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This study reports on the ammonia vapour sensing behaviour of hollow carbon spheres (HCSs), a hollow
carbon sphere—polyvinylpyrrolidone (HCS/PVP) composite and annealed hollow carbon spheres (in a
humid environment). For device fabrication, a surfactant assisted method was used to homogeneously
disperse the hollow carbon spheres onto an interdigitated electrode. Conductance measurements
(sensor response and recovery time) were performed at 20 °C and 40 °C. The sensor response was
investigated by varying both ammonia concentration and relative humidity. The presence of amorphous
domains and oxygenated groups on the pristine hollow carbon spheres resulted in a high relative
humidity response. However, the detection of ammonia at high relative humidity using the pristine
hollow carbon spheres was found to be negligible due to the inhibition of ammonia adsorption sites by
the high concentration of water molecules. In contrast, a decline in conductivity at high relative humidity
was recorded in the HCS/PVP sensors due to polymer swelling and plasticization. Annealing of the
hollow carbon spheres resulted in a decrease in the amorphous domains in the carbon structure and
a subsequent increase in the surface area. The topology of the response was determined as a function of
these two variables (NHs and H,O concentration) and analysed by applying a generalized tristimulus
analysis to allow the ammonia concentration to be determined independently of the relative humidity.
The pristine HCS, HCS/PVP and annealed HCS sensor responses to 74 ppm NHz at ambient humidity
were 6%, 86% and 196%, respectively. The ammonia sensitivity values (% per ppm) of the pristine HCSs,
HCS/PVP and annealed HCSs were 0.08, 4 and 1.6, respectively. The annealed HCSs exhibited a good
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Accepted 22nd November 2016 ammonia sensitivity to NHz concentration (74-295 ppm) over a broad range of relative humidity
(10-97%); indeed the values measured were higher than those reported for other nanomaterial based

DOI: 10.1039/c6ta09424d sensors. This study demonstrates the critical role played by humidity and surface chemistry in the
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containing fertilizers in agricultural crops that increase soil
acidification and the consolidation of ammonium compounds

1. Introduction

The real-time monitoring of toxic compounds such as
ammonia, nitrogen dioxide and volatile organic compounds is
essential to human health and environmental safety. In
particular, high ammonia concentrations in the environment
are hazardous to human health and vegetation.*” These high
ammonia concentrations may result from the use of nitrogen
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to form fine particles.>* Therefore, the detection of ammonia
under ambient conditions is vital for environmental pollution
monitoring. Also, ammonia sensing can be applied in disease
diagnosis and monitoring kidney failure patients.”> Thus,
ammonia sensors find a broad range of applications in the
biomedical® and agricultural industries.”® However, research on
ammonia detection and sensing is mostly carried out in a gas
testing chamber, limiting their applicability in a day to day
situation.

Under ambient conditions, environmental factors such as
temperature and humidity affect the performance of chemical
sensors. For instance, Al,O; ceramic sensors are readily
susceptible to contamination by water vapour, hence requiring
regular maintenance.® Also, the presence of water vapour on
p-type semiconducting materials has been reported to cause
a reduction in conductance and a delay in the sensor recovery
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time.*** In essence, the monitoring of humidity levels is also of
great importance to the application of sensors in the automo-
tive and the food packaging industry.*»** This results from the
role of humidity in affecting the surface reactions of sensing
materials. Thus, the study of the ammonia response of different
sensing materials under ambient conditions is relevant for their
applicability in a humid environment."*"” In recent years,
several researchers have investigated the effects of surface
functionalities on ammonia adsorption on activated carbon,'®
single walled carbon nanotubes™?* and multiwalled carbon
nanotubes®"** using theoretical and experimental techniques.
Surface functionalities such as oxygen containing groups are
influenced by humidity, which can then impact on the
adsorption and desorption of ammonia. For instance, Sanga-
letti and co-workers reported on the use of highly sensitive
ammonia gas sensors based on single walled carbon nanotubes
(SWCNTs) under ambient conditions.”® Their SWCNT-based
sensors showed an increase in resistance with relative humidity
in studies involving human breath as a water source in
humidity tests. Narayanaswamy’s group reported on the
simultaneous determination of ammonia (5-27 ppm) and
relative humidity (30-70%) of a Nafion-crystal violet composite
in air through reflectance measurements using an optical fibre
sensor.**

