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We report the results of theoretical investigations of water adsorption on undoped and fluorine-doped C050,4
(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 fluorine-doping of the Cos;0,4 (100)
surface and calculated oxygen evolution reaction overpotential based on the Gibbs free-energy diagram of undoped and
F-doped surfaces.
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Introduction

Today, we observe worldwide significant progress in the development of the transition to "green"
energy. Such development in the countries is connected not only with the strongest negative impact on the
environment from emissions, but also with the advanced strategic development of the economies of these
countries in this area. Possession of such technologies makes the country's economy more attractive to
investments in the energy sector.

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 sustainable that first of all includes development of methods of
conversion of solar energy.
Process splitting of water 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 in photoelectrochemical
cells as the cathode noble metals on which there is a restoration of the hydrogen formed in the course of
water expansion, and as the anode on which there is a decomposition of water under the influence of sunlight
are used, semiconductors in which under the influence of sunlight are excited an electron - hole couples are
used. These excited charge carriers in the process of a relaxation are transferred to surface-active parts where
participate in water splitting process. For achievement of the greatest efficiency process of diffusion of
photoexcited charge carriers on the surface of the catalytic agent shall prevail over process of a
recombination an electron - hole couples. Besides, the semiconductor anode shall absorb an electromagnetic
radiation in a visible part of a range to be effective for sunlight absorption. Taking into account the specified
requirements one of perspective semiconductors for practical application as material of the anode are oxides
of transition metals. One of such stable and cheap materials is the cobalt oxide having, in addition, the
narrow width of the forbidden band.

Co50,-based materials are widely used for Lithium-lon Batteries [1], Zink-Air Batteries, treatment of
waste gases [2,3] and other energy applications. In particular, Cos0, is known as a low-cost high-
performance catalyst for Oxygen Reduction Reaction (ORR)[4] and Oxygen Evolution Reaction (OER) [5].

Co50, is easily available and thermodynamic stable oxide in a wide interval of temperatures and
conditions with rich concentration of oxygen. Crystal Cos0, has structure of spinel (space group) with the
half-filled sites in an octahedral environment of Co3+, and cobalt ions in a tetrahedral environment of Co2 +.

lon Co is the transition element having incomplete configurations of d-orbitals. For the transition
elements existence of a set of the connections having a number of physical and chemical properties is
peculiar. It is caused by presence at the transition elements of incomplete d-electron shells, and, as a result, a
wide set of the valence states of atoms. A specific place among all compounds of d-metals is held by oxides
and complex connections on their basis. Ability of the transition elements to change the valence state,
presence of the lone couples of electrons at oxygen atoms, ease of exchange of oxygen with the environment,
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different impurity centers create variety of defects which, forming the discrete levels in the forbidden band,
significantly influence physical and chemical properties of the considered substances [6].

Oxygen Reduction Reaction and Oxygen Evolution Reaction also are main stage of the catalyst
processes in metal-air membranes and water splitting. Numerous attempts have been made in order to
decrease the energetic efficiency of these reactions maintained on the different catalysts by various dopants.
Obtained data are in a good agreement with experimentally obtained results [7]. Another promising doping
material for CozO, is nitrogen. Xu et.al in their experimental work discuss production of N-doped Co30,
nanosheets [8]. Increased surface area in combination with oxygen vacancies lead to enhancement of
electrocatalytic activity for OER.

Method and Surface Model
Computational Methodology and Thermodynamic Description

The calculations have been performed using the ab initio plane wave computer code VASP [9,10]
using the the projector-augmented plane-wave (PAW) formalism [11] in conjunction with PBE (Perdew —
Burke - Ernzerhof) GGA exchange-correlation functional [12]. The standard Monkhorst-Pack grid with the
4 x 4 x 4 sampling mesh for the bulk calculations and the 2 x 2 x1 for the slab calculations was used [13]
along with the cutoff energy of 600 eV and the Methfessel-Paxton [14] smearing with ¢=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 10~2eV-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.

