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Abstract: Na2WO4/SiO2, a material known to catalyze
alkane selective oxidation including the oxidative cou-
pling of methane (OCM), is demonstrated to catalyze
selective hydrogen combustion (SHC) with >97%
selectivity in mixtures with several hydrocarbons (CH4,
C2H6, C2H4, C3H6, C6H6) in the presence of gas-phase
dioxygen at 883–983 K. Hydrogen combustion rates
exhibit a near-first-order dependence on H2 partial
pressure and are zero-order in H2O and O2 partial
pressures. Mechanistic studies at 923 K using isotopi-
cally-labeled reagents demonstrate the kinetic relevance
of H�H dissociation and absence of O-atom recombina-
tion. In situ X-ray diffraction (XRD) and W LIII-edge
X-ray absorption spectroscopy (XAS) studies demon-
strate, respectively, a loss of Na2WO4 crystallinity and
lack of second-shell coordination with respect to W6+

cations below 923 K; benchmark experiments show that
alkali cations must be present for the material to be
selective for hydrogen combustion, but that materials
containing Na alone have much lower combustion rates
(per gram Na) than those containing Na and W. These
data suggest a synergy between Na and W in a
disordered phase at temperatures below the bulk
melting point of Na2WO4 (971 K) during SHC catalysis.
The Na2WO4/SiO2 SHC catalyst maintains stable com-
bustion rates at temperatures ca. 100 K higher than
redox-active SHC catalysts and could potentially enable
enhanced olefin yields in tandem operation of reactors
combining alkane dehydrogenation with SHC processes.

Ethylene and propylene are produced industrially primarily
through endothermic and equilibrium-limited dehydrogen-
ation reactions. The state-of-the-art process for their

production, steam cracking, accounts for 8% of the total
energy demands in the chemical sector[1] and nearly 1% of
total global CO2 emissions.[2] While oxidative conversion
routes can remove thermodynamic limitations associated
with alkane dehydrogenation, direct oxidative dehydrogen-
ation (ODH) processes over transition metal oxide formula-
tions have to-date failed to realize the necessary selectivity
and catalyst stability required for industrial application.[3]

An alternative oxidative route for olefin production couples
endothermic dehydrogenation (DH) and exothermic selec-
tive hydrogen combustion (SHC) steps to facilitate autother-
mal operation and circumvent single-pass equilibrium con-
version thresholds, as shown in Scheme 1;[4–6] the SHC step
requires a catalyst which is able to preferentially oxidize
hydrogen over other hydrocarbons (e.g., C2H4 and C2H6)
which would be present in the effluent stream of a DH
reaction.

While SHC processes in chemical looping (CL) mode
(i.e., explicitly separating reduction and oxidation half-cycles
and using lattice oxygen as the oxidant for hydrogen
combustion) have been reported,[5,7–10] aerobic SHC proc-
esses (in which O2 is cofed in sub-stoichiometric amounts
relative to H2) offer several advantages over CL-SHC by
enabling continuous operation and eliminating the need for
external heating of the SHC reactor (which would otherwise
be required during endothermic reduction half-cycles).

We report herein that 5 wt% Na2WO4/SiO2, a formula-
tion which is also known to catalyze the oxidative coupling
of methane (OCM, 2 CH4+ 1

2 O2!C2H6+H2O),[11–14] can
preferentially combust hydrogen in equimolar mixtures with
several other hydrocarbons in the presence of gas-phase
dioxygen at 903–983 K. Consistent with the high stability of
Na2WO4-based catalysts observed during OCM,[15] Na2WO4/
SiO2 remains active for hydrogen combustion with negligible
change in rates over 64 h on-stream in CH4�H2�O2 mixtures
at 923–983 K, as shown in Figure 1a. The Na2WO4/SiO2
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Scheme 1. Schematic of a sequential dehydrogenation (DH)+selective
hydrogen combustion (SHC) process with DH and SHC catalysts
arranged in series and O2 cofed to the SHC reactor. Adapted from
Grasselli et al.[6]
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formulation is representative of a new class of alkali metal-
based aerobic SHC catalysts for which gas-phase O2

generates H2-selective surface oxygen species in the absence
of a redox-active support; the stability and structural
disorder of Na2WO4/SiO2 at high operating temperatures
contrasts this material with redox-active ordered bulk oxide
materials (e.g., In2O3, Bi2O3) that use lattice oxygen to
catalyze the selective combustion of hydrogen.

Experimental methods for catalyst synthesis (adapted
from Kiani et al.[14,16]), catalytic reaction experiments, and
materials characterization are given in Section S1 of the
Supporting Information. For binary H2�CmHn mixtures, the
hydrogen combustion selectivity (SH2) is defined according
to Eq. 1:

SH2
¼

XH2

XH2
þ XCmHn

(1)

where XH2 and XCmHn are the hydrogen and hydrocarbon
conversions due to combustion only (see Supporting
Information, Section S4 for details). Figure 1b shows for-
mation rates of H2O and COx in equimolar mixtures of
hydrogen with CH4, C2H4, C2H6, C3H6, and C6H6

(H2 :CmHn :O2=4 :4 :1) at 923 K. The hydrogen combustion
selectivity exceeds 97% for all H2�CmHn�O2 mixtures at the
process conditions studied. For H2�C2H4�O2 mixtures,
>97% hydrogen combustion selectivities persist over 40×
changes in H2 :C2H4 ratio at fixed H2 :O2 (Figure 1c), as well
as over 10× changes in H2 :O2 ratio at fixed H2 :C2H4

(Figure S5). These data demonstrate that Na2WO4/SiO2

catalyzes selective combustion of hydrogen in mixtures with
hydrocarbons over a broad range of process conditions.

