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Zusammenfassung

Zusammenfassung

Schwefelwasserstoff (H2S) ist ein farbloses, hoch toxisches und korrosives Gas,
das schon bei geringen Konzentrationen ein hohes Gefahrenpotential fir den
Menschen darstellt. Der Einsatz von Gassensoren, welche Hz2S bereits bei sehr
geringen Konzentrationen im Bereich von 5 ppm (maximale Arbeitsplatz-
Konzentration in Deutschland) selektiv detektieren, ist unabdingbar.
Nanomaterialien aus Kupfer(ll)oxid (CuO) konnen zur Praparation von
Gasdosimetern zur H2S-Detektion verwendet werden. Unterhalb von 200 °C bildet
sich bei H2S-Exposition ein leitfahiger Pfad bestehend aus Kupfer(ll)sulfid (CuS),
wodurch ein Leitwertanstieg des Materials hervorgerufen wird. Bei hoheren
Temperaturen (> 350 °C) kann der Sensor wieder zu CuO regeneriert werden und
der mehrfache Einsatz wird ermdglicht. Nach einigen Sensorzyklen (Detektion und
Regeneration) bricht die Sensoraktivitat allerdings ab.

Die vorliegende Arbeit beschaftigt sich zun&chst mit der detaillierten Analyse der
fur den Abbruch der Sensoraktivitat verantwortlichen Mechanismen. Zum einen
fuhren strukturelle Unterschiede zwischen CuO und CuS wahrend der
Sensorzyklen zu starken morphologischen Anderungen und verhindern auf Grund
von beispielsweise einer Rissbildung die erneute Ausbildung eines leitfahigen
Pfades in hoheren Zyklenzahlen, sodass das Sensorsignal ausbleibt. Zum
anderen treten Nebenreaktionen auf, wie z.B. die Bildung von
Kupfer(ll)sulfat (CuSOa4), wodurch inaktives, nicht regenerierbares Material auf
dem Sensor akkumuliert.

Es werden Strategien entwickelt, um diesen Problematiken entgegenzuwirken.
Durch das Einbringen von CuO in eine stabilisierende porose Matrix aus
Silizium(IV)oxid (SiO2) werden die morphologischen Verdnderungen auf einen
begrenzten Raum beschrankt, sodass das Material ein reproduzierbares
Sensorverhalten in einer hohen Zahl an Sensorzyklen zeigt. Mit Hilfe von
definierten CuO- und CuS-Nanomaterialien und gangigen Analysemethoden
(Raman-Spektroskopie, Elektronenmikroskopie und Rdntgendiffraktometrie) wird
der Sensormechanismus im Detail untersucht. Die gewonnenen Erkenntnisse
geben tiefere Einblicke in den zugrunde liegenden Mechanismus und die
Kombination mit thermodynamischen Berechnungen ermoglicht zusatzlich die
Entwicklung von Strategien zur Verringerung der CuSOas-Bildung und zur
Erhohung der Langzeitstabilitdt der Sensoren. Zusammenfassend ermdglichen
beide Ansatze die Praparation von CuO-basierten Gasdosimetern mit einer
gesteigerten Langzeitstabilitéat in Gber 100 Sensorzyklen.

Vil
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Abstract

Abstract

Hydrogen sulfide (H2S) is a colourless gas with high toxicity, being harmful to living
organisms and highly corrosive for different types of equipment. Therefore, the
precise detection of Hz2S is of great importance and requires reliable sensitivity and
specificity of sensors even at minute concentrations of as low as 5 ppm, the value
corresponding to typical exposure limits.

Gas dosimeters based on copper(ll)oxide (CuO) nanomaterials represent a viable
strategy for H2S sensing. Below 200 °C the sensitive material CuO reacts in a
specific reaction with H2S, resulting in the formation of well conductive
copper(ll)sulfide (CuS), accompanied by a steep increase in conductance used as
sensor signal. Higher temperatures (> 350 °C) lead to the reverse reaction of CuS
back to CuO enabling the regeneration of the sensitive material and the preparation
of a sensor with long-term stability in many sensing cycles (detection and
regeneration). However, sensors can only be regenerated for certain number of
sensing cycles.

The focus of this work is the in-depth analysis of issues resulting in a loss of sensor
activity after several sensing cycles and the elaboration of optimization possibilities
for improving the long-term stability. On the one hand, as known in literature,
morphological changes based on structural differences between CuO and CuS
lead to the complete degradation of the tenorite structure after several sensing
cycles. On the other hand it is important to unveil the mechanism and all chemical
reactions behind the mentioned sensing mechanism to avoid possible side
reactions, i. e. copper(ll)sulfate (CuSOa4) formation.

Porous CuO/SiO2 composite materials were prepared to increase the long-term
stability. SiO2 stabilizes the sensitive CuO and counteracts the morphological
changes, resulting in an increased long-term stabilty. CuO and CuS
nanostructures were used for a detailed analysis (Raman spectroscopy, electron
microscopy and X-ray diffraction analysis) of the sensing material during the
ongoing sensing mechanism, resulting in in-depth insight of the ongoing chemical
reactions during H2S sensing. The findings combined with thermodynamic
calculations allowed us to develop strategies to reduce CuSO4 formation and
therefore to optimize sensing properties. Both preparation approaches for H2S
sensors showed sensing activity in a quasi-continuous and dosimetric mode with
an increased long-term stability in more than 100 sensing cycles.
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1. Einleitung

1. Einleitung

Biogas wird durch Vergérung von Bioabfallen, Giille oder Energiepflanzen in
Biogasanlagen gewonnen. Aufgrund der hoheren Nachfrage von erneuerbaren
Energien ist die Anzahl dieser Anlagen in Deutschland in den letzten 20 Jahren

signifikant gestiegen (Abbildung 1).(4
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Abbildung 1: Anzahl der Biogasanlagen in Deutschland seit 1992.1

Biogasanlagen stellen allerdings auch ein erhebliches Gefahrdungspotential dar,
da groBRe Mengen extrem entzindbarer, klimaschadlicher oder auch toxischer
Gase gespeichert und umgesetzt werden. Im Durchschnitt kam es in den letzten
10 Jahren zu 3,5 bis 5,5 Unfallen pro Jahr an rund 1000 Biogasanlagen. Ein
Groliteil der berichteten Unfalle geht mit einer Stofffreisetzung einher: Gase
werden freigesetzt, wodurch Brande (Uber 40% der Unféalle) oder Explosionen
entstehen kénnen oder Gillle tritt aus (,Gulle-Tsunami“), sodass Gebaude geflutet
oder Fischsterben in Gewassern ausgelost wird oder Schutzgebiete geschadigt
werden.?l Da Gase sich sehr schnell verbreiten und haufig nicht direkt
wahrnehmbar sind, werden Leckagen und Gasaustritte verzdgert und meist zu
spat bemerkt. Dieses Gefahrenpotential erfordert die Verwendungen von
Gassensoren, welche austretendes Gas oder geféhrliche Gaskonzentrationen
bereits frihzeitig detektieren koénnen. Neben Methan (CH4) und anderen
Brandgasen entsteht in Biogasanlagen auch Schwefelwasserstoff (H2S).!

Wahrend der Zersetzung der Biomasse, wie z.B. tierische Abfalle, kommt es durch
mikrobielle aerobe Prozesse zur Umwandlung von Sulfaten und organischen
Schwefelverbindungen wie Proteinen und Aminosauren in Hz2S. Dieser Prozess tritt
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sowohl in Biogasanalagen als auch bei der Zersetzung von organischer Materie in
der Natur auf. Sonstige Quellen von H2S sind vulkanische Aktivitat oder in der
chemischen Industrie bei der Schwefelherstellung, in Olraffinerien, bei der
Herstellung von Fasern wie Viskose, zur Enthaarung von Tierfellen in Gerbereien
und bei der Herstellung von Papier und Pappen.B-¢

H2S ist ein hochtoxisches und farbloses Gas mit dem typischen Geruch nach

faulen Eiern:

( ca. 0,1-0,3 ppm: Geruchsschwelle

> 20 ppm: Hornhautschaden bei
langerer Einwirkung

N N A .

> 200 ppm: Kopfschmerz,
Atembeschwerden

> 250 ppm: Betaubung der
Geruchsrezeptoren

> 500 ppm: Krampfe, Bewusstlosigkeit
(lebensgefahrlich in 30 min)

ca. 1000 ppm: lebensgefahrlich in
wenigen Minuten

(> 5000 ppm: tédlich in wenigen Sekunden)

Abbildung 2: Toxizitat von H,S in Abhangigkeit der Konzentration. "

Bei Exposition mit H2S wird der rote Blutfarbstoff zerstort, wodurch die
intrazellulare Atmung gelahmt wird. Zusétzlich kommt es zu Schaden am zentralen
und ggf. auch am peripheren Nervensystem. Diese Giftwirkung fihrt bei hoheren
Konzentrationen direkt zum Tod. Ein grol3es Problem stellt dabei die Betaubung
der Geruchsrezeptoren ab 250 ppm dar, da das Gas ab dieser Konzentration von
einem Menschen nicht mehr direkt wahrgenommen werden kann und die
eintretende lebensgefahrliche Giftwirkungen nicht bemerkt wird.!”=%

Neben der hochtoxischen Wirkung ist H2S auch leicht entflammbar und explosiv,
was ein zusatzliches Gefahrenpotential darstellt. Zudem handelt es sich um ein
sehr korrosives Gas, welches in Anwesenheit von Sauerstoff von Sulfurikanten zu
Sulfat oder Schwefelsaure umgesetzt werden kann und bei lAngerer Exposition
starke Schaden an Stahl, Beton und Maschinen verursacht.l%1% zur Vermeidung
von Schaden an Maschinen, werden daher in der Industrie Filter
(z.B. Aktivkohlefilter) eingesetzt, um H2S zu adsorbieren und aus der Atmosphare

zu entfernen.[®



1. Einleitung

Da H2S in héheren Konzentrationen nicht mehr wahrgenommen werden kann, ist
eine zuverlassige Detektion unabdingbar, um Menschen vor den toxischen
Eigenschaften und Maschinen durch Uberwachung der Filterwirkung zu schiitzen.
Bleiacetat-Papier stellt einen der ersten Sensoren zur H2S-Detektion dar. Die
Exposition von farblosem Bleiacetat-Papier mit H2S fuhrt zur Bildung von braunem
Bleisulfid, wodurch H2S mithilfe eines Farbumschlags nachgewiesen werden
kann.*Yl Aufgrund der Toxizitdt von Bleiverbindungen wird diese Methode
allerdings nur noch selten angewandt.

Mittlerweile existieren zahlreiche Methoden zur zuverldssigen Detektion und
Uberwachung von H2S, wie z.B. elektrochemische Zellen, optische Gassensoren,
piezoelektrische Gassensoren, oder  Gassensoren basierend auf
Metalloxidhalbleitern.® Vier Hauptaspekte spielen bei Gassensoren eine
entscheidende Rolle fur die industrielle Anwendung:

1. Selektivitat: Die Eigenschaft eines Gassensors, nur auf ein ausgewéhltes
Gas zu reagieren und bei anderen Gasen kein Sensorsignal zu zeigen.

2. Sensitivitat: Die Sensitivitdt definiert das untere Detektionslimit und den
Detektionsbereich.

3. Langzeitstabilitat: Die Langzeitstabilitat bestimmt, ob ein Sensor mehrfach
oder nur einfach verwendet werden kann und in welchem Zeitraum ein
Sensor ein zuverlassiges Sensorsignal liefert.

4. Produktionskosten: Bei einer hohen Zahl von Anwendungsgebieten sollte

ein Sensor kostengunstig und einfach in der Produktion sein.

Einige der oben genannten Methoden zeigen Defizite in einem oder mehreren der
vier Aspekte. Teilweise werden komplexe und aufwendige Apparaturen benétigt,
welche hohe Kosten hervorrufen. Metalloxidhalbleiter-Gassensoren hingegen sind
gunstig in der Produktion, zeigen aber haufig eine fehlende Selektivitat zu einem
spezifischen Gas oder ein veradndertes Sensorverhalten in Anwesenheit von
Luftfeuchte, wodurch die industrielle Anwendung erschwert wird (Uberblick,
Einordnung und Funktionsweise der einzelnen Gassensor-Methoden siehe Kapitel
2.1).5] Gasdosimeter basierend auf z.B. Metalloxidhalbleitern stellen eine
besondere Kategorie an Gassensoren dar, bei denen nicht die Gaskonzentration,
sondern die Gasmenge (Dosis) gemessen werden kann. Die Sensoraktivitat

beruht dabei nicht auf dem klassischen Metalloxidhalbleiter-Sensormechanismus
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(Beschreibung, Kapitel 2.1), sondern auf der Annahme eines
Dosimetermechanismus. Sie bieten die Vorteile von Metalloxidhalbleitern und
kénnen dennoch eine Selektivitat zu einem spezifischen Gas zeigen. Allerdings
unterscheiden sich bei Gasdosiemetern die Anforderungen, welche an das
sensitive Material gestellt werden (Einfiihrung in Gasdosimeter, Kapitel 2.3).1?

Kupfer(Il)oxid (CuQ) ist ein Metalloxidhalbleiter und kann bei Temperaturen
unterhalb von 200 °C als Gasdosimeter zur H2S-Detektion eingesetzt werden.
Wéhrend der Exposition von CuO mit Hz2S entsteht das leitfahige Kupfer(ll)sulfid

(CuS) (1) und es kommt zu einem Leitwertanstieg. 13-
CuO + H,S - CuS + H,O Leitwert 1 Q)

Durch diese chemische Reaktion und die einfach messbare Anderung einer
physikalischen Gréf3e (Leitwert) kann H2S nachgewiesen werden (Ausfuhrliche
Beschreibung der Methode, Kapitel 3).

CuS + 1,5 0, - CuO + SO, Leitwert | 2)

Bei hoheren Temperaturen (> 350 °C) kann die Reaktion umgekehrt werden (2),
damit CuO regeneriert und der Sensor wiederverwendet werden kann. CuO bietet
somit die Moglichkeit, H2S sensitiv und selektiv zu detektieren und wegen der
moglichen Regeneration des Sensormaterials, kann CuO zusatzlich ein
reproduzierbares und langzeitstabiles Sensorverhalten zeigen.*78l

Mehrere Veroffentlichungen beschéftigen sich bereits mit CuO-Materialien in der
H2S-Sensorik, welche auf dem durch Gleichung (1) und (2) beschriebenen
Dosimetermechanismus basieren. Beispielsweise werden CuO-Dunnfiime und
CuO-Nanofasern verwendet, die H2S bis zu einem unteren Detektionslimit von
1 ppm erfassen.*!4 Diese Sensoren zeigen allerdings erhebliche Defizite in der
Langzeitstabilitéat. Bei der Verwendung von CuO-Strukturen verandern sich diese
im Laufe der Anwendung morphologisch, wodurch das Sensorsignal keine
reproduzierbaren Werte zeigt und die Sensoraktivitat nach einigen Sensorzyklen

stoppt, sodass der Gassensor nicht wiederverwendet werden kann. %20



1. Einleitung
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Abbildung 3: Thematische Schwerpunkte der vorliegenden Arbeit.
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Zur Verbesserung der Langzeitstabilitat verwenden Paul et al. ein poréses Material
(KIT-6) basierend auf sensor-inaktivem Silizium(lV)oxid (SiOz2), um CuO zu
stabilisieren und damit den morphologischen Anderungen entgegenzuwirken.*”:18l
Der erste Teil der vorliegenden Arbeit befasst sich mit einem analogen Ansatz. Ein
Verfahren zur Praparation eines CuO/SiO2-Hybridmaterials, basierend auf einem
porésen SiO2-Nanofasernetzwerk infiltriert mit CuO, soll entwickelt und das
Material als Gasdosimeter in der H2S-Sensorik getestet werden. Stabilisiert durch
die inerte SiO2-Matrix konnen die morphologischen Anderungen des CuO-
Materials nur noch in einem begrenzten Raum stattfinden, wodurch die
Langzeitstabilitat des Sensors erheblich gesteigert werden soll. Im Vergleich zu
KIT-6 (Paul et alll”8) zeigt das porose SiO2-Nanofasernetzwerk neben
Mesoporen durch die lose Anordnung auch Makroporen, sodass die
Zuganglichkeit sowohl fur das Infiltrationsreagenz als auch fir das Analysegas
verbessert wird. Zusatzlich erméglicht die definierte Nanofasermorphologie eine
prazise Analyse von morphologischen Verdnderungen wéahrend Infiltration und
Gasdetektion.

In diesem Forschungsprojekt konnte die Bildung der Nebenphase Kupfer(Il)sulfat
(CuSOa4) nachgewiesen werden. Inaktives CuSOas stellt in Bezug auf die
Langzeitstabilitat ein weit grof3eres Problem dar. Es handelt sich um ein Material,
welches unter den gegebenen Bedingungen nicht regeneriert werden kann, im
Sensormaterial akkumuliert und ab einem gewissen Zeitpunkt die Sensoraktivitét
stoppt.

Basierend auf diesen beiden Problematiken (CuSOas-Bildung und morphologische
Anderungen wahrend der Sensorzyklen) beschéftigt sich das zweite
Forschungsprojekt mit dem zugrundeliegenden Sensormechanismus bzw. den
ablaufenden chemischen Reaktionen. Anhand definierter CuO- und CuS-
Nanostrukturen soll die Detektion von H2S in den einzelnen Sensorphasen
detailliert analysiert und Korrelationen zwischen den morphologischen
Veranderungen, der Bildung der Nebenphasen und den einzelnen Sensorphasen
untersucht werden. Ein besseres Verstdndnis fur die tatsachlich ablaufenden
chemischen Reaktionen soll helfen, Maoglichkeiten zur Vermeidung von
Nebenphasen, zur Minimierung der morphologischen Veranderungen und zur

Erhohung der Langzeitstabilitdt dieser Sensoren zu erarbeiten.



1. Einleitung

Die beiden Teilziele arbeiten daraufhin, CuO-Nanostrukturen als selektives und
sensitives Gasdosimeter in der H2S-Sensorik zu etablieren, das in reversiblen
Sensorzyklen eine hohe Langzeitstabilitat aufweist.

In den nachfolgenden Kapiteln wird der momentane Stand der H2S-Sensorik in
den Bereich der Gassensorik eingeordnet (Kapitel 2), welcher als Ausgangspunkt
dient. Zudem werden die Eignung von CuO-Nanostrukturen fir H2S-Sensoren und
die Einflussfaktoren auf Selektivitat, Sensitivitat und Langzeitstabilitdt aufgezeigt
(Kapitel 3).
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2. Gasdetektion

2. Gasdetektion

2.1 Schwefelwasserstoffdetektion

Neben H2S existieren viele weitere toxische, explosive oder korrosive Gase, wie
zum Beispiel Kohlenstoffmonoxid (CO), Stickstoffmonoxid (NO), Wasserstoff (H2)
oder leichtflichtige organische Komponenten (VOC, engl. volatile organic
compounds), welche in zahlreichen Bereichen auftreten und vom Menschen nicht
direkt wahrgenommen werden kodnnen. Zum Schutz von Personen und
industriellen Anlagen werden daher Gassensoren bendétigt. Die am haufigsten
verwendeten Konzepte in der Gassensorik von H2S sind elektrochemische Zellen
(ECs, engl. electrochemical cells), optische Methoden, piezoelektrische Sensoren
und Metalloxid-Halbleitersensoren (Abbildung 4).5! Diese Konzepte kénnen auch
bei anderen Gasen angewandt werden, wobei sich der zugrundeliegende

Mechanismus bei unterschiedlichen Gasen jeweils ahnelt.

amperometrisch IR
FTIR
Elektrochemische uv Optische
Zellen Methoden
potentiometrisch NDIR
HZS_
Detektion
SAW Fe,0, SnO
TiO,
Piezoelektrische Metalloxid-
Sensoren Halbleiter
Zn0O
QCM WO,

CuO

Abbildung 4: Uberblick tiber verschiedene Gassensor-Methoden in der H,S-Detektion.

