Effect of activated carbon on the enhancement of CO sensing performance of NiO
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Highlights
e Use of reflux technique for the production of NiO/AC composite materials.
* NiO synthesized exhibited spherical morphology.

e Composite revealed a homogeneous coating of NiO on the AC.
e Composite electrodes produced good CO sensing performance.

Abstract

NiO/activated carbon (AC) composites were successfully synthesized via a hydrothermal reflux
process as an electrode material for carbon monoxide (CO) gas sensor application. The X-ray
diffraction (XRD) analysis was used to investigate the crystallinity of the samples while gas
sorption analysis was used to probe the specific surface area of both the pristine NiO and
NiO/AC composite. The sensors were subjected to continuous cycles of different CO
concentrations and were purged with air after each cycle, followed by variations in a
normalized resistance study. The results obtained from the gas sensing analysis disclose that

the incorporation of AC into NiO increased the conductivity and surface area of NiO/AC



composite and subsequently enhancing the CO sensing performance of NiO/AC based sensor.
These results imply that the NiO/AC composite could be an excellent nanomaterial for CO gas

sensors.

Introduction

In recent years, there has been exponential growth in research activities dealing with
nanoparticles for resistive gas sensing applications. This is because of the high demand for
simple, responsive and stable electronic sensors suitable for environmental monitoring in
industries, air pollution control, safety at mining sites and firefighting. [1]. Different materials
including metal/metal oxide nanoparticles, inorganic semiconductors, and carbon nanoparticles

have been explored as potential materials for resistive gas sensing applications [2-8].

Metal oxides (MOs) nanomaterials have drawn a great deal of interest in gas sensing
application owing to their low-cost, high surface to volume ratios, excellent sensitivity,
structural stability, and good mechanical flexibility [9-11]. Nickel oxide (NiO), a p-type
semiconductor with a wide bandgap of ~4 eV has been extensively investigated for diverse
applications including gas sensing [12—-17], supercapacitors [18,19], lithium ion batteries [20],
solar cells [21,22], chemical sensing [23], electrochromic applications [24,25] and solar
harvesting [26,27]. Nonetheless, MOs in general and NiO, in particular, have limited
conductivity, which in turn leads to their underperformance for most of the applications
mentioned above. Thus, integrating them with carbon nanomaterials can enhance their chemi-

resistive gas sensing performances [1,28].



Activated carbons (AC), are well studied and have been established for utilization in many gas
separation processes. Regardless of their sp3 hybridization which makes them amorphous they
still show some structural properties which are advantageous and could influence their gas
sensing application [29-31]. For example, AC possesses a highly formed inner porous structure,
large specific surface area, rich surface chemistry, chemical stability, the possibility of molding
their structure for specific applications and most importantly they are low-cost carbon when
compared to other forms of carbon such as CNT [32,33]. Furthermore, the precursor, the
synthesis technique, parameters and the conditions applied during the preparation determine
the chemical and structural properties of AC, which in turn could affect the adsorptive

properties.

In this work, we report on the hydrothermal synthesis of NiO/AC composite and study of its CO
gas sensing properties. The aim of this work is to investigate the role of activated carbon on
sensing properties of NiO when exposed to industrial pollutant gasses including CO in which the
composite shows the highest response. Coincidentally CO sensing has become paramount
because CO molecules are dangerous to human species and could be very harmful to the
environment if not properly monitored since we live in a world with very common sources of
CO. The results obtained suggest that incorporation of AC in NiO/AC sensor increases its
conductivity and surface area and accordingly improve its sensing performance towards CO gas
when compared with the NiO sensor. Hence, NiO/AC composite holds a great potential in CO

gas sensing application.



Experimental
Materials

Nickel nitrate hexahydrate (Ni(NOs).6H,0, purity 97.0%) was purchased from Sigma-Aldrich,
South Africa, urea (purity 98%) was purchased from Merck, South Africa, ethanol absolute
(99.9% purity) was purchased from associated chemical enterprises, South Africa. The activated
carbon was obtained from Protechnik South Africa. De-ionized water (resistivity 18.2 MQcm)
from a Milli-Q Water System (Millipore Corp. Bedford, MA, USA) was used during the

preparation processes.
Synthesis of NiO/AC

The synthesis procedure is similar to our previous work on Ni(OH),/GF composite [34]. Briefly,
14.884 g of Ni(NOs3).6H,0 and 12.3002 g urea were dissolved in 0.16 / of deionized water
followed by adding 50 mg of AC to the solution. The solution was stirred for 15 minutes to
achieve a uniform and homogeneous dispersal of AC in the mixture followed by sonication for
12 h. Subsequently, the mixture was placed into 250 ml flask with a reflux condenser and
immersed in an oil bath heated to 150 C with constant magnetic stirring for 2 h. Subsequently,
the flask was immediately taken out from the oil bath and allowed to cool naturally. Afterward,
the greenish precipitate obtained was centrifuged, washed with deionized water before drying
at 80 'C for 12 h in an electric oven. Lastly, the sample was calcined at 400°C in air for 1 h to
obtain the NiO/AC composite material. For comparison, pure NiO was synthesized by similar

procedure without the addition of AC.



