
Electrocatalysis
 

Correlation between Precursor Properties and Performance in the Oxygen Reduction
Reaction of Pt and Co “Core-shell” Carbon Nitride-based Electrocatalysts

--Manuscript Draft--
 

Manuscript Number:

Full Title: Correlation between Precursor Properties and Performance in the Oxygen Reduction
Reaction of Pt and Co “Core-shell” Carbon Nitride-based Electrocatalysts

Article Type: SI: Electrocat 2018

Order of Authors: Vito Di Noto, Ph.D.

Enrico Negro, Ph.D.

Angeloclaudio Nale, Ph.D.

Pawel J. Kulesza, Ph.D.

Iwona A. Rutkowska, Ph.D.

Keti Vezzù, Ph.D.

Gioele Pagot, Ph.D.

Corresponding Author: Vito Di Noto, Ph.D.
Università degli Studi di Padova
Padova, Veneto ITALY

Corresponding Author Secondary
Information:

Corresponding Author's Institution: Università degli Studi di Padova

Corresponding Author's Secondary
Institution:

First Author: Vito Di Noto, Ph.D.

First Author Secondary Information:

Keywords: PtCox carbon nitride based electrocatalysts;  "Core-shell" morphology;  Oxygen
reduction reaction;  CV-TF-RRDE method;  PEMFC fabrication and testing.

Order of Authors Secondary Information:

Suggested Reviewers: Lior Elbaz
Bar-Ilan University
lior.elbaz@biu.ac.il

Nicolas Alonso-Vante
Universite de Poitiers
nicolas.alonso.vante@univ-poitiers.fr

Peter Pintauro
Vanderbilt University
pn.pintauro@vanderbilt.edu

Andrew Herring
Colorado School of Mines
aherring@mines.edu

Plamen Atanassov
University of California Irvine
plamen@unm.edu

Funding Information: Horizon 2020 Framework Programme
(Graphene Core 2 785219)

Not applicable

Università degli Studi di Padova
(BIRD187913)

Not applicable

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Università degli Studi di Padova
(Hierarchical electrocatalysts with a low
platinum loading for low-temperature fuel
cells – HELPER)

Not applicable

Narodowym Centrum Nauki
(2018/29/B/ST5/02627)

Prof. Pawel J. Kulesza

Abstract: This report shows the synthesis of a new family of “core-shell” carbon nitride (CN)-
based electrocatalysts (ECs) for the oxygen reduction reaction (ORR) in acid medium.
The ECs comprise “cores” of carbon black nanoparticles (NPs), that are covered by a
CN “shell” embedding the active sites. The latter include Pt as the “active metal” and
Co as the “co-catalyst”. The interplay between the synthesis parameters, the chemical
composition and the ORR performance of the final ECs is elucidated. In particular, the
ORR performance and reaction mechanism are studied both in an: (i) “ex-situ” setup,
by means of cyclic voltammetry with thin-film rotating ring-disk electrode (CV-TF-
RRDE) measurements; and (ii) “in-situ” experiment, i.e., in single proton exchange
membrane fuel cells (PEMFCs) tested under operating conditions. A structural
hypothesis is proposed, that explains both the “ex situ” and the “in situ” ORR results on
the basis of: (i) the relative amounts of the reactants used in the precursor synthesis;
and (ii) the main temperature of the pyrolysis process (Tf) adopted in the preparation of
the ECs. It is shown that the understanding of the fundamental features of the
physicochemical processes involved in the preparation of the ECs is crucial in order to
improve the proposed synthesis route and to yield ORR ECs exhibiting a performance
level beyond the state of the art.
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Submission of manuscript for consideration in the Special Issue 

of the journal “Electrocatalysis” dedicated to the 

“Electrocatalysis 2018” conference 

 

Dear Prof. Gregory Jerkiewicz, 

 

On behalf of my co-authors and myself, I would like to submit the attached 

manuscript, entitled ‘Correlation between Precursor Properties and Performance 

in the Oxygen Reduction Reaction of Pt and Co “Core-shell” Carbon Nitride-based 

Electrocatalysts’ by Vito Di Noto, Enrico Negro, Angeloclaudio Nale, Pawel J. 

Kulesza, Iwona A. Rutkowska, Keti Vezzù, and Gioele Pagot as an Article in the 

Special Issue of the journal “Electrocatalysis” (P. J. Kulesza and I. A. 

Rutkowska, Guest Editors) dedicated to the “Electrocatalysis 2018” conference. 

This report describes the synthesis of a new family of “core-shell” carbon nitride 

(CN)-based electrocatalysts (ECs) for the oxygen reduction reaction (ORR). The 

ECs comprise “cores” of carbon black nanoparticles (NPs), that are covered by a 

CN “shell” embedding the active sites. The latter include Pt as the “active metal” 

and Co as the “co-catalyst”. The interplay between the synthetic parameters, the 

chemical composition and the ORR performance of the final ECs is elucidated. 

In particular, the ORR performance and reaction mechanism are studied both: 

(i) in an “ex-situ” setup, by means of cyclic voltammetry with thin-film rotating 

ring-disk electrode (CV-TF-RRDE) measurements; and (ii) “in-situ”, i.e., in single 

proton exchange membrane fuel cells (PEMFCs) tested under operating 

conditions. A structural hypothesis is proposed, that rationalizes the 

experimental ORR results obtained both “ex-situ” and “in-situ” on the basis of: (i) 

the relative amounts of the reactants used in the synthesis; and (ii) the 

temperature of the final step of the pyrolysis process adopted in the preparation 

of the ECs. It is shown that, once the fundamental mechanisms that modulate 

the interplay between the synthetic parameters, the physicochemical properties 
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and the electrochemical performance of the ECs is understood, the proposed 
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Abstract 

This report shows the synthesis of a new family of “core-shell” carbon nitride (CN)-based 

electrocatalysts (ECs) for the oxygen reduction reaction (ORR) in acid medium. The ECs comprise 

“cores” of carbon black nanoparticles (NPs), that are covered by a CN “shell” embedding the 

active sites. The latter include Pt as the “active metal” and Co as the “co-catalyst”. The interplay 

between the synthesis parameters, the chemical composition and the ORR performance of the final 

ECs is elucidated. In particular, the ORR performance and reaction mechanism are studied both in 

an: (i) “ex-situ” setup, by means of cyclic voltammetry with thin-film rotating ring-disk electrode 

(CV-TF-RRDE) measurements; and (ii) “in-situ” experiment, i.e., in single proton exchange 

membrane fuel cells (PEMFCs) tested under operating conditions. A structural hypothesis is 

proposed, that explains both the “ex situ” and the “in situ” ORR results on the basis of: (i) the 

relative amounts of the reactants used in the precursor synthesis; and (ii) the main temperature of 

the pyrolysis process (Tf) adopted in the preparation of the ECs. It is shown that the understanding 

of the fundamental features of the physicochemical processes involved in the preparation of the ECs 

is crucial in order to improve the proposed synthesis route and to yield ORR ECs exhibiting a 

performance level beyond the state of the art.  

 

 

 

 

Keywords: PtCox carbon nitride based electrocatalysts; “Core-shell” morphology; Oxygen 

reduction reaction; CV-TF-RRDE method; PEMFC fabrication and testing. 

  



3 
 

1. Introduction 

The oxygen reduction reaction (ORR) is an electrochemical process that is of very high 

fundamental interest and of immense utility for several practical applications [1]. Indeed, the ORR 

is involved in the operation of several families of advanced electrochemical energy conversion and 

storage (EECS) devices such as fuel cells (FCs) and metal-air batteries [2, 3]. These devices are 

currently under intense research for their potential role in the modern restructuring of the energy 

systems at the global level [4-6], with the ultimate purpose to minimize the consumption of fossil 

fuels and utilize on a large scale the energy obtained from renewable sources [7]. In particular, the 

slow kinetics of the ORR is one of the most relevant fundamental hurdles that curtails the energy 

conversion efficiency of FCs [1, 8]. This shortcoming is particularly serious for fuel cells operating 

at low temperatures such as proton-exchange membrane fuel cells (PEMFCs) fuelled with hydrogen 

[8]. These systems are particularly promising for practical applications (e.g., auxiliary power units 

and light-duty vehicles) owing to their very high power density and simple construction [8, 9].  

 

In a PEMFC the ORR takes place in extremely harsh conditions in terms of both very low pH 

values (owing to the acidic character of the electrolyte) and high electrochemical potentials (that are 

necessary to maximize the energy conversion efficiency of the device) [10, 11]. Furthermore, 

PEMFCs yield very large current densities, on the order of several hundreds of mA∙cm-2 of 

electrode area or more [12, 13], that are necessary to achieve a power density compatible with the 

applications [14]. In order to satisfy such demanding needs, the ORR must be promoted by suitable 

electrocatalysts (ECs) [15]. The latter must also be highly stable, to warrant a high durability [16]. 

The traditional approach to comply with all these specifications is to design nanocomposite ECs 

comprising nanostructured carbons that support platinum nanoparticles with a large surface area [3]. 

The resulting ECs exhibit an acceptable performance; however, the high loading of platinum and 

the poor durability are still major roadblocks that inhibit the large-scale rollout of PEMFCs [17]. 
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Several approaches are pursued to develop ORR ECs able to address the shortcomings of state-of-

the-art ECs. One possibility is to raise the performance of the Pt active sites by developing ECs 

comprising multi-metal alloy NPs, that are typically based on Pt and one or more transition metals 

such as Ni [18]and Co [3]. A massive amount of research is also currently devoted to develop “Pt-

free” ECs [19, 20]. Important progresses have been made recently, but the performance and 

durability of these ECs are still insufficient for implementation in PEMFCs able to match the 

requirements set by applications [21]. Other avenues of research aim at developing exotic 

nanostructures such as octahedra or hollow Pt-based nanocages, that promise a truly outstanding 

performance [22-24]. However, several of these ECs have not been tested in a PEMFC, hindering 

the appraisal of their real potential to satisfy practical applications [25]. Finally, very often the 

synthetic protocols adopted to obtain the advanced ORR ECs mentioned above are able to yield 

only very small amounts of product and are difficult to upscale. This is a further obstacle towards 

industrialization [24].    

