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Abstract: It usually requires high temperature and high
pressure to reform methanol with water to hydrogen with high
turnover frequency (TOF). Here we show that hydrogen can be
produced from alkaline methanol on a light-triggered multi-
layer system with a very high hydrogen evolution rate up to ca.
1 mmols@1 under the illumination of a standard Pt-decorated
carbon nitride. The system can achieve a remarkable TOF up
to 1.8 X 106 moles of hydrogen per mole of Pt per hour under
mild conditions. The total turnover number (TTN) of 470000
measured over 38 hours is among the highest reported. The
system does not lead to any COx emissions, hence it could feed
clean hydrogen to fuel cells. In contrast to a slurry system, the
proposed multi-layer system avoids particle aggregation and
effectively uses light and Pt active sites. The performance is also
attributed to the light-triggered reforming of alkaline methanol.
This notable performance is a promising step toward practical
light-driven hydrogen generation.

Introduction

Hydrogen is an excellent energy reservoir because of the
high gravimetric energy density and clean combustion to
water.[1] However, the transport and storage of hydrogen,
usually in tanks, remain the difficulty in using hydrogen.[2] In
contrast, liquid fuels are more convenient to store and
transport and possess relatively high volumetric energy
density.[3] Therefore, the in situ generation of hydrogen from
inexpensive and stable liquid media offers an attractive
alternative and has attracted much attention.[4] The use of
water as a proton source to produce hydrogen is known as
water splitting, for example, via photolysis or electrolysis

under moderate conditions (e.g. 25 88C and 1 atm).[5] While
very appealing, this is a challenging reaction both from
thermodynamic and kinetic standpoints due to the significant
required energy input (H2O!H2›+ 1/2 O2›, DG =+

237 kJmol@1) and considerable intermediate energy barriers,
respectively. Recent benchmarks in photocatalytic water
splitting include the SrTiO3 :La,Rh/Au/BiVO4 :Mo particulate
sheet with a solar-to-hydrogen (STH) efficiency of ca. 1%[6]

and the Rh/SrTiO3 :Al catalyst with a quantum efficiency of
almost unity at 350–360 nm and a turnover frequency (TOF)
of 3600 moles of hydrogen per mole Rh per hour.[7] Compared
with photocatalytic water splitting, hydrogen evolution from
thermocatalytic aqueous-phase reforming of methanol
(APRM, CH3OH + H2O!CO2›+ 3H2, DG =+ 9 kJmol@1)
is less endergonic and has reached an industrial-grade TOF
(1.8 X 104 moles of hydrogen per mole of Pt per hour) on Pt/a-
MoC catalyst.[3] Nonetheless, heat-driven APRM usually
occurs at 190–350 88C under pressures of 20–50 atm and
releases carbon dioxide.[3, 4d, 8] An ideal hydrogen production
process should possess a high TOF under mild conditions with
zero carbon emission, a combination that has not yet been
reported in the literature.

A light-driven aqueous-phase methanol reforming sys-
tem, also known as the photocatalytic hydrogen production
half-reaction system, has the potential to meet these require-
ments since it can operate under room temperature and
ambient conditions.[9] More importantly, the photocatalytic
proton reduction to hydrogen on Pt active sites has been
reported to proceed at timescales of 10–900 ms, corresponding
to a theoretical TOF of 106–108 moles of hydrogen per mole of
Pt per hour.[10] Although the recent developments have
improved the hydrogen evolution rates by a few orders of
magnitude in photocatalysis, such remarkable TOF has never
been achieved. In photocatalytic H2 production, water is
generally considered the proton source, while methanol is
commonly used as a hole scavenger to promote the reduction
of protons by electrons (Scheme 1a). In aqueous methanol
reforming systems, alkaline conditions have been commonly
used to assist the activation of C@H bond or OH bond.[4d, 11] In
our previous study, increasing the pH significantly increased
the rate of hydrogen production.[12] These reports lead us to
investigate one potentially favorable reaction to release
hydrogen, the reforming of anhydrous methanol with alkali:
CH3OH + 2NaOH!Na2CO3fl+ 3H2›, DG =@123 kJmol@1,
DH =@38.5 kJmol@1). The reaction is exothermal (cf. Sche-
me 1b). This agrees with earlier detailed investigations of the
mechanism of methanol reforming, which showed that only
the first step needs to overcome substantial energetic
barriers.[13] The subsequent steps need very little or no
activation energy.[13] In effect, the energy input, in this case,
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the incident light, is only required to trigger the first step
while the following reactions can proceed favorably without
the need for harsh high-temperature and high-pressure
conditions.

