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ABSTRACT: Aluminosilicate zeolites exchanged with copper
ions facilitate partial methane oxidation (PMO) to methanol in stoi-
chiometric oxidation and reduction cycles, yet the identities of ac-
tive Cu sites and details of the reaction mechanism remain debated.
Here, we use the high symmetry chabazite (CHA) zeolite frame-
work as a model support to probe the relationship between bulk
composition, Cu speciation, and response to various oxidizing and
reducing treatments. Density functional theory and first-principles
thermodynamics combined with statistical models reveal that Cu
speciation and composition depend strongly on Al configuration
and external gas conditions. Cu-CHA samples were synthesized to
survey broad regions of Si/Al and Cu/Al composition space and
framework Al proximity. Characterization by in situ X-ray absorp-
tion and UV-visible spectroscopy during exposure to different oxi-
dation conditions reveal that the extent of Cu oxidation is sensitive
to activation conditions and thus that both kinetic and thermody-
namic factors influence Cu oxidizability in a given material. Simi-
lar characterizations during CO reduction reveals that CO titrates
Cu?" in amounts suggesting the presence of both O- and O,-bridged
species. In contrast, CH4 and auto-reduction (He) treatments reduce
similar but smaller numbers of Cu sites than CO, implicating O,-
bridged Cu dimers as a potential common intermediate in the for-
mer reduction pathways. A systematic increase in methanol yields
(per Cu) in stoichiometric PMO cycles increase with the fraction of
binuclear Ox-bridged Cu sites suggests these species as active sites,
as depicted in an updated PMO reaction mechanism.

1. Introduction

Cu-exchanged zeolites facilitate partial methane oxidation
(PMO) to methanol in stoichiometric' and continuous®® cycles.
After high-temperature oxidative treatments (typically with O,), a
variety of Cu structures have been proposed to form on zeolite sup-
ports, including mononuclear sites (Cu?*, [CuOH]"),>! binuclear
sites (bis(u-oxo)dicopper ([Cu(O)2Cu]**),''? mono(u-oxo)dicop-
per ([CuOCu]*"),1317 u-(n*:n*)peroxo dicopper ([CuO,Cu]?"),318
cis- and trans-u-1,2-peroxo dicopper ([CuOOCu]*"),"151¢ bis(u-
hydroxyl)dicopper ([Cu(OH),Cu]?*"),!?! trinuclear sites (mono(u-
oxo)tricopper),>???3 and even higher nuclearity sites (Scheme 1).24
26
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Scheme 1. Schematic representations of Cu active site motifs pro-
posed to form on Cu-exchanged zeolites after oxidation treatments.
“Z” represents an Al-substituted Si site. Green: Al, yellow: Si, red:
0, gray: Cu, pink: H.

Initial reports from Groothaert et al. identified bis(u-oxo)di-
copper on Os-activated Cu-MFI from UV-Visible spectra, an as-
signment supported with in situ extended X-ray absorption fine
structure (EXAFS) and electron paramagnetic resonance (EPR)
spectra.'!? Solomon and coworkers reported that mono-(u-oxo)di-
copper forms upon O3 activation of Cu-MFIL,'3 Cu-MOR,?’ and Cu-
CHA'7 based on comparisons of resonance Raman spectra and den-
sity functional theory (DFT)-predicted structures of [Cu,O]?" cores
sited within 8- and 10-membered rings (8-MR and 10-MR).! Pap-
pas et al. inferred that O, activation produces mono(u-oxo)dicopper
and trans-u-1,2-peroxo dicopper from in situ X-ray absorption
(XAS) and resonance Raman spectra of Cu-MOR?® and Cu-CHA'
zeolites of varying Cu and Al content, while Deplano et al.>® and
Pankin et al.3® have used wavelet transform analysis of EXAFS
spectra to identify mono(u-oxo)dicopper species on CHA and
MOR. Ipek et al. identified a mono(u-oxo)dicopper located in an
8-MR, a [Cu,O,]*" site bridging an 8-MR and a 6-MR, and a u-
(7*:n*)peroxo dicopper site anchored on one silanol defect in the 8-



MR as having the lowest free energies of formation at ambient tem-
peratures, based on supercell DFT calculations.'> Raman spectra of
Cu-CHA were consistent with the presence of these three sites,
while the mono-(u-oxo)dicopper feature disappeared while that of
the trans-u-1,2-peroxo dicopper site persisted during longer O, ac-
tivation times at ambient temperature, suggesting the existence of
a pathway from a less stable former to more stable latter form.!s
Brezicki et al. concluded that mono-(u-oxo)dicopper sites were re-
sponsible for selective methane oxidation to methanol while trans-
u-1,2-peroxo dicopper sites led to over-oxidation products (CO,
CO3) on Cu-MFI and Cu-MOR, based on evidence from UV-Visi-
ble spectra, reaction stoichiometries consistent with the total oxy-
gen content among products formed (per active Cu), and DFT cal-
culations of the relative stabilities of various binuclear Cu sites in
MOR.'¢ Tsuchimura and co-workers studied Cu-CHA of varying
Cu/Al ratio, observed mononuclear and various binuclear species
in UV-visible spectra, and concluded that a mono(u-oxo)dicopper
species present at intermediate Cu loadings had the highest rates
for catalytic methane oxidation.® Lercher and coworkers reported
evidence for tris(u-oxo)tricopper sites in Cu-MFI* and Cu-
MOR??2 based on CH30H yields (per Cu) that correlated linearly
with one-third of the total Cu content, supported with in situ EX-
AFS spectra.

The number, structure, and reactivity of distinct [Cu,O,]"* site
types on Cu-zeolite materials evidently depend on the framework
topology, composition (Si/Al, Cu/Al), spatial arrangement of Al
and Cu sites,*! and the specific oxidation treatments' and pre-treat-
ment conditions®? used. Further, spectroscopic characterization and
quantification present various challenges. Electronic paramagnetic
resonance (EPR) potentially provides insight to Cu®* speciation,*
but interpretation is complicated by the EPR silence of Cu* and
some Cu®" due to antiferromagnetic coupling.>* Further, EPR is un-
able to directly access conditions of catalyst activation and reduc-
tion treatments of relevance for PMO. The use of UV-visible spec-
troscopy to interrogate the fate of binuclear Cu structures is chal-
lenged by overlapping d-d transition features and the heterogeneity
of any given sample, which leads to an unknown ensemble of Cu
sites and finite-temperature (thermally-induced) dynamics and re-
structuring that broadens all transitions.3' Thus, it is perhaps unsur-
prising that various [Cu,O,]"" site motifs have been proposed to fa-
cilitate PMO, given the large variation in zeolite topologies studied
(e.g., MFI, MOR, CHA, AEI, MAZ) and reaction protocols used
(e.g. O, activation time, temperature, and pressure),’? which influ-
ence the active Cu sites formed according to in situ Raman spec-
troscopy'® and methanol yields quantified by stoichiometric PMO.!
In particular, the influence of framework Al arrangement within a
given zeolite has been studied less extensively than the influences
of zeolite topology or bulk composition, but this material property
strongly influences extraframework metal speciation. Li et al. used
supercell DFT models to compare free energies of FexOyH."" spe-
cies as a function of Al location in CHA to show that Fe?* exchange
at a 6-MR is energetically favorable and produces a site (a-Fe)*
with favorable energetics for PMO after N,O activation.’® Con-
sistent with these predictions, Dusselier and coworkers synthesized
Fe-CHA with different framework Al arrangements to demonstrate
that 6-MR Al site pairs (i.e., second- or third-nearest neighbor) sta-
bilize the dominant active site for stoichiometric PMO.%’

Experimental spectroscopic and titrimetric data and DFT cal-
culations in CHA show that Cu®" ions preferentially exchange into
the same 6-MR paired Al site (“Z,Cu”), while [CuOH]* complexes
exchange at a single framework Al in a 8-MR (“ZCuOH”).*® Thus,
even for the simplest case of mononuclear Cu?* ion sites exchanged
onto the CHA framework, which contains a single crystallograph-
ically-unique lattice tetrahedral site (T-site), different populations
of Cu site types are present among CHA samples of similar com-
position but different framework Al arrangements resulting from
the specific crystallization methods used.>**? Prior work showed

that Cu-CHA samples synthesized to emphasize different frame-
work Al arrangements and thus extraframework Cu?* site types, in-
terrogated by in situ spectroscopy, stoichiometric PMO studies, and
theoretical calculations, revealed differences in the kinetics of di-
oxygen activation and assigned both mono-(u-oxo)dicopper and
trans-u-1,2-peroxo dicopper as PMO active sites.*> Additionally,
trans-u-1,2-peroxo dicopper sites were proposed to undergo O—O
bond scission to form mono-(u-oxo)dicopper sites, via incom-
pletely understood mechanisms, with increasing time in dry O
treatment' that can be accelerated with the addition of H,O.#

