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Abstract

The catalytic activity of metal atoms (or metal nanoparticles) is strongly dependent
on it size the nature of the support. The necessary requirements of supports include a large
surface area, strong metal-support interaction and the presence of active sites that specifically
participate in the reaction mechanism. Among materials, graphene has provided new
opportunities for the development of supported metals as catalysts. From results of this
project, it was found that when the metal is doped into the graphene, the catalytic activity of
the supported metals can be drastically enhanced as compared with the unsupported
metal. Graphene may cooperate with the catalytic cycle involving metals in at least four
distinctive ways: (i) by strong adsorption of the substrates and reagents near the metal active
centers, (Il) by making specific catalytic sites available on the graphene nanosheet due to
defects, or the presence of dopants, (iii) via d-mt metal support interaction, which influences
the electron density of the metal, (iv) promoting substrate reactivity by giving or withdrawing
the electron density from the graphene.

Nanocluster Aug supported on three atomic-TM-decorated graphenes (TM= Au, Pd, and
Pt atom) is chosen as a model catalyst, and the chemical reaction of partial oxidation of
methane by N,O as an oxidant is used to probe the catalytic activity of Aus nanocluster.
Without support, the Aug nanocluster is catalytically inactive. When the Au, nanocluster is
deposited on the substrate, the catalytic activity of the supported Au, nanocluster is greatly
changed and strongly depended on the type of metal on the graphene surface. Furthermore,
the mechanism for formic acid synthesis by hydrogenation of CO, on a single-atom
Cul/graphene catalyst and the mechanism for ethylene oxide synthesis by epoxidation of
ethylene with O, as an oxidant a single-atom Til/graphene catalyst were investigated by
density-functional theory calculations. Compared with the energy barrier of these rate-
determining steps, the active performance of the supported metals is superior to the isolated
corresponding metal atoms because of the graphene support. These studies suggest a new

class of graphene-based catalysts and pave the way for future applications of graphene in

solid-state catalysis.
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Front view of
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Modes of Systems
adsorption
Aus/graphene AuyPd/graphene Au4Pt/graphene
N.OL Aus
plane
N2O Il Aul-

Au4 direction
E,,.= -6-2 kcalmol” |

|E .= -6.7 kcalmol” ] E, .= -6.6 kcalmol"

Between Aul
and graphene

@

N,O--
graphene

%Q E,,.= -1.2 kcalmol”

{3.37A

(b)

UM 3 wandlassairensgaduvesinglunsaesnledveseunialavsuuumauuniily (a) uasuuiuiangiu (o)
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E,  (kcal/mol) VO
30.0 - e Doublet H
. 1323

20,0 TS2 Quartet Au.\/;—«&?&*:Aul
TS3

10.0 —MA

10,0 - (O]

S (II) (m) E =40, 0 CH,OH

-20.0
l \__/Aﬁaphene !

-30.0

-40.0 - av)

-50.0 - +CH

TSI . T2 T§3
N,O/Au,—> N,/Au,0—> CH /Au,0—> CH,-Au,-OH —> CH,OH/Au,
-N.
(U] an = av) V)

JUN 4 uandlassaiierinenifettedunsiinufisen Partial oxidation

vosfiwusgluanaluniaeenleduuiusifisenAus/sraphene

E (kcal/mol)

i
TS1 TSZ e Triplet

10.0 - TS3

(U]
-10.0 -
amn (m) —

200 - Tt 3
Au,Pd/graphene i

-30.0

-40.0 avy ~ =
V)

-50.0 +CH,

ITS1 3TS2 TS3
N,O/Au,Pd —N,/Au,0Pd — CH |/Au,0Pd — CH,-Au,Pd-OH— CH,OH/Au,Pd
N
(U} (n * av) (4%

3UN 5 uandlassasierinenfiiettedunsiinufisen Partial oxidation

voslnumeluanalunsaeenlanuuinssujize1AuPd/graphene

- E_ . (kcal/mol) [OR TN

“ads : :
= Singlet )15 99 7 L1y
T$1 e Triplet Aul_
10.0 - TS2 TS3 N
0.0 j_/T‘;nlll.s ) T l — \_’i'_/
-+

\__ JE=I7T T ‘(1)

| (Y] R
-10.0 o Aul_ 2719 (]
an @M E=385  CHOH [TAu @ é
+
-20.0 - Au,Pt/graphene
-30.0
-40.0 - av)
V)
-50.0 +cH,

ITS1 'TS2 *TS3
N,O/Au,Pt —>N_/Au,OPt —>CH ,/Au,OPt —> CH,-Au,Pt-OH —>CH_,OH/Au Pt
U] (n M amy av) V)

3UN 6 uandlassadasneiiesdadunisiinufizen Partial oxidation

U

vosdnumeluanalunaeenlenuuiiseuizeiAuPt/graphene
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[
= = = 1

Aanulunsfinwddermdatanssurunissaufiseruudissujizendsly spin state 761
Nanaesdunulunsiazszuy dulaun doublet waz quartet spin states d1115un1sLseUAze1vu
Aus/graphene, singlet iay triplet spin states d1915UN15L39URN8MIVUTEUY AugPd/graphene

LaTUUITUU AugPt/eraphene

Partial oxidation of methane

wasnsuanivadlunsaeanlemindusynia metal-oxo U IMNNITMAABINEHUIIED UL

fureI0e AuOPd/graphene agiUasuannaniue singlet Tuiduaniug triplet luvaefianusiiu
2939 OAus/graphene tay OAugPt/graphene Ao doublet, singlet wag singlet spin state AUAIAU

Felunsanunsalagnuimy oxo MAnTuiiauaunsalunszuiumMasaufiseuaniiussvadaiana

[

= a & a s 1 & P
WNULNAJUAkRNUA -OH Lay -CHs Lﬂ’]%@@JUU@%@@@JVI@QT@Q@HﬂWﬂIﬁM% TudunouidAinasau

¥ U

activation +71AU 15.3, 15,7 wag 17.7 kcal/mol d1v15un15t59UfAsenntefitssuinsen

OAus/graphene, OAU,Pd/graphene waz OAU,Pt/graphene MINEIRU waziliA1n1sUAsuwamNa

[

) - | v & o A=
NAIUNFITUR U TUaUNINAIT -20 kcal/mol wandlmduianssuiunisaananiidunssuiunig

MAnvulsteslunameslulauniind (thermodynamically favorable step) &ati1lugnisiAamny -OH

WAy -CH3 @519 usElALauAnUaEnaunes (CHs-AusM-OH: M = Au, Pd, or Pt) Tunsguaunisasne

o
& o

luanawueaszansaiinfulatiugsanseuiunsfensididudiulaensavemyaunudiass

Y

@ ] r-:ll = < [ Y a ¢ al K d‘
anansludunou TS3 FLUE‘U‘V] 3 ‘U\‘i"ﬂgL‘IJ‘Llﬂrli‘i]‘Uﬂﬂu“UENWQJUaLLﬂUGWILﬂqg ¢ UdaIsnaunNaInay

U Y

[ % (3

AMUBIENUIINTLUIUNTAINA1NRAMAIURRANITUA (activation energy) geitanwileawieuiuen

3)

wasridesnslunsr gy 5&5adw%umauiﬁu%guﬁmumm'il,ﬁmjﬁﬁ'%m (rate-determining
step) AMNNITATUIUITNUIIAINEIIU activation Tusupeuilviiu 40.0, 37.3 uaw 38.5 kcal/mol
dmSun155aUATe1A8A15IUHATET Aus/graphene, AugPd/graphene lag AusPt/graphene
AR

Y

wenmitloannnisanewmmy -CH, Lﬁ@lﬂsamﬁw;ﬂ' OH u&INTEUIUNSTITUNTZUIUAITUT 9T
Tusuneuiifennsinemmy CH, lussogmauduuuoynelane nildludumsmemlugesnoumosi
vy -OH ot sauandlunsunmndssluguil 7 FanszurunsdundeiinuindunssuiufiAntulfis
NIINTLVIUNITATIUNIUDANIU TS3 TAN activation energy AU 15.5, 18.3, Way 15.6 kcal/mol

1% Y ! aaa

d1m3unisiseuisenniudaLsauf)isen Aus/graphene, AusPd/graphene wag AugPt/graphene

o w a [ A a a (3 1 al [ a1
ATUATNU Lﬂ@LﬂuﬁqiﬂigﬂaUV}N%%aLLﬂUW -OH ey —CHj bN1SBYUUBTABUNDUAYTINULASUA

waaulunisiimuniueaniuansusenesvilasidulunsdues  Au,Pd/graphene was
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|
£ 3 =

AugPt/graphene wiipsaniianasauneduiuatesnilodisuiunasaunesldludunau TS3 &

navewilnoznaudaniy uenanazinansn1siniseadidnaseuvatounIalansuddiinaagedee

ALENsatuNIssIUAseveseunaegdrsuudeifediuues Au, luldazszuu wudnsiivie

Y

(%
Y

Y090zRoudAN 1 UAE LUl S lRA UL LT IUDINUSE S NI 90 ADUNDILALNY AN UATIS

£%
& o

OH way -CHs #9938 lHnszUINNISNLAS I UUNIUDATINNNTTINAIVDIBUAUATIIEDUNA IAINBTUAE
nan1sawInilidunisuszandld metal-embedded graphene Tun1susuugsanuanunsalunisis

Ufisenveseynalanzanedsluntfooynia Aus Tunsidudissujjisen partial oxidation 94

~ ) o s o v a1 aaa
fwuleeidllupsaeanledvimidmsauise

U51e9nJans095unudn suniauluremes (Au,) ssilueuniaidesdenisissufisend

d' PN J Y [ 3 < aaa
G]WMV]LL?‘WQSLUEUV] 7 NUINISULANGIUD LA Qlu@iﬁ@@ﬂl‘ljﬂUu@Hﬂ']ﬂu’]IUGUENV]ENL‘Uu‘ﬂaﬂiﬁﬂﬂqﬁl

L 2 =

AU OULALLAANIUTUADUNTANNAIIUNDAUTUARININDG 38.6 kcal/mol hardaIdunauanu1f

Y

v v

Aerdeaiunsesndinduvedinanaiinufeeenladuemeninsiiunszuiuii dwdsanune fusiud
Wiy 23.2 Wag 32.2 6 keal/mol aiileFouifisufuuuiandsnuifndeduszuuiiifansossu
wandliiiudanuiinnudfguodrinanianses famsanseduantinisliiveseynianes
HIUN13a8NBLaNATaUSTNINITaRsa9sUAvaYNIAU TLUYBINGY Feuananaetaedudanisiu i
YasaunIALIluYeaaIdhsduasulieunAuluvemaaNaNsaluNSSUgATeeenT

wiuvastimulasiifglunsaeanlemduaisoandinud
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N\
HaC—AG4 o & Sz g N
/ - X / \Au1
Au1 /Au1 H
(|)H HaC OH A
(V) (V) (V)
E_, (kcal/mol) =D oublet
= TS3,, e=—Quartet ¥
200 2 ’] .Yvr; = e (T PL,

10.0 -

0.0

-10.0

-20.0

-30.0

-40.0 -

50.0 . )
CH,-Au-OH 53 (CH -Au-OH)AU, 123 CH,OM/AU,
(Iv) av, (\%)
E,, (kcal/mol)
10.0 TS3

0.0

-10.0

-20.0
Au,Pd/Graphene

-30.0 -

-40.0 - (V)
(\%) 4
= . 40}
-50.0 -
CH,-Au,Pd-OH 23 (CH,-Au-OH)Au,Pd T3 CH,OH/AU,Pd (TS3,,)
V) av, V)
E,, (kcal/mol) i
100" TS3,, e Singlet
/—‘T—\ — Triplet '(TS3,) i(1v,)
Cad ~,
0.0 ‘ . 3
-10.0
20,0
-30.0 -
400 - @)
(\2)
50

.0 - TS3 TS3
CH,-Au,Pt-OH —*(CH,-Au-OH)Au,Pt —® CH,OH/Au Pt
1v) av, )

JUN 7 uandlassasiesineiifestedunsiinluanausueniiunisiinassisdud 1V, vuduseuiisemsanuyie
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500

400 2 Au 7—$lr.lgl|et
i —Tri
[\['Ts1 Au plet
~~ 300 —
=
E 20.0 I 2431
] H
= ] |E=386 \ 2 aw A (Au
« 100 a 5
§ ] P Au
00 Y
-, O " 2.180
% @ 113
m -10.0 NN —
-20.0
300 b AV
o
L1 2008
-40.0 A N
1 l%-a Au
-50.0 - 26 AU Ay = » 2387 Au
u*‘ﬁ’ mb%1
-60.0 - Au A —

N,O rs1 N, +cH, CH, 152 CH, 1g3 CH,OH
+ — + — + e I —_— +

Au Au0 N Au0 Au,OH Au

4 4

UM 8 wandlassaiienegiiesdeduniaiianufizen Partial oxidation vesdimumeluanaluniaeenleduudiisafisenoyniau

Tuvaed (Au, nanocluster)

nsissUisensansuvaslauananisuaulasenlan

wenwtleananuaulalunisfnwiimundssujisenaunsaasulianadmuliidu

luanafiyarigelu arsveulaeenleddalunislunguluiana 1 Quanaiifesdusznouilu

4 = a ! < ) ! 3 a 1 [2% &z [ a
ANTUDUDENDULNGY 19EmnBY) QﬂWﬁ]’]iﬂﬂ'ﬂLU‘LWF‘INIULL‘VI@QWWUEJHV]M@E‘JJZJ’]ﬂiJ’]‘EJ ﬂ']"'ZJ‘IJL‘UU’JG]QG]U

o w

drglunszuiunmsduasizvnislasssiviieldasusulazeandiaulunisduasizvaisiulamnse

(24 [ 1

INNTTUIUNTEUATIZIBLET uanaindiingnanandufimsounszanuaziluamauilavinli

= 1 L4 ‘NI

ARAMElANSaU MaNnRaNgulIte AL UNINTZUIUASNYELeT CO, IntUselavtiuaniiaan

3

= | Y a v v a o ¢ PN o v [N a
zidunstsantlynmisinudinindeundl nandugae g Alesundnazlaunainnislitingde

Dudandu dstunisudsanin CO, Wundnuazaavseasiniinigg Siieanldtinside

Tunszviunswusanin CO, dnarnrareisnisniasuauaula uisunuAanishaRgg

1 | a1

Uffsenlunsteissujisesantduves CO, luansifiyassingg onfiviu nsanesiin wesundles

Y

wnuea %3 lalasasueuriinnieg Fensyurunisidumladrdgrenisidasu Co, llunsa

Wostindorlutunauieniign Wewnfig CO, firnulssdsiadldndanulsmamnndilunsedu

'
o

g 3n1enuidensuntiinuinlansunsuddunaigquiinaiunsasinisinaufaisensanduves

Y 1 aaaa [ I

CO, wuinlanglumy 11 fauauisalunisiludnsaujsfserdananlas Feldfinnsdnwing

Uszgndldlanslunygdenanilunisiludusajisendmiunssviunisifnlalasiauves

Asvaulaoenled neswnagnnuindandfnfdmsunislddudussjisenlunisivaeuing
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mfveulneenlasluiduasiaiivneg udedrslsinmunalnnissefiservulanenoaunananiisaus
UnuInvesiansesiunanuainsalunisseuisedndidanu nsnwmaalimuudiunum
pgsBdlumsesuisnaBsundasiiinduludisnaissdvuly (ns) Aliannsaldiedosdertaly
nyvaeuld Mnmsduumuienemesuasioguumi (111) Alsifianuaansolunisssufazen
f1nann windunuinezmennesuasiiogluiumisiindldisuasiidiuiuiussdonseuiitonds

[y

agpounawasiioglunii (100), (211), (110) ndufimnuauisalunisiludnsaujisendanale

Andnermeuieglundl (111) aneuideduiaziiuitaziorneuvewniviseznoufiogluanioe

wandeuiunzgauwituisazauisaviminidudsjisenld dewmndddasinasimuinig

' ]
v o v A al

Uszandldianseguiduiitansesiuiinzaunsaibinesunsegluaniiziianuisdsenisluld

Judiseljisenls nidludaniaunsassiiusnuibimlanesneg sgluaniizezneuniosyniaiidl

Yuatanluszsuuuaslafnans Wy

Y ] aaa

ladn1sveaeuilosubsviinvedlansNmunzaunanisissisenil dussufiseniides
o & v = o ! o a [ sa &
Jududesdanuinmedonisivluanalalasiauuwazaiunsanzuaniusslaiiaudniudausves
luanadsnandlaedte vildulaneivanzaufonans nuitdedissneunauasluilog uunui,
23N langaanaigdanudunizson1siuluanalalasaudaasuaninan1sAmuInunlaly

I a

daudaly TunsAinwimnuanansalunisisauise1vetesneunewniileog uuiivens iuiens
16 Juduseufisensiulelasiauvesingasusulasenlen ldseilouisnig M06-L/6-31G(d,p) +
SDD laadild 6-31G(d,p) basis set fuaznpuA1TUDU pxnaulalnsial prapNeanNTaU Lag SDD
basis set flupzAaNNBILAY JUN 9 uandlastasiavesosnounawasiilog uuitiveans iy 91n1s
o % 1 U I3 = = 1 o o = a 1

AISTEEITUSY ST N0 RN BILAITUBZRONASUBUYBINTLTlssesniU 1.88-1.91 A Fadlen

v ) ay v v ° . LAy v ' v &
donnaednUTTurNlaann1slduuudnaes periodic Nlain1ssieunauntIl antugnicluii

[
=

(electronic state) ﬁuaﬁaﬂﬁﬂa doublet spin state #AMULATYTUINNTIIANIUE quartet spin state
8¢ 1.5 kcal/mol naen1silesuuRivens iy idnnseuvetaznaunasunsgnaewmludiosnay
MivouvesTansossy dualieznouneunuinUszqlnirdudaniniu +0.714e wagfimsdnies
vosdidnnsouuuenouveaandy 4s0993d7904p0354d% 910 4s!3d100 flanuzernaudase 1w
wanslugui 10 Bidnnseudiliidng (unpaired electrons) 9oy UIIINDTABLNDILATLALDLADY
afueulinussiuezneunand Tnednnumuiuiuresadu (spin density) Wiy 0.357 .0357

wae 0.287 @MSUDLNDUANSUDUADIDLADULAYDLHDUNBILAS AUAIRU
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JUN 9 wandlassaiauuuinasvetesnaumewaileguuniluwarUseuetezneuranilaninnisruimuieisnis Natural

population analysis (NPA)

Cu-dG

isovolve = 001 oo’

=] ' a g Ao . . ay 9 v a
§1JVI 10 LLﬁGNLLNUﬂ’]Wﬂ'J']ﬁJWu’]LLuu“UENE]Laﬂmiau‘ﬂl&lw’l@ (Splﬂ den5|ty) (&dw) leu’]WlJENLLNUﬂ']WLLU?NUIWEIG]EQﬂUﬂSN']ﬂJ‘UEN

Buanasoudiliidng (unpaired electrons) luu3iauiy
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JUN 11 uanslassasrevedluanasinaqiettesunian Cu/dG (@) migadureduanamiveulaeenled (b) migadureduiana

lalasiau uay () mIgeduvedluanaasuaulaeenleduazluanalalasaunioniu (co-adsorption complex) sgegiusysEning

Non-interacting: Cu/dG + H,

svmonlunmeglumizg A

H,-adsorption

H,-CO, co-adsorption

20
15
1.0

-14.0 -12.0 -10.0 -8.0
Energy (eV)

-6.0

-4.0

-10.0

80 60 40 20
Energy (V)

“ os

800 =
0.5
-1.0
-L5
2.0 !

‘140 4120 -10.0 80 6.0 40 20 4140 -120 100 80 60 40 20 4140 -120 -100 80 60 40 2.0
Energy (eV) Energy (eV) Energy (eV)

Non-interacting: Cu/dG + CO,
20 —s(Cu)
s - /N 1 | w0 T p(Cu)
1.0 ——d(Cu)

8 g-i -=-=- carbons of graphene

S 0.

