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Abstract: A mechanism for carbon deposition and its
impact on the reaction kinetics of Methane Dry
Reforming (MDR) using Rhodium-based catalysts is
presented. By integrating Raman spectroscopy with
kinetic analysis in an operando-annular chemical reactor
under strict chemical conditions, we discovered that
carbon deposition on a Rh/o-Al,O; catalyst follows a
nucleation-growth mechanism. The dynamics of carbon
aggregates at the surface is found to be ruled by the
CO,/CH, ratio and the inlet CH, concentration. The
findings elucidate the spatiotemporal development of
carbon aggregates on the catalyst surface and their
effects on catalytic performance. Furthermore, the
proposed mechanism for carbon formation shows that
the influence of CO, on MDR kinetics is an indirect
result of carbon accumulation over time frames exceed-
ing the turnover frequency, thus reconciling conflicting
reports in the literature regarding CO,’s kinetic role in
MDR. )

M ethane Dry Reforming (MDR) is gaining both scientific
and industrial interest as it is considered as one of the
promising valorization routes of CO, to produce syngas
(CO/H, mixture).!! The MDR reaction is also of special
interest when considering the production of fuels from
biogas (a mixture of CO, and CH,).”! CH, and CO, react
according to the following stoichiometry:

CH, +CO, =2 CO+2H, AH'gy =247kI/mol (1)
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A major challenge in the MDR process is the need for
stable catalysts resistant to deactivation by carbon
deposits.”*3 In fact, carbon deposits can cover the catalyst
active sites, thus leading to the deactivation of catalyst
materials even in very short times (min-h).*! Moreover, the
extent of the carbon deposition is found to evolve over time
and space in the reactor. Despite their high costs, noble
metals offer remarkable reforming activity. However, car-
bon deposition has been found to occur also on noble
metals, even if with characteristic times much higher than
the ones of transition metals.”! This makes noble metals
perfect candidates for mechanistic studies because of the
possibility of identifying the phases involved in the deactiva-
tion process. Among all, Rh has shown the best perform-
ances when supported on alumina and for this reason, a 4 %
Rh/o-Al,O; catalyst has been used in this study.>®

The mechanism of carbon formation and its kinetic
consequences on the reaction rate are still under debate and
there is a clear need for unraveling the relationship between
operating conditions, i.e., the carbon deposition rate, its
structure and composition, as well as the catalyst
performance.”) To this aim, the catalyst material must be
assessed in terms of conversion or yield during the reaction
by online gas chromatography or mass spectrometry, while
its active phase, including the involved active sites, must be
simultaneously monitored with spectroscopy and/or micro-
scopy. This is done in an attempt to correlate the changes in
the catalyst composition and structure with the variations of
the catalyst performance, including activity, selectivity, and
stability.®! This fundamental approach requires a simulta-
neous collection of reliable kinetic data (i.e., in a strict
chemical regime) and relevant operando spectroscopic
information.”) The combination of such techniques allows
for the acquisition of a comprehensive picture of the
working catalyst at different length scales (from the nano-
scale of the active phase at the nanoparticle level to the
macroscale of the chemical reactor), which is pivotal to
unravel the relationship between the phenomena at the level
of the active sites and the activity of the entire reaction
system.[”

In this work, we have applied a multi-scale analytical
approach, to relate characterization data with kinetic
measurements in a strict chemical regime in an operando-
annular chemical reactor.”) More specifically, to gather
insights into carbon deposition and structural changes of the
catalyst during the reaction, operando Raman spectroscopy

