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ABSTRACT: Doping with impurities as well as introducing oxygen vacancies 150-400 °C

has been recognized as an important means to enhance photocatalytic activity of ~ TiO, + EtOH = Colored TiO,.,
TiO, under visible-light irradiation. Here we report that simple ethanol PN A sy o |
impregnation followed with mild heat treatment (150—400 °C) can color TiO, o 1150 T-200 T80 T-300 T-400
nanoparticles and enhance visible-light photocatalytic activity of the material. .

The coloration and photocatalytic activity for f-naphthol and rhodamine B

(RhB) degradation were observed to be dependent on heat-treatment S
temperature, and the highest activity as well as the most coloration was
obtained at temperatures around 200 to 250 °C. Comprehensive analyses based
on X-ray photoelectron spectroscopy (XPS) and electron paramagnetic resonance (EPR) investigations as well as first-principle
density functional calculation suggest that the simple ethanol impregnation treatment leads to the generation of oxygen vacancy
on TiO, surface which should be responsible for the coloration and enhanced photocatalytic activity.

Ti—O—Ti—O0—Ti Ti—O—Ti—O—Ti Ti—O—Ti—0O—Ti
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Bl INTRODUCTION efficiency of photogenerated electrons and holes, thus
significantly enhancing photocatalytic efficiency.'*

Apart from foreign doping, self-doping has only recently
been recognized as an effective way to enhance photoactivity of
TiO, in visible light.'™'® The self-doping of TiO, often
involves the generation of Ti** and oxygen vacancies (types of
intrinsic defects) whose energy levels are below conduction
band minimum and therefore can result in coloration of TiO,
without the introduction of foreign elements.'” Various
methods, such as hydrogenation methods,'® vacuum treat-
ment,*° plasma treatment,”® chemical reduction,*' as well as ion
bombardment®* have been adopted to self-dope TiO,.

Colored TiO, with considerable activity under visible light has
received enormous attention due to its broad application in
solar energy conversion and environmental cleanup.'™* In
particular, doping has been regarded as an important way to
enhance photocatalytic activity of TiO, under visible light.>~”
Bulk doping, either with foreign elements®” or via self-
doping'®™"* (Ti** and oxygen vacancies), could render TiO,
colored and exhibit photocatalytic activity under visible light.
However, these defects often work as recombination centers
during the migration of photogenerated charge carriers from

the bulk to the surface. In this regard, doping only on the However, these methods often result in both bulk and surface
surface might be practically useful for extending the photo- self-doping. Therefore, it is still interesting to develop a reliable
response of TiO, to visible light, since charge carriers trapped method to do self-doping only on the surface.
at surface doping levels are accessible to target substances near It is well-known that lattice oxygen atoms on the surface of
the surface, while undesired bulk recombination could be TiO, nanoparticles are likely to participate in reactions with
avoided. Several works have focused on surface doping. For adsorbed substances.”>~>° This motivated us to propose a novel
instance, Cho et al. employed a rapid heating process to codope approach to achieve self-doping of TiO, nanoparticles via
TiO, nanowires with tungsten and carbon on surface, which led thermal-activated decomposition of adsorbed organic mole-
to a significant enhancement in photoelectrochemical water cules. It is expected that the doping could preferentially
splitting;'> Chang et al. verified that surface doping is more proceed on surface or subsurface layer via selecting volatile
beneficial than bulk doping to the photocatalytic activity of
vanadium-doped TiOZ;15 Kong et al. reported that decreasing Received: January 31, 2015
the relative concentration ratio of bulk defects to surface defects Accepted: March 23, 2015
in TiO, nanocrystals could significantly improve the separation Published: March 23, 2015
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Figure 1. (a) Photograph of pristine TiO, and ethanol impregnated samples heating under different temperature. T-150, 150 °C; T-200, 200 °C; T-
250, 250 °C; T-300, 300 °C; T-400, 400 °C. Note that the yellow color first increased then decreased with temperature. (b, ¢) UV—vis diffuses
reflectance spectra and Tauc plot for the pristine TiO, and T-n. (d) SPS of the pristine TiO, and T-250 (inset is the magnified SPS patterns).

organic solvents as adsorbents. We report here that TiO,
nanoparticles (commercial ST-01) were indeed colored after
ethanol impregnation and mild heat treatment and exhibited
enhanced photocatalytic activity for f-naphthol and rhodamine
B degradation. The method could also be applied to the self-
doping of other nanosized wide-band gap semiconductors, and
various organic solvents other than ethanol should work well
for the process.

B EXPERIMENT

Material Synthesis. Anatase TiO, nanoparticles (ST-01)
were from Ishihara Sangyo. Ethanol was from Beijing Chemical
Reagent Company and used as received without any further
purification. TiO, powders (1 g) were dispersed in ethanol (10
mL) under vigorous stirring for 1 h, and then, the powders
were recovered by dried in air at 60 °C. Next, the ethanol-
impregnated powders were transferred into a porcelain boat
and heated at a temperature range from 150 to 400 °C for 1 h
at a heating rate of 10 °C min~' under ambient atmosphere.
The pristine TiO, and ethanol impregnated followed with heat
treated at 150 to 400 °C are denoted as TiO, and T-n,
respectively (n = 150—400 for different heat treated temper-
ature), hereafter for convenience. A series of different colored
TiO, turned from white to light yellow and earthy yellow were
obtained by varying the time and temperature of the heat
treatment.

TiO, from different sources, e.g., Degussa P25, anatase TiO,
(Beijing Chemical Reagent Company), as well as homemade
TiO, microspheres®® were also treated by the same way in
order to evaluate the versatility of the method. Alternatively,
different organic solvents such as acetic acid, isopropyl alcohol,
acetone, acetyl acetone, acetaldehyde, and methanol were also
tested instead of ethanol.

Material Characterization. UV—vis diffuse reflectance
(DR) spectra of the samples were collected on a PerkinElmer
UV WinLab spectrophotometer, and BaSO, was used as a
reference. Surface photovoltage spectrum (SPS) measurements
were carried out on a lab-made instrument.”” Transmission
electron microscope (TEM) images were acquired using a
JEOL JEM-2100 instrument working at an acceleration voltage
of 200 kV. Crystal structure and phase identification of the
samples were performed by X-ray diffraction (XRD) (Rigakuy,
D/max-2500 X-ray diffractometer). X-ray photoelectron spec-
troscopy (XPS) experiments were performed on a VGESCA-
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LAB MKII instrument with a Mg Ka ADES (hv = 1253.6 eV)
source. Electron paramagnetic resonance (EPR) measurements
were conducted on an X-band CW-EPR Bruker EIEXSYS
spectrometer in the X band (9.38 GHz) at 90 K equipped with
a cylindrical cavity operating at 100 kHz field modulation.

Photocatalytic Experiments. Photocatalytic properties of
the samples were investigated by measuring the photo-
degradation of f-naphthol and Rhodamine B (RhB) dye
solution under ambient conditions. TiO, particles (0.1 g) were
placed in SO mL degradation solution: f-naphthol (150 mg/L
solvent, acetonitrile:water = 1:99 v/v) and RhB (10 mg/L
aqueous solution). A 150 W xenon lamp (Hayashi LA-410) was
used as the simulated solar light source. Visible light was
obtained with a 420 nm long-pass filter. Magnetic stirring of the
suspension was continued throughout the reaction. Every 15
min, 3 mL aliquots of the solution were sampled and the
absorption spectra of the reaction solutions were measured
using a spectrometer (PerkinElmer UV WinLab spectropho-
tometer) to determine p-naphthol concentration from the
absorption peak at 327 nm and the RhB concentration from the
absorption peak at 552 nm.

DFT Calculations. The calculations were performed in the
framework of the density functional theory (DFT), using the
pseudopotential method with the projector augmented wave
(PAW) potentials as implemented in the Vienna Ab-initio
Simulation Package (VASP) code®® For the exchange-
correlation energy, the generalized gradient approximation
(GGA) with the form of the Perdew—Burke—Ernzerhof (PBE)
was used.” The bulk anatase TiO, system was simulated using
a periodic 2 X 2 X 1 supercell, which contained 16 Ti atoms
and 32 O atoms, respectively. The energy cutoff of the wave
function expanded in the plane-wave basis was set as 500 eV.
For the Brillouinzone integration, 7 X 7 X 7 (for bulk system)
and § X § X 1 (for surface system) Monkhorst-pack grids were
used.

Bl RESULTS AND DISCUSSION

TiO, powders (ST-01) usually stay their original white color
after heating at 150 to 400 °C under ambient conditions.
(Figure S1) However, after ethanol impregnation, the powders
changed color when subjected to the same heat treatment. The
color gradually changed from white to earthy yellow when
increasing the heating temperature from 150 to 250 °C (Figure
la). With further temperature increase, the color of TiO,
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gradually faded to light yellow and white. Notably, the color
(either light yellow or earthy yellow) of TiO, remained
unchanged for several months at ambient conditions.

The colored TiO, samples exhibited broad absorption in the
visible spectral region, and for the sample T-250, even
extending to the near-infrared (NIR) region, as shown in
UV—vis diffuse reflectance (DR) spectra (Figure 1b). The
increased absorption in the visible region together with the red-
shifted absorption onset was consistent with the color
deepening of the samples. Similarly, the bandgap values,
estimated from the sharply risen edge of the Tauc plot (Figure
Ic), also changed with the treated temperature and were
narrowed to 2.82 eV for the sample T-250. These spectral
changes suggested that midgap states of broad energy
distribution were introduced below the conduction band
minimum by the ethanol impregnation treatment, which as a
result extended the photoresponse range of TiO,.

Surface photovoltage (SPV) measurements can give clear
information about wavelength-dependent charge separation
properties of semiconductor materials. As shown in Figure 1d,
pristine TiO, exhibited a SPV threshold at 380 nm, consistent
with its optical bandgap, but that of the sample T-250 was red-
shifted to 510 nm; that is to say, visible light with wavelength
shorter than 510 nm can induce effective charge separation. It
should be noted that the absorption onset of the sample was
actually down to 1100 nm, which implies carriers generated by
long-wavelength excitation are prone to be confined at surface
and thus to be silent in the SPV spectrum.

The colored TiO, powders remained anatase structures and
their particle morphology also changed negligibly, as evidenced
by XRD and TEM measurements. The grain size was estimated
to 11.3,11.0, 11.2, 11.0, 11.5, and 13.1 nm from the (101) peak
of anatase for the pristine TiO, and T-150, T-200, T-250, T-
300, and T-400, respectively. Besides the slight growth of T-400
(Figure 2a), there seems to be little change in the other
samples. The TEM images in Figure 2b and ¢ show that there
was no change in either morphology or particle size for the

Intensity (a.u.)

Figure 2. (a) XRD pattern of the pristine TiO, and T-n. (b—e) TEM
and HRTEM images of the pristine TiO, and T-250 (b and d are for
pristine TiO,; c and e are for T-250).
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pristine TiO, and T-250. The high-resolution TEM images in
Figure 2d and e once again confirm that the anatase phase of
TiO, remained unchanged after ethanol impregnation treat-
ment by the coincident distance of (101) lattice spacing.

XPS was employed to further investigate surface chemical
bonding and estimate the ratio of different elements of the
pristine and modified TiO, samples. Figure 3a shows the XPS
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Figure 3. (a) XPS spectra of Ti 2p and O 1s spectra of TiO, and
modified TiO, samples. (b) Movement of the Ti 2p and O 1s binding
energy and variation of the atom ratio of lattice oxygen and lattice
titanium for the TiO, and modified samples. (All the peak maxima
were calibrated to C 1s at 284.6 eV, which was mainly ascribed to
remnant organic precursors not completely removed from the

employed TiO,.).

spectra of Ti 2p and O 1s spectra of TiO, and the modified
TiO, samples. Pristine TiO, showed Ti 2p states with a binding
energy (BE) of 458.14 and 463.88 eV, consistent with the
standard 2ps, and 2p, ,, binding energies for Ti*" in anatase.>
The peaks at 529.35 eV with a shoulder at 531.10 eV are
attributed to O 1s peak of the TiO, samples, which are defined
as O—Ti and O—H (surface hydroxyl band), respectively.*!
The atomic ratio of Oo_ry)/Ti of the pristine TiO, and the
treated samples was calculated from the XPS spectra. The
calculated results are presented in Figure 3b and Table 1. The
atomic ratios of O(g_r;)/Ti for pristine TiO, and the modified
samples obeyed the order of the pristine TiO, (1.98) > T-400
(1.92) > T-150 (1.85) ~ T-300 (1.83) > T-200 (1.78) ~ T-250
(1.78). Thus, surface oxygen vacancies are present in modified
TiO, samples identified by the surface sensitive XPS measure-
ment and the amount of surface oxygen vacancies defects vary
with the heat treatment temperature which shows the same
trend as the color change of the modified samples shown in
Figure la, i.e, with the color deepening of the samples, the
atomic ratios of Og_r;)/Ti synchronously decrease, hence it

DOI: 10.1021/acsami.5b00888
ACS Appl. Mater. Interfaces 2015, 7, 7752—7758


http://dx.doi.org/10.1021/acsami.5b00888

ACS Applied Materials & Interfaces

Research Article

Table 1. XPS Results for Pristine TiO, and Modified
Samples

O-Ti 0-H Ti 2ps, Ti 2py O/Ti"
sample (eV) (eV) (eV) (eV) ratio
TiO, 529.35 531.10 458.14 463.88 1.98
T-150 529.63 458.41 464.15 1.85
T-200 529.51 458.33 464.07 1.78
T-250 52947 458.26 464.00 1.78
T-300 529.67 458.43 464.17 1.83
T-400 529.43 458.18 463.92 1.92

“The atom ratio of lattice oxygen and lattice titanium of TiO, and
modified samples.

can be deduced that the coloration of TiO, should be related to
the oxygen vacancy defects on TiO, surface. Simultaneously,
compared with pristine TiO,, all the colored samples exhibit a
higher binding energy of both Ti 2p and O 1s (surface lattice
oxygen) as listed in Figure 3b and Table 1. It is believed that
the shift of binding energy of the Ti 2p and O 1s to a higher
value could be attributed to the increased concentration of
surface O vacancies. In fact, Xing et al.'® also observed the
synchronous shift of XPS peak of Ti 2p and O 1s to higher
binding energy in TiO, and they ascribed it to the formation of
neighboring oxygen vacancies showing a high electron-
attracting effect.”>*> However, the T-200 and T-250 samples
did not show the highest variation of binding energy (AEg) as
expected, this could be the result of that a few Ti** defects were
generated in the T-200 and T-250 samples for their highest
oxygen vacancy concentration. The existence of Ti’" in TiO,
would lead the O 1s and Ti 2p shift to lower binding
energy.n’34

Electron paramagnetic resonance (EPR) spectra were further
employed to gain more detailed information on the nature of
defects in colored TiO, samples. In the EPR spectra (Figure 4),
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Figure 4. EPR spectra of pristine and modified samples.

it can be observed that the modified samples with the same
measured weight exhibit isotropic resonances EPR signal at §=
2.003, which is the characteristic feature of O,* radicals.*>*> It
is well-known that O,°” can be generated from the interaction
of absorb atmospheric O, with the surface oxygen vacancy
sites.”* The generation of the O, is dependent on the nature
and amount of the surface oxygen vacancy sites in the
catalyst.>”** Once again, the intensity of the EPR signal kept
pace with the visible-light absorption intensity in TiO, samples,
following the order of T-250 > T-200 > T-300 > T-150 ~ T-
400 ~ TiO,. EPR signals in pristine TiO,, T-150, and T-400
samples were nearly silent, suggesting a small amount of surface
oxygen vacancies was contained in these samples.
Photocatalytic activity of the modified and pristine TiO, was
assessed by monitoring the degradation of f-naphthol solution
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under visible light (420—700 nm) irradiation. f-naphthol is the
starting material of azo dyes and is frequently used as a model
water pollutant.*® Since fS-naphthol is adsorbed negligibly on
the surface of TiO, samples (Figure S2a) and is insensitive to
the visible light, any decrease in concentration of the chemicals
during visible light irradiation should be related to photo-
catalytic processes on the TiO, samples. Figure 5a and b trace
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Figure S. Degradation kinetics of (a, b) f-naphthol and (c, d)
thodamine B (RhB) dye over the pristine and modified TiO, samples
under visible-light irradiation (420—700 nm).

the photodegradation of f-naphthol solution with TiO,
samples. The photocatalytic degradation of S-naphthol follows
the pseudo first-order kinetics, and apparent rate constants
calculated from Figure Sb are listed in Table 2. The
photodegradation of S-naphthol with pristine TiO, appears to
be quite slow. But it is significantly accelerated with the
modified TiO, samples, indicating that the ethanol impregna-
tion and subsequent heat treatment indeed can enhance the
photocatalytic activity of TiO, under visible light excitation. In
particular, the colored TiO, samples, i.e.T-200, T-250, and T-
300, perform better than other white TiO, samples, suggesting
better absorption of visible light is responsible for the faster
photocatalytic degradation of S-naphthol.

The photodegradation of rhodamine B (RhB) was also
conducted with pristine and the modified TiO, samples under
visible light irradiation in order to understand better the effect
of ethanol impregnation treatment. Rhodamine B is a kind of
dye that strongly absorbs visible light. Its photodegradation
with TiO, proceeds in two manners, one is photocatalytic
decomposition by TiO,, while the other is sensitized photo-
degradation related to the excitation of the surface-adsorbed
RhB molecules. Dark adsorption experiments show that the
ethanol impregnation treatments increase the adsorption rate of
RhB on TiO, samples, by a sequence of T-300 > T-400 > T-
250 ~ T-200 > TiO, > T150 (Figure S2b). But under visible
light irradiation, RhB is photodegraded with TiO, samples by
much faster rates than the dark adsorption (Figure Sc and d).
Table 2 also lists the pseudo first-order rate constants for RhB

DOI: 10.1021/acsami.5b00888
ACS Appl. Mater. Interfaces 2015, 7, 7752—7758


http://dx.doi.org/10.1021/acsami.5b00888

ACS Applied Materials & Interfaces

Table 2. Apparent Rate Constants (k) of f-Naphthol and RhB Dye Degradation under Visible Light (420—700 nm) with TiO,
Samples

sample TiO, T-150 T-200 T-250 T-300 T-400
K naphinot (min™) 0.00306 0.00392 0.00685 0.00595 0.00300 0.00305
kg (min™")® 0.00404 0.00827 0.01160 0.01754 0.00969 0.00309

“The rate constants are calculated by subtracting the dark adsorption from photodegradation data.

photodegradation with the TiO, samples after removal of the adsorbed at Ti*" sites on the anatase TiO, (101) surface to
contribution of dark adsorption. Again, the ethanol impregna- form ethoxides and, second, the ethoxides molecules would
tion treatment enhances the photodegradation of RhB on TiO,, undergo f elimination on heating to form acetaldehyde, leaving
and the three colored TiO, samples, i.e. T-200, T-250, and T- oxygen vacancies on the TiO, surface. Hence, the formation
300, exhibit faster degradation rates for RhB dye than other energy of this approach would be expressed as E, = AEp, +
white samples. It is interesting to note that the T-250 sample AEp,, where AEyp; and AEyp, are the energy differences of the
exhibits 1.8 times higher kg, than the T-300 and 5.7 times two processes. AEp; = Erior—conso — (Etioz + Ecameo), Where
higher than the T-400, despite of its poorer adsorption ability Eri02-canseo is the total energy of ethanol adsorbed on the TiO,
for RhB, suggesting photocatalyzed decomposition of RhB is (101) surface and E,y¢0 is the energy of an ethanol molecule;
the dominant process on these colored TiO, samples. AEp, = (Eyo + Emo + Ecanso) — Etioz—cansor Where Epp,q and
Therefore, the ethanol impregnation approach employed here Ecymuo are the energy of a water and acetaldehyde molecules,
successfully produces colored TiO,_, catalysts with enhanced respectively. With these definitions, the formation energy
photocatalytic activity under visible light irradiation. denotes how difficult the reaction is, and lower formation
We simulated the ethanol impregnation treatment by heating energy is more favorable to create oxygen vacancy with lower
TiO, powders in ethanol atmosphere in a closed vessel. Briefly, formation energy.
50 mg TiO, powders were uniformly spread in a S00 mL Pyrex After full relaxation, the formation energies are calculated to
glass vessel filled with synthetic air. The powders were heated be 0.41 eV for the simple thermal annealing approach, and
to 200 °C and then 4.15 gmol of ethanol was injected into the —1.67 €V for the approach of ethanol impregnation followed by
vessel to reach a concentration of 200 ppmv. The composition thermal treatment, respectively. It is clear that it is much easier
of gas phase was monitored with a gas chromatograph. Soon to create oxygen vacancies at the TiO, surface by the ethanol
after the injection, acetaldehyde was detected in the gas phase. impregnation approach with the lower formation energy of
The concentration of acetaldehyde gradually increased in the —1.67 eV.
first 30 min (Figure 83). Meanwhile, the color of TiO, powders We also conducted several comparative experiments to
gradually turned to yellow from white. When extending the illustrate the universality of the process in coloration of TiO,.
reaction time to 90 min, no acetaldehyde could be detected in In one experiment, several kinds of TiO, photocatalysts,
the gas phase, while the concentration of CO, increased including Degussa P25 homemade TiO, microspheres, and
markedly. These experimental observations manifest that the micrometer-sized anatase TiO, were used instead of ST-01. All
heated TiO, powders can oxidize ethanol, even complete three samples showed color change after ethanol impregnation
mineralize ethanol to CO,, at the cost of loss of lattice oxygen and heat treatment (Figure S4a), suggesting the as-adopted
atoms. Possible reactions involved in the process can be surface doping method is generally suitable for various TiO,.
expressed aswhere Og and Vj represent lattice oxygen and Besides the replacement of TiO,, other solvents such as acetic
oxygen vacancy, respectively. acid, isopropanol, acetone, acetylacetone, acetaldehyde, and

H o methanol are also used instead of ethanol. Similarly, all of these
| I solvents colored TiO, as shown in Figure S4b. The activities of
CH;—C—OH + Og 4 CH;—C—H+H,0+V o+ 2¢ (1) these samples were also evaluated by photocatalytic degrada-
| tion of #-naphthol under visible-light irradiation. Several typical

H data is shown in Figure 6. Once again, the colored TiO,
exhibited higher photocatalytic activity than that of untreated
We further performed first-principle density functional TiO, under visible-light irradiation.
theory (DFT) calculations to make sense of the formation of
oxygen vacancies by the simple ethanol impregnation treat- B CONCLUSION
ment. Formation energies were calculated to describe the
differences between the approach of ethanol impregnation In summary, we developed a simple method for the synthesis of
followed by thermal treatment and the simple thermal colored TiO, through ethanol impregnation followed with mild
annealing approach. The simple thermal annealing approach heat treatment. Such colored TiO, possesses an enhanced
can be described as removing an oxygen atom from TiO, visible-light absorption capability and superior photocatalytic
crystal to a reservoir of energy uq, referenced to the energy of activities for degradation of f-naphthol and rhodamine B under
oxygen in an isolated O, molecular. Therefore, the formation visible-light irradiation. XPS and EPR measurement results
energy of this approach would be defined as Ey = (Eyo + o) — proved the existence of oxygen vacancies on TiO, surface that
Eri0p where Ero, is the energy of 2 X 2 X 1 TiO, supercell, contribute to extending the visible-light absorption. The first-
which contains 16 Ti atoms and 32 O atoms; Eyg is the energy principle density functional (DFT) calculation indicated that it
of the same 2 X 2 X 1 TiO, supercell with one oxygen vacancy; is much easier to create oxygen vacancy defects at the surface of
and j4, is the chemical potential of removal oxygen atom from TiO, by the approach of ethanol impregnation with the lower
TiO, lattice. The other approach (used in this work) would be formation energy. Lastly, the method adopted here is not
divided into two processes: first, ethanol molecules are limited to TiO, and can be applied to the self-doping of other
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Figure 6. Degradation kinetics of f-naphthol over several TiO,
samples under visible light irradiation: (red circles) anatase TiO,
without and with ethanol impregnation; (black circles) Degussa P2S
without and with ethanol impregnation; (blue circles) ST-01 without
and with acetaldehyde or methanol impregnation. The samples are all
heated at 250 °C for 1 h after impregnation.

nanosized wide-bandgap semiconductors for visible-light
photocatalysis.
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