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ABSTRACT: Single-atom catalysts have the advantage of high
chemical efficiency, which requires atomic-scale control during
catalyst formation. In order to address this challenge, this work
explores the synthesis of single-atom platinum (SA-Pt) catalysts
using atomic-layer deposition (ALD) on vertical graphene (VG), in
which a large number of graphene edges serve as energetically
favorable nucleation sites for SA-Pt, as predicted by density
functional theory calculations. Interestingly, SA-Pt has been
achieved on VGs at low ALD cycle numbers of up to 60. With a
further increase in the number of ALD cycles, an increasing number
of Pt clusters with diameters <2 nm and Pt nanoparticles (NPs)
with diameters >2 nm become dominant (nano-Pt @VG). This is
in contrast to the observation of predominantly nano-Pt on other carbon nanostructures, such as carbon nanotubes and monolayer
graphene, under the same ALD growth conditions, indicating that the edge states on VG indeed play a critical role in facilitating the
formation of SA-Pt. Profound differences are revealed in a comparative study on H2 sensing. SA-Pt exhibits both a higher sensitivity
and faster response than its nano-Pt counterpart by more than an order of magnitude, illustrating the high catalytic efficiency of SA-
Pt and its potential for gas sensing and a variety of other catalytic applications.
KEYWORDS: single-atom catalyst, vertical graphene, atomic-layer deposition, platinum, hydrogen sensor

1. INTRODUCTION
Noble metals have been shown to play a critical role as
catalysts to boost surface chemical reactions in many important
processes, including the dissociation of target gas molecules,
adsorption of oxygen species in air, and other relevant chemical
and electrochemical processes, and can thus be utilized in a
large variety of industrial applications, including food, energy,
and environment.1,2 Various metal catalytic nanostructures
have been investigated by taking advantage of the large surface-
to-volume ratio that increases monotonically with decreasing
dimensions of the nanostructures.3,4 For example, a sensor
decorated with noble metal catalysts, the template (or
electrode) material, and morphology play a critical role in
determining the catalyst’s morphology, concentration, and
effective interface with the electrode, which in turn affects the
device sensitivity. In gas sensors, the template needs to possess
not only a high sensing surface area that allows efficient charge
transfer for high sensitivity and sensing speed but also a
compatible surface mechanism to enable anchoring and
formation of the desired morphology for the deposited
catalyst.5 Carbon-based nanostructures such as carbon nano-
tubes (CNTs) and graphene are considered superior template
candidates for gas sensors.6,7 During gas molecule sensing, the
interactions of the adsorbed gas molecules on the surface of

the carbon nanostructures perturb their electronic structures,
causing charge doping of the carbon nanostructures, and
hence, the template conductivity changes as output “signals” of
the sensor.
Among the many carbon nanostructures, single-wall carbon

nanotubes (SWCNTs) and monolayer graphene are partic-
ularly attractive since all carbon atoms can be considered
surface atoms capable of absorbing gas molecules.8 They show
low electronic noise due to their high-quality crystal lattice
and, hence, are capable of screening small amounts of charge
fluctuations.8−12 However, the gas sensors based on these two
templates have limited sensitivity due to the issues of bundling
of the SWCNTs template and the lack of an efficient sensing
area in two-dimensional (2D) graphene. This has motivated
the recent exploration of three-dimensional (3D) templates
based on carbon nanostructures, and enhanced sensitivity has
been reported. Examples include SWCNT films, SWCNT/
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graphene nanohybrids, and vertical graphene (VG).6,13 Among
these, VG emerges as a promising alternative to 2D graphene
due to its unique porous structure complemented by the
exceptional properties of 2D graphene, rendering it an
attractive candidate for gas sensors and many other
applications. Compared to 2D planar graphene, 3D VG
provides a significantly higher surface area and highly porous
volume for the catalyst nanoparticles and gas molecule
adsorption.14,15

Considering that the maximum surface-to-volume ratio can
be achieved on single-atom catalysts (SACs), exploration of
approaches to generating atomic catalysts has recently emerged
as an intensive research focus.16−18 Due to their special
coordination environment, metal atoms in the SAC have
special electronic structures different from their metal
nanoparticle and nanocluster counterparts consisting of
hundreds or thousands of metal atoms.16 Consequently, SAC
may exhibit unique characteristics, including long-term
stability, high selectivity, and repeatability.19 Moreover, SAC
is an effective way to reduce the overall cost of the catalyst
while achieving comparable or higher performance, especially
when it comes to expensive noble metal catalysts, such as Pt or
Pd. Motivated by this, SAC has been extensively studied and
investigated in several recently reported gas sensors. For
example, Zeng et al. reported an atomically deposited Ag on a
tungsten oxide nanoplate (AD-Ag-WO3) sensor using a
hydrothermal method, which showed an exceptionally high
response to triethylamine (TEA) and low operating temper-
ature owing to the advantage of Ag SAC.20 Tian et al. studied
atomically dispersed Co on a MgO template via a support-
sacrificial approach and achieved high room temperature
sensitivity to NH3 and high stability.21 Therefore, achieving
SAC is important for high sensitivity but requires precise
control of the catalyst nucleation and growth with atomic
precision. It is well known that the morphology and size of
metal catalyst nanostructures are affected by the surface states
of carbon nanostructures. In particular, defects on carbon
nanostructures often serve as nucleation sites.22−24 In most
carbon nanostructures, defects occur in an uncontrollable
manner, resulting in difficulties in controlling the morphology
and size of metal catalysts, especially in achieving SAC. VG
differs from most other carbon nanostructures in the presence
of a large number of dangling bonds, especially at the exposed
edges of VG, which could provide promising nucleation sites
for SAC.25 On the other hand, atomic precision is required to
control the deposition of the metal catalyst in order to achieve
SAC.
Among other approaches, atomic-layer deposition (ALD)

