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ARTICLE INFO ABSTRACT

Keywords:
Direct methanation

CO, methanation reactivity, reaction mechanism, and surface structure were investigated on a mecha-
nochemically prepared Pd/CeO; catalyst (PdAcCeO,-M), where an oxidative pretreatment (-0) increased
methane yield by a factor of two compared to a reductive pretreatment (-h). Methanation rates were maintained
for over 48 h and further increased upon oxidative regeneration treatments. The surface species of both PdAc-
CeOy-M-0 and PdAcCeO,-M-h were explored via in situ CO2 and CO hydrogenation DRIFTS, where CO hydro-
genation effectively models the dissociative CO mechanism (CO2 - CO — CHy4). PdAcCeO2-M-o yielded distinct
Pd-CO adsorption and the absence of monodentate carbonate at ~ 1400 cm™!, while AP-XPS showed that
PdAcCeOy-M-o0 yielded a unique Pd>* contribution at 335.9 eV. By gaining insights from various in situ spec-
troscopic techniques, and by breaking the CO; hydrogenation mechanism into piecewise steps, a deeper un-
derstanding of the direct CO, reduction towards methane and CO over mechanochemically prepared Pd/CeO,

Carbon dioxide activation
Dry milling
Pd/CeO,

catalysts was obtained.

1. Introduction

As the need to curb carbon dioxide emissions is taking increasing
global attention as a means to mitigate climate change, the direct
transformation of CO5 to value added products represents an economi-
cally viable approach to carbon fixation [1-3]. Currently, the primary
means of upgrading CO, into value added products consist of its elec-
trochemical and/or thermo-catalytic conversion [4,5]. The conversion
of CO4 is especially hindered by the exceptional stability of the mole-
cule, which is much higher than any reaction intermediate and thus
leads to complex reaction mechanisms. Hence, the selectivity of cata-
lysts for desired CO5 hydrogenation reaction is of utmost interest. The
methanation of CO, is a promising approach due to advantages of being
able to feed renewable natural gas directly into the existing infrastruc-
ture, allowing for facile widescale adoption [6]. Depending on the
supported metal [7,8], cluster size [9-12], and metal-support interac-
tion [13-15], the selectivity towards desired products can be obtained:
as an example, catalysts containing nickel [16-18], cobalt [12,19-21],
and ruthenium [9,22,23] are generally used for the production of
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methane from COy, Pd [24-26] and Cu [27-29] based catalysts for the
synthesis of methanol, and olefin production is achieved over Ir or Fe
based catalysts using zeolites or mixed metal oxides as supporting ma-
terials [30,31]. Palladium is generally used as a promoter for Hj disso-
ciation, in tandem with materials with poor H; dissociation capabilities,
such as Cu [32], InpO3 [33] or Fe [34], or simply to increase the rate of
reaction by decoupling the Hj activation and CO; reaction active sites in
bimetallic alloys such as PdCo [35], PdZn [36] or PdNi systems [34].
The use of Pd as a promoter for hydrogenation [37,38] and its in-
teractions with hydrogen are well understood, however, the contribu-
tions and chemistry of Pd alone, specifically for CO, hydrogenation to
CO or CHy, are less understood.

In addition to modulation of the metal phase, metal support in-
terplays can also be exploited to increase the reactivity of a catalyst for
CO5 hydrogenation [14,15]. In this respect, cerium oxide, CeOs, is
widely used [7,25,39,40], allowing control of the supported particle size
thanks to ceria’s unique ability to trap adatoms during Ostwald
ripening, resulting in highly dispersed, reversible catalysts [9,41] and
simultaneously promoting strong metal-support interactions. Oxidative
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treatments have also shown a unique ability to redisperse noble metals
supported on ceria under reaction conditions, increasing activity and
promoting the formation of more uniform and selective catalysts for
various reactions [42]. Ceria also facilitates closing the catalytic cycle by
supplying lattice oxygen, interfacial oxygen vacancies, and redox con-
tributions to facilitate the catalytic exchange for CO2 hydrogenation [16,
43,44].

Ball milling has been recently shown as a promising tool for the
generation of novel metal species in close interaction with the support
oxide [45,46], resulting in distinct active sites that promote unique
catalytic properties [47,48] or enable selective reaction routes [49]. The
use of mechanical energy in substitution of conventional solution-based
synthesis routes has shown interesting results in the preparation of
advanced nanomaterials due to the generation of amorphous or
meta-stable phases [50-52] and, more recently, serious efforts have
been paid to translate these effects to metal-supported heterogeneous
catalysts [47,53,54]. We have shown in recent studies how the me-
chanical action induces the formation of unique Pd-Ce sites on Pd/CeO,
catalysts for CO, and CHy4 activation [55-57], where the intimate
interaction between Pd, Ce and O atoms at the catalyst surface resulted
in enhanced catalytic activity and stability for low temperature CHy4
conversion [47,55] and enabled different reaction mechanisms in the
dry reforming of methane (DRM) via selective CO» activation [56].

Here, we seek to investigate in detail the contribution of these unique
Pd-Ce sites in the low temperature hydrogenation of CO,, evaluating
their evolution during reaction. In this study, the mechanism of CO,
hydrogenation was explored on Pd/CeO, samples prepared by mecha-
nochemical synthesis (M) via an array of techniques, including in situ
DRIFTS and isotopic labeling, ambient pressure XPS, and ex situ XRD, for
both CO, hydrogenation and CO hydrogenation, aiming to discern the
influence of both the associative and dissociative CO5 mechanisms. Over
PdAcCeO»-M, an oxidative treatment was observed to uniquely lead to
the associative CO5 hydrogenation pathway, promoting CH4 selectivity
and long-term stability. As revealed by AP-XPS analysis, the observed
pathway on the milled sample is facilitated by a partially oxidized Pd>*
state, thus highlighting novel structure-selectivity relations for the low
temperature CO3 activation.