*.05 —H,
1.0 —CoO,

JUT 12 wanauwunm DOS vesn1sgaduluianalelasiau (H2 adsorption) luananisueulaeenled (CO2 adsorption) wag n3gn

Fuluanavisaasmsauiu (H2-CO2 co-adsorption)mnailassasiauandlugud 3 euiuszuud1eds (non-interacting system)
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lvinmsfnwiauauisalunisgeduluanaiieitesiuorneumedwasilauuiIns iy (Cu/dG)
lassaisvadluananisusulaeenled (CO,) wagluanalalasiau (Hy) vuian Cu/dG duanslugudn
11 1nnansawmunsgaturediuanaiiaIuLezaeuvewasdun1sgaduwuugaus) Janaanu

o o o

lun1sgaduiindu -6.1 wag -5.1 kcal/mol dmsunsgaduvedlananalalasiauiazluiana

Y

msuaulaeenladmudidiu FedmdsnudinandannniAmdsnuiingesnunainnisgaduuy
fufnvesnailu endedoyannamdsnuasnuiinisgedureduanatsaossdainuindumagadu
N19NEAIN (Physisorption) LLm'Lﬁaﬂ/‘f’]mﬁLﬂiwﬁ%’mﬁaammm%’wﬂmw Density of states (DOS)
Fauanslugud 12 %wu*jwLLﬁ@i’]Wé’Nmmaqmi@msB’UiuLaﬂqﬁ'ﬂaawﬁmzl,mﬂgi'mﬁ’mﬁw,wi 1
kcal/mol usnszurunsguvesluanaiisansunnaisfusgednian A miuanIuanILEun M
DOS wa¢3zULATTag Cu/dG uazluanaisassiivsaainnisadiafussdatunasfu (Non-
interacting systems) 2MnLauAM DOS luszuuananvIfiugngsanueadunsiiidiums -10.8
eV uag -9.4 eV luszuu Non-interacting systems 04 Cu/dG + H, way Cu/dG+CO, AINATUT4
Hugeiuansiunisvemdnuesdidanseuiitisrdesiunsaisiussdnuvestuanalelnsiau
wag non-bond MOs vaslutananisvaulaeenled nasnsgaduundan Cu/dG lunsdlvedluans
msuaulaeenlemununn DOS TwesszuUs1ds (Non-interacting systems) wagluszuuiiiinnis
anduszninalianafenaidnuian (CO,-adsoprtion) IANUARILATININ NA1IABALTIAINUALILS
youdunsniiigdesiveeiiviaisluanaveduiananusulasonlesliinazidu non-bonding
MO A uniangasny -9.4 eV w3e m-orbitals Aduniandanulszana -13 eV 1ludu sodeya

=3

Fanamifasulddinsgadudandridunisgduiuunenn uwilunsdvesluanalelasiauas
uansnseenluanamaznuIdunsTmiiuanads o-orbitals vesluanalelasiouidunmadsu
Windu -10.8 eV Tusguuenede (non-interacting system: Cu/dG+H,) %malﬂiuiwuﬁtﬁﬂm'ﬁ@m
5u (H, adsorption) usnniluszuusundsiazingemutunlmisummanusiniu -13.3 ev
Faduseniiivatesiunmsarseesdneaddianaseninsesia p vesesneuneunsivees
fvia s vosozmoulelasiauiivans mMaUAsuutasmunin DOS ndanmsgaduvesiuanalalnsiau
vue¥an Cu/dG loifisuiuszuudrsdauansliifiuiinisgadudinandunisgaduniani
(Chemisorption) lévimsAnwmavesnsidluanamiveulasenluduueznouneauniionisgadu
vasluanalslasiau Fanuinisieguedduanadnadluifinasenisidirfuivesneunsunaves
Tuanalalasiau ngaiEuduiisrezseninsoznounesuaiivezneslalasauiniu 2.6 wds

nszuIuMIUsulAsIase (optimization) lutanalalasiauidewdnunniiniussinliiuasnounang
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muuandlugun 11(c) kan1sveasswandlitiuaudtnnizaenisgaduvesluanalalnsiauves

Cu/dG

laAnwinsyuiumsiinufiseniulalasiaudiunalnnuuniemadl

nalnwuui 1

H,(g) + Cu/dG > H,(*) (1.1)  (H, adsorption)

CO4(g) + Hy(®) > CO,/Hy(*) (1.2)  (CO,/H, co-adsorption)
CO,/Hy(%) > COOH~(Cu)-H/dG (1.3)  (H-H bond activation)
COOH-(Cu)-H > HCOOH(*) (1.4)  (FA formation)

fedunaud (1.11.2) aRerdpatfumagaduvestuanalalnanuuazaiveulaoonlasasly
UUDEABUNDIVDIANTIUJATEN Fumoudt (3) szidunszuiunisuaniuszlarnaudvedluiana
lalasiuindunlalasd (H-) warmy ~COOH inraguuaznaunand nluasuszneunasuns
ﬁﬁmﬁLmuﬁlavlmﬁLLaz—COOH \nzog %umawiamﬁLf]umiﬁwiwyﬂalmﬁﬁagjawawaumﬂﬂé’q

avmouAISUBUTEINY ~COOH iinuluananseaviasiin

nalnuuu 2
H,(g) + Cu/dG > H,/Cu/dG (2.1)  (H, adsorption)
H,/Cu/dG > H-Cu/H-dG (2.2)  (H-H bond activation)
CO,(Q) + H-Cu/H-dG > CO,/H-Cu/H-dG (2.3)  (CO, adsorption)
CO,/H-Cu/H-dG > HCOOCu/H-dG (2.4)  (1°' Hydrogenation)
HCOOCu/H-dG > HCOOH/Cu/dG (2.5)  (FA formation)

'
av o

Tunalnilazilunsiin3dnduriunisuandveduanalalasauluilulalasd wazlusnau
Aarefunalniinuudseufiserninsldluseduriesuiiniseneg vasnisgaduresliana
lelasiau auianisuandivedluanadina nesniluaesdiulnefiosneulalasinuniivszauiniie

Wsnauasgnasingludresneumsvuresnsiuinduasisudniiaisuseneulalasdvemeuns

(Cu-H complex) agudaaniulutana CO, aggniAulalasiaudiunszuiunisunsnidnlvluiuse
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seninveznenlavieuazlalasdvetluiana CO, nlunyaunud -OOCH inzeguuanawlans Tuau

nausieNnaziinnsasaelusneulusiornousandauvaamyaunudiiadunsanesiin

'
v [23

JUN 13 uay 14 wansnalnnmsiinufisensantuvesing CO, irunalnmsinUfizenns 2
wuu Tunaldwvuindsaziiuladinisvaunisiilutuimuanisiinufisendaenszuiunisunn
NusysEIvernaulalasiauisdatasnatuazdmiusaludosnouaandiauueaiig CO, Bauilnaann

HuszlAaUARINa1I I URUSLIADUY 1IN LTSS UTenaufunsass1udidnasauainlangdaly

'
=

geealvia antibonding NeedvilrA N UnTEAulutunauliaA1Aoud19gs F991nN1T AN

wuinlunszuiunisifinmdsnuneduiudmiiu 34.6 kcal/mol waztluujisenaaninudouds

lldansdsduinianuatiosdosnitanimasiu dadunisiasilinssuiunisdainarufintulases

' ' ]
ada |l ¥ A =

Mnegeamgiindeudsgaiienzausaevugdndfavmnssnuamvnaaansiule

Y Y

T 250 TS1a
E 200
©
= TS2a
g1 »u.1 T E,=40
59 | yeco 2= 34.6 |NT1a e
0.0 +Cu-dG
-5.0
100 H,-ads
-15.0 H,/CO,coads
-20.0 mwads
-25.0
H,-ads H,/CO,-coads TS1a

HCOOH-ads

1.32

3UN13 uandlassairennen ineatedunsiinufisen CO, hydrogenation vudilseuizen Cu/dG Wiunalnuuui 1

PnMIeaesnuITuunsdnsgedulianalalasauuuiaginsfiuluesdusznovazny
msaaduredtanadnalugiresnisgadumentl nanfeluanalalasauargniniuluuiiugi

vorianwariulusurasnisifiaiusslariaudsenitvesnouianivezneulalasiau fuiudalddnw

'
Y (22

anulululdvesnisiinufisendantuvesing CO, vuasusznaulalasafilaannisuandaves
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[
1

luanalalasiau lngannimeasanuinmsgaduvedaanalalas auarliduediunisiieguesfine

'
4]
Y

v v

1 =l U

CO, wazn1sgaduvetluanalalasiauuuesnauvedasileaguuiuianslutusslaiuanis
luana lunsaliniluanalalasiauuinnimisduananisgaduvesiuanalalasiauluanaduasiina
HULIUAD18d warazhifinadedrmiuudusiszninsezneunesasiuluanalalasi uily

Ngey nandRednsIdINveINIsaaduTEnitdluanatalasiauluanaiuegnauoLAsing uuia

nsudu 1:1 Tunisuandweduanalalasiaulianavzifiniiuduneu TS1b mufikantlugui 14

Tutunounisuandvasluanalelasinusagnunsdidednaseuiniiuiansfiulugs
Tuanalelnsiau Genszvaunsiifunszuiumsmeanufeunasiidmsnunesutudiviu 19.7
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H,/INT2b
-50.0

Cu-01=213 A
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syulemannsmirlugnmsaialuanansanesinldsanidaiunsfuanmmounsdindulueglu
sUfiflanudeshigdlunsviujisenduluananisveulnoonles anwanisnaassmuInnIsuan

yaaluanalalasauinrutuneuniingsunefudumyiniu 11.6 kcal/mol A mautioand
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WUINTTUILNTIIUHATERINA1IUTENUME 2 TunauwwalUil

YUABUN 1

CHa(g) + O)g) + (%) = CHgO9 (1)
C,Hg-O,(%) 2 GHOL™) 2)
C2H402(*) 9 o*) + C2H4O(g) (3)

JUNBUN 2

\Z

C2H4(g) + O(*) C2H4O(*) (4)

C,HLO(%) 2> GHOQ) + () (5)
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HANTU9IAINA1IARNIY metallocyclic intermediate (MSasennsyUIUNIRARU ATeN 1T
LUU Mimoun-type mechanism) §191nransvaasssiesauinsiindiunalasuuusnazidunalnd

sziludnisudnluianatefidusenlen win1siian unalnuuufiassagyinly active site funua

Y

v 1 a
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Non-interacting: Ti/dG(singlet) + O,(triplet) Non-interacting: Ti/dG(singlet) + C H (singlet)
a . . A
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W i 2 i
It = J ‘ ‘ i Hln
(] | i} H R (
‘ o0 0 R
Qo) i goall [l e | IALL
¢ I} i . L
\F J iy i . | A (L
12-11-10 9 8 7 6 -5 4 3 2 -1 0 A2-11-10 9 8 7 6 -5 4 3 22 -1 0 2
Energy (eV)
) - O,-ads(singlet) o (‘Il%-nds(singlet)

09

Density of states
Density of states
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2 7 46 5 4 3 2
Energy (eV) Energy (eV)
0,/C,H,-coads(singlet) ) 0 - 0,/CH conds(singlet)
9

Density of states

== PDOS s- p- orbitals (C,H,)
== ¢ PDOS s- p- orbitals (O:)
= PDOS s- orbital (Ti)

..... PDOS p- orbital (Ti)
Energy (eV) Energy (¢V) PDOS d- orbital (Ti)

Density of states
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ol il 1 (\ ’
| 4O )

3 4 211109 8 7 6 -5 4 3 20 1 2

!11 |
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20 1

21110 9 8 7 6 5 4 3 2

U7 17 uanauwunIn Density of States vos0advia s, p vaaluianasneg uazealva d vedanslnmidennoutazndsnisgadu
Tanasinaquudan Ti-embedded graphene wduUzuandsiumis HOMO 2470

sonlsvihnsgatuvedluianasinagfiiieadosuuan atomic Ti-embedded graphene MU
$an atomic T-embedded graphene finudimzsonisgaduluanasendiausnnnitluianadue
INNTAUIUNUITANEIUNIATUYINTY -58.6, -20.4, -29.8 keal/mol dmiunisgaduves
luanaeen@iay, luanaenay, luanaefiaueanles AudE1du 31NN15A3I9UNUAN Density of
States mauansluguil 3 uansliifiuinian atomic Tirembedded graphene ansnsashaneusys
vosluanasendiau azwiulaimdinisgaduaniianisaaeiuse pi vedluanasendiaunseuiu
msaatusylmnaudsewiniezaoulanglmmiflonuazoznousendiauinduoyius peroxo uil
mmdaﬂhwiaﬂ'mi'mﬁﬁ%maaﬂ%m%’wm6] INWHUNIN Projected Density of States (PDOS) 84

53UU O,-complex WawSeuliisuiuseuu Non-interacting Ti/dg + O, wandliliiusunisesseau

Ao a

ndsuveseedianduaes Pi-bonding (1) uay Pi-antiboinding (TT*) v84lutanaoendawinnig

H1an8duLlosu1anAnnN1sanewmdanasauaneatva d veadanslnwmideulddieadna m* veq

Ju

luanasendiay avihliiuszevaduianaaaigfiuazainiuaziianisasisiuselaiaudlyg

sEnIteEnaulaneAUaENaLRDNTLAUNIADY AEUlAI1NLHUA T NIZIAANAYDINS 1 Ul NIRRT Y

v I

ANFIUNAIAY -4.5 uaz -6.0 eV Fudusedaniinainnislovdlaedussninseada sp vo9
aznousandlauuazeelva d vesezneulninilluy Tunsalvesnisgaduvedluanatefiduuuian

AaNa1 DadnNsaaduvediuanafinaIlAINaNIUNIAAdUNINDe -20.4 kcal/mol kNI
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nszuunsgaduisndnlaiinadelassaimisliisvedluanauas fanognsdaau fuansly
WHUAIN PDOS ¥8358UU C,H; complex Lﬁam%ﬂmﬁwﬁ’msw Non-interacting Ti/dg + C,Hg W&
119AMsENemBLannseuaIniusy pi veslulanatefiduuisdiuludsesdvaiiinewesian T
embedded graphene vhlidnvazvasiinvemdsuiiisdesiudidnnsoudinanidnuaening
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31NNsANwINITAAdUadliananIe a1 inud Tuan1ae NN SHaNsENIETRIRUNY
@035y Jan Ti-embedded graphene 3ziin1udnnizsiansgaduliianasandiauuinninluanaie
#au lnenszuiunaseljisenasisudumenisaaduredduanasendiauliuuian Ti-embedded
graphene unithaulanuimdinsgadureduanasandiau nsdnsesdiivesdidnaseuluszuy
noulagnaenIgadulUdsunUaseg1adniauain Triplet spin state Nan1IzABUNIIOATUTIRENY
ac Al Y VAl [ . 1 a 1 a
didnaseuiliidiaNanuedan (unpaired alpha-electrons) agunluanasendiauey 2 dldnasou

< . . d' o = ' laa & aM oY
\Ju Singlet spin state Manmegady Bagnuiliiddnaseuilivihgeglussuy

Tunszurunaiinufisenfluuiuinvesudeing nalnnsifaufaseniildusingnisal
fina1ifid@osuuude nalaluu Mimoun-type mechanism wag nalawuu Sharpless-type
mechanism Tnnalnuuuusnasinujisenldfdedleasdailugadueguuiuinvastag ddlunsd
nszvauninfiseneiioondinduresansiefiduaBuainnmgaduimedluanaiians (Co-
adsorption complex) foutsuuAonluiduars¥sdud (intermediate)uasarsusznou
metallocyclic Tuduneuusnuazainduasiinnsuaniuselaiaudsewinsoznonoondiauiioans

sanlUilundnsuiselumusanduaunisd (1)-3) Tudumaui 1 sufinaniuineuning

lunsglveansiinnalniuu Sharpless-type mechanism n1siinufisenasisuannisgadu
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= 1
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Y % ¥
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FemuaunmsnsinufAzend 1))
Cqu(g) + Oz(g) + (%) > C2H4(§) + Oz(*) (1)

C2H4(g) + Oz(*) > O(*) + CquO(g) (”)

28



Energy

(keal mol™)
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mechanism (1dudnn) wag WuU Sharpless-type mechanism (W@udLTY7)

n1sselAsensen@wnduvadianaefiduninunaluyuuy Mimoun-type mechanism
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U (3 aaa 14
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Qe

1Y

a0 2 1 U U 3 1 2 = = > 1 L2 L3
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PANMLDATE NUINAITUNDUNINAIILTLNITANEANUTOUBBNWNNY -64.5 kcal/mol

Jumauil 2 \Wun1saangiusednu1seningesnouoantauiuarnaNeanTLauYedansLisdus
peroxametallacycle (n*C,H,00-Ti/dG) vimUuansdsdudlminiogluguves CH,O-Ti-0/dG Tu

& & v S a X Y v val o v &
FuppulLanAiuNsEUINNSTIARYUULIEAR Au-embedded graphene Miladn135elineuntini
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Suilesnansssudvessialang annsiesgiaduiusyuedlaseaing (Structural Bond
order) wuiwmdinsiaufAzedduiusslamnauivngluveseznoueendiaududeiiluifaiuse
lanaudlndivezneusuauvesluanaleiduneiusesenivesnoeanBauLazarnaulany Au-
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Asueududiulug

JUN 19 uansununmndsnulazlasiaiiene lutuneud 1-2 veansissujiseneentinduvedinanaefiaurunalnnig
WAnUHASEUY Mimoun-type mechanism gl (a) O,-ads (b) CoHa/Op-ads (c) TS (d) IM1 (e) TS2 wae (f) IM2 aua1diu falaw
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\1NMgagul TiO-embedded graphene n1s3wizdanisiininlutanatefidusenlenfotunauil
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nszvIuNsLUstulutuneuiifen1siinuaniusiovieian lorn1ulATIEse transition state TS3” Tu
[ dy < a 14 (K9] I3 Ao (Y] 1
nszuIuMswisduiiandunmandeudiuevaeulalasiauegivegnoua sueuisumieaii (alpha
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Modification of the catalytic properties of the Au,
nanocluster for the conversion of methane-to-
methanol: synergistic effects of metallic adatoms
and a defective graphene supportf

J. Sirijaraensre®® and J. Limtrakul*@°°

Decorating graphene with nano-clusters offers potential for a wide range of industrial applications. For
catalysis, embedding precisely controlled mono- and bimetallic nanoclusters into graphene can greatly
increase their catalytic activities, especially for oxidation reactions. The catalytic performance of a gold
nanocluster can be modified dramatically by changing its electronic properties. The results of this work
demonstrate by means of DFT calculations that by strategic doping and promotion from the support
material the catalytic activity improvement of a gold-based catalyst for the partial oxidation reaction of
methane can be drastically enhanced. The transition metal-mediated catalysis is significantly affected by the
two spin-state reactivities over them. The investigated catalytic processes consist of N,O decomposition
and methane hydroxylation over three subnanoclusters (Aus, AusPd, and Au4Pt) deposited on a single
vacancy graphene support. It was found that graphene acts not only as a support but also supports the
catalysis through charge transfer between the subnanocluster and graphene. Graphene-supported AusPd
exhibits enhanced catalytic activity for both steps of methane-to-methanol conversion, whereas the

Received 5th November 2014, supported Aus is good for N,O decomposition but ineffective for methane hydroxylation, mainly due to the

Accepted 23rd February 2015 involvement of a very stable intermediate (methyl-hydroxo-grafted nanocluster). The activation energies for
N>O decomposition, C—H bond activation and methanol formation over the supported AusPd cluster are

13.8, 15.7, and 24.9 kcal mol™?, respectively. Without the graphene support, the catalytic trend is reversed

DOI: 10.1039/c4cp05131a

www.rsc.org/pccp and Au4Pd becomes an inert cluster for these reactions.

