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Graphene–metal composites have potential as novel catalysts
due to their unique electrical properties. Here, we report the
synthesis of a composite material comprised of monodispersed
platinum nanoparticles on high-quality graphene obtained by
using two different exfoliation techniques. The material, pre-
pared via an easy, low-cost and reproducible procedure, was
evaluated as an electrocatalyst for the hydrogen evolution re-
action. The turnover frequency at zero overpotential (TOF0 in
0.1 m phosphate buffer, pH 6.8) was determined to be approxi-
mately 4600 h¢1. This remarkably high value is likely due to the
optimal dispersion of the platinum nanoparticles on the gra-
phene substrate, which enables the material to be loaded with
only very small amounts of the noble metal (i.e. , Pt) despite
the very highly active surface. This study provides a new out-
look on the design of novel materials for the development of
robust and scalable water-splitting devices.

Carbon allotropes have been extensively studied as nanostruc-
tured materials for electrocatalytic processes.[1, 2] The most re-
cently discovered carbon allotrope, graphene, is a material

composed of sp2-bonded carbon atoms, with monoatomic
thickness, that displays outstanding mechanical and electrical
properties.[3, 4] Combining graphene with catalysts is a worth-
while approach in the construction of novel materials for
photo- and electrocatalytic reactions,[5, 6, 7] and the development
of high-quality graphene sheets, comprised of only a few
layers of graphene and with a low frequency of defects, is ex-
tremely important for these applications.

In contrast, graphene oxide (GO)[8] and the reduced gra-
phene oxide (RGO)[9] are readily available but don’t exhibit the
typical structural and electrical properties of graphene, since
oxidation and reduction steps are not able to completely re-
store the pristine honeycomb lattice of graphene.[10] Compared
with RGO, exfoliated graphene has few or no functional
groups on the surface of the honeycomb lattice, making any
kind of direct covalent functionalization of the material diffi-
cult. Noncovalent interactions could be an alternative way to
decorate graphene with molecules, nanoparticles or other
structures. The most commonly used interactions exploited for
the decoration of graphene are hydrophobic interactions with
aliphatic chains[11] or surfactants,[12] or p–p stacking between
graphene and graphene-like molecules such as pyrene;[13] how-
ever, other forms of interaction, such as physisorption of metal
nanoparticles, can also be used to functionalize graphene.[14]

Colloidal platinum is one of the best catalysts for electroca-
talytic water reduction;[15] its use in the form of nanoparticles
maximizes the active surface of the catalytic sites, while at the
same time minimizing the total amount of platinum used. This
feature is of particular interest once the applicability of a plati-
num-based catalyst is assessed. Moreover, nanoparticles re-
quire a support to be used as heterogeneous catalyst, and this
support must be able both to drive the charges to the real cat-
alytic site, and to provide mechanical and optical properties to
the composite material. In this direction, graphene-metal com-
posites have gained attention in recent years within the field
of catalysis[16, 17, 18, 19, 20] due to the combination of good electri-
cal properties with high transmittance, allowing the material to
be coupled to a photosensitizer and to study the photocata-
lyzed hydrogen evolution reaction (HER).[21]

Here, we report the synthesis of monodispersed platinum
nanoparticles on high-quality graphene and the evaluation of
their performance in the electrocatalytic production of H2 from
water at neutral pH. For graphene preparation, two different
procedures were compared to understand the effect of gra-
phene morphology on the platinum nanoparticles decoration.
The electrocatalytic activity of the two nanocomposites to-
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wards the HER was evaluated and compared to a commercial
carbon-supported platinum (Pt/C) catalyst.

