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ABSTRACT: Requiring catalysts to be both active yet stable over long periods of
time under variable reaction conditions including high and low temperatures is a w
daunting challenge due to the almost mutual exclusivity of these constraints. Using P~

CO oxidation as a probe reaction, we demonstrate that thermally stable single- — CO TPR : é %
I

..
‘U

O-

atom copper catalysts prepared by high-temperature synthesis (atom trapping) on
ceria can achieve this feat by allowing modulation of the Cu charge state through
facile charge transfer between the active site and the support. This provides the
catalysts with an ability to activate either lattice or adatom oxygen atoms, accessing
additional reaction channels as the catalyst environment changes. Such adaptability
allows dynamic response of such catalysts, enabling them to remain active under
variable reaction conditions. The inherent stability of the catalyst arises from the enhanced strength of the Cu—O interactions
established by high-temperature synthesis and remains stable even as the Cu oxidation state varies, effectively halting sintering and
deactivation. As we show here, one can circumvent the dilemma of designing catalysts that are simultaneously active and stable by
matching the redox properties of the active site and support and establishing an environmental adaptability into the active sites.
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B INTRODUCTION

Maintaining catalyst durability over a wide range of operational
temperatures and gas environments is among the most
important challenge for exhaust emission abatement upon
implementation of the most recent Environmental Protection
Agency (EPA’s) Tier 3 emission regulations.’ Such regulations
are pushing researchers and industry alike to develop durable
catalytic technologies capable of removing up to 90% of
automotive emissions (CO, hydrocarbons, NO,) at temper-
atures as low as 150 °C while also remaining active and stable
under frequent excursions to high temperatures (e.g, >750
°C). At the same time, it is necessary to make the best use of
platinum group metals (PGMs) and/or developing alternative
non-PGM catalytic materials.” The latter requirement is critical
as emission control requires intensive use of PGMs, accounting
for up to 50% of the global PGM demand.’™>

One of the most promising non-PGM catalysts for the
removal of CO by low-temperature oxidation is Cu/CeQ,.’
Studies on Cu/CeO, have used myriad synthesis methods,
resulting in a wide variety of reported Cu structures. This has
led to controversy over whether solid solution Cu,Ce,_,0,""
or the interface of CuO/Cu,Ce;_,0,””'* are the active sites.
For example, Elias et al.”'® were the first to propose that Cu’*/
Cu’*—0—Ce redox centers (detected by X-ray absorption
near-edge structure (XANES) during CO oxidation) i

© 2022 American Chemical Society
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Cu,Ce,;_,O, solid solutions are the active sites where CO
oxidation occurs. However, the authors neither clarified the
role of the Cu—CO centers detected by diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) nor
demonstrated their materials stability under thermal con-
ditions."®> On the other hand, Liu et al.'* and Wang et al.'®
have recently reported that better low-temperature activity for
CO oxidation can be achieved from Cu,Ce,_,O, solid
solutions if high-temperature calcinations are used (700—800
°C), proposing that the low-temperature active site is related
to the interaction of segregated CuO, clusters at the interphase
of Cu,Ce,_,O, solid solution. In contradiction to these
findings, Yu et al.'® made Cu/CeO, nanorods by thermal
synthesis (calcination at 800 °C) and proposed that both CO
and O, are activated exclusively at isolated Cu, sites but
neglected the significant role of lattice oxygen from the
reaction mechanism.
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Figure 1. (A) CO oxidation reaction rate normalized by mol of Cu (blue squares) and gram of catalyst (black circles) for Cu;/CeO, samples
calcined at 800 °C, T = 70 °C, and X¢o < 10%; [CO] = 1%; [0,] = 8%. (B) CO oxidation light-off curves for Cu,/CeO, catalysts calcined at

temperatures from 350 to 900 °C.
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Figure 2. (A) XRD patterns of Cu/CeO, made by high-temperature calcination (800 °C) at different loadings along with a CeO, reference
calcined at the same temperature (800 °C). (B) Extended X-ray absorption fine structure of Cu/CeO, catalysts with 0.37—6 wt % calcined at 800

°C and Cu references.

In the current study, we shine light on this debate by
providing atomic-level understanding of why the highly desired
coexistence of low-temperature reactivity and thermal
durability properties, which are crucial for further development
of emission abatement catalysts, are achieved only via high-
temperature calcination (atom trapping).'” Through a fully
integrated experimental and theoretical approach, we explain
that the rapid shuttling of electrons between atomically
dispersed (CuO); species and the support during CO
oxidation create a dynamic charge center that allows semilocal
control of the mobility of nearby oxygen species crucial for
both low and high-temperature activity. This results in the
intrinsic low-temperature activity of (CuQ),/CeQ,, while its
thermal stability is achieved through the anchoring of Cu
atoms to CeO,(111) step sites, which are able to prevent
sintering even under variable redox conditions or high
temperatures.

B RESULTS AND DISCUSSION

Catalytic Activity and Stability. The CO oxidation rate
(molCO/molCu-s) over Cu/CeO, catalysts (Figure 1A)
exhibits a pseudo-linear increase as a function of Cu loading

13650

up to a maximum at about ~2 wt % Cu when calcined at 800
°C. Similarly, the best light-off performance was observed at
the 2 wt % Cu content threshold (Figure S1), reaching a CO
conversion of 100% at ~150 °C. As the calcination
temperature of the 2 wt % sample was increased from 350
to 800 °C, the CO oxidation light-off curves (Figure 1B)
showed improved performance. Increasing the calcination
temperature beyond 800 to 900 °C, however, resulted in a
dramatic collapse of the light-off curve. To probe the catalyst’s
robustness under real vehicle exhaust conditions, the CO
oxidation performance of the 2 wt % Cu/CeQ,(800) catalyst
was also evaluated using the Clean Diesel Combustion (CDC)
protocol described by U.S. DRIVE.'® The results were then
compared with those of a reference 2 wt % Pt/CeO, catalyst
subjected to the same protocol (Figure S2). After two
consecutive light-off cycles, the 2 wt % Cu/Ce0O,(800) catalyst
preserved its initial activity, while the 2 wt % Pt/CeO,
reference catalyst, which already requires an initial reductive
activation, lost catalytic activity due to the well-known
reoxidation of Pt under lean conditions.'” The initial light-off
performance of the 2 wt % Cu/CeO,(800) catalyst after
hydrothermal aging and after five consecutive CO oxidation
cycles (Figures S3 and S4) was also preserved. Long-term