 

The ECs reported here are obtained by means of a unique and extremely flexible preparation 

protocol, whose development started more than 20 years ago in our laboratory [26-28]. The here 

customized preparation protocol: (i) is able to yield easily consistent amounts of products, on the 

order of grams [27]; and (ii) allows for the accurate modulation of the chemical composition and the 

morphology of the products, giving rise to high-performance carbon nitride (CN)-based ECs for the 

ORR [26]. In these ECs, most of the ORR performance is provided by an “active metal” [26], 

typically Pt [29], Pd [30] or Fe [31]. Another element is introduced as a “co-catalyst”, further 

reducing the ORR overpotential [26]. In particular, the materials described in this report are 

classified as “second-generation” CN-based ECs as they exhibit a “core-shell” morphology [32]. 

The “cores” consist of carbon nanoparticles with a good electrical conductivity, that are covered by 

a CN “shell” including less than 5 wt% of N to minimize ohmic drops. Indeed, the latter 

compromise the overall performance of the PEMFC mounting the CN-based EC [26]. The “shell” 
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of the ECs presented here embeds PtCox nanoparticles (NPs), that are stabilized in “coordination 

nests” based on C- and N- ligands [31, 32] meant to raise the durability of the material. The active 

sites for the ORR are found on such PtCox NPs, similarly to other “second-generation” CN-based 

ECs [33]. Hence, in the ECs described in this report Pt is the “active metal” and Co is the “co-

catalyst”. The preparation protocol yielding the here reported ECs consists in the following main 

steps: (i) synthesis of a hybrid inorganic-organic precursor; (ii) multi-step pyrolysis processes; and 

(iii) a series of “post-synthesis” activation steps. It is found that the chemical composition and the 

structure of the hybrid inorganic-organic precursor play a crucial role to determine the 

physicochemical properties of the final EC and, consequently, its performance in the ORR both in 

“ex-situ” measurements by cyclic voltammetry with thin-film rotating ring-disk electrode (CV-TF-

RRDE) and in single PEMFC [33, 34]. This report is part of a series of systematic fundamental 

studies meant to clarify the interplay between [33-35]: (i) the chemical features and the 

stoichiometry of the reactants; (ii) the reaction mechanisms involved in the formation of the hybrid 

inorganic-organic precursor; (iii) the structure of the precursor; (iv) the details of the multi-step 

pyrolysis process; (v) the physicochemical properties of the final ECs; and finally (vi) the ORR 

reaction pathway and ORR performance, both in “ex-situ” and in single PEMFC studies. In 

particular, the aim of this report is the study of new ECs: (i) based on Co as the metal “co-catalyst”; 

(ii) to investigate the effects on the ORR performance of the amount of binder used in the synthesis 

of the nZ-IOPE precursor and of the temperature (Tf) of the main pyrolysis step. 
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2. Experimental 

 

2.1. Reagents 

Potassium tetrachloroplatinate (II) 98%, (K2PtCl4) and H2SO4 95-97% are purchased from Sigma-

Aldrich. H2O2 36% vol., is supplied by ABCR GMBH. Potassium hexacyanocobaltate (III) 95%, 

(K3Co(CN)6), is supplied by Fluka. D(+)-sucrose, biochemical grade, is Acros reagent. HClO4 70% 

is obtained from Fluka. All the reagents are used as received. XC-72R carbon black is provided as a 

courtesy by Carbocrom s.r.l., and is washed with H2O2 10% vol. prior to use. The commercial EC-

20 product (ElectroChem Inc.) with a nominal Pt loading of 20 wt% is used as a reference 

electrocatalyst and does not undergo any further purification and washing procedure. 

 

2.2. Synthesis of the electrocatalysts 

The synthesis of the ECs reported in this work is carried out in accordance with a protocol 

described in the scientific and technical literature [27, 33]. Briefly, 133.4 mg of sucrose are 

dissolved into the minimum amount of water ( ≈ 1 mL), yielding a clear viscous solution. A second 

deep red solution is obtained by dissolving 400 mg of K2PtCl4 into the minimum amount of water ( 

≈ 1 mL). The viscous sucrose solution is added dropwise, under vigorous stirring, into the deep red 

solution including K2PtCl4. 533.5 mg of XC-72R are further added; the product is extensively 

homogenized by stirring and ultrasonication, yielding a homogeneous black dispersion. A second 

dispersion is prepared following exactly the same protocol; the only difference is that 332.4 mg of 

K3Co(CN)6 are used instead of K2PtCl4. The dispersion comprising K2PtCl4 is added dropwise, 

under vigorous stirring, to the dispersion including K3Co(CN)6. The product is extensively 

homogenized by sonication, stirred for 24 h and left to rest for additional 48 h; afterwards, it is 

treated overnight at 120 °C in an oven in order to remove most of the water. The resulting black 

solid is transferred into a quartz tube, where it undergoes the following two-step thermal treatment: 

(i) 150 °C for 7 h; (ii) 300 °C for 2 h. The entire treatment is carried out under a dynamic vacuum of 
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10-1 mbar. A general label indicating all the materials presented in this report is “PtCo-CNl Tf/Cw”, 

where “w” is the mass ratio between the sucrose binder and XC-72R NPs of the “core” used in the 

preparation of the precursor. One aliquot of EC is brought back into a quartz tube, where it 

undergoes an additional pyrolysis step at Tf = 500 °C, that lasts for two hours under a dynamic 

vacuum of 10-1 mbar. The product is then: (i) washed three times with water; (ii) treated with H2O2, 

10% vol.; and (iii) dried overnight in an oven at T = 120 °C. Three additional ECs are obtained at 

different Tf: (i) Tf = 600 °C yields “PtCo-CNl 600/C1/4”; (ii) Tf = 700 °C yields “PtCo-CNl 

700/C1/4”; and (iii) Tf = 900 °C yields “PtCo-CNl 900/C1/4”. Two additional ECs are synthesized, 

that are exactly identical to that with w = 1/4, only changing the amount of sucrose: (i) 266.8 mg, 

resulting in the EC with w = 2/4; and (ii) 533.5 mg, yielding the EC with w = 4/4.  

 

2.3. Intstruments and Methods 

The wt% of K, Pt and Co is evaluated by means of Inductively-Coupled Plasma Atomic Emission 

Spectroscopy (ICP-AES) utilizing a SPECTRO Acros spectrometer with EndOnPlasma torch. The 

digestion of the samples is carried out as elsewhere reported [29] with an initial oxidation step 

executed at 650 °C for two hours. The emission lines are:  (K) = 766.490 nm;  (Pt) = 214.423 

nm;  (Co) = 228.616 nm. The assay of C, H, and N in the PtCo-CNl Tf/Cw ECs is measured by 

microanalysis using a FISONS EA-1108 CHNS-O instrumentation. High-resolution 

thermogravimentric measurements are carried out with a High-Res modulated TGA 2950 

thermogravimetric analyzer using an open platinum pan and a temperature range from 30 to 900°C. 

The measurements are collected under an air oxidizing atmosphere. The morphology is elucidated 

by means of a high-resolution transmission electron microscopy (HR-TEM) analysis, that is 

executed with a JEOL 3010 instrumentation operating at 300 kV. The system is equipped with a 

Gatan slowscan 794 CCD camera. The samples are dispersed in isopropyl alcohol using a probe 



8 
 

sonicator; a 5 L drop of the suspension is dried on a holey carbon film supported on a 3 mm 

copper grid. 

 

2.4. Electrochemical Measurements 

Electrochemical measurements with the CV-TF-RRDE method are performed according to the 

procedure reported elsewhere [31, 35]. Briefly, each EC is mixed with XC-72R in a 1:1 weight ratio 

and ground in a mortar, attaining a homogeneous powder. Suitable amounts of milli-Q water and a 

commercial Nafion 1100 dispersion (Alfa Aesar, 5% weight) are used to suspend these mixtures, 

yielding an EC ink. The label “Pt/C reference” corresponds to the EC-20 electrocatalyst 

(ElectroChem, 20 wt% Pt on XC-72R). This EC is processed with a similar procedure, but without 

the addition of further XC-72R; it is tested as a benchmark to the ECs presented in this report. Each 

electrode has the same platinum loading on the tip, corresponding to 12 g∙cm-2. The setup used to 

carry out the electrochemical measurements consists of a Model 636 Rotating Ring-Disk Electrode 

system (Princeton Applied Research) connected to a multi-channel VSP potentiostat/galvanostat 

(BioLogic). The exact determination of the RHE potential is carried out as described elsewhere 

before each measurement [36]. In a previous report we describe in detail the experimental setup and 

the measurement procedure used to execute the electrochemical investigations presented in this 

report for the determination of both the electrochemically-active surface area (ECSA) by COad 

stripping and the performance in the ORR [37]. The only differences are that here the sweeps are 

executed at a scan rate equal to 20 mV∙sec-1 and the electrochemical cell is thermostated at 25 °C. 

 

2.5. Fabrication of membrane-electrode assembly and tests in single PEMFC 

The membrane-electrode assemblies (MEAs) are prepared with a catalyst-coated substrate 

procedure as described elsewhere [33]. Some details are provided here for clarity’s sake. 

Commercial Nafion117 membranes (Ion Power) are adopted as the membrane and GDS1120 
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carbon paper (Ballard Material Products) is used as the support for electrocatalytic layers. The 

membranes are cleaned by means of the following three-step procedure: (i) immersion in 3 wt% 

H2O2 for 1 h; (ii) immersion in 1 M H2SO4 for 1 h; (iii) treatment in doubly distilled water for 1 h. 

