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A nanoporous and large surface area (~800 m2/g) graphene-based material was produced by plasma
treatment of natural flake graphite and was subsequently surface decorated with platinum (Pt) nano-
sized particles via thermal reduction of a Pt precursor (chloroplatinic acid). The carbon-metal nano-
composite showed a ~2 wt% loading of well-dispersed Pt nanoparticles (<2 nm) across its porous gra-
phene surface, while neither a significant surface chemistry alteration nor a pore structure degradation
was observed due to the Pt decoration procedure. The presence of Pt seems to slightly promote the
hydrogen sorption behavior at room temperature with respect to the pure graphene, thus implying the
rise of “weak” chemisorption phenomena, including a potential hydrogen “spillover” effect. The findings
of this experimental study provide insights for the development of novel graphene-based nano-
composites for hydrogen storage applications at ambient conditions.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Considering the increased emission of greenhouse gases and the
limited availability of fossil fuels worldwide, people are seeking for
clean, reliable and renewable energy technologies [1]. The volatile
nature of green energy sources, such as solar or wind power plants,
makes it difficult to satisfy the base load requirement. Thus, the
combination of green energy conversion and storage becomes an
important task. Hydrogen (H2) is a strong candidate as a renewable
ben.ac.at (N. Kostoglou),

r Ltd. This is an open access articl
and carbon-free energy carrier because of its high gravimetric en-
ergy density, highly efficient electrochemical combination with
oxygen in fuel cells and environmental friendliness with water as
the only “product” after utilization [2e4].

However, the fundamental obstacle for the transition to a H2-
fueled society is the efficient H2 storage [5,6]. H2 storage materials
which are based on physisorption (sorbents) and chemisorption
(hydrides) phenomena can only meet the goals set up by the U.S.
Department of Energy for transportation purposes (i.e. reversible
capacity of 4.5 wt% by 2020 with ultimate target of 6.5 wt%) [7] at
temperature and/or pressure conditions which lead to substantial
energy losses and moreover are highly inconvenient for practical
applications. For example, porous carbon-based materials with
high specific surface area have been proposed for H2 adsorption,
including activated carbons [8e10], carbon nanotubes [11e13],
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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templated carbons [14] and more recently graphene-based nano-
structures [15e17]. The H2 adsorption capacity is, in most cases,
proportional to the specific surface area, as shown by the so-called
“Chahine” rule [11,18], and hence significant H2 uptakes can be
reached with high surface area nanoporous carbons. Moreover,
sub-nanometer pores act as “strong” adsorption sites due to over-
lapping potential fields from opposite pore walls and thus such
pores could further improve the H2 storage behavior of a sorbent
material [19]. Nonetheless, a cryogenic environment is necessary to
reach a high H2 uptake due to the low heat of adsorption (<10 kJ/
mol), which is the major drawback, since the additional auxiliary
equipment needed for cooling purposes significantly adds extra
weight and a severe energy penalty to the H2 storage system
[20,21].

As physisorption leads to a low H2 uptake at room temperature,
the addition of platinum group metals (PGM) to carbon-based
materials has been suggested as a means to increase the solid-H2
interactions and achieve a higher heat of adsorption. PGM deco-
ration can initiate the so called H2 “spillover” effect, which refers to
the dissociation of molecular H2 by well-dispersed catalysts, fol-
lowed by migration of hydrogen atoms from the catalysts to the
sorbent and diffusion onto adjacent surface sites [22,23]. Hence,
this mechanism has been proposed as a method to store H2 at
ambient temperatures because of potential “weak” chemisorption
effects [24]. As several carbon-based materials have a quite active
surface [25], a series of materials with improved room temperature
H2 adsorption behavior via spillover have been reported
[23,26e28]. For instance, Pd-doped nanoporous carbons showed
enhanced H2 uptake at 298 K and 20 bar, compared to their
undoped counterparts, especially with the assistance of oxygen
surface groups [29,30]. Moreover, acid-treated carbon nanotubes
doped with Pt doubled their H2 uptake at 70 bar and room tem-
perature [31]. Pd nanoparticles on graphene sheets mixed with
activated carbon demonstrated a H2 uptake higher than that of neat
graphene or activated carbon at room temperature along with an
enhanced heat of adsorption value [32]. H2 spillover has also been
observed in other nanocomposite materials systems such as Pt-
loaded graphene oxide/metal organic framework composites
[33,34]. Even though there are some examples of enhanced H2
storage at ambient temperatures, discrepancies were found in
some catalyst-carbon nanocomposites. For instance, well-
dispersed Pt nanoparticles on activated carbon facilitates H2 stor-
age via spillover [35], however, in another similar system the
additional deadweight from PGM decreased the total uptake [36].

Spectroscopic observations of atomic hydrogen on sorbents in
the form of CeH by infrared radiation [37e39] and neutron scat-
tering [40e42] provided strong evidences of H2 adsorption on
carbon via spillover and thus revealed H2 spillover feasibility.
Hence, it is a matter of effective material design for a successful H2
spillover demonstration. To deal with the irreproducibility in H2
spillover, several possible factors have been proposed. For catalysts,
it has been concluded that a proper nanoparticle size in the range of
few nanometers and a homogeneous dispersion should be reached
in order to shorten the diffusion path for atomic hydrogen [43e46],
while uneven dispersion or large PGM particles might not lead to a
measurable H2 spillover effect [47]. In this context, it has been re-
ported that surface modifications, including heteroatom substitu-
tion [48,49] and oxygen functionalization [50], could lead to a good
transition metal dispersion, since electrostatic attractions between
hydroxyl surface groups and chloroplatinic acid may anchor the
metal cations.

