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The experimental artificial photosynthesis (AP) systems, which have attempted AP by photo-irradiation
of single-chamber reactors containing CO,, H,0, and metal-loaded TiO,, have received great attention
during the last three decades. Such one-pot AP systems cannot be efficient because the catalysts have
water oxidation sites which can oxidize the carbon-containing organic fuels more readily than water.
Despite this, methanol has been the most desired product from such AP systems due to its many merits.
However, CH4 and CO have been produced as major products under normal conditions (1 bar of CO5, 1 sun,
neutral condition, and irradiation wavelength >350nm). From a systematic study aimed to elucidate
the fate of methanol in such one-pot AP systems with novel metal nanoparticle loaded TiO, (M,-TiO,,
M=Pd, Pt, Cu and Au) as the catalyst we found that methanol and its related products formaldehyde
and formic acid are not produced from such one-pot AP systems, indicating that the gaseous products
should be produced from the pathways which do not involve methanol and the less-reduced products
as intermediates or side products. We also elucidated that when methanol is added into the AP system,
as many as fifteen different reactions take place as shown in Scheme 1. The reaction is initiated by
photoinduced excitation of the charge-transfer (CT) band from methanol to TiO, surface, which appears
in the UV region, by the UV part of the solar light. These reactions bear the potential to be used for
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production of various compounds.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Artificial photosynthesis (AP), namely, the sun light driven con-
version of carbon dioxide (CO,) and water into fuel, is currently an
important area of research [ 1-53]. The most desired target product
from AP has been methanol (CH3OH) because it exists in the liquid
form under the ambient condition and can be transformed into var-
ious useful compounds. Since methanol is a 6e~-reduced product
of CO,, the simultaneous formation of formaldehyde (HCHO, 4e~-
reduced product) and formic acid (HCOOH, 2e~-reduced product)
is also likely if an AP system produces methanol.

The simplest approach to materialize AP is to charge a sin-
gle chamber reactor with CO,, water, and a proper photocatalyst,
and subsequently irradiate the reactor with a proper light source
or expose it to the sun light. This so-called ‘one-pot’ approach
for AP has been experimented by a large number of groups for
more than three decades [18-53]. For this approach, the TiO,
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powders loaded with various metal nanoparticles (M,-TiO,) have
been extensively tested as photocatalysts [ 18-40,44-53]. However,
under the normal condition (1bar of CO,, neutral solution, and
1sun) only gaseous products such as methane (CH4) and carbon
monoxide (CO) have been the major products and CH30H and the
less reduced products have not been produced unless the reac-
tions were carried out under extreme conditions which involve
very high CO, pressures (10-75 bar) [34-36], highly basic solution
(pH>13) [37-39], very high intensities of sun light (20-100 sun)
[40], or with UV lights with the wavelengths shorter than 350 nm
[18,21-26,44,46,48,51]. However, molecular hydrogen (H,) has
never been detected from such one-pot AP systems with M;-TiO,
as photocatalysts.

To explain the reasons for the formation of methane as the most
common product [19], three pathways called formaldehyde path-
way [44,45], carbene pathway [20a,46-50], and glyoxal pathway
[51-53] have been proposed. However, these pathways involve
formic acid, formaldehyde, or methanol as a key intermediate or a
side product. In fact, it is quite unreasonable to expect CH3OH and
the less reduced products from the one-pot AP systems because
they carry both water oxidation site as well as CO, reduction site.
Thus, if the former could oxidize water, then it surely can oxidize
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CH30H, HCHO, and HCOOH much more readily than water because
these organic compounds are better electron donors than water.
M;,-TiO, has also been extensively used as the environmental pho-
tooxidation catalysts for removal of HCHO [54] and various organic
molecules in the air and in water [55-65]. In this respect, the one-
pot AP systems, in particular those with M,-TiO, as photocatalysts,
should be viewed as ‘unideal’ AP systems.

Now the following fundamental questions arise. Would such AP
systems indeed be able to produce CH30H, HCHO, and HCOOH?
Regardless of the answer to the previous question, what would
happen to CH30H and the less reduced products if they were delib-
erately introduced into such one-pot AP systems? Would CH4 and
CO be produced from CH30H and the less reduced products during
the course of their decomposition under the one-pot AP condition?
If not, from where would they come? Then what happens to the
proposed three pathways? Are there independent pathways for the
formation of CH4 and CO under the one-pot AP conditions?

The answers to the above questions will help us better under-
stand the problems of the one-pot AP systems. They will also give
us valuable information regarding the fates of CH3OH and the less
reduced products in such one-pot AP systems. They will also help
us find the important clues on how CH4 and CO become produced
from such AP systems. Thus, the answers to the above questions
will eventually give us valuable insights into the design of efficient
AP systems.

With the above background in mind we have conducted a series
of photocatalytic oxidation of CH30H and its less reduced prod-
ucts on several metal oxide nanoparticle-loaded TiO, [(MO);-TiO5,
M=Pd, Pt, Ay, and Cu] by feeding the reactant vapors, as a sin-
gle component or as a mixture, with or without the water vapor,
into the reactor charged with (MO),-TiO, powder. Here, the rea-
son why we used (MO),-TiO, as photocatalysts instead of M;-TiO,
is because we later found that (MO),-TiO, are first converted to
M;,-TiO, (vide infra) under the reaction condition (for M =Pd, Pt,
and Cu) or during the catalyst preparation (for M = Au). Thus, the use
of (MO),-TiO, is a more convenient way to carry out the reaction.

CO, was also fed into the reactor as the carrier gas as a means
to provide an AP condition. However, we also carried out the
photocatalytic oxidation with Ar as the carrier gas to investigate
the possibility of CH30H and less reduced products to form CO5.
Since one-pot AP systems also produce molecular oxygen, O,
through water oxidation, all the photocatalytic reactions should
also undergo under the O, environment. In this regard, we also
used O as the carrier gas. Another reason for using O, as a carrier
gas was to investigate the effect of an oxidizing carrier gas on the
pathways of photooxidation of CH30H and the less reduced prod-
ucts on M,-TiO,. We also used H as a carrier gas to investigate
the effect of a reducing carrier gas on the pathways of photooxida-
tion of CH3OH and the less reduced products on M;-TiO,. Thus, we
have investigated the photocatalytic oxidation of CH30H, HCHO,
and HCOOH, under the four different carrier gas conditions.

The reason we carried out the above photocatalytic oxidation
reactions under the vapor-solid heterogeneous condition is to
facilitate the quantitative analyses of the products by feeding the
product stream on-line into one or two gas chromatographs (GCs)
and to a gas chromatograph-mass spectrometer (GC-MS) and to
investigate the effect of methanol-to-water molar ratio (0.1-c0)
on the pathways of the photocatalytic oxidation of the reactant
molecules and on the product distributions.

We now report that the one-pot AP systems with M;-TiO, as
photocatalysts do not produce CH30H, HCHO, and HCOOH, and
accordingly, the CH4 and CO which have been routinely observed
as the major products from the one-pot AP systems in the liter-
ature [1,8b,14,16b,21a,23-29,31-33,41,43-45,49,53]| do not come
from photocatalytic oxidation of CH30H, HCHO, and HCOOH. Thus,
this report raises strong doubts onto the three pathways that have

been proposed for the formation of methane as the major prod-
uct from the one-pot AP systems. We also report the remarkable
fact that while HCHO and HCOOH simply undergo decomposition
to Hy and CO; in the moist atmosphere, CH3O0H leads to formation
of various products such as HCHO, dihydoxymethane or methane
diol H,C(OH),, HCOOH, methyl formate (MF) HCO,CH3, methoxy
methanol CH30CH,O0H, dimethoxy methane (DMM) (CH30),CH,,
dimethyl ether (DME) CH30CH3, CH4, CO,, CO, Hy, and H,0 by
involving as many as fifteen different reactions (Scheme 1). We
further report the characteristic features of the fifteen reactions,
their flow, their relationships, their relative rates, and the effect of
carrier gas on each reaction and the reaction pathways, the effects
of methanol-to-water (M/W), formaldehyde-to-methanol (F/M),
and MF-to-water (MF/W) ratios, respectively, on the corresponding
product distribution and reaction pathway.

2. Experimental
2.1. Materials

TiO, (P25) was purchased from Degussa. Copper acetate
monohydrate [Cu(CH3COOH),-H,0], palladium(ll) chloride
(PdCl,), platinum(II) chloride (PtCl,), gold(Ill) chloride trihydrate
(HAuCl4-xH,0), an aqueous formaldehyde solution, an aqueous
formic acid were purchased from Aldrich and used as received.
Anhydrous methanol, anhydrous methyl formate, and anhydrous
1,1-dimethoxymethane [(CH30),CH,] were purchased from
Aldrich and further dried by immersing them, respectively, in
dried 13X zeolite pellets, in a glove box, and used after filtration of
the 13X zeolite pellets.

2.2. Instrumentation

Diffuse-reflectance UV-vis spectra of the samples were
recorded on aVarian Cary 5000 UV-vis-NIR spectrometer equipped
with an integrating sphere. Barium sulfate was used as the ref-
erence. The diffuse reflectance spectra were converted into the
Kubelka-Munk function (K-M). The gas chromatographs were
purchased from Young Lin (YL-6000) equipped with a thermal con-
ductivity detector, a flame ionization detector (FID), a methanizer,
and a pulsed discharged detector (PDD). GC-MS was from Perkin
Elmer Clarus 600 GC and Clarus 600 T-mass spectrometer. Trans-
mission electron microscopy (TEM)images were collected ona JEOL
JEM 4010 microscope.

