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Wykaz skrotow

CV — woltamperometria cykliczna

SWYV — woltamperometria fali prostokatne;j

DSWYV — réznicowa woltamperometria fali prostokatne;j

EFS — elektrochemiczna spektroskopia faradajowska

TPB — granica trzech faz

PAA — kwas poliakrylowy

pAMPS — kwas poli(2-akrylamido-2-metylo-1-propanosulfonowy)
PAAmMAA — kopolimer poli(akrylamidu-co-kwasu akrylowego)
SPE — elektroda sitodrukowana

PB — blekit pruski

PW —biel pruska

PB-SPE — elektroda sitodrukowana modyfikowana btekitem pruskim
CoPC — ftalocyjanina kobaltu(II)

CoPC-SPE — elektroda sitodrukowana modyfikowana ftalocyjaning kobaltu(II)
GCE — dyskowa elektroda z wegla szklistego

GCER - pretowa elektroda z wegla szklistego

PIGE - elektroda grafitowa impregnowana parafing

TATP — triacetonotriperoksyd

HMTD — heksametylenotriperoksydiamina

CL — chemiluminescencja

HRP/BSA - peroksydaza chrzanowa/albumina surowicy bydlecej
PhC - krysztat fotoniczny



Streszczenie

Nadtlenek wodoru nalezy do grupy reaktywnych form tlenu i odgrywa istotng role
w wielu procesach biologicznych oraz chemicznych. W organizmie czlowieka uczestniczy
migedzy innymi w procesach biosyntezy, przekazywaniu i regulacji sygnaloéw
komoérkowych, a takze w mechanizmach odpowiedzi immunologicznej. Jednoczesnie jego
nadmierna akumulacja i podwyzszone stezenie w wydychanym powietrzu mogg $wiadczy¢
o zaburzeniu prawidlowego funkcjonowania organizmu i stanowi¢ potencjalny wskaznik
wielu chorob, w tym astmy i raka ptuc. Z tego tez wzgledu doktadna kontrola jego stezenia
w fazie gazowej stanowi bardzo wazny element wspolczesnej diagnostyki oraz analizy
srodowiska.

Niniejsza rozprawa doktorska poswigcona jest opracowaniu nowych
elektrochemicznych metod detekcji gazowego nadtlenku wodoru oraz okresleniu
czynnikdw wplywajacych na wlasciwosci analityczne projektowanych uktadow
pomiarowych. Badania obejmowaly poznanie mechanizméw proceséw elektrodowych
zachodzacych podczas elektrochemicznej redukcji nadtlenku wodoru w obecnosci
elektrokatalizatora w postaci jonéw miedzi(I), ocene mozliwosci wykorzystania elektrod
sitodrukowanych wraz z modyfikatorami ich powierzchni aktywnej oraz okreslenie
wptywu sktadu elektrolitu podstawowego na wilasciwosci analityczne opracowanych
sensorow. Kluczowym elementem pracy bylo rdwniez opracowanie uktadu pomiarowego
wykorzystujacego granice trzech faz oraz zastosowanie zaawansowanych technik
elektrochemicznych w celu zwigkszenia czutosei i poprawy parametrow detekcyjnych.

Przeprowadzone badania doprowadzity do opracowania nowych strategii
oznaczania gazowego nadtlenku wodoru, charakteryzujacych si¢ wysoka czuloscia, dobra
powtarzalno$cig oraz mozliwoscia prowadzenia pomiarOw w czasie rzeczywistym.
Uzyskane w niniejszej pracy wyniki pozwolily na lepsze poznanie mechanizméw
elektrochemicznej redukcji nadtlenku wodoru oraz wskazaly nowe rozwiazania, ktdre

moga znalez¢ zastosowanie w konstrukeji wysoko czutych sensordw gazowych.



Abstract

Hydrogen peroxide is one of the most important reactive oxygen species and plays
a significant role in numerous biological and chemical processes. In the human body, it
participates in biosynthesis processes, cellular signaling, and immune defense mechanisms.
However, excessive accumulation of hydrogen peroxide and its elevated concentration in
exhaled breath have been associated with impaired physiological function and may serve
as potential biomarkers of various diseases, including asthma and Iung cancer. Therefore,
the accurate determination of gaseous hydrogen peroxide is of considerable importance for
modern medical diagnostics and environmental monitoring.

This Ph.D. dissertation focuses on the development of new electrochemical methods
for the detection of gaseous hydrogen peroxide and the investigation of factors influencing
the analytical performance of the proposed sensing systems. The research involved the
elucidation of electrode processes associated with the electrochemical reduction of
hydrogen peroxide in the presence of copper(Il) ions acting as an electrocatalyst, evaluation
of the applicability of screen-printed electrodes and surface modification strategies, as well
as investigation of the influence of the supporting electrolyte composition on the analytical
properties of the developed sensors. A key element of the work was also the development
of' a measuring system based on the three-phase boundary concept and the implementation
of advanced electrochemical techniques to further improve sensitivity and analytical
performance.

The conducted research led to the development of new strategies for the
determination of gaseous hydrogen peroxide, offering high sensitivity, good repeatability,
and the capability for real-time measurements. The findings presented in this dissertation
contributed to a better understanding of the mechanisms of electrochemical hydrogen
peroxide reduction and provided new approaches that may be applied in the design of highly

sensitive gas sensors.
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Wprowadzenie

Zwiazek pomiedzy nadtlenkiem wodoru a procesami zycia ma charakter ztozony,
wielowymiarowy i dynamiczny. Przez dtugi czas nadtlenek wodoru postrzegany byt przede
wszystkim jako toksyczny produkt uboczny przemian tlenowych, odpowiedzialny
za uszkodzenia struktur komorkowych oraz zaburzenia funkcjonowania organizmow. Taki
obraz wynikal gléwnie zjego zdolnosci do generowania reaktywnych form tlenu oraz
udziatu w procesach prowadzacych do degradacji biomolekut. Dopiero rozwoj badan nad
reaktywnymi formami tlenu oraz mechanizmami regulacji redoks pozwolit na zmiane tego
podejscia, gdzie wykazano, ze rola nadtlenku wodoru w uktadach biologicznych jest
znacznie bardziej ztozona niz wczesniej przypuszczano [1].

Obecnie wiadomo, ze metabolicznie wytwarzany nadtlenek wodoru odgrywa
istotng role w regulacji procesow komorkowych, pelnige funkcje czasteczki sygnatowe;j
w uktadach redoks. Uczestniczy on w mechanizmach zwigzanych z proliferacjg komorek,
ich réznicowaniem, starzeniem si¢ oraz procesami apoptozy [2, 3], a takze bierze udziat
w odpowiedzi immunologicznej organizmu, wplywajac na mechanizmy obronne
przeciwko patogenom oraz regulujac przebieg procesow zapalnych [4, 5]. Tym samym
nadtlenek wodoru przestat by¢ postrzegany wylacznie jako czynnik uszkadzajacy, a zaczat
by¢ traktowany jako integralny element funkcjonowania uktadow biologicznych.

Zrédtem nadtlenku wodoru w organizmach tlenowych sa gléwnie procesy zwiazane
z metabolizmem tlenu. Podczas przemian zachodzacych w mitochondrialnym fancuchu
oddechowym czasteczkowy tlen petni rolg koncowego akceptora elektrondéw, ulegajac przy
tym czteroelektronowej redukcji do wody. W jej trakcie nastepuje akumulacja reaktywnych
form tlenu, ktére mozna podzieli¢ na bardzo niestabilne i wysoce reaktywne, takie jak
rodniki hydroksylowe, ktére moga prowadzi¢ do generowania reaktywnych aldehydow
i Smierci komoérek oraz wykazujace wigksza stabilno$¢ i mniejsza reaktywnosé, jak
nadtlenek wodoru, ktory nastepnie moze zosta¢ wykorzystany jako wewnatrzkomorkowy
przekaznik. Z chemicznego punktu widzenia nadtlenek wodoru jest umiarkowanie
reaktywnym utleniaczem, jednak jego rzeczywista aktywnos$¢ w uktadach biologicznych
wynika przede wszystkim z mozliwosci generowania bardziej reaktywnych form tlenu,
co glownie jest mozliwe poprzez reakcje Fentona. Obecnosé¢ jonow Fe? czy Cu' oraz
nadtlenku wodoru prowadzi do powstawania rodnikéw hydroksylowych, co bezposrednio
wigze si¢ z ryzykiem wystapienia stresu oksydacyjnego [6]. Zjawiska te podkreslaja dualny

charakter nadtlenku wodoru, ktory z jednej strony jest niezbedny dla prawidtowego
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funkcjonowania organizméw, z drugiej] natomiast moze stanowi¢ Zrodlo uszkodzen
na poziomie molekularnym.

Poza swoim znaczeniem biologicznym nadtlenek wodoru znajduje bardzo szerokie
zastosowanie w réznych galeziach przemystu, co wynika przede wszystkim z jego silnych
wiasciwoscei utleniajacych oraz stosunkowo prostego i bezpiecznego dla srodowiska
mechanizmu rozktadu do wody i tlenu. Dzieki tym wlasciwosciom jest on czesto
traktowany jako bezpieczniejsza alternatywa dla bardziej agresywnych i mniej przyjaznych
srodowisku utleniaczy, jak na przyktad zwigzki chloru [7]. W praktyce oznacza to, ze moze
by¢ wykorzystywany w procesach, gdzie duze znaczenie ma jednoczesne zachowanie
wysokiej efektywnosci utleniania jak i ograniczenie powstawania toksycznych produktéw
ubocznych. Z tego tez powodu, jednym z gldwnych obszaréw zastosowania nadtlenku
wodoru jest przemyst spozywezy [8]. Jego zdolno$é do generowania reaktywnych form
tlenu sprawia, iz wykazuje on silne dziatanie przeciwdrobnoustrojowe dziatajac tym
samym jako s$wietny s$rodek dezynfekujacy i odkazajacy powierzchnie produkcyjne,
urzadzenia oraz opakowania zywnosci [9]. Mechanizm jego dziatania polega przede
wszystkim na utlenianiu wielu zwigzkow obecnych w komorkach, takich jak biatka czy
DNA, w konsekwencji prowadzac do $mierci drobnoustrojow [7, 10]. Wlasciwosci
dezynfekujace nadtlenku wodoru znalazty rowniez zastosowanie w technologiach
uzdatniania wody, gdzie jest stosowany jako $rodek do wspomagania eliminacji
patogennych mikroorganizmoéw, takich jak bakterie, wirusy i pierwotniaki. Dodatkowo,
odgrywa on kluczowa role w zaawansowanych procesach utleniania, umozliwiajac tym
samym rozklad trwalych zanieczyszczen organicznych [11].

Innym obszarem, w ktorym nadtlenek wodoru znajduje zastosowanie jest przemyst
farmaceutyczny 1 medyczny. W tym przypadku, jego rola nie ogranicza si¢ wylacznie
do dziatania dezynfekujacego, lecz obejmuje ona miedzy innymi udziat w procesach
gojenia ran, gdzie wspomaga eliminacj¢ drobnoustrojéw oraz peini funkcje czasteczki
sygnatowe] wysylajac informacje o uszkodzeniu. Niemniej jednak, biologiczne dziatanie
nadtlenku wodoru jest silnie zalezne od jego stezenia. W wyzszych stezeniach wykazuje on
silne wlasciwosci prozapalne oraz utleniajace, przyczyniajace sie¢ do efektu
dezynfekujacego, natomiast w nizszych stezeniach wspomaga procesy regeneracyjne [12,
13].

Istotne znaczenie nadtlenek wodoru ma réwniez w przemysle tekstylnym oraz
papierniczym, gdzie wykorzystywany jest gtownie jako srodek wybielajacy. W procesach

tych odpowiada za utlenianie barwnikdéw oraz innych zanieczyszczen organicznych
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obecnych w surowcach, co pozwala na uzyskanie produktow o jednolitej barwie oraz
poprawionych wihasciwosciach uzytkowych [14].

Szerokie zastosowania nadtlenku wodoru zamyka przemyst paliwowy, w ktorym
coraz czesciej pojawia sie on jako alternatywny utleniacz zastepujacy tlen. Jego
wykorzystanie wtego typu ukladach wynika przede wszystkim z mozliwosci pracy
w Srodowiskach beztlenowych, takich jak przestrzen kosmiczna czy $rodowisko
podwodne, w ktorych obecnos$é tlenu wymaga dodatkowego zbiornika w systemie.
Ponadto, zastosowanie nadtlenku wodoru jako utleniacza moze prowadzi¢ do zwigkszenia
teoretycznego napigcia ogniwa, a tym samym poprawy wydajnosci konwersji energii.
Korzystnym aspektem jest rOwniez stosunkowo niska strata aktywacyjna reakcji redukcji
nadtlenku wodoru, wynikajaca z dwuelektronowego transferu elektrondéw [15, 16].

Pomimo szerokiego zastosowania technologicznego, znaczenie nadtlenku wodoru
w kontekscie organizmu czlowieka pozostaje szczeg6lnie wazne. Jak juz wezesniej
wspomniano, wykazuje on charakter dualny i jego rola przede wszystkim zalezy
od lokalnego st¢zenia oraz warunkow s$rodowiska komoérkowego [4]. W prawidlowych
warunkach bierze on udzial w procesach komunikacji molekularnej oraz w mechanizmach
obrony organizmu przed patogenami. Nadtlenek wodoru powstaje na skutek dysmutacji
anionorodnika ponadtlenkowego, a nastepnie moze dyfundowaé przez blony komorkowe,
umozliwiajac przekazywanie sygnalu pomiedzy r6znymi obszarami komorki. W procesach
tych uczestniczy w regulacji aktywnosci licznych czynnikdéw transkrypcyjnych oraz
szlakéw metabolicznych, co bezposrednio przektada si¢ na odpowiedz komorki na bodzce
zewnetrzne [17]. Jednoczesnie jak zostatlo wczesniej podkreslone, nadmierna akumulacja
nadtlenku wodoru prowadzi do zaburzenia roéwnowagi redoks i w konsekwencji
do wystgpienia stresu oksydacyjnego. Koncepcja biologicznego stresu oksydacyjnego
zostatla opisana szczegoétowo przez Helmuta Siesa [18] i zdefiniowana jako ,.brak
réwnowagi miedzy utleniaczami i przeciwutleniaczami na korzy$¢ utleniaczy, prowadzacy
do zaktocenia sygnalizacji i kontroli redoks i/lub uszkodzenia molekularnego™ [19].
W praktyce oznacza to, iz powstate w wyniku nadprodukcji reaktywne formy tlenu moga
oddziatywaé z podstawowymi skladnikami komdrki, takimi jak bialka, lipidy czy kwasy
nukleinowe, prowadzac do zaburzenia ich struktury i funkcji [20, 21]. Liczne badania
wykazaly, ze stres oksydacyjny odgrywa znaczaca role w patogenezie wielu chorob, w tym
nowotworow ztosliwych, chorob neurodegeneracyjnych, tj. chorobie Alzheimera
czy Parkinsona, a takze schorzen uktadu oddechowego i sercowo-naczyniowego [4, 17, 20,

22-26].
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W zwigzku z obserwowanymi zaleznosciami nadtlenek wodoru uznawany jest
za jeden z najbardziej reprezentatywnych wskaznikow stresu oksydacyjnego. Wynika to
miedzy innymi z faktu, Zze oszacowanie wielu klasycznych parametréw opisujacych ten stan
jest stosunkowo zlozone i wymaga wykorzystania zaawansowanej aparatury, takiej jak
spektroskopia elektronowego rezonansu spinowego czy wysokosprawna chromatografia
cieczowa, a uzyskiwane w ten sposob wyniki nie zawsze cechujg si¢ wysoka swoistoscia
[26]. Na tym tle nadtlenek wodoru stanowi bardziej bezposredni wskaznik zmian
zachodzacych w organizmie, poniewaz jest on zaré6wno produktem przemian
metabolicznych, jak 1 aktywnym uczestnikiem procesow sygnatowych. W zwiazku z tym,
jego obecno$¢ w plynach ustrojowych moze odzwierciedla¢ aktualny stan réwnowagi
redoks, jednoczes$nie dostarczajac informacji o rozwijajacych sie stanach patologicznych.
Ponadto, warto zaznaczy¢, ze nadtlenek wodoru powstaje rowniez jako produkt reakcji
enzymatycznych katalizowanych przez oksydazy, sprawiajac, iz jego oznaczanie moze
dostarcza¢ informacji o przebiegu tych proceséw bez koniecznosci bezposredniego
oznaczania samych substratow [27].

W efekcie dokladna detekcja nadtlenku wodoru pozostaje przedmiotem duzego
zainteresowania w literaturze. W ostatnich latach szczegodlne znaczenie zyskuje oznaczanie
nadtlenku wodoru w fazie gazowej, zwlaszcza w wydychanym powietrzu [28-30]. Analiza
sktadu oddechu jest nieinwazyjna metoda diagnostyczna, ktéra umozliwia uzyskanie
informacji o stanie fizjologicznym organizmu bez koniecznosci pobierania probek
biologicznych w sposob ingerujacy w organizm pacjenta [31]. Wydychane powietrze
stanowi ztozong mieszaning gazow, zawierajaca oprocz gtownych sktadnikéw, czyli azotu,
tlenu czy dwutlenku wegla, rowniez liczne zwiazki lotne obecne w bardzo niskich
stezeniach, siegajacych nawet ppt [32]. Wsrdd nich znajduja sie zarowno lotne zwigzki
organiczne, jak 1nieorganiczne produkty przemian metabolicznych, wtym wlasnie
nadtlenek wodoru. W przypadku zaburzen uktadu oddechowego, takich jak astma, rak pluc
czy przewlekta obturacyjna choroba pluc, obserwuje sie zwiekszong produkcje
reaktywnych form tlenu przez makrofagi i neutrofile, co w konsekwencji prowadzi
do podwyzszonego stezenia nadtlenku wodoru w wydychanym powietrzu [33]. Stwarza to
mozliwo$¢ wykorzystania oznaczania nadtlenku wodoru w diagnostyce oraz
monitorowaniu przebiegu tych choréb. Nalezy jednak zaznaczy¢, ze dokladny pomiar
nadtlenku wodoru w fazie gazowej jest trudny do przeprowadzenia, gtownie ze wzgledu
na jego niskie stezenie, zdolno$¢ do tatwego utleniania na powietrzu oraz obecnos¢

w matrycy gazowej licznych substancji zaktdcajacych.
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Oznaczanie nadtlenku wodoru w fazie gazowej ma znaczenie nie tylko w kontekscie
diagnostyki medycznej, ale rdwniez w obszarze bezpieczenstwa publicznego. Nadtlenek
wodoru jest jednym z kluczowych prekursoréw stosowanych w syntezie nadtlenkowych
materialdéw wybuchowych, do ktérych nalezg miedzy innymi triacetonotriperoksyd (TATP)
czy heksametylenotriperoksydiamina (HMTD). Zwiazki te moga by¢ otrzymywane
stosunkowo prostymi metodami z wykorzystaniem tatwo dostepnych w handlu reagentow,
polegajacymi na reakcji nadtlenkowego prekursora z acetonem w srodowisku kwasnym,
co niestety przekltada sie na czeste ich wykorzystanie w improwizowanych i ,,domowych”
tadunkach wybuchowych [34]. Istotnym problemem zwigzanym z tymi substancjami jest
ich wysoka niestabilno$¢ oraz brak klasycznych grup funkcyjnych, w szczegélnosci grup
nitrowych, charakterystycznych dla wiekszosci tradycyjnych materiatdw wybuchowych.
W konsekwencji ich bezposrednia detekcja jest utrudniona, a stosowane metody
analityczne wymagaja czesto ztozonej aparatury oraz odpowiedniego przygotowania
probki [35, 36]. Dodatkowo, zaréwno w trakcie syntezy, jak i rozkladu tych zwigzkow
moze dochodzi¢ do uwalniania nadtlenku wodoru do otoczenia, w tym do fazy gazowe;j
[35]. Oznacza to, ze monitorowanie poziomu nadtlenku wodoru w powietrzu moze
stanowi¢ posredni wskaznik obecnosci samych materiatow wybuchowych. To podejscie
staje si¢ kluczowe w sytuacjach, w ktérych bezposrednia identyfikacja materiatow
wybuchowych nie jest mozliwa, na przyklad w przypadku sladowych ilosci substancji
lub probek zdegradowanych.

W celu detekcji nadtlenku wodoru opracowano szereg metod analitycznych
obejmujacych techniki spektroskopowe, luminescencyjne czy elektrochemiczne.
Do najczesciej stosowanych naleza miedzy innymi spektrofotometria [37], fluorescencja
[38, 39], chemiluminescencja [40], kolorymetria [41] oraz metody chromatograficzne,
w tym wysokosprawna chromatografia cieczowa [42]. W literaturze opisywane sa rowniez
bardziej zaawansowane podej$cia analityczne wykorzystujace sprzezone techniki
chromatograficzne zdetekcja mas (GC-MS/HPLC-MS) [43, 44] oraz metody
spektroskopowe takie jak spektroskopia w podczerwieni oraz spektroskopia Ramana [45].
Szczegolne znaczenie w analizie $ladowych ilosci nadtlenku wodoru majg techniki
luminescencyjne, zwlaszcza chemiluminescencja, ktora dzigki bardzo niskiemu poziomowi
sygnatu tla umozliwia osigganie niskich granic oznaczalnosci. Natomiast techniki
chromatograficzne sprz¢zone z detekcja mas pozwalaja nie tylko na ilosciowe oznaczanie
analitu, lecz rowniez na identytikacje poszczegdlnych skladnikow probki, co ma istotne

znaczenie dla analiz w zlozonych matrycach srodowiskowych i biologicznych. Niektore
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z powyzszych procedur analitycznych zostaly przystosowane do detekcji nie tylko
cieklego, ale réwniez gazowego nadtlenku wodoru. Do tego celu wykorzystywane sa
migdzy innymi techniki bazujace na spektrometrii mas [46, 47], chemiluminescencji [48,
49], spektrofotometrii UV-Vis [37, 50, 51], spektrofluorymetrii [52] oraz sensorach
amperometrycznych [53].

Wszystkie wymienione techniki charakteryzuja si¢ wysoka czuloscig oraz
mozliwo$cig oznaczania bardzo niskich stezen analitu, niemniej jednak, ich zastosowanie
czesto wigze sie z pewnymi ograniczeniami. W przypadku technik spektrofotometrycznych
bezposrednia detekcja nadtlenku wodoru nie jest mozliwa, co wynika z braku
charakterystyki emisyjnej i absorpcyjnej zaréwno w zakresie widzialnym, jak
i ultrafioletowym [54]. Problem ten rozwigzano poprzez zastosowanie dodatkowych
reagentdw w postaci wskaznikéw redoks, ktore ulegaja przemianom prowadzacym
do zmiany barwy. Podejscie to znalazto szerokie zastosowanie w analizie probek ciektych,
jednakze jego wykorzystanie w przypadku fazy gazowej pozostaje nadal stabo zbadane
[37]. Z kolei, zaawansowane techniki instrumentalne bazujace na chromatografii, mimo
bardzo wysokiej doktadnosci, wymagaja kosztowne] aparatury, odpowiedniego
przygotowania probki, a takze wykwalifikowanej obstugi, co w praktyce w duzym stopniu
ogranicza ich dostepnos¢ w wielu laboratoriach oraz utrudnia ich zastosowanie w analizach
terenowych 1 pomiarach prowadzonych w czasie rzeczywistym. Ponadto, dodatkowym
utrudnieniem w przypadku analizy gazowego nadtlenku wodoru jest koniecznosé
efektywnego przeniesienia jego probki do uktadu pomiarowego przy jednoczesnym
zachowaniu jego stabilnosci. Problem ten jest szczegodlnie istotny podczas analiz
prowadzonych w czasie rzeczywistym, gdzie niezwykle wazny jest krotki czas odpowiedzi
uktadu oraz mozliwos¢ prowadzenia bezposrednich pomiaréw bez koniecznosci
wieloetapowego przygotowania probki.

W odpowiedzi na powyzsze ograniczenia coraz wieksze zainteresowanie zyskuja
metody elektrochemiczne [55-58]. Zasada dziatania technik elektrochemicznych opiera sie
na pomiarze zmian pradu, potencjatu lub oporu (przewodnictwa), zwigzanych z procesami
utleniania i redukcji analitu. W zaleznosci od zastosowanej techniki pomiarowej wyr6znia
si¢ miedzy innymi techniki amperometryczne, potencjometryczne, konduktometryczne
oraz woltamperometryczne [59]. Szczegolnie szerokie zastosowanie znajdujg te ostatnie,
w ktérych to rejestrowana jest zalezno$¢ natezenia pradu od przylozonego potencjatu,
co pozwala zarowno na jakosciowe, jak i iloSciowe oznaczanie badanej substancji. Procesy

elektrochemiczne zachodza na granicy faz elektroda-elektrolit i polegaja na wymuszone;j
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roéznica potencjaldéw wymianie elektronéw pomiedzy elektrodg a czasteczkami analitu.
W wyniku tych przemian generowany jest sygnat elektryczny, ktérego charakter oraz
intensywno$¢ zalezg od stezenia oznaczanej substancji, kinetyki reakcji elektrochemicznej,
transportu masy oraz zjawisk zachodzacych na powierzchni elektrody [60].

Metody elektrochemiczne wyr6zniaja sie wysoka czuloscia, krétkim czasem
odpowiedzi oraz stosunkowo niedroga aparaturg. Dodatkowo, metody te sprzyjaja
miniaturyzacji ukladow pomiarowych oraz prowadzeniu analiz w czasie rzeczywistym,
co czyni je atrakcyjnymi w zastosowaniach srodowiskowych i medycznych. Na szczegdlng
uwage zastuguje réwniez mozliwos¢ modytikacji powierzchni elektrod, pozwalajaca
na dostosowywanie ich wlasciwosci do oznaczania konkretnych analitow, a tym samym
poprawe selektywnosci oraz czutosci detekcji [59]. W kontekscie oznaczania nadtlenku
wodoru metody elektrochemiczne staja sie¢ tym bardziej atrakcyjne, gdyz zwigzek ten
wykazuje wyrazne wlasciwosci redoks mogac uczestniczy¢ zarowno w reakcjach
utleniania, jak i redukcji, co wynika z jego termodynamicznej niestabilnosci [61]. Zjawisko
to umozliwia jego detekcje w oparciu o oba kierunki przemian elektrochemicznych,
co stanowi znaczacg przewage nad wieloma innymi technikami analitycznymi. Pozwala to
réwniez na §wiadomy dobdr mechanizmu detekcji poprzez wybor odpowiedniego procesu
elektrodowego i1 dostosowanie wtasciwosci elektrody, na przyktad poprzez zastosowanie
odpowiednich materiatow katalitycznych lub modyfikatoréw powierzchni, ktére beda
wspomagac dany proces elektrochemiczny zwigkszajac tym samym czutos¢ i selektywnosé
analizy. Co wigcej, w elektroanalityce nadtlenku wodoru kluczowa role odgrywaja procesy
elektrokatalityczne, umozliwiajace obnizenie nadpotencjalu reakcji elektrodowej oraz
poprawe mozliwosci analitycznych uktadu [62]. Dlatego tez, liczne badania skupiaja sie
na rozwijaniu uktadéw wykorzystujacych materialty weglowe, nanomaterialy, uktady
kompozytowe czy metale przejsciowe, ktore moga petni¢ funkcje aktywnych mediatorow
redoks posredniczacych w transferze elektrondw pomiedzy analitem a elektroda pracujaca.
Podejscie to pozwala nazwigkszenie szybkosci reakcji elektrodowej, poprawe
efektywnosci przemian redoks nadtlenku wodoru oraz ograniczenie wpltywu wysokich
wartosci potencjatow, co przektada si¢ na poprawe stabilnosci i czutosci uzyskiwanego
sygnatu analitycznego. Wsrod tego typu rozwigzan uwage zwracaja uklady oparte
na jonach miedzi(Il), zdolne do uczestniczenia w odwracalnych przemianach redoks oraz
inicjowania procesow elektrokatalitycznych zwigzanych z redukcja 1 utlenianiem

nadtlenku wodoru [63].
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Niemniej jednak, pomimo intensywnego rozwoju elektrochemicznych metod
oznaczania nadtlenku wodoru, zdecydowana wiekszos¢ opisanych w literaturze rozwigzan
dotyczy analiz prowadzonych w fazie cieklej [64, 65]. W konsekwencji stan wiedzy
w zakresie elektrochemicznej detekcji w fazie gazowej pozostaje niewystarczajacy. Odnosi
si¢ to zarowno do ograniczonej liczby opracowanych uktadéw pomiarowych, jak
i do niepelnego poznania mechanizméw oraz czynnikdéw ksztattujacych ich parametry
analityczne. Warto zaznaczy¢, ze w literaturze niewiele uwagi poswiecono wpltywowi
sktadu elektrolitu podstawowego, procesow elektrokatalitycznych oraz transportu masy
na przebieg detekcji gazowego nadtlenku wodoru. Zatem, dostepnych ukladéw
detekcyjnych nadtlenku wodoru w fazie gazowej jest nadal stosunkowo niewiele,
zwlaszcza w odniesieniu do metod umozliwiajacych prowadzenie szybkich i doktadnych
pomiaréw in situ. Dodatkowo, wiele z obecnie dostepnych rozwigzan czgsto wymaga
stosowania skomplikowanych uktadow pomiarowych, specjalistycznych materiatow
lub wieloetapowego przygotowania probki badz systemu detekcyjnego, co moze utrudniac
ich praktyczne zastosowanie w szybkich analizach w czasie rzeczywistym. Staje si¢
to szczegolnie problematyczne w przypadku badan w zlozonych matrycach gazowych
zawierajacych migdzy innymi tlen czy pare wodng, ktéore w znaczacy sposob moga
wplywa¢ na przebieg proceséw elektrodowych i1 stabilno$¢ uzyskiwanego sygnalu
analitycznego. Ponadto, waznym aspektem w tym temacie, a wymagajacym dalszych
badan jest rola ukladow elektrokatalitycznych. Pomimo licznych doniesien
o wykorzystaniu jonéw metali przejsciowych i innych materiatbw wspomagajacych
zachodzenie reakcji w oznaczaniu cieklego nadtlenku wodoru, ich zastosowanie w analizie
gazowej pozostaje stabo rozpoznane. Jednoczesnie niewiele danych literaturowych porusza
temat wykorzystania jondw miedzi(Il) jako mediatorow procesow elektrokatalitycznych
podczas elektrochemicznej detekcji gazowego nadtlenku wodoru. Podobnie nieliczne prace
poswigcone sa wykorzystaniu zaawansowanych technik woltamperometrycznych oraz
alternatywnych konfiguracji pomiarowych, takich jak uktad tréjfazowy, w celu poprawy
parametrow analitycznych ukladéw przeznaczonych do detekcji gazowego nadtlenku
wodoru. Bezposrednio zwigzanym z tym zagadnieniem pozostaje zapewnienie
efektywnego transportu gazowego analitu do powierzchni elektrody przy jednoczesnym
zachowaniu wysokiej czutosci i powtarzalnosci pomiarow.

