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

Abstract: Cos0; is casily available and thermodynamic stable oxide in a wide interval of temperatures and
conditions with rich concentration of oxygen. Also Co30s 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 Co3O; is nitrogen.

In paper we report the results of theoretical investigations of water adsorption on undoped and nitrogen-doped
Co0304 (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 Co3O4 (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.
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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.

Co030;4 is easily available and thermodynamic stable oxide in a wide interval of temperatures and
conditions with rich concentration of oxygen. Crystal Co304 has structure of spinel (spatial group) with
the semi-filled sites in an octahedral environment of Co*", and cobalt ions in a tetrahedral environment of
Co?*.
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Also Co;QOsamong 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 CosQ0s is nitrogen. Xu ct.al in their
experimental work discuss production of N-doped Co304 nanosheets [3].

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 e¢V. 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 - C0304 (100) Coos-terminated surface top view (a) and side view (b). Color coding: Co2,., blue;Cos., green;Col.
Jpurple;05. ,black 0,4, grey; The empty cube indicates Co site.
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There are four coordinatively unsaturated 5-fold Co2,, two recessed, fully coordinated 4-fold CoJ,
and two protruding 2-fold Col.. The distance between the nearest Co® ions in a slab is 2.91 A and the CoT
ions are separated by 7.63 A . There are observed two types of oxygen ions: the 4-fold O4¢ and 3-fold Os.

Results.

Water adsorption

In the present study, we studied water dissociation and adsorption process on the top of Col.and CoZ,
sites on the pure and N-doped Co304(100) surface.

The adsorption and dissociation energy of water molecules are calculated as

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

whereE,dsorbate/surfaces Eadsorbate and 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(0O+N) atoms. Respectively, nitrogen-doped Co304(100) Coos-
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
C0:04(100) Coo s-terminated surface.

Table 1 - Basic characteristics of water adsorption process on undoped and doped Co304(100) Coo.s-terminated surfaces with
different concentration of nitrogen. AE, 4,is adsorption energy; d dissociative mode; a associative mode; d¢o_o(nz)-bond
length in angstroms
Adsorption Center CoZ, Adsorption Center CoZ,
AE,qs/eV Adsorption dco—oH,0) AE,4s/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
Conf2 -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 (AEg, AEgy, AEgon) and the bond lengths on the pure and
N-doped Co304(100) Coos-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. = AEgn. + 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 Cos04(100) surface.

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

AEo | dco-o| ABon | dco—om) | AEoon dco-o AEq | deo-o| AEon | deo-oqm AEoon deoo
do)-He do()-n(» doy-ne do()-ne)
do)-00) do()-00)
Adsorption Center CoJ, Adsorption Center CoZ,
Un- 223 1.59 | -0.11 1.78 3.03 1.81 229 | 186 - 1.79 3.26 2.08
doped 0.97 0.98 0.09 0.97 0.98
1.47 1.45
Cont.1 1.65 1.6 0.25 1.77 2.69 1.79 269 | 1.85 ] 0.15 1.80 333 2.09
0.97 0.96 0.97 0.98
1.48 1.47
Conf.2 1.90 1.58 | 042 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
Cont.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 0.90 091 0.93
1.43 1.39
Conf 4 1.94 1.50 1.08 1.68 2.61 1.72 2.82 | 175 | 1.08 1.75 271 2.07
0.89 0.87 0.93 091
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] )
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.

