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Abstract: Methane is a well-established fuel molecule whose production from CO, through
methanation garners increasing interest as an energy storage solution. While often produced with Ni
based catalysts, other metals are of interest thanks to higher robustness and activity-selectivity
numbers. The Rh/CeO, catalyst has shown appreciable properties for CO, methanation and
its structural dynamics has been studied in situ. However, the reaction pathway is unknown.
Here, we present infrared modulation excitation spectroscopy measurements with phase sensitive
detection of a Rh/CeO; catalyst adsorbate composition during H, pulsing (0-2 vol.%) to a constant
CO; (0.5 vol.%) feed. Various carbonyl (CO) and carbonate (b-CO3 /p-CO3) ad-species clearly respond
to the hydrogen stimulus, making them potential reaction intermediates. The different CO ad-species
are likely intermediates for product CO and CHy but their individual contributions to the respective
formations are not unambiguously ascertained. As for the carbonate dynamics, it might be linked
to the reduction/oxidation of the CeO, surface upon H; pulsing. Formate (HCOO) ad-species are
clearly visible but appear to be, if not spectators, linked to slow side reactions possibly also affected
by CeO, redox processes.

Keywords: carbon cycling; CO, utilisation; hydrogenation; supported catalyst; surface intermediates;
catalytic mechanisms; diffuse reflectance; modulation excitation spectroscopy; phase sensitive detection

1. Introduction

One of the grand challenges for building sustainable societies is to develop energy systems that
are independent from fossil energy sources and can couple to different energy storage solutions.
In response, researchers steer their efforts towards how to utilize alternative energy sources and energy
vectors in closed cycle operation, i.e., in a manner that neither consumes resources nor produces
waste [1]. Hitherto, the so-called hydrogen economy is probably the most well-known effort in this
respect. Hydrogen (Hjy) can be sustainably produced by water splitting if driven by electrical power
generated from sources deemed green such as biomass, hydro, solar, and wind power. It shows
great promise when integrated with electrical systems by the use of fuel cells. Hydrogen, however,
may cause equipment embrittlement. Further, its handling poses safety concerns due to its low
ignition energy [2—4] and brings high costs for storage [5], which overall decreases its applicability
as a combustion fuel. To circumvent these problems, hydrogen gas can be chemically transformed
into more dense energy vectors. One such solution is to react hydrogen with carbon oxides (COy) in a
hydrogenation reaction to form alkanes or alcohols, which also suit combustion processes much better
for the reasons mentioned above. Among the available CO, precursors, carbon dioxide (CO,) from
flue gases including those from biorefineries and sequestration would present green carbon sources in
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the shorter and longer perspective, respectively. Even if long alkanes and alcohols are preferred for
storage and handling thanks to their liquid state of aggregation, their production require multi-step
processing and/or high-pressure reaction systems. Hence, sacrificing some energy density in order to
achieve a simpler and less demanding system, especially for small off-grid systems, one might instead
opt for simpler reactions such as the Sabatier reaction, i.e., formation of methane (CHy) from CO; and
H; (Equation (1)):

CO, 4 3H; — CH4 + H,O. 1)

Catalytic reactions depend on temperature such that elevated temperature usually increases
the catalytic activity at the expense of product selectivity because more reaction pathways become
possible. Methanation catalysts typically include metallic nickel thanks to its high catalytic activity
and good selectivity as well as low price. Nickel-based catalysts, however, suffer from deactivation
processes such as irreversible oxidation, coking, and formation of poisonous volatile nickel carbonyls,
which shortens the lifetime of the catalyst [6,7]. An interesting alternative element is rhodium (Rh).
Although expensive, rhodium-based methanation catalysts suffer less from deactivation and show high
activity and very high CHj selectivity [8-11]. A catalyst formulation that has shown a good middle
ground between activity and CHy selectivity is ceria (CeO,) supported rhodium where small Rh
nanoparticles are dispersed onto high surface area CeO,. In terms of both activity and CHy selectivity,
the Rh/CeO; catalyst has been reported to surpass the corresponding Ni/CeO; catalyst for which CO
from the reverse water—gas shift reaction (Equation (2)) is a main side product (although not without
value) that forms at temperatures above 300-350 °C [9]:

CO, 4+ H, = CO + Hy0. @)

To improve Rh-based catalysts, a deeper understanding of the catalyst structure—function
relationship and the mechanism behind the methanation reaction is welcome. We employed
X-ray absorption spectroscopy and high-energy X-ray diffraction in situ to study the dynamics
in Rh oxidation state and crystal structure of the Rh and the support phases during transient
CO; methanation reaction conditions for different Rh/MO catalysts where MO = SiO,, AL,O;3,
and CeO; [12,13]. An important finding was that CeO; is partially reduced during methanation,
but the removal of Hy from the feed gas, leaving the sample under a flow of only CO, and
Ar, leads to its oxidation. This suggests that CO,, or a remaining intermediate, re-oxidizes the
surface either by decomposition or as a part of the reaction pathway. Furthermore, both in situ
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and ambient pressure X-ray
photoemission spectroscopy (AP-XPS) show that CO, formates (HCOO), and carbonates (CO3) are
present on the Rh/CeQ; catalyst during methanation conditions. Whether they participate in the
reaction sequence or appear just as spectators could, however, not be ascertained. Experimentally,
transient in situ DRIFTS measurements hold promise for elucidating the role of CO, HCOO and COs3
species in the methanation reaction as their dynamics can be probed during modulation excitation
spectroscopy (MES) conditions. In the MES approach, which was used here, a controlling parameter
of the reaction is periodically changed (modulated) and the spectroscopic response by the system
is recorded. Reaction intermediates are expected to respond to the stimulus but spectators are not
because their contribution is (nearly) static and independent on the catalytic reaction [14]. The observed
spectroscopic signals can be further analyzed in great detail either by deconvolution methods or, as here,
by phase sensitive detection (PSD) that builds on a lock-in amplifier to extract information nearly
hidden in the rich spectroscopic data.

In this study, we aimed at elucidating whether HCOO, CO, and CO3 surface species are likely
reaction intermediates in the CO; methanation reaction over Rh/CeQO;. We employed transient in situ
DRIFTS measurements by modulation of the H, gas concentration while recording the spectroscopic
responses caused by adsorbate changes. The periodic responses were thoroughly analyzed by use of
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PSD. It is clear that carbonyls, in the form of adsorbed CO, and COj are responding to the stimulus,
whereas observed HCOQ species are nearly unaffected.

2. Results and Discussion

For this study a Rh/CeO, catalyst with 5.9 wt.% Rh and a total specific surface area of 130 m?/g
was prepared using incipient wetness impregnation. The chosen synthesis route is known to give
well dispersed Rh particles. This is supported by XRD measurements (cf. Figure S1) that clearly show
reflections from the CeO; but none for the Rh phase suggesting small and possibly amorphous Rh
particles. The following sections present the CO, adsorption and hydrogenation over this Rh/CeO,
catalyst, first for steady-state conditions, to show the total amount of adsorbates, and then for dynamic
conditions, i.e., modulation excitation spectroscopic measurements, to visualize the response of
adsorbates to the H, stimulus by use of phase sensitive detection.

2.1. Catalyst Adsorbates during Steady-State Conditions

Figure 1 shows the steady-state IR spectra for the Rh/CeO, catalyst when exposed to a flow
of 0.5 vol.% CO; (Figure 1a) and a hydrogenation reaction mixture of 0.5 vol.% CO; and 2 vol.% Hj
(Figure 1b,c) in both cases with Ar as carrier gas. Upon exposure to CO;, several absorption peaks
corresponding to carbonates are formed. The peaks at 1587 and 1301 cm ™! are the most prominent.
Based on their positions with relatively large splitting (Avas.s) and considering their rather high thermal
stability, these peaks are presumably attributed to bidentate carbonates (b-COj3) formed on the CeO,
surface [15]. At 300 °C, the relative amplitudes for the b-COs3 and the central peaks clearly decrease.
As such, one can expect the central peaks to correspond to a surface complex that is even more
thermostable, possibly a polydentate carbonate (p-CO3).
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Figure 1. Steady-state in situ infrared spectra for a Rh/CeO, catalyst at different temperatures in the
C-0 bond region 2200-800 cm~! during (a) CO, adsorption and (b) hydrogenation and in the full
measured region with a zoom at the C~H bond region 3000-2550 cm~! during hydrogenation (c).

