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Abstract

Herein, cerium/cerium oxide nanoparticles have been decorated on reduced graphene oxide
(Ce/Ce0,-rGO) for room temperature electrochemical determination of H,S in 0.5 M KOH.
There is a superior linear correlation between the peak current density and H,S content in the
tested range of 1-5 ppm. Moreover, comparison to other abundant gases such as CO, shows no
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response at the potential of H,S oxidation, confirming no interference with H,S detection. It
also reveals that the Ce/CeO,-rGO nanocomposite is a highly selective and sensitive system for
the determination of H,S gas. Ce/CeO,-rGO synthesized by a simple chemical approach and
further characterized by X-ray diffraction (XRD), Fourier transform infrared (FTIR), field
emission-scanning electron microscopy (FE-SEM), coupled energy dispersive analysis of X-
ray (EDAX), and BET-surface area measurement confirms the porosity of synthesized
nanomaterials and homogeneous decoration of Ce/CeO, nanoparticles on rGO sheets. The
electrochemical studies, i.e., linear sweep voltammetry (LSV), of Ce/CeO,-rGO demonstrate
the electrochemical H,S sensing at room temperature and for lower gas concentration (1 ppm)
detection. The sensing mechanism is believed to be based on the modulation of the current
and applied potential path across the electron exchange between the cerium oxide and rGO

sites when exposed to HS.

Graphical Abstract

One-pot synthesis of Ce/CeO,-GO hybrid nanostructure is of immense significance for H,S
gas sensors. Here is a new superficial synthetic way intended for the synthesis of Ce/CeO,-GO
nanocomposites through the sol—gel technique. Herein, we depict that the consequential Ce/
CeO, NPs decorated on graphene oxide sheet material can give competent electrocatalysts for
the H,S oxidation reaction in an alkaline condition. The current density of 5.9 mA/cm? on the
tiny potential of 2.5 mV vs. SCE demonstrates huge catalytic bustle and stability.
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Introduction

Society is exposed to various air toxins in the indoor and outdoor environments. Poor air
quality is a well-known cause for various health issues which can over and over again result
into life-intimidating and sudden emergency care. H,S is one of the common toxic air
pollutants, which is mostly found as a mixture with other gases and at a very low
concentration. It can direct to personal pain at a higher concentration, and it can result in loss
of consciousness, lasting brain damage, or death due to the neurotoxicity produced by the
gases [1]. H,S releases through many industrial processes and it also produces by-products

from many organic transformations and these gases are throughout the environment
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(nature). For example, the primary sources of H,S release includes by decomposition of
organic materials by bacteria while it is also an ingredient of natural gases, volcanic gases,
sulfur dump, and sulfur jumps [2]. The unmediated releases of high concentrations of sulfides
can effectively overcome the checks and balances that job under natural situations and can
significantly intimidate those close to the environment. Therefore, there is an increasing
demand for highly sensitive, fast-responding, transportable devices for monitoring lower
detection limits of sulfides in ecological and industrial areas. Hydrogen sulfide (H,S) isa
colorless, toxic, and flammable gas, with an odor unlike a rotten egg smell [3]. Instant leak
H,S gas to levels greater than 300 ppm is measured as hazardous to life or health [4].
Manufacturing processes relating to natural gas and oil, paper and pulp production, sewage
treatment, and sulfur and its derivatives in manufacturing plants are lying onto potentially
high levels of H,S, that also go on naturally or as a side-product of the industrial processes [5].
Monitoring of both dissolved sulfide and H,S is of great importance due to the high toxicity of
sulfides which can cause stern or deadly poisoning due to the neurotoxic consequence of the
gas [6]. Although dissolved sulfide has mobilized freely into aquatic (river, sea, and marine)
environments and it is hazardous, the release of high concentrations of sulfide can be

monitored and converted by electrochemical techniques [7].