Seit der ersten Nutzung von ECs zur Detektion von Sauerstoff in den friihen
1950er Jahren wurden sie stetig weiterentwickelt und sind seit Mitte der 1980er
Jahre eines der bekanntesten Konzepte zur Uberwachung von toxischen Gasen.
ECs wechselwirken mit dem Analysegas und erzeugen eine Stromantwort, die
proportional zur Konzentration des Gases ist. Dabei wird zwischen
potentiometrischen (Potentialantwort) und amperometrischen (Stromantwort)
Sensoren unterschieden. Zusatzlich kénnen sowohl flissige als auch feste
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Elektrolyte verwendet werden. ECs zeichnen sich durch eine hohe Sensitivitat und
Selektivitat aus und wurden daher schon vielfach in Langzeittests eingesetzt.2%
Liang et al. entwickeln einen Sensor basierend auf einem Natriumsuperionenleiter
mit einer Elektrode aus Zinn(ll)oxid (SnO) dotiert mit Praseodym(lll,1V)oxid
(PrsO11). Dieser Sensor zeigt ein unteres Detektionslimit im Bereich von 5-50 ppm
und ist unempfindlich gegeniiber Wasserdampf.[?2l Yu et al. kénnen mit einer mit
H2SO4 behandelten Nafionmembran und einer Goldelektrode die Selektivitat
gegenuber H2S erhéhen wund erreichen einen Detektionsbereich von
1 - 100 ppm.[23l Ein groRRer Nachteil von ECs ist die aufwandige und teure
Herstellung, haufig verbunden mit der Verwendung von teuren Edelmetall-
Elektroden (Au, Pt, etc.).

Optische Methoden basieren auf der Wechselwirkung von Licht mit dem
Analysegas und verwenden absorptions- und emissions-spektroskopische
Analysen als Sensorsignal. Es wird zwischen direkten und indirekten Methoden
unterschieden.?) Bei den direkten Methoden wird das Gas direkt uber
Analysetechnologien wie Infrarot (IR)-?°!, Fourier-Transform-Infrarot (FTIR)-[26!
oder Ultraviolett (UV)?7-absorptions-spektroskopische Methoden untersucht.
Varga et al. verwenden einen Sensor basierend auf photoakustischer
Spektroskopie und erreichen ein unteres Detektionslimit von 0,5 ppm H2S.128
Indirekte optische Detektionsmethoden griinden sich auf der Wechselwirkung des
Gases mit einem weiteren Medium, welches anschliel3end Uber eine optische
Methode analysiert wird. Diese Methoden ermdglichen es, H2S-Konzentrationen
im Bereich zwischen 50 ppb und 50 ppm zu detektieren. Auch bei dieser
Detektionsmethode stellen die hohen Kosten der Apparaturen ein grof3es Problem
dar.®

Piezoelektrischen Sensoren koénnen bei hohen Temperaturen (> 800 °C)
betrieben werden und sind daher besonders interessant fur die Raumfahrt,
Automobilindustrie, Kraftwerke und die Stromindustrie. 2] Der
Detektionsmechanismus basiert auf der Massenanderung bei Wechselwirkung mit
dem Analysegas. Es wird dabei zwischen zwei Analysemethoden unterschieden:
Akustische-Oberflachenwellen (SAW, engl. Surface Acoustic Wave)- und
Quarzkristall-Mikrowaagen (QCM, engl. Quartz Crystal Microbalance)-
Sensoren.’! Bei den SAW-Sensoren wird die Verschiebung der Rayleigh-Wellen
uber die Oberflachen- oder Oszillations-Frequenz beobachtet, die bei jeder

10



2. Gasdetektion

Massenanderung auftritt.3%) QCM-Sensoren hingegen verwenden die Frequenz-
Verschiebung, welche antiproportional zu der adsorbierten Masse des Gases
ist.B1 Die Nachteile dieser Sensoren sind die hohen Temperaturen, die in anderen
Anwendungsgebieten nicht erwiinscht sind, der niedrige Spannungsausgang und
die Verwendung von Kristallen mit hoher Impedanz, was zu teuren, hoch
komplexen Apparaturen fihrt.[!

Metalloxid-Halbleiter wurden vor 50 Jahren in der Gasdetektion entdeckt und
gehéren mittlerweile zu den am haufigsten untersuchten Materialien in der
Gasuberwachung.32 Sensoren basierend auf diesen Materialien zeichnen sich
durch geringe Kosten, kleine einfache Aufbauten, ein geringes Gewicht und ein
niedriges Detektionslimit aus.®! In der Vergangenheit wurden zahlreiche
Metalloxidhalbleiter in der H2S-Detektion untersucht: Eisen(lll)oxid (Fe203)®%,
Zink(Ioxid  (ZnO)B4,  Indium(IV)oxid  (In203)351 |, Zinn(l)oxid  (SnO)1e],
Tellur(IV)oxid (TeO2)B7, Titan(IV)oxid (TiO2)®®, WOz oder WOs-basierte
Materialien%,  Bariumtitanat ~ (BaTiO3)“,  Kupfer(l)oxid  (CuQ)i54142]
Cadmiumoxid (CdO)“3! und Ferrite (Spinelle)*¥. All diese Materialien zeigen ein
vielversprechendes Verhalten in der H2S-Detektion mit einem Detektionslimit im
unteren ppm-Bereich. TeO2-Dunnfilme auf Aluminium-Substraten zeigen eine
Sensitivitdt gegeniber H2S-Konzentrationen im Bereich von 0,1 ppm.B71 Der
Sensormechanismus von herkdmmlichen Metalloxid-Halbleiter-Sensoren beruht
auf der Leitwertanderung, welche durch Wechselwirkung mit einem
entsprechenden Analysegas auftritt. Man unterscheidet dabei zwischen n- und p-
Typ Halbleitern und zwischen reduzierenden und oxidierenden Analysegasen. Im
Folgenden wird der Sensormechanismus anhand von einem p-Typ Halbleiter und
der Wechselwirkung mit einem reduzierenden Gas wie H2S beschrieben. 145-47]
Wenn ein p-Typ Halbleiter einer sauerstoffhaltigen Atmosphéare (zum Beispiel Luft)
ausgesetzt ist, kommt es zur Adsorption von Sauerstoff auf der Oberflache und
eine Bandverbiegung des Valenz-Bandes tritt ein. Der Sauerstoff nimmt
Elektronen aus dem Valenzband auf und bildet adsorbierte Sauerstoff-lonen.

An der Oberflache des Materials bildet sich eine Akkumulationszone von Ldchern,
welche die Leitfahigkeit des Materials beeinflusst (Abbildung 5, links).

11
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~ s
Akkumulationszone
der Majoritatsladungstriager (Lécher)

Abbildung 5: Detektionsmechanismus eines p-Typ Halbleiters bei Exposition mit H.S.

Kommt es nun zur Exposition mit einem reduzierenden Gas wie H2S, reagiert der

adsorbierte Sauerstoff mit dem Gas und es werden Elektronen frei (3).

2 H3Sg) +3 Oz 445y > 2 H20(g) + 2850, +3 € ®3)

Die freiwerdenden Elektronen rekombinieren mit den Loéchern in der
Akkumulationszone im p-Typ Halbleiter und die Akkumulationszone der
Majoritatsladungstrager wird kleiner, verbunden mit einer Verringerung des
Leitwerts (Abbildung 5, rechts). Diese Leitwertanderung wird gemessen und dient
als Detektionssignal. Bei oxidierenden Gasen tritt der gegenteilige Fall ein. Durch
die Aufnahme von weiteren Elektronen aus dem Material wird die
Akkumulationszone grof3er und der Leitwert des Materials steigt. N-Typ Halbleiter
hingegen zeigen den gegenteiligen Effekt bei reduzierenden und oxidierenden
Analysegasen.**#7l Dieses Verhalten verdeutlicht den gréBten Nachteil von
Metalloxidhalbleiter-Sensoren.  H&aufig zeigen Metalloxidhalbleiter keine
Selektivitdt zu einem spezifischen Gas, da &hnlichen Reaktionen mit
verschiedenen reduzierenden oder oxidierenden Gasen eintreten.

Alle genannten Sensorkonzepte zeigen Defizite in verschiedenen Bereichen, die
die Anwendung in realen Gebieten erschweren. Verschiedene Konzepte wurden
entwickelt, um die Sensoreigenschaften zu optimieren und den genannten

Defiziten entgegenzuwirken.!

12
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2.2 Nanostrukturierung in der Gassensorik

In den letzten Jahren finden Nanomaterialien in immer mehr Bereichen
Anwendung und sind von besonderem Interesse fur Forschung und Entwicklung,
da sie die Moglichkeit zur Einstellung verschiedener physikochemischer
Eigenschaften, wie zum Beispiel Schmelzpunkt, elektrische und thermische
Leitfahigkeit oder katalytische Aktivitat bieten und sich dadurch von den jeweiligen
Bulkmaterialien unterscheiden.8 Allgemein handelt es sich um Nanomaterialien,
wenn die Strukturen mindestens in einer Achse eine Lange im Bereich 1 — 100 nm
aufweisen. 9

Auch im Bereich der Gassensorik ist die Nanostrukturierung bedeutend und haufig
Gegenstand von Untersuchungen. Nanomaterialien besitzen ein hohes
Oberflachen-zu-Volumen-Verhaltnis, wodurch die Anzahl an reaktiven Stellen im
Material erh6ht und die chemische Reaktivitat verstarkt wird. Letztere resultiert
haufig in einer hdheren Sensitivitat und folglich einem geringeren
Detektionslimit.59 Verschiedene Nanomaterialien wie z.B. CuOi41651 znQl52
oder WO33% werden in der H2S-Detektion untersucht.®¥l Es kénnen H2S-
Konzentrationen in einem Bereich von 10 ppb bis 1500 ppm detektiert werden.
Steinhauer et al. verwenden CuO-Nanodrédhte und koénnen sehr Kleine
Konzentrationen toxischer Gase detektieren: CO (10 ppm) und H2S (10 ppb).k2!
Neben der hohen Sensitivitat zeigt die mdgliche Detektion beider Gase allerdings
wieder die fehlende Selektivitat. Zusatzlich wurden in den letzten Jahren auch
immer haufiger anorganisch-organische Hybridnanomaterialien fur die H2S-
Detektion untersucht. In einer Arbeit von Joshi et al. wird elektropolymerisiertes
Polycarbazol mit einer 1 nm Schicht Gold Uberzogen, sodass die Selektivitat zu
H2S gegeniiber NHz um den Faktor 7,5 erhéht werden kann.P4 Shirsat et al.
kénnen mit einem Hybridmaterial basierend auf PANi-Nanofasern beschichtet mit
Gold Nanopartikeln HzS in einem Bereich von 0,1 ppb bis 800 ppm detektieren.b!
Neben der Nanostrukturierung existieren aber auch noch weitere Konzepte, die

zur Optimierung der Sensoreigenschaften fihren.

2.3 Gasdosimeter
Wie bereits erwahnt ist ein haufiger Nachteil bei Metalloxidhalbleitern in der
Gassensorik eine fehlende Selektivitat. Aber auch eine mangelnde

Langzeitstabilitat oder eine langsame Sensor-Kinetik spielen haufig eine
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entscheidende Rolle.*? Fiir spezielle Anwendungen, wie zum Beispiel die
Detektion geféhrlicher Konzentrationen, werden kurze Detektionszeiten im Bereich
von wenigen Sekunden bendétigt, welche von Metalloxidhalbleitern erreicht werden
konnen. Hohe Regenerationszeiten stellen dabei kein Problem dar. In dem Bereich
der Emissions- oder Immissionsregularien werden maximal erlaubte
Konzentrationen aber haufig in Konzentrationen gemittelt Uber die Zeit oder
kumulierte Mengen (Dosis) angegeben, wie z.B. in der Luftqualitatsiberwachung
(jahrliche oder stundliche Mengen). Um diese Werte mit den erwahnten Sensoren
zu ermitteln, muss das Sensorsignal tber die Zeit integriert werden, was aufgrund
der hohen Regenerationszeiten fehlerbehaftet ist. Der Grenzwert fur NO2z in der
Luft wird laut den deutschen Luft-Qualitats-Standards in einem mittleren jahrlichen
Wert von 40 pg m2 angegeben, wobei ein stundlicher Wert von 200 pg m=
maximal 18-mal erreicht werden darf und ein Alarmwert von 400 ug m= in drei
aufeinanderfolgenden Stunden entsteht. Der Wert von 200 pug m™ entspricht einer
Konzentration von 0,1 ppm.® Um diese geringen integrierten Konzentrationen mit
herkdmmlichen Metalloxidhalbleiter-Sensoren zu bestimmen, missen komplexe
Verfahren wie das standige Wechseln zwischen reiner Luft und Analysegas
verwendet werden.>7]

In diesen Bereichen sind Gasdosimeter eine vielversprechende Alternative zu
herkdbmmlichen Gassensoren, da bei einem Gasdosimeter nicht die
Gaskonzentration, sondern direkt die Dosis an Analysegas gemessen werden
kann. Aufgrund einer starken Sorption oder einer chemischen Reaktion zwischen
Analysegas und Rezeptor kommt es zu einer Anderung der Materialeigenschaften
des Sensormaterials, welche als Sensorsignal dient. Haufig handelt es sich dabei
um eine elektrische Eigenschaft, die relativ einfach gemessen werden kann.[*2
Zur Verwendung eines Materials als Gasdosimeter, muss das entsprechende

Material die folgenden Anforderungen erfiillen:®®

1. Selektive Sorption eines Analysegas: Adsorption sollte nur mit einem Gas
auftreten, damit ein selektives Gasdosimeter vorliegt.

2. Sorptionsstarke: Die Adsorptionsrate des Analysegas sollte um ein
Vielfaches hdher sein als die Desorptionsrate, damit die Akkumulation im
sensitiven Material garantiert wird und keine Desorption in Abwesenheit von
Analysegas stattfindet.

14
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3. Anderung von mindestens einer elektronischen Eigenschaft in Abhangigkeit
von der Sorption des Analysegases.

4. Sorptionsrate muss unabhangig von bereits adsorbiertem Analysegas sein

5. Madglichkeit zur Regeneration muss bestehen, da andernfalls ein Einmal-
Sensor vorliegt.

Zahlreiche Materialien, wie organische Halbleiter, Metalloxide, Zeolithe oder
Kohlenstoffnanoréhren werden mit verschiedenen Analysegasen in der
Anwendung als Gasdosimeter untersucht.[*?l Diese Materialien wurden bereits
erfolgreich als Speicherkomponenten, zum Beispiel in Filtersystemen oder
Katalysatoren, verwendet. Ein weiteres Beispiel sind NOx-Speicher-Katalysatoren,
welche auf Alkalimetall- oder Erdalkalimetallcarbonaten basieren. Diese kénnen
als NOx-Gasdosimeter in einem Bereich zwischen 300 °C und 400 °C verwendet
werden. Manche Erdalkalimetallcarbonate, wie Bariumcarbonat (BaCO3), wirken
aber auch als Sorptionsmaterialien fur andere Gase (z.B. Schwefel(IV)oxid(SO2)),
wodurch neben der Moglichkeit in der Anwendung als SO2-Gasdosimeter auch
eine NOx/SO2-Kreuzselektivitat entsteht.560 Auch mit Metalloxid beschichtete
Kohlenstoffnanoréhren zeigen eine Gasspeicherkapazitat, die durch die Messung
des elektrischen Widerstandes tUberwacht werden kann. Kohlenstoffnanoréhren
beschichtet mit SiO2 zeigen konventionelles Gasdetektionsverhalten gegentber
H20, Oz und CO2, jedoch in Verbindung mit Ammoniak (NHs) ein
Gasdosimeterverhalten, was zu einer Selektivitat auf NHz fiihrt.®2 Ahnlich
verhalten sich andere Materialien, wie Kohlenstoffnanoréhren beschichtet mit
SnO2, welche ein konventionelles Sensorverhalten gegenuber diversen Gasen
zeigen aber ein Dosimeterverhalten gegeniiber NO2.62)

Allgemein arbeiten Gasdosimeter mit einem anderen Detektionsprinzip und bieten
einige Vorteile gegenuber herkdbmmlichen Gassensoren, da die Dosis direkt
gemessen wird und aufgrund des spezifischen Detektionsmechanismus haufig
eine Selektivitat mit einhergeht.*?
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3. Kupferoxide in der Gassensorik

3. Kupferoxide in der Gassensorik

3.1 Kupferoxide

Zu den am haufigsten vorkommenden kristallinen Kupferoxid-Phasen gehoren die
drei Mineralien: Tenorit (CuO) mit einer monoklinen Kristallstruktur, Cuprit (Cu20)
mit einer kubischen Kristallstruktur und metastabiles Paramelaconit (CusO3s) mit
einer tetragonalen Kristallstruktur in der Kupfer in den Oxidationsstufen +I und +lI
vorliegt.[®3%4 Es handelt sich um Materialien mit einem p-typischen
Halbleiterverhalten. Der groRe Vorteil dieser Verbindungen ist, dass sie leicht
zugéanglich und nicht toxisch sind und in simplen giinstigen Verfahren hergestellt
werden konnen. Zahlreiche Syntheserouten zur Pr&paration von CuO-
Nanostrukturen mit definierten Formen und GroRen sind bereits bekannt und
ermdoglichen die Untersuchung in diversen Anwendungsgebieten: Gassensoren,
Photovoltaik, Lithiumionenbatterien, (Photo)katalyse, Elektrochromie,

Superkondensatoren, (Bio)sensoren, etc.[63,65-68]

10°

p(O2) / bar
S & 9 9

200 400 600 800 1000
T/°C

Abbildung 6: Phasendiagramm der Kupferoxide in  Abhangigkeit von
Sauerstoffatmosphare und Temperatur. (Nach /%)

In Abhangigkeit von Sauerstoffpartialdruck und Temperatur kdnnen die beiden
Phasen CuO und Cu20 durch Sauerstoffdiffusion ineinander umgewandelt werden
(Abbildung 6). Unterhalb von 250 °C und bei einem Sauerstoffpartialdruck, der in
der Atmosphare herrscht (0,21 bar), ist die Cu20-Phase stabil. Hohere
Temperaturen  (250°C - 1028°C) fuhren bei  gleichbleibendem
Sauerstoffpartialdruck zur Bildung der CuO-Phase. Eine Verringerung des
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Sauerstoffpartialdrucks unterhalb von 0,02 bar fihrt im gesamten
Temperaturbereich zur Bildung der Cu20-Phase.[6%-71]

Neben der Phasenzusammensetzung lassen sich auch physikalische
Eigenschaften durch den Sauerstoffanteil in Kupferoxiden beeinflussen. Meyer et
al. praparieren Dunnfilme der einzelnen Kupferoxid-Phasen mit unterschiedlichen
Sauerstoffanteilen durch Hochfrequenzmagentronsputtern bei unterschiedlichen
O2-Flussen. Eine Erhéhung des Sauerstoffanteils innerhalb der einzelnen Phasen
fuhrt zu einer Erhéhung der Ladungstragerkonzentration und der spezifische
Widerstand wird dadurch verringert. In der CuO-Phase fuhrt eine Steigerung des
O2-Flusses zu einer Verringerung des spezifischen Widerstands von ca. 100 Q@cm

auf ca. 1 Qcm.[72

3.2 Kupferoxide als Gassensor

Das folgende Kapitel konzentriert sich auf die beiden Kupferoxide CuO und Cu20,
da sie in Bezug auf Gassensorik, im Vergleich zu Cu4Os3, die hochste Relevanz
haben. Bei CuO und Cu20 handelt es sich um p-Typ Halbleiter, wobei der
Sensormechanismus in den meisten Fallen, wie zuvor erwdhnt, auf der
Wechselwirkung zwischen dem Analysegas und dem auf dem Halbleiter
adsorbierten Molekiilen und der damit verbundenen Leitwertdnderung beruht.[’®!
VOCs werden in zahlreichen anthropogenen Quellen erzeugt und sind haufig als
toxisch und teilweise sogar kanzerogen eingestuft. Manche VOCs flhren schon
nach Exposition im sub-ppb Bereich zu Gesundheitsschaden.!”* Kupferoxid-
Nanostrukturen ermoglichen dabei die Detektion verschiedener VOCs (z.B.
Formaldehyd oder Ethanol) mit einem Detektionsbereich bis hin zu einem unteren
Detektionslimit im zweistelligen ppb-Bereich.”>7¢ Im Vergleich zwischen CuO- und
Cu20-Dinnfilmen bei der Ethanol-Detektion weisen CuO-Dunnfilme eine héhere
Sensitivitat mit geringeren Detektionstemperaturen und besseren Detektionszeiten
auf. Allerdings sind die Kristallitgrof3en in den Cu20-Dunnfilmen auch doppelt so
grol3 wie in den CuO-Dunnfilmen. Ein direkter Vergleich dieser beiden Kupferoxide
(CuO und Cu20) untereinander ist schwierig, da ihre Sensitivitat von den
unterschiedlichen Syntheserouten und damit von der Gro3e und Morphologie des
Nanomaterials zuséatzlich beeinflusst wird. 7677

Aber auch andere Gase wie z.B. H2S[8  Kohlenstoffmonoxid (CO)U,

Stickstoffdioxid (NO2)#% oder Wasserstoff (H2)B8 kénnen mit CuO-
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Nanostrukturen detektiert werden, wobei Detektionsbereiche mit einem
Detektionslimit im unteren ppb-Bereich erreicht werden kdnnen. Tabelle 1 gibt
einen Uberblick uber verschiedene Analysegase und die entsprechenden

Detektionsparameter und -grenzen.

