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We present a thorough analysis of molecular adsorption okig gas, HS, on pristine, defective and N-substituted 2D-ZnO
using first-principles simulations within density functa theory and parametrized form of van der Waals (vdW) ictéog.
We find that the binding of kB with pristine 2D-ZnQ is relatively weak (adsorption enekg = —29 to —36 kJmot?) as it is
mainly through vdW interaction. However, substitutiongitagen doping in 2D-ZnO leads to a drastic increase in tisgation
energy Ea = —152 kJmot?) resulting in dissociation of 5 molecule. This originates fundamentally from a strongatemt
bonding interaction between an unpaired electron in thebgiad of nitrogen with electron in s-orbital of H. While O-wancy in
2D-Zn0 has little effect on its interaction withy8 at lower coverages, a strong interaction at higher coesrkegds to splitting
of H>S and formation of ki molecule. Our work shows that 2D-ZnO is a promising mateddacilitate capturing of toxic kS
from environment and at the same time converting it to a gseeince of energy.

1 Introduction Gas sensing is essential for industrial process contrdfysa
systems and environmental monitorif¢? Many semicon-

Hydrogen sulphide is a toxic and corrosive gas; exposure télucting metal oxides are known for their use as gas sensors.
H.,S causes broad range of health problems at low concentr&or instance, Comingt al,*! have used Sn©nanobelts for
tions and can be lethal when inhaled in large concentrations the effective detection of pollutants like CO and N@nd
H,S is released in significant quantities in many industriat pr  C2HsOH in breath analyzers and food control applications.
cesses which include natural gas processing, petroleum refi Chacet al,*2 have used IsO3 nanowires for detection of small
ing, mining, and paper and pulp processing. Many methodémounts of N@ and NHs, and showed (a) a significant change
have been implemented for the removal fHn environment  in conductance (as high as 1@ 1C° times), and (b) very
such as biological fixation, iron chloride dosing, watemuger ~ short recovery time of the device by illuminating with UV
bing etc? These methods are either expensive or demandingight. Other metal oxides such as HiZnO and FgO3 are
in terms of their foot-print. also known for applications as gas sensbrs?

Dissociation of HS leading to non-toxic by-productsisone  Change in conductivity resulting from the interaction with
of the possible solution$? The Claus process is widely used a gas necessarily involves modification of the electromiecst
for dissociation of HS in industries, but the main drawback ture and bonding. Hence, SMO (eg. Bid-&03) have also
is that the by-product is (#0) instead of clean fuel (}).° been known for hydrogen fuel production by dissociation of
Thermal decomposition of # into H, and S has been inves- H20.%1€Since the O and S belong to same group, we expect
tigated and is thermodynamically unfavoraBlelere, we ex- SMO to possibly facilitate the process of dissociation 8H
plore the possibility of using a nano-material to faciktaplit-  Rate of reaction of kS with different metal oxides surfaces
ting H,S into H, and atomic S through chemical interaction, such as GiO3, Al,03 and ZnO have been studied and known
with two-fold goals: (i) elimination of toxic gas from enein-  to be inversely proportional to band gap of the metal oXidé.
ment, and (ii) production of clean energy fuebjivith much  To this end, N-substitution in ZnO is known to reduce its gap,
lower heat of formation (-4.77 kcal mot) than HO (-68.32  and can be effective in enhancing its interaction witSH®
kcal mol1). Needless to say, another application of the same |n the bulk form, ZnO is a wide band-gap semiconductor
material would be in the gas sensing. (3.37 eV) with high exciton binding energy (60 meV) and a

