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ABSTRACT

The photocatalytic reforming of methanol was investigated kinetically under steady conditions as a func-
tion of the methanol-to-water partial pressure ratio in the gas mixture fed to the photoreactor. Similar
results were obtained with two TiO,-based photocatalysts, one containing platinum nanoparticles and
prepared by flame spray pyrolysis and the other prepared by the deposition of preformed Au nanoparti-
cles on P25 TiO,. Methanol oxidation proceeds on the photocatalyst surface up to CO, through the forma-
tion of formaldehyde and formic acid as intermediate species. The steady-state formaldehyde, formic
acid, and carbon dioxide production rates, plotted vs. the methanol molar fraction in the aqueous solution
generating the gaseous reaction mixture, were successfully fitted on the basis of a reaction scheme, in
which each elementary oxidation step occurs through either an indirect ‘OH radical-mediated path, or
a hole-mediated direct path, or a water-assisted path, when oxidation occurs on titania surface sites
far from noble metal nanoparticles. H,O0/D,0 isotopic-exchange experiments allow a clear distinction
between the direct and the indirect oxidation paths and fully support the proposed reaction scheme.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The photocatalytic production of hydrogen from water over
semiconductor metal oxides, in particular TiO,, has received re-
newed, extensive attention in the last decade for its potential
application in the field of solar energy harvesting, conversion,
and storage [1-3].

The photocatalytic splitting of pure water is generally charac-
terized by relatively low hydrogen production rates, mainly due
to the fast recombination of the electron-hole pairs photopro-
duced on the surface of semiconductor photocatalysts and to the
occurrence of back reactions on the irradiated photocatalyst sur-
face. The separation of the photoproduced charge carriers can be
greatly increased if noble metal nanoparticles, able to trap conduc-
tion band electrons [4,5], are deposited on the semiconductor sur-
face, as well as in the presence of organic species, e.g., methanol,
able to act as hole scavenger more efficiently than water [6] and
undergo faster and irreversible oxidation. This may proceed either
through (i) the direct interaction of organics with the free or
trapped holes in the semiconductor’s valence band (VB) [7-9] or
(ii) via the attack of the ‘OH radicals produced by the reaction of
valence band holes with surface hydroxyl groups or adsorbed
water [9-11]. These reaction paths may occur in parallel and can
hardly be distinguished one from the other [12,13].
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Recently, the photocatalytic production of hydrogen from
methanol-water vapors (i.e., the photocatalytic reforming reaction
of methanol) has been investigated systematically by us over a
platinum-containing TiO, photocatalyst [5]. Methanol was found
to undergo oxidation up to CO, through the formation of formalde-
hyde and formic acid as intermediate species; carbon monoxide,
methane, methyl formate, dimethyl ether, and acetaldehyde were
also identified as side products. The study has now been performed
also with a gold-containing TiO, photocatalyst, prepared by the
deposition of preformed Au nanoparticles on commercial P25
TiO,, to collect kinetic data with another noble metal-containing
photocatalyst prepared by a different route, thus exhibiting differ-
ent structural and surface features. Final aim of our investigation
was to ascertain how the formation rate of both intermediates
(formaldehyde and formic acid) and final main reaction products
(hydrogen and carbon dioxide) depend on the methanol/water mo-
lar ratio in the reactant mixture. In particular, we aimed at under-
standing the origin of the observed decrease in the carbon dioxide
production rate with increasing the methanol molar fraction in
comparison with the bell-shaped trends observed for formalde-
hyde and formic acid production rates. The results of our thorough
kinetic analyses have been interpreted on the basis of a proposed
reaction sequence occurring on the photocatalyst surface and the
desorption of the intermediate species, by a Langmuir-Hinshel-
wood-type kinetic model [14-20], able to satisfactorily fit all the
experimental data obtained with the two photocatalysts at differ-
ent methanol/water molar ratios. Steady-state isotopic exchange
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experiments, allowing a clear distinction between the direct and
the hydroxyl radical-mediated oxidation paths, have also been
performed to support the proposed reaction scheme.

2. Experimental
2.1. Preparation and characterization of photocatalysts

All chemicals, of high purity grade, were purchased from
Aldrich and used as received. The TiO, photocatalyst containing
0.5 wt.% of platinum, denoted 0.5%Pt/TiO,, was synthesized by
flame spray pyrolysis (FP) in a single step [21], starting from a xy-
lene-acetonitrile solution containing titanium(IV)-isopropoxide
and platinum acetyl acetonate [5]. The gold-containing photocata-
lyst was prepared by deposition of preformed, surfactant-
stabilized Au nanoparticles on commercial Degussa P25 TiO,,
according to the reverse micelle method [22]. The TiO, powder,
previously ultrasonically dispersed in water, was added under vig-
orous stirring to an Au colloidal suspension, obtained by adding
NaBH, (4:1 NaBH4 to Au molar ratio) to a n-dodecyl-trimethyl-
ammonium chloride aqueous solution containing chloroauric acid
(40:1 surfactant-to-Au molar ratio). The precipitated colored pow-
der was separated, thoroughly washed with water, centrifuged,
and dried in oven at 70 °C overnight [5]. This photocatalyst con-
tained 1.0 wt.% gold and was labeled 1%Au/TiO,.

