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Aiming a commercial development of proton exchange membrane fuel cells (PEMFC), a low cost, sustainable and high 

performance electrocatalyst for oxygen reduction reaction (ORR) with capability to replace/reduce rare metals, are high 

desirable. In this paper, we present a class of doped graphene, namely iodinated graphene with highly ORR 

electrochemical performances, synthesized by using the electrophilic substitution method. The prepared samples were 

characterized by different techniques, including Scanning Electron Microscopy SEM, X-ray photoelectron spectroscopy 

XPS, Raman spectroscopy, surface area measurement by BET method, that revealed the structure and morphology. The 

most highly iodinated graphene was tested in a single cell by measuring the cyclic voltammetry. The electrochemical 

performances were evaluated and compared with a typical PEMFC configuration, when a single cathodic peak at 0.2 V 

with a current density of – 3.67 mA cm-2 for the Pt/C electrode was obtained. The best electrochemical performances in 

terms of electrochemical active area, was obtained for a new concept of cathode composed from Pt/C – iodine doped 

graphene, when a well-defined peak centred at 0.23 V with a current density of approx. – 9.1 mA cm-2 was obtained, 

indicating a high catalytic activity for ORR. 
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1. INTRODUCTION 

Proton exchange membrane fuel cells (PEMFCs) have 

attracted a considerable attention as clean and efficient 

power sources. Up until the present day, platinum and 

platinum-based composites have been considered as the 

most efficient catalysts, due to its remarkable 

electrochemical performances. However, a large scale 

application is conditioned by its drawbacks, besides its 

high cost, CO poisoning effect, lack of stability. There is 

an important trend to replace the Pt-based oxygen 

reduction reaction (ORR) electrocatalysts with metal-free 

electrocatalysts having high catalytic activity and 

durability in a sustainable effort to diminish the FC 

production cost and allow this technology to become 

approachable for commercialization [1 – 4]. 

Since the single-layer graphene was discovered, this 

research area has attracted great interest because the 

improved performances as catalytic support in FC were 

demonstrated [5 – 8]. Recently, graphenes doped with 

heteroatom, such as boron (B), halogen (Cl, Br, I), nitrogen 

(N), phosphorus (P), sulphur (S), and their mixtures, have 

attracted attentions as metal-free ORR electrocatalysts, 

based on different electronegativity between the 

heteroatom dopants [9 – 16]. 

The remarkably improved catalytic performance of 

halogenated doped graphene was assigned to the electron-

accepting ability of the chemically-bonded atoms, by 

creating of positive charge on adjoining conjugated carbon 

atoms in order to facilitate the chemical adsorption of 

oxygen and as consequence favouring the oxygen 
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reduction reaction (ORR). Starting from the supposition 

that it is essential to incorporate halogen covalently-

bonded atoms into the graphene structure in order to 

generate intermolecular charge-transfer, the low cost 

chemical processes for the preparation of doped graphenes 

are necessary for the realistic commercial applications. It is 

important to note that the common routes such as chemical 

vapour deposition (CVD) and/or Hummer's method for 

obtaining of doped graphene are quite expensive, involve 

environmental hazard reagents, making those methods 

improper for a large scale production [17 – 26].  

In this study we will use the previous protocol that we 

developed for synthesis of graphene base materials [25] in 

order to prepare iodine doped graphenes (IDG), followed 

by their testing and validation as base materials for FC 

electrodes. 

The work reveals the developing of a new concept of 

cathode electrodes for FC, starting from up-to-date design 

of catalyst based on non-noble metal. A correlation 

between composition, morphology and ORR activity could 

offer a better understanding regarding the nature of active 

sites in different iodinated graphenes. We hypothesize that 

the ORR activity could be improved due to electrocatalytic 

efficiency of iodine doping, facilitated by forming charge 

transfer complexes of I3
- and I5

-, which enhance the doping 

capability and graphene work function [16, 17]. For 

comparison, the diagnostic experiments with 

nanostructured electrocatalytic systems utilizing Pt noble 

metal, at the lowest possible loadings, are going to be 

explored in order to permit their high practical utility. Due 

to the fact that the experimental information connected to 

the electrochemical science and technology of ORR for 

iodinated graphenes is not yet well explained, any 

achievements regarding these electrocatalytic systems 
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providing good ORR performances could be primary 

importance. 

2. EXPERIMENTAL 

A direct iodinated method was used for preparation of 

iodine doped graphene materials (IDG), based on 

electrophilic substitution. All chemicals were of analytical 

grade and used without additional processing. Graphene 

(Gr) is iodinated by the direct method using the system 

KI/NaIO4 at the molar ratio I+/Gr=1. H2SO4 min. 95 % wt. 

was introduced at room temperature, in a round 5-neck 

round flask of 1000 ml, thermostated in glycerine bath and 

equipped with mechanical stirrer with tight guide KPG, 

thermometer, air-cooled reflux condenser and drying tube. 

Under continuously stirring are inserted in small portions: 

NaIO4 and finely milled KI. The mixture is stirred 30 min 

at max 35°C. Then 2 g graphene xGnP of commercial type 

(XG Graphene Nanoplateles Science, grade M, specific 

surface area 105 m2/g) is added to the reaction mass and 

stirred for 24 hours at 30 – 35 °C. The reaction mass is 

stirred gently, transferred into a beaker of 3000 ml and 

cooled externally with ice. The obtained solid is washed 

3 times by decantation, separated by settling and filtration, 

washed filter to free SO4
2, and dried at 50 °C and 0.5 atm 

in an oven, then in a vacuum desiccator to constant weight 

(it takes several days due to high elementary iodine 

content). Approximately 2 g of solid is obtained. For a 

totally separation of elemental iodine, the solid product 

was introduced in a cartridge paper and extracted in a 

Soxhlet extractor with acetone until the extract is 

colourless. After drying to constant mass at 50°C there 

were obtained a solid product encoded IDG_1. The same 

protocol was followed for IDG_2 synthesis except that the 

starting raw material was single layer graphene powder 

(specific surface area 750 m2/g, ACS Material, USA). The 

specific surface areas of initial and prepared samples were 

determined using the BET method (Brunauer–Emmett–

Teller theory for surface area) by performing nitrogen 

sorption measurements using a Quantachrome Autosorb IQ 

equipment. The nitrogen adsorption-desorption 

measurements were also used to study the porous features 

of the catalysts. The adsorption and desorption 

experiments were done at 77 K after initial pre-treatment 

of the samples by degassing at 115 °C for 4 hours. Fourier 

transform infrared (FT-IR) spectra were recorded in this 

study on a NICOLET IMPACT 410 Fourier Transform 

Infrared spectrophotometer. Surface analysis performed by 

X-Ray Photoelectron Spectroscopy (XPS) was carried out 

on a Quantera SXM equipment, with a base pressure in the 

analysis chamber of 10-9 Torr. The X-ray source was Al Kα 

radiation (1486.6eV, monochromatized) and the overall 

energy resolution is estimated at 0.65 eV by the full width 

at half maximum (FWHM) of the Au4f7/2 line. In order to 

take into account, the charging effect on the measured 

Binding Energies (BEs), the spectra were calibrated using 

the C1s line (BE = 284.8 eV, C-C (CH)n bond) of the 

adsorbed hydrocarbon on the sample surface. A dual beam 

neutralizing procedure (e- and Ar+ ion beams) has been 

used to compensate the charging effect in insulating 

samples. Scanning electron microscopy was performed 

using a Karl Zeiss SIGMA Variable Pressure Field 