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Room-temperature (27 °C) synthesis and carbon dioxide (CO,)-gas-sensor applications of bismuth oxide
(Bi,Os) nanosensors obtained via a direct and superfast chemical-bath-deposition method (CBD) with
different surface areas and structures, ie., crystallinities and morphologies including a woollen globe,
nanosheet, rose-type, and spongy square plate on a glass substrate, are reported. Moprhologies of the
Bi,Oz nanosensors are tuned through polyethylene glycol, ethylene glycol, and ammonium fluoride
surfactants. The crystal structure, type of crystallinity, and surface appearance are determined from the X-
ray diffraction patterns, X-ray photoelectron spectroscopy spectra, and high-resolution transmission
electron microscopy images. The room-temperature gas-sensor applications of these Bi,Oz nanosensors
for Hy, H,S, NO,, SO, and CO, gases are monitored from 10 to 100 ppm concentrations, wherein Bi,Os
nanosensors of different physical properties demonstrate better performance and response/recovery time
measurement for CO, gas than those for the other target gases employed. Among various sensor
morphologies, the nanosheet-type Bi,Osz sensor has exhibited at 100 ppm concentration of CO, gas,
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Accepted 12th April 2020 a 179% response, 132 s response time, and 82 s recovery time at room-temperature, which is credited to
its unique surface morphology, high surface area, and least charge transfer resistance. This suggests that
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1. Introduction

Rapid advances in science and technology have resulted in
a significant change in our lives. During these developments,
myriad environmental problems which are responsible for
global concern are stimulated. Gaseous contaminants released
from industries and automobiles diffuse quickly over huge
areas within a small period of time, causing atmospheric
pollution that is accountable for acid rain, the greenhouse effect

“Global Frontier R&D Centre for Hybrid Interface Materials, Pusan National
University, 30, Jangjeon-dong, Geumjung-gu, Busan 609-735, Republic of Korea.
E-mail: mane3796@pusan.ac.kr; kwhokim@pusan.ac.kr

’National Core Research Centre, Pusan National University, 30, Jangjeon-dong,
Geumjung-gu, Busan 609-735, Republic of Korea

School of Materials Science and Engineering, Pusan National University, 30, Jangjeon-
dong, Geumjung-gu, Busan 609-735, Republic of Korea

“Department of Chemistry, College of Science, King Saud University, Riyadh 11451,
Saudi Arabia. E-mail: amenizi@ksu.edu.sa

School of Physical Sciences, Swami Ramananand Teerth Marathwada University,
Nanded, Maharashtra, India

T Electronic supplementary information (ESI) available: Modern techniques used
for analysis, the repeatability of transient versus time, response versus time (at 100
ppm), and stability measurements of the BO, PBO, EBO, and ABO film sensors,
survey XPS, and enlarged XPS spectra of Bi4f before and after the CO,-gas
sensing, etc. See DOI: 10.1039/d0ra00801j

This journal is © The Royal Society of Chemistry 2020

designing room-temperature operable CO, gas sensors for commercial benefits.

and ozone-layer depletion.'” In particular, it is now understood
that the global warming is affecting on the eco-system and may
result in disastrous consequences for life and property. CO, is
the main culprit and is permeating our daily lives as a dominant
pollutant from transportation, industrial and agricultural
activities, and is commonly used in biotechnological processes,
as a fire retardant in air conditioning systems.** Furthermore, it
is also responsible for various health-related issues; its high
concentration exposure causes problems such as dizziness or
headache, which on long term exposure resulting in simple
health issues such as breathing complications and oblivion.”*
In the last decade, researchers are being actively engaged in
monitoring CO, gas sensors at low-concentrations and room-
temperature to reduce its direct effect on global warming and
other hazardous processes taking place around.®'®* The
concentration of atmospheric CO, gas is commonly measured
using non-dispersive infrared sensors, which are based on
electrochemical and thermal-conductivity detection princi-
ples.*>'* However, these sensor technologies suffer from various
limitations such as bigger size, more weight, high cost, and
restricted lifetime.* Therefore, several alternative approaches
for obtaining low-cost, room-temperature operation and stable
CO, gas sensors are being researched, including solid electro-
lyte (potentiometric), capacitive, or field-effect-transistor and
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metal oxide-based sensors.***** Metal-oxide-based CO, gas
sensors developed extensively in the past owing to their rela-
tively honest working principle and easy employment as micro-
electronic devices.'®'” Moreover, sensors of Bi,O3, Sn0,, ZnO,
La,03, rare-earth metal oxides, and Ag-doped CuO, Al,O; and
SnO, etc., and oxide-based materials envisaged for detecting
and monitoring CO, gas at low concentrations.">'*>* However,
in the majority of these cases, the change in the resistance/
conductance is negligible at higher concentrations of CO, gas.
In contrast, the Bi,Os-nanoplate-based sensor demonstrated
a significant sensing performance to CO, gas with fast
response/recovery time, which remained unchanged even up to
the 11 000 ppm level, suggesting that the study of crystal
structure, surface area, and morphology on the gas-sensor
performance is essential.” The Bi,O; endows promising appli-
cations in optical coatings, catalysis, gas sensors, photovoltaic
cells, and microwave integrated circuits due to its unique
bandgap energy, refractive index, dielectric permittivity,
photoconductivity.>>* Moreover, the synthesis of inorganic
nanosensors with desired surface morphologies has great
importance in mounting functional materials. So far, various
nano/microstructures of metal oxides such as cubes, discs,
flowers, polyhedrons, and sheets, etc., been synthesized by
various chemical and physical synthesis routes. The change in
the surface morphology of electro-active materials can signifi-
cantly influence the gas sensing performance, since this
phenomenon is greatly influenced by surface related properties,
and different morphologies of same sensor can demonstrate
various sensing performances.?*”* The intention of this article is
to design different Bi,O; nanosensors of different morphologies
followed surface areas for room-temperature CO, sensing
applications.