Detection methods for sulfide have evolved from simple colorimetric assays to the more
recently used techniques, including high-pressure liquid chromatography (HPLC) and gas
chromatography (GC) [8,9,10], monobromobimane (MBB) [11,12,13,14], fluorescence probe
[8], electrochemical sensors (ion-sensitive electrodes and polarographic H,S sensors), high-
performance fluorescence spectroscopy, iodometric titration, calorimetry, metal-induced
sulfide precipitation, and conductivity/impedance methods based on metal-oxide (M-0O)
costs, long preparation times and conditioning/processing of samples, and the need for
standards and toxic chemicals, at least in some cases, make these analytical methods ineligible
for their deployment in the field. Despite these drawbacks, electrochemical methods have
gained immense popularity owing to massive development in instrumentation and
techniques, lower cost, portability, simplicity of design, and rapid analysis with high

also crucial to the sensing effect of the sensor [28]. In prior reports, H,S sensors based on
metal [29], carbon (C) [30, 31], and metal oxide (MO) [32,33,34] materials have been
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developed and all these studies have achieved effectual results, though these materials have
some insuperable shortcomings, such as low sensitivity, poor stability, and high cost [35, 36]
which limit their application in electrochemical sensing. Herein, the detection of H,S by the
electrochemical method is suitable and easy having an exceptionally ultra-low detection limit

(even can detect a single atom/molecule).

Different diagnostic methods have been reported and used for the detection of dissolved
sulfides including spectroscopic, colorimetric, titrimetric, chromatographic, and
electrochemical that give several ways such as in potentiometric and amperometric
techniques [17, 18, 37,38,39]. Among these, electrochemical methods give a smart platform for
industrial and ecological applications due to the ease of the move towards and the potential for
online scrutinized systems. Electrochemical methods for H,S were sensitive and selective to
gas diffusion membrane. For example, Brown et al. examined the selectivity of several electro-
polymerized membranes for selective H,S determination against a wide range of interferences
and found that phenylenediamine series performed better [37]. The Pt electrode has a huge
cost that frequently reduces the sensor as sulfide ions to sulfur. Other materials enhance the
overall H,S sensing performance showing better LOD, selectivity vs. key interfering species,
sensitivity retention in proteinaceous media, and response time. However, the more attractive

potentiometric and amperometric systems have been used majorly for industrial H,S sensing

Ce/Ce0,-rGO nanostructures used for the construction of electrochemical sensors are vital to
change the work conditions and develop the performance of as-prepared electrochemical
sensors, such as sensitivity, working potential, selectivity, and linear range. The Ce/CeO,-rGO
nanostructures with a large specific surface area and multi-oxidation state Ce*3, Ce*# benign
compatibility have provided a superior surface for adsorption of H,S molecules at interface.
Ce/Ce0, is frequently used and plays an important role on the improvement of chemical gas
sensing on graphene-based sensing systems [42,43,44]. As previously reported, Ce doping
can increase the amount of the vacancy in host material via the transformation of chemical
valence (Ce**— Ce3*), which is very beneficial for enhancing the response to reducing

gaseous species like H,S [45, 46].
In this work, an electrochemical H,S sensor integrates the H,S oxidation reactions. It can be
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converted into SO, through electrochemical reaction at Ce/CeO,-rGO electrocatalytic
interface. This proposed system theoretically provides an alternative street for the
environmentally simultaneous monitoring of dissolved gases with additional fiscal and
ecological benefits. Ce/CeO,-rGO hybrid nanostructures exhibit excellent electrochemical
performance, and these experimental results evidently expose the presence of the charge
transfer (CT) at the edges of Ce/CeO, NPs and rGO, as schematically shown in Scheme 1.

Scheme1
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Schematic representation of a Ce/CeO, nanoparticles decoration on rGO surface, i.e., Ce/CeO,-rGO, b
exposure of H,S gas towards Ce/CeO,-rGO interface followed with electron transfer, and c
corresponding to its oxidative determination by LSV performance studies

Experimental

Materials and Reagents

Sulfuric acid (H,SO4) 98%, nitric acid (HNOs) 78%, and graphite powder 99.99% are of
analytical grade. Cerium chloride (CeCl57H,0), hydrochloric acid, potassium hydroxide
(KOH), H,S gas cylinder, ethylene glycol (EG), absolute ethanol, and acetone were procured
from SD Fine Chem, India. The whole organic solvents were retail of analytical rank and used
with no additional decontamination. Deionized water (18 MQ) from the Milli-Q system was

used for all syntheses and electrochemical assessments of electrocatalytic materials.
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Chemical Synthesis of Graphene Oxide (GO) and Reduced Graphene
Oxide (rGO)