One unit cell in the bulk contains 2 formula units, i.e. 14 ions. In this study, we focus on the water

interaction with the Co30,4 (100) surface. The layer was defined by the subset of the ions lying in the same
plane perpendicular to the given Miller index in the idealized spinel structure.
We simulated symmetric slabs with an odd number of layers, for which the total dipole moment is zero. As
the number of slab layers exceeds seven, the atomic relaxation and the surface energy finally converge. This
slab is stoichiometric and symmetric along the surface normal plane. Totally, the 7-plane slabs contain 70
ions. Thermodynamic description of water dissociation process and structure of (100) surface, positions for
introduction fluorine atom was explained and schematically was shown in our previous works [15].

Results

Water adsorption. In the present study, we studied the catalytic activity of  CoZ. and Co?, sites for
H, 0 adsorption on the pure and F-doped Co3;04(100) surface. To investigate the effect of fluorine doping,
one 3-fold 05, (with one missing bond to CoT) surface oxygen atom was substituted by a fluorine ion (the
relative CoJ, — F distance are 4.12 A and 2.14 A for Co2, — F ). Therefore, the F dopant concentration was
12.5%. After fluorine doping the slab structure was reoptimized. The calculations predict no essential lattice
relaxation around the substitutional F ion: the change of the equilibrium bond length between O and catalytic
active cobalt, Col. — Os is larger than CoJ. — F bond by Al =0.001 A only. The effective F ion charge was
-1.01e, slightly larger than -0.96e for the host O ion.
We have investigated a large number of starting geometries of water ad-molecule for detection of the most
stable adsorption configuration. The most stable sites for water adsorption were found on the most
unsaturated Co ions. For water adsorption simulations molecule was added on the top of CoZ. and Co2. ions
at perfect and fluorine doped Co30, (100) surface.
The adsorption and dissociation energy of water molecules are calculated as

AEacls = Eadsorbate/surface - (Eadsorbate + Esurface)

where E,gsorbate/surfaces Eadsorbate aNd Egyreace 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. In
table 1 given basic characteristics of water adsorption process on undoped and fluorine—doped Cos;0,4 (100)
Cogs-terminated surface. Basic characteristics of water adsorption compared to the analogical dates from
ref.[16].
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Table 1. Basic characteristics of water adsorption process on undoped and fluorine—doped
Co030, (100) Cogs-terminated surface. AE,q4¢-adsorption energy; d-dissociative mode; a-
associative mode; d¢o-o(nz)-bond length in A *denotes present work.

Adsorption Center CoJ,
Undoped F- doped
AEads/eV Adsorption dCo—O(HZO) AEads/eV AdSOI‘ptiO dCO—O(HzO)
type
n
type
* [16] * [16] * [16] * * *
-1.6 -1.18 d d 185 |1.81 -1.66 a 1.62

The binding energies of O, OH and OOH (AEq, AEqy, AEqogy) and the bond lengths on the undoped and F-
doped Co30, (100) Cops-terminated surface are summarized in table 2. We reveal that the binding energies
of O*, OH* and OOH* on the cobalt oxide surface, calculated with PBE+U, scale according to the relation
AEgons = AEggy. + 3.2 within 0.4 eV as was shown in ref.[17].

Table 2. The binding energies of O, OH and OOH ( AE, AEgy, AEgon in €V) and bond length on the
undoped and F-doped Co30, (100) Cogs-terminated surface. d,.-is bond length in A, * denotes adsorbate
atom.