Atomic hydrogenmay encounter a huge energy barrier between
catalysts and supports and also between adjacent adsorption sites
on sorbents [46,51,52]. Several possible surface modifications have
been proposed to this end. For example, it has been calculated that
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the atomic hydrogen migration energy barrier might be reduced
with possible defects [31,53,54], curvatures of fullerene [55] or
reducible surfaces [56]. In addition, some functional groups or
surface decorations show effectiveness in the activation energy
reduction. In theoretical simulations a graphene surface decorated
with boron reduced the energy barrier for atomic hydrogen diffu-
sion [57]. Several experimental studies have also demonstrated that
oxygen-based functional groups (hydroxyls, carboxyls, etc.) on
carbon surfaces could facilitate the H2 spillover effect, as long as
they do not exceed a threshold [29,30,58e61]. To sum up, the main
obstacle in H2 spillover is the high activation energy and long
diffusion path for hydrogen “hopping” on the sorbent surface [25].

To this end, a PGM-decorated carbon-based material should be
developed with a good catalyst dispersion, shortened atomic
hydrogen diffusion length, surface functionalization for activation
energy reduction and reasonable surface area reduction due to the
loaded-PGM deadweight. In this respect, a platinum (Pt)-decorated
nanoporous few-layer graphene was synthesized with the aim to
address all these challenges. The neat graphene-basedmaterial was
produced in a powder form by plasma-induced exfoliation of nat-
ural flake graphite to achieve a short graphene length with surface
functional groups as well as possible manipulated defects. The
plasma modifies the graphitic surface in a physical (i.e. ablation)
and/or chemical (i.e. functionalization) manner, depending on the
working gas and the operating power of the plasma reactor [62,63].
The plasma-derived graphene powder was decorated with Pt
nanoparticles via thermal reduction under a H2 flow using a Pt
precursor. Both neat and Pt-decorated graphene samples were
studied for their nanostructure, chemical composition, morphology
and nanoporosity using a broad variety of characterization
methods, including X-ray diffraction (XRD), Raman spectroscopy,
X-ray photoelectron spectroscopy (XPS), thermal gravimetric
analysis (TGA) combined with differential scanning calorimetry
(DSC), scanning electron microscopy (SEM) combined with energy
dispersive X-ray spectroscopy (EDS), transmission electron micro-
scopy (TEM) and nitrogen (N2) adsorption/desorption measure-
ments at 77 K. The H2 storage properties, such as gravimetric H2
uptake, reversibility, cyclic stability and kinetics, were evaluated
using high-pressure (0e20 bar) H2 adsorption/desorption mea-
surements at cryogenic (i.e. 77 K) and room (i.e. 298 K)
temperature.

The current work focuses on the development of a graphene-
based H2 storage material operating in ambient conditions and
sheds light on the respective H2 storage mechanisms involved in
such PGM-carbon nanocomposite structures. Despite the fact that a
plethora of carbon-metal systems have been investigated for H2
spillover in the past, no great emphasis has been given on the H2
sorption reversibility, cyclic stability and kinetics, as done in the
current study. Most of the previous H2 spillover studies focused
only on the improvement of the H2 sorption capacity without
providing further information about the abovementioned H2 stor-
age properties and even sometimes presenting only a single H2
sorption isotherm at 298 K (i.e. no desorption branch, no additional
cycles and no kinetics curves).

2. Materials and methods

2.1. Plasma-derived graphene

The nanoporous few-layer graphene powder (denoted hereafter
as FLG) was produced by adopting a plasma-induced exfoliation
method of natural graphite using a custom-made multi-electrode
dielectric barrier discharge plasma reactor, as described in a pre-
vious study [16]. Briefly, a flake graphite powder (Asbury Carbons,
UK) was exposed to argon and oxygen plasmas using 0.01 mbar
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pressure and 600 sccm flow for 1.5 h towards exfoliation. The
resulting FLG is comprised of defective few-layer graphene stacks
with less than 2 mm diameter, less than 3 nm thickness, up to
~800 m2/g specific surface area and ~5.5 at% oxygen content.

2.2. Pt-decorated graphene

The methodology for decorating carbon surfaces with Pt nano-
particles was adopted from Wang and co-workers [64]. In a typical
synthesis, 200 mg of the FLG powder was pre-treated at 250 �C for
12 h under an Ar flow of 100 sccm. About 180mg of the FLG powder,
left upon pre-treatment, was dispersed in 50mL of acetone (C3H6O)
under magnetic stirring. In a next step, 10 mg of chloroplatinic acid
(H2PtCl6$6H2O; Alfa Aesar) was dissolved completely in 4 mL of
C3H6O via ultra-sonication and added dropwise with a rate of 20 s/
drop into the abovementioned FLG-suspended solution. The
mixture solution of FLG and Pt precursor was ultra-sonicated for
1 h, followed by magnetic stirring for 1 h. About 190 mg of black
powder of PtCl42�/FLG was collected upon C3H6O evaporation at
60 �C for 12 h and was then loaded in a tube furnace for a 3-time
degassing process under Ar/vacuum reversibly. The sample was
pre-heated under an Ar flow of 100 sccm at 80 �C for 2 h for possible
residual solvent removal and then switched to a H2 flow of 100
sccm and raised to 300 �C for 2 h with a heating rate of 1 �C/min.
The final product (denoted hereafter as Pt-FLG) of 165 mg was
obtained upon cooling to room temperature under an Ar flow of
100 sccm. Fig. 1 demonstrates a simplified schematic of the
described synthesis procedures, including the plasma treatment of
natural graphite (see section 2.1) and the metal decoration of the
plasma-derived graphene using a Pt precursor.

