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Identifying stable systems with high GGdsorption capacity is an essential goal in,Gfapture and storage technologi ..
We have carried out a comprehensive first-principles stagyplore the C@capture capacity of 16 representative metal-dc.c.
graphene systems where the metal dopants can be stabiizatbjte- and double-vacancies. The maximum number of aesk
CO, molecules was determined by a combination of adsorptiorggrand bond distance criteria. Generally, while the double
vacancy can bind metal dopants more strongly than the sireglancy, single-vacancy graphene with metal dopantsedte. =
sorbents, with each Ca, Sc and Y dopant binding up to 5 @0lecules. C® capture involves significant charge trar ..
between the C&®molecule and the dopant-vacancy complexes, where defegtaphene acts as a charge reservoir for binding
CO, molecules. Some systems are predicted to involve the fasmat a bent CQ anion. Ca-doped single- and double-vac~n~
graphene systems, however, readily form metal-oxides ogaction with CQ, thus they are less reusable for £€apture.

1 Introduction could be regenerated to its initial state within 200—200aiy
nealing at 150C in vacuum or short ultra-violet irradiatioi.
Carbon dioxide capture and storage (CCS) is a group of techFurthermore, it was experimentalfy demonstrated that us
nologies dedicated to the capture of £fllowed by com-  ing graphene for C@capture, at a pressure of 11 bar ¢
pression, transport, and storage. It is an intense area of reoom temperature, has a higher capture capacity than < r
search because it represents a key approach for curbing CQ@arbon nanostructures and zeolites. Recently, the résativ
emission and reducing the impact of energy production en cligraphene was also shown to be tunable by varying the ext :rn¢ |
mate changé=3 CCS implemented in modern power plants is electric field13
estimated to reduce Cg@ml_ss_lon by 80-90%.However, cur- Functionalization and doping are known to alter the chu >
rently the capture alone will Increase the energy requirdme ical properties of graphene sheets to enhance their respe-_
ofa p'af‘t by 2.5'40% because existing met?ods of capt_ure argy gases. Studies show that nitrogen doping of graphe..~ « n-
energy intensive and are not cost effectit! Therefore, in- o nces its C@capture capacity*°Nanostructured polyani-
tensive research efforts are directed towards achievifeg-ef line decorated graphene was investigated by Mighga® and

tive and energy-efficient capture technologies. found to have high selectivity, and nitrogen doping was gh »

New alternative mf_:lterials are being investigated, _sucqo enhance C@capture in a microporous carbon syst&r
as porous coal, activated carbons (AC)netal-organic Doping with metal adatoms is expected to be even more ~ - -

frame_works. (MOFsY, zeolites and fgller_ene%.Recently, pealing due to the inherent diversity of their chemical pr.p
low-dimensional carbon-based materials including graphie o ies ~ Metal adatoms adsorbed on pristine, single vaca. .oy
graphene oxid® and carbon nanotubes (CNT9have been (SV) and double vacancy (DV) graphene shétmve beer
considered as promising adsorbents for,COs such, they gy, ied, on the basis of first principles density functichat
have been W|dely_|nvest|gated by various research groupgry (DFT) calculations, owing to the feasibility of perfoimg

at low and very high C@ pressures. This is because of e qenosition of adatoms into the graphene suriddeab-
their Iarge_ surfacg area, easy-to-design pore SUUCIBLES,  ;cation of DV rich graphene has been achieved experime:
face functionalization and low energy requirements foereg tally through high energy ion bombardmeitDeposition nf
eration. In particular, a graphene sheet with adsorbedsgasg,t on graphene was the subject of a recent experiment. | ir

vestigatiorf!, and Al was theoreticalk?23 and experimen-
# School of Physics, The University of Sydney, Sydney, Neth S¢ales,  tally24 shown to improve the adsorption ability and sen v

2006, Australia. E-mail: tawfik@physics.usyd.edu.au - A
b Australian Centre for Microscopy and Microanalysis, andh&a of ity of carbon nanotubes and graphene towards gases. In u.2