During steady-state hydrogenation conditions, additional absorption peaks arise. With the
exception of the peak at 2350 cm ™!, which is due to gaseous CO,, the peak at 1744 cm ™! is the most
distinct one. This peak is proposed to be due to CO at the rim of the Rh particles in contact with
CeO,, here denoted as vgp.ceo,(C=0), which has previously been assigned to a peak at 1725 cm ™! [16].
Its high amplitude relative to peaks at temperatures above 250 °C corresponds well with observed CO
production over Rh/CeO, and thus supports this assignment [9]. The shift of the vrh_ce0,(C=0) peak
towards higher wavenumbers with increasing temperature suggests that this peak is a convolution
of several different vibrations, which may explain the deviation by approximately 20 cm~! from the
previous study [16]. The additional peaks observed in the region of 2114-1895 cm~! correspond
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to CO on Rh [17]. As for the peaks in the 1600-1300 cm~! region, carbonates are expected to be
present during hydrogenation as well. Interestingly, their amplitudes are significantly higher during
hydrogenation conditions compared to those of pure CO; adsorption, which signifies that these peaks
arise mainly due to hydrogenation products. Based on our AP-XPS data [13] and previous literature
assignments [18], these peaks should be, at least in part, due to surface HCOO out of which the
bidentate coordination on CeO; is the most likely [18]. As such, an initial peak assignment for the
steady-state spectra could include the two twin peaks at 1560/1510 and 1373/1327 cm ! to correspond
to two kinds of bidentate HCOO: one that is adsorbed at a non-reduced site (CeO;) giving rise to the
pair at 1560(v,s)/1327(vs) cm~! with a high Av,ss of 233 cm ™! and one that is adsorbed at, or in the
vicinity of, a reduced site (CeO,_;) resulting in the pair at 1510(vas)/1373(vs) cm ! with a low Avags
of 137 cm~! [18]. The ratio between the two kinds of bidentate HCOO in regards to log(1/R) shifts
with increased temperature showing a decreasing amount of adsorbates at non-reduced CeO,. This is
likely caused by a more reduced CeO, surface at the higher temperatures. However, due to the very
weak v5(C—H) vibration at the 2900-2800 cm ! region (Figure 1c, zoomed inset), it is unlikely that the
peaks between 1600 and 1300 cm ! are fully composed of HCOO but instead include some additional
convoluted species.

2.2. Time-Resolved DRIFTS and MES-PSD

As both sufficiently long-lived intermediates and spectators are observed concurrently at
steady-state conditions, complementary transient measurements are needed to distinguish the
intermediates from the (nearly) static spectators and elucidate their roles in the hydrogenation
mechanism. The steady-state measurements were therefore followed by a series of MES measurements
in which the reaction was modulated by changing the feed gas concentration of Hj in a step-wise
manner between 0 and 2 vol.%. As an example, one such measurement carried out at 300 °C with
a modulation period (1) of 120 s is shown in Figure 2. The figure shows the imposed modulated
H, gas concentration (Figure 2a) and the resulting spectroscopic data as a contour plot (Figure 2b).
In addition, it shows the difference spectra for which the steady-state hydrogenation spectrum has
been subtracted from each individual spectrum also as a contour plot (Figure 2c). We mention that for
the measurements with long pulse period (T = 120 s), several adsorbates reach steady-state during the
H; exposure. This is most apparent at 300 °C. In contrast, for the measurements with short periods
(T =30 s), the catalytic system shows only a weak response to the modulation and no species reach
steady-state plateaus. Further, many of the hydrogenation products are not depleted from the surface.
This is, at least partially, due to the dead volume of the reaction chamber that counteracts a complete
purge of the H, during the CO,/Ar feed such that the H; gas concentration of 0 vol.% in the feed
gas is not reached in the chamber. However, this (artifactual) discrepancy between inlet and desired
chamber gas concentrations decreases with increased modulation period.