Tabelle 1: Uberblick Uiber verschiedene CuO- und Cu,O-Nanostrukturen, welche zur
Detektion von diversen Analysegasen verwendet werden kénnen.

Nanomaterial Syntheseroute Anwendungs- Analysegas Detektionsbereich
Morphologie temperatur
CuO- Sol-Gel 160-320 °C VOC - 0,05 -1 ppm
Nanoblumen [73! Formaldehyd
CuO- und Cu;0- Mikrowellen 120-320 °C VOC - 12,5 -500 ppm
Dunnschichten Sputtern Ethanol
[76]
CuO- Hydrothermal 20-120 °C H2S 0,0001 — 1 ppm
Nanopartikel [78!
Oktaedrische Nasschemisch 50-120 °C CO 1 - 800 ppm
Cu,O-Partikel [79]
CuO/Cu;0- Nasschemisch 100-450 °C H2 10 — 100 ppm
nanocrystalle
(Zn dotiert)®!
Cu,0/CuO Nasschemisch | Raumtemperatur NO:2 0,001 — 50 ppm
Nanoblumen (80

Allgemein kdénnen CuO-Nanomaterialien zur Pr&paration von Gassensoren mit
einer hohen Sensitivitat gegenldber zahlreichen toxischen Gasen, natirlichen
Schadstoffen oder anderen Gasen hergestellt werden. Allerdings zeigen auch
Kupferoxide wie andere Metalloxidhalbleiter haufig eine geringe oder keine

Selektivitdt gegentber einem spezifischen Gas.

3.3 Kupferoxid als Gasdosimeter in der Schwefelwasserstoffdetektion

In der H2S-Detektion wird CuO seit mehr als 20 Jahren untersucht. Zunéachst
wurde es nur als Dotierungsreagenz in einem Halbleiter-Gassensor basierend auf
z.B. SnO oder ZnO verwendet, um die Sensitivitat gegeniiber H2S zu erhdhen. 8384
In den letzten Jahren beschéftigen sich jedoch immer mehr Verdffentlichungen mit
reinem CuO als H2S-Sensor. Verschiedene CuO-Nanostrukturen wie z.B.
Nanopartikel oder Nanoplattchen werden verwendet, um sehr geringe Mengen
H2S (ppb-Bereich) zu detektieren.®>885 \Wie zuvor erwahnt verwenden
Steinhauer et al. CuO-Nanodréhte und kdnnen H2S-Konzentrationen von bis zu
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10 ppb detektieren. Zusatzlich koénnen sie bei der H2S-Detektion je nach
Temperatur unterschiedliche Vorgange beobachten. Bei Temperaturen von
325 °C tritt der typische Metalloxid-Halbleitermechanismus ein, wahrend es bei
Temperaturen von 150 °C zur irreversiblen Bildung von CuS und dem Abbruch der
Sensoraktivitat kommt.[*2  Neuere Veroffentlichungen verwenden einen
perkolationsbasierten Dosimetermechanismus, welcher auf dieser Bildung von
CuS aus CuO bei Exposition mit H2S unterhalb von 200 °C beruht. CuO-
Nanostrukturen (z.B. Nanodréhte, Nanofasern oder Dunnfilme) ermdglichen dabei
die Praparation von Gasdosimetern zur H2S-Detektion im ppm-Bereich,[241941.86]
CuO zeigt dabei die Vorteile eines Gasdosimeters und es entsteht eine Selektivitat
gegeniiber H2S.%Y Die Riickreaktion von CuS zu CuO bei héheren Temperaturen
ermoglicht dabei die Regeneration des Sensors und sorgt fur ein langzeitstabiles

Sensorverhalten. /2”18

3.4 Detektion

Kommt es bei einem CuO-Gassensor zur Exposition mit H2S unterhalb von 200 °C,
tritt eine Phasenumwandlung zu CuS ein. Diese Phasenumwandlung resultiert in
einer Leitwertdnderung Uber mehrere GrolRenordnungen, die mit relativ simplen
Messaufbauten erfasst werden kann. Im Gegensatz zu herkémmlichen Sensoren,
tritt die Leitwertanderung allerdings nicht kontinuierlich ein, sondern erst nach einer
gewissen Zeit bzw. Dosis an H2S. Dieses Phanomen kann mit einem
perkolationsbasierten Dosimeterverhalten erklart werden.!'? Gasdosimeter
basierend auf Perkolationseffekten stellen einen besonderen Fall der
Gasdosimeter da. Bei diesen Dosimetern korreliert die Sensorantwort nicht direkt
mit der Sorption des entsprechenden Analysegases. Die Sensorantwort tritt erst
ein, wenn eine Perkolationsschwelle bei einer definierten Dosis Uberschritten
wird.1319 Bej ,Perkolations-Effekt‘ oder ,Perkolations-Theorie“ handelt es sich
allgemein um die mathematische Beschreibung eines Systems, in dem durch die
Verbindung kleinerer Objekte wie Atome, Korner oder Bindungen eine
zusammenhangende Struktur gebildet wird.® Angewandt auf das verwendete
System hilft sie die Sorption von H2S an CuO darzustellen und somit das
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Sensorsignal (z.B. Leitwertentwicklung) nach einer bestimmten Dosis bei der

Sensormessung genauer zu verstehen. 31l

a) H

H H H \../
(0}
S

CuS leitfahiger Pfad

Abbildung 7: Detektion von H,S in einer partikelbasierten Kupferoxidschicht bei
Temperaturen unterhalb von 200 °C.

Bei der Exposition von CuO mit H2S (Abbildung 7 a) bilden sich zuné&chst nur an
vereinzelten Stellen kleine Inseln aus CuS (Abbildung 7 b). Die Leitwertdnderung
in diesem Moment wird mal3geblich durch die Oberflachenreaktionen (siehe
Kapitel 2.1) hervorgerufen und die gebildeten CuS-Cluster beeinflussen den
Leitwert nur geringfligig. Bei fortschreitender Exposition bildet sich zu einem
gewissen Zeitpunkt (nach einer bestimmten Dosis H2S) nun ein durchgehendes
Cluster aus CuS (Abbildung 7 c). Dieser Zeitpunkt wird auch Perkolationsschwelle
genannt. Dieses durchgehende CuS-Cluster bildet einen leitenden Pfad, sodass
es zu einem sprunghaften Anstieg des Leitwertes kommt. Die Zeitspanne bis zu
diesem signifikanten Leitwertanstieg korreliert dabei mit der Dosis an H2S dem die
Probe ausgesetzt war und kann zur Berechnung der Konzentration verwendet

werden.[13:1]

3.5 Kupfersulfide

Kupfersulfide treten In der Natur in unterschiedlichen Kupfer-zu-Schwefel-
Verhaltnissen auf: das kupferreiche Chalkosin (Cu2S), Djurleit (Cui,94-197S),
Digenit (Cuz,76-1,90S), Anilit (Cu1,75S) und das schwefelreiche Covellin (CuS).#8 Bei
diesen unterschiedlichen Kupfersulfid-Phasen besitzen Chalkosin und Covellin die
groRte Relevanz und werden insbesondere im Bereich der Solarzellen héaufig
untersucht. -1

Die kupferreicheren Kupfersulfide zeigen ein p-typisches Halbleiterverhalten,
wobei die Majoritatsladungstrager (hier: Locher) durch Kupferfehlstellen

21



CuO-basierte Nanostrukturen als Gasdosimeter in der H2S-Detektion

hervorgerufen werden. Schwach gebundene Kupferionen kdnnen aus dem Gitter
entfernt werden und resultieren in einer Erhéhung der Lochkonzentration in der
schwefelreichen Phase.l?Zl Martinson et al. zeigen, dass ein annahernd linearer
Zusammenhang zwischen der Ladungstragerkonzentration und der vorliegenden
Kupfersulfidphase Cu2-—S in Abhangigkeit der Kupferfehistellen x besteht. Mit
erhohter Ladungstragerkonzentration steigt auch der spezifische Leitwert der
Materialien. Die Leitwerte sind vergleichbar mit den Leitwerten der Kupferoxid-
Phasen.[®3

Abbildung 8: Hexagonale Kristallstruktur von Covellin (CuS).

Im Gegensatz zu den kupferreicheren Kupfersulfid-Phasen zeigt das hexagonale
Covellin (Abbildung 8) ein besonderes Leitwertverhalten mit einem annahrend
metallischen Charakter. Diese hohe Leitfahigkeit im Bereich von 10* S cm™ basiert
auf partiell gefiillten 3p-Orbitale der S?-lonen in einer CuS-Schicht.[89:91,94]

In der Kristallstruktur nehmen die Kupferionen zwei unterschiedliche
Koordinationsumgebungen ein. Ein Drittel der Kupferionen ist trigonal-planar von
SZ-lonen koordiniert. Diese CuSs-Einheiten sind eckenverkniipft und bilden die
CuS-Schicht senkrecht zur c-Achse. Die Ubrigen Kupferionen befinden sich in
CuSs-Tetraedern und bilden Cu2S2-Schichten senkrecht zur c-Achse. Die
einzelnen CuSs-Tetraeder sind an der einen Seite tUber Disulfidbricken und an der
anderen Seite (ber die S%-lonen aus der CuS-Schicht mit weiteren

CuSs-Tetraedern verbunden. Basierend auf dieser Struktur ergibt sich, dass ein
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3. Kupferoxide in der Gassensorik

Drittel des Schwefels als S*-lonen und zwei Drittel als Disulfid-Anionen (S,)
vorliegen und dass Kupfer in der thermodynamisch stabileren Version der Cu*-
lonen vorliegt. Daraus ergibt sich fur Covellin die Summenformel (Cu+)3(82_)(85 )

und diese hohe Leitfahigkeit, welche fir die H2S-Sensorik als Sensorsignal

verwendet wird.[8891,94]

3.6 Regeneration

Hohere Temperaturen (> 350 °C) fuhren zur thermischen Umsetzung von CuS und
ermoglichen die Regeneration der CuO basierten Gasdosimeter. In verschiedenen
Veroffentlichungen wird die direkte Umwandlung von CuS in CuO bei
Temperaturen > 350 °C angenommen. Durch Erhéhung der Temperatur in den
Sensoren werden die leitenden Pfade gebrochen, wodurch der Leitwert sinkt und
der Sensor einen Zustand erreicht, welcher wieder durch das weniger leitende
CuO definiert wird (Abbildung 9). Der Sensor wird regeneriert und die Mdglichkeit
zur zyklischen Verwendung dieser Sensoren wird erhalten. Somit entsteht ein

wiederverwendbarer Sensor.

Cus

O cw

leitfahiger Pfad £| >350 °C

Abbildung 9: Regeneration von CuS in einer partikelbasierten Kupferoxidschicht bei
Temperaturen Uber 350 °C.

Die Bildung von CuS aus CuO wahrend der Detektion und die reversible Reaktion
wahrend der Regeneration stellen den Idealfall fir einen Sensorzyklus dar und
ermoglichen die Praparation eines langzeitstabilen Sensors, der H2S
reproduzierbar in mehreren 100 Zyklen detektieren sollte. In der Anwendung treten
allerdings einige Probleme auf, welche die Praparation eines langzeitstabilen

Sensors verhindern.[*7:18l
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3.7 Morphologische Anderungen und Nebenphasen

Strukturelle Veranderungen wahrend der Sensorzyklen fuhren zu Problemen in der
Langzeitstabilitat. Aufgrund unterschiedlicher struktureller Eigenschaften von CuO
und CuS kommt es wéahrend der Detektion von H2S und der anschlieRenden
Regeneration zu morphologischen Veranderungen. Bei Dunnfilmen entsteht zum
Beispiel nach mehrmaliger Verwendung eine Rissbildung, welche bei héheren
Zyklenzahlen die erneute Bildung eines leitfahigen Pfades verhindert und zum
Abbruch der Sensoraktivitat fiihrt (Abbildung 10).12%-201

H H

W n N/
\./
S
’ >350 °C \
S— leitfahiger Pfad
CuS X O
/° o7
O cwo

CuS0,/?
Morphologische Veranderungen Chemische Veranderungen
(Rissbildung) (Bildung von Nebenphasen)

Abbildung 10: Morphologische Veranderung wahrend mehrerer Detektionszyklen
(Detektion + Regeneration).

Auch bei CuO-Nanofasern treten innerhalb von 100 Detektionszyklen starke
morphologische Anderungen auf, welche nach mehr als 500 Detektionszyklen zum
Abbruch der Sensoraktivitat fiihren.?® Neben morphologischen Anderungen
wurde im ersten Forschungsprojekt auch die Bildung von Kupfersulfat beobachtet.
Die Entstehung von CuSOu4 ist ein grof3es Problem in der H2S-Sensorik, da es sich
um ein inaktives Material handelt, das unter den gegebenen Umstanden nicht in
CuO umgewandelt werden kann. Es akkumuliert auf dem Sensor und sorgt fir den

Abbruch der Sensoraktivitat nach einigen Sensorzyklen.
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Nafees et al. zeigen, dass es sich bei der thermischen Umsetzung von CuS um
einen komplexen Prozess handelt, welcher stark von experimentellen
Gegebenheiten, wie zum Beispiel Temperatur und Gaszusammensetzung in der
Atmosphare  abhangt. Anhand von DSC/TG-Messung (Dynamische
Differenzkalorimetrie/Thermogravimetrische Analyse) an CuS-Nanosphéaren
konnten fir einzelne Temperaturbereiche wahrend der thermischen Zersetzung
von CusS folgende Reaktionen angenommen werden: [951(%]

2 CuS(s) + Oz(g) ————— CuS(s) + S0y(g) )
CuSis) + 2 Oyg) 22, CuSOy (5)

2 CuyS(s) + 5 Op(g) ———22, 2 CuUOCUS Oy (6)
2 CuS Oy =22, 2 CuOg) + 2 SOy(g) + Oaq) (7)
2 CuOg) =", CuyOye) + 0,5 Oyg) (8)

Der thermische Umsetzungsprozess von CuS kann dabei, abhangig von der
Temperatur, in vier aufeinanderfolgende Hauptschritte unterteilt werden: 9>l

1. Bildung von Sulfiden niedrigerer Schwefel-Stochiometrie (4)

2. Oxidation der vorhandenen Sulfide zu (Oxy-)Sulfaten (5+6)

3. Zersetzung der (Oxy-)Sulfaten (falls entstanden) zu CuO (7)

4. Bildung von Cu20 aus CuO (8)
Auffallig ist, dass in dem Temperaturbereich 300 °C — 450 °C, welcher fir die
Regeneration relevant ist, die Bildung von CuSO4 wahrend der Sensorzyklen
durch die Entstehung von CuSO4 oder CuOCuSO4 wéhrend der thermischen
Zersetzung erklart werden kann.
Ter Maat et al. zeigen, dass die thermische Umsetzung von Cu2S neben der
Temperatur auch von der Atmosphare, in der sie stattfindet, abhangt. So ist es
moglich, durch Verringerung des Sauerstoffgehaltes die
Produktzusammensetzung zu verandern. Bei einem Sauerstoffanteil von nur
5 Vol.-% in der Atmosphare kann man bei 550 °C die direkte Umwandlung in Cu20
beobachten und es tritt keine Sulfat-Bildung mehr ein.®”]
Diese Untersuchungen zeigen die Mdglichkeit, durch Verringerung des
Sauerstoffanteils in der Atmosphére, die Sulfat-Bildung zu verhindern.
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In der H2S-Sensorik mit CuO kodnnte folglich durch Variation der Messatmosphéare
(Verringerung des Sauerstoffanteils), die unerwiinschte CuSOas-Bildung
umgangen werden und CuS wahrend der Regeneration im Temperaturbereich von
350 °C bhis 450°C in Cu20 umgewandelt werden. Durch einen zweiten
Temperschritt in einer Atmosphare mit hbherem Sauerstoffanteil konnte das Cu20
dann in CuO umgewandelt werden. Folglich konnte durch Variation der
Messatmosphéare die Langzeitstabilitdt der Sensoren gesteigert werden.
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4.1 Porous SiO2 Nanofibers Loaded with CuO Nanoparticles for the Dosimetric

Detection of H»S
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4.2 Stabilisierung von CuO durch eine Matrix aus SiO2-Nanofasern
Untersuchungen von Paul et al. zeigen die Eignung von Kompositmaterialien aus
CuO in einer porésen SiO2-Matrix zur H2S-Detektion. Die SiO2-Matrix stabilisiert
CuO, wirkt den strukturellen Veranderungen wéhrend der Sensorzyklen entgegen
und fahrt zu einer Erhdéhung der Langzeitstabilitdt der CuO-basierten H2S-
Sensoren. Das Modellsystem KIT-6, ein mesopordses SiO2-Material, wird als
stabilisierende Matrix verwendet. Mit diesem Material konnen Paul et al. H2S-
Konzentrationen von 5 ppm und 10 ppm in einer hohen Zyklenzahl mit stabilen
Detektionszeiten detektieren.171118l

Ein ahnliches Verfahren wird im ersten Forschungsprojekt der vorliegenden Arbeit
verwendet. Partikelbasierte SiO2-Nanofasern stellen die stabilisierende Matrix dar.
Via Elektrospinnen werden reproduzierbar SiO2-Nanofasern mit einem
Durchmesser von ca. 100 nm und einer Oberflache von ca. 200 m? g hergestellt.
Die makroporése Struktur des SiO2-Nanofasernetzwerks (Zwischenraum
zwischen den Fasern) bietet eine gute Zuganglichkeit fir den Infiltrationsprakursor
und ermoglicht eine gleichmafige Infiltration. Gleichzeitig schafft die Porositat gute
Gasdurchflussbedingungen fur die H2S-Detektion sowie die hohe Oberflache eine
gro3e Anzahl an reaktiven Stellen, wodurch die Sensitivitat des Sensors gesteigert
wird. Das entstandene Nanofasernetzwerk wird mit einem Kupferpréakursor
infiltriert, welcher durch einen Temperschritt in CuO umgewandelt wird.
Konzentrationsabhéngige Sensortests zeigen die Mdglichkeit mit diesem
Kompositmaterial Konzentrationen von 5 ppm und 10 ppm H2S in einer
Atmosphére aus synthetischer Luft mit 30% relativer Luftfeuchte in mehreren
Zyklen reproduzierbar zu detektieren. Das Sensorsignal (Detektionszeit) korreliert
dabei mit der Konzentration. Zuséatzlich werden in einem Langzeittest mit 10 ppm
H2S mehr als 160 Sensorzyklen (Detektion + Regeneration) erreicht. Der Sensor
zeigt dabei ein reproduzierbares und stabiles Sensorverhalten mit
Detektionszeiten in einem vergleichbaren Bereich zu anderen Veroffentlichungen.
Eine detaillierte chemische Analyse nach dem Sensortest ergibt die Bildung von
CuSOa4 wéahrend der Langzeitmessung. Bei CuSO4 handelt es sich um ein inertes
Material, das unter den gegebenen Bedingungen nicht zu CuO regeneriert werden
kann, auf dem Sensor akkumuliert und schlieBlich zum Abbruch der
Sensoraktivitat fuhrt.