Aerospace, Mechanical and Mechatronic Engineering, Thigétsity of Syd- prgsent S_tUde we focus on the so-called 585-type DV configu-
ney, New South Wales, 2006, Australia. ration which is less stable than the reconstructed 555777/ co
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figuration by about 0.9 e¥? However, to our knowledge, the terms of Troullier-Marting! norm-conserving pseudopoten-
555777-type DV has not yet been experimentally fabricatedtials. The auxiliary basis set uses a real-space mesh .. .. a
while the 585 configuration has been produced by high enkinetic energy cutoff of 500 Ry, and the basis functions e
ergy ion bombardmenrf? It is possible that combining metal radially confined using an energy shift of 0.005 Ry (see I'....
species with DV and SV graphene will enhance their sensi29 for details). Our simulation consists of a rectangula « ~
tivity and selectivity by favouring adsorption/desorptipro-  atom graphene sheet with lattice paramede&le.S%A and
cesses. Theoretical studies show that DV and SV graphene cén= 14.942 A. The calculated lattice constant of graphenr is
stablise metal adatoms and overcome the clustering difficul 2.48A, which is in very good agreement with the experimeri....
thus facilitating device application$:2® value of 246 A32 and previous DFT GGA calculations (e J

It is easy to envisage that different metal dopants may have.44 A and 2.47A from Refs. 32 and 33, respectively). ~
different binding behavior with C®? In this regard, the reciprocal-spack-point mesh of 5< 5 x 1 is used. We allow
maximum CQ adsorption capacity is a key parameter in iden-full atomic relaxation until the forces on the atoms are less
tifying potential CCS materialsHowever, to our knowledge, than 0.03 eVA.
existing ab initio studies in the literature consider onlyeo
CO, mplec'ule captur'e. Mpreover, a systematlc trend study IS3 Results and discussion
appealing in evaluating different candidate systems for, CO

capture, yet such an investigation is still lacking. Her& W pe adsorption energies of the metal adatom on the defec::
perform a comprehensive DFT trend study of the adsorpt'orbraphene surface, and the average adsorption energies,c. <9

capacities of metal adatoms on SV and DV grapheWée  5jecules on metal-doped DV/SV graphene are given below:
consider multiple C@capture on 16 different metal-graphene

systems (metal M = Al, Ca, Co, Cr, Cu, Fe, Mg, Mn, Nb,

Ni, Pt, Sc, Ti, V, Y, and Zr). These meta_llic elements were: EY = Ewsvove — Esvovier — Em (1)
sglected tp_tgst the performance of species known to exh|.b|t rcopmSVOVGT (E"COZ E e ) n @
high sensitivity to gases as well as to explore the capacity — MISV(OV)Gr — =MISV(DV)Gr free ~

of elements that have seldom been explored fop Capture v .
to date. In particular, we consider elements of the first rowWhere E,; is the adsorption energy of the metal atem

of transition metal (TM) elements which have good sensing&r}Df’/\(/é[\)/\)/Sgrs?s::]ege’EM’S"g")tGHe'?O:;ee:Z[SI %?Et}rr]%ys(\)j(g\]ﬁ
properties to C@in their bulk oxide form?® We denote the Y TSVOVIGr 9 -

; v -
metal-graphene system with the notation M/DV (metal atomgraphe?cifﬁgﬁgfeymt ceky,, I the energy of the free metal

adsorbed on double-vacancy graphene) and M/SV (metal atof o = Is the average adsnorptioq energynro;
adsorbed on single-vacancyygrap?hene)). ( molecules on the M/SV(DV) syster&szov is the total en;

We focus primarily on the atomic structure, energetics,ergy of the M/SV(DV) system with adsorbed C@molecules

cop,
charge transfer and charge distribution in these systers-to andEy, is the total energy of the free GOnolecule. (Nofg

ree
termine their CQ capture and storage capacity. A few el-

we do not include the vacancy formation energy, as u,, -
ements among the 16 investigated (namely, Ca, Nb, Sc, ZEally the defective graphene systems are produced by ion-
and Y) were found to have exceptionally high £&dsorp-

ombardment).
tion capability. Our study reveals that G@apture involves )
significant charge transfer between theQfiolecule and the 3.1 Metal atom adsorption on SV and DG graphene
dopant-vacancy complexes, where defective graphene £1Cts e first investigate the atomic and electronic structure sn
a charge reservoir for binding GOnolecules. Interestingly, energetics of the metal graphene systems for adsorptior. on
the CQ anion forms in the Ca and Nb systems where the firsi\/s ‘and Dvs. The vertical distances of the metal adat s
adsorbed C@molecule experiences significant bending, and;; the graphene plane, the adsorption energies (Eq. 1) i

