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Hydrogen production with high efficiency and low CO selectivity in methanol steam reforming (MSR) is
of pivotal importance. However, there is limited understanding of the active sites and reaction
mechanisms during catalysis. In this study, we maximized the interfacial site, known as the active
component in MSR, of Ni-CeO, by atomically dispersed Ni and Ce over the carbon—nitrogen support to
generate the Ni and Ce dual-atomic catalyst (DAC), which achieved 6.5 pmoly, Geat L 57 H, generation
rate and 0.8% CO selectivity at 99.1% methanol conversion at 513 K. The finely dispersed Ni and Ce
structure was confirmed by systematic characterization of AC HAADF-STEM and EXAFS. Electron transfer
from Ce to Ni was confirmed simultaneously by quasi-in situ XPS analysis. Moreover, the reaction
mechanism of methanol steam reforming was clarified by combining kinetic studies with isotope-
tracing/exchange analysis (i.e., KIEs and steady-state isotopic transient kinetic analysis (SSITKA)), which
suggests that the steam reforming consists of two tandem reaction processes: methanol decomposition
(MD) and water—gas shift (WGS) reaction, with methanol and water activation at independent active sites
(e.g., Ni and oxygen vacancy over CeQO,), and that hydrogen generation was primarily determined by
both C-H bond rupture and O -H (O, represents the lattice oxygen) cleavage within methoxy and
Received 16th September 2023, hydroxyl groups, respectively, with the catalytic surface mainly covered by CO and methoxy groups.
Accepted 30th October 2023 A shift of WGS involvement in hydrogen generation from negligibly influenced to significantly promoted
DOI: 10.1039/d3ey00225j was selectively observed once modifying the reaction from differential conditions to a high methanol
conversion regime, and two quantification methods have been established by comparing the molecule
rsc.li/eescatalysis ratio between CO and CO, or H,.

Broader context

Hydrogen is regarded as a clean energy resource to solve the increasingly serious energy crisis and environmental pollution due to its high energy density and
no greenhouse gas emissions during consumption. However, the safe transportation and storage has been an obstacle to its widespread application. Liquid fuel
as a hydrogen carrier is a good solution. Methanol is a promising liquid organic hydrogen carrier (LOHC) with a wide range of sources, low price, high hydrogen
content and low transportation temperature. Methanol steam reforming (MSR) has a high efficiency in hydrogen production and was widely applied in
industry. Currently, the main catalytic systems used are Cu-based non-noble metal catalysts and Pt-based or Pd-based noble metal catalysts. Nevertheless, the
poor stability and high price limit their wide application. We constructed an efficient and stable NiCe dual-atomic catalyst containing a large number of
atomically dispersed Ni-CeO, interfacial sites, with high conversion and low CO selectivity in MSR, and confirmed the reaction mechanism of MSR within this
catalytic system. Our work will inspire further explorations in the establishment of atomically NiCe active interfacial sites to enhance reaction activity.
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Introduction

Hydrogen is definitely a good energetic resource owing to its high
energy content and negligible contamination of the environment.
However, it was prohibited from widespread utilization owing to
its unstable nature." People keep looking for alternative strategies
to replace the traditional method in hydrogen generation, storage
and transportation. For example, compared with the high tem-
perature production from fossil fuels, in situ generated hydrogen
from oxygenated chemicals, such as methanol is more attractive
due to the low energy requirement during catalysis,>”> which
includes methanol steam reforming (MSR), methanol partial
oxidation (MPO), methanol oxidative steam reforming (MOSR),
and methanol aqueous-phase reforming (MAPR). MSR is the most
efficient method with a high H, gravimetric density of 18.8% and
has been widely applied in industry.>®

However, the overall reaction performance of MSR has been
influenced by the limited understanding of the reaction mecha-
nism received. Nevertheless, several hypothesized reaction routes
have been proposed, which include the dissociative adsorption
of methanol followed by subsequent dehydrogenation, and the
reaction intermediates vary along with different processes.” For
example, until now, three different reaction pathways have been
proposed and suggest three different reaction intermediates,
including CO*,"*** CHOOCH;***® and CHOO*,""*° in which
the formate-pathway is mostly accepted. In addition, Peppley'*"?
and Iglesia'* both suggested that the MSR followed a tandem
reaction process with methanol dehydrogenation (MD), followed
by water-gas shift (WGS) reactions. Iglesia et al. proposed that the
elementary step for the dehydrogenation of CH;0* is the rate-
determining step (RDS) with the WGS reaction as quasi-equili-
brated, which was supported by the isotopic and kinetic assess-
ment applied. However, this adjustment might rely on the systems
investigated and the reaction conditions applied. WGS will not
always be facile with respect to MD or MSR.

With a systematic investigation, it was observed that the inter-
face structure between transition metals and reducible metal oxides
within the catalysts plays a vital role in regulating the reaction
activity.'»'®*172¢ For example, Li et al'® developed a method to
optimize the surface structure of the commercial Cu/ZnO/Al,O5
catalyst by manipulating the composition of reducing agents at the
activation stage. Due to the existence of adsorbate-induced strong
metal-support interactions, the ZnO, species would constantly
migrate to the surface of the metallic Cu’ nanoparticles, forming
abundant Cu-ZnO, interfacial sites. This resulted in the long-term
stability, and the catalytic activity of MSR was significantly
improved. More interestingly, Kéwitsch et al.>' designed InsPd,-
InPd/In,0; nanocomposites with significant amounts of interfaces
formed. This was induced by the dynamic reactive metal-support
interaction (RMSI) between the intermetallic In-Pd and In,Os
under the MSR reaction, leading to an unusually high CO,
selectivity of 99% at 573 K. Furthermore, they proposed the
participation of oxygen from the reactive In,Pd;/In,O; interface
by isotope-labeling. Our recent work also suggests that the inter-
facial sites are the active component for both WGS?” and MSR*®
reactions. Therefore, it is crucial to maximize the interfacial sites
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that could be achieved by reducing the size of the metal nano-
particles to clusters or even single atoms,” and improve the
efficiency of metal utilization and control the related side reactions.
Specifically, Ma et al. synthesized Au layered clusters,* isolated Pt
atoms (Pt;) and subnanometer Pt clusters (Pt,)*" decorated a-MoC
catalysts to create the interfacial catalytic systems for the ultra-low-
temperature WGS reaction, which is the primary side reaction of
MSR. The abundant surface hydroxyls of a-MoC provide significant
active sites for water dissociation. Owing to the excellent catalytic
performance of a-MoC in WGS, they developed a series of good
catalysts with atomically dispersed Pt'* or Ni,>> which exhibited
extraordinary hydrogen production activity in the aqueous-phase
methanol reforming. The synergy between Pt or Ni and o-MoC also
produces an active interfacial structure for methanol reforming.

