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GIRIS

Xiilasa

Mis—arsen—kiikird torkibli xalkogenidlor yarimkegirici, optoelektronik vo
potensial fotovoltaik xassolarino gora geyri-lzvi kimya vo materialsiinasliqda
muhum yer tutur. Bu icmal As:Ss arsen(V) sulfidi ilo Cu(I) duzlarinin (xiisusila
CuCl) hidrotermal soraitda qarsihigli tasirinin nazori-kimyovi asaslarini,
mimkiin fazasmolagalma yollarmi vo sintez mohsullarinin xarakterizasiya
metodlarin1 movcud elmi odobiyyat osasinda sistemlogdirir. Birbasa As2Ss—
Cu(l) hidrotermal sistemins aid yoxlanila bilon eksperimental nosrlarin slagsli
sistemlords (As2Ss—CuCl, Cu—As-S faza diaqramlari, solvothermal Cu(I)-
tioarsenatlar) olds edilon naticalori yalniz miiqayisa vo ehtimal osaslandirmasi
Ucun istifads edilir. Cu—As-S sisteminds CusAsS. (enargit/luzonit), Cui2AsaS13
(tenantit), CusAsSo (sinnerit) vo CUASS (lautit) kimi stabil fazalar malumdur.
Hidrotermal soraitdo temperatur, pH, molyar nisbhot vo holledici faza
seciciliyina vo morfologiyaya tosir edir. RFA, SEM/EDS, XFS, Raman/FTIQ
Vo termiki analiz metodlar1 kompleks faza, torkib vo strukturun etibarl
giymatlondirilmasi  iglin  osaslandirilir. Todqgiqat bosluglart vo golacok
eksperimental istigamotlor muoyyanlosdirilir. Arsen torkibli maddslarin
toksikliyi laboratoriya tohliikasizliyinin vacibliyi vurgulanir.

Acar sozlar: As.Ss, Cu(l) duzlari, hidrotermal sintez, Cu—As-S sistemi,
xalkogenidlar, fazasmalagalmo, fiziki-kimyavi xarakterizasiya

Metal xalkogenidlar, xtisusilo mis, glimiis, arsen vo kiikird torkibli ternar birlosmalar, olverisli

qadagan olunmus zonasi, yiiksok udulma amsali va yer gabiginda nisbaton bol elementlordan ibarot

olmalar1 sababindan fotovoltaik va optoelektronik tatbiglor Gglin perspektivlidir (Balow et al., 2015;

McClary et al., 2017; Aliyeva et al., 2026). Cu—-As-S sistemi tobii minerallar (enargit, luzonit,

tenantit) vo sintetik fazalar vasitosilo genis 6yronilmisdir (Phase Relations in the Cu-As-S System,

2024). As:Ss arsenin +5 oksidlogma doracasinds oldugu sulfiddir va sulu muhitde mahdud hallolma

gabiliyystino malikdir; Cu(I) duzlar1 iso sulfid mihitindo Cu-S rabitolori yaratmaq meyli ilo
xarakterizo olunur (Akinfiev & Zotov, 2023).
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Hidrotermal sintez yiiksok temperatur va avtogen tozyiq soraitinds hallolma, nlvalosmo va
kristallasma proseslarini idaro etmays imkan verir, metastabil fazalarin vo nano-/mikrostrukturlarin
alinmasi {iglin olveriglidir. Digor Usullarla (quru sintez, arima) miqayisado asagi enerji sorfi vo
morfoloji nozarot Usttnliklori mdovcuddur, lakin arsenin toksikliyi vo redoks mirakkabliyi
mohdudiyyatlor yaradir.