Given that hydrogen combustion rates are invariant with
conversion (up to XO2=0.20, Figure S6) and with O2

pressure (Figure 2a), high hydrogen combustion selectivity
is anticipated to persist over Na2WO4/SiO2 even at integral
conversions and low H2 :CmHn ratios.

Kinetic studies over the Na2WO4/SiO2 catalyst were
conducted for H2�CH4�O2 mixtures at 923 K. No CH4

consumption or COx formation was detected at these

Figure 1. (a) H2O space-time yield (STY) as a function of time on stream during SHC in CH4�H2�O2 mixtures over a 5 wt% Na2WO4/SiO2 catalyst
(5 kPa CH4, 5 kPa H2, 1.25 kPa O2, balance He+N2, 1.67 cm3 (STP)s�1, 0.0290 g Na2WO4/SiO2). COx or C2 products did not form in measurable
quantities at any time. H2 conversions are given on the right y-axis. (b) H2O and COx (x=1,2) STYs for different H2-hydrocarbon-O2 mixtures (5 kPa
hydrocarbon, 5 kPa H2, 1.25 kPa O2, balance He+N2, 1.67 cm3 (STP)s�1 total flow rate, 923 K, 0.0290 g Na2WO4/SiO2). Corresponding values for
H2 conversions and CmHn conversions (where m is the carbon number of the hydrocarbon) are given above each bar. (c) STYs associated with C2H4

and H2 combustion and H2 combustion selectivity at varying C2H4 :O2 molar ratios during SHC in C2H4�H2�O2 mixtures (1–41 kPa C2H4, 5 kPa H2,
1.25 kPa O2, balance He+N2, 1.67 cm3 (STP)s�1, 923 K, 0.0290 g Na2WO4/SiO2).

Figure 2. Variation of H2 combustion rates with (a) O2 partial pressure
(5 kPa CH4, 5 kPa H2, balance He+N2, 3.33 cm3 (STP)s�1, 923 K,
0.0310 g Na2WO4/SiO2) and (b) H2 partial pressure (5 kPa CH4,
1.25 kPa O2, balance He+N2, 3.33 cm3 (STP) s�1, 923 K, 0.0310 g
Na2WO4/SiO2). Apparent orders with respect to H2 and O2 partial
pressures are 0.83�0.03 and 0.06�0.02, respectively.
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conditions, and H2O was the only measurable reaction
product. Measured SHC rates are not convoluted by
gradients in concentration (Tables S1 and S3) or temper-
ature (Tables S2, S4, and S5), as shown in Section S2 of the
Supporting Information; these results were validated by
experiments showing that changes in particle size (Table S7)
or bed dilution (Table S8) cause negligible changes in
measured H2O formation rates. Combustion rates in reactor
beds containing only a sand diluent are insignificant at 923–
983 K (Table S6) compared to combustion rates measured in
the presence of Na2WO4/SiO2, and variations in sand loading
led to negligible changes in rates (Table S8); thus, H2O
formation rates reflect combustion reactions initiated at the
Na2WO4/SiO2 surface rather than reactions initiated homo-
geneously or on other solid surfaces.

Figure 2 shows a near-first-order dependence of H2

combustion rate on H2 partial pressure (1–15 kPa H2) and
zero-order dependence on O2 partial pressure (0.4–3 kPa
O2) at 923 K, suggesting that hydrogen activation is a
kinetically relevant step during SHC. The measured H2/D2

kinetic isotope effect (KIE) of 1.3 (Table 1) demonstrates
that cleaving H�H bonds is rate-determining. Steady-state
16O2�

18O2 cofeed experiments (Figure 3) result in negligible
16O18O formation rates at 923 K in both the absence and the
presence of H2, evincing that direct O2 dissociative adsorp-
tion is not quasi-equilibrated during H2 combustion, in
contrast with mechanisms proposed for OCM at higher
temperatures.[11,17–19] Instead, direct O2 dissociation is either

irreversible (see discussion in Section S6.3 of the Supporting
Information) or does not occur at a significant rate at 923 K.
Na2WO4-promoted redox-active oxides (e.g., Na2WO4/
Mg6MnO8, Na2WO4/MnOx) have been previously studied as
anaerobic CL-SHC catalysts by Li and co-workers[10,20] and
by Qin et al.;[21] the Na2WO4 phase has been shown via 18O2

pulse experiments to inhibit oxygen exchange with redox-
active supports. That is, O2 does not readily exchange with
lattice oxygen species from either Na2WO4 or the underlying
support.[10] The absence of 16O18O formation shown in
Figure 3 is consistent with this observation, demonstrating
that the kinetics of O2 exchange over Na2WO4/SiO2 with
both lattice oxygen species and surface oxygen species
derived from gas-phase O2 are significantly slower than the
kinetics of H2 combustion.

