8% & ('
) x4 Lo, -
/- #01.)).12!3124.5 "1673"607

/" -& 8
9 )i L HHHS ) - 1"H$."0."7...
< Yoo HUHHST. )- 1'H$0.71=
> 8 ! +

) ..o1) loesT:

98 - 8" %
98 -? ). ) @ ' +
-8 % - ) )
t+" ) y- )+ 8 )
+ +) - 33 ()
) ) ) 8 Lot )

' 8 " ) 9 ' ) . >
+ + ") + )- > +")
8 ) )
> * o+ (") 8 +

8 ) )! > +
) 8 + ) 8 ) ? )

A %
ok Northumbria g
University ' ' i
University 8 UniversityLibrary


http://nrl.northumbria.ac.uk/policies.html

Electric Field Enhanced Adsorption and Diffusion of

Adatomsin MoS, Monolayer

Wenwu Shj* Zhiguo Wang" Zhijie Li,* Y.Q. Fu"*

1 School of Physical Electronicenter for Public Security Information and Equipment
Integration TechnologyUniversity of Elettonic Science and Technology of China, Chengdu,
610054, P.R. China

2 Faculty of Engineering and Environment, University of Northumbria, Newcastle upon Tyne,
NE1 8ST, UK

"Corresponding author.-Bail: zgwang@uestcdel.cn(ZW); richard.fu@northumbria.ac. ¥ F)

Abstract:

A new phenomenon/extric field enhanceddsorption and diffusion of lithium, magnesium and
aluminumions in a MoS, monolayer was investigated sing density functional theomy this
study With the electric field increased from 0 to 0.8V theadsorption energiesf the Li, Mg
and Alatonsin theMoS, monolayemwere decreased fron2.01 to-2.49 eV, from-0.80 to-1.28
eV, and -2.71 to -3.01 eV, respectively The corresponding diffusion barriers wre
simultaneouslydecrease from 0.23to 0.08 eV, from0.15t0 0.10eV, and0.24to 0.21 eV for
the Li, Mg and Al ions, respectivelyWe concludedthat theexternalelectric fieldcanincrease

thechaging speedf rechargeable ion batteribased orthe MoS, anode materials
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1. Introduction

Layered structal materials areconvenientfor intercalation/deintercalatioof metal ions thus
can be used athe appropriatematerials for rechargeable ion batter{ds4]. Among them
graphite is th&key anode material fathe commercial lithium ion batterigsIBs) with an energy
capacity 0f372 mAhg™ [5]. The electrochemical performanoéthe LIBscanbe improved by
reducing the siz of electrode material$6-8]. Reducing the thickness dhe graphite can
significantly improveits energycapacity,anda monclayer of graphenénas muchhigher energy
capacitiesof 600-1000 mAh/g[9, 10]. Othertypes ofmonolayer materials such aslybdenum
disulfide Mo0S,) [11], V205 [12], and transitiormetal nitride[13] have also received much
attention to be used #@se electrode materials for the LIBRecently,MoS, with a graphitelike
layered structure haseen explored as new generatioof renewableenergy related matials,
usedas catalysts for dissociation op®[14], catalysts for hydrogeevolution reactiorf15], and
anodemateriab for the rechargeable ion batteri¢$6-18]. Monolayer ofthe MoS, has been
synthegzed using various methods, such as scotch tape based micromechanical exf@@ation
20], molybdenum oxid sulfurization[21, 22], andphysical vapor depositiof23]. Furthermore,
MoS,/graphene nanocompostéave beenused as an anode forthe LIBs and the device
exhibited a high specific capacityf 12251400 mAh/g [24, 25]. After 200 repeated charge
dischargecycles it still maintairedahigh valueof 1351 mA Iig [26].

Currently he energy density and cycle life of the LIBs cannot meefctitecal requirement
of electric vehicles and renewable energy storage,tiésoesource of lithium is insufficient for
future useTherefore, it is essential tearchand deelop newtypes oftransporting ionsvhich
are cheaper and environmentally friendlfipr the rechargeable ion batteries with large

energy/power densitieSodiumandmagnesiumareabundanbn the earth,which could provide



solutiors as thenew types ofechargeable ion batteri@sth alow costand safeenergy storage
[27, 28]. Experimental and theoretical workdereadybeen performed to apply thdoS, nanc
layersastheanode materials fadheLIBs, sodium ion batterieandmagnesiumnion batterieg29-
36].