The chemical synthesis acid-functionalized graphene oxide (GO) was synthesized initially.
Eighty milligrams of graphite powder was taken in 100 mL mixture of 78% HNO; and 98%
H,S0, (1:1) and sonicated for a few minutes because the separate sheet of graphene creates
suitable dispersion of graphene then refluxed for 6 h [45,46,47,48]. This leads to the
carboxylation of graphene sheets from graphite followed by exfoliation into the solution, i.e.,
formation of GO. Then, the mixture was filtered by using polytetrafluoro ethylene (PTFE)
membrane (pore size 0.2 ym) as well as the GO-based carbon mass was washed carefully with
deionized water until the pH of the filtrate remains neutral (pH-7) followed with ethanol, then
dried out at 60—80 °C in a furnace for 2 h. Furthermore, for the synthesis of rGO; 0.5 g of the
above as-synthesized GO was taken and mixed with hydrazine hydrate (2—5 mL), and the
mixture was stirred for 2 h. The dispersion was filtered, and the solid material was washed
copiously with ethanol to remove excess hydrazine hydrate and other impurities. This as-

synthesized rGO was further used for the synthesis of nanocomposite materials below.

Synthesis of Cerium—Cerium Oxide-Reduced Graphene Oxide (Ce/
Ce0,-rGO) Hybrid Nanoelectrodes

For the synthesis of Ce/CeO,-rGO hybrid electrocatalytic system, pre-synthesized 20 mg rGO
was added into preheated 50 mL of anhydrous ethylene glycol (heated at 130 °C for 30 min to

remove dissolved oxygen and water molecules) followed with ultra-sonication for 2 h to get

fully exfoliated rGO sheets, and then added to it the calculated amount of 0.2 mg L1
CeCl37H,0 in the dispersion of rGO and ultra-sonicated further for 2 h. The suspension of Ce/
Ce0,-rGO was mechanically stirred and refluxed for 6 h to form a Ce/CeO,-rGO hybrid
nanostructure. The substrate GO is converted to rGO, and could be due to oxygen containing
all surface functionalities utilized for CeO, skin formation on Ce ions at rGO and Ce
nanoparticle interface, i.e., Ce/CeO,-rGO hybrid formation shown in Scheme 2.

Scheme 2
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Chemical synthesis method of (I) decoration of Ce/CeO, nanoparticles on rGO and (II) purification of
Ce/Ce0,-rGO nanocomposites and FE-SEM

Instrumentation and Experimental Procedure

All electrochemical studies were performed on CHI-660E (CH-instruments USA) using a
conventional three-electrode test cell with a Pt foil, and saturated calomel (SCE), glassy
carbon (GC) electrode (3-mm dia.) were used as counter, reference, and working electrodes,
respectively. Prior to the experiment, the cleaning of the working electrode was carried out by
polishing it using three different (grain sizes 1.0, 0.3, and 0.05 pm) alumina powders, followed
by washing with water (deionized water) and methanol (AR grade) to remove inorganic and
organic impurities, respectively. All electrochemical/electroanalytical studies were carried out
in an aqueous solution of 0.5 M KOH using a three-electrode system.

Preparation of Modified Electrode for Electrochemical H2S
Sensor

The modified Ce/CeO,-rGO electrode was fabricated by the below procedure. During the first
step, the bare glassy carbon (GC) electrode was instinctively refined with alumina powders of
different sizes (0.3, 0.05, and 1.0 pm) on a micro-polishing kit and rinsed with methanol
which was followed by ultrasonication to eradicate the alumina residues. In the second step, a
10 pL aliquot of Ce/Ce0,-rGO (2 mg in 0.18 mL of isopropanol and 20 puL of 5 wt% Nafion
solutions) was drop-casted on the surface of cleaned GC surface and air-dried at room
temperature [49).