The probable growth mechanism of spherical NiO with flowerlike structure could be elucidated

based on the following reactions [34—-36]:

CO (NH,), + H,0— 2NHs + CO, (1)
Ni** + X NH; —[Ni(NHs) x 1** (2)
[Ni(NH3) x ]**— Ni** + x NH; (3)
NH; + H,0— OH™ + NH (4)
Ni** + 20H"— Ni(OH), (5)
Ni(OH), — NiO+ H,0 (6)

Primarily, urea decays to NHs; and CO, (Equation 1). Subsequently, NH; developed complexes
with Ni*'that decreases the number of free Ni** and accordingly lower the growth rate of the
crystals [35,37]. Furthermore, during the hydrothermal reflux process urea can serve as a
source of OH™ ion supplied by hydrolysis (equation 1 and 4). This supports the growth and
nucleation of Ni(OH), nanoparticles based on the coalescence process. Although the surface
energy of distinct Ni(OH), nanoparticle is very high, the total surface energy is reduced as the
reaction prolongs further and, consequently, the Ni(OH), nanoparticles join with each other to
form flowerlike Ni(OH), [35,37]. Following the calcination at 400 °C, the flowerlike Ni(OH),

spheres are degenerated to yield flowerlike NiO spheres.
Material Characterization

Powder X-ray diffraction (XRD) technique was employed to determine the crystallinity of the

samples using XPERT-PRO diffractometer in a ©/26 configuration, with a cobalt tube at 35 kV
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and 50 mA (PANalytical BV, Netherlands). The vibrational mode analysis of the samples was
carried out by a Fourier transform infrared (FT-IR) spectra (Bruker Vertex 77 v FT-IR
spectrometer) operated with the OPUS software. Gas sorption analyses were carried out at
-196 °C using a Micromeritics TriStar Il 3020 (version 2.00) analyzer. All the samples were
degassed at 90 °C for 24 h under high vacuum conditions. The surface area was calculated by
the Brunauer—-Emmett—Teller (BET) method from the adsorption branch in the relative pressure
range (P/Pg) of 0.01 — 1. The surface morphology of the samples was studied by a field emission
scanning electron microscopy (FESEM) using high-resolution Zeiss Ultra Plus 55, operating at 2.0
kV. The elemental composition of the samples was studied using an integrated energy
dispersive X-ray unit from a high-resolution Zeiss Ultra plus 55, operating at 20 kV. Electron
micrograph and selected area diffraction patterns of the composite were collected using High-
resolution transmission electron microscopy (HR-TEM) JEOL 2100 (from Tokyo Japan) equipped

with LaB6 filament, a Gartan U1000 camera 0f2028 x 2028 pixels and operated at 200 kV.

Gas Sensing Measurement

NCSM-CSIR gas sensing station supplied by KENOSISTEC UHV and Thin Film Equipment, Italy
were used for the gas sensing measurements. The sensors were made by dispersing the
materials in ethanol and ultrasonicated for 5 minutes. The resulting thick paste was carefully
drop cast on the alumina sensing strip with interdigitated Pt electrodes and dried at 60 °C in an
electric oven for 1 h. Lastly, the gas sensing measurements were taken by monitoring a change
in electrical current for various concentration of the target gas using KEITHLEY pico-ammeter

system and converted to resistance using ohms law. The gas sensor response (S) is defined as



S = Ri/Ryys, and response percentage Sp = § X 100, where R;, and R, are the resistances of
the sensor material in the presence and absence of the target gas, respectively [16,38,39]. A
time taken for the resistance to achieve 90% of its final value after introduction of the target
gas is called response time (T,es), whereas recovery time (T,ec) is defined as the time taken for

the resistance to return to 90% of its initial value after removal of the target gas [38,40,41].
Results and Discussion

