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uzrakstits anglu valoda.

Galvenais promocijas darba mérkis ir nanostrukturétu parklajumu izveide
elektrodos elektrokimiskajam S§Gnam, kas paredzetas elektrokimiskai
detekcijai. Sadi sensori spgj noteikt dazadus kimiskos savienojumus,
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mijiedarbibas rezultata ar analizéjamo skidumu.
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asistétas metodes. Katram no tiem tika novertéta morfologija, kristaliska
struktiira un piemerotiba elektrokimiskajiem sensoriem, izmantojot skengjoso
elektronu mikroskopiju, rentgendifrakciju un energijas dispersivas
rentgenstaru spektroskopiju. Sie oksidi tika izmantoti herbicidu un oksidativa
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sensoru lietojamibu uz vietas.

Izstradatos sensorus iesp&jams izmantot lauksaimnieciba atrai augu stavokla
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Abstract

The present doctoral thesis has been created by Valdis Mizers at G. Liberts’
Innovative Microscopy Centre of Daugavpils University under the
supervision of Dr. Phys. Vjaceslavs Gerbreders. It contains research result
that were carried out in 2018-2024.

The following thesis is based on a series of 11 scientific papers published in
peer-reviewed journals. The structure of the work is as following:
introduction, research object and goals, theoretical framework, overview of
research field, methods description, results and discussion. The thesis
contains 84 pages, 32 figures, 4 tables, 1 appendix (7 pages). The list of
references includes 101 titles. The thesis is written in English.

The primary focus of this thesis is creation of nanostructured coatings for
electrochemical cell electrodes for the use case of electrochemical sensing.
Such sensors can detect various chemical compound by analyzing electrical
current dynamics caused by interaction of electrode material with solution
under test.

The following study focuses on developing electrochemical cells capable of
detection of herbicide (glyphosate) and plant oxidative stress indicator
(hydrogen peroxide). Multiple nanostructured oxide coatings were developed,
including zinc, copper, cobalt, nickel oxides, using hydrothermal and laser
assisted methods. The morphology, crystalline structure, and applicability for
electrochemical sensors were evaluated for each of them via scanning electron
microscopy, x-ray diffraction, and enerdy dispersive x-ray spectroscopy.
Those oxides were utilized to perform herbicide and oxidative stress detection
in samples collected from real plants, proving in-situ applicability of created
Sensors.

The created sensors could be utilized in agriculture for rapid analysis of plant
condition, governmental control over the use of herbicides, and general flora
monitoring for ecological studies.
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1. levads

Attistitas elektrokimiskas sensoru platformas, kuru pamata ir nanostruktureti
materiali, p&dgjos gados kluvusas par nozimigu pétniecibas prioritati,
pateicoties nanomaterialu unikalajam un viegli regulg€jamajam IpaSibam.
Starp tiem metalu oksidu nanostruktiiras — pieméram, ZnO, CuO, C0:O4 un
NiO — ir ieguvusas arvien lielaku uzmanibu, pateicoties to izcilajai
katalttiskajai aktivitatei, augstajai virsmas un tilpuma attiecibai, ka arl
strukturalajai daudzveidibai. Sis Tpasibas padara tas Tpasi piemérotas
elektroktmisko sensoru izgatavoSanai ar uzlabotu jutibu, selektivitati un
reakcijas laiku. Iesp&ja kontrolét So nanostruktiru morfologiju, sastavu un
virsmas Kkimiju, izmantojot dazadas sint€zes metodes, lauj petniekiem
pielagot sensoru darbibu specifiskam vajadzibam, pieméram, reaggjoso
skabekla formu, tostarp idenraza peroksida (H202), noteikSanai.

Neraugoties uz Siem sasniegumiem, metalu oksidu elektrozu izstrade un
optimizacija joprojam ir sarezgits uzdevums vairaku neatrisinatu problému
del. Pirmkart, sensora darbiba ir ciesi saistita ar elektroda virsmas mikro- un
nanoarhitektiiru. Lai gan nanostrukturétu plévju izgatavosSanai ir izmantotas
dazadas sintézes tehnikas — pieméram, hidrotermiska audz€Sana,
elektroktmiska nogulsnéSana un lazera asisteta struktiiru veidoSana —
parametru, piem&ram, prekursoru koncentracijas, augSanas temperatiiras,
s€klas slana viendabiguma un argjo stimulu (pieméram, lazera jaudas)
ietekme uz gala morfologiju un elektrokimisko veiktsp&u nav pilniba
izpetita. Sistemiskaka So faktoru izpratne ir biitiska reproducg€jamas un
meérogojamas augstas veiktsp&jas elektrozu izgatavosanai.

V==

Otrkart, lai ar metalu oksidiem piemit augsta iek3gja elektrokimiska
aktivitate, kas padara tos par daudzsoloSiem kandidatiem neenzimatiskajiem
sensoriem, to tieSa integracija praktiskas sensoru arhitekttiras joprojam ir
ierobezota. Daudzi pétijumi aprobeZojas ar tradicionalam tris elektrodu
sisttmam, izmantojot stikla oglekla vai platina darba elektrodus, kas nav
piemeroti masveida raZoSanai vai miniaturizacijai. Alternativu, mérogojamu
izgatavosanas metozu — pieméram, uz PCB balstitu mikroshému, uz
pilieniem balstitu mikro$tnu un ekrandrukato elektrodu — izp&te tikai nesen
sakta padzilinati. Sadas pieejas lauj izgatavot kompaktas un robustas sensoru
sisttmas, ka arl nodroSina iesp&ju vienlaicigi uzraudzit vairakus analitus
sareZgitos vai zema tilpuma paraugos.

Turklat, lai gan ir panakts butisks progress metalu oksidu bazetu
elektrokimisko sensoru izstradg, laboratorijas meroga iericu parnesana uz
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realiem pielietojumiem joprojam ir izaicinajums. NepiecieSamiba péc
stabiliem, ilgtermina lictojamiem un loti jutigiem sensoriem sarezgitos
apstaklos — pieméram, interfergjoSu vielu, mainiga pH vai temperatiiras
svarstibu klatbttneé — veél nav pilniba apmierinata. Elektroda virsmas
modifikacija, lai samazinatu traucgjumus no biezi sastopamiem
lidzpastavosSiem savienojumiem (piem., askorbinskabes, glikozes vai
citronskabes), joprojam ir aktivs pétjjumu virziens, pasi sensoriem, kas
paredzgti lietoSanai sarezgitas kimiskas vai biologiskas matricés.

Elektroktmisko sensoru izmantoSana oksidativa stresa biomarkieru
noteikSanai augos Iidz $im ir bijusi salidzinoSi maz pétita, neraugoties uz
pieaugoso nozimi augu veselibas uzraudziba reaggjot uz vides un kimiskajiem
stresa faktoriem. Tradicionalas analitiskas metodes — piemé&ram,
spektrofotometrija un fluorescences testi — biezi prasa darbietilpigu paraugu
sagatavoSanu, dargu aparatiiru un parasti ir ierobeZotas ar laboratorijas
apstakliem. Pretgji tam elektrokimiskie sensori piedava daudzsolosu
alternativu, nodroSinot atru, uz vietas un reala laika balstitu stresa markieru,
pieméram, tdenraza peroksida (H-0:), noteikSanu, kas ir gan signalmolekula,
gan oksidativa stresa indikators. Tomér sensoru izstrade, kas 1pasi pielagoti
augu matricam — kur sastopami trauc€josi savienojumi un zemas analita
koncentracijas rada nozimigus izaicinajumus — ir atpalikusi no to
izmanto$anas kontrolétas vides, pieméram, kliniskos vai industrialos
apstaklos.

Ipasi nepietickami pétita ir metalu oksidu nanostruktiiru izmanto$ana augu
stresa biomarkieru noteiksanai. Lielaka dala esoSo petijumu koncentr&jas uz
So materialu vispargju elektrokimisko uzvedibu tdens skidumos vai
vienkar$as buferu sistémas, bet tikai nedaudzi analizg to darbibu sarezgitos,
realas vides paraugos, pieméram, augu ekstraktos, kas satur plasu organisko
un neorganisko savienojumu spektru. Turklat trukst sistematiskas izp&tes par
to, ka metalu oksidu nanostruktiiru morfologija un sastavs ietekmé to
selektivitati un jutibu augu matricés. Rezultata sensoru izstrade, kas spgj
uzticami noteikt stresa indikatorus in vivo bez plasas paraugu prieksapstrades,
joprojam ir bitiska tehnologiska nepilniba. Sis nepilnibas novér§ana ir
svariga precizas lauksaimniecibas, vides monitoringa un augu stresa
mazinasanas stratégiju attistiba, ipasi klimata parmainu un pieaugosas
agrokimijas izmantoSanas konteksta.
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Merki:

Izstradat un optimizet lazera asist€tds un hidrotermiskas sintezes
metodes augstas kvalitates ZnO nanoadatu kontrol&tai izgatavoSanai
ar pielagotu morfologiju un strukturétu izvietojumu, piemé&rotu
elektroktmiskajai detektgSanai.

Izstradat un optimiz&t mérogojamas sintézes metodes CuO, Co3O4
un NiO nanostruktiram, nodro$inot precizu morfologijas, sastava un
virsmas Tpasibu kontroli, lai uzlabotu to darbibu elektrokimiskajos
pielietojumos.

Izstradat un optimizét dazadas elektrokimisko $tnu platformas,
piemérotas lietojumspecifisku nanostruktiiru bazetu elektrokimisko
sensoru izveidei.

Izstradat un novertét neenzimatiskos elektrokimiskos sensorus, kuru
pamata ir CosOs, CuO un NiO nanostruktiiras, tidenraza peroksida
jutigai un selektivai noteik$anai sarezgitas augu matric€s abiogéna
un herbicidu inducéta stresa apstaklos.

Validét sensoru piemérotibu augu stresa noteikSanai, korelgjot
elektrokimiskos  H:0:  noteikSanas rezultatus ar augu
fiziologiskajiem un molekularajiem stresa indikatoriem.

Lai sasniegtu noteiktos mérkus, tika izvirziti $adi uzdevumi:

1.

Izpetit prekursoru koncentracijas, augSanas temperatiiras un lazera
parametru ietekmi uz ZnO nanoadatu morfologiju un viendabigumu,
izmantojot hidrotermiskas un lazera asistétas metodes.

Izstradat hidrotermiskas sintézes metodes CuO, Co0s0s4 un NiO
kontrolétai veido$anai ar reproducgjamam morfologijam un
sistematiski raksturot iegiitas nanostruktiiras, izmantojot SEM, XRD
un elementanalizi.

Izstradat un izgatavot dazadas elektrokimisko sensoru platformas ar
nanostrukturétiem elektrodiem, piemérotas merjjumiem uz vietas.
Platformas optimizet dazadiem paraugu tipiem un darba apstakliem.
Validét izstradato elektrokimisko platformu darbibu dazados
pielietojumos, tostarp augu stresa uzraudziba un glifosata noteik$ana
lauksaimniecibas paraugos, tostarp parbaudot jutibu, selektivitati un
reproducgjamibu.

Izgatavot un testet elektrokTmiskos sensorus ar Cos;O4, CuO un NiO
nanostruktiiram tris elektrodu konfiguracijas, optimizétas H.O:
noteikSanai idens un augu matricgs.
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Novertét sensoru  selektivitati un  prettraucEjumu  spgjas
askorbinskabes, glikozes, citronskabes klatbtitné un validét to
darbibu, izmantojot kalibraciju un realu augu ekstraktu analizi.
Veikt elektrokimiskos H20:» mérjjumus augu paraugos sals un
glifosata stresa apstaklos un korelét rezultatus ar optiskajiem
(hlorofila saturs) un molekularajiem (RAPD) stresa indikatoriem.
Demonstrét sensoru lietderibu stresa mazinasanas stratégiju
efektivitates uzraudziba, pieméram, izmantojot ZnO un FesOs
nanoparklajumu pielietojumu, nosakot H.O: limenus.

Petijuma izmantotas metodes:

Hidrotermiska sintéze

Lazera asisteta hidrotermiska sintéze

Skengjosa elektronu mikroskopija (SEM)
Rentgenstaru difraktometrija (XRD)

Energijas dispersiva rentgenstaru spektroskopija (EDX)
Cikliska voltampgrija

Hronampgrija

Diferenciala impulsu voltampérija

Elektriska impedances spektroskopija

Optiska spektroskopija

Nejausi pastiprinatas polimorfas DNS analize (RAPD)

Galvenie secinajumi:

1.

Lazerapstrades un hidrotermalas sintézes metodes nodrosina
kontroletu, loti viendabigu un struktur€tu ZnO nanoadatu
izgatavoSanu, bitiski uzlabojot to strukturalo precizitati un
piemerotibu specifiskiem elektroktmisko sistemu pielietojumiem.
Sintézes parametri tika optimizeti, lai pielagotu metalu oksidu
nanostruktiru morfologiju — tostarp CuO nanolapinas, Co0sOa
nansSkiedras un NiO nanasites — tadgjadi uzlabojot to
elektrokimisko aktivitati, virsmas laukumu un stabilitati sensoros,
kas paredzeti augu oksidativa stresa noteikSanai.

Izstradatas elektroktmiskas platformas demonstré uzticamu un
mérogojamu veiktsp&ju analiz€jamo vielu noteik§ana gan in vitro,
gan in situ apstaklos. Tas pielagotas tadiem pielietojumiem ka augu
stresa monitorings, herbicidu noteikSana un virsmas slapinasanas
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pétijumi, paradot metalu oksidu nanostrukturéto sensoru
pielagojamibu dazadam noteikSanas vajadzibam.

4. Nanostrukturétie NiO, C0s04 un CuO elektrodi uzrada izcilu jutibu
un selektivitati Gdenraza peroksida noteikSana augu ekstraktos,
nodrosinot oksidativa stresa reallaika monitoringu abiotisko un ar
herbicidiem induc@to apstaklu gadijuma.

5. Saja pétijuma izstradata noteikSanas platforma uzrada cie$u
korelaciju ar fiziologiskajiem stresa indikatoriem, apstiprinot H2O2
izmantosanu ka uzticamu biomarkieri augu stresa novertésanai.

Petijuma novitate:

e DP&tijuma ieviesta originala, speciali izstradata -elektrokimiska
platforma, kuras pamata ir metalu oksidu nanostruktiiras, nodrosinot
jutigu un selekttvu tidenraza peroksida noteikSanu gan kontrol&tos,
gan realos ar augiem saistitos apstak]os.

e Izstradata bezenzimu elektrokimiska sist€ma augu oksidativa stresa
novertésanai in situ, piedavajot praktisku un mérogojamu alternativu
tradicionalajam analitiskajam metodem.

e Petjuma demonstréta izstradatas elektrokimiskas sensoru
platformas lietderiba, izvértgjot Fe:Os un ZnO nanodalinu stresa
mazino$o ietekmi, paradot to potencialu uzlabot augu noturibu
abiotiska un ar herbicidiem inducéta stresa apstaklos.

Praktiska un pielietojama nozime:

Izstradatie elektrokimiskie sensori nodro$ina atru, in situ augu
oksidativa stresa noteikSanu, piedavdjot veértigu riku precizajai
lauksaimniecibai un vides monitoringam. P&tijums arT izcel metalu
oksidu nanodalinu potencialu ka efektiviem stresa mazinoSiem
lidzekliem, atbalstot ilgtsp&jigu augu aizsardzibas stratégiju izstradi.
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2. Metalu oksidu nanostruktiru sintéze un
morfologiska raksturoSana

2.1. Lazera asistéetd un hidrotermiska ZnO
nanoadatu sintéze ar pielagotu morfologiju

Cinka oksids (ZnO) ir daudzpusigs pusvaditaju materials, ko plasi izmanto
optoelektroniskas ierices, sensoros un katalitiskajos pielietojumos. Kontroleta
ZnO nanoadatu sintéze ar pielagotu morfologiju ir biitiska, lai optimizétu to
darbibu konkrétiem pielietojumiem. Divas nozimigakas ZnO nanoadatu
sintézes metodes ir hidrotermiska metode un lazera asistéta sintéze.

Saja pétijuma hidrotermiska sintéze tika izmantota ZnO nanostruktiiru
izgatavo$anai no ekvimolara Zn(NOs). un heksametiléntetramina (HMTA)
Skiduma (attiecigi 0,025 M un 0,05 M). Sintéze tika veikta programmé&jama
krasnt 90 °C temperatiira 1,5 stundas, rezultata iegiistot labi orient€tas ZnO
nanoadatas uz iepriek§ uzklatiem ZnO s€klas slaniem. S&klas slani tika
veidoti, pilinot 25 mM cinka acetata Skidumu etanola, kam sekoja termiska
atlaidinasana 350 °C temperatiira 30 miniites. ST metode ne tikai nodrosina
augstas kvalitates ZnO nanostruktiiras, bet arT ir zemas temperatiiras un
meérogojama tehnika, piemérota sensoriem un elektrodu izgatavoSanai.