Results and Discussion
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Figure 1a shows a field emission-scanning electron microscopy (FE-SEM) image of rGO
demonstrating the individual few layer sheets are 400—500 nm in size. In Ce/CeO,-rGO
hybrid nanostructures as shown in Fig. 1b and ¢, Ce/CeO, NPs decorated entirely on the rGO
framework like in this reference [45], which is able to attribute the better dispersion. The FE-
SEM image of Ce/CeO,-rGO hybrid nanostructures evidently shows the nanoparticles have a
size of 50—100 nm in this nanocomposite as shown in Fig. 1b. The formation of highly
dispersed metallic Ce/CeO, NPs between narrow size distributions of 50—100 nm observed on

rGO support. As shown by FE-SEM in Fig. 1c, some particles are agglomerated [50].
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Fig.1
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FE-SEM images of a GO and b, ¢ of Ce/Ce0O,-rGO hybrid nanostructures confirm Ce/CeO, embedded/
decorated on few layers of rGO and the size of Ce/CeO, NPs is in the range of 10—-100 nm

The surface morphology of Ce/Ce0,-rGO is shown in Fig. 1b and c. The surface of rGO was
covered by Ce/CeO, 50—100 nm in size of NPs and hierarchical interconnected nanoparticles
of a porous network-like morphology are shown in Fig. 1b and c. These Ce/CeO, nanoparticles
are vertically grown on sheets of graphene. Moreover, the SEM for bare Ce/CeO, has a

homogeneous distribution of particles with a range of 10~100 nm as shown in Fig. 2.
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Fig.2
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The FE-SEM image of bare Ce/CeO, has a homogeneous distribution of particles with a range of 10—
100 nm

The elemental composition of the as-synthesized hybrid was analyzed using energy-
dispersive analysis of X-ray (EDAX). Accordingly, Fig. 3 consisted of carbon (C), cerium (Ce),
oxygen (0), sulfur (S), and nitrogen (N) with the wt% of 62.67, 14.47,13.72, 7.54, and 1.59,
respectively, conforming to the formation of Ce/CeO,-rGO hybrid nanostructure and is in good
agreement with XRD analysis as shown in Fig. 4. The presence of N, S, and O in the presence of
C and Ce confirms the existence of defective sites through surface functionalities for
anchoring Ce/CeO, NPs on rGO sheets. The presence of signals, their binding energy values,
and representative wt% are in good agreement with the similar systems from literature [50].

11 of 37 18-06-2024, 13:14



Nanostructured Ce/CeO2-rGO: Highly Sensitive and Selective Electro... https://link.springer.com/article/10.1007/s12678-023-00839-6

Fig.3
9
B8
—
=?
«~ 6
fo—
Eﬂ
wn
Z Ce
@
'
=
|
1]
] I LI B | L || i
3 4 s G 7 8

Binding Energy (keV)

Energy-dispersive analysis of X-ray (EDAX) pattern of Ce/CeO,-rGO corresponding to carbon (C),
cerium (Ce), oxygen (0), sulfur (S), and nitrogen (N) with the wt% of 62.67%, 14.47%,13.72%,
7.54%, and 1.59%, respectively
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Superimposed X-ray diffraction (XRD) shows a rGO corresponding to few layers of graphene and b Ce/
Ce0,-1GO hybrid nanostructure having mixed phases of rGO, and Ce/CeO, NPs, respectively

The superimposed X-ray diffraction (XRD) for the as-synthesized rGO and Ce/Ce0O,-rGO
hybrid nanostructures is shown in Fig. 4. Accordingly, the XRD pattern shown in Fig. 4a
corresponds to a characteristic peak at 26 = 26° which can be assigned to (002) plane of rGO.
Moreover, as shown in Fig. 4b, the corresponding planes (111), (002), (200), (220), (311),
(400), (331), and (420) for Ce/Ce0,-rGO have crystalline lattice planes of CeO, and Ce of Ce/
CeO, NPs on rGO. These peaks agreed well with the cubic structure of Ce/CeO,. In the XRD
pattern of Ce/CeO,-rGO hybrid, both characteristic peaks for rGO and Ce/CeO, were observed,
indicating that the as-prepared hybrid is composed of high-purity rGO and Ce/CeO, phases
and is in good agreement with literature [51].

