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Dry reforming of methane on bimetallic

Pt— Ni@CeO2 catalyst: ain situ DRIFTS-
MS mechanistic studyt

b Shaojun Xu, @ ©d Shanshan

Huanhao Chen, Z*2 Sarayute Chansai,
+0 and Xiaolei Fan @+°

Xu,b Yibing Mu,P Christopher Hardacre

Bimetallic Pt—Ni catalysts can promote catalytic dry reforming of methane (DRM) with improved activity and
deactivation resistance compared to the relevant monometallic catalysts. Further development of Pt— Ni
catalysts requires mechanistic insights into the catalytic system. Herein, a mechanistic study of DRM over

Pt—Ni supported on cerium oxide catalysts (i.e., Pt—-Ni@CeO2) was performed using in situ coupled diffuse
reflectance infrared Fourier-transform spectroscopy and mass spectrometry (DRIFTS-MS). Specifically, a
comparative study of DRM over Pt—Ni@CeO2 and control materials under continuous temperature ramping,
isothermal steady-state and fast cycling transient conditions was conducted to gain information on the key
surface active intermediates. As compared with the Ni@CeO2 monometallic catalyst, the bimetallic Pt—
Ni@CeO2 catalyst showed significantly enhanced performance regarding activity, H2/CO ratio and long-
term stability. In situ DRIFTS measurements revealed that CH4 decomposition on the surface of
monometallic Ni phases readily caused serious coke deposition and deactivation. Conversely, the Pt phase
in the bimetallic catalyst could improve COz2 dissociation, thus producing adsorbed oxygen species, which
are beneficial for oxidising surface carbon species (derived from CH4 decomposition) to reduce coke
formation. Meanwhile, the existence of Pt sites in the bimetallic catalyst could significantly improve metal

dispersion, and thus facilitate the decomposition of CHa.

1. Introduction

Catalytic dry reforming of methane (i.e., DRM, CH4 + CO2 — 2CO
+ 2Ho, ArHozgsK =247 kJ mol‘l) converts two major greenhouse

gases (i.e., CO2 and CHa) to produce syngas (i.e., CO and Hz).l‘4
DRM processes over supported metal catalysts require relatively
high temperatures (e.g., >600 °C), in order to achieve the desirable
conversions, due to its endothermic nature, which commonly results
in metal sintering and/or carbon deposition, and hence catalyst

deactivation.>’ Accordingly, to overcome the limitation, the design
and
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development of (i) thermally stable catalysts with good anti-
sintering and -coking properties for conventional high-temperature
operations and/or (ii) highly active catalysts at low temperatures are
necessary to promote DRM further toward practical applications.

Supported nickel (Ni) catalysts are common reforming catalysts
used for DRM due to their good activity, high availability and low
cost, having the potential for large-scale industrial alpplications.g_11
However, it is well-known that the major limitations of Ni-based
reforming catalysts are metal sintering and coke deposition during
catalysis, especially under severe conditions.*? Many strategies
have been proposed and developed to address these limitations, for
example, the addition of a secondary noble metal phase, such as
Pt,lg‘17 Rh,ls'lg or Ru,zo'21 in Ni catalysts to improve the

resistance to metal sintering and coking. For example, Araiza et

al.?? recently studied the effect of the metal composition (i.e., Pt/Ni

atomic ratio) in the bimetallic Pt—Ni/CeO2 catalyst on the activity
and stability, revealing that Pt doping significantly improved the
anti-sintering and anti-coking properties of the Ni catalyst.
Specifically, the improvement of catalytic properties was attributed
to the promoting effect of Pt doping on Ni, which improved the Ni
dispersion. It is worth mentioning that cerium oxide (CeO2), as the
catalyst
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support, also has the ability to prevent coke deposition and improve
the stability of reforming catalysts due to its abundant lattice oxygen
and remarkable redox properties. Accordingly, fundamental
understanding of DRM catalysis over these catalysts is necessary
for the purpose of further optimisation and development of DRM
catalysts.

In situ diffuse reflectance infrared Fourier-transform
spectroscopy (DRIFTS) techniques have been shown to be
powerful tools in the study of the mechanisms of surface reactions
during catalysis such as DRM,7’12’23’24 hydrocarbon

selective catalytic reduction (HC-SCR) of NOx,
31

hydrogena\tionzg’30 and the  Fischer—Tropsch  process.

Specifically, by coupling mass spectrometry, that is, DRIFTS-MS,
the in situ technique can provide information on not only the
chemical nature and surface dynamics of reactive species on a
catalyst (microscopic) but also the simultaneous evolution of
reactant/product compositions as a function of time-on-stream (ToS,

macroscopic).za‘28 Conventional in  situ  DRIFTS-MS
28

25-28 COy

characterisation is performed under steady-state conditions,
making it difficult to capture and identify the key intermediates due
to (i) the transient nature of some surface species and (ii)
accumulation of the species with similar chemical properties on the
surface of metal catalysts and/or catalyst supports. Therefore,
catalytically important changes and the associated mechanistic
information on surface species could be overlooked.? Conversely,
the fast cycling transient in situ

