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ABSTRACT: We demonstrated the special synergy between noble metal single site and neighboring
oxygen vacancies provided an “ensemble reaction pool” for high hydrogen generation efficiency and
carbon dioxide (CO;) selectivity of a tandem reaction, methanol steam reforming. Specifically, the
hydrogen generation rate over single site Ru,/Ce0Q, catalyst is up to 9360 mol H, per mol Ru per hour
(579 mLy; gret s1) with 99.5 % CO- selectivity. Reaction mechanism study showed that the integration of
metal single site and O vacancies facilitated the tandem reaction, which consisted of methanol
dehydrogenation, water dissociation, and the subsequent water gas shift (WGS) reaction. In addition, the
strength of CO adsorption and the reaction activation energy difference between methanol
dehydrogenation and WGS reaction play an important role in determining the activity and CO. selectivity.
Our study paves the way for the further rational design of single site catalysts at the atomic scale.
Furthermore, the development of such highly efficient and selective hydrogen evolution systems
promises to deliver highly desirable economic and ecological benefits.

INTRODUCTION

Single-site catalysts, where isolated metal atoms are
anchored on supports by bonding to N or O atoms,
have opened up a new research frontier in the
catalysis field.*® Downsizing metal nanoparticles to
a single atom could achieve the maximum efficiency
of utilizing noble metals and create more active
sites.”!! Isolated metal sites typically show excellent
activity in many catalytic reactions involving small
molecules, such as CO oxidation, water gas shift
(WGS) reaction, and methane selective oxidation.'***
However, the lack of ensemble sites prevents
surface reactions that involve large molecules and
some multi-step reactions.>'” Recent research
demonstrated that “ensemble effects” between the
metal single atoms and neighboring oxygen
vacancies can favor the oxygen transfer and

reactants adsorption, promoting the catalytic
reaction efficiency with large molecules.’®?° In our
previous studies, we demonstrated the enhanced
activity and selectivity of methanol dehydrogenation
and n-hexane reforming when combining an oxygen
vacancy with noble metal atoms.?*?* The mechanism
study also showed that the integration of metal
single-sites and neighboring oxygen vacancies
creates a special synergy that accelerates the
reaction rates by facilitating the adsorption and
activation of reactants and the transformation of
intermediate species.’®? Therefore, we envisioned
expanding the reaction scope to tandem reactions
and study this “ensemble effect” of single-site
catalysts further.

Moreover, hydrogen plays an important role in the
transition to a cleaner energy landscape.?* However,



the safety of hydrogen transportation and storage
remains a bottleneck for the upcoming hydrogen
economy.?>?® Storage hydrogen in chemical bonds of
liquid organic hydrogen carriers (LOHCs) provides a
possibility to overcome this limitation. Among all the
LOHCs, methanol is identified as an ideal hydrogen
carrier owing to its low cost and wide availability.?’
However, direct methanol dehydrogenation always
co-produces CO, which will poison the catalysts,
especially in the application of polymer electrolyte
membrane fuel cells (PEMFCs).2%%° On the other side,
methanol steam reforming (MSR), as a tandem
reaction,® consisting of two sequential reactions:
methanol dehydrogenation (CH;OH = CO + 2 H))
and water gas shift (WGS) reaction (CO + H,0 = CO,
+ H.). Therefore, the total reaction of MSR (CHs;OH +
H,O = CO; +3 H;) can not only avoid CO emissions
but generate one more stoichiometrically equivalent
hydrogen.3! In the pioneering work, a-MoC supported
single-site Pt or Ni catalysts were discovered
exhibiting  extraordinary  hydrogen  production
activity in the aqueous-phase methanol reforming
reaction.3?** The abundant surface hydroxyls of a-

MoC provide highly active sites for water
dissociation, thus accelerating the tandem
methanol-reforming reaction at the interface

between Pt; and a-MoC. However, the underlying
tandem mechanism of MSR over single-site catalysts
has remained elusive.

The tandem reactions catalyzed by functional
nanostructures have been effectively studied.3**’
Typically, tandem reactions occur on the multi-
functional material surfaces or at the interface of
different function materials.?**® Our previous
mechanism studies of tandem reactions found the
spatial arrangement of the interfaces of tandem
catalyst could control the generation, diffusion and
reaction of the intermediates and finally favor the
selectivity of desired products.*®* However, single-site
catalysts, the logical endpoint of the downsizing,
have unique geometric and electronic structures.
Therefore, the surface/interface reaction mechanism
model that is suitable for traditional metal
nanoparticle catalysts can no longer precisely
describe the reaction behaviors occurring on the
local environment of metal single-sites and need to
be revamped. To further investigate the mechanism
over these ensemble reaction sites, the key factor is
to precisely control the spatial arrangement of the
metal single-sites with oxygen vacancies.