The as-synthesized hybrid Ce/CeO,-rGO nanostructures were further characterized to
confirm acid functionalization followed by its concern towards anchoring of Ce/CeO, NPs by
using FTIR analysis shown in Fig. 5. In accordance with the literature, the acid treatment
results into introduction of -OH, -COOH, -SOsH, etc., functional groups on the rGO surface
and these functionalities are responsible for further decoration of Ce/CeO, NPs on the surface.
Consequently, the FTIR spectra confirm well-defined bands at C=C 1574 cm ™!, C=0 1655 cm 1,
-C-0OH 1099 cm™~1, and Ce-0 603cm™1, and remain near about corresponding band ranges of
1642-1829 cm™1, 1516 cm™1, and 1182 cm~! which are characteristics of -C-H, -CO-OH, -
C=C-, and -C-OH stretching frequencies corresponding to partial availability of oxidative
functionalities on rGO. The band at 3355 cm™! determines the -O-H containing groups as
shown in Fig. 5a. Interestingly, after hybrid formation, an additional signal appeared at ~665—

400 cm! corresponding to Ce-0 along with the disappearance of bands corresponding to -O-
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H, -COOH, and C-OH and the change in the frequencies of the representative bands supports
the formation of Ce/CeO,-rGO as shown in Fig. 5b. These results are also in good agreement
with XRD, FE-SEM, and similar systems from literature [51]. Additionally, FTIR spectra of Ce/
CeO, NPs obtained using KBr pellet methods are shown in SI (Fig. S1), with appropriate
scientific discussions.

Fig.5
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Superimposed Fourier transform infrared (FTIR) spectrum of a rGO and b Ce/CeO,-rGO

nanocomposites, respectively

The N,-adsorption/desorption isotherms and pore-size distribution of rGO and Ce/CeO,-rGO
hybrid electrocatalytic systems are shown in SI (Fig. S2). Accordingly, in rGO (I) shown in the
purple curve presented type-IV isotherm with hysteresis loop, the precise surface area, the
average pore size, and the total pore volume of the rGO were analyzed through N,-adsorption/
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desorption isotherms. The hysteresis loop ranges from 0.4 to 0.9 P/Py. It is well known that the

type-IV isotherm is the characteristic isotherm of mesoporous materials [52, 53].

The porosity of the material favors the gas sensitivity and results reflected on quick response
towards gas analyte. In this line, the porosity of synthesized composite materials is measured
the using Brunauer-Emmett-Teller (BET) technique as shown in SI (Fig. S2). The results

indicated that the surface area observed was 41.701 m? g~! vand pore volume 0.065 cc/g with
total pore radius of 2.8 nm observed for rGO confirms its porous nature. Typical N,-
adsorption/desorption isotherm of red (IT) curve has been shown for Ce/CeO,-rGO hybrid.
Accordingly, the enhancement in surface features after hybrid formation of Ce/CeO, with rGO,
i.e., of Ce/Ce0,-rGO, was also evaluated and is found to be ~33.297 m?2 g~1 at P/Py~1; this could
be due to the porous nature of Ce/CeO,-rGO which is probably developed due to the formation
of defects on rGO followed by decoration of Ce/CeO, at nanodimensions. The isotherm appears
to be nearly of type IV in nature which is characteristic of solids containing both micro- and
mesopores. The specific BET surface area, total pore volume, and average pore radius were
calculated to be 24.780 m2/g, 1.405 e91 cc/g, and 0.84 nm, respectively, and are in good
agreement with hybrids from literature. Literature also reflects that on increasing pore
volume and pore radius of that material, the adsorption of gas molecules increases and adsorbs
more H,S gas molecules on the surface of the electrode; ultimately current density has been
increased with the rate of sensing [54].