© 2024 Wiley-VCH GmbH
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was used to characterize the structure and composition of
the carbon deposits, making it possible to discriminate
whether they are perfectly graphitic or defective structures
on the basis of the relative intensities of the G and D bands,
respectively."! Ex situ analysis was conducted on the
catalyst materials to characterize the samples both before
and after the reaction. This analysis provided essential
details about the morphology of the coke deposits formed
during MDR. In particular, X-ray Diffraction (XRD)
allowed to gain insights into the level of crystallization of
carbonaceous deposits and into the presence of amorphous
carbon.” Scanning Electron Microscopy (SEM) and Trans-
mission Electron Microscopy (TEM) provided fundamental
information about the size of Rh metal nanoparticles, to
assess the role of sintering in the catalyst deactivation, as
well as the form of carbon deposits (organized either in
encapsulating film or filaments)."® Photo-induced Force
Microscopy (PiFM) was also applied to provide additional
information on the structure and composition of the coke
deposits and assess their distribution at the nanoscale on the
catalyst surface." The collection of kinetic data combined
with the spectroscopic information at different lengths and
time scales led us to propose a plausible mechanism for
carbon formation and growth during MDR on Rh, which is
valid under a wide range of operating conditions, and to
relate the catalyst performance with the carbon deposition
dynamics at the active site. The obtained mechanistic
insights allowed also to resolve apparent contradictions in
the literature on the kinetic role of CO, in the MDR
process.!"!

We monitored the catalyst activity and selectivity for
time-on-stream (TOS) up to 140 h for different conditions of
CO,/CH, ratio and inlet CH, concentrations over 4 wt %
Rh/a-ALO; catalyst in an annular reactor (the experimental
methods are reported in Section S1 and S2 of the Supporting
Information). The products’ distribution obtained in the
experimental tests was in accordance with the stoichiometry
of the MDR reaction (Eq.1). Only for CO,/CH, ratios
higher than 2 the contribution from the reverse-Water Gas
Shift (r-WGS) became evident (Figure S5). Figure 1a shows
CH, conversion over 140 h of reaction at 600°C for inlet
CH,=8vol.% and 1 vol.% at CO,/CH, ratio equal to 1. The
experiments revealed a descending trend over time in
methane conversion. For instance, in the case of CH,=
8 vol.%, CH, conversion decreased from 47 % at time-on-
stream (TOS)=0.1h to 37 % after 6 h. Then, the variation
of CH, conversion over time was substantially reduced.
Indeed, during the following 12 h (from TOS 6 h to 18 h) the
conversion decreased to 34 %. As such, the conversion decay
continued progressively even if with a lower time-derivate:
the CH, conversion was still 33 % after 24 h and 30 % after
72 h. Finally, it reached 27.5% after 140 h determining a
total 19.5 % loss. Overall, the characteristic time of the time-
evolution of catalyst activity was much higher (h) than the
characteristic time of the turnover rate(s), thus making it
evident that the catalyst is undergoing a deactivation
process. For the test conducted at CH,;=1 vol.%, the time-
variation of conversion was analogous but less pronounced;
indeed, conversion dropped from an initial 77 % to 71.5%
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Figure 1. Catalyst activity and stability monitored in terms of methane
conversion (symbols) during methane dry reforming (MDR) over

4 wt% Rh/a-Al,03.%, with respective equilibrium conversion (“X”
symbols): (a) 140 h stoichiometric CO,/CH, tests for inlet

CH,=1 vol.% and CH,=8 vol.%,; (b) 24 h tests at different CO,/CH,
ratios and inlet CH,=8 vol.%. Conditions: T=600°C, P=1 atm, Gas-
Hourly Space Velocity (GHSV) =1400 [L(STP)/g.../h].

after 6 h and reached 66 % after 140 h for a cumulative 11 %
loss. Figure 1b shows the influence of the CO,/CH, ratio on
the time-evolution of the conversion during CH,=8 vol.%
MDR tests. For CO,/CH, >1 the decrease of the methane
conversion over time was less pronounced than the dynam-
ics observed for the CO,/CH,=1. For instance, for the CO,/
CH,=2 test, the initial conversion was 57.5% which
decreased to 53.5 % after 6 h, and then to 52 % after 24 h for
a total 5.5% loss. This contrasts with the more significant
reduction of 10% (from 47% to 37%) in the first 6 h,
followed by a 4 % loss (from 37 % to 33 %) in the following
18 h for CO,/CH,=1. For CO,/CH, ratios below 1, such as
0.5 and 0.25, methane conversion remained stable over time,
showing no dynamic change over TOS. Thus, it is clear that
the CO,/CH, ratio significantly affects the dynamics of
methane conversion.