As2Ss vo Cu(l) duzlari arasinda birbasa hidrotermal qarsiligli tasirin dyronilmasi hom
fundamental faza tarazligi, hom do funksional materiallarin alinmasi baximindan shamiyyatlidir.
Lakin adabiyyatda mahz bu cltluk Gzra sistemli eksperimental molumatlar azdir. Bununla yanasi,
As2Ss—CuCl: sistemindo hidrotermal vo solvotermal soraitdo CusAsSs-in amalo goalmasi barado
noticalor vardir (Imanov & Jafarli, 2025; Imanov, 2022). Bu icmalin magsadi mdvcud biliklori
sistemlosdirmoak, Kimyavi mexanizmlari asaslandirmaq, bosluglari miiayyanlasdirmok va galacok
todgiqatlar tgin elmi gargive formalasdirmaqdir.

NOTICOLORIN MUZAKIROSI

As2Ss (orpiment) vo As2Ss (arsen pentasulfid) arsenin kiikiirdlo osas stabil birlosmaloridir.
As2Ss-do As +5, S iso —2 oksidlosma daracasindadir; formul AszSs-dir va ¢ox vaxt amorf sar1 toz
soklindo almir (Wikipedia/As2Ss xiisusiyyatlori; Imanov, 2025). Suda hoallolmasi ¢ox asagidir
(toxminon 0,014 g/L, 0 °C) (Ho0ltje, 1929-a osaslanan malumatlar). Qalovi va sulfid mohlullarinda
tioarsenat anionlar1 ([AsSa4]*>") amala gatirarak hall olur.

Termiki cohotdon As2Ss 200-450 °C intervalinda kiikiird buraxaraq As.Ss-o gevrilir; daha
yuksok temperaturlarda qaz fazasina kecid bas verir (Castro et al., 2022; thermal decomposition
studies). Hidrotermal soraitdo amorf As.Ss orpimenta (kristal As.Ss) ¢evrilo bilor (180-270 °C, pH
~2), bu da hollolma va toksikliyi azaldir (Xu et al., 2018; transformation of amorphous As2Ss, 2021).
As2Ss-in hidrotermal davranisi daha az 6yranilmisdir; o, redoks soraitindon asili olaraq As(V)/As(I1I)
tarazligina vo polimer sulfid anionlarinin (masalon, [As2Ss]*, [AssSs]*") yaranmasina meyllidir
(solvothermal thioarsenate literature). Temperatur, pH vo mihitin kimyovi torkibi (sulfid/oksid
muhiti) bu cevrilmoalori istiqamatlondirir. ilkin maddoenin faza safliginin RFA vo element analizi ilo
yoxlanilmasi miitloqdir, ¢linki amorf As2Ss/As2Ss qarisigi reaksiya yolunu doyisa bilor.

Cu(I) d'° elektron konfiqurasiyasina malikdir va zaif tursu xarakteri gostorarak zoif asaslarla
(S*) giiclii koordinasiya rabitalori amola gatirir. CuCl suda mahdud hallolur, lakin xlorid va sulfid
muhitinds CuCl(aq), CuCl2-, CuHS(aq) vo Cu(HS).~ kimi komplekslor stabil olur (Akinfiev & Zotov,
2023). Hidrotermal mayelords bu komplekslor misin dasinmasinda asas rol oynayir.

Cu(l) sulfid mihitinds Cu-S rabitalori yaratmaq meyli guclidur; arsenls birgo istirak etdikdo

Cu—As-S fazalarinin yaranmasi ehtimali yiiksalir. As>Ss ilo Cu(I) arasinda miimkiin proseslor: (i) Cu*

LA This open access article is distributed under a Creative Commons Attribution (CC-BY) 4.0 license



https://doi.org/10.5281/zenodo.23370167

Horizon Multidisciplinary Scientific Journal 2026, Volume 1 (7): page 60-65
DOI: https://doi.org/10.5281/zenodo.23370167

ionlarinin tioarsenat anionlar1 ilo birlosmasi; (ii) redoks proseslori (As(V) gismon As(ll)-a vo ya
Cu(I) disproportionasiyast); (iii) araliq Cu—S vo As—S fazalariin kristallagmasi. Konkret reaksiya
tonliklari eksperimental subut olmadan hipotez kimi gobul edilmalidir. Masalon, CuCl. ilo As:Ss
reaksiyasinda redoks naticasinda Cu(l) torkibli CusAsSs miisahidoe olunmusdur (Imanov & Jafarli,
2025). Cu(I) duzunun anionu (CI-, digor) hallolma va kompleksamologalmays tasir edir. Bunu
farglondirmak lazimdir.

