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New, active, stable and competitive to Pt catalysts are 

necessary for fuel cells development. Here, we present Few 

layer graphene - supported Pd revealing superior to Pt/C and 

Pd/C ORR performance (→→→→ E1/2 by 50 mV, ∼∼∼∼ order 

magnitude ↑↑↑↑ Iarea and Imass, after 2500 cycles). The catalyst 

preparation is easily scalable, simple, inexpensive and eco-

friendly. 

 
Fuel cells are of great potential for energy production with a 

respect of environment protection; however the activation of 
sluggish oxygen reduction reaction (ORR) kinetic is a main obstacle 
in the enhancement of their efficiency and consequently their 
successful commercialization. Intensive efforts refer to a 
development of the active, stable and cost-attractive relatively to Pt 
ORR electrocatalyst; to its efficient synthesis and understanding of 
relation between structural/electronic features of the catalyst and its 
ORR property.1,2 According to Sabatier’s principle (intermediate 
catalyst-reactants binding strength) Pd is the closest Pt neighbor 
metal, but its ORR activity is usually few times lower than Pt;3 
though Pd is twice/three times cheaper and more abundant (0.015 
ppm vs. 0.005 ppm Pt/all earth elements). A tuning of particles’ 
structure rises different directions for Pt and Pd due to diversely size 
and facets dependent activity of both metals. Contrary to most 
active, small (∼4 nm) and (111) facets Pt particles; the optimal 
current density and mass-specific activity for Pd particles are 
established  for ≥ 16 nm and (100) facets.4-6 The one order 
magnitude higher ORR activity of (100) enclosed Pd/C nanocubes 
compared to (111) rich octahedral Pd/C was attributed to lower 
poisoning of (100) facets by OHad in the acid medium and then 
higher exposition of reaction sites for O2 adsorption.5 The Pd (110) 
facets enriched Pd nanorods also showed a 10-fold higher ORR 
activity compared to Pd nanoparticles (and comparable to Pt/C) 
revealing the importance of structure-activity relationship.7  Lower 
OH poisoning, and consequently higher activity of Pd are also 
generally observed in alkaline solution.8 The principal modifications 
of Pd electronic structure as it is a case of Pt is alloying them with 
other metal (substrate) what, according to Nørskov, influences the 

surface reactivity by shifting of d-band center energies (εd) of metal.9 
Depending on the metal-metal (substrate) interaction, the position of 
d-band center shifts with amount of induced strain and/or the 
electronic distribution between metal and substrate (ligand effect, 
hybridization).10-13,8 In this regard an enhanced activity and stability 
were measured, e.g. for Pd/Pt films,8,12 or core shell type Pd/Pt 
NPs.14-17 The enhanced activity was also observed for non-Pt, 
modified by Co and Fe Pd - supported nanoparticles in acid 
solution.13 In alkaline solution, a flat Pd monolayer supported on 
Pt(111) exhibited  Ik (0.9 V) four times higher than Pt(111) and positive 
potential shift by 50 mV in the kinetic-diffusion region; while an 
addition of Pd layers resulted in strong increasing of OHad coverage 
and lowering of activity.11 Despite promising catalytic activity of Pd 
in alkaline solution, Wells et al. reported low stability of Pd/C during 
potential cycling.18 The improved catalytic ORR performances of 
supported particles, both the activity and stability, were recently 
attained for Pt and Pt alloys by changing a standard carbon support 
to graphene; assigned to high electrical conductivity (high electron 
transfer) and chemical inertness of graphene compared to standard 
carbon.1,19,20 Catalytically stable graphene supported FePt particles 
unrevealed six times higher activity than Pt/C.21 The active non-
metal iron phtalocyanine showed a superior stability than Pt once 
supported on N-doped graphene.22 A superior stability was reported 
as well for N-doped graphene-Co3O4 hybrid in alkaline solution, 
where a comparable activity to Pt was attributed to the formation of 
an active interface.23 