provides unique advantages of the surface-functional group-
directed precursor nucleation and well-defined ligand exchange
of the unique self-limitation mechanism in growth, both of

which are critical to the achievement of SAC.26−28 This means
that VG and ALD may provide a perfect combination for the
exploration of SAC formation. Motivated by this, this work
explores the ALD growth of a platinum single-atom catalyst
(SA-Pt) on VG (Scheme 1); for the first time to our
knowledge, SA-Pt has been achieved within an optimal ALD
window on the VG platform, beyond which Pt clusters of
diameters <2 nm and Pt nanoparticles (NPs) of diameters >2
nm (nano-Pt) become dominant. Density functional theory
(DFT) simulations have revealed higher stability of SA-Pt near
the edge states of VGs in contrast to the more stable nano-Pt.
In order to elucidate the effect of the Pt catalyst morphology
and dimensions, a comparative study of H2 sensing was
conducted using two types of ALD Pt catalysts. A distinctive
benefit of SA-Pt is its much faster response speed and higher
sensitivity than those of its nano-Pt counterparts. DFT
simulation of the Pt catalyst size effect revealed the lowering
of the H2 adsorption energy by SA-Pt from that of its
nanoscale counterparts. Therefore, this result illustrates the
importance of atomic-scale control of catalyst nucleation on
the template and deposition to achieve metal SAC and sheds
light on the role of SAC in sensing.

2. METHODS
2.1. Sample Fabrication. Scheme 1 illustrates the fabrication

process of ALD Pt @ VG samples, which involves three major steps:
synthesis of VG on the Si substrates, deposition of electrodes for H2
sensor applications, and decoration of the Pt catalyst.

2.1.1. VG Template Synthesis on the Si Substrate. VG was
synthesized using plasma-enhanced chemical vapor deposition
(PECVD), as described in our previous studies.29,30 Briefly, the Si
substrate was first placed in a PECVD chamber, which was evacuated
to less than 1.5 × 10−4 Torr. Ar flow was then introduced at 10 sccm
into the chamber, and the pressure was adjusted to 1 × 10−2 Torr. A
13.56 MHz radio frequency (RF) plasma source was turned onto
ignite the plasma at a power of 1000 W to pretreat the Si substrate for
10 min. Next, 10 sccm CH4 and 10 sccm H2 gas mixtures were
introduced into the chamber to initiate the growth of VG. The VG
sample was obtained after approximately 10 min of growth in
PECVD.

2.1.2. Electrode Deposition on VG. A group of four Nb (40 nm)/
Pd (10 nm) electrodes, each with a lateral dimension of 4 mm
(length) × 2 mm (width), was deposited on top of the VG samples
through a shadow mask using magnetron sputtering. The separation
distance between the neighboring electrodes was 0.3 mm, which
defined the effective sensor channel length. Three channels were
obtained for the same sample and were typically measured for
consistency. The sputtering chamber was prepumped to a high
vacuum of ∼5 × 10−7 Torr and then filled with high-purity Ar
(99.999%) stabilized at a pressure of 14 mTorr at a flow rate of 2.5
sccm. The DC powers for sputtering Pd and Nb were set to 50 and
330 W, respectively. The use of Nb improves the adhesion of the Pd
electrode to the substrate.

Scheme 1. Schematic of Fabrication of ALD Pt @VG
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2.1.3. Growth of Platinum Catalyst on VG with Electrodes. Pt
catalyst growth was accomplished in an ALD chamber by alternating
exposure to trimethyl(methylcyclopentadienyl)platinum(IV)
(MeCpPtMe3, Sigma-Aldrich) and oxygen pulses at 300 °C.31 During
the ALD growth, a constant flow (5 sccm) of ultrahigh-purity
nitrogen (99.999%) carrier gas was passed through the reactor. The
MeCpPtMe3 precursor was heated to 60 °C to increase its vapor
pressure. In one ALD deposition cycle (c), reactant exposure lasted 3
s for the MeCpPtMe3 pulse and 1 s for the oxygen pulse, each
followed by a high-purity nitrogen (99.999%) purge of 60 s. A Pt
catalyst was deposited on the VG samples using ALD with a selected
number of ALD cycles (20, 40, 60, and 80 c) for controlling the
amount of Pt coated on the VG templates. Reference samples of Pt-
decorated SWCNT/graphene templates were fabricated under the
same ALD conditions.
2.2. Characterization of the Sample Microstructure.

2.2.1. High-Resolution Scanning Transmission Electron Micros-
copy. High-resolution scanning transmission electron microscopy
(HRSTEM) was performed using a JEOL JEM-F200 microscope. The
Pt @VG sample was removed from the Si substrate and dispersed in
an ethanol solution before being drop-casted on a holey carbon
copper TEM mesh. Scanning electron microscopy (SEM) images of
the SWCNT sample with 20 c of ALD Pt coating were taken using a
Hitachi SU8230 ultrahigh-resolution scanning electron microscope.
2.2.2. Raman Spectroscopy. The Raman spectra of the carbon

nanostructure templates, including VG and monolayer, bilayer, and
multilayer horizontal graphene, were measured using a WiTec
Alpha300 confocal micro-Raman system equipped with a piezoelectric
sample stage (maps of Raman bands confirm sample uniformity) with
a 488 nm excitation laser (power ∼30 mW and integration time of 1
s).
2.3. Characterization of H2 Sensing. The H2 response and

sensitivity were measured using Pt @VG sensors in a vacuum
chamber under a mixed H2/N2 gas flow. The Pt @VG sensors were
mounted on a sample stage inside the chamber with an electric feed-
through for the electric connection of the sample to external
electronics. Before the measurement, the chamber was purged with
N2 flow for about an hour to remove residual gas molecules. The

