Nitrogen-doped hollow carbon spheres as chemical vapour sensors
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This study reports on low nitrogen content-doped hollow carbon spheres (N-HCSs) for use as chemical vapour sensors. The N-HCSs were prepared by a
template-assisted chemical vapour deposition method followed by nitrogen doping in an ammonia atmosphere. Raman spectroscopy displayed an increase
in the I/l ratio of the carbons upon N-doping indicating the creation of structural defects in the hollow carbon spheres (HCSs). The XPS results showed the
N-HCSs had a very low N content (0.6 at. %) comprising predominantly pyridinic-N (35%) and pyrrolic-N (48%) configurations. The XPS results showed the N-
HCSs had a very low N content (0.6 at. %) comprising predominantly pyridinic-N (35%) and pyrrolic-N (48%) configurations. Annealed HCSs obtained by
thermal annealing in Ar exhibited a lower Ip/ls ratio and higher thermal stability than the N-HCSs. The HCSs-based sensors were exposed to varying
concentration of acetone, water, lactic acid, ammonia, toluene, chloroform and methanol vapours at room temperature. Low detection limits for toluene
(15 ppm), lactic acid (12 ppm) and ammonia (6 ppm) were established for the N-HCSs-based sensors. The methanol sensitivity for the N-HCSs was recorded
to be 150 times higher than that of related rGO based sensors. This was ascribed to the moderate degree of graphitization, hollow carbon morphology and
the electron-rich N-HCSs surface. Most importantly, the water dependency for the N-HCSs was lower than that of the un-doped HCSs. This indicated the
effect of heat treatment and post-nitrogen doping of the HCSs in significantly lowering the humidity dependency of the carbons. Thus, the results suggested
that the N-HCSs nanostructures are potential candidates for humidity-insensitive environmental sensing devices for the detection of various chemical

vapours.

formed on a template can be controlled by varying the
1. Introduction surfactant to precursor ratio!34, the amount of the carbon
source®> and the carbonization timel®. A longer carbonization
time and a larger amount of a carbon source result in the
formation of a thicker carbon shell whereas a shorter
carbonization time will yield a thinner carbon shelll”. The
change in the HCSs shell thickness can influence their degree
of graphitization and the conductivity of the carbon layer?s.
Owing to their interesting structural, electrical, surface and
catalytic properties, HCSs have been applied in
supercapacitors!®, as sensors?021 in catalysts® and in fuel
cells2. Most importantly, the surface groups, the surface
porosity and the conductivity have been found to influence the
sensing properties of porous carbons and HCSs20.21,

Hollow carbon spheres are interesting nanomaterials that
possess unique textural, morphological and structural
properties’-23. The hollow carbon spheres (HCSs) have been
synthesized by various procedures such as the hydrothermal
method?, pyrolysis® and templating methods®7, among others.
The templating process has gained much attention due to the
ease of synthesis and the cost-effectiveness of the method. A
typical template is made of SiO,. This is a hard template, that
allows for the tunability of the sphere size and surface area
and vyields a controlled carbon morphology after template
removal®9. Recent reports have indicated that the ability to
control the carbon nanosphere morphology can also be readily

achieved by pyrolysis and carbonization of polymer
Typically, the conductivity and reactivity of carbon materials

can be enhanced by doping them with heteroatoms such as
nitrogen and boron2223, For example, the introduction of

templates!®1112 For instance, the carbon shell thickness that is
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doping process can also be used, whereby the carbon



materials are annealed at high temperatures in the presence
of nitrogen-containing compounds such as ammonia, urea,
melamine, polypyrrole or acetonitrile, among others2829,3031,
In both cases, the electronic and catalytic properties of N-
doped carbons are influenced by the amount of N-doping and
the type of N-configuration found on the carbon
surface32.33.34,35

Recently, nitrogen doping of porous carbons has been
reported to lead to enhanced gas sensing properties due to
improved electrical/charge conductivity3¢. As the sensing of
gases involves a change in the electron donating or electron
accepting properties of the sensing element, an addition of
electrons from nitrogen or other heteroatoms in the carbon
matrix could thus result in a change in conductivity. In
addition, the type of nitrogen configuration found on the
carbon surface can significantly influence the charge transfer,
gas molecule-carbon surface interaction, surface wettability
and the selectivity of gas molecules37383% For instance,
Adjizian et al.38 reported on the enhanced NO; and CO sensing
properties of N-doped carbon nanotubes (N-CNTs) compared
to related pristine CNTs. They attributed this to the presence
of a 2.2 at.% of nitrogen content that created more defects on
the CNT-matrix and a better gas molecule-CNT surface
interaction. The NO; and CO gas molecules were found to bind
more strongly to the nitrogen-vacancy defects (pyridinic-N and
pyrrolic-N) than to the substitutional-N (graphitic-N) sites.
Similarly, Battie et al.40 reported an improved charge transfer
and enhanced ammonia sensitivity after using N-doped single-
walled carbon nanotubes (1.2 at. % N). The presence of a
strong interaction between the pyridinic-N and the ammonia
molecules enhanced the charge transfer properties and the
overall sensor response. In addition, the N-doped hollow
carbon spheres have been explored as electrochemical sensors
due to their tunable porosity, surface reactivity caused by the
nitrogen defects and the ease of modification of the carbon
matrix polarity?1,42:43.44,