The two photocatalysts were characterized as already described
[5]. Their BET specific surface area was measured by N, adsorption/
desorption at 77 K in a Micromeritics ASAP 2010 apparatus. UV-vis
diffuse reflectance analysis was performed by means of a Perkin-
Elmer Lambda 35 apparatus, equipped with a Labsphere RSA-PE-
20 integration sphere. High angular annular dark field-scanning
transmission electron microscopy (HAADF-STEM) was carried out
on a JEOL FS2200-FEG instrument, operated at 200 kV. X-ray dif-
fraction data were collected with a Philips PW3020 powder diffrac-
tometer, and quantitative crystal phase analysis was performed by
the Rietveld refinement method, using the “Quanto” software.

2.2. Photocatalytic tests

The rates of hydrogen, carbon dioxide, carbon monoxide, form-
aldehyde, and formic acid production in the photo-steam reform-
ing reaction of methanol were determined using the equipment
[23], procedure, and experimental conditions described elsewhere
[5]. Repeated runs carried out under identical conditions ensured a
reproducibility of rate results within 5%. Briefly, the photoreactor
consisted in a 50-mm-diameter, 2-mm-thick, cylindrical Plexiglas
cell frontally closed with an illuminated Pyrex glass optical win-
dow and was inserted in a closed stainless steel system, previously
purged with nitrogen, where the gas phase was recirculated at
constant rate (40 mLmin~!). The inert gas was saturated with
methanol-water vapors by continuously bubbling it into a metha-
nol-water solution kept at 30 °C and then fed to the photoreactor.
The water-to-methanol partial pressure ratio was varied by chang-
ing the methanol molar fraction x in the liquid solution, in the
range 0.0045 < x < 1. The irradiation source was an iron haloge-
nide mercury arc lamp, equipped with a shutter. During irradia-
tion, the gas-phase composition was determined on-line at the
photoreactor exit, by gas-chromatographic (GC) analysis, employ-
ing an Agilent 6890 N apparatus [5]. H,, CO,, and CO accumulated
at constant rate in the recirculating gas phase, whereas the
gas-phase concentration of the formaldehyde and formic acid
intermediates at the exit of the photoreactor remained practically
constant, because they were trapped and accumulated in the liquid
solution. The final concentration of formaldehyde and formic acid
in the liquid solution was determined by GC analysis and by ion

chromatography (IC) with conductivity detection, employing a
Metrohm 761 instrument [5], respectively.

2.3. Isotopic exchange photocatalytic tests

The H,0/D,0 isotopic exchange photocatalytic tests were per-
formed using the same photoreactor and light source. The gas-
phase composition at the exit of the photoreactor was monitored
on-line by quadrupolar mass spectrometry (QMS) employing an
Omnistar Pfeiffer Vacuum GSD 30102 apparatus connected
through a heated (150 °C) stainless steel capillary tube. Because
of the sampling mode of the QMS instrument, these experiments
could not be performed in the recirculation mode. Thus, the photo-
catalyst bed was continuously fed with H,O/CH30H or D,0/CH30H
vapors, obtained by bubbling flowing argon (40 mL min~!) in a
methanol-water or methanol-D,0 liquid solution thermostated
at 30 °C. Three different CH;0H molar fractions (x = 0.0045, 0.10,
and 0.64) were considered. The experiments were started by flow-
ing the reactants through the photoreactor in the dark for 5 min,
followed by three consecutive, ca. 30-min-long irradiation cycles,
spaced by 5 min in the dark, while continuously flowing the reac-
tant gas mixture.

3. Results and discussion
3.1. Characterization of photocatalysts

FP-0.5%Pt/TiO, consisted of micro-aggregates of single-crystal
nanospheres, 10-25 nm in diameter, as revealed by HAADF-STEM
analysis (Fig. 1), containing 53% anatase and 47% rutile, with a spe-
cific surface area of 70 m? g '. The 1%Au/TiO, sample had the typ-
ical structural features of P25 TiO,, consisting of widely condensed,
irregularly shaped, ca. 20 nm in size crystalline aggregates (Fig. 1),

Fig. 1. STEM-HAADF images of FP-0.5%Pt/TiO, (upper image) and 1%Au/TiO, (lower
image). Noble metal nanoparticles appear as bright dots on the titania support due
to their higher Z-contrast.
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with a 48 m?g~! specific surface area and a mixed crystal
phase composition of ca. 80% anatase and 20% rutile. The low-
temperature method adopted for noble metal deposition did not
alter the bulk properties of TiO, [5].

The images reported in Fig. 1 evidence well-dispersed, ca. 1.5-
to 3-nm-sized Pt nanoparticles in the FP-made sample, appearing
as bright dots due to the different Z-contrast of the noble metal
with respect to the titania support. Slightly larger, i.e., 3- to 8-
nm-sized, gold nanoparticles are present in the 1%Au/TiO, sample,
together with a few larger ones, up to 20 nm in size. Thus, FP con-
firmed to be an effective method for the direct synthesis of rela-
tively high surface area photocatalytic materials containing small
and well-dispersed noble metal nanoparticles [23,24].

Both materials exhibited a UV-vis absorption threshold below
400 nm [5]. The gold-containing oxide also displayed the typical
plasmon resonance band of gold nanoparticles (<20 nm), centered
at 550 nm, i.e., red shifted compared with the plasmon resonance
band of pure gold (520 nm), due to alteration of the electronic con-
figuration of gold because of its interaction with the titania sup-
port. With a broad absorption in the visible region, 0.5%Pt/TiO,
appeared as a light-gray powder [5].