2.3. Reaction procedure

Each (MO),-TiO, powder (350 mg) was spread at the bottom of
a reactor having a quartz window at the top. The temperature of
the reactor was maintained at 30 °C. The reactants were fed into the
reactor in the vapor phase, as a single component or as a mixture of
two components, by passing a carrier gas through a bubbler filled
with a single component or a mixture of two components. To study
the effect of moisture on the reaction, reactants and catalysts were
kept under both the anhydrous and moist conditions, respectively.
A carrier gas was chosen from CO,, Ar, Hy, and O, and the flow rate
was kept at 6mLmin~! using a mass flow controller. The flow rate
was calibrated using a bubble flow meter. The amount of reactant
vapor in the gas stream was controlled by controlling the tempera-
ture of the bubbler. The reactor was first flushed with Ar (99.9999%)
for variable periods of time to remove air and the residual prod-
ucts from the previous reactions. Each reaction was carried out in
the dark and under the photoirradiation condition, respectively, in
the presence and absence of a catalyst, respectively, to investigate
each reaction under the photocatalytic, non-catalytic photo, ther-
mocatalytic, and non-catalytic thermal conditions, respectively. For
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Scheme 1. The flow and interconnectivity of diverse reactions that take place during vapor phase photocatalytic oxidation of methanol in the presence and absence of water
on metal oxide nanoparticles (MO), supported on TiO, and their characteristics (M, = Pd,, Pt,, Au,, and Cu,).

photoreactions, a standard AM-1.5 solar simulated light (HAL-302
Asahi)with the power of 72 mW cm~2 was used. The intensity of the
light was adjusted using a 1-sun checker (CS-20, Asahi Spectra Co.,
Ltd.). The area of irradiation was 6 cm2. The amounts of introduced
reactants and products are reported in terms of pmol per unit area
(1cm?2)perh (umolcm=2h-1),

2.4. Preparation of Pd(NH3)4Cl, and Pt(NH3)4Cl,

PdCl; and PtCl, were converted to the corresponding tetramine
complex by reacting them with dry ammonia, respectively, accord-
ing to the known procedure [66]. Typically, 2g of PdCl, was
introduced into a two-neck round bottomed flask and NH3 gas was
passed through the flask until the dark gray color of PdCl, changed
to white. The same procedure was carried out for the preparation
of Pt(NH3)4Cl,.

2.5. Preparation of (MO),-TiO»

P25 (3g) and a calculated amount of a metal precursor
[CU(CH3 COOH)Z -Hy0: 94 mg, Pd(NH3 )4C12: 69 mg, Pt(NH3 )4C121
51 mg, HAuCl4-xH,0: 60 mg] were added into the aqueous solu-
tion (40 mL) and subsequently stirred for 2 h. After evaporation of
water from the solution by placing the container in an oven (100 °C)
for 10 h, the samples were finely ground using a mortar and pestle
and subsequently calcined at 400°C for 4 h in the air. The amount
of each metal nanoparticle (M) loaded on TiO, corresponds to 1%
by weight.

2.6. Measurements of methanol/water (M/W) and methyl
formate/water (MF/W) ratios

To measure the M/W ratio of a mixed vapor of methanol and
water being fed into the reactor the vapor was also fed on-line into
another GC loaded with Porapak Q column, which can safely sep-
arate water from methanol. The calibration curve for water was
obtained by directly injecting 1 wL of each solution having 100, 200
and 500 ppm of water, respectively, in methanol. The MF/W ratio
was also measured similarly.

2.7. GC analyses
The product stream was introduced on-line into one or two gas

chromatographs (GCs) equipped with a flame ionization detector
(FID) and a pulsed discharge detector (PDD). Several different types

of GC columns were used to quantitatively analyze the products.
The types of columns used for the analyses of various products, the
oven temperatures, types of detectors, types and flow rates of car-
rier gases, and the corresponding retention times are listed in Table
SI-1-1. The conditions for GC-MS (types of injector and columns,
flow rates helium, retention times of the products) by head gas anal-
yses are listed in Table SI-1-2. The corresponding analyses condition
by on-line GC-MS is listed in Table SI-1-3.

2.8. Turnover frequency calculation

We took the followings into accounts during the calculation of
TOF values. Out of 350 mg of a catalyst, we figured out that less than
one third of the catalyst layer receives photons. So we multiplied
1/3 to the weight of catalyst. Because the irradiation area is 6 cm?,
we multiplied 1/6 to the weight of catalyst. Because the weight
of My in M-TiO, is 1%, we also multiplied 1/100 to the weight
of M,;-TiO,. Finally, taking the diameter of Pt (for example, 3 nm)
into account, we calculated the maximum number of Pt;, particles
which receive photons.

2.9. Calibration curves for GC analyses

The calibration curves were obtained for the quantitative
analyses of the reactants and products. The standard gas mixtures
(CHg4: 1012, CO5,: 499, CO: 505, CH30H: 496 and Hy: 999 ppm in
Ar balance gas) were purchased from Air Korea. Other standard
gas mixtures (CH3OH: 19.6 ppm in N; balance, HCHO: 7 ppm
in air balance, (CH3);0: 50.2 ppm in Ar balance, and H,: 1000
and 2000 ppm in Ar balance) were purchased from RIGAS Korea.
Formaldehyde, MF, and DMM were calibrated by preparing an
aqueous solution of each compound with the concentrations of
100, 200, and 500 ppm, respectively, and injecting 1 wL of each
solution into a GC. As an internal standard, methanol was also
added into each solution so the concentration of methanol to be
matched with that of the compound of interest (100, 200, and
500 ppm, respectively), and the areas of the compound of interest
was calibrated with that of methanol. Since formic acid cannot be
detected with a GC, the amount of formic acid input was calculated
by acid-base titration. Thus, a NaOH solution (5 mL) with a known
concentration was prepared in a flask and into this 20 p.L of methyl
orange solution was added. This flask was placed inside the reactor
and the temperature of the reactor was kept at 10 °C to prevent the
formic acid vapor escaping from the flask. A small magnetic stirring
bar was rotated with the help of a magnetic stirrer. Subsequently,
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the moist formic acid vapor was bubbled into the reactor under
the same condition the photocatalytic oxidation was carried out.
The end point of titration was determined by the sharp change
in the color from yellow to orange. The period (time) to reach the
equivalence point was carefully observed and this experiment was
repeated for three times. From the required period of time the
concentration of HCOOH in the vapor stream was calculated.

2.10. Diffuse reflectance UV-vis spectra

Rigorously dried M;-TiO, powders (dried at 200°C for 5h
under vacuum at 10~4 Torr) were prepared and transferred into
a glove box charged with dry Ar. Inside the glove box, 0.5g of a
M;-TiO, was loaded into a flat cylindrical fused silica cell (diame-
ter=19 mm, I.D., thickness =2 mm, Precision cells Inc. US)and 50 p.L
of the reagent of interest (methanol, methyl formate, or dimethoxy
methane) was introduced into the flat cylindrical cell under the
dim red light. The cylindrical cell loaded with TiO, and an organic
reagent was tightly capped not to allow air goes into the cell. The
sample-loaded and tightly-capped cell was wrapped with a piece
of black cloth inside the glove box and brought out as such to the
atmosphere. The diffuse reflectance spectrum of the sample (kept
in the dark) was measured on a UV-vis—-NIR spectrometer equipped
with an integrating sphere. After obtaining a spectrum, the sample
was irradiated with a solar simulated light for a certain period of
time, and its diffuse reflectance UV-vis spectrum was taken. The
irradiated sample was then exposed to the atmosphere for 10 min
and the UV-vis spectrum was taken one more time. In the case of
formaldehyde and formic acid, which were obtained in the form of
aqueous solutions, 50 L of each was added into the flat cylindrical
fused silica cell, equilibrated in the dark for 30 min, evacuated for
5min, and charged with Ar. The evacuation/charge with Ar cycle
was repeated two more times to remove oxygen from the cell. The
rest of the measurements of UV-vis spectra of the samples are the
same.

3. Results and discussion
3.1. Characterization of (MO)y

The sizes of (MO), loaded on TiO; were 2-5nm (PdO);,, 2-3 nm
(PtO)n, 2-10nm (AuO),, and 3-5nm (CuO), in Fig. 3. As will be
described in detail later in this work, (AuO), is in fact Au,, because
(AuO);, undergoes self-reduction to Au, during preparation.

3.2. Overview of fifteen reactions that take place during
photocatalytic reaction of methanol

The fifteen reactions (denoted as R, with n=1-15, Scheme 1)
are photocatalytic dehydrogenation of methanol to formalde-
hyde (Ry), thermal hydration of formaldehyde to methanediol
(R2), photocatalytic dehydrogenation of methanediol to photocat-
alytic dehydrogenation of methanol to formaldehyde (R;), thermal
hydration of formaldehyde to methanediol (R;), photocatalytic
dehydrogenation of methanediol to formic acid (R3 ), thermal ester-
ification of formic acid and methanol to MF (R4), photocatalytic
dehydrogenation of formic acid to CO; (Rs), thermocatalytic cou-
pling of formaldehyde and methanol to methoxymethanol (Rg),
photocatalytic (R7) and thermocatalytic (Rg) dehydrogenation of
methoxymethanol to MF in the presence of O,, thermocatalytic
coupling of methoxymethanol and methanol to DMM (Rg), photo-
catalytic hydrolysis of DMM to methanol and formaldehyde (Rqg),
photcatalytic decomposition of dry DMM to dimethyl ether (DME)
and formaldehyde (R;1 ), thermocatalytic hydrolysis of MF to formic
acid and methanol (Ry3 ), and photocatalytic decomposition of dry

MF to methanol and CO, (heterolysis, R;3), to two formaldehyde
(homolysis, R14), and to CH4 and CO, (heterolysis, Ry5).

Among the aforementioned fifteen reactions, R, is a known
reversible reaction with the equilibrium being favorable to
methanediol at room temperature [67]. We found that R3 is also
reversible while the rest of the reactions are irreversible (vide
infra). Ten reactions (Rq, R3, Rs, R7, R19p—R15) are purely photocat-
alytic regardless of the nature of carrier gas. R, and R4 are fast
non-catalytic thermal reactions while Rg, and Rg are slow thermo-
catalytic reactions regardless of the carrier gas. Interestingly, Rg
is thermocatalytic only in the O, environment. Thus, with O, as
the carrier gas, both R; and Rg undergo simultaneously. The dehy-
drogenation reactions (Rq, R3, Rs, R7, and Rg) are rate-determining,
being accelerated (R1, R3, Rs, and R7) or triggered (Rg ) by O,. Among
the dehydrogenation reactions, only Rz (but not Ry, Rs, R7,and Rg) is
suppressed by H, due to its reversible nature. With Pd;,-TiO; as the
photocatalyst, the photocatalytic homolysis of MF to formaldehyde
(Rq4) is also suppressed by H, (by ~four times than when Ar is used
as the carrier gas), despite the fact that it is not a dehydrogenation
reaction (vide infra). A future study is necessary to elucidate the
reasons.