Die Ergebnisse zeigen, dass CuO durch ein partikelbasiertes SiOo2-

Nanofasernetzwerk stabilisiert werden kann und darauf basierend Sensoren
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prapariert werden kénnen, die H2S-Konzentrationen in einem fir zum Beispiel
Biogasanlagen relevanten Konzentrationsbereich detektieren. Erstmals wird
allerdings auch die Bildung von CuSOas nach einigen Zyklen beobachtet, welche
die Sensoraktivitat stoppt und die Notwendigkeit weiterer Optimierungsschritte
aufzeigt.
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ABSTRACT: Mesoporous SiO, nanofibers were prepared by
electrospinning dispersions of preformed SiO, nanoparticles and
infiltrated with soluble Cu compounds, forming CuO/SiO,
nanocomposites after heat treatment in ambient air. These
composites were used as sensor material in H,S dosimeters,
which is based on the formation of conductive CuS, allowing for
the dosimetric detection of H,S via the significant increase in
conductance. The use of CuO/SiO, nanocomposites targeted the
improvement of the morphological stability of CuO nanostructures
during the H,S detection, being confined in a rigid nanoscopic
scaffold. Also, we aimed at understanding the parameters
determining the decrease in sensing performance commonly
observed for CuO-based H,S sensors. As a main result, these
CuO/8i0, nanofibers can be used for gas sensing of H,$ in a quasi-continuous and dosimetric detection mode for up to 130 cycles
for a concentration of S ppm, which exceeds the performance of pure CuO materials. As a concentration of 5 ppm is regarded as a
level above which H,S is considered to be harmful, the materials show potential for H,S sensors with long-term stability. The
deterioration in the sensing properties is attributed to the irreversible formation of CuSO,. Building on these insights, our study
indicates strategies to further improve CuO-based sensors for H,S.
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KEYWORDS: gas sensors, hydrogen sulfide, composite nanofibers, copper oxide, gas dosimeters

1. INTRODUCTION Using a solid oxide phase thus allows for a higher thermal
stability compared to electrochemical cells. Yet, this sensor type
exhibits a particular shortcoming in the detection of H,S, as the
used semiconducting metal oxides show a similar change in
conductance upon exposure to various reductive gases and thus
do not offer inherent selectivity to sulfur-containing gases, if
compared to ECs. Meanwhile, several different approaches for
increasing the sensitivity and selectivity of semiconductor gas
sensors have been investigated. For instance, the enlargement of
the sensitive surface area by using mesoporous or nano-
structured metal oxides leads to a higher sensitivity.””™"*
Using Co;0, single walled carbon nanotubes results in a hi;
response H,S sensor with no response to NH;, CH,, or H,.
Also, composite materials are studied to increase the sensitivity
and selectivity. Doping of polycrystalline tin oxide (SnO,) with
CuO increases the sensitivity to H,S by more than 3 orders of
magnitude.”’ " Additionally, by using pure CuO micro-

Hydrogen sulfide (H,S) is a colorless gas with high toxicity and
corrosive nature, which leads to harm of man and machine. It is
present in diverse chemical processes as unwanted byproduct in
the production of biogas or in natural gas sources. Also, H,S
might lead to damage to metal surfaces, poisoning of catalysts
and sensor surfaces. Therefore, the detection and quantification
of H,S are of great importance in diverse areas, i.e. industry,
biomass transformation, etc. 1=

In general, three major detection concepts for detecting H,S
are used, namely electrochemical sensors, metal oxide semi-
conductors, and dosimeter-type sensors, which are briefly
summarized in the following, in order to highlight the
advantages of the here-used nanomaterial-based dosimeter
concept. Electrochemical sensors (ECs) are commercially
used for H,$ detection due to relatively low cost, low energy
consumption, and high selectivity. However, the inevitable
utilization of liquid electrolytes results in a comparably low

6

maximum operating temperature.”® Semiconducting metal Received: February 19, 2021
oxides such as SnO, WO, ZnO, or CuO are used in an Accepted:  April 19, 2021
alternative sensor concept.” "' Here, the sensing mechanism is Published: May 6, 2021

based on the interaction between H,S and adsorbed oxygen on
the semiconductor surface accompanied by a measurable change
in conductance, due to alterations of the space charge region.

© 2021 The Authors. Published by
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Scheme 1. Schematic Depiction of the Preparation of Nanoporous SiO, Fibers Containing CuO Nanoparticles (a) and of the
‘Working Principle of Sensors Based on the Formation of Percolation-Induced Sharp Changes in Conductance Due to Networks
of Conductive CuS Nanoparticles within the Mesopore Space of the SiO, Nanofibers (b)
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structures or CuO/Pd nanocomposites, the sensitivity and
selectivity to H,S can be increased.””>' However, the
combination of both, high sensitivity and high selectivity at
the same time is still difficult to accomplish.

Gas dosimeters, as used in the present study, are based on a
possible strategy to overcome such detection limitations. They
operate in accumulation mode; that is, strong analyte sorption
takes place, or as in the present case, the sensitive material reacts
in a specific chemical reaction with the gas resulting in changes
of electrical properties.””~>*

CuO can be used for H,S detection in gas dosimeter mode
based on ?ercolation effects enabling high sensitivity and
selectivity.”>~>* The approach builds on the chemical reaction
between CuO and H,S and forms CuS at elevated temperature
(>100 °C), with Cu$ possessing considerable conductance (10*
S/cm), while CuO is a low conducting p-type semiconductor:

CuO(s) + H,S(g) = CuS(s) + H,0(g)

The ongoing reaction of copper oxide with H,S continuously
forms CuS$ within the sensor material, and at a certain point a
continuous path of Cus$ is formed resulting in a strong reduction
in the electrical resistance. Cu,S might be generated too, which
possesses a quite high conductivity as well. Thus, CuO-based
sensors determine the elapsed time until the sudden increase of
conductance takes place which can be correlated to the
concentration of H,S in the gas phase. The application of
higher temperatures triggers the reverse reaction, i.e. converting
CuS$ and Cu,$ into CuO under atmospheric conditions, and
enables the regeneration of the sensor after H,S detection, thus
potentially allowing for continuous operation and a long life
span of such CuO-based sensors.”®
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However, the sensitivity and cycling stability of such sensors
are impeded by the drastic change in specific molar volume upon
the reaction of CuO to CuS$ (and also possibly Cu,S) and the
reverse reactions, associated with alterations in the (nano)-
structure.”” In each detection cycle (CuS formation followed by
a regeneration step), the conduction paths may continuously
change and repeated morphological alterations can occur. Such
massive transformations in the sensor material can obviously
alter the relationship between the onset of the increase in
conductance and the H,S concentration, and they are thereby a
serious hindrance for the practicality of this dosimeter-type
sensor concept. Recently, we demonstrated that CuO fibers can
be used for H,S sensing, but significant morphological changes
result]%d in an irreversible breakdown of the sensing perform-
ance.’

To overcome this severe shortcoming, a possible concept is
the usage of CuO and CuS nanoparticles being spatially
confined in a nanoporous rigid matrix, the pore space of which
contains a 3D network of nanoscale pores (mesopores) allowing
for a continuous conductive path of CuS nanoparticles. In this
study we prepare nanocomposite materials based on meso-
porous silica (SiO,) nanofibers being infiltrated with an aqueous
solution of copper compounds (Cu(OAc), or Cu(NO;), in
water) being converted into CuO in a heat treatment step
(Scheme 1a).

The working principle of sensors containing such CuO/SiO,
nanocomposites is shown in Scheme 1b. The reaction between
CuO and H,S now takes place within the SiO, nanofibers and
forms a conductive path of CuS/Cu,S accompanied by a
significant decrease in resistance. Since SiO, does not react with
H,S or other gases, the mesoporous SiO, nanofibers only act as a
stabilizing scaffold and will not chemically interfere with the

https://doi.org/10.1021/acsanm.1c00518
ACS Appl. Nano Mater. 2021, 4, 5004-5013



4. Forschungsprojekt 1

ACS Applied Nano Materials

www.acsanm.org

Scheme 2. Schematic Depiction of (a) the Gas Mixing Setup and (b) the Teflon-Sensor-Block with Mounted Gas Sensor Substrate

and Measurement Electronic Device
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sensing itself. Note that this reaction is quite exothermic, and
hence the detection needs to be performed at moderate
temperature following Le Chatelier’s principle in order to shift
the equilibrium toward the product side. However, in order to
achieve an acceptable reaction rate and diffusion through the
porous SiO, fibers, a temperature of 160 °C is used, still
guaranteeing a quite negative free reaction enthalpy A,G = —70
kJ/mol of (1). A temperature of 450 °C was identified as most
suitable for the back conversion of CuS to CuQ, as on the one
hand lower temperatures do not ensure a sufficient conversion in
terms of the free enthalpy of the corresponding endergonic
reaction and on the other hand higher temperature may cause
severe structural transformations. Importantly, a temperature of
450 °C does not affect the mesoporosity in SiO, materials.
Hence, after cooling down the initial state in the high resistance
region, ideally only CuO nanoparticles are present within the
mesopores of the S$iO, nanofibers and should not have
undergone significant sintering or mor?holog;cal rearrangement
due to the spatial confinement.””***">> Thereby a stable sensor
performance even upon multiple cycling might be reached by
using such CuO/SiO, nanocomposites. Paul et al. have already
reported using a CuO/SiO, nanocomposite with KIT-6 as host
S$iO, material, and a stable H,S gas-sensing composite material
has been developed.”*

Instead, in the present study mesoporous S$iO, nanofibers are
used with a diameter in the range of ca. 300 nm, possessing large
voids between the nanofibers, which might be particularly
suitable for H,S sensing, because the diffusion limitation is
reduced compared to a compact powder of mesoporous SiO,.

The used mesoporous SiO, material nanofibers are generated
by electrospinning and possess a substantial mesoporosity. Such
nanofibers were chosen as host material for CuO nanoparticles
for three reasons. First, the loose ensemble of fibers enables an
almost unhindered and complete infiltration of the mesopores
by a solution containing a Cu compound, while other types of
mesoporous SiO, consist of compact particles suffering from
diffusion limitations. Second, the nanofiber morphology (high
aspect ratio and diameters of above ca. 200 nm) allows for a
straightforward detection of structural transformation upon the
formation of Cu$ as well as the back reaction (formation of
CuO0), e.g. by scanning electron microscopy (SEM). Hence, the
impact of the formation of CuS and back reaction to CuO on the
morphological stability can be studied in a straightforward way.
Third, SiO, nanofibers consisting of SiO, nanoparticles and

loaded with CuO nanoparticles possess a high specific surface
area which leads to a high sensitivity to H,S.

At first glance, the generation of mesoporous SiO, nanofibers
seems straightforward, but here we aimed at a synthesis without
the need for template-assisted mesopore formation. The
synthesis of suitable mesoporous SiO, nanofibers was achieved
by electrospinning, using a dispersion of preformed, commer-
cialized SiO, nanoparticles (Ludox AS-30). While these
spherical nanoparticles themselves possess low intrinsic
mesoporosity, interparticular voids lead to significant meso-
porosity within the fibers. These nanofibers and also the
composites with CuO were subjected to an in-depth structural
characterization, using diverse methods such as nitrogen
physisorption, SEM, element mapping, X-ray photoelectron
spectroscopy (XPS), and X-ray diffraction. Sensing experiments
were performed to test the applicability of such SiO,/CuO
composite fibers and to assess if this conceptual methodology
might be a strategy to overcome the aforementioned challenges
in the H,S sensing with CuO-based sensors.

2. MATERIALS AND METHODS

2.1. Chemicals. All chemicals were of analytical grade and used as
received: poly(ethylene oxide) (PEO, My, = 10° g mol ™, Alfa Aesar),
Ludox AS-30 dispersion (Aldrich), copper(II)acetate-monohydrate
(Cu(OAc),'H,0, Sigma-Aldrich), copper(Il)nitrate-trihydrate (Cu-
(NO,),-3H,0, Sigma-Aldrich), distilled water (H,0), and ethanol
(Fisher Scientific).

2.2. Fiber Preparation. For the electrospinning experiment a
solution of PEO and LUDOX AS-30 dispersion in water was prepared.
First 230 mg of PEO and 8970 mg of water were mixed and shaken until

poly was bsequently 800 mg of the
LUDOX AS-30 dlspersmn was added and shaken until a homogeneous
solution occurred.

In the next step ah de electrospinning chamber was used for

preparing fibers. The precursor solution was put in a syringe (10 mL, BI
Braun, inner diameter 16.00 mm) and mounted in a syringe pump
(Havard Apparatus, 11 Plus MAI 70-2208). After putting a needle
(Braun, inner diameter 4.73 mm) on the syringe and placing a circular
counter electrode (@ 10 cm) covered with aluminum in front of the
needle, both were connected to a high-voltage supply (Scientific
Instruments, TSI-HV). For a stable electrospinning process a solution
flow rate of 0.4 mL/h, an applied voltage of 15kV (—2 kV at collector vs
13 kV at needle), and a tip-to-collector distance of 30 cm were used.
The experiment was performed by applying a relative humidity of 30%
in the chamber.

https://doi.org/10.1021/acsanm.1c00518
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Figure 1. SEM images from noninfiltrated (a) and an infiltrated, calcined (b) fiber mat, using an aqueous solution of Cu(OAc),, nitrogen
physisorption isotherms (77 K, c), and pore size distributions (d) determined by the desorption branch using an NLDFT method (see Materials and
Methods), and transmission electron microscopy in low (left) and high (middle) (e) magnification of an infiltrated SiO, fiber mat, and the

corresponding SAED pattern (f) of the high magnification section.

For removing the polymer, the fibers were heated up to 550 °C with 2
°C min™", holding this temperature for 2 h in ambient air. These porous
silica fibers were then infiltrated with a saturated, aqueous copper(II)-
acetate or copper(1I)nitrate solution. For further infiltration studies the
infiltration steps were repeated two times after drying at 80 °C in a
vacuum drying oven.

2.3. Fiber Characterization. After drying at 120 °C under vacuum
for a minimum of 12 h the porous silica fibers and the infiltrated fibers
were analyzed with a Quadrasorb-Evo instrument from Quantachrome
for nitrogen physisorption measurements at 77 K using the calculation
model “N, at 77 K on silica (cylindrical pore, NLDFT equilibrium
model)”. Further characterization was done with a “Merlin” instrument
by Zeiss for scanning electron microscopy (SEM) images with an
acceleration voltage of 3 kV and a current of 100 pA, and energy-
dispersive X-ray spectroscopy (EDX) measurements and X-ray
diffraction (XRD) was performed with a X’Pert Pro from PANalytical
using a Cu Ka radiation with an acceleration voltage of 40 kV and an
emission current of 40 mA. The Scherrer equation was used for the
calculation of crystallite size.

2.4. Sensor Preparation. The gas sensing measurements were
carried out with commercial 3 mm X 3 mm alumina gas sensor
substrates from UST-GmbH (Geschwenda/Germany). A platinum
interdigital structure (IDS, gap width 25 #m) on top for electrical read
out and a 10 Q platinum built-in heater are integrated in these
substrates. A small piece of infiltrated silica fibers was applied on the
sensor substrate, and the built in heater was used for calcination at 550
°C in synthetic air. Therefore, a programmable laboratory power supply
“K3005P” (by KORAD) utilization was used. During the calcination
the oxidation to CuQ takes place.
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2.5. Analysis. In a homemade gas sensing setup (Scheme 2, see also
the video as part of the Supporting Information) the prepared sensors
were tested. The sensors were mounted in a custom-made Teflon

hamber. In this chamber, defined atmosp} ining H,S were
supplied by a gas mixing station with mass flow controllers (MKS).
Flow rates were adjusted to 120 sccm dry and 60 sccm humid synthetic
air (PRAXAIR) with 20 sccm of diluted H,S in nitrogen (100 ppm)
which results in an atmosphere of 30% relative humidity containing 10
ppm of H,S. For a change of the resulting H,S concentration dry
synthetic air is compensated by the same amount like H,S gas is
increased or reduced.

For the electrical read out and the heater control during sensing, a
custom-built electronic device is used. The measurements are done
with electrical pulses of 1 V for 100 ms each second to suppress
electromigration effects. The data is recorded by a Lab View program.

Further characterization on the sensor substrates after a sensing test
was done with a “Merlin” instrument by Zeiss for scanning electron
microscopy (SEM) images and energy-dispersive X-ray spectroscopy
(EDX) measurements, and a PHI VersaProbe Il instrument was used for
X-ray photoelectron spectroscopy (XPS) measurements. The trans-
mission electron microscopy (TEM) images and selected area electron
diffraction (SAED) were carried out on a Philips CM30 at 300 kV
acceleration voltage.

3. RESULTS AND DISCUSSION

3.1. Infiltration of Mesoporous SiO, Fibers with
Solutions of Cu Compounds. The pristine SiO, fibers
(Figure la) possess an average diameter of about 300 nm with
quite small variations. Physisorption measurements (Figure 1c)

https://doi.org/10.1021/acsanm.1c00518
ACS Appl. Nano Mater. 2021, 4, 5004-5013
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reveal a BET area of around 200 m?/g and a cumulative pore
volume of 0.6 cm3/g with mesopore diameters in the range
between 4 and 25 nm (Figure 1d). After infiltration with a
saturated, aqueous solution of Cu(OAc), and calcination, there
are no significant differences in the fiber morphology (Figure
1b), the fiber diameter being unchanged, while nanometer-sized
particles are seen on the fibers, which can be interpreted as CuO.
The physisorption measurements show a decrease in BET area
(100 m*/g) and cumulative pore volume (0.4 cm®/g), although
the shape of the mesopore size distribution does not change
significantly. These results indicate that the copper compound
only fills a certain fraction of the mesopores which is indicated by
the decay in the mesopore volume. It is probably also deposited
on the external surface of the fibers, possibly blocks a certain
fraction of the mesopores, and thereby increases the mass, which
in turn reduces the pore volume and surface area normalized to
the fiber mass. Hence, a fraction of the apparent reduction in
mesopore volume and BET surface area is attributable to the
normalization of the pore volume and not to filling of
mesopores. Transmission electron microscopy (TEM) images
(Figure le) and selected area electron diffraction (SAED)
patterns (Figure 1f) of such an infiltrated nanofiber mat confirm
the presence of CuO.

The TEM image shows small agglomerates attached to the
external surface of a fiber, and these agglomerates exhibit the
characteristic SAED patterns of CuO. The SAED analysis of
other parts of the fiber does not show any signature of CuO,
which supports the interpretation that CuO particles are present
on the external surface as well as within the internal mesopores.
EDX mapping experiments reveal a homogeneous element
distribution of Cu on the SiO, fibers on the micrometer scale
(Figure S1), which should lead to a working sensor during H,S
sensing experiments.

By repeating the infiltration procedure, the amount of CuO
within the fibers can be increased accompanied by a pronounced
decrease in BET area and cumulative mesopore volume (Table
1). Even higher amounts of CuO can be achieved by changing

Table 1. BET Surfaces and Cumulative Pore Volumes from
Physisorption Measurements, and Si/Cu Ratios from EDX
Measurements before and after Infiltration with Cu(OAc),
and Cu(NO,),”

8i/CuO ratio Syer/m?/g Viore/cm®/g
$i0, 196 0.67
Cu(OAc), (1x) 10/1 102 0.37
Cu(OAc), (2x) 10/2.5 82 0.26
Si0, 187 0.59
Cu(NO,), (1x) 10/20 33 0.10
Cu(NO;), (2x) 10/60 25 0.08

“In both cases, a drying step in a vacuum oven at 80 °C was applied
prior to the heat treatment at 550 °C.

the infiltration compound from Cu(OAc), to Cu(NO3),, which
is due to the higher solubility in water of the latter. Similarly to
Cu(OAc),, the fibers were infiltrated with an aqueous solution
of Cu(NO;), two times (see Figure 2).

Yet, these high amounts of CuO achieved by infiltration with
Cu(NOj;), are accompanied by an inhomogeneous distribution
of CuO along the fibers (see Figure 2). After the first infiltration,
CuO forms spots, growing during the second infiltration step,
while the CuO content increases also in the rest of the fiber, as
evidenced by SEM/EDX analysis. We believe the inhomoge-
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Figure 2. Element distribution obtained from EDX measurements with
Cu (pink) and Si (green) after the first (a) and second (b) infiltration
with Cu(NO;),.

neous distribution of CuO is caused by sintering during the
drying and calcination process. Given the wide pore size
distribution, in a possible scenario, a certain fraction of CuO
nanoparticles or even clusters gets trapped in small mesopores
of, e.g., S nm in size and therefore gets isolated in the course of
the migration of CuO clusters.