Recently, solid carbon sphere-polymer composites have
been applied in electronic devices such as hydrostatic pressure
sensors,** relative humidity sensors” and write-once-read-
many-times memory devices.”®** The application of these
carbon nanospheres as chemical sensors is a simple, inexpen-
sive method that provides high sensitivity with short response
and recovery times. Despite their hydrophobic behaviour they
can be dispersed in water with the assistance of a surfactant,
such as hexadecyltrimethylammonium bromide (CTAB), at
a temperature below the Kraft temperature.””** In addition,
a polymer containing a polar group such as polyvinylalcohol
(PVA) or polyvinylpyrrolidone (PVP) can aid the dispersion of
these carbon materials.* In addition, the use of polymer PVP as
an insulating matrix within a conductive material such as gra-
phene has been reported to create percolation pathways that aid
electrical conductivity.** Thus, carbon based nanomaterials,
being cheap and easily processable and with a high surface to
volume ratio and tunable electrical properties, are advanta-
geously applicable for use as resistive or capacitive chemical
sensors.'73%3

Extensive research has been carried out on the synthesis and
application of solid carbon spheres. However, the same cannot
be said for their hollow carbon sphere (HCS) counterparts.®>*®
HCSs are commonly synthesized by hydrothermal,'® pyrolysis®
or templating techniques,*®** among others. The templating
method offers the advantages of manipulating the pore struc-
ture, the shell thickness and the internal diameter of HCSs.*®
The porosity and tunable surface area of HCSs make them
potential candidates for application as ammonia sensors. This
is because ammonia adsorption on nanoporous carbons is
favoured by large surface areas, strong surface interactions and
pore filling within the carbon matrix.****> In addition, HCSs are
lightweight and cheap and their void centre presents numerous
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strategies for filling with metals or chemicals to further modify
their properties.***¢ Therefore, HCSs with their size-dependent
properties have become attractive nanomaterials with versatile
applications in catalysis,***¢ fuel cells,*” supercapacitors*® and
lithium ion batteries.*

In this study, we have examined the response of three
different sensors based on HCSs (as-synthesized, annealed, and
in a PVP composite) to ammonia vapours while varying the
relative humidity (RH). The effect of low temperature annealing
of the hollow carbon spheres was investigated by comparing
the relative humidity response of the pristine and annealed
HCSs. The surfactant assisted dispersion of the pristine
HCSs, annealed HCSs and a hollow carbon sphere/poly-
vinylpyrrolidone (HCS/PVP) composite was used to prepare the
active layer in the sensor by casting. Controlled RH conditions
were created using saturated saline solutions. We have also
investigated the simultaneous response to ammonia and rela-
tive humidity of the HCSs and HCS/PVP composite using
a tristimulus analysis as a pattern recognition technique. This
allowed us to map the clusters of ammonia responses and
relative humidity levels in a readable output format.

2. Experimental

2.1 Starting materials

Tetraethyl orthosilicate, TEOS (98%, Aldrich), ammonium
hydroxide, NH,OH (25%, Fluka), ethanol (Merck, 96%) and
deionized H,O (resistivity > 18.2 MQ cm ') were used as
reagents for the synthesis of the silica spheres. Hydrofluoric
acid (HF; 40%, Associated Chemical) was used for silica
removal, and toluene (Aldrich) was used as a carbon source.
Hexadecyltrimethylammonium bromide (CTAB; 98%, Aldrich)
and polyvinylpyrrolidone, PVP (M,, 40 000, Aldrich) were used
for the preparation of the surfactant solutions and to make the
HCS/PVP composite, respectively. The saturated saline salts
were prepared from potassium hydroxide (KOH, 99.99%),
magnesium chloride hexahydrate (MgCl,-6H,0, 99%), sodium
bromide (NaBr, 99%), sodium chloride (NaCl, 99%) and
potassium sulphate (K,SO,4, 99%) supplied by NEON chemicals.

2.2 Synthesis of the SiO, spheres and the HCSs

The SiO, spheres and the HCSs were synthesized based on
a procedure described elsewhere.*® The preparation of the HCSs
and HCS/PVP solutions using a surfactant dispersion method is
described in the ESIf section.

2.3 Device fabrication

Interdigitated electrodes composed of 18 pairs of 7.9 mm long
ENIG (Electroless Nickel Immersion Gold) with a width of
0.1 mm and a gap of 0.1 mm between electrode strips mounted
on a FR4 epoxy resin/fiber glass board were sequentially cleaned
in acetone, deionized water and isopropyl alcohol by ultra-
sonication for 20 min in each step. The substrates were dried in
an oven at 100 °C for 30 min. A 20 pL solution was drop-cast
separately for each solution of interest on the active area of the
interdigitated electrode and the sensor device was dried at

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 A diagram showing the sensor inside and outside of the
chamber used for the transient measurements.

120 °C for 1 h. The thickness of the films was measured using
a Bruker Dektak XT profilometer and their morphology was
ascertained by optical microscopy (Wild M20).