On a given Cu-zeolite, the formation of binuclear O-bridged
Cu sites depends on various material properties including the Cu
speciation, density, and proximity. Li et al. used in situ UV-Visible
spectroscopy experiments corroborated by DFT models to show
that ZCuOH-containing Cu-CHA zeolites form binuclear Ox-
bridged Cu species after high temperature O, treatment (723 K) that
subsequently reduce in CO (523 K), while Z,Cu-containing CHA
zeolites remain unchanged after either O, or CO treatments.’! van
Bokhoven et al. used X-ray diffraction (XRD), DFT, and XAS to
examine the formation of PMO active sites in Cu-MOR and Cu-
MAZ, proposing that proximal [CuOH]" species'*?>4 and adjacent
[CuOH]* and Cu?" sites can form O,-bridged Cu species.*> DFT
has been used to probe dicopper structures and reactivity in zeo-
lites;!7-20:46-48 yet, models commonly assume the locations of lattice
Al T-sites,* thus missing the heterogeneity in Cu structure and re-
activity introduced by lattice Al distributions. Early DFT calcula-
tions demonstrated the sensitivity of the geometric and electronic
structures of [CuxO,]** cores to the location and orientation of Al
T-sites.’*>3 Li et al.3! and Bregante et al.*3 found spectral features
sensitive both to dicopper structure and Al siting. Goltl et al. used
first-principles thermodynamics to compare the stability of
[CuxO.H,]"" species as a function of Al location, proposing hydrox-
ylated dimers as PMO intermediates.?’ Xie and co-workers used
DFT models and CO and H, TPR to conclude that the MFI frame-
work stabilizes various forms of mono-(u-oxo)dicopper sites.>* The
literature thus supports a prominent role of framework Al arrange-
ment on the structure and reactivity of Cu species in zeolites for
PMO reactions.

Here, we combine experiments and DFT-based models to in-
terrogate this sensitivity across a set of compositions and reaction
conditions. A suite of Cu-CHA zeolites was prepared with varying
distributions of two-Al exchangeable (nominally Z,Cu) and one-Al
exchangeable (nominally ZCuOH) sites.>® These samples were
evaluated for the stoichiometric PMO reaction, and Cu structures
were characterized using in situ X-ray absorption and UV-Visible
spectra after exposure to different reducing environments (CO,
CHya, inert) and stoichiometric PMO reaction steps. First principles
thermodynamic models are used to determine the relationship be-
tween Al proximity, Cu speciation, and stability at activation con-
ditions, and statistical models used to predict the fractions of Cu
site motifs as a function of Cu and Al content at those conditions.
Experiment and theory support the formation of distinct binuclear
0O/O»-bridged Cu species with distinct PMO reactivity, and an up-
dated proposal of the elementary steps involved in stoichiometric
PMO reaction cycles on Cu-zeolites.

2. Experimental Methods

2.1. Zeolite Synthesis and Aqueous Ion Exchange

CHA zeolites were synthesized with varying bulk Al content
(Si/Al=4.5-25) and varying fractions of 6-MR paired Al sites (i.e.,
2 Alin a 6-MR in 2NN or 3NN configurations) according to meth-
ods reported previously that involve hydrothermal crystallization
using different structure directing agents (SDA) or Al reagents,*
or interzeolite conversion (FAU to CHA) routes.’”*> CHA was syn-
thesized with precursors including Na® as the inorganic SDA,
N,N,N-trimethyl-1-adamantylammonium (TMAda") as the organic



SDA, and various Al (e.g., aluminum hydroxide, aluminum iso-
propoxide, FAU zeolite) and Si (e.g., colloidal silica, sodium sili-
cate) sources. CHA zeolites containing predominantly 6-MR iso-
lated Al configurations (i.e., 1 Al in a 6-MR) were synthesized us-
ing solely TMAda" as the SDA.¥

After the desired crystallization time, solids were recovered
and washed with alternating steps of deionized (DI) water (18.2
MQ) and acetone (99.9 wt%, Sigma Aldrich) using 70 cm® solvent
per g solids. The washing and centrifugation process was repeated
until the pH of the supernatant was constant between washes. The
final wash step was completed with water to remove any residual
acetone. Solids were recovered from centrifugation and dried over-
night in stagnant air at 373 K. Dried solids were then treated in
flowing dry air (zero grade, Indiana Oxygen; 1.67 cm® s7!) at 853
K (0.0167 K s!) for 10 h to remove organic material. Following
this treatment, XRD patterns (Fig. S1, SI) and micropore volumes
estimated from Ar adsorption isotherms (87 K, Fig. S2, SI) gave
results consistent with the CHA framework topology.

H-form zeolite samples were obtained after aqueous-phase
ammonium nitrate (99%, Sigma Aldrich, 1 M NH4NOs, 150 g so-
lution per g zeolite) exchange at ambient temperature for 24 h, fol-
lowed by washing and centrifugation in DI water (70 cm? per g
solids) five times. Solids were dried overnight in stagnant air at 373
K and then treated in flowing dry air (zero grade, Indiana Oxygen;
1.67 cm® s7') at 773 K (0.0167 K s7) for 4 h to remove NH.

Aqueous NH4" ion-exchange (1M NH4NO3, 24 h) followed by
NH; temperature programmed desorption (TPD) was used to quan-
tify the number of Brensted acid sites on each sample (Table S1,
SI). The number of 6-MR paired Al sites was measured by Co*"
titration using protocols described in our prior reports,*® validated
by measuring Co?" ion-exchange isotherms to verify saturation of
all 6-MR paired Al sites, UV-Visible spectra of Co-zeolites that did
not show the presence of CoxOy species, and residual H sites on
Co-zeolites by NHj titration that yielded a site balance consistent
with the replacement of two H sites per Co®* ion.

Cu-form zeolites were obtained by aqueous ion-exchange of
H-zeolites with an aqueous copper nitrate solution (98%, Alfa Ae-
sar, 0.001-0.2 M Cu(NOs),, 150 g solution per g zeolite), while
controlling the pH of the solution to ~4 by dropwise addition of 0.1
M ammonium hydroxide (28-30% NH3 basis, Sigma Aldrich). The
solution was stirred for 4 h at ambient temperature, and solids were
recovered by centrifugation and washed five times with DI water
(70 cm? per g solids). After drying overnight in stagnant air at 373
K, samples were treated in 1.67 cm? s™! of air flow (zero grade, In-
diana Oxygen) at 773 K (0.0167 K s!) for 4 h.

2.2. Characterization Methods

2.2.1. Elemental Analysis

Atomic absorbance spectroscopy (AAS) with a PerkinElmer
AAnalyst 300 Atomic Absorption Spectrometer was used to deter-
mine elemental compositions of Al, Na, and Cu on samples. Al was
measured in a reducing acetylene/nitrous oxide flame at the wave-
length 309.3 nm. Na and Cu were measured at the wavelengths
589.0 nm and 324.8 nm, respectively, in an oxidizing air/acetylene
flame. Samples were prepared by dissolving approximately 0.020
mg of zeolite in 2 g of hydrofluoric acid (48 wt%, Sigma Aldrich),
followed by a dilution with 50 g of deionized water (18.2 MQ).
Known standard solutions of each element were measured to create
a calibration curve to then calculate elemental compositions for the
samples. Si/Al ratios were determined using the Al weight fraction
together with the unit cell formula for chabazite.

2.2.2. Diffuse Reflectance UV-Visible Spectroscopy

Diffuse reflectance UV-visible spectra were recorded using a
Varian Cary 5000 UV-Vis-NIR Spectrophotometer attached with a
Praying Mantis diffuse reflectance accessory. Baseline spectra

were recorded using PTFE (polytetrafluoroethylene with 200 um
particle size, Sigma Aldrich), BaSO4 (barium sulfate, Sigma Al-
drich), or the parent H-CHA as a 100% reflectance reference mate-
rial. Cu-CHA (sieved to 180-250 um aggregates) was held in dry
air (commercial grade, Indiana Oxygen; 5.6 cm3 s™!' g™!) while in-
creasing the temperature from ambient to 673773 K (0.167 K s ™)
for 1-6 h. Samples were then cooled to 473 K under air flow, and
then further to 300 K. Spectra were collected during the cooling
period from 473 K to ambient temperature.

After exposure to high temperature air (673—773 K, up to 6 h),
samples were reduced with 5 kPa CO in balance He (99.999%
UHP, Indiana Oxygen; 5.6 cm® s g'!) at 523 K (0.5 K s!), until
spectra stopped changing. Then, samples were flushed with inert
He (99.999% UHP, Indiana Oxygen) at 523 K for 0.5 h to remove
physisorbed CO, and further cooled to 300 K in He.

Following the same oxidation treatment above, samples was
exposed to inert environment (99.999% UHP He, Indiana Oxygen;
5.6 cm® 57! g°!; purified using an oxygen moisture trap (Matheson,
MTRP-0019-XX)) while the temperature was increased from am-
bient to 723 K (0.167 K s™!) for 2 h. Samples were cooled to ambi-
ent temperature prior to collecting spectra.

Prior to methane introduction, samples were first exposed to
air (21 kPa O,) and the temperature was increased from ambient to
723 K (0.167 K s!) for 6 h. Samples were then cooled to ambient
temperature, and then flushed in He to remove residual O,. Next,
the gas flow was switched to CHs4 (4.9 kPa balance He, 99.999%
UHP, Indiana Oxygen) and the temperature was increased from
ambient to 473 K (0.167 K s™) for 0.5 h. Spectra were collected
after cooling to ambient temperature. UV-Vis spectra in Kubelka-
Munk units are shown in the main text, and spectra in reflectance
(%R) are shown in the Supporting Information (Section S3, SI).

