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Abstract

There is growing interest in the reforming of methanol and other bio-oxygenates as high-
density, CO,-neutral, renewable sources of H,. Photocatalysis is worthy of investigation as a
potentially economic means to drive such endothermic processes. In this study, in-situ
DRIFTS, adapted for optical pumping and coupled to on-line MS, was used to observe the
surface of TiO, (Degussa P25) during photo-metallization from pre-sorbed
hexachloroplatinate, at a nominal Pt loading of 1 wt%, and to evaluate photo-reforming of
methanol over the resulting Pt/TiO, composite. The irreversible growth of a quasi-continuum
absorption, characteristic of the surface plasmon resonance of zerovalent Pt nanoparticles,
along with bands at 2050 and 1830 cm™ typical of metal-adsorbed CO, indicated that photo-
metallization was complete typically within 2 hours. Methanol reforming was photocatalyzed
at room temperature but in low quantum efficiency, o =~ 0.01. However, this was raised
substantially, to @ = 0.07, simply by the application of mild heating (T < 70 °C). Photo-
reforming proceeded at a fixed rate but the H,/CO; ratio generally exceeded that of the
reforming stoichiometry, suggesting some retention of CO,. The photo-thermal synergy was
rationalized by model DRIFTS studies, starting from formalin (hydrated formaldehyde),
which revealed key features of the mechanism. TiO, promoted the Cannizzaro
disproportionation in the dark, yielding formate and methoxy species already at 40 °C. While
methoxy was effectively cycled back to the initial photo-dehydrogenation stage, the slow step
was identified as formate decomposition to H, and CO,. The low value measured for the
apparent activation energy (~40 kJ mol™) was taken as supporting evidence for ‘water-
assisted destabilization’ of formate, as originally reported by Shido and Iwasawa. NoO
evidence was found for an alternative thermal or photo- reforming mechanism involving the
Pt-CO,q Species.
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Broader context

Bio-alcohols will be important fuels in bio-refineries. As energy-dense liquids, they offer the
handling advantages of gasoline while also being renewable and CO,-neutral. Furthermore,
they are amenable to “fuel processing” by steam reforming, which yields two extra benefits.
The Hy-rich gas product is renowned for its clean combustion properties and/or for efficient
electricity generation in fuel cells (FC). The reforming process itself results in a substantial
increase in exergy, which is being exploited as “chemical recuperation” in advanced turbine
technology. This work shows that methanol can be photo-reformed under mild conditions,
rendering it more compatible with low temperature FCs. A simple field test might use a
cheap, low-power solar concentrator to provide both the photon flux and the modest heating
required to create a H, buffer, in a suitably-adapted stationary unit, for start-up purposes. The
photo/thermal synergy should impact on various photocatalytic processes that are currently
too slow for technical application based solely on UV light activation. Any benefits accruing
in the more complex and energy-demanding process of ethanol reforming are under study.
Ultimately, the key breakthrough needed in photocatalysis is sensitization of stable, wide-
band-gap, oxide semiconductors like TiO; to visible light without compromising their redox
properties

INTRODUCTION

Polymer electrolyte membrane fuel cells (PEMFCs) run on hydrogen at 60-80 °C,
generate electricity efficiently, virtually free of emissions, and offer high power densities for
a wide range of applications.® Unfortunately, the economic storage of pure hydrogen at high
volumetric (or weight) energy density remains an elusive goal, and is a serious impediment in
the transition to a future H, economy. Storage densities in conventional alloys and inorganic
hydrides have improved but do not yet approach the DOE target of 6.5 wt% H, a level
considered realistic for commercial development.” In contrast, a liquid oxygenate like
methanol contains incipient hydrogen at ~12.5 wt% and is generating serious interest per se
as the next chemical vector after petroleum.> One reason is that methanol is compatible with
the existing (oil-based) distribution infrastructure. However, until advances in the direct
methanol fuel cell (DMFC) raise its efficiency towards that of the hydrogen fuel cell (HFC),"
%57 the alcohol must be reformed to H, and CO, in an endothermic reaction with steam:

1. CHiOH + H,0 < CO, + 3H, [AH®=+131kJmolY]

Oxygenates are ideal hydrogen carriers in the sense that, in thermodynamic terms, they can
be reformed under much less severe conditions than hydrocarbons.® Nevertheless, most
catalysts, including commercial Cu/ZnO/Al,O5>*, are only active in methanol reforming
above 200 °C. Thus, integrating the reformer with the (low-temperature) PEMFC already
introduces heat management issues. Further complications arise due to contamination of the
reformate mixture by CO, a severe poison of the (Pt-based) FC anode, necessitating inclusion
of a PROX reactor to oxidize selectively traces of CO present in a large excess of H,.>*? Both
problems would be alleviated if reforming was viable at lower temperature. The rapidly
growing field of “fuel processing” for fuel cells of various kinds has been comprehensively
reviewed."



Although currently made from natural gas, methanol will be one important target fuel
in future bio-refineries.™>™® Biomass and carbon-based municipal solid wastes may be
gasified to syngas, which is then converted to methanol by established catalytic technology.
Better catalysts and processes for tar removal from ‘bio-syngas’ are under intensive
development.’®* An alternative and complementary carbon-neutral industrial source of
renewable methanol would be to react H, with recycled CO,, i.e., the reverse of egn. 1. The
technical know-how for such ‘renewable petrochemistry’ already exists'*; including suitable
catalysts and processes for overcoming equilibrium limitations.?**®

Apart from conventional steam treatment, Dumesic’s group in Wisconsin have
recently developed a low-temperature pressurized liquid process known as aqueous-phase-
reforming (APR), and demonstrated the effectiveness of skeletal Ni catalysts, inter alia, on a
variety of high-boiling polyols and related bio-oxygenates.®*"* The general stoichiometry of
bio-oxygenates conversion may be written as:

