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B 2016 romy ans pa3BUTUS W YAyYIIEHHS KadeCTBa >KU3HU Ka3axCTaHLEB ObLI
CO3JaH YacTHbIM bnarorBoputenbHblid GoHa «Xaiblky». 3a roibl CBOSH OesITeIbHOCTH
Ha peajHu3aluio OJaroTBOPUTENILHBIX NMPOEKTOB B 00JacTAX oOpa3oBaHMS M HAyKH,
COLMAJILHOM 3aIlUTBI, KYJABTYpPBI, 31IpaBooXpaHeHus u cnopra, Ponp Beaenna Oosee
45 MunnuapaoB TEHre.

Oco6oe BanManue birarorBoputenbHbIi GoHT «XabIK» ynenseT 00pa3oBaTeIbHbIM
IporpaMmam, C4uTas 3TO HallPaBJICHUE OJHUM W3 KIIIOUEBBIX B CBOEH JESATEIBHOCTH.
Oxas3biBasi MOAJIEPKKY OT€UECTBEHHOMY 00pa30oBaHuto, GOH/I BHOCUT CBOI OCHIIbHBIN
BKJIaJI B Pa3BUTHE KauecTBEHHOTo oOpa3oBanus B Kazaxcrane. Tem camMbiM ciocoOCTBYS
pOCTy uncIa JItoneH, ClIoCOOHBIX MEHSTh KU3Hb B CTPaHe K JIy4IlleMy —Ipo(ecCHOHAIOB
B pa3iMyHbIX cdepax, MOTCHUUAIBHBIX JIMACPOB M «BEJIUKUX YMOB». OnHOH U3
3HAUUMBIX HMHUIMATHB (oHJa «Xanblk» B oOpas3oBaresibHOW cdepe craim MpoeKT
Ozgeris powered by Halyk Fund — mepBblii B cTpane OuzHec-uHKYOaTop ISl yUaluxcs
9-11 xmaccoB, KOTOpBI MOMOTraeT pa3BUBAaTh HEOOXOAMMBIE B COBPEMEHHOM MHpE
MpeANpPUHUMATENILCKUE HaBbIKK. Tak, Ha comelCTBHE MajoMy OM3HECY IMIKOJbHHUKOB
66110 BhIIeneHo Oosee 200 rpanToB. J{iis moaiep KKy TaJaHTIIMBBIX 1 MOTHBHPOBAaHHBIX
nereit @OoHI HEOAHOKPATHO BBIACISUT TPaHThI HAa 00yueHue B MexIyHapOJHOH IIKOoJIe
«Mupacy» u B Astana IT University, a Taxke MOMOI Ka3axCTaHCKUM LIKOJbHHKAM
npuHATH yyactue B npectxHoM KoHKypce «USTEM Robotics» B CLLIA. ABropckue
pabotel B pamkax npoekra «Tamimrep», koropomy DoHI OKa3an HOAICPHKKY, JICIIIN B
OCHOBY Y4€OHOH MPOrpaMMbl, Y4€OHHKOB U Y4€OHO-METOANYECKUX KHHUT 10 IPEAMETY
«OcCHOBBI TIpeANpUHUMATENBCTBA U Ou3Heca», mpenogaBaemoro B 10-11 kmaccax
Ka3aXCTAaHCKMX ILIKOJ U KOJUIEIKEH.

[TomuMo mnomomM MIKOJIBHMKAM, ydallMMcs KoJulepke M cryaeHTaM DoHp
CUMTAET BAXXHBIM BHECTH CBOW BKJIAJ B IMOBBILICHHE KBAIM(QHUKAIWU IIE€AaroroB,
COBEpIIIEHCTBOBAHNE HUX 3HAHMH U HABBIKOB, IOCKOJIbBKY HMEHHO OHHU SIBJISIOTCS
[IPOBOAHUKAMH 3HAHUHM OyIyIIMX MOKOJeHHH KazaxcTaHueB. [Ipu mognepxkke donna
«XanplK» B IOKHOH cTONMie ObUI OpPraHW30BaH E€XKEroJHbIM TOPOACKONW KOHKYpC
nenaroroB «Almaty Digital Ustaz.

BaxHoll MHMLIMATUBOW CTall pealn3yeMblii MPOEKT 1O OOYYEeHHIO OCHOBaM
(MHAHCOBOM TPaMOTHOCTH Mpernoaasareield n3 BockMH obnacteidl Kazaxcrana, urto
JIOJDKHO OKa3aTh CYIIECTBEHHOE BIIMSIHUE Ha BOCIIMTaHUE (PMHAHCOBOW IPAMOTHOCTH H
MpEeIIPUHUMATEIBCKOTO MBIIIIJIEHHS Y HOBOTO TIOKOJIEHUSI TPaXAaH CTPaHBI.

Heob6xonumyro nmomois @oHx «Xanblk» OKa3blBaeT U TeM, KTO 0COOCHHO OCTPO
B Hell Hyxnaercs. B paMkax counanabHOM 3alllUThl HACEJIEHHsS aKTHUBHO NPOBOAUTCS
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paboTa 1o TOAJEPKKE NIETeH, OCTABIIMXCS 03 pOIUTENCH, JeTedl W B3POCIBIX U3
COLMAJIbHO YA3BUMBIX CJIOEB HACEJICHHUS, JIFOJEN C OTPAaHUYEHHBIMUA BO3MOKHOCTSIMHU, a
TaKKe 00€CIICUCHUIO HYK/IAIOIIMXCSI COLUATBHBIM KHIIIbEM, CTPOUTEILCTBY COIIHATBLHO
BaXKHBIX OOBEKTOB, TAKUX KaK JCTCKHE CaJbl, ACTCKHE TUIOIAIAKU U (PU3KYIBTYpPHO-
03JI0POBUTEJIbHBIE KOMITJIEKCHI.