Structural and Morphological Analysis

XRD patterns of as prepared and calcined samples are presented in Fig. 1. The XRD analysis was
carried out using a cobalt source (Co-K1a) with a wavelength of 1.7890 A. Fig. 1a shows the XRD
pattern of the as-prepared Ni(OH), consisting of both hexagonal a- and B- phases of Ni(OH),.
The diffraction peaks relating to the a-phase at 26 values of 14.08° and 28.5° are allocated to
(003) and (006) planes (JCPDS No. 38-715), whereas the peaks at 26 values of 39.4°, 70.39° are
related to B- phase and were assigned to the (101), and (110) planes (JCPD No 74-2075),
respectively. After annealing at 400°C, the as-prepared Ni(OH), transformed to NiO with
detectable reflections indexed to the cubic NiO phase (JCPDS No. 047-1049). The characteristic
peaks at 20 values of 43.54°, 50.71°, 74.56° were assigned to (111), (200), and (220) diffraction
planes of cubic NiO, respectively. Using Scherrer’s equation, the average crystallite sizes for
Ni(OH), and NiO estimated from the most strong diffraction peaks (003) and (200) are 15.06 nm
and 17.81 nm, respectively. The observed increase in grain sizes of NiO could be due to the
coalescence effect which increases the grain size with the calcination temperature since the

sufficient calcination temperature could move grain boundaries. Fig. 1b displays the XRD



diffraction patterns of Ni(OH),/AC and NiO/AC composites. The composites have similar
diffraction patterns with that of pristine Ni(OH), and NiO. No additional peaks related to the
presence of carbon is observed in the Ni(OH),/AC and NiO/AC composites. This is due to the
amorphous nature of AC used, as shown in the inset to Fig. 1b, resulting in broad carbon peaks
with a very low intensity which overlaps with the Ni(OH), and NiO peaks. Using the highly
intense diffraction peaks (003) and (200), the average crystallite sizes calculated for Ni(OH),/AC
and NiO/AC samples are 10.95 nm and 13.00 nm, respectively. The inter-planar-spacing of
2.413 A was calculated using Bragg’s equation from (111) plane of NiO/AC. Thus, the presence

of AC reduces the particle size of both Ni(OH), and NiO in the composites.
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Fig. 1. XRD patterns of (a) Ni(OH), and NiO and (b) Ni(OH),/AC and NiO/AC (inset to the figure is the XRD pattern of

AC).



FTIR was used to study the vibrational modes of the samples before and after calcination as
shown in Fig. 2 to confirm the transformation of Ni(OH), to NiO. The FTIR spectra of Ni(OH), and

NiO were investigated in a wavenumber between 400 - 4000 cm™. The Peak at 3634 cm™ in
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Fig. 2. FTIR spectra of the Ni(OH), and NiO samples.

Ni(OH), spectrum is allocated to the v,y_y stretching mode [42]. Peaks at 3458 cm™ and 3606
cm™ are assigned to —OH stretching mode of the adsorbed water molecules for Ni(OH), and
NiO, while the absorption peaks at 1618 cm™ and 1629 cm™" are ascribed to the bending mode
of interlayer water molecules for Ni(OH), and NiO respectively [42,43]. The absorption peak
at~2181 cm™ is ascribed to the vibration of C=N triple bond in the OCN™, resulting from a by-

product of urea hydrolysis [44]. The vibrational modes between ~1498 and 1037 cm™ in both



spectra are ascribed to the presence of carbonate ions due to the interaction effect between
CO, from the air and the samples [44—46]. The band at 1342 cmtin Ni(OH), spectrum relates to
the vibration of NO3™ anion with D3, symmetry in the interlayer space [42], while the vibrational
peaks at 1282 and 945 cm* are connected to the C-N bond [47]. The bands at 623 and 478 cm™

in Ni(OH), spectrum are assigned to the &, and vy;_oy lattice modes [48,49]. The two peaks at

559 and 474 cm™ in NiO spectrum are related to Ni—O stretching vibration, implying the

presence of the crystalline NiO [46].

BET surface area and good pore size distribution (PSD) of sensor materials are vital material
properties that significantly influence their gas sensing capabilities. Therefore, these properties
were studied using N, physisorption and the result is shown in Fig 3. Fig 3a displays a type Ill N,
absorption-desorption isotherms for NiO with H3 hysteresis loop, showing non-rigid
accumulates of plate-like particles without saturation, while Fig. 3b display type V N,
absorption- desorption isotherms for NiO/AC composite with H1 hysteresis loop, signifying
narrow distribution of comparatively uniform pores. NiO/AC composite exhibited a higher
specific surface area (69.91 m? g) than the NiO (32.95 m? g%), this increase in the surface area
in NiO/AC composite could be as a result of addition of AC and change in its morphology when
compared to that of NiO as will be observed in the SEM images presented later in this work.
The average pore size distribution of the two samples are similar and centered at ~10 nm (inset
of Fig 3a and 3b), signifying that the samples consist of a combination of mesoporous and
macroporous structures. Nevertheless, the larger BET surface area of NiO/AC composite will
provide more active sites for adsorption of CO molecules, thereby improving its CO sensing
performance as compared to that of NiO.