2. CoHmOk + (2n-k)H,0 < nCO, + [2n+m/2 K] H,

Elsewhere, Schmidt’s group has shown that even concentrated glucose solution is convertible
to syngas (CO/H,) at high-temperatures over supported Rh in a ‘reactive flash volatilization’
process at extremely short residence time.*

In view of the high energy demand associated with all reforming processes, it is of
interest to explore photocatalysis as an alternative mode of activation. Energy from photons is
capable of driving uphill reactions even at ambient temperature, e.g., photosynthesis.
Whereas water photo-splitting has been studied intensively over the last 30 years, photo-
reforming is a relatively unexplored method for deriving renewable H, from biomass
extracts,®! including glucose.* Photo-dehydrogenation of primary alcohols over Pt/TiO, in
the liquid phase has already been well studied by Pichat’s group.***® While conversion is
limited to the aldehyde product and an equimolar amount of Hy:

hv/Pt/Ti10,
3. RCH,O0H < RCHO + H, (R=H,CHs,...)

the reaction has a high quantum efficiency (¢ > 0.5 for methanol) and is mildly endergonic.
More recently, photo-reactor tests on various metallized TiO, samples®*° have indicated that
both alcohols reforming and WGS may be promoted by band-gap (UV) irradiation.
Furthermore, such a low temperature process may yield a product containing substantially
less CO, thereby improving its compatibility with the HFC.%*

Among a wide range of spectroscopic techniques now available for catalysis studies,
not many probe the catalyst surface under process conditions in real time. In the mid-1980s,
one of these authors (JH) applied photoacoustic spectroscopy (PAS) in a simple dual-beam
arrangement for in-situ studies.**** Long-lived photochromism was discovered in TiO,
characteristic of free carrier (electron) absorption. Its intensity and decay kinetics are a strong
function of surface properties and ambient atmosphere, features that have clear implications
for photo-driven interfacial redox chemistry. Ohtani’s group®™® has recently applied PAS to
measure surface defect densities on TiO,, and have reported a transient absorption feature
linked to surface-trapped holes, likely paired up in the form of p-peroxy species.

A natural extension of this approach is to gain more mechanistic detail in the
photocatalytic process by identifying intermediates in-situ from their vibrational spectra.



Photoacoustic (PA) and Diffuse-Reflectance (DR) cells provide infrared absorption spectra
from opaque and powdered samples. PA offers high sensitivity due to its ‘zero background’
advantage and even depth-profiling capability in step-scan mode.** Nevertheless, diffuse-
reflectance infrared Fourier-transform spectroscopy (DRIFTS) is now preferred in gas/solid
studies due to its greater amenability for in-situ work.”® Attenuated total reflectance (ATR-
FTIR) is a rapidly emerging technique for related studies at the liquid/solid interface.*°
DRIFTS spectroscopy offers, inter alia, real-time identification of adsorbed intermediates, in
which their kinetic and mechanistic relevance can be probed by reactive titration.*” It also
monitors the ambient gas composition and the surface state of the underlying solid (catalyst).
Conventional transmission through supported thin films and pressed wafers achieves closer
matching of pump (UV) and probe (FTIR) penetration depths. This results in more
representative analysis but at the expense of sensitivity.* Only DRIFTS simulates a plug-
flow reactor arrangement. It is far from ideal in terms of temperature definition (vide infra),
but this issue is marginal in photocatalysis. An excellent demonstration of its power is the
pioneering work of Hoffmann’s team.* Their discovery of the analogous infrared continuum
(free-electron-like) absorption in irradiated TiO,, and measurements of its decay Kkinetics
have confirmed that long charge carrier lifetimes are a genuine feature of this powdered
semiconductor. A pronounced Stark effect was also reported, viz., shifts in the vibrational
frequencies of surface hydroxyl groups in the vicinity of deep and shallow electron traps.*
Elsewhere, the value of a well-designed DRIFTS set-up is evident from studies of photo-
oxidation of ethanol and acetone over TiO,.**

This paper illustrates the value of applying DRIFTS (with mass spectrometry) to
monitor various photo-induced reactions over Degussa P25, a popular reference titania.
Photo-metallization from a pre-sorbed hexachloroplatinate complex is followed by studies of
methanol photo-reforming over the resulting 1% Pt/TiO, composite. At a recent conference™
this same spectroscopic methodology was termed, quite correctly, ‘pump-probe’. However,
confusion arises since this refers, by convention, to the application of a rapidly alternating
excitation/observation sequence, typically using pulsed lasers with ultra-high time resolution,
to identify short-lived excited states. In contrast, our work employs illumination sequences
over minutes or hours, with periodic interruption acting as (dark) controls. The effects of this
quasi-continuous regime are exemplified by Pt metal nanoparticle creation in the presence of
methanol and simultaneous development of Pt—adsorbed CO.. We also report the discovery of
an important photo/thermal synergy. Formaldehyde, the initial photo-product, undergoes the
Cannizzaro disproportionation to formate in the dark. The formate subsequently decomposes
during modest heating. This offers the prospect of complete photo-reforming of alcohols to
H, and CO, under remarkably mild conditions.

EXPERIMENTAL

DRIFTS/MS equipment & layout

The experimental layout depicted in Fig. 1 was unusual in that the plumbing for the
DRIFTS/MS work (1/8™ inch Swagelok) was tapped from a pre-existing TG-FTIR coupled
system, which has been described in detail elsewhere.>*>* In the absence of liquid pumps and
vaporizers, it takes advantage instead of the carrier gas mass-flow controller and furnace of
the Setsys 12 thermobalance (Setaram) to deliver reactant(s) at variable rates and target



vapour pressure(s). The lines were heat-traced and maintained at 100 °C (Digi-Sense®, Cole
Parmer Instr.).