The sensing of volatile organic compounds by nanomaterials is
greatly hindered by the cross-sensitivity to other volatile
molecules and particularly water vapour. Indeed, the chemical
vapour sensing properties of metal oxides and carbon-based
materials are highly influenced by relative humidity4>4647. For
carbon-based sensors, the presence of amorphous carbon
domains and sp?/sp3 carbon “dangling bonds” can affect the
wettability of the carbon. The carbon domains tend to possess
a high affinity for water molecules leading to cross-sensitivity
and compromised performance?*849.50, Previous reports have
shown that heat treatment of carbons can reduce the cross-
sensitivity and result in a humidity-independent chemical
vapour sensor®l, However, heat treatment also has the
potential of removing nitrogen atoms from N-doped carbons
as well as surface oxygen groups which ultimately leads to a
lower N/C ratio and consequently, compromised sensitivity.

To address this issue, post-synthesis nitrogen doping has been
adopted as a promising route to facilitate both heat treatment
as well as the introduction of dopants into the carbon lattice.
The use of nitrogen-containing precursors such as acetonitrile
or urea results in the creation of a new carbon doped layer on
the pristine carbon surface giving a carbon
core@carbon/nitrogen shell nanostructure3?. The additional
carbon/nitrogen layer can introduce amorphous carbon
domains which have a high affinity for water molecules
(humidity), thus limiting the overall performance of these
carbon-based sensors. Therefore, the use of a nitrogen-rich
source, devoid of carbon atoms, as well as heat treatment
could aid in reducing the humidity-dependent sensing
properties of carbon nanomaterials.

In this study, we report on the use of ammonia gas as the high
purity nitrogen source for the post-synthesis nitrogen doping
of hollow carbon spheres (N-HCSs). While the use of N-doped
porous carbons and N-CNTs in gas/vapour sensing51-5238 have
been widely explored, the application of N-doped HCSs in such
technological devices, to our knowledge, is as yet to be
reported. Therefore, as a proof of concept, the sensing
properties of the N-HCSs towards a diverse range of analytes
(water, lactic acid, ammonia, methanol, acetone, toluene and
chloroform) with varying analyte concentration was
investigated. The doping of the HCS was found to influence the
humidity sensing ability of the carbons.

2. Experimental
2.1 Starting materials

Silica spheres were synthesized using tetraethyl-orthosilicate,
TEOS (98%, Aldrich), ammonium hydroxide, NH4;OH (25%),
ethanol (96%, Aldrich) and deionized H,O (resistivity > 18.2
MQ cm™1). Hydrofluoric acid (HF; 40%, Associated Chemical)
and toluene (99.8%, Aldrich) were used for the preparation of
hollow carbon spheres. The argon (Ar, 99.9%) and ammonia
(NHs, 10% in Ar) gases were supplied by Afrox, South Africa.

2.2 Synthesis of SiO, spheres and N-HCSs

The SiO, spheres were synthesized following a modified
procedure reported elsewhere?l’. Briefly, 180 mL of ethanol, 60
mL of distilled water and 10 mL of NH4OH were mixed in a
volumetric flask and stirred for 30 min. Then 32 mL of TEOS
was added rapidly and the mixture was stirred for another 2 h.
The resulting solution was centrifuged at 7000 rpm for 10 min
and the precipitate washed three times with a distilled water
and ethanol mixture to remove unused reactants. The
collected product was dried in an oven overnight at 80 °C.
Carbonization of the SiO, spheres was carried out in a
horizontal CVD reactor at 900 °C for 2 h by a bubbling method
using toluene as the carbon source and argon as the carrier
gas. The carbonized silica spheres were then etched with 10%
HF for 24 h at room temperature, washed several times and
dried to give the pristine HCSs. Further heat treatment of the



pristine HCSs was performed at 600 °C for 1 h under Ar gas to
give the annealed HCSs. The post-synthesis N-doping of the
pristine HCSs was carried out in a CVD reactor at 600 °C for 1 h
using 10 sccm or 50 sccm ammonia gas to give N-HCSs-10 or
N-HCSs-50, respectively.

