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Abstract
In the carbon nanotubesfilm/graphene heterostructure decoratedwith catalytic Pt nanoparticles
using atomic layer deposition (Pt-NPs/CNTs/Gr)H2 sensors, the CNTfilm determines the effective
sensing area and the signal transport toGr channel. The former requires a large CNT aspect ratio for a
higher sensing areawhile the latter demands high electric conductivity for efficient charge transport.
Considering theCNT’s aspect ratio decreases, while its conductivity increases (i.e., bandgap
decreases), with the CNTdiameter, it is important to understand howquantitatively these effects
impact the performance of the Pt-NPs/CNTs/Grnanohybrids sensors.Motivated by this, this work
presents a systematic study of the Pt-NPs/CNTs/GrH2 sensor performance with theCNT filmsmade
fromdifferent constituent CNTs of diameters ranging from1 nm for single-wall CNTs, to 2 nm for
double-wall CNTs, and to 10–30 nm formulti-wall CNTs (MWCNTs). Bymeasuring themorphology
and electric conductivity of SWCNT,DWCNT andMWCNT films, this work aims to reveal the
quantitative correlation between the sensor performance and relevant CNTproperties. Interestingly,
the best performance is obtained onPt-NPs/MWCNTs/GrH2 sensors, which can be attributed to the
compromise of the effective sensing area and electric conductivity onMWCNTfilms and illustrates
the importance of optimizing sensor design.

1. Introduction

The utilization of carbon nanotubes (CNTs) as the sensingmaterials for detection of various gasmolecules has
been explored for over a decade [1, 2]. Liquid sensors based onCNTs such as alcoholic sensor have also been
reported [3, 4]. CNTfilms or networks can provide a large effective surface area for adsorption/desorption of gas
molecules, and the follow-up electron transfer driven by the interactions between gasmolecules andπ electrons
of CNT [5]. This leads to a charge doping effect onCNTs and hence a change in the resistance of theCNTfilm,
which ismeasured as the sensor’s response to gasmolecules. However theweak physisorption ofmost gas
molecules onCNTs and the associated poor sensing performance for gas sensors based on pristine CNTs [6, 7]
have prompted introduction of nanostructured catalyticmetals such as gold (Au), silver (Ag), platinum (Pt), and
palladium (Pd) onCNTs. The decorationwith catalytic Ptmetal nanostructures was especially suitable for
enhancingH2 sensing by providingmuch stronger chemisorption ofH2molecules and the follow-up
dissociation ofH-Hbond [8], lowering thework function of Pt and consequently resulting in charge transfer
fromhydrogen toCNT [9].While improved performancewas reported onCNT-based hydrogen sensors with Pt
catalyst [9–11] further enhancement of sensitivity through optimization of the sensor design is important.
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In a recent work [12], we have developed a 3D electrode architecture consisting of single-wall CNTs on
graphene (SWCNT/Gr). The implementation ofGr of high chargemobility at room temperature [13, 14] has
been found to effectively improve charge (signal) transfer by directing the charges fromSWCNTs to electrodes
throughGr, instead of throughmultiple CNT-CNT junctions to electrodes, which present hurdles to charge
transfer inCNTonly sensors. In addition, Gr is a semimetal and forms anOhmic contact with common
electrodes such as Au or Pd. [15–17]. Therefore, H2 sensors consisting of a CNT film/graphene heterostructure
3D electrode decoratedwith catalytic Pt nanoparticles using atomic layer deposition (Pt-NPs/CNTs/Gr)
combine the advantages of large effective sensing surface area of CNT films, the catalytic benefit of the
conformally coated Pt-NPs, and highmobility signal transport throughCNT/Gr 3D electrode. On the Pt-NP/
SWCNT/GrH2 sensors, enhancedH2 sensitivity bymore than 50%ofmagnitude has been observed as
compared to their counterparts withoutGr [12]. This result has revealed the critical importance of engineering
the signal transfer on the 3DCNT/Gr electrodes while raises a question onwhether SWCNT films are optimal
for charge transfer. In fact, SWCNTswere chosen primarily because SWCNTs have the largest possible effective
sensing area due to the highest aspect ratio (length versus diameter) among all CNTswith comparable lengths.
However, SWCNTs tend to formbundles of an average diameter of∼10 nm,which considerably reduces the
effective surface area of the SWCNTfilms [12]. In addition,most as-made SWCNTs using chemical vapor
deposition are unpurifiedwith about 2/3 semiconductive and 1/3metallic SWCNTs. The inter-SWCNT
junctions between the two kinds of SWCNTs are Schottky junctions and can hinder the charge transport [18] in
SWCNT-basedH2 sensors. Thismeans that SWCNTsmay suffer limitations in reaching the optimal sensing
surface area expected and poor charge transfer in the ideal case, both are critical parameters for high-
performanceH2 sensors. Considering the bandgap of CNTs decreases inversely with the diameter of theCNTs
[19, 20], higher conductivity is anticipated inCNTswith larger diameters including double-wall CNTs
(DWCNTs) andmulti-wall CNTs (MWCNTs). In addition, the issue of bundlingwould become less serious
with decreasing aspect ratios as theCNTdiameter increases. Considering both high effective sensing surface area
and high conductivity are required for high-performance of the Pt-NPs/CNT/Gr nanohybridH2 sensors, a
quantitative assessment of the effects of the CNTdiameter and electrical conductivity on the sensor performance
is important to obtaining optimal sensor design.Motivated by this, the objective of this work is to carry out a
systematic investigation of the Pt-NPs/CNT/Gr nanohybridH2 sensor performance in correlationwith the
CNTmorphology and electric conductancewhen the constituent CNTdiameter in CNTfilms is increased
from∼1 nm for SWCNTs, to∼2 nm forDWCNTs, and to∼10 nm–30 nm inMWCNTs. Interestingly, H2

