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Photocatalytic methanol dehydrogenation and reforming is viewed as a promising strategy to realize H,
production on demand. Herein, we report highly dispersed Cu,O nanoparticles on TiO, (PC50) for con-
tinuous H, production from aqueous methanol solution by photocatalysis in a flow reactor at a low temp-
erature and under atmospheric pressure. The flow membrane reactor improves the H, production rate by
a factor of 1.63 compared with the widely used batch reactor thanks to enhanced mass transfer.
Furthermore, the optimized 1% Cu/PC50 exhibits a 17-times higher H, yield (33702 pmol g~ h™}) than
pristine PC50. The apparent activation energy on 1% Cu/PC50 is found to be halved to as low as 4.0 kJ
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mol~, which is much less than those in other methanol reforming processes. The diverse characterisation
proposes that Cu,O as electron acceptors could effectively promote charge separation and work as
active sites for the reduction reaction, together with the improved mass transfer in the reactor leading to
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1. Introduction

Hydrogen has widely been viewed as a vital chemical raw
material in many fields such as ammonia synthesis, petroleum
processing, metallurgical industry and so on." More impor-
tantly, hydrogen is regarded as the most promising clean
energy to effectively mitigate the greenhouse gas effect.”
However, in the traditional hydrogen production processes,
harsh reaction conditions are usually required. Nowadays, 96%
of hydrogen is produced from the steam reforming process
using fossil fuels (e.g. methane), which not only requires a
high temperature (700-1000 °C) and pressure (3-25 bar), but
also emits substantial CO and CO,.> Moreover, due to the
unfavorable physical (e.g., low critical temperature of 33 K and
low energy density) characteristics,” its storage and transport
are difficult using the current infrastructure.” Thus, it is of
great significance to explore environmentally friendly and
economical strategies for continuous hydrogen production
onsite and on demand.
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enhanced photocatalytic performance.

Methanol, a liquid at room temperature with a large H,
storage capacity of 12.6 wt%, is one of the best liquid H,
storage media, which can be stored and transported using the
current infrastructure and more importantly can potentially
release H, on demand.® Thus, methanol economy has been
long proposed by George A. Olah.” Methanol dehydrogenation
was reported by steam reforming in the presence of hetero-
geneous catalysts (e.g. CuO/ZnO/Al,0;) at a relatively high
temperature (200-300 °C).® Notably, a Pt/Al,Os-based catalyst
was recently reported to achieve aqueous-phase reforming of
methanol at a relatively lower temperature (200-225 °C) and
pressure (25-50 bar).® Using renewable energy to release H,
from methanol aqueous solution at low temperature is more
preferable in particular without the emission of CO,.

Photocatalysis is a promising and feasible technology for
sustainable H, production from methanol and water by taking
advantage of the renewable and abundant solar energy.
Compared with the thermocatalytic steam reforming of metha-
nol process, photocatalysis can effectively reduce the apparent
activation energy of reactions, achieving H, production under
very moderate reaction conditions."® To date, many efforts
have been made for photocatalytic H, production from metha-
nol in the aqueous phase using batch reactors, but with very
moderate efficiency caused by the following reasons. First, the
fast recombination of photoinduced charge carriers in the
semiconductors severely retards the quantum efficiency, thus
leading to a poor H, yield."" Furthermore, the limited mass
transfer in the batch reactor also restricts its photocatalytic
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efficiency.'” Finally, the limited light penetration depth in the
batch reactor greatly restricts the light absorption and utiliz-
ation of photocatalysts."?

In this study, the highly dispersed Cu,O nanoparticles were
prepared on TiO, (PC50) by the molten salt method (MSM).
Together with the designed flow membrane reactor, photo-
catalytic methanol dehydrogenation and reforming was investi-
gated. The uniform distribution of Cu,O exposes abundant
active sites for H, production and charge separation, together
with the improved mass transfer in a flow membrane reactor,
the optimal 1% Cu/PC50 shows a superior H, yield of
25487 pmol g~' h™', which is 13 times higher than that
(1934 pmol g~" h™") of pristine PC50. This performance also
remarkably surpasses those of other reported photocatalysts
used in methanol reforming or dehydrogenation. The apparent
activation energy (4.0 k] mol™") on 1% Cu/PC50 is much
smaller than that either on the PC50 photocatalyst or by ther-
mocatalytic processes (e.g., 82.9 k] mol™" on Pt/a-MoC).'* The
possible reaction mechanism was further studied by photo-
luminescence (PL), photocurrent response and in situ X-ray
photoelectron spectroscopy (XPS).