(i)-(iii) are carried out at 80 °C. The anode electrocatalyst is EC-20, with a platinum loading of 0.4 

mg∙cm-2. The cathode electrocatalysts are dispersed with XC-72R in a 1:1 weight ratio. In each 

MEA, the cathode electrocatalytic layer includes a platinum loading of 0.1 mg∙cm-2 and an overall 

Nafion/C mass ratio equal to 0.6. Hot-pressing is used to fuse the resulting gas diffusion electrodes 

(GDEs) onto the membranes, as previously described [33]. A back pressure (BP) of the reagents 

equal to either 4 and 1 bar is used during single fuel cell tests performed as described elsewhere 

[33].  
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3. Results and Discussion 

 

3.1. The nanocomposite zeolitic inorganic-organic polymer electrolyte (nZ-IOPE) precursor 

The precursors used for the preparation of the ECs here described belong to the family of 

“nanocomposite zeolitic inorganic-organic polymer electrolytes” (nZ-IOPE) [31]. Such precursors 

are obtained by bringing together in the same aqueous reaction mixture: (i) a coordination 

compound of a “soft” metal (e.g., Pt) bearing good leaving groups (e.g., chloride ligands) [29, 38]; 

(ii) a cyanometalate complex (e.g., Ni(CN)4
2- [29, 33], Fe(CN)6

4- [35] or Co(CN)6
3- [30]) acting as 

an inorganic ligand; (iii) an organic binder including a large number of hydroxyl groups (e.g., 

sucrose) to crosslink the inorganic metal complexes thus formed [29, 30, 33, 35, 39]; and finally 

(iv) a carbon support endowed with surface hydroxyl groups (e.g., XC-72R nanoparticles) [33]. 

After mixing all the above-described components a complex series of equilibria are established in 

the dispersion that, by sol-gel and gel-plastic transitions [33, 40], lead to the formation of the final 

three-dimensional networked nZ-IOPE [33, 35, 40]. It should be observed that, in order to study the 

effect of the binder on the performance of the final ECs, the nZ-IOPE precursors here described are 

based on the same fixed amounts of of K2PtCl4, K3Co(CN)6 and XC-72R carbon black NPs. Thus, 

the only difference in the precursor samples is the amount of the sucrose binder, that in PtCo-CNl 

Tf/Cw (500 °C < Tf < 900 °C) increases from w = 1/4 to w = 4/4. “w” is the mass ratio between the 

sucrose binder and the carbon black NPs. 

 

The literature reports that in this type of systems not all the binder molecules introduced in the 

starting reaction mixture are actually incorporated into the backbone of the 3D hybrid inorganic-

organic structure of the Z-IOPE precursor. Indeed, in the case of a Z-IOPE prepared starting from 

one mole of K2PdCl4, two moles of K3Co(CN)6 and seven moles of the PEG600 binder, it was 

found that only two moles of the binder are actually included in the 3D network backbone of the Z-

IOPE where they are acting as bridges between the anionic metal complex clusters resulting from 
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the reaction of PdCl4
2- with the Co(CN)6

3- ligand [41]. The remaining five PEG600 moles form 

interstitial PEG600 domains embedded in the 3D hybrid plastic network [41]. In details, the 

presence of such cavities filled by ligand molecules within the hybrid inorganic-organic network 

was also revealed in similar systems based on Fe and Pd (or Sn) clusters bonded together by means 

of glycerol bridges. In this case the interstices of the 3D hybrid structure were flooded with glycerol 

molecules [40]. On the basis of such observations, and considering that sucrose is characterized by 

a molar ratio  = –OH/C equal to 0.6 ( for PEG600 and glycerol is ≈ 0.04 and 1, respectively), we 

expect that a part of the sucrose binder forms sucrose domains embedded in the structural interstices 

of the 3D hybrid inorganic-organic structure of the Z-IOPE precursor. The presence of these 

domains modulates the density of the 3D hybrid network per unit volume of the Z-IOPE material 

included in the nZ-IOPE precursor. During the pyrolysis process the 3D hybrid network gives rise 

to the PtCox nanoparticles (NPs) [34] and its density is responsible of the size and the surface area 

of the final PtCox NPs (see Table 2) [42]. An excess of sucrose, which in the precursor forms large 

sucrose domains: (i) significantly modifies the EC matrix during the pyrolysis process, giving so 

rise to the disruption of the continuous and compact CN “shell” embedding the PtCox NPs; and (ii) 

increases the density of C inside the CN matrix, hindering the accessibility of reagents towards the 

active sites of the PtCox NPs. To clarify these phenomena, in this report the aim is to study the 

effect of w on ORR performance and to evaluate the optimal w value to maximize the performance 

of the ECs. 

  

3.2. Chemical composition of ECs 

The chemical composition of the ECs in the bulk is evaluated by inductively-coupled plasma atomic 

emission spectroscopy (ICP-AES) and elemental analysis. Results are reported in Table 1. The ECs 

show practically constant Pt/Co molar ratios, with values of ca. 1. This result confirms that the 

proposed synthesis route is very feasible to control the metal stoichiometry of the ECs 

independently on Tf and starting reagent compositions. No evidence of metal losses is detected, 

https://www.sciencedirect.com/topics/chemistry/inductively-coupled-plasma-atomic-emission-spectroscopy
https://www.sciencedirect.com/topics/chemistry/inductively-coupled-plasma-atomic-emission-spectroscopy
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suggesting that the PtCl4
2- and the Co(CN)6

3- complexes are completely incorporated into the nZ-

IOPE precursor. Indeed the obtained ECs include, in first approximation, the same wt% of Pt and 

Co. This observation is rationalized considering that during the final step of the pyrolysis most of 

the heteroatoms deriving from the sucrose reactant are removed as volatile species (e.g., H2O and 

CO2) [33]. These processes eliminate part of the C provided by the sucrose to yield the total C 

remaining in the PtCo-CNl Tf/Cw ECs. The concentration of H in the ECs is lower than 0.6 wt%, 

witnessing that the graphitization of the CN “shell” is practically complete [33], while N is equal to 

ca. 1 wt% or lower. This result demonstrates that N is successfully incorporated into the CN 

“shell”, allowing for the formation of a CN support matrix with a high electrical conductivity [26]. 

Finally it is noted that, among the PtCo-CNl 600/Cw ECs, the N/Pt ratio is maximized at w = 2/4. 

 

3.3. HR-TGA studies 

Fig. 1 shows the HR-TGA profiles in oxidizing atmosphere of PtCo-CNl Tf/Cw ECs, the Pt/C 

reference and the XC-72R carbon black (that is also used as the support in the Pt/C reference). In 

these profiles it is revealed that the thermal stability of PtCo-CNl Tf/C1/4 ECs increases on Tf, while 

that of PtCo-CNl 600/Cw decreases as w is raised from 1/4 to 4/4. In general, PtCo-CNl Tf/Cw ECs 

are more stable than the Pt/C reference. In the PtCo-CNl 300/C1/4 EC the main decomposition event 

takes place at ca. 40 °C above the Pt/C reference. Such difference increases to approximately 100 

°C for PtCo-CNl 500/C1/4, PtCo-CNl 600/C1/4 and PtCo-CNl 700/C1/4, and reaches 120 °C for PtCo-

CNl 900/C1/4. With respect to the Pt/C reference, the temperature of the main thermal degradation 

event of PtCo-CNl 600/Cw ECs is ca. 70-100 °C higher. 

 

These results suggest that the oxidation of the CN matrix is catalyzed at the interface between the 

PtCox NPs and the CN “shell”. Indeed, Pt and Co active sites are very efficient to adsorb oxygen 

from the atmosphere and thus to catalyze the degradation of the matrix. The decomposition 

temperature of PtCo-CNl Tf/C1/4 ECs is thus correlated to the surface catalytic activity of the PtCox 
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NPs, that also depends on the ECSA (see Table 2) [42]. ECSA decreases on Tf and in general shows 

values that are smaller than those of the Pt/C reference. A smaller interfacial contact area between 

the PtCox NPs and the support is thus expected. It is also noted that the pristine XC-72R carbon 

black undergoes oxidative decomposition at a much higher temperature in comparison with the Pt/C 

reference (over 630 °C vs. 400 °C, respectively). This evidence is easily ascribed to the absence of 

metal catalytic sites on the XC-72R carbon black. The lower decomposition temperature revealed 

for PtCo-CNl 300/C1/4 is attributed to the presence in this sample of a high density of small PtCox 

NPs which result when metal diffusion phenomena in the matrix are hindered, inhibiting the 

coalescence of Pt and Co metal atoms into alloy NPs. The incomplete graphitization of the CN 

matrix at Tf = 300 °C produces a material with a high amount of oxygen, where the oxidation of the 

CN matrix at low temperatures is facilitated [35]. PtCo-CNl 900/C1/4 shows: (i) the smallest ECSA 

(see Table 2); and (ii) the lowest porosity (see Section 3.1), that is obtained from a precursor with a 

low amount of sucrose binder. Hence, the CN matrix of this EC, which is the most compact, inhibits 

the diffusion of oxygen at the interface [CN-matrix]/[PtCox NPs] (see also Section 3.5.2). A shift to 

higher decomposition temperatures is attributed to the presence of nitrogen in the CN “shell” of the 

ECs (see Section 3.2). N is expected to stabilize the ECs by strengthening the interactions between 

the CN support and the PtCox NPs [31, 43]. In PtCo-CNl 600/Cw ECs, on w the pyrolysis of 

precursors provides CN matrices with an increasing quantity of highly defective C, which acts to 

lower the onset temperature of the thermal decomposition of these materials. 
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3.4. HR-TEM studies 

The morphology of the PtCo-CNl Tf/Cw ECs is very similar. Fig. 2 displays the morphology of 

PtCo-CNl 600/C2/4 as a representative example of all the ECs here proposed. Fig. 2(a) and Fig. 2(b) 

show the following main features of PtCo-CNl 600/C2/4: (i) black spots with a diameter of ca. 20 

nm, that are homogeneously distributed in the CN “shell” and which correspond to the PtCox NPs 

formed during the pyrolysis process; and (ii) a very rough support, consisting of spheroidal carbon 

black NPs with a diameter of ca. 30-50 nm (the “core”) wrapped by a CN “shell”. This “core-

shell” morphology of ECs is shown in Fig. 2(c), where the “shell” appears as a rough, porous layer 

(thickness ≈ 5-10 nm) covering the carbon black NPs of the “core”. Finally, Fig. 2(d) and Fig. 2(d’) 

allow to identify and analyze the composition of the dark spots of PtCox NPs. In particular, the 

high-resolution micrograph displayed in Fig. 2(d) reveals a polycrystalline nanoparticle with an 

interplanar distance of ca. 2.2 nm. The latter corresponds to the spacing between the (111) planes of 

a PtCox alloy that is isostructural with Pt and exhibits a similar cell constant. This information is 

consistent with the results obtained by WAXD and shown in Fig. ESI1. 