concentration of H2 was controlled by controlling the flow ratio of H2
and N2 gases using an MKS four-channel flow rate controller (MKS
946). For example, in order to obtain a 10% H2 concentration, the
H2/N2 ratio was set to 20 sccm (H2):180 sccm (N2). In this work, the
concentration of H2 was varied in the range of 1−30%. Current−time
(I−t) curves were recorded on the Pt @VG sensors at a constant bias
voltage (V) using a CHI Instrument CHI660D electrochemical
workstation in response to H2 flow on and off in a vacuum chamber.
The I−t curves were later converted to resistance−time (R−t) curves
using Ohm’s law R = V/I, where V was set to 0.1 V in this work for
responsivity calculation. The resistance of the connection between the
CHI660D electrochemical workstation and device was measured to
be 0.5−0.8 Ω, which is negligible compared to the resistance of VG-
based H2 sensor of 50−100 Ω and is important to obtaining a high
signal-to-noise ratio, typically in the range 100:1 or better.

2.4. DFT Simulation. DFT calculations were conducted using the
plane-wave Vienna Ab initio Simulation Package (VASP) code.32,33

The core electrons were treated using the projector augmented wave
(PAW) method34 and the Perdew−Burke−Ernzerhof (PBE)
exchange-correlation functional was employed.35 The wave functions
were expanded with a kinetic energy cutoff of 500 eV and a γ-point k-
grid was used. All relaxations were performed until the residual forces
on the atoms were less than 0.1 eV/Å. A vacuum region of >10 Å was
maintained along the axis perpendicular to the surface to prevent
interactions between the periodic images.

An SWCNT comprising 120 carbon atoms, characterized by
dimensions of (5, 5) and a length of 11.79 Å, was carefully fabricated
using the atomic simulation environment (ASE) Python package.36

The initial structure of graphene, composed of 72 carbon atoms
arranged within a single plane (monolayer), was similarly established
utilizing the ASE suite. Meanwhile, a Pt cluster, composed of 13 Pt
atoms structured in an octahedral geometry (Oh), was systematically
generated employing the ASE toolkit. To find the most stable
adsorption configuration of hydrogen atoms on the graphene and Pt
cluster surfaces, three different adsorption configurations were
considered, and the one with the lowest energy was assumed to be
the most stable configuration.

Figure 1. (a) Representative SEM image of VG (top view) and (b) TEM image of VG transferred onto a carbon-coated Cu mesh. (c) Comparison
of the Raman spectra of VG (purple), SWCNT film (green), HG (1L) (black), bilayer (HG(2L)) (red), and HG(ML) (blue). (d) ID/IG (black)
and I2D/IG (red) ratios of the same five samples in (c).
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The adsorption energies were calculated using eq 1

E E Eads product reactant= (1)

3. RESULTS AND DISCUSSION
The 3D morphology of VG is revealed in the SEM image
shown in Figure 1a with massive vertical walls of graphene.
The wall thickness of VG was measured to be approximately
1−5 nm, indicating that the VG walls consisted of several
layers of graphene sheets. The cavities formed by the
surrounding VG walls range from hundreds of nanometers to
a few micrometers in size, suggesting a macroscopically porous
structure in VG that allows efficient access to molecules (gas,
chemicals, etc.). The effective surface area of the porous VG
sample was estimated to be ∼400 m2 g−1 in our previous
work.37 This large surface area of VG enables sufficient
adsorption−desorption of molecules on the VG walls, making
the VG nanostructure an excellent candidate as a 3D template
for sensors. Figure 1b shows a representative TEM image of
VG grown on the Si substrate that was transferred onto a
carbon-coated Cu mesh for TEM. Stacking of multiple high-
quality graphene sheets in the VG sample can be clearly
observed. Figure S1 exhibits an SEM image of VG removed
from the SiO2/Si substrates after CVD growth. Multiple layers
of VG can be clearly seen, with a layer height of around ∼3.46
μm.
Figure 1c compares the Raman spectra of VG and 2D

horizontal graphene (HG) of the monolayer, bilayer, and
multilayer. For convenience, they are denoted as HG (1L), HG
(2L), and HG (ML). The two predominant peaks located at
1602 and 2754 cm−1 correspond to the G and 2D peaks of
graphene, respectively. These peaks are associated with the

doubly degenerate zone center Eg
2 mode and the second order

of zone-boundary phonons.38 The D peak that appears at
around 1380 cm−1 is related to the breathing modes of sp2
carbon atoms in rings with defects or disorders and could be
used to quantitatively assess the presence of defects. In
addition, the Raman spectrum of the SWCNT film is also
shown in Figure 1c, which has D, G, and 2D peaks at the same
location as HG and VG. Figure 1d shows the calculated 2D/G
intensity ratio (I2D/IG, black) and D/G intensity ratio (ID/IG,
red) values from Figure 1c for the four aforementioned
samples. As anticipated, the I2D/IG ratio decreases monotoni-
cally with the number of graphene layers. Specifically, the I2D/
IG ratios for HG (1L), HG (2L), HG (ML), and SWCNT in
Figure 1d are 2.268, 0.968, and 0.469, respectively, which are
consistent with the reported values for the corresponding HG
and SWCNT samples.39,40 The SWCNT sample shows an I2D/
IG value of 0.213, demonstrating its more semiconductor
behavior than metallic.41 The VG sample has an I2D/IG value of
0.390, confirming its multilayer nature as revealed in the TEM
studies (Figure 1a,b). Interestingly, the three HG and SWCNT
samples have comparable and low ID/IG ratios of around
0.055−0.065, indicating that the defect concentrations in these
samples are fairly low. This is in contrast to the more than
twice the ID/IG ratio of the VG sample, as shown in Figure 1d,
indicative of more defect sites with abundant edges on VG that
are desired for the anchoring of SA-Pt during the ALD of the
catalysts.
The HRSTEM images of the Pt @VG samples with 4

different numbers of ALD cycles (or “c”) of 20, 40, 60, and 80
c are compared in Figure 2a−d, respectively. In the samples
with fewer ALD cycles up to 60 c, distinctively different Pt
structures can be seen on the Pt @VG samples, including SA-

