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KBAHTOBO-XIMIYHE MOJEJIOBAHHSA IIEPETBOPEHDB EAK
BOJIb®PAMATOBMICHHUX PO3TOIIIB HA ITIOBEPXHI
CKJJOBYIUVIEHEBOI'O EJIEKTPOJA

B Oaniii pobomi nposedero K8aHmMosoXiMiuHe GUEUEHHS NPOYECi8 a0COPOYIT OKpeMUX amoMi8 BOTbPPAMY HA CKA0Ye-
neyesii nosepxHi. [lepedymosoio 05 npogedents ybo2o A0CIONCeH s OVII0 BUBHEHHS MeXAHI3MY (hOPMYBAHHS eNeKMPO-
XIMIYHO GKMUBHUX YACMUHOK 8 PeaKYIUHOMY cepedosuyi (801bhpamamoemMicHUll po3mon) 3 noOAbUUM X eleKmpo-
BIOHOBNEHHAM HA NOBEPXHI CKII0BY2eye8020 elekmpood. B pobomi euxopucmanuti K6aHmoOXiMiYHULL Memoo meopii
@yuryionany cycmunu (DFT). Buxonano DF T-po3paxynok enepeii adcopbyii 6onbppamy Ha nogepxui enekmpooa ma pos-
DAXYHOK CMPYKMYPHUX I 3apA00SUX Xapaxmepucmux 00caiodcysanux cucmem. Ilosepxuio cxiosyeneyegoeo enekmpo-
0a 6 pobomi npedcmasieHo y uznadi gyaneyegozo Kiacmepa, AKUL CKIA0AEMbCA 3 080X WAPI6 Gyeneyio, HACUYEHUX
amomamit 600HI0 O YCYHEHHA Kpatlogux eghekmis. Bcmanoeneno 06i nosuyii amoma 6onv@pamy 8i0HOCHO NOBepXHi
enekmpooa — eeputuiHa no3uyis (on top) ma ayukosa (hollow). 3pobneno oyinky cmiukocmi ompumanux Kougieypayii
HA OCHOBI OMPMAHUX BENUYUH NOBHUX eHepeill. 3Hau0eHo, o MeHW CMILIKO € 8epUIUHHA NO3UYIs (on top) 3 eHepeielo
aocopoyii £, = -7,08 eB/amom ma oonum W-C-36'a3xom, a enepeis adcopbyii 6 nozuyii (hollow) cmarnosump -8,33 eB/
amom. 3pobneno npunyiuyents, wo JyHKo8a no3uyis (on top) modxce 6ymu yenmpom Hykieayii amomis eonvgpamy. Oonax
npu peraxcayii amom W 3 ykazanoi no3uyii mMooice 3Mitgy8amucs @ NOI0JCeHH HAAGHUX eaxkancii. Ha ocnosi ompumanux
eHepeemUUHUX Ma CIMPYKMYPHUX OaHUX 00CTI0NHCYBAHUX cUcmeM NOOY008AHO 3ANelICHOCHI enepeill 63acMO0ill 8 cucmemi
C /W 6i0 eidcmarni copbam-copbenm 6 000X po32nsAdy6anux NOLOHCAHHAX AmMoma 601b@Ppamy no GiOHOWEHHIO 00 Kaac-
mepa nosepxHi enexkmpoda (nonoxcenus on top ma hollow). Ompumani pesyromamu Ha AKICHOMY PigHI MOXCYMb Oymiu
chopmynbosari 6 3a2anvHi 3aKOHOMIDHOCTE 0TI 6CIX MOJICTUBUX AHANOIUHUX (MONIOOEHO-, MAHMANL0-, HIOOIEEMICHUX)
cucmenm.

Knrouogi cnosa: sonvppamamosmicruii po3mon, no8epxHs eiekmpooy, enekmpoXiMiyHo akmusHUl KOMNIeKC, eHepais
aocopoyii.
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QUANTUM-CHEMICAL SIMULATION OF EAC TRANSFORMATIONS
OF TUNGSTEN-CONTAINING MELTS ON THE SURFACE
OF A GLOSSARY CARBON ELECTRODE