Additionally, as described in the literature, the most commonly
utilized catalytic system can be classified into non-noble-metal
catalysts such as Cu-based catalysts'”'®**® and noble-metal
catalysts, for example, Pd-based®**” or Pt-based catalysts."'*%%°
However, the biggest problem with the Cu-based catalysts is the
tendency of Cu crystallization and readily sintering at relatively
high temperature. As for noble-metal catalysts, although the
activities are excellent, the high price is the main obstacle limiting
their large-scale application. Therefore, developing efficient non-
noble-metal catalytic systems with high reactivity and stability is
highly desired but challenging.***

Collectively, people have devoted many efforts in improving
the reactivity of alcohols (methanol and ethanol) steam reforming
by: (i) establishing active transition metal-metal oxide inter-
face;'”18143748 (i) constructing active bimetallic-mineral support
structure, etc.*" Rare earth oxides such as cerium oxide (CeO,)
have been confirmed to play an important role in our previous
work®”** due to the rich oxygen vacancy (Oy) and unique electro-
nic structures. Therefore, the atomically dispersed CeO, would
help water activation during catalysis. Here, we designed an
atomically dispersed Ni-CeO, interfacial catalyst by the stepwise
selective decoration of isolated Ni and Ce to the carbon-nitrogen
support, which would certainly help to establish an atomically
bonded interfacial structure (i.e., Ni-CeO, DAC).”* During the
catalytic evaluation, this specific active site does facilitate the MSR
to some extent. The enhanced overall dehydrogenation rate was
determined at 6.5 pmoly;, g ' s ' at 513 K with limited CO
generated (~0.8%) at 99.1% methanol conversion. With this
simple reaction model established, the overall reaction mecha-
nism of MSR was tentatively probed by a combination of kinetic
studies, isotope-tracing experiments, as well as steady-state iso-
topic transient kinetic analysis (SSITKA), in which hydrogen
formation was proved to be determined by a combination of
C-H bond rupture within CH;0* and O.-H (O lattice oxygen)
bond cleavage (kinetically relevant) during MSR, respectively.

Results and discussion

Synthesis and structural characterization of the NiCe/CN DAC

To synthesize the Ni and Ce dual-atomic catalyst (NiCe/CN
DAC), atomic Ni and Ce centers were deposited to the carbon

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nitride (CN) support following an incipient wetness impregna-
tion method (detailed preparation procedures presented in
Experimental section). Powder X-ray diffraction (XRD) was
employed to investigate the structure of the as-prepared dual
and single atom catalysts. XRD patterns (Fig. S1, ESIT) show
only one peak corresponding to nitrogen-doped carbon and
no diffraction peaks attributed to metal in all catalysts. The
morphology of the fresh NiCe/CN DAC was investigated by the
transmission electron microscope (TEM). Fig. 1a(i) and
Fig. S2(i) (ESIt) show the morphology of the thin rolled nano-
sheets. As determined by the Brunauer-Emmett-Teller (BET)
method, the specific surface area of NiCe/CN DAC was 43.1 m> g~ "
(Fig. S3a, ESIt). Pores with an average size of ~6.9 nm were also
revealed from the gas adsorption isotherms (Fig. S3b, ESIt).
Similar to NiCe/CN DAC, the specific surface area of Ni/CN SAC
was 46.9 m> ¢~ ' and the pores of Ni/CN SAC had an average size of
~6.8 nm (Fig. S3c and d, ESIf), suggesting that the addition of
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different metals has little effect on the morphology and pore
structure of the support. In addition, Ni/CeO, prepared by the
incipient wetness impregnation method has a significantly differ-
ent pore structure, with a specific surface area of 65.5 m* g~ ' and
pores with an average diameter of ~11.1 nm (Fig. S3e and f, ESI).

The elemental distribution of the NiCe/CN DAC was ascer-
tained by the energy-dispersive spectroscopy (EDS) mapping.
the Ni and Ce elements are uniformly distributed throughout
the CN support, confirming the high dispersion of Ni and
Ce centers within NiCe/CN DAC. To further confirm that,
Aberration-corrected high-angle annular dark field-scanning
transmission electron microscopy (AC HAADF-STEM) was con-
ducted. The isolated bright spots can be distinguishably iden-
tified, corresponding to monodispersed Ni and Ce centers with
an average diameter of 0.27 nm (Fig. 1b, eqn (5)). X-ray
absorption spectroscopy (XAS) was also performed to further
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Fig. 1 Characterizations of the fresh NiCe/CN DAC. (a, i) TEM image, (a, ii-vi) elemental mappings and (b) AC HAADF-STEM image of NiCe/CN DAC-
fresh; (c) FT-EXAFS spectra and (d) wavelet transform analysis for the Ni K-edge of (i) NiCe/CN DAC and (ii) Ni foil; (e) FT-EXAFS spectra and (f) wavelet

transform analysis for the Ce K-edge of (i) NiCe/CN DAC and (i) CeO,.
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reveal the valence states and the coordination environments of
the metal atom centers, in which the Fourier-transformed
extended X-ray absorption fine structure (FT-EXAFS) analysis
and wavelet transform (WT) analysis provide an intuitive way of
further ascertaining the dispersion state of metal atoms in the
NiCe/CN DAC through the comparison with reference samples.
As shown in Fig. 1c, the Fourier transformed k*-weighted y(k)-
function of the EXAFS spectrum for NiCe/CN DAC shows only
one characteristic peak at around 1.49 A. This peak can be
assigned to the Ni-N(O) scattering of the atomic Ni coordinated
with N(O), which distinguishes from the peak corresponding to
metallic Ni-Ni scattering at ~2.16 A in Ni foil.>? The WT of the
EXAFS spectrum for the Ni K-edge of NiCe/CN DAC shows the
characteristic peak of the Ni-N(O) bond at 3.35 A that can be
assigned to the atomic Ni-N(O) species (Fig. 1d(i)). The WT
of the EXAFS spectrum for the Ni K-edge of Ni foil shows the
Ni-Ni bond at 7.4 A™* that can be attributed to Ni particles
(Fig. 1d(ii)). Meanwhile, two distinct peaks appear at 1.75 A and
3.52 A in the EXAFS spectrum of the Ce K-edge of the CeO,
sample (Fig. 1e). The former is due to the Ce-O scattering and
the latter is attributed to the Ce-Ce scattering, respectively.
NiCe/CN DAC shows only one peak derived from Ce-N(O)
scattering at about 1.93 A. As shown in Fig. 1f(i), the WT of
the EXAFS spectrum on the Ce K-edge of NiCe/CN DAC shows
the characteristic peak of the Ce-N(O) bond at 3.93 A", while
CeO, shows the characteristic peak of the Ce-O bond at
4.73 A™* (Fig. 1f(ii)), which further confirms the co-existence
of isolated Ni and Ce sites, consistent with the above HADDF-
STEM results. According to the EXAFS fitting parameters in
Table S1 (ESIY), each isolated Ni and Ce atom is coordinated by
N atoms and (or) O atoms (note that it is difficult to discern N
and O coordinates by EXAFS fitting due to their similar atomic
numbers).”* The Ni-N(O) shows a coordination number of
5.8 at a distance of 2.04 A, while Ce-N(O) shows a higher
coordination number of 12.1 at a distance of 2.59 A. Consider-
ing the strong affinity with the oxygen of Ce, it is easy to absorb
O, from the atmosphere and then form the structure with high
coordination number.>® Combined with the detailed informa-
tion of the metal loadings determined by inductively coupled
plasma atomic emission spectroscopy (ICP-AES, Table S2,
ESIt), atomically dispersed NiCe/CN DAC could be obtained
even though the metal loadings increased to 2.2 wt% and 4.9
wt% for Ni and Ce elements, respectively. The TEM character-
izations were also performed on the sample of the spent NiCe/
CN DAC, in which the image (Fig. S4a, ESIT) shows that the
atoms were slightly agglomerated after the reaction. The ele-
mental mappings (Fig. S4d, ESIt) indicate that the metal
dispersion was still relatively homogeneous with a considerable
amount of metal present as atoms or clusters, in addition to the
formation of nanoparticles. Quantitative analysis of the mass
loss of spent NiCe/CN DAC was performed using thermogravi-
metry analysis (TGA, Fig. S5, ESIt). During the detection under
flowing N,, the mass loss of spent NiCe/CN DAC was ~10% at
the highest reaction temperature of 623 K, which suggests that
there might be a small amount of CN support decomposition
during catalysis.
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Catalytic performance in methanol steam reforming and
water-gas shift reaction over NiCe/CN DAC