Figure 2. HRSTEM images of Pt @VG with different Pt ALD cycles: (a) 20 c, (b) 40 c, (c) 60 c, and (d) 80 c, respectively. Yellow, green, and red
arrows indicate SA-Pt, Pt clusters (diameter < 2 nm), and Pt nanoparticles (diameter > 2 nm), respectively.
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Pt (yellow arrows) and nano-Pt of small Pt clusters of
dimensions <2 nm (green arrows) and crystalline Pt NPs of
dimensions >2 nm (red arrows). Interestingly, the proportions
of the three types of Pt structures vary with the number of
ALD cycles or the amount of Pt decorated on VG. Specifically,
the proportions of the first two types (SA-Pt and nano-Pt)
decrease with the increasing ALD cycle number while the last
one (Pt clusters) exhibits the opposite trend. In the Pt @VG
with the least ALD cycle number of 20 c (Figure 2a), the
majority of the decorated Pt is SA-Pt, while a small portion of
Pt clusters and Pt NPs of small dimensions coexist. In the 40 c
sample (Figure 2b), in which twice the amount of Pt is
expected to be decorated on VG, the proportion of nano-Pt
becomes larger than that in the case of Pt @VG with 20 c ALD
Pt. In the Pt @VG sample with 60 c ALD Pt (Figure 2c), the
concentration and size of the nano-Pt are further increased
compared to those observed in the Pt @VG samples with 20
and 40 c Pt. In the VG sample with 80 c ALD Pt (Figure 2d),
SA-Pt and clusters are barely observable. Instead, large Pt NPs
with increased concentrations are relatively polydisperse in
size, ranging from a few nanometers to ∼20 nm. The Pt NPs
were confirmed to be highly crystalline, as illustrated by the
appearance of facets on the NPs. Figure S2 summarizes the
percentage histogram of the ALD Pt forms (SA, cluster
(diameter < 2 nm), and NP (diameter > 2 nm)) as a function
of the number of ALD cycles. Overall, as the number of ALD
cycles increases, the percentage of SA-Pt decreases while that
of nano-Pt increases. For VG with 20, 40, 60, and 80 c ALD Pt,
the SA proportions are 83.1, 45.8, 36.4, and 0%, respectively.
The trend in the variation of the Pt structure morphologies,
dimensions, and concentrations revealed the important role of

VG in facilitating the nucleation of Pt from the Pt ALD
precursor. In particular, a large amount of SA-Pt in Pt @VG
with lower ALD cycle numbers confirms that the initial Pt
structure is predominantly in the atomic form. This
observation is important because it confirms that the
combination of VG and ALD indeed provides a viable scheme
to achieve SA-Pt by controlling the nucleation sites and growth
mechanisms. When an additional amount of Pt was introduced
by increasing the ALD cycle number or Pt amount, further
growth from SA-Pt to nano-Pt led to both increased
concentrations and sizes of the two types.
Figures 3a,b compare the morphologies of the Pt structures

grown on SWCNTs and VG with 20 c ALD Pt under the same
ALD growth conditions. The very different morphologies of
the Pt structures on the two types of templates again
demonstrate the critical role of VG in the nucleation of SA-
Pt. Specifically, a high-concentration, large-sized nano-Pt with
a dimension of ∼10 nm can be observed on SWCNTs, which
indicates that SWCNTs cannot provide suitable nucleation
sites for SA-Pt (Figure 3a). This is in contrast to the very small
amount of nano-Pt that is visible on the same scale on VG
(Figure 3b). As shown in the HRSTEM image in Figure 2a for
the same sample, SA-Pt is prevalent together with nano-Pt of
very small dimensions in ALD Pt @VG. In fact, the dimension
(∼10 nm) of nano-Pt in the SWCNT case is significantly larger
than that (∼2−3 nm) in the VG case, as shown in the inset of
Figure 3b. This indicates that the surface states of SWCNTs
and VG are considerably different. One major difference is the
presence of the edge states in VG, as shown in Figure 1. In
addition, different growth approaches are employed to grow
the SWCNTs (CVD) and VG (PECVD) samples. The plasma

Figure 3. (a) SEM image of 20 c Pt @SWCNT; (b) SEM image of 20 c Pt @VG, where the inset shows the HRSTEM zoom-in image; (c)
proposed nano-Pt growth mechanism on SWCNT through diffusion of Pt atoms to sparse nucleation sites (defects) on the SWCNT; and (d)
proposed growth mechanisms of Pt SAC via nucleation on the VG edge states and nano-Pt on the basal plane of VG through diffusion of Pt atoms
to sparse nucleation sites (defects) on VG.
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in PECVD for VG growth, similar to the vertically aligned
carbon nanofibers grown in a similar PECVD process,42,43

introduces energetic ions around the growing carbon
nanostructures, or specifically VG in this case, which promotes
the growth of carbon nanostructures by decomposing the
precursor and activating the sample surface.42−46 Meanwhile,
the bombardment of energetic ions on the growing carbon
nanostructures is expected to promote the formation of
dangling carbon bonds or defects on VG. In contrast, such
dangling carbon bonds are almost absent in the SWCNTs
grown using the thermal CVD process. Therefore, the lack of
nucleation sites and more efficient Pt diffusion on the SWCNT
wall would lead to the formation of larger-sized Pt NPs, as
shown schematically in Figure 3c. In contrast, the presence of
edge states and dangling carbon bonds on the wall of VG,
which is supported by the higher ID/IG ratio of the VG sample
than that of the SWCNTs in Figure 1d, would enable SA-Pt
nucleation and hinder Pt diffusion, resulting in the formation
of SA-Pt and a smaller sized nano-Pt on VG, as depicted
schematically in Figure 3d.
As mentioned earlier, Pt precursor chemisorption and atom

