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In this work, the mechanism of Hy production from ethylene glycol as a model compound for photoreforming
over platinized TiO; is presented with particular focus on the effect of the TiO, polymorph. It was found that Pt/
anatase and Pt/anatase:rutile (P25) had similar Hy production activities and both catalysts followed an indirect
oxidation pathway where ethylene glycol was oxidised via hydroxyl radicals to glycolaldehyde. In contrast, Pt/
rutile primarily oxidised ethylene glycol directly into formaldehyde. The formaldehyde was unable to react
further, which significantly reduced the formation of hydrogen despite similar conversion of ethylene glycol

compared with the other supports used. We propose that these differences are due to different adsorption
behaviour and hole transfer mechanism on the different TiO5 crystalline phases. In particular, ethylene glycol
complexation on Tis, sites on the dominant (110) facet of rutile leads to a direct hole transfer and an oxidative
C-C cleavage mechanism prevailing.

1. Introduction

Photocatalytic reforming (photoreforming) involves the use of a
semiconductor photocatalyst for the simultaneous oxidation of organic
species and hydrogen evolution under anaerobic conditions. Various
organic substrates have been investigated as sacrificial agents including
alcohols, sugars, biomass, and plastics [1-5]. The organic substrate is
oxidised by photogenerated holes or hydroxyl radicals to CO via a series
of intermediates. Protons are released during each oxidation step and via
water oxidation which are then reduced at reduction sites by photo-
generated electrons to form Hy [6]. The general formula for photo-
reforming is shown below.

CxHyO, + (2x-z)H20 — (2x-z + y/2)Hy + xCO» (€D)

As a route to low energy cost and low or net-zero carbon hydrogen
production, photoreforming has attracted much attention in the last
decade. In particular, if biomass derivatives are used as the organic
substrate, then the technology may be considered carbon-neutral or
even carbon-negative if the CO2 produced is captured and/or further
converted to value added products [7]. Furthermore, photoreforming

* Corresponding authors.

may be considered a waste-to-energy technology if pollutants or waste
carbon-based materials are used [8]. In this work ethylene glycol has
been investigated as a substrate for photoreforming. Vicinal diol or
glycol groups are ubiquitous in bioderived compounds and, therefore,
the study of ethylene glycol also serves as a tool to gain mechanistic
understanding that may be applied to more complex biomass photo-
reforming substrates. Moreover, ethylene glycol may exist as a waste or
pollutant material. It is a high production volume chemical and may be
present as a waste product in industrial processes such as chemical
recycling of polyethylene terephthalate (PET) when its separation from
water is not economically viable [9,10]. As a pollutant, for example, it is
also present in run-off from airplane and runway de-icing processes.
Issues arise from ethylene glycol’s toxicity and potential environmental
damaging effects, therefore, when present in effluents it should be
eliminated [11,12].

TiOg has been the most widely employed photocatalyst in photo-
reforming due to its stability, earth abundance, cost and ease of syn-
thesis, and most importantly its suitable valence and conduction band
positions to facilitate H' reduction and oxidation of the organic sub-
strate [13]. Two main polymorphs of TiO, have found application in
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photocatalysis: anatase and rutile. Anatase is often considered to be the
most active phase;[14] however, the reasons for this are complex. For
example, it has been reported that the anatase surface has a greater
degree of hydroxylation leading to greater quantities of oxidising hy-
droxyl radicals [15]. Anatase is also proposed to have better transport of
photogenerated charge carriers to the catalyst surface [16]. Mixed phase
catalysts such as Evonik® P25 have become the benchmark in the field
[17] which is reportedly due to the enhanced separation of the photo-
generated charge carriers at the anatase:rutile phase heterojunction.
However, this explanation has been challenged in a number of studies
[17-19]. Charge carrier dynamics are not always the most important
factor in determining overall performance, particularly when more
complex substrates are employed. Various reports have in fact shown
rutile based catalysts to be more effective when particular substrates are
used indicating that the oxidation mechanisms are key to determining
overall activity [3,20].