The first exfoliation procedure (termed PCA-G), reported by
An et al. ,[22] exploits the functions of 1-pyrenecarboxylic acid
(PCA) both as an exfoliating agent and as a stabilizer ; in fact,
PCA is used as a molecular wedge to cleave natural graphite,
and thanks to its p–p interactions and its polar functional
group, it permits the formation of stable aqueous dispersions
of graphene, without breaking the sp2 structure (for the com-
plete procedure used here, see the Supporting Information).
The main advantage of the PCA-G technique lies in the com-
patibility of the procedure with a single-flow process for plati-
num nanoparticle synthesis. The Raman spectrum of the
PCA-G material (see Figure S1 in the Supporting Information)
reveals that the exfoliation procedure gives rise to graphene
with a low number of defects; the D-band/G-band Raman
peak intensity ratio (ID/IG) of 0.074 indicates that the material
has low defect density.

In parallel, we exploited a more controlled exfoliation tech-
nique (termed NMP-G), developed by the Coleman group,[23]

based on interaction between the graphene surface and a sol-
vent, in particular a high-boiling-point organic solvent such as
1-methyl-2-pyrrolidone (NMP). In this case, the material was
transferred in an aqueous solution of PCA (2 Õ 10¢5 m) by filter-
ing on to 0.2 mm polytetrafluoroethylene (PTFE) filters and
sonicating the solid cake for 20 minutes, in order to obtain
a comparable starting solution to the one obtained via the
PCA-assisted exfoliation method for the synthesis of platinum
nanoparticles. Analysis of the final aqueous suspension after
transfer from NMP suggests very good stability of the exfoliat-
ed graphene (Figure S2 in the Supporting Information), as pre-
viously reported in literature.[24, 25] Comparing the absorption

spectra of the two solutions (Figure S2 in the Supporting Infor-
mation), it was possible to determine the concentration of gra-
phene flakes by using the Lambert–Beer equation; a higher
concentration was found for the NMP-G sample (2.4 mg mL¢1)
compared with the concentration found for the PCA-G sample
(0.089 mg mL¢1).

Figure 1 shows the results of high-resolution transmission
electron microscopy (HR-TEM) characterization of the products
of the two exfoliation techniques. Statistical analysis of the
number of layers was made by directly counting the (0,0,2)
fringes at the flake folding edges, which correlate directly to
the number of layers. As highlighted by the example micro-
graphs shown in Figure 1, the degree of exfoliation was found
to be slightly higher, in particular in term of distribution, for
the NMP-G sample.

The effect of the exfoliating method on the electrochemistry
of the platinum-functionalized graphene is shown in Figure 1 c
and reflects what we observed by HR-TEM; the higher degree
of exfoliation in the sample prepared using the NMP-G
method gives rise to a composite material with better elec-
tronic properties that result in a less resistive electron-transfer
process at the electrode.

The synthesis of the nanoparticles was carried out following
a procedure adapted from the literature[26] and recently report-
ed by some of us.[27] The method is based on the chemical re-
duction of an aqueous solution of a platinum(II) salt (K2PtCl4)
by sodium borohydride, in the presence of the exfoliated gra-
phene dispersions. The complete procedure is described in the
Supporting Information.

Figure 2 shows the comparison between the results of the
platinum nanoparticle decoration of exfoliated graphene using
the PCA-G and NMP-G methods. The scanning transmission

Figure 1. High-resolution transmission electron microscopy (HR-TEM) images of graphene sheets exfoliated by using a) the PCA-G method involving 1-pyrene-
carboxylic acid (PCA) and b) the NMP-G method involving 1-methyl-2-pyrrolidone (NMP); histograms above show the corresponding distribution. c) Compari-
son of the cyclic voltammetries (CVs) for the PCA-G Pt (c) and NMP-G Pt (c) samples; potentials are referred versus a standard saturated calomel elec-
trode (SCE). v = 0.05 V s¢1, argon-saturated phosphate buffer solution (pH 6.8).
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electron microscope (STEM) and HR-TEM micrographs (Fig-
ure 2 a–d) clearly show the strong selectivity of the decoration,
without any particles outside the platelets, with a slightly
lower concentration of particles in the NMP-G sample. We at-
tributed this observation to the different concentration of gra-
phene flakes for this sample, resulting in a lower platinum
nanoparticle/graphene ratio. Nevertheless, both samples are
characterized by a rather negligible aggregation of nanoparti-
cles, proving that the graphene–PCA adduct acts as a scaffold

for the arrangement of the particles on graphene, preventing
the typical coalescence and precipitation issues.