For example, the Pt-graphene composite provides a high catalytic
activity in the methanol oxidation reaction.” Li and coworkers
demonstrated the high catalytic reactivity of Pd/graphene in the

Introduction

Graphene arouses considerable interest both in fundamental

science and technological applications due to its high surface
area, superior mechanical strength and high electronic as well
as thermal conductivities."”* One of the possible modifications
of graphene is the deposition of metal on it. This procedure
alters the electronic and magnetic properties of graphene. This
overcomes the chemical inertness of graphene, opening up the
utilization of the metal-graphene composite as a catalyst for
chemical reactions. Composites of metal/graphene have been
reported to be efficient catalysts for many chemical reactions.
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CO oxidation reaction.” The photo-degradation of dyes was
achieved by using Au/graphene as the catalyst.” The deposition
of bimetallic clusters on graphene can also result in its extra-
ordinary performance for many applications such as the
reduction of 4-nitrophenol catalyzed by Ag-Au/graphene® and
Ag-Pd/graphene materials,® formic acid oxidation catalyzed by
Pt-Au/graphene materials,” methanol oxidation catalyzed by
graphene-supported Au-Pd nanoparticles,® and by graphene-
deposited Pt-Au clusters.” Recently, Zhang and Alexandrova'® have
theoretically reported the role of a Au dopant and the supporting
surface in enhancing the catalytic activity of a palladium cluster for
the CO oxidation reaction. Thus, the integration of metals and
graphene seems to be a promising way in the design of novel,
efficient, and stable green catalysts for industrial application.
Not only experimental studies but also theoretical calculations
have been performed to explain the properties of metal/graphene
materials and the molecular details of the chemical reaction over
the metal/graphene materials."* Understanding the key reaction
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step along the catalytic process is crucial for finding improved
or new catalytic materials.

With the abundance of natural gas, the conversion of
methane, its principal component, into value-added products
is highly desirable. Due to its strong chemical bond (C-H bond =
104 kcal mol ') and ease of complete oxidation into CO,, finding
highly reactive and selective catalysts for partial oxidation of
methane into more valuable products like methanol, formalde-
hyde, or ethylene at low temperature has become one of the major
challenging topics in catalysis science. A range of heterogeneous
catalysts have been used in this reaction for the purpose of
overcoming these problems. Among these, supported noble metals
have proven to be good catalysts for partial oxidation of CH,. The
gold-based catalysts are capable of facile conversion of methane,
such as the supported Pd-Au catalyst and gold supported on metal
oxides."” Gold, generally a very poor catalyst, can act as an efficient
catalyst for chemical reactions only when it is in the form of
very small particles deposited on supports. As stated earlier, the
dispersion of metal nanoparticles on graphene is an effective
strategy to prepare highly active nanoclusters of metals. Corma
and coworkers''® demonstrated in a theoretical study that defec-
tive graphene sheets are able to stabilize small gold nanoparticles
or clusters as well as transition metal oxide supports without
changing their morphological, electronic, and catalytic properties.

Experimentally, the decoration of graphene with metal atoms
has been successfully accomplished by using techniques such as
atomic layer deposition (ALD),*” chemical reduction,'® emulsion,"*
electron beam," etc. Therefore, it is of interest to investigate the
catalytic activity of a gold cluster supported on the defective
graphene for the methane oxidation reaction. Recently, Mowbray
and co-workers'® have demonstrated computationally that the
catalytic ability of gold for partially oxidizing methane directly
depends on the promotion from the support. On naked gold
nanoparticles, the adsorption of molecular oxygen is much
stronger than that of methane. With the promotion of a rutile
TiO, substrate, the charge of Au particles becomes more positive.
As a result, the adsorption of methane over gold is stronger while
the adsorption of oxygen remains relatively unchanged. To inves-
tigate the influence of the metal-doped graphene on the catalytic
activity of the gold cluster, the mechanism of methane oxidation on
Au, supported on three different metal-doped graphene supports:
Au-graphene, Pd-graphene, and Pt-graphene, were evaluated
and the systems were compared. Experimentally,'” the cluster
of 4 Au atoms is found to be an active cluster for catalyzing the
ester-assisted hydration of alkynes. The Au, cluster is employed
to represent the smallest cluster of gold. In this way we can
provide a better understanding of gold-based nanocatalysts for
the partial oxidation of the methane reaction.

Results and discussion

The electronic structure of a Au, active surface on metal-doped
supports

The optimized structures of three supported metal clusters are
shown in Fig. 1 (frontal perspective; Fig. S1-S3 give orthographic
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Fig. 1 Optimized geometries of the clusters on the graphene support.

views, ESIt). In order to demonstrate the effect of doping and
graphene support on charge distribution on the surface of the
subnanocluster, the NBO partial charges of pyramidal-like clus-
ters: Aus, Au,Pd, and Au,Pt, both in the gas phase and on the
defective graphene, are tabulated in Table 1.

Without the graphene support, the replacement of the apex
gold atom by either a Pd or a Pt atom leads to the enhancement
of the positive charge on the Au, moiety. In the case of doping
with a Pd atom, having a closed-shell 4d'® ground state, some
electron density from its 4d orbital is promoted to the valence
orbitals (55%°4d%**5p®"?6p®'?) for the formation of the Pd-Au
metal-metal bond. This promotion from the 4d to the 5s orbital
of Pd is in accordance with the experiment from Koyasu et al.'®
Similarly, the electronic structure of the Pt atom in Au,Pt is also
changed to 65°°°5d°*'6p°** from the 6s'5d° configuration in
its isolated state. The electronic ground states of the Aus, Au,Pd,
and Au,Pt clusters are doublet, singlet, and singlet spin-states,
respectively. For the deposition on the single vacancy defective

Table 1 NBO charges of the four equivalent Au atoms in the three
clusters in the isolated systems and deposited on the graphene support

Aus system Au,Pd system Au,Pt system

NBO charge (e) Isolated Ms-G* Isolated Ms-G  Isolated Ms-G

Auy moietyb —0.174 0.205 0.090 0.213 0.232 0.106
Adatom T™M 0.174 -0.172 —-0.090 —-0.309 —-0.232 —0.398
Graphene® — -0.034 — 0.097 — 0.293

¢ Ms;-G refers to the system of the metal cluster deposited on the single
vacancy graphene. ” Sum of atomic charges of Aul-Au4 atoms. ¢ Sum
of atomic charges of graphene.

Phys. Chem. Chem. Phys., 2015, 17, 9706-9715 | 9707
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graphene via the apex metal atom, a small electron is trans-
ferred from the graphene to the metal cluster in the cases of
Au,Pd and Au,Pt systems. The net charge accumulations on
defective graphene are 0.097e and 0.293e for the Au,Pd and
Au,Pt systems. On the other hand, a small electron transfer
from Aus to the graphene support is observed, resulting in the
net charge of defective graphene of —0.034e. While the charge
transfer between graphene and metal clusters in all three cases
is different, the net charges of the Au, moiety of all three cases
still remain positive with the values of 0.205e, 0.213¢, and
0.106e for the Aus, Au,Pd, and Au,Pt systems, respectively.
Fig. 2 displays the electron density difference which is the
difference between the electron density of the nanoparticle-
defective graphene system and its separated components
(nanocluster and defective graphene). For the Aus-graphene
complex, the depletion of electron density at the Au2 and Au4
atoms (blue contour) occurs after the deposition onto gra-
phene. As a result, the charge of the Au, moiety is dramatically
changed from negative (—0.174e) to positive (+0.205¢). And the
unpaired electrons on the metal cluster were transferred to the
carbon network of graphene (¢f. Fig. S4, ESIt). For the deposi-
tion of the Au,Pd nanocluster, there is an accumulation of
electron density at the Aul and Au3 atoms (red contour) and a
depletion of electron density at the Au2 and Au4 atoms (blue
contour) as compared to the isolated cluster. As a result, the

Au,/graphene
»

\g}{:@’ u3
R
PR e

L o]

.001

Fig. 2 Plots of the electron density difference for AusM@graphene
systems (M = Au, Pd, or Pt atom) which are obtained as follows: Ap =
p(AugsM@graphene) — p(graphene) — p(AusM). The pictures are obtained
from the cross-section through the Au2—-Au4 bond (left) and the Aul-Au3
bond (right). Blue and red correspond to electron depletion and electron
accumulation, respectively.
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Aul and Au3 atoms become less positive with the values of
0.056e and 0.146¢, respectively. The atomic charges of Au2 and
Au4 atoms are dramatically changed from negative (—0.184¢)
to slightly positive (+0.023e and + 0.013e, respectively).
The strong depletion of electron density at the Au, moiety leads
to a more negative charge of the Pd center from —0.090e
to —0.309e. Unlike the Au,Pd-graphene complex, the deposi-
tion of the Au,Pt cluster leads to the accumulation of electron
density on the metal atoms of the cluster through the Pt atom
to the Au, moiety, resulting in the decrease of the positive
charge on the Au, surface from +0.232e in the gas phase
to +0.106e and the enhancement of the negative charge on
the Pt atom (—0.398e).

The M-Au bonds of the nanoclusters on graphene are
lengthened, compared to that of the isolated clusters. The
interaction energies between the metal clusters and graphene
were calculated to be —73.5, —106.3, and —157.3 kcal mol " for
the supported Aus, Au,Pd, and Au,Pt nanoclusters, respectively.
The bond lengths are given in Fig. 1. The reported structures in
Fig. 1 are found to be more stable than the other configurations
for the deposition of a pure gold cluster (Aus) and bimetallic
clusters (Au,Pd and Au,Pt) on the defective site of graphene as
shown in Fig. S5 (ESI{). From the change in the partial charges,
it might be expected that doping the gold cluster with a
palladium or a platinum atom and a graphene support would
change the electronic properties and therefore the catalytic
characteristics of the clusters. Below, we present calculations
on the partial oxidation of methane utilizing these materials.
The reaction mechanism for the partial oxidation of methane
by N,O is described in Scheme 1. To facilitate the presentation,
the catalytic pathways are divided into three steps: N,O decom-
position, C-H methane bond activation, and methanol for-
mation, respectively. For N,O decomposition, this process
consists of the adsorption and decomposition of nitrous oxide
over the metal active site of catalysts to yield the oxygen-
containing metal species (MO/graphene) as the oxidative cata-
Iytic site for subsequent methane oxidation. Methane reacts
with MO/graphene to enter the catalytic cycle consisting of two
steps. First, the C-H activation of methane occurs on the
oxygen center of the active site leading to the formation of
the hydroxyl-methyl-intermediate. Second, the C-O coupling of
two moieties produces methanol. The energetic profiles for
methane-to-methanol conversion by different catalytic systems
are shown in Fig. 4-7 and tabulated in Tables S1-S3 in the ESL.¥
Some structural parameters of complexes along the steps of
the catalytic cycle for the partial oxidation of methane by N,O
over the catalytic systems are tabulated in Tables S4-S12 (ESIf).

Au3

Au3 Au3 Au3 Au3 / \
Al4 'Au2 /Tu4 >Au2 s \Auz ch—A( \Auz A“4\ /AUZ
—> —> —> —
\»,\u1 O—al ,‘O\A{ \A{ At
i N ‘ SH
NS 3 H
H3C/ o ch,
U] (U] () (V) )

Scheme 1 Reaction mechanism for the partial oxidation of methane by N,O
over the Auy moiety of AusM@graphene systems (M = Au, Pd, or Pt atom).
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The vibrations corresponding to the imaginary frequency in the
transition state are illustrated in Fig. S6-S8 (ESIT).

N,O decomposition reaction

In all cases, the Aul atom has a more positive charge than the
other three centers. Therefore, this site is used as the active
center for N,O decomposition. Attempts have been made for
investigating the mode of adsorption around the Aul atom. The
first mode is the adsorption directly on the Aul atom. The
second is the interaction of N,O with the bridging 2 Au atoms
(Aul and Au4 atoms) and the third is the interaction between
N,O and Aul, in contact at the same time with graphene. The
second and third modes are shown in Fig. S9(a) (ESIt). Only in
the case of Aus/graphene, the N,O 1 Au, moiety is found. The
direct interaction between N,O and the Aul atom is used as an
initial step for N,O decomposition. N,O is weakly adsorbed on the
Au1 atom with the adsorption energy of about —4.5 kcal mol ™ for
the supported Aus, Au,Pd, and Au,Pt systems, respectively. The
mode of adsorption is found to be slightly stronger than the
interaction between N,O and the graphene surface as shown
in Fig. S9(b) (ESIt). The Au- - -O intermolecular distance is about
2.9-3.2 A, while the N-O bond of the nitrous oxide molecule is
slightly elongated by about 0.01 A. However, no real orbital
interaction or chemical bond between the N,O molecule and
the catalyst can be observed. This observation is consistent with
results from our previous study on the decomposition of N,O
over the Au’~H-ZSM-5 system.'® From the NPA results (cf, Fig. 3),
the negative charge of the oxygen atom of N,O is partially
donated to the metals deposited on graphene. Consequently,
N,O becomes slightly positive by 0.056e, 0.066e, and 0.061e for
the Aus/graphene, Au,Pd/graphene and Au,Pt/graphene, respec-
tively. The Au, fragment becomes less positive in all three cases
and the negative charges of the adatoms also decrease slightly.

Subsequently, the N,O molecule is decomposed via the transi-
tion state TS1 over the Au surface of the metal nanocluster/
graphene catalysts. In the TS1 structure, the Au- - -O bond distance
becomes shorter (about 2 A) and concurrently the N-O bond
distance is lengthened from 1.18 to about 1.7 A. The N-N-O bond
angle changes from linear to 123° owing to a hybridization change
from sp to nearly sp> at the middle N. The spin-resolved energetic
profiles in Fig. 4-6 clearly demonstrate that the catalytic decom-
position of N,O always takes place in the ground state of the
catalysts, which is the doublet spin state for the Aus/graphene and
the singlet spin state for the bimetallic systems, without spin
inversion from low-spin to high-spin being energetically advanta-
geous at any stage. The frequency analysis indicates that TS1 of all
the systems has a single imaginary frequency (403.9i, 486.8i, and
449.8i cm™ " for the N,O decomposition over the supported Aus,
Au,Pd, and Au,Pt systems, respectively), corresponding to the
dissociation of N and O atoms of the adsorbed N,O molecule.
This process is exothermic for all systems with energy barriers of
16.1, 13.8, and 11.8 kcal mol " for the supported Aus, Au,Pd, and
Au,Pt systems, respectively. The lowering of the activation energy
is consistent with the amount of charge transfer. The charge
differences between the adsorption state and the transition state
(TS1) are +0.827e, +0.834e, and +0.857e for the supported Aus,
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Fig. 3 The charge evolution of catalytic moieties along the decomposi-
tion of nitrous oxide obtained from the natural population analysis (NPA)
over three catalytic systems: (a) Aus/graphene, (b) AusPd/graphene, and
(c) AugPt/graphene, respectively. The population analyses were done by a
single point calculation from the low-spin state optimized structures of
each system, excepting the N»/AusOPd and the N,O—-TS over the AusPt—
graphene complexes which were obtained from the high-spin state
optimized structures as the stable spin state of these two complexes.

Au,Pd, and Au,Pt nanoclusters, respectively. As observed in a
previous study,"® the more the charge transferred, the higher the
catalytic gain. The transition state (TS1) leads to the deposition
of an oxygen species on the Au, fragment of all three catalytic
systems. The potential energy of the high-spin state (triplet)
decreases after passing through the TS1 transition state only in
the case of Au,Pd/graphene, while the catalytic N,O decomposition
by supported Aus and Au,Pt takes place without the intervention of
spin inversion. As a result, the catalytic reaction over Au,OPd/
graphene would move on the triplet potential energy surface while
the catalytic reaction over the AusO/graphene and the Au,OPt/
graphene would continue in the low spin states of each system,
which are the doublet and singlet spin states, respectively. After
dissociation, N, is able to desorb easily with desorption energies
of 3.3, 3.6, and 3.2 kcal mol™~* for the Aus0, Au,OPd, and Au,OPt
systems, respectively.

CH, partial oxidation reaction

The conversion of methane-to-methanol over the oxidized
nanoclusters is divided into two reaction steps similar to those
found in the metal-oxo complexes.?’ The first step is the C-H
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Fig. 4 Energetic profiles (kcal mol™?) along the low-spin state and the high-spin state of the Aus/graphene catalyst for the partial oxidation of methane.
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bond activation of methane via TS2. In a similar way to that of
metal-oxo catalysts, methane activation can occur by a homolytic
or a heterolytic mechanism. The second one is the recombination
of methyl and hydroxyl moieties to produce the methanol product
via the transition state TS3 as shown in Fig. 4-6.

Initially, methane weakly adsorbs on the metal-oxo moiety
with one hydrogen atom of methane pointing towards the
oxygen atom of the metal-oxo moiety. The calculated adsorption
energies were —3.5, —4.0, and —2.4 kcal mol " for the supported
Au;0, Au,OPd, and Au,OPt clusters, respectively. The structure
of the absorbing molecule and active sites are not significantly
disturbed. Then, the C-H activation takes place via hydrogen
abstraction through the transition state TS2 as shown in Fig. 4-6.
As aforementioned, this occurs on the doublet, triplet and singlet
energy surfaces for the catalytic activation by the AusO-graphene,
Au,OPd-graphene, and Au,OPt-graphene systems, respectively.
In all systems, there is no spin-crossing in the C-H bond activa-
tion step because the TS2 transition structure of these three cases
lies above the potential energy of the methane adsorption step.
The migration of a hydrogen atom to the oxygen atom proceeds
via a five-membered transition structure. This step leads to
the formation of the methyl-hydroxo-intermediate. At TS2 of
the three systems, the C-H bond of methane is polarized by the
metal-oxo moiety, leading to the lengthening of the C-H bond
to about 1.3 A. The dissociated H is transferred to the oxygen
atom of the catalysts with a O-H bond distance of 1.25-1.39 A.
The catalytic C-H activation process is exothermic in all cases
with relative energies of —23.4, —26.7, and —24.7 kecal mol '
and activation energies of 15.3, 15.7, and 17.7 kcal mol~" must
be overcome. The reaction barriers of the C-H bond activation
indicate that this process is both kinetically and thermodynami-
cally preferable. They are slightly lower than that for the methane
activation over the AuO-doped graphene (19.7 kecal mol'; see
ESIT). The frequency analysis indicates that the TS2 of all the
systems has a single imaginary frequency (1982.4i, 1926.0i, and
1830.3i cm™ ! for the methane activation over the supported
Aus0, Au,OPd, and Au,OPt systems, respectively), corres-
ponding to the dissociation of C and H atoms of the adsorbed
methane molecule.

After the breaking of the C-H bond, the methyl-hydroxo-
intermediate (IV intermediate) is formed in all cases. The low-
spin state is found to be the ground state of all systems for the
methyl-hydroxo-intermediate. The next step of the reaction is
the formation of methanol via the TS3 transition state that
corresponds to the rebound reaction between the methyl and
hydroxyl functional groups. Two catalytic mechanisms were
proposed for the formation of methanol from the methyl-hydroxo-
intermediate. As shown in Fig. 4-6, the methanol molecule is
produced through the transition state TS3 in which the recombina-
tion of two ligands bound on different metal centers of the cluster
takes place. The distance between the C atom of the CH; moiety and
the O atom of the OH moiety decreases and the distance between
Aul and O atoms is lengthened. Here, in the cases of Au,Pd/
graphene and Au,Pt/graphene, the spin state changes from
singlet to triplet at the transition state TS3. Taking into account
spin-crossing, which is easily possible given the environmental

This journal is © the Owner Societies 2015

PCCP

couplings, the activation energies with respect to the methyl-
hydroxo-intermediate are 40.0, 37.3, and 38.5 kcal mol ™ for the
supported AusO, Au,OPd, and Au,OPt clusters, respectively.
Also TS3 is confirmed by a normal mode analysis resulting in
one imaginary frequency at 532.8i, 411.3i, and 420.2i cm ™,
respectively. This frequency is related to the formation of the
C-O bond. This step is found to be the rate-limiting step of
the partial oxidation of methane by N,O as the oxidant over
the subnanoclusters supporting the single vacancy graphene
material. In all cases, this last reaction step is an exothermic
process with respect to the formation of the methyl-hydroxo
complex indicating that this process is thermodynamically
preferable. After the TS3 step, methanol is formed. Concurrently,
the catalytic active site of the pure gold cluster (Aus) and the
bimetallic clusters (Au,Pd and Au,Pt) is recovered. The resulting
methanol adsorbs on the Aul atom of all systems through the
lone-pair interaction between the oxygen atom of methanol and
the metal center. Energies of 10.5, 12.0, and 12.3 kcal mol " are
needed for releasing methanol from the supported Aus, Au,Pd,
and Au,Pt nanoclusters, respectively.