acquires a negative charge. associated total unit—cell magnetic moments are presémt =
Fig. 1. The results are in reasonable agreement with vaiues
2 Calculation Details reported in an earlier theoretical wofR.Generally, adsorp-
tion on DV graphene results in shorter vertical distances he
We perform spin-unrestricted density functional theorf ) cause one DV has a larger hole with four edge carbon at \ms,
calculations with the SIESTA cod®, using the generalized while one SV has three edge carbon atoms. Ca atoms adserb
gradient approximation (GGA) for the exchange-corretatio with the highest vertical distance (2.430in Ca/SV, 1.98f
functional as developed by Perdew, Burke and Ernzerhoin Ca/DV) and with the lowest adsorption energyl(35 eV
(PBE)2° SIESTA uses basis sets comprised of numericain Ca/SV,—0.74 eV in Ca/DV). The 8 TMs bind at vertical
atomic orbitals, and approximates the atomic potential indistances in the range 1/8to 1.7A (except for Sc which s

2| Journal Name, 2010, [vol]l,1-9 This journal is © The Royal Society of Chemistry [yeal
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1.93A), while 4d TMs adsorb at relatively larger vertical dis- Ca/SV Ca/DV Nb/SV

tances because of the larger ionic radius. The systems Mg/S ® [ J Q »

and Mg/DV also have relatively low adsorption energyi (52 :vﬁ b s & % »¢
Lo -

eV in Mg/SV, —1.72 eV for Mg/DV). All of the TMs consid- g4
ered bind relatively strongly with the C atoms with adsarpti ,.-’7'/._{

energies ranging from-7.98 eV for Zr/SV to—3.51 eV for oS v ™ oA pTlT o os o
Cu/SV. Comparing with the adatom adsorption energies e v et o TEETESS
ported in Ref. 34, several metal species are predicted t bin

more strongly to DV or SV graphene than to covalent organich/DV Sc/SV Sc/DV
frameworks, namely Ti, Sc, Ca and Mg. )/ ',,’

The magnetization of the adatom/graphene systems i | 4 & oo P o*:“
shown in units ofug on the red background in Fig. 1. The e e N ’_,:;:,’.x_: - - e
undoped DV/graphene is non-magnetic, and the undope;ff::.;;_'_,..;%’;# ,:,-{{;_" b aesad ;::'::.‘r;",-:.;_: s
SV/graphene has a spin moment of 162 (in agreement .f::;.::‘_/r** ‘v-._’::.::«:'-*"" ,::}:,;:'_,r**
with Ref. 35). The Ti, Sc, Ni Al, Y, Zr, and Pt adatoms to-
tally quench the spin polarization of the SV/graphene syste Ti/SV Y/SV Zr/SV

while Mn, Ca and Mg increases the spin polarization of the
SVigraphene structure the most (2.95, 1.95 g and 1.95 a " » =

Us, respectively). For the DV/graphene system, doping withg.¢-®, Soue \

Ti, Mg, Zr, Ni and Cu does not magnetize the system, wherea _ g-* .,:";..:a "ﬁg(é«;;:z;;. D et

. . . . & | B o £ > »> = ~
doping with the rest of the considered elements does. MaxEEf);.,,»:;m c B ;;g;_";;,’-,a et B o

. . . - o4 ",.-'., re P e - < "/U-n >
mum magnetization in doped DV/graphene systems occur n—;::':..;_/:;;* gt r;:::.-;::;.*

Mn/DV and Fe/DV (3.42ug and 3.76ug, respectively).
We study charge transfer by using the Voronoi deformationsig 2 (Color online) Atomic structure of the systems with highet

density method as is implemented in SIESTA. In the metal- adsorption capacities. C, O and metal atoms are represented b:

doped SV and DV graphene structures considered, the metaiall grey (yellow), small dark (red) and large grey spheres,

atoms always donate charge to the graphene sheet, mainlgspectively.

to the edge C atoms of the vacancies. For each species, the

amount of donated charge is similar in SV and DV systems.

The largest charge transfer occurs in Pt/SV and Pt/DV syserder to confirm that our atomic relaxation calculationsehav

tems, where the Pt atom loses 78 both systems. The Ni yielded structural minima, we have performed relaxatiotiy ‘i
atom for the Ni/DV system loses the least amount of chargdlifferent initial configurations for the case of adsorptaftwo

(0.073), while in the Ni/SV, Co/SV, Fe/SV, the adatom loses CO, molecules at Ca/SV, Mg/SV, and Sc/SV. For each s € 3,

electron charge from Oelto 0.3. For the rest of the systems we obtained identical total energies and consistent cgeder
the adatom loses electron charge ranging frore 3®.6e. structures giving confidence in our approach.