AEq | dgo—o| AEon | deo—o AEooH dco-o0 | AEo | deo-q AEon| deo-o AEoo| deo-0

do)-n do)-H do(-n do-n

do)-g do(-o

Adsorption Center CoZ, Adsorption Center Cog,

Undope | 2.2 | 159 |-0.11 | 1.78 3.03 [1.81 2.2 |1.86 |- 1.79 3.26 | 2.08
d 3 0.97 0.98 9 0.09 | 0.97 0.98
1.47 1.45
Fluorin | 1.8 [1.6 -0.54 | 1.77 2.35 | 181 18 | 185 |- 1.80 2.75 | 2.09
gloped 1 0.97 0.98 2 0.19 | 0.97 0.98
1.48 1.47

We have calculated the Gibbs free energy changes 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. The theoretical overpotential is found according to the standard relation

n=max[AG;]/e — 1.23[V] 2

Undoped surface
a) Col. site b) Co?. site
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Figure 1. 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 the CoZ,. and Co2, sites at 0.2ML water coverage for undoped and F-doped surfaces shown;
For each case the characteristically difference AEqon. — AEon. [13,4] and n°*" are shown.

Figure 1 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,(100) surface at 0.2ML water coverage. The calculations suggest that the
theoretical overpotentials for water adsorption on the site CoZ.. on the doped and F-doped surfaces are nearly
the same (0.77-0.78 V). In contrast, on Co2,. site at undoped surface the overpotential is 0.81 V, with the
formation of O* as the determining step. However, at fluorine-doped surface the water adsorption on Co2,
site shows much smaller overpotential, only 0.44 V, with the same potential determining step as for the
undoped surface. In this case the adsorption energy of O* species is strongly reduced relative to that on
undoped surface, which results in decrease of the Gibbs free energy.

Figure 2 shows maps of the total and difference electron density. It is seen from the figures that an
electron charge accumulation is observed on the Co in connection with the redistribution of the electron
charge in the local environment of the impurity fluorine atom. When fluorine is introduced, most of the
charge is distributed to neighboring cobalt ions. In addition, the introduction of fluorine leads to the
polarization of neighboring ions. From the surface of the crystal fluorine atom is gained 0.77e.

The change in the adsorption energy on the fluorine doped surface is due to the increase in
electrostatic attraction between the adsorbed atoms and cobalt, over which the water molecule and the
intermediate dissociation products are adsorbed. Energy of adsorption of intermediate products of splitting
upon adsorption on CoZ.. is more stable than adsorption on Co,. For the two ions of cobalt on the fluorine-
doped surface, the energy of adsorption increases from 0.1 to 0.52 eV compared to the undoped surface.
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a-total map of the electron density; b-difference map of the electron density

Figure 2 — Map of the electron density distribution of electrons in the introduction of fluorine on (100)
surface of cobalt oxide

Note - Blue and red color-excess and lack of electronic density. The difference map was obtained
by subtracting the surface density without impurity from the density of the fluorine-doped surface. The

increment of density of 0.018 e/A®

The analysis of the change of free Gibbs energy in the adsorption of water on the surface (100)
showed that the presence of fluorine impurities leads to approximately a twofold decrease in the excess
potential compared to the clean surface.

Figure 3 shows the difference map of the electron density in the adsorption of atomic oxygen on a
clean and fluorine-doped surface (figure 3a and 3b). Also, the difference map of the electron density in the
adsorption of OOH hydroperoxide radical on a clean and fluorine-doped surface (figure 3c and 3d).
Difference maps were obtained by subtracting the sum of the density of the adsorbent and adsorbate from the
total density. From the figures it is seen that there is an excess charge on Co2. adsorption of atomic oxygen
on the ion Co?. on the fluorine-doped surface compared to the clean surface value, there is a slight acquiring
of electronic charge of 0.03e in connection with the redistribution of electronic charge in the local
environment of the impurity fluorine atom. At the same time, during adsorption of the OOH radical, the
accumulation of an electronic charge of 0.11e on Co?, is greater than in the case of adsorption of O. During
the introduction of fluorine, most of the charge is distributed on neighboring cobalt ions.

a) b)
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a - map of the electron density of the surface (100) at adsorption of atomic O; b-map of the electron
density of fluorine doped surface (100) at adsorption of atomic O; c-map of the electron density of the
surface (100) at OOH adsorption; d-map of the electron density of fluorine doped surface (100) at OOH
adsorption