2.3. Characterization methods

XRD measurements were performed using a Bruker-AXS D8
Advance diffractometer equipped with Cu Ka radiation (l
~0.154 nm) at 40 kV voltage and 40 mA current. The X-ray dif-
fractogramswere recorded in the Bragg-Brentano geometry using a
Fig. 1. Main synthesis steps of the nanoporous FLG material via plasma processing of natur
H2PtCl6 (on the bottom). (A colour version of this figure can be viewed online.)
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continuous scan speed mode in the diffraction angle range
2q ¼ 10e60�, a 0.01� step width and a 0.5�/min scan speed. The
domain and crystal sizes of carbon and Pt, respectively, were esti-
mated from the FullWidth at Half Maximum (FWHM) of the carbon
(002) and Pt (111) reflections, respectively, using the Scherrer
equation.

Micro-Raman spectroscopic studies were performed using an
inVia Reflex Renishaw spectrometer and a solid-state laser emitting
at 514.5 nm for excitation. The laser beam was focused on spots of
4.5 mm in diameter with an objective lens having � 20 magnifica-
tion and 0.14 numerical aperture. The corresponding focal area
(20 mm2) averages well the Raman signal, as verified by measuring
very similar spectra from different areas. After performing initial
test measurements, a power density of 0.02 mW/mm2 was defined
as entirely safe for examining the samples without affecting their
Raman signal by laser heating. The recorded Raman spectra were
peak fitted with mixed Lorentzian-Gaussian components in order
to achieve a high-quality quantitative analysis.

XPS analysis was carried out by a Thermo Scientific Theta Probe
spectrometer equipped with a monochromated Al Ka radiation
source (hn ¼ 1486.6 eV) using an X-ray spot of ~400 mm in radius.
Survey spectrawere acquired using a pass energy of 300 eV, while a
high-resolution core level spectrum for the C1s component was
acquired with a pass energy of 50 eV. All spectra were charge
referenced against the C1s peak at 284.5 eV (sp2 hybridized carbon)
to correct for charging effects during acquisition. Quantitative
chemical compositions were determined from the high-resolution
core level spectra, using instrument modified Wagner sensitivity
factors, following the removal of a non-linear Shirley background.

TGA and DSC curves were simultaneously recorded by a
SETARAM SETSYS Evolution 18 thermal analyzer in the temperature
range 25e1300 �C using a heating rate of 10 K/min under a HC-free
synthetic air flow of 16 mL/min. Samples of ~10 mg were placed in
alumina crucibles, while buoyancy effects were taken into account
by performing a blank experiment. Prior to thermal analysis,
purging was applied to remove any residual contaminants from the
furnace.
al flake graphite (on the top) and the Pt-FLG nanocomposite via thermal reduction of
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Secondary electron images using an InLens detector and Back-
Scattered Electron (BSE) images were acquired at 4 kV using a
Zeiss Merlin ultra-high-resolution field emission gun (FEG) scan-
ning electron microscope equipped with a Gemini II column. The
elemental maps were collected with two parallel integrated Oxford
Instruments XMAX 150 mm2 EDS detectors using the same 4 kV
acceleration voltage. The acquired data were analyzed using Oxford
Instruments AZtec software.

TEM studies were carried out by employing a Philips CM-20
transmission electron microscope with high-resolution capabil-
ities equipped with a LaB6 filament and operated at 200 kV accel-
eration voltage. The powders were first ultra-sonicated in ethanol
and then placed onto holey carbon-only support films mounted on
copper grids.

The Pt dispersion (ratio of surface atoms to total number of
atoms) was estimated according to the equation D¼ (1.13/d), where
D is the dispersion and d is the particle size in nm, by assuming
spherical particles and a Pt atom density of 1.25 � 1019 atoms/m2

[65].
The porosity-related properties were determined by measuring

N2 adsorption/desorption isotherms at 77 K on a manometric
Autosorb-1-MP gas sorption analyzer (Quantachrome). The sam-
ples (~50 mg) were previously degassed at 250 �C for 24 h under
high vacuum (10�6 mbar). Ultra-pure He (99.999%) for void volume
calculations and N2 (99.999%) were used. The Brunauer-Emmet-
Teller (BET) area values were calculated by following the perti-
nent consistency criteria (ISO 9277:2010), while the micropore
(<2 nm) surface area and volume values were estimated using the
carbon black statistical thickness (t-plot) method [66]. The pore
size distributions were deduced using the N2-carbon QSDFT
(Quenched Solid Density Functional Theory) equilibrium kernel for
slit pores [67].