3.2. Photocatalytic activity

During irradiation, the amount of both hydrogen and carbon
dioxide increased linearly in the recirculated gas phase [5]. Thus,
their production rates, ry, and rco,, were determined as the slope
of the straight lines interpolating their gas-phase concentration
vs. time plots. By contrast, the amount of formaldehyde and formic
acid in the gas mixture outcoming from the photoreactor rapidly
attained values that remained practically constant during irradia-
tion. In fact, these oxidation intermediates were continuously
produced at almost constant rate in the photoreactor, as a conse-
quence of adsorbed methanol oxidation, followed by desorption,
and continuously trapped in the liquid solution by the subsequent
bubbling through it. No appreciable increase in the formaldehyde
content in the gas phase outcoming from the photoreactor was de-
tected during the runs [5], because its very small increase in the
gas phase, based on vapor-liquid equilibrium, was negligible with
respect to the formaldehyde amount produced in the photoreactor.
The average production rates ru,co and rycoon Were therefore esti-
mated from the final formaldehyde and formic acid amounts in the
solution at the end of the runs, divided by the overall irradiation
time, assuming constant production rates.

Fig. 2 reports the rate of H, production, ry,, and the selectivity
in hydrogen production to CO, and to formic acid, defined as
Sc02 = 3rco2/er x 100 and SHCOOH = ZrHCOOH/rHZ X 100, respectively
[5], determined with both FP-0.5%Pt/TiO, and 1%Au/TiO; as a func-
tion of the molar fraction x of methanol in the liquid phase. Very
similar trends were obtained when employing the two noble
metal-modified photocatalysts under identical irradiation condi-
tions, demonstrating a common behavior, almost independent of
the nature and loading of the noble metal, and also of the photocat-
alyst preparation method.

In particular, both ry, and Sycoon €xhibit an asymmetric bell-
shaped trend with a maximum located at 0.2 < x < 0.65. Further-
more, at low x values, ry, is lower than at high x values. On the
other hand, the rate of CO, production rco,, and also Sco,, display
a decay trend with increasing x, the rco, maximum being attained
at high water-to-methanol molar ratios. Furthermore, as the par-
tial pressure of methanol increases, Sco, decreases and formalde-
hyde becomes the main methanol oxidation product. These
results clearly show the crucial role of water in guaranteeing the
attainment of complete oxidation in the vapor-phase photoreform-
ing of methanol under anaerobic conditions.
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Fig. 2. Hydrogen production rate (ry,) and selectivity to CO, (Sco,) and to formic
acid (Sucoon) as a function of the methanol molar fraction x in the liquid solution in
equilibrium with the gas mixture fed to the photoreactor.

3.3. Reaction mechanism

The photocatalytic reforming of methanol occurs on the semi-
conductor surface after light absorption and band gap excitation
[25]. Consequently, the following elementary steps should be con-
sidered in the photocatalytic reaction mechanism:

(i) Light absorption and generation of eg; — hy pairs:

TiOy 4+ hv — eg + hig 1)

The rate of this initial step is I,®, I, being the amount of pho-
tons absorbed per unit time and & the quantum efficiency of
step (1) [25].

(ii) The adsorption of electron acceptor and donor species, EA
and ED, on the photocatalyst cathodic and anodic adsorption
surface sites, respectively: EA; <EA,4s and EDg <ED ;.

(iii) The reaction of photoproduced charge carriers ez, and hyy
with acceptor or donor species, respectively, adsorbed on
the photocatalyst surface: EA,s +eg — Piags  and
ED,qs + hig — Pyads, in competition with the very fast eg,
and hy, recombination, releasing heat Q:

k:ecom .
ecy +hyg ¥ TiO; + Q 2)

(iv) The desorption of products (or intermediate species in a
multistep mechanism) from the photocatalyst surface:

Pl.ads <—_>P1g and Plads SPZ,g-
In the case of the photocatalytic steam reforming of methanol
under anaerobic conditions on TiO, modified by noble metal nano-
particles’ deposition, oxidation occurs on the titania surface and
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both methanol and water can act as ED species [25], whereas
photopromoted electrons accumulate in noble metal nanoparti-
cles, acting as photocathode, where protons, the EA species, under-
go reduction to H.

The sequence of photoinduced oxidation reactions occurring on
the photocatalyst surface under steady-state conditions is sche-
matically represented in Fig. 3. Methanol and water are known to
adsorb competitively on the oxide surface, both molecularly or dis-
sociatively, with the formation of surface hydroxyl and methoxy
groups [26-34]. Adsorbed methanol is then oxidized up to CO,
on the photocatalyst surface, through formaldehyde and formic
acid formation, as intermediate species. Under steady-state condi-
tions, the surface concentration of the intermediates is constant
and a competition is established at each step between further
oxidation and desorption of the adsorbed intermediate species. In
particular, the higher is the desorption rate with respect to the
oxidation rate, the higher is the accumulation rate of that interme-
diate in the gas phase and consequently the lower is the selectivity
to COZ

Under the adopted experimental conditions, the composition of
the gas mixture fed to the photoreactor did not vary substantially
during the runs and it contained negligible amounts of the formal-
dehyde and formic acid intermediates, which were efficiently
trapped by the liquid solution, where they accumulated, though
their content always remained extremely low [5]. Moreover, the
sum of the rates of H,CO, HCOOH and CO, formation was equal
to the overall rate of methanol conversion, at least for low metha-
nol/water ratios, i.e., when negligible amounts of species contain-
ing two carbon atoms were produced [5]. Hence, under steady-
state conditions, although methanol oxidation to CO, occurred
through a series of consecutive surface reactions, the reaction sys-
tem can also be envisaged as a set of three parallel reactions yield-
ing the above-mentioned main three products (Fig. 3).