The DRIFTS set-up consisted of a heatable reaction cell (HVC-DRP, Harrick
Scientific) mounted into a Praying Mantis (Harrick Scientific) optical accessory, located in
the front sample compartment of an Excalibur FTS-3000 FTIR spectrometer (Varian Inc.).
The reaction cell was fitted with a pair of CaF, windows for incident and remitted IR
radiation, and a quartz observation window for optical pumping from an Oriel 150W Xe DC
short arc lamp (Apex Illuminator mod. 66450, Newport, Oriel Instr.). The source beam was
directed through a focusing lens assembly (mod. 7776) to converge onto the entrance face of
a 1 metre high-grade fused silica optical fibre bundle (mod. 77578). The guided light was
then directed onto the sample via a focusing beam probe (mod. 77646), positioned and
clamped to provide a spot size of ~1cm? Using a low-pass filter and a flat-band radiometer
(Melles Griot), the integrated UV power incident on the sample was determined as ~15 mW.
A quadrupole mass spectrometer, QMS (Omnistar, Pfeiffer Vacuum) with pumped capillary
inlet for on-line analysis at 1 bar was placed at the vent of the DRIFT cell.

Unlike other commercial accessories,™ the HVC-DRP offers superior gas/solid
dynamics approximating a plug-flow configuration, and 100% conversion is attainable.
However, it suffers from axial and radial temperature gradients.*’ To alleviate this problem a
fritted disk was inserted to reduce the bed depth to ~2 mm. For improved temperature
definition, preliminary checks were made on the demounted base in the open laboratory at a
control temperature of 200 °C. The use of a 2" probe thermocouple showed that the
supporting metal surfaces were almost isothermal at ~70 °C, while the top/centre position of
the powdered bed was at ~60 °C. A portable infrared radiometer gave a mean sample
temperature of ~65 °C. A static gas temperature of ~90 °C was estimated from the relative
increase in Ar pressure after cell isolation at ambient, heat soak for at least one hour and
instantaneous measurement of the increase in MS response.

Digilab Excalibur FTS-3000 Setaram Sefsys
— > vent Evolution 12
gas cell
FTIR bypass flow &
interferometer static modes
& optics ETI RITG
! \ 3 ) interface + ”
IR windows 150W Xe % T

bandpass T

filters ROH/H,0 vapour
< (2-5% abs.)
@ 10 ml/min Ar(N,)

Pfeiffer Omnistar
QaMms

Fig. 1. Schematic layout of set-up for DRIFTS/MS studies of photocatalysis



Methodology

Samples were pre-saturated in degassed reactant vapour before isolation for
photocatalysis testing in static mode. The excess vapour reached a steady-state level typically
after 30 min, as indicated by the integrated area under their infrared markers. The real-time
value of the derivative weight loss (dTG) immediately prior to cell isolation enabled a fair
estimate of the amount contacted, based on an enclosed volume of ~25 ml, as estimated from
a prior check of the cell volume by filling with water and weighing. The total amount was
taken as the sum of the “actively-adsorbed” component and excess vapour, as regulated by
suitable adjustment of carrier flow and vaporization temperature of liquid suspended in the
balance crucible. The first was estimated assuming monolayer uptake on the available surface
of a typical catalyst charge of ~30 mg as P25 TiO,, i.e., ~1.5 m?. Taking the respective
molecular adsorption cross-sections®® of methanol and water as ~22 and ~13 A?, this
corresponded to ~0.36 mg (= 0.25ml STP) in each case. The excess vapour levels contacting
the sample under isolation were typically kept low (< 5% vol), both to maintain acceptable
transmission for reliable analysis (OD < 1), and to minimize the risk of obscuring DRIFTS
signals of adsorbed species on the underlying catalyst. Under these conditions, the vapour
component was ~4x greater than the adsorbed fraction, giving a total reactant dose sufficient
for ~5 molecular turnovers on the support, or at least 35 at the metal surface. Supply of co-
reactants at the 1:1 reforming stoichiometry (eqn. 1) required ad hoc dilution of the liquid
alcohol to compensate for differences in vapour pressure. For example, methanol diluted ten-
fold and vaporized at 36 °C in an Ar flow of 10 ml/min delivered ~4 vol% of each
component.

Time-resolved DR spectra were stored every minute over the range 6500-1000 cm™ at
4 cm™ resolution (KBr beamsplitter, DTGS detector) using the kinetics mode of the
Resolutions Pro 4a software. Spectroscopic ‘markers’, i.e., integrated areas under molecule-
or functional group- specific IR bands, were also created as convenient visual indicators of
reaction progress (see Appendix). Gas-phase reference spectra for methanol, formic acid, CO,
CH,, CO,, etc., were obtained over KBr powder, a good reflectance standard with negligible
adsorptive properties apart from water affinity (hygroscopic). KBr was also used to create
high-quality reference spectra for data display in the Kubelka-Munk formalism. The marker
set was augmented heuristically with bands (and assignments) characteristic of reactants and
intermediates adsorbed on TiO,. Formaldehyde was problematic due to its rapid hydration to
methanediol. However, in view of its mechanistic importance (vide infra), reference spectra
of the diol [CH,(OH),] and its partially dehydrated polymer, dioxomethylene [-(CH,02)—],
were obtained by evaporation from aqueous formaldehyde (commercial formalin).

By incorporating a ‘closed’ needle valve (as restrictor) in the QMS inlet line, accurate
periodic sampling of the gas phase (typically during 5 minutes, once per hour) was
accomplished in static mode without excessive depletion of pressure, thereby assuring
representative analysis. The MS was pre-calibrated for masses 2 and 44 with synthetic
mixtures of products in the working range 1-10 vol% H; and 0.5-5 vol% CO; in Ar,
respectively. Consumption of methanol was monitored at masses 31 & 32, and CH, and CO
formation at masses 15 and 28, respectively. The QMS was also used to verify the Ar gas
quality (< 50 ppm O,) and an acceptable leak rate (< 0.002% O, per hour) under all static test
conditions.