— 128 ——



ISSN 1991-346X 5.2019
Undoped surface
a) Col site b) Col. site
6
0,(q) 6
2
V0,77 U=0 oVER_¢ 1 O,(9)
44 Hoo* 1 : —
. Hoo* =
o .
5 (o)
3 1 2
S | non HO' @ % 1 HO' 1.65eV
0 H,0() :
U=1.23 04 ;
U=123
2
24
Gl1=033eV G2=2eV  G3=1.24, G4=135 &V 1
4 G1=035¢V G2=2.04¢V G3=142, G4=1.12 &V
; - 4
Reaction coordinate Reaction (Coorinate
Configuration 1
¢) Coz.site d)Co?. site
o® 0@
s 7=0.0 5 7=0.0
B™=0.24eV = i
dE, dE, =3.186V |
] 1 4 B097eV HQO* ]
HOO*
N | ]
34 4
7 2 or 2216V 1 o 1
1] % 24 dE, .,
11 HO* b g 1
O(l 19 1
500 ¥=1.23 HO* ]
H,0()
. “—Wu"’—l 0 2 7=1.23
Reaction coordinate _“Lm " 1
dG=0.69cV  dG=107¢V  dG-148¢V  dG=2.37¢V * Reaction coordinato
dG=0.59%V 4G 22eV  dGSl076V G 1.046V
Configuration 2
e) Col site f)Cof. site
0,0 0,)
3 7=0.0 5 " 7=0.0
dE, E, ~3236V B, dE, =345¢V HOO'
4] B=0.56eV HOO* J 4] B™=1116V J
o#
34 - 34 4
Ol(
%. 24 AE, o0 dE T %, 21 BB oor B ]
8 g
14 HO* - 14 HO* -1
H0() HO00 I
0 S =123 =123
S— -
-1 !
-1 -1
Reaction coordinate Reaction coordinate
dG,0860V  dGSll4eV  dG=1.80cV  dG=1.806V dG=0.746V  dG7234cV  dG=136V  dG,0.48¢V

— 129 —




News of the National Academy of sciences of the Republic of Kazakhstan

Configuration 3

T o o0 .-
g) Co, site h)Coc, site
0,8 s 0,
5
v=0.0 7=0.0
dE, dE =323V B, ~E, ~345¢V
4 BT=041V | 44 BT=0.90ev ]
HOO* o HOO*
34 4 34 — 4
> 3] dE_ -dE g
% or gy, a8’ o e
g g
N HO* | 1 HO* ]
H,00 0 500 ! — v=1.23
0 ¥=123 IS
W g
-1 Reaction coordinate
Reaction coordinate

46035V dG204V  dGlAlV  dGL126V
dG0336V G200V dGS124eV  dG1356V

Configuration 4
i) Col site NCo?. site

0,® 0,()
G, o o= 3.23¢V : dB, B, = 3458V
4] DT=0286V 4] =028V

HOO* HOO*

HO*

dGev
g
]
&
gé;
g
4G,V
-
§
aﬁi

H,0()
00 P —
o i b p123 7=1.23
1
1 Reacti &
Reaction coordinate on

dGAL51eV  dGl40eV G034V dG,-L66eV
dG=151eV  dG, 053¢V  dG=L106V  dG 2466V i ) 4 .

Figure 3 - Free-energy diagram at pH=0 and T=298 K for the four steps of the OER at V=0 and V=123 V.
Results for theCoJ, and CoZ, 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 Co2sites. N-doped surfaces demonstrate at
Col. site decreasing of overpotential (0.56-0.24 V)in comparisonCoJsite inundoped CosOusurface. For
Cog, site on doped surface values of overpotentialexihibited are nearly the same values as on clean surface
(0.90-1.11 V) except for Configuration 4 (0.28 V). In this case of Col. 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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A3OTIEH KOCTAJIAHFAH Co30s (100) BETIHIH CYABIH JTHCCOMUSIAHYBIHA
YHEPTETHKAJLIK THIMJILIITTH BAFAJIAY

Annotamusi: Maxkanana Xa066apa-U >KyBIKTaybIMECH KOHE CTATHCTHKAIBIK TEPMOIMHAMHKAMEH KipiKTipiIreH
THIFBI3ABIK (DYHKIHOHAE! TCOPUACHIHBIH (T®IT) merdepinae Ta3a xkoHe a30T Kocmajganran CosOs (100) Oerinaeri
CYIBIH aACOPOLMACHH TCOPHSIBIK 3CPTTCYAIH HOTIDKSICPI OcpiireH. A30T KOCHACHl ¢CEOIHCH maiina OONaThIH
OCTTIH KAaTATHTUKAIBIK KACHETTEPIHIH 63T€py SCEpiepl TANKBIIAHIBI KOHE Ta3a JKOHE KOCTAIAHFAH IUTACTUHAIAFHI
a30oTka [ mOOCepKiH SHCPTHACHIHBIH CXCMACHI HETi31HAC ACKbIH MOTCHIINA CCCITCITCH.