https://doi.org/10.1021/acscatal.2c04001
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stability was also observed (Figure SS). In all of the cases
described, CO oxidation performance was remarkably resilient.
In fact, the Cu/Ce0,(800) catalyst outperforms the standard
Pt-based analogue [2 wt % Pt/Ce0,(800)] in terms of
maintaining CO oxidation activity desgite CO’s equal
competition with water for active sites.”””" Additionally,
while poisoning with SO, (standard protocol) affected the
CO oxidation light-off performance of the 2 wt % Cu/
Ce0,(800) catalyst under CDC conditions (Figure S6A,B),
the CO oxidation activity was fully recovered by oxidative
thermal treatment. In the following sections, we provide a
detailed understanding of the origin of this high CO oxidation
activity and stability by elucidating the nature and structure of
the active site within the Cu/CeQO, catalyst whose intrinsic
adaptability over a wide range of temperatures and environ-
mental conditions is crucial for the development of next-
generation emission control catalysts.

Structural Characterization. Surface area measurements
(Table S1) corresponding to the samples shown in Figure 1A
reveal that the presence of Cu positively correlates with higher
surface area retention at calcination temperatures up to 800 °C
with the surface area retention maximized (46 m?/g) at 2 wt %
Cu content as compared to pure ceria (23 m?/g). For the high-
loading 6 and 10 wt % Cu/CeO,(800) samples, X-ray
diffraction (XRD) diffractograms (Figure 2A) reveal aggrega-
tion of Cu to form the CuO phase, which is absent in the 2 wt
% and lower Cu loading samples. The decrease in surface area
observed in samples above 2 wt % Cu is a result of the
presence of CuO on the CeO, surface. This CuO is less active
than the atomically dispersed Cu, hence the rate per mole of
Cu shows a plateau in CO oxidation reaction rates and light-off
performance. Thus, in terms of the stabilization of CeO,
surface area, a lower Cu content than 2 wt % is suboptimal,
while in terms of activity, higher Cu content produces no
further benefits. Cu surface density calculations (see details in
the Methods section) indicate that 2 and 3 wt % have 4.20 and
7.15 Cu/nm? respectively. Lin et al. reported that a density
threshold of 7.1 Cu**/nm? close to the Ce** surface density of
CeO,(111),”* leads to the formation of CuO, clusters.”
Although CuO, diffraction peaks were not observed in the 3 wt
% Cu/CeO, sample (Figure S11), it is reasonable that at this
loading and above, CuO,, clusters would form.

To better understand the local structure of the Cu species
within the Cu/CeO, catalysts, extended X-ray absorption fine
structure (EXAFS) analysis was carried out on Cu K-edge
oscillations (Figure 2B). The collected EXAFS spectra for the
2 wt % Cu/Ce0,(800) catalyst exhibited only two features,
which are commonly attributed to (Ill) first shell Cu—O and
(@) second shell Cu—Ce bonds.”** The exclusive presence of
such coordination shells suggests that Cu is atomically
dispersed.8 On the other hand, the 6 wt % Cu/CeO, EXAFS
spectrum displays three features: (Jll) first shell Cu—O bond,
(%) a double peak (Cu**—O—Cu?") characteristic of bulk
CuO presence,””* and a convoluted (@) Cu—Ce bond.
Therefore, the structure of the 6 wt % Cu sample can be
interpreted as a mixture of atomically dispersed Cu sites and a
segregated CuO phase, where the detection of the latter was
corroborated by the described XRD measurements. No
contributions of () Cu'*~O-Cu'* or (@) Cu’-Cu°
coordination shells corresponding to Cu,O and Cu’
references’ were detected.

High-angle annular dark-field scanning transmission electron
microscope (HAADF/STEM) images of the 2 wt %

Cu/Ce0,(800) catalyst allow us to visualize the lattice of
CeO,, exposing (111) crystal surfaces as well as notorious
surface step defects (Figure S12A,B). Although atomically
dispersed Cu cannot be directly observed due to poor Z-
contrast between Cu and CeO,,” neither segregated bulk
CuO nor CuO, clusters were detected by X-ray energy-
dispersive spectroscopy (EDS) maps (Figure S12C,D). These
oxidic Cu species have been reported in previous works with
Cu loadings exceeding 2 wt %,””*” providing further evidence
that Cu is atomically dispersed in the 2 wt % Cu/Ce0,(800)
sample.

The charge nature of the atomically dispersed Cu species
within the 2 wt % Cu/Ce0,(800) catalyst is revealed by Cu K-
edge XANES spectra (Figure 3). Three main peaks at 8976,

Normalized Absorption (a.u.)

~——— Cu foil
Cu,0
Xy CuO
— 6wt.%Cu/Ce0,(800)
— 2wt.%Cu/Ce0,(800)
| ——————>1s5—3d 2
8960 8980 9000 9020 9040 9060 9080 9100

E (eV)

Figure 3. X-ray absorption near-edge structure of the Cu/CeO,
catalyst with 2—6 wt % loadings made by calcination at 800 °C.

8987, and 8998.4 eV are clearly observed in all of the Cu/
CeO, catalysts. The lowest energy feature at 8976 eV (pre-
edge feature) is characteristic of compounds containing Cu in
a 2+ state."” The intermediate energy feature at 8987 €V is
slightly blue-shifted (+2 eV) for the 2 wt % Cu/Ce0,(800)
sample with respect to the CuO reference, which suggests that
some fraction of the Cu species may also coexist in a slightly
higher oxidation state than 2+, which was also reported
recently.'” A slight blue shift of the highest energy peak at
8998.4 eV in 2 wt % Cu/Ce0,(800) catalyst compared to
8997.2 eV for the CuO reference further suggests that the CuO
phase is not present in the 2 wt % Cu/CeO,(800) sample or in
the lower Cu loadings, which agrees well with the previously
described XRD and STEM analyses. The XANES spectrum of
the 6 wt % Cu/CeO, sample (Figure 3) presented three main
peaks at 8976, 8985, and 8997.7 eV. The lowest energy feature
at 8976 eV, as already mentioned, is characteristic of a Cu 2+
oxidation state. The intermediate peak at 8985 eV coincides
precisely with the corresponding feature of the CuO reference,
which further demonstrates the presence of such a phase. The
highest energy feature at 8997.7 eV is at an intermediate value
between the same feature for the CuO reference (8997.2 eV)
and the 2 wt % Cu/CeO,(800) sample (8998.4 eV). This
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Figure 4. (A) CO-TPR for 2 wt % Cu/CeO, calcined at temperatures from 350 to 900 °C. (B) CO-TPR for Cu/CeO, with Cu content from 0.37
to 10 wt % calcined at 800 °C. The peak assigned to Ce—O on the 0.37 wt % Cu sample is shifted to lower temperatures as the Cu content

increases up to 10 wt % Cu, likely due to a spillover effect.”®

finding further supports the picture that the structural nature of
Cu species within the 6 wt % Cu/CeO, sample can be
understood as a coexistence of aggregated CuO and atomically
dispersed Cu species, the latter being solely present in samples
with lower loadings.