The H2 sorption properties were evaluated up to 20 bar at 77 and
298 K using a PCT Pro-2000 automatic manometric system
(SETARAM) equipped with a microdoser module and ultra-pure
(99.9999%) H2 gas. A suitable amount of material (~130 mg) was
loaded in a stainless steel sample holder and was degassed in-situ
after heating to 250 �C, under high vacuum (10�7 mbar), for 12 h.
Prior to each measurement, the exact volumes of the system were
determined via a series of volume calibrations using ultra-pure He
(99.999%). Especially for the case of 77 K and in order to avoid He
sorption artifacts, dead volumes were calculated by performing
volume calculations at 303 K and using a reference curve. Such a
curve is constructed by performing several volume calibrations at
303 and 77 K on different quantities of a non-adsorbing material
(i.e. non-porous glass). In all cases, the main part of the device
remained at constant temperature (i.e. 303 K) with the help of a
specially designed air bath. The sample holder was immersed in
either a water/ethylene glycol bath (for the measurement at 298 K)
or a custom made dewar vessel equipped with a level sensor/auto
refill system that ensures negligible temperature variations during
the experiments. Simultaneously, kinetic data were recorded for
the first dosing step (pressure change from 0 to 2 bar) of three
subsequent hydrogenation cycles for the metal-decorated sample.
The 1st cycle (full isotherm up to 20 bar) was conducted after the
initial evacuation of the sample (at 250 �C for 12 h), the 2nd (only 1
equilibrium point) after completion of the full isotherm and
degassing at room temperature overnight and the 3rd (again full
isotherm up to 20 bar) after mild heating at 120 �C under high
vacuum for 3 h.

The H2 sorption results at 298 K were also used for typical Pt
dispersion calculations. The methodology is based on the extrap-
olation of the amount adsorbed at zero pressure, while it assumes
that only surface dissociative chemisorption of hydrogen occurs
with a ratio of 1:1 between the sorbed hydrogen atoms and the
297
surface atoms of the Pt particles [68]. The method is in principle
straightforward, however, when additional phenomena (e.g.
adsorption on the catalyst support, hydride formation and atomic
hydrogen spillover) occur the dispersion cannot be calculated. In
such cases, according to a previous report [64], the catalyst
dispersion obtained from a H2 sorption isotherm can be expressed
as pseudo-dispersion (m), which could be higher than 100%.
Moreover, in order to describe the trend of excess hydrogen that
spills from a catalyst to the support, the spillover efficiency (h) is
defined as the ratio of pseudo-dispersion to catalyst dispersion
(h ¼ m/D).

3. Results and discussion

Fig. 2 presents a comparison of the characterization data of the
FLG and Pt-FLG materials in terms of XRD, Raman and XPS analysis.
The X-ray diffractogram of the FLG powder in Fig. 2a is dominated
by the graphitic (002) reflection at 2q ~26.5�, followed by less-
intensive peaks at ~43� and ~54�, which correspond to the (100)/
(101) and (004) reflections, respectively (see JCPDS card no.
75e1621). From the peak position of the (002) reflection, the gra-
phene interlayer distance was calculated at ~0.342 nm, which is
slightly larger than the equivalent value for graphite (i.e. about
0.334 nm) [69]. The broad peak indicates an estimated domain size
of ~4.3 nm based on a FWHM ~2�, using the Scherrer equation,
which is about 13 graphene layers per FLG domain. The respective
X-ray diffractogram of the Pt-decorated FLG powder (Fig. 2a) re-
veals similar carbon features with the neat FLG powder, except for
the additional Pt (111) and (200) peaks at 2q ~39� and ~46�,
respectively, corresponding to the face centered cubic (FCC) Pt
phase (see JCPDS card no. 04e802). The Pt crystal size was calcu-
lated from the Pt (111) reflection using the Scherrer equation to
~2.5 nm.

The micro-Raman spectra of the FLG and Pt-FLG powders,
shown in Fig. 2b, do not reveal any distinctive spectroscopic dif-
ferences. Two main broad peaks at 1345 and 1577 cm�1 are
observed, corresponding to the sp3 CeC single-bond vibration
disorder-induced D-band and the relatively stronger G-band of the
sp2 hybridized carbon, respectively [70]. In addition, a small
shoulder of the second higher frequency defect-activated D0-band
can be seen at 1612 cm�1. The FWHM of the D, G and D0 first order
Raman modes is 64, 44 and 40 cm�1, respectively. In the high fre-
quency region, the materials exhibit second order overtones of the
D and D0 bands, known as the 2D at ~2695 cm�1 (with FWHM of
104 cm�1) and the 2D’ at ~3230 cm�1, respectively, as well as the
combination Dþ D0 defect activated mode at ~2927 cm�1. Aweaker
broad “shoulder” at 2480 cm�1 is also present in both samples.
Hence, the Raman spectra are basically identical for both FLG and
Pt-FLG samples, thus indicating a retained crystallinity upon Pt
decoration. Furthermore, the ratio of the D to G Raman band in-
tensities reflects the percentage of carbon atoms with sp3 and sp2

hybridization and is used for the assessment of the disorder in the
carbon structure [71,72]. In this respect, the relatively low peak
intensity ratio (ID/IG ¼ 0.68) and integrated intensity ratio (AD/
AG ¼ 0.98) as well as the single Lorenzian lineshape of the 2D band
verify the high structural quality of the Pt-FLG and FLG samples.

Fig. 2c presents the XPS survey scans of the FLG and Pt-FLG
powders. In both cases, in addition to the strong carbon (C 1s)
peak, the oxygen (O 1s) peak can be observed, but the nitrogen (N
1s) and platinum peaks (Pt 4f) are very weak and not clearly
observable. Table S1 shows the large carbon content (up to ~94.5 at
%) for both samples, with the other elements representing less than
6 at%. Using the standard XPS quantification process, the Pt content
for the Pt-FLG sample was estimated at ~0.03 at% (or ~0.5 wt%). The
high-resolution C 1s, O 1s, N 1s and Pt 4f peaks are presented in



Fig. 2. (a) X-ray diffractograms, (b) micro-Raman spectra and (c) X-ray photoelectron
spectra for neat and Pt-decorated FLG powders. (A colour version of this figure can be
viewed online.)