2. Experimental methods
2.1. Catalysts synthesis

A 4 wt%Pd catalyst supported on CeO, was prepared using an opti-
mized mild mechanochemical synthesis method, reported in detail
elsewhere [55], using palladium acetate as the Pd precursor (PdAc-
CeO2-M). In brief, an appropriate amount of commercial CeOy support
(Rhodia) was calcined in static air at 900 °C for 3 h (BET surface area: 25
m?/g) before milling with the corresponding amount of Pd(OAc),
powders (99.9%, Sigma-Aldrich), using a 15 mL ZrO, grinding jar and
one ZrO, milling sphere in a Fritsch Pulverisette P23 mill operating at
15 Hz.

2.2. Catalytic performance evaluation

CO, hydrogenation reactions were carried out at atmospheric pres-
sure using a 4:1 ratio of H5:CO2 (1% CO2, 4% Hy, balanced in inert gas)
on 150 mg of catalyst, with a total flow rate of 60 mL/min and a GHSV of
48,000 h™!; the catalysts were sieved to 225-180 mesh size to prevent
pressure buildup during reaction. Reductive pretreatments were carried
out at 400 °C for 30 min under a 4% Hj balanced in inert feed gas, and
oxidative treatments were carried out at 500 °C under synthetic air (21%
02/Ny) for 1 h; all ramp rates were 10 °C/min and the reactor was cooled
to room temperature before reaction. Pretreatment conditions were
chosen based on previous studies, reporting significant differences in
structure among catalysts [55,56]. The reducing or oxidizing pre-
treatments are indicated in the following by a suffix -h or -o,
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respectively, added to the sample name. CO, hydrogenation tests were
carried out in transient or stationary conditions: temperature ramp tests
were carried out heating the sample stepwise from 100° to 500°C, with
20 min isothermal steps every 50 °C, and then ramped back down to
close the loop. Stationary time-on-stream tests were performed after the
indicated -h or -o pretreatment and brought up to 400 °C under reaction
conditions of 1% CO,, 4% H, and balanced in N3 with an overall space
velocity of 48,000 h™!, holding the sample at these conditions for
approximately 48 h. Another time-on-stream experiment was carried
out after an initial oxygen pretreatment to verify the effect of switching
pretreatment atmosphere: first, the sample was held under reaction
conditions at 400 °C for approximately 12 h, then a reducing pretreat-
ment (4% Hy/N» at 400 °C for 30 min) was performed and the catalyst
was switched back to reaction conditions (1% COg, 4% Hj in nitrogen at
400 °C) for an additional 3 h. Afterwards, a secondary oxygen pre-
treatment at 500 °C for 1 h was performed followed by a return to re-
action conditions for the duration of the experiment. Products and
reagents during all cycling and stationary experiments were analyzed
via an on line GC (Agilent 7980B), equipped with both a TCD and a FID
detector, and an MS (SRS 100). CO» conversion (X¢o,), CO and CHy yield
(Ycn,, Yco) and selectivity (Scm,, Sco) were used to evaluate catalytic
performance, using the following equations:
Feco,in — Fcoy.ou

XCOg (%) = T e 100
"0y in

F
YCO.CH4 (%) = M e 100
COy,in

Fco.cn,

Sco.cr, (%) = ¢ 100

Feco,in — Fcoy.ou
2.3. XRD measurements

XRD analysis was carried out ex situ to follow the CeOs structure and
the evolution of Pd species taking place during reaction. X-Ray diffrac-
tion patterns were collected on samples as prepared, after the pretreat-
ment and after reaction, using a Philips X'Pert Diffractometer with an
X'Celerator detector using Ni-filtered Cu Ka radiation (A = 1.542 10\)
operating at 40 kV and 40 mA. Full diffractograms were collected in the
20-100° 26 range (0.02° step size, 40 s counting time per step). Addi-
tional measurements were carried out in the 32-48° 20 range (0.02° step
size, 320 s counting time per step) to focus on the palladium peak range.
Scherrer’s formula was used to estimate the average Pd particle size
using the Pd (111) peak at 40.2°:

092
" Bcosd

Pd

where ) is the X-ray wavelength, 0.9 is a correction value for spherical
particles, and B corresponds to the FWHM of the peak corrected by the
instrumental error.

B = \/ Bib: - Bﬁu[
2.4. TGA analysis

Thermogravimetric analysis (TGA) was carried out in a Q500 - TA
Instruments to measure the amount of residual carbon after reaction.
TGA experiments were carried out under synthetic air (21% O3/N») with
a total gas flow of 60 mL/min; ~15 mg of sample were loaded on a
platinum pan, then the sample was heated at 10 °C/min from RT to
900 °C and gradually cooled to 100 °C while continuously measuring
the weight loss.
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2.5. DRIFTS measurements