There are two pathways from methanol to MF, hydrous
(Ry — R3 — R4) and anhydrous (Rg — R7 and Rg — Rg). The former
is faster than the latter by about 4 times. The rate of R, is
denoted as rRy. The following phenomena were deduced; rR5 « Ry,
rRg < TR7, rRg <T1Rg, rR7 <rRg in the O, environment, rRq1 «rRqq,
R10 <TRq by about 3 times, R12 > ("Ry3 and TR15), "R12>TRq4,
TR14 > (rR13 = TRy5) by about 140 times (vide infra). The last phe-
nomenon is highly interesting in the sense that the calculated
activation energies for MF thermolysis have been reported to be
increasing in the order, Ry3 <R14<Ry5 [68,69]. The elucidation of
the reason for this phenomenon is an interesting subject for future
studies.

3.3. Photocatalytic reaction of methanol

We found that the methanol-to-water (M/W) ratio sensitively
affects the conversion and product distribution. So the reactions
are classified into four categories depending on the M/W ratio:
M/W=0.3, 5, 500, and cc. The conditions of M/W=0.3 and 5 were
obtained by passing a carrier gas (6 mLmin~!) through the aque-
ous solutions of methanol with the concentrations of 1000 and
5000 ppm, respectively, at room temperature. The condition of
M/W =500 was obtained by using a methanol solution having
30 ppm of water. The condition of M/W = co was obtained by using
arigorously dried methanol and rigorously dried reactor and stain-
less steel tubes.

3.3.1. Under the condition of M/W=0.3

When M/W =0.3, with the methanol input of ~2 umol h~! cm~2
and Ar as the carrier gas, only hydrogen and CO, were produced
(Table 1, entry 1). This reaction thus becomes the unprecedented
photocatalytic methanol steam reforming which occurs at room
temperature by sun light (Eq. (1)).

sun light, Ar
>
(MO),-TiOy

CH30H + H,0 3H; + CO, (1)

Considering that the thermal steam reforming is usually car-
ried out at 150-340°C [70-72], the above photocatalytic steam
reforming is highly novel and energy saving.

Upon changing the carrier gas from Ar to CO,, the conversion
rate decreased a bit (from 68 to 53%) (Table 1, entry 2), presumably
due to the increase in density of the carrier gas (1.976 g/L at 0°C,
1atm) than that of Ar (1.784 g/L at 0°C, 1 atm), which is likely to
cause the decrease of the methanol concentration at the bottom of
the reactor where (MO),-TiO, catalysts are placed. Nevertheless,



Table 1
Photocatalytic reaction of methanol on M,-TiO, under various conditions.

No M-TiO; M Carrier Gas® Input® Reacted” Major products Minor products Mass Balance
(Conv)
H; HCOOCH;3(MF) DMM! HCHO CO; CHy DME® co C% H%
Yield (Ye/Y: )" TOF (h~1) Yield (S) TOF (h~1) Yield (S)? Yield (S)# Yield (S)® Yield (S)® Yield (S)? Yield (S)®
Methanol/water
(M/W=0.3)
1 Pd Ar 1.9 1.3 (68) 3.6 (94) 1870 0.00 0 0.00 0.00 1.27 (100) 0.00 0.00 0.00 98 -
2 Pd CO, 2.1 1.1(53) 3.1(94) 1628 0.00 0 0.00 0.00 NMm! 0.00 0.00 0.00 - 94
3 Pd Hy 1.6 0.8 (52) NM' NM' 0.00 0 0.00 0.00 0.80(100) 0.00 0.00 0.00 99 -
4 Pd 0, 2.1 1.4(71) 0.0 0 0.00 0 0.00 0.00 1.40 (100) 0.00 0.00 0.00 93 -
Methanol/water
(M/W=5)
5 Pd Ar 4.0 2.6 (67) 6.4 (90) 3,382 0.02 (1.6) 11 0.00 0.00 240(98.4)  0.00 0.00 0.00 93 100
6 Pd CO; 43 2.3(54) 5.6 (82) 2941 0.18 (100) 95 0.00 0.00 NM! 0.00 0.00 0.00 - 93
7 Pd H, 4.6 2.4(52) NM' NM' 0.23(19.0) 121 0.00 0.00 1.92(81) 0.00 0.00 0.00 99 -
8 Pd 0, 3.5 2.6(74) 0.0 0 0.24(19.0) 126 0.00 0.00 2.10 (81) 0.00 0.00 0.00 100 -
Methanol/water
(M/W =500)
9 Pd Ar 126 20.0(16) 17.8(92) 9348 9.50(97.2) 4989 0.03 (0.5) 0.08 (0.40) 0.19(1.00) 0.12 (0.60) 0.01(0.10) 0.04 (0.20) 96 93
10 Pd CO, 166 20.5(13) 21.3(103) 10,504 9.60(97.0) 5042 0.06 (1.0) 0.15(1.00) NM' 0.24 (1.00) 0.01 0.00 96 98
11 Pd H, 115 12.0(10) NM! NMm! 5.70 (97.5) 2994 0.01(0.3) 0.01(0.10)  0.01(0.10)  0.19(1.60)  0.02(030) 0.01(0.10) 96 -
12 Pd 0, 146 34.0(23) 0.0 0 17.00(99.3) 8928 0.02 (0.2) 0.03 (0.07) 0.02 (0.05) 0.01(0.02) 0.01 (0.06) 0.10(0.30) 100 -
13 Pd Ar 293 27.0(9) 16.8 (72) 8823 10.60(77.4) 5567 190(208)  027(1.00) 0.05(0.20)  0.05(0.20)  0.05(0.30)  0.01(0.01) 100 89
14 Pd H, 218 9.2 (4) NM! NM! 3.10 (66.3) 1628 0.87(27.9)  037(3.90) 0.02(020) 0.04(0.40) 0.05(1.10)  0.01(0.10) 100 -
15 Pd 0, 229 33.0(15) 0.0 0 16.20 (97.4) 8508 0.04(0.4) 0.01(0.03) 0.64 (1.90) 0.01(0.03) 0.03 (0.20) 0.01(0.03) 100 -
16 Pt Ar 272 21.0(8) 14.7 (74) 12,696 9.10(87.1) 7854 0.47 (6.7) 1.16(5.60)  0.01(0.05)  0.04(0.20)  0.03(0.30)  0.01(0.05) 100 89
17 Pt H, 272 12.0(5) NM' NM' 5.50(90.3) 4750 0.30(7.4) 0.13 (1.00) 0.01 (0.08) 0.01(0.08) 0.06 (1.00) 0.01 (0.08) 100 -
18 Pt 0, 233 33.0(14) 0.0 0 15.70 (94.4) 13,560 0.06 (0.5) 0.02 (0.06) 1.63 (4.90) 0.01(0.02) 0.01(0.10) 0.01(0.02) 100 -
19 Cu Ar 253 14.6 (6) 12.7 (90) 4975 7.00 (98.4) 2742 0.04 (0.9) 0.01(0.07)  0.05(035)  0.01(0.07) 0.01(0.10) 0.02(0.10) 96 92
20 Cu Ha 275 8.5(3) NM! NM' 3.60(97.3) 1410 0.04(1.6) 0.01(0.10) 0.01(0.10) 0.01(0.10) 0.02 (0.50) 0.01(0.10) 84 -
21 Cu 0, 230 26.0(11) 0.0 0 1040 (91.5) 4074 0.06 (0.8) 0.03(0.10)  1.66(7.30)  0.01(0.04)  0.01(0.10)  0.02(0.10) 87 -
22 Au Ar 236 9.0(4) 7.0(83) 5908 4.10(90.5) 3460 0.19(6.3) 0.07 (0.80) 0.08 (0.90) 0.11(1.20) 0.01(0.20) 0.01(0.10) 100 91
23 Au H, 236 9.6 (4) NM' NM' 3.90(80.3) 3293 0.51(15.8) 0.22(2.30) 0.01(0.10) 0.02 (0.20) 0.06 (1.20) 0.01(0.10) 100 -
24 Au 0, 261 31.0(12) 0.0 0 13.80(98.6) 11,647 0.08 (0.8) 0.03(0.10)  0.09(0.30)  0.01(0.04) 0.01(0.10) 0.10(0.04) 90 -
25 none Ar 229 0.0 0.0 0 0.00 0 0.00 0.00 0.00 0.00 0.00 0.00 - -
26 none H, 131 0.0 NM' NM' 0.00 0 0.00 0.00 0.00 0.00 0.00 0.00 - -
27 none 0, 131 0.0 0.0 0 0.00 0 0.00 0.00 0.00 0.00 0.00 0.00 - -
Methanol/water
(M/W =00)
28 Pd Ar 137 4.7 (4) 4.3(96) 2258 2.10(89.2) 1103 0.04(2.5) 0.12(2.50) 0.12(2.50) 0.03 (0.70) 0.01 (0.40) 0.10(2.10) 97 99
29 Pd CO, 167 10.7 (6) 10.4 (100) 5478 5.20(98.0) 2731 0.02 (0.6) 0.06 (0.60) NM' 0.03 (0.30) 0.01(0.20) 0.00 98 98
30 Pd H, 132 46(4) NMF NMf 2.20(92.2) 1155 0.01(0.6) 0.01(0.20) 0.01(020) 0.19(400) 0.06(250) 0.01(030) 95 -
31 Pd 0, 160 21.0(13) 0.0 0 9.90 (97.5) 5199 0.02 (0.3) 0.05 (0.20) 0.50(0.20) 0.06 (0.30) 0.05(0.50) 0.18 (0.90) 97 -

2 Flow rate=6mLmin~'.

> In pmolh~! ecm—2.

¢ Y./Y:=(experimental yield/theoretical yield) x 100, in %.
4 DMM = dimethoxy methane.

¢ DME =dimethyl ether.

f NM = not measured.