DRIFTS-MS technique, which was operated under short time-on-
stream (STOS) conditions,26'28'3‘2‘34 showed the capability of
detecting and identifying the evolution of surface active species
adsorbed in the timeframe of seconds rather than minutes.>> For
example, the transient technique was applied to investigate the
mechanisms of the Hz-assisted HC-SCR reaction over the
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Ag/Al203 catalyst, revealing that only the isocyanate species
adsorbed on the aluminium sites close to Ag were the possible
intermediates in the Hz-assisted HC-SCR. In contrast, this
information was not able to be obtained under steady-state
conditions due to the adsorption of chemically equivalent species on
both the surface of the metal and support hiding the dynamics of
possibly real key intermediates.?®

Herein, this work presents a comprehensive in situ DRIFTS-MS
study of catalytic DRM over the bimetallic Pt—Ni supported on
CeO catalyst (i.e., Pt=Ni@CeO2) under temperature-ramping,
isothermal steady-state and fast cycling transient conditions. This
comparative work aims to identify the nature and role of surface-
active intermediates in DRM, and hence gain insights into the
mechanism and reaction pathway of DRM, being beneficial to
advance the catalysis.

2. Experimental

Catalyst preparation

A bimetallic Pt—-Ni@CeOz2 catalyst with a Pt/Ni atomic ratio of 1 : 3
was prepared by an incipient wetness impregnation method
according to the literature.?? The PUNi ratio (corresponding to w/w
of 1 : 1) was previously proved as the optimum ratio for enabling
the comparatively best catalytic performance in DRM.?
Specifically, cerium oxide (CeOz2, Sigma-Aldrich, 299.0%) was co-
impregnated with nickel (I1) chloride (NiCl2, Sigma-Aldrich, 98%)
and chloroplatinic acid hexahydrate (H2-PtClg, Sigma-Aldrich,
>37.50% Pt basis) aqueous solution for 12 h and dried at 80 °C.
Then the obtained catalyst was calcined in a muffle furnace at 500
°C in flowing air for 2 h with a heating rate of 5 °C min~. A
reference CeO2 supported Ni catalyst (i.e., Ni@CeO2) was also

prepared using NiClo as a metal precursor via the same
experimental procedures. The total metal loading of the catalysts
under study was set to 2 wt%, while the actual metal loadings are
listed in Table S1 in the ESI,T which was determined by inductively
coupled plasma optical emission spectroscopy (ICP-OES). TEM
analysis of the as-prepared catalysts shows that the sizes of the
metallic phases in the three catalysts are comparable (Fig. S17).

Catalytic DRM

Catalytic DRM over the catalysts was evaluated in a continuous-
flow fixed-bed stainless-steel reactor (6 mm O.D. x 4 mm 1.D.)
under atmospheric pressure, and the experimental rig is shown in
Fig. 1. Specifically, for each experiment, ~200 mg of the as-
prepared Ni@CeO2 or Pt—Ni@CeO2 catalyst (pelletised with
particle sizes of 250—425 um) was packed in the middle of the
reactor sandwiched by two quartz wool beds, where a K-type
thermocouple was embedded in the catalyst bed to measure the
actual temperature of the catalyst bed during the catalysis. Prior to
reaction, the catalyst was reduced in situ with a flow of 20
vol%Ha2/Ar (50 mL min‘l) at 600 °C for 1 h. H2-TPR analysis of
the catalysts showed that all the catalysts could be fully reduced at
<600 °C (Fig. S21). Thereafter, the catalyst was heated up to 650
°C (at 10 °C min‘l) under argon (Ar, at 50 mL min'l) and purged
for 15 min, followed by feeding the reaction gas mixture
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Fig. 1 Schematic diagram of the experimental rig for catalytic DRM.

(45 vol%CO02/45 vol%CHa/10 vol% Ar) with a total flow rate of 60
ml min~t into the reactor, which was controlled by three mass flow
controllers (Bronkhorst®, F-201CV-500-RAD-11-V). Longevity
test was performed at 650 °C over 45 h time-on-stream (ToS). The
blank experiment over the bare CeO2 support was also conducted
under the same conditions for reference. The effluent gas from the
reactor was analysed using a gas chromatograph (GC, PerkinElmer,
Clarus® 590) equipped with an Elite-Carbon molecular sieve
packed column (N9303926), a methaniser, a thermal conductivity
detector (TCD) and a flame ionisation detector (FID). Samples were
collected via an automated six-way valve containing a sample loop
until at least three consecutive measurements were in a margin of
error of ~3%. Liquid products (e.g., water) generated from the
reaction were removed cumulatively from the outlet stream using a
water trap cooled by an ice bath. The gas flow rate in the outlet of
the reactor was measured using a bubble-flow meter in order to
determine the CO2 conversion (Xco., egn (1)), CH4 conversion
(XcHa, eqn (2)), and H2/CO molar ratio (Rsg, eqn (3)).
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where F represents the molar flow rate in the inlet (superscript in)

and outlet (superscript out) of the reactor (mol s‘l), and the
subscript gives the relevant gaseous reactants/products detected by
GC.

x 100 )