2. Materials and methods

2.1. Synthesis of Cu,O/TiO,

Copper chloride dihydrate (CuCl,-2H,0, 99.0%) from Sigma-
Aldrich, anhydrous lithium chloride (LiCl, 99.0%) from Acros
Organics and potassium chloride (KCl, analysis grade) from
Merck KGaA were purchased and used without any further
purification. Commercial titanium dioxide (anatase TiO,,
PC50) was ordered from Millennium and used directly.
Methanol (99.8%, Fisher Scientific) and deionized water
(>15 MQ) were utilized in this work.

A series of Cu,O decorated TiO, was prepared by a modified
molten-salt method (MSM)."® In a typical procedure, 26.6 mg
of CuCl,-2H,0, 0.9 g of LiCl, 1.0 g KCI and 1.0 g of PC50 were
ground in a mortar for 30 min to obtain a homogeneous
mixture. Next, the mixture was transferred into an alumina
crucible, which was then placed into a tube furnace and cal-
cined at 773 K for 2 hours under an argon gas atmosphere.
After cooling to room temperature, the mixture was pestled
and washed with deionized water 5 times to remove the excess
fluxing agent (LiCl and KCl). Then, the obtained sample was
dried in an oven at 343 K overnight. The samples synthesized
by MSM with different loading weight percentages of copper
were named xCu/TiO, (x = 0.05, 0.1, 0.5, 1, 2 wt%). For a com-
parison, PC50 without Cu loading under the same MSM
method treatment was named PC50 (MSM).

2.2. Photocatalytic activity test

The photocatalytic methanol dehydrogenation and reforming
in the two-phase system was investigated in a flow system
(Fig. 1), which consisted of a reactant vessel, a membrane
reactor and a product collector. The detailed information and
the photograph of the flow membrane reactor are presented in
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Fig. 1 The diagram of a flow membrane reactor for photocatalytic
methanol dehydrogenation and reforming.

the ESI and Fig. S1.1 Generally, 10 mg of photocatalyst was dis-
persed onto a glass fiber membrane by a vacuum-filtering
method to prepare a robust and uniform film. After vacuum-
filtering, the as-prepared membrane was dried at 70 °C for
12 h. Then, the membrane was incorporated into the mem-
brane reactor for the following reaction. The ratio of gaseous
reactants (water vapor and methanol gas) introduced into the
reactor was adjusted by the flow rate of argon via a mass flow
controller (MFC, Bronkhorst) and the concentration of metha-
nol solution in the reactant vessel. Before each run, the inte-
grated system was purged with argon at a fixed flow rate under
dark conditions to achieve the adsorption-desorption equili-
brium. Then, the membrane reactor was irradiated with a 300
W xenon lamp (Beijing Perfect Light). The gaseous products
were collected in the product collector and measured at a
regular interval (1 h). One GC (Varian 430) equipped with
thermal conductivity detectors (TCD) was used for the quanti-
fication of H,. Another GC (Varian 450) equipped with a
methanizer and a flame ionization detector (FID) was used for
the quantification of methanol, CO and CO,.

In order to detect the produced formaldehyde and formic
acid, 10 mL of deionized water in the gas collector was used to
capture all soluble byproducts. In detail, the concentration of
HCHO was quantified by the colorimetric method with the
Nash reagent.'® Typically, 100 mL of fresh Nash reagent was
prepared by dissolving 30.0 g of ammonium acetate and
0.4 mL of acetylacetone in deionized water. Then, 50 pL of
liquid product was mixed with 5.0 mL of water and 2 mL of
Nash reagent, followed by maintaining at 60 °C in a water bath
for 30 min. The absorption was measured at 412 nm with a
UV-Vis spectrophotometer (Shimadzu, UV-2550). Besides, the
concentration of HCOOH was analyzed by ion chromatography
(Echo IC). Typically, 1 mL of solution in the product collector
was taken and injected into the ion chromatography system
directly. The retention time of the formate ion was measured
at 6.66 min.

