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Integrated co-axial electrospinning for a single-
step production of 1D aligned bimetallic carbon
fibers@AuNPs–PtNPs/NiNPs–PtNPs towards H2

detection†

Keerthi G. Nair, Ramakrishnan Vishnuraj and Biji Pullithadathil *

One dimensional (1D) nanostructures such as nanorods, nanowires, nanotubes and nanofibers have

aroused great attention owing to their exceptional properties like high surface-to-volume ratio and

excellent electron and thermal transport and also act as interconnects during the fabrication of

nanoscale devices. In this work, one dimensional aligned carbon nanofibers (CFs)@AuNPs–PtNPs/

NiNPs–PtNPs have been developed via a single step co-axial electrospinning integrated with in situ

photo-reduction. The carbon nanofibers with in situ functionalized bimetallic nanoparticles possessed a

well-defined core–shell structure with carbon nanofibers (CFs) as the core and AuNPs–PtNPs/NiNPs–

PtNPs as the surface anchored heterojunctions. Homogeneously distributed AuNPs–PtNPs/NiNPs–

PtNPs, which are identified as chemical sensitizers, trigger the dissociation of H2 through the spillover

effect, by successive diffusion of the H+ on the carbon nanofiber surface, thereby altering the entire sur-

face of the CFs into reaction sites for H2. Aligned core–shell CFs@NiNPs-PtNPs possessed high sensitiv-

ity of 124% (v/v) at room temperature compared to aligned core–shell CFs@PtNPsNPs (52%) and aligned

core–shell CFs@AuNPs–PtNPs (65%), which may be due to the high catalytic adsorption and desorption

properties of Ni and Pt towards hydrogen gas. Moreover, co-axially aligned CF@NiNP–PtNP based sen-

sor also demonstrates outstanding selectivity towards hydrogen compared to other gases like ammonia,

ethanol, hydrogen sulphide, and acetone with excellent long-term stability. In addition, hydrogen

adsorption kinetics of the co-axially aligned CF@NiNP–PtNP based sensor was verified theoretically with

an adsorption rate constant of 0.42 which is comparable to the experimental value (0.38) of adsorption

rate constant. The potential suitability of the co-axially aligned CF@NiNP–PtNP based sensor towards H2

at room temperature for real time applications has also been demonstrated.

1. Introduction

Hydrogen is considered as the future clean energy fuel and is
widely used in numerous industries, such as petrochemical
refineries, coolants, chemical synthesis, semiconductors, fuel
cells, aerospace, automobile and as energy carriers in nuclear
fusion power plants.1,2 Over the last decade, there has been
growing research interest in the use of hydrogen as a zero-
emission fuel in automotive applications. H2 as a fuel has
already found its potential and is commercially feasible in
markets comprising trucks powered by fuel cells and stationary
power systems. For the effective deployment of hydrogen
as an alternative fuel, it is very significant to develop the

infrastructure of the hydrogen market carefully and efficiently.
Leakage of hydrogen is a serious concern since it could lead to
disastrous consequences, and may cause highly damaging
explosions even on the laboratory scale. Therefore, deployment
of H2 detectors is necessary in all such applications, mainly due
to its colorless, tasteless and odorless nature. Consequently,
efficient monitoring of trace level concentration of hydrogen
has become critical. Therefore, hydrogen sensors developed
with the parameters of sensitivity, speed, accuracy and relia-
bility are in high demand for storage, production and usage of
this forthcoming clean energy carrier.3 Buttner et al. have
summarized the most significant requirements for H2 sensors
in market, which include the H2 measurement in the range of
0.1–10% at an operating temperature below 80 1C, as per the
target conditions set by the U.S. Department of Energy (DOE) in
2007.4 In this scenario, developing rapid and stable H2 sensors
working at room temperature with a broad range of detection is
crucial for early hazard prevention before the hydrogen-
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powered systems are widely exploited. Hydrogen based gas
sensors were developed conventionally using numerous semi-
conducting metal oxides. However, semiconductor based H2

sensors need a high working temperature of 150–400 1C to
accomplish high sensitivity and possess poor selectivity
towards H2 gas.5 Recently, gas sensors based on 1D carbon
materials, such as carbon nanofibers (CFs)6 and carbon nano-
tubes (CNTs),7 have gained considerable importance as ideal
candidates for carbon nanostructure based sensors towards
room temperature detection of H2 owing to their high surface
to volume ratio and directed charge transport properties. Such
carbon nanostructures can also be easily functionalized with
noble metals or bimetals, leading to improved gas sensor
performance.8 However, only a few reports are available on
carbon nanofiber based gas sensors compared to CNT based
gas sensors. Also, compared to quantum dots (0D), 1D carbon
nanostructures with reduced dimensionality have demon-
strated improved electrical properties, which might be due to
three aspects: (i) the 1D carbon nanostructures have larger
specific surface areas than quantum dots; (ii) 1D carbon
nanostructures provide a direct electron transport pathway
and thus reduce the electrical resistance, while the electrical
resistance of quantum dots is typically high due to the presence
of grain boundaries; (iii) 1D carbon nanostructures have bril-
liant abilities to be assembled into oriented structures, which
would be favorable for the improvement in device perfor-
mances, where the anisotropic formation is a key factor for
the development of the oriented structure.9 The production of
CNFs is generally carried out by methods such as electrospin-
ning, CVD, templated synthesis, hydrothermal synthesis, cata-
lytic hydrogenation, etc.10,11 Carbon nanofibers produced by
electrospinning are simple, effective, versatile, scalable, and a
low-cost technique that has been employed to fabricate 1D
nanofibers.12 Co-axial electrospinning is found to be an effec-
tive method to produce core–shell type nanofibers which is a
low-cost and continuous production method capable of nano-
fiber alignment.13 Aligned electrospun nanofibers have drawn
enormous attention in the fields of sensors, drug delivery,
tissue engineering, photoelectric devices, supercapacitors and
blood vessel engineering since these applications entail highly
ordered and well-aligned architectures in addition to the ani-
sotropy and enhanced performance.14–16

Functionalization of carbon nanostructures with platinum,
palladium nanoparticles (NPs) or bimetallic nanoparticles is
well-known for H2 gas detection since these catalytic NPs
stimulate the reaction through dissociation of hydrogen mole-
cules into hydrogen atoms. Bimetals are well recognized due to
their synergetic effects. Bimetallic nanomaterials have four
plausible types of mixing patterns between the two metals; they
are (i) core–shell structures, (ii) sub-cluster segregated, (iii)
homogeneously mixed alloys and (iv) multi-shell nanoalloys.17

Recently, trace level detection of hydrogen was discussed using
catalytically active Pt-covered Pd nanowires and Pt–Pd/rGO.18

Even though Pt is a notable H2 sensing material, which helps in
H2 dissociation at the exterior, forming Pt–H, compared to Pd,
it remains on the exterior surfaces instead of dispersing into

the bulk. Therefore, carbon nanostructures functionalized
with PtNPs displayed better recovery of H2 sensors than Pd
based sensors. Lately, Baro et al. described the consequence of
NP distribution over graphene wrapped CNTs which displayed
42.8% sensitivity towards 4% of H2 at RT.19 It was noticeable
that high loading of catalytic PtNPs on the carbon support
diminishes the activity of the nanocatalyst and hence the
sensor performance. Our earlier work has explored the bime-
tallic Au–PtNPs over CFs synthesized via a wet chemical route
to sense H2 gas.20 The CFs with AuNPs–PtNPs upgraded the
response time of the sensor in comparison with the mono-
metallic PtNPs on CFs. Though CFs@AuNPs–PtNPs displayed
exceptional H2 sensing properties and cost reduction, the
multi-step fabrication process was found to be its limitation
for mass production. In addition, less-PtNP functionalized
carbon support might be more economical and advantageous
with improved sensitivity without much shift in the base-
resistance. Less-platinum based carbon nanofibers synthe-
sized via a two-step method, electrospinning and chemical
reduction, on a flexible substrate for room temperature hydro-
gen gas detection were reported in our previous report.21

Though incorporation of less-Pt based low-cost bimetallic
systems over CFs on flexible substrates improved the sensor
characteristics, for real-time applications, easy fabrication
methods with improved sensor performance are more desir-
able. Therefore, for the real-time implementation of these
sensors, the fabrication process must be easy and suitable
for mass production. Recently, researchers have tried to
reinforce on-chip fabrication of sensor devices, but such
approaches were found to involve multi stage processes,
which results in practical issues, a fact which hampers their
mass production.22 Such difficulties might be overcome by
single stage development of aligned core–shell type hybrid
CFs with metals/bimetals over the CFs using the coaxial
electrospinning process. However, there are no reports on
single step fabrication of carbon nanofiber@metal/bimetal-
based hybrid heterojunctions based on co-axial electrospin-
ning with in situ photo reduction for room temperature H2 gas
sensor applications.

In this investigation, we have demonstrated a single-step
fabrication strategy based on co-axial electrospinning with
in situ photo-reduction aimed at the production of aligned 1D
CF@AuNP-PtNP/NiNP–PtNP based heterojunction nanofibers.
The surface catalysis related to the noble metal/bimetal (PtNPs,
AuNPs–PtNPs and NiNPs–PtNPs) shell layers and carbon nano-
fibers as core layers leads to an exhaustive understanding of
the mechanism of gas–material interactions at the interfaces
which was further verified by analyzing their in situ electron-
transport properties. In addition, a prototype device based on
the co-axially aligned CF@NiNP–PtNP based sensor was
demonstrated for hydrogen gas detection. This study might
furnish significant information about the selection of advanced
sensor materials for room temperature H2 gas sensor devices
with enhanced sensor performance and process conditions
with improved selectivity which favour mass production of H2

sensors with reduction in overall cost.
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2. Experimental section
2.1 Materials

Polyacrylonitrile (PAN, Aldrich), poly vinyl pyrrolidone (PVP,
Sigma Aldrich), nickel chloride (NiCl2, Sigma Aldrich), chlor-
oauric acid (HAuCl4�4H2O, Sigma Aldrich), hexachloroplatinic
acid (H2PtCl6�6H2O, Sigma Aldrich), and dimethyl formamide
(DMF, Merck) were used for the fabrication of co-axial
CF@PtNP based nanosystems. All chemicals were used as
received without further purification.

2.2 Characterization

Morphological characterization of co-axial CF@PtNP,
CF@AuNP-PtNP and CF@NiNP–PtNP nanofibers was per-
formed by transmission electron microscopy (TEM) using a
JEOL JEM-2010 (Japan, 200 kV) and scanning electron micro-
scopy (SEM) (ZEISS EVO 18, US). Crystal structure and phase
analysis was performed by means of X-ray diffraction (XRD)
measurements (Empyrean, Malvern PANalytical, UK) with Cu
Ka radiation (l = 1.54 Å) as the source. The chemical states of
the sensing materials were examined by X-ray photoelectron
spectroscopy (XPS) by means of a PHI 5000 Versa Probe II
(ULVAC-PHI Inc., USA) through a monochromatic Al-Ka X-ray
source (hn = 1486.6 eV). The Raman spectra of co-axial
CF@PtNP based nanosystems were acquired using a confocal
Raman microscope (WITec alpha300 RA, Ulm, Germany) using
an Nd:YAG laser (excitation operating at 532 nm).

2.3 Hydrogen gas sensor property evaluation

Gas sensing studies of aligned CF@PtNP, CF@AuNP-PtNP and
CF@NiNP–PtNP coaxial nanofiber-based sensors towards H2

were performed via a sensor station furnished by a sensor
chamber, digital multimeter (Agilent, 34410A), mass flow con-
trollers (MFC, Alicat made, USA) and source meter (Keithley,
2420, SA) coupled with a data procurement system via LabVIEW
software. The Au IDA electrodes (B150 mm) made on alumina
(Al2O3) used for gas sensing measurements were fabricated via
DC sputtering (HHV made, Bangalore). The detection of hydro-
gen with aligned CF@PtNP based bimetallic nanosystems was
measured using an Agilent Multimeter monitoring the change
in resistance upon exposure to H2 gas. The gas sensor test
station was purged with N2 prior to H2 gas sensing tests, to
remove the impurities inside the chamber and above the
sensing material, so as to stabilize the base-line resistance.
Sensor recovery was achieved by pausing the H2 supply and
allowing air to flow into the chamber.

2.4 Co-axial electrospinning of aligned CF@PtNP/AuNP–
PtNP/NiNP–PtNP based nanosystems using in situ
photoreduction

The co-axial electrospinning of aligned CF@PtNP based nano-
systems was performed by dispersing PAN (10% w/v) in DMF
and stirring for 5 h and for the shell material, 2 mg mL�1 10
mM H2PtCl6 was dispersed in 8 wt% PVP in DMF and stirred for
5 h. Co-axial electrospinning was carried out using a built-in
electrospinning set-up with UV-photoreduction. Two 10 mL

syringes were integrated with a co-axial spinneret and attached
to the feed pump. In order to control the movement of the
feed solution, a syringe pump (Holmarc, Cochin) with a high
voltage power supply (DC-Glassman High Voltage Inc., Model
No: EH30P3, New Jersey, USA) with an output voltage range of
1–30 kV was used for co-axial electrospinning. The nozzle was
connected to the positive terminal of the transformer and the
negative terminal was connected to the collector. The proce-
dure was optimized by analysing numerous associations of
electrospinning parameters, like concentration of the polymer
solution, distance between the nozzle and collector, voltage
applied, flow rate, different gauges for core and shell solutions
and the diameter of the needle in order to attain even nanofi-
bers. All experiments were accomplished under ambient con-
ditions (RH = 60%, temperature: 29 1C). A voltage of 25 kV was
used for this study for precursor loaded PVP@PAN solutions
with a distance of 21 cm from the needle to the collector. The
flow rate used was 1 mL h�1 using a 22G needle for the core and
an 18G needle for the shell material. During the co-axial
electrospinning process, the spinning unit was exposed to UV
radiation (l = 254 nm) for photoreduction of the outer Pt2+/PVP
solution to form metallic Pt nanoparticles, hence to develop
heterojunctions on the core fibers. The fiber was directly
deposited on the IDA electrode (collector) for 10 min to produce
a few layers of nanofibers.

These PAN fibers were converted into co-axial CF@PtNP
based nanosystems via a two-step thermal method comprising
stabilization and carbonization.20 The stabilization and carbo-
nization of PAN fibers were executed in a tubular furnace
containing a quartz tube. The nanofibers undergo heat treat-
ment in air and under a N2 atmosphere in the furnace at
controlled temperature with a rate of 2 1C min�1 and 3 1C
min�1 retained for 1 h. For single-step fabrication of aligned
CF@PtNP based nanosystems using coaxial electrospinning,
the nanofibers were directly collected on the Au sputtered IDA
so as to form aligned nanofibers. Similarly, aligned CF@AuNP–
PtNP and CF@NiNP–PtNP based nanosystems were also fabri-
cated directly on the Au sputtered IDA by adding chloroauric
acid and nickel chloride along with hexachloroplatinic acid and
PVP solution respectively to form the shell layers.

3. Results and discussion

1D aligned core–shell CF@PtNP based nanosystems were fab-
ricated using single step co-axial electrospinning with in situ
photo reduction using polyacrylonitrile (PAN) solution as the
core material and metals/bimetals (PtNPs, AuNPs–PtNPs and
NiNPs–PtNPs) with polyvinyl pyrrolidone (PVP) solution as the
shell material followed by stabilization (300 1C) and carboniza-
tion (950 1C) as depicted in Fig. 1. Monometallic and bimetallic
(Au–Pt or Ni–Pt) nanoparticles in the shell layers were formed
as a result of in situ UV irradiation (8 W) with a 254 nm UV
source during co-axial electrospinning. The UV source is made
to illuminate between positive (needle) and negative (copper
sheet-collector) terminals of the electrospinning, which helps
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to reduce Pt2+ to Pt0 without any accumulation of Pt nanoclus-
ters in the shell layer during thermal decomposition of poly-
mers. Similarly, bimetallic nanoparticles (Au–Pt/Ni–Pt) were
also formed during in situ UV irradiation. The formation of
aligned nanofibers on the collector is depicted in Fig. 1. The jet
would stretch itself across the gap as the field lines are attracted
towards the electrodes. This induces the electrospun fibers to
align themselves across the Au IDA electrode without any
additional secondary voltage. Owing to the occurrence of
charges on the fibers, mutual repulsion among the deposited
fibers will increase the parallel and fairly even distribution of
the fibers. This method may well be repetitive and a collection
of monoaxial aligned fibers might be assembled on the big
surface. Through this process, fibers with lengths in centi-
meters and diameters in the range of nanometers to micro-
meters can be developed in an aligned array. Thus, this
fabrication method has several unique advantages over the
prevailing methods for the fabrication of sensors. This method
involves on-chip assembly of the materials onto detector sub-
strates by means of economical co-axial electrospinning. Also, it
proposes a one-stage process for the development of aligned
heterojunction nanofibers with impressive control across the
alignment of 1D fibers. In addition, this fabrication process
eradicates solvent and impurity effects that happened during
the synthesis of sensing materials via a chemical route, thereby

improving the sensing properties. The co-axial fabrication
allows for suitable monometallic and bimetallic functionaliza-
tion of carbon nanofibers which improves the selectivity of the
sensors. Thus, it offers a typical way for the complete insight
into the interactions between analyte gas and sensor materials
so as to elucidate the complicated sensing mechanism.

Fig. 2 shows the X-ray diffraction pattern of pristine CFs, co-
axial CFs@PtNPs, co-axial CFs@AuNPs–PtNPs and CFs@
NiNPs–PtNPs. A wide peak centered at 25.21 appeared for CFs,
co-axial CFs@PtNPs, CFs@AuNPs–PtNPs and CFs@NiNPs–PtNPs,
which is attributed to the amorphous phase of the graphitic
carbon ((002) plane) prevailing in the CFs (JCPDS card 41-
1487).21,23 The XRD pattern of co-axial CFs@PtNPs confirms
the existence of the characteristic peaks located at 2y = 39.71,
45.41, 67.91 and 81.21, which were ascribed to the planes (111),
(200), (220) and (311) consistent with the fcc platinum (JCPDS
card 04-0802), respectively.24 The average particle size (dhkl) of Pt
was estimated using the Debye Scherrer equation to be 2.4 nm.
The d-spacing of the co-axial CF@PtNP nanosystem was found to
be 0.226 nm which is related to the Pt(111) plane with a lattice
parameter a = 0.392 nm and is comparable with previous reports.
Furthermore, platinum oxide peaks have not appeared in the XRD
patterns depicted in Fig. 2.

The XRD pattern of the co-axial CF@AuNP–PtNP based
nanosystem exhibited peaks at 2y values of 40.021, 46.21,
68.41 and 81.91 corresponding to (111), (200), (220) and (311)
planes of fcc crystal structure of Pt respectively (JCPDS card 04-
0802). The inter d-spacing of co-axial CFs@AuNPs–PtNPs was
found to be 0.2254 nm which is related to the Pt(111) plane with
a lattice parameter a = 0.3904 nm. Overlapped peaks of Au and

Fig. 1 (a) Photograph of a co-axial electrospinning set up for single step
production of aligned fibers with in situ photo reduction, (b) the inset
shows the photograph of top-view and (c) cross-sectional view of the co-
axial spinneret and (d) fabrication of single-step production of co-axially
aligned electrospun carbon nanofibers on the Au IDA electrode using
in situ photo reduction followed by stabilization and carbonization pro-
cesses to produce co-axial carbon nanofiber@ platinum based
(CFs@PtNPs, CFs@AuNPs–PtNPs and CFs@NiNPs–PtNPs) nanosystems.

Fig. 2 XRD patterns of the pristine CFs, co-axial CFs@PtNPs,
CFs@AuNPs–PtNPs and CFs@NiNPs–PtNPs.
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Pt further indicate that the nanoparticles are bimetallic
in nature.25,26 Similarly, the XRD pattern of co-axial
CFs@NiNPs–PtNPs displayed both strong and sharp peaks at
40.251, 46.61, 67.41and 81.91 corresponding to (111), (200), (220)
and (311) planes of fcc crystal structure of Pt respectively
(JCPDS card 04-0802). The d-spacing of the co-axial CF@Ni
NP–Pt NP based nanosystem was found to be 0.2251 nm which
is related to the Pt(111) plane with a lattice parameter a =
0.389 nm. Overlap of the peaks of Ni and Pt further indicates
that the nanoparticles are bimetallic in nature.21,27,28 A close
observation of XRD patterns of co-axial bimetallic systems
CFs@AuNPs–PtNPs and CFs@NiNPs–PtNPs reveals that the
peak corresponding to the (111) plane of Pt has shifted to
higher Bragg angles. From Fig. 2, it can also be confirmed that
there is no any peak matching fcc Ni or NiO for co-axial
CFs@NiNPs–PtNPs. The shift towards higher Bragg angles
associated with pristine Pt might be owing to the constricting
strain induced by the formation of bimetallic Pt with Au and Pt
with Ni on CFs during the formation of co-axial bimetallic
systems, CFs@AuNPs–PtNPs and CFs@NiNPs–PtNPs, which
can effectively modify the adsorption energy of metal catalysts,
and sequentially refine the catalytic activity.29

Raman spectral analysis was executed to understand
the chemical identification of pristine CFs and co-axial
CFs@PtNPs, CFs@AuNPs–PtNPs and CFs@NiNPs–PtNPs
(Fig. 3). For pristine CFs, two characteristic peaks, i.e., D and
G bands were spotted at 1335.7 cm�1 and 1580 cm�1, which are
ascribed to the structural distortions triggered via the defects
existing in the sp2 carbon network and E2g phonon mode of
sp2 carbon atoms. A red shift was noticed for the D band
(1354.6 cm�1) and G band (1568.4 cm�1) in co-axial CFs@PtNPs

and the ID/IG ratio was amplified (1.008) compared to bare CFs
(1.003), which can be attributed to the structural alterations
owing to the interaction of platinum nanoparticles with the CF
support. Similarly, for co-axial CFs@AuNPs–PtNPs, the D and
G bands were found to be at 1360 cm�1 and 1587 cm�1 and for
co-axial CFs@NiNPs–PtNPs, the D and G bands were found to
be at 1367 cm�1 and 1606.6 cm�1 respectively. The ID/IG ratio
for co-axial CFs@AuNPs–PtNPs was 1.09 and for co-axial
CFs@NiNPs–PtNPs, it was estimated to be 1.0023. The higher
intensity of the ID/IG peak for co-axial CFs@AuNPs–PtNPs may
be due to the SERS enhancement upon introduction of plas-
monic Au in the CF based bimetallic nanosystem.20,30

The structural and morphological analysis of the co-axial
electrospun CF based bimetallic nanosystem was further exe-
cuted by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) analysis. The electric-field lines in
the gap between Cu electrodes are drawn towards the electrode
edges as seen in the electric field profile in Fig. 4a. Fig. 4b
shows the SEM image of directly fabricated aligned co-axial
CFs@NiNPs–PtNPs on the IDA before heat treatment. The as
spun fibers have the length in micrometers, which aids in
continuous charge transport in chemiresistive based gas sen-
sors. Here, the alignment of nanofibers can be explained by
‘‘gap electrospinning’’.31,32 The as-spun nanofibers are taken as
a string of positively charged elements associated through a
viscoelastic medium. This may result in experiencing two sets
of electrostatic forces by the charged nanofibers: (i) ‘Fa’ acting
between the charged fiber and charges brought on the two
parallel grounded electrodes and (ii) ‘Fb’ formed by the splitting
of the electric field. As per Coulomb’s law of interaction, the
fibers adjacent to the electrodes produce the sturdiest electro-
static force (Fa), which results in the elongation of nanofibers
across the collector (parallel copper sheets) to produce aligned
co-axial nanofibers.

The co-axial morphology and distribution of the metallic/
bimetallic nanoparticles over the fibers was confirmed using
TEM as shown in Fig. 5. The lower magnification images
displayed uniform arrangement of PtNPs, AuNPs–PtNPs and
NiNPs–PtNPs formed on CFs with a mean diameter of 4.49, 4.13
and 2.73 nm. The core–shell structure of the co-axial
CFs@PtNPs, CFs@AuNPs–PtNPs and CFs@NiNPs–PtNPs was
evident from TEM images as depicted in Fig. 5(a and b). Fast
Fourier transform (FFT) was employed by masking to eradicate
undesirable noise and hence to disclose the anticipated
frequencies by means of Gatan Microscopy Suite software. In
order to get the real image on the masked region in the FFT

Fig. 3 Raman Spectra of pristine CFs, co-axial CFs@PtNPs, CFs@AuNPs–
PtNPs and CFs@NiNPs–PtNPs.

Fig. 4 (a) Schematic illustration of gap electrospinning to generate
aligned fibers and (b) SEM image of co-axially aligned fibers.
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pattern, an inverse Fourier transform (IFFT) was employed. The
IFFT of the HRTEM images of co-axial CFs@PtNPs (Fig. 5c)
revealed a lattice d-spacing of 0.226 nm corresponding to the
(111) crystalline plane of fcc Pt anchored on CFs.33

From Fig. 5(e), it can be understood that in the case of co-
axial CFs@AuNPs–PtNPs, the bimetallic AuNPs–PtNPs were
homogenously distributed on CFs with a mean diameter of
4.13 nm. The HRTEM and FFT study of the core–shell
CF@AuNP-PtNP nanosystem were further performed. IFFT
analysis of co-axial CFs@AuNPs–PtNPs (Fig. 5g) exhibited a
lattice spacing of 0.194 nm and 0.204 nm, conforming to the d-
spacing values of Pt(200) and Au(200) planes.34–36 These results
show that AuNPs and PtNPs occur as bimetallic NPs in the co-
axial CF@AuNP-PtNP nanosystem. The selected area diffraction
(SAED) pattern shown in Fig. 5h displayed spot patterns allo-
cated to (111), (200), (220), (222) and (420) planes of fcc Pt
crystals and the spot patterns allocated to the (400) plane of fcc
Au, showing the polycrystalline nature of Au and Pt, which was
in good agreement with the inferences attained by XRD pat-
terns of the bimetallic Au–Pt nanosystem showing the develop-
ment of bimetallic AuNPs–PtNPs on CFs.20

Similarly, as shown in Fig. 5i, co-axial CFs@NiNPs–PtNPs were
also found to be successfully formed and were consistently dis-
persed on CFs with an average diameter of 2.9 nm. The HRTEM

and FFT images of the core–shell CF@NiNP–PtNP based nanosys-
tem were recorded for further structural elucidation. IFFT analysis
of co-axial CFs@NiNPs–PtNPs (Fig. 5k) showed lattice spacings of
0.227 nm and 0.216 nm, conforming to the d values of Pt(111) and
Ni(111) planes respectively.37 These observations specify that Ni
and Pt nanoparticles occur as bimetallic nanoparticles in the co-
axial CFs@NiNPs–PtNPs produced through the single-step coaxial
Fig. 5l displays spot patterns ascribed to (111), (220) and (331)
planes of fcc Pt crystals and spot patterns allocated to (111) and
(220) planes of fcc Ni crystals discussed the electrospinning
method. SAED pattern analysis showed polycrystalline nature of
Ni and Pt, showing a decent agreement with the inferences attained
from XRD analysis of co-axial CFs@NiNPs–PtNPs, verifying the
bimetallic formation of NiNP–PtNP nanostructures on CFs. From
the morphological investigations, it is obvious that co-axial bime-
tallic NiNPs–PtNPs on CFs showed reduced sizes of nanoparticles
and homogeneous distribution over CFs, which can proficiently
enable the ‘‘spillover effect’’ during adsorption of H2 compared to
other co-axial CF@PtNP based nanosystems and can result in
better sensor performance.

In order to understand the surface chemical states of co-axial
CF@PtNP based nanosystems, XPS analysis was carried out. High-
resolution spectra of co-axial CFs@NiNPs–PtNPs consisted of
oxygen 1s (O 1s), carbon 1s (C 1s), nitrogen 1s (N 1s), nickel 2p

Fig. 5 TEM images of co-axial (a and b) CF@PtNP, (e and f) CF@AuNP-PtNP and (i and j) CF@Ni NP-Pt NP based nanosystems. High resolution TEM
images and SAED pattern of co-axial (c and d) CFs@PtNPs, (g and h) CFs@AuNPs–PtNPs and (k and l) CFs@NiNPs–PtNPs. The inset shows the IFFT of the
corresponding HRTEM images.
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(Ni 2p) and platinum 4f (Pt 4f) as depicted in Fig. 6. The survey
scan spectra of co-axial CFs@NiNPs–PtNPs illustrated in Fig. 6a
exhibit five prominent peaks at 530.3, 396, 283, 875.2 and 73 eV
conforming to O 1s, C 1s, N 1s, Ni 2p and Pt 4f, which confirmed
the existence of elements, such as oxygen, carbon, nitrogen, nickel
and platinum. The C 1s peak (Fig. 6b) can be deconvoluted into
four peaks, attributed to the CQC bond (282.6 eV), C–OH bond
and C–N bond (283.6 eV), CQO bond (285.2 eV) and –COOH
(287.4 eV), respectively. The CQC bond (282.6 eV) originated from
the amorphous carbon. The peaks at 283.6 eV and 285.2 eV are the
distinctive characteristics of C–OH groups and CQO bonds. The
high-resolution O 1s spectra of co-axial CFs@NiNPs–PtNPs
(Fig. 6d) show the presence of CQO (530.32 eV), and oxygen
vacancies (535.7 eV).38 The N 1s spectra (Fig. 6c) can be deconvo-
luted into three peaks at 396.13, 398.5, 401.2 and 403.2 eV
attributed to the pyridinic nitrogen, pyrrolic nitrogen, graphitic
nitrogen and pyridinic–N-oxide respectively. Amongst these
groups the pyridinic and pyrrolic nitrogen aids in lessening of
charge transport resistance and thereby can boost up the catalytic
effects due to the sp2 hybridized nitrogen atom.39 The Pt 4f
exhibited two peaks emerging at 70.2 and 73.7 eV, which originate
from the spin orbital coupling of 4f photoelectron transitions as
observed from Fig. 6f. The lowermost B.E. components linked
might be ascribed to the zero valent state of metallic platinum
NPs.20,21

The Ni 2p spectrum40,41 unveiled two weak peaks emerging
at 875.2 and 856.41 eV, ascribed to the binding energies of Ni
2p1/2 and Ni 2p3/2 as shown in Fig. 6e. Besides, from the XPS

spectra it was confirmed that there were no any further impur-
ity peaks, and the major Pt 4f and Ni 2p peaks confirmed
the emergence of NiNPs–PtNPs bimetallic NPs on CFs by the
single-step co-axial electrospinning method. In addition, Fig. 7
compares the Pt 4f spectra of co-axial CFs@PtNPs, co-axial
CFs@AuNPs–PtNPs and co-axial CFs@NiNPs–PtNPs. The
charge transfer occurring in co-axial CFs@NiNPs–PtNPs is
apparent in XPS (Fig. 7) spectra. The high resolution XPS
spectra of CFs@PtNPs and co-axial CFs@AuNPs–PtNPs are
depicted in Fig. S1 and S2 (ESI†). In the case of co-axial
CFs@AuNPs–PtNPs, the binding energy of Pt 4f spectra was
shifted slightly to higher energy, which directs towards the
solid interaction prevailing among metallic Au, Pt and the CFs.
The B. E. shift can pave the way for electron density shift from
the bimetallic AuNPs–PtNPs to the CFs. Thereby, the work
function lowered for CFs@AuNPs–PtNPs. Therefore, to equili-
brate the Fermi levels, transfer of charge carriers from PtNPs to
AuNPs and then to CFs occurs.20

Hence, XPS analysis significantly supports the emergence of
bimetallic AuNPs–PtNPs on CFs. In contrast, for co-axial
CFs@NiNPs–PtNPs, the binding energy of the Pt 4f peak was
shifted slightly to lower energy (Fig. 7), signifying a sturdy
interaction prevailing among metallic Ni, Pt and the CFs. This
shift may be caused by the transfer of electrons from Ni to Pt
owing to the difference in electronegative values of Ni (1.91)
and Pt (2.28), which results in a variation in the electronic
properties of Pt, i.e., lowering the density of states on the Fermi
level in co-axial CFs@NiNPs–PtNPs. Hence, the bimetallic

Fig. 6 (a) XPS survey spectrum of the co-axial CF@NiNP–PtNP based nanosystem and high resolution XPS spectrum of (b) C1s, (c) N1s, (d) O 1s, (e) Ni 2p
and (f) Pt 4f of the co-axial CF@NiNP–PtNP based nanosystem.
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formation with Ni altered the electronic properties of Pt,
resulting in an improvement of catalytic performance.42,43

Besides, in bimetallic Pt based co-axial CF nanosystems, the
Pt 4f peak gets widened. This possibly would be because of the
overlapping of the Ni 3p peak with the Pt 4f7/2 peak. These
results also substantiate the observations from XRD and
HRTEM analysis.

3.1 Hydrogen gas sensor performance evaluation of 1D
aligned co-axial CF@PtNP based nanosystems

Hydrogen gas sensing studies of on-chip fabricated electrospun
1D aligned co-axial CFs@PtNPs, CFs@AuNPs–PtNPs and
CFs@NiNPs–PtNPs were performed at room temperature by
means of a built-in sensor test station. Initially, the sensor
resistance was stabilized by purging N2 into the chamber to
eliminate the impurities. Upon exposure to H2 gas, the resis-
tance of the 1D aligned co-axial CFs@NiNPs–PtNPs was
decreased drastically, in agreement with earlier reports.
Fig. 8a–c depicts the dynamic gas sensing response of aligned
co-axial CFs@PtNPs, aligned co-axial CFs@AuNPs–PtNPs and
aligned co-axial CFs@NiNPs–PtNPs towards hydrogen in the
range of 0.1% to 4%. Fig. 8a illustrates the dynamic gas sensing
response of 1D aligned co-axial CFs@PtNPs, which depicts the
sensitivity extending from 5.7% to 52% towards exposure to
0.1% to 4% of H2 gas at RT. The sensor response of 1D aligned
co-axial CFs@PtNPs towards hydrogen is attributable to the
excellent adsorption property of hydrogen on the platinum
surface. During the recovery process of the sensor, the

chemisorbed H2 was desorbed back from the surface by air.
However, the co-axial CF@PtNP sensor took extra time to
recover to the baseline resistance as a result of the emergence
of platinum hydride amongst nanohybrids. Fig. 8b describes
the dynamic response of co-axial CFs@AuNPs–PtNPs towards
H2 concentrations ranging from 0.1% to 4% which exhibited
sensitivity in the range of 8.9% to 62% at room temperature.
During sensor recovery, the resistance of 1D aligned co-axial
CFs@AuNPs–PtNPs regained the base resistance more swiftly
than co-axial CFs@PtNPs. This might be due to the integration
of bimetallic AuNP-PtNP catalysts over the core CFs. The sur-
face anchored bimetallic AuNPs–PtNPs also reduce the emer-
gence of platinum hydride and thereby, increase the catalytic
sites produced on the CFs towards H2 gas which resulted in the
improved sensor response and recovery time.

Fig. 8c demonstrates the dynamic sensor response of 1D
aligned co-axial CFs@NiNPs–PtNPs towards H2 gas with a
concentration ranging from 0.1% to 4% at room temperature
which exhibited sensitivity in the range of 10.8% to 124% with a
sensor response time and recovery of 24 s and 89 s (towards 4%
of H2). Thus, the 1D aligned co-axial CF@NiNP–PtNP sensor
exhibited superior adsorption towards H2 which may be due to
the bimetallic NiNP–PtNP catalytic active sites present over the
core CFs. The sensor performances of co-axial CFs@PtNPs,
CFs@AuNPs–PtNPs and CFs@NiNPs–PtNPs are compared in
Fig. 8d and tabulated in Table S1 (ESI†). The cross-interference
of the H2 sensor towards different gases is a vital parameter for
real-time application of the sensors (Fig. 9a). The sensor
response towards interfering gases such as acetone, ammonia,
ethanol and hydrogen sulphide (H2S) was tested to check the
selectivity of 1D aligned co-axial CFs@PtNPs, CFs@AuNPs–
PtNPs and CFs@NiNPs–PtNPs. Fig. 9b depicts the repeatability
of the 1D aligned co-axial CF@NiNP–PtNP based sensor
towards periodic exposure to 0.5% of H2 at room temperature.

Also, Figure S3 (ESI†) depicts the interference of humidity in
the H2 sensing properties of CFs@NiNPs–PtNPs. It was
observed that, with the increase in humidity, the H2 sensor
response of CFs@NiNPs–PtNPs decreased. It might be due to
the adsorption of water molecules on the sensor material,
which prevents subsequent adsorption of H2 molecules, lead-
ing to a decrease in sensor performance. In situ current–voltage
(I–V) studies performed for the 1D aligned co-axial CF@NiNP–
PtNP sensor are depicted in Fig. 9c, performed before and after
adsorption of hydrogen on the sensor, which revealed the
considerable refinement of electron transport upon exposure
to H2. In addition, the 1D aligned co-axial CF@NiNP–PtNP
sensor showed similar responses without any remarkable shift
in baseline resistance, upon exposure to 0.5% H2. 1D aligned
co-axial CF@NiNP–PtNP sensor performance is compared with
that of recently developed carbon based or metallic based
sensors in Table 1. From the recent literature,44–46 it was clear
that most of the reported H2 sensors were based on multi-step
processes or complex processes or expensive methods or not
suitable for real-time applications, whereas the aligned co-axial
CF@NiNP–PtNP sensor was developed through a one-step
fabrication of the sensor material, which can be easily upscaled

Fig. 7 High resolution XPS spectra corresponding to Pt 4f of co-axial
CF@PtNP, CF@AuNP-PtNP and CF@NiNP–PtNP based nanosystems.
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for mass production for real-time applications. Also, the co-
axial CF@NiNP–PtNP sensor showed rapid and stable ON/OFF
cycles respectively. Along with the complicated fabrication
processes adopted by previous reports, the non-linearity of
the sensor responses at higher concentration was an another
issue faced by H2 gas sensors.47 The aligned co-axial CF@NiNP–
PtNP nanosystem not only achieved the ease in fabrication
method, but also resolved the problem of non-linearity of H2

gas sensors at higher concentration of H2 at room temperature.
This could be mainly due to the following reasons: (i) the
bimetallic catalyst arrangement over the CFs, such that it ‘‘spill
over’’48,49 the adsorbed hydrogen on the surface of CFs and (ii)
the direct single step fabrication of co-axial bimetallic aligned
CF@NiNP–PtNP nanosystem, which eradicates the barrier for-
mation for electron transport, usually occurring during the
process of functionalization of carbon supports for metal
attachment during wet chemical routes, which is not required
in the case of direct co-axial fabrication processes.

The linear relation between response and the square root of
H2 gas was confirmed by Langmuir isotherm theory50 of
dissociative adsorption of gases on metal surfaces. Based on
this theory, adsorption and desorption rates are described as

Fig. 8 Dynamic H2 gas sensing properties of 1D aligned co-axial (a) CFs@PtNPs, (b) CFs@AuNPs–PtNPsAuNPs–PtNPs and (c) CFs@NiNPs–PtNPs. (d)
Comparative sensitivity as a function of H2 concentration of 1D aligned co-axial CFs@PtNPs, CFs@AuNPs–PtNPs and CFs@NiNPs–PtNPs.

Fig. 9 (a) Selectivity towards exposure to interfering gases and (b) repeat-
ability of 1D aligned co-axial CFs@NiNPs–PtNPs towards H2 at room
temperature, (c) current–voltage characteristics of co-axial CFs@NiNPs–
PtNPs under N2, H2 and air atmospheres and (d) sensor response as a
function of (hydrogen concentration)1/2 at RT.
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k1[H2](1 � y)2and k2y
2, where [H2] is the hydrogen concen-

tration, y is the surface coverage, and adsorption and
desorption rate constants are denoted by k1 and k2. Upon
steadiness, the rate of hydrogen surface coverage becomes
negligible and thus adsorption rate is equivalent to desorption
rate, i.e., k1[H2](1 � y)2 = k2y

2. Hence, gas sensor response is
relative to surface coverage (y), by eqn (1)

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K � H2½ �

p
(1)

where, K is the fraction of adsorption rate to desorption rate
constants. Therefore, eqn (1) aids to estimate the ratio of
adsorption–desorption rate constants for the co-axial
CF@NiNP–PtNP based sensor experimentally, which offers
insights into the genre of hydrogen adsorption on bimetallic
NiNPs–PtNPs present over the core CFs. During equilibrium,
the slope of the sensor response against the square root
of hydrogen concentration gives the rate constant value
experimentally. Also, from the concept of adsorption and
desorption of H2 gas on metal surfaces, the rate constant was
theoretically calculated to be (k1/k2)1/2 = 0.42. Adsorption
kinetics of hydrogen gas on the surface of 1D aligned co-axial
CFs@mono/bimetallic PtNPs, AuNPs–PtNPs and NiNPs–PtNPs
were studied theoretically and were found to be approximately
close to the experimentally derived values of 1D aligned co-axial
CFs@PtNPs (0.36), CFs@AuNPs–PtNPs (0.29) and CFs@NiNPs–
PtNPs (0.38) respectively, which indicates that the adsorption
reaction follows the fundamental adsorption–desorption reac-
tion, H2g 2 2Hads. The better agreement of the experimental
adsorption rate constant with the theoretically calculated
adsorption rate constant points towards the superior H2 gas
sensor response of CFs@NiNPs–PtNPs (Fig. 9d).

In the case of the co-axial CF@PtNP based nanosystem, H2

molecules detach and adsorb on the catalytic sites of CF@PtNP
based systems (PtNPs, AuNPs–PtNPs and NiNPs–PtNPs) as
given by eqn (2).

H2g þ 2S0Ð
k1

k2
2HaS0 (2)

where, S0 denotes the vacant sites on the sensor. The letter ‘‘g’’
denotes the gaseous state and ‘‘a’’ is the adsorbed state. The

nonlinearity during higher concentrations of H2 observed in
previous reports was eliminated by single-step fabrication of
aligned co-axial bimetallic NiNPs–PtNPs over CFs.47,61 The
integration of bimetallic NiNPs–PtNPs has improved the cata-
lytic sites for hydrogen adsorption, along with the enrichment
in the carrier concentrations. This improvement in charge
carriers triggers the conductivity proportionally as shown in
the sensor response of aligned co-axial CFs@PtNPs,
CFs@AuNPs–PtNPs and CFs@NiNPs–PtNPs. The charge trans-
fer in the co-axial CF@PtNP based nanosystem was evident
from the high resolution XPS spectra of Pt 4f (Fig. 7). The
change in B. E. can result in an electron density change from
the NiNPs–PtNPs/AuNPs–PtNPs to the CF supports. This
denotes excellent interaction between bimetallic NiNPs–
PtNPs/AuNPs–PtNPs nanosystems over CFs. In the presence of
H2, the bimetallic NiNPs–PtNPs dissociate H2 molecules into
H+, which readily adsorbs on the catalytic active sites, i.e.,
bimetallic NiNPs–PtNPs, resulting in the decrease in work
function as depicted in Fig. 10. As a result, electrons transfer
from PtNPs to NiNPs and then to CFs so as to equilibrate the
Fermi level. This results in depletion of electrons at NiNP–
PtNP/CF interfaces and adsorption of hydrogen might be
favoured as it is a reducing gas. Also, the response and recovery
time of the aligned co-axial CF@NNP-PtNP based sensor were
found to be remarkably improved compared to 1D aligned co-
axial CFs@PtNPs and CFs@AuNPs–PtNPs.

During the sensor recovery, existence of oxygen in the air
enabled the water formation with adsorbed H2 at the NiNP–
PtNP surface. The nature of sensor recovery stipulates that the
surface chemistry is a vital factor in the execution of successful
chemi-resistive sensors. Even though aligned co-axial bimetal-
lic AuNPs–PtNPs on CFs possess rapid recovery of the sensor at
room temperature with long-term stability, the sensitivity of the
sensor was found to be less, whereas aligned co-axial bimetallic
NiNPs–PtNPs over CFs showed improved sensitivity with good
sensor response time and recovery, making it an ideal H2

sensor material. This is due to the high catalytic activity of
the NiNP–PtNP bimetallic system towards hydrogen. Generally,
elements of group 10 in the periodic table, like Ni, Pt, and Pd,
and their alloys are recognised for their high catalytic activity

Table 1 Comparison with previous reports on H2 sensors

Sensor material Fabrication method Operating temp. (1C) H2 conc. (ppm) Sensitivity (%)

Graphene-supported Pt/Pd
core–shells hybrid51

Wet chemical route and air brush
spraying

RT 10 000 36

Pt-CNT48 Spin coating and electron beam
deposition

RT 23 000 16

Pd thin films52 RF sputtering RT 20 000 12
Pd Nanofilms53 DC sputtering RT 1000 5.5
Pt/Pd bimetallic thin film54 PLD 150 10 000 13.6
(Pt/SiC) Nanoballs55 DC/RF sputtering 330 100 44
Pt–PPy56 LBL RT 1000 11.6
Pd–MWCNTs57 Electrodeposition RT 3 00 000 16
Palladium–organic Fibers58 Sputtering (DC) RT 25 12.2
Pd/GO/PAH/PSS/PAH59 Layer by layer RT 1000 2.04
CFs/ZnO60 Electrospinning and RF sputtering 150 100 73.4
Co-axially aligned CFs@NiNPs–PtNPs
nanosystemThis work

Co-axial electrospinning
(direct fabrication)

RT 1000 10.8
40 000 124
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towards hydrogen. Their slightly filled ‘‘d’’ orbitals play a
prominent role in the catalytic activity. Previous reports show
that hydrogen molecules get initially chemisorbed on such
metals and detach into highly reactive hydrogen, that even-
tually spills over to the near surfaces.62

Therefore, the less-Pt bimetallic NiNP–PtNP nanocatalyst
functionalized CFs, which showed a synergistic effect of both
metals with improved catalytic activity, is potentially suitable as
a H2 sensing material at room temperature. Henceforth, the
prototype of the H2 sensor based on 1D aligned co-axial
CFs@NiNPs–PtNPs was demonstrated for the development of
read-out electronic circuits. Thus, for real-time applications,
single-step fabrication of 1D aligned co-axial CFs@bimetallic
NiNPs–PtNPs on the sensor device is a convenient and cost-
effective method towards H2 gas sensor development.

A prototype device based on the aligned co-axial CF@NiNP–
PtNP sensor was further fabricated based on the equivalent
electronic circuit diagram depicted in Fig. 11. The connections

were made on a prototype universal printed circuit board (PCB).
Real time detection of H2 gas was performed with the aligned
co-axial CF@NiNP–PtNP sensor with the fabricated electronic
circuit configuration. An LM741 operational amplifier IC was
used, which works as a comparator circuit. A power supply of
9 V was given from the battery to the op-amp. The comparator
compares voltages/resistance at inputs and produces an output
with the voltage/resistance comparison. Therefore, in this
comparator circuit, a potentiometer (1 MO) was connected to
the non-inverting input, which is the reference voltage/resis-
tance (Vref). To the inverting input, the potential across a series
resistance (1 MO) and output of the 1D aligned co-axial
CF@NiNP–PtNP sensor was given, which forms Vin. Since, the
input was given to the inverting configuration, it is called a
negative voltage comparator. That is, when the input signal is
more negative than the reference voltage (Vref), it results in a
high output voltage, Vout. When H2 is in the OFF state, the
sensor unit displayed constant resistance and therefore the
LED will be in OFF condition. When the H2 is introduced to
the sensor device, a change in resistance of the sensor occurs
(resistance decreases), which varies the comparator input,
resulting in glowing of the LED. Hence, the real time monitor-
ing of H2 gas at room temperature authenticates that the
proposed device can be used for achieving ideal sensor
characteristics.

4. Conclusions

To summarize, a direct single-step fabrication strategy for the
synthesis of 1D aligned electrospun co-axial CFs@PtNPs, co-
axial CFs@AuNPs–PtNPs and co-axial CFs@NiNPs–PtNPs was
demonstrated towards H2 gas sensing at RT. Broad detection of
H2 (0.1% to 4%) using aligned co-axial CFs@NiNPs–PtNPs
showed superior H2 gas sensing performance (124%) compared
to CFs@PtNPs (52%) and CFs@AuNPs–PtNPs (65.4%) at room
temperature which may be due to the superior catalytic prop-
erty of both Ni and Pt. The hydrogen adsorption kinetics
disclosed that the adsorbed hydrogen on the surface of bime-
tallic NPs modifies the work function of the aligned co-axial
CF@NiNP–PtNP sensor, which subsequently modifies the resis-
tance. The non-linearity in sensitivity of H2 gas sensors at
higher concentration was however eliminated by implementing
the directly fabricated core–shell structure of CFs@NiNPs–
PtNPs. In addition, the aligned fabrication of core–shell nano-
fibers aids to abolish the obstruction during the electron
transport throughout the sensor, which thereby resulted in
enhanced sensor performance. The theoretical prediction of
the adsorption rate constant was analogous to the experimental
value attained for the aligned co-axial CF@NiNP–PtNP based
nanosystem. The on-screen monitoring of H2 interaction with
aligned co-axial CFs@NiNPs–PtNPs was studied using in situ
current voltage characteristics, which provided the authentica-
tion of interaction of H2 with the sensor material. Furthermore,
a prototype device was successfully fabricated using the 1D
aligned co-axial CF@NiNP–PtNP based sensor towards H2 gas

Fig. 10 Gas sensing mechanism of 1D aligned co-axial CFs@NiNPs–
PtNPs towards H2 gas.

Fig. 11 Real-time demonstration of the proposed 1D aligned co-axial
CF@NiNP–PtNP sensor: (a) equivalent electronic circuit diagram. Photo-
graph of the prototype sensor device during (b) H2 OFF state and (c) H2 ON
state.
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detection at room temperature, which opens up its relevance
for real time monitoring applications.
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