A slurry system, where catalysts disperse in a liquid
medium, is the most commonly used system in photocatalytic
hydrogen production due to its simplicity for evaluating
catalytic performance.[12, 14] A slurry system is challenging to
scale up because it is constrained by the need for extra energy
input for agitation to avoid the precipitation of the catalysts.
The particle aggregation, non-uniform distribution of the
catalyst and light-scattering losses also need to be dealt with
for potential large-scale use.[15] Therefore, a non-slurry design
might offer a more practical approach with controllable

management of light and catalysts as well as a high TOF on
active sites.

Herein, we report that hydrogen could be released from
alkaline methanol in a multi-layer system with TOF up to
1.8 X 106 moles of hydrogen per hour per mole of Pt (0.01%
Pt-decorated carbon nitride, Pt/CN) or with a hydrogen
evolution rate up to ca. 1 mmols@1 (1% Pt/CN) under light
illumination. Such a TOF is two orders of magnitude higher
than that in thermal catalytic APRM. It can also reach a high
total turnover number (TTN) of 470000, which is among the
highest reported. We attribute this unprecedented activity to
the light-triggered anhydrous alkaline methanol reaction and
the multi-layer architecture of the transparent membrane
coated with photocatalysts, which avoids particle aggregation,
allows for tuning of the light propagation and works without
the need for agitation. Moreover, there is no carbon emission
to the gas phase as CO2 is captured in carbonate.

Results and Discussion

The idea of the present study is to immobilize the
photocatalyst particles on the transparent polypropylene
(PP) substrate for the reaction of methanol reforming to
hydrogen under light (Figure 1 a). Such a PP substrate could
be folded into multi-layer structures to harvest the incident
photons over the whole sample (Figure 1b). In this study, we
focused on the hydrogen generation process instead of trying
out new materials. We hence chose two well-documented
materials, CN and TiO2, as photocatalysts and commonly used

Scheme 1. Photocatalytic hydrogen production from a) aqueous-phase
methanol and b) alkaline methanol.

Figure 1. Fabrication and characterizations of the multi-layer system. a) The single PP layer decorated with Pt/CN for alkaline methanol reforming
to hydrogen under light. b) The multi-layer membrane for alkaline methanol reforming to hydrogen. Inset: images of a bendable multi-layer
membrane before and after deposition of Pt/CN. c) PXRD pattern of CN. d) UV/Vis spectra of PP and the Pt/CN-decorated PP membranes in this
study. PP@x, where x stands for the numbers of coated layers. e) SEM image of CN on PP membrane. f) TEM image of Pt on CN. The loading of
Pt on CN in a sample shown is 3% w.t.
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Pt as the co-catalyst. The CN photocatalyst was synthesized
from urea, while TiO2 was commercial P25 used without
further treatment.[1,16] Powder X-ray diffraction (PXRD)
(Figure 1c) was first used to determine the crystal structure
of the prepared CN. Two peaks locating at 12.588 and 27.488
were observed, which are assigned to the (100) and (002)
planes, respectively, corresponding to intralayer packing size
of 7.07 c and an interlayer distance of 3.26 c.[16a] Other
experimental details can be found in the Supporting Infor-
mation (SI).

Briefly, a sheet of PP was folded into a multi-layer
consisting of 32 2 X 2 cm2 single layers. This multi-layer
substrate was cleaned with water and 2-propanol and dried
before being placed in an oxygen plasma cleaner to increase
the hydrophilicity of the surface (Figure S1). Then, for
example, 2 mg of Pt/CN were loaded on both sides of the
PP substrate and dried in an oven at 70 88C before placing it in
a 30 mL gas-tight reactor (Figure S1). The distribution of
catalysts and, thereby, the light absorption have been care-
fully tailored by varying the loading of the catalyst on the film
and the number of layers (Figure 1d). To check the reprodu-
cibility, we calculated the average weight difference before
and after loading as the mass of coated CN (Table S1) for
a series of 8 samples. The standard deviation was only about
5% (1.04: 0.05 mg CN per 16-layer), meaning the loading
does not introduce much uncertainty. PP hardly absorbs
sunlight (Figure 1d and S2), ensuring that light is absorbed
only by the catalysts. From scanning electron microscopy
(SEM) (Figure 1e and Figure S3a,b), CN clusters with a size
of below ca. 2 mm could be discerned on the PP substrate. The
semiconductor photocatalysts, CN and TiO2, were decorated
with Pt via photodeposition,[16a] forming Pt/CN and Pt/TiO2

