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ABSTRACT: Single-atom catalysts are a relatively new type of catalyst active fori
numerous reactions but mainly for chemical transformations performed at log
intermediate temperatures. Here we report that singly dispe@ediishers T
on TiO, can catalyze the partial oxidation of methane (POM) at
temperatures with a selectivity of 97% for producing syngas ¢grand kigh
activity with a long catalytic durability at 50T he long durability results from

the substitution of a Ti atom of the TiSurface lattice by Riwhich forms a  rs,0,/7i0, T T T T A o
singly dispersed Réitom coordinating withve oxygen atoms (Rb) and an Time on stream (h)
undercoordinated environment but with nearly saturated bonding with oxygen

atoms. Computational studies show the back-donation of electrons frgmoriitaldf the singly dispersed, Rtom to the
unoccupied orbital of adsorbed, R > 1) results in the charge depletion of thea®m and a strong binding of Cid Rh,.

This strong binding decreases the barrier for activatihgltlis leading to high activity of, RO ,. A cationic Rhsingle atom

anchored on Ti®exhibits a weak binding to atomic carbon, in contrast to the strong binding of the metallic Rh surface to atomic
carbon. The weak binding of atomic carbon t@a®ims and the spatial isolation of & TiO, prevent atomic carbon from

coupling on RHTIO , to form carbon layers, making/Ri® , resistant to carbon deposition than supported metal catalysts for
POM. The highly active, selective, and durable high-temperature single-atom catalysis perfoe@hueshratréh@tes an avenue

of application of single-atom catalysis to chemical transformations at high temperatures.
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INTRODUCTION Compared to noncatalytic POM performed at >TQ7
peatalytic POM can be performed at reaction temperatures
Iﬁ\fver than 1127C, signicantly reducing energy costs. Due to
the mildly exothermic nature of POM at room temperature,
9erforming POM at the lower temperatures is thermodynami-
cally feasible as long as its kinetics can be promoted by a
talyst. Sigrdant eorts in this area were made in the last

The production of synthesis gas (syngas) from methane
mainly been achieved through the catalytic steam reforming
methane (SRM) at 800C or through noncatalytic
homogeneous partial oxidation of methane (POM) at >112
°C.! * Steam reforming of methane at >8DMas been the

predominant catalytic process in the industrial production X . X )
syngas since the 19305Supported Ni catalysts have been €W decades as reviewed in the literatfiré Ni supported

_— - : lumina was the main catalyst for POM studied in the
the main industrial catalysts for the steam reforming gn 2 10 : .
methane, which sers from a serious issue of carbon 1920s 1940s:™° In the 1980s1990s, Ni catalysts maeti

o : I ith di erent supports includingO4, Cg0,, Zro, U0,
deposition despite the fact that a sagmt number of wi . 4 2
catalysts of SRM were reported in the literatidthough ThO,, and rare earth oxides were then rep%?rfe'the main
the addition of more 4O to the reactor is used to suppress problem of these Ni-based POM catalysts is the formation of

coke formation in methane reforming, it unfortunately creat%gdhé?tli(g; Cl?rbggi’n W@%d%gl'g r_eSanrksa”?‘lébigéeT;ﬂggﬁ de-
new problems in terms of increasing €®l ratio through » By 9 ' Q-5

the watergas shiftreaction. A hight€O rato consequently ot 21 SRR €1 080208 S5 ELSIRREE T 0t 1% e
limits the direct use of the CO angrhixture in downstream extent. althou 3(] the selectivit fory roducin C?O nchs]
processes, mainly Fischeopsch synthesis’ Meanwhile, ' 9 y P 9 a

the noncatalytic POM is a homogeneous reaction processec—=<t
an extremely high temperature (>1°12)7 which consumes a  Received: June 21, 2021
signicant amount of energy to maintain the reactionPublished: September 30, 2021
temperatures and thus results in a large carbon footprint and
a need for the costly maintenance of the reactors.

The limitations of catalytic SRM and noncatalytic POM
drove explorations into catalytic POM as early as the 1920s.
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Figure 1.Catalytic durability of the RHiO , catalyst (0.037 wt % Rh/Tjfor POM in a period of 10 days. (a) Conversion of &t850°C;

(b) selectivity for producing,tt 650°C; (c) selectivity for producing CO at 6% (d) H,/CO molar ratio at 650C. Catalysis conditions:

catalyst is 50 mg of 0.037 wt % RhAJiDe gas fed to the reactor is a mixture of 25 mL/min of 1Q2&ar@H25 mL/min of 5% Qcatalysis
temperature is 65C.

sacriced'® #* Unfortunately, the issue of deactivation ofelectronic state. For instance, Rh atoms were anchored to the
nickel catalysts by carbon deposition during POM remainsternal surface of the micropores of the aluminosilicate ZSM-
unresolved so far. 5 through proton exchange, making the single-atom catalysts,
In the 1980s, Green et al. reportesMs; (Ln = La, Pr,  pp@ZzSM-5; these reported single-atom sites immobilized in
Eu, La, Dy, Yb, Ba, Bi, and M = Ru, Ir, Pt, Rh) catalysty,e 56 nm wide micropores of ZSM-5 are active for the

exhibiting high activity and selecti%i?gzh which led to %ynthesis of acetic acid and methanol through coupling of CH

renaissance in catalytic POM st Their early — Z 002 S X o ant
reports on LgM,O, inspired a large number of studies on ©O: @nd @ in the microporous reactor, where reactan

precious metals and related catalysts since thé P28Ps, molecules are delivered thr_ough thasiti)n_ of dissolved gas

and Rh, with a loading of 050 wt % on dierent types of ~ Molecules in aqueous solution under a high-pressure gas phase
supports including alumina foam and mixed oxides wef$ low temperatures ofl50 °C.**** These singly dispersed
investigated for POM. Through these studies, an ordering ofetal atoms, or single atoms, on a nonmetallic surface are
activity impacted by a support was suggest@g> Y30, > typically undercoordinated, and either electronicatiienie

MgO > AbO; > SiQ, and %O, > ZrO, > TiO,”° These  or rich, which cers them a high tendency to bind to a reactant
supported noble metals are highly active for POM, althougfiolecule or intermediate. However, one major challenge of

]E?grirr] tr;ﬁ;rggl Sl\tl?%gtslzsé W:rr]% ”g;{)elgorr:]egt;rr g:?g?rir:talysféngle—atom catalysts is their short durability at high catalysis
molybdenum carbide was reported by York?&?&This mperature and low reusability as their singly dispersed single-

. . . 4
type of catalysts has an activity similar to noble metal fom sites readily sinter at elevated temperdtiftes.

however, it readily deactivates through a two-step proce§auS: Most single-atom catalysts function well at room
under reaction conditions, where molybdenum carbice is temperature or a relatively low temperaturd®Q°C) but
oxidized to molybdenum oxide and then vaporization occurs 2@t at high temperatures 450 °C), although a sigrdant
high temperatures under 1 atm of presstire® 2® Despite  portion of chemical productions of chemical and petrochem-
these signcant eorts in the development of dient types of  ical industries are performed at high temperatures driven by
POM catalysts, these reported catalysts have stiicdsfrom  thermodynamics or/and kinetics. Notably, the high temper-
either carbon deposition and/or a loss or a harmfultyre dened here is derent from that of high-temperature
restructuring of the active catalyst components during POMyrgcesses in industries, which run af806r higher.