2.3 Characterization of the HCSs

The morphology of the annealed HCSs and N-HCSs was
evaluated using a FElI TEM Technai G2 spirit electron
microscope operating at 120 keV. The Raman spectra of the
HCSs were measured at ambient conditions using a Jobin-Yvon
T6400 micro-Raman spectrometer equipped with a laser
excitation wavelength of 532 nm and a liquid N2 cooled
charge-coupled device detector. The thermal stability of the
HCSs was investigated by a thermogravimetric analysis (TGA)
instrument conjugated with a weight loss derivative curve
(DTG) using a Perkin Elmer Pyris 1 TGA. A 10 mg sample was
placed in a ceramic pan and heated from 35 °C to 900 °C at a
rate of 10 °C/min under air (10 mL/min) in the instrument
furnace. The N2 adsorption and desorption isotherms of the
HCSs were taken at 77 K using a Micrometrics Tristar 3000
instrument. The samples were degassed at 150 2C in a N3
atmosphere for 4 h. The specific surface area was calculated by
the BET method from N, adsorption data. The chemical
composition of the HCSs was determined by X-ray
photoelectron spectroscopy (XPS, Thermo ESCAlab 250) using
a monochromatic Al Ka X-ray source with an X-ray power of
300 W and a spot size of 900 pum.

2.4 Preparation of the sensing devices

Devices fabricated with the annealed HCSs, N-HCSs-10 and N-
HCSs-50 were screened with different apolar and polar (protic
and aprotic) analytes (water, lactic acid, ammonia, methanol,
acetone, toluene and chloroform) to evaluate their chemical
vapour sensing properties (Table 1).

Table 1: Properties of the various analytes>?

Dielectric Dipole Vapour
Nature of
Analyte constants moment pressure
Solvent

(&) (D) (kPa)
Water Polar protic 78.5 1.85 3.16
Lactic acid Polar protic 22.0 - 0.007
Ammonia Polar protic 25.0 1.46 49.6
Methanol Polar protic 32.6 1.70 16.9
Acetone Polar aprotic 17.7 2.88 30.6
Toluene Apolar 2.4 0.36 3.79
Chloroform Apolar 4.8 1.12 22.62

The three types of HCSs were separately dispersed in water
using hexadecyltrimethylammoniumbromide (CTAB) as a
surfactant at a N-HCSs:CTAB ratio of 1:2 w/w, as reported
elsewhere?l. The N-HCSs dispersion was then deposited on an
FR4 substrate containing the interdigitated electrodes (ENIG-
Electroless Nickel Immersion Gold, supplied by Micropress
S.A.) with an active area of 7.9 mm x 8 mm and a separation of
0.1 mm between the electrodes strips®4. The dispersion (100

uL) was drop casted on the interdigitated electrode followed
by drying in an oven for 30 min at 100°C. An LCR meter
(Agilent 4284A) was used for the resistance measurements,
which were carried out under steady-state condition using a 2
L glass flask containing the analyte vapour. The analyte
solutions of varying volumes (corresponding to the vapour
concentrations) were dropped using a micropipette into the
sealed glass flask. The vapour concentration of the various
analytes (C(ppm)) was determined from the volume of each
analyte added using the equation 1 below>5);
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Where V represents the volume added in pL, d is the density
of analyte in gmL?, Vs is the volume of the chamber in mL (in
this case 2000 mL) and Mw is the molecular weight of analyte
solution in gM1. The concentration of the analyte was varied
but no further sensor optimization studies were performed
regarding sensor geometry, dispersion conditions or amount of
material used. The sensing performance was determined
based on the limit of detection (LoD) and the sensitivity (S),
where LoD = R, + 3d, %6 and S = dResp/dC (R is the average
and d, the standard deviation of the device resistance without
analyte, respectively). For the response, Resp, the relative
variation of the resistance was used, i. e., Resp = 4R/Ro = (Rs-
Ro)/Ro (Rs is the resistance of the sensor when exposed to
analyte and Ry the resistance of the sensor under a dry N;
atmosphere).

3. Results and discussion

3.1 Morphological and structural properties of the HCSs and N-
HCSs

Figure 1 shows the TEM images for the annealed HCSs and N-
HCSs. The annealed HCSs have an inner diameter of 435 + 12
nm and a shell thickness of ~25 nm (Figure 1a). The HCSs inner
diameter was similar to that of the silica sphere template used
(438 £+ 16 nm; Figure Sla-b). After N-doping the N-HCSs had
thin shells (~¥24 nm for N-HCSs-10; ~22 nm for N-HCSs-50)
(Figure 1b and 1c) and a few broken HCSs were observed in
the N-HCSs-50 sample (Figure Slc). This suggests that a high
ammonia concentration can result in etching of the carbon
atoms in the N-HCSs. Indeed, a similar etching effect by the
ammonia gas has been observed in nitrogen-doped graphene
oxide>” as well as in cellulose-derived carbon aerogels>8. This
can be explained by the ammonia gas reacting with the oxygen
functional groups on the carbon surface, replacing them with
nitrogen-containing  groups>75%. The decomposition of
ammonia could also result in the generation of active radicals
that etch the carbon atoms>9:60.