The heat treatment temperature applied to the infiltrated SiO,
nanofibers (550 °C) was selected in relation to the
decomposition of the Cu compound as well as the regeneration
temperature (oxidizing CuS$ back to Cu oxides). Thermogravi-
metric analysis (Figure S3) shows a complete transformation of
the copper compound to CuO at 300 °C. Therefore, a high
temperature of 550 °C was chosen for the calcination step,
stabilizing the SiO,/CuO nanocomposite and also preventing
morphological changes during the regeneration at 450 °C. As
revealed by physisorption (Figure 1), a temperature of 550 °C
does not affect the nanoscaled porosity of the SiO, nanofibers.

All X-ray diffraction (XRD) measurements of the infiltrated
fibers obtained after calcination show characteristic reflections
of crystalline CuO (monoclinic phase) (Figure S2) and no other
crystalline compounds are observed. A crystallite size of 27 nm
was calculated by applying the Scherrer equation on the (—202)
reflection; that is, CuO is present in the form of nanoparticles.
Since the CuO-containing spots observed by SEM and EDX are
larger than the crystallite size determined from XRD, we
conclude CuO forms agglomerates consisting of single CuO
nanocrystallites. There are no reflections from S$iO, because of
its amorphous structure, of course. These CuO/SiO, composite
fibers were then studied in their sensing properties with respect
to H,S exposition.

3.2. Gas Detection Measurements with Different
Concentrations. The as-prepared SiO,/CuQ composite fibers
were used for concentration-dependent gas detection measure-
ments. One of the major relevant parameters in H,S sensing is
the minimum concentration which can be reliably detected.
Hence, a sensing measurement was performed on one particular
sample, ie. using the same sensor, with subsequent, varying
concentrations of H,S (10, 5, and 1 ppm, Figure 3). Synthetic air
with 30% relative humidity was used to simulate realistic
environmental conditions, applying 60 cycles in total. The
impact of the humidity will be subjected to a separate study but
is probably only moderate, in particular for larger humidity
values; for example, the sensing behavior was unchanged for a
relative humidity of 50%.

Figure 3a shows the entire set of measurements. During cycles
1—10 and 31—40 a concentration of 10 ppm was applied, during
which repetitive cycles with conductance increases of around 3
orders of magnitude were observed. Cycles 11—20 and 41-50,
exposing the sensor to 5 ppm of H,S, show a rise in conductance
of more than 2 orders of magnitude, and the conductance

https://doi.org/10.1021/acsanm.1c00518
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Figure 3. Long-term measurement with SiO,/CuO composite fibers on a sensor substrate applying different H,S concentrations (10 ppm, S ppm, 1

ppm) in synthetic air with 30% humidity.

decreases accordingly in the regeneration step at 450 °C, which
is supposed to convert CuS into CuO. This behavior suggests
that indeed the expected reaction of CuO to CuS takes places
and is reversed upon the regeneration step. Having a closer look
on the transition from 10 to S ppm (Figure 3b) reveals that at
both concentrations a steep increase in conductance is visible
but there is a change in the sensing time which is typical of a gas
dosimeter. The time-period prior to the sharp increase in
conductance at 160 °C is longer at the lower concentration,
which is reasonable in the light of the underlying chemical
reaction. During cycles 21—30 (only 1 ppm of H,S) the increase
in conductance is relatively small, being below 1 order of
magnitude. Here, at 160 °C during the sensing period no
conductance changes are observable and after heating up to 450
°C the conductance increases only due to typical semiconductor
behavior. Hence, a concentration of 1 ppm of H,S$ is too low for a
percolation-induced increase in conductance and thereby for a
timely detection of H,S during the time of one cycle.
Interestingly, after changing the concentration to 1 ppm of
H,S after the exposures to 10 and S ppm (Figure 3c, cycles S1—
60) there is a rise in conductance above 1 order of magnitude at
the beginning of the cycling (Figure 3a, gray region, cycles S1—
56). However, the last four cycles (Figure 3a, gray region with
stripes, cycle $7—60) again only show temperature-dependent
conductance changes.

A more detailed analysis of the sensing time and the maximal
conductance in each cycle is presented in Figure 4. This
summary demonstrates reproducible sensing times after cycle 4
upon exposure at 10 ppm of H,S, and the average sensing time
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substantially increases for the lower concentrations (S ppm, 1
ppm). Additionally, it can be seen that the applied sensing time
is insufficient for gas detection at 1 ppm of H,S (cycles 20—30).
In contrast, in the second set of experiments applying 10 ppm
(cycles 30—40), S ppm (cycles 40—50), and 1 ppm (cycles S0—
60) of H,S, the sensing times are shorter, and 1 ppm is sufficient
for observing a conductance jump, at least until cycle 56. The last
four cycles again show no sensor activity. This observation
confirmed that the used regeneration time is insufficient to
achieve a sufficient conversion of CuS to CuO at a regeneration
temperature of 450 °C for 1 ppm of H,S.

These experiments indicate that a significant amount of CuS is
still present after the final regeneration (S ppm), so that the
formation of a sufficiently conductive path of CuS is possible
even for the subsequent exposure to 1 ppm of H,S (Figure 4c,
cycles 50—60). However, due to the low concentration of H,S,
the sensing times are longer than for $ and 10 ppm. Additionally,
in the course of the cycling, probably more and more CuSO,
forms, which cannot be converted to CuO under these
conditions and which is chemically inactive and an insulator
(see section 3.3). Thereby after cycle 56 alow concentration of 1
ppm of H,S again is insufficient for the detection of H,S.

This experiment shows the correlation between concentration
and time until the conductance change takes place which
provides the basis for a further development of these prototypes
into an operable sensor. For quantifying the H,S concentration
the regeneration temperature and time need to be optimized to
guarantee a precise determination of the H,S concentration.
Ideally, the initial state has to be the same before every cycle,

https://doi.org/10.1021/acsanm.1c00518
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Figure 4. Sensing time and maximal conductance for each cycle during
the measurement at different H,S concentrations.

which is difficult to achieve because of irreversible processes
such as the formation of CuSO,. Also, different amounts of CuS
after regeneration lead to different sensing times and thus hinder
the exact estimation of concentration. The gas dosimeter mode
enables the detection of low concentrations of H,S because of
the accumulation of CuS, but the sensing time is increased
significantly. More than half an hour is needed for the detection
of 1 ppm of H,S, which appears too long for a sensor designed
for rapid detection, but which might be suitable for long-term
monitoring of low concentrations. Hence, we regard a
concentration of 5 ppm as a realistic minimum level of H,S
which can be reliably detected. This detection limit is reasonable
in terms of using this sensor concept, as the occupational
exposure limits for H,S are S ppm (Germany, USA) or larger
(UK: 10 ppm).

3.3. Long-Term Gas Detection Measurements. In a
second set of experiments the long-term stability of a sensor
containing the SiO,/CuO composite fibers was subjected to
detailed investigation. Figure S4 shows a measurement with
more than 120 detection cycles upon exposure to H,S (10 ppm).

Within the long-term measurement, different time regions
were analyzed in detail, in particular the switching at the
beginning (first 7 cycles, £ = 0—250 min) in comparison with the
end (last 7 cycles, t = 3750—4000 min) of the measurement. The
first marked conductance increase above 4 orders of magnitude
takes place in the third cycle (Figure S4b). After heating up the
sensor to 450 °C, the conductance decreases, which is an
evidence for successful regeneration, i.e. the back reaction of
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CuS to CuO. After cycle 4 the sensor exhibits a repetitive
periodic behavior with conductance increases due to H,S
exposition at 160 °C after similar times, and the conductance
decreases due to regeneration at 450 °C. Some cycles show
spikes with conductance declines before rising to high
conductance values (example in Figure S4b, gray circle),
which can be explained by the nanostructure of fiber
morphology: When the conductive path is built in a low amount
of fibers the current flow results in local heating and thus
regeneration, i.e. the back-conversion into CuO, which is
undesired, of course. Yet, upon prolonged exposure to H,S more
and more CuO is converted into CuS, and thus finally a
conductive path in a larger number of fibers is achieved so that
the current flow is distributed and no subsequent regeneration
takes place. An overview scan of the entire measurement (Figure
S4a) shows a change in the shape of the conductance signal over
time. Having a closer look on the last four cycles (Figure S4c)
reveals that there are no significant percolation-induced
conductance changes anymore. During regeneration at 450 °C
the conductance increases due to a typical semiconductor
behavior. However, at the sensing operation temperature of 160
°C, no significant conductance changes take place any longer,
which means that the sensor is unable to detect H,S.

The changes during total sensor lifetime are summarized in
Figure 5, presenting the time until the percolation-induced
conductance increase (“switching time”) occurs at 160 °C
(Figure 5a) and the maximal conductance (Figure Sb) for each
cycle. The first 70 cycles exhibit similar sensing times ranging
between 2 and S min, confirming a stable sensor behavior for
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Figure 5. Sensing time (a) and maximal conductance (b) for each cycle
during the long-term measurement, performed with a concentration of
10 ppm of H,S.

https://doi.org/10.1021/acsanm.1c00518
ACS Appl. Nano Mater. 2021, 4, 5004-5013

37



CuO-basierte Nanostrukturen als Gasdosimeter in der H2S-Detektion

38

ACS Applied Nano Materials

www.acsanm.org

a) 2 lcu2p (CuS)
surface <
) bulk g T\
> 8 [Cu2p(CusO,) =1
© 955 950 045 940 905 900 945
~ binding energy / eV|
2
g Si2s gy 3p|
o) S2s \Si2p
o
C1s \
1
1

1400 1200 1000 800 600 400 200 O
binding energy / eV

b)
. e CuO
s CuS
5 4 CuSO,
=
©
~
=
e
A
- A

200 400 600 800 1000 1200
Raman Shift / cm™

1400

Figure 6. XPS measurement (a) and Raman measurement (b) of the sensor substrate and the $iO,/CuO composite fiber after the measurement shown
in Figure S4. The inset (a) shows a magnification of the XPS signal of the sulfur species.

quite prolonged operation. In contrast, there are larger variations
in the sensing time in the last cycles. The same trend is observed
for the maximal conductance. While the first 70 cycles show a
continuous small decrease in maximal conductance to 107* Q,
there are substantial variations between 10~* Q and 107° Q after
cycle number 70.

These observations indicate possible chemical changes or
morphological deformations in the sensing material, which was
analyzed by SEM (Figure SS) and EDX measurements after the
last regeneration step, which ideally should convert all of the
CuS back to CuO.

The SEM images (Figure S5) do not reveal any significant
morphological deformation upon sensing. Due to vibrations of
the sensor substrate during SEM measurement, the internal
mesopore structure cannot be seen, and the image is blurred,
which is an inevitable shortcoming of performing the SEM
analysis directly on the sensor. However, fibers with similar size
and shape as prior to the exposure can be clearly seen, implying
that the chemical reactions have not altered the overall nanofiber
morphology.

EDX, XPS, and Raman spectroscopy measurements were
used to investigate the changes during long-term sensing
measurements. EDX analysis reveals that despite regeneration
at 450 °C there is sulfur left on the sensor, which suggests an
incomplete regeneration. However, nonregenerated Cus$ cannot
be the reason for these changes, because it would lead to a higher
conductance and shorter sensing times. Moreover, in further
experiments with longer H,S exposition (over 2 h) at 160 °C, no
increase in conductance takes place.

Further analyses were performed by XPS (Figure 6a) to
identify the sulfur compounds. Sputter experiments were
performed to differentiate between sulfur in the bulk (red
curve) and on the surface (black curve). The inset in Figure 6a
shows a magnification of the copper 2P signals. The red curve
(bulk) shows a copper signal at 933 eV which can be attributed
to nonregenerated CuS.** However, Cu$ might lead to a
variation in the sensing times but should not result in the
absence of a conductance increase as mentioned before. By
contrast, copper located on the surface (signal at 935 eV) can be
attributed to copper as part of CuSO,.** During the long-term
measurement, CuSO, is formed which decreases the con-
ductance, prevents the formation of conductive paths (CuS),
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and leads to the absence of sensor activity after around 130
cycles.

A Raman spectroscopy measurement of the sensor after the
sensing measurements confirms the XPS study (Figure 6b), in
that both CuS and CuSO, are detected for the long-term
measurement. Since the formation of CuSO, from CuO and H,S
in the presence of O, is exothermic and exergonic, its conversion
into CuOQ in the regeneration step is therefore unlikely in spite of
the elevated temperature. Hence, CuSO, accumulates during
the sensing experiment and cannot be converted back to CuO
and thereby affects the lifetime of the sensor.

3.4. Comparison of Switching Times. The aforemen-
tioned experiments indicate that the novel CuO/SiO, nanofiber
composite can be utilized as an active material for the design of
selective and sensitive gas sensors. By decreasing the H,S
concentration, the switching time (“sensor signal”) is increased,
as expected. As our experiments revealed a stable mean value for
the switching time of 3.5 + 1.3 min (Figure Sa) in 10 ppm of H,S
even for more than 50 cycles, it is interesting to compare these
results with other studies using CuO/SiO, nanocomposites
(Table 2). It is seen that the switching times lie in a similar range

Table 2. Comparison of Switching Times with the Literature”

Eoitching/MiN literature
35+13 CuO/$i0, nanofiber
119+1 CuO/Kit6"

1.8 + 08" CuO nanofiber”
55" CuO thin film*’
03 +02" CuO layer™

“All measurements were done with 10 ppm of H,$ in air. “Calculated
from the presented measurements.

of several minutes, while the here presented composite using
mesoporous SiO, fibers possesses a comparably low switching
time for 10 ppm, which is only slightly longer than pure CuO
fibers (see ref 30).

‘While pure CuO is therefore superior in terms of the detection
time, so far such pure CuO materials suffer from severe chemical
and morphological transformations and thus a low longevity,
preventing the use in sensors. In this respect, the use of CuO/
S§iO, nanocomposites with an optimized porosity of the SiO,

https://doi.org/10.1021/acsanm.1c00518
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material seems to be a promising concept in H,S sensing.
Additionally, the different switching times enable the adjustment
of a sensor with defined switching times by using different
morphologies and compositions.

Future work will therefore focus on modification of switching
time, by optimization of the electrode structure and significant
reduction of the deposited amount of material on each sensing
element. Additionally, a detailed analysis of the underlying
reaction (CuO to CuS) will be performed to increase sensor
lifetime, by avoiding the formation of CuSO,.

4. CONCLUSIONS

CuO/SiO, composite nanofibers were prepared by infiltration
of electrospun porous SiO, nanofibers with soluble Cu
compounds (copper nitrate and acetate). As a main result,
these nanofibers can be used for gas sensing of H,S in a quasi-
continuous and dosimetric detection mode. After reaching a
critical H,S dose, the percolation-induced conductance increase
takes place within a narrow time window of a few minutes only.
Thereby, a stable sensing behavior over more than 100 sensing
cycles is reached for concentrations of 5 and 10 ppm, which is
quite promising for the development of sensors based on this
concept. The switching times of ca. 3—4 min are in a similar
range or even shorter compared to literature values for CuO/
SiO, composites, which in combination with the stability is a
further advancement in the direction of reliable sensor concepts.
Additionally, the observed, stable switching times allow for the
detection of H,S levels which are in the range of the short-term
tolerable concentrations and below the occupational exposure
limits (S ppm, 10 ppm).*® We attribute this stability in the
sensing performance to the SiO, matrix preventing the CuO
nanoparticles from extensive sintering and morphological
changes during the phase transition to and from CuS. Yet,
after more than 130 sensing cycles, a change in chemical
composition leads to the absence of sensor signals in further
cycles.

Since XPS and raman analyzes suggest the presence of CuSO,
upon repeated cycling, its accumulation can explain the
deterioration of the sensing performance. Importantly, these
results indicate that the difficulties in achieving a stable sensing
behavior might be predominantly caused by the accumulation of
CuSO, and not only due to structural alterations owing to the
difference in volume of CuO and CuS. In this respect, the
presented CuO/SiO, nanofiber composite offers the oppor-
tunity for further detailed investigations on the impact of
different conditions (temperature, water concentration in the
gas, etc.) on the sensing of H,S, as one particular sensor can be
used for extensive measurements with reliable results for more
than 100 sensor cycles. Hence, CuO/SiO, fiber nanocomposites
constitute a novel conceptual methodology in the elucidation of
the fundamental physicochemical and inorganic processes
taking place in gas sensors used for the detection of H,S.
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5.2 CuO-Nanostrukturen in der H>S-Detektion

Im zweiten Forschungsprojekt werden verschiedene CuO- und CuS-
Nanostrukturen (CuO-Nanostabe, mikroporose CuO-Partikel, CuS-Nanopartikel)
verwendet, um den Sensormechanismus im Detail aufzuklaren und tiefere
Einblicke in die fir den Abbruch der Sensoraktivitat verantwortlichen Vorgéange zu
erhalten.

Zunachst werden nach einer Synthese von Yang et al. CuO-Nanostabchen
prapariert.®® Definierte CuO-Nanostrukturen erméglichen es, kleinste strukturelle
Anderungen zu analysieren und die lose Anordnung bildet ein makropordses
Netzwerk mit guten Gasdurchflussbedingungen. Zudem vereinfacht reines CuO im
Gegensatz zu Kompositmaterialien die  Analyse der chemischen
Zusammensetzung.

Basierend auf diesen CuO-Nanostabchen kann ein Sensor mit einem stabilen
Sensorverhalten in Uber 100 Sensorzyklen prapariert werden. Der Sensor zeigt
stabile Detektionszeiten, wobei sich der Regenerationswiderstand mit der Zeit
stark erhoht. Eine detaillierte Analyse der einzelnen Sensorphasen mit Hilfe von
SEM-Bildern und Raman-Spektroskopie-Messungen zeigt, dass morphologische
Verédnderungen bereits in den ersten Zyklen eintreten, aber nicht zum Abbruch der
Sensoraktivitdt fihren. Durch das makroporose Netzwerk bleibt das
Sensorverhalten stabil und morphologische Anderungen fiihren nicht zur
Rissbildung, welche einen leitfahigen Pfad verhindern und zum Abbruch der
Sensoraktivitat fuhren wurde. Allerdings kann erneut CuSOas nachgewiesen
werden, das auf dem Sensor akkumuliert, die Erhdhung des
Regenerationswiederstandes erklart und die Sensoraktivitdt nach 100 Zyklen
stoppt. Die Messungen lassen vermuten, dass die CuSOas-Bildung wahrend der
Regeneration eintritt. Zur genaueren Analyse der chemischen Reaktionen
wahrend der Sensormessung werden die ablaufenden Reaktionen in gréfierem
Mal3stab reproduziert. Die Reaktionsprodukte werden mit XRD-Methoden
charakterisiert und Uber eine Rietfeld-Strukturverfeinerung analysiert und
guantifiziert. In den Regenerationsexperimenten werden CuS-Materialien erhitzt,
wodurch die Ergebnisse von Nafees et al. belegt werden kénnen, welche eine
Umwandlung von CuS in CuSOs bei 350 °C annehmen.®® Bei hoheren
Temperaturen (mindestens 450 °C) kann allerdings eine Mischung aus CuO und
CuSOs4 beobachtet werden. Messungen mit CuS als H2S-Sensor bei einer
Regenerationstemperatur von 450 °C belegen diese Vermutung und zeigen in 20
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Sensorzyklen ein stabiles Sensorverhalten. Wahrend der Regeneration bei 450 °C
wurden CuO und CuSOz gebildet, sodass der leifahige Pfad unterbrochen wird und
der Leitwert sinkt. Der Anteil an CuO ist allerdings ausreichend hoch, demzufolge
sich wahrend der néchsten Detektion erneut ein leitfahiger Pfad bilden kann. Die
ablaufenden Reaktionen werden mit Hilfe von thermodynamischen Berechnungen
belegt. Diese Berechnungen zeigen zusatzlich die Mdglichkeit, den Anteil an
gebildetem CuSOs zu verringern, indem der Sauerstoffanteil in der Atmosphére
reduziert wird. Durch weitere Regenerationsexperimente mit CuS-Materialien kann
dieses Verhalten bestatigt werden.