Lai petitu seklas slana viendabiguma ietekmi uz nanostruktiru augSanu,
uzklasana tika veikta divos termiskos apstaklos: (1) uz istabas temperatiiras
pamatnes un (2) uz iepriek§ uzsilditas pamatnes (100 °C). Skengjosas
elektronu mikroskopijas (SEM) analize paradija ievérojamu morfologijas
atSkiribu (1. att.). Istabas temperatiras pamatné s€klas slanis veidoja
gredzenveida rakstu “kafijas traipa” efekta dél, kas noveda pie nevienmerigas
ZnO augsanas — blivas, vertikali orientétas nanoadatas malds un retas,
trisdimensiju ezu formas struktiiras centra. Savukart pamatnes uzsildisana
efektivi nomaca termokapilaro konvekciju, veicinot vienmérigu $kidinataja
iztvaikoSanu un homogénu s€klu dalinu sadalfjumu. Rezultata nanoadatu
augSana kluva vienmeériga visa virsma, ko apliecina SEM attéli.
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1. artels. “Kafijas traipa” efekta analize: (a), (b) un (c) nanostruktiiras iegiitas, ZnO
prekursu uzklajot uz istabas temperatiiras pamatnes; (d), (e) un (f) — uz ieprieks
uzsilditas pamatnes. Hidrotermiska sinteze veikta 0,025 M Zn(NOs):> un 0,05 M
HMTA skidumos 90 °C temperatiira 1,5 h.

Lazera asistétas selektivas cinka acetata termiskas sadaliSanas ietekme tika
pétita ka alternativa metode strukturétu s€klas slanu veidosanai. Tika
izmantots 532 nm lazers ar jaudu 60 mW un skené&Sanas atrumu 55 mm/min,
lai apstarotu uz Cr parklatas pamatnes uzgriezto cinka acetata kartu (2. att.).
Lazera inducéta termiska sadaliSanas selektivi parvérta cinka acetatu ZnO
seklas apstarotaja trajektorija, laujot péc hidrotermiskas augSanas veidoties
strukturétiem nanoadatu laukiem. SEM analize paradija, ka §T metode rada
labi definétas, mikroméroga ZnO nanoadatu struktiiras ar precizam robezam
un augstu atbilstibu lazera celam. XRD un EDS analizes apstiprinaja, ka
nanostruktiiru morfologija ir identiska tam, kas iegiitas ar krasni atlaidinatiem
s€klas slaniem, ar augstu kristaliskumu un bez sekundarajam fazem.

18



Photodiode
-
I Reflected beam

< >
Focusing lens

| __Beam splitter Power meter
Laser ] — == '
o o
S 1 axis \l/ Petri dish
positionsy 1 Working solution
i Substrate
L = 0w

B - =1

501 2-axis
P Y, positioner Z

— Jaunys

2. attéls. Lazera inducétas hidrotermiskas sintezes iekartas shema.

3. attéls. Lazera induceétas hidrotermiski sintezetas ZnO mikrostruktiiras: A)
atsevisks punkts; B) nepartraukta linija.

Rezultati rada, ka hidrotermisko sintezi iesp&jams efektivi modificét ar
aizsargmaskam, lazera asistétu struktiiru veidoSanu un elektrokimisko
nogulsnéSanu, lai ieglitu augstas kvalitates, laukuma selektivas ZnO
parklajuma nanostruktiiras. Sis metodes sniedz iespgjas pielagot morfologiju
un augsanas selektivitati, kas ir nozimigi sensoru, optoelektronisko ieri¢u un
biosensoru izgatavoSana.

ZnO nanostrukturéto virsmu slapinamibas dinamika ir ciesi saistita ar to
morfologiju, izméru un virsmas parklajumu. P&tijuma konstatéts, ka ZnO
planas pléves var biit gan hidrofobas, gan hidrofilas. Pieméram, nanoadatas
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ar zemu virsmas parklajumu (~23 %) paradija augstu sakotngjo tdens
kontakta lenki (WCA) 127°, kas 10 min laika samazinajas lidz 70°. ST
uzvediba atbilst Cassie—Baxter reZimam (“Fakira” vai “lotosa” virsma), kur
gaisa slanis starp adatam ierobezo Gidens iekltiSanu. Savukart biezi nanostieni
ar augstu parklajumu (87 %) uzradija izteikti hidrofilu uzvedibu — sakotngjo
WCA 19°, kas 10 min laika samazinajas lidz 7,5°, kas atbilst Wenzel
rezimam, kur Skidrums pilniba aizpilda nanostruktiiru spraugas.
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4. attels. Udens iesiiksands raksturojums péc relativas impedances modula |Z|
izmainam laika dazadam ZnO morfologijam pie 280 kHz.

Elektroktmiskas impedances spektroskopija (EIS) tika izmantota
slapinamibas dinamikas reallaika uzraudzibai. Pilnas piesatinasanas laiks, kad
visas nanostruktiiru spraugas ir aizpilditas ar Gideni, batiski atSkiras starp
morfologijam: hidrofobam virsmam (nanoadatam un planiem stieniem) tas
bija 7-9 min, hidrofilam (bieziem stieniem un nanoplaksném) — tikai 2—4
min. EIS dati atspoguloja pareju no Cassie—Baxter uz Wenzel rezimu,
pieradot, ka morfologija ir butisks faktors sensoru konstrukcija, kur pilniga
slapinamiba ir svariga optimalai darbibai.
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2.2. Vara oksida nanostruktiru sintéze un
morfologiska raksturoSana

Vara oksida (CuO) nanostruktiiras tika sintezEtas ar divam metodém:
vienpakapes hidrotermiskas oksideésanas metodi un termisko oksidaciju. Abas
metodes rada nanostrukturétus CuO parklajumus uz vara vadu pamatné€m ar
augstu viendabigumu, labu sakeri un elektrokimisko jutibu. Morfologija,
sastavs un kristaliskums tika analiz@ti, izmantojot lauka emisijas SEM
(FESEM), EDS un rentgendifrakciju (XRD).

Hidrotermiskaja metod¢ vara vadi tika ievietoti $kiduma, kas sastavéja no 10
mL 10 M NaOH, 5 mL 1 M (NH4)2S>0s un 26 mL destiléta tidens. Tie tika
turéti karstumizturiga stikla trauka krasni 90 °C temperatiira 3 stundas, péc
tam riipigi noskaloti ar destilétu tideni un zaveti 90 °C temperattira 3 stundas.
Rezultata uz vara virsmas izveidojas blivs, vienmérigs CuO nanolapinu slanis
ar trisdimensiju “ziedveida” struktiiram.

Hidrotermiski iegiitas CuO nanostruktiiras uzradija lielisku sakeri ar pamatni
un mehanisko stabilitati. Virsmas morfologija bija loti viendabiga, ar lielu
specifisko virsmas laukumu porainas, hierarhiskas strukttiras del.

Salidzinajumam, termiskas oksidacijas metode tika veikta, atlaidinot vara
vadus skabekla atmosfera 500 °C temperatiira 30 minttes. Ta rezultata ieguva
polikristalisku, viendabigu CuO plévi ar neregularas formas graudiem, tacu
ar sliktaku sakeri un zemaku mehanisko stabilitati neka hidrotermiski
sintez&tajam struktiiram.

XRD analize apstipringja augstu hidrotermiski sintezéto CuO kristaliskumu,
kas bija ievérojami lielaks neka termiskas oksidacijas gadijuma iegiitajam
plevem.
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5. attels. Sintezetas CuO nanostruktiras: A) nanolapinas “ziedveida” formacijas; B)
vienmerigs nanolapinu slanis starp ziedveida formacijam,; C) CuO pléves XRD
raksts.

2.3. Kobalta oksida (Co;0,) nanostruktiru sintéze
un morfologiska raksturoSana
Kobalta oksida (Cos0s) nanostruktiiras tika sintezgtas, izmantojot

hidrotermalo metodi uz dzelzs stieples pamatném. Tika izmantoti divu veidu

anjoni — hlorids un acetats —, lai pétitu to ietekmi uz iegiito nanostruktiiru
morfologiju.
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Hlorida anjona asistéta sintéze

Sinteze tika sakta, izmantojot dzelzs stiepli (99,9 % tiriba, 2 mm diametrs) ka
pamatni. Stieple tika apstradata ar smalku smil$papiru un iegremdéta 0,1 M
HCI $kiduma, lai palielinatu virsmas raupjumu un uzlabotu nanostruktiru
sakeri. 80 mL destileta idens tika sagatavots vienmolisks idens Skidums no
0,1 M CoCl-6H-0 un 0,1 M heksametilentetramina (CHsN-0O). Skidums bija
sarkanviolets, un to maisija, l1dz cietas vielas pilniba izskida.

Iepriek$ apstradato dzelzs stiepli ievietoja augSanas $kiduma un novietoja
ieprieks uzsildita krasni. Hidrotermala augSana notika 5 h 95 °C temperatiira,
rezultata uz stieples izveidojas blavi roza Co(OH): parklajums. P&c tam tika
veikta termiska sadaliSanas 450 °C temperatiira 1 h garuma, lai Co(OH):
parverstu melnas, viendabigas CosO4 nanostruktiiras.

Acetata anjona asistéta sintéze

Sinteze tika atkartota tados pasos apstaklos ka ar hlorida prekursoru, bet
CoClz-6H-0 vieta tika izmantots 0,1 M (CH;COO).Co-4H:0.

Acetata anjonu klatbiitne butiski mainija CosO4 nanostruktiru morfologiju.
Hlorida asistétas sintézes garo nanskiedru vieta acetata prekursors radija
planas, ziedlapam lidzigas nanostruktiiras, kas bija sakartotas biSu §iinam
lidzigos aglomeratos. Ar acetata anjonu veidotas “biSu $iinas” bija mazakas
un neviendabigakas neka ar hlorida prekursoru iegtas.

legiitas CosOs nanostruktiiras tika raksturotas ar sken&joSo elektronu
mikroskopiju (SEM) un rentgenstaru difrakciju (XRD), lai pétitu to virsmas
morfologiju un kristalisko strukttiru.

Hlorida un acetata asistetu nanostruktaru salidzinajums

SEM atteli paradija, ka hlorida asisteta CosOs veido garas, viendabigas
nanskiedras, kas sakartotas bidu §inam lidzigas struktiiras. Skiedras bija ciesi
sakartotas un ar labu sakeri ar dzelzs pamatni. Tas bija vairakus mikrometrus
garas un ar augstu izméru un formas vienveidibu.

SEM attelos ar acetata asistéto CosOas bija redzamas ziedlapam lidzigas

nanostruktiiras biu §iinam lidzigos aglomeratos (6. attéls). Sis struktiiras bija
ieveérojami mazakas un neviendabigakas neka nanskiedru morfologija.
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6. attéls. Anjona ietekmes pétijums uz CosQOs nanostruktiioru morfologiju. A, B) C0sO«
nanostruktiras, iegitas no kobalta hlorida un urmvielas prekursora; C, D) CosO.
nanostruktiiras, iegatas no kobalta acetata un urinvielas prekursora.

XRD spektri apstipringja tira Co3Oa4 veidosanos bez svesu fazu ieslégumiem.
Difrakcijas piku intensitate bija augstaka hlorida prekursorsintéz&tajos
paraugos, kas noradija uz augstaku kristaliskuma pakapi salidzinajuma ar
acetata asist€tajiem paraugiem (7. att€ls).

BiSu $anam lidziga nanskiedru morfologija, kas iegata ar hlorida prekursoru,
bija pasi piemérota elektrohimisko sensoru vajadzibam. Skiedru struktiira
nodrosindja lielu aktivo virsmas laukumu, labu sakeri un uzlabotu elektronu
parnesi, kas ir butiski efektivai H-O: noteikSanai.
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7. attels. Sintetizeto CosO+ nanostruktiiru XRD spektrs.

Secinajums: Co0s;0s nanostruktiru sintéze un morfologiska raksturo$ana
parada butisku prekursora anjona ietekmi uz iegiito morfologiju. Hlorida
prekursors deva loti jutigas un stabilas nanskiedru struktiiras, kas ideali
piemerotas elektrohimisko sensoru vajadzibam, savukart acetata prekursors
radija nanostruktiiras ar samazinatu veiktsp&ju.

2.4. Nikela oksida nanostruktiru sintéze un
morfologiska raksturo$ana

Saja pétijuma nikela oksida (NiO) nanostruktiiras tika sintezgtas, izmantojot
hidrotermalo metodi, kas nodro$ina izmaksu zina efektivu un kontrolgjamu
pieeju nanostrukttru iegfiSanai ar labi definétam morfologijam. Sintéze tika
veikta, izmantojot 0,1 M vienmolisku maisijumu no nikela nitrata
heksahidrata (Ni(NO:).:6H-0) un heksametilentetramina (CsHi2Na),
ievietots borosilikata stikla trauka, un taja tika iegremdetas dzelzs stieples.
Sistému ievietoja ieprieks uzsildita krasni (95 °C) uz 5 stundam. Saja laika,
Ni** un OH™ jonu reakcijas rezultatd, izveidojas gaiSi zal§ Ni(OH):
nogulsn&jums.
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P&c hidrotermalas apstrades stieples vairakkart skaloja ar destilétu Gideni un
tad karsgja 450 °C temperatiira 3 stundas. ST termiska apstrade sadalfja
Ni(OH)., veidojot NiO. Sis vairaku solu process nodroginaja vienmériga un
stabila NiO nanostrukturéta parklajuma veidosanos uz dzelzs stieplem.
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8. attéls. A) Sintetizétas NiO nanostruktiiras,; B) Sintetizeta NiO parklajuma uz Fe
pamatnes XRD spektrs.

Sintetiz€to NiO nanostruktiru morfologiskas ipaSibas tika analiz&tas,
izmantojot skengjoso elektronu mikroskopiju (SEM). SEM att€los redzams
nanostrukturéts parklajums ar vienmerigu un blivu nanossienu kartu, kas
veido porainu, labirintveida struktiru. Pie lielaka palielinajuma virsma bija
klata ar nanossienam, kas stiepas dazados virzienos, veidojot sarezgitu
trisdimensiju arhitekttru. Turklat virs nanossienu kartas tika noverotas
sferiskas, ziedam lidzigas struktiiras. So sfeérisko aglomeratu klatbitne
noradija uz otras paaudzes nanostruktiiru veidosanos, kad nukleacija un
augsana notiek darba skiduma tilpuma.

Kristaliskas struktiiras pétiSanai tika izmantota rentgenstaru difrakcija
(XRD). Iegiitais XRD spektrs apstiprinaja NiO kristalisko fazi. Tomér tika
noverots arT izteikts amorfs fons, kas, visticamak, bija saistits ar nanostrukttiru
planumu. Spektra identificgja vairakus labi defingtus pikus ar salidzinosi
augstu intensitati, apstiprinot NiO kristalisko raksturu.

XRD dati sniedza veértigu informaciju par sintetiz€to NiO nanostruktiru
kristaliskumu un struktiiras Tpasibam. NiOOH sugu klatblitne un
oksihidroksida savienojumu (NiOOH) veidoSanas pie salidzino$i augstiem
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piem&rotajiem potencialiem bija kritiski svariga NiO nanostruktiiru
elektrokatalitiskajai efektivitatei idenraza peroksida (H-0O:) noteiksana.

3. Elektrohimisko meéerijumu sanu
konstrukcijas

Izstradajot un test&jot dazadus elektrohtmiskos sensorus tidenraza peroksida,
kas izdalas augu paraugu stresa apstaklos, un glifosata noteikSanai, tika
izmantotas vairakas atSkirigas elektrohimisko S$iinu konstrukcijas. Tas tika
pielagotas konkrétam sensora vajadzibam, nemot véra elektroda materialu,
analiz€jamo vielu Ipasibas, ka arT reproduc€jamibas un paraugu apstrades
ertuma prasibas.

3.1. Pielagota elektrohimiska SGna ar
nanostrukturétiem elektrodiem

Piclagota konstrukcija tika izmantota vairakos pé&tjjumos, kuros analiz€ja
fidenraza peroksidu un citus analftus ar nanostrukturétiem elektrodiem. Sina
sastavgja no stikla blodas, kas ievietota temperatiiras regulgéjama tidens vanna,
ar integrétu magnétisko maisitaju vienmerigai sajaukSanai un temperatiiras
(parasti 25 °C) uzturésanai.