H2 combustion rates are invariant with contact time and
effluent H2O partial pressure in mixtures with C2H4 (Fig-
ure S6), implying that reaction pathways involving the H2O
product are insignificant during SHC. Prior OCM studies on
Na2WO4/SiO2 and Mn/Na2WO4/SiO2 catalysts[11,12,17,18] have
shown that CH4 coupling rates increase with increasing H2O
partial pressure, an effect proposed to originate from the
formation of hydroxyl radicals through a pathway involving
H2O and Ox* species (e.g., Na2O2+H2O!Na2O+H2O2,
H2O2!2 OH*)[11,19] or from the formation of a more active
O* species formed by the reaction of H2O with O2*.

[22]

During SHC, we propose that H2 scavenges active O* or
O2* species at a much greater rate than H2O, such that H2O-
mediated contributions are negligible under the conditions
studied. The reaction enthalpy of H2 reacting with an Ox*
(x=1,2) species to form H2O+Ox�1* species is 353 kJmol�1

more exothermic than the reaction of H2O with the same
Ox* to form H2O2+Ox�1*. For example, if Na2O2 is assumed
to provide the active oxygen species for H2O or H2, as
suggested by Takanabe and co-workers,[11,19] the standard
reaction enthalpy of Na2O2+H2!Na2O+H2O (923 K,
1 bar) is �156 kJmol�1, while the reaction enthalpy of
Na2O2+H2O!Na2O+H2O2 is 197 kJmol�1. H2O-mediated
pathways are thus expected to be insignificant with compet-
ing H2 pathways present.

The high hydrogen combustion selectivities shown in
Figure 1b are inconsistent with radical-based homolytic
R�H bond scission mechanisms, commonly invoked to
describe OCM,[17,23–27] for which activation barriers are
expected to scale linearly with bond dissociation energy
(BDE) according to Brønsted-Evans-Polanyi relations.
Here, high hydrogen selectivity is observed even though the
H�H BDE of H2 (436 kJmol�1) is similar to the C�H BDE
of CH4 (439 kJmol�1) and 60 kJmol�1 greater than the
weakest C�H BDE of C3H6 (376 kJmol�1).[28] An alternative
descriptor related to the ease of heterolytic R�H scission
over metal oxides,[29,30] the Brønsted acidity of the weakest
C�H or H�H bond, is also inadequate, as differences in
deprotonation energy (DPE) also fail to describe why H2

(1675 kJmol�1) is strongly favored for combustion versus
C6H6 (1679 kJmol�1) or C3H6 (1620 kJmol�1). Recent com-
putational studies on the scission of R�H bonds in
hydrogen[9,31] and other alkanes[32,33] suggest (a) that such
fragments dissociate heterolytically over metal oxide surfa-

Table 1: Combustion product formation rates over 5 wt% Na2WO4/
SiO2 using different hydrogen isotopologues (5 kPa CH4, 5 kPa H2 or
D2, 1.25 kPa O2, balance He, 923 K, 3.33 cm3 (STP)s�1, 0.0310 g
Na2WO4/SiO2).

Isotope H2O Rate/
(μmol gcat

�1 s�1)
COx Rate/
(μmol gcat

�1 s�1)
Kinetic isotope effect

H2 4.1�0.2 ~0 1.3�0.1
D2 3.1�0.1 ~0 –

Figure 3. Oxygen isotope effluent flow rates during 16O2�
18O2 cofeed

experiments in the absence or presence of H2 and CH4 (0 or 5 kPa CH4,
0 or 5 kPa H2, 0.6 kPa 16O2, 0.6 kPa 18O2, balance He+Ar,
1.67 cm3 (STP)s�1, 923 K, 0.0310 g Na2WO4/SiO2). Effluent H2O flow
rates were 0.14 μmols�1 when H2, CH4,

16O2, and
18O2 were cofed to the

reactor.
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ces under anaerobic conditions, and (b) that the Lewis acid-
base interaction energies of dissociated R� and H+ frag-
ments on metal oxide surfaces are surface- and molecule-
dependent and must be considered in addition to the DPEs.
For example, heterolytic R�H scission has previously been
invoked to explain anaerobic SHC over Bi2O3 catalysts,[9]

and DFT computations show that Bi�O site pairs facilitate
favorable hydride binding energies relative to other R�

groups (e.g., CH3
�, C2H3

�, C3H5
�). For Na2WO4/SiO2, given

that molecular descriptors alone fail to explain high hydro-
gen combustion selectivity during aerobic SHC, we posit
that the surface is able to generate specific oxygen species
(e.g., O2

2�, as reported in the OCM literature)[11,19,34] which
preferentially interact with H�H pairs compared with
CmHn�1�H pairs. Below, we discuss the chemical and
structural characteristics of the catalyst which facilitate these
preferential interactions.