C0304 okcHIl TeMICpaTy paMeH OTTCTiHIH Oall KOHICHTPAMACH KAFJANBIHIAFH KCH HHTCPBAIIA KO KCTiMIL
JKOHC TEPMOAHHAMHKANGIK Typakrel. CoHmai-ak, Co30Os4 aypicmajbl METanmap OKCHATCPIHIH apachlHIa — Traj3
CCHCOPJIAPBIHA, JHEPTHS CAKTAy >KyHElIepiHe apHAJIFaH THIMII MaTepHal >KOHE JUTHH-HOHIBI aKKYMYJLITOPIAPAA,
MBIPBII OaTapesUIapbIHAH >KOHE 0acKaJa YHEPreTHKANBIK KOJJAHBICTAFBI AHOATHIK MATCPHANAAP PETiHAC KCHIHCH
KOJIIAHBLIABL.

KobampT okcuaiHiH OCTiHAC CY MOJEKYJIAJAPBIHBIH BIABIPAYBIHBIH JHCPTCTHKAIBIK THIMILUIIIT HAPTTHIPY YIOiH
OPTYPIi KocmamapasiH ocepi seprreareH. CoszO, YIIiH mepeieKTHBAIBI KOCTIATIAY Bl MaTepHATIAPABIH Oipi-a30T.

Maxkanaga Xa06apa-U  Tocim MEH JKOHE CTATHCTHKANBIK TEPMOJWHAMHKA MEH YVIJICCKEH TBHIFBI3ABIK
(PYHKITMOHAJBIHBIH, Ka3bIK TOIKBIHABIK TeopwicsH (DFT) ecenrey keMeriMEH Ta3a >KOHE a30TICH  KOCTIANAHFAH
C0304 (100) deTTepiHaeTi Cy aacopOLHACHH TCOPHSIBIK 3CPTTCYACPAIH HOTIKEIICPI KSITIPiIC .

Co304  (100)  OeriH a30THEH KOCHAJAYJBIH JKOHE KocmajaHraH Oerrtepaid [ 'mOOcepkin 3HEprus
JUarpaMMACHIHBIH HETI31HAC OTTETiHIH O6IHY PEaKINICHIHBIH CCENTI KACKbIH KCPHEYIHIH OCEpl TAIKBIIAHAIBI.
KobaneT okcuainig azorneH nerupienre (100) O6erinae Cy MOJEKYyIalapbIHBIH bIIBIPAYBIHBIH ACKbIH KEPHEYICPiH
€CeNTey HOTIDKCICPl TANJAHATHIH BIABIPAY CATBUIAPBIHAA KEHOIP ayBITKYyJAPMEH KOCHANAHFAaH OCTTEpMEH
CaANBICTBIPFAH/IA JKAIIBI TOMCH MOHICP/I KOPCETE L.

Tyiiin cosaep: Co304, OKCHAMIAHEI, CYaaACOPOUMACHL, CPKIHIHCPTHAAHATPAMMACHI, OCT

I'.A.Kanraraii', H.O.Koiijabik?, A M. Tarenos!, H.A.Canpuéaesal, A A. lyréaesa’

1Ka3axckuil HAMOHATILHbIH YKEHCKHIU NEIarOrHYeCKUi yHUBEPCHTET, AMarkl, Kasaxcran;
"HanuoHansHbI HEHTP MOBBIMIEHA KBAMH(HKamii «Opiey», Anvarsr, Kazaxcran