For a comparison, the photocatalytic methanol dehydro-
genation and reforming were carried out in a batch reactor.
Generally, 10 mg of the fresh photocatalyst was dispersed in
20 mL of methanol aqueous solution (50 vol%) in a quartz

This journal is © The Royal Society of Chemistry 2022
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reactor. Then, the batch reactor was sealed and purged with
argon for 30 min in the dark before irradiation under a 300 W
xenon lamp. During this experiment, the batch reactor was
maintained at 30 °C in a water bath. The products in the batch
reactor for the following comparison were collected in the first
hour run when the photocatalyst still remained active. The
remaining testing procedures were identical to the measure-
ments in the flow system. Before the quantification of HCHO
and HCOOH, a specified amount of reactant solution was col-
lected and filtered to remove the photocatalysts.

2.3 Photo-electrochemical measurements

The photoelectrode was prepared by a dispersion method."”
The detailed procedure is described as follows: 20 mg of TiO,
or Cu-modified TiO, was dispersed in a mixture solution con-
taining 4 mL of water, 1 mL of ethanol and 400 pL of Nafion
(5% solution). Then, the mixture was sonicated for 1 h to
obtain a homogeneous solution. Next, 50 pL of this uniform
solution was dropped onto a FTO and dried at 80 °C on the
hot plate to increase their adhesion, and the procedure was
repeated three times totally. The area of samples coated on
FTO was around 1 cm®.

All tests were carried out with a three-electrode system in an
electrochemical workstation (IVIUM) where the FTO electrode
coated with catalysts was used as the working electrode, the Pt
plate and Ag/AgCl were used as the counter electrode and refer-
ence electrode in a 0.1 M Na,SO, electrolyte, respectively. A
150 W xenon lamp was used as a simulated light source and
the interval switching time was set at 10 s. The chronoampero-
metry (CA) measurements were conducted in a 10 vol% metha-
nol solution (pH = 7) at an applied potential of 0.10 V.

2.4 Materials characterization

The powder X-ray diffraction (PXRD) patterns were obtained on
a Stoe STADI-P instrument equipped with a Mo source (Kal =
0.70930 A). The UV-vis DRS spectra were recorded on a
Shimadzu UV-2550 UV-vis spectrophotometer with a diffuse
reflectance unit. Steady-state PL spectra were collected on an
F4500 spectrofluorometer with a 325 nm excitation laser. The
Raman spectra were obtained on a DXR 2SXR2 instrument
(Thermo Fisher Scientific, Co., Ltd). In situ XPS spectra were
collected on a PHI 5000 VersaProbe III instrument. HRTEM
was conducted on a Talos F200X instrument (FEI Co., Ltd).
SEM was performed on a Hitachi SU-8010 instrument. The
ICP-AES was conducted on the MP-AES instrument (Agilent
4100).

3. Results and discussion
3.1 Photocatalytic performance

The photocatalytic activity for methanol dehydrogenation and
reforming over the as-prepared samples was evaluated in the
flow membrane reactor (Fig. 1) under 300 W Xe light
irradiation (T: 303 K, P: 1 atm), and the results are shown in
Fig. 2a. The pristine PC50 without any cocatalyst shows a

This journal is © The Royal Society of Chemistry 2022
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small amount of H, (1934 pmol g—' h™") from methanol
aqueous solution, probably due to the high recombination rate
of photoinduced electrons and holes and a lack of active reac-
tion sites. Besides, the MSM treatment does not affect its
activity. It should be noted that the introduction of copper sig-
nificantly increases the H, yield rate, from 1934 pmol g* h™*
to 25487 pmol g~ h™ with the Cu content from 0 wt% to
1 wt%, reaching the highest yield rate of 25487 pmol g~* h™*
at 1 wt%. This is around 13 times higher than that of pristine
PC50. The enhanced photocatalytic methanol dehydrogenation
and reforming for H, production over 1 wt% Cu/PC50 is due to
both the increased charge separation and catalytic effect by
copper species, which would be discussed later. Besides, the
highly dispersive fine Cu,O nanoparticles could also expose a
large number of active sites, thereby resulting in enhanced per-
formance.'® However, the excessive loading of Cu (e.g. 2 wt%
Cu/PC50) might have blocked light harvesting, leading to
decreased photoactivity.’

