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EVALUATION OF ENERGY EFFICIENCY OF THE NITROGEN-DOPED
Co0304 (100) SURFACE FOR WATER DISSOCIATION

Abstract: Co;0;, is easily available and thermodynamic stable oxide in a wide interval of temperatures and
conditions with rich concentration of oxygen. Also Co;O4 among oxides of transition metals — useful materials for
gas sensors, storage systems of energy and materials of anodes of lithium - ion batteries, zink-air batteriesand other
energy applications.

For enhancing energy efficiency of decomposition of water molecules on cobalt oxide surfaces was studied
effect of various dopants. One of the promising doping materials for Co;0y is nitrogen.

In paper we report the results of theoretical investigations of water adsorption on undoped and nitrogen-doped
Co304 (100) surface by means of the plane-wave periodic density functional theory (DFT) calculations combined
with the Hubbard-U approach and statistical thermodynamics.

We discuss the effect of nitrogen-doping of the Co;04 (100) surface and calculated oxygen evolution reaction
overpotential based on the Gibbs free-energy diagram of undoped and N-doped surfaces. Results of calculations of
the overpotentials of water molecule decomposition on the nitrogen-doped (100) surface of cobaltum oxide
demonstrate generally the decreased values in comparison withundoped surface with some deviation on considered
steps of decomposition.

Keywords: Co;0,, spinel oxide, water sorption, free-energy diagram, surface.

1. Introduction

Nowadays, we know that transition to "green" energy perspectival in ecological and economical view.
Advantages of technologies of renewable energy make these problems priority for the scientifically
research. So, its lead to intensive development of researches for alternative energy resources.

Today, all the talk about hydrogen energy or even a hydrogen economy is the use of hydrogen as the
main energy source for various devices.

One of the methods for producing hydrogen is electrolysis. This is a much more expensive way than
getting from hydrocarbons, but it is without thermal pollution.

Consuming growth not - renewable fossil energy resources of which "thermal pollution", bursts in the
atmosphere of products of burning and fast exhaustion of power sources is result do perspective creation
of highly effective technologies of use of renewables that first of all includes development of methods of
conversion of solar energy.

Reaction of dissociation ofwater takes place with energy absorption as a result of which the free
energy of Gibbs increases by 237 kJ of mole™. This additional energy necessary for photocatalytic and
photoelectrochemical decomposition of water is provided by means of energy of sunlight. For this purpose
forelectrode material of electrolyze process used different materials.

Co50, is easily available and thermodynamic stable oxide in a wide interval of temperatures and
conditions with rich concentration of oxygen. Crystal Co;O,4 has structure of spinel (spatial group) with
thezsemi—ﬁlled sites in an octahedral environment of Co®*, and cobalt ions in a tetrahedral environment of
Co™".
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Also Co;0jamong oxides of transition metals — useful materials for gas sensors [1,2], storage
systems of energy and materials of anodes of lithium - ion batteries [3],zink-air batteries [4] and other
energy applications.

For enhancing energy efficiency of decomposition of water molecules oncobalt oxidesurfaces studied
effect of various dopants. One of the promising doping materials for Co;0, is nitrogen. Xu et.al in their
experimental work discuss production of N-doped Co;0,4 nanosheets [5].

2. Method and Surface Model

2.1 Computational Methodology and Thermodynamic Description

The calculations have been performed using the ab initio plane wave computer code VASP [6] using
the the projector-augmented plane-wave (PAW) method [7] in conjunction with PBE (Perdew — Burke -
Ernzerhof) GGA exchange-correlation functional [8]. The standard Monkhorst-Pack grid with the
4 X 4 X 4 sampling mesh for the bulk calculations and the 2 X 2 X2 for the slab calculations was used [9]
along with the cutoff energy of 550eV and the Methfessel-Paxton [10] smearing with 6=0.1 eV. In
performed calculations for the periodic slab model (infinite in two dimensions) the positions of all ions
were fully relaxed, to render the net forces acting upon the ions smaller than 1 X 1072eV -A™". In order to
avoid the interaction between periodically translated images along the direction normal to the surface, we
used vacuum gap of 12 A. As known from our theoretical researches [11] (100) plane was modeled as
shown in figure 1.
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Figure 1 - Co;0, (100) Coy s-terminated surface top view (a) and side view (b). Color coding: CoZ,, blue;Co},, green;Col,
,purple;03. ,black 0,4, grey; The empty cube indicates Co site.