More in detail, the following series of elementary steps are able
to account for the photocatalytic anaerobic oxidation of methanol
and the detected intermediate species:

kdes.HZCO
H,C0,4s — H,CO, (8)
HCO,gs +"OHygs (0F hig) % HCO:, + H,0 (or Hiy,) (9)
HCO" s + “OH,qs > HCOOH, (10)
Kdes HcooH
HCOOH,4, — HCOOH, (11)
HCOOH,g; +“OHygq (0 hyyg) < -COOH,q + HoO (or Hy,) (12)
K,
“COOH,; +*OHygs (O hyy) = €O ags + HoO (01 Hiy,) (13)
Kdes co,
c02.ads - COZ.g (14}
2H, + 26 S H, (15)

In this reaction sequence, each oxidation step may proceed on the
photocatalyst surface either by the direct interaction of the
adsorbed organic species with valence band holes, hy;, or by an
indirect path involving hydroxyl radical attack [8-12]. Any "OH rad-
ical-mediated path implies, first of all, water adsorption, which re-
acts with valence band holes, producing protons and reactive "OH
radicals adsorbed on the photocatalyst surface. Each hole-mediated
oxidation step produces adsorbed H*, which are also produced in
the water oxidation step yielding "OH radicals, reaction (5). Photo-
catalytic hydrogen production results from reaction (15), i.e., from
the reduction of adsorbed protons by conduction band electrons,
accumulated on noble metal nanoparticles under irradiation. When
the photocatalytic reforming of methanol is carried out in contact
with the gas phase, a very crucial point is the diffusion of the so-
produced protons over the titania surface toward the reduction
sites, a point that will be better enlightened later on.

Note that reaction (10) cannot proceed through a direct, hole-

H,0, lf_ﬂ, H,0,46 (3) mediated path, but can only proceed through hydroxyl radical at-
ke tack, because an extra oxygen atom is needed to transform H,CO
; into HCOOH, which can only be provided indirectly by water,
CH;0H, © CH30H,qs (4)  through a hydroxyl radical.
k-m
3.4. Rate expressions
ky
H0,45 + h\73 —'OH,¢s + H;rds (5) .. . .
Under steady-state conditions, the concentration of all species
) ik ) N adsorbed on the photocatalyst surface is constant. Therefore, by
CH3OHags +"OHaas (0r hyg) = CH30}; + Ho0(or Hyy) (6)  indicating with r; the rate of the jth step:
K,
CH30;q  + "OHags (01 hyg) —>HzC0445 + H20 (01 Hy,) (7)
CH;0H /—‘
HCO,H
CH3O0H 44 L H,CO o b HCO:H .4 L COza4 % C 2(9)

£\

hyg* (or *OH) hyg**HyOqg
(or «OH)
H* (or H,0) H* (or H,O) H* (or H,0)

Fig. 3. Reaction scheme of the photocatalytic vapor phase oxidation of methanol on the TiO, surface under steady-state conditions.
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d[CH;0; ,

% -1y =0 (16)

O]y o =0 (17)
dr

d[CHO: ,

%:Q—Q:O (18)

d[HCOOH.as] _ Iy — T'4 — T'gesricoon = 0 (19)

dr

d[HCOO: ,

AHCO0L]_, g 20)

d[CO,, ,

% =Ty, —Tdesco, = 0 (21)

where 14 ; are the desorption rates of the ith species detected in the
gas phase at the exit of the photoreactor, which coincide with their
overall accumulation rates in the liquid solution (in the case of
formaldehyde and formic acid) or in the recirculating gas (carbon
dioxide). Of course, from Eqgs. (16)-(21), it follows:

T'desH,C0O + T'des HCOOH 1 T'des.co, = 12 (22)

which is nothing but the mass balance condition in terms of r,, the
rate of methanol oxidation. Furthermore, from Eqgs. (16)-(21), it also
follows that the measured H,CO, HCOOH, and CO, production rates
are equal to:

Tdeshy,co =T5 —T3 =T — T3 (23)
TdesHCOOH =15 — T4 =13 — Ty (24)
T'des,co, = T,=Ts4 (25)

According to the proposed reaction scheme, the rate of each oxi-
dation step occurring on the photocatalyst surface is the sum of
the rates of the direct and of the hydroxyl radical-mediated paths,
apart in the case of r, as mentioned before. For instance, for j=2
the following rate expression can be written for methanol
oxidation:

ry = kgHQOHGCHmH + k'ﬁ (hyg)Och;on (26)

where, in general, kJQH and kj’-1 are the rate constants of the hydroxyl
radical-mediated and hole-mediated paths, respectively, for the jth
elementary oxidation step on the photocatalyst surface, [hy;] is the
surface concentration of valence band holes under irradiation and 6;
is the fraction of surface sites covered by the ith species adsorbed on
the photocatalyst surface. However, surface coverages 60u,co, Oucoon
and 0co, cannot be evaluated from gas-phase measurements, and
consequently equations similar to Eq. (26) for j=3 and 4 are not
useful in the development of a reaction kinetic model.

On the other hand, from Eq. (22) it follows that, under steady-
state conditions, the reaction system in the gas phase can be envis-
aged as methanol undergoing three parallel reactions, yielding the
three products H,CO, HCOOH, and CO,. Thus, the rate constants kg“
and kg appearing in Eq. (26), relative to methanol oxidation, can be
taken as the sum of the k™ and k! formation rate constants of the
three products, according to the indirect and the hole-mediated
paths, respectively:

kgH = kgl;co + kglgOOH + kgon = Z k?H (27)
kh _ Ih kh kh _ kh
2 = Kip,co + Khcoon + Keo, = Z i (28)

so that the formation rate of the ith product can in general be ex-
pressed as:

ri = k" 0ouOci,0m + K Thg]Och;on (29)

i.e., the overall rate of formation of each product is the sum of the
rate contribution of the direct and the indirect path, expressed in
terms of methanol surface coverage.