N. Kostoglou, C.-W. Liao, C.-Y. Wang et al. Carbon 171 (2021) 294e305

298
Fig. 3. Both FLG and Pt-FLG materials exhibit similar XPS peak
shapes for C 1s, O 1s and N 1s. The C 1s spectra (Fig. 3a) demon-
strate a strong peak at 284.4 eV, with a peak shape typical of
graphite or graphene with probably a small amount of functional-
ization. The O 1s (Fig. 3b) and N 1s (Fig. 3c) peak maxima occur at
532.8 eV and 400.3 eV, respectively. Their presence indicates the
potential existence of oxygen- and nitrogen-based surface func-
tionalities on the FLG surface. The O 1s peak in Fig. 3b is comprised
of two components, with the main component located at 532.8 eV
and a second component at lower binding energies. Such binding
energies are typical of both CeO (high binding energy component
at ~533 eV) and C]O/OH� bonding (lower binding energy
component at ~531.5 eV) [73], which are all possible surface species
on the Pt-FLG sample. If the nitrogen has become incorporated into
the FLG structure, then a N 1s peak at ~400.2 eV would most likely
be associated with nitrogen directly substituting into the planar
carbon six membered ring or as “pyrrolic” nitrogen (i.e. nitrogen in
a five-membered ring) [74,75]. Previous work has also shown that a
N 1s peak at 400.1 ± 0.2 eV can also arise from the presence of
atmospheric contamination, most probably nitrogen-containing
organic species [76]. Pt 4f7/2 and Pt 4f5/2peaks at 71.8 eV and
74.9 eV, respectively, can be seen only for the Pt-FLG powder
(Fig. 3d). The binding energy of the Pt 4f7/2 peak (i.e. 71.8 eV) is
slightly higher than that expected for Pt metal (71.2 eV), but
significantly lower than that expected for Pt oxides. Similar binding
energy shifts have been observed several times in Pt-carbon com-
posites and are most probably attributed to the small size of Pt
particles [77,78].

Regarding the XPS-determined Pt concentration, the XPS
quantification process provides information on the surface (~5 nm)
and not the bulk elemental concentrations. There are certain cases
where a homogeneous elemental distribution throughout the
sample can be assumed (e.g. nitrogen-doped carbons), however,
wet chemistry (in contrast to e.g. sputtering) post-synthetic metal
doping usually leads to “internalization” of the metal nanoparticles
as they are commonly adsorbed within the substrate pores. Thus,
the XPS-based Pt concentration (~0.5 wt%) is expected to be
significantly lower than the bulk concentration, as determined by
using TGA.

The TGA and DSC curves under air flow for the FLG and Pt-FLG
powders are combined in Fig. 4. These curves describe the sam-
ple mass change (TGA) and the heat flow variation (DSC) as a
function of the temperature during the heating process. The orig-
inal mass of the FLG and Pt-FLG samples decreased by ~10% and
~7%, respectively, upon heating up to ~120 �C, due to desorption of
adsorbed moisture and other physisorbed species from their sur-
face. This can be also seen from the endothermic DSC peaks
centered at ~120 �C. In both cases, the active mass loss initiates at
temperatures above 350 �C. However, the neat FLG is oxidized at a
higher temperature compared to the Pt doped FLG, where a rapid
mass loss was recorded. This can probably be attributed to the
catalytic action of Pt, which may promote carbon oxidation. Above
800 �C a complete “burn-off” was observed for the neat FLG, while
there is a residual amount for Pt-FLG pertaining to its metal con-
tent. By the end of the heating procedure the residual Pt was ~2 wt
%. The equivalent DSC profiles showed an exothermic character up
to 800 �C due to decomposition and oxidation phenomena.

The morphological and elemental composition investigations
from SEM-EDS and TEM analysis for the Pt-FLG powder are shown
in Fig. 5. The irregular chunk-like particle morphology attributed to
the initial plasma ablation process, as shown in an FEG SEM image
(Fig. 5a), demonstrates no major variation compared to the neat



Fig. 3. High-resolution X-ray photoelectron spectra for the (a) C1s, (b) O1s, (c) N1s and (d) Pt4f orbitals of neat and Pt-decorated FLG powders. (A colour version of this figure can be
viewed online.)

Fig. 4. Combined TGA and DSC curves under synthetic air flow for the neat and Pt-
decorated FLG powders. (A colour version of this figure can be viewed online.)
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FLG surface [16]. In order to probe the Pt nanoparticles, Fig. 5b
shows a BSE image where clear bright dots can be observed on the
299
FLG surface. The BSE images can differentiate chemical contrasts
and thus the bright dots are expected to refer to heavy elements
such as Pt. The EDS elemental mapping of the Pt-FLG surface
revealed that it is mainly composed of carbon (Fig. 5c) along with
some oxygen species (Fig. 5d) and, more importantly, confirmed
the fact that the previously mentioned bright dots can be assigned
to Pt (see Fig. 5e). Finally, well-dispersed Pt nanoparticles through
the highly defective FLG surface can be seen in TEM images of lower
(Fig. 5f) and higher (Fig. 5g) magnification. In agreement with XRD
observations, these nanoparticles exhibit sizes of ~1e2 nm. This is
equivalent to a dispersion of 50% or higher based on the equation
D ¼ (1.13/d), where D is the dispersion and d is the particle size in
nm [65]. A comparison between bright-field and dark-field TEM
images for the Pt-FLG material can be found in Fig. S1.