Podsumowujac, nadal istnieje potrzeba opracowania nowych ukladow
elektroanalitycznych umozliwiajacych bezposrednia, czuta oraz wiarygodng detekcje

nadtlenku wodoru w fazie gazowej. Niniejsza dysertacja stanowi odpowiedz na niedostatek
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kompleksowych badan dotyczacych elektrochemicznej detekcji gazowego nadtlenku
wodoru, obejmujacych jednoczesna optymalizacje skladu elektrolitu podstawowego,
materialu elektrodowego, ukladow elektrokatalitycznych oraz konfiguracji pomiarowe;j.
Przyjeto, ze odpowiedni dobdr tych parametrow, w polaczeniu z wykorzystaniem jondw
miedzi(Il) jako mediatoréw procesow elektrokatalitycznych oraz zastosowaniem
zaawansowanych technik elektroanalitycznych, umozliwi opracowanie czulych

i powtarzalnych metod oznaczania nadtlenku wodoru w fazie gazowe;j.

Tematyka i cel badan

Tematyka niniejszej dysertacji obejmuje badania nad elektrochemiczng detekcja
nadtlenku wodoru w fazie gazowej oraz opracowanie ukladow pomiarowych
umozliwiajacych jego oznaczanie bezposrednio w miejscu wystepowania. Glownym celem
pracy bylo stworzenie przenos$nych, szybkich, precyzyjnych oraz niezawodnych metod
elektrochemicznej detekcji gazowego nadtlenku wodoru z wykorzystaniem ukladow
elektrokatalitycznych opartych na jonach miedzi(Il).

Realizacja zalozonego celu zostala podzielona na kilka etapow badawczych.
W pierwszym etapie skupiono si¢ na badaniu proceséw elektrochemicznych zwigzanych
z oznaczaniem gazowego nadtlenku wodoru z wykorzystaniem uktadow zawierajacych
jony miedzi(I), petnigcych funkcje elektrokatalizatora. Nastepny etap badan obejmowat
optymalizacje sktadu elektrolitu podstawowego poprzez analize wptywu wybranych
polielektrolitéw na mozliwosci detekcji nadtlenku wodoru w fazie gazowej. Réwnolegle
analizowane byly mozliwosci miniaturyzacji ukladu pomiarowego z wykorzystaniem
elektrod sitodrukowanych oraz wplyw modyfikatorow ich powierzchni roboczej na czutosé
i powtarzalnos$¢ uzyskiwanego sygnatu analitycznego. Trzeci etap obejmowat opracowanie
oraz zastosowanie nowatorskiego ukladu pomiarowego opartego na prowadzeniu badan
z wykorzystaniem granicy trzech faz: cieklej, statej i gazowej. Ostatni etap pracy zaktadat
zastosowanie nowoczesnych technik elektroanalitycznych, w tym réznicowe]
woltamperometrii fali prostokatnej (DSWV) oraz elektrochemicznej spektroskopii
faradajowskiej (EFS), w celu dalszej optymalizacji procedur pomiarowych oraz sposobu

przetwarzania sygnalu analitycznego.
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Uktad pomiarowy

Wigkszos¢ badan elektrochemicznych prowadzilem z  wykorzystaniem
potencjostatu Autolab PGSTAT 302N sterowanego oprogramowaniem NOVA (wersja
2.1.5, Metrohm-Autolab, Holandia). Cze$¢ pomiaréw wykonatem przy uzyciu przenosnego
bipotencjostatu pStat 200 Bipotentiostat STAT200 (Metrohm DropSens, Hiszpania)
pracujacego z programem DropView.

W trakcie badan zaleznie od charakteru prowadzonych eksperymentdw stosowatem
kilka konfiguracji elektrodowych:

e Kklasyczny uklad trojelektrodowy skladajacy sie z dyskowej elektrody
roboczej z wegla szklistego (GCE), elektrody odniesienia Ag/AgCl (3 mol
L' KCl) oraz elektrody pomocniczej w postaci drutu platynowego

e clektrod sitodrukowanych (SPE) (DropSens, Hiszpania):

niezmodyfikowanej weglowej elektrody sitodrukowanej nr ref. 110;

O

o niezmodyfikowane] weglowej elektrody sitodrukowanej nr ref.
C110;
o weglowej elektrody sitodrukowanej modyfikowanej ftalocyjaning
kobaltu(II) nr ref. 410;
o weglowej elektrody sitodrukowanej modyfikowanej biekitem
pruskim nr ref. 710.
Wszystkie wykorzystane elektrody sitodrukowane sktadaty sie z weglowe;j
elektrody roboczej, srebrnej elektrody quasi-odniesienia oraz weglowej
elektrody pomocnicze;.

e uklad do detekcji trojfazowej, w ktorym wykorzystalem elektrode
odniesienia Ag/AgCl (3 mol L™! KCI), drut platynowy jako elektrode
pomocnicza, a takze elektrody pracujace:

o pretowa elektrode z wegla szklistego (GCER);

o elektrode grafitowa impregnowang parafing (PIGE);
o siatke miedziang;

o siatke zlota;

o drut zloty;

o drut platynowy.

21



Wszystkie uzyte przeze mnie odczynniki byly czystosci co najmniej analityczne;j
i byly stosowane bez dodatkowego oczyszczania. Wykorzystywana woda dejonizowana

pochodzita z systemu oczyszczania wody Polwater DL-3 (Polwater, Polska).

Podsumowanie badan wtasnych

Punktem wyjscia do realizacji badan w temacie niniejszej dysertacji byly
wcezesniejsze doniesienia literaturowe dotyczace elektrochemii jonow miedzi(Il)
w srodowisku kwasu poliakrylowego (PAA) [66]. Autorzy wykazali w nich, ze obecnosé¢
polielektrolitu prowadzi do istotnych zmian w przebiegu procesow redoks uktadu
Cu?*/Cu*/Cu’. Jak wiadomo, elektrochemiczna redukcja jonéw Cu?* w niekompleksujacym
srodowisku wodnym przebiega dwuetapowo poprzez utworzenie jonéw Cu” jako produktu
posredniego (réwnania 1 i 3). Powstajace jony Cu’ s3 jednak termodynamicznie niestabilne
i ulegajg szybkiej reakcji dysproporcjonowania (réwnanie 2), co ogranicza ich udziat

w dalszych przemianach elektrochemicznych.

Cu?*(aq) + e~ 2 Cu*(aq) (1)
2Cut(aq) 2 Cu(aq) + Cu**(aq) (2)
Cu*(aq) + e~ 2 Cu(s) (3)

Natomiast w obecnosci ligandow kompleksujacych przebieg procesow redoks miedzi moze
ulega¢ znacznym zmianom, a ponadto mozliwe staje si¢ wystepowanie redukcji tych
kompleksow zgodnie z réwnaniem 4. Wspomniana praca wykazala, iz obecno$¢ PAA
prowadzi do stabilizacji posrednich jonow Cu®, wplywajac na réwnowage pomiedzy
poszczeg6lnymi formami miedzi obecnymi w uktadzie. W nastgpstwie, zjawisko to
stwarzalo mozliwos$é skuteczniejszego wykorzystania pary redoks Cu?*/Cu” w procesach
elektrokatalitycznych zwigzanych z przemianami nadtlenku wodoru.

[Cu(L),]*" + 2¢~ —> Cu®+xL 4)
Druga istotng zaleta PAA byly wykazywane przezen witasciwosci sorpcyjne oraz zdolnosé
do tworzenia stabilnych, cienkich warstw na powierzchni elektrody [67]. Dzigki tym
wiasciwosciom moéglt on pehic¢ jednoczesnie funkcje medium akumulujacego gazowy
analit oraz $rodowiska sprzyjajacego zachodzeniu procesow elektrokatalitycznych.
Wskazywalo to, ze polaczenie wlasciwosci sorpcyjnych PAA z aktywnoscia redoks jonow
miedzi(Il) moze stanowié¢ podstawe do opracowania nowych ukladow przeznaczonych

do detekcji gazowego nadtlenku wodoru. Zgodnie z powyzszymi przestankami podjatem
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badania nad wykorzystaniem ukladu PAA—Cu?* w elektrochemicznej detekcji gazowego
H>0,.

W poczatkowym etapie moich badan skoncentrowatem sie na charakteryzacji
procesow elektrokatalitycznej redukeji nadtlenku wodoru w uktadach zawierajacych jony
miedzi(Il) oraz kwas poliakrylowy, co stanowilo podstawe do dalszego rozwoju metod
detekcji gazowego H>O». Badania prowadzone z wykorzystaniem klasycznych technik
woltamperometrycznych,  glownie  woltamperometrii ~ cyklicznej (CV)  oraz
woltamperometrii fali prostokatnej (SWV), wykazaty, ze obecnos$¢ tlenu w roztworze
KNO; zawierajacym jony Cu?" wplywa na przebieg procesow elektrochemicznych
zachodzacych na powierzchni elektrody (Rys. 1A). Charakter uzyskiwanych sygnatow
wskazywal na wystepowanie regeneracyjnego mechanizmu redoks typu EC', sugerujac
udzial posrednich jonéw Cu" wreakcjach z rozpuszczonym tlenem, prowadzacych
do formowania jonéw Cu?* oraz jednoczesnego powstawania nadtlenku wodoru. Obecnosé
PAA w elektrolicie podstawowym prowadzila do wyraznej zmiany przebiegu
rejestrowanych proceséw elektrochemicznych (Rys. 1B). W poréwnaniu do roztworu
niezawierajacego polielektrolitu obserwowano silniejsze efekty elektrokatalityczne oraz
obserwowano wyrazny wzrost pradow katodowych przy potencjatach bardziej ujemnych
niz —0.400 V, co wskazywalo na rozwdj dodatkowego procesu redukcji. Jednoczesnie
zmiana morfologii piku anodowego sugerowata oddziatywania pomigdzy PAA a formami
miedzi obecnymi w roztworze, co bylo zgodne z wczesniejszymi badaniami [66]
wskazujacymi na stabilizacje posrednich jondw Cu” przez kwas poliakrylowy. W obecnosci
tlenu efekt elektrokatalityczny obserwowany w poblizu —0.100 V ulegal dalszemu
wzmocnieniu, zachowujac cechy regeneracyjnego mechanizmu EC'. Wraz z zespotem
zaobserwowalismy roéwniez, ze jednoczesna obecnos$¢ tlenu oraz nadtlenku wodoru
powodowata wystepowanie zlozonych procesow redoks zachodzacych zaréwno
na powierzchni elektrody, jak i w objetosci roztworu. W toku badan potwierdzone zostaly
wyrazne wlasciwosci elektrokatalityczne uktadu Cu?*/Cu* w obecnosci nadtlenku wodoru,
czego efektem byt znaczny wzrost odpowiedzi pradowej w zakresie bardziej ujemnych
potencjatow (Rys. 1C). Zjawisko to powigzano z powstawaniem reaktywnych form tlenu,
migdzy innymi anionorodnika ponadtlenkowego oraz rodnikow hydroksylowych,
uczestniczacych w dalszych przemianach redoks (Schemat 1). Uzyskane wyniki
potwierdzily, ze obecnos¢ PAA nie pelni wylacznie funkcji medium zapewniajacego
przewodnictwo jonowe, lecz aktywnie wpltywa na przebieg procesow elektrochemicznych

poprzez stabilizacje form posrednich oraz ograniczanie ich dyfuzji w objetosci roztworu.

23



Przeprowadzone badania pozwolily mi lepiej zrozumie¢ mechanizmy odpowiedzialne
za wzmacnianie odpowiedzi elektrochemicznej oraz wskazaty mozliwos¢ wykorzystania

uktadéw PAA—Cu®* w oznaczeniach gazowego nadtlenku wodoru.
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Rysunek 1. Woltamperogramy cykliczne zarejestrowane dla jonéw Cu®* o stezeniu 2 x 10~

mol L™ w elektrolicie podstawowym zawierajacym (A) 0.1 mol L™' KNOs: w obecnosci

tlenu (a) oraz po odtlenieniu roztworu (b); (B) 0.1 mol L' KNOs; w obecnosci 1% PAA,

w atmosferze tlenu (a) oraz po odtlenieniu roztworu (b); (C) 0.1 mol L™' KNO3 w obecnosci

1% PAA oraz 2 x 107 mol L' H O, w atmosferze tlenu. Szybko$¢ skanowania 50 mV s™!.

Za zgoda z artykutu [63].

Do tego celu wykorzystatem komercyjnie dostepne elektrody sitodrukowane firmy
DropSens. Przed rozpoczgciem wlasciwych badan przeprowadzilem podstawowa
charakterystyke elektrochemiczng niezmodyfikowanej elektrody sitodrukowanej
z wykorzystaniem uktadu heksacyjanozelazianu(Il)/(II). Na podstawie uzyskanych

wynikow, korzystajac z réwnania Randlesa-Sevéika, wyznaczylem wspotezynniki dyfuzji
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oraz efektywna powierzchni¢ elektroaktywna elektrody, potwierdzajac jednoczesnie,
ze obecnos$¢ PAA nie wplywata znaczaco na wiasciwosci dyfuzyjne zwigzkéw redoks.
Badania te wykazaty rowniez, ze mechanizm elektrochemiczny zachodzacy na powierzchni
SPE pozostaje praktycznie identyczny jak w przypadku klasycznej dyskowej elektrody
z wegla szklistego, co bylo zgodne z wczesniejszymi doniesieniami literaturowymi [66,
68]. Ostatecznie, detekcje gazowego nadtlenku wodoru wykonatlem wykorzystujac
szczelnie zamknigta szklang komore o objetosci 1 L, do ktorej wprowadzalem 50 mL
wodnego roztworu H20; o okreslonym stezeniu (z zakresu od 1 x 107#do 7 x 103 mol L™).
Tak przygotowang komore z wodnym roztworem nadtlenku wodoru pozostawiatem
na 3 godziny, co umozliwiato ustalenie stanu r6wnowagi pomigdzy H>02 obecnym w fazie
cieklej i gazowej oraz wysycenie atmosfery komory jego parami. Warto zaznaczy¢, ze czas
ten zostal wybrany na podstawie wczesniej przeprowadzonych przeze mnie badan
optymalizacyjnych obejmujacych przedziat od 1 do 18 godzin, a ktore wykazaly,
ze po okoto 3 godzinach dalsze wydtuzanie czasu ekspozycji nie wplywato znaczaco
na rejestrowane sygnaly elektrochemiczne. Po tym czasie na powierzchni¢ robocza
elektrody sitodrukowanej nanositem 50 ul. zoptymalizowanego roztworu zawierajgcego
1% PAA w 0.1 mol L™' KNOjs oraz jony Cu?* o stezeniu 2 x 10~* mol L™ (stezenia ustalone
na podstawie wczesniejszych badan), pokrywajac nim powierzchni¢ wszystkich trzech
elektrod, po czym elektrode umieszczalem wewnatrz komory. Wspomniana wczesniej
zdolno$¢ PAA do absorpcji gazu pozwolila na zapewnienie réwnowagi na granicy faz
ciecz/gaz juz po 3 minutach. Analogicznie, czas ten zostal ustalony na podstawie
wcezesniejszych badan optymalizacyjnych, z ktérych wynikato, ze najwyzsze wartosci
pradowe uzyskiwane byly wilasnie po 3 minutach ekspozycji elektrolitu na gazowy H>0O».
Zaréwno skrocenie, jak 1 wydtuzenie tego czasu skutkowato zmniejszeniem odpowiedzi
uktadu. Po tym czasie ekspozycji na atmosfere wypetniong gazowym nadtlenkiem wodoru
wykonywatem pomiar elektrochemiczny technika SWYV, prébkujac sygnat przy potencjale
—0.75 V wzgledem srebrnej elektrody quasi-odniesienia, co odpowiadalo —0.45V dla
konwencjonalnej elektrody Ag/AgCl. Przeprowadzone trzy serie pomiarowe wykazaly
liniowa zalezno$¢ rejestrowanego natezenia pradu od stezenia gazowego H>O, w dwoch
zakresach stezen: od 3.7 x 107" do 3.7 x 107! mol L™! oraz od 3.7 x 107'° do 2.6 x 107°
mol L~!. Stezenia gazowego nadtlenku wodoru zostaly oszacowane zgodnie z prawem
Henry’ego [69, 70]. Otrzymane zaleznosci kalibracyjne charakteryzowaly si¢ bardzo dobra
liniowoscig, natomiast warto$ci odchylenia standardowego potwierdzaly wysoka

powtarzalno$¢ opracowanej metody.
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Potlaczenie wlasciwosci sorpcyjnych PAA z elektrokatalitycznym dziataniem jonow
miedzi(Il) umozliwitlo skuteczne oznaczanie nadtlenku wodoru bezposrednio z fazy
gazowe] przy zachowaniu wysokiej czulosci oraz dobrej powtarzalnosci pomiarow.
Opracowany sposob detekcji pozwalal na oznaczanie sladowych ilosci gazowego H»Oo,
osiagajac granice wykrywalnosci na poziomie 5.6 x 1072 mol L™!.

H,0, —SUCY" | ROS (0,, OHs)
h chemical step I

electrochemical step
Schemat 1. Proponowany przebieg reakcji dla elektrokatalitycznego mechanizmu drugiego
rodzaju odpowiedzialnego za powstawanie ogona katodowego (z ang. cathodic tail) przy

potencjatach bardziej ujemnych niz —0.400 V. Za zgoda z artykutu [63].

Po opracowaniu ukladu umozliwiajacego elektrochemiczng detekcje gazowego
nadtlenku wodoru skupitem si¢ na poprawie parametrow analitycznych sensora poprzez
zastosowanie komercyjnie dostepnych elektrod sitodrukowanych modyfikowanych
blekitem pruskim (PB) oraz ftalocyjaning kobaltu(Il) (CoPC). Zalozytem, ze obecnos¢
dodatkowych mediatorow redoks na powierzchni elektrody moze wptywaé korzystnie
na przebieg procesoOw elektrokatalitycznych, prowadzac do zwigkszenia czulosci detekcji
H>0,. Zaréwno bigkit pruski, jak i ftalocyjanina kobaltu naleza do dobrze poznanych
i szeroko opisywanych w literaturze elektrokatalizatoréw dla nadtlenku wodoru
wykazujacych zdolno$é do efektywnego posredniczenia w transferze elektronéw pomiedzy
elektroda a analitem. W prowadzonych badaniach niezmodyfikowana elektroda
sitodrukowana stanowila punkt odniesienia dla oceny wplywu zastosowanych
modyfikatorow na wlasciwosci elektrochemiczne sensora.

Dlatego tez ponownie przeanalizowatem wptyw jonéw Cu?* oraz nadtlenku wodoru
na przebieg procesow elektrochemicznych zachodzacych na niezmodyfikowanych
elektrodach sitodrukowanych (Rys. 2). Obecnos¢ jonow miedzi(Il) prowadzita
do wyraznego wzrostu pradéow katodowych zwigzanych zaréwno z redukcja tlenu,
jak i nadtlenku wodoru, co potwierdzato elektrokatalityczny charakter badanego procesu.
Jednoczesna obecno$é H,0» i Cu** powodowala dodatkowe zwiekszenie odpowiedzi
pradowej oraz przesunigcie sygnatow w kierunku potencjaléw mniej ujemnych, co byto

zgodne z wczesniej proponowanym mechanizmem regeneracyjnym typu EC’.
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Rysunek 2. Cykliczne woltamperogramy zarejestrowane na niezmodyfikowanej
elektrodzie sitodrukowanej w elektrolicie podstawowym skladajacym sie z 0.1 mol L'
KNOjs oraz 1% PAA. (a) Czysty elektrolit, (b) elektrolit z dodatkiem 1 mmol L™! nadtlenku
wodoru, (c) elektrolit z dodatkiem 2 x 107 mol L™ jonéw miedzi(Il), (d) elektrolit
w obecnosci zaréwno Cu?*, jak i H202. Szybkos¢ skanowania 50 mV s™!. Za zgoda

z artykutu [71].

Odmienny charakter odpowiedzi elektrochemicznej obserwowatem dla elektrod
modyfikowanych ftalocyjaning kobaltu(Il) (Rys. 3). W poréwnaniu do niezmodyfikowanej
SPE widoczne bylo wyrazne zwiekszenie sygnatow katodowych, szczegdlnie w zakresie
potencjatow okolo —0.6 V, co bylo zwigzane z elektrokatalitycznymi wilasciwosciami
warstwy CoPC wobec nieodwracalnej redukcji tlenu. Obecno$¢ nadtlenku wodoru
powodowata przesunigcie sygnatow w kierunku potencjatéw mniej ujemnych oraz dalsze
zwigkszenie odpowiedzi pradowej, wskazujac na wzajemne oddzialywanie procesow
redukcji tlenu 1 H2O2 zachodzacych poprzez zlozone mechanizmy elektrodowe zalezne
od adsorpcji. Dodatkowo rejestracja kolejnych cykli woltamperometrycznych prowadzita
do zmian charakteru odpowiedzi elektrochemicznej, wskazujacych na zachodzenie

procesow redoks bezposrednio w warstwie modyfikatora (dodatkowy rysunek, Rys. 3).
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ZYozony charakter uzyskiwanych sygnaléw utrudnial jednak jednoznaczng interpretacje

odpowiedzi elektrochemicznej oraz ograniczat selektywnos$¢ opracowanego uktadu.
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Rysunek 3. Cykliczne woltamperogramy zarejestrowane na elektrodzie sitodrukowane;j
modyfikowanej ftalocyjaning kobaltu(Il) w elektrolicie podstawowym sktadajacym sie
2 0.1 mol L™! KNOs oraz 1% PAA. (a) Czysty elektrolit, (b) elektrolit z dodatkiem 1 mmol
L™! nadtlenku wodoru, (c) elektrolit z dodatkiem 2 x 107 mol L™ jonéw miedzi(Il),
(d) elektrolit w obecnosci zaréwno Cu®*, jak i H20». Szybkosé¢ skanowania 50 mV s~'.
Dodatkowy rysunek: kolejne cykle woltamperometryczne zarejestrowane dla elektrody
1

CoPC-SPE w szerokim zakresie potencjatow przy szybkosci skanowania 50 mV s™.

Za zgoda z artykutu [71].

Najkorzystniejsze wlasciwosci  elektrochemiczne wuzyskatem dla elektrod
modyfikowanych biekitem pruskim (PB-SPE) (Rys. 4). Woltamperogramy rejestrowane
dla tego uktadu charakteryzowaly sie obecnoscia wyraznych sygnatéw redoks zwigzanych
z przemianami blekitu pruskiego i bieli pruskiej (PW). Rejestracja kolejnych cykli
w szerokim  zakresie potencjaléw  potwierdzala dobra stabilnos¢ odpowiedzi
elektrochemicznej oraz odwracalny charakter przemian zachodzacych w warstwie
modyfikatora (dodatkowy rysunek, Rys. 4). Obecno$¢ nadtlenku wodoru prowadzita
do wyraznego zwickszenia sygnatow katodowych zwigzanych z ukladem PB/PW,
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potwierdzajac silne wlasciwosci elektrokatalityczne blgkitu pruskiego wobec redukcji
H>02. Wzrost odpowiedzi elektrochemicznej obserwowatem réwniez po wprowadzeniu
samych jonow Cu?* do systemu, co sugerowalo zlozong interakcje pomiedzy
modyfikatorem a katalizatorem. Jednakze, to przy jednoczesnej obecnosci jondw miedzi(II)
oraz nadtlenku wodoru widoczny byt najwiekszy wzrost mierzonych pradow w ukladzie
z PB. Skala wzrostu rejestrowanego sygnatu byla znacznie wigksza niz w przypadku
zastosowania samego blekitu pruskiego lub wylacznie jonow Cu®*, co jednoznacznie
wskazywalo na synergistyczne wspoéldziatanie obu sktadnikéw. Wyniki te sugerowaly,
ze PB oraz jony Cu®" uczestnicza w komplementarnych procesach elektrokatalitycznych
prowadzacych do skutecznej amplifikacji odpowiedzi elektrochemicznej zwigzanej
z redukcja H2O2. W mojej ocenie stanowilo to jeden z najistotniejszych rezultatow tego
etapu badan, gdyz wskazywalo to na mozliwo$¢ wykorzystania polaczenia pomiedzy
klasycznym modyfikatorem powierzchni elektrody z rozpuszczalnym mediatorem redoks

do znaczacej poprawy parametréw detekcyjnych uktadu.
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Rysunek 4. Cykliczne woltamperogramy zarejestrowane na elektrodzie sitodrukowane;j
modyfikowanej blekitem pruskim w elektrolicie podstawowym sktadajacym sie z 0.1 mol
L™! KNOs oraz 1% PAA. (a) Czysty elektrolit, (b) elektrolit z dodatkiem 1 mmol L™}
nadtlenku wodoru, (c) elektrolit z dodatkiem 2 x 107 mol L™ jonéw miedzi(II),

(d) elektrolit w obecnosci zaréwno Cu®*, jak i H20»2. Szybkos$¢ skanowania 50 mV s~'.
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Dodatkowy rysunek: kolejne cykle woltamperometryczne zarejestrowane dla elektrody
PB-SPE w tym samym elektrolicie podstawowym przy szybkosci skanowania 50 mV s~'.

Za zgoda z artykutu [71].

Dalsza charakterystyke zastosowanych elektrod sitodrukowanych przeprowadzitem
z wykorzystaniem woltamperometrii fali prostokatnej. Uzyskane przeze mnie wyniki
pozostawaty zgodne z obserwacjami otrzymanymi metoda CV, potwierdzajac korzystny
wpltyw jonow miedzi(Il) oraz zastosowanych modyfikatorow na przebieg proceséw
elektrokatalitycznych. Zastosowanie techniki SWV pozwolito mi uzyskaé lepsza
rozdzielczo$¢ sygnatow oraz wieksza czutos¢ pomiardw, co nastepnie wykorzystalem
do okreslenia liniowej zaleznos$ci miedzy pradem na roznych elektrodach a stezeniem
nadtlenku wodoru. W celu dokladniejszego poréwnania wilasciwosci poszczegdlnych
elektrod przeprowadzilem serie¢ pomiaréw dla stezen H>O» z zakresu od 0.1 do 10 mmol
L™ w obecnosci 2 x 107 mol L™! jonéw Cu?*. Badania prowadzilem w fazie wodne;.
Dla zachowania spojnosci wynikow sygnat pradowy prébkowatem przy potencjale
—0.75 V, odpowiadajacym obszarowi bezposredniej redukeji nadtlenku wodoru wzgledem
srebrnej elektrody quasi-odniesienia. Wszystkie analizowane elektrody wykazywaty
liniowa zalezno$¢ odpowiedzi pradowej od stezenia H>O», jednak uzyskiwane czutosci
roéznity si¢ w zaleznosci od rodzaju zastosowanego modyfikatora. Najwyzsze wartosci
rejestrowanych pradoéw oraz najlepsza czulo$¢ uzyskatem dla niezmodyfikowanej SPE
w obecnosci jonow Cu®*, co wskazywato, ze w warunkach bezposredniej redukcji
nadtlenku wodoru uktad ten wykazuje najkorzystniejsze wtasciwosci analityczne sposrod
analizowanych elektrod.

