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Defect Sites in H,-reduced-TiO, Convert Ethylene to High Density
PolyEthylene without Activator

Caterina Barzan, Elena Groppo,* Silvia Bordiga and Adriano Zecchina

Department of Chemistry, INSTM and NIS Centre, University of Torino, Via Quarello 15 A, Torino 10135, Italy

ABSTRACT: We show the unprecedented potential of commercially available TiO, materials reduced in H, (H,
reduced-TiO,) in the conversion of ethylene to high density polyethylene (HDPE) under mild conditions (room
temperature, low pressure, absence of any activator), with the consequent formation of HDPE/TiO, composites which
have been characterized by electron microscopy. Combination of UV-Vis and IR spectroscopies allows to demonstrate
that ethylene polymerization occurs on Ti*" defect sites, that behave as shallow-trap defects located in the band-gap
and, differently from the active sites in the widely used Ziegler-Natta catalysts, do not contain any alkyl (Ti-R) neither
hydride (Ti-H) ligands. These results might have interesting implications on the mechanism of ethylene polymerization
and open valuable perspectives for commercial TiO, materials as catalysts for polyethylene production under mild

conditions.
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Titanium dioxide (TiO,) is one of the most investigated material in the field of photocatalysis,’ photovoltaics?
(coupled with organic dies) and water splitting.® Defective TiO, is even more attractive compared to stoichiometric
TiO, because of its narrower band gap (less than 3 eV) which allows the absorption of visible light and a moderate
conductivity. Several approaches have been proposed in order to introduce defects into TiO,, with the aim of
engineering the band-gap and improving solar light harvesting. The most popular methods involve either the
introduction of dopants (metals, non-metals*” or self-dopant Ti** species®) or the generation of oxygen vacancies
through annealing (outgassing at high temperatures in UHV)?® or reduction in hydrogen atmosphere.*®*! Recently, black
TiO, nanoparticles with 1.0 eV band-gap were obtained through high pressure hydrogenation starting from crystalline
TiO,' and amorphous TiO,,' respectively. The authors ascribe the observed color, and therefore the narrowed band-
gap, to the synergistic presence of surface disorder and oxygen vacancies in bulk and surface positions. These black
TiO, nanoparticles are highly stable in air for over 10 months, due to the replenishment of oxygen in the surface
vacancies, leaving a unique crystallinity core/disordered shell morphology. Black TiO, shows enhanced photocatalytic
activity with respect to stoichiometric TiO,, e.g. in decomposition of methylene blue or for water splitting reaction upon
irradiation with UV-Vis light. TiO, presenting surface and subsurface oxygen vacancies play also an active role in
catalytic reactions involving the activation of water, alcohols, acetone and formaldehyde, without the need of light

irradiation.®*™®



In our prospect, the presence of Ti*" sites at the surface of reduced TiO, was attractive because of its similarity
with the reduced Ti sites active in olefin polymerization and oligomerization. As a matter of fact, reduced Ti sites in
interaction with an aluminum-alkyl activator are the active species in the well known TiCl,-based heterogeneous
Ziegler-Natta (ZN) catalysts,'**° which have a dominant share of polypropylene and polyethylene production. It is also
known that TiCl, (where Ti has a +2 oxidation state) polymerizes ethylene in absence of any activator.?’ Finally,
homogeneous aryloxy- and alkoxy-Ti?* organometallic complexes selectively oligomerize ethylene to mainly 1-butene
(Alphabutol process) and other light olefins.?** Inspired by these examples and on the basis of our experience in the

field of characterization of heterogeneous catalysts for ethylene polymerization,?

we explored the potential of
reduced TiO, materials in oligomerization/polymerization of ethylene. Herein, we report the first observation of the
occurrence of ethylene polymerization undermild conditions (room temperature, low pressure, absence of any co-
catalyst) at the surface of commercially available TiO, materials (Aldrich nanoanatase, nanorutile and Degussa P-25)
reduced in H, atmosphere. We demonstrate that a high density polyethylene (HDPE) is obtained, characterized by a
high degree of crystallinity.