Among the systems considered, the distance betwee b2

metal adatom and the bonded &€@he shortest distance i

3.2 COz adsorption on adatom/SV and DV graphene for Co/SV (2.02R), Fe/SV (2.004) and Ni/SV (2.05A). For

To ascribe the number of GQnolecules that a system can the systems with highest capture capacities (Ca, Nb, Y Sc

bind, we adopt a combination of two criteria: (1) the averageY and Zr), the distances are within the range 2.7 A.
adsorption energy (Eq. 2) should be above 0.3 eV, and (2) thén interesting aspect of C{adsorption on M/SV and M/D\
distance between the additional adsorbed, @®lecule and systems is the angle of inclination of the £€@olecule to

the metal adatom be less thak\4(The distance for this pur- the graphene surface. For some systems with collineay, .
pose is defined as the distance between the metal adatom aif¢ CQ molecule aligns almost parallel to the plane of e
the closest atom of the GOnolecule.) We have chosen the graphene sheet. These systems are Fe/DV, Cu/DV, Mn/L

0.3 eV threshold arbitrarily based on the physisorptioaghr ~ Ni/DV, PY/DV, Ti/DV, V/DV and Y/DV. Interestingly, Mg/DV.
old in the literature” and the value of A based on the cor- Mg/SV and Pt/SV are predicted to align the £@olecule
relation between the average adsorption energies as they ayertically.

proach 0.3 eV and the associated bond distances. We add theBased on the calculated average adsorption energy, *" < 1)l-
n" CO, molecules to the relaxed structure with— 1) CO;, lowing systems bond very weakly to the first adsorbed, CU

molecules as long as both criteria are satisfied. In this @@nn molecule, and hence, do not have good potential as €0
the adsorption capacities are assigned as given in Fig. 1. lbent systems: Al/DV0.20 eV), Ti/DV (—0.08 eV), Cu/D"

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-9 |



RSC Advances Page 4 of 9

(—0.12 eV), Pt/DV ¢0.09 eV), V/DV (-0.08 eV), Mn/DV  Ca0+CO, —CaCQ is a thermodynamically favorable pro-
(—0.08 eV), Fe/DV (0.07 eV), Y/DV (-0.09 eV), Co/DV  cess3® Therefore, out of the structures with multiple & .
(—0.02 eV), Ni/DV (-0.13 eV), VISV (0.04 eV), Pt/SV  capacity, the systems Nb/SV, Nb/DV, Sc/SV, Zr/SV, YIS v,
(—0.23 eV) and Cu/SV+0.26 eV). Thus, for these systems, Ti/SV, Cr/SV and Mn/SV appear to be the most promis...y
we set the CQ capacity to be zero (Fig. 1). Figure 3 shows candidates for CCS applications as they can bind multiplg
the average adsorption enefg""*"®"*" as a function ofthe  molecules. Interestingly, it can be seen that the elememts
number of CQ molecules adsorbed in systems which can bindsidered in this study display a trend in their capture cdpe i
more than one C®molecule. Results are shown for adsorp- (cf. Fig. 1): the capacity roughly increases as we go to tfte ._
tion on both the SV (Fig. 3(a)) and DV (Fig. 3(b)) structures. of the periodic table (except for vanadium) for both first ¢ 04
The maximum number of adsorbed €@olecules are as fol- second row TM elements.
lows: Ca/DV (5), Ca/SV (5), Nb/DV (4), Nb/SV (4), Sc/DV
(4), SCISV (5), CrISV (4), Zr/DV (2), ZH/SV (4), YISV (5), @ a2
Ti/SV (4), Mn/SV (3) and Fe/SV (2). For most systems stud-¢ 0.3
ied, the average adsorption energy decreasesiasreases, 04
except for Y/SV and Mn/SV. For these two systems, the ad£ 5[
sorption is rather weak, with the average adsorption energg ™ |-
around 0.3 eV, resulting in a rather flat adsorption energy va E;
ation with increasing C@ _0:9
Cais a non-TM adatom with a remarkably strong G@p- o
ture performance, and the capacity to adsorb up to 5 (Ca/SV) _, N
and 5 (Ca/DV) CQ@ molecules. Ca-doped CNTs and pristine Numbor of sasorbon CO: Numbor of esorbon CO:
graphene was investigated in Ref. 38. For the purpose of com-
parison with the results of Ref. 38, we consider the adsampti Fig. 3 (Color online) Average adsorption energiﬁf@fwgv(w)&)
of Ca on pristine graphene in a 72 C atom supercell, and itef CO, molecules adsorbed on (a) M/SV and (b) M/DV graphei.. .
interaction with a single C®molecule. The binding energy
of Cais—0.81 eV. This value agrees reasonably well with the 1, gain insight into the nature of the bond between,@6d
result of Ref. 38 of-1.02 eV. (We note that the difference in ;o TM/graphene system, the electronic properties of tee s’
value may be due to the different sized supercells used: ouig s are investigated by studying the density of states (DS
contained 72 C atoms, while theirs contained 32 C atoms), 4 partial DOS (pDOS). As an example, we consider Nb. SV/
However, Ca-doped graphene might not be the best system fQfere the results are shown in Fig. 4. The corresponrin=
sustainable C@®capture because of the strong tendency of Cayiomic structure is show in Fig. 4(e). In Fig. 4(a), the tesnt
to leave its vacancy site and bond with an O atom to formpng are shown for the Nb/SV structure without £and
_CaO clusters, acco_mpanied by t_he format_ion of CO gas. Thig, Fig. 4(b) the total DOS with the adsorption of one x'
is demonstrated using the following equatith, molecule. While pristine graphene is a semimetal, Nb/SV
graphene is clearly metallic. The large peak at the Fermi er-