On the other hand, methanol could also be formed via the
one-centered recombination process involving two reaction
steps as shown in Fig. 7. In this proposed mechanism, the
methyl ligand is first transferred from one Au atom to the
adjacent Au atom having the OH ligand through the transition
state TS3g,, yielding an intermediate IVy in which both ligands
are attached to the same Au atom of the metal clusters. After the
formation of the IVy intermediate, methanol is formed via the
transition state TS3g,. The calculated profiles for this process are
shown in Fig. 7(a)-(c). The energy barriers for the methyl shift via
the TS3g; are calculated to be 15.5, 18.3, and 15.6 kcal mol™*
which are significantly lower than the two-centered recombina-
tion process (TS3). At the TS3g; transition state, the C-Au4 bond
of the methoxy-hydroxo-intermediate is elongated, concurrently
with the contraction of the C-Au1 bond length (about 2.1 A). The
structural changes are the elimination of the C-Au4 bond and
the formation of the C-Aul bond. The imaginary frequencies
associated with this transition state are 95.3i, 73.1i, and
98.6i cm ' for the supported AusO, Au,OPd, and Au,OPt nano-
clusters, respectively. The formation of the IVg intermediate is an
endothermic process with respect to the IV intermediate, except-
ing in the case of the Aus—graphene system.

The second half of this route is responsible for the for-
mation of the methanol product that is formed through the
TS3g, transition state. The TS3g, transition state consists of the
dissociation of the Au1-C bond and the formation of the C-O
bond. In the TS3y, transition state, the Aul-C bond length
increases to ~2.4 A while the C-O bond decreases to ~2.0 A in
all three cases. One imaginary frequency at 493.5i, 482.9i, and
479.9i for the supported Aus0, Au,OPd, and Au,OPt, respectively,
relates to the movement of the ~-CH; moiety from the Aul atom
to the hydroxyl oxygen atom. The calculated energy barriers for
this step are 40.4, 24.9, and 28.2 kcal mol *, respectively. In
comparison to the rebound process through the TS3 transition
state, the methanol formation proceeding through the one-
centered recombination process involving the TS3g; and the
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respectively.

TS3g, transition states is kinetically more favorable except in the
case of Aus/graphene. The strong binding between two ligands
and the surface Au, moiety in the case of Aus/graphene is critical
in the last step of methanol formation. The rate-determining
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step of partial oxidation of methane by nitrous oxide is the
methanol formation step with activation energies of 24.9 and
28.2 keal mol ™" for the catalysis over the supported Au,Pd and
supported Au,Pt, respectively.
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Comparing this to the case of an atomic gold atom
embedded on graphene (Au/graphene; data given in the ESIL
¢f Fig. $10), Au/graphene also provides an excellent catalytic
activity for the partial oxidation of methane into methanol. The
activation energies for this reaction were predicted to be 17.3,
19.6, and 7.5 kcal mol™' for N,O decomposition, C-H bond
activation and the methanol formation steps, respectively. How-
ever, the catalysis over the Au/graphene catalyst would be severely
hampered, mainly due to a very strong interaction between
methanol and the active center of the catalyst. An energy of
32.0 kcal mol ™" is required for releasing the methanol molecule.
In comparison, Au,Pd deposited on the single vacancy graphene
seems to be a better candidate for the partial oxidation of
methane into methanol by using N,O as the oxidant.

A comparison of the results of the supported and unsupported
Au,Pd (see Fig. S11, ESIt) reveals that the graphene support plays
an important role in catalytic activity. The activation energies for
the three steps of reaction over the unsupported Au,Pd cluster were
predicted to be 28.2, 12.5, and 47.8 kecal mol * for the decomposi-
tion of N,O, the first C-H bond activation of methane, and the
methanol formation, respectively. These values are much higher
than the ones for the graphene-supported cluster. The inefficiency
of Au,Pd for N,O decomposition is in agreement with the experi-
ment of Wei,?* which reported a decrease of N,O decomposition
activity over a bimetallic Au-Pd alloy catalyst.

Methodology

In this study, the M06-L density functional, which was specifi-
cally created for investigating chemical reactions catalyzed by
transition metals,>* was employed to study the partial oxidation
of methane catalyzed by pure gold and gold-based bimetallic
clusters deposited on the single vacancy graphene sheet. Pre-
viously, the model of M; deposited graphene was used by
Corma et al'' in the investigation of the stability of gold
clusters on the defective graphene sheet. Considering the strong
relativistic effect of the electrons in heavy metals (Au, Pd, and Pt),
the Stuttgart-Koeln MCDHF RSC ECP>® and its basis set were
used for the transition metal atoms. The 6-31G(d,p) basis set was
used for the remaining atoms. A finite cluster model of graphene
containing 111 carbon atoms (¢f. Fig. 8), which is sufficiently
large to realistically mimic the properties of the support,
as reported in references,''”** was selected. The geometrical
structures of metal-doped graphene and the adsorbing mole-
cules were fully optimized without any symmetry restrictions.
A SCF convergence criterion of 10~ ® for the density is used for all
calculations. For optimization, convergence criteria, which are
gradients of maximum force, RMS force, maximum displace-
ment and RMS displacement, are 0.000450, 0.000300, 0.001800,
and 0.001200, respectively. Spin-crossover may play a role in
these catalytic reactions. Therefore, all catalytic profiles were
investigated both in the low-spin state and the high spin-state.
Partial charges of the orbitals, atoms and complexes were analyzed
by the natural bond orbital (NBO) method. In the NBO analysis,
the molecular orbital basis sets are decomposed into a localized
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Fig. 8 Model of single vacancy graphene as a support for subnano-metal
clusters as used in this work.

form, corresponding to one-center orbitals, either non-bonding
natural atomic orbitals (NAOs), or Rydberg type orbitals, and
two-center elements (NBOs) similar to the chemist’s Lewis
structure picture. The sum of all contributions belonging to
a specific center produces the atomic charge of this atom.
Further details of NAO construction and associated natural
population analysis (NPA) assignments of atomic charge can be
found elsewhere.*®

The Berny algorithm®® was used to optimize all transition
structures in this work. Vibrational frequency analyses were
performed to ensure that the stationary points on the potential
surface of the systems are either local minima (only real
frequencies) or transition states (one imaginary frequency
corresponding to the reaction coordinate). All energies and
energy differences are calculated at 0 K including zero point
energy (ZPE) correction. All calculations were performed using
the Gaussian 09 program.>’

Conclusions

The catalytic activity of doped subnano-gold clusters deposited
on single vacancy graphene toward the partial oxidation of
methane, in which N,O is used as an oxidant, was systematically
investigated in this work. The results demonstrate the reactivity
trends by means of two-state reaction profiles. Deposition of
the Auy,Pd cluster via the Pd site on the defective graphene
alters the electronic structure of the surface Au, moiety to be
more positive. Amongst the catalytic systems in this study,
Au,Pd/graphene is found to be the most active catalyst for the
oxidation of methane into methanol. While the Aus/graphene
provides an excellent catalytic activity only for N,O decomposi-
tion, the oxidation of methane over the activated Aus/graphene
is kinetically unfavorable. For the partial oxidation over the
Au,Pd/graphene catalyst, the N,O molecule firstly dissociates
on the catalyst with an activation energy of 13.8 kcal mol ™,
generating Au,OPd/graphene as an oxidizing agent for the next
cycle of methane oxidation. The C-H bond activation takes
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place through heterolytic cleavage. The activation energy for
this step is 15.7 kcal mol ™", which is in the same order of other
values reported for various catalysts. The activation of the
methane C-H bond leads to the formation of the methyl-hydroxo-
intermediate. The methanol product is formed through two
steps of catalytic reaction involving the transfer of the methyl
moiety into the gold center having a hydroxo ligand and the
recombination of two ligands over the same center of gold in
the Au,Pd/graphene. The activation energies for these two steps
are calculated to be 18.3 and 24.9 kcal mol™!, in which the
latter step is found to be the overall rate-determining step.
These activation energies for the catalysis over the Au,Pd/
graphene are significantly lower than those in the unsupported
cluster. The Au,Pd/graphene would be a good candidate for the
partial oxidation of methane with the N,O oxidant. The catalytic
enhancement is mainly due to the electronic effect produced by
the dopant and the deposition on single vacancy defective
graphene. These findings might be very useful for the develop-
ment of a graphene-deposited metal nanocluster as a hetero-
geneous catalyst.
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Table S1. ZPE-corrected relative energies of the system along the steps of the catalytic cycle for the partial oxidation of methane by N,O over the graphene-
deposited Aus catalyst. The energy of the isolated subsystems in their lowest-energy spin state is taken as zero.

Steps Relative Energy (kcal-mol!)
Doublet spin-state Quartet spin-state
Isolated systems 0.0 18.8
N,O adsorption -4.5 14.1
N,O decomposition transition state (TS1) 11.6 21.7
N, adsorption on AusO -9.2 -2.1
N, desorption -5.9 1.4
CH, adsorption -9.4 2.0
C-H bond activation transition state (TS2) 5.9 16.8
Intermediate of C-H bond activation -32.8 -25.0
Two-centered recombination
C-O formation transition state (TS3) 7.2 10.6
One-centered recombination
CHj; Shift transition state (TS3g,) -17.3 -10.1
IV} intermediate -20.1 -34.5
C-O formation transition state (TS3g,) 5.9 18.5
CH;0H adsorption -394 -20.6
CH;0H desorption -28.9 -10.1
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Table S2. . ZPE-corrected relative energies of the system along the steps of the catalytic cycle for the partial oxidation of methane by N,O over the graphene-
deposited AuyPd catalyst. The energy of the isolated subsystems in their lowest-energy spin state is taken as zero.

Steps Relative Energy (kcal-mol!)
Singlet spin-state Triplet spin-state
Isolated systems 0.0 0.8
N,O adsorption -4.6 -3.6
N,O decomposition transition state (TS1) 9.2 11.1
N, adsorption on Au,OPd -8.6 -9.6
N, desorption -5.2 -6.0
CH, adsorption -8.8 -10.0
C-H bond activation transition state (TS2) 9.2 5.7
Intermediate of C-H bond activation -36.7 -33.9
Two-centered recombination
C-O formation transition state (TS3) 5.7 0.6
One-centered recombination
CHj; Shift transition state (TS3g:) -17.4 -18.4
1V} intermediate -18.8 -19.3
C-O formation transition state (TS3g,) 6.5 5.6
CH;0H adsorption -41.1 -39.0
CH;0H desorption -28.9 -28.1

2| J. Name., 2012, 00, 1-3
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Table S3. ZPE-corrected relative energies of the system along the steps of the catalytic cycle for the partial oxidation of methane by N,O over the graphene-
deposited AuyPt catalyst. The energy of the isolated subsystems in their lowest-energy spin state is taken as zero.

Steps Relative Energy (kcal-mol ")

P Singlet spin-state Triplet spin-state
Isolated systems 0.0 3.5
N,O adsorption -4.6 -1.0
N,O decomposition transition state (TS1) 7.2 12.4
N, adsorption on Au,OPt -11.3 -6.0
N, desorption -8.1 -2.6
CH, adsorption -10.5 -4.9
C-H bond activation transition state (TS2) 7.2 7.9
Intermediate of C-H bond activation -35.2 -30.2
Two-centered recombination
C-O formation transition state (TS3) | 6.5 3.3
One-centered recombination
CHj; Shift transition state (TS3g,) -19.6 -15.5
IV} intermediate -21.6 -16.6
C-O formation transition state (TS3g,) 6.6 7.5
CH;O0H adsorption -41.2 -36.1
CH;O0H desorption -28.9 -25.4

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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Table S4. Optimized geometries of complexes along the steps of the catalytic cycle for the N,O decomposition over the Aus/graphene. The values in

parenthesis are for the high-spin state. (Distances are in Angstroms)

Parameters Steps
Isolated N,O TS1 N, adsorption
systems adsorption on OAus
N-N 1.13 1.14 1.16 1.11
(1.14) (1.16) 1.11
N-O 1.18 1.19 1.74
(1.19) (1.61)
Aul-Au4 2.87 3.05 .
(2.86) (2.92)
Aul-O 323 2.02

3.22

Table SS. Optimized geometries of complexes along the steps of the catalytic cycle for the partial oxidation of methane over the AusO/graphene. The values in

parenthesis are for the high-spin state. (Distances are in Angstroms)

Parameters Steps
Isolated systems  CH, adsorption TS2 Intermediate IV TS3 Methanol
adsorption
C-H (methane) 1.09 1.09 1.29
(1.09) (1.32)

H-O 2.45 1.39 0.96 0.97 0.96

(2.96) (1.25) (0.97) (0.97) (0.96)

Aul-Au4 2.82 2.82 3.02 3.06 2.95 2.88

(2.85) (2.88) (2.90) (2.90) (2.94) (2.86)

Aul-O 2.07 2.06 1.97 2.06 2.24 2.54

(2.15) (2.15) 2.52

Au4-O 2.07 2.07
2.14

Table S6. Optimized geometries of complexes along the steps of the catalytic cycle for the formation of methanol through the one-centered recombination

transition state over the AusO/graphene. The values in parenthesis are for the high-spin state. (Distances are in Angstroms)

Parameters Steps
TS3g, IV intermediate TS3g,;
H-O 0.96 0.97 0.97
(0.97) (0.96) (0.97)
Aul-Aud 2.66 2.66 2.70
(2.69) (2.84) (2.68)
Aul-O 2.11 2.10 2.22
(2.11) (2.24) (2.23)
Aul-C 2.11 2.09 2.42
(2.12) 2.05 2.53

Aud-C 3.14
3.16
2.00
(2.05)

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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Table S7. Optimized geometries of complexes along the steps of the catalytic cycle for the N,O decomposition over the Au,Pd/graphene. The values in
parenthesis are for the high-spin state. (Distances are in Angstroms)

Parameters Steps
Isolated N,O TS1 N, adsorption
systems adsorption on OAu,Pd
N-N 1.13 1.14 1.16 1.11
(1.14) (1.16) 1.11
N-O 1.18 1.19 1.68
(1.19) (1.63)
Aul-Au4 . 2.85 3.04 .
(2.81) (3.11)
Aul-O 2.97 2.04

3.22

Table S8. Optimized geometries of complexes along the steps of the catalytic cycle for the partial oxidation of methane over the Au,OPd/graphene. The values
in parenthesis are for the high-spin state. (Distances are in Angstroms)

Parameters Steps
Isolated systems  CH, adsorption TS2 Intermediate IV TS3 Methanol
adsorption
C-H (methane) 1.09 1.09 1.30
(1.09) (1.33)
H-O 2.50 1.35 0.96 0.97 0.96
(2.54) (1.25) (0.97) (0.97) (0.97)
Aul-Au4 291 291 3.00 291 2.98 2.86
(2.99) (3.00) (2.98) (2.95) (2.95) (2.73)
Aul-O 2.04 2.04 1.99 2.06 225 2.46
(2.04) (2.04) . . . 2.65

Au4-O 2.09 2.11
2.17

Table S9. Optimized geometries of complexes along the steps of the catalytic cycle for the formation of methanol through the one-centered recombination
transition state over the Au,OPd/graphene. The values in parenthesis are for the high-spin state. (Distances are in Angstroms)

Parameters Steps

TS3g, IV intermediate TS3g,;

H-O 0.96 0.97 0.97
(0.97) (0.97) (0.97)

Aul-Aud 2.67 2.67 2.67
(2.68) (2.66) (2.66)

Aul-O 2.11 2.11 2.20
(2.14) (2.09) (2.20)

Aul-C 2.12 2.10 2.42
(2.09) 2.10 2.42

Aud-C 3.17
3.43
2.02
(2.02)

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5
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Table S10. Optimized geometries of complexes along the steps of the catalytic cycle for the N,O decomposition over the Au,Pt/graphene. The values in
parenthesis are for the high-spin state. (Distances are in Angstroms)

Parameters Steps
Isolated N,O TS1 N, adsorption
systems adsorption on OAu,Pt
N-N 1.13 1.14 1.16 1.11
(1.14) (1.16) 1.11
N-O 1.18 1.19 1.71
(1.19) (1.64)
Aul-Au4 2.87 2.88 3.03
2.83 (2.83) (2.97)
Aul-O 2.99 2.03

3.16

Table S11. Optimized geometries of complexes along the steps of the catalytic cycle for the partial oxidation of methane over the Au,OPt/graphene. The
values in parenthesis are for the high-spin state. (Distances are in Angstroms)

Parameters Steps
Isolated systems  CH, adsorption TS2 Intermediate IV TS3 Methanol
adsorption
C-H (methane) 1.09 1.09 1.29
(1.09) (1.32)
H-O 2.19 1.37 0.97 0.97 0.96
(2.26) (1.27) (0.97) (0.97) (0.96)
Aul-Au4 . 2.80 3.03 3.32 2.96 2.88
(2.97) (2.98) (2.99) (3.02) (2.90) (2.82)
Aul-O 2.07 2.07 1.98 2.04 227 2.50
(2.04) (2.05)
Au4-O 2.11 2.11

2.12

Table S12. Optimized geometries of complexes along the steps of the catalytic cycle for the formation of methanol through the one-centered recombination
transition state over the Au,OPt/graphene. The values in parenthesis are for the high-spin state. (Distances are in Angstroms)

Parameters Steps
TS3g, IV intermediate TS3g;
H-O 0.96 0.97 0.97
(0.97) 0.97) (0.97)
Aul-Au4 2.65 2.65 2.66
(2.67) (2.66) (2.66)
Aul-O 2.13 2.12 222
(2.14) (2.09) (2.19)
Aul-C 2.11 2.09 2.44
(2.12) . 2.42

Au4-C 3.18
3.28

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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Front view of
Au/graphene model

Side view of
Au /graphene model

Top view of
Au /graphene model

Front view of
Au Pd/graphene model

Side view of
Au Pd/graphene model

Top view of
Au Pd/graphene model

Fig. S2. Different views of the ground-state structure of the Au,Pd/graphene.
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Front view of
Au Pt/graphene model

Side view of
Au Pt/graphene model

Top view of
Au Pt/graphene model

Fig. S3. Different views of the ground-state structure of the Au,Pt/graphene.
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Systems
Complexes
Aus/graphene AugPd/graphene AuyPt/graphene
Al = = =
E,erom= 10.9 kcal/mol E o= 10.2 kcal/mol E yerom= 8-9 kcal/mol
A2 E = 6.0 kcal/mol E = 75.1 kcal/mol
deform - deform - -

A3

E

deform

= 69.9 kcal/mol

E =107.1 kcal/mol

deform

A4

E = 3.5 kcal/mol

deform

Fig. S5. Different configurations of the ground-state structure of the Aus/graphene, Au,Pd/graphene, and Au,Pt/graphene, respectively. The deformation energies
(Egeform) as differences of their energies and the energy of their relating system in Fig. 1. The positive values indicate the instability of the complex as compared with
the structure in Fig. 1.
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(TS2)

TS3, )

X(TS3,,,)

Fig. S6. Vibrational modes corresponding to the imaginary frequency at the transition states for partial oxidation of methane by N,O as oxidant over the

Aus/graphene material. The superscript indicates the ground state of the transition state complexes.