Elektrody modyfikowane biekitem pruskim, mimo Ze nie wykazywaty poprawy
parametréw analitycznych w przypadku bezposredniej redukcji nadtlenku wodoru,
pozwolity mi zaobserwowac wyrazng zalezno$¢ pomiedzy odpowiedzia elektrochemiczna
btekitu pruskiego a obecnoscig HoO> w roztworze zawierajacym jony miedzi(Il) (Schemat
2E). Obserwacja ta stala si¢ podstawa do opracowania przeze mnie posredniej metody
oznaczania gazowego nadtlenku wodoru, w ktdrej zardéwno blekit pruski, jak i jony Cu?*
synergistycznie przekazywaly elektrony migdzy elektroda a nadtlenkiem wodoru. Stosujac
analogiczng do opisanej wczesniej procedure oznaczania gazowego nadtlenku wodoru
(Schemat 2A—C) wykorzystalem opracowany uktad bazujacy na synergistycznym dziataniu
blekitu pruskiego ijondéw miedzi(II). Obecnos¢ PAA w elektrolicie podstawowym

umozliwiata efektywng absorpcje oraz ponowne rozpuszczanie nadtlenku wodoru z fazy
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gazowej, natomiast wspoldziatanie blekitu pruskiego i jonow Cu®* prowadzito
do wyraznego zwigkszenia odpowiedzi elektrochemicznej. Opracowany uktad wykazywal
liniowa odpowiedz w zakresie stezen gazowego H202 0d 3.7 x 107> mol L™ do 1.85 x 107°
mol L', Zastosowanie blekitu pruskiego jako dodatkowego wspdtkatalizatora umozliwito
obnizenie granicy wykrywalnosci o okolo jeden rzad wielkosci wzgledem wczesniej
opracowanego uktadu opartego wylacznie na PAA i jonach miedzi(Il), przy jednoczesnej
poprawie liniowosci oraz powtarzalnosci pomiardw.

Wykonane przeze mnie badania pokazatly, ze znane wlasciwosci elektrokatalityczne
biekitu pruskiego wobec nadtlenku wodoru moga zosta¢ dodatkowo wzmocnione poprzez
zastosowanie zaproponowanego w niniejszej dysertacji uktadu pomiarowego opartego
na PAA oraz jonach miedzi(I), co pozwolito na dalszg poprawe parametréw detekcyjnych
sensora. Jednoczesnie wyniki te zamykaly etap badan poswiecony porownaniu wpltywu
réoznych modyfikatoréw powierzchni elektrod sitodrukowanych na wlasciwosci

analityczne opracowywanych uktadow pomiarowych.
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Schemat 2. Schemat uktadu pomiarowego do detekcji nadtlenku wodoru w fazie gazowe;.
(A) Elektroda sitodrukowana zawierajaca trzy elektrody: weglowa elektrode robocza,
srebrng elektrode quasi-odniesienia oraz weglowa elektrode pomocnicza, na powierzchnie
ktérych naniesiono 50 pL elektrolitu podstawowego zawierajacego 1% PAAw 0.1 M KNO3
oraz 2 x 107 mol L™! jonéw miedzi(I). (B) Powickszony widok obszaru roboczego
systemu (naniesiony roztwdr pokrywa powierzchnie wszystkich trzech -elektrod).
(C) Szczelnie zamknieta szklana komora zawierajaca 50 mL wodnego roztworu nadtlenku
wodoru o okreslonym stezeniu. Po 3 godzinach stabilizacji elektroda z naniesionym
roztworem byla umieszczana wewnatrz komory. (D) OdpowiedZ pradowa w funkcji

stezenia nadtlenku wodoru rozpuszczonego w elektrolicie podstawowym (1 x 107> — 1 x
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107 mol L") zarejestrowana na elektrodzie sitodrukowanej modyfikowanej blekitem
pruskim. (E) Przyktadowa odpowiedz SWYV zarejestrowana w komorze: §lepa proba
(czerwona krzywa) oraz odpowiedZ dla 1 mmol L' nadtlenku wodoru (czarna krzywa).
Parametry techniki SWV: amplituda 0.05 V, czestotliwos¢ 8 Hz oraz krok potencjatu —0.005
V. Za zgoda z artykutu [71].

Zgodnie z zalozonymi celami badawczymi, kolejny etap prowadzonych przeze
mnie badan obejmowat optymalizacje skladu elektrolitu podstawowego. Dotychczas
prowadzone badania wykazaly, ze kwas poliakrylowy stanowil bardzo korzystne medium
dla procesow elektrokatalitycznych zachodzacych w obecnosci jondw miedzi(Il), gtéwnie
dzieki wysokiej zdolnosci absorpcji wody, dobrym wlasciwosciom polielektrolitycznym
oraz mozliwos$ci tworzenia stabilnych cienkich warstw na powierzchni elektrody. Niemniej
jednak, w trakcie prowadzonych badan zauwazytem, ze dla bardzo niskich stezen nadtlenku
wodoru roznice pomiedzy odpowiedzig elektrochemiczng analitu a sygnalem
rejestrowanym dla slepej proby staja si¢ coraz mniej wyrazne, co ograniczato mozliwosci
dalszego zwigkszania czulosci tego uktadu. Dlatego tez podjalem probe znalezienia
nowych materialéw, ktore moglyby poprawi¢ czulos¢ oraz stabilnos¢ sygnatlu
elektrochemicznego. Na podstawie danych literaturowych wybralem dwa gléwne
polielektrolity przeznaczone do dalszych badan: kwas poli(2-akrylamido-2-metylo-1-
propanosulfonowy) (pAMPS) oraz kopolimer poli(akrylamidu-co-kwasu akrylowego)
(pPAAmMAA). Dodatkowo przeanalizowatem rowniez dwa inne kopolimery, poli(etylen-co-
kwas akrylowy) oraz poli(tert-butyloakrylan-co-etyloakrylan-co-kwas metakrylowy),
jednak juz na poczatkowym etapie badan wykazywaly one niezadowalajace wlasciwosci
zarowno fizyczne, jak i1 elektrochemiczne, w zwiazku z czym nie uwzglednitem ich
w dalszej czesci pracy.

Wykonatem  analiz¢  elektrochemiczng  poszczegdlnych  polielektrolitow
z wykorzystaniem woltamperometrii cyklicznej oraz fali prostokatnej, gdzie jako uktady
odniesienia zastosowalem roztwory KNOj3; oraz PAA. Poréwnaniu poddatem pAAmAA
idwa warianty pAMPS: form¢ natywna oraz roztwor zneutralizowany o pH 7.
Zastosowanie kopolimeru pAAmAA prowadzilo do wyraZznego zwigkszenia pradow
katodowych odpowiadajacych bezposredniej redukeji H2O»> w zakresie potencjalow
bardziej ujemnych niz—0.4 V (Rys. 5, krzywa b). W poréwnaniu do wczesniej stosowanego

PAA (Rys. 5, krzywa c) uktad oparty na kopolimerze wykazywat korzystniejsza odpowiedz
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elektrochemiczng,  co sugerowalo  bardziej  efektywny  przebieg  procesow
elektrokatalitycznych zwigzanych z redukcja nadtlenku wodoru. Analogiczne zalezno$ci
potwierdzitem rowniez z wykorzystaniem woltamperometrii fali prostokatnej. Ponadto,
przeanalizowalem wplyw stezenia pAAmMAA na charakter odpowiedzi elektrochemicznej.
Najlepsze wihasciwosci systemu uzyskatem dla roztworu zawierajacego 1% kopolimeru,
natomiast dalsze zwiekszanie jego stezenia prowadzilo do stopniowego obnizania
intensywnosci sygnatow elektrochemicznych. Zjawisko to powigzalem ze wzrostem
lepkosci roztworu oraz ograniczeniem mozliwosci dyfuzji elektroaktywnych form
w elektrolicie podstawowym. Co wiecej, pomimo ze pAAmMAA wykazywal obiecujace
wilasciwosci w pomiarach fazy gazowej, poprawa granicy detekcji wzgledem

wcezesniejszego systemu opartego na PAA byta mocno ograniczona.
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Rysunek 5. Cykliczne woltamperogramy zarejestrowane na GCE w wybranych
elektrolitach podstawowych: (a) 0.1 mol L™! KNOs, (b) pAAmAA, (c) PAA, (d) pAMPS
oraz (e) zneutralizowany pAMPS (pH 7). Kazdy z badanych polielektrolitéw stosowano
w stezeniu 1% (w/v). Wszystkie analizowane roztwory przygotowano w 0.1 mol L™! KNOs
z dodatkiem 1 mmol L™ nadtlenku wodoru oraz 2 x 10~* mol L™! jonéw miedzi(II).

Szybkosé skanowania 50 mV s~!. Za zgoda z artykutu [72].

Najlepsze rezultaty uzyskalem dla pAMPS w roli elektrolitu podstawowego.
Poczatkowo jego natywna forma (Rys. 5, krzywa d) charakteryzowala si¢ bardzo silnymi
wlasciwosciami  kompleksujacymi  jony Cu?* (wynikajacymi z obecnosci grup
sulfonowych), co w konsekwencji prowadzito do zmniejszenia ich elektrochemicznej

dostepnosci 1 tym samym do oslabienia efektu elektrokatalitycznego. Analiza
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woltamperogramoéw pokazala wyrazne ostabienie sygnatu redukcji jondw miedzi w poblizu
0 V oraz stosunkowo niewielkie prady katodowe zwigzane z bezposrednig redukcja
nadtlenku wodoru. Neutralizacja pAMPS prowadzita natomiast do zwigkszenia
elektrochemicznej dostepnosci jonow Cu®* oraz wyraznego wzrostu pradow katodowych
przy potencjatach bardziej ujemnych (Rys. 5, krzywa e). Obserwowane zmiany odpowiedzi
elektrochemicznej] po zobojetnieniu pAMPS sklonilty mnie do przeprowadzenia
szczegotowe] analizy wpltywu pH na wilasciwosci polielektrolitu. Otrzymane wyniki
wykazaly, ze roztwoér pAMPS o pH 2 najkorzystniej wspieral bezposrednig redukcje
nadtlenku wodoru, przy jednoczesnym ograniczeniu wlasciwosci kompleksujacych
wzgledem jonow Cu?* (Rys. 6). W efekcie pozwolito to na wyrazny wzrost odpowiedzi

pradowej przy potencjatach mocno ujemnych zwigzanych z redukcjg nadtlenku wodoru.
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Rysunek 6. Woltamperogramy fali prostokatnej zarejestrowane na GCE w 1% roztworach
PAMPS o réznych wartosciach pH: (a) 2, (b) 2.5, (c) 3.5, (d) 4, (e) 4.44, (f) 6, (g) 7 oraz
(h) 9.8. Wszystkie analizowane roztwory zawieraty 1 mmol L™ nadtlenku wodoru oraz 2
x 10 mol L' jonéw miedzi(Il). Dodatkowy rysunek: powiekszony fragment
przedstawiajacy reakcje redoks jondw miedzi(Il). Parametry techniki SWV: amplituda
0.050 V, czestotliwos¢ 8 Hz, krok potencjatu —0.005 V. Za zgoda z artykutu [72].

Detekcje gazowego nadtlenku wodoru z wykorzystaniem pAMPS prowadzitlem
przy uzyciu elektrod sitodrukowanych, stosujac analogiczna procedure pomiarowa
do opisanej wczesniej. Poczatkowo pomiary wykonywane na niezmodyfikowanych SPE
nie zapewniaty jednak wystarczajacej czulosci oraz powtarzalnosci. W celu poprawy

wiasciwoscei detekcyjnych zastosowalem elektrody modyfikowane blekitem pruskim,
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ktorych efekt synergistyczny zjonami miedzi(Il) potwierdzitem we wczesniejszych
badaniach. Ostatecznie, wyboér pAMPS o pH 2 w polaczeniu z PB-SPE oraz jonami
miedzi(Il) umozliwil czula ipowtarzalng detekcje gazowego nadtlenku wodoru.
Opracowany uktad wykazywat liniowa odpowiedz w zakresie stezefi od 3.7 x 107" do 3.7
x 1071 mol L™! (obliczone na podstawie prawa Henry'ego), natomiast uzyskane warto$ci
odchylenia standardowego potwierdzaty wysoka stabilnos$¢ i powtarzalno$¢ pomiardw.

Uzupetnieniem prowadzonych badan byta préba opracowania przeze mnie uktadéw
mieszanych opartych na roéznych polielektrolitach, majaca na celu polaczenie
najkorzystniejszych wilasciwosci poszczegdlnych materialow. Najbardziej obiecujaca
okazata si¢ mieszanina pAMPS i pAAmAA w stosunku objetosciowym 1:1, ktéra
umozliwiata skuteczng detekcje gazowego nadtlenku wodoru, jednakze jej czutosé nadal
pozostawata nizsza niz w przypadku zoptymalizowanego pAMPS o pH 2. Pozostale
kombinacje polielektrolitéw, czyli uklady PAA-pAMPS oraz PAA-pAAmAA, nie
wykazywaty korzystnych wtasciwosci analitycznych.

Przeprowadzone przeze mnie badania potwierdzity, ze zarowno dobor elektrolitu
podstawowego, jak i kontrola oddzialywan pomigdzy analitem, elektrokatalizatorem oraz
polielektrolitem majg bezposredni wplyw na przebieg procesow elektrokatalitycznych

i parametry opracowywanych sensorow.

Zwienczeniem mojej pracy badawczej bylo opracowanie ukladu pomiarowego
wykorzystujacego detekcje na granicy trzech faz (TPB) obejmujacej faze gazowa, ciekla
oraz stala. Celem nowego ukladu bylo zwiekszenie efektywnosci oznaczania gazowego
nadtlenku wodoru poprzez skrocenie czasu analizy przy jednoczesnym obnizeniu granicy
wykrywalnosci. Bylo to zupelnie nowe podejscie do oznaczania H>O,, stanowiace
alternatywe wzgledem klasycznych ukladow dwufazowych. W proponowanym
rozwigzaniu obecno$¢ TPB sprzyja efektywnemu transportowi gazowego analitu
do powierzchni elektrody oraz ogranicza wplyw proceséw zachodzacych w objgtosci
roztworu. Dzigki temu mozliwe bylo prowadzenie bezposrednich oznaczen gazowego
nadtlenku wodoru przy jednoczesnym uproszczeniu skladu elektrolitu podstawowego.
Opracowany uklad badawczy zostal przedstawiony na Schemacie 3. Zaproponowana
przeze mnie konfiguracja prowadzita do utworzenia w formie pierscienia granicy trzech faz
w miejscu kontaktu powierzchni elektrody roboczej z elektrolitem oraz atmosferg nasycona
nadtlenkiem wodoru. Rozwigzanie to pozwalalo na bezposredni transport gazowego H>O»

do powierzchni elektrody przy jednoczesnym zachowaniu przewodnictwa jonowego
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zapewnianego przez obecnos$¢ cieklego elektrolitu. W poréwnaniu do klasycznych
dwufazowych ukladéw pomiarowych system ten zapewniat lepsze warunki wymiany
tadunku w obszarze granicy faz. Polaczenie tych wlasciwosci umozliwito uzyskanie

wysokiej czulo$ci oraz selektywnosci detekcji gazowego HoOo.

Working electrode

Auxiliary electrode (C:C rod)
(Platinum wire) " Reference electrode
.\\ ‘\ (Ag/AgCI)
A . >

A
\

Three-phase
_~"contact ring

-
s

Solid

0.1 M KNO;
0.2 mM Cu?*

Schemat 3. Schemat zaproponowanego uktadu pomiarowego wykorzystujacego granice

trzech faz. Za zgoda z artykutu [77].

W ramach badan nad nowym ukladem przeprowadzilem poréwnanie roznych
materialdw elektrodowych majace na celu okreslenie odpowiedniej elektrody pracujace;j.
Kluczowymi kryteriami wyboru elektrody byty mozliwos¢ stabilnego formowania granicy
trzech faz oraz zdolno$¢ do efektywnego wspierania elektrochemicznej redukceji H2Oo.
Do analizy wybralem migdzy innymi siatki miedziane i ztote, druty platynowe i zlote,
elektrode grafitowg impregnowang parafing oraz pretowa elektrode z wegla szklistego.
Cze$¢ z tych materialdw zostata przeze mnie odrzucona juz na wstepnym etapie badan
ze wzgledu na niestabilno$¢ sygnalu, intensywne wydzielanie wodoru lub problemy
z utrzymaniem stabilnej granicy faz. Ostatecznie, do dalszych badan zakwalifikowatem

PIGE oraz GCER. Sposrod tej dwojki najlepsze wlasciwosci wykazywal pret z wegla

36



szklistego, ktory zapewnial najwyzsza stabilno$¢ sygnatu, najwieksza odpowiedz pradowa
oraz dobrg powtarzalno$¢ pomiardw.

Waznym elementem badan byta optymalizacja skladu elektrolitu podstawowego dla
nowo opracowanego uktadu tréjfazowego. Co prawda, wezesniejsze badania pozwolity mi
wskaza¢ najbardziej korzystne uklady elektrolitowe do detekcji gazowego nadtlenku
wodoru, tak zastosowanie catkowicie nowej konfiguracji pomiarowej wymagato ponowne;j
ich  weryfikacji. Bazujac na  wczesniejszych  doswiadczeniach  zwigzanych
z wykorzystaniem polielektrolitéw w detekcji gazowego nadtlenku wodoru, do poréwnania
wybratlem roztwoér 0.1 mol L' KNO; oraz uklady zawierajace dodatkowo PAA oraz
pAMPS o pH 2. W kazdym znich jony Cu?" pehily funkcje elektrokatalizatora.
Réwnoczesnie, przeprowadzilem badania okreslajace czas niezbedny do wysycenia
komory pomiarowej (calkowita objetos¢ komory wynosita 150 mL) gazowym H>O»
w kazdym elektrolicie. W tym celu monitorowalem zmiany odpowiedzi elektrochemicznej
podczas nasycania komory parami H>O» generowanymi z wodnego roztworu nadtlenku
wodoru przez okres 75 minut. Reprezentatywne woltamperogramy SW zarejestrowane
po 30 minutach zostaly przedstawione na Rys. 7A i B. Wyniki pokazaly, ze obecnos¢
polielektrolitdéw znaczaco zwigkszata rozpuszczalnos¢ H.O2 w fazie cieklej, co catkowicie
uniemozliwialo nasycenie komory jego parami (Rys. 7C). Szczego6lnie widoczne byto to
dla uktadu zawierajacego PAA, gdzie wysoka zdolno$¢ absorpcji nadtlenku wodoru
wplywala na charakter rejestrowanej odpowiedzi elektrochemicznej oraz wydtuzata
catkowity czas stabilizacji uktadu. Odmienne rezultaty otrzymatem dla samego roztworu
KNO; zawierajacego jony Cu?", dla ktérego wysycenie atmosfery parami H»O»
obserwowalem juz po 30 minutach. Wyniki te wskazywaly, ze w przypadku uktadu
trojfazowego uproszczenie skladu elektrolitu podstawowego pozwalalo uzyskad

korzystniejsze warunki detekcji niz wczesniej stosowane uktady polielektrolitowe.
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Rysunek 7. Woltamperogramy fali prostokatnej zarejestrowane w uktadzie trojfazowym
dla réznych elektrolitow podstawowych zawierajacych 2 x 107 mol L' jonéw Cu?*:
(A) 1% PAA w 0.1 M KNO;3 oraz (B) wylacznie 0.1 M KNOg3; krzywe: (a) $lepa proba oraz
(b) po ekspozycji na gazowy H>O». (C) Wzgledna odpowiedz pradowa w funkcji czasu
nasycenia po wprowadzeniu 1 mM H>O; do 5 mL wody znajdujacej si¢ w oddzielnym
naczyniu wewnatrz szczelnie zamknietej komory o objetosci 150 mL, dla réznych
elektrolitow podstawowych: (a) 0.1 M KNOs, (b) 1% PAA oraz (c) 1% pAMPS (zar6wno
(b), jak 1 (c¢) w 0.1 M KNO3). Parametry SWV: czestotliwos¢ 8 Hz, amplituda 0.050 V,
potencjat kroku —0.005 V. Za zgoda z artykutu [77].

W celu potwierdzenia rzeczywistego udzialu TPB w procesie detekcji
przeprowadzitem dodatkowe eksperymenty kontrolne. Poréwnatem odpowiedz
elektrochemiczng uzyskiwang dla elektrody swobodnie tworzacej granice styku trzech faz
z odpowiedzia tej samej elektrody, ale czesciowo zabezpieczonej warstwa izolujaca
uniemozlwiajaca formowanie TPB. Technika SWV zarejestrowalem woltamperogramy
zarowno dla slepej proby (Rys. 8, krzywa a), jak i po wysyceniu komory parami nadtlenku
wodoru (Rys 8, krzywa b). Analogiczne pomiary przeprowadzilem dla elektrody
zabezpieczonej warstwa izolujaca (Rys. 8, krzywe c i d). Ograniczenie formowania TPB
praktycznie nie wptywalo na sygnal zwigzany z redukcja jonéw miedzi(Il) w zakresie

potencjatow okoto 0.05 V. Wskazuje to na to, ze konwencjonalna reakcja elektrodowa
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redukcji Cu?" zachodzila na pozostalej czesci powierzchni elektrody majacej kontakt
wylacznie z fazg wodna. Jednoczesnie $lepe proby zarejestrowane dla elektrody
z zabezpieczong TPB oraz wyeksponowang pozostawaly niemal identyczne. Wyrazne
réznice pomiedzy obiema elektrodami pojawialy si¢ natomiast w zakresie ogona
katodowego juz po wypelnieniu komory parami H,O,, na korzys¢ elektrody tworzacej TPB.
Wyniki te potwierdzily wiec to, ze wzrost odpowiedzi pradowej byt bezposrednio zwigzany
z procesami zachodzacymi w obregbie granicy trzech faz i stanowit efekt dzialania

opracowanego ukladu trojfazowego.
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Rysunek 8. Woltamperogramy fali prostokatnej zarejestrowane dla dwoch wariantéw
GCER w elektrolicie podstawowym sktadajacym sie z 0.1 mol L"'KNO3i2 x 10 #mol L™
jonow Cu®*: z ekspozycja granicy tréjfazowej, gdzie (a) slepa proba, (b) po kontakcie
z gazowym H>0»; z zablokowana granicg trojtazowa, gdzie (c) $lepa proba,
(d) po ekspozycji na gazowy H,0s. Stezenie nadtlenku wodoru 1 mmol L™!. Parametry
SWV: czestotliwosé 8 Hz, amplituda 0.050 V, potencjal kroku —0.005 V.

Ocene mozliwosci  analitycznych  opracowanego ukladu trojfazowego
przeprowadzilem z wykorzystaniem nie tylko klasycznej woltamperometrii fali
prostokatnej, ale rowniez niedawno opracowanych zaawansowanych technik, w tym
elektrochemicznej spektroskopii faradajowskiej i réznicowej woltamperometrii fali
prostokatnej, co stanowilo koncowy etap badan prowadzonych w ramach niniejszej
rozprawy. Reprezentatywne odpowiedzi elektrochemiczne uzyskane z wykorzystaniem

wszystkich trzech technik przedstawitem na Rys. 9. Pomiary wykonane klasyczng SWV
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potwierdzily mozliwos¢ prowadzenia stabilnych i wysoce powtarzalnych oznaczen
gazowego H,O» w bardzo szerokim zakresie stezen, tj. od 1.85 x 1072 do 2.96 x 107! mol
L' (obliczone na podstawie prawa Henry’ego). Wyznaczona granica wykrywalnosci
wynosila 1.28 x 107" mol L™!. Uzyskana zaleznos¢ charakteryzowata si¢ bardzo dobra
liniowoscig (R? = 0.999), a $rednia warto$é wzglednego odchylenia standardowego dla
trzech niezaleznych serii pomiarowych byla réwna 3.3%, co potwierdzalo wysoka

powtarzalno$¢ uktadu.
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Rysunek 9. Poréwnanie odpowiedzi elektrochemicznych uzyskanych z wykorzystaniem
réznych technik woltamperometrycznych w trojfazowym uktadzie gaz—ciecz—cialo stale:
(A) SWV, (B) elektrochemiczna spektroskopia faradajowska oraz (C) réznicowa
woltamperometria fali prostokatnej. Pomiary wykonano w elektrolicie podstawowym 0.1
M KNOs zawierajacym 2 x 107 mol L™ jonéw Cu?>" w obecnosci gazowego HxOa;
(a) sktadowa forward, (b) sktadowa backward, (c) odpowiedz wynikowa oraz (d) sktadowa

step. Za zgoda z artykutu [77].

Dalszg poprawe parametrow analitycznych udato mi si¢ uzyskaé¢ stosujac technike
EFS, zewzgledu na  skuteczniejsze rozdzielenie pradow  faradajowskich
od pojemnosciowych, naktore pozwala ta technika. W przeciwienstwie do SWYV,
odpowiedZ elektrochemiczng analizowalem w postaci funkcji kolejnych cykli zmian

potencjatu, a koncowy sygnat analityczny wyznaczatem poprzez usrednienie pradéw netto
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z ostatnich pigciu cykli po odjeciu slepej proby. Taka metodologia pozwolita mi
na obnizenie granicy wykrywalnosci az do 7.79 x 107* mol L7!, zjednoczesnym
zachowaniem liniowej odpowiedzi w zakresie od 3.7 x 1073 do 3.7 x 1072 mol L.
Pomimo bardziej zlozonego uktadu system zachowywat dobra powtarzalnos¢, osiagajac
$rednie RSD na poziomie 5.3%.

Niemniej jednak, najkorzystniejsze wilasciwosci analityczne uzyskalem stosujac
DSWV. W technice tej kazdy cykl potencjatu sktadat sie z kroku potencjatu, po ktérym
nastepowaly dwa impulsy o przeciwnej polaryzacji. W rezultacie otrzymalem liniowa
zalezno$¢ analityczng w zakresie od 3.7 x 107'* do 3.7 x 107" mol L', a granice
wykrywalnosci udato mi sie obnizy¢ do poziomu 2.79 x 107!° mol L™!. Jednoczesnie
pomiary DSWYV charakteryzowaly sie bardzo wysoka precyzjg pomiarow, osiagajac srednie
wzgledne odchylenie standardowe na poziomie jedynie 1.3%. W konsekwencji metoda ta,
wedle mojej najlepszej wiedzy (Tabela 1.), nalezy do najczulszych sposrod dostepnych
dotychczas metod elektrochemicznego oznaczania gazowego nadtlenku wodoru
i potwierdzajac tym samym, Ze polaczenie ukladu trojfazowego z zaawansowanymi
technikami impulsowymi stanowi bardzo skuteczne narzedzie ultraczulej detekcji

sladowych ilosci HO, w fazie gazowe;j.

Tabela 1. Poréwnanie zaproponowanych w niniejszej dysertacji metod detekcji nadtlenku

wodoru z danymi literaturowymi.

) Zakres liniowy LOD
Rodzaj sensora Metoda Faza Ref.
(mol L™1) (mol L1
Skruber dyfuzyj CL G 245 <1071 - [48]
ruber dyfuzyjn azowa -
i 1.39 x 10710
Skruber dyfuzyjny CL Gazowa --- 1.0 x 10712 | [49]
Pt-SPE/
Amperometria | Gazowa —- 1.6 x 107 | [73]
Nafion®
Skruber dyfuzyjny | Kolorymetria | Gazowa - 1.1 x10712 | [51]
Czujnik hydrozelowy _ 8.8 x107°—
Kolorymetria | Wodna 8.8x107° | [74]
HRP/BSA (2-D PhC) 6.06 x 107
1.2 %1078 -
52 x1077
UV-VIS Kolorymetria | Gazowa 2.06 x 1078 | [37]
29107 -
2.6 x107°
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7.3 x 1071~
SPE/PAA SWV Gazowa 42 %1070 | [66]
7.3 x 107
TisCoTxMXene/FCN- 1.47 x 1078 -
CV Gazowa 1.2 x 10710 | [75]
SPCE 8.82 x 1077
NiCo02Ses/GC SWV Gazowa | 1.22 x1071—
6.1x 107" 7]
3.7x 1071 =
SPE/PAA SWV Gazowa 5.6 x107"2 | [63]
3.7 x 10710
PB-SPE/ 1x107°-1x | 23x107°
SWV Wodna [71]
PAA 1073
PB-SPE/ 3.7x107"12=
SWV Gazowa - [71]
PAA 1.85x107°
PB-SPE/ 3.7x 1071 =
SWV Gazowa 8.7 x 107" | [72]
pAMPS 3.7x1071°
TPh-GC rod 1.85x107"2—- | 1.3x107"3
SWV Gazowa [77]
2.96 x 1071
TPh-GC rod 3.7x1073— | 7.8 x 1071
EFS Gazowa [77]
3.7 x 10712
TPh-GC rod 3.7x107%— | 28x 1071
DSWV Gazowa [77]
3.7x10713

CL — chemiluminescencja, HRP/BSA - peroksydaza chrzanowa/albumina surowicy
bydlecej, PhC - krysztat fotoniczny. Kolorem zielonym zaznaczono wyniki uzyskane w

ramach niniejszej rozprawy doktorskie;j.