Practically, a ideal anode material should haaéow diffusion barrierfor the transporting
ionsin order toachiew afast charging rate. At the same time, the anode materials shoula have
large exothermic reaction enerfiyr the transporting ionsn order toachiewe a large storage
capacity[37]. The diffusion barrierdor the Li and Na ina monolayer of Mogcalculated using
density function theoryDFT) are 0.24[38] and 0.68eV [34] , respectivelyandthe Li mobility
can be enhancagsing theMoS; nanoribbondy reduing thedimensiors [39]. Defects including
single and fewatom vacancies, antisite, and grain boundaeyinevitable thus he effects of
defects on the electronic propertiestod MoS, have been investigated40, 41]. A recent study
showedthat these defectsan enhance thexothermic reactiorof Li adsorgion in the MoS,
monolayer{42].

It is well-known that the external electric field can be used to modify the physical properties
of nanomaterialssuch asSiC nanotubeg43], MoS, monolayers[44] and nanoribbon$45).
Application of the electrical fielthto the nanematerialsis practicaly achievablébecause of its
easily controllable direction and intensityor example,hte adsorption of gas maleles ona
monolayer Mo$ has been investigated by considering the external electric[#€]d In this
work, we investigate the effects of an externaleledric field on adsorption and diffusion of
Li/Mg/Al ions in the MoS, monolayerbased oDFT analysis The reason why we choo#ee Li,
Mg and Al ions for the study is to represent those common ions in the-ninand trivalent

rechargeable ion batteried/e havereported for the first time,that adsorption ananobility of



the transporting ionscan be significantlyenhancedn the MoS, monolayer withan external
electric field.Based on the results, we proposedeav designfor the next generation offast

charging rechargeable ion batteries.

2. SIMULATION DETAILS

Adsorption and diffusion ofhe transporting ions irthe MoS, monolayer were calculated
using DFT code of SIESTA47], in which the core electrons and valence electraese
describedusing nonlocal normconserving pseudpotentiak and a linear combination of
numerical pseudatomic orbitals[48]. The valence electron wave functions were expanded
using double E DV LMusVpdlavization functionsThe generalized gradient approximation
(GGA) [49] was sed todescribe thelectron exchangeorrelationfunctional. A1 energy mesh
cutoff of 200 Ry was usedor the selfconsistent Hamiltonian matrix elementhenthe charge
density was projecteon a real spacgrid.

For theMoS, monolayey a 5x5 hexagonalgpercellmodelcontaining 50 &ttomsand 25 Mo
atoms plus ondi/Mg/Al ion was used for all the simulations. In order to avoid the periodic
image interactiosbetweenthe MoS, monolayes, the distance betwedne two adjacenfayers
was keptas25A. A speial k-point samplingwith 3x3x1 k-grid was performedfor the Brillouin
zone integratiomof the MonkhorstPack schemg50]. As mentioned beforeli, Mg and Al
elements weravestigatedasthetransportingons for the rechargeable ion batteries

The adsorption energ¥4{q9) which indicates the interactiors betweentransporting ionand
MoS, monolayemwas calculated using equation (2).

Eads EMoSZ M EMoS2 EM (2)



where E,,.s  and E,,,¢ are the total energies tfie MoS, with and withoutadsorption bthe

transporting ionsrespectivelyand E,, is the energy ofmisolatedransportingatom.The more
negativevalueof the adsorptionenergyis, the more favorable exothermic react®oould occur
betweerthe monolayeMoS, andtrangortingions.

The adsorption and diffusion behawawrere investigated undemn external electric field,
which was appliedin the direction perpendicular to thoS, monolayeras shown in Fig. 1(b),
and he electric field intensityvasset from0.0 V/A t0 0.8 V/A with its stepincrement set as D.
V/A. Our testshave shown that the direction of electrical field perpendicular to NS,
monolayerhas moresignificant effect on the reduction of energies barriers tlia@ other
directions. The electric field was featured as an additional stwth potential profile

perpendicular to the monolayer Mo& described in Referenfdel].

3. RESULTS AND DISCUSSION

Adsorption ofatonrs onthe MoS, monolayerhas been studidd literature[39, 52]. There are
two dominantadsorption sites fothe atorrs, i.e., ST (top ofthe S atom)site, T (top of the
molybdenum) site and H éater of the hexagon) sites shown in Fig. IT siteis theenergy
favorable one among thesehtee sites for all the Li, Mg and Al atoms For example, he
calculated adsption energy for the Li adsorption on a pristveS, monolayerat the T site is
2.01eV with a Li-S bond length o2.40A. The T sitehas @& adsorption energy which 20
meV energetially lower for the Li adsorptioncompared with thaat the H site, which agrees
well with the literature[53]. The adsorption energy fdhe Mg in the MoS$ monolayer is-0.80
eV per Mg atom, which agrees withe previously reported value of-0.70 eV [54]. The

adsorption energies af2.53 and-2.71 eV forthe Al adsobedat the H and T s&&s, respectively.