Conductance measurements were carried out using a Agilent
4284A LCR meter at the input signal with an amplitude of
500 mV and a frequency of 1 kHz. Ammonia solutions of varying
volumes (1 pL to 4 pL that corresponds to 74 ppm to 295 ppm of
ammonia in the gas phase) were dropped into a sealed 2.4 L
glass chamber using a micropipette and measurements were
taken after a 10 min saturation time. The chamber contained
a fan to homogenize the volatiles. The change in the conduc-
tance was monitored at 20 °C and 40 °C by switching the sensor
response between the inside of the chamber (ammonia vapour)
and the outside of the chamber (ambient air) using a rotating
cap system (Fig. 1), previously described elsewhere.”* The
response time (t.sp) was determined as the time taken for the
sensors to achieve 90% of the saturation value. The recovery
time (¢recov) refers to the time taken to recover 90% of the sensor
response. The 40 °C measurements were obtained by keeping
the chamber in an oil bath. At 20 °C, the sensor saturation and
the recovery time for 74 ppm of ammonia were approximately
2700-3100 s and 200 s, respectively. In contrast, at 40 °C, the
sensor saturation and the recovery time for 74 ppm of ammonia
were approximately 150-400 s and 100 s, respectively. Relative
humidity measurements were carried out using saturated saline
solutions of KOH, MgCl,, NaBr, NaCl or K,SO, as described by
Greenspan et al.>> to obtain 10%, 33%, 59%, 75% or 97% RH,
respectively. To confirm the relative humidity during the
measurement, a hygrometer (Minipa MT-241) was kept inside
the chamber. The measurements were carried out at 20 °C
and 40 °C.

3. Results and discussion
3.1 Characterization of the HCSs

TEM micrographs show that the pristine hollow carbon
spheres obtained after 1 h carbonization and silica removal
were complete (not broken) with a mean inner diameter of
211 + 18 nm (Fig. 2a). As expected, the sphere sizes were slightly
smaller than those of the SiO, templates used (Fig. S1t).*°

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 The characteristics of the pristine HCSs. (a) TEM image; (b)
TG-DTG curves; (c) N, adsorption and desorption isotherms and (d)
Raman spectrum, respectively.

The shell diameter in the pristine HCSs was approximately
18 + 4 nm due to the use of a short (1 h) carbonization time. The
TG-DTG curve of the HCSs shows a small derivative peak
between 290 °C and 400 °C (Fig. 2b). This can be attributed to
the decomposition of the organic residues and OH groups that
were not completely removed during the SiO, etching process.*
To understand the surface properties of the HCSs, their surface
areas were measured using the BET (Brunaeur-Emmet-Teller**)
method, and their pore size distributions were determined
using the BJH (Barrett-Joyner-Halenda®) method. Fig. 2c
shows that the HCSs exhibited a type (III) isotherm with a H3
hysteresis loop at a relative pressure of p/p, = 0.8-1.0 indicating
an assemblage of slit shaped pores or plate-like particles.>® The
BET surface area was calculated to be 88 m® g~ '. The Raman
spectra show a D band peak at 1346 cm ™" due to the breathing
mode of sp® carbon atoms and defects in the carbon structure
(Fig. 2d).>*® In addition, a G peak was observed at 1581 cm ™ ;
characteristic of the bond stretching of sp> atoms.*® The Ip/I
ratio of the pristine HCSs was 0.92 indicating the presence of
defects and a moderate degree of graphitization.

Upon annealing, the HCS inner diameter and shell thickness
were found to be 200 £ 15 nm and 17 £ 5 nm, respectively
(Fig. S2at). This shows that annealing did not affect the shell
thickness. Fig. S2bt shows the absence of a peak between 290 °C
and 400 °C in the TG-DTG curve. This can be attributed to the
removal of OH and COOH groups after annealing. The annealed
HCSs exhibited a type (III) isotherm with a H3 hysteresis loop
similar to that of the pristine HCSs (Fig. S2ct). However, the
BET surface area increased to 328 m* g~ *. This can be ascribed
to the increased exposure of the carbon surface after the
removal of amorphous domains and an increase in the pore
volume within the carbon matrix due to the annealing process.>
The decrease in amorphous defects was confirmed by a lower
Ip/Ig ratio of 0.71 observed in the Raman spectra of the
annealed HCSs (Fig. S2dt).

J. Mater. Chem. A, 2017, 5, 2539-2549 | 2541
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3.2 Characterization of the ammonia sensors

The morphology of the pristine and annealed HCSs dispersed in
CTAB was investigated using optical microscopy. Indeed, the
spheres were homogeneously dispersed in CTAB with the HCSs
forming percolation pathways as shown by the optical micro-
graphs of the pristine and annealed HCSs (Fig. S3t). The
average film thickness of the CTAB dispersed carbon solutions
was obtained by profilometry and found to be 378 nm and
325 nm for the pristine HCSs and the annealed HCSs, respec-
tively. However, the HCS/PVP composite formed a thicker film
with an average thickness of 457 nm due to the presence of the
polymer. To determine the best working frequency, the sensors
were exposed to 74 ppm of ammonia vapour and conductivity
measurements were carried out at varying frequency sweeps
(Fig. s41). At low frequency, the HCS/PVP composite and the
annealed HCSs exhibited a high signal to noise ratio. At 1 kHz,
the signal to noise ratio was low and the sensor response was
higher than that at higher frequencies (Fig. S4t). Therefore,
1 kHz was chosen as the operation frequency for the measure-
ments and was used in all further experiments.