Najwazniejsze osiagniecia naukowe

Celem przeprowadzonych w ramach niniejszej dysertacji badan bylo opracowanie
nowych metod elektrochemicznej detekcji gazowego nadtlenku wodoru z wykorzystaniem
uktadu katalitycznego jondw miedzi(Il) oraz okreslenie czynnikow wplywajacych na ich
wiasciwoscei analityczne. Zakres badan obejmowal zaréwno analize¢ mechanizméow
elektrokatalitycznych zachodzacych w ukladach zawierajacych jony miedzi(Il) oraz
wybrane polielektrolity, a takze rozwdj nowych konfiguracji pomiarowych przeznaczonych

do oznaczania H,O» w fazie gazowe;j.
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W pierwszym etapie badan potwierdzitlem, iz obecno$¢ kwasu poliakrylowego
prowadzi do stabilizacji posrednich jonéw Cu®, wplywajgc na ich dostepnosé w srodowisku
wodnym, tym samym zmieniajac przebieg procesow redoks i wzmacniajagc wlasciwosci
elektrokatalityczne ukladu Cu?*/Cu’ wzgledem redukcji H»O». Otrzymane wyniki
pozwolity na wyjasnienie mechanizméw odpowiedzialnych za generowanie odpowiedzi
elektrochemicznej oraz stworzyly podstawy do opracowania pierwszego uktadu
do elektrochemicznej detekcji gazowego H>O»> wykorzystujacego polaczenie PAA i jondow
Cu?".

W kolejnych badaniach skoncentrowalem sie na kompleksowej charakterystyce
komercyjnie dostepnych elektrod sitodrukowanych oraz okresleniu wptywu ftalocyjniny
kobaltu(Il) i biekitu pruskiego jako modyfikatoréw ich powierzchni aktywnej
na whasciwosci detekeji. Przeprowadzone poréwnanie wykazato istotny wplyw rodzaju
zastosowanego modyfikatora na przebieg procesoéw elektrokatalitycznych oraz mozliwosci
detekcji nadtlenku wodoru. Kluczowym aspektem badan bylo zaobserwowanie wyraznego
efektu synergistycznego pomiedzy blekitem pruskim a jonami miedzi(Il), prowadzacego
do amplifikacji rejestrowanego sygnatu zwigzanego z redukcja nadtlenku wodoru. Efekt
ten umozliwil poprawe parametréw detekcyjnych opracowanego sensora oraz wskazat
na mozliwo$¢ wykorzystania potaczenia klasycznego modyfikatora powierzchni elektrody
z rozpuszczalnym mediatorem redoks jako nowej strategii projektowania uktadéw
zdolnych do oznaczania $ladowych ilosci gazowego nadtlenku wodoru. Jednoczesnie
zaobserwowane zaleznosci stworzyly podstawy do opracowania posredniej metody
detekcji H2O2 bazujace na wspomnianym efekcie synergistycznym.

W nastepnej czesci badan wykazalem, ze rodzaj zastosowanego polielektrolitu
w istotny sposob wplywa na przebieg procesow elektrokatalitycznych oraz mozliwosci
detekcji gazowego nadtlenku wodoru. Szczegdlnie korzystne wiasciwosei uzyskatem dla
uktadow opartych na pAMPS oraz pAAmAA, przy czym najlepsze rezultaty
zaobserwowalem dla pAMPS o pH 2. Zastosowanie tego polielektrolitu umozliwito
poprawe czulosci 1 powtarzalnosci opracowanego uktadu analitycznego.

Do najwazniejszych osiagni¢¢ niniejszej rozprawy doktorskiej zaliczam
opracowanie nowego ukladu pomiarowego wykorzystujacego granice trzech faz,
umozliwiajacego bezposrednig detekcje gazowego nadtlenku wodoru. Zastosowanie tej
konfiguracji poprawilo transport gazowego analitu do powierzchni elektrody, skrocito
catkowity czas analizy oraz pozwolilo na znaczne obnizenie granicy wykrywalnosci.

Ponadto, potaczenie ukladu tréjfazowego =z zaawansowanymi technikami
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elektrochemicznymi umozliwilo jeszcze wieksze obnizenie granicy wykrywalnosci
gazowego nadtlenku wodoru, osiagajac LOD rzedu 10" mol L%,

Catos¢ przeprowadzonych przeze mnie badan doprowadzita do przygotowania
kilku nowych strategii oznaczania gazowego nadtlenku wodoru, charakteryzujacych sig¢
wysoka czutoscig, dobra powtarzalnoscia oraz mozliwoscia prowadzenia badan w czasie
rzeczywistym. Wyniki badan zostaly opracowane w postaci czterech artykutow naukowych
w recenzowanych czasopismach znajdujacych si¢ na liscie filadelfijskiej. Moja praca
przyczynita sie do poszerzenia wiedzy dotyczacej elektrochemicznych mechanizméw
detekcji H>O» oraz dostarczyla nowych rozwigzan mogacych znalez¢ zastosowanie
w konstrukcji wysoko czulych sensoréw gazowych. Tym samym zrealizowatem wszystkie

cele naukowe zalozone w ramach niniejszej dysertacji.
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Publikacje naukowe stanowigce podstawe niniejszej rozprawy doktorskiej:

N. Ullah, D. Guziejewski, B. Barton, V. Mirceski, Electrocatalytic reduction of
hydrogen peroxide in solution in the presence of polyacrylic acid and copper ions:
Application for gaseous hydrogen peroxide detection, Journal of Electroanalytical
Chemistry, 951 (2023) 117918.

B. Barton, N. Ullah, D. Guziejewski, P. Krzyczmonik, V. Jovanovski, V. Mirceski,
Detection of gaseous hydrogen peroxide using polyacrylic acid—copper(II) catalytic
system at carbon-based screen-printed electrodes, lonics, 31 (2025) 12245-12256.
B. Barton, N. Ullah, V. Mirceski, S. Smarzewska, K. Koszelska, V. Jovanovski,
D. Guziejewski, Polyelectrolyte-Enhanced Electrochemical Sensing of Gaseous
Hydrogen Peroxide With Copper(I)-Mediating Systems, Electroanalysis, 38
(2026) €70113.

B. Barton, N. Ullah, V. Mirceski, D. Guziejewski Detection of Gaseous Hydrogen
Peroxide at a Three-Phase Electrochemical Interface; in Microchemical Journal

(W recenzji w czasopismie Microchemical Journal)
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ARTICLE INFO ABSTRACT

Keywords: A comprehensive voltammetric investigation into the electrocatalytic electrode mechanism for the reduction of
Electrocatalytic reduction of hydrogen hydrogen peroxide in an aqueous polyacrylic acid solution, in the presence of Cu" ions, is presented. The
peroxide

primary objective is to lay the groundwork for the development of a straightforward electrochemical sensor for
the detection of gaseous HyO,. Various electrode reaction pathways have been observed depending on the po-
tential applied to the glassy carbon electrode. At potentials approximately —0.400 V vs. Ag/AgCl (3 mol L™! KCI),
an electrochemical reduction of HyO, occurs. In this context, the Cu®*/Cu™ redox couple, stabilized by poly-
acrylic acid, acts as a redox mediator, following the EC’ reaction scheme. Additionally, a complex Fenton-like
spontaneous redox chemistry takes place between Cu?"/Cut and H,O, within the bulk of the polyacrylic
aqueous solution. This results in the generation of a variety of reactive oxygen species (ROS), with the superoxide
anion and hydroxyl radical being the most probable intermediates. The electrochemical reduction of ROS species
effectively recycles H,O, near the electrode surface, constituting an electrocatalytic mechanism of the second
order. This particular electrocatalytic process is evident as a prominent reduction current tail at potentials more
negative than —0.400 V. This, in conjunction with the adsorption and stabilizing influence of polyacrylic acid,
facilitates exceptional analytical sensitivity for the detection of gaseous HyO». The sensor exhibits the capability
to detect concentrations of gaseous HpO2 as low as 107! mol L7}, accomplished through the utilization of
square-wave voltammetry and other advanced voltammetric techniques.

Polyacrylic acid
Copper ions
Square-wave voltammetry

1. Introduction homemade peroxo-explosive materials (diacetone diperoxide and tri-

acetone triperoxide), which have been associated with recent terrorist

Hydrogen peroxide (H305), as an intermediate and/or byproduct of
numerous metabolic reactions, is an important biomolecule. Its reliable
detection and quantification are of utmost importance for understanding
a variety of biochemical and physiological pathways. Quantitative
measurements of gaseous hydrogen peroxide concentration are useful
for diagnosing serious diseases, such as asthma, and lung cancer, [1-3].
The concentration irregularity of hydrogen peroxide in a gas phase, e.g.
in exhaled breath, is an indicator for other diseases such as diabetes,
heart diseases, neurodegenerative conditions, acute respiratory distress
syndrome (ARDS), chronic obstructive pulmonary disease (COPD), and
cystic fibrosis (CF) [4-11]. Besides biochemistry, the detection of HyO2
is the focus of research due to security reasons, as it is a component of

attacks [12-14]. A simple and fast detection of these volatile explosives
seems to be possible only through Hy0, detection in the gas phase,
which imposes an additional challenge for the electrochemical research
of HyO». In addition, gaseous Hy0> is recognized as a pivotal molecule in
various atmospheric processes, being a product of chemical trans-
formation of primary and secondary organic aerosols [15]. In the vast
field of analytical chemistry of HyO», a range of techniques have been
applied, such as chromatography [16], fluorescence [17], chem-
iluminescence [18], colorimetry [19], and electrochemical [20,21], to
mention just a few. Among these methods, electrochemical techniques
have gained extensive attention due to their simplicity and sensitivity
[22,23]. Available electrochemical methods for H,O5 gas detection are
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Fig. 1. (A) Cyclic voltammograms of 2 x 10~* mol L™ Cu*" in supporting electrolyte of 0.1 M KNOs in the presence of O, (a) and after degassing the solution (b).
(B) Cyclic voltammograms of 2 x 10~* mol L™ Cu®" in the supporting electrolyte of 0.1 M KNOs containing 1 % PAA in the presence of Oy (a) and after degassing of
the solution (b). (C) Cyclic voltammograms of 2 x 10~* mol L™! Cu®" in the supporting electrolyte of 0.1 M KNOs and 1 % PAA in the presence of 2 x 10> mol L ™!

H,0, in presence of O,. The scan rate for all voltammograms is 50 mV s>,

scarce, Kuwata and Sadaoka [24], detect hydrogen peroxide in air
directly on amperometric sensor cell (cathode Au/Nafion/Pt anode),
which show linear response to HyO» increment in air. Similarly, Hocevar
and his group have developed several sensors [25-28] including a sensor
for gaseous hydrogen peroxide [8]. The sensor detects hydrogen
peroxide in the air as real sample, after the room was disinfected with
10 % H50, solution.

Selection of an appropriate medium is clearly of crucial importance
in Hy04 gas detection using electrochemical techniques. The excellent
features of polyacrylic acid (PAA), such as its polyelectrolytic capability
[29], high water absorbency [30], superior biocompatibility [31], and
ability to form thin films [32], make it an appealing medium for HyO,
detection. Moreover, recalling that the features of PAA can be controlled
by the degree of cross-linking by means of temperature, ionic strength,
type and concentration of counter ions, and pH [33,34], the versatile
physicochemical characteristics of PAA make it a tempting medium for
the preparation of electrochemical sensors [35]. In addition to the re-
quirements for a specific medium selection, electrochemical detection of
H0; often requires an electrocatalyst or a redox mediator due to the
known sluggish electrode kinetics and complex electrode mechanism
[36]. Various species have been employed as electrocatalysts, including
enzymes [37], polymeric sensing membranes [38], nanoparticles of
metals and metal oxides [22,39], and carbon-based nanoparticles [40].
Among these materials, copper nanoparticles gained special attention
due to their excellent electrocatalytic activity, low cost, and biocom-
patibility [3,41-46].

In a recent study, we conducted an investigation into the electrode
mechanism of Cu2+(aq) reduction in aqueous PAA solutions to establish

a foundation for HyO5 detection [47]. Our findings demonstrated that
Cu* acts as a redox mediator during the electrode reduction of Cu?* to
metallic Cu(s), enabling electrochemical detection of HyO [48-50].
However, a previous study suggested that the Cu?*-PAA- H,0, system
exhibits even more remarkable electrocatalytic properties in the po-
tential region where Cu(s) species are present, either immobilized on the
electrode surface or dispersed near it. Consequently, the present study
focuses on the electrochemical reduction of HyO5 on a Cu(s)-modified
electrode in an aqueous PAA solution, elucidating mechanistic aspects
of the electrode reaction, with the aim of establishing a novel method for
H30, detection in the gas phase. In addition to conventional cyclic
voltammetry (CV) and square-wave voltammetry (SWV), advanced
variants of SWV, including square-wave chronoamperometry (SWC)
(also known as electrochemical faradic spectroscopy) [51,52], and dif-
ferential square-wave voltammetry (DSWV) [53,54], have been
employed for analytical purposes. It is worth noting that this study
marks the first application of SWC and DSWV in electrochemical
detection of HyOs.

2. Experimental

All chemicals used were purchased from Sigma-Aldrich and were of
analytical grade. They were used without any further purification.
Deionized water (DI water) obtained from the Polwater DL-3 purifica-
tion system was used to prepare all stock solutions. Stock solutions of
KNO3 (0.1 mol L™1), CuSO4 (0.1 mol L™1), and H»0, (0.1 mol L) were
prepared. Non-cross-linked PAA with a molar mass of 450,000 g/mol
was used for the PAA solution; 1 g of PAA was added to 100 mL of KNO3
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Fig. 2. (A) Cyclic voltammograms of 1 % aqueous solution of PAA and 0.1 mol L~! aqueous KNOj solution in absence of H,O, (a) and in presence of 2 x 10~° mol
L~! H,0; (b). (B) Cyclic voltammograms of 2 x 10~ mol L™! H,0, in the supporting electrolyte 0.1 mol L™! KNOs and 1 % PAA, containing Cu®"(aq) ions at
concentration of 5 x 107> (a); 1 x 10~ (b) and 2 x 10~* mol L™ Cu*" (c). (C) Cyclic voltammogram of 2 x 10> mol L™! H,0, in the presence of 2 x 10™* mol L™!
Cu*" in unbuffered 0.1 mol L™ KNOj solution containing 1 % of PAA (a) and in solutions additionally containing Britton-Robinson buffer at pH of 2 (b) and 4 (c). (D)
Cyclic voltammograms of 2 x 10> mol L™ H,O, in 0.1 mol L™ KNOj solution containing 2 x 10~* mol L™ Cu** and PAA at mass percentage of 0.1 (a); 0.5 (b) and

1 % of (c).

(0.1 mol L™1) as a supporting electrolyte to create a 1 % stock solution
with a pH value of 2.9. Additionally, a Britton-Robinson buffer solution
was used to assess the effect of pH.

The electrochemical study was conducted using a three-electrode
system, where glassy carbon (GC), Ag/AgCl (3 mol L™! KCl), and Pt
electrodes were employed as the working, reference, and auxiliary
electrodes, respectively. The working electrode was cleaned with Al;O3
slurry, rinsed with deionized water, and dried on air before each
experimental step. Unless otherwise specified, the study was carried out
at room temperature in the presence of oxygen. In order to investigate
the influence of oxygen, a series of experiments were conducted in
deoxygenated solutions, as clearly indicated in the titles of the corre-
sponding figures.

The study for the detection of gaseous H,O, was conducted in a
closed glass bottle chamber with a total volume of 1 L. Screen-printed
electrode (SPE) strips (Metrohm DropSens, 110) were used as an elec-
trochemical sensor. The SPE strips were printed with Ag and carbon,
serving as quasi-reference, working, and auxiliary electrodes, respec-
tively. A 50 mL of aqueous H,0; solution with a concentration ranging
from1 x 10#t01 x 102 mol L ! was placed in the chamber. The HyO»
aqueous solution was left for 3 h to establish equilibrium between the
gas and liquid phases before collecting electrochemical data. According
to Henry’s law [55,56], the concentration of HyO5 in the gas phase was
estimated to range from 6.1 x 10 to 4.2 x 107 mol L1

Following equilibration of the phases, the SPE strip was coated with a
50 pL solution containing 2 x 10~* mol L™! Cu?*(aq), 0.1 mol L' KNO3
and 1 % PAA to fully cover all three electrodes of the strip. The coated

strip was then introduced into a well-saturated environment with
gaseous Hy0; inside the chamber and kept for 3 min to allow the
dissolution of gaseous H»O» in the targeted solution on the SPE. Ex-
periments with different incubation time of 1, 2, 3, 4, 5 min were per-
formed for optimization, where the results corresponding to 1 and 2 min
were not reproducible, while the response following 3, 4, and 5 min
incubation was almost identical.

All electrochemical sensing measurements were collected using
multi-channel m-Autolab potentiostat, controlled by the Nova (v. 2.1.4)
software (Metrohm Autolab B.V.).

3. Results
3.1. Electrochemical characterisation

Typical cyclic voltammograms of 2 x 10~ mol L™} Cu®" at a bare GC
electrode in KNO3 aqueous solution in the presence of oxygen and in a
degassed solution, are presented in Fig. 1A. Apart from the typical
cathodic peak at around —0.100 V, representing the reduction of
cu?*(aq) to Cu(s), the voltammograms exhibit an anodic stripping peak
at approximately 0.130 V. On the negative potential side, no significant
oxygen reduction occurs at copper modified electrode (compare curves
a and b in Fig. 1A); yet, the anodic stripping peak is diminished in the
presence of oxygen (Fig. 1A), implying that oxygen impedes the elec-
trochemical deposition of Cu(s) and alter the overall electrochemical
mechanism. A careful inspection of the cathodic peak at —0.100 V reveal
a sort of catalytic (redox regenerative EC’ mechanism) [57-59] in the
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presence of oxygen, implying that the intermediate Cu'(aq) ions are
involved in a redox reaction with oxygen to form Cu®'(aq) and
hydrogen peroxide [60].

To further the experiment, the KNO3 aqueous supporting electrolyte
was supplemented with 1 % PAA (Fig. 1B). In the absence of oxygen
(curve b in Fig. 1B), the cathodic part of the cyclic voltammogram ex-
hibits similarities to that observed in the pure aqueous KNO3 solution
(Fig. 1A, curve b). However, the anodic stripping peak shows a well-
defined, less complex morphology compared to that in KNOs. This in-
dicates the formation of a uniform metallic deposit on the electrode
surface in the presence of PAA, implying interactions between PAA and
copper species, particularly the stabilization of Cu'(aq) species, as
demonstrated in our previous study [47]. In the presence of oxygen the
electrocatalytic effect is even more effective at potential of —0.100 V in
PAA containing solution, which has features of the regenerative EC’
catalytic mechanism, as in the absence of PAA (compare curves a in
Fig. 1A and B). More importantly, in the presence of oxygen an intensive
cathodic tail emerges at potentials more negative than —0.400 V (curve
a in Fig. 1B), associated with a new, reductive catalytic process. At the
same time, the anodic stripping peak shifts toward more positive po-
tentials confirming that oxygen affects the overall electrochemical
process of copper.

In the presence of HyO, and oxygen in the PAA containing supporting
electrolyte (Fig. 1C), the reduction tail increases dramatically (by
approximately 10 uA measured at the limiting potential of —0.700 V),
revealing that the same catalytic process observed with O proceeds at
significantly higher rate when H3O3 is deliberately added to the solu-
tion. It is also important to note that during the reverse potential scan,
the voltammetric curve virtually follows the same path of the forward
cathodic tail (Fig. 1C). Moreover, under certain conditions, the reverse
voltammetric component could be associated even with stronger
cathodic currents, being shifted towards more positive potentials and
intersecting the forward voltammetric curve at potentials around
—0.400 V (vide infra). The data in Fig. 1 reveal important aspect of the
complex electrochemistry of the system Cu?'-PAA-Oy-H,0,. The EC’
reaction scheme, between Cu™ and O, is obviously valid in the presence
and in the absence of PAA. Yet, PAA stabilizes one of the products of
these reaction scheme, i.e., HyO,, which is further involved in additional
electrocatalytic mechanism at potentials more negative than —0.400 V
(compare curve b in Fig. 1B and Fig. 1C).

To investigate the role of copper in the overall electrocatalytic pro-
cess, typical cyclic voltammograms for the reduction of HyO5 in the
absence and the presence of copper are presented in 2A and 2B,
respectively. In Fig. 24, it is evident that H,O, does not undergo elec-
trochemical reduction in the absence of Cu2+(aq),even in a KNO3 and
PAA aqueous solution. Conversely, Fig. 2B demonstrates the pro-
nounced electrocatalytic effect of copper, which is directly proportional
to the concentration of Cu2+(aq) [45]. This effect is observed in terms of
the increased intensity of the cathodic current at potentials close to
—0.100 V (i.e., reduction of Cu®** to Cu(s) via the intermediate Cu™
[61]), as well as at potentials more negative than —0.400 V. Obviously,
the redox chemistry of Hy0, and both Cut and Cu®" is of critical
importance form the overall voltammetric features in PAA containing
solutions [47].

Since the state of PAA and the redox chemistry of HyO» are both
highly sensitive to pH [34], reduction of HyO2 in the PAA containing
solution was investigated in the presence of a buffer (Fig. 2C). Note that
the electrolytic solution consisting of 1 % PAA in a 0.1 mol L™! KNO3
solution has a pH of 2.9, indicating that a small portion of PAA is in a
deprotonated form. According to literature data, Cu®*(aq) predomi-
nantly exists in form of aqua-complex, while approximately 10 % of the
total concentration is complexed with carboxylic groups of PAA [62]. In
a buffered acidic medium with a pH of 2, the cathodic tail starts to
develop at more negative potentials compared to the unbuffered solu-
tion (compare curve a and b in Fig. 2C). Moreover, the reverse vol-
tammetric curve exhibits peculiar behaviour by intersecting the forward
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Fig. 3. The role of deposition protocol in cyclic voltammetry. (a) The deposi-
tion of copper has been performed in 0.1 mol L~! KNOj solution containing 2 x
10 “mol L ! Cu®>" and 1 % PAA at potential of —0.400 V for 10 s. Then, the
modified electrode was immersed into 0.1 mol L' KNOjs solution containing 1
% PAA and 2 x 107° mol L™ H,0,, free of copper ions; (b) Cyclic voltam-
mogram recorded at starting potential of —0.100 V with the first vertex po-
tential of —0.700 V and the second vertex at 0.500 V in 0.1 mol L~ KNO;
solution containing 2 x 10~* mol L™ Cu®*, 1 % PAA, and 2 x 10~° mol L!
H,05; (c) Cyclic voltammogram recorded by deposition at —0.400 V for 10 s.
The initial potential is identical with the deposition potential; the first and
second vertex potentials, together with other conditions are identical as for
curve (b); (d) Cyclic voltammogram recorded at starting potential of —0.400 V
without deposition. The rest of the conditions are identical as for curve (b).

voltammetric curve at potentials around —0.400 V. Importantly, the
maximum cathodic current at the limiting potential of —0.700 V is lower
at pH = 2 than in unbuffered solution at pH = 2.9. Additionally, at pH 2,
the anodic stripping peak is shifted to a more positive potential of about
70 mV compared to the unbuffered solution. These data clearly indicate
that voltammetric features manifested as a cathodic current tail at po-
tentials more negative than —0.400 V are not related to the catalytic
proton reduction, rather to the complex electrocatalysis of HyO5 in the
presence of copper species.

The system was also studied in a buffer with a pH of 4. In this case,
the anodic peak shifted positively by only 27 mV, while the evolution of
the reduction tail was shifted by approximately 144 mV towards more
negative potentials (compare curves a and c in Fig. 2C). The peculiar pH
effect does not solely originate from the role of PAA but also from the pH
sensitivity of the overall electrode mechanism, which likely involves a
multitude redox reactions between H,0, and copper species, resulting in
formation of various oxygen-containing radical species [49]. Despite the
complexity of the electrochemical mechanism, the response in the un-
buffered PAA solution seems to be the most promising from an empirical
and analytical perspective.

Besides copper ions, the electrocatalytic effect depends significantly
on the PAA concentration, as demonstrated in Fig. 2D, which displays
voltammograms obtained in solutions containing 0.1, 0.5, and 1 % PAA.
The intensity of the electrocatalytic effect is directly proportional to the
PAA concentration. Furthermore, it appears that the morphology of the
Cu(s) deposit is also influenced by the PAA content. This is evident from
the characteristics of the copper anodic stripping peak, which increases
in proportion to the PAA content, while in the presence of 1 % PAA,
exhibits a sharp and uniform anodic peak. This peak is slightly shifted
towards less positive potentials, approximately by 40 mV, compared to
the 0.1 % PAA solution (compare curves a and ¢ in Fig. 2D). Clearly, PAA
favours formation of a uniform metallic copper film on the electrode
surface. By comparing the data from panels 2A, B, and D, it can be
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and 100 mV s~ !(C). Panel D compares scan rate normalized voltammograms for the same scan rate values of 5 (a); 50 (b) and 100 mV s71 ().

deduced that the electrocatalytic effect of PAA is primarily observed
through its impact on copper species [63] rather than through a direct
effect on the electrochemical reduction of HoO2, which practically does
not take place in the absence of copper ions (curve a in Fig. 2A).

To uncover whether metallic copper deposit (Cu(s)) on the electrode
surface or the copper nanoparticles (Cu’(aq)), formed by the dispro-
portionation of the Cu*(aq) intermediate [64], are the actual electro-
catalyst, a systematic analysis of the deposition time and potential has
been conducted and representative voltammograms are depicted in
Fig. 3. Curve a in Fig. 3 corresponds to the experiment in which the
deposition of copper has been conducted in a HyO, free solution. Af-
terwards, the copper modified electrode has been transferred into HoO2
containing solution free of copper ions, and the voltammetry was
commenced from —0.400 V in a negative potential direction. Note that
at —0.400 V no electrochemical oxidation of metallic copper takes place
and no copper ions are electrochemically formed in the vicinity of the
electrode. Intriguingly, virtually no cathodic tail was observed sweeping
the potential from —0.400 to —0.700 V, pointing clearly that the direct
reduction of HyO» via the metallic copper deposit (Cu(s)) is virtually
insignificant.

In addition, voltammograms b-d in Fig. 3 are recorded in solutions
containing both Cu?*(aq) and Hy0,, initiating the voltammetry at
—0.100 V (curve b), at —0.400 V (curve ¢), and by previous incubation of
the electrode for 10 s at the initial potential of —0.400 V (curve d). The
cathodic tail is obviously independent on both the initial potential and
incubation time (i.e., deposition time). The experiment corresponding to
curve b plausibly includes sequential reduction of Cu®*(aq) to Cu(s) via
disproportionation of Cu'(aq) intermediate, thus resulting in Cu(s) in
the form of both metal deposit (Cu(s)) and metal nanoparticles in the
diffusion layer (Cu’(aq)) [47,65]. Voltammograms recorded from
—0.400 V (curves ¢ and d), in particular the experiment including

deposition time (curve d), favour predominantly electrochemical for-
mation of metallic copper deposit on the electrode surface (Cu(s)). Yet,
in all three cases, the cathodic tail is identical, implying that elemental
copper species, either on the electrode surface or in the vicinity of the
electrode, are not critical in the overall electrocatalytic mechanism.
Thus, in agreement with previous conclusion, the redox chemistry un-
dergoing in solution between H>O, and copper species gives rise to the
reduction tail at potentials more negative than —0.400 V. Importantly,
the intensity of the reduction current tail is independent on the amount
of copper deposit on the electrode surface, implying that the electrode
reaction predominantly takes place on the bare electrode surface.

The effect of the potential scan rate (v) sheds additional light to the
electrode mechanism, as illustrated in Fig. 4. The scan rate exhibits a
profound effect on the morphology of the voltammetric curves, in
particular in the potential region of our interest, i.e., more negative than
—0.400 V. Interestingly, the maximum cathodic current at the limiting
potential of —0.700 V depends inversely on the scan rate, implying that
the electrode reaction is not diffusion controlled, rather than it is gated
by the kinetics of a chemical reaction (Fig. 4A-C) [66]. The intersection
of the reverse voltammetric curve with the forward one also depends
significantly on the scan rate, shifting toward more negative potentials
by increasing the scan rate. Fig. 4D compares scan rate normalized
voltammograms, aiming to illustrate the intrinsic mechanistic aspect of
the electrode reaction. Let us recall that the ratio I/v*? represents the
dimensionless current function [67], which solely depends on the elec-
trode mechanism and avoids the effect of the diffusion layer thickness.
The strong decrease of the overall current by increasing the scan rate
from 5 to 100 mV s !, suggest a mechanism in which the electroactive
reactant is formed in a preceded chemical reaction (i.e., a CE mechanism
[571). These data additionally support the conclusion that the reduction
tail at potentials more negative than —0.400 V is due to reduction of
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Fig. 5. (A) Typical square wave voltammetric response of 2 x 107> mol L™! of H,0, recorded in 0.1 mol L™* KNO3 containing 1 % of PAA and 2 x 10~* mol L™}
cut, showing forward (a), backward (b), and net (c) component. The parameters of the potential modulation are SW frequency of 5 Hz, amplitude 25 mV, and step
potential of 2 mV. (B) Frequency normalized net SW voltammograms for the frequency of 5 (a); 50 (b), and 100 Hz (c). The other conditions are as in panel (A). (C)
The effect of the SW amplitude on the net SW voltammogram, ranging from 20 (a); 100 (b), and 200 mV (c), for the SW frequency of 8 Hz. The other conditions are as

in panel (A).

particular redox species that are formed in a preceding spontaneous
redox reaction between HyO3 and copper ions [60].