Darba elektrods (WE) bija ar nanostruktiiru parklata stieple, kas tika iegiita
divpakapju procesa — hidrotermala sintéze un termiskd sadaliSanas, ka
aprakstits sintézes sadala. Pret-elektrods (CE) bija oglekla stienis, bet
references elektrods (RE) — Ag/AgCI elektrods.

Lai nodro$inatu mérjjumu reproducgjamibu, tika izgatavots pielagots 3D
printéts ABS vaks ar fikseétu augstumu, kur§ nostiprinaja darba elektrodu.
Elektrods tika noslégts ar sarauSanas cauruliti, atstajot atklatu tikai sensoro
dalu (parasti 1-2 cm) skidumam.

Vaka bija arl centralais atv€rums, caur kuru ar mikropipeti ievadija
analiz€jamo vielu vai ievietoja papildu mériekartas, pieméram, termometru
vai pH metru. Visi elektrohimiskie mérfjumi tika veikti ar Zahner Zennium
elektrohtmisko staciju, nodrosinot precizu sprieguma, skenésanas atruma un
mérfjuma ilguma kontroli.
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9. attéls. Izmantotas elektrohimiskas merijumu Sianas shéma.

Si konstrukcija bija Ipadi piemérota pétijumiem ar augu paraugiem
(pieméram, mieziem un rudziem) stresa apstaklos, kur vargja ar augstu jutibu
un selektivitati sekot H:0: elektrohimiskajai atbildei. Ta atbalstija
hronopotenciometriskos, cikliskas voltmetrijas (CV) un
hronoamperometriskos mérijjumus. Konstrukcija lava veikt gan kalibraciju,
gan traucgjumu testus, un 70 mL analiz&jamas vielas tilpums bija pietiekams
statistiskai analizei.

3.2. Masveida razota PCB mikroshémas
elektrohimiska suna

Citas studijas tika izmantota masveida razota PCB (iespiestas shémas plates)
mikroshéma ka elektrohtmiska S$iina, aizstajot tradicionalo blodas tipa
uzstadijumu. PCB mikroshémai bija astoni ar zeltu parklati vara elektrodi
kompakta izkartojuma, kas tika izgatavoti ar ENIG (Electroless Nickel
Immersion Gold) procesu uz FR-4 stikla $kiedras epoksida pamatnes.
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Mikroshéma tika konstruéta ta, lai to var€tu ievietot atras nomainas
savienotaja $tina, nodrosinot vienkarSu un precizu elektrodu novietojumu.
Katram elektrodu bija atseviska vara trase un 150 x 125 pum atklata zelta
virsma. Mikroshéma atbalstija tris-elektrodu konfiguracijas, kur jebkurs
elektrods vargja pildit darba, pret- vai references elektroda funkciju. Vara
trases bija parklatas ar aizsargajosu dielektrisku poliméru.

Illlll LT TR T

LT TR T

10. attels. a) Masveida razotas PCB mikroshémas ar Au parklatiem elektrodiem, b)
Elektrodu konfiguracija (WE — darba elektrods, CE — pret-elektrods, RE —
references elektrods). Balta apla diametrs ir 1 mm.

St sistema tika izmantota elektrohimiskai noteiksanai dazadas matricas un
lava pirms katra mérjjuma mainit elektrodus, nodrosinot kalibraciju
konkrétam paraugam un izvairoties no savstarpgjas piesarnosanas. Atkariba
no mérijumu protokola prasibam tika izmantota ari temperattiras kontroleta
fdens vanna un magnétiskais maisitajs.

3.3. Miniatarizéta piliena tipa elektrohimiska Stna
virsmas morfologijas pétljumiem

Petijuma, kura analizéja virsmas morfologijas ietekmi uz samitrinasanas
dinamiku, tika izmantota miniatirizéta piliena tipa elektrohimiska stina. St
konstrukcija bija 1pasi inovativa in situ elektrohimiskas impedances

spektroskopijas (EIS) mérjjumiem, kur nanostruktur&tie Cr elektrodi darbojas
gan ka pret-, gan darba elektrodi.

29



11. attéls. Elektromérijumu Sinas (pa kreisi) un elektrodu (pa labi) uzbive. Siina
sastav no: korpusa (1), starpslana (2) ar spiedkontaktiem (3), blivéjosas gumijas
maskas (4) ar mainamiem plastmasas cilindriem (5). Paraugs (6) sastav no Cetriem
elektrodiem, kas lauj veikt Cetrus neatkarigus merijumus ar vienadu atkartojamibu.

Uz Stinas tika uzpilinats 250 uL meérkskidruma, un fazes nobides atkariba no
frekvences tika mérita nekavgjoties, atkartojot ik péc miniites 10 minGisu
garuma. ST konstrukcija lava pétit dinamiski mainigo samitrinasanos atkariba
no virsmas struktiras, veicot vidgji astonus mérjjumus dazadas parauga
vietas. Ta bija ipasi piem&rota virsmas zinatnei un materialu pétijjumiem, kur
nanostrukturétas virsmas morfologija tie§i ietekm& elektrohimiskas un
starpfazu Tpasibas.

Sis dazadas elektrohimisko $iinu konstrukcijas atspogulo pielagosanas sp&ju
un daudzpusibu, kas nepiecieSama dazadu analitu un paraugu tipu
elektrohimisko sensoru izstradé un validacija. Katra konstrukcija tika izvéléta
atbilstosi  konkrétajam analitiskajam mérkim, tostarp selektivitatei,
jutigumam, reproduc€jamibai un saderibai ar sareZgitam matricam,
pieméram, augu ekstraktiem.
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4. Glifosata noteik8ana, izmantojot
elektrokhimiskos sensorus

Glifosats, visplasak lietotais herbicids pasaulg, ir radijis bitiskas bazas ta
iesp&jamas ietekmes uz veselibu dgl, tostarp elposanas traucgjumiem, apzinas
izmainam, neirotoksiskam sekam, paaugstinatu v&za risku un pat navi.
Neskatoties uz plasu pielietojumu lauksaimnieciba, glifosata noteikSana augu
paraugos un vides matricas joprojam ir sareZgita. Tradicionalas noteikSanas
metodes biezi vien ir dargas, laikietilpigas un prasa sarezgitu instrumentaciju
un plasu paraugu sagatavosanu.

Saja pétijuma tiek piedavata jauna pieeja glifosata noteikSanai, izmantojot
elektrokhimiskos sensorus, kas balstiti uz masveida razotam iespiesto shému
plates (PCB) elektrodu tehnologijam. Sensori darbojas péc netiesas glifosata
noteikSanas principa, izmantojot ta sp&ju veidot tident $kistoSus kompleksus
ar vara joniem (Cu?*). ST mijiedarbiba samazina Cu?* elektrokhimisko
aktivitati, ko var uzraudzit ar diferencialas pulsa voltametrijas (DPV) metodi.

4.1. Eksperimentalas proceddras

Eksperimentalas procediras glifosata noteikSanai tika izstradatas, lai
noveértétu gan elektrokhimiska sensora veiktsp&ju, gan ta praktisko
pieme&rojamibu realos apstaklos. Petijums tika veikts vairakos posmos:

Sintéetiskie paraugi un kalibracija

Lai novertétu sensora jutibu un reproducgjamibu, tika sagatavoti
sintetiski glifosata Skidumi, izSkidinot herbicidu 15 mmol/L
Cu(NO:s). skidumos. Tika sagatavota kalibracijas standartu serija
koncentracijas diapazona no 0 Iidz 1,5 mmol/L. Sie $kidumi tika
izmantoti, lai noteiktu sensora atbildes reakciju kontrolétos
apstaklos.

Augu paraugu sagatavoSana

Lai parbaudttu sensora piemérojamibu realas situacijas, 7 dienas veci
rudzu augu digli tika apstradati ar 1:10 atSkaidijumu no komerciala
glifosata bazes herbicida (360 g/L izopropilamina sals) un turpinaja
augt vél piecas dienas. Augu sulas ekstrakcija tika veikta,
sasmalcinot augu audus un filtrgjot suspensiju caur rupju sietu.
Filtréta sula tika sajaukta ar augsti koncentrétu Cu(NO3),, lai gala
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Skiduma panaktu 15 mmol/L Cu(NO3), koncentraciju. Kontroles
paraugi (neapstradati ar glifosatu) tika apstradati paraléli
salidzinasanai.

Elektrokhimiskajiem mérijumiem 10 pL $kiduma (sintetiska vai augu sulas
virskarta) tika uzklati uz darba zonas mikroshéma. Augu sulas paraugiem
pirms centrifugéSanas 30 min@isu inkubacija tika veikta, lai nonemtu cietas
atliekas. P&c tam 10 pL no supernatanta tika izmantoti kvadratbazes vilpu
voltametrijas (SWV) analizei.

4.2. Datu analize un automatizacijas potencials

No darba stacijas iegiitie voltametriskie dati tika izmantoti kvadratbazes vilnu
voltametrijas (SWV) Iiknu genergsanai, laujot kvantificét sensora reakciju uz
dazadam glifosata koncentracijam. Galvena maksimuma amplitida, kas
parasti novérojama diapazona no 50 Iidz 300 mV, atbilda Cu?*" jonu
reduc€Sanai un samazinajas lineari ar glifosata koncentracijas piecaugumu lidz
1,5 mmol/L, p&c ka sensora atbilde kluva piesatinata.

SWV maksimuma amplitiida tika normaliz&ta péc maksimala stravas lieluma
kontrol§kiduma (0 mmol/L glifosata). ST normalizacija nodro$inaja skaidru
atskiribu starp glifosata piesarnotajiem un tirajiem paraugiem, kur glifosatu
saturo$a augu sula samazindja galvena maksimuma amplitidu par 10 %
salidzinajuma ar kontroli.
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12. attels. A) Rudzu paraugu vidéja SWV likne. B) Galvend maksimuma amplitiida
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no SWV pret glifosata koncentraciju.
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Lai talak parbaudttu glifosata klatbiitni apstradatajos augos un ta potencialo
genotoksisko ietekmi, tika ekstrah&ta genomiska DNS no 60 augu paraugiem:
30 no glifosata apstradatiem rudzu digliem un 30 no kontroles paraugiem.
Rezultati paradija butiskas atskirtbas DNS lentu raksturojuma starp kontroles
un glifosata grupam. Sis izmainas norada uz genotoksiskam parmainam,
tostarp punktmutacijam, delecijam un DNS ké&des partraukumiem. RAPD
rezultati apstiprina elektrokhimiskos datus, nostiprinot sensora sp&ju
identificet glifosatu piesarnotu augu materialu.

5. Elektrokimiskie = sensori Udenraza
peroksida (H,O,) noteikSanai, izmantojot
metalu oksidus

Udenraza peroksids (H,O,) ir batiska molekula biologiskajas, vides un
rapnieciskajas sistémas, biezi kalpojot k& oksidativa stresa indikators,
slimibu noteikSanas markieris un reagents dazadam pielietojumu jomam.
Saja nodala apskatita elektrokimiskad H,O, noteikSana, izmantojot dazadus
metalu oksidus, tostarp kobalta oksidu (Co30,), vara okstdu (CuO) un cinka
okstdu (ZnO). Piemérota metodologija ietver sistematisku eksperimentalo
pieeju: vispirms ciklisko voltametriju (CV) raksturo redoks peakus, kas
liecina par sensora elektrokimisko aktivitati; otrkart, amperometrija
kvantificé sensora jutigumu pret H,O,; un treSkart, traucéjumu analize
noverté sensora selektivitati klat esoSu interferentu klatbatné.

5.1. Cikliska voltametrija elektrokimiskai tdenraza
peroksida noteikSanai

Cikliska voltametrija ir pirmais solis, lai izvertétu metalu oksidu modific&to
elektrodu elektrokimisko uzvedibu. ST tehnika palidz identificét raksturigos
oksidacijas un reducésanas peakus, kas rodas H,O, mijiedarbiba ar metalu
oksidu virsmu. Mainot skené$anas atrumus un H,O, koncentracijas, tiek
pilntba izprastas sensora redoks TpaSibas, kas ir bdtiski turpmakam
amperometriskdm un interferenu péttijumiem.

Kobalta oksida (Co30,) elektrodi

Cos0s elektrodi, sagatavoti hidroterminalas sintézes cela, demonstréja izcilu
elektroktmisko aktivitati pret H20.. CV mérijumi veikti 0,1 M NaOH $kiduma
ar H20: koncentracijam no 0,2 mM lidz 2 mM. CV rezultati atklaja divus
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atskirigus redoks peakus parus: anoda peakus aptuveni pie -0,8 V (pikis I) un
-0,15 V (pikis 1), ka ar1 katoda peakus ap -1,23 V (pikis Il1) un 0,35 V (pikis
V).

Pievienojot H202, CV liknes forma butiski mainijas — ipasi anoda pikis (I)
un katoda pikis (III) strauji paliclingja stravas maksimumu. Pika (III) stravas
vertiba linedri korelgja ar pievienota H-0O: koncentraciju, kamér pikis (I)
palielindjas mazak izteikti un ta pozicija parvietojas pa x-asi lidz -0,7 V pie
augstakam koncentracijam. Piki (II) un (IV) praktiski nemainijas visa
koncentraciju diapazona.
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13. attéls. CV voltammogrammas no nanostrukturétas CosOs pléves, kas iegiita no
hlorida anjoniem. A) Voltammogrammas atkartba no H-O: koncentracijas
(skanésanas atrums = 100 mV/s), B) Voltammogrammas atkariba no skanésanas
atruma. Mérijumi veikti 0,1 M NaOH bufera skiduma (pH = 13).

Vara oksida (CuO) elektrodi

CuO elektrodi, sintezeti ar vienpakapju kimisko hidroterminalo oksidaciju,
demonstrgja ievérojamu elektrokTmisko aktivitati pret H.O.. CV merTjumi
veikti 0,1 M NaOH skiduma ar H-O: koncentracijam no 0,1 mM lidz 5 mM.
CV liknes atklaja divus redoks peakus parus: anoda piki ap -0,2 V (pikis I) un
0,1V (pikis Il), un katoda piki ap -0,7 V (pikis I11) un -0,8 V (pikis IV).
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14. attéls. CV voltammogrammas no nanostrukturétas CuO pléves. A)
Voltammogrammas atkariba no H>O: koncentracijas, B) Voltammogrammas
atkariba no skanésanas atruma. Meérijumi veikti 0,1 M NaOH bufera Skiduma.

Bez H-0: klatbiitnes Sos redoksa pikus galvenokart saistija ar atgriezeniskam
redoksa parejam, kas ietver vara sugas, pieméram, Cu’/Cu* un Cu'/Cu?'.
Pievienojot H.0: Skidumam, CV piku forma un amplitida ieve@rojami
maintjas. Ipa§i oksidacijas pikis (pikis I) un reduce$anas pikis (pikis III)
uzradija ievérojamu pika stravas pieaugumu, palielinoties H20-
koncentracijai. Strava piki III paradija linearu korelaciju ar H.0:
koncentraciju pétitaja diapazona, noradot uz spécigu elektrokimisko atbildi
uz analitu.

CV rezultati uzsver augsto CuO elektrodu elektrokimisko aktivitati attieciba
uz H:0:, ko pierada iev@rojamais pika stravas pieaugums un stravas lineara
atkariba no H-0- koncentracijas.

Nikela oksida (NiO) elektrodi

NiO elektrodi, izgatavoti hidroterminalas sintézes cela ka sienveida
nanostruktiiras uz dzelzs stieples, demonstréja specigu elektroktmisko
aktivitati pret H20.. CV merjjumi veikti 0,1 M NaOH skiduma ar H.O-
koncentracijam no 100 uM lidz 2 mM. CV liknes paradija divus skaidrus
redoks peakus: anoda pikis ap —0,4 V (pikis I) un katoda pikis ap —1,4 V (pikis
).

Bez H:0: CV reakcijas galvenokart bija saistitas ar Ni bazes redoks
procesiem. levadot H»O., noverota speciga elektrokimiska reakcija, Tpasi
katoda peaka (—1,4 V), kas lineari korelgja ar H:0: koncentraciju,
atspogulojot NiOOH reduceésanu Iidz Ni(OH). H20: klatbiitneé. Anoda pikis
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(0,4 V) ar1 palielinaja stravu, bet bija mazak jutigs pret H.O: neka katoda
pikis.
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15. attels. A) CV grafiks no nanostrukturéta NiO nanosinu elektroda, iegiits 0,1 M

NaOH atbalsta elektrolita un skidumos ar H:0: koncentracijas diapazonu no 100

uM lidz 2 mM. B) NiO elektroda elektrokimiskas atbildes atkariba no skanésanas
atruma. Skanésana veikta 0,1 M NaOH skiduma, kas satur 2 mM H:O:.

