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. Peikertováa,  T.  Brunátovád,  J.  Langa,  L. Čapeke, L.  Obalováa
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a  b  s  t  r  a  c  t

The  ZrxTi1-xOn mixed  oxides  with  various  Ti:Zr  molar  ratios  and  parent  TiO2 and  ZrO2 were  pre-
pared  unconventionally,  combining  the  reverse  micelles-controlled  sol-gel  method  with  high-pressure
processing  by  pressurized  and supercritical  fluids.  The  mixed  oxides  were  characterized  using  sev-
eral  complementary  characterization  methods  and  investigated  in  the  photocatalytic  reduction  of  CO2.
Applied novel  unconventional  processing  affected  significantly  the  (micro)structure  of  mixed  oxides,
which  was  further  reflected  to  their  optical  and  thus  electronic  properties.  The  Zr0.1Ti0.9On mixed  oxide
eywords:
rxTi1-xOn mixed oxides
ressurized fluid
upercritical fluid
icrostructure

hotocatalysis

showed  the  best photocatalytic  behavior  in  a consequence  of the  optimal  crystallinity  and  the lowest
band  gap  energy  from  all mixed  oxides.  The  Zr0.1Ti0.9On mixed  oxide  was  of  bicrystalline  TiO2 anatase-
brookite structure  (67:33 wt.%)  showing  small  crystallite-sizes,  which  allowed  the optimal  surface  phase
junction.

© 2016  Elsevier  B.V.  All  rights  reserved.
arbon dioxide

. Introduction

According to the International Panel on Climate Change (IPCC)
ost of the warming observed over the past 50 years is attributable

o human activities. Human influences are expected to continue to
hange the atmospheric composition throughout the 21st century.
reenhouse gases (GHGs) such as CO2, CH4, N2O, HFCs, PFCs, and
F6 are the primary cause of global warming [1,2].

Carbon dioxide contributes largely to the global climate change
ecause it is one of the main greenhouse gases that are present in
he atmosphere. CO2 takes part in raising the global temperature

hrough absorption of infrared light and re-emitting it. Interna-
ional Panel on Climate Change predicted that atmospheric CO2

∗ Corresponding author at: Institute of Environmental Technology, VŠB-Technical
niversity of Ostrava, 17. listopadu 15/2172, 708 33 Ostrava – Poruba, Czechia.

E-mail address: kamila.koci@vsb.cz (K. Kočí).

ttp://dx.doi.org/10.1016/j.cattod.2016.11.052
920-5861/© 2016 Elsevier B.V. All rights reserved.
level could reach up to 590 ppm by 2100 and the global mean
temperature would rise by 1.9 ◦C [1].

The reduction of CO2 by photocatalysts is one of the most
promising methods since CO2 can be reduced to useful compounds
by irradiating it with UV light at room temperature and ambient
pressure. The reaction scheme is following:

CO2 + H2O
hv,catalyst→ Carbonaceous products + O2 (1)

Titania (TiO2) has been considered to be the most suitable
photocatalyst for these environmental applications owing to its
nontoxicity, biological and chemical inertness, strong oxidizing
power and the long-term stability against corrosion. Therefore, a
great effort has been spent on revealing and improving its photo-
catalytic activity for practical applications. It is well known that the

photocatalytic activity of titania depends on its crystal structure,
doping, surface area, surface hydroxylation etc. [3].

Nowadays a lot of studies dealing with modification and/or tun-
ing of TiO2 characteristics by doping of a second metal oxide or

dx.doi.org/10.1016/j.cattod.2016.11.052
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2016.11.052&domain=pdf
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etal (non-metal) element have occurred. In the first instance,
ncorporating TiO2 into another metal oxide with large band gap
nergy, such as SnO2, SiO2, and ZrO2 has been investigated to
mprove the thermal stability and photocatalytic activity of TiO2
4]. The mixed oxide of TiO2 and ZrO2 has widely been examined
n the photocatalysis field, since TiO2–ZrO2 mixed oxide photocat-
lysts with suitable TiO2 and ZrO2 composition are more effective
han pure TiO2 photocatalysts for many photocatalytic reactions
4–13].

The aim of this work is to investigate the effect of ZrO2 doping
n microstructure, physico-chemical properties and photocatalytic
roperties of formed ZrxTi1-xOn mixed oxides. The ZrxTi1-xOn

ixed oxides with different Ti:Zr molar ratios were prepared
ombining the sol-gel method with unconventional processing by
ressurized hot water and supercritical methanol. Advantages of
tilization of processing by pressurized hot water and supercriti-
al methanol consist in crystallization of ZrxTi1-xOn mixed oxides
t significantly lower temperatures than by using common ther-
al  treatment (calcination), moreover, the (micro)structure can be

uned on the nano-size level, reaching material with higher surface
rea and high purity [14–17]. Since the preparation method plays
he key role in affecting the microstructure and physico-chemical
roperties of materials, the attention was focused on precise deter-
ination of all material properties. The photocatalytic properties

f prepared ZrxTi1-xOn mixed oxides were examined for the pho-
ocatalytic reduction of CO2.

. Experimental

.1. Preparation of ZrxTi1-xOn mixed oxides

The preparation of ZrxTi1-xOn mixed oxides was  realized via
ol-gel synthesis controlled in reverse micelles environment using
itanium (IV) isopropoxide as a Ti source and zirconium (IV)
ropoxide in propan-2-ol as Zr source, and using unconventional
rocessing by pressurized hot water and supercritical methanol
t 250 ◦C and 10 MPa, using 1.5 l of deionized water and 0.25 l of
ethanol. The solvent flow rate during the processing was  kept

.5–4.5 ml/min. The 5 various molar mixtures of Ti:Zr were pre-
ared; 0.9:0.1, 0.7:0.3, 0.5:0.5, 0.3:0.7, 0.1:0.9. Parent TiO2 and ZrO2
nder the same high-pressure processing conditions as ZrxTi1-xOn

ixed oxides were prepared as well. The preparation was realized
n a home-made high-pressure set-up operating up to 40 MPa  with

 heating up to 400 ◦C [16].

.2. Characterization of ZrxTi1-xOn mixed oxides

The purity (present elementary C in wt.%) of the mixed oxides
as determined using a Vario EL III apparatus from Elementar.

he detection limit of the apparatus was 0.1 abs.%. Each test was
uplicated.

Determination of the chemical composition of the mixed oxides
as performed on an ARL9400 XP sequential WD-XRF spectrome-

er. All spectra were collected under vacuum conditions; the data
nalysis was performed with the use of WinXRF software.

Nitrogen physisorption measurements were performed at 77 K
n an automated volumetric apparatus Nova2000 (Qunatachrome,
SA) after degassing of materials at 110 ◦C overnight under vac-
um less than 1 Torr. The specific surface area, SBET, was  calculated
ccording to the classical Brunauer–Emmett–Teller (BET) theory for
he p/p0 range = 0.05–0.30. Net pore volume, Vnet , was  evaluated at

elative pressure p/p0 ∼ 0.990.

X-ray diffraction patterns were measured on a Panalytical X’Pert
PD  Pro diffractometer using CuK� radiation in Bragg-Brentano

eometry. Primary radiation was conditioned using slits and Soller
ay 287 (2017) 52–58 53

slits (0.04 rad divergence). Diffracted radiation was collected by
using position sensitive detector PiXCel in the range of diffraction
angle 2� = 10 − 140◦ with a step of 0.026 deg. Each diffraction pat-
tern was  measured for 24 h. Powder materials were placed into
plexiglass holder. During measurements the constant irradiated
area (approx. 5 × 3 mm2) was hold. Diffraction patterns were ana-
lysed with the aid of MStruct [18], the powder diffraction software
which is based on the Rietveld method with several extensions for
nanocrystalline materials [19]. Mainly quantitative phase analysis
and real structure parameters (size of diffracting particles) were
determined. XRD quantitative phase analysis was done using the
Rietveld method and assuming following phases: anatase, brookite
and rutile TiO2, tetragonal and monoclinic ZrO2 and in addition the
monoclinic Titanium Zirconium Oxide phase with composition of
Zr0.19Ti0.81O2 (PDF database record no. 04-013-6879, [20]). Peaks
significantly shifted from pure monoclinic ZrO2 were found in two
ZrxTi1-xOn mixed oxides and they were well-fitted by this phase.

Raman spectra were measured with a smart Raman microscopy
system XploRATM (HORIBA Jobin Yvon, France). Spectra were
acquired in the range of 100–1100 cm−1 with 25% of the initial laser
beam, objective with 50x magnification, and 1200 grooves/mm
grating.

UV–vis diffuse reflectance spectra of hydrated and granulated
mixed oxides were measured in quartz cuvettes by using a GBS
CINTRA 303 spectrometer (GBC Scientific Equipment, Australia).
The reflectances were recalculated to the absorption using the
Kubelka–Munk (KM) equation:

F(R∞) = (1−R∞)2/2 × R∞, (2)

where R∞ is the diffuse reflectance from a semi-infinite layer.

2.3. Experimental apparatus for the CO2 photocatalytic reduction

The photocatalytic reduction of carbon dioxide was realized in
a home-made stirred batch reactor (volume of 355 ml)  with a sus-
pended ZrxTi1-xOn mixed oxides illuminated by the UV 8 W Hg lamp
(peak light intensity at 254 nm wavelength) situated on the top
of the quartz glass visor (diameter = 75 mm)  (Fig. 1). The shell of
reactor was made of stainless steel and magnetic stirrer at the bot-
tom provided ideal mixing. The investigated powder mixed oxide
(0.12 g) was suspended in 120 ml of 0.2 mol/l NaOH solution. A
supercritical fluid-grade CO2 with a certified maximum of hydro-
carbons less than 1 ppm was  used as the reactant to avoid any
hydrocarbon contamination from reaction gas. The initial pH of the
solution dropped from 12.5 to 7. The pressure probe was placed
at the top and pressure was measured by a digital manometer
(Greisinger, GMH  3110).

The gaseous samples were measured before switching on the UV
lamp and during the irradiation in the interval of 0–12 h, samples
were taken discontinuously through a septum gastight syringe. The
gaseous reaction products (CH4, CO and H2) were analyzed using a
gas chromatograph (Tracera GC – 2010 plus, Shimadzu) equipped
with a barrier discharge ionization detector.

The accuracy of measurements was  verified by series of repro-
duced tests and the relative error of products yields of 10% was
determined. Blank tests were also made to guarantee that the CH4
and CO production was due to the photoreduction of CO2 [21]. The
first blank test was UV-illuminated without the photocatalyst, the

second one was  in the dark with the catalyst and CO2 under the
same experimental conditions and the third one was  over the illu-
minated photocatalyst in the absence of CO2. CH4 and CO were not
detected in any blank tests.
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Fig. 1. Block scheme of the apparatus for the CO2 photocatalytic reduction.

Table 1
Chemical composition, purity, textural and optical properties of investigated mixed oxides.

Material XRF OEA Nitrogen physisorption UV–vis

TiO2

(wt.%)
ZrO2

(wt.%)
C content
(wt.%)

porous character SBET

(m2/g)
Vnet

(mm3
liq/g)

Eg

(direct)
(eV)

Eg

(indirect)
(eV)

TiO2 100 0 – micro-mesoporous 109 476 – 3.08
Zr0.1Ti0.9On 83 17 – mesoporous 181 822 3.34 3.08
Zr0.3Ti0.7On 55 45 – macroporous 47 619 3.53 3.18
Zr0.5Ti0.5On 34 66 – micro-mesoporous 225 799 3.39 3.02
Zr0.7Ti0.3On 20 80 – micro-mesoporous 82 291 3.47 3.14
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crystalline mixture of TiO2 anatase, ZrO2 tetragonal and monoclinic
zirconium titanate, the Zr0.5Ti0.5On mixed oxide is amorphous with
few large crystallites of TiO2 anatase, TiO2 rutile and ZrO2 tetrago-
Zr0.9Ti0.1On 5 95 – m
ZrO2 0 100 1.03 m
TiO2 Evonik P25 100 0 – m

. Results and discussions

.1. ZrxTi1-xOn mixed oxides characterization

Purity, exact chemical composition, textural and optical proper-
ies of synthesized mixed oxides and parent oxides are summarized
n Table 1. All of them show excellent purity except of parent ZrO2

hich contains ∼1 wt.% of C. This minimum amount of elemen-
ary carbon comes from incompletely removed template used for
ol-gel synthesis to form reverse micelles.

Concerning textural properties it was revealed that while most
f synthesized ZrxTi1-xOn mixed oxides (Zr0.1Ti0.9On, Zr0.5Ti0.5On,
r0.7Ti0.3On, Zr0.9Ti0.1On) and parent TiO2 and ZrO2 are mesoporous
olids with minimum portion of micropores showing higher surface
reas, the Zr0.3Ti0.7On mixed oxide possesses, surprisingly, macrop-
rous structure with the smallest surface area of 47 m2/g (Table 1).
he significant differences in surface areas, net pore volumes and
enerally porous character of individual mixed oxides arise from
heir different and complicated (micro)structure, i.e. different crys-
al phase compositions and different crystallite-sizes of individual
rystal phases, whose mixtures are not trivial for all mixed oxides
nd parent oxides. The ZrxTi1-xOn mixed oxides are the mixtures
f two or even three crystal phases and each crystal phase is of dif-
erent crystallite-size as evident from Table 2, where the structural
nd microstructural properties of individual mixed oxides evalu-
ted from XRD (Fig. 2) are summarized together with the properties
f commercial TiO2 Evonik P25 [22].

Concerning the phase composition of parent TiO2 and

r0.1Ti0.9On, both are the mixtures of TiO2 anatase and TiO2
rookite. However, the Zr0.1Ti0.9On mixed oxide comprises more
ano-brookite (33 wt.% of ∼2 nm size). It indicates that the addition
f Zr4+ ions into TiO2 stabilizes the brookite crystal structure at the
esoporous 162 549 3.60 3.22
esoporous 170 405 – 3.20
acroporous 50 211 – 2.98

expense of anatase. Moreover, the changes (the expansion) within
the anatase lattice parameters can be seen which evidences that Zr
atoms, which are larger than Ti atoms [23], are incorporated within
anatase crystal structure. Contrary to that, the phase composition
and the microstructure of Zr0.3Ti0.7On and Zr0.5Ti0.5On mixed oxides
are very complex; while the Zr0.3Ti0.7On mixed oxide is a well-
Fig. 2. XRD patterns of investigated TiO2, ZrO2 and ZrxTi1-xOn mixed oxides. A –
TiO2 anatase, B – TiO2 brookite, T – zirconium titanate, R – TiO2 rutile (marked by
dash-and-dot vertical lines), ZrO2 monoclinic – marked by solid black vertical lines
to  the half of y-axis, ZrO2 tetragonal – marked by dotted black vertical lines at the
bottom of y-axis.
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Table  2
(Micro)structural properties of investigated mixed oxides.

Material Phase composition <D>V

(nm)
a***
(Å)

c***
(Å)

TiO2 94 wt.% TiO2 anatase
6 wt.% TiO2 brookite

15(1)
6(2)

3.789 9.488

Zr0.1Ti0.9On 67 wt.% TiO2 anatase
33 wt.% TiO2 brookite

11(1)
2(4)

3.800 9.551

Zr0.3Ti0.7On 57 wt.% TiO2 anatase
20 wt.% ZrO2 tetragonal
23 wt.% Zr0.8Ti0.2O2

monoclinic

135(4)
11(2)
9(3)

3.807 9.625

Zr0.5Ti0.5On* 52 wt.% TiO2 anatase
16 wt.% TiO2 rutile
32 wt.% ZrO2 tetragonal

158(10)
37(2)
16(4)

3.807 9.625

Zr0.7Ti0.3On 35 wt.% ZrO2 tetragonal
65 wt.% Zr0.8Ti0.2O2

monoclinic

9(1)
11(1)

– –

Zr0.9Ti0.1On 67 wt.% ZrO2 tetragonal
33 wt.% ZrO2 monoclinic

6(1)
6(3)

– –

ZrO2 24 wt.% ZrO2 tetragonal
76 wt.% ZrO2 monoclinic

5.5(8)
6(1)

– –

TiO2 Evonik P25 80 wt.% TiO2 anatase
20 wt.% TiO2 rutile

25**
54

– –

*amorphous phase suspected with several large crystallites of TiO2 anatase, TiO2 rutile and ZrO2 tetragonal.
**The average primary crystallite-size stated by producer.
***The lattice parameters of TiO2 anatase crystallites.
<D>V volume weighted crysallite-size.
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the monoclinic form [25]. The tetragonal form is present in minor-
ity according to the band at 276 cm−1. All bands corresponding to
the presence of ZrO2 are relatively very broad which could point
Fig. 3. UV–vis DRS spectra of investigated ZrxTi1-xOn mixed oxides.

al. The Zr0.5Ti0.5On mixed oxide is poorly crystalline, comprising
enerally larger crystallites. The Zr0.7Ti0.3On mixed oxide is a mix-
ure of ZrO2 tetragonal and monoclinic zirconium titanate, both in
ano-size. The Zr0.9Ti0.1On and parent ZrO2 are the mixtures of ZrO2
onoclinic and ZrO2 tetragonal crystal structures; it is evident that

he addition of Ti4+ ions into ZrO2 stabilizes the tetragonal crystal
tructure at the expense of monoclinic.

The obtained UV–vis spectra were transformed to the depen-
encies (F(R∞)&903;h�)2 against h� in order to obtain the values
f the energy of absorption edge (Fig. 3), which is given in Table 1.
hese values could be compared with other photocatalysts using
hese materials as supports. It is clearly seen that the value of direct
and gap energy continuously decreases with increasing TiO2 load-

ng with the exception of the Zr0.3Ti0.7On mixed oxide, which is a
acroporous material composed of 57 wt.% of large TiO2 anatase

rystallites (∼135 nm), 20 wt.% of nano-sized ZrO2 tetragonal and

3 wt.% of nano-sized zirconium titanate. The optical properties
orrespond to complicated (micro)structure of mixed oxides. As
oth TiO2 and ZrO2 are indirect semiconductors, the indirect band
gap energy was also determined by extrapolating the linear part of
the curve to SQRT(F(R)) = 0 (Table 1, not shown in Fig. 3).

Measured Raman spectra are shown in Fig. 4. Raman spectrum of
TiO2 shows all characteristic bands for anatase (148, 404, 522, and
646 cm−1) which correspond to the Raman-active modes of anatase
with the symmetries of Eg(1), B1g, A1g and Eg(3) [24]. Intensity of the
main anatase band at 148 cm−1 decreases with the increasing con-
tent of Zr. In Zr0.7Tri0.3On and Zr0.9Ti0.1On mixed oxides the band
is not visible at all. TiO2 rutile or TiO2 brookite vibrations were
not observed in any of composites by Raman microspectroscopy. It
is probably due to lower Raman cross-section of the brookite and
rutile phases. Spectrum of ZrO2 shows very small intensity com-
paring to TiO2 spectrum, but shows mainly bands corresponding to
Fig. 4. Raman spectra of investigated TiO2, ZrO2 and ZrxTi1-xOn mixed oxides.
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o the some amorphous phase in ZrO2. Raman observations well
orrespond with results from XRD.

.2. CO2 photocatalytic reduction

The effect of irradiation time on the formation of gaseous prod-
cts in the photocatalytic reduction of carbon dioxide was  studied
ver all prepared ZrxTi1-xOn mixed oxides. The main product was
etermined to be methane in the gas phase. Hydrogen and low
oncentrations of carbon monoxide were also detected while other
roducts such as methanol, formaldehyde or formic acid were
ndetectable. The observed order of yields (�mol/gcat) order was:
2 > CH4 > CO.

Comparison of CH4, CO and H2 yields over ZrxTi1-xOn mixed
xides are shown in Fig. 5a–c, respectively. The yields of CH4, CO
nd H2 increased with irradiation time. The amount of H2 was
igher by one order of magnitude in comparison with CH4 and by
wo orders of magnitude in comparison with CO.

The yields of methane were decreasing in the follow-
ng sequence: Zr0.1Ti0.9On > Zr0.7Ti0.3On > Zr0.5Ti0.5On > Zr0.9
i0.1On > ZrO2 > TiO2 > Zr0.3Ti0.7On. The methane yield over
r0.1Ti0.9On was 6 times higher than over the commercial
iO2 Evonik P25. Similar trend was observed for carbon monoxide
ields and hydrogen yields with the difference that the Zr0.1Ti0.9On

ixed oxide was  3.5 time active than TiO2 Evonik P25.
For the evaluation of the effect of various Ti:Zr molar ratios on

hotocatalytic activities, the initial rates of H2, CH4 and CO for-
ation were determined by linear regression method as the slope

f linear part (at the beginning of the reaction) of the yield–time
ependences (Fig. 6). The initial rates of all products formation of
ost ZrxTi1-xOn mixed oxides were higher than of parent TiO2 and

rO2. Moreover, all prepared mixed oxides proved much higher ini-
ial rates in comparison with the commercial TiO2 Evonik P25. The
nitial rate of formation for all reaction products were the highest
or the Zr0.1Ti0.9On mixed oxide, being a mixture of 67 wt.% of TiO2
natase and 33 wt.% of TiO2 brookite.

.3. Factors influencing the photocatalytic reduction of CO2 over
he ZrxTi1-xOn mixed oxides

The enhanced photocatalytic performance of the ZrxTi1-xOn

ixed oxides can be connected with several factors such as (i) the
pecific surface area, which determines the available surface active
ites, (ii) band gap, (iii) phase composition and microstructure, and
iv) electron and hole separation.

For (i), combining ZrO2 and TiO2 using micelles-driven sol-gel
ethod and processing by pressurized hot water and supercriti-

al methanol results in the ZrxTi1-xOn mixed oxides possessing the
igh surface areas. High surface area of mixed oxides can repre-
ent more available surface active sites which may lead to higher
eaction rates and product yields. Particularly, the Zr0.1Ti0.9On and
r0.5Ti0.5On mixed oxides show the specific surface area ∼181 m2/g
nd ∼225 m2/g, respectively, which is significantly higher than of
arent TiO2 or TiO2 Evonik P25 (109 m2/g and 50 m2/g, respec-
ively) (Table 1). Although the Zr0.5Ti0.5On mixed oxide has a larger
pecific surface area than the Zr0.1Ti0.9On mixed oxide its photoac-
ivity is lowered. This behavior can be explained by two  facts; (1)
he misrepresenting value of SBET : The value of the specific sur-
ace area, SBET, presents according to the BET theory the surface of

esoporous structure of mixed oxide. If there are the micropores
ncluded in material, the value of SBET is misrepresented (overes-
imated). Thus, it should be taken into account that the specific

urface area of the Zr0.1Ti0.9On mixed oxide (∼181 m2/g) is its real
urface area since it is a purely mesoporous material, however, the
pecific surface area of the Zr0.5Ti0.5On mixed oxide (∼225 m2/g)
ust be considered to be lower since it is a micro-mesoporous

Fig. 5. The time dependence of the methane (A), carbon monoxide (B) and hydrogen
(C)  over investigated mixed oxides and comparison with commercial TiO2 Evonik
P25 in the CO2 photocatalytic reduction.
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ig. 6. The initial reaction rates of products formation in the CO2 photocatalytic red
25.

aterial. Thus, in fact both mixed oxides show comparable sur-
ace area. (2) The occurrence of amorphous phase: It was  reported
26] that the amorphous phase has a lower efficiency in accelerat-
ng the electron transfer than a crystalline phase. The amorphous
ature of Ti:Zr mixed oxides in vicinity of 1:1 was  also founded
y other authors [27–29]. Similarly, a significantly larger specific
urface area (SBET ∼172 m2/g) for amorphous Ti:Zr mixed oxides
Ti0.63Zr0.37On) was reported by Kraleva et al. [30]. Concerning
urprisingly the lowest specific surface area of ∼47 m2/g of the
r0.3Ti0.7On mixed oxide, it can be attributed to complex phase
omposition and microstructure with respect to crystallite sizes of
ndividual crystalline phases (Table 2), resulting in macroporous

aterial. These (micro)structural and textural properties of the
r0.3Ti0.7On mixed oxide arise as a consequence of used Ti:Zr molar
omposition, preparation method and high-pressure processing
nder pressurized hot water and supercritical methanol. It is worth
o mention that similarly unpredictable crystallization of mixed
xides-based composites, showing exceptions in textural proper-
ies, was also observed in our previous work [17] dealing with
he CexTi1-xOn mixed oxides prepared by similar sol-gel method
n combination with calcination.

For (ii), the band gap energy of the ZrxTi1-xOn mixed oxides
ncreases with increasing content of Zr in the mixed oxides,
oncerning the direct band gap energy namely from 3.34 eV for
r0.1Ti0.9On to 3.60 eV for the Zr0.9Ti0.1On mixed oxide. The slight
lue shift in the ZrxTi1-xOn mixed oxides can be attributed to larger
and gap of ZrO2 as well as the size quantization effect due to the
ormation of small crystallites of ZrO2 (∼6 nm). The similar obser-
ation was reported by Kokporka et al. [4].

For (iii), it was reported [2] that the heterophase TiO2 may
ave a large specific surface area and show intimately contacting
natase–brookite surface junctions. The anatase–brookite mixture
uppresses effectively the recombination of photoinduced charge
arriers in TiO2 thereby increases its photoactivity [2]. The ratio of
he anatase and brookite phase can influence a material photocat-
lytic activity. In our case, higher proportion of brookite (33 wt.%) in
he Zr0.1Ti0.9On mixed oxide contributed to its higher photoactivity
ompared to parent TiO2 which possesses significantly lower con-
ent of brookite (6 wt.%). This result is in agreement with results
f other authors [2,31]. Liu et al. [2] found that TiO2 consist-
ng of 72.9 wt.% of anatase, 24.6 wt.% of brookite, and 2.5 wt.% of
utile exhibited the highest photoactivity. Kočí et al. [31] revealed

n previous study dealing with pure TiO2 that the bicrystalline
natase-brookite mixture showed the best photocatalytic activity
n the CO2 photocatalytic reduction.
n over investigated mixed oxides, parent oxides as well as commercial TiO2 Evonik

For (iv), some research groups [7,32] found out that electron and
hole separation can take place between ZrO2 and TiO2 in the binary
oxides, since the energy level of TiO2 both for the conduction band
(CB) and valence band (VB) corresponds well within the band gap of
ZrO2. The electrons are excited by UV irradiation from both oxides.
Some of the electrons from CB of ZrO2 can easily drift to the CB of
TiO2, in the process the recombination of electron and hole may  be
inhibited in ZrO2 loaded to TiO2 [7]. In case of higher amount of
ZrO2, the higher number of electrons can be excited from the VB
of ZrO2 to the CB of ZrO2 in comparison with pure TiO2, however,
less electrons can be drifted to the CB of TiO2 because the amount
of TiO2 is lower than ZrO2 [11]. The synergetic effect existed in the
Ti:Zr mixed oxides, it followed the improvement of charge separa-
tion in the electrons and holes generation process happening at the
interface of the semiconductor particles. In our case, the prediction
of electron and hole separation in the Zr0.1Ti0.9On and Zr0.5Ti0.5On

mixed oxides is really complicated, since the Zr0.1Ti0.9On mixed
oxide is a bicrystalline TiO2 anatase-brookite mixture with either
Zr atoms partially incorporated to TiO2 anatase crystal structure or
with ZrO2 as amorphous phase, and the Zr0.5Ti0.5On mixed oxide in
of amorphous phase with detected large crystallites of TiO2 anatase
and smaller crystallites of TiO2 rutile and ZrO2 tetragonal (Table 2).
Beside the phase composition the crystallite-size of individual crys-
tal phases will definitely play also a key role, since this property
affects significantly the surface phase junction.

Jung et al. [29] found that the photoactivity of zirconia-titania
mixed oxide increases linearly with the anatase crystallite-size.
Their findings are in agreement with our results for the mixed
oxides with smaller crystallites (i.e. Zr0.7Ti0.3On, Zr0.9Ti0.1On and
Zr0.1Ti0.9On). The Zr0.7Ti0.3On and Zr0.9Ti0.1On mixed oxides contain
smaller crystallites than the Zr0.1Ti0.9On mixed oxide, moreover,
only the Zr0.1Ti0.9On mixed oxide contains anatase crystallites.
Therefore the Zr0.1Ti0.9On mixed oxide shows the highest pho-
toactivity. For our Zr0.5Ti0.5On and Zr0.3Ti0.7On mixed oxides their
theory cannot be taken into account, since both mixed oxides con-
tain extremely large anatase crystallites (Table 2).

The Zr0.1Ti0.9On mixed oxide was the most photoactive from
all investigated mixed oxides and parent oxides. The commercial
TiO2 Evonik P25 showed the lowest photoactivity in the CO2 pho-
tocatalytic reduction from all investigated materials. Thus, it can be
stated that Ti:Zr molar ratio of 0.9:0.1 can be considered as the opti-
mum in the mixed oxides synthesized for the CO2 photocatalytic

reduction. This optimum in Ti:Zr molar ratios, resulting in the high-
est rates of products formation and product yields, was also found
for other photocatalytic reactions [4,6].



5 is Tod

4

r
c
p
m
i
t
s

i
a
T
p
m
a
T
g
a
T
t
p
t
C

A

R
a
F
L
o
D
C
c

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

pressurized fluids in CO2 reduction and N2O decomposition, J. Sol Gel Sci.
Technol. 76 (2015) 621–629.

[32] L.A.C.X. Fu, Q. Yang, M.A. Anderson, Enhanced photocatalytic performance of
titania-based binary metal oxides: tiO2/SiO2 and TiO2/ZrO2, Environ. Sci.
8 K. Kočí et al. / Catalys

. Conclusion

The ZrxTi1-xOn mixed oxides comprising various Ti:Zr molar
atios and parent TiO2 and ZrO2 were prepared unconventionally,
ombining the reverse micelles-driven sol-gel method with high-
ressure processing by pressurized hot water and supercritical
ethanol. All prepared materials were comprehensively character-

zed using several complementary characterization methods and
heir photocatalytic properties were investigated in a gas-liquid
ystem for the CO2 photocatalytic reduction.

Characterizations revealed the complicated micro(structure) of
ndividual ZrxTi1-xOn mixed oxides, resulting in different optical
nd thus electronic properties. It was revealed that the optimum
i:Zr molar ratio for the synthesis of mixed oxides for the CO2
hotocatalytic reduction is 0.9:0.1. It leads to the Zr0.1Ti0.9On

ixed oxide of optimal crystallinity, being a bicrystalline TiO2
natase-brookite mixture (67:33 wt.%) of small crystallite-sizes.
he Zr0.1Ti0.9On mixed oxide also possessed the lowest direct band
ap energy from all investigated ZrxTi1-xOn mixed oxides. It can be
ssumed that in a consequence of the small crystallite-sizes of both
iO2 crystal phases, providing optimal surface phase junction, and
he presence of Zr atoms in TiO2 anatase crystal lattice, forming
ossibly the defects in anatase crystal lattice, its optical and elec-
ronic properties are the optimal for the highest reaction rate of the
O2 photocatalytic reduction.
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TiO2 as nanostructured powders were prepared by (1) sol–gel process and (2) hydrothermal method
in combination with (A) the processing by pressurized hot water and methanol or (B) calcination.
The subsequent synthesis step was the modification of prepared nanostructured TiO2 with nitrogen
using commercial urea. Textural, structural, surface and optical properties of prepared TiO2 and
N/TiO2 were characterized by nitrogen physisorption, powder X-ray diffraction, X-ray photoelectron
spectroscopy and DR UV-vis spectroscopy. It was revealed that TiO2 and N/TiO2 processed by pres-
surized fluids showed the highest surface areas. Furthermore, all prepared materials were the mix-
tures of major anatase phase and minor brookite phase, which was in nanocrystalline or amorphous
(as nuclei) form depending on the applied preparation method. All the N/TiO2 materials exhibited
enhanced crystallinity with a larger anatase crystallite-size than undoped parent TiO2. The photo-
catalytic activity of the prepared TiO2 and N/TiO2 was tested in the photocatalytic reduction of CO2

and the photocatalytic decomposition of N2O. The key parameters influencing the photocatalytic
activity was the ratio of anatase-to-brookite and character of brookite. The optimum ratio of anatase-
to-brookite for the CO2 photocatalytic reduction was determined to be about 83 wt.% of anatase
and 17 wt.% of brookite (amorphous-like) (TiO2-SG-C). The presence of nitrogen decreased a bit
the photocatalytic activity of tested materials. On the other hand, TiO2-SG-C was the least active in
the N2O photocatalytic decomposition. In the case of N2O photocatalytic decomposition, the modifi-
cation of TiO2 crystallites surface by nitrogen increased the photocatalytic activity of all investigated
materials. The maximum N2O conversion (about 63 % after 18 h of illumination) in inert gas was
reached over all N/TiO2.

Keywords: Titania, Pressurized Hot Fluid, Nitrogen Doped, Photocatalysis, Carbon Dioxide,
Nitrous Oxide.

1. INTRODUCTION
Carbon dioxide is regarded to be one of principal con-
tributors to the greenhouse effect and the limitation of
its emission is nowadays a key challenge over the world.
The photocatalytic reduction of CO2 using water as the

∗Author to whom correspondence should be addressed.

reductant and a visible light as the source of photon to
reusable hydrocarbons is of especially interest.1 The water
splitting is the first step of this photocatalytic reaction,
which produces hydrogen reacting subsequently with car-
bon dioxide.2

All types of photocatalysts, methods and photoreactors
used for the CO2 photoreduction have been reviewed in
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several articles.3–15 The most widely used photocatalyst is
TiO2 and generally methane is the product of reaction. The
selection of TiO2 for the CO2 photocatalytic reduction is
not astonishing due to the wide availability of this material,
its stability, lack of toxicity, and, in particular, high photo-
catalytic activity in water splitting. The efficiency of TiO2

can be increased by doping with metals3–5 or non-metallic
elements with the creation of oxygen vacancies.6–9�16 The
doping improves, in general, an electron trapping capabil-
ity of modified semiconductor, reduces the recombination
of the photogenerated pair of electron and hole (e−/h+)
and often extends the absorption capability of light until
the visible range.

N2O belongs also to the major greenhouse gases and
it plays a significant role in the destruction of the ozone
layer. The photocatalytic decomposition of N2O under UV
irradiation on semiconductor materials is one of promis-
ing methods for the N2O removal. Several different pho-
tocatalysts are able to decompose N2O into N2 and O2

at ambient temperature.1 In 2000, Sano et al.17 photocat-
alytically decomposed N2O over Ag–TiO2 with methanol
vapor. TiO2 loaded with only 0.16 wt.% of Ag was the
most active photocatalyst. Nevertheless, in these exper-
iments, methanol was used as a reducing agent. Kočí
et al.18 described the N2O photocatalytic reduction by pow-
dered Ag–TiO2 photocatalysts with Ag loading from 0.7
to 5.2 wt.%. The photocatalysts were prepared by the
sol–gel process and calcination. The highest N2O conver-
sion was observed for 3.4 wt.% Ag–TiO2. On the other
hand, Obalová et al.19 tested Ag–TiO2 thin films with Ag
loading from 0.25 to 1 wt.% of Ag, prepared by the sol–gel
method, and did not observ the change in the N2O conver-
sion with increasing Ag amount.

A special attention has been focused on the application
of TiO2 prepared by different methods. TiO2 processed
by pressurized hot fluids (after using the sol–gel pro-
cess controlled within reverse micelles) gave the highest
N2O conversion.20 The cerium-doped TiO2 (Ce0�05Ti0�95O2,
Ce0�30Ti0�70O2 composites), which were prepared by the
same procedure, also showed improved photocatalytic
activity compared to pure TiO2. However, the maximum
N2O conversion was reported over the Ce0�05Ti0�95O2 com-
posite. Such high activity was attributed to two factors:
(i) high disorder within the anatase crystal structure and
(ii) the absence of some cerium-containing amorphous
phase/s (e.g., CeO2 or CeTi2O6�, which can partially block
the surface active sites on the anatase crystals. Concerning
the mechanism, the photocatalytic decomposition of N2O
was accompanied with photolysis of N2O.

21

The technique of TiO2 preparation and the kind of
used dopant(s) have been concluded as two main fac-
tors crucially affecting the photocatalytic performance of
TiO2-based materials due to their effects on the material
(micro)structure. Therefore, the aim of this work is the
synthesis of TiO2 and nitrogen doped TiO2 by two differ-
ent chemical methods as well as by pressurized hot fluids

processing beside the calcination. The prepared materials
were tested in both the photocatalytic reduction of CO2

and the photocatalytic decomposition of N2O. The photo-
catalytic activity was correlated with the (micro)structure
and optical properties of the developed materials.

2. EXPERIMENTAL DETAILS
2.1. Preparation of TiO2 and N/TiO2

In this work two sets of materials were prepared, pure
TiO2 and nitrogen doped TiO2 (N/TiO2�, where TiO2 was
prepared by three different ways:
(i) sol–gel method combined with calcination (SG-C),
(ii) hydrothermal method combined with calcination
(HT-C), and
(iii) sol–gel method combined with pressurized fluid pro-
cessing (SG-PFE).

Cyclohexane (C6H12, HPLC grade, Aldrich), non-
ionic surfactant Triton X-114 ((1,1,3,3-tetramethylbutyl)
phenyl-polyethylene glycol, C29H52O8�5, Aldrich), titanium
(IV) isopropoxide (Ti(OCH(CH3�2�4, 99.999%, Aldrich)
and distilled water were used in the sol–gel synthesis.
Titanyl sulphate (TiOSO4, Precheza a.s.), sulphur acid
(H2SO4, Penta), sodium hydroxide (NaOH, Penta) and
distilled water were used in the hydrothermal synthe-
sis. Urea (CO(NH2�2 Penta) was used for nitrogen dop-
ing. Furthermore, deionized water (electrical conductivity
∼0.06–0.08 �S · cm−1) and methanol (for HPLC) were
used as media (solvents) during the pressurized fluids
processing.
Sol–gel synthesis of TiO2. Titania gel was prepared as

follows: In the first step of preparation, cyclohexane was
mixed with Triton X-114 and distilled water, and the mix-
ture was kept under vigorous stirring for 20 min at lab-
oratory temperature. In the second step, titanium (IV)
isopropoxide was injected into the mixture. The micel-
lar titania sol was stirred for further 20 min. After that
the homogeneous transparent sol was poured into Petri’s
dishes in a thin layer (4 mm) and the dishes were left
standing on air for gelation. Generally, the titania sol was
prepared keeping the molar ratio of cyclohexane:Triton
X-114:H2O:Ti(OCH(CH3�2�4 to be 11:1:1:1. A gelation
period of titania sol was ∼24 h. After gelation period, the
titania gel was grinded to small pieces (∼3×3 mm) and
processed either by calcination at 400 �C for 4 h using
10 �C/min temperature ramp or by pressurized hot fluids
(water and methanol) in order to produce TiO2 nanostruc-
tured powders. Processing by pressurized hot water and
subsequently by pressurized hot methanol was carried out
in a laboratory-made unit equipped with a HPLC BETA10
Plus gradient pump (Ecom s.r.o., Czech Republic), a
chromatographic oven operating in the temperature range
25–400 �C, a capillary cooling, and a restrictor operating
at ambient temperature. For more details about the set-
up see Ref. [22] The gel sample placed in 24-ml high-
temperature stainless steel cell was processed in a flow
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regime at 200 �C and 10 MPa, using 1.5 L of deionized
water, 0.25 L of methanol and 0.1 L of deionized water.
The solvent flow rate during the processing was kept at
3.5–4.5 ml ·min−1. Both prepared TiO2 powders (TiO2-SG-
C, TiO2-SG-PFE) were sieved to <0.160 mm particle-size
fraction and divided to two parts: one for the photocat-
alytic tests and one for the subsequent nitrogen doping.
Hydrothermal synthesis of TiO2. Titanyl sulphate solu-

tion (160 ml, concentration of 100 g TiO2/l TiOSO4� was
mixed with sulphuric acid (840 ml, 0.5 mol · l−1 H2SO4�.
The solution was under constant mixing heated up to 80±
1 �C. After this temperature was reached the 20 wt.%
NaOH solution was added dropwise until the pH was neu-
tral (the pH was checked by universal pH paper indicator).
The formed suspension was left to cool down. Then, the
suspension was filtered. The filter cake was washed with
5 l of deionized water to remove the sulphate anions, the
presence of sulphate anions was tested with 10 wt.% BaCl2
solution. The filter cake was dried in a Petri’s dish on
air at 40 �C overnight. The prepared powder was crushed
and sieved to 0.160–0.315 mm particle-size fraction, which
was calcined at 400 �C for 1 h using 10 �C/min tempera-
ture ramp (TiO2-HT-C). After calcination TiO2 was repeat-
edly sieved to 0.160–0.315 mm particle-size fraction and
divided to two parts: one for the photocatalytic tests and
one for the subsequent nitrogen doping.
Nitrogen doping. The prepared TiO2 powders

(TiO2-SG-C, TiO2-HT-C, TiO2-SG-PFE) were modified
by nitrogen using commercial urea. The nitrogen amount
in TiO2 was selected to be 10 wt. % of N. The mechanical
mixtures of proper amounts of TiO2 and urea were dried
at 100 �C for 2 h in an oven and then calcined at 400 �C
for 2 h using the temperature increase of 2 �C/min. After
that, the mixtures were sieved to <0.160 mm particle-
size fraction. This particle-size fraction was used for
all the characterizations as well as the photocatalytic
investigations. The nitrogen doped TiO2 were denoted as
N/TiO2-SG-C, N/TiO2-HT-C and N/TiO2-SG-PFE.

2.2. Characterization of Prepared Materials
Nitrogen physisorption, X-ray powder diffraction (XRD),
X-ray photoelectron spectroscopy (XPS) and UV-vis dif-
fuse reflectance spectroscopy were carried out to determine
the textural, structural, surface and optical properties of
the investigated materials.
Nitrogen physisorption was performed at 77 K on

an automated volumetric apparatus NOVA2000e (Quan-
tachrome Instruments, USA) after degassing of materi-
als at 110 �C overnight under vacuum less than 1 Torr.
The specific surface area, SBET, was calculated accord-
ing to the classical Brunauer–Emmett–Teller (BET) the-
ory for the p/p0 range= 0.05–0.30.23�24 Additionally, the
mesopore surface area, Smeso, and the micropore volume,
Vmicro, were also evaluated based on the t-plot method.25–27

The net pore volume, Vnet, was determined from the

nitrogen adsorption isotherm at maximum p/p0(∼0.993).
The pore-size distribution was evaluated from the adsorp-
tion branch of the nitrogen adsorption–desorption isotherm
by the Barrett–Joyner–Halenda (BJH) method.28

XRD patterns were measured in the Bragg–Brentano
geometry using a Bruker D8 Advance diffractometer
equipped with a LYNXEYE position sensitive detector and
using Ni-filtered CuK� radiation. The measurements were
carried out in the reflection mode with sample spinning.
Powder samples were dispersed in acetone on a low back-
ground Si-substrate. The XRD patterns were recorded in
the 2� range of 10–80� with the data step of 0.015�.
The phase composition, crystallite-size and lattice parame-
ters were evaluated from Rietveld refinement of XRD data
using MStruct software.29�30 The method was described in
more detail in Refs. [29, 31]. A special attention was paid
on the treatment of higher scattering background at posi-
tions of brookite reflections in some samples, as it can be
assumed32�33 the effect is related to presence of amorphous
TiO2. The amorphous phase was modelled by very small
(0.6 nm) particles of brookite structure.33

XPS spectra were recorded on a Prevac photoelectron
spectrometer equipped with a hemispherical VG SCIENTA
R3000 analyzer. The photoelectron spectra were recorded
with constant pass energy of 100 eV for the survey and
for high resolution spectra using a monochromatized alu-
minum source Al K� (E = 1486�6 eV) and a low energy
electron flood gun (FS40A-PS) to compensate the charge
on the surface of nonconductive samples. The base pres-
sure in the analytical chamber was 5× 10−9 mbar. The
binding energies were referenced to the C 1s core level
(Eb = 285�0 eV). The composition and chemical surround-
ing of the sample surface were investigated on the basis of
the areas and binding energies of Ti 2p, N 1s, O 1s and
C 1s photoelectron peaks. The fitting of high resolution
spectra was provided through the Casa XPS software.
UV–Vis diffuse reflectance spectra of materials

(<0.160 mm) were measured in quartz cuvettes (thick-
ness 5 mm) by using a GBS CINTRA 303 spectrometer
(GBC Scientific Equipment, Australia) equipped with an
integrating sphere covered by a BaSO4 layer. The spectra
were recorded against a spectralon reference material in
the wavelength range of 200–900 nm (lamps switched at
350 nm). The scan rate was 100 nm/min. The scan step
was 1 nm and the width of monochromator slit was 2 nm.
The reflectances were recalculated to the absorption using
the Kubelka–Munk equation:

F �R��= �1−R��
2/2 ·R� (1)

where R� is the diffuse reflectance from a semi-infinite
layer. The obtained spectra were transformed to the depen-
dencies �F �R�� · h	�2 against h	 in order to obtain the
values of the energy of absorption edge.34
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2.3. Photocatalytic Reduction of CO2

The CO2 photocatalytic reduction was performed in a
stirred batch photoreactor with a suspended photocatalyst
(0.12 g) illuminated by a UV 8 W Hg lamp (
= 254 nm)
situated on the top of photoreactor; the shell tube was
made from stainless steel. Supercritical fluid-grade CO2

was used as a reactant and 0.2 M NaOH solution (120 mL)
was a reduction medium. The analysis of gaseous reaction
products was performed in GC/BID. The details about the
experiment setup and analytical methods were depicted in
our previous work.35

The accuracy of measuring was verified by repeated
measurements and the relative error of products yields
of 10% was determined. Blank tests were also carried
out to ensure that the hydrocarbon production was due to
the photoreduction of CO2.

35 CH4, CO and H2 were not
detected in any blank tests.

2.4. Photocatalytic Decomposition of N2O
The N2O photocatalytic decomposition was performed in a
batch annular photoreactor with or without a photocatalyst
(photocatalysis and photolysis, respectively). The powdery
photocatalyst was spread on the bottom of the photoreac-
tor (of 660 mL volume). The photoreactor was filled with
the N2O/N2 mixture (968 ppm). The reaction was initiated
by switching on a 8 W Hg lamp (
= 254 nm) situated in
the center of the quartz tube; the shell tube was made of
stainless steel. The pressure and the temperature inside the
photoreactor were monitored constantly. A gas chromato-
graph with barrier ionization discharge detector (GC/BID)
was used for the analysis of N2O concentration at the start
of reaction and during the reaction. The reproducibility of
photocatalytic experiments was verified by repeated mea-
surements.

3. RESULTS AND DISCUSSION
3.1. Photocatalysts Characterization
The prepared materials were characterized by using several
complementary techniques in order to reveal their physico-
chemical and optical properties, which could explain their
performance in both photocatalytic reactions.

Surface chemical composition of the N-doped TiO2

materials was measured by XPS. Table I gives the con-
tent of Ti and N. All N-doped TiO2 samples exhibit the
emission of Ti 2p1/2 and Ti 2p3/2 spin-orbital splitting
photoelectrons at binding energies of 464.1–464.3 eV and
458.3–458.5 eV, respectively, which are characteristic of
Ti4+. Furthermore, the separation of peak 5.8 eV to the
Ti 2p1/2 and Ti 2p3/2 signals corresponds to the values
reported for TiO2 (NIST, 2012). Surface oxygen is present
in three chemical states–as O2− lattice ions (Eb = 529�6–
529.8 eV), hydroxyls (Eb = 530�8–531.2 eV), and strongly
adsorbed water (Eb = 535�0 eV).36 For the N/TiO2-SG-
PFE and N/TiO2-SG-C, the traces of nitrogen appear on
the surface as it is identified by very weak N 1s peak at

Table I. Surface and textural properties of investigated TiO2 and
N/TiO2.

XPS Nitrogen physisorption

Ti N SBET Smeso Vmicro Vnet

Material (at.%) (at.%) (m2/g) (m2/g) (mm3
liq/g) (mm3

liq/g)

TiO2-SG-C n.d. n.d. 105 88 26 140
N/TiO2-SG-C 24�97 0�76 103 65 23 159
TiO2-HT-C n.d. n.d. 115 71 26 190
N/TiO2-HT-C 20�48 0�00 101 60 24 208
TiO2-SG-PFE n.d. n.d. 180 133 31 301
N/TiO2-SG-PFE 23�37 0�49 120 88 21 288

Note: n.d. not determined.

about 400 eV. The position of this peak corresponds very
well to the Eb value described in the literature as typical
of nitrogen in O–Ti–N linkages.37 So high Eb value sug-
gests the reduction of electron density in nitrogen atoms
by their introduction into the TiO2 lattice together with
highly electronegative oxygen atoms.
The results of nitrogen physisorption measurements are

shown in Figures 1(a–c) and summarized in Table I. All
investigated materials possess mesoporous structure with
small amounts of micropores. Each set of TiO2 and N/TiO2

materials (i.e., SG-C, HT-C and SG-PFE) show very sim-
ilar microporous-mesoporous structure. With respect to
the different preparations, TiO2 and N/TiO2 materials pro-
cessed by pressurized fluids (TiO2-SG-PFE, N/TiO2-SG-
PFE) exhibit the highest surface areas (SBET of 180 m2/g
and 120 m2/g). These values are markedly higher than
that of both calcined sets (Table I). It is also evident that
in N/TiO2-SG-C undergoing re-calcination after doping of
TiO2-SG-C by nitrogen any significant sintering did not
occur, since TiO2-SG-C and N/TiO2-SG-C have very sim-
ilar surface areas (SBET of 105 m2/g and 103 m2/g, respec-
tively). This effect was, however, more significant in the
HT-C and SG-PFE sets.
The XRD patterns (Fig. 2(a)) confirm the existence of

major anatase phase in all investigated materials. Besides
the major anatase phase, the presence of brookite phase
is also identified in all sets of materials, which is evi-
dent from the whole powder pattern fitting of XRD data
(Figs. 2(b and c)). Quantitative analysis gives a fraction
of nanocrystalline brookite around 25 wt.% in TiO2-SG-
PFE and N/TiO2-SG-PFE (Table II). Such intermixture of
nanocrystalline anatase and brookite is not surprising.38�39

Increased background between first two anatase lines in
TiO2-HT-C and N/TiO2-HT-C may indicate some amounts
of brookite-like TiO2 present rather in amorphous form
(Table II, Fig. 2). Small amounts of amorphous brookite
are also observed in TiO2-SG-C (17 wt.%) and N/TiO2-
SG-C (6 wt.%). For all N/TiO2, the peak intensities
increased compared to corresponding undoped TiO2. This
indicates that nitrogen doped TiO2 show enhanced crys-
tallinity with larger anatase crystallite-size (by ∼1 nm)
than undoped TiO2. Anatase lattice parameters and cell
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p/p0 (–)

0.0 0.2 0.4 0.6 0.8 1.0
0

50

100

150

200

TiO2-HT-C

N/TiO2-HT-C

TiO2-HT-C

N/TiO2-HT-C

(b)

Pore diameter (nm)
101 102

V
ad

s 
(c

m
3 (

S
T

P
)/

g)

p/p0 (–)

0.0 0.2 0.4 0.6 0.8 1.0
0

50

100

150

200(a)
V

ad
s 

(c
m

3 (
S

T
P

)/
g)

dV
ads /dlog(d) (cm

3/g)

dV
ads /dlog(d) (cm

3/g)

Pore diameter (nm)
101 102

p/p0 (–)

0.0 0.2 0.4 0.6 0.8 1.0
0

50

100

150

200

250

TiO2-SG-PFE

N/TiO2-SG-PFE

(c)

V
ad

s 
(c

m
3 (

S
T

P
)/

g)

dV
ads /dlog(d) (cm

3/g)

Pore diameter (nm)
101 102

Figure 1. Measured nitrogen adsorption–desorption isotherms and evaluated pore-size distributions (in insets) of investigated TiO2 and N/TiO2.

volumes (136.27–136.41 Å3� of all TiO2 do not change
markedly and are very similar to values reported in
Ref. [40]. Moreover, it can also be seen that the anatase
cell volume of N/TiO2-SG-C and N/TiO2-SG-PFE are
comparable slightly to parent TiO2-SG-C and TiO2-SG-
PFE. These facts reveal that low nitrogen doping did not
affect the microstructure of parent TiO2 and the anatase
crystallite-size in N/TiO2 increased in a consequence of
the re-calcination during preparation.
The UV-vis reflectance spectra of all the investigated

materials from which the absorption edges were deter-
mined are shown in Figure 3. Plotting ((F �R��h	�2 versus
h	 provides the extrapolated intercept corresponding to
the band gap energy (Eg) values (Table II). The absorp-
tion edge energies of TiO2 were shifted to lower val-
ues in the order: TiO2-HT-C (3.36 eV) > TiO2-SG-PFE

(3.24 eV) > TiO2-SG-C (3.21 eV). Nitrogen loading did
not lead to any significant changes in the band gap ener-
gies. In correlation with structural and microstructural
results it can be said that the different band gap ener-
gies of individual TiO2 may be caused by different phase
composition (i.e., ratio of anatase-to-brookite) and crys-
tallinity (i.e., character of brookite, anatase crystallites-
size) of individual TiO2. Negligible changes in TiO2 band
gap energies after nitrogen doping can be explained by the
trace contents of nitrogen being incorporated into the TiO2

lattice.

3.2. Photocatalytic Reduction of CO2

The different types of TiO2 and N/TiO2 were investigated
for the photoreduction of CO2 over a period of 0–24 h.
Figure 4 shows the progression of all reaction products as
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Figure 2. (a) XRD patterns of all prepared TiO2 and N/TiO2, (b) the background fit of TiO2-HT-C with amorphous-like brookite and (c) the fit of
small brookite peaks in TiO2-SG-PFE. Three full black lines at the bottom of the (a) sub-plot represent simulated nanocrystalline diffraction patterns
for anatase, amorphous-like brookite and naocrystalline brookite with typical parameters used in the fits.

functions of the irradiation time for TiO2-SG-C. Two main
products were determined, methane and carbon monoxide
in a gas phase. Hydrogen was also detected. The appear-
ance of other products such as formic acid, methanol
and formaldehyde was not noticed. The observed yields
(�mol/gcat� order was: CO> H2 > CH4.

Comparisons of CO, CH4 and H2 yields over all inves-
tigated materials are shown in Figures 5(a–c), respec-
tively. The highest yields from all detected products were
observed for carbon monoxide (Fig. 5(a)). The yields of
carbon monoxide increased evenly during the reaction.
The CO yields were comparable for all materials with the
exception of TiO2-SG-C.

The yields of methane were two orders of magnitude
lower than the yields of carbon monoxide (Fig. 5(b)).

Table II. Structural, microstructural and optical properties of investigated TiO2 and N/TiO2.

Phase composition Anatase lattice parameters
XRD phase

Material Xa (wt.%) Xb (wt.%) character of brookite �Da�V (nm) a (Å) c (Å) Vcell (Å
3� Absorption edge (eV)

TiO2-SG-C 83 17 Amorphous (n.d.) 9�2 3�787 9�503 136�30 3�21
N/TiO2-SG-C 94 6 Amorphous (n.d.) 10�1 3�786 9�506 136�27 3�20
TiO2-HT-C 51 49 Amorphous 10�7 3�789 9�502 136�41 3�36

(∼0.6 nm nuclei)
N/TiO2-HT-C 53 47 Amorphous 11�5 3�789 9�503 136�41 3�35

(∼0.6 nm nuclei)
TiO2-SG-PFE 75 25 Nanocrystalline 8�8 3�791 9�489 136�38 3�24

(∼2.5 nm)
N/TiO2-SG-PFE 77 23 Nanocrystalline 10�3 3�790 9�492 136�34 3�22

(∼2.5 nm)

Notes: Xa—weight fraction of anatase. Xb—weight fraction of brookite. �Da�V—volume-weighted anatase crystallite-size.

The yields of methane over calcined materials (TiO2-SG-
C, N/TiO2-SG-C) were significantly higher in comparison
with other ones.
The yield of hydrogen (Fig. 5(c)) increased evenly dur-

ing the reaction. The formation of hydrogen in presence
of all N/TiO2 was significantly lower in comparison with
all undoped TiO2. The substantially higher activity was
proved over TiO2-SG-C.
The highest yields of all reaction products were

observed for TiO2-SG-C. The presence of nitrogen in
N/TiO2-SG-C caused the decline of all products.

3.3. Photocatalytic Decomposition of N2O
The N2O photocatalytic decomposition over all prepared
materials was investigated over a period of 0–18 h. The
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Figure 3. UV-Vis DRS spectra of investigated TiO2 and N/TiO2 and
the determination of absorption edges.

time dependences of N2O conversion over all investi-
gated materials are shown in Figure 6(a). The progressive
increase in N2O conversion with the growing irradiation
time was observed. The N2O conversions reached over all
investigated materials were higher than in the case of pho-
tolysis (reaction without photocatalyst).
For TiO2, the N2O conversion decreased in the order:

TiO2-HT-C > TiO2-SG-PFE > TiO2-SG-C (Fig. 6(b)).
In contrast, the conversion of N2O for all N/TiO2 was com-
parable and it was comparable to TiO2-HT-C, which was
63% after 18 h (Fig. 5(c)).

3.4. Aspects Influencing the Photocatalytic Reduction
of CO2 and the Photocatalytic Decomposition of
N2O Over Different TiO2 and N/TiO2

Different photocatalytic behaviour of TiO2 and N/TiO2

revealed an important role of structure and nitrogen doping
in both reactions. In the CO2 photocatalytic reduction,
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Figure 4. The time dependences of the product yields over TiO2-SG-C.

the activity decreased in order: TiO2-SG-C > N/TiO2-
SG-C > TiO2-HT-C ∼ N/TiO2-HT-C ∼ TiO2-SG-PFE ∼
N/TiO2-SG-PFE. Since all investigated materials were the
mixtures of anatase and brookite, however, with different
crystallographic composition and character of the brookite
phase, it is evident that these features are more decisive
parameters influencing the photoactivity than the nitro-
gen doping or the surface area. In agreement to some
reports,41–43 the anatase–brookite mixture is more effective
than the pure anatase, brookite or anatase–rutile for the
photocatalytic reactions. However, only few reports have
been focused on the bicrystalline anatase–brookite mixture
for the CO2 photoreduction.44–46 Liu et al.46 tested the
crystal phase of TiO2, i.e., pure anatase (A), an anatase-
rich anatase/brookite mixture (AB), or a brookite-rich
anatase/brookite mixture (BA) and found out that the most
active photocatalyst was anatase-rich anatase/brookite mix-
ture. Zhao et al.46 reported that the bicrystalline anatase–
brookite was generally more active than the single-phase
anatase or brookite in the photocatalytic reduction of CO2.
Kočí et al.44 showed that the feature responsible for better
photocatalytic activity in the CO2 photoreduction was the
surface heterojunction of bicrystalline anatase–brookite.
It is necessary to point out that any of these works did not
discuss the effect of character of brookite in the mixture
with anatase.
In our work, the different mixtures of anatase and

brookite were prepared due to the application of different
preparation approaches (Table II). In the case of TiO2-SG-
C and N/TiO2-SG-C, the anatase phase with minimum of
brookite-like phase in rather amorphous form, 17 wt.%
and 6 wt.%, respectively, was obtained. Very similar
were TiO2-HT-C and N/TiO2-HT-C, however, with higher
content of brookite-like phase (47 wt.% and 49 wt.%,
respectively). The only nanocrystalline anatase-brookite
mixtures were TiO2-SG-PFE and N/TiO2-SG-PFE. Con-
sidering the highest surface areas of bicrystalline TiO2-SG-
PFE and N/TiO2-SG-PFE, which showed low photoactivity
in the CO2 photoreduction, and practically very similar
anatase crystallite-sizes of all investigated materials, it is
evident that the surface area and the anatase crystallite-
size, which are usually very important parameters, are not
crucial ones in this case.
The enhanced photoactivity of anatase-brookite mixture

can be explained by three reasons:
(i) the excited electrons on brookite conduction band (CB)
can transfer to anatase conduction band (CB) due to a
slightly higher CB edge of brookite (about 0.14 eV)42�43�46

than anatase, thus enhancing charge separation;
(ii) the facilitated formation of the intrinsic defect sites in
brookite may enhance electron trapping;46�47 and
(iii) the distorted interfaces between anatase and brookite
crystals may facilitate interfacial electron transport and
prevent the recombination of electron–hole pairs.46�48
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Figure 5. The time dependence of (a) carbon monoxide yields (b) methane yields and (c) hydrogen yields over individual investigated materials in
the CO2 photocatalytic reduction.
Conditions: 23 h of irradiation time, 8 W Hg lamp, CO2 pressure at carbonation of 110 kPa, 120 mL of H2O, photocatalyst concentration of 1 g/L,
pH 7.

Thus, the key property affecting the photocatalytic activity
of anatase-brookite mixtures in the CO2 photoreduction is
the character of brookite, which influences the interface
arrangement of both crystal phases and thus the photoac-
tivity as mentioned in points (ii) and (iii). It can be con-
cluded that the presence of amorphous brookite in the
anatase-rich anatase-brookite mixture enhances the mate-
rial photoactivity in the CO2 photoreduction.

The surface states play a crucial role in photocatalytic
reactions. The oxygen defects on the surface of photocat-
alyst are a sort of trapped site for photoexcited electrons,
which can separate electrons from holes, which is very
significant for photocatalysis. However, too many oxygen
defects can act as recombination centers and reduce the

lifetime of photoexcited electrons and holes. The doping
by nitrogen can increase the number of oxygen defects
considerably.49�50 The nitrogen doping in TiO2 decreased
a bit its photocatalytic activity in the CO2 photocat-
alytic reduction. According to the anatase lattice parame-
ters determined by WPPM analysis (Table II), which are
similar for all investigated TiO2 and N/TiO2 it is obvi-
ous that the nitrogen doping did not influence any sig-
nificantly the anatase crystal structure. However, it can
be assumed that due to the number of valence electrons
and the atomic diameters of N and O which are various,
the amount of nitrogen doped leads to the appearance of
defect sites and non-stoichiometry in the material. The
doped nitrogen ions and oxygen defects, which can acts as
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Figure 6. The time dependences of N2O conversion over (a) all investigated materials, (b) all TiO2 and (c) all N/TiO2.

recombination centers and limit the lifetime of photoex-
cited electrons and holes, thereby come down photocat-
alytic activity of materials under UV irradiation in the CO2

photoreduction, particularly water splitting and hydrogen
radicals formation which are necessary for CO2 photore-
duction. It is obvious that the production of hydrogen in
presence of all N/TiO2 is significantly lower compared to
all pure TiO2. On the other hand, an opposite effect is
evidenced in the N2O photocatalytic decomposition. The
best photoactivity was proved for all N/TiO2 and TiO2-
HT-C. As was reported, oxygen vacancies enhance the
N2O decomposition, and the lifetime of the N2O-vacancy
interaction may play the key role in this reaction.51 In
our case the nitrogen doping obviously led to creation of
more defect sites and non-stoichiometry on the TiO2 sur-
face. This feature could explain the comparable and higher
photoactivity of all N/TiO2 in the N2O photocatalytic
decomposition.

4. CONCLUSIONS
TiO2 as nanostructured powders were prepared by sol–gel
process or hydrothermal method in combination with (1)
the processing by pressurized hot water and methanol or
(2) calcination. The prepared TiO2 were modified with
nitrogen using commercial urea. The developed photo-
catalysts showed significantly different textural properties
(specific surface area) and phase composition (different
ratio of anatase-to-brookite and character of brookite).
In addition, the photocatalysts also showed different
behaviour in the CO2 photocatalytic reduction and the N2O
photocatalytic decomposition.
The modification of TiO2 by nitrogen was shown to

be beneficial in the N2O decomposition. In this case, the
nitrogen doping significantly increased the N2O decompo-
sition over N/TiO2 prepared by sol–gel method combined
with calcination (SG-C) and by sol–gel method combined
with pressurized fluid processing (SG-PFE). It was sug-
gested that the nitrogen doping led to the formation of
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more defect sites and non-stoichiometry on the TiO2 sur-
face that increased the N2O decomposition in the case
of these nitrogen-doped TiO2. In contrast, the effect of
nitrogen loading was not observed in TiO2 prepared by
hydrothermal method combined with calcination (HT-C),
as hydrothermal synthesis itself represents the process
leading to a significant amount of defect sites and non-
stoichiometry on the TiO2 surface.

On the other hand, the CO2 photocatalytic reduction is
a reaction, in which defect sites do not play so dramatic
role as in the case of N2O decomposition and, thus, the
nitrogen loading did not result in any increase of CO2

reduction. In the case of the CO2 photocatalytic reduction,
the key role plays the structure of surface phase junction
within bicrystalline mixture of anatase and brookite, where
the recombination of electrons and holes is reduced more
effectively. The optimum ratio of anatase-to-brookite for
the CO2 photocatalytic reduction was determined to be
about 83 wt.% of anatase and 17 wt.% of brookite (being
amorphous-like) (TiO2-SG-C).
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Abstract
The photocatalytic reduction of CO2 with H2O was investigated using Cu/TiO2 photocatalysts in aqueous solution. For this
purpose, Cu/TiO2 photocatalysts (with 0.2, 0.9, 2, 4, and 6 wt.% of Cu) have been synthesized via sol-gel method. The
photocatalysts were extensively characterized by means of inductively coupled plasma optical emission spectrometry (ICP-
OES), N2 physisorption (BET), XRD, UV-vis DRS, FT-IR, Raman spectroscopy, TEM-EDX, and photoelectrochemical mea-
surements. The as-prepared photocatalysts contain anatase as a major crystalline phase with a crystallite size around 13 nm. By
increasing the amount of Cu, specific surface area and band gap energy decreased in addition to the formation of large agglom-
eration of CuO. Results revealed that the photocatalytic reduction of CO2 decreased in the presence of Cu/TiO2 in comparison to
pure TiO2, which might be associated to the formation of CuO phase acting as a recombination center of generated electron-hole
pair. Decreasing of photoactivity can also be connected with a very low position of conduction band of photocatalysts with high
Cu content, which makes H2 production necessary for CO2 reduction more difficult.

Keywords CO2 reduction . Photocatalysis . Cu/TiO2
. CH4

Introduction

In recent years, a serious contemplation showed that it is nec-
essary to solve two major complications: global warming due
to rising levels of atmospheric carbon dioxide (CO2) and the
alarming consumption of energy resources (Das and Wan
Daud 2014). CO2 is the main contributor to the greenhouse
effect. The global concentration of CO2 in the atmosphere is
increasing mainly due to the emissions from fossil fuel com-
bustion. The need to meet global energy required predicted to
increase due to a rising global population has led to the devel-
opment of different strategies by which emissions of CO2 can

be decreased. These can be accomplished through the use of
non-fossil fuels, renewable and nuclear energy, increased en-
ergy efficiency, reduced deforestation and capture and storage
of CO2 emissions, or by using a combination of these options.
Alternative processes such as photocatalysis can utilize CO2

as opposed to geological storage (Ola and Maroto-Valer
2015). The photocatalytic conversion of CO2 into more useful
compounds is one of the most promising methods. This pro-
cess not only removes the CO2 from effluent gases, but it also
converts CO2 into other chemical compounds such as meth-
ane, methanol, and formaldehyde.

During the past years, the photocatalytic conversion of CO2

has been studied by using many types of photocatalysts (Bai
et al. 2016; Das and Wan Daud 2014; Habisreutinger et al.
2013; Li et al. 2014; Liu 2014; Low et al. 2017; Ola and
Maroto-Valer 2015; Yuan and Xu 2015). However, the quan-
tum efficiency and product yields in CO2 photocatalytic re-
duction are still low and require further study. In the earlier
stage of research, more attentions are put to the metal doping
of TiO2 because it can be more easily achieved compared with
non-metal doping. Among the various candidates, copper-
doped-TiO2 photocatalysts have been shown to play a crucial
role in the photocatalytic reduction of CO2 (Ganesh et al.
2014; Chen et al. 2016; Jin et al. 2013; Liu et al. 2012; Qin
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et al. 2011; Slamet et al. 2005). It was found that the modified
TiO2 by different concentration of Cu through the improved-
impregnation method can greatly enhance the photocatalytic
performance of TiO2 for CO2 reduction (Slamet et al. 2005).
In addition, supported copper is both economic and abundant
in the nature.

In this reason, modified TiO2 by different concentration of
Cu was prepared through the sol-gel method. The aim of this
work is focused on the effect of copper on the physico-
chemical properties of TiO2 nanomaterials as well as on the
photocatalytic activity of Cu/TiO2 photocatalysts in the pho-
tocatalytic reduction of carbon dioxide.

Experimental details

Preparation of Cu-doped TiO2 photocatalysts

The parent TiO2 and a set of copper/TiO2 photocatalysts (with
0.2, 0.9, 2, 4, and 6 wt.% of Cu) were prepared via sol-gel
processing controlled within reverse micelles of non-ionic
surfactant Triton X-114 in cyclohexane in combination with
calcination (Matějová et al. 2010; Matějová et al. 2013).
Titanium (IV) isopropoxide (Ti(OCH(CH3)2)4, purity > 97%,
Aldrich) and copper (II) nitrate trihydrate (Cu(NO3)2. 3H2O,
purity > 99%, Aldrich) were used as metal cation sources. For
TiO2 and Cu/TiO2 synthesis, the molar ratio of cyclohexane:
Triton X-114: H2O: Ti(OCH(CH3)2)4 was kept at 11: 1: 1: 1
(Matějová et al. 2010), changing the CuO:Ti molar ratio par-
ticularly. The prepared sols were poured in a thin layer on
Petri’s dishes and left for 24 h on air at ambient temperature
and pressure for gelation. The sols converted into rigid trans-
parent green-blue-colored gels. The titania and Cu-doped tita-
nia (Cu/TiO2) gels were thermally treated at 450 °C for 4 h
with heating rate 3 °C/min in order to produce powder
photocatalysts. All prepared solids were sieved to particle size
< 0.160 μm. This particle-size fraction was used for the char-
acterization as well as the photocatalytic reduction tests.

Characterization of photocatalysts

The concentration of Cu on the photocatalyst support was
measured by inductively coupled plasma optical emission
spectrometry (ICP-OES, Varian Inc., USA). To dissolve the
platinum, a microwave method (Discover SP-D, CEM, USA)
was used. Calibration of the setup was done with a commer-
cial Pt standard solution.

Nitrogen physisorption was performed on the automated
volumetric apparatus 3Flex (Micromeritics Instruments,
USA) after sample degassing at 150 °C for 24 h under less
than 1 Pa vacuum. The adsorption-desorption isotherms of
nitrogenwere measured at − 196 °C. The specific surface area,
SBET, was calculated according to the classical Brunauer–

Emmett–Teller (BET) theory for the p/p0 range of 0.05–0.25
(Brunauer et al. 1938; Gregg and Sing 1982).

Phase composition and microstructural properties were de-
termined using X-ray powder diffraction (XRD) technique.
XRD patterns were obtained using Rigaku SmartLab diffrac-
tometer (Rigaku, Japan) with detector D/teX Ultra 250. XRD
patterns were analyzed using LeBail method (software
PDXL2) to refine lattice parameters of the anatase.
Crystallite size was calculated using Halder-Wagner method
(software PDXL 2) (Ambrožová et al. 2017; Halder and
Wagner 1966).

The structural characteristics of Cu/TiO2 samples were also
studied by Raman spectroscopy using Raman spectrometer
DXR SmartRaman (ThermoScientific, USA) with CCD de-
tector (Troppová et al. 2017).

IR spectra of samples were measured by KBr pellets tech-
nique. The obtained IR spectra were collected using FT-IR
spectrometer Nexus 470 (ThermoScientific, USA) with
DTGS detector (Troppová et al. 2017).

Diffuse reflectance (DR) UV-vis spectra of TiO2 and Cu/
TiO2 samples were measured in quartz cuvettes using the GBS
CINTRA 303 spectrometer (GBC Scientific Equipment,
Australia). The reflectance was recalculated into the dependence
of Kubelka–Munk function (F(R∞)) on the absorption energy
using the eq. F(R∞) = (1 −R∞)2 / (2 ·R∞), where R∞ is the diffuse
reflectance from a semi-infinite layer. The obtained spectra were
transformed to the dependencies (α·h·ν)1/2 against h·ν in order to
obtain the values of the indirect band gap energies. Absorption
coefficient (α) is approximately equal to F(R∞).

Morphology and particle size distribution were obtained by
a conventional transmission electron microscope (TECNAI
G220, FEI company, USA), operated at 160 kV, with LaB6

electron emitter and EDX r-TEM SUTW-detector (EDAX
Inc., USA).

Photoelectrochemical measurements were carried out
using a photoelectric spectrometer with potentiostat and
150 W Xe lamp (Instytut Fotonowy, Poland) (Troppová
et al. 2017).

Photocatalytic reaction

The CO2 photocatalytic reduction was carried out in a home-
made cylindrical stainless-steel photoreactor with a quartz
window on the top. Total volume of photoreactor was approx-
imately 350 mL. The 8 W Hg lamp (λ = 254 nm) was used as
the light source. The suspension which contained 0.1 g of the
photocatalyst powder in 100 mL of NaOH solution (0.2 M)
was mixed by a magnetic stirrer at the bottom to prevent
sedimentation of the photocatalyst. The pure CO2 was flowed
through the suspension for 30 min to remove the air and to
saturate the solution. The photoreactor was then closed (pres-
sure of CO2 was 125 kPa) and UV lamp was turned on. The
gas samples were taken by a gas-tight syringe (10 mL)
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through a septum and the sample was immediately analyzed
by a GC/BID (barrier discharge detector) at various times
during the reaction. The blank tests were also performed.
The hydrocarbons were not detected in any blank tests. Each
experiment was repeated in order to ensure reproducibility of
the experimental data.

Results and discussion

Photocatalysts characterization

The real concentration of Cu approximately corresponded to
that calculated based on the amount of copper (II) nitrate
trihydrate (listed in Table 1). The N2 physisorption demonstrat-
ed decreasing value of specific surface area with an increasing
amount of copper in Cu/TiO2 photocatalysts (Table 1).

The X-ray diffractograms of Cu/TiO2 are shown in Fig. 1.
All phases were identified as tetragonal modifications of TiO2

anatase and correspond to ICDD PDF card no. 00-021-1272
(space group I41/amd and lattice constants a, b = 3.7852 Å
and c = 9.5139 Å). All anatase reflections are marked with

appropriate (h,k,l) symbols. Additional polymorphic form of
TiO2 as an impurity was not detected. In the measured sam-
ples with Cu content 4 and 6 wt.% of Cu were identified
diffraction lines, which were assigned to copper oxide
(ICDD PDF card no. 00-005-0661), corresponded hkl planes
were marked in the diffractograms overlay on Fig.1. No re-
flection shift was observed in the measured TiO2 samples.
Refined lattice parameters, cell volumes, and crystallite sizes
are shown in Table 2. The change of lattice parameters could
be explained by possible substitution of small amount of Ti4+

by Cu2+. Crystallite size of pure TiO2 is 6.9 nm and with
increasing amount of dopant grow to value around 13–
14 nm. It could partly explain the decreasing value of the
specific surface area with an increasing amount of Cu in Cu/
TiO2. In the case of the highest amount of doped Cu2+ ions,
crystallite size decreased to value 9.6 nm which is affected by
the presence of CuO and by the deformation of the anatase
structure. Crystallite size is slightly decreasing as effect of the
presence of Cu2+ and CuO species. Size is reduced due to
lattice distortion and strain field caused by different ionic

Table 1 Summarized characterization results of as-prepared
photocatalysts

Photocatalyst The real content of Cu
(wt.%)

Specific surface area
(m2.g−1)

TiO2 0 119

0.2 wt.% Cu/TiO2 0.24 34

0.9 wt.% Cu/TiO2 0.87 24

2 wt.% Cu/TiO2 2.10 20

4 wt.% Cu/TiO2 4.03 23

6 wt.% Cu/TiO2 5.94 21

Fig. 1 XRD patterns of pure TiO2 and Cu/TiO2 photocatalysts Fig. 2 Raman spectra of pure TiO2 and Cu/TiO2 photocatalysts

Table 2 Structural properties of pure TiO2 and Cu/TiO2 photocatalysts

Photocatalyst Crystallite size
(nm)

Lattice parameters and cell volume

a
(Å)

C
(Å)

a
(Å3)

TiO2 6.9 3.78760 9.48200 136.020

0.2 wt.% Cu/TiO2 13.4 3.78445 9.51090 136.215

0.9 wt.% Cu/TiO2 13.2 3.78463 9.51050 136.223

2 wt.% Cu/TiO2 13.3 3.78529 9.51110 136.279

4 wt.% Cu/TiO2 14.3 3.78570 9.50910 136.280

6 wt.% Cu/TiO2 12.6 3.79231 9.52510 136.986
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radius of Ti and Cu ions and this process can disturb grain
growth process also.

The Raman spectra of the investigated samples were also
evaluated (Fig. 2). All the recorded signals correspond to the
anatase phase, in good agreement with the XRD analysis of
the investigated samples. The spectra were characterized by
intense bands at 640, 514, and 396 cm−1, which correspond to
the TiO2 vibrational modes of Eg, A1g + B1g, and B1g sym-
metries, respectively (Berger et al. 1993). The intensity of the
strongest band of titanium dioxide (at 640 cm−1) decreased
after the addition of Cu as expected. The Raman spectroscopy
is not a quantitative analysis so the peaks’ intensities do not
represent quantitative representation of individual species. As
in the case of XRD, the presence of CuO or Cu2O could not be
detected by Raman, although that possibility cannot be
completely ruled out on the bases of these techniques due to
the low Cu contents of these materials.

The infrared spectrum of TiO2 sample exhibits one signif-
icant spectral band—very broad band of stretching vibration
of Ti-O at 473 cm−1. This band is characteristic for anatase
form of titanium dioxide. The two weak bands at the spectrum
(at 3416 and 1618 cm−1) belong to the stretching vibrations of
O-H group from water (humidity).

Figure 3a shows the diffuse reflectance spectra (DRS) of
Cu/TiO2 photocatalysts while Fig. 3b shows the recalculated
reflectance spectra of Cu/TiO2 photocatalysts, expressed as
the dependencies of (F(R∞·h·ν)

1/2 against h·ν (determination
of indirect band gap energy). The role of Cu loading on the
profile of spectra is clearly visible. Pure TiO2 exhibited indi-
rect band gap energy of 3.05 eV. In contrast to pure TiO2, the
indirect band gap energy of Cu/TiO2 photocatalysts is shifted
to lower values due to the presence of Cu2+ ions within TiO2

lattice as it was also evident by XRD. However, the values of

Fig. 3 UV-vis DRS spectra of pure TiO2 and Cu/TiO2 photocatalysts. a
The reflectance spectra of Cu/TiO2 photocatalysts. b The recalculated
reflectance spectra of Cu/TiO2 photocatalysts
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indirect band gap energies could not be determined even in the
spectra of Cu/TiO2 with 0.2 wt.% Cu. It is due to the presence
of the bending in the extrapolation of linear part of a Tauc plot
on the h.ν axis (two dashed lines in the figure). It could be
attributed to the contemporary presence of CuO phase
reflected by the presence of intensive band at 1.73 eV
(Bensouici F., Bououdina M., Dakhel A.A., Tala-Ighil R.,
Tounane M., Iratni A., Souier T., Liu S., Cai W. 2017). The
intensity of this band increased with increasing Cu loading

showing that the relative population of CuO phase increased
in Cu/TiO2 photocatalysts with increasing Cu loading. The
presence of Cu2O phase was not proved although an indica-
tion of the presence of Cu2O may be evident from the spec-
trum profile in the ca 2.2 eV range (Bensouici F., Bououdina
M., Dakhel A.A., Tala-Ighil R., Tounane M., Iratni A., Souier
T., Liu S., Cai W. 2017; Sun S. 2015). However, the presence
of Cu2O species has not been proven by XRD in Cu-TiO2,
even with a high Cu content.

0.2 wt.% Cu/TiO2

6 wt.% Cu/TiO2

0.2 wt.% Cu/TiO2

6 wt.% Cu/TiO2

a b

c

e

d

Fig. 5 (a–d) TEM images of Cu/
TiO2 and (e) corresponding EDX
spectrum of 6 wt.% Cu/TiO2

photocatalyst
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Although we were expecting the exclusive formation of
Cu2+ ions within TiO2 lattice, the formation of CuO phase
was also evident by XRD and DRS. It is interesting that the
presence of the CuO phase started to be observed in the liter-
ature from different Cu loading. Some authors observed the

formation of Cu oxides at higher Cu loading, e.g., above
6 mol% Cu (Bensouici F., Bououdina M., Dakhel A.A.,
Tala-Ighil R., Tounane M., Iratni A., Souier T., Liu S., Cai
W. 2017), above 5 wt.% Cu (López et al. 2009). Similarly,
to us Aguilar et al. (Aguilar et al. 2013) observed the band
below 2 eValready at 2 wt.% Cu (the lowest Cu loading in the
work). The formation of CuO phases in our samples could
originate from the thermal treatment of the materials, as
Colón et al. (Colón et al. 2006) reported the formation of
similar profile of reflectance spectra with increasing tempera-
ture of Cu/TiO2 photocatalyst calcination.

Photocurrent measurements were conducted in order to
predict the behavior of prepared photocatalysts under mono-
chromatic irradiation. Figure 4 shows wavelength-resolved
photocurrent spectra recorded in a 0.1 M KNO3 electrolyte.
Current responses closely correspond to photocatalytic results,
where the addition of copper decreases the number of gener-
ated charge carriers and due to this, there also decreases the
current detected after irradiation.

The microstructure and chemical composition of Cu/TiO2

samples were characterized using TEM and EDX. Figure 5a–d
shows some selected TEM images of Cu/TiO2 samples with
concentrations of 0.2 and 6 wt.% Cu. All samples are character-
ized by granular nanostructure as can be clearly seen for both
samples. The samples seem not so much homogenous. Figure 5e
shows also typical EDX spectra of 6 wt.% Cu/TiO2. For samples
with small Cu content sample, no Cu peaks can be evidenced; on
the other hand, at higher Cu content, Cu peaks are clearly evi-
denced by EDX. The deconvolution of the characteristic EDX
peaks show that the Cu content is not uniform over TiO2 sam-
ples. These results indicate that the variation of Cu content be-
tween several zones of TiO2 could be explained by the presence
of Cu oxides, as evidenced by XRD analysis.

Photocatalytic reduction of carbon dioxide

The dependence of product yields of CO2 photocatalytic re-
duction on time of irradiation (0–18 h) in the presence of pure
TiO2 and Cu/TiO2 photocatalysts is shown in Fig. 6. The
yields of methane obtained fromCO2 photocatalytic reduction
were increasing with irradiation time (Fig. 6a) as well as the
production of hydrogen, which was generated from the pho-
tocatalytic water splitting, was increasing with irradiation time
(Fig. 6b). On the other hand, the yield of carbon monoxide
which is intermediate product of CO2 photocatalytic reduction
was increasing only till 14 h of irradiation and then slowly
decreasing (Fig. 7c).

The Fig. 7a summarizes the yields of all products (CH4, H2,
and CO) related to the weight of the photocatalyst in the pres-
ence of investigated photocatalysts after 12 h of irradiation. The
yields of CH4, H2, and CO were the greatest in the presence of
pure TiO2 photocatalysts. The photocatalytic activity of
photocatalysts was decreasing with increasing of Cu amount.

Fig. 6 Time dependence of yields of methane (a), hydrogen (b), and
carbon monoxide (c) over TiO2 and Cu/TiO2 photocatalysts
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The photocatalytic selectivity for CO2 reduction

Only the CH4 and CO products were formed over the Cu/TiO2

photocatalysts during the CO2 photocatalytic reduction. Due
to the reduction of water, the H2 was also formed. The follow-
ing reactions (1–4) were proposed to proceed over the inves-
tigated photocatalysts:

CO2 þ 2Hþ þ 2e−→COþ H2O ð1Þ
CO2 þ 8Hþ þ 8e−→CH4 þ 2H2O ð2Þ
H2Oþ 2hþ→1=2O2 þ 2Hþ ð3Þ
2Hþ þ 2e−→H2 ð4Þ

To interpret the effectiveness of photogenerated elec-
trons used for the photocatalytic reduction, the rate of
electron consumption for the production of all products

was calculated with the following Eq. (5) (Ambrožová
et al. 2017; Xie et al. 2014):

R electronð Þ ¼ 2r COð Þ þ 8r CH4ð Þ þ 2r H2ð Þ ð5Þ
where r(CO), r(CH4), and r(H2) are the formation rates of
CO, CH4, and H2, respectively.

Due to the fact that the H2O photocatalytic reduction to H2

is competitive with the CO2 photocatalytic reduction to CO
and CH4, the selectivity for reduction of CO2 was calculated
on an electron basis equation given in Eq. (6)

Selectivity for CO2 reduction %ð Þ

¼ 2r COð Þ þ 8r CH4ð Þ½ �
2r COð Þ þ 8r CH4ð Þ þ 2r H2ð Þ½ � ∙100% ð6Þ

Figure 7b shows photocatalytic results obtained for the
Cu/TiO2 photocatalysts. The presence of Cu amount

Fig. 7 a Dependence of the
product yields (after 18 h of
irradiation) in the presence of
investigated photocatalysts. b
Comparison of proportion of CH4

and CO yield and selectivity for
CO2 reduction (after 18 h of
irradiation) in the presence of as-
prepared photocatalysts
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with 0.9 and 2 wt.% significantly increased the rate of
CO formation in comparison with the rate of CH4 for-
mation. The higher selectivity of CO2 reduction was
observed in the presence of photocatalysts with the
smallest (0.2 wt.%) and the highest (6 wt.%) Cu con-
tent. On the basis of results, it is evident that the selec-
tivity of CH4 can be significantly enhanced at the ex-
pense of CO by modifying appropriate content of Cu
cocatalyst onto TiO2 (Fig. 7). CO and CH4 are formed
via proton-assisted multi electron transfer reactions (Eqs.
(1) and (2)).

Aspects influencing the photocatalytic reduction
of CO2 over TiO2 and Cu/TiO2 photocatalyst

Generally speaking, the photocatalytic reaction can be affect-
ed by many factors; e.g., (i) surface properties (chemical com-
position, crystallite morphology, etc.), (ii) the specific surface
area, (iii) optical properties (adsorption edge energy, position
of valence and conduction band etc.), and (iv) crystallite size.
On the basis of the results from the CO2 photocatalytic reduc-
tion over Cu/TiO2 photocatalysts, it is shown that the specific
surface area and the optical properties were the key factors
influencing their photocatalytic activity.

The specific surface areas of pure TiO2 was the highest
(119 m2/g) and after doping with 0.2 wt.% Cu significantly
decreased (34 m2/g). Increasing amount of Cu no longer re-
duces the surface so dramatically (SBET of 6 wt.% Cu/TiO2 =
21 m2/g). It should be noticed that higher specific surface area
can offer more available Bactive sites^ and consequently lead
to a higher photocatalytic activity. Furthermore, the Bactive
sites^ on the photocatalyst are covered with the excessive
Cu, thus also contributing to photoactivity reduction (Fig.
7a). These results are in agreement with Bensouci et al.
(Bensouici F., Bououdina M., Dakhel A.A., Tala-Ighil R.,
Tounane M., Iratni A., Souier T., Liu S., Cai W. 2017), who
studied Cu/TiO2 photocatalysts for photodegradation of meth-
ylene blue.

The band edge positions of a semiconductor material can
be calculated in compliance with the following empirical
equations (Wang et al. 2016):

EVB ¼ χ−E0 þ 0:5Eg ð7Þ

ECB ¼ EVB−Eg ð8Þ

where EVB and ECB is the valence band (VB) the conduction
band (CB) edge potential, respectively. χ is the electronega-
tivity of the semiconductor, which can be obtained through the
geometric mean of the constituent atoms (5.81 eV for TiO2),
Eg is the band gap energy of a semiconductor and E0 is the
energy of free electrons on the hydrogen scale (4.5 eV vs

NHE). The EVB and ECB of pure TiO2 were calculated to be
+2.835 and −0.215 eV, respectively. It was found that the
optical band gap energy decreases with increasing Cu content.
The EVB and ECB of 0.2 wt.% Cu/TiO2 sample were calculat-
ed to be +2.535 and −0.085, respectively. The conduction
band of this sample is close to redox potential of H+/H2

(0 eV) and it could affect decreasing photoactivity of samples
with higher Cu contents.

Last reason for decreasing activity of Cu/TiO2

photocatalysts was probably related to the formation CuO
species that was evident already from low Cu loading
0.2 wt.% Cu (Fig. 3). In principle, CuO species could cover
the active sites and it also could lead to the decrease of specific
surface area (Table 1). The CuO species can also be a recom-
bination center and accelerate the recombination of electron
hole (Bensouici F., BououdinaM., Dakhel A.A., Tala-Ighil R.,
Tounane M., Iratni A., Souier T., Liu S., Cai W. 2017).

Conclusion

The Cu/TiO2 photocatalysts were prepared by the sol-gel
method allowing the formation of nanocrystalline anatase
with a crystallite size around 13 nm. Both, specific surface
area and band gap energy decreased with increasing Cu con-
tent. It was found that with Cu doping, the photoactivity for
CO2 photocatalytic reduction decreased compared to pure
TiO2, which is associated with the formation of CuO phase
acting as a recombination center of generated electron-hole
pair. The decrease of photoactivity is also connected with a
very low position of conduction band of photocatalysts with
high Cu content, which makes the H2 production, which is
necessary for CO2 reduction, more difficult.
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A B S T R A C T

Pt/TiO2 (PC500) photocatalysts with different amount of Pt (0.5–3.0 wt.%) deposited on commercial
support (Al2O3 foam) were characterized in detail by X-ray powder diffraction, nitrogen physisorption
measurement, UV–vis diffuse reflectance spectroscopy, inductively coupled plasma optical emission
spectrometry (ICP-OES), photoelectrochemical measurements and tested for CO2 photocatalytic
reduction and compared with commercial anatase TiO2 PC500. The main reaction product was
methane; however, hydrogen and carbon monoxide were also detected. The highest yields of CH4, H2 and
CO were achieved in the presence of 1.5 wt.% Pt/TiO2. Base on the performed experiments, it was
suggested that the key role in the CO2 photocatalytic reduction plays the potentials of electrons and holes
within the electronic structure of photocatalyst, which were markedly affected by the Pt loading in such a
way that it improved the transformation efficiency of CO2 to methane. Significantly higher yields of CO2

photocatalytic reduction were achieved in the presence of photocatalysts deposited on the commercial
support compared to the powder photocatalysts. These findings confirmed the great importance of the
supports surface areas on photocatalyst activity in photocatalytic reaction.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Human activities since the beginning of the Industrial
Revolution (taken as the year 1750) have produced a 40%
increase in the atmospheric concentration of carbon dioxide,
from 280 ppm in 1750 to 400 ppm in 2015 [1]. This increase has
occurred despite the uptake of a large portion of the emissions
by various natural “sinks” involved in the carbon cycle.
Anthropogenic carbon dioxide (CO2) emissions (i.e., emissions
produced by human activities) come from the combustion of
fossil fuels, principally coal, oil, and natural gas, along with
deforestation, and soil erosion. The possibility of converting the
CO2 into clean fuel would provide an innovative solution for
both the future shortage of fossil fuels and the global warming
problem [1,2].

The novelties and advances in the photocatalysis technology
have introduced this method as a one of the promising methods
which not only can remove CO2 but can also convert it into energy-
bearing products such as methane (CH4), methanol (CH3OH),
* Corresponding author.
E-mail address: minoo.tasbihi@tu-berlin.de (M. Tasbihi).
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1010-6030/© 2018 Elsevier B.V. All rights reserved.
formaldehyde (HCHO), carbon monoxide (CO), formic acid
(HCOOH) and ethylene (C2H4) [3,4]. Up to now, titania (TiO2)
has been the most explored semiconductor for photocatalytic
application due to its outstanding chemical and thermal stability.
However, it has large band gap and relatively high recombination
rate of photoinduced electron-hole pairs thus led to low photo-
catalytic activity [5].

As a result, it is significant impact to overcome these limitations
and to improve the electron-hole separation efficiency and light
utilization ability of TiO2. Surface modification of TiO2 through
noble metal deposition is widely applied by researches [6,7].
Introduction of co-catalyst such as noble metals like Pt, Pd, Rh, Ag,
Cu and Au onto the surface of titania act as electron scavengers and
therefore inhibit electron-hole recombination and proved to
improve the photocatalytic performance [8]. Generally Pt [9], Pd
[10] and Au [11] can lead to photocatalytic reduction of CO2

towards methane production and Pt indicate that is the most
effective co-catalyst to utilize the photogenerated electron
towards CO2 reduction [12].

In detail, the Fermi level of the metal is located energetically
below the conduction band (CB) of titania and by loading of these
metals on titania, Schottky barrier can form at the interface
between titania and metals. The Schottky barrier acts as electron

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jphotochem.2018.04.012&domain=pdf
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traps which prevents migration of excited electrons to semicon-
ductor and thus preventing the recombination [13].

Ishitani et al. [14] first systematically studied the photocatalytic
reduction of CO2 on a series of metal-deposited TiO2 and found that
depositing of metals (Pd, Rh, Pt, Au, Cu2O) on TiO2 can greatly boost
their photocatalytic activities for CO2 reduction to CH4 (in
decreasing order) [14]. In other hand, the loading content of the
metal is also important factor since high content of metal will
induce faster electron-hole recombination and deactivation of the
photocatalyst soon [15]. For example, Anpo et al. found that in case
of Pt/TiO2, the yield of CH4 increased remarkably when the amount
of Pt was increased (0.1 to 1.0 wt%), but the addition of excess Pt
was undesirable for an efficient reaction [16].

Xiong et al. modified TiO2 nanoparticles by Pt2+ ions and Pt
nanoparticles through simple sol-gel method for photocatalytic
reduction of CO2 and water vapor under UV and visible light
irradiation in a continuous flow reactor. H2, CH4 and CO were found
to be the main products. The introduction of Pt00 nanoparticles and
Pt2+ ions effectively enhanced the production of H2 and CH4, but
did not have obvious impact on the production of CO. The
maximum yields of H2 and CH4 under UV light were 2763.1 and
264.5 mmol gcat�1, and the maximum CH4 yield under visible light
irradiation was 138.6 mmol gcat�1, which were all obtained by the
mass ration of Pt to 0.3%. It was believed that the enhanced activity
of Pt2+-Pt0/TiO2 catalyst may be due to the low recombination rate
of photogenerated electron-hole pairs caused by Pt nanoparticles
and the strong visible light absorption, as well as the high surface
area induced by Pt2+ ions [17]. Qiu-ye et al. improved the
photocatalytic activity of anatase TiO2 nanosheet porous films
by Pt nanoparticles. It was found that the loading of Pt expanded
the light absorption ability of the porous film and improved the
transformation efficiency of CO2 to methane. The conversion rate
of CO2 to methane on Pt/TiO2 film reached to 20.51 ppm h�1 cm�2

[18]. Zhang et al. [15] investigated photocatalytic reduction of CO2

by Pt-loaded TiO2 in the mixture of CO2 and H2O as a function of
temperature and pressure up to 400 �C and 30 MPa beyond the
critical point of water. CO, CH4 and H2 were evolved as major
products and HCOOH and HCHO were minor products at any
temperatures and pressures. The unexpected increase in the rates
of CO, CH4, HCOOH and HCHO was observed as the temperature
was elevated from 300 �C to 400 �C at a constant pressure of
30 MPa. This was attributed to the formation of uniform single
phase mixture of water and CO2 under supercritical condition,
leading to the enhanced efficiency of CO2 reduction. In contrast,
the yield of H2 produced by water reduction showed a
monotonous increase with temperature because of the thermal
acceleration of photocatalytic reaction. It is suggested that the
control of the phase state of reaction medium has a key role in
Fig. 1. The top-view photo of photoreactor for the photocatalytic reduction of
CO2with investigated photocatalyst deposited on commercial support under UV
light irradiation. 
the determination of conversion efficiency for the photocatalytic
reduction of CO2 with water [15]. Xie et al. studied the effect of Ag,
Au, Rh, Pd, Pt as a co-catalysts on photocatalytic behaviors of TiO2

with an emphasis on the selectivity of photogenerated electrons
for photocatalytic CO2 reduction in the presence of H2O. It was
showed that the rate of CH4 formation increased in the sequence of
Ag < Rh < Au < Pd < Pt, corresponding well to the increase in the
efficiency of electron�hole separation. It was pointed out that Pt is
the most effective cocatalyst to extract photogenerated electrons
for CO2 reduction and the selectivity of CH4 was the highest in the
presence of Pt [19].

In the literature, there are reports of many other additives used
to enhance the photocatalytic performance of a semiconductor.
They can also promote the adsorption of specific reactants, taking
advantage of their large specific surface area, as well as extend the
spectral range of light absorption as photosensitizers [20]. In
generally, using supported heterogeneous photocatalysts is often
beneficial as it can improve stability of active components and also
their dispersion in the support because of its high surface area.

In this study, Pt/TiO2 photocatalysts were prepared by a
deposition-precipitation method with Pt loadings of 0.5, 1.0, 1.5
and 3.0 wt.% and deposited on commercial support (Al2O3 foam)
The photocatalytic activity of as-prepared photocatalysts was
investigated towards photocatalytic reduction of CO2. The relation
between the structural, optical and photoelectrochemical proper-
ties and photocatalytic activity was studied in details.

2. Experimental

2.1. Photocatalyst preparation

Pt/TiO2 photocatalysts containing different platinum loading
were prepared by a deposition–precipitation method, according to
the method developed by Haruta and co-workers [21]. In this
procedure, different solutions were prepared, containing the
appropriate amounts of the Pt precursor (H2PtCl6�H2O, 8 wt.% in
H2O, Sigma-Aldrich) in 300 ml of milli-Q water to reach 0.5, 1.0, 1.5
and 3.0 wt.% of Pt in the final material. The pH of the solutions was
adjusted to 9 by addition of a 0.1 M solution of NaOH. Once the pH
value was stable, 2 g of commercial TiO2 PC500 (Millennium/
CristalACTivTM) were added under vigorous stirring. The
deposition–precipitation procedure was done at 70 �C, maintain-
ing the pH constant during 2 h, and then the suspension was stirred
Fig. 2. XRD patterns of investigated photocatalysts.



Table 1
Crystalline structural properties of investigated photocatalysts.

Photocatalyst Crystallite size (nm) Lattice parameters and cell volume

a = b (nm) c(nm) V(nm3)

TiO2 8.8 0.37971 0.95171 13.7214
0.5 wt.% Pt/TiO2 15.6 0.37862 0.95141 13.6384
1.0 wt.% Pt/TiO2 16.4 0.37866 0.95100 13.6400
1.5 wt.% Pt/TiO2 16.7 0.37873 0.95152 13.6485
3.0 wt.% Pt/TiO2 16.1 0.37905 0.95229 13.6820
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overnight. The suspension was then washed and dried at 80 �C
under vacuum condition overnight. The resulted photocatalysts
were labeled as x wt.% Pt/TiO2, where x and TiO2 indicate the
nominal platinum loading and TiO2 PC500, respectively.

The prepared photocatalysts were deposited on commercial
support VUKOPOR (Lanik Ltd., Czech Republic). VUKOPOR is Al2O3

foam with parameters: apparent density of ceramic body = 2.35 g/
cm3, specific surface area 0.6 cm2/g, porosity of ceramic
body = 33%. The utilized foam had diameter = 7 cm, height = 1 cm
and weight 17.5 g. The photocatalyst was deposited on the foam as
follows: photocatalyst was suspended in 10 ml of distilled water
and this suspension was applied to the foam, which was previously
and after application dried in the oven at 100� C for 1 h.
Fig. 3. UV–vis DRS reflectance spectra of investigated photocatalyst; (a) the
reflectance spectra of TiO2 and Pt/TiO2 photocatalysts, (b) Tauc plot of samples for
indirect band-gap determination.
2.2. Photocatalyst characterization

The crystalline structure and crystalline phase and of synthe-
sized photocatalysts powders were examined by X-ray powder
diffraction (XRD) technique. The XRD patterns were obtained by
Rigaku SmartLab diffractometer (Rigaku, Japan) with detector D/
teX Ultra 250 using Co Ka radiation in the 2u range of 5��90� with
a step size of 0.01�. XRD patterns were analyzed using LeBail
method (software PDXL2) to refine lattice parameters of the
anatase. Background of the patterns was determined using B-
Spline function, peak shapes were modeled with a pseudo-Voigt
function accounting for a peak asymmetry due to axial divergence.
The crystallite size of photocatalysts was measured by Scherer
equation using the strongest reflection peak (101).

Nitrogen physisorption at 77 K was performed on a 3Flex
automated volumetric apparatus (Micromeritics Instruments,
USA) after degassing of materials at 50 �C for more than 120 h
under vacuum below 1 Torr. Degassing at low temperature was
applied to remove physisorbed water, but having no influence on
the porous morphology of the developed materials. The specific
surface area, SBET, was calculated according to the classical
Brunauer–Emmett–Teller (BET) theory for the p/p00 range of
0.05–0.30 [22]. The net pore volume, Vnet, was determined from
the nitrogen adsorption isotherm at maximum p/p00 (�0.99). The
pore-size distribution was evaluated from the adsorption branch of
the nitrogen adsorption-desorption isotherm by the Barrett–
Joyner–Halenda (BJH) method [23] using the de Boer standard
isotherm and assuming cylindrical pore geometry.

The concentration of Pt on the catalyst support was measured
by inductively coupled plasma optical emission spectrometry (ICP-
OES, Varian Inc., USA). To dissolve the platinum, a microwave
method (Discover SP-D, CEM, USA) was used. Calibration of the
setup was done with a commercial Pt standard solution.

The UV–vis DRS spectra of the prepared photocatalysts were
recorded using a UV-2600 spectrophotometer with an ISR-2600
integrating sphere attachment (Shimadzu Scientific Co., Japan)
from 200 to 800 nm. The interval sampling was set to 1 nm and
width of the slit was set to 2 nm. Barium sulphate (BaSO4) was used
as a reference material. Reflectance was recalculated using the
Kubelka–Munk transformation of the original diffuse reflectance
spectra vs. photon energy (Tauc plot) [24]:

FðR1Þ ¼ 1 � R1ð Þ2
2:R1

where R1 is the measured reflectance (R1 = Rsample/Rstandard). The
obtained spectra were transformed to the dependencies (F(R1) *
E)1/2 of against hn in order to determine the values of the energy
of indirect absorption edges.

Morphology of TiO2 and 1.5 wt.% Pt/TiO2 photocatalysts were
obtained by scanning electron microscopy (SEM) (Hitachi SEM
type SU8030 microscope operated at an acceleration voltage of
10 kV and a probe current of 15 pA) and transmission electron
microscopy (TEM) (TECNAI G220, FEI company, USA operated at
200 kV, with LaB6 electron emitter and EDX r-TEM SUTW-detector
(EDAX Inc., USA)).

Photoelectrochemical measurements were carried out using a
photoelectric spectrometer equipped by a 150 W Xe lamp and
potentiostat (Instytut Fotonowy, Poland). The three electrodes
setup was used for the recording of the photocurrent responses.
Saturated Ag/AgCl and platinum wire were used as reference and
counter electrodes, respectively. The working electrode was
prepared as follows: small amount of photocatalyst was suspended
in deionized water, deposited on the ITO (indium tin oxide) foil and
dried. The 0.1 M KNO3 solution was used as electrolyte. The
photocurrent responses were recorded in the range of 240–450 nm



Table 2
The characterization properties of investigated photocatalysts.

Photocatalyst Surface area (SBET) (m2 g�1) Pore volume (Vnet) (mm3
lig g�1) Pt content from ICP-OES (wt.%) Indirect band-gap energy (eV)

TiO2 286 375 – 3.50
0.5 wt.% Pt/TiO2 98 348 0.26 3.47
1.0 wt.% Pt/TiO2 97 354 0.47 3.47
1.5 wt.% Pt/TiO2 96 336 1.40 3.46
3.0 wt.% Pt/TiO2 102 318 2.20 3.44
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(10 nm step) and in the potential range of �0.2 to 1.0 V (0.1 V step).
The electrolyte solution was purged by argon before the
measurement and during the measurement as well in order to
ensure oxygen free environment.

2.3. Photocatalytic reduction of CO2

The photocatalytic reduction of CO2 proceeded in home-made
batch stainless-steel photoreactor (volume 348 ml) with a quartz
window on the top of reactor (Fig.1). As a light source, the UV 8 W Hg
lamp (peak intensity at 254 nm wavelength; Ultra-Violet Products
Inc.) was used and was located over the quartz window of reactor. A
pressure sensor (Greisinger, GMSD 3.5 BAE) for controlling the
pressure was connected to the reactor throughout the experiment.
The photocatalytic reaction was prepared by two different ways: a)
0.1 g photocatalyst was added to the bottom of the reactor or b) the
photocatalytic reactor was filled by 10 ml of distilled water and by
foam coated with 0.1 g of the same photocatalyst.

Before the start of the photocatalytic reaction, the reactor was
sealed and purged with CO2. The gaseous samples were
discontinuously taken using gastight syringe (Hamilton Co., Reno,
USA). The samples were taken discontinuously using gastight
syringe (Hamilton Co., Reno, USA) and immediately analyzed on
gas chromatograph (Shimadzu Tracera GC-2010Plus) equipped
with BID (barrier discharge detector). The measurements of each
sample have been reproducibly repeated. Three different blank
tests were performed to ensure that products (methane and carbon
monoxide) have been formed from CO2. The first blank was UV-
irradiation of CO2 without the photocatalyst, the second was in the
dark with the photocatalyst and CO2 under the same experimental
conditions and the third was over the illuminated photocatalyst in
the absence of CO2. No methane and carbon monoxide were
detected in the above blank tests.
Fig. 4. (a) The measured nitrogen adsorption-desorption isotherms and (b)
3. Results and discussion

3.1. Structural, textural and surface characteristics of the photocatalyst

The XRD patterns of TiO2 and Pt/TiO2 photocatalysts are shown
in Fig. 2. The crystalline phase of TiO2 and Pt/TiO2 are composed of
anatase (JCPDS No. 21-1272) as indicated by the peaks emerging
with (1 0 1), (1 0 3), (0 0 4), (11 2), (2 0 0), (1 0 5), (2 11), (2 0 4), (11
6) and (2 2 0). In detail TiO2 contains broad reflection of anatase
peaks while by loading Pt, the crystalline phase of titania is
growing gradually and the intensity of peaks increased by
increasing the amount of Pt. This behavior might be due to the
ultrafine dispersion of Pt nanoparticles on the surface of titania and
also may be due to the integrated of Pt nanopartcles inside the
titania structure (Fig. 2). This result is in the agreement with [9,
17,25]. The calculated crystallite size, the lattice parameters and
cell volume of investigated photocatalysts are listed in Table 1. As it
is summarized in Table 1, the crystallographic axis a and c and the
cell volume were increased by increasing of Pt content. Based on
these results and due to almost similar ionic radii Ti4+ and Pt4+, Pt
ions are replacing some Ti ions in the crystal lattice points [26,27].
As no Pt or Pt compound peaks were detected (Fig. 2), it can be
summarized that Pt ions are incorporated into the crystal structure
of anatase titania.

The crystallite size of the anatase is relatively stable and varies
from 16.1 to 16.7 nm, see Table 1. In detail, the crystallite size of
TiO2 increases to 16.7 nm by increasing the amount of Pt to 1.5 wt.%
and then decreases to 16.1 nm for 3.0 wt.% Pt/TiO2 [28].

The UV–vis DRS reflectance spectra of investigated photo-
catalyst are shown in Fig. 3. Fig. 3a shows the reflectance spectra of
samples. As expected, the addition of Pt influenced the absorption
properties of TiO2. As it is shown the reflectance spectrum shifted
toward the visible region by increasing the Pt loading (Fig. 3a). The
 evaluated pore-size distributions of investigated photocatalysts.



Fig. 5. TEM images of TiO2 and 1.5 wt.% Pt/TiO2.

Fig. 6. SEM images of TiO2 and 1.5 wt.% Pt/TiO2.
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Fig. 7. Current generation in the presence of investigated photocatalysts at 1.0 V
vs. Ag/AgCl electrode.

Fig. 8. Time dependence of a) methane, b) carbon monoxide and c)
hydrogen yields over 1.5 wt.% Pt/TiO2 photocatalyst, which was applied in
two ways in the CO2 photocatalytic reduction (related to the weight of
photocatalyst).
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corresponding values of band-gap energies were determined by
using the Tauc plot (Fig. 3b) and the calculated value are listed in
Table 2. The band-gap energies of Pt/TiO2 photocatalysts are 3.47–
3.44 eV while for PC500 TiO2 is 3.5 eV. Pt doping caused changes
between TiO2 and Pt/TiO2 photocatalysts but the calculated band
gap energy has no significant changes [28].

The basic textural properties of the investigated photocatalysts
are summarized in Table 2 and Fig. 4. The specific surface area of
photocatalysts varied from 96 m2/g to 286 m2/g. TiO2 exhibited
high specific surface area of 286 m2/g while the specific surface
area decreases to 96 m2 g�1 with 1.5 wt.% Pt loading. This behavior
could be caused by the fast growth of particle size [15]. Another
reason could be the blockage or collapse of small pores, whose loss
can be seen in the nitrogen sorption isotherms for Pt/TiO2

photocatalysts in comparison to the TiO2.
The specific surface area then increases to 102 m2 g�1 for 3.0 wt.

% Pt loading. The prepared Pt/TiO2 photocatalysts have comparable
surface area and very similar pore volumes as it is listed in Table 2
and shown in Fig. 4b.

The actual amount of Pt was measured by ICP–OES (Table 2). As
it can been seen, it is lower than the nominal one, which can be due
to the various steps during the photocatalyst preparation. In
details, the amount of Pt in the samples with 1.5 wt.% and 3 wt.% of
Pt loading is almost similar with the theoretical amount of Pt.
However, in case of samples with 0.5 wt% and 1 wt% of Pt, the Pt
amount is almost half of the theoretical amount.

The morphology and structure of TiO2 and 1.5 wt.% Pt/TiO2 are
represented in Fig. 5 (TEM images) and Fig. 6 (SEM images) which
clearly show the different morphology and structure of TiO2 and
Pt/TiO2 photocatalysts. It is essential to mention that the 1.5 wt.%
Pt/TiO2 photocatalyst was chosen as it shows the highest activity
for photocatalytic CO2 reduction.

From the 1.5 wt.% Pt/TiO2 (Fig. 5), the lattice fringes of TiO2

nanoparticles are clear and confirm the crystal form of anatase for
TiO2 according to the interplanner spacing [17,29]. Interestingly, no
Pt nanoparticles can be seen in the TEM images which can be due
to the integration of ultrafine Pt nanoparticles inside the titania
structure which is accordance with the N2 sorption results [30] and
XRD results (Fig. 2 and Table 1).



Fig. 9. Time dependence of (a) methane (b) carbon monoxide and (c) hydrogen
yields over photocatalysts deposited on foam in the CO2 photocatalytic reduction
(related to the weight of photocatalyst).
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Furthermore, the SEM images of TiO2 presented in Fig. 6 show the
homogeneous porous structure of TiO2 nanoparticles with certain
roughness on the surface while by loading 1.5 wt.% Pt, the
photocatalyst reveals larger and well-shaped titania nanoparticles
(Fig. 6) which is in the agreement with the XRD results (Fig. 2,
Table 1). It is noteworthy to mention that EDX of 1.5 wt% Pt/TiO2

was done, but no Pt particles could be found. Even though the
presence of 1.4 wt.% Pt was confirmed by ICP-OES (Table 2).

The spectrophotoelectric measurements were carried out in
order to evaluate the photocurrent generation of all prepared
photocatalysts under various wavelengths and at fixed potential of
1.0 V (Fig. 7). The photocurrent responses below 320 nm are not
very distinguished due to device limitations. Nevertheless, it is
clearly visible each photocatalyst immediately generate photocur-
rent right after irradiation from 320 nm. The rapid photocurrent
generation is attributed to the initial excitation of electrons to
conduction bands. There is also recorded slower generation of
photocurrent during the irradiation. This slow photocurrent rise
has been attributed to photo-excited states which exhibit a short
lifetime and probability for a lattice relaxation at the surface, in
which deep unknown centers form when shallow donors convert
into deep donors [31]. After closing the shutter (irradiation
interruption) the current generation rapidly decreases. Although,
not instantly, but the decrease of current is slower, which means
the recombination of electrons and holes is not immediate. The
results from the photocurrent measurements predict higher
photocatalytic activity of pristine TiO2 under 320 nm and higher.
Not only its photocurrent generation is the highest but also the
decrease of photocurrent after switching off the light is the slowest
pointing out slower recombination of charge carriers.

3.2. Photocatalytic reduction of CO2

Fig. 8 shows the yields comparison of two different applications
of photocatalyst in the reactor. It is obvious that the deposition of
1.5 wt.% Pt/TiO2 photocatalyst on the foam has increased the yields
of all products of photocatalytic reduction of CO2. Hydrogen yields
increased more than twenty times, methane yields more than
thirteen times and carbon monoxide yields increased twenty-one
times. A significant increase in yields was due to the increase in the
surface on which the photocatalyst was coated. When the
photocatalyst was applied to the bottom of the reactor, an
utilizable area was only 42 cm2. Whereas when the photocatalysts
was deposited on the foam (a specific surface area is 0.56 m2/g) the
utilizable area was 9 m2. For this reason, a larger number of
photons could be used to generate a pair of electron �hole, which
subsequently led to an increased yield of CO2 photocatalytic
reduction. These findings confirmed the great importance of the
supports surface areas on photocatalyst activity in photocatalytic
reaction.

Fig. 9 shows the production rate of the main reaction products
versus irradiation time. As it is shown, by increasing amount of Pt
from 0.47 wt.% (1.0 wt.% Pt/TiO2 photocatalysts) to 1.4 wt.% (1.5 wt.
% Pt/TiO2 photocatalysts) the rates of CH4, CO and H2 increase. A
further increase in the Pt real loading to 2.2 wt.% (3.0 wt.% Pt/TiO2

photocatalysts) led to decrease of all rates of products. This
behavior can be explain to the fact that the electron generated on
TiO2 can be extracted by a Pt particle on the surface and on the
other side the distance between the hole remaining on TiO2 and the
Pt particle may become shorter if the Pt loading becomes higher
and thus this could increase the possibility of recombination of
electrons and holes [32]. Therefore, a decrease in the photo-
catalytic activity of photocatalysts was observed at higher Pt
l-



Fig. 10. Dependence of the product yields (after 12 h of irradiation) in the presence of investigated photocatalysts.
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oading (3.0 wt.% Pt/TiO2 photocatalysts) which was also confirmed
by low photocurrent generation.

Fig. 10 shows the rates of all the products after 12 h of
irradiation. TiO2 led mainly to the formation of CH4 together with
H2 resulting from the parallel water decomposition which
competing with CO2 reduction for conduction band electrons.
By loading of 0.26 wt.% Pt (0.5 wt.% Pt/TiO2 photocatalyst) on TiO2,
the amount of H2 increases while the production rates of CH4 and
CO did not change. This behavior could be expected taking into
account the catalytic properties of Pt for water decomposition [28,
33]. On the other hand, loading of 0.26 wt.% Pt (0.5 wt.% Pt/TiO2

photocatalyst) cause increasing the crystallite size and declining
the specific surface area. As it is shown in Fig. 10, the increase of
real Pt content from 0.26 wt.% to 0.47 wt.% (0.5 wt.% Pt/TiO2 and
1.0 wt.% Pt/TiO2 photocatalyst, respectively) the rate of H2 and CO
slightly increase while the production rates of CH4 decreases. As it
is presented in Fig.10, the crystallite size of 1.0 wt.% Pt/TiO2 slightly
increases and this can led to increase the possibility of
recombination rate of excited electron and hole on the surface
of the catalysts and resulted on decreasing the number of the
available electron for CH4 production. All these changes in
presence photocatalysts with small real Pt contents (0.26 and
0.47 wt.%) were not significant. On the other hand, the significant
production rates of all products especially H2 were observed with
higher increasing of the real Pt loading (1.4 wt.%).

This means that loading of 1.40 wt.% Pt (1.5 wt.% Pt/TiO2

photocatalyst) enhances the enrichment of electron density on
the catalyst surface and thus, increases the photocatalytic
reduction of CO2 in parallel with water decomposition. By
increasing more Pt content to 2.20 wt.% Pt (3.0 wt.% Pt/TiO2

photocatalyst), the rates of H2 and CO drastically decrease while
the CH4 formation rate slightly decrease while the crystallite size
did not change however the specific surface area increases to
102 m2g�1. These results are with an agreement with the research
results observed by Ambrožová et al. [34] and Xie et al. [12]. They
supposed that if the Pt loading is higher the electron formed on
TiO2 can be extracted to a Pt particle and the distance between the
hole on TiO2 and the Pt particle may become shorter. It could
increase the occasion of electrons and holes recombination. For
that reason, a decrease in the photocatalytic activity of photo-
catalysts was observed at the higher Pt loading (3 wt.% Pt/TiO2).
This result was also confirmed by low photocurrent generation
(Fig. 7).

4. Conclusion

Pt/TiO2 photocatalysts with various Pt loading of 0.5, 1.0, 1.5 and
3.0 wt.% were synthesized by deposition-precipitation method,
deposited on the commercial support (Al2O3 foam) and investi-
gated for photocatalytic reduction of CO2. The surface area of TiO2

decreases by loading of Pt while its crystallite size increases. The
amount of actual Pt which was measured by ICP measurements is
lower than the nominal value that can be due to the preparation
and drying procedure. H2, CH4 and CO were found to be the main
reaction products. The introduction of Pt actual loading from 0.26
to 0.46 wt.% (0.5 wt.% Pt/TiO2 and 1.0 wt.% Pt/TiO2, respectively) did
not caused significantly changes in formed products in comparison
with pure TiO2. The higher Pt actual loading of 1.40 wt.% (1.5 wt.%
Pt/TiO2) effectively enhanced the production rates while further
increase of Pt content decrease the reaction rate. The highest yields
of all products of CO2 photocatalytic reduction were achieved in
the presence of 1.5 wt.% Pt/TiO2. Thus, it can be concluded that, in
this study, the optimum actual amount of Pt loading is 1.4 wt.%. The
enhanced photocatalytic activity of photocatalyst can be attributed
to the low-recombination rate of photogenerated electron-hole
pairs caused by present of Pt on the titania surface. Significantly
higher (approximately 20 times) yields of CO2 photocatalytic
reduction were achieved in the presence of photocatalysts
deposited on the commercial support compared to the powder
photocatalysts. The findings confirmed the great importance of the
supports surface areas on photocatalyst activity in photocatalytic
reaction.
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A B S T R A C T

Photocatalytic hydrogenation of carbon dioxide is one of the promising technologies which can convert carbon
dioxide under ambient condition to sustainable fuels, such as methane and methanol. The pure TiO2 and copper
doped TiO2 photocatalysts with 1, 3 and 5wt.% CuO were prepared by sol-gel processing within reverse micelles
and characterized by N2 physisorption, UV–Vis, XRD, TPR, Raman spectroscopy, photoelectrochemical mea-
surement and analysis of work function. Two types of experimental photocatalytic hydrogenation and reduction
of CO2 in the liquid phase and gas phase, respectively, were carried out under hydrogen. In the case of reaction
in liquid phase, the highest yield of CH4 was found in the presence 5 wt.% CuO/TiO2 and pure TiO2. Activity of
photocatalysts was affected mainly by two factors: the availability of active sites (SBET) and the work needed to
move the electron from surface (work function). In gas reaction, the most CH4 and CO were generated in order:
TiO2 > 3wt.% CuO/TiO2 > 5wt.% CuO/TiO2 > 1wt.% CuO/TiO2. In the gas phase, the enhanced photo-
catalytic performance was connected with better separation of the generated charge carriers.

1. Introduction

Economic growth causes rising energy consumption and the re-
sulting increase in environmental pollution, which has been studied in
the last years. Emissions of CO2 have increased by 1.9% yearly over the
past three decades, which can be attributed to higher use of fossil fuels.
The IPCC predicted that CO2 emissions in 2030 will have increased by
40–110% (compared with the year 2000). In 2011, the fossil fuels
covered 81% of energy needs, while renewables accounted for only
13%. In the future, the share of renewable energy sources should be
increased. Solution with problem of growing energy consumption in
conjunction with environmental threats poses a challenge for the whole
society [1–4].

Photocatalytic reduction of CO2 is one of the interesting and en-
vironmentally friendly methods, which can be used to reduce CO2

emissions in the atmosphere; wherein sunlight may be used as source of
radiation. Although the photocatalytic reduction of CO2 devoted much
attention around the world, so far this issue has not been attained much
progress [3,4].

The most important semiconductor in photocatalysis became TiO2,
because it has suitable properties such as cheap, stable (against

photocorrosion and chemical corrosion), cleaning and antibacterial
effects. Although TiO2 has several unique properties, its practical ap-
plication is limited due to its high charge recombination rate, low
quantum yield and the large value of the band gap (anatase
Ebg= 3.2 eV, rutile Ebg= 3.0 eV and brookite Ebg= 3.4 eV); so that it
can only be activated by ultraviolet light, which represents 2–5% of
solar radiation. Due to this fact, the effort is developing a photocatalyst
titanium oxide, which is active in the visible light spectrum. Suitable
modifications of optical and electronic properties of TiO2 dońt include
only in decrease the width of the band gap through the integration of
added energy levels, but also increase the lifetime of photogenerated
electrons and holes (in the effective separation of charge carriers and
suppression of recombination of electron-hole). Photocatalytic activity
of TiO2 for visible light can be increased by using of organic and in-
organic compounds as so-called photosensitizers; combining semi-
conductors with different energy levels, or by doping metals and non-
metals to suppress the recombination rate, thereby increasing the
quantum yield [5–10].

Copper oxide (CuO) has recently become interesting for the for-
mation of photocatalyst with heterojunction structures because of its
availability, good stability and its absorption in visible light spectrum.
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CuO, a typical p-type semiconducting compound with a monoclinic
structure and narrow band gap (Ebg= 1.2–2.0 eV [11]), has exhibited
wide range of potential technological applications such as biosensors,
gas sensors, electrode materials, superconductors, photovoltaic, pho-
toconductive and photocatalytic utilizations and so on. Inserting CuO
into the structure of TiO2 can cause an increase in photocatalytic ac-
tivity, because it is created internal electric field, which promotes
electron-hole separation and decelerates the charge carrier re-
combination [10,12,13].

In this work, TiO2 and CuO/TiO2 materials have been investigated
as photocatalysts for photocatalytic hydrogenation and reduction of
CO2. The reaction was studied in two types of photoreactors: in liquid
phase and gas phase reactors Production of CH4 and CO from both
reactions was examined and obtained results from photocatalytic ex-
periments were correlated with structure, optical and photoelec-
trochemical properties of photocatalysts.

2. Experimental

2.1. Preparation of photocatalysts

Parent TiO2 and copper doped TiO2 photocatalysts (1 wt.% CuO/
TiO2, 3 wt.% CuO/TiO2 and 5wt.% CuO/TiO2) were prepared by sol-
gel method with the use of reverse micelles of non-ionic surfactant
Triton X-114 in cyklohexane in combination with calcination [14,15].
Titanium (IV) isopropoxide (Ti(OCH(CH3)2)4, purity > 97%, Aldrich)
and copper (II) nitrate trihydrate (Cu(NO3)2·3H2O, purity > 99%, Al-
drich) were selected as metal cations sources. For Cu-doped TiO2 and
TiO2 synthesis, the molar ratio of cyklohexane:Triton X-114:H2O:Ti
(OCH(CH3)2)4 was retained as follows 11:1:1:1 [14], CuO:Ti molar ratio
was changed. The prepared sols were placed on Petri’s dishes and left
for 24 h on air at ambient temperature and pressure for gelation. The
gels were thermally treated at 450 °C for 4 h with heating rate 3 °C/min
to produce powder photocatalysts, which were sieved to particle size
less than 0.16mm.

2.2. Characterization methods

Nitrogen physisorption at 77 K was performed on a 3Flex automated
volumetric apparatus (Micromeritics Instruments, USA) after degassing
of materials at 150 °C for more than 24 h under vacuum below 1 Torr.
Degassing at low temperature was applied to remove physisorbed
water, but having no influence on the porous morphology of the de-
veloped materials. The specific surface area (SBET) was calculated ac-
cording to the classical Brunauer–Emmett–Teller (BET) theory for the
p/p0 range of 0.05–0.30 [16]. As the specific SBET is not a proper
parameter in the case of mesoporous solids containing micropores [17],
the mesopore surface area (Smeso) and the micropore volume (Vmicro)
were also evaluated based on the t-plot method [18] with the Cmodif

constant [17,19]. The net pore volume (Vnet) was determined from the
nitrogen adsorption isotherm at maximum p/p0 (∼0.99). The pore-size
distribution was evaluated from the adsorption branch of the nitrogen
adsorption desorption isotherm by the Barrett–Joyner–Halenda (BJH)
method [20] using the de Boer standard isotherm and assuming cy-
lindrical pore geometry.

X-ray powder diffraction (XRD) technique was used for determina-
tion of phase composition and microstructural properties. XRD patterns
were obtained using diffractometer (Rigaku, Japan) with detector D/
teX Ultra 250 and the source of X-ray irradiation was Co tube (CoKα,
λ1= 0.178892 nm, λ2= 0.179278 nm) operated at 40 kV and 40mA.
The samples rotated (30 rpm) during the measurement to eliminate
preferred orientation effect. The XRD patterns were collected in a 2θ
range 5–90° (for regular scans with step 0.02° and speed 1.5°/min; for
slow scans with step 0.01° and speed 0.5°/min). Measured XRD patterns
were evaluated using PDXL 2 software (version 2.4.2.0) and compared
with database PDF-2, Release 2015. XRD patterns were analyzed using

LeBail method to refine lattice parameters of the anatase. Background
of the patterns was determined using B-Spline function, peak shapes
were modelled with a pseudo-Voigt function accounting for a peak
asymmetry due to axial divergence. Crystallite size was calculated using
Halder-Wagner method [21]. Plotting β2/tan2θ against β/tanθ · sinθ
based on the results makes it possible to obtain crystallite size from the
gradient of the approximation line, where β is integral width of the
sample diffraction peak and θ is diffraction peak position.

Temperature programmed reduction by hydrogen (TPR-H2) was
carried out on AutoChem II 2920 (Micromeritics, USA) to determine
amount (wt.%) of CuO. 0.2 g of the sample was placed in the reactor
and was purged in argon at 400 °C for 1 h. TPR-H2 was performed in the
flow 10% H2-Ar mixture (50ml·min−1) with heating rate 20 °C·min−1

in the temperature range 30–600 °C. The change of hydrogen con-
centration was detected by a TCD sensor and verified on an on-line
mass spectrometer.

Diffuse reflectance spectra were measured by using a GBS CINTRA
303 spectrometer (GBC Scientific Equipment, Australia). Reflectance
was recalculated into the dependence of Kubelka–Munk function on the
absorption energy using the equation:

= −
∞ ∞ ∞

R R RF( ) (1 )2/(2· ) (1)

where R∞ is the diffuse reflectance from semi-infinite layer. The ob-
tained reflectance spectra were transformed into the dependence of
(α⋅h⋅ν)1/2 on h⋅ν in order to achieve values of indirect band gap en-
ergies. Absorption coefficient (α) is approximately equal to F(R∞).

Raman spectra were taken on dispersive Raman spectrometer DXR
SmartRaman (ThermoScientific, USA) with CCD detector, which was
operated in spectral region 1800–50 cm−1, with excitation laser
780 nm, grating 400 lines/mm, aperture 50 µm, exposure time 1 s
(1000 exposures). The obtained spectra were evaluated fluorescence
correction 6th order and for background was used an empty sample
compartment.

Determination of purity (presence of elemental C) was performed by
organic elemental analysis (OEA) using Vario EL III instrument
(Elementar Analysen Systeme GmbH, Germany) with detection limit
0.1 abs.%.

Measurements of photoelectrochemical properties (photocurrent
responses and work function) were realized by photoelectric spectro-
meter (Instytut Fotonowy, Poland) coupled with the P-IF1.6 potentio-
stat and by Kelvin probe (Instytut Fotonowy, Poland) placed in
grounded Faraday cage. Both systems are equipped with the 150W Xe
arclamp and digitally-controlled monochromator CT-1.

Photocurrents were measured in electrolyte solution 0.1M KNO3

with using a classical three electrode setup with a platinum wire
counter electrode, Ag/AgCl sat.reference electrode and working elec-
trode (photocatalyst powder deposited onto indium-tin oxide coated
polyethylene terephthalate foil). The photocurrent action spectra were
recorded using pulsed illumination within the range of 200–450 nm,
step 10 nm and in different value of applied potentials from −1 to 1 V,
step 0.1 V.

The Kelvin probe was used for non-contact measurements, system
included oscillating capacitator and two electrodes, one was ITO foil
with sample conductively connected to the device and the other was
oscillating reference electrode made of gold grid. Measurements of
work functions (Φ) were performed at wavelengths 230–450 nm with
10 nm step, where values of were referenced to work function of gold
(5.1 eV). The obtained contact potential differences (CPD) were trans-
formed to work function according to the equation:

= −CPDΦ ΦREF (2)

where ΦREF is work function of gold reference electrode.

2.3. Photocatalytic measurements

The photocatalytic hydrogenation and reduction of carbon dioxide
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was carried out in a homemade cylindrical quartz batch reactor (ca-
pacity 315ml, diameter 65mm, height 95mm) illuminated by the UV
8W Hg lamp (peak light intensity at 254 nm wavelength) located in the
center of reactor in quartz glass tube (Fig. 1). The shell of reactor was
made of quartz glass and cover was formed by stainless steel. Two kinds
of experimental photoreduction of CO2 in the gas phase and liquid
phase, correspondingly, were conducted. In case of liquid phase CO2

photocatalytic hydrogenation and reduction, the investigated powder
composite (0.02 g) was suspended in 100ml of distilled water and
through this suspension was saturated by CO2. Magnetic stirrer at the
bottom provided ideal mixing. In case of gas phase CO2 photocatalytic
hydrogenation and reduction, a Petri plate with 0.1 g of photocatalyst
was placed inside the reactor and 5ml of distilled water was added to
the bottom. Before performing the reactions, the reactor was purged
with CO2 for 30min in the dark under constant pressure (10.34 kPa)
and then tightly sealed. 3 ml of H2 were then added to the reactor by
syringe in the case of both reactions and the lamp was switched on to
start the reaction. These two kinds of photoreductions were done se-
parately under the same pressure conditions. For the control, the
pressure and temperature sensors were placed at the top of cover.

The gaseous samples were measured before switching on the UV
lamp and during the irradiation in the time interval 0–4 h; samples were
taken discontinuously through a silicone rubber septum gastight syr-
inge. The gaseous reaction products CH4 and CO were analyzed using a
gas chromatograph (China chromatography 2000) equipped thermal
conductivity detector and gas chromatograph (China GC 9800) with
flame ionization detector. The measurements each samples have always
been reproducibly repeated. Blank experiments were carried out before
performing the photoreaction.

3. Results and discussion

3.1. Characterization of photocatalysts

The specific surface area of CuO/TiO2 photocatalysts is lower in
contrast to pure TiO2. Although the specific surface area increases with
an increasing amount of CuO, pure TiO2 exhibits almost twice-higher
values of the specific surface area than 5wt.% CuO/TiO2.

The Organic Elemental Analysis has shown that all of the photo-
catalysts can be considered as uncontaminated and that the hydro-
carbons generated by photocatalytic reduction of CO2 don’t arise from
these photocatalysts.

Fig. 2 shows diffractograms of CuO/TiO2 photocatalysts. TiO2 and
CuO/TiO2 photocatalysts were identified as tetragonal modification of
TiO2 anatase. Polymorphic form of TiO2 as impurity was not detected.
Diffractograms of 1 and 3wt.% CuO/TiO2 evidenced broad reflections
at 2θ=50.6°, which was assigned to pure Cu (1 1 1) plane. The dif-
fractogram of 5 wt.% CuO/TiO2 included small reflection at 2θ=41.6°,
which was identified as (0 0 2) reflection of copper oxide CuO [22,23].
Increasing amount of doped Cu has negative effect on the anatase re-
flections, which became weaker and crystallinity decreases accordingly.

Refined lattice parameters, cell volumes and crystallite sizes are shown
in Table 2. It is evident that the lattice parameters a achieved a
minimum and c axis increased with increasing CuO loading. It shows
that part of Cu2+ ions incorporated interstitially to the anatase struc-
ture. Table 1 also gives the TiO2 crystallite size. It is evident that the
specific surface area (Table 1) increased with the decreasing TiO2

crystallite size (Table 2).
Fig. 3 shows the TPR profiles of CuO/TiO2 photocatalysts. TPR

profile of 1 wt.% CuO/TiO2 exhibited less intensive reduction peak with
a maximum at 380 °C. On the other hand, TPR profiles of 3 wt.% and
5wt.% CuO/TiO2 exhibited sharp reduction peak with a maximum at
200 °C as well as a broad and less intensive reduction peak above
400 °C. Reduction peak at 200 °C could be attributed to the reduction of
CuO to Cu [24–26]. More specifically, Zhang et al. [27] reported that
peak at 200 °C could be attributed to the highly dispersed CuO species
and peak at 380 °C could be attributed to the CuO crystallites. The
temperature of peak maximum (Tmax) corresponds to the solubility of
the deposited CuO. 1 wt.% CuO/TiO2 was reduced at higher tempera-
tures, because it contained low amount of dispersed CuO CuO crystal-
lites. On the other hand, 3 wt.% CuO/TiO2 and 5wt.% CuO/TiO2

photocatalysts contained high amount of highly dispersed CuO. The
weight percentages of CuO in the photocatalysts were calculated ac-
cording to the amount of hydrogen consumed assuming complete re-
duction of CuO based on the reaction (Eq. (3)).

CuO+H2→ Cu+H2O (3)

These values are given in Table 1 and it corelates with the theore-
tically expected amount of CuO in the individual photocatalysts.

TiO2 exhibited direct band gap energy 3.2 eV (not shown in the
figure, determined from the dependencies of (α⋅h⋅ν)2 against h⋅ν).
Indirect band gap energies of CuO/TiO2 photocatalysts were de-
termined from the recalculated spectra, expressed as the dependencies
of (α⋅h⋅ν)1/2 against h⋅ν (Fig. 4). Parent TiO2 possessed the highest in-
direct band gap energy. In contrast to pure TiO2, the indirect band gap

Fig. 1. Scheme of apparatus for photocatalytic reduction of carbon dioxide in
liquid phase.

Fig. 2. XRD spectra of examined pure TiO2 and CuO/TiO2 photocatalysts.

Table 1
Purity, textural and electrochemical properties of investigated composites.

Photocatalyst TPR-H2 (wt.%
CuO)

SBET (m2/
g)

OEAa (wt.%
C)

Work functionb

(eV)

TiO2 – 119 0.11 4.97
1wt.% CuO/TiO2 0.7 41 0.12 5.14
3wt.% CuO/TiO2 2.4 46 0.11 5.25
5wt.% CuO/TiO2 4.8 66 0.13 4.98

a Organic Elemental Analysis.
b Work function at 254 nm.
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energies of Cu-TiO2 photocatalysts were shifted to lower values due to
the presence of Cu2+ ions within TiO2 lattice. However, the value of
indirect band gap energy was affected due to the presence of band
below 2 eV reflecting the presence of CuO phase [28].

Fig. 5 shows the Raman spectra of the prepared samples. The Raman
bands at 396, 514 and 640 cm−1 corresponding to B1g, A1g+ B1g and Eg
vibration modes of anatase TiO2 could be observed in the spectra of all
samples. Evidently, a significant decrease in Raman bands could be
observed in the peak intensity of TiO2 after introducing Cu species. Due
to the fact that Raman is surface analysis tool, the decreasing intensity
of peak with increasing amount of copper might result from some ag-
glomeration of dispersed surface CuO. Zeng et al. [27] reported that the
formation of oxygen vacancies could result in the shift of Eg mode. A
structural distortion occurs with Cu doping, and this distortion can
cause changes in the Raman spectrum. It was found out that the Eg peak

shows a shift towards lower wavenumbers, indicating the increase in
oxygen vacancies and defects due to the substitution of Ti by Cu.

The photocurrent spectra (Fig. 6) were recorded as the photo-
currentś dependence on wavelenght and it shows increasing pulses to
340 nm and then generation of photocurrent decreases in all samples.
The labels “on” and “off” in the figure mean opening and closing the
shutter. Photocurrent generation has been detected in the range from
310 nm to 460 nm, which was in line with identified relatively high
band gap energies from UV–Vis spectra (Fig. 4). In this wavelenght
range, absorption produces electrons and holes. It is obvious that the
opening of shutter causes an immediate increase of the photocurrent
and after closure shutter, the photocurrent generation is immediately
decreasing. The immediate increase of photocurrent generation can be

Table 2
Structural properties of CuO/TiO2 photocatalysts.

Lattice parameters and cell volume

Photocatalyst Crystallite size
[nm]

a [Å] c [Å] a [Å3]

TiO2 6.9 3.7876 9.4820 136.02
1wt.% CuO/TiO2 12.4 3.7848 9.5091 136.21
3wt.% CuO/TiO2 10.9 3.7852 9.5060 136.20
5wt.% CuO/TiO2 7.7 3.7876 9.5034 136.34

Fig. 3. TPR-H2 profiles of CuO/TiO2 photocatalysts.

Fig. 4. UV–Vis diffuse reflectance spectra of TiO2 and CuO/TiO2 photocatalysts.

Fig. 5. Raman shift of TiO2 and CuO/TiO2 photocatalysts.

Fig. 6. Photocurrent spectra of TiO2 and CuO/TiO2 photocatalysts.

Fig. 7. Work functions of investigated photocatalysts.
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explained by intial excitation of electrons to higher energy states, and
the immediate drop can mean the rapid recombinaton of electrons and
holes.

The work function of TiO2, 1 wt.% CuO/TiO2, 3 wt.% CuO/TiO2 and
5wt.% CuO/TiO2 were obtained in air (Fig. 7) and it had been calcu-
lated (Table 1) by the value of the work function of gold electrode
(5.1 eV). The lowest energy needed to remove the electron from the
solid and place this electron in a position where it achieves negligible
interaction with the surface, had parent TiO2 (4.97 eV) and 5wt.%
CuO/TiO2 (4.98 eV) at 254 nm. Work function results were con-
siderably affected by two influences, which can change the potential.
Firstly, it is going about the character of photocatalysts surface
(Table 1) and the size of TiO2 crystallite (Table 2). The second effect is
the absorption at the photocatalyst surface (H2O, O2,).

3.2. Photocatalytic hydrogenation and reduction of CO2

Firstly, the CO2 photocatalytic hydrogenation and reduction was
studied in liquid phase. The photocatalytic reaction over CuO/TiO2 and
TiO2 was followed 4 h. The effect of irradiation time on the formation of
gaseous products in the photocatalytic hydrogenation and reduction of
CO2 was studied. Fig. 8A and B shows the evolution of reaction gaseous

products, methane (A) and carbon monoxide (B).
It took 2 h to achieve the maximum CO yield, after that it slightly

decreased. Incipient CO can be consumed by reaction both with H2 and
with H2O to produce CH4, resulting in the observed decrease of the CO

Fig. 8. Time dependence of (A) CH4 and (B) CO yield in presence of TiO2 and CuO/TiO2 photocatalysts during photocatalytic hydrogenation and reduction of CO2

with H2O.

Fig. 9. The correlation between the amounts of CuO added to TiO2, the rate of
methane production and the work function of investigated photocatalysts.
Methane yields were obtained from reaction in liquid phase. Fig. 10. Time dependence of CO and CH4 yield in presence TiO2 and CuO/TiO2

photocatalysts during photocatalytic hydrogenation and reduction of CO2 with
gas phase.

Fig. 11. Comparison of CH4+CO yields formed in different phases in presence
TiO2 and CuO/TiO2 photocatalysts.
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yield. The highest yield of CH4 was reached (7 µmol/gcat.) after 4 h of
irradiation in the presence of 5 wt.% CuO/TiO2. The smallest yields of
CH4 and CO were observed in the presence of 3 wt.% CuO/TiO2. It
could be explained by the highest work function (5.25 eV); so the 3 wt.
% CuO/TiO2 needs the highest energy to remove electrons from its
surface. According to the analysis of work function, TiO2 and 5wt.%
CuO/TiO2 need the least energy for separation of the electron at 254 nm
(Fig. 9). In addition, these two photocatalysts achieve the highest spe-
cific surface area (119 and 66m2/g), so they may also have a greater
availability of surface active sites.

Secondly, the CO2 photocatalytic reduction was studied in the gas
phase under H2 presence (Fig. 10). The yields of CH4 and CO decreased
in the order: TiO2 > 3wt.% CuO/TiO2 > 5wt.% CuO/TiO2 > 1wt.
% CuO/TiO2. It is evident that CuO/TiO2 photocatalysts exhibited dif-
ferent activity in liquid phase and gas phase CO2 photocatalytic hy-
drogenation and reduction. Therefore, other effects are dominant in gas
phase reaction in contrast to the liquid phase reaction. While work
function correlated well with the activity of CuO/TiO2 photocatalysts in
liquid phase (Fig. 9), it seems that another effect is more dominant in
the gas phase CO2 photoreduction. The photocatalytic results in gas
phase are in agreement with the data from photocurrent generation.
The pure TiO2 and 3wt.% CuO/TiO2 photocatalysts proved the highest
photocurrent under shorter wavelength (λ=320 nm) (Fig. 6). It is
anticipated that the increase of photocatalytic activity is related with
the decrease of the recombination rate due to the spatial separation of
electrons and holes. It is also evident that the generated current of pure
TiO2 decreased at higher wavelengths (Fig. 6). The TiO2 band gap is
close to 3.2 eV which means that lower amount of charge carriers is
generated at higher wavelengths.

The yields of CH4 and CO, which were reached after 4 h of irra-
diation in the gas phase, were higher than in the liquid phase with
exception of 1 wt.% CuO/TiO2 (Fig. 11). This result is consistent with
Chen et al. [29] which compared three kinds of experimental set-up for
CO2 photocatalytic reduction. The possible reason for higher efficiency
in the gas phase reactor is that H2 in the gas phase can immediately
react with CO2, affording more chances to conduct CO2 photoreduction;
the photoreduction of CO2 is thermodynamically favourable and is a
spontaneous reaction.

4. Conclusions

The CuO species were successfully doped on TiO2 and then in-
vestigated for CO2 photocatalytic hydrogenation and reduction. Two
kinds of experimental photoreduction of CO2 in the gas phase and li-
quid phase, correspondingly, were conducted in presence H2. In reac-
tion with liquid phase, the highest yields of CH4 was found in the
presence of 5 wt.% CuO/TiO2. It is obvious that in the case of reaction
in liquid phase, the availability of active sites (SBET) and the work
needed to move the electron from surface (work function) correlated
with activity of CuO/TiO2 photocatalysts. TiO2 and 5wt.% CuO/TiO2

need the least energy for separation of the electron at 254 nm and si-
multaneously have the highest specific surface area (119 and 66m2/g).
In the case of reaction in the gas phase, the highest amount of CH4 and
CO was produced in order: TiO2 > 3wt.% CuO/TiO2 > 5wt.% CuO/
TiO2 > 1wt.% CuO/TiO2. In the gas phase, the photocatalytic per-
formance was connected with better separation of the generated charge
carriers. Performance the experiment in two different phases (such as in
liquid and in gas phases) probably does not change the mechanism of
CO2 photocatalytic reduction, but due to the fact, that photocatalyst is
placed in the different phases it might accelerate different pathways of
the reaction.
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A B S T R A C T

Photocatalytic reduction of CO2 with H2O was performed in a top-irradiation stainless-steel photoreactor with
Pt/C-TiO2 as the photocatalyst. Pt/C-TiO2 photocatalysts with different amount of Pt (0.5–3.0 wt.%) were
synthesized by the photodeposition method and were characterized in detail by X-ray powder diffraction (XRD),
nitrogen physisorption measurement (BET), UV–vis diffuse reflectance spectroscopy, inductively coupled plasma
optical emission spectrometry (ICP-OES), scanning electron microscopy (SEM), transmission electron micro-
scopy (TEM), and photoelectrochemical measurements. Results revealed the photocatalytic reduction of CO2

increased by loading Pt on the surface of C-TiO2. The main reaction product was methane (CH4), however,
hydrogen (H2) and carbon monoxide (CO) were also detected. The highest yields of CH4, H2, and CO were
achieved in the presence Pt/C-TiO2 with a nominal loading of 0.88 wt.%, resulting from the efficient interfacial
transfer of photogenerated electrons from C-TiO2 to Pt as it is evidenced from photoelectochemical measure-
ments.

1. Introduction

One main environmental challenge in our time is to avoid or reduce
the impacts of global warming. In recent years, consumption of fossil
fuels generated greenhouse gasses (GHG) especially carbon dioxide
(CO2), regarded as the main cause of the worldwide global warming
[1]. It is vital to reduce the accumulation of CO2 in the atmosphere.
Therefore, researchers make special efforts to convert CO2 into more
useful compounds. Photocatalytic reduction of CO2 with H2O is con-
sidered as a promising method to simultaneously reduce the level of
CO2 emission and produce renewable and sustainable fuels [1,2].
However, the development of efficient photocatalysts for CO2 conver-
sion still remains in the developing phase [3]. In the photocatalytic
reduction of CO2 three main reactions (a–c) have been proposed and
validated. The main products are methane (CH4) and carbon monoxide
(CO) [4]. H2 is a product from photocatalytic water splitting which is
usually competing with CO2 reduction:

CO2 + 8H+ + 8e− → CH4 + 2H2O (a)

CO2 + 2H+ + 2e− → CO + H2O (b)

2 H2O → 2H2 + O2 (c)

Titania (TiO2), as the most explored semiconductor, has been highly
investigated for photocatalytic applications due to its outstanding
chemical and thermal stability. However, titania has two main draw-
backs: low photocatalytic activity and limited utilization of solar en-
ergy, resulting from the fast recombination rate of photoinduced elec-
tron-hole pairs and high band gap energy. Therefore it is required to
improve the electron-hole separation efficiency and light utilization
ability of titania [5,6]. Several methods have been used to improve the
photocatalytic efficiency of TiO2 materials by developing the structural
modification of titania with metal [2,7–9] or metal-free strategies
[10–13]. Among them, surface modification of titania is widely applied
for inhibiting the recombination of photogenerated electron-hole pairs
on TiO2 [14–17]. Different metal nanoparticles including Pt, Au, Ag,
and Pd have been loaded on TiO2 and proved to be effective for en-
hancing its photocatalytic activity and in fact, Pt indicates as the most
effective co-catalyst to utilize the photogenerated electrons for the CO2

reduction to methane [18–21]. Pt is the most studied co-catalyst which
is widely employed in various systems including TiO2, titanates and
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carbon nitrides [22]. An optimal loading of the co-catalyst at which the
highest photocatalytic activity is achieved is always searched for [23].
In addition, different parameters such as loading, elemental composi-
tion, particle size, dispersion, structure, morphology can influence the
CO2 reduction. Furthermore, the size of Pt nanoparticles is also playing
a critical role in the photocatalytic reduction of CO2 as shown by Dong
et al. [24]. In principle doping with non-metals creates heteroatomic
surface structure and modify the physic-chemical properties and ac-
tivity of TiO2. Generally, dopant metals act as a sink and trap the
electron generated by the semiconductor under excited state [4].

In this research, Pt nanoparticles supported by photodeposition on
carbon-doped titania (Pt/C-TiO2, 0.5–3.0 wt.% Pt) was used as the
photocatalyst and investigated towards the photocatalytic reduction of
CO2. C-TiO2 was used as the source of titania because of its higher
photocatalytic activity in comparison to pure titania [25–27]. The aim
of this work is focused on the effect of Pt on the physicochemical
properties of C-TiO2 and its photocatalytic activity towards the photo-
catalytic reduction of CO2

2. Experimental

2.1. Co-photocatalyst preparation

The desired amount of H2PtCl6.6H2O solution (8 wt.% in H2O) to
obtain catalyst loadings of 0.5–3.0 wt% was dissolved under stirring
into 180ml of distilled water. The solution was bubbled with N2 gas for
15min to remove the dissolved oxygen. Thereafter, 2 g of C-TiO2

powder was added under vigorous stirring. The suspension was irra-
diated with a 300W Xenon lamp (L.O.T. Oriel Quantum Design)
equipped with a cut-off filter (λ > 395 nm), for 2 h. After 2 h, 20 ml
methanol was subsequently added to the suspension and irradiation
was continued for further 2 h. The suspension was then centrifugated
(Biofuge stratus, Heraeus, 8500 rpm, 15min) to collect the catalyst,
which was washed with distilled water and acetone, and finally dried at
80 °C for 24 h under a reduced pressure of about 80mbar.

2.2. Characterization

The crystalline phases of synthesized photocatalyst powders were
examined by XRD. The XRD patterns were obtained on a Bruker D8
Advance using Cu Kα radiation in the range between 10 and 80° with a
step size of 0.034°. The average crystallite size was estimated by the
Scherrer equation. The Brunauer–Emmett–Teller (BET) surface area,
pore volume and pore size of the powder specimen were calculated
from the nitrogen adsorption–desorption isotherms at 77 K, using the
Micromeritics-Gemini chemisorption system. The Pt loading was mea-
sured by inductively coupled plasma optical emission spectrometry
(ICP-OES, Varian Inc., USA). To dissolve the platinum, a microwave

method (Discover SPeD, CEM, USA) was used. Calibration of the setup
was done with a standard platinum solution (concentration of
1000mg L−1, Sigma-Aldrich). The diffuse reflectance UV/Vis absorp-
tion spectra were measured using a UV–vis spectrophotometer
equipped with an integrating sphere (LAMBDA 650 UV/Vis with
150mm integrating sphere, Perkin Elmer, USA). Indirect band-gap
energies were determined by plotting the Kubelka–Munk transforma-
tion of the original diffuse reflectance spectra vs. photon energy (Tauc’s
plot): F(R) = (1-R∞)2/2R∞, where R∞ is the measured reflectance (R∞

= Rsample/Rstandard).
Morphology of as-prepared photocatalysts was obtained by trans-

mittance electron microscopy (TEM) (TECNAI G220, FEI company, USA
operated at 200 kV, with LaB6 electron emitter) and scanning electron
microscopy (SEM) (Hitachi SEM type SU8030 microscope operated at
an acceleration voltage of 10 kV and a probe current of 15 pA).

Photoelectrochemical measurements were carried out using a pho-
toelectric spectrometer coupled with potentiostat and 150W Xe lamp
(Instytut Fotonowy, Poland). The photocurrent responses were re-
corded using a three-electrode setup. A platinum wire and saturated
Ag/AgCl were used as the counter and reference electrodes, respec-
tively. The working electrode was prepared by depositing the photo-
catalyst powder onto an indium-tin oxide (ITO) foil and 0.1M KNO3

solution was used as an electrolyte. The photocurrent spectra were re-
corded within the range of 280–470 nm with the step of 10 nm in the
potential range of -0.2 to 1.0 V, step 0.1 V. Before the measurement, the
cell with electrolyte was purged by argon to ensure an oxygen free
environment. The argon purge was also kept constant during the whole
measurement.

2.3. Photocatalytic reaction test

The photocatalytic reduction of CO2 proceeded in a homemade
batch stainless-steel reactor (volume 357ml) with a quartz window. As
the light source, an 8W Hg UV lamp (peak intensity at 254 nm wave-
length; Ultra-Violet Products Inc.) was used, which was placed on top of
the quartz window of the reactor (Fig. 1).

The reactor was filled with 0.1 g of the investigated photocatalyst
and 100ml of a 0.2 M NaOH solution. Before the start of the photo-
catalytic reaction, the reactor was tightly closed and purged with CO2.
The pressure sensor (Greisinger, GMSD 3.5 BAE) was placed at the top
of the reactor to control the experiment.

The gaseous samples were analyzed every two hours for a total re-
action time of 14 h. The samples were taken with a gastight syringe
(Hamilton Co., Reno, USA) and analyzed in a gas chromatograph
(Shimadzu Tracera GC-2010Plus) equipped with barrier discharge de-
tector (BID) for its composition. Each experiment was repeated in order
to ensure the reproducibility of the experimental data. The blank tests
were also performed.

Fig. 1. The photoreactor system for photocatalytic reduction of CO2.
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3. Results and discussion

3.1. Physic-chemical structure of co-photocatalyst

The XRD patterns of C-TiO2 and Pt/C-TiO2 photocatalysts are shown
in Fig. 2. The crystalline phase of TiO2 and Pt/TiO2 are composed of
anatase (JCPDS No. 21-1272) as indicated by the peaks emerging with
(101), (004), (200), (211), (204), (220), and (215). In detail, C-TiO2

contains anatase crystalline structure which by loading Pt nanoparticles
remains accordingly. This result is in agreement with the literature
[6,17]. No peaks for Pt compounds were detected for catalysts with
loadings of 0.5 till 1.5 wt.% Pt (Fig. 2), however as it is shown in Fig. 2,
by loading 3.0 wt.% Pt, there is a small shoulder around 40° which is Pt
(01-087-0647). We assume that in case of low Pt loading due to almost
similar ionic radii of Ti4+ and Pt4+, Pt ions are replacing some Ti ions
in the crystal lattice points [28,29]. It is also possible that small dis-
persed Pt, maybe as a single atom species, is present on TiO2 surface
which cannot be observed through XRD.

The calculated crystallite size, BET surface area, Pt loading, and
band gap energy of investigate d photocatalysts are listed in Table 1.

In detail, the crystallite size of the anatase titania varies from 7.67
to 9.40 nm. The crystallite size of C-TiO2 enhances by increasing the Pt
amount as it is 8.14 nm, 8.32 nm, 9.31 nm and 9.40 nm in case of
0.5 wt.% Pt, 1.0 wt.% Pt, 1.5 wt.% Pt and 3.0 wt.% Pt loading, respec-
tively [8,30].

The specific surface area of photocatalysts varied from 215m2/g to
238m2/g. C-TiO2 exhibited a specific surface area of 232m2/g while
the specific surface area increases to 238m2/g with increasing amount
of Pt to 1.0 wt.%. The specific surface area then decreases to 215 m2/g
for 3.0 wt.% Pt loading. This behavior could be caused by the growth in
particle size and may be caused by the deposition of Pt NPs within the
pores of C-TiO2 on the surface [6,31].

The corresponding values of band-gap energies were determined by
using the Tauc plot. The band-gap energy of all catalysts is about
3.3 eV. As expected, no significant changes are observed upon deposi-
tion of Pt [30].

The actual amount of Pt was measured by ICP –OES. As it can be
seen, the Pt amount by photodeposition is very close to the nominal
amount for 0.5–3.0 wt%. A loading efficiency of about 90% was ob-
tained by photodeposition as a result of the higher BET surface area of
the catalysts [8]. In contrast, lower BET surface usually results in lower
loadings at similar conditions [32].

The morphology and structure of TiO2 and 1.0 wt.% Pt/TiO2 are
shown in Fig. 3 (TEM images) and Fig. 4 (SEM images) which clearly
show the different morphology and structure of C-TiO2 and Pt/C-TiO2

photocatalysts. It is essential to mention that the 1.0 wt.% Pt/TiO2

photocatalyst was chosen as it shows the highest activity for photo-
catalytic CO2 reduction.

From Fig. 3, the lattice fringes of C-TiO2 nanoparticles are clear and
confirm the crystal form of anatase for C-TiO2. No Pt nanoparticles can
be seen in the TEM images which can be due to the integration of ul-
trafine Pt nanoparticles inside the titania structure which is in ac-
cordance with the N2 sorption results and XRD results (Fig. 2 and
Table 1).

As shown in Fig. 4, the morphology of C-TiO2 did not change by
loading Pt nanoparticles, as it was expected. In contrast to TEM, where
no Pt particles were found, some bigger Pt nanoparticles (agglomerates)
on the surface of C-TiO2 can be detected (white points which are
marked with a red circle) because in SEM a bigger fraction of the
sample is imaged. It is also obvious that Pt nanoparticle are not
homogenously dispersed on the titania powders indeed part of the Pt
nanoparticle are presented on the surface and part are integrated inside
the titania structure.

To get a better insight into the utilization of photons during irra-
diation, C-TiO2 and Pt/C-TiO2 catalysts were investigated by photo-
lectrochemical measurements that confirmed the generation of charge
carriers after irradiation. Fig. 5 shows the dependence of generated
photocurrent on wavelength and it is obvious that the number of charge
carriers is significantly lowered when platinum loading is too high.
Lower loadings of platinum slightly increase the generation of charge
carriers compared to pure C-TiO2 which means that loading low
amount of Pt inhibits the recombination rate of photogenerated elec-
tron-hole pairs (in case of 0.5 wt.% Pt/C-TiO2 and 1.0 wt.% Pt/C-TiO2)
(Fig. 5).

3.2. Photocatalytic reduction of CO2

After characterization of the catalysts, their photocatalytic activity
towards the photocatalytic reduction of CO2 was studied. Figs. 6 and 7
show the yields of products as a function of irradiation obtained for a
time interval from 0 to 14 h. The main product is methane, however,
carbon monoxide is also detected in the lower amount. Hydrogen is also
formed as a product coming from the photocatalytic splitting of water.
The product yields (μmol/gcat.) were detected in this order: a) hydrogen
(H2), b) methane (CH4) and c) carbon monoxide (CO).

As it is shown, for pure C-TiO2, generation of H2, methane, and CO
occurred only after an irradiation time of 8 h. In the presence of Pt as
co-catalyst, the reaction is significantly accelerated. In detail, by in-
creasing the amount of Pt from 0.46 wt.% (0.5 wt.% Pt/C-TiO2) to
0.88 wt.% (1.0 wt.% Pt/C-TiO2), the yields of CH4, CO and H2 increase
while the production rate of CH4 intensively increases (Figs. 6 and 7).

Fig. 2. XRD patterns of investigated photocatalysts (A and Pt indicate the peaks
of the anatase phase of titania and platinum, respectively).

Table 1
The characterization of investigated photocatalysts.

Photocatalyst Crystallite size
(nm)

Surface area
(SBET)
(m2 g−1)

Pt content
from
ICP-OES
(wt.%)

Indirect
band-gap
energy
(eV)

C-TiO2 7.67 232 0 3.26
0.5 wt.% Pt/C-

TiO2

8.14 233 0.46 3.26

1.0 wt.% Pt/C-
TiO2

8.32 238 0.88 3.27

1.5 wt.% Pt/C-
TiO2

9.31 226 1.35 3.27

3.0 wt.% Pt/C-
TiO2

9.40 215 2.62 3.25
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This behavior could be due to the enhances the enrichment of electron
density on the catalysts surface or on the other hand, as it is written in
Table 1, loading of 0.88 wt.% Pt (1.0 wt.% Pt/C-TiO2) causes increasing
the crystallite size and the specific surface area to 8.32 nm and 238
m2 g−1, respectively. By increasing more Pt loading to 1.35 wt.%
(1.5 wt.% Pt/C-TiO2) the rate of CH4 production decreases while the
rate of CO and H2 slightly decrease (Figs. 6 and 7). A similar trend is

observed by loading 2.26 wt.% Pt (3.0 wt.% Pt/C-TiO2), as by adding
more amount Pt the rate of all reaction products decrease (Figs. 5 and
6). These results are in agreement with our previous work [8] and the
results observed by Xie [33].

The highest yields of all products were achieved in the presence of
1 wt. % Pt/C-TiO2. Among the Pt/C-TiO2 samples, the order of yield of
CH4 production as the desired product is 1.0 wt.%<1.5 wt.%<0.5 wt.

Fig. 3. TEM images of C-TiO2 and 1.0 wt.% Pt/C-TiO2.

Fig. 4. SEM images of C-TiO2 and 1.0 wt.% Pt/C-TiO2 photocatalysts.
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%<3wt.%. The amount of CH4 is always higher than the amount of
CO and Pt can work as an electron trap to provide more electrons for
the CO2 reduction which is useful for CH4 production [6,17,34]. As it is
shown in Fig. 6, the amount of CO and H2 are decreasing by time while
the formation of methane increases with irradiation time in the pre-
sence of Pt/C-TiO2 photocatalysts.

In general, photocatalytic reduction of gaseous CO2 depends on two
factors: the capability of the photocatalyst to adsorb CO2 and the effi-
ciency of the transfer of the excited electrons. Thus the surface char-
acteristics of the photocatalyst, such as surface charge and surface area,
are very important parameters influencing the photocatalytic CO2 re-
duction activity [16]. C-TiO2 photocatalysts were used as titania source
because M. Janus [35] investigated the adsorption of CO2 on bare TiO2

(anatase structure obtained from POLICE) and C, N-TiO2 which was
calcined for 1 h at different temperatures (T=100 to 600 °C). The re-
sults show that the C, N-TiO2 shows higher CO2 absorption in com-
parison to bare and commercial TiO2 (for example Degussa P-25). Also,
a higher surface area is beneficial for CO2 adsorption and the 1.0 wt.%
Pt/C-TiO2 photocatalyst can supply more adsorption site for CO2 mo-
lecules so that the concentration of localized CO2 on the TiO2 surface is
higher and the photocatalytic reduction of CO2 is accelerated [14,36]. It
is important to mention that high surface area photocatalysts with high
porosity show higher photocatalytic activity [37–39]. In addition, the
Zeta potential of C-TiO2 is more negative [40] compared to commercial
P25 [41], which also is beneficial for CO2 adsorption. To provide more
electrons for CO2 reduction, catalysts with a higher photocurrent re-
sponse might be beneficial because of better utilization of the photons.
As shown in Fig. 5, the photocurrent densities of 0.5 wt.% Pt/C-TiO2

and 1.0 wt.% Pt/C-TiO2 are higher than C-TiO2 showing that their ef-
ficiency for electron-hole pair separation is higher.

It is worth to mention that the photocatalytic reduction of CO2 is a
very complex reaction with very low yields and the development of
efficient photocatalysts for CO2 conversion under solar irradiation still
remains in the developing phase. In fact, photocatalytic reduction of
CO2 is always with the parallel water decomposition reaction which
competing with CO2 reduction. The redox potentials for CO2 reduction
is close to that of H2O to H2 and activation of H2O is generally being
much easier than CO2, it makes it so that the photocatalysts tends to
reduce H2O to H2. Therefore, a suitable catalyst and reaction condition
(such as irradiation source, CO2 concentration, amount of H2O, reactor
geometry, light position and …) can considered as major challenges in

photocatalytic CO2 reduction. In addition, the economically and en-
vironmentally-friendly reduction of CO2 to value added chemicals is
highly desired which is possible if renewable energy such as solar en-
ergy is used as an energy source.

4. Conclusion

Pt/C-TiO2 photocatalysts with different Pt amount (0.5–3.0 wt.%)

Fig. 5. The dependence of photocurrent on wavelength. Measured at 1 V ex-
ternal potential.

Fig. 6. Time dependence of yields of H2, CO and CH4, after 14 h of irradiation
in the presence of investigated photocatalysts (amount of photocatalyst = 0.1
g).
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were synthesized by the photodeposition method and tested towards
the photocatalytic reduction of CO2. The crystallite size of C-TiO2 in-
creases by Pt loading while the surface area decreases. The actual
amount of Pt was measured by ICP-OES and is only slightly lower than
the nominal value, which can be attributed to the higher surface area of
C-TiO2. CH4, CO, and H2 were detected as the main reaction products.
The photocatalytic activity of C-TiO2 increases by loading Pt, whereby
the amount of Pt is crucial for the performance of the photocatalyst. The
highest yields for all products were achieved for an actual Pt loading of
0.88 wt.%, where utilization of photo-induced electrons via charge se-
paration is optimized.
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Abstract Lanthanum-modified TiO2 photocatalysts (0.2–
1.5 wt% La) were investigated in the methanol decomposition
in an aqueous solution. The photocatalysts were prepared by
the common sol-gel method followed by calcination. The
structural (X-ray diffraction, Raman, X-ray photoelectron spec-
troscopy), textural (N2 physisorption), and optical properties
(diffuse reflectance spectroscopy, photoelectrochemical mea-
surements) of all synthetized nanomaterials were correlated
with photocatalytic activity. Both pure TiO2 and La-doped
TiO2 photocatalysts proved higher yields of hydrogen in com-
parison to photolysis. The photocatalyst with optimal amount
of lanthanum (0.2 wt% La) showed almost two times higher
amount of hydrogen produced at the same time as in the pres-
ence of pure TiO2. The photocatalytic activity increased with
both increasing photocurrent response and decreasing amount
of lattice and surface O species. It has been shown that both
direct and indirect mechanisms of methanol photocatalytic

oxidation participate in the production of hydrogen. Both direct
and indirect mechanisms take part in the formation of
hydrogen.

Keywords Methanol oxidation . Photocurrent response .

Lattice O species . Surface O species . La/TiO2

Introduction

New photocatalytically active materials, including TiO2 (Carp
2004), ZnO (Lee et al. 2016), and g-C3N4 (Wen et al. 2017),
have been developed to abate the pollution for decades. An
improved photocatalytic activity of TiO2 also shows mixtures
of different TiO2 phases, such as anatase:rutile (Guimaraes
et al. 2016) and anatase:brookite (Romero Ocaña et al.
2015). There is effort to modify TiO2 to absorb light with
lower energy (Etacheri et al. 2015). By the modification of
TiO2 electron structure, not only the red shift of absorption
spectra can be achieved, but a decreased recombination rate of
electron-hole pairs is also observed. TiO2 can be modified by
various approaches, including dye sensitization (Carp 2004),
composites formed by combining with materials such as g-
C3N4 and ZrO2, which exploit charge separation between two
different materials/phases as well as doping with nonmetals
(S, N) (Etacheri et al. 2015) or metals (d-elements,
lanthanoids) (Etacheri et al. 2015). Doping with rare elements
(Murcia et al. 2015) or lanthanoids (Armaković et al. 2017;
Kotolevich et al. 2016) is very common.

Lanthanum as the dopant improves the photocatalytic
properties of TiO2. Primarily, it is [Xe] 5d16s2 electron con-
figuration of La which allows electron capturing to unoccu-
pied 5d orbital and therefore the inhibition the electron-hole
recombination (Meksi et al. 2016; Zhang et al. 2016). In ad-
dition, La addition causes thermal stabilization of anatase
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structure (Yuan et al. 2005), increases the amount of oxygen
vacancies, and decreases the particle size (Meksi et al. 2016).

Methanol is an important feedstock in the chemical indus-
try and has a great future in the energy production. Methanol
could be converted into hydrogen or directly serve as a car
fuel. Nowadays, this alcohol is produced in large scale from
syngas formed by conversion of gas, oil, coal, and biomass.
New and innovativemethods of methanol synthesis have been
also developed (Ajamein et al. 2017). Nevertheless, the pro-
duction and processing of methanol can lead to its evolving to
the environment and harmful effects.

This paper addresses the abatement of water pollution that
might result from the industrial scale methanol production.
The aim of the presented work is focused on the effect of
lanthanum on the structural, textural, and optical properties
of TiO2 nanomaterials as well as on their photocatalytic activ-
ity in the oxidation of methanol in an aqueous solution at
ambient conditions.

Experimental details

Preparation of doped TiO2 photocatalysts

La/TiO2 with various lanthanum loadings (0.2–1.5 wt% of La)
and parent TiO2 examined in this study were prepared by a
sol-gel process followed by calcination. The sol-gel process
was run in controlled reverse micelles environment of nonion-
ic surfactant Triton X-114 in cyclohexane. In the first step, an
appropriate amount of lanthanum (III) nitrate hexahydrate was
dissolved in absolute ethanol (3 mL) under vigorous stirring.
Subsequently, cyclohexane was mixed with Triton X-114 and
distilled water. Both solutions were mixed and stirred for
20 min at laboratory temperature. In the final step, titanium
(IV) isopropoxide was injected into the mixture. The
lanthanum-doped titania micellar sol was stirred for next
20 min. Then, the homogeneous yellow transparent sol was
poured into Petri dishes in a thin layer (~ 4 mm), and subse-
quently aged and gelated for 48 h at laboratory temperature
(Matejova et al. 2013; Reli et al. 2015). Finally, the material
was calcined at 450 °C for 4 h (heating rate 5 °C/min) and
sieved to particle size fraction < 0.160 mm.

Characterization of photocatalysts

N2 physisorption measurements were performed on a 3Flex
volumetric apparatus (Micromeritics) after degassing of pow-
ders at 110 °C for 24 h under less than 1-Pa vacuum. The
nitrogen adsorption-desorption isotherms were measured at
77 K (Ambrožová et al. 2017).

Concentration (w/w) of La in the TiO2 samples was ana-
lyzed with using an Elva X energy-dispersive X-ray fluores-
cence spectrometer (Elvatech Ltd., Kiev, Ukraine) equipped

with a Pd X-ray tube and thermoelectrically cooled Si-pin
detector PF 550 (MOXTEC, USA).

The Raman spectra were recorded in the wave number
range of 55–3500 cm−1 (Thermo Scientific DXR
SmartRaman). The excitation line of the La: YAG laser source
was 532 nm with a laser power of 1 mW.

DRS spectra of the La/TiO2 materials were measured in
quartz cuvettes by using a GBS CINTRA 303 spectrometer
(GBC Scientific Equipment, Australia). Reflectance was
recalculated into the dependence of Kubelka–Munk function
(Ambrožová et al. 2017).

XPS spectra were recorded by a hemispherical VG
SCIENTA R3000 analyzer with constant pass energy of
100 eV, a monochromatized aluminum source Al K α
(E = 1486.6 eV) and a low energy electron flood gun
(FS40A-PS) to compensate the charge on the surface of non-
conductive samples (Ambrožová et al. 2017).

XRD patterns were obtained using Rigaku SmartLab dif-
fractometer (Rigaku, Japan) with detector D/teX Ultra 250.
The source of X-ray irradiation was Co tube (CoKα,
λ1 = 0.178892 nm, λ2 = 0.179278 nm) operated at 40 kV
and 40 mA. Incident and diffracted beam optics were
equipped with 5° Soller slits; incident slits were set up to
irradiate area of the sample 10 × 10mm (automatic divergence
slits) constantly. Slits on the diffracted beam were set up to
fixed value 8 and 14 mm. Samples were measured in the
reflection mode (Bragg-Brentano geometry). XRD data were
collected in a 2θ range 5°–90° with a step size of 0.01° and
speed 0.5 deg min−1. Measured XRD patterns were evaluated
using PDXL 2 software (version 2.4.2.0) and compared with
database PDF-2, release 2015. XRD patterns were analyzed
using LeBail method (software PDXL2) to refine lattice pa-
rameters of the anatase. Background of the patterns was de-
termined using B-Spline function; peak shapes were modeled
with a pseudo-Voigt function accounting for a peak asymme-
try due to axial divergence. Crystallite size was calculated
using Halder-Wagner method (software PDXL 2). Plotting
β2/tan2θ against β/tan θ · sin θ based on the results makes it
possible to obtain crystallite size from the gradient of the ap-
proximation line, where β is integral width of the sample
diffraction peak and θ is diffraction peak position.
Additionally, the XRD data were evaluated from Rietveld/
WPPM refinement of XRD data using computer program
MSTRUCT (see Supplement).

Photoelectrochemical measurements were carried out
using a photoelectric spectrometer with a 150-W Xe lamp
used as an irradiation source and coupled with a potentiostat
(Instytut Fotonowy, Poland) (Ambrožová et al. 2017).

Photocatalytic reaction

The photocatalytic oxidation of methanol was performed in a
stirred cylindrical batch reactor made of stainless steel with a
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quartz glass window on the top of the reactor. An 8-W Hg
UVA lamp (λmax = 365 nm) was used as a source of irradiation
and was placed in the horizontal position above the quartz
glass visor. For typical batches, 0.1 g of a photocatalyst pow-
der was suspended in 100 mL of methanol solution (12 M)
and the suspension was mixed by a magnetic stirrer at the
bottom to prevent sedimentation of the photocatalyst.

Prior to the illumination, argon was purged through the
suspension with a constant flow for at least 35 min to remove
air. After sealing the reactor, the UV lamp was switched on.
Gas samplingwas performed using a gas-tight syringe (10mL)
through a septum and the collected samples were immediately
analyzed by a GC/BID (barrier discharge detector) before the
reaction (time 0 h) and after switching on the UV lamp during
the experiment in defined time intervals of 0–4 h.

Results and discussion

Photocatalysts characterization

The results of XRF and N2 physisorption are summarized in
Table 1. The real content of La (determined by XRF)
corresponded to the theoretically expected value (calculated
based on the amount of lanthanum(III) nitrate). The textural
properties determined using the collected N2 adsorption iso-
therms reveal that parent TiO2 and all La/TiO2 materials are
mesoporous solids. The t-plot analysis, using the Broekhoff-De
Boer standard isotherm, in order to determine separately the
mesopore surface area and the micropore volume, showed that
there are negligible volumes of micropores in the investigated
materials. The addition of low La amounts to TiO2 in the stud-
ied range of 0.2–1.5 wt% La led to a gradual increase in the
specific surface area. However, this fact was not reflected sig-
nificantly on the pore size distribution of the studied materials.
All samples exhibited practically identical pore size distribution
with the highest amounts of pores with diameters of 6–8 nm.

The XRD patterns of pure and La-doped TiO2 are shown in
Fig. 1. One identified crystalline phase was tetragonal

modification of anatase corresponding to ICDD PDF card no.
00-021-1272 (a, b = 3.7852 Å and c = 9.5139 Å). While the
lattice parameter a is approximately similar, lattice parameter c
insignificantly decreased with increasing La content. It shows to
the partial distortion of TiO2 lattice with increasing La content
(Table 2). Additional polymorphic form of TiO2 or La-related
phases (e.g., La2O3) present as impurity was not detected. This
effect can be explained by either the incorporation of La ions
into the crystal lattice of anatase or small amount and high
dispersion of La oxide. The anatase crystallite size slightly in-
creased from pure TiO2 to 0.2 wt% La/TiO2 and it subsequently
decreased with increasing La loading. The decreasing value of
the anatase crystallite size (Table 2) linearly correlates with the
increasing value of the specific surface area (Table 1). Ionic
radius of La3+ (ionic radius 1.170 Å) is large to be incorporated
in the TiO2 lattice (ionic radius of undoped TiO2 0.745Å) (Choi
et al. 2010), but it can be located in the interstitial site (Choi et al.
2010) or dispersed on the surface of TiO2 or dispersed in the
form of metal oxides within the crystal matrix.

Raman spectra of La/TiO2 photocatalysts contain five
peaks characteristic of the anatase phase (maxima around
144, 195, 396, 515, and 639 cm−1) (Fig. 2). Themost intensive

Table 1 Summarized characterization results of the prepared
photocatalysts

Photocatalyst The real content
of La (wt%)

SBET
(m2 g−1)

Vnet
(mm3

liq/g)
Indirect
band
gap (eV)

TiO2 0 73 113 2.97

0.2 wt% La/TiO2 0.18 73 118 2.96

0.5 wt% La/TiO2 0.46 90 146 2.96

0.8 wt% La/TiO2 0.80 101 165 2.95

1.0 wt% La/TiO2 1.04 109 173 2.95

1.5 wt% La/TiO2 1.64 113 179 2.95

Fig. 1 XRD patterns of pure TiO2 and La/TiO2 photocatalysts

Table 2 Structural properties of pure TiO2 and La/TiO2 photocatalysts

Photocatalyst Crystallite size (nm) Lattice parameters
and cell volume

a (Å) c (Å) Vcell (Å
3)

TiO2 9.6 3.7874 9.5112 136.43

0.2 wt% La/TiO2 10.4 3.7909 9.5179 136.78

0.5 wt% La/TiO2 8.8 3.7903 9.5108 136.63

0.8 wt% La/TiO2 7.8 3.7867 9.5001 136.22

1.0 wt% La/TiO2 7.0 3.7914 9.4956 136.50

1.5 wt% La/TiO2 6.6 3.7886 9.4799 136.07
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Eg peak appears at 143 cm
−1 in the spectrum of pure TiO2 and

its position is slightly shifted firstly to lower wave numbers for
the sample 0.2 wt% La/TiO2 (inlet spectrum in Fig. 2b) and
subsequently to higher wave numbers with increasing La con-
tent up to 144 cm−1. The slight red shift of Raman peaks of the
sample 0.2 wt% La/TiO2 can be connected with the enhance-
ment of crystallization degree of anatase structure (Huo et al.
2007; Meksi et al. 2016). The blue shift of Raman peaks can
be attributed to increasing content of oxygen vacancies in the
structure of the La/TiO2 materials (Huo et al. 2007; Meksi
et al. 2016). Additionally, the doping of La to TiO2 causes
the broadening of the peaks, which in the case of peaks at
around 143–144 cm−1 can be counted even 15% of full width
at half maximum that could be attributed to the decreasing of
crystallite size of anatase (Table 2) (Ali et al. 2012).

Figure 3 shows diffuse reflectance spectra that were
recalculated to the dependencies (α·h·ν)1/2 against energy in
order to obtain the values of the indirect band gap energies.
The indirect band gap energy values (Eg) were determined by
extrapolation of straight line of (α·h·ν)1/2 to zero. It is clearly
seen that the presence of La3+ surprisingly did not change the
band gap energy value of pure TiO2.

In the survey XPS spectra, four different elements present
on the materials’ surface (Ti, La, O, and contaminating C)
were identified. The relative contributions of these compo-
nents determined for the pure TiO2 and La-doped TiO2

photocatalysts are presented in Table 3. For undoped TiO2,
two photoelectron peaks at 458.0 and 463.8 eV (Fig. 4a), cor-
responding to Ti 2p3/2 and Ti 2p1/2, respectively, were ob-
served as typical of Ti4+ in TiO2 (Reli et al. 2017). These peaks
shifted to higher binding energies (about 0.2–0.3 eV) after the
introduction of La, suggesting strong interaction of this pro-
moter with the TiO2 structure. On the other hand, two various
forms of oxygen were found, namely lattice oxygen (at
529.6 ± 0.1 eV) and O2− ions or/and hydroxyls (at
531.4 ± 0.1 eV) (Fig. 4b) (Reli et al. 2016). Furthermore, the
XPS peaks related to lanthanum were detected only for the
samples with higher La loading. Both the spin-orbit split 3d5/2
and 3d3/2 levels showed two components with the Eb values of
834.9, 838.8, 851.6, and 855.9 eV, which confirmed the exis-
tence of La3+ species (Zhang et al. 2015). It should be noted
that the relative surface concentration of La3+ species was
lower than the real content of La concentration determined
by XRF (Table 1).

It is clearly visible that each photocatalyst immediately
generates photocurrent response after irradiation from
320 nm (Fig. 5). The rapid photocurrent rise can be explained
by the initial excitation of electrons to higher energy states.
Nevertheless, the current slowly increases even during the
irradiation. The slower photocurrent rise has been attributed
to photo-excited states that exhibit a short lifetime and proba-
bility for a lattice relaxation at the surface, in which deep
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unknown centers formwhen shallow donors convert into deep
donors (Moore and Thompson 2013). Afterwards, the shutter
is closed (irradiation stops) and the current generation rapidly
decreases. Although, not instantly, but the decrease of current
is slower, which means the recombination of electrons and
holes is not immediate. Since the photocatalytic tests were
conducted under 365-nm irradiation, the most important part
of photocurrent measurement lies between 360 and 370 nm.

Photocatalytic oxidation of methanol

Figure 6 shows the amount of hydrogen produced as a
function of time during UVA illumination of the pure
TiO2 and La-doped TiO2 photocatalysts dispersed in meth-
anol. All photocatalysts showed significantly higher effi-
ciency in the H2 production in comparison with photolysis.
The highest amount of hydrogen was observed for the

0.2 wt% La/TiO2 photocatalyst. While the La/TiO2

photocatalysts with the low contents of La (≤ 0.8 wt%
La) formed higher amounts of hydrogen than pure TiO2,
La/TiO2 photocatalysts with 1.0 and 1.5 wt% La were less
active than pure TiO2.

Firstly, the photocatalytic activity clearly increased with the
increasing photocurrent response (Fig. 7a). It shows to the role
of the electron transport and transfer to the H2 production on
the photocatalytic activity of La/TiO2. Themost active 0.2wt%
La/TiO2 shows the highest current response. It means that the
highest concentration of charge carriers is generated in this
photocatalyst due to the lowest electron-hole recombination.
Although we are not able to explain higher value of current
for 0.8 wt% La/TiO2 than for 0.5 wt% La/TiO2, it is important
that it fully corresponds to the amount of produced hydrogen.

Secondly, the photoactivity of La/TiO2 photocatalysts
clearly increased with the decreasing amount of lattice and
surface O species obtained from XPS (Fig. 7b). The exception
is 1.5 wt% La/TiO2, which exhibits low activity, although this
material contained low amount of lattice and surface O spe-
cies. It shows to the role of other factors associated with the
photocurrent response and high recombination rate.

In literature, Yu et al. (Yu et al. 2012) reported a promot-
ing effect of La in TiO2 that favors the photoelectron con-
ductivity and transfer. This synergetic effect leads, in this
case, to an increase in the rate of CH3OH photooxidation
that is evident for the samples with lower La contents
(≤ 0.8 wt% La). The similar effect was reported by
Renones et al. (Reñones et al. 2017), who studied La/TiO2

in the CO2 photocatalytic reduction. These factors result in
the enhanced activity of the La/TiO2 samples with La con-
tent up to 0.8 wt% La, with the optimal quantum efficiency
for the 0.2 wt% La/TiO2 photocatalyst.

Table 3 Relative surface concentration of Ti, La, and O species
determined by XPS

Photocatalyst Ti4+ in
TiO2

Lattice
O2−

O2
−

ions/hydroxyls
La3+

species
Carbon

TiO2 29.53 57.66 12.81 0 9.28

0.2 wt%
La/TiO2

29.96 61.96 8.08 0 11.34

0.5 wt%
La/TiO2

29.69 65.45 4.86 0 10.74

0.8 wt%
La/TiO2

29.62 61.69 8.46 0.23 12.51

1.0 wt%
La/TiO2

29.01 65.35 5.29 0.35 12.15

1.5 wt%
La/TiO2

29.51 57.72 12.31 0.47 13.38
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aFig. 4 Ti 2p (a) and O 1s (b)
photoelectron spectra of La-
containing TiO2 photocatalysts
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The photocatalytic oxidation of methanol could be de-
scribed by the overall equation:

CH3OH lð Þ þ H2O lð Þ →hv;TiO2
3H2 gð Þ þ CO2 gð Þ ð1Þ

During this reaction, gaseous H2 is produced, involving the
half reaction of oxidation:

CH3OH lð Þ þ H2O lð Þ þ 6 hþ →
hv;TiO2

6 Hþ þ CO2 gð Þ ð2Þ

followed by reduction:

6Hþ þ 6e−→3H2 ð3Þ
The photocatalytic reaction is initiated on TiO2 by ab-

sorption of light, which promotes electrons (e−) from the

valence band to the conduction band and generates
electron/hole pairs (e−/h+):

TiO2 þ hv→e− þ hþ ð4Þ
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Fig. 5 Current generation in the
presence of pure TiO2 and La/
TiO2 photocatalysts at 1 V vs. Ag/
AgCl

Fig. 6 Generation of hydrogen from the photocatalytic oxidation of
methanol in the presence of pure TiO2 and La/TiO2 photocatalysts

Fig. 7 Correlation between the photocatalytic activity in the CH3OH
photocatalytic oxidation over different photocatalysts and current
generation (a) and content of lattice and chemisorbed oxygen (b)
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Two possible mechanisms were proposed for the CH3OH
photocatalytic oxidation: (i) the direct oxidation by
photogenerated holes and (ii) the indirect oxidation by
interfacially formed •OH radicals that are products of the trap-
ping of VB holes by surface−OH groups or adsorbed water
molecules (Chen et al. 1999a; Chen et al. 1999b; Schneider
and Bahnemann 2013; Wang et al. 2002).

In the case of the direct oxidation, the photogenerated holes
(h+) can oxidize both CH3OH and H2O molecules adsorbed
on the surface of photocatalyst. The evolution of hydrogen
fromCH3OHwas proposed to be initiated by the reaction with
holes, forming protons (H+) and a hydroxyalkyl radical inter-
mediate (•CH2OH) (Eq. 5). The •CH2OH radical intermediate
possesses sufficiently negative oxidation potential and could
further react to produce H+ and electrons (Eq. 6). These elec-
trons can be injected into the conduction band (doubling cur-
rent effect) (Guzman et al. 2013).

CH3OHþ 6hþ→ ⋅CH2OHþ Hþ ð5Þ
⋅CH2OH→ CH2Oþ Hþ þ e− ð6Þ

The evolution of hydrogen from H2O was proposed to be
initiated by the reaction with holes, producing protons (H+)
and oxygen (Eq. 7).

H2Oþ 2hþ→ 2Hþ þ 1

2
O2 ð7Þ

The H+ can further react with electrons (e−) to form H2

(Eq. 8).

8Hþ þ 8e−→ 4H2 ð8Þ

In the indirect oxidation, the hydroxyl radicals •OH react
with methanol molecules mainly through the abstraction of a
hydrogen atom from the C–H bond:

CH3OHþ ⋅OH→ ⋅CH2OHþ H2O ð9Þ

In the absence of O2, formaldehyde is produced through the
electron injection into the conduction band of TiO2, a process
called Bdoubling current effect.^ These electrons can be uti-
lized to produce hydrogen. HCHO can be further oxidized in
an analogous manner producing HCOOH and finally CO2.

The results of photocatalytic experiments and the above
described mechanism were confirmed by a hydroxyl radical
trapping test usingmodified photoluminescence (PL)measure-
ments. In this approach, the hydroxyl radicals (•OH) formed
on the surface of photocatalysts under visible light irradiation
were detected by photoluminescence test using terephthalic
acid (TA). The TAmolecules are not fluorescent; nevertheless,
they can react with generated •OH to form a highly fluorescent
product, 2-hydroxyterephthalic acid (HTA).

Figure 8 shows the dependency of PL intensity (at about
425 nm) on the irradiation time in the presence of pure TiO2

and La/TiO2 photocatalysts, which indicates the production of
hydroxyl radicals. More efficient formation of •OH was ob-
served in the presence of photocatalysts with smaller amount
of lanthanum. This result is in agreement with photocatalytic
activity measured during photocatalytic oxidation of metha-
nol. It is supposable that both direct and indirect mechanisms
participate in the production of hydrogen.

Conclusion

The promoting effect of low lanthanum contents on the
photocatalytic activity of TiO2 in the CH3OH oxidation
under UVA irradiation was demonstrated. Both pure TiO2

and La-doped TiO2 photocatalysts proved significantly
higher H2 yields in comparison to photolysis. It was sug-
gested that both direct and indirect mechanisms participate
in the formation of hydrogen. The low contents of La
(≤ 0.8 wt% La) lead to higher photoactivity compared to
unmodified TiO2. The optimal photocatalyst (0.2 wt% La)
showed almost two times higher amount of hydrogen pro-
duced at the same time as than in the presence of pure
TiO2. Lower contents of La result in a decrease of the
electron-hole recombination rate as was confirmed by the
photoelectrochemical measurements. This enhancement of
photocatalytic activity for the materials with lower lantha-
num loadings can be explained by the synergetic effect of
the La/TiO2 heterojunctions that show retarded electron-
hole recombination and by better charge transport and
transfer. The photocatalytic activity increased with both

Fig. 8 Comparison PL intensity observed at 425 nm against irradiation
time for prepared photocatalysts in 2 × 10−3 M NaOH solution with the
presence of 5 × 10−4 M terephthalic acid
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increasing photocurrent response and decreasing amount
of lattice and surface O species. On the other hand, the
decrease of band gap energy was not observed.
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Neodymium enriched TiO2 anatase-brookite powders were prepared by unconventional

method via using pressurized hot fluids for TiO2 crystallization and purification. The

photocatalysts were tested in the CH3OH photocatalytic decomposition and they were

characterized with respect to the textural (nitrogen adsorption), structural (XRD, XPS,

and Raman spectroscopies), chemical (XRF), and optical (DR UV-Vis spectroscopy)

and photoelectrochemical measurement. All prepared materials were nanocrystalline,

had biphasic (anatase- brookite) structure and relatively large specific surface area

(125 m2.g−1). The research work indicates that the doping of neodymium on TiO2

photocatalysts significantly enhances the efficiency of photocatalytic reaction. The

photocatalytic activity increased with increasing portion of hydroxyl oxygen to the total

amount of oxygen species. It was ascertained that the optimal amount of 1 wt% Nd in

TiO2 accomplished the increasing of hydrogen production by 70% in comparison with

pure TiO2. The neodymium doped on the titanium dioxide act as sites with accumulation

of electrons. The higher efficiency of photocatalytic process was achieved due to

improved electron-hole separation on the modified TiO2 photocatalysts. This result was

confirmed by electrochemical measurements, the most active photocatalysts proved the

highest photocurrent responses.

Keywords: neodymium, TiO2 anatase-brookite, CH3OH photocatalytic decomposition, hydrogen production,
photocatalysis, electron-hole separation

INTRODUCTION

Nowadays, a clean energy production from renewable sources is one of the most discussion topics.
An excellent alternative to H2 production is the use of heterogeneous photocatalytic process. Since
the pioneering work of Fujishima and Honda (1972) many research teams have focused to water
splitting on semiconductor photocatalysts.

Due to the fact, that water splitting is difficult the reaction is often realized in the presence
sacrificial reagent such as methanol. The addition of organic compounds such as alcohols to the
water solution showed to be prosperous to overpass such limitations (Dozzi et al., 2017). In the
presence of methanol (an electron donor), photogenerated the holes which are generated in the
valence band can oxidize methanol in place of water. For this reason the reduction of water is
decreasing by conduction band electrons. But it is necessary to the bottom of the conduction band
to be situated above the water reduction potential (Maeda, 2011).
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Amongst the possible photocatalysts for this application,
titanium dioxide still remains the most investigated material,
mainly because of its remarkable physical and chemical
properties such as strong resistance to chemical and
photocorrosion, low cost, and significantly low energy
consumption (Ma et al., 2014; Schneider et al., 2014; Bai
et al., 2015, 2016). However, the TiO2 application is limited due
to its relatively high energy bandgap (3.2 eV) which required UV
radiation and making it poor in the processes associated with
solar photocatalytic applications (Xu and Song, 2016).

Rare earth elements doped or deposited on TiO2 are expected
to show various effects on the TiO2 photocatalytic activity.
The advantages of doping TiO2 with lanthanides can be
namely (i) better TiO2 thermal stability, (ii) inhibition of TiO2

crystallite growth, (iii) limitation of the defect amount, and (iv)
improvement of the photocatalytic activity (Meksi et al., 2016).

In the present article, the photocatalytic decomposition of
methanol is studied in the presence of Nd/TiO2 anatase-
brookite for the first time. These photocatalysts were prepared
unconventionally via using flow processing by pressurized
hot fluids for TiO2 crystallization and purification. This
processing differs from the hydrothermal and solvothermal
syntheses. While hydrothermal and solvothermal syntheses
being carried out in a closed batch system, which is heated
and pressurized, with liquid (aqueous or alcoholic) precursor
solution inside, i.e., the precipitation and crystallization of
nanostructured material occur simultaneously in one system
which is heated and pressurized, the processing by pressurized
hot fluids in our study is performed in a flow regime. The
flow processing by pressurized hot fluids is performed and
understood as a “post-treatment” of the gel precursors from sol-
gel synthesis. This processing may be applied as a post-treatment
of sol-gel derived precursors (formed gels) or precipitated
amorphous solids as an alternative to standard calcination
(thermal treatment). The flow arrangement of the pressurized
hot fluid processing/crystallization offers following advantages:
(i) faster heating, (ii) change of the chemical composition of
the fluid/medium (e.g., to water, to water/methanol mixture,
water/ethanol mixture) during the processing can affect the
solubility of used organic precursors for-sol gel synthesis and,
thus the purity and further crystallization of sol-gel derived
nanomaterials. This processing results in nanocrystalline TiO2

of anatase-brookite crystal structure showing higher surface area
then calcined analog of anatase crystal structure (Kocí et al.,
2017). The aim of this study is to investigate the influence of
the Nd dopant in TiO2 anatase-brookite on the H2 yields in
photocatalytic decomposition of methanol.

MATERIALS AND METHODS

Nd/TiO2 Preparation
Nd/TiO2 with various low neodymium (Nd) loadings (0.2–1.5
wt.%) and parent TiO2 were prepared by using a sol-gel process
and a processing by pressurized hot fluids.

Chemicals for sol-gel synthesis: cyclohexane (HPLC grade),
absolute ethanol (water content max. 0.2 vol.%), non-ionic

surfactant Triton X 114 [(1,1,3,3-tetramethylbutyl)phenyl-
polyethylene glycol, C29H52O8.5, Aldrich], titanium (IV)
isopropoxide (99.999%, Aldrich), lanthanum(III) nitrate
hexahydrate (Aldrich), neodymium(III) nitrate hexahydrate
(Aldrich), and distilled water.

Neodymium doped TiO2 gels were synthesized via the sol-gel
process controlled in the reverse micelles of non-ionic surfactant
Triton X-114 in cyclohexane. Neodymium doped titania sols,
resulting in gels after a gelation period, were prepared as
follows: In the first step, the neodymium(III)-containing sol was
prepared. The appropriate amount of neodymium(III) nitrate
hexahydrate was dissolved in absolute ethanol (3mL) under
intense stirring. In the second step, cyclohexane was mixed with
Triton X-114 and distilled water followed by the addition of
neodymium(III)-containing sol. The sol was stirred for 20min.
In the final step, titanium (IV) isopropoxide was injected into the
mixture. This neodymium doped titania micellar sol was stirred
for next 20min. Then the homogeneous yellow transparent
sol was poured into Petri’s dishes in a thin layer (∼4mm)
and the dishes were left standing on air for gelation for 48 h.
In general, the neodymium doped titania sols were prepared
keeping the molar ratio of cyclohexane: Triton X-114: H2O:
Ti(OCH(CH3)2)4+ Nd(NO3)3·6H2O at 11: 1: 1: 1 (Reli et al.,
2015; Kocí et al., 2017). After the gelation period, the gels were
ground to small pieces (∼2 × 2mm) and were processed by
pressurized hot fluids.

Parent TiO2 was prepared by the same sol-gel process as
mentioned above, but the preparation was simpler. In the first
step, an appropriate amount of cyclohexane was mixed with
Triton X-114 and distilled water and this sol was mixed for
20min. After that titanium (IV) isopropoxide was injected
into the mixture and titania micellar sol was stirred for next
20min. The homogeneous transparent sol was poured into
Petri’s dishes in a thin layer (∼4mm) and the dishes were left
standing on air for gelation for 48 h. In general, titania sol was
prepared keeping the molar ratio of cyclohexane: Triton X-114:
H2O: Ti(OCH(CH3)2)4 at 11: 1: 1: 1 (Matějová et al., 2010,
2012). After the gelation period, the gels were ground to small
pieces (∼2 × 2mm) and were processed by pressurized hot
fluids.

Processing by Pressurized Hot Fluids
Chemicals for processing: deionized water (electrical
conductivity∼0.06–0.08 µS/cm) and methanol (HPLC grade).

The reasons of using both solvents (water and methanol) for
gel processing were following: (i) water causes the crystallization
of titania and dissolves a part of organic precursors, (ii) methanol
dissolves the part of organic precursors being dissoluble in water.
In final, excellently pure photocatalysts are prepared (Matějová
et al., 2012).

Processing by pressurized hot water followed by processing by
pressurized hot methanol was carried out in a laboratory-made
unit equipped with a HPLC BETA10 Plus gradient pump (Ecom
s.r.o., Czech Republic), a chromatographic oven operating in the
temperature range of 25–400◦C, capillary cooling and a restrictor
operating at ambient temperature. A detailed description of
the experimental setup is shown in Matejova et al. (2015)
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and Troppová et al. (2017). The gels, placed in 24-mL high-
temperature stainless-steel cells, were processed in a flow regime
at pressure 10 MPa and temperature 225◦C, using the sequence
of solvents 1.5 L deionized water −0.25 L methanol −0.1 L
deionized water. The flow rates of solvents during the processing
were kept at 3.8–4.2 mL/min. Produced powder photocatalysts
were sieved to particle-size fraction <0.160mm. This particle-
size fraction was used for the characterizations as well as the
photocatalytic tests.

Characterization of Nd/TiO2
Photocatalysts
Concentration (w/w) of Nd at TiO2 samples was analyzed with
using Elva X energy-dispersive X-ray fluorescence spectrometer
(Elvatech Ltd., Kiev, Ukraine) equipped with a Pd X-ray tube
and thermoelectrically cooled Si-pin detector PF 550 (MOXTEC,
USA). Power supply of X-ray tube was operated at 12 kV and
10 µA. The spectra at wavelength region of 0–10 keV were
integrated for 120 s and Nd Lα line (5.2 KeV) was used as the
analytical line. The sample chamber was flushed with He to
suppress Ar interference. Powder samples were simply poured
into plastic micro-vial covered by Mylar film. Every sample was
analyzed at three replicates.

Nitrogen physisorption at 77K was performed on a 3Flex
automated volumetric apparatus (Micromeritics Instruments,
USA) after degassing of materials at 150◦C for more than
24 h under vacuum below 1 Torr. Degassing was applied to
remove physisorbed water, but having no influence on the
porous morphology of the developed materials. The specific
surface area, SBET, was calculated according to the classical
Brunauer–Emmett–Teller (BET) theory for the p/p0 range of
0.05–0.30 (Gregg and Sing, 1982). As the specific surface area,
SBET, is not a proper parameter in the case of mesoporous
solids containing micropores (Schneider, 1995), the mesopore
surface area, Smeso, and the micropore volume, Vmicro, were also
evaluated based on the t-plot method (de Boer et al., 1966).
The net pore volume, Vnet, was determined from the nitrogen
adsorption isotherm at maximum p/p0 (∼0.99). The pore-size
distribution was evaluated from the adsorption branch of the
nitrogen adsorption-desorption isotherm by the Barrett–Joyner–
Halenda (BJH) method (Barrett et al., 1951) using the de Boer
standard isotherm and assuming cylindrical pore geometry.

X-ray powder diffraction (XRD) patterns were obtained using
a Rigaku SmartLab diffractometer (Rigaku, Japan) with detector
D/teX Ultra 250. The source of X-ray irradiation was Co tube
(CoKα, λ1 = 0.178892 nm, λ2 = 0.179278 nm) operated at
40 kV and 40mA. Incident and diffracted beam optics were
equipped with 5◦ Soller slits; incident slits were set up to irradiate
area of the sample 10 × 10mm (automatic divergence slits)
constantly. Slits on the diffracted beam were set up to fixed
value 8 and 14mm. The powder materials were measured in
the reflection mode (Bragg-Brentano geometry). The samples
rotated (30 rpm) during the measurement to eliminate preferred
orientation effect. The XRD patterns were collected in a 2θ
range 5–90◦ with a step size of 0.01◦ and speed 0.5 deg.min−1.
Measured XRD patterns were evaluated using PDXL 2 software

(version 2.4.2.0) and compared with database PDF-2, release
2015. XRD patterns were analyzed using LeBail method (software
PDXL2) to refine the lattice parameters of anatase. Background
of the patterns was determined using the B-Spline function, peak
shapes were modeled with a pseudo-Voigt function accounting
for a peak asymmetry due to axial divergence. Crystallite size
was calculated using Halder-Wagner method (software PDXL 2).
Plotting β2/tan2θ against β/tan θ · sin θ based on the results
makes it possible to obtain crystallite size from the gradient of
the approximation line, where β is integral width of the sample
diffraction peak and θ is diffraction peak position. Crystallite size
of the anatase phase was calculated using reflections (101), (200),
(105), (211), (116), and (220).

DRS spectra of the Nd/TiO2 materials were measured in
quartz cuvettes by using a GBS CINTRA 303 spectrometer
(GBC Scientific Equipment, Australia) equipped with integrating
sphere. The spectra of catalysts were scanned in the wavelength
range 190–900 nm, scan speed 100 nm.min−1, step size 1 nm
and slit width of 2 nm. Reflectance was recalculated into the
dependence of Kubelka–Munk function (Reli et al., 2015) based
on the equation F(R∞) = (1-R∞)2/(2·R∞), where R∞ is the
diffuse reflectance from a semi-infinite layer. This equation were
transformed to the dependency (F(R∞)·h·ν)1/2 described as
(α·h·ν)1/2 against photon energy for determination of band gap
energy of indirect semiconductor.

Raman spectroscopy was measured using a Nicolet DXR
SmartRaman spectrometer (Thermo Fisher Scientific, USA)
equipped with 780 nm NIR excitation laser. The laser power on
the sample was 1 mW, spectra were recorded by collecting of
200 scans and the spectrograph aperture was a 50µm slit. Raman
spectra were recorded in the 55–3,500 cm−1 wavenumber range.

XPS spectra were collected on a Prevac photoelectron
spectrometer using Al Kα (E = 1486.6 eV) as a X-ray radiation
source at a constant pass energy of 100 eV for survey and high
resolution modes. A low energy electron flood gun (FS40A-PS)
was used to compensate a surface charge. Powdered samples
mounted on a sample holder were introduced by a load lock
into an analytical chamber with a base pressure of 5 × 10−9

mbar. Binding energies of Ti 2p, O 1s, Nd 3d, Nd 4d, and C
1s photoelectron peaks were referenced to the C 1s core level
(Eb = 285.0 eV). The fitting of high resolution spectra was
provided through the Casa XPS software.

Photoelectrochemical measurements were conducted using
classical three electrode system (Instytut Fotonowy, Poland),
where Pt wire and saturated Ag/AgCl were used as counter and
reference electrodes, respectively. The working electrode was
prepared according to the following procedure: Small amount
of photocatalyst was placed into a mortar and ground to a fine
powder. Afterwards, two drops of demineralized water were
added and suspension was created. Finally, the suspension was
deposited on the conductive side of the ITO foil using the pestle.
The suspension was deposited in a way it created uniform layer.
The ITO foil with the suspension was into a hot air stream (hair
drier) until the suspension dried out. The active area of electrode
was 41 mm2. The 0.1MKNO3 solution was used as an electrolyte.
Photoelectric spectrometer was coupled with potentiostat and the
150W Xe lamp was used as irradiation source. In order to obtain
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better resolution around 300 nm grating was used. Photocurrent
responses were measured in the wavelength range of 240–500 nm
(10 nm step) and the potential range of −0.2 to 1.0V (0.1V
step). The free oxygen environment was reached by purging
the electrolyte in measuring cell by argon for 15min before the
measurement itself and during the whole measurement as well.
Photoelectrochemical measurements were conducted in order
to compare the amount of generated charge carriers for each
photocatalyst.

Photocatalytic Experiments
The photocatalytic decomposition of methanol was performed in
a homemade stirred batch photoreactor illuminated by UV 8W
Hg lamp (365 nm) under ambient temperature and pressure. The
photocatalysts powder (concentration 1g.L−1) was suspended
in methanol solution. Firstly, argon was purged through the
suspension with a constant flow to remove air and then the
reactor was sealed. The reaction products were analyzed by
GC/BID. The photocatalytic reaction was done in time intervals
of 0–4 h. The details of the photocatalytic decomposition of
methanol were depicted in our previous publication (Kocí et al.,
2017).

RESULTS

Physico-Chemical Properties of
Investigated Photocatalysts
Measured nitrogen physisorption isotherms, evaluated pore-size
distributions and determined textural properties of investigated
photocatalysts including parent TiO2 are shown in Figures 1A,B

and Table 1. It is evidenced (Figures 1A,B) that all the
photocatalysts are mesoporous solids with negligible comparable
amount of micropores (∼31 mm3

liq.g
−1). Nd doped TiO2-based

photocatalysts show also similar volume and size-distribution of
pores (Figures 1A,B and Table 1).

XRD patterns of pure TiO2 and Nd3+ ions doped TiO2 are
shown in Figure 2. Presented diffraction lines correspond to the
tetragonal TiO2 anatase (PDF-2 card No. 00-021-1272) and to
the orthorhombic TiO2 brookite (PDF-2 card No. 01-071-4943).
Brookite was detected in parent TiO2 as well as in all Nd/TiO2,

thus the presence of brookite arises from the preparation process,
namely the pressurized hot fluids processing, and it is not affected
by Nd3+ ions doping. All the investigated photocatalysts are of
anatase-brookite crystal structure. The effect of the preparation
process on the crystallization of TiO2 was also observed in Gotić
et al. (1996) and Musić et al. (1997). Any additional polymorphic
forms of TiO2 (e.g., rutile) or Nd related phases (e.g., Nd2O3, Nd
titanates) were not detected. Refined TiO2 anatase crystallite size,
anatase lattice parameters, and cell volumes are summarized in
Table 2. It is evident that the anatase lattice parameters and cell
volume did not change with Nd addition. The anatase crystallites
changed in the range of 8.5–10.2 nm. In the case of Nd3+

doped TiO2 photocatalysts, Nd3+ ions could go to the interstitial
positions as a consequence of ionic radii; Nd3+ is 1.123 Å large
and Ti4+ is about 0.745 Å. From this reason any substitution
of Nd3+ ion for Ti4+ ion in the TiO2 lattice would introduce a
distortion (Jalajakumari et al., 1999).

Phase composition of Nd/TiO2 photocatalysts was
determined by Raman spectroscopy (Figure 3). The Raman
spectra of pure anatase and brookite forms of TiO2 are shown at
inlet graph of Figure 3. Anatase form of TiO2 exhibits the bands
at 143, 195, 396, 516, and 640 cm−1. In contrast to anatase form
of TiO2, Raman spectrum of brookite phase of TiO2 contains
more than 15 bands in the range from 50 to 700 cm−1. The
phase composition was determined from the most intensive

TABLE 1 | Chemical composition, textural, and optical properties of investigated

photocatalysts.

Photocatalyst XRF Physisorption DRS UV-vis

The real
content of Nd

(wt.%)

SBET
(m2.g−1)

Vnet
(mm3

liq.g
−1)

Indirect
band gap

(eV)

TiO2 – 125 296 3.24

0.2 wt.% Nd/TiO2 0.20 123 339 3.26

0.5 wt.% Nd/TiO2 0.52 121 331 3.26

0.8 wt.% Nd/TiO2 0.82 125 363 3.26

1.0 wt.% Nd/TiO2 0.95 120 338 3.19

1.5 wt.% Nd/TiO2 1.47 123 357 3.18

FIGURE 1 | (A) Measured nitrogen adsorption-desorption isotherms and (B) evaluated pore-size distributions of investigated photocatalysts.
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FIGURE 2 | XRD patterns of investigated Nd/TiO2 photocatalysts and parent TiO2.

TABLE 2 | Structural and microstructural properties of investigated

photocatalysts.

Photocatalyst Anatase
crystallite
size (nm)

Amount of
brookite*

Lattice parameters and
cell volume of anatase

(wt. %) a

(Å)
c

(Å)
Vcell
(Å3)

TiO2 10.2 6.6 0.3791 0.9487 13.633

0.2 wt.% Nd/TiO2 8.8 11.9 0.3791 0.9485 13.628

0.5 wt.% Nd/TiO2 9.2 11.6 0.3792 0.9498 13.653

0.8 wt.% Nd/TiO2 8.5 13.1 0.3796 0.9493 13.676

1.0 wt.% Nd/TiO2 9.5 12.8 0.3790 0.9483 13.618

1.5 wt.% Nd/TiO2 9.7 11.5 0.3793 0.9477 13.632

*Determined from Raman spectra.

independent bands at 245 cm−1 for brookite phase and at 516
cm−1 for anatase phase. The ratios of these two bands indicate
the brookite weight content (Table 2). While the lowest brookite
phase content exhibits pure TiO2, the highest one contains
Nd/TiO2 photocatalyst with 0.8 wt.% of Nd.

Figure 4 shows diffuse reflectance spectra that were
recalculated to the dependencies (α·h·ν)1/2 against energy
in order to obtain the values of the indirect band gap energies
that value was approximately the same for all studied Nd/TiO2

materials (Table 1).
Four various elements were identified on the photocatalyst

surface in the survey XPS spectra—Ti, O, Nd, and contaminating

C. Unfortunately, the determination of neodymium content
was practically impossible due to overlapping of Nd 3d peaks
with O KLL Auger lines and very low intensity of Nd 4d
peaks. The surface concentration of the other main components
is demonstrated in Table 3. The Nd-free TiO2 shows two
photoelectron peaks at 458.1 and 463.8 eV, which correspond
to Ti 2p3/2 and Ti 2p1/2 levels and confirm the existence
Ti4+ exclusively (Reli et al., 2017). A shift of these peaks to
higher binding energies (about 0.2–0.3 eV) is observed after
the modification of TiO2 with Nd. This finding confirms the
strong interaction of introduced Nd ions with the titania
structure. In the O 1s spectra, two forms of surface oxygen
can be distinguished. The peak at 529.3–529.7 eV is related
to the photoemission from lattice O2−, whereas another peak
at 530.6–531.4 eV corresponds to the presence of hydroxyls
(Reli et al., 2016). Changes in the distribution of both oxygen
components are found after the doping of TiO2 with Nd. After
the introduction of the lowest amount of Nd—only 7.3% of
surface O forms hydroxyls. For the photocatalysts with higher Nd
loadings the contribution of OH− becomes much more akin to
that of undoped TiO2. Furthermore, the valence band maximum
(VBM) energy levels were analyzed based on the collected XPS
spectra. The VBM values were calculated as the distance between
0 eV (the Fermi energy level) and the X intercept obtained by
extrapolation of the descending part of the signal, as shown in
Figure 5. The bare TiO2 exhibits the VBM of 1.71 eV, whereas
this material modified with 1 wt.% of Nd −2.16 eV. So clear
shift in the VBM values can be explained by various phase
compositions of both samples. As is presented in Table 2, the
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FIGURE 3 | Raman spectra of Nd/TiO2 photocatalysts (main graph) and of pure TiO2 anatase and brookite phases (inlet graph).

FIGURE 4 | UV-vis DRS spectra of pure TiO2 and Nd/TiO2 photocatalyst.

content of brookite increases from 6.6 (pure titania) to 12.8
wt.% (titania containing Nd). The previous studies for different
TiO2 polymorphs revealed that brookite has a conduction band
minima higher in energy than anatase or rutile (Buckeridge et al.,
2015).

The photoelectrochemical properties of the photocatalyst are
essential in the photocatalysis. The photocurrent measurements
are useful to predict the photocatalytic activity of the
photocatalyst or to discuss if the photocatalyst is capable of
generation of electron-hole pairs under specific wavelength

irradiation. The dependence of the generated current on
wavelength in the presence of each tested photocatalyst is shown
in Figure 6. The depicted current dependencies were measured
in the presence of maximum applied potential of 1,000mV.
The potential was applied in order to separate the generated
electrons and holes. The measurements confirmed that each
of the prepared photocatalysts is generating rapid increase
of current under irradiation in the range of wavelength of
320–380 nm. Unfortunately, the current response under 320 nm
is not observed due to technical limitations of the device.
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TABLE 3 | Surface composition of Nd-doped TiO2 photocatalysts determined by

XPS.

Photocatalyst Ti4+ in TiO2
(at.%)

Oxygen

Lattice O2−

(at.%)
OH−

(at.%)
Portion of OH−

oxygen to total
oxygen
(at.%)

TiO2 26.7 54.9 8.3 13.1

0.2 wt.% Nd/TiO2 28.2 60.8 4.8 7.3

0.5 wt.% Nd/TiO2 28.6 58.7 6.8 10.4

0.8 wt.% Nd/TiO2 26.1 55.5 6.4 10.3

1.0 wt.% Nd/TiO2 26.2 55.7 6.9 11.0

1.5 wt.% Nd/TiO2 26.0 55.2 6.6 10.7

The Photocatalytic Decomposition of
CH3OH
The photocatalytic evolution of hydrogen during UVA
illumination of the pure TiO2, and Nd/TiO2 photocatalysts
in methanol decomposition is shown in Figure 7. All studied
photocatalysts possessed significantly higher amount of
the formed H2 in comparison with photolysis. All doped
photocatalysts shown higher production of hydrogen
than pure TiO2 with exception of 0.2 wt.% Nd. The Nd
photocatalysts performance is decreasing in ranking: 1 wt.%
Nd/TiO2 > 1.5 wt.% Nd/TiO2 > 0.5 wt.% Nd/TiO2 > 0.8 wt.%
Nd/TiO2 > TiO2 > 0.2 wt.% Nd/TiO2. These trends indicate
the existence of optimum Nd loading in TiO2 anatase-brookite
photocatalyst working under UVA light. The 1 wt.% Nd/TiO2

had 70% higher activity as compared to undoped one.

DISCUSSION

The Nd/TiO2 photocatalyst absorbed photons from UVA
irradiation and generated electron-hole pairs. However, the
recombination of h+/e− is one the most substantial elements,
which can decrease the photoactivity (Du et al., 2013). The
higher photocatalytic activity of Nd/TiO2, can be because of a
combination of the following factors: (i) the trapping of electrons
and holes to lead decreasing recombination of h+/e− pairs during
photocatalytic reaction, (ii) portion of lattice and surface O
species to total oxygen, and (iii) the optimal crystallite size.

Figure 7 shows the correlation between the photocurrent
response and the amount of formed hydrogen. This result
confirms the ability of the Nd species in separation of
photogenerated electron–hole pairs (Nie et al., 2013; Siah
et al., 2017). The 1.0 wt.% Nd/TiO2 photocatalyst had both
the highest current response and the photocatalytic activity as
well (Figure 8). This is clearly pointing toward the optimal
neodymium loading, which is around 1 wt.%. Altogether, the
trend of current responses of Nd/TiO2 photocatalysts matches
their photocatalytic activity trend (Figure 8 inset). This result
is suggesting there is a better separation of charge carriers.
Low current means lower amount of charge carriers generated

FIGURE 5 | XPS valence-band spectra of bare TiO2 and 1.0 wt.% Nd/TiO2.

after irradiation but moderate photocatalytic activity is pointing
toward their better utilization.

It is evident from nitrogen physisorption, XRD and DR
UV-Vis results that the Nd dopation did not cause any
significant differences in the surface area and band gap energy
of Nd/TiO2 photocatalysts. Contrary to that some differences in
the surface properties were recognized, namely in the surface
hydroxylation of photocatalysts. Nd/TiO2 photocatalysts differ
in the proportional representation of lattice oxygen and oxygen
comprised in surface OH− (hydroxyl) groups. The hydrogen
yields increased with the increasing amount of hydroxyls species
obtained from XPS (Figure 9A). The highest yield of hydrogen
was achieved for 1 wt.% Nd/TiO2 photocatalyst with the
highest portion of hydroxyl O species to the total amount
of oxygen (11%). The hydroxyl free radicals can be formed
by reaction of the photogenerated holes with surface hydroxyl
groups. Hydroxyl free radicals are a strong oxidizing agent and
significantly support the separation of the h+/e− pairs (Lu et al.,
2011). Similarly, they can serve as adsorption sites for methanol
or water. Therefore, the accrual of surface hydroxyl groups can
make easier to the improvement of photoactivity.

Finally, the crystallite size of anatase is also one of the
parameter in the photocatalytic reaction. The very small particles
exhibit less photocatalytic activity. Correlation of crystallite
size and photoactivity of investigated Nd/TiO2 is shown in
Figure 9B. This phenomenon can be caused by two factors: (i)
reduction of the crystallite size increased recombination centers
and consequently it led to decreased activity (Grela and Colussi,
1996; Zhang et al., 1998; Lin et al., 2006; Kočí et al., 2009) and
(ii) due to the flocculation of very small particles, the number of
active sites can reduce (Maira et al., 2000; Lin et al., 2006). The 0.2
wt.%Nd/TiO2 and 0.8 wt.%Nd/TiO2 proved the smallest particle
size (8.8 and 8.5 nm, respectively) and the smallest photoactivity,
simultaneously. Beside the crystallite size also the portion of
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FIGURE 6 | Current generation in the presence of Nd/TiO2 and parent TiO2

photocatalysts at 1 V vs. Ag/AgCl.

hydroxyl oxygen to total oxygen influence the final photocatalytic
activity of the photocatalyst. These two factors are the reason why
0.2 wt.%Nd/TiO2 showed lower photocatalytic activity than pure
TiO2. The 0.2 wt.%Nd/TiO2 has not only small crystallite size but
also the lowest portion of hydroxyl oxygen to total oxygen.

It was found that an appropriate neodymium amount had
a beneficial effect on the efficiency of methanol decomposition.
In case of 1 wt.% Nd/TiO2 the decomposition of methanol
was the most dynamic and this photocatalyst had the highest
photocatalytic activity. Slightly worse results were obtained for
the 1.5 wt.% Nd/TiO2. This means that there is an optimum
neodymium amount. Khalid et al. (2013) studied methyl
orange degradation in the presence Nd/TiO2 photocatalysts.
In their studies, 1 at. % of Nd was an optimum value
for the photocatalysis, and the efficiency of methyl orange
decomposition was 20% better than for pure titania. Bokare
et al. (2013) also got at the similar result. He dealt with
the investigation of antibacterial activities Nd doped TiO2

photocatalyst. In the case of their TiO2:Nd nanopowders, the
optimal value of Nd was 1 at. %, which resulted in 30% higher
activity in comparison with undoped one. Wojcieszak et al.
(2014) reporter for methyl orange degradation the optimal
amount of Nd doped to be 3 at. %. The same optimal
amount of Nd was found also by Rengaraj et al. (2007) during
photoreduction of Cr(VI).

It also should be mentioned that previously we focused
on lanthanoids doped TiO2 photocatalysts (La/TiO2) prepared
by sol-gel method followed by the calcination of material at
500◦C. In that case, La/TiO2 with 0.2 wt. % La showed higher
amount of hydrogen formed in the methanol decomposition
than La/TiO2 with 1.0 wt. % La (Kocí et al., 2017), but it
should be stressed that the amount of formed hydrogen is
almost 5 times higher for Nd/TiO2 photocatalysts prepared
by unconventional method via using pressurized hot fluids for
TiO2 crystallization and purification (Figure 7) in contrast to

FIGURE 7 | Generation of hydrogen in the photocatalytic oxidation of

methanol in the presence of Nd/TiO2 and parent TiO2 photocatalysts.

FIGURE 8 | Correlation between the photocatalytic activity in the CH3OH

photocatalytic decomposition in the presence of Nd/TiO2 photocatalysts and

current generation. Current responses were obtained at 360 nm under external

potential of 1.0 V.

La/TiO2 photocatalysts prepared by sol-gel method followed
by the calcination of material at 500◦C (Kocí et al., 2017).
However, while La/TiO2 photocatalysts prepared by sol-gel
method followed by the calcination represented pure anatase
form, Nd/TiO2 photocatalysts prepared by unconventional
method via using pressurized hot fluids for TiO2 crystallization
and purification represent anatase-brookite phase. It could
be suggested that the biphasic photocatalysts show higher
activity then monophasic photocatalysts. Biphasic photocatalysts
allowed more effective separation of generated electron-hole
pair thereby increased efficiency of photocatalytic reaction.
These interesting results prove that unconventionally prepared
Nd/TiO2 anatase-brookite based photocatalysts could greatly
enhance the methanol photocatalytic decomposition, enhancing
hydrogen production.

The betterment of the photocatalytic activity of TiO2 for the
methanol decomposition due to the dopation of Nd can be
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FIGURE 9 | Correlation between the yield of hydrogen in the CH3OH photocatalytic oxidation and content of lattice oxygen to sum of oxygen (A) and crystallite

size (B).

explained by the following mechanisms: Nd on titanium dioxide
behave as electron traps, increasing the e−/h+ separation and
the ensuing transmittal of the trapped e− to the adsorbed H+

which serves as an electron acceptor. This can be described by the
following mechanism. The photocatalyst absorbed photons from
UVA irradiation and generated of electrons and holes (Equation
1). The presence of Nd can easy the e−/h+ separation process by
attracting e− (Equation 2; Rengaraj et al., 2007). This reaction
allows the holes h+ to react with the adsorbed CH3OH and
H2O to form H+ (Equations 3 and 4). In the same way, the
e− can react with H+ to H2 (Equation 5). The presence of Nd
on the titanium dioxide favors the transfer of photogenerated
e− to Nd, so improving the separation of charge carriers.
Thereafter, the e− migrate fromNd to the H+ ion and formed H2

molecules.

TiO2 + hv → e− + h+ (1)

Nd + e− → eNd− (2)

CH3OH + 2h+ → HCHO+ 2H+ (3)

2H2O+ 4h+ → 4H+
+ O2 (4)

6H+
+ 6e− → 3H2 (5)

CONCLUSION

The photocatalytic properties of the investigated Nd/TiO2

photocatalysts were evaluated by photocatalytic decomposition
of CH3OH. The all as-prepared materials had anatase- brookite
nanocrystalline structure. The specific surface area was relatively
large (125 m2.g−1) and it was independent on the amount
of Nd. On the other hand, Nd doping caused differences
in surface properties namely in the surface hydroxylation of
photocatalysts. Thanks to neodymium doping, the efficiency
of photocatalytic decomposition of methanol was substantially
increased in comparison with undoped TiO2 with exception
of Nd/TiO2 with 0.2 wt.% Nd. The optimum amount of
neodymium was established as 1 wt. % Nd. This photocatalyst

had the highest portion of hydroxyl O species to the total
amount of oxygen, which can facilitate to the improvement of
photoactivity. The neodymium which was doped on the TiO2,
act as sites with accumulation of electrons. The better separation
of charge carriers on the modified TiO2 permits direction
of the electrons and holes into the desirable oxidation and
reduction reactions that is more efficient than the recombination
reactions. This conclusion was also confirmed by electrochemical
measurements.
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A B S T R A C T

Nd modified TiO2 photocatalysts containing 0.15–1.5 wt.% of Nd (wt.% Nd determined by XRF) as well as
parent TiO2 were investigated for the photocatalytic oxidation of CH3OH. The photocatalysts were
prepared by the common sol-gel method followed by thermal treatment. The textural, structural and
electronic properties of all synthesized photocatalysts were characterized by nitrogen physisorption,
powder X-ray diffraction, X-ray fluorescence spectroscopy, X-ray photoelectron spectroscopy, Raman
spectrometry, DR UV–vis spectroscopy, electron paramagnetic resonance spectroscopy and photo-
electrochemical measurements. It was revealed that all materials show comparable band gap energy and
phase composition. However, the addition of different amounts of Nd in the range of 0.15–1.5 wt.%
significantly affected the TiO2 crystallite size, the specific surface area, the amount of surface O species
and subsequently also the photocurrent response. The positive role of neodymium was proved at its very
low loading, i.e. for Nd/TiO2 with 0.15 wt.% Nd which exhibited the highest photocatalytic activity. The
photocatalytic activity was promoted by both increasing crystallite size of TiO2 and decreasing amount of
surface O species.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Conventional sources of energy (e.g. coal, natural gas, petro-
leum) are exploited to meet the majority part of energy needs of
the world. On the other hand, CO2, which is produced in the most
combustion processes, is believed to be the main culprit of the
global warming. In recent years there has been a growing interest
in using renewable energy sources, mainly utilization of solar
energy. Hydrogen has also become another suitable alternative
energy source. Hydrogen is considered as a future energy carrier,
which can be acquired for example from methanol by several
processes [1–3].

Currently about 95% of hydrogen is produced by the steam
reforming of methane (non-renewable source), so the possibility of
using the solar radiation to produce hydrogen as a renewable green
fuel is very promising, nevertheless it presents a challenge for
many researchers all over the world [1,4].
* Corresponding author.
E-mail address: kamila.koci@vsb.cz (K. Ko9cí).

https://doi.org/10.1016/j.jphotochem.2018.03.007
1010-6030/© 2018 Elsevier B.V. All rights reserved.
One of the possible paths for the hydrogen production may be
the photocatalytic conversion of methanol; this alcohol is one of
the ideal resources for the generation of hydrogen and other
organic compounds. The photocatalytic oxidation of methanol has
been investigated in several studies [5–14]. Most of these works
were carried out in a liquid phase and the most widely used
photocatalyst was TiO2 doped by various metals (e.g. Cu, Pt, Au).
The photocatalytic reforming of methanol with the use of different
metal doped TiO2 under the light irradiation can be described by
the Eq. (1) [2,4,15]:

CH3OH þ H2O hv;photocatalyst CO2 þ 3H2 ð1Þ
The model of photocatalysis was boosted not only by various

experimental studies, but also by a theoretical works. Methanol is
widely used as a hole trapper or a hole scavenger with various
types of TiO2 in the photocatalytical processes [16,17]. Despite a
number of investigations, it is difficult to determine the driving
force (photon coupling, charge transfer) for the most reactions
with organic molecules (such as formaldehyde, formic acid, acetic
acid, acetaldehyde, acetone, etc.) and TiO2 as the photocatalyst. It is
assumed that the reactions are driven by the hole-mediated
processes for the majority of these reactions. Density-functional
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theory (DFT) calculations [18] indicate that the hole transfer to the
adsorbate and proton transfer to the surface proceed simulta-
neously, leading to the photoinduced dissociation of alcohol (or
acid) on anatase TiO2 (101). The energy discrepancy between the
electronic states of reactants and the photocatalysts holes in the
valence band can be a considerable problem for the hole-mediated
process. In the case when the energy discrepancy is very large, the
hole transfer can be effectively inhibited, especially for water and
methanol [19].

It was proved that the activity of TiO2 in the hydrogen
production by the photocatalytic reactions with water and
methanol depends on surface phase of TiO2 [20]. Phase junction
created between the surface of anatase and rutile may significantly
enhance the production of hydrogen. Doping of TiO2 can
additionally affect changes in the phase structure, electronic
structure and surface structure [21].

Doping of TiO2 with rare earth elements results in the formation
of multiple electron configurations with special optical properties
(due to their abundant energy levels and electron transitions 4f); and
doping with lanthanides can enhance the surface adsorption of the
photocatalyst. It was found that the greatest potential of lanthanides
in photocatalysis should have neodymium [22], but the findings on
the effect of neodymium doping are ambiguous and somewhat
different amounts of neodymium are recommended as optimal [23–
25]. Nassoko et al. demonstrated that Nd-doped TiO2 achieved
higher photocatalytic activity than P25 and pure TiO2 [26]. On the
other hand, other studies found Nd-doped catalysts, which were
prepared by a sol-gel method, to be less efficient compared to P25;
and doping with 10 wt.% Nd had a negative effect on the photo-
catalytic activity of the photocatalyst under the UV irradiation, but
showed only slightly better activity under solar light [22].

In the presented paper, we focused on finding an optimal amount
of neodymium added to TiO2 with respect to its structural, optical
and photocatalytic properties. This work follows our previous
studies, where we reported extraordinary activity of Ce-TiO2

photocatalysts in the N2O decomposition and CO2 removing [27].
We demonstrated that a low Ce loading (0.3 wt.%) appeared to be the
most beneficial. We chose Nd as the promoter of TiO2 photocatalysts
with respect to their utilization in the oxidation of methanol as
continuation of our previous research.

2. Experimental details

2.1. Preparation of doped TiO2 photocatalysts

Parent TiO2 and TiO2 photocatalysts doped with neodymium
(0.2, 0.5, 0.8, 1.0 and 1.5 wt.% of Nd) were prepared by the sol-gel
technique within the reverse micelles of nonionic surfactant Triton
X-114 in cyclohexane followed by thermal treatment. Titanium (IV)
isopropoxide (Ti(OCH(CH3)2)4, purity >97%, Aldrich) and neodym-
ium (III) nitrate hexahydrate (Nd(NO3)3�6H2O, purity >99%,
Aldrich) were used as the sources of metal cations. For the TiO2

and Nd-doped TiO2 synthesis the molar ratio of cyclohexane:
Triton X-114: H2O: Ti(OCH(CH3)2)4 was kept at 11: 1: 1: 1, changing
the Nd: Ti molar ratio particularly. The prepared sols were poured
on Petri’s dishes and left for 24 h on air at ambient pressure and
temperature. The sols converted to rigid yellowish transparent
gels. Subsequently, the samples were thermally treated at 450 �C
for 4 h with a heating rate of 5 �C/min in air atmosphere in order to
produce powder photocatalysts. Finally, the materials were sieved
to particle size <0.160 mm.

2.2. Characterization methods of photocatalysts

Nitrogen physisorption was performed in the automated
volumetric apparatus 3Flex (Micromeritics Instruments, USA)
after sample degassing at 150 �C for 24 h under less than 1 Pa
vacuum. The adsorption-desorption isotherms of nitrogen were
measured at �196 �C. The specific surface area, SBET, was calculated
according to the classical Brunauer–Emmett–Teller (BET) theory
for the p/p0 range of 0.05–0.25 [28,29]. The net pore volume, Vnet,
corresponds to the total pore volume which was determined from
the nitrogen adsorption isotherm at maximum relative pressure p/
p0� 0.99. Moreover, it is recalculated from cm3 (STP/g) (gaseous
nitrogen) to mm3 lig/g (liquid nitrogen). Pore-size distribution
(PSD) was evaluated from the adsorption branch of the nitrogen
isotherm using the BJH method with Faas correction, the empirical
Broekhoff-De Boer standard isotherm and assuming the cylindrical
pore geometry.

Phase composition and microstructural properties were deter-
mined using X-ray powder diffraction (XRD). XRD patterns were
obtained using a Rigaku SmartLab diffractometer (Rigaku, Japan)
with a D/teX Ultra 250 detector. The source of X-ray irradiation was
a Co tube (CoKa, l1 = 0.178892 nm, l2 = 0.179278 nm) operated at
40 kV and 40 mA. Incident and diffracted beam optics were
equipped with 5� Soller slits; incident slits were set up to
constantly irradiate area of the sample 10 � 10 mm (automatic
divergence slits). Slits on the diffracted beam were set up to fixed
value of 8 and 14 mm.

The powder samples were gently ground using an agate mortar
before analysis and pressed using microscope glass in a rotational
sample holder and measured in the reflection mode (Bragg-
Brentano geometry). The samples rotated (30 rpm) during the
measurement to eliminate a preferred orientation effect. The XRD
patterns were collected in a 2u range of 5�–90� with a step size of
0.01� and speed of 0.5� min�1. The measured XRD patterns were
evaluated using PDXL 2 software (version 2.4.2.0) and compared
with database PDF-2, release 2015.

Diffuse reflectance (DR) UV–vis spectra of Nd-TiO2 materials
were measured in quartz cuvettes by using a GBS CINTRA 303
spectrometer (GBC Scientific Equipment, Australia). The reflec-
tance was recalculated into the dependence of Kubelka–Munk
function (F(R1)) on the absorption energy using the equation F
(R1) = (1 � R1)2/(2�R1), where R1 is the diffuse reflectance from a
semi-infinite layer. The obtained spectra were transformed to the
dependencies of (a�h�n)1/2 against h�n in order to obtain the values
of the indirect band gap energies. It is possible to assume that
absorption coefficient (a) is equal to F(R1).

Structural properties of Nd/TiO2 samples were also studied by
Raman spectroscopy using a Raman DXR Thermo Scientific DXR
SmartRaman. Raman spectra were recorded in the wavenumber
range of 55–3500 cm�1. The excitation line of the Nd:YAG laser
source was 532 nm with a laser power of 1 mW.

The actual concentrations (w/w) of Nd at TiO2 samples were
analyzed using Elva X energy-dispersive X-ray fluorescence
spectrometer (Elvatech Ltd., Kiev, Ukraine) equipped with a Pd
X-ray tube and thermoelectrically cooled Si-pin detector PF 550
(MOXTEC, USA). Power supply of X-ray tube was operated at 12 kV
and 10 mA. The spectra at wavelength region of 0–10 keV were
integrated for 120 s and Nd La line (5.2 keV) was used as the
analytical line. The sample chamber was flushed with He to
suppress Ar interference. Powder samples were simply poured into
plastic micro-vial covered by Mylar film. Each sample was
analyzed at three replicates.

XPS spectra were recorded by a hemispherical VG SCIENTA
R3000 analyzer with constant pass energy of 100 eV, a mono-
chromatized aluminum source Al K a (E = 1486.6 eV) and a low
energy electron flood gun (FS40A-PS) to compensate the charge on
the surface of nonconductive samples. The base pressure in the
analytical chamber during the measurements was 5�10�9mbar.
The binding energies were referenced to C 1s core level
(Eb = 284.6 eV). The composition and chemical surrounding of
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the sample surface were inquired on the basis of the areas and
binding energies of Ti 2p, Nd 3d, O 1s and C 1s photoelectron peaks.
The fitting of high resolution spectra was obtained through the
Casa XPS software (ver. 2.3.17PR1.1).

Electron paramagnetic resonance (EPR) measurements were
carried out using an EPR spectrometer (EMXplus, Bruker). The TiO2

stock suspensions containing 1 mg TiO2mL�1 were prepared in
redistilled water, dimethylsulfoxide (DMSO, Merck, SeccoSolv1,
max. 0.025% H2O) and methanol (MeOH, Merck, SeccoSolv1, max.
0.025% H2O); before adding solvent, the titania powders were
homogenized in agate mortar. The stock TiO2 suspensions were
sonicated for 3 min in ultrasound (Ultrasonic Compact Cleaner
TESON 1; Tesla Pieš�tany). The spin trapping agent 5,5-dimethyl-1-
pyrroline N-oxide (DMPO, Sigma-Aldrich) was distilled prior to
use. 3,5-Dibromo-4-nitrosobenzene sulfonate (DBNBS, Sigma-
Aldrich) was used without extra purification. Concentrations of
the photogenerated paramagnetic species were determined using
solutions of 4-hydroxy-2,2,6,6-tetramethylpiperidine N-oxyl
(Tempol, Sigma-Aldrich) as the calibration standard. The TiO2

suspensions containing the spin trapping agent were mixed and
carefully saturated with air or argon using a slight gas stream
immediately before the EPR measurement. So prepared samples
were transferred to a small quartz flat cell (WG 808-Q, optical cell
length 0.04 cm; Wilmad-LabGlass) optimized for the TE102 cavity
of the spectrometer X-band EPR spectrometer. During the EPR
photochemical experiments the samples were irradiated at 295 K
directly in the EPR resonator, and the EPR spectra were recorded in
situ during a continuous photoexcitation or after a defined
exposure. As an irradiation source a UV LED monochromatic
radiator (lmax = 365 nm; Bluepoint LED, Hönle UV Technology) was
used. The irradiance value (lmax = 365 nm; 12 mW cm�2) within
the EPR cavity was determined using a UVX radiometer (UVP, USA).
Typical EPR spectrometer settings in a standard photochemical
experiment were: microwave frequency, �9.424 GHz; microwave
power, 10.53 mW; center field, 335.7 mT; sweep width, 8 mT; gain,
1–5 � 105; modulation amplitude, 0.1 mT; scan, 20–60 s; time
constant, 10.24 ms. The g-values (�0.0001) were determined using
a built-in magnetometer. The EPR spectra so obtained were
analyzed and simulated using the Bruker software WinEPR
(version 2.11) and SimFonia (version 1.25) and the Winsim2002
(version 0.98) [30].

Photoelectrochemical measurements were carried out using a
photoelectric spectrometer with a 150 W Xe lamp used as an
irradiation source and coupled with the P-IF 1.6 potentiostat
(Instytut Fotonowy, Poland). The photocurrent responses were
recorded using a classical three electrode setup. The platinum wire
and Ag/AgCl were used as the counter and reference electrodes,
respectively. The working electrode consisted of photocatalyst
powder deposited onto indium-tin oxide (ITO) foil coated by
Fig. 1. Scheme of apparatus for photocatalytic production of h
polyethylene terephthalate. 0.1 M KNO3 was used as an electrolyte
solution. The photocurrent spectra were recorded within the range
of 240–450 nm with the step of 10 nm in the potential range of
�0.2 to 1.0 V, step 0.1 V. Before the measurement itself, the
measuring cell with electrolyte was purged by argon to ensure an
oxygen free environment. The argon purge was also kept constant
during the whole measurement.

2.3. Photocatalytic reaction

The photocatalytic oxidation of methanol was carried out in a
cylindrical stirred, batch reactor (volume 348 mL) made from
stainless steel with a quartz glass window (diameter 75 mm) in
the cover (Fig. 1). 100 mL of 12 M methanol along with 0.1 g of a
photocatalyst (concentration 1 g L�1) were used as reaction suspen-
sion. Vigorous agitation ensuring ideal mixing of the suspension was
achieved by a magnetic stirrer. An 8W Hg UV lamp (lmax = 254 nm)
placed in horizontal position above the quartz glass visor was used as
a source of irradiation. The reaction proceeded under inert
atmosphere and ambient pressure and temperature.

The gaseous samples were discontinuously taken before the
reaction (time 0 h) and after switching on the UV lamp during the
experiment in defined time intervals 0–4 h. The gaseous samples
were taken through septum using a gastight syringe and
immediately analyzed on a gas chromatograph (Tracera GC –

2010 plus, Shimadzu) equipped with a ShinCarbon micropacked
column and barrier discharge ionization detector (BID).

In order to confirm the reproducibility of photocatalytic
oxidation of methanol, each experiment was repeated 3 times
with the total error being below 5%.

3. Results and discussion

3.1. Photocatalysts characterization

The present content of Nd (determined by X-ray fluorescence,
Table 1) corresponded to the theoretically expected value
(calculated based on the amount of neodymium nitrate). The
nitrogen physisorption showed an increasing specific surface area
with an increasing neodymium loading in the photocatalyst
(Table 1). The pore size distribution also (Fig. 2) confirmed the
trend of increasing specific surface area. Pure TiO2 has the lowest
representation of pores, therefore, the lowest specific surface area.
The 0.2 wt.% Nd/TiO2 sample has very similar pore volume, but
according to the pore size distribution the pores are little bit larger
than in pure TiO2. This is the reason of small decrease in the specific
surface area compared to pure TiO2. The other photocatalysts have
increasing representation of pores and therefore, higher specific
surface area.
ydrogen from methanol over the studied photocatalysts.



Table 1
Summarized characterization results of the prepared photocatalysts.

Photocatalyst Nd loading – XRF (wt.%) Specific surface area (m2 g�1) Vnet (mm3
lig/g) Absorption edge energy (eV)

TiO2 0 73 113 3.21
0.2 wt.% Nd/TiO2 0.152 � 0.020 67 122 3.22
0.5 wt.% Nd/TiO2 0.502 � 0.007 87 155 3.21
0.8 wt.% Nd/TiO2 0.772 � 0.009 99 170 3.23
1.0 wt.% Nd/TiO2 0.997 � 0.015 103 177 3.22
1.5 wt.% Nd/TiO2 1.532 � 0.039 110 188 3.24

Fig. 2. Pore size distribution of pure TiO2 and Nd/TiO2 photocatalysts.

Table 2
Structural properties of pure TiO2 and Nd/TiO2 photocatalysts.

Photocatalyst Crystallite size (nm) Lattice parameters and cell volume

a (Å) c (Å) a (Å3)

TiO2 9.82 3.7855 9.5072 136.236
0.2 wt.% Nd/TiO2 11.50 3.7855 9.5058 136.217
0.5 wt.% Nd/TiO2 9.45 3.7870 9.5056 136.326
0.8 wt.% Nd/TiO2 8.48 3.7977 9.5290 137.433
1.0 wt.% Nd/TiO2 8.13 3.7870 9.5016 136.265
1.5 wt.% Nd/TiO2 7.58 3.7881 9.4989 136.306

58 K. Ko9cí et al. / Journal of Photochemistry and Photobiology A: Chemistry 366 (2018) 55–64
Fig. 3 shows XRD patterns of Nd-TiO2 materials. All diffractions
lines could be attributed to the tetragonal form of TiO2 (anatase, PDF-
2 card no. 00-021-1272). No additional polymorphic forms of TiO2 or
Nd-containing related phases as impurities were detected. The
refined lattice parameters, cell volumes and crystallite sizes of all
photocatalysts are presented in Table 2. In general, an ability of
dopant to penetrate a TiO2 lattice is strongly dependent on its ionic
radius and calcination temperature [31]. The ionic radius of Nd3+ is
much larger (0.104 nm) than of Ti4+ (0.088 nm) [31,32], that makes
the ion substitution very hard. Therefore, we can expect no
substitution of Ti4+ for Nd3+. On the other hand, the lattice
Fig. 3. XRD patterns of pure TiO2
parameters show small changes after the addition of neodymium.
The highest increase in the lattice parameters and cell volume was
observed for the 0.8 wt.% Nd/TiO2photocatalyst. A similar increase of
lattice parameters was also discussed by other authors [22,33]. The
decrease of crystallite size with increasing amount of neodymium
can be explained by the creation of Ti��O��Nd bonds around TiO2

particle which inhibits the formation and growth of crystal nuclei
[31]. It is evident that the decrease of crystallite size (Table 1)
correlates with the increase of a specific surface area (Table 2).

Fig. 4a shows the Raman spectra of pure TiO2 and Nd doped TiO2

photocatalysts. All spectra show features typical of clear anatase
phase [34,35]. Raman spectroscopy is not a quantitative method,
but it allows the qualitative analysis. Anatase TiO2 has six Raman
active modes (A1g + 2B1g + 3Eg) [34,35]. Maximum of band is
affected by the sizes of nanoparticles and by a presence of defects
of anatase structure. The most intensive Eg band appears at
143 cm�1 in the spectrum of pure TiO2 and its position is shifted to
lower wavenumbers for the catalyst 0.2 wt.% Nd/TiO2 and then to
higher wavenumbers with increasing Nd content up to 144 cm�1

(Fig. 4b). The blue shift of the Raman band is connected with an
increasing content of oxygen vacancies in the structure of the Nd/
TiO2 materials [36,37]. Simultaneously, the red shift of the band
and Nd/TiO2 photocatalysts.



Fig. 4. Raman spectra (a) and normalized Eg mode peak (b) of pure TiO2 and Nd/TiO2 photocatalysts.
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and its broadening are observed with the increasing Nd
concentration (Fig. 4b). It could be attributed to the change of
crystallization degree of anatase structure [36,37]. The remaining
less intensive peaks (two peaks corresponding to Eg mode at
around 195 cm�1 and 639 cm�1, peak around 396 cm�1 ascribed to
B1g symmetry mode and one peak at 515 cm�1 corresponds to
A1g + B1g modes) show similar behaviour.

The indirect band gap energy values (Eg) were determined by
extrapolating the straight line of (ahn)1/2 to zero (Fig. 5). It is
clearly seen that the presence of neodymium ions did not change
the band gap energy value of pure TiO2. It is also associated with
the fact that the addition of Nd into the TiO2 was not connected
with the change of anatase form of TiO2 support. The observed
bands with a maximum at 2.3 eV, 2.1 eV, 1.7 eV, 1.5 eV and 1.4 eV
could clearly be attributed to the f–f electronic transition of Nd3+ in
the coordination environment of TiO2 nanoparticles [38].
Fig. 5. (a) UV–vis DRS spectra and (b) Tauc plo

Table 3
Relative surface concentration of Ti and O species determined by XPS.

Photocatalyst Ti4+ in TiO2 (at.%) 

TiO2 29.53 

0.2 wt.% Nd/TiO2 29.82 

0.5 wt.% Nd/TiO2 29.30 

0.8 wt.% Nd/TiO2 29.35 

1.0 wt.% Nd/TiO2 29.64 

1.5 wt.% Nd/TiO2 29.27 
Four different elements (Ti, Nd, O and contaminating C) can be
identified in the survey XPS spectra. Unfortunately, the main Nd 3d
lines overlap with the oxygen KLL peaks and the Nd 4d lines are too
weak to analyze neodymium quantitatively. Nevertheless, the Ti 2p
and O 1s spectra give some interesting information on the
photocatalysts’ surface (the relative contents of both elements are
shown inTable 3). Two photoelectronpeaks are observed at 458.0 eV
(Ti 2p3/2) and 464.0 eV (Ti 2p1/2) for pure TiO2. The determined
positions are typical for Ti4+ in TiO2 [40]. Furthermore, the Ti 2p3/2
peak shifts clearly to higher binding energies (458.3 � 0.1 eV) after
the introduction of Nd. This effect confirms the appearance of
Ti-O-Nd bonds on the external surface of the TiO2particles that were
previously postulated based on the XRD results. On the other hand,
the content of oxygen changes for the Nd doped samples (Table 3).
Generally, two various forms of oxygen were found on the surface of
all studied photocatalysts, namely lattice oxygen (at 529.5 � 0.1 eV)
t of pure TiO2 and Nd/TiO2 photocatalysts.

Lattice O2� (at.%) O2� ions/hydroxyls (at.%)

57.66 12.81
68.19 1.99
63.86 6.84
61.47 9.18
63.83 6.52
63.76 6.96



Fig. 6. The concentration of �DMPO-OH spin-adduct evaluated from the EPR spectra
obtained upon 100 s UVA photoexcitation (lmax = 365 nm; irradiance,12 mW cm�2)
of aerated aqueous suspensions of undoped and Nd-doped TiO2 in the presence of
the DMPO spin trap. Inset: The experimental EPR spectrum (magnetic field sweep
width, SW = 8 mT) of the �DMPO-OH (spin-Hamiltonian parameters, aN = 1.495 mT,
aH = 1.471 mT, g = 2.0057) monitored upon UVA irradiation of TiO2/DMPO/air; initial
concentrations: c(TiO2) = 0.75 g L�1; c0,DMPO = 0.05 M.
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and O2
� ions or/and hydroxyls (at 531.5 � 0.3 eV) [41]. A clear

increase in the amount of lattice O2
� compared to pure TiO2 is found

for the materials containing Nd. For Nd/TiO2, the amount lattice O2
�

decrease and the amount of O2
� ions or/and hydroxyls increased

with increasing Nd loading.
EPR spectroscopy represents effective tool for the determina-

tion and identification of paramagnetic intermediates. The
detection of non-persistent reactive oxygen species (ROS) using
cw-EPR is limited due to their short life time, consequently, the
indirect methods, e.g. EPR spin trapping technique, can be applied
[39]. Application of spin trap 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) represents suitable technique for the detection of radical
intermediates formed in the irradiated titania suspensions [40,41].
So the attention is focused on the identification of paramagnetic
species formed upon UVA exposure (lmax = 365 nm, 12 mW cm�2)
of undoped and Nd-doped titania in various solvents (water,
dimethylsulfoxide, methanol) in the presence of molecular oxygen
and under inert atmosphere (argon).

The EPR spectra obtained upon the UVA (lmax = 365 nm)
photoexcitation of 0.5 wt.% Nd/TiO2/H2O/DMPO/air system
revealed the formation of the �DMPO-OH spin-adduct (spin-
Hamiltonian parameters; aN = 1.495 mT, aH = 1.471 mT, g = 2.0057;
inset in Fig. 6) [42] immediately after the beginning of exposure; the
maximal concentration of spin-adduct was observed after 100 s of
irradiation. The concentration of �DMPO-OH adduct decreased
upon prolonged exposure and a similar behavior was monitored for
all studied photocatalysts. The concentration of �DMPO-OH spin-
adduct evaluated from the integral intensity of EPR signal (100 s
exposure; Fig. 6) was comparable for undoped and Nd-doped TiO2

samples. Under given experimental conditions, the increased
amount of neodymium in doped samples has no significant effect
on the generation of �DMPO-OH hydroxyl radicals in an aqueous
system upon UVA exposure.

The detection of superoxide radical anion generated in an
aqueous media is limited dueto its rapid disproportion, therefore the
EPR experiments were performed in the aprotic solvent DMSO,
which stabilizes the O2

�� [40,41]. The detection of �DMPO-O2
� in

DMSO TiO2 suspensions is coupled with a simultaneously produced
spin-adducts �DMPO-OCH3 and �DMPO-CH3 due to the reaction of
solvent with ROS formed (O2

��, HO�) [40,41]. Hence, upon UVA
excitation (lmax = 365 nm) of 0.5 wt.% Nd/TiO2/DMPO/DMSO/air
system four individual EPR signals were immediately generated
(inset in Fig. 7). The detailed simulation analysis revealed the
expected spin-adduct �DMPO-O2

� with spin-Hamiltonian param-
eters aN = 1.277 mT, aH

b = 1.031 mT, aH
g = 0.146 mT, g = 2.0058; along

with �DMPO-OCH3 (aN = 1.315 mT, aH
b = 0.791 mT, aH

g = 0.165 mT,
g = 2.0058), �DMPO-OR (aN = 1.291 mT, aH

b = 1.475 mT, g = 2.0058)
and �DMPO-CH3 (aN = 1.453 mT, aH

b = 2.074 mT, g = 2.0059). In all
tested systems in DMSO suspensions the relative concentration of
�DMPO-O2

�was lower (�25%) and the �DMPO��OCH3 spin-adduct
(rel. conc. �45%; Fig. 7) dominates in EPR spectra. Despite the
application of dried DMSO, irradiation of undoped and doped titania
with surface adsorbed HO�/H2O can result in the generation of the
hydroxylradicals. DMSO rapidlyreactswith so generated HO�on the
titania surface forming methyl radical �CH3. Consecutive reactions
of methyl radical with molecular oxygen resulted in production of
CH3OO� radicals, trapped as corresponding spin-adducts [40,41].

The attention was also focused on the detection and identifica-
tion of radical species formed upon UVA exposure of undoped and
Nd-doped titania in methanol. The higher concentration of
dissolved oxygen in methanol [41] causes significant line-
broadening in the EPR spectrum, consequently, the identification
of the EPR signal of individual spin-adducts presented in the
system is limited, therefore the spin trapping experiments were
performed under argon. Methanol is known as efficient scavenger
of photogenerated holes; the reaction of methanol with holes
results to the production of primary methoxy radical, �OCH3 [41].
In the system of 0.2 wt.% Nd/TiO2/DMPO/MeOH/Ar, at the
beginning of UVA exposure, a low-intensity EPR signal, attributed
to �DMPO-OCH3 (aN = 1.361 mT, aH

b = 0.781 mT, aH
g = 0.196 mT,

g = 2.0058) was observed. Upon prolonged exposure, the EPR signal
of �DMPO-OCH3 disappeared and DMPO spin-adduct with spin-
Hamiltonian parameters, aN = 1.497 mT, aH

b = 2.106 mT and
g = 2.0056, was formed (Fig. 8a). The signal well corresponds with
an addition of hydroxymethyl radical on DMPO spin trap, �DMPO-
CH2OH. DBNBS spin trap was used in the same experiment to
corroborate the generation of hydroxymethyl radical, and upon the
UVA exposure in methanol only nine-line EPR signal attributed to
�DBNBS-CH2OH (aN = 1.286 mT, aH(2H) = 0.799 mT and g = 2.0057)



Fig. 7. The concentration of spin-adducts evaluated from the EPR spectra obtained
upon 120 s UVA photoexcitation (lmax = 365 nm; irradiance,12 mW cm�2) of
aerated DMSO suspensions of undoped and Nd-doped TiO2 in the presence of
the DMPO spin trap. Inset: The experimental EPR spectrum (magnetic field sweep
width, SW = 8 mT) monitored upon UVA exposure of 0.5 wt.% Nd/TiO2/DMPO/
DMSO/air; initial concentrations: c(TiO2) = 0.80 g L�1; c0,DMPO = 0.04 M.
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was detected (Fig. 8b). We suppose that the �CH2OH is generated
via complex reactions of �OCH3 radicals with methanol molecules
or the hydrogen abstraction from methanol via hydroxyl radicals
[41]. The analogous EPR spectra were monitored in all methanol
suspensions prepared with Nd-doped and undoped titania.

The photoelectrochemical measurements were conducted in
order to predict response of the photocatalysts to the irradiation.
Fig. 9 shows the wavelength-resolved photocurrent spectra
recorded in a 0.1 M KNO3 electrolyte. The photoelectrodes consist
of a nanocrystalline powder deposited onto an ITO foil. The
photocurrent generation is determined by the efficiency of
generated charge carriers (h+ and e�) to migrate to the ITO foil
or to the electrolyte [43]. In general, the holes migrate to the
species in the electrolyte and the electrons are transferred to the
ITO foil. In order to keep the path for electrons as short as possible,
the sample is being irradiated from the back side (through the foil).
The working electrode is also positively biased at 1.0 V, so the
electrons in the TiO2 conduction band are forced to migrate to the
ITO foil.

Right after the irradiation a rapid increase in generated
photocurrent is evident for all photocatalysts. This can be
explained by the initial excitation of electrons to higher energy
states. After this rapid photocurrent generation, a much slower
generation follows until it reaches saturation [44]. This slower
photocurrent generation can be described by photoexcited states
exhibiting short lifetime and probability for a lattice relaxation at
the surface in which deep unknown centers form when shallow
donors convert into deep donors [44].

3.2. The photocatalytic oxidation of methanol

The photocatalytic activity of the prepared photocatalysts was
tested in the photocatalytic liquid phase oxidation of methanol. The
methanol molecule is relatively simple, but its photocatalytic
oxidation goes through a number of steps/reactions resulting in
several products, hydrogen was the main product formed under the
inert atmosphere. Fig. 10 shows the production of hydrogen in the
oxidation ofmethanolunderthe inertgas (Ar).Thehighestamountof
hydrogen was observed for the 0.2 wt.% Nd/TiO2 photocatalyst.

The observed results are in the agreement with photoelec-
trochemical measurement. The activity of investigated photo-
catalysts increased with the increasing photocurrent response
(Fig. 9). It demonstrates the role of the electron transport for the H2

production on the photocatalytic activity of Nd/TiO2. The most
photoactive 0.2 wt.% Nd/TiO2 shows the highest photocurrent. It
implies that the highest concentration of charge carriers is formed
in this photocatalyst because of the slowest electron–hole
recombination.

The photocatalytic oxidation of methanol was described by
Oros-Ruis et al. by following reaction paths [45]:

TiO2 þ hn TiO2 hþ þ e�
� � ð2Þ

2hþ þ H2O liqð Þ
1
2
O2 gð Þ þ 2Hþ ð3Þ

2Hþ þ 2e� H2 gð Þ ð4Þ

2hþ þ CH3OH 2Hþ þ HCHO ð5Þ

CH3OH liqð Þ@HCHO gð Þ þ H2 gð Þ ð6Þ

HCHO gð Þ þ H2O liqð Þ@HCO2H liqð Þ þ H2 gð Þ ð7Þ

HCO2H liqð Þ@CO2 gð Þ þ H2 gð Þ ð8Þ

CH3OH liqð Þ þ H2O liqð Þ@CO2 gð Þ þ 3H2 gð Þ ð9Þ
The reaction pathway starts by the excitation of TiO2 by UVA

light forming the electron-hole pair (2); the holes oxidize water



Fig. 8. Experimental (black solid line) and simulated (red dotted line) EPR spectra (SW = 8 mT) obtained upon irradiation (lmax = 365 nm; radiation dose 7.2 J cm�2) of the
deaerated 0.8 wt.% Nd/TiO2 (c = 0.667 mg mL�1) suspensions in methanol in the presence of (a) DMPO spin trap (c0 = 0.035 M) and (b) DBNBS spin trap (c0 = 0.008 M). The EPR
signal corresponds to (a) �DMPO-CH2OH and (b) �DBNBS-CH2OH spin-adduct.

Fig. 9. Current generation in the presence of pure TiO2 and Nd/TiO2 photocatalysts
at 1 V vs. Ag/AgCl.

Fig. 10. Formation of hydrogen during the photocatalytic oxidation of methanol in
the presence of pure TiO2 and Nd/TiO2 photocatalysts under argon atmosphere.
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molecules to oxygen and hydrogen ions (3); the electrons
generated on the TiO2 surface reduce the hydrogen ions to
hydrogen gas (4). Methanol might present a direct oxidation on the
h+ generating hydrogen ions and aldehydes (5). The oxidation of
methanol may proceed to aldehyde and hydrogen (6)–(8). The
overall reaction is presented in (9).

The hydrogen was formed by the oxidation of methanol by
photogenerated holes as proposed in Eqs. (10)–(15). The genera-
tion of methoxy and hydroxymethyl radicals was supported via
EPR spin trapping technique. HCHO can be further oxidized to a
final hydrogen and carbon dioxide. The rapid increase in the
hydrogen generation is due to the fact that photogenerated
electrons can be used for the reduction of H+ (Eq. (4)) and in
addition due to the simultaneous water splitting.

CH3OH þ hþ ! CH3O
� þ Hþ ð10Þ

CH3O
� þ CH3O

� !� CH2OH þ H2O ð11Þ

CH3OH þ HO� !� CH2OH þ H2O ð12Þ

2�CH2OH ! HCHO þ CH3OH ð13Þ

Hþ þ e� ! H� ð14Þ

H� þ H� ! H2 ð15Þ
The photocatalytic properties of photocatalysts are known to

depend on the specific surface area, particle size, light absorption,
recombination rate of photogenerated electron-hole pairs, and so
on [46]. From Fig. 11a it is clearly evident that the specific surface
area is not the most decisive parameter in the photocatalytic
oxidation of methanol. The yields of hydrogen are the highest for
0.2 wt.% Nd/TiO2 photocatalyst with the lowest specific surface
area (67 m2 g�1).

On the other hand, the yields of hydrogen increased with
increasing crystallite size of TiO2 (Fig. 11b) and decreasing amount
of lattice and surface O species obtained from XPS (Fig. 11c). The
highest yield of hydrogen was achieved for 0.2 wt.% Nd/TiO2

photocatalyst with the lowest amount of lattice and surface O
species (70.15 at.%) and the highest crystallite size.



Fig. 11. Correlation between the yield of hydrogen in the CH3OH photocatalytic
oxidation under inert atmosphere and specific surface area (a) and crystallite size
(b) and content of lattice and chemisorbed oxygen (c).
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When the crystallite size decreases, the density of recombina-
tion centres increases, which supports the recombination of holes
and electrons [47–50]. Ultra-fine particles (<11.5 nm) can undergo
rapid flocculation, which decreases the availability of active
surface sites [48,51]. The 1.5 wt.% Nd/TiO2 photocatalyst with
the very small crystallite size (7.58 nm) proved the lowest
photoactivity in comparison with 0.2 wt.% Nd/TiO2 photocatalyst
which had a significantly higher crystallite size (11.5 nm). This
correlation is shown in Fig. 11c.

The observed yield trend of the hydrogen is a result of several
factors that overshadow the specific surface area advantage of
ultra-fine particles: (i) an increase in the surface electron-hole
recombination (ii) particle aggregation and (iii) the amount of
lattice and surface O species.
In the literature, the optimal amount of Nd in Nd-TiO2 based
photocatalysts depended on the type of reaction. Zhao et al.
reported the optimal amount of doped Nd to be 0.5 at.% for the
photodegradation of Rhodamine B [52], Rengaraj et al. proposed 1–
3 wt.% of Nd for the photoreduction of Cr (VI) [23], whereas
Nassoko et al. reported even 9 at.% of Nd for the photodegradation
of Rhodamine B [26].

It is supposable that neodymium dopant influences the photo-
catalytic activity of TiO2 by altering the band gap energy and the
position of conduction band or the lifetime of hole in the valence
band [53,54]. In our case, the band gap energy was not changed but
the doping probably led to the formation of defects in the lattice and
the defects acted as electron (or hole) traps, which prolonged the
lifetime of photogenerated electron-hole pairs and increased the
photocatalytic activity of the photocatalyst. In addition, doping of
TiO2 by neodymium caused a decrease of particle size (Table 2) and
an increase of specific surface area (Table 1).

4. Conclusions

Demand for hydrogen makes the photocatalytic oxidation of
methanol interesting as a possible source of a cheap renewable
energy. In the presented work, the neodymium modified TiO2

photocatalysts were used in this reaction for the first time. All the
photocatalysts were prepared by the common sol-gel method and
thoroughly characterized by various methods.

The experimental data confirmed the efficiency of the devel-
oped photocatalysts in the oxidation of methanol. Under the inert
atmosphere, the positive role of neodymium was proved at its very
low loadings, i.e. for 0.2 wt.% Nd/TiO2 (0.15 wt.% Nd determined by
XRF), which exhibited the highest activity under these conditions.
However, should be specified that the best efficiency is reached
with the lowest studied amount Nd loading. The lower content of
Nd (0.15 wt.%) resulted in a decrease of the electron-hole
recombination rate as it was confirmed by the photoelectrochem-
ical measurements. The results of the photocatalytic activity
measured during the photocatalytic oxidation of methanol are also
in agreement with indirect EPR spin trapping technique. The
photocatalytic activity is connected with decreasing amount of
surface O species and optimal crystallite size of TiO2.
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Abstract: F-La/TiO2 photocatalysts were studied in photocatalytic decomposition water-methanol
solution. The structural, textural, optical, and electronic properties of F-La/TiO2 photocatalysts were
studied by combination of X-ray powder diffraction (XRD), nitrogen physisorption, Ultraviolet–visible
diffuse reflectance spectroscopy (UV-Vis DRS), Electrochemical impedance spectroscopy (EIS),
and X-ray fluorescence (XPS). The production of hydrogen in the presence of 2.8F-La/TiO2 was
nearly up to 3 times higher than in the presence of pure TiO2. The photocatalytic performance of
F-La/TiO2 increased with increasing photocurrent response and conductivity originating from the
higher amount of fluorine presented in the lattice of TiO2.

Keywords: hydrogen production; fluorine; lanthanum; titanium dioxide

1. Introduction

Lately, hydrogen has acquired significant attention as a next-generation energy carrier.
Photocatalytic water splitting into hydrogen and oxygen in the presence of semiconductor photocatalysts
is an attractive process of how to produce it. There are many reviews focusing on this topic every
year, e.g., [1–3]. Higher efficiency of hydrogen production has been achieved in photocatalytic
water splitting under presence of sacrificial agent, among others, preventing the recombination of
electron-hole pairs [1].

Since the discovery of water splitting on TiO2 electrodes in the presence of UV irradiation,
TiO2-based photocatalytic materials have received much attention as a photocatalytic semiconductor.
The advantages of TiO2-based materials include their biological and chemical inertness, stability, and low
cost. On the other hand, pristine TiO2 photocatalysts are limited by the fast rate of recombination of
photogenerated electron-hole pairs and by their wide band gap, which requires UV irradiation for
activation. For these reasons, the modification of TiO2 is required [4–6].

There are different strategies to prepare modified TiO2, involving diverse metal or non-metal
doping [7–9], multi-phase composition, or combination of TiO2 with other semiconductors [10,11].
The presence of surface defects and especially the oxygen vacancies present in TiO2 crystalline structure
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are among the most important factors determining the resulting photocatalytic behavior [12,13].
From this point of view, co-doping by both metal and non-metal atoms is a promising direction of TiO2

modification [14].
Fluorine doped TiO2 photocatalyst can induce visible-light-driven photocatalysis due to the

formation of oxygen vacancies. F-TiO2-based photocatalysts have been studied in many reactions,
for example, in oxidation of 2-propanol [15] and degradation of dyes [16]. The photocatalytic behavior
of F-TiO2 photocatalysts has been explained by the positive role of fluoride ions to morphology [17],
the presence of surface defects forming surface O- species [13], oxygen vacancies [16,18], and higher
conductivity [15]. Nevertheless, the role of fluorine on the photocatalytic behaviour of F-TiO2-based
materials is still under discussion. The problem is partially due to the presence of residual fluoride
(after synthesis) adsorbed on the surface of TiO2. Surface fluorine has been removed by NaOH which
led to the improvement of photocatalytic behavior [13].

This article is a natural continuation of our previous research focused on La/TiO2 [19] and
N-La/TiO2 [20] photocatalysts. The role of lanthanum in La/TiO2 to its photocatalytic behaviors was
reported [19]. Subsequently, the optimal amount of La (ca. 0.2 wt %) was used and the critical
parameters of N-La/TiO2 playing a role in the decomposition of methanol-water solution [20] were
specified. In the current study, a simple method to synthesize TiO2 photocatalysts doped with
non-metal (fluorine) and metal (lanthanum) elements is used [21]. The physico-chemical properties of
F-La/TiO2 photocatalysts were characterized by XRD, nitrogen physisorption, UV-Vis, EIS, and XPS.
The photocatalytic performance of F-La/TiO2 photocatalysts was investigated in the decomposition of
methanol-water solution. The attention was focused on the explanation of the contribution of fluorine
to the photocatalytic behavior of F-La/TiO2 photocatalysts.

2. Materials and Methods

2.1. Preparation of Materials

Basic powder materials TiO2 and 0.2 wt % La/TiO2, were prepared by the sol-gel method within
the environment of reverse micelles (Triton X-114 in cyclohexane). Solution containing Triton X-114
(laboratory grade, Sigma Aldrich, Saint Louis, MO, USA), cyclohexane (≥99.5%, Fluka Chemika,
Munich, Germany), deionized water with lanthanum (III) nitrate hexahydrate (La(NO3)3·6H2O, 99.99%,
Sigma Aldrich, Saint Louis, MO, USA) dissolved in ethanol was stirred for 20 min. Thereafter, titanium
(IV) propoxide (98%, Sigma Aldrich, Saint Louis, MO, USA) was added to this solution and mixed
again for 20 min. The resulting sols were poured into Petri dishes and left for 24 h at laboratory
temperature. The final dry material after gelation was transferred into ceramic crucibles and calcined
at 450 ◦C for 4 h (without heating rate).

TiO2 or La/TiO2 powder was added to KBF4 (96%, Sigma Aldrich, Saint Louis, MO, USA),
which was in 0.05 M 100 mL nitric acid (HNO3, 65%, Fluka Chemika, Munich, Germany), the suspension
was stirred for 2 h at laboratory temperature and then the mixture was maintained at 180 ◦C for 24 h.
After hydrothermal reaction, the precipitates were filtered, washed by 500 mL deionized water (to get
pH = 7) and dried to obtain F-La/TiO2 hydrothermal product.

2.2. Characterization of Materials

Textural, structural, optical, and electronic properties of all photocatalysts were characterized in
detail by nitrogen physisorption [22,23], powder X-ray diffraction (XRD) [22,23], X-ray fluorescence
(XRF) [20], diffuse reflectance UV-vis spectroscopy (DRS UV-Vis) [22,24], X-ray photoelectron
spectroscopy (XPS) [22], and photoelectrochemical measurements [23] (see Supplementary Materials).
Chemical components and the binding energies of CdS/CN were analyzed by XPS (Thermo Scientific
ESCALAB 250Xi A1440 system, Waltham, MA, USA). Electrochemical impedance spectroscopy (EIS)
analysis was measured by using a CHI 760E electrochemical workstation.
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2.3. Photocatalytic Test

The photocatalytic decomposition of the methanol-water solution was carried out in a batch
photoreactor with a 8 W Hg lamp (λ = 365 nm, see Supplementary Materials) [22].

3. Results and Discussion

3.1. Structural and Optical Properties of La/and F-La/TiO2

Table 1 gives the content of La in La/TiO2 and F-La/TiO2 photocatalysts determined by XRF.
The F-La/TiO2 photocatalysts contained the real amount of La close to its theoretical amount (0.20 wt %
La). La/TiO2 contained slightly lower concentration of La in contrast to the theoretical one that could
be caused by very low amount of La precursors used in the synthesis. The textural parameters of
studied materials are also shown in Table 1. All TiO2, La/TiO2 and F-La/TiO2 photocatalysts possessed
similar specific surface area values, close to 80 m2 g−1.

Table 1. Composition, textural, and optical properties of investigated photocatalysts.

Photocatalyst
XRF Textural Properties DRS UV-vis

The Content of La (wt %) SBET (m2.g−1) Indirect Band Gap (eV)

TiO2 - 80 2.85
La/TiO2 0.13 73 2.95

2.8F-La/TiO2 0.20 84 3.01
4.1F-La/TiO2 0.22 79 3.00

Figure 1 shows the X-ray patterns of the TiO2, La/ and F-La/TiO2 photocatalysts. Diffractograms
of all photocatalysts showed diffraction lines characteristic of tetragonal modification of anatase (ICDD
card no. 00-021-1272; space group I41/amd, lattice constants a = b = 0.37852 nm and c = 0.95139 nm).
Coherent domain sizes were in the range of 12.9 and 14.4 nm (Table 2). Any additional diffraction
lines reflecting the presence of rutile phase, brookite phase, or lanthanum related phase (pure or oxidic
form) were not observed. All materials exhibited approximately the same values of lattice parameters
a and c (Table 2).
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Table 2. Structural and microstructural properties of investigated photocatalysts.

Photocatalyst Anatase Crystallite Size nm
Lattice Parameters

a nm c nm

TiO2 14.4 0.3788 0.9510
La/TiO2 14.7 0.3787 0.9504

2.8F-La/TiO2 13.3 0.3787 0.9506
4.1F-La/TiO2 12.9 0.3788 0.9505

The values of the indirect band gap energies of TiO2, La/TiO2, and F-La/TiO2, presented in Table 1,
were determined from the dependencies of (α·h·ν)1/2 on energy (Figure 2). The band gap energies of
the TiO2, La/TiO2 and F-La/TiO2 photocatalysts had the values in the range of 2.85 to 3.01 eV, with TiO2

being the lowest band gap energy value. Nevertheless, the mentioned difference is marginal. Thus,
the addition of fluorine did not lead to the change of band gap energies.
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XPS analysis identified five different elements (Ti, O, C, La, and F) presented on the surface
of investigated photocatalysts (Figure 3 and Table 3). The Figure 3a shows the O 1s spectrum of
the materials. There are two binding energy peaks at about 529.7 eV and 531.3 eV in all materials,
which corresponds to the Ti-O and O–H bonds [25]. With the introduction of F element, a new peak
of binding energy appears at about 533.3 eV which corresponds to the H2O molecules adsorbed on
the surface of the photocatalyst [26], and the intensity of this peak increases with the increase of the
amount of F. This phenomenon proves that the doping of F element greatly improves the hydrophilicity
of samples [27], which is beneficial for the photocatalytic process. The XPS spectrum of Ti 2p shows
two typical binding energy peaks at about 458.6 eV and 464.4 eV due to the Ti 2p3/2 and Ti 2p1/2

corresponding to +4 valence state of Ti and showing that the elements of Ti firstly existed as Ti4+ in
the material (Figure 3b) [28]. The doublet peaks derived from spin-orbit splitting of Ti2p affirmed
the difference in binding energy is around 5.8 eV. This results also confirm that TiO2 phase in the
photocatalysts exists only in the presence of anatase, which is the agreement with the XRD analysis.
The XPS spectrum in Figure 3c confirms that the La element was successfully doped into La/TiO2,
2.8F-La/TiO2, and 4.1F-La/TiO2 photocatalysts, corresponding to the binding energy peaks of 836.8
and 854.7 eV in the La 3d5/2 and La 3d3/2, respectively [29]. However, its intensity is marginal and the
surface atomic concentration of La is limiting to zero. It is in agreement with our previous works [19],
where we also did not observe measurable concentration of La on the surface of La-TiO2 materials with
low La content. Figure 3d displays the XPS spectrum of F elements of 2.8F-La/TiO2 and 4.1F-La/TiO2.
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The binding energy peak appeared at about 684.0 eV and is caused by the F elements adsorbed on the
surface of the material (i.e., surface fluorination; T–F bond forming by substitution of OH– group),
and the other peak appeared at about 689.0 eV which is caused by F element incorporated into the
lattice of TiO2 [30]. Fluorine present in the lattice of TiO2 results in the formation of Ti3+ sites [31].
In order to further analyze the doping of F element in different samples, we conducted integral
calculation of the content of F element in these two different forms through Gaussian fitting and the
specific results are displayed in Table 4. Due to the fact, that the atom radius of fluorine is resembling
oxygen, the substitute of the oxygen atoms joined Ti atoms in the TiO2 lattice by atoms of fluorine,
which is relatively facile [28]. According to the XPS analysis, the total content of F in the 2.8F-La/TiO2

and 4.1F-La/TiO2 photocatalysts was determined to be at 2.82% and 4.13%, respectively.
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Table 3. Surface concentration of Ti, O, F, and C elements determined by XPS.

Photocatalyst Ti (at %) O (at %) F (at %) C (at %) O/Ti

TiO2 31.27 60.44 0 8.30 1.93
La/TiO2 30.84 59.58 0 9.58 1.93

2.8F-La/TiO2 26.26 49.46 2.83 21.45 1.88
4.1F-La/TiO2 30.63 58.31 4.14 6.93 1.90



Materials 2019, 12, 2867 6 of 11

Table 4. Surface concentration of surface fluorine and lattice fluorine determined by XPS.

Photocatalyst Content of F
(at %)

Surface Fluorine
(at %)

Lattice Fluorine
(at %)

Ratio of Lattice and
Surface Fluorine

2.8F-La/TiO2 2.83 1.47 1.36 0.931
4.1F-La/TiO2 4.14 2.22 1.92 0.865

Figure 4 shows the photocurrent response for the studied photocatalysts. Photocurrent generation
can predict behavior of the photocatalyst after irradiation but does not supplement its photocatalytic
activity. Since the photocurrent is measured under applied external potential of 1 V, most of the
generated electrons are forced to migrate to the ITO foil and measured as current. Simply said, external
potential is strongly suppressing the recombination of charge carriers. Based on the results, we can
claim 2.8F-La/TiO2 photocatalyst generates the highest amount of charge carriers after irradiation
with 365 nm. The reason for lower photocurrent values in this study compared to that reported for
La-based materials in our works [19,20] is due to the different slits setting. There are two slits, one in
front of the monochromator and the second behind the monochromator, which can be set to different
values. While previous measurements were done with completely opened slits, the slit behind the
monochromator was currently set to 1 mm in order to have more precise wavelength steps. From that
reason, the comparison is not possible.
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The electrochemical impedance spectroscopy (EIS) technique has been used to research the electron
transfer efficiency of the prepared materials (Figure 5). The semicircle in the EIS spectra is caused by
contribution from the constant phase element at the photocatalyst/electrolyte interface and the charge
transfer resistance. The small semicircle radius of the material indicates a smaller impedance in the
photogenerated electron transfer process [32–34]. The arc radii of TiO2 is shown as the black point plot
in Figure 5. And it is clear that the doping of the La element caused the impedance of the sample to be
lower than that of the pure TiO2. Subsequent increase of conductivity (decrease of semicircle radius)
was observed for F-La/TiO2 photocatalysts. 2.8F-La/TiO2 with the highest conductivity (EIS) also
exhibited the highest photocurrent density. After that, the conductivity of photocatalysts decreased
with the same order as in the case of the photocurrent response.
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The small fluorine doping concentration (2.8F-La/TiO2) caused that the F doped in TiO2 favors the
transfer of the electrons and represses the recombination of charge in TiO2 [35–37]. It can be due to the
fact that the Ti3+ surface states and the oxygen vacancies could capture photoelectrons and transfer
them to O2 adsorbed on the surface of TiO2 [38,39]. In the case of 4.1F-La/TiO2, both the concentration
of fluorine and the semicircle were higher. The fluorine doping can act as a center of recombination,
which increases the charge recombination in TiO2 because the average distance between two trap sites
goes down with the growing dopants number [35,38,40].

3.2. Photocatalytic Activity of La/and F-La/TiO2

The photocatalytic generation of hydrogen from methanol-water solution during UVA illumination
in the presence of investigated photocatalysts is shown in Figure 6. The formation of hydrogen is
decreasing in order: 2.8F-La/TiO2 > 4.1F-La/TiO2 ≈ La/TiO2 > TiO2. The production of hydrogen in the
presence of 2.8F-La/TiO2 was nearly up to 3 times higher than in the presence of pure TiO2. It also
should be stressed that the hydrogen yield formed over 2.8F-La/TiO2 (Figure 6) is higher than for
N-La/TiO2 [20].
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3.3. Properties of F-La/TiO2 Playing the Role in Photacatalytic Reaction

In general, the photocatalytic activity of F-La/TiO2 photocatalysts can be influenced by several
factors, such as (i) band gap energy, (ii) specific surface area, (iii) rate of the recombination of electron-hole
pairs, (iv) presence of oxygen vacancies, (v) amount of lattice and surface O species, and (vi) phase
composition. In our case, F-La/TiO2 photocatalysts and pure TiO2 exhibited approximately the same
structure, specific surface area (Table 1), and band gap energy (Table 1 and Figure 2).

The hydrogen yield (Figure 6) clearly increased with increasing photocurrent response (Figure 4)
and increasing conductivity (Figure 5). The increasing value of both photocurrent and conductivity
can reflect a decrease of the recombination probability of photogenerated electron-hole pairs.
Figure 7 shows the correlation between the amount of hydrogen and the photocurrent response.
The trend of photocatalytic activity of F-La/TiO2 corresponds to their photocurrent responses
(Figure 7b). Low photocurrent means lower amount of generated electron-hole pair after irradiation.
The 2.8F-La/TiO2 photocatalyst showed both the highest photocatalytic activity and the photocurrent
response as well. This is in agreement with many other authors [19,41–43].

Figure 7. Correlation between the photocatalytic activity in the photocatalytic decomposition of
methanol-water solution (a) and the hydrogen yields dependence on photocurrent (b) in the presence
of the investigated photocatalysts and current generation. Current responses were obtained at 365 nm
under external potential of 1.0 V.

The value of photocurrent response and conductivity can reflect the combination of two factors,
i.e., the amount of fluorine substituted into the oxygen sites of the TiO2 lattice and the amount of
surface O-sites.

Combining with the XPS results (Figure 3d), it was affirmed that atoms of fluorine was substituted
also into the oxygen sites of the TiO2 lattice. The charge imbalance is formed when -1 F ions replaced
the -2 oxygen sites. The excess positive charge is possible to be neutralized by creating hydroxide
ions which form from surface adsorbed hydroxyl groups. Consequence to this, more reactive oxygen
species as hydroxyl radicals and superoxide free radicals can be created, which show the existence
of oxygen vacancies. These oxygen species have strong oxidative capability and play a significant
role in the photocatalytic degradation of methanol-water solution [18,44]. In agreement with that,
2.8F-La/TiO2 possessed a higher ratio of lattice to surface fluorine species (Table 4) and higher hydrogen
yield (Figure 7), as well as the highest photocurrent density and conductivity (EIS).

Previously, we observed for La-N/TiO2-based photocatalysts that the hydrogen yield increased
with increasing amount of oxygen vacancies and decreasing amount of surface oxygen species (surface
lattice O species and hydroxyl groups, XPS) [20]. In principle, the amount of produced hydrogen yield
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(Figure 7) increased with decreasing content of surface O-sites also for La-F/TiO2 (Table 3), but the
clear correlation could not be done due to the different population of surface C-species among the
individual materials. Thus, we calculated O/Ti surface atomic ratio (Table 3), with the lowest value for
2.8F-La/TiO2. The O/Ti surface atomic ratio was lower for both F-La/TiO2 photocatalysts than for TiO2

and La/TiO2 which show to decrease the amount of surface oxygen species after F-loading.

4. Conclusions

Based on the above characterizations and photocatalytic activity, co-doping by lanthanum and
fluorine proved to be an effective method to prepare the highly photoactive TiO2-based photocatalysts
for production of hydrogen from photocatalytic decomposition of methanol-water solution.

The anatase TiO2 photocatalysts with different F amounts and the similar La amount
(0.13–0.21 wt %) were prepared by sol-gel method and in detail characterized by various methods.
The highest hydrogen yield during the photocatalytic decomposition of methanol-water solution
exhibited the 2.8 F-La/TiO2 photocatalyst.

The prepared F-La/TiO2 (3.36 and 4.45 at % fluorine content) photocatalyst showed enhanced
photocatalytic activity in decomposition of methanol-water solution under 365 nm illumination,
the hydrogen production in the presence of 2.8F-La/TiO2 and 4.1F-La/TiO2 photocatalysts was nearly
up to 3 and 2 times higher in comparison to the pure TiO2, respectively. The photocatalytic performance
of F-La/TiO2 increased with increasing photocurrent response and conductivity. These results indicated
that the fluorine ions were successfully incorporated into the lattice of TiO2. Moreover, the luorine and
lanthanum co-doping of TiO2 photocatalyst can effectively decrease the recombination probability of
photogenerated electron-hole pairs.
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Rokicińska, A.; Kuśtrowski, P.; et al. Photocatalytic decomposition of methanol over La/TiO2 materials.
Environ. Sci. Pollut. Res. Int. 2018, 25, 34818–34825. [CrossRef]
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