In this paper, a quantum-chemical study of the adsorption processes of individual tungsten atoms on a glassy
carbon surface was carried out. The prerequisite for conducting this study was the study of the mechanism of formation
of electrochemically active particles in a reaction medium (tungstate-containing melt) with their subsequent electroreduction
on the surface of a glassy carbon electrode. The work uses the quantum chemical method of density functional theory (DFT).
The DFT calculation of the adsorption energy of tungsten on the electrode surface and the calculation of the structural
and charge characteristics of the studied systems were performed. The surface of the glassy carbon electrode in the work
is presented in the form of a carbon cluster, which consists of two layers of carbon saturated with hydrogen atoms to
eliminate edge effects. Two positions of the tungsten atom relative to the surface of the electrode were established —
the top position (on top) and the hollow position (hollow). The stability of the obtained configurations was evaluated on
the basis of the obtained values of total energies. It was found that the top position (on top) with the adsorption energy
Eads = -7.08 eV/atom and one W-C bond is less stable, while the adsorption energy in the (hollow) position is -8.33 eV/
atom. It is assumed that the hole position (on top) can be the center of nucleation of tungsten atoms. However, upon
relaxation, the W atom can move from the specified position to the position of available vacancies. Based on the obtained
energy and structural data of the investigated systems, the dependence of the interaction energies in the Cn/W system on
the sorbate-sorbent distance in both considered positions of the tungsten atom in relation to the cluster of the electrode
surface (on top and hollow positions) was constructed. The obtained results at the qualitative level can be formulated into
general patterns for all possible similar (molybdenum-, tantalum-, niobium-containing) systems.

Key words: Tungsten-containing melt, electrode surface, electrochemically active complex, adsorption energy.

1. AktyaabHicth mnpoOiaemMu. OcCTaHHIM  TIOBEPXHEIO €JICKTPO/a Ta PEarceHTOM, Ta CYTTEBO
YaCOM CIIOCTEPITaEThCS CTIMKE 3pOCTaHHS CIIOKU-  3MEHIIYEThCS 31 30UIBIICHHAM 3apsiy pearcHra.
BaHHS 1 IOCTIiHE PO3IMIMPEHHS o0acTel 3actocy-  Ha oCHOBI aHaTi3y BeTMYMH €HEPTild aKTHBAIii Ta
BaHHS TYTOIUIaBKMX METaJiB, 30KpeMa BolIb(ppaMy  €HEepriii BepXHiX 3allOBHEHHUX Ta HW)KHIX BaKaHT-
(360pmuk, 2008). [luM MOSICHIOETBCS 3pOCTAIOYM ~ HUX MOJICKYJIIPHUX OpOiTaell  B3aeMOMIFOUUX
1HTepecC 10 BUBYCHHS iX MOBEIIHKMA B PEAaKUIHHUX  CTPYKTYp OyJ0 3p00JIEHO BUCHOBOK PO CYTTEBY
Cepe/IOBUIUX Ta B MPHUENEKTponHOMY miapi. it ponb KaTioHHOTO CKIIAAy €JEeKTpOJITy B Tpolie-
TEXHOJIOTIYHOTO TIPOIlECy OJCPKaHHS SKICHMX  caxX CJIGKTPOBITHOBJICHHS Ha Kartoii. B poOoTi
MOKPHUTTIB Ha TOBEPXHI enekTpomy cmocrtepira-  (Solianyk, 2022) copmMoBaHO yMOBY BHHUKHECHHS
€TbCsl NeIUUT TaHUX, OCOOIUBO Y BUCOKOTEMIIE-  TIOBEPXHEBOI MPOBITHOCTI JiENEKTPUKA B COJBO-
parypHiii 00JacTi, Ta IIMOOKE PO3YMIHHS IPUPOIU  BOMY PO3TOII. 3pOOJISHO MPHITYIICHHS, 110 TiA0ip
1 MexaHI3My crocTepexyBaHuX sBUl (300pUIMK,  CKJIaAy €JEKTPOJITY M03BOJISE KEpyBaTU LIBUAKI-
2008 — Lu, 2015). 3 onisany Ha I1e MO’KHA BBO)KaTH,  CTIO OKMCHO-BITHOBHHMX peakilii Ha MiK(pa3Hii
o0 A7 BHUBYEHHS (yHIaMEHTaJIbHUX IHTaHb, MEXI eJIEKTPOJ/po3Ton Oe3 MonepeaHboi MeTali-
MOB'SI3aHUX 3 KOMIUIEKCOYTBOPEHHSIM B 00’€MHIM  3aImii JiesekTpuka.