attachment preferentially occur at the defect sites on VG.
During the first ALD cycle, all Pt atoms are assumed to be in
the form of SA-Pt attached to the defect sites. In follow-up
ALD cycles, three scenarios may occur. In the first scenario,
precursor chemisorption can occur at defect sites not occupied
during the first ALD cycle, followed by a reaction with O2,
resulting in the attachment of SA-Pt to VG. In the second
scenario, precursor chemisorption may occur on the Pt atoms
formed from the prior ALD cycle(s), leading to Ostwald
ripening. In the third scenario, precursor chemisorption may
occur on SA-Pt formed from the prior ALD cycle(s), but the Pt
atoms or nano-Pt generated during the latter ALD cycle(s)
may gain enough energy to migrate to nearby defect sites. The

first and third scenarios are more likely to occur, making SA-Pt
dominant under lower ALD cycles, while nano-Pt becomes
dominant at higher ALD cycles, as the availability of defect
sites decreases and migration prevails. However, a second
scenario can also occur, which is supported by the appearance
of a small amount of nano-Pt at low ALD cycles (20 cycles). At
a sufficiently high number of ALD cycles, at which the defect
sites on VG are fully occupied, the second scenario of single Pt
atoms growing into nano-Pt becomes predominant, resulting in
a reduced percentage of single atoms. After 80 cycles, single
atoms eventually disappeared completely.
DFT simulations further support this hypothesis, particularly

regarding the formation of SA-Pt and nano-Pt. It was found
that SA-Pt adsorption on SWCNT and HG with minimal
defects was unstable, with Pt atoms consistently moving away
from the surface. On the other hand, nano-Pt can stabilize on
both the SWCNT and graphene basal planes. The calculated
adsorption energy values of nano-Pt on SWCNT and graphene
are −3.64 and −3.23 eV, respectively. These results suggest
that Pt prefers to remain as nano-Pt on the SWCNT and HG,
on which the dangling bonds are minimal (Figure 3c), while
SA-Pt adsorption is unlikely. In a recent study, the adsorption
of a single Pt atom at the edges of VG was investigated,47

where it was demonstrated that SA-Pt can indeed be stabilized
at the edges of VG with the assistance of O atoms that are
present in proximity (Figure 3d). Similarly, Pt atoms tend to
form stable bonds with CNT through two interfacial O
atoms.48 However, due to the minimal defect sites (where the
C−O bond exists) on SWCNTs, the majority of SA-Pts lack
energetic stability and tend to diffuse and cluster to the Pt
atoms binding to the C−O bond near a defect site. This
surface diffusion process subsequently initiates the nucleation
of nano-Pt on the surface of the SWCNT. On the contrary, the
dangling bonds on the edges of VG are abundant, which can

Figure 4. Schematic illustration of the H2-sensing mechanism on the Pt @VG sensor with the role of the Pt catalyst in the adsorption and
decomposition of H2 molecules, followed by a charge transfer process. Inset (left): schematic diagram showing charge transfer after H is adsorbed
on Pt. EF represents the Fermi energy level and ΦPt represents the work function of Pt. Inset (right): schematic illustration of Pt-decorated VG
grown on SiO2/Si substrates used for H2 sensing.
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capture individual Pt atoms during the ALD Pt process to form
SA-Pt, as shown in “Process 1” in Figure 3d may proceed in
parallel to that similar to the SWCNT case on the sidewall of
the VG, resulting in a similar diffusion and clustering process of
Pt atoms and formation of nano-Pt as labeled “Process 2” in
Figure 3d. However, the higher concentration of defects on the
VG walls generated by plasma would reduce Pt diffusion,
resulting in a smaller size of the nano-Pt formed.
It should be noted that the ALD growth of Pt does not

introduce substantial changes or damage to the VG templates,
as shown in the Raman spectra of the Pt @VG samples with 0,
20, 40, 60, and 80 c ALD cycles of Pt deposition (Figure S3a).
Quantitatively, the I2D/IG ratios (red) of these five samples are
comparable (Figure S3b). A similar trend can be seen in the
ID/IG ratio (black symbols in Figure S3b) of these samples, as
exhibited by minimal changes in the ratios within the range of
0.02−0.17 for all samples. This suggests that the crystalline
quality of the VG layers is not affected by the ALD Pt
deposition, which is important for applications.
A practical application of Pt @ VG is the enhancement of H2

sensing. H2 sensing is crucial for ensuring safety in various
applications, such as the automotive, industrial, and energy
sectors, as it can detect leaks and measure hydrogen
concentrations to prevent explosions and increase fuel cell
efficiency. A gas sensor relies on the effective adsorption of gas
molecules and charge transfer to the sensor. Although carbon-
based materials have been used for sensing various gases, their
performance in hydrogen sensing is typically poor due to their
large activation energy, which results in inadequate adsorption
of H2 molecules. The decoration of a carbon-based gas sensor
with Pt has been demonstrated to be an effective method for
improving its sensing response to H2. Pt not only adsorbs H2
molecules but also facilitates the breaking and separation of H2
molecules into H atoms at the outer surface of the Pt layers, a
process known as dissociative chemisorption. As illustrated in
Figure 4, H atoms readily dissolve in the Pt layer, thereby

lowering its work function. This leads to the transfer of
electrons from the Pt layer to VG, consequently lowering its
resistance (which is p-type under ambient conditions), thereby
enhancing the response to H2, as illustrated in the inset of
Figure 4. To evaluate the catalytic properties of SA-Pt and
nano-Pt, H2 sensors based on VG with decorated ALD Pt were
investigated, and the results are compared with SWCNT/
graphene nanohybrid counterparts, which were studied
previously.49