CV rezultati uzsver NiO elektrodu izcilas elektrokimiskas 1pasibas attieciba
uz H:0.. Katodiska pika strava pie —1,4 V paradija specigu linearu korelaciju
ar H20: koncentraciju visa testétaja diapazona, apliecinot sensora jutibu un
uzticamibu.

Sensors paradija arT izcilu ilgtermina stabilitati, saglabajot vairak neka 95%
no sakotngjas veiktsp&jas péc 30 dienu uzglabasanas. Apkopojot, NiO
elektrodi ar sienveida nanostruktiram piedava daudzsolosu platformu H-O:
elektroktmiskai noteikSanai. To augsta jutiba, plasais linearais diapazons,
zema noteikSanas robeza un izcila stabilitate padara tos par idealiem
kandidatiem oksidativa stresa reallaika uzraudzibai biologiskajas sistémas,
pasi augu fiziologija un vides sensoro lietojumos.

5.2. Metalu oksidu elektrodu jutiguma analize
ddenraza peroksida noteikSanai

P&c metala oksida elektrodu elektrokimiskas uzvedibas raksturoSanas ar
ciklisko voltamp&rmetriju par galveno metodi katra elektroda jutibas,
linearitates un noteikSanas robezas (LOD) attieciba pret tidenraza parskabi
(H20;) novertéSanai tika izmantota amperometrija.
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Amperometrija ir Tpasi piemérota $im pétljumam, jo ta nodrosina reallaika
kvantitativus stravas méerjjumus atbildé uz analita koncentraciju pie
konstantiem potenciala apstakliem. Ta ir 1pasi izdeviga sensoru izstradg, jo
lauj tiesi izmerit elektrokimisko signalu (stravu), ko rada oksidacijas vai
reducésanas reakcija uz darba elektroda, neietekméjoties no skan&Sanas
atruma vai vilnformas.

Vara oksida (CuO) elektrods

Amperometriskie merjjumi ziedlapveida CuO elektroda tika veikti 0,1 M
NaOH pie -0,2 V (pret Ag/AgCl). Stravas atbilde lineari palielinajas Iidz ar
H:0: koncentracijas pieaugumu plasa diapazona (no 20 pM lidz 1300 uM).

o Kalibracijas likne: paradija izcilu linearu sakaribu starp stravu un
H20: koncentraciju, ar determinacijas koeficientu (R?) 0,9997.

e Jutiba: 505,11 pA/mM (0,5051 A/mM), kas ir viena no augstakajam
vertibam, kas zinotas H-0: noteikSanai ar CuO sensoriem.

e NoteikSanas robeza (LOD): 1,05 pM, kas norada uz sp&ju detektct
loti zemas H-O- koncentracijas.
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16. attels. A) Nanostrukturéta CuO elektroda amperometriska atbilde 0,1 M NaOH
ar pakapenisku H:O: pievienosanu. B) Atbilstosa kalibracijas ltkne.

CuO elektrods paradija augstu selektivitati pret H,O,, pat ja Skiduma bija
klat tipiski traucétaji, pieméram, askorbinskabe, urinskabe, dopamins un
NaCl — 3o vielu signali butiski neietekmgja pamatlinijas stravu vai H,0,
detekcijas signalu.
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Kobalta oksida (Co30,) elektrods

Hidrotermiski sintez&tais CosOs elektrods tika testéts pie fikséta potenciala -
1,23 V (pret Ag/AgCl), kas izvelets pec CV rezultatiem, lai optimiz&tu jutibu
pret H20.. Amperometriskie eksperimenti paradija vienm&rigu un izméramu
stravas pieaugumu, palielinoties H.O: koncentracijai.

e Kalibracijas likne: lineara sakariba starp stravu un H20:
koncentraciju diapazona no 0,2 mM Iidz 2 mM, R? = 0,9976.

e Jutiba: 22 pA/mM, zemaka neka CuO elektroda, bet pietickama
praktiskai izmantoSanai, Tpasi medicina un vides monitoringa.

e LOD: 7,14 yM — salidzinama ar CuO noteiktos apstaklos un
piemérota biologiski nozimigiem H.O. limeniem kermena

skidrumos.
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17. attels. A) Hronamperogrammas 0,1 M NaOH elektrolita CosOq elektroda pie
—1,2 V ar pakapenisku H:O: pievienosanu. B) Kalibrdcijas likne stravas—
koncentrdcijas atkaribai.

Co30, elektrods paradija labu atbildi realos paraugos, pieméram, piena un
kontaktlécu uzglabadanas Skiduma, ar atgtSanas koeficientu virs 95%,
apliecinot ta piemérotibu kvantitativai analizei sarezgitas matricas.
Selektivitates parbaude uzradija minimalu traucgjumu no biezak

sastopamam biologiskam un kimiskam vielam.

Nikela oksida (NiO) elektrods

Amperometrija sienveida NiO nanostruktiru elektroda tika veikta 0,1 M
NaOH pie —1,4 V (pret Ag/AgCl). Sis potencials izvélets, lai optimizétu
jutibu pret H20:, minimizg€jot traucgjumu ietekmi no citam elektroaktivam
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sugam. Elektrods uzradija skaidru un atkartojamu stravas reakciju uz H20:
pievienoSanu, ar izteiktu atkaribu no H-O: koncentracijas.

MerTjumi veikti diapazona no 25 pM lidz 4 mM, un visa diapazona noverota
stabila un lineara atbilde, piem@rota kvantitativai H.O: noteikSanai, ari
sarezgitos paraugos, piem&ram, augu ekstraktos.
Kalibracijas likne, iegiita pie —1,4 V ar pakapenisku H>O: pievienoSanu,
uzradija pilnigi linearu sakaribu (R? = 1,00) visa pétitaja koncentraciju
diapazona, kas apliecina sensora uzticamibu un precizitati.

Kalibracijas likne NiO elektroda tika iegiita, mérot stravas atbildi pie —1,4 V
ar pakapenisku H>0O: pievienosanu. legiitie dati uzradija izteikti linearu
sakaribu starp stravu un H.O- koncentraciju ar determinacijas koeficientu (R?)
1,00 (ko apliecina arT pakapeniska stravas pieauguma forma atbilde uz H0>).
S lineara sakariba saglabajas visa testétaja H.0. koncentraciju diapazona,
uzsverot elektroda uzticamibu un precizitati.

A 14 4 B 12
| 10 /
g g o
B z
E [
8 & 6
4] N
0 200 400 600 800 1000 1200 1400 1600 0 1 2 3 4
Time (s) Concentration (mM)

18. attels. A) Hronamperogramma, kas iegiita 0,1 M NaOH atbalsta elektrolita NiO
nanostrukturétam elektrodam pie pika potenciala —1,4 V, ar pakapenisku H>O:
pievienoSanu. B) Kalibrdcijas likne, kas ilustré koncentrdacijas—stravas atkaribu.

NiO elektroda jutiba, aprékinata no kalibracijas liknes slipuma, bija 2474
pA-mM (vai 15,46 mA-mM'-cm2). ST vértiba ir izcili augsta salidzindjuma
ar ieprieks zinotajiem NiO bazetajiem elektrokimiskajiem sensoriem, noradot
uz sienveida NiO nanostruktiras konfiguracijas parako detekcijas spgju.
Noteiksanas robeza (LOD) tika noteikta, izmantojot 3:1 signala-troksna (S/T)
attiecibas  krit€riju. Balstoties uz trokSpa Itmeni pamatlinijas stravas
mérfjjumos, LOD tika aprekinata ka 1,59 pM.
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NiO elektrods uzradija izcilu selektivitati pret H.0O-, pat klatbiitné bieziem
traucétajiem, kas sastopami augu ekstraktos, pieméram, askorbinskabei,
glikozei, citronskabei un natrija hloridam. Pievienojot §is vielas darba
skidumam, netika noverotas biitiskas izmainas pamatlinijas strava vai atbildé
uz H20:. Elektroda traucjumu izturiba, visticamak, ir saistita ar NiO virsmas
katalitisko specifiskumu, kas selektivi oksidé H-O., biitiski neietekm&joties
no traucetajvielu redoksa 1pasibam.

Elektroda stabilitate tika novertéta, atkartoti mérot stravas atbildi pie —1,4 V
0,1 M NaOH skiduma, kas saturgja 2 mM H:0.. Pika stravas vertiba
samazinajas mazak neka par 4 % 30 dienu perioda, noradot, ka elektrods
saglaba funkcionalitati un jutibu ar minimalu degradaciju. Turklat elektrods
paradija stabilu veiktsp&ju arT péc vairakiem atkartotas lictosanas cikliem —
jutiba samazinajas tikai par 7 % péc desmitas merijumu reizes.

6. Augu stresa noteikSana, izmantojot H,O,

elektrokimiskos sensorus

Udenraza parskabe (H20:) ir centrala reaktivas skabekla suga (ROS), kas
darbojas gan ka signalmolekula, gan ka oksidativa stresa indikators augos,
kuri atrodas abiotisku vai biotisku stresa faktoru ietekmé. Paaugstinats H.O-
Iimenis norada uz $tnu redoksa homeostazes traucgjumiem, ko izraisa sali,
herbicidi vai citi vides stresa faktori. H20: elektrokimiska noteik$ana
nodro$ina uzticamu pieeju augu stresa reakciju reallaika monitoringam.

Saja pétijuma tika izmantoti neenzimatiski elektrokimiskie sensori, izgatavoti
no nanostrukturétiem metalu oksidiem — Co0s04, CuO un NiO. Sie sensori
izmanto parejas metalu oksidu raksturigo elektrokatalitisko aktivitati H.O-
oksidacija, ko vel vairak pastiprina nanostrukturéSana. Sensora slana
morfologiska inzenierija, ipa$i to veidoSana ziedlapveida, sienveida un
Skiedrveida struktiras, bitiski palielinaja elektroaktivo virsmas laukumu,
uzlabojot jutibu un selektivitati.

Katrs sensora tips tika pielagots konkrétam lietojuma jomam:

e Co03:04 nanolapinas tika optimizeétas miezu ekstraktiem un paradija
izcilu katalitisko reakciju sarezgitas matricas.

e NiO nanosinas nodroSingja efektivu H.O: noteik§anu rudzu
paraugos sals stresa apstaklos, piedavajot lielu virsmas laukumu un
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zemu noteikSanas robezu (LOD = 1,59 uM, jutiba = 2474
pA-mM™).

CuO nanostruktiiras, lietotas kopa ar Cos0s« multisensora
konfiguracija, nodroSindja papildinosu selektivitati, uzlabojot
signala uzticamibu rudzu ekstraktos, kas paklauti sals un herbicidu
stresam.

6.1. Eksperimentalas procedlras

Elektrokimiskie merfjumi tika veikti tris elektrodu sisttma ar Ag/AgCl ka
salidzinoS$o elektrodu un oglekla elektrodu ka paligelektrodu. Darba elektrodi
bija nanostrukturéti CosO4, CuO vai NiO uz metala vadiem (dzelzs vai vara
pamatnes), sintezeti ar hidrotermalam un kimiskas oksidacijas metodeém.

Augu materials un apstrade:

Sugas: miezi (Hordeum vulgare L.) un rudzi (Secale cereale L.).
Stresa inducéSana: augi tika paklauti 0,2 M NaCl, lai simulétu
saluma stresu; papildus grupam tika pievienotas FesOs vai ZnO
nanoparticulas, lai mazinatu stresa ietekmi.

llgums: kopgjais audz&Sanas periods bija 4 nedglas, stresa un
nanopartikulu apstrades tika pielietotas peédgjas 3 nedglas.

Paraugu sagatavosana:

Zalie augu audi (parasti 10 g uz 250 mL) tika ekstrah&ti 0,1 M NaOH
un uzglabati aukstuma un tumsa, lai stabilizétu H20-.

Optiskiem mérijumiem hlorofils tika ekstrahéts etanola, lai validétu
stresa pakapi péc fotosintétisko pigmentu zuduma.

Elektrokimiska kalibrésana un traucéjumu testi:

Sensori tika kalibréti ar H20O: standartiem 25 uM—7 mM diapazona.
Traucgjumu izturiba tika vertéta pret NaCl, glikozi, citronskabi un
askorbinskabi; ziedlapveida CosOas struktiiras uzradija vislabako
izturibu pret augu matricas komponentu ietekmi.

Dati tika iegiiti, izmantojot CV, SWV un amperometriju. CV sken&jumi
parasti bija diapazona no —1,3 V Iidz +0,5 V (pret Ag/AgCl), ar skengSanas
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atrumu 100 mV-s™'. Amperometriska detekcija tika veikta pie fikséta
potenciala (piem., —1,2 V), kas atbilda H.O- oksidacijas pikim.

6.2. Augu stresa noteikSana ar nanostrukturétiem
elektrokimiskajiem sensoriem

NaCl un glifosata izraisitam stresam paklautajos augu paraugos tika
konstatgts biitiski paaugstinats H.O: Iimenis salidzinajuma ar kontroles grupu
— attiecigi Iidz 163,02 uM un 223,03 pM. Optiskas absorbcijas merfjumi
paradija arT ieverojamu hlorofila satura samazinasanos — lidz pat 35 %
smagak skartajos paraugos (1. tabula).

Ieprieks izstradatie neenzimatiskie sensori, izmantojot nanostrukturétus CuO
un Cos04 elektrodus, tika pielietoti augu stresa noteikSanai. Sie materiali tika
izveleti to augstas katalitiskas aktivitates, stabilitates un elektrokimiskajam
Ipasibam piemérotibas dgl.

Salidzinot H-O- Iimeni ar optiskajiem hlorofila meérjjumiem, tika konstatéta
skaidra inversa korelacija: pieaugot H.O- koncentracijai, hlorofila saturs
samazinajas, 1pasi NaCl un glifosata ietekmé&tajos paraugos. Kontroles
paraugi, kuros H.0. akumulacija bija minimala, uzradija augstako hlorofila
saturu un garakos dzinumus, savukart stresotie paraugi bija ar samazinatu
hlorofila saturu un augSanas kavésanos.

01

3.04 \A [: Control
- —— Glyph
3 —H,0, Stress Factor As Prepared Samples
ry gt Chl(a), Chl(b),
é 2.0 (mg/g) (mg/g)
s H,0; 47.80 19.27
< Control 45.88 17.82

1.0 Glyphosate 31.39 14.40

NaCl 30.10 19.21
i 1. tabula. Hlorofila satura
500 600 700 800  samazinajums dazadu stresa induktoru
Walvslength (en) ietekmé rudziem.

19. attels. Gaismas absorbcijas spektrs
rudzu paraugiem.

H,O, ir skaidri apstiprinats ka uzticams augu stresa biomarkieris, kura
koncentracija tieSi korelé ar stresa smagumu (piem., sals vai herbicidi).
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Izstradatie neenzimatiskie CuO un Co30O, nanostrukturétie sensori nodroSina
jutigu un selektivu H,0, noteikS8anu augu audos, saglabajot augstu

veiktsp€ju pat sarezgrtas matricas, pieméram, rudzu sula.

6.3. Nanodalinu izmantoSana stresa mazinaSanai
un sensoru pielietojuma paplasinasana

Nanodalinu integracija lauksaimnieciba paver jaunas iespgjas stresa
mazina$anai, jo §ie nanomateriali sp&j mazinat oksidativo stresu augos. Saja
pétijuma izstradatie NiO, CuO un CosO4 nanostrukturétie sensori demonstré
augstu potencialu ka monitoringa r1ki stresa [Tmena noteikSanai pirms, laika
un p&c nanodalinu pielietosanas.

Kvantificgjot H.0. daudzumu augu audos, sensori var efektivi novertet
nanodalinu efektivitati oksidativa bojajuma mazinasana. Piem&ram, ZnO vai
Fe;O0s nanopartikulu pievienoSana apiidenosanas wdenim ievérojami
samazinaja H-O: koncentraciju rudzu paraugos sals stresa apstaklos, ka
pieradits iepriek3gjos pétijumos. Sis nanoparticulas ne tikai palidz neitralizet
reaktivas skabekla sugas (ROS), bet arT stimul€ augu dabiskas antioksidantu
sistémas.