The N2 adsorption and desorption isotherms recorded at 77 K
for the degassed FLG and Pt-FLG powders are displayed in Fig. 6a. It
should be noted that for comparison all isotherms and pertinent
data have been normalized to pure carbon basis (i.e. by considering
a ~2 wt% dead weight due to Pt nanoparticles). Both samples
demonstrate a similar trend in their N2 adsorption/desorption
behavior, which suggests that the pore structure is maintained
upon Pt decoration. The only difference lies in the adsorbed N2
volumes, which are a bit higher for the neat FLG case, as can be seen
in the inset of Fig. 6a. The increased N2 volumes at the lower



Fig. 5. (a) In-lens field emission gun SEM image (topography contrast) and (b) BSE image (chemical contrast), elemental maps for (c) carbon, (d) oxygen and (e) platinum using EDS
and (f) low- and (g) high-magnification TEM images for the Pt-decorated FLG powder. (A colour version of this figure can be viewed online.)
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relative pressure regime (P/P0 < 0.01) are attributed to the presence
of micropores (i.e. pore widths <2 nm). The formation of a minor
hysteresis loop between the adsorption and desorption curves is
assigned to capillary N2 condensation within the mesopores (i.e.
pore widths 2e50 nm) [79]. By moving to a close-to-unity relative
pressure (P/P0 ~0.99), the adsorbed N2 volumes increase in an
abrupt manner without reaching a saturation point due to
condensation in macropores (i.e. pore widths >50 nm) or adsorp-
tion onto external surfaces [80]. Hence, the N2 isotherms suggest
that the FLG and Pt-FLG samples combine microporous, meso-
porous and macroporous features.

Table 1 summarizes the porosity-related properties of the
degassed FLG and Pt-FLG powders derived by the N2 data at 77 K.
The BET and DFT surface areas of the neat FLG were reduced by less
than 10%, upon Pt decoration, while a similar reduction trend was
also observed for both the micropore surface area and micropore
volume. This could be attributed to a potential limited pore
blocking effect due to the deposition of the Pt nanoparticles onto
the porous FLG surface [29,30]. The available pores were not
significantly “blocked” upon Pt decoration, mainly due to the small
size, high degree of dispersion and lack of clustering of the Pt
nanoparticles. Fig. 6b shows the pore size distribution curves based
on the QSDFT method. Both materials share the same pronounced
peak at ~0.7 nm, related to the presence of super-micropores with
pore widths between 0.7 and 2 nm, despite the Pt loading. This
indicates that the metal deposition does not practically affect the
pore size distribution trend. Again, both the differential and cu-
mulative pore volume values (Fig. 6b inset), for this specific pore
size, are slightly lower for the Pt-FLG compared to the neat FLG,
implying that pore blocking, as expected, occurred only in the
narrowest pores of the material.

Fig. 7 presents a collection of H2 sorption data for the degassed
FLG and Pt-FLG powders. High-pressure (0e20 bar) H2 adsorption
and desorption isotherms were recorded at 77 and 298 K (Fig. 7a).
All isotherms and pertinent data have been normalized to pure
carbon basis, taking into consideration a ~2 wt% dead weight due to
Pt nanoparticles, as derived by the TGA method. The excess %
gravimetric H2 uptake values at 20 bar, defined as the percentage of
the adsorbed H2 mass (mH) and the total system mass (mH plus
300
degassed sample mass, ms); i.e. 100 x mH/(mH þ ms), are summa-
rized in Table 1. The H2 sorption of both samples was fully revers-
ible at 77 K and, while the amounts adsorbed are very similar, the
differences in the amounts of adsorbed H2 are less pronounced
compared to N2 (i.e. a H2 capacity reduction <5% on pure carbon
basis was observed after Pt-decoration). This picture is indeed
consistent with limited pore blocking caused by Pt nanoparticles,
since exclusion effects should be less important for H2 due to its
significantly smaller molecular size. The amounts adsorbed also
come in general agreement with the “Chahine” rule, which states
that H2 physisorption scales with the adsorbent surface area
(approximately 1 wt% per 500 m2/g surface area) [11,18], thus
excluding the occurrence of any other phenomena apart from
physical adsorption. On the other hand, the H2 sorption behavior of
the Pt-FLG sample at room temperature (298 K) revealed a
distinctly different behavior than neat FLG which improved after Pt
incorporation. Specifically, the H2 storage capacity of the Pt-
decorated FLG at 20 bar increased by ~56% compared to the neat
FLG. Despite the fact that the absolute H2 uptake value at 298 K for
the Pt-FLG is certainly not enough for practical H2 storage appli-
cations, the improvement of the H2 sorption performance indicates
the existence of “weak” H2 chemisorption phenomena, potentially
including the “spillover” effect.

Fig. 7b focuses specifically on the room temperature (298 K) H2
storage performance of the FLG and Pt-FLG samples. The neat FLG
exhibits an almost linear (Henry type) fully reversible sorption
behavior, which is typical for H2 adsorption on carbon surfaces at
room temperature, where the Henry constant (i.e. the initial slope
of the isotherm) scales with the surface area. This behavior is in
contrast to the sudden initial increase of the amount adsorbed as
well as the irreversibility exhibited by the Pt-FLG material, both
indicating strong deviation from pure physisorption phenomena
[55]. In more detail, the abrupt increase of Pt-FLG at lower pres-
sures (<0.5 bar) could be indicative of a possible H2 chemisorption
on the Pt nanoparticles followed by spillover onto the porous FLG
support [29,30], while beyond 0.5 bar the picture is qualitatively
compatible with physisorption. Nevertheless, even above 0.5 bar
sorption is still enhanced as, despite the lower surface area, the
uptake curve of Pt-FLG is clearly less linear and its slope (at least