RESULTS & DISCUSSION

Photo-metallization

Since it was first reported,”” UV irradiation of rare metal complexes in contact with
wide band-gap oxide semiconductor powders like TiO, has become a popular, effective, and
convenient method to create uniform zerovalent metal crystallites in the nanometer size
range.”®®* The mechanism of photo-metallization probably involves both direct photolysis
and a photo-redox cycle triggered by charge carrier generation and migration to the substrate
surface. It works for presorbed complexes or even via direct photodeposition from the
contacting solution. The decomposition of chloroplatinate in liquid environment may be
written, following Herrmann et al.** as:

hv/TiO,
4. H,PtClg + 2H,0 — Pt® + 6H" +6CI™ + O,

Fortuitously, methanol is known to be more readily photo-oxidized than water, and is
routinely used as an electron donor or ‘hole scavenger’. Thus, irradiation was made here in
the presence of methanol vapour acting as a source of H. This involves a combination of
dissociative adsorption in the dark and H abstraction from adsorbed methoxy by a photo-
generated surface hole:

5. CH;0H < CH30 4 + H'
6. CH;0 4 + h" — HCHO +H-

In a gas/solid environment, evolution of HCI would be expected and a peak at mass 36 in the
QMS was indeed observed. DRIFTS revealed the development of two new infrared features,
both of which were diagnostic of metallization. As shown in Fig. 2a, UV illumination
induced the growth of a continuum absorption intensifying towards higher frequencies. This
was an irreversible change as it did not fade in the dark. Thus, it could not be attributed to
free, or partially trapped, charge carriers; neither small polaron (electron) absorption®® in
TiO, peaking at ~12,000 cm™, nor the infrared spectral variant reported by Hoffmann et al.**"
% |t was assigned instead to the low frequency tail of a surface plasmon resonance absorption
peaking in the ultraviolet, associated with very small Pt nanoparticles. PAS spectra of similar
form across the visible—near-infrared region have already been reported in Pt/TiO,, where the
mean particle diameter of Pt was determined as ~2 nm.** By analogy with the photographic
process, the electron-trapping properties of metallic atoms and nuclei promote autocatalytic
growth into the nanometre size range. At the same time, however, the UV component of the
plasmon resonance absorption acts as a deleterious ‘inner filter effect’, attenuating the light
flux for useful band-gap irradiation in the semiconductor. This is one probable cause of the
commonly observed maximum in photoactivity with metal loading. A quite unexpected
feature in Fig. 2a was the growth of a band at ~2050 cm™ characteristic of CO adsorbed on
metallic Pt nanoparticles.®®®® Expanding the region of interest for clarity (Fig. 2b) shows the
main band characteristic of CO adsorbed on Pt in the “on-top” position, initially at ~2030 cm”
! but shifting progressively to higher frequency due to well-known coverage-dependent
dipolar coupling effects.®® It also showed a broad low frequency band at 1830 cm™
attributable to triply-coordinated CO. The same feature has already been seen in analogous
SNIFTIRS studies of methanol electro-oxidation at a Pt electrode.®® Fig 2b further showed a
weak band at ~1750 cm™, characteristic of the carbonyl stretch in formaldehyde. The



apparent bathochromic shift in the bending vibration of adsorbed water away from ~1630 cm”
Lis probably illusory. Although complete desorption of water was never seen at any
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temperature in the reforming mixture (vide infra), competitive adsorption by methanol,
present here in excess, may constitute a more powerful displacement mechanism. The 1600
cm™band is more typical of an adsorbed carbonate photo-product.”®"

Fig. 3 shows that growth of the continuum and the Pt-CO,¢ band were temporally related,
each reaching a limit after 1-2 hours of illumination. The best interpretation, supported by
later evidence (vide infra), is that the formaldehyde photo-product (ex. eqn. 6) migrates from
TiO, to a newly-created Pt cluster where it is dissociated into CO and H atoms:-

2HCHO
7. HCHO +3Pt — Pt-CO +2Pt-H — 3Pt-CO + H;

Formaldehyde is known to decompose to CO and H; on a clean Pt surface below room
temperature in the dark.” The high heat of adsorption of CO on Pt, up to —200 kJ mol™,"
probably acts as a driving force for this endothermic process. However, it must also be
recognized that photo-generation of H, (and HCHO) over pure TiO; is generally considered
to be non-catalytic. Pt is an essential component, effecting proton reduction as below:-

6a. Pt-H.-+H "+ e — Pt + H,

releasing molecular H, thereby closing the redox photo-cycle*’. The corollary of this view is
that formaldehyde is generated photocatalytically on TiO,, but only in the presence of Pt.
Purging away methanol and flowing CO (1% in Ar) in the dark caused no further growth in
the 2050 cm™ band, implying that the CO coverage had already reached a full monolayer
during photo-metallization.



Reactivity of adsorbed CO

After purging away CO, successive doses of air caused virtually instantaneous and complete
elimination of the 2050 cm™ band, as shown in Fig. 4 (black trace). Between doses, it
underwent slow recovery, indicating strong scavenging by Pt of residual CO still present in
the system. Sustained exposure to CO (2% in Ar) led to fast and complete recovery of the
2050 cm™ band. For comparison, photo-stimulated growth of the Pt- CO,q4 species on the bare
metal in a typical reforming mixture is also shown (red trace). Monolayer coverage was
evidently attained but more slowly than from pure methanol or CO gas. No evidence was
found for metal-adsorbed CO in the dark, confirming that it did not form directly from
methanol but from a photo-product.
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Fig. 4. Dark reactivity of Pt—CQ,q in air; and its growth in 2% CO/Ar vs. photo-induced
growth in aqueous methanol vapour (marked in red) for comparison.