Activation of Lattice and Adatom Oxygen. The effects
of calcination temperature and Cu content on the activation of
lattice oxygen were studied by CO-temperature-programmed
reaction (CO-TPR) experiments. When the calcination
temperature used on the 2 wt % Cu/CeO, catalyst increases
from 350 to 800 °C, a clear correlation is observed between
better light-off performance (Figure 1B) and facile lattice
oxygen activation at lower onset temperatures (Figure 4A).
The onset temperatures of the light-off curves match well with
those observed in the CO-TPR and decrease from ~73 to ~33
°C as the calcination temperature increases. A drastic loss in
surface area to ~5 m”/g (Table S2) and the formation of a
segregated CuO phase, as detected by XRD (Figure S13),
explains the poor low-temperature oxygen activation of 2 wt %
Cu/CeO, samples calcined at 900 °C.

The improvement of light-oft performance with increased
Cu content from 0.37 to 2 wt % (Figure S1) is correlated with
lower onset temperatures and facile lattice oxygen activation
observed in their respective CO-TPR profiles (Figure 4B). On
samples with Cu content higher than 2—3 wt %, where CuO is
detected by XRD and EXAFS, no further improvements to the
onset temperatures are observed in their corresponding CO-
TPR profiles. Based on these observations, we conclude that
CuO does not improve activation of lattice oxygen at lower
temperatures.

Examining the peak features from high to low temperature in
the CO-TPR profiles, the reduction profiles of all Cu/CeO,
samples at T > 170 °C (Figure 4B) are very similar to those of
undoped CeO, samples that have been calcined at 800 °C
(Figure S7B). Thus, such features are reasonably attributed to
the reduction of the surface oxygen species of CeO, that have
almost no interaction with Cu sites.”” The peak at ~131 °C is
another common feature encountered in the reduction profiles
of Cu/CeO, samples regardless of their Cu content and are
reasonably attributed to the reduction of lattice oxygen from
Ce—O species in closer proximity to Cu sites. The broad low-
temperature reduction feature seen at T < 70 °C, which is
present in all catalysts regardless of the Cu loading, is of great
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importance to understanding the activation of lattice oxygen.
Polychronopoulou et al.>° demonstrated by meticulous O,
isotopic labeling and step-gas switch techniques that both
adatom (“excess”) and/or surface lattice oxygen are rapidly
consumed under CO-only atmospheres to produce CO,, and
in the absence of O, to fill them, the resultant oxygen vacancies
are slowly filled by subsurface lattice O. Being much slower
than CO oxidation, this subsurface-to-surface lattice O
diffusion process becomes rate limiting and leads to a
broadening of the transient CO oxidation rate line traces.
We believe that a similar subsurface diffusion phenomenon is
responsible for the broadening of the low-temperature CO-
TPR features discussed above for Figure 4B. Furthermore,
when the amount of oxygen consumed at T < 70 °C was
quantified from the CO-TPR and used to normalize the
reaction rates of all 0.37—10 wt % Cu/CeQ,(800) catalysts (as
measured at T = 70 °C), a constant reaction stoichiometry
close to 1:1 was revealed (Figure S8). Thus, we propose that
the low-temperature reduction features seen in our CO-TPR
results are reasonably assigned to the reduction of a single type
of lattice or adatom oxygen species that is directly bound to the
atomically dispersed Cu, sites.

We will briefly note that peak broadening can also be
indicative of adspecies’ coverage effects, but if repulsive
interactions between adspecies were the primary reason for
the broadening of the low-temperature reduction features seen
in our CO-TPR profiles (Figure 4B), we would expect
noticeable changes in their line shape® ™ as the density of
Cu; (and thus the density of Cu;—CO and Cu;—O species)
increases from 0.37 to 2—3 wt %. The observed lower onset
temperatures (Figure 4A,B) as Cu, density increases, on the
other hand, are well correlated to the increased specific
reaction rates observed (Figure 1A). Such an effect has been
previously observed for Pd;/CeO, single-atom catalysts and
was explained by the cumulative enhancement of lattice oxygen
reducibility due to long-range electrostatic effects that spatially
overlap as Pd; density increases.”* This is the only coverage
effect we find to be of consequence.

Peaks at ~91—100 °C are only seen in the CO-TPR profiles
of 6—10 wt % Cu samples and can therefore be associated with
reduction of the segregated CuO phase, whose presence was
demonstrated by XRD and EXAFS. Note that while this (and
the literature) shows CuO to be active in CO oxidation, our
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analysis clearly shows that its specific activity and contribution
to low-T light-off are limited compared to Cu single atoms and
their activation of lattice O species. Therefore, we can
conclude that at least two distinct types of lattice O species
are involved in the reactivity, each formed by the introduction
of Cu. These two species are both involved in low-temperature
activity (T ~ 35—130 °C) and mid-temperature activity (T ~
130—170 °C). Lastly, catalytic activity above 170 °C is
indistinguishable from that of pure CeO,,