3.3 Sensor response and recovery time

Fig. 3a, ¢ and e show that long saturation times (>3000 s) and
response times (>2000 s) are required to obtain a reading for the
pristine HCS, HCS/PVP and annealed HCS based sensors after
exposure to 74 ppm of ammonia at room temperature (20 °C).
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Fig. 3 Transient response curves of (a and b) pristine HCSs, (c and d)
HCS/PVP and (e and f) annealed HCSs at 20 °C and at 40 °C,
respectively. Ammonia concentration: 74 ppm; RH: 50%.
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Table 1 Effect of temperature on the sensor response time (tresp) and
recovery time (tecon)®

tresp at trecov at tl’ESp at trecov at
Material 20 °C (s) 20 °C (s) 40 °C (s) 40 °C (s)
Pristine HCSs 2542 104 49 50
HCS/PVP 3146 259 125 82
Annealed HCSs 3078 504 149 32

“ Ammonia concentration: 74 ppm; RH: 50%.

The pristine HCSs show a two stage adsorption of ammonia
characterized by a fast adsorption in the first 200 s followed by
a slower adsorption up to the saturation time of 3000 s (Fig. 3a).
This can be attributed to the presence of defects resulting in
a varying affinity for ammonia adsorption by the carbon surface
leading to a stepwise saturation. However, the HCS/PVP
composite and annealed HCSs exhibited a slow adsorption
process with saturation occurring in a single coverage process
(Fig. 3c and e). This can be attributed to the presence of the PVP
polymer in the HCS/PVP composite and the removal of amor-
phous domains in the annealed HCSs. At 40 °C, the response
and the recovery time of all the sensors were significantly
reduced (Fig. 3b, d and f). At 40 °C, the recovery time of the
pristine HCS and HCS/PVP sensors was less than 300 s while for
the annealed HCSs the time was reduced to 504 s. This can be
attributed to the slight increase in temperature that signifi-
cantly enhanced the ammonia adsorption and desorption rates
on the carbon surface.®® The pristine HCSs showed shorter
response and recovery times with a higher signal to noise ratio
than the HCS/PVP composite as shown in Table 1. However,
longer response and recovery times were exhibited by the
HCS/PVP composite at 20 °C and 40 °C. This can be attributed to
the PVP polymer functional groups hindering ammonia trans-
port in the sensor active layer. The ammonia adsorption rate of
the annealed HCS surface was lower than that observed for the
pristine HCSs resulting in longer response times at 20 °C and
40 °C. This indicated a stronger ammonia vapour interaction
with the annealed carbon surface.

3.4 Ammonia sensitivity

Electrical measurements of the HCS based materials for
ammonia sensing as a function of NH; concentration at 40 °C
are shown in Fig. 4. In the literature, the response (Res) is
typically defined as

AR AG
(70 X 100) or (FO X 100)

Data of various carbon based (and other) sensors using this
equation is given in Table 2. The sensitivity (S) of the sensors
can be determined from

JdRes

S

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Sensitivity of the carbon materials to varying ammonia concentrations at 40 °C. (a) Pristine HCSs; (b) HCS/PVP; and (c) annealed HCSs.

Ammonia concentration: 74 ppm; RH: 50% (line drawn to aid the eye).

Table 2 Comparison of the ammonia response of the HCSs with that
of other nanomaterials

NH,
Temperature® concentration Response

Materials (°C) (ppm) (%) Ref.
Pristine HCSs 40 74 6°  5.2° This

work
HCS/PVP 40 74 86”  46° This

work
Annealed HCSs 40 74 196 66° This

work
NiO — 50 30° 62
Polypyrrole RTP 75 22.8° 63
Polypyrrole/ RTP 75 7.3 64
Co-phthalocyanine
Graphene RTP 80 3.7 65
Activated carbon  RTP 100 15.7° 41
Oxidized RTP 100 14.2° 41
activated carbon
Pure MWCNTSs RTP 75 5¢ 16
Ag NC-MWCNTs RTP 10 000 9¢ 34
RGO 25 50 5.2° 74
RGO-PANI 25 50 59.2° 74
RGO hydrogel 38 1000 0.25° 73
In,05/Sn0, RTP 10 28° 75
nanofibers
Polypyrrole RTP 25 16° 76
CuO nanowires 200 100 3.1 77

AG AR
“ RTP = room temperature and pressure. ” (F x 100) € (R— x 100);
0 0

where R is the resistance.

AG
Res = Go (2)
where the response, Res, corresponds to the relative variation of
the conductance G (G, is the initial conductance value) and C
corresponds to the concentration of the analyte.