The Ilterat_u_re has demo_nstrat_ed that single-atom catalys_ts_ Ofjerein we report a high-temperature single-atom catalyst,
many transition metals including Pt, Pd, and Rh exhib h/TiO ,, which is highly active for POM at 680 During

distinctly dierent catalytic performances for a number o . . :
reactions at the relatively low temperaturé Compared to the high temperature catalysis at 650 its Rh atom

the continuously packed metal atoms on the surface of a méigPrdinates withve O atoms, a nearly saturated coordination
particle, a singly dispersed metal atom, or an isolated metdfll- This single-atom catalyst exhibits long durability and
atom, anchored on the surface of a nonmetallic suppogxtraordinary catalytic performance af@30r about 240 h
typically an oxide, is in a distinctlyegent chemical and and high reusability from 20 repeat runs in the temperature
coordination environment and thus exhibits a veeyedi range of 450650°C.
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Rhg03/Al0, @ Pathway CN R(A) a2 (R2)

Rh-O  5.76:0.69 2.03+0.01  0.00378
Rh-(0)-Ti  1.73#0.80 2.94+0.04  0.00378
Rh-(0)-Ti  2.091.48 3.39:0.08  0.00378
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Figure 2.In situ and operando studies of the 0.037 wt % RH{RIITIO ,) catalyst for POM. (ac) In-situ XANES and EXAFS studies of the

Rh K-edge. (a) XANES data of Rh foil(Rt\l ,04, and RRITIO , under catalytic conditions of 680 (b) k>weighted Rh K-edge EXAFS data

inr space of (b1) Rh foil collected in air, (b2)@RAI ,O; collected in air, and (b4) RHiO , collected in theowing mixture of CHand Q

through an in situ study approach of EXAFS, an&iaighted Ti K-edge EXAFS dataspace of Ti@collected in air; (ck®-weighted Rh

K-edge EXAFS datarispace of RATIO , collected in theowing mixture of CHand Q through an in situ study approach of EXAFS (black
line) and the tted curve (red line). (d) List ofting parameters including bond lengths and coordination number. (e) Optimized structural model
of catalyst RATIO ,. (f) Coordination environment of Rdtoms in the optimized structural model of (e). (g) Large-scale TEM image of catalyst
particles after catalysis at 85@or 240 h. (h) High-resolution TEM image of a particle of (g); (i) High-resolution aberration-corrected HAADF-
STEM images visualizing singly dispersed Rh atoms anchorechwarke@ in red circles. (j) AP-XPS spectra of Rh 3d/3i®hin UHV at

25°C, in the mixture of 0.8 Torr GHnd 0.4 Torr @at 300°C, 500°C, and 650C; MPO as known as POM stands for partial oxidation of
methane.

RESULTS AND DISCUSSION Compared to the inactive Ti@anoparticles for POM in
the temperature range of 3000°C (Figure SDhathe Rh/
TiO, catalyst is highly active for POM in the range ofGE&D
°C under a ow of a mixture of 25 mL/min 10% ¢&hd 25

Catalytic Performance of Single-Atom Catalyst RE
TiO,. The single-atom catalyst ;RO , was prepared
through a deposition precij].)itation method neadfor the ) i .
preparation of RO ,*® %* Rh(Ill) cations were intro- ML/min 5% Q (Figure SP At 650°C, 50 mg of 0.037 wt %
duced to the surface of Ti@anoparticles followed by drying Rh/TiOz has a conversion of 80% for,GHigure &). The
at 60°C in air overnight and then annealing at°65th air  Selectivities for producing &hd CO at 650C are 96% and
for 4 h. Based on ICP-AES measurements, the actual loading®?6. respectivelyigure b and c). This catalytic activity and
Rh on TiQ is 0.037 wt %. Details of the preparation can bé&electivity on RAIO , remain after over 240 h of time on
found in the Experimental Methods and Computational Stream Kigure ). There was no interphase wiion limit
Approachesection. For convenience, 0.037 wt % RB/TiO since the conversion of gtémained nearly the same, while
Rh/TiO ,, and RROS/TIO , are interchangeably used to refer the ow rate of the mixture of Gldnd Q varied in the range
to the same catalyst in this article, depending on which pieceaf30 100 mL/min Figure SB The observed byproducts are
specic information (concentration, single dispersion, omainly CQ and HO, which are formed from a competing
coordination) of this single-atom catalyst is emphasized. Theaction channel, the complete oxidation of methane; here the
chemical and coordination environment of the singly dispersedlectivities for forming byproducts,@ad HO are 4% and
Rh, atoms will be discussed in the next section. 2%, respectively. In the kinetics-controlled regime, the Rh
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TiO, catalyst exhibits an extraordinarily high turnover rate of ' ' ' '
2300 H molecules produced from a4Rhsed site per minute ——RhNP
at 650°C. Details of calculation of the turnover rate (TOR) — Rn/TO,
can be found irBection 7.2f the Supporting Information
(SI). The distinct dierence in catalytic activity between pure
TiO, (Figure Sjland Rh/TiO , (Figure ) clearly shows the
crucial role of the anchored,Rkom, although the loading is
only 0.037 wt %. To test the reusability of the catalyst, catalysis
was performed from 300 to 68Don RhK/TiO ,, followed by
cooling to 300C before the next cycle for a total of 20 cycles
on Rh/TiO, Compared to the catalytic performance of the
rst cycle Figure S2Ja the decay in catalytic activity and
selectivities at the 20th cydtég(ire S2bis less than 4% over
a period of 20 cycles. This suggests quite a high reusability for 1 L 1 L
RhllTiO 5 23180 23200 23220 23240 23260 23280

The single-atom catalyst, RO , also exhibited quite a Energy (eV)

long durability for POM at 63C for at least 240 h. As shown  Figyre 3 Theoretically simulated Rh K-edge energy spectra of the Rh

in Figure &, the conversion of GKB0%) remained without  K-edge of single-atom catalystR® , and Rh nanoparticles. The

any decay at the 240th hour compared to the zeroth hour. ked curve is the simulated spectrum g&iRthored on Tigthrough

addition, the selectivity for the production gfadd CO the structural mode optimized with DFAiglire 2 and f); black

remained at 96% and 98%, respectively, undd€ 680the curve is the simulated spectrum of Rh nanoparticles consisting of 79

whole duration with negligible changésute b and c). The ~ atoms (RRy optimized with DFT Kigure S24b The simulated

molar ratio of produced KO remained at 2.0 during the spectra of RATIO , and Rh nanopatrticles are shpvyn to be consistent

catalysis at 65 for 240 h Figure @d). The preservation of \gﬁhfct)niggiﬁ%ﬁg,:ﬁggﬂ?;g? D, (red curve irFigure ) and

catalytic activity, selectivities, apCB molar ratio inFigure '

1 con rms the high durability of the RO , catalyst at the )

high temperature of 65C, suggesting that the chemical and !N the Fourier transformedspace spectra of the Rh K-edge

coordination environments of Rh atoms of this catalystf 0.037% RN/TiQ(Figure b4), a main peak at 1.50 A was

remained unchange#igure ), which is further supported observed and readily assigned todRbonds, consistent with

by in situ and operando characterizations of 0.037% Rh/TiGRN O bonds of the reference sampleOgmanoparticles

under the catalytic conditions described below. supported on AD; (Figure B2), and those reported in
Chemical and Coordination Environment of Rh  references. °° Here 1.50 A is the RID distance in the-