In situ DRIFTS-MS characterisation

In situ DRIFTS-MS characterisation of the surface chemistry during
DRM was performed using a Bruker Tensor 27 FTIR spectrometer
coupled with a Hiden Analytical HPR20 mass
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Fig. 2 Schematic diagram of the DRIFTS-MS system for investigating catalytic DRM.



spectrometer (details of the DRIFTS protocols with the gas feed
arrangements are shown in Fig. 2), which has been detailed
elsewhere. 832 Specifically, the gas flow mixtures were controlled
by independent mass flow controllers (Brooks) and introduced into
the in situ DRIFTS cell via two 4-way valves which allowed a sharp
switch between the two gas mixtures in less than 200 ms.>? Before
the DRIFTS analysis, the catalysts (fine powders on the top and
pellets with sizes of 250—425 pm on the bottom) were loaded into a
ceramic crucible in the cell, and pre-treated at 600 °C for 1 h'in a
10% H2/Ar flow. Under temperature-ramping conditions, the
background spectra were collected at 50 °C under Ar prior to the
introduction of gas reactants. Subsequently, a gas mixture with a
total flow rate of 50 mL min™* (10 vol%C0O2/10 vol%CHa/80 vol%
Ar) was introduced into the cell, and the evolution of the DRIFT
spectra during catalysis was recorded at every ~56 s with a
resolution of 4 cm™* by ramping the temperature of the catalyst bed
from 50 to 600 °C at 10 °C min~". After that, the gas mixture (10
vol%CO2/10 vol%CHas/ 80 vol% Ar) was introduced into the cell
under isothermal conditions at 550 °C, and the DRIFT spectra were
recorded every ~56 s with a resolution of 4 cm™! for 20 min. Two
different sets of fast cycling transient experiments were performed.
The first set of experiments was designed to switch the gas mixtures
at a constant flow rate of 50 mL min™" between 10 vol%C02/90
vol% Ar and 10 vol%CHa/30 vol% Kr/60 vol% Ar (where krypton,
Kr, was used as the reference). The second set of experiments
allowed the switch of the gas mixtures at a constant flow rate of 50
mL min~* between 10 vol%C02/90 vol% Ar and 10 vol%CO2/10
vol%CHa/30 vol% Kr/50 vol% Ar. For both experiments, the switch
(of feeds) was performed for 20 cycles with a short duration of 1
min for each cycle. Specifically, for each cycle, DRIFT spectra
were recorded every 10 s with a resolution of 4 em™t and analysed
using OPUS software provided by Bruker. The background spectra
were collected at 550 °C under Ar without any gases to correct the
spectra obtained from

a) Ni@CeO, b) Pt@CeO,

DRIFTS experiments under steady state and transient conditions.
During the experiments, the exit of the DRIFTS cell was connected
to a MS in order to record the evolution of the gas phase species, i.e.
CO2 (m/z = 44), H2 (m/z = 2), CH4 (m/z = 15), CO (m/z = 28), H20
(m/z = 18) and Kr (m/z = 82), with a response time less than 1 s.

3. Results and discussion
Catalytic DRM performances

To assess the catalytic performance of the catalysts, longevity tests
of the Ni@CeO2 and Pt—Ni@CeO2 catalysts for DRM were
performed at 650 °C as a function of ToS, and the results are
presented in Fig. 3. The monometallic Ni@CeO2 catalyst presented
low initial CO2/CHs conversions of about 24% and 11%,
respectively, as shown in Fig. 3a. Thereafter, the monometallic
Ni@CeO2 catalyst deactivated rapidly, over 10 h on stream and the
CO2/CH4 conversions of the catalyst dropped by ~60% and ~75%,
respectively. In addition, over 8 h ToS, the molar ratio of H2/CO
decreased rapidly from ~0.2 to almost zero. Comparatively, the
monometallic Pt@CeO2 demonstrated a stable performance in
DRM (Fig. 3b) with the CO2 conversion decreasing by about 8%
during the test. Although relatively stable catalytic performance was
achieved by Pt@CeO2, the reaction was terminated due to physical
blocking of the packed bed (with the measured pressure drop >2
bar), which was caused by carbon deposition in between catalyst
pellets rather than on the metal surface.® Conversely, as shown in
Fig. 3c, the bimetallic Pt—Ni@CeO catalysts showed significantly
stable performance in DRM without deactivation compared to the
monometallic catalysts, especially Ni@CeO2. It is worth
mentioning that, although the monometallic Pt catalyst (Pt@CeQO2)
was also very active, it is less attractive compared to the bimetallic
Pt—Ni@CeO2 from an economic perspective. Fig. S31 shows that,
over the ToS of 45 h, the Pt—-Ni@CeO2 catalyst presented a rather
stable performance with CO2/CHg4
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Fig. 3 Catalytic DRM performances of the catalysts regarding the CO2/CH4 conversions and H2/CO molar ratio as a function of ToS: (a) Ni@CeO2,
(b) Pt@CeOz2, and (c) Pt-Ni@CeO2. (Experimental conditions: feed gas = 45 vol%C0O2/45 vol%CHa4/10 vol% Ar, total flow rate = 60 mL (STP) min~%,

temperature = 650 °C).