Figure 5a compares the dynamic response measured for 10%
H2 of 20 c ALD Pt @VG (red) and Pt @SWCNT/graphene
nanohybrid (black). One striking difference between the two
types of sensors is the significantly higher response speed of
the Pt @VG sensor to both H2 turned on and off. Since SA-Pt
dominates in the 20 c ALD Pt @VG sample, while large-sized
nano-Pt dominates in the Pt @SWCNT/graphene nanohybrid,
the faster speed could be ascribed to the much higher catalytic
efficacy of SA-Pt. This also leads to a higher H2 sensitivity. To
quantify this, Figure 5b shows the responsivity (ΔR/R0) of SA-
Pt @VG normalized to that of its Pt @SWCNT/graphene
nanohybrid counterparts as a function of time after H2 was
turned on (top) and off (bottom). In the former (which
reflects the enhancement factor of the response to H2), the
enhancement factor versus the time curve exhibits an inverted
bell shape. It increases rapidly and reaches the peak
enhancement factor of ∼40 at ∼0.3 min after H2 is on. The
enhancement factor started decreasing but remained above 1.
Even at 20 min, the responsivity of the former is ∼6.71%
higher. After H2 is turned off, the relative response exhibits a
monotonic decreasing trend, i.e., the recovery speed of Pt @
VG is superior to that of the Pt @SWCNT/graphene
nanohybrid. Figure 5c compares the response time (0−70%
of the response process) and recovery time (100−30% of the
recovery process) of Pt @VG and Pt @SWCNT/graphene
hybrids. The former has a response time and recovery time of
0.48 and 1.57 min, about 23 and 7 times faster than the latter,

Figure 5. Comparison of the Pt @SWCNT/graphene nanohybrid (black) and Pt @VG (red) to 10% H2; both samples have 20 c ALD Pt: (a)
dynamic response; (b) relative response of Pt @VG with respect to the Pt @SWCNT/graphene nanohybrid replotted from (a); (c) response (0−
70%) and recovery times (100−30%); and (d) recovery percentage after 20 min.
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which has a response time and recovery time of 11.45 and
10.21 min, respectively.
The much faster response and recovery observed on Pt @

VG than on the Pt @SWCNT/graphene nanohybrid reflects
the higher adsorption and desorption rate of H2 on the SA-Pt
@VG platform during H2 sensing. According to Langmuir’s
theory of adsorption,50 the adsorption rate (Rads) of gas
molecules on metal can be expressed as51,52

R
f P

mkT
e

( )
2

E RT
ads

/a
ads

=
(2)

where P is the gas pressure, m is the mass of the gas molecules,
k is the Boltzmann constant, T is the temperature, and R is the
gas constant. Ea

ads is the activation energy (barrier) for
adsorption. f(θ) is a function proportional to (1-θ), where θ
represents the fraction of sites occupied by the adsorbent (i.e.,
the Langmuir definition of surface coverage). Based on this,
the higher adsorption rate observed on SA-Pt can be attributed
to two major reasons. One is the high effective surface area for
the reaction since the SA-Pt dispersion on VG provides a high
surface area for gas adsorption, unlike Pt nanoparticles on the

SWCNT/graphene nanohybrid, which has a smaller surface
area than an equivalent amount of Pt. The increased surface
area allows more H2 molecules to interact with the Pt atoms on
the graphene surface, resulting in a faster and more sensitive
response. Another reason could be that the activation energy
Ea

ads for H2 adsorption was lower on SA-Pt, which may be due
to their isolated active sites and enhanced reactivity that
facilitates the adsorption of H2 molecules.
Similarly, the desorption rate (Rdes) of gas molecules can be

determined as follows

R N ex E RT
des

/a
des

= (3)

where N is the surface concentration of the adsorbed species, x
is the kinetic order of desorption, and Ea

des is the activation
energy (barrier) of desorption. ν is the frequency of vibration
of the bond between the molecule and substrate, which can be
understood as the frequency of attempts to break the bond
and, hence, desorption. The higher desorption rate observed
for SA-Pt @VG can be explained in two ways. On the one
hand, due to the limited surface area of each single SA-Pt, as
the number of chemisorbed H atoms increases, their bonding

Figure 6. DFT optimized structures of hydrogen adsorption on (a) initial stage of nano-Pt formation on SWCNT, and (b) on Pt single-atom sites
formed at the edges of VG.

Figure 7. (a) Response of Pt @VG to 10% H2 as a function of the number of ALD cycles. 0 c is the reference VG sample without ALD Pt. (b)
Normalized response per ALD cycle to 10% H2 as a function of the number of ALD cycles. (c) Dynamic response of the 60 c Pt @VG H2 sensor
measured with 10% H2 alternating on/off. (d) Response of 60 c Pt @VG as a function of H2 concentration. The orange dashed line is the fitting of
the H2 concentration dependence of the response in the form of the Langmuir adsorption model.
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with Pt is also affected by the electrostatic repulsion between
H atoms,53 resulting in more frequent attempts to break the
H−Pt bonds (i.e., higher ν in eq 3). On the other hand, SA-Pt
can also potentially lower the activation energy Ea

des for
hydrogen desorption. A DFT study was conducted to examine
the hydrogen adsorption energy Eads on nano-Pt formed on
SWCNT and on SA-Pt sites formed at the edges of VG. The
theoretical models for these two structures are depicted in
Figure 6a,6b, respectively. It was found that nano-Pt on
SWCNT led to an H adsorption energy Eads = −1.58 eV, while
Pt single-atom sites on VG provided a relatively smaller H
adsorption energy (Eads = −1.45 eV). Since Ea