By focusing on the HR-TEM micrographs (Figure 2 a–d), it is
possible to notice how the shape is more homogeneous and
spherical in the NMP-G sample, while the size distribution re-
veals a lower degree of polydispersion despite the same aver-
age size for both samples. This could be the result of residual
NMP on the surface of sample prepared using the NMP-G
method; this could also explain the unexpected stability of the
graphene dispersion in water. Residual NMP on the surface
could also influence the morphology of the particles by confin-
ing the growth of the platinum crystal or by decreasing the
graphene surface area available for interaction with PCA.

In order to evaluate the influence and the role of PCA on
the selectivity of the decoration and on the morphology of the
platinum nanoparticles, we prepared some water dispersions
of graphite nanoplatelets, simply sonicating a 2 mg mL¢1 solu-
tion of graphite powder in distilled water for 24 hours. This dis-
persion was characterized by a very low degree of exfoliation
of graphite; however, it allowed us to investigate decoration
with platinum nanoparticles in the absence of any secondary
variables, such as the influence of an exfoliating agent or a sta-
bilizer. Using these samples, we performed the synthesis of
platinum-nanoparticles, following the same method previously
reported, with or without the addition of PCA. In both cases,
the TEM images demonstrated a strongly selective decoration
of the graphite flakes, as showed in Figure 3 a,d. The sample
prepared without PCA shows very nonhomogeneous size and
shape distributions for the platinum nanoparticles (Figure 3 b),
whereas the sample prepared with PCA displays spherical and
well-dispersed particles on the graphite platelets (Figure 3 e).
Magnification of the sporadic platinum nanoparticles outside
the graphene show in both cases dishomogeneous distribu-
tions of size and shape due to aggregation of the particles,
emphasizing the differences between nanoparticles on and
outside the graphene surface for the sample prepared with
PCA (Figure 3 c,f).

The results of the latter experiment seem to confirm the hy-
pothesis, formulated by Qian et al. ,[28] that there is a direct
electronic interaction between platinum atoms and graphene.
Using density functional theory (DFT) calculations, Qian and
co-workers estimated the binding energy. The obtained value
of 1.39 eV is not so strong so as to profoundly modify the elec-
tronic structure of graphene; however, it is only slightly
weaker than a typical chemical bond and thus sufficiently
strong enough to selectively decorate the graphene sheets.
These evidences suggest that the presence of PCA does not
have a significant effect on the binding energy between gra-
phene and colloidal platinum; however, PCA does control the
morphology of the nanoparticles and favors their homogene-
ous dispersion on graphene surface.[29]

The electrochemistry of the two graphene composites pre-
pared with the PCA-G and NMP-G methods was investigated
to test the catalytic activity towards the HER and to gain fur-
ther information on the properties of our materials. To charac-
terize the two samples, we drop-casted 100 mL of the aqueous
suspensions on a screen-printed electrode (SPE) that was used

Figure 2. Comparison between decoration of exfoliated graphene produced
with different techniques: PCA-G using 1-pyrenecarboxylic acid (PCA) (left)
and NMP-G using 1-methyl-2-pyrrolidone (NMP) (right). a,b) Low-magnifica-
tion scanning transmission electron microscope (STEM) micrographs of dec-
orated graphene flakes. c,d) High-resolution transmission electron microsco-
py (HR-TEM) micrographs of flake edges covered by platinum nanoparticles.
e,f) Size distribution histogram of the platinum nanoparticles synthesized on
graphene. The distribution was fitted by using the Lorentz function, and the
average diameter is reported in the inset.
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as the working electrode and placed at the bottom of an air-
tight single-compartment cell, described elsewhere.[30] A silver
chloride electrode (Ag/AgCl) (3 m) and a platinum spiral were
used as a reference and counter electrode, respec-
tively; the potential of the Ag/AgCl electrode was
measured before and after every experiment with re-
spect to a standard saturated calomel electrode
(SCE). Phosphate buffer solution at pH 6.8 was specif-
ically prepared by commercially available salts, satu-
rated with argon before each measurement and kept
under argon at atmospheric pressure.