2.2.3. X-ray Absorption Spectroscopy

X-ray absorption spectroscopy experiments were performed at
the Advanced Photon Source (APS), Argonne National Laboratory
in Lemont, Illinois, in sector 10 Materials Research Collaborative
Access Team (MR-CAT). The insertion device beamline at sector
10 (10-ID) and the bending magnet beamline at sector 10 (10-BM)
were used for in situ experiments. A Cu metal foil reference spec-
trum (edge energy of 8979 eV) was measured simultaneously with
each sample spectrum collected to calibrate the X-ray beam for
spectral measurements at the Cu K-edge. All X-ray absorption near
edge structure (XANES) spectra were analyzed in WinXAS and
normalized using first and third order polynomials for background
subtraction of the pre- and post-edges, respectively. XANES spec-
tra were analyzed using multivariate curve resolution-alternating
least squares (MCR-ALS) analysis, following the methods of
Kvande et al.>® and Martini et al.’”, as described in detail in Section
S6 (SD.

Several oxidation and reduction treatments were studied on
Cu-CHA samples at 10-ID. Auto-reduction in He (UHP, 99.999%)
through an oxygen moisture trap (Matheson, MTRP-0019-XX) was
studied at 648 K and 723 K until spectra stopped changing (up to 2
h). Oxygen activation (21 kPa O,, balance He) was also monitored
between 648-723 K and holding for up to 2 h. Methane (4.1 kPa
CHa, balance He), was introduced to samples at 473 K until spectra
stopped changing (0.25-2 h). Then, a vapor stream of 2.5 kPa H,O
(N carrier gas through a water saturator) at 473 K until spectra ap-
peared as rehydrated as Cu?" (typically 0.5 h).

A “six-shooter” reactor was used to house 5 different Cu-CHA
samples that were pelletized and treated simultaneously during
each oxidation and CO reduction treatment at 10-BM. The samples
were dehydrated in O, (10.1 kPa in balance He, UHP, Praxair) at
723 K (0.167 K s7') for 1 h. Following the oxidation treatment, CO
(1 kPa, balance He) was introduced to the sample at 523 K. Spectra
were collected until XANES spectra remained unchanged, taken to
be the point of completion of the CO reduction treatment.



2.3. Stoichiometric PMO Reactions

Cu-zeolites were activated in air (16 cm® s!' g'!) at 723 K
(0.167 K s for 6 h, then cooled to ambient temperature in He
(99.999% UHP, Indiana Oxygen; 16 cm? s”! g'!). Methane (20 kPa
CHy, balance UHP He, 9.6 cm® 57! g'!) was introduced and heated
to 473 K (0.167 K s!) and held for 0.5 h following the protocol of
Alayon et al.*® Prior to water extraction, the apparatus was purged
with He (UHP, Indiana Oxygen, 9.6 cm?® 5™ g!) for 0.167 h. Next,
water was introduced via a flowing wet He stream (2.5 kPa H,O;
9.6 cm’ s g!) at 473 K for 1 h. An online Agilent 5973N mass
selective detector (MSD) was used to quantify methanol (m/z =31)
using argon (99.999% UHP, Indiana Oxygen) as a calibration
standard (m/z = 40) by introducing pulses of argon of known quan-
tities using the reactor bypass after completion of the reaction pro-
cedure, and to monitor CHy (m/z = 16), H,O (m/z = 18), CO (m/z=
28), CO, (m/z= 44), CH,0 (m/z=29), and C:HeO (m/z= 45).

2.4. Computational Methods

2.4.1. DFT Calculations

Calculations were performed using the Vienna Ab-initio Sim-
ulation Package (VASP)* version 5.4.1. Periodic spin-polarized
DFT calculations were performed with the Perdew, Burke, and Ern-
zerhof (PBE) exchange-correlation functional on a CHA supercell
containing 36 T-sites, using previously reported lattice constants.¢
The projected augmented wave (PAW) method®®®! was used to de-
scribe the core-electron interactions, and a plane-wave basis set
was included to a kinetic cutoff energy of 400 eV. Bands were sam-
pled at the I" point. Self-consistent-field energies were converged
to 10 eV and structures relaxed until all forces were less than 0.03
eV/A. Semiempirical D3 dispersion correction with Becke—John-
son damping®>% does not have a significant impact on the
determination of the most thermodynamically stable species (as
shown in Fig. S31, SI). Harmonic vibrational frequencies were cal-
culated by finite differences on atomic forces. Atomic displace-
ments were 0.01 A and restricted to Cu atoms and bridging ligands,
leaving zeolite atoms fixed. These vibrational frequencies were
used to compute zero-point vibrational energies (ZPE) and entropy
difference between Cu species. All imaginary and low (<100 cm™")
frequencies were set to 100 cm™'. All structures can be found in
CONTCAR format as Supporting Information.

2.4.2. Ab Initio Free Energies

To compare the thermodynamic stability of mononuclear and
binuclear Cu sites as a function of Al site configurations and exter-
nal conditions, formation (free) energies were calculated with re-
spect to Z«Cu, H,O (g), and O, (g). With these references, the mon-
onuclear Cu site formation reaction is written as:

x 1 y
Z.Cu+ > (HZO - —02> + EOZ - Z,CuH,0,

2 (D

To establish the connection between an isolated Al site and a
paired Al site, the Cu exchange energy was calculated between the
two sites, following the protocol defined by Paolucci et al.3®:

ZCuOH + Z,H, — Z,CuH,0 + ZH )

The binuclear Cu site formation reaction is written as:

7Cu/ZCu + (;) H,0 + (Zy —x

>02 - Z,Cu,H,0, 3)

and the energy to place two ZCu species in the same supercell
was calculated using the following reaction:
2ZCu + Z,H, - ZCu/ZCu + 2ZH 4)

Here, Z indicates an anionic Al framework site, ZH an isolated
Bronsted site, and Z,H» one of various realizations of two proximal
Al, and ZCu/ZCu the energy of two proximal Cu at the same Al
pair site. Supercells comprising 36 T-sites are constructed to assure

atom conservation. To include the conditions of activation, we
write the formation free energy as:

AGa,b,c,d (Tr PHZO! POZ)
= AEgp.q — TAS™ST(T)
+ VozAMoz (T,P oz)
+ VHZOAMHZO(TJ PHZO)

Aw; = (G°(T) = G°(T = 0 K)) + RTIn (;) 6)

&)

where AE,pcq is the DFT-computed reaction energy and
AS°ST the reaction entropy. For the latter, we use a model previ-
ously shown to provide a good approximation to the entropy differ-
ence between a free and adsorbate-covered site, which treats ad-
sorbed species as retaining 2/3 of their gas-phase translational en-
tropy as captured in the Sackur-Tetrode equation®:

AS™ST(T) = (SZ.CuwA (M) = Sz.ecu, (T))

3
L2 ol 21, kpT\2 (kBT> e/ ™)
377 h3 P/ N,

where M., is the total mass of the adsorbed species and P° is
the standard pressure, 1 bar. Finally, v; and Ay; are the stoichio-
metric coefficient and the chemical potential differences of H,O
and O, gases between 0 K and the conditions of interest, which was
calculated using the ideal gas-approximation. To compare, we cal-
culated the formation free energy using Harmonic Approximation
(HA) for the entropy term (detailed in Section S32, SI).

3. Results and Discussion

3.1. Compositional Characterization of Cu-CHA Zeolites
After High-Temperature O,-Activation

Cu-CHA samples of varying Al (Si/Al = 4.5-25) and Cu
(Cu/Al = 0.08-0.44) content were synthesized as described in our
prior work®® to contain varying amounts of 2Al and 1Al sites,
which nominally exchange Z,Cu and ZCuOH, respectively; salient
characterization data are summarized in Table 1 (additional data in
Section S1, SI). Samples are given a unique letter code and denoted
as Cu-CHA(X)-Y-Z, where X and Y are respectively the Si/Al and
Cu/Al ratios, and Z is the nominal number density of ZCuOH sites
per cha cage. The number of Co*'-titratable sites was used as a
proxy for the number of Z,Cu sites, with the remainder Cu ac-
counted as ZCuOH (details in Section S2, SI). To capture the ten-
dency of some nominally ZCuOH to form binuclear Cu sites upon
O, activation, we turn to DFT calculations and statistical models.
We consider many possible Al-Al pairs in the CHA lattice and the
binuclear Cu structures they may host. We searched for mono(u-
oxo)dicopper, bis(u-oxo)dicopper, u-(?:*)peroxo dicopper,
trans-u-1,2-peroxo dicopper, cis-u-1,2-peroxo dicopper, mono(u-
hydroxyl)dicopper, and bis(u-hydroxyl)dicopper structures
(Scheme 1) over Al-Al pairs ranging from 2NN in a 6-MR up to
4NN location in an 8-MR (relaxed structures, raw energies, vibra-
tional spectra of all species in Sections S8-S9, SI). We computed
formation energies of these binuclear Cu structures using ZCu, H,O
and O, as energy references; using ZCu as a Cu reference allows
us to relate binuclear Cu structures to their reduced form, Cu™.