In general, the MSR reaction (eqn (S8), ESIf) consists of MD
(eqn (S9), ESIT) and WGS (eqn (S10), ESIT). The activity of WGS
affects not only the generation rate of H,, but also the content
of CO in the steam, which will reduce the efficiency of direct
methanol fuel cells (DMFCs) as consequential applications.”
Therefore, we tested the catalytic performance of NiCe/CN DAC
in MSR and WGS, respectively. Clearly, complete methanol (for
MSR) or CO (for WGS) conversion would be determined at
elevated temperatures over various amounts of NiCe/CN DAC
(Fig. S6, ESIf). The Ni-Ce bi-atomic center was found to
facilitate both MSR and WGS reactions. With the increase of
the catalyst content, the reactivity increased. In particular, the
activity of WGS increased significantly. For instance, the CO
conversion of 20 mg catalyst was only 2.5%, which increased to
21.4% over 50 mg catalyst, and even to 94.1% over 100 mg
catalyst at 533 K (Fig. S6b, ESIt).

Then, the catalytic performances of a few Ni-based reference
samples have been evaluated containing multiple rare-earth
elementals, such as La and Y-decorated Ni-DACs, as well as Ni/
CN single atom catalyst (SAC) and Ce/CN SAC in the MSR. As
shown in Fig. 2a, compared with other catalysts, NiCe/CN DAC
exhibited the highest activity below 513 K, at which methanol
firstly approached complete conversion, and Fig. 2b shows the
superior hydrogen evolution rate of NiCe/CN DAC than other
catalysts. Ce is a better back-bone component within the Ni-
based DACs compared with La and Y, which show slight
promotion or inhibition against Ni/CN SAC on MSR. All of
these samples are more active than Ce/CN SAC (Fig. 2a and b),
which shows negligible activity during catalysis. In addition,
the Ni/CeO, possesses significant amounts of Ni-CeO, pairs
and showed pretty good activity in MSR (Fig. 2a and b). The
modified NiCe/CN DAC showed better activity than the Ni/CeO,
and Pt/Al,O; catalyst (Fig. 2a and b). Also, the apparent activa-
tion energies for the abovementioned catalysts were calculated
following Arrhenius plots (Fig. S7a and Table S3, ESIt). The
order of the apparent activation energies among these catalysts
compared on MSR is basically consistent with that of the
activities, wherein NiCe/CN DAC shows the lowest apparent
reaction barrier of 63.5 k] mol™'. This confirms that NiCe/CN
DAC has excellent catalytic performance on MSR.

NiCe/CN DAC is more active than Pt/Al,O; or any other
noble metal catalysts, such as the Pd-based and Ru-based
catalysts listed in Table S4 (ESIt). In addition, compared with
other Ni-based catalysts, NiCe/CN DAC achieved complete
methanol conversion at relatively low temperature, except the
conversion determined on 7% Cu-3% Ni/Al,O; catalyst (~94%
at 498 K), in which 3 g catalyst was applied to the reaction
(Table S4, ESIY). It is probable that the Ni-CeO, DACs contain-
ing dual atomically dispersed active sites could help people
solve the abovementioned problems.

The selectivity of CO and the hydrogen generation rate
would be affected by the activity of WGS. Therefore, the catalyst
should have significant reactivity on WGS under relatively mild
conditions. From Fig. S8 (ESIt), NiCe/CN DAC had low CO

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Catalytic performances of NiCe/CN DAC in MSR and WGS. (a) CHsOH conversion, (b) TOR of H, generation, (c) the comparison of carbon
product selectivities of NiCe/CN DAC and reference samples at 513 K in MSR; (Reaction conditions: 1 kPa CH3OH, 16.02 kPa H,O, Ar balanced, GHSV =
318 h™Y) (d) CO conversion of NiCe/CN DAC and reference samples in WGS. (Reaction conditions: 2 kPa CO, 10 kPa H,O, Ar balanced, GHSV = 848 h™*,
red O: NiCe/CN DAC, brown V: NiLa/CN DAC, sapphire &: NiY/CN DAC, green O: Ni/CN SAC, purple A: Ce/CN SAC, yellow <I: Ni/CeO,,

blue I>: Pt/Al,O3.)

selectivity across the overall temperature range (423-623 K),
with a maximum of 16.0% at 463 K. When the temperature
increased to 513 K, the CO selectivity dropped to 0.8% with the
methanol conversion at 99.1%. In addition to the highest
CH;O0H conversion, NiCe/CN DAC showed the lowest CO selec-
tivity at 513 K (Fig. 2¢). As for the Ni/CeO, and Pt/Al,O; catalysts
prepared by the impregnation method, the CO selectivities were
constantly high at 24.0% and 43.3% at 79.9% and 74.3%
CH;0H conversion, respectively. Both showed significant
CH, selectivity following the side reaction of carbon dioxide
methanation. The CO selectivities of other Ni-based monatomic
and diatomic catalysts were also relatively high, indicating that
the activity of WGS on NiCe/CN DAC is much greater than
that of the other catalysts compared under the same reaction
conditions.

As shown in Fig. 2d, the activities of NiCe/CN DAC on WGS
were the best within the samples compared, resulting in low CO
selectivity (Fig. 2c) and significant hydrogen generation
(Fig. 2b). Additionally, Ce/CN SAC showed almost no activity
on WGS (conversion was 1.3% at 623 K), which might be
attributed to the absence of Ni-sites for CO activation. Simulta-
neously, NiLa/CN DAC showed greater activities of MSR and
WGS than Ni/CN SAC, indicating the positive promoting effect
of the Ni-La diatomic structure. Notably, the activity of MSR on
NiY/CN DAC was worse than that of Ni/CN SAC, while the
activity of WGS was better. We suggest that the introduction of

© 2024 The Author(s). Published by the Royal Society of Chemistry

Y may increase Oy to some extent, which is conducive to the
activation of H,O, while the amount of Oy was far less than that
brought by the introduction of Ce. The decoration of Y might
not preserve the active site of Ce for this whole reforming
reaction, or the potential interaction between Ni and Y may
inhibit the activation of CH;OH. As shown in Fig. S7b and
Table S3 (ESIt), the apparent activation energies for the
above catalysts were estimated following Arrhenius plots, where
NiCe/CN DAC shows the lowest apparent reaction barrier of
60.5 k] mol ", corresponding to its best catalytic performance
of WGS. The activation energy values of WGS over NiLa/CN
DAC, Ni/CeO, and Pt/Al,O; were similar, since the activities of
WGS over them were also similar. The activity of NiY/CN DAC
was worse than that of NiCe/CN DAC and NiLa/CN DAC. The
activation energy (77.1 k] mol ") was significantly higher than
that of the latter two dual-atomic catalysts (65.4 k] mol " for
NiLa/CN DAC), indicating that the ability of the Ce center to
activate H,O is greater than that of the La and Y centers in the
dual-atomic structure. Compared with the diatomic catalysts,
the values of activation energy of Ni/CN SAC and Ce/CN
SAC were 79.7 k] mol ™' and 194.2 kJ mol *, respectively.
We hypothesized that the existence of the Ni site or the Ce site
alone was not conducive to the activation of H,O and CO.
The dual active site Ni-CeO, could activate CO and H,O
simultaneously, which was the key to the excellent activity of
WGS. Furthermore, the NiCe/CN DAC stability test on MSR was

EES Catal., 2024, 2, 365-378 | 369
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performed at 623 K. The result shows that the activity was
unchanged within 10 hours (Fig. S9, ESIT). Based on these results,
it is reasonable to deduce that the special interface between Ni and
Ce is important and might be responsible for the excellent catalytic
performance of NiCe/CN DAC on MSR and WGS.