The surface coverage of ‘OH radicals under steady-state condi-
tions, 0oy, can be obtained from Egs. (5)-(13), as follows:

d[OH
% = ky [l5)011,0 — Oon (lc‘z)“emso“ +y kj’“e,») -0 (30)
+
)
00H kl [hVB] 0 H0 (3-1 )

a k(Q)HGCHgoH +> kJQHGi

The concentration of valence band holes [hy;] under steady-state
conditions can be obtained by taking into account Egs. (1), (2),
and (5)-(13):
d[h\tB} —I.¢ k h+ — + h _
T2 = 100 — kecoms [hug] [eca] — [ve] (Kneo + D K}0r) = 0
(32)
All measurements in the present study were carried out under con-
tinuous irradiation, i.e, under conditions that do not allow a
distinction between “free” and “trapped” holes and electrons
photogenerated upon semiconductor excitation [8]. Eq. (32) can
be simplified by considering that charge recombination in semicon-
ductors is expected to be much faster than any electron transfer
reaction [8]. Consequently, Io® = Kecoms [1y5] [€c]. Furthermore, if
one assumes that the steady-state concentration of photopromoted
electrons equals that of photoproduced holes, ie., [hy;] ~ [eg] for
charge balance, then:

1, @
[hys] =

krecomb

Thus, under the above-mentioned assumptions, the concentration
of valence band holes depends only on the irradiation conditions
(Iy) and on the photocatalyst intrinsic properties (@ and Kiecomb)-
The extent of charge separation increases in the presence of noble
metal nanoparticles deposited on the semiconductor surface [8].
In fact, these are able to efficiently capture conduction band elec-
trons, with the consequent decrease in Kecomp and increase in
charge carriers steady-state concentration, with more efficient
interface electron transfer paths and higher rates of overall photo-
catalytic reactions.

By substituting Egs. (31) and (33) into Eq. (29), and by recalling
that [hy;] and Cs are constant under the adopted experimental con-
ditions (the same photocatalyst amount and light intensity were
always used), the general expression for the formation rates of
the ith product is obtained:

Lo [ Kk 04,00
I = a OH, 1UH,0 CH300|'1[_l + k?OCH3OH (34)
Krecomb kz HCHgoH + Z kj 0;

If the surface coverages 0; appearing in Eq. (34) are expressed
according to the Langmuir adsorption isotherm, ie., 0;=Kp;/
(1 +>"iKipi), Ki and p; being the adsorption equilibrium constant un-
der irradiation and the partial pressure of the ith component, one
finally obtains:

(33)

o k;'OHI<H10szOKCH30HpCH3OH
=
(kgHKCH3OHch3OH +Z’<JQHK1‘P1'> (1 +Ku,0Pn,0 +KcnsonPenyon + ZKipi)

'h
ki KenzonPengon

+
(1 +Ku,0Ph,0 + KenyonPenyon + ZK‘P;-)

(35)
/OH

where k; and k;h are constant, Ku,o(=kw/k_ see Eq. (3)),
Kenyon(= km/k_m see Eq. (4)), and K; are the adsorption
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equilibrium constants of H,0, of CH;0H and of the intermedi-
ate species on the illuminated photocatalyst surface; py,o,
Pcu,on and p; are the partial pressures of H,O, CH3OH and of
the ith species in the reaction gas mixture. These latter, how-
ever, have negligible values with respect to water and metha-
nol vapor pressure, under the adopted experimental
conditions. Thus, the Y kKp; and > Kjp; terms can be neglected
in Eq. (35) and the Kcu,onPen,on term appearing at the nomina-
tor and at the denominator of the first right-hand term of Eq.
(35) can be eliminated. Furthermore, by taking into account the
non-ideal behavior of the liquid solution, one may express
Penyon = VenyonXPcison and  Py,o = Py,0(1 —X)P°m0,x being the
methanol molar fraction in the liquid solution, 7,,, and
Yenson the activity coefficients of H,O and CH30H for that
solution composition, p°w,0 and p°cuy,on the water and methanol
vapor pressure, respectively. The activity coefficients at the dif-
ferent x values have been calculated using the van Laar
equation [35], with the activity coefficients at infinite dilution
Vahon and P, equal to 1.95 and 1.59, respectively.

By introducing the above partial pressure expressions into Eq.
(35), one finally obtains:

H,CO_ FP-0.5%Pt/ TiO,
o
=
o
ON
_I
o
£
£
2
[
o
=
==
z,
Q
I
©°
€
€
9o
[}
S
CO,_FP-0.5%Pt/ TiO,
25 1
- »
o 20 -
=
g 151
o
€
£ 10 1
~ (J
]
§ 057 el
00 ¥ T et
0.0 0.2 0.4 0.6 0.8 1.0

CH,OH molar fraction

Vi,0A(1 — X)
1+ 7,04+ x(VCHgOHB - VH20A>
YenzonBX

1+ 7,04+ x(VCH30HB - VHZOA)

OH h
Iri= ki + k:

X

where and

- 5 - 5 OH _ KMk, @
A = Ku,0P°1,0, B = KcnyonP°cson, ki = 5 [—

/h 1 h I, ®
ki 7ki kﬂ—

. Eq. (36) is an approximation of Eq. (35), which cor-
rectly predicts a reaction rate equal to zero for x=0 (ie., for
Pcn,on = 0). The contribution of the ‘OH radical-mediated path (first
term of the right-hand side of Eqgs. (35) and (36)) rapidly increases
with increasing x, with a maximum located at a very low x value,
followed by a decay trend with increasing x, which is faster, the
higher is B with respect to A.