NiO, CuO un Co0s0s4 sensoru daudzpusiba lauj tos izmantot arl
lauksaimnieciba atgriezeniskas saites reZima, monitor&jot augu fiziologisko
reakciju uz méslojumu un kimisko vielu pielietojumu. Pieméram,
nepartraukti mérot H-O- ITmeni apstradatos augos, lauksaimnieki un p&tnieki
var pielagot méslojuma devas un pielietoSanas metodes, balstoties uz
reallaika datiem.

6.4. Nodalas kopsavilkums

Péc detalizEtas katra metala oksida elektroda — CuO, Co0304 un NiO —
elektrokimiskas veiktsp&jas analizes H.O- noteikSana ir bitiski apkopot un
salidzinat to galvenos analitiskos parametrus, lai novertetu to relativas
prieksrocibas un piemérotibu dazadam pielietojuma jomam. Katrs elektrods
uzradija atSkirigas Tpasibas jutibas, lineara diapazona, noteiksanas robezas,
selektivitates un ilgtermina stabilitates zina.

Lai nodroSinatu tieSu un struktur€tu salidzinajumu, zemak ir sniegta

kopsavilkuma tabula, kura apkopoti nozimigakie katra materiala veiktsp&jas
raditaji. Sis salidzinoSais parskats uzsver katras sist€mas stipras puses un
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palidz noteikt optimalako elektrodu konkrétai sensora pielietosanas videi,
pieméram, biomedicina, vides monitoringa vai augu fiziologisko procesu
uzraudziba.

H:0: Koncentracija

/Augu suga Stresa veids | Stresa mazinatajs (uM)
Rudzi (Secale cereale | Sals  stress | — (kontrole, no | 500
L.) (NaCl) mazinataja)

ZnO nanodalinas (50 | 190
mg-L™7)

ZnO nanodalinas (100 | 130

mg-L™)
Miezi (Hordeum | Sals  stress | —  (kontrole, no | 500
\vulgare L.) (NaCl) mazinataja)

FesOs nanodalinas (72 | 150
mg-L)

2. tabula. Salidzinajums starp noteiktajiem H-O: limeniem augos ar un bez stresa
mazindasanas, izmantojot nanopartikulu pievienosanu apiidenosanas iidenim.
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Kobalta

vide)

Parametrs Vara oksids (CuO) oksids(Co304) Nikela oksids (NiO)
[Elektrolits 0.1 M NaOH 0.1 M NaOH 0.1 M NaOH
Pielietotais -0.2 V (vs. Ag/AgCl) -1.23 V (vs. Ag/AgCIl) | -1.4V (vs. Ag/AgCI)
ipotencials

Linearas 20 pM to 1300 pM 0.2mMto2 mM 25 uM to 4 mM

noteikSanas

diapazons

Korelacijas 0.9997 0.9976 1.00

koeficients

(R%)

Jutiba 505.11 pA/mM (0.5051 | 22 pA/mM 2474 pAIMM (15.46
A/mM) mA/mM-cm?)

INoteikSanas 1.05 uM | 7.14 yM 1.59 uM

robeza (LOD) | (3o/sensitivity)

Selektivitate Augsta; nav bitisku | Laba; minimali | Izcila; nav trauc&jumy
traucgjumu no | traucgjumi no NaCl, | no  askorbinskabes
askorbinskabes, KNO:s, glikozes, | glikozes, citronskabes
urinskabes, dopamina, | citronskabes, NaCl
NaCl askorbinskabes

Pielietojuma Ipasi piemérots zemu | Piem@rots medictnasun | Ipadi piem@rots augul

piemérotiba H:0. koncentraciju | vides monitoringam stresa biomarkierul
noteiksanai  (biologija, noteikSanai  (piem.

sals stress)

3. tabula. CuO, CosO+ un NiO elektrodu salidzinosa veiktspéja H2O: noteiksand.
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Secinajumi

1.

Lazera un hidrotermalas sintézes metodes lauj kontrolét loti

viendabigu un strukturali precizu ZnO nanoadatu izgatavoSanu,
biitiski uzlabojot to struktiiras stabilitati un piemérotibu specifiskiem
elektrokimisko sistemu pielietojumiem.

a.

2.

ZnO nanoadatas tika veiksmigi sintezEtas, izmantojot gan
hidrotermalo, gan lazerapstrades metodi. Hidrotermala metode uz
ieprieks uzsilditam pamatn&m nodrosinaja viendabigas struktiiras.
Lazerapstrades metode, izmantojot 532 nm lazeri ar jaudas
blivumu 15,5 MW/m? un skenéSanas atrumu 55 mm/min,
nodrosinaja selekttvu un precizu ZnO nanostrukttiru form&Sanu ar
minimalu parazitaugSanu.

Metalu oksidu nanostruktiiru morfologiju (CuO nanolapinas,

Co30+ nanskiedras, NiO nanosinas) var sistematiski regulét ar
sintezes parametriem, optimizéjot elektrokimisko aktivitati, virsmas
laukumu un stabilitati, tadejadi pielagojot sensoru ipasibas dazadam
lietojuma jomam.

a.

3.

CuO hidrotermalas oksidacijas procesa tika iegiitas ziedlapveida
nanostruktiiras ar augstu elektrokimisko aktivitati. Optimala
sintézes ilguma vertiba: 3 h pie 90 °C $kiduma no 10 mL 10 M
NaOH, 5 mL 1 M (NHa4)2S:0s un 26 mL destiléta tidens.

Co304 hlor1du klatbtitng veidojas garas, viendabigas nanskiedras,
kas sakartojas Stinveida struktiirds ar augstu adhéziju, lielu
virsmas laukumu un izcilu elektrokimisko reakciju. Optimala
sintéze: 5 h pie 95 °C ekvimolara 0,1 M CoCl.-6H20 un 0,1 M
heksametilentetramina fidens skiduma.

NiO hidrotermala sintéze uz dzelzs vadiem deva sienveida
nanosinas ar trisdimensionalu arhitektiiru un lodveida ziedlapinu
veidojumiem. Optimala sintéze: 5 h pie 95 °C ekvimolara 0,1 M
Ni(NOs)2:6H20 un CeH12N4 maisijuma.

Elektrokimisko platformu izstrade lava merktiecigi noteikt

analitus daZados pielietojumos:

a.

b.

Pielagota elektrokimiska $iina ar nanostrukturtiem elektrodiem
— augsta piem&rotiba augu ekstraktu stresa monitoringam.
Masveida razota PCB mikrosh&mas tipa elektrokimiska $tina —
sp&ja analizét paraugus ar tilpumu Iidz 10 pL herbicidu
pielietojuma uzraudzibai.

Miniatiira uz pilieniem balstita elektrokimiska Stina — piemérota
dazadu nanostruktiiru mitrinamibas dinamiskai analizei.
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4.  Nanostrukturétie NiQ, Co:0: un CuO elektrodi uzradija izcilu
jutibu un selektivitati H-O: noteikSanai augu ekstraktos, nodrosinot
oksidativa stresa reallaika uzraudzibu abiotisko un herbicidu
izraisito stresa apstaklos.

a. Elektrokimiskie sensori, kas balstiti uz nanostrukturétiem NiO,
C0304 un CuO, tika testéti H02 noteikSanai rudzos un miezos.

i. NiO bazétais sensors uzradija noteikSanas robezu (LOD)
1,59 uM un jutibu 2474 pA-mM™.
ii. Cos0s elektrodi uzradija LOD 7,14 uM un jutibu 22
pA-mM-1.
ili. CuO sensori uzradija LOD 1,05 uM un jutibu 505 pA-mM™.
iv. Sie sensori tika veiksmigi parbauditi pret biezak
sastopamiem augu interferentiem.
5. Izstradatie elektrokimiskie sensori, validéti ar papildinoSam
optiskam un molekularam metodeém, uzrada augstu Korelaciju ar
fiziologiskajiem stresa indikatoriem, apstiprinot H.O: ka uzticamu
augu stresa biomarkieri.

a. H20: elektrokimiska noteikSana tika validéta, izmantojot optiskos
mérijumus (hlorofila saturs) un molekularas analizes (RAPD). S
petijuma laika tika konstatets, ka stresa skartos rudzu paraugos:

i. Hlorofila saturs samazinajas lidz 35 % salidzinajuma ar
kontroli;
ii. Izstradatie sensori noteica H.O2 koncentraciju lidz 223,03
uM;
iii. Kontroles paraugos H-0: limenis bija zem LOD.

b. Papildus tam glifosata stresa skartie augu paraugi uzradija batisku
genotoksisku iedarbibu, ko pieradija RAPD analize, noradot uz
DNS limena izmainam. Elektrokimisko datu integracija ar optisko
un molekularo validaciju stiprina H.O: ka butiska fiziologiska
markiera ticamibu un pamato izstradato sensoru izmantoSanu
lauksaimniecibas monitoringa sist€mas.
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1. Introduction

The development of advanced electrochemical sensing platforms based on
nanostructured materials has become a key research priority due to the unique
and highly tunable properties that nanomaterials offer. Among these, metal
oxide nanostructures—such as ZnO, CuO, Cos04, and NiO—have gained
increasing attention for their excellent catalytic activity, high surface-to-
volume ratio, and structural versatility. These properties make them highly
suitable for the fabrication of electrochemical sensors with enhanced
sensitivity, selectivity, and response time. The ability to control the
morphology, composition, and surface chemistry of these nanostructures
through various synthetic methods allows researchers to tailor sensor
performance for specific applications, such as the detection of reactive
oxygen species like hydrogen peroxide (H202).

Despite these advancements, the development and optimization of metal
oxide-based electrodes remain highly challenging due to a number of
unresolved issues. First, the performance of a sensor is heavily dependent on
the micro- and nano-scale architecture of the electrode surface. While various
synthesis techniques—such as hydrothermal growth, electrochemical
deposition, and laser-assisted patterning—have been employed to fabricate
nanostructured films, the influence of parameters such as precursor
concentration, growth temperature, seed layer uniformity, and external
stimuli (e.g., laser power) on final morphology and electrochemical
performance has not been fully explored. A more systematic understanding
of these factors is essential for reproducible and scalable fabrication of high-
performance electrodes.

Second, while the intrinsic electrochemical activity of metal oxides makes
them promising candidates for non-enzymatic sensors, their direct integration
into practical sensor architectures remains limited. Many studies are still
confined to conventional three-electrode setups with glassy carbon or
platinum working electrodes, which are not suitable for mass production or
miniaturization. The development of alternative, scalable fabrication
techniques—such as the use of PCB-based chips, droplet-based microcells,
and screen-printed electrodes—has only recently begun to be explored in
depth. These approaches not only enable the production of compact and
robust sensor systems but also allow for the simultaneous monitoring of
multiple analytes in complex or low-volume samples.
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Moreover, while significant progress has been made in the design of metal
oxide-based electrochemical sensors, the translation of laboratory-scale
devices into real-world applications remains a challenge. The need for stable,
long-term, and highly sensitive sensors in harsh environments—such as those
involving interfering species, varying pH, or fluctuating temperatures—has
not yet been fully met. The ability to modify electrode surfaces to resist
interference from common coexisting species (e.g., ascorbic acid, glucose, or
citric acid) is still an area of active research, particularly for sensors intended
for use in complex chemical or biological matrices.

Furthermore, the application of electrochemical sensors for the detection of
oxidative stress biomarkers in plants has received relatively limited attention,
despite the growing importance of monitoring plant health in response to
environmental and chemical stressors. While traditional analytical methods—
such as spectrophotometry and fluorescence-based assays—have been widely
used to assess stress-induced changes in plants, they often require laborious
sample preparation, expensive instrumentation, and are typically limited to
laboratory settings. In contrast, electrochemical sensors offer a promising
alternative by enabling rapid, in situ, and real-time detection of stress markers
such as hydrogen peroxide (H202), a central reactive oxygen species (ROS)
that is both a signaling molecule and an indicator of oxidative stress.
However, the development of sensors specifically tailored for plant-based
matrices—where the presence of interfering compounds and low analyte
concentrations pose significant challenges—has lagged behind their use in
more controlled environments such as clinical or industrial settings.

In particular, the use of metal oxide nanostructures for the detection of plant
stress biomarkers remains an underexplored area. Most existing studies focus
on the general electrochemical behavior of these materials in aqueous
solutions or in simple buffer systems, but few address their performance in
complex, real-world samples such as plant extracts, which contain a diverse
array of organic and inorganic species. Moreover, there is a lack of systematic
investigation into how the morphology and composition of metal oxide
nanostructures influence their selectivity and sensitivity in plant-derived
matrices. As a result, the design of sensors that can reliably detect stress
indicators in vivo—without requiring extensive sample pretreatment—
remains a critical technological gap. Addressing this gap is essential for the
advancement of precision agriculture, environmental monitoring, and the
development of plant stress-mitigating strategies, particularly in the context
of climate change and increasing use of agrochemicals.

49



Goals:

To develop and optimize laser-assisted and hydrothermal synthesis
methods for the controlled fabrication of high-quality ZnO
nanoneedles  with tailored morphologies and patterned
arrangements, suitable for application in electrochemical sensing.
To develop and optimize scalable synthesis techniques for CuO,
Co0:04, and NiO nanostructures, enabling precise control over
morphology, composition, and surface properties to enhance their
performance in electrochemical sensing applications.

To develop and optimize a range of electrochemical cell platforms
sutable for creation of application-specific nanostructure based
electrochemical sensors.

To develop and evaluate non-enzymatic electrochemical sensors
based on Co304, CuO and NiO nanostructures for the sensitive and
selective detection of hydrogen peroxide in complex plant matrices
under abiotic and herbicide-induced stress conditions.

To validate sensor applicability for plants stress detection by
correlating  electrochemical H.O. detection results with
physiological and molecular stress indicators in plants.

In order to achieve the defined goals, the following tasks were identified:

1.

Investigate the effect of precursor concentration, growth
temperature, and laser parameters on the morphology and uniformity
of ZnO nanoneedles using hydrothermal and laser-assisted methods.
Develop hydrothermal synthesis methods that enable the controlled
formation of CuO, Co0:0s, and NiO with repeatable morphologies
and systematically characterize the synthesized nanostructures using
SEM, XRD and element analysis.

Design and fabricate a variety of electrochemical sensor platforms
with nanostructured electrodes suitable for in situ analysis. These
platforms should be optimized for compatibility with different
sample types and operational conditions.

Validate the performance of the developed electrochemical
platforms across a range of applications, including in situ plant stress
monitoring and glyphosate detection in agricultural samples. This
includes testing for sensitivity, selectivity, reproducibility.
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Fabricate and test electrochemical sensors using Cos0s, CuO, and
NiO nanostructures in three-electrode configurations optimized for
H:0: detection in aqueous and plant-derived samples.

Assess the selectivity and anti-interference capabilities of the sensors
in the presence of common plant matrix interferents (e.g., ascorbic
acid, glucose, citric acid) and validate their performance using
calibration and real plant extract analysis.

Conduct electrochemical H-O. measurements in plant samples under
salt and glyphosate stress, and correlate the results with optical
(chlorophyll content) and molecular (RAPD) stress indicators.
Demonstrate the utility of the sensors in monitoring the effectiveness
of stress-mitigation strategies, such as the application of ZnO and
Fes04 nanoparticles, by quantifying H20: levels.

During the conducted research the following methods were used:

Hydrothermal syntesis

Laser-assisted hydrothermal synthesis
Scanning Electron Microscopy

X-ray Diffractometry

Energy Dispersive X-Ray Spectroscopy
Cyclic Voltammetry
Chronoamperometry

Differential Pulse Voltammetry
Electric Impedance Spectrometry
Optical Spectrometry

Random Amplified Polymorphic DNA analysis

The results of the following work are summarized in the following thesis

points:

1.

Laser-assisted and hydrothermal synthesis techniques enable the
controlled fabrication of highly uniform and patterned ZnO
nanoneedles, significantly enhancing their structural fidelity and
suitability for application-specific design in electrochemical
systems.

Synthesis parameters were optimized to tailor the morphology of
metal oxide nanostructures—including CuO nanopetals, Co0s04
nanofibers, and NiO nanowalls—thereby improving their
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electrochemical activity, surface area, and stability for use in sensors
targeting plant oxidative stress detection.

The developed electrochemical platforms demonstrate reliable and
scalable performance in detecting analytes both in vitro and in situ.
Tailored for applications including plant stress monitoring, herbicide
detection, and surface wetting studies, each platform showcases
metal oxide based nanostructured sensor’s adaptability to different
sensing needs.

Nanostructured NiO, Co0304, and CuO electrodes exhibit
exceptional sensitivity and selectivity for hydrogen peroxide
detection in plant extracts, enabling the real-time monitoring of
oxidative stress under abiotic and herbicide-induced conditions.
The sensing platform developed in this study demonstrates a strong
correlation with physiological stress indicators, supporting the use
of H>0: as a reliable biomarker for assessing plant stress.

