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ABSTRACT:E ective methane utilization for either clean powg® i\
generation or value-added chemical production has been a snge t- & ¥
of growing attention worldwide for decades, yet challenges pefgisk, cH,o0* b-HCOO* m—HCOO*fBSoC
mostly in relation to methane activation under mild conditions. 4 & O %

Here, we report hematite, an earth-abundant material, to be highl - o ¢ )

e ective and thermally stable to catalyze methane combustion a N ) s

low temperatures (<50C) with a low light-o temperature of e

230°C and 100% selectivity to €@he reported performance is

impressive and comparable to those of precious-metal-based

catalysts, with a low apparent activation energy of 17:60 kcal 7 - ; , v,

mofL. Our theoretical analysis shows that the excellent perfégfatite (a-Fe;0z)y"
ance stems from a tetra-iron center with an antiferromagnetically

coupled iron dimer on the hematite (110) surface, analogous to that of the methanotroph enzyme methane monooxygenase tt
activates methane at ambient conditions in nature. Isotopic oxygen tracer experiments support a Mars van Krevelen red
mechanism where Ght activated by reaction with a hematite surface oxggefollowed by a catalytic cycle through a
molecular-dioxygen-assisted pathway. Surface studies sititlli use reectance infrared Fourier transform spectroscopy
(DRIFTS) and density functional theory (DFT) calculations reveal the evolution of reaction intermediates from a48ethoxy CH
OSFe, to a bridging bidentate formate b-HGBE to a monodentate formate m-HEB®, before Cgs eventually formed via

a combination of thermal hydrogen-atom transfer (HAT) and proton-coupled electron transfer (PCET) processes. The elucidatior
of the reaction mechanism and the intermediate evolutiondey rpay allow future development of catalytic syntheses of
oxygenated products from JH gas-phase heterogeneous catalysis.

INTRODUCTION ame combustion in green power generation processes, such as
in the natural-gas-powered gas turbines, where the operation

Methane is the main constituent of natural gas (>90%i’ﬁmperatures are much lower and fewer harmful air pollutants
increasingly exploited as a popular alternative to the conv dlich as NQ CO, and SQ are produced.

tional fossil fuels since the shale revolttidhis perspective
is largely driven by both the sigant economic berns of
utilizing rather inexpensive and abundant g2td, and the CHy(g) + 20,(g) CO,(¢h 2H,0(g)
rationality of partially reducing greenhouse gas emissions since HO(298 K § 803 kJ mdf )
methane produces the lowest amount gfg@®unit energy '

produced. A natural-gas-powered vehicles (NGVS) program \ethane activation is one of the main obstacles for any
launched in Europe is an example of initiatives for usingiqation reaction, be it methane to methanol or catalytic
natural gas as a fuel in place of conventional gasoline or d'e§8|lnbustion, due to the high degree of structural symmetry and

However, the environmental merits of the NGVs argqy nojarity of the methane molecule, which renders both
jeopardized if unburned ¢k released by the exhaust since

methane is a dangerous greenhouse gas with a global warriing

potential 86 times higher than Q@er 20 yearsTherefore, ~ Received: July 3, 2020

there is an urgent need for remediation of unburngdoCH Published: September 16, 2020
ful Il the strict emission regulations of combustion at low

temperatures (<58850 °C), including approaches like

catalytic methane combustion (CMC) describeekin*®

CMC also has great potential as an alternative to conventional
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nucleophilic and electrophilic attacks on, Chther oxygens and oxygens from the gas phase based on isotopic
challenging! The most common activation pathway is oxygen tracer experiments to elucidate the reaction mecha-
through thermal, homolyticSEl bond cleavage using nism. We nd a Mars van Krevelen type of redox mechanism
heterogeneous catalysts, where the hydrogen atoms agith participation of the surface oxygen sites, supported by
transfer to neighboring atoms in auxiliary reactions thusoth experimental and theory. In additionsitu di used
promoting the dissociative adsorption of G&lthe so-called re ectance infrared Fourier transform spectroscopy (DRIFTS)
thermal hydrogen-atom transfer (HAT) procésSo far, on a designed 2D hematite catalyst with a large surface area
palladium-based catalysts have attracted the most attentionghbws vibrational signatures of surface intermediates, revealing
the CMC reaction with ective conversion at relatively low a reaction pathway that evolves from methoxy to bridging
temperatures (below 53G). However, their high cost, low bidentate formate, to monodentate formate, raity to CQ

water poisoning resistivity, reduction at high temperature, agd the temperature is increased. Density functional theory
redispersion upon reoxidation have motivated the search {@§FT) modeling supports such a reaction pathway with
alternatives based on earth-abundant elements, such as sipglgrable energetic changes via both thermal HAT and proton-
metal oxides, spinels, and perovéKités.The variable  coupled electron transfer (PCET) processes as well as
oxidation states of the transition metals in these oxides enaplgculated IR frequencies of the proposed intermediate surface
a redox cyclt_a in the cataly'glc oxidation reactions by the re|e%‘-i%cies consistent with @usituobservations. This reported

and restoration of the lattice oxygens. However, very few @mpination of experimental and theoretical analysis allows
them are reported capable of activating methane initially, thlg,cidation of the full mechanism of ,Cikidation over
hindering any subsequent convezsion. l\éotable exceptions genaite, where a preactivation progsssccurs by reaction
supported Cu®; spinel oxide G@,,* MnO,,” and perovskite it the surface lattice oxygens at lower temperatures, followed

LaSrCuQ™” among others. Most of these materials, howevep,, 5 catalytic cycle through a molecular-oxygen-assisted
despite some promises, have not been as economic %hway at higher temperatures.
e

attractive as that of Pd-based systems due to their complical

catalyst structures, high catalyst mass loadings, small spac

veloc){ty, or extremely lean fuel feed conditions. In addition, the eEXPERIMENTAL SECTION

understandings of their mechanisms gfdCkivation remain  All chemicals used here were purchased from Sigma-Aldrich with

less explored and controversial, making them worthwhile pority 97%. Ultra-high-purity (UHP)-grade gases were purchased

investigate as they would be of great value not only for tHeom Airgas. ) )

CMC reaction but also for the broader methane conversion Synthesis of Hematite Nanosheets. The synthesis of 2D

community. h_e_mante is degcrlbed in detail in our prz_ewousl\%fc?rlfyplcally, a
Recently, iron oxides have shown promise as active catalV 2D material CuO nanosheet obtained from a soft templating

f th A fi th | ess was used to hard template the growth of the ultrathin
or methané conversion reactions as they aré analogous }Qphene-like hematite nanosheets via a redox reaction at the

functionality to the active sites in the enzyme methanRieiface. The template was later removed by excessive washing
Monooxygenase, which converts methane to methanol \ijth ammonium hydroxide and the precipitate was annealed at 400
nature.*'> Over the centuries, iron oxides have gained &c for 30 min to form hematite nanosheets. The powdenalgs
reputation in the catalysis community as an earth-abundasiyshed using mortar and pestle before further measurements.
nontoxic, and excellent performing catalyst for many importantMethane Catalytic Combustion. CMC reactions were per-
industrial processes, such as the F&blogrsch synthesis, formed using aow reactor set up as schematically shotigume

the Haber process, and the v@ges shift reactidfi*’ S1 Mass ow controllers ané-type thermocouples were used to
However, their potential in methane conversion via heterogentrol gas ow rates and temperature, respectively. Typically, 30.0
neous catalysis has been quite limited to partial oxidati g of catalyst was loaded into a straight tube quartz reactor and