Photo-oxidation of mono- and poly-ols over TiO, in anaerobic con-
ditions occurs either by direct hole transfer following chemisorption or
by reaction with photogenerated hydroxyl radicals. Using glycerol as a
probe molecule, Maurino et al. have investigated the effects of these two
mechanisms. It was shown that oxidation by the direct hole transfer
usually leads to cleavage of the C-C bond adjacent to the hydroxyl
group. In contrast, oxidation via hydroxyl radicals is responsible for
oxidation without cleavage to smaller chain species. Maslova et al. and
Chong et al. have recently demonstrated that rutile content in TiOs
increased the amount of shorter chain products [20,21]. This indicates
that complexation sites and, therefore, oxidation by direct hole-transfer
on rutile may be more prevalent than on anatase. This difference in
mechanism meant that the rutile catalysts produced Hy at greater rates
as the glycerol could be mineralised fully in fewer oxidation steps. This
has also been observed in glucose photoreforming where C-C cleavage
produces formic acid resulting in greater Hy evolution [3,22]. Herein,
we investigate the effect of the TiO; crystalline phase on the oxidation
mechanism using ethylene glycol as a probe molecule.

2. Experimental
2.1. Chemicals & materials

15 wt% Pt(NO3)4 precursor solution, hydrochloric acid (37 %), and
nitric acid (70 %), were obtained from Alfa Aesar/Thermo Fischer.
Anatase (99.7 %), rutile (99.5 %), ethylene glycol (99.8 %), glyco-
laldehyde, paraformaldehyde (95 %), acetic acid (99.5 %), platinum
standard solution (1000 mg/ml) were purchased from Sigma-Aldrich®.
All chemicals were used as received. Commercially available TiO5 sup-
port Aeroxide® P25 was obtained from Evonik. Paraformaldehyde was
used to prepare formaldehyde solutions by dissolution in deionised
water at 60 °C prior to photoreforming reactions. All other chemicals
were used as received with no further treatment. Deionised water (18.2
MQ) was used for all experiments which was obtained from the Direct-Q
3UV ultrapure water system (Millipore®).

2.2. Catalyst synthesis

Platinum catalysts on the TiOy supports were prepared by wet
impregnation. Typically, 2 g of catalyst was prepared by dispersing the
appropriate quantity of TiOy in 20 ml of deionised water and adding
dropwise the appropriate amount of Pt(NO3)4 solution in order to ach-
ieve a final platinum loading of 0.2 wt%. This loading has previously
shown to be optimal in Pt/TiO5 photocatalysts [23]. The solutions were
then evaporated to dryness over approximately 4 h under magnetic
stirring at 60 °C. The resultant catalysts were then dried in a convection
oven at 150 °C for 1 h before calcination in static air at 500 °C for 2 h.
Finally the catalysts were reduced in pure Hy (99.99 %, BOC) at 200 °C
for 1 h with a 5 °C/h heating rate in a tube furnace.
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2.3. Catalyst characterisation

The prepared Pt/TiO, catalysts were characterised by powder X-ray
Diffraction (XRD), low-temperature Ny adsorption and Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES). The XRD
patterns were collected using a Bruker D2 Phaser benchtop diffractom-
eter with a CuK, (A = 0.154 nm) radiation source. Measurements were
performed over a range of 26 from 10° to 90° with a step size of 0.02°. Ny
adsorption—desorption measurements were performed at 77 K using a
Micromeritics ASAP 2020 surface area analyser to determine the specific
surface area of the catalysts using the Brunauer-Emmett-Teller (BET)
model. ICP-OES analysis was performed in order to determine the Pt
loading. Therein, a 25 mg catalyst sample was dissolved in 12 ml aqua
regia (3:1 ratio of HCl and HNO3) by microwave digestion at 200 °C for
20 min using an ETHOS EASY system. The samples were then measured
by an Analytik Jena PlasmaQuant PQ 9000 Elite ICP-OES instrument at
three different emission lines corresponding to Pt at 270.2, 283.0 and
299.8 nm. The instrument was calibrated using five Pt standard solu-
tions covering the expected loading range. The dispersion of Pt nano-
particles over the TiO, surface of the prepared catalysts was obtained
using Scanning Transmission Electron Microscopy (STEM) using a
probe-corrected FEI Titan G2 microscope. The microscope was used
with a High-Angle Annular Dark Field (HAADF) detector geometry to
give Z-contrast. Crystalline phases for the Pt/P25 catalyst were identi-
fied by lattice spacing measurements from the acquired TEM images.