o Coys-
o

O

°© @ o

There are four coordinatively unsaturated 5-fold Co2., two recessed, fully coordinated 4-fold Coy,,
and two protruding 2-fold CoJ.. The distance between the nearest Co® ions in a slab is 2.91 A and the Co™
ions are separated by 7.63 A . There are observed two types of oxygen ions: the 4-fold 0, and 3-fold Os,.

Results.

Water adsorption

In the present study, we studied water dissociation and adsorption process on the top of Coz.and CoZ.
sites on the pure and N-doped Co;04(100) surface.

The adsorption and dissociation energy of water molecules are calculated as

AEads = Eadsorbate/surface - (Eadsorbate + Esurface) (1)

whereE, gsorbate/surfaces Eadsorbate @d Egyrface correspond to the total energies of a system formed
by the adsorbate at the surface, the isolated adsorbate molecule in gas phase and the bare surface,
respectively.Oxygen atoms substituted with nitrogen atoms in four concentrations. There are four
concentrations — 1, 2, 4 and 8 N per 32(O+N) atoms. Respectively, nitrogen-doped Co3;04(100) Coys-
terminated surfaces with four concentration of nitrogen denoted as Configuration 1 ( configuration with
12,5% concentration), Configuration 2 (configuration with 25% concentration), Configuration 3
(configuration with 50% concentration), Configuration 4 (nanorod).
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In table 1 given basic characteristics of water adsorption process on undoped and nitrogen—doped
C0304(100) Coyp s-terminated surface.

Table 1 - Basic characteristics of water adsorption process on undoped and doped Co3;04(100) Co, s-terminated surfaces with
different concentration of nitrogen.AE,q4is adsorption energy;  dissociative mode; a associative mode; d¢o—o(mnz)-bond
length in angstroms
Adsorption Center Col, Adsorption Center CoZ,
AE,qs/eV Adsorption dco-oH,0) AE,qs/eV Adsorption dco-o(H,0)
type Type
perfect -0.43 d 1.84 -0.47 a 2.1
Conf.1 -0.58 a 2.07 -0.83 a 2.04
Conf.2 -0.39 a 2.02 -0.45 a 2.03
Conf.3 -1.12 d 1.90 -0.28 a 1.98
Conf4 -0.75 d 1.98 -1.41 d 1.95

The binding energies of O, OH and OOH (AEqy, AEqh, AEgon) and the bond lengths on the pure and
N-doped Co3;04(100) Cogs-terminated surface are given in table 2. We observed that the binding energies
of O*, OH* and OOH* on the cobalt oxide surface, calculated with PBE+U, scale according to the
relation AEqgon. = AEgy« + 3.2 within 0.4 eV as was shown in ref.[12,13]. In table 2 given the binding
energies of O, OH and OOH and bond length on the undoped and N-doped Co30,4(100) surface.

Table 2 -The binding energies of O, OH and OOH (AEq, AEqy, AEgoy in €V) and bond length on the undoped and N-doped
C0304(100) Coy s-terminated surfaces.d,-is bond length in A, * denotes adsorbate atom.