Electrochemical H,S Sensing on Ce/Ce0,-rGO

Electrochemical studies are with the CH-Electrochemical workstation CHI660E (USA)
instrument. The linear sweep voltammetric (LSV) curves of Ce/CeO,-rGO show potential
between -0.55 to 1.1V vs. SCE in 0.5 M KOH solutions. Once the potential exceeds 0.2 V vs.
SCE, a significant decrease in overpotential is observed corresponding to oxidative sensing of
H,S on Ce/Ce0,-rGO with respect to rGO, which could be due to overoxidation of H,S and the

interaction of H,S molecules at electrified interface, respectively.

Accordingly, Fig. 6a shows the typical linear sweep voltammetry (LSV) of Ce/CeO,-rGO
beyond the potential range of -0.55 V to 1.1V vs. SCE; the increase in the current originates

from the oxidation of the H,S. Herein, in Fig. 6a curve (iii) a small oxidation peak was

observed for the changes in an oxidation state of Ce metal, i.e., from Ce*2 to Ce*3. LSV on the
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prepared Ce/CeO,-rGO in the presence of H,S was performed to examine electrocatalytic

sensitivity towards oxidation of H,S. Practically, in 0.5 M KOH, all H,S species convert to HS™,
as it follows the first acid dissociation of H,S molecules and is schematically shown in Scheme
weak acid and first dissociates H,S gas (H,S < H* + HS™ « 2H* + S27). Also, the electric
potential between H,S and O, is really high, making it extremely favorable for H,S sensing
(oxidation reactions); it may be oxidation of (H,S + 20, — SO,2~ + 2H*) which is catalyzed by
metals or metal oxides. Herein, Fig. 6a curve (ii) shows the current density of surface oxide
formation signal decreases along with positive shift in potential could be due to adsorption/
interaction of H,S molecules and hence hindering further surface oxidation. The typical linear
sweep voltammetry has no peaks corresponding to the oxidation and reduction of H,S
observed on the bare GC electrode. The LSV performance of Ce/CeO,-rGO in 0.5 M KOH
without H,S shows an oxidation signal at ~-0.2 V vs. SCE for surface oxide formation.
Furthermore, on Ce/CeO,-rGO in the presence of H,S gas in the same solution, an additional
oxidative signal appeared at 0.2 V vs. SCE corresponding to oxidative sensing of H,S. Herein,
Table 1 shows a comparative study of electrochemical H,S sensing.

Fig. 6
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Superimposed LSV curves of a (i) bare GC electrode (black), (ii) Ce/CeO,-rGO (red) in 0.5 M KOH, and
(iii) Ce/Ce0,-1rGO (blue) catalysts in 0.5 M KOH in the presence of 2 ppm H;S gas. The LSV curves of
Ce/CeO,-rGO b for different H,S concentrations between 1 and 5 ppm at a scan rate of 50 mV/s,
respectively, and ¢ in 0.5 M KOH with 2 ppm H,S gas at different scan rates from 10 to 100 mV/s,
respectively, using Pt foil and saturated calomel electrode (SCE) as counter and reference electrodes,
respectively

Table 1 Comparative study of electrochemical H;,S sensing

To further confirm the electrochemical sensing (oxidation) and H,S concentration, dependent
studies have been carried out as shown in Fig. 6b. Accordingly, it represents H,S
concentrations. The oxidation current density increases along with a positive shift in potential
in the range of 1-5 ppm concentration confirm the H,S sensing at the electrified interface of
Ce/Ce0,-rGO and with concentration the peak becomes broaden confirms the
electrooxidation process is diffusion controlled. Furthermore, the influence of the scan rate on
the electrocatalytic oxidation peak potential (Ep,) and peak current for H,S at 2 ppm
concentration on Ce/CeO,-rGO in 0.5 KOH was studied using LSV as shown in Fig. 6¢. The
current density variation along with a positive shift in potential values was found with an
increase in the scan rate from 10 to 100 mV/s and also with a concentration corresponding to
diffusion-controlled electron transfer, while here current density increases peak was broadly

In addition to this, the linearity of concentration vs. current has been determined and it has
been shown in Fig. 7 and conforms the current has been increased linearly with the addition of
H,S concentration; thus, this methodology is highly applicable for electrochemical sensing of
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other toxic gases of H,S class.