In this work, we studied the mechanism of tandem
MSR reaction over a series of CeO, supported single-
site catalysts (Pt;/CeO,, Pd;/CeO,, Rh;i/Ce0,,
Ru;,Ce0,). We showed that well-defined reaction
sites consisting of a metal single atom and
neighboring oxygen vacancies possessed unique
catalytic properties. Compared to the other three
single-site catalysts, Ru:/CeO, displayed the highest
hydrogen production rate and CO, selectivity.
Further study indicated that superior performance
could be attributed to the synergy between the
metal single site and neighboring oxygen vacancy.

EXPERIMENTAL METHODS

Synthesis of M;/CeO; single-site catalysts (M =
Ru, Rh, Pt, Pd).

Porous CeO, nanorods support was synthesized by
following the previous report.*® The single-site
M,/CeO, catalysts were synthesized by an ascorbic
acid (AA)-assisted reduction method according to
our prior work with some modifications.?® Typically,
500 mg CeO, were first dispersed in 175 mL distilled
water, and 1 mmol AA was added to the solution.
After stirring at room temperature for 3 hours, the
products were collected by centrifugation, washed
with distilled water several times, and dried under
vacuum, denoted as CeO,-AA.

140 mg CeO,-AA particles were then re-dispersed
in 55 mL distilled water and 0.01 mmol metal
precursor (HPtCls, PdCl;, RhCl;, RuCl;) was added.
After stirring for 3 hours at room temperature, the
products were collected by centrifugation and
washed with water several times. After dried under
vacuum, the products were calcinated at 300 °C in
the air for 5 hours to remove the excess AA, denoted
as M,y/CeOs..

Catalytic methanol steam reforming.

MSR over M,/CeO, was performed in a continuous
flow reactor. In a typical catalytic measurement, 100
mg catalysts were mixed with 500 mg white quartz
(50-70 mesh particle size). Then the mixture was
placed in a U-shaped fixed-bed flow reactor with an
inner diameter of 4.50 mm, and the length of the
catalyst bed is around 20 mm. Quartz wool was
placed at both ends of the reactor. 30 mL/min
helium, regulated by a mass flow controller, was fed
to the reactor at 1 atm. Methanol/water mixture (3
mL/h) with varying ratios (pure methanol, 1:1, 1:3,
1:5) was fed into the reactor by an injection pump. A
K-type thermocouple was fixed at the center of the
catalyst, and the temperature of bed was controlled
by a PID 697 controller. The products were analyzed
online by HP 5890 GC (HayeSep D column) equipped
with a TCD detector.

The conversion of methanol and selectivity of CO,
were calculated by the following equations:

Methanol C i %)=
ethanol Conversion (%) Methanol input

CO2 output

CO output +CO 2 output X

02 Selectivity (%)=

025 y (%) CO output +CO 2 output

Catalytic water gas shift (WGS) reaction.

The catalytic water gas shift (WGS) activities of
M,/CeO, catalysts were investigated using same
catalyst amount in the same continuous flow reactor
for MSR. 28 mL/min He and 2 mL/min CO were
mixed and fed to the reactor at 1 atm, regulated by
mass flow controllers. A flow of 2.25 mL/h of water
was injected into the reactor. A K-type thermocouple
was fixed in the center of catalysts and the
temperature of the bed was controlled by a PID 697
controller. The products were analyzed online by HP
5890 GC (HayeSep D column) equipped with a TCD
detector.

Further details are available in the Supporting
Information.

RESULTS AND DISCUSSION

Synthesis and characterization of M,/CeO;
single-site catalysts.
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Scheme 1. Schematic presentation of the synthesis
process for M;/CeQ; single-site catalysts (M = Pt, Rh,
Pd, Ru).

