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In this paper the preparation of a new bimetal electrocatalyst for the oxygen reduction reaction (ORR),
which is one of the most important bottlenecks in the operation of polymer electrolyte membrane fuel
cells (PEMFCs), is described. This material was synthesized through a pyrolysis process of a zeolitic
inorganic–organic polymer electrolyte (Z-IOPE-like) precursor, followed by suitable washing and activa-
tion procedures of the product. The electrocatalyst, whose active sites consist of platinum and rhodium,
was: (a) extensively characterized from the chemical, structural, morphological and electrochemical
EM fuel cell
xygen reduction reaction
t–Rh carbon nitride electrocatalysts
V-TF-RDE method
-ray diffraction

points of view and (b) used to prepare a membrane-electrode assembly (MEA) which was tested under
operative conditions in a single-cell configuration. It was observed that, with respect to a reference mate-
rial based on supported platinum, rhodium did not compromise the performance of the electrocatalyst in
the ORR. This behaviour was interpreted in the framework of a general model concerning the enhance-
ment of ORR performance in bimetal systems supported on carbon nitrides. Finally, the material shows a
slightly better tolerance toward a few common contaminants for the ORR such as methanol and chloride

etha
anions, typical of direct m

. Introduction

In recent years, both the academic and the industrial worlds
ave spent significant efforts for the development of viable fuel
ells [1–3]. These electrochemical devices convert the chemical
nergy of their reagents into direct electric current and heat [4].
n interesting family of fuel cells is the one based on polymer
roton-conducting membranes (Polymer Electrolyte Membrane
uel Cells, PEMFCs) [5]. These devices use mostly hydrogen or
ethanol–water solutions as fuel, which are fed directly into the

ystem (Direct Methanol Fuel Cells, DMFCs) [6]. PEMFCs operate
t low temperatures (under 130 ◦C), and can reach a very high
fficiency (up to ≈65%), much higher than that characterizing tra-
itional thermal engines (at most ≈40% due to Carnot limits) [7].

hese features make PEMFCs very attractive for several applica-
ions, such as in the automotive field [2,8] and to provide power to
onsumer’s portable electronic devices such as laptop computers
nd MP3 players [9]. However, PEMFCs are not in widespread use

∗ Corresponding author at: Dipartimento di Scienze Chimiche, Università di
adova, Via Marzolo 1, I-35131 Padova, PD, Italy. Tel.: +39 049 827 5229;
ax: +39 049 827 5229.

E-mail address: vito.dinoto@unipd.it (V. Di Noto).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.08.005
nol fuel cells (DMFCs) and vehicular applications, respectively.
© 2009 Elsevier B.V. All rights reserved.

yet as there are still several drawbacks to be overcome including
durability, high cost of materials and performance, which still need
to be optimized [10–12]. In particular, one research area which
has recently drawn much attention is the one dealing with the
improvement of the electrocatalysts mounted at the cathode of the
cell, where the oxygen reduction reaction (ORR) takes place [10].
ORR is very sluggish, leading to very high overpotentials which
seriously degrade the operating potential of the cell [10,13]. Fur-
thermore, state-of-the-art electrocatalysts are very expensive as
they consist of nanoparticles of crystalline platinum supported
on active carbons featuring a very large surface area [14]. The
most widespread procedure to prepare these electrocatalysts con-
sists in the impregnation of the supporting active carbons with
appropriate platinum salts followed by their reduction through
chemical methods [15]. Recently, our research group was involved
in the development of new synthesis routes to obtain new elec-
trocatalysts [16–18]. In summary, very interesting results were
obtained from a reaction pathway where a homogeneous, nitrogen-
containing hybrid inorganic–organic precursor is prepared and

subsequently pyrolised, washed and activated to yield the final
materials [19–24]. These systems consist of active sites with the
desired metal composition supported on a carbon nitride matrix.
The nitrogen atoms of latter were meant to coordinate the metal
species of the active sites, stabilizing the interface with the support.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:vito.dinoto@unipd.it
dx.doi.org/10.1016/j.jpowsour.2009.08.005
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t is well-known that one possible approach to obtain improved
lectrocatalysts for the ORR is to use platinum together with a first-
ow transition metal such as Cr, Fe, Co, Ni and others [10,15,25–28].

ith respect to Pt-based reference systems, this procedure leads
o materials with a slightly lower overpotential. This approach
as already been attempted, leading to very promising results
btained with carbon nitride systems featuring platinum–nickel
nd platinum–iron active sites [16–19,21,22,29]. The aim of this
aper was the preparation of a new electrocatalyst material con-
isting of a carbon nitride matrix supporting active sites made
f platinum and rhodium. This study was carried out in order to
xplore the potential of this new preparation procedure to obtain
ctive bimetal carbon nitride systems based on Pt and Rh for use
t the cathode of PEMFCs and DMFCs, and to explore the effect of
second-row transition element on the performance of platinum-
ased ORR electrocatalysts. For the first time, it was found that it is
ossible to synthesize a Z-IOPE using as reagents a rhodium chlo-
ide complex and a platinum cyanometalate, further confirming
he flexibility of this type of preparation protocol. The obtained
-IOPE, after a pyrolysis process showed that: (a) nitrogen was
ncorporated in the support matrix; (b) a good control of the metal
toichiometry was achieved and (c) platinum–rhodium alloys were
ot detected. This latter behaviour is quite unusual and different

f compared with other typical bimetal electrocatalysts described
lsewhere [15,30,31]. A good performance in the ORR both in “ex
itu” measurements and at the cathode of a membrane-electrode
ssembly (MEA) was determined for the proposed bimetal electro-
atalyst, thus demonstrating that the presence of rhodium did not
ompromise significantly the performance of the material.

. Experimental

.1. Reagents

Rhodium trichloride, hydrate (Rh assay: 38%), and potassium
etracyanoplatinate, hydrate (Pt assay: 45.34%) were obtained from
BCR GmbH. D(+)-sucrose, biochemical grade, was Acros reagent.
C-20 was received from ElectroChem, Inc. (nominal Pt loading:
0%) and used as a reference electrocatalyst consisting of supported
t. Vulcan XC-72R carbon black was provided as a courtesy by Car-
ocrom s.r.l. and washed with H2O2 10 vol.% prior to use. All the
ther reagents were used as received.