The sensor response values of the pristine HCSs, HCS/PVP
and annealed HCSs, for example, to a 74 ppm NH; concentra-
tion were 6%, 86% and 196%, respectively. To explore the HCS
and the HCS/PVP sensor response as a function of NH;
concentration, their sensitivity values were calculated (as a %)
using eqn (1). The observed NH; sensitivity values (% per ppm)
were 0.08, 4 and 1.6 for the pristine HCSs, HCS/PVP and
annealed HCSs, respectively. The HCSs hence showed an

This journal is © The Royal Society of Chemistry 2017

expected increase in the response with the ammonia concen-
tration. The increase in the sensor response and sensitivity of
the HCS/PVP composite is due to the presence of PVP, which
enhances the homogeneous dispersion of the carbons in the
electrode matrix. The annealed HCSs exhibited a higher sensi-
tivity value than the pristine HCSs (Fig. 4c). This value can be
attributed to the presence of fewer amorphous defects which
results in increased ammonia physisorption. In addition,
a stronger surface to ammonia molecule interaction due to the
increase in the surface area and pore volume during the low
temperature annealing process is likely to result in a higher
ammonia sensitivity.**

The observed ammonia sensor response values (%) of the
annealed HCSs and HCS/PVP were much higher than those
reported in the literature (Table 2). For example, the ammonia
sensor responses reported for conductance measurements of
nickel oxide, polypyrrole, graphene and polypyrrole/cobalt-
phthalocyanine hybrid materials were lower than those
obtained from the annealed HCS and HCS/PVP sensors.®> %
Similarly, when the sensor responses based on resistance
change at 74 ppm of NH; were calculated, the obtained values of
the annealed HCSs were higher than those reported in the
literature (Table 2). For instance, despite the low surface area of
our annealed HCSs, they exhibited a higher ammonia response
than activated carbons with higher surface areas. Travlou et al.**
reported a 15.7% response towards 100 ppm ammonia
concentration at room temperature for commercial wood acti-
vated carbon (surface area; 1549 m”> g '). Similarly, oxidized
wood activated carbon with a surface area of 1408 m* g~ ' led to
a slight decrease in the ammonia response to 14.2%.*" Other
researchers have reported the ammonia response of other
carbon nanomaterials such as MWCNTs to be 5% at 75 ppm
NH; concentration.' It is to be noted that graphene and carbon
nanotubes possess a high degree of graphitization due to their
distinct sp> hybridized carbons that make them chemically
stable.®** Thus, their electronic properties differ significantly
from those of HCSs. Typically, the sensor response of carbon-
based nanomaterials can be enhanced by coating them with
metal nanoparticles or by mixing them with polymers. Cui
et al.* reported on a fast response of silver nanocrystal deco-
rated MWCNTs towards 1% NH; (10 000 ppm) with an
ammonia sensitivity greater than 5%. Furthermore, carbons
such as chemically reduced graphene oxide possess a high
number of oxygenated groups’®’* that can enhance ammonia

J. Mater. Chem. A, 2017, 5, 2539-2549 | 2543
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Fig. 5 The conductivity of (a) pristine HCS; (b) HCS/PVP; and (c) annealed HCS based sensors at different relative humidity values (40 °C).

adsorption and sensing properties. For instance, Ghosh et al.
obtained a 5% response for reduced graphene oxide for
400 ppm of ammonia at room temperature.” Also, a change in
the dimensional framework to 3-D or the incorporation of
a conducting polymer within a RGO matrix can enhance the
ammonia response.”’* In addition, the ammonia response of
the HCS/PVP composite and annealed HCSs was higher than
that recorded for polypyrrole, CuO and In,0;/SnO, nano-
composites’”” (Table 2).

3.5 Relative humidity response

To explore the effect of the relative humidity on the ammonia
response of the carbon materials, the sensors were exposed to
different relative humidity environments (closed environments
at equilibrium with saline solutions) and their response was
determined in a humid environment. The relative humidity
response was initially determined in the absence of ammonia
vapors. Fig. 5a shows that the conductivity of the pristine HCSs
increased with increasing RH. These values were found to be
approximately 40 and 300 times higher than that of the
HCS/PVP composite and the annealed HCSs, respectively. This
can be attributed to the presence of surface hydroxyl groups on
the HCS surface as confirmed by the TGA and Raman data
(Fig. 2b and d). Also, the amorphous domains within the carbon
matrix introduce impurity states near the Fermi level that
enhance the affinity of the HCS for H,O, thus making these
domains energetically favourable adsorption sites.”® A similar
effect on the role of defects in the humidity response has been
reported for carbon nanosheets and carbon quantum dots
obtained via physical vapor deposition and electrochemical
ablation methods, respectively.”*