samples, respectively. As shown in Figure S4, no CN particles
were observed on the blank substrate, excluding that the
observed particles in Figure 1e were an impurity. EDS
mapping of the CN-coated sample shows the uniform
presence of carbon, as expected, because the substrate is
polypropylene. CN coating is indicated by the detection of
nitrogen in some regions of the substrate. The transmission
electron microscopy (TEM) images (Figure 1 f and Fig-
ure S3c) of Pt/CN show a stacked-layer morphology of CN
and Pt clusters with a size of around 2–5 nm. The obtained Pt/
CN coating on PP remains robust even after rinsing with
water and methanol.

The proposed reaction contains only sodium hydroxide,
methanol and a negligible amount of water. According to our
previous findings, such strong alkaline conditions were
reported to prolong the lifetime of photogenerated electrons
by quickly eliminating the photoholes by OH@ to form
hydroxyl radicals, which react with alcohol at a high rate.[12]

The slow hole transfer process is then replaced with two faster
ones, leaving long-lived electrons to reduce protons to
hydrogen efficiently.[12] The presence of a high concentration
of OH@ also aids the deprotonation of methanol and
potentially captures the CO2 into carbonates, which could
be later determined by the XRD of the product (Fig-
ure S5a).[12, 17] The photocatalytic experiments were then
carried out on the multi-layer system in a 10 mL NaOH
solution in methanol under light irradiation.

Both the TOF and real hydrogen formation rate are
important to evaluate the performance of a catalyst, hence
both are discussed. The hydrogen evolution rates are pre-
sented in both commonly used units of “mmol s@1” and
“mmolgs@1” (Table S2) to describe the activity clearly. In
addition, to exclude reproducibility issues, at least three
repeated experiments were carried out for each point. Error
bars are shown in all Figures. First, we measured the hydrogen
production rates on 3 % w.t. Pt/CN multi-layer samples in
four NaOH methanol solutions containing 3%, 2%, 1% and
0% (v/v) water, respectively, to investigate the influence of
water content (Figure 2a). As the water amount decreased,
both hydrogen production rates and TOF increased. In the
absence of water, the sample evolved hydrogen at a rate of
241.7 mmolgs@1 or 0.48 mmols@1 with an average TOF of 6 X
103 moles of hydrogen per mole of Pt per hour, generating
visible bubbles during the catalytic process (Figure 2a and the
Supporting Video). Water is a widely used proton source.
However, extra water here appears detrimental to photo-
catalytic hydrogen production from alkaline methanol, where
methanol acts as both the proton source and the hole
scavenger, likely because it is more challenging to deproto-
nate methanol in the presence of water. The system is
anhydrous at the beginning, which already ensures a notice-
able enhancement in the activity. However, water could be
produced in situ by oxidation or deprotonation of methanol
under highly alkaline conditions,[12, 17b,18] enabling a side
reaction of aqueous methanol reforming. It is important to
note that aqueous methanol reforming is endothermal while
the reforming of alkaline methanol is exothermal. The system
with extra water is thermodynamically more challenging.
Such a reaction would likely decrease the overall perfor-
mance of hydrogen production on a longer timescale (see
discussions below).

In contrast to the multi-layer system, the conventional
slurry system used as a reference showed 30-fold lower
hydrogen production rate and TOF (Figure 2 b). Such a dra-
matic difference indicates that the well-distributed photo-
catalyst on the multi-layer system can utilize the incident
photons much more efficiently than a slurry system under
identical conditions. To exclude that the PP substrate might
react with the Pt/CN, we sliced a piece of PP substrate (32-fold
2 X 2 cm2, pre-treated under identical conditions) and added it
into a reference Pt/CN stirred slurry (Figure 2b). No signifi-
cant improvement in the hydrogen production rate was
observed, indicating the stability of the PP substrate. In the
slurry system, the anhydrous alkaline methanol system also
showed 20 times higher activity than a typical aqueous
photocatalytic system containing 10 % methanol (Table S2,
Entry 5 and 6).