In situ DRIFTS spectra were collected in Kubelka—Munk (K—M) mode
using an FTIR spectrometer (Bruker Vertex 70) equipped with a Harrick
Praying Mantis cell, MCT detector, and a mass spectrometer. Samples
were pretreated in either 4%H,/He at 400 °C for 30 min or 21%0,/He
at 500 °C for 1 h. After pretreatment, the samples were cooled down to
room temperature and purged with He to remove excess adsorbed gas.
Scans were collected at 250 °C and 400 °C by heating the samples at a
10 °C/min ramp rate and holding the temperature in either COy hy-
drogenation conditions (1%CO,, 4%H,, balance He), CO, adsorption
conditions (1%CO; balanced in He) or CO hydrogenation conditions
(1%CO, 3%H,, balance in He). Isotopic labeling was performed using an
in-house gas pulsing system coupled with a fast time resolution IR
interface scanning every six seconds, where the catalyst was heated up
to reaction temperature under inert gas then switched to the COy/Hjy
feed and allowed to reach steady state for approximately 10 min. After
steady state DRIFTS conditions were achieved, indicated by a constant
IR absorbance signal of all surface species, the feed was switched to
CO4/D5 using the same 1:4 ratio of CO2:D5 and allowed to run for 10 min
to reach steady state under isotopically labeled conditions. Additionally,
the cycling between CO5/H, and CO,/D, was carried out an additional
ten times to ensure reproducibility in the spectra and the Dy uptake
while spectra were collected every 7s. Background spectra were
collected at the reported temperature before any scan under pure He gas,
where the background was allowed to equilibrate for at least 3 consec-
utive scans before data collection. All spectra have a 4 cm™! spectral
resolution.

2.6. Ambient pressure X-ray photoelectron spectroscopy (AP-XPS)

A commercial SPECS AP-XPS chamber equipped with a PHOIBOS
150 EP MCD-9 analyzer at the Chemistry Division of Brookhaven Na-
tional Laboratory (BNL) was used for XPS analysis [58]. The Ce 3d
photoemission line with the strongest Ce*t feature (916.9 eV) was used
for energy calibration. The powder catalyst was pressed on an aluminum
plate and then loaded into the AP-XPS chamber. Room temperature
scans were collected under UHV conditions while elevated temperature
measurements (at 250 °C and 400 °C) were carried out at a 30 mtorr
total pressure using a 4:1 gas mixture of Hy:CO».
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3. Results and discussion
3.1. Catalytic performance

The catalytic performance of PdAcCeOy-M was explored for CO,
hydrogenation after a reducing or oxidizing treatment, denoted as
PdAcCeO2-M-h and PdAcCeO;-M-o, respectively, as a function of tem-
perature, as shown in Fig. 1. Both catalysts show similar CO5 conversion
across all temperatures, however, notable differences in the selectivity
toward methane can be observed. In particular, PdAcCeO,-M-o0 exhibits
a higher CH, yield compared to PdAcCeO,-M-h at 400 °C, on which CO
production is favored, while full selectivity to CO is observed on both
samples at low temperature (250 °C). This is corroborated by equilibria
calculations for CO, CH4 and CO considering the methanation and
RWGS reactions [59]: the activity of the PdAcCeO,-M sample after
reducing pretreatment follows pretty closely the RWGS equilibrium
data, as does the sample after oxidizing pretreatment at low (250 °C)
temperatures, while a distinct shift to methanation equilibrium values is
observed on PdAcCeO,-M-o0 above 300 °C (Fig. S1).

Likely, by changing the pretreatment conditions we selectively
expose distinct active sites, possibly as a consequence of the oxidative
atmosphere yielding redispersion of Pd [9]. Indeed, the catalytic activity
of the PdAcCeOy-M sample without any pretreatment, where the
palladium acetate salt rapidly decomposes to metallic Pd, closely re-
sembles the one obtained after Hj treatment (Fig. S2). However, the
palladium sites obtained after Oy exposure are not lost during reaction,
despite the strongly reducing atmosphere, and the activity was found to
be stable over a closed heating/cooling loop test (Fig. S3). The robust
nature of the catalysts was also probed via exposing the oxidized
PdAcCeO2-M-o to a subsequent reduction step, denoted as PdAcCeOs--
M-o-h, which shows that the catalytic performance for CO5 hydroge-
nation was preserved without altering methane and CO yield (Fig. S4). A
comparison between the catalyst explored herein and other noble metal-
based catalysts reported in the literature shows that the reactivity of
these materials is consistent with other notable noble and base transition
metal catalyst for CO, methanation (Table S1).

The stability of the catalytic performance after reducing and oxida-
tive conditions was studied under prolonged time-on-stream tests
(Fig. 2), where the selectivity towards CH,4 at 400 °C appears to be stable
for over 48 h; only a small deactivation trend can be observed, which
might be due to slight sintering of Pd nanoparticles on the catalyst
surface. To test the robust nature of the catalyst exposed to oxygen
pretreatment, additional intermittent treatments were performed during
reaction (Fig. 3): after approximately 12h of CO, hydrogenation
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Fig. 1. CO; hydrogenation catalytic performance of PdAcCeO,-M after either (a) an oxidative or (b) a reducing pretreatment.
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Fig. 2. Time-on-stream catalytic performance for PdAcCeO,-M catalysts after (a) oxidative (21%0/Na, -0) or (b) reducing (4%H2/Na, -h) pretreatment conditions.
Reaction conditions: 1% COs, 4% H,, balance N,, 48,000 h~! GHSV, 1 atm pressure, 400 °C.
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Fig. 3. CO; Hydrogenation cycling test after an initial oxidative pretreatment.
Reaction conditions: 1%CO,, 4%H,, balance N,, 48,000 h~! GHSV, 1 atm
pressure, 400 °C. Cycling conditions: oxidative treatment is 500 °C under air for
1 h and reductive conditions are 400 °C under 4% H,/He for 30 min.

reaction conditions, a reductive treatment at 400 °C under 4% H, for
30 min was performed, however, this did not result in any observable
change in reactivity upon switching back to CO5 hydrogenation condi-
tions. A secondary oxidative pretreatment was carried out after addi-
tional 3 h of time on stream, followed by an increase in both CO,
conversion and CHjy selectivity, by 5% and 7% respectively, which then
remained stable for the whole experiment duration.