Herein, we focus our attention on the development of Bi,O3
nanosensors using low-temperature solid-state synthesis process.
It has a slightly complex structure owing to its a, B, %, 9, and €
polymorphs.** To date, several methods such as electro-
deposition, solvothermal deposition, chemical vapor deposi-
tion, atomic layer deposition, chemical deposition method, and
successive ionic layer adsorption and reaction etc., have been
successfully used to synthesize Bi,O; of various nanosensors.**
In majority of the cases, single or plain morphology was identi-
fied, and the synthesis time was significantly lengthy. However,
several researchers have appealed that the polymorphs of sensing
materials, such as hierarchical, porous, or hollow, largely
contribute to their sensing properties.***' Such structures offer
a large surface-to-volume ratio that enables easy and fast electron
transportation and a process of gas diffusion with an enhanced
sensing performance.*»** Therefore, monitoring the morphology
of gas-sensing materials of different surface areas can be
advantageous in improving the gas sensing performance.*

Considering the merits different surface areas, morphol-
ogies, and structures, in the current work, we report a direct and
rapid synthesis of Bi,O; nanosensors using poly-ethylene glycol
(PEG), ethylene glycol (EG), and ammonium fluoride (AF)
surfactants via a soft chemical method at room temperature.*
All these nanosensors of Bi,O; were characterized for their
crystal structure, morphology, surface area, and pore-size
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distribution measurements. Finally, room-temperature CO,-
gas-sensing performance of the Bi,O; nanosensors of different
morphologies and surface areas are measured and reported.

2. Experimental section
2.1 Materials and methods

All the required chemicals were obtained from Sigma Aldrich
and used as is without furthered purification: bismuth nitrate
pent hydrate, (BiNO;-5H,0), nitric acid, (HNOj3), hydrochloric
acid (HCl), ammonium fluoride (NH,F), ammonium hydroxide
(NH,OH), ethylene glycol (MW - 62.02), and polyethylene glycol
(MW - 200). The pieces of glass substrate (Duran Group Inc.,
Mainz, Germany) were pre-treated chronologically with acetone,
2 M HCI solution, distilled water, and ethanol, for 20 min each
to confirm uncontaminated surface. Furthermore, this glass-
substrate was used as a substrate for decorating different
nanosensors of Bi,O; as thin-film nanosensors. All the selected
gases used in the tests were collected from CryoGases Pvt. Ltd.
Company, which is placed in Mumbeai, (India).

2.2 Synthesis of various Bi,O; nanosensors

The experimental procedure for the synthesis of the Bi,O;
nanosensors has been reported in detail in our prior work.*
Various Bi,O; nanosensors were synthesized without surfac-
tant; in the presence of PEG, EG and AF; with surfactants at
room temperature; and on a glass substrate; and these were
named as Bi,0; (BO), PEG@Bi,0; (PBO), EG@Bi,0; (EBO), and
AF@Bi,0; (ABO), respectively. In brief, 0.1 M Bi(NO3); was
dissolved in 50 mL of double-distilled water, and a suitable
amount of 1 M HNO; was added to dissolve the Bi(NO3); to
obtain a transparent solution. The dropwise addition of
aqueous ammonia (30%) solution resulted in pH = 8. The four
identical beakers were arranged to tune the morphology of
Bi,0O; and in order to tune the morphology of Bi,O3, the three
surfactants mentioned above, i.e., PEG (1 wt%), EG (1 wt%), and
AF (1 wt%) were added into above-prepared solutions sepa-
rately, and no surfactant was added to one beaker, i.e., BO (see
Scheme 2). Well-cleaned pieces of glass substrate were
immersed in the above-prepared beakers placed at room
temperature. Finally, 2 mL of HCl was added to initiate the
oxidation reaction in each beaker. All of the reactions were
completed in less than a 10 min deposition time, a heteroge-
neous reaction occurred and different Bi,O; nanosensors of
various morphologies were obtained on the glass substrate
dipped in four different beakers. It should be noted that all of
the sensor samples used for the physical as well as gas-sensor
measurements were prepared without an annealing process.
The physical elucidation and morphological analysis of all the
Bi;0, nanosensors were performed through various modern
techniques (see ESI S1 for more detailst).