In contrast, the HCS/PVP sensors exhibited the lowest
conductivity at 10% RH and the highest conductivity at 59% RH
(Fig. 5b). This effect is ascribed to the plasticization of the PVP
polymer that is known to commence at 55% humidity.** The
reduced conductivity at 97% RH in HCS/PVP is related to the
increased resistance resulting from PVP swelling and plastici-
zation.** This led to the large decrease in electrical response
observed above 60% RH (Table 3). The annealed HCS sensors
showed an increase in the conductivity with increased RH.
However, the annealed HCS conductivity values were 250 times
lower than that of the pristine HCSs (Fig. 5¢). This can readily be
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Table 3 The relative humidity response of the pristine HCSs, HCS/PVP
and annealed HCSs*

(Gsz = G1o)/ (Gso — G1o)/ (G75 — G1o)l (Go7 — Gao)/
Response Gio Gio Gio Gio
Pristine HCSs 1760 1400 17 700 199 000
HCS/PVP 1980 2380 1740 24
Annealed HCSs 6 80 300 460

% The subscript of G corresponds to the RH value, i.e., (Gs3 — G10)/Gyo IS
the response at 33% RH relative to 10% RH etc.

attributed to a significant reduction in the number of defects
(amorphous domains) that were removed by the annealing
process resulting in graphitic domains that restricted water
adsorption. The Raman spectra confirmed that the annealed
HCSs exhibited an Ip/Is ratio of 0.71 (Fig. S2dt); indicating
a decrease in the number of defects in the HCSs. This conse-
quently led to an increase in the hydrophobic character of the
HCSs which led to a smaller response to the RH. The OH and
COOH groups were also removed by annealing as ascertained by
the absence of a peak between 290 °C and 400 °C in the TG-DTG
curve (Fig. S2bt).

Our reported RH response of the pristine HCSs is higher
than those reported for other carbon based nanomaterials™*>**
as highlighted in Table 4. Most of the work reported in the
literature has focused on the humidity sensing properties of
graphene oxide (GO) and reduced graphene oxide (RGO) that
are more hydrophilic** than the HCSs. Despite this, the
response of our pristine HCSs is higher (Table 4). This can be
attributed to the unique properties exhibited by the hollow
structure of the HCSs.

3.6 Ammonia sensitivity at varying RH

Fig. 6 shows the conductivity and ammonia sensitivity values of
the pristine HCSs, HCS/PVP and annealed HCSs at 10% RH. The
conductivity increased with the ammonia concentration in both
types of HCSs and the HCS/PVP composite. However, the
conductivity values of the pristine and annealed HCSs were one
order of magnitude lower than that of the HCS/PVP composite
(Fig. 6a, ¢ and e). This can be attributed to the polymer
composite reorganization that enhanced the conductivity.®

This journal is © The Royal Society of Chemistry 2017
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Table 4 Comparison of the humidity response of the pristine HCSs
with that of other materials

RH range
Sensing material Parameter (%) Response  Ref.
RGO/SnO, Capacitance 11-97 138 020 82
GO Resistance 25-88 1200 83
GO Capacitance 15-95 37 800 84
MWCNTSs Capacitance ~ 11-97 2.8¢ 85
Carbon nanosheets Resistance 11-95 225 79
RGO/urchin-like Impedance 11-98 22 700 86
CuO
SWCNT/CuO Conductance  33-70 =1.5 88
Polyaniline Conductance  0-100 =5.5 87
Pristine HCSs Conductance  10-97 199 000 This
work
“ Values indicate a change in capacitance (pF).
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Fig. 6 Conductance and sensitivity of the HCS (a and b); HCS/PVP
(c and d); and annealed HCS (e and f) based sensors at 10% RH and
different ammonia concentrations; 40 °C (line drawn to aid the eye).

Simultaneous sensing of ammonia and relative humidity has
been reported for a conducting polymer polystyrene doped
poly(3,4-ethylenedioxythiophene) at 7-55% RH at 1% NH;.”* An
increase in electrical resistance with humidity and ammonia
was observed due to the acid-base chemistry of the two poly-
mers.”* In contrast, ZnO and SnO, nanostructures show
a decrease in the ammonia response with RH (35-90% RH)
when exposed to 800 ppm of ammonia at 300 °C.** This shows
the difference between the ammonia sensing behaviour of
conducting polymers and metal oxide nanostructures and our
HCSs and HCS/PVP composite.