ads and Ea
des

generally follow the relationship Ea
des = Ea

ads − Eads
(considering Eads is a negative value), smaller Ea

ads and Eads
for SA-Pt @VG leads to smaller Ea

des, which is consistent with
this speculation. Therefore, by combining these two factors,
SA-Pt on VG facilitates the hydrogen desorption process,
leading to faster recovery in Pt @VG. It is worth mentioning
that the nanoparticles in Figure 4 are illustrated as Pt atoms
stacked together, resembling the Pt nanoparticles formed on
SWCNT. In contrast, the image in Figure 6 represents the
initial stage of Pt atoms attached to the edges of vertical
graphene during the ALD Pt deposition process, which is why
some Pt atoms are not visually connected.
It should be noted that the calculated recovery time could

not reflect the huge difference in recovery speed between these
two samples since both devices did not show complete
recovery after 20 min. Therefore, the recovery percentage, i.e.,
the level at which the resistance returned after reaching the
peak value, is calculated and plotted for different substrates in
Figure 5d. The resistance recovery of the Pt @VG sample is
61%, which is much higher than that of its SWCNT/graphene
nanohybrid counterpart, which is only 19%.
The response to H2 of Pt @VG with different ALD Pt cycles

was also examined. Figure 7a depicts the maximum response of
the Pt @VG sensor to 10% H2 as a function of the number of
ALD Pt cycles, which is adopted from Figure S4a which
compares one cycle response of the Pt @VG sensors with 20 c
(red), 40 c (blue), 60 c (green), and 80 c (purple) Pt. In
addition, a reference sample with no ALD Pt deposition
(black) is also included in Figure S4a, which exhibits a
negligible H2 response. The error bars in Figure 7a reflect
sample-to-sample consistency since multiple samples (at least
three) were measured for each Pt @VG device with the same
number of ALD Pt cycles. The much higher H2 responsivity of
Pt @VG devices demonstrates the significant role of the
catalyst coated with Pt. Specifically, the amplitude of
responsivity increases monotonically with the number of
ALD Pt cycles up to 60 c. A peak responsivity of 9.41% was
achieved for the sample with 60 c ALD Pt, which was ∼90
times higher than that without the Pt catalyst. Interestingly,
with a further increased number of ALD Pt cycles to 80 c or
higher, the H2 responsivity of Pt @VG decreases considerably,
indicating the compromise of the relevant factors, including
exposed Pt and carbon surfaces, since both may decrease as the
nano-Pt size increases and Pt coverage of the VG surface. This
trend is consistent with the observations on the Pt @SWCNT/
graphene nanohybrid in our previous report,49 and could be
explained as a trade-off between the two aspects of Pt coated
on carbon nanostructures. The chemisorption of H2 molecules
on Pt is the major contributor to the enhanced H2 sensing of
the Pt @VG H2 sensor. Hence, the denser the Pt particles on
VG, the more H2 chemisorption occurs.

As discussed previously, all samples with different ALD
cycles of ALD Pt contain a mixture of SA-Pt and nano-Pt; both
contribute to the catalytic effect in H2 sensing. To evaluate
their contributions quantitatively, the H2 response exhibited in
Figure 7a is replotted by normalizing it to the number of ALD
cycles, assuming that the amount of Pt deposited in each ALD
cycle is comparable. The normalized H2 response to 10% H2 is
shown in Figure 7b. Interestingly, the 20 c sample has the
highest value, which may be attributed to the higher catalytic
effect of SA-Pt since it accounts for 83.1% of the total Pt
(Figure S2). As the number of ALD cycles increases, the
percentage of SA-Pt decreases, similar to the normalized H2
response. This indicates that SA-Pt indeed makes a greater
contribution to the H2 response enhancement. On the other
hand, if the ALD cycle number is increased above a certain
threshold, the increased nano-Pt size and density will
eventually lead to the merging of Pt nanostructures into a
continuous Pt film coated on top of VG or SWCNT, which
may block the H2 sensing area of the VG sensor, lowering the
H2 sensitivity. In order to examine the repeatability of Pt @VG
H2 sensors, dynamic response measurements were performed
with respect to the pulses of H2 at a 10% concentration. The
response of the 60 c Pt @VG to 8 cycles of 10% H2 gas on/off
was recorded and is exhibited in Figure 7c, demonstrating that
repeatable behaviors were achieved on the Pt @VG H2 sensors.
Figure S4b compares the response (0−70%) and recovery

time (100−30%) of the Pt @VG responses to 10% H2 at 20,
40, 60, and 80 c. All samples exhibit a very fast response and
recovery within 2 min. However, no monotonic increasing or
decreasing trend was observed as the number of ALD Pt cycles
increased. Instead, the response time increases from 0.48 min
at 20 c to 1.09 min at 40 c, slightly decreases to 1.07 min at 60
c, and eventually returns to 0.50 min at 80 °C. Interestingly,
the recovery time variation shows an opposite trend,
decreasing from 1.57 min at 20 c to 0.79 min at 40 c, further
decreasing to 0.74 min at 60 c, and then increasing again to
1.49 min at 80 c. Currently, there is no clear explanation for
this observation. However, for the Pt @VG samples, the
response and recovery times are determined by the hydrogen
adsorption/desorption rates. These rates are affected by both
the morphology (SA-Pt contributes more to faster response/
recovery than nano-Pt) and the load (coverage) of SA-Pt
deposited on VG. However, the TEM images demonstrated
that both of these factors vary with increasing ALD cycle
numbers from 20 to 80 c. The tangling of these two factors
complicates the quantitative explanation of the variation in the
response and recovery times among VG samples with different
Pt ALD cycles.
The response of the Pt @VG H2 sensor to different H2

concentrations was also investigated. Figure 7d (adopted from
Figure S5) depicts the response as a function of H2
concentration, showing a monotonically increasing trend over
H2 concentrations ranging from 1 to 30%. This behavior is
attributed to the higher quantity of H2 molecules absorbed on
the surface of the Pt @VG sensors, resulting in a more
pronounced alteration in the initial resistance. The H2
concentration dependence of the response ΔR/R0 could be
fitted (orange dashed line in Figure 7d) in the form of the
Langmuir adsorption model54