Ru;/CeO, were fabricated by an AA-assisted
reduction route (Scheme 1). The ascorbic acid was
first employed to create Ce3* sites on the CeO,
surface by reducing Ce**. Then, pre-reduced CeO,-
AA was dispersed in the solution. After adding
ruthenium precursor (RuCl;) solution, Ru was
stabilized on the CeO; surface with the assistance of
pre-reduced Ce3* sites. After the calcination
treatment in the air to remove the excess absorbed
AA, the ruthenium single-sites were anchored on the
CeO, support surface
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Figure 1. (a) High-resolution TEM image and (b)
HAADF-STEM images and elemental mapping
images of Ru;/CeO, single-site catalyst. (c)
Normalized XANES spectra of Rui/CeO,, RuO;, and
bulk Ru foil at the Ru K-edge. (d) The k3-weighted
Fourier transform EXAFS spectra and the hollow
points are fitting results.
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Powder X-ray diffraction (XRD) and high-resolution
transmission electron microscope (TEM) were
employed to identify the Ru loading status on CeO..
XRD patterns (Figure S1) show no additional peaks
attributed to metallic Ru due to the Ilow
concentration of Ru and its single-site status.
Besides, compared to the original CeO, support
(Figure S2), no apparent Ru nanoparticles or clusters
were observed (Figure 1a) while the signals of Ru are
uniformly distributed throughout CeO,, as shown in
the element mapping (Figure 1b). Extended X-ray
absorption fine structure (EXAFS) further confirmed
the atomic dispersion of ruthenium. As shown in
Figure 1d, only one notable peak attributed by Ru-O

was observed in Fourier transformed (FT) k3
weighted EXAFS spectrum while the Ru-Ru peak was
not detected (Figure S3), indicating isolated Ru sites
were atomically dispersed on CeO, (Detailed fitting
parameters in Table S1).**? Besides, the X-ray
absorption near-edge structure (XANES) spectrum of
Ru;/Ce0; suggested (Figure 1c) that Ru atoms carry
a positive charge (Ru®*) rather than Ru®. This was
further investigated by CO adsorption and
desorption using in situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) (Figure S4).
Four peaks at 2173, 2117, 2045, and 1975 cm?
were detected, which is similar to those observed in
other Ru single-site catalysts.**** The peaks at 2045
and 1975 cm™ are attributed to the pair of bands of
dicarbonyl species of CO adsorbed on oxidized Ru
sites, Ru®*(CO),, while the peaks at 2173 and 2117
cm™ are ascribed to monocaronyl species, Ru®*(CO),
and tricarbonyl species, Ru®*(CO)s, respectively.
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(c1) Rhy/CeO, single-site catalyst. (c) k3-weighted
Fourier transform EXAFS spectra of (a2) Pt;/CeO,,
(b2) Pd;/Ce0,, (c2) Rh1/CeO; and their relative metal
foil and metal oxides.

Figure 2. HAADF-STEM

The AA-assisted method can be extended to
fabricate various CeO, supported noble metal single-
site catalysts (i.e. Pt, Pd, and Rh) by simply
replacing RuCl; with other metal precursors like
H,PtCls, PdCl,, or RhCls. As shown in Figure 2, the
noble metal elements are all uniformly distributed
on CeO, without any nanoparticles or clusters
detected (Figure S5, The Corresponding energy
spectra are listed in Figure S6). EXAFS spectra in
Figure 2 show peaks contributed by the metal-
oxygen bond, confirmed that the status of noble



metal on CeO; are single sites. From the XANES
spectrum (Figure S7-9), all the metal atoms are in
the oxidized states rather than metallic states.

It has been reported that the introduction of noble
metal single-sites (e.g., Au, Pd, Rh, and Ru) to CeO,
can efficiently create oxygen vacancies near the
dopant cations, 194547 Combined theoretical
calculation and spectrum measurement have proved
that the generated oxygen vacancies are located
near the metal single sites, which generated an
ensemble reaction pool with the well-defined
structure.*® Synthetic methods such as atomic layer
deposition (ALD) and impregnation-coprecipitation
strategy would not involve the prereduction of the
support, while our AA-assisted method can create
more oxygen vacancies on the surface and thus
have a higher chance to selectively immobilize
metal single sites near the oxygen vacancy.
According to XPS results (Figure S10, Table S2), the
original proportion of Ce** in the shallow of as-
synthesized CeO, is around 23.8%.*° After AA
reduction, the proportion of Ce** increased to 41.5%,
indicating a lot of O vacancies were created on the
surface, which agreed with electron paramagnetic
resonance (EPR) spectra and Raman spectra (Figure
S11, 12).*" After air calcination to remove excess
AA, the Ce3* percentages of all M,/Ce0O, decreased to
a certain degree compared to Ce0O,-AA, but they are
still much higher than the original CeO, supports
(Table S2). This result confirms the introduction of
metal single sites could further stabilize the
neighboring oxygen vacancies, which is consistent
with the prior report.®?> Thus, more ensemble sites
consisting of metal single site and surrounding
oxygen vacancies were created via AA-assisted
method, which could be potentially applied in multi-
step tandem reactions.