An initial look at Figure 2c reveals that the peaks attributed to CO in the steady-state case
actually exhibit a response to the stimulus whereas those presumed to be HCOO remain constant.
Instead, two peaks in the 1500-1400 cm ! region that were previously hidden due to convolution are
responding. To refine the data of the MES measurements and to simplify the determination of response
times for the adsorbates with respect to the modulation, so-called phase sensitive detection (PSD)
was employed. The PSD is carried out by use of a lock-in amplifier that is integrated over several
periods after the point where the studied system reaches a repeatable oscillation as detailed below.
Figure 3 shows the PSD results for T equal to 120 (Figure 3a), 60 (Figure 3b), and 30 s (Figure 3c) for
the three temperatures 200, 250, and 300 °C. The three graphs in each top row show the amplitude
(A‘PPSD) versus wavenumber for demodulated spectra within 0° < 6"SD < 180° referred to as PSD
plots. Each graph in the bottom row shows the maximum amplitude (A9"" max) at each wavenumber
in the period of 0° < 87SP < 360°, here called composite plot, together with the phase delay (¢) for the
most distinct peaks in the spectra represented with filled circles.
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Figure 2. Modulation excitation spectroscopic measurement of CO; hydrogenation over a Rh/CeO,

catalyst at 300 °C showing: (a) the imposed Hj concentration stimulus with period 7 = 120 s;

(b) collected background subtracted in situ infrared spectra; and (c) collected background subtracted in

situ infrared difference spectra where the first spectrum was subtracted from each remaining spectrum

in the full measured range 3900-800 cm .

250 °C 300 °C PP
0.005 - ] 0.010 3 180
_ \ =
8 . \'l‘ \4; 0.000 3 %0
S T oaZ 1P S - °
% 0.000 »ﬁ,ggim 2} 0.010 2
— ) -
T I TTTT I TTTT I T I TTTT I TTTT I T T I TTTT I TTTT I 0°
2000 1500 1000 2000 1500 1000 2000 1500 1000
0.030 o 0
x =
€ 0.020 3 —100 —
5 3 -200 2
£ 0.010 3 s
< 3 ~300
0.000 — TTTTTTT] 7T
2200 2000 1800 1600 1400 1200 1000
Wavenumber (D) [cm™]
(a) Modulation period T =120 s
250 °C 300 °C PP
- — 180°
— 0.005 1
. 00027 E 0.000 -
3 ] = ]
Y ] 0.000 3 N 90°
< 0.000 — 3 7
. -0.005 5 -0.005 —
T I TTTT I TTTT I T I TTTT I TTTT I T I TTTT I TTTT I 0°
2000 1500 1000 2000 1500 1000 2000 1500 1000
0.010 — 3 —0
x ] L] E
3 3 ° *E -100 —
8" 0.005 E 500 —
g " : =005
< ] = 300
0.000 — T[T T[T I T T[T T[T T T I [T T[T I TTTT
2200 2000 1800 1600 1400 1200 1000

Wavenumber (0) [cm™]
(b) Modulation period T = 60 s

Figure 3. Cont.



Catalysts 2020, 10, 601 6 of 12

250 °C 300 °C ¢PP
3 0.002 3 3 180
. 0.001 3 - 0.001 3
% 0.000 S 23 0.000 e d 0.000 F— 5 90°
< = = / — A 3 VX
-0.001 = \ A = -0.001 3
3 -0.003 o E 0°
I|IIII|IIII| I|IIII|IIII| I|IIII|IIII|
2000 1500 1000 2000 1500 1000 2000 1500 1000

©
o
o
N

A ¢PSP, max
o
o
o
)

0.000

2200 2000 1800 1600 1400 1200 1000
Wavenumber (D) [cm™]

(c) Modulation period T =30s

Figure 3. Graphical representation of phase sensitive detection (PSD) analysis results for CO,
hydrogenation over Rh/CeO, at 200, 250, and 300 °C and different H, modulation period lengths (7)
of 120, 60, and 30 s (a, b and c respectively). Top rows: PSD plots showing amplitude (A‘PPSD) versus
wavenumber for demodulated spectra within 0° < 5P < 180°. Bottom rows: Composite plots
showing maximum amplitude (A‘PPSD/ max) at each wavenumber in the period of 0° < §P5P < 360° (=)
together with the phase delay (¢) of the peaks (o) and visual guides (---).