Results are reported in Figure 1a as a function of Al-Al sepa-
ration. A water-coordinated mononuclear Cu*" site, Z,CuH,0, is
lowest in formation energy at all Al-Al separations, because this
structure benefits from interactions of both Cu and protons with
anionic framework oxygen. Bis(u-hydroxyl)dicopper is the lowest
energy binuclear Cu structure at all Al-Al separations, with mono-
and dioxygen-bridged species higher in energy. Formation energies
of a given binuclear Cu site, and the identity of the lowest energy
structure, depend strongly on Al-Al separation. Such sensitivity to
Al-Al separation is consistent with the DFT results of Wang et al %



Table 1. Structural and site characterization of Cu-CHA samples.

Sample® D SUAP | CwA S;.h)c(per unit cca‘;e)d (per f;gce‘; (per fafg‘;?H (per
Cu-CHA(25)-0.37-0.15 A 25 037 0.53 0.18 0.03 0.15
Cu-CHA(4.5)-0.08-0 B 45 0.08 0.64 021 021 0
Cu-CHA(4.5)-0.21-0 C 45 021 1.68 0.56 0.56 0
Cu-CHA(15)-0.09-0.07 D 15.6 0.09 0.22 0.07 0 0.07
Cu-CHA(15)-0.11-0.09 E 15.6 0.11 0.26 0.09 0 0.09
Cu-CHA(15)-0.24-0.19 F 15.5 0.24 0.58 0.19 0 0.19
Cu-CHA(15)-0.44-0.35 G 123 0.44 1.06 035 0 035
Cu-CHA(21.6)-0.06-005 | H 216 0.06 0.14 0.0 0 0.0
Cu-CHA(15)-0.04-0.03 I 152 0.04 0.10 0.03 0 0.03
Cu-CHA(13)-0.10-0.09 J 12.9 0.10 0.28 0.09 0 0.09
Cu-CHA(15)-0.07-0.05 K 15.5 0.07 0.16 0.0 0 0.05
Cu-CHA(15)-0.05-0.04 L 152 0.0 0.13 0.04 0 0.04
Cu-CHA(15)-0.07-0.05 M 14.7 0.07 0.16 0.0 0 0.0

2 Sample nomenclature is Cu-CHA(X)-Y-Z. X = Si/Al, Y = Cu/Al, Z = ZCuOH/cage.
b Al content was determined by AAS and Si content was determined from unit cell of CHA calculations. Uncertainty is +10%.
¢ Calculated by multiplying Cu/Al by the number of Al per 36 T-site unit cell.

4 Calculated using Eq. (3) from Section S2, SI.

¢ Calculated from Co?" titration and Cu siting models reported previously (details in Section S2, SI).2

To inform the conditions that prevail during zeolite activation,
we translated DFT formation energies to free energies at 723 K and
21% partial pressure of O, and 0.01% partial pressure of H>O, at 1
bar total pressure, with results shown in Figure 1b. A Cu®" ion ex-
changed at a 3NN or 2NN 6-MR Al pair site is lowest in free energy
at these conditions. O-bridged dicopper sites compete with and be-
come more stable than isolated Cu®* with increasing Al-Al separa-
tion, with mono(u-oxo)dicopper and mono(u-hydroxyl)dicopper
species similar in free energy. O,-bridged dicopper sites lie higher
in free energy than O-bridged sites, a prediction that will be sensi-
tive to both the DFT and free energy models used.

Regardless, calculations predict 6-MR Al-Al pairs to prefer-
entially populate with Z,Cu before 8-MR Al-Al pairs are populated
with dicopper structures. As shown in Figure 1b, mono(u-oxo)di-
copper and mono(u-hydroxyl)dicopper species have similar free
energy, which might rationalize why both hydroxyl-bridged’*° and
mono(u-oxo)-bridged'*8% dicopper sites have been reported in
Cu-CHA, suggesting a pool of binuclear Cu structures that are pre-
sent in some experimental Cu-CHA materials, dependent on syn-
thesis conditions and Cu and Al loading. The sensitivity of site
composition to Al-Al pair site highlights the role of zeolite topol-
ogy in influencing Cu speciation, helping to rationalize, for in-
stance, the observation that larger average distances between Al
pairs in a framework influences speciation between PMO-active
and inactive species. %070

Next, we used these free energy results to predict equilibrium
composition phase diagrams as a function of Si/Al, Cu/Al, and
framework Al siting. First, Al are distributed randomly on a large
2,304 T-site CHA supercell to the target Si/Al value, enforcing L6-
wenstein’s rule, creating a distribution consistent with that ob-
served and expected to hold in CHA samples synthesized with Na*
and thus having 6-MR Al-Al pair sites.’**!#? As motivated by Fig-
ure 1b, the sites are then titrated to the target Cu/Al ratio, first pop-
ulating 6-MR Al-Al pair sites as Z>Cu, then remaining 4NN and
3NN 8-MR AI-Al pair sites as binuclear Cu structures, and finally
assigning any remaining Cu as ZCuOH (details in Section S12, SI).
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Figure 1. (a) DFT-computed formation energies of mononuclear
and binuclear Cu sites as a function of Al-Al separation, referenced
to isolated ZCu, O, and H,O, and (b) corresponding free energies
of formation at 723 K, 21% O,, and 0.01% H,O at 1 bar total pres-
sure (activation conditions). Green: Al, yellow: Si, red: O.
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samples. (b) Al atoms distributed randomly obeying Lowenstein’s rule and preventing 6-MR Al pairs, consistent with Na*-free syntheses.
White circles with letters correspond to experimental samples in Table 1.

Results are shown as the composition phase diagram in Figure
2a. The solid line indicates the expected saturation of Z,Cu sites®®
and the dashed line indicates the subsequent saturation of dicopper
sites. The color scale indicates the fraction of total Cu expected to
be present as binuclear species, a quantity that increases towards
the latter saturation line before decreasing; it never reaches unity.
Further indicated are the first three samples from Table 1 (Samples
A-C). Sample A is expected to have a mixture of Z,Cu, a significant
quantity of binuclear species, and isolated ZCuOH species, while
samples B and C contain only Z,Cu species, consistent with pre-
dictions based on Co?" titration results.

To capture the Al distribution expected to prevail in CHA
samples synthesized (with TMAda* only) to contain primarily iso-
lated Al, we performed the same simulations while forbidding oc-
cupancy of two Al in the same 6-MR.3%*? Results are shown in Fig-
ure 2b. In contrast to Figure 2a, these materials are expected to be
dominated by binuclear Cu species over a large composition range,
including all samples from Table 1 that do not exchange Co*
(Samples D-M) and samples that do (but only at higher Cu/Al ra-
tios; Sample A). Wijerathne et al.%® conducted an extensive explo-
ration of the competition between Cu monomers and dimers in var-
ious Al pair configurations across different zeolite frameworks.
Their estimated phase diagrams resemble those presented in Fig. 2.
However, they suggested that in zones with a rich fraction of Cu
dimers (as shown in Fig. 2b), a small fraction of two proximal

ZCuOH could coexist. The predictions of Figure 2 assume thermo-
dynamics alone govern Cu speciation; yet, the mechanisms of
forming binuclear Cu structures upon reaction with O, are not fully
known. Mono(u-oxo)dicopper sites can form upon condensation of
two proximal ZCuOH sites that liberate water:'+!>3

2[CuOH]* - [Cu — 0 — Cu]?* + H,0 (8)

or from the condensation of a Z,Cu site and a proximal
ZCuOH site to form a dicopper and Brensted acid site:

[Cu]?* + [CuOH]* - [Cu — O — Cu]?* + [H]* €))

Dioxygen-bridged sites can plausibly form through oxidation
of two proximal ZClu sites:

2[Cu]* + 0, - [Cu — 0, — Cu]?>* (10)
An alternative path to dioxygen-bridged sites, proposed based
on DFT calculations on Cu-MFI, involves disproportionation of
two ZCuOH sites into Cu(I) and Cu(II1)O", followed by the com-
bination of two proximal CuO" species to form Cu-O»-Cu’:
2[CuOH]* - Cu(l) + [CuO]* + H,0 (11)
[CuO]* + [CuO]* - [Cu— 0, — Cu]?* (12)

Experimental evidence to detect and identify a Cu(II[)O" in-
termediate is lacking, however, and previously computed phase



diagrams for Cu-CHA zeolites with 1 Al site do not predict
ZCu(IIT)O to exist under relevant O, activation conditions (i.e., 723
K, 21 kPa O,).3® Given that the barriers for these site formation re-
actions are likely sensitive to Cu-Cu and Al-Al pair separations, it
is expected that the distributions of Cu sites obtained on a Cu-zeo-
lite material after high temperature O, activation treatment may de-
viate from the equilibrium predictions of Fig. 2.
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Figure 3. (a-c) UV-Visible spectra collected after treatment in 20
kPa O, at 723 K (solid line) followed by reduction in 5 kPa CO at
523 K (dashed line) and (d-f) in situ XANES after oxidation treat-
ment (20 kPa O,, 723 K, 1 h) shown in black followed by reduction
in CO (1 kPa CO, 523 K) shown as dashed. Spectra shown for (a/d)
Sample C, (b/e) Sample A, (c) Sample F, and (f) Sample D.