B xommnky no0peix gen @onnma «Xanablk» MOXKHO JOOABUTh OKa3aHUE ITOMOIIH
JIETCKOMY CIIOPTY, Ky/ia OTHOCHTCS TIOJJICP’KKa B PA3BUTHU JIETCKOTO PyTOOJIA M Kapare
B Hame# crpaHe. JKU3HEHHO BaKHYIO TIOMOIL biaroTBopuTeNnbHbIN QOHT «XaIbIky»
OKa3all HalllUM COOTeUECTBEHHUKAM BO BpeMsi HenasHel nangemuun COVID-19. Torna,
B pasrap TsDKenod 0oprObl ¢ KopoHaBUpyCcHOH nHpeknuerd Doun Beiaenui cBbime 11
MUJUTMAPJIOB TEHTe Ha MPHOOpPETeHHE HEOOXOAMMOI0 MEIUIIMHCKOTO 00O0pYIOBaHUS
U JIOPOTOCTOSIIUX MEAMIMHCKUX IPEraparoB, aBTOMOOWIICH CKOPOM MEIMIIMHCKON
TIOMOUIH U CPENICTB 3aLIUThL, aAPECHYIO MAaTEPUAIbHYIO IOMOLIb COLIMAIBHO YSI3BUMBIM
CJIOSIM HACEJICHHUS U JICHE)KHBIC BBITUIATHI MEUIIMHCKUM PaOOTHUKAM.

B 2023 romy Hapsamy C IOpYyrUMU TpPOCKTaMH, HAlCJICHHBIMM Ha IMOBBIIICHUE
0JIaroCOCTOSIHUSL Ka3aXCTaHCKUX TpaxkaaH DOHJ penimi yneinuTb 0c000€ BHUMAaHHUE
HayKe, MOCKOJIbKY OHa SBJIICTCS YacThlO0 OOIIECTBEHHOW KYJIBTYPhI, a YPOBCHb €€
pa3BUTHS ONPEIENAET yPOBEHD Pa3BUTHUS TOCY1apCTBA.

I[onnepxkka @oHAOM BbIMycKa >XKypHajaoB HamuonanbHOM AxageMun Hayk
PecriyOnuku KazaxcraH, KOTOpbIe BXOAST B MeEXIyHapoiHble (OHABI Scopus u
Wos U B KOTOPBIX NYOJNUKYHOTCS CTaTbd OTEUECTBEHHBIX YYCHBIX, JIOKTOPAHTOB W
MaruCTPaHTOB, a TaK)KE HAYYHBIX COTPYJAHHUKOB BBICHIMX YYEOHBIX 3aBEJCHHUU W
HAy4HO-UCCIIEA0BATENIbCKUX MHCTUTYTOB HALLIEN CTPAHBI SIBJISECTCS HE MEHEE 3HAYMMBIM
BKu1ajioM DOH/Ia B pa3BUTHE Ka3aXCTAHCKOTO OOIIIEeCTBa.

C yBakeHunem,
BbaarorBopurebHblii ®oHa «XaabIK»!



Bac pepaxrop:
KYPBIHOB Mypar ’KypbIHYJIbI, XUMHUS FBUIBIMIAPBIHEIH JOKTOPSL, ipodeccop, KP ¥FA akanemuri,
Kazakcran PecryOnmukace!l ¥ITTBIK FBUTBIM aKaieMusichiHbIH npe3ueHTi, AK «J1.B. CokobCkuii aTbIHIaFbI
OTBIH, KaTaJIH3 )KOHE IEKTPOXUMUS HHCTUTYTHIHBIHY 0ac qupektopbl (Anmarsl, Kasakcran) H = 4

Penaxkmus ankacel:

OJJEKEHOB Cepra3bl MbiHxkacapyJibl (0ac peaakTOpIbIH OpbIHOACAPHI), XMMUS FHIIBIMAAPBIHBIH
JoKTOpsI, podeccop, KP ¥FA akagemuri, «Dutoxumushy XaablKapaiblK FHUTBIMH-OHIPICTIK XOIIUHTTHIH
mupekropsl (Kaparannsr, Kazakcran) H =11

ATI'ABEKOB Buaamumup EnokxoBuu (6ac pemaxTopiblH OpbIHOAcapbl), XUMHS FBUIBIMAAPBIHBIH
JokTopsl, npodeccop, berapycs ¥YFA akanemuri, Kana marepuaniap XuMUsICbl HHCTUTY TBIHBIH KYPMETTI
nupekropsl (Munck, berapycs) H =13

CTPHAJ MupocaaB, npodeccop, Uexust FhUIBIM aKaJEMHUSICHIHBIH OJKCHEPHIMEHTTIK OOTaHHKa
MHCTUTYTBIHBIH 3epTXaHa MeHrepyurici (Onomoy, Yexust) H = 66

BYPKITBAEB Myxam6eTKaJu, XUMUs FbUTBIMAAPBIHEIH JOKTOPEL, podeccop, KP ¥FA akanemuri,
on-®apadu areigarsl Kaz¥Y Y-npiy Oipiamm npopexropsl (Anmarsl, Kazakcran) H =11

XOXMAHH J[Ixymut, Ceren ynusepcureriniy ®Papmauesruxa daxysapreTinin PapMakornosus
KadeapachHBIH MeHrepymrici, JKapaTbuiblcTaHy FBUIBIMIAPBIHBIH TTOHAPAIBIK OPTAJIBIFBIHBIH JAUPEKTOPEI
(Ceren, Bernrpust) H =38

POCC Camup, PhD noxropbl, Muccucunu yHUBEpCHTETiHIH OCIMIIK OHIMICPIH FBUIBIMU 3€PTTEY
YITTHIK opTansirel, Papmanust Mmektebinin npodeccopst (Oxcdopa, AKII) H =35

XYTOPSIHCKUM Burannii, punocodus gokropst (PhD, (apmarerr), Pequnr yHHBepCHTETiHIH
npodeccopsr (Peaunr, Aurus) H = 40

TEJTAEB Bargar Bypxan6aiiyiabl, TeXHUKa FRUIBIMIAPBIHBIH JOKTOpHI, mpodeccop, KP ¥FA
KoppecnionaeHT-mymreci, Kaszakcran PecnyOmukacer WHgycTpust koHe HWH(PPAKYpBUIBIMIABIK —JaMy
munucTpiiri (Anmarsl, Kasakcran) H = 13