Briefly, the activation procedure was as following: i) all TiO, samples were first degassed at 773 K in dynamic vacuum
for several hours, followed by a treatment in oxygen at the same temperature (1 hour) in order to remove organic
pollutants possibly present at the surface and to provide stoichiometric TiO, (hereafter, stoich-TiO,); ii) a reduction step
was carried out in hydrogen atmosphere (pressure of 200 mbar) at 773 K for 1 hour; iii) H, was pumped out at 773 K
and the samples were rapidly cooled down to room temperature (hereafter, red-TiO,). We would like to notice that the
reduction conditions employed herein are milder than those leading to black-TiO, reported in literature, which require
high H, pressure (more than 10 bars)." All the steps have been conducted in a quartz tube, in order to avoid possible
contamination, as recently shown in literature.®® All reduced samples show a blue color. At that point, ethylene was
admitted into the reaction cell at room temperature and low pressure (lower than 200 mbar). A gradual decrease of
ethylene equilibrium pressure was observed in all the cases, demonstrating that ethylene polymerization occurs.
Remarkably, the Kinetic behavior is reproducible upon new admission of ethylene for several times, testifying that the
catalyst does not deactivate in the adopted experimental conditions. Reaction constants in the range of 5.0-10 - 1.0-10°
s mol+io, ™ were obtained, corresponding to an activity of about 7 - 15 gee grioz - h™ at room temperature and low
pressure. It should be noticed that the activity values refer to grams of catalyst and not to the amount of active sites,
which are difficult to be estimated. The activity data evaluated from the kinetics of reaction were confirmed by analysis
of the weight increase of the sample.

The observation of the reactivity of H,-reduced TiO, materials towards ethylene under mild conditions prompted us
to carry out a spectroscopic investigation to get information on the catalytic active sites and on the properties of the
produced polymer. Hereafter, we will discuss in detail the results obtained on Degussa P-25 sample; similar results were
obtained on nanoanatase and nanorutile samples, as reported in the Supporting Information. Figure 1a and b shows the
DR UV-Vis-NIR (part a) and FT-IR (part b) spectra of stoichiometric P-25 (black curve, stoich-TiO,), reduced in H, at
773 K (dark grey curve, red-TiO,) and of H,-reduced P-25 after ethylene polymerization at room temperature (bold
light grey curve, red-TiO,+C,H,4). The spectra of stoichiometric P-25 (black curves) are basically flat over most of the
frequency region, except above 26000 cm™ (optical band-gap) and below 1000 cm™ (bulk vibrational modes). The weak
IR absorption bands observed around 3650 cm™ are assigned to v(O-H) of surface titanol species. The position and
intensity of these bands differ as a function of sample (nanoanatase, nanorutile or Degussa P-25) and activation
time.3* Since titanols are not directly involved in ethylene polymerization reaction, these bands are not commented in

details.



Upon H, reduction a broad and featureless absorption appears throughout the whole visible, NIR and MIR regions
(dark grey spectra in Figure 1a and b), with a consequent drastic decrease in transmittance. This phenomenon has been
widely studied® and is explained in terms of creation of shallow-trap defect sites (plausible Ti*n sites associated with
oxygen vacancies) located in the band-gap. Electrons are promoted from these defect sites to the conduction band upon
absorption of light. The closer is the defect to the valence band, the higher is the energy required to promote the electron
in the conduction band. On the contrary, radiation in the IR region induces small thermal excitations that promote
electrons from defect states which are close to the conduction band. A high density of states provides a continuum of
electronic excitations, resulting in a featureless absorption in the whole IR region over a wide energy range (known as
Drude absorption). Such a property of reduced TiO, was exploited to build up sensors for oxidizing/reducing agents:*°
as a matter of fact, an oxidizing/reducing asdorbate can remove/inject electrons into the surface defect states, inducing a
change of the absorption in IR range. The effect of H, reduction on the UV-Vis-NIR and IR spectra is similar for the
three TiO, materials investigated in this work (see Sl), although some differences merit a comment. In particular, the
broad Drude absorption is shifted at higher energy (i.e. wavenumber) values for nanorutile, suggesting that defect sites

are electronically more profound (i.e. less close to the conduction band).
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Figure 1. DR UV-Vis-NIR (part a) and FT-IR (part b) spectra of stoichiometric P-25 activated at 773 K in O, (bold black), reduced
in H, atmosphere at 773 K (bold dark grey), and of the last sample after 12 hours of exposure to ethylene (bold light grey). The series
of spectra in light grey colour are collected while ethylene polymerization occurs. Inset in part a) shows the IR spectrum (collected in
ATR mode) in the v(CH,) region of the PE obtained on Hy-reduced P-25 during the DR UV-Vis measurement.