conversions and H2/CO molar ratio of ~49.2 + 1.2%, ~40.8 *
2.0%, and 0.6 % 0.03, respectively, demonstrating the promoting
effect of Pt doping on the Ni-based catalyst, which is consistent
with  the previous finding.22 Pulse CO chemisorption
characterisation of the catalysts (Table S2t1) showed that metal
dispersion of Pt—Ni@CeO2 (~37.6%) was much higher than that of
Ni@CeO2 (~0.9%, determined by pulse H2 chemisorption),
explaining the comparatively good performance of Pt—-Ni@CeO2 in
DRM. The conversions over the bimetallic Pt—Ni@CeO2 catalyst
are comparable with those achieved by the relevant state-of-the-art
catalysts (Table S3t), but being lower than the corresponding
theoretical equilibrium conversions of ~64% at 650 °C (based on
the calculation using Aspen Plus 8.0), which is due to kinetic
limitation at low temperatures of <800 oc.%

In situ DRIFTS-MS studies

Temperature-ramping in situ DRIFTS-MS studies. The catalysts
were comparatively investigated using DRIFTS-MS under different
reaction conditions to gain insight into the surface dynamics during
DRM. The first set of experiments

was performed over the catalysts under study and the bare CeO2
support as a function of temperature. As shown in Fig. S5a,1 under
the temperature-ramping conditions, in situ DIRFTS results showed
several overlapping bands of carbonate-like species (i.e., IR bands
at the region of 1310- 1670 cm'l, shaded by the red rectangle) and
—OH groups (sharp peak at ca. 3635 cm‘l) on the surface of bare
Ce02. The MS profiles (Fig. S5bt) confirmed that bare CeO2
presented trivial activity, producing trace amounts of CO and H2 at
a high temperature of 600 °C.

For all catalysts, as shown in Fig. 4a—c(left), by increasing the
temperature from 50 to 600 °C continuously, similar dynamics of
surface species were recorded, i.e. (i) the intensity of IR bands at
~2349 (the gas phase CO2), 3016 and 1305 cm™t (the gas phase
CHa) diminished gradually; (ii) the gas phase CO (characterised by
the IR band at the region of 2110-2235 cm'l) appeared
progressively at >300 °C for Pt@CeO2, >450 °C for Pt—Ni@CeO2
and >550 °C for Ni@CeOg, indicating the start of DRM catalysis;
and (iii) the formation of —OH groups (characterised by the IR band
at ca. 3635 cm‘l) and surface carbonate-like species such as
bidentate carbonate and polydentate carbonate
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(characterised by the IR bands in the region of 1310-1670 cm‘l,
shaded by the red rectangle).7’37 Specifically, as shown in Fig.
4c(left), for the Pt—Ni@CeO2 catalyst, the intensity of the IR band
at ~2050 cm™t (that is, the linearly coordinated CO species on
metallic Pt sites, shaded by the purple rectangle) decreased
progressively as a function of temperature (>400 °C), indicating
that the linear carbonyls could be the key surface active
intermediate. For the Pt@CeO2 catalyst, the intensity of linearly
coordinated CO species on Pt sites (~2050 cm'l) also decreased
progressively as a function of temperature (>400 °C), while the
intensity of the IR band at ~1860 cm™t (that is, the bridged CO
species on Pt sites, shaded by the grey rectangle) remained
relatively stable. The corresponding MS profiles (Fig. 4b and c,
right) showed that Pt@CeO2 and Pt— Ni@CeO2 were more active
than Ni@CeO2 in DRM (Fig. 4a, right). Specifically, over the Pt—
Ni@CeO2 catalyst, signals at m/z = 28 (corresponding to CO) and
m/z = 2 (corresponding to H2), were observed at about 20 and 25

min, respectively, much quicker than found for the Ni@CeO2
catalyst (i.e., ca. 40 and 42.5 min, respectively). The catalytic
performances measured by DRIFTS-MS are highly consistent with
the results measured in the plug-flow reactor of this work (Fig. 3),
as well as previous findings.22

Steady-state in situ DRIFTS-MS studies. Under isothermal
conditions at 550 °C (dwell time = 20 min for each experiment),
DRIFT-MS characterisation of the catalysis was performed as a
function of ToS. It was found that DRM could be started over the
catalysts under investigation at 450 °C (Fig. S4t), and hence 550 °C
was appropriate for studying the surface reactions of DRM since an
increase in the reaction temperature might only accelerate the rate
rather than varying the reaction pathways when the catalysts were

active. As shown in Fig. S6a,T for the bare CeO2 support, in situ
DRIFT spectra revealed that, upon the switching from pure Ar to
CO2/CHg4 mixture, the IR band intensity of carbonate-like species

(shaded by the red rectangle) increased over the first 5 min, and
then stabilised. Specifically, the variation of
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IR signals of —OH groups (~3635 cm‘l), the gaseous CO2 (~2349
cm‘l) and CHa (~3016 and 1305 cm‘l) remained constant as a
function of ToS. Correspondingly, MS profiles confirmed that CeO2
could only produce trace amounts of CO and H2 in the system (Fig.
S6bt), which is consistent with the findings from the temperature-
ramping experiment (Fig. S51).