DAPYK Acana Jlap, Xamnap ans-Mamxuaa [IsFsic MeuiHa KoJUIepKiHIH Tpodeccopsl, Xamaap
yauBepcuteTiHig Lsrpic Mmequiuna akynsreti (Kapaun, [Tokxicran) H =21

®A3bIJIOB Cepik /IpaxmMeTy.ibl, XUMHS FBUIBIMIAPBIHBIH JOKTOPBL, ipodeccop, KP ¥FA akanemuri,
OpraHuKajiblK CHHTE3 XKOHE KOMIp XHUMUSCHl HHCTUTYTHI TUPEKTOPBIHBIH FBUIBIMH JKYMBICTAp JKOHIHIET1
opsiabOacaps! (Kaparausl, Kazakcran) H=6

KOPOBEKOBA Illapuna 7Kopo0eKKbI3bl, XHMHs FHUIBIMIAPBIHBIH JOKTOPBI, mpodeccop,
Kepreiscran ¥FA akagemuri, KP ¥FA Xumust koHe XUMMSUIBIK TexXHOJOTHsS HMHCTHTYTHI (Bimikek,
Kpiprezcran) H = 4

XAJIMKOB [:xypadaii XaJuKkoBHY, XUMUsI FBUIBIMIAPBIHBIH JTOKTOPBI, podeccop, Taxikeran FA
axanemuri, B.M. Huxutun ateranarsr Xumust mHCTUTYTHI ([lymante, Toxikeran) H =6

DAP3AJIUEB Barug Mekuaoribl, XuMys FBUTBIMAAPBIHBIH TOKTOPEL, podeccop, ¥FA akanemuri
(Baky, O3ipoaiixan) H=13

TFAPEJIMK Xempa, ¢unocodus noxropsr (PhD, xmmus), Xanplkapallblk Taza jKOHE KOJIaHOAIBI
XMW OJIaFbIHBIH XMHUS KOHE KOpIIaraH opTa OemnimiHiH mpe3uaeHTi (Jlonmon, Aurmms) H = 15
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I'naBHbII perakTop:
KYPUHOB Mypar KypuHoBHY, JOKTOp XMMHUYECKHX HayK, mpodeccop, akagemuk HAH PK,
npe3uaeHT HaronansHol akagemun Hayk Pecry6mmkn Kazaxcran, renepansusiii fupexrop AO «HcTHTYT
TOIUIMBA, KaTanu3a u anekrpoxumun uM. /1.B. Cokonbckoro» (Anmarsel, Kazaxcran) H =4

Penaxkuuonnas xosuierus:

AJIEKEHOB Cepra3spl MbIH:kacapoBH4 (3aMECTHUTEINb INIABHOTO PEJAKTOPA), JOKTOP XUMHUUCCKUX
Hayk, podeccop, akagemuk HAH PK, mupexkrop MexayHapoHOro Hay4HO-IIPOU3BOCTBEHHOTO XOJIANHT A
«Dutoxumust» (Kaparanna, Kazaxcran) H =11

AI'ABEKOB B aagumup EHokoBHMY (3aMeCTHTENb TJIABHOTO PENAKTOpa), IOKTOP XUMHUYCCKHX
Hayk, npodeccop, akanemuk HAH Benapycu, nouerHslit aupexrop MHCTUTyTa XMMHH HOBBIX MaTepHaoB
(Munck, benapycs) H= 13

CTPHA/I Mupocias, npodeccop, 3aBemyromuii 1abopaTtopueli HHCTUTYyTa DKCIIEPUMEHTAIBHON
6otanuku Yemnickoii akagemun Hayk (Onomoyi, Yexust) H = 66

BYPKUTBAEB Myxam0eTKkaan, JTOKTOp XMMHYECKHX Hayk, mpodeccop, akagemuk HAH PK,
[epssrit mpopextop KasHY umenn anp-dapadu (Anmarsl, Kazaxcran) H =11

XOXMAHH [IxynuTt, 3aBenyromnii kapenpoit @apmaxornozun dapmareBrHiyeckoro (akyisrera
VYansepcurera Cerena, upexTop MexXIUCIUIUIMHAPHOTO IIEHTpa ecTecTBeHHBIX Hayk (Ceren, Benrpms)
H=38

POCC Cammup, noxrop PhD, mpodeccop HIkomsr dapmanuyi HAIMOHAIBLHOTO IEHTPa HAYYHBIX
WCCIICJOBAaHUH PACTUTEIBHBIX MPOAYKTOB YHUBepcuTeTa Muccucunu (Oxcdopa, CIIA) H = 35

XYTOPSIHCKUM Butammii, noxrop durocodun (Ph.D, dapmanesr), mpodeccop Yuusepcurera
Penunra (Pepunr, Aurus) H = 40

TEJIBTAEB Baraar Bypxan6aiiyJibl, JOKTOp TEXHHYECKHUX HayK, Ipodeccop, WieH-KOPPECIIOHACHT
HAH PK, MunucrepctBo Munycrpuu u unpactpykrypHoro pa3sutus Pecriyonuku Kasaxcran (AnamMarsl,
Kazaxcran) H=13

DAPYK Acana [lap, mpodeccop kommtemka Bocrounod memmmmubel Xampaapia ans-Mapkunaa,
¢axynsreT BocTouHoil MenuuuHbl yHuBepeuteta Xamaapaa (Kapaun, [Takucran) H =21

®DA3BIJIOB Cepuk /IpaxmeToBUY, TOKTOp XHMHUYECKHX Hayk, mpodeccop, akagemuk HAH PK,
3aMeCTHTENb JUPEKTOpa 1o HaywIHO# paboTe VHCTHTYTA Opranmdeckoro cuHTe3a u yrexumun (Kaparanna,
Kazaxcran) H=06

7KOPOBEKOBA Illapumna KopodexoBHa, TOKTOp XMMHYECKUX HayK, podeccop, akanemnk HAH
Keipreserana, MactutyT Xumun u xumudeckoit texnonorud HAH KP (bumukek, Keipreseran) H = 4