UV-Visible spectra of Samples A, C, and F (Table 1) after a
high-temperature O, treatment (21 kPa O, 723 K, 2 h) are shown
in Figure 3; each spectrum contains d-d transition features for Cu?*

ions (~8,000-16,000 cm™) and a ligand-to-metal charge transfer
(LMCT) band (~30,000-50,000 cm™"), consistent with prior re-
ports.'¢317273 UV-Visible spectra of samples A and F (Fig. 3b and
¢) also exhibit low-energy LMCT bands (~24,000-30,000 cm™") in-
dicative of multinuclear Cu species,!' 13177376 consistent with the
composition predictions in Figures 2a (sample A) and 2b (sample
F). Precise Ox-bridged Cu structures cannot be determined by UV-
Vis, as shown by time dependent-DFT (TD-DFT) simulations of
UV-Vis spectra that predict d-d and LMCT transitions of similar
energies for various O-/O,-bridged binuclear Cu sites at distinct 8-
MR 2 Al arrangements in CHA (Fig. S3, SI).2!*! Raman spectra
show both mono-(u-0x0) and O-bridged structures are present on
these Cu-CHA samples after high-temperature O, treatments (Fig.
S6, SI).** Thus, while Figure 2b predicts all Cu to be present as
mono-(u-0xo) at equilibrium based on the thermodynamic predic-
tions of Fig 1b, kinetic factors likely result in the formation of a
mixture of binuclear Cu structures.

In situ XAS was used to monitor the Cu oxidation state in sam-
ples A, C, and D following a high-temperature O, treatment (20
kPa O,, 723 K, 1 h), with the Cu>*/Cu" distribution quantified by
MCR-ALS analysis of the XANES region reported in Table 2
(spectra and reconstructions shown in Figs. S15-S26, SI). Sample
C is expected to contain only Z,Cu sites based on its synthesis and
composition (Table 1) and phase diagrams (Fig. 2a), but is pre-
dicted by MCR-ALS fitting to contain 15% Cu" (Table 2), as a re-
sult of overestimation of the Cu* from MCR-ALS (discussion in
Section S6, SI). Thus, we estimate a +0.15 uncertainty in Cu” frac-
tions quantified from MCR-ALS fitting. Sample D is expected to
contain a larger density of ZCuOH sites than sample C (Table 1),
all of which are predicted to form binuclear Cu®* structures after O,
activation (Fig. 2b), consistent with XANES (Table 2). Residual
Cu" (34%) may reflect some nominally pairable Cu sites that for
unknown kinetic reasons, are not oxidized by O,, in addition to
overestimation of the Cu" fraction from MCR-ALS fitting. Sample
A is expected to contain an even larger density of ZCuOH sites
(than samples D and C, Table 1) and predicted to contain a mixture
of Z,>Cu, binuclear Cu, and ZCuOH sites (Fig. 2b). XANES spectra
show 47% Cu(I), attributable to both the overestimation of Cu*
from MCR-ALS and that ZCuOH and ZClu sites are similar in free
energy at this condition (Fig. 1b); thus, any ZCuOH sites that per-
sist after O, activation may appear in a reduced Cu" state.

Table 2. Cu(I) and Cu(Il) fraction on Cu-CHA samples after different treatments, determined from MCR-ALS fitting of in

situ Cu K-edge XANES spectra.

O, Activation Auto-reduction CHj reduction CO reduction
Sample ID (21kPa 05,723 K)* | (101.3kPaHe, 723 K)* | (4.1 kPa CH4, 473 K)* | (1 kPa CO, 523 K)?

Cu(D) Cu(II) Cu(D) Cu(II) Cu(D) Cu(II) Cu(D) Cu(II)
Cu-CHA(4.5)-0.21-0 C 0.15 0.85 0.17 0.83 0.37 0.63 0.59 0.41
Cu-CHA(15)-0.09-0.07 | D 0.34 0.66 0.75 0.25 0.86 0.14 0.95 0.05
Cu-CHA(25)-0.37-0.15 | A 0.47 0.53 0.87 0.13 0.92 0.08 0.89 0.11

2 Uncertainty in fitted values is +0.15.

3.2. Quantification of Binuclear Cu Sites by UV-Visible and
XAS Spectroscopy after CO Reduction

We next interrogated high-temperature O,-activated Cu-CHA
samples by CO reduction, which is expected to oxidize to CO, upon
reaction with O atoms of extraframework Cu complexes.”>”7 As a
control, a Cu-CHA sample containing solely Z,Cu sites (sample C,
Fig. 2a) was exposed to high-temperature oxidation (20 kPa O,
723 K) and subsequent CO reduction (5 kPa CO, 523 K), and led
to only minor changes in UV-Vis spectra (Fig. 3a); the small loss
in d-d intensity may reflect the presence of a minority amount of
residual CO-reducible (presumably binuclear) Cu sites. Sample A,

expected to contain a mixture of binuclear and mononuclear Cu
sites showed the near complete disappearance of LMCT bands near
~16,379, 20,077, and 27,000 cm™' (Fig. 3b) indicative of multinu-
clear Ox-bridged Cu,* with residual d-d transitions reflecting Z,Cu
and spatially isolated ZCuOH sites that do not form Oy-bridged bi-
nuclear Cu species.’! Sample F, expected to contain only binuclear
Cu structures (Fig. 2b), showed the complete disappearance of
LMCT bands (Fig. 3¢) for multinuclear Oy-bridged Cu species.*
Analogous CO reduction treatments were performed while
measuring in situ XAS spectra. For all samples, XANES spectra
showed the appearance of Cu* features after CO exposure (Fig. 3d-
f). Again, as a control, sample C was exposed to these treatments



and showed a non-negligible amount of reduced Cu(I) (59%, Table
2, Fig. 3a,d). Sample A showed a higher amount of reduced Cu(I)
(89%, Table 2, Fig. 3b,e), and sample D an even higher amount of
reduced Cu(I) (95%, Table 2, Fig. 3f).
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Figure 4. (a,b) Illustration of 24 3-Al combinations including a 6-
MR Al pair and proximal 8-MR Al. (c,d) Representative structures
before and after reorganization of a ZCuOH/Z,Cu pair to a mono-
(u-oxo) Cussite. Green: Al, yellow: Si, red: O, gray: Cu, pink: H.

The qualitative changes in d-d transition band intensities in
UV-Vis spectra (Fig. 3a-c) and quantitative changes in Cu® frac-
tions derived from XANES spectra (Fig. 3d-f, Table 2) after CO
reduction are qualitatively consistent with the binuclear Cu site
fractions predicted by Figure 2; however, the appearance of Cu(I)
features in sample C highlight the presence of a small number of
reducible Cu species that stands in contrast with other characteri-
zations and the predictions of Figure 2. The speciation model un-
derlying Figure 2a partitions all Al into isolated (1 Al) and paired
site (2 Al) configurations, but higher-order proximal Al ensembles
could alter that enumeration. To consider this possibility, we com-
puted the energy for a three Al-containing ZCuOH/Z,Cu ensemble
to transform to a binuclear ZCuOCuZ site and Brensted (ZH) site.
We considered 24 different combinations of Z,Cu sites and an ad-
ditional ZCuOH in a proximal 8-MR, as shown in Figures 4a and
4b, with example reactions shown in Figures 4c and 4d and reaction
energies in Figure 5. Nine binuclear mono-(#-oxo) Cu sites combi-
nations are preferred over the Z,Cu form, consistent with an under-
estimation of binuclear sites in Figure 2a.
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To estimate the frequency of these three Al configurations, we
distributed Al onto a 972 T-site CHA supercell obeying Lowen-
stein’s rule, from Si/Al = 3 to 40, and counted configurations; re-
sults are shown in Figure 6. The three Al sites are present at all
Si/Al ratios and represent a significant fraction of the total Al sites
at low Si/Al. The experimental observation that some Cu sites are
reduced in CO in the sample predicted to contain only Z,Cu sites
(Sample C, Fig. 2a) may thus result from binuclear Cu sites that are
miscounted as Z,Cu in the analysis of Figure 2. Thus, we expect
Fig. 2a to underpredict CO reducible sites, especially at low Si/Al.
EPR, UV-Vis, photoluminescence and Fourier-transform infrared
(FTIR) evidence obtained on Cu-MOR samples suggests a similar
combination of Cu?" ions adjacent [CuOH]" ions to participate in
CH4 oxidation.*s
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Figure 6. Predicted number of Al-Al-Al configurations at Si/Al =
3 to 40 under Lowenstein's rule in CHA. The number of 6MR Al-
Al pairs under Léwenstein's rule at each Si/Al ratio is shown as
reference (also reported in Figure 2a).