The plot of the CO, production rate vs. x (Fig. 4) follows indeed
this type of behavior. Fig. 4 also displays the fitting of the experi-
mental CO, production rate data (dotted lines) according to ‘OH
radical-mediated oxidation path (first term of the right-hand side
of Eq. (36)). By comparing the experimental results with the
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Fig. 4. Rates of formaldehyde, formic acid, and carbon dioxide production measured with FP-0.5%Pt/TiO, (left panels) and 1%Au/TiO- (right panels) at different methanol
molar fraction x in the liquid phase in equilibrium with the gas mixture fed to the photoreactor. The fits according to the sum of Eqgs. (36) and (38) for H,CO and the first term
only of Egs. (36) and (38) for HCOOH and CO, (solid line) are also reported. Contributions of the oxidation paths: indirect path (dotted line); direct path (dashed dotted lines),

and water-assisted path (dashed line).
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calculated curve one may conclude, from a qualitative point of
view, that CO, is preferentially photoproduced via this reaction
path at high water partial pressure (low x values), whereas a
significant variation in the reaction path occurs with increasing x,
the experimental CO, production rate becoming higher than that
predicted on the basis of this reaction path only.

The second term of the right-hand side of Eq. (36) accounts for
the contribution of the hole-mediated oxidation path to the overall
reaction rate. It follows a typical saturation, Langmuir-type behav-
ior with increasing x, correctly predicting no reaction for x = 0, with
a contribution to the overall rate tending to the maximum value
B/(1 + B) for x=1. However, formaldehyde was the only product
detected when the reactant was pure methanol (see Fig. 2),
whereas the overall formation rate of both formic acid and carbon
dioxide dropped to zero for x = 1, as expected from the stoichiom-
etry of the reaction sequence, as already mentioned. This means

that kl\coon = k’éoz =0 in Eq. (28) and consequently kg = k',f,zco.

3.5. The water-assisted path

Eq. (36) alone is thus inadequate to describe the bell-shaped
curves of formaldehyde and formic acid production rate vs. x
(Fig. 4). Another reaction path must be at work, in which water
does not act simply as a source of ‘OH radicals. Indeed, water, be-
sides being a reactant providing an oxygen atom in the oxidation
step from formaldehyde to formic acid, may play another impor-
tant role, i.e., as a diffusion medium for protons produced at each
oxidation step on the titania surface, toward the noble metal. Pro-
tons can be transferred over the TiO, surface by means of stable
pairs of hydroxyl groups interacting with adsorbed water mole-
cules [30,34]. In this respect, reaction sites located at the titania—
noble metal interface should be distinguished from the reaction
sites of the titania surface far from the noble metal. Methanol ad-
sorbed on the first type of sites can directly transfer a proton to the
noble metal during the oxidation step to formaldehyde through the
reaction with a valence band hole. By contrast, the hole-mediated
oxidation of methanol adsorbed on the second type of sites must
be regarded as a “water-assisted” path, implying transfer of pro-
tons through neighbor hydroxyl groups up to the noble metal
particles.

Thus, the rate-determining step of any hole-mediated oxidation
path occurring on the photocatalyst surface sites far from the noble
nanoparticles is expected to involve water molecules, which are
able to stabilize the so-formed protons and transfer them to the
noble metal, where they undergo reduction. The rate of this
water-assisted path r;,,, depends on the surface concentration of
both water and methanol, besides on that of photoproduced holes,
according to the following rate expression:

Tiwa = Kiwa [h\%} Ocn;010H,0 (37)

By rearranging this equation according to a procedure analogous to
that previously detailed to obtain Eq. (36), one finally gets:

/ V04 cn,onBX(1 — X)

ri,wa = kl‘wa 7
[1 + V08 + X(VenyonB — Vi)

(38)

l?_ s the observed rate constant of the water-

Krecomb

assisted path. Eq. (38) describes a bell-shaped curve as a function of
X, with 1j,, = 0 for x = 1 or x = 0 and a maximum, determined by set-
ting to zero the first derivative of the right-hand side of Eq. (38),
presumably located at xmax < 0.5, because we expect B > A, p°cu,on
being ca. five times higher than p°y,o.

where ki, = Kiwa

3.6. Fitting the experimental rate results

The rates of formaldehyde, formic acid, and carbon dioxide pro-
duction (ru,co, Ticoon and rco,) determined with the two photocat-
alysts at different methanol molar fractions x were fitted by
considering the coexistence of the indirect ‘OH-mediated, the di-
rect, and the water-assisted path described above, i.e., according
to an analytical function obtained by summing Egs. (36) and
(38). However, only in the case of formaldehyde production the di-
rect path was relevant in the fitting of ry,co data, as already out-
lined, whereas rycoon and r¢o, data were fitted by an analytical
function obtained by summing the first term only of Eq. (36) with
Eq. (38).