It is important to observe that the appearance of a broad absorption throughout the Vis-NIR-MIR region is the only
spectroscopic phenomenon observed upon Ha-reduction of TiO, materials. No other absorption bands, which could
reveal the presence of H-containing surface specie (e.g. Ti-H), are observed. The case of nanorutile is helpful in this
context, since it is transparent in the 2500-1100 cm™ region, where titanium hydride species are expected to contribute.
Similarly, no additional absorption bands are observed in the IR spectrum of P25 only partially reduced in H, (i.e.
treated in H, at 500°C for short contact time).

When ethylene interacts with reduced P-25, the broad absorption in the NIR-IR region due to the delocalized
electrons slowly decreases in intensity, suggesting that a fraction of Ti*" sites are re-oxidized (light grey sequence of
spectra in Figure 1b). This can be explained in terms of oxidative addition of ethylene to Ti*" sites, with consequent

formation of Ti-R species (where R = alkyl chain), although a possible oxidant role of a few ppm of oxygen in the



ethylene feedstock cannot be ruled out. The phenomenon is much less evident in the UV-Vis region (Figure 1b),
providing an evidence that re-oxidation involves defect sites close to the conduction band, much more than those
electronically more profound. Simultaneously, IR absorption bands characteristic of polyethylene grow at 2923-2854
cm™ (asymmetric and symmetric v(CH,)) and at 1472-1459 cm™ (asymmetric and symmetric 8(CH,)), revealing that
H,-reduced P-25 catalyzes ethylene polymerization. Hence, the decrease of ethylene pressure observed as a function of
time, must be correlated with ethylene polymerization on the TiO, surface. Noticeably, no reaction takes place on
stoichiometric TiO, under the same reaction condition, which means that the defect sites responsible for the ethylene
polymerization are generated during the H,-reduction treatment. The whole set of data discussed above suggest that the
reaction likely occurs on defect sites electronically located in proximity of the conduction band, whereas those more
profound in the band-gap are not involved.

A close inspection to the IR spectra allows to get information on the obtained polymer. Indeed, the absence of
absorption bands due to CH; moieties (v(CHj) expected at 2965 and 2872 cm™ and 8(CHj) at 1379 cm™) is indicative of
the formation of HDPE, a linear polymer with a negligible amount of branches. A polyethylene having the same
vibrational spectrum is obtained during the DR UV-Vis experiment (as demonstrated by the IR spectrum collected in
ATR mode on the same powder at the end of the UV-Vis experiment, inset of Figure 1a). The full width at high
maximum and the intensity ratio between the absorption bands at 1472 and 1459 cm™ (due to 8(CH,)) demonstrate that
the obtained HDPE is highly crystalline, as confirmed by DSC data (see Figure S4).*

Finally, the morphology of the HDPE/TiO, composite material was investigated by HRTEM. A few representative
images are shown in Figure 2. It is worth noticing that detection of a polymer phase on top of the regular TiO, crystals
is not straightforward due to the poor contrast of the polymer with respect to TiO,. At the adopted resolution, the H,-
reduced TiO, particles show a morphology and size distribution typical of Degussa P-25: the particles are regular and
have polyhedral shapes, with flat terminations. Polyethylene is randomly distributed on top of the TiO, particles,
forming an ill-defined phase (indicated by arrows in Figure 2). A throughout investigation of many regions of the
sample revealed that polyethylene is present overall in the sample, most probably involving both anatase and rutile
particles. This observation well matches with the fact that also reduced nano-rutile and nano-anatase (characterized by
different type of defects: deeper in the band gap for nanorutile, closer to the conduction band for nanoanatase) showed
to be active in ethylene polymerization (see Sl). It is worth noticing that recent accurate HRTEM investigation have
demonstrated that hydrogenated black TiO, nanocrystals show a crystalline-disordered core—shell structure.****
However, the phenomenon observed herein contributes at a much larger dimensional scale: the “ill-defined phase”

constitutes islands as large as 50 nm, which are by far much larger than the average dimension of TiO, particles.

Figure 2. Representative HRTEM micrographs of H,-reduced P-25 after ethylene polymerization occurred. Parts a), b) and c) report
three different images representative of the whole sample; polyethylene phase is evidenced by white arrows.