XAJIMKOB [Ixxypa6aii XaJauKoBH4Y, JOKTOp XHMHYECKHX HayK, mpodeccop, axazemuk AH
Tamxukucrana, Vuctutyt xumun nmenu B.W. Hukntuna AH PT (dyman6e, Tamxukucran) H = 6

DAP3AJIMEB Barug Memkua oribl, JOKTOp XHMHYECKHX Hayk, mpodeccop, akanemunk HAHA
(baky, Aszepo6aitmxan) H=13

T'APEJIMK Xempaa, noxrop ¢unocopun (Ph.D, xumus), npesunent Otnena XUMUH U OKpYsKaromieit
cpensl MexxIyHapogIHOro cor03a YHCTO! 1 npukiiagHoi xumun (Jlonnon, Anrmst) H =15
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Abstract. An urgent task is the development of methods for the synthesis of
compounds of metals and semiconductors with mixed anions (for example, chalcohalides
or sulfur halides) with an advanced morphology, capable of absorbing a wide range
of solar radiation. An important task is the fabrication of photoelectrodes for the
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implementation of photoelectrochemical, photocatalytic reactions in liquid media (PEC
cells). This paper describes the effect of the electrolyte solution, the concentration of the
initial reagents and the substrate material on the electrochemical behavior of bismuth
and sulfur ions. Cyclic voltammetry, XRD, SEM, photoelectrochemical measurements
were used for characterization. The optimal conditions for the electrochemical synthesis
of bismuth sulfide thin films are determined. The surface morphology and composition
of Bi,S, were dependent on the synthesis potentials. Bi S, thin films, obtained at E=
-750 mV, possessed a continuous surface and high crystallinity, and demonstrate the
photocurrent density 22 pA/cm®in 0.5 M Na,SO, under AM1.5G illumination. The
achieved photoelectrochemical characteristics prove the applicability of the synthesized
bismuth sulfide thin films in photoelectrochemical devices.

Keywords: thin films, bismuth semiconductor compounds, bismuth sulfide,
electrodeposition
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BUCMYT CYJIb®UAIHIH KYKA KABBIPIIIAFBIHBIH
IJIEKTPOXUMMUSAJIBIK TYHABIPYbI

Annoramus. KyH pagnanuscelHBIH KEH  CHEKTpiH  CiHipyre KaOinerTi
MOpQOIOTUSCH AaMbIFaH apajlac aHMOHAApMEH (MbICajibl, XaJIKOTalUATep Hemece
KYKIpTraJOreHUATepi) MeTangap MeH KapTbUlail OTKI3TIIITepAiH KOCBUIBICTAPHIH
CHHTE3/ICY 9JIICTEepiH a3ipiaey ©3eKTi Macese 0oibin Tadbiiasl. CoHnaii-ak CyHbIK opTaaa
(DOTOPNIEKTPOXUMHUSIIBIK, (POTOKATATUTUKAIBIK PEAKUUsIIapIbl KY3€re achlpy YIIiH
(doTosnexTpoaTapAbl jKacay MaHbI3nbl MiHAeT Oonbin Tadbuiaabl (PEC sxacymanap).
By makanaja 37eKTpOSUT epiTiHAICIHIH, 0acTallKbl PeareHTTeP KOHIICHTPAIHSICBIHBIH
YKOHE TOCEHIIl MaTepUabIHBIH BUCMYT IEH KYKIPT MOHAAPBIHBIH 3JIEKTPOXUMHUSIIBIK
opekeTtiHe ocepi cumarranrad. Cunarrama yIiH IHMKIAIK BonbTameTpusi, POA, SEM
XKoHE (POTOAEKTPOXUMUSUIIBIK OIIeMIep KOMAaHbUIABL. BucMyT cynbuaiHiH KyKa
KaOBIKIIAApBIHBIH AJIEKTPOXUMHUSUIBIK CHHTE31HIH OHTAWJIbI IIAapTTapbl aHBIKTAJIbI.
Bi,S, GeTiniH MOPQOJIOrUACE MEH KypaMbl CUHTE3 TOTEHUMAIIAPbIHA OaiIaHbICThI
oomael. E= -750 MB ke3innme anblHraH 31283 JKYKa KaObIKIIaIapbl Y3/iKci3 OeTke
JKOHE KOFapbl KpUCTAIABUIBIKKA ne Oonasl, AM 1,5G sxapeikTangsipy kesinze 0,5
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M Na, SO, iminge 22 MxA/cM* GOTOTOK THIFBI3IBIFBIH KopceTTi. Kon sxeTkisiiren
(hOTOPNIEKTPOXUMHUSIIBIK CHUTIATTaMajlap BUCMYT Cylb(QUAIHIH CHHTE3JENTeH IKYKa
KaOBIKLIaTapbIHBIH (OTORIEKTPOXUMHUSIIBIK KYPBUTFbITApAa KOJAAHBUTYbIH QNI ACHI1.

Tyiiin ce3mep: xyka KaObIKIIajgap, BUCMYT apTbUlail OTKI3rill KOCBUIBICTApHI,
BUCMYT Cylb(HUIl, SIEKTPOTYHIBIPY
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IJIEKTPOXUMHNYECKOE OCA’KAEHUE TOHKHUX IIJIEHOK
CYJIbOUJIA BUCMYTA