The photocatalyst surface is expected to bear sites with differ-
ent distributions of adsorption strength. Hence, the A and B param-
eters in Eqs. (36) and (38) are related to the average adsorption
constants of water and methanol, respectively. The same values
of the A and B parameters were imposed in the fitting routine of
Th,co, THeoon and rco,. However, for a better fitting of rco, results,
the B parameter appearing in the first term of Eq. (36) was refined
independently of that appearing in Eq. (38), as discussed below.
The results of the fitting procedure, presented in Fig. 4, exhibit a
good agreement with the measured rate values. Fig. 4 reports the
overall predicted production rates as solid lines, together with
their deconvolution into the contribution of the indirect (dotted
lines), direct (dashed dotted line), and water-assisted (dashed
lines) paths.

The B value obtained for the indirect path was higher than that
obtained for the other paths (70 vs. 23 for FP-0.5%Pt/TiO, and 85 vs.
22 for 1%Au/Ti0,), suggesting that the adsorbed organic species in-
volved in the indirect oxidation path are more strongly adsorbed
on the photocatalyst surface. This also explains the high rco, value
at low x. Indeed, based on the reaction scheme proposed here, the
more strongly the reacting species adsorb on the photocatalyst sur-
face, the more the reaction shifts toward CO, formation, because
the rate of further oxidation of the intermediate species on the tita-
nia surface is higher than their desorption rate. Also, aromatic alco-
hols have been recently reported to interact with the TiO, surface
in different ways, resulting in either partial selective oxidation to
aldehydes or mineralization [36,37].

The ‘OH-radical-mediated path prevails only for very low x val-
ues, i.e., for low methanol partial pressure and thus relatively low
surface coverage. Methanol is known to be a more effective hole
scavenger than water [6]; thus, the indirect oxidation path prevails
only at very low methanol coverage, when the probability of water
reaction with valence band holes is high. Moreover, at low cover-
age, the highest energy adsorption sites are the first to be occupied.
With increasing x, the indirect oxidation path rapidly falls down
and the direct, water-assisted path becomes predominant for
x>0.18.

Slightly different fitting parameters are reported in Table 1 for
the two photocatalysts, indicating that the same photocatalytic
reaction paths are at work on their surface under irradiation. The
small differences in the values of each parameter obtained from ki-
netic data collected when employing the two photocatalysts reflect
small differences in their properties consequent to the different
preparation method, i.e., different exposed faces, surface hydroxyl
concentration, size, and distribution of noble metal nanoparticles,
without any substantial change in the mechanism to be attributed
to the substitution of gold for platinum nanoparticles on the TiO,
surface.

3.7. Isotopic exchange experiments

Isotopic exchange of H,O with heavy water (D,0) allows one to
distinguish between the direct and the indirect oxidation paths.
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Table 1
Refined values of parameters A, B and k/mmol h™' g4 of Egs. (36) and (38), obtained by fitting the ry,co, r'icoon and rco, vs. x data recorded with FP-0.5%Pt/TiO, and 1%Au/TiO,
(see Fig. 4).
Photocatalyst Oxidation path TH,cO THCOOH Tco,
k A B k A B k A B
FP-0.5%Pt/TiO, Indirect 0.64 7.5 70 0.29 7.5 70 2.7 7.5 70
Water-assisted 38 7.5 23 8.7 7.5 23 0.82 7.5 23
Direct 24 - 23 - - - - - -
1%Au/TiO, Indirect 0.42 6.2 85 0.1 6.2 85 3.4 6.2 85
Water-assisted 31 6.2 22 8.4 6.2 22 1.2 6.2 22
Direct 1.6 - 22 - - - - - -
Indeed, when the reactants are D,0 and CH30H and only the indirect light on [offf lighton [loff lighton Jlightoff
reaction path is gupp?sed to be at work, the following reaction R —_ —L_ —@)
scheme can be written: 8x10° -
D,0 + hj — 0D + D* (39) 3
| \/_\’\
< 6x10° - —~—
= —(b)
CH50H + 20D — CH,0 + 2HDO (40) D
2 8 |
CH,O0H + 2:0D — HCOOD + HDO @1) g i
o —— (c)
HCOOD + 2:0D — CO, + HDO + D,0 (42) P || I L _Eg;
%)
s m— f
2D + 2eg — D, 43 O = —#F/j— 0
-10 I
Therefore, if only an indirect reaction path were at work, only di- 1x10 0 I{‘Hﬂ——lu I\_F‘ . [ (h;[
deuterium molecules (D,) are expected to be produced according 0 40 80 120
to Egs. (39) and (43), together with four HDO molecules, see Eqs. time on stream / min
(40)-(42), for each methanol molecule undergoing full oxidation
to C02 - - - - -
light light off| light lightoff | light
By contrast, if methanol oxidation occurred only through the di- — on ‘Iﬁg_i_"‘ ighton_ PGRTGIT _Tight on /_(a)
rect path, the reaction scheme would be: 8x10° [ [N S
CH50H + 2hy;; — CH,0 + 2H* (44) s
> 6x10° - ()
CH,0 + D,0 + 2hy; — HCOOD + D" + H* (45) &2
(9]
+ N N £ ax10® -
HCOOD + 2hy; — CO, + D" +H (46) T
5 —
2D" + 4H" + 6eg, — zHD + (1 —2)D; + (2 — 2)H, (with 0 o 2107 = Se
=
<z<1 47 e} J\/—’\_J/\_JL—’L“)
<z<1) (47) I L)

Therefore, if the reaction proceeds through a direct oxidation path,
no HDO is expected to be produced and, based on the reaction stoi-
chiometry, the photoproduced gas would contain 33.3% of D-atoms
and 66.7% of H-atoms, statistically distributed in the form of HD, D,
and H,, Eq. (47). However, in the water-assisted direct oxidation
path implying H* diffusion on the photocatalyst surface (through
D,0 in the case of the deuterated system), some isotopic exchange
between H* and D* can be expected to occur, before a noble metal
nanoparticle is reached, which implies an increase of the D content
of the photoproduced gas mixture.