Hidrotermal sintez yliksok temperatur (adaton 100-300 °C) va avtogen tozyiq soraitinds sulu
mihitds ion va kompleks dasinmasini, supersaturasiyani, niivalosmani va Kristal bdylmasini tomin
edir. Temperatur kinetikani1 stiratlondirir, tozyig hallolmani artirir, pH redoks potensialini vo ion
spektrini doyisir, molyar nisbat iSo stexiometriyan1 miioyyanlosdirir. Doldurulma doracasi vo
mineralizatorlar (masalon, halogenidlar) morfologiyani idars edir. Metastabil fazalar kinetik nozarot
altinda, termodinamik sabit fazalar iso uzun middatli tavlama ilo Ustunlik toskil eds bilor. As>Ss—
Cu(l) sistemi konkret optimal parametrlor islonmig, timumi hidrotermal xalkogenid sintezi
diapazonlar1 (150-250 °C, pH 2-8, bir ne¢o saat — bir ne¢a gln) olagali sistemlordon géturalir vo
eksperimental yoxlama talob edir (Huseynov & Imanov; solvothermal Cu(l)-thioarsenates).

Cu—As-S ligkomponentli sisteminda dord osas ternar faza tosdiglonmisdir: CusAsSa4 (enargit
— ortorombik, luzonit — tetragonal), Cui2As4S13 (tenantit), CusAsaSe (Sinnerit) vo CuAsS (lautit)
(Phase Relations in the Cu-As-S System, 2024). Bu fazalar tobii minerallarin sintetik analoglaridir.
Cu2S—As2Ss kasiyi xususi diggete layigdir. Clnki, geyri-kvazibinar xarakter vo peritektik/eutektik
tarazliqlar miisahids olunur.

As2Ss + CuClz sistemindo 323-353 K temperaturda, pH 2—6 araliginda CusAsS. fazasi amalo
golir. RFA va element analizi stexiometriyani tosdiglayir, arimo néqtesi ~964 K-dir (Imanov &
Jafarli, 2025). Solvothermal saraitdo Cu(l)-tioarsenatlar (masalan, [Ni(en)s]CusAsaSo) aldo edilmisdir
(Liu et al., 2021). Nanopartikullar vo nazik toboagolor soklindo CusAsSa fotovoltaik todgigatlarda
istifado olunmusdur (Balow et al., 2015; McClary et al.).

Cu(l) ilo As2Ss reaksiyasinda oxsar redoks vo kompleksamalogolma naticasindo CusAsSa vo
ya digor Cu—As-S fazalarinin yaranmasi miimkiindiir, molyar nisbat vo pH faza segiciliyini doyiso
bilor. Araliq amorf fazalar, CuS, As2Ss vo ya As2Ss yan mohsullari, temperatur-middst asililig
golocak eksperimentlordo yoxlanilmahidir. Birbagsa As.Ss—CuCl sistemi ¢tn bu ehtimallar
eksperimental islor aparilmis vo alinan birlogmanin fordiliyi tosdiglonmisdir.