2.3 Measurement of gas sensing properties

Scheme 1 presents a schematic view of the tentative experi-
mental setup used for gas sensing measurements. For the
sensing operations, the material coated on the glass substrate,

This journal is © The Royal Society of Chemistry 2020
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(i.e., Bi,O3 was inserted in the electrical DC circuit and enclosed
in a stainless-steel cylindrical chamber of 250 mL volume
capacity).

The cylinder-shaped compartment consisted of a heater with
a proportional-integral-derivative regulator to set the preferred
temperature, if required was used. The specified amount of gas
was inoculated into the sensing compartment, which was
equipped with a mixing fan, in order to acquire the desired
unchanging concentration of gas. For determining the electrical
resistance of the sensor, a simple electronic setup was
employed. In this system, the electrical resistance was first
transformed to a DC voltage. Then, a computer-assisted six-digit
Keithley source meter (model number 6514) system was used to
allocate the digital data in computer via an RS 232 serial port.
The response of the individual Bi,O; gas sensor was examined*®
using following relation.

s = e 00 (1)

where, the values of electrical resistance before (R,) and after
(Rg) contact between the samples and the analysis gas, respec-
tively, at a stable working temperature (which is 27 °C in the
present case).

3. Results and discussion

3.1 Role of surfactant in growth mechanism of Bi,0;
Nnanosensors

The surfactants act as coordinator and have a strong cross-
linkage ability, thereby producing various morphologies.*~*
Initially, during the chemical reaction, seed nuclei may grow
through different distinct steps such as nucleation, aggrega-
tion, and coalescence as microspheres of Bi,03.*> The surfac-
tants PEG, EG, and AF play critical roles in the development of
various Bi,O; nanosensors of different morphologies, which are
summarized through the following reaction mechanisms
(Scheme 2). The one without surfactant, i.e., BO can grow in
a straight-forward manner as Bi(NO;);-5H,0 was liquefied in
HNO; and H,O with the addition of ammonia to upturn the pH
~ 8, which was the source of Bi*" (eqn (2)). The oxidation
process was initiated in the solution after the insertion of the
glass substrate and the addition of 2 mL HCI in the solution.

Scheme 1 Schematic representation of the gas sensor measurement
setup.

This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Schematic presenting the growth of various morphologies
of Bi203.

The reactions were treated in the same beaker by attaching OH™
to Bi** and creating [Bi(OH,)]” unstable complex (eqn (3)).
Finally, H' could attach to [Bi(OH4)] in the precursor, thus
resulting in Bi,O; as given by eqn (4).

Bi(NO5);-5H,0 — Bi** + NO;~ + H" + OH™ (2)
Bi** + 4OH™ — [Bi(OH.)]~ (3)
2[Bi(OH4)]~ + 2H" — Bi,0; + 5H,0 (4)

PEG and EG are basic members of the glycol family. The key
difference between these molecules is their chemical structure,
where PEG has a polymeric chain. On adding the PEG surfactant
in the solution containing Bi** ions (eqn (2)), the number of
hydroxyl groups in a polymeric chain of a surface may be
covered with Bi** nuclei owing to the presence of van der Waals
forces between them and {O-[-CH,CH,-],-OH}- bonding Bi**
ions, and thus, [Bi{O-[-CH,CH,-]-OH},]*®~ would be ob-
tained, which is known as an unstable intermediate complex
(eqn (5)). Moreover, the reaction was processed in the same
flask wherein, OH™ was attached to the bismuth and [Bi{O-
[-CH,CH,-]-OH},]* =, which is an unstable intermediate
complex that becomes stable by forming [Bi(OH,)]” (see eqn
(6)). Furthermore, H' attacks [Bi(OH,)]™ in the same manner to
produce Bi,Oj3 as given in eqn (7).

Bi** + x{HO-[-CH,CH»-],~OH} —
[Bi{O-[-CH,CH,-],~OH},]* ¥~ + H* (5)

[Bi{O--CH,CH,-],-OH},]* = + OH™ — [Bi(OH,)]~ (6)
2[B1(OH4)]7 + ZHJr - Bi203 + 5H20 (7)

where, EG is a simple linear molecule, and owing to a limited
number of molecules, the growth of Bi,O; is greatly restricted.
Hence, the growth of an individual nanostructure is beyond
control after the addition of the EG surfactant in the Bi** ion
solution (eqn (2)). Therefore, the {O-[-CH,CH,-]-OH} ™ group
of EG, which is in contact with the Bi*" nuclei forms an unstable

RSC Adv, 2020, 10, 1721717227 | 17219
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complex (eqn (8)), ie., [Bi{O-[-CH,CH,-]-OH},]*®". On
attacking OH™ on Bi-nuclei, [Bi(OH,)]™ is obtained, which, on
attacking H" ions results in the formation of Bi,0; (refer eqn (9)
and (10)).