Computational Model Validation. The results derived
from density functional theory (DFT) calculations were
obtained using a model (100)-step-defected CeO,(111)
slab**® where a (CuO); single-atom center is trapped at the
step defect (Figure SA). The selection of such a model
highlights the importance of the step defects for the
stabilization of single metal atoms at high-temperature
calcination conditions.””** The proposed model was used to
perform a fitting of the EXAFS spectra for the 2 wt % Cu/
Ce0,(800) and 6 wt % Cu/Ce0,(800) catalyst samples. A
reasonable fit of the first (Cu—O) and second (Cu—Ce) shells
was obtained for the 2 wt % Cu/Ce0,(800) sample, with
calculated bond distances/coordination numbers (CNs) of
1.95 + 0.01 A/2.74 + 0.25 and 3.26 + 0.03 A/2.98 + 1.35,
respectively (Figure S14A and Table S3). As an independent
verification that accounts for finite-temperature effects, radial
distribution functions (g(r)) were obtained from ab initio
molecular dynamics (AIMD) trajectories (Figure S15) from
which the ensemble-averaged Cu—O and Cu—Ce bond
distances and CNs were extracted. The acquired values show

excellent agreement with experimental EXAFS fits, producing
an average Cu—O bond distance and CN of ~1.90 A
(compared to 1.95 + 0.01 A) and ~2.77 (compared to 2.74
+ 0.25), respectively (Figure S1SA,C), and an average Cu—Ce
bond distance of ~3.35 A (compared to 3.26 + 0.03 A)
(Figure S15B,D). A broad distribution of the Cu—Ce g(r)
precluded an adequate coordination number assignment. For
the 6 wt % Cu/CeO,(800) catalyst, the EXAFS fitting required
a combination of both Cu, on steps of CeO,(111) and CuO
paths for a successful fit, which yields first shell (Cu—0),
second shell (Cu—Cu), and third shell (Cu—Ce) bond
distances/coordination numbers of 1.94 + 0.01 A/3.99 +
0.21, 2.88 = 0.01 A/1.20 =+ 0.33, and 3.18 + 0.01 A/1.59 +
0.39, respectively (Figure S14B and Table S4). The agreement
between experimental and model-derived EXAFS confirms an
accurate depiction of structural features around the active site
of Cu/CeO, catalysts.

Further insights into the role of Cu and high-temperature
calcination on the activation of lattice oxygen and thermal
stability were revealed by calculations of oxygen vacancy
formation energies (OVFE) as a function of their depth within
the surface. These are labeled 1—19 in Figure SA,B. For
undoped CeO,(111) (green line in Figure SB), lower OVFEs
are obtained for O atoms in the first subsurface layer, implying
that vacancies preferentially form subsurface. However, this
trend is reversed by the presence of Cu (orange line in Figure
5B), which induces a small enthalpic driving force (~10 kJ/
mol/O) for oxygen vacancy diffusion to the surface. Further
calculations reveal that strong Cu—O—Ce bonds (>300 kJ/
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mol/0) link the Cu®" atom to the top (linked to oxygen #3 of
Figure SC) and bottom (linked to oxygen #9 of Figure SC) of
the step defect, which would easily prevent Cu diffusion and
sintering if fully formed. Since roving oxygen vacancies can
destabilize these bonds, pushing them to the surface and
scavenging them during calcination in air is critical to
stabilizing trapped Cu atoms at the step defect of
CeO,(111). Since diffusion is accelerated with higher temper-
ature, we can rationalize the observed dependence of catalyst
stability and performance on the calcination temperature. The
propensity of Cu atoms to form into a CuO phase at too-high
Cu loadings regardless of the calcination temperature was
found to result from a significantly favorable enthalpic driving
force for (CuO), agglomeration and oxidation (—79 kJ/mol/
O, Figure S17). Once such CuO clusters are formed, the
removal of its oxygen atoms becomes energetically much less
favorable (+159 kJ/mol/O for the Cu—O-—Cu species)
compared to the single (CuO), active center. This explains
why at high Cu loadings the CuO phase is largely a spectator
for low-temperature CO oxidation, becoming active only when
temperatures are significantly elevated.

Catalytic Cycles and Free Energy Diagrams. Our
model was further employed to investigate the molecular
identity of the two types of active lattice oxygen that are
responsible for low- and mid-temperature activity, as suggested
by our experiments. For this, we used the computed OVFEs
for the different types of oxygen present in the model (Figure
SC), which specifically exhibits three O species (lattice and
adatom O) directly bound to Cu (“Cu—O-—Ce species”),
four—six lattice O species in close proximity to Cu (“proximal
Ce—O species”), and many more lattice O species at
progressively further distances from the active site.

The range of effect of the step-anchored Cu atom (orange
line in Figure SD) is striking: oxygen vacancy formation energy
are notably impacted, with distances of at least 1.0 nm needed
to recover the unmodified CeO, behavior (Figure SD, after
~O#12). Of all of these, three O species are far more
removable than the others (labeled O# 4, S, and 6 in Figure
SC,D): two proximal Ce—O species (O #4 and #5) and one
Cu—O—Ce species (O#6, which is an O adatom). The
proximal Ce—O species are both step edge lattice O, but only
one (O#4) is accessible to a CO adsorbed to the Cu when the
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O adatom (O #6) is present. Thus, we can posit that the low-
temperature active O species could correspond to either the
Cu—0O—Ce species (O#6), which exhibits nearly thermoneu-
tral oxygen vacancy formation, or a proximal Ce—O species
(O#4), which is removed at a cost of only ~35 kJ/mol/O. We
should note that while these values represent a low (or no)
thermodynamic driving force for filling these vacancies with
single O atoms, it is the driving force for O, adsorption into
these vacancies that drives the reaction forward that is indeed
exergonic as we will show shortly. We will therefore construct
and test two separate CO oxidation cycles using both of these
O species. However, to identify the mid-temperature active
lattice O atom, we must consider the mobility of O atoms at
higher temperatures after the lower temperature active O
species has been reacted off in CO-TPR. To do this, we
reassess the OVFEs of the lattice O again (blue series in Figure
SD) but this time after removing the most labile Cu—O—Ce
species (i.e, O #6). This reveals that the proximal Ce—O
species, while not as reactive as before, is still reactive enough
(OVFE ~ 83 kJ/mol/O) to be preferentially removed over
unmodified CeO, (OVFE ~ 145 kJ/mol/O). We therefore
hypothesize that these proximal Ce—O species correspond to
the observed mid-temperature active lattice O—though we
must emphasize that both species are likely active under
catalytic conditions. Another catalytic cycle will therefore be
constructed based on the serial removal of these two species.
Finally, since a Cu® active site has been invoked in the
literature,"> we also include an additional catalytic cycle that
could conceivably form such a species.