Na and W are both essential components of the catalyst
formulation, as neither NaOx/SiO2 (nominal Na loading of
0.8 wt%) nor unsupported WO3 gives the necessary combi-
nation of high rate and high (>90%) combustion selectivity
necessary for SHC at 923 K. NaOx/SiO2 has previously been
shown to have a very high (300 kJmol�1) barrier for O2

activation[35] and gives very low hydrogen combustion rates
(Figure S2) compared with Na2WO4/SiO2 (Figure 1a); for
identical Na loadings, combustion STYs in CH4�H2�O2

mixtures (5 kPa CH4, 5 kPa H2, 1.25 kPa O2) are ca. 70×
lower at 923 K and 120× lower at 983 K for NaOx/SiO2

(Figure S2) than for Na2WO4/SiO2 (Figure 1). By contrast,
while WO3 selectively combusts hydrogen in H2�CH4�O2

(4 :4 :1) mixtures with a comparable apparent activation
energy (104�4 kJmol�1, Figure S3b) to Na2WO4/SiO2,
(115�5 kJmol�1, Figure S3a), the COx formation rate in the
corresponding H2�C3H6�O2 (4 :4 : 1) experiment is similar to
the H2O formation rate at 903 K (Table S9). Thus, pure
WO3 is a relatively unselective catalyst for hydrogen
combustion in the presence of propylene. We surmise that
the alkali metal component is necessary to attenuate alkene
combustion rates while also promoting hydrogen combus-
tion. An additional OCM-active alkali metal-promoted
catalyst, Li/MgO, was also demonstrated to be selective for
SHC compared with unpromoted MgO (Figure S4), support-
ing the postulate that hydrogen-selective species form in the
presence of alkali metal sites.

Alkali cations have been previously shown to be
responsible for activation of H2O in the presence of O2

during OCM over alkali tungstate and molybdate
materials.[12] The prior literature in OCM catalysis over
Na2WO4 has debated the identity of the oxygen species
involved in C�H activation; recent ambient pressure X-ray
photoelectron spectroscopy (AP-XPS) measurements of
alkali metal-based catalysts[11,19,36] demonstrate that reactive
peroxide and superoxide intermediates form over alkali
metal cations in O2 environments. For K2WO4/SiO2 catalysts,
these features appear in the temperature range 833–
953 K,[19] similar to the conditions in our study; thus,
dioxygen species which form over alkali cations may also be
relevant for SHC over Na2WO4/SiO2. Noting that calculated
H adsorption energies (HAEs) on O2

2� species have been

reported to be 217 kJmol�1 lower than on lattice O2� for
La2O3 OCM catalysts,[37] and that alkali metal peroxides are
known to activate CH4 anaerobically,[38,39] we posit that
peroxides may serve as active oxygen species for H�H
activation during SHC catalysis by Na2WO4/SiO2.

As a postulate for why such species could be H2

selective, we note that the C�O bond dissociation energy in
methyl hydroperoxide (279 kJmol�1) is significantly lower
than the H�O BDE in hydrogen peroxide (369 kJmol�1),
and that formation of OO�H bonds is enthalpically favor-
able relative to OO�CH3 bonds. Proximal surface peroxides
can form upon dissociation of dioxygen on metal oxide
surfaces (2 O2�

(s)+O2(g)!2 O2
2�

(s)).
[37] While radical mecha-

nisms are proposed to dominate in OCM, suggesting that
the entropic favorability of forming unbound CH3

* at high
temperature outweighs the enthalpic favorability of forming
an OO�C bond, the BDEs listed above suggest that
formation of an OO�H bond is significantly more favorable
enthalpically, such that both H atoms in a hydrogen
molecule could bind to proximal peroxide species to form
two surface-bound OO�H groups, as depicted in Scheme 2,
rather than forming one surface-bound OO�H and one
gaseous H*. Such a step would be expected, according to
Brønsted-Evans-Polanyi relations, to have a significantly
lower activation barrier than the homolytic step suggested
for C�H activation, such that hydrogen is able to scavenge
active surface peroxide species more rapidly than other
hydrocarbons.

In addition to promoting active oxygen species forma-
tion, Na+ cations are known to act as chemical promoters
which remove the surface acidity of WOx, as quantified by
NH3-TPD experiments comparing WOx/SiO2 and Na�WOx/
SiO2 materials.[16] Acidic sites would otherwise be expected
to interact with alkene π bonds, enabling facile combustion
of C3H6 or other alkenes in the absence of Na+. Together,

Scheme 2. Schematic of direct H�H or H3C�H dissociation over
proximal surface peroxides, suggested to exist from DFT[37] and AP-
XPS[11,19] results. Red curved lines depict bonds broken in the reactant
state, while blue lines depict bonds formed in the product state; bond
enthalpies in the product state are estimated from R�OO BDEs of
hydrogen peroxide (for H�OO) and methyl hydroperoxide (for
H3C�OO). The reaction enthalpy is ca. 93 kJmol�1 more favorable for
formation of an OH�OH site pair than an OCH3�OH site pair. WOx

groups are not depicted but are expected to be proximal to Na+, as
suggested by Wachs and co-workers.[40]
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these arguments account for the activity and selectivity
enhancement induced by Na+.