Average adsorptfpn ehergy (e
Average adsorption energy (eV)

~

AEMO = E(MO)+E(CO) + Eusvone — Enoner  (3) €Y Suggests the high reactivity of the Nb/SV system. W~ .r
CO, bonds to the Nb atom, the O-relate@ 8tates of C
AEMOZ = E(MOZ) + ZE(CO) + EM/SV(DV)Gr - E»ZMCSC%DV)@(4) OZ o @

hybridize with the 4 states of the Nb atom, which is tt.~
Here AEMO s the formation energy if the metal oxide clus- reason for the relatively high adsorption energy. This ca' b
ter, AEMO2 js the formation energy of the metal dioxide clus- seen from Fig. 4(c) and Fig. 4(d) which show respectively ...
ter, E(MO)/E(MO.) is the total energy of the bulk oxide and pDOS for the C and Of2states of the C&molecul and thed
E(CO) is the total energy of the CO molecule. The obtainedstates of the Nb adatom for the sitatuon where,@Jar (10
values are\AEMO = —0.9 eV for Ca/SV, and\E = —1.33 eV A) from the surface (before bonding) and in the equilibri i 1
for Ca/DV. For comparisonAEMO = 4+2.45 eV for Nb/SV,  geometry (after bonding). Adsorption of G@lso causes the
AEMO2 — 1,02 eV for Ti/SV (forming TiQ), AE = +1.29  spin-up 4l peak of Nb to move above the Fermi level, an::
eV Ti/SV (forming TiO) andAEMO = 1+0.89 eV for Zr/SV.  the emergence of a down-spin hybridized Nb@-2p state
These positive numbers indicate that TM atoms are more suitcf Fig. 4(d)). This indicates that spin-up electrons weaas-
able for CCS applications than Ca because the doped grapheferred from Nb to the C@metal bond. According to Voronoi
system is stable against clustering into its oxide uporp CO charge analysis, the GOnolecule accepts-0.27|¢|, whic’
adsorption. It is worth noting that although the formation means that the COmolecule hole-dopes the Nb/SV system.
energies for Ca/SV and Ca/DV have negative signs, thos&he two characteristicyy and 7g, peaks of CQ@% are shifted
two structures might still have a potential advantage b&eau to higher energy.

4|  Journal Name, 2010, [vol]1-9 This journal is © The Royal Society of Chemistry [yeal
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(@)l (c) action between the adsorbed £@olecules and the dopant-
o ) vacancy complexes.
2 E
= : b)
-g é @ 0.00 P . ( 0.00 T Ca
< - 005 Vo N T Lo\ Nb -
[72] o) = = L0.05 :2. I
' + =2 é oS \ ....... § 0.10
(b) X f ! — (d) %‘ -0.20 K‘ g -0.15
- = 2 025 NN, 5
4 = E b, Sao g 020
E g £ 030 ™, g
= > M/SV ez > wasf L. MIDV
S ' 2 -0.35 S I
S : .Vv \'\’. -V‘-" E < 04— ——— 030 —m———
wn ek, fa A %2 01 2 3 4 5 0 1 2 3 4 5
FTY el S =)
8 { X /\.\.\- U i =) Number of adsorbed CO, Number of adsorbed CO,
| : [
'k
‘ \", ¢ ‘ L Fig. 5 (Color online) Change in the charge of the metal adatom,
10-8 -6 -4 2 0 2 4 6 calculated using the Voronoi method, upon adsorption of addit” ..._
E-Ej (eV) E-E (eV) nCO, mol_ecules (a) M/sV and_(b) M/DV graphene, re_Iative to the
system without C@. The negative value of the Voronoi charge
(e) change indicates that the metal atom has gained electrons.
222 A Charge transfer has been a key concept to study the ii..ci-
2.28 A action between gas molecules and metallic i¥h& Figure 5