To further optimize the reaction conditions in the flow
membrane reactor, the effects of the concentration of metha-
nol in the feedstock and the flow rate of argon as a carrier gas
were then investigated on the optimal sample 1% Cu/PC50
(Fig. 2b and c). The H, yield rate exhibits a volcanic profile
with the increasing volume ratio of methanol in the feedstock
and reaches the maximum H, yield (25 487 pmol g~* h™") with
50 vol% of methanol in the aqueous solution (Fig. 2b). At a
low concentration of methanol, the H, production rate is pri-
marily restricted by the mass transfer of methanol from the
gas phase to the catalyst surface in the flow membrane reactor.
However, with over 50 vol% of methanol in the feedstock, the
H, yield decreases significantly. The possible reason was that
the presence of water in the reactant mixture could facilitate
the desorption of the oxidation products of methanol.”®?!
Less water would reduce the desorption of oxidation products
from the surface of photocatalysts, thus resulting in a
decreased photocatalytic activity. It is worth noting that the H,
yield is only 14 565 pmol g~ h™" with 100 vol% of the metha-
nol in the reactant vessel, which is approximately half of H,
produced with 50 vol% of the methanol in the reactant vessel.
This indicates that only photocatalytic methanol dehydrogena-
tion shows less efficiency for H, production compared to the
integration of photocatalytic methanol reforming and dehydro-
genation. This also indicates the importance of the involved
water vapor towards increasing the H, yield in the flow mem-
brane reactor. In addition, a small amount of H, is yielded
over 1% Cu/PC50 using pure water as a feedstock because
water is much more difficult to be oxidized compared to
methanol.>* Furthermore, the effects of flow rates (from 9.82
to 174.59 mL min~') on H, yield were then investigated
(Fig. 2¢). The flow rate of argon gas has a significant influence
on the mass transfer in the flow membrane reactor as the reac-
tants (methanol gas and water vapor) were carried into the
reactor chamber by argon gas. The hydrogen yield increases
along with the increase of the argon flow rate (from 9.82 to
57.20 mL min~"). The hydrogen production rate is in part
dominated by the mass transfer of gaseous reactants to the

Green Chem., 2022, 24, 8345-8354 | 8347
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Fig. 2 (a) H, yield over different Cu wt% on PC50 (experimental conditions: 50 vol% of methanol aqueous solution, 57.20 ml min~* of argon gas).

H, yield from methanol by photocatalysis over 1% Cu/PC50 with (b) different methanol concentrations at a carrier gas flow rate of 57.20 ml min~

1

and (c) different flow rates of argon gas with 50 vol% of methanol aqueous solution. (d) Stability test for photocatalytic methanol dehydrogenation

and reforming on 1% Cu/PC50.

catalyst surface. The methanol molar fraction in the metha-
nol-water gas phase with different argon flow rates at the inlet
of the flow membrane reactor was determined by the detailed
procedure as described in the ESI and Fig. S2.f It shows that
the methanol molar fraction in the methanol-water gas phase
could be greatly increased from 52.3 to 66.7% with the increas-
ing argon flow rate from 9.82 to 17.62 ml min~" (Fig. S37).
Besides, the methanol molar fraction remains relatively stable
while further increasing the argon flow rate. This indicates
that the improved H, yield with the rising argon flow rate from
9.82 ml min™' to 17.62 ml min~" might be caused by the
increased methanol molar fraction in the methanol-water
gas phase and the enhanced mass transfer between gaseous
reactants and photocatalysts. When the flow rate is further
increased, the H, production rate is principally dominated by
the mass transfer of gaseous reactants to the catalyst surface.
Higher flow rates and faster mass transfer, leads to a higher
H, production rate. On further increasing the flow rate, the
hydrogen production rate somewhat remains similar since the

8348 | Green Chem., 2022, 24, 8345-8354

quantities of gaseous reactants adsorbed on the catalyst
surface reached saturation.”® Combined with previous investi-
gations, the optimum experimental conditions have been
achieved, including 50 vol% of methanol in the feedstock and
a 57.20 ml min™" flow rate, which were used for the further
studies. Under the optimal reaction conditions, the molar
ratio of methanol to water in the gas phase at the inlet of the
flow membrane reactor was determined to be 2.8:1 and the
detailed procedure is described in the ESI and Fig. S2.}

To investigate the reason for such a high H, production rate
on 1% Cu/PC50, the reaction kinetics of the photocatalytic
methanol dehydrogenation and reforming over PC50 and 1%
Cu/PC50 under 300 W Xe light irradiation at different reaction
temperatures were studied experimentally. The derived
Arrhenius equation (Inr = —E,/RT + C) was applied to calculate
the apparent activation energy (E,) by fitting the measured
hydrogen production rate (r), where C is a constant, as shown
in Fig. S4.1 The apparent activation energy on 1% Cu/PC50 is
4.0 k] mol™", which decreases by 50% as compared to that on