Atoms in Single-Atom Catalyst Rh/TiO,. The chemical ~ SPace spectrum before a phase correction. We note all the

and coordination environments of Rh atoms of 0.037 wt %istances of EX.AFS studies described in t.he following
Rh/TiO, at the atomic scale were investigated through in SitBaragraphs are distances before phase correction except for a
XANES and EXAFS studies. A 20 mg amount of 0.037 wt %g)em%\note. Compared to the observed ®@hRh peak at
Rh/TIO, (catalyst#1) was loaded into the XAS reactor 2:05 ~ from the reference sample, (R 05 in Figure
(XANES and EXAFS): a mixture of 10 mL/min 10% aid 2b2), no such a RO Rh peak was observed in the spectra

. , ) of 0.037 wt % Rh/Ti@ (Figure B4). In addition, the
T e oduced, s, he 2 R0 S pecirum of ATIC & (e B4) does ot haveth peakof
y h Rh bonds of Rh foil observed at 2.35Ff&jure B1).

the beamline end-station was the same as that of cataly.pﬁus neither the peak of the Rh Rh bond of RJOs

measurements performed at our catalysis lab. The catalyst Wgﬁoparticles (2.63 A) nor the peak of the Rhbond of

heated to 650C in the ow of the aforementioned reactant_ metal Rh nanoparticles (2.30 A) was observed frstizee

mixture. High activities and selectivity of the catalyst du”ngpectrum of 0.037 wt % Rh/LigFigure 4). The dierence

the_ in situ XAS studies at GKDwert_a corrmed throug_h an iy coordination environment among/Ri® 5, RROSAI,Os,

online mass spectrometer analyzing the composition of Rh foil was supported by wavelet transform (WT) of

received through a glass capillary installed on the outlet of th& AFS data of references samples (Rh foil a0g/ARRO,)

XAS reactor. During the in situ studies, the generategnq the catalyst, 0.037 wt % Rh/AT{igure 4. In Figure 4,
uorescence due to absorption of the Rh K-edge was collecigdre is one major contour maximum observed in the WT plot

when the catalyst was in a mixture of 10%a0H 5% @  of Rh foil at (11.6 &, 2.30 A), which is attributed to thst-

after catalysis at 650 for 4 h. The Rh K-edge of RHO , shell Rh Rh coordination pathway in the foil sample. In the

(catalys#1) at 23231.0 eV (red line iigure 2) is close to  WT plot of the R}, reference samplEigure ), there is

that of RRO; nanoparticles supported opQAl(blue line in one major contour maximum at (7.2,A.5 A) for the rst-

Figure ),'® suggesting that Rh atoms of 0.037% RB/Ai®  shell Rh O coordination pathway and another three minor

in an oxidized state. In addition, the observed energy spectrég@ntour bands gt = 7.68, 10.5, and 13.4*Awhich are

of the Rh K-edge of RMiO , (red line inFigure 3) is quite  assigned to the coordination with surrounding O and Rh

consistent with the energy spectrum of the Rh K-edge (red lizggoms atR = 2.5 2.6 A in the second shell (Rb Rh).

in Figure 3} theoretically simulated by using the structuralHowever, in the WT plot of the RRO , catalyst under POM

model of a single-atom catalysgre 2) optimized in the  at 650°C (Figure 4), only one maximum at (7.6%A1.5 A)

computational studies. The proposed structural model @ found for the RhO coordination pathway, suggesting the

0.037% Rh/TiQ (Figure 2) will be described and discussed lack of the second-shell Rh Rh on RRTIO ,. In addition,

in detail later in this article. the contour maxima of RRh coordination which had been
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3.0 g
©
2.5 E 2022
2.0 g
1.5 2200 2100 2000 1900 1800
10 Wavenumber (cm™)
40 5 10 15 Figure 5.DRIFT study of CO adsorbed on 0.037 wt % RKTiO
(Rh/TIO ,).
3.5
3.0 5 in the SI. Peaks at 2090 and 2022'dmthe DRIFTS
25 spectrum of RATIO , in Figure Sare assigned to asymmetric
and symmetric stretching of © of two CO molecules
20 bound to a single Rh atom; this binding gamation is called
15 a geminal-dicarbonyl binding aguration in which two CO
molecules are simultaneously bound to a metal atom. The
1.0 T vibrational signaturefigure Ss very similar to that of single-
o 5o 10 15 atom catalysts reported in the literattré’ For Rh
' nanoparticles, such a geminal-dicarbonyl bindingucation
&R Rh,/TiO, should be quite minor or even not present since Rh atoms on
M POM 650°C the surface of a Rh nanoparticle are continuously packed.
i Thus, DRIFT studies suggest that no Rh NPs were formed on
25 TiO, of 0.037 wt % Rh/Ti@during catalysis at 65C.
20 . Second, the measurement of the dispersion of Rh atoms of
0.037% Rh/TiQ@by CO chemisorption showed that >97.5%
1.5 -l e of Rh atoms of the used 0.037% RhjTEif2 singly dispersed
1.0 on TiQ,; this further suggests that the fraction of Rh atoms of
0 5 10 15 0.037% Rh/TiQ catalyst that could potentially form Rh

Figure 4 Wavelet transformation of EXAFS data of reference samplnanOpartiCIeS 's lower than 2.5%. The single dispersion of Rh

Rh foil (), REOJAI O, nanoparticles (b). and the catalyst 0.037 w S10MS 0N the surface of the 0.037% Rh/Ti@alyst is

% Rh/TIO(Rh/TiO,) (c). Wavelet transformation parameters: sfugges_ted from CO chemls_orptlon measurement, the ylbra-

0,

HAMA Fortran packageyweight 2, Morlet function, kappa = 5, and tional signature of CO chemisorbed on 0.037 wt % Rh/TiO

sigma = 1. and in situ EXAFS studies. It is further supported with the lack

of Rh nanoparticles on the used catdlystife 8 and h) and

the observation of singly dispersed Rh atemsré D.

found in Rh foil and B®4/Al 05 are not observed in the WT The peak at 2.50 A imspace of the Rh K-edge of 0.037 wt

plot of Rh/TIO ,, suggesting the lack of Bh coordination % Rh/TiO, (Figure B4 orFigure 2) was tted to Rh O Ti.

in the catalyst during POMigure 4suggests that Rh atoms Figure 2 presents thetted r-space spectrum (in red), which

are singly dispersed in 0.037 wt % Rh/ir€tead of forming  matches the experimental spectrum (in black) very well. The

Rh metal NPs or BB; NPs, further evidenced in the e tting parameters are listedrigure 8. This tting shows (1)

Re ectance Infrared Fouriéfransform Spectroscopy O and Ti atoms are in thest and second shells of thg Rh

(DRIFTS), CO chemisorption measurements, and AP-XP&om of 0.037 wt % Rh/Tinder the catalytic conditions at

studies and to be discussed in the following paragraphs. 650°C, respectively, (2) the coordination number of oxygen
It could be argued that the peak of RhTi of Rh/TiO , atoms in the closest shell of the &bm is about 5.76 0.69,

at 2.50 A irFigure B4 could not be fully distinguished from and (3) the coordination number of Ti atoms in the second

the peak of RhRh of Rh foil at 2.30 A iRigure B1 due to shell to Rhis about 3.82. The average coordination number of

the limited resolution of thesspace spectra. The following oxygen atoms bonded to a singly disperseatdth is 5.7&

characterizations allow us to deduce that ndRRtbond 0.69, suggesting that a Rh atom can substitute for either a Ti

contributed to this peak of RB Ti of Rh/TiO , at 2.50 A atom of the top layeF{gure S5digure 2 or f) of TiQ, or a

in Figure B4. First, compared to the vibrational feature of COTi atom in the subsurface or deeper layer of Jii@@e the

adsorbed on Rh nanoparticles at 1872 and 2060ncthe coordination number of O to a Ti atom in the top layer of the

spectra of duse reectance infrared Fourier transform Ti atom or in the subsurface of Ti®5 or 6, respectively. In

spectroscopy (DRIFTS)igure S); the lack of the two  fact, the vast majority of Rh atoms of the used 0.037 wt % Rh/

peaks in the DRIFTS spectrum of the use@®h, (Figure TiO, substitute for Ti atoms of the top layer in terms of the