¢) N-HCSs-50.

Figure S2a shows the thermal gravimetric curves of the
annealed HCSs and N-HCSs. The onset decomposition peaks
were at 515 °C, 508 °C and 492 °C for the annealed HCSs, N-
HCSs-10 and N-HCSs-50, respectively. The decrease in
decomposition temperatures of the HCSs further suggested
the reduction of thermal stability after ammonia treatment.
The absence of decomposition peaks at lower temperatures (<
400 °C) in both the HCSs and N-HCSs indicated the lack of
amorphous carbon domains that could emanate from mainly
sp3 hybridized carbons and nitrogen bonded to sp3 hybridized
carbon3961, This is expected as the heat treatment and doping
was carried out in argon or ammonia atmospheres at 600
°C. Interestingly, the derivative profiles of the N-HCSs were
broader (FWHM; N-HCSs-10: 80.0 + 0.2 cm™ and N-HCSs-50:
116.5 £ 0.3 cm) than those of the annealed HCSs (Figure 2a).
The narrow derivative peak (FWHM: 61.6 = 0.2 cml) of the
annealed HCSs can be attributed to the presence of a higher
degree of graphitic carbon?1.62, |n contrast, the broadness of
the derivative peaks in the N-HCSs can be attributed to the
presence of defects induced by nitrogen incorporated into the
carbon matrix. Moreso, the presence of nitrogen-containing
active radicals due to ammonia decomposition, can result in
different decomposition rates yielding broader derivative
peaks in the N-HCSs.

Table 2: Raman band positions, Io/ls ratio and BET surface areas of the HCSs

D band G band
. N . Io/le BET Surface
Material position  position R
ratio areas (m2g)
(cm) (cm-1)
Annealed HCSs 1344 1586 0.51 55.8+0.7
N-HCSs-10 1338 1588 0.53 81.7+0.5
N-HCSs-50 1346 1594 0.72 87.6+1.0

Raman spectroscopy was used to study the graphitic nature of
the annealed HCSs and N-HCSs. Figure 2b shows the Raman
spectra of the HCSs and N-HCSs with D peaks observed
between 1338 cm! and 1346 cm-?, respectively. The D peak is
associated with the breathing mode of sp? carbon atoms and
the presence of defects in the carbon structure®3. The G peak
observed between 1586 cm and 1594 cm! is due to the E,g
mode of vibration of sp? bonded carbon and bond stretching
of sp? atoms3064, A slight upshift of the G peak was observed
(Table 2) in the N-HCSs and can be ascribed to the nitrogen-
induced defects incorporated within the carbon lattice30.65, The
annealed HCSs gave a low Ip/lg ratio (0.51) indicating that the
HCSs had a moderate degree of graphitization. The Ip/ls ratio
increased with increasing doping concentration (0.53n-hcs10

versus 0.72n-Hesso). This indicates that more structural defects
were introduced at the higher ammonia concentration (50
sccm) compared to when a lower ammonia concentration (10
sccm) was used.
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Figure 2: (a) Thermal gravimetric derivative profiles, (b) Raman spectra and

(c) N2- adsorption and desorption isotherms of the annealed HCSs and N-
HCSs.

The N, adsorption and desorption isotherms show a type (lll)
isotherm with a H3 hysteresis loop at a relative pressure of
P/P, = 0.85 — 1.0 for all three samples (Figure 2c). This
indicated an assemblage of slit-shaped pores or plate-like
particles for both samples®. The BET surface area was
calculated to be 55.8 + 0.7 m2g1, 81.7 + 0.5 m2gland 87.6
1.0 m2g? for the annealed HCSs, N-HCSs-10 and N-HCSs-50,
respectively. The low surface areas of the HCSs can be ascribed
to the non-porous silica spheres used as templates. However,
the BET surface area of N-HCSs was larger than that of the
annealed HCSs. The small increase could be linked to the
incorporation of nitrogen atoms within the carbon matrix®’ as
well as the formation of pores on the carbon surface upon the
reaction of active radical species with carbon. Moreover, the
decomposition of ammonia generates radicals that react with
and erode some of the carbon fragments and so create more
pores within the N-doped carbon structure, thus increasing the
specific surface area’®%, The pore size distribution plots for
the annealed HCSs and N-HCSs are shown and discussed in the
supplementary section (Figure S2b).