& S=Selectivity.
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Fig. 1. Diffuse reflectance spectra of the methanol-TiO, CT bands, solvated electrons, metal nanoparticles. (a) TiO, adsorbed with methanediol or aqueous formaldehyde
(red), methanol (blue solid), methyl formate (light green), aqueous formic acid (purple) moisture (back dash), none (black solid), and DMM (blue dash) in the 200-2600 nm

range, in the 200-500 nm range (inset I), and the difference spectra with respect to that

of dry TiO; (inset II) in the 200-500 nm range. (b) TiO, adsorbed with methanediol

or aqueous formaldehyde (red), methanol (blue solid), methyl formate (light green), and DMM (blue dash) after irradiation with the solar simulated light for 10 min. (c) after
exposure to the atmosphere for 5 min. (d), M,-loaded TiO, immediately after calcination. (e) After adsorption of methanol. (f) After irradiation with the solar simulated light
for 10 min. (g) after exposure to the atmosphere for 5 min. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

the selectivity to H, was the same with the case when Ar was used
as the carrier gas. Upon switching the carrier gas from Ar to Ho,
the conversion rate decreased from 68 to 52%, due to the reversible
nature of R3. In fact the density of H, (to 0.08988 g/Lat 0°C, 1 atm) is
significantly lower than that of Ar. This is expected to give a positive
effect to the conversion rate because the concentration of methanol
vapor at the bottom of the reactor will increase upon using a very
light gas H as the carrier gas. However, the decrease of the conver-
sion rate caused by reversibility of R3, under this condition of very
small methanol input, is less significant than when the amounts
of methanol input are much larger (over 100 wmolh~!cm=2, see
Table 1, entries 9-31).

With O, as the carrier gas, only CO, is formed and no H, is
detected, indicating that all H, is converted to water under the
reaction condition. The positive effect of O, on the conversion rate
is less apparent than when the methanol inputs are larger (over
100 pmol h=! cm—2, see Table 1, entries 9-31).

3.3.2. Under the condition of M/W=5

With M/W =5, the methanol input of ~4 umolh~! cm~2, and Ar
as the carrier gas, MF starts appearing (Table 1, entry 2). Again, the
use of CO, as the carrier gas instead of Ar also led to a reduction
of the conversion rate (from 67 to 54%). Interestingly, in this case
the selectivity to MF has increased substantially than when Ar was
used as the carrier gas. We propose that this happens due to the
following two reasons. First, the thermal reaction R4 is catalyzed
by Brénsted acid. This is quite reasonable because esterification
is readily catalyzed by acid. Second, CO, produces carbonic acid
H,COj3 in the atmosphere, which acts as the acid source.

With H, as the carrier gas, due to the reversibility of R3, the
selectivity to CO, decreased by 17% with respect to that with Ar as
the carrier gas. As a result, the increase in selectivity to MF takes
place via the anhydrous pathway. The change of the carrier gas
from Ar to O, led to only a slight increase in the conversion rate
(from 67% to 74%), not like the cases with higher inputs of methanol
(>100 pwmol h—1 cm—2), due to the low concentration of methanol
(~4 wmol h~! cm~2) in the reactor. Although up to 19% selectivity
to MFis obtained under the condition of M/W =5, the photocatalytic
steam reforming (Eq. (1)) is still the most prevalent reaction under
this reaction condition.

3.3.3. Under the condition of M/W =500

With M/W =500, methanol input higher than
100 wmolh~!ecm~2, and Ar, CO;, and H,, respectively, as the
carrier gas, H, (>72%) and MF (66.3%) were produced as the major
products (Eq. (2)), caused by activation of R4 and Rg in Scheme 1
(Table 1). DMM (6-21%) and other compounds (<6%) such as
formaldehyde, CO,, CO, CH,4, and DME were produced as the minor
products (Table 1).

Sun

CO,, Aror H,
£
(MO),—TiO,

CH30H H; + HCOOCH3 + minor products (2)

In the cases when M =Pd, Pt, and Cu, the use of H; as the carrier
gas led to the decrease in conversion rate, due to the suppression of
R3 (compare entries 10 and 11, 13 and 14, 19 and 20, respectively,
in Table 1). However, when M =Au, the use of H; did not cause
the decrease in conversion rate with respect to that of Ar as the
carrier gas. In fact, because Hj is a very light gas (vide supra), the
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conversion rate is expected to increase because the local concen-
tration near the catalyst is much higher with H; as the carrier gas
than when other heavier gases as carrier gases. In view of this it can
be said that the fact that the same conversion rate was observed
with Hj as the carrier gas already suggests that the conversion rate
has decreased substantially. The use of O, as the carrier gas led
to a marked increase in conversion rate regardless of the nature
of M. This shows that O, greatly accelerates the dehydrogenation
reactions Ry, R3, Rs, and Ry, and that they are the rate determining
steps. Under this condition, because H; is converted to H,O by O,
MF (91.5-99.3%) remains as the single major product (Eq. (3)). The
minor products are DMM, formaldehyde, carbon dioxide, carbon
monoxide, methane, and DME.

sun light,0,
moisture )
CH30H ————— HCOOCH3+minor products 3)
(MO),—Ti0,

Thus, the above reactions would be useful for photocatalytic
conversion of methanol to nearly pure MF. In particular, Pd;-TiO,
is very useful for this purpose because both the conversion rate
(34 pmolh~—1cm—2, 23%) and the selectivity to MF (99.3%) were
highest (entry 12, Table 1).

The measured O,-induced increases in conversion rate (with
respectto Ar)were 67,75,83,300% for M = Pd, Pt, Cu,and Au, respec-
tively, for similar methanol inputs (>200 pmol h~! cm~2, compare
entries 13/15, 16/18, 19/21, and 22/24, in Table 1). Thus, the con-
version rate increased in the order of Pd <Pt < Cu « Au, indicating
that the rate of spontaneous dehydrogenation (without the help of
0,) decreases in the opposite order. Indeed, the methanol conver-
sion rate under Ar decreased in the order of Pd (9%)> Pt (8%)>Cu
(6%)>Au (4%). The significant decreases in selectivity to DMM
(0.2-0.8%) by O, show that (R, +R3)»Rg. The fact that the selec-
tivity to CO, is also low (<7.3%), despite the fact that O, greatly
accelerates the CO, formation reaction Rs, indicates that R4 > Rs
under a methanol rich condition even in the atmosphere of O, in
particular with M, =Pd, and Au, because in these cases the selec-
tivities to CO, are less than 0.3%. Thus, with O, as the carrier gas,
the main stream reactions are Ry, Ry, R3, and Ry.

3.3.4. Under the condition of M/W = oo

Under this condition and with the methanol input higher than
100 wmol h~! em~2, and Ar, CO,, and Hy, respectively, as the carrier
gas, Hy (>96%) and MF (>89%) were produced as the major products
(Eq.(2)). However, the overall methanol conversion rate decreased.
For example, while the conversionis 16% with M/W =500 (entry 9in
Table 1), it becomes 4% (entry 28 in Table 1) with M/W = co despite
the fact that the carrier gas (Ar) and methanol inputs were similar
(~130 wmol h—! cm~2). Also compare the conversion rate of 13% for
M/W =500 (entry 10 in Table 1) with that of M/W =co (6%) (entry
29 in Table 1) for a similar methanol input of ~166 pmolh~! cm—2
with CO5 as the carrier gas.

3.3.5. Moisture-induced acceleration of conversion rate

The phenomenon that the conversion rate is significantly lower
under the dry condition (M/W =oo) than under the moist condition
(M/W =500) served as an important reasoning for us to conclude
that the hydrous (Ry —R3 —R4) pathway is much faster than the
anhydrous (Rg — R7 and Rg — Rg) pathway. Because the conversion
rate is 4% (entry 28 in Table 1) in the case of M/W =co while that
of M/W =500 is 16% (entry 9 in Table 1), it is also concluded that
the hydrous pathway is faster than the anhydrous one by 4 times
(vide supra). Thus, the methanol conversion rate is much higher in
the presence of small amounts of moisture then in the complete
absence of moisture.

3.3.6. Order of relative rates

The above reactions with M/W > 500 are very useful for the con-
version of methanol to hydrogen and/or MF by properly choosing
the carrier gas. As have been noted, the three factors that sensitively
affect the methanol conversion rate and the product distribution
are the M/W ratio, the nature of carrier gas, and the nature of
M; (Table 1). Thus, it has been deduced that, for H, and/or MF
formation, the methanol conversion rate increases in the order
of (M/W=500)>(M/W =0), in the order of O, > Ar~ CO, >H,, and
in the order of Pd > Pt > Cu > Au. In the case of CO, reduction with
H,0 in single chamber reactions, the yields for CH30H have been
observed to be higher with Cu/TiO, as the catalyst [20,37,38b,40].
This seems to arise because the reverse reaction, that is the decom-
position of methanol, is slower with Cu/TiO as the catalyst.

3.3.7. Reversible and rate-determining R3

In the case of M/W =500, the change of the carrier gas from Ar
to H; leads to a substantial decrease in methanol conversion rate
[see Pdn: 16% — 10% (entries 9 and 11), Pd,: 9% — 4% (entries 13
and 14), Pt,: 8% — 5% (entries 16 and 17), Cu,: 6% — 3% (entries
19 and 20) in Table 1]. Since the hydrous pathway is the major
(faster) pathways for the conversion of methanol to H, and MF
(four times faster than the anhydrous pathway), this phenomenon
takes place only when Rj3 is reversible (rR3 decreases as the concen-
tration of H, increases). Another evidence for the reversibility of R3
(in the case of M/W =500) is the increases in the produced amounts
of DMM and DME (the minor products that appear only from the
anhydrous pathway) upon changing the carrier gas from Ar to H,.
For DMM, the increases were Pd,,: 20.8% — 27.9%, Pt,: 6.7% — 7.4%,
Cup: 0.9% — 1.6%, and Au,: 6.3% — 15.8%. For DME, the increases
were Pd;;: 0.3% — 1.1%, Pty: 0.3% — 1.0%, Cu,,: 0.1% — 0.5%, and Auy:
0.2% — 1.2%. Therefore, in the case of Au,, although the conversion
rate remained constant (4%) even after changing the carrier gas
from Ar to H, (compare entries 22 and 23 in Table 1), the increases
in the produced amounts of DMM and DME indicate that R3 is also
reversible when My, = Au,. The fact that R3 affects the overall con-
version rate indicates that this reaction is also the rate determining
reaction for the formation of H,/CO, and H,/MF.