Here, we report on a new catalyst, few layer graphene supported 
Pd (Pd/FLG), unrevealing the best performance reported up to now 
among the monometallic supported catalysts in alkaline solution. 
Apart from high activity and stability, the preparation of both: FLG 
support and supported active phase is very attractive, which makes 
the Pd/FLG uncompetitive relatively to existing supported 
monometal catalysts. The FLG was previously prepared by easily 
scalable, high yield, eco-friendly and low cost method consisting of 
ultrasonic assisted -mechanical exfoliation of pencil lead (SI).24,25  

Low resolution TEM micrographs (Fig.1A) show a relatively high 
dispersion of Pd on the FLG surface, while statistical TEM analysis 
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reveals rather trimodal distribution of particles with average size of 
∼3, 7 and 19 nm, and punctually larger particles of ∼ 60 nm are 
observed (SI). According to HR-TEM, the Pd reveals heterogenous, 
more or less facet morphologies of smaller pyramidal- like (z-axis 
apex) and elongated nanorods- like particles (Fig. 1B, C, SI). The 
size and morphology discrepancy are probably related to variable 
local coalescence during reduction treatment. The particles coalesce 
depending on the distance between them, their initial size and their 
interaction with graphene, which, in turn, is affected by particles 
localization (well crystallized plane, defect-rich plane or edges of 
graphene). It was previously demonstrated by in-situ heating under 
TEM observations, that metal faceting and FLG edges are stabilizing 
factors for FLG-supported Pt particles at 400°C.26 The HR-TEM and 
powder X-Ray diffraction analysis reveal the face-centered cubic 
(fcc) structure (Fig. 1). The fringes corresponding to (111) and (200) 
lattice spacing of fcc Pd respectively are distinguished in the HR-
TEM micrograph and confirmed by corresponding peaks in XRD 
pattern. The overall Pd-Pd bond distance however seems to be 
lowered with a period varies from 0.0204 to 0.229 nm depending of 
particles’ morphology (SI). The XRD-sharp peak at 27° (and 55°) 
confirms the presence of highly graphitized FLG support.  
 

Figure 1. (A-C) Low and high magnification TEM micrographs  and 
(D) XRD pattern of Pd/FLG catalyst. 
 
   AFM (Fig.2) and SEM (SI) characterizations show the existence of 
well separated pyramidal- or rods- like species and elongated 
structures which are punctually connected forming a kind of islands 
(Fig.2).   

Figure 2. AFM image and profiles mapping of Pd/FLG catalyst. 
 
   Both types of structures are however flattened. The AFM “z” 
profiles performed on the largest particles (∼ 60-80 nm) are in the 
range of 11-35 nm, where for planar structures they do not exceed 8 
nm (Fig. 2, SI). In addition, the SEM shows that the highest 

“pyramidal-like” particles are in fact the planar aggregates of 2-3 flat 
Pd layers, which lateral size decreases in “z” direction from 
graphene surface (SI). The flattening of particles indicates important 
interaction between metal and graphene support. 

The ORR property of Pd/FLG, together with the prepared Pd/C 
and state-of-art Pt/C as references were carried out in 0.1M KOH 
solution and rotating-(ring)-disk electrode (R(R)DE) method (SI). 
The Pd/FLG catalyst exhibits quite different characteristics in the 
cyclic voltammogram than Pt/C (SI). The main peak corresponding 
to OH- adsorption in Pd/FLG is only slightly shifted toward lower 
potential, from ∼ 0.79 (Pt) to ∼ 0.75 V (Pd), with the presence of 
much weaker peak shifted to 0.6 V (Pd), which indicates only 
slightly higher OH- coverage on Pd compare to Pt/C or Pd/C; e.g. 
this shift was much higher for earlier reported Pd layers deposited on 
Pt (0.2V).11 The electrochemically active surface area (ECSA) of the 
catalysts, estimated from the cyclic voltammograms (oxygen 
reduction), are 1.030, 1.442 and 0.671 cm2 for Pd/FLG, Pd/C and 
Pt/C respectively (SI). The polarization curves, the kinetic current 
densities (jk ) - calculated using the Koutechy-Levich equation27 and 
the Tafel plots of the mass transport corrected kinetic current (jk) at 
1600 rpm for three catalysts, are presented in Fig. 3 (different 
rotation rate, SI). The Pd/FLG catalyst exhibits a positive shift of the 
half-wave potential by 50 mV compare to Pd/C and Pt/C catalyst 
showing an important improvement of the reaction kinetic. The 
intrinsic activities of catalysts, calculated by considering the ECSA 
measurements (jarea) and mass factor clearly demonstrate the superior 
performance of the Pd/FLG catalyst.  