3.2 XPS analysis of the N-HCSs

The integral peak areas of the XPS survey spectra were used to
determine the elemental composition (at.%) of the annealed
HCSs and the N-HCSs (Table 3). As expected no nitrogen was
present in the annealed HCSs and the carbon content was
higher than that in the N-HCSs. After N-doping the carbon
contents decreased with increasing dopant concentration
(ammonia), indicating successful incorporation of nitrogen



atoms, either via the substitution of carbon with nitrogen or
through the formation of nitrogen-induced defects within the
carbon matrix. Furthermore, XPS data revealed that on
increasing the amount of dopant (N-HCSs-50), the nitrogen
content was increased to = 0.6 at %, in comparison to the
nitrogen content of 0.2 at % for the N-HCSs-10 (Table 3). Thus,
the use of the higher ammonia dopant concentration (50
sccm) gave a satisfactory amount of nitrogen on the carbon
surface, leading to an increase in surface area and defective N-
doped carbon structures; a sought-after property desirable for
sensing applications. The lower nitrogen content resulted from
a low reaction efficiency between the carbon matrix and
ammonia. The annealed HCSs had the lowest oxygen content =
2 at. % owing to the removal of oxygenated functional groups
at high temperature treatment in Ar gas. As for the N-HCSs,
the N-HCSs-10 had a slightly higher oxygen content than the N-
HCSs-50 due to the incorporation of fewer nitrogen-containing
groups at lower ammonia concentration. Thus, an oxygen
content of = 3 at.% was recorded for the N-HCSs. This can be
attributed to the removal of oxygen-containing groups during
the annealing process in NH3 gas that simultaneously resulted
in the N-doping of the carbon matrix. Typically, the presence
of few oxygen-containing groups on a carbon surface is
expected to limit the amount of nitrogen incorporated into the
carbon matrix®. Oxidized carbon on the surface has a high
affinity for water and thus, could hinder the chemical sensing
efficiency of non-water analytes.

Table 3: Atomic compositions of the annealed HCSs and N-HCSs

Samples C(at.%) N(at.%) O (at.%)
Annealed HCSs 98.3 - 1.7
N-HCSs-10 97.0 0.2 2.8
N-HCSs-50 96.7 0.6 2.5

High resolution C1s XPS spectra of annealed HCSs (Figure S2c)
and N-HCSs (Figures 3a and c) exhibited an asymmetrical and
tailing peak, which is indicative of different bonding states for
the C atoms, comprising of sp3 and sp? hybridized carbons. The
binding energy region at = 285.0 eV corresponding to the sp3
C-C bonds and the lower binding energy region located
at~284.0 eV is ascribed to the sp? C=C bonds of graphite®®. In
both N-HCSs-10 and N-HCSs-50, two additional peaks were
observed at 284.8 - 284.9 eV and 285.8 - 285.9 eV. These
binding energies can be attributed to the bonding of the
carbon atoms (c.a 2.55) to more electronegative nitrogen
atoms (c.a. 3.04), thus forming sp2 C=N and sp3 C-N bonding
configurations, respectively’®. Finally, component peaks
located at a higher binding energy of 286.0 eV and 289.0 eV
correspond to the presence of C-O and O-C=0 bonds in HCSs,
whereas for the case of N-HCSs, these signified the presence of
C-O and N-C=0 bond 5.

The N1s spectrum of the N-HCSs was deconvoluted into four
component peaks. The peak centered at 398.1 eV and 397.9
eV in the N-HCSs-10 and N-HCSs-50, respectively, was assigned
to pyridinic-N (with the N atom contributing one electron to

the m-system). The pyrrolic-N, graphitic-N and NOx peaks were
centered at 399.4 eV, 400.8 eV and 402.2eV in the N-HCSs-10
(Figure 3b). In the N-HCSs-50, these three component peaks
were centered at 399.3 eV, 400.4 eV and 402.0 eV,
respectively (Figure 3d). The pyrrolic-N contributes two
electrons to the m-system while in the graphitic-N, the N atom
substitutes the C atom in the graphitic structure’?.
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Figure 3: The XPS spectra of deconvoluted C1ls and N1s peaks; (a-b) N-

HCSs-10 and (c-d) N-HCSs-50, respectively.

The relative concentration of the N configurations revealed
that the N-HCSs-10 comprised of 24.8 % pyridinic-N, 41.5 %
pyrrolic-N, 19.7 % graphitic-N and 14 % NOx while the N-HCSs-
50 had 34.7 % pyridinic-N, 48.2 % pyrrolic-N and 13.9 %
graphitic-N and 3.2 % NOx. This could suggest that in the N-
HCSs surface, the nitrogen atoms are preferably attached at
the defect vacancies generated via removal of amorphous
carbon domains and sp?/sp3 carbon “dangling bonds” yielding
the high pyrrolic-N and pyridinic-N  contents. The

representative structures of the different doped N-HCSs are
shown in scheme 1.

Pyridinic-N
Pyrrolic-N
Graphitic-N
NOx.

Scheme 1: Schematic representation of various N-configurations within (a)
N-HCSs-10 and (b) N-HCSs-50.