For the Ni@CeOz2 catalyst with the reactant mixture, as observed
in Fig. 5a(left), variation of the intensity of IR bands of gaseous CO
(21102235 cm'l), —OH groups (~3635 cm'l) and surface
carbonate-like species (shaded by red rectangle) was insignificant
under isothermal conditions at 550 °C. Conversely, with the
introduction of the CO2/CH4 mixture to the system (Fig. 5b and c,
left), the evolution of surface species was recorded for the
Pt@CeO2 and Pt—Ni@CeO> catalysts, i.e. the intensity of IR bands
at the region between ~1443 and 1670 em™t (i.e., bidentate
carbonates,7’23’37’38 shaded by the red rectangle) and the linear
carbonyls decreased slightly, respectively, suggesting the possible
key role of these surface species played in DRM. However, it is
worth noting that the IR band intensity of gas phase CO (2110—
2235 cm‘l) and polydentate carbonate species (1310— 1443
cm'1,7’38 shaded by the red rectangle) remained stable, suggesting
that polydentate carbonates could be the spectators (which will be
discussed later). It is worth noting that the intensity of carbonates
adsorbed on the surface of all catalysts was significantly weaker
than that of the bare CeO2 (Fig. S6at), confirming that the
carbonate species adsorbed predominantly on the support rather
than the metal sites of the catalysts, agreeing with previous
findings.23
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The corresponding MS profiles (Fig. 5b and c, right) further
confirmed the comparatively better performance of the Pt@CeO2
and Pt—Ni@CeOz2 catalysts than that of the Ni@CeOz2 catalyst (Fig.
5a, right), e.g. the relevant MS signal intensities of CO (~7 x 105)
and H2 (~3.5 x 105) for Pt— Ni@CeO2 were much higher than
those for Ni@CeO2 (i.e., ~3.2 x 105 for CO and ~1 x 105 for H)
under steady-state conditions. For all catalysts, the MS signals
showed the rapid production of CO and H2 before reaching the
steady-state at 550 °C, reflecting the immediate start of DRM over
them and the associated population of surface species within the
time scale of ~1 min. Consequently, in situ transient experiments
are needed in order to gain further information on the reaction
mechanism, which will be discussed later. Lastly, H2O (m/z = 18)
was also produced by the systems over all catalysts, suggesting the
possible occurrence of the reversed water gas shift (RWGS)
reaction’ in the current system.

Fast cycling transient in situ DRIFTS-MS studies. To identify
the active surface intermediates, catalytic DRM over the Ni@CeO2
and Pt—Ni@CeO> catalysts under investigation and the bare CeO2
support was evaluated by fast cycling transient in situ DRIFTS-MS

at 550 °C, in which the surface dynamics and bulk gas composition
of the catalytic system were examined with the periodically fast

switching of the feed stream between 10%CO2/Ar and
10%CO2/10%CH4/30% Kr/Ar (dwell time = 1 min for each cycle,
20 cycles). The Pt@CeO2 catalyst was not further investigated since
it is less attractive as compared with Pt promoted Ni catalysts (here,
i.e., Pt— Ni@CeOy), considering the cost implications. As shown in
Fig. S7,1 under the transient conditions of switching the gas

& 5
g Bidentate carbonate
& m/z=15 ! A i
& miz =44 = 9} 2
o s miz=2 s o
2, ] m/z=18 & ¢ S
bR ¢ O
2 & miz =28 s
3.~ miz =82 <
- N <
g e s a2
= )
& 1 4 R
) .bg: 1 z
& g
o ]
&
S T T T T T T T T
& 00010203 040506070809 10111213 14151617
Time / min
® 9
Ry x
£ 3
& , &
& 7
-2\ Bid b P
2% ] identate carbonate g
2 & 6 2
g miz =15 <
= Yo ] miz=44 |5
i ,Q-‘Z miz=2 i
<& m/z =18 -
e ] ——m/z=28 =1
> 7 O —— miz=82 |3
R s —
NS
&

Time / min

Fig. 6 In situ DRIFT spectra over the Ni@CeOz2 catalyst and corresponding MS signals collected at the exit of the DRIFTS cell and the evolution of
surface bidentate carbonate and linear carbonyls as a function of ToS during the 1st cycle of DRM switching between CO2 and CO2/CHa4 feeds at
550 °C: (a) CO2 to CO2/CHa, and (b) CO2/CH4 to CO2. (Experimental conditions: feed gases = 10 vol%C0O2/90 vol% Ar and 10 vol%CO2/10 vol%CHa/30

vol% Kr/50 vol% Ar, total flow rate = 50 mL (STP) min'l).



feeds, in situ DRIFT spectra collected during the 1st and 2nd cycle
showed that the IR band intensity of surface carbonates on bare

CeO2 (1310-1670 cm‘l, shaded by the red rectangle) remained

constant. Correspondingly, upon switching to the CO2/CH4 mixture
in the system, the MS profiles, again, showed the production of

trace amounts of CO and Hz during each cycle (Fig. S8t).