.2. Preparation of the materials

4 mmol of RhCl3·xH2O (1.080 g) and 4 mmol of K2Pt(CN)4
1.721 g) were each dissolved into the minimum amount of ultra-
ure water (Milli-Q, Millipore), yielding a deep red (A) and a
ransparent solution (B), respectively. 8.92 g of sucrose were dis-
olved into the minimum amount of ultrapure water; the resulting
olution was divided into two identical aliquots (C). One aliquot
f sucrose solution (C) was added to each of the metal-containing
olutions, yielding a deep red (A + C) and a transparent (B + C) solu-
ion, respectively. (A + C) and (B + C) were then mixed together. The
hus obtained solution (A + B + C) was stirred for 15 min and allowed
o rest overnight. A clear deep red solution was obtained, which
as then transferred into a quartz tube and brought to 65 ◦C in
rotovapor to eliminate the excess solvent. A sol → gel transition

mmediately occurred giving so rise to a homogeneous, transpar-
nt light orange gel (D) which contracted and expelled water in the

ourse of a few days due to a gel → plastic process. The resulting
lastic material (E) was then dried at 120 ◦C for 16 h and decom-
osed at 300 ◦C for 2 h yielding a deep brown, coarse material (F).
he whole thermal procedure was performed under a dynamic vac-
um of 10−3 bar. (F) was ball-milled for 3 h and thermally treated
r Sources 195 (2010) 638–648 639

at 600 ◦C under a dynamic vacuum of 10−3 bar for 2 h. The resulting
product consisted in a black powder (G) which was ball-milled for
2 h, washed three times with ultrapure water, treated with H2O2,
10 vol.% and eventually dried under an IR lamp, giving so rise to the
final electrocatalyst material labelled Pt–Rh–CN 600.

2.3. Instruments and methods

The metal composition of the material was determined by ICP-
AES using the method of standard additions. Emission lines were:
�(Pt) = 214.423 nm, �(Rh) = 343.489 nm, �(K) = 766.490 nm. Further
details on the experimental set-up, mineralization procedure and
elemental analyses are reported elsewhere [19]. Thermal analyses
were carried out on a High-Res modulated TGA 2950 thermogravi-
metric analyzer produced by TA Instruments, in an open platinum
pan and in a temperature range from 30 to 1000 ◦C. TGA pro-
files of samples were measured both in an inert N2 and in an
oxidising air atmosphere. FT-IR measurements in both medium-
and far-FT-IR were collected on a Nicolet FT-IR Nexus spectrom-
eter, at a resolution of 4 cm−1. MIR measurements were derived
by averaging 1000 scans. Samples were dispersed in anhydrous
KBr pellets and sealed in a cell with KBr windows filled with N2
inert atmosphere. Far-IR spectra were derived by averaging 1000
scans. Measurements were carried out on samples spread as thin
films on a polyethylene window with nujol. Baseline correction
was performed with Nicolet FT-IR Nexus spectrometer software.
Micro-Raman spectra were collected on a home-made instrument,
composed of: (a) a double Czerny-Turner monochromator, at a
focal distance of 400 mm and a grating of 1800 lines mm−1 blazed
at 5000 Å; (b) a Spectra-Physics Stabilite 2017 Argon Ion Laser,
excitation line set at 514.15 nm, acting as the light source; (c) an
Olympus BX-41 confocal microscope equipped with a 50x objec-
tive (d) a Jobin-Yvon Symphony CCD detector system, cooled with
liquid nitrogen. XRD data were collected on a Bruker D8 Advance
Diffractometer equipped with a Göbel mirror and a Cu-K� source
(40 kV, 40 mA) in the 2� range 2–80◦, with 0.02◦ step and an inte-
gration time of 15 s. Standard images collected with backscattered
electrons were recorded using a Cambridge Stereoscan 250 Mark
1 electron microscope at an acceleration voltage of 20 kV. XPS
analyses were run on a PerkinElmer �5600ci spectrometer with
standard Al-K� radiation (1486.6 eV) operating at 350 W. Work-
ing pressure was lower than 5 × 10−8 Pa. The spectrometer was
calibrated by assuming binding energy (BE) of the Au4f7/2 line at
83.9 eV with respect to the Fermi level. The standard deviation
for BE values was 0.15 eV. Survey scans (187.85 eV pass energy,
1 eV step−1, 50 ms step−1) were obtained in the 0–1300 eV range.
Detailed scans (58.7 eV pass energy, 0.2 eV step−1, 50 ms step−1)
were recorded for the O1s, C1s, N1s, Cl2p, K2p, Rh3d and Pt4f
regions. Atomic composition was evaluated after Shirley-type
background subtraction [32], with sensitivity factors supplied by
PerkinElmer [33]. Samples were introduced directly into the XPS
analytical chamber by a fast entry lock system. Peaks were assigned
on the basis of the values reported in the NIST XPS Database
[33–35].

2.4. Electrode preparation and electrochemical measurements

Porous electrodes were prepared according to a procedure
described elsewhere [22]. 12 mg of Pt–Rh–CN 600 material was
added to the same amount of XC-72 R carbon black. The resulting

mixture was ball-milled for 3 h to obtain a homogeneous dis-
persion. 17.16 mg of the resulting powder was placed in a glass
vial, together with 3.33 g of ultrapure Milli-Q water (Millipore)
and 31 �L of a commercial Nafion solution (Aldrich, 5 wt%). The
resulting ink was sonicated for about 1 h to ensure a good homo-
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Table 1
Chemical composition of the Pt–Rh–CN 600 material and of EC-20 reference.