AEo | dgo-o| AEon | deo-omy | AEoon | dco-o AEq | dgo-o| AEon | dco-omy | AEoon dco-o0
docy-neo do()-n(o) dogy-H doo-H()
do()-o() docy-o(
Adsorption Center Coj, Adsorption Center Co2,
Un- 2.23 1.59 | -0.11 1.78 3.03 1.81 229 | 1.86 - 1.79 3.26 2.08
doped 0.97 0.98 0.09 0.97 0.98
1.47 1.45
Conf.1 1.65 1.6 0.25 1.77 2.69 1.79 269 | 1.85 | 0.15 1.80 3.33 2.09
0.97 0.96 0.97 0.98
1.48 1.47
Conf.2 1.90 1.58 | 0.42 1.76 3.26 1.76 298 | 1.83 | 0.29 1.76 3.90 2.03
0.90 0.94 0.93 0.92
1.52 1.41
Conf.3 1.56 1.48 | 041 1.70 2.76 1.79 2.87 | 1.78 | 0.40 1.82 2.55 1.98
0.92 0.90 0.91 0.93
1.43 1.39
Conf.4 1.94 1.50 | 1.08 1.68 2.61 1.72 282 | 1.75 | 1.08 1.75 2.71 2.07
0.89 0.87 0.93 0.91
1.35 1.47

Calculated values of theoverpotentials for each step of water molecule decomposition along the
reaction pathway using the computational standard hydrogen electrode (SHE) allowing us to replace a
proton and an electron with the half a hydrogen molecule at V=0 V vs SHE according to theory [12,13]for
five configurations presented in table 3. The theoretical overpotentialis found according to the standard
relation

n=max[AG;]/e — 1.23[V] 2)
Fig.3 presents the free energy changes of reactions of adsorption of water molecule and intermediate

products of dissociation based on DFT+U calculations of adsorbed intermediates on the perfect and
fluorine-doped Co30,4(100) surface at 0.2ML water coverage.
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Configuration 3
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Figure 3 - Free-energy diagram at pH=0 and T=298 K for the four steps of the OER at V=0 and V=1.23 V.
Results for theCoJ, and Co. sites at 0.2ML water coverage for undoped and 4 Configurations of N-doped surfaces shown; For
each case the highest free-energy change is indicated

The calculations suggest that the theoretical overpotentials for water adsorption on

the pure surface 0.77 and 0.81 V, respectively Col. and Co2.sites. N-doped surfaces demonstrate at
Col. site decreasing of overpotential (0.56-0.24 V)in comparisonCo2site inundoped Cos;Oysurface. For
Co2. site on doped surface values of overpotentialexihibited are nearly the same values as on clean surface
(0.90-1.11 V) except for Conflguration 4 (0.28 V). In this case of CoJ. site on doped surface reduced
values observed with the OOH formation as the determining step except Configuration 4.

Conclusion

It is seen from the figures 3 that an electron charge accumulation lead to strongly reducing
overpotentials for Col. site in connection with the redistribution of the electron charge in the local
environment of the impurity nitrogen atoms. When nitrogenis introduced, most of the charge is distributed
to neighboring cobalt ions. In addition, the introduction of nitrogen leads to the polarization of
neighboring ions.

The analyzing electron redistribution on the surface by the introducing nitrogen dopants will be
described in our forthcoming paper.
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I'.9.Kanraraii', H.O.Koiinbik’, A.M.Tatenos', H.A.Cann6aesa’, A.A./lyr6aeBa’

1Ka3a1< YITTHIK KBI3Zap MeJaroruKaliblK YHUBepcuTeTi, Anmatel, Kazakcras;
2«Oprey» yITTHIK GLTIKTiTIK KeTepy opTanbirs, AnMathl, Kasakcran

A30THEH KOCHAJIAHFAH Co3;0,4 (100) BETIHIH CYAbIH JUCCOLUUAJIAHYBIHA
SHEPT'ETUKAJIBIK TUIMAIJIITI'TH BAFAJIAY

Annoranusi: Makamaga Xa06apa-U KyBIKTaybIMEH JKOHE CTaTHCTHKAJIBIK TEPMOAMHAMHKAMEH KipIKTipilireH
THIFBI3ABIK QyHKIHOHANBI TeopusichbiHbIH (TDII) mendepinae taza xone a3or kocnananrad Co;O0y4 (100) Gerinperi
CYIBIH aICOPOIISCHIH TEOPUSUIBIK 3epTTEYAIH HOTIDKeNnepi OepinreH. A30T Kocmackl eceOiHeH maiima OonmaThiH
0eTTiH KaTaTUTHKAJBIK KAaCHETTEPIiHIH e3repy ocepiepi TaIKpUIAHIBI )KOHE Ta3a JKOHE KOCHaJlaHFaH IJIaCTHHAIAFhI
a30oTkKa ['M00CepKiH SHEPTHACHIHBIH CXEMAChl HETI31He ACKbIH OTEHIINA €CEITENTeH.