This journal is © The Royal Society of Chemistry 2022
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pure PC50 (8.0 k] mol™"), demonstrating that the introduction
of copper species could greatly reduce the barrier to photo-
catalytic activation of methanol. Notably, the apparent acti-
vation energy obtained over 1% Cu/PC50 by photocatalysis in
the flow system is much less than that reported in the thermo-
catalytic (82.9 k] mol™" on Pt/a-MoC)"* or photothermo-cata-
Iytic (53.6 k] mol™" on ZnCu alloy)** methanol reforming pro-
cesses, indicating that methanol could be activated more
efficiently on our catalyst in the flow system. We also calcu-
lated the apparent quantum efficiency (AQE) based on the
photocatalytic methanol dehydrogenation and reforming over
1% Cu/PC50, which is 7.75% at 365 nm (the detailed calcu-
lation steps are described in the ESIT).

The stability test over 1% Cu/PC50 was then conducted in
the flow membrane reactor. No significant decay of H, yield is
observed except a slight fluctuation over 1% Cu/PC50 during
an 8-hour continuous run, confirming the highly stable activity
(Fig. 2d). To investigate the influence of mass transfer on the
photocatalytic methanol dehydrogenation and reforming, the
photocatalytic performance was also undertaken in a batch
reactor while keeping other experimental conditions identical

View Article Online
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(Fig. 3a). The yield of H, on 1% Cu/PC50 in the batch reactor
with 50 vol% methanol aqueous solution is shown in Fig. S5,
which exhibits a linear increase of H, with the reaction time. It
also proves that the photocatalyst could still remain active in
the batch reactor when the reaction is stopped for the follow-
ing product analysis. The batch reactor exhibits a much lower
H, production rate (15 625 pmol g~ * h™") compared to the flow
reactor (25487 pmol g~' h™') operated at room temperature
although the latter with a closely packed catalyst bed could
scatter more light. The enhanced photocatalytic performance
for H, production in the flow membrane reactor is attributed
to two major reasons. Firstly, the flow reactor overcame the
limitation of mass transfer in the batch reactor, enhancing the
diffusion and adsorption of gaseous reactants on the surface
of photocatalysts, thereby resulting in an increased photo-
catalytic efficiency.”® Secondly, the improved mass transfer in a
flow system also facilitated the desorption of products. In
detail, there was less resistance for hydrogen gas release in the
flow reactor where only two-phase (gas-solid) reactions
occurred, rather than three-phase reactions (gas-liquid-solid)
involved in the batch reactor. In other words, hydrogen mole-
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(a) The yield of H, and oxidation products by a flow (left panel) and a batch reactor (right panel). (b) Comparison of the H, yield over

different photocatalysts for H, production from methanol reported to date. All results were achieved at room temperature. (c) H, yield from a metha-
nol and water mixture by photocatalysis over 1% Cu/PC50 at different temperatures.
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cules must overcome the resistance of the liquid environment
before being released in the batch reactor. In contrast, the re-
sistance for hydrogen release was much smaller as a result of
the absence of liquid solvent in the flow reactor, thus leading
to a high H, yield.>*

Furthermore, the oxidized products of methanol by photo-
catalysis over PC50 and 1% Cu/PC50 in the batch and flow
reactor were also analyzed in the study (Fig. 3a). The major oxi-
dized products over PC50 and 1% Cu/PC50 in different reac-
tion systems are C1 chemicals, including formaldehyde
(HCHO), formic acid (HCOOH), carbon monoxide (CO) and
carbon dioxide (CO,). Besides, the selectivity towards each C1
product over PC50 and 1% Cu/PC50 in various reaction
systems is redrawn in Fig. S6.1 The quantification of formal-
dehyde and formic acid was carried out by UV-vis spectroscopy
and ion chromatography methods, respectively. The standard
calibration curves used for the determination of these two pro-
ducts are shown in Fig. S7 and S8.f For the batch system,
100% selectivity to formaldehyde has been achieved, indicat-
ing a complete dehydrogenation process, while the methanol
reforming process could happen over both PC50 and 1% Cu/
PC50 with the byproduct of CO, and HCOOH in the flow reac-
tion system. The possible chemical reactions that occurred in
the flow system might follow the following equations including
photocatalytic gaseous methanol dehydrogenation (eqn (1))
and reforming (eqn (2) and (3)):

CH3;0H — HCHO + H, AH,o, = +85.1KJmol™" (1)

CH;3;0H + H,0 — CO, + 3H, AH,e = +49.6 KJmol ™' (2)

CH;3;0H + H,0 — HCOOH + 2H, AH,,, = +64.52 K] mol "
3)

All the above equations are endothermic reactions in the
gaseous phase, which indicates that an external energy input
is required to activate these processes.