: eated from 1&b500°C at 10°C-mirtL. The total volumetric gas
reactions such as to methanal to formaldehyd]@’ for ow rateQ was 100 mimir™!, and the inlet feed composition was 5%

instance, over Fe/ZSM-5 catalysts, where the active center V@E ((weight hourly space velocity (WHSV) = 10 000551
found to be the FeOoxide specie§™ The complete 5 Q, and 75% Ar. The reaction was normally repeated in triplicate
oxidation route of methane as well as the fundamentgjith the standard deviation noted in tigeres. To quantify the
activation mechanism is whereas studied to a much lesgghversion, the outlet gas composition was compared to the
extent. respective measurements of the prereaction steady state mass
Here, we nd that hematite (-FeOs), the most spectrometer signal. Usieg 2 the conversion was calculated at
thermodynamically stable form of iron oxides, is a highlgach point. Measurements were taken approxim_ately every 3 s. The
e ective catalyst for the complete oxidation of methane witpperating pressure was 1 atm, and no change in Argon signal was
excellent stable performance below’60@ both nano and ~ observed indicating that the pressure in the chamber remained
bulk forms, a low light-demperature of 23, and 100% constant. The reaction stoichiometry was calculated as suggested by

- . 1eg 34 where PP stands for partial pressure and RSF is the relative
selectivity to Co From a molecular level, our theoretlcql sensitivity factor of the mass spectrometer for acspegs$s to

analysis Sh.OWS the _catalytic act_ive center is a te”‘.”‘"rgﬁ'arge ratio. The stability test was performed 4&C500 over 10 h
structure with an antiferromagnetically coupled iron dimefnger proportional-integral-derivative mode instead of ramping.
on the (110) surface of hematite, analogous to that of the iron

dimer active site of the soluble methane monooxygenase _ . Measured X signdl

enzyme. In addition to its interest for CMC, the (110) facet of %X conversior % Prereaction X siarkt 100%

hematite has been reported to be actese catalyst for other 9 @

important oxidation processes such as “vaed CO

oxidatior” so we anticipate oundings would be of interest o, o (reacted) %0, conversior Qg

for these oxidative reactions as well as beyond methane = =3 .

oxidation. We report the study of the individual roles of lattice ~ CHa on,{reacted) - %CH, conversion Qc,, (3)
17120 https://dx.doi.org/10.1021/jacs.0c07179
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Figure 1.(a) TEM image showing the ultrathin structure of hematite nanosheetsrg&fidi patterns of hematite nanosheets agree well with

the hematite standard (PDF NoS00151053, JCPDSn situXRD analyses on hematite nanosheetsea¢i reaction temperatures show no
obvious changes both in therdction patterns and peak broadenings during the entire combustion experimento(@)eCdibn of hematite
nanosheets versus bulk upon 30.0 mg as a function of temperature in CMC experiment w{k5$y/GHLO 000 mig>l-h>) and 20% @

balanced with 75% Ar. The inset showsd@Hhversion antis, against catalyst mass loadings with standard deviations, the averaged conversions
andTs values are labeled on top of each column. (d) Stability test of 30.0 mg of hematite nanosh€etsext B0G with negligible activity

drop.

no _ PP(H,O0)/RSF(H,0) from Pike technologies. A ZnSe window was used for the reaction and
- the data was collected by a liquid-nitrogen-cooled MCT detector at
PP RSF 5
Co, (CQIRSHCQ) (4) 256 scans and 2 ehresolution. For the measurements, 20 mg of

) ) . iron oxide nanosheets was placed in a ceramic crucible and pretreated

Isotopic Tracer Experiments. Temperature-programmed iS0- ¢ 130°C in argon for 1 h in the DRIFTS chamber to remove any
topic oxygen exchange (TPIOE) experiments and isotopic 0Xyg&{yrface impurities. The composite gas/(TiE 1:4 balanced with
tracer experiments were performed using the same reactor set Un@Swas introduced with similar space velocities as the catalytic
the methane catalytic combustion reaction. The isotopiC 0xygempustion experiment, and the background spectra was taken before
balanced with He with a concentration rati§@fHe = 1:24 was  temperature ramping. The temperature was then increasé@-at 10
purchased from Cambridge Isotope Laboratories, Inc. All parametgsgsSt gng multiple spectra were taken over 30 min for each
were kept the same except for changes in the inlet feed compositiq&hperature_
%0 /He/Ar = 1:24:75 for TPIOE, CH'®0,/He = 1:4:96 molar Calculations. All DFT calculations were performed with Vienna
ratios for the tracer experiment. For both reactions, 30.0 mg @fb initio Simulation Packade”’ (VASP) version 5.4.1 based on
catalyst was used, and the tota¥ rate was 50 mhin™’, so the  periodic boundary spin polarized DBTealculation. We used Jmol
WHSV of CH was set as 10000 mi-h>', the same as the version 14.30°2for visualization and Adobe Aftere& version

combustion experiment. _ 17.0.6 for animation. The Per&&urké&SErnerhof exchange-
CH,-Temperature-Programmed Reduction (TPR)CH,-TPR correlation functiorfdlwas used in conjunction with the projected
was performed using the same reactor set up, using, o¢HSYV/ augmented-wave metfitid to describe the election inter-

= 10000 mig™h>!, the same as the combustion experiment) andactions. To properly describe the highly correlated 3d electrons in Fe
95% Ar. The gas mixture was introduced to 30.0 mg of hematitens, we used the DFT4mplemented in VASP following Dudarev
nanosheets and heated to %0t 10°C-mir2. approacif to add on-site potentials to the d electrons of Fe. A value

In Situ X-ray Di raction (XRD).In situXRD di raction patterns  of 4.0 eV was used for thg;= U S Jparameter of Fe and 0.0 eV for
were collected through Thermo-ARIRA using Cu K radiation all other elements according to Rollrisafinst-principlesalcu-
equipped with an Anton-Parr XRK-808itureactor chamber. The lations® The Gaussian smear was used with the smearing parameter
same composited gas (B, = 1:4 balanced with Ar) was = 0.1 eV. The energy convergence criterion was set tf b¥ 10
introduced over 30.0 mg of the catalyst with a consistent spager unit cell. For the optimization of the bulk hematite structure, the
velocity as the catalytic measurements. Data analysis was performgd energy of the plane wave basis was chosen to be 450 eV. A
using PDXL-2 Rigaku software. Monckhors$Pack typé-point grid of 3 3 x 3 was chosen for the

In Situ DRIFTS SpectroscopyThe in situFTIR studies were  bulk structure optimization. Both the unit cell and atomic positions
performed on a Nicolet 6700 FT-IR along with a DRIFTS chambewere allowed to relax during the geometry optimization. The

17121 https://dx.doi.org/10.1021/jacs.0c07179
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geometry optimization of bulk structure wiéshed when the energy  maximum CH conversion of 80% at 45C and 100%
di erence between two consecutive calculations is lesstn 10 selectivity to CQ No byproducts such as,HCO, HCHO,
The hematite (110) facet model was generated from221 HCOOH, and CHOH were detected in the complete mass

super cell of the optimizedFeO; bulk structure. For all the ectra shown ifrigure S2 A self-dehydration behavior

geometry optimization of slabs and molecules, we increased the cuz . .
energy of the plane wave basis to 520 eV. The force converge dgure Spwas also observed prior to the onset of the

criterion was set at 0.01-&%, and the maximum optimization step- 'eaction near 100C, which is likely associated with the
size was 0.4 Bohr. Hematite is an antiferromagnetic system indghydration of the surface hydroxyl groups from the hematite
rhombohedral structure. The spins &f Bes are parallel within the ~ structure. The combustion reaction proceeded with a