Semiconducting metal oxides (SMO) nanoparticles havdarge piezoelectric constaht =22 The band gap of ZnO can
been natural candidates for gas sensing applications dije to be engineered by alloying with MgO and CdO, which is use-
large surface-to-volume ratio, (ii) high sensitivity tosgaus  ful for optoelectronic device$3?°Its unique set of properties
exposure through change in their conductivities due to surmake it useful in many applications such as transparent elec
face electron accumulatioh® and (iii) a low fabrication cost.  tronics, spintronics, piezoelectric devices, opticalides and
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chemical sensors. Central to these is its ability to exigtiin  tion (GGA) of Perdew Burke-Ernzehof (PBE) parameterized
verse forms of nanostructures, which makes it a key technoform32 because the charge density varies more rapidly in the
logical material. Theoretical prediction of 2D-ZnO (inargc ~ space between a molecule and the adsorbing surface, and gra-
analogue of graphene) with large surface area and a wide bartient corrections can be significant. Secondly, such intina
gap ECV = 3.57eV)%® make it an interesting candidate for gas involves van der Waals (vdW) long range interactions whose
adsorption/dissociation. parameterization is available along with a GGA functional
In addition to temperature, size and dimensionality, theimplemented using Grimme scherfieSince the improvised
presence of native defects and doping with impurities of pro GGA functionals are known to give more accurate binding en-
moters also influence the rate of adsorption and dissoniatio ergies3*-36we adopt the use of GGA in present calculations.
Ahn et al, 2" have shown that gas sensing behaviour is linearlyWe use plane wave basis with energy cutoffs of 30 Ry and of
proportional to the photoluminescence intensity of oxygen 180 Ry in representation of wave function and density respec
cancies. Zhang and coworketé have reported that doping tively, and ultrasoft pseudopotentidisto represent the inter-
graphene with transition metal atoms like Ca, Co, Fe or Saction between ionic cores and valence electrons. We employ
lead to chemisorption of 6 as compared to its weaker ph- periodic boundary conditions with 3 x 3 x 1 or 4 x 4 x 1 super-
ysisortion on pristine graphene. Lee and coworkérbave  cell (18 or 32 atoms) of 2D-ZnO with different concentraton
shown 100% recovery and drastic improvement to the senssf coverage of HS, and include a vaccum of 1R, in the
ing ability of SnQ in detecting very low concentrations of direction perpendicular to 2D-ZnO sheet to keep interastio
H>S (< 1 ppm) using Mo@ and NiO as promoters. Bikondoa between periodic images low. We use uniform mesh of 7 x 7
et al, 1% have shown defect (O-vacancy) mediated splitting ofx 1 k-points in sampling integrations over Brilloiun zoneda
H>O in thin-film of TiO,. However, Hegdet al, % have stud-  smear the occupation numbers of electronic states withiFerm
ied adsorption of KIS on pristine graphene and graphene withDirac distribution and smearing widtlkgT) of 0.04 eV. We
defects, and showed thab 8 interacts weakly through vdW consider configurations with different structural oridittas
interaction with both pristine graphene and graphene wath d and coverage of }85 varying defect concentration and relax
fects30 the structure to minimize energy until the Hellmann-Feynma
In this article, we have studied the adsorption and possibléorces on each atom is less than 0.03/&W magnitude.
modes of dissociation of ¥ gas on pristine 2D-ZnO, and ex-
plored hpw it can be enhanced throggh €) sgbstitutionm-nit 3 Results and Discussions
gen doping at oxygen sites and (b) introduction of O-vacancy
We ha\_/e also examined t_he possib_lity_of exist_ence_of Stonesz 1 structure and Stability of 2D-ZnO
Wales in 2D-Zn0O, that might alter its interaction withh &
In section Il, we describe computational details, and prese Monolayer form of ZnO has a honeycomb lattice structure
extensive results for the adsorptive interaction betweg® H similar to BN [Fig. 1a]. Our estimate of its lattice con-
and 2D-ZnO as a function of coverage and concentration o$tant,a = 3.30A is in good agreement with Topsakef al
defect or impurities in section Ill. This is followed by cdne  (acea=3.28A). %8 The 2D-Zn0O is sp hybridized with a Zn-O
sions in section IV, highlighting the relevance of our wook t bond length of 1.8%, 5% less than the 3D equivalent &)
applications in environment and energy. of ZnO with sp hybridization38 To bench mark our results,
we have estimated the cohesive energy, and analyzed the elec
. tronic structure and vibrational spectra of 2D-ZnO, and €om
2 Computational Methods pared with the available results of Topsakal and coworkers,
where they have used GGA approximated exchange correla-