In the case of M/W = oo, the methanol conversion rate does not
decrease as the carrier gas is changed from Ar to H,, because in such
a highly dry condition the hydrous pathway, including R3, does not
operate. Even under this rigorously dry condition, H, (96%) and MF
(89-92%) is still the major products indicating that the anhydrous
pathway is operating. Knowing this, the facts that the carrier gas
change from Ar to H, does not decrease the conversion rate and the
product selectivities remain essentially the same indicate that R;
is not affected by the presence of a large amount of H,. This shows
that Ry is not a reversible reaction.

3.3.8. Dark reactions

In the dark, essentially no products were produced (Table SI-2).
Coupled with the results obtained in the absence of (MO),, on TiO,
(Table 1, entries 25-27), the results of the dark reactions indicate
that the overall reaction of methanol oxidation with and without
moisture on (MO),-TiO, is photocatalytic.

3.3.9. Effect of moisture, carrier gas, concentration, and nature of
M, on selectivities of minor products

Under the completely anhydrous condition (M/W=c0) the
faster hydrous pathway (R, —R3 — R4) to MF becomes completely
blocked regardless of the use of H, as the carrier gas or not. This
gives a higher probability to Rg, which subsequently gives higher
opportunities to Rg, R11, R13, R14, and Rys. By this way, the rela-
tive selectivities to the minor products [in particular to CHy (4%)
arising from Ry5 and DME (2.5%) arising from R;3] increase signifi-
cantly (Table 1, entry 30). Recall that among the three unimolecular
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decomposition reactions of dry MF (R;3, R14, and R;5), homolysis to
dry formaldehyde is fastest (faster than the others by ~140 times).

Under the slightly moist condition (M/W =500), the use of H,
as the carrier gas suppresses only the hydrous pathway (R3) but
not the rest of the reaction paths. Under this moist condition
(M/W =500), the hydrolysis rate of MF (rR1> ), which is much faster
thanrRy3,Ry5,and even rRy4 [recall that rR1; > (rRy3 and rRy5) and
TR13 >TR14], is still active. As a result, while the selectivity to DMM
increases (compare entries 13 and 14, going from 20.8% with Ar to
27.9% with H,, entries 19 and 20, going from 0.9 with Ar to 1.6 with
H,, and entries 22 and 23, going from 6.3 with Ar to 15.8 with H,
in Table 1), the relative selectivities to minor products arising from
R13 and Ry5 (CO and CH4) become suppressed,

3.3.10. Necessity of My, for photoconversion

The presence of M, on TiO, is essential for the above photocat-
alytic reactions because no products were formed with bare TiO,
as the catalyst (Table 1, entries 25-27), regardless of the carrier gas.

3.3.11. Turnover frequency for H, and MF production

The highest turnover frequencies for H, and MF formation per
h (TOF) per a 3-nm M;, particle were 12,696 and 7,854 h~1, respec-
tively, under the condition of M/W =500, M, = Pt;;, and the carrier
gas=Ar (Table 1, entry 16). With O, as the carrier gas, the high-
est TOF for MF formation was 13,560 h~! under the condition of
M/W =500 and M, =Pt, (Table 1, entry 18). Although there are
reports that the irradiation of the methanol adsorbed on bare TiO,
with 400 nm or UV light produces formaldehyde or formaldehyde
and MF [73,74], we did not observe any products under our experi-
mental condition when bare TiO, was used as the catalyst (Table 1,
entries 25-27). In the dark, even with (MO),-TiO, as catalysts,
essentially no products were produced confirming that the overall
reaction is photocatalytic (SI-2).

3.4. Photocatalytic reaction of formaldehdye

To study the reaction with formaldehyde as the reactant, an
aqueous formaldehyde solution consisting of water (47-52%),
formaldehyde (37%), and methanol (10-15%) was used as the
reactant because of the difficulty to obtain pure anhydrous
formaldehyde, not being stabilized with methanol. Although the
formaldehyde-to-methanol (F/M) ratio is not so high in the solu-
tion (2.5-3.7), it greatly increased to ~20 when the carrier gas
was passed through this solution at room temperature because the
boiling point of formaldehyde (—19°C) is much lower than that of
methanol (64.7 °C).

3.4.1. Under the condition of F/M =20

With this stream as the reactant and (PdO),,-TiO, and Ar as the
representative catalyst and carrier gas, respectively, the observed
conversion rate was only 7% with respect to the input amount
of formaldehyde despite the fact that the input amount is not so
high (33 wmol h~! cm~2). Although the conversion rate was low,
H, (92%) and CO, (96%) were produced in the ratio of ~2:1 (Eq. (4))
and a small amount of MF (4%) was also produced (Table 2).

HCHO + H,0 (—>:”““ght"“ 2H, + CO, (4)

0),-TiO,

Based on the reaction flow in Scheme 1, production of one equiv-
alent of CO, accompanies production of two equivalents of H, from
formaldehyde and three equivalents of H, from methanol. There-
fore, based on the reacted amounts of formaldehyde (2.4 pmol)
and methanol (1.35 wmol), the theoretical amount (Y;) of H is
8.85 pmol. When taking the fact that some hydrogen atoms reside
in MF (0.08 pmol which is equivalent to 0.16 wmol of H;) into
account the actual Y; is 8.77 wmol. Because the experimentally

observed amount (Ye) is 8.07 pmol, the yield [(Ye/Y:) x 100, in %]
is 92%. This result proves the existence of the Ry +R3 + Rs pathway.
Under the condition where the concentration of methanol is low,
Rs takes place readily because R4 is suppressed effectively.

With H, as the carrier gas, the formaldehyde conversion rate
and the carbon dioxide yield significantly decreased due to the
reversibility of R3 (Table 2). Instead, the selectivity to MF increased
sharply (from 4 to 47%), due to the activation of the anhydrous
pathway to MF. In contrast, with O, as the carrier gas, carbon diox-
ide and water are produced as the major products (Eq. (5)), and
the conversion rate increased by 28.5% than with Ar as the carrier
gas (Table 2). The significant decrease in selectivity to MF upon
changing the carrier gas from H; to O, (47 to 3%) indicates that R3
and Rs become highly activated, which pulls the reaction toward
the formation of carbon dioxide (Eq. (5)). This phenomenon can
be effectively utilized for the removal of formaldehyde from the
contaminated air [54,75,76].

HCHO+0, — ", CO,+H,0 (5)
(PdO), ~TiO,

3.4.2. Under the condition of FM=0.3

With decreasing the F/M ratio to 0.3 and Ar as the carrier gas, in
other words with increasing the relative concentration of methanol,
H, (~73%) and MF (69%) became the major products and the selec-
tivity to DMM (31%) increased (Table 2). However, carbon dioxide
was not produced. The increase in MF yield seems to arise from
the activation of both R4 and Rg. However, the large increase in
DMM accompanying no carbon dioxide formation indicates that
the formation of MF occurs via Rg. Furthermore, the observation
that the selectivity to DMM is smaller than that of MF indicates
that rR; > rRy.

With H; as the carrier gas, the selectivities to MF (69%) and DMM
(31%) remain the same (Table 2). With O, as the carrier gas, the con-
version rate increased to 10.3%. Simultaneously, the selectivity to
MF increased sharply (91%) while that to DMM decreased signif-
icantly (9%) (Table 2). This phenomenon indicates that R; and Rg
become activated by O,.

3.4.3. Thermocatalytic reactions of formaldehdye and methanol

In the dark, with Pd,-TiO, as the catalyst, essentially no reaction
takes place under the condition of F/M = 20, regardless of the nature
of carrier gas (Table SI-3). However, when the methanol input was
increased so that F/M = 0.3 and with Ar or H, as the carrier gas, DMM
is produced as the major product (84-91%, Eq (6)) through Rg and
Rg, which are thermocatalytic pathways, and due to inactivation of
R3, R7, Ryg, and Ry1, which are photocatalytic pathways (Table 2).

CH30H + HCHO S“"’“i';%% (CH30),CH, (6)

h—

In the dark with O, as the carrier gas, MF became the major
product (86%) and the yield of DMM decreased to 14%, due to the
presence of the anhydrous thermocatalytic pathway to MF (Rg)
which opens in the presence of O,, and the phenomenon that
Rg > Rg. Interestingly, while the yield of MF from the thermocat-
alytic pathway with O, as the carrier gas was 9.9 pmolh~! cm—2
that from the photoreaction was 16.0 wmol h—! cm~2. Because MF
is formed by both photocatalytic (R7) and thermocatalytic (Rg)
pathways with O, is the carrier gas, the pure yield arising from pho-
tocatalytic (R7) pathway should be 6.1 wmol h~! cm~2. This result
shows the important phenomenon that the thermocatalytic pro-
cess in the presence of O, (Rg) is faster than the photocatalytic
process in the presence of O, (R7) with the ratio 0f 9.9:6.1 or 1.6:1.
Thus, rRg =1.6rR7 under the O, environment.
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Table 2
Photocatalytic reaction of formaldehyde on (PdO),-TiO, under various conditions.