While Na2WO4/SiO2 contains crystalline SiO2 and
Na2WO4 phases under ambient conditions both before and
after reaction (Figure S7), high-temperature XRD measure-
ments demonstrate that the Na2WO4 phase lacks long-range
order under SHC reaction conditions (923 K, ca. 1 bar total
pressure), even though the temperature of the catalyst is
below the bulk melting point of pure Na2WO4 at atmos-
pheric pressure (971 K). In situ XRD measurements were
done in flowing N2 up to 983 K and diffractograms from
these measurements are shown in Figure S8. In addition to a
cristobalite SiO2 phase which transforms from the α to β
polymorph at 298 K<T<773 K,[13] peaks corresponding to
cubic Na2WO4 were observed in XRD measurements taken
in air up to T�948 K. The intensity of these peaks began to
decrease in the range 873 K�T�948 K to a greater extent
than would be expected from thermal excitations of the
crystalline lattice alone. This suggests a partial loss of long-
range order below the melting temperature, before complete
melting at T�973 K. Na2WO4 did not recrystallize upon
cooling to 923 K, consistent with prior observations by
Werny et al. for Mn/Na2WO4/SiO2 catalysts.

[41] The standard
pretreatment procedure for the reaction experiments in-
volves heating to 983 K before cooling to 923 K for SHC,
and Na2WO4 is therefore expected to be either a melt or an
amorphous solid during SHC reactions.

W LIII-edge XAS spectra demonstrate that there is a loss
in second-shell W coordination even at temperatures well
below the melting point, such that long-range order with
respect to W is lost well before melting. Figure 4 and
Figure S9 show normalized XANES, jχ(R) j , and χ(k)
EXAFS spectra of Na2WO4/SiO2 obtained in helium in the
range 293 K�T�983 K. The edge energies determined
from the XANES spectra are identical (within �0.2 eV) at
all temperatures to the edge energy of the solid
Na2WO4 ·2 H2O reference material, consistent with a W6+

oxidation state at all conditions. Figure 4b demonstrates a
decrease in second coordination shell features with increas-
ing temperature well below the bulk Na2WO4 melting
temperature, and complete disappearance of any second
coordination shell features at 873 K. Second-shell features
were not observed upon rapid cooling of the sample from
873 K to ambient temperature (Figure S11) and the 873 K
and quenched sample χ(R) spectra are nearly identical,
evincing that the loss of second-shell features reflects a
structural change rather than increasing thermal disorder
alone. These data suggest destructive interference of individ-
ual scatterer contributions to χ(k) in the range of the second
coordination shell, and thus show a departure from the
behavior expected for a crystalline sample, in which there is
long-range order with respect to all W atoms. EXAFS fits
for average W coordination number, shown in Table S10
and Figure S10, are ca. 3.5�0.5 at all temperatures. Signifi-
cant shifts in the position of the first-shell peak in jχ(R) j are
not observed and W�O interatomic distances are 1.78�

0.01 Å at all temperatures, similar to W�O bond lengths in
other tetrahedrally coordinated compounds[42] and consistent

with the 1.783 Å W�O spacing of cubic Na2WO4 measured
at ambient temperature.[43]

The XANES spectra shown in Figure 4a demonstrate
that the catalyst at T�873 K has characteristics similar to
solvent-separated Na+ and WO4

2-,[44–46] rather than crystal-
line Na2WO4 ·2 H2O. Given that XAS measures contribu-
tions of all W atoms while XRD measures crystalline
contributions only, the XANES and second-shell EXAFS
results in Figure 4 and Figure S11 suggest that a significant
fraction of W atoms are not present in the cubic Na2WO4

lattice even though a bulk crystalline phase exists prior to
melting according to XRD. Such sites could instead be
dispersed on the support surface as non-crystalline
(Na)�WOx sites, as Kiani et al.[16,40] concluded according to
in situ Raman measurements. Plausibly, alkali metal sites
proximal to such WOx groups facilitate the formation of the
oxygen species active and selective for SHC.

Collectively, these results demonstrate that the Na2WO4/
SiO2 formulation studied herein forms a stable, disordered,
and highly selective catalyst for aerobic hydrogen combus-

Figure 4. Comparison of W LIII-edge (a) XANES and (b) k2-weighted
jχ(R) j spectra for Na2WO4/SiO2 samples held in He at varying
temperatures. XANES spectra of Na2WO4 standards are given for
comparison; frozen Na2WO4 solution spectra were obtained from
Ref. [46]. Normalized μ(E) are offset in increments of 0.1. EXAFS
spectra at 873 K, 923 K, and 983 K are nearly identical and are
indistinguishable in the jχ(R) j plot.
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tion at elevated temperatures (883–983 K), and is represen-
tative of a new class of alkali metal-based SHC catalysts.
The remarkable selectivity (>97%) for hydrogen combus-
tion in equimolar mixtures with hydrocarbons is observed
for hydrocarbons (e.g., C3H6) with both weaker bond
energies and higher acidities compared with H2. Given the
effectiveness of Na2WO4/SiO2 catalysts for SHC over a wide
range of operating conditions, including for mixtures in
which hydrocarbons are fed in significant excess, we posit
that DH+aerobic SHC processes involving Na2WO4/SiO2

could enable significant olefin yield enhancements at high
temperatures that facilitate more rapid olefin formation.