Bi** + x{HO-[-CH,CH,-]-OH} —
[Bi{O-[-CH,CH,-]-OH},J* ¥~ + H" (8)

[Bi{O-[-CH,CH,-}-OH},]* ¥~ + OH™ — [Bi(OH,)]~ (9)

(10)

As fluorine (F7) is a good promoter, AF plays as significant
role in tuning the surface morphology of Bi,O;. The F~ ions in
all reactions act as a catalyst by attaching to Bi** (eqn (2)), and
after the completion of the reaction, the ion is liberated (eqn
(11)) to form [BiF,]* ®~5*%" With the reaction time, the
concentration of OH™ increases in the presence of F~ ions in the
solution. Moreover, F~ can be replaced by OH™ via coordinates
with Bi** by forming [Bi(OH,)]™ (eqn (12)). The presence of H' in
the same precursor can provide an easy entrance to [Bi(OH,)]~
to obtain Bi,O; (eqn (13)).

2[Bi(OH,)]” + 2H* — Bi,O; + SH,O

Bi*" + xNH4F — [BiF J* ¥~ + NH," (11)
[BiF, ] ¥~ + OH™ — [Bi(OHy4)]~ (12)
2[Bi(OH,)]” + 2H" — Bi,0; + SH,0 (13)

3.2 Role of surfactant in obtaining Bi,O; nanosensors

The FE-SEM images of Bi,O; on a glass substrate as shown in
Fig. 1(a-a2)-(d-d2) confirms moderate difference in surface
appearance of the obtained Bi,03;, which suggests the impor-
tance of the surfactant type during particular Bi,O; morphology
growth. The surfactant, being an additive, aids in promoting the
development to improve the density of the morphology.*® The
Bi,O; morphologies such as woollen globes, nanosheets, rose-
type, and spongy square plates were obtained under

PEG AF

No surfactant

Fig. 1 FE-SEM images of BO (a—-a2), PBO (b-b2), EBO (c-c2), and
ABO (d-d2) recorded at different bar scales.
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surfactant-free, and AF surfactant conditions,
respectively.

The surfactant-mediated nanosensors (Fig. 1a-d) of Bi,O3
accept the complete variation in the surface morphology. From
Fig. 1, where (a-a2) are high-magnification FE-SEM images, it is
observed that the woollen globes comprise several inter-
connected upright-standing nanoplatelets (Fig. 1a). Between

PEG, EG,

these nanoplatelets of woollen globes, a hollow air cavity is
evidenced (Fig. 1a2). Fig. 1b-b2 is inferred the platelet-type
morphology of Bi,O; with a PEG surfactant. These platelets
were assembled to form a nanosheet-morphology (Fig. 1b).
Among these nanosheets, substantial air voids were existed
(Fig. 1b1). The higher magnification image proposed that the
nanosheet-like microstructure is self-possessed of dozens of
radially full-fledged 2D nanoplatelets (Fig. 1b2). After the
combination of EG in the precursor solution, the growth of the
rose-type Bi,O; comprising loosely packed curly nanoplatelet
arrays is identified (Fig. 1lc-c2). These nanoplatelets were
amalgamated with one another to form a rose-flower. In the
presence of AF, the FE-SEM image of Bi,O; confirms the spongy-
square-plates view (Fig. 1d and d2). Several rectangular disks
reside on the glass substrate. Each disk is made up of three
morphologies, viz., up and downright standing and parallel to
the edges of the respective disk. Nevertheless, their lengths are
undecided, as they seem to be well linked to one another. The
third morphology, ie., parallel plates with inter-branched
signatures is incredible. These are equivalent as specified
above, and the FE-SEM outcomes support the well-ordered
evolution of the Bi,O; morphologies by only fine-tuning the
surfactant additives. The presence of air-voids and the uniform
debris-free character of the Bi,O; morphologies would make
them excellent sensor materials.

3.3 Structural elucidation

The elemental fixation shown in Fig. 2(a-a2)-(d-d2) suggests
that the Bi,O; nanosensors consist of uniformly distributed Bi
and O elements with a 40 : 60 atomic composition ratio (see
Fig. 2a2-d2). The EDX spectrum exhibits strong peaks of Bi and
O at the appropriate® energy levels (Fig. 2a2-d2). Furthermore,
the high-resolution TEM images (Fig. 3) revealed that these
nanosensors are composed of several polished nanoplatelets.
The lattice fringes of all Bi,O; nanosensors were dignified with
the electron beam perpendicular to the surface of a nano-
platelet. The 0.31(£0.02) nm interplanar spacing between the
neighbouring lattice fringes agrees to d-spacing of (201) plane
from Bi,O; (refer, Fig. 3a1-d1). The lattice data intended from
the SAED pattern (Fig. 3a2-d2) of a casually chosen section of
the nanoplatelets were in good agreement with the lattice
parameters of B-Bi,O;. Both the HR-TEM and SAED measure-
ments propose the growth of tetragonal B-Bi,O; in the [201]
direction.® The presence of high-pitched and continuous lattice
fringes is in agreement with the nanocrystallinity of Bi,O; film
sensors. The phase purity of the Bi,O; nanosensors of different
morphologies was investigated based on the XRD patterns
(Fig. 4a). All the achieved reflection peaks were in worthy
arrangement with the tetragonal B-Bi,O; as per the 27-0050

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Elemental scanning of Bi and O over the BO (a—-a2), PBO (b-
b2), EBO (c—c2), and ABO (d—d2) sensor surfaces.