To further determine the active species of NiCe/CN DAC
during MSR, quasi-in situ XPS analysis was selectively applied.
For the NiCe/CN DAC sample, the spectrum of Ni 2p3,, can be
deconvoluted into two species at 854.4 and 856.7 eV under MSR
condition (Fig. 3a(iii)), which can be attributed to the oxidized
Ni*" and Ni** species, respectively.’® In contrast, for the Ni/CN
SAC, the peak positions of the Ni 2p;/, species are located at
855.4 and 857.7 eV (Fig. S10(iii) and Table S5, ESI{). Compared
with the Ni/CN SAC, the binding energy of the Ni species in
NiCe/CN DAC was negatively shifted by approximately 1 eV,
indicating a more electron-rich feature of the Ni atoms in NiCe/
CN DAC than Ni/CN SAC as the electron transfer from Ce to Ni.
For Ni/CN SAC and NiCe/CN DAC, after the reduction of H,
(Fig. S10(i) and Fig. 3a(i), ESIt), only the oxidized Ni species
(Ni** and Ni**) could be observed, and no metallic Ni (Ni°)
appeared.’®”” After introducing methanol for 1 h (Fig. S10(ii)
and Fig. 3a(ii), ESIT), the binding energy of the Ni species was
slightly negatively shifted, and a small portion of metallic Ni
appeared. This is probably due to a slight agglomeration of Ni
atoms to generate small clusters, or owing to the gaining of
electrons. Meanwhile, the XPS spectra of Ce 3d have also been
measured to further investigate the amount of Ce*" and the
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Ni**: 13.0%, Ni?*: 87.0%
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Intensity (a.u.)
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1 kPa CH,OH, 16.02 kPa H,0 .
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changes in the valence state of Ce under the same treatment
(Fig. 3b and Table S6, ESI{).>”*® Similar to that observed for the
Ni species, the content of Ce*" increased and the average valence
state decreased significantly after the introduction of methanol in
NiCe/CN DAC (Fig. 3b(ii)). This did not change when the mixture
of methanol and water vapor was continuously fed (Fig. 3b(iii)).
The change in the valence state of Ce in Ni/CeO, (Fig. S11b, ESIT)
was similar to that in NiCe/CN DAC. Nevertheless, the variation
of the Ni (Fig. S11a, ESIt) was opposite of that in NiCe/CN DAC,
with a slight increase, suggesting that a small number of electrons
transfer from Ni to Ce during the reaction or due to slight oxida-
tion during MSR by water. This may also account for the difference
in activity between the two catalysts.

Reaction mechanism of MSR on NiCe/CN DAC

Steady-state isotopic transient kinetic analysis (SSITKA)
combined with in situ FTIR Measurements over NiCe/CN
DAC. The SSITKA-FTIR technique has shown to be very useful
in obtaining details on the adsorption and desorption of
intermediates that could be involved in the reaction of MSR.
Therefore, isotope exchange experiments of CH;OH and
CD;OD were applied to clarify the adsorption/desorption of
methoxy groups (Fig. 4a). The infrared spectrum was recorded
after the adsorption of CH;OH reached saturation as the back-
ground, and then switched to CD;0D until another adsorption
saturation reached. The positive peaks in Fig. 4a represent the
adsorption of the labeled reactant and the inverted peaks

NiCe/CN DAC
i. 10% H,/Ar
Ce**=23.4%

ii. 1 kPa CH,0H
Ce'=45.9%

Intensity (a.u.)

iii. 1 kPa CH,0H, 16.02 kPa H,0
Ce'=50.6%

Ni/CeO,
1 kPa CH,OH, 16.02 kPa H,0
Ce**=49.1%

920 910 900 890
Binding Energy (eV)

880

Fig. 3 Quasi-in situ XPS characterization of the NiCe/CN DAC and reference samples under different reaction conditions. (a) Ni 2p and (b) Ce 3d XPS
spectra after reduction (i: 10% H/Ar, 623 K, 2 h, 50 mL min~?), after introduction of CHzOH for 1 h (ii: 1 kPa CHsOH, Ar balanced, 623 K, 30 mL min~%) and
under MSR condition for 1 h (iii: 1 kPa CHzOH, 16.02 kPa H,O, Ar balanced, 30 mL min™?).
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represent the desorption of the unlabeled reactant. The char-
acteristic features of the methoxy, formate, formyl and hydroxyl
functional groups were identified as described in Fig. 4a, in
which the bands at 3100 cm™, ~3600 cm™* and 2320 cm™?,
~2600 cm ™" were assigned to the stretching vibration of the
O-H bond (voy) in hydroxyl groups®® and the O-D bond (vop) in
DO* groups,®® respectively. The feature at 2980 cm ' was
assigned to the asymmetric vibration of the C-H bond (vus cu)
in gaseous methanol.”® The features at 2929 and 2820 cm '
were assigned to the asymmetric vibration of the C-H bond
(Vas,cn), and symmetric vibration of the C-H bond (v5 cu) of the
methoxy species (CH;0*),>® respectively, and 2894 cm™ " was
assigned to the stretching vibration of the C-H bond (vcy) of
the formate species (HCOO*).>”*® The band at 2710-2720 cm ™
was associated with the stretching vibration of the C-H bond
(vcu) of the adsorbed formyl group (HCO*).°® The band at
2000 cm ™!, ~2300 cm™* was attributed to the vibration of C-
D bond in CD;0* or DCOO¥, in which the features at 2250 and
2100 cm™* were the analog to the band of Vas,ca Of CH;0* at
2929 cm™ ! and vy of HCOO* at 2894 cm ™!, respectively.®®
The feature at 1700 cm™ " was related to the stretching vibration
of the C=0 bond (vc—o) of HCO*.%" The peak at 1573 cm™ " was
assigned to the asymmetric vibration of the O-C-O bond
(Vas,oco) in HCOO*,*”*° and the isotope-shifted analog at
1351 cm™ " was assigned to the vibration of the O-C-O bond
in DCOO*.®*> The peak at 1440 cm ' was assigned to the
asymmetric bending vibration of the C-H bond (J,5cn) in
HCOO*.>*>%* The band at 1000 cm ™", ~1080 cm ™" was assigned
to the stretching vibration of the C-O bond (v¢o) in CH;0*.>°
At last, the features at 1115 and 1130 cm ™' were attributed to
the bending vibration of the CD, bond (J¢p,) of the CD;0* and
the resonance of the symmetric bending vibration of CD; bond
(0s,cp,) band with the vco mode in CD;0*.°° The peak fitting
diagram of the infrared spectrum after the saturated adsorp-
tion of CD;OD (ca. ~50 min) is shown in Fig. S12 (ESIT). The
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trend of the normalized area of the methoxy peak over time is
given (Fig. 4b). The fitted result suggests that methoxy groups
may adsorb on a single site (single pool from the fittings,
eqn (12), Table 1).°® Similarly, the adsorption/desorption of
water (or hydroxyl groups) was clarified through the isotope
exchange experiments of D,O and H,O (Fig. S13, ESIt). The
fitted result suggests that water (or hydroxyl groups) may also
adsorb on only one site, and the adsorption strength of
methoxy groups is much greater than that of water derivatives
(Fig. 4b and Table 1). To further distinguish the adsorption
sites of the methoxy and hydroxyl species, the isotope exchange
experiments of CH;OH and CD;0D with different pressures of
H,O co-fed were carried out (Fig. S14 and S15, ESIt). As shown
in Fig. 4b and Table 1, the residual coverage (@g4es) of the
methoxy groups remained unchanged, suggesting that the
presence of water does not affect the adsorption and desorption
of methanol. Furthermore, the absence of competitive adsorp-
tion between the hydroxyl and methoxy groups supports that
they adsorb on independent sites. Based on these results, it is
reasonable to deduce that water (or hydroxyl) may adsorb on
CeO, sites of the NiCe/CN DAC, and methoxy groups were
mainly adsorbed on the Ni sites of the NiCe/CN DAC (at least
the dehydrogenation of CH;0- happens at the Ni sites). If the
dissociative adsorption of methanol and the activation of water
mainly occur on the Ni and CeO, sites, respectively, then the
interface between them would be very important to connect MD
and WGS and facilitate the whole MSR reaction.