While examining the catalyst activity, we monitored the
surface of the catalyst material using operando Raman
spectroscopy for the whole series of operating conditions of
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Figure 1. Specifically, Figure 2 presents time-resolved Ram-
an spectra taken at the end of the catalytic bed during tests
with an inlet methane concentration of 8vol.% under
various CO,/CH, ratios. When using an over-stoichiometric
CO,/CH, ratio of 2, the Raman spectra over a 24-h period
showed no carbon peaks (as seen in Figure 2a). In contrast,
at a CO,/CH,=1 stoichiometric ratio, Raman bands related
to carbon deposits appeared within 3 h of reaction time
(Figure 2b). We observed the G-band at ~1580cm™,
indicative of sp®, graphitic carbon (with a possible small
contribution of the defect D’-band at ~1620 cm™'), and the
defect-related D-band at ~1350 cm ") For CO,/CH, ratios
below 1, the G and D Raman bands were detectable after
just 5 min of reaction (Figures 2c and 2d). The Raman bands
grew in intensity over time, particularly for CO,/CH, lower
than 1, where the G Raman band became more pronounced.
The evolution of the intensities of these Raman bands over
time was also influenced by the methane concentration, as
demonstrated by tests with a 1vol.% CH, concentration
(Figure S7). Notably, at any given CO,/CH, ratio, the
intensities of the G and D bands were consistently lower
compared to what was observed in tests with a higher
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methane molar fraction, indicating that the amount of
carbon deposited was less at lower CH, inlet concentrations.

To gain insights into the mechanism of carbon deposi-
tion, we monitored the spatial resolution of the Raman
spectra along the reactor. Figures3a and 3b show the
spatially resolved spectra collected after 24 h and 140 h of
TOS for the test at inlet CH,=8vol.% and CO,/CH,=1.
For each spatially resolved scan, five Raman spectra were
collected every 5Smm along the reactor axial coordinate,
from the reactor entrance to the reactor outlet, namely from
position 1 to position 5. These spectra, which have been
vertically shifted to point out more clearly any possible
differences in the spectroscopic features, clearly display the
fingerprint bands related to carbonaceous species. After
24 h (Figure 3a) the carbon deposits were not uniformly
distributed but stratified along the axial coordinate, decreas-
ing from the inlet (position 1) to the outlet of the reactor
(position 5). Subsequently, peak intensities in the first half
of the reactor (positions 1 and 2) showed negligible differ-
ences after 140 h (Figure 3b), while the others (positions 3,
4, and 5) displayed a clear enhancement, especially for the
G band, which became noticeably more intense than the D

CO,/CH, =1 (b)
e
S,
2>
‘@
c
9
£
120 a.u.
1800 1600 1400 1200
Raman shift [cm™]
CO,/CH, = 0.25 (d)
e
S,
o
‘®
c
]
£
120 a.u.
1800 1600 1400 1200

Raman shift [cm™]

Figure 2. Time-resolved operando Raman spectra acquired with a Raman probe positioned at the end of the catalytic bed, at a time-on-stream
(TOS) of 0.1 h, 3 h, 6 h and 24 h of Methane Dry Reforming (MDR) test over 4% Rh/Al,O; catalyst for inlet CH,=8 vol.% at different CO,/CH,
ratios CO,/CH,=2 (a), 1 (b), 0.5 (c) and 0.25 (d). The spectra are compared to the Raman spectrum of a fresh catalyst. Conditions: T=600°C,