The resulting network of nested catalytic cycles is shown in
Figure 6 from which we derive four major pathways. The two
cycles delineated with orange and green lines are built around
CO oxidation by the Cu—O—Ce adatom species (colored
pink) and proximal Ce—O species (colored purple),
respectively. We term these the “Cu-dioxygen” and “lattice-
peroxo” cycles after the location of their O species and the
identity of the molecular O, that subsequently fills the vacancy.
The cycle created by two sequential CO oxidation steps
involving first the Cu—O—Ce and then the proximal Ce—O
species results in the reduction of the Cu atom from 2+ to 1+
and is delineated with red lines and termed the “Cu-reducing”
cycle accordingly. Finally, if one splits the adsorbed dioxygen
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across the Cu atom in the Cu-dioxygen cycle, Cu can be
oxidized to 2.5+/3+. This forms our final cycle, the “Cu
oxidizin§’ cycle, delineated with blue lines. Based on a Bader
charge®™ ™" calibration (Figure S18), formal charges (oxida-
tion states) of all atoms in the system were computed at each
step of each catalytic cycle and are shown in Figure 6. The
results show that within each catalytic cycle, charge transfer
between the support and metal center is common. Creating
oxygen vacancies nearby the (CuO); active center, filling them
with O,, and adsorbing CO all result in different distributions
of charge scavenging/donation by Ce and Cu, with charge
shuttling occurring rapidly between the two in response to
each reaction step. Similar charge transfer effects have been
reported by Polychronopoulou et al.*” in their density of states
studies of CeO, doped by several transition metals where
doping with Cu resulted in the most significant charge transfer
effects. In this context, it is interesting to highlight why two O
species are missing from Figure 5C: O#8, a proximal Ce—O
species lying beneath the (CuO), active center along the
negative [101] direction (we noted the location of the Ce
atom directly above it with a yellow star in Figure SC) and
O#9, the lower step anchoring Cu—O—Ce species. This is
because upon their removal, O#6 (the O adatom) sponta-
neously moves to refill their vacancies, reproducing a structure
identical to the one after removing O#6. This process has no
energetic barrier. This is highly demonstrative of the adatom’s
ability to dynamically respond to the redox state of the Cu,;
and CeO, supports, suggesting that a dynamic compensation
behavior can be expected in response to the changing process
and redox conditions during active catalysis, thus permitting
reactive channels that would otherwise be disabled by such
changes.

In Figure 7A—D, we determine adsorption and activation
free energies for each elementary step in each aforementioned

13655

catalytic cycle. The computed activation free energy/intrinsic
activation energy is presented for comparison against the
experimentally measured apparent activation energy. The
highest computed barriers (and, if ambiguous, their com-
petitiveness against CO desorption) were used to identify
likely rate determining steps (RDS) for each cycle, with the
structure preceding each RDS making up the putative most
abundant surface intermediate (MASI) of that cycle. In the
molecular model used, the Cu concentration is near infinite
dilution (<50.16 wt % of entire model; <0.73 wt % of surface
layer), making our computational results most comparable to
the 0.37 wt % Cu sample. The Cu-dioxygen cycle (Figure 7A)
exhibits the lowest overall barriers, and its RDS has an intrinsic
activation energy of ~54 kJ/mol, which is very consistent with
the experimentally determined value of ~55 kJ/mol for the
0.37 wt % Cu sample (Figure 7E). This suggests that low-
temperature CO oxidation over Cu,/CeQ, proceeds primarily
through the Cu-dioxygen cycle. Decreasing the distance
between Cu single atoms by increasing loading to 1 and 2
wt % Cu induces a modest increase in the apparent activation
barrier by ~15 kJ/mol but a much larger increase in the
preexponential factor by three orders of magnitude (Figure
7E). This observation is highly reminiscent of the surface
density-dependent activity effect recently reported on Pd,/
CeO, by Kim et al.** This effect was tied directly to the redox
properties of CeO,, suggesting that we may be seeing the same
phenomenon here. We remark this phenomenon as relevant to
future research but beyond the scope of the current work.
Nevertheless, the apparent activation barriers at 1 and 2 wt %
Cu are still lower than the RDS barriers of the remaining
catalytic cycles, lending credence to our assignment. For
instance, splitting dioxygen (structure D in Figure 6) to enter
the Cu-oxidizing cycle is kinetically inhibited (computed
barrier of 146 kJ/mol) despite being exothermic (AG,,,, = —80
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kJ/mol). Any Cu’" single-atom sites formed prior to the
reaction will therefore reform only seldomly, making the Cu-
oxidizing cycle likely inactive until higher temperatures are
reached. The lattice-peroxo and Cu-reducing cycles are
competitive with each other, each having a different RDS but
a similar forward barrier (~95—97 kJ/mol). These two cycles
are therefore most likely accessed in the mid-temperature
range. We should note, however, that despite recent reports,16
we see no evidence that an Eley—Rideal mechanism between
molecular O, and bound CO is in play. Additionally, our
measured reaction rate orders with respect to Pco and POZ are

0.84 and 0.07, respectively (Figure S9). It is well acknowledged
that a zero-order dependency on Pg, strongly suggests that

lattice oxygen is involved in the reaction mechanism, as it is
encountered in our model and several previous works on Cu/
Ce0, 13

Probing the Putatively Dominant Structures of
Catalytic Cycles. We used near-ambient-pressure X-ray
photoelectron spectroscopy (NAP-XPS) to probe and test
the theoretically predicted MASI and its charge states during
low-temperature CO oxidation. As seen in Figure 8A, under
CO oxidizing conditions, only Cu*" is detected—in agreement
with our XANES results. For Ce, mostly Ce*" is detected with
a small amount of Ce*. If the Cu-dioxygen cycle is in
operation during low-temperature CO oxidation as predicted,
then structure B (exhibiting CO adsorbed to Cu®*, “CO—
Cu®"”) should be the MASI, but this structure displays no
Ce*". However, the next-MASI along the Cu-dioxygen cycle is
structure Ec,, which still exhibits Cu** but with some Ce*