As shown in Fig. 6a, under the CO2/Ar stream (during the 1st

cycle), IR band peaks in the region of 1310-1670 em™t (shaded by
the red rectangle) were observed, confirming the formation of

carbonate-like species on the surface of the Ni@CeO2 and Pt—
Ni@CeO2 catalysts. The formation of linear carbonyls on the
surface of Pt—Ni@CeO2 was identified as well, which might be
mainly attributed to the CO2 dissociation on pt.3 on switching

from CO2 to the CO2/CHs4 mixture (the switching point was
referenced by the occurrence of a Kr signal, m/z = 82), for both
catalysts, the integrated peak area of bidentate carbonates (Fig. 6a
and 7a, right) did not show significant changes. However, for the

Pt—Ni@CeOz2 catalyst, the IR band intensity and peak area of linear
carbonyls increased during the first 20 s and then became constant,
suggesting the possible contribution of CO2 and CH4 to the
formation of these species. The increase in the band intensity related
to the —OH groups upon the feed of CO2/CH4 could be attributed to
the reaction between atomic H (dissociated from CH4) and O

(donated by the CeO2 support23). For the Pt—-Ni@CeO2 catalyst
(Fig. 7a), the MS profiles showed the instantaneous and

simultaneous increase in the CO and Hz MS signals upon the feed
of the CO2/CH4 mixture. Conversely, the rate of evolution of CO
and Hz MS
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signals from the system with the Ni@CeO2 catalyst was reduced.
Regarding the systems under study (over Ni@CeO2, Pt—Ni@CeO2
and CeO2) with COp, the associated MS profiles confirmed the
formation of CO from the systems (with an intensity of ~0.75 x
105), which could be attributed to the decomposition of weakly
adsorbed carbonates on the surface of CeOz.23 Additionally, upon
switching CO2 to CO2/CHga, a trace amount of H20 was detected in
the systems with the Ni@CeO2 and Pt—Ni@CeO2 catalysts,
suggesting the occurrence of RWGS.

On switching the CO2/CH4 mixture back to CO2 (during the 1st
cycle), as observed in Fig. 6b and 7b, the DRIFTS-MS results
showed a nearly reversible phenomenon for the systems over both
Ni@CeO2 and Pt—Ni@CeO2 catalysts. In addition, Fig. S9-S12t
present the variation of IR spectra over the two catalysts and
corresponding MS signals collected during the selected 2nd, 10th,
and 20th cycles of experiments with the periodically switched feed
gas mixtures between CO2 and CO2/CH4, showing the repeatable
results.

To further confirm the active surface intermediates, transient
experiments were also performed by switching the feeds between
10%CO2/Ar and 10%CH4/30% Kr/Ar (dwell time = 1 min for each
cycle, 20 cycles). Over the CeO2 support (Fig. S13at), upon
switching the gas feed from CO2 to CHyg, the intensity of surface
bidentate carbonates (at ~1570 cm‘l) decreased rapidly within 20 s,
which was also matched by the change in the peak of gaseous CO2
(at ~2349 cm_l). The corresponding MS profiles showed a
decrease in the CO signal upon switching CO2 to CH4 (Fig. S141),
indicating that the formation of CO was due to the dissociation of
surface
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Fig. 7 In situ DRIFT spectra over the Pt—Ni@@é’@‘!'ﬁEfﬁl(}gfland corresponding MS signals collected at the exit of the DRIFTS cell and the evolution of
surface bidentate carbonate and linear carbonyls as a function of ToS during the 1st cycle of DRM switching between CO2 and CO2/CH4 feeds at 550 °C:
(@) CO2 to CO2/CH4, and (b) CO2/CH4 to CO2. (Experimental conditions: feed gas = 10 vol%CO2/90 vol% Ar and feed gas = 10 vol%CO2/ 10
vol%CHa4/30 vol% Kr/50 vol% Atr, total flow rate = 50 mL (STP) min'l).



carbonates formed by CO2 binding with lattice oxygen of CeO2.

Additionally, in the absence of CO2, H2 was not detected by MS.
Together with the previous findings and discussion (i.e., Fig. S8t),

they confirm the ability of CeO2 for catalytic DRM. Accordingly,
for the specific system, the route of CO formation could be two-fold

via the gas-phase DRM and the interaction between CO2 and the
CeO2 support.
For the Ni@CeO2 and Pt—Ni@CeO2 catalyst (Fig. 8a and 9a),

upon the introduction of CH4 after CO2 saturation (during the 1st
cycle), similar surface dynamics were recorded. Specifically, (i) the
IR band intensity and integrated peak area of the surface bidentate

carbonate (1443-1670 cm'l) decreased as a function of time, which
confirms that they were active intermediates to be quickly

transformed or consumed by reacting with CHa; (ii) the IR bands of

polydentate carbonate species (1310-1443 cm‘l) remained stable,
which indicates that they were possible spectators, as reported

previously;7 and (iii) the increase in the number of

—OH groups was possibly due to the reaction between the atomic

hydrogen and oxygen donated by CeOg2, which verifies the
hypothesis above. In addition, as observed in Fig. 9a, the IR band
intensity and peak area of linear carbonyls increased during the first
20 s and then decreased slowly as a function of time, confirming
that CH4 improved the dissociation of gas phase CO2 to produce
more linear carbonyls, and the desorption of adsorbed CO (on Pt
sites) was relatively slow, being consistent with previous findings.23