Pressure dependence study of the MSR reaction over NiCe/
CN DAC. To clarify the reaction mechanism of MSR on NiCe/CN
DAC, a systematic kinetic study has been applied. As shown
in Fig. S16 (ESIY), the conversion of CH;OH was plotted as a
function of the reciprocal of the gas hourly space velocity
(GHSV™"). The external mass/heat transfer limitation would
be selectively excluded in the range of linear correlation with an
intercept of zero, and the Koros-Nowak criterion was applied to

° y b O 10kPa H,0
< orVep Of CD;0* ‘ B oHRacH OF
g Vop Of *OD ‘a, ool ZERCHON o
) 50CD,0D vep of DCOO* voco Of  8¢p Of 7] </ 2kPa CH;OH+15kPa H,0
> ) DCOO* CD;0* g !
. e
P R &
’ N
2 AL 3 A
g l v[»‘,‘ N 0.5 \\O
[ |2 A
E vey Oof HCO* ﬂ} g
B Hcoo* /s
ven of HCOO* =
\ / veo of >4
{ vou of CH,0* fo o B et P 0.0
Vo Of "OH v, of CH,0H HCOO*
T T T T T T T T T r .
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Fig. 4 SSITKA combined with in situ FTIR measurements on NiCe/CN DAC. (a) IR spectra of NiCe/CN DAC recorded at 623 K during a SSITKA
experiment from the initial flow made of 2 kPa CHsOH in Ar to a similar labeled (2 kPa CD3OD) gas-mixture (total flow rate: 50 mL min~3). (b) The
normalized intensities of surface species in CHzOH-CDsOD, H,O-D,0 and CH3zOH + H,O-CDszOD + H,O with various pressures of H,O exchange
experiments on NiCe/CN DAC as a function of time (black O: desorption of DO-; red A: desorption of CHzO-; yellow O: desorption of CHsO- with
10 kPa H,O co-feed; blue V: desorption of CHzO- with 15 kPa H,O co-feed). Dotted lines are fitted curves.
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Table1 Expressions of the desorption rate and corresponding models for
different species fitted by desorption branch curves in Fig. 4(b)

Species Oges T= %
O-OH Odes = 19.56 x 0.55 x e 5°%¢ 17.9
A-CH;0 Odes = 1.12 x 0.85 x e -85%¢ 10.6
0-CH,0 Oges = 1.11 x 0.93 x e 093¢ 11.1
V-CH;0 Odes = 1.09 x 0.96 x e %9%¢ 11.2

eliminate the internal diffusion limitations.®* All pressure

dependency experiments were carried out at the CH;OH con-
version <5% to ensure that the reaction runs under the
differential conditions. The dependencies of the CH;OH,
H,0, CO and CO, pressures on the H, formation rates (ry,)
and H, pressure on the CH;OH consumption rate (rCH3OH) have
been determined at various reaction temperatures (i.e., 513 K;
573 K; 623 K). As described in Fig. 5a, the H, formation rates
decreased with CO pressure at all three temperatures. As the
coverage of CO decreased, the dependencies of H, formation on
the CO pressure rose with the temperature increasing (513 K:
ru, ~ [CO]™*% 573 K: ry, ~ [COJ *?*7%7; 623 K: ryy, ~
[CO] *%), which suggests that CO is significant on the surface
of the catalyst and inhibits hydrogen production. The H,
formation rates increased with CH;OH pressure below 3 kPa,
and then decreased at 513 K and 573 K or remained essentially
constant at 623 K with the CH;OH pressure increasing, respectively
(513 K: gy, ~ [CH;0H]** %% 573 K: ryy, ~ [CHZOH]*** %%
623 K: ryy, ~ [CH;0H]**"*'. Fig. 5b). The initial nearly first-
order dependence indicates that active sites are not saturated
with CH3OH or its derivatives (CH30*). The later negative
dependence at 513 K and 573 K suggest that more CH;OH
was present with a high coverage once methanol was continu-
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generated by continuous dehydrogenation of CH;O0H. The CO
generated continuously was difficult to desorb and accumu-
lated on the surface of the catalyst with a little carbon deposi-
tion, suppressing the hydrogen formation. This inhibition
diminished as the temperature increased since the coverage
of surface species decreased and the surface species became
more susceptible to desorption, showing a zero-order depen-
dence of H, formation rate over CH;OH pressure at 623 K.
It also suggests that CH;OH and its derivatives (CH;O*) may be
one of the most abundant surface intermediates (MASIs) over
the catalyst. The more negative order dependencies on CO
pressure suggests that CO is also significant from the catalytic
surface.

Simultaneously, the H, formation rates were almost inde-
pendent of H,O pressure with nearly zero-order dependencies
at all three temperatures (513 K: ryy, ~ [H,0] *%; 573 K: ryy, ~
[H,0]% 623 K: ryy, ~ [H,0]™". Fig. 5¢). This suggests that either
H,O (or its derivatives: -OH) is abundant on the surface of the
catalyst, or WGS is not significant during catalysis under this
differential reaction condition. We have two methods to deter-
mine the contribution of WGS within the whole reaction net-
work, one of which is to compare the selectivities of the
carbonaceous species. For example, if the main product is
CO, rather than CO, WGS must be significant within the whole
reaction process. If CO is the main species, the reaction would
experience limited WGS. The other method is to check the ratio
between H, and CO (& = fiy,/fco) within the downstream gases to
decide the rate ratio between MD and WGS (1 = rup/fwas),
which was systematically discussed in Section 6 of the ESIf
(ESI-S6). There was still a fair amount of CO during the kinetic
measurement at low H,O pressure (<15 kPa, Fig. S17b, ESIf),
which suggests that WGS is not probably significant under the

ously introduced, possibly owing to the increase of CO Teaction conditions in Fig. 5c. Therefore, under these
a 102 b 102 C 10?
Q) 0 Q
5101_ % ‘5:;101_ T\;101_
s 1o ) o
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Fig. 5 Pressure dependence study of MSR on NiCe/CN DAC. H, formation rates as functions of the (a) CO pressures (O: 0.2—-3 kPa CO, 1 kPa CHsOH,
16.02 kPa H,0), (b) CHzOH (O: 0.5-8 kPa CHzOH, 16.02 kPa H,0), and (c) H,O (A: 2-30 kPa H,O, 1 kPa CHsOH) of MSR reaction at different

temperatures and atmospheric pressure.
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conditions, we found that WGS has weak contributions to the
formation of H, during MSR with the H,O pressure increasing
from 2 kPa to 15 kPa. The ¢ decreased from 8.9 to 1.6 (Fig. S17a,
ESIt), which is consistent with the results learned from SSITKA.
It is probable that WGS becomes significant once the total
conversion is selectively promoted, which is quite similar to the
condition reported in the literature.'®'> For example, as
described in Fig. S18a (ESIT), ratios on the reaction rate of
MD and WGS (&) decreased from 1.2 to 1.0 once the reaction
conversion was promoted from 7.7% to 99.1%, respectively.