(111) plane and antiparallel in other adjacent plaimsé¢ S15°* . : . 2 _ HO _
The antiferromagnetic property of hematite is modeled based on splsr¥-0|ChlometrIC ratio Gf; coy 2 as calculated s 3

polarized DFTY theory. The reduction/oxidization states of Fe aregnd 4 in the Experimental Secti@nd shown irFigure S3
gggggb;? B&%fﬁ;%%;}ige”:%%nogmt d%?ﬁ?ﬁtgibg?ﬁe consistent with the stoichiometric complete oxidation of
WignesSeitz radius. A 8 1 x 3 MonckhorsiPack typek-point mi‘ggl% il: tﬁisbltaerr]rlf '[eersgtxghr%ut_anﬁ/ecsal);a_ll%set, Tgt:;ltjl\g;y was
grid was used to sample the Brillouin zone during the geometQ)_ ; P geL( P

optimization. The unit cell with dimensions of 8.%625.12 Ax ctivity above 40T is caused by the amount of catalyst used
13.83 A with rich oxygen termination was used to modeFt®, under such a high WHSV and can be mitigated by increasing
(110) facet, and an additional H parking slab with the samghe catalyst mass loadings (see the ligturoe inFigure Sp
dimensions as the reaction site unit cell was also implemented in taecompanied by a simultameoshift of half-conversion
calculations for the preactivation process to protect the reaction Slﬁ!mperaturesT(;o) toward lower values as shown in the
from over-reduction. The reaction slab contains four layers of Fe Ih'lgure t (inset) or by lowering the totaw rate/WHSV to

total: The bottom two layers were frozen at their bulk positions, whilg,~rease the catalyst contact time (data not shown). However,

the top two layers, as well as the molecules from the gas phase, e . - .
allowed to relax during geometry optimizations. WHE lower catalyst loading, 30.0 mg, and thisienutly high

We also used the nudged elastic band (NEB) niéthaget the ow _rate_/\NHSV were cho.'_sen__as more {:_lppropriate parameters

total 6 intermediate geometries with force convergence criterion settfte catalytic performance with such a low mass loading/high
be at 0.05 e¥>L. The relative electronic enerdywere calculated WHSV, corresponding to a specieaction rate of 62.00

according teq 5 mmolg>l-st at T, is truly outstanding for a simple metal
. oxide structure. Most previously reported speates of
E Eoroduc® Ereactan (5) similar unsupported oxide systems, like JOCa@nd

MnO,,**" are almost 1 order of magnitude lower than that
of this work. It even outperforms many supported Pd catalysts

d bimetallic Pd/Pt and Au/Pd systems in terrggggf speci
A

where  Ejgqu@nd  EeqcanStand for the total electronic energies of
products and reactants, respectively.

The frequency calculations were performed with VASP as well, af o . .
all of the parameters were kept the same for the optimization excéft€ @nd apparent activation energile( infra™™ _
for a higher energy convergence criterion"ael0per unit cell. A~ comprehensive comparative table with some typical catalytic
step-size of 0.015 Bohr was used inrtite di erent calculations to ~ Systems and the justations of such comparison between
obtain the numerical Hessian in frequency calculations. supported and nonsupported systems are giVeblinS1

All coordinates of optimized structures can be found in the As a control, bulk hematite with only one-thirtieth the
supporting VASP outpidtP le. Other characterization details on gyrface area (5.380.35 rﬁ.gSl) of that of the 2D structure
electron microscopies, X-ray photoelectron spectroscopyy-and Mng an average particle size of£.041 m was also tested,
physisorption can be found in Bepporting Information giving a much lower activity (up to 11% at S0pand a

signi cantly higher light-atemperature (400°C) upon the
RESULTS AND DISCUSSION same mass loading of 30.0 Mgy re t). However, when

Structure Composition. The 2D hematite nanosheets are increasing its mass loading to reach a similar total surface area,
synthesized through a hard-templating wet-chemical route @30.0 mg of bulk hematite showed comparable activity to the
extensively described in our previous WotRhey resemble 2D nanosheets-(gure Sp implying that hematite is reactive
a graphene-like structur&igure &) with an ultrathin  in both bulk and nano forms, while in the interest of surface
thickness of @7 nm from our previous microscopic studies.studies, 2D hematite is more attractive overall due to its large
X-ray diraction patterns of the nanosheets match well witisurface area and high density of active sites per unit mass.
the hematite standard (Powder rBction File (PDF) No. In situXRD analyses performed across the entire reaction
00500151053, Joint Committee on Powder mction  temperature range barely show changes in eitherduotiain
Standards (JCPDS)), with notable peak broadening causpdtterns or the peak broadenirfgg@re b), implying
by small crystallite sizeBigure b). The 2D hematite  excellent preservation of the chemical composition and particle
nanosheets possess a high surface area valuge 6{3 .68 size of the hematite nanosheets during the CMC reaction. In
g> (measured by Nohysisorption, see characterization detailsddition, the nanomorphology was kept almost intact from
in the Supporting Informatiprand a small average particle postreaction TEM/SEM analysesigire Sy and X-ray
size of 37.3 1.3 nm. photoelectron spectroscopy (XPS) measurements barely

Catalytic Performance. In our CMC experiments, 5% showed any changes at Fe 2p before and after the reaction
CH, (WHSV = 10000 mig**h°1), 20% Q, and 75% Ar  (Figure SB where the oxidation state of Fe and the surface
composite gases wemwvn over 30.0 mg of 2D hematite atomic ratio of Fe/O = 2:3 remained consistent. Furthermore,
catalysts. Detailed descriptions on the reaction conditions atige stability was also maintained when the reaction was
reactor setups can be found inEeerimental Sectiamd brought to 500C rapidly (within 6 min) and kept constant
Figure S1The catalytic performance is showrigare t in for over 10 h upon 30.0 mg catalyst loadiizgi(e &). While
yellow squares, with a lighttemperature as low as 280 a under this fast temperature increase, thec@hversionrst

17122 https://dx.doi.org/10.1021/jacs.0c07179
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Figure 2.(a) Species evolution pte of hematite nanosheets in the isotopic oxygen tracer experiment with a gas feed compgsits of CH
He = 1:4:96, WHSV = 10 000 mt*-h> for CH,. He was used instead of Ar as the carrier gas here as the pi@&haasdalanced by He gas
initially. (b) Multistage activation behaviors between lattice oxygens ,awithCirefers to isotopic experiment) or without (JIRR)
additional oxygen in the gas phase. The gas feed, f6PRHE 5% Cldbalanced by Ar with a WHSV = 10 000gtith®! for CH,. The rst
stage activation is similar in both cases, but the rate deviates afterward gigesntieeidiability to maintain the active hematite structure.