Material wt% Formula

Pta Rha Ka Cb Nb

Pt–Rh–CN 600 15.21 6.84 0.85 60.17 1.72 K0.28[PtRh0.85C64N1.6]
c
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EC-20 20 – –

a Determined by ICP-AES spectroscopy.
b Determined by elemental analysis.
c Commercial material produced by Electrochem Inc. Nominal values.

eneity. 15 �L of the ink were then transferred to the top of a
reshly polished glassy-carbon electrode tip with an active diame-
er of 5 mm, yielding an overall Pt loading of about 30 �g Pt cm−2.

ater was then removed from the ink by evaporation under an
R lamp. The same procedure was applied to prepare the electrode
o test the EC-20 reference material, with the difference that no
C-72 R was added, resulting in an overall Pt loading of about
0 �g Pt cm−2. The overall thickness of the electrode layer was
a. 1.4 and 0.7 �m for Pt–Rh–CN 600 and EC-20 electrocatalyst,
espectively. The tip was then mounted on an EDI 101 rotating
lectrode attached to a CTV 101 speed control unit, both pro-
uced by Radiometer Analytical. The resulting system was used as
working electrode in order to test the ORR activity of the electro-
atalyst materials. A platinum counter-electrode was adopted. An
g/HgSO4/K2SO4 (saturated) reference electrode was placed in a

eparate compartment and connected to the main electrochemical
ell by a salt bridge filled with a KClO4 saturated solution. The cell
as filled with a 0.1 M HClO4 solution, and electrochemical mea-

urements were performed at 60 ◦C by rotating the electrode at a
ingle angular speed of 1600 rpm [10]. Data were collected on a
otentiostat/Galvanostat model 263A, EG&G Instruments. Materi-
ls were activated by cycling the working electrode between 0.05 V
nd 1.15 V vs. NHE until the voltammograms became stable. High-
urity nitrogen, oxygen and carbon monoxide (Air Liquide) were
sed to saturate the electrochemical cell and to test the electro-
atalytic performance of the materials in various atmospheres. The
lectrochemical performance of the materials in the ORR was eval-
ated by collecting linear sweep voltammetries (LSVs) from 0.05 to
.15 V at 5 mV s−1. The poisoning effect of methanol and chloride
nions in the ORR was evaluated as described elsewhere by col-
ecting LSVs at 5 mV s−1 at increasing methanol and chloride anion
oncentrations of 0, 0.1, 0.5, 1 M and 10−4, 10−3, 10−2 M, respec-
ively [36]. The geometric current density (expressed as mA cm−2)
as obtained by subtracting the trace of the material collected in a
ure nitrogen atmosphere from those of the same system measured

n a pure oxygen atmosphere, and then by normalizing the resulting
urrents on the geometric area of the disk electrode (∼0.196 cm2).
O adlayer stripping measurements were performed as described
lsewhere [37]. First, pure CO was used to saturate at 1 atm the
lectrochemical cell; second, the electrode was set at 0.2 V vs. NHE

or 10 min in order to coordinate CO ligands to active sites. Finally,
he electrochemical cell was saturated with pure nitrogen at open-
ircuit potential (OCP) and then a stripping process was performed
rom 0.05 to 1.15 V vs. NHE at 20 mV s−1 in order to oxidise the
dsorbed CO.

able 2
ata derived from TGA curves in oxidising atmosphere.

Material Water adsorption (%)a T

Pt–Rh–CN 600 4.77 3
EC-20 1.36 4

a Value determined at T = 100 ◦C.
b Temperature of material oxidation (TMO).
c Mass elimination at TMO.
d Value determined at T = 500 ◦C.
80 – [PtC65]

2.5. MEA preparation and tests in a single fuel cell

A MEA was assembled according to a procedure described
elsewhere [29] mounting the EC-20 reference at the anode and
the Pt–Rh–CN 600 at the cathode using as a proton-conducting
electrolyte a commercial Nafion 117 (N117) membrane. The con-
figuration of the resulting membrane-electrode assembly (MEA)
is: EC-20/N117/Pt–Rh–CN 600. The platinum loading on both elec-
trodes was set equal to about 0.4 mg cm−2. A commercial MEA
(ElectroChem Inc.) having an active area of 1 cm2 and mounting
at both the anode and the cathode the EC-20 electrocatalyst with a
loading of 1 mg Pt cm−2, was used as reference and tested in exactly
the same conditions. The electrochemical activity of the cathodic
electrocatalysts was evaluated using pure hydrogen as a fuel and
pure oxygen as oxidant. The temperatures of the cell and gases were
80 and 87 ◦C, respectively. The hydrogen and oxygen flow rates
were 800 and 2000 ml min−1, respectively. The back pressure of the
fully humidified gases was kept at 4 bar. The single-cell tests were
carried out in a 5 cm2 single-cell with one channel serpentine flow
fields for both the anodic and the cathodic side. The performance of
the MEAs was determined as follows. Polarization curves were col-
lected continuously from open-circuit potential (OCP) up to 0.1 V at
5 mA s−1 until the system reached stability. The final polarization
curve was collected immediately afterwards. The performance of
the MEAs in the kinetically controlled regime was evaluated by col-
lecting a polarization curve at 0.1 mA s−1 from OCP up to ca. 0.88 V.
The polarization curves were not corrected for internal resistance
losses.