present. A small representation of structure E., amongst a
MASI of otherwise structure B, CO—Cu?', is therefore
consistent with the NAP-XPS results. We also consider what
might happen if O, is cut off from the reaction (CO-only
conditions). In this scenario, the MASI should still be primarily
structure B, but the lowest barrier pathway forward without O,
present is to progress to structure C and proceed specifically
into the Cu-reducing cycle. Through theoretical calculations,
Xie et al.** encountered that Cu—CO species tend to be
redispersed and trapped by CeO,(111) step sites rather than
sinter. The unchanged light-off curve of the 2 wt %
Cu/Ce0,(800) sample, before and after CO reduction at
200 °C (Figure S10), agrees with Xie’s theoretical findings and
our Cu-reducing cycle predictions. Nonetheless, it is note-
worthy that such a mechanism of metal—carbonyl mobility
seems to be metal dependent. While mobile Au—CO species
tend to redisperse,"”*® Pd—CO species tend to sinter.””**
Under low-temperature conditions, the reaction should largely
stop at structure D,y (exhibiting CO adsorbed to Cu'*, “CO—
Cu'?”, as well as Ce**) due to a ~97 kJ/mol forward barrier.
Thus, under CO-only conditions, one should expect a
nonnegligible increase in Cu'* and Ce®" species according to
the computational results. As can be seen in Figure 8A, this
theoretical prediction is born out experimentally. Once O, is
removed from the sample, NAP-XPS spectra exhibit a
noticeable uptick in Cu'*/® and Ce** (Ce** fraction remains
unchanged for bare CeO,, see Figure S16 and Table S5), with
the fraction of Cu'*/® present estimated at 0.15 (Table S5).
This suggests that we have correctly identified the relevant
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catalytic cycles and their dominant MASIs for low-temperature
CO oxidation.

To mitigate any remaining uncertainty and confirm the
above assignments, we turn to vibrational spectroscopy.
According to our DFT and NAP-XPS results, the MASIs in
question here are predicted to contain ~100% structure B
(CO—Cu’") when under CO oxidizing conditions and contain
85% structure B and 15% structure D,y (CO—Cu'*) when
under CO-only conditions (see Table S5 for detailed
breakdown of these percentages). We should thus expect
experimental infrared (IR) spectra collected under these two
conditions to reproduce these predictions—both the compo-
sition and ratios. Simulated IR peaks constructed from DFT-
derived vibrational frequencies of these MASI structures
should thus match the experimental IR when combined in
their predicted ratios. To ensure the most accurate computed
values possible and account for the temperature used in the
experiments, ab initio molecular dynamics (AIMD) simu-
lations of each MASI structure were performed at 70 °C to
extract anharmonic*’ and temperature-corrected CO stretch
frequencies in the form of CO vibrational density of states
(CO-VDOS) (see the Supporting Information for details).
Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was then independently performed at 70 °C under
CO oxidizing and CO-only conditions. The results are shown
in Figure 8B. Under CO oxidizing conditions (prediction:
~100% CO—Cu*"), DRIFTS detects one primary peak at 2112
cm™. Under CO-only conditions (prediction: ~85% CO—
Cu® and ~15% CO—Cu'"), this peak red shifts slightly to
~2108 cm™!, and a clear shoulder develops around the 2050
cm™' region. The computed CO-VDOS for CO—Cu?*
(structure B) is centered at 2112.5 cm™, in very good
agreement with the primary DRIFTS peaks under both sets of
conditions. The CO-VDOS for CO—Cu'* (structure D,4) is
centered at 2061 cm™!, which aligns very well with the
shoulder developed under CO-only conditions. In the Cu,/
CeO, system, the 2050 cm™" feature has never been assigned
to any Cu—CO species, whereas the 2110 cm™" species has
been widely attributed to CO—Cu'*, but such attribution has
apparently been derived from imprecise extrapolation of Cu—
CO assignments from Cu/SiO,, Cu’, and Cu/ALO; (Table
S6). To construct our DFT-derived DRIFTS spectra for
comparison with the experiment, we apply Gaussian functions
to each primary CO VDOS peak weighted according to the
fractions of Cu** (0.85) and Cu'* (0.15) that are predicted to
be present under CO-only conditions according to NAP-XPS
(Table S5). The same process was applied to a single Gaussian
centered around the primary CO VDOS peak at 2112.5 cm™
to compare against the DRIFTS under CO oxidizing
conditions. The y-scales were adjusted to align the peak
maxima. This leaves no tunable parameters that could
otherwise be used to perform a fitting. The resultant DFT-
derived spectra are shown as dotted blue lines for CO-only and
CO-oxidizing conditions in Figure 8B. The overall shape and
placement of each DFT-simulated spectra are remarkably
consistent with the experiment. In fact, a 6 cm™ red shift,
applied to the entire DFT-simulated spectrum in Figure 8B, is
sufficient to produce a nearly perfect match (Figure S19) to
the experimental spectra. Such a shift corresponds to an energy
difference of ~0.07 kJ/mol, which is well within typically cited
DFT errors (10—20 kJ/mol).

Based on the consistency between the theoretical
predictions and experimental results, we conclude that the

catalytic cycles and MASIs in operation during low-temper-
ature CO oxidation over Cu;/CeO, catalysts presented here
have been correctly identified. This work thus demonstrates
that flexible charge transfer between charge and support
observed above contributes to the ability of the catalyst to
adapt to the reaction environment and remain active, with
strong anchoring to step defects providing its apparent

stability.

B CONCLUSIONS

We have shown here that low-temperature CO oxidation over
Cu,/CeO, proceeds via Cu single-atom active sites trapped at
step defects, with Cu—O—Ce being the primary active oxygen
species, both in the form of lattice oxygen and oxygen adatoms.
We show that Cu cycles between 2+ and 1+ oxidation states
during its primary catalytic cycle (the “Cu-dioxygen” cycle)
with mostly CO—Cu*" making up the putative most abundant
surface intermediate. It is especially interesting to note that as
the temperature increases or partial pressure changes, other
catalytic cycles can contribute to the reaction. A considerable
debate in the literature concerning the active site of Cu,;/CeO,
for CO oxidation can potentially be understood as a reflection
of this concert of catalytic cycles producing a wide distribution
of surface structures and potential charge states. Finally, we
show that the remarkable robustness of this catalyst results
from strong anchoring of Cu to step defects and its ability to
adapt to changes in thermodynamic conditions while always
manifesting a viable low-temperature route for CO oxidation.