To confirm the hypothesis of improved light harvesting by
the multi-layer device compared to a slurry, the UV/Vis
absorption measurements were carried out in both systems
containing CN of an identical concentration. It could be
observed that the major absorption of CN (around 400 nm)
on a multi-layer device is much stronger (ca. 4 times higher
intensity) than the slurry system (Figure 2c). On the other
hand, we also used dynamic light scattering (DLS) to detect
the average diameters of CN particles in a slurry and on
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a multi-layer device. The average diameter of CN in a slurry is
3920: 640 nm, while that on a multi-layer device is 590:
150 nm. Although the size of CN particles varies a lot, the
range of a slurry is over six times higher, confirming that the
aggregation of particles has been mitigated to some extent by
the multi-layer structure (Figure 2d). After the reaction,
slightly fewer coated particles could be observed on the
substrate, probably due to the peeling off of the coated CN
during the reaction (Figure S4c). However, as shown in SEM,
the particle size was still mostly below 2 mm, confirming the
benefit of prevention of particle aggregation.

In the absence of Pt decoration, a membrane with 2 mg
CN produced only a tiny amount of hydrogen (2.8 mmolgs@1

or 0.01 mmols@1, Figure S5b), while Pt/CN produces
241.7 mmolgs@1 (0.48 mmols@1), that is, almost two orders of
magnitude more (Table S2, Entry 8 and 9). Therefore, the
hydrogen production proceeds at Pt active sites, while the
contribution of pristine CN is negligible. This confirms that
the calculation of TOF based on the amount of Pt, considered
the provider of the active sites, is reasonable. In further
control experiments (Figure S5b and Table S2), negligible
hydrogen was detected without light, catalysts or methanol,
indicating that such an exothermal reaction is not sponta-
neous but needs to be triggered by the incident photons.
Illumination can naturally raise the temperature of a reactor
to 60–70 88C.[9, 19] Another possible reason for the temperature
rise is the exothermic methanol reforming with alkali. Thus,

the temperature of the present system could reach up to 60–
70 88C. However, no catalytic activity was observed when the
reactor was held at 70 88C under dark conditions (Figure S5b),
confirming that light is a necessary factor.

Concerning light management, the geometry of the setup
is expected to decrease the number of photons scattered out
of the reactor in comparison to the vial with a slurry. To
manage the light propagation inside the system, we tuned the
numbers of stacking layers from 32 to 16 to 8 (2.0, 1.0 and
0.5 mg of Pt/CN, respectively). The optimal hydrogen pro-
duction was achieved on a 16-fold membrane (Figure S6a,b),
and the TOF was further increased to 4.4 X 104 mole of
hydrogen per mole of Pt per hour with a hydrogen formation
rate of 189 mmol gs@1 or 0.19 mmol s@1.

Platinum is typically seen as the cost determinant of
a methanol reforming system. Excess Pt shields the surface of
CN from incident photons and decreases the number of
individual sites by forming large clusters. Therefore, it is
crucial to use these active sites adequately to maximize the
TOF. One method is to load Pt-decorated CN powder on the
PP. In this case, some Pt sites were presumably embedded
inside the CN (Figure 3a, left), out of the reach of the protons
at the methanol/CN interface and thus wasted for activity.
Consequently, CN was first coated on the membrane to
decorate Pt exclusively on the surface of CN. Pt was in situ
photodeposited on CN (Figure 3a right). With an identical
amount of Pt (0.3% w.t. CN), the in situ Pt-loaded sample

Figure 2. a) Hydrogen production rates and TOFs as a function of the amount of water in the multi-layer system from alkaline methanol
reforming. b) Hydrogen production rates and TOFs of the multi-layer system (32-fold), the slurry system and the slurry with PP flakes. c) UV/Vis
absorption spectra of CN on a multi-layer structure and in a slurry system with an identical concentration. Concentration: 1 mg/10 mL. d) The
comparison of the average diameter of CN between a multi-layer structure and a slurry system via DLS measurement with inset images.
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exhibited a higher activity compared with the sample with CN
pre-decorated with Pt (Figure 3a).