5) suggests that no Rh nanoparticles formed on the surfacesufrface of Ti@instead of Ti atoms in the subsurface of TiO

0.037 wt % Rh/Ti@during catalysis at 650 since 1872 and  of Rh/TiO , since the dispersion of Rh atoms on the surface of

2060 cm! are attributed to stretching of CO moleculesthe 0.037 wt % Rh/TiQis 97.5% based on the CO

adsorbed on the surface of Rh metal nanopartioiese(  chemisorption measuremer@sdtion 4n the SI).

S10 or the Rh single crystdiThe detailed pretreatment and ~ As most users are usually only granted a beam tim@ of 1

collection of data of DRIFT spectra were descritietiion days, continuously tracking the catalyst structure with EXAFS
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in a period of 10 days was not realistic. The following in sitsimilarity suggests that thesg Bioms substituted for Ti
XAS studies including XANES and EXAFS of ca#2lystre atoms in the surface lattice of I{®igure S1f

performed. To be specj catalys#2 is 0.037 wt % Rh/TiQ The chemical state of Rh atoms gf R® , during POM at
which has already been used for POM at°65@t the 650°C was tracked with ambient-pressure X-ray photoelectron
catalysis lab before XAS studies. In situ XANES and EXABBECtroscopy (AP-XPS)The formation of CO and Jbn
studies of cataly#® were performed under the same in situ RW/TiO ; during AP-XPS studies was coed with an
conditions as cataly&. Fittings the-space spectrum of Rh online mass spectrometer installed on the AP-XPS device,
K-edge of catalys® (Figure S8bshows that Rh atoms of showing _tha; the catalyst was active during the AP-XPS
catalyst#2 were still singly dispersed. Ttimg parameters of gharacfti;lzﬁ%n att g?géﬂ{? high binding er;ertghy tOf Eh
Figure S8hof catalyst#2 listed inFigure S9suggest the ?5’2 of Ri/Ti Zat. e tet Fggulre ) stugljggs ZCG%@B
number of oxygen atoms coordinated with theatem and aioms are i a cationic staté during catalysis ©

. high binding energy of the Rh 3d peak ofTR®, during
bond length of RhO of catalys#2 are similar to catalyst catalysis observed experimentally is consistent with the

(Figure ). The high similarity between thgpace spectra of gjectron transfer fromeadf the Rh atom to CH proposed

catalyst##1l and catalyst2 suggests the preservation of the through computational studies.

coordination environment of Ritoms of R{TIO , during As (101) is the dominant surface of this catalysTiRh

catalysis at 65. This structural preservation upon catalysibased on HAADF-STEM studie§igures S13kd),

at 650°C well rationalizes the long durability of R® , in TiO,(101) was chosen as the surface to anchor the Rh

terms of catalytic performance at 85Figure ). atom in the theoretical simulations of the surface structure of
The replacement of Ti cations in the surface lattice 9f TIORh/TIO ,. Based on the surface structure oh(If@), the

by Rh cations was supported by the observation of periodth atom could be anchored through a substitution mode

peaks at 2.63 and 3.35 A of the Rh K-edge ingpace  (Figure S9aor three capping-on modeBiqure S5bd).

spectrum as marked with red dashed lifiégtine b4. These Comput_ati_ons of the energies of the f(_)ur_optimized structural

periodic peaks are in good agreement with the periodic pedR@des irFigure Sshow that the substitution mode of/Rh

in ther-space spectrum of the Ti K-edge of, TFyure b3 TiO, is most thermodynamically favorable. In this mode, a Rh

andFigure S1)aBased on the literatiif& the appearance atom substitutes for a Ti atom in the top layer of Ti atpms of
of thegtwo peaI{s of the Ti K-edge at 2.54 and 3929@"9 the (101) surface of TiPand thus each Ratom bonds with

; I . ve oxygen atoms as showRigure §Figure 2, orFigure
Sllawas contributed from the periodic arrangement of T : :
atoms (Ti O Ti and Ti O Ti) in the crystal lattice of S6a The ve O atoms bonding to Rbn the TiQ(101)

. . surface are marked withe green arrows kigure 6 Here,
pure TiQ (Figure §. Compared to the-space spectrum of gy 0, is used to refer to the coordination environment of a

the Ti K-edge of Ti atoms of TiQFigure B3), a very similar - pp atom of the catalyst during catalysis. The reasonableness of
periodic pattern in thespace spectrum of the Rh K-edge ofthe thermodynamically fasble substitution mode is

Rh atoms of RATNO, (Figure B4) was observed. This supported by the consistency between the bond parameters
of Rh O obtained from the structural optimization in

Rh, substituting for Ti and Tinthet ol fTiat " computational studies and these parameters generated from
thus bonds five O atoms T:én(loel)?irggzdféire% oo EXAFS experiments. Thus, the substitution structural mode in

2 ’ . . . .

. Figure Bwvas used as the surface structure in the simulation of
the catalytic mechanism of POM on the single-atom catalyst,
Rh/TiO ,.

To shed light on the POM mechanism, the adsorption and
transformation of CHon Rh/TiO , were explored through
computational studies. Based on the literatifechem-

Ti in subsurface or bulk; isorption of CH typically involves the formation of an alkane
it bonds six O atoms complex. Charge transfer and orbital coupling betwgen CH
and Rh were studied with DFFigure @ is the top view of
the optimized RHTIO , with a chemisorbed GHnolecule
through binding a C atom of ¢Ho the Rh atom. The
calculated electron-densityedence plots of GHbn Rh atom

Figure 6.Structure of RKTIO , in which Rp substituted for a Ti ~ ©f RI/TiO ; are shown iftigure b; electron density of Rof

atom in the surface lattice of 1), optimized with DFT. Rh, 0, Rh/TiO; transferring to the C atom of ¢l4 mapped based

and Ti atoms are shown in blue, red, and gray, respectivelye The 0N the color bar. Meanwhile, in the case of bage dlgtron

O atoms (directly bonding to Rbn the TiG(101) surface are  density of Ti of Ti@hardly transfers to GKIFigure €). This
marked with ve green arrows. Compared to tte coordination  specic di erence can be found in the calculated Bader charges
shell of a Ti atom in the subsurface or bulk rtteoordination shell  (Figure S1)3 The substantial charge transfer fropoRRh/

of the Rh is nearly saturated, and thus it exhibits high stability. OjQ, to the C atom of CHlis supported by the elongation of

the other hand, the unsaturation of e coordination shell of the =~ ' from 1.096 A of the free Ghholecule to 1.115 A of the

Rh, makes the Rhreasonably strongly bound to C atoms of, CH ; .
CHa;, and CH and thus makes Rhighly active in the transformation Ehel_rplsorzeg' (tZHnoIe(;uIes gn tgedlflhtot;n, hOT"."e‘F’.e“ the
of CH, to CHs, CH; to CH,, and CH to CH. The nearly saturated ond distance of Giadsorbed on bare TjQFigure

environment of Rhmakes the singly dispersed,; Ritom S14is 1.099 A, which is nearly the same as the free molecule.