3. Results and discussion

3.1. Chemical composition of Pt–Rh–CN 600 electrocatalyst

Elemental analysis and inductively coupled plasma atomic
emission spectroscopy (ICP-AES) measurements allowed to deter-
mine the chemical composition of the Pt–Rh–CN 600 material.
Results are reported in Table 1. The data of Table 1 indicate that
the Pt/Rh molar ratio of the product (i.e., 1.18) is quite similar
to that of reagents (i.e., 1). In addition, a small fraction of potas-
sium is present in the chemical composition of the product. The

nitrogen content of the material is lower than 2% and no hydro-
gen was detected. In accordance with other studies [16,19,20,22],
these results confirm that the synthesis protocol adopted here
allows to obtain products characterized by: (a) a good mod-
ulation of the relative amounts of the desired metals (in this

MO (◦C)b �wt% TMO
c Residue (%)d

46 65.8 28.72
03 63.2 20.73
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the far-FT-IR (FIR) and mid-FT-IR (MIR). MIR and micro-Raman
spectra are shown in Fig. 2a and b, respectively. Fig. 3 reports the
FIR spectra of materials. The correlative assignments of vibrational
peaks, summarized in Table 3 [22,38–40], allow to reveal two main
spectral characteristics of Pt–Rh–CN 600 material, i.e.: (a) modes
ig. 1. Thermogravimetric profiles of Pt–Rh–CN 600 (�) and EC-20 (©). Measure-
ents performed in N2 (a) and air (b) atmospheres.

ase Pt and Rh); (b) a small amount of potassium, which wit-
esses the presence of anionic complex species supported on the
arbon nitride layered structure of Pt–Rh–CN 600; (c) a small frac-
ion of nitrogen and (d) no hydrogen, thus suggesting that the
raphitization of the matrix is complete, giving so rise to the
ormation of electrocatalysts with a good electrical conductiv-
ty.

.2. Thermogravimetric studies

Fig. 1 shows the thermogravimetric profiles of investigated
aterials, and Table 2 reports the thermal parameters determined

rom TG curves. A careful analysis of results indicates that, with
espect to the EC-20 reference, the Pt–Rh–CN 600 material is more
ygroscopic. Indeed, the mass loss at T < 100 ◦C of Pt–Rh–CN 600
aterial is more than three times higher with respect to that of

C-20 both in an inert and in an oxidising atmosphere. Measure-
ents performed under air atmosphere revealed that Pt–Rh–CN

00 and EC-20 are thermally stable up to 360 ◦C and 380 ◦C, respec-
ively. The residuals in air atmosphere at T > 500 ◦C are consistent
ith the metal assay of the materials determined through ICP-AES.

t should be observed that the mass residue of Pt–Rh–CN 600 is

lightly higher with respect to that expected on the basis of the
etal assays owing to the formation of oxides and carbon nitrides

t high temperatures.
Fig. 2. Vibrational spectra of Pt–Rh–CN 600 (�) and EC-20 (©). (a) MIR and (b)
micro-Raman profiles.

3.3. Structural characterization

3.3.1. Vibrational spectroscopy studies
Structural information on the Pt–Rh–CN 600 material was

obtained by micro-Raman and vibrational studies performed in
Fig. 3. FIR spectra of Pt–Rh–CN 600 (�) and EC-20 (©).
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Table 3
MIR, FIR, Fourier transform IR (FT-IR) and micro-Raman band assignments of Pt–Rh–CN 600 and EC-20 electrocatalyst materials.

Pt–Rh–CN 600a EC-20a Band assignmentb,c Reference

IR Raman IR Raman

3505 (sh, w) 3500 (sh, vw) �free(OH) [22]
3430 (w) 3432 (s, broad) �(OH) [22]

3308 (w, broad) 3251 (sh, vw) �hy(OH) [22]
3030 (sh, vw) Aromatic �(CH) [38]

1711 (sh, w) 1710 (sh, w) �(COO) [22]
1584 (s) 1593 (vs) 1588 (vs) 1595 (vs) G-band in-plane stretching: (a) IR E2u and (b) Raman E2g [22]

1430 (w) A2u [22]
1349 (sh, vw) 1362 (m) 1327 (w) 1349 (s) D band, A1g longitudinal acoustic wave [22]

1277 (vs) 1258 (vs) �(C–O), ether [22]
1130 (sh, vw) 1115 (vw) �(C–O), phenolic [22]
1048 (sh, vw) 1020 (sh, vw) �(C–O), alcoholic [22]

990 (sh, vw) �(C–C) of olefinic bonding of sp2 structure [22]
884 (w) Heterocyclic ring “breating” [38]
820 (w) 800 (w) A2u (oop) [22]

760 (sh, w) Graphite-like sp2 domains [39]
546 (vw) �(Pt–O) [40]

470 (w) �(Pt–C) [40]
430 (vw) 420 (w) oop bending mode [22]

206 (w) 215 (vw) Graphitic Ag lattice vibrations [22]
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to the reflections (1 1 1), (2 0 0), (2 2 0) and (3 1 1) which are inten-
sities typical of Pt nanocrystals with a face-centred cubic structure.
The XRD profile of Pt–Rh–CN 600 shows features quite similar to
those already found in the EC-20 reference. In this case the weak
peak measured at 2� ≈ 23.8◦ (inset of Fig. 4) was ascribed to the
a Relative intensities are reported in parentheses: vs, very strong; s, strong; m, m
b �, stretching; oop, out-of-plane.
c Assignments performed correlatively on the basis of [22,38–40].

ssociated with the carbon nitride backbone matrix and (b) modes
ssociated with functional groups such as ethers, phenols, alcohols
nd carboxyls present on the surface of the carbon nitride grains.
f particular interest are the spectral features associated with
raphite-like materials which are detected in the region between
800 and 1000 cm−1. The two peaks, detected in the micro-Raman
pectra at about 1590 and 1360 cm−1 were assigned respectively
o the graphitic Raman-active E2g mode (G) and to the A1g lattice
ibration (D) [22]. It is expected that in typical amorphous carbon
aterials G and D bands are infrared inactive, while in the MIR spec-

ra of the Pt–Rh–CN 600 material they are detected. This evidence
as attributed to the substitution of carbon atoms with nitrogen

nd to the breakdown of the k-selection rule originated from the
onsiderable structural disorder in the graphitic-like structure of
he Pt–Rh–CN 600 matrix [41]. The shapes of D and G FT-IR and
aman profiles reported in Fig. 2a and b are very similar to those
ypical of carbon nitrides having a nitrogen content ranging from
% to 9% [42,43]. The vibrational studies on the spectral features
ttributed to the graphitic-like microdomains of the Pt–Rh–CN 600
aterial permit us to conclude that: (a) carbon atoms are found in