 

3.5. Correlation between precursor stoichiometry and electrocatalyst performance 

 

3.5.1. CV-TF-RRDE studies 

The COad stripping profiles of the ECs described in this report are displayed in Fig. 3. In COad 

stripping experiments (see Fig. 3) the ECs reveal one main peak at E < 0.7 V vs. RHE. The COad 

stripping peak of the Pt/C reference is detected at E ≈ 0.83 V vs. RHE. The Co atoms play a crucial 

role in the modulation of the electrochemical properties of the ECs, introducing in alloy NPs a 

significant surface strain due to the lattice mismatch phenomena (electronic effect) [44]. In this 

case, the stripping event of COad is facilitated and shifts to lower potentials in comparison with the 

Pt/C reference [45]. The stripping of COad is also facilitated by the presence of oxophilic Co oxide 

species on the NPs surface, that promote the oxidation of COads (bifunctional effect) [46]. At w = 
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1/4 the support of the EC consists of carbon black NPs (the “core”) covered by a carbon nitride 

“shell” with a high content of C (a good reducing agent) [47]. In this case as Tf is raised the density 

of Co oxide species is progressively reduced by the CN matrix, decreasing the oxophilicity of the 

EC surface and the bifunctional effect above described, which facilitates the COad stripping 

processes. As a result, on Tf in PtCo-CNl Tf/C1/4 ECs the COad stripping peak progressively shifts to 

larger E values. The right panel of Fig. 3 shows that, with respect to PtCo-CNl 600/C1/4, the COad 

stripping peak of both PtCo-CNl 600/C2/4 and PtCo-CNl 600/C4/4 is shifted to lower E values. This 

phenomenon is justified considering that during the pyrolysis process, the amount of heteroatoms 

(e.g., H, O) provided in the CN matrix by sucrose increases on w. Consequently, with respect to w 

= 1/4, in samples with w = 2/4 and 4/4 a CN matrix with a lower reducing ability is expected. 

Hence, in this condition a larger fraction of oxophilic Co oxide species are present, which provide a 

stronger bifunctional effect that facilitates the stripping processes of COad. The CV-TF-RRDE 

profiles of PtCo-CNl Tf/Cw1/4 ECs are shown in Fig. 4. 

 

Results indicate that at Tf < 900, the ORR overpotential of the PtCo-CNl Tf/C1/4 is similar to that of 

the Pt/C reference. In PtCo-CNl 600/Cw samples the ORR overpotential decreases on w. The 

average number of electrons (n) that are exchanged during the ORR is evaluated through 

Equation (1) 

 

𝑛 =
4𝐼𝑂𝑅𝑅

𝐼𝑂𝑅𝑅+
𝐼𝑟
𝑁

       (1) 

where IORR is the current of the ORR process measured on the RRDE disk. IORR is determined by 

multiplying the geometric current density measured in the RRDE disk (i.e., the jORR values 

displayed on Fig. 4) by the geometric area of the RRDE disk, ADisk ≈ 0.238 cm2. Ir is the ring current 

and N = 0.39 is the collection efficiency of the RRDE ring (N is determined experimentally as 

https://www.sciencedirect.com/science/article/pii/S001346861831171X?via%3Dihub#fd1
https://www.sciencedirect.com/topics/chemistry/current-density
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described elsewhere [48]). The dependence on E of the average number of electrons (n) that are 

exchanged during the ORR is shown in Fig. 5. 

 

It is expected that the proposed ECs reduce O2 to water by a 4-electron pathway. At E > 0.28 V vs. 

RHE, with respect to the Pt/C reference, the PtCo-CNl Tf/Cw ECs are more selective towards the 4-

electron pathway. The only clear exception is PtCo-CNl 900/C1/4. This evidence is interpreted by 

considering that two adjacent Pt sites are needed for a 4-electron ORR process [49]. The adsorption 

of hydrogen species on the Pt/C reference at E < 0.4 V vs. RHE, that takes place preferentially on 

the surface defects, reduces the number of couples of neighboring Pt atoms decreasing the ORR 

selectivity in the 4-electron pathway. In the ECs here proposed, the size of the PtCox NPs is 

significantly larger (see Table ESI1) in comparison with the Pt/C reference. Thus, the concentration 

of defects on the surface of the PtCox alloy NPs is much lower. Consequently, the density of 

hydrogen species adsorbed on the surface of PtCox NPs is lower, increasing the number of couples 

of neighbouring Pt atoms available for the 4-electron ORR pathway [49]. In PtCo-CNl 900/C1/4, Co 

is strongly stabilized on the surface of PtCox NPs by means of the N-based ligands of the CN matrix 

present on “coordination nests”, thus the density of available Pt neighboring couples on the NP 

surface is reduced, lowering the selectivity in the 4-electron ORR process. The ECSA of the PtCo-

CNl Tf/Cw ECs is determined as elsewhere described by normalizing the COad stripping charge 

obtained from the integration of the profiles displayed in Fig. 3 to the value of 484 C∙cmPt
-2, [50, 

51]. Results are shown in Table 2. 

 

The ECSA values of the PtCo-CNl Tf/Cw ECs are significantly lower than that of the Pt/C reference. 

In particular, ECSA: (a) increases in the order PtCo-CNl 600/C1/4 < PtCo-CNl 600/C2/4 ≈ PtCo-CNl 

600/C4/4 < Pt/C reference; and (b) decreases on Tf in PtCo-CNl Tf/C1/4 ECs. This behavior can be 

explained on the basis of the hypothesis (see Section 3.1) that on w the Z-IOPE 3D-network of 

precursor expands reducing the density of crosslinking anionic clusters, which are then responsible, 
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during the pyrolysis process, of the metal nucleation, coalescence and growth of PtCox NPs. These 

latter consecutive processes occur at Tf > 600 °C and are significantly dependent on the typical 

thermally-activated metal diffusion phenomena. 

  

A quantitative evaluation of the ORR performance is carried out by removing the mass transport 

contribution from the disk current densities (jdisk) (Fig. 4). The faradic ORR current density, jk, is 

given by [36]: 

 

1

𝑗
=

1

𝑗𝑘
+

1

𝑗𝑑
        (2) 

 

where jd is the current density at 0.2 V vs. RHE in the ORR profiles shown in Fig. 4. The faradic 

ORR current (ik) is obtained by multiplying jk by the geometric area of the glassy carbon disk 

electrode (ADisk ≈ 0.238 cm2). ik is adopted to determine the mass (im) and the specific (is) activity of 

ECs as elsewhere described [36]. im and is are displayed in Fig. 6. The values of im and is at 0.9 V 

vs. RHE are adopted to gauge the performance of the PtCo-CNl Tf/Cw ECs in the ORR (see Table 2) 

[36]. In Fig. 6 two different behaviors can be observed: (i) at V < 0.85 V vs. RHE, the Tafel slope is 

~120 mV·dec-1, which is typical of a 4-electron ORR mechanism on oxide-free Pt surfaces; (ii) at V 

> 0.85 V vs. RHE, the Tafel slope is lower (~60 mV·dec-1) owing to the coverage of Pt surfaces 

with oxide species [52, 53]. The Tafel slopes of PtCo-CNl Tf/Cw are similar to those of the Pt/C 

reference, suggesting that in all the ECs the ORR occurs with the same 4-electron general 

mechanism. The main parameter affecting the im(0.9 V) values of PtCo-CNl Tf/C1/4 is Tf. PtCo-CNl 

600/C1/4 shows a value of im(0.9 V) = 0.132 A∙mgPt
-1, which is close to that of the Pt/C reference. On 

Tf, the values of im(0.9 V) of PtCo-CNl Tf/C1/4 decrease up to a factor of ca. 4-5, concurrently with the 

growth of the PtCox NPs and the decrease of the ECSA (see Table 2). This study is completed by 

investigating is(0.9 V) values on sample treatments and composition [36]. is(0.9 V) values of proposed 



18 
 

ECs are 3.5 – 6 times larger with respect to that of the Pt/C reference, suggesting that both an 

electronic and a bifunctional effect is provided by the Co atoms alloyed in the PtCox NPs [46, 54]. 

In detail, it is expected that the Co oxidized species present on the surface of alloy NPs create a 

suitable local acid environment which improves the rate and density of protonation processes of 

reaction intermediate species coordinated on the Pt active site. In this way, in active sites a high rate 

of O2 → H2O direct processes occur owing to the fast desorption of O2 reduction products [33, 

37].  In PtCo-CNl Tf/C1/4 ECs, the best compromise between im(0.9 V) and is(0.9 V) is obtained at Tf = 

600°C (see Table 2). This “optimal” Tf is adopted in order to study the effects of w on the 

performance of ECs. Table 2 shows that im(0.9 V) of PtCo-CNl 600/Cw ECs increases on w in 

accordance with the behavior of: (i) ECSA, which increases in the order PtCo-CNl 600/C1/4 < PtCo-

CNl 600/C2/4 ≈ PtCo-CNl 600/C4/4 (see Table 2); and (ii) is(0.9 V), that rises from PtCo-CNl 600/C2/4 

to PtCo-CNl 600/C4/4. Taken all together, the “ex-situ” studies demonstrate that PtCo-CNl 600/C4/4 

is the best ORR EC and support the interpretation described in Section 3.1. 

