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The work addresses one of the fundamentals of photocatalytic reactions, the fate of conduction-band (CB)
electrons of a photo-excited TiOz-anatase. Some of these CB-electrons are self-trapped as large-polarons. We have
studied by Infrared-spectroscopy these polarons upon UV-excitation in the presence and absence of O,. More-
over, the effect of CB-electrons on chemical reactions was investigated by temperature-programmed-desorption.
Over the non-irradiated TiO,, the dehydration and oxidation products dominated, while over that prior UV-

irradiated in the presence of ethanol the dehydrogenation product increased and the oxidation pathway was
partly suppressed. These changes are attributed to CB-electrons that made the near-surface more metallic.

1. Introduction

Changes in products selectivity in catalytic reactions are sensitive to
the nature of the catalyst as well as to reaction conditions. In that
regards, decades of work have been devoted to understand the effect of
the nature of catalytic sites on reaction products. To give a few exam-
ples, CO molecular versus dissociative adsorption/reaction on different
metals [1], which is relevant to Fisher Tropsch synthesis [2] from syn-
gas, C3 and C4 oxidation [3] to aldehydes and carboxylic acids versus
dehydrogenation to olefins [4] over mixed metal oxides, and reaction
pathways of primary and secondary alcohols over metal oxides [5,6].

In general, reducible metal oxides orient more towards dehydroge-
nation to aldehydes/ketones of alcohols while non reducible metal ox-
ides orient towards dehydration to olefins [7]. While this is a simplistic
picture, because it does not consider surface structure effect, among
many other factors, it does help as a guide. In that scheme TiO is
considered amphoteric in a sense that both compounds are formed with
a bias towards the dehydration reaction. Focusing on ethanol one can
divide its reaction into three main ones.

The first is its dissociative adsorption leading to ethoxides and sur-
face hydroxyls. This reaction is sensitive to TiO, phase [8] and different
surface orientations [9], among other factors.

The second is the reaction of ethoxides to ethylene and acetaldehyde
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[10], this usually occurs at temperatures above 500 K and depends on
the presence or absence of surface oxygen defects [11] in addition.

The third is the further reaction mostly of acetaldehyde, since
ethylene because of its relative inertness on TiO5 and weak adsorption
energy does not further react once formed. Acetaldehyde can undergo
many additional reactions such as aldol condensation to C4 unsaturated
aldehyde (crotonaldehyde) [12], oxidation to acetates [13] which
decompose to methane and CO at higher temperatures [14], in which
CH4 may also reform [15] to CO and Hy with water formed during the
dehydration reaction.

TiO4 is also an n-type semiconductor that is found to be active for the
photocatalytic oxidation of hydrocarbons [16,17] in the presence of O,.
It is also active for the photo-reforming of alcohols [18,19] to Hy and
CO». The photo-reforming reaction requires a metal in addition in order
to trap conduction band electrons [20] Schottky barrier) as well as to
recombine hydrogen atoms to molecular hydrogen [21]. In the absence
of a metal far less formation of Hy occurs [22,23]. In this process ethanol
(or more precisely an ethoxide species [24,25]) injects electrons into the
valence band to trap holes allowing conduction band electrons to reduce
hydrogen ions of surface hydroxyls to atomic hydrogen. In the absence
of a metal, part of these conduction band electrons either recombine
with un-trapped holes, but another is self-trapped as polarons. These
polarons are Ti* (Ti*t that was reduced under UV light) in which this
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Fig. 1. DRIFT of TiO, anatase upon UV excitation (A, C, and D) under Ar flow at the indicated temperatures. UV flux = 2.7 W/cm?. B. DRIFT of TiO, anatase once UV

light is turned off at 310 K.

extra electron hops from one site to the other before they vanish by other
reactions [26,27]. These polarons are classified by their size, small [28]
and large [29]. TiOs rutile is known to have small polarons (equivalent
to a unit cell or so) while TiO, anatase has large polarons (many unit
cells) with a band-like structure and can extend to hundreds or thou-
sands of unit cells; giving them a free-carrier- like coherent motion. They
are traditionally seen by EPR [30], but can be studied by other tech-
niques such as IR [31,32], pump probe time resolved spectroscopy [33]
and core/valence level spectroscopy [34]. They show stability in vac-
uum or at low temperatures in some cases for hours [35].