3.3 Sensing properties of annealed HCSs and N-HCSs

Sensors were prepared from annealed HCSs, N-HCSs-10 and N-
HCSs-50. The chemical sensing results presented in figure 4
show the results for ammonia, but similar results for all the



other analytes investigated are presented in figures S3-S8
(Supplementary Material). Figures 4 (a-c) show the sensor

resistance as a function of the ammonia concentration. The
sensor response (4R/Ry) is presented in figures 4 (d-f) and
further used to calculate the sensitivity (see Table 4). In all
cases, the response increasing
concentration. The resistance measurement frequency was

sensor increased with

selected based on two parameters: high magnitude of the
response (figure 4(g-i)) and high SNR value (figure 4(j-1)).

(a)

Hw \-H

T

Cl

Cl
Scheme 2: Structural formula for (a) ammonia, (b) lactic acid, (c)
methanol, (d) acetone, (e) toluene, (f) chloroform, and (g) water
molecules.

Our results show that our sensors prepared with annealed
HCSs and N-HCSs respond to the presence of all investigated
analytes; water, lactic acid, ammonia, methanol, acetone,
toluene and chloroform. The concentration limit of detection
(LoD) and sensitivities, S for the different analytes are shown in
Table 4. Typically, the adsorption of a molecule on a carbon-
based material is influenced by its polarity, vapour pressure,
dipole moment as well as the porosity of the carbon surface
72,7374 Polar analytes with high polarizability, high volatility
(high vapour pressure) interact with functional groups on
carbon surface more than their apolar counterparts. For
instance, in the N-HCSs-based sensors, lower LoD limits were
recorded for lactic acid, ammonia and water (polar groups).

These results suggested that the N-HCSs gave a lower limit of
detection for water as compared to the annealed HCSs. This
can be associated with the presence of nitrogen-induced
defects in the N-HCSs surface that allowed for the interaction
of the nitrogen-containing groups with the water molecules.
However, the sensitivity (response as a function of analyte
concentration) was lower meaning that the response and
recovery towards the water molecules was slower compared
to the annealed HCSs. We can postulate that there exists
stronger
nitrogen-containing groups with the water molecules and this

interactions between the various oxygen and
could reduce the response and recovery time yielding lower
sensitivities. For the annealed HCSs, a higher limit of detection
for water was displayed whilst the sensitivity was high. This
could be due to the pure carbon surface (as confirmed by the
TGA data), the presence of fewer oxygenated groups on the
surface (as confirmed by the XPS data) and hence a weaker
interaction of the carbon surface with water molecules.

Table 4: Frequency f, determined limit of detection concentration (LoD) and
sensitivity, S for different analytes detection in sensors based on annealed
HCSs and N-HCSs dispersion at 2 mg/mL concentration?

Annealed
Analyte N-HCSs-10 N-HCSs-50
HCSs
Ammonia f(kHz) 6 3 1
LoD (ppm) 19 6 60
S (ppm?) 5.9 x10* 5.2x10% 1.4x10*
Methanol f (kHz) 6 1 6
LoD (ppm) 40 54 64
S (ppm™?) 2.4x10* 1.1x10° 1.8x10*
Toluene f(kHz) 1 6 1
LoD (ppm) 49 15 286
S (ppm?) 5.3x10* 8.7 x 10 2.2x10*
Chloroform f (kHz) 1 6 3
LoD (ppm) - 59.6 -
S (ppm?) - 1.9x10* -
Lactic acid f(kHz) 6 20 6
LoD (ppm) 28 15 12
S (ppmY) 2.3 x107? 1.2 x10? 4.1x107?
Water f(kHz) 10 20 10
LoD (ppm) 62 30 7
S (ppm™?) 7.3x1073 2.4x103 5.6 x 10*
Acetone f(kHz) 3 6 10
LoD (ppm) - - 83
S (ppmY) - - 2.0x 103