Next, we quantified the binuclear Cu sites present on Cu-CHA
samples after a high-temperature oxidation treatment (21 kPa O,
723 K, 2 h) from the amount of CO; produced upon a subsequent
reduction with CO in a temperature-programmed reduction (TPR)
experiment (Table S2, SI). A plausible reaction pathway for CO
reduction of mono-(u-oxo)dicopper sites is:>

CO + [Cu— 0 — Cu]?** - CO, + 2Cu* (13)

An analogous reaction can be written for CO reduction of O,-
bridged dicopper sites, with a stoichiometry of 1 equivalent of CO,
produced per Cu:

2CO + [Cu — 0, — Cu]?* - 2C0, + 2Cu* (14)

Sample C, predicted to contain only Z,Cu sites by the model
in Figure 2a, produces 0.28 CO,/Cu (Table S2, SI), consistent with
XANES data (Table 2) and further supporting the prediction in Fig-
ure 6 that some binuclear Cu sites form even in this composition
regime. Sample A, predicted to contain ~40% of Cu in binuclear
structures according to Figure 2a, produces 0.27 CO,/Cu, con-
sistent with the binuclear state being predominantly mono(u-
oxo)dicopper (if all sites were this structure, Eq. 13 predicts 0.20
CO,/Cu) and some as O»-bridged dicopper sites. Samples E and J
are predicted to contain only binuclear Cu sites (Fig. 2b), and give
CO,/Cu > 0.5 (Table S2, SI), consistent with a mixture of O- and
0O,-bridged dicopper sites. Given that CO reduces both O- and O»-
bridged dicopper sites (Table S2, SI), the number of binuclear Cu
sites varies non-monotonically with ZCuOH density (Figure S9,
SI). Other samples expected from Figure 2b to have high fractions
of binuclear Cu sites (including samples F, G, H, L), produce < 0.5
CO,/Cu. Figure 2b thus overestimates the fraction of oxidized bi-
nuclear Cu sites in these samples, due to kinetic or mechanistic



factors not captured in the thermodynamic prediction, as also evi-
denced in part by the non-zero fraction of Cu™ after high-tempera-
ture O, treatment observed in such samples by XANES (Table 2).
The precise composition of binuclear sites thus appears to be sen-
sitive to local structure and pretreatment conditions and is influ-
enced both by thermodynamic stability and kinetic accessibility.

3.3. Influence of ZCuOH Site Density on Auto-reduction Be-
havior

Cu?* auto-reduction to Cu™ has been observed at high temper-
atures (> 650 K) in inert environments (e.g., He) on various Cu-
exchanged zeolites (e.g., MOR, MFI, CHA) by in situ XANES, and
the evolution of O, during auto-reduction (700-1000 K) of Cu-
MOR has been observed but not quantified by online mass spec-
trometry;%”7® yet, elementary step details and active site require-
ments for Cu®*" auto-reduction mechanisms remain unclear. Here,
we studied the auto-reduction behavior (He, 723 K, up to 2 h) of
three Cu-CHA zeolites of varying ZCuOH density (samples C and
A of Fig. 2a and sample D of Fig. 2b) using in situ XANES, with
spectra shown in Figure 7a-c and Cu(I) and Cu(Il) fractions deter-
mined by MCR-ALS analysis of XANES spectra (Table 2). Cu?*
auto-reduction was relatively small on the Cu-CHA sample con-
taining nominally only Z,Cu sites (17% Cu(I), Sample C, Table 2),
as observed previously.'*® On Sample D, which contains nominally
only ZCuOH sites (Table 1) that are all predicted to form binuclear
Cu structures (Fig. 2b), the auto-reduction treatment increased the
Cu" fraction from 34 to 75% Cu(I) (Table 2). On Sample A, which
contains higher densities of ZCuOH sites than sample D (Table 1)
that are expected to form a mixture of binuclear Cu structures and
mononuclear Cu sites (Z,Cu and ZCuOH) according to Figure 2b,
the auto-reduction treatment increased the Cu™ fraction from 47 to
87% Cu™ (Table 2)
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Figure 7. Transient (0-2 h) in situ Cu K-edge XANES collected on
(asd) Sample C, (b/e) Sample D, and (c/f) Sample A after respective
treatments in auto-reducing (101 kPa He, 723 K) or CHy-reducing
environments (4.1 kPa CHy, 473 K). The line (") at 8.983 keV
denotes Cu(l) and the line (---) at 8.897 keV denotes Cu(Il). The
oxidized state of each sample is shown in black, with Cu(I) increas-
ing with additional exposure time in He or CHa.

The fraction of auto-reducible Cu?* sites increased with
ZCuOH density among these samples, consistent with the hypoth-
esis that two Cu species in close proximity (Eqs. 3 and 4) are re-
quired to form O/O»-bridged binuclear Cu structures that can sub-
sequently undergo auto-reduction:

X 2y — x
2,Cu;H,0, - ZCu/2Cu + (5) H20+< y4 )o2 (15)

On all the Cu-CHA samples studied, including those predicted
in Figure 2b to contain only binuclear Cu suites, complete auto-
reduction to Cu” was not observed. Furthermore, Figure 2 predicts
a similar amount of binuclear Cu sites on samples A and D, yet a
larger number of auto-reducible sites are observed on sample D,
again suggesting that not all binuclear sites are auto-reducible.

The auto-reduction of binuclear Cu species was further moni-
tored by in situ UV-Vis on sample A, chosen as a representative
ZCuOH-containing sample (0.15 ZCuOH/cage), characterized to
have 0.87 Cu(I)/Cu after auto-reduction treatments by in situ
XANES (Table 2). Figure 8 shows UV-Vis spectra collected after
treatment in O, (21 kPa O,, 723 K) and then either exposure to an
inert environment (He, 723 K) to initiate auto-reduction or to CO
(5 kPa CO in He, 523 K). After O, activation, four distinct features
in the d-d transition region (~8,000~16,000 cm™) and a feature in
the low energy LMCT region (~24,000-30,000 cm™') are observed.
Both auto-reduction and CO reduction led to partial disappearance
of these bands, but to an apparently larger extent after CO reduc-
tion, suggesting that only a subset of binuclear Cu species that are
reducible by CO are able to undergo auto-reduction. Given the
greater extent of Cu?* reduction after CO exposure observed with
in situ XAS (Table 2), we conclude that CO reduces both O- and
O,-bridged dicopper sites, according to Eqgs. 13 and 14, respec-
tively. We further propose that it is more likely that Cu-O,-Cu spe-
cies undergo auto-reduction, as also proposed by Brezicki et al.,'¢
given the elementary nature of eliminating molecular O, in con-
trast to the non-elementary nature of Cu-O-Cu auto-reduction.
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Figure 8. (a) UV-Visible spectra on Sample A after O, activation
at 723 K in 20 kPa O, (black) followed either by the introduction
of 101 kPa He at 723 K (--, light blue), or by the introduction of 4.1
kPa CH4 at 473 K (blue) with a CO reduction treatment post-CHy
treatment (light grey). 5 kPa CO reduction at 523 K is shown in



lightest grey to compare the reduction treatments. (b) /n situ XAS
spectra on Sample A after O, activation at 723 K in 10 kPa O,
(black) followed either by the introduction of 101 kPa He at 723 K
(--, light blue) or by the introduction of 4.1 kPa CH, at 473 K (blue),
and a CO reduction treatment 1 kPa at 523 K (light grey).

The inability of all binuclear Cu structures to undergo auto-
reduction may reflect either an intrinsic thermodynamic or kinetic
barrier to auto-reduction. Therefore, Eq. 15 was used to test the
thermodynamic preference of various binuclear Cu structures to
form Cu(1).*6¢77® In Figure 9, we report the DFT-computed free
energies of reaction (Eq. 15) as a function of Al-Al site proximity
under the experimental auto-reduction conditions (723 K, 21x104
kPa of O, 0.01% of H,O at 1 bar total pressure). First, an isolated
ZCuOH site itself (at 1 Al site) is predicted to be at the boundary
of stability against auto-reduction at these conditions (Fig. 9a, filled
circle). Next, various binuclear Cu sites at 8-MR 3NN and 4NN Al-
Al site pairs that are expected to dominate the species present ex-
perimentally are predicted to have varied resistance against auto-
reduction. Mono-(u-0xo0) and mono-(u-hydroxyl) dimers are ex-
pected to be robust to auto-reduction at any Al-Al pair site, con-
sistent with the DFT-predicted phase diagrams by Goltl et al.,
which report mono(u-hydroxyl) dicopper to be most stable at auto-
reduction conditions.?® In contrast, many O,- and (OH),-bridged
dimers are predicted to be slightly unstable (-40 kJ mol") to slightly
stable (20 kJ mol') against auto-reduction. Thus, the energetics of
auto-reduction not only depends on Cu speciation but also on Al-
Al pair location, where 8-MR 4NN and 3NN O-bridged dicopper
sites have greater tendency to remain in their Cu(Il) form, and thus
would be unlikely to auto-reduce. Overall, these thermodynamic
tendencies can rationalize the experimental observation that only a
fraction of binuclear Cu sites auto-reduce (Table 2).
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Figure 9. Reduction Free Energy: (a) auto-reduction free energy of
various Cu structures (723 K, 21x10** kPa of O, 0.01% of H,O at
1 bar total pressure), and (b) CH4 reduction free energies at various
Cu(1I) site types (473 K, 21x10** kPa of O, 0.01% of H,0, 4.1 kPa
of CH4, 1 bar total pressure).
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In this auto-reduction environment, DFT suggests a slight
thermodynamic tendency of isolated ZCuOH sites to auto-reduce
to ZCu (Fig. 9a), but experimental XANES data show that not all
ZCuOH sites can auto-reduce (Fig. 7, Table 2), suggesting a kinetic
barrier to reduction. This would falsify one proposed auto-reduc-
tion mechanism' involving the reduction of a single ZCuOH site to
ZCu while forming a hydroxyl radical (Eq. 16), which reacts with
a second ZCuOH site to form water and [Cu(I)O]* (Eq. 17):