Also, Fig. 7 demonstrated the linearity data at Ce/CeO,-rGO for different H,S concentrations
error bar between 1and 5 ppm and graphical presentations of linearity data at Ce/CeO,-rGO
for different H,S concentrations between 1 and 5 ppm. The results revealed that the present

sensor has good linearity under experimental conditions.

Fig. 7
g- L ]
o] @) 1 m)
6- 7 .
k: 5 :
< 41 < 5.
£ E
— W .
2 -
] I 3- .
0- . v - - 2 T . T - T - : - r
1 2 3 4 5 1 2 3 4 5
Concentration of I{IS gas (ppm) Conc.of HLS gas (ppm)

Linearity data at Ce/CeO,-rGO for different H,S concentrations error bar between 1 and 5 ppm (a and
b). The graphical presentations of linearity data at Ce/CeO,-rGO for different H,S concentrations

between 1and 5 ppm

Furthermore, the applicability of the sensor analyzed by using analytical parameters like LOD
and LOQ has been calculated which were found to be 3.24 pM and 10.9 uM, respectively.

The LOD is the lowest analyte concentration at which detection is reasonable. LOQ is the
lowest concentration at which the analyte can constantly detect a linear response [60, 61].
Figure 7a indicates typical LSV for different H,S concentrations between 1and 5 ppm at a scan
rate of 50 mV/s, respectively, and Fig. 7b plot of peak current response vs concentration of H,S
from which we have calculated LOD and LOQ.
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LOD and LOQ are calculated using the following equations:

SS\mathrm{LOD} = 3 \;s/m\; \mathrm{and}\; \mathrm{LOQ} = 10 \;s/mSS$

where, s is the standard deviation of the intercept and m is the average slope of the regression
line.

The present work that calculated LOD and LOQ has been compared with literature and was

found to be lower than the report in the literature which is shown in Table 1.

Comparative Electrochemical Studies for H,S and CO, Gases on Ce/
Ce0O,-rGO

The number of dissolved H,S molecules in electrolytic solutions results into an increase in

adsorption of the gas molecules on Ce/CeO,-rGO surface producing electro active HS™ ion, and
is the further important species representing the qualitative and quantitative sensing of H;S.
There is a superior linear correlation between the peak current and H,S content in the tested
range of 1-5 ppm. In each 20 mL of 0.5 M KOH, electrolytes were taken and dissolved in 1-5
ppm H,S gas separately and the samples ran on the given potential for LSV. Moreover, this
response is also compared with other representative gas, i.e., of CO,, and it shows no response
in the potential range of H,S oxidation and is shown in Fig. 8. Furthermore, it confirms the
selectivity of the sensor in the given range of potential. The results also reveal a new type of
low-cost Ce/CeO,-rGO hybrid sensor for detection of H,S gas with ultra-high sensitivity and
selectivity.

Fig.8

Bare GC
Ce/CeQO3-rGO in 0.5 KOH
Ce/CeO2-rGO with HaS gas

Ce/CeO2-rGO with CO; gas
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Superimposed linear sweep voltammetry (LSV) for (I) bare GC (black), (II) Ce/CeO,-rGO with CO, gas
(red), (IIT) Ce/CeO,-rGO (green), and (IV) Ce/CeO,-rGO with 2 ppm H,S gas (blue) in 0.5 M KOH at a

scan rate of 50 mV/s, respectively

Presumable Mechanistic Path for Electrochemical H,S Sensing

Scheme 3 shows that H,S is first adsorbed on the Ce/Ce0O,-rGO electrode surface, and then
H,S is dissolved in the electrolyte and dissociates further in aqueous electrolytic solutions
[62].