This journal is © The Royal Society of Chemistry 2012
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I(TS1)

3(TS3)

YTS3, )

Fig. S7. Vibrational modes corresponding to the imaginary frequency at the transition states for partial oxidation of methane by N,O as oxidant over the

Au,Pd/graphene material. The superscript indicates the ground state of the transition state complexes.
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Fig. S8. Vibrational modes corresponding to the imaginary frequency at the transition states for partial oxidation of methane by N,O as oxidant over the

Au,Pt/graphene material. The superscript indicates the ground state of the transition state complexes.

This journal is © The Royal Society of Chemistry 2012
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Modes of Systems
adsorption
Aus/graphene Au,Pd/graphene AuyPt/graphene
NOL Au (E,.,= -1.2 kcalmol ] - ;
plane ads
316 A
N,O |l Aul-

Au4 direction

(E,,= -6.2 kcalmol ] (E .= 6.7 kcalmol ) (E, .= -6.6 kcalmol |

Between Aul [E
and graphene

=-3.9 kcal~mol‘1]

ads

(€))

N,O-- % E,,.= -1.2 kcalmol )
graphene
i3.37A

(b)

Fig. S9. Different configurations of N,O adsorption: (a) on the Aus/graphene, AusPd/graphene, and Au,Pt/graphene, respectively and (b) on the graphene. Energies
are the adsorption energy of the complexes.
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for the partial oxidation of methane and the corresponding geometries.
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Fig. S11. Complete energetic profiles (kcal-mol?) along the low-spin state (brown solid line) and the high-spin state (orange solid line) of the unsupported Au,Pd

cluster for the partial oxidation of methane and the corresponding geometries.
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DFT calculations were used to investigate the properties of the atomic copper embedded in the surface of
graphene (Cu/dG) and the catalytic reaction pathway for the CO, hydrogenation to formic acid (FA). The
Cu/dG was active for the adsorption of the hydrogen molecule (H;), and provided a reaction site for the
heterolytic cleavage of H,, leading to the formation of Cu-H deposited on a singly hydrogenated vacancy
graphene (Cu-H/H-dG). The protonation of CO, takes place facilely over the generated metal-hydride
species (Cu-H). Under the dilution of Hy, the catalytic process would be hampered by the formation of

Keywords: . copper-formate deposited on the H-dG due mainly to the very high energy demand for the transformation
CO, hydrogenation .

Graphene of the copper-formate to FA through the protonation from the H-dG. It was further found that the presence
Copper of Hy in the system plays a significant role in producing the FA on the Cu/dG catalyst. The copper-formate
Catalysis species can be converted into formic acid via the heterolytic cleavage of the second hydrogen molecule,
DFT yielding the FA and Cu-H species.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The rapid development, industrialization and transportation, all
powered directly or indirectly by fossil fuels, have resulted in the
unprecedented level of CO, emissions. CO,, as a greenhouse gas, is
a principal contributor to global warming. Advanced technologies
have been applied to either capture and store CO, or convert CO,
into a value-added product as a means to reduce these emissions.
The most important challenge for this process is finding the most
suitable catalyst. Thus, attempts have been made for the develop-
ment of new catalytic routes for the conversion of CO, into useful
products, which is a mandatory key step, not only to reduce the
amount of greenhouse gas but also to minimize the use of fossil
resources [1-5].

Among all chemical transformations of CO,, the conversion
through the hydrogenation process into formic acid has received
considerable attention because the product can be used in vari-
ous applications. Formic acid is widely used not only as a principle
reagent for chemical applications but also as a feedstock for fuel

* Corresponding author at: Department of Chemistry, Faculty of Science, Kasetsart
University, Bangkok 10900, Thailand. Tel.: +66 2 562 5555x5164.
E-mail addresses: fscijkp@ku.ac.th, jakkapan.si@ku.th (J. Sirijaraensre).

http://dx.doi.org/10.1016/j.apsusc.2015.12.117
0169-4332/© 2015 Elsevier B.V. All rights reserved.

cells for making electricity. Nowadays, formic acid is industrially
produced through the hydrolysis of methyl formate or formamide
[6]. In terms of atomic economy, the formation of formic acid
from CO, and H, is an atom-efficient way but, this reaction is
a thermodynamically unfavorable process. Both homogenous and
heterogeneous catalysts have been performed to hydrogenate CO,
[7-10]. In terms of stability, separation and recovery, the hetero-
geneous catalysts would be preferable for large-scale production.
From experimental studies, many kinds of transition metals
have been used for carbon dioxide hydrogenation. The group 11 ele-
ment was found to be active for the carbon dioxide hydrogenation
[11-15]. Although a number of experimental investigations focused
on the chemical conversion of CO,, many aspects of the reaction
mechanisms and the support effects remain unclear. Theoretical
calculations can help to further the understanding of elementary
processes, the structures of reactants and transition state along the
catalytic path and also the role of supports. Attempts have been
made to investigate the mechanisms of CO, hydrogenation cat-
alyzed by copper using DFT calculations [16-18]. From the DFT
results, the clean Cu(111) surface is found not to be an appro-
priate active site for CO, hydrogenation. More open and partially
oxidized Cu facets such as Cu(110), C(100), Cu(211), etc., would
be active surfaces for the conversion of CO; into products [16]. The
high activity of these surfaces is due mainly to a large number of
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unsaturated metal (M) sites of copper contained in the surfaces.
Therefore, coordinately unsaturated coppers in the catalyst would
play a direct role in facilitating the CO, conversion. Low coordi-
nation sites are intrinsically affected by the nature of support. In
addition, a single atomic metal anchored to the support would
be expected to be a promising way for the maximum usage of
metal and provide great potential to achieve high activity [19,20].
Because the surface free energy of the metal atom is too high, the
aggregation of metal atoms into a big cluster on the support usu-
ally occurs. Appropriate supports, which have a strong interaction
with the metal atom, are needed to overcome the aggregation.
More recently, graphene, a two-dimensional monolayer material,
has been used as a promising catalyst support for atomic metals
[21-25]. Both theoretical and experimental investigations have
indicated that the various defective sites on the graphene surface
play a dominant role in immobilizing atomic metal to accomplish
atomically dispersed metal on graphene. Song et al. theoretically
studied the stability of the Cu-embedded graphene and catalytic
performance for CO oxidation [26]. From the theoretical result,
the diffusion energy barrier, which is the energy barrier for diffu-
sion of a copper atom on the single vacancy site of graphene to its
neighboring site, was predicted to be about 54 kcal mol~1. The high
activation barrier implies that the metal clustering problem causing
their mobility on the graphene surface would be absent. Recently
metal-embedded graphenes such as the CO oxidation, N,O decom-
position, and hydrocarbon oxidations on Au, Cu, Fe, supported by
graphene, have been extensively studied [26-30].

Recently, theoretical investigations reported that the atomic
copper, which was deposited into the organic linker of the MOF-
5 and called Cu-alkoxide-functionalized MOF-5, can catalyze the
CO; hydrogenation and the CO, hydration to produce formic acid
and carbonic acid, respectively [17,31]. By using DFT calculations
with the MO6-L functional, the rate-determining step has an acti-
vation energy of 24.2 and 19.1kcalmol-! for the hydrogenation
and hydration reactions, respectively. Witoon et al. showed that
the copper-loaded hierarchical meso-macroporous alumina is able
to catalyze the CO, hydrogenation into value-added products such
as methanol and dimethyl ether (DME) [10]. Motivated by these
studies, it is to expect that the Cu-embedded graphene (Cu/dG)
can also exhibit a similar catalytic behavior for the CO, conver-
sion. The electronic structure and the potential catalytic role of
Cu-embedded graphene in CO, hydrogenation was investigated by
DFT calculations with the MO6-L functional. The details of the reac-
tion mechanisms and energies and geometrical structures along
the catalytic process will be discussed and compared to related
systems.

2. Computational methodology

In this work, the M06-L density functional [32-34], which was
specifically designed for investigating chemical reactions catalyzed
by transition metals [35-38], was employed to study the CO,
hydrogenation over the atomic copper deposited on the single
vacancy site of the graphene sheet (Cu/dG). For calculations, a com-
bination of the Stuttgart-Dresden effective core potential (SDD)
[39] for a copper atom and 6-31G(d,p) basis set for all nonmetal
atoms was used. The finite cluster model of graphene consists of
112 carbon atoms. The edges of the finite model were terminated
by hydrogen atoms. The defective graphene was made by remov-
ing one carbon atom at the center of the model. An atomic copper
was located on the defective site of graphene model (cf. Fig. 1). The
model used is sufficiently large to realistically mimic the properties
of the support, as reported in references [29,30,40]. The geomet-
rical structures of Cu/dG and the adsorbing molecules were fully
relaxed without any symmetry restriction during the optimization.

Fig. 1. The optimized structure and atomic NBO charges of the Cu/dG material. All
distances are in A.

All catalytic profiles were investigated both in the low-spin state
(doublet) and in the high spin-state (quartet) in order to account
for the intervention from spin-crossover during the catalytic pro-
cesses. Partial charges of atoms were analyzed by the natural bond
orbitals (NBO) analysis.

The Berny algorithm was used to optimize all transition struc-
tures in this work. The frequency calculation (keyword = freq) from
the optimized structure is used to confirm that the stationary points
on the potential surface of the systems are either local minima (only
real frequencies) or transition states (one imaginary frequency
corresponding to the reaction coordinate). All calculations were
performed using the Gaussian 09 program [41]. The Gaussum pro-
gram was used to determine the density of states of the optimized
structures [42].

3. Results and discussion

Fig. 1 shows the optimized structure and NBO charges of Cu/dG.
The Cu atom is located on top of the single vacancy site of graphene
to form covalent bonds with three carbon atoms. The bond length
between the Cu and neighboring C atoms obtained from the clus-
ter model of graphene is about 1.88 A, which is comparable to
that of the periodic model from literatures (PWC/DNP [26]=1.83 A,
PBE/PAW [43]=1.88A). The electronic ground state of the Cu-
embedded graphene is the doublet spin state, which s slightly more
stable than the quartet spin state by just 1.5 kcalmol~!. According
to the NBO charge population analysis, the electronic structure of
the Cu atom is changed to 4s9-443d9-°04p9-354d9-01 from the 4s!3d10
configuration in its isolated state. There is a charge transfer from
the Cu atom to the graphene moiety. As a result, the Cu atom has a
positive partial charge of 0.714e and the net charge accumulation
on the defective graphene is negative. Fig. S1 shows the spin den-
sity difference of the Cu/dG. The unpaired electrons on the metal
were transferred to two neighboring C atoms. The spin densities
were 0.357, 0.357, and 0.287 for two neighboring C atoms and
the Cu atom, respectively. The more positively charged Cu atom
in the Cu/dG is expected to have a stronger interaction with the
adsorption gases (H, and CO,) than the neutral copper atom. In
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Fig. 2. Optimized geometries of the adsorption complexes on the Cu/dG model: (a)
CO; adsorption, (b) H, adsorption, and (c) CO,/H;, co-adsorption complexes.

the next section, the adsorption behaviors of CO, and H, on the
Cu/dG and the catalytic processes for the CO, conversion will be
discussed.

3.1. Adsorption of gas molecules on Cu/dG

The adsorption structures of CO, and H, on the Cu/dG are shown
in Fig. 2. By adding on the Cu/dG, the CO, adsorbs on the Cu
atom in the O=C=0. - -Cu/dG direction with the adsorption energy
of —5.1kcalmol~1, which is stronger than the adsorption on the
perfect surface of graphene and the neutral copper atom by 2.1
and 2.7 kcalmol~1, respectively. The Cu-01 intermolecular-bond
distance is 2.66 A and the C=01 bond distance is insignificantly
changed. From the NPA results (cf. Table S4), a small electron
is transferred from the CO, molecule to the Cu/dG. Conse-
quently, the net charge of CO, at the adsorption complex is
slightly positive by 0.030e. For the H, adsorption on the Cu/dG,
the H, molecule adsorbed on the Cu atom with an adsorption
energy of —6.1kcalmol~1, which is comparable with the value
of —5.8 kcalmol~! obtained by Wang et al. from the DFT calcula-
tion (PBE/DNP) with periodic boundary conditions to simulate an
infinite Cu-embedded graphene sheet [44]. By comparison with
the CO, adsorption, the H, molecule binds more strongly with
the copper atom than the CO, molecule. The adsorption energy

of H, on the Cu center is stronger than the adsorption on the
perfect surface of graphene (—1.2 kcal mol~1) and the neutral cop-
per atom (—1.6kcalmol~1). A significant elongation of the H-H
bond is observed at the adsorption complex. The bond distance
of the H, molecule is increased from 0.74 to 0.80 A (about an 8%
elongation). The bond distances between the Cu atom and the two
hydrogen atoms are equal. An electron transfer from the adsorbed
molecule to the Cu/dG is observed, resulting in the net charge of the
adsorbed molecule of +0.123e. Correspondingly, the atomic charge
of the copper atom is decreased to +0.436e. The spin density local-
ized at the Cu atom is also decreased as compared with the isolated
Cu/dG (cf. Fig. S2).

An attempt has been made to investigate the co-adsorption of
two molecules. Based on the optimized structure of the CO, adsorp-
tion complex, the H, molecule was initially located at a distance
of 2.60A from the Cu atom. After optimization, the H, molecule
was moved to form chemical bonds with the Cu atom with bond
distances similar to the H, adsorption on the Cu/dG and the CO,
molecule was moved slightly out from the Cu atom as shown in
Fig. 2. The co-adsorption complex between CO, and H; over the Cu
active site has an adsorption energy of —11.9 kcalmol~!, which is
slightly weaker than the energy of the co-adsorbed CO,/H, on the
Cu-alkoxide-functionalized MOF [17]. The calculated results reveal
that the Cu/dG is selective for adsorption of the H, rather than the
CO,. This result shows that the Cu/dG is one of the suitable mate-
rials for Hy adsorption. Therefore, the catalysis process for CO,/H,
conversion over the Cu/dG would initiate with the adsorption of H;
on the Cu/dG.

The density-of-states (DOS) plot provides complementary infor-
mation to identify changes in the electronic and geometrical
structures of the system. To gain deeper insight for the interaction
between adsorbing molecules and the Cu/dG, the projected den-
sity of states (PDOS) for the s-, p-, d- orbitals of the Cu atom and
sp- orbitals of the adsorbing molecules were projected as shown
in Fig. 3. For the CO, adsorption, PDOS plots of the non-interacting
system and the CO, adsorption complex are nearly identical. The
peak at the energy of —9.4eV is slightly broader than the corre-
sponding peak in the non-interacting system. However, no real
orbital interaction or chemical bond between the CO, molecule and
the catalyst is observed. For the H;, adsorption complex, the PDOS
plot clearly shows the real orbital interaction between the H, and
the Cu/dG. The newly generated peak at the energy of —13.3 eV,
which is the hybridization between the bonding (o) orbital of the
H, molecule and the Cu p-orbitals to form a bonding (p-o) orbital, is
observed. Concurrently, the peak of the energy at —10.8 eV, which s
the o-bonding of the H, molecule, disappears, and the Cu d-orbitals
become delocalized, and slightly modified.

3.2. Hydrogenation of CO, over the Cu/dG

As reported in the literatures, spin-crossing effects can dramat-
ically affect reaction mechanisms on transition metals [45,46]. This
phenomenon is generally called ‘two-state reactivity’ (TSR) and
involves participation of spin inversion in the rate-determining
step. Therefore, the catalytic process of CO, conversion over the
Cu/dG on doublet and quartet spin states were considered as two
low-lying electronic states. The reaction mechanism of CO, hydro-
genation to formic acid as a product is proposed for this process, and
is systematically investigated through two possible reaction path-
ways. As shown in Table S1 in the Supporting Information, catalysis
by Cu/dG always takes place in the doublet spin state without the
intervention of spin inversion from the doublet to the quartet. As
a result, only in-depth details of the mechanisms over the Cu/dG
based on the doublet potential surface as the ground state of the
complexes will be discussed.
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Fig. 3. Plots of density of states projected on s, p, and d orbitals of Cu, orbitals of three neighboring carbon atoms of graphene, which have a covalent bond with the Cu atom,
and orbitals of H, and CO, molecules in the H,-adsorption, CO,-adsorption and H,-CO; co-adsorption on the Cu/dG, and the non-interacting systems (the adsorbing molecule
(either Hy or CO,) and the Cu/dG are positioned in a separation distance of 20.0 A) are compared. Dashed line denotes the position of the highest occupied molecular orbital
(HOMO) of the isolated Cu/dG (non-interacting systems) and complexes (the H, adsorption, CO, adsorption and H,-CO, co-adsorption, respectively).

3.2.1. CO, hydrogenation through Route A

As previously mentioned, the hydrogenation of CO, starts with
the co-adsorption of the H, and CO, molecules over the Cu/dG
(step (2)). In the first pathway, the CO, hydrogenation is pro-
posed through the bimolecular adsorption and can be envisioned
to proceed through the following sequence of steps (1)-(4).

H; +Cu/dG — Hj---Cu/dG (1)
CO, +Hy---Cu/dG — CO5/H,---Cu/dG 2)
CO,/H,---Cu/dG — H-Cu-COOH/dG (3)
H-Cu-COOH/dG — HCOOH. --Cu/dG (4)

The catalytic profile and optimized structures along the conver-
sion of CO, to formic acid through Route A are shown in Fig. 4.
At the transition (TS1a) of this pathway, the CO, is first hydro-
genated at an oxygen atom to form a -COOH ligand (step (3)). At
the TS1a, the distance between the CO, carbon atom (C) and cop-
per becomes shorter and the H-H bond is cleaved. The dissociated
hydrogen (H1) is located at the mid-point between the CO, oxygen
atom (01) and the other hydrogen atom (H2) with the length of
1.24 and 1.01 A, respectively. Furthermore, the CO, molecule starts

to bend to form a carboxyl functional group, which binds on the
Cu atom. The activation energy for this step is computed to be
34.6 kcalmol~!. The frequency analysis indicates that TS1a has a
single imaginary frequency of 1532icm~! for the CO, hydrogena-
tion. This corresponds to the dissociation of the H1 and H2 atoms
of the adsorbed H, molecule. From the spin density distribution
(cf. Fig. S1), the H-H bond breaking takes place via the heterolytic
manner. The NBO charges of the H1 atom and H2 atom at the tran-
sition state are +0.344e and —0.156¢, respectively. These confirm
the polarization of the hydrogen molecule (H1%*-H2%-) at the TS1a
transition state. After this step, the H-Cu-COOH deposited on top
of the single vacancy site of graphene (INT1a) is formed. The INT1a
is less stable than the molecular co-adsorption complex by about
19kcalmol~1.

A subsequent step is the H-transfer from the Cu atom to the
carbon of the —-COOH moiety through the TS2a transition state.
This step requires an activation energy of only 4.0 kcalmol-1. At
the TS2a transition state, the C-H2 bond distance is decreased to
1.56 A and the Cu-H2 bond distance is concurrently lengthened by
0.04 A. The derived transition state is confirmed by the frequency
analysis with one imaginary frequency of 338i cm~1. This frequency
is related to the breaking of the Cu-H2 bond and the transfer of the
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Fig. 4. Energetic profile (kcal mol-1) along the low-spin state of the Cu/dG for the CO, hydrogenation to formic acid through Route A mechanism. Distances are in A.

H2 atom to the carbon atom of ~-COOH moiety. After the reaction
is completed, the formic acid molecule is produced by adsorbing
on the Cu atom of Cu/dG through the lone-pair-electron interac-
tion. Finally, an energy of 20.1 kcal mol~"! is required for releasing
a formic acid molecule from the Cu/dG catalyst.