AHHOTanusl. AKTyalbHOW 3ajadeil sBIsgeTcs pa3pabdoTKa METOOUK CHHTE3a
COCAMHEHHH METaJUIOB M IOJYNPOBOAHUKOB CO CMEIIAHHBIMH aHMOHAMH (HANpH-
Mep, XaJIbKOTaJlOTeHUAbl WM TaJOreHUIbl CEphbl) C Pa3BUTOW MOPQOIIOTHEH, CIIOo-
COOHBIX COPOMPOBATH IUPOKHH JHANa30H COJHEYHOro M3IyueHHs. BakHoi 3ajmaueit
TaKXKe SIBJISETCSI M3TOTOBICHHE (POTODIEKTPOAOB Uil OCYLIECTBICHUS (HOTOIIEKTPO-
XMUMUYECKHX, (POTOKaTamuTHYecKnx peakuuid B kuakux cpenax (PEC sueiiku). B
JIAHHOM CTaTbe ONUCAHO BIUSHUE PACTBOPA MIEKTPOJIMTA, KOHLEHTPALUU HCXOAHBIX
peareHTOB U MaTepuaa MOAJI0KKH Ha 3JIEKTPOXUMHUUECKOE IIOBEIEHUE HOHOB BUCMYTa
u cepbl. U XapakTepu3alUd MCIOIb30BaIUCh LUKINYECKAs BOJIBTAMIIEPOMETPUS,
pentrenorpagus, COM, doTtosnexTpoxuMuueckue u3MepeHus. OmpeneneHsl ONTH-
MaJIbHBIE YCIIOBHSI JUTS DIIEKTPOXUMUYECKOTO CHHTE3a TOHKUX IUIEHOK Cy/b(raa BUCMYyTa.
Mopdonorus nosepxnocty u cocras Bi,S, 3aBucenu ot norennuanos cunresa. Tonkue
mienku Bi,S,, nonyyennsie npu E= -750 MB, o0nasanu CrutomHOM MOBEPXHOCTHIO U
BBICOKOM KPUCTAJUTMYHOCTBIO, IEMOHCTPHPOBAIH IUIOTHOCTH (hOoTOTOKA 22 MKA/CM?
B 0,5 M Na,SO, npu ocsemenun AM 1,5G. JIoCTUrHYTBIE (POTOIIEKTPOXUMHYECKUE
XapaKTEpUCTUKH JOKA3bIBAKOT IPUMEHUMOCTb CHHTE3UPOBAHHBIX TOHKHUX IIJIEHOK
cynbuna BECMyTa B POTORIEKTPOXUMHUYUECKUX YCTPOHCTBAX.

KuroueBble ci10Ba: TOHKHE IUIEHKH, MOJYIPOBOAHUKOBOE COEJUHEHHE BUCMYTA,
Cynb(hUI BUCMYTA, 3JIEKTPOOCAKACHUE

Introduction

One of the most urgent tasks of modern science is the development of methods and
devices for converting of solar radiation into thermal and electrical energy. Various
thermal systems, solar collectors and concentrators are used to generate heat energy.
The ability of some semiconductor compounds and their combinations with nonmetals/
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metals convert the energy of absorbed photons into electricity is used to generate
electricity.

Among the wide variety of semiconductor materials investigated for use in solar
cells and photoelectrochemical cells (PEC cells), bismuth compounds attract attention
because they are non-toxic, cheap to produce, and capable of absorbing most of
the visible spectrum. Bismuth compounds, due to its qualities, are used in various
photovoltaic and energy storage devices (Devi & Ray, 2020; Sun et al., 2015), in the
manufacture of photocatalytic materials (Xu et al., 2019), gas sensors, in systems for
photocatalytic decomposition of organic pollutants and phenol red, in X-ray and y-ray
detection systems (Frutos, 2017).

Bismuth double chalcogenides (Bi,X,, where X = S, Se, Te) are characterized
by high stability, photosensitivity, and thermoelectric properties (Riahi et al., 2017).
Bismuth sulfide, is n-type semiconductor with a plate structure, the band gap lies in
the range between 1.5 and 1.9 eV (Gao et al., 2011). Bi,S, is characterized by electrical
conductivity about 10— 107 Q'cm™ and a high radiation absorption coefficient o >
10° cm™! in the visible region (Cruz-Gémez et al., 2022), which makes it possible to
consider this compound a promising material for use in optoelectronic, photovoltaic and
photoelectrochemical devices, and also as anodes for all-solid-state lithium-ion batteries
(Kumari et al., 2019). In addition to its utilization in various photoelectrochemical
devices, this compound has found application in systems for the photocatalytic reduction
of CO, and Cr(IV) (Jin & He, 2017; Luo et al., 2017).

Bi,S, crystallizes in the orthorhombic space group Pnma with lattice parameters a =
4.025,b=11.170,c=11.735 A, z= 4 (Fig. 1.) (Jain et al., 2013). The structure is three-
dimensional, with 4 molecules per unit cell (Persson, 2014).

Fig. 1.Structure of bismuth sulfide Bi,S, (Jain et al., 2013)

Bismuth sulfide thin films are obtained by various methods, such as spray pyrolysis
(Medles et al., 2006), chemical bath deposition (Moreno-Garcia et al., 2014),
solvothermal synthesis (Jin & He, 2017), vacuum thermal evaporation (Ten Haaf et
al., 2013). The disadvantages of these methods are the use of complex equipment, the
process duration, the need to use high temperatures.
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For the synthesis of semiconductor thin-film coatings, electrochemical methods are
popular and actively studied. Such methods are distinguished by the process simplicity,
the cheapness of the equipment, the possibility of controlling the surface morphology
and the composition of the resulting films by varying the deposition conditions, the
possibility of modifying the films surface. The advantage of electrochemical processes
is the possibility of obtaining thin films at room temperature on substrates of any area.

Among the electrochemical methods for Bi,S, thin films synthesis, the most commonly
used method is cathodic electrodeposition onto ITO/glass substrates (glass/indium tin
oxide) (Yan Wang et al., 2009), FTO/glass (glass/fluorinated tin oxide) (Shinde et al.,
2009), or carbon fiber (Jagadish et al., 2016). New methods are also being developed, for
example, rectangular voltammetry method (Chahkandi & Zargazi, 2019), ultrasonic cathode
electrodeposition (Y. Wang et al., 2011). A significant disadvantage of these works is the lack
of detailed studies on the electrochemical behavior of Bi** and S* ions in various electrolytes,
as well as the effect of the initial reagents ratio on the type of [-V curves.

The aim of this work is to study the influence of the substrate material, the composition
of electrolytes and the concentration of initial reagents on the voltage dependences and
the process of electrochemical deposition of Bi,S, thin films.