Methanol reforming over platinized TiO,

In preliminary experiments with pure TiO,, sequential dosing of methanol and water
caused substantial mutual displacement of the pre-sorbed form. Such competitive adsorption
of reactants is a complication, but may eventually prove useful as a means to study the effect
on catalytic behaviour of their respective coverage, as established at the dosing stage.

a. lllumination at room temperature

The main DRIFTS feature during illumination of the platinized sample at room
temperature was the familiar build-up of Pt-CO,q, as already shown in Fig. 4. The growth rate
was naturally slower than during metallization due to competitive adsorption by water, the
inferior hole scavenger. Otherwise, there were few infrared features of note. Some weak
bands were seen below 1600 cm™, hinting at low levels of adsorbed carboxylate species like
formate’®, which were subsequently explored in detail (vide infra). However, the distinction



between a potentially wide range of co-existent carbonates and/or bicarbonates’®"* was

beyond the scope of this work. Results of on-line MS analysis are shown in Fig. 5.
[llumination at room temperature caused slow and sustained production of H, and CO; at
average hourly rates of 0.138 + 0.004% and 0.031 + 0.001%, respectively. The total amounts
of H, and CO; generated after 22 hours were ~0.75 standard ml (~35 pumol) and ~0.17 ml
(~7.5 umol). This corresponds to a H,/CO, stoichiometry of 4.5:1, exceeding significantly the
3:1 value for reforming (see eqn. 1). The CO; deficit (~4 umol) was higher than the
maximum conceivable amount of CO adsorbed on Pt (~1.5 umol), and no clear evidence was
seen in DRIFTS for CO gas. The remaining carbon imbalance (~2.5 pmol) was ascribed to
retention of CO, on the support (adsorbate capacity of ~10 pmol — see Experimental), and/or
incomplete decomposition of a CO,-yielding intermediate such as formate. From the H,
production rate (~2.5 x 10* molecules s) , a conservative estimate (lower limit) of the
quantum yield was calculated, based on 100% absorption of incident UV photons at an
estimated flux of ~3 x10'°s™, taken from the measured power (~15 mW) and a nominal mean
wavelength of ~350 nm. Assuming one H, molecule was generated per absorbed photon
(electron/hole pair),® this resulted in an estimate of ¢ =~ 0.01.
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Fig. 5. QMS response for H, (m/z = 2) and CO, (m/z = 44) during UV illumination of
1% Pt/TiO, in the presence of methanol/water vapour (~1:1)

b. lllumination with mild heating

With some notable exceptions,®* "> photocatalysis experiments in which the effect

of temperature has been explored are very rare. This is surprising in view of the known
mechanistic complexity in catalysis, and the possible existence of photo/thermal synergies.
While photonic excitation may drive an endergonic process, the overall mechanism will
almost certainly involve dark steps. If one of these is rate-determining, it can only be
overcome by thermal activation. Surface diffusion, or kinetic inhibition by strongly-adsorbed
intermediates (or products) are relevant examples. Evidence of product inhibition on Pt/TiO»,
viz., slow desorption of H, from the Pt surface, has been demonstrated in alcohols photo-
dehydrogenation.®*



The effect of UV/dark cycling on the rate of methanol reforming over a range of
temperature is shown in Fig. 6. A systematic growth in photocatalytic activity was observed
up to ~65 °C, the rate of H, (COy) production rising sharply above the initial rate at 25 °C. A
distinct increase in the dark rate was also observed above 50 °C, approaching the photo-
driven rate obtained just 15° lower. This thermal enhancement was further verified in an
extended photo-reforming test at 65 °C. The QMS analysis and some relevant DRIFTS traces
are shown in Figs. 7a and 7b, respectively. Illumination was started one hour into the
experiment, so the initial readings were representative of dark activity. In the MS, the levels
of both reforming products rose significantly under UV, and the H,:CO, stoichiometry
exceeded 6:1. The H; level (3%, or 35 pumol) after 1h surpassed that obtained in 20 hours at
ambient (cf. Fig. 5). Establishment of complete reforming was indicated by a (cumulative)
product ratio that gradually approached 3:1. The incremental product ratio in the last 2 hours
was quite stable at 3.7:1. The mean production rate of H, based on the last 3 points was
0.93% per hour, i.e., almost seven-fold higher than that obtained at 25 °C. The associated CO,
production rate increased roughly eight-fold. Thus, the quantum yield was raised to ¢ = 0.07,
an encouraging result for a non-optimized catalyst. Further evaluation in a dedicated photo-
reactor may show that this is an underestimate. Due to the optical constraints specific to
DRIFTS, the enforced topside illumination of a pressed powder layer of ‘infinite thickness’
with respect to scattering is obviously non-ideal.

125 C—=-40 C—='= 50 C —=~—— T=65C —=
35 !

2ol uv dgr\é uvidan{ Uv:d§§ oV
' N\
§

—8— CO, (m/z=44)

_

w
N
U"_

Time/hours

Fig. 6. QMS response showing cumulative H,/CO, levels produced from methanol:water
vapour (~1:1) at increasing temperature.

The DRIFTS marker traces in Fig. 7b show the growth in methanol response during the first
hour of dosing and heating in the dark. Upon illumination at 65 °C, the cov- erage by
adsorbed CO actually increased and stabilized above the level already established in the
previous UV/heat cycling treatment. If it was an intermediate in photo-reforming, a lower
steady-state level would have been expected on the basis of a simple balanced
supply/consumption model. However, it is also conceivable that heating may have
accelerated the supply step, thereby maintaining coverage close to a monolayer. In any event,



the reforming rate showed no obvious dependence on the adsorbed CO level, hinting that the
latter is merely a ‘spectator’ species (vide infra). In contrast, the methanol marker dropped to
~50% of its original level after 6 hours, indicating consumption equivalent to ~25 pg. atom as
C. This also gave a reasonable material balance for H, based on the starting levels of
reactants. A small amount of CH, (< 5% relative on a C basis), possibly made by the Sabatier
reaction from the accumulated CO; and H,, was seen in both MS (m/z = 15) and in DRIFTS
by its stretching band (Q-branch) at 3015 cm™. The instability in the CO, marker was caused
by fluctuating background absorption. The Praying Mantis has Perma-purge adaptors, but it
is still a semi-open arrangement susceptible to micro-variations in atmospheric contaminant
levels. Despite this limitation, growth of CO, during the consumption of methanol was
clearly evident.
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Fig. 7. Methanol reforming over UV-irradiated 1% Pt/TiO, at 65 °C by: a. mass
spectrometry; and b. FTIR.