3.2.2. CO, hydrogenation through Route B

An alternative pathway for this reaction was investigated by
considering the activation of the H, molecule to produce the metal-
hydride species as an active center for the CO, activation. The
optimized structures and energetic profile for this mechanism are
illustrated in Figs. 5-6. The spin density of complexes along this
mechanism is shown in Fig. S2. The following elementary reaction
steps are proposed to be involved in the catalytic conversion of CO,
over the Cu/dG through the Hy-activated intermediate:

Hy---Cu/dG — Cu-H/H-dG (5)
CO, + Cu-H/H-dG — CO,---Cu-H/H-dG (6)
CO,- - -Cu-H/H-dG — HCOO-Cu/H-dG (7)
CO0-Cu/H-dG — HCOOH. --Cu/dG (8)

The proposed mechanism starts with the H, adsorption com-
plex in a similar way as the initial step of Route A mechanism. In
a similar way as any catalytic hydrogenation, molecular hydrogen
needs to be activated by catalysts [47-49]. Therefore, the adsorbed
H, molecule is activated by the Cu/dG, leading to the formation of
a metal-hydride intermediate deposited on the singly protonated
vacancy graphene complex (INT1b). Subsequently, CO, is adsorbed
on the generated complex. The hydrogenation of CO, to formic acid

is proposed to proceed in a two-step process, consisting of the for-
mation of a formate intermediate (HCOO-) and the conversion of
the formate to formic acid. This proposed mechanism is similar
to the CO, hydrogenation on the Cu-alkoxide-functionalized MOF
[17], and alkali metal zeolites [50].

Even though the H-H bond in the hydrogen molecule is a strong
covalent bond (BDE =105 kcal mol~1), the dissociation of H; into
atomic H turns out to be favorable and moderately activated on the
Cu/dG via the TS1b transition state. At the TS1b transition state,
the dissociated hydrogen atom (H2) is located at the mid-point
between the copper and a carbon atom of graphene with the dis-
tances of 1.51 and 1.71A, respectively and the H-H bond distance
is elongated to 2.34 A. With respect to the H, adsorption complex,
this step is exothermic (AE=-10.1kcalmol~') and has a barrier
of E;=19.7 kcalmol~!. This step is concerted (concurrent forma-
tion of the Cu-H bond and C-H bond while breaking the H-H bond
of the H, molecule) and the transition state has a single imagi-
nary frequency with the value of 801icm~!. From the spin density
plot as shown in Fig. S2 and the NBO charge of hydrogen atoms
(q=-0.091e and +0.099¢ for the H1 and H2 atoms, respectively),
the H-H bond is broken via the heterolytic dissociation, in which
a carbon atom of graphene plays the role of a proton acceptor.
This step leads to the formation of Cu-H deposited on the singly
hydrogenated vacancy graphene (INT1b). Since the breaking of the
H-H bond of the hydrogen molecule is exothermic and involves a
moderate activation barrier, one would expect this process to be
kinetically and thermodynamically favorable as compared to the
conversion of H, and CO, through the previous pathway, which
involves a high activation barrier step (E, =34.6 kcalmol~1) and an
unstable intermediate (INT1a). As a result, the INT1b generated
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from the H, dissociation over the Cu/dG would be the initial step
for the catalytic conversion of CO,/H; to formic acid.

After the H, dissociation step, either a CO, or a H, molecule
is able to adsorb on the INT1b. The adsorption of the second H,

molecule on the INT1b (cf. Fig. S3) has an adsorption energy of
—2.3kcalmol~1, which is about 2.5-times smaller than the energy
of CO, on the INT1b (—5.9 kcal mol~!), indicating that the CO, is
preferable to adsorb on the INT1b rather than the adsorption of the
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second H; molecule. For the CO, hydrogenation, the formation of
a formate intermediate (HCOO-) takes place via the TS2b transi-
tion state. At the TS2b, it involves the concerted bond breaking of
the Cu-H1 bond and the formation of the C-H1 bond. The Cu-H1
bond is ruptured and the H1 is transferred to form a covalent bond
with the carbon atom of CO,, leading to the lengthening of the C-O
bonds from 1.17 to 1.22 and 1.19 A for the C-O1 and C-02 bonds,
respectively. The sp-hybridization of carbon in the CO, molecule is
changed to sp? hybridization. Activation energy for this transfor-
mation via the TS2b was calculated to be 13.6 kcal mol~!, which
is significantly lower than that for the corresponding process on
the Cu-alkoxide-functionalized MOF by about 10.6 kcal mol~1 [17].
The low activation barrier in this step indicates that this step occurs
facilely. After the transition state is reached, the formate intermedi-
ate (INT2b) is formed. Experimentally, the formate intermediate is
found to be one of the key intermediates in CO, conversion over
catalysts. On the Cu(111), the existence of a bidentate species
was experimentally observed [15,51,52]. The bidentate complex
of formate over the Cu atom was found to be more stable than
the monodentate HCOO- complex by 10.6 kcal mol~!. The calcu-
lated Cu-O distances of the bidentate complex are 2.02 and 2.12 A.
The INT2b intermediate is about 16 kcalmol~! more stable than
the molecular adsorption complex of CO, over the INT1b inter-
mediate. Since the protonation of CO, is exothermic and involves a
relatively small activation barrier, one would expect this process to
be kinetically and thermodynamically favorable as compared to the
CO, protonation via molecular co-adsorption of CO, +H; in Route
A. Therefore, the proposed mechanism via Route A can be safely
excluded.

The following step is the formic acid formation from the INT2b
intermediate. Two possible pathways are proposed for this process
as illustrated in Figs. 5-6. First, the protonation from the hydro-
genated site of graphene to an oxygen atom of HCOO- moiety
affords formic acid and the Cu/dG through the TS3b transition
state. Similar to the proposed mechanism for the methanol con-
version over the metal-embedded graphene [28], the C-H bond of
the hydrogenated site is elongated from 1.07 to 1.43 A, concur-
rently with the contraction of the forming O-H bond to 1.23A.
The transition state has one imaginary frequency of 1271icm™1,
which is related to the breaking of the C-H bond and the transfer of
the H2 to the oxygen atom of the HCOO- moiety. The energy bar-
rier for this step is 43.2 kcal mol~!, which is the rate-determining
step of the reaction, and the reaction energy is +18.6 kcal mol~!
(endothermic step). After the TS3b transition state, the formic acid
is formed through a lone-pair-electron interaction between the car-
bonyl moiety and the copper metal center as similar in appearance
as at the final step of Route A.

An alternative pathway for the conversion of INT2b intermedi-
ate was investigated by considering the involvement of the second
hydrogen molecule in the formic acid formation via the following
sequence of reaction steps (cf. Fig. 6):

H, + HCOO-Cu/H-dG — H,/HCOO0-Cu/H-dG (9)
H,/HCOO-Cu/H-dG — HCOOH. --Cu-H/H-dG (10)

The starting point for this route is the adsorption of the sec-
ond H; molecule on the INT2b intermediate. The second hydrogen
molecule weakly interacts with an oxygen atom of the HCOO-
moiety as shown in Fig. 6 (Ha/INT2b complex). The calculated
adsorption energy was —2.8kcalmol~!. The structures of the
absorbing molecule and the intermediate are not significantly dis-
turbed. Then, the H-H bond activation takes place through the
transition state TS3c, in which one of the H atoms remains at the
Cu center of the catalyst and the other H atom migrates to form
a covalent bond with an oxygen atom of the formate moiety. At
the transition state, the H3-H4 bond is lengthened by 0.27 A while

the intermolecular of 01-H3 and Cu-H4 distances are shortened
to 1.25 and 1.65 A, respectively. The obtained transition state has
a single imaginary frequency with the value of 1069icm~!. The
activation energy is calculated to be 11.6 kcal mol~'. The required
low energy barrier for this step demonstrates that hydrogen can
be easily activated. This barrier is much lower than the calcu-
lated barrier for formic acid production via the TS3b transition
state and in the range of the barrier for the direct hydrogena-
tion of formate over the Cu(111) surface (Eq=21.0kcalmol-1)
[14] and over the Cu-MOF-5 (E;=18.3kcalmol-1) [17]. There-
fore, the formic acid production would principally be produced
from the hydrogen dissociation on the HCOO-Cu species rather
than the direct hydrogenation from the neighboring hydrogen
atom on the defective site of graphene. The HCOOH molecule is
then generated and stays adsorbed on the Cu site of the Cu-H
intermediate. It binds to the Cu site through a lone-pair-electron
interaction with an adsorption energy of 17.0 kcal mol~1, which is
slightly weaker than the energy of adsorbed HCOOH on the Cu/dG
by 3.1 kcalmol~!. After release of the HCOOH from the catalyst,
the Cu-H deposited on the singly hydrogenated vacancy graphene
(INT1b) is promptly used as a catalytic site for the next cycle of CO,
hydrogenation.

The competitive step is the HCOO- hydrogenation through the
H, dissociation, in which one of the dissociated hydrogen atoms
forms a covalent bond with an oxygen atom of the HCOO- moi-
ety while the other atom migrates to form a covalent bond with
the carbon atom of the moiety, leading to the formation of the
hydroxymethoxy intermediate on the Cu center (cf. TS3d in Fig.
S4).Even though the reaction HCOO-Cu + Hy — CH30,-Cuis slightly
endothermic as compared with the energy of the adsorption of
the second hydrogen molecule on the INT2b intermediate, the
activation energy for H, dissociation is prohibitively expensive
(Eq=67.6kcal mol~1). Therefore, the details for the conversion of
CH30, species into formaldehyde and water molecules will not be
considered further.

From a previous study [17], the activation energy for uncat-
alyzed CO,/H, conversion to formic acid is 73.0 kcal mol~!, which
is much higher than the activation energies for catalytic processes
over the Cu/dG. Without the graphene support, the results of cat-
alytic CO,/H, conversion by a Cu atom via both Routes: A and
B, are shown in Figs. S5-S6, respectively. The activation energies
were predicted to be 22.0 and 29.7 kcal mol~! for the two steps of
reaction through Route A and 30.3, 6.2, and 28.1 kcal mol~! for the
three steps of reaction through Route B. Over the Cu/dG, the most
favored pathway for the CO, hydrogenation would commence with
the H, dissociation on the Cu/dG. The activation barrier for het-
erolytic dissociation of the H, on the atomic Cu and the Cu/dG
is significantly different. The increased chemical reactivity in the
Cu/dG is due mainly to low coordination at the vacancy sites of
graphene. As previously reported, the H, molecule can dissociate
facilely when it is located at the vacancy defects of graphene [53].
The synergistic effect of Cu and a carbon atom at the single vacancy
defect of graphene can facilitate heterolytic cleavage of H,, result-
ing in the Cu-Cbond rupture and the formation of a copper-hydride
intermediate (INT1b). The Cu is capable of shuttling the hydride
to CO, to form a stable HCOO-Cu complex. Our calculated results
reveal that the rate of formic acid formation is directly controlled
by the amount of H,. With the presence of a H, molecule, the
HCOO-Cu complex is rapidly transformed to formic acid through
the H, insertion into the HCOO-Cu complex via the TS3c transition
state. This step requires an activation energy of 11.6kcal mol-1.
The initial H, activation is the rate-determining step of the
reaction, for which an activation energy of 19.7 kcalmol-! is
predicted. From the calculated results, these reveal that the
Cu/dG would be a candidate material to catalyze the CO,
hydrogenation.
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4. Conclusions

The Cu-embedded graphene (Cu/dG) shows promising cat-
alytic activity for the direct transformation of formic acid from
carbon dioxide and hydrogen molecules. The CO, hydrogenation
without activating the H, takes place via a very high barrier
for the first hydrogenation of CO, (E;=34.6kcalmol-!) and
produces the unstable H-Cu-COOH intermediate. Conversely, the
splitting of the hydrogen molecule into hydride and proton, in
which the former and the latter are coordinated on the Cu atom
and a carbon atom at the defective site of graphene, respectively,
is found to be the critical step for the CO, conversion. The energy
barrier for the H, dissociation is 19.7 kcal mol~'. The H,-activated
Cu/dG can facilitate the hydrogenation of CO, to form the for-
mate species. Following the formation of formic acid, the CO,
insertion into the Cu-H species is found to be a kinetically and
thermodynamically favorable process. The activation energy for the
insertion process is predicted to be 13.6 kcal mol~! and exothermic
by 14.6 kcal mol~!, leading to the formation of the HCOO-Cu/H-dG.
In the final step, the dissociation of the second hydrogen molecule
on the bidentate HCOO-Cu species is a kinetically favorable pro-
cess for producing formic acid rather than the direct protonation
from the hydrogenated site of graphene to the formate moiety. The
activation energy for the formic acid production through the dis-
sociation of hydrogen molecule is calculated to be 11.6 kcal mol~1,
respectively.
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Supporting Information

Hydrogenation of CO, to Formic Acid over a Cu-Embedded Graphene: A DFT Study

J. Sirijaraensreab”, J. Limtrakul°

Table S1. Relative energies of the system along the steps of the catalytic cycle for the CO:
hydrogenation over the Cu/dG through the Route A mechanism. The energies of the isolated
subsystem in their lowest-energy spin state is taken as zero.

Steps Relative Energy (kcal mol?)
Doublet spin state Quartet spin state

Isolated system 0.0 15

H2 adsorption -6.1 -3.6
H2-CO2 co-adsorption -11.9 -8.6

TS1a (O-H formation) 22.7 33.6

INT1a 7.2 21.4

TS2a 11.2 21.6
HCOOH adsorption -18.0 -14.3
HCOOC + Cu-dG 2.1 3.6

Table S2. Relative energies of the system along the steps of the catalytic cycle for the CO:
hydrogenation over the Cu/dG through the Route B mechanism. The energies of the isolated
subsystem in their lowest-energy spin state is taken as zero.

Steps Relative Energy (kcal mol?)
Doublet spin state Quartet spin state

Isolated system 0.0 15
Hz adsorption -6.1 -3.6
TS1b 13.6 25.9
INT1b -16.2 9.7
CO2/INT1b -22.1 -0.9
TS2b -8.5 -5.9
INT2b -36.6 -16.3
TS3b 6.6 13.1
HCOOH adsorption -18.0 -14.3
HCOOC + Cu-dG 2.1 3.6

Table S3. Relative energies of the system along the steps of the catalytic cycle for the formic
formation through the second hydrogen dissociation. The energies of the isolated subsystem in their
lowest-energy spin state is taken as zero.

Steps Relative Energy (kcal mol™)

Doublet spin state Quartet spin state
INT2b -36.6 -16.3
H2/INT2b -39.4 -19.1
TS3c -27.8 -7.5
HCOOH/INT1b -31.1 -9.8

HCOOH + INT1b -14.1 11.7




Table S4. Natural atomic charge of considered atoms and molecules for the adsorption
complexes over the Cu/dG catalyst.

Atom/molecule Charge (e)
Isolated H2 CO2 H2-CO2
state adsorption adsorption co-adsorption
Cu +0.714 +0.436 0.753 +0.452
aGraphene -0.714 -0.559 -0.783 -0.590
bH, 0.000 +0.123 +0.120
bCO:2 0.000 +0.030 +0.017

aSum of atomic charges of graphene. PSum of atomic charges of atoms in molecule.
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Fig. S1. Spin density distribution of complexes along the CO:2 hydrogenation over the Cu/dG via
Route A mechanism. Areas where spin polarization is larger than 0.01e a.u.”® are shown in orange.



Fig. S2. Spin density distribution of complexes along the CO:2 hydrogenation over the Cu/dG via
Route B mechanism. Areas where spin polarization is larger than 0.01e a.u.”® are shown in orange.

Fig. S3. Optimized geometry of the Hz adsorption complex on the Cu-H/H-dG complex (INT1b).
Distances are in A.



Fig. S4. Optimized geometries of the second H: dissociation on the bidentate copper-formate (INT2b)
to the formation of hydroxymethoxy intermediate: (a) TS3d transition state structure, (b) copper-
hydroxymethoxy complex (CHzO>-Cu). Distances are in A.
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Fig. S5. Energetic profile (kcal mol!) along the low-spin state of the neutral Cu atom (doublet spin
state) for the CO2 hydrogenation to formic acid through Route A mechanism. Distances are in A.
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Abstract

The activities of atomic Ti-decorated graphene (Ti/dG) for ethylene epoxidation and competitive paths for
acetaldehyde (AA) formation are investigated by means of density functional theory together with the D3
dispersion correction (UMO06-L-D3). Two reaction mechanism for ethylene epoxidation; namely concerted and
stepwise mechanisms, were considered. The computational results reveal that the electron transfer from graphene
can effectively enhance the catalytic activity of Ti atom. Without graphene support, atomic Ti becomes an inert
metal for this reaction. Strong adsorption and significant activation of the reactant O, molecule were observed on
the Ti-decorated graphene material. Over the Oz-adsorbed Ti/dG, the direct attack of the olefin on an peroxo
oxygen center is preferred. The activation for this step is calculated to be 10.9 kcal mol. After the reaction, an
ethylene oxide is formed with one atomic oxygen on top of Ti. Consequently, a gaseous ethylene reacts with the
remaining O atom of TiO moiety for the formation of the second ethylene oxide molecule. The formation of
ethylene oxide over the TiO/dG involves a two-step process which is the formations of oxametallacycle
intermediate and EO, respectively. The calculated barriers for these two steps are 9.9 and 18.9 kcal mol?,
respectively. Furthermore, the Ti/dG showed a lower activation barrier toward EO formation than that of AA.
Therefore, our theoretical study suggests that atomic Ti-decorated graphene could possess catalytic activity for

ethylene epoxidation comparable to that of potential catalysts.



1. Introduction

The development of an effective catalyst to produce ethylene oxide (EO) is still a challenging topic. EO
is an important chemical commaodity for various applications as a raw material for the manufacture of ethylene
glycol and several dozen significant fine petroleum and chemical intermediates. Traditionally, EO was obtained
from the direct oxidation of ethylene with Ag/a-Al,O3 as a catalyst. From experiments, the selectivity to EO is
only 40%-50%. With alkali metal additives and Cl as promoters, the selectivity to EO significantly improves to
be higher than 80%. Less expensive catalysts than silver and less-toxic promoters than chlorinated hydrocarbons
are of interest to the industry from economical and environmentally friendly viewpoints. The greatest challenging
task for this process is finding an efficient catalyst that can catalyze this reaction in mild conditions. Many
materials such as zeolites [1-4], metal [5-9], metal oxides [10-12], and other metal complexes [13,14] have been
proposed as active catalysts for this reaction. The other problem that scientists have been working on for many
years is the utilization of oxidizing agents that are more economical and environmentally friendly. Direct catalytic
oxidation of ethylene into EO by using molecular oxygen as the oxidant is highly desired because purified
molecular oxygen extracted from the air is a cheap oxidant as compared to the other commonly used oxidants
such as hydrogen peroxide, which is typically expensive and potentially hazardous. For economic and
environmental reasons, attempts have been made to synthesize an efficient catalyst that can promote the
epoxidation of olefins with molecular oxygen as the oxidant [15].

The oxidation of ethylene is proposed to yield either ethylene oxide (EO) or acetaldehyde (AA) molecule.
From theoretical and experimental viewpoints, both the EO formation and the AA formation are proposed to take
place via the oxometallacycle species. The selectivity to EO depends on the exposed facets of used transition
metal, the size of nanoparticles, etc. Lee and Chen investigated the reaction mechanisms of ethylene epoxidation
on a copper nanoparticle (Cuss) by first-principles calculations (PW91/PAW) [8]. Both EO and AA are formed
via the Langmuir-Hinshelwood mechanism. From calculations, the EO formation is more favorable than the AA
formation on the Csg nanoparticle because of copper’s strong bonding to oxygen and relatively weak bonding to
carbon of ethylene. For heterogeneous catalysis by deposited transition metals, size reduction of transition metals
and keeping them finely distributed is highly needed to improve their catalytic performance.