2.2.1. Phase-Resolved Spectra in the 2100-1700 cm~! Region: Carbonyls

The Vrp-ceo,(C=0) vibration ascribed to the peak at 1744 cm ™! during steady-state conditions
(see Figure 1b) is presumably observed in all MES experiments around 1750 cm !, with a prominent
amplitude for temperatures above 200 °C. However, in the PSD plots a clear split of the peak is seen.
Furthermore, the composite plots show either several distinct peaks, for example at 200 °C in Figure 3b,
or a broad combined peak with or without clear shoulder peaks. This evidences that the peak appearing
as a single vibration in the steady-state hydrogenation measurements actually consists of at least two
separate vibrations, giving rise to peaks approximately at 1800 and 1700 cm ™! that are out of phase with
each other. Presumably, these vibrations belong to two separate species of which the one at 1700 cm !
is the one previously assigned to be vgy.ce0,(C=0) [16]. As for the peak at 1800 cm ™!, due to its
low wavenumber, it is expected to correspond to CO in a hollow [19,20] or hollow-like site (h-CO).
Considering the convoluted peak in more detail, it seems that it is primarily composed of the h-CO
species. The peak increases when the temperature is increased from 200 to 250 °C and declines upon
further increase to 300 °C compared to the vgp.ce0,(C=0). One mechanistic interpretation is that CO
accumulates on Rh due to an increasing rate of formation when the temperature is increased from 200
to 250 °C but the further increase to 300 °C governs the CO desorption rate more, which results in
a decreasing coverage of h-CO. Supportingly, this coincides with the formation of CO (g) at 300 °C.
This suggests that h-CO on Rh, possibly via a short lived monodentate CO ad-species (m-CO), is the
precursor for product CO. However, the h-CO peak shows a minor shift towards lower wavenumbers
when the temperature is increased from 200 to 250 °C, whereas the further increase to 300 °C results
in a major shift. This is most apparent for the shorter modulation periods of 30 and 60 s (Figure 3b,c).
In contrast to h-CO on an extended ideal Rh surface such as the Rh(111), the peak shifts towards
lower wavenumber with increasing coverage. This suggests that the Rh-CeO; system with small Rh
nanoparticles present hollow-like Rh environments sufficiently separated from each other such that
lateral adsorbate-adsorbate interactions are less pronounced. Instead, the shift could be due to changes
of the Rh site environment possibly linked to change in cerium oxidation state or changed (relative)
population of different hollow-like Rh sites. Another mechanistic explanation is the formation of a
hydroxycarbonyl species on Rh, i.e., CO-Rh—-OH [21]. The assignments for carbonyl vibrations are
given in Table 1.
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Regarding the phase delay of the carbonyls, i.e., their relative time to reach maximum
accumulation, the convolution of the peaks makes the sequencing of formation events complicated.
As the amplitude of a peak is affected by its neighboring peaks, the true phase delays can hardly
be obtained. Despite this, a few conclusions are still possible to draw. At 200 °C, the vgrp_ce0,(C=0)
appears before h-CO, which could be interpreted as CO forms at Rh-CeO; sites and then moves to Rh
sites. However, as the Rh and Rh-CeO; sites are of two separate kinds, the carbonyl accumulation rates
may be non-correlated. Even if the CO formation on the Rh and Rh-CeO; sites both might origin from
an initial reaction step, the phase delay of the vrp_ceo,(C=0) could be lower due to several reasons,
e.g., a fewer number of such sites to occupy, a higher CO, uptake, and/or a relatively higher catalytic
activity. Although it is intuitively possible that CO forms more easily at the Rh-CeO, sites and later
migrates to Rh sites, further evidence would be needed to conclude (or disregard) this interpretation.

Table 1. Infrared peak assignments for the transient experiments in the 2100-1700 cm~! region.
The wavenumber values are approximated (+10 cm 1) due to fluctuations during the time series and
between the different experiments.