2.4. Photoreforming of ethylene glycol using Pt/TiOz catalysts.

In a typical photoreforming experiment 40 mg of catalyst was sus-
pended in 40 ml of ethylene glycol/water mixture in a sealed flat-
bottomed borosilicate glass reactor (Fig. S1). The reactor was magneti-
cally stirred inside a sealed box to prevent reaction from ambient light
and to protect the user from UV exposure. An Ar gas line was positioned
in the liquid of the reactor through a septum through the lid of the
reactor. Similarly, a gas line out of the headspace of the reactor was
fitted to allow for venting of the gas during purging and to allow
continuous on-line gaseous sampling at regular time intervals. Prior to
each experiment, the reactor was purged with argon for 30 min to
remove any dissolved oxygen. The purging was performed under dark
conditions in order to check that no thermal reactions had taken place.
The reactor was then irradiated using an UV LED array (12 V, SMD3528,
A = 365——375 nm) resulting in an irradiance of 0.028 W/cm? on the
reactor for 4 h at ambient temperature. The temperature of the reaction
was monitored by an internal thermocouple and factored into subse-
quent gas evolution calculations. Gaseous samples were measured using
an Agilent 8860 online gas chromatograph (GC) system equipped with
thermal conductivity detector (TCD) and flame ionisation detector (FID)
using Porapak Q and HayeSep D columns in series with an Ar carrier gas.
Liquid samples were analysed using an Agilent 1220 Infinity II HPLC
system with refractive index (RI) and UV-diode array detection (DAD)
(A = 210 nm) using an Aminex HPX-87H column with a 5 mM H3SO4
mobile phase.

3. Results & discussion
3.1. Catalyst characterisation

The X-Ray diffraction patterns of each catalyst are shown in Fig. S2.
No diffraction peaks associated with Pt° or PtO, were observed indi-
cating that the platinum is well dispersed and/or is below the detection
limits of the technique. Pt/anatase and Pt/rutile show the typical
diffraction patterns of pure TiO; anatase and rutile respectively whereas
Pt/P25 catalyst shows diffraction peaks from both phases. The fraction
of rutile phase in the catalysts was calculated from the intensities of the
anatase (101) and rutile (110) reflections (labelled in Fig. S2) according
to previously described methods [24]. It was determined that Pt/P25
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contained 19.6 wt% rutile whereas Pt/anatase and Pt/rutile were
essentially phase pure. HAADF-STEM images and Pt particle size dis-
tributions for are shown in Figs. S3 and S4. All catalysts showed Pt
particles with a mean diameter < 1 nm with no particles found to have
diameters greater than 5 nm. Slightly larger particles were found on
rutile vs anatase which was also found to be true on the mixed phase P25
support. Additionally, some evidence for single atom Pt was observed in
each catalyst. Quantitative ICP-OES analysis showed that all catalysts
were close to the target platinum loading of 0.2 wt%. BET surface area
measurements were determined using low temperature (77 K) Ny
adsorption. The highest surface area was measured for the anatase
catalyst at 60.3 m?/g followed by P25 at 40.4 m?/g and the lowest for
the rutile catalyst at 21.2 m?/g. The results of the catalyst characteri-
sation are summarised in Table 1 below.