Scheme3
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Electrochemical HyS Sensing

Schematic representation for probable H,S sensing mechanism involves step (I) Ce/CeO,-rGO and
interfacial interactions with species from solution; (I) addition of H,S gas, whereas, initially
dissociation of H,S to HS™ ions then these HS™ react with oxygen species from solution; and (IIT)

further it gets oxidized at the interface

SS{\mathrm{H}}_{2}\mathrm{S}\left(\mathrm{g}\right)\to {\mathrm{H}}
_{2H\mathrm{S}\left(\mathrm{ads}\right)SS

SS{\mathrm{H}}_{2}\mathrm{S}\left(\mathrm{ads}\right)\to {\mathrm{H}}
_{2H\mathrm{S}\left(\mathrm{ads}-\mathrm{lig}\right)SS

SS{\mathrm{H}}_{2}\mathrm{S}\left(\mathrm{ads}-\mathrm{lig}\right)\to
{\mathrm{HS}}A{-}\left(\mathrm{ads}\right)+{\mathrm{H}}A{+1}SS

The probable reaction mechanism is remarkably different when the Ce/CeO,-rGO is in a KOH
electrolyte with different pH. When the Ce/CeO,-rGO is exposed to high pH, i.e., pH > 7, a huge
number of active sites are available; hence, chemisorption dominates and this is the beginning
of H,S adsorption [58, 59].

SS{\mathrm{H}}_{2}\mathrm{S}\left(\mathrm{g}\right)+\mathrm{
KOH}\left(\mathrm{q}\right)\to \mathrm{KHS}\left(\mathrm{q}\right)+ {\mathrm{H}}
_{2N\mathrm{O}SS$

SS\mathrm{KHS}\left(\mathrm{q}\right)\to {\mathrm{K3}}A{+}(\mathrm{q})+
{\mathrm{HS}}A{-}(\mathrm{q})S$

SS{\mathrm{HS}}A{-}(\mathrm{qg})\to {\mathrm{HS}}A{-}(\mathrm{ads})SS
However, Ce/Ce0O,-based nanomaterials have been commonly used in numerous fields
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including catalysis, adsorption, sensing, H, production, photo and electrocatalysis,
semiconductor devices, fuel cells, and biomedical devices. Cerium (Ce) Ce3*, 0.1143 nm; Ce%*,
0.097 nm, favors extensive solubility with the ceria lattice and it increases the trivalent state of
Ce, which may further enhance the activity of ceria. Herein, the electrochemical H,S sensing
studies on Ce/CeO, show a strong oxidizing agent in association with oxygen atoms. Cerium
oxide (Ce0O,) is one of the important transition metal oxides which are acting as n-type
semiconductors. It exists as both cerous Ce3*, trivalent state, and ceric Ce**, a tetravalent state
in the form of compounds, as an electrochemical H,S sensing performance of Ce/CeO,-rGO
hybrids is better as compared with reports from the literature. For example, Qing et al.
reported a mono-ethanolamine hydroxyl-functionalized ionic liquid-enabled electrochemical
sensor for the detection of H,S and our report reflects better oxidation performance toward
H,S sensing at a very lower detection (ppm) limit [63, 64]. The main exclusive characters of
Ce0, involve a band gap of 3—3.6 eV and the ability to turn their oxidation state in a gas
environment and an easy path for electron transfer through rGO. The novelty of this work
includes the synthesis of Ce/CeO-rGO nanomaterial; herein, the Ce/CeO, nanoparticles were
decorated on rGO by chemical synthesis and used for electrochemical study on H,S gas
sensing approach for the first time. The beauty of choice for Ce is having a tuneable oxidation
state, i.e., Ce3*/Ce** coupled and combined with a potential candidate, i.e., rGO for H,S

determination.

Conclusion

The Ce/CeO,-rGO based electrode system exhibited a highly sensitive and selective response
at low potential towards oxidative electrochemical H,S sensing. There is a linear relationship
between oxidative current density and the H,S content in the tested ultra-low range, i.e., of 1—-
5 ppm. The cross-sensitivity of the proposed sensor was tested towards CO, along with H,S in
the same potential range and found there are no oxidation peaks observed. Furthermore, for
the applicability of sensor, the analytical parameters like LOD and LOQ have been calculated
and were found to be 3.24 pM and 10.9 pM, respectively. Our findings on Ce/CeO,-rGO
nanocomposites for the electrochemical detection of H,S open up a new and efficient method
for H,S other class of gas sensing. The H,S sensing response has been examined in basic pH
and suitable oxidative pathways have been proposed for the oxidation process under alkaline
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