Species Site Vibration Wavenumber Reference
[em—]

RhCe-CO Rh-CeO, v(C=0) 1700 [16]

h-CO Rh v(C=0) 1800 [20]

br-CO Rh v(C=0) 1875 [22]

m-CO Rh v(C=0) 2010 [22]

2.2.2. Phase-Resolved Spectra in the 1700-800 and 3700-2700 cm ! Regions: Formates, Hydroxyls,
and Carbonates

While present on the catalyst, formates show no clear response to the modulation for the 120 and
60 s period measurements in the 1700800 cm ~! region, putting their participation in the hydrogenation
reaction pathway into question. However, in the PSD plots for T = 120 s, minor peaks at approximately
1550 and 1300 cm~! can be seen in Figure 3 and the C—~H bond vibrations v(CH) at ~2850 cm~! and a
combination band of §(CH)+v,s(OCO) at ~2950 cm ™! are visible in Figure 4. Together, these could
correspond to HCOO at (non-reduced) CeO; [18]. The HCOO on the CeO,_; seems to occur during
all temperatures for the 30 s measurement. Keeping in mind the weak C—-H band(s) at steady-state
conditions (Figure 1), this possibly signifies either a low coverage of formates or that only a minor
part of the formates are active species. The weak formate peaks would then become obscured by the
larger peaks at approximately 1460 and 1390 cm ! that either has a more pronounced extinction or
represents a larger population of responding molecules.

The mentioned two peaks at around 1460 and 1390 cm ! are challenging to assign. According
to Li et al., peaks at 1489 and 1390 cm ™! may arise due to formation of inorganic carboxylates [23].
This assignment is questionable due to the small splitting and in fact the authors previously assigned
carboxylates to one peak at 1506 cm ! for its asymmetric vibration and a (weak) peak at 1310 cm !
for the symmetric vibration [15] referencing to studies on Pt/ceria catalysts by Jin et al. [24]. Instead,
the peaks could correspond to monodentate carbonate (m-COj3) or polydentate carbonate (p-CO3),
for which the low v,5_s split would rather suggest the polydentate configuration [25-28]. As shown in
our previous study, CeO, is expected to alternate between a partially reduced and oxidized state during
the Hy modulation [13]. As such, the removal of surface oxygen may cause some of the b-COj to lose
coordination and reconfigure into m-CO3; while some achieve a higher coordination creating p-COs.
Hypothetically, the response from the b-CO3 consumption is expected to occur prior the response for
m-CO3/p-CO;3 formation, which should appear as a lower phase delay for b-CO3 consumption than
for m-CO3/p-CO; formation. However, this is not the case. Based on the experiment with T =120,
the phase delay for b-CO3 formation (@(b-COs)) is = 260°. To represent b-CO3 consumption, this value
should be corrected with half a period as ¢(b-CO3)-180°. Thus, the phase delay for b-CO3; consumption
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is /2 80° for b-CO3, which should be compared with the phase delay for p-COs formation (¢(p-CO3)) of
~ 30°. Hence, it is likely that p-COj3 originates from CO, adsorption rather than b-COj3 reconfiguration.
The assignments for carbonyl vibrations are given in Table 2.

200 °C 250 °C 300 °C ¢Pp
- 1.0 = 2.0 * 180°
. = o
0.0 0.0 3 0.0 N
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Figure 4. Phase resolved spectra in the 3800-2700 cm ™! region (0° < 67SP < 180°), showing responding
hydroxyl and C-H vibrations.

Table 2. Infrared peak assignments for the transient experiments in the 1700-800 cm~! region.
The wavenumber values are approximated (+£10 cm ™) due to fluctuations during the time series and
between the different experiments.

Species  Site Vibration Wavenumber Reference
[em™1]

p-CO3 CeO, Vas(OCO) 1460 [27]
v5(0OCO) 1390 [27]

b-CO3 CeO, Vas(OCO) 1590 [15]
v5(OCO) 1280 [15]

b-HCOO CeO,_5 vas(OCO) 1550 [18]
v5(0OCO) 1300 [18]
v(CH) 2850 [18]
S(CH)+v,5(OCO) 2950 [18,27,29]

2.3. Significance of Adsorbed HCOO, CO, and COs as Reaction Intermediates

The two most common reaction pathways proposed for the CO, methanation over supported
metal catalysts are the formate and carbon monoxide routes where HCOO and CO ad-species constitute
the primary reaction intermediate, respectively. Without claiming a definite answer to whether these,
or another species, is the more likely intermediate for methanation over Rh/CeQ,, the presented
MES-PSD results advance the understanding of these species and provide useful insights to the
behavior of the catalyst, which may inspire further explorations.