OLIEHKA SHEPTETHYECKOW 3@®EKTHBHOCTH A30T
JTONMPOBAHHOM MMOBEPXHOCTH (100) Co304 VIS PACIIEILTEHHS BOJBI

AHHOTaHI/IﬂZ B crarse IPEACTABICHBI PE3YJIBTATHI TCOPCTUICCKOTO UCCIICIOBAHMA a;[cop6um/1 BOJbI HA YUCTOH
u azotxonuposanHOH maactuHe Co304 (100) B pamrax Teopuu ¢yHKuHoHANA MIOTHOCTH (TDIT) KOMOMHHPOBAHHOH
¢ mpuOmwkeHHeM Xab0apaa-U W crarucTHdeckod TepMoamHAMHUKOH. OOCyxneHbl 3((EKTh H3MCHCHHS
KATATHTHICCKUX CBOMUCTB NJIAaCTUHBI, BOZHHKAKOMHKC 3a CUCT NPUMECH a30Ta H PACCUNUTAHBI H30BITOYHBIC
MOTCHIIMAIBI HA OCHOBE CXEMBbI CBOOOAHOM 3HEepruu [ mO0OCca HA YHCTOH W a30T AONMPOBAHHON IIACTHHE.

CO304 ABILICTCA JICTKO AOCTYIIHBIM H TCPMOAWMHAMHICCKH CTAOHIIbHBIM OKCHAOM B INIHPOKOM HHTCPBAJIC
TEMIICpaTyp U YCIOBHI ¢ Ooraroii koHICHTpanueH kuciaopoaa. Taxke Coz04 Cpeau OKCHIOB MSPEXOTHBIX MCTAILIOB
- MOJIC3HBIC MATEPHAJBI A TA30BBIX CCHCOPOB, CHCTCM XPAHCHHS HCPTHH H MATSPHATIBI AHOIOB W3 JINTHH -HOHHBIX
AKKyMYJITOPOB, IIMHKOBBIX OaTapet W IPYyTHX JHEPTCTHUCCKUX MPUMCHCHHH.

J14 TOBBIUCHUS YHEPreTHUSCKOH 3((CKTHBHOCTH PA3NOKCHHA MOJCKYJ BOIBI HA MOBCPXHOCTH OKCHIA
K0OabTa OBIJI0O M3YYCHO BJIMSHHC PA3IHMYHBIX JETHPYIOIINX mpuMeceil. OXHUM W3 NMEPCICKTHBHBIX JICTHPYFOIINX
Mmarepuanos 11 Co304 IBIICTCS a30T.

B crartee mpHBOAATCSA PE3YIBTATH TCOPCTHUCCKUX HCCIICAOBAHUI AnCOPOUMH BOXBI HA HEICTHPOBAHHON H
JETHPOBAHHOH a30ToM moBepxHOCTH C0304 (100) ¢ MOMOIIBIO PACUETOB ILUIOCKOH BOJHOBOW TCOpHH (PyHKIHOHAIA
mwrotHOCTH (DFT) B couerannu ¢ moaxoaom Xadbapaa-U u CTaTHCTHUECKOM TEPMOIMHAMHUKOM.

OO0cyXmacTcs BIHAHHC JCTHPOBAHHA a30TOM TOBEpPXHOCTH (0304 (100) m pacueTHOTO NMCPCHATPSLKCHUA
PCAKIMH BBIACICHHA KHCJIOPOJA HA OCHOBE OHATPAMMEI CBOOOZHOM »Heprmu [ mOOCa HCJICTHPOBAHHBIX M N-
JONMHPOBAHHBIX TOBEPXHOCTEH. Pe3ynbTaTel pPacyeTOB MEPCHANMPSDKCHHM PA3JIOKCHHSA MOJNCKYJ BOABI HA
JIerupoBaHHOH a30ToM (100) MOBEPXHOCTH OKCHAA KOOAIbTA AEMOHCTPUPYIOT B IIETIOM MOHIDKCHHBIC 3HAYCHHUS IO
CPABHCHHIO C HCICTHPOBAHHOW IOBEPXHOCTBID C HEKOTOPBIM OTKJIOHCHHEM HA AQHANMBHPYCMBIX CTATHAX
Pa3IOKCHUSL.

Kmouesbie caoBa: (o304 mmmHENTP OKCHIAA, BOJAHAS aacopOums, AmarpaMma CBOOOJHOW 3JHEPIHH,
IMOBEPXHOCTH
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