As shown in Fig. S19a (ESI}), the H, formation rates were also
independent of the CO, pressure with zero-order dependence at all
three temperatures (513 K: ryy, ~ [CO,] % 573 K: ryy, ~ [CO,]%
623 K: 1y, ~ [CO,]°). Moreover, the CH;OH consumption rates
were independent of H, pressure with nearly zero-order depen-
dence at all three conditions (513 K: cp,on ~ [H,]% 573 K: TcH,0H
~ [Hp]™*% 623 K: rop on ~ [Ho]’, Fig. S19b, ESIT), suggesting that
although CO, and H, are significant in the reaction system, the
binding energy of CO, and H, or its derivatives (i.e., H*) is weaker
than the MASIs promoted. It is worth noting that large amounts of
H, slightly inhibited the reaction activity, and it becomes more
pronounced at lower temperatures.

To explore the intermediates on the catalyst surface under the
condition of WGS and develop a deeper understanding of the
reaction mechanism of MSR, pressure dependence studies for
WGS were conducted. As shown in Fig. S20 (ESIT), the H, formation
rate increased with CO pressure below 0.8 kPa and then maintained
essentially constant at 573 K with the CO pressure promoted,
respectively (ry, ~ [CO**). The initial positive dependence
indicates that active sites are not saturated with CO, and the later
zero-order dependence indicates that the CO* would be significant
at high CO partial pressures. The H, formation rate was indepen-
dent of CO, pressure with zero-order dependence (1, ~ [CO,]"),
suggesting that the CO, is either negligible or significant on the
surface of the catalyst. As the adsorption of CO, is difficult from
highly dispersed transition metals, we would suggest that the
coverage of CO, from the catalytic surface is negligible.®>” The
H, formation rates increased with H,O pressure with the nearly
first-order dependence (ryy, ~ [H,0]™°), then H,0 or -OH may not
be the MASIs on the surface of catalysts. The CO, formation rates
decreased with H, pressure with the nearly negative first-order
dependence (ro, ~ [H] ®), indicating that H, or its derivatives
(Ze., H¥) may be significant on the surface of catalysts for the WGS
reaction. This is slightly different from our previous Pt/NiAl,O,
reaction system detected.”®

With all of the information received, a possible reaction
pathway has been proposed, as shown in Scheme 1. We assume
that the activation of CH;0H and H,O occurred at different
active sites, with Ni and CeO, acting as the primary active sites
for MD and WGS, respectively, resulting in the interface
between Ni and CeO, as the critical active components of
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Methanol Dehydrogenation

%*
CH;0%
2 A’ CH,OH + *
H* H*
* *
CH,0 \IIA/*
* . H,+2 co
;
H*
CHO* co*
W 9 "
* H*
g O OOy,
8 10
* CO,
0]'-H 0\'
7 6
H,0
Water-Gas Shift Reaction *

Scheme 1 Proposed reaction pathway of MSR over NiCe/CN DAC.

MSR. In Scheme 1, first, CH;OH dissociatively adsorbed to
form methoxy groups (CH;0*) and protons (H*, * represents
the Ni site). The methoxy groups on the Ni sites further
dehydrogenate to CH,O* and H*, and CH,O* would undergo
additional dehydrogenation steps to selectively generate CO. All
protons would adsorb (or diffuse) to the Ni sites to form H*, the
two of which would combine to create a molecularly adsorbed
hydrogen and release one active site (*). Finally, the desorption of
hydrogen would release another active site. In addition, we assume
that H,O was activated at the oxygen vacancy (Oy) of CeO, to form
O.H groups and H*, which would further dehydrogenate to form
O, and H*. The CO adsorbed on the Ni sites (CO*) would transfer
to Oy, sites to form the COOy, species, eventually releasing CO, and
regenerating the oxygen vacancies (Oy). The H* would sponta-
neously diffuse to the Ni sites and release as H,.

The detailed elementary steps are presented in Scheme S1
(ESIt), and the complete derivations of the rate expression for H,
formation in MD and WGS are listed in Section 7 of the ESIT (ESI-
S7). It was hypothesized that the formation of CH,O* from the
CH3;0* dehydrogenation may be the kinetically relevant step (KRS)
for MD, and the cracking of O;H may be the KRS for WGS:

CH;0* + * — CH,0* + H* (1)
OH +* > H* + O, ()

According to the assumption that MSR undergoes both MD
and WGS processes, the expression of the H, formation rates in
MSR would be expressed as follows:

1 1
. ) ro szlKlli[CH3OH} +k8K6K7K11§[HQO]
'H, = IMD + ’WGSm = 1 T T
1 [H,)2 [CO]  K;K;2[CH;OH] [CO,]  KeK7K,12[H,0] (3)
[Ha2 | 1+ ==+ =+ : I+ .
K2 ° [Ho]2 10 [Ho]2
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Table 2 Calculated KIEs for MD, WGS and MSR

Isotope tracing MSR MD WGS
D,0 — H,0 1.35 — 2.56
CD;0D — CH;OH 1.72 1.81 —
CH,;0D — CH;OH 1.12 1.19 —

By assuming different surface species as the main surface
intermediates, the expression (eqn (3)) could meet the pressure
dependence results (Fig. 5 and Fig. S19, ESIt) very well. Thus,
this MSR reaction might experience two parallel paths that
contain MD and WGS, in which the rupture of C-H bond within
CH;0* and the cracking of O H are the KRSs, respectively.

Isotope tracing and kinetic isotope effects assessment over
the NiCe/CN DAC. To confirm the KRS proposed, isotope
tracing and kinetic isotope effects assessment during MD,
WGS and MSR were systematically investigated (Table 2 and
ESI-S9, ESIt), in which ordinary reagents were replaced by
isotopic reactants and back to normal molecules stepwisely to
estimate the deactivation and kinetic isotope effects (KIEs). As
for the MD shown in Fig. S21 (ESIt), when CD;O0D was replaced
by CH;0D, the KIE estimated on the change of H, formation
rates was 1.81 (ku/kp ~ 1.81, Table 2), which confirms the
normal primary isotopic effects.®® In addition, compared with
the KIE obtained from CH;OD replaced by CH;0H (k/kp ~
1.19, Table 2), this obvious KIE is consistent with the cracking
of the C-H bond in CH;O0H is the KRS. As for WGS shown in
Fig. S22 (ESIY), an obvious KIE (ky/kp ~ 2.56, Table 2) could be
obtained when D,O was replaced by H,O, indicating the crack-
ing of O-H should be involved in the KRS of the WGS reaction.
Meanwhile, in MSR (Fig. S23, ESIt), when CD;0D was replaced
by CH;0D and then by CH;0H, KIEs similar to that in MD were
obtained simultaneously (ku/kp ~ 1.72, kylkp ~ 1.12, Table 2).
This indicated that the cracking of the C-H bond in CH;OH
may still be the KRS in MSR. Meanwhile, the KIE of D,0O
replaced by H,O was 1.35 (kuy/kp ~ 1.35, Table 2) during the
MSR reaction, which is smaller than that in the bare WGS test,
suggesting a normal secondary isotopic effect.®” This is also in
good agreement with the assumption that the contribution of
WGS to hydrogen formation under this differential reaction
condition (ca. 1 kPa CH;0H, 2 kPa H,0, Ar balanced, 623 K,
GHSV = 19099 h™") is negligible.