3.2. Photoreforming reactions

3.2.1. Photoreforming of ethylene glycol

During the photoreforming of ethylene glycol (0.3 M), only small
quantities of Hy and CO5 were produced when no Pt was loaded onto the
TiO supports with anatase > P25 > rutile due to poor charge separation
of photogenerated charge carriers (Fig. S5). In addition, using the sup-
ported Pt catalysts in the absence of a sacrificial agent, i.e. pure water
splitting, Pt/P25 and Pt/anatase produced 8 and 4.5 pmol Hy, respec-
tively, after 120 min with Pt/rutile resulting in no Hy formation
(Fig. S5). The Hy production decreases over time in all cases which has
previously been attributed to the build-up of peroxide on the catalyst
surface [25]. The low H; evolution in these control reactions highlight
the importance of both the noble metal and the sacrificial agent acting as
electron sinks and hole scavengers, respectively. This is facilitated by
presence of the sacrificial agents and the loading of TiO, with Pt. The
evolution of gaseous phase products formed from the photoreforming of
ethylene glycol with Pt/anatase, Pt/rutile, and Pt/P25 catalysts are
shown in Fig. 1. The main gaseous products formed as expected are Hy
and CO;. No CO, CH4 or higher hydrocarbons were observed, in contrast
to previous reports [26]. During these photoreforming experiments Pt/
anatase was found to be the most active photocatalyst in terms of Hy
evolution with 1543 pmol Hy produced after 4 h of irradiation with a
quantum efficiency (QE) of 15.9 % followed by Pt/P25 (1142 pmol, QE
=11.7 %) and then Pt/rutile (423 pmol, QE = 4.3 %). However, Pt/P25
had a slightly higher CO; evolution than Pt/anatase, with 443 pmol vs
413 pmol produced. Pt/rutile had the lowest CO; evolution at 134 pmol.
It must be noted that gas evolution rate is dependent on the amount of
catalyst in a non-linear fashion. Two competing factors influence this
relationship, firstly the amount of active surface area of course increases
with catalyst amount. However at higher catalyst loadings attenuation
of light by the suspended photocatalyst becomes significant. Various
other factors also contribute such as metal loading, stirring rate, and
light intensity [27]. It has been shown elsewhere that a loading of
around 1 mg/ml of catalyst is optimal [28] and therefore in this work
this catalyst loading, the level of light excitation, and stirring rate were
kept constant. The evolution of gas phase products over time are shown
in Fig. S6. The Hy evolution rate for each catalyst decreased slightly over
the course of the reaction while the CO, evolution rate increased over
the course of the reaction. The pH of reaction should also be considered
as this will affect the partition of CO, between the liquid and gas phase.

Table 1
Summary of characterisation results of synthesised Pt/TiO, catalysts.
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The change in pH over time during the course of reaction is shown in
Fig. S6. It can be seen that in all cases the pH decreases as the reaction
proceeds primarily due to the formation of formic acid as a reaction
intermediate. This decrease in pH over time results in an increase in CO5
evolution and hence why the Hy/CO, ratio decreases over the course of
the reaction for Pt/anatase and Pt/P25. The change in this ratio over
time is shown in Fig. 2. In contrast, the CO; evolution slowed as the
reaction progressed on Pt/rutile. Interestingly, the molar ratio of Hj to
CO4, for Pt/P25 was almost exactly in the ratio of 2.5 after 4 h which
would be expected from the stoichiometry of ethylene glycol photo-
reforming as shown in equation (2). However, Pt/anatase and Pt/rutile
had molar ratios (Hz/CO3) of 3.7 and 3.1, respectively after 4 h.

C2HgO2 + 2H20 — 5Hy + 2CO» (2)

This would indicate that over Pt/anatase a significant portion of the
Hs produced is derived from H0 beyond the 2 mol that are expected per
mole of ethylene glycol from the stoichiometry of (2) above. The “extra”
protons required are likely to be derived from partial water oxidation in
the proton coupled electron transfer reaction (3). The increased pro-
duction of OH radicals then promotes the oxidation of ethylene glycol to
glycolaldehyde resulting in even higher amount of protons available for
reduction to Hy. Similar effects have been shown elsewhere by infrared
spectroscopy where anatase was shown to be significantly more hy-
drophilic compared to P25 which affected the relative adsorption of
alcohol and water [29].

Hy0 +h' > ¢OH + H' 3)

In order to investigate the origin of the enhanced hydrogen pro-
duction for the Pt/anatase catalyst the liquid phase products were
analysed during the course of the reaction. As with the evolution of
gaseous products, the conversion of ethylene glycol decreases with rutile
content in the catalyst but this is a weak effect with conversions of 16.9
% for Pt/anatase, 16.7 % for Pt/P25, and 15.6 % for Pt/rutile after 4 h
irradiation (Fig. 1). Interestingly when normalised to specific surface
area of the support, the conversion over Pt/rutile is more efficient with
2821 pmol.m 2 of ethylene glycol converted after 4 h compared to 1581
pmol.m 2 and 1298 pmol.m 2 for Pt/P25 and Pt/anatase, respectively.
The disparity in Hy evolution rates and conversion may point towards
differences in oxidation pathways taken by each catalyst. The concen-
trations of the carbon-containing intermediates and their selectivities
over the course of the reaction are shown in Fig. 3. The selectivity to-
wards glycolaldehyde during the course of the reaction follows the same
trend as the Hy production with Pt/anatase > Pt/P25 > Pt/rutile.
Interestingly despite having the lowest conversion, Pt/rutile had the
highest total amount of formaldehyde accumulated and consequently
has the highest selectivity towards it. It should be noted that, as these are
intermediate species in the oxidation of ethylene glycol, the amount of
glycolaldehyde, formic acid, and formaldehyde present cannot be sim-
ply attributed to its rate of formation but is also determined by their
rates of decomposition. Furthermore, in the case of formic acid, the
presence of formates on the catalyst surface is likely to be significant,
and therefore, its quantity in the liquid phase is not a complete picture.