It is clear that, during hydrogenation conditions, a couple of formates and a variety of carbon
monoxide and carbonate ad-species are present on the catalyst. As they all respond to the Hj stimulus,
no one species should at first sight be ruled out as potential intermediate in the methanation reaction.
However, with reference to previous studies, the observed response of the HCOO ad-species is surprisingly
weak. Instead of being part of the reaction sequence, the formate responses could well stem from
removal and regeneration of HCOO adsorption sites during CeO, redox processes. Thus, one cannot
unambiguously state whether the adsorbed HCOO are important reaction intermediates although present
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measurements suggest they are more likely associated with (slow) side reactions. Likewise, for the
different carbonates whose coordination changes with varying oxidation state of CeO,, their observed
responses may also be related primarily to CeO, redox processes. Further, as for the potential of carbonates
being involved in the reaction, these are often considered too stable to show any significant participation.
As expected from previous studies, though, CO, or some hydrogenation products can re-oxidize the
CeO; phase of the Rh/CeO, catalyst [13]. Overall, this suggests that carbonates should not be ruled out as
species directly involved in the hydrogenation mechanism. A plausible reaction step is that a ceria surface
vacancy alleviated by the hydrogenation reaction is filled by an oxygen from a dissociating carbonate
species. Similar mechanisms have been proposed for other catalysts [30].

Finally, as for the case of CO surface complexes, their strong responses to the H, stimulus
strengthens the idea of them being important reaction intermediates. Potentially, the reaction could
follow the carbide pathway, which is commonly attributed to Ni based methanation catalysts [5].
In this pathway, CO; first dissociates to form adsorbed CO that then decomposes and forms carbon
(C) on the surface. The carbon is then sequentially hydrogenated into CHs. However, this pathway
cannot in full be followed by IR spectroscopy and would need to be strengthened by complementary
techniques. One should be careful, however, and take into account that CO (g) is also formed as a side
product over the catalyst. Hence, the activity of CO ad-species is at least in part related to formation
CO (g) rather than desired CHj (g). The start of the CO (g) formation when the temperature is raised
to 300-350 °C [9] may simply be due to a decrease in CO adsorption strength.

3. Materials and Methods

3.1. Catalyst Preparation and Characterization

A Rh/CeO; catalyst with 5.9 wt.% Rh was prepared by incipient wetness impregnation using
a precursor of 10 wt.-% Rh(NOs3) in nitric acid (Sigma-Aldrich, Saint Louis, MO, USA) and CeO,
powder (99.5 H.S.A 514, Rhone-Polenc, La Rochelle, France). The sample was calcined in static air at
550 °C for 1 h (5 °C/min).

The specific surface area of the catalyst was determined by nitrogen adsorption at 77 K
(Micromeritics Tristar 3000, Norcross GA, USA) using the Brunauer-Emmett-Teller (BET) method.
Prior to the measurement, the sample was dried under nitrogen flow at 100 °C for 1 h and then at
250 °C for 4 h. The specific BET area was measured to be 130 m?/g.

The crystal structure of the catalyst was studied by powder X-ray diffraction (XRD) using a Bruker
AXS D8 ADVANCE diffractometer (Billerica, MA, USA) with Cu-Ka radiation equivalent to 0.15418 nm.
The diffraction data were recorded in the 26 range of 20-70° with incremental steps of 0.041° for 30 min.

X-ray fluorescence spectrometry was performed using a PANalytical Axios spectrometer (Malvern
Panalytical B.V., Almelo, the Netherlands), using a Rh Anode, to determine the content of elemental
Rh in the as-prepared sample. The powder sample was analyzed in He atmosphere in a plastic cup
(P1) on a 6 um polypropylene foil. For quantification, a calibration with solid standard samples from
PANnalytical (Omnian package) was used. The Rh content of the sample was measured to be 5.9 wt.-%
with an absolute error of 0.07%.