Fig. 6. (a) N2 adsorption (colored symbols) and desorption (empty symbols) isotherms
recorded at 77 K for the neat and Pt-decorated FLG powders; the inset shows the N2

adsorption behavior at the lower relative pressures (P/P0 < 0.1) using a logarithmic
scale and (b) differential pore size distribution based on the QSDFT method for slit
pores; the inset shows the cumulative pore size distribution. (A colour version of this
figure can be viewed online.)
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initially) is higher compared to the neat FLG case. The above ob-
servations are consistent with the existence of a secondmechanism
(apart from physisorption) that has an additive effect on the
amount adsorbed. In fact, the shape of the adsorption isotherm
implies that this mechanism is strong at lower pressures but
gradually loses its significance as the pressure is increased and
finally pure adsorption prevails. Indeed, it can be observed that
above ~16e17 bar the FLG and Pt-FLG isotherms are almost parallel
Table 1
Summary of porosity-related properties and H2 storage capacities of the degassed FLG
respectively.

Materials SBET [m2/g] SDFT [m2/g] Smicro

FLG 776 746 299
Pt-FLG 720 683 261
Relative difference 0.93 0.92 0.87

SBET: Brunauer-Emmett-Teller area, SDFT: cumulative surface area calculated by the Quenc
derived by the carbon black statistical thickness (t-plot) method, Vmicro: micropore volum
gravimetric H2 uptake at 298 K and 20 bar.
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to each other (see trendlines in Fig. 7b). In addition, the minor
hysteresis between the adsorption and desorption isotherms in-
dicates that the adsorbed H2 cannot be evacuated by merely pres-
sure reduction.

In order to investigate further the enhanced initial H2 uptake of
the Pt-FLG sample, three sorption-desorption cycles were carried
out after following different pre-treatment protocols. The 1st cycle
(already described) was conducted after meticulous degassing (i.e.
250 �C/12 h). Aftermeasuring the sorption-desorption isotherm the
sample was simply evacuated overnight at 25 �C and a single
adsorption point was measured (2nd cycle). Consequently, the
sample was mildly heated (120 �C) for 3 h under vacuum and
another full isothermwas measured (3rd cycle). A first comparison
of the amounts adsorbed (first points of the 3 cycles in Fig. 7b)
implies that a series of sorption sites were available after the first
material activation. However, the solid-fluid interactions are much
stronger than Van derWaals forces (physical adsorption forces) in a
way that prolonged evacuation at room temperature does not lead
to complete desorption and a considerable number of these sites
(>50%) are not available in the 2nd cycle. On the other hand, mild
heating at 120 �C provides enough activation energy for desorption
from these sites and the majority of sorption sites (~80%) are
recovered. Overall, the additive effect of weak chemisorption and
physisorption at higher pressures leads to a reduction of less than
10% for the 3rd cycle at 20 bar, while the sample reveals a consistent
sorption behavior (i.e. similar to the 1st cycle).

An additional support of the weak chemisorption-physisorption
combination described above is based on the study of sorption
kinetic data. Fig. 7c presents (as fractional uptake versus time) the
H2 sorption kinetics at 298 K for the Pt-FLG sample during three
different hydrogenation cycles with a step pressure change from
0 to 2 bar (first equilibrium point of each cycle). In this plot, two
markedly different kinetic behaviors have been recorded. The 1st
and 3rd cycles show an identical temporal uptake profile that is
fully consistent with a relatively slow process, which is consistent
with the picture proposed and comprises dissociative H2 sorption
on the surface of Pt particles, spillover of H-atoms to the FLG sur-
face, diffusion of atomic hydrogen to remote sorption sites (e.g.
defects) and finally sorption on the site [25,81]. On the other hand,
the 2nd cycle exhibits a totally different and much faster process,
which can be ascribed to fast sorption on the Pt and FLG surfaces,
without significant sorption of spilt over species but apparently a
mere dynamic recombination of them followed by desorption. The
fast adsorption in the 2nd cycle is also supported by fitting the
kinetics in a linear driving force (LDF) model for adsorption rate
proportional to vacant sites and a pseudo-second order (PSO)
model for strong interaction between adsorbate and sorbent (see
Fig. S3) [82]. The PSO model has a better fitting in all three cycles.
The rate constants (k) in the PSOmodel for the 1st and 3rd cycle are
almost identical and smaller than the respective k value of the 2nd
cycle by a 4.5-fold. Moreover, the LDF model, which describes
physisorption behavior, is more applicable in the case of the 2nd
cycle (i.e. upon vacuum degassing at room temperature) compared
and Pt-FLG powders derived from N2 (77 K) and H2 (77 and 298 K) sorption data,

[m2/g] Vmicro [cm3/g] C77K [wt%] C298K [wt%]

0.132 1.71 0.084
0.114 1.64 0.131
0.86 0.96 1.56

hed Solid Density Functional Theory (QSDFT) method, Smicro: micropore surface area
e derived by the t-plot method, C77K: gravimetric H2 uptake at 77 K and 20 bar, C298K:



Fig. 7. (a) High-pressure (0e20 bar) H2 adsorption (colored symbols) and desorption
(empty symbols) isotherms recorded at 77 and 298 K for the neat and Pt-decorated
FLG powders, (b) equivalent H2 adsorption/desorption behavior (up to 20 bar)
focused specifically at room temperature, including three different cycles for the Pt-
decorated FLG powder (2nd cycle includes a single adsorption point) and (c) H2

adsorption kinetics data recorded at 298 K during three different cycles (referring to a

N. Kostoglou, C.-W. Liao, C.-Y. Wang et al. Carbon 171 (2021) 294e305

302
to the other two cycles (i.e. upon vacuum degassing at elevated
temperatures). Hence, a high temperature evacuation treatment is
necessary for the removal of the remaining H2, which suggests a
possible H2 chemisorption on the FLG surface. Furthermore, the
slow sorption kinetics, when the surface is clean, also supports slow
hydrogen radical surface migration after spillover. It should be
noted that the adsorption kinetics of the neat FLG (not included
here) exhibited a typical physisorption behavior, thus achieving
saturation in a matter of seconds.