By taking into account that the reaction in fact proceeds
through the three paths simultaneously, HDO is expected to be
produced, together with some HD, D, and H,, with a D-atom con-
tent in the outcoming gas greater than 33.3%, depending on the rel-
ative weight of the three reaction paths.

Typical results of QMS analysis in the photocatalytic experi-
ments performed with FP-0.5%Pt/TiO, fed with H,O/CH30H/Ar or
D,0/CH30H/Ar at x = 0.0045 are reported in Fig. 5. In the first case
(Fig. 5, upper panel), H,, CO,, HCOOH, and traces of CO formed un-
der irradiation, with no variation of the signals at m/Z 3 (HD), 4
(D;), and 19 (HDO) when irradiation began. By contrast, when
the D,0/CH30H/Ar mixture was fed to the reactor, HD, D,, and
HDO were produced under irradiation. The same variation of the

-10 |
1x10 {F \ ‘ ]
O T T
0 40 80 120 160
time on stream / min

Fig. 5. Typical QMS signal intensity vs. time-on-stream, recorded during the
photocatalytic experiment with FP-0.5%Pt/TiO, in flowing H,O/CH3OH/Ar (top) and
D,0/CH5;0H/Ar (bottom), with x = 0.045, in three consecutive irradiation cycles. The
traces correspond to the following m/Z signals: (a) 31, corresponding to the
*CH, = OH fragment of methanol; (b) 19, HDO; (c) 4, Dy; (d) 3, HD; (e) 2, Hy; (f) 44,
CO,; (g) 28, CO; (h) 46, HCOOH.

m/Z = 44 signal, corresponding to CO,, was observed in the two
cases, confirming that the overall photoactivity was not affected
by the substitution of D,0 for H,O. Steady-state irradiation condi-
tions were attained within the first 20 min, and two consecutive
irradiation cycles led to the same variation of QMS signals. An in-
tense peak of the QMS signals was observed when the shutter
was opened (light on), followed by a plateau, as a consequence of
the fact that interface electron transfer involving species adsorbed
on the surface is much faster than the adsorption of reactants. (The
photocatalyst surface is saturated in the dark.) The percent amount
of Hp, HD, and D, at the photoreactor exit was calculated from the
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Fig. 6. QMS signals intensity vs. time during the third illumination cycle, recorded
with FP-0.5%Pt/TiO, and 1%Au/TiO, when fed with D,O/CH;OH vapors in Ar, for
three different methanol molar fractions (x = 0.0045, 0.10, and 0.64). The traces
correspond to the following m/Z values: (a) 19, HDO; (b) 4, D,; (c) 3, HD and (d) 2,
H,.

Table 2

Percent amounts of D,, HD, and H, in the gas stream at the exit of the photoreactor
measured by QMS in H,0/D,0 isotopic exchange experiments with the two tested
photocatalysts at different values of the methanol molar fraction x in the CH30H/D,0
solution.

x D,(%) HD(%) H,(%) H(% D%
FP-0.5%Pt/TiO,  0.0045 72 27 1 14 86
0.10 57 36 7 25 75
0.64 7 39 54 74 26
1% Au/TiO, 0.0045 60 35 5 23 77
0.10 46 45 9 32 68
0.64 6 44 50 72 28

variation of the corresponding QMS signal after the beginning of
irradiation.

The m/Z signals of Hy, HD, D,, and HDO recorded with the two
photocatalysts at the third illumination cycle carried out with
three different methanol molar fractions (x=0.0045, 0.10 and
0.64) are reported in Fig. 6, and their percent amounts calculated
from QMS signals are collected in Table 2. The percent deuterium
content was always higher than expected from the reaction stoi-
chiometry and significantly decreased with increasing x. This result
confirms, in line with the fitting results shown in Fig. 4, that at low
X (x=0.0045 and 0.10) the indirect, ‘OH-radical-mediated oxida-
tion path prevails, D, being the main product, accompanied by

HDO formation, whereas at high x (i.e., at x = 0.64) the direct oxida-
tion path prevails, H, being the main reaction product, with no
HDO formation (see Fig. 6).

4. Conclusions

The rate results obtained in the vapor-phase photocatalytic
methanol reforming on noble metal-modified TiO, at different
methanol molar fractions adequately fit a reaction scheme imply-
ing three parallel oxidation paths: (i) an indirect ‘OH-radical-med-
iated path; (ii) a direct path, implying the reaction of valence band
holes with adsorbed methanol at the titania-noble metal interface;
and (iii) a water-assisted direct path, involving the reaction of va-
lence band holes with methanol molecules adsorbed far from the
titania-noble metal interface. In this case, water plays a double
role: (a) as an oxygen donor in the formaldehyde to formic acid
oxidation step and (b) as a proton diffusion medium from surface
oxidation sites to noble metal nanoparticles. The relative impor-
tance of the indirect oxidation path, very selective toward CO, pro-
duction and occurring on relatively strong adsorption sites of the
photocatalyst surface under irradiation, rapidly decreases with
increasing the methanol molar fraction in the feed, prevailing only
for x < 0.1. The proposed mechanism is fully supported by H,O0/D,0
isotopic exchange experiments.
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