3.2. XRD analysis

To investigate the structural evolution of Pd species after the
different pretreatment conditions and after exposure to reaction condi-
tions, ex situ XRD analysis was carried out. The Pd 20 patterns collected
over PdAcCeO,-M as prepared, after pretreatment conditions, and after
transient and stability tests are reported in Fig. 4, and the calculated
average Pd particle size is summarized in Table 1. The as prepared
PdAcCeO,-M (Fig. 4a) shows highly dispersed Pd species via the absence
of any appreciable PdO or Pd(111) patterns. After oxidative

pretreatment, on PdAcCeOy-M-o the palladium species remain highly
dispersed while, after reduction, on PdAcCeO2-M-h aggregation and
considerable sintering occurs, resulting in a Pd particle size of approx-
imately 39 nm (Fig. 4b). Remarkably, the exposure to reaction condi-
tions, either in transient ramp tests (Fig. 4c) or stability tests (Fig. 4d),
has little effect on the particle size distribution obtained after the
different pretreatments: on PdAcCeO,-M-h, Pd species remain evident
on the catalyst surface, with only a partial occurrence of a secondary Pd-
Cx phase causing a shift to lower 26 of the Pd(111) peak due to carbon
incorporation [60] after temperature ramp test to 500 °C (Fig. 4c).
Conversely, on PdAcCeO,-M-o only mild sintering of palladium species
occurs, resulting in an estimated particle size of about 10 nm after
transient tests that appears to be stable even after 48 h time-on-stream
test at 400 °C. The expanded Pd(111) lattice due to C incorporation is
also more significant (Fig. 4c,d), suggesting that it might be involved in
the differences in selectivity observed during activity tests. The robust
nature of Pd-CeO, structure obtained after O, treatment is confirmed by
the XRD profiles of the PdAcCeO5-M-o-h sample, which closely resemble
the patterns collected over the PdAcCeO,-M sample exposed to air only.

To discern the amount and nature of coke which could be deposited
on the catalysts surface, as suggested both by activity results and by XRD
measurements, complementary thermogravimetric analysis was carried
out on the samples after transient and stationary reactivity tests
(Fig. S5). On all samples, the weight loss corresponding to carbon resi-
dues removal occurs below 250 °C, suggesting that no structured coke is
present on either sample [61]. Above 250 °C, oxidation of the metallic
Pd species occur and the changes observed at higher temperature (at
800 °C and 700 °C during heating and cooling, respectively) correspond
to the release and uptake of Oy corresponding to the well-known hys-
teretic decomposition-reoxidation behavior of PdO [62,63]. The antic-
ipated decomposition of PdO and partial oxidation of Pd on
PdAcCeO2-M-h confirms the presence of larger particles on the catalyst,
while on PdAcCeOy-M-0 and M-o-h a better dispersion of palladium
species is maintained throughout reaction, as demonstrated by the more
facile Pd-PdO hysteretic behavior [64], i.e., the full re-oxidation
observed on these samples while only a partial closing of the hystere-
sis is observed on the M-h catalyst (Fig. S5a,b).

Therefore, from TGA and XRD characterization we can infer that, in
general, a minimal amount of Cy or C;Hy fragments accumulate on the
catalysts surface, in line with their presence in Pd particles in a less than
stoichiometric (<1) ratio [60], and they likely concur to the different
reaction routes enabled for CO, activation, similarly to what observed
under dry reforming conditions [56].



M. Danielis et al.
as prepared

* PdO
m Pd(111)

Intensity (a.u.)

32 36 40 44 48
a) 26 (degrees)

after transient test

m Pd(111)
A PdC,/PdH,

JLJLMJ:J

32 36 40 44 48
C) 20 (degrees)

Intensity (a.u.)
A

Applied Catalysis A, General 660 (2023) 119185

after pretreatment
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Fig. 4. XRD patterns collected in the Pd-PdO 260 range on PdAcCeO»-M: (a) as prepared, (b) after oxidative and reducing pretreatment, (c) after transient CO,

hydrogenation test up to 500 °C, and (d) after stability test for 48 h at 400 °C.

Table 1
Estimated Pd particle size on PdAcCeO,-M after pretreatment, transient and
stability experiments.

Pretreatment Average Pd particle size (nm)
t h
atmosphere After After transient After stability
pretreatment test test
0, n.a.” 10 11
Hy 39 39 27
02-Hy - - 14

2 PdO peak too small for detection.

3.3. DRIFTS studies

To further explore the difference in CO hydrogenation activity, in
situ DRIFTS under identical reaction conditions was used to discern the
surface species that may account for the observed differences in selec-
tivity (Fig. 5). At 400 °C, where the oxidative vs. reducing treatment
leads to the largest difference in selectivity, DRIFTS analysis highlights a
very different surface environment: two distinct linear Pd-CO peaks at