10



a b
=5 4 12
3 12 1'-5’0.0026 l’& a :\1‘.
K7 = T 12/
3] ®_ oo020{ f [3} = |
) 1 E Q 104 = 40!
S I i = g 'Y
Sooots: | | l1's

? 58 \ : T o=
o & —tandud B B S K .z g 84 Sos|
o 2 g.0008- J L8 i s Seal

. & |
< . gaoooo ‘ =] 3 " %1 M
® 4| 0 1 2 3% 400 @ T ® S 00/ ;
> Pore diameter (nm) > 4. T TR S
s 2. = Pore diameter (nm)
= c
: ——wio 5 *
(¢ * —il 8 - —e— NIO/AC

T T T T 0 2 8 - '
e 14 0.0 0.2 0.4 0.6 0.8 1.0

Ro.zI . 04 0.6 b1 F?.s
slative pressure.(PFo) Relative pressure (P/Pg)

Fig 3. N, adsorption/desorption isotherms of (a) NiO and (b) NiO/AC. The inset presents BJH pore size distributions.

Fig. 4 illustrates low and high magnification FESEM images of NiO and NiO/AC. Spherical NiO
with flowerlike nanostructures was observed at low and high magnification micrographs (Fig 4a
and b). Figs. 4c and 4d show the low and high magnification SEM images of the AC. From these
images, some unevenness and some seeming macropores are seen. Figs 4e and 4f displays that
NiO nanoparticles has successfully cover the whole surface of the AC in the NiO/AC composite,
hence, developing into a porous and electro-conductive structure. This implies that the NiO/AC
composite can be a good candidate for chemi-resistive gas sensing application, owing to its

higher BET surface area, good conductivity and morphology as observed from SEM images.
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Fig. 4. (a) and (b) low and high magnification FESEM image of the NiO, (c) and (d) low and high magnification

FESEM image of AC, (e) and (f) low and high magnification FESEM image of NiO/AC.

Fig. 5 displays the EDX spectrum of NiO/AC sample which reveals the existence of nickel,
oxygen, and carbon representing the distinctive composition elements of NiO/AC. The presence
of gold in the spectrum is as a result of the gold coating of the sample and aluminum is an

impurity coming from the gold line during the coating process.
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Fig. 5. EDX spectrum of NiO/AC composite

The high resolution TEM (HRTEM) micrographs of AC/NiO composite (Fig. 6) reveals the
morphological and structural details of as-prepared AC/NiO composite. Fig. 6a reveals that the

NiO nanostructure is anchored on the surface of the activated carbon as in indicated in the
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Fig. 6. An HRTEM micrograph of AC/NiO composite taken at (a) lower and (b) higher magnification and the
corresponding (c) selected area electron diffraction pattern with diffraction intensity profile (inset to the figure)

showing the average inter-planar-spacing.

figure, whereas nanostructured crystallites of the composite are observed in Fig. 6b, showing
number of lattice fringes in different directions. The selected area electron (SAED) diffraction
pattern of the composite (Fig. 6¢) shows clear diffraction rings and this combined with lattice
fringes having different directions confirms the polycrystalline nature of the material which is in

agreement with the XRD data. The diffraction intensity profile (inset to the Fig. 6c) reveal the
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average inter-planar-spacing of 2.413 A which correspond to the (111) plane of NiO as in the
XRD data.

Gas Sensing Analysis

The gas sensing properties of NiO and NiO/AC sensors were tested for CO at operating
temperature of 100 °C. A typical p-type semiconducting behavior with respect to CO was
observed from the resistance-time curves of NiO and NiO/AC sensors at different CO
concentrations (5 - 100 ppm) as presented in Fig 7a and 7b. The CO gas sensing mechanism can

be explained in the following reactions [11,50]:

02 (gas) —* O (ads) (7)
0, (ads) + 2&'— 20" (ads) (8)
1/20, (ads) + 2" —> 0 (ads) (9)
CO (gas) + O (ads)—> CO, (ads) + & (10)
CO (gas) + O (ads) —> CO, (ads) + 2e° (11)