[Cu(IDOH]* & Cu(l) + OH - (16)

[Cu(IDOH]* + OH - & [Cu(IDO]* + H,0 a7
resulting in the overall reaction:

2[Cu(IDOH]* - Cu(l) + [Cu(IDO]* + H,0 (18)

There is a dearth of experimental evidence for [Cu(I)O]* on
Cu-zeolites, and DFT-computed formation free energies of
[Cu(I1)O]" species are unfavorable compared to binuclear and
larger Cu clusters.?! Therefore, we conclude that plausible Cu(II)
auto-reduction mechanisms must comprise elementary steps (such
as the reverse of Eq. 10) that can rationalize both the observed in-
crease in auto-reducible Cu sites on samples of higher ZCuOH den-
sity and the observation that a smaller fraction of binuclear Cu sites
are able to undergo auto-reduction than reduction in CO.

3.4. Influence of Cu Speciation and Density on the Fraction
of Sites Reducible by Methane

To provide a quantitative link between the extent of Cu* auto-
reduction in inert (723 K) and in CHy4 (473 K) treatments, the same
three Cu-CHA samples of varying ZCuOH density (samples C, D,
and A) were O, activated at high temperature treatments (21 kPa,
723 K, 2 h) and then exposed to CH4 (4.1 kPa CH4, 473 K, up to 2
h). In situ XANES data are shown in Figures 7d-f, with the Cu®*
and Cu* fractions shown in Table 2. First, a small amount of Cu(Il)
reduction was observed on the Z,Cu-containing control sample
(37% Cu(I), Sample C, Table 2). The extent of Cu?>* reduction in-
creased with the nominal ZCuOH site density (86% Cu™ on Sample
D to 92% Cu* on Sample A; Table 2). For Samples D and A, these
values were similar to the Cu* quantified after auto-reduction (Ta-
ble 2). These data suggest a quantitative link between the binuclear
Cu structures involved in both CHy-reduction and He auto-reduc-
tion pathways, implicating Cu-O,-Cu sites, but not Cu-O-Cau sites,
are the active sites for stoichiometric PMO cycles under the condi-
tions studied here. These data provide further support for using the
number of auto-reducible Cu(Il) sites to normalize methanol yields
formed from stoichiometric PMO cycles, as done previously.'»?

In Section 3.3, UV-Vis spectra are shown in Figure 8 for sam-
ple A after exposure to similar treatments as used in the stoichio-
metric PMO cycle. After high-temperature O, activation (Fig. 8,
black), subsequent exposure to CH4 (Fig. 8, blue) led to a partial
decrease in d-d transition (~8,000-16,000 cm™) and LMCT bands
(~24,000-30,000 cm™") attributed to various O/O»-bridged binu-
clear Cu species.'!1316:31.74 After CH, exposure, the UV-Vis bands
remain in the d-d transition and low-energy LMCT region, indicat-
ing some fraction of binuclear Cu sites and isolated ZCuOH that
are not reduced to Cu* by CH4 and thus would not participate in
stoichiometric PMO cycles under these conditions. Therefore, CHs
appears to reduce only a partial fraction of the O/O,-bridged binu-
clear Cu species present to likely form methoxy-bridged structures
(i.e., Cu™-OCH3-Cu* or Cu"™-OCH3-OH-Cu") that have been in-
voked previously in PMO reaction schemes.®?* Given the similar
UV-Vis spectra measured after auto-reduction and CHy-reduction
(Fig. 8), we propose both treatments reduce a common binuclear
Cu structure (i.e., Cu-O,-Cu). The UV-Vis spectrum collected fol-
lowing a subsequent CO reduction treatment resulted in complete
disappearance of all features attributable to O/O,-bridged binuclear
Cu species (Fig. 8, light grey), indicating that CO reduces a greater
fraction of the Cu present (likely, Cu-O-Cu) than CH4 and He.



To explore the thermodynamics of stoichiometric PMO reduc-
tion steps, we computed Cu(Il) reduction reaction free energies at
methane reduction conditions (473 K, 21x10** kPa of O,, 0.01% of
H>0, 4.1 kPa of CHs, 1 bar total pressure) according to:

Z,CuyH, 0, + yCH,
— ZCu/ZCu + yCH;0H (19)
xX+y y—X
+( > >H20+(—4 )0,

1 1
ZCuOH + CH, +7 0, = ZCu + CH30H + 5 H,0

(20)
These reaction energies were computed for the same binuclear
Cu structures and the same six Al pair configurations as examined
for auto-reduction (Fig. 9a), as well as for mononuclear ZCuOH, as
shown in Figure 9b. Mononuclear ZCuOH sites are predicted to
reduce to Cu(]) at these conditions, consistent with proposals that
ZCuOH may act as an active site for the PMO reaction,”!? although
elementary steps describing such a mechanism are lacking. Like
auto-reduction reaction energies (Fig. 9a), various binuclear Cu
structures exhibit varying thermodynamic preferences for reduc-
tion in methane. Mono-(u-oxo)dicopper and mono-(u-hydroxyl)di-
copper are predicted to be slightly unstable (-10 kJ mol™) to slightly
stable (40 kJ mol') against CH4 reduction, similar to findings re-
ported by Engedahl et al.,”® while O, and (OH),-bridged structures
are expected to be reducible by CH, at these conditions. The similar
DFT-predicted thermodynamic tendencies of Cu structures to un-
dergo auto-reduction and CHs4 reduction rationalize the similar ex-
tent of Cu®* reduction found experimentally (Table 2), suggesting
that O, and/or (OH),-bridged sites serve as dominant active sites in
Cu-CHA for methane oxidation at the conditions studied.

3.5. Proposed Active Sites and Elementary Steps for Partial
Methane Oxidation to Methanol

The changes to Cu structures and oxidation states, based on
experimental observations upon exposure of Cu-CHA zeolites to
Cu(II) reduction treatments of increasing severity, are depicted in
Scheme 2. The first step in the stoichiometric PMO cycle is a high
temperature oxidation treatment (e.g., 723 K), in which in situ
XAS, UV-Visible, and Raman spectroscopies together provide ev-
idence for a mixture of isolated Z,Cu and ZCuOH, mono-(u-0x0)
dicopper either isolated or in proximity to another mono-(u-0xo)
dicopper, O-bridged species (e.g., trans-p-1,2-peroxo dicopper),
along with a minority amount of isolated Cu* species (Scheme 2a).
This experimental evidence also supports DFT calculations for dif-
ferent Al-Al pair distributions in Cu-CHA that show the presence
of multiple Cu species (Fig. 2), wherein some binuclear Cu struc-
tures (mono-(p-oxo) dicopper) form upon condensation of two
proximal ZCuOH.%”7® The exact distributions of these Cu struc-
tures and their proximity depend on the density and arrangement of
extraframework Cu and framework Al sites, and on the O;-activa-
tion conditions used, as illustrated in Figure 2.

The next step in the stoichiometric PMO cycle is exposure in
CHj4 at moderate temperatures and pressures (1 bar, 473 K), which
results in partial Cu?" reduction to Cu* in quantities that identical
to the extent of auto-reduction that occurs under high-temperature
inert environments (He, 723 K; Table 2). Elementary steps that de-
scribe Cu?* auto-reduction can be written for a O»-bridged species
(the reverse of Eq. 10), but not for isolated ZCuOH, Z,Cu, or mono-
(u-ox0) dicopper sites, so these sites are depicted as remaining in
the Cu®* state in Scheme 2b. Auto-reducible binuclear Cu species
can exist as a pool of Cu sites, some of which contain Cu(Il) auto-
reduction pathways that evolve O,. ZCuO,CuZ sites can plausibly
auto-reduce through elimination of O,. Similarly, two ZCuOCuZ
sites of sufficient, but at this point unknown, proximity may un-
dergo auto-reduction to eliminate O,. An isolated ZCuOCuZ site,
in contrast, has no evident pathway for auto-reduction. The more
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likely auto-reduction pathway would appear to involve a single O,-
bridged Cu site following the reverse of Eq.10, given the require-
ment of 2 Cu rather than 4 Cu sites in close proximity to complete
the elementary steps required. We note there are other complexities
during auto-reduction, including the presence of water®® or surface
carbonaceous debris facilitating alternate Cu?" reduction path-
ways,’® which we discount given the evidence supporting reverse
of Eq. 10 as the likely pathway for auto-reduction.