JCPDS data file card. However, no evidence for impurity peaks
was detected in the XRD pattern. The peaks indexed to the (210),
(201), (102), (301), (410), (421), and (431) planes in the XRD
patterns were very sharp and deep, which proposes a poly-
crystalline nature of the as-deposited Bi,O; nanosensors. The
strong diffraction peak found at 27.94 suggested that the pref-
erential growth-orientation direction of Bi,O3 is (201).>*

Fig. 3 (a—d) TEM images, (al-d1) high-magnification HRTEM images,
and (a2-d2) SAED pattern of BO, PBO, EBO, and ABO nanosensors.
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Fig. 4 (a) XRD, (b) full-range survey XPS spectrums of BO, PBO, EBO,
and ABO nanosensors. Enlarged XPS spectra of (c) Bi4f, (d) O1s for BO,
PBO, EBO, and ABO nanosensors.

The XPS analysis measures the chemical nature of each
element present in the manufactured nanosensors of Bi,Os.
Fig. 4b displays the survey scan, which clearly illustrates the
presence of Bi and O at their corresponding binding energies in
the manufactured nanosensors of Bi,O;, which indicates the
non-appearance of impurities. In the survey scan, Bi4f showed
a major peak with binding energy at approximately 160(£3) eV.
The de-convoluted Bi4f region shown in Fig. 4c reveals the
presence of bismuth metal along with all synthesized nano-
sensors of Bi,O;. After deconvolution, the Bi4f spectrum
showed peaks at 158.3 eV and 163.7 eV for Bi4f,,, and Bi4fs,,
respectively.”® Fig. 4d confirmed the high-resolution scan of the
O1s state at a binding energy of 530.9(+3) eV, which after
deconvolution, confirmed Bi-O, O1s, and Bi-O-H peaks at the
binding energies of 529.7, 530.9, and 532.3, respectively.*® The
detailed XPS analysis supported that these nanosensors are
belonged to Bi,O;. The specific surface area and pore-size
distribution measurements of the Bi,O; nanosensors were
achieved from the deposited powders, scratched from glass
substrate, using N,-adsorption/desorption isotherms (Fig. 5¢
and d), (sequence check) wherein, the attendance of the Hs-type
hysteresis loop in the range of ca. 0.6-1.0 P/P, approved the
participation of the mesoporous-character Bi,O; nanosensors®
(discussed later).

3.4 Gas sensing study

A series of gases were used to demonstrate the room-
temperature gas-sensing performance of the as-obtained Bi,O;
nanosensors. As shown in Fig. 5a, the responses of the as-
obtained Bi,O; nanosensors (i.e. BO, PBO, EBO and ABO) to
CO,, H,, NO,, SO,, and H,S gases confirmed higher selectivity
and sensitivities to CO, gas over the other selected testing gases
at their fixed 100 ppm level. Fig. 5b demonstrations the vibrant
response of the Bi,O; nanosensors for CO, gas with a concen-
tration order of 10, 20, 40, 60, 80, and 100 ppm wherein, the

RSC Adv, 2020, 10, 1721717227 | 17221
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Fig. 5 (a) Gas selectivity (at 100 ppm), (b) response versus CO,

concentration of the BO, PBO, EBO, and ABO nanosensors at 27 °C. (c)
Nitrogen adsorption—desorption isotherms and (d) BJH pore-size
distribution plots of the BO, PBO, EBO, and ABO nanosensors.

graphs are designed with an identical scale for quickly
comparing the sensing responses. It is apparent that the
response largeness is highly reliant on the gas concentration.
The gas-sensing transients of the Bi,O; nanosensors exhibited
a smooth response/recovery behaviour. Speciously, the PBO-
nanosheet-type sensor revealed a better CO,-gas-sensing
response than that of the others. When the PBO nanosheet
sensor was operated under 10 ppm CO, gas, the response value
was approximately 52%. As the CO,-gas concentration
increased from 10 to 20, 40, 60, 80, and 100 ppm, the recorded
responses were approximately 52, 80, 101, 118, 146, and 179%,
respectively. The gas responses of the EBO rose-flower-type
sensor under similar CO, gas concentrations were 42, 63, 87,
105, 126, and 158%, respectively. The BO woollen-globe/ABO
square-plate-type sensors were respectively 12/23, 26/40, 42/56,
60/71, 78/103, and 123/132%. The gas response of the PBO
nanosheet-type sensor to 10 ppm of CO, gas (52%) was higher
than that of the BO woollen-globe (12%), EBO rose-flower (42%),
and ABO square-plate-type (23%) gas sensors. Nevertheless, it is
apparent that there are performance differences among the BO
woollen-globe, PBO nanosheet, EBO rose-flower, and ABO
square-plate-type Bi,O; nanosensors in the case of CO, gas. In
all the cases, with the concentration of CO, gas, the response to
the CO, gas increased. These outcomes indicated that the
surface morphology of the Bi,O; nanosensor has an impact on
the CO,-gas-sensing performance at room-temperature (dis-
cussed later).