The ultimate-size limit for metal particles is the single atom catalyst which contains isolated metal atoms
singly dispersed on substrates. Single-atom catalysts would offer great potential for achieving high activity and
selectivity. Additionally, these catalysts maximize the utilization of deposited metal atoms [16]. The size reduction

generates an increase of unsaturated coordinated environment of the metal species. Thus, metals become more



and more active for chemical reactions. However, very small size of metal as atom, or sub-nanocluster having
high surface free energy, trends to aggregation. Therefore, an appropriate support is required for preventing the
aggregation. Many experimental and theoretical studies demonstrate that defects of the supports could serve as
anchoring sites for transition metal atoms. Besides traditional metal oxides and metals as support materials, two-
dimensional (2D) materials have received considerable attention in the field of single-atom catalysts. Among these
materials, graphene, a two-dimensional monolayer material, has been proposed as a promising catalyst support
for atomic metals. DFT calculations reveal that defects in graphene (such as mono- and divacancies) notably
increase the adsorption energy of metal atoms and small metal clusters. [17-25]. Experimentally, single atoms of
transition metals such as Fe, Co, Au, Pt, and so on. have been decorated onto the graphene surface [26-31]. Some
of these synthesized materials exhibit remarkable catalytic performances compared with the conventional catalysts
[30]. Atomic metal-decorated graphene materials have been theoretically predicted as highly efficient catalysts
for reactions such as CO oxidation, N>O decomposition, hydrocarbon oxidations, CO, hydrogenation, etc. [17-
24]. Recently, Liu and colleagues reported the excellent performance of the Au-decorated graphene as a catalyst
for ethylene epoxidation by periodic DFT calculations (PBE functional with DSPP pseudopotentials) [23]. From
calculated results, the Au-decorated graphene can activate the O, molecule to oxidize ethylene via the
metallacycle-mediated pathway. The activation barriers are predicted to be 6.9 and 19.4 kcal mol? for the
formation and dissociation of the intermediate to produce an ethylene oxide molecule and an adsorbed O atom.
Then, gaseous ethylene reacts with the remaining O on top of the Au atom for the formation of another ethylene
oxide molecule. The second ethylene has two different ways to proceed. The oxidation of ethylene by the
remaining O atom can take place either with the formation of oxametallacycle intermediate or the direct formation
of ethylene oxide. The formation of ethylene oxide via the latter process has an activation barrier of 4.2 kcal
mol. However, the formation of oxametallacycle intermediate is also a kinetically and thermodynamically
favorable process. The barrier for the transition from the adsorbed ethylene to oxametallacycle intermediate is
only 12.4 kcal mol* and the reaction is highly exothermic by 30.7 kcal mol!, Due to the strong electrostatic
interaction, this makes this intermediate much more stable than the adsorption complex, leading to a very high
activation energy of 33.4 kcal mol for the formation of the second ethylene oxide by scission of Au-C bond in
the subsequent step. Therefore, the Au-decorated graphene would be deactivated by the strong chemisorption of
oxametallacycle species on the active site. This motivates us to investigate the properties of graphene modified

with other transition metal to catalyze ethylene epoxidation.



Besides gold, a Ti atom or Ti nanoclusters decorated carbon-based nanomaterials as carbon nanotubes,
fullerene, graphene) have been proposed as effective catalysts for various applications [32-36]. Atomic Ti-
decorated Cego can catalyze dissociation of water to generate hydrogen [32]. Furthermore, the Ti-doped (5,5)
SWCNT can effectively convert nitrous gas (N20) into nitrogen gas (N2) [33]. The Ti-decorated graphene is
predicted to be a potential catalyst for low-temperature CO oxidation by N.O molecule [36]. Thus, the material
confined single atom of titanium is expected to have high performance for catalytic reactions. Recently, the
formation of titanium on graphene as a function of defect density was investigated by Mashoff and co-workers
[37]. By creation of defects on graphene surfaces, the mobility of the deposited titanium atoms is reduced and the
average diameter of the titanium island decreases to 5 nm with monoatomic height. It was found that the hydrogen
uptake is significantly enhanced when the size of the metal is decreased. Therefore, the controlled introduction
of defects on graphene would be a promising way to achieve individual titanium atoms on the graphene surface.
Furthermore, Zhou and coworkers performed the DFT calculations to study the adsorption of O2, CO, NO, and
NHs; molecules on various transition metal decorated graphene materials. Among atomic transition-metal-
decorated graphene materials, the Ti-decorated graphene is highly selective for O, adsorption as similar as found
in the case of Au-decorated graphene [38]. As mentioned earlier, accessible Ti active sites would be obtained by
deposition of Ti atoms on the defect site of graphene. Therefore, the Ti-decorated graphene is expected to be an
efficient catalyst for the ethylene epoxidation by molecular oxygen as the oxidant. To gain a better catalytic
knowledge of Ti-decorated graphene, the epoxidation of ethylene over the Ti-decorated graphene were
comprehensively investigated by means of density functional theory (DFT). The details of reaction mechanisms,
energies, and geometrical structures along the catalytic processes will be discussed and compared to related
systems. The results of this study could be helpful for developing catalysts based on graphene.

2. Methodology and Models

Reaction mechanisms of epoxidation of ethylene catalyzed by atomic titanium deposited on the single
vacancy site of the graphene sheet (Ti/dG) were investigated by means of DFT calculations. The unrestricted
MO6-L density functional [39,40] with a combination of the Stuttgart-Dresden effective core potential (SDD) for
a titanium atom and 6-31G(d,p) basis set for all non-metal atoms was used to investigate structures and energies
of states along the catalytic processes. For the model of graphene, graphene was represented by the finite cluster
model of graphene consisting of 112 carbon atoms (cf. Fig. 1). The details of the finite cluster model of graphene
and the creation of site for metal deposition used in this article following our previous works [21-22]. The

geometrical structures of Ti/dG and the adsorbing molecules were fully relaxed without any symmetry constraint



during the optimizations. To include dispersion interactions, single point calculations with Grimme’s method [41]
(UMO6-L-D3) were performed. All catalytic profiles were investigated both in the low-spin state (singlet) and in
the high-spin state (triplet) to account for the intervention from spin-crossing during the catalytic processes. In

this study, the adsorption energies of molecules on the Ti-decorated graphene were defined as follows:
AEads = Ecomplex - ETi/dG* Eadsorbate (1)

where Ecomplex, ETirgs, and Eagsorate represent the electronic energies of adsorbed species on the Ti-decorated
graphene, the bare Ti-decorated graphene, and the gas-phase adsorbate, respectively. In addition, the co-
adsorption energies of C,Ha with O species and transition states and intermediates along the epoxidation process

were computed as
AEags = Ecomplex — ETirde — XEc,H, — Eo, +YEeo 2

where x=1, y=0 is for the ethylene epoxidation on the Oz-adsorbed Ti-decorated graphene (cycle | epoxidation)
and x=2, y=1 is for the ethylene epoxidation on the TiO-decorated graphene (cycle 11 epoxidation), respectively.
Partial charges of atoms were analyzed by the natural bond orbitals analysis (NBO). All calculations were
performed using the Gaussian 09 program [42]. The GaussSum program was used to determine the density of
states of the optimized structures [43].

3. Results and discussion

The geometrical structure of the Ti/dG is illustrated in Fig. 1. A Ti atom is located on top of the single
vacancy site of graphene. It was found that the Ti atom preferably adsorbs at the vacancy site rather than on hollow
sites positioning adjacent to the vacancy site [34,35]. The bond length between the Ti atom and neighboring C
atoms of the graphene cluster model is about 1.93 A, which agrees well with that of the periodic model (1.93 A).
The electronic ground state of the Ti/dG is the singlet spin state, which is more stable than the triplet spin state by
15.6 kcal mol™. Corresponding binding energy (Es) between the Ti atom and the single vacancy defect graphene
was calculated, resulting in a large negative value of —183.0 kcal mol™ with respect to bulk metallic Ti hcp
structure (exp. = —113.2 kcal mol™*; DFT calculation = —121.5 kcal mol™) [44]. The more negative value of the
binding energy indicates that the Ti atom can be stabilized on defective graphene. This obtained Ep from the
cluster model in this work is consistent with that from the periodic boundary calculation (Ex(PBE-D2) = -179.9
kcal mol?) [35]. From the natural population analysis (NPA), the electronic structure of the Ti atom is changed to
450-33(2:5041n014440-01 from 4s23d? configuration in its isolated state. As a result, the Ti atom has a positive charge
of +1.097e and the net charge accumulation on the graphene is negative.
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The adsorption of reaction species both on the Ti/dG and on the perfect surface of graphene was
investigated. For ethylene epoxidation over the Ti/dG, the key species are oxygen molecule (O), ethylene (Cz-),
ethylene oxide (EO) and acetaldehyde (AA). The adsorption of Oz, Co-, EO, and AA on the Ti/dG were explored.
Because graphene is chemically inert, O,, Cz-, EO, and AA weakly adsorbed on the surface of the graphene with
adsorption energies of —3.4, —5.3, —6.9, and —6.9 kcal mol ™2, respectively. It can be seen clearly that O strongly
adsorbs on the Ti atom in a configuration of bidentate complex with molecular distances of 1.86 and 1.87 A for
the Ti-O1 and Ti-O2 bonds, respectively. The calculated adsorption energy (Eags) for Oz is —59.2 kcal mol™?, which
is significantly stronger than the adsorption of Co= (Eass = —21.4 kcal mol ™), EO (Eags = —31.2 kcal mol™), and
AA (Eags = —34.2 kcal mol™). The adsorption energies of Co-, EO, and AA is slightly higher than the reported
value for H2O adsorption over the atomic Ti-decorated graphene [34]. However, it was found that the electronic
ground state of the O, adsorption is not the triplet spin state as found in the isolated system. Interestingly, the
Ti/dG can facilitate the spin inversion of triplet oxygen molecule. The total electronic configuration of the isolated
system (the isolated Ti/dG + O; (triplet) molecule) is changed from triplet spin state to singlet spin state after the
adsorption of the oxygen molecule on the Ti/dG material, resulting in a favorable active species for the oxo-
functionalization of a singlet ethylene molecule. At the O, adsorption complex (Oz-ads), the singlet spin state is
slightly more stable than the triplet spin state by 4.5 kcal mol™. The adsorbed O, molecule gain large number of
electrons for the substrate. Thus, the adsorbed O, moiety becomes more negative (-0.686€). And the net charge
accumulation on defective graphene becomes significantly less negative from -1.097e to -0.299e whereas the
atomic charge of Ti atom is slightly changed. This is responsible for the elongation of the O-O bond of the
adsorbed O,. The bond length of the adsorbed O is significantly larger than that of the free one (1.23 A). These
results by using the finite model of graphene is in accordance with the periodic boundary condition (PBC)
calculations [38]. This result shows that the Ti/dG is one of the suitable materials for O, adsorption. Therefore,
the catalytic process for epoxidation of ethylene over the Ti/dG would commence with the O»-ads complex. The
epoxidation of ethylene starts with the co-adsorption of the O2 and C,- over the Ti/dG. The adsorption structures
of Oz and C,-on the Ti/dG are shown in Fig.S1. By adding on the Oz-ads complex, the ethylene molecule adsorbs
on the Ti atom through the metal-n interactions. The Ti-C(ethylene) intermolecular bond distances are 2.80 and
2.97 A, respectively. The co-adsorption complex between two reactants over the Ti active site has an adsorption

energy of —71.9 kcal mol™.

To gain deeper insight into the interaction between adsorbing molecules and the Ti/dG, the projected

density of states (PDOS) for d-orbitals of the Ti atom and sp-orbitals of O, and C,- were projected as illustrated



in Fig. S2. The substrate (O, and C,-) coordinates the Ti center of Ti/dG through its pi electrons. From projected
density of states (PDOS), an evidently p—d interaction is found between the adsorbed O, and the Ti/dG. The O»-
2m orbitals is shifted from —7.18 eV to —9.01 eV in the Oz-adsorption due to the p—d hybridization between O and
Ti. The strong hybridization between Ti 3d orbitals and the 2n* orbitals of O is found at the energies of —6.00
and —4.65 eV, respectively. The unoccupied 27* orbital O, becomes lower than the HOMO orbital of the system,
indicating that electron transfer from the Ti/dG to the 2x* orbital occurs. Because the n*-like orbitals in O, are
fully occupied by electrons, pi-characteristic of the oxygen molecule is fully destroyed. This results in an adsorbed
peroxo species. For the ethylene adsorption, the interaction between the ethylene and the Ti center is characterized
as n-d orbital hybridization. The depletion of the w-orbital peak of ethylene (HOMO), which lies at —6.6 eV in the
noninteracting system, can be observed at —9.03 eV along with a broadening of the w*-orbital peak (LUMO) into
a wide energy range, in accordance with the common donation and back-donation picture. The peak at —6.5 eV is
a hybridized bonding orbital of the filled = orbital of ethylene with empty d- orbitals of Ti atom. Simultaneously,
the peak at —4.6 eV is a hybridized bonding orbital between the LUMO of ethylene and the filled Ti d orbitals.
The donation from the HOMO and back-donation to the LUMO makes the © bond connecting two carbon atoms
weak and it leads the C-C bond elongation. For the co-adsorption complex, the electronic structure of the O,-ads
complex is slightly affected by the C,- adsorption. C,- binds to the Ti atom by means of the donation from the
filled & orbital to the empty d- orbitals of Ti. A significant decrease in hybridization between sp- orbitals of Co-
and d-orbitals of Ti atom is observed as compared with the result in the Cx.Hs-ads complex, indicating that
donation from ethylene to the Ti atom becomes weak under the influence of the adsorbed O». A distorted w-orbital
of C.- is found in the co-adsorption complex. As a result, the atomic charge of two carbon atoms is changed from

—0.438e in its isolated state to —0.471e and —0.394e for C1 and C2 atoms in the C;H./O; co-adsorption complex.

3.1 Cycle | epoxidation

For the ethylene epoxidation with metal-peroxo complex, two plausible mechanisms are usually
considered. The first mechanism is called the stepwise mechanism (or Mimoun-type mechanism) [45] which
includes the formation of a = complex between the catalyst and the olefin followed by the generation of a five-
membered metallacyclic intermediate. Subsequently, the generated intermediate decomposes to give the epoxide
product. The second route is called the concerted mechanism (or Sharpless mechanism) [46]. For the latter
mechanism, the free standing C,H4 reacts with a surface activated molecular O, or atomic O generated from the
epoxidation of ethylene by O, to produce an ethylene oxide and oxygen adatom in a single-step. Because the O,

binding is much stronger than the ethylene binding on the metal center, the metal center will be preferentially
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covered by O,. The complete ethylene epoxidation on the Ti-decorated graphene have been considered including
a two-step process as follows: (1) the epoxidation on the O;-adsorbed complex to produce an ethylene oxide and
one atomic O adsorbed on top of Ti metal, (2) the epoxidation on remaining O after the desorption of the first
ethylene oxide to produce the second ethylene oxide and recovery of the active center. Further detailed information
on ethylene epoxidation via the two pathways (stepwise and concerted mechanisms) will be discussed and the

competitive pathway for the formation of aldehyde is also considered and compared.

For the stepwise mechanism (cf. Fig.2), the catalytic process starts with the co-adsorption O, and C;H4
molecules as similar as the proposed mechanisms for the ethylene epoxidation over the materials [23,47,48]. Three
elementary steps are involved in this mechanism: (step I) the formation of peroxametallacycle intermediate, (step
I1-111) the dissociation of peroxametallacycle intermediate and the formation of ethylene oxide, respectively. As
shown in Tables S1-S2 in the Supporting Information section, catalysis by the Ti/dG material mostly takes place
in the singlet spin state with the intervention of spin conversion from the singlet to the triplet spin state as remarked
in energetic profiles with “sc”. The reaction structures along the minimum-energy path and the energetic profile
for the C,- /O, reaction over the Ti/dG catalyst were shown in Figs. 3-8 with corresponding Wiberg bond orders
listed in Table S3. At the transition state for the formation of the metallacycle intermediate (TS1), the O1-0O2 bond
is stretched to 1.46 A while the C1-C2 bond distance is also elongated from 1.34 A in the adsorption state to 1.41
A in TS1. This step is an exothermic process and the barrier for the formation of IM1 intermediate is 14.0 kcal
mol which is slightly higher than the energy barrier for this step over the Au-decorated graphene (7.0 kcal mol™2).
The higher activation energy in this step is due mainly to the stronger adsorption of the oxygen molecule on the
Ti active center. The transition state has an imaginary frequency with the value of 352i cm™ which is related to
the transfer of the O2 atom of peroxo moiety to the carbon atom (C2) of ethylene and the breaking of the C1-C2
bond. The generated intermediate is rather n%-like complex. The Ti-O bond distances are 1.90 A and 2.11 A for
the Ti-O1 and Ti-O2 bonds, respectively. The formation of this intermediate is highly exothermic by —62.9 kcal
mol ™ with respect to the energy of isolated system. Because of the exothermic process associated with the low
activation barrier, it can be concluded that the formation of IM1 intermediate over the Ti/dG is kinetically and

thermodynamically favorable.

Unlike the formation of peroxametallacycle intermediate on the Au-decorated graphene being in the form
of n-intermediate [23], the Ti-O interaction is stronger than the Au-O interaction and provides the driving force
for the observed non-concerted process for the formation of ethylene oxide. Therefore, the formation of either EO

or AA would take place via the alkoxide intermediate ([O-Ti-OC.H./dG] or IM2), which is generated by the
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dissociation of the 0O1-O2 bond of IM1 via the TS2 transition state. The optimized structures and selected
geometrical parameters of the TS2 and IM2 are shown in Figs. 4(e)-(f). The coordinated peroxametallacycle
intermediate then undergoes a heterolytic dissociation over the Ti center. At the TS2 structure, the O1-O2 bond
distance is significantly increased to 1.90 A and the C2-O2 bond becomes shorter by 0.06 A with respect to the
corresponding bond distances of the IM1 intermediate. The reaction in this step is more energetically favorable
with respect to the energy of the IM1 intermediate and proceeds with a low barrier of 8.4 kcal mol. The transition
state has an imaginary frequency with the value of 313i cm™ which is related to the breaking of the 01-02 bond.
Spin crossing from singlet to triplet spin state occurs after the rupture of the O-O bond. After this step, the
CH2CH-0 deposited on the TiO/dG (IM2) is formed. The energy of the triplet state of the intermediate is slightly
lower than that of the singlet state by only 1.0 kcal mol. As shown on Fig. S3, the unpaired electrons are mainly
localized on the oxygen atom and carbon atom of CH,CH>O moiety and slightly localized on carbon atoms of

graphene.

Finally, the step of cyclization to produce EO is examined. The optimized structures and their geometrical
parameters are shown in Fig. 6. At the TS3 state, the tendency to strengthen the C1-O2 interaction and weaken
the Ti-O2 interaction is already apparent. On the singlet spin state, the C1-O2 is shortened from 2.36 A to 1.96 A
while the Ti-O2 distance has reached 1.96 A. The C1-C2 bond length slightly contracts to 1.46 A. Considering
the possibility of spin crossing, the ring closure would take place on the singlet spin surface. The barrier for the
formation of adsorbed EO from IM2 intermediate is 13.9 kcal mol™. The process is slightly exothermic by 3.0
kcal mol with respect to the energy of the IM2 intermediate. After this step, the adsorption of EO over the Ti
center of TiO/dG occurs. The interaction between the EO molecule and TiO/dG (IM3) takes place through the
lone-paired-electron interaction with intermolecular distance of 2.17 A from the oxygen atom of EO. Desorption

energy is calculated to be 27.4 kcal mol* for releasing the ethylene oxide.

Additionally, the IM2 intermediate can undergo several competing isomerization steps. The 1,2-H shift
from C2 to C1 atom of the CH,CH,O moiety leads to the formation of acetaldehyde. Spin crossing from a triplet
to a singlet spin state occurs at the 1,2-H shift transition state (TS3’). At TS3” as shown in Fig. 5, the tendencies
to weaken the C2-H interaction and strengthen the C1-H interaction are apparent. The C1-H and C2-H bond
distances are 1.18 A and 1.67 A, respectively. These occur simultaneously with the shortening of the C1-C2 bond
distance. The transition state has a single imaginary frequency with the value of 910i cm™. The formation of
acetaldehyde from the IM2 intermediate is an exothermic process with an activation barrier of 21.0 kcal mol.