oth sp2 and sp3 hybridizations; (b) a fraction of sp2 carbons are
ubstituted by nitrogen and (c) a fraction of carbon atoms found on
he surface of the carbon nitride grains are involved in the forma-
ion of oxygenated functional groups such as alcohols, ethers and
henols [22]. This latter information is clearly witnessed by the
IR bands located in the range 1280–1050 cm−1 (Table 3) [22]. No

ands were detected in the frequency range 2000–2400 cm−1, thus
ndicating that the C N groups coordinating the platinum atoms in
he reagent have been incorporated in the carbon nitride matrix
38]. Inspection of FIR and micro-Raman spectra in the region
elow 600 cm−1 shows that: (a) no metal-ligand vibrations in both
t–Rh–CN 600 and EC-20 materials are revealed and (b) two very
eak features at 430 and 215 cm−1 are observed, which correspond

espectively to the out-of-plane bending modes and to the Ag lattice
ibrations typical of both graphitic materials and of �-phase carbon
itrides [22]. This evidence suggests that the metal nanoparticles

re probably supported on graphitic-like carbon nitride nanometric
rains. The particle grain size of the support of both Pt–Rh–CN 600
nd EC-20 materials was determined using Raman G and D bands
ccording to a procedure reported elsewhere [41]. Results indicated
hat the particle size of the crystalline domains of Pt–Rh–CN 600
; w, weak; vw, very weak; sh, shoulder.

material and EC-20 reference is 1.45 and 1.20 nm, respectively. In
summary, the information obtained from vibrational studies indi-
cates that the proposed Pt–Rh–CN 600 material consists of carbon
nitride nanoparticles bearing on their surface oxygenated function-
alities such as alcohol, ether and phenol groups and supporting the
metal active sites.

3.3.2. XRD analysis
The powder XRD spectra of both Pt–Rh–CN 600 and EC-20 were

analysed to gain information on the structural features of the pre-
pared electrocatalyst (Fig. 4). The peaks of the EC-20 spectrum
were easily assigned on the basis of other studies [22,44,45]. As
expected, two phases were detected in EC-20: graphite and plat-
inum. The former phase was detected by the (1 1 1) peak found
at 2� ≈ 25◦. The metallic phase was identified owing to the peaks
located at 2� ≈ 39.9◦, 46.1◦, 67.6◦ and 81.5◦ associated respectively
Fig. 4. Powder XRD patterns of Pt–Rh–CN 600 (�) and EC-20 (©). The Miller index-
ing of the patterns is shown. The inset shows the (1 1 1) peak of graphite-like CN of
Pt–Rh–CN 600.
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EC-20 (b) collected with backscattered electrons.
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port or of original reagents. The oxygen peak, detected at 532 eV
is essentially symmetric (Fig. 7c), and is attributed to oxygenated
functional groups such as esters, aromatic rings, carboxylates, alco-
holates, polyalcohol and polyether groups, thus confirming the

Table 4
Surface chemical composition (at.%) of Pt–Rh–CN 600 and EC-20 reference evaluated
by XPS measurements.

Element Pt–Rh–CN 600 EC-20
Fig. 5. SEM images of Pt–Rh–CN 600 (a) and

1 1 1) reflection of a graphitic-like carbon nitride nanoparticle.
he smaller 2� value determined on Pt–Rh–CN 600 confirms that,
n accordance with vibrational studies, some sp2 carbons of the
raphitic layers are substituted by nitrogen atoms endowed with
he same hybridization, which leads to a slightly larger interpla-
ar distance. Furthermore, the remaining peaks are ascribed to two
ifferent metal phases sharing the same face-centred cubic struc-
ure. The first metal phase shows peaks located at 2� ≈ 39.9◦, 46.1◦,
7.6◦ and 81.5◦, and corresponds to platinum nanoparticles [44].
he second phase presents reflections peaking at 2� ≈ 41.1◦, 47.8◦,
9.6◦ and 84.2◦, which was assigned to rhodium metal nanopar-
icles [46]. It should be observed that the peak positions of these

etal nanoparticles are very close to those found in pure Pt and
h metals. Thus, a negligible alloying effect between Pt and Rh is
xpected. In the Pt–Rh–CN 600 the average nanocrystalline sizes
f the various phases was determined with the Debye–Scherrer
ethod using the (2 0 0) fcc reflection. Results indicated that the

ize of metal crystallites of Pt–Rh–CN 600 material is larger with
espect to that of EC-20 reference. Indeed, for Pt–Rh–CN 600 the Pt
nd Rh crystallites have an average size of 6.8 and 10.9 nm, respec-
ively, while in EC-20 reference Pt crystallites present a size of ca.
.0 nm.

.4. Surface studies

.4.1. Morphology analyses
Scanning electron microscopy (SEM) was used to gain informa-

ion on the surface morphology of both Pt–Rh–CN 600 and EC-20
eference. The micrographs in backscattered electrons shown in
ig. 5 show that the surface morphology of the two investigated
aterials is similar. Indeed, it consists of nanometric bright spots

the phase 1) immersed in a dark background matrix (the phase 2).
hase 1 was ascribed to the metal nanocrystals, and phase 2 to the
raphitic-like supporting matrix.

.4.2. XPS measurements
XPS was used to obtain information on the oxidation states and

urface chemical composition of the various atoms in Pt–Rh–CN
00. Survey spectra of materials are shown in Fig. 6. The presence
f carbon, oxygen and platinum was evidenced in both samples.
he higher surface concentration of platinum in the EC-20 mate-
ial, as evidenced in Table 4, results in a more intense Pt peak. A
ery strong peak has been detected in both materials at 284.4 eV,
hich was ascribed to the carbon atoms composing the graphitic-

ike structure of the support characterized by a good electrical
onductivity as evidenced by the lack of charging effects [33]. In

ddition, the presence of nitrogen and rhodium is revealed on the
urface of Pt–Rh–CN 600 material, thus pointing to their incor-
oration in the outer structure of the electrocatalyst. Results of
uantitative analyses reported on Table 4 were obtained acquir-

ng detailed scans of the C1s, N1s, O1s, Rh3d and Pt4f regions. In
Fig. 6. XPS spectra of Pt–Rh–CN 600 and EC-20 material.