The changes of the adsorption energiedifferentelectric fields for the Li, Mg and Al
adsobed on the MoS, monolayer are shown in Fig. 2Vhen the external electric field is
increased from 0.0 to 0.8 V/Aheadsorption energies deasefrom -2.01 t0-2.49 eV, from-
0.80 t0-1.28 eV, and from2.71 to-3.01 eVfor the Li, Mg and Al atomsadsorbed at H sites
respectively Results clearly showthat the external electric field enhansethe exothermic
reactiors betweenthe monolayeMoS, andLi/Mg/Al atoms The energy density is determined
by the reversible capacity and operating voltage, which are determined lohénestryof the
electrodematerial, i.e.,its effective redox couples and maximum lithium concentrati@®).
Thelarge exothermic reaction energgtweerthe Li, Mg and AlandMoS, monolayerindicates
that the anode materials have a large energy storage capacity.

Seveal methods,including Nudged Elastic Band (NEB) method, dimer method, and
constrained method, can be used to determine the diffusion barriers of the condensed matters
[56]. The constrained method is the simplest alsothe most intuitiveoneamong the different
methods As the NEB methodhasnot beenincluded into the main SIESTA cod@ this study
the diffusion barriers were calcudat using aconstrained methonh the present workin which
the ions were constrained in the direction alongdiffasion path, whereas it is allowed to relax
in the direction perpendicular to tliffusion path. The diffusion path fothe Li, Mg and Al
atomsin the MoS, monolayeris from a T site tanothernearest T site by passing through the
metastable H sitg38 as shown in Fig. 3 (a). The energarriercurves for the Li, Mg and Al
diffusion without and withthe electric fields are shown in Fig 3(b) to 3(d), respectivelyThe
diffusion barriers calculated usirnige constrainednethod agreewell with the values calculated
usingan NEB method[57]. For example, lte diffusion barrier othe Li in the pristine Mo$

monolayer is 0.23 eV, which agseeell with the previouslycalculaed results of 0.2153] and



0.24 eVusingthe NEB methodg[38]. The calculatedliffusion barrier forthe Mg in the MoS
monolayer is 0.15 eV withowtpplying arelectric field. Thepreviously reportedalues are0.08
eV for the Mg in MoS, monolayer[54] and 0.22 eV inbi-layeredMoS, with increasing the
interlayer spacingpto 0.9 nm[29].

The diffusion energy barriers adunction of electric fieldasthe Li, Mg and Al diffuse on
the MoS monolayerare shown in Fig. 4lt is interesting to find that the diffusion barriers
decreassignificantly afterapplying theexternalelectric field and the vales for the Liatoms in
the Mo$S layerare 0.23, 0.17, 0.13 and 0.8V with externalelectric fields of 0.0, 0.3, 0.5 and
0.7 VIA, respectivelyThe decrease of diffusiobarriersshows an apparentiependence on the
valence of cationsand thisdecreasingrendis more obvious fa the monovalent Li tharthose
for thedivalent Mg and trivalent AlThe diffusion barrierslecrease fromd.23to 0.08eV, from
0.15to 0.10eV, andfrom 0.24to 0.21 eV for the Li, Mg and Al atoms, respectively, as the
electric field is increasd from 0.0 to 0.8 V/A. The difference isassociated tahe smaller
polarizing strengtlof the Li ions compared witithose of theMig and Al iong[29].

The diffusion coefficient varies exponentially with tltBffusion barrier following an

Arrheniuslike formula[58]: D ve BT

, WhereE, is the diffusion barrierkg the Boltzmann
constant andl the temperature Therefore,the reduction of energy barrier of 0.06 eV could
change the ion mobility by a factor of ~10 at room temperallredecreases of energy barriers
for the Mg and Alions are smaller than that for Li ioffherefore, theeffect of electric field is
much more effective for the LIBs. The diffusion coefficientof the Li can be improved 10 and
100timesby applying 0.3 and 0.8/A, respectively.

Previous study showed that thian der WaalgvdW) interactionshavea significant impact

on bothbinding energie®f metal and hydrogeon grapheng59]. The vdW interactionscan



stabilizetheinserted ions and hinder ion diffusiama layeredv,0s [60]. To assess the role of
vdW interactions in the diffusion on the Mp®ith an electrical field, we als@onsideredhe
vdW interactiongproposed byion et al.[61]. The obtaineddiffusion profiles are shown in Fig.
4b. The diffusion barrierare0.22 0.19and0.16eV with external electric fields of 0.0.3,and

0.5 V/A, respectivelyThe diffusion barriers ardecreased by adding the external electrical field
with the considering of the vdW interactions

Effect of the electrical field on the diffusion of Li with large concentration of Liwas
investigatedand the results arghown in Fig. 5 (a). Four Li atoms were adsorbed on the same
super cell as used above. Téreergy diffusion profilsareshown in Fig. 5(b). It can be setrat
the diffusion barriersare 0.28and 0.21 eV with external electric fields of 0.8nd 0.3 V/A,
respectively. The diffusion barriers were decreased after applying the electric fieldffior hi
concentration ofhelLi.