Co030,4 okculi TemMIiepaTypaMeH OTTEriHIH 0all KOHLIEHTPALMSIChI JKaFAalbIHAaFbl KeH MHTEPBAJIAA KOJ JKeTiM/II
KOHE TepMOIUHAMUKANBIK TypakThl. Conpmait-ak, Co3;0, aypicnajibl MeTaifap OKCHATEPIHIH apachliHIa — ras
CEHCOpJIapblHA, JHEPrHs CaKTay JXyHelepiHe apHaJIFaH THIMJI MaTepuall >KOHE JIMTHH-MOHIbI aKKyMYJISITOpJIapAa,
MBIpBIII OaTapesulapblHaH JkKoHe 0acKasla SHEepPreTHKAIBIK KOJIAHBICTAFbl aHOATHIK MaTepHaijgap peTiHue KeHiHeH
KOJIZTaHBLIAIbI.

KobGaneT okcuaiHiH OeTiHAE Cy MOJEKyJIaIapbIHBIH BIABIPAYBIHBIH YHEPTeTUKAIBIK THIMALIITT HAPTTHIPY YIIiH
opTYpai Kocnanmapasiy ocepi 3eprrenred. Coz;O4 YIIiH mepcreKTHBAIE KOCTIaIayIibl MaTepUaIapablH 0ipi-a3o0T.

Maxkaraga Xa66apn-U  Tocini MEH JOHE CTaTHCTHKAIBIK TEPMOJMHAMHKA MEH VHIECKEH THIFBI3IBIK
(YHKIMOHAJIBIHBIH JKa3bIK TOJKBIHABIK TeopuschiH (DFT) ecentey kemeriMeH Tas3a »oHe a30THEH  KOCIIAJaHFaH
Co304 (100) 6erTepinmeri cy ancopOIISICHIH TEOPHSIIBIK 3€PTTEYIEPAIH HOTIKEIEP] KeNTipinei.

Cos04  (100) OeTiH a30THeH KOCHajJaylblH JKOHE KocmanaHraH Oerrepiaiy ['mOOcepkiH sHeprus
JIMarpaMMachIHbIH HETi3iHJe OTTEriHiH O6eJiHy peakIHACBIHBIH €CENTi KAaCKbIH KEpPHEYiHIH ocepl TalIKbLJIaHa/IbL.
KobGanbT okcuminiy azotnen jerupienre (100) OeriHne cy MojeKyJalapbIHbIH BIIBIPAYBIHBIH aCKbIH KEpHEYJIepiH
€CelTey HOTIDKENEepl TanJaHaThIH BIABIPAY caThUIapblHIa KeWOip aybITKylapMeH KOCHalaHFaH OeTTepMeH
CaJIBICTBIPFaH/1a >KaJIIIbl TOMEH MOHJIEpAi KepceTe .

Tyiiin ce3nep: Co;04, OKCHAMIIMHE, CYyaacOpOLMSICHI, €pKiHIHEPTUsiAnarpaMmacsl, oer

I'.A.Kanraraii', H.O.Koiinsik’, A.M.Tarenos', H.A.Canauéaesa’, A.A.ﬂyTﬁaena1

'Kazaxckuil HALMOHAIBHBIN KEHCKHI T1e1arornyecKuil yHHBepcHTeT, AnMatel, Kazaxcran;
*HarmoHaIbHbII HEHTp MoBbIlIeHNs KBamuukamuii «Opney», Anvatsr, Kasaxcran