As the loading ratio changed from 1% to 0.3%, the TOF
increased by 13 % (Figure 3b). Approximately 1 mmols@1

(0.9 mmols@1 or 920 mmolgs@1) activity was achieved on
a 1% Pt/CN sample, as shown in Figure 2b and Table S2,
Entry 17, corresponding to a TOF of ca. 6 X 104. Reducing the
amount of Pt to 0.03% w.t. of CN, the TOF reached 5 X
105 mole of hydrogen per mole of Pt per hour. Interestingly,
the 0.01 % Pt/CN sample produced hydrogen with a TOF
reaching 1.8 X 106 mole of hydrogen per mole of Pt per hour
with an internal quantum yield of 21% at 365 nm and
a hydrogen evolution rate of 254 mmolgs@1 or 0.25 mmol s@1.
The hydrogen evolution rate of 254 mmolgs@1 is the third-
highest among all the samples, even higher than the 3% Pt/
CN (typical Pt loading, Table S2, Entry 9). The sample thus
combines the highest TOF, the third-highest hydrogen
evolution rate and the lowest noble metal loading amount,
hence it has been chosen as the representative sample in our

study. We have also measured the activity of 0.001 % Pt/CN.
The average TOF reaches 1.3 X 106, that is, slightly smaller
than the 0.01% Pt/CN. Accordingly, the H2 evolution rate
(not normalized by the mass of Pt) dropped to 0.02 mmol s@1.
This activity is much less than that of 0.01% Pt/CN
(0.25 mmols@1), in fact quite close to that of pristine CN
(0.01 mmols@1). Such a drop indicates that without a sufficient
number of active sites, hydrogen could not be produced at
a high rate. We emphasize that the observed dramatic
enhancement here is also attributed to the selective deposi-
tion of exposed Pt active sites on the surface of photocatalysts,
besides the use of anhydrous alkaline methanol and multi-
layer structure.

We have carried out the ICP-OES measurements to
quantify the exact Pt amount in 0.01% Pt/CN samples loaded
via both the in situ and typical photodeposition method.
100 ng of Pt was added in each run to obtain the 1 mg
0.01% w.t. Pt/CN catalyst. The measured actual Pt amounts
are 82.9: 1.2 ng for the in situ photodeposition and 43.2:
0.1 ng for the typical method. This implies that the TOFs
based on used Pt amount were in fact underestimated.
Interestingly, the amount of actual loaded Pt by the in situ
method was double that obtained by the typical method which
potentially explains the higher H2 production achieved with
the former method.

To investigate the compatibility of our system with
different photocatalysts, we loaded P25 TiO2 nanoparticles
onto a multi-layer PP substrate using identical methods
(Figure S6c). A reproducible hydrogen production rate of
170.2 mmolgs@1 or 0.17 mmols@1 was measured on Pt/TiO2

(Figure 3c and Figure S6d), corresponding to a TOF of 1.2 X
106 mole of hydrogen per mole of Pt per hour. The compa-
rable performance observed on Pt/TiO2 and Pt/CN indicates
that the key for the remarkable activity is the intrinsic
beneficial multi-layer structure photocatalytic system and the
anhydrous alkaline methanol reforming reaction. This implies
that the proposed approach is a general method to speed up
the hydrogen production from methanol, and it does not
depend on specific semiconductors. The hydrophilicity of
semiconductors also influences photocatalytic activities in
aqueous systems.[20] In this methanol-based system, other
semiconductors with low hydrophilicity might also be used for
hydrogen production.