Further electrochemical characterisation has been conducted by
advanced technique of square-wave voltammetry. Fig. 5A depicts
typical SW voltammetric response of the studied system containing both
Cu®* and H,0,. Forward and backward voltammetric curves has a
typical shape of a catalytic electrode processes [68], both in the po-
tential region of the Cu?*(aq) reduction (around —0.100 V) and in the
region more negative than —0.400 V. The frequency analysis, repre-
sented in the form of frequency-normalized net SW voltammograms
(Fig. 5B) supports the previous conclusion that the overall electro-
chemical mechanism is gated by the kinetics of a preceding chemical
reaction [69]. Besides the SW frequency, the height of the potential
pulses in SWV (i.e., SW amplitude) profoundly affects the voltammetric
response. The net SW voltammograms enhance in proportion to the SW
amplitude, and the effect is more pronounced in the potential region
more negative than —0.400 V. Let us note that large amplitude values in
the potential region more negative than —0.400 V enable electro-
chemical anodic dissolution of Cu(s) and regeneration of copper ionic
species (i.e., Cu?* or Cu™) in the vicinity of the electrode in the course of
the backward (anodic) potential pulses, which re-establishes the con-
ditions for the ongoing catalytic mechanism which obviously critically
depends on dissolved copper ions.

The experimental data presented suggest that the intensive reduction
tail observed at potentials more negative than —0.400 V is attributed to
electroactive reactants formed in a spontaneous redox reaction between
Cu’*(aq) and Hy0,. The electrode process generates a current tail
instead of a peak-like shape, indicating a catalytic and regenerative
mechanism, where the electroactive reactant is continuously

2+ +
H.O Cu?*/Cu ,

292 :
A chemical step

ROS (O, OH¢)
|

I
I e/ H* !

electrochemical step

Scheme 1. The assumed reaction pathway for the electrocatalytic mechanism
of a second kind giving rise to the reduction current tail at potentials more
negative than —0.400 V.

replenished without diffusion limitation during voltammetry. Consistent
with extensive literature data [60,70], a Fenton-like reaction involving
the redox couple Cu?t/Cu* and H,0, is the most plausible pathway,
resulting in the production of superoxide anion and hydroxyl radicals as
the primary intermediates. These intermediates, stabilized by PAA [71],
are considered the most likely electroactive reactants responsible for the
reduction current tail. The electrochemical reduction of OH- and/or O3
leads to the formation of HyO3, which in turn recycles the initial reactant
(H203), completing the scheme of an electrocatalytic mechanism
[72-74]. Scheme 1 summarizes the proposed reaction pathway, which
represents a specific type of catalytic mechanism known as the “elec-
trocatalysis of a second kind,” as described in our previous theoretical
studies [69,75].

It is worth noting that according to research conducted by [76], as
well as the study by [77], it has been observed that (Cuo(aq)) nano-
particles formed near the electrode can also activate HyO5, leading to
similar Fenton-like redox chemistry. However, the present experimental
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Fig. 6. (A) Potential modulation in differential square-wave voltammetry (DSWV) [53], consisting of potential steps with duration 15, and potential pulses with
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steps (I,), forward pulses (I), and backward pulses (I,). (B) Typical DSW voltammetric response of 2 x 107> mol L™' H;0, in 0.1 M KNOj electrolyte solution
containing 2 x 10~*mol L~! Cu** and 1 % of PAA, showing forward (a), backward (b), and net voltammetric component (c). The height of the pulses is Ey, = 200
mV, frequency f = 8 Hz (i.e., t, = 62.5 ms), AE = 5 mV, and the step-to-pulse duration ratio is z,/t, = 2. (C) Potential modulation of square-wave chronoamperometry
(SWC) consisting of a train of potential pulses imposed on a constant mid-potential E,, [51]. The other symbols are identical as in panel (A). (D) Typical SW
chronoamperometric response of the studied system showing forward (a), backward (b) and net (c) chronoamperometric component. The experimental conditions
are identical as in panel B. The inset shows classical chronoamperogram recorded at —0.450 V (a) and the net chronoamperogram of SWC recorded with E,, =

—0.450 V (b).

data imply that such a process is insignificant under our experimental
conditions. This conclusion is supported by the experimental data
summarized in Fig. 3, where the influence of time and deposition po-
tential was systematically investigated, enabling control over the
amount of (Cuo(aq)) species present.

3.2. Analytical applications

Besides SWV, an attempt has been made to use recently introduced
advanced variants of SWV as an analytical tool, such as differential
square-wave voltammetry (DSWV) [53] and square-wave chro-
noamperometry (SWC) [78]. Potential modulation waveform of DSWV,
together with the typical voltammetric response of the studied system
are depicted in Fig. 6A and B, respectively. Forward (a) and backward
(b) voltammetric components in Fig. 6B correspond to the currents
measured at the end of forward (cathodic) and backward (anodic) po-
tential pulses, whereas the net (c¢) component is calculated as in the
conventional SWV, i.e., et = If — Iy,. The technique differs from con-
ventional SWV in potential steps inserted between each potential cycle
(Fig. 6A) consisting of two adjacent potential pulses. The overall scan
rate in DSWV is lower than for SWV for a given frequency, thus the
technique is more convenient for electrode processes gated by slow
chemical reactions. Moreover, it is expected that DSWV would
discriminate the background current more effectively than SWV [54]. In

spite of the range of advances of the technique, the voltammetric curves
of the studied system in the potential region more negative than —0.400
V again appear as current tails rather than a voltammetric peak, due to
the complex nature of the operative catalytic electrode mechanism.

In Fig. 6C typical potential modulation of SWC is depicted, where E,
is the mid-potential, and other parameters and current sampling pro-
tocol are identical as in conventional SWV [51]. Square-wave chro-
noamperometry, or alternatively termed as electrochemical Faradaic
spectroscopy [79] is highly promising technique for analytical applica-
tions as it unifies the simplicity of the chronoamperometry and the ad-
vances of pulse voltammetric techniques. A typical chronoamperometric
response recorded under optimized experimental conditions at mid-
potential of —0.450 V is depicted in Fig. 6D, whereas the total number
of potential cycles of the experiment is 500. The inset of Fig. 6D com-
pares the classical chronoamperogram recorded at —0.450 V (curve a)
and the net chronoamperogram of the SWC experiment with Ey, =
—0.450 V. Obviously, SWC delivers more intensive response, which has
obvious analytical benefits.

A detailed concentration dependency was initially carried out in a
solution phase using the three techniques, i.e., SWV, DSWV and SWC,
over the concentration interval of HyO5 from 3 x 10 mol L™! to 7 x
1073 mol L™ (6 x 107 mol L™! in case of DSWV). The optimized
supporting electrolyte consists of 0.1 mol L™ KNO3, 1 % PAA and 2 x
10~* mol L™! Cu®', whereas the instrumental parameters are SW
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Fig. 7. Calibration curves for square-wave voltammetry (SWV) (a), square-
wave chronoamperometry (SWC) (b), and differential square-wave voltamme-
try (DSWV) (c), over the H,O, concentration interval from 3 x 10 * mol L ! to
7 x 1072 mol L™! (6 x 107> mol L™! for DSWV), in a supporting electrolyte
containing 0.1 M KNOs, 1 % PAA, and 2 x 10~* mol L™! Cu**(aq). Parameters
of the potential modulations are SW frequency 8 Hz and SW amplitude 200 mV
(for the three techniques), step potential 5 mV (for SWV and DSWV), and 500
potential cycles with the mid-potential of —0.450 V for SWC.

Table 1
LOD and LOQ with R? values for SWV, EFS, and DSWV in solution for HyO,
detection.

DSWV EFS SWV

mol L™! mol Lt mol L™t
LOD 9.05 x 10°° 117 x10°* 117 x 10°*
LOQ 3.02 x 107* 3.88 x 107* 3.89 x 107*
R? 0.9987 0.9981 0.9971

frequency 8 Hz and SW amplitude 200 mV (for the three techniques),
step potential 5 mV (for SWV and DSWV), and 500 potential cycles with
the mid-potential of —0.450 V for SWC. Corresponding calibration lines
are depicted in Fig. 7. In SWV and DSWV the net current was measured
at the fixed potential of —0.450 V, whereas in SWC, the net current is an
average of the last 10 potential cycles, i.e., when the net current sta-
bilises to a constant value [52]. The limits of detection (LOD) and
quantification (LOQ), and linear regression coefficient (R2) values for all
three techniques are listed in Table 1, calculated using the standard
formulas LOD = 3 x S,/b and LOQ = 10 x S,/b, where S, is the standard
deviation of the intercept and b is the slope of the calibration line. The
LOD and LOQ for SWV and SWC were found to be almost same. How-
ever, the slope of SWC of 3.0 (Fig. 7b) is higher than that for SWV, which
is 2.3 (Fig. 7a). More importantly, the slope has the highest value for
DSWV (4.0), implying the best sensitivity of the technique compared to
SWV and SWC. Besides, LOD and LOQ are slightly lower for DSWV
compared to other techniques, supporting the expected advantages of
the technique [80].

Finally, the determination of HyO, in a gas phase has been attempted
by means of screen-printed electrodes (SPE). In agreement with our
previous study, the electrode mechanism at SPE is virtually identical as
for GCE [47,81]. Aqueous solutions with concentrations from 1 x 1074
to 7 x 107 mol L™! were inserted into a sealed glass chamber with a
volume of 1 L and left for 3 h to establish an equilibrium between the
liquid and gas phases. 50 pL of the optimized solution of PAA and Cu?*
ions were added dropwise to the SPE and the electrode was inserted in
the glass chamber. PAA has a gas-absorption capability providing the
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Fig. 8. Calibration curves created from measurements carried out for various
concentrations of gaseous H,O, in the chambers. Measurements were taken by
square-wave voltammetry, 3 min after the SPE was inserted and sealed inside
the glass chamber. The abscissa displays the concentrations of the aqueous
H,0, solutions inserted in the chamber to be equilibrated with the gas phase.
The other conditions are the same as in Fig. 7.

Table 2
Comparison of LOD of different materials for gaseous H,O detection.
S. Material Method Reaction LOD (mol Ref.
No mode L™
1 Cu?* mediator SWV Reduction 4.2 x [471
107°
2 PAA sensor Ccv Oxidation 5.9 x [8]
MnO, PAA 108
8.8 x
108
3 copper redox Amperometry  Oxidation 1.6 x [3]
mediator 10°°
4 Cu®" mediator SWV Reduction 5.6 x This
10712 work

equilibrium at the liquid/gas interface to be established after 3 min.
Afterwards, the electrochemical measurement was performed using
SWV. The current was recorded at a potential of —0.750 V vs. Ag-quasi-
reference electrode of the SPE, corresponding to —0.450 V vs. the con-
ventional Ag/AgCl reference electrode. A linear dependence of the
measured net current against the concentration of H,O was found over
two concentration ranges, i.e., 1 x 1071 x 10° mol L " and 1 x
1073-7 x 1073 mol L1, considering the concentration of HyO; in the
solutions inserted into the glass chamber to saturate the gas phase with
H20; over 3 h. Using the Henry law, the overall concentration interval in
the gas phase is from 3.7 x 10 1 t0 2.6 x 10 °mol L™} (H? =1.1 x 10°
mol m~3 Pa~! [55,56]). The correlation coefficients for the two con-
centration intervals are R% = 0.9940 and 0.9984, respectively, as shown
in Fig. 8. The repeatability of the measurement was calculated from 3
separate measurement series, with the standard deviation ranging from
0.29 % and 3.48 %. Based on the calibration curves considering aqueous
H,0, concentrations, LOD and LOQ values are 1.5 x 10™° mol L™! and
5.0 x 107° mol L™}, respectively. These values are calculated for the
concentration range of 0.1 to 1 mmol/L (corresponding concentrations
in the gas phase are 3.7 x 107! t0 3.7 x 1071% mol L™1; corresponding
LOD and LOQ for the gas phase are 5.6 x 107'? and 1.8 x 107'1). A
comparison of this work with other studies for gaseous H,O4 detection is
provided in Table. 2.
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4. Conclusion

In continuation of our exploration into the intricate electrochemistry
of hydrogen peroxide within polyacrylic acid while copper ions are
present, this study focuses on the electrocatalytic process characterized
by a robust reduction current tail at potentials more negative than
—0.400 V (vs. to Ag/AgCl (3 mol L1 KCD)), enabling exceptional
detection sensitivity even at concentrations as low as 10! mol L™! of
H30, in the gas phase. The underlying hypothesis suggests that the
electrode mechanism follows a second-kind electrocatalytic reaction
pathway [68]. Within the bulk of the aqueous polyacrylic solution, an
inherent Fenton-like redox chemistry spontaneously unfolds between
copper ions and Hy0,, resulting in the generation of reactive oxygen
species (ROS). It is postulated that these ROS species undergo electrode
reduction, subsequently rejuvenating HyO, in the proximity of the
electrode. This interplay establishes a self-regenerative electrocatalytic
electrode mechanism. Notably, the intensity of this electrocatalytic
process evidently hinges on the concentration of polyacrylic acid,
underscoring its pivotal role in the comprehensive electrochemical
process via the stabilizing influence exerted on both copper ions and
ROS species.

In conjunction with square-wave voltammetry and other sophisti-
cated technique variants, the study convincingly demonstrates the
capability to detect minute concentrations of HyO> gas. This achieve-
ment is made possible by utilizing readily available screen-printed
electrodes, necessitating a mere 3-minute equilibration period be-
tween the gas phase and the modified screen-printed electrodes.
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Abstract

This study concerns the electrochemical detection of hydrogen peroxide in the gas phase using screen-printed electrodes
(SPEs). The research employs cyclic and square-wave voltammetry techniques to leverage equilibrium dynamics between
the solution and gas phases for detecting gaseous analytes. A thorough study of the effect of the immobilized redox mediator
on the complex redox environment, containing polyacrylic acid, copper ions, and hydrogen peroxide, is being analyzed. The
detection system utilizes SPEs modified with Prussian blue and covered with a minute amount of supporting electrolyte,
ensuring minimal cross-contamination and high sensitivity. The optimized methodology demonstrated a linear response to
hydrogen peroxide concentrations within the gas phase, spanning a range approximately from the picomolar to nanomolar
range. This low-concentration range validates the potential of the SPE platform for real-time monitoring of hydrogen per-
oxide, with implications for various industrial and biomedical applications. These findings contribute to advancing elec-
trochemical sensing technologies for gas-phase analyte detection, setting the stage for further exploration in environmental
monitoring and analytical chemistry.

Keywords Hydrogen peroxide detection - Electrochemical gas phase analysis - Screen-printed electrodes - Square-wave
voltammetry - Electrochemical gas sensor - Volatile analyte monitoring
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that has become indispensable in various facets of daily
life, including the cosmetic, textile, paper, and biomedical
industries, as well as in both inorganic and organic syntheses
[1,2]. Its wide-ranging utility extends to the pharmaceutical
and food production sectors, owing to its potent bactericidal
properties [3]. Furthermore, within the human body, hydro-
gen peroxide serves vital functions with profound chemical
and biological significance [4]. In biochemistry, hydrogen
peroxide is essential for oxidative biosynthesis reactions and
has a defensive role against bacteria in physiological fluids
such as urine and saliva [5, 6]. Additionally, it can func-
tion as a biomarker of oxidative stress [7], with elevated
levels potentially indicating serious health conditions such
as asthma and lung cancer [8, 9]. Early diagnosis facilitated
by hydrogen peroxide detection could enable the treatment
of many patients at an early stage of disease development.
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However, hydrogen peroxide’s versatile chemistry has
also made it a commonly chosen substance for the pro-
duction of homemade explosives by terrorists [10, 11].
Peroxo-based explosives appeal to attackers due to the ease
with which they can be prepared by combining commer-
cially available precursors, including hydrogen peroxide,
alcohol, and acetone [11]. However, detecting these unsta-
ble and sublimating explosives remains challenging due to
the absence of nitro groups [12, 13].

Therefore, the detection of hydrogen peroxide in the
gaseous phase is of particular importance. While standard
methods such as chromatography or spectrometry exist,
chromatographic determination is complex and costly,
typically limited to specialized laboratories. Addition-
ally, spectroscopy is hindered by the lack of absorption
or emission characteristics of hydrogen peroxide in the
visible and UV range [14]. Consequently, electrochemi-
cal methods have garnered significant interest in recent
years due to their numerous advantages, including sim-
plicity, short analysis time, robustness, potential for on-
site detection, portability, and instrument miniaturization
[15-19]. The increasing demand for in-situ research and
equipment miniaturization is met by the well-established
screen-printed technology and electrodes (SPEs) [20], spe-
cifically carbon-based SPEs (SPCEs) modified with vari-
ous electrocatalysts [21-23], such as Prussian blue (PB)
[24-26], cobalt(Il) phthalocyanine (CoPC) [27], and oth-
ers [28-30].

Recently, we have developed a system capable of
adsorbing gaseous hydrogen peroxide and facilitating elec-
trocatalytic detection at trace levels through the electroca-
talysis of copper(Il) ions [18, 19]. The current study aims
to explore the capabilities of commercially available SPEs
modified with (PB) and (CoPC) for gaseous hydrogen
peroxide detection utilizing an aqueous solution of poly-
acrylic acid (PAA) in the presence of copper(Il) ions as a
catalyst. In this context, PAA was employed as part of the
supporting electrolyte, primarily to provide a stable envi-
ronment and facilitate the dissolution of gaseous hydrogen
peroxide for stability in the aqueous phase. Its favorable
properties, such as high water absorption, aqueous gel-
forming ability, and compatibility with electrochemical
systems, make it a practical medium for maintaining the
gas—liquid interface required for efficient analyte transfer.
While PAA does not participate directly in the electro-
catalytic reaction, it plays an important background role in
creating favorable conditions for reliable H202 detection.
Consequently, our goal is to develop an optimal hydrogen
peroxide detection system, leveraging both the electrocata-
lytic effect of copper(Il) ions combined with PAA solu-
tion and the electron-mediating properties of the electrode
surface modifiers.

@ Springer

Experimental

All chemicals used were of analytical grade and used as
received from Sigma-Aldrich. All stock solutions of KNO,
(0.1 mol L_l), equimolar K;[Fe(CN)¢] and K,[Fe(CN)g]
(0.1 mol L™"), CuSO, (0.1 mol L"), and H,0, (0.1 mol
L=',0.01 mol L™!, and 0.001 mol L™") were prepared
using deionized water (DI water) obtained by the Polwater
DL-3 purification system. To prepare a 1% (mass percent-
age) solution of PAA in 0.1 mol L™! aqueous solution of
KNO;, non-crosslinked PAA with a molecular weight of
450,000 g mol~! was used. The latter solution has a pH
value of 2.9 and served as a supporting electrolyte.

The following types of screen-printed carbon-based
electrodes were used (all from Metrohm-Dropsens, Spain):
bare screen-printed carbon electrode (ref. 110), screen-
printed Co-phthalocyanine/carbon electrode (ref. 410),
and screen-printed Prussian blue/carbon electrode (ref.
710). Each electrode features an identical working elec-
trode surface area of 0.1256 cm?. Unless otherwise stated,
measurements were carried out in the presence of oxygen
at room temperature.

The study of hydrogen peroxide in the gas phase was con-
ducted using a tightly sealed glass chamber with a volume of
1 L saturated with ambient air. Inside the chamber, 50 mL of
an aqueous hydrogen peroxide solution with a concentration
ranging from 0.1 to 10 mmol L™! was introduced and left
to establish equilibrium between the Liquid and gas phases.
After 3 h, determined as the necessary stabilization time,
an SPE was introduced into the glass chamber. The active
surface (the surfaces of the three electrodes) of the SPE had
been pre-coated with 50 pL of an optimized solution con-
taining 1% PAA in 0.1 mol L~! KNO;, supplemented with
copper(II) sulfate (0.2 mmol LY. The electrode with the
applied solution remained inside the chamber for 3 min to
enable the dissolution of gaseous hydrogen peroxide into the
supporting electrolyte on the SPE.

All potentials were referred to a silver quasi-reference
electrode. Electrochemical measurements using cyclic vol-
tammetry (CV) and square-wave voltammetry (SWV) were
performed with an Autolab PGSTAT 302N controlled by
Nova (v. 2.1.5) software (Metrohm-Autolab, Netherlands).

Results and discussion

Electrochemical characterization with cyclic
voltammetry

In the initial phase, the CV technique was employed to
briefly characterize the fundamental properties of a bare
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SPE using an equimolar system of hexacyanoferrate(I1)/
(I1I) in a solution of 0.1 mol L™ KNO;. The electrode reac-
tion exhibited typical, quasi-reversible character, in agree-
ment with literature data [31]. Measurements conducted
in the scan rate range from 0.02 to 0.5 V s~! indicated
a quasi-reversible, diffusion-affected electrode process
[32]. Importantly, based on the Randles-Sevéik equa-
tion, the diffusion coefficients of both forms of the redox
couple hexacyanoferrate(II)/(III) have been estimated in
a supporting electrolyte containing 1% PAA and 0.1 mol
L KNO; (inset of Fig. 1). These values are 7.11 X 107°
and 6.64x107% cm? s™! for hexacyanoferrate(Il) and
hexacyanoferrate(IIl) ions, respectively. The calculated
diffusion coefficients are in close proximity to the litera-
ture value reported by Niu et al. [33] for the aqueous elec-
trolyte free of PAA, implying that the latter does not sig-
nificantly affect the diffusion features of the redox species.

Typical cyclic voltammograms recorded at an unmodified
carbon screen-printed electrode, in the supporting electrolyte
containing 1% PAA and 0.1 mol L~! KNO,, are presented in
Fig. 1, comparing the effects of copper(Il) ions (0.2 mmol

L"), used as a catalyst, and hydrogen peroxide (1 mmol
L~!) as an analyte. Upon addition of hydrogen peroxide in
the absence of copper ions, a slight shift of the cathodic tail
towards less negative values is noticeable (cf. curves a and
b in Fig. 1), indicating a very sluggish electrode reduction
of hydrogen peroxide. On the other hand, in the presence
of the catalyst only, i.e., copper(Il) ions, a distinct cathodic
peak emerges at potentials of ca.—0.2 V, characteristic
of the reduction of Cu®* ions to Cu™ and further to Cu(s)
(curve c in Fig. 1) [19]. In parallel, there is an increase in the
cathodic current at more negative potentials in the form of
a current tail, suggesting facilitated oxygen reduction in the
presence of copper(II) ions. This assumption is supported by
the absence of such a current tail in the absence of oxygen
(data not shown).

In the presence of both the catalyst (copper(Il)) and
hydrogen peroxide, the observed cathodic peak of copper ion
reduction increases significantly and shifts slightly towards
more positive potentials, which obviously confirms the elec-
trocatalytic properties of copper ions via an EC’ electrode
mechanism (curve d), in accordance with our recent findings
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Fig.1 Typical cyclic voltammograms recorded at a bare carbon
screen-printed electrode at a scan rate of 50 mV s~! in a supporting
electrolyte consisting of 0.1 mol L~! aqueous solution of KNO; and
1% (mass percentage) of PAA. Curve a is the blank response; b as

(a) with 1 mmol L™' hydrogen peroxide; ¢ as (a) with 0.2 mmol L™
copper(Il), and d as (a) with both copper ions and hydrogen perox-
ide. Inset: CV of 1 mM equimolar hexacyanoferrate(ID)/(II) system
recorded in the same supporting electrolyte at 50 mV s~
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[18, 19]. Moreover, a significant increase in the cathodic
tail is observed at more negative potentials, associated with
the reductive catalytic process of hydrogen peroxide itself.
It should also be noted that in the anodic potential region,
an anodic stripping peak of the deposited elemental cop-
per emerges at a potential ca. —0.1 V, that increases upon
the addition of hydrogen peroxide as well, implying a com-
plex redox interplay between copper species and the studied
analyte.

To compare the properties of unmodified carbon screen-
printed electrodes to those containing modifying redox
mediators, an additional analysis has been performed by
using cobalt(Il) phthalocyanine (CoPC) and Prussian blue
(PB) modified screen-printed electrodes. Figure 2 displays
typical cyclic voltammograms recorded at CoPC-modified
electrodes. The blank response in the same supporting
electrolyte is associated with a cathodic peak located at a
potential of —0.6 V, resulting from the irreversible oxygen
reduction catalyzed by CoPC (Fig. 2, curve a) [34, 35]. It
is noticeable that the CoPC modifying layer undergoes sig-
nificant alterations upon potential cycling within a wide

potential window, resulting in a more intricate response
(inset of Fig. 2). These changes entail, among others, the
change of the cobalt oxidation state in the modifier structure,
including the formation of reversible redox pairs Co"//Co'!
assigned to a formal potential of ca. —0.1 V, as well as irre-
versible transformations in the Co'/Co' redox system, lead-
ing to the formation of Co'atca.—0.65V (Fig. 2, inset) [35].

In the presence of hydrogen peroxide, the catalytic reduc-
tive peak of oxygen reduction is shifted toward more positive
potentials (curve b in Fig. 2), implying interferences between
the catalytic reduction of oxygen and hydrogen peroxide,
both proceeding via complex adsorption-affected electrode
reaction pathways [36—39]. In addition, in the presence of
copper(Il), the deposition of metallic copper takes place as
implied by the anodic stripping peak at ca.—0.1 V (curve
c¢ in Fig. 2); yet the typical reductive peak of copper ions is
overlapped with the strong catalytic response due to oxygen
reduction at CoPC-modified electrode. This overlap may
pose challenges for precise peak assignment and limit the
analytical selectivity of the system. However, this limita-
tion is partially offset by the distinct increase in cathodic
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Fig.2 Cyclic voltammograms recorded at a CoPC-modified screen-
printed electrode at a scan rate of 50 mV s~! in a supporting elec-
trolyte consisting of 0.1 mol L™" aqueous solution of KNO; and 1%
(mass percentage) of PAA. Curve a is the blank response; b as (a)
with 1 mmol L™ hydrogen peroxide; ¢ as (a) with 0.2 mmol L'
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copper(Il), and d as (a) with both copper ions and hydrogen peroxide.
Inset: Repetitive CVs at the CoPC-modified carbon screen-printed
electrode in the same supporting electrolyte within a broad potential
window at 50 mV s~
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current observed when both hydrogen peroxide and copper
ions are present, which still enables consistent and reliable
detection despite the overlapping signals. When both copper
ions and hydrogen peroxide are present in the system (curve
d in Fig. 2), the overall electrocatalytic response is enhanced,
as implied by the pronounced increase in the reductive cur-
rent commencing at about—0.2 V. In addition, the broad
cathodic peak is shifted toward less negative potentials (ca.
at—0.6 V), associated with the cathodic current tail at poten-
tials more negative than—0.7 V, which is a general feature
of any copper-hydrogen peroxide system [19].

Typical voltammograms of the PB-modified SPE in the
studied supporting electrolyte are attributed to a pair of
peaks typically observed for the quasi-reversible electrode
reaction of the PB (curve a in Fig. 3) [40, 41]. Potential
cycling over a wide potential range reveals the typical Prus-
sian blue electrochemistry, involving the transformation of
PB into Prussian white (PW) at about—0.1 V, and Prus-
sian blue to Berlin green close to 0.4 V (Fig. 3, inset) [40,
41]. The presence of hydrogen peroxide causes a significant
increase in the voltammetric response of the PB/PW redox

0,04 -

0,02 ~

Current [mA]

couple, yet the enhancement of the cathodic peak is more
pronounced (Fig. 3, curve b), which is in agreement with lit-
erature findings [42]. Indeed, this behavior is closely related
to the catalysis of hydrogen peroxide reduction by divalent
iron ions [43]. In the presence of the catalyst copper(Il) only,
the response PB/PW electrochemical response also increases
(Fig. 3 curve c), implying a complex redox interplay between
the PB and copper(Il) as well. However, in the presence of
both copper ions and the analyte, a dramatic increase in the
response is observed, as depicted by curve d in Fig. 3. Obvi-
ously, a synergistic effect is achieved by both the PB and the
copper(Il), providing a basis for highly sensitive determina-
tion of hydrogen peroxide.

It is well established that Prussian blue (PB) electrochem-
istry provides one of the most effective platforms for the
electrochemical detection of hydrogen peroxide, based on
the direct redox interaction between the iron(II)/iron(I1I)
redox centers and hydrogen peroxide. Fundamentally, this
process involves a heterogeneous redox reaction between
solid-state Prussian blue, deposited on the electrode surface,
and dissolved—and likely physisorbed—hydrogen peroxide.
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Fig.3 CVs recorded at a PB-modified carbon screen-printed elec-
trode at a scan rate of 50 mV s~! in a supporting electrolyte consist-
ing of 0.1 mol L™! aqueous solution of KNO; and 1% (mass percent-
age) of PAA. Curve a is the blank response; b as (a) and 1 mmol L-!

hydrogen peroxide; ¢ as (a) and 0.2 mmol L~! copper(Il), and d as (a)
with both copper ions and hydrogen peroxide. Inset: repetitive CVs at
a PB-modified carbon screen-printed electrode in the same support-
ing electrolyte at 50 mV s~
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Scheme 1 Schematic representation of the synergistic interplay of
the electrode reactions in the developed electrochemical setup

As demonstrated in our previous studies [18, 19], in the pres-
ence of copper(Il) ions, hydrogen peroxide undergoes spon-
taneous disproportionation, yielding a complex mixture of
highly reactive intermediates (e.g., hydroxyl radicals, super-
oxide, etc.). In line with the experimental evidence obtained
in the present study, we propose that these reactive inter-
mediates exchange electrons with Prussian Blue at a higher
rate than hydrogen peroxide itself, resulting in a synergistic
catalytic effect between Prussian Blue and copper(II) ions.
To further explain this complex interplay we have made an
illustration given in Scheme 1.