More aggressive reduction treatments (CO, 523 K) result in
further extents of Cu?' reduction, specifically the remaining
bridged Cu-O,-Cu species, but not isolated Z,Cu and ZCuOH sites
as shown by Li et al.,*! which is consistent with the CO-assisted
reduction of the isolated mono-(u-oxo) dicopper species (via Eq.
13) that remain on Cu-CHA samples following auto-reduction (He,
723 K) or low-pressure CH4 reduction (1 bar, 473 K), as portrayed
in Scheme 2¢. CO reduces all O,-bridged Cu structures, leading to
the over-estimation of Cu sites that participate in stoichiometric
PMO cycles (Table S2, SI), providing further support to normalize
methanol yields (473 K, 1 bar) by the amount of auto-reducible
Cu.!28! Scheme 2 also shows pathways depicted by dashed arrows
that we surmise should occur, based on prior literature evidence,
that higher CH,4 pressures (40 bar, 473 K) result in higher methanol
yields (per Cu) from stoichiometric PMO cycles,??¢ implying that
higher CH4 pressures provide sufficient driving force to reduce all
Cu-Oy-Cu species formed after O-activation of the sample.

The bound *CHj3 species formed after CHy-reduction of Oy-
bridged Cu active sites can be quantified as methanol, as well as
over-oxidation products (CO, CO»), in subsequent water extraction
steps to complete the stoichiometric PMO reaction, assuming that
each O species in the Cu complex reacts to form one methanol.%'
These measurements were performed on a much larger suite of Cu-
CHA samples than spectroscopic data were measured on, to assess
trends in PMO yields for a family of materials of widely varying
Cu density and speciation, as shown in Figure 10a. Control Cu-
CHA samples containing predominantly Z,Cu sites (samples B and
C, Table 1) did not form methanol after a stoichiometric PMO cy-
cle, consistent with Pappas et al.! Methanol yields (per Cu) do not
depend systematically on total Cu content (Fig. S30a, SI), because
several properties vary simultaneously among these samples, in-
cluding Al density and arrangement, that cause variations in Cu®*
speciation. Instead, methanol yields increase generally with in-
creasing ZCuOH spatial density (plotted as ZCuOH per cage in Fig.
10a). Furthermore, using the phase diagrams (Fig. 2) to predict bi-
nuclear Cu site content, Fig. 10b shows that methanol yields (per
Cu) generally increase with binuclear Cu site content (per Cu), in
samples with mixtures of mononuclear and binuclear Cu species.
The amount of methanol formed (per Cu) is not a single-valued
function of binuclear Cu site content, however, as some materials
predicted to have similar fraction of binuclear Cu sites yield
significantly different amounts of methanol. This reflects both
limitations of the thermodynamic assumptions that underlie the
phase diagrams in Fig. 2, and that binuclear Cu sites comprise a
pool of structures with varying reactivity (Fig. 9b) that might be
influenced by Al location. These differences are highlighted by
differences in reactivity with CO and CHs, as shown in Table S2,
SL

Stoichiometric PMO yields and the number of binuclear Ox-
bridged sites formed after O, activation (per Cu) both depend on
ZCuOH density (ZCuOH/cage) on a given Cu-CHA sample, indi-
cating that materials with higher ZCuOH content and sites closer in
proximity form more PMO-active sites. Specifically, these data in-
dicate that the same subset of Cu®* sites undergo auto-reduction
(723 K) and reduction by CH4 (473 K), which we propose are bi-
nuclear O»-bridged binuclear Cu species (Eq. 19) or two proximal
O-bridged binuclear Cu species (Eq. 19) that are capable of both
releasing O, in auto-reduction steps and forming methoxy species
from reaction with CHy4. The latter is consistent with Dinh et al.



who propose a methoxy or methanol species bound to binuclear O-
bridged Cu species during reaction with methane in the PMO

v

cycle,®?5 which may further interchange with adjacent Bronsted

acid sites as proposed by Dyballa et al.®? and Sushkevich et al.®3
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We further note that frans-u-1,2-peroxo dicopper (and O,-
bridged dicopper sites, generally) can convert into more stable
mono-u-oxo dicopper sites, and at faster rates in the presence of
water.*> These dicopper site interconversions are depicted in pro-
posed reaction cycles for PMO in Scheme 3, which is consistent
with the data presented herein that a common pool of Cu active
sites for both CHy-reduction and auto-reduction comprise both O»-
bridged dicopper sites or two proximal O-bridged dicopper sites.
Scheme 3 displays a mechanism for PMO at extra-lattice oxygen
species contained within this pool of ZCuO,CuZ and proximal
ZCuOCuZ species, with an elementary step to connect this pool of

PMO-active Cu species to high-temperature auto-reduction events
(He, 723 K).
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Scheme 3. Proposed stoichiometric PMO reaction cycles over
Cu-0,-Cu sites or proximal Cu-O-Cu sites that can interconvert
from Cu-O,-Cu species.

Upon high-temperature oxidation treatment, Cu-CHA zeolites
form a mixture of O and O»-bridged binuclear Cu species® as well
as isolated Z,Cu, ZCuOH, and isolated ZCuOCuZ species that are
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spectators in the PMO cycle (at 1 bar CHs, 473 K). Two proximal
O-bridged Cu species, or one O»-bridged Cu species, can either
auto-reduce to Cu(I)">!¢ or be reduced by methane to form metha-
nol, likely via radical-rebound type mechanisms proposed previ-
ously.?*# Proximal ZCuOCuZ sites would result in CH;OH/Cu =
0.5 stoichiometry, while ZCuO,CuZ sites would result in
CH;3;0H/Cu = 1, without accounting for over-oxidation products
(i.e., HCHO, CO, COy); typically, these theoretical yields are
achieved by varying reaction conditions (e.g., increasing CHy pres-
sure).? In order for methanol to form, water must be introduced
(473 K, 2.5 kPa H,0) to react with the bound methoxy species;’
moreover, hydrated mononuclear Cu(Il) species should form as
products of this step, based on in sifu XAS (Figs. S27-S28, SI), UV-
Vis spectra, and DFT-predicted phase diagrams.’® This detail of
forming hydrated mononuclear Cu(Il) sites and their requirement
to convert back into binuclear O.-bridged Cu structures has not
been explicitly considered in prior PMO cycles, but likely occur by
pathways analogous to those occurring when a Cu?*-exchanged ze-
olite sample is initially exposed to an O,-activation treatment. '

4. Conclusions

The identities of active Cu sites for stoichiometric PMO in Cu-
zeolites remain debated, in part because the Cu species that form
depend strongly on pressure and temperature as well as micro-
scopic features of the zeolite support, including the framework Al
density and distribution. Experimental and theoretical evidence
show that various binuclear O-/O,-bridged Cu structures form after
oxidation treatments of Cu-CHA samples of varying composition,
especially those containing high densities of nominally ZCuOH
sites. The free energies of various mononuclear and binuclear sites
depend strongly on partial pressures and temperature, as well as the
specific configurations of Al atoms in the zeolite lattice. The latter
details are often overlooked in theoretical assessments of metal cat-
ions and complexes exchanged onto zeolite supports but are re-
quired for accurate interpretations of experimental observations.

Thermodynamic and kinetic factors cause a mixture of O,-
bridged Cu active site structures to formed on Cu-CHA after high-
temperature O, activation treatments. An identical fraction of Cu?*
sites auto-reduce under high-temperature inert environments (723
K, He) and are reduced by methane at lower temperatures (473 K,
1 bar CHy4), implicating O-bridged dicopper(Il) species as a likely
common intermediate. In contrast, a larger fraction of Cu sites are
reduced by CO (523 K, 1 bar), likely isolated mono-(u-oxo)dicop-
per(I) species. These observations support using the number of
auto-reducible Cu?" sites on a given Cu-zeolite to normalize meth-
anol yields from stoichiometric PMO cycles (473 K, 1 bar CH,);
additional Cu species likely participate in stoichiometric PMO at
higher CH4 pressures. Complete auto-reduction or CHy-reduction
of Cu(ll) sites was not observed on any Cu-CHA sample studied
here, motivating continued research to tailor material synthesis
routes to increase the fraction of Cu sites that can be utilized in the
stoichiometric PMO reaction cycle.

In stoichiometric PMO cycles on Cu-CHA, methanol yields
(per Cu) generally increased with the number of binuclear Ox-
bridged Cu sites predicted from theoretical phase diagrams. The
variation in Ox-bridged dicopper structures, and in their stabilities
and reaction energies toward CHy-reduction, preclude establishing
a more quantitative link between the number of such sites and
methanol yields from PMO. Our observations motivate adding
three important details to the stoichiometric PMO reaction mecha-
nisms postulated in prior literature. First, both O,-bridged and O-
bridged dicopper species are in the pool of active sites. Second, el-
ementary steps for O activation and auto-reduction require that the
mono-(u-oxo)dicopper(Il) sites be present as pairs in sufficiently
close proximity, implicating a total of 4 Cu sites to close the PMO
cycle. Third, after CHs-activated samples are exposed to water (473
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K) to extract methanol, Cu ions are present as isolated, hydrated
species, and further site restructuring must occur upon oxidative
treatments to form the binuclear Ox-bridged Cu sites that participate
in the next PMO cycle. These findings motivate further research
into the mechanistic details of O,-activation of Cu sites in Cu-zeo-
lites and their reactivity towards oxidizing CHa, and its reaction
product (CH30H).
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