sensitivity has been found to be sensitively affected by theCNT selection and the highestH2 sensitivity has been
achieved on Pt-NPs/MWCNT/Gr nanohybridH2 sensors inwhich theMWCNTs have∼10 nm in diameter.

2.Materials andmethods

The Pt-NPs/CNT/Gr device fabrication involves fourmajor steps ofmetal electrode deposition, graphene
transfer, CNT film transfer and Pt-NP coating. In the first step, evaporation of Au electrodes wasmade on
SiO2/Si substrates. The dimensions of the Au electrodes are 4 mm (length)×2 mm (width)with a distance of
0.3 mm (regarded as device channel length) between neighboring Au bars. In the second step, a single-layer
graphene stripwas transferred onto the SiO2/Si substrates with pre-fabricated Au electrodes (figure 1(a)). The
graphenewas synthesized using chemical vapor deposition (CVD) on commercial copper foils (Sigma-Aldrich)
at∼1000 °C. The details of graphene growth and transfer were reported in previousworks [21, 22]. In the third
step, the CNTfilmwas transferred on top of graphene to form the 3DCNT/Gr nanohybrid (figure 1(b)). The
SWCNT,DWCNTand two kinds ofMWCNT films studied in this workwere prepared using a vacuum
filtrationmethod fromdispersed CNT suspension solutions [23, 24]. This thicknesses of theCNT filmswere
controlled by thefiltration time or the total amount of CNTs based on the pre-calibrated rates for filtration from
the correspondingCNT suspension solutions as we reported previously [12, 25]. Commercial (CheapTubes,
Inc) SWCNTs (1–2 nm in diameter), DWCNTs (2–3 nm in diameter), smallerMWCNTs (10 nm)withCNT
diameter of 10 nm, and largerMWCNTs (10–30 nm)due to the broader range of theCNTdiameter were used to
makeCNTfilms of∼500 nm in thickness. TheCNT lengths are in the range of 5–10μm. In the fourth step, the
Pt-NPs, shown as grey spheres, were decorated conformally on theCNT/Gr electrodes using atomic layer
deposition (ALD) by using alternating exposures toMeCpPtMe3 (Sigma-Aldrich) and oxygen pulses at 310 °C
[12] (figure 1(c)). It should be noted that the Pt-NPswas found to nucleate onCNTs at lowALDpulse numbers
andmerge into a continuous Pt filmwithmuch reduced catalytic effect [12]. In this work, 20 ALD cycles (20 c)
was selected inALDPt for Pt-NPswith an optimal catalytic effect inH2 sensing.

Scanning electronmicroscopy (SEM) images and Energy-dispersive x-ray spectroscopy (EDS) spectra of the
CNT/Gr nanohybrid samples with different cycle numbers of ALD-Pt coatingwere taken onHitachi SU8230
Ultra-high Resolution Scanning ElectronMicroscope to extract the information of samplemorphology and Pt
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element distribution. AWiTecAlpha300 confocalmicro-Raman system equippedwith a piezoelectric sample
stagewas used to collect Raman spectra andmaps of graphene andCNTs on theCNT/Grdevices. Typically, a
488 nm laser was used as excitation light source in Raman spectroscopy and imaging. ADigital Instruments
MultimodeAFM systemwith aNanoscope IIIa controller using standard silicon nitride cantilevers
(NanoAndMoreUSA, k= 0.06, 0.27 Nm−1)was used in contactmodewith scan rates from1–3 Hz to collect
atomic forcemicroscopy (AFM) images on the sample. For consistency, AFM imageswere collected from at least
3 different locations on each sample and theCNTdimensionsweremeasured by averaging cross-sectional
measurements of at least 20 nanotubes. The ultraviolet (UV) light (360 nm–400 nm)was used to activate the
surface of CNT/graphene. The photoresponse ofUV-irradiated sensor wasmeasured to investigate the effect of
UVon the performance of our sensor. The use ofUVwas to desorb airmolecules from theCNT/graphene
surfacewhich allowmore room forH2 gas adsorption.

TheH2 response and sensitivity were characterized at room temperature in a vacuumchamber
(volume∼500 cm3) under amixedH2/N2 gas flow. TheALD-Pt-NPs/CNT/Gr sensors weremounted on a
sample stage inside the chamber with amulti-pin electric feedthrough for the electric connection of the sample
to external electronics. Before themeasurement, the chamberwas purgedwith aN2 flow for about an hour to
remove residual gasmolecules. The concentration ofH2was controlled by controlling the flow ratio ofH2 and
N2 gases using anMKS four-channelflowrate controller (MKS946). In this work, the concentration ofH2was
varied in the range of 1% to 20%via changing the volume ratio ofH2 toN2 buffer gases for the device sensitivity
characterization. Current-time (I-t) curves were recorded on the Pt-NPs/CNT/Gr sensors at a constant bias
voltage (V ) using aCH Instruments CHI660D electrochemical workstation in response to theH2flowon and off
in the vacuumchamber. The I-t curves were later converted to resistance-time (R-t) curves usingOhm’s law
R=V/IwhereVwas set 0.1 V in this work for the responsivity calculation. Resistance as function of
temperature (R-T) curveswere takenCNTfilms using aKeithley 224 current source (providing the bias
currents) and aKeithley 2182 dc voltmeter (to record the voltage generated across the sample). Each device was
exposed toH2 gas for 1320 s (H2ON), followedwith being inN2 atmosphere for recover. The response of the
device can return to its original state after a short exposure to air at room temperature (∼22 °C).

3. Results and discussions

The architecture and fabrication procedure (details in Experimental) of Pt-NPs/CNT/Grnanohybrid are
schematically shown infigure 1. In this work three different types of CNTs - SWCNT,DWCNT andMWCNT -
were compared. Gr is a semimetal and forms anOhmic contact with Au electrodes as demonstrated in the linear
I-V characteristic (figure S1 (available online at stacks.iop.org/NANOX/3/035004/mmedia)). The Raman
spectra of Gr and the three different types of CNTs are shown infigure 1(d)–(g) respectively. The Raman
spectrumofGr exhibits the typical G peak at∼1604.9 cm−1 and 2Dpeak at∼2692.5 cm−1. TheG and 2Dpeaks
are related to the doubly degenerate zone center E2g mode at the Brillouin zone center and the second order of

Figure 1. (a)–(c) Schematic illustration of the Pt-NPs/CNTs/grapheneH2 gas sensor fabrication process: (a)Gr transferred on Si
substrate with two pre-fabricated Au electrodes. (b)CNT films transferred on top of Gr. TheCNTdiameters are 1–2 nm for SWCNTs,
2–3 nm forDWCNTs, 10 or 30 nm forMWCNTs. (c)ALD coated Pt-NPs (grey spheres) onCNT/Gr. Raman spectra of (d)Gr, (e)
SWCNTs, (f)DWCNTs, and (g)MWCNTsfilms.
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zone-boundary phonons, respectively [26]. The absence of theDpeak at∼1352.5 cm−1 confirms that theGr is
the high quality with negligible defects. In addition, the high intensity ratio of the 2Dpeak toGpeak of 2.3
indicates that theGr is single-layer. In theRaman spectrum for SWCNT (figure 1(e)), theGpeak splits into two
peaks (G- andG+ peaks) at 1496 cm−1 and 1521 cm−1 respectively in SWCNTs due to the curvature of the
graphene sheet in the SWCNTs [27, 28]. Another distinctive peak is located at∼2833 cm−1 corresponding to the
2D-band for SWCNTs [8]. TheDpeak at 1215 cm−1 associatedwith the presence of in-plane defects on
SWCNTs, possibly the growth defects that occurred duringCVD synthesis of SWCNTs, is visible with low
intensity, suggesting the defects areminor [29]. A single peak at 192.4 cm−1 (the inset offigure 1(e)) is attributed
to the radial breathingmode (RBM) of the SWCNTs [30, 31]. Due to a large diameter of theMWCNTs and
DWCNTs, the characteristic RBMpeak associated to smaller CNTs becomes tooweak to be seen [32].
Therefore, the Raman spectra forDWCNT (figure 1(f)) andMWCNT (figure 1(g)) films look similar. In both
cases, two distinct peaks at 1521 cm−1 (Gpeak) and 2838 cm−1 (2Dpeak) are clearly visible as anticipated from
the high crystallinity of theDWCNTs andMWCNTs in addition to theDpeak at 1215 cm−1. Again, the low
intensity of theD peak suggests the defects inDWCNTs andMWCNTs are insignificant.

The opticalmicroscope images of the SWCNT,DWCNT andMWCNT (10 nm)films are displayed in
figures 2(a)–(c), showing homogeneity over relatively large area of thefilm. The optical images and theRaman
maps of a representativeMWCNT (10 nm)/Gr device before and after the CNTwas transferred onGr are shown
infigure S2 fromwhich a uniformGr channel and theCNTfilm on top can be seen clearly. TheAFM images
shown infigures 2(d)–(f) reveal porous structures of the CNT films at amicroscopic scale, which is desired for
gas sensors to provide a large sensing surface area, for the SWCNT,DWCNT,MWCNT (10 nm in diameter).
Specifically, the diameter of the tube-like features, determined from theAFMcross-sectional heights, are

Figure 2.Optical, AFM, and SEM images of: (a), (d), (g), (j)) Pt-NPs/SWCNT/Gr, (b), (e), (h), (k)DWCNT/Gr, and (c), (f), (i), (l)
MWCNT (10 nm)/Gr samples. Ruler bars for figures 2(g)–(i) and (j)–(l) are 250 nmand 200 nm, respectively.
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10±7 nm, 15±6 nmand 16±7 nm respectively for the SWCNT,DWCNT andMWCNT shown in
figures 2(d)–(f), respectively. In the two former cases, the diametersmeasured for the tube-like features in these
images are larger considerably than the anticipated for the constituent SWCNT andDWCNT, indicating the
CNTbundling in these two cases. In theMWCNT, the issue of bundling ismuch less of concern since the AFM
measured diameter is close to the anticipated one for theMWCNTs of 10 nm in diameter. Figures 2(g)–(l)
display the SEM images of the SWCNT/Gr,DWCNT/Gr,MWCNT (10 nm)/Gr nanohybrids decoratedwith
ALDPt-NPs. Figures 2(g)–(i) are the zoom-out SEM images of the same samples, illustrating the network
structure of CNTfilms. As seen infigure 2(g), SWCNTs tend to assemble into bundles with the diameter
considerably larger than 1–2 nm.However, the amount of CNTbundling is expected to be less in the samples of
DWCNTandMWCNTfilms because of their smaller aspect ratios and hence better dispersibility inwater than
their SWCNT counterpart’s. Less bundling representsmore effective sensor surface area, which is important to
the gas sensor performance. In all three samples, Pt-NPs are uniformly and sparsely distributed surrounding the
walls of CNTs. The diameter of Pt-NPs is a few nanometers and themass fraction (wt%) is in the range of 1%-
4% fromEDS (figure S3), which is consistent with our previous result [12].

The responsivity (or sensitivity) of the Pt-NPs/CNTs/Gr devices toH2 gas is defined as

D =
-( )Responsivity R R

R R

R
x% 1000

0

0

/

WhereR0 andR are the resistances of the sensor before and after the exposure toH2, respectively [33].
Figure 3(a) compares the dynamic response to 10%ofH2 gas of the Pt-NPs/SWCNTs/Gr (black), Pt-NPs/
DWCNTs/Gr (red), Pt-NPs/MWCNTs (10 nm)/Gr (green), and Pt-NPs/MWCNTs (10–30 nm)/Gr (blue)
devices. The Pt-NPs/MWCNTs (10 nm)/graphene device exhibits the best sensitivity of 26% among the four
samples. The Pt-NPs/SWCNTs/Grdevice shows a slightly lower sensitivity of 24%. This could be attributed to
the bundling of SWCNTs to form a larger diameter similar to that ofMWCNTs (10 nm), resulting in a
comparable sensor surface area to that of theMWCNTs (10 nm). The Pt-NPs/DWCNTs/Gr device shows a
considerably lowerH2 responsivity of 16%while the lowest responsivity<10%wasmeasured on the Pt-NPs/
MWCNTs (10–30 nm)/Gr device.

In order to understand the difference in theH2 sensitivity, responsivitymeasured on the four kinds of Pt-
NPs/CNTs/Gr devices, figure 3(b) compares the normalizedR-T curves of different types of CNTfilms.
Although all four CNTfilms exhibit semiconductive behavior with resistance increasingwith decreasing
temperatures, a quantitative difference in the temperature dependence exists. The twoMWCNT samples have
the lowest temperature dependence due to themetallic behavior ofMWCNTs.However, theDWCNT sample
has a larger temperature dependence than its SWCNTcounterpart does though its Eg is expected to be
considerably smaller than the latter’s. Thismay be explained by the reduced surface oxygen doping effect in
DWCNTs as compared to SWCNTs, which is well known to dope theCNT and therefore increases the
conductivity [18]. Since surface oxygen adsorption and doping ismaximized on SWCNTs because the only CNT
shell is completely exposed to air, it’s not surprising that SWCNTbehavesmoremetallic thanDWCNT.
Therefore, the difference inH2 responsivitymeasured on the four kinds of Pt-NPs/CNTs/Gr devices in
figure 3(a) could be attributed to the compromise of the effective sensor surface area andCNTnetwork
conductance. ForH2 sensing, both high surface area andCNTnetwork conductance are desired.With
consideration of CNTbundling and theCNT conductancewith increasing diameter of the constituent CNTs or
CNTbundles in practical CNTfilms, the bestH2 responsivity on the Pt-NPs/MWCNTs (10 nm)/Gr device can

Figure 3. (a)Responsivity ofH2 gas sensor with 10%ofH2 of Pt-NPs/CNT/graphene sensors using four different kinds of CNTs:
SWCNTs (black), DWCNTs (red),MWCNTs (10 nm, green), andMWCNTs (10–30 nm, blue). (b)R-T curves of the SWCNTs,
DWCNTs, andMWCNTs (10 nm) andMWCNTs (10 nm–30 nm)films. (c) Schematic illustration of the sensingmechanism.
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be ascribed to the combination of highest effective sensing surface area and conductance inMWCNTs (10 nm)
films. Specifically, the SWCNTbundle diameter is comparable to the diameter of theMWCNTs (10 nm). The
considerably lower conductance in the latter would lead to better signal transport and henceH2 sensitivity in the
Pt-NPs/MWCNTs (10 nm)/Gr device than its counterpart of SWCNTs. This result also suggests that further
improvement of sensor performance is possible by removing the bundling effect in purifiedmetallic SWCNTs
films in Pt-NPs/SWCNTs/Gr nanohybrids. Figure 3(c) illustrates theworking principle of the Pt-NPs/CNTs/
Gr devices. The catalytic Pt-NPs assist dissociation of theH2molecules and the follow up transfer of electrons
from the Pt-NPs to theCNT and eventually toGr, which consequently changes the resistance of theGr channel
asH2 response. The catalytic Pt-NPs assist dissociation of theH2molecules, and the resultedH atoms dissolve
readily into a Pt layer, lowering its work function. This results in electrons transfer from the Pt layer to theCNT
andfinally to graphene, thus lowers the resistance of CNT and graphene (which are p-type in ambient)[9, 34].

Figure 4(a) compares theH2 responsivity of the Pt-NPs/MWCNTs (10 nm)/Gr sensors as a function of the
H2 concentration. The responsivity decreases linearly when the decreasingH2 concentration is anticipated due
to the reduction of the number of theH2molecules absorbed on the Pt-NPs/MWCNTs/Gr sensors [35]. The
approximately linear relationship between theH2 responsivity andH2 concentrations can be observed in
figure 4(b). Quantitatively, the responsivity decreases from26% to 7%when theH2 concentration decreases
from10% to 1%. It should be noted that the concentration of 1%ofH2 gas is lower than the threshold of
inflammableH2 concentration of 4% [36]. In order to probe the reproducibility, the Pt-NPs/MWCNT/Gr
nanohybridH2 sensor was exposed to repeated cycles of 4%H2 gas pulses andfigure 4(c) illustrates the dynamic
responsesmeasured. Overall, a good repeatability of the Pt-NPs/MWCNTs/GrH2 gas sensor has been
demonstratedwith respect tomultipleH2 pulse exposures.

It should be realized that theH2 responsivity of the Pt-NPs/CNTs/Gr nanohybrids can be further enhanced
by activating theCNT surface as shown previously on SWCNTs [25]. Figure 5(a) shows the responsivity of the
Pt-NPs/MWCNTs (10 nm)/GrH2 gas sensor toH2 gas at concentrations of 10% (red) and 2% (blue)
respectively. The solid curves correspond to the results taken on the as-prepared device while the dashed curves,
on the same device after the device was exposed to nondestructive UV irradiation for 5 min. The responsivity of
the device increases from26% (10%) to 36% (20%) for theH2 concentrations of 10% (2%). This result
demonstrates that theUV light (360 nm–400 nm) can effectively induce desorption of airmolecules from the
surface ofMWCNTs and graphene [37–41], which improves theH2 sensing performance of theALDPt-NPs/
MWCNTs (10 nm)/Grnanohybrid sensors. A similar trendwas also observed for the Pt-NPs/SWCNTs/GrH2

gas sensor toH2 gas at theH2 concentrations of 10% (red, solid and dashed lines) and 2% (blue, solid and dashed
lines), as displayed infigure 5(b). Longer time of exposure (> 5 min) toUV light caused a degradation toGr and
CNTs [25].

WhilemostH2 sensor characterizationwas carried out inN2 atmosphere, the practical applications of theH2

sensorsmay be in ambient. For ambient operation, a few techniques such asUV illumination, increasing the
humidity, and the operating the temperature have shown to improve the recovery time ofH2 gas sensor [42]. In
addition, gate-assistant recovery approach has been used for rapid recoveryH2 gas sensors for practical
application in ambient [43]. AAl-Diabata et al fabricatedCNTs-basedH2 gas sensorwith a short recovery time
and attributed the fast recovery to the large surface to-volume ratio CNTs and the exposure of the device to air
for fast recovery [44].WhenH2 detection is performed using air as the carrier gas,H2moleculesmay interact

Figure 4. (a)Dynamic response of the Pt-NPs/MWCNTs (∼10 nm)/Grnanohybrids toH2 of different concentrations in the range
from 1% to 10%. (b)H2 sensitivity as function ofH2 concentration. (c)Dynamic response of Pt-NPs/MWCNTs (∼10 nm)/GrH2 gas
sensor atH2 concentration of 4%.
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with oxygen in air to producewatermolecules [45, 46] and reduces theH2molecules adsorbed on the surface of
the sensor.

Figure 6 compares the responsivity of the Pt-NPs/MWCNTs (10 nm)/GrH2 gas sensor to 10%ofH2 in air
(red) and inN2 (blue) atmosphere. The device indeed exhibits reducedH2 responsivity in air by about 40%.
Interestingly, a considerably faster recovery of theH2 gas sensor represents the benefit of the in-air detection of
H2 becauseO2molecules in air can facilitate desorption ofH2molecules from the surface of the Pt-NPs/CNTs/
Gr nanohybrids sensors. This result shows that the Pt-NPs/CNTs/Gr nanohybrids sensors are promising for
practical applications ofH2 sensing.

Table 1 compares the performance of the Pt-NPs/MWCNT/GrH2 gas sensor developed in this workwith
some representative works of CNT-based gas sensor decoratedwith Pt. Prior works typically adopted either
evaporation or solution based chemical reaction for Pt fabrication, which have disadvantages considering these
approaches consume significantlymore Pt source during the fabricationwhile not producing a conformal Pt
nanostructure coating onCNTs. In contrast, ALD could efficiently provide a conformal coating of the catalytic
Pt-NPs onCNT films as shown in this work. Compared to the SWCNT counterpart, theMWCNTfilmhas the
advantage of large surface area and high electrical conductance, both are critical to achieving high sensor

Figure 5. Sensitivity of (a)Pt-NPs/MWCNTs (∼10 nm)/GrH2 gas sensor before (solid line) and afterUV irradiation for 5 min
(dashed line) atH2 concentrations of 10% (red) and 2% (blue), respectively. (b)Pt-NPs/SWCNTs/GrH2 gas sensor before (solid line)
and afterUV irradiation for 5 min (dashed line) atH2 concentrations of 10% (red) and 2% (blue).

Figure 6.Responsivity of Pt-NPs-MWCNT/grapheneH2 gas sensor to 10% concentration ofH2 inN2 (blue) and in air (red),
respectively.
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Table 1.Comparison ofH2 sensing performance with early reports on Pt decoratedCNT-basedH2 sensor. Specific responsivity is calculated by dividingH2 responsivity by theH2 concentration.

Sensor platform Pt fabricationmethod H2 concentration H2 responsivity Specific responsivity References

superalignedCNTfilm pulled from forest evaporation 10% ∼7% 0.7 [10]
MWCNT reaction in solution 4% 6.5% 1.625 [47]
MWCNT reaction in solution 4% 8% 2 [9]
vertically-alignedCNT sputtering 1% 1.1% 1.1 [48]
SWCNT/graphene nanohybrid ALD 10% 7.5% 0.75 [34]
MWCNT/graphene nanohybrid after UV irradiation ALD 10% 36% 3.6 ThisWork
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responsivity. In addition, UV irradiation helps removeCNT surface to promoteH2 sensing. All these together
leads to themuch higherH2 sensitivity up to 36% in our Pt-NPs/MWCNT/GrH2 gas sensor.

4. Conclusions

In summary, this work hasmade a comparative study of theH2 sensors performance on Pt-NPs/CNTs/Gr
nanohybrids with differentfilms of SWCNTs,DWCNTs,MWCNTs (10 nm) andMWCNTs (10–30 nm) of
comparable film thicknesses of∼500 nm. In these Pt-NPs/CNTs/Gr sensors, the CNTfilmdetermines the
effective sensing area and the signal transport toGr channel.With increasing diameter of the CNTs from∼1 nm
for SWCNTs, to∼2 nm forDWCNTs, and 10 nmand up to 30 nm respectively for two kinds ofMWCNTs, the
constituent CNT aspect ratio (since theCNT lengths are fixed in the range of 5–10μm) and the effective sensing
area can be systematically varied. On the other hand, CNT conductivity can be also varied systematically
considering theCNTbandgap is proportional inversely to theCNTdiameter, leading tomoremetallic CNTs at
larger CNTdiameters. This study has revealed that the performance of the Pt-NPs/CNTs/GrH2 sensors is the
compromise of the effective sensing area and electric conductivity. Among different CNT assessed, the best
performancewas observed on Pt-NPs/CNTs/GrH2 sensors with aMWCNTfilm of CNTdiameter of∼10 nm.
The highest response is about 26%when Pt-NPs/MWCNTs/Gr toH2 concentration of 10%beforeUV
radiation. In comparisonwith its counterparts using SWCNTs andDWCNTs that surfer CNTbundling, this
MWCNTsfilm has a comparable sensing area but considerably better electrical conductance, revealing the
critical importance of the high electric conductivity in theMWCNTs for an efficient charge transfer.
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