B METHODS

Experimental Details. Catalyst Preparation. Polyhedral
CeO, support was prepared by thermal decomposition of
cerium(III) nitrate hexahydrate (Ce(NO);-6H,0 99% purity
from Sigma-Aldrich) in air at 350 °C for 2 h.”’ The particle
size was maintained between 0.149 and 0.125 mm with the use
of 100 and 120 mesh number sieves. The Cu/CeOQ, catalysts of
0.37, 1, 2, 3, 6, and 10 wt % of Cu content were prepared by
incipient wetness impregnation (IWI) of copper(Il) nitrate
trihydrate (Cu(NO);:6H,0 from Sigma-Aldrich) on the
polyhedral ceria. After impregnation, the catalysts were dried
in air at 150 °C for 1 h and cooled to room temperature for a
second impregnation in the case of 6 and 10 wt % Cu content.
Subsequently, we performed calcination at 350, 600, 700, and
800 °C (calcination at 800 °C is referred also as atom
trapping'’) for 10 h at a heating rate of 10 °C/min. A
reference sample for the Clean Diesel Combustion test of 2 wt
% Pt on CeO, calcined at 800 °C was prepared by the same
IWI procedure. After calcination, the particle size was
maintained between 0.149 and 0.125 mm with the use of
100 and 120 mesh number sieves. The samples are denoted as
x wt %M/CeO,(TTT) (M = metal used, x = wt % content,
TTT = calcination temperature in °C).

Catalytic Activity. The CO oxidation reaction was
conducted in an atmospheric pressure fixed-bed flow reactor
system using the GC2060 gas chromatograph model by
Shanghai Ruimin GC Instruments, Inc. The catalyst was
loaded into a 4.0-mm-i.d. X 40.64-cm-long quartz tube packed
in between inert quartz wool. The catalyst bed temperature
was controlled with a PID temperature controller, and a
thermocouple placed inside the quartz tube. The light-off
curves were carried out using 20 mg of the catalyst and 500 mg
of inert SiC, a heating rate of 2 or 3 °C/min and a GHSV of
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300,000 h™!, 1% CO, 8% O,, balanced helium. The reaction
rates were calculated at a residence time approaching zero. The
space velocity (inverse of residence time) was defined as v/,
where v is the total flow rate in moles CO/s and w is the moles
Cu in the sample. Maintaining the X less than 10%, the total
flow rates were varied between 75 and 200 sccm/min, and the
reaction rates were calculated using the Xco previously
determined with the GC measurements. Finally, the reaction
rate at a residence time approaching zero was determined by a
linear regression of the reaction rate versus the residence time
plot. Activation energies were measured with 20 mg of the
catalyst and 500 mg of inert SiC using 1% CO and 4% O, at
300,000 mL/g,h while maintaining X, less than 10%.

Characterization. Nitrogen Sorption Experiments. The
nitrogen sorption experiments were conducted on a Micro-
meritics TriStar II 3020 physisorption analyzer at —196 °C
using ultrahigh purity N,. The specific surface areas of the
catalysts were calculated based on the Brunauer—Emmett—
Teller (BET) model. Catalysts were degassed at 300 °C for 1 h
under vacuum before measurements were taken.

CO-TPR. The CO-TPR measurements were done with an
Autochem 2920 from Micromeritics. The analysis of products
was conducted with a Thermostar GSD 320 T Quadrupole
Mass Spectrometer (QMS) from Pfeiffer Vaccum, equipped
with a Secondary Electron Multiplier (SEM). Approximately
100 mg of the sample, a total flow rate of 100 sccm/min, and
temperature ramps of 10 °C/min were used in all cases. An
oxidative pretreatment was performed using 10% O,/He while
heating from room temperature to 400 °C and held for 60 min.
Then, the temperature was decreased to —20 °C under
ultrahigh purity (UHP) helium and maintained for 60 min
until the QMS mass-to-charge ratios were stable. The
temperature-programmed reduction was performed using
10% CO/He from —20 to 400 °C. The amount of CO,
generated below 70 °C was calculated by calibrating the CO,
signal using the QMS. Assuming that at low temperatures the
CO-TPR follows the stoichiometry of CO + Cu—O* — Ce —
CO, + Cu — [ ] — Ce, the amount of lattice oxygen
participating in the low-temperature CO oxidation reaction
was estimated directly from the measured CO, being
produced. The proper selection of experimental conditions
for temperature-programmed experiments was found to satisfy
Monti®' and Malet™ criteria for optimal peak resolution.
Transfer limitations were found absent by Gorte’s™ ™" criteria
evaluation. Additional details can be found in Section S7
(Tables S7 and S8).

X-ray Diffraction (XRD). XRD experiments were carried out
with a Rigaku SmartLab using a Bragg—Brentano geometry
and a DTex high-speed detector that allows for higher signal-
to-noise ratio. The diffractograms were acquired using the
Theta-2Theta scan axis in the range of 18—80°, a step of 0.01°,
and a rate of 0.5°/min. X-ray diffractogram of 2 wt % Cu/
Ce0,(900) was recorded by a Rigaku MiniFlex using similar
parameters.

Calculation of Cu Density. Cu density calculations of 2 wt
% Cu/Ce0,(800) and 3 wt % CuCeO,(800) catalysts were
carried out as indicated below

Cuyo 1
1= Cuyg AW,

SAceo, X 10"

Cu atoms X Avy

2
nm(ceoz)

Cu,, ¢ = copper content in wt %; AW, = atomic weight of
Cu, which is 63.546 g/mol; Avy = Avogadro’s number; SAc.q,

= experimental surface area of 2 wt % Cu/CeO, and 3 wt %
Cu/CeO, catalysts calcined at 800 °C, obtained from the BET
method (Table S1).

X-ray Absorption Spectroscopy (XAS). The XAS exper-
imentation was performed at beamline 8-ID (ISS) of NSLS-1I,
Brookhaven National Laboratory. Cu-containing samples (100
mg for each) were pressed into a thin pellet with a diameter of
13 mm before installing in the sample holder. The XAS spectra
of Cu K-edge were measured under a fluorescence model with
a nickel foil filter. A Cu foil was measured simultaneously as a
reference to calibrate the photon energy. Ten sweeps of data
were collected for each sample and then merged for better
signal quality. Standard compounds, Cu,O and CuO, were
diluted with BN (S wt % in BN) before pellet making. Spectra
of Cu,0 and CuO were collected under transmission mode.
The data process and analysis follow the typical protocol,*®
including the energy calibration, merge, and Fourier trans-
formation.

The collected X-ray absorption fine structure (XAFS) data
were background-subtracted and normalized using the Athena
software package. Extended X-ray absorption fine structure
(EXAFS) fits were performed simultaneously in R-space on k?,
k* and k'-weighted Cu K-edge spectra using Artemis.
Scattering paths were calculated with FEFF8 using crystal
structures of CuO and the density functional theory (DFT)-
optimized CuO step model. The amplitude reduction factor
S,> was determined by fitting the Cu—Cu scattering paths,
fixing the coordination number of a Cu foil reference sample to
12, and was found to be 0.876. The spectra were not phase-
corrected.