3.2.2. Photoreforming of glycolaldehyde
As the first intermediate, the oxidation of glycolaldehyde is critical in
determining the outcome of the overall reaction in ethylene glycol

Rutile Phase (wt%)

BET Surface Area (m?/g)

Catalyst Pt Loading (wt%)  Mean Pt Particle Diameter (nm)
Pt/anatase  0.22 0.43 +0.30 <1%
Pt/P25 0.23 0.59 + 0.54* 19.6 %
Pt/rutile 0.19 0.65 + 0.31 >99 %

60.3
40.4
21.2

Pt loading and particle diameter measured by ICP-OES and HAADF-STEM respectively. Rutile phase% calculated through relative XRD peak intensities. Surface area measured by N, Adsorption.

*Particle size on anatase and rutile phases of P25 shown in Fig. 54.
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Fig. 1. Total evolution of gas phase products and fractional conversion vs reaction time during the ethylene glycol photoreforming comparing Pt supported on
anatase, rutile and TiO, P25. Reaction conditions: 40 mg catalyst, 40 ml of 0.3 M ethylene glycol aqueous solution, under UV irradiation for 4 h at ambient
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Fig. 2. Molar ratio of H, to CO, during the photoreforming of ethylene glycol
for different Pt/TiO, catalysts and theoretical ratio i.e. 5Hy + 2CO, (dotted
line). Reaction conditions: 40 mg catalyst, 40 ml of 0.3 M ethylene glycol
aqueous solution, under UV irradiation for 4 h at ambient temperature.

photoreforming. Therefore, photoreforming reactions were performed
on glycolaldehyde as the starting material/sacrificial agent. In terms of
gaseous phase products, the concentrations (Fig. S7) decreased in
comparison to those during ethylene glycol photoreforming which is
correlated with the lower conversion (Fig. 4). The Hy evolution had
decreased by 39.8 % (929 pmol. QE = 9.5 %), 27.4 % (892 pmol, QE =
8.5 %), and 26.6 % (312 pmol, QE = 3.2 %) for Pt/anatase, Pt/P25 and
Pt/rutile respectively (Fig. 4). The evolution of Hy followed the same
trend as in ethylene glycol photoreforming, decreasing with the
increasing rutile content of the catalyst. Similarly, the COy evolution
was slightly higher for Pt/P25 (281 pmol) in comparison to Pt/anatase
(248 pmol) and both were higher than Pt/rutile (48 pmol). Small
amounts of CO were observed on Pt/anatase which are likely to have
been formed through the decarbonlyation of the intermediate aldehydes
or dehydration of formic acid [26,30,31]. The H,:CO4 ratio is shown in
Fig. S7. Compared to ethylene glycol photoreforming, the Pt/anatase
has a significantly lower ratio Hy:CO, during the glycolaldehyde pho-
toreforming reaction. This highlights that the reason for the high initial
activity for anatase towards ethylene glycol was due to its ability to
produce high quantities of hydroxyl radicals. The oxidation of

glycolaldehyde is known to proceed via a direct hole transfer mechanism
[32] and, therefore, this property of anatase is no longer as important.
Pt/rutile has the highest Hy:CO» ratio due its poor reactivity towards
glycolaldehyde and, therefore, poor conversion to CO,.

The concentrations of the carbon-containing products and their se-
lectivities for each catalyst over the course of the reaction are shown in
Fig. 5. The Pt/rutile catalyst resulted in the lowest conversion (14.0 %)
but in contrast to the ethylene glycol photoreforming now gave the
lowest concentrations of formaldehyde and formic acid. The formalde-
hyde selectivity having decreased significantly from 66.7 % to 36.2 %
after 4 h of irradiation (Fig. 5(e)). When the anatase and P25 based
catalysts are compared both exhibit comparable conversion of glyco-
laldehyde at 17.2 % and 18.7 %, respectively, after 4 h of irradiation. In
terms of selectivity towards the intermediates and CO2 they both have
similar profiles (Fig. 5(c)(d)). However in absolute concentrations the
Pt/P25 had lower quantities of formic acid and formaldehyde formed
(Fig. 5(a)(b)). This finding coupled with the higher CO5 evolution
clearly indicates that Pt/P25 is more active towards the conversion of
the C1 species than Pt/anatase.