P=1 atm, Gas-Hourly Space Velocity (GHSV) =1400 [L(STP)/g.../h].
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Figure 3. Spatially resolved operando Raman spectra acquired during a Methane Dry Reforming (MDR) test at a time-on-stream (TOS) of 24 h (a)
and 140 h (b), over a 4% Rh/Al,O; catalyst, for inlet CH,=8 vol.% at CO,/CH,=1. Conditions: T=600°C, P=1 atm, Gas-Hourly Space Velocity
(GHSV) =1400 [L(STP)/g.../h]. Position 1: reactor entrance, position 5: reactor outlet, one position every 5 mm. Panel (c) shows the axial profile of
the sum of the G and D Raman band intensities normalized by the value in position 1 (reactor entrance) (black TOS=24 h, grey TOS=140 h). In
panel (d), the I/l ratio is depicted as a function of reactor length (blue TOS =24 h; light blue TOS =140 h). (e) Ex situ photo-induced force
microscopy (PiFM) conducted on a spent 4% Rh/Al,O, catalyst after 8 h MDR at CO,/CH,=1 at 600°C. The 1468-1470 cm ' band was chosen to

observe spatial mapping of the breathing modes of hydrocarbon deposits.

band. The same considerations can be extended to the
CH,=1vol.% test, except for a slower dynamic of carbon
formation. Figure S9 shows that, after 24 h, no carbon
Raman bands were detected along the reactor. However,
after 140 h, carbon signals started to be detected in the first
half of the reactor bed.

To more effectively emphasize the spatial resolution of
the carbon deposits from a quantitative perspective, we have
presented the spectra in Figure 3a and b as the sum of the G
and D band intensities, normalized relative to the sum value
at the reactor inlet (Figure 3c). The combined intensities of
the G and D peaks after 24 h of TOS exhibited a decreasing
trend along the reactor axis, showing a 60 % reduction from
the reactor inlet (position 1) to the reactor outlet (posi-
tion 5). This trend was reversed at longer reaction times
(TOS=140h), as the combined intensities of the G and D
peaks increased more significantly in the latter half of the
reactor (positions 3, 4, and 5), while positions1 and 2
showed no changes compared to the measurements acquired
after 24 hours. This phenomenon is linked to the observa-
tion that, over longer periods, the G band increased in
intensity in the latter half of the reactor, as reported in
Figures 3a and 3b.

These observations were further corroborated by the
axial and temporal evolution of the integral intensity ratio of
the D and G bands (Ip/l;), recognized as an indicative
measure of the carbon‘s graphitization level (Figure 3d).["”
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An Ip/I; value greater than 1 indicates a high level of
structural disorder within the carbon structures, whereas a
value less than 1 suggests the formation of highly graphitic
carbonaceous materials. After 24 h, the I,/I; ratio was
approximately 1 at the reactor inlet and decreased monot-
onically towards the outlet, reaching 0.8. After 140 h, the I,/
I; ratio diminished across all reactor positions, particularly
in the second half. Notably, at position 5 (reactor outlet),
the Ip/I; ratio dropped to 0.6, due to a significant increase in
the intensity of the G band. As such, Figure 3d makes it
evident that the formation of highly graphitic carbonaceous
materials occurred at the end of the reactor. Analogous
trends were observed both in terms of CH, conversion and
Raman spectra at different space velocities (Figures S12 and
S13) and temperatures (Figures S14, S15, and S16), showing
the general relevance of our observations.

The findings from the spatially resolved operando
Raman spectroscopy analysis were further corroborated by
investigating carbon deposition on the catalyst surface after
the test under CH,=8 vol.% and CO,/CH,=1 using the
PiFM technique.'" The distribution and intensity of the IR
signal at 1470 cm ' (relative to C=C bending vibration and
thus associated to graphitic coke deposits!") is presented in
panels A, B and C of Figure 3e. The PiFM results indicate
that coke spots associated with ordered carbon were more
abundant towards the end of the catalytic bed, in accordance
with the higher level of graphitization suggested by the I,/Ig
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parameter derived from the spatially resolved operando
Raman spectroscopy data. Moreover, the PiIFM maps show
that carbonaceous species were not homogeneously formed
along the catalyst bed but rather accumulated in islands on
the catalyst surface.