(haszi po3romy Ta MPOIECIB E€IEKTPOBIIHOBICHHS 3. OcHoBHiI pe3yabTaTH. Sk BUILIUBAE
Ha MbK(a3Hil Mexi, OUTkIT HamiiHUM € 3acTtocy- 3 (Solianyk, 2022) ans peaizanii CiIbHOTO €JIeK-
BaHHS KBaHTOBOXIMIYHUX METOIB JI0CIIIKEHHS. TPOBIIHOBJIEHHSI KapOOHY Ta BoONb(ppamy MpHu

2. AHaJyi3 oCTaHHIX IOCTiIKeHb i my0Jika-  BHCOKOTEMIIEPATYPHOMY EJIEKTPOXIMIYHOMY CHH-
uiii. Panime B po6oti (Solianyk, 2022) metogamu  Te31 kap0OimiB Boib(dpamy HEOOXiJHa HASIBHICTbH
KBaHTOBOI XiMmii OyJ10 MpPOBEICHO pPO3pPaxyHOK  CHJIBHO HOJsIpu3yrounx KariodiB Li*, Ca*, Mg*,
eHeprii peopranizailii B paMkax MOJENi MPOBiJ-  TOOTO mepeOdir reTeporeHHux red|ox-peakiiiii Mox-
HUX EJINCOIAIB, IO y3aragbHIOC MoAenb Map- — nuBMi jume ans dacTHHOK {M ™ [WO,J*}em2*
Kyca [l BUIAJKY, KOIM PEarcHTH MaloTh icTOTHO 'y mpucyTtHocTi CO,, 1m0 Ha MpaKTULi 103BOJISE
Hecepuuny ¢dopmy. BusmieHo, mo BenWuMHA ~— 3IIHCHIOBATH CIIJIbHE €JIEKTPOBITHOBICHHS CyMi-
eHeprii peopranizamii pO3YMHHWKA Maibke HE  IICHHSAM IOTCHIANIB BUIIJICHHS KapOOHY 1 BOJIb-
3MIHIOETBCS Ha BCHOMY IHTEpBaJII BiJicTaHed Mik  (pamy, 3MIHIOIOUM KHCJIOTHICTH pPO3TOImy (KarTi-
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OHHHMU Karaji3), i BOAHOYAC 3MiHIOBaTH (ha3oBHiA
CKJIaJl Ta CTPYKTYPY MPOIYKTIB €IEKTPOTi3y.

[Ipu MopenmoBaHHI EJICKTPOXIMIYHUX peaKIlii
JUIS BOJb(MPaMaTBMICHUX CHCTEM Ma€ BaKIIUBE
3HAYCHHS BHWBYCHHS aJICOpOIlil OKpEeMHX aTOMiB
BOJIb(hpamy.

Po3paxyHku npoBOIHINCS KBAHTOBOXIMIYHUMU
metogamu HF, MP2, DFT 3a momomororo mpo-
rpamuoro naketa GAMESS/FireFly Ta Bi3yani3a-
topa ChemCraft (Granovsky, 2023). OcHoBHUM
3aBIaHHSAM B pPOOOTI Oy/0 MOpiBHSUIBHE KBaH-
TOBO-XIMIYHE JIOCHIDKEHHsSI Tpolecy aacopo-
uii Boib(pamy y BepUIMHHY (on top) Ta JYHKOBY
(hollow) mo3umii Ha Ge3nedexTHIN CKIOBYTIIEIE-
Biif moBepxHi (puc. 1).

CTpykTypa TOBEpXHI  CIEKTPOLY  B3fTa
3 (ConosiioB, 2004). Takuii migXix m03BOJISE, HA
Hall TOMISA, TEBHOIO MIpOI0 BHUSBUTH BiIHOC-
HUH BHECOK CTPYKTYypHOTO (Opi€HTAIlisl TpaHi) Ta
KOoOpAWHAIIHHOTO (aacopOItiiiHa Mmo3uIis) (Gakro-
piB y (dopMyBaHHI XeMOCOPOIIIHHOTO 3B'S3KY, IO
CYIPOBOIKYETHCSI YACTKOBUM TIEPEHOCOM 3apsijly.
VY naniii poOOTi BeTMYUHY SHEprii aacopOiii BoJb-
(¢pamy Ha IOBEPXHI €IEKTPOIy OyJI0 pO3paxoBaHO
sk: E = E(nos+W) -E(moB) — E(W), ne E(moB) —
€Hepris MOBEPXHI €JEeKTPOoja, IO MOICIIOETHCS
knactepom, a E(W) — enepris atoma Bonbdpama.