K P
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This describes the coverage of adsorbates θ in relation to
their concentration (partial pressure PA) at adsorption
equilibrium, where Kc is a constant. A higher coverage of
adsorbed hydrogen will result in more charge transfer, thereby
increasing the relative resistance change. Overall, within the H2
concentration range of 1−30%, the experimental data agree
well with the theory, as expected. It should be noted that the
best sensitivity of 1% reported in this work is primarily the
instrument limit of the current setup used for H2 sensor
characterization, considering that the safety threshold for H2 is
4%. The actual detection limit of Pt @VG for hydrogen was >
1% with instrument modification.
Table 1 compares the H2-sensing performance of SA-Pt @

VG with representative Pt-decorated carbon-based H2 sensors.
The SA-Pt @VG sample exhibits a responsivity comparable to
that reported by others for Pt-decorated carbon-based
materials measured at room temperature but demonstrates a
significantly improved response speed (response time reduced
to ∼1 min compared to several of tens of minutes). The
application of heat during H2-sensing measurements has been
shown to enhance both the response and recovery speeds, as
demonstrated in previous studies55,56(Table 1). This is not
surprising considering that higher temperatures lead to
increased rates of adsorption and desorption, as illustrated in
eqs 2 and 3. This outcome demonstrates the feasibility of the
SA-Pt catalyst as another approach to provide a rapid H2
response without requiring heat. It should be noted that SA-Pt
@VG is fairly stable when stored under ambient conditions.
Figure S7 shows the sensitivity and stability results obtained
for the SA-Pt @VG H2 sensor with 60 c Pt. The sensor
retained 91% of its H2 sensitivity after 11 days of storage under
ambient conditions. Longer storage periods under ambient
conditions typically result in further degradation of sensitivity.
It is well known that the sensitivity of gas sensors based on
carbon nanostructures degrades when stored under ambient
conditions for an extended period, as the adsorption of
molecules from the air accumulates on the surface of carbon
nanostructures, hindering the adsorption of target gas
molecules (H2 in this case) during measurements. Interest-
ingly, Alamri et al. reported that Pt NP-decorated SWCNT H2
sensors57 can be reactivated with restored sensitivity after
storage under ambient conditions for extended periods.

4. CONCLUSIONS
In summary, this work reports a new approach for the synthesis
of SA-Pt catalysts on VGs, which are potential 3D electrodes
for the development of various sensors. Specifically, ALD was
used to deposit Pt on VG taking advantage of the self-limiting
effect for atomic-scale control of the Pt nominal thickness and

conformal coating over surfaces with a large aspect ratio. In
addition, the edge states of VG were found to be critical for the
stabilization of SA-Pt, as predicted by DFT simulations. The
morphology of the Pt catalyst was studied as a function of the
number of ALD cycles in the range of 0−80. SA-Pt and nano-
Pt catalysts were found to coexist within this range, while the
former was predominant at lower ALD cycles. With increasing
the number of ALD cycles, the proportion of nano-Pt
increased monotonically, including Pt clusters (<2 nm) and
Pt NPs (>2 nm), and became dominant at higher ALD cycles
in the range of 60−80. This result illustrates the importance of
atomic-scale control of catalyst deposition and nucleation on
the template to achieve SACs. However, SA-Pt and nano-Pt
catalysts both provide substantial catalytic effects, and
distinctive differences in catalytic efficiency and speed were
observed in H2 sensing. Quantitatively, the response time of
SA-Pt @VG H2 sensors can be more than an order of
magnitude shorter than that of nano-Pt @VG or other carbon
nanostructures decorated with a nano-Pt catalyst. The higher
catalytic efficiency of SA-Pt is illustrated by the higher H2
sensitivity of the SA-Pt @VG H2 sensors by more than an
order of magnitude compared to their counterparts based on
nano-Pt on various carbon nanostructures. This result
illustrates the importance of atomic-scale control of the Pt
catalyst formation, and the approach of combining ALD and
VG is promising for achieving SA-Pt or other SACs for a
variety of applications that benefit from high-efficiency and
low-cost catalysts.
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Table 1. Comparison of H2-Sensing Performance with Earlier Reports on Pt-Decorated Carbon-Based H2 Sensors
a

sensor materials temperature (°C) H2 concentration responsivity specific responsivity response time (min) recovery time (min) refs

Pt film/HG 175 1% ∼4% 4 >5 N/A 58
nano-Pt/HG 65 1% 3.5% 3.5 N/A N/A 59
nano-Pt/1L HG 200 1% 3.9% 3.9 0.2 0.4 60
nano-Pt/rGO 50 0.5% 8% 16 1 1.73 61
nano-Pt/vertical CNT 150 1% 1.1% 1.1 >10 >10 62
nano-Pt/MWCNT RT 4% 6.5% 1.625 N/A N/A 63
nano-Pt/MWCNT RT 4% 17% 4.25 >20 >20 64
nano-Pt/MWCNT RT 4% 8% 4 7 N/A 65
SA-Pt/VG RT 1% 1.06% 1.06 1.07 0.74 this work

aSpecific responsivity is calculated by dividing H2 responsivity by H2 concentration.
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