The time and spatial evolution of the Raman spectra was
dependent on the CO,/CH, ratio. For instance, at CO,/
CH,=0.5 and inlet CH,=8 vol % (Figure 4a at TOS=3h
and Figure 4b at TOS=24 h), the evolution of the Raman
bands was faster than for higher ratios. In fact, by presenting
the spectra as the cumulative intensity of the G and D bands
across the reactor, normalized to the intensity at the
reactor’s inlet, it was observed that at shorter TOS (3 h), the
trend continued to decline, leveling off at extended TOS
(24 h) due to the gradual accumulation of carbon on the
surface. Additionally, the I,/I; ratio remained roughly
constant (at about 1.2) throughout the reactor’s length,
suggesting a slightly more defective crystalline structure
than for higher CO,/CH, ratios.

To measure the dimensions of Rh nanoparticles and to
evaluate any potential sintering effects contributing to
deactivation, the catalyst material was also characterized ex
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situ following the reaction by TEM analysis (Figure S3). The
particle size distributions of Rh nanoparticles for both the
reduced fresh sample (Figure S3a) and the spent catalysts
(Figures S4b, 4c, and 4d) were statistically similar, ~3.6—
3.9 nm, with a standard deviation of 1.6-1.8 nm. This finding
disproves sintering as a cause of deactivation. TEM images
(Figure S4) further showed the formation of filamentous
carbon nanostructures on some of the spent catalysts.['**"]
Such carbon filaments were observed in spent samples from
tests with a CO,/CH, ratio of 1 and 0.5 and inlet CH,
concentration of 8 vol.%, whereas no carbon deposits were
detected when the CO,/CH, ratio was 2, aligning with the
operando Raman spectroscopy results. Additionally, more
carbon fibers were observed for the CO,/CH, ratio of 0.5 by
TEM (Figure S4), in accordance with the Raman spectra,
shown in Figure 2c.

In summary, according to the ex situ characterization
(PiFM and TEM) and the spatiotemporal operando Raman
spectroscopy measurements filamentous, highly graphitic
coke structures become more abundant as the CO,/CH,
ratio decreases. All in all, the active sites are subject to a
dynamic evolution (order of hours of TOS) which is much
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Figure 4. Spatially resolved operando Raman spectra during a Methane Dry Reforming (MDR) test, at a time-on-stream (TOS) of 3 h (a) and 24 h

(b) over a 4% Rh/Al,O; catalyst, for inlet CH,=8 vol.% at CO,/CH,=0.5.

Conditions: T=600°C, P=1 atm, Gas-Hourly Space Velocity

(GHSV) =1400 [L(STP)/g.../h] Position 1: reactor entrance, position 5: reactor outlet, one position every 5 mm; (c) axial profile of the sum of the
intensities of the Raman G and D bands, normalized by the value in position 1 (black TOS=3 h, grey TOS=24 h); and (d) corresponding Ip/I¢

ratio (blue TOS=3 h; light blue TOS=24 h).
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longer than the turnover rate of the catalytic cycle. For this
reason, the catalytic cycle can reach a steady state condition
at the level of the active site (i.e., the catalytic cycle). The
amount of active sites available for the MDR reaction is
affected by the slow dynamics ruled by carbon deposition,
thus resulting in a deactivation process, as evident from the
activity measurements over time. In particular, the fact that
the carbon deposits are found to be decreasing, but
becoming more graphitic, along the reactor length is in line
with the fact that the catalyst fouling compound, Cq, is
formed by a reaction, which is parallel to the main
reactions,” as represented in Scheme 1. As soon as the
reactants are fed to the reactor, the catalytic cycle is
established. On the one side, the reaction mechanism entails
the decomposition of CH, into CH, fragments and to C*
species that are eventually oxidized to CO by means of the
O provided by the CO, activation at the surface (Route 1 in
Scheme 1).1°*¢?2l On the other hand, the CH, fragments act
as carbon precursors (Route 2 in Scheme 1). These species
rearrange into benzene rings, becoming increasingly con-
jugated, leading to the formation of structured carbon-based
species (i.e., mainly graphitic filaments as highlighted by
Raman spectroscopy and TEM). The formation of the nuclei
at the metal surface covers part of the active sites, thus
leading to a reduction of the catalyst activity. As Rh
nanoparticles become increasingly covered by carbonaceous
nuclei, there is a gradual decrease in the observed activity
over time-on-stream (Figure 1).