OLEHKA SHEPTETUYECKOM Y®PEKTUBHOCTH A30T
JOIIMPOBAHHOMU ITOBEPXHOCTH (100) Co;0, AJI51 PACINEIIVIEHUSA BO/bI

AHHoTauus: B cTaThe mpeacTaBieHbl Pe3yIbTaThl TEOPETUIECKOTO UCCIEIOBAaHMUS afCcOPOIIUH BOABI Ha YHCTON
u azotaonupoBanHoil miactuae Co;04 (100) B pamkax teopuu GpyHkumonana miotHoctu (TOIT) komOuHMpoBaHHON
¢ mnpubmmkennem Xab0apna-U u  craructuueckod TepMoauHamukou. OOcCyxkaeHbl 3(PQPEeKTl H3MEHEHHUs
KaTaJIMTHYECKUX CBOMWCTB IUIaCTUHBI, BO3HHUKAIOIIME 3a CUCT IPUMECH a30Ta MU pacCUUTAHbL I/136I)ITO'-IHI)IC
MOTEHLMAJIbl HA OCHOBE CXeMbI CBOOOJHOM AHeprun ['nb0ca Ha yrCcTON U a30T IONMTMPOBAHHOM TIACTHHE.

CO3O4 SABJIACTCA JICTKO JOCTYIIHBIM W TEPMOAWHAMUYCCKU CTa6I/lJ'lel)lM OKCHJIOM B IIHPOKOM HHTCPBAJIC
TEMIIEpaTyp U yCIOBHii ¢ Ooraroii koHLeHTpanuel kucnopoaa. Takxe Co3;04 cpeny OKCHI0B EPEXOAHBIX METAIIOB
- TIOJIE3HBIE MaTePHaIbl U F'a30BBIX CEHCOPOB, CHCTEM XPaHEHHsS YHEPTHH U MaTepualibl aHO/I0B M3 JIMTHUI-UOHHBIX
aKKyMYJISTOPOB, IHHKOBBIX OaTapel M OpyTruX SYHEPreTHIECKUX MIPUMEHEHUH.

Jis TOBBIICHUST SHEPreTHYeCKOH A(PGEKTUBHOCTH PAa3NIOKEHHS MOJEKYN BOIBl Ha TOBEPXHOCTH OKCHOA
KoOanpTa OBUIO M3YYCHO BIHMSHUE PA3NUYHBIX JIETUPYIOMHUX IpuMeced. OIHUM W3 MEPCHEKTHBHBIX JIETHPYIOMINX
MatepuanioB st Co304 sBISIETCS a30T.

B cratee mpuBOAATCSA pe3yIbTATHl TEOPETHUECKUX HMCCIENOBAHUI aacopOIMM BOABI Ha HENETMPOBAHHOW WU
JerupoBaHHoi azorom noepxHocTu Co3;0,4 (100) ¢ MOMOIIBI0 pacyeToB IIIOCKOW BOJHOBOM Teopuu (yHKIMOHAA
wiotHocTH (DFT) B couerannu ¢ noaxonom Xad6apna-U u cTaTHCTHYECKOH TEPMOANHAMUKOM.

OO0cyxaercsi BIMsIHUAE JiernpoBaHusi a3oToM moBepxHocTH Co0304 (100) m pacueTHOro mnepeHanpsHKEHHs
peakIK BBIZACIACHUS KHCIOpPOJa Ha OCHOBE JuarpaMMbl CBOOOIHOW sHepruu ['ubOca HeJIerHpoBaHHBIX U N-
JIONIMPOBAHHBIX IOBEPXHOCTEH. Pe3ynpraThl pacdyeToB IepeHanpsDKeHHI pas3ioXKEeHUs MOJIEKYJ BOIBI Ha
nerupoBaHHOM azoroM (100) moBepXHOCTH OKCHIA KOOAJIbTa JEMOHCTPUPYIOT B LIEJIOM HOHIKEHHBIE 3HAYEHHS IO
CPaBHEHUIO C HEJETMPOBAaHHOW IIOBEPXHOCTHIO C HEKOTOPHIM OTKJIOHEHHWEM Ha aHAJM3MPYEMbIX CTaausx
pa3IoKeHusI.

KiaroueBsie caoBa: Co3;0, mmuHENTs OKCHIA, BOAHAS aacopOLus, auarpaMMa CBOOOTHOH DHEPTHH,
MTOBEPXHOCTh
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