soared up to 94%, then dropped to below 80%nalig, as  dissociatively adsorbed oxygen and gaseous methane, (3) the
the temperature stabilized, the conversion equilibrated at 80%ars van Krevelen (MvK) redox model, where the reaction
This overshoot is likely due to the heat released from theccurs through the alternating reduction and oxidation of the
combustion reaction itself accumulated in such a short perigdtalyst surface, and (4) the two-term model (TT), where
of time, resulting in a higher local temperature and thus highexidation on the catalyst surface takes place by two routes, via
conversion than that from the ramping test. After the steadie lattice oxygen and via the adsorbed oXygée.
state was reached, the activity was well-maintained over 10dmtroversy is mainly resulting from the complexity introduced
with a negligible drop. by the multiple oxygen sources of both the metal oxide lattices
The apparent activation energy was calculated by construatd the molecular dioxygen from the gas phase. To elucidate
ing an Arrhenius plot from isothermal experiments at variodlse reaction model, we designed isotopic oxygen tracer
temperatures with GHconversion below 10% to avoid experiments that resolve the contributions from teeedt
di usion limitations. The apparent activation energy calculatedygen sources.
from the slope of the Arrhenius plot is 12.6084 kcainoF! The CMC reaction was again conducteclang isotopic
(Figure S which is signcantly lower than that of a typical %0, instead of%0, without disturbing other parameters. The
metal oxide catalyst, for which the apparent activation energyygen kinetic isotopic ext could be neglected as the
falls between 19 and 35 kvaP'® This value is even reaction order with respect to oxygen is“zdrbe resulting
comparable to that of most reported Pd-based catalysts, whissgopic tracer mass spectra are shokigtine 2, with light-
apparent activation energies are in 880 RcamoP* range o0 behavior similar to that of the ordinary combustion
for crystalline PO and in theS4® kcamof! range for  experiment. However, most notably, with the reaction initiated
metallic Pd:**** Justication of such a low apparent activation at 230°C, C°0, was producedrst, followed in a distinct
energy requires investigation into the reaction fundamentaeder by H'0, C%10,, H,'%0, and nally G%0, (Figure 2
from in situspectroscopies, in conjunction with theoreticalinset). During the entire tracer experiment, there was negligible
analyses at a molecular level, as discussed in the followamgount of®1%0, species detected in the gas phase, suggesting
sections. no exchange of lattit® to the gas phase in the temperature
Reaction Model. The reaction models of metal oxide- range of our experiment. Nevertheless, metal oxides are known
based catalysts remain controversial in the CMC communifipr undergoing oxygen-exchange @ sglid interfaces at
as well as more broadly in hydrocarbon combustion studiedevated temperatures. For methane combustion in particular,
Four types of reaction models are typically proposed agveral authors have proposed the occurrence of an oxygen-
schematically illustratedFigure S1dncluding the following:  exchange reaction prior to the increase of catalytic &ttivity.
(1) the LangmuBHinshelwood (LH) model, where the An additional control experiment using TPIOE test, however,
surface reaction occurs through the dissociative/moleculsinowed the lattice oxyg€® di usion to the gas phase did
adsorption of oxygen and adsorption of methane, (2) theot start below 408C (Figure SI)1 These ndings suggest
EleySRideal (ER) model, where the reaction occurs betweethat the oxygen-exchange behavior in fact occurs later than the
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Figure 3.In situDRIFTS spectra with species assignments labeled on top, WHS¥ @aDOBI0 mig>-h>2. (a) CSH stretching of free GH

methoxy and formate species together with the combination modes of formate. (b) Fingerprint region sBbiliegdirg®f free CHand

methoxy as well as the paired carbonyl (COO) stretching of formate. The peak splitting of the antisymmetrical carbonyl splitting i§ characteristic
a bidentate formate transition to monodentate.

reaction initiation in our case, so the deté8@®domponent  onset of the reactiorrigure SI2 More information can be
in the products must only come from the lattice solid phasgleaned when comparing tH&35 channel from the isotopic
This observation is consistent with the numerical analysis écer experiment and the Céhannel from the GHIPR
the mass balance, showing that initialty $85°C) the ratio (Figure B). In this comparison, both channels onkyatghe
180/18%0 > 1 in all oxygen-containing products, then'%o interactions between the lattice oxygens and Fid both

1atT 385°C, and nally'®0/*0 < 1 atT > 385°C. This scenarios, a multistage activation behavior was observed that is
observed trend, in conjunction with the order for productikely due to Clireacting with derent lattice oxygen made
formation mentioned above, strongly implies a predominaavailable by the increased lattice oxygarsiain as the
active role of the lattice oxygen at the reaction initiation of theemperature was increased. In theactivation stage (circled
reaction, ruling out both the LH and ER mechanisms, wheie blue), both channels appeared similar to comparable
the oxygen from the gas-ph&6s would be the preferred initiation temperatures (230) and partial pressures (yields),
oxidizing agent. Additionally, the prioritized formation oforesumably associated with the similar reaction between the
C'%0, over G50, also excluded the TT model where the active surface oxygens and the adsorbgdi@He after the
mixed G510, species would have been preferentially formedonsumption of the rst-generation surface oxygens, the
instead. Therefore, the results are most consistent with a Mv#action kinetics deviated. In the case Qf TBHR, the yields
redox mechanism with participation of the surface latticwere much lower in the absence of external oxygen sources, as
oxygen as the initial oxidation step, forming lattice-oxygehematite was gradually reduced into magnetite by reacting with
containing products @, and H'0. Then the catalyst CH, as examined by XRD analysigjure S13 With
surfaces are reoxidized by molecular dioX§@efrom the additional oxygen from the gas phase, the catalyst surfaces can
gas phase, producing a mixture of isotopic products includibg quickly reoxidized following the MvK redox mechanism, so
C¥0,, H,*%0, and CG®0,. Similar mechanisms have alsothe hematite composition as well as the active centers can be
been proposed for other systems, including’Ra@ CqO, well-maintained at all times during the combustion experiment,
spinel catalysts The deconvolution of reaction models usingthus resulting in higher yields. Notably, in both scenarios, this
oxygen isotopes becomes more complex aralltdiat observed multiple activation stage behavior is highly consistent
temperatures which are >4@due to the oxygen exchange in terms of temperature dependence, suggesting a similar
between the gas and solid phase, so we only focus our analysesaction of methane with surface lattice oxygens regardless
before such exchange predominates. of the presence of molecular dioxygen, further supporting the

A control experiment of a TPR reaction, where onjy CHactive participation of lattice oxygen in the entire CMC
and Ar were own, also supported a MvK redox mechanisnreaction.
(Figure B). In this test, hematite showed the ability of We also note the leveling af the G%, channel and the
activating CHl in the absence of molecular dioxygen tomuch faster rates of producif@-containing species at higher
produce CQ which is not expected for many other catalystsemperatures, compared to tf@ counterparts, particularly
where CH activation must occur through a molecular-C*0, versus €0, (Figure a), with the ratio 0ff0/*%0 < 1.
dioxygen-assisted pathtvagain suggesting the participation An estimation of th#0 mass balance at 48D using the
of lattice oxygen in methane activation. A similar selfdeal gas law gave a téf@l consumption on the magnitude
dehydration behavior was observed again here prior to toé1(° mol, taking up only a small percentage?) of the
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Table 1. Comparisons of Experimental and Theoretical Vibrational Frequencies of Important Reaction Intermediates

species vibrational modes experiment§F)(cm theoretical (cr%l)a temperature°C)
{CH) 3017 3100 -
CH, (CH) 1305 1284 255300
{CH) 293052985 2986
CH,SOSFe {CH) 285052900 2921 1505250
(CH) 1437 1463, 1447, and 1424
(CH) 293052985 2985
~ 4CO0) + (CO0O0) 28502900 2903 .
b-HCOGSFe -{C00) 1555 1557 1505300
{CO00) 1335 1345
(CH) 293052985 2976
. {CO0) + (COO0) 28502900 2799 .
m-HCOGCSFe -{C00) 1572 1606 2505300
{CO00) 1189 1193

3Theoretical harmonic frequenci@fiese three vibrational modes were ascribed to be distinct CH bending signals of methoxy species with small
frequency dirence; they may be all described by the broad peak at $48Bsarved experimentally.