Methanol reforming over Ru,/CeO:; single-site
catalyst.

Compared to methanol dehydrogenation, MSR not
only releases 3 H, per methanol by utilizing the H,
from water, achieving a high H, gravimetric density
of 18.8% but also avoids the generation of CO by the
sequential WGS reaction.?® Significantly, the gas
products of methanol steam reforming are H, and
CO,, without the poisoning gas CO, which can be
potentially applied in the polymer electrolyte
membrane fuel cells (PEMFCs) without any
pretretments.

We first investigated the catalytic performance of
Ru:/CeO, in both methanol dehydrogenation and
MSR reactions with different ratios of methanol and
water. As shown in Figures 3a and 3c, methanol
dehydrogenation (black line labeled as 1:0) starts at

150 °C, and the higher reaction temperature favors
the methanol conversion. At 350 °C, the hydrogen
production rate is 100.4 mmoly; gt h? with a
methanol conversion of 6.8%. The products of
methanol dehydrogenation over Ru;/CeO, only
consist of H, and CO, and no formaldehyde was
detected.

After introducing water vapor into the system, CO
will further react with water through a sequential
WGS reaction (CO + H,O = CO, + H;) over Ru;/CeO,.
It will release one more H, and convert CO to CO,.
Compared to CO, CO; has a weaker bonding to the
Ru single site, so it can be easily removed in the
reaction condition, which will recover the active site
for the next coming methanol and accelerate the
reaction rate. Therefore, introducing water could
enhance the H; production as well as the conversion
of methanol (Figures 3a and 3c). Compared with
pure methanol, feeding water and methanol vapor
(Vmethanot/Vwater = 1:1) together, the hydrogen
generation rate increased to 207.6 mmoly; gt ht
at 350 °C, which is two times that of pure methanol.
And 24.2% of methanol was converted, which is 4
folds of direct methanol dehydrogenation without
water. The selectivity of CO; in the product is about
32.2% (Figure 3b) under the methanol and water
ratio of 1:1.

Further increasing the water/methanol ratio to 3:1
leads to the methanol conversion of 25.6% and
97.8% selectivity of CO, at 350 °C, due to the
enhanced WGS reaction facilitated by the excess
water. As the feeding rate of water and methanol
mixture is kept the same, less methanol was
injected into the system. The lower methanol partial
pressure decreases the generation rate of H, to
139.6 mmoly, gt h?, but still higher than that of
the pure methanol (100.4 mmoly; g h?). It also
ranks the highest among the reported noble metal
catalysts in terms of the CO, selectivity and H;
generation rate (Figure S13). When compared with
transition metal catalysts such as Cu/ZnO-based
catalysts, Ru;/CeO; also performed excellent activity
and CO; selectivity in the temperature range of 150
°C to 350 °C (Table S3). Although the selectivity of
CO- could increase to 99.5% at the water/methanol
ratio of 5, the massive water vapor inhibited the
methanol diffusion, leading to the Ilower H,;
generation rate of 23.8 mmolu; ge® h'. Besides, at
higher water concentrations (1:3 and 1:5), the
relatively low methanol concentration will also slow
down the growth of MSR rate at higher
temperatures, because the methanol diffusion
process was limited by a large amount of water
molecules in the gas phase.
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Figure 3. (a) Hydrogen generation rate (b) CO, selectivity and (c) methanol conversion of Ru;/CeO; single-site
catalyst at different temperatures with different ratios of methanol and water.

In practical application, the main issue hindering
the application of single-site catalysts is their poor
stability in the catalytic process, especially at
operating temperature.>® Therefore, the stability of
Ru;/CeO; was assessed in the catalytic reaction over
time (Figure S14). The hydrogenation evolution rate
was retained at 139.6 mmoly; ge* h* with more
than 97% CO; selectivity within 72 hours testing of
methanol steam reforming at 350 °C (Vmethano/Vwater =
1:3), indicating its excellent stability due to the
strong interaction between Ru and CeO; surface.>*

Methanol reforming on different M,/CeO:
single-site catalysts.