With the appearance of substantial CO, and HCOOH as oxi-
dation products in the flow membrane reactor, based on the
chemical equation of methanol reforming (eqn (2) and (3)),
water is involved in the photocatalytic H, production from
methanol, leading to a water reforming process. According to
the yield of produced CO, (382.0 pmol g~* h™) and HCOOH
(264.5 pmol g™ h™") on 1% Cu/PC50 in the flow membrane
reactor, around 7% of total produced H, is from the methanol
reforming process. Thus, it can be concluded that the photo-
catalytic methanol dehydrogenation is the major process in
the flow reactor, accompanied by the methanol reforming
process. However, due to the relatively fast flow rate of the reac-
tion gas in the flow membrane reactor, part of formaldehyde
could not be collected in the product vessel, leading to under-
estimated formaldehyde production in the flow reactor. The
methanol conversion was determined to be 6.7% experi-
mentally and theoretically and the detailed procedure is
described in the ESI.f The evaluated methanol conversion in
this study is much higher than other reported values in photo-
catalytic H, production from methanol with a flow system (e.g.
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View Article Online

Green Chemistry

3.4% on Pt/Ti0,),® which can be attributed to the improved
mass transfer in the flow membrane reactor and the enhanced
charge separation on 1% Cu/PC50.

This highlights the superiority of the flow reaction system,
in which more photoinduced active carriers (h*) could be used
to reform methanol, which is another reason for the highest
H, production rate in the flow reactor. Besides, thermo-
dynamically both the methanol dehydrogenation process (eqn
(1), AG® = +52.29 KJ mol™") and one of the methanol reforming
processes (eqn (3), AG® = +40.04 KJ mol ") are uphill reactions
with positive standard Gibbs free energy, whereas the other
reforming process with CO, production is a downhill reaction
(eqn (2), AG® = —3.51 KJ mol '), and the aforementioned rela-
tively low apparent activation energy on 1% Cu/PC50 in the
flow system indicates that incident photons can effectively
provide energy enough to overcome the reaction barriers.
Meanwhile, kinetically the flow process can promptly take H,
produced out of the reactor, avoiding H, accumulation in the
reactor. The above reactions including methanol dehydrogena-
tion (eqn (1)) and reforming (eqn (2) and (3)) thus favor a shift
towards the right, leading to a higher H, yield as compared to
that in the batch reactor. However, there is no obvious differ-
ence of selectivity towards C1 products over PC50 and 1% Cu/
PC50 in the flow membrane reactor, suggesting that the
copper species over TiO, only serve as electron trapping sites
for proton reduction as discussed below, rather than hole trap-
ping sites to control the oxidation product selectivity. Fig. 3b
summarizes the H, production from methanol over representa-
tive photocatalysts in various photocatalytic reaction systems
reported to date (also see Table S11).””"*° This shows that 1%
Cu/PC50 with a H, yield of 25487 pmol g~* h™' is much
higher than the best previously reported under ambient reac-
tion conditions, indicating that 1% Cu/PC50 is an outstanding
candidate for effective photocatalytic H, production from
methanol in the flow membrane reactor.

The reaction temperature was another key factor governing
the activity of photocatalytic methanol dehydrogenation and
reforming. The temperature-dependent photocatalytic hydro-
gen yield over 1% Cu/PC50 is shown in Fig. 3c. As the tempera-
ture of the reaction system increases from 30 to 60 °C, the
hydrogen production rate is further improved from 25 487 to
33702 pmol g* h™". Besides, it should be noted that no hydro-
gen is produced without light irradiation at 60 °C, indicating
that this catalytic process is triggered via photons rather than
thermal energy. Notably, the average turnover frequency (TOF)
based on the Cu active sites at 60 °C was calculated to be
227 h™', which is higher than that (180 h™") achieved on one
benchmark noble metal catalyst (2 wt% (Pt;-Pt,)/a-MoC) at a
similar temperature.*®

3.2 Composition, structure and morphology characterization

The best photocatalyst was prepared by a modified MSM
process, where commercial TiO, (PC-50) was surrounded in a
liquid environment generated by the molten salts (LiCl and
KCl) at high temperature (500 °C), which enabled a highly
even contact of TiO, with the Cu®" ions, thus anchoring

This journal is © The Royal Society of Chemistry 2022
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uniform copper species on its surface. Since the sample with
1 wt% Cu loading amount exhibits the highest H, yield rate,
1% Cu/PC-50 was fully characterized. The powder X-ray diffrac-
tion (PXRD) patterns were used to identify crystalline struc-
tures (Fig. 4a). Only anatase TiO, (JCPDS no. 84-1286) is
observed before and after the introduction of copper species,
which indicates that the structure of TiO, remained
unchanged during the MSM process. Besides, no new diffrac-
tion peaks attributed to copper species could be identified
over 1% Cu/PC50, suggesting the high dispersion of Cu
species.*’ Inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) was used to confirm the quantity of Cu on
TiO,. It is found that the actual amount (0.95 wt%) is quite
close to the nominal value (1 wt%) (Table S27), indicating that
the amount of copper could be well controlled via this robust
synthesis method. The structure of the photocatalyst after the
reaction was also confirmed by XRD spectra, which is the
same as that of the fresh sample (Fig. 4a).

The anatase phase of TiO, was further confirmed by Raman
spectra (Fig. 4b). The Raman peaks are observed at 139, 192,
393, 513 and 636 cm ™', corresponding to the Ey(1), Eg(2), Bigaa)s
Aig + Bigp) and Eys of modes of anatase, respectively.*?
Besides, no shift of Raman peaks was detected on 1% Cu/
PC50 as compared to that on PC50, which further indicates
that the introduction of copper species by the MSM method
could not change the TiO, lattice.
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Scanning electron microscopy (SEM) and high-resolution
transmission electron microscopy (HR-TEM) were employed to
observe the morphology of the as-prepared samples. From the
microstructure of all the samples as shown in Fig. §9,7 1% Cu/
PC50 remains with an unchanged morphology after the heat
treatment at 500 °C compared with pristine PC50, indicating
that the molten salts in the MSM process could effectively
prevent the agglomeration of TiO, particles. Fig. 4c shows the
HR-TEM image of 1% Cu/PC50, where the interplane distance
of d was calculated and found to be 0.354 nm, corresponding
to the (101) plane of TiO,.** Cu,O particles could be readily
observed as indicated by the circled ones. A high angle
annular dark field scanning transmission electron microscope
(HAADF-STEM) was used to further observe the uniform dis-
persion of Cu species on TiO, (Fig. 4d). The corresponding
size distribution of the Cu,O species over TiO, is shown in
Fig. 4e, which is 1.5 nm to 2.0 nm. From these results, it is
suggested that the liquid environment formed in the MSM syn-
thesis procedure could effectively prevent the aggregation of
Cu, O nanoparticles and provide a well-controlled method to
disperse Cu,O on the TiO, surface.

3.3 Photocatalytic reaction mechanism

Ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis
DRS) was used to observe the light absorption properties of
PC50 and 1% Cu/PC50. The absorption edge has only a slight
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(@) PXRD and (b) Raman spectra of 1% Cu/PC50 and PC50. (c) HR-TEM and (d) HAADF images of 1% Cu/PC50 in which highly dispersed

Cu,O particles are very clear. (e) The size distribution of Cu,O nanoparticles on a PC50 surface obtained by counting of 60 particles from the

HAADF picture of 4d.
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red shift over 1% Cu/PC50 as compared to that over pure PC50
(Fig. 5a), indicating that the two photocatalysts had similar
bandgaps.