As shown in the MS profile in Fig. 8a and 9a, the CO signal

shows a rapid increase on the switch from CO2 to CHg, then the
signal decreased and stabilised at a relatively lower
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level compared to that measured in the presence of COa.
Interestingly, as shown by the MS profiles in Fig. 8b and 9b, by
switching back the feed to CO2 (from CHg), the intensity of CO
signal stabilised at a higher level than that achieved under the
previous condition with CO2 after the surge. Hence, one can
conclude that the formation of CO was mainly due to the
consumption of the weakly surface adsorbed bidentate carbonates,
which led to a decrease in the IR peak area of these species in the
absence of COg2. Specifically, for the Pt—=Ni@CeO2 catalyst (Fig.
9b), under CO2, the intensity of the CO MS signal (~1.5 x 105) was
relatively higher than that of the Ni@CeO2 catalyst (~1.25 x 105)
and bare CeO2 support (~0.5 x 105, Fig. 8b and S147), suggesting
the contribution of CO2 dissociation on the Pt surface to CO
formation. In addition, in the system with Ni@CeO2 (Fig. 8a), the
emergence of the H2 signal was delayed by ~3 s compared to that
of CO and Kr, suggesting either the relatively slow dissociation of
CHa on Ni sites with a significantly low dispersion (about 0.9%,
Table S21) or the retention of H adatoms on the Ni surface.
Consequently, extensive CHx could result in serious coke
formation, which is line with the poor stability of Ni@CeO2, as
shown in Fig. 3. Conversely, for Pt—-Ni@CeO2 (Fig. 9a), Pt doping
has improved the metal dispersion significantly (to about 37.6%),
which enhanced the dissociation of CH4 on the metal surface. This
is confirmed by the simultaneous development of MS signals of
CO, Hz and Kr under transient conditions (Fig. 9a, right).

In the 1st cycle, for switching CH4 back to COg, as shown in
Fig. 8b and 9b for Ni@CeO2 and Pt—Ni@CeO2, respectively, the
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Fig. 8 In situ DRIFT spectra over the Ni@CeOz2 catalyst and corresponding MS signals collected at the exit of the DRIFTS cell and the evolution of
surface bidentate carbonate and linear carbonyls as a function of ToS during the 1st cycle of the DRM process switching between CO2 and CHs feeds at
550 °C: (a) CO2 to CHas, and (b) CHa4 to CO2. (Experimental conditions: feed gas = 10 vol%CO2/90 vol% Ar and feed gas = 10 vol%CHa4/30 vol% Kr/60

vol% A, total flow rate = 50 mL (STP) min™%).
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Fig. 9 In situ DRIFT spectra over the Pt—-Ni@CeOz2 catalyst and corresponding MS signals collected at the exit of the DRIFTS cell and the evolution of
surface bidentate carbonate and CO carbonyls as a function of ToS during the 1st cycle of the DRM process switching between CO2 and CH4 feeds at
550 °C: (a) CO2 to CHa, and (b) CH4 to CO2. (Experimental conditions: feed gas = 10 vol%CO2/90 vol% Ar and feed gas = 10 vol%CH4/30 vol% Kr/60

vol% Ar, total flow rate = 50 mL (STP) min'l).

progression of the surface species and peak area of surface bidentate
carbonate showed transposed phenomena. However, for the CO MS
signal, a similar fluctuation, that is, an immediate surge after the
feed switch, was measured for the Pt— Ni@CeO2 catalyst (Fig. 9),
which corresponds well to the evolution of the IR band intensity and
peak area of linear carbonyls on the catalyst surface. Repeatable
results were obtained under the conditions used, as shown in Fig.
S15-S18.1

To gain more information on the linear carbonyls adsorbed on
the surface of the Pt—Ni@CeO2 catalyst, DRIFT spectra in the
region of 1880—2100 em™t (recorded during the 1st cycle under fast
cycling transient conditions) were studied in detail as shown in Fig.
10. Fig. 10a shows that the characteristic band at about 2040 cm'l,
which is associated with linear Pt’~CO species, slightly fluctuated
upon switching the feed between CO2 and CO2/CHa. Conversely,
for the system of switching between CO2 and CHg (Fig. 10b), the
surface CHx species (from CHga dissociation) adsorbed on the

bimetallic Pt—Ni sites could shift the band location of surface
carbonyls towards lower frequencies.

Reaction mechanisms and pathways. Based on the fast cycling
transient in situ DRIFTS-MS studies above, the plausible reaction
pathways were proposed for catalytic DRM over the monometallic
Ni@CeO2 and bimetallic Pt—Ni@CeO2 catalysts, which are
presented in Fig. 11. For both catalysts, identical reaction pathways
were proposed, i.e., (i) CHg4 first adsorbed on the Ni sites and then

dissociated further to generate a CHx species, which then rapidly
decomposed to give C and H adatoms. Subsequently, H adatoms
could

diffuse and react with lattice oxygen of CeO2 to produce —OH
groups, which may further combine with H adatoms to produce