We further investigated the catalytic performance
of MSR (Vmethano/Vwater = 1:3) over different M,/CeO,
catalysts (Ru;/CeO,;, Rh;/Ce0,, Pt;/Ce0,, Pd;/Ce0,)
with a similar metal loading amount (0.14-0.15 wt.
%). For Pt;/CeO;, Rh;/CeO, and Pd;/CeO,, only a
small number of products were detected above 200
°C, of which the starting reaction temperature is
higher than that of Ru./CeO, catalyst (150 °C).
Similar to Ru;/Ce0O,, higher temperature favors the
reforming reaction rate (Figure 4a and 4c). Under
the same reaction conditions and similar metal
loading amount, Ru,/CeO. showed the highest H,
generation rate and methanol conversion with the
activity order of Ru,/CeO, > Rh;/CeO; > Pt;/CeO; >
Pd1/Ce02.

More importantly, Ru.;/CeO, showed the highest
CO; selectivity of 97.8% at 350 °C, while the other
three single-site catalysts have only less than 60 %
CO; selectivity(Figure 4b). The catalytic results of
MSR over M,/Ce0O, showed that CO desorption and
WGS are competing steps. Less CO desorption is the
key to the higher selectivity of CO. in the
subsequent WGS reaction. It has been reported that,
compared with Pt, Rh, and Pd, Ru has the lowest CO
adsorption energy both for bulk materials and
single-atom, indicating Ru has a much stronger
bonding of CO0.5>%¢ Therefore, CO-temperature-
programmed desorption (CO-TPD) was then applied
to investigate the strength of CO bonding on
M,/CeO, (Figure S15). The peak below 150 °C is
attributed to CO adsorption on metal sites, while the
peak between 200 °C to 300 °C is attributed to CO
bonding on the CeO, support surface.>”*® Notably,
different from other metals, Ru,/CeO,, displays a CO
desorption peak around 350 °C, indicating the strong
bonding between CO and Ru;/CeO,. In the reaction
of methanol steam reforming, this strong interaction
will further stabilize the CO intermediate species,
providing more chance for subsequential WGS
reaction. On the other side, the single site Pt, Pd,
and Rh do not have this strong bonding at 350 °C, so
CO will desorb at lower temperatures, leading to the
decreased CO; selectivity.
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Figure 4. (a) Hydrogen generation rate (b) CO, selectivity and (c) methanol conversion of single-site M;/CeO,
catalysts at different temperatures with a 1:3 volume ratio of methanol and water.

Elementary-Step Methanol dehydrogenation
and WGS Reaction.

MSR is a tandem reaction, including methanol
dehydrogenation and subsequent WGS reaction.
Therefore, we carried out methanol dehydrogenation
and WGS reaction over M,/CeQO; separately. As shown
in  Figure 5a, the methanol dehydrogenation
catalyzed by different M;/CeO, shows various H,
generation rates. Methanol starts to dehydrogenate
over Rh;/Ce0, and Pt;/CeO; at a lower temperature
of 150 °C, indicating the superior activity towards
Ru;/CeO, and Pd;/Ce0,. The H, generation rates at
350 °C are in the order of Rh;/CeO; (161.8 mmol;
gcati1 hl) > Pt;/CeO, (1529 mmO'Hz gcati1 hl) >
Pd;/Ce0; (107.9 mmolyz gt h?) > Ruy/CeO, (100.4
mmoly; gt h?). Interestingly, this activity trend is
different from that of MSR in the presence of water,
where H, generation rates are in the order of
RU1/CeOZ > Rh1/Ce02 > Pt1/CeOZ > Pdl/CeOZ (Figure
43).