Once the carbon nuclei are formed, the difference in the
CH,* chemical potential between the free catalytic surface
and the nuclei creates a migration of CH,* intermediates
towards the nuclei themselves which organize the intermedi-
ates in filaments that grow over the Rh nanoparticles, in full
analogy with the base growth or tip growth mechanisms
reported in the literature for Ni-based catalysts.**! How-
ever, as shown in Figure S4, only a few Rh metal nano-
particles detached from the alumina support. This evidence
indicates that a base growth mechanism for carbon filament
formation is favored over Rh, in contrast to Ni.¥) When the
growth of carbon filaments prevails over the creation of new
nucleation centers, the carbon deposition does not directly
result in covering the active sites and thus the catalyst
activity becomes less affected by the formation and growth
of the carbon aggregates with a noticeable shift in the

csolid
Route 2
CH, (g)— CH,* — CH,* — CH* — c*Route 1 o5
+O*

CO; (9)

Scheme 1. Simplified pathways for C* adsorbed species. Route 2,
responsible for solid carbon formation, is occurring in parallel to
Route 1, which instead leads to Methane Dry Reforming (MDR)
products yield.
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derivative of the CH, conversion relative to the TOS.?* The
preferential growth of ordered filamentous carbon species is
also in line with the operando Raman spectroscopy meas-
urements in which the intensities of the carbon bands,
especially the G one, continued to increase over time
without further compromising the catalyst activity to the
same degree (Figures 1a and 3). In addition to the activity
provided by the active sites remaining free from carbon
aggregates, part of the observed activity could be also
ascribed to non-metallic catalysis brought forth by the
carbon itself. In fact, carbon deposits are reported to
activate both CH,* and CO,"! In particular, CO, activa-
tion requires highly amorphous carbon deposits.””! Accord-
ing to the XRD analysis (Figure S2), the peak at 20=32°
can be ascribed to an amorphous carbon structure; nonethe-
less, as confirmed by the low values of the I,/I; ratios
derived from Raman spectra (e.g., Figures 3d and 4d), most
of carbonaceous species produced by the reaction are
strongly organized structures with a high level of graphitiza-
tion. Thus, we presume the possible contribution of non-
metallic catalysis to be minor.””

To assess the kinetic consequences of the observed
carbon deposits on the catalyst activity, we exploited the
chemical removal of carbonaceous deposits via the reverse
Boudouard reaction (CO,+C—2 CO) by treating the spent
catalysts at 750°C using a stream of pure CO, (GHSV=
1¥10° NI/kg_cat/h) for 90 min. Figure 5a illustrates the
results of an MDR test (inlet CH,=8 vol.% —CO,/CH,=1)
followed by a treatment in pure CO, and again by the same
MDR test. The regeneration process resulted in a complete
reactivation of the catalyst at the start of the second MDR
run, followed by a deactivation trend that was identical to
the first test. Furthermore, as highlighted by Figure 5b, the
Raman spectra post-CO, regeneration did not show any G
and D bands. These findings conclusively link the deactiva-
tion process to the spatiotemporal buildup of carbon
deposits on the catalyst.

Our mechanistic interpretation can explain how the
extent and the duration of the observed catalyst dynamics
are influenced by the CO,/CH, ratio and the CH, concen-
tration, as observed in Figure 1b and Figure S6. With
methane as the precursor of the carbon aggregates, at a
given CO,/CH, ratio, an increase in CH, concentration leads
to a higher chemical potential of the carbon aggregates,
thereby accelerating the formation and growth of the carbon
deposits. On the other hand, a higher CO,/CH, ratio results
in a CO,-enriched local chemical environment, which tends
to inhibit the growth of carbon aggregates in line with
Figure 5. Conversely, a lower CO,/CH, ratio leads to a CO,-
deficient local chemical environment at the active site. Such
an environment does not hinder the formation and growth
of carbon aggregates, thus speeding up the dynamics of the
formation and growth of carbon aggregates during MDR.
This aligns with the observation that for a CO,/CH, ratio of
0.5, the nucleation and growth of carbon filaments occurred
rapidly, resulting in well-pronounced G and D bands in the
Raman spectra being visible at very short TOS (<5 min).
Consequently, the fast nucleation of C-nuclei leads to a
deactivation that was too fast to be detected by the micro-
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Figure 5. (a) Methane conversion during a 24 h Methane Dry Reform-
ing (MDR) test at 600°C over a 4% Rh/AI,O; catalyst for inlet