Figure 3 - map of electron density distribution during adsorption of atomic O and radical OOH on
pure and fluorine doped surface (100) of cobalt oxide with density increment 0.018 e/A®

Conclusions

Using accurate DFT+U calculations, we have shown that water can be dissociatively adsorbed on the
tetrahedrally coordinated Co®* ions on the Cos0, (100) surface. From the computed Gibbs free-energy
changes along the OER, we found that the fluorine-doped Cogs-terminated Cos0, (100) surface is
catalytically active.

We found also that at the Co?, site on fluorine-doped surface theoretical overpotential on the Cos0,
(100) surface is considerably reduced, from 0.81 to 0.44 V. Due to large overpotential, the OER efficiency
on the pure Cos0, substrate is expected to be low and thus F doping does improve it. This implies that
fluorine-doped Cos0;, is active for electrochemical oxidation of water, in full agreement with experimental
observations. In the forthcoming paper we will discuss N doping effects.
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Maxkanana TydiHgeri Xa00apa SKyBIKTaybIMEH BICKTPOH-IJICKTPOHIBIK KOPPEISUUSHBI — €CKepe OTBIPHII
TEIFBBIOBIK  (QyHKIHOHANBl  Teopusickl (TOT) ascerrma  kobamet okcuainiH Co030, (100)  OeriHme  cynmsiH
afcopOIMsIaHybl MEH BIIBIPayBIH TCOPHSIIBIK 3EPTTEYIiH HoTIbKenepi Oasumanran. Kemipreri xocmacel eceOiHeH
OomaTelH OCTTiH KaTalW3IiK KACHETTEpiHiH e3repy A(QeKTiiepi TalmaHFaH XOHE Cy MOJICKYNACHI BIIBIPAyBIHBIH
ANEKTPOXUMUSUIBIK peakisichl YIriH [uOOCTiH epKiH HepTHACHIHBIH IIaMachl ecemnTenreH. KemipTeri KocmachlH
SHTI3yIiH Ta3a OCTIIeH CANIBICTBIPFAaH/Ia ACKBIH MOTCHIMANIBI aWTapIbIKTAH a3alTaTBIHABIFBI OCT HOHAAPHl MEH KOocma
aTOMBIHBIH apachIH/Ia 3apsiJ] TaCbIMaJaHy apKbLIbl TYCIHAIPIL.

Tyitin co30ep: C030,, robarem wnuneni, cy adcopoyuscel, epKin IHepeust adcopoyuscel, bem

SHEPTO3®®EKTUBHOCTh ®TOP JONMMPOBAHHOM (100) TOBEPXHOCTH Co030, JAJI5
PACIHIENIVIEHUSA BOJbI
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B crarbe mpeacTaBieHbl pe3yJbTaThl TEOPETUUECKOrO MCCIEAOBAHUS aICOPOLMU BOABI HA YUCTOM u drop
nonupoBanuoi miactuae Co0304 (100) B pamkax Teopun ¢yHkumoHana riotHocTd (TDIT) koMOMHHPOBaHHOH C
npubmmkeHneM Xab60apma-U — m  cratucThdeckodl — TepMomuHaMUKOW. OOCy>KAeHBI 3¢ deKTs M3MEHEHUS
KaTaJTUTUYECKUX CBOMNCTB IUIACTHHBI, BO3HUKAMOIIME 32 CUET MpuMecH (ropa U pacCUUTaHbl  H30BITOYHBIC
MIOTEHIMAJIBl Ha OCHOBE CXEMBI CBOOOHOM sHeprun [ mbOca Ha 4ymcToi 1 PTOp ZONMPOBAHHON ITACTHHE.

Knroueewie cnoea: Co30, wnunenv kobanvma, adcopbyus 600bl, OuacpamMma c80600HOU SHepeul,
NOBEPXHOCHLL

53