particular, it was observed that in both EC-20 and Pt–Rh–CN 600
materials, platinum shows only one component peaking at 71.3 eV.
This phenomenon, which is typical of a Pt(0) specie [33], con-
firms that in both electrocatalysts platinum atoms found on or near
the surface of the nanoparticles belong to the metal nanocrystals
evidenced by powder XRD. Furthermore, in Pt–Rh–CN 600 sys-
tem (Fig. 7b) two doublets of Rh nanoparticles peaking at 307.3
and 310 eV are distinguished, which are ascribed respectively to
Rh(0) and Rh(III) species [33,35,47]. The Rh(III) peak is compatible
with the BE value of Rh2O3 or Rh coordinated by a nitrogen-
containing ligand. A further peak is located at 303 eV, which was
attributed to an Auger Mg line deriving from contamination on
the X-ray source. The approximate molar ratio between Rh(0) and
Rh(III) species is 8:1 and was determined starting from the rel-
ative areas of the corresponding XPS peaks. Taken together, it is
to be hypothesized that Rh nanocrystals consist of a Rh(0) core
having some Rh(III) species on the surface. The Rh(III) species on
the surface are detected owing to the coordination of the oxidised
metal ions with ligands containing N and/or O atoms of the sup-
Pt 0.6 1.1
Rh 0.8 –
C 80.6 93.8
N 2.6 –
O 15.3 5.1
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ig. 7. Detailed XPS scans of selected regions in the spectrum of Pt–Rh–CN 600
aterial. (a) Decomposition of Pt 4f region; (b) decomposition of Rh 3d region and

c) O1s region.

vidences previously determined by vibrational spectroscopy stud-
es (Table 3) [22,38–40].

.5. Electrochemical studies

Information on the performance of the materials toward the ORR
as determined by cyclic voltammetry with the thin-film rotating-
isk electrode (CV-TF-RDE) method as described elsewhere [10,48].
ata were obtained at only one rotation speed as the study of a
evich–Koutecky plot was outside the scope of this work. Positive-
oing sweeps, which were collected in exactly the same conditions,
ere corrected from mass transport contributions as described
lsewhere [19,22]. The correction was carried out assuming that
he diffusion-limited geometric current density of each material
as equal to the value shown in Fig. 8a by the corresponding

race at 0.1 V vs. NHE. Positive-going sweeps were used to com-
are the geometric current density of the samples (Fig. 8a) and to

able 5
arameters describing the electrochemical performance of samples toward the ORR proc

Material Geometric current density
at 0.8 V (mA cm−2)a

Activation
potential (mV)b

Tafe
(mV

Pt–Rh–CN 600 0.63 896 60.2
EC-20 1.32 935 60.2

a Geometric current densities are determined using the CV profiles reported in Fig. 8a.
b The activation potential is the potential value measured in the Tafel plot at log(jkin) =
c Value determined in the high-potential region (V > 0.85 V vs. NHE).
d Value normalized on the geometric surface of the electrode.
e Determined from the CO adlayer stripping traces reported in Fig. 9.
Fig. 8. (a) CV-TF-RDE profiles of Pt–Rh–CN 600 (�) and EC-20 (©); sweep rate:
5 mV s−1; the electrode is rotated at 1600 rpm. (b) Tafel plots obtained from the
rotating-disk data of (a) after removing the contribution due to the mass transport.

obtain the Tafel plots reported in Fig. 8b. The most significant fig-
ures accounting of the electrochemical performance of materials
are summarized in Table 5. The activation potential was evalu-
ated in the Tafel plot at log(jkin) = −1.5, where jkin is the mass
transport corrected kinetic geometric current density, expressed
as mA cm−2 [22]. Both the EC-20 reference and the Pt–Rh–CN 600
materials present two different Tafel slopes, equal to about 60 and
120 mV decade−1 in the higher and lower potential region, respec-
tively (Fig. 8b). This coincidence indicates that the same mechanism
for the ORR is found in both materials, which is corresponding to
a 4-electron pathway [49]. In this case, the typical charge transfer
coefficient is ˛ = 0.5 [50,51]. The exchange current densities were

determined on the lines fitting the Tafel plots of the ORR in the high-
potential region (V > 0.85 V vs. NHE, see Fig. 8a) at a value equal to
1220 mV (i.e., the thermodynamic potential of the ORR at 60 ◦C). The
comparison of the kinetic performance of the Pt–Rh–CN 600 mate-

ess.

l slope
decade−1)c

Exchange current
density j0 (A cm−2)d

Pt + Rh specific area
(m2 gPt+Rh

−1)e

10−9.88 33.2
10−9.28 37.0

−1.5 in Fig. 8b.
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ig. 9. CO adlayer stripping curves of Pt–Rh–CN 600 (�) and EC-20 (©). Sweep rate:
0 mV s−1.

ial with the EC-20 reference points out that the latter system shows
slightly higher activation potential, i.e, 935 mV vs. 896 mV. With

espect to the EC-20 reference, the intrinsic activity of Pt–Rh–CN
00 is ca. four times lower as derived from exchange current densi-
ies. CO adlayer stripping (Fig. 9) was used to determine the specific
urface area of the active metal nanoparticles of the electrocatalysts
37]. The integration of the CO stripping peak of EC-20, assuming a
pecific charge equal to 484 �C cmPt

−2 [52], yielded a specific sur-
ace area of 37.0 m2 gPt

−1. This latter value is typical for commercial
eference systems [10]. In Pt–Rh–CN 600 material it is very difficult
o measure the individual Pt and Rh surface specific area owing to
he fact that both these metals: (a) adsorb irreversibly CO and (b)
ive rise to CO stripping peaks which are overlapped at the same
otential [37,52,53]. Therefore, the integration of Pt–Rh–CN 600
tripping peak of Fig. 9 will provide information on the overall spe-
ific surface area of Pt and Rh. If rPt is the average radius of the
latinum nanocrystals, the average volume of a platinum nanocrys-
al VPt can be expressed by (1), in the simplified hypothesis of a
pherical crystal:

Pt = 4
3

�r3
Pt (1)

he weight of a single platinum nanocrystal wPt can be expressed
y (2), where dPt is the density of the platinum metal:

Pt = VPtdPt = 4
3

�r3
PtdPt (2)

f nPt is the number of platinum moles found in the Pt–Rh–CN 600
aterial and WPt is the atomic weight of platinum, the number of

latinum crystals NPt in the Pt–Rh–CN 600 material is:

Pt = nPtWPt

wPt
= nPtWPt

4/3�r3
PtdPt

(3)

n the hypothesis of spherical crystals, the surface area of all the
latinum found in the Pt–Rh–CN 600 material can be expressed as:

Pt = NPt4�r2
Pt = 3nPtWPt

rPtdPt
(4)

he same argument holds true for rhodium. The surface area of all
he rhodium nanocrystals can thus be expressed by:

Rh = 3nRhWRh

rRhdRh
(5)
ow, the ratio between the overall area of platinum and rhodium
anocrystals can be expressed by:

APt

ARh
= nPtWPtrRhdRh

nRhWRhrPtdPt
≈ 2.07 (6)
Fig. 10. Effect of Cl− poisoning on the mass activity of the electrocatalysts toward
ORR. (a) EC-20; and (b) Pt–Rh–CN 600.

This result is expected if we consider that in Pt–Rh–CN 600
the two metal phases consist of supported pure platinum and
pure rhodium nanoparticles with their typical densities and atomic
weights. Thus, if we consider that from material composition
nPt/nRh = 1/0.85 ≈ 1.18 and from powder X-ray diffraction results
rRh/rPt = 5.45/3.4 ≈ 1.6, Eq. (6) holds true provided that Pt and Rh
nanocrystals share the same morphology, which can also be differ-
ent from spherical. Indeed, literature reports that in most instances
platinum and rhodium yield nanoparticles with a similar shape,
either cubic (Pt) [54,55], fcc or quasi-icosahedral (Rh) [56]. Finally,
the charge needed to remove one monolayer of CO from the
Pt–Rh–CN 600 can be expressed by:

QPt+Rh = APtQPt + ARhQRh

APt + ARh
= 2.07ARhQPt + ARhQRh

2.07ARh + ARh

= 2.07QPt + QRh

3.07
≈ 450 �C/cm2 (7)

The specific charge of pure Rh has been assumed equal to
380 �C cmRh

−2 [57]. Thus, it is found that: (a) the specific sur-
face area of the metals in the Pt–Rh–CN 600 material is equal to
33.2 m2 gPt+Rh

−1 and (b) the specific surface of Pt is 31.9 m2 gPt
−1,

close to the values found in the literature for commercial systems
[10]. It can be concluded that Pt–Rh–CN 600 and the EC-20 refer-
ence are characterized by an almost equivalent electrochemically

active area and by similar kinetic parameters (Table 5), even if EC-
20 shows a slightly larger intrinsic activity which is in line with the
characteristic parameters elsewhere reported [13]. The effect of Cl−

and methanol contaminants on the ORR process is shown respec-
tively in Figs. 10 and 11. Results demonstrate that, with respect
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Fig. 11. Effect of methanol poisoning on the mass activity of the electrocatalyst
toward the ORR. Pt–Rh–CN 600 (�) and EC-20 (©). The inset shows the traces at a
geometric current density near to zero.

Fig. 12. Polarization curves of EC-20/N117/Pt–Rh–CN 600 MEA (�) and commer-
cial reference MEA (©). The currents were normalized on both the active area and
platinum mass (a) and on platinum mass only (b) present at the cathodic electrode.
Electrical mass power profiles (c). Tests were carried out with a 5 cm2 single-cell
operating with pure H2 at the anode and pure O2 at the cathode. H2/O2 flow was
800 and 2000 ml min−1 at 100% RH.
Fig. 13. Tafel plots of polarization curves collected at 0.1 mA s−1. Cathode fed with
pure oxygen. Current values were normalized on platinum mass at cathodic elec-
trode. Other operating conditions as in Fig. 12.

to the EC-20 reference, the Pt–Rh–CN 600 is more tolerant toward
these poisoning agents. In particular, an increase of chloride anion
concentration from zero to 10−2 M (Fig. 10), reduces the potential
of the ORR by 112 and 156 mV respectively for Pt–Rh–CN 600 and
the EC-20 reference. In Fig. 11, it is observed that the maximum
methanol oxidation geometric current density for the Pt–Rh–CN
600 and EC-20 is 26.6 and 46.6 mA cm−2, respectively. Furthermore,
in this condition the potential where the mass activity is zero is
equal to 496 and 486 mV vs. NHE, respectively, for Pt–Rh–CN 600
and EC-20 (see inset of Fig. 11). On the basis of these evidences it
is to be concluded that: (a) the Pt–Rh–CN 600 material has a lower
capability to oxidise methanol and (b) it probably requires a slightly
higher overpotential to perform the methanol oxidation reaction
thus leading, with respect to the EC-20 reference, to a slightly better
tolerance toward the effects of methanol crossover process.