Materials and methods

The study of the electrochemical behavior of Bi** and S* ions in different electrolyte
solutions was carried out in a standard three-electrode cell at room temperature. A
glass-carbon disk electrode (S = 0.07 cm?) and an electrode made of glass coated with
conductive fluorinated tin oxide (FTO/glass) with an area of 1.5-2.0 cm? were used as
working electrodes to obtain current-voltage curves. A platinum spiral with a surface
area ~1.5 cm® was used as a counter electrode. A silver chloride electrode (Ag/AgCl)
in a 3 M KCI solution was used as a reference electrode. All experimentally obtained
potential values are given relative to the silver chloride reference electrode. AP-45X
potentiostat-galvanostat (Electrochemical Instruments) was used to obtain current-
voltage dependences and electrodeposition of bismuth sulfide thin films.

Bi(NO,),"5H,O (c.p.) were used to prepare electrolytes. Three electrolyte solutions
were studied - based on nitric acid, EDTA-Na and water. To prepare the first electrolyte,
bismuth nitrate was dissolved in 10% HNO,, pH = 1. The use of nitric acid as an
electrolyte during the electrodeposition of Bi,S, is complicated by the fact that Bi(III)
bismuth salts in strongly acidic solutions (pH>1.8) undergo hydrolysis (pK = 1.58) with
the formation of both single-core particles [BIOH]*, [Bi(OH),]", and more complex
particles of cluster type (Petrova, 2012). Therefore, the second electrolyte was prepared
by dissolving bismuth nitrate in 9-10°M EDTA-Na at room temperature. An electrolyte
with pH = 4 was obtained. The third electrolyte was distilled water, where bismuth
nitrate was dissolved using ultrasonic stirring. A solution of sodium thiosulfate Na SO,
was used as a source of sulfur ions.

Electrochemical deposition of Bi,S, was carried out on FTO/glass from electrolyte
with EDTA-Na, 3-10° M Bi(NO,),-5H,0 and 6:10°M Na,S,0O,, (pH=4), during 30
minutes, with stirring of the electrolyte. The electrodeposition potential was varied from
-525 mV to -750 mV to study its effect on the morphology and composition of bismuth
sulfide thin films.
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Before electrodeposition, the FTO/glass substrates were washed with ethanol, soap
solution, distilled water. Then the substrates were boiled for 10 minutes in a solution of
0.8 M H,0, + 0.6 M NH,OH. After boiling, the substrates were repeatedly washed with
distilled water and dried in an air stream.

The morphology of Bi,S, films was determined using an electron microscope JSM
6610 LV (JEOL). The phase composition of electrodeposited films was analyzed using a
DRON-4-07 diffractometer in the 25 kV, 25 mA mode, using a tube with a cobalt anode.
The parameters of the crystal lattice were determined by comparing experimental
calculated data with known reference data.

Photoelectrochemical measurements were carried out in an aqueous solution 0.5 M
Na, SO, at 25 °C using GillAC potentiostat-galvanostat (ACM Instruments). A Xenon
Solar simulator XSS-5XD with a 500 W xenon lamp (AM1.5G) was used to generate
chopped illumination for PEC study. The light power density was 100 mW/cm?. The
determination of the photopotential was carried out by measuring the open circuit
potential E_ , without applying an external voltage, when the electrode was illuminated
in a solution of 0.5 M Na_SO,.

Results and discussion

Analysis of current-voltage curves

The study of the electrochemical behavior of Bi(Ill) and S(II) ions was carried out
on a glass-carbon electrode at different concentrations of bismuth and sulfur ions in
electrolytes with different pH.

In order to study the effect of the supporting electrolyte composition on the reduction
and oxidation of Bi(Ill) ions, -V curves were obtained. An aqueous acidic electrolyte
based on 10% HNO, and an electrolyte with additives of 9-10° M EDTA-Na complexing
agent was investigated at different concentrations of bismuth ions, at a potential sweep
rate 20 mV/s.

The current-voltage curves of supporting electrolytes without addition Bi(IIl) and
S(II) ions are demonstrated in Fig. 2.
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00 e 0,41
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-0,21 0,34
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E 041 E 024
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Fig. 2. Current-voltage curves of supporting electrolytes:
a) 10% HNO,; b) 5-10° M EDTA-Na
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A small reduction peak is observed at E = -345 mV in the cathode area on the [-V
curve of 10 % HNO, (Fig. 2, a.). During scanning the potential to the anode region,
no oxidative processes are observed. In EDTA-Na electrolyte (Fig. 2, b), a significant
increase in the anode current is observed at high positive potentials (E =750 mV). During
scanning the potential into the cathode region, no reduction processes are observed.

The effect of bismuth ions concentration on the I-V curves at 10% HNO, is
investigated (Fig. 3.).

2,54 1,4
2,0
154 Peak B
1,04
0,84

I, mA

_0'6<

'0,5‘

0,4
-1,0
1,54

-0,24 ///Pe;k A
-2,0

U= T T T T T T T T T 1 0,0 T T T T T T T T
-80/5 00 -600 -500 -400 -300 -200-100 0 100 200 o 1 2 3 4 5 6 7 8
W mv co@P*103) M
a b

Fig. 3.a)I-V curves of Bi(Ill) ions in 10% HNO,; b) the dependence of the reduction current
peaks on the concentration of bismuth ions in the solution

In the nitric acid electrolyte, the Bi(IIl) I-V curve has two reduction peaks at E =
-79 mV (peak A) and E = -335 mV (peak B) in the cathode area and one oxidation
peak at E =7.6 ~37 mV in the anode area (fig. 3, a). At the potential E =-78 ~ 80 mV
(the first reduction peak A), two reactions can occur - the deposition of bismuth on the
electrode at undervoltage or the reduction of nitrate ions according to reactions (1 and
2) (Bilican et al., 2017; Petrova, T.P., Shapnik, A.M., Rakhmatullina, 2012):

NO’~ +2H,0 + 3e = NO(g) + 40H, E’= -0.14 V(SHE) (1)
NO’ + H,0 +2¢ =NO* +20H", E’= 0.01 V (SHE) 2)
At a potential E =— 335 mV, Bi(Ill) ions are reduced via reaction (3):

Bi*" +3e¢ = Bi° 3)

With an increase in the concentration of bismuth nitrate, there is a sharp increase in
the reduction currents (peak B) and oxidation currents (Fig. 3, a.). The dependence of
the Bi(I1I) ions reduction currents on their concentration in the electrolyte is shows, that
the value of the peak A current slightly depends on the concentration of Bi(IlI) ions (Fig.
3, b.). This confirms the assumption that this peak refers to the reduction of nitrate ions.
On the contrary, peak B currents increase in proportion to the concentration of Bi(III)
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ions. With an increase the amount of deposited bismuth on the electrode, a slight shift in
the potentials of its oxidation peaks is observed in the anodic scan.