Supporting Information

The authors have cited additional references within the
Supporting Information.[24,44–52]

Acknowledgements

We acknowledge financial support from the National
Science Foundation (CBET Award #2234769). XRD meas-
urements were carried out in the Characterization Facility of
the University of Minnesota, which receives partial support
from the NSF through the MRSEC (Award #DMR-
2011401) and the NNCI (Award #ECCS-2025124) programs.
XAS experiments were performed at the Stanford Synchro-
tron Radiation Lightsource (SSRL) located at the SLAC
National Accelerator Laboratory. We thank Dr. Simon
Bare, Dr. Adam Hoffman, Dr. Jorge Perez-Aguilar, and Dr.
Jiyun Hong for assistance collecting and interpreting XAS
data, Dr. Niket Kaisare and Dr. Benjamin Yeh for
preliminary SHC experiments, and Mr. Joseph Esposito, Mr.
Matthew Jacob, and Dr. Ting Lin for helpful technical
discussions.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Keywords: heterogeneous catalysis · kinetics · selective
hydrogen combustion · selective oxidation · X-ray absorption
spectroscopy

[1] O. Mynko, I. Amghizar, D. J. Brown, L. Chen, G. B. Marin,
R. F. de Alvarenga, D. C. Uslu, J. Dewulf, K. M. Van Geem, J.
Cleaner Prod. 2 22, 362, 132127.

[2] I. Amghizar, J. N. Dedeyne, D. J. Brown, G. B. Marin,
K. M. V. Geem, React. Chem. Eng. 2 2 , 5, 239–257.

[3] L. Shi, Y. Wang, B. Yan, W. Song, D. Shao, A.-H. Lu, Chem.
Commun. 2 18, 54, 10936–10946.

[4] H. Yan, K. He, I. A. Samek, D. Jing, M. G. Nanda, P. C. Stair,
J. M. Notestein, Science 2 21, 371, 1257–1260.

[5] J. G. Tsikoyiannis, D. L. Stern, R. K. Grasselli, J. Catal. 1999,
184, 77–86.

[6] R. K. Grasselli, D. L. Stern, J. G. Tsikoyiannis, Appl. Catal. A
1999, 189, 1–8.

[7] R. K. Grasselli, D. L. Stern, J. G. Tsikoyiannis, Appl. Catal. A
1999, 189, 9–14.

[8] L. Låte, W. Thelin, E. A. Blekkan, Appl. Catal. A 2  4, 262,
63–68.

[9] M. Jacob, H. Nguyen, M. Neurock, A. Bhan, ACS Catal. 2 24,
4568–4580.

[10] S. Yusuf, L. Neal, Z. Bao, Z. Wu, F. Li, ACS Catal. 2 19, 9,
3174–3186.

[11] K. Takanabe, A. M. Khan, Y. Tang, L. Nguyen, A. Ziani,
B. W. Jacobs, A. M. Elbaz, S. M. Sarathy, F. (Feng) Tao,
Angew. Chem. Int. Ed. 2 17, 56, 10403–10407.

[12] Y. Liang, Z. Li, M. Nourdine, S. Shahid, K. Takanabe,
ChemCatChem 2 14, 6, 1245–1251.

[13] A. Palermo, J. P. Holgado Vazquez, A. F. Lee, M. S. Tikhov,
R. M. Lambert, J. Catal. 1998, 177, 259–266.

[14] S. Sourav, Y. Wang, D. Kiani, J. Baltrusaitis, R. R. Fushimi,
I.E. Wachs, Angew. Chem. Int. Ed. 2 21, 60, 21502–21511.

[15] D. J. Wang, M. P. Rosynek, J. H. Lunsford, J. Catal. 1995, 155,
390–402.

[16] D. Kiani, S. Sourav, I.E. Wachs, J. Baltrusaitis, Catal. Sci.
Technol. 2 2 , 10, 3334–3345.

[17] K. Takanabe, E. Iglesia, J. Phys. Chem. C 2  9, 113, 10131–
10145.

[18] K. Takanabe, E. Iglesia, Angew. Chem. Int. Ed. 2  8, 47, 7689–
7693.

[19] D. Li, S. Yoshida, B. Siritanaratkul, A. T. Garcia-Esparza, D.
Sokaras, H. Ogasawara, K. Takanabe, ACS Catal. 2 21, 11,
14237–14248.

[20] F. Hao, Y. Gao, L. Neal, R. B. Dudek, W. Li, C. Chung, B.
Guan, P. Liu, X. Liu, F. Li, J. Catal. 2 2 , 385, 213–223.

[21] X. Qin, H. Wu, R. Wang, L. Wang, L. Liu, H. Li, B. Yang, H.
Zhou, Z. Liao, F.-S. Xiao, Joule 2 23, 7, 753–764.