H20 and H2. Meanwhile, the —OH groups could also spillover H
onto the surface of the metal to form Hz. Finally, the surface C can
either react with lattice oxygen close to the metal-CeO2 interface to
form CO or coke on the metal surface;23 (if) CO2 can either react

with lattice oxygen on CeO2 to form bidentate and polydentate
carbonates, generating more lattice oxygen for replenishing oxygen
in CeO2 which was removed by the reaction with C dissociated
from CHg4 according to a previous study.23 Specifically, according
to the transient DRIFTS-MS results (Fig. 8 and 9), surface bidentate
carbonates could be the possible reactive surface intermediates,
which can rapidly decompose to form CO and to replenish lattice

oxygen for the CeO2 support.23 However, surface polydentate

carbonates are relatively stable and hard to dissociate,37’40 which
could be the spectators during the catalysis, being consistent with
previous findings.7 In addition to the reaction pathways proposed
for Ni and CeO2 surfaces, over the bimetallic Pt—=Ni@CeOz2 catalyst
(Fig. 11b), CO2 can also dissociate on the surface of Pt sites to form
weakly adsorbed linear carbonyls, and subsequently desorbed to
produce CO. Importantly, the surface O adatoms dissociated from
CO2 can simultaneously remove surface C from the CHa
dissociation to prevent coking during the reaction, interpreting the
significantly improved anti-coking performance of the bimetallic
Pt—Ni catalyst compared to the monometallic Ni catalyst, which has
been proved by the longevity test (Fig. 3, and previous findingszz).



0.02 0.02 |
3 @
@ 13
= =
« <
= =
e S
2 2
2 0J/CH, 2
2100 2050 2000 1950 1900 2100 2050 2000 1950 1900 0
Wavenumber cm! Wavenumber cm!
(b) CH, CH,
0.02] 0.0
@ @
13 3
g y H] _CH,
= 4 2 % d
e : H B (N |
2 1R i |
: '
co, i g { g
10s i 3 B4
s | 2 176
-'co, -'CO,
2100 2050 2000 1950 1900 2100 2050 2000 1950 1900
Wavenumber cm™! Wavenumber cm!

Fig. 10 Detailed DRIFT spectra of surface carbonyls over the Pt—-Ni@CeO2 catalyst as a function of ToS in the transient DRM experiments at 550 °C with
(a) feed switching between CO2 and CO2/CHa, and (b) feed switching between CO2 and CHa. (Experimental conditions: feed gas = 10 vol%C02/90 vol%
Ar and feed gas = 10 vol%CHa4/30 vol% Kr/60 vol% Ar, feed gas = 10 vol%CO2/10 vol%CHa4/30 vol% Kr/50 vol% Ar (when added), total flow rate = 50 mL

(STP) min™%).

@ ONi
Q Pt

Fig. 11 Schematic representation of the plausible reaction mechanism for catalytic DRM over different catalysts under investigation: (a) Ni@CeOz2 and (b)

Pt-Ni@CeO2.

4. Conclusions

Dry reforming of methane (DRM) has attracted great attention in
the catalysis community due to its two-fold potential for converting
greenhouse gases of CO2 and CHs4 to value-added syngas.
Bimetallic Pt—Ni catalysts are highly active and coke resistant for
promoting catalytic DRM in comparison with monometallic Ni
catalysts. Here, DRM over Ni and Pt—Ni supported on ceria
catalysts (i.e., Ni@CeO2 and Pt—Ni@CeO2) was studied in situ by
DRIFTS-MS characterisation to understand the improved activity
and anti-deactivation ability of the bimetallic Pt—Ni@CeO catalyst
(in comparison with the monometallic Ni@CeO2 catalyst). Under
temperature-ramping (from 50 to 600 °C) and isothermal steady-

state (at 550 °C) conditions, various surface species were detected
on the catalysts under

investigation. Subsequently, fast cycling transient experiments
(switching between CO2 and CO2/CH4, and CO2 and CH4, with a
short duration of 1 min for each cycle, at 550 °C) revealed that —OH
groups, linear carbonyls and bidentate carbonates were the active
surface intermediates during DRM, whilst polydentate carbonates
were the inactive spectators.

Accordingly, identical DRM reaction pathways were proposed

for both Ni@CeO2 and Pt—Ni@CeO2 catalysts, i.e. (i) CH4 mainly
dissociated on the surface of metal sites to produce surface adatoms
C and H, which subsequently diffused on the surface of the catalysts

and reacted with lattice oxygen donated by CeO2 to generate CO
and —OH groups (specifically, the —OH groups can possibly
combine with H to form H20). The existence of Pt sites in the



bimetallic catalyst could significantly improve metal dispersion, and
thus facilitate the decomposition of CHg; and (ii) CO2 mainly
combined with lattice oxygen to form bidentate carbonates, and
subsequently dissociated to form CO. Significantly, the existence of
Pt sites in the bimetallic catalyst could facilitate the decomposition
of CO2 to produce CO- and oxygen-adsorbed species, and
subsequently the surface oxygen could purge the surface carbon
derived from CH4 decomposition, endowing the bimetallic Pt—Ni
catalyst with significantly improved anti-coking properties.
Meanwhile, the decomposition of CO2 on Pt sites also facilitated the
formation of CO, giving the plausible reason for the relatively low
H2/CO molar ratio (~0.65) achieved by the Pt—Ni catalyst.
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