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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.

/

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 3
doping with other metal oxides or carbon, but achieving  CUS(s)+5 O3 — CUO(;)+50s )

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,5()+CuO — CuS(,)+H,0) (M

Compared to CuO, CuS has a few orders of magnitude
higher charge carrier concentration. Next to CuS 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)
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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 CuO), namely the response time tz.; and the regener-
ation resistance Rg.y. The response time tg,, (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 tpeect
and the regeneration time tz,, (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
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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 tpe.: black clock; regeneration time tg.q: red clock: regeneration temperature: thermometer) and sensing parameters (regeneration

resistance Rgq 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(S)+202<9)—’CUSO4(5) (3)

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

CuS04— CuO(;)+505) )

has a value of AgG°~ + 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 A,G° 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,
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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 2¢) 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

a)

——— CuO nanorods

Intensity / arb. unit

—

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)
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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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Figure 3. Long-term measurement with CuO nanorods on a sensor substrate applying 10 ppm H,S in synthetic air with 30% relative humidity (a) with a
magnification of the first 10 cycles (b). The same sensor was tested in a subsequent sensing measurement applying the same atmosphere in 10 sensing cycles
after the long-term measurement (c). Response time (d) and regeneration resistance (e) for each cycle during the long-term measurement.

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

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 Rgeq
(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 Rqo, (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
tress the Reeq (Figure 3e) exhibits a substantial increase at higher
cycle numbers, up to around 25000 Q, 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 CusS 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 CuS 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
CuS 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 CuQ, 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 CusS (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,O, 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
(CuOCuSO,) are formed resulting in an increase in relative mass
(6+ 7). Above 750 °C the reaction to CuO takes place (8).

2CUS () +0, 5 —Cu,S(,) + SOy 250 °C— 300 °C 5)
CuSy+20,,)— CuSOy 320 °C —420°C ©)
2CuS(,+50,, — 2CUOCUSO,, 320 °C — 420 °C @)

CUSO4(5)—> CUO(S) + SOz(g) +0.5 OZ(g) 750 °C—-810 °C (8)

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
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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 CusS 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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20 nm 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, S exerts no significant impact on sensing
properties. This material shows stable sensing behaviour in 20
sensing and regeneration cycles, too (Figure 6¢). 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 CuSO, 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,4S already in the initial sample the formation Cu,gS and

a) CusS nanopowder
= |
=} f
e
©
> x
D [
C A‘ i
g Moo g b
S f "‘w«n‘w b Aoy
“ CuS/Cu, 45
11 [ T R
20 30 40 50 60 70 80 90
20/°
c)

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 AgRG° using the Gibbs-Helmholtz equation
AGP=AH°—T AgS°, 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 AzG° 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

b)
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Figure 6. XRD (a) and TEM (b) measurement of CuS nanoparticles prepared by a low temperature 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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a)

Table 1. Standard free enthalpy ARG° 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

-550

Reaction

ARG’ (350 °Q)
[kimol™]

enthalpies and reaction entropies (see Supporting Information).

ARG° (450 °Q)
[kimol ™

CUS(y+1.5 Oy —CUO, +50,g)
2CuS (40, —CU,S( + SOz

CuS (420, —CuSO,)
Cu,5(+2.50, 5 —CuOCUSO,
CUSO,,—CuO, + SOy +0.5 O

—344
—288
—488
—549
+140

—334
—-290
—450
—501

+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 AzG°, 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 ag; can be replaced by p/p,
of the involved gases i:

pe/P°)[po/P°]

ARG(p) = ARG’ +RTIn PA/PT [P/ P

(©)

A+ vgB = v C+vpD (10)
For example, for reaction (6) the dependence of AgG on the

partial pressure of oxygen p(0O,) is given by

Bai(po,) = MG+ RTIns an

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(0O,), 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. AgG values of relevant regeneration reactions depending 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 O,.

seen by the lowest ARG 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) ARG 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 O0bar and 0.19 bar. 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 ARG 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 0.005bar, 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,gS 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, CuSO, 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 tpeer = 1800 s (detection) and tz.,=900 s (regener-
ation) (Figure 9, green curve). CuSO, is still visible in the Raman
spectroscopy data, and the signal of CuS reappears after the
measurement. Thus, a regeneration time of f,;=900s is
insufficient for the complete decomposition of CuS, which is
formed during cycling with tp..:=1800s. Next, the regener-
ation time f., is increased to 1800 s and fpe; is decreased to
900 s (Figure 9, orange curve). Interestingly, after ten sensing
cycles pure CuO is present after the measurement, owing to a

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 tz.,. 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 tp.e=900s as detection time,
treg=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 tz, increase due to
chemical or morphological changes. The regeneration resist-
ance (Figure 10c) exhibits an increase in resistance from 2500 Q
to 12500 Q 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 CuS is formed during the detection
mode, in turn resulting in a decreased formation of CuSO,
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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 CuS 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 CuSQ, is a
chemical process leading to continuous decline in sensing
performance, as CuSQ, 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,O, Sigma Al-
drich), copper(ll)nitrate-trinydrate (Cu(NO,),-3 H,O, Sigma Aldrich),
copper(ll)chloride-dihydrate (CuCl,-2 H,0, Sigma Aldrich), sodium
sulfide-nonahydrate (Na,S-9 H,O, 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
0.5M copper(ll)nitrate in absolute ethanol is prepared. Subse-
quently this solution (5 mL, 2.5 mmol Cu(NO;),) 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 20 =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 0.2 M
aqueous Na,S solution (25 mL) 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 um) 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, 0bar) in N, with
30% relative humidity. The samples are characterized by XRD
measurements.
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