Ti0,(101)

To bulk

thermodynamically stable; thus, the/TR@, exhibits a long To further understand the sigrEince of Rhin orbital
duration at 650°C for 240 h without decay of the catalytic coupling between GHand Rk, partial density of states
performance and high reusability. (PDOS) of CH and the Rh atom of RMiO, with
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Figure 7.Geometrical and electron cguarations and orbital coupling of Gtdsorbed on Tig101) from DFT calculations. (a) Top view of

Rh/TiO , with chemisorbed CH(b and c) Electron-density-eiience plots of Cibn the Rh atom of RfTiO , and CH, on the Ti atom of

bare TiQ. (d) Color bar used to show relative electron density in (b) and (c); warmer color stands for higher electron density. (e) Partial density
of states (PDOS) plots of the adsorbed @HRh/TIO , obtained from DFT calculations; the projected statesame dhown for the Rh site.

(f) Correlation between the El, * occupancy and methane adsorption strength from periodic natural bond orbital (NBO) analysis.

chemisorbed CHwere calculated. As shownFigure €, We rst discuss Qactivation. Notably, the activation of
molecular orbitals of GKblack lines) mix most strongly with molecular @on Rh/TiO , is distinctly dierent from that on

the d¢ orbital of the substituting Ratom (red lines) since an oxygen vacancy of a transition metal oxide. The activation
electron density of the drbital of Rpcan back-donate to the was not performed at the beginning of the cycle, as the surface
unoccupied orbital of the adsorbed, @idlecule. This back- at the beginning does not present oxygen vacancies and the
donation is consistent with the electron-densiéyedice plot ~ adsorption of molecular,@n the surface without oxygen

in Figure B, which shows a sigoant charge depletion Vvacancies is weak. Even if molecqja'ls @issociated, the
around the Rhatom and the corresponding charge enhancegormed O atoms can thermodynamically favorably return to
ment around Ci The electron-density drence can be the gas phase. Stef u in Figure Slés the activation of
evaluated through the color cod&igtire d. Moreover, the ~ '€actant @through insertion of moleculasii@tween the Rh
natural bond orbital (NBO) analysiigure 7shows a lower ~&tom and its nearest Ti atom in the intermedidtetably, ,
C H * occupancy on RITIO , than that on bare TiQ this insertion step is klnetlcglly barrierless a_nd ther_modynam|-
suggesting that Rtof Rh/TiO, is quite favorable for cally exothgrmlp (panel 1 Higure $, suggesting a airent
activating the CH bond via back-donation td. Thus, pf”‘th fqr activating moleculag @h RW/TIO , in contrast o

both electron density calculation and simulation of orbitacliISSOCIatlon of O O on the oxygen vacancy on the transition

. ; metal oxides. Dérent from the barrierless kinetics of
coupling of Chl and Rh show that Rnis favorable for molecular @ on this single-atom catalyst,,/Ri®D ,, the

binding CH and activating the G bond. S ; o 59 T~ 60
Molecular-Level Understanding of POM on RK/TiO, ggeot;ecl ibsairrr:etLéorra?]ztévi??b:&t@on;éggf' W-rlm—ilc(:)rf,vaﬁgg at

at High Temperature. Extensive computational studies for 4; orent faces and vacancies. Compared to the activation of O

optimizing intermediates and searching for transition states gf 5 oxygen vacancy of transition metal oxides, this distinctly

POM were performed on the optimized structure @sRh i grent barrierless activation mechanism ohGhe site of

TiO, shown inFigure 6 These theoretical simulations pp /Ti0, demonstrated the sigoance of Rhin the high

proposed a complete catalytic cycle consisting of 2&tivity of RWTIO, for POM. The presence of both an

elementary steps starting from chemisorption of reactants §dercoordinated Rlatom and its nearby oxygen vacancies

form two CO and four Himolecules on RATIO , (2CH, + makes dissociative adsorption of moleculaighi cantly

O, 2CO +4H). Acomplete energy pte of intermediates  downhill with little or no barriers, thus stabilizing the adsorbed

and transition states of the entire pathway was plotted in par@latoms even at high temperatures.

1 of Figure 8 All intermediates are listedFigure S1%&nd As can be seen from panel Eigfire 8the RhO; plays a

Figure SL16Figure Sl7and S18present the structures of crucial role in progressively activating tGlfbrm CH, CH,,

transition states of this complete reaction pathway of POM and CH before CH inserts into,R® toward forming a CO

Rh/TiO ,. molecule (see the inset in panel Figlire 8or the Greek
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Figure 8.Energy prde of the complete pathway of POM consisting of 26 elementary steg$ion, Rfanel 1) and optimized structures of
intermediatesa(b, ¢, d, ande) of activation of CHHon RhOsto form CH (a b), CH,(b c¢),and CH ¢ d) and the transition state 4 (

b), transition state b( ¢), transition state I( d), and transition state d (  €) (panel 2). Inset of panel 1 is the clean surface structure
of Rh/TiO ,. All other intermediates and transition states are presehigalrés S15518

labels given to O atoms around)RFhe coupling between
C HofCHysand Rh O of RhOs (ain panel 2 oFigure 3
breaks therst C H bond, forming Cklon Rh and H on O
next to Rh (b in panel 2 ofigure § C H of CH; couples
with Rh O, forming CH on Rh and H on O next to Rh
(©). In terms of transformation of gktb CH, Rh O is
broken and then CH is inserted into, Rb (d) and thus
forms Rh C(H) O Ti (ein panel 2 inFigure 3 When
CH isinserted, the H atom of CH transfers tg hming
Rh, C O Ti(finFigure S15C H activations on the Ti

(Figure S1Edue to the loss of Gas a part of therst product
molecule CO. The coupling of two H atoms opf&ims the

rst H, molecule irh i (Figure S1§ so do the other two H
atoms to form the second kholecule in the step kf | in

Figure S15Although the formation of,hk slightly uphill in
terms of reaction enthalpy, the elevated temperatures under
the reaction conditions make it favorable §¢g)Ho form

rather than stay dissociatively adsorbed on the surface. Thus,
the H atom adsorbed on the surface was a part of intermediate
instead of part of the active site for POM.

cation of bare Tig)101) were simulated; as shown in panel 1 The C H of the second CHmolecule is activated on;Rh

(black line) and panel 3 iRigure 9 each of the three

CH, CH, CH)on

transformations (CH CHs, CH,

with a reasonably low activation barrier due to the relatively
low coordination number of O atoms to,;Rh the

the Ti cation of bare TiPLO1) experiences a much higher intermediatan (m n in Figure S1% forming CH bound

activation energy than those on thedation of R{TIO ». It
clearly shows that Rbn TiO, plays a signtant role in
activation of Ck which is consistent with the sigant
charge transfer from Rif Rh/TiO ,to C of CH, (Figure B)
but negligible charge transfer from Ti of bare WA of
CH, (Figure ¢€). After transformation of Gktb CH, whose C
atom bonds with both @nd Rk, the C H of CH breaks to

to Rh in n; further C H activation of CElon Rh O forms
CH, whose C atom inserts between BRfhd O, forming
H,C O and HC Rh in o; the formed Cklloses a H atom
to form CH whose C atom bonds with botre@d Rhin p; a
CO-like species forms and its C atom bonds erafdr
HC( O) loses its H atom i; coupling of two H atoms
forms the third EImolecule im; a molecular &xhemisorbs to

lose its H atom to form aCO species whose C atom bridges bond with both Rhand Ti int; then, CO species adsorbed on

on Rh and Tiine fin Figure S1&hen, bothRh C( O)
and (O )C Ti bonds break to form thest CO molecule
in the step of g. Then, one O vacancy (Q is created iy