?ur T'{Et'p”ncgl):l_ers ca_lculfmonsta(rje_ based onEdenS|ty “function energy functional of Perdew-Wang 91 (PW91) parame-
'ona e(l)ry( )as impiemente ".M@NTUM SPRESSO  terized form3® Cohesive energ¥con) of ZnO monolayer is
package! A local density approximation to the exchange cor- : ;

) . ) : " determined using,
relation energy functional is known to overestimate thelbin
ing energies, particularly the interaction of moleculeshwi Econh = ET(2D — ZnO) — E‘ifo'amd(zh) _ E‘ifo'atf-‘d(o) (1)
a surface. We have used a generalized gradient approxima- _
where Er is the total energy of the system aBff°/2®djs the
a Address, Theoretical Sciences Unit, Jawaharlal Nehru eeot Advanced total energy of an |§o!ated atom. Our eStim_atEQi‘h is 8.29
Scientific Research, Jakkur, Bangalore 560 064, India eV per formula unit, in good agreement with Topsakahl
b Address, Sheik Saqgr Laboratory, Jawaharlal Nehru CentreAfivanced (8.42 eV).38 Electronic structure of 2D-Zn0O [Fig. 1b] shows
Scientific Research, Jakkur, Bangalore 560 064, India P ; ; :
¢ Address, Physics Department, UAE University, P.O. Box 173%-Ain, that it IS. a qlreCt band gap semiconductor with a 9ap of 1.62
United Arab Emirates eV. Taking into account the fact that band gaps are usuatly un

* Email: ntit@uaeu.ac.ae; £ Email: waghmare@jncasr.ac.in derestimated in DFT calculations, we expect 2D-ZnO to be
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rather a good insulator. We project out the density of states is 2.2 A) is longer than a typical O-H bond length. To un-

individual atoms and orbitals to study the character ofvede  derstand the nature of the interaction, we visualize thegeha

and conduction bands [Fig. 1b]. Energy band immediately bedensity plot of 2D-ZnO-HS complex [Fig. 2b]. Charge den-

low the gap, the valence band4 to —1.5 eV) is constituted  sity isosurface shows a weak electrostatic interactiowéen

primarily of p-orbital's of O and weakly of d-orbitals of Zn. H,S molecule and the substrate.

Valence band deeper in energy { 4 eV) arises from the d We estimate the van der Waals contributi@X;

orbitals of Zn. Upper conduction bands are primarily consti

tuted of the s orbitals of Zn. Eav = E2p-zno-Hys' — Eap-znor — NB,s )
Phonon spectrum, which is obtained as eigenvalues of the n 7

Hessian of total energy (dynamical matrix, second dexeati whereEy, with x = 2D-Zn0O-HS, 2D-Zn0, HS is the re-

of total energy .W'th respect to atomic pOSI_tlons) reveal t_hespective energy contribution due to dispersion correcfidre
structural stability of the system. Theoretical phonon dis

: : vdW contributionEav) of configuration Il is—24.4 kJmol?
persion of 2D-ZnO reveals that planar ZnO is locally Stable(whereEA: —20.7 kimol-1), showing that most of the bind-