Moreover, the long-term stability of such a multi-layer
system loaded with Pt/CN was evaluated. In a 30 mL reactor,
the rapid production of hydrogen markedly increases the
pressure (ca. 23.2 mL H2 produced per hour on 1 mg 0.01%
w.t. Pt/CN) when the long-term test was carried out under full
light power of 450 W. Therefore, to minimize the change in
pressure, we decreased the light intensity and placed the
reactor inside a bigger sealed container to alleviate the
problems with overpressure. This system (Figure 4a and
Figure S7d) maintained stable activity over 38 hours with
a TOF equal of 1.6 X 104 and a total turnover number of
470 000. The TOF is comparable to the benchmark of
hydrogen production from methanol reforming, that is, from
a thermal catalytic system (stability of 10 hours with TOF of
1.8 X 104),[3] and the TON is among the highest reported (cf.
Table S3). To understand whether the photocatalyst is stable

Figure 3. a) Hydrogen production rates and TOFs as a function of the
Pt loading methods from alkaline methanol reforming. Left: typical
loading method, Pt dispersed randomly in CN. Right: in situ loading
method, Pt selectively loaded on the interface of methanol/CN.
b) Hydrogen production rates and TOFs as a function of the amount
of Pt in situ loaded on CN. c) Hydrogen production rates and TOFs as
a function of different photocatalysts (TiO2 and CN) in situ coated
with Pt co-catalyst.
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during the reaction, we carried out the PXRD and PL
measurements before and after the long-term reaction. As
shown in Figure 4b, no noticeable difference was observed on
the characteristic PXRD pattern, indicating that the CN was
unchanged. According to the PL spectra (Figure 4c, excita-
tion at 325 nm), it is observed that the signals were quenched
after the loading of Pt on CN. The PL spectra of samples after
the reaction stay at a low intensity, similar to those Pt/CN
before reaction rather than the pristine CN. This clearly
indicates that the function of Pt is stable after the long-term
reaction.

During the oxidation of methanol, there is potentially
water produced during the reaction.[13] Therefore, the side
reaction of aqueous methanol reforming may occur in the
system. However, as shown in Figure 2, the hydrogen

production performance without water is superior to the
one with water. Such a side reaction of aqueous methanol
reforming would likely decrease the overall performance of
hydrogen production in the long term. Distinguishing the
effect of water amount and pH of the solution is challenging
because both factors are interdependent. In previous work,
pH significantly influenced the activity below pH of 15.[12]

Moreover, in 97–100% methanol, it would be difficult to
determine the pH since the activities would be different from
that in a dilute aqueous solution. Nonetheless, it will be worth
further study to investigate the effect of the concentration of
hydroxyl anions and water molecules on the reaction
mechanism.

We have confirmed the product of Na2CO3 from the
reaction by XRD (Figure S5a). The major signals are assigned
to Na2CO3, confirming the proposed pathway of the reaction
together with the gas phase detection of hydrogen as the main
product. We have separated the produced insoluble Na2CO3

from methanol. As calculated, the average ratio between H2

(881.4 mmol) and Na2CO3 (424.5 mmol) for three runs is
around 2.1, indicating that the proposed overall reaction
equation is reasonable. A smaller ratio below the ideal 3:1
ratio is likely due to leakage and underestimation of hydrogen
during the measurement due to its overpressure in the
reaction vessel. The slight decline of TOF over 38 hours is
also partially owing to the reduced transparency of the
solution due to the generated Na2CO3,

[21] which is poorly
soluble in methanol (Figure S7). The limited solubility of
Na2CO3 might also be an advantage because it leads to its
separation from the reaction medium. First, it can be collected
by capturing the carbon from methanol. Second, the removal
of one of the products pushes the reaction equilibrium
towards the products, according to the Le Chatelier principle.
The carbon is thus captured and separated from the system.

Therefore, another additional advantage of the present
system is the in situ collection of CO2. We compared the GC
measurements of the headspace of the reactor before and
after the reaction, as displayed in Figure S8. No other
products have been detected in the gas phase other than H2.
This implies that the reaction indeed proceeded towards the
two discussed products. Negligible COx (CO2 or CO) was
detected in the gas phase during the reaction (Figure S8),
indicating that CO2 was captured into carbonate rather than
directly released into the headspace. More importantly, the
danger of the presence of CO is mitigated. Hence, CO, a well-
known poison for the Pt catalysts,[22] is absent in this system,
allowing for a clean feed of pure hydrogen for, for example,
fuel cells. In particular, methanol could be produced via the
reduction of CO2

[23] and the oxidation of methane,[24] while
NaOH could be regenerated from Na2CO3 (see SI), poten-
tially making the proposed system sustainable.[25]