aAbsent values could not be determined due to low signal to noise ratio

Moreover, the ammonia sensitivity (Table 1) of the HCSs-based
sensors was better than that for methanol and chloroform
vapours and this could be attributed to ammonia volatility
(high vapour pressure) and the dipole-dipole interactions of
the ammonia molecules with the carbon surface?-36. In the
case of the lactic acid, the C=0 group could create an electron
withdrawing effect on the electron-rich N-HCSs surface leading
to a lower LoD value and better sensitivity’”>. However, the
methanol vapours showed lower LoD values for the annealed
HCSs. It was noted that the N-HCSs-50 sensor gave lower
sensitivities towards ammonia, methanol and toluene when
compared to the annealed HCSs. This can be associated with
an increase in the charge carrier density of the N-HCS sensor
leading to a reduction of electrical resistance. Typically,
ammonia molecules are considered to be electron donors
while the presence of nitrogen-containing groups on the N-
HCSs could create a cloud of electrons over the HCS surface.
Consequently, an increase in the density of negative charge
carriers, therefore, lowering the ammonia sensitivity. In the
case of annealed HCSs, the absence of nitrogen-containing
groups made them suitable electron acceptor sites for the
ammonia molecules vyielding higher ammonia sensitivity.
Additionally, the carbon surface is also more conductive (Ip/lg
ratio: 0.51) and this allows easier interaction of the ammonia
molecules with the carbon surface and hence higher
sensitivity?1.
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Figure 4: Sensor data for ammonia. (a-c) Sensor resistance as a function of analyte concentration, the red line indicates the estimated LoD resistance of
the corresponding sensor; (d-f) response of the sensor versus analyte concentration; (g-i) sensor resistance dependence on frequency, dashed line
indicates the working frequency; and (j-I) sensor signal to noise ratio (SNR) as a function of frequency. The results of sensors based on annealed HCSs, N-
HCSs-10 and N-HCSs-50 are presented in the first, second and third column, respectively).

In the case methanol sensitivities, the N-HCSs showed lower
sensitivities as compared to the annealed HCSs thus, following
a similar trend reported by Greenshields et al.52 on N-MWCNT-
PVA composites. Thus, further analysis of the methanol vapour
detection behaviour of the N-HCSs based on the capacitive
sensing mechanism will be of great interest. The N-HCSs-10
sensor gave the highest toluene sensitivity followed by
annealed HCSs and N-HCSs-50, respectively. This was not
unexpected as the N-HCSs-10 had lower LoD values than the
N-HCSs-50. From literature, the N-MCNT-PVA composites were
found to show high
concentration and vice-versa®2.

sensitivities towards low toluene

In some cases saturation of the sensors was noted, when they
were exposed to high concentrations of analytes (Figures S3-
S8). In these cases, sensitivity was estimated using only the
three lowest concentration values. It was not possible to
identify a single frequency for which response and SNR were
simultaneously high for all sensors and analytes. For this
reason, the values presented in Table 4 are the values of
sensor performance in the optimum operating frequency.
Thus, neither a direct comparison between HCSs, N-HCSs-10
and HCSs-50 performance nor a correlation of performance
and nitrogen content is possible using Table 4. For this reason,
we present sensitivity values for all analytes determined at the
same frequency of 6 kHz in Table 5, where some clear trends
can be observed.



The increase in nitrogen content of the HCSs increased the
sensitivity to lactic acid and decreased the sensitivity to water.
This suggests enhanced interaction of the carbonyl and
hydroxyl groups in lactic acid analyte with the oxidized
nitrogen moieties (NOx) and other nitrogen induced defects in
the N-HCSs matrix as compared to the annealed HCSs surface.
Due to the low signal to noise ratio, a trend could not be
established for the sensing performance of the HCSs-based
sensors towards apolar analytes.

Table 5: Sensitivity for different analytes of annealed HCSs, N-HCSs-10 and
N-HCSs-50 based sensors at measurement frequency of 6 kHz

Sensitivity (ppm™)

Analyte Annealed HCSs N-HCSs-10 N-HCSs-50
Ammonia 5.9 x10* 1.4x10* 1.3x10*
Methanol 2.4x10* 7.9x10° 1.8x10*

Toluene 6.5x10* 8.7x10* 2.3x10*

Chloroform - 1.9x10* -
Lactic acid 2.3x107? 3.0x10? 4.1x107?
Water 0.3x10% 4.0 x 107 3.0x 103
Acetone - - 1.5x10*

The annealed HCSs exhibited higher sensitivities towards
ammonia, water and methanol vapours as compared to the N-
HCSs. Indeed, water exhibited a clear sensitivity trend on N-
content in HCSs, with the N-HCSs-50 showing the lowest
sensitivity (Table 5). This indicated that ammonia post-
synthesis N-doping and heat treatment of the HCSs aided in
limiting the water vapour dependency of the N-HCSs sensors.
This behaviour could be attributed to a moderate degree of
graphitization for the N-HCSs (Ip/lg; 0.72) as compared to that
of pristine HCSs 2. Thus, annealing in ammonia served the
dual role of removing any amorphous carbon domains as well
as incorporating nitrogen defects on the HCSs surface. The
reduction of sensitivity to water as the HCSs nitrogen content
increases can be advantageous for application in sensor arrays

for analyte discrimination in humid environments [21],

because it allows the separation of the water contribution to
the sensors responses. However, the N-HCSs exhibited lower
ammonia sensitivity than that reported previously for un-
annealed HCSs?!, This shows that the presence of a low
content of O-N, O-C=0, C-N and C-O groups on the N-HCSs
surface could impact on their vapour sensing properties’677,
The sensitivity to ammonia also shows a clear tendency of
reduction in the case of N-HCSs.