The activity towards the HER was evaluated for the
best performing material, NMP-G decorated with
platinum nanoparticles (NMP-G Pt) and compared
with the model system NMP-G (without metal nano-
particles). The cyclic voltammetries (CVs) are reported
in Figure 4 a. The catalytic cathodic current of
NMP-G Pt clearly shows the high activity of this mate-
rial for HER, while the parent system NMP-G is inac-
tive up to large overpotentials (for chronoamperome-
tries over a long time scale, see Figure S2 in the Sup-
porting Information).

Quantification of the catalytic efficiency of the gra-
phene-based catalyst was performed by the combi-
nation of chronoamperometric experiments carried
out at various negative potentials (¢0.7, ¢0.8, ¢1.0 V
versus Ag/AgCl; Figure 4 b) and cyclic voltammetry
(see Supporting Information). Indeed the turnover
number (TON; moles of product per moles of cata-
lyst) and turnover frequencies (TOF; TON per time
unit) with this approach were calculated according to
Equations (1) and (2), where QNMP¢GPt is the integrated
charge recorded at the electrode and related to the
amount of evolved hydrogen (2H+ + 2e¢!H2) for the

sample NMP-G Pt, QNMP¢G is the contribution of the
carbon-based substrate NMP-G (see Figure S3 in the
Supporting Information), and QPt is the charge re-
ferred to the electroactive platinum present in the
composite (Figure S4 in the Supporting Information)
and t is the duration of the applied potential step.

TON ¼ QNMP¢GPt ¢ QNMP¢G

QPt

ð1Þ

TOF ¼ TON
t

ð2Þ

The QPt factor is obtained by measuring the charg-
es of the bielectronic oxidation process (Pt + H2O!
PtO + 2e¢+ 2H+) that occurs at the surface of the
platinum nanoparticles upon application of a positive
potential in sulfuric acid (see the Supporting Informa-
tion).[31] In this way, we were able to normalize the ef-
ficiencies for the amount of electroactive platinum,
having a precise quantification of the TON and TOF
values in our experimental condition (0.1 m phos-
phate buffer solution, pH 6.8). The linear relationship

between TOF and overpotential (h) (Figure 4 c) ena-
bles the extrapolation of the TOF0 value, the turnover frequen-
cy at zero overpotential, which was proposed by Sav¦ant and
co-workers as an optimal way to describe the intrinsic catalytic

Figure 3. Comparison between platinum nanoparticles decoration of graphite platelets
in the absence (a,b,c) and in the presence (d,e,f) of 1-pyrenecarboxylic acid (PCA).
a,d) Low-magnification scanning transmission electron microscope (STEM) micrographs
showing the very selective decoration. b,e) High-resolution transmission electron micros-
copy (HR-TEM) micrographs of platelets surfaces. c,f) Morphology of the particles outside
graphene, which are usually aggregated into clusters.

Figure 4. Electrochemical characterization of the various materials, dropcasted on a com-
mercial screen-printed electrode (SPE) (diameter : 2 mm). All measurements were per-
formed at 25 8C in phosphate buffer solution (pH 6.8). a) Cyclic voltammetries (CVs) of
NMP-G Pt (red line) and NMP-G (blue line). v = 0.05 V s¢1, Ar-saturated solution. b) Chro-
noamperometries for NMP-G Pt (c) and NMP-G (c) ; potentials are referred versus
a standard saturated calomel electrode (SCE). c) The linear relationship of turnover fre-
quency (TOF) versus overpotential (h) for NMP-G Pt (~/c) and Pt/C (*/b) ; h is cal-
culated as h= E¢E0¢is*R, where E0 is the thermodynamic potential for the H+/H2 couple
(vs SCE): E0(V) =¢0.24–0.06*pH =¢0.64 V and is*R is the correction for the ohmic drop.
d) Tafel plot for NMP-G Pt (c) and Pt/C (c), v = 2 mV s¢1.
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activity of different electrocatalysts.[32] The TOF0 value of ap-
proximately 4600 h¢1 obtained for NMP-G Pt confirms the effi-
ciency of our system and the usefulness of this approach to-
wards the realization of high-performance carbon-based mate-
rials, functionalized with small amounts of active catalyst (e.g. ,
noble metals).

The lower turnover frequencies measured for the commer-
cial Pt/C catalyst (TOF0 ~1900 h¢1, phosphate buffer solution
0.1 m, pH 6.8) are probably due to a different surface morphol-
ogy for this material, which results in a relatively poorer acces-
sibility to the catalytic sites as compared with the graphene–
platinum nanoparticle composite. Support of this hypothesis
could be found in a Tafel analysis, which should be able to
point out some possible differences in the mechanism of the
HER due to a different availability of catalytic sites. However,
Tafel plots of the low overpotential region for NMP-G Pt and
Pt/C give the same slope of 120 mV dec¢1 (Figure 4 d), indicat-
ing the same reaction mechanism in both cases. This suggests
that the surface morphology does not control the HER mecha-
nism, but at the same time, the NMP-G Pt material is somehow
able to maximize the catalysis, probably due to the coupling
of electronic effects between the platinum nanoparticles and
the graphene substrate.

In conclusion, we have prepared a graphene composite by
means of an easy, low-cost and reproducible procedure that in-
volves an NMP-based exfoliation process, enabling the forma-
tion of two-layer graphene flakes (NMP-G) that were selectively
functionalized with platinum nanoparticles (NMP-G Pt). The
electrochemical characterization of the material revealed that it
is a promising electrocatalyst for the hydrogen evolution reac-
tion (HER) in light of its high frequencies of turnover; these
values were obtained thanks to the optimal dispersion of the
platinum nanoparticles onto the graphene substrate that ena-
bled us to load the material with very small amounts of noble
metal.

Experimental Section

All chemicals were bought from Sigma–Aldrich: graphite powder
<150 mm (CAS 7782–42–5), 1-methyl-2-pyrrolidinone ACS reagent
>99.0 % (CAS 872–50–4), 1-pyrenecarboxylic acid 97 % (CAS
19694–02–1), potassium tetrachloroplatinate (II) 98 % (CAS 10025–
99–7), sodium borohydride >96 % (CAS 16940–66–2), potassium
phosphate dibasic �98 % (CAS 7758–11–4), sodium phosphate
monobasic dehydrate �99 % (CAS 13472–35–0). Polytetrafluoro-
ethylene (PTFE) membranes 0.2 mm Õ 13 mm were used in a home-
made vacuum filtration system.

Photophysical measurements were performed on a PerkinElmer
LS55 UV/vis double-beam spectrophotometer. HR-TEM and STEM
micrographs were taken on a FEI Tecnai F20 transmission electron
microscope equipped with a Schottky emitter operating at 120 kV.
The nanoparticle size and number of graphene layers were deter-
mined manually based on the obtained HR-TEM images. The chem-
ical composition was verified by means of energy dispersive spec-
trometry (EDS) by using an EDAX Phoenix spectrometer equipped
with an ultra-thin window detector. Cyclic voltammetry and chro-
noamperometry experiments were carried out with a Biologic
SP300 potentiostat using a custom-made electrochemical cell de-

scribed elsewhere.[30] Thin films were formed on a carbon screen-
printed electrode (carbon-SPE; model DS110, DropSens S.L. ,
Oviedo, Spain). An aqueous suspension of NMP-G Pt (100 mL) was
deposited on the electrodes in small aliquots (10 mL) at 25 8C. All
experiments were carried out in a PTFE cell with a 6 mm diameter
aperture; an O-ring was placed on top of the drop-casted SPE and
tightened using two connecting screws. The cell was also
equipped with a platinum wire as a counter electrode and with an
Ag/AgCl (3 m KCl) reference electrode.
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