2060 and 2033 cm ™! and a bridged Pd-CO site at 1942 cm ™! appear on
PdAcCeO2-M-o, while no Pd-CO binding is observed after Hy reduction
(Fig. 5a). Moreover, PdAcCeO2-M-o lacks the 1420 cm ™! band, attrib-
uted to monodentate carbonate, presenting instead a higher intensity
carbonate band at 1280 cm ™!, while both samples show formate bands
at 1595 cm ™ (Fig. 5b). At 250 °C, where both conditions result in 100%
selectivity towards CO, the spectra are uniform in the carbonate region,
showing formates (HCOO) at 1590, 1395, and 1370 c¢m ! and carbon-
ates (HCO3) at 1330 and 1282 cm ™!, with no peak shifting on any of the
positions for either catalyst or pretreatment condition (Fig. S6). The
difference in carbonyl formation over PdAcCeO2-M-o relative to PdAc-
CeO2-M-h is not solely due to differences in particle size, because larger
particles would still result in bridged or hollow Pd-CO sites. Similar
observations with regards to Pd-CO on PdAcCeO»-M at high temperature
was also observed during methane dry reforming, where the CO,
reduction was believed to contribute to the formation of the Pd-CO in-
termediates [56]. Therefore, the unique moieties generated by the
oxidative treatment result in both a decrease in particle size, evidenced
by XRD, and additionally exposes distinct Pd-CO atop sites, which are
lacking over the catalyst exposed to a reductive treatment.
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Fig. 5. In situ CO, hydrogenation DRIFTS for the corresponding PdCeO,, catalysts at 400 °C in the (a) CO,qs region and (b) carbonate region. Conditions: 4:1:95 Hy:

CO2:Ny, 1 atm pressure, MCT detector, 4 cm™! resolution.

To rule out the contribution from CO5 adsorption on the surface
species, the spectra at the same temperature and pretreatment condi-
tions were collected under a comparable 1% COy/He atmosphere,
shown in Fig. S7. The CO4 adsorption shows that upon pretreatment in a
reducing environment, PdAcCeO»-M-h, CO5 adsorbs as a formate species
at 250 °C, while for the oxidative treatment there are only carbonates at
~1400 cm ™! and 1280 cm™!. This is possibly due to residual Pd hy-
drides from the pretreatment partially hydrating adsorbed CO, into
formate [59]. At 400 °C (Fig. S7b) the CO adsorption spectra for both
conditions appear identical, likely due to the fact the surface has stabi-
lized at the elevated temperature and there is an absence of the initial
saturation of hydrogen [65]. Pure CO, adsorption in the absence of Hy is
not expected to strongly bind to the Pd surface at high temperatures,
instead favoring binding to the supporting material [66], in this case
CeO2 which results in weakly bound surface species and signal. Thus, the
immediate difference between the two catalysts is the preferential for-
mation of carbonyl intermediates (2200-1800 cm™ ) under reaction
conditions, specifically linear Pd-CO (2040 cm™'), bridged Pd-CO
(1920 em™ 1) and hollow Pd-CO (1860 cm’l), which was absent over
stoichiometric CO, adsorption at 400 °C. This suggests that PdAc-
CeO2-M-0 has a higher affinity for the dissociation of CO2 into CO,
therefore saturating the Pd surface, while PdAcCeOy-M-h does not yield
any Pd-CO species under CO, hydrogenation conditions (Fig. 5a). Based
on the in situ CO, hydrogenation DRIFTS at both 250 °C and 400 °C
coupled with the non-catalytic adsorption of CO, to probe its static
adsorption on the surface, we can clearly observe that the formate band
is consistent across all catalysts, where formate is generally considered
to be a favorable intermediate species for RWGS and subsequent
methanol synthesis [13,28,59], not methanation [19,67,68], while the
absence of monodentate carbonate suggests that this species is being
consumed via an associate mechanism of HCOO hydrogenation.
Furthermore, on PdAcCeO,-M-o formate species readily desorb under
He at reaction conditions in under one minute, showing they are not
strongly bound to the surface, while for PdAcCeO,-M-h the formate
species remain on the surface for over five minutes, showing they are too
strongly bound to PdAcCeO2-M-h and are likely spectators on the
pre-reduced samples (Fig. S8).

To explore the observed increase in methane yield after cycling be-
tween reductive and oxidative treatments over PdAcCeO,-M, we carried
out similar cycling experiments while monitoring the surface species via
DRIFTS, as shown in Fig. 6. The 1st cycle is after an initial oxidative
treatment, the 2nd cycle is after a reductive treatment while the 3rd is

07 4
00 |— 1st Cycle

2nd Cycle
3rd Cycle

0.06 4

0.05 1
0.04 4
0.03 4

0.02 4

0.01 4

Kubelka-Munk Absorbance

0.00

-
2100 2000 1900 1800 1700 1600 1500 1400 1300 1200

Wavenumber (cm’™)

Fig. 6. CO, hydrogenation DRIFTS over PdAcCeO2-M-o0-h at steady state after
different pretreatments. 1st cycle treatment: 450 °C under 20%0,/He for 1 h,
2nd cycle: 400 °C under 4%H,/He for 30 min and 3rd cycle: 450 °C under 20%
0O,/He for 1 h. All spectra collected at 400 °C under 1%CO, 4%H, balance He
with 50 mL/min total flow, 4 cem ! resolution, 1 atm pressure.

after an oxidative treatment following the same treatment conditions as
done for the reactivity measurements. While the overall surface species
are not affected in terms of their identity, their relative population
changes upon each cycling step. After a reductive treatment, the con-
centration of Pd-CO carbonyl groups (2100-1800 cm ™) on the surface
is decreased relative to the total carbonate species concentration, where
Kubelka-Munk IR account for relative surface concentration, and a clear
shifting of Pd-CO hollow sites from 1880 cm™! to 1885cm™! is
observed, indicating particle sintering. After a secondary oxidative
treatment, the concentration of carbonyls increases again relative to the
total concentration of carbonates, while the trend of a blue shifting of
the Pd-CO hollow sites is observed, moving the Pd-CO hollow site to
~1890 cm™!. Moreover, after a secondary oxidative treatment addi-
tional carbonate species are observed at 1540 cm™! which were not
present after both the initial cycle and the second reductive cycle.