Novel Aspects of the Research

The study introduces a custom made orignal electrochemical
platform based on metal oxide nanostructures, enabling the sensitive
and selective detection of hydrogen peroxide in both controlled and
real-world plant-based environments.

A non-enzymatic electrochemical system was developed for the in
situ assessment of oxidative stress in plants, offering a practical and
scalable alternative to conventional analytical methods.

The study demonstrates the utility of the developed electrochemical
sensor platform in evaluating the stress-mitigating effects of Fe;O4
and ZnO nanoparticles, showing their potential to enhance plant
resilience under abiotic and herbicide-induced stress conditions.

Practical and Applied Impact

The developed electrochemical sensors enable rapid, in situ
detection of oxidative stress in plants, offering a valuable tool for
precision agriculture and environmental monitoring. The study also
highlights the potential of metal oxide nanoparticles as effective
stress-mitigating agents, supporting the development of sustainable
plant protection strategies.
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2. Synthesis and Morphological
Characterization of Metal Oxide Nanostructures

2.1. Laser-assisted and Hydrothermal Synthesis of ZnO
Nanoneedles with Tailored Morphology

Zinc oxide (ZnO) is a versatile semiconductor material that is widely used in
optoelectronic devices, sensors, and catalytic applications. The controlled
synthesis of ZnO nanoneedles with tailored morphology is essential for
optimizing their performance in specific applications. Two prominent
methods for synthesizing ZnO nanoneedles are the hydrothermal method and
laser-assisted synthesis.

Hydrothermal synthesis was employed in this study to fabricate ZnO
nanostructures from an equimolar solution of Zn(NOs). and
Hexamethylenetetramine (HMTA) (0.025 M and 0.05 M, respectively). The
synthesis was carried out in a programmable oven at 90 °C for 1.5 hours,
resulting in the formation of well-aligned ZnO nanoneedles on pre-deposited
ZnO seed layers. The seed layers were applied via drop-casting of a 25 mM
zinc acetate solution in ethanol, followed by thermal annealing at 350 °C for
30 minutes. This method not only ensures high-quality ZnO nanostructures
but also offers the advantage of being a low-temperature and scalable
technique suitable for various applications such as sensors and electrode
fabrication.

To investigate the effect of seed layer uniformity on nanostructure growth,
the application was conducted under two different thermal conditions: (1) on
a room-temperature substrate, and (2) on a preheated substrate at 100 °C.
Scanning electron microscopy (SEM) analysis revealed a significant
difference in the resulting nanostructural morphology (Figure 1). On room-
temperature substrates, the seed layer exhibited a ring-like pattern due to the
“coffee stain” effect, which led to heterogeneous ZnO nanostructure
growth—dense, vertically aligned nanoneedles along the periphery and
sparse, 3D nano-urchin-like formations in the center. In contrast, preheating
the substrate effectively suppressed thermocapillary convection, promoting a
more uniform evaporation of the solvent and, consequently, a homogeneous
distribution of seed particles. This, in turn, resulted in a more even and
uniform growth of nanoneedles across the surface, as evidenced by the SEM
images.
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Figure 1. Analysis of the “cofee stain” efect, where (a), (b), and (c) nanostructures
were obtained by applying ZnO precursors on a room-temperature substrate, and
(d), (e), and (f) on a pre-heated substrate. Hydrothermal synthesis was carried out in
0.025 M Zn(NO3)2 and 0.05 M HMTA aqueous solutions at 90 °C for 1.5 h.

The influence of laser-assisted selective thermal decomposition of zinc
acetate was explored as an alternative method to create patterned seed layers.
A 532 nm laser with a power of 60 mW and a scan speed of 55 mm/min was
used to irradiate a spin-coated zinc acetate layer deposited on a Cr-coated
substrate (Figure 2). The laser-induced thermal decomposition selectively
converted zinc acetate into ZnO seeds along the irradiated trajectory, enabling
the formation of patterned nanostructures after subsequent hydrothermal
growth. SEM analysis confirmed that the laser method produced well-
defined, micron-scale ZnO nanoneedle patterns with sharp boundaries and
high fidelity to the laser path. Notably, the morphology of the nanostructures
obtained via laser-assisted seeding was indistinguishable from those obtained
using furnace-annealed seed layers, as confirmed by XRD and EDS analysis.
Both techniques yielded ZnO nanostructures with high crystallinity and no
secondary phases.
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Figure 2. Schematic representation of the setup for laser-induced hydrothermal
synthesis.

Figure 3. Samples of laser-induced hydrothermally synthesized ZnO oxide
microstructures. A) single dot, B) continuous line.

In summary, the experimental results demonstrate that hydrothermal
synthesis can be effectively modified through the use of protective screens,
laser-assisted patterning, and electrochemical deposition to achieve high-
quality, area-selective ZnO nanostructured coatings. These techniques offer
valuable strategies for tailoring nanostructure morphology and growth
selectivity, with direct applicability in sensor fabrication, optoelectronics, and
biosensing technologies.

The wettability dynamics of ZnO nanostructured surfaces are closely tied to
their morphology, size, and surface coverage. According to the study,
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nanostructured ZnO thin films exhibit a wide range of wetting behaviors, from
highly hydrophobic to distinctly hydrophilic. For instance, ZnO nanoneedles,
characterized by a low surface coverage of approximately 23%, displayed a
very high initial water contact angle (WCA) of 127°, which decreased to 70°
after 10 minutes. This behavior is attributed to the needle-like shape and low
surface coverage that promote the formation of an air-trapping "Fakir" or
"lotus" surface, consistent with the Cassie—Baxter wetting regime. In contrast,
thick nanorods with a high surface coverage (87%) showed a marked
hydrophilic behavior, with a WCA of only 19° at the onset of the experiment,
dropping further to 7.5° after 10 minutes, indicating a transition to the Wenzel
regime where the liquid fully penetrates the nanostructure gaps.
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Figure 4. Characterization of water permeation progress by relative change of the
impendance module |Z| versus time for diferent ZnO nanostructure morphologies at
280 kHz.

The study further utilized electrochemical impedance spectroscopy (EIS) to
track wetting dynamics in real time. The saturation time, defined as the
moment when all nanostructure voids are fully wetted, varied significantly
between morphologies. Hydrophobic surfaces, such as nanoneedles and thin
rods, required 7-9 minutes to reach saturation, while hydrophilic surfaces,
such as thick rods and nanoplates, achieved full wetting in just 2—4 minutes.
EIS provided detailed insights into the transition from the Cassie—Baxter to
the Wenzel wetting model, with the impedance measurements reflecting the
progressive filling of nanostructure voids by water. These findings underscore
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the importance of considering nanostructure morphology in the design of
electrochemical and optical sensors, where complete surface wetting is
essential for optimal performance.

2.2. Synthesis and Morphological Characterization of
Copper Oxide Nanostructures

Copper oxide (CuO) nanostructures have been synthesized using two
different methods: a one-step chemical hydrothermal oxidation route and
thermal oxidation. These methods produce nanostructured CuO films on
copper wire substrates, which exhibit high homogeneity, adhesion, and
electrochemical sensitivity. The resulting nanostructures were characterized
using field-emission scanning electron microscopy (FESEM), energy-
dispersive spectroscopy (EDS), and X-ray diffraction (XRD) to analyze their
morphology, composition, and crystallinity.

The hydrothermal synthesis method was employed to create nanostructured
CuO coatings on copper wire substrates. This method involved the immersion
of copper wire in a solution composed of 10 mL of 10 M NaOH, 5 mL of 1
M (NHa4)2S:20s, and 26 mL of distilled water. The wires were immersed in the
solution and placed in a heat-resistant glass beaker inside an oven preheated
to 90 °C for 3 hours. The process was followed by thorough rinsing with
distilled water and drying at 90 °C for 3 hours.

The resulting nanostructures on the copper wire exhibited a dense, uniform
layer of CuO nanopetals, with 3D flower-like formations.

The CuO nanostructures formed via hydrothermal oxidation demonstrated
excellent adhesion to the copper surface and mechanical stability during post-
processing. The surface morphology showed a high degree of uniformity and
a large surface area due to the porous and hierarchical arrangement of the
nanostructures.
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Figure 5. The synthesized CuO nanostructures. A) Nanopetals arranged in flower-
like formations; B) Uniform nanopetalpayer inbetween flower-like formations;
C)XRD pattern of synthesizedCuO film.

In comparison, the CuO film obtained via thermal oxidation was prepared by
annealing copper wire in an oxygen atmosphere at 500 °C for 30 minutes. The
process resulted in a polycrystalline, homogeneous CuO film composed of
irregularly shaped grains. However, this film exhibited poor adhesion to the

substrate and was mechanically less stable than the hydrothermally
synthesized nanostructures.

X-ray diffraction (XRD) analysis confirmed the high crystallinity of the CuO
nanostructures. The XRD pattern for the hydrothermally synthesized CuO

film displayed a higher degree of crystallinity compared to the thermally
oxidized CuO film.
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2.3. Synthesis and Morphological Characterization of
Cobalt Oxide (Cos04) Nanostructures

Cobalt oxide (Cos0s) nanostructures were synthesized using the
hydrothermal method on iron wire substrates. Two types of anions—chloride
and acetate—were used as precursors to study their influence on the
morphology of the resulting nanostructures.

Chloride Anion-Assisted Synthesis

The synthesis began with iron wire (99.9% purity, 2 mm thickness) as the
base substrate. The wire was first treated with fine sandpaper and immersed
in 0.1 M HCI to increase the surface roughness and improve the adhesion of
the nanostructures. An equimolar aqueous solution of 0.1 M CoCl.-6H20 and
0.1 M hexamethylenetetramine (CHsN20) was prepared in 80 mL of distilled
water. The solution had a reddish-violet color and was stirred until the solid
reagents dissolved completely.

The pretreated iron wire was immersed in the growth solution and placed in
a preheated oven. The hydrothermal growth occurred for 5 hours at 95°C,
resulting in the formation of a dull pink Co(OH): coating on the wire. The
growth process was followed by thermal decomposition at 450°C for 1 hour
to convert Co(OH): into black, homogeneous CosO4 nanostructures.

Acetate Anion-Assisted Synthesis

The synthesis was repeated under the same conditions as the chloride
precursor, but 0.1 M (CHsCOO):2Co-4H:0 was used instead of CoClz-6H:0.

The presence of acetate anions significantly altered the morphology of the
Co304 nanostructures. Instead of forming long nanofibers as in the chloride-
assisted case, the acetate precursor led to the formation of thin, petal-like
nanostructures assembled into honeycomb-like agglomerates. The
honeycombs formed using the acetate anion were smaller and less uniform
compared to those formed with the chloride precursor.

The synthesized CosO4+ nanostructures were characterized using Scanning

Electron Microscopy (SEM) and X-ray Diffraction (XRD) to study their
surface morphology and crystalline structure.
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The comparison of Chloride and Acetate anion-assisted synthesized
nanostructures

SEM images of Chloride Anion-Assisted CosO4 revealed the formation of
long, uniform nanofibers assembled into honeycomb-like structures. The
nanofibers were densely packed and exhibited excellent adhesion to the iron
substrate. The nanofibers were observed to be several micrometers in length
and exhibited a high degree of uniformity in size and shape.

SEM images of Acetate Anion-Assisted Co0sO0s showed petal-like
nanostructures assembled into honeycomb-like agglomerates (Figure 6).
These structures were significantly smaller and less uniform compared to the
nanofiber-based morphology.

Figure 6. The study of the anion efect on the morphology of the Co304
nanostructures. A, B) CosO4 nanostructures obtained from the precursor of cobalt
chloride and urea, C, D) Co304 nanostructures obtained from the precursor of
cobalt acetate and urea.
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XRD patterns confirmed the formation of pure CosOs without any extraneous
phase inclusions. The intensity of the diffraction peaks was higher for the
chloride precursor samples, suggesting a higher degree of crystallinity
compared to the acetate-assisted samples (Figure 7).

The honeycomb-like nanofiber morphology obtained with the chloride
precursor was found to be highly suitable for electrochemical sensing
applications. The fibrous structure provided a large active surface area, good
adhesion, and enhanced electron charge transfer, which are critical for
efficient H.O: detection.
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Figure 7. XRD pattern of synthesized CosO4 nanostructures.

In conclusion, the synthesis and morphological characterization of Co3Oa
nanostructures reveal the significant influence of the precursor anion on the
resulting morphology. The chloride precursor yielded highly sensitive and
stable nanofiber structures ideal for electrochemical sensor applications,
whereas the acetate precursor produced nanostructures with reduced
performance.
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2.4. Synthesis and Morphological Characterization of
Nickel Oxide Nanostructures

In this study, nickel oxide (NiO) nanostructures were synthesized using a
hydrothermal method, offering a cost-effective and controllable approach for
producing nanostructures with well-defined morphologies. The synthesis was
carried out using a 0.1 M equimolar mixture of nickel nitrate hexahydrate
(Ni(NO:s)26H20) and hexamethylenetetramine (CsH12N4) dissolved in 75 mL
of distilled water. The resulting greenish colloidal solution was transferred
into a borosilicate glass container, and the iron wires were immersed. The
setup was then placed in an oven preheated to 95 °C for 5 hours. During this
time, a light green Ni(OH): precipitate formed due to the reaction between
Ni** and OH™ ions. After hydrothermal treatment, the wires were washed
several times with distilled water and subsequently annealed at 450 °C for 3
hours. This thermal treatment decomposed Ni(OH) into NiO. This multi-step
process ensured the formation of a uniform and stable NiO nanostructured
coating on the iron wires.

NiO (002)

NiO (311)

NiO (111) Fe,0, (110)

Fe,0, (113)

NiO (220)

45004

(104)

4000

Fe,0, (012)
Fe,0, (220)
Fe, 0,

3500

3
s
2
|7}
[~
Q
g
=

NiO (200)

30004

25004

Fe,0, (024)
Fe,0, (116)
NiO (511)

20004

1500 T T T T T
20 30 40 50 60 70
26 (Deg.)

Figure 8. A) The synthesized NiO nanostructures; B) XRD spectrum of synthesized
NiO coating on Fe substrate.

The morphological features of the synthesized NiO nanostructures were
analyzed using Scanning Electron Microscopy (SEM). The SEM images
revealed a nanostructured coating consisting of a uniform and dense layer of
nanowalls, forming a porous labyrinthine structure. At higher magnifications,
the surface was observed to be covered with nanowalls that extended in
multiple directions, creating a complex three-dimensional architecture.
Additionally, spherical flower-like formations were observed atop the

62



nanowall layer. The presence of these spherical agglomerates suggests the
formation of second-generation nanostructures, where nucleation and growth
occur within the working solution volume.

To investigate the crystal structure of the synthesized NiO nanostructures, X-
ray diffraction (XRD) was employed. The resulting XRD pattern revealed the
crystalline phase of NiO. However, a prominent amorphous background was
also observed, likely attributed to the thinness of the nanostructures. Several
well-defined peaks with relatively high intensity were identified, confirming
the crystalline nature of NiO.

The XRD data provided valuable insights into the crystallinity and structural
characteristics of the synthesized NiO nanostructures. The presence of
NiOOH species and the formation of oxyhydroxide species (NiOOH) at
relatively high applied potentials were critical for the electrocatalytic
efficiency of the NiO nanostructures in hydrogen peroxide (H.0O:) detection.

3. Cell Designs Utilized in Electrochemical
Sensing Studies

In the development and testing of various electrochemical sensors for the
detection of analytes such as hydrogen peroxide released due to stress in plant
samples and glyphosate, several distinct electrochemical cell designs were
employed. These designs were tailored to accommodate the specific
requirements of the sensing application, including the type of electrode
material, the nature of the analyte, and the need for reproducibility and ease
of sample handling.

3.1. Custom-Built Electrochemical Cell with
Nanostructured Electrodes

A custom-built electrochemical cell was utilized in multiple studies involving
nanostructured electrodes for the detection of hydrogen peroxide and other
analytes. The cell was constructed using a glass beaker housed within a
temperature-regulated water bath and integrated with a magnetic stirrer to
ensure uniform mixing and consistent temperature (typically 25 °C).

The working electrode (WE) was a nanostructure coated wire electrode,
fabricated through a two-step process involving hydrothermal synthesis and
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thermal decomposition, as detailed in the synthesis section. The counter
electrode (CE) was made of carbon, and the reference electrode (RE) was a
Ag/AgCI electrode.