In conclusion, the data shown herein demonstrate that commercially available TiO, samples can act as ethylene
polymerization catalysts under mild conditions when reduced in H, at 773 K. Although the productivity is still low in
comparison to the actually employed catalysts for ethylene polymerization, they have the advantage to be easy to be
handled, non-toxic and widely available. Higher activity values could be achieved by increasing the fraction of active
sites, for example with TiO, materials having a higher surface area, or by using other reducing methods; as well as by
working at higher pressure and temperature. Therefore, the optimization of both, catalyst properties and reaction
conditions offer promising perspectives in the field of polyethylene production. The exact nature and the amount of the
active sites are still under investigation, but it can be safely stated that they are reduced Ti*" species that behave as
shallow-trap defects located in the band-gap and are responsible of the appearance of a broad absorption in the whole
Vis-NIR and MIR region. Interestingly, the active Ti sites differ from the majority of TiCl,-based heterogeneous
catalysts for ethylene polymerization in two main aspects: i) they do not have chlorine ligands in their coordination
sphere, but only oxygen atoms; and ii) they polymerize ethylene without any activator. For this reason, H,-reduced TiO,
materials are comparable to the Cr/SiO, Phillips catalyst, where the active Cr-siloxy sites polymerize ethylene without
any activator, and for which the mechanism of initiation reaction is still object of debate.?®**“>“¢ |n the present case, the
observation that a fraction of the Ti sites are re-oxidized during ethylene polymerization reaction and the absence of any
evidence for Ti-H (or Ti-R) species, suggest that ethylene polymerization initiates through an oxidative addition. Future
investigations will be devoted to the understanding of the reaction mechanism, with implications potentially useful to

the whole community of researchers involved in olefin polymerization/oligomerization.

EXPERIMENTAL METHODS

The electronic and vibrational properties of stoichiometric TiO, (stoich-TiO,) and reduced TiO, (red-TiO,) samples
were investigated by Diffuse Reflectance (DR) UV-Vis-NIR (Varian, Cary 5000) and transmission FT-IR (Bruker,
Vertex 70) spectroscopy (Figure 1 and Figure S1). The same techniques were employed to monitor in situ the
occurrence of ethylene polymerization, as frequently reported for other polymerization catalysts. The morphology of the
TiO,/polyethylene composite materials was determined by TEM (JEOL 3010-UHR, FigureS2), whereas the properties
of the polymers were investigated by scanning electron microscopy (SEM, Zeiss evo50xvp, Figure S3) and differential
scanning calorimetry (DSC, TA instrument Q200, Figure S4) techniques.
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1. Reactivity of H,-reduced nanoanatase, nanorutile and P-25 towards ethylene: a comparison of

vibrational and electronic spectra

FT-IR and DR-UV-Vis spectroscopies were useful tools to monitor the H,-reduction (carried at 500 °C) of
stoichiometric TiO, samples and to follow in-situ ethylene polymerization occurring at the surface of H,-reduced
TiO,. Figure S1 shows DR-UV-Vis (parts a), ¢) and e)) and FT-IR (parts b), d) and f)) spectra, covering the whole
MIR-NIR-Vis-UV range, of Aldrich nanoanatase (parts a) and b)), Aldrich nanorutile (parts c) and d)) and Degussa
P-25 (parts €) and f)) samples.

All oxidized samples (black curves in Fig. S1) show a similar profile in the whole spectroscopic region. As far as
concerns the optical band gaps in the UV region, these are found to be approximatively at 26000 cm™ (3.3-3.2 eV)
for all TiO, samples. The NIR range is dominated by a monotonic absorption entirely due to the scattering of the IR
beam and dependent on the average particle size. The MIR range is dominated by an intense (out of scale)
absorption due to bulk vibrations, whose edge is located at higher frequency for nanorutile and nanoanatase (1150
cm™), with respect to P-25 (1000 cm™).

Upon H, reduction at 500 °C (light grey curves) all TiO, samples became bluish in color, as testified by the
appearance of intense bands in the visible-NIR region of the spectra (parts a), ¢) and €)) and lost most of the
transparency in the MIR region (parts b), d) and f)), providing an evidence that shallow-trap defects are formed.
However, the position of the absorption bands due to defects is different in the three cases. In particular, H,-
reduced nanoanatase (Fig. S1 part b)) shows a pronounced absorption at frequencies lower than 3500 cm™. On the
contrary, H,-reduced nanorutile loses transparency at wavenumbers higher than 3500 cm™ (Fig S1 part d)),
showing a maximum at 8000 cm™ in the NIR region. This significant shift in the absorption maxima suggests that
the majority of defect sites formed in nanorutile are hollow into the bulk of TiO,, forming electronic states closer to
the valence band. Finally, the spectrum of H,-reduced Degussa P-25 (Fig S1 part f)) is more similar to that of
nanoanatase; this observation should not surprise, since the rutile phase accounts for only the 15 % of the whole
sample.