doptant relative to the metal without G@resent, for increas -
ing numbers of adsorbed GOAII of the adatoms in the fig

ained per C@as more CQ molecules are adsorbed. This
Fig. 4 (Color online) Total and partial DOS (pDOS) for Nb/SV 9 P o Q

before and after C@adsorption. (a) Total DOS of Nb/SV and (b)

total DOS of Nb/SV with a single C&molecule adsorbed, and the - . . .
pDOS of showing thed state of Nb and the2projected states of DV graphene interacts with+molecules by donating charg

the O and C atoms of Gor (c) Nb/SV and a non-interacting Go ~ Upon adsorption of the first COthe metal dopant in Zr/DV
molecule and (d) Nb/SV with a single CO2 molecule adsorbed, withdcquires the greatest amount of electron charge (€)2&8
the atomic structure shown in (e). The pDOS in (c) is obtained for alowed by the metal dopant in Sc/SV (0.2)ATi/SV (0.202),
single CQ molecule 104 away from the Nb/SV surface. Y/SV (0.19%), and Zr/SV (0.184), while in the rest of the

displays the progressive change of the net charge on thé nicia
ure, except Nb/SV system, react to the adsorption of the st
CO, molecule by gaining electron charge, with less checce

behaviour is in contrast to the case of hydrogen adsorp ior
reported in Ref. 18, where Ca, Sc, Ti, Y and Zr adsorbec o~

systems the metal adatom acquire a much smaller amour rf
electron charge. As the systems reach the maximum cap# it
The magnetization of the different systems is given in Fig. 1the metal adatom in Y/SV has accumulated the largest am > =t

in terms of the total spin magnetic moment of the system beef charge (0.344). In spite of displaying greater adsorptic n

fore and after adsorption of GO An interesting observation energies than other systems, Nb/DV and Nb/SV display o...y
is that CQ adsorption affects the magnetic moment of somea small net charge transfer. In the Voronoi formalism, ‘.

systems, with the largest magnetic moment change happefirst adsorbed C®in Ca/SV, Ca/DV, Co/SV, Fe/SV, Nb/S\,
ing in Nb/DV (total quenching of magnetic moment), Fe/SV Nb/DV and Ni/SV receives electrons, whereas the firsb( .«

(87% drop), Co/SV (80% drop) and Ca/DV (50% drop). How- adsorbed on the rest of the systems loses electron charge. Al

ever, the Fe/DV, Mn/SV and Mn/DV systems, which have theof the aforementioned 7 systems (in addition to Zr/SV) imeol
highest magnetic moments (3.78, 2.95ug and 3.42ug, re-  the creation of the C@®anion (i.e. the bending of the G

spectively), do not undergo any significant change in magnemolecule, see Sec. 3.3). Upon the adsorption of subsec ue! t
tization. In spite of the high reactivity of Ca/SV towards £0 CO,, the nCO, complex for these systems donates electron

CO;, only mildly affects its spin. Strong COcapture sys- charge to the metal-graphene system.
tems Zr/SV, Zr/DV, Ti/SV and Y/SV are non magnetic,and do The variation of charge on the dopant ion and ;.CU
not become magnetic upon G@dsorption. The changing of molecules is related to the defective graphene sheet.

magnetic moments upon G@dsorption highlights the inter- charge transfer and redistribution processes among th . cor.

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-9 |
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ponents of each gas-metal-graphene system exhibits vast dhe systems considered, namely Ca, Nb, Co, Ni, Fe, Zrand Y,
versity, as shown in the schematic diagram in Fig. 6. The diis broken due to significant metal adatom-Q@olecule inte,
agram shows that the edge C atoms surrounding the defedgtion. This interaction, for Ca, Nb, Co, Ni and Fe, invol ¢s
as well as the whole graphene sheet, play an important role iconsiderable charge transfer to £€CFor these systems, th.c
the reaction with the adsorbed @@olecules. Before adsorb- bending of the C@ molecule occurs without an energy veai-
ing the first CQ, charge has been transferred from the metakier. This results in weakened and longerQ bonding, as
adatom to the graphene sheet, mostly into thea@ms. Gen- well as an unbalanced charge occupation on the two O a’an 3
erally, the charge transfer process involved in the adeorpf  of the CQ molecule. In all of the systems that experien._
the first CQ is dramatically different from that involved inthe O—C—0O bending, the €0 bond length increases from t' €
adsorption of subsequent G@olecules. The C®complex initial 1.18A. The O-C-0 angles and €0 bond lengths in
tends to keep on losing charge, while the graphene sheet tenthe non-collinear cases are: 131,6.26A in Ca/DV, 130.5,

to keep on attracting charge as more Q@olecules are ad- 1.26A in Ca/SV, 152.5, 1.22A in Co/SV, 151.6, 1.23A in
sorbed. This highlights a novel role of the defective grayghe Nb/DV, 140.9, 1.29A in Nb/SV, 148.6, 1.26A in Ni/SV,
where it plays the role of a charge reservoir for binding,CO 147°, 1.27A in Fe/SV, 155.0, 1.24A in Y/SV and 154.2,
molecules. Except for Ca/SV, starting from the second ad1.25A in Zr/DV. These CQ anions could potentially rea t
sorbed CQ@ molecule, the metal acts as a “channel” for chargewith two protons, to generate a CO ang®2’

transfer, where charge passes through the metal from the CO For the Ca and Nb systems, the first adsorbed @@lecuic
complex to the graphene charge reservoir. In general, SV sygains significant electron charge, 0eZ@r Ca/DV, 0.34 fo

tems donate more charge to the first adsorbed t@n DV Ca/SV, 0.2&for Nb/DV and 0.2 for Nb/SV, which are larger
systems. than the respective values in other systems. This expldi, _ .

To gain further insight into charge distribution, we plot the first adsorbed C{for these systems bend by larger ang ~=
the density differenceNp(r)) distributions for two represen- than the rest of the systems. These two adatoms bond ..ith
tative systems, Ca/DV and Sc/SV with five adsorbed,CO the three atoms of the first GOnolecule. This is reminis-
molecules, in Fig. 7, wherp is given by cent of the formation of metal carbonates, which are ki. ...

to form at many metal surfacés.For the Ni, Co, Zr and Y
adatoms, they bond with the C atom of g£é@nd one of the
Dp(r) = p(r)wsiove — P(MNwsvove: — P(r)™ . (5)  two O atoms. Note that the bending is greatest in the stror .
two adsorbents, Ca and Nb, but the angle also significa....y
changes in the case of a weak adsorbent, namely Ni.

Metal elements embedded in SV and DV graphene have uis-
tinct chemical behavior from their bulk counterparts. Toe
ation of nickel carbonate was reported by Feund and Roberts
their experimental review work! It is interesting to nc¢ -
that some metals that form bulk carbonates in the presence .f
%Oz without requiring additional energy, oxidation or catal-

- 41 . d
for Ca/DV in Fig. 6. The Sc adatom in the Sc/SV systemySIS fail to do so when adsorbed on SV/DV graphene. '~ ¢

(Fig. 7(b)) is surrounded by smaller blue and red clouds usmaexample, C@forms a carbonate on the Cu(211) surface, on

charge densities), corresponding to the series of yellovles the Mg(0001) surface and on Al foil.

for Sc/SV in Fig. 6. The difference between the two systems is

that the graphene sheet is more involved in the electromyehar 4 Conclusions

redistribution for Ca/DV than for Sc/SV. An interesting ob-

servation in both systems is that the interaction between thVVe report a comprehensive first-principles DFT study of nui-
adatom and the COmolecule involves a polarization of the tiple CO; capture on 16 representative metal-doped grap' e n.*
CO, molecule. This can be seen in Fig. 7 where the oxygerPystems, for the dopant adsorbed on single and double vacan-

atom of CQ closest to the adatom loses charge, while the oné&i€s (SV and DV, respectively) in graphene. We use a comr:
further away from the adatom gains charge. nation of adsorption energy and bond distance criteriadh v

uate the CQ adsorption capacity. Significantly, our rest ts
reveal the dual beneficial roles of vacancies in graphene: (1
to effectively stabilize the adsorbed metal adatom, and: -)
Interestingly, the charge transfer also has an impact on thenable defective graphene to act as a charge reservoir for c..
structure of the first adsorbed G@olecule. TheDoh sym-  hancing the CQ capture capacity. Generally, SV graphene
metry of CQ of the first CQ molecule adsorbed to seven of with metal doping are better sorbents than DV system:. Im

Here pusaone: IS the charge density of the system M/SV(DV)
with nCO, molecules adsorbefhsyove: iS the electron charge
density of the M/SV(DV) system with no adsorbed £0
molecules, ang™ is the charge density computed ft€O,
molecules at the same coordinates as those in the M/SV(D\}i):]1
system with adsorbenlCO, molecules.

In Fig. 7(a), we can observe that the metal adatom gain
charge, which is consistent with the series of green trisgl

3.3 Formation of bent CO, anions

6| Journal Name, 2010, [vol]l1-9 This journal is © The Royal Society of Chemistry [yeal
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portantly, our results predict that each Ca, Sc and Y adatormo
can capture up to 5 COmolecules. However, in spite of
displaying superior capture capacity, Ca systems read#y c
ate CaO upon reaction with GQthus rendering Ca/SV and
CA/DV graphene less reusable for g@apture. Also inter-
estingly, bent C@anion molecules are predicted for Ca, Nb, 23
Co, Ni, Fe doped systems. These findings will be useful in the
design and optimization of metal-doped graphene systems f&*
energy and environmental applications.
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TilSV Zr/SV (a) Ca/DV+5CO; (b) Sc/SV+’5C02

Side view

RN _NA ey

pOO4~
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Fig. 6 (Color online) Schematic diagram showing, for selected
systems, the gain (green triangles pointing upwards) and loss (red e
triangles pointing downwards) of electron charge density when

nCO, molecules are adsorbed on metal-DV/SV graphene, for each Fig- 7 Density difference&p) distributions for (a) Ca/DV and (b)

of the four components: M (the metal adatomg;,0; (the whole Sc/SV systems, as defined in Eq.p > O (in blue) indicates a
adsorbechCO, complex), G (the edge C atoms, adjacent to the region with electron charge density accumulation, whefgas: 0
metal adatom) and Gr (the whole graphene sheet, includingfr (in red) indicates a region with electron charge density depletior 11
the case of no adsorbed @@olecules, the change in electron all cases, the isovalue is 0.G91

density is with respect to the clean defective graphene sheet and the

isolated free metal atom. For the casen6O, adsorbedn > 1, the

change is with respect to tija — 1)CO, M/SV graphene system.

Yellow circles indicate minimal charge transfer. A series of

consecutive yellow circles indicate that the component either does

not contribute to the charge transfer mechanism (suchgda C

Sc/SV, starting from the first adsorbed €@olecule) or acts as a

channel for charge transfer (such as M in Nb/SV, which does not

accumulate signifcant charge density starting from the first adsorbed

CO, molecule).
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jpiaepd Carbon dioxide capture on metal-doped SV/DV graphene [t

0.11-0.15
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0.00-0.00

1.65—-1.77 § 1. d 1.56—+1.53
1.26—+1.55 §0.14-0.97 §0.84—+0.84 § 0.88—-0.85 |§ 0. . 0.06+0.10
0.00—-0.00 §1.17—+1.17 §2.14—-1.99 § 2. d 0.98-—+0.98
0.00—-0.00 § 1.08—-1.08 § 2.09—-2.08 | 3. ! 0.00-0.00
-7.43 -7.23] 6.04 597]-4.06 -3.71

Legend

Capacity: M/SV M/DV

1.87—-1.99 | 1.86 - 1.81 [ MISV: d(pure)— d(full)

1.30—-1.28 | 1.04—1.19 § MIDV: d(pure)— d(full)

0.00—-0.00 §0.98—0.61 § MISV: spin(pure)— spin(full)

0.00-0.00 §0.92—-0.00 f MIDV:  spin(pure)— spin(full) 1.80—1.75

798 -796] 667 -7.05] E(M): MISV  MIDV 1.081.04
0.00—0.00
0.00—0.00

213-+2.19
1.63—+1.53
0.00--0.00
0.73-+0.73
6.34 597

468 -4.22

Fig. 1 (Color online) For each element, the white box shows the maximum adsonatpacities of SV and DV systems. The blue box sho»s
the vertical distance (relative to the plane of graphend)iof the M adatom and the red box shows the total magnetic spin momemg)Xin

The bottom grey row of the box shows the adsorption energy of the ndsttdra on SV/DV graphene. The vertical distance and total
magnetic moment are for the doped systems before adsorbing the@iggat left side of the arrow, the “pure” system) and after adsorptic » of
the maximum number of COmolecules (at the right side of the arrow, the “full” system).
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