 

3.5.2. Performance in single PEMFC 

Fig. 7 reports the polarization and power curves of the proposed ECs, which are tested in PEMFCs 

operating under “ideal” conditions i.e., with the cathode fed with pure oxygen at a BP of 4 bar. The 

overall performance of the PtCo-CNl Tf/C1/4 ECs is quite similar to that of the Pt/C reference (see 

the left panels of Fig. 7). At high cell potentials, and in particular at a cell potential of 0.6 V, the 

mass power yielded by PtCo-CNl Tf/C1/4 ECs increases in the order: PtCo-CNl 900/C1/4 (1140 

W∙gPt
-1) < Pt/C ref. (1200 W∙gPt

-1) < PtCo-CNl 700/C1/4 (1345 W∙gPt
-1) < PtCo-CNl 500/C1/4 (1650 

W∙gPt
-1) < PtCo-CNl 600/C1/4 (1720 W∙gPt

-1). This trend is consistent with results obtained by CV-

TF-RRDE measurements (see Table 2) and confirm that PtCo-CNl 600/C1/4 exhibits the best overall 

performance, also in comparison with that of the Pt/C reference. The data shown in the left panels 

of Fig. 7 also indicate that the optimal Tf is 600 °C, while the results of the right panels of Fig. 7 

confirm that, in “ideal” operating conditions, w does not affect significantly the overall 
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performance of the ECs. At high cell potentials, and in particular at a cell potential of 0.6 V, the 

mass power yielded by the ECs obtained at Tf = 600 °C exhibits the following trend: Pt/C reference 

(1200 W∙gPt
-1) < PtCo-CNl 600/C4/4 (1500 W∙gPt

-1) < PtCo-CNl 600/C1/4 (1720 W∙gPt
-1) < PtCo-CNl 

600/C2/4 (1750 W∙gPt
-1). These results highlight a discrepancy with the outcome of RRDE 

measurements. Indeed, in single PEMFC the best performance is obtained by PtCo-CNl 600/C2/4, 

while in RRDE the best EC is PtCo-CNl 600/C4/4 (see Table 2 and the end of Section 3.5.1.). In 

principle, this discrepancy could be ascribed to the presence in ECs of charge and mass transport 

issues, that hardly affect the RRDE measurements [55] and which are crucial in the determination 

of PEMFC performance [39, 56]. In first approximation the proposed ECs comprise a support that 

includes the same amounts of C and N (ca. 80 and less than 1.5 wt%, respectively; see Table 1). 

Hence, owing to the low wt% of N it is reasonable to admit that the ECs here described exhibit a 

very high electrical conductivity. Thus, it is expected that they will show no appreciable ohmic drop 

in the polarization curves [26]. On these bases, it is concluded that the performance of these 

materials in PEMFC is mostly modulated by the mass transport phenomena. These latter events, 

which are strongly correlated to the morphology of the ECs [39], are studied by analyzing the 

polarization curves as a function of the PO2
 at the cathode feed [39, 57]. Polarization curves shown 

in Fig. 8 are measured feeding the cathode with air at a back pressure of 4 bar. The performance of 

the ECs is also registered by using in the cathode feed a back pressure of 1 bar with: (i) pure O2; 

and (ii) air. Results obtained under (i) and (ii) conditions are respectively displayed in Fig. ESI2 and 

Fig. ESI3 reported in Electronic Supplementary Information.  

 

Fig. 8 shows clearly that, as the PO2
 in the cathode feed is lowered, the performance in the ORR of 

the proposed ECs drops below that of the Pt/C reference. A semiquantitative approach to gauge the 

impact of the mass transport phenomena on the performance of the ECs consists in studying the 

dependence of the maximum mass power (MMP) on PO2
 in the cathode feed [39]. It is highlighted 
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that the MMP of a PEMFC is typically measured at a current density of the order of few hundreds 

of mA∙cm-2 (see Fig. 7 and Fig. 8). In these conditions, in the cathode per unit time a large amount 

of: (i) oxygen is consumed; and (ii) water is produced. Hence, the empirical approach here 

described is useful to study the impact of “mass transport phenomena” on PEMFC in terms of: (i) 

the migration process of oxygen towards the ORR active sites; and (ii) the elimination of water 

product from the active sites. The method consists in the determination of four empirical parameters 

by means of the following Equation (3): 

 

Ψ𝐻

𝐿

=
𝑀𝑀𝑃𝐻

𝑀𝑀𝑃𝐿
         (3) 

 

where H and L indicate the operating conditions of the cathode feed: H, L = O4 (pure O2 at BP = 4 

bar); O1 (pure O2 at BP = 1 bar); A4 (air at BP = 4 bar); A1 (air at BP = 1 air). In Table 3 are 

summarized the four empirical parameters, O4/A4; O1/A1O4/O1 and A4/A1, whose values: (i) 

increase as the mass transport of reactants and products to and from the active sites becomes more 

hindered [39]; and (ii) show an asymptotic tendency to 1 as the effect of the mass transport 

phenomena on the ORR is decreased. On these bases the O4/A4, O1/A1, O4/O1 and A4/A1 

parameters provide a comprehensive picture on the effect of PO2
 on the ORR performance of the 

ECs in a broad range of operating conditions. The mass transport information represented by 

O4/A4, O1/A1, O4/O1 and A4/A1 parameters can be summarized into a single averaged empirical 

parameter “av”, which accounts for the “average accessibility” of reagents towards the active 

sites. In addition, Table 3 reveals that av values: (i) of the proposed ECs are higher than that of the 

Pt/C reference; (ii) in PtCo-CNl Tf/C1/4 ECs are at minimum when 600 °C < Tf < 700 °C; and (iii) in 

PtCo-CNl 600/Cw ECs are minimized when w = 2/4. 
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To explain this behavior it is necessary to consider that the ECs here proposed include up to ca. 10 

wt% of PtCox NPs (see Table 1), which exhibit a size of ca. 8 nm or more (see Fig. 2 and Table 

ESI1 in Electronic Supplementary Information). On the other hand, the Pt/C reference bears 20 wt% 

of Pt (see Section 2.1) with a NP average size of ca. 3 nm, which is supported on spherical carbon 

NPs (XC-72R) [33, 39]. This information suggests that, with respect to the Pt/C reference, the 

ECSA of PtCo-CNl Tf/Cw ECs would be significantly lower (see Table 2). Furthermore, tests in 

PEMFC of ECs are performed loading the cathode of the membrane-electrode assemblies with the 

same amount of Pt (i.e., 0.1 mgPt∙cm-2, see Section 2.5). Results show that: (i) the volumetric 

density of the ORR active sites decreases in the following order: Pt/C reference > PtCo-CNl Tf/Cw; 

and (ii) for PtCo-CNl Tf/Cw ECs, a significant inhibition of the oxygen diffusion process by the CN 

“shell” is revealed (see Section 3.1 and Fig. 2). Taking all together, with respect to the Pt/C 

reference, av of ECs are higher (see Table 3), thus witnessing that oxygen transport in these 

materials is more difficult. 

 

Furthermore, PtCo-CNl 900/C1/4 EC shows: (i) very large PtCox NPs (grain sizes higher than ca. 30 

nm, see Table ESI1 in Electronic Supplementary Information); and (ii) the smallest ECSA value 

(see Table 2). In addition, in the cathodic layers of PtCo-CNl Tf/C1/4 ECs: (i) the volumetric 

concentration of ORR active sites shows a minimum at Tf = 900 °C (av = 2.86, see Table 3); and 

(ii) the size of PtCox NPs is the smallest at Tf = 500 °C (grain size of ca. 8 nm, see Table ESI1 in 

Electronic Supplementary Information, corresponding to the largest value of ECSA, see Table 2; 

av = 2.98). Hence, it is concluded that in PtCo-CNl 500/C1/4 the volumetric concentration of ORR 

active sites is actually maximized, but the transport of reactants and products to and from the ORR 

active sites is poor. This apparent discrepancy can be rationalized considering that at Tf = 500 °C 

the graphitization of the CN “shell” of PtCo-CNl 500/C1/4 is likely not complete, in compliance 

with the results obtained on other similar systems obtained at a pyrolysis temperature of 500 °C 
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[29]. Hence, in PtCo-CNl 500/C1/4 the ORR active sites are clogged by functional groups present in 

the CN matrix. PtCo-CNl Tf/C1/4 ECs in the range 600 °C < Tf < 700 °C show the lowest av values 

likely owing to their: (i) volumetric concentration of ORR active sites, which in the CN “shell” is 

sufficiently large; and (ii) “degree of graphitization” of the CN “shell”, which is practically 

completed (the ligands of the CN matrix clogging the ORR active sites are removed). The 

graphitization of the CN “shell” depends on Tf [26, 29], thus the Tf parameter is inversely related to 

the density of functional groups remaining after the pyrolysis on the CN-matrix. In addition, the av 

values of PtCo-CNl 600/C1/4, PtCo-CNl 600/C2/4 and PtCo-CNl 600/C4/4 clearly indicate that the 

clogging of active sites by the functional groups present on the surface of the CN matrix is not the 

only one factor affecting the accessibility of reactants or products to and from the ORR active sites. 