[22] A. Zanina, V. A. Kondratenko, D. Makhmutov, H. Lund, J. Li,
J. Chen, Y. Li, G. Jiang, E. V. Kondratenko, ChemCatChem
2 24, 16, e202300885.

[23] D. J. Driscoll, W. Martir, J. X. Wang, J. H. Lunsford, J. Am.
Chem. Soc. 1985, 107, 58–63.

[24] J. H. Lunsford, Angew. Chem. Int. Ed. Engl. 1995, 34, 970–980.
[25] M. Yu. Sinev, Russ. J. Phys. Chem. B 2  7, 1, 412–433.
[26] D. J. Driscoll, J. H. Lunsford, J. Phys. Chem. 1985, 89, 4415–

4418.
[27] M. Yu. Sinev, Kinet. Catal. 2 19, 60, 420–431.
[28] S. J. Blanksby, G. B. Ellison, Acc. Chem. Res. 2  3, 36, 255–

263.
[29] V. D. Sokolovskii, S. M. Aliev, O. V. Buyevskaya, A. A.

Davydov, Catal. Today 1989, 4, 293–300.
[30] V. R. Choudhary, V. H. Rane, J. Catal. 1991, 130, 411–422.
[31] M. García-Melchor, N. López, J. Phys. Chem. C 2 14, 118,

10921–10926.
[32] S. Chrétien, H. Metiu, J. Phys. Chem. C 2 14, 118, 27336–

27342.
[33] H. Metiu, S. Chrétien, Z. Hu, B. Li, X. Sun, J. Phys. Chem. C

2 12, 116, 10439–10450.
[34] J. Li, J. Chen, A. Zanina, Y. Li, C. Yu, M. Liu, G. Cui, Y.

Wang, M. Zhou, E. V. Kondratenko, G. Jiang, J. Catal. 2 23,
428, 115176.

[35] Y. Wang, S. Sourav, J. P. Malizia, B. Thompson, B. Wang,
M. R. Kunz, E. Nikolla, R. Fushimi, ACS Catal. 2 22, 12,
11886–11898.

Angewandte
ChemieCommunication

Angew. Chem. Int. Ed. 2024, 63, e202412932 (6 of 7) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2024, 52, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202412932 by U

niversity O
f M

innesota Lib, W
iley O

nline Library on [22/03/2025]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://doi.org/10.1016/j.jclepro.2022.132127
https://doi.org/10.1016/j.jclepro.2022.132127
https://doi.org/10.1039/C9RE00398C
https://doi.org/10.1039/C8CC04604B
https://doi.org/10.1039/C8CC04604B
https://doi.org/10.1126/science.abd4441
https://doi.org/10.1006/jcat.1998.2363
https://doi.org/10.1006/jcat.1998.2363
https://doi.org/10.1016/S0926-860X(99)00224-0
https://doi.org/10.1016/S0926-860X(99)00224-0
https://doi.org/10.1016/S0926-860X(99)00195-7
https://doi.org/10.1016/S0926-860X(99)00195-7
https://doi.org/10.1016/j.apcata.2003.11.018
https://doi.org/10.1016/j.apcata.2003.11.018
https://doi.org/10.1021/acscatal.9b00164
https://doi.org/10.1021/acscatal.9b00164
https://doi.org/10.1002/cctc.201400018
https://doi.org/10.1006/jcat.1998.2109
https://doi.org/10.1002/anie.202108201
https://doi.org/10.1006/jcat.1995.1221
https://doi.org/10.1006/jcat.1995.1221
https://doi.org/10.1039/D0CY00289E
https://doi.org/10.1039/D0CY00289E
https://doi.org/10.1021/jp9001302
https://doi.org/10.1021/jp9001302
https://doi.org/10.1002/anie.200802608
https://doi.org/10.1002/anie.200802608
https://doi.org/10.1021/acscatal.1c04206
https://doi.org/10.1021/acscatal.1c04206
https://doi.org/10.1016/j.jcat.2020.03.022
https://doi.org/10.1016/j.joule.2023.03.004
https://doi.org/10.1021/ja00287a011
https://doi.org/10.1021/ja00287a011
https://doi.org/10.1002/anie.199509701
https://doi.org/10.1134/S1990793107040094
https://doi.org/10.1021/j100267a002
https://doi.org/10.1021/j100267a002
https://doi.org/10.1134/S0023158419040177
https://doi.org/10.1021/ar020230d
https://doi.org/10.1021/ar020230d
https://doi.org/10.1016/0920-5861(89)85025-4
https://doi.org/10.1016/0021-9517(91)90124-M
https://doi.org/10.1021/jp502309r
https://doi.org/10.1021/jp502309r
https://doi.org/10.1021/jp507207b
https://doi.org/10.1021/jp507207b
https://doi.org/10.1021/jp301341t
https://doi.org/10.1021/jp301341t
https://doi.org/10.1016/j.jcat.2023.115176
https://doi.org/10.1016/j.jcat.2023.115176
https://doi.org/10.1021/acscatal.2c03725
https://doi.org/10.1021/acscatal.2c03725


[36] R. Shi, W. Liao, P. J. Ramírez, I. Orozco, M. Mahapatra, J.
Kang, A. Hunt, I. Waluyo, S. D. Senanayake, P. Liu, J. A.
Rodriguez, Angew. Chem. Int. Ed. 2 22, 61, e202208666.