Fig. 5b displays the dynamic response of the Bi,O; nano-
sensors towards CO, gas with a concentration order of 10, 20,
40, 60, 80, and 100 ppm, where, the graphs were designed with
an identical scale for rapidly matching the sensing responses.

In order to further authorize the connection between the
morphology of a Bi,O3; nanosensor and its gas-sensing perfor-
mance, nitrogen adsorption/desorption measurements of the
overhead four nanosensors were measured. As seen in the
nitrogen adsorption/desorption cyclic curves in Fig. 5c, the
adsorbed quantities of the BO, PBO, ABO, and EBO nanosensors
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were determined. In fact, the BET surface areas of these nano-
sensors were calculated to be 31, 58, 44, and 37 m> g~ ', which
indicates a downtrend in the active surface area, suggesting the
width and length may contribute to a huge surface area and,
which results in a high sensitivity. The pore-size distribution
curves (Fig. 5d) of these nanosensors proposed that the modest
nanosensors diameter (~52 nm) and density (~283 mm™?) are
linked to identical and appropriate pore size, which are signif-
icant factors for realizing mass transportation and an actual
surface area. The average pore-size distribution maxima for the
BO, PBO, ABO, and EBO nanosensors and average pore volumes
were 5.16, 2.53, 2.87, and 3.89 nm, respectively. On comparing
the Bi,O; nanosensors, it is observed that a thin and sparse
woollen-globe-type sensor produced a higher pore volume but
a lower operative surface area, while a dense and thick
nanosheet-type sensor contributed a smaller pore space and
huge surface area. Only the reasonable diameter and uniform
dispersal of these nanosheets could result in the production of
suitable pore space with a huge surface area and, thus, can be
more beneficial for using as sensing materials with a high
sensing performance. It is noted that the BO, PBO, EBO, and
ABO nanosensors exhibited an increasing surface area and
decreased average pore-size, hence higher gas-sensing
response. So, these outcomes exhibited that the surface area
and pore size of the structures also contribute to the gas-sensing
performance, which is in covenant with earlier arguments.>®
When BO, PBO, EBO, and ABO nanosensors are wide-open to
CO, gas, Bi,0; catalyses the oxidation of CO,. This reasons the
electrons to become surrounded by the detached oxygen species
that changes the electrical resistance to generate a well sensing
response. The momentary gas-response time signatures of CO,-
gas sensing for a 90% variation in the resistance from the
original value are presented in Fig. 6a-d.

On exposing the CO, gas to the BO, PBO, EBO, and ABO
nanosensors, the resistance values were respectively increased
from 24.36 to 54.26 GQ, 31.68 to 88.46 GQ, 32.87 to 84.42 GQ,
and 29.66 to 68.77 GQ. The BO, PBO, EBO, and ABO nano-
sensors have demonstrated maximum response values of 123,
179, 158, and 132% at room-temperature and 100 ppm CO, gas.
The as-prepared Bi,O; nanosensors of different morphologies
followed surface areas confirmed room-temperature CO, gas
sensitivity over other gases which is attributed to the absorption
of CO, molecules leads to disruption of the hopping chains
necessary for the Grotthuss mechanism and therefore, hinders
proton transport, which in turn leads to increase the charge
transfer resistance followed reduced proton diffusion which is
not processing for other gases (see Fig. S2t). The response/
recovery time depends on the rate of diffusion of the gas
molecules onto the sensor surface or related reaction rate
between the target gas molecules with the sensor elements. The
responses of the BO, PBO, EBO, and ABO film sensors at 10-
100 ppm are displayed in Fig. S1.f In addition to a moderate
response, the BO, PBO, EBO, and ABO nanosensors exhibited
fast response time/recovery time values of 151/28 s, 132/82 s, 77/
82 s, and 89/32 s, respectively. The repeatability of the tests of
the BO, PBO, EBO, and ABO nanosensors studied via frequent
gas response measurements at a constant 100 ppm are

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a—d) Transient versus time (at 100 ppm), (al—d1l) response versus time (at 100 ppm), of the BO, PBO, EBO, and ABO nanosensors, and

(@a2—-d2), Ols XPS spectra of before and after CO,-gas sensing of the BO, PBO, EBO, and ABO nanosensors.

demonstrated in Fig. S2(a-d) and S3(a-d),f wherein,
a successful stable operation is evidenced for seven contin-
uous days for all the Bi,O; nanosensors (Fig. S4af) and
morphological stability after gas sensing study is provided in
Fig. S4b.7 The reversible interaction of CO, gas with sensing
material like metal oxide is very difficult to achieve at room-
temperature. The presence of water vapour in the ambience
may mediate the work function of Bi,O; sensor in presence of
CO,. This kind of water dependent CO,-sensing phenomenon
leads the formation of dimeric HCO;~ which is attributed to