More strikingly, the multi-layer structure also works to
reform gas-phase methanol to hydrogen (Figure 5). Instead of
using a 10 mL methanol solution, we placed a vial containing
1.5 mL methanol to generate its vapor inside the reactor.
NaOH was loaded together with Pt/CN on PP (16-layer
0.01% w.t. Pt/CN), providing a local alkaline environment
(Figure 5a). Although the amount of reactants compared to
the liquid-phase system was significantly reduced, this gas-

Figure 4. a) Approaching long-term alkaline methanol reforming on
0.01% Pt/CN under weak light conditions for 38 hours. TTN: total
turnover number. b) PXRD and c) PL spectra of CN and Pt/CN before
and after reaction.
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phase configuration still provides a comparable rate of
hydrogen production (Figure 5b). This implies a more effi-
cient utilization of reactants than the liquid-phase one. The
enhanced activity is attributed to the better contact between
the catalyst particles and the methanol vapor. This gas-phase
methanol reforming system with a high TOF and HER could
be further improved for practical application, for example, in
a flow system. We also compared the stability of both systems
by purging the reactor at a regular interval between each run
under normal light intensity. As shown in Figure S9, the
hydrogen production rates in methanol liquid start to drop
during the five runs and stabilize at a lower rate. This is likely
due to the peeling-off issue of the Pt/CN particles from the PP
during the reaction. However, the hydrogen evolution rates in
the methanol vapor show a stable production for five runs,
suggesting the peeling-off effect of catalyst particles can be
mitigated in the methanol vapor system.

For the simplicity and to focus on the major aspects of the
multi-layer system, in this study, we used a batch closed
reactor as a demonstration device exhibiting good stability
despite its limitations. However, in a batch reactor setup, the
build-up of water from methanol oxidation is found detri-
mental to the activity, and the issues of the accumulation and
separation of Na2CO3 during the reaction could not be solved.
Future developments, which would likely involve a flow
reactor instead of a sealed batch reactor, would eliminate the

problems manifesting here. In a potential flow device in the
future, Na2CO3 could be recycled, and NaOH could also be
constantly supplied. This would eliminate the possibility of
decreasing activity due to the transparency issue and the
depletion of NaOH. In addition, the multi-layer system offers
a possibility to tailor the absorption of light by tuning the
amount of deposited catalysts on each layer. Such fine-tuning
is not possible with a slurry stirred to form a uniform medium.
In this context, we believe that a tunable system with 30 times
higher activity than a standard slurry system that operates
under mild temperature and pressure conditions is potentially
opening new design pathways for the methanol reforming
systems. To investigate the leaching of the catalyst, we have
measured the hydrogen production activity of the device after
the storage in alkaline methanol solution after 0, 3, 24 and
72 hours in dark conditions (Figure S10). The activity drop-
ped to half of the original activity, likely due to the peeling-off
of Pt/CN particles from the PP. A better coating technique in
the future would significantly enhance the stability of the
catalyst on the substrate.

Conclusion

In summary, we have shown an efficient process to
produce hydrogen from alkaline methanol on a multi-layer
device. We demonstrated that the reaction reaches a hydrogen
evolution rate up to ca. 1 mmols@1 (1% Pt/CN) and a TOF up
to 1.8 X 106 mole of hydrogen per mole of Pt per hour (0.01%
Pt/CN) on multi-layer architecture loaded with standard
photocatalysts Pt/CN or Pt/TiO2 under light illumination. The
proposed layered system shows superior performance com-
pared to the commonly used slurry systems without the need
for agitation. The optimal TOF is two orders of magnitude
better than reported for the thermal catalytic approach, and
the TTN of 470 000 measured over 38 hours is among the
highest reported. Herein, anhydrous methanol and alkali
function as both the proton source and the hole scavenger,
where light has a kinetic role as a trigger for the reaction. We
consider that the high hydrogen production rate comes from
the intrinsically thermodynamically favorable reaction, the
prevention of particle aggregation, the light management and
the efficient utilization of Pt active sites. Moreover, the
system could sustainably reform both the liquid and the gas
phase of methanol to feed pure hydrogen to, for example, fuel
cells. Furthermore, the earth abundance of raw materials used
for the polymer and urea, the inkjet printing technique to
deposit catalysts on the membrane and the compatibility of
the gas-phase device with a flow system could enable scalable
fabrication and hold promise for broad and practical appli-
cations.
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