total lattice oxygen (@0°* mol) loaded. Therefore, the ,{COO) and (COO) at 1555 and 1335 cth also
leveling o of the G%0, channel and the lower producing rates supports the formation of formatén addition, the dierence
are likely not caused by the intrinsic concentration constraintsetween the, {COOQO) and (COO) peak centers was found
but more likely result from the slower reaction kinetics ofo be approximately 220 Tintypical of a bidentate formate
lattice oxygenR® participation compared to the molecular con guration and distinguishable from other species such as
oxygen®O at high temperatures. All discussions above poirsturface carbonafésMore interestingly, the peak at 1555
to a MvK redox mechanism with an initial lattice oxygemnr! was separated into two components when the temper-
dominated participation and an increase of molecular oxygature further increased above 260 This was observed
participation as temperature increases. previously in the transition from a bidentate formate to a
Reaction Intermediates. Surface intermediates were monodentate formate due to the repulsion among the
probed byin situDRIFTS measurementsSiqure 3, where bidentate corgurations at high concentration by Bell et
IR signals were collected over the hematite nanosheet surfaai@S>” These ndings strongly imply formation of a stable
in the temperature range 0o53B0°C under CMC reaction ~ formate intermediate species on the surface of hematite
conditions. Multiple positive peaks were detected in tH& 358anosheets in the CMC reaction, with intermediate evolution
3750 cm’ range Figure S19aand 1632 crit (Figure B) from a methoxy, to a bidentate formate, and to a monodentate
above 100C, corresponding to the desorption of water (orformate before CQis nally formed as the temperature
SOH groups) formed upon self-dehydration and methanéencreases.
combustioi® Additionally, the paired negative peaks at DFT calculations allowed us to validate our experimental
2302400 cm' (Figure S14b detected above 20C, are frequency assignments at the molecular level. Structural
typical of the P, Q, and R branches of thg i@@he gas  models of the proposed intermediate species were built on a
phasé. Strong characteristic antisymmetric stretchindiematite (110) surfaceide infrg and all vibrational modes
2{CH) and bending (CH) signals for free CHmolecules  were carefully examine@able 1 provides a detailed
(Figure 3 were observed at 3017 and 1305°%¢fh comparative analysis of experimental and theoretical vibra-
respectively, with intensities decreasing with temperatut@mnal bands. The IR vibrational frequencies of freevexd
indicative of Chiconsumption. All these observationsroon  used as reference for theory-based calculations to properly
once again the complete oxidation of @HCO, and HO, compare the theoretical and experimentdings. Their
with no CO signal detected. § values matched well, so no scaling was required for the
The paired peaks aR960 and 2875 cm' along with the  theoretical model. The theoretical calculations were found to
band at 1437 cth detected above 15W correspond, be highly consistent with our experimental IR assignments.
respectively, to the characteris{€H) asymmetric, sym- These results strongly support our analyses of the reaction
metric stretch, and bending upon formation of methoxy speciegermediates, as described abofideo Slincludes
(SOCHj,).*%*? Notably, the intensity of the bending peak  animations for all the calculated vibrational modes along
increased with temperature, then decreased, raly with the frequencies.
disappeared at 30C (Figure B). This is likely to be the Reaction Mechanism.Upon the basis of the successful
result of the increased CHdsorption to fornSOCH; as identi cations of reaction intermediatesituand their order
temperature rises, balanced with the simultaneous increasefdbrmations as a function of temperature, we applied DFT to
the turnover rate to consu®CH,. While interestingly, the rationalize the reaction mechanism of, Gkidation over
paired peaks a2960 and 2875 cm' did not follow such a  hematite at an atomic level, where the activation preatess
trend, but instead, intensdl as temperature increased. Theseoccurs with participation of the surface lattice oxygen, followed
peaks above 20C are more likely associated with {gH) by a full catalytic cycle, with molecular dioxygen from the gas
and the combination modes gfCOO) and (COOQO) from phase involved. The hematite (110) surface was chosen as the
a formate species on metal oxide surfaces, formed by fw@mary model since it is the most pronounced facet in the
subsequent oxidation of the methoxy intermeditateEhe XRD pattern igure b), and it has been reported to be the
detection of the characteristic carbonyl stretching signaisost reactive plane for many catalytic oxidation reactions such
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Figure 4.Proposed Cllpreactivation process via lattice oxygen on hematite governing at low temperatures with calculated relative electronic
energies according ¢g 5 The overall reaction described here is hematite (110)(s)(§)GHO,(g)  hematite (1180 vacancy(s) +

COx(g) + H,0O(g). HAT and PCET stand for thermal hydrogen-atom transfer and proton-coupled electron transfer process, respectively. The
labeled SO bond lengths of 1.44 and 1.23 A are characteristic of a single and double bonds, respectively. The corresponding H atom parkir
situation for each model can be found irFthare S17

as watér and CO oxidatioft Most importantly, this facet considered the adsorption of [ the surface to simulate
possesses antiferromagnetic diiron oxo cores analogous tottieereaction with dominant participation of lattice oxygen at
diiron active site in the soluble methane monooxygenasmwer temperature§igure . For clarity, we only show the

enzyme, where GHs activated to produce @bH in reaction evolutionary pite at the proposed tetra-iron active
naturet® although with a derent Fe oxidation state and core. An additional slab was used as a reservoir in conjunction
coordination environmenfigure S16 to model H atom abstraction, as shown andgdstiFigure

Like most polar surfaces of metal oxides, the (110) surfa847 to avoid over-reduction of the reaction site. Interestingly,
of hematite is covered with hydroxyl groups due tainlike many scenarios where lower-coordinate atoms are
dissociatively chemisorbed water molecules, which hinder tiypically more reactivé;* we nd the most favorable
activation of Cllby blocking the surface active Sitest adsorption site is on the two adjacegt @oms (2.58 A
elevated temperatures, therface hydroxyl groups are away from each other, the closeSOQdistance on the
eliminated by self-dehydration, an essential step for openisgrface), inducing formation of the methoxy intermediate
up the covalency of active sites and enablad3idrption. As  (Figure 4 from (1) to (2)), with an adsorption energy of
we mentioned previously, this dehydration step was exp&1.04 eV and a$0 bond length of 1.44 A. The comparison
imentally observed in our system prior to the onset of theo binding energies for GHadsorption on Fe and,QOis
combustion reaction. After self-dehydratiagufe S1) the provided inFigure S18The stability is due to the favorable
model surface consists of two types of oxygens oatttveo 0SO0 distance of the two adjacen, @&oms as well as the
atomic layers, including a 3-coordinat@@ a 2-coordinate  antiferromagnetic characteristic of the bridged diiron couple,
O, with a ratio of 2:1 and two types of 5-coordinate irgps Fe which favors dissociation of th8HCbond by keeping the
(two-thirds of which are bridged by twg @hile the rest are  total spin of the system intact (zero), therefore lowering the
connected by one;Oand one @). The two adjacent ke adsorption barrier. In this case, a possiblg &Ctivation
atoms bridged by two ;0O possess opposite magnetic pathway is through homolytic bond cleavage by direct thermal
moments: More electronic structure details can be found inHAT. According to that process (see detaifégnre S19a
“Calculatioh section andrigure S15 the lone-pair of electrons in thg, €an conjugate with &as

The complete oxidation process of,Qhvolves four  avalence tautomeric transition to form oxygen-centered radical
hydrogen atom and eigl#lectron transfers. West species, analogous to the commonly reported active site for
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Figure 5.Proposed catalytic cycle for the CMC reaction at higher temperatures via molecular-oxygen-assisted pathway with calculated relati
electronic energies accordingdd The overall reaction described here igg}H 20,(g)  CO,(g) + 2H,0(g). The energy derence for

this cycle equals the theoretical heat released by the CMC reactio8 a6@ K\(), and it is close to the standard heat of the reaction at 298 K.