No. Reactant Carrier gas® Input® (F/M)® Reacted” (Conv) H, (Ye/Y:)!  COz (S)® HCOOCH; (S)* DMM (S)°  Massbalance
C% H%

Formaldehyde/methanol (F/M)=~20, formaldehyde/water (F/W)=~1.4, catalyst

1 HCHO/CH;0H  Ar 33/2.1 2.4/1.3 (7.0/64.0) 8.05(91)  3.48(96.0) 0.08(4.0) 0.0 97 93

2 HCHO/CH;0H  H» 44/1.6 1.9/0.5 (4.0/32.0) NM! 1.10(53.0) 0.48 (47.0) 0.0 85 -

3 HCHO/CH30H O3 44/1.5 3.8/1.2(9.0/77.0) 0.00 4.40(97.0) 0.07(3.0) 0.0 91 -

Formaldehyde/methanol

(F/M)=~0.3,

formaldehyde/water

(F/W)=~1.4, catalyst

4 HCHO/CH;0H  Ar 24/75 3.2/15.7(14.0/21.0)  6.70(~73) 0.00 6.10 (69.0) 18(31.0) 93 -

5 HCHO/CH;0H  H, 34/85 8.1/16.6 (24.0/20.0)  NM’ 0.00 8.30(69.0) 25(31.0) 98 -

6 HCHO/CH;0H 0O, 32/75 10.3/25.1(33.0/33.0) 0.0 0.10(0.3)  16.00(91.1) 1.0(86) 99 -

Formaldehyde/methanol

(F/M)=~0.3,

formaldehyde/water

(FIW)=~ 1.4, no

catalyst

7 HCHO/CH;0H  Ar 24/75 0.8/1.6 (3.3/2.1) 0.33(nc)  0.00 0.22 (20.0) 0.6(800) - -

8 HCHO/CH30H H, 34/85 0.9/1.9(2.6/2.2) NM'! 0.00 0.35(28.0) 0.6(72.0) - -

9 HCHO/CH;0H. 0, 34/61 0.9/1.9(2.6/3.1) 0.00 0.00 0.35 (28.0) 06(720) - -

2 Flow rate=6mLmin~'.

b In wmolh~'cm~2.

¢ Formaldehyde-to-methanol ratio.

'Y, /Y, =(experimental yield/theoretical yield) x 100, in %.

¢ S=selectivity.

f NM = not measured.

& nc=not calculated.

3.4.4. Non-catalytic thermal reactions of formaldehyde and
methanol

Even in the dark and without any catalyst (Pd,-TiO), forma-
tion of MF and DMM in small amounts was observed, regardless of
the nature of the carrier gas (Table SI-3). This indicates that there
also exist slower noncatalytic thermal pathways from formalde-
hyde and methanol to methoxymethanol, from methoxymethanol
to DMM, and from methoxymethanol to MF at room tempera-
ture. Because these pathways are minor they are not indicated in
Scheme 1.

3.5. Photocatalytic reaction of formic acid

When a stream of Ar containing the formic acid vapor
(27.6 umol cm~1) and moisture (amount not measured) was fed
into the reactor charged with (PdO),-TiO, under the irradia-
tion condition some of the formic acid (9.2 wmol cm~1) produced
H, (8.9 umolcm~1) and CO; (9.2 wmolcm~') in almost 1:1 ratio
(Table 3) (Eq. (7)).

HCO,H sun light,Ar or HE H, + CO, (7)
(PdO),,—TiOy

Eq. (7) is the unprecedented photocatalytic generation of H,
from formic acid [77]. Even with H, as the carrier gas, the reacted
amount of formic acid was similar and almost all the reacted formic
acid converted to CO,. This result indicates that the photocatalytic
decomposition formicacid (Rs)isirreversible. With O, as the carrier
gas, the reacted amount of formic acid increased by about two times
(19.9 wmol cm~1), indicating that O, also accelerates this reaction.
In this case, however, the valuable H, source from formic acid
becomes wasted. In the dark, the conversion becomes very small
regardless of the type of carrier gas, indicating that this reaction is
not thermocatalytic.

Recently, various thermocatalysts have been developed for
decomposition of formic acid to H, and CO,. In this case, tempera-
ture swing is the only way to turn on and off the reaction. However,
temperature swing lacks the ability to rapidly control the H, pres-
sure in the gas storage container, in particular when the volume of
the reactor is large. In this respect, the photocatalytic version has

a big advantage due to its ability to quickly switch on and off the
reaction.

The irreversibility of Rs is highly valuable because the photo-
catalytic reaction cannot be inhibited by the preexisting H, in the
reactor. The measured TOF for R5 was 4,664 h~1 under our gas phase
reaction condition, which is much higher than the recently reported
values (80-382 h~1) obtained from heterogeneous thermocatalysts
[78,79].

The measured TOF for Rs was 4,664h~! under our gas phase
reaction condition, which is much higher than the recently reported
values (80-382 h~1) obtained from heterogeneous thermocatalysts
[78,79] and even than the one obtained from the best homoge-
neous thermocatalyst (647 h—1) [80]. More interestingly, when our
reaction was carried out in the liquid phase, the TOF increased
to 14,950 h~1. Most importantly, the catalyst does not undergo
deactivation and does not produce carbon monoxide even after a
continuous usage for a week, unlike heterogeneous thermocata-
lysts [77,78].

3.6. Photocatalytic hydrolysis of DMM

During the photocatalytic reaction of methanol, due to the phe-
nomenon of rR1g <Ry, DMM could be produced as the major minor
product. When an Ar stream of moist DMM was fed into the reac-
tor charged with (PdO),-TiO,, the major hydrolysis products were
methanol and formaldehyde (Eq. (8)).

light,
(CH30),CH; + H,0 (S““)i’;i 2CH30H + HCHO (8)
Pd0),-Ti0,

However, due to the facile hydrous pathway to hydrogen and
MF, the final products are H,, MF, methanol, and formaldehyde,
with the selectivities of 90, 80, 10, and 7%, respectively.

3.6.1. Cyclic pseudo reversible reaction

As noted, Rq, Rg, Rg, and Ry form a cyclic pseudo reversible reac-
tion. Due to this phenomenon, the nature of carrier gas sensitively
affects the rate of DMM conversion. Thus, with H, as the carrier
gas, the apparent conversion of DMM decreases significantly. With
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Table 3

Photocatalytic and thermocatalytic reactions of formic acid on (PdO),-TiO, under different conditions.

No. Reactant Carrier gas® Input® Reacted” (Conv) Hy (Ye/Y,)* TOF (h~1) CO, (S)! Mass balance
C% H%

Formic acid/water (FA/W)=6.6, catalyst, light
1 HCO,H/H,0 Ar 27.61 >9.16 (>35.0) 8.88 (97) 4664 9.16 (100) 100 97
2 HCO,H/H,0 H, 27.61 >8.95 (>32.0) NMe 8.72(97) 100 -
3 HCO,H/H,0 0, 27.61 >19.90 (>72.0) 0.00 19.90 (100) 100 -
Formic acid/water

(FA/W)=6.6, catalyst,

dark
4 HCO,H/H,0 Ar 27.61 0.77 (>2.8) 0.14 74 0.77 (100) 100 -
5 HCO,H/H,0 H, 27.61 0.91(>2.8) NMe 0.91(100) 100 -
6 HCO,H/H,0 0, 27.61 1.02 (23.7) 0.00 1.02 (100) 100 -

2 Flow rate=6mLmin'.

> In wmol h=' cm~2,

¢ Y./Y: =(experimental yield/theoretical yield) x 100, in %.
4 S=selectivity in %.

¢ nm=not measured.

dry DMM vapor as the reactant with Ar as the carrier gas, the selec-
tivity to DME increased sharply (to 31%) with respect to that with
moist DMM as the reactant with Ar as the carrier gas (3%) (Compare
entries 1 and 5, Table 4), confirming the presence of dry decompo-
sition pathway to DME and formaldehyde (Rq1). The substantial
decrease of the conversion rate (from 6 to 1 umol h~! cm~2) shows
that the rate of the photocatalytic hydrolysis of DMM (rRqq) is
much faster than the dry photocatalytic heterolysis (rRy1), that is,
R10 > R11.

In fact, the ratio of DME and formaldehyde should be 1:1 in Ry;.
However, the appearance of methanol and MF with rather high
selectivity to MF indicates that there were still small amounts of
moisture in the catalyst and the reactor, and due to the moisture,
the unwanted photoctalytic hydrolysis (R1p) also undergoes dur-
ing this experiment. In fact the thermal decomposition of DMM
undergoes only in the presence of strong acid such as HZSM-5 zeo-
lite [81]. The reason that the conversion of dry DMM is so low
is because Pd,-TiO, provides the basic environment but not the
Bronsted acidic environment. Anyway the observation of DME from
the catalytic decomposition of dry DMM confirms the existence
of Ry1. The facts that very small amounts of conversion rate were
observed when the reactions were carried out in the absence of the
catalyst (Pd,-TiO;) regardless of the presence or absence of mois-
ture (entries 4 and 6, Table 4) and the observation of very poor
conversion rates from the reactions carried out in the dark even

Table 4
Photocatalytic reaction of DMM on (PdO),-TiO, under different conditions.

in the presence of the catalyst (Table SI-4) confirm that both the
hydrolysis and decomposition in the dry state are photocatalytic
reactions.

3.7. Thermocatalytic hydrolysis and unimolecular decomposition
of MF

The purchased MF contains small amounts of methanol. So, MF
vapor inevitably accompanies a small amount of methanol vapor.
When MF was fed into the reactor charged with Pd,;-TiO, with Ar
as the carrier gas, the conversion rate and the product distribution
sensitively varied with the MF-to-water (MF/W) ratio. Thus when
there is a sufficient supply of moisture, that is, when MF/W=1.3,
with Ar as the carrier gas and Pd;,-TiO, as the representative cat-
alyst, only catalytic hydrolysis to methanol and formic acid (R;2,
Eq. (9)) took place (Table SI-5). This hydrolysis reaction is ther-
mocatalytic because this reaction undergoes readily even in the
dark and the irradiation does not increase the conversion (com-
pare Table 5 and Table SI-5). The formation of formic acid is judged
by the formation of hydrogen and carbon dioxide, which are pro-
duced from formic acid (Rs) in the absence of large amounts of
methanol. The reason that the amount of methanol is smaller than
that of CO, is because methanol is also converted to CO, and H;
under the moisture-rich condition according to Eq. (1). The fact

No. Reactant Carrier  Input® Reacted? CH3O0H (S) HCHO (S)¢ Hy (S)° HCOOCHj3 (S)¢ €O, (S) CO(S)¢ ©DME(S)¢ CHg (S)¢ Massbalance
gas? (Conv)

C% H%
DMM, moisture, catalyst, DMM/water =~ 8.3
1 DMM/H,0 Ar 236 6.0 (2.5) 1.50(10) 1.10(7) 6.4 6.0 (80) 0.0 0.0 0.20(3) 0.0 83 92
2 DMM/H,0 H, 201 3.6 (2.0) 1.80(17) 0.40 (4) NMd 3.4(65) 0.0 0.0 0.70(13) 0.0 96 -
3 DMM/H,0 0, 243 11.4(5.0) 0.95(3) 0.70 (3) NMd 13.2(93) 0.0 0.0 0.10(1) 0.0 83 -
DMM, moisture, no
catalyst,
DMM/water =~
6.4
4 DMM/H,0 Ar 182  Trace 030(43) 030(43) 00 0.0 0.0 0.0 0.05(14) 0.0 - -
DMM, no water,
catalyst
5. DMM® Ar 196 1.0(0.6) 0.10 (4) 0.20(7) 1.1 0.8 (58) 0.0 0.0 0.42(31) 0.0 82 91
DMM, no water, no
catalyst
6. DMM® Ar 191 Trace 0.03 (21) 0.05(36) 0.0 0.0 0.0 0.0 0.03(43) 0.0 - -

2 Flow rate=6mLmin~!,
> In wmol h~! cm~2,

¢ S=Selectivity in %.