Our reported sensitivities of the annealed HCSs and N-HCSs
towards toluene was higher than that reported in literature’.
For the water sensitives, our values were much lower than
those of graphene oxide, graphene and pristine HCSs79:80.21 3s
highlighted in Table 6. This can be ascribed to the low oxygen
content of the annealed HCSs and N-HCSs as compared to
graphene oxide that typically contains a large number of
oxygenated functional groups. The important point in this
work is the low LoD values recorded for ammonia, methanol
and toluene as compared to other reports in literaturedl
82,83,84, Despite the low sensitivity towards ammonia,
methanol and acetone vapours8>86.87.88.89  the ability to limit
water dependency of the N-HCSs sensors is of great
significance to the future modification of carbon based
chemical sensors.

The sensitivity values of the N-HCS based sensors can be
compared to values reported by Rodrigues et al.?°. The N-HCSs
based sensors showed significantly higher sensitivity than
sensors based on B-In,S;s and rGO nanostructures for water
and methanol molecules. Our previous study based on hollow
carbon nanospheres and polyvinylpyrrolidone (HCSs/PVP)
composites reported a sensitivity of up to two orders of
magnitude higher at a controlled temperature (40 °C) and
relative humidity?!. This shows that with controlled
temperature and relative humidity there is great potential to
improve the chemical sensing properties of the N-HCSs. It is to
be noted that even with the low nitrogen content reported in

Table 6: Comparative sensor data for the annealed HCSs and N-HCSs with other related materials in literature

Analyte Material Concentration (ppm) Temperature  Sensitivity (ppm™) LoD (ppm) Ref
N-HCSs-10 0-463 RT 8.7 x10* 15 This work
Toluene MWCNTs 2.8x10° 72 78
72-108 RT
MWCNT/PEO 5.5x10°% 72
Annealed HCSs 0.3x10% 62 )
0-2025 RT This work
N-HCSs-50 3.0x 103 7
Water Graphene N/R RT 3.0x 101 N/R 7
Graphene Oxide N/R RT 37800 N/R 80
Pristine HCSs N/R RT 199000 N/R 2
N-HCSs-10 0-354 RT 1.4x10* 6 This work
. RGO film 200-2800 RT N/R 200 81
Ammonia
Graphene foam 20- 1000 RT N/R 20 82
RGO/TiO/Au 2-10 RT 1.43 x 1072 2 85
Annealed HCSs 0-1200 RT 2.4 x10% 40 This work
MWCNT/Au 15-40 RT 37.3x10? NA 86
Methanol
SnO/CNT 100-1000 200 °C N/R 100 83
MIL-53(Cr-Fe)/Ag/CNT 10-500 ppm RT N/R 30.5 ppm 84
N-HCSs-50 0-480 1.5x10* 83 This work
Acetone MWCNTs/Fe RT 0.8 x 102 N/R 87
HKUST-1 MOF (Cus(BTC)2 (H20) N/R RT - 50 ppm 8




this work (0.6 at. %), it was possible to control the humidity
dependency of the HCSs and measure their sensitivity to both
protic and aprotic analytes.

In this study, for the first time, the sensing properties of
annealed HCSs and N-HCSs towards various chemical vapours
is reported. The first indications that the type of N in the HCS
plays a role in the sensing of analytes has been revealed.
However, higher nitrogen contents in the HCSs will be
necessary to understand the role of these various nitrogen
configurations on the sensing properties of the HCSs. Our data
also reveal that since our sensors showed a response to all
tested analytes, a pattern recognition tool applied to a set of
simultaneously operated sensors would be necessary for
practical applications 1.

4, Conclusions

Annealed HCSs and N-HCSs were successfully synthesized. The
defect density induced on the HCSs increased with increasing
dopant concentration. This was confirmed by the broad first
order derivative peak (TGA data) and a higher Ip/lg ratio
(Raman data) seen in the N-HCSs-50 compared to the N-HCSs-
10 and the annealed HCSs. The surface areas of all the HCSs
were relatively low (< 90 m? g1) with a slight increase in the
surface areas observed wupon increasing the dopant
concentration during the post-synthesis N-doping of the HCSs.
The incorporation of nitrogen into the carbon matrix in the N-
HCSs was confirmed by XPS spectra to be 0.2 at. % to 0.6 at. %,
with a high percentage of pyridinic-N and pyrrolic-N. The
annealed HCSs and N-doped carbons showed a potential
application in chemical vapour sensors for the detection of
ammonia, toluene, chloroform, lactic acid, water and acetone.
Most importantly, the N-HCSs-50 exhibited lower sensitivity to
water indicating the role of post-nitrogen doping and heat
treatment of the HCSs in limiting the humidity dependency of
the carbons. Thus, the N-HCSs-based sensors are candidates
for humidity-independent devices for the sensing of volatile
chemical vapours.
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