This journal is © The Royal Society of Chemistry 2020

the change in the work function of Bi,O;. The formation of
very thin water film might increase the diffusion of CO,
towards gas active centres. With concentration, thickness of
dimeric HCO;  must be increasing with reduced CO, perfor-
mance. Different Bi,O; morphologies exhibited surface areas
whose responses may be concentration of gas active centers
dependent. The Bi,O3; with higher surface area could have
relatively higher concentration of active gas centres, leading
to produce higher sensitivity.
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The optimum initial response values were sustained even
after ten operation days. A slight decrease (of 2-5%) in the
response owing to the aging-induced effect was confirmed.*®
Fig. S51 shows the typical XPS overview spectra of the as-
prepared BO, PBO, EBO, and ABO nanosensors and those
after the CO,-gas-sensing. Fig. 6a2-d2 compares the oxygen 1 s
core levels of the as-prepared and after CO,-gas-sensing BO,
PBO, EBO, and ABO nanosensors, where as a slight shift to
a higher binding energy side was detected. Moreover, the CO,
gas sensing molecules, after exposure to nanosensor surfaces,
could react with the adsorbed-surface oxygen species to produce
CO and electrons, in addition to the shape change and increases
in oxygen binding energy as well as hydroxide species.>® After
the CO, gas sensing, there was no variation in the Bi-O peak
position, which suggests the participation of surface-
dominated-type reaction kinetics (Fig. S61), suggesting gas
sensing study is a surface-phenomenon-based. All the perfor-
mances were compared with previously reported data for Bi,O;
sensors of various morphologies while sensing CO, gas (see
Table S1t). These outcomes exposed that the surface-adsorbed
oxygen-species could have controlled the CO,-sensing mecha-
nism of the BO, PBO, ABO, and EBO nanosensors that realizes
a fast response/recovery time, moral selectivity, and lower
operating temperature at the room-temperature signifying the
potentiality of the as-developed Bi,O; nanosensors. The
various morphologies of the Bi,O; nanosensors offered a great
number of benefits. Firstly, the Bi,O; nanosensors consisting of
numerous pores were sufficiently small to cover the depletion
region completely, which is highly desirable for obtaining an
ultra-high sensing response.®® Secondly, porous materials nor-
mally offer a greater specific surface area followed more active
places for enhancing the adsorption/desorption of the detached
gas species. As per the above discussion, these factors (geom-
etry, morphology, porosity, and surface area) impressively
contributed to the admirable sensing performance of the BO,
PBO, ABO, and EBO nanosensors at room-temperature (27 °C).
The PBO nanosensor showed a high gas-sensing performance
owing to the modest diameter and uniform distribution of the
nanosheets, which results in the production of an appropriate
pore space with a huge surface area, and hence, the PBO
sensing materials exhibit a high sensing performance as
compared to those of the BO, ABO, and EBO nanosensors.

3.5 Gas-sensing mechanism

The semiconducting metal-oxide-based sensors gas-sensing
mechanism, principally depends upon a variation in the elec-
trical resistance of the sensing material which is mainly caused
by the adsorption/desorption of the target gas molecules on the
sensor surface upon the interaction of different target gases.**
In the present gas-sensing study, a sudden increase in the
resistance values of the BO, PBO, EBO, and ABO nanosensors
upon the collaboration of the CO, gas was mainly accredited to
the adsorption/desorption process of the CO, molecules.
Moreover, we explore the gas-sensing mechanism of the PBO-
nanosheet CO,-gas sensor (ref. Fig. 7), and all the other nano-
sensors are shown in Fig. S7.1 As the BO, PBO, EBO, and ABO
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nanosensors were exposed to air, the oxygen molecules from the
air could be adsorbed on their surfaces by trapping electrons
from its conduction band (Fig. 7a and b), thus ensuring the
formation of an electron depletion layer with a slightly higher
resistance.”® The adsorbed oxygen molecules are temperature
dependent,** ie., O, can accept one electron and form O,~
below the temperature of 100 °C, O™ at approximately 100-
300 °C, and O®>~ at a temperature above 300 °C. In the present
study, below the temperature of 100 °C, O, could accept one
electron from the BO, PBO, EBO, and ABO nanosensor surfaces
(eqn (14) and (15)).

02 (gas) - 02 (ads) (14)

O3 (ads) = O2 (ads) (15)

The CO,-gas-sensing mechanism of the BO, PBO, EBO, and
ABO nanosensors in the air can be clarified on the source of the
reaction with the adsorbed oxygen species (Fig. 7b and S77).
Thus, the chemisorbed oxygen reasons electron depletion, thus
creating a space-charge cover on the BO, PBO, EBO, and ABO
nanosensor surfaces and ensuing in the creation of a Schottky
surface barrier.®® When the CO, gas is inserted into the
compartment, the chemisorbed oxygen O, (aq5) responds with
the CO, gas, which results in the evolution of CO gas and
electron (e”) species (eqn (16), (17), Fig. 7c and d), and the
response to the CO, gas at room-temperature is evidenced as

given below.'*

Bi;O;3 + Oy — (Bix03)0,~ (16)

(Bi203)027 + C02 (gas) (B1203)07 + Co(gas) +e (17)

With this reaction, many extracted electrons could be
released to the BO, PBO, EBO, and ABO nanosensors surfaces,
thus resulting in a Schottky-surface-barrier decrease with