16573

Rh, desorb as the second CO moleaules{n Figure S1)an
the catalytic cycle (2GH O, 2CO + 4H,). Subsequently,
the left two H atoms couple, forming the fougtimblecule in
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Figure 9.Energy prdes of transformations of ¢té CH;, CH; to CH,, and CH to CH on RR/TiO , and bare TiQ Obviously, the activation
energies on the Ti cation of B{001) is much higher than that of,RfO ,. In addition, compared to the Ti atom on the surface gfIDD),
the binding energies of gbf intermediate on Rh is increased by 3.4 eV; thus, the energy of interniediafh/TiO , is much lower than
that on TiGQ (see the energy level of intermedieite panel 1). The reasonably high binding energiesao@h and the H atom to its
neighboring O atom in intermediaten Rh/TiO , results in a lower activation barrier for dissociatiptpG@HH, and H to form intermediate
on RR/TIO , than that on Ti@ based on the Brgnstdeélvans Polanyi relationship.

v y. The last H in the catalytic cycle desorbsyinz, of calcination in air at 68C used in the preparation of;Rh
regenerating the initial surface, whegebBfds with ve O TiO,. Details of preparations of Rh NP/Tian be found in
atoms (O, O, O, O, and one O in the subsurface). The the Experimental Methods and Computational Approaches
regenerated surfa@® in Figure Slés ready for the second section. This Rh NP/TiQcatalyst is active for POM in the
catalytic cycle. Through the 26 elementary steps, wan@H temperature range of 3@50 °C (Figure S1P Statistical
one G participated in the catalytic reaction on th@©Réite counting of over 500 Rh NPs of the used catalyst Rh NP/TiO
anchored on Tig) forming two CO and four,Hnolecules. shows that the average size of the Rh NPs supported,on TiO
As shown ifrigures S18 and Shost intermediates of the after catalysis at 68CQ for 240 h is approximately 3.0 nm
POM on RR/TIO , directly bind to Rhand its adjacent O or  (Figure S20 In the following sections, we use the labels Rh
nearest Ti atom, further coming the crucial role of the Rh  NP/TiO, and 6.3 wt %Rh/TiQinterchangeably, referring to
on TiO,(101). Based on the energy pecof all intermediates the same catalyst. Compared to 50 mg of 0.037 wt % Rh/TiO
and transition states in panel Eigure 8the three steps with  (Rh,/TiO ,) at 450, 500, 550, or 658G (Figure SR 50 mg of
the highest activation barrierslare c,n o, ando  p, 6.3 wt % Rh/TiQ exhibits similar conversion of Citithese
with barriers of 1.76, 2.30, and 1.86 eV, respettivelyis corresponding temperatures, respectively. However, they
the activation of CH of CH; of the rst CH, on Rh to form exhibit quite dierent catalytic selectivities for producipg H
CH, n o is the activation of GH of CH; of the second  or CO (Figure SZersud-igure S1P
CH,on Rhto form CH;; 0 p is the activation of GHbf Notably, the similar conversion of @xhibited by the two
the second CHto form CH on Rh Overall, the rate- catalysts (50 mg Rh NP/TjQersus 50 mg RO ,) at a
determining step among the complete pathway of PONemperature such as 6&Ddoes not suggest any similarity in
(2CH,+ O, 2CO + 4H) on Rh/TiO , is the activation of  activity of their catalytic site. As Ti® completely inert for
C H of CH; of the second CHon RhO; to form CH.. oxidation of Chlat 300 700°C (Figure S}, the conversions
POM on Rh Nanoparticles Supported on TiQ. In order of CH, of 50 mg of 6.3 wt % Rh/Ti¥&and 50 mg of 0.037 wt
to understand how the singly dispersedsiRé could be % Rh/TiO, depend on the numbers of Rh atoms exposed on
di erent from its counterpart at high temperature, a surfadhe catalyst surface. For 50 mg of 0.037 wt % Rh/fhi©
consisting of closely packed Rh atoms was prepared fimount othe exposed Rh atoms on the sartatalyze the
performing comparable studies on durability of the catalysbnversion of CHs 1.75< 10 7/ mol; however, for 50 mg of
under the same condition as/Ri® ,. Such a surface can be 6.3 wt % Rh/TiQ, the amount ahe exposed Rh atoms on the
found on Rh nanoparticles supported on, Ti€med Rh  surfacdo catalyze conversion of £ 1.07x 10 ° mol.
NP/TiO,. The precursor of Rh NP/TiOwas prepared Calculations of the amounts of exposed Rh atoms on the
through impregnation, which is a metho@rdnt from the  catalyst surfaces are describ&tation ®f the SI. The ratio
deposition precipitation method used in preparation of Rh of the number of Rh atoms precipitated into the POM on 50
TiO,. In the preparation of Rh NP/TjQits precursor was mg of 6.3 wt % Rh/Tigto that on 50 mg of 0.037 wt % Rh/
reduced at 500 for 2 h and 650C for 2 h in 5% Hlinstead TiO, is about 61:1. Thus, although the conversions a6ICH
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Figure 10.Formation of carbon layers on the Rh NP/Ti@talyst but not on RO , based on XPS studies of 0.037 wt % Rb/IR@,/
TiO,) and 6.3 wt % Rh/Ti@(Rh NP/TiO,) after catalysis at 630 of 240 h. (a) Survey of the used 0.037 wt % RhR{RO/TIO ,) catalyst;
(b) C 1s spectrum of the used 0.037 wt % Rh/TRD,/TiO ,) catalyst; (c) Ti 2p of the used 0.037 wt % RhjT{Rh/TiO ,) catalyst; (d) C/
Ti atomic ratio of the used 0.037 wt % RhAI{Rh/TiO ,) catalyst and the used 6.3 wt % RhjT(iRh NP/TiO,) catalyst; (e) survey of the
used 6.3 wt % Rh/TiERh NP/TiO,) catalyst; (f) C 1s spectrum of the used 6.3 wt % Rh£Eflyst; (g) Ti 2p of the used 6.3 wt % Rh4TIO
catalyst; (h) photo of the used 6.3 wt % RhjTé@xalyst after catalysis at 860for 240 h.