Similar to the rate expression of H, formation in MSR
(eqn (3)), the KIEs of MSR may also be described as the
synergistic effect of the MD and WGS reactions:

KIEwmsr = ¢-KIEyp + B-KIEwas (4)

where « and f are all constants.

Conclusions

A dual-atomic catalytic system has been selectively established
following an incipient wetness impregnation method, in which
isolated Ni and Ce sites have been decorated onto a carbon-
nitrogen support. The dual-atomic structure has been con-
firmed by systematic characterizations, including FT-EXAFS
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and AC HAADF-STEM measurements. This NiCe/CN DAC
catalyst shows excellent reaction activities in both WGS and
MSR, and it gives 6.5 pmoly, geoe. ' s~ of H, generation rate
and only 0.8% CO selectivity at complete methanol conversion
at 513 K, superior to Ni/CeO, and a series of noble-metal
catalysts compared. The promoted reaction performance was
tentatively attributed to the DAC structure and detailed electro-
nic modification from isolated Ce to the adjacent Ni following
quasi-in situ XPS analysis. In addition, systematic kinetic stu-
dies and SSITKA investigations suggest that the MD and WGS
occurred on independent active sites. It is probable that
CH;0H was mainly dissociatively adsorbed on the Ni surface
to form CH;0%*, and was followed by subsequent dehydrogena-
tion to create CO*. The rupture of the C-H bond within CH;0*
was assumed to be the KRS for the MD reaction. The Oy over
CeO, was assumed to be the main active component in the
activation of H,O with the rupture of O;-H as the KRS for
the WGS reaction, which would not be highly involved in the
hydrogen production under differential conditions, while it
would be very important to determine the reaction selectivities
once the methanol conversion promoted. All of these assump-
tions were further confirmed by a series of KIE analyses. This
atomic Ni-CeO, interfacial site does facilitate WGS and MSR
reactions, and this work paves the way for rational active site
design from atomic level.

Experimental

Synthetic procedures

For the synthesis of NiCe/CN DAC, 21.6 g urea (American Chemical
Society (ACS), Aladdin) was first dissolved in 20 ml ultrapure water.
Then, 0.48 mmol Ni(NOj3),-6H,0 (Analytical Reagent (AR), Aladdin)
and 0.48 mmol Ce(NO3);-6H,0 (AR, Aladdin) were independently
dissolved in the solution. After stirring for minutes, some pieces of
melamine sponges were put into the solution and stirred for 70
min at room temperature. The sponges were taken out into a 50 ml
centrifugal pipe, then rapidly frozen by liquid nitrogen. Subse-
quently, the samples were dried through vacuum freeze-drying and
calcined in a tube furnace at 823 K under N, for 4 h. The synthesis
process of Ni/CN, Ce/CN, NiLa/CN and NiY/CN were similar to that
of NiCe/CN with different metal precursors added. For the synth-
esis of Ni/CN and Ce/CN, only 0.48 mmol Ni(NO;),-6H,0O or
0.48 mmol Ce(NO;);-6H,O were applied, respectively. For NiLa/
CN or NiY/CN, Ce(NO;);-6H,0 was replaced by La(NO;);-6H,0 (AR,
Aladdin) or Y(NO;);-6H,O (AR, Aladdin), respectively. The catalysts
with different Ni loadings were synthesized with various amounts
of Ni(NO3),-6H,0 added (0.022 mmol for 0.1% NiCe/CN DAC,
0.109 mmol for 0.5% NiCe/CN DAC, 0.218 mmol for 1% NiCe/CN
DAC and 0.654 mmol for 3% NiCe/CN DAC, respectively), while the
same amount of Ce(NOj;);-6H,0 (0.48 mmol) was used.>

Characterizations

The morphologies of the as-received sample were characterized
by TEM on a JEM-2800 microscope (JEOL, Japan), operating at
an acceleration voltage of 200 kV. The fresh NiCe/CN DAC
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sample and sample after reaction were suspended in ethanol by
ultra-sonication, and the suspension was then dropped onto
the copper grid for TEM characterizations.

The crystalline structures of the as-obtained samples were
tested by XRD on a Rigaku Smart-lab X-ray diffractometer
(Rigaku, Japan) with Cu Ko radiation (1 = 1.5406 A, 20 mA
and 40 kv).

N, adsorption-desorption isotherms were obtained on
Micromeritics APSP 2460 at 77 K, and Brunauer-Emmett-Teller
(BET) method was used to calculate the surface area.

The element content was measured by inductively coupled
plasma optical emission spectrometry (ICP-OES: Thermo Fisher
iCAP PRO).

The thermogravimetric analysis of the NiCe/CN DAC sample
after the reaction was carried out on a thermogravimetric
analyzer (TGA 55). The sample was heated from room tempera-
ture to 1097 K at 10 K min ' under the flow of N,
(40 mL min™).

AC HAADF-STEM images were taken at 300 kV on a FEI-
Titan Cubed Themis G2 300 scanning transmission electron
microscope. The fresh NiCe/CN DAC sample was suspended in
ethanol by ultra-sonication, and the suspension was then dropped
onto the microgrids for AC HAADF-STEM characterization.

The atom size distribution was measured from the AC
HAADF-STEM image, and nanoparticle size distribution was
measured from the TEM image. The diameter ((d)) was calcu-
lated using the following equation:

Z I’l,‘d,‘3
() (om) = =00 5)
where n; is the number of atoms or clusters with a diameter d;
from >100 atoms or clusters.

The XAS characterizations (including XANES and EXAFS)
were recorded at the Singapore Synchrotron Light Source (SSLS)
center, where a pair of channel-cut Si(111) crystals were utilized
in the monochromator. The storage ring was working at
2.5 GeV with an averaged electron current of <200 mA. The
acquired EXAFS results were extracted and processed according
to the standard procedures with the ATHENA module imple-
mented in the FEFIT software packages. The k*-weighted Four-
ier transform (FT) of x(k) in R space was obtained within the
range of 0 to 14.0 A by applying a Besse window function, and
the prepared catalysts were not pre-treated prior to this
characterization.