Furthermore, the ammonia sensitivity was 0.0150/ppm,
0.0707/ppm and 0.0070/ppm in the pristine HCSs, HCS/PVP and
annealed HCSs at 10% RH (Fig. 6b, d and f). The ammonia
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sensitivity curves of the three carbon based sensors at 33%,
59%, 75% and 97% RH are shown in Fig. S5-S7.1 A summary of
the ammonia sensitivity data shows that the pristine HCSs and
HCS/PVP exhibited the highest sensitivity at 10% RH while that
of the annealed HCSs was at 33% RH (Table 5). However, the
overall ammonia sensitivity of the annealed HCSs was higher
than that of the pristine HCSs; this can be attributed to the
presence of fewer defects and a higher surface area in the
former sensor. In addition, the annealed HCS sensor worked
efficiently from 10% to 97% RH unlike their pristine HCS and
HCS/PVP counterparts. Nevertheless, the RH range of the
annealed HCS sensor is broader than that reported for the guar
gum/Au nanocomposite (22-75% RH)* and polyaniline/tetra-
sulfonated phthalocyanine hybrid material (10-70% RH).**

The ammonia sensitivity of the pristine HCSs at 97% RH was
zero. This behaviour could result from coverage of the HCS
surface by water vapor molecules that inhibited ammonia
adsorption. In contrast, the ammonia sensitivity of the
HCS/PVP composites at 97% RH slightly increased due to the
dispersion of the carbon-polymer composite on the surface.
However, the PVP polymer played a role in decreasing the
overall conductivity at higher RH due to swelling of the PVP. A
similar behaviour has been reported in polymeric materials
such as Nafion, in which the presence of water vapour mole-
cules slows down the reaction rate and reduces the ammonia
sensitivity.* Interestingly, the ammonia sensitivity of annealed
HCSs was lowest at 10% and 97% RH. This can be attributed to
the removal of surface and structural defects which reduced the
dependency of the ammonia response on the relative humidity
upon annealing of the HCSs. Indeed, the presence of functional
groups and defects affects ammonia adsorption on the HCSs. As
seen from Table 3 the overall ammonia sensitivity was highest
in the annealed HCSs under almost all the conditions used.
This further highlights the role of the degree of graphitization
of HCSs in improving the conductivity response in the presence
of ammonia vapour.

A mechanism for understanding the RH and ammonia
sensing process could be explained based on the pore filling
effect.® The conductivity of ammonia and water molecules that
fill the HCS surface pores is higher than that of air. Upon
exposure to water vapour (RH), the water vapor infiltrates the
interparticle voids and the surface pores. The lone pair of
electrons on the water molecule can interact with the carbon
surface inducing a dipole charge. The dipole charge is then

Table 5 A summary of the % sensitivity per ppm of ammonia for the
carbon based sensors at 40 °C

Relative humidity (%)

Sensor 50“ 10 33 59 75 97

Pristine HCSs 0.08 1.50 0.40 0.40 0.60 0.00
HCS/PVP 4.00 7.10 0.10 0.005 1.50 0.70
Annealed HCSs 1.60 0.70 7.00 1.80 2.70 0.80

“ Refers to ammonia sensitivities taken at ambient humidity (50%).
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Fig. 7 A schematic representation of the sensing mechanism of the
HCSs (a) at low and high RH (b) for ammonia.

transferred from carbon atom to carbon atom enhancing the
conductivity (Fig. 7a). In addition, since the water molecules are
physically adsorbed on the surface, the high dipole moment of
the H,O allows for charge transport through proton hopping,
hence increasing the conductance on the HCS surface.

Likewise, the ammonia molecules can physisorb onto the
carbon surface and interact through the lone pair of electrons
that creates a dipole charge in the spheres leading to an
increase in the ammonia conductivity (Fig. 7b). Consequently,
the infiltration of the ammonia in the carbon pores further
enhances the ammonia response in the carbon materials. The
response of the HCSs towards ammonia is highly dependent on
the presence of surface hydroxyl groups and amorphous
defects. However, the sensing mechanism of the HCS/PVP
composite is different from that of the HCSs. Thus, the polymer
is also expected to influence the response. A decrease in surface
hydroxyl groups and amorphous domains increases the
ammonia interaction with the annealed HCSs and hence the
conductivity. Also, the BET surface area and pore volume of the
annealed HCSs were higher than those of the pristine HCSs
enhancing the HCS surface interactions with ammonia. Thus,
the ammonia and the RH response of the HCSs can be varied by
changing the surface chemistry.

However, in the presence of both ammonia and water
vapour, ammonia can take a proton from water to form an
ammonium ion:

NHs(aq) + HO(l) < NH4"(aq) + OH  (aq) €)

Both the ammonium and hydrogen ion can permeate
through the carbon matrix resulting in an increase in the
conductivity. Thus, an ion facilitated conductivity change is
likely to affect the ammonia sensing properties of HCSs in
a humid environment.