RFA kristal fazalarin identifikasiyasi, faza tomizliyi vo (Qofos parametrlorinin
muioayyanlosdirilmasi Uclin asas metoddur; etalon PDF kartlart (masalon, CusAsS4) ilo migayiso

zoruridir. SEM/EDS morfologiya vo lokal element torkibini gostarir, lakin kristal struktur hagqinda
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goti molumat vermir. TEM nanostrukturu vo diffraksiya nimunslorini olave edir. XFS sath
oksidlosmo daracalorini (Cu*, As*/As*, S*°) qiymotlondirir. Raman vo FTIQ As-S, Cu-S
vibrasiyalarini aydinlagdirir. TG/DSC termiki sabitlik, arima vo parcalanma proseslarini 6yranir. ICP-
OES/MS Umumi element tarkibini tomin edir. Metodlar bir-birini tamamlamalidir; heg biri tokbagina
yetorli deyil.

NOTICO

CusAsSs~1,2-1,4 eV qadagan olunmus zonaya malik p-tipli yarimkegiricidir; yiiksok udulma
omsali fotovoltaik totbiglor tgun olverislidir (Balow et al., 2015; enargite thermoelectric and PV
studies). Tenantit vo digor fazalar da optik vo elektrik xassalori ilo maraq dogurur. Lakin arsenin
toksikliyi praktiki totbigi mohdudlasdirir; ekoloji risklor vo stabilizasiya (masalon, hidrotermal
kristallasma ilo hollolmanin azaldilmasi) nazars alinmalidir.

Movcud  odobiyyat Cu-As-S sistemindo stabil fazalarmn  movcudlugunu  vo
hidrotermal/solvothermal sintezin effektivliyini tosdigloyir. As2Ss—CuCl. analoq sisteminda
CusAsSa-iin alinmasi perspektivli istiqgamatdir. Hidrotermal sorait faza vo morfologiya nozarati tigiin
olverislidir. Fiziki-kimyavi xarakterizasiya metodlarinin kompleks naticalari etibarli identifikasiya

tomin edir. Bu icmal galocak tadgigatlar tiglin elmi baza va metodoloji istigamatlor togqdim edir.
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ABSTRACT
SCIENTIFIC FOUNDATIONS OF THE INTERACTION BETWEEN As:Ss AND Cu(l)
SALTS UNDER HYDROTHERMAL CONDITIONS: A REVIEW ARTICLE
Huseyn Imanov

Nakhchivan State University, Nakhchivan, Azerbaijan

Copper—arsenic—sulfur-containing chalcogenides occupy an important place in inorganic
chemistry and materials science owing to their semiconductor, optoelectronic, and potential
photovoltaic properties. This review systematically examines the theoretical and chemical
foundations of the interaction between As.Ss (arsenic(V) sulfide) and Cu(]) salts, particularly CuCl,
under hydrothermal conditions, as well as possible phase formation pathways and characterization
methods for the synthesized products, based on the existing scientific literature. Verifiable

experimental publications directly addressing the As2Ss—Cu(l) hydrothermal system are limited;
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therefore, findings obtained from related systems, including As.Ss—CuCl., Cu—As-S phase diagrams,
and solvothermal Cu(l) thioarsenates, are used solely for comparative analysis and to support
hypotheses. Stable phases known in the Cu—As-S system include CusAsS. (enargite/luzonite),
Cui2AsaS13 (tennantite), CusAsaSo (sinnerite), and CuAsS (lautit). Under hydrothermal conditions,
temperature, pH, molar ratios, and solvent selection influence phase selectivity and morphology. X-
ray diffraction (XRD), scanning electron microscopy coupled with energy-dispersive X-ray
spectroscopy (SEM/EDS), X-ray fluorescence spectroscopy (XRF), Raman spectroscopy, Fourier-
transform infrared spectroscopy (FTIR), and thermal analysis are discussed as essential methods for
the reliable assessment of phase composition, chemical composition, and structure. Research gaps
and potential directions for future experimental investigations are identified. The toxicity of arsenic-
containing compounds is also highlighted, emphasizing the importance of laboratory safety.
Keywords: 4s:Ss, Cu(l) salts, hydrothermal synthesis, Cu—As—S system, chalcogenides, phase

formation, physicochemical characterization
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