Eine weitere Moglichkeit ist die Variation von Detektions- und Regenerationszeit
dar. Durch Verringerung der Detektionszeit wird weniger CuS in der Detektion
gebildet, welches dann in der Regeneration in CuSO4 umgewandelt werden kann.
Zusammenfassend ermoglicht dieses Forschungsprojekt die Lokalisierung der
CuSO0as-Bildung wahrend der Regeneration, wobei diese in der Detektion allerdings
nicht ausgeschlossen werden kann. Zuséatzlich werden drei Mdéglichkeiten
aufgezeigt, die den Anteil an gebildetem CuSOas reduzieren und somit die
Langzeitstabilitat des Sensors erhdhen. Durch hohere
Regenerationstemperaturen und kirzere Detektionszeiten konnen schlie3lich aus
den anfanglich untersuchten CuO-Nanostdbchen Sensoren mit einer gesteigerten
Langzeitstabilitat (> 250 Sensorzyklen) mit reproduzierbaren Detektionszeiten

prapariert werden.
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Abstract: The precise detection of the toxic gas H,S requires
reliable sensitivity and specificity of sensors even at minute
concentrations of as low as 10 ppm, the value corresponding
to typical exposure limits. CuO can be used for H,S dosimetry,
based on the formation of conductive CuS and the concom-
itant significant increase in conductance. In theory, at
elevated temperature the reaction is reversed and CuO is
formed, ideally enabling repeated and long-term use of one
sensor. Yet, the performance of CuO tends to drop upon
cycling. Utilizing defined CuO nanorods we thoroughly
elucidated the associated detrimental chemical changes

directly on the sensors, by Raman and electron microscopy
analysis of each step during sensing (CuO—CuS) and
regeneration (CuS—CuO) cycles. We find the decrease in the
sensing performance is mainly caused by the irreversible
formation of CuSO, during regeneration. The findings allowed
us to develop strategies to reduce CuSO, formation and thus
to substantially maintain the sensing stability even for
repeated cycles. We achieved CuO-based dosimeters possess-
ing a response time of a few minutes only, even for 10 ppm
H,S, and prolonged life-time.

J

Introduction

Hydrogen sulfide (H,S) is a colourless, highly toxic and corrosive
gas which is present in diverse chemical processes, as
unwanted by-product in the production of biogas and in
natural gas sources. It can lead to damages on metal surfaces,
poisoning of catalysts and sensor surfaces." Also, it can be
lethal at quite low concentrations (500 ppm within 30-
60 minutes) and causes harm at even lower concentration.”
Since biogas and the involved anaerobic digestion of biomasses
gains increasing importance as sustainable and renewable
energy source, the number of biogas facilities grows accord-
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ingly, and consequently corrosion and intoxication with H,S is a
concern of growing significance.”’ In the light of the marked
toxicity of H,S, in many countries the maximum tolerable
occupational exposure limit lies at 5 ppm (Germany, USA) or
10 ppm (UK), which is quite low on an absolute scale and, as a
severe requirement for a sensor, needs permanent monitoring.
In the latter regard, the strong corrosive nature of H,S
represents a particular challenge for sensors being permanently
exposed to H,S, even at small concentrations.” Therefore, a
practical sensor should possess a long lifetime, ideally on the
order of months, for a reliable monitoring of quite small H,S
concentrations at any instant. The stability of the detection
signal under prolonged harsh conditions is therefore strongly
determined by the detection principle and, in turn, the chemical
compounds involved, which may suffer from corrosion and
transformation.

Hence, there are three key properties which determine the
quality of a gas sensor and still represent challenges in
designing gas-sensing materials: the sensitivity, the selectivity
as well as the signal and chemical stability.”) Currently,
chemiresistors and electrochemical cells (ECs) are frequently
used for H,S detection and in a variety of other sensing
applications (see ref. for an overview).” Chemiresistors, based
on metal oxides such as SnO,, WO, or ZnO exhibit a certain
shortcoming, as these metal oxides may interact similarly with
other reductive gases, which lowers the selectivity towards
H,S.”" Additionally, CuO can be used as chemiresistor in H,S
sensing, showing a high sensitivity and an improved selectivity,
due to a special adsorption behaviour of H,S on CuQ.”
Moreover, sol-gel derived CuO films can be used in novel
sensing methods like surface acoustic wave sensing of H,S,
resulting in a better sensing performance at high relative
humidity.” Another strategy to combine high selectivity with
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high sensitivity is the usage of composite materials, for example
doping with other metal oxides or carbon, but achieving
selectivity still represents a challenge."” Another feasible
strategy for improving H,S sensing is the concept of gas
dosimetry."" Such sensors generally work in accumulation
mode, i.e. the sensitive material reacts in a specific chemical
reaction with the gas resulting in changes of electrical proper-
ties, which themselves depend on the accumulation level of the
analyte. Hence, gas dosimeters measure the time to reach a
defined conversion state exceeding a certain percolation
threshold, at which the conductance increases steeply, i.e. if the
required gas dose is reached. Based on the elapsed time span,
the mean gas concentration can be calculated."?

The exergonic reaction of CuO with H,S forming Cus is such
a reaction enabling a strategy for dosimeter-type H,S detection:

H,S(g)+CuO(y)— CuS(+H,0) m

Compared to CuO, CuS has a few orders of magnitude
higher charge carrier concentration. Next to Cu$S also Cu,S is
possibly formed, which contributes to the detection of H,S, as
Cu,S possesses a markedly higher conductance than CuO, too.
Hence, after continuous exposure to H,S, a percolation thresh-
old of conductive pathways of copper sulfides is exceeded,
resulting in a steep, sudden decrease in resistance as macro-
scopic parameter. If performed below 200 °C, this reaction is
both sufficiently exergonic to be thermodynamically favourable
and fast enough to reach the percolation threshold within a
feasible time on the order of minutes, as described recently."
The elapsed time until this decrease takes place is used as
sensor signal and can be correlated to the concentration of H,S
in the gas. As a main advantage of CuO-based H,S sensing,
reaction (1) can be reversed at elevated temperature according
to the principle of Le Chatelier, allowing for repeated usage of
the same sensor.™ Also, the following reaction is used in the
regeneration step:

a) b)

Regeneration
350 °C

a o CuO

160 °C

—
./
> H,S Detection

— A

Resistance / Q

3
CuS(y+5 Oy — CuO+50s @

The principle of H,S detection and regeneration of such
sensors is illustrated in Figure 1. One of the challenges of CuO-
based H,S sensors is the stability in two important parameters
of such dosimeter-type H,S sensors, upon repeated sensing
(CuS formation) and regeneration (heating to transform CuS/
Cu,S to Cu0), namely the response time tg,; and the regener-
ation resistance Rg.,. The response time ty. (Figure 1, turquoise
bar) is the time until the decrease in resistance takes place and
represents the main sensing parameter, as it varies depending
on the H,S concentration. tg so far takes several minutes using
CuO-based dosimetry for the detection of relevant concentra-
tions (5 ppm, 10 ppm)."™ Further relevant parameters, which
can be potentially varied, are the detection time period tpeeq
and the regeneration time t,, (see Figure 1, and see chapter
2.3). Ideally, the resistance of copper oxide (high resistance) and
that of copper sulfides (low resistance) should remain constant
even after multiple cycling, or at least their relative difference.
In spite of the elegance of this detection principle, in particular
the stability of the sensor still impedes practical use. It is
assumed that the drastic change in specific molar volume upon
the transformation between CuO and CuS (and also possibly
Cu,S) causes alterations in the (nano)structure and therefore
results in a continuous decay in sensing performance, i.e. by a
steady, irreversible increase in the resistance of the CuS
material."® A recently introduced concept is the confinement of
CuO within nanoporous scaffolds, i.e. mesoporous SiO,, in order
to prevent structural rearrangement and also to achieve a faster
detection owing to a large surface area. For instance, Paul et al.
demonstrated that ordered mesoporous CuO/KIT-6 silica com-
posite materials can be used for prolonged H,S sensing."” In a
similar approach we used CuO/SiO, composites nanofibers
showing a stable cycling behaviour in more than 100 sensing
and regeneration cycles."’ However, the preparation of such

10 ppm H,S in syn. air
30% hum.
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Figure 1. a) Schematic presentation of a sensor cycle during H,S sensing with CuO nanorods and b) the associated resistance behaviour with specific sensor
settings (detection time to....: black clock; regeneration time tg.,: red clock: regeneration temperature: thermometer) and sensing parameters (regeneration

resistance Ry, violet circle and response time tg,, turquoise bar).
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composites is complex, and furthermore the sensing perform-
ing decreases after a certain number of cycles.

Our recent study suggested the deterioration of the sensing
performance might be caused by the formation and continuous
accumulation of undesired Cus0,."*

The inevitable regeneration step can involve oxidation by
oxygen and thus might spur the formation of CuSO, through
the oxidation of CuS and Cu,S:

CUS(5) 4205 —CuSOu) ®)

As this reaction is highly exergonic (A,G°~—608 kJ/mol),
CuS0O, cannot be converted into CuO (or Cu,0) by means of
practical regeneration conditions. For instance, the standard
free enthalpy of the reaction

CuSO,;— CuO,;+50; @)

has a value of A;G°~ + 180 kJ/mol at 25 °C. Based on the
Gibbs-Helmholtz equation and assuming, to a first approxima-
tion, AgS° and AgH° being temperature-independent, a temper-
ature of ca. 2240 K is needed to reverse equation (3) from a
thermodynamic point of view, which is practically unfeasible.
Thus, the almost complete irreversibility of the CuSO, formation
is inevitably a fundamental dilemma and may cause a decay in
the sensing performance after a certain number of detection/
regeneration steps. A practical CuO-based dosimeter-type
sensor should be reliably operable without the need of replace-
ment over a possibly long exposure time to H.S, at least on the
order of several weeks or ideally months. Such prolonged usage
involves a large number of regeneration steps, for instance in
biogas facilities, and therefore we regard the accumulation of
CuSO, as a crucial challenge. Yet, the formal thermodynamic
preference for CuSO, according to Equation (2-4) based on the
corresponding standard free reaction enthalpies alone is
insufficient for assessing the relevance of CuSO, for such CuO-
type dosimeters: first, several other possible reactions in
addition to Equation (1-3) need to be taken into account into a
thermodynamic treatment. Also, the standard free enthalpy
refers to a pressure of 1 bar, while under sensing conditions the
partial pressures of the involved gases might be orders of
magnitude different. Hence, one needs to compare free
reaction enthalpies A,G° as a function of the partial pressures of
all gaseous components, which might be substantially different
from the AG° values. Second, the kinetics of the involved
reactions might have a strong influence on the reaction rates,
for example preventing the formation of thermodynamically
favoured compounds.

Hence, in this study we aim at elucidating the chemical
parameters determining stable H,S detection using CuO as a
sensor material and particularly at addressing the CuSO,
formation and its impact on sensing. Building on such insight,
we target strategies for inhibiting the CuSO, generation. The
methodology of this study was designed along the following
considerations: on the one hand the copper compounds on the
sensor themselves need to be studied, in order to correlate the
performance of a specific sensor with possible transformations,

Chem. Eur. J. 2022, 28, €202103437 (3 of 15)

i.e. by studying the sensor material after different steps in the
detection/regeneration cycle. On the other hand, the amount of
material deposited on the sensors is so small, being below
1 mg, that standard solid-state chemical analysis (elemental
analysis, X-Ray Diffraction) is not feasible to identify specific
compounds. Therefore, we use Raman spectroscopy, especially
a Raman microscope, as main method to determine copper
compounds directly on the sensors used. A major challenge to
be addressed is the determination of the significance of
reaction (3) for the CuSO, formation on the basis of the sample
amounts on the sensors.

Therefore, our study is based on two conceptual method-
ologies. First, two types of CuO nanoparticles possessing a well-
defined shape are used for sensing, and the material on the
sensors is studied by post-mortem analysis by Scanning
Electron Microscopy (SEM) and Raman spectroscopy. Second,
CuS nanoparticles are used in sensing experiments, accompa-
nied by ex situ oven treatment in different atmospheres
corresponding to the gaseous environment surrounding the
sensors. To start with CuS instead of CuO provides additional
insight, as the thermal evolution of CuS represents the crucial
regeneration step within the sensor cycling. Commercial and
home-made spherical CuS nanoparticles of small dimension
(diameter 10-20 nm) are used, from which the impact of
different interaction surface areas on the CuSO, formation is
assessed. A detailed analysis of this conversion by thermo-
gravimetric analysis (TG) coupled with X-ray diffraction (XRD)
experiments and Rietveld analysis, applying different gas
atmospheres, is applied to pursue a deeper insight into the
regeneration step (2). In order to understand if the different
compounds possibly formed and detected follow their relative
thermodynamic stability, we calculate the free reaction en-
thalpies A,G° of various possibly relevant reactions, as function
of partial pressures especially of O, and H,S, and for different
temperatures, thoroughly taken into account the temperature-
dependence of A,G°.

Building on the insights obtained from these systematic
analyses, we then infer strategies to prevent the formation of
CuSO,, namely by variation of the gas atmosphere, applied
temperatures and times, i.e. straightforward parameters, and
hence to improve the sensing performance of H,S dosimeter-
type sensors. Hence, the present study is dedicated to gain a
deeper insight in the detection of H,S with low-cost pure CuO
or CuS nanomaterials on the level of the chemical conversions
taking place during the sensing mechanism, aiming at improv-
ing the sensing stability in combination with good sensitivity.

Results and Discussion

CuO nanorods - synthesis and characterization

A synthetic approach of Yang etal. is used to generate CuO
nanorods with defined shape and in reproducible way." Such
nanorods are chosen as sensing material for two reasons. First,
the loose ensemble of nanorods forms a porous network, which

should enable a stable cycling behaviour over a substantial
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number of sensing/regeneration cycles, as the significant
morphological alterations due to the different molar volumes of
CuO and CuS can be accommodated. Second, the defined
particle shape allows for a straightforward detection of
morphological changes, for example by scanning electron
microscopy (SEM), even on the sensing substrate. The material
is characterised by SEM, TEM, XRD and Raman spectroscopy.

Figure 2a) shows the XRD pattern of the CuO particles,
which can be assigned to the monoclinic CuO phase (JCPDS
card files no. 48-1548). No other signals are detected, indicating
the product is rather pure. An average crystallite size of 27 nm
is calculated by applying the Scherrer equation on the (—202)
reflection, i.e. CuO is present in the form of nanocrystallites.

Raman spectroscopy analysis of the CuO particles compared
to a commercial CuO material confirms that CuO is the only
detected phase, in agreement with XRD (Figure 2b). Three
signals are observed which can be attributed to the A; and B,
modes of CuO, while two further signals can be assigned to the
substrate.

The CuO particles (Figure 2c) possess a flat rod-like structure
with an average diameter of about 50 nm and quite narrow
distribution, and a length between 100 nm and 500 nm. The
transmission electron microscopy (TEM) and selected area
electron diffraction (SAED) patterns (Figure 2e) confirm the
presence of flat CuO nanorods. Since the CuO nanorods
observed by SEM and TEM are larger than the crystallite size
determined by XRD, we conclude that the CuO rods consist of
smaller CuO nanocrystallites. The BET area is determined by Kr
physisorption and amounted to 15 m?%/g, indicating no internal
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porosity within the CuO nanorods. The as-prepared CuO nano-
rods are then studied with regard to their sensing properties
towards H,S exposition.

CuO nanorods during H,S sensing

First, the long-term stability of a sensor containing CuO
nanorods is investigated. A measurement probing 10 ppm of
H,S in synthetic air with 30% relative humidity is performed
spanning 100 detection and regeneration cycles (Figure 3).
Within this long-term measurement, the first 10 cycles are
shown in detail (Figure 3b). The first marked resistance decrease
above three orders of magnitude takes place in the first cycle
(Figure 3b) after around 150 s. This behaviour suggests that the
expected conversion of CuO to CuS takes places and a
conductive path of CuS is formed. After heating up the sensor
to 360 °C the conductance decreases, which is evidence for
successful regeneration, i.e. the back reaction of CuS to CuO.
After cycle 2, the sensor exhibits repetitive periodic conduc-
tance increases due to H,S exposition at 160 °C after similar
times, and the conductance decreases upon treatment at 360
°C. After the long-term sensing measurement, the same sensor
was tested in a subsequent sensing measurement in the same
atmosphere in 10 sensing cycles (Figure 3c). The sensor does
not show sensing activity anymore. Instead, the resistance
increases in the regeneration step and decreases in the
detection step, which corresponds to the typical temperature-

b)

CuO nanorods
—— commercial
CuO nanoparticles
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Intensity / arb. unit
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Figure 2. XRD pattern (a), Raman spectra (b), SEM images (c), Transmission electron microscopy (d) and the corresponding SAED pattern (e) of as-synthesized

CuO nanorods.
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dependent resistance behaviour of semiconductors, but not to
the desired chemical reactions of CuO and CuS.

Additionally, an overall continuous increase in the resistance
in the regeneration state by one order of magnitude is detected
(Figure 3a, blue arrow). The long-term behaviour is analysed in
more detail by determining two characteristic sensing parame-
ters, the response time tg; and the regeneration resistance R,
(see Figure 1). Lower gas concentrations result in longer times
for building a conductive path of CuS and thus longer response
times tg. The regeneration resistance Rg, (Figure 1, violet
circle) is mainly determined by the chemical composition of the
sensing material and therefore reflects chemical alterations in
the course of the regeneration. The trend of these two

Chem. Eur. J. 2022, 28, €202103437 (5 of 15)

characteristic sensing parameters is shown in Figure 3d)+e).
After cycle 5 the sensor demonstrates reproducible response
times tg., of around 50 s+=10 s in the first 35 cycles (Figure 3d),
which is quite short and thus a practical range given the low
concentration (10 ppm).

At higher cycle numbers the sensing time exhibits sub-
stantial fluctuation and a moderate increase, which is probably
caused by chemical or morphological changes. Compared to
trey the Ry, (Figure 3e) exhibits a substantial increase at higher
cycle numbers, up to around 25000 €2, suggesting marked
alterations.

Such monotonic rise in resistance above one order of
magnitude can hardly be explained in terms of the reversible
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transformation between CuS and CuO or morphological
changes (see Figure 4). By contrast, the formation of CuSO, is
discussed as serious and disadvantageous side-reaction assum-
ing that in the course of the sensor cycling more and more
CuSO, forms, which is chemically inactive and an electric
insulator."™ Thereby, the regeneration resistance would raise
during prolonged cycling, and at a certain point a high amount
of CuSO, prevents the formation of a conductive path of Cus,
impeding sensor activity. Still, the here-applied CuO nanorods
enable the detection of 10 ppm H,S in gas dosimeter mode in
100 sensing and regeneration cycles with stable sensing times
of around 50 s+50s, which we attribute to the loose particle
network, allowing for efficient conversion of CuO into CuS and
vice versa. Compared to literature values, the variations and
sensing times are thus in a similar range."” In this respect, the
use of CuO nanorods seems to be a promising concept in H,S
sensing, but the longevity and the cycling stability represents a
major and fundamental obstacle. In order to elucidate the
decrease in sensing performance in relation to chemical trans-
formations, we investigate the sensing material during the
different parts of one cycling period and after prolonged cycling
in fine detail, which is described in the following.

After different steps during the cycling experiment, the
sensor is analysed by SEM and Raman spectroscopy measure-
ments (Figure 4). Note that these analyses are conducted on
the very same material used on the sensor device, i.e. these
characterizations can be regarded as a post-mortem analysis
and thus reveal the state of the material on the sensor.

In the initial state, the sensing material consists of well-
defined CuO nanorods (Figure 4 a), which were then heated up
to 160 °C and exposed to 10 ppm H,S.

At a certain time, a conductive path of CuS is formed and
the resistance decreases by more than one order of magnitude
(Figure 4b, after first detection). The SEM image (Figure 4b)
performed on the samples after the first detection step does
not reveal any significant morphological deformation; nanorods
with similar dimensions and morphology compared to the
initial state can be observed and Raman spectroscopy reveals
solely the signals of CuO. Although the decrease in resistance is
certainly due to a network of conductive paths beyond the
percolation threshold, CuS is not detected by Raman spectro-
scopy, probably because the amount formed during the first
sensing cycle is below the detection limit of the Raman
spectrometer, and the conductive CuS path is formed only on
the particle surface. In the next step the sensor is heated up to
360 °C for regeneration, causing the back reaction from CuS to
CuO, and after cooling down to 160 °C the resistance turns
back to the initial state (Figure 4c). During this regeneration
step, the morphology of the sensing material changes signifi-
cantly, as seen by aggregated rods, but retaining their shape.
The Raman spectroscopy measurement (Figure 4c, right) in-
dicates a complete chemical transformation into CuO. During
the next detection step (Figure 4d), the morphology of the
sensing material undergoes a continuous change, with SEM
revealing a rough surface consisting of small particles, speaking
for substantial chemical transformation.