In order to confirm that the reduction of nitrate ions occurs on a glassy carbon
electrode in a nitric acid electrolyte at potentials E = -78 ~ 80 mV (Fig. 3, a.), the
electrochemical reduction and oxidation of bismuth ions in water and in an aqueous
electrolyte with the addition of the EDTA-Na complexing agent (Fig. 4, a, b.). The
dissolution of bismuth nitrate in water was carried out in an ultrasonic bath.

0,35 0,154 B E 360 mV
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—210°s
—310°3 0,057
< 000
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= — —
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Fig. 4. 1-V curves of Bi(NO,),-5H,0 reduction-oxidation in: a) aqueous electrolyte; b)9-10° M
EDTA-Na electrolyte

Analysis of the I-V curves of bismuth ions determined in two different electrolytes
showed the presence of one reduction peak (peak A), at E =-400 mV in aqueous solution
(Fig. 4, a.) and at E = -468 ~ -652 mV, in EDTA-Na electrolyte (Fig. 4, b.). In this case,
the reduction of Bi(Ill) ions shifts towards negative potentials. In both electrolytes, a
shift in the reduction peak potential to the positive region is observed with an increase
in the concentration of bismuth nitrate (Fig. 4, a, b.). In the two studied solutions, no
reduction peaks are observed at potentials E = -78 ~ 80 mV, which may indicate that
reactions (1 and 2) of nitrate reduction proceed in a nitric acid solution at this potential.
The oxidation peaks are different for bismuth deposits obtained by reduction on a glassy
carbon electrode from various electrolytes. In the first electrolyte, one oxidation peak
(peak B) is observed at E =245 ~ 255 mV (Fig. 3, a.). In the EDTA-Na electrolyte, two
oxidation peaks are observed at potential E = -20 mV (peak B) and at E = 350 ~ 360
mV (peak C) (Fig. 3, b.). There is an increase in oxidation currents with an increase
of bismuth concentration from 1:107 to 8-10° M. The appearance of these peaks is
associated with the formation of bismuth complexes with EDTA-Na in solution.

The joint reduction of Bi(IIl) and S(II) ions on a glassy carbon electrode in order to
determine the Bi,S, electrodeposition potential was studied by recording the current-
voltage curves in 9-10° M EDTA-Na electrolyte (Fig. 5.).
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Fig. 5. 1-V curves of reduction-oxidation:
a) 6:10° M Bi(NO,),-5H,0 and 6-10° M Bi(NO,),-5H,0 + 8-:10° M Na,S O ;

273

b) 6:10° M Bi(NO,),-5H,O + various concentrations of Na,S,0, in 9-10°M EDTA-Na

On the current-voltage curves of joint reduction-oxidation of 6- 10 M Bi(NO,),-5H,0
+8:10° M Na,S,0,in 9-10°M EDTA-Na, a shift of the reduction peak B to the negative
region by 20 mV is observed (Fig. 5, a.). The potentials of the oxidation peaks shifted
to the positive region. This is due to the formation of the Bi,S, compound during the
deposition according to reaction 4:

2Bi*" +3S8*=Bi,S, “

Oxidation of this compound from the electrode surface is accompanied by the
appearance of a characteristic oxidation current peak C at E= -450 mV. An increase
in the concentration of S(II) ions in the electrolyte from 110~ to 8-10° M Na SO,
affects the form of current-voltage curves (Fig. 5, b.). Thus, it can be expected, the more
negative potentials than -520 mV are the most suitable for electrodeposition of bismuth
sulfide in the potentiostatic mode on a glass-carbon electrode.

Since the electrodeposition of bismuth sulfide for photovoltaic applications was
performed on FTO substrate, the current-voltage curves of the joint reduction-oxidation
of Bi(IIT) and S(IT) in 9-10° M EDTA-Na were also studied (Fig. 6.).

I, mA
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Fig. 6.1-V curves of joint reduction-oxidation of 3-10° M Bi(NO,),-5H,0 and 5-10° M
Na,S,0, in 9-10°M EDTA-Na on FTO/glass
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There is one clear reduction peak (peak A) at E =-535 mV, in the I-V curve obtained
on the FTO/glass electrode, which is close to the potential of peak A obtained on a glass-
carbon electrode (Fig. 6.). There is also a weak reduction peak B at E= -850 mV, which
may be associated with the joint deposition of Bi and S. A similar assumption was made
in (Riahi et al., 2017), where the authors observed a clear reduction peak at E= -950
mV relative to SCE (E= -906 mV vs. Ag/AgCl) on an ITO substrate in a solution of
6.250 mM Bi(NO,),-5H,0, 9.375 mM EDTA-Na, and 1.875 mM Na,S O,. At the same
time, the oxidation peak C of the deposited product is much more negative and equals
E = 1.45 mV. To confirm the composition of the thin film, formed on the FTO/glass
electrode, further X-ray studies were performed.

Electrodeposition of Bi,S, films

Based on the above study, the deposition of Bi,S, films on FTO/glass was carried
out in an electrolyte (pH=4) with the addition of EDTA-Na as a complexing agent at
potentials E=-520, -535, -750 mV, during 30 min.