This work is an attempt to probe into the role of these polarons as
well conduction band electrons on the reaction selectivity during
ethanol-TPD. From a chemical perspective we view both CB electrons
and polarons to have similar effect since the activation energy needed
for polaron migration is very small when compared to that required for a
reaction to occur. To conduct the work, anatase powder was exposed to
ethanol and UV light prior to TPD runs. Because ethanol traps holes
formed under UV, conduction band electrons would therefore have a
chance to accumulate and make the surface and near surface more
metallic like. It is important to mention that this is different from making
Ti%" thermally. In thermal reaction, Ti>* are formed because an oxygen
atom has been removed from the lattice [36], while in a photoexcited
system these Ti>' cations are formed by electron transfer from the
valence band without the removal of lattice oxygen.

2. Experimental

Temperature Programmed Desorption (TPD) studies were performed
using 50 mg of TiOy placed in a quartz U-shaped fixed bed reactor
connected to a vacuum system. The reactor was pumped with a scroll
pump and had a base pressure of 1.5 x 10~ Torr. TiO, (anatase) is
supplied by Aldrich (637,254 100 mg; lot number MKBF78216V) in the
form of nano-powder with a BET surface area of 45-55 m?/g, with a size
<25 nm and with a purity of 99.7 % (metal basis). The reactor was
connected to a mass spectrometer chamber through a leak valve which
had a typical base pressure < 10~ Torr maintained by a turbo molecular
pump. A quadrupole mass spectrometer (Hiden) was used to monitor the
masses of interest. Linear temperature ramping at 20 K min~! was
achieved by using an accurate temperature ramping unit, which con-
sisted of a temperature controller (Eurotherm Process Control Unit and a
640 W power supply) integrated with a vertical tube furnace and a K
type thermocouple. The thermocouple was inserted very close to the
catalyst to measure the catalyst temperature. UV was supplied using a
UV lamp (UVP UV-LS-25 EL series) installed at the top of the furnace
containing the reactor. For each individual experiment, the catalyst was
heated in vacuum at 673 K overnight. After that the catalyst was cooled
to room temperature and pumped to its base pressure. A given amount of
ethanol, 10, 50, or 100 pL was injected into the reactor through a rubber
septum using a pL syringe. Still under ethanol environment, the catalyst
was exposed to UV radiation to obtain a desired UV exposure. The
reactor was then pumped down to its base pressure, then the UV light
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Fig. 2. Effect of O, on the IR signal from TiO, anatase in the presence of UV light (2.7 W/cm?), A, B, C, and E). D. Effect of UV light flux on the IR signal of TiO,
anatase (IR absorbance is taken in a flat region of the base line, 2000 em™Y). A. 310 K. B. 623 K. C. difference spectra between UV and UV + O, at the indicated
temperatures. E. Plot of the IR intensity signal at 4500 cm ™" in the presence of UV and UV + O, as a function of temperature; inset: the difference between the two

straight lines in the main figure as a function of temperature.

being turned off before the start of the TPD experiments. The ethanol
mass fragment m/z = 31 (CH,OH)"™ was monitored until the measure-
ment returned to baseline. Different mass fragments were recorded as a
function of temperature to monitor the desorption of products, i.e.
ethanol (m/z = 31, 29, 45, 27), acetaldehyde (m/z = 29, 44, 15, 43),
ethylene (m/z = 28, 27), methane (m/z = 16,15) water (m/z = 18,17),
Hy (m/z = 2), CO (m/z = 28, 16), CO, (m/z = 44). A detailed account of
TPD data analysis can be found elsewhere [37]. Acetaldehyde, ethylene,
H,0 and H; were the main products that desorbed. The quantification of
Hy and H,0 were not included in this study due to contribution of signal
from multiple sources that makes their quantification unreliable. The
relative yields of all desorption products were determined by adopting
the method described previously [38] while mass spectrometer sensi-
tivity factor was calculated using the method described by Ko et al. [39]

IR experiments were conducted using a Bruker FTIR Vertex 80 ma-
chine equipped with a DRIFTS cell for sample treatment and measure-
ments. TiOy anatase (alpha Aeasar, BET surface area = 45 my/g, Lot
K26Y018) was placed inside the cell on top of the heating crucible. The
powder was at about 45° from the IR cell quartz window. The IR cell was
heated with a Harrick ATK/Low voltage control unit. Gases were
introduced using Bronkhorst EL-mass flow meters. A typical treatment
was heating the powder in 20 % O in Ar (99.999 %) at a flow of 40 mL/
min from room temperatures to 700 K for a few hours then, switching to
pure Ar before cooling under Ar flow. UV excitation was conducted
using UV Fiber Spot Light source SAN-EI SUPERCURE - 204S, a 200 W
Mercury Xenon lamp (Ozone free) from SAN-EI Electric Co., LTD, Osaka,
Japan. Light fluencies were measured using Coherent Field Master GS
power analyzer. The UV (250 to 400 nm) and visible (400 to 1100 nm)
lights were measured using Coherent head sensors 12E61 (diameter, d
= 6.0 mm) and 12,933 (d = 7.9 mm), respectively. For the UV light
fluence measurements, the IR cell window was placed in between the
source and the detector. The IR spectra are subtracted from that of the
same crystal at the same temperature before UV-excitation.

3. Results
A. DRIFT - TiO5 (anatase) with UV

Fig. 1 presents the effect of UV light on the IR signal at different
temperatures of a fresh sample of polycrystalline anatase in the
900-5250 cm ™} the signal below 900 cm ™! was too noisy to analyze. No
IR cut off filter was used, and some heat was generated during excitation
with UV, the temperature at the end of the experiment increased to
about 310 K from 295 K in Fig. 1 A. While many works have been
conducted on TiO; rutile and TiO, P25 (anatase/rutile) polycrystalline,
we are aware of two studies on the effect of UV on TiO; anatase [40] by
IR, one of them is in the liquid phase [41], prior to this work.

Upon UV excitation three changes in the spectrum occurred. (i) A rise
in the absorption which is typical of TiO5 in this region. This rise is due
to conduction band electrons. The use of IR light provided the needed
energy to displace trapped electrons in shallow sites (viewed as self-
trapped electrons in the lattice, polarons) into the conduction band.
The signal may also include intra band excitation. The response of the IR
absorption signal to the light flux was tested (Fig. 2 D). Within experi-
mental results there is a linear increase of the absorption with increasing
light flux; deviation from linearity occurs at much higher fluxes [42] in
the range of tens of MW/ cm?. (ii) The second observation is the negative
signal related to removal of some adsorbed water and surface hydroxyls.
This can be seen by the negative signal related to the bending mode of
water (8-H50) at ca. 1620 em™! and sharp signals in the 3400-3700
cm ! related to the 1-OH of different types of surface hydroxyls. The
negative broad band from about 3100 to 3700 cm™! underneath the
sharp negative signals is due to molecularly adsorbed water. (iii) The
third observation is the appearance of a wide band centered at about
1100 cm™!. The signal goes back down to its original absorption value
once the UV is turned off (Fig. 1 B). The negative signals did not reverse
indicting that surface depletion of these hydroxyls and adsorbed water
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Fig. 3. As recorded products desorption during Ethanol-TPD over TiO, anatase (50 mg): at different initial exposure (A:10, B:50 and C:100 pL). These volumes
equate to a ratio molecules of ethanol to surface atoms (Ti + O) ~ 4, 20, and 40 respectively.

was irreversible at the given experimental conditions.

Increasing the temperature to 330 K, showed largely the same effect
with and without UV, with the exception of the decrease of the molec-
ularly adsorbed water contribution (Fig. 1 C). This trend is maintained
up to the highest temperature investigated 623 K (Fig. 1 D) with the
noticeable disappearance of water and most surface hydroxyls at high
temperatures. Another observation is related to the magnitude of the
absolute IR signal upon UV excitation, increasing the temperature
resulted in decreasing the IR signal rise. This is due to the negative effect
of temperature on conduction band electrons because with increasing
temperature the electron -hole recombination rate is poised to increase
and therefore, the population density of conduction band electrons de-
creases. There is, however, no change in the shape of the peak centered
at 1100 cm ™! with temperature.

Fig. 2 (A and B) presents the effect of Oy on the signal of these
conduction band electrons at 330 and 623 K. O, reacts with conduction
band electrons to give O3 (02 minus radical) and therefore decreases
their population. This has been seen before by EPR [43,44], pump probe
time resolved spectroscopy [45], as well as by photoluminescence
[46,47] on n-type semiconductors. The decrease due to quenching of

these conduction band electrons is constant with time under O-.

It is not clear if the magnitude of the decrease is equally sensitive to
temperature from 900 to 5250 cm ™! or not because there is a non-linear
effect on the absorption in each spectrum. A subtraction of the IR signal
under Oy plus UV light from that under Ar plus UV light is shown in
Fig. 2 C. The subtraction is conducted for the raw spectra without
normalization nor offset. As seen in Fig. 2 C, within reproducibility the
peak centered at about 1100 cm™! is largely the same at the three
investigated temperatures (330, 473, and 623 K) yet the base line at the
high frequency range is not the same. While O, reacts with the surface of
TiO,, the IR signal originates from surface and bulk conduction band
electrons. In other words, the decrease of the IR signal in the presence of
O, is due to consumption of excited surface excess electrons as well
those diffused from the bulk. Some sections in this frequency range
might be more sensitive to surface population then others causing such a
change. Fig. 2 E shows a plot of the IR signal at these three temperatures
under UV as well as under UV + Oa. The slight change in the slope be-
tween two lines indicates that that CB electrons consumption by Oy may
also be a function of temperature (assuming that Po > > larger than the
number of surface sites). The inset shows the difference between the two
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Fig. 4. Ethanol-TPD over TiO, anatase (50 mg): at different initial exposure. 10, 50 and 100 pL equate to a ratio molecules of ethanol to surface atoms (Ti + O) ~ 4,
20, and 40 respectively. A: Ethanol desorption; B: Ethylene desorption; C: acetaldehyde desorption. Ethanol contribution in m/e 27 (m/e 31 signal x 0.23) and m/e
29 (m/e 31 signal x 0.28) for ethylene and acetaldehyde, respectively, are subtracted in the desorption profiles.

lines taken at 4500 cm ™! as a function of temperature in which a
decrease with increase in temperature is noticed. An estimate of the
activation energy of the effect of temperature on the IR signal of these CB
electrons can be obtained from an Arrhenius plot (Ln (Izps) vs 1/T, where
ILyps is the IR absorption and T is temperature in K). An activation energy
of about 40 meV is extracted in the absence of Oy and 55 meV in its
presence.

B. Ethanol TPD over TiO5 anatase.

B.1 TiO2 anatase not exposed to UV light prior to TPD

Fig. 3 (A, B and C) presents ethanol-TPD after three different expo-
sures on anatase TiO». The desorption profile is very similar in the three
cases. From 300 to ca. 550 K there is a broad week desorption of most
masses with water and ethanol having the largest contribution. The

main desorption of reaction products and unreacted ethanol is seen in
the 600 to 750 K region. In this temperature domain there are two
desorption channels separated by about 30 K. At low exposure (Fig. 3 A)
the high temperature channel at 655 K is the most pronounced. Reaction
products are ethylene (m/e 27), acetaldehyde (m/e 29), methane (m/e
16 and 15), in addition to CO, CO2 and H,. Fragmentation patterns
subtraction to differentiate between the reaction products is given in the
experimental section. Some qualitative differences can also be seen and
are used to further identify the reaction products. For example, m/e 44
has a contribution from acetaldehyde and CO». Acetaldehyde with a MW
44, but parent mass m/e 29 desorbs in two temperatures at 630 and 655
K with the first being more pronounced than the second while CO5
desorb as a wide peak covering both temperatures. Increasing exposure
results in increasing the signal of the first temperature when compared
to the second for all products (see Fig. 4 in the case of ethanol,
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Table 1
Peak areas of the main fragmentations desorbing during ethanol TPD on TiO, anatase at different exposures. a: ratio acetaldehyde (m/e 29) to ethylene (m/e 27).
10 pL 50 pL 100 pL
Mass spectrometer Peak area (arbit.  Relative yield to ratio®  Peak area (arbit. ~ Relative yield to ratio®  Peak area (arbit. ~ Relative yield to ratio®
fragment Units) ethanol Units) ethanol Units) ethanol
m/e 2 (Hy) 821078 0.82 491077 0.75 - -
m/e 31 (ethanol) 1.01077 1.00 6.51077 1.00 851077 1.00
m/e 27 7.01078 0.70 491077 0.75 7.41077 0.87
m/e 18 (water) 541078 0.54 281077 0.43 391077 0.46
m/e 29 191078 0.19 0.27 141077 0.22 0.28 211077 0.25 0.28
m/e 28 371078 0.37 251077 0.38 3.61077 0.42
m/e 44 241078 0.24 1.61077 0.25 231077 0.27
m/e 16 21108 0.21 11107 0.17 141077 0.16
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Fig. 5. As recorded products desorption during Ethanol-TPD over TiO, anatase
(50 mg) that was prior exposed to UV light in the presence of ethanol for 3 h
(A). Ethanol exposure prior to TPD is 50 pL which corresponds to ratio mole-
cules of ethanol to surface atoms (Ti + O) =~ 20. B. The first three columns
represent the fraction of ethylene over the reactant ethanol and the next three
columns are for the fraction of acetaldehyde to ethylene (the main reaction
products) during Ethanol TPD over TiO, anatase. Grey columns are for ethanol-
TPD on non-irradiated TiO, while red columns are for ethanol-TPD after TiO,
that was prior irradiated with UV in the presence of 50 pL of ethanol at the
given time. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

acetaldehyde, and ethylene). Both temperatures shift to lower values
with increasing exposure which is most plausibly attributed to lateral
repulsive interactions between adsorbed ethanol in its molecular and or
dissociated mode. The origin of the two desorption temperatures at
610-630 and 635-655 K is not known. However, the low temperature
desorption is associated with the dehydrogenation to acetaldehyde
while the second is associated with the dehydration to ethylene in

addition to total decomposition. The fact that both peaks shift by about
the same values with increasing exposure may indicate that they origi-
nate from two types of surface sites. The dominant surface orientation of
anatase is the (101) and other orientations may also be present such as
the (100) and (001). If for example the high temperature desorption is
due to oxygen defects one would have expected it to saturate and do not
shift. Therefore, such as pathway may be neglected. STM results of
TiO2(101) anatase show that oxygen defects are subsurface [9], which
would have less or no effect on the modes of adsorption of ethanol.
Computation studies of ethanol (as well as methanol) on anatase show
that both molecular and dissociative modes have very close adsorption
energies and this further complicates the assignment [9]. Further ana-
lyses are given below (section B.2) when we compare ethanol-TPD on
TiO4 that was prior exposed to UV light from which more insights may
be gained.

Table 1 shows the relative computed areas (with respect to ethanol)
for all peaks as desorbed during TPD. While some quantitative differ-
ences occur, it seems that changes in the coverage does not cause dra-
matic changes in reaction selectivity. For example, while the relative
yield of m/e 29 (acetaldehyde) and m/e 27 (ethylene) slightly increased
with exposure, their ratio was the same.

B.2 TPD of ethanol after exposing TiO, anatase to UV + ethanol to
stabilize conduction band electrons

Ethanol-TPD was then conducted over TiO; anatase that was exposed
to ethanol + UV for prolonged time (3 h and 10 h), the long periods were
preferred because of the weak UV flux of the lamp used (0.08 W/cm?) in
this part of the study. TPD of the prior three hours irradiated TiO2
anatase in the presence of ethanol (50 pL) is shown in Fig. 5 A (the one
after ten hours gave very similar results). All peaks observed on non-
irradiated TiO; are present too. However, two main differences can be
seen and most likely related to each other. Ethylene yield decreased
compared to acetaldehyde (Fig. 5 B) and a different shape for hydrogen
desorption occurred. Below, a plausible explanation is given.

Exposing a UV irradiated TiO3 to ethanol results in accumulation of
electrons in the conduction band, because ethanol traps holes decreasing
the e-h recombination rate.