the two catalysts are seemingly similar, the activities of eatbhms to couple readily toward chain propagation, leading to
exposed Rh atoms of the two catalysts are idigtinttly  the formation of a coke layer. As seen from XPS studies
di erent. The dierence in catalytic activity between the two(Figure 16, f, and g), thick carbon layers were formed on the
catalysts was further coned by measuring the turnover rates used Rh NP/TiQ after POM at 650C for 240 h, while
under the kinetics-controlled regime. As descriBedtion 4  negligible amounts of carbon were formed ¢ifiRhb after
of the SI, the reaction rate of each catalyst was measured wBdf h of POM at 650C (Figure 18, b, and c). The atomic
the conversion of CHs less than 10%. With the measuredratio of carbon atoms of surface carbon layers to all titanium
reaction rate at 65C under a kinetics-controlled regime, the atoms in the surface region of used Rh NRB/iE@bout 2.5
TORs of the two catalysts were calculat&adtion of the (Figure 16), suggesting the thickness of carbon is at least
Sl. The TOR of KHon a Rh atom of single-atom catalyst 0.037several atomic layers. It is much larger than that/&f@Rh
wt % Rh/TiG; is 2300 H molecules per minute, but it is only used at 650C for 240 h. The experimentally observed facile
35.0 H molecules per minute on an exposed Rh atom of thiormation of carbon layers on Rh NPs is supported by the
Rh nanoparticle catalyst, 6.3 wt % Rh/TIQetails of the  quite high adsorption energy of atomic carbon on Rh atoms of
calculations of TORs using data of kinetics studies athe Rh nanoparticle surface uncovered in our computational
described irSections 7.2 and 7if3 the SI. Demonstrably, studies Figure S25b Compared to the Rh atom on a Rh
the activity in terms of TOR of the single-atom catalyst Rh nanopatrticle of 6.3 wt % Rh/TiQhe adsorption energy of
TiO, at 650°C is much higher than the Rh nanoparticle atomic carbon on the singly dispersgdi®ms of 0.037 wt %
catalyst, Rh NP/Tig) at the same temperature. Rh/TiO, is lower by 2.8 eVF{gure S25 this signicant
Durability of Single-Atom Catalyst Rh/TiO, at 650 di erence in adsorption energy of the carbon atom to Rh
°C. Other than the much higher activity of thg/RO , atoms of the two catalysts {RFO , versus Rh NP/Ti¢)
catalyst at 65TC than the Rh NP catalyst at this temperature results from the distinctly drent coordination environment
the high-temperature single-atom catalystiRh exhibits a  between Rhof Rh/TiO, and Rh of Rh NP/Ti@ (Figure
much longer durability in catalytic performance than the RB25. In terms of RHTIO ,, the singly dispersed;Ritoms on
NP/TiO, (Figure lversusFigure S23 It is necessary to TiO, do not provide opportunity for two CHKix = 0 2)
highlight that the comparison of theedénce in durability of species adsorbed on spatially isolatecat@ms to couple
catalytic performance is for obtaining a fundamental undesince CH species on RfTiO , are spatially separated. Thus,
standing of the reason for the observed high-temperaturh/TiO , exhibits high resistance to formation of coke at 650
durability of single-atom catalysts and not for developing °€ for a period of at least 240 h.
commercial POM catalyst for production of syngas in The high adsorption energy of atomic carbon on the surface
industries. of the metal Rh nanoparticle can rationalize the progressive
Compared to the nanoparticle catalyst (Rh NRBJTiBe decay of conversion of £té 60% at the 105th hour and to
single-atom catalyst (RO ,) exhibits superior resistance to nearly only 20% at the 240th hokigire S23aAlong with
carbon formation. The continuously packed Rh atoms on thbe decay of catalytic activity, selectivities largely decreased to
surface of Rh nanoparticles of Rh NP{T{Bigure S24b 86% for H and 84% for CO at the 105th hour and to 42% for
cause CH(x = 0 2) species adsorbed on two adjacent RhH, and 29% for CO at the 240th hour, respecti¥dyie
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S23b and)c This signicant decay of catalytic activity of 6.3 EXPERIMENTAL METHODS AND
wt % Rh/TIQ is consistent with the observation of a large COMPUTATIONAL APPROACHES
amount of carbon formed on 6.3 wt % RhjTa€er catalysis Preparation of 0.037 wt % Rh/TiQ, (Rh/TiO,). A single atom
for 240 h at 650C (Figure 18). , catalyst, termed 0.037 wt % Rh/J@Rh/TiO ,, was prepared with

The C/Ti atomic ratio of the 6.3 wt % Rh/Ti@atalyst  a modied depositionprecipitation method. Rhodium(lll) nitrate
used at 650C for 240 h is about 45 times that of the single-hydrate, Rh(Ng);-2H,0O (99.9%, Sigma-Aldrich), was used as the
atom catalyst RfTiO , used at the same temperature for the source of Rh cations for the preparation of the catalysts. A solution of
same amount of tim&igure 16), rationalizing the sigeant RI* with a concentration of 2.8410 ® mol/L was made for the

decay of the catalytic performance of 6.3 wt % Riv@s0its  following use. Titnanopowder with primary particle size at 21 nm
from ythe formatign OF]: carbon layers on Rﬁ\ nanoparticle r so (Titania, 99.95%, Aeroxide P25, Sigma-Aldrich) were used as a

. . . . iO, support. The catalyst precursor of/R®, was prepared
V_Vh'Ch bLoﬁkgd the active sites. As reported in th‘?hrough a depositioprecipitation method mogid for the
literature;* there are two types of carbons formed onpreparation of single-atom catalysfiRD ,. In a typical experiment,
POM catalysts including encapsulated carbon, which blodkso mg of Ti@was mixed with 50 mL of deionized water through a
catalytic sites and thus obviously degrades catalytic perfonigorous stirring to form a white suspension. A 3.0 mL RR(NO
ance, and whisker carbon, which forms on surface of a cataff$O aqueous solution (2.8410 ° mol/L) was introduced to the
nanoparticle but sinks to one end of the catalyst nanoparticléd2 suspension through a precise injection with a syringe pump
and thus does not directly poison the catalyst surface bV ile the solution was vigorously stirred. The nominal loading is 0.20

. . - %. The new suspension was continuously stirred for 2 h more to
results in serious reactor clogging. As the reactor of the 6.3 W su cient spontaneous adsorption of metal ions. The pH value

% Rh/T'OZ_CatalySt was not clogged gﬂer cataIyS|s_ aC650 of the mixture was carefully adjusted to 9.5 by gradually introducing
for 240 h, likely encapsulated carbon instead of whisker carbg@fiammonium hydroxide solution, followed by vigorous stirring for
was formed on Rh NPs of 6.3 wt % RhiTi@s these  another 6 h in order to reach a steady equilibrium in solution. Then,
encapsulating carbon layers on the catalyst surface block tiee prepared solution was centrifuged and then dried @ 60
active sites, the catalytic activity clearly becomes degraded. P¥rsnight with a following calcination in radurnace at 650 in
mechanism of deactivation of 6.3 wt % Rh/E@nteresting &' for 4 h. The measured loading of Rh with ICP-AES is only 0.037

and worth further studies. As the theme of this article is th&t %o: Thus, either 0.037 wt % Rh/T® Rh/TiO , was used in the
xt for referring to this catalyst.

molecular-level understanding of the high-temperature singﬁ%As described above, 0.037 wt % RhyTi@s prepared through
atom catalytic chemistry of,RIO , for POM, we leave the  geposition precipitation moded for this work. Based on the

further studies of the deactivation of 6.3 wt % RB/iIO  mechanism of the depositigmecipitation method, only a portion

POM as a future task. of cations were precipitated by Ohe portion of RH cations that
can be precipitated on Ti@epends on the pH of the solution. A
CONCLUSION higher pH allows a larger portion of'Riations to be precipitated.

To ensure the formation of singly dispersedoRhTiO, upon
The high-temperature single-atom cataly®@-Rf0O , was annealing at 650C in air instead of formation of Rh
prepared by substituting the Ti atoms of the, Bi@face  nanoparticles, the pH of the aqueous solution containipgvasO
lattice with Rh atoms. The singly dispersq®Rtiusters controlled at 9.5. Based on ICP-AES measurements, the actual
exhibit extraordinary catalytic performance of POM a€650 '0ading of Rh is 0.037 wt % Rh. Thus, only about 18.5% ofthe Rh
tions dissolved in water were precipitated. The rest of’the Rh

including high activity, 98% selectivity for producing CO an@?\tions remained in solution and then were washed out upon

97% for H, long durability of 240 h, and high reusability overcentrifugation to separate the Fugith precipitated Rhin the form
at least 20 cycles of catalysis. The single-atom site of thisRh(OH), from the aqueous solution that contained the rest of the
catalyst exhibits a turnover frequency of 230tblécules per  RKF*. Certainly, the Rhin the aqueous solution can be readily
Rh, atom per minute at 65 under a kinetics-controlled reused by precipitation at high pH to form Rh(H)following
regime. This extraordinary catalytic performance remains wigicination in air makes;Rh. A reduction of RfD; in H, forms Rh
no decay at 65%C for at least 240 h. Computational studies me;:;le [‘haé”g?:éﬂ%%?-(;%uh& the preparation gfi@h does not
St‘ggejt ;h";t 1) th?. ac“"fat'ct’g gﬁrg.y of th‘:l ra(;e detem:]'l”'wpreparation of 6.3 wt % Rh/TiO, (RhNP/TIQ). The 6.3 wt %
step, denhydrogenation o £ 2 IS greatly decreased, Rh/TiO, catalyst was prepared via the impregnation method, which is
while CH and H bind to Rhand O of the RiDs cluster of gigtinctiy dierent from the modéd depositionprecipitation
this catalyst, respectively, and (2) the long catalytic durabilifyethod. A 500 mg amount of the same type of fo@der as
of Rh/TiO , at 650°C results from the unique coordination used for preparation of RFO , catalyst was introduced to 0.50 mL
environment in which the Ritom on TiQ is in a nearly full  of an aqueous solution of Rh(§2H,0 that contains 33.36 mg of
coordination shell of oxygen atoms singedindinates with ~ Rh obtained from 85.18 mg of Rh{¢2H,O. The concentration

ve oxygen atoms. Also being from the nearly saturated of Rh would be 6.25 wt % if all Rh atoms could be transferrgd to the
coordination of Rfon the TiQ surface, the adsorption energy 5" rfg;fw Rgf TiQ based on the calculation
of atomic carbon on Ris much lower than that on the Rh 3335mgrr soomg o~ 0-2° Wt % The impregnated sample was
atom with an obviously unsaturated shell on the surface ofdded in a 60°C oven overnight and treated owing 5% Hlin a
Rh NP. The single dispersion of Rioms on R{iTiO , and tube furnace at 50C for 2 h and then at 65C for 4 h. Based on
the low binding energy of atomic carbon opoRthe R ICP measurements, the concentration of Rh loaded ois 6i@wt
TiO, e ectively prevent the RFO , from forming carbon %, which suggests most of the Rh atoms were transferred to TiO

. . on the above procedure, Rh nanoparticles were formed,on TiO
layers at high temperature, where the formation of Carbd#:us either 6.3v\F;t% Rh/Tj@r Rh NPI;)TiOZ was used in theztext

layers in POM on currently reported catalysts remains 8 cter to this catalyst, which is Ti@th loaded Rh NPs.

common phenomenon. This study suggests an avenue fotompared to the preparation of single-atom catalysts described in
single-atom catalysis in chemical transformations at higke Experimental Methods and Computational Approsebtsn,
temperatures. the nanopatrticle catalyst (6.3 wt % Rh{Tixermed Rh NP/TiQ
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was prepared with the impregnation method instead of deposition Franklin Feng Tao Department of Chemical and Petroleum
precipitation used for RHiO ,. The impregnated sample was dried Engineering, University of Kansas, Lawrence, Kansas 66049,

in @ 60°C oven in air overnight. Then, the dry catalyst precursor was  pjted StateEmail:franklin.tao.2017@gmail.com
treated in 5% khat 500 and 65%C instead of calcination in air at 650

°C. In the preparation of RRiO ,, the pH of the aqueous solution  Aythors

containing Ti@ and RA* cations was carefully controlled at pH = Yu Tang Department of Chemical and Petroleum
9.5. However, in the preparation of Rh NP/Tithe solution . . . .
containing a Rh(Ngs sglut?on and TiQis at aéout 7.0. In the Englneerlng, University of Kansas, Lawrence, Kansas 66049,
precipitation for preparation of RO ,, only about 20% Rh United States . S

cations were precipitated; however, in the preparation of Rh NP/ Victor Fung Department of Chemistry, University of

TiO,, all RR* cations in solution were transferred to the surface of  California, Riverside, California 92521, United States;

TiO,. Thus, the preparations of the single-atom catalySti(R) Present Address: Center for Nanophase Materials
and nanoparticle catalyst (Rh NP/Jji@ere distinctly derent. Sciences, Oak Ridge National Laboratory, Oak Ridge,
DFT Calculations. The density functional theory (DFT) Tennessee 37831, United States

calculations We}e‘%e performed with the Vienna ab initio Simulation
Package (VASP).The on-site Coulomb interaction was included . . . :
with the DFT+U method by Dudarev efin VASP using a Engineering, University of Kansas, Lawrence, Kansas 66049,
Hubbard parametd&y = 3 eV for the Ti atom, from the previous U_nlted_States .

literature for TiQ%* The PerdewBurke Ernzerhdf functional Yuting Li  Department of Chemical and Petroleum

form of the generalized-gradient approximation was used to describe Engineering, University of Kansas, Lawrence, Kansas 66049,
electron exchange and correlation. In terms of the unit cell, we used a United Statess orcid.org/0000-0003-2236-6612

1 x 3 supercell of the stable (101) surface facet of bulk anatase TiO Luan Nguyen Department of Chemical and Petroleum

Regarding the distance between Rh atoms, the Rh atoms are separatedEngineering, University of Kansas, Lawrence, Kansas 66049,
by 10 A along each axis of the cell. Regarding the Hubbbard United States

correction, the Hubbard correction was applied for Ti d orbitals of the Tomghjro Sakata Innovation Research Center for Fuel Cells
model. As there have yet to be any studies investigating thelbptimal o, Graquate School of Informatics and Engineering, The
value for Rh in Tig) we opted to not include a correction for Rh, and - . L

we do not anticipate this will change the conclusions for the DFT University of Electro-Communications, Chofu, Tokyo 182-
calculations. 8585, Japan )

All calculations were performed with spin polarization. The Kotaro Higashi Innovation Research Center for Fuel Cells
projector-augmented wave method was used to describe the and Graduate School of Informatics and Engineering, The
electron core interaction with a kinetic energy cuib 450 eV. University of Electro-Communications, Chofu, Tokyo 182-
The Brillouin zone was sampled with the MonkHh@estk scheme of 8585, Japan
a 3x 2 x 1 k-point mesh. Transition states (TSs) were found with the . . . .
nudged elastic band (NEB) method using a force convergen(géOmplete contact Informatlon_ is available at:
criterion of 0.05 eV/A. To calculate the occupancies of the molecula#tPs://pubs.acs.org/10.1021/jacs.1c06432
bonds of methane, the periodic NBO analysis implemented by

Xiaoyan Zhang Department of Chemical and Petroleum
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