3.2.3. Photoreforming of formaldehyde

The formation of formaldehyde as a reaction intermediate in the
photoreforming of ethylene glycol on Pt/TiO, appears to be crucial in
determining the mineralisation rate and hence Hy evolution. In partic-
ular there appears to be a strong dependence on the TiOy polymorph
(Figs. 1 and 2). Therefore, photoreforming experiments were performed
on formaldehyde using rutile, anatase and P25 TiO; based catalysts.

The Pt/P25 catalyst had the highest amount of Hy and CO5 evolved
after 2 h with 173 pmol and 132 pmol, respectively. Pt/anatase had
lower amounts of gas phase products with 74 ymol and 56 umol Hy and
COy produced. However, Pt/rutile produced almost zero gas phase
products with < 5 pmol of each evolved after 2 h of photoreforming
(Fig. S8). This is further highlighted by the conversion of formaldehyde
as shown in Fig. 6. Pt/P25 had converted the most formaldehyde (88 %),
followed by Pt/anatase (53 %), and the lowest conversion was found
with Pt/rutile (15 %). Despite having converted some formaldehyde, Pt/
rutile produced almost no CO; (Fig. S8). These results suggest that the
reason for the lower Hy evolution for Pt/rutile during ethylene glycol
photoreforming may be due to its inability to oxidise the formaldehyde
intermediate. This poor activity towards carbonyl groups over rutile
based catalysts has been explored elsewhere for the selective production
of aldehydes or ketones from alcohols where oxidation does not proceed
past the desired carbonyl product [33-35]. This also explains the in-
crease in Hy:CO» ratio over Pt/rutile as Hy can be continually produced
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as ethylene glycol is oxidised to formaldehyde but then CO5 production
is limited.

3.2.4. Oxidation pathway in ethylene glycol photoreforming over Pt/TiO2

Oxidation pathways for each catalyst in the photoreforming of
ethylene glycol can been proposed based on the presented quantitative
analysis of gas and liquid phase products. Over Pt/rutile, the reaction is
thought to primarily occur via the oxidation pathway (1) (Scheme 1)
where ethylene glycol is split directly into two equivalents of formal-
dehyde, which then do not react further to produce formic acid. As can
be seen from (1) only two H' per ethylene glycol molecule are released
which explains the low Hjy evolution on Pt/rutile. However, a small
proportion of the ethylene glycol is converted via glycolaldehyde as
shown in (2). In contrast, Pt/anatase and Pt/P25 both primarily oxidise

glycolaldehyde via pathway (2) which results in full mineralisation. In
this pathway ten H' are released per molecule of ethylene glycol
resulting in a high Hy evolution for Pt/anatase and Pt/P25.

In this work we have worked at a relatively high concentration of the
initial substrate (0.3 M ethylene glycol), which may affect the selectivity
towards different products. For example intermediates that have a much
lower adsorption constant than ethylene glycol may not be oxidised as
efficiently. It has been suggested that this is the case with formaldehyde
[26]. We demonstrate this in Fig. 7 over Pt/P25. When a low concen-
tration of ethylene glycol (2 mM) was used and when its conversion
reaches around 30 % the formaldehyde concentration begins to
decrease. At this point the surface coverage of ethylene glycol becomes
low enough to enable the formaldehyde to adsorb. Acetic acid was also
observed in this reaction which was not observed in the reactions at high
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action comparing Pt supported on anatase, rutile and TiO, P25. Reaction con-
ditions: 40 mg catalyst, 40 ml of 2 mM formaldehyde aqueous solution, under
UV irradiation for 2 h at ambient temperature.

concentrations. This shows that dehydration pathways that have been
reported elsewhere may only occur with low ethylene glycol surface
coverages [26].