 

The ECSA of the PtCo-CNl 600/Cw ECs, which are composed with a wt% of both Pt and Co similar 

to that of other ECs (see Table 1), increases in the order PtCo-CNl 600/C1/4 < PtCo-CNl 600/C2/4 ≈ 

PtCo-CNl 600/C4/4 (see Table 2). This behavior for these systems supports the structural 

interpretation described in Section 3.1 and shown in Fig. 2. Taking all together, the volumetric 

densities of the ORR active sites in the CN “shells” of PtCo-CNl 600/C2/4 and PtCo-CNl 600/C4/4 

are: (i) very similar; and (ii) larger than that of PtCo-CNl 600/C1/4, which exhibits poor mass 

transport features (av = 2.67, see Table 3). However, with respect to PtCo-CNl 600/C2/4, PtCo-CNl 

600/C4/4 shows a higher av (2.89 vs. 2.35, see Table 3), thus demonstrating that, with respect to 

PtCo-CNl 600/C2/4, the ORR active sites of PtCo-CNl 600/C4/4 are embedded into a more compact 

CN “shell”. In summary, in the high-current regime the best EC is PtCo-CNl 600/C2/4, in terms of: 

(i) mass transport phenomena; (ii) mass power at a cell potential of 0.6 V (1750 W∙gPt
-1); and (iii) 

maximum mass power (2481 W∙gPt
-1). It is further noted that these latter two metrics in the 

proposed ECs are actually improved in comparison with the Pt/C reference, that exhibits a mass 
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power at a cell potential of 0.6 V and a maximum mass power equal to 1200 W∙gPt
-1 and 2325 

W∙gPt
-1, respectively. 

 

A further study of the performance of ECs in single PEMFCs is performed by analyzing on sample 

composition and Tf the dependence of the cell potential at a specific current of 50 A∙gPt
-1 [39]. In 

these conditions the current density yielded by the PEMFC is 12 mA∙cm-2. This value is ca. 1-2 

orders of magnitude lower than that of the current density measured at the maximum mass power of 

the PEMFC (see above). Therefore, under these kinetic operating conditions the ECs yield very 

little water and shows very small and practically constant ohmic drops. Under these conditions the 

PEMFC performance (see the caption of Fig. 7) is mainly controlled by: (i) the intrinsic ORR 

kinetics of the cathode EC; and (ii) the local PO2
 on the ORR active sites [39, 58], which depends on 

the transport phenomena of oxygen in the immediate neighborhood of the active sites. Table 4 

summarizes the cell potentials of ECs in PEMFCs measured at a specific current of 50 A∙gPt
-1 and at 

different values of PO2
. 

 

In pure O2 at a back pressure of 4 bar [O2, 4 bar] the values of V@50 A∙gPt
-1 are diagnostic of the 

kinetic performance of the ECs. In this latter condition the mass transport phenomena can be 

neglected. V@50 A∙gPt
-1 [O2, 4 bar] values can be correlated to the ORR kinetic parameters 

determined by CV-TF-RRDE measurements (see Section 3.5.1.). For the sake of comparison, 

results of electrochemical tests are obtained keeping constant the loading of Pt: (i) 0.1 mgPt∙cm-2 for 

the PEMFC cathode; and (ii) 12 g∙cm-2 for RRDE measurements (see Section 2.5. and Section 

2.4., respectively). Table 4 summarizes the values of V@50 A∙gPt
-1 [O2, 4 bar], obtained in PEMFC 

tests, while Table 2 shows the im(0.9 V) values determined by CV-TF-RRDE. In these conditions 

results obtained with these two radically different experimental setups are very similar. In 

particular, the performance of PtCo-CNl Tf/C1/4 ECs decreases on Tf and that of PtCo-CNl 600/C2/4 
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is improved with respect to both the Pt/C reference and the PtCo-CNl 600/C1/4 EC. This evidence 

confirms that CV-TF-RRDE measurements are able to provide a reliable first estimate of the kinetic 

performance of an ORR EC and that, in first approximation, the ORR performance of the proposed 

ECs has been successfully transferred from an “ex-situ” electrochemical environment to an “in-

situ” single PEMFC application. A comparison of the results shown in Table 2 with those reported 

in Table 4 indicates that the performance in CV-TF-RRDE increases in the order PtCo-CNl 600/C2/4 

< PtCo-CNl 600/C4/4, while the reverse trend is detected in single PEMFC. This discrepancy 

confirms the structural hypothesis described in Section 3.1. Indeed, in compliance with the above 

observations, with respect to PtCo-CNl 600/C2/4, the ORR active sites of PtCo-CNl 600/C4/4 are 

embedded into a more compact CN “shell” which inhibits the transport of oxygen to the active sites 

even at low ORR currents. This phenomenon, which is associated to the presence on the active sites 

of a PO2
 lower than that externally imposed, reduces significantly V@50 A∙gPt

-1 [O2, 4 bar]. 

 

This evidence suggests that, even though V@50 A∙gPt
-1 values are determined at very low current 

densities, the transport phenomena of the ORR reactants and products towards or from the active 

sites play a crucial role in determining the ORR performance of the ECs in a PEMFC. In order to 

better gauge these effects, in this work we studied the H/L empirical parameters. Each H/L is 

defined as the difference between the V@50 A∙gPt
-1 values measured when the cathode is fed with 

oxygen in the H and L conditions. The H and L conditions are consistent with those defined above 

for H/L (see Equation (3)). The values and the detailed definitions of O4/A4, O1/A1, O4/O1 and 

A4/A1 parameters are shown in Table 4. A large value of H/L indicates that a significant decrease of 

V@50 A∙gPt
-1 is registered as PO2

 is reduced. For instance, O4/A4 corresponds to the decrease in 

V@50 A∙gPt
-1 “upon changing the cathode feed from pure oxygen to air as the overall BP is kept 

constant at 4 bar”. In accordance with H/L parameters (H/L = O4/A4, O1/A1, O4/O1, A4/A1), a 

negligible influence on the performance of the PEMFC of the mass transport phenomena 
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corresponds to a “small” value of the H/L parameter. Furthermore, also in this case the information 

of the O4/A4, O1/A1, O4/O1 and A4/A1 empirical parameters can be summarized into a single 

averaged parameter, labelled “av” (see the caption of Table 4). The behavior of av and av on EC 

composition and Tf shows that these parameters are correlated to each other and that: (i) increase in 

the order Pt/C reference < all the PtCo-CNl Tf/Cw ECs; (ii) in PtCo-CNl Tf/C1/4, are minimized for 

600 °C < Tf < 700 °C; and (iii) are very similar for PtCo-CNl 600/C1/4 and PtCo-CNl 600/C4/4. 

These insights suggest that the structural and morphological features affect the mass transport 

properties of ECs in PEMFC tests in the same way both in the “low-current” and in the “high-

current” regime. It is noted that in PtCo-CNl 600/Cw ECs, the minimum av is registered at w = 2/4 

(see Table 3) while av does not change significantly among the various samples (see Table 4). This 

evidence is rationalized considering that the Pt/N molar ratio of PtCo-CNl 600/C2/4 is significantly 

larger with respect to that of both PtCo-CNl 600/C1/4 and PtCo-CNl 600/C4/4 (2.2 vs. ca. 1.6, see 

Table 1). Thus, it is expected that a high N concentration at the interface [CN-matrix]/[PtCox NPs] 

stabilizes on the surface of alloy NPs the hydrophilic Co species, which facilitate the absorption of 

water promoting the formation of solvation shells covering the metal active sites (partial flooding of 

active sites). This effect degrades the O2 transport features toward active sites of PtCo-CNl 600/C2/4 

EC and limit the positive effects associated in this material to a more porous CN “shell”. However, 

at large current densities this phenomenon is not particularly evident, probably owing to the 

following reasons: (i) the larger amount of water produced at the ORR active sites originates a high 

water concentration gradient, which facilitates its elimination; and (ii) the ORR active sites at high 

PO2
 and gas flow rates promote the desorption processes of water molecules.   

 

Taken all together, in the low-current regime the most promising EC is PtCo-CNl 600/C2/4. Indeed, 

it exhibits a V@50 A∙gPt
-1 [O2, 4 bar] equal to 908 mV. This value is more than 20 mV higher than 

that of the Pt/C reference (see Table 4). This result confirms the outcome of CV-TF-RRDE 
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measurements (see Table 2) and witnesses that, with respect to the Pt/C reference, PtCo-CNl 

600/C2/4 is also able to yield an improved ORR kinetics in a PEMFC. Finally, PtCo-CNl 600/C2/4 

reveals one of the lowest av values among the ECs here presented (see Table 4) demonstrating that 

it is characterized by acceptable mass transport features. 
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4. Conclusions 

This report shows that the performance in the ORR of the “core-shell” CN-based ECs here 

described depends on: (i) the structure, composition and interactions of the nanocomposite zeolitic 

inorganic-organic polymer electrolyte precursor used (nZ-IOPE); and (ii) the parameters 

characterizing the pyrolysis process. In a first series of experiments Tf is optimized. The best ORR 

performance, as determined by CV-TF-RRDE measurements, is obtained at Tf = 600 °C. The mass 

ratio “w” between the sucrose binder and the carbon black used in the synthesis of the nZ-IOPE 

precursor is then modulated between 1/4 and 4/4.  

 

It is revealed that upon the pyrolysis process: (i) the carbon NPs originally introduced in the nZ-

IOPE precursor form the “core” of the ECs; (ii) the precursor Z-IOPE domains undergo 

graphitization, forming a CN “shell” that wraps the “core”; and (iii) PtCox NPs nucleate and grow 

in the CN “shell”. This general picture is corroborated by the morphological analysis carried out by 

HR-TEM (see Fig. 2). The PtCox NPs are stabilized into the “shell” by means of “coordination 

nests” based on C- and N- ligands. N atoms are introduced in the ECs by means of the cyano 

ligands of the Co(CN)6
3- complex used in the synthesis of the nZ-IOPE precursor, which are 

strongly bound to the Co metal center [59]. For this reason the N atoms in ECs should be located in 

close proximity to Co atoms coalesced into the PtCox NPs. The features of the final ECs are 

strongly dependent on the structure of the starting nZ-IOPE precursor, which in turn is significantly 

modulated by the mass ratio w. At large values of w, sucrose segregates inside the interstices of the 

3D Z-IOPE network. Thus, the density of the hybrid inorganic-organic network decreases, reducing 

the amount of Pt and Co species that can coalesce into each PtCox NP during the pyrolysis process. 