 

Figure 3. ORR performance of Pd/FLG (vs. Pt/C and Pd/C): (A) 
Polarization curves (B) ECSAs- and (C) Mass-normalized current 
densities (jarea, jmass) at 1600 rpm, (D) Tafel plots, (E) Pd/FLG, Pd/C 
and Pt/C current density drop at 0.9V with cycles n°, (F) ECSAs 
measurements- CV curves of Pd/FLG before and after 2500 cycles. 
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The calculated kinetic currents density (jarea) at ∼0.9V is more than 
9 and 12 times higher, while mass normalized kinetic current density 
(jmass) is 12 and 6 times higher for Pd compare to Pt/C and Pd/C, 
respectively. A rough estimation of Tafel slops for Pt/C (Pd/C) gives 
the values of ∼ 58 (62) mV/dec for potential region > 0.85V and ∼ 
122 (130) mV/dec for region < 0.85V. In the case of Pd/FLG, the 
Tafel slops are curiously much lower and higher, i.e. ∼ 32 mV/dec 
for region > 0.96V and  ∼ 169 mV/dec for potentials < 0.96V, 
respectively.  

The Pd/FLG also exhibits superior performance than Pt/C and 
Pd/C in a long-term experiment (Fig. 3). After 2500 cycles 
performed at 25°C between 0.8 to 1.2V vs. RHE at 100 mV/s rate, 
the active surface area (ECSA) remains almost unchanged (1.02 vs. 
1.03 cm2) and only 2% drop of Jarea is detected for Pd, while Jarea for 
Pt is reduced by 35% and, for C supported Pd, by 20%.  

The ORR activity of Pd/FLG in the presence of methanol drops 
only slightly (> 0.2M MeOH), while an important deactivation of 
Pd/C and even more significant of Pt/C catalyst is observed (SI). 

Additional ORR tests performed in H2SO4 agree with literature 
data and uncover low Pd/FLG activity in acid medium (lower than 
Pt/C) (SI). 

Current work is underway to define either the morphological or 
(and) electronic properties of Pd/FLG have an impact on ORR 
activity and stability performance. Both factors, related to each 
other, are of primary importance, as both are inseparably altered by 
FLG support. The flattening of the Pd particles indicates that Pd 
exposes high number of atoms to interact with graphene support, 
which can induces the modification of Pd electronic structure, while 
the observed specific Pd morphology seems to clearly play a role. 
Despite the significant dispersion of “standard shaped” Pd 
nanoparticles in the Pd/C and related to this high active surface, the 
Pd/C ORR performance is far behind.  The electronic modification 
of the firsts Pd layers by FLG support can consist of electron transfer 
or charge redistribution through hybridization of their states (ligand 
effect) and /or to compressive/tensile strain of Pd lattice in a similar 
manner to crystal metals alloys11,18 or to pseudomorphic Pd 
monolayers formed on various noble metals reported by Kibler et 
al.,10 or to the Co3O4-N-graphene interface formation.23  In the case 
of FLG however, a π-electrons rich structure (d-free) plays the first 
fiddle in the interaction with metal, introducing additionally high 
electrical conductivity. 
 

Conclusions 

In summary we have reported that the Pd/FLG exhibits a 
highest ORR performance among the monometallic family 
catalysts in alkaline medium. Apart from the high catalytic 
performance; the simple, scalable, low-cost and environment 
friendly preparation of the support and the catalyst render it 
among the most promising electrocatalysts for fuel cell 
applications. Detailed investigations of Pd/FLG (electronic) 
structure - ORR performance relationship are undergoing. 
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