Chem. Eur. J. 2022, 28, €202103437 (6 of 15)

The material shows marked morphological changes, and
Raman spectroscopy now reveals three different compounds:
next to CuO, the signal at 470 cm " indicates CuS, and addition-
ally CuSO, is detected. Being an insulator, continuously
generated CuSO, results in an increase in the Rg, However,
despite side reactions such as the formation of CuSO, during
detection or regeneration, a sufficient amount of CuO remains
for the detection of H,S, as demonstrated in Figure 4e),
presenting SEM and Raman spectroscopy analyses after 10
sensing and detection cycles. SEM indicates that particles
located on the nanorods grow and the amount of CuSO,
increases as well suggesting that these particles can be
interpreted as CuSO, on the particles’ surface. A small signal
ascribed to CuS is still visible in Raman spectroscopy, further
indicating that CuS cannot be fully converted to CuO (or Cu,0)
during regeneration steps.

These studies also unveil that CuS accumulates in the
sensing material in the course of multiple sensing cycles, but
the degree of conversion of CuS still is sufficient for the
breakdown of the conductive path, as seen by the steep
increase in resistance in each step. Yet, such leftovers of Cu$S as
well as CuSO, can be a reason for the stark fluctuation in
switching time in higher cycling numbers (Figure 3d). On the
one hand, the accumulation of CuSO, on the particles’ surface
hinders the formation of a conductive path and hence the
response time increases. On the other hand, non-regenerated
CusS paths leads to smaller switching times in a subsequent H,S
exposure. The measurements and analyses after 100 sensing
cycles (Figure 4f) confirm these trends: the rod-like particle
structures have disappeared, and CuS and CuSO, accumulate in
the sensing material. Since the morphology change and the
CuS accumulation should not lead to a breakdown of the sensor
even after 100 sensing cycles, it is rather the continuous
formation of chemically inactive CuSO, which reduces sensing
activity after repeated cycling.

In order to further verify the role of CuSO, and to exclude a
strong impact of the morphology of CuO, in a second set of
experiments such measurements are performed using isotropic
CuO nanoparticles, possessing a relatively high BET area of
120 m%g (Figure S1). Compared to the CuO nanorods, these
CuO nanoparticles undergo a much more severe morphological
transformation, and substantial formation of CuSO, can be
observed during the sensing measurements, disturbing and
finally eliminating sensing activity in lower cycle numbers
compared to CuO nanorods. The more drastic changes can be
attributed to the larger surface area, which apparently spurs the
formation of CuSO,. In summary, this comparison suggests that
the ongoing accumulation of CuSO, is the main problem in the
long-term H,S sensing using CuO materials. Hence, any CuO
material should be usable for detecting H,S in the dosimeter
mode, as long as the formation of a continuous path is possible,
i.e. as long as the amount of CuSO, remains small. Thus, in the
following the formation of CuSO, is subjected to detailed
investigation, finally aiming at a strategy to prevent excessive
CuSO, formation and thus for a stable H,S dosimeter-type
sensor enabling long-term usage.
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Figure 4. Detailed analyses of H,S sensing using CuO nanorods applying SEM (first column) and Raman spectroscopy (third column) measurements. Different
states during the sensing cycles were investigated: initial state (a), after first detection (b), after first regeneration (c), after second detection (d), after 10 cycles
(e) and after 100 cycles (f). The second column illustrates the state during cycling at which SEM and Raman spectroscopy was performed on the material used
on the sensor device.
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In-depth investigation of CuSO, formation

Assuming, that the decrease in H,S sensing performance is
mainly attributable to the regeneration step, which ideally starts
from CuS (or possibly from Cu,S), commercial CuS nanoparticles
are heated up in air with 30% relative humidity up to 1000 °C,
and the accompanying chemical transformations are studied by
TG coupled with mass spectrometry (TG-MS) and XRD. The XRD
data are analysed by Rietveld refinement, thus providing the
fraction of possible reaction products such as CuO, Cu,0O, CuSO,,
etc. (Figure 5). In the TG-MS experiment (Figure 5a), the relative
mass stayed constant until 300 °C. Subsequently, a mass loss of
around 15 % takes place up to 400 °C. Reaching ca. 550 °C, the
sample mass shows an increase of around 40% staying constant
until the temperature reaches around 700 °C. Afterwards, the
mass declines by around 40% and reaches the final relative
mass of 85% in relation to the initial mass, at around 800 °C. By
heating up to 1000 °C, no further changes take place. A similar
behaviour was reported in literature.?”

The first decrease in relative mass can be correlated to the
formation of copper(l)sulfide Cu,S (see reaction 5). By further
heating (320 °C - 420 °C) CuSO, and copper(ll)oxysulfate
(CuOCuS0,) are formed resulting in an increase in relative mass
(6+7). Above 750 °C the reaction to CuO takes place (8).

2CUS+0, ;) —CUS(5) + SOy 250 °C — 300 °C ®)
CuS ) +20, 5~ CuSOy) 320 °C — 420°C )
2CuS(+50, ;) — 2CUOCUSO,) 320 °C—420 °C ”

CUSO4— CUOg + SOy + 0.5 Oy 750 °C—810 °C (g)

In order to further elucidate the composition, we carry out
XRD measurements of CuS heated up in a separate oven and
exposed to synthetic air with 30% relative humidity (Figure 5c).
Note that the minute sample amount usually put on the sensors
does not allow for studying this very same material by XRD, as
larger quantities (i.e. ca. 100 mg) are required to obtain
meaningful quantitative XRD analyses.

The phase compositions calculated by Rietveld refinement
confirm the observations from literature. ' Below 300 °C, only
CuS and a small amount of Cu, ¢S are detected. Between 300 °C
and 350 °C, the reactions (4) and (5) take place and indeed
Cu,.S, Cu,S and CuSO, are observed. At higher temperatures
(450 °C and 550 °C), the complete decomposition of CuS and
Cu,S takes place and result in a mixture of CuSO,, CuOCuSO,
and CuO. The amount of CuOCuSO, increases at 550 °C
compared to 450 °C. Above 800 °C, CuSO, decomposes
completely and CuO is formed. Thus, it appears that on such
macroscopic scale, i.e. using CuS powders, the regeneration
temperature (350 °C) is insufficient for the formation of CuQ, as
only at 450 °C a small amount of CuO forms during
regeneration, and even higher temperatures (800 °C) are
required for obtaining CuO. Yet, the sensor substrates do not
withstand such high temperatures upon prolonged cycling, and
the thermal stress could result in further problems in cycling

Chem. Eur. J. 2022, 28, €202103437 (8 of 15)

a

1304
120
110
100+
904

relative mass / %

iz = 64 (SO;)
fmiz = 48 (SO)J\" _/L

0 100 200 300 400 500 600 700 800 9001000

MS-intensity /
arb. unit.

Temperature / °C

SEII T

 CUS s CU, 4S8 = Cu,S mCUSO,
== CUOCUSO, m CuO

b

100+

80

60

40

mass fraction / %

20

04
100 200 300 400 500 600 700 800 900 1000

c) Temperature / °C

CuSO/CUOCUSO,/Cu0

Intensity / arb. unit

20/°

Figure 5. TG measurement (in air) coupled with MS of commercial CuS (a)
and compositions (b) determined from XRD data with reference (reference
database see supporting Information file) (c) after heating up CuS to
elevated temperatures corresponding to chemical transformations according
to the TG measurement.

stability. Hence, based on these insights, we decide to heat the
sensors to 450 °C instead of 350 °C in the regeneration step
and checked the applicability of commercial CuS as sensor
material, instead of CuO. Such CuS-based sensor indeed exhibits
a well-defined and stable sensing behaviour over ten sensing
and regeneration cycles (Figure S2), proving the reversible
formation of a sufficient amount of CuO.

In order to clarify the impact of the morphology of the used
CuS material, additionally small CuS nanoparticles (below
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20nm in diameter, Figure 6b) are prepared by a recently
optimized low-temperature synthesis®" (see Experimental Sec-
tion) and tested in sensing experiments (Figure 6c+d) under
the same conditions as the commercial CuS nanopowder. The
nanoparticles exhibit a well-defined ellipsoidal shape and a
significantly larger BET surface area (35 m?%g), and hence should
result in a faster kinetics of the aforementioned relevant
reactions. These nanoparticles consist of a mixture of CuS and
Cu, ¢S, as revealed by XRD, and interestingly exhibit the same
sensing behaviour as the commercial CuS material, which
means that Cu,zS exerts no significant impact on sensing
properties. This material shows stable sensing behaviour in 20
sensing and regeneration cycles, too (Figure 6c). Hence, during
regeneration sufficient CuS is decomposed and a sufficient
amount of CuO is formed for the detection of H,S in a next
cycle. Yet, the regeneration resistance increases as well (Fig-
ure 6d), indicating the accumulation of CuSQO, in these measure-
ments. The regeneration of these particles also is investigated
by TG-MS and oven experiments combined with XRD measure-
ments (Figure S3), both performed in air, revealing a similar
behaviour as commercial CuS with the exception of two
significant differences. There is no steep mass loss visible in the
TG-MS measurement at around 350 °C. Due to the presence of
Cu, S already in the initial sample the formation Cu,zS and
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E |
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Cu,S via reaction (5) is less pronounced at temperatures
between 100 °C and 300 °C. Additionally, a small amount of
CuO is present at 350 °C, probably because the small size and
the higher BET area of the CuS nanoparticles result in a shift of
the reactions to lower temperatures.

In order to rationalize and understand the generation of
CuSO, and other compounds as a function of the regeneration
temperature in terms of thermodynamics, the standard free
reaction enthalpy ARG’ is calculated for those reactions being
relevant in the regeneration step as suggested by the TG-MS
analysis, for temperatures of 350 °C and 450 °C (Eq. (5)~(7)). In
the calculations of AgG° using the Gibbs-Helmholtz equation
ARG =AgH—T AS°, the temperature dependence of the
reaction enthalpies and reaction entropies are taken into
account. (Table 1, see Supporting Information file for details of
the calculation).

The formation of CuSO, and CuOCuSO, is highly exergonic
and the AgG° values are much more negative than for the
reaction from CuS directly to CuO (7). By contrast, the
decomposition of CuSO, to CuO is endergonic. At higher
temperature (450 °C), the AgG° values change compared to the
standard regeneration temperature (350 °C), of course strongly
depending on the magnitude of the entropy term in the Gibbs-
Helmholtz equation. Note that the differences in AzG° among

d)
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Figure 6. XRD (a) and TEM (b) measurement of CuS ticles prep;

d by a low p

ire method. Sensing measurement with these CuS nanoparticles

on a sensor substrate applying a regeneration temperature of 450 °C in 10 ppm H,S in synthetic air with 30% humidity (c) and response time (d) for each

cycle during the measurement.
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Table 1. Standard free enthalpy AgG° calculated for the regeneration
reactions (2) and (5-8) by the Gibbs-Helmholtz equation for 350 °C and
450 °C, taking into account the temperature dependence of the reaction
er and reaction pies (see Supporting Information).
Reaction AgG° (350 °C) AgG° (450 °C)
[kimol ] [kJmol™']
CuSy)+1.5 Oy —CUO;+505) —344 -334
2CUS +0,, —CUsSy, + SOy —288 —290
CUS ) +20,, —CuSOy, —488 -450
Cu,S)+2.50,,, —CuOCUSO, —549 —501
CuSO,;—CUO, + SOy +0.5 Oy +140 +112

the reactions are still significant also at 450 °C. While in
principle the product composition might also be determined by
kinetic effects, these substantial differences in AgG°, favouring
Cu sulfates from a thermochemical point of view, are in good
conformity with the composition as determined by XRD (see
Figure 5). This good agreement is reasonable as these elevated
temperatures allow activation barriers to be overcome, which
leads to the equilibrium composition. However, as the temper-
ature stability of typical low-cost sensor substrates is quite
limited, applying sufficiently high regeneration temperatures,
spurring the decomposition of CuSO, into CuO, does not
appear as a feasible strategy towards a sensor with long-term
cycling stability.

Also, the composition of the atmosphere is an important
parameter affecting the generation of CuSO,: small concen-
trations of oxygen should, along the theory of chemical
equilibrium as well as kinetics, suppress the formation of copper
sulfate compounds. In order to further elucidate the impact of
the gas composition on the CuSO, formation, the dependency
of AgG® for several relevant reactions involving CuS on the
partial pressures are calculated using the well-known relation-
ship (9), assuming that the activities a; can be replaced by p/p,
of the involved gases i:

_ a4 i PLPT o/
AeOP) = B BT o o T #

A+vgB = v C+vD (10)
For example, for reaction (6) the dependence of AyG on the
partial pressure of oxygen p(O,) is given by

1
AqG(po,) = MG + Rﬂnm (11)

For the reactions generating SO,, the value of the relative
pressure p(SO,) to be entered in the corresponding Equation (9)
is, unfortunately, too small to be determined and thus as a
quite small constant value (p(SO,)=10"" bar) is chosen for the
respective equations, as SO, generated in the experiment is
constantly removed by the applied gas flow. The calculation of
ARG of the reactions (2) and (5)-(7) as a function of p(O,), for
350 °C, reveals interesting trends (Figure 7a). In ambient
atmosphere, i.e. for p(0,)=0.19 bar, the reactions leading to
CuSO, or CuOCuSO, are clearly thermodynamically favoured, as
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Figure 7. AzG values of relevant ion reactions iing on the
partial pressure of O, at 350 °C (a) and compositions (b) determined from
XRD data with reference (reference database see supporting Information) (c)
after heating up CuS to 450 °C in atmospheres with reduced partial pressure
of 0,.

seen by the lowest AgG values. By contrast, with decreasing
p(O,) the free reaction enthalpies of the different regeneration
reactions increase and converge. At very low pressures (<
1077 bar) AsG of the formation of CuO from CuSO, (Eq. (8)) even
exceeds those of the other reactions and the formation of CuO
should be preferred, which is in agreement with the principle of
Le Chatelier. Applying the higher regeneration temperature
(450 °C) shows a similar trend (Figure S4).
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Consequently, based on these calculations (Figure 7a), it
should be possible to reduce the amount of CuSO, by reducing
the partial pressure of O, which is experimentally tested by
heating up commercial CuS to 450 °C in atmospheres with
p(O,) ranging between Obar and 0.19bar. The resulting
compositions are investigated by XRD measurements (Fig-
ure 7b) followed by Rietveld analysis (Figure 7c). The exper-
imentally determined compositions are qualitatively in excellent
agreement with the AgG calculations (Figure 7¢): by decreasing
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Figure 8. Sensing measurement with CuO nanorods on a sensor substrate
applying a reduced amount of oxygen (10 ppm H,S and 0.5% O, in N, with
30% hum) (a) and a Raman spectroscopy measurement of the sensing
material after ten cycles (b).

p(O,) to as low as 0.005 bar, the amount of CuSO, and
CuOCuSO, decreases and even vanishes, while the fractions of
CuO and Cu,0 raise. Heating experiments without any O, result
in a mixture of Cu,,S and Cu,S as expected. Cu,0 might be
converted into CuO applying a second heating step with
increased p(O,). Building on this insight, a sensor measurement
was conducted applying a reduced amount of oxygen (0.5%) in
the gas flow (Figure 8).

The material shows a stable sensing behaviour in 10 sensing
and regeneration cycles (Figure 8a), and after the regeneration
step of the tenth cycle the Raman spectroscopy data show no
other signals beside CuO (Figure 8b). These promising cycling
tests prove it is possible to suppress the formation of
detrimental CuSO, by using a low atmospheric O, concentra-
tion. The reduced amount of oxygen has no influence on the
quality on the sensing behaviour, providing a strategy for a
long-lasting H,S sensor, for example by exposing the sensor to
an oxygen-deficient atmosphere in the regeneration step. Yet,
the application of an atmosphere with low p(O,) might be
technically unpractical. However, these experiments studying
the heterogeneous reaction of copper compounds under
variation of temperature and gas atmosphere clearly give
insight which can be transferred to optimize the sensor
performance.

Optimization of sensing settings

In spite of the promising sensing and stability properties, the
variation of atmospheric composition is not feasible for
practicable application of these sensors. Therefore, alternatively
we study modified sensing settings to improve the sensing
stability, a summary of which is shown in Figure 9, applied on
CuO nanorods.

For each variation, a measurement with 10 sensing and
regeneration cycles was performed coupled with Raman
spectroscopy analysis of the sensing material after completion
of the respective sensing tests, i.e. stopping after a regener-
ation step.
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Figure 9. Raman spectroscopy measurements of sensor substrates after measuring H,S in 10 sensing and regenerations cycles under variation of technical

settings, namely time, temperature and humidity.
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First, the measurement is conducted using standard settings
(i.e. a volume fraction of oxygen of 20%) serving as a reference
in this series (Figure 9, yellow curve). Indeed, CuSO, is formed
and CuS is not completely converted into CuO. By raising the
regeneration temperature to 450 °C, whilst keeping the same
atmosphere, CuSQ, is still formed during sensing measurement.

However, the CuS signal disappears, which means that this
higher temperature results in a complete decomposition of CuS
during regeneration indicating the formation of an increased
amount of CuO. Therefore, the elevated regeneration temper-
ature of 450 °C is used in the subsequent sensing experiments.
In the next experiment (Figure9, blue curve) the relative
humidity is increased to 50%, without a significant effect on
the Raman spectroscopy pattern and sensing (Figure S5). It is
therefore possible to detect H,S in an environment with higher
relative humidity, but the CuSO, formation and sensing
behaviour are unaffected. Repeated sensing experiments in
atmospheres with high relative humidity values (50% and 80 %)
are possible (Figure S6). The material shows the typical sensing
behaviour with stable sensing and regeneration cycles (Fig-
ure S6). Subsequently, the detection and regeneration times are
decreased to tpe = 1800 s (detection) and g, =900 s (regener-
ation) (Figure 9, green curve). CuSQ, is still visible in the Raman
spectroscopy data, and the signal of CuS reappears after the
measurement. Thus, a regeneration time of ty,=900s is
insufficient for the complete decomposition of CuS, which is
formed during cycling with tpe.=1800s. Next, the regener-
ation time tp, is increased to 1800 s and tpe. is decreased to
900 s (Figure 9, orange curve). Interestingly, after ten sensing
cycles pure CuO is present after the measurement, owing to a

a) @ 900s
50

100

complete decomposition of CuS without the emergence of
CuSO,. Hence, as an important finding, the amount of formed
CuSO, during 10 sensing cycles can be decreased by reducing
toetect Without changing tg.,. Certainly, for lower concentrations
the detection and regeneration time have to be adjusted, due
to the decrease in response time for lower H,S concentrations.

Building on this promising insight, these optimized sensing
parameters are used in a long-term sensing measurement with
CuO nanorods, i.e. applying tpeeq=900s as detection time,
tg=1800s and a regeneration temperature of 450 °C in
10 ppm H,S in synthetic air with 30% relative humidity.

The sensing material now shows a stable sensing pattern in
over 250 detection and regeneration cycles (Figure 10). In
nearly each cycle the resistance decreases over several orders of
magnitude due to the formation of a conductive path of CuS
and significantly increases afterwards because of the regener-
ation at 450 °C. Notably, this sensor also demonstrates
reproducible response times of around 100 s (Figure 10b). At
higher cycle numbers the variations in tg. increase due to
chemical or morphological changes. The regeneration resist-
ance (Figure 10c) exhibits an increase in resistance from 2500 Q
to 12500Q during the measurement. Compared to the
previously applied setting, featuring a longer detection time,
the increase in resistance during the whole measurement is
smaller and the sensing material exhibits a stable sensing
behaviour in a larger number of cycles.