Initially, during the response, the atmospheric/synthetic air oxygen molecules adsorbed on the
surface and ionized by taking electrons (equation 8 and 9) from the valence band create the
holes. The CO molecules introduced to the chamber react with the chemisorbed oxygen species
(05, O or O%) at the surface of the materials. Consequently, the electrons released by one of
the absorbed chemisorbed oxygen are freed back to the valence band of the materials as
demonstrated in equation 10 and 11. The recombination of an electron with holes, decreasing

the number of holes in the materials causes an increase in resistance. Moreover, during the
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recovery, the reversible reaction as described in equation 10 and 11 takes place due to the

increase of CO vapor pressure.
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Fig 7. Resistance-time curves of (a) NiO and (b) NiO/AC sensors for different concentrations of CO at 100 °C. Note
that the resistance for the pure NiO sensors is generally higher (from 4.4 kQ to 5.2 kQ2) than that of the NiO-AC one

(from 2.9 kQ to 3.6 kQ2) demonstrating the effect that AC has on the increased conductivity in the NiO matrix.

The response percentage of both samples to CO concentration at 100 °C is displayed in Fig. 8a.
It is observed that both NiO and NiO/AC sensors response well to CO and the gas sensor
response percentage is found to be proportional to CO concentration, i.e. it increases with
increase in the CO concentration. The NiO/AC sensor is observed to have higher response
percentage for all CO concentrations, owing to the incorporation of AC in NiO/AC composite
which improves both the electrical conductivity and surface area of the composite material, in

addition to its smaller grain size and porous morphology.
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Fig. 8 (a) Sensor response of NiO and NiO/AC electrodes against CO concentration at 100 °C, (b) Response time of
NiO and NiO/AC electrodes against CO concentration at 100 °C, (c) Recovery time of NiO and NiO/AC electrodes
against CO concentration at 100 °C and (d) Selectivity of NiO and NiO/AC electrodes to 100 ppm of CO, CH, and

NH;at 100 °C.

Response time and recovery time against CO concentration at 100 °C operating temperature
are displayed in Fig. 8b and 8c, respectively. Both response and recovery time decrease with an
increase in CO concentration (Fig. 8b and 8c). The decrease in response time is due to the

higher pressure of striking analyte with the increase in analyte concentration [51]. Whereas,
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the recovery time tends to decrease with an increase of gas concentration because the surface
coverage of analyte molecules is proportionate to the analyte molecules desorption rate [52].
The smaller response time and recovery time observed for NiO/AC sensor when compared with
the NiO sensor for all concentration of CO signifies that the incorporation of AC into a NiO/AC
composite improves the recovery rate and enhances its CO sensing properties. Hence, AC
causes NiO/AC sensor to respond higher/faster and recover faster from CO stimulus than in the
absence of AC as noted in NiO sensor. It is known that response percentage, response time and
recovery time depend on the adsorption and desorption rates. The increase in electrical
conductivity could increase both adsorption and desorption rates thereby contributing to
increase in response percentage, response time and recovery time. Whereas the increase in the
surface area could only provide more adsorption sites for the gas molecules which could
contribute more to response percentage, and response time since the larger the surface area of
the sensor the longer it takes the gas molecules to desorb from the surface of the material
causing a decrease in desorption rate. Therefore, the increase in electrical conductivity
contributes more to the gas sensing performance since it could influence response percentage,
response time and recovery time. Selectivity is another significant factor for assessment of a
sensor. Fig. 8d displays response percentage against three reducing gasses namely CO, CHy, and
NHs. As observed from Fig. 8d, both NiO and NiO/AC sensors have a higher response
percentage to CO than CH4 and NHs. Thus, this confirmed their selectivity to CO compared with
CH4 and NHs. The major preference of NiO-based sensors towards CO over NHs; and CH, is due
to the presence of oxygen adsorption site in the NiO-based materials which can be explained in

terms of their adsorption energies. Among three aforementioned gases CO molecule has the
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highest adsorption energy [53,54]. In addition to their adsorption energies, the presence of
lone pair electrons in the target gasses could also influence their response percentage. CO
molecule which has two lone pair electrons tends to react more with the chemisorbed oxygen
species at the surface of NiO-based materials, followed by NH3; with one lone pair electron and
CH,4 lastly since it has no lone pair electrons (already saturated) that could react freely with the

chemisorbed oxygen species at the surface of the NiO-based materials.

Conclusion

Hydrothermal reflux synthesis technique was successfully employed to fabricate NiO/AC sensor
for CO gas sensing. The results showed that AC plays an important role in enhancing CO sensing
performance of NiO since its incorporation improved on the conductivity and surface area of
NiO/AC sensor as compared with the NiO sensor. Thus, the NiO/AC sensor exhibited better CO
sensing performance than NiO sensor. Hence, the NiO/AC could be a future candidate for CO

gas sensing application.
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