Mechanistic investigations

A plausible reaction sequence for methanol photo-reforming must take account of the
various observations made in this study, but also remain consistent with relevant literature. It
is well established that Pt/TiO, dispersed in aqueous liquid methanol yields formaldehyde
under band-gap irradiation®*%:-

hv/Pt/Ti0O,
8. CH;OH — HCHO + H;

The high quantum yield of methanol photo-dehydrogenation (eqn 8; @ > 0.5) satisfies the key
criterion that any intermediate in the mechanism must be generated at least as efficiently as
products in the overall photo-reforming process, which is emphatically the case.
Nevertheless, the relative paucity of infrared evidence for in-situ generation of formaldehyde,
at least in free form (see Fig. 2b), must be rationalized and its role as primary intermediate
elaborated by direct experiment.

Formaldehyde is a highly reactive compound that hydrates rapidly to methanediol
(MD) in the presence of water®*:-

9. HCHO + H,O « CHZ(OH)Z

Upon exposure to basic or amphoteric oxide surfaces, MD partially dehydrates into a
polymeric form, —[CH,0,],—, known as dioxomethylene (DOM), with a distinct IR band
structure.3®® Furthermore, DOM is implicated as an intermediate in methanol synthesis, i.e.,
almost the reverse of the reforming process. It has been convincingly shown to yield
adsorbed methoxy and formate at low temperature by the Cannizzaro disproportionation:-

10. [CH,0;];, — CH30 + HCOO + O
where O; s a vacated surface oxygen anion. The overall reaction can be written as:-
11. 2HCHO + H,0 — HCHO + CH,(OH), — CH30H + HCOOH

Involvement of water in this process is significant since it constitutes a more viable route to
products than WGS (egn. 2b). Naturally, this presupposes that the final step in reforming is
decomposition of formic acid:-

12. HCOOH <« H, + CO,



It should be noted that the balance of egns. 8, 11, and 12 corresponds to the stoichiometry of
full reforming (eqn. 1).

To assess whether surface chemistry of this kind was operative, Pt/TiO, was exposed
to agueous formaldehyde and subjected to a step heating program, but in the dark. This
effectively decoupled any interference from the low percentage of methanol always present in
commercial formalin as a stabilizer. The main changes in DRIFTS are summarized in Fig. 8,
showing the spectral region of interest (Fig. 8a) and including related functional group
marker responses (Fig. 8b) for clarity. Upon dosing formalin at room temperature, no
evidence was seen for free formaldehyde, which has a diagnostic carbonyl stretching band at
~1745 cm™. However, the bending vibration of adsorbed water was clear at ~1625 cm™. After
isolation and heating up to 50 °C, two new bands grew in at 1560 and 1360 cm™. Control
experiments, exposing the pure support (P25) to formic acid, confirmed the assignment of
these bands to the asymmetric and symmetric stretch, respectively, of the carboxylate group
of formate in bidentate coordination on the anatase surface.’* The sharp peaks in this spectral
range (see Fig. 8a) were due to unavoidable interference from the rotational fine structure in
the bending vibration of water vapour. Heating beyond 50 °C induced progressive decay of
the formate bands. This was most clearly seen in the marker response in Fig. 8b. The
concurrent production of gaseous CO,, indicative of formate decomposition, was supported
by MS analysis (vide infra). Evidence for retention of adsorbed water up to 65 °C was also
seen in Fig. 8a. The same pattern of formate band growth and decay resulted from a (dark)
control study, made by dosing formalin over pure TiO, (P25). This confirmed that the
mechanistic sequence from the aldehyde up to, and including, formate decomposition is
purely thermal in nature, and that Pt plays no obvious role in this chemistry.

To prove conclusively that the formate was produced by the Cannizzaro reaction
(egn.11), would require detection of an infrared band of hydrated formaldehyde and its
disappearance during formate growth. In fact, a weak band was seen initially at ~2910 cm™,
and tentatively attributed to the asymmetric CH; stretch in the linear polymeric form of
adsorbed DOM.® This band indeed disappeared on heating, implying its involvement in
formate creation. Unfortunately, establishment of a reliable marker in the presence of the
methanol CHj3 stretching band envelope was precluded. The potential wealth of IR band
structure in DOM below 1200 cm™ was likewise obscured, here by the rising absorption edge
of the intense TiO, lattice vibration. This appears to a limitation of DRIFTS as compared to
the pressed wafer method. However, as supporting evidence for disproportionation, Fig. 8b
shows a small but distinct increase in the methanol (co-product) trace at 50 °C. Furthermore,
the contemporaneous growth and stability of the Pt-CO,q band established two pertinent facts.
It confirmed that HCHO was indeed the source of adsorbed CO on Pt in the dark. It also
militated against the view of an alternative route to formate via adventitious oxidation, e.g.,
via O-insertion into the aldehyde. The extreme sensitivity of Pt-CO,q to the presence of O,
has been amply demonstrated.

MS analysis of gaseous products from formalin at 65 °C for both Pt/TiO, and the pure
support, taken through the identical procedure, are shown in Fig. 9. This revealed that
significant thermal decomposition was already taking place at 50 °C. The H,:.CO,
stoichiometry reverted from an initial value of 2:1 to 1.2:1 by 65 °C, i.e., close to that
expected from eqn.12. More H, and CO, were produced over the platinized sample, hinting at
its active involvement in the process. The other important observation was the concurrent
generation of CO on both samples, in amount roughly twice as large as H, or CO..
Application of UV light at 65 °C did not change significantly the conversion rates or
selectivities to these products. The low-area DRIFTS trace for CO in Fig. 8b was deceptive,
since CO has a relatively weak IR absorption as a gas phase species. It was actually quite



consistent with the MS results based on prior IR calibration work. Production of CO may
have resulted from special conditions obtaining in this model reaction. The most obvious
difference was the relatively high coverage of TiO, by adsorbed formate, not seen heretofore
starting from methano
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Fig. 8. a. DRIFTS detail — heat-induced growth and decay of formate bands on Pt/TiO,
during exposure to formalin in the dark

b. selected DRIFTS markers response during the same experiment



There is a substantial body of evidence in the literature suggesting that formate is not
only a pivotal intermediate in WGS,®* but also a strong hole scavenger in photocatalysis,
being especially useful in photo-deposition of various heavy metal ions.®>®" Formic acid can
decompose in either the forward (f) or reverse (r) direction of the WGS shift equilibrium:-

rwgs fwgs
13a. CO + HL O « HCOOH — CO; + H;