To ensure consistent positioning and reproducibility across measurements,
the cell featured a custom 3D-printed ABS (acrylonitrile butadiene styrene)
lid with a fixed height, designed to hold the working electrode in place. A
heat-shrink polymer was used to seal the wire electrode, exposing only the
sensing area (typically 1-2 c¢cm) to the analyte solution.

The lid also included a central hole for the addition of the analyte via
micropipette and the integration of additional equipment, such as a
thermometer or pH meter during measurements. All electrochemical
measurements were conducted using the Zahner Zennium electrochemical
workstation, allowing precise control over parameters such as voltage, scan
rate, and measurement duration.
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REFERENCE ELECTRODE (RE)

HOLE FOR
REAGENT ADDITION
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MAGNETIC STIR BAR
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Figure 9. Schematic representation of utilized electrochemical measurement cell.
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This design was particularly suitable for studying plant-based analytes such
as barley and rye under stress conditions, where the electrochemical response
to H20: could be monitored with high sensitivity and selectivity. Additionally,
the design supported chronopotentiometric, cyclic voltammetry (CV), and
chronoamperometric measurements. The cell design facilitated both
calibration and interference testing, and the use of 70 mL of analyte per
measurement allowed for sufficient statistical analysis.

3.2. Mass-Produced PCB Chip Electrochemical Cell

In other studies, a mass-produced PCB (printed circuit board) chip was used
as the electrochemical cell, eliminating the need for a traditional beaker-based
setup. The PCB chip featured eight gold-coated copper electrodes arranged in
a compact configuration, fabricated using the ENIG (Electroless Nickel
Immersion Gold) process on an FR-4 glass-reinforced epoxy laminate.

The PCB chip was designed to fit into a quick-change connector within the
electrochemical cell, ensuring easy and consistent electrode alignment. Each
electrode had an individual copper track and a 150 x 125 um exposed gold
surface. The chip supported three-electrode configurations, with each
electrode potentially serving as a working, counter, or reference electrode.
The tracks were covered with a protective dielectric polymer, and the chip
was designed to allow flexible electrode configurations.
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Figure 10. a) Mass-produced PCB chips with Au-coated electrodes. b) Chip
electrode confguration. WE=working electrode, CE=counter electrode, and
RE=reference electrode. The diameter of the white ring is 1 mm.
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This setup was used for electrochemical detection in various sample matrices
and allowed for the replacement of electrodes before each measurement,
ensuring sample-specific calibration and cross-contamination-free operation.
The integration of a temperature-regulated water bath and magnetic stirrer
was also maintained, depending on the specific requirements of the
measurement protocol.

3.3. Miniaturized Droplet-Based Electrochemical Cell
for Surface Morphology Studies

In a study focused on the impact of surface morphology on wetting dynamics,
a miniaturized droplet-based electrochemical cell was used. This design was
particularly innovative for in situ electrochemical impedance spectroscopy
(EIS) measurements, where nanostructure-coated Cr electrodes served as both
the counter and working electrodes.

Figure 11. Structure of the electrical measurement cell (left) and electrodes (right).
The measurement cell consists of the following parts: a corps (1), an interlayer (2)
with push-in contacts (3), a sealing rubber mask (4) with replaceable plastic
cylinders (5). Sample (6) consists of four electrodes, which allow four independent
analyte measurements to be performed consistently.

A 250 pL droplet of the target liquid was placed on the cell, and phase shift
dependence on frequency was measured immediately and repeated every
minute for 10 minutes. The setup allowed for the investigation of dynamic
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wetting behavior in response to surface structure, and an average of eight
measurements was taken at different spots on the sample. This design was
particularly suited for surface science and material studies, where the
morphology of nanostructured surfaces directly influenced electrochemical
and interfacial properties.

These diverse electrochemical cell designs reflect the adaptability and
versatility required in the development and validation of electrochemical
sensors for different analytes and sample types. Each design was selected
based on the specific analytical goals, including selectivity, sensitivity,
reproducibility, and compatibility with complex matrices such as plant
extracts.

4. Glyphosate Detection Using Electrochemical
Sensors

Glyphosate, the most widely used herbicide globally, has raised significant
concerns due to its potential health risks, including respiratory malfunction,
altered consciousness, neurotoxic effects, increased cancer risk, and even
death. Despite its widespread application in agriculture, detecting glyphosate
in plant samples and environmental matrices remains a challenge.
Conventional detection techniques are often expensive, time-consuming, and
require complex instrumentation and extensive sample preparation.

This study presents a novel approach to glyphosate detection using
electrochemical sensors based on mass-produced printed circuit board (PCB)
electrodes. The sensors rely on the principle of indirect glyphosate detection,
exploiting its ability to form water-soluble complexes with copper ions
(Cu?"). This interaction reduces the electrochemical activity of Cu?*, which
can be monitored using differential pulse voltammetry (DPV).

4.1. Experimental Procedures

The experimental procedures for glyphosate detection were designed to assess
both the performance of the electrochemical sensor and its practical
applicability in real-world conditions. The study was conducted in multiple
phases:

67



Synthetic Samples and Calibration

To evaluate the sensor's sensitivity and reproducibility, synthetic
solutions of glyphosate were prepared by dissolving the herbicide in
15 mmol/L Cu(NOs). solutions. A series of calibration standards
were prepared, covering a concentration range of 0 to 1.5 mmol/L.
These solutions were used to determine the sensor response under
controlled conditions.

Plant Sample Preparation

To test the applicability of the sensor in real-world scenarios, 7-day-
old rye plant seedlings were treated with a 1:10 dilution of a
commercial glyphosate-based herbicide (360 g/L as isopropylamine
salt) and allowed to grow for five additional days. Plant juice was
extracted by crushing the plant tissue and filtering the suspension
through a coarse mesh. The filtered juice was then mixed with highly
concentrated Cu(NOs). to achieve a final concentration of 15
mmol/L Cu(NOs): in the solution. Control plant samples (untreated
with glyphosate) were processed in parallel for comparison.

For electrochemical measurements, 10 pL of solution (either synthetic or
plant juice supernatant) was placed on the working area of the chip. In the
case of plant juice samples, a 30-minute incubation period was allowed before
centrifugation to remove solid residues. 10 uL of the resulting supernatant
was then applied for SWV analysis.

4.2. Data Analysis and Automation Potential

The voltammetric data collected from the workstation was used to generate
square wave voltammetry (SWV) curves, allowing the quantification of the
sensor response to varying glyphosate concentrations. The main peak
amplitude, typically observed between 50-300 mV, corresponded to the
reduction of Cu?" ions and showed a linear decrease in amplitude with
increasing glyphosate concentrations up to 1.5 mmol/L, after which the sensor
became saturated.

The SWV peak amplitude was normalized to the maximum current observed

in the control (0 mmol/L glyphosate) solution. This normalization enabled
clear differentiation between glyphosate-contaminated and uncontaminated
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samples, with glyphosate-treated plant juice showing 10% decrease in main
peak amplitude when compared to control samples.
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Figure 12. A) Averaged SWV curve for rye samples. B) The main-peak maximum
from SWV versus glyphosate concentration.

To further validate the presence of glyphosate in treated plants and its
potential genotoxic effects, genomic DNA was extracted from 60 plant
samples: 30 from glyphosate-treated rye seedlings and 30 from control
samples. The results showed significant differences in the DNA banding
patterns between the control and glyphosate-treated groups. These changes
are indicative of genotoxic alterations, including point mutations, deletions,
and strand breaks. The RAPD findings corroborate the electrochemical,
reinforcing the validity of the sensor in identifying glyphosate-contaminated
plant material.

5. Electrochemical Sensors for Hydrogen
Peroxide Detection Using Metal Oxides

Hydrogen peroxide (H=0-) is a vital molecule in biological, environmental,
and industrial systems, often serving as an indicator of oxidative stress, a
marker for disease detection, and a reagent for various applications. This
chapter explores the electrochemical detection of H.O: using various metal
oxides, including cobalt oxide (Cos04), copper oxide (CuO), and zinc oxide
(Zn0). The approach adopted involves a systematic experimental workflow:
first, cyclic voltammetry (CV) is used to identify characteristic redox peaks
that are indicative of the electrochemical activity of the sensor; second,
amperometric measurements quantify the sensitivity of the sensor to H20z;
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and third, interference analysis assesses the selectivity of the sensor in the
presence of common interferents.

5.1. Cyclic Voltammetry for Electrochemical
Hydrogen Peroxide Detection

Cyclic voltammetry is the first step in evaluating the electrochemical behavior
of the metal oxide-modified electrodes. This technique helps identify the
characteristic oxidation and reduction peaks that arise from the interaction of
H.0. with the metal oxide surface. By varying the scan rates and
concentrations of H.0., the redox properties of the sensor can be
comprehensively understood, which is crucial for subsequent amperometric
and interference studies.

Cobalt Oxide (C03:04) Electrodes

The Cos04 electrodes, prepared via hydrothermal synthesis, demonstrated
excellent electrochemical activity toward H.O.. The CV measurements were
conducted in a 0.1 M NaOH solution containing H-O: concentrations ranging
from 0.2 mM to 2 mM. The CV results revealed two distinct pairs of redox
peaks: anodic peaks at approximately -0.8 V (peak 1) and -0.15 V (peak I1),
and cathodic peaks at around -1.23 V (peak I111) and 0.35 V (peak 1V).

Al B |
3
1 2
. / 1
< g <
E; Y E 0
8 g 4
5 -5+ E
3 3 -2
3
-10 — 100 mV/s.
-4 —— 80 mVis
60 mVis
5 40mVis
-15 T T T T T T T T T
-1.5 -1.0 -0.5 0.0 0.5 -15 -1.0 -0.5 0.0 05
Potential (V) Potential (V)

Figure 13. CV voltammograms of a nanostructured CosOa film derived from chloride
anions. A) The dependence of voltammogram on H202 concentration (scan rate =
100 mV/s), b) The dependence of voltammogram on scan rate. Measurements were
performed in 0.1 M NaOH buffer solution (pH = 13).
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Upon the addition of H20-, the shape of the CV curve significantly changed.
Notably, the oxidation peak (I) and reduction peak (I11) exhibited a marked
increase in peak current. The peak (I1l) current value showed a linear
relationship with the concentration of H.O. added. Additionally, peak (1)
demonstrated a less pronounced increase, and its position along the x-axis
shifted with increasing H20. concentration, reaching -0.7 V at higher
concentrations. Peaks (I1) and (IV) showed minimal changes over the entire
concentration range.

Copper Oxide (CuO) Electrodes

The CuO electrodes, synthesized via a one-step chemical hydrothermal
oxidation method, exhibited remarkable electrochemical activity toward
hydrogen peroxide (H20:). The cyclic voltammetry (CV) measurements were
carried out in a 0.1 M NaOH solution, with H-O: concentrations ranging from
0.1 mM to 5 mM. The CV curves revealed two distinct pairs of redox peaks:
anodic peaks at approximately -0.2 V (peak 1) and 0.1 V (peak II), and
cathodic peaks at around -0.7 V (peak I11) and -0.8 V (peak V).
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Figure 14. CV voltammograms of a nanostructured CuO film. A) The dependence of
voltammogram on H202 concentration, b) The dependence of voltammogram on scan
rate. Measurements were performed in 0.1 M NaOH buffer solution.

In the absence of H:0:, these redox peaks were primarily attributed to the
reversible redox transitions involving copper species, such as Cu®/Cu* and
Cu*/Cu?*. Upon the introduction of H20: into the solution, the shape and
magnitude of the CV peaks underwent significant changes. Notably, the
oxidation peak (peak 1) and the reduction peak (peak Ill) showed a marked
increase in peak current as the concentration of H20: increased. The current
at peak 111 demonstrated a linear correlation with the H.O- concentration over
the studied range, indicating a strong electrochemical response to the analyte.
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The CV results highlight the high electrochemical activity of CuO electrodes
toward H20:, as evidenced by the significant increase in peak current values
and the linear dependence of current on H20: concentration.

Nickel Oxide (NiO) Electrodes

The NiO electrodes, fabricated via hydrothermal synthesis of wall-shaped
nanostructures on iron wire substrates, exhibited robust electrochemical
activity toward hydrogen peroxide (H20:). Cyclic voltammetry (CV)
measurements were performed in a 0.1 M NaOH solution, with H202
concentrations varying between 100 uM and 2 mM. The CV curves revealed
two well-defined redox peaks: an anodic peak at approximately —0.4 V (peak
I) and a cathodic peak at around —1.4 V (peak II).

In the absence of H20, the CV responses were primarily governed by these
Ni-based redox processes. However, upon the introduction of H.O: into the
solution, a significant electrochemical response was observed, particularly at
the cathodic peak (—1.4 V), which demonstrated a linear dependence on H-0-
concentration. This peak, corresponding to the reduction of NiOOH to
Ni(OH): in the presence of H.O-, became the dominant feature in the catalytic
oxidation process. The anodic peak at —0.4 V also showed a noticeable
increase in current, although it remained less responsive to H2O2 compared to
the cathodic peak.
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Figure 15. A) CV graph of a nanostructured NiO nanowall-based electrode obtained
in a 0.1 M NaOH supporting electrolyte and in solutions containing H-0: in a
concentration range of 100 uM to 2 mM. B) Dependence of the electrochemical
response of the NiO electrode on the scanning speed. Scanning was performed in a
0.1 M NaOH solution containing 2 mM H-O-..
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The CV results underscore the excellent electrochemical response of NiO
electrodes to H20.. The cathodic peak current at —1.4 V showed a strong
linear correlation with the concentration of H202 across the tested range,
demonstrating the sensor's sensitivity and reliability.

The sensor also demonstrated excellent long-term stability, retaining over
95% of its initial performance after 30 days of storage. In summary, the NiO
electrodes, with their wall-shaped nanostructures, offer a promising platform
for the electrochemical detection of H2O-. Their high sensitivity, broad linear
range, low detection limit, and excellent stability make them ideal candidates
for real-time monitoring of oxidative stress in biological systems, particularly
in plant physiology and environmental sensing applications.

5.2. Sensitivity Analysis of Metal Oxide Electrodes for
H20: Detection

After characterizing the electrochemical behavior of the metal oxide
electrodes using cyclic voltammetry, amperometry was employed as the
primary method to assess the sensitivity, linearity, and limit of detection
(LOD) of each electrode toward hydrogen peroxide (H202). Amperometry is
a well-suited technique for this study due to its ability to provide real-time,
quantitative current measurements in response to the analyte concentration
under constant potential conditions. It is particularly advantageous for sensor
development as it allows for the direct measurement of the electrochemical
signal (current) produced by the oxidation or reduction reaction at the
working electrode, without the influence of scan rate or waveform.

Copper Oxide (CuO) Electrode

Amperometric measurements for the petal-like CuO electrode were carried
outin 0.1 M NaOH at -0.2 V (vs. Ag/AgCl). The current response increased
linearly with the concentration of H.O: across a wide range (from 20 uM to
1300 pM).

e Calibration Curve: The calibration curve showed an excellent linear
relationship between the current and H.O: concentration, with a
regression coefficient (R?) of 0.9997.

e Sensitivity: The sensitivity of the CuO electrode was measured as
505.11 pA/mM (or 0.5051 A/mM), which is among the highest
reported values for H-O: detection using CuO-based sensors.
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e Limit of Detection (LOD): The LOD was calculated as 1.05 uM,
indicating the electrode's ability to detect very low concentrations of
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Figure 16. A) Amperometric response of the nanostructured CuO electrode in 0.1 M
NaOH with stepwise addition of H-0:.
B) The corresponding calibration curve.

In addition to these performance parameters, the CuO electrode demonstrated
high selectivity toward H-O- in the presence of common interferents such as
ascorbic acid, uric acid, dopamine, and NaCl. The signal from these
substances did not significantly alter the baseline current or interfere with the
H20: detection signal.

Cobalt Oxide (C03:04) Electrode

The Co0304 electrode, fabricated by hydrothermal synthesis, was tested at a
fixed potential of -1.23 V (vs. Ag/AgCl), chosen based on the CV results to
optimize sensitivity toward H>0.. Amperometric experiments showed a
steady and measurable increase in current with increasing H-0: concentration.

e Calibration Curve: The calibration curve showed a linear correlation
between the current and HO: concentration in the range from 0.2
mM to 2 mM, with R?2=0.9976.

e  Sensitivity: The sensitivity of the CosO. electrode was determined to
be 22 uA/mM, which is lower than that of the CuO electrode but still
suitable for practical applications, particularly in healthcare and
environmental monitoring.

e Limit of Detection (LOD): The LOD for the CosO4 electrode was
7.14 uM, which is comparable to that of CuO in certain conditions,
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and well within the biologically relevant range of H-0O: in body

fluids.
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Figure 17. A) Chronoamperograms obtained in a 0.1 M NaOH supporting
electrolyte for Co304 nanostructured electrode for —1.2 V peak potential obtained by
gradually adding H-0-. B) Calibration curve for concentration-current dependence.