3.7 Application of the tristimulus methodology

To elaborate the influence of both ammonia and RH on the HCS
sensors, a simple pattern recognition technique method based
on a previously reported generalized tristimulus analysis (that
accepts positive or negative sensitivities without loss of infor-
mation) was applied.”® Briefly, this approach takes the
responses of three different sensors of the used array that were
assumed to have a linear response with respect to the

2546 | J. Mater. Chem. A, 2017, 5, 2539-2549

View Article Online

Paper

Tristimulus
vector

Fig. 8 Geometrical representation of the tristimulus vector crossing
a unitary radius spherical shell showing the angles ¢ and 6.

concentration of the analyte, as three components of the
tristimulus vector ¥ = «f[A]x + S[A]y + y[A)z. The responses, I
of the three sensors can be written as I; = ofA], I, = f[A] and
I; = y[A], where «, § and v are the respective sensitivities and [A]
denotes the ammonia concentration. This tristimulus vector
has no dependence on the concentration of the analyte. In the
generalized tristimulus approach, we analyze the coordinates of
the point where the tristimulus vector crosses a unitary radius
spherical shell given by v/i;* + i,> + i3> = 1, as shown in Fig. 8.
The coordinates of the point are given by eqn (4).

i 11 o
1= = )
VIP+ R+ 17 e+ 6+
o L B 8
= 2 2 2 3 and
\/11 +L°+ 1L \/042+»6 + 2
I Y

(4)

i3 =

VIP+ L+ e+ + 4

The angular coordinates ¢ and 6 at the point where the
vector crosses the unitary radius spherical shell can be written
as

¢ and 6 = tan

v

| Y
=cos l————
Vo + 8+ y?

The angle 6 is plotted using the function atan2, which
analyzes the input argument (« and @) signals returning the
correct quadrant of the angle, in a range of —m = # < 7. These
angles ¢ and 6 constitute a signature of the analyte, confining
the coordinates to the intervals 0 = ¢ <7t and —7t < 6 < 7. Note
that if the concentration of ammonia is increased or decreased,
the coordinates of the point, and consequently the angles of the
vector, will not change (assuming the constancy of «, 8 and 7).
Only the magnitude of the vector will change (Fig. 8). If the
humidity changes, a number of water molecules will interact
with the active layer and change the response (and consequently
the sensitivity), and this will relocate the tristimulus vector to
other regions of the graph. Each region will give a cluster of
points that correspond to a different humidity level. Fig. 9

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Angular coordinates ¢ and @ of the tristimulus vector of the
sensor's array based on the pristine HCSs, the HCS/PVP composite and
the annealed HCSs for the ammonia response at different RH levels.

shows the presence of four different cluster regions for 10%,
33%, 59-75% and 97% RH.

For each humidity cluster, the points corresponding to
different ammonia concentrations do not overlap and this
indicates that the different sensor responses to RH are not
independent of each other, i.e., the variation of the ammonia
concentration produces variations in the sensitivity to water
(relative humidity), as evidenced by the spread of the points in
each cluster (Fig. 9). In the case of ideally independent sensi-
tivities, this spread should be very small and only due to elec-
tronic noise. An undesirable characteristic of the set of sensors
shown in Fig. 9 is that it is not able to allow a distinction of RH
values of 59% and 75%.

In practice, the sensor set response should give the humidity
information. To obtain further information, a second analysis
using a 3-D map can be used to evaluate the correct ammonia
concentration in the ambient (see Fig. S87). This second analysis
complements the tristimulus one and makes possible a real time
monitoring of ammonia at different RH levels. Thus, if the
humidity cannot be determined from the tristimulus analysis (for
example in the 59 and 75% RH cases), these two values can be
determined from the 3D maps of the three sensors. Only the
value that is obtained in the three maps is retained to give the
correct ammonia concentration. The value of humidity that leads
repeatedly to the same ammonia concentration information is
then the correct humidity value. The procedure described above
allows for the concomitant determination of ammonia concen-
tration and relative humidity using a set of three sensors.

Further investigation is still necessary to find a set of sensors in
which the clusters of points that correspond to different humidity
levels do not overlap, resulting in a more precise estimation of the
humidity. The ideal set would allow ammonia and RH determi-
nation to be established from only a tristimulus analysis.

4. Conclusions

This study reports on the response of hollow carbon spheres to
ammonia and relative humidity. The conductivity of the
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pristine HCSs and HCS/PVP was dependent on the relative
humidity with the best ammonia response at 10% RH. The best
ammonia response of the annealed HCS materials was at 33%
RH. The presence of surface hydroxyl groups and defect sites
plays a critical role in varying the humidity response of the
HCSs. The polymer enhanced the dispersion of the HCSs in the
interdigitated electrode resulting in an increased conductivity
at low RH. Annealing the HCSs decreased the RH dependency
and increased the surface area and as a result, an overall
increase in ammonia conductivity was observed. Importantly,
the ammonia response and sensitivity of the annealed HCSs
were found to be higher than those reported in the literature.
The data provided insight into the sensor behaviour of carbon
nanostructures towards ammonia and RH as a function of
surface chemistry. We have shown that using a simple pattern
recognition technique based on a generalized tristimulus
analysis it is possible to simultaneously identify the RH of the
ambient and the ammonia concentration.
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