Electrochemical characterization with square-wave
voltammetry

In the advanced phase, square-wave voltammetry was
employed to investigate further the features of the modified
SPEs. Typical square-wave voltammograms comparing the
effect of the catalyst, i.e., copper(II) ions (0.2 mmol L-') and
the analyte hydrogen peroxide (1 mmol L-!), in the support-
ing electrolyte (1% PAA in 0.1 mol L-! KNOs) on various
screen-printed electrodes are presented in Fig. 4. For the
bare-SPE (Fig. 4A), the addition of copper(Il) in the absence
of the analyte led to an increase in currents at highly nega-
tive potentials, indicating facilitated oxygen reduction (curve
b). The additional introduction of hydrogen peroxide caused
a slight shift of the net SW voltammogram toward less nega-
tive values, confirming our previous observations (curve c).
In parallel, a significant increase in the net SW currents was
observed in the potential region of the cathodic tail (i.e.,
more negative than —0.5 V), which is associated with the
direct catalytic reduction of hydrogen peroxide. Addition-
ally, peaks at potentials of —0.1 V and—0.4 V clearly indi-
cate the stepwise reduction of Cu?* to Cu(s), which are both
affected by hydrogen peroxide, following an EC' electrode
reaction scheme as elaborated in [18].
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Fig.4 Net SW voltammograms recorded at A bare carbon screen-
printed electrode; B cobalt(Il) phthalocyanine-modified screen-
printed electrode; C Prussian blue-modified screen-printed elec-
trode in a supporting electrolyte consisting of a 0.1 mol L™ aqueous
solution of KNO; and 1% (mass fraction) of PAA. The red curves a
refer to the blank response; blue curves b are as (a) plus 0.2 mmol
L~" copper(Il); black curves ¢ are as (a) plus both copper ions and
1 mM H,0,. The inset of panel (C) shows forward and backward SW
voltammetric components corresponding to the net voltammogram
recorded in the presence of both copper ions and hydrogen peroxide
(i.e., conditions for curve c). Parameters of the SW potential modula-
tion are SW amplitude 0.2 V, SW frequency 8 Hz, and step poten-
tial —0.005 V

Figure 4B displays representative net SW voltammo-
grams at CoPC-SPE. The SWV measurements performed
for the blank sample in the supporting electrolyte only
reveal a pronounced peak at—0.5 V (100 mV less negative
than observed in CV), attributed to the irreversible oxygen
reduction catalyzed by cobalt(Il) phthalocyanine (Fig. 4B,
curve a). In the presence of copper ions, a slight increase
in the net currents is observed, due to additional reduction
of copper(Il) ions at—0.1 V (curve b). Enhanced oxygen
reduction is also evident, as demonstrated by a significant
increase in the cathodic tail and its shift toward less nega-
tive potentials.

The introduction of hydrogen peroxide into the system
amplifies the recorded signals across the entire potential
range, while slightly shifting the main voltammetric peak
toward less negative potentials (curve c in Fig. 4B). The
voltammetric peak is significantly broadened, reflect-
ing a range of complex underlying phenomena, including



lonics (2025) 31:12245-12256

12251

oxygen reduction catalyzed by both copper(II) ions and the
cobalt(Il) phthalocyanine layer, as well as the redox interac-
tions between H,O, and the two catalysts. Importantly, the
reduction current at more negative potentials than—0.6 V,
i.e., in the potential region of direct catalytic reduction of
H,0,, is significantly enhanced.

The application of SWV to the blank sample contain-
ing the supporting electrolyte at the Prussian blue-modi-
fied SPEs revealed a broad cathodic signal associated
with the electrode reactions of the modifier, as shown in
Fig. 4C (curve a). The introduction of copper ions sig-
nificantly enhances the voltammetric response at approxi-
mately — 0.1 V, implying complex redox interactions
between different forms of Prussian blue and copper ions
(curve b). The simultaneous presence of both copper ions
and the analyte hydrogen peroxide dramatically increases the
response (curve c¢). The voltammetric currents are up to an
order of magnitude higher, confirming the synergistic effect
between copper(Il) and the PB modifier in the determination
of hydrogen peroxide.

The square-wave voltammetry technique was employed
to delineate the relationships between the recorded current
at different electrodes and hydrogen peroxide concentration

0.00

-0.05

-0.10

-0.15

Current [mA]

-0.25
0 1 2 3

ranging from 0.1 to 10 mmol L™ in the presence of
0.2 mmol L™! copper(II). For consistent comparison, the
current was sampled at a potential of —0.75 V for each
electrode type, i.e., in the potential region corresponding
to the direct electrode reduction of hydrogen peroxide. The
resulting calibration curves, derived from three independent
measurement series, are presented in Fig. 5. All three SPEs
exhibited the same linear dependence, though with varying
slopes, and over two concentration ranges, namely 0.1 to
1 mmol L™! and 1 to 9 mmol L~!. Here, a deviation was
noted in the case of the modified SPEs, as the linear depend-
ence of CoPC-SPE ended at a concentration of 7 mmol L™!
(curve b), whereas PB-SPE exhibited linear dependence only
up to 6 mmol L',

When comparing the calibration curves obtained for all
SPEs corresponding to the direct reduction of H,O,, the bare
SPEs exhibited the best analytical performance, demonstrat-
ing higher sensitivity (curve a). Additionally, the recorded
currents were the highest among the tested electrodes. The
collected calibration curves suggest that under the stud-
ied conditions, the most optimal system for determining
hydrogen peroxide in the liquid phase is the unmodified
SPE with the addition of the electrocatalyst in the form of

6 7 8 9

Concentration [mmol L]

Fig.5 Calibration curves for the quantification of hydrogen perox-
ide (0.1-9 mM) in a liquid phase obtained on a bare carbon screen-
printed electrode (red curve a), CoPC-modified screen-printed elec-
trode (green curve b), and PB-modified screen-printed electrode (blue

curve ¢) in a supporting electrolyte consisting of a 0.1 mol L™! aque-
ous solution of KNO; and 1% (mass fraction) of PAA, containing
0.2 mmol L™ copper(Il) ions. The SW parameters are as in Fig. 4
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copper(Il) ions. Clearly, this conclusion holds when we take
into account the direct, catalyzed electrochemical reduc-
tion of hydrogen peroxide at a relatively negative potential
of —0.75 V.

The observed relationship between Prussian blue and
hydrogen peroxide in the presence of copper(Il) ions laid
the foundation for an indirect method of analyte deter-
mination, where both Prussian blue and copper ions
synergistically shuttle electrons between the electrode

and hydrogen peroxide. Scheme 2 depicts the calibration
curves constructed from five series, measuring the inten-
sity of the main net SW voltammetric peak at a potential
of —0.1 V (cf. Figure 4C) within the concentration range
of hydrogen peroxide dissolved in the supporting electro-
lyte from 0.01 to 1 mmol L™". The use of electrochemical
reduction of Prussian blue, with the additional catalytic
effect of copper(Il) ions, significantly lowered the detec-
tion limit to the micromolar level for the determination of

D 0
-20
= y = -189.001x - 38,032
= R? = 0,996 F
— -40 0,00 -
-
g -19.444x - 54,686
1% PAA = -60 R* = 0,980
0.1M KNO, 5 -0,10 1
0.2 mM Cu?* -80
0,0 0,2 0,4 0,6 0.8 1,0 <_
Concentration [mmol L] E 020 1
-
=
&
=
= -0,30 A
Q
A '0,40 T 1 ] 1

Scheme 2 Diagram of the measurement system for hydrogen perox-
ide detection in the gas phase. A Screen-printed electrode featuring
three electrodes: a carbon working electrode, a silver quasi-reference
electrode, and a carbon counter electrode, onto which 50 pL of sup-
porting electrolyte containing 1% PAA in 0.1 M KNO; and 0.2 mmol
L~! copper(Il) is applied. B Close-up view of the working area of
the system (the applied solution covers the surfaces of all three elec-
trodes). C A tightly sealed glass chamber containing 50 mL of an
aqueous solution with a specified concentration of hydrogen perox-

-0,5
Potential [V]

0 0,

ide. After 3 h of stabilization, the electrode with the applied solution
is introduced into the chamber. D Current response as a function of
hydrogen peroxide concentration dissolved in the supporting elec-
trolyte (1x1073—1x107* mol L") recorded on the screen-printed
electrode modified with Prussian blue, n=>5. E Exemplary recorded
response in the chamber: blank (red curve) and with 1 mM hydrogen
peroxide (black curve). Parameters of the SW potential modulation
are amplitude 0.05 V, frequency 8 Hz, and step potential —0.005 V

Table 1 Comparison of

. . . Sensor Method LOD (mol L™") Linear range (mol L)) Matrix Ref
detection and quantification
limits with data from the SPE Amperometry 1.6x107% 2.94%1077-2.94x10™° Gas  [17]
literature GCE SWV 1.17x 1074 Ix10™-1x1073 Gas  [19]
1x1073-7x1073
PB-GCE Amperometry 3.0x 1077 5.0x1077-1x1073 Liquid [44]
PBNCs/rGO-GCE Amperometry 4.5x1078 5%1078-1.2%x107* Liquid [45]
PB-SPE Amperometry 4.0x1077 40%x1077-1.0x10™*  Liquid [46]
PEI/Rh-NP-SPE Amperometry 2.0x107° 5.0x107%-6.0x10™  Liquid [47]
Hb-Au-SPE Amperometry 5.5x107° — Liquid [48]
AgNP@GNR/SPE Amperometry 2.0x1073 5.0x107°-1.8x10>  Liquid [49]
1.8x1073-5x 107
PBNPs-SPE Amperometry 2.0x 1073 2.0x107°-7.0x10™*  Liquid [50]
Ti;C,T MXene/FCN-SPCE CV 1.18x 10710 1.47x1078-8.82x 1077 Gas  [51]
PAA-SPE Ccv 59x%107% 441x1077-3.56x107% Gas  [2]
PB-SPE SWV 2.3x107° 1x107-1x1073 Liquid This work

PBNCs Prussian blue nanocubes, *GO reduced graphene oxide, PEI polyethyleneimine, Rh-NP rhodium
nanoparticles, Hb hemoglobin, AgNP silver nanoparticles, GNR graphene nanoribbons
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hydrogen peroxide (comparison with our previous findings
is given in Table 1).

The limit of detection (LOD) and quantification (LOQ)
for the indirect sensing of hydrogen peroxide dissolved
in the supporting electrolyte were calculated based on
six averaged measurement series using standard formu-
las: LOD=3xS,/b, and LOQ=10x S /b, where §, is the
standard deviation of the intercept and b is the slope of the
calibration Line. The LOD was found to be 2.3 x 10~ mol
L~!, while the LOQ was 7.8 x 107° mol L™!. Notably, the
relative standard deviation (RSD) for the five-measurement
series was determined to be 1.4%, with a maximum value not
exceeding 2.1%, indicating the high precision of the method.
Recovery tests for hydrogen peroxide were also conducted,
yielding results within the range of 90.4 to 110.3% across
the entire concentration interval studied.

The final stage of the research focused on detecting
hydrogen peroxide in the gas phase. Briefly, a dark glass
bottle containing the ambient laboratory atmosphere was
exposed to hydrogen peroxide solution with a volume of
50 mL, with a concentration ranging from 0.01 to 5 mmol
L~!. In our previous study [19], we performed time-course
experiments with equilibration times ranging from 30 to
300 min. An equilibration period of 180 min consistently
provided the most favorable balance between signal quality
and experimental practicality. Based on those findings, the
same duration was adopted in the present work. Afterwards,
the electrochemical recording procedure began, where a
screen-printed electrode, covered with 50 pL of the support-
ing electrolyte solution and connected via a cable connec-
tor, was introduced into the bottleneck and the entrance was
sealed tightly. Following a 3-min preconditioning period,
square-wave voltammetry was performed over a potential
range of 0.2 to—0.9 V, with the measurement requiring
14 s to complete. The experimental procedure closely fol-
lowed the methodology described in our previous work [19].
We demonstrated that the supporting electrolyte, with its
remarkably enhanced redissolution of gaseous hydrogen per-
oxide in a polyacrylic acid-containing solution, facilitates
electrochemical processes driven by the synergistic catalysis
of Prussian blue (PB) and copper ions. This system pro-
vides a viable basis for the detection and quantification of
hydrogen peroxide in the gaseous phase. Our experiments
confirmed a linear response of the system to hydrogen per-
oxide concentrations, effectively covering a gas-phase con-
centration range approximately from 4 pmol L~ to 2 nmol
L™, which was calculated considering concentrations of
hydrogen peroxide in aqueous solutions used for saturation
of the gas phase and Henry’s law [52, 53]. The estimated
gas concentrations may vary slightly due to the degradation
of hydrogen peroxide in the solution used to saturate the
gas phase [54]; however, this effect is considered negligible
within the concentration range used.

In contrast to our previous work [19], where the combi-
nation of polyacrylic acid and copper(Il) ions was applied
to facilitate the reduction of hydrogen peroxide, the pre-
sent study offers several key advancements. One of the
most significant is the introduction of Prussian blue as a
co-catalyst, resulting in a synergistic enhancement of the
electrochemical response, which was not exploited in the
earlier approach. This dual-catalyst system not only lowers
the detection limit by approximately one order of magnitude
but also improves the linearity and reproducibility of the
measurements. In addition, the sensing protocol has been
carefully refined: square-wave voltammetry was optimized
for fast and reliable detection, and screen-printed electrodes
were adapted specifically for efficient measurements in the
gas phase. Altogether, these improvements represent a shift
from an initial proof-of-concept toward a more robust and
practically applicable platform for gas-phase hydrogen per-
oxide sensing.

While the indirect estimation of vapor-phase H,0O, using
Henry’s law allows for approximate quantification, this
approach carries important assumptions and limitations.
It presumes complete gas—liquid equilibrium and does not
account for possible degradation of H,0, in the aqueous or
gas phase due to light, temperature, or catalytic surfaces.
Control experiments with PAA-only solutions did not elicit
significant electrochemical responses. Despite these limi-
tations, the voltammetric signal scaled linearly with the
expected gas-phase concentrations, suggesting the method
offers a valid semi-quantitative approximation. Future vali-
dation would further confirm the accuracy of the presented
estimation.

Conclusions

In this work, we have presented the overall behavior of SPEs
and their CoPC and PB modifications for sensing hydrogen
peroxide. The experimental conditions incorporated poly-
acrylic acid as a medium to enhance the redissolution of
the analyte from the gaseous phase, alongside copper ions
as an efficient electrocatalyst. We characterized the stud-
ied system using both cyclic and square-wave voltamme-
try, demonstrating that the use of polyacrylic acid does not
negatively impact the electrochemistry of the investigated
redox couples.

A notable synergistic effect was observed between copper
ions and hexacyanoferrate, highlighting the advantages of
using coupled electrocatalysts. Although the system exhib-
its considerable complexity regarding mechanistic analysis,
its analytical utility offers significant improvements, under-
scoring its potential for practical sensing applications. Most
of all, this work successfully demonstrates the application
of a modified screen-printed electrode system for detecting
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hydrogen peroxide in the gas phase, utilizing a robust elec-
trochemical protocol based on square-wave voltammetry. By
achieving a linear response over a gas-phase concentration
range approximately from 4 pmol L™! to 2 nmol L"!, the
study underscores the reliability and precision of the pro-
posed methodology.

The results of this study highlight the potential of elec-
trochemical sensors to bridge gaps in real-time monitoring
technologies, reinforcing their role in advancing analytical
and environmental chemistry. This study serves as a sig-
nificant step toward practical and efficient electrochemical
sensing platforms, with broad implications for environmen-
tal monitoring, industrial safety, and healthcare diagnostics.
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ABSTRACT

Hydrogen peroxide (H,0O,) plays a crucial role in both biological and industrial applications; hence, there is a growing need to
develop methods that enable reliable and efficient detection. While traditional techniques such as spectrophotometry and fluo-
rescence provide high sensitivity, electrochemical methods offer rapid, cost-effective, and real-time monitoring capabilities. This
study explores the role of polyelectrolytes as supporting electrolytes in enhancing electrochemical detection of hydrogen peroxide
using copper(II)-mediated electrocatalysis. Building upon our previous research utilizing polyacrylic acid (PAA), alternative poly-
electrolytes, including poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (pAMPS) and poly(acrylamide-co-acrylic acid)
(pPAAmAA), were investigated. Cyclic and square-wave voltammetry were employed to assess the impact of these polymers
on the electrochemical performance. Results indicated that pAMPS strongly complexed Cu®", reducing catalytic efficiency,
whereas neutralized pAMPS improved Cu”*" availability, enhancing H,O, reduction. Among all tested electrolytes, 1%
PAAmMAA demonstrated the highest sensitivity for direct H,O, reduction and was subsequently selected for the gas-phase studies.
Further optimization involved modifying pAMPS’ pH, revealing that pAMPS at pH 2 significantly enhanced overall catalytic
activity. The combination of pAMPS and pAAmAA with Prussian blue-modified screen-printed electrodes enabled H,0O, gas-
phase detection down to 1.8 x107'° mol L. These findings highlight the potential of polyelectrolyte-based electrolytes for
improving the sensitivity and selectivity of electrochemical hydrogen peroxide detection, particularly in gas-phase applications.

1 | Introduction participates in molecular signal transmission, regulation of cell
proliferation, and immune responses against pathogens [4, 5].
Importantly, it also serves as a key biomarker of oxidative stress,
reflecting the redox state and homeostatic balance within cells

The accurate detection of hydrogen peroxide (H,0,) remains a
subject of great interest due to its significant role in both biologi-

cal processes and industrial applications. H,O, is widely used in )
pharmaceuticals, food production, cosmetics, and biomedical and tissues [4, 6]. Excessive levels or dysregulated production

science [1, 2]. Beyond these applications, its significance in living ~ of hydrogen peroxide can lead to oxidative imbalances, contrib-
organisms is particularly critical, as it plays a key role in  uting to chronic diseases such as neurodegenerative disorders,
various physiological processes [3]. In the human body, H,0, cardiovascular conditions, and cancer [6-8].
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Various methods have been developed for H,O, detection, with
spectrophotometry [9-11], chemiluminescence [12, 13], and fluo-
rescence [14] being among the most common ones. While these
techniques offer high precision and reliability, they often require
expensive instrumentation, skilled personnel, and complex sam-
ple preparation and are seldom applicable for real-time monitor-
ing [15]. Electrochemical sensors, on the other hand, provide a
rapid, cost-effective, and direct alternative for H,0, detection
under actual conditions.

A key factor in electrochemical analysis is the choice of a sup-
porting electrolyte, which influences ionic conductivity, electro-
chemical efficiency, reaction kinetics, selectivity, and chemical
stability [16-18]. Besides ensuring adequate ionic conductivity,
the supporting electrolyte plays a fundamental role in establish-
ing chemical equilibria necessary for analyte mobility, stability
and reactivity. Additionally, it affects the rate and efficiency of
the electron transfer at the electrode surface, thus directly
impacting electrode kinetics and overall sensor performance
[19]. Our previous studies [20-23] explored polyacrylic acid
(PAA) as a supporting electrolyte due to its excellent polyelectro-
lyte properties, high water retention properties, biocompatibility,
and ability to form thin semisolid layers. Although effective in
detecting hydrogen peroxide, PAA proved inadequate for meas-
urements below a specific concentration threshold. To overcome
these limitations, we sought alternative stable polyelec-
trolytes. Based on literature data, poly(2-acrylamido-2-methyl-1-
propanesulfonic acid) (pAMPS) and poly(acrylamide-co-acrylic
acid) (pAAmAA) were selected for evaluation [24-30].

Specifically, pAMPS is a nontoxic, amphiphilic polymer with
high chemical stability and conductivity, attributed to its func-
tional groups [24-27]. It exhibits strong water absorption and
is highly soluble in both water and dimethylformamide [28].
PAAmMAA, containing both amide and carboxylic groups, offers
good water solubility and superabsorbent properties [29, 30] due
to strong H-bond formation. The choice of PAA, pAMPS, and
PAAmMAA was motivated by their distinct chemical functionali-
ties and known differences in Cu*" interaction strength, which
make them suitable model systems for comparative evaluation.
PAA was selected as a commonly used carboxylate-containing
polymer with relatively moderate metal-ion binding, while
PAMPS represents a polymer with strong Cu®* complexation
due to its sulfonate groups. pAAmAA was included as a
mixed-functionality material to provide an intermediate refer-
ence between these two extremes. Evaluating these polymers
in parallel enabled a direct comparison of how polymer compo-
sition influences electrochemical response and practical perfor-
mance, thereby strengthening the overall assessment of the
system.

This study evaluates and compares selected functional polymers
and copolymers as a backbone of supporting aqueous electrolytes
for hydrogen peroxide detection in the presence of copper(Il)
ions as an electrocatalyst. The optimization focuses on enhancing
conductivity, stability, and sensitivity to improve performance
and reliability in real-time gas-phase H,O, sensing applications.
In contrast to our previous studies, which focused exclusively on
PAA-based systems, the present work introduces a systematic
comparison of three structurally distinct polyelectrolytes,
enabling us to identify how their different Cu®* interactions
affect both the direct and mediated electrochemical reduction
of H,0,. This broader experimental framework provides the basis

for selecting conditions under which alternative polymers out-
perform PAA in aqueous and gas-phase H,O, detection.

2 | Experimental

All reagents used in this study were of analytical grade and
applied as received from Merck and ThermoFisher. Stock solu-
tions of KNO; (0.1mol L), CuSO, (0.1mol L), NaOH
(0.5mol L), and H,0, (0.1 mol L7}, 0.01 mol L~') were pre-
pared using deionized water obtained from a Polwater DL-3 puri-
fication system. Aqueous solutions of the polymer or copolymer
at 1% (mass percent) were prepared by dissolving 1 g of polymer
in 0.1mol L' KNO; solution. For other concentrations, the
required amount of polymer was adjusted accordingly, while
maintaining the same concentration of KNO; solution.
Polymer solutions were prepared using pAMPS with an average
molecular weight of ~2 000 000 g mol™', pAAmAA with an aver-
age molecular weight of ~520000 g mol™*, and noncrosslinked
PAA with a molecular weight of about 450000g mol™",
respectively.

To conduct gas-phase experiments, commercially available
screen-printed electrodes (SPEs) from Metrohm-Dropsens
(Spain) were employed, specifically bare screen-printed carbon
electrodes (ref. 110) and Prussian blue (PB)-modified screen-
printed carbon electrodes (ref. 710), which were used as received.
All electrodes had an active surface area of 0.1256 cm?, while the
PB film thickness was reported to be 0.05cm by the manufac-
turer. In this part of the study, a 50 mL aqueous hydrogen per-
oxide solution of a defined concentration was introduced into a
sealed 1L dark glass chamber and left for 3 h to establish equi-
librium between the liquid and gas phases. This equilibration
process enabled the generation of a gaseous hydrogen peroxide
concentration at a level calculated according to Henry’s law
[31, 32]. After stabilization, 50 pL of the selected supporting elec-
trolyte solution containing Cu** ions was drop-cast onto the
active surface of the SPE. The device, now coated with a thin
polyelectrolyte film containing electrocatalytic copper ions but
no hydrogen peroxide, was placed inside the chamber, allowing
gaseous hydrogen peroxide to partition into the electrolyte film.
The presence of polyelectrolytes facilitated repartitioning into the
aqueous phase, and electrochemical measurements were per-
formed in the fourth minute after SPE insertion into the cham-
ber. A three-electrode system was used for electrochemical
characterization in solution, consisting of a glassy carbon work-
ing electrode, an Ag/AgCl (3mol L™' KCl) reference electrode,
and a platinum wire as the auxiliary electrode. Unless otherwise
stated, all measurements were conducted at room temperature
under oxygenated conditions.

Electrochemical measurements, including cyclic voltammetry
and square-wave voltammetry, were conducted using an
Autolab PGSTAT 302N potentiostat controlled by Nova software
(v. 2.1.5, Metrohm-Autolab, Netherlands). In the standard three-
electrode setup in solution studies, potentials were referenced to
the Ag/AgCl electrode. For gas-phase measurements with SPEs,
potentials were referenced to the integrated silver quasireference
electrode. Electrochemical impedance spectroscopy (EIS) meas-
urements were performed over the frequency range of 0.1 Hz to
1% 10° Hz, with an AC amplitude of 5mV, at the potential of
0.06 V without an external redox probe.
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3 | Results and Discussion

To determine the optimal supporting electrolyte for hydrogen
peroxide detection in the presence of copper(II) ions as a catalyst,
cyclic voltammetry was utilized in the initial phase of the study.
The CV experiments were conducted using all selected polymers
under identical conditions: PAA, pAAmMAA, and two forms of
PAMPS—the native acidic form and the neutralized form with
pH 7. Each polyelectrolyte was dissolved in 0.1 mol L™ aqueous
KNOj; solution, which also served as a reference for comparison.
In addition, all solutions contained 2 x 10™* mol L™! Cu®*" and
1% 10~ mol L' H,0,. Initial measurements were conducted
using a conventional three-electrode system with a GCE serving
as the working electrode. The results are presented in Figure 1.

The analysis of hydrogen peroxide is based on two distinct elec-
trode processes: the direct reduction of H,0,, with current sam-
pled at potentials around —0.45V, and indirectly, via reduction of
Cu** ions occurring slightly below 0V potential. These two
mechanisms are interrelated, as copper ions serve as electrocata-
lysts in the direct reduction of hydrogen peroxide through the
disproportionation mechanism [18], while the presence of hydro-
gen peroxide, in turn, enhances the reduction signal of Cu**
through the regenerative electrocatalytic EC’ mechanism
[20, 21]. This mechanistic interdependence was further validated
by kinetic analysis, where a clear reduction of Tafel slopes was
observed in the presence of Cu**, confirming that the catalytic
pathway facilitates faster electron transfer compared to the direct
reduction pathway alone (Figure S1). Therefore, the work
explores two complementary detection strategies: one based on
monitoring the current resulting directly from hydrogen peroxide
reduction, and the other relying on changes in the voltammetric
signal of copper ions. This dual approach was consistently
applied to assess and compare the analytical performance of
the tested polyelectrolytes.

In addition to CV, SW voltammetric protocol was applied, which
interrogates electrode processes at significantly distinct time
scales in comparison to CV. As the presented study relies on a
sophisticated combination of the electrolyte with homogeneously
distributed copper ions as an electrocatalyst, and on signal per-
formance screening via two distinct electrode mechanisms, it has
therefore been decided to control the effectiveness of the

protocols with two techniques being strongly yet differently
affected by the instrumental parameters. In most cases, the
results were consistent, but within a few entries, the outcome
was a technique- or parameter-dependent result. The overall
electrochemistry is highly complex as it depends on the ability
of particular polyelectrolyte to complex copper ions (thus on
the amount of free copper ions), on the disproportionation rate
of hydrogen peroxide driven mainly by free copper ions [18], on
the rate of the homogeneous reaction between electrochemically
generated copper(I) and hydrogen peroxide [19], on the stability
and morphology of elemental copper deposited on the electrode
surface as a product of the complete reduction of copper ions, on
the viscosity of the solution determined by the content of the
polymer that controls the rate of diffusional mass transfer of elec-
troactive species, on the interaction of the polymer with the
hydrogen peroxide via hydrogen bonding [27, 28], etc.

To further elucidate the interrelation of copper ions and PB as
electrocatalytic agents, the impedance spectra recorded in the
blank supporting electrolyte were fitted using a two-time-
constant equivalent circuit that accounts for the carbon/PB inter-
face, the intrinsic redox activity of the PB film, and ion diffusion
within the PB lattice. The high-frequency response is associated
with electronic coupling between the carbon substrate and the
PB layer, whereas the mid-frequency semicircle corresponds to
the Fe®*/Fe* redox transitions within PB. The low-frequency
linear region is attributed to finite-length diffusion of charge-
compensating ions inside the PB film. Although two time
constants can be distinguished, the mid-frequency semicircle
partially overlaps with the diffusion-controlled region, indicating
strong coupling between charge-transfer kinetics and ion trans-
port within the PB layer. Upon addition of Cu®* ions to the sup-
porting electrolyte (cf. curves a and b in Figure S2), a clear change
in the semicircle region is observed, reflected by a decrease in the
charge-transfer resistance. This behavior provides direct evidence
of a synergistic effect on the electron-transfer kinetics of the
adsorbed PB layer, rather than the appearance of a mixed signal
involving Cu®* reduction. In the presence of Cu*" ions, the slight
reduction of the mid-frequency semicircle indicates a decrease in
the effective charge-transfer resistance within the PB film. This
effect is attributed to enhanced electron and ion transport result-
ing from Cu®" interactions with the PB/polymer matrix, which
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FIGURE1 | Cyclic voltammograms recorded at a GCE, scan rate 50 mV s~ in selected supporting electrolytes: (a) 0.1 mol L™" KNOs, (b) pAAmMAA,
(c) PAA, (d) pAMPS, and (e) neutralized pAMPS (pH 7). Each polyelectrolyte was 1% (w/v), all studied solutions were prepared in 0.1 mol L™ KNO;

with 1 mM hydrogen peroxide and 2 x 10™* mol L™ copper ions(II).
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facilitate more efficient charge compensation during PB redox
transitions. The limited magnitude of this change suggests that
Cu** acts primarily as a kinetic promoter rather than introducing
a new dominant charge-transfer pathway.