The omitted two steps in the cycle are the water desorption process between (4) and (5) with an energy cost of +0.23 eV, similar to that from (9
to (1), and an intended PCET process with negliditfl®% eV) energy dirence between (6) and (7) due to the size constraint of the
computational model. The numbers are in eV.

thermal activation of GHvia HAT in oxides gas-phase of S0.37 eV), the @ site is regenerated, with a lone pair of
catalysis. The indirect HAT pathway by metal mediation electrons on @ that reacts with the formaldehyde moiety
seems less likely, although the surface irons are unsaturatethrasigh a nucleophilic attadkdure 4from (5) to (6) with
formation of the F&C bond §376.3+ 28.9 kdnof?) energy change $0.39 eV), cross-linking the twg. @ form
indirectly is much less favorable than that c8@ Bond an acetal-like structureSOH,SO as during formaldehyde
($1076.38 0.67 kinoPY) following the direct routé. hydration when forming methylene gfiycdlhe detailed

The PCET process, where the electron and proton angroposed electron transfer process is providéglire S19a
transferred to derent locations, was also analyzed as he OSCH,SO bridging species is a precursor for formation
mechanism to vacate the Qite for subsequent HAT of bidentate formaté&igure 4from (6) to (7)), after the third
activation of the adsorbed methane backbone. Both HAMAT process on the carbon backbone. This process is very
and PCET can be rationalized with valence tautomerism. Tiavorable, with an energy decreasgldfl eV, due to the
underlying dependence of such dichotomic electron transfetructural stability of the bidentate intermediates which makes
processes was explained in great detail elsewhere by Ushatasssy to be probed iy situDRIFTS measurements.
et al’® where H-abstraction occurred mostly by PCET for As the bidentate formate accumulates on the surface,
those MGH bonds (M = transition metal), and by HAT for transition from a bidentate bridging pmation to a
CSH bonds in similar iron oxo complexes. Consequently, theonodentate coordination is expected due to repitision,
proton adsorbed on the;Ocan be transferred to a with an energy change $1.30 eV Figure 4 from (8) to
neighboring oxygen by PCET with a negligible energy chan(®). The transition forms an oxygen vacancy that can be
of 50.02 eV Figure 4 from (2) to (3)), and the calculated quickly replenished by either a neighboring lattice oxygen
energy barrier (0.85 eV) of such transfer procescigstly di usion Eigure 4 from (8) to (9a), E = S1.15 eV) or
low for thermal catalysisigure S20 The transfer leaves the molecular dioxygefFigure 4from (8) to (9b), E=S1.30
O3 unoccupied and therefore facilitates the se&iHdand eV), both of which eventually lead to formation & but
dissociation by HAT to form a formaldehyde-like moietydi erent HO species. The lattice oxygemsiion is consistent
(Figure 4from (3) to (4)), with a reducedSD bond length  with the observed multistage activation behavior, as discussed
of 1.23 A characteristic of a double bondOCThe energy  earlier inFigure b. After the fourth HAT process and PCET
cost of this step (0.54 eV) is due to the rearrangemer& of Fe(Figure 4 from (9) to (11)), CQ and HO are formed,
O bonds necessary for the geometry change. After anotheaving oxygen vacancies on the surface. Remarkably, the
PCET procesg(gure 4from (4) to (5), with energy change C!0, was detected much earlier thagH®l in the isotopic
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tracer experiment, which is consistent with the desorption of CONCLUSIONS
CO, being more favorablgigure 4from (9) to (10), withan  \ye have found that hematite is amctive catalyst for
energy change &0.09 eV) than the desorption of water methane activation, with great potential as an alternative to
(Figure 4from (11) to (12), with an energy change of +0.23 precious metal catalysts for low temperature combustion of
eV), which may cause water retention on the surface amflethane into CQand HO. We nd that the MvK type redox
therefore belated detection, as commonly observed in mamgchanism with participation of the hematite surface oxygen is
other systems such as supported PdO catalpstether most consistent with our isotopic oxygen tracer experiments
observation is that the preactivation of @er hematite by and theoretical analyses. At low temperatures, methane is
participation of surface lattice oxygens leads to reduction @ftivated by lattice oxygen rather than by molecular dioxygen
surface Fe(lll) to Fe(ll) as well as formation of O vacancie§om the gas phase. The latter, however, plays a more
(Figure 4 from (1) to (12)). Therefore, in the absence of Signicantrole at higher temperatures, forming a catalytic cycle
external oxygen source to replenish the vacancies, furth@on vacancy-promoted molecular dioxygen adsorption.
reduction of the hematite to magnetite will occur, as is the caB&action intermediates were probechtsituDRIFTS and
in the CH, TPR experiment{gure B). analyzed by DFT calculations at the molecular level. In
Formation of oxygen vacancies has been shown in mapmmary, Cilis rst dissociatively adsorbed on the lattice
previous reports to facilitate both lattice oxygesidn and OXygens € on a tefra-iron center with an antiferromagnet-

. . cally coupled iron dimer, forming a methoxySCHspecies,
moIeCL_JIar d|_o?<ygen_ adsorptidhpth processes W|_Il_promote which then transforms into an adsorbed formate intermediate
catalytic activity. IRigure Swe evaluate the transition to the

lecular-di isted ) high through both thermal HAT and PCET. A bridging bidentate
molecular-dioxygen-assisted regime at higher temperatugga,ie jg initially formed, followed by the transition to a

With the oxygen vapancies formed after the preactivatiQhynodentate coguration. Finally, Cnd HO are formed
process, the adsorption of molecular oxygen becomes mgigy desorbed, leaving oxygen vacancies on the surface, while
favorable with a calculated adsorption eneryl.@6 €V other neighboring oxygens both from the lattice and the
(Figure 5from (1) to (2)). A peroxide bond is proposed to dioxygen from the gas phase replenish the vacancies and
form, which assists the activation of, Bfa similar HAT  therefore reconstruct the active center. At higher temperatures,
process as proposed above to form methoxy species withGi, is activated more favorably byo@ing to the vacancy-
energy decreaseR0.37 eV (from (2) to (3)). The proposed promoted adsorption of molecular dioxygen, and a complete
activation pathway involving detailed electron transfer procdshIC catalytic cycle is proposed to form on this active vacancy
is provided irFigure S19bin this scenario, the total energy Structure.

decrease for the dissociative adsorption @fisC$2.13 eV Hematite, and many other cheap metal oxides, have long
(from (1) to (3)), which is much lower than that of the _been cor_lsidered mostly as support materials for metal ca_ltalysts
preactivation proces$1.04 eV) involving the surface lattice In many important catalytic reactions, while less exploration of
oxygen, consistent with the observation that as the vacan(ﬂé%'r use as the active component and reaction mechanism has
accumulate at higher temperaturedéesotope-containing PN Published. Compared to metal catalysts, many metal
products become dominant in our isotopic tracer experimerP¥des can be more readily made into stable high-surface-area
In contrast, at lower temperatures, such vacancy structures terials that are bew@l for surface mechanistic studies, as

fewer. so CHis orimarilv activated by lattice oxvaen. In ducted in this work. This is crucial not only for elucidating
’ Fis p y y YG€N. N e reaction chemistry but also for guiding the next-generation

addition, the second _HAT process (from (3) to (4)) via ¢ catalyst design and optimization. In this study particularly,
molecular oxygen assistance is calculated to be more favorgllg,atite demonstrates great potential in thectise

(S1.40 eV) than when assisted by lattice oxygen (+0.54 €\ttivation of the inert methane molecule at relatively low
due to the more favored geometry with breaking of fedver Feemperatures (<50C). The formation of the stable reaction

O bonds and the higher oxidation power of OOH over just thghtermediates also implies future possibilities for upgrading
surface lattice O. The subsequent activation pathway (from (djethane to value-added chemicals in heterogeneous catalysis.
to (9)) is analogous to that proposed in the preactivation stagéne example could be to prevent overoxidation of the
with similar intermediate evolutions and energy changesethoxy and formate species to obtain methanol and formic
leading to formation of isotope-containing prodUétsas, acid by keeping the reaction temperature lower th&i©230
H,'%0, and G®0,. After desorption of all products, the active and extracting the intermediates with proton donors such as
center eventually goes back to the initial vacancy structut@ter. A hydrophobic surfaceudion layer may help not only
(from (9) to (1)) to restart the catalytic cycle. The overall the adsorption of the hydrophobic Jactant but also the

electronic energy chan§ (64 eV) in the cycle is equivalent desorption of the hydrophilic products such as methanol and
to the theoretical energy eience between reactants and formaldehyde to avoid overoxidation. Such a direct route from

products in the CMC reaction, and it is consistent with thé‘neth"’“.]e to oxyger]ated products would be highly_desirable_for
reported standard heat of reaction at 2983&3@ eV), mdustrlal appllcatlo_ns due to reduced costs incurred in
justifying the eactive use of electronic energy changgto separation and multiple reaction steps.

approximate the enthalpy changeH)( of the reaction.