TiOy +UV-=>e+h (€D)]

CH3CH,0H ) + h->CHyCHO +2 [H] + e )

(a): adsorbed

Actually, an ethanol molecule (or more accurately an ethoxide spe-
cies) injects one electron into the CB (to trap a hole) and a second
electron into the CB (current doubling effect) [48]. In the presence of a
noble metal the 2 [H] (which is in the form of a proton of a surface
hydroxyl, -OH) react with these two electrons to generate Hy. In the
absence of a metal, as in this case, Hs is not produced (or with neglible
amount when compared to that in the presence of a metal, 10-50 times
less) [49] and electrons are accumulated in the CB for a period of time;
see for example Fig. 3 in ref. 34. This makes TiO2 more metallic which in
turn decreases the dehydration to ethylene pathway. This is because
metals decompose or dehydrogenate primary alcohols and we are not
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Fig. 6. Selected products desorbing during ethanol-TPD over anatase TiOs. A, C, E in the absence of UV. B, D, F after UV excitation for 3 h. The high temperature
channel is attributed to products of total decomposition (oxidation) that is partly suppressed on the prior UV excited sample.

aware of dehydration reactions of primary alcohols on metals. More-
over, this will affect the decomposition pathway. In the absence of UV
light, the decomposition of ethanol gives the following products.

CH3CH,0H(,) + [0],, 6, »COs + Ha + CHy )

surface

On the surface of TiO, with excess electrons this pathway appears to
be partly suppressed increasing, thus, the yield of acetaldehyde.

CH3CH,0H(;)>CH3CHO g + Ho “4)

(g): gas

We do not know the population density of these excess electrons in
the conduction band prior to the reaction nor at the reaction tempera-
ture (600-650 K). These most likely change with treatments. Because
the activation energy for the disappearance of these polarons as
extracted from Fig. 2 is very small (40 meV in the absence of O3 or 55
meV in its presence) the fraction of these charges (Ti*h) at 650 K would
be still very high (ca. 0.8). Eq. 3 (pathway 1) occurs at ca. 650 K while
eq. 4 (pathway 2) is at about 610 K. This is better illustrated in Fig. 6 in
which acetaldehyde and ethylene (Fig. 6 A, B), Hy and acetaldehyde
(Fig. 6 C, D) and Hy and CO», (Fig. 6 E, F) desorptions are overlaid. To do

this, spectra are aligned to better highlight the difference. In all cases
studied, coverage effect or UV light effect, ethylene desorbs at a higher
temperature than acetaldehyde (in this work by about 20 K). This seems
to be a more general observation. Recent work of ethanol TPD on UO,
thin film also showed that ethylene desorbs about 20 K higher than
acetaldehyde [50]. The high temperature in which ethylene desorbs also
has contribution from CO3 and Hy desorption. Yet Hy desorption is
different on the post irradiated TiOs. In this case it tracked acetaldehyde
and not COy (Fig. 6). This might be linked to the presence of excess
electrons partly suppressing the oxidation pathway (eq. 3). It is impor-
tant to mention that while excess electrons might be the reasons, these
are not associated to surface oxygen defects, since UV excitation does
not create surface oxygen vacancies. The effect might be a screening of
the oxidation process due to change in metallicity of the surface and near
surface, favoring the channel for dehydrogenation (eq. 4).

4. Conclusions

UV Photo-irradiation of TiO5 anatase was studied by IR in order to
track the changes in conduction band electrons with temperature
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(300-623 K) and with gas phase Os. The rise in the IR base line upon UV
excitation (due to conduction band electrons originated from excited
large polarons) decreased with increasing temperature (attributed to an
accelerated e-h recombination rate) and in the presence of O, (attributed
to trapping of CB electrons). The associated activation energies of the
signal rise upon excitation were 40 and 55 meV in the absence and in the
presence of Oy. These CB electrons resulting from self-trapped large
polarons in TiO, anatase give it a metallic like property. To probe the
effect of these polarons on chemical reactions TPD of ethanol was
studied. Over the non-prior irradiated TiO, anatase, the main reaction
products, acetaldehyde and ethylene, desorbed at 630 and 650 K,
respectively, with ethylene (the dehydration product) being the domi-
nant one. Over TiO, that was prior UV-irradiated in the presence of
ethanol (to trap holes and increase the population of CB electrons) the
pathway to the dehydrogenation product acetaldehyde was more pro-
nounced and in addition the oxidation products were largely suppressed.
We attribute these changes to the increased metallicity of TiO, anatase
because of the increased population of CB electrons.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cplett.2025.141965.
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