The value of this step is much higher than the one for the transformation of CH,CH,O- to EO from the IM2
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intermediate via TS3 transition state. The significant difference in activation barrier implies that the Ti/dG could

result in the selective formation of EO rather than the formation of aldehyde for the first cycle of reaction.

The catalytic reactions over the peroxo-containing materials follow a concerted oxygen-transfer
mechanism to produce corresponding oxidation products [49,50]. Because of the appearance of a peroxo-like
bond in the Oz-ads complex, the epoxidation of C,- can take place in a single concerted step by reaction of ethylene
with the molecular oxygen-activated Ti/dG. For the concerted mechanism, the n.-c bond of the ethylene transfers
electrons into the co.o” peroxo antibonding orbital of the Oz-ads complex. This electron donation dramatically
elongates the O-O bond and eventually leads to its cleavage. At the TSconcerted transition state (cf. Fig. 3), the Ti-
02 distance is elongated from 1.87 A to 1.90 A. The 01-02 distance is also lengthened to be 1.88 A which is
significantly longer than the corresponding bond of the Oz-ads complex. The transition state clearly shows that
the O-O bond is being broken. The transition state has an imaginary frequency with the value of 313i cm which
is related to the transfer of an oxygen atom of the #2-O, moiety to the ethylene molecule to yield the EO-
coordinated TiO/dG complex. The barrier for the ethylene oxide formation via the concerted mechanism is only
10.9 kcal mol* which is slightly lower than that of the formation of peroxametallacycle in the stepwise mechanism
(Ea = 14.0 kcal mol?). After reaction, the ethylene oxide (EO) is formed with one atomic oxygen (O1) adsorbed
on top of the Ti metal as similar as obtained from the stepwise mechanism. From the comparison of the two
energetic pathways of the ethylene epoxidation by molecular O,, we found that all two pathways are exothermic
and possible. Therefore, the formation of the fist EO is both kinetically and thermodynamically favorable on the

Ti decorated graphene monolayer.

3.2 Cycle Il epoxidation

The following reaction takes place between a gaseous C,- molecule and the adsorbed O atom on top of
the Ti atom for the formation of the second EO molecule and regeneration of the Ti active center (cf. Figs 7-8).
After the desorption of generated EO, either a C»- or O, molecule can adsorb on the TiO/dG (IM3). The adsorption
of the second C2= on IM3 (cf. Fig. 8(a)) has an adsorption energy of —19.9 kcal mol, which is in comparable with
the adsorption energy of gaseous O, on the IM3 (Eags= —21.3 kcal molt). The replacement of EO with an ethylene
molecule is slightly endothermic at about 7 kcal mol, which is in comparable with the reported value for catalysis

by Au-decorated graphene (5.3 kcal mol) [14].

From Wiberg bond order, the Ti-O bond presents a double-bond character with the value of 1.96.

Therefore, the direct formation of EO by reaction of the deposited O atom and gaseous C»- through the concerted
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mechanism is unfavorable. The epoxidation on the adsorbed O atom over the supported Ti atom would take place
via the stepwise mechanism. For stepwise mechanism, a Ca- interacts with the Ti center via metal-n interactions.
The natural population analysis (NPA) shows that the electron transfer from 7 electrons of the C»- to the TiO/dG
occurs in the adsorption step. Thus, the adsorbed C,- molecule gains a partially positive net charge by +0.151e.
The intermolecular distances between the Ti atom and two carbon atoms of ethylene are equal (= 2.67 A). The
structure of the adsorbing molecule and the TiO/dG are not significantly disturbed at the C- adsorption. The
formation of oxometallacycle intermediate (—CH2CH,O—, IM4) takes place via the [2+2] cycloaddition between
ethylene and the Ti-O active site. The transition state TS4 is characterized by the activation of the ethylene
molecule and the formation of Ti-C and C-O bonds. The TS4 structure has nearly flat ring with the Ti-C3-C4-O1
dihedral angle at —0.2°. The C3-C4 bond length presents a predominant single bond character with the length of
1.42 A (Wiberg bond order = 1.32). The Ti-C3 and C4-O1 bonds are formed concurrently with bond lengths of
2.18 and 1.85 A, respectively. The bond order of Ti-O1 is reduced from a double bond character to that of a
predominant single bond (Wiberg bond order = 1.47). The transition state has a single imaginary frequency with
the value of 383.8i cm™. The intermediate formed by [2+2] cycloaddition of ethylene is a four-membered
oxametallacycle (IM4). The formation of the IM4 intermediate has a computed activation energy of 9.9 kcal mol
L and is slightly endothermic with an energy of 4.8 kcal mol*. The obtained energy barrier for this step is
comparable to the reported value for the corresponding step over the Au-decorated graphene (Ea= 12.4 kcal

mol?) [14].

The following step is the formation of EO from the IM4 intermediate through TS5 transition state
involving scission of Ti-C and Ti-O bonds and formation of a C-O bond. The transition state (TS5) clearly shows
that the Ti-C3 bond is being broken, as it is elongated from 2.08 A to 2.66 A. Concurrently, the C3-C4 and C3-
01 bond distances are shortened by 0.06 A and 0.07 A, respectively, indicating the formation of a three-membered
ring product. The transition state has a single imaginary frequency with the value of 471i cm*. This step is slightly
endothermic with respect to the energy of the IM4 intermediate and requires an activation energy of 18.9 kcal
molt, which is slightly higher than the formation of EO from the first cycle of reaction (Ea(TS3) = 14.4 kcal mol-
D). The energy barrier for this step is significantly lower than that of the corresponding step over the Au/dG by
14.5 kcal mol™ [14]. The higher activation energy over the Au/dG is due mainly to the high thermodynamic
stability of the four-membered oxametallacycle intermediate with respect to the energy of molecular adsorption
of C,- over the metal-oxo center. After the TS5 transition state, the ethylene oxide (EO) is formed through a lone-

pair-electron interaction between the EO oxygen and the titanium metal center. An energy of 31.2 kcal mol?,
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which is slightly higher than the value for releasing the one from the supported TiO center in the first cycle of
reaction, is needed for releasing the EO from the supported Ti atom. The slight difference in desorption energy is
attributed to the positively ionic nature of the metal center (+1.097e vs +1.033e for the Ti atom in the Ti/dG and
the TiO/dG, respectively.) The conversion of the IM4 intermediate to the adsorbed EO over the Ti/dG catalyst is
found to be the rate-determining step for the 2C;H4 + O, 2C,H40 reaction. The highest energy barrier for the
ethylene epoxidation by the Ti/dG catalyst is in line with the activation energy of the rate-controlling step for
various catalysts: titanium silicalite-1 (TS-1) zeolite (15.5 kcal mol?) [3], Cuss nanoparticle (12.2 kcal
mol?) [8], silver surfaces (11.5-21.0 kcal mol?) , and [Cp*MO.CI] systems in which M = W and Mo; Cp =
cyclopentadienyl (32.3 and 28.3 kcal mol, respectively) [51]. The overall catalytic process is an exothermic
process with the reaction energy of —58.4 kcal mol. The coordinated EO can facilely be substituted by molecular
oxygen for the next cycle of the catalytic process, leading to a decrease in energy by -28.0 kcal
mol. Because of the exothermic process associated with the low activation energy, the conversion of the four-
membered oxametallacycle intermediate (IM4) to ethylene oxide is a kinetically and thermodynamically
favorable process. The competitive step of this process is the H-transfer within —-CH,CH>— moiety via the TS5’
transition state, leading to the formation of acetaldehyde. The geometrical structures of the TS5’ and the adsorbed
AA over the Ti/dG catalyst are shown in Fig. 8(f). The C-H activation takes place via a heterolytic cleavage as
shown in the energetic profile (Fig. 7). The calculated barrier for this process is predicted to be 25.9 kcal mol?,
which is significantly higher than that of the formation of EO from the IM4 intermediate by 18.9 kcal mol.
Because of the high-energy demand for the 1,2-H shift transition state (TS5”), the formation of AA from the four-

membered oxametallacycle intermediate (IM4) would be hampered.

A comparison of the results of the supported and unsupported Ti atom reveals that graphene plays a vital
role in enhancing the catalytic activity of the Ti atom for this reaction. Once adsorbed, the ethylene molecule may
interact with the Oy-adsorbed Ti atom and form the oxametallacycle intermediate. This reaction proceeds through
a high activation barrier (Es= 47.6 kcal mol). As remarked from literature [52], the activity of the catalyst mostly
depends on the binding energy of the oxametallacycle intermediate. The oxametallacycle intermediate formation
process over the unsupported Ti atom is highly exothermic because of the low coordination number of the Ti
atom. The process for conversion of oxametallacycle intermediate either to ethylene oxide or to acetaldehyde
molecule needs to overcome a high-energy barrier (~70 kcal mol™) and thus is kinetically unfavorable. From
population analysis (cf. Fig S5), it was found that the atomic charge of the Ti atom is changed significantly from

neutral to +1.466e after the adsorption of molecular O,. And the positive charge of the Ti atom is significantly
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lower during the catalytic process to neutral again at the final step. While the atomic charge of the unsupported
Ti atom changes significantly during the catalytic process, the atomic charge of supported Ti atom is almost
constant. There is an electron transfer from the graphene to the absorbing species on the Ti atom, yielding a
decreasing in the negatively ionic charge of the graphene below the atomic Ti metal until the formation of four-
membered oxametallacycle (IM4). It can be concluded that the enhanced catalytic activity of Ti atom was
attributed to the electron transfer from graphene to adsorbing species via the Ti atom. The Ti-decorated graphene
shows a high catalytic activity and selectivity in the epoxidation of ethylene using molecular oxygen as an oxidant.
Therefore, the titanium adatom decorated graphene would be a candidate catalyst for ethylene epoxidation. The

current study may provide useful clues to develop graphene-based catalysts for reactions.
4. Conclusions

The catalytic performance of Ti-decorated graphene (Ti/dG) for ethylene epoxidation were revealed by
means of dispersion-corrected unrestricted density functional theory (UMO06-L-D3). The appearance of Ti atoms
on the graphene surface is highly selective to bind with molecular oxygen (O5) rather than other molecules such
as ethylene (C-), ethylene oxide (EO) and acetaldehyde (AA). The Ti/dG can effectively facilitate the spin
inversion of the adsorbed triplet O, leading to the formation of peroxide species as oxidizing centers for the
ethylene epoxidation. Defect graphene acts as electron acceptor from the adsorbed Ti atom. The excess of the
positive charge on the supported Ti atom can considerably promote its catalytic properties and enhance activation

of the adsorbed O,. Without the support, atomic Ti becomes an inert metal atom for these reactions.

A comparison of the activation energies indicates that the concerted route, in which the ethylene molecule
directly attacks the peroxo ligand of the O.-adsorbed Ti/dG catalyst, is the most favorable process for the
activation of O, and C;H4. The activation barrier of the concerted mechanism is 10.9 kcal/mol which is slightly
lower than the barrier of the stepwise for the formation of the five-membered cyclic intermediate (14.0 kcal/mol).
After the reaction, the ethylene oxide and TiO/dG (IM3) are formed. The generated IM3 acts as the initiation of
next reaction cycle. The epoxidation of the second ethylene molecule by the remaining O atom follows the
stepwise mechanism which consists of the formation of oxometallacycle intermediate and the regeneration of Ti
sites. The epoxidation over the TiO/dG is found to be a kinetically favorable process with activation energies of
9.9 and 18.9 kcal mol?, respectively. The calculated barriers for the formation of ethylene oxide both on the Ti(;?-
0,)/dG and on the TiO/dG systems are significantly lower than those for aldehyde formation. The rate-

determining step of reaction is the formation of ethylene oxide molecule from metallacycle intermediates.
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Figure captions

Fig. 1. The optimized structure and atomic NBO charge of selected atoms of the Ti-decorated graphene (Ti/dG).

All distances are in A
Fig. 2. Catalytic cycles of C.H4 epoxidation by O as the oxidant of reaction over the Ti-decorated graphene.

Fig. 3. The minimum energetic profiles for the formation of ethylene oxide via the concerted mechanism and the
formation of peroxametallacycle (IM1) and the CH>CH,O intermediate (IM2) via the stepwise mechanism over
the Ti/dG catalyst. Energies are in kcal molt. Activation energies are in parenthesis. Superscripts indicate the spin

state of the system (1 = singlet and 3 = triplet). SC indicates the intervention of spin inversion.

Fig. 4. Optimized structures of reaction complexes for the peroxametallacycle (IM1) formation and the CH,CH,O
intermediate (IM2) formation: (a) O, adsorption (Oz-ads), (b) C2H4/O; co-adsorption (C,H4/Oz-ads), (¢) TS1
transition state, (d) IM1 intermediate, (e) TS2 transition state, and (f) IM2 intermediate, respectively. Distances

are in A.

Fig. 5. The minimum energetic profiles for the ethylene oxide (EO) and acetaldehyde (AA) formations from the
CH,CH.0 intermediate (IM2). Energies are in kcal mol™. Activation energies are in parenthesis. Superscripts

indicate the spin state of the system (1 = singlet and 3 = triplet). SC indicates the intervention of spin inversion.

Fig. 6. Optimized structures of reaction complexes for ethylene oxide (EO) and acetaldehyde (AA) formations
from the CH,CH,0 intermediate (IM2): (a) TS3 transition state, (b) C,H4O/TiO/dG adsorption (EO/IM3), (c)

TS3 transition state, (d) CHsCHO/TiO/dG adsorption (AA/IM3) respectively. Distances are in A.

Fig. 7. The minimum energetic profiles along the pathway of ethylene oxide (EO) formation and acetaldehyde
(AA) formation over the TiO/dG catalyst (IM3). Energies are in kcal mol. Activation energies are in parenthesis.
Superscripts indicate the spin state of the system (1 = singlet and 3 = triplet). SC indicates the intervention of spin

inversion.

Fig. 8. Optimized structures of reaction complexes for ethylene oxide (EO) and acetaldehyde (AA) formations
over the TiO/dG catalyst (IM3): (a) CoH4/TiO-dG adsorption (CoH4/IM3), (b) TS4 transition state, (c) IM4
intermediate, (d) TS5 transition state, (e) CoH4O/Ti/dG adsorption (EO/Ti/dG), (f) TS5’ transition state, and (g)

CH3;CHO/Ti/dG adsorption (AA/Ti/dG) respectively. Distances are in A.
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Supporting Information

Table S1. Relative energies of the system along the steps of the catalytic cycle for the ethylene
epoxidation by molecular oxygen over the Ti-decorated graphene catalyst. The energies of the isolated
subsystem in their lowest-energy spin state are taken to be zero.

Relative Energy (kcal mol?)

Steps

Singlet spin-state Triplet spin-state
Cycle |
Mimoun-type mechanism (Stepwise pathway)
Isolated system 0.0? 15.6°
Oz-adsorption —59.2 —54.7
C2H4/O, co-adsorption -71.9 —66.7
TS1 -57.7 -53.2
IM1 —64.5 —60.2
TS2 -56.1 -50.5
1M2 -101.5 —-102.5
Ethylene oxide (EQ) formation
TS3 —88.6 —~78.6
EO/Ti(0)/dG(IM3) —-105.5 —-100.0
EO + IM3° —78.1 —72.1
Acetaldehyde (AA) formation
TS3’ -81.5 —~75.6
AA/IM3 -136.4 —128.9
AA + IM3 -102.9 -97.0
Sharpless-type mechanism (concerted pathway)
TSconcerted —48.3 —42.0

the complex energy is the summation of the Ti/dG on the singlet spin state and the energy of molecular oxygen
on the triplet spin state.

bthe complex energy is the summation of the Ti/dG on the triplet spin state and the energy of molecular oxygen
on the triplet spin state.

¢ IM3 is the TiO deposited on the single vancacy site of graphene

Table S2. Relative energies of the system along the steps of the catalytic cycle Il for the ethylene
epoxidation by the generated TiO/dG catalyst.

Relative Energy (kcal mol?)

Steps Singlet spin-state Triplet spin-state

Cycle 11

EO + Ti(0)/dG(IM3) -78.1 -72.1

CoH4/IM3 + EO -98.0 -91.6

TS4 -88.1 -84.7

IM4 -93.2 -91.8
Ethylene oxide (EO) formation

TS5 -74.3 -61.5

EO/Ti/dG -89.5 -74.2

EO + Ti/dG -58.4 -42.7
Acetaldehyde (AA) formation

TS5’ -67.3 -59.1

AA/TI/AG -117.3 -105.7

AA + Ti/dG -83.2 -67.6
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Table S3. Wiberg bond order of the important bonds along the ethylene epoxidation catalyzed by the Ti-
decorated graphene + O»(Q).

Steps Bonds
01-02 Ti-O1 Ti-O2 C1-C2 C1-02 C2-02
Isolated system 1.514 0.000 0.000 2.045 0.000 0.000
O,-adsorption 1.001 0.992 0.969 2.045 0.000 0.000
C2H4/O; co-adsorption 1.017 0.974 0.930 1.923 0.005 0.011
TS1 0.986 0.898 0.615 1.391 0.089 0.427
1M1 0.948 0.880 0.381 1.073 0.038 0.807
TS2 0.485 1.299 0.450 1.056 0.077 0.910
M2 0.034 2.051 0.878 1.059 0.042 0.913
Ethylene oxide (EO) formation
TS3 0.018 2.093 0.645 1.053 0.387 0.885
EO/IM3 0.010 2.042 0.325 1.025 0.855 0.854
EO + IM3 0.000 2.086 0.000 1.022 0.928 0.928
Acetaldehyde (AA) formation
TS3’ 0.020 2.050 0.582 1.218 0.162 1.104
AA/IM3 0.005 2.056 0.392 1.075 0.041 1.636
AA + IM3 0.000 2.086 0.000 1.035 0.058 1.868

Table S4. Wiberg bond order of the important bonds along the ethylene epoxidation catalyzed by the
TiO-decorated graphene.

Steps Bonds

Ti-O1 Ti-C3 Ti-C4 C3-C4 C3-01 C4-01
CoH4/ IM3 2.001 0.155 0.152 1.895 0.007 0.007
TS4 1.467 0.603 0.144 1.329 0.057 0.500
IM4 1.050 0.835 0.099 1.030 0.039 0.847
Ethylene oxide (EO) formation
TS5 0.497 0.158 0.017 1.039 0.512 0.887
EO/Ti/ldG 0.279 0.017 0.018 1.027 0.850 0.853
Acetaldehyde (AA) formation
TS5’ 0.460 0.210 0.062 1.102 0.147 1.257
AA/TI/AG 0.400 0.010 0.035 1.084 0.048 1.583
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Fig. S1. Optimized structures on the Ti/dG catalyst: (a) Oz adsorption complex (triplet) and (b) C.H. adsorption
complex (singlet).
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Non-interacting: Ti/dG(singlet) + O (triplet) Non-interacting: Ti/dG(singlet) + C H (singlet)
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Fig. S2. Plots of the density of states projected on sp-orbtials of O, molecule, sp-orbtials of Co;H4 molecule and s-, p-, d- orbitals of Ti atom in the non-interacting systems,
monomolecular adsorption complexes, and bimolecular adsorption complex. Dashed line denotes the position of the highest occupied molecular orbital (HOMO) of the isolated
Ti/dG (non-interacting systems) and complexes (O adsorption, C,H4adsorption, and O2/C,H4 co-adsorption, respectively)
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Fig. S3. Spln density of the IM2 intermediate (triplet spin state). Areas where spin polarization is larger than
0.01e au® are shown in green.
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Fig. S4. Energy profile and structures of reactants, intermediates and transition states for ethylene epoxidation
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Fig. S5. (a) The evolution of Ti atomic charge (red line) and net charge of graphene moiety during the ethylene
epoxidation over the Ti-decorated graphene catalyst. (b) The evolution of atomic charge of Ti atom during the
ethylene epoxidation over the naked Ti atom.
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