However, it is well-known that excess adsorbed water or steam can drive the desired
(forward) process almost exclusively; not so much by equilibrium control but rather a
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Fig. 9. MS response at m/z =2 (H,), 28 (CO), & 44 (CO,) from dark and illuminated
Pt/TiO, (full lines & symbols) and pure TiO, (dashed lines, hollow symbols)
obtained by heating in formalin at various temperatures.

dramatic acceleration (x100) in the kinetics, as reported over Rh/Ce0,.%® Shido & Iwasawa
observed a substantial drop in the activation energy; from 56 kJ. mol™ in vacuo, to 33 kJ.
mol™ in the presence of water, and proposed a transition state that included water coordinated
with the adsorbed formate. This view has gained considerable strength from more recent
studies, effectively promoting the FWGS by “steaming” of presorbed formate.®* Our results
appear consistent with such a model in providing even more dramatic evidence for the lability
of formate in the dark. This feature may be indicative of “reactant-assisted” kinetics and
attributed to the higher level of adsorbed water expected below 100 °C. On the other hand,
CO as majority product does not fit into this scheme. The discrepancy may arise due to the
absence of sufficient water, after its consumption in the Cannizzaro reaction (egn.11), to
direct the FWGS more selectively. This was borne out by model studies exposing Pt/TiO;to
formic acid and then to pure water in sequence. Quite different results were obtained,
possibly linked to displacement by water of some presorbed formate. The products were
mainly CO, and H,, with very little CO. Curiously, CO; evolution initially preceded that of
H,, appearing already at 40 °C. However, H, generation increased dramatically above 50 °C,



such that the WGS (1:1) product ratio was gradually approached. This hints at partial
accumulation of adsorbed H on the support and/or metal. No evidence was found for photo-
enhancement of the rate at any temperature, a surprising result because formate is reported to
decompose, via the CO; radical anion, to gaseous CO, by successive reaction with photo-
generated holes:-

14, HCOO + h" — CO, +H"
14a. CO, + h* — CO,

This reinforces the view that the presence of water in the dark is a sufficient condition to de-
stabilize substantially the formate.

The foregoing studies provide a mechanistic scheme that goes a long way to explain
the observed photo-thermal synergy. Illumination at room temperature makes the aldehyde
and some H,, but formate creation (via the Cannizzarro reaction) and its subsequent
decomposition occur very slowly (cf. Fig. 5). Heating alone does not create the aldehyde
necessary for the dark stage to proceed. Only a combination of illumination and mild heating
can drive effectively the entire sequence from methanol to H, and CO,.

Despite the coherent picture drawn up thus far, it should be recognized that the model studies
were made under conditions not necessarily obtaining in methanol photo-reforming proper.
This is especially true in terms of the relative abundance of intermediates in steady-state and
evident competititon between the various species for adsorption sites. To confirm that the
formaldehyde/formate route actually occurs under true reforming conditions, a final test was
made in a reactant vapour mixture slightly enriched in methanol (CH3;OH: H,O = 2:1) in
order to improve detection of any intermediates. The DRIFTS and MS results are
summarized in Figs. 10 and 11, respectively. The first interesting feature (offset slightly for
clarity) was the appearance of weak bands of formate already at room temperature under UV
irradiation. The boxes in Fig. 10a are intended as aids to visualize the presence of relatively
broad bands underlying the fine structure, whose provenance has already been discussed.
During heating the familiar pattern of growth and eventual decay of these bands, already seen
in the HCHO model study (cf. Fig. 8), was reproduced. Only the relative intensities were
lower as expected. During formate decomposition at 65 °C, a band at ~1445 cm™, tentatively
attributed to adsorbed bicarbonate, grew in intensity. This is one process that may be invoked
to explain the “missing” CO; in earlier photo-reforming experiments. The slight decay in the
formate during the dark interval at 50 °C (Fig. 10b) showed that its supply was interrupted.
This implies that the aldehyde disproportionates so rapidly that it cannot accumulate
significantly even in steady-state under illumination. The MS analysis further reinforced this
conclusion insofar as virtually no H, was produced during the same dark interval (see Fig.
11). An approximate rate of H, evolution was estimated from the preceding 2 hours under
illumination at 50 °C as only 0.25% per hour, while the rate at 65 °C recovered to ~0.9% per
hour, i.e., close to that obtained with stoichiometric levels of reactants (cf. Fig. 7). The
apparent activation energy from the (two) methanol reforming tests was determined as ~40 kJ
mol™. This lay between the two values reported by Shido & Iwasawa but closer to the lower
one (~33 kJ mol™), suggestive of partial water-assisted formate decomposition. However, just
as in the formaldehyde study, a substantial amount of CO was produced, once again
attributable to the deficit of water vapour. Measurement of the true level of CO is an
analytical problem in that methanol, N,, and especially formaldehyde, contribute at mass 28.



Furthermore, a conservative estimate of the detection limit for gas-phase CO in this DRIFTS
set-up was 0.1% due to the relatively short optical path inside the reaction chamber. Thus,
despite having measured H,/CO, ratios exceeding the 3:1 ratio indicative of complete
reforming, no definitive statement can be made as regards carbon product selectivity in the
absence of GC analysis. However, from a practical perspective there are enough hints to
conclude that CO production will be minimized by working close to stoichiometric or, better
yet, in a slight excess of water. The last is actually an established procedure in commercial
reformer operation.®*® A recent advance® has shown that CO levels can be dramatically
reduced by adsorption of sulphate or phosphate ions without affecting the rate of photo-
reforming.