4 DME =dimethyl ether.
¢ NM = not measured.
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Table 5
Photocatalytic reaction of methyl formate (MF) on (PdO),-TiO, under different conditions.

No. Reactant Carrier gas® Input? Reacted (Conv) H, HCHO DMM¢Y CH30H CO CO, CHy Mass balance

C% H%

Methyl formate/water/methanol, (MF/H;0=0.8-1.4), catalyst

1 HCO,CH3/H,0/CH30H Ar 23.5/0.9/1.23 3.24/-/- (14.0/-) 5.65(nc®) 0.00 0.00 2.20 0.00 477 0.19 88 84
2 HCO,CH3/H,0/CH30H  Hy 21.5/0.8/2.95 2.70/—/- (13.0/=)  NMC 000 000 398 0.03 395 003 93 -
3 HCO,CH3/H,0/CH;0H 0, 39.6/1.4/4.20 6.70/—/— (17.0/=)  0.00 000 000 595 002 604 008 91 -
Methyl for-

mate/water/methanol,

(MF/H,0=14-20),

catalyst

4 HCO,CH3/H,0/CH30H  Ar 641.0/20.0/10.00 41.00/—/— (6.0/—)  23.70(nc®) 43.00 146 9.6 040 156 005 91 91
5 HCO,CH3/H,0/CH;0H  H, 501.0/16.0/14.80 19.00/—/— (4.0/—)  NMC 1070 095  15.0 023 59 000 91 -
6 HCO,CH3/H,0/CH30H 0, 437.0/14.0/15.60 20.00/—/- (4.5/-) 0.00 10.70 1.49 15.0 0.11 59 000 9 -
Methyl formate/no

water/methanol,

(MF/H;0=c0),

catalyst

7 HCO,CH3/CH30H Ar 834.0/0.0/2.80 22.00/—/1.92 (3.0/-) 0.77 (nc®) 34.00 0.00 0.88 0.12 190 0.13 83 81
8 HCO,CH3/CH30H Hy 851.0/0.0/3.16 6.20/—/0.06 (0.7/-) NMC 9.90 0.00 3.01 0.16 234 000 100 -
9 HCO,CH3/CH30H 0, 676.0/0.0/1.15 20.00/—/1.71 (3.0/-) 0.00 33.60 0.00 2.86 0.18 429 008 95 -
Methyl formate/no

water/methanol,

(MF/H0 =00), no

catalyst

10 HCO,CH3/CH30H no cat.  Ar 676.0/0.0/1.23 0.00/—/0.00 NM¢ 0.00 0.00 0.00 0.00 0.00 0.00 O 0

2 Flow rate=6mLmin~!.

> In pmolh~'cm=2.

¢ NM =not measured.

d DMM =dimethoxy methane.
¢ nc=Not calculated.

that the amount of Hy (5.65 wmol h~1 cm~2) is higher than that of
CO, (4.77 pmol h~1 cm~2) also supports the above reasoning.

sun light,moisture
e

HCO,CH;
(PAO),~TiO,

CH30H + HCO,H (9)

With H, as the carrier gas, the conversion remained nearly the
same. With O, as the carrier gas, the conversion rate increased
slightly. This phenomenon seems to be related to the acceleration
of Ry, R3, and R5 by O,.

With a lesser amount of moisture, that is, with MF/W = 20, a sig-
nificant increase in selectivity to formaldehyde occurred (Table 5)
due to the activation of R4, the homolysis of MF to formaldehyde.
The simultaneous appearance of carbon monoxide indicates that
Rq3 also takes place to a certain extent. With H, and O, respec-
tively, as the carrier gas the selectivity to formaldehyde decreased
substantially while that to methanol increased significantly. This
result indicates that, for some reasons we do not understand at this
stage, the dry homolysis to formaldehyde (R14) is suppressed by H,
and O,. The suppression of Ry4 by H, may occur most likely due
to the strong adsorption of H, onto Pd;;, which gives rise to deac-
tivation of the photocatalytic homolysis of MF. This phenomenon
requires a future theoretical investigation.

Under a rigorously dry condition, that is, with MF/W = co, with
Ar as the carrier gas, the hydrolysis (R1;) was suppressed substan-
tially while the homolysis to formaldehyde (R;4) became the major
reaction (Table 5). The two heterolysis reactions (R;3 and Ry5) also
took place, albeit small. Notably, the selectivity to formaldehyde is
~280 times larger than those to other heterolysis products, CO and
CHy, indicating that rRy4 > (rRy3 ~Ry5) by ~140 times (Eq. (10)). In
fact, it is difficult to obtain dry formaldehyde [82,83]. Accordingly,
Eq.(10) would be a very useful reaction. Again as was the case when
MF/W =20, Ry4 is suppressed significantly with H, as the carrier gas
under the condition of MF/W =o0o0. With O, as the carrier gas, the
conversion rate and the product distribution are similar to those
with Ar as the carrier gas.

sun light,Ar
T

HCOchg(dry)
(PdO),—TiO,

2HCHO (10)

4. Charge-transfer (CT) interaction between reactants and
TiO,

Upon adsorption of methanol onto bare TiO,, a new absorp-
tion band appeared in the 200-400 nm region with the absorption
maximum at 320nm (Fig. 1a). This band is assigned as the
methanol-to-TiO, CT band. This is reasonable because it is well
known that OH-group bearing compounds form ligand-to-metal
CT complexes with the TiO, surface [84-86] and even aromatic
compounds form CT complexes with dry TiO, [87]. Likewise, the
new absorption bands arising from methanediol (the equilibrium
product of formaldehyde), and formic acid adsorbed on TiO, are
assigned as the corresponding CT bands. By the same analogy,
methoxymethanol (the intermediate from Rg) is expected to form a
stronger CT complex with TiO, than methanol. MF and DMM form
weak CT complexes with TiO,, because they do not have hydroxyl
groups. Another reason would be the hydrophobic nature of MF and
DMM due to the lack of OH groups.

The TiO, powder adsorbed with methanol, methanediol
(formaldehyde), and formic acid, respectively, turns bluish gray
upon irradiation with the solar simulated light due to the forma-
tion of solvated electrons, which disappear instantaneously upon
exposure to the atmosphere. The solvated electrons show a broad
featureless band in the 400-2600 nm region (Fig. 1b), which dis-
appear immediately upon exposure to the atmosphere (Fig. 1c).
Although MF and DMM form weak CT complexes with TiO,, they
readily generate solvated electrons upon irradiation on moist TiO,
due to the facile hydrolysis reactions that take place, producing
methanol, formaldehyde, and formic acid (Fig. 4).

The bare and methanol-adsorbed (Cu0O),;-TiO, show a broad
(Cu0); absorption band at 878 nm (Fig. 1,d and e). Upon irradiation
of the latter, the (CuO), band disappears and a sharp new absorp-
tion band appears at 578 nm due to the surface plasmon absorption
of Cu, (Fig. 1f). This band instantaneously disappears upon expo-
sure to the atmosphere (Fig. 1g), while restoring the (CuO),, band. In
the case (PtO),-TiO,, the UV-vis spectra cannot distinguish Pt; and
(PtO),. Instead, we confirmed the generation of Pt; by observing
the phenomenon that the irradiated powder becomes extremely
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Fig. 2. Proposed mechanism of the photocatalytic dehydrogenation of methanol, methanediol, formic acid, and methoxymethnaol. (a) CT interaction between methanol and
TiO; and the subsequent photoinduced electron transfer from methanol to TiO,, giving rise to the production of adsorbed protons and solvated electrons. (b) Formation of
TiO,-adsorbed methoxy groups and the reduction of metal oxide nanoparticles (MO), to metal nanoparticles M,, and the subsequent abstraction of hydrogen atoms from
the methoxy groups which leads to the production of formaldehyde and hydrogen. (c) CT interaction between the My-loaded TiO, and methanol, photoinduced electron
transfer from methanol to M,-loaded TiO,, formation of hydrido M,, dehydrogenation from methoxy group, the formation of formaldehyde and hydrogen, and the subsequent
desorption of formaldehyde and hydrogen. (d) CT interactions between TiO, and methanediol, formic acid, and methoxy methanol, respectively.

pyrophoric, which is a characteristic feature of Pt,. The methanol
adsorbed (PdO),-TiO; also gives Pd,, upon irradiation. In the case of
(Au0),-TiO,, the surface plasmon band of Au, appears at 590 nm
even before adsorption of methanol, indicating that photoirradia-
tion is not necessary to generate Au, and that (AuO),-TiO, which
we have thought that we have prepared is in fact Au,-TiO5.

5. Proposed mechanism

We propose the key mechanism as follows. Methanol forms CT
complexes with the TiO, surface (Fig. 2a, I). The photoexcitation of
the CT band leads to electron transfer from methanol to TiO5, giv-
ing rise to the generation of TiO,-adsorbed protons and TiO,-bound
methoxy groups (Fig. 2a, II). The transferred electrons exist as sol-
vated electrons in TiO5 (Fig. 2a, II), which quickly react with oxygen
when exposed to the atmosphere. In the Ar or H, atmosphere, the
solvated electrons and the protons migrate to (MO), (Fig. 2b, I),
producing M, and water (Fig. 2b, II). The produced M, abstracts
hydrogen atoms from the TiO,-bound methoxy groups (Fig. 2b, III),
generating the TiO,-adsorbed formaldehyde and the My-adsorbed
hydrogen (Fig. 2b,1V). They subsequently desorb into free formalde-
hyde and hydrogen, regenerating the fresh My on TiO, (Fig. 3b, V).
In the case of (AuO),-TiO,, the steps in Fig. 2b are not necessary
because Au, already exists during the sample preparation.