To further unravel the function and chemical states of
copper species, in situ X-ray photoelectron spectroscopy (XPS)
was carried out on 1% Cu/PC50 in the dark and under light
irradiation (Fig. 5b). Fig. S101 also shows the XPS survey spec-
trum of 1% Cu/PC50 in the dark, which demonstrates the pres-
ence of Cu, Ti and O elements in the sample. The very small C
1s peak is associated with the carbon substances in the exter-
nal environment. In Fig. 5b, before light irradiation, the two
Gaussian peaks at 932.35 eV and 952.18 eV are attributed to
the Cu 2p1/2 and 2p3/2 of Cu’, respectively. Two other peaks
at 933.75 eV and 953.66 eV are associated with the Cu**
species.”* The formation of Cu® on 1% Cu/PC50 might be
caused by the following procedure. Firstly the precursor
CuCl,-2H,0 was decomposed to CuCl, and H,0. Then CuCl,
was partially decomposed to CuCl and simultaneously released

View Article Online
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Cl, at a high temperature under the inert atmosphere,*’
forming Cu,0.*® Under light irradiation for 60 min, the ratio
of Cu" to Cu”" increases from 5:1 to 6.25:1, which clearly
indicates that Cu,O serves as an electron acceptor on 1%
Cu/PC50, thus resulting in an enhanced charge separation.
Photoluminescence (PL) spectroscopy was carried out to
investigate the behavior of photogenerated charge carriers in
the as-prepared samples. A broad band centered at around
475 nm is observed over pristine PC50 (Fig. 5c). After introdu-
cing copper species, 1% Cu/PC50 exhibits a similar emission
peak profile, but with a much lower intensity compared with
pristine PC50. These results indicate an efficient separation of
photoinduced electrons and holes on 1% Cu/PC50. The photo-
current response with several on-off cycles of irradiation was
used to demonstrate the ability of charge separation over the
as-prepared materials (Fig. 5d). The photocurrent of 1%
Cu/PC50 was measured and found to be 1.84 pA cm™2, which
is 5.1 times higher than that (0.36 pA cm™?) of pristine PC50.
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(a) UV-Vis-DRS spectra of PC50 and 1% Cu/PC50. (b) In situ XPS spectra of Cu 2p on 1% Cu/PC50 in the dark and under light illumination. (c)

PL spectra of PC50 and 1% Cu/PC50. (d) Photocurrent response curve of 1% Cu/PC50 and PC50 in 0.1 M Na,SO,4 with 10 vol% methanol and 0.1V

bias versus Ag/AgCL.
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reactor.

These results indicate efficient charge separation on 1%
Cu/PC50, which was in agreement with the PL results.”
Benefitting from these advantages, 1% Cu/PC50 exhibits an
excellent performance in photocatalytic methanol dehydro-
genation and reforming.

Based on the above characterization and analysis, a poss-
ible mechanism for photocatalytic methanol dehydrogenation
and reforming on 1% Cu/PC50 in the flow membrane reactor
is proposed (Scheme 1). As compared to the conventional
batch reactor, the improved mass transfer in the gas-solid flow
system enhances the reactant adsorption and product desorp-
tion, thereby leading to a superior photocatalytic H, pro-
duction from the methanol aqueous solution. Upon light
irradiation, photogenerated electrons and holes appear and lie
in the conduction band and the valence band of PC50, respect-
ively. Then, the electrons at the conduction band transfer to
Cu,O nanoparticles, where Cu** is reduced to Cu*, as proved
by the in situ XPS. Next, Cu' further reduces H' to produce H,,
and simultaneously Cu returns to Cu**. In parallel, the holes
at the valence band oxidize methanol with water to produce
HCHO, HCOOH, CO,, CO and so on.

4. Conclusions

In summary, we have successfully achieved continuous H, pro-
duction by the photocatalytic methanol dehydrogenation and
reforming process in the flow membrane reactor. The highly
dispersed Cu,O nanoparticles were loaded on PC50 by a
molten salt method. The Cu,O, serving as an electron sink as
proved by in situ XPS, could effectively promote charge separ-
ation, together with the catalytic effect leading to improved H,
production. The optimal 1% Cu/PC50 exhibits a 13-times
higher H, yield (25487 pmol g' h™") as compared to that

This journal is © The Royal Society of Chemistry 2022

(1934 pmol g~' h™") on PC50, with an AQE of 7.75% at
365 nm. The H, production is further improved to 33702
pmol ¢™* h™' at 60 °C. The activation energy as low as
4.0 kJ] mol™ on 1% Cu/PC50 is much smaller than that of
other catalysts used in the methanol reforming process, and
the high photocatalytic activity remains stable. Overall, this
work provides an effective and green route towards continuous
H, production on demand by photocatalytic methanol dehy-
drogenation and reforming.
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