The main unresolved issue is whether adsorbed CO could be involved in a parallel
mechanism of photo-reforming of methanol or is merely a spectator species. An alternative 3-
step reaction sequence can be posited:-

PUTIO/UV/RT
CH;OH — HCHO + Hj

Pt/dark
HCHO + Pt — Pt-COy + H>

Pt/dark or UV?
Pt-COy + HO <« Pt +CO; + H»

in which evidence is only lacking for the last step, involving water (or OH) in the forward
water-gas shift. However, tests at various CO pressures were inconclusive both in the dark
and under illumination. Even starting from conditions favouring co-reactant adsorption on Pt,
viz., sub-monolayer amounts of Pt-CO,q in the presence of excess water vapour, failed to
produce measurable levels of hydrogen. This result was not surprising in so far as the original
report®™ claiming evidence of photo-assisted water-gas shift over Pt/TiO, determined a very
low quantum yield of ¢ = 0.005.
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Fig. 10. a. DRIFTS detail — combined UV/heat-induced spectral changes during photo-
reforming over Pt/TiO;

b. selected DRIFTS markers response during the same experiment
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Fig. 11. MS response for H, (m/z = 2), CO (m/z = 28), and CO, (m/z = 44) during UV
illumination of 1% Pt/TiO; in the presence of methanol/water vapour (~2:1)

In summary, the following mechanism is believed to be operative in photo-reforming
of methanol:-



TiOy/dark/RT

S1. ro---- +»  CH3OH < CH30 o + H'
i TiO/UV/RT
S2. A CH3O oo + h" — HCHO + H.
: PYUVIRT
S3. ! Pt-H.-+ H"+ ¢° — Pt + H,
R e e BT
TiO /dark/RT i
S4. HCHO, + H2044 <> CH2(OH)2qq i
I

TiO,/dark/T > RT
S5. HCHOsy + CHy(OH)g + O — HCOO,q + OHs +|CH3OH
TiO,/dark/T > 50 °C
S6. HCOO g + OHs — CO, + Hp + O

Pt/TiO,/UV/T > 50 °C
CH3OH + H,O — CO,; + 3H

Steps S1-S3 represent photo-dehydrogenation to formaldehyde, while steps S4-S6 describe
the dark generation of formate, and its thermal decomposition to CO, and H,. The interesting
point to note is that the methanol product from the Cannizzaro reaction (S5) is recycled back
into step S1 such that, on balance, two out of three H, molecules are photo-produced, each by
a single electron/hole pair. Thus, when thermal activation is applied along with band-gap
illumination, the quantum vyield for H, generation can exceed unity, at least in principle.
Migration of protons to Pt (S1 to S3) is presumably channeled via the least basic surface
hydroxyl groups on the titania surface. Having Brensted acid character, these may also be
responsible for CO (and water) production from formate by abstracting OH. The most basic
hydroxyls, represented above as OHs™ (S5), tend to remain on the support where they may
assist in formate decomposition to CO, and H; (S6). The relevance to photocatalysis of the
amphoteric surface properties of TiO, has already been remarked upon.®** Partial
fluorination® appears to be a promising surface modification to activate water, considered to
be rate-determining in steam-reforming processes in general.

Conclusions and outlook

In-situ DRIFTS, adapted for optical pumping and coupled to on-line mass spectrometry, has
proven to be a valuable technique to investigate and monitor processes occurring at the
surface of photocatalysts under working conditions. By determining both co-products and
their quantitative relation, this study has effectively demonstrated that band-gap irradiation
promotes methanol reforming over Pt/TiO,, albeit slowly, at ambient temperature. More
significantly, a photo-thermal synergy has been discovered that drives complete reforming at
a much higher rate. This raises the prospects for technical development after a re-appraisal of
the quantum efficiency and the CO,/CO selectivity in a conventional photoreactor. A
mechanism has been proposed in which the initial photo-product, formaldehyde, undergoes a
sequence of dark processes that culminate in formate decomposition, thereby rationalizing
the observed synergy. As a priority, future investigations should assess the influence on
photo-reforming activity of textural and surface properties of a wide variety of titanias,



especially their hydrophilicity, along with the effects of surface derivatization and additives
to restrict CO production. As regards the metal component, substitution of Pt by, e.g., Au or
Pt-based alloys with Ru or Sn, which all moderate CO adsorption, may also prove beneficial.
Photo-reforming of ethanol is currently under investigation in this laboratory.
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Appendix: IR functional group markers for tracking methanol reforming (and related
intermediates) over 1 wt% Pt/TiO,

name----assignment | band centre | left edge | right edge | left baseline | right baseline

cm™ cm™ cm’ cm’ cm™
H2Ovap VO-H 3860 4000 3790 4000 3790
H2O04q Vo-H 3500 3518 3118 3751 3110
CH,4 VC-H 3015 3023 3010 3023 3010
CH3OH Vv¥cH 2950 3002 2921 3028 2796
'CH,0, V¥ H 2910 2919 2895 3023 2795
*OCH,OH.~ v®cH 2765 2783 2694 2784 2693
HCOO,4~ Ve 2740 2775 2700 2775 2700
CO; v¥0=c-0 2350 2391 2267 2391 2266
CO Ve=0 2170 2228 2146 2229 2145
Pt**-COaq Ve=0 2120 2130 2097 2131 2097
Pt-COqq Ve=o 2050 2096 1929 2142 1928
Pt3-COgq Ve=o 1830 1897 1777 1897 1776
HCHO Ve=0 1745 1796 1725 1796 1725
H,04q do-H 1630 1731 1609 1731 1502
HCOO v¥0=c=0 1560 1575 1496 1681 1495
HCO3 4 v®0=c=0 1445 1460 1414 1460 1413
HCOO v’o=c=0 1360 1395 1317 1397 1316

" Dioxomethylene (DOM) linear polymer (ex. HCHO/H,0)
* adsorbed methanediol anion®®