The resulting films are gray for deposition potentials E= -520, -535 mV and dark
gray for potential E= -750 mV. Since the color of elemental Bi is silver gray, and Bi,S,
is black-brown, it can be assumed that at less negative potentials (E =-520, -535 mV) Bi
is reduced according to reaction 3, and the formation of Bi,S,according to reaction 4 is
minimal, since Bi is bound into a complex compound with EDTA-Na. This assumption
is confirmed by studies of the of freshly deposited film’s structure (Fig. 7, spectra a and
b.). At more negative potential (E =-750 mV), the deposited films color becomes dark
gray, which indicates the formation of the Bi,S, compound, and is confirmed by the
results of the XRD (Fig. 7, spectra c and d.).
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Fig. 7. XRD spectra of films deposited at a potential of: a) E = -520 mV; b) E=-535 mV; ¢)
E=-750 mV
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According to the XRD (Fig. 7.), the presence of the Bi,S, compound is confirmed in
the deposited films, there are also reflections characteristic of Bi and reflections of the
FTO/glass (SnO,) substrate. As the electrodeposition potential increases, the number
and intensity of Bi,S, signals increase. The compound crystallizes in an orthorhombic
space group. The most intense reflections observed at the crystallographic directions
(021), (311), (620), (171), (262), which corresponds to the ASTM tabular data (JCPDS
170320) for the Bi,S, compound. The low intensity of the SnO, substrate reflections
relative to the reflections of Bi,S, indicates about a uniform coverage of the substrate
surface with the Bi,S, film. This assumption confirmed by the data of scanning electron
microscopy (Fig. 8.).
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Fig. 8 SEM images of the Bi,S, film obtained by electrodeposition at potentials: a) E = -520
mV; b) E=-535 mV; ¢) E=-750 mV
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According to SEM results (Fig. 8, a.), Bi,S, films deposited at a potential E = -520
mV consist of sharp-angled particles (size 0.5 pum), irregularly covering the substrate
surface. The shift of the electrodeposition potential to the negative area (E= -535 mV)
contributes to a denser coating of the substrate with Bi,S, particles (Fig. 8, b.). At a
potential E = -750 mV, the appearance of feather-like particles observed, which consist
of smaller formations (Fig. 8, c.).

According to XRD, Bi,S, thin films deposited at E = -750 mV have the highest
content of bismuth sulfide, the lowest amount of crystalline bismuth, and a uniform
coating of the substrate surface. These films are used for further photoelectrochemical
studies.

PEC measurements

It is preferable to start photoelectrochemical measurements by determining the
conductivity and flat band potential (E,). The study of these parameters will help to
determine the band structure of the semiconductor compound, and its ability to absorb
and conversion of solar radiation. Photoactivity under visible light of bismuth sulfide
thin film obtained at E = -750 mV was carried out by studying the effect of illumination
(xenon lamp, 100 mW/cm?) on the open circuit potential (E ) of the Bi,S, electrode in
0.5 M Na SO, (Fig. 9).

1 1 1 1
light on 1 light off 1 light on 1 light off 1 light on:
25 o
1
1
1

Eoc. mV
o
o

I
102=mV

i
-100 I
i

T T T T T
0 100 200 300 400 500 600
Time, sec

1
1254 !
1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
;
(o]

Fig. 9. Time dependence of the open circuit potential of the Bi,S /FTO electrode in the
presence and absence of illumination in 0.5 M Na,SO,

The measurement of the open circuit potential E . in 0.5 M Na,SO, solution under
chopped illumination (Fig. 9.) showed the decrease of E . from 50 mV to -114 mV
under illumination. This decrease is due to the collection of electrons in the balk of
semiconductor film. Under darkness conditions, the E . value increases to more positive
value (-12 mV). The decrease in the value of the open circuit potential under illumination
of Bi,S, electrode confirms its photoactivity in the visible solar spectrum and n-type
conductivity. After turning off the light source, the photoinduced electrons slowly release
and recombine with holes. The rate of decrease in E . to the equilibrium potential in the
dark characterizes the lifetime of photoinduced electrons. A slow decrease in this value
indicates that photoinduced electrons can exist longer and transport electrons across
grain boundaries. The flat band potential of the Bi,S, photoelectrode (vs Ag/AgCl) is E
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= -112 mV. The difference between the open circuit potential V. in the dark and under
illumination is the photovoltage, which is found about V , =102 mV.

The photoresponse and stability of Bi,S, films, obtained at E=-750 mV, was studied
by obtaining photocurrent density—time curves under 0 mV bias conditions in 0.5 M
Na,SO, (Fig. 10.) solution.
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Fig. 10. Stability measurements of the Bi,S,/FTO electrode in the presence and absence of
illumination in 0.5M Na,SO,

Bi,S, film shows the stable photocurrent 1,=22 uA/cm? (Fig. 10). Under illumination,
the Bi,S, film showed a photo-response in the form of anode current. In the dark, the
photocurrent decreases rapidly. The value of photocurrent increases relative to the
initial value, and remains constant (I,=22 nA/cm?). The appearance of a cathodic dark
photocurrent in first seconds is associated with the formation of sulfite, according to the
reaction 5:

SO+ H,0 +2h* = SO,> + 2H' (5)

The results shows good photostability of Bi,S, films in NaSO, electrolyte,
and demonstrates the ability to use Bi,S, films as high sensitivity photodetectors,
photoelectronic devices and switches.

Conclusion

In summary, a large experimental work has been carried out to study the
electrochemical behavior of bismuth and sulfur ions in aqueous acidic electrolytes
based on 10% HNO, and electrolytes with additions of the complexing agent 9-10° M
EDTA-Na. The joint reduction of Bi(Ill) and S(II) ions on a glassy carbon electrode and
on FTO/glass electrode in a 9-10° M EDTA-Na solution is investigated. Based on the
study of the electrochemical behavior of Bi(IIl) and S(II) ions in various solutions, the
deposition potentials for film synthesis were selected.
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The synthesis was carried out in an electrolyte with the addition of EDTA (pH=4)
as a complexing agent at potentials E= -520, -535 and -750 mV during 30 minutes.
XRD and SEM confirmed the surface morphology and structure of the obtained films.
The photoelectrochemical properties of Bi S, films were studied using PEC method.
The registration of the anode photocurrent indicates the n-type conductivity. The
photoresponse and stability of Bi S, films were measured in 0.5 M Na,SO, solution, and
showed L,=22 uA/cm’. The obtained results demonstrate the possibility of using Bi,S,
films as highly sensitive photodetectors, photoelectronic devices and switches.
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