As w = 1/4, the largest part of sucrose is involved in the formation of the 3D network of the Z-IOPE 

and only few small sucrose domains are formed. As a result: (i) large domains comprising anionic 

metal clusters are available to feed the nucleation and growth processes of large PtCox NPs; and (ii) 

a compact CN matrix is obtained. These latter features inhibit the diffusion of oxygen to the surface 
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of the PtCox NPs, reducing the O2 accessibility to the active sites. For w = 2/4, larger sucrose 

domains are formed, which expand the 3D network of Z-IOPE precursor. This reduces the local 

availability of metal species able to coalesce into PtCox NPs and promotes the production of a more 

porous CN “shell” which improves the accessibility of O2 towards the active sites. In this case, a 

lower av value is obtained. Finally, as sucrose is increased (w = 4/4), the large sucrose domains 

embedded in the 3D network of the Z-IOPE precursor give rise to: (i) smaller PtCox NPs; (ii) a high 

value of av, demonstrating that a more compact CN “shell” is obtained when the 3D hybrid 

structure of Z-IOPE precursor collapses stimulated by the degradation of the large sucrose domains. 

 

The electrochemical studies performed by CV-TF-RRDE measurements show that the ECSA of the 

ECs increases in the order PtCo-CNl 600/C1/4 (10.3 m2∙gPt
-1) < PtCo-CNl 600/C2/4 (28.1 m2∙gPt

-1) ≈ 

PtCo-CNl 600/C4/4 (25.6 m2∙gPt
-1). In addition, it is determined that, with respect to the Pt/C 

reference, the intrinsic activity in the ORR of the proposed ECs in acid medium is improved by a 

factor of 3.5 – 6. This result is rationalized considering that the Co atoms alloyed into the PtCox 

NPs give rise: (i) to strain phenomena promoting the ORR kinetics by means of electronic effects 

[45]; (ii) to oxophilic Co species, that are stabilized on the surface of PtCox NPs by the C- and N- 

ligands of the “coordination nests” and promote the ORR by means of “bifunctional effects” [34]. 

CV-TF-RRDE demonstrates that the best EC is PtCo-CNl 600/C4/4, which provides: (i) the best 

compromise between ECSA and intrinsic activity; and (ii) the highest mass activity at 0.9 V vs. 

RHE (0.304 A∙gPt
-1) in comparison with that of the Pt/C reference (0.161 A∙gPt

-1). 

 

This report reveals that mass transport issues arising from the morphology, the structure and the 

chemical composition of the ECs strongly affect the PEMFC performance. It is demonstrated that 

even though CV-TF-RRDE studies provide good preliminary insights on ORR kinetics, mass 

transport issues influence significantly the EC performance in an operating PEMFC even at low 



29 
 

current densities and at high PO2
. In this regard a number of morphological and chemical features 

are identified, that are responsible to modulate the mass transport phenomena in both the “high-” 

and “low-current” regime. In general, the mass transport phenomena are facilitated as the ORR 

active sites: (i) exhibit a high volumetric density; (ii) are not embedded into a compact CN “shell”; 

and (iii) are not clogged by ligands derived from the incomplete graphitization of the nZ-IOPE 

precursor. It is also found that the chemical interactions between the CN matrix and the PtCox NPs 

affect the mass transport phenomena and the strong hydrophilic environment created in the EC 

surface by Co oxophilic species. These latter, which are stabilized by the nitrogen ligands of the CN 

“shell”, facilitate the absorption and the aggregation of water molecules on the surface of alloy NPs 

to form the solvation shell which covers the active sites. This phenomenon is particularly evident at 

low current densities and is responsible of the initial flooding processes of the ORR active sites. 

 

Taken all together, the ECs presented in this report exhibit a promising performance, both in a CV-

TF-RRDE setup and in single PEMFC. In particular, PtCo-CNl 600/C2/4 reveals the best 

performance in single PEMFC. In “ideal” operating conditions, the PEMFC mounting PtCo-CNl 

600/C2/4 at the cathode exhibits a V@50 A∙gPt
-1 equal to 908 mV and yields a mass power of 1750 

W∙gPt
-1 at a cell potential of 0.6 V. These metrics are improved in comparison with the PEMFC 

mounting the Pt/C reference, that exhibits a V@50 A∙gPt
-1 equal to 884 mV and yields a mass power 

of 1200 W∙gPt
-1 at a cell potential of 0.6 V. The structural features of the nZ-IOPE precursor are 

crucial in the modulation of the final properties of ECs and affect: (i) the trends observed in the 

ORR performance; and (ii) the discrepancies between the results achieved in the CV-TF-RRDE 

setup and in single PEMFC. In conclusion, this report summarizes a study carried out to understand 

the fundamental mechanisms that modulate the interplay between the synthetic parameters, the 

physicochemical properties and the electrochemical performance of the ECs obtained with the 

proposed preparation route.  
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On the whole, the present results are consistent with previous observations made for originally inert 

graphene in which the catalytically active sites were formed by replacement of  the lattice carbons 

with such heteroatoms as nitrogen [60, 61]. Consequently, differences in the oxygen adsorption, 

activation and its reductive activity were postulated. Strong interactions between Pt as well as alloy-

forming metals (e.g. Co) and N-derivatized units (within nanopores) were suggested to explain the 

observed electrocatalytic enhancement effects. 
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Tables 

 

Table 1. Chemical composition of ECs. 

Electrocatalyst 
Atomic weight% 

Formula 
Pt

a
 Co

a
 K

a
 C

b
 N

b
 H

b
 

PtCo-CN
l
 500/C

1/4
 7.48 2.26 0.44 82.2 0.76 0.29 K

0.3
[PtCoC

178
N

1.4
H

7.5
] 

PtCo-CN
l
 600/C

1/4
 7.76 2.33 0.50 81.2 0.83 0.25 K

0.32
[PtCo

0.99
C

170
N

1.5
H

6.2
] 

PtCo-CN
l
 700/C

1/4
 7.63 2.16 1.05 80.6 0.75 0.27 K

0.69
[PtCo

0.94
C

172
N

1.4
H

6.9
] 

PtCo-CN
l
 900/C

1/4
 9.27 2.63 0.58 84.4 0.52 0.20 K

0.31
[PtCo

0.94
C

148
N

0.8
H

4.2
] 

PtCo-CN
l
 600/C

2/4
 6.84 1.97 0.53 72.6 1.10 0.40 K

0.39
[PtCo

0.95
C

172
N

2.2
H

11.3
] 

PtCo-CN
l
 600/C

4/4
 8.56 2.55 0.63 76.6 1.10 0.60 K

0.36
[PtCo

0.99
C

145
N

1.7
H

12.7
] 

a By ICP-AES. 
b By elemental analysis. 

 

 

Table 2. Parameters describing the ORR performance determined by CV-TF-RRDE 

measurements. 

Electrocatalyst ECSA / m2·gPt
-1 im(0.9 V) / A·mgPt

-1 is(0.9 V) / A·cmPt
-2 

PtCo-CN
l
 500/C

1/4
 17.4 0.151 869 

PtCo-CN
l
 600/C

1/4
 10.3 0.132 1280 

PtCo-CN
l
 700/C

1/4
 15.3 0.106 692 

PtCo-CN
l
 900/C

1/4
 4.6 0.030 664 

PtCo-CN
l
 600/C

2/4
 28.1 0.274 975 

PtCo-CN
l
 600/C

4/4
 25.6 0.304 1188 

Pt/C reference 80.3 0.161 204 
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Table 3. Performance in PEMFC of ECs. Empirical parameters for the determination of mass transport phenomena in 

cathodic electrocatalytic layers in the high-current regime. 

Cathode 

electrocatalyst 

Maximum Mass Power / W∙gPt
-1 

 

O4/A4
(c) O1/A1

(d) O4/O1
(e)

 A4/A1
(f) 

 

av
(g) BP(a) = 4 bar BP(a) = 1 bar 

O2
(b) Air(b) O2

(b) Air(b) 

PtCo-CNl 500/C1/4 2349 877 736 266 

 

2.68 2.77 3.19 3.30 

 

2.98 

PtCo-CNl 600/C1/4 2360 683 707 356 

 

3.46 1.99 3.34 1.92 

 

2.67 

PtCo-CNl 700/C1/4 2084 1108 782 593 

 

1.88 1.32 2.66 1.87 

 

1.93 

PtCo-CNl 900/C1/4 1864 696 421 258 

 

2.68 1.63 4.43 2.70 

 

2.86 

PtCo-CNl 600/C2/4 2481 1066 892 455 

 

2.33 1.96 2.78 2.34 

 

2.35 

PtCo-CNl 600/C4/4 2208 820 1002 274 

 

2.69 3.66 2.20 2.99 

 

2.89 

Pt/C reference 2325 1901 1405 1143 

 

1.22 1.23 1.65 1.66 

 

1.44 
(a) BP = Back Pressure. 
(b) Cathode feed. 
(c) O4/A4 = Maximum mass power [O2, 4 bar]/Maximum mass power [Air, 4 bar] 
(d) O1/A1 = Maximum mass power [O2, 1 bar]/Maximum mass power [Air, 1 bar] 
(e) O4/O1 = Maximum mass power [O2, 4 bar]/Maximum mass power [O2, 1 bar] 
(f) A4/A1 = Maximum mass power [Air, 4 bar]/Maximum mass power [Air, 1 bar] 
(g)av = (O4/A4 + O1/A1 + O4/O1 + A4/A1)/4 

The polarization curves used to evaluate O4/A4, O1/A1, O4/O1 and  A4/A1 are reported in Fig. 7, Fig. 8 and in Fig. ESI2 and 

Fig. ESI3 in the Electronic Supplementary Information. 
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Table 4. Figures of merit for the performance of ECs in PEMFC tests and mass transport phenomena in cathode 

electrocatalytic layers in the low-current regime. 