In the sequential WGS reaction (Figure 5c),
Ru,/CeO; has the highest activity from 200 to 350 °C.
Especially at a lower temperature (200 °C), the CO
conversion of Ru;/Ce0; (20.1%) is much higher than
the other three catalysts, which are 7.5%, 0.9%, and
1.3% for Pt;/CeO., Pd./CeO,, Rh,/CeO,, respectively.
The CO conversion of Ru;/Ce0O, reached up to 100 %
at the high temperature (350 °C) while the WGS
activity is in the order of Ru:/CeO; > Pt;/CeO, > Rhy/
CeO; > Pd,/CeO0..
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The apparent activation energy (E,) is a well-
known empirical parameter in chemical kinetics that
characterizes the dependence of the chemical rate
coefficients on the temperature and provides
information to compare the intrinsic activity of the
catalysts.>® We thus calculated the apparent
activation energies for both reactions (Figures 5b
and 5d) to understand the reaction mechanism and
chemical kinetics. The activation energy of methanol
dehydrogenation (E.;) is in the order of Pt;/CeO,
(79.6x6.2 kJ/mol) = Rh;/CeO; (81.4%7.2 kJ/mol) <
Ru,/Ce0; (94.0+8.3 kJ/mol) < Pd,/Ce0, (102.3+17.4
kJ/mol), while the activation energy of WGS reaction
(Es2) is in the order of Ru;/Ce0; (11.4£0.7 kJ/mol) <
Rh;/CeO; (51.0£5.4 kJ/mol) = Pt;/Ce0,(51.9+8.4 kJ/
mol) = Pd;/CeO; (52.0+8.6 kJ/mol). As reported,
methanol steam reforming is a two-step reaction,
where the activation energy of methanol
dissociation (first step) is much higher than the
subsequent WGS reaction (second step).*
Meanwhile, the second step, WGS reaction, has a
competing step, CO desorption. Therefore, the
stronger CO adsorption and the lower E,, of the WGS
reaction could help the CO intermediates efficiently
convert to CO, via the tandem reaction and recover
more active sites for methanol dehydrogenation.
Among all the studied single site catalysts, Ru;/Ce0,
has an appropriate Ea: of methanol
dehydrogenation, the lowest Ea, of WGS and the
strongest CO adsorption, resulting in the highest H,
production rate and CO; selectivity. On the contrary,
Pt,/CeO; has the lowest Ea,, but its highest Ea, and
weak bonding with CO, leading to the lowest CO,
selectivity.

Proposed Reaction Mechanism.

Combined our experimental findings and the
insights provided by the preceding work, we
proposed a reaction mechanism of tandem MSR
reaction over M;/CeQO.. As shown in Scheme 2, the
methanol dehydrogenation occurs on the metal
single site to release hydrogen and form the
intermediate CO, where the neighboring O vacancies
will facilitate the dissociative adsorption of
methanol.?

Depending on the binding strength, CO.s would
either desorb from the active sites and ends with a
low CO, selectivity (i.e., Pt;/CeO, case), or directly
react with water to yield CO, via the sequential WGS
reaction. Dissociation of water is generally
considered a key step in WGS,®® and water
molecules prefer to dissociate on the reduced CeOy
(O vacancy-Ce?*") by transferring a H atom to the
neighboring surface oxygen.®?® A recent study also
revealed the synergistic effect between Pt sites and
neighboring reduced Ce sites (Pt-O vacancy-Ce3*) at
the interface of the Pt clusters and the support,®
and suggest only those oxygen vacancies nearby
the Pt sites are involved in the WGS. M,/Ce0:; in this
work contains a similar structure, consisted of metal
single sites with neighboring O vacancies (metal-O
vacancy-Ce**). However, we could directly create
much more “ensemble sites” using the AA-assisted
synthetic approach, instead of a limited amount of
active sites only at the interface of nanocluster and
support, highlighting the great advantage of single-
site catalysts. It has also been reported the
introduction of metal heteroatoms could efficiently
create oxygen vacancy next to the dopant cations.
Therefore, in our proposed “ensemble reaction
pool”, the formed hydroxyl species adsorbed on the
oxygen vacancy will react with the neighboring CO,q,
which avoids the diffusion process and lead to high
activity.

CH,-0 H-OH

2H,

co H,+CO,
“Ensemble Reaction Pool”

@ o o, Jcev) @ ce(nn) € Metal (Pt, Rh, Pd, Ru)

Scheme 2. Proposed reaction pathway for methanol
steam reforming on M,/CeO; single-site catalysts.

CONCLUSION

In summary, the mechanism of methanol steam
reforming tandem reaction was investigated over a
series of CeO, supported noble metal single site
catalysts. Notably, Ru;/CeO, displayed a much
higher H, generation rate and CO, selectivity
compared to the other three catalysts. Specifically,
the stronger CO-metal bonding and larger difference
of apparent activation energy between methanol
dehydrogenation and WGS reaction resulted in its
higher CO, selectivity. Importantly, different from
metal nanoparticle catalyst, the metal single sites
accompanied with neighboring O vacancies
generate an “ensemble reaction pool” to combine
the methanol dehydrogenation, water dissociation,



and WGS reaction efficiently in the local
environment. And this special synergy further
improves the reaction efficiency and selectivity.
Ultimately, this in-depth study highlights the
benefits of well-designed single site catalysts for
multiple steps catalysis and paves the way for
further rational design based on the “ensemble
reaction pool” concept.
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