Notably, the order of formation of the proposed intermediateg ASSOQATED CQNTENT
on the surface along with their respective energetics is highiﬁ/ Supporting Information ,

consistent with our experimental observations im tsieu | '€ Supporting Information is available free of charge at
DRIFTS analyses both in the preactivation process and tﬁgps'” pubs.acs.org/doi/10.1021/jacs.0c07179

catalytic cyclé/ideo SZgives an animated illustration of the Flow reactor setup; complete mass spectra; reaction
full reaction mechanism. stoichiometry; blank control test; lighteorve upon a
17128 https://dx.doi.org/10.1021/jacs.0c07179
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large mass loading; comparison of typical catalytiiotes

systems in CMC; bulk hematite with a large masdhe authors declare no competingncial interest.
loading; postreaction TEM/SEM analyses; XPS anal-

yses; Arrhenius plot; reaction models; TPIOE; self- ACKNOWLEDGMENTS

dehydration in TPR; GHTPR;in situDRIFTS spectra
of water desorption and gOmodels of dierent
hematite facets; self-dehydrated model surface; hydr,
gen atom parking slabs; Catlsorption on derent
sites; proposed electron transfer processes; calcula%_a

energy barvier of the PCET process; magnetic mome arlow Funds fornancial support. F.G., K.R.Y., and V.S.B.

pgrametersP([?F) o ] acknowledge an allocation of high-performance computer time
Video S1: Animated molecular vibrations visiEa)( from the National Energy Research Saer@omputing
Video S2: Animated illustration of the proposed fullCenter (NERSC) and support by the Air Forcec® of
reaction pathway(P4) Scientic Research (AFOSR) gra#ftA9550-13-1-0020. The

Compiled VASP geometry outplats of all calculations

The authors acknowledge Dr. Michael Rooks at Yale YINQE
facilities for providing access to and assistance with TEM and
EM instruments. The authors thank Dr. Min Li at Yale West

mpus Materials Characterization Core for assisting with the
ay Photoelectron Spectrometer. Y.H. thanks Yale Edward L.

authors also thank the Yale Center for Research Computing for

(ZIP) guidance and use of the research computing infrastructure.

S.L.S thanks the U.S. Department of Energye ©f Basic
Energy Sciences, Divisioh ©hemical, Biological and

AUTHOR INFORMATION Geological Sciences under grant DE-FG02-86ER13622.A000

Corresponding Authors for support of this research.

Ke R. Yan& Energy Sciences Institute and Department of
Chemistry, Yale University, West Haven, Connecticut 06518 EFERENCES
United States;orcid.org/0000-0003-0028-2717 (1) Caballero, A.; Pez, P. hem. Soc. Re®13 42, 880%58820.
Emailke.yang@yale.edu (2) Horn, R.; Schigl, R.Catal. Let2015 145 23539.

Victor S. Batist& Energy Sciences Institute and Departmer(8pMonai, M.; Montini, T.; Gorte, R. J.; Fornasier&up. J. Inorg.
Chemistry, Yale University, West Haven, Connecticut 06Ba52018 2018 28842893.

United States;orcid.org/0000-0002-3262-1237 (4) Tao, F. F.; Shan, J.-j.; Nguyen, L.; Wang, Z.; Zhang, S.; Zhang,

Email:victor.batista@yale.edu L.; Wu, Z.; Huang, W.; Zeng, S.; HIN&. Commui2015 6, 7798.

Lisa D. PfeerleS Department of Chemical and Environmen qukrgggr’; Fé' “ggsglgﬁoéinisgf igi?i?s' for naturabgagas
Engineering, Yale University, New Haven, Connecticut . P Y &2

. o “combustors, Doctoral Thesis, K§HRoyal Institute of
8286, United Stateémaillisa.pfeerle@yale.edu Technology, Stockholm, Sweden, 2006.

Authors _ _ ACS CataR018§ 8, 68946907.
Yulian HeS Department of Chemical and Environmental *(gy chen, J. H.; Arandiyan, H.; Gao, X.; Li, Cétal. Surv. Asia

Engineering and Energy Sciences Institute, Yale Universiys New4s171.
Haven, Connecticut 06520-8286, Unitec> Statésyrg/ (9) Dietl, N.; Schlangen, M.; Schwarz AHgew. Chem., Int. Ed.
0000-0002-8994-1979 2012 51, 55445555.

(7) Latimer, A. A.; Kakekhani, A.; Kulkarni, A. R.; Narskov, J. K.

Facheng Gu6 Energy Sciences Institute and Department @0) Zhang, K.; Peng, X.; Cao, Y.; Yang, H.; Wang, X.; Zhang, Y.;

Chemistry, Yale University, West Haven, Connecticut 088}, Y-; Xiao, Y.; JiangMater. Res. BD19 111, 33&341.
United States (11) Yang, J.; Guo, Y. hin. Chem. LeR018§ 29, 255260.
Jake A. Heinlei§ Department of Chemical and Environmenfap) I;%;%s%u],slé;omnchoux, N.; Tichit, D.; Marcu,Appl. Catal.,
Engineering and Energy Sciences Institute, Yale Universi L 7h Y- Dai H-D 1 Wei. L- -
Haven, Connecticut 06520-8286, United States '?Iodgﬂomgisé’ 14%1%’9. + Dal, H.; Deng, J.; Wel, L.; Heatl.
Scott M. Bamonts Department' of Chemistry, Unive'rsity of(14) Ross, M. O.; Rosenzweig, AIRIC, J. Biol. Inorg. CH20q.7,
Connecticut, Storrs, Connecticut 06269-3060, United Statesps319.

Jared J. Fe® Department of Chemistry, University of (15) Snyder, B. E.; Bols, M. L.; Schoonheydt, R. A.; Sels, B. F.;

Connecticut, Storrs, Connecticut 06269-3060, United S&iesnon, E. IChem. Re2018 118 27182768.

Shu HuS Department of Chemical and Environmental ~ (16) Fishman, Z. S.; He, Y.; Yang, K. R.; Lounsbury, A. W.; Zhu, J.;
Engineering and Energy Sciences Institute, Yale UniverSigp. NewM.; Zimmerman, J. B.; Batista, V. S.; Pfefferle, L. D.

Haven, Connecticut 06520-8286, Unitec> Statésyrg/ Nanoscat017 9, 1298612995. .
0000-0002-5041-0169 (17) Cornell, R. M.; Schwertmann, The Iron Oxides: Structure,

Steven L. SuiB Department of Chemistry, University of Properties, Reactions, Occurrences;alehb/$dey & Sons, 2003.

. . / Mah in, M. H.; Stayk A.; Shiota, Y.; Yoshi K.
Connecticut, Storrs, Connecticut 06269-3060, United Séi%.é(?lg%dggéssssi.s aykov, A.; Shiota, Y.; Yoshizah@ys

orcid.org/0000-0003-3073-311X . (19) Parmaliana, A.; Arena, F.; Frusteri, F.;GMarfirias, A.;
Gary L. Halleis Department of Chemical and Environmentahnados, M. L.; Fierro Appl. Catal., 2002 226 1635174.
Engineering, Yale University, New Haven, Connecticut q8628¢chwach, P.; Pan, X.; BaoCXem. Re2017 117, 8495
8286, United Statesyrcid.org/0000-0001-8482-5488 8520.