To probe the contribution from the immediate CO» dissociative
mechanism, which generally occurs on the surface of the metal forming
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a carbonyl [3,17], and the associative mechanism of CO5 hydrogenation,
which would likely occur at the interfacial metal-support sites [13,14,
66], asimulated CO, dissociation was modeled in Fig. 7: by feeding a gas
composition of 3:1 Hy:CO, we are essentially modeling CO2 hydroge-
nation after the initial Hy is used solely for the RWGS step to produce
CO,¢s and CO (g), effectively simulating a pure CO5 dissociative mech-
anism. From this we can observe that the surface chemistry of PdAc-
CeO2-M-o0 is largely unchanged in the presence of either CO or CO,
hydrogenation, which suggests that PdAcCeO,-M-o is not rate limited by
the dissociation of CO,. Furthermore, over PdAcCeO,-M-h we see a
similar consistency in that the surface is covered almost exclusively by
carbonates and no Pd-CO, even in the case of CO hydrogenation. The
absence of Pd-CO peaks over PdAcCeO5-M-h suggests that the CO is
reacting sufficiently fast such that there is no observable CO adsorbed,
with the exception of a broad Pd-CO hollow feature at ~1820 cm™!
during CO hydrogenation, which indicates that the hollow Pd-CO may
be largely inactive. An important similarity between both PdAc-
CeO2-M-0 and PdAcCeO»-M-h is that CO hydrogenation, with the
exception of the Pd-CO region, results in generally identical carbonate
features. Upon further desorption of the CO hydrogenation surface in-
termediates for both pretreatment conditions, we observed that formate
(1595 cm™!) was desorbed almost immediately in the presence of a
Hy/He purge while the carbonate species at 1390 cm ™! remained on the
surface throughout the purging, which shows that this species is largely
unreactive. This highlights the difference in the associative mechanism
being favored over PdAcCeO,-M-o0, where CO5 hydrogenation under
ideal 4:1 H5:COy conditions yields dampened carbonate bands on
PdAcCeO2-M-0 and a prominent carbonate band on PdAcCeOz-M-h,
which may lead to the observed difference in overall methane yield. An
extended IR region showing the C-H stretching in the inset is shown in
Fig. S9, where PdAcCeOy-M-o yields C-H stretching from bridged
formate at 2830 cm ™! [69-71] while PdAcCeO>-M-h shows no CHy
adsorption. The originating carbon species is likely bicarbonate due to
the presence of characteristic bands at 1560 and 1280 cm ™!, while
polycarbonate species, which are likely spectators and not as reactive,
are responsible for the notable band at 1400 cm™! on PdAcCeO,-M-h
while possessing only a minor presence on PdAcCeOy-M-o [72,73].

With the following understanding of the reaction mechanism of both
full CO5 methanation and CO hydrogenation as a simulated CO disso-
ciative mechanism, we propose the following mechanism for PdAcCeO,-
M-o which follows an associative CO3 hydrogenation mechanism:

PdAcCeO,-M-0 400 °C

CO Hydrogenation
—— CO, Hydrogenation

Absorbance (a.u.)

mﬁmﬁm
2200 2100 2000 1900 1800 1700 1600 1500 1400 1300 1200

a) Wavenumber (cm™)
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CO, () + xH; (g) — CO; (ad) + 2xH (ad) €))
CO; (ad) + H (ad) - HCOO (ad) )
HCOO - CO (ad) + OH (ad) ©)]
HCOO (ad) + H (ad) - HCO (ad) + OH (ad) €))
HCO (ad) + H (ad) - HyCO (ad) (5)
H,CO (ad) + H (ad) — H3CO (ad) 6)
H;CO (ad) + 2H (ad) — CH, (g) + OH (ad) )
20H (ad) + 2H (ad) — 2H,0 (g) ®)
CO (ad) — CO () ©)]

where Eq. (4) is the rate limiting step in this process, which results in
formate (1595 cm™!) as a predominant surface species. Subsequent
steps (5)-(9) occur rapidly and thus are not observed experimentally
where the formation of formyl (HCO, 1690 cm’l) and water (broad
peaks centered at 1500 cm 1) are not present in the DRIFTS spectra. Eq.
(8) represents the hydration of OH groups to make water, which occurs
during the reaction, not necessarily at the end, similarly for CO
desorption into CO (g). DFT studies suggest that the mechanism pro-
posed herein is the likely formate pathway to methanation [15,74].

One important difference between CO and CO5 hydrogenation is the
preferential adsorption of CO on Pd sites [25,75] while COy preferen-
tially adsorbs on ceria sites [40]. This suggests that on the milled catalyst
after Oy treatment the reactivity could be promoted by an increased
number of interfacial Pd-Ce sites, which would primarily influence CO,
hydrogenation DRIFTS spectra [76] while leaving CO hydrogenation
spectra relatively unaffected, as observed in these simulated CO,
dissociation experiments. Furthermore, this is corroborated by the
redispersion revealed by post reaction XRD analysis, resulting in higher
metal-support interfacial active sites.