Adsorption energieand diffusion barriers are two importgmérameters to characterize the
electrochemical performance tfe anode materials. Large negativalues of theadsorption
energiesndicate thathe anode materialsakiealarge energy storage capadi8r]. Smallvalues
of the diffusion barrierandicatethatthe anodecan be charged with a fast charging réttevas
reported thatertaindefectsformedin materialsof graghene[37, 62-65] andsilicone[66] can
enhance the adsorption of lithium in these materials. Although the diffusion barriers of lithium
from pristine tothe defects siten the MoS monolayerhavebeenreduced, the reverse diffusion
barriershave actually beemcreasedBecausehe defects arthetrapping centexfor the lithium
atoms therefore,if these lithium atoms have been adsorbed inb@se sitg they could not

participate in the following electrochemical process.



Our simulation resultxlearly showed that the external electric field can enhance the
adsorption othe Li, Mg and Al atoms oto the MoS, monolayey andsimultaneouslydecrease
the diffusion barrier.Based on thaimulationresults, we proposedrsew structure of charging
procesdor the rechargeable ion batteries as schematically shown i6.Aige charging process
is same with hat of aconventional charger, except for the additiopaver supplyenclosed by
the dotted lineas shownn Fig. § which canprovide anelectrical field on the anode material
after switched on. The batteriebehaveasa conventionabattery wherswitched off. When the
batteriesarechargedthe electric ield can be applied ttheanode materialsAs the electric field
can enhance the exothermic reacsdmetween thdransporting ionsand anode materiajsthe
larger the electric fields, the more exothermic react®accur.Also thediffusion barrierscanbe
decreased by the presencetlo¢ electric field thus the setup can be used to accelerate the
charging processThe batteriesfunction as a normal unit to supply theoutput power if the
external electrical filedis switched off. It should be notified that the above results of
enhancement of adsorption and diffusion by external electrical el obtained fom the
analysisbased ora monolayerof MoS,. As theli is sited above ~A above the monolayethe
interlayer distance should kergerthan4.0 A as showrin Fig. 6, in orderto make the electrical
field moreeffective.

From the above results, an external electric fegldenhance the adsorption and diffusion
of the Li/Mg/Al ions in the MoS monolayerbased on th®FT analysis which provides anovel
route for thefast charging proces#s the Li/Mg/Al aoms are adsorbedon the Mo$, charge
transfer from the atosto the Mo$ occurs[42, 67]. Theamount ofcharge transfeed from the
atomswill increasewith the increaseof strengthof the electric fieldandthe differencen the

charge transfeat the different sites will decrease withincreaing strength ofthe electric field



Thereforethe adsorption will be enhanced ate diffusion energy barriensill be decrease
with increasing the electric fieldhe enhancement mechanismwfthe adsorption and diffusion
can also be used in other anode materjatsch asgraphene, carbon nanotubes and black

phosphorus

4. CONCLUSION

In conclusion, lhe adsorption and diffusidmehaviorsof the Li, Mg and Al atomson Mo$S
monolayer withan externaklectric field were investigated usinige DFT method.The dectric
field enhanced the exothermic reaction between the monolayes &halatoms.Meanwhile, the
diffusion barriers were decreasatter applyingthe electric field. The resultsuggesthat the

electric field can be used to realize a fast chargimogessf rechageable ion batteries.
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Lists of figures captions:

Figure 1 (a) Top and (b) side views of Mg&onolayer supercelith atoms Electric field was

applied with its orientation perpendicular to thenolayer

Figure 2 Adsorption energies as a function of applied electric field.

Figure 3 (a) Diffusion path ofatom from one stable site (T) to another one through rstghle

site (H).Diffusion energycurvesfor (b) Li, (c) Mg and (d) Alatoms from one stable position to

a neighbor one ith and without electric field.

Figure 4 Diffusion barriers as a function of applied electric field. The diffusion barriers

decreased with the electric field.

Figure 5 (a) Diffusion path and (b) diffusioanergy curves of Li atom from T site H site with

larger Li concentration.

Figure 6 A prototypes of rechargeable ion batteries with fast chaqgiogess.
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