3.3. Oxidation mechanisms in ethylene glycol photoreforming

The variation in liquid phase intermediates between each catalyst
shows that the Hy evolution is not simply attributed to the activity of
catalysts towards ethylene glycol but due to different oxidation path-
ways being favoured. The formation of formaldehyde appears to be
related to the lower Hy evolution particularly with Pt/rutile. The slow
reactivity of formaldehyde limits the complete oxidation and therefore

limits the Hy and CO5 evolution. The oxidation reactions in the photo-
reforming of polyols have previously been shown to occur via two main
mechanisms [26,32,36]. Briefly the two mechanisms can be described as
follows:

Indirect (via Hydroxyl Radical) Pathway: oxidation is initiated by the
abstraction of a hydrogen in the a-position to the oxygen moiety from
molecules in close proximity to the catalyst surface by hydroxyl radicals.
A water molecule is formed and the resulting carbon-centred radical
combines with another hydroxyl radical or the radical electron is
injected into the conduction band of the photocatalyst in a process
known as current doubling. This leads to the sacrificial agent being
converted to a more oxidised species of the same chain length analogous
to Fenton’s reagent chemistry [37], e.g. the conversion of ethylene
glycol to glycolaldehyde.

Direct Hole Transfer Pathway: following dissociative chemisorption of
the sacrificial agent on the catalyst surface, a hole is transferred directly
leading to the formation of an alkoxy radical and subsequent cleavage of
the adjacent C-C bond and the release of C1 species. As a general rule,
hydroxyl groups release formaldehyde, aldehyde groups release formic
acid, and acid groups release COx.

In-situ spectroscopic studies on ethylene glycol and glycerol have
revealed some insight into the factors that influence the relative
importance of each oxidation mechanism. Li et al. first showed that
oxidative C-C cleavage occurs over P25 based catalysts, however, this
was under aerobic conditions and therefore the role of superoxide rad-
icals is likely to be significant [38]. Lv et al investigated the C-C
cleavage of glycerol under anaerobic conditions using P25 based cata-
lysts [39]. It was found that dissociation of the reactants was key in
determining the degree of C-C cleavage although from this study it is
still unclear how this depends on crystalline phase or at which stage of
the reaction that this occurred i.e. glycerol or subsequent intermediates.
Jin et al. found that oxidative C-C cleavage of ethylene glycol was the
only pathway that occurred over rutile (110) surfaces in anaerobic
conditions [40]. This finding is consistent with our results showing high
selectivity towards formaldehyde over Pt/rutile. It also shows that some
feature of the dominant rutile (110) facet is key in promoting oxidative
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C-C cleavage whereas other exposed facets may result in the hydroxyl
radical mediated route to glycolaldehyde. Previous reports have shown
alcohols to only dissociatively adsorb on rutile whereas a mix of chemi-
and physisorbed alcohol was found to occur on anatase [41]. Combined
with the two possible oxidation mechanisms, this serves as an expla-
nation why different oxidation pathways are observed on TiOy with
different phase compositions. Therefore, it is proposed that the indirect
hydroxyl radical driven mechanism is dominant on anatase containing
catalysts (Pt/anatase and Pt/P25) whereas the direct hole transfer
mechanism is dominant on rutile. As shown in Scheme 2 below, the
conversion of ethylene glycol to glycolaldehyde can be easily described
by the indirect mechanism (1). This is clearly seen as Pt/anatase had the
greatest selectivity towards glycolaldehyde in the photoreforming re-
actions. Furthermore, it has been shown previously that anatase

produces much greater quantities of hydroxyl radicals than rutile [15]
which supports this hypothesis. In contrast, the high selectivity towards
formaldehyde during ethylene glycol photoreforming indicates that the
rutile-based catalyst is active towards the direct C-C bond cleavage of
ethylene glycol as shown in Scheme 2 (2) with only a small amount
being oxidised via glycolaldehyde. The decreased selectivity towards
formaldehyde during glycolaldehyde photoreforming further supports
the proposal that ethylene glycol is mainly directly split into two
equivalents of formaldehyde on the rutile catalyst. It has been suggested
previously that peroxo- Ti-O-O-Ti species formed on rutile surfaces are
responsible for C-C cleavage in glycerol and glucose photoreforming
[3,21]. The more mildly oxidising peroxo- species is formed through the
coupling of adjacent surface hydroxyl radicals exclusively on the rutile
surface [42]. However, we believe that the oxidation behaviour on rutile
is more simply explained by ethylene glycol preferring to dissociatively
adsorb on rutile leading to the direct hole transfer mechanism shown in
(2) below. Vicinal diols have been computed to bridge coordinatively
unsaturated Tisc sites which are prevalent on the dominant (110) facet
of rutile [43] in a bidentate fashion [44,45]. In fact, this adsorption
behaviour of ethylene glycol has been employed to cap the (110) facet
by complexation to Ti in the synthesis of rutile nanorods [46]. This is in
contrast to the behaviour of mono-alcohols on rutile where chemisorp-
tion leads abstraction of an a-hydrogen and oxidation to the corre-
sponding carbonyl compound without C-C cleavage [47,48]. Peroxo-
species may play a role in these cases, yet on the basis of this work it
appears that on poly-alcohols direct hole-transfer mechanisms prevail.
The formation of peroxo- species, however, may in part explain the lack
of mobile hydroxyl radicals on rutile. This may be why our results show
only a little ethylene glycol is converted to glycolaldehyde on Pt/rutile
which is a hydroxyl radical driven process. This may also explain why
Pt/rutile is unable to covert formaldehyde as oxidation to formic acid
also requires hydroxyl radicals [49].