Notably, the Cos04 electrode exhibited a good response in real samples such
as milk and contact lens storage solution, with a recovery rate exceeding 95%.
This confirms the suitability of the electrode for quantitative analysis in
complex matrices. The selectivity was also evaluated, showing minimal
interference from common biological and chemical species.

Nickel Oxide (NiO) Electrode

Amperometric measurements for the wall-shaped NiO nanostructure
electrode were conducted in a 0.1 M NaOH solution at a working potential of
-1.4V (vs. Ag/AgCI). This potential was chosen to optimize the sensitivity of
the NiO-based electrode toward hydrogen peroxide while minimizing
interference from other electroactive species. The electrode exhibited a clear
and reproducible current response to the addition of H.02, with a strong
dependence of the current on the H.O2 concentration.

The electrochemical behavior of the NiO electrode was characterized over a
broad range of H-O: concentrations, from 25 pM to 4 mM. A stable and linear
current response was observed, indicating the electrode's suitability for
quantitative H-0: detection in complex matrices such as plant extracts.

The calibration curve for the NiO electrode was obtained by measuring the
current response at -1.4 V with incremental additions of H20:. The resulting
data showed a highly linear relationship between the current and the H2O:
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concentration, with a correlation coefficient (R?) of 1.00 (as implied by the
stepwise increase in current in response to H>0:). This linear relationship was
consistent across the entire range of H.O. concentrations tested, highlighting
the electrode's reliability and accuracy.
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Figure 18. A) The chronoamperogram captured in a 0.1 M NaOH supporting

electrolyte for the NiO nanostructured electrode at a peak potential of —1.4 V,

obtained with gradual addition of /#-0:. B) A calibration curve illustrating the
concentration—current relationship.

The sensitivity of the NiO electrode was calculated as 2474 pA-mM™ (or
15.46 mA-mM'-cm?) based on the slope of the calibration curve. This value
is exceptionally high when compared to previously reported NiO-based
electrochemical sensors, indicating the superior detection capability of the
wall-shaped NiO nanostructure configuration. The limit of detection (LOD)
for the NiO electrode was determined using the 3:1 signal-to-noise (S/N) ratio
criterion. Based on the noise observed in the baseline current measurements,
the LOD was calculated to be 1.59 uM.

The NiO electrode exhibited excellent selectivity toward H20- in the presence
of common interferents typically found in plant extracts, such as ascorbic
acid, glucose, citric acid, and sodium chloride. No significant changes in the
baseline current or in the response to H2O. were observed when these
substances were introduced to the working solution. The electrode's resistance
to interference was likely due to the catalytic specificity of the NiO surface,
which preferentially oxidized H2O2 while remaining largely unaffected by the
redox properties of the interfering species.

The stability of the NiO electrode over time was assessed by performing
repeated measurements of the current response at -1.4 V in a 0.1 M NaOH
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solution containing 2 mM H20.. The peak current value decreased by less
than 4% over a 30-day period, indicating that the electrode retained its
functionality and sensitivity with minimal degradation. Additionally, the
electrode demonstrated stable performance even after multiple reuse cycles,
with only a 7% reduction in sensitivity after the tenth measurement.

6. Plant Stress Detection Using H:0:

Electrochemical Sensors

Hydrogen peroxide (H=0:) is a central reactive oxygen species (ROS) that
functions both as a signaling molecule and an indicator of oxidative stress in
plants under abiotic and biotic stress conditions. Elevated levels of H.0:
reflect disruptions in cellular redox homeostasis induced by salinity,
herbicides, or other environmental stressors. Electrochemical detection of
H20: provides a robust approach for real-time monitoring of plant stress
responses. This study employed non-enzymatic electrochemical sensors
fabricated using nanostructured metal oxides—Co030a, CuO, and NiO. These
sensors exploit the intrinsic electrocatalytic activity of transition metal oxides
toward H.0. oxidation, further amplified by nanostructuring. The
morphological engineering of the sensing layer, particularly into petal-like,
nanowall, and fiber-like architectures, resulted in significantly enhanced
electroactive surface areas, promoting higher sensitivity and selectivity.

Each sensor type was tailored to specific applications:

e Co0304 nanopetals were optimized for barley extracts and
demonstrated excellent catalytic response in complex matrices.

e NiO nanowalls enabled effective H.O. sensing in rye under salt
stress, offering a high surface area and low detection limit (LOD =
1.59 uM, sensitivity = 2474 pA-mM™).

e  CuO nanostructures, used in a multisensor configuration with Co3Oa,
provided complementary selectivity, enhancing overall signal
fidelity in rye extracts subjected to salt and herbicide stress.
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6.1. Experimental Procedures

Electrochemical measurements were conducted in three-electrode cells with
Ag/AgCI as the reference and carbon as the counter electrode. The working
electrodes were nanostructured CosOs, CuO, or NiO on metal wires (iron or
copper substrates), synthesized by hydrothermal and chemical oxidation
methods.

Plant Material and Treatments:

e  Species: Barley (Hordeum vulgare L.) and Rye (Secale cereale L.).

e Stress Induction: Plants were exposed to 0.2 M NaCl to simulate
salinity stress. Additional groups received Fes:Os or ZnO
nanoparticles to mitigate induced stress tolerance.

e Duration: Total cultivation lasted 4 weeks, with stress/nanoparticle
treatments applied during the final 3 weeks.

Sample Preparation:

e Green plant tissues (typically 10 g per 250 mL) were extracted in 0.1
M NaOH and stored under cold, dark conditions to stabilize H20-.

e For optical measurements, chlorophyll was extracted in ethanol for
stress validation via photosynthetic pigment loss.

Electrochemical Calibration and Interference Tests:

e Sensors were calibrated using H-O: standards from 25 uM to 7 mM.

e Interference resistance was evaluated against NaCl, glucose, citric
acid, and ascorbic acid. Petal-like CosOs structures exhibited the best
resilience to interferences from plant matrix components

Data were acquired using CV, SWV, and amperometry. CV scans typically
ranged from —1.3 V to +0.5 V (vs. Ag/AgCl), with scan rates of 100 mV-s™.
Amperometric detection was carried out at a fixed potential (e.g., —1.2 V)
corresponding to the H.O: oxidation peak.

6.2. Plant stress detection using nanostructured
electrochemical sensors

In this studies, plant samples subjected to NaCl- and glyphosate-induced
stress exhibited significantly elevated H.O: concentrations compared to the
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control group, with increases of up to 163.02 uM and 223.03 pM,
respectively. These findings were further supported by optical absorption
measurements, which revealed a substantial decrease in chlorophyll
content—up to 35% in the most severely stressed samples (Table 1).

Previously developed non-enzymatic electrochemical sensors using
nanostructured CuO and CosOs electrodes were utilized for plant stress
detection. These materials were chosen based on their high catalytic activity,
stability, and compatibility with electrochemical detection methods.

The relationship between H20: levels and plant physiological functions was
further validated by comparing the results of electrochemical H-O: detection
with optical chlorophyll measurements. A clear inverse correlation was
observed: as H.0: concentrations increased, chlorophyll levels decreased,
particularly in samples exposed to NaCl and glyphosate. The control samples,
which showed minimal H.O. accumulation, exhibited the highest chlorophyll
content and longest shoot lengths. In contrast, stressed samples showed
reduced chlorophyll levels and stunted growth, indicating impaired
photosynthetic activity and overall plant vigor.

g Stress Factor As Prepared Samples
ry Chl(a), Chl(b),
é (mg/g) (mg/g)
2 Hy02 47.80 19.27
< Control 45.88 17.82
Glyphosate 31.39 14.40
NacCl 30.10 19.21

Table 1. The decrease in chlorophyl

500 600 700 800 contents for various stress inducers in
Waslength (nm) rye. The stress inducers were applied
Figure 19. Light absorbance spectrum during irrigation.

for rye samples.

Hydrogen peroxide (H20:) has been unequivocally established as a reliable
biomarker of plant stress, with its concentration directly linked to the severity
of stressors such as salt and herbicides. The development of non-enzymatic
electrochemical sensors based on nanostructured CuO and CosOa4 electrodes
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has provided a robust and sensitive method for detecting H-0- in plant tissues.
These sensors demonstrated excellent performance in terms of sensitivity,
selectivity, and stability, even in the complex matrix of rye juice. The
correlation between elevated H:O: levels and reduced chlorophyll content
further validates the use of H20: as an indicator of oxidative stress in plants.

6.3. Utilization of Nanoparticles for Stress
Mitigation and Sensor Application Field Expansion

The integration of nanoparticles into agricultural practices has opened new
avenues for stress mitigation, with these nanomaterials playing a pivotal role
in alleviating oxidative stress in plants. In this context, the sensors developed
in this study, based on NiO, CuO and Cos0. nanostructures, demonstrate
significant potential as monitoring tools to detect varying stress levels before,
during, and after nanoparticle application. By quantifying hydrogen peroxide
(H20:) in plant tissues, the sensors can effectively assess the efficacy of
nanoparticles in reducing oxidative damage. For instance, the addition of ZnO
or FesO4 nanoparticles to irrigation water has been shown to significantly
reduce H20: concentrations in rye under salt stress, as demonstrated in earlier
studies. These nanoparticles not only help in scavenging reactive oxygen
species (ROS) but also enhance the plant’s natural antioxidant systems.

The versatility of the NiO, CuO and CosO4-based sensors extends further into
ariculture: they can be employed in a feedback-driven system to monitor the
physiological response to fertilizers and chemical interventions. For example,
by continuously measuring H>0: levels in treated plants, farmers and
researchers can adjust fertilizer dosages and application methods based on
real-time data.
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Type of H:0: Concentration

Plant Species Stress Stress Mitigator (M)
Rye (Secale cereale | Salt  stress | — (Control, no | 500
L.) (NacCl) mitigation)

ZnO nanoparticles (50 | 190
mg-L")

ZnO nanoparticles (100 | 130
mg-L")

Barley (Hordeum | Salt  stress | — (Control, no | 500
\vulgare L.) (NaCl) mitigation)

Fes04 nanoparticles (72 | 150

mg-L™1)

Table 2. Comparison of detected H-O: levels in plants with and without stress
mitigation via nanoparticle irrigation.

6.4. Chapter Summary

After presenting the detailed electrochemical performance of each metal
oxide electrode—namely CuO, Co0s04, and NiO—in detecting hydrogen
peroxide, it is important to summarize and compare their key analytical
parameters in order to assess their relative merits and suitability for different
applications. Each electrode demonstrated distinct characteristics in terms of
sensitivity, linear range, limit of detection, selectivity, and long-term stability.
To facilitate a direct and structured comparison, a summary table is provided
below, which consolidates the most relevant performance metrics for each
material. This comparative overview highlights the strengths of each system
and aids in determining the optimal electrode for specific sensing
environments, such as biomedical, environmental, or plant physiological
monitoring.
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Parameter Copper Oxide (CuO) Cobalt Oxide (Co:04) | Nickel Oxide (NiO)
Electrolyte 0.1 M NaOH 0.1 M NaOH 0.1 M NaOH
Applied -0.2'V (vs. Ag/AgCl) -1.23 V (vs. Ag/AgCl) -1.4 'V (vs. Ag/AgCl)
Potential

Linear 20 pM to 1300 M 0.2mMto2 mM 25 uM to 4 mM

Detection

Range

Correlation 0.9997 0.9976 1.00

Coefficient

(R?)

Sensitivity 505.11 pA/mM (0.5051 | 22 pA/mM 2474 pA/ImM (15.46
A/mM) mA/mM-cm?)

Limit of | 1.05 uM (3o/sensitivity) | 7.14 uM 1.59 uM

Detection

(LOD)

Selectivity High; no significant | Good; minimal | Excellent; no
interference from | interference from NaCl, | interference from
ascorbic acid, uric acid, | KNOs, glucose, citric | ascorbic acid, glucose|
dopamine, NaCl acid, ascorbic acid citric acid, NaCl

IApplication High for low- | Suitable for healthcare | Excellent for plant

Suitability concentration H20: | and environmental | stress biomarker
detection  (biological, | monitoring detection (e.g., salf

environmental)

stress)

Table 3. Comparative Performance of CuO, CosO4, and NiO Electrodes for H:0:
Detection
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Conclusions

6. Laser-assisted and hydrothermal synthesis techniques enable
the controlled fabrication of highly uniform and patterned ZnO
nanoneedles, significantly enhancing their structural fidelity and
suitability for application-specific design in electrochemical systems.

a. The synthesis of ZnO nanoneedles was successfully controlled
through both hydrothermal and laser-assisted methods. ZnO
nanoneedles synthesized using hydrothermal techniques on
preheated substrates yielded highly uniform structures. The laser-
assisted method, using a 532 nm laser at 15,5 MW/m2 with a scan
speed of 55 mm/min, enabled selective and precise patterning of
ZnO nanostructures with minimal parasitic growth.

7.  The morphology of metal oxide nanostructures—such as CuO
nanopetals, Co0:0: nanofibers, and NiO nanowalls—can be
systematically tuned via synthesis parameters to optimize
electrochemical activity, surface area, and stability, offering tailored
sensor performance for diverse applications.

a. The synthesis of CuO nanostructures via hydrothermal oxidation
yielded nanopetals with a flower-like morphology that exhibited
superior electrochemical activity. The optimal synthesis duration
for CuO was 3 hours at 90°C in a solution composed of 10 mL of
10 M NaOH, 5 mL of 1 M (NH4)2S20s, and 26 mL of distilled
water.

b. Cos04 chloride-assisted synthesis led to the formation of long,
uniform nanofibers assembled into honeycomb-like structures,
which demonstrated high adhesion, large surface area, and
excellent electrochemical response. The optimal synthesis
duration for CosO4 was 5 hours at 95°C in equimolar agueous
solution of 0.1 M CoCl>-6H-0 and 0.1 M hexamethylenetetramine
(CH4N:0).

¢. For NiO, hydrothermal synthesis on iron wires produced wall-
shaped nanowalls with a complex three-dimensional architecture
and spherical flower-like formations. The optimal synthesis
duration for NiO was 5 hours at 95°C 0.1 M equimolar mixture of
nickel nitrate hexahydrate (Ni(NOs)2:6H20) and
hexamethylenetetramine (CsHi2Na).
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8.

The development of electrochemical platform designs enabled

targeted detection of analyte in diverse applications:

a.

9.

Custom-Built  Electrochemical Cell with Nanostructured
Electrodes demonstrated high suitability for plant extract analysis
for stress monitoring.

Mass-Produced PCB Chip Electrochemical Cell demonstrated the
capability of analyzing small volume samples (down to 10 uL) for
herbicide application monitoring.

Miniaturized Droplet-Based Electrochemical Cell capabilities to
perform wettability dynamics studies for various nanostructure
morphologies.

Nanostructured NiO, Co0:0s, and CuO electrodes exhibit

exceptional sensitivity and selectivity for hydrogen peroxide detection
in plant extracts, enabling the real-time monitoring of oxidative stress
under abiotic and herbicide-induced conditions.

a.

Electrochemical sensors based on nanostructured NiO, Co030s,
and CuO were tested for HO: detection in rye and barley.
i. The NiO-based sensor demonstrated detection limit (LOD)

of 1.59 uM and a sensitivity of 2474 pA-mM .

ii. Co030a electrodes demonstrated LOD of 7.14 puM and
sensitivity of 22 pA-mM1.

ili. CuO sensors exhibited LOD of 1.05 uM and sensitivity of
505 pA-mM,

iv. These sensors were successfully tested against common plant
interferents.

10. The developed electrochemical sensors, validated through
complementary optical and molecular methods, demonstrate high
correlation with physiological stress indicators, establishing H.O: as
a reliable biomarker for plant stress assessment.

a.

The electrochemical detection of H2O2 was validated using optical

measurements (chlorophyll content) and molecular analyses

(RAPD). During this study, it was established that for stressed rye

samples:

i. The chlorophyll content were reduced by up to 35% when

compared to control;

ii. The created sensors detected H-02 levels up to 223.03 uM
with stressed rye samples;

iii. The control samples had H202 levels less than LOD.
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Additionally, glyphosate-stressed plant samples exhibited
significant genotoxic effects as evidenced by RAPD analysis,
indicating DNA-level changes. The integration of electrochemical
data with optical and molecular validation methods strengthens
the credibility of H20: as a key physiological marker and supports
the use of developed sensors in agricultural monitoring systems.
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