Complete contact information is available at: (21) Mesa, C. A; Framgal.; Yang, K. R. Garido-Barros, P,

https://pubs.acs.org/10.1021/jacs.0c07179 E.; Grazel, M.; Batista, V. S.; Durrant, N&. Chen202Q 12, 825
_ 89.
Author Contributions (22) Sun, L.; Zhan, W.; Li, Y.-A;; Wang, F.; Zhang, X.; Haor¢.
Y.H. and F.G. contributed equally to this work. Chem. Fron2018 5, 233%52339.
17129 https://dx.doi.org/10.1021/jacs.0c07179

J. Am. Chem. So2020, 142, 1711817130

Pastor, E.; Ma, Y.; Kafizas, A.; Rosser, T. E.; Mayer, M. T.; Reisner,


http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07179/suppl_file/ja0c07179_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07179/suppl_file/ja0c07179_si_003.mp4
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07179/suppl_file/ja0c07179_si_002.mp4
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c07179/suppl_file/ja0c07179_si_004.zip
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ke+R.+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0028-2717
mailto:ke.yang@yale.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victor+S.+Batista"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-3262-1237
mailto:victor.batista@yale.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lisa+D.+Pfefferle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:lisa.pfefferle@yale.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yulian+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-8994-1979
http://orcid.org/0000-0002-8994-1979
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Facheng+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jake+A.+Heinlein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Scott+M.+Bamonte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jared+J.+Fee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shu+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-5041-0169
http://orcid.org/0000-0002-5041-0169
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steven+L.+Suib"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3073-311X
http://orcid.org/0000-0003-3073-311X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gary+L.+Haller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-8482-5488
https://pubs.acs.org/doi/10.1021/jacs.0c07179?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c07179?ref=pdf

Journal of the American Chemical Society pubs.acs.org/JACS

(23) Fishman, Z. S.; Rudshteyn, B.; He, Y.; Liu, B.; Chaudhuri, S{57) Winkelman, J. G. M.; Voorwinde, O. K.; Ottens, M.;
Askerka, M.; Haller, G. L.; Batista, V. S.; Pfefferle) LAD. Chem. Beenackers, A. A. C. M.; Janssen, L. P. Bhévh. Eng. S2002

Soc2016 138 1097885. 57, 406 64076.

(24) Kresse, G.; Furthiiter, JComput. Mater. Sk996 6, 15550. (58) Ciuparu, D.; Katsikis, N.; Pfefferléyjpl. Catal., 2001, 216
(25) Kresse, G.; Furthitter, JPhys. Rev. B: Condens. Matter Mater2095215.

Phys1996 54, 1116$11186. (59) Cheng, Z.; Qin, L.; Guo, M.; Xu, M.; Fan, J. A.; FanPhyS.

(26) Kresse, G.; HafnerPhys. Rev. B: Condens. Matter Mater. Physhem. Chem. PI8&16 18, 3241$32428.
1993 47, 558561.

(27) Kresse, G.; HafnerPhys. Rev. B: Condens. Matter Mater. Phys.
1994 49, 14255142609.

(28) Jmol: an open-source Java viewer for chemical structures in 3D
http://www.jmol.org/

(29) Perdew, J. P.; Burke, K.; ErnzerhdPhys. Rev. L1996 77,
386553868.

(30) Kresse, G.; Joubert, Bhys. Rev. B: Condens. Matter Mater.
Phys1999 59, 175&1775.

(31) Blachl, P. EPhys. Rev. B: Condens. Matter Materl 9ys.

50, 1795%17979.

(32) Dudarev, S. L.; Botton, G. A.; Savrasov, S. Y.; Humphreys, C. J.;
Sutton, A. PPhys. Rev. B: Condens. Matter Materl%4g/£7,
150551509.

(33) Rollmann, G.; Rohrbach, A.; Entel, P.; Hafriehy3. Rev. B:
Condens. Matter Mater. P23@4 69, 165107.

(34) Bhowmik, R. N.; Saravanan,JA.Appl. Phy201Q 107,

No. 053916.

(35) Liao, P.; Carter, E. Rhys. Chem. Chem. P29%l1, 13
1518%$15199.

(36) Berne, B. J.; Ciccotti, G.; Coker, DClassical and Quantum
Dynamics in Condensed Phase SimWatidehScientic: Singapore,
1998.

(37) Yu, Q.; Wang, C.; Li, X,; Li, Z.; Wang, L.; Zhang, Q.; Wu, G.;
Li, Z. Fuel2019 239 124®&1245.

(38) Persson, K.; Ersson, A.; Jansson, K.; IverlundiaN,;Skh
Catal.2005 231, 13%$150.

(39) Venezia, A. M.; Di Carlo, G.; Pantaleo, G.; Liotta, L. F.; Melaet,
G.; Kruse, NAppl. Catal., BO0O9 88, 43B437.

(40) Ciuparu, D.; Lyubovsky, M. R.; Altman, E.; Pfefferle, L. D.;
Datye, ACatal. Rev.: Sci. ERQO2 44, 5935649.

(41) Cargnello, M.; Jagd. J. D.; Garrido, J. C. H.; Bakhmutsky, K;
Montini, T.; Ganez, J. J. C.; Gorte, R. J.; FornasieSzjéhcz012
337 718717.

(42) Yao, Y.-F. Ynd. Eng. Chem. Prod. Res188%19, 2935298.

(43) Deng, J.; Zhang, L.; Dai, H.; He, H.; Au, GAppl. Catal., B
2009 89, 87596.

(44) Au-Yeung, J.; Chen, K.; Bell, A. T.; Iglesih, Gatal1999
188 135139.

(45) Zasada, F.; Janas, J.; Piskorz, W.; Gskazy.; Sojka, Z.
ACS CataR017, 7, 285%52867.

(46) Kaminski, PArabian J. Che202Q 13 8515862.

(47) Martin, P. E.; Barker, E.Fhys. Re%932 41, 291.

(48) Scarano, D.; Bertarione, S.; Spoto, G.; Zecchina, A.; Otero
Area, C.Thin Solid Film2001, 40Q 50555.

(49) Rotzinger, F. P.; Kesselman-Truttmann, J. M.; Hug, S. J.;
Shklover, V.; Gizel, M.J. Phys. Chem2@04 108 500465017.

(50) Jung, K.-D.; Bell, A. J. Catal200Q 193 205223.

(51) Popova, G. Y.; Andrushkevich, T. V.; Chesalov, Y. A.; Stoyanov,
E. SKinet. CataR00Q 41, 8055811.

(52) Kouva, S.; Honkala, K.; Lefferts, L.; Kanen@atal. Sci.
TechnoR015 5, 347%3490.

(53) Hu, W.; Lan, J.; Guo, Y.; Cao, X.-M.; HA®S Catak016
6, 55085519.

(54) He, Y,; Yang, K. R,; Yu, Z.; Fishman, Z. S.; Achola, L. A;
Tobin, Z. M.; Heinlein, J. A.; Hu, S.; Suib, S. L.; Batista, V. S.;
Pfefferle, L. DNanoscal2019 11, 1667516688.

(55) Luo, Y.-RComprehensive Handbook of Chemical Boncl Energies
CRC Press, 2007.

(56) Usharani, D.; Lacy, D. C.; Borovik, A. S.; ShdikA®. Chem.
So0c2013 135 1709817104,

17130 https://dx.doi.org/10.1021/jacs.0c07179
J. Am. Chem. So2020, 142, 1711817130


http://www.jmol.org/
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c07179?ref=pdf