The spectra of all H,-reduced samples show a slow decrease of Drude absorption in the MIR region upon contact
with ethylene (last spectra reported in dark grey in Fig. S1). The gain in transparency is accompanied by the growth
of polyethylene (as already discussed in the main text). These two simultaneous phenomena can be attributed to the
reoxidation of a fraction of Ti*" surface species. On the contrary, almost no changes are observed in the Vis-NIR
range of the spectra suggesting that the reoxidation involves only Ti*" defect sites close to the conduction band
(surface sites) and not those more profound. Indeed, all samples maintain the blue color typical of the reduced Ti

sites also after ethylene polymerization and turn to white only when are brought into contact with O,.
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Figure S1: DRUV-Vis (parts a), c) and e)) and FT-IR (parts b), d) and f)) spectra of nanoanatase (a and b), nanorutile (c and d)
and P-25 (e and f). Black curves show TiO, samples oxidized at 500 °C; the respective H, reduced samples are reported with
light grey curves; and spectra shown in dark grey reveal the same samples upon 12 hours of reaction with ethylene gas phase.

2. Characterization of TiO,/PE composites and of PE: a HR-TEM, SEM and DSC study

From the previous FT-IR studies it is possible to follow in-situ the polymerization of ethylene at the surface of
TiO,, but not to identify its morphology. HRTEM images (Fig. S2 and Fig. 2 in the main text) give important
information on this topic, revealing the presence of a polymer casually grown on the oxide particles. Indeed, all
oxide/polymer composites show the formation of lumps of polyethylene disposed randomly on the surface of TiO..
The absence of a layer of polymer covering each particle of the oxides and the presence of spot-like polymerization
cores suggest the formation of only a small fraction of peculiar surface Ti centers active in ethylene polymerization.
HRTEM images show a different amount of polymeric product, which is indicative of the ability to form Ti
reduced species active in ethylene polymerization on different phases. Among all TiO, samples, we have observed
a higher quantity of polymeric products for reduced nanoanatase/polyethylene composites (Fig. S2 parts a) and b));
whereas reduced nanorutile phase exhibits only traces of polymer, nearly visible in the micrographs (Fig. S2 parts
¢) and d)). These data show the higher tendency of anatase phase to form active Ti reduced centers for ethylene

polymerization.



Figure S2: HRTEM micrographs of polyethylene-nanoanatase (parts a) and b)) and -nanorutile (parts ¢) and d)) composites
revealing the presence of polyethylene (evidenced with white arrows) as random phase on the surface of the oxides.

In order to analyze the properties of the so obtained polyethylene the nanoanatase/PE composite was attacked by
concentrated HF. This procedure cannot be repeated on the other 2 composites, because unfortunately HF dissolves
only anatase phase and not rutile one. Figure S3 shows SEM images, in secondary and backscattered electrons, of
PE extracted from the H, reduced nanoanatase sample. SEM images show the formation of PE agglomerates of 10 -
100 pm size, characterized by small protrusions. Shape and size distribution of the polymer particles is
heterogeneous, as point out by higher enlargements (Fig S3 b) and ¢)). In many regions of the sample are also
present filaments of PE connecting different polymer particles, as shown in Fig S3 c. From the images obtained
with backscattered electrons (Fig S3 d)), it was possible to confirm the presence of the same composition phase
throughout the sample, confirming a correct extraction of the polymer from the inorganic oxide phase.



d)

Figure S3: SEM images of PE extracted from H, reduced nanoanatase sample. Three different enlargements are shown from the
lowest (part a)), until the highest (part c)). Part d) shows a backscattered electron image of the same region seen in part c).

The DSC curve of PE recovered after ethylene polymerization on H,-reduced nanoanatase sample is shown in
Figure S4 (samples of 7-12 mg were placed in closed aluminum pans and heated with a ramp of 2 °C/min in the
temperature range from 50 to 150 °C; in Figure S4 is shown the second heating ramp). The melting temperature,
higher than 130 °C, confirms the formation of High Density Polyethylene (HDPE) with a negligible level of
branching, in agreement with the absence of IR absorption bands characteristic of CH; groups in the corresponding

FT-IR spectrum, typically present when ramification occurs.
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Figure S4: DSC curve of PE produced with nanoanatase reduced in H, atmosphere.