3.6. Tests in single fuel cell

The polarization curves of the MEA prepared with the Pt–Rh–CN
600 material at the cathode, and of the commercial reference MEA
are reported in Fig. 12. Two types of mass activities were consid-
ered. The first is obtained by normalizing the current to both the
Pt mass and the geometric area of the cathode electrode (Fig. 12a),
while the second is obtained by normalizing the current only on
the Pt mass on the cathode electrode (Fig. 12b). The corresponding
power curves, normalized on the mass of platinum on the cathode
electrode, are shown in Fig. 12c. The figures of merit characterizing
the performance of the MEAs are reported in Table 6. In particular,
polarization curves were collected in the high-potential regime at
0.1 mA s−1 in order to study the kinetic performance of the cathodic
electrocatalyst in the ORR. The Tafel plots of polarization curves
thus measured are shown in Fig. 13. In this way it was possible to
determine carefully the open-circuit potential and the mass activity
of the electrocatalyst at 0.9 V as described elsewhere [29]. The Tafel
slope of the investigated materials is similar and equal to about
60 mV decade−1, thus suggesting that both electrocatalysts reduce
the oxygen directly to water through the four-electron mechanism
typical of platinum [29,49]. It should be noted that at V < 0.85 V,
the performance of the MEA depends on a number of other fac-
tors beyond the kinetics of the electrocatalysts in the ORR, such as
the transport of water and reagents, the resistance of the polymer
electrolyte membrane, the electrodes and the interfaces [58]. To
gauge the performance of the system in these conditions, which
are very important from a practical point of view, two figures of

merit were taken into account: the mass activity at 0.65 V and
the mass efficiency, considered as the minimum mass of platinum
mounted at the cathode necessary to produce 1 kW of electrical
power [10,29,59]. This later parameter corresponds to the recipro-
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Table 6
Parameters describing the electrochemical performance of MEAs in single PEMFC.

MEA Platinum mass activity at 0.9 V (A gPt
−1) Platinum mass activity at 0.65 V (A gPt

−1) Open-circuit potential (V)a Mass Efficiency (gPt kW−1)b

EC-20/N117/Pt–Rh–CN 600 34.6 765 1.013 1.20
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Commercial MEA 34.0 1100

a The open-circuit potential is the potential value measured in the Tafel plot of F
b The mass efficiency is the minimum cathodic platinum amount required to pro

al of the maximum mass power measured on the power curves
hown in Fig. 12c. Results summarized in Table 6 witness that the
verall performance of the two investigated MEAs is quite sim-
lar, both at V > 0.85 V and under PEMFC “operative” regimes at
< 0.85 V. It is observed that the addition of Rh in the chemical

omposition of the proposed electrocatalyst does not lead to a sig-
ificant reduction in the ORR overpotential. Finally, it should be
ointed out that further work is necessary in order to determine the

ong-term durability of the here proposed material in a single-cell
onfiguration.

.7. Structural and functional models

The integration of the data deriving from the independent
haracterization techniques reported above prompts us to hypoth-
size that the Pt–Rh–CN 600 material consists of a very rough
arbon nitride matrix supporting metal nanocrystals of either plat-
num or rhodium. It is expected that Pt and Rh nanocrystals of
.8 and 10.9 nm diameter size are randomly distributed in the
hree-dimensional structure of the material. Pt–Rh–CN 600 elec-
rocatalyst is produced from a homogeneous plastic precursor
hrough a pyrolysis process, while the precursor is synthesized
y a thermally activated polycondensation reaction. The rough-
ess of the support matrix is provided by the elimination of the
olatile components which are generated from the organic moi-
ties of the precursor material during the pyrolysis process. The
ack in the Pt–Rh–CN 600 material of a significant reduction in
he overpotential of the ORR has been attributed to: (a) the poor
ewis acid character of rhodium [60] and (b) the phase segrega-
ion phenomenon taking place in this system between Rh and Pt
anoparticles. Previous studies on bimetal carbon nitride electro-
atalysts for the ORR showed that an improved performance is
chieved when Pt or Pd active metals in their (0) oxidation state are
ocated next to Fe, Ni and Co complexes which act as strong Lewis
cids [19–24]. In this latter case Fe, Ni and Co are found in their oxi-
ised state. The material here proposed behaves differently. Indeed,

n Pt–Rh–CN 600, platinum and rhodium are both in their (0) oxi-
ation state and the “enhancing” effect provided by the second
etal in its oxidised state is not observed owing to the fact that:

a) platinum and rhodium develop distinct phases, thus leading to
reduced probability to find two different metal atoms nearby; (b)
ost of Rh is found in its (0) oxidation state and (c) Rh(0) presents a

oor Lewis acid character [60]. These considerations and the results
ere reported prompt us to conclude that the predominant ORR cat-
lytic activity of the Pt–Rh–CN 600 material is provided by platinum
ctive sites. The structural and functional models here proposed are
lso consistent with the improved tolerance of the Pt–Rh–CN 600
aterial towards the Cl− and methanol contaminants in the ORR.

ndeed, it is expected that a significant fraction of the active sites
re bound on a hindered carbon nitride support, which prevents the
ite poisoning while allowing the transport of CO and O2 molecules.
. Conclusions

In this report a synthesis procedure for the preparation of a new
-IOPE-like plastic precursor is described. The pyrolysis at 600 ◦C of
his material followed by washing and activation processes resulted

[

[
[
[

1.005 1.12

at log(ikin) = 0.
kW of electrical power measured at the maximum of the curves shown in Fig. 12c.

in a carbon nitride-based electrocatalyst for the ORR containing
both platinum and rhodium. The material, labelled Pt–Rh–CN 600,
was extensively characterized from the chemical, structural, mor-
phological and electrochemical points of view. A well-modulated
ratio between the metal atoms present in the Pt–Rh–CN 600 mate-
rial was achieved. The structure of the electrocatalyst consisted
of a very rough carbon nitride matrix supporting on the surface
platinum and rhodium nanocrystals as the active sites. The electro-
chemical performance in the ORR of the Pt–Rh–CN 600, determined
in a single-cell MEA under operative conditions, was very similar
to that shown by a reference electrocatalyst supporting platinum
nanoparticles on graphite, both in terms of open-circuit potential
(1.013 V for Pt–Rh–CN 600 vs. 1.005 V for the reference) and mass
efficiency (1.20 gPt kW−1 for Pt–Rh–CN 600 vs. 1.12 gPt kW−1 for
the reference). This result indicates that Rh nanoparticles don’t
compromise the ORR performance owing to their: (a) phase seg-
regation from platinum and (b) negligible Lewis acid character in
the carbon nitride matrix. Finally, with respect to EC-20 reference,
a slightly better tolerance in the ORR process towards typical con-
taminants such as chloride anions and methanol was observed for
the Pt–Rh–CN 600 electrocatalyst.
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