CH,=28 vol.% at CO,/CH,=1, followed by a 90 min CO, regeneration
at 750°C, and a second MDR run of 24 h. The respective thermody-
namic equilibrium conversion is indicated by a “X” symbol. Conditions:
T=600°C, P=1 atm, Gas-Hourly Space Velocity (GHSV) =1400 [L-
(STP)/g../h]; (b) operando Raman spectra acquired with a Raman
probe positioned at the end of the catalytic bed before and after the
CO,-treatment.

GC instrumentation, thereby presenting an apparently
constant conversion over 24 h (Figure 1b).

For additional validation of the proposed mechanism, we
attempted to deliberately alter the growth of the C-deposits
(Cyoiig in Scheme 1) by introducing a minor concentration of
oxygen into the inlet gas mixture (0,=0.8%).”*""! Fig-
ure 6a reveals that the initial conversion rates up to TOS =
0.2 h for CO,/CH,=1 were nearly identical in the presence
or in the absence of O,. This indicates that oxygen does not
play a kinetic role in the reaction. For longer TOS, however,
the introduction of oxygen reduced the rate of deactivation,
with a CH, conversion of 42 % after 24 h, which was 9%
higher than in the test performed without oxygen. Such a
difference in the rate of decline of conversion was associated
with a different dynamic of accumulation of C-deposits at
the surfaces, as evident by the corresponding operando
Raman spectroscopy results (Figure 6b). In fact, no Raman
bands were observed after 24 h of TOS, as opposed to the
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distinct Raman carbon bands observed in the absence of O,
(compare Figure 6b and 2b). Such a slow-down of C
deposition and growth dynamics explains the reduced rate
of deactivation observed in Figure 6a. This effect is even
more evident for CO,/CH, < 1. For instance, for CO,/CH,=
0.5, the addition of oxygen significantly slowed down the
dynamics of the C-deposition at the surface, as evident from
the collection of the Raman spectra along the reactor. In
fact, in contrast with the test without co-feeding of oxygen
(Figure 2c), in the presence of the co-feed of O, no carbon
bands were detectable along the entire reactor after 6 h of
reaction (Figure S11) and at 24h of TOS a descending
carbon profile was observed along the reactor axis (Fig-
ure 6d), with distinct D and G bands observed only at
positions 1 and 2. According to our mechanism, the presence
of a small amount of O, in the experiments acted as an
inhibitor of the growth of the C-deposits, thus slowing down
the dynamic of accumulation of C-deposits at the surface
and, in turn, its effect on the CH, conversion dynamics
(Figure 6c).

In conclusion, our research has unveiled novel exper-
imental insights into the dynamics of Rh catalysts during the
MDR process. We have formulated a mechanistic explan-
ation for carbon deposition that is applicable across a broad
spectrum of operational conditions. This mechanism marks
a significant advancement in understanding catalyst deacti-
vation during MDR, laying the groundwork for the rational
design of catalytic materials. By employing a multi-techni-
que approach, we demonstrated how the formation and
growth of carbon aggregates on the surface affect the
catalyst stability throughout the TOS. Notably, the dynamics
of these surface processes are significantly influenced by the
methane concentration and the CO,/CH, ratio. The pro-
posed mechanism links carbon formation and growth with
catalyst activity and offers crucial insight for resolving the
seeming discrepancies in existing literature regarding CO,’s
kinetic role in the MDR reaction on Rh.!'] Specifically,
while the kinetics of MDR on Rh appear to be CO,-
independent even for CO,/CH,<1 under differential
conditions,® other studies™ have indicated a kinetic
influence of CO, at high methane (CH,) conversion rates
(based on integral data) when the CO,/CH, ratio is less than
or equal to 1. The analysis of carbon deposition provides a
resolution to this apparent contradiction. Essentially, at
CO,/CH, ratios of 1 or lower, carbon aggregates nucleate on
the surface rapidly, affecting the observed conversion rates
in a very short timeframe. Hence, the impact of CO, on the
kinetics is an indirect consequence of carbon deposition,
which partially covers the active sites. This effect does not
occur within the timeframe of the catalytic cycle‘s turnover
frequency. Therefore, it is not a kinetic effect but is
associated with a deactivation phenomenon. Furthermore,
the explanation provided aligns with observations that the
presumed Kkinetic effect of CO, tends to disappear when
even a small amount of O, is introduced into the feed,!™"
which in our interpretation is reconciled with the inhibition
of the formation and growth of the C aggregates.