Additionally, a comparative analysis of the electrochemical
response in the absence and presence of Cu** ions, both without
and with increasing concentrations of hydrogen peroxide, is pro-
vided in Figure S3. These results clearly demonstrate that the
combined system—comprising an adsorbed PB layer and
solution-resident Cu®* species—offers a highly effective platform
for hydrogen peroxide electroanalysis. The analytical response is
governed by the electrochemistry of PB, while the presence of
Cu®* ions significantly enhances the overall electrocatalytic
performance.

31 | pAAmAA

As a reference for evaluating the performance of the tested poly-
electrolytes, hydrogen peroxide reduction was first examined in
the supporting electrolyte consisting of 0.1 mol L™ aqueous
KNO; solution without any polymer additive. In this system, a
well-defined copper(Il) reduction peak appeared at c.a. —0.1V,
providing the highest signal intensity among all recorded voltam-
mograms (Figure 1, curve a). However, the cathodic current at
more negative potentials—corresponding to the direct reduction
of hydrogen peroxide—was relatively weak, indicating limited
electrocatalytic activity in this electrolyte.

Utilizing the pAAmAA copolymer yielded a modest voltammet-
ric response associated with Cu?* reduction at about —0.1V, and
the cathodic tail related to direct hydrogen peroxide reduction
also remained minimal (Figure 1, curve b). Actually, among
the tested polymers, pAAmAA demonstrated only a limited
enhancement of the voltammetric response of copper ions - com-
pared to the considerably stronger response observed for PAA
(Figure 1, curve c). Similarly, the cathodic current tail at poten-
tials more negative than —0.4 V in the PAA solution was notice-
ably higher than that observed with pAAmAA.

The overall voltammetric behavior was further comparatively
studied with square-wave voltammetry (Figure 2). The reference

voltammogram recorded in 0.1 M KNOj; solution in the absence
of a polymer (Figure 2, curve a) showed the highest current
response for copper(Il) reduction near 0V, confirming efficient
electron transfer for this process in a noncomplexing medium.
However, at more negative potentials (below —0.4 V), the current
related to the direct reduction of hydrogen peroxide was
minimal, indicating limited electrocatalytic performance of
copper ions in the absence of the polyelectrolyte in agreement
with CV data. In the case of the pAAmAA copolymer
(Figure 2, curve b), a distinct and well-defined signal correspond-
ing to the reduction of Cu®* ions was observed around 0 V. At the
same time, the current related to the reduction rate of hydrogen
peroxide at more negative potentials (below —0.4V) was also
noticeably enhanced compared to the KNO; solution. In contrast,
voltammetry in the PAA-based supporting electrolyte (Figure 2,
curve c) resulted in a copper(I) reduction peak of similar inten-
sity to that of the pAAmAA-based supporting electrolyte, but the
current associated with direct hydrogen peroxide reduction was
significantly lower. This confirms that although PAA facilitates
Cu(II) reduction, it is less effective in the electrocatalysis of direct
hydrogen peroxide reduction, making it the least favorable
among the tested polyelectrolytes in such regard.

Although pAAmMAA showed slight improvements in the SWV
mode, it did not significantly enhance the detection limit (data
not shown) compared to previous studies with PAA [20].
Consequently, an attempt to optimize further detection perform-
ances of the system, the effect of pAAmAA concentration was
studied in detail. Figure 3 presents the CV curves with
PAAmMAA concentrations ranging from 0.5% to 5%. The voltam-
mogram with 0.5% pAAmAA (Figure 3, curve a) exhibits the
broadest and most pronounced signals corresponding to the elec-
trode processes of copper ions at potential close to 0OV.
Additionally, the current recorded at negative potentials (approx-
imately —0.4 V and beyond) remained relatively high, with only
the 1% copolymer solution (Figure 3, curve b) showing a greater
response in this region. At higher pAAmAA concentrations, par-
ticularly 3% (Figure 3, curve e) and 5% (Figure 3, curve f), the
reduction peak of Cu?* becomes less distinct, and the overall cur-
rent at negative potentials decreases. This effect may be attrib-
uted to the increased viscosity of the supporting electrolyte,

—
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FIGURE 2 | Square wave voltammograms recorded at a GCE in selected supporting electrolytes: (a) 0.1 mol L™' KNOj, (b) 1% (w/W) pAAmAA,
(c) PAA, (d) pAMPS, and (e) neutralized pAMPS (pH 7). All solutions were prepared in 0.1 mol L™ KNO; with 1 mM hydrogen peroxide and
2% 107" mol L™ copper ions(I). SW parameters: amplitude 0.05 V, frequency 8 Hz, step potential —0.005 V.
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FIGURE 3 | Typical cyclic voltammograms recorded at a GCE at a scan rate of 50mV s™* for 1 mM hydrogen peroxide in the presence of 2 x 10™*
mol L™ copper(Il) ions, using a pAAmMAA copolymer-based supporting electrolyte at varying mass concentrations: (a) 0.5, (b) 1, (c) 1.5, (d) 2, (e) 3, and

(f) 5%, all dissolved in 0.1 mol L™ KNO;.

which could limit diffusion efficiency, leading to a reduction of
the intensity of the voltammetric signals. This interpretation is
supported by chronoamperometric measurements, which led
to diffusion coefficient calculations using the Cottrell equation,
performed for pAAmMAA at concentrations between 0.5% and 5%,
where the calculated diffusion coefficients progressively
decreased with increasing copolymer concentration (Table S1).
In contrast, intermediate concentrations of 1.5% and 2% (curves
c and d, respectively) produce moderate current intensities, con-
sidering both electrode processes at about 0 and —0.4 V.

Among all tested concentrations, 1% pAAmAA (Figure 3, curve
b) proved to be the most effective for direct hydrogen
peroxide reduction. While it generated a slightly lower electro-
chemical response for copper(Il) reduction, it exhibited the
highest cathodic current among all studied pAAmAA concentra-
tions, particularly at potentials more negative than —0.4V, cor-
responding to the direct hydrogen peroxide reduction. This
indicates that the 1% pAAmAA solution provides an optimal
environment for hydrogen peroxide detection.

Having determined the optimal concentration of the pAAmMAA
copolymer as a supporting electrolyte for hydrogen peroxide

detection, a previously established gas-phase detection procedure
[20] was applied. Gaseous hydrogen peroxide was generated by
evaporation of an aqueous solution of known concentration
(1x107°-1x10™* mol L), inserted in a sealed glass chamber,
and left at room temperature for 3h to ensure equilibration
between the liquid and gas phases. Following this period, an
SPE modified with the optimized pAAmAA solution as a sup-
porting electrolyte, containing Cu** ions was introduced into
the chamber via a cap, and the entrance was immediately sealed.
The measurement initialization time, allowing the analyte to par-
tition into the supporting electrolyte, was extended to 4 min com-
pared to the previously established 3-min interval [20]. This
modification accounts for the differing physicochemical proper-
ties of polymers and their ability to absorb analyte molecules
from a gas phase.

Figure 4 presents SW voltammograms recorded for gaseous
hydrogen peroxide within its gas-concentration range of
3.7x1071%-3.7%x 107! mol L7', as calculated by means of
Henry’s law [31, 32]. As the hydrogen peroxide concentration
increased, a corresponding rise in current intensity was observed
at negative potentials, manifested as an increase in the overall

Current [pA]
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FIGURE4 | SWV recorded at a bare carbon screen-printed electrode for selected hydrogen peroxide concentrations in the gas phase with supporting
electrolyte containing 1% pAAmAA solution in 0.1 mol L™ KNO; with 2x10™* mol L™ copper(Il) ions. Curves: (a) blank, (b) 3.7x107'3,
(©) 1.11x 107", (d) 1.85x 107", (e) 2.59x 107, (f) 3.7x 107" mol L™". SW parameters: frequency 8 Hz, SW amplitude 0.2V, step potential —0.005 V.
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background current. Compared to experiments involving direct
addition of hydrogen peroxide to the supporting electrolyte, the
current—-concentration relationship obtained in the gas-phase
setup showed a nonlinear trend. This behavior is partly influ-
enced by the relatively large square-wave amplitude of 200 mV
applied during the measurements, which affects the voltammo-
gram shape by shifting the reductive current tail toward less neg-
ative potentials as the hydrogen peroxide concentration
increases. To further validate this effect, additional SWV meas-
urements were performed using lower amplitudes (20-200 mV),
confirming a systematic enhancement of the reduction signal
along with a progressive shift in peak position as the amplitude
increased (Figure S4). These results demonstrate that the nonlin-
ear response originates from amplitude-dependent kinetic and
waveform effects rather than from limitations of the sensing con-
figuration. Despite this behavior, pAAMAA demonstrates prom-
ising properties for gas-phase hydrogen peroxide detection,
particularly in terms of sensitivity. Further optimization is obvi-
ously required to enhance reproducibility and fully explore the
analytical potential of this copolymer.

3.2 | pAMPS

According to the literature, pAMPS in its native acidic form
(pH 1.5) demonstrates strong complexing properties, rapidly
binding Cu®* ions and substantially reducing their catalytic
activity [33, 34]. Thus, in accord with the literature data,
PAMPS strongly diminishes the copper signal near 0 V (Figure 1,
curve d). In addition, the lack of freely available catalyst led to a
diminished direct reduction of hydrogen peroxide, manifested in
a relatively low current response at negative potentials (e.g.,
more negative than —0.4 V). Neutralizing the functional groups
of pAMPS with NaOH improved the availability of Cu*" in solu-
tion, significantly enhancing direct hydrogen peroxide reduction
at potentials more negative than —0.4 V (Figure 1, curve e). This
effect is manifested as a marked increase in the current at nega-
tive potentials, even surpassing the enhancement observed with
PAA, which highlights the superior catalytic efficiency of neu-
tralized pAMPS. Additionally, a shift of the hydrogen peroxide
reduction potential toward less negative values was observed,

supporting the electrocatalytic features of the neutralized
PAMPS solution.

Analogously, the next step involved verifying the results using
SWV to gain further insights into the electrochemical behavior
(Figure 2). The complexation of copper(Il) ions by native
PAMPS was confirmed again by the relatively diminished signal
around 0V, corresponding to the electrode reactions of copper
(Figure 2, curve d). However, the presence of pAMPS also led to
an increased current at more negative potentials, associated with
the direct reduction of hydrogen peroxide. Interestingly, the reduc-
tion signal of Cu** near 0V in neutralized pAMPS (Figure 2, curve
e) showed only a slight increase compared to its acidic form, yet a
significant enhancement of the cathodic tail was observed.

To directly assess how native pAMPS affects the electrochemical
availability of Cu®*, square-wave voltammetric titration experi-
ments were performed in a KNO;/Cu®" electrolyte, while gradu-
ally increasing the concentration of pAMPS (Figure S5). In the
blank solution, a well-defined Cu®* reduction peak was observed
around 0 V. Upon addition of pAMPS, the peak current decreased
systematically with polymer concentration, and the peak poten-
tial exhibited a slight shift toward more negative values. At con-
centrations close to 1% pAMPS, the conditions used in the
sensing experiments, the Cu®' reduction signal was almost
completely suppressed, confirming a substantial decrease in elec-
trochemically accessible Cu*" ions due to complexation.

The calibration curve for hydrogen peroxide detection in the
aqueous phase was constructed using a native 1% pAMPS solu-
tion. Despite challenges related to the complexation of copper(II)
ions, the detection limit was successfully lowered to the micro-
molar range (data not shown). However, poor repeatability due
to copper ion complexation hindered the statistical reliability of
gas-phase detection.

For these reasons, optimization of the pAMPS solution was car-
ried out by adjusting the pH value to uncover a more favorable
environment for gas-phase detection. The effect of pH on the pol-
ymer’s performance was systematically investigated over a range
from 2 to 9.8 using the SWV technique. The reduction signal of
copper(Il) ions reached its maximum at pH 4.4, as illustrated in
Figure 5. Below and above these pH values, the signal

30
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5 40 - 0}
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-50 1 Potential [V]
0.1 0.2
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-0.6 -0.4 -0.2 0 0.2 04
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FIGURE5 | SW voltammograms recorded ata GCE in 1% pAMPS at different pH values: (a) 2, (b) 2.5, (c) 3.5, (d) 4, (e) 4.44, (f) 6, (g) 7, and (h) 9.8. All
solutions contained 1 mM hydrogen peroxide and 2 x 10~ mol L™ copper(II) ions. Inset: enlarged section showcasing redox reactions of copper(II)

ions. SW parameters as in Figure 2.
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FIGURE6 | Effect of gaseous hydrogen peroxide presence recorded with SW voltammetry at a Prussian blue-modified SPE: (a) blank, (b) 3.7 x 107,
(c) 1.85x 107, (d) 2.59 x 107", () 3.7 x 107*° mol L. The supporting electrolyte consisted of 1% pAMPS (pH) 2 with 2 x 10™* mol L™ copper(II)
ions. Inset: calibration curve of the relative current gain at the Prussian blue reduction potential upon hydrogen peroxide concentration increment. SW

parameters as in Figure 4.

diminished, reaching a minimum in alkaline solutions. At
strongly negative potentials, where the direct hydrogen peroxide
takes place, the electrolyte at pH 2 (curve a) exhibited the highest
current compared to other pH values. The significant increase of
the current at low pH can likely be attributed to enhanced hydro-
gen evolution, though this effect was not observed in the native
PAMPS solution at pH 1.5. Solutions at other pH levels exhibited
considerably lower current values at strongly negative potentials,
leading to the selection of pAMPS at pH 2 for further
investigation.

To boost further the electrocatalytic effect and the overall analyt-
ical performances, the optimized pAMPS supporting electrolyte
at pH 2 was applied in combination with PB-modified SPEs. PB is
widely recognized as an efficient electrocatalyst for the reduction
of hydrogen peroxide, owing to its excellent redox properties,
chemical stability, and compatibility with SPEs. This well-
established catalytic activity has led to its frequent use in electro-
chemical sensors for H,O,. In our previous study [18], PB-modi-
fied SPEs demonstrated superior performance for hydrogen
peroxide detection, particularly based on the electrode reaction
for the direct reduction of hydrogen peroxide, due to synergistic
interactions with copper(Il) ions and PB. Exemplary relative
standard deviation (RSD) from analysis of hydrogen peroxide
in liquid phase is given in Table S2. These results strongly sup-
ported the application of PB-modified electrodes in the current
gaseous system.

In the present work, the PB-modified SPE demonstrated the
best performance, showing significant improvements in sensi-
tivity and reproducibility. A repeatable linear relationship was
observed between the recorded current and hydrogen peroxide
concentration in the gas phase within the range of 3.7 x 107~
3.7%x107'° mol L™ (Figure 6, inset). The limit of quantification
(LOQ, 2.92x 107! mol L™') was calculated from the calibra-
tion curve using the formula kSD/b, where k = 10, SD represents
the standard deviation of the intercept, and b is the slope of
the calibration curve. A comparison of the obtained detection
and quantification limits with representative literature reports
is summarized in Table 1. To assess the reproducibility of

the method, repeated measurements were performed for a
gas-phase concentration range as given for the linear range.
The RSD for six consecutive detections was determined to be
4.7%, with an average value for any concentration studied
not exceeding 5%. Recovery studies for hydrogen peroxide
detection yielded results ranging from 88.4% to 112.4% across
the linear calibration range. The stability of the signal studied
within a 3-month period with the use of a new sensor each time
was assessed with RSD ranging between 0.98% and 2.06% for
any studied concentration within the linear range. These
enhancements align with previous findings [45] and literature
reports on the electrocatalytic properties of PB toward hydrogen
peroxide reduction. Additionally, the synergistic interaction
between PB and copper(Il) ions facilitates indirect hydrogen
peroxide detection, further improving the system’s analytical
performance [47].

3.3 | pAAmAA: pAMPS Mix

Taking into account the two previously described polyelectro-
lytes as potential supporting electrolytes for gaseous hydrogen
peroxide sensing, we also evaluated their combined use. A sup-
porting electrolyte containing equal mass percent of both poly-
mers (1%) dissolved in 0.1 mol L™' KNO;, along with 2x 10™*
copper(I) ions as an electrocatalyst, was prepared. The
PAMPS-pAAmMAA mixture demonstrated promising perfor-
mance for direct hydrogen peroxide detection in an aqueous
environment using GCE. SWV measurements revealed a linear
increase in current with hydrogen peroxide concentrations rang-
ing from 1x10™* to 5x10™° mol L™ (data not shown). Gas-
phase studies were conducted using both bare and PB-modified
SPEs. The results suggest that the combination of PB-SPE with
PAMPS-pAAmMAA provides an optimized system for gaseous
hydrogen peroxide detection. This approach enables sensitivity
down to 1.8 x 107 mol L%, highlighting its potential for highly
sensitive electrochemical sensing applications. The repeatability
was at an acceptable level (8.4% at 3.7 x 107*° mol L), but sen-
sitivity in comparison to pAMPS pH 2 was lower.
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TABLE 1 | Overview of electrochemical detection and quantification limits in relation to values reported in the literature.

Electrode sensor Method LOD, mol L Linear range, mol L! Phase References
GCE SWV 1.2x107* 1%x107*1x1073 Gas [20]
1%x1073-7x1073
SPE Amperometry 1.6x1078 2.94%1077-2.94x107° Gas [35]
PB-GCE Amperometry 3.0x1077 5%x1077-1x107° Liquid [36]
PBNCs/rGO-GCE Amperometry 4.5%x1078 5%107%-1.2x107* Liquid [37]
PB-SPE Amperometry 40x1077 4x1077-1x107* Liquid [38]
PEI/Rh-NP-SPE Amperometry 2.0x107° 5%107%-6x107* Liquid [39]
Hb-Au-SPE Amperometry 5.5x107° — Liquid [40]
AgNP@GNR/SPE Amperometry 2.0x107° 5%107°-1.8x 1073 Liquid [41]
1.8x1073-5x 1073

PBNPs-SPE Amperometry 2.0x107° 2x107°-7x 107* Liquid [42]
Ti;C,T,MXene/FCN-SPCE cv 1.2x 1071 1.5x1078-8.8 x 107 Gas [43]
PAA-SPE Ccv 59%1078 44%1077-3.6x107° Gas [44]
PB-SPE SWV 2.3%x1078 1x107°-1x 1073 Liquid [45]
NiCo,Se,/GC SWV — 1.22%x1071-6.1x 1071 Gas [46]
PAMPS-PB-SPE SWV 8.7x107"2 3.7x10711-3.7x 107" Gas This work

Abbreviations: AgNP, silver nanoparticles; GNR, graphene nanoribbons; Hb, hemoglobin; PBNCs, Prussian blue nanocubes; PEI, polyethyleneimine; rGO, reduced

graphene oxide; Rh-NP, rhodium nanoparticles.

4 | Conclusions

This study systematically evaluated the role of polyelectrolytes
as supporting electrolytes in the electrochemical detection
of hydrogen peroxide using copper(II)-mediated catalysis.
Through comparative analysis, pAMPS and pAAmAA were
identified as promising alternatives to PAA. The strong com-
plexation of Cu?* by native pAMPS initially limited its catalytic
efficiency; however, adjusting the pH to 2 restored its effective-
ness by minimizing metal chelation. The 1% pAAmMAA solution
was considered optimal for direct H,O, reduction, and the
PAMPS-pAAmMAA mixture also demonstrated satisfactory
performance in combination with PB-modified electrodes.
Nonetheless, comparative evaluation favored pAMPS at pH 2
as the final choice.

Gas-phase studies confirmed that the optimized polyelectrolyte-
based electrolytes facilitated highly sensitive detection of hydro-
gen peroxide, achieving a detection limit of 8.77 x 10™*% mol L.
The improved performance was attributed to enhanced analyte
repartitioning and electrocatalytic interactions with Cu®* and
PB. Despite these advancements, variability in signal response
and background current fluctuations remain challenges that
require further optimization.

Future research will focus on refining the electrolyte composition
to enhance stability, reproducibility, and overall analytical per-
formance. Additionally, exploring the integration of polyelectro-
lytes with emerging voltammetric techniques like square-wave
amperometry [48-52] and differential square-wave voltammetry
[53-55] may further improve sensitivity and expand applications
in environmental monitoring and biomedical diagnostics. These
findings demonstrate the potential of polyelectrolyte-enhanced
electrochemical sensors as a viable alternative for real-time
hydrogen peroxide detection, particularly in challenging gas-
phase environments.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: Calculated Tafel slopes derived
from linear sweep voltammetry (LSV) measurements (scan rate: 5mV s )
recorded at bare screen-printed electrode for (a) 1% PAA with H,0,
(1mM) and (b) 1% PAA with Cu®** (2 x 10~ mol L™) and H,0,
(1 mM). Each solution contained 0.1 M KNOs. Supporting Fig. S2:
EIS of Prussian blue screen-printed electrode recorded in 0.1 M KNO;
(green, full circles) and the presence 2 x 10™* mol L™" Cu** (blue, empty
circles). Supporting Fig. S3: SW voltammograms recorded at a Prussian
blue screen printed electrode in 0.1 M KNO; and 1% PAA as supporting
electrolyte (a, d), in the presence of 2 x 10~* mol L™ Cu** (b, c, e, f) and
increasing concentration of H,0,: (c) 0.5, (d, e) 1, and (f) 8 mM. SW
parameters: frequency 8 Hz, SW amplitude 0.2 V, step potential
—0.005 V. Supporting Fig. S4: SW voltammograms recorded in the
gas-phase using bare screen-printed electrode for 1% pAAmAA in the
presence of Cu®* ions (2 X 10~* mol L") and hydrogen peroxide
(10mM) at different amplitudes: 20mV (a), 50mV (b), 75mV
(c), 100mV (d), 150mV (e), and 200mV (f). Frequency 8Hz.
Supporting Fig. S5: SW voltammograms recorded at a GCE in
KNO3/Cu®* supporting electrolyte with increasing concentrations of
native pAMPS: (a) blank, (b) 0.002%, (c) 0.004%, (d) 0.01%, (e) 0.03%,
(f) 0.4%, (g) 0.7%, and (h) 1%. All solutions contained 2 x 10™* mol
L™' Cu®*. SW parameters: amplitude 50mV, frequency 8Hz.
Supporting Table S1: Diffusion coefficients calculated using the
Cottrell equation via chronoamperometric measurements in the Fe>*/
Fe?* redox system at different pAAMAA concentrations. Supporting
Table S2: Calculated RSD for the results of SWV measurements recorded
for hydrogen peroxide in the concentration range of 0.001 - 0.1 mM in
PAMPS at pH 2 with the addition of copper (II) ions (2 x 10™* mol L™).
Measurements were performed in the liquid phase.
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Fig. S1 Calculated Tafel slopes derived from linear sweep voltammetry (LSV) measurements
(scan rate: 5 mV s!) recorded at bare screen-printed electrode for (a) 1% PAA with H>O; (1
mM) and (b) 1% PAA with Cu?>" (2 x 10~ mol L!) and H20, (1 mM). Each solution contained
0.1 M KNO:s.
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Fig. S2 EIS of Prussian blue screen-printed electrode recorded in 0.1 M KNOs3 (green, full
circles) and the presence 2 x 10~ mol L™! Cu?* (blue, empty circles).
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Fig. S4 SW voltammograms recorded in the gas-phase using bare screen-printed electrode for
1% pAAmMAA in the presence of Cu?" ions (2 x 10 mol L") and hydrogen peroxide (10 mM)
at different amplitudes: 20 mV (a), 50 mV (b), 75 mV (c), 100 mV (d), 150 mV (e), and 200
mV (f). Frequency 8 Hz.
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Fig. S5 SW voltammograms recorded at a GCE in KNO3/Cu?" supporting electrolyte with
increasing concentrations of native pAMPS: (a) blank, (b) 0.002%, (c) 0.004%, (d) 0.01%, (e)
0.03%, (f) 0.4%, (g) 0.7%, and (h) 1%. All solutions contained 2 x 10~ mol L' Cu?*". SW
parameters: amplitude 50 mV, frequency 8 Hz.

Table S1 Diffusion coefficients calculated using the Cottrell equation via chronoamperometric
measurements in the Fe*"/Fe?" redox system at different pAAmMAA concentrations

Polymer concentration Dox [cm? s7/]

0.50% 6.45 x 107
1% 5.99 x 107
2% 491 x 107
3% 478 x 107

5% 1.56 x 107




Table S2. Calculated RSD for the results of SWV measurements recorded for hydrogen
peroxide in the concentration range of 0.001 - 0.1 mM in pAMPS at pH 2 with the addition of
copper (I) ions (2 x 10™* mol L™!). Measurements were performed in the liquid phase.

Concentration [mM] RSD

0.001 4.44
0.005 8.02
0.007 6.03
0.030 5.10
0.050 5.32

0.100 541
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Abstract

Hydrogen peroxide present in the gas phase is an important target analyte in
environmental monitoring, industrial process control, and non-invasive diagnostics. In this
study, a simple and sensitive electrochemical platform for the direct detection of gaseous H20:
at a three-phase interface is presented. The proposed system is based on direct contact between
gaseous hydrogen peroxide, an aqueous electrolyte phase, and the electrode surface, enabling
efficient electrochemical transduction without the need for complex sample preparation or
advanced membrane architectures. The aqueous phase consisted solely of KNOs supporting
electrolyte and Cu(Il) ions, providing a remarkably simple experimental configuration. The
influence of electrode material, electrolyte composition, and voltammetric methodology on the
analytical response was systematically investigated. By combining an optimized three-phase
interface with advanced voltammetric techniques, enhanced sensitivity, favorable signal
stability, and reliable trace-level quantification of gaseous H2O: were achieved. The developed
approach demonstrates improved analytical performance compared with previously reported
configurations and highlights the practical applicability of three-phase electrochemical systems

for direct gas-phase sensing.

Keywords: voltammetry; three-phase junction; hydrogen peroxide; gas detection



1. Introduction

The concept of the three-phase boundary (TPB) is fundamental in electrochemistry,
encompassing a wide range of systems in which a solid electrode is in contact with multiple
phases, such as immiscible liquids, different solid phases, or gas—liquid interfaces [1, 2]. In such
systems, electrochemical reactions are mainly confined to regions, where all three phases are
in direct contact, making the TPB the true locus of charge transfer. This is exemplified by
classical systems such as the standard hydrogen electrode, as well as by modern energy
technologies, including fuel cells and gas diffusion electrodes, where the availability and
structure of TPB regions critically determine overall performance [3-5].

The importance of TPB extends to heterogeneous electrocatalysis involving solid
catalysts, particularly when these are present as micro- or nanoparticles immobilized on
electrode surfaces [6-8]. In such cases, efficient electrocatalytic turnover requires the
simultaneous availability of electronic conduction through the solid phase, ionic transport
through the electrolyte, and access of reactants at the three-phase boundary.

A particularly illustrative and well-defined model system is provided by the
voltammetry of solid particles, developed by Fritz Scholz [9]. In this approach, insoluble
electroactive solid particles immobilized on an electrode surface establish a distinct three-phase
boundary with the electrode and the supporting electrolyte. These systems offer a controlled
framework for probing the mechanistic aspects of electrochemical reactions at TPB sites and
serve as compelling model examples that highlight the fundamental importance of three-phase
interfaces in electrochemistry.

In the same context, three-phase droplet electrodes are of particular relevance [10, 11].
These systems consist of a solid electrode in contact with two immiscible liquid phases and
enable the investigation of electrode reactions coupled with simultaneous ion transfer across
liquid-liquid interfaces. Such sophisticated configurations have enabled significant advances
in understanding both the thermodynamics and kinetics of ion transfer processes [12-16].

Despite these advances, the utilization of three-phase electrode configurations for
analytical applications involving gaseous analytes remains largely unexplored [5, 17] compared
to conventional two-phase (solid—liquid or solid—gas) sensors. In the present communication,
we demonstrate that a simple three-phase electrochemical setup, comprising a conventional
solid graphite electrode, an aqueous electrolyte, and an air phase, can be effectively employed

for the ultra-trace determination of hydrogen peroxide in the gas (air) phase (Scheme 1). This



system introduces a conceptually new approach for the design of electrochemical gas sensors
for H>0O, detection and quantification.

Hydrogen peroxide is routinely employed as an oxidizing agent in chemical,
pharmaceutical, and food-related processes [18-25], while in biological systems it acts as both
a product of oxidase-driven reactions and a signalling mediator involved in redox regulation
[26-29]. Its concentration is therefore frequently used as an indirect marker of enzymatic
activity and metabolic state [26, 30, 31]. In the respiratory tract, elevated levels of H20O2 in
exhaled breath have been correlated with pathological conditions, including asthma and lung
cancer [32-35], which motivates the development of reliable methods for its detection in the
gas phase. For gaseous H»O; analysis, spectroscopy and colorimetry remain the most
established approaches [36-39], although their practical implementation is often limited by
instrumental complexity and insufficient suitability for real-time measurements. In this context,
electrochemical techniques, particularly amperometry [40] and voltammetry [41], offer a viable
alternative due to their sensitivity, operational simplicity, and compatibility with miniaturized
systems [42], making them attractive for direct and on-site detection.