For P25 it has been widely reported that synergistic effects of the two
phases result in a higher reaction rate compared to pure phases due to
enhanced charge separation, however this has been disputed. Wahab
et al. have suggested that the enhancement results from a lattice
expansion in the anatase crystallite which increases its photocatalytic
performance [28]. Our results suggest that, in-part, the advantage of
having a mixture of anatase and rutile phases is an additive one in terms
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which is subsequently unable to undergo further oxidation over Pt/rutile.

of oxidation mechanisms. It is able to convert ethylene glycol to glyco-
laldehyde and formaldehyde to formic acid via the hydroxyl driven
mechanism efficiently. However, it is also efficient at the C-C cleavage
type mechanisms such as the conversion of glycolaldehyde. This does
mean also that a proportion of ethylene glycol may be split directly into
formaldehyde on Pt/P25 as it is on Pt/rutile. Importantly, this does not
hinder the gas evolution, as is the case with pure rutile, as it is also able
to convert formaldehyde efficiently. This ability of mixed phase TiO5 to
efficiently perform both oxidation mechanisms may serve as one
explanation for it’s often reported high activity. As different in-
termediates are oxidised via the different mechanisms, a mixed phase
catalyst prevents a buildup of certain compounds in the liquid phase
leading to more effective mineralization to CO,.

4. Conclusions

The photoreforming of ethylene glycol over 0.2 wt% Pt/TiO3 pho-
tocatalysts was found to have significant dependence on the specific
titania polymorph used. Pt/anatase was the most active catalyst with an
Hj evolution of 1543 pmol vs Pt/P25 and Pt/rutile with 1142 and 423
pmol respectively. However when surface area was considered Pt/P25
had higher specific H, evolution than Pt/anatase. The differences in Hy
evolution were found to be a result of difference in oxidation pathway
taken by each catalyst. Pt/rutile with the lowest H; evolution was found
to preferentially convert ethylene glycol directly into two equivalents of
formaldehyde. Pt/rutile was then unable to covert the formaldehyde
produced effectively and it largely accumulates in the liquid phase
limiting the amount of Hy produced. Pt/anatase and Pt/P25 both oxi-
dised ethylene glycol via glycolaldehyde prior to C-C cleavage and
subsequent full oxidation to COy and, therefore, produce higher quan-
tities of Hy. The differences in oxidation pathway can be explained in
terms of adsorption and hole transfer mechanism. Over Pt/anatase and
Pt/P25 the dominant mechanism for ethylene glycol oxidation is an
indirect hole transfer and hydrogen abstraction yielding glycolaldehyde.
However, over Pt/rutile direct hole transfer to surface complexed
ethylene glycol results in oxidative C-C cleavage to formaldehyde. Pt/
P25 was found to be more effective towards the degradation of form-
aldehyde and formic acid. Overall, Pt/anatase and Pt/P25 oxidised
ethylene glycol to CO5 at similar rates despite difference in the rates
towards the intermediate species. It has been shown before that the TiOy
polymorph affects the H; evolution rate in ethylene glycol

photoreforming [50]. However, herein, we have shown the reasons for
this are far more complex than being simply due to the different charge
carrier dynamics of the respective polymorphs. While being unfav-
ourable in terms of Hy production in this work, rutile based catalysts
may perform better when more complex substrates are used due to its
ability to cleave C-C bonds of glycol groups efficiently. These results
may also be of benefit to the research area of partial photo-oxidation to
value added products where selectivity over oxidation products is
essential.
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