The CT complexation (Fig. 2¢, I) and the subsequent photoin-
duced electron transfer from methanol to TiO, continues even in
the presence of My on the surface. The proton and electron also
migrate to M, (Fig. 2¢, II), generating the hydrogen-adsorbed M
and the TiO,-bound methoxy group (Fig. 2c, Ill). The subsequent
hydrogen atom abstraction from the TiO,-bound methoxy group
continues (Fig. 2c, Ill), leading to the formation of dihydrogen-
adsorbed M, and formaldehyde-adsorbed TiO, (Fig. 2c, IV). The
fresh Mj-TiO, is regenerated by desorption of hydrogen and

formaldehyde (Fig. 2¢, V). Likewise, methanediol (Fig. 2d, I), formic
acid (Fig. 2d, II), and methoxymethanol (Fig. 2d, III) also produce
hydrogen and the corresponding dehydrogenated products. We
suggest that the same principle applies to the recently reported
photocatalytic dehydrogenation from the electron richer benzyl
alcohol and isopropanol with M;-TiO, [88,89]. The mechanisms
for the photocatalytic hydrolyses of MF and DMM and photocat-
alytic decompositions of MF, in particular Ry4, are not clear at this
stage.

The fact that the dehydrogenation reactions in Scheme 1 are
the rate-determining steps coincides with the literature reports
that hydrogen abstraction is most difficult [73,74,90]. Although
future studies are necessary to confirm the details of the mecha-
nism, the unambiguous formation of CT complexes between the
organic donors and TiO, surface and the requirement of photoir-
radiation for the overall reaction ensure that the photoinduced
electron transfer triggers the reaction. Because the CT bands appear
in the 200-400 nm region, the photoinduced electron transfer is
expected to be driven by the UV part of the solar simulated light
(SI-6). The measured quantum yields indeed show that the photore-
action becomes active at the wavelengths below 400 nm, reaching
13% at 365 nm (SI-7).

6. Discussion from the aspect of one-pot AP

The scheme of the fifteen reactions (Scheme 1) shows that the
dead-end products that escape from the cyclic reactions are CO5,
H,, DME, CHg4, and CO through the reactions of Rs, R1, Ry3, and Rys.
Under the condition where the methanol concentration is low, the
bimolecular reactions R4 and Rg would be suppressed, making the
dehydrogenation pathways R, R3, and Rs become dominant. Thus,
if small amounts of methanol were indeed produced under the one-
pot AP conditions, it will be quickly decomposed to 3 H, and CO,.
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Fig. 3. TEM images of (MO),-TiO, showing the (MO), particles. (a) (PdO),-TiO-, (b) (Pt0),-TiO,, (c) (Au0),-TiO3, (d) (Cu0),-TiO,.

However, no one-pot AP systems with M,-TiO, as photocatalysts
have ever showed the production of H, as the major products, indi-
cating that methanol, formaldehyde, and formic acid have not been
produced under such reaction conditions.

CH4 and CO are also not likely to be produced from the uni-
molecular decompositions of methyl formate (R;5 and R;3), due to
the low concentration of methanol, which suppresses esterifica-
tion of methanol and formic acid (R4) to methyl formate, and due
to the fact that CH4 and CO are formed from methyl formate only
under the dry condition. Furthermore, under the dry condition, the
rate of homolysis to two formaldehyde (rR14) is faster than the two
heterolysis pathways by about 140 times (vide supra). This means
that even if methyl formate was produced, it would be converted to
formaldehyde which will subsequently undergo R, and R3, giving
rise to the eventual formation of 3 H, and CO,, under such a very
low methanol concentration condition arising from the very low
efficiency of one-pot AP systems.

Based on the above, we raise a strong doubt to the pathways that
have been proposed in the literature for the production of CH4 as the
major product, namely, formaldehyde [44,45], carbine [20a,46-50],
and glyoxal [51-53] pathways, because these pathways all involve

methanol, formaldehyde and formic acid, in part or as a whole, as
the intermediate(s) or as the side product. We therefore propose
that CH4 and CO should be produced directly from the photocata-
lysts via still non-elucidated pathways but not via formation of
methanol, formaldehyde, and formic acid.

This conclusion also clearly indicates that one should no longer
expect to obtain formic acid, formaldehyde, and methanol from the
one-pot AP systems, in particular with M;-TiO, as photocatalysts,
under the condition of one sun, 1 bar of CO,, and neutral or slightly
acid condition. In this regard, the observation of methanol and
formaldehyde by the use of very high CO, pressure (>10-75 bar)
[34-36], deep UV (254, and A>280nm) [18,21-26] highly basic
aqueous solution (pH>13) [37-39], and very strong sun light
(20-100sun) [40] should receive special attention.

Methanol and various organic bases have been extensively
used as the sacrificial reagents as hole scavengers during the tests
of photocatalysts for production of hydrogen from water [91-93].
Our result further shows that hydrogen can be produced more
easily from the organic sacrifices than water. In this sense, we pro-
pose that the reported photocatalysts whose catalytic efficiencies
have been evaluated by this methodology should be reevaluated
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Fig. 4. The diffuse reflectance spectra of hydrated (left) and dehydrated (right) TiO, adsorbed with MF (top) and DMM (bottom), respectively, before and after irradiation.

regarding their real efficiencies. One also should keep this point
in mind during the evaluation of the catalytic efficiencies of newly
developed photocatalysts. In fact, the pathway for the production
of hydrogen from methanol has been discussed in depth in the
literature [94,95]. For this, the free radical mechanism involving
hydroxyl radical (-OH) and hydroxyl methyl radical (-CH,OH) has
often been accepted.

We propose that it is difficult for the above free radical pathway
to become the major route for the dehydrogenation of methanol
because this mechanism involves highly unstable free radicals such
as hydroxyl and hydroxymethyl radicals. This mechanism is not
realistic because this involves the formation of hydroxyl radical
despite the fact that there are electron richer organic donors such
methanol and other higher alcohols. Nevertheless this free radi-
cal pathway may undergo as a high energy alternative when the
one-pot AP systems are irradiated with deep UV light with wave-
length shorter than 350 nm in particular with those that are shorter
than 300 nm (such as 254, 280, and 290 nm) which can produce
highly energetic holes within TiO,. Indeed, Anpo and the cowork-
ers observed the formation of Ti(Ill) centers, H and CH3 radicals
during the reduction of CO, with H,0 on Cu/TiO2 with UV [20d].
Thus we propose the low energy CT pathway described in Fig. 2 is
the most reasonable especially when the irradiation wavelengths
are longer than 350 nm.

7. Discussion from the aspect of photocatalytic production
of useful compounds

As have been discussed (vide supra), some of the fifteen reac-
tions described in Scheme 1 can be rephrased as methanol steam
reforming [70-72], dehydrogenation of methanol to formaldehyde

or formic acid [73,82,83,96], autooxidation of formaldehyde to
carbon dioxide and water [54,75,76], decomposition of formic
acid to hydrogen and carbon dioxide [78-80], oxidative cou-
pling of methanol to methyl formate (MF) [74,97-103], and
dimethoxymethane (DMM) [104,105], hydrolysis of MF to
methanol and formic acid [106], decomposition of dry MF to
formaldehyde and other compounds [68,69], and hydrolysis of
DMM to methanol and formaldehyde [107,108]. These reactions
are in fact currently receiving great attention because they are
related to the production of hydrogen from methanol and formic
acid, the removal of harmful formaldehyde vapor from the indoor
and outdoor atmospheres, and the production of useful compounds
such as MF, dry formaldehyde, and DMM from methanol. In this
respect, various thermocatalysts have been developed for the
above reactions and elucidations of their mechanisms have been
conducted. However, the highly efficient photocatalytic pathways
and the universal yet cheap photocatalysts which enable all of
the above reactions have not been developed, despite the fact
that such pathways and catalysts would be an important addition
to the above field from the academic and industrial points of
view. In that respect, this work not only gives insights into the
processes by which methane and carbon monoxide are formed as
the major products from the one-pot AP systems with M;-TiO, as
photocatalysts, but also reveals the important fact that M;;-TiO,
are cheap yet highly useful universal photocatalysts which enable
all of the above reactions [109].

8. Conclusion

Methanol, formaldehyde, and formic acid are not produced from
the one-pot AP systems charged with M;-TiO, (M =Pd, Pt, Cu and
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Au) as catalysts under normal conditions (1 bar of CO5, 1 sun, neu-
tral condition, and the irradiation wavelength > 350 nm). This result
raises a doubt on the formaldehyde, carbene, and glyoxal pathways,
which have been proposed in the literature to explain the appear-
ance of CHy as the major product in such AP systems, because
these pathways all involve methanol, formaldehyde, and formic
acid, in part or as a whole, as the intermediate(s) or as the side
product. This result further suggests that CH4 and CO should be
produced directly from the photocatalysts via still non-elucidated
pathways. Therefore, one should no longer expect to obtain formic
acid, formaldehyde, and methanol from the one-pot AP systems, in
particular with M,-TiO; as photocatalysts.

During irradiation of the one-pot AP system with methanol as
the added reagent, fifteen different reactions shown in Scheme 1
take place. These reactions can also be used for production of var-
ious useful compounds [109]. M,-TiO, serves as cheap yet highly
useful universal photocatalysts which enable all of the above reac-
tions. The reaction is initiated by photoinduced excitation of the
charge-transfer (CT) band from methanol to TiO, surface which
appears in the UV region by the UV part of the solar light.

Methanol and various organic bases have been extensively used
as the sacrificial reagents as hole scavengers during the tests of
photocatalysts for production of H, from water. Hydrogen can
be produced more easily from the organic sacrifices than water.
The reported photocatalysts whose catalytic efficiencies have been
evaluated by this methodology should be reevaluated regarding
their real efficiencies. This point should be considered during the
evaluation of the catalytic efficiencies of newly developed water
reduction photocatalysts using organic sacrifices as hole scaven-
gers.
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