© 2024 Wiley-VCH GmbH

85U8017 SUOWWIOD aAIEe1D) |qeal|dde ay) Aq paueAob ae sepiLe VO ‘8sh Jo se|ni 10} Aeid1T 8UljuO 8|1/ UO (SUONIPUD-pUe-SWLB)W0D" A8 | 1M Arelq U1 |UO//:SdNy) SUONIPUOD pue SWie | 8Y1 89S *[yZ0z/0T/62] Uo Akeiqiauliuo (1M ‘'ONY 1IN 1d ODINDILITOd A 899801202 @ 1Ue/Z00T OT/I0p/W0d" A8 1M Afelq 1 puljuoy/:Sdny Wolj pepeojumoq ‘0 ‘€LLETZST


https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fanie.202408668&mode=

GDCh
~~

100
[CO5] = 8 vol.% [CH4] = 8 vol.% [05] = 0.8 vol.%
50 A [CO,] =8 vol.% [CHy] = 8 vol.%
s
c X
Qo 60+
o
[
>
[=
8 40-MAAAAA
= AAAAAAAAAAAL AA AAAA
[S]
20 -
(a)
0 T T L) T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24
TOS [h]
100
[CO,] = 4 vol.% [CH4] = 8 vol.% [05] = 0.8 vol.%
s0d ¢ [CO5] = 4 vol.% [CH,] = 8 vol.%
S
c
o 60+
[
S
2
g X
S 40
<
T
[&]
20 - 900000000 00 400000000000
(c)
0 T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24

TOS [h]

Research Article

Angewandte

intemationaldition’y) Chemie

24 h
IN
MW !
— 2
s
> 3
®
] 4
£
Sy
ouT
120 a.u. (b)
1800 1GI00 14I00 1200
Raman shift [cm™]
24 h
G
D 1|N
8, 2
2> M%W
g 3
]
£
5
ouT
20 a.u.
I 0 a.u (d)
1800 16‘00 14‘00 1200

Raman shift [cm™]

Figure 6. Methane conversion during 24 h of Methane Dry Reforming (MDR) test on a 4% Rh/Al,O; catalyst, performed with and without O, co-
feed (O,=0.8 vol.%) for inlet CH,=8 vol.% at (a) CO,/CH,=1, (c) CO,/CH,=0.5.%, with respective equilibrium conversion (“X” symbols).
Conditions: T=600°C, P=1 atm, Gas-Hourly Space Velocity (GHSV) =1400 [L(STP)/g.../h]. (b) and (d) spatially resolved operando Raman spectra
acquired during MDR at a time-on-stream (TOS) of 24 h with O, co-feed (0.8 vol.%) at CO,/CH,=1 (b), CO,/CH,=0.5 (d). Position 1: reactor

entrance, position 5: reactor outlet, one position every 5 mm.
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Kinetic measurements, combined with
operando Raman spectroscopy and ex
situ microscopy characterization pro-
vided new insights on the carbon for-
mation pathway over Rhodium-based
catalyst materials during methane dry
reforming, which allowed to relate the
reaction kinetics with changes in catalyst
structure under true reaction conditions.
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