\

a) Surface of PBO- nanosheets ¢) Reaction with adsorption oxygen

species and CO, gas Molecules

» Good conductivity
» Large surface area
» Porous space

» Good stability

N N A A A

b) Adsorption oxygen species on

the surface of PBO- nanosheets d) After complete reaction with evolution

of COgas and electron species

@ Oxygen species, &, CO,gas Molecules, & COspecies, @ Extracted electron

Fig. 7 (a—d) Different stages of gas sensing mechanism of the PBO
nanosensor in air and CO, gas.
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a thinner space-charge layer. Therefore, the electrical conduc-
tivity of the BO, PBO, EBO, and ABO nanosensor layers was
increased at room-temperature. Moreover, the pores were
regularly distributed over the BO, PBO, EBO, and ABO Bi,0;
nanosensors surfaces that could offer several channels to
simplify the CO, gas dispersal, thus more easily create an
interaction of the CO, gas with the inner Bi,O; grains in the
reduction reaction process and degassing equally during the
recovery process as the porous surface delivers appropriate gas
absorption surface sites; thereby, more gas molecules would be
absorbed at a relatively low-temperatures, which reasons an
improvement of the CO,-gas sensitivity (Fig. 7d). Consequently,
the mesoporous BO, PBO, EBO, and ABO nanosensors played
a vital role while obtaining fast response/recovery action.

3.6 Humidity-sensing activity

In addition, the sensor signals in dry air and humid air differ
not only quantitatively but also qualitatively. The dry-air- and
humid-air-sensing activities of the sensor were investigated
using a two-electrode film system. The PBO sensing materials
exhibited a high sensing performance as compared to those of
BO, ABO, and EBO in CO, gas. Therefore, only PBO sensing
material was selected for the dry- and humid-air-sensing activ-
ities in dry air, even one hour of CO, gas exposure was insuffi-
cient for reaching a steady response time, which is specifically
noticeable after the stepwise rise in the CO, gas concentration.
The relative humidity (RH) conditions were realized through
saturated salt solutions at room-temperature (27 °C). In the case
of the PBO film sensor under 20% RH surroundings, the
resistance reduced with the relative humidity, thus approving
that the H,0 molecules from the saturated salts represented as
electron donors. H,O molecules adsorbed on the surface of the
film sensor could modify the Fermi level close to the conduction
band edge. Furthermore, the humidity-sensing mechanism was
allied with the adsorption of H,O molecules on the surface of
the sensor material.*>**

The humidity sensing activity of the PBO film sensor
exhibited a 21% response for 20% RH at room-temperature (see
Fig. 8a). The quick response/recovery time (13/14 s) was allo-
cated to the quick desorption procedure of H,O molecules from
the PBO sensor surface, thus resulting to the rapid adsorption/
desorption of H,O molecules. The response of the Bi,O; sensor

5 80
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Fig. 8 Humidity-sensing properties of the PBO sensor; (a) variation of

the resistance of PBO sensor with respect to 20% RH, (b) response of
the PBO sensor with respect to various RH conditions.
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device, which is limited by a heavy adsorption/desorption at
room-temperature, was recognized to the thermodynamic
progression of the H,O molecules taking place through
adsorption, which was not satisfactory during the desorption as
an outcome of the low absorption energy.® Fig. 8b shows the
enlarged response of the PBO sensor to humidity as the RH
increased. Under humidity-sensing-activity conditions, the
sensor response/recovery time was much smaller than the
exposure times. Such an enhancement in the sensing perfor-
mance under humid conditions is rather uncommon for a che-
moresistive sensor. Naturally, semiconducting metal oxide
sensors used for reducing gases suffer from cross-sensitivity to
H,0 vapor.* The improved sensor signal in the case of CO, in
the presence of humidity highlighted the great prospective of
the PBO sensors for applications further down the actual
working circumstances.

4. Conclusion

In summary, a room-temperature, direct, and superfast
chemical-bath deposition method has successfully been applied
for synthesizing various morphologies (woollen globes, nano-
sheets, rose-flowers, and spongy-square plates) of Bi,O3; nano-
sensors on a glass substrate. These nanosensors are exploited as
gas sensors where excellent sensing performances for CO, gas
at room-temperature are evidenced. The sensing response of
the PBO nanosensor (179%) for CO, gas at 100 ppm is higher
than that of the BO (123%), EBO (158%), and ABO (132%)
nanosensors structures. The response time/recovery time values
of BO, PBO, EBO, and ABO nanosensors are respectively 151/
28s,132/82 s, 77/82 s, and 89/32 s. These results emphasize the
potential applications of room-temperature-synthesized Bi,O;
nanosensors for room-temperature operating CO, gas sensors.
The PBO nanosensor has endowed highest sensing perfor-
mance as compared to those of the BO, ABO, and EBO nano-
sensors owing to a moderate diameter and uniform distribution
of the nanosheets. Furthermore, the quick response/recovery
time (13/14 s) of the humidity-sensing activity of the PBO film
sensor with a 21% response for 20% RH at room-temperature
(27 °C) is awesome for potential applications like in optoelec-
tronic devices.
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