Microscopy Imaging. The samples were sieved using a 100-
mesh number grid. Subsequently, a small amount of powder
was thoroughly dissolved in ethanol and further deposited on a
200 mesh Lacey carbon Au grid, where ethanol was fully
evaporated before imaging. Images were acquired using a
Thermo Fisher Scientific Themis Z 30-300 STEM operating at
300 kV. High-resolution imaging was performed in STEM
mode using a convergence angle of 25 mrad. The images were
collected using high-angle annular dark-field detector in an
annular range of 51-200 mrad. X-ray energy-dispersive
spectroscopy (EDS) was performed with a Super-X G2
detector. The acquisitions were made with probe currents in
the range of 45—50 pA for the analyzed sample. Dwell times of
20 us were used for high-resolution maps that were obtained
with multiframe (300 frames) drift-corrected acquisition. EDS
data processing was performed with Velox software from
Thermo Fisher Scientific.

Near-Ambient-Pressure X-ray Photoelectron Spectrosco-
py (NAP-XPS). The surface chemistry of Cu/CeO, catalysts
was characterized in a laboratory-based SPECS NAP-XPS
system. Cell-in-chamber design of the spectrometer allows in
situ XPS measurements at pressures of up to 2 mbar
(controlled via back-pressure regulator installed at the outlet
of the cell) using high-purity gases fed into the NAP-cell via
calibrated mass-flow controllers. Powder catalysts were mixed
with the inert carbon diluent and pelletized into self-supporting
pellets to provide sufficient conductivity for obtaining high-
quality XPS spectra. Prior to the reaction, the catalysts were
pretreated in 2 mbar of pure O, (2 mL/min) at 300 °C to
desorb water and loosely bound carbonate species. A reaction
mixture of 0.5 mL/min of CO and 2 mL/min of O, was used
to mimic oxygen-rich conditions of catalytic tests in the plug
flow reactor. A standard residual gas analyzer placed in the
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second differential pumping stage allowed following the
catalytic activity during XPS measurements. Further technical
details about the NAP-XPS system can be found in the
literature.”” Spectra were obtained using monochromatic Al
Ka irradiation (1486.6 eV) of an Al source operating at SO W.
The total acquisition time of the survey and regions of interest
took around 90—120 min. A pass energy of 40 eV with a step
size of 0.1 eV and a dwell time of 0.5 s was typically used for
acquiring the core-line spectra. For the sake of acquisition
time, only Cu 2p3,, component of Cu 2p core line was
collected. The Cu 2p;,, Cu LMM, and Ce 3d regions were
energy-corrected according to the U” component of the Ce 3d
core line with a characteristic binding energy of 916.7 eV.>*~%
The peak position of this component is independent of the
Ce** to Ce* ratio (as long as Ce*" is present), which makes it
possible to calibrate the spectra throughout the experiment.
Atomic ratios were estimated following the standard
procedure, involving a Shirley background subtraction and
raw area normalization using relative sensitivity factors.
Spectral lines were fitted using a symmetric pseudo-Voigt
function denoted by a GL line shape in the Casa XPS software.
The Ce 3d line was fitted according to a model described
elsewhere.””®" All of the spectra are presented without
normalization of the areas. The Cu/Ce atomic ratios as a
function of temperature and gas phase were estimated to
follow possible sintering/segregation of Cu.

Diffuse Reflectance Infrared Fourier Transform Spectros-
copy (DRIFTS). DRIFTS spectra were acquired with a Tensor
27 from Bruker, coupled with a Praying Mantis Diffuse
Reflection Accessory from Harrick. Approximately 50—60 mg
of the sample was used for the experiment. An initial
pretreatment was done with 10% O,/He at 300 °C for 30
min to remove moisture and loosely bound carbonate species.
Afterward, the sample was cooled to 70 °C and a background
was taken after flowing S0 mL/min of He for 30 min. Spectra
taken during CO oxidation were collected for ~30 min,
starting immediately after the sample was exposed to 6 mL/
min of 10% CO/He (1% CO), 30 mL/min of He, and 24 mL/
min of 10% O,/He (4% O,). After CO oxidation, spectra were
taken when the sample was exposed to 6 mL/min 10% CO/He
(1% CO) and 54 mL/min of He for ~30 min. After exposing
the sample to CO-only, CO oxidation spectra were taken once
again for 30 min at 1% CO and 4% O,.

Further experimental details are provided in Section S4.

Computational Methods. Our proposed model of the
Cu/CeO, single-atom active site exhibits a long CeO,(111)
terrace into which a step defect has been created by cleaving
the top row along the [110] direction, exposing two different
step edges. The leftmost top-step edge exposes a (100)-like
facet and is the dominant step edge of CeO, according to
Freund and co-workers,>>*° and so a (CuO), single active
center is placed there. The model is shown in Figures 5A and
S20. The opposing step edge is (111)-like and is an
unavoidable artifact of cleaving CeO, along a nonsymmetry
plane of its fluorite structure. The model is made up of four full
CeO, layers (representing the bulk and lower terrace) and one
(half-cleaved) layer of CeO, atop this (representing the upper
terrace), and thus, in total, the simulation supercell is
comprised of 225 CeO, formula units or 675 atoms not
including the added (CuO), active site or molecular adspecies.
Periodic boundary conditions are employed throughout.

Computed energetics were derived from DFT calculations
using the CP2K quantum chemical package.”” Geodecker—

13659

Teter—Hutter (GTH) pseudopotentials were used to describe
the core region of each atom,” while valence electrons were
described in a Gaussian plane wave hybrid basis set scheme.**
To adequately describe the f-orbitals in Ce, a recently
published, more accurate Ce basis set and GTH pseudopo-
tential were used®>*® along with its corresponding (Mullikan
charge based) optimized Hubbard U parameter.’” Free
energies of gas-phase molecules were evaluated using standard
statistical mechanical methods,”® while those of the adspecies
were approximated using Campbell and Seller’s measured
entropy correlations.”® AIMD simulations were performed in
the canonical NVT ensemble using a Nosé—Hoover thermo-
stat®”’? from which fully anharmonic CO vibrational density of
states (VDOS)”' were derived to compare against IR
experiments. Model electrostatics (Figure S21) and further
computational details can be found in Section S3.
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