Electrochemical techniques, despite their many advantages, are not free from certain
limitations, particularly when it comes to reaching the lowest detectable concentrations of an
analyte. Such constraints often arise from the applied measurement technique, the nature of
supporting reagents, or the intrinsic current response of the system. For this reason, there is a
continuous effort to develop new electroanalytical methodology that enable reliable detection
at ever-decreasing levels. One promising solution is the implementation of a three-phase
measurement system, as described in the present communication. The triple-phase junction
region depicted in Scheme 1 represents the location where gaseous analyte, ionic charge
carriers, and the solid electrode surface coexist [10, 43]. As a result, electrochemical reactions
of the gaseous analyte is confined to the highly localized and well-accessible three-phase
junction zone, which favours efficient mass transport of the gas analyte and enhances the
analytical response [44]. In this arrangement, gaseous H2O> used as an analyte can directly
reach the electrode surface, while ionic conduction is simultaneously maintained by the liquid
electrolyte, effectively mitigating issues such as catalyst wetting, bubble accumulation, or
blockage of active sites [45]. In contrast to our previously reported conventional two-phase
sensing systems [46-50], in which gaseous hydrogen peroxide must first dissolve in the
supporting electrolyte and subsequently diffuse toward the electrode surface before
electrochemical detection can occur, the proposed three-phase configuration enables direct

interaction of gaseous hydrogen peroxide with the gas-accessible electrode/electrolyte
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interface, thereby eliminating the intermediate dissolution-controlled transfer step. This
fundamentally changes the mode of analyte transport and access to the electrode surface, while
simultaneously reducing the time required for electrochemical analysis. Consequently, the
proposed methodology provides several important advantages, including a more efficient
supply of gaseous reactants, improved accessibility of the active sensing region, the possibility
of regulating the local interfacial environment, suppression of competing side reactions, and
enhanced selectivity toward target electrochemical processes. As a result, the three-phase
system bare a promise not only to improve sensitivity and accuracy, but also to provide a more
realistic representation of gas-involved electrochemical processes, aligning with broader
research directions observed in electrocatalysis, fuel cells, and sensing applications [51, 52].
To further enhance the sensitivity and mechanistic insight of H>O, detection we have
employed conventional square-wave voltammetry (SWV) [53], as well as recently developed
advanced techniques, including electrochemical faradaic spectroscopy (EFS) [54] and
differential square-wave voltammetry (DSWV) [55]. These methodologies provide several
notable benefits over traditional approaches. They allow for enhanced separation of faradaic
signals from background currents, improved sensitivity toward both rapid and kinetically
sluggish electrode processes, and the simultaneous acquisition of mechanistic and kinetic
information within a single experiment [54-56]. Together, the combination of a deliberately
engineered three-phase interface and advanced pulse-based electrochemical techniques
provides a new platform for highly sensitive and mechanistically informative detection of

gaseous H>Ox.

2. Experimental

All chemicals used from Sigma-Aldrich were of analytical grade and were used without
further purification. Stock solutions of KNO; (0.1 mol L ™), CuSO4 (0.1 mol L), and H>O; at
various concentrations (1 x 107!, 1 x 1073, and 5 x 107> mol L") were prepared with deionized
water produced using a Polwater DL-3 purification system. To obtain 1% (mass percentage)
solutions of polyacrylic acid (PAA, average molecular weight approximately 450,000 g mol )
and poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (pAMPS, average molecular weight
approximately 2,000,000 g mol™), 1 g of the respective polymer was dissolved in 0.1 mol L™
KNO:;3 solution.

Gas-liquid-solid three-phase measurements were carried out using a plastic chamber

with a total volume of 150 mL, equipped with four holes in the lid. Inside the chamber, a small



electrochemical cell containing 10 mL of supporting electrolyte (0.1 mol L™! KNOj; with 2 x
10™* mol L™ Cu(Il) ions) was placed. The reference electrode (Ag/AgCl) and the auxiliary
electrode (platinum wire) were immersed in the electrolyte, whereas the working electrode was
positioned to barely touch the electrolyte surface, thereby forming a three-phase contact line
between the gaseous phase containing H>O, the liquid supporting electrolyte, and the solid
working electrode (Scheme 1). Several types of working electrodes were initially tested,
including gold and copper meshes, gold and platinum wires, paraffin-impregnated graphite rod
(@ = 6 mm), and a glassy carbon rod (@ = 5 mm), in order to identify a material that ensured
stable formation of the three-phase contact line together with reproducible electrochemical
response. The comparison focused on signal stability, background current behaviour,
susceptibility to hydrogen evolution, and overall analytical sensitivity. Based on these criteria,
the glassy carbon rod was selected for the final measurements due to its superior stability, higher
current response, and reliable maintenance of the three-phase interface.

In addition to the electrochemical cell, 5 mL of H2O> aqueous solution was placed
separately inside the chamber, outside the electrochemical vessel, to serve as an aqueous
medium for vaporizing H2O2. The chamber was then usually left for 30 minutes to establish
equilibrium between the liquid and gas phases. Through this equilibration, the gaseous H>O»
concentration was calculated according to Henry’s law [57, 58]. Blank measurements were
carried out under identical conditions but without the addition of H»O;, with the chamber
maintained for the same equilibration time prior to measurement. After each experiment, the
working electrode was electrochemically conditioned in 0.1 mol L' KNOj3 solution using
cyclic voltammetry in the potential range from 0.1 to 0.6 V using 30 consecutive cycles at a
scan rate of 0.05 V s\,

Unless otherwise stated, the reported current values correspond to background-corrected
signals, calculated as the net faradaic response of the sample after subtraction of the blank
(hereafter referred to as relative current).

All electrochemical experiments, including cyclic, square-wave, differential square-
wave voltammetry, and electrochemical faradaic spectroscopy, were performed using an
Autolab PGSTAT 302N potentiostat controlled by Nova software (v. 2.1.5, Metrohm-Autolab,
Netherlands). The analytical current was sampled at a fixed potential of —0.6 V versus Ag/AgCl.

SWYV measurements were carried out with a frequency of 8 Hz, pulse amplitude of 0.05
V, and step potential of —5 mV. EFS measurements were carried out under square-wave
chronoamperometric conditions at a mid-potential of —0.6 V, using a square-wave frequency of

50 Hz and a pulse amplitude of 0.05 V. The experiment consisted of 30 potential cycles, where
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each cycle comprised two successive pulses of opposite polarity, analogous to square-wave
voltammetry. Within each pulse, the current was sampled 60 times and subsequently averaged
over last four consecutive points to improve the signal-to-noise ratio. For each potential cycle
(defined by its serial number), forward and backward current components were determined
from the respective pulses, while the net EFS signal was calculated as their difference. These
components were then analyzed as a function of the serial number of the potential cycles.
Although the technique is chronoamperometric in nature - thus the forward and backward
currents exhibit the expected decay with time - the net current reaches a quasi-steady-state
regime, analogous to microelectrode behavior, and remains significantly higher than that
observed in conventional chronoamperometry [54]. For quantitative purposes, net currents
obtained from the last five potential cycles were averaged and used as the analytical signal.
Subtraction of the blank signal was performed throughout the experiments.

DSWYV experiments were performed using a composite potential modulation scheme in
which each cycle consisted of two short pulses of opposite polarity (each of duration # = 0.01
s) which are preceded by a step potential (of duration 0.1 s). The corresponding pulse frequency
was therefore /= 1/(2¢,) = 50 Hz. The amplitude of the pulses was 0.05 V. The potential was
incremented between successive cycles by a constant step (AE =5 mV), and scanned from 0.2
to —0.7 V, analogously to conventional SWV. A total of 181 such modulation cycles were
applied. Within current sampling was performed separately for the step potential and for each
pulse, resulting in 30 sampling points per step or pulse. These sampling windows allowed
reliable determination of the forward and backward pulse currents (as an average of 3 last
sampling points), from which the differential (net) signal was calculated. This modulation
scheme combines features of chronoamperometry with differential-pulse and square-wave
voltammetry, enabling enhanced discrimination of faradaic processes while maintaining high
sensitivity and temporal resolution [55]. The net-peak current corresponding to —0.6 V was used

as an analytical signal, taking into account former subtraction of the blank response.

3. Results and discussion

The preliminary experiments were designed to identify an appropriate working
electrode that would meet two essential requirements. The electrode had to support well-defined
electrochemical reduction of H,O; and, at the same time, enable stable contact with all three

phases. In accordance with our previous findings, the supporting electrolyte consisted of 1%



PAA dissolved in 0.1 M aqueous KNOs3 solution, additionally containing 2 x 10~* mol L
Cu(Il) ions [47, 49]. The Cu(Il) ions play a crucial role in the proposed sensing mechanism by
participating in the Cu?*/Cu* redox chemistry and enabling the electrocatalytic processes
responsible for the H>O» response. With respect to the three-phase arrangement of the
experimental setup, several configurations were examined, including copper and gold meshes
floating on the aqueous electrolyte, gold and platinum wires immersed partly in the aqueous
electrolyte, and paraffin-impregnated graphite or glassy carbon rods brought into contact with
the aqueous electrolyte, as depicted in Scheme 1. Initially, the measurements were conducted
in an aqueous solution using a standard three-electrode system with H2O present in the
electrolyte phase in order to simplify the comparison of the electrochemical response of the
tested electrodes.

Some of the tested systems were excluded at an early stage of the study. Although
metallic meshes offered a favourable ratio of size-to-surface area and allowed easy formation
of a three-phase junction, they exhibited poor electrochemical stability of the H>O»
voltammetric response. The gold wire did not provide a sufficiently stable and reproducible
signal, whereas the platinum wire promoted intensive hydrogen evolution, which interfered
with the detection process. Consequently, only the paraffin-impregnated graphite and the glassy
carbon rods were found suitable for further investigation.

The comparative results obtained using these two electrodes when H>O» is present in
the liquid phase only, are presented in Figure 1.

In a typical response a direct reduction of Cu(Il) ions can be observed under mildly
negative applied potential, i.e. from 0 up to —0.2 V in a two-step process (not visible in Fig. 1
due to large current scale) [46, 47]. Further, the strong increase in the current commencing at
about —0.4 V is related to catalytic oxygen reduction at in-situ formed copper nanoparticles on
the electrode surface (solution was not deaerated). Upon introduction of the H>O; a proportional
increment of the voltammetric response (cf. inset in Fig. 1) in the same potential region can be
observed. For these reasons from the measurements with H>O> the blank response was always
subtracted. Among all tested materials, the glassy carbon rod was ultimately chosen as the
optimal working electrode. It demonstrated superior sensitivity toward H>O», provided a highly
stable current response during repeated measurements, and generated noticeably higher
analytical signal in comparison with the other materials (Fig. 1, curve b). It is worth noting that
the paraffin-impregnated graphite rod had a slightly larger diameter (6 mm) than the glassy
carbon (5 mm). Yet, the intrinsic surface properties and electrochemical stability of glassy

carbon play a decisive role in governing the overall detection performance within the proposed
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system. Its wide cathodic potential window enables reliable operation at sufficiently negative
potentials required for hydrogen peroxide reduction without significant interference from
solvent decomposition reactions. In parallel, its low and stable double-layer capacitance
contributes to a reduced background current, thereby improving the signal-to-noise ratio, which
1s particularly critical for low-concentration analyte detection. Moreover, glassy carbon exhibits
a chemically inert and structurally stable carbon surface that resists corrosion, surface oxidation,
and progressive electrode fouling under repeated electrochemical cycling. This stability is
essential for maintaining a reproducible three-phase gas-liquid—solid interface, where even
minor surface reconstruction could disrupt the localized reaction zone. Taken together, these
combined electrochemical and interfacial properties make glassy carbon particularly well-
suited for stabilizing and isolating the analytically relevant signal in the presented detection
scheme.

The next stage of the study focused on verifying the composition of the supporting
electrolyte. Although our earlier investigations identified optimal electrolyte system for the
electrochemical detection of H>O; in the gas phase in contact with microliter volumes of the
liquid phase [50], the present work employs a completely redesigned experimental
configuration based on electrochemistry confined to the three-phase boundary region, utilizing
a macroscopic liquid volume that cannot be saturated with dissolved H20,. Accordingly, we
have compared aqueous solution (10 mL) of 0.1 M KNO:s in the absence of polyelectrolyte,
with the same solution containing either PAA or pAMPS polyelectrolytes at pH 2. In all cases,
Cu(Il) ions were used as an electrocatalyst.

The time required to saturate the gas phase of the measurement chamber with gaseous
H>0; was examined, by exposing it to H2O2 vapours generated from 5 mL of a 1 mM aqueous
H>O0; solution inserted separately into a chamber (the total volume of the chamber was 150 mL)
[50]. The current response was monitored over a period of 75 minutes, and the representative
SW voltammograms recorded after 30 minutes are presented in Fig. 2A and B. It was found
that in the presence of the polyelectrolytes, saturation of the chamber with H2O; vapor was not
achieved even after 75 minutes, due to the increased solubility of H2O; in the liquid phase (Fig.
2C). In the case of the PAA system (Fig. 2A), the signal associated with Cu(Il) reduction is
poorly defined, and only an increase in the cathodic current is observed at more negative
potentials. Such behaviour is consistent with the high solubility of H>O; in the polyelectrolyte
containing aqueous phase.

In contrast, for the 0.1 M KNO3 system free of polyelectrolytes (Fig. 2B), the copper-

related signal at about 0.05 V is clearly resolved, and the voltammetric response exhibits a more
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defined structure. The introduction of H20O, in the gas phase does not significantly alter the
overall shape of the voltammetric curve; however, a noticeable increase in cathodic current is
observed at more negative potentials, due to contribution of direct H>O» electrochemical
reduction.

When 0.1 M KNOj aqueous solution was used as the sole liquid phase, the highest signal
was observed after 30 minutes, followed by stable saturation of the gas phase with H>O2 vapours
(Fig. 2C). As the macroscopic liquid phase cannot be saturated with dissolved H2O», these data
imply that the response of H>O; predominantly originate from its electrochemistry at the three-
phase boundary region. Thus, comparing to our previous findings, the three-phase configuration
enables simplification of the chemical composition of the liquid phase, yet providing
reproducible and stable voltammetric signal.

Following optimization of the working electrode and liquid phase composition,
quantitative measurements of gaseous H>O; were performed in the thus-composed three-phase
system. The gas chamber was exposed to a defined concentration of H2O> for 30 min and the
corresponding currents were recorded at —0.6 V using SWV. Representative voltammograms
are presented in Fig. 3. In comparison with the blank signal (curve a), all subsequent
voltammograms (curves b — e) exhibit proportional increase of the cathodic current with
increasing H,O» concentration in the gas phase, particularly in the region of more negative
potentials.

In contrast, the signal associated with the Cu(II) reduction at about 0.05 V is less stable
and does not correlate clearly with the gaseous H>O; concentration. It is worth noting that, in
the presence of H,0», the electrochemical reduction of Cu(Il) follows an EC’ reaction scheme,
in which the kinetics of the regenerative follow-up chemical step depends on the concentration
of H,0, [46, 47]. Considering that H>O; is predominantly confined to the three-phase region,
without being sufficiently dissolved in the aqueous phase, the EC’ reaction can occur only at
the three-phase boundary. In parallel, the conventional electrode reaction of Cu(Il) reduction
proceeds at the remainder of the electrode surface, which is in contact solely with the aqueous
phase. Thus, the voltammetric response at approximately 0.05 V reflects two concurrent
electrode mechanisms, with the Cu(Il) reduction in a solution free (or with a minute amount of
dissolved H207) being dominant. As a result, this signal cannot be reliably used for the indirect
detection of H20; in the present three-phase experimental configuration.

Based on the observed voltammetric responses, a clear linear relationship between the
current response and the gaseous H2O; concentration was established in the range from 1.85 x

10210 2.96 x 10 ! mol L™!. Note that the assumed gaseous concentrations of H>O> have been
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calculated considering Henry’s law [57, 58]. Within the concentration interval, the calibration
plot exhibited good linearity (R? = 0.998), confirming that the proposed arrangement can be
reliably used for quantitative sensing. The sensitivity of the proposed sensing system was
determined to be 678.6 pA per mmol L', indicating a highly responsive electrochemical
behavior toward ultra-trace concentrations of hydrogen peroxide in the gas phase. At
concentrations exceeding this range, the current response continued to increase, however, the
slope of the calibration curve decreased markedly, indicating the onset of a non-linear region.
The decrease in calibration slope observed at higher H>O» concentrations indicates a deviation
from the response behaviour found at lower concentrations. Similar changes in sensitivity
between different concentration intervals are frequently encountered in analytical
measurements. In the present case, the phenomenon might be associated with a change in the
dominant electrode mechanism. A possible explanation is that, at elevated H2O> concentrations,
the electrode reaction is not confined exclusively to the three-phase boundary line but extends
into the adjacent solution region due to local dissolution of H>O; near the three-phase reaction
zone, although the exact origin of this behaviour requires further investigation. Measurements
were carried out on different days under non-controlled ambient conditions, including
variations in temperature and pressure, while maintaining stable and reproducible sensor
performance. The limit of detection (LOD) was calculated as 1.28 x 1073 mol L™!, while the
limit of quantification (LOQ) was determined to be 4.28 x 10713 mol L. The calculation was
based on the standard £SD/b formula, where k£ =3 for LOD and 10 for LOQ, SD represents the
standard deviation of the intercept, and b corresponds to the slope of the calibration curve [59].
Methods’ precision was examined using three separate series of measurements, giving an
average relative standard deviation of 3.3%, which indicates satisfactory repeatability of the
analytical signals. Additional recovery calculations resulted in values between 93.4 and
103.2%, demonstrating that the system provides accurate results without systematic bias.
Following conventional SWV, advanced electroanalytical methods have been applied
as electrochemical faradaic spectroscopy (EFS) [54] and differential square-wave voltammetry
(DSWYV) [55] to further evaluate the analytical capabilities of the three-phase system.
Representative electrochemical responses obtained using SWV, EFS, and DSWV are
comparatively presented in Fig. 4. The EFS measurements were performed by means of 30
potential cycles with a SW amplitude being identical as in conventional SWV, whereas the
mid—potential was —0.6 V [54]. Fig. 4B depicts variation of the net, forward and backward

components of the EFS response as a function of the serial number of potential cycles. The final
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analytical signal was obtained by averaging the net currents from the five last cycles followed
by appropriate subtraction of the blank response.

A well-defined linear dependence between the relative current response and the gaseous
H,0: concentration was obtained within the range of 3.7 x 1073 t0 3.7 x 1072 mol L ™! (Fig. 5,
curve b). The calibration plots constructed from three independent measurement series
demonstrated satisfactory reproducibility across the entire concentration range, with an average
relative standard deviation of 5.3%. In addition, the proposed EFS-based sensing approach
exhibited a high analytical sensitivity of 6879 pA per mmol L™! of gaseous H,0,, substantially
exceeding the sensitivity obtained using conventional SWV measurements. The LOD of
gaseous H,0, was determined to be 7.79 x 107 mol L', while recovery experiments yielded
values between 85.8 and 105.1%. These results indicate that the application of EFS allows
ultrasensitive detection of H>O,, while maintaining satisfactory quantitative performance. The
enhanced sensitivity achieved with EFS can be attributed to the selective sampling of the
faradaic component of the current and the reduction of capacitive background contributions
[60].

For DSWYV, the measurements were performed within the potential range from 0.2 to
—0.7 V with a step potential of 5 mV. Each potential cycle consisted of a potential step followed
by two pulses of opposite polarity [55]. Under these conditions, a linear analytical response was
observed ranging from 3.7 x 1071* t0 3.7 x 10713 mol L™! (Fig. 5, curve c). The calibration lines
obtained from three independent measurement series demonstrated very good reproducibility,
with an average relative standard deviation of 1.3%, indicating excellent precision of the
method. Recovery values varied between 87.6 and 104.1%, confirming satisfactory analytical
accuracy. The DSWV methodology additionally provided an exceptionally high analytical
sensitivity of 64.03 mA per mmol L', markedly higher than that achieved using both
conventional SWV and EFS approaches. Based on the calibration data, the limit of detection
was calculated as 2.79 x 107> mol L™, while the corresponding limit of quantification was
estimated at 9.29 x 10713 mol L}, which to the best of our knowledge, is the lowest detection
limit for the gaseous H2Oz reported so far (Table 1). Accordingly, both the LOD and LOQ were
reduced by approximately one order of magnitude compared with the techniques discussed

above.

3.1 Interferences
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Additional experiments were performed to evaluate the behaviour of the sensor in the
presence of selected gaseous interfering species, namely NH3z, NO;, and SO,. Representative
SW voltammograms are presented in Fig. S1 in the Supplementary Material. Due to the lack of
precise control over the concentrations of interfering gases, the results should be considered
qualitative. Nevertheless, the performed experiments provide useful preliminary insight into the
selectivity of the proposed system. The recorded voltammograms show that the response toward
H>0; remains largely unchanged in the region of negative potentials, where the analytical signal
was sampled. Some variations are observed in the potential region associated with copper
reduction, particularly in the presence of SO2; however, these effects do not significantly affect
the H2O; signal. The observed selectivity toward H20: arises primarily from the fact that its
electrochemical reduction at the confined three-phase boundary is a kinetically favourable
proton-coupled electron transfer process occurring directly at the gas—liquid—solid interface,
whereas NHs, NO2, and SO: do not undergo comparable reduction pathways at the same
interface and thus do not generate significant faradaic responses at the applied potential.
Although Cu(Il)-related processes may be electrochemically accessible within a broader
potential range, their contribution is effectively decoupled in the present system because the
analytical signal is dominated by the interfacial H.O. reduction confined to the three-phase
boundary, while background and non-specific contributions are accounted for via blank

subtraction.

3.2 Green Chemistry

The greenness of the developed procedure was evaluated using the AGREEprep metric
[67], which assesses sample preparation protocols according to criteria including sample
preparation placement, use of hazardous materials, sustainability and reusability of materials,
waste generation, sample size economy, sample throughput, integration and automation, energy
consumption, post-sample preparation analytical configuration, and operator safety. The
method fulfils several principles of green sample preparation due to its in-situ operation, which
eliminates sample transport and additional handling steps. Only aqueous solutions of KNOs3,
CuSO0s, and H2O; were used, without organic solvents, derivatization reagents, or strong acids

and bases, resulting in low chemical hazard and minimal reagent consumption. The reusable
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measurement chamber and glassy carbon electrode further reduce material usage, while waste
generation is limited to small volumes of aqueous solutions.

The procedure involves a small number of manual steps and requires only a single
electrochemical workstation, leading to relatively low energy consumption. The use of
voltammetric techniques as the final determination step additionally supports the green
character of the method due to low reagent consumption and reduced environmental impact.
According to the AGREEprep evaluation (Fig. S2), the developed protocol achieved a
greenness score of 0.66, indicating favourable environmental performance and good

compliance with the principles of green analytical chemistry.

4. Conclusions

The analytical figures of merit obtained in this work confirm that H>O» can be reliably
detected and quantified at the electrochemical three-phase interface using extremely simple
experimental configuration and chemical composition of the aqueous phase (i.e., aqueous
solution containing only KNO3 and Cu(I) ions). The proposed system enables direct interaction
of gaseous H>O» with the working electrode and provides reliable measurements at trace levels
of the analyte. Overall, the integration of optimized electrode selection, appropriate supporting
electrolyte, rationally designed three-phase interface, combined with advanced voltammetric
methods, has led to enhanced sensitivity and improved analytical performance in comparison
with our previous studies [47, 49], confirming the practical usefulness of the developed
platform for monitoring H>O» in the gas phase.

Nevertheless, several limitations of the current approach should also be mentioned. In
particular, both electrochemical faradaic spectroscopy and differential square-wave
voltammetry required the development of particular potential modulation and signal-processing
procedures, since these techniques are not yet commonly implemented in standard commercial
electrochemical software. Furthermore, the present study was performed under laboratory
conditions using a proof-of-concept experimental configuration; therefore, further
investigations involving long-term stability, quantitatively controlled interference studies, and

validation using real gaseous samples will be necessary in future work.
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Table and Table Caption

Table 1. Comparison of electrochemical detection and quantification limits reported in the

literature.

Electrochemical Phase Linear range LOD Ref
sensor/Method (mol L") (mol L)
PB-SPE/SWV Liquid 1x10°-1x1073 23 %1078 [49]

PB-GCE/Amperometry | Liquid 5%x107-1x1073 3.0x107 | [61]
PBNCs/rGO- Liquid 5x10%-12x10* 45x1078 [62]
GCE/Amperometry
PB-SPE/Amperometry | Liquid 4%x107-1x107 4.0 x 1077 [63]
GCE/SWV Gas 1x10%-1x1073 1.2x107* | [47]
1x107%-7x107
pAMPS-PB-SPE/SWV Gas 3.7x1071-3.7x1071° | 87x10712 [50]
Ti3C>TxMXene/FCN- Gas 1.5x108-8.8x 1077 1.2x10710 [64]
SPCE/CV
PAA-SPE/CV Gas 44x107-3.6x1078 59%x1078 [65]
NiCo2Ses/GC/SWV Gas 1.22x 10711 - 6.1 x 107! - [66]
TPh-GC rod/SWV Gas 1.85 x 10712 -2.96 x 1.28 x 1071* | This
1071 work
TPh-GC rod/EFS Gas 37108 -3.7x1072 | 7.79x 107 | This
work
TPh-GC rod/DSWV Gas 3.7x107%-3.7x 10" |2.79x107"% | This
work

PBNC:s Prussian blue nanocubes, rGO reduced graphene oxide, SPE screen-printed electrode,

TPh three-phase system
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Scheme and Figure Captions

Scheme 1. Schematic representation of a three-phase analysis system.

Fig. 1. SW voltammetric response of 1 mmol L' H>O, aqueous solution dissolved in 1% PAA
and 0.1 M KNO3 with addition of 2 x 107 mol L™! Cu?* using paraffin-impregnated graphite
(a) and glassy carbon rod (b) as working electrodes in a three-phase electrochemical cell
configuration as depicted in Scheme 1. Inset: corresponding current sampled at —0.6 V as a
function of H>O; concentration after subtraction of the blank response. SW parameters:

frequency 8 Hz, amplitude 0.050 V, and step potential —0.005 V.

Fig. 2. Square-wave voltammograms recorded in the three-phase system for different
supporting electrolytes containing 2 x 10~ mol L™ Cu?*: (A) 1% PAA in 0.1 M KNO3 and (B)
only 0.1 M KNOs; curves: (a) blank and (b) after exposure to gaseous H20:. (C) Relative current
response as a function of saturation time after exposing 1 mM H20; introduced into 5 mL of
water in a separate vessel within a sealed 150 mL chamber, for different supporting electrolytes:
(a) 0.1 M KNOs3, (b) 1% PAA, and (c) 1% pAMPS (both (b) and (c) in 0.1 M KNO3). SWV
parameters: frequency 8 Hz, amplitude 0.050 V, step potential —0.005 V.

Fig. 3 SW voltammograms recorded at a GC rod in the three-phase system for selected
H,0; concentrations with a supporting electrolyte consisting of 0.1 M KNO3 and 2 x 10™* mol
L' Cu?*. Curves: (a) blank, (b) 1.85 x 1072, (¢) 3.7 x 1072, (d) 1.85 x 1071, (e) 2.59 x 107"
mol L™! of H>0 in the gas phase. SW parameters: frequency 8 Hz, SW amplitude 0.05 V, step
potential —0.005 V.
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Fig. 4. Comparison of electrochemical responses obtained using different voltammetric
techniques in the three-phase gas—liquid—solid system: (A) SWV, (B) electrochemical faradaic
spectroscopy, and (C) differential square-wave voltammetry. Measurements were performed in
0.1 M KNOs supporting electrolyte containing 2 x 10~* mol L™ Cu(II) ions in the presence of
gaseous H>O» comprising (a) forward, (b) backward, (c) net and (d) potential step responses

Fig. 5 Comparison of calibration curves obtained for gaseous H>O; using three electrochemical
techniques: (a) SWV, (b) EFS, and (c) DSWV at three-phase electrochemical interface

experimental conditions.
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Fig. S1 Square-wave voltammograms recorded with a GC rod in the three-phase system in a
0.1 M KNOs supporting electrolyte with added 2 x 10 mol L™ Cu** and H,0» (3.7 x 107!2
mol L) for individual interfering substances: (a) supporting electrolyte; KNOs+Cu?" (H20,
absent), (b) blank, (c) NH3, (d) NO2, (e) SO2. Experimental conditions: amplitude 50 mV,
frequency 8 Hz, step potential —0.005 V.



Fig. S2 Results of the greenness assessment of the developed measurement procedure using the
AGREEprep tool, criteria: (1) sample preparation placement, (2) hazardous materials, (3)
sustainability, renewability, and reusability of materials, (4) waste, (5) size economy of the
sample, (6) sample throughput, (7) integration and automation, (8) energy consumption, (9)

post-sample preparation configuration for analysis, (10) operator’s safety.
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