These observations therefore indicate a reduced formation
of CuSO, during the measurement. By decreasing the detection
time, a reduced amount of Cu$ is formed during the detection
mode, in turn resulting in a decreased formation of CuSO,

{:D 1800's @ 450°C Q ;g;,m:zs in syn. air

Cycle Number

150 200 250

10°

s
3 [ ““Ilr
g Il
2 ” i
2 Uil
10' | LT (TR LT | -
10° 4 T T T T T )
0 20 40 LR 100 120
%) 1000 9 300000
250000
750
o 200000 ﬁ
"
s g “150000 i
8 & ol iy
% 100000 “m f hr “\w‘
250 B F 1
50000 /im\lﬁ!ﬁﬁﬂ m{ [ '
0 AT
o s

0 50 100 150 200 250
Cycle Number

0 100 150 200 250
Cycle Number

Figure 10. Long-term measurement with CuO nanorods on a sensor substrate applying 10 ppm H,S in synthetic air with 30% relative humidity, 900 s sensing
time, 1800 s regeneration time and a regeneration temperature of 450 °C (a). Response time (b) and regeneration resistance (c) for each cycle during the long-

term measurement.
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during regeneration. Therefore, a shorter detection time
coupled with a higher regeneration temperature result in an
increased stability with a sensing activity in over 250 cycles.
Certainly, the formation of CuSO, cannot be entirely prevented,
as described in the previous section, but the sensing stability
can be improved significantly by optimizing these sensing
settings.

Conclusion

The use of CuO materials for H,S dosimetry, exploiting the
formation of conductive CuS/Cu,S paths and the steep increase
in conductance when the percolation threshold is reached, is a
potentially feasible sensor concept. In principle, this type of
CuO sensors allows for long-term and low-cost dosimetric
detection of H,S, even for low concentrations in the range of
the maximum allowed exposure limits, i.e. 5 ppm or 10 ppm.
Yet, the occasionally observed continuous decay in the sensing
performance under permanent exposure to H,S is a hindrance.
Here we focus the underlying chemical reactions during sensing
to improve the long-term stability of these sensors.

As main conceptual methodology we used CuO nanorods
of well-defined shape and studied chemical and morphological
alterations at the different steps of the sensing cycles (see
Figure 1), in order to identify the process(es) resulting in loss in
sensing performance. While the morphological were easily
detectable by SEM images of the material deposited on the
sensor, the composition of the solid material was analysed by
Raman spectroscopy on the very same sensor. Together with
the corresponding sensor signal, we were thus able to correlate
the conductance with both, morphological and chemical trans-
formations on one particular sensor. As main result from this
concerted elaborate analysis, we conclude that the formation of
CuSO, occurs predominantly during the regeneration step, i.e.
during heating CuS under atmosphere conditions. As such on-
the-sensor analysis can hardly quantify the composition, CuO
and Cu$S were heated under controlled conditions (temperature,
gas composition) in an oven, enabling larger sample quantities
and thereby quantitative analysis by XRD, providing the exact
composition by Rietveld refinement. These experiments were
confirmed with calculation of the Gibbs Free Enthalpy of various
possible reactions. Indeed, experimental analysis and thermody-
namics consistently prove the dilemma that not CuO, but CuSO,
is favoured under these conditions, thereby counteracting the
reusability of such sensors. In essence, our study proves that
extensive, irreversible formation and accumulation of CuSO, is a
chemical process leading to continuous decline in sensing
performance, as CuSO, is an insulator.

Building on this insight, we concluded that a chemical
strategy avoiding the CuSO, formation must take advantage of
kinetics as well. Hence, keeping other sensing parameters
constant, we reduced the detection time shorter detection time
coupled with a higher regeneration temperature result. Indeed,
less CuSO, was generated, on the one hand because of the
shorter time for converting CuS into CuSO,, and on the other
hand the formation of CuSO, thermodynamically is less
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preferential at elevated temperature. The concept to minimize
CuSO, formation in terms of a kinetic principles is supported by
the observation that CuS nanoparticles, possessing an overall
high surface area undergo a more severe decline after a series
of sensing cycles. Evidently, a higher interaction area between
CuS and the oxygen-containing atmosphere is detrimental,
resulting in a higher reaction rate of the CuS oxidation. We
would like to note that this result also shows that a nano-
structure is not always beneficial for sensing. Instead, for CuO-
based dosimetry the particles should rather be of a dimension
beyond the nanoscale.

Based on these systematic studies, finally H,S sensors based
on CuO nanorods with a stable sensing behaviour in more than
250 detection cycles can be achieved. This advancement was
possible by approaching the sensing problems from a chemical
point of view, which is translated into a longer lifetime of the
sensor.

Hence, our study demonstrates that rigorous analysis of the
chemical reactions taking place between solids and gases
provides distinct inside into the failure of CuO-based dosim-
eters. Guided by general principles of kinetics and thermody-
namics it is possible to reduce the formation of detrimental
CuSO, and thus to substantially improve the life-time and thus
overall sensing performance. We believe that this conceptual
methodology might be applied to advance the performance of
other types of dosimeters building on chemical transformations.

Experimental Section

Chemicals: All chemicals are of analytical grade and used as
received: copper(ll)acetate-monohydrate (Cu(OAc),-H,0, Sigma Al-
drich), copper(ll)nitrate-trihydrate (Cu(NO,),-3 H,O, Sigma Aldrich),
copper(ll)chloride-dihydrate (CuCl,-2 H,0, Sigma Aldrich), sodium
sulfide-nonahydrate (Na,S-9 H,0, Alfa Aesar), deionized water (H,0)
and ethanol (EtOH, Fisher Scientific).

CuO nanorod preparation: The CuO nanorods are prepared by a
hydrothermal approach reported by Yang et al."® First a solution of
0.5 M copper(l)nitrate in absolute ethanol is prepared. Subse-
quently this solution (5 mL, 2.5 mmol Cu(NOs),) is added to 10 M
sodium hydroxide solution (10 mL, 0.1 mol NaOH). The mixture is
transferred into a Teflon-lined hydrothermal synthesis autoclave
(45 mL, Parr Instrument Company, Model 4744 General Purpose
Acid Digestion Vessel) and treated for 12 h in a drying oven at 100
°C. Afterwards, the particles are separated via centrifugation
(7500 rpm) and washed three times with demineralized water and
three times with ethanol. Finally, the dark brown powder is dried at
60 °C in a vacuum oven for 3 h. Characterization is performed with
a “Merlin” instrument by Zeiss for scanning electron microscopy
(SEM) images and a Philips CM30 instrument equipped with a LaB6
cathode (300 kV) for transmission electron microscopy (TEM). X-ray
diffraction (XRD) measurements areperformed with a X'Pert Pro
from PANalytical using CuKa radiation for and a step size of 20 =
0.026°, and a time per step of 150 s in a range of 2@ =10-90° and
a “Senterra” Raman microscope from Bruker with a 532 nm laser
was used for Raman measurements.

Synthesis of CuS nanoparticles: The CuS nanoparticles are
prepared by adapting a low-temperature batch method.”” First a
0.1 M aqueous copper(ll)chloride solution (25mL) and a 02 M
aqueous Na,S solution (25mL) are prepared. Both precursor
solutions are cooled to 0 °C in an ice bath and the synthesis is
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performed at constant temperature (0 °C). While dropping the
copper chloride solution to the sulfide solution under constant
stirring, a dark-brown-black precipitation is observed. Subsequently,
the suspension is centrifuged at 8000 rpm for 15 min and a powder
is obtained, which is washed 5 times with Milli Q water without
adjusting the pH value. The resulting product is dried under
vacuum in a desiccator for 12 h at room temperature. The nano-
particles are characterized by XRD, TEM and Raman measurements.

Sensor preparation: Gas sensing measurements are done with
commercial 3 mm x 3 mm alumina gas sensor substrates from UST-
GmbH (Geschwenda/Germany). A platinum interdigital structure
(IDS, gap width 25 pm) on top for electrical read out and a 10 Q
platinum built-in heater is integrated in these substrates. Small
amounts of CuO particles are applied on the sensor substrate and
fixed with one droplet of water.

Sensing experiments: The prepared sensors are mounted in a
custom-made Teflon chamber (volume: 2 mL) and tested in a
home-made gas sensing setup (similar to reference).™ In this
chamber defined gas mixtures containing H,S are supplied by mass
flow controllers (MKS). Flow rates are adjusted to 120 sccm dry and
60 sccm humig synthetic air (PRAXAIR) with 20 sccm of diluted H,S
in nitrogen (100 ppm) resulting in an atmosphere of 30% relative
humidity containing 10 ppm H.S.

For the electrical read-out a Keithley multimeter is used and the
heater is controlled by a programmable laboratory power supply
“K3005P” (by KORAD). Further characterization on the sensor
substrates after sensing test is done by SEM and Raman measure-
ments.

Investigation of the regeneration of CuS: For a detailed analysis of
the regeneration during sensing experiments, commercial CuS is
analysed by thermo gravimetric analysis (TG) on a STA 409PC
thermoscale (Netzsch) in combination with a QMG421 quadropole
mass spectrometer (MS) by heating up the sample to 1000 °C with
a heating rate of 5 °C/min. Additionally, the sample is heated up to
1000 °C in a furnace. At several temperature (160 °C, 200 °C, 300
°C, 350 °C, 450 °C, 550 °C, 850 °C, 1000 °C) a small amount of
sample is removed from the furnace and characterized by XRD. For
regeneration experiments in an atmosphere with a reduced
amount of oxygen a home-made gas mixing setup is combined
with a furnace. A curved glass tube is placed in a furnace and
connected to a gas mixing setup based on four different mass flow
controllers (see Supporting Information file, Figure S7). By decreas-
ing the amount of synthetic air and increasing the amount of N,
low oxygen concentrations are obtained. CuS is heated up to 450
°C in atmospheres containing a reduced partial pressure of O,
(0.19 bar, 0.05 bar, 0.03 bar, 0.01 bar, 0.005 bar, 0 bar) in N, with
30% relative humidity. The samples are characterized by XRD
measurements.
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6. Fazit und Ausblick

Im Rahmen dieser Arbeit konnten CuO/SiO2-Hybridmaterialien und CuO-
Nanomaterialien fir den Einsatz als selektive und sensitive Gasdosimeter mit
reversiblen Sensorzyklen und hoher Langzeitstabilitat in der H2S-Sensorik
prapariert werden.

Insbesondere ist die Praparation von CuO/SiO2-Hybridmaterialien ein geeigneter
Weg, um die Langzeitstabilitdt solcher Sensoren zu erhéhen. Durch das
Einbringen von CuO in ein makropordses Netzwerk aus SiO2-Nanofasern konnte
die strukturelle Stabilitait des sensitiven Materials (CuO) erheblich gesteigert
werden. Im Verlauf der Sensorzyklen akkumulierte allerdings CuSO4 auf dem
Sensor und fihrte zu einem Abbruch der Sensoraktivitdt nach einigen
Sensorzyklen.

Wegen der Bildung von CuSO4 wurden mit Hilfe von reinen CuO- und CuS-
Nanomaterialien die chemischen Reaktionen wahrend der Sensorzyklen
untersucht, in groRerem Mal3stab reproduziert und im Detail analysiert, wodurch
tiefergehende Informationen zum ablaufenden Sensormechanismus gewonnen
werden konnten. Anhand von thermodynamischen Berechnungen konnten die
identifizierten chemischen Reaktionen wahrend Detektion und Regeneration
belegt werden. Die Sulfatbildung konnte in der Regeneration lokalisiert werden,
wobei eine zusatzliche Bildung in der Detektion aber bisher nicht ausgeschlossen
werden kann. In Kombination mit thermodynamischen Berechnungen und
kinetischen Uberlegungen konnten drei Optimierungsstrategien erarbeitet werden,
um die CUSOs-Bildung zu minimieren und die Langzeitstabilitat zu steigern:
Erhohung der Regenerationstemperatur, Verringerung der Detektionszeit und
Verringerung des Sauerstoffpartialdrucks wéhrend der Regeneration.

Ein nachster Schritt in der Sensoroptimierung wére nun die Kombination der in den
beiden Forschungsprojekten erarbeiteten Moglichkeiten zur Steigerung der
Langzeitstabilitdét. Zum einen stabilisiert eine porése SiO2-Matrix das sensitive
Material (CuO), um morphologischen Veranderungen entgegenzuwirken und zum
anderen kann durch hohere Regenerationstemperaturen und Kkirzere
Detektionszeiten die Bildung von unerwiinschten Nebenphasen minimiert werden.
Die Kombination dieser beiden Methoden sollte es ermdglichen, die
Langzeitstabilitat weiter zu steigern. Zusatzlich kénnte ein kostengunstiger Aufbau

erarbeitet werden, welcher den Sauerstoffanteil wahrend der Regeneration

61



CuO-basierte Nanostrukturen als Gasdosimeter in der H2S-Detektion

minimiert, um Nebenreaktion weiter zu reduzieren bzw. auszuschlieRen und
dadurch ebenso die Langzeitstabilitat weiter zu steigern.

Weiterhin musste die Detektion néher betrachtet werden. Die Konzentration der
gewahlten H2S-Mischungen war zu gering, um die Detektion mit Hilfe von CuO-
Nanomaterialien in grof3erem Malstab zu reproduzieren und einen mit den
gangigen Analysemethoden (Raman, XRD, EDX) detektierbaren Umsatz zu
erreichen. Es mussten hohere H2S-Konzentrationen verwendet werden, welche
aufgrund der hohen Toxizitat allerdings spezielle Apparaturen mit besseren
Sicherheitsvorkehrungen bendtigen.

Zudem wurde fur ein besseres Verstandnis der ablaufenden chemischen
Reaktionen gesorgt, die Regeneration in groferem Mal3stab reproduziert und ex
situ analysiert. Dabei konnten Rickschliisse auf einzelne Produkte geschlossen
werden, welche in einzelnen Sensorschritten entstehen. Sowohl Kinetik als auch
Thermodynamik kdénnten aufgrund der geringen aktiven Sensormasse in einem
definierten Gasfluss allerdings erheblich davon abweichen und wahrend der
einzelnen Reaktionen kdnnten auch noch weitere Zwischenphasen auftreten. Um
einen tieferen Einblick in die tatsachlich ablaufenden chemischen Reaktionen mit
allen Zwischenphasen zu erhalten, missten in situ Experimente in verschiedenen
Gasatmosphéaren an kleinen Probenmengen durchgefiihrt werden. Durch in situ
Rontgenabsorptionsspektroskopie (XAS) der CuO- und CuS-Materialien in
verschiedenen Gasatmospharen konnte die chemische Umgebung von Kupfer
(Cu) Uberwacht und die tatsachlich ablaufenden Reaktionen untersucht werden.
Zusammenfassend fuhren beide in dieser Arbeit entwickelten Ansatze zu einer
Steigerung der Langzeitstabilitdt und ermdglichen die Praparation von Sensoren,
welche 10 ppm H2S in synthetischer Luft mit 30% relativer Luftfeuchte selektiv in
uber 100 (CuO/SiO2-Komposit) bzw. 200 (CuO-Nanostédbe) Sensorzyklen
reproduzierbar detektieren und dabei mit der Literatur vergleichbare
Detektionszeiten liefern. Die untersuchten Ansatze fiuhren zu einem tieferen
Verstandnis fur den ablaufenden Sensormechanismus und sind essenziell fur die
Etablierung von CuO-basierten Nanostrukturen als Gasdosimeter in der H2S-
Detektion.
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Figure S1: SEM images and element distribution from EDX measurements of the infiltrated SiO>

fibers at two different magnifications.
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Figure S2: XRD patterns of the SiO: fibers (black) infiltrated with Cu(OAc). after calcination. In

addition, the reference pattern (JCPDS 00-045-0937) of CuO (blue) is shown.
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Figure S3: TGA analysis of the SiO; fibers (black) infiltrated with an aqueous solution of Cu(OAc)..
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Figure S4: Long-term measurement with SiO,/CuO composite fibers deposited on a sensor

substrate applying 10 ppm H3S in synthetic air with 30% humidity (a); b) shows the sensing

behavior at the beginning, c) at the end of the long-term sensing study.
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Figure S5: SEM image of the SiO2/CuO composite fiber mat on the sensor substrate after the
measurement. The SEM image is blurred due to vibration during SEM measurement, which were

performed directly on the sensor substrate.
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Figure S1: Detailed analyses of the sensing mechanism of CuO nanorods with SEM (first column) and Raman (third
column) measurements. Different states during the sensing cycles were investigated: initial state (a), after first detection (b),
after first regeneration (c), after second detection (d), after 10 cycles (e). The second column represents the different states
during cycling.
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Table S1: References of different substances for XRD analysis.

Substance Reference
CuS ICSD 98-006-7581
CuwsS ICSD 98-005-7213
Cu=S ICSD 98-001-6550
CuSO4 ICSD 98-016-6100
CuOCuSO4 1CSD 98-003-4649
Cu0 1CSD 98-026-1853
CuO ICSD 98-062-8615
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Figure S2: Sensing measurement with CuS powder on a sensor substrate applying an increased regeneration temperature of
450 °C in 10 ppm H;S in synthetic air with 30% hum.
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Figure S2: TGA measurement coupled with MS of CuS nanoparticles (a) and XRD data (b) after heating up Cus to specific
temperatures corresponding to transformations according to the TGA measurement.
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Figure S4: AgG® values of relevant regeneration reactions depending on the partial pressure of O, at 450 °C
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Table S2: Enthalpy Asf{°, entropy AS® and molar heat capacity ¢, form the educts and products of the different reactions.

ABHe Se Cp
Substance K ] ] Reference
mol K mol K mol
CuS -53.1 66,5 478
CuzS -79.5 1209 76,3
CuSO4 -771.4 109.0 98.8
CuOCuSO4 -927.6 157.3 140.2
Cu0 -168.6 93.1 63.6
CuO -1573 426 423
0O 0 205,2 294
SO -296.8 2482 39.8

Table S3: Calculated thermodynamic values for different reactions taking into account the temperature-dependence of the

reaction enthalpies and reaction entropies.

0
‘ Temperature | ARH®| ArS° | Ac, | ARH® | ARS® | ARG
Reaction /o KJ J J kI ] kJ

mol K mol [ K mol mol K mol mol

20uS( +20, > CuSc + SOy 350 270 31 -9 274 23 288

CuSiy 120, — CuSOy 350 -718 -368 -7 =720 =373 -488

2CuS, ~ 50, — 2Cu0CuSO, 350 -848 -476 -9 -851 -483 -549

CuS,) + %oz(g) — CuQy) + SOy 350 -401 -83 -10 -404 -90 -344

CuSOy — CuOy + SOy + 0.5 Oggyy 350 317 28 -3 316 282 140
4

78



8. Anhang

Table S4: Standard free enthalpy calculated for the regeneration reactions (2) and (5-7) by the Gibbs-Helmholtz equation for
350 °C, taking into account the temperature-dependence of the reaction enthalpies and reaction entropies and the pressure-
dependence of the free enthalpy at different p(O2) with a p(SO2) of 10™°bar.

Reaction | CuS,+ ;02(,, - | 2CuS) +20, ) — | CuSy +20,  —| 2CuSy +50,  — p(02) bar
CuOy, + SOy Cu,S() + SO, CuSO, 2Cu0OCuSO0,()
-450 -398 470 -528 1.9-107
-446 -395 -464 -519 1-107
ARG
W -410 -371 -416 -460 1-10 3
mol 374 347 -368 -401 1:10 ¢
-338 324 321 -341 1-107
107
10%4 i
&
C 45
= 10 3 ()]
(0] &
o 104
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L P ‘ >
» 10°4 o
) 2
© 10%1
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Figure S5: Sensing measurement with CuO nanorods on a sensor substrate applying an increased humidity in the sensing
atmosphere (10 ppm H,S in synthetic air with 50% hum).

79



80

CuO-basierte Nanostrukturen als Gasdosimeter in der H2S-Detektion

(:D 1800 s (B 900 s @ 450 °C
10 ppm H,S in syn. air 10 ppm H,S in syn. air
50% hum. 80% hum.

Resistance / Q

Time/h

Figure S6: Sensing measurement with CuO nanorods on a sensor substrate applying variations in humidity in the sensing
atmosphere (10 ppm H,S in synthetic air with 50% hum and 10 ppm H,S in synthetic air with 80% hum).
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Figure S7: Schematic depiction of a) the gas mixing setup combined with a furnace where the CuS heated up to 450 °C in
different gas atmospheres b).
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