Cathode 

electrocatalyst 

V@50 A∙gPt
-1 / mV 

 

O4/A4
(c) O1/A1

(d) O4/O1
(e) A4/A1

(f) 

 

av
(g) BP(a) = 4 bar BP(a) = 1 bar 

O2
(b) Air(b) O2

(b) Air(b) 

PtCo-CNl 500/C1/4 893 797 773 692 

 

96 81 120 105 

 

101 

PtCo-CNl 600/C1/4 878 791 787 718 

 

87 69 91 73 

 

80 

PtCo-CNl 700/C1/4 890 832 799 777 

 

58 22 91 55 

 

57 

PtCo-CNl 900/C1/4 866 783 722 678 

 

83 44 144 105 

 

94 

PtCo-CNl 600/C2/4 908 802 785 747 

 

106 38 123 55 

 

81 

PtCo-CNl 600/C4/4 868 796 791 705 

 

72 86 77 91 

 

82 

Pt/C reference 884 823 827 802 

 

61 25 57 21 

 

41 
(a) BP = Back Pressure. 
(b) Cathode feed. 
(c) O4/A4 = V@50 A∙gPt

-1 [O2, 4 bar] – V@50 A∙gPt
-1 [Air, 4 bar] 

(d) O1/A1 = V@50 A∙gPt
-1 [O2, 1 bar] – V@50 A∙gPt

-1 [Air, 1 bar] 
(e) O4/O1 = V@50 A∙gPt

-1 [O2, 4 bar] – V@50 A∙gPt
-1 [O2, 1 bar] 

(f) A4/A1 = V@50 A∙gPt
-1 [Air, 4 bar] – V@50 A∙gPt

-1 [Air, 1 bar] 
(g) av = (O4/A4 + O4/A4 + O4/A4 + O4/A4)/4 
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Figures 

 

Fig. 1. High-resolution TGA profiles under an air oxidizing atmosphere of the PtCo-CNl Tf/C1/4 

(left panel) and PtCo-CNl 600/Cw (right panel) ECs. High-resolution TGA profiles determined in 

the same conditions of the Pt/C reference and of the XC-72R carbon black are also introduced in the 

graphs for the sake of comparison. 
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Fig. 2. Morphology of the PtCo-CNl 600/C2/4 EC determined by HR-TEM investigations. Low-

magnification micrographs showing the overall features of the EC (a, b); high-magnification 

micrograph highlighting the “core-shell” morphology (c); high-magnification micrograph 

displaying the morphology and the interplanar fringes of a PtCox NP (d); evaluation of the (111) 

interplanar distance (d’).    
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Fig. 3. COad stripping current densities of the PtCo-CNl Tf/Cw ECs. Results obtained on the PtCo-

CNl Tf/C1/4 ECs (left panel) and on the PtCo-CNl 600/Cw ECs (right panel). All the electrodes have 

a Pt loading of 12 g∙cm-2. A 0.1 M HClO4 solution fills the electrochemical cell, that is 

thermostated at 25 °C; the sweep rate is 20 mV∙sec-1. The electrode tip is not rotated as COad is 

stripped. PN2
 = 1 atm; the other experimental details are described in the literature [37].  
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Fig. 4. CV-TF-RRDE profiles of the PtCo-CNl Tf/Cw ECs in the ORR. Results obtained on the 

PtCo-CNl Tf /C1/4 ECs (left panel) and on the PtCo-CNl 600/Cw ECs (right panel). The upper traces 

are the oxidation currents determined on the Pt ring of the RRDE (iring). The lower traces are the 

ORR current densities measured on the glassy carbon disk of the tip (jdisk). PO2
 = 1 atm; the RRDE 

is rotated at 1600 rpm. Additional information on the electrodes and on the other experimental 

conditions is reported in the caption of Fig. 3.  
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Fig. 5. Average number of electrons (n) that are exchanged during the ORR. Results obtained by 

means of Equation (1) for the PtCo-CNl Tf /C1/4 ECs (left panel) and for the PtCo-CNl 600/Cw ECs 

(right panel) starting from the traces displayed in Fig. 4.  

 



46 
 

 

Fig. 6. Tafel plots of the mass activity, im (upper panels) and the surface activity, is (lower panels) 

of the PtCo-CNl Tf/Cw ECs in the ORR. Results refer to the PtCo-CNl Tf /C1/4 ECs (left panels) and 

to the PtCo-CNl 600/Cw ECs (right panels). The profiles are determined from the traces displayed in 

Fig. 4 after removing with Equation (2) the contributions originated by mass transport phenomena. 
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Fig. 7. Results of single fuel cell tests of PtCo-CNl Tf/Cw ECs mounted at the cathode of a PEMFC. 

Upper panels: polarization curves. Lower panels: power curves; MP is the “mass power”, that is 

obtained by normalizing the output power yielded by the PEMFC by the mass of Pt on the cathode 

electrode. Left panels: results determined on PtCo-CNl Tf/C1/4 ECs; right panels: results obtained on 

PtCo-CNl 600/Cw ECs. The loading of Pt on the cathode electrode is 0.1 mg∙cm-2. The curves are 

collected on a single-cell PEMFC with a surface area of 5 cm2 fuelled with pure H2 on the anode 

and pure O2 at the cathode. The flow rates of H2 and O2 are 800 and 500 sccm, respectively; 

Tanode/cell/cathode = 84/85/84 °C; the reactants are fully humidified and their back pressure is 4 bar. 
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Fig. 8. Results of single fuel cell tests of PtCo-CNl Tf/Cw ECs mounted at the cathode of a PEMFC. 

Upper panels: polarization curves. Lower panels: power curves; MP is the “mass power”, that is 

obtained by normalizing the output power yielded by the PEMFC by the mass of Pt on the cathode 

electrode. Left panels: results determined on PtCo-CNl Tf/C1/4 ECs; right panels: results obtained on 

PtCo-CNl 600/Cw ECs. The curves are collected on a single-cell PEMFC with a surface area of 5 

cm2 fuelled with pure H2 on the anode and air at the cathode. The flow rates of H2 and air are 800 

and 1700 sccm, respectively. The other test conditions are the same as those described in the 

caption of Fig. 7. 
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S.1. Instruments and methods - WAXD 

Wide-angle X-ray diffraction (WAXD) profiles are collected by means of a GNR diffractometer 

(model eXplorer) mounting a monochromatized CuK source; the instrument angle is calibrated 

using a NIST Si 640d standard. WAXD patters are acquired in the 2 range 8–90° with a 0.05° step 

and an integration time of 15 sec. The WAXD patterns of all the PtCo-CNl Tf/CW ECs are reported 

in Fig. ESI1 together with the Pt/C reference. 

 

S.2. WAXD profiles 

 

Fig. ESI1. WAXD profiles of PtCo-CNl Tf/C1/4 (a) and PtCo-CNl 600/Cw (b). 
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Two groups of peaks are detected: (i) sharp peaks at 2 ~ 41° (111), 48° (200), 70° (220) and 84° 

(311) are reflections of alloy NPs with an fcc structure and belonging to the Fm3m space group, 

which correspond to PtCox phases; and (ii) broader peaks at 2 ~16° and 25° ascribed to the 

contribution of both the graphitic CN “shell” and the XC-72R NPs of the support “core”. In 

addition, at Tf ≥ 600 °C a very small amount of an ordered Pt3Co crystal phase is detected by weak 

reflections at 2 ~ 33° (110) and 53.1° (210). Pt3Co belongs to the space group Pm3m. Typical 

reflections of crystalline Pt and Co are not observed. The particle size of the PtCox phase is 

determined by the Scherrer’s method. The results are reported in Table ESI1. 

 

Table ESI1. Particle size of the PtCox phase as determined by the Scherrer’s method. 

Electrocatalyst Particle size / nm 

PtCo-CN
l
 500/C

1/4
 7.9 

PtCo-CN
l
 600/C

1/4
 9.5 

PtCo-CN
l
 700/C

1/4
 12.8 

PtCo-CN
l
 900/C

1/4
 30.3 

PtCo-CN
l
 600/C

2/4
 10.3 

PtCo-CN
l
 600/C

4/4
 11.1 

Pt/C reference 2.8(a) 
(a) This phase only includes Pt. 
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S.3. Polarization and power curves 

 

Fig. ESI2. Results of single fuel cell tests of PtCo-CNl Tf/Cw ECs mounted at the cathode of a 

PEMFC. Upper panels: polarization curves. Lower panels: power curves; MP is the “mass power”, 

that is obtained by normalizing the output power yielded by the PEMFC by the mass of Pt on the 

cathode electrode. Left panels: results determined on PtCo-CNl Tf/C1/4 ECs; right panels: results 

obtained on PtCo-CNl 600/Cw ECs. The loading of Pt on the cathode electrode is 0.1 mg∙cm-2. The 

curves are collected on a single-cell PEMFC with a surface area of 5 cm2 fuelled with pure H2 on 

the anode and pure O2 at the cathode. The flow rates of H2 and O2 are 800 and 500 sccm, 

respectively; Tanode/cell/cathode = 84/85/84 °C; the reactants are fully humidified and their back 

pressure is 1 bar. 
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Fig. ESI3. Results of single fuel cell tests of PtCo-CNl Tf/Cw ECs mounted at the cathode of a 

PEMFC. Upper panels: polarization curves. Lower panels: power curves; MP is the “mass power”, 

that is obtained by normalizing the output power yielded by the PEMFC by the mass of Pt on the 

cathode electrode. Left panels: results determined on PtCo-CNl Tf/C1/4 ECs; right panels: results 

obtained on PtCo-CNl 600/Cw ECs. The loading of Pt on the cathode electrode is 0.1 mg∙cm-2. The 

curves are collected on a single-cell PEMFC with a surface area of 5 cm2 fuelled with pure H2 on 

the anode and air at the cathode. The flow rates of H2 and air are 800 and 1700 sccm, respectively; 

Tanode/cell/cathode = 84/85/84 °C; the reactants are fully humidified and their back pressure is 1 bar. 

 