The change of the chemical state of the metal species on
NiCe/CN DAC, Ni/CN SAC and Ni/CeO, during the MSR was
analyzed through the quasi-in situ XPS experiments, accom-
plished on a Thermo Scientific ESCALAB 250Xi photoelectron
spectrometer equipped with a monochromatic microfocused
Al-Ko X-ray source (1486.8 eV). Firstly, the catalyst was pressed
into a small tablet and transferred into the pretreatment
chamber, and activated under flowing 10 vol% H,/Ar (total flow
rate: 50 mL min ") at 623 K for 2 h. The activated sample was
then cooled to room temperature and transferred directly into
the chamber for XPS measurement without exposure to air.
Then activated catalyst was diverted back to the pretreatment

© 2024 The Author(s). Published by the Royal Society of Chemistry
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chamber and treated at 623 K under the flow of methanol
steam (1 kPa CH;OH, Ar balanced, total flow rate: 30 mL min ™)
for 1 h. After treatment, the catalyst was switched back to the
chamber for XPS analysis at room temperature without expo-
sure to air. At last, the above process was repeated and we
introduced the methanol/water steam into the pretreatment
chamber at 623 K for 1 h (1 kPa CH;0H, 16.02 kPa H,0, Ar
balanced, total flow rate: 30 mL min '), after which the final
chemical state of the sample was determined (XPS analysis at
room temperature).

Catalytic performance measurement

MSR and WGS reactions were performed in a continuous plug-
flow reactor. In a typical catalytic measurement, 100 mg of
catalysts were placed in the vertical quartz tube (i.d. 1 cm)
mixed mechanically with 400 mg silica (Sigma Aldrich) and
sandwiched by quartz wool. The temperatures of the transfer
line and catalyst bed were controlled by the temperature con-
troller (UDLAN, 516P) equipped with a K-type thermocouple,
which was placed in the constant temperature area of the
reactor and closed to the catalyst bed to monitor the reaction
temperature. Flow rates of gases were conducted by mass flow
controllers (MFC Sevenstar, D07). Liquid reactants (CH;OH,
Saifuri, >99.9%; H,0, NJDULY) were fed by the syringe pumps
(Longer, LSP01-1BH). Before the reaction, all catalysts were
firstly pre-treated in flowing 10 vol% H,/Ar (total flow rate:
100 mL min ") at 623 K for 2 h. As for MSR, a mixture of 10 wt%
CH3;0H/H,0 was introduced to the evaporator by a syringe
pump and carried to the catalyst bed by co-feeding Ar (1 kPa
CH;0H, 16.02 kPa H,O, Ar balanced, total flow rate:
30 mL min "), heated from 423 K to 623 K and the ramping
rate was 10 K min ™. For WGS, Ar and CO were mixed and fed to
the reactor regulated by mass flow controllers along with
flowing water (2 kPa CO, 10 kPa H,0, Ar balanced, total flow
rate: 80 mL min~'). The products were analyzed online by gas
chromatography (GC-2014, Shimadzu) equipped with a flame
ionization detector (FID, connected to an Rtx-1 capillary col-
umn) and a thermal conductivity detector (TCD, connected to
MS-13x and Porapak-S columns), respectively. Conversion and
product selectivity could be calculated by peak area from GC.

The conversion of methanol (Conv.cu,on) was calculated
according to the equation, as follows:

ncy, + nco + nco,
ncu, + nco + Hco, + NcH;0H

COnV.CH3OH(%) = x 100% (6)

The selectivities of products were calculated according to the
equation, as follows:

nco

Selec.co(%) = ——————————— x 100% 7
co(%) nem, F o T o, 0 ()

nco,
Selec. %)= ——""2—— x 100% 8
elec.co, (%) P 0 (8)
Selec.cp, (%) = "icH, x 100% 9)

ncH, + nco + nco,
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The conversion of CO (Conv.co) was estimated according to
the equation, as follows:

nco,

Conv.co(%) = x 100% (10)

nco + nco,

The turnover rate of mmol H, product yield per second
per gram catalyst was calculated according to the equation, as
follows:

TOR (umoly, B, 187 = MH,

= — 11
Megat, X t ( )

Steady-state isotopic transient kinetic analysis (SSITKA)
combined with in situ FTIR measurements

SSITKA experiments were performed on the gas-solid transient
reactor, equipped with two separate gas lines to control the
labeled and unlabeled gas mixtures, respectively, and a four-
way valve to ensure the quick switch of feed streams (<200 ms,
steady-state was reached before switching). The reaction system
was maintained in the absence of isotopic mass effect. The
in situ FTIR measurements were performed on the spectro-
meter (BRUKER Tensor II) equipped with an MCT detector
operated at atmospheric pressure. NiCe/CN DAC was pressed
into self-supported wafer firstly, and then placed in the cham-
ber and reduced at 623 K (heating ramp of 10 K min ") for 1 h
with 3 vol% H,/Ar. After purging by flowing Ar (50 mL min™?),
the IR spectra were recorded once the 2 kPa CH3;OH (Ar
balanced, total flow rate: 50 mL min~"') was introduced to the
chamber by a syringe pump (Longer, TJ-3A/W0109-1B). This
condition was held for 50 min to reach a steady-state. Back-
ground spectra were recorded under this condition, and then
the unlabeled reactant was switched to labeled reactant mix-
tures (e.g., 2 kPa CD3;OD, Ar balanced, total flow rate: 50 mL
min~") for 50 min. The infrared spectra were continuously
collected during this process. The IR spectra were recorded
with the instrument resolution set at 4 cm™*, and 32 scans were
applied and averaged for each spectrum. Isotope exchange
experiments of water (10 kPa H,O was switched to 10 kPa
D,0, Ar balanced, total flow rate: 100 mL min~ ") and methanol
with different pressures of water co-fed (2 kPa CH;OH + 10 kPa
H,O was switched to 2 kPa CD;0OD + 10 kPa H,0, 2 kPa CH;0H
+ 15 kPa H,0 was switched to 2 kPa CD;0D + 15 kPa H,O, Ar
balanced, total flow rate: 50 mL min ') were carried out
following the same procedure described above, but instead of
recording the initial unlabeled reactant as background, the
background was recorded after purging by flowing Ar.

The residual coverage (O q4cs) of surface species at time t was
estimated by the equation below:

n
Odes = inkiefk"

i=1

(12)

where x; represents the steady-state fractional amount of
the surface species at the ith active site, k; represents the
desorption constant of the species from each active site, and
n represents the number of active sites.
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Isotope tracing and kinetic isotope effects assessment

The kinetic isotope effects (KIEs) of MD, WGS and MSR on H,
formation were measured over 1% NiCe/CN DAC under steady-
state conditions.

As for MSR, CH3;0H was replaced stepwise by CH;0D and
CD;O0D, while keeping the pressure of H,O constant (2 kPa
H,0). Furthermore, H,O was replaced by D,O with the pressure
of CD;OD remaining constant (1 kPa CD;OD). Finally, the
reaction was switched to CD;0OD + H,0O, CH;0D + H,O, and
CH;0H + H,O0 sequentially to estimate the deactivation during
the measurements (1 kPa isotopes of CH;OH, 2 kPa isotopes of
H,O0, Ar balanced, 623 K, GHSV = 19099 h™ ).

As for MD, CH;OH was replaced stepwise by CH;0D and
CD;0D, and then returned to CH;OD and CH;OH with the
pressure maintained at 1 kPa to estimate the deactivation
during the measurements (1 kPa isotopes of CH3OH, Ar
balanced, 623 K, GHSV = 19099 h™").

As for WGS, H,0 was initially replaced by D,0O, and then
switched to H,O with the CO pressure maintained at 2 kPa to
estimate the catalytic deactivation (2 kPa CO, 10 kPa isotopes of
H,0, Ar balanced, 623 K, GHSV = 19099 h™%).
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