[37] M. S. Palmer, M. Neurock, M. M. Olken, J. Am. Chem. Soc.
2  2, 124, 8452–8461.

[38] K. Otsuka, A. A. Said, K. Jinno, T. Komatsu, Chem. Lett. 1987,
16, 77–80.

[39] K. Otsuka, Y. Murakami, Y. Wada, A. A. Said, A. Morikawa,
J. Catal. 199 , 121, 122–130.

[40] D. Kiani, S. Sourav, W. Taifan, M. Calatayud, F. Tielens, I.E.
Wachs, J. Baltrusaitis, ACS Catal. 2 2 , 10, 4580–4592.

[41] M. J. Werny, Y. Wang, F. Girgsdies, R. Schlögl, A. Trunschke,
Angew. Chem. 2 2 , 132, 15031–15036.

[42] F. D. Hardcastle, I.E. Wachs, J. Raman Spectrosc. 1995, 26,
397–405.

[43] F. Dkhilalli, S. M. Borchani, M. Rasheed, R. Barille, S. Shihab,
K. Guidara, M. Megdiche, R. Soc. Open Sci. 2 18, 5, 172214.

[44] B. Schmitt, P. Bollard, D. Albert, A. Garenne, M. Gorbacheva,
L. Bonal, M. Furrer, P. Volcke. SSHADE:  Solid Spectroscopy
Hosting Architecture of Databases and Expertise and its
databases (OSUG Data Center). Service/Database Infrastruc-
ture, 2 18, DOI 10.26302/SSHADE.

[45] [dataset] O. Proux, 2 2 , W L3 edge XAS transmission and
XAS fluorescence of W reference compounds at 10 K.

SSHADE/FAME (OSUG Data Center). doi: 10.26302/
SSHADE/EXPERIMENT_OP_20201209_001.

[46] S. El Mohammad, O. Proux, A. Aguilar, J.-L. Hazemann, C.
Legens, C. Chizallet, K. Larmier, Inorg. Chem. 2 23, 62, 7545–
7556.

[47] D. E. Mears, Ind. Eng. Chem. Process Des. Dev. 1971, 10, 541–
547.

[48] B. Ravel, M. Newville, J. Synchrotron Radiat. 2  5, 12, 537–
541.

[49] E. N. Fuller, P. D. Schettler, J. C. Giddings, Ind. Eng. Chem.
1966, 58, 18–27.

[50] D. A. Hickman, J. C. Degenstein, F. H. Ribeiro, Curr. Opin.
Chem. Eng. 2 16, 13, 1–9.

[51] A. M. Hofmeister, The Canadian Mineralogist 2 13, 51, 705–
714.

[52] A. Jain, S. P. Ong, G. Hautier, W. Chen, W. D. Richards, S.
Dacek, S. Cholia, D. Gunter, D. Skinner, G. Ceder, K. A.
Persson, APL Mater. 2 13, 1, 011002.

Manuscript received: July 9, 2024
Accepted manuscript online: September 3, 2024
Version of record online: October 29, 2024

Angewandte
ChemieCommunication

Angew. Chem. Int. Ed. 2024, 63, e202412932 (7 of 7) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2024, 52, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202412932 by U

niversity O
f M

innesota Lib, W
iley O

nline Library on [22/03/2025]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://doi.org/10.1021/ja0121235
https://doi.org/10.1021/ja0121235
https://doi.org/10.1246/cl.1987.77
https://doi.org/10.1246/cl.1987.77
https://doi.org/10.1016/0021-9517(90)90222-6
https://doi.org/10.1021/acscatal.9b05591
https://doi.org/10.1002/ange.202004778
https://doi.org/10.1002/jrs.1250260603
https://doi.org/10.1002/jrs.1250260603
https://doi.org/10.1098/rsos.172214
https://doi.org/10.26302/SSHADE
https://doi.org/10.26302/SSHADE/EXPERIMENT&lowbar;OP&lowbar;20201209&lowbar;001
https://doi.org/10.26302/SSHADE/EXPERIMENT&lowbar;OP&lowbar;20201209&lowbar;001
https://doi.org/10.1021/acs.inorgchem.3c00911
https://doi.org/10.1021/acs.inorgchem.3c00911
https://doi.org/10.1021/i260040a020
https://doi.org/10.1021/i260040a020
https://doi.org/10.1107/S0909049505012719
https://doi.org/10.1107/S0909049505012719
https://doi.org/10.1021/ie50677a007
https://doi.org/10.1021/ie50677a007
https://doi.org/10.1016/j.coche.2016.07.002
https://doi.org/10.1016/j.coche.2016.07.002
https://doi.org/10.3749/canmin.51.5.705
https://doi.org/10.3749/canmin.51.5.705

	Selective Catalytic Combustion of Hydrogen under Aerobic Conditions on Na₂WO₄/SiO₂ 
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement


