. 5 and Table 2, respec-
tively. DRS spectra of NP and SP indicated absorption in the
blue and green light region for undoped/doped powders heat
treated at 600 °C. N or S doping of TiO, matrix may have
created energy levels slightly above the valence band edge of
TiO,. This phenomenon increased the light absorption range
of NP and SP powders. Visible light absorption may also be
attributed to a typical absorption feature of N and S doped
TiO, based materials arising from the electron transfer from
surface states of NO, [50] or SO3~ species to the conduction
band of TiO, [51]. The estimated band gap energies given in
Table 2 indicated that NP and SP powders can utilize the
visible light photons. The spectra of Nd doped powders
showed blue shift (shift to lower wavelengths), however a
blue-shift in the band gap energy does not always signify a
decrease in the visible light absorption, since there are several
absorption bands in the visible light region for Nd doped
powders. The large absorption bands at the wavelengths of
515, 529, 588, 684, 747 nm are the characteristics absorption
bands of Nd** ion resulting from 4f-4f transitions.

Ti2p, Ols, S2p and N1s XPS spectra of the powders are
given in Fig. 6. Ti2p core level spectra contain two main peaks
of Ti2ps», and Ti2pss,. The Ti2ps, and Ti2ps, spin-orbital
splitting photoelectrons for all powders are located at bind-
ing energies of ~465.2 eV and ~459.3 eV, respectively. The
difference between these two peaks is about 5.9 eV which
showed that prepared undoped and doped TiO, powders
mostly consist of Ti** oxidation state with small contribution
of Ti** which may be formed due to oxygen deficiencies in the
TiO, lattice. O1s peak appearing at 529 eV is attributed to the
signal of oxygen in the TiO, lattice. Shoulder appearing at
531.5 eV is the signal of Ti-OH or C-OH. S2p peak position at
169 eV was attributed to S®*. This peak may be assigned to the
presence of SO~ ions originating from H,S0,. The intensity of
this peak increased with Nd doping and decreased with
increasing heat treatment temperature which may indicate
that Nd doping may increase the binding of Ti with S and
sulfated TiO, may be easily prepared by using Nd as the
dopant. The decrease in the intensity of this peak at 700 °C
may be attributed to SOz~ ions’ leaving the nanostructure.
Substitution of sulfur and oxygen atoms which has the indi-
cation of S?~ binding energy peak at 163 eV [52] might have
occurred at low levels since that peak was not detected in the
XPS pectra of SP powders. The present SOz~ ions may mostly
locate on the grain boundaries restraining the growth of
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Fig. 5 — UV—Vis DRS spectra of undoped/doped TiO, powders heat treated at 600 °C and 700 °C.

anatase crystallites. N1s spectra of the NP powders indicated
that molecularly chemisorbed and interstitial N atoms may be
present in the nanostructure of these powders according to
the presence of the relatively small peak at ~400 eV [53] in the
XPS spectra of NP powders. The peak appearing around
396—397.5 eV was attributed to the formation of Ti-N bond for
the undoped NP powder heat treated at 700 °C indicating a
possible N substitution in the TiO, lattice which was absent in
the other powders.

Binding energies of Ti2ps, of undoped and doped TiO,
powders heat treated at 600 °C and 700 °C are given in Fig. 7. SP
powders heat treated at 600 °C possessed higher binding en-
ergies due to a possible Ti-S bonding. Substitution of S with O
is difficult since S*~ ion (170 p.m.) is relatively larger than O~
ion (126 p.m.) compared to N°~ ion (132 p.m.). More energy is

Table 2 — Electronic properties of the powders.

Photocatalyst O:Tiratio S:Ti ratio Direct/Indirect
band gap energy (eV)
Undoped-AP-600 1.93 = 3.26/3.05
Undoped-NP-600 1.83 - 3.10/2.93
Undoped-SP-600 1.88 0.070 3.15/2.93
Doped-AP-600 1.91 - 3.24/2.93
Doped-NP-600 1.88 - 3.19/2.94
Doped-SP-600 1.88 0.072 3.08/2.83
Undoped-AP-700 2.02 = 3.15/2.94
Undoped-NP-700 1.94 - 3.04/2.86
Undoped-SP-700 1.92 0.029 3.17/2.92
Doped-AP-700 1.92 - 3.23/2.93
Doped-NP-700 1.97 - 3.19/2.90
Doped-SP-700 1.88 0.032 3.17/2.94
Degussa 1.86 = 3.14/2.94

required for the formation of Ti-S bond instead of Ti-O bond.
XPS analysis revealed that Ti2ps/, binding energy of SP pow-
ders heat treated at 600 °C were higher than the other powders
which may be interpreted as Ti-S bonds were formed in the SP
powders. The level of S substitution may be at a very low level
since S?>~ peak was not detected in the XPS spectra of the SP
powders. The substitution of Ti** (68 p.m.) with S** (37 p.m.)
or S (29 p.m.) is more favourable [47] which was also
confirmed by our XPS results. The lower binding energies of
NP and SP powders heat treated at 700 °C indicated the pres-
ence of a more oxygen defective structure for NP and SP
compared to AP powders which may be due to the presence of
substitutional N or S atoms in the TiO, lattice. Nd doping
caused a decrease in the Ti2p;/, binding energies which may
be due to the presence of increased oxygen defects compared
to the undoped TiO, powders. Electronic properties such as
O:Ti and S:Ti ratios derived from XPS spectra and band gap
energies estimated from UV—Vis DRS spectra of the powders
are given in Table 2. The results indicated that most of the
powders are oxygen deficient according to O:Ti ratios and the
level of deficiency was increased with Nd doping at 700 °C. The
calculated S:Ti ratios indicated that the level of S content
increased with Nd doping for both heat treatment tempera-
tures which may due to the affinity of rare earth ions to sulfate
ion. The table also indicated that S content decreased with
increasing heat treatment temperature.

Photocatalytic activities of the powders
Photocatalytic water splitting

Time dependent hydrogen production, hydrogen yields per
uint surface area of the photocatalyst and CO/H, ratios
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Fig. 6 — XPS spectra of undoped/doped TiO, powders: (a) Ti2p, (b) O1ls, (c) N1s, (d) S2p, heat treatment temperature: 600 °C
and (e) Ti2p, (f) O1s, (g) N1s, (h) S2p, heat treatment temperature: 700 °C.

obtained at the end of 120 min with undoped/doped TiO,
powders heat treated at 600 °C and 700 °C are given in Figs. 8
and 9, respectively. Hydrogen production rates are low for
all the powders at the very beginning of photocatalytic water
splitting, since in situ Cu photodeposition takes place during
this period. Hydrogen develops in the head space of the pho-
toreactor and continues to evolve linearly after a certain time.

The highest hydrogen yields were obtained with NP pow-
ders for the heat treatment temperature of 600 °C. Nd doping
increased the hydrogen yields of AP powders at this temper-
ature. The highest hydrogen yields were obtained with
undoped SP powder and doped NP powder for the heat

treatment temperature of 700 °C which increased with Nd
doping for NP powder. Hydrogen production per unit surface
area of the photocatalyst were mostly the highest for NP
powders which may indicate that these powders have highly
active surfaces towards photocatalytic water splitting
compared to the other powders. The surface reactivity
decreased with Nd doping at 600 °C for NP and SP powders
whereas it increased for the AP powder. The surface reactivity
was highly affected by the heat treatment temperature. The
surface reactivity of Nd doped powders increased at 700 °C. At
this temperature Nd doping caused a decrease in the
hydrogen production per unit area for AP and SP powders
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while the surface reactivity of NP powder increased with Nd
doping. The lowest CO/H, ratios were obtained with the doped
powders for both heat treatment temperatures.

Phase structure may be considered to be the main reason
for obtaining higher surface reactivities with undoped NP
powder heat treated at 600 °C and undoped AP powder heat
treated at 700 °C. XRD analyses indicated that these powders
have higher crystallite sizes and rutile weight fractions
compared to the other powders. A well developed crystalline
structure and a certain nanophase composition may be very
important for the separation of charge carriers and light ab-
sorption. Undoped AP powder heat treated at 700 °C does not
have blue and green light absorption bands, however the light
absorption capacity may have increased due to the presence
of rutile at a higher weight fraction compared to the other
powders.

Another possible reason may be the increased electron-
hole separation rates by the anatase-rutile junctions defined

by the phase structure or TiO,-Nd junctions for the doped
powders. Anatase-rutile ratio is crucial in photocatalysis since
anatase was reported to be more active and rutile has lower
band gap than that of anatase.

CO/H, ratio is also an important parameter in the photo-
catalytic production of hydrogen. CO is formed by the
decomposition of formic acid derived from methanol which
may poison the catalyst and decrease the photocatalytic ac-
tivity, hence minimum amount of CO production is desired for
obtaining high hydrogen production with low impurity [54].
The highest CO/H, ratios were obtained with the powders
possessing the highest H, production activities. The presence
of lower anatase content in these powders may have
decreased the oxidation rate of CO to CO,.

The obtained high CO/H, ratios with the powders pos-
sessing the highest H, production activities may limit their
use in the photocatalytic water splitting applications since
producing high purity H, may be more important than
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producing H, in higher quantities. Separation costs may be
crucial. An optimum H, production rate with low CO/H, ratio
is favourable as a design criterion in the production of sus-
tainable and clean energy. In this respect using doped NP
powders heat treated at 600° or 700 °C towards photocatalytic
water splitting may be considered to be more reasonable for
sustaining clean and cost effective energy production.

Photocatalytic CO, reduction

Photocatalytic reduction of CO, in the presence of water was
conducted by using the same photocatalysts used in photo-
catalytic water splitting experiments without using Cu as co-
catalyst. The gaseous products were tracked and CO was deter-
mined to be the main product of the photocatalytic CO, reduc-
tion experiments. Trace amounts of CH, and H, (which were out
of our TCD quantification limits) evolution was also determined
with the prepared powders. Photocatalytic CO, reduction activ-
ities of undoped/doped TiO, powders heat treated at 600 °C and
700 °C are given in Figs. 10 and 11, respectively.

CO yields were found to be the highest for undoped/doped
NP powders heat treated at both temperatures. The surface
reactivities should be compared here in order to have proper
understanding while investigating the effects of phase struc-
ture and composition on the photocatalytic CO, reduction.

CO yields per unit surface area were found to be the highest
for AP powders heat treated at 600 °C and NP powders heat
treated at 700 °C. It was found that the produced CO amounts
generally decreased with Nd doping in per unit area basis and
increased in per amount of the powder basis. The increase in
the surface area with Nd doping may be the main reason for
the increased CO production amounts. At pH 7 (0.1 M NaOH
purged with CO,) the dissolution products of CO, are ~80%
HCO5 and ~20% CO,. The interaction of HCO3 with TiO,

surface may have increased with Nd doping due to the surface
area increase. CH, and H, evolution was also determined with
the prepared powders. This may indicate that independent
reactions involving 2 electrons and 8 electrons forming CO
(reaction 4) and CH, (reaction 5), respectively [5] are the main
reactions involving C in the photocatalytic reduction of CO,
unlike a Fisher-Tropsch mechanism (reaction 6) [55]. The
limited solubility of CO and H, molecules in water may
restrain the further reduction to form molecules with higher
carbon numbers, thus CO, CH, and H, leave the aqueous
media and accumulate in the head space of the reactor.

TiO, + hv —» % O, + H" + e (1)
CO, + e~ — CO; ¥
2H" +2e” — H, (3)
CO, + 2H" + 2e” — CO + H,0 @
CO, + 8H" 4+ 8¢~ — CH,4 + 2H,0 (5)
(2n +1)H, + nCO — CpHpn ) + nH,0 (6

Probable reaction pathways for CO, photoreduction with
undoped/doped TiO, powders are schematically shown in
Fig. 12. Simultaneous multi-electronic processes may occur
during the photocatalytic reduction of CO, according to the
proposed mechanism. Electron-hole pairs are generated when
TiO, is excited with the wavelengths no less than its band gap
energy. A hole generated on the valence band react with water
adsorbed on the surface of TiO, to produce -OH, H" and O,.
The interaction of H" ion with the excited electron results in
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the formation of H- radical. Union of two H. radicals gener-
ates one H, molecule. On the conduction band, generated
electron interacts with CO, and HCO3 to form -CO; radical
and HCOg3, respectively [56—58]. The formed H- radical reacts
with -CO; radical to form CO. CO is later reduced by one
electron to form -CO~. Reaction of H. radical with -CO~

radical yields -C radical and OH™. Consecutive reactions
involving H. and -C radicals yield -CHj radical. Finally, CHy
(methane) or CH;0H (methanol) molecules are formed when
-CHj; radical reacts with H. radical or OH™, respectively.
Similar probable reaction pathways were also suggested
elsewhere [59—-61].
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Conclusions

In this study photocatalytic water splitting and CO, reduction
activities of undoped and Nd doped TiO, powders prepared by
different chemical routes were evaluated.

XRD, UV—Vis DRS and XPS analyses were conducted in
order to develop a correlation between the photocatalytic ac-
tivity and the powder properties altered by Nd doping and the
preparation method employed. N and S doping in the TiO,
lattice was induced by using excess amounts HNO3; and H,SO4
in the powder preparation media.

The highest photocatalytic water splitting activity was
obtained with undoped NP powder heat treated at 600 °C and
doped NP powder heat treated at 700 °C. An optimum H,
production rate with low CO/H, ratio is considered to be more
favourable as a design criterion in the production of sustain-
able and clean energy. In this respect using doped NP powders
heat treated at 600 °C or 700 °C towards photocatalytic water
splitting is considered to be more reasonable for sustaining
clean and cost effective energy production.

CO was determined to be the main product of the photo-
catalytic CO, reduction experiments. CO production was
found to be the highest for undoped/doped NP powders heat
treated at 600 °C and 700 °C, respectively. It was found that the
produced CO amounts generally decreased with Nd doping on
per unit area basis and increased in per amount of the powder.
The increased CO production amounts was attributed to the
increase in the surface area with Nd doping.

Artificial photosynthesis experiments indicated that pho-
tocatalytic activity may significantly depend on the nano-
phase structure of the photocatalyst. These findings revealed
that high photocatalytic activities can be achieved by an
optimization in the nanophase structure and electronic

properties which can probably be designed by the employed
powder preparation method.
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