3.2. Modulation Excitation Spectroscopy (MES) Measurements

The Rh/CeO; catalyst was diluted to 5 wt.% in KBr in order to increase the infrared transmissivity.
The sample was pre-treated at 350 °C with a flow consisting of 2 vol.% O, for 10 min, followed by
5 vol.% Hj for 10 min to remove carbonaceous contaminants and reduce the Rh phase.

The MES measurements were carried out by exposing the sample to a constant flow of 0.5 vol.%
CO, while pulsing Hj into the feed in a square wave fashion (0-2 vol.%) by the use of fast-switch valves
(Valco, VICI). Two factors were varied: temperature (T =200, 250 and 300 °C) and period time of the
H; pulses (7 = 30, 60 and 120 s). A rather high total flow of 200 mL,, /min was used to compensate for
the cell’s dead volume and achieve a reasonable low residence time. The pulse sequence were initiated
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at two different starting conditions: (i) with no prior hydrogenation reaction but only CO, adsorption;
and (ii) with prevailing steady-state CO, hydrogenation with 2 vol.% Hj. In all measurements, Ar was
used as carrier gas.

During the pulse sequence, infrared spectra were recorded by diffuse reflectance infrared
spectroscopy (DRIFTS) using a Praying Mantis cell with a high-temperature reaction chamber (Harrick),
equipped with KBr windows, and a VERTEX v80 spectrometer (Bruker). To achieve a high time
resolution (0.476 s), the scanner velocity was set to 80 kHz, and each spectrum consisted of four
accumulations with a spectral resolution of 4 cm~!. The low amount of accumulations was compensated
for in the PSD study by the accumulation and averaging of repeating steps.

3.3. Data Analysis by Phase Sensitive Detection (PSD)

To handle shifts in the spectral baseline caused by the sample redox processes, a baseline correction
was performed on the obtained spectra using the asymmetric linear least squares method [31]. Then,
phase demodulation was applied to separate active species from spectators and to more easily place
their responses in a sequential order. The phase demodulation was performed by using an offline
lock-in amplifier mathematically described by Equation (3) [32-34]. Here, A(7,t) is the amplitude
of the recorded IR data in regards to its wavenumber, 7, and point in time, ¢. The sine function
corresponds to the modulation out of which kw is the frequency of the modulation and 7 is the
modulation period. The so-called control angle, 6} SD  is an operator added to deduce the out-of-phase
angle of the response.

PSD 2

Al () =2 /O " A(9, ) sin(kwt + Pt 3

The initial build-up of adsorbates was excluded from the analysis by only treating data for repeatable
periodic oscillation of the amplitudal signals with Equation (3). Furthermore, the signal-to-noise ratio
was improved by performing the integration over several periods after the constant oscillation was first
obtained. Finally, the phase delays (¢) of the responses were obtained by Equation (4).

¢PSD
@ =2m— arg max Al (1) 4)
90
Given that a square-wave can be expressed as an infinite number of odd harmonics
(see Equation (5)), one may study several harmonics from a single square Wave experiment. However,
as only the fundamental frequency (k = 1) is presented in this work, A¢" ! is implicitly referred to as

A9"" A correction for the square-wave to sinusoidal is given by Equatlons (6) and (7) [34].

4 &2 sin[(2n — 1)wt] B
T e 5)
T sin
Z(Zn ~1DA3Y =A |w/=(2n-1)w (6)
‘P2n71 = ¢Sin |w’:(2n—1)w 7)

4. Conclusions

The employed infrared MES-PSD approach shows that, for a Rh/CeO, catalyst, several carbonyl,
carbonate, and formate ad-species respond to varying degree upon H; modulation during CO,
methanation conditions. The different CO ad-species are likely intermediates for the reaction products
CO (g) and CHy (g) but their individual contributions to the respective formations can at this stage
not be unambiguously ascertained. However, the presence of active CO species even at temperatures
without CO (g) formation suggests that CHy is formed by a carbonyl based reaction route, such as the
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carbide pathway. The consumption/formation of carbonates may primarily be linked to the reduction
and oxidation of the CeO, surface, although their participation as reaction intermediates should not be
ruled out. While formate is present on the catalyst during CO; hydrogenation, its weak response to
the modulation provides no evidence for it being a plausible reaction intermediate.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4344/10/6/601/s1,
Figure S1: XRD.
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