Since the H2 uptake step at low pressures indicates dissociative
H2 adsorption on a catalyst surface, it can be used to estimate the
metal dispersion [64]. Such calculations relevant to the H2 sorption
isotherm at 298 K of the Pt-FLG material are presented in Tables S2,
S3 and S4. For the Pt-FLG case, a pseudo-dispersion of ~340% was
calculated for the 1st cycle (see Table S3), while 125 and 260% were
calculated for the 2nd and 3rd cycle, respectively. As previously
mentioned, a pseudo-dispersion exceeding 100% implies H2 spill-
over. The spillover efficiency (m), defined as the ratio of pseudo-
dispersion to particle dispersion, was up to ~6 for the Pt-FLG case
(see Table S3), which is much higher than reported previously for a
Pt-activated carbon system (i.e. m ~1.2) [64]. Hence, the higher the m
value, the more prominent is the spillover effect.

The room temperature H2 isotherms and kinetics imply H2

spillover by revealing an improved H2 uptake, a pseudo-dispersion
of more than 100% and a higher sorption isotherm slope. Briefly, the
hydrogen molecules (H2) are dissociated by the Pt nanoparticles
into hydrogen atoms (H), the generated H radicals migrate from Pt
(PteH) by “hopping” over the FLG support and further diffuse on
the carbon surface without forming any strong bonds [83]. It has
been discussed in the literature that unsaturated bonds on a sor-
bent surface such as carbon-carbon double/triple bonds [84] as well
as surface functionalities such as oxygen [60] may accommodate H
radicals. It was also suggested that hydroxyl groups may be formed
after H2 spillover. The CeH and/or OeH interactions are weaker
compared to solid chemical bonding but still stronger than Van der
Waals forces (i.e. physisorption). This also explains both the
observed partial irreversibility during desorption (i.e. small hys-
teresis) and the slow sorption kinetics. The hysteresis indicates
residual hydrogen on the FLG support that cannot be fully removed
by a pressure swing. Hydrogen desorption, most probably through
recombination, is an activated process (i.e. needs heating) and thus
it is associated with a small (yet observable) energy barrier [24]. In
terms of kinetics, due to this type of CeH interaction, the slow
hydrogen migration on the FLG surface can be observed for hours
during the 1st and 3rd cycle, where high temperature treatment
was applied prior to H2 exposure. As only vacuum degassing was
applied before the 2nd cycle, saturation was greatly reduced and
was reached within minutes, thus implying mainly physisorption.
4. Summary and conclusions

In summary, a plasma-derived nanoporous and high-surface
area (~800 m2/g) graphene-based material was decorated with Pt
nanoparticles (by thermal reduction under H2 flow using H2PtCl6)
towards improving its H2 storage performance at room tempera-
ture via “weak” chemisorption mechanisms (e.g. H2 spillover). XRD
and Raman studies suggested that the graphene structure is
properly maintained despite the metal-decoration procedure. XPS
analysis showed that the surface chemistry is not affected upon Pt
decoration and the nature and concentration of oxygen and nitro-
gen species has not changed. Combined TGA/DSC analysis revealed
step pressure change from 0 to 2 bar) only for the Pt-decorated FLG powder. (A colour
version of this figure can be viewed online.)
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that the Pt loading corresponds to ~2 wt%. SEM/EDS and TEM in-
vestigations showed well-dispersed (>50%) Pt nanoparticles
deposited across the FLG surface with sizes less than 2 nm. N2
adsorption/desorption data collected at 77 K indicated that Pt-
decoration caused no significant alteration of the pore structure
and pore size distribution, rather only a 7e8% reduction of the
available surface area due to minor pore blocking.

The H2 sorption properties, including capacity, reversibility and
kinetics, were examined under a high-pressure regime (up to
20 bar) both at cryogenic (i.e. 77 K) and room temperature (i.e. 298
K). Even though the Pt presence leads to a “sacrifice” of the cryo-
genic H2 uptake, in a similar manner to the surface area reduction
trend, the equivalent H2 storage capacity at room temperature
shows an increase by ~56% with respect to the neat FLG material.
Such an improvement has been attributed to potential synergetic
effects between the porous FLG support and the hosted Pt nano-
particles, including H2 spillover. The pseudo-dispersion and spill-
over efficiency were estimated up to ~340% and up to ~6,
respectively, indicating a “strong” H2 spillover behavior. To deal
with the partial irreversibility encountered during H2 desorption, a
mild heat treatment under vacuum was applied to remove the re-
sidual chemisorbed H2 and thus regenerate almost completely the
Pt-FLG material. The findings of this work provide a crucial un-
derstanding of the H2 storage mechanisms involved in novel plat-
inum group metal-graphene nanocomposite materials.
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