Pesynsratu DFT-po3paxyHkiB eneprii agcop0-
1ii HaBeZieHO y Ta0u. TyT ke BKa3aHi BEpTUKAIbHI
JUCTaHIII MiXK aacopOaToM Ta BEpXHIMH IapamMu
aToMiB TOBepxHi. JIOBKUHY XeMOCOPOIIHOTO
3B'si3ky W-C BuU3HauajaM MUISIXOM MiHiMi3arlil
3Minn eneprerndnoro nmpouecy C+W — C W
¢ynkuii R(W-C). Ilpuknang Ttakoi onrtumizamii
BimoOpakeHo Ha puc. 2. [Ipu npomy R(W-C) ori-
HIOBAJIH SIK BiICTaHb MK IIeHTpoM aroma W 1 Tu1o-
IIMHOIO, IO NMPOXOAWUTH uYepe3 HeHTpH aTomiB C
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Yy BEpXHBbOMY IIIapi Kiactepa. AHalli3 pe3y/bTariB
JOCITI/HKEHHS I03BOJISIE€ BIA3HAUUTH, IO B JIyHKO-
Biii mo3utii (hollow) atom Boibhpamy HaHOLTBII
criiikuii, Mae Tpu W-C 3B'si3ku (Ipu JOBXKHHI
38'a3ky R(W-C) = 2,02 A) meraneBoro Tumy
1 Xapakrepusyerbcs eHepriero azacopbuii E_
-9,49 eB/atoM. 1lg BennuuHa Eaﬂc, Ha Hall MOV,
MoOXke OyTH JOCTAaTHBOIO JJISi YTBOPEHHS MIIIHOTO
W-C-3B"s13ky, mo Oyae mokasaHo Hipkue. MeHIr
CTIMKOIO, SIK TIOKa3yITh PO3PaxXyHKH, € BEpPIINHHA
no3uuis (on top) 3 eHepriero agcopouii E, | =-7,08
eB/arom Ta oM W-C-38's3kom. Benmunna E |
-8,33 eB / arom a€ HaM OCHOBY TSI IPUITYIIICHHS
npo Te, mo no3utis (hollow) moxe OyTu rieHTpOM
Hykiteamnii aromiB W Ha paHHIX cramisx. Bapro
3a3HaYUTH, 10 TIpU penakcanii arom W 3 ykazaHoi
MO3HUIIiT MOYKE 3MIIIyBaTUCh B IOJIOKEHHS HASIBHUX
BaKaHCIH.
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Puc. 2. 3mina eneprii B3aemonii B cucremi C /W
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Puc. 1. Po3paxyHkoBa Moaeb MOBePXHi Ta 3B's13y104i mo3uiii aroma Bojib¢pamy a) hollow; b) on top
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Jlnist Kpamoro po3yMiHHS MPOLIECIB XeMOCOpO-
ii CJiT BUBYUTH PO3MOIINT €(PEKTHBHHUX 3apsiiiB
Ha aroMi W Ta aTromMax HaWOIMKYOTO OTOYSHHS
C. Pesynpratu DFT-po3paxyHKiB e(pEeKTUBHUX
3apsiniB Ha atomax W ta C i1 pO3IVISIHYTHX KOH-
¢irypariiif HaBeJIeHO TaKOX y TaoJI.

Tabmuia
Beanunnu mizkatoMHuX 3B’ a13KiB W—C,
eHeprii agcopouii Ta e)eKTUBHUX 3apsAiB
Ha aToMax ajacopdara Ta aacopOeHTa

Tpoja Ha aTroM BoJdb(ppamMy B OIbmIH Mipi
B mo3umii hollow aroma Bombdppamy, Hik on
top, 10 MiATBEPAKYETHCS BEIMUYUHAMH €HEprii
ancoporii.

3. BucHoBku. TakuM YMHOM, BUKOPUCTAHHS
KBAaHTOBO-XIMIYHOTO MOJICJIOBAHHS TIPOIIECIB
amcopOmii atoma Bonbppamy Ha CKIOBYIJIE-
IEeBif TTOBEPXHI T03BOJSE BUSBUTH HANOIIBII
BurinHy nosunito (hollow) aroma Bombdpamy.
Ha ocHOBI oTpuMaHuUX pe3ylbTaTiB 3p00JICHO
MPUITYIICHHS TTPO WMOBIpHI IIEHTPU HYKjIearii

atomiB W Ha paHHiX ctamisx. lle momoBHIOE

Mosuuisn | R(W-C), A eB];:;“T“;M Eqﬁ';,';‘fﬁ““ pe3ysibTaTH aHAJITUIHUX PO3PaXyHKIB BeEIH-
hollow 2,02 9,49 -2,00 quH cTpyMiB oominy (Consiank, 2022). [Ipumy-
on top 2,203 -8,33 -1,752 HIEHHS, M0 TpU penakcainii atom W 3 ykasza-

HO1 Mo3uMii MOXKe 3MIIIyBaTUCh B IOJIOKCHHS

Sk mokazanmu  pe3yslbTaTH  PO3PAaXyHKY, HasBHUX BaKaHCIi € MpPeIMETOM HACTYIMHHUX

3aps] Mepepo3MOAINA€THCS 3 MOBEPXHI €JeK-  HalluX CTaTeH.
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