[Fig. 1c], an.d weak instabilities Of thg ZA brgnch (OUt'.Of' ing during adsorption arises from vdW interactions.
plane acoustic mode) around thepoint is an artifact of a fi-

nite mesh siz&® Our results for phonon dispersion show sim-

ilar behaviour as predicted by Topsalelal 38 3.3 Dependence of Adsorption on KIS Coverage
The change in adsorption energy as a function of coverage of
3.2 Configurations H,S (for coverages of 26230 mg of BS per g of 2D-Zn0)

shows the same relative stability of four configurationsidee

‘we will focus on the most stable configuration II. The amount

. of H,S was varied while keeping the size of 2D-ZnO supercell
ous sites of the 2D-ZnO sheet: aj$ton the top of the center 4, 4y 1 the same. We find that adsorption energy increases

of the hexagonal ring, with the H atoms pointing away (Con-ii concentration of KS, and saturates at coverages greater
figuration ), and towards (configuration Il) the 2D-ZnO shee than 200 mg of S per g of 2D-ZnO [Fig. 3a]. The adsorp-

b) HzS on top of the Zn-O bond with H and S Iy!ng IN SAME ;5 energy increases with concentration due to a) an iserea
plane parallel to 2D-ZnO sheet, H near O (configuration 111}, the intramolecular interactiorEg(HS)) between the con-
and away from O (configuration IV). densed HS molecules,Eav(HS) is calculated by freezing the

To quantify the strength of interaction betweeg&nd 2D- ;5 molecules after isolating it from the complex), b) near-
ZnO, we obtain adsorption energdA), as follows est distance between the;§l molecules and 2D-ZnO sheet
decreases (from 2.2 to 15‘7), which is less than the sum of
the van der Waal radii of O (1.§) and H (1,&), resulting in
electrostatic interaction. The vdW contribution to the rae
whereExp_zno-H,s: Eop-zno, EH,s are the total energies of adsorption energy decreases, as the repulsive term in the po
the optimized structures of 2D-ZnO-B complex, 2D-ZnO, tential energy becomes dominant at shorter distance betwee
isolated free KIS molecule respectively, and n is the total num- H2S molecules and 2D-ZnO sheet, which becomes further less
ber of LS molecules. Our results clearly reveal tHat<0 than the sum of van der Waal radii with coverage efHFig.
with magnitudes from -30 to -17 kJ mdi{[Table 1] revealing 3a]. At higher coverages, buckling in 2D-ZnO is also signifi-
a relatively weak adsorption of4$ on 2D-ZnO. These values cant, at the places where cations and anions (O and H, Zn and
are intermediate to those of physisorption and chemismipti S) come close to each other. Here, visualization of charge de
Among these configurations, the configuration Il wigh =  sity shows a relatively large overlap between densitiess& H
—29.7 kJ mol 1 is energetically more stable with theSlad-  molecules and of the substrate indicating relevance ofrelec
sorbed at the center of ring and the H atoms oriented towardstatic interaction [see Inset Fig. 3b for coverage of 130 g o
the 2D-ZnO sheet [Fig. 2b]. H2S per g of 2D-ZnQ].

To identify the mechanism of adsorption at the atomistic We now examine the electronic structure (DOS) of 2D-ZnO
level, we now consider the most stable configuration (configwith and without absorbed 4% molecules. The Fermi level is
uration II). We find that only a few Zn-O bonds length in the set to O is all the three cases [see Fig. 3b] with the cover-
vicinity of the adsorbed bS5 molecule change slightly, indi- age of 130 mg of KIS per g of 2D-Zn0O]. Comparing the DOS
cating a weak interaction between 2D-ZnO angSHZn-O  of 2D-Zn0O, frozen/condensecd8 molecule and the complex,
bonds elongates by 0.8%, and there is slight bendingY812 we see a weak overlap of wavefunctions efSHvith 2D-ZnO,
the 2D-Zn0O sheet, while the H-S bond elongates by 1%. Thand a slightincrease in band gapb.2 eV indicating a weak
distance between $ molecule and 2D-ZnO (O-H distance covalent interaction of 2D-ZnO with ¥$ molecules, primar-