3.4. Isotopic labeling of CO2 hydrogenation via in situ DRIFTS

Isotopic labeling via D, was applied to further elucidate the reaction
mechanism for CO, methanation over the PdAcCeO»-M catalysts. To
probe the transient dynamics of the reaction, Hy/D, were cycled ten
times and each cycle of either Hy or D5 was allowed to reach steady state,
thus effectively probing which surface species were merely spectators
and which were actively involved in the reaction. Furthermore, the time

PdAcCeO,-M-h 400 °C

—— CO Hydrogenation
—— CO, Hydrogenation

Absorbance (a.u.)

Wmmm‘mm
2200 2100 2000 1900 1800 1700 1600 1500 1400 1300 1200
b)

Wavenumber (cm'1)

Fig. 7. CO hydrogenation surface species compared against CO, hydrogenation DRIFTS for (a) PdAcCeO»-M-o and (b) PdAcCeO,-M-h Conditions: CO hydrogenation
3:1:96 ratio of H,:CO:He or CO, hydrogenation 4:1:95 ratio of H,:CO,:He, 50 mL/min total flow, 4 em ™! resolution, MCT detector.



M. Danielis et al.

resolution for the spectra acquisition was 7 s, which allows us to capture
the true transient species with a minimal dead volume during gas
switching. These findings are shown in Fig. 8 for PdAcCeO3-M-o0, which
had a richer surface chemistry than PdAcCeO2-M-h, where the mea-
surements were under analogous conditions to the reactivity measure-
ments at 400°C and 1 atm pressure, shown in Figs. 1 and 2.
Immediately, one can see that the isotopic switching results in loss of
CH4 at 3015 cm™! in favor of CD4 at 2264 cm™?, indicating that the
isotope substitution is resulting in successful turnovers of methane. The
formate and carbonate C-O region between 1000 and 1800 cm ™! shows
little change, however, the bands in this region are composed primarily
of O-C-O bonding which are not expected to change dramatically via the
substitution of H/D. The most notable substitution is in the C-H region
between 2500 and 2800 cm ™!, which shows immediate uptake of
deuterium into the mechanism. Specifically, the peaks at 2690 cm ™~ and
2790 cm ™! are caused by the C-D substitution of the formate species [77,
78]. The broad band centered at ~2600 cm " is due to the -OD surface
groups that are substituted in the presence of D, as a reductant, which
show that surface -OH/-OD groups are contributing to the reaction
mechanism, likely as CO, adsorbing sites on ceria. Upon reaction of the
oxygen vacancies and subsequent oxygen replenishment, surface OD
groups are expected to form in a system with an active and reducible
supporting material. Furthermore, the cycling uptake of D, is incredibly
reproducible, where the Hy/D, was repeated over twenty times and each
cycle was perfectly repeated. This shows that the surface cycling is not
an artifact but actually contributing to the reaction mechanism, as a
spectator would yield a time delay in the measurement, which is not the
case for PdAcCeO;,-M-o. The isotopic measurements are consistent with
the mechanism provided in Egs. (1)-(9), where there is clear C-D ex-
change consistent with HCOO being the rate determining step, Eq. (4),
and an abundance of surface OD as a result of the reaction mechanism
and the production of water. Therefore, the modified reaction equations
verified via isotopic labeling are as follows:

0.20
——coH, -
—co,p, 015 3
010 o
2
005 &
Ke)
[
0.00
o)
T T T T —T T T -0.05 <
3000 2500 2000 1500 1000

CO/H,  cOD,

— Time

CO/H, CO,D,

3000 2500 2000 1500 1000
Wavenumber (cm™)

Fig. 8. Isotopic switching of CO2/H; and CO5/D, over PdAcCeO,-M-o. Spectra
initiated in CO2/H; at t = 0 s, and subsequently switched back and forth from
H, to Dy; top spectra representative of steady state CO,/H, and CO5/D5 scans.
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CO; (g) + xD; (g) — CO; (ad) + 2xD (ad) (10)
CO, (ad) + D (ad) = DCOO (ad) (11)
DCOO - CO (ad) + OD (ad) 12)
DCOO (ad) + D (ad) — DCO (ad) + OD (ad) 13)
D;3CO (ad) + 2D (ad) — CDy (g) + OD (ad) a4
20D (ad) + 2D (ad) — 2D,0 (g) 15)

Where CD4 was immediately observed in addition to D-C stretching
and broad OD bands. This also shows that the OH recombination with
surface D (ad) to form D50 is also not necessarily spontaneous as the OD
species are clearly observed in the deuterated spectra.

3.5. Evaluation of the surface electronic state via AP-XPS

To implement the findings of the in situ DRIFTS we employed
ambient pressure XPS (AP-XPS) to directly link the changes in the
adsorbed surface species to the chemical speciation of palladium. The
Pd3d and Ce3d regions were collected under UHV after pretreatment in
either Hy or O; from room temperature to 400 °C under 30 mtorr of a 4:1
ratio of Hy:CO» to discern the surface chemical structure under reaction
conditions (Figs. S10 and S11, respectively). All spectra were calibrated
to Ce3d Ce*" at 916.9 eV [40]. The Pd3d spectra for room temperature
PdAcCeO2-M-o and PdAcCeO,-M-h show the state of the Pd immediately
after pretreatment, highlighting a more oxidized Pd**/Pd?* mixture on
the former and fully reduced Pd® on the latter. At 250 °C, the Pd surface
compositions over both PdAcCeO2-M-0 and PdAcCeO»-M-h are analo-
gous, presenting mainly Pd® species, consistent with DRIFTS and reac-
tivity measurements at 250 °C. The spectra of the catalysts after
different pretreatment conditions are compared against each other at

1 v | v 1 v 1 v 1 s 1 v L v
PdAcCeOz-M-h

30 mtorr
4:1H,CO,

PdAcCeOz-M-o

30 mtorr
4:1H,CO,

CPS (a.u.)

1 L 1 n 1 " 1 " 1 L 1 " 1

346 344 342 340 338 336 334 332
Binding Energy (eV)

Fig. 9. AP-XPS of Pd3d region at 400 °C for PdAcCeO»-M after varied pre-
treatment conditions. in situ conditions: 30 mtorr 4:1 H,:CO,.
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400 °C in Fig. 9, corresponding to the most significant difference in
selectivity. At 400 °C, a clear difference in the Pd3d region can be
observed for the PdAcCeO,-M-o catalyst, which results in the formation
of a distinct Pd>*-C modified species at 335.9 eV while PdAcCeO,-M-h
shows both the formation of Pd?* at 336.8 eV and only Pd® at 335.4 eV
and the absence of the shifted Pd®" species. The Pd%", generated via
oxidation via water under reaction conditions, slightly increases in the
case of PdAcCeO2-M-h due to the elevated temperature increasing the
rate of water generation via the RWGS, while it decreases on PdAc-
Ce04-M-0, where only Pd®" species appear at 400 °C.

The formation of a surface overlayer of Pd-Cy is corroborated by the
post reaction XRD for PdAcCeOy-M-0, which shows a partial formation
of PdCy species adjacent to the primary metallic Pd diffraction. A similar
formation of Pd-C species was found to occur over these catalysts under
DRM reaction conditions [56]. The surface sensitivity of AP-XPS has a
bias to overrepresent the surface, and PdCy, clearly observed in bulk
diffraction, is expected to begin forming on the outer layer of the Pd
nanoparticle, as COs is the primary source of carbon deposition and is
expected to diffuse into Pd from its outer surface radially inwards.
However, while the carbon diffusion into the Pd particle is incomplete,
shown by the parallel Pd®/PdcC, diffraction peaks via XRD, it is sufficient
to saturate the surface species which are the most catalytically relevant
and captured via AP-XPS, specifically for PdAcCeOy-M-o0. The presence
of carbon modified Pd may be correlated to the differences in surface
species observed via DRIFTS and the factor of two higher methane yield
relative to PdAcCeOy-M-h, all of which occurs exclusively at 400 °C. The
Ce3d spectra for PdAAcCeO2-M-0 and PdAcCeO,-M-h at all temperatures
at 30mtorr pressure (Fig. S12) show little change in the surface
composition of CeO; after initial exposure to the reaction gas mixture.
This indicates there is little contribution from the lattice oxygen on the
CO3 hydrogenation reaction for these catalysts.

4. Conclusions

The reactivity of PdAcCeO; milled catalysts under CO5 hydrogena-
tion conditions was investigated following the kinetics, surface species,
and surface composition of the catalysts via several spectroscopic and
textural techniques, in order to elucidate the different reaction mecha-
nisms enabled by the unique Pd-Ce interaction promoted by the me-
chanical synthesis route. Remarkably, a Hy or Oy pretreatment
atmosphere showed a significant effect in tuning the reaction selectivity
towards CO or CH4 production, respectively. The oxidative treatment
proved to lead to a robust catalytic activity, maintained even under
prolonged exposure to reducing reaction conditions carried out in the
stoichiometric 1:4 CO4:H; ratio, demonstrating stable CH4 selectivity
and minor deactivation over 50 h time-on-stream tests.

By means of in situ and isotopic labeling DRIFTS, unique mono-
dentate carbonate surface species and the formation of stable Pd-CO
species were detected on the PdAcCeO,-M-o catalyst, while carbonate
species were observed at low temperature and on PdAcCeOy-M-h after
H, treatments, where selectivity to CO is predominant. DRIFTS results
suggest that the methanation reaction proceeds via a CO, associative
pathway on PdAcCeO,-M-o, possibly promoted by the larger availability
of Pd-Ce interfacial sites, while on the PdAcCeO,-M-h sample the RWGS
CO4 dissociation pathway is favored. In parallel, the PdAcCeOy-M
structure and the surface electronic states obtained after various pre-
treatments were probed by means of XRD and AP-XPS analyses,
respectively. This highlighted a mixed modified Pd®*-C state on the
PdAcCeO2-M-o catalyst at 400 °C under reaction conditions shifting the
Pd° binding energy from 335.4 eV to approximately 336 eV. Likely, C
species from CO, hydrogenation diffuse into Pd° particles, affecting CO
adsorption over the Pd®*-C overlayer and tuning the reaction pathway
towards CO» adsorption and its associative reduction to CHy at the Pd-Ce
interface, which together with the carbon-modified pd®* species also
plays a key role in promoting the direct methanation of CO,.

The facile tuning of COy selectivity on PdAcCeO,-M by mild
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treatments allowed us to analyze the different reaction intermediates
and Pd states involved in the CO vs CH4 production, opening new
pathways for the design of Pd/CeO5 based CO, hydrogenation catalysts,
where the reactivity can be easily tuned depending on the desired re-
action products and could be of potential interest as materials for carbon
dioxide conversion in Oy-rich streams.
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