We have considered four inequivalent configurations of 2D
ZnO-H,S complex with different orientations ofJ3 at vari-

_ Eop-zno-H,s— Eop—zno— NEH,s @

E
A n
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ily associated with the interaction of p-orbitals of O with s level associated with p-orbital of nitrogen, similar to ike-

orbitals of H and s-orbitals of Zn with p-orbitals of S. lated band corresponding to p-orbital of nitrogen in bullxzn
To understand further the adsorption, we have determinetesulting from substitutional doping with n-type elemefitis

the charges usingdwdin method as implemented in Quantum and F) reported by Sale al, '8 [see Fig 4a for electronic band

Espresso and estimated the charge transfer: structure of 2D-Zn@ xNy (black curve) with doping concen-
tration 11%].
QT = Q?SonCLHZS— Q'?rzoszen 4 We have placed a 6 molecule at a distance ofAL from

the N-site with H facing towards the sheet, and relaxed the

whereQT is the charge transfeQ?éﬁZn&st, Qlf_irzoszen isthe  Structure. We find a rather strong interaction Q_S-molecule
sum of total charge on the atoms in frozeaHmolecules, and doped 2D-ZnO, with ;& molecule dissociating to H
positive value indicates transfer of electron from sulistta ~ @nd HS'. The doped 2D-ZnO sheet undergoes a local struc-
molecule(s). tural distortion involving bending by°5and elongation of few

From the amount of charge transfer as a function of the cov&n-O bonds {-4%) near HS. The charge density shows a
erage of HS [Fig 3c], itis clear that the total charge(e) transfer Strong overlap of densities of N of doped 2D-ZnO and isolated
from the substrate to molecule increases with concentratio H' of H2S forming a strong covalent bondi{(_n=1.03A),
while the charge transfer per molecule (QT/n) decreases tivhereas HS weakly interacts with Zndzn-+s=2.46A) [see
n= 6 (156 mg of BS per g of 2D-Zn0), and increases with Fig 4b]. The adsorpt!on energy increases d.rastlcallylﬁz
further increase in coverage. The total charge transféesar kJ mol*. On comparing, the projected density of states of the
from 0.1 to 0.25 electron, for the coverages studied here, rec0mplex with the substrate (not shown here), we observe that
sponsible for a weak electrostatic interaction betweemig the increase in the adsorption is mainly due to overlap of s-
and 2D-ZnO substrate. Thus the adsorption eStdn 2D- prbital qf H™ with p-orbitals of N and there is a slight in.crease
ZnO is intermediate to physisorption and chemisorptiomwit in the distance between HOMO and LUMO levels, with van-
mixed vdW, electrostatic and weak covalent interactions. ~ Shing density of states at the Fermi level in the complex.

We now study the effect of concentration of substitutional
nitrogen doping on the adsorption. We have considered a
3x3x1 supercell of ZnO with doping concentration varying

3.4.1 Stone-Wales defectsStone-Wales(SW) defects are from 5.5 to 22.2 atomic percent. Freezing of unstable modes
topological defects observed in two dimensional systerols su 10 distort this structure leads to bending in 2D-Zn¢N,
as graphene and its 3@nalogues® We have explored the §heet with out—qf—plane d|splacemem_0.2 to 0.3A) of ad-
possibility of the existence of SW defects in 2D-ZnO obtdine Jacent atoms with reasonable formation energ.9 eV to
by in-plane rotation of one of the Zn-O bonds by>900n 1.1 eVIN atom). We have placgd the S molecul'e at a dis-
structural relaxation, we see that the Zn-O bond comes baci@nce of 1A above one of the nitrogen atoms with hydrogen
to its original unrotated position, indicating that a SWetdlfis atoms close_r to the sheet._ The adsorption Energy INcréases
unstable. Stone-wales defects in other heteronucleahgrep Ul 11% doping concentration and saturates for higher dop-
analogues such as BN are known to be a meta-stable state dif§y concentration for a coverage of 46.8 mg gi3+per g of
to high formation energy of homonuclear bonds between B-B2P-ZNO1-xNy [see Fig 4c]. As the concentration of nitrogen
and N-N, but the formation of Zn-zn bond is very unlikely due INcréases, the charge transfer from the molecule to stibstra

to higher oxidation state and ionic sif®*1 We also consid- |

3.4 Defects in 2D-ZnO and Their Effects on Adsorption

increases and distance between dissociat&iolecule and

ered the case in which one of the Zn-O bond is rotated out-ofubStrate decreases as the substrate becomes more elgctron

plane by 90, and see that on relaxation the out-of-plane zn-02tVe [see Inset Fig 4c]. The position and orientation o8H

comes back to the original position, indicating that bortdro Molecule is very important, as the strength of adsorption de

tion does not lead to any metastable point defect formation. ;:refls_et:s drastically when placed away from the vicinity of de
ect site.

3.4.2 N-substitution on oxygen site We determined the For a fixed doping concentration (11%), we vary the con-
effects of nitrogen substitution in 2D-ZnO, by replacingrox centration of the KIS from 46.8 to 234 mg of k5 per g of
gen atoms with nitrogen. We considered N-substituted 2D2D-Zn0,_xNy. As the coverage of }§ increases, the adsorp-
ZnO by replacing one of the oxygen atom with nitrogen atomtion energy per molecule decreases [see Fig 4d]. An incdease
initially in a 4x4 supercell of 2D-ZnO. Structural relax@ti  electrostatic interaction betweenn$ molecules and the sub-
and phonon reveal a weak instability leading to out-of-plan strate is evident from structural distortion of the relasédic-
displacements~ 0.03 to 0.054) of the adjacent Zn and O ture. It is clear in the electronic structure for a coverafie o
atoms with a moderate energy cost of 1.14 eV per N atom93.6 mg of BS [see Fig 4a], the sub bands at the Fermi level
Electronic band structure reveals presence of bands ati Fermorresponding to p-orbitals of nitrogen shift down in eryerg

4|  Journal Name, 2010, [vol] 1-13 This journal is © The Royal Society of Chemistry [year]
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opening a gap, and the gap increases with the coverage stilphonated 2D-ZnQ . Eg is determined using,

H>S, due to formation of strong covalent bond with H lead- _

ing to splitting of BbS. The decrease in adsorption energy can Er=E20-zn0, , — [E20-zn0y (s — EE2¥®4S)]  (7)

be attributed to a) saturation of nitrogen dangling bonds, b

decrease in the average distance between fi®rhblecules  Where,Ezxp_zno, ., E2p-zno, s, andESC@Y(S) are the total

and substrate and c) decrease in the total charge trangfer wienergies of 2D-Zn@.y, sulphonated 2D-ZnQ  and isolated

concentration, though charge transfer per molecule is same sulphur atom respectively. Our estimate of energy cost-of re

] generating 2D-Zn@ x with 3.15 atomic percent sulphonated

3.4.3  Oxygen vacancy.We now determine how oxygen >p.zno,_, is 4.15 eV/S atom, which is less compared to for-

vacancies in 2D-ZnO influence the adsorption eBRemov-  yation energy of 3.15 atomic percent oxygen vacancy in-prisi

ing one of the oxygen atom from the pristine 4x4 supercell ofjne 2p-znoO (8.05 eV/vacancy), indicating that regenerati

2D-Zn0, i.e, creating a vacancy of 3.15 atomic percent, Weys 2D-ZnOy_y from 2D-Zn0O_S, is easier compared to in-
first optimized the structure. Our estimate of the formaﬁontroducing oxygen vacancy.

energy of oxygen vacancy is a bit high (8.05 eV/vacancy). We
initially placed HS molecules at a distance ok Ifrom the O- 3.4.4 Selectivity of adsorbate molecules on 2D-
vacancy with H and S in same plane parallel to the sheet. W&nO;_,/2D-ZnO;_4Ny. To check the selectivity of }5 over
find that the presence of oxygen vacancy leads to negligiblether potentially reactive species like g@nd HO on de-
increase in the adsorption energy { kJ/mol) of HS. fected 2D-ZnO, we have intially placed single gas molecule

We now increase the coverage ob$ and place KBS of CO./H20 in the vicinity of oxygen vacancy at a distance of
molecules in the vicinity of an oxygen vacancy. At lower cov- 1A from the substrate (2D-ZnQy, 3.15 atomic percent oxy-
erages of HS (<52 mg of HBS per g of 2D-Zn@_y), there  gen vacancy). For the low concentrations of Gfnsidered
is negligible effect on the strength of adsorption. As the-co (34 mg of CQ per g of 2D-ZnQ_y), the Eu is positive (30
erage of HS increases adsorption energy increases due to irkJ/mol) indicating no adsorption, where as®bonds rela-
crease in electrostatic interaction among theShinolecules  tively stronger than BiS, since O is more electronegative than
and substrate, this is evident in structural distortioras tbad  sulphur. In neither of the cases (¢Or H»0), the adsorbed
to splitting of H,S accompanied by formation of,Hinolecule  gas molecule dissociates and fills the oxygen vacancy. We
[see Fig 5a]. The primary reason for the splitting of3His  have also studied selectivity of,@ over HS in presence of
that O-vacancy site is replaced by S of$indicating essen- N-doping (3.15 atomic percent N-doping), We find tha(H
tial role of O-vacancy in Hproduction [see Inset Fig 5a]. The unlike H>S does not dissociate to saturate the dangling bonds
above reaction can be written as of N, instead bonds weakly with 2D-ZnONy [see energet-

ics in Table 2]. HS binds preferrentially over CZH,0
2D —Zn0Oy_x+2H2S— Ha+HS~(2D —ZnOy_)||||HS, (5)

To calculate the amount of energy required to separate thdé Conclusion

H, from the complex, we have displaced the &lvay from

substrate. The amount of energy required to separate the HWVe find that the adsorption of4$ on pristine 2D-ZnO is weak
molecule from the complex is quite low-(0.07 eV/molecule), and mainly due to the van der Waals interaction for lower cov-
indicating that 2D-Zn@_x may be a good candidate for the erage of HS, and HS molecule prefers to occupy the site at
production of hydrogen fuel [see Fig 5b, whekgis the dis-  center of hexagonal ring with the H atoms pointing towards
tance between the substrate angl rHolecule in the relaxed the oxygen atoms of the substrate. N-substitution at G-site
structure, d is the distance of;Hrom the equilibrium posi- eads to a marked increase in adsorption energy{(byimes)
tion in the relaxed structure and,EEq is the corresponding With respect to the pristine 2D-ZnO, resulting in dissdoiat
energy]. To explore the disproportionation of two HS rattica Of H2S. The adsorption energy increases with doping con-

present at the adjacent adsorption sites, given by centration and saturates above 11% defect concentration fo
a coverage of 46.8 mg of4$ per g of 2D-Zn@_xNy. When
HS +HS" — HyS+ S, (6)  the coverage of b5 increases for a fixed N-doping concentra-

tion, we see that the adsorption energy per molecule dexseas
we have decreased the distance between two HS radicals adde to saturation of N-dangling bonds, the decrease in the to
relaxed the structure. We see a strong repulsion between H&harge transfer as well as increase in the average distaace b
radicals leading to no disproportionation at low concdigra  tween all the S molecules and the substrate. O-vacancy has
of vacancy and coverage obB. little effect on the adsorption at lower coverages gSHbut it
To explore the reusability of defected material, we calimula strengthens with increase in the coverage due to electi®sta
the energy required to regenerate 2D-ZnQ(ER) from the interactions. This leads to splitting ob8 molecules in which

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-13 |5
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S relocates to the site of O-vacancy in 2D-ZnQand H is 13 X. Zou, J. Wang, X. Liu, C. Wang, Y. Jiang, Y. Wang,

released. We find that the SW defects are unstable in 2D-ZnO. X. Xiao, J. C. Ho, J. Li, C. Jiang, Y. Fang, W. Liu and
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cies in 2D-ZnO facilitate capture of4$ and its splitting to 14 D. N. Huyen, N. T. Tung, N. D. Thien and L. H. Thanh,

generate K. The former has applications in maintaining clean  Sensors2011,11, 1924-1931.

environment and the latter is useful as a green fuel for gnerg 15 K. K. KasemJournal of Materials Sciences and Technol-

In fact, the end product after consumption of this fuel isevat ogy, 2010,26, 619.
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5 Tables and Graphics

5.1 Tables

Table 1 Energy of AdsorptionEa (kJ mol1) with nearest distances
between the substrate and molecule for various configurations

Nearest distance
Configuration  Ep dzn-s(A) do_n (A)

I -17.2 3.2 3.96
Il —29.7 3.51 2.22
Il —243 2.77 3.05
v —146 3.61 3.88

Table 2 Comparison of energetics for selectivity of&lover CQ

and HO
Substrate Molecule Ea (kJmol)
H>S —289
2D-Zn0Oy_ CO; 30.3
H.O —432
H.S —1510
2D-znO-Ny o 354
5.2 Graphics
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Fig. 2 (a) Adsorption energy, nearest distances between #i$erhblecule and 2D-ZnO sheet for different configurations, (b)gdhdensity
plot for the coverage of 130.89 mg ofH per g of 2D-ZnO
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Fig. 3(a) Energy of adsorption, vdW contribution to total adsorption g&lén 2D-ZnO sheet as a function of coverage with the smallest
distance between4$ and 2D-ZnO sheet, (b) comparison of electronic density of states obthplex with the coverage 130 mg o8l per
g of 2D-ZnO with the pristine 2D-Zn0O, inset shows charge density plotettmplex, and (c) total charge transfer per molecule from

substrate to molecules with respect to coverage
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Fig. 4 (a) Comparison of electronic band structure of 2D-ZngN, and its complex with coverage of 93.6 mg of$iper g of

2D-Zn0Oy_xNy, (b) charge density plot of a complex with doping concentration(CN)e3ahd HS coverage 26 mg per g of 2D-ZaQNy,

(c) adsorption energy as a function of doping concentration for arageeof 46.8 mg of HS per g of 2D-Zn@_xNy. The inset figures
corresponds to doping concentration 11% (left) and 16.7% (right)(@radsorption energy as a function of$icoverage for a fixed doping
concentration (11.1% N), the inset figure corresponds,d ebverage of 189.2 mg per g of 2D-ZpQNy
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Fig. 5(a) Adsorption energy as a function op8 coverage for a fixed oxygen vacancy, the inset figure correlsgorcoverage of 130 mg of
H>S per g of 2D-Zn@_y, and (b) difference in energy of system with Hisplaced at distance of é\I away from the equilibrium distance

(do) in the relaxed structure for a coverage of 130 mg gShber g of 2D-ZnQ@_4
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We report novel applications of inorganic analogue of geaqgh(2D-Zn0O) in the detection and capture
of toxic H>S gas and conversion to a green fuel, hydrogen using firstiptes density functional theory
calculations. Presence of O-vacancy in the 2D-ZnO fataigalissociation of b5 into H, and sulphur
filling the site of O-vacancy. Presence of dangling bonds @i N-doped 2D-ZnO is also shown to bind

strongly with BS, and facilitate its dissociation and elimination from ieorment.

. o !
vdW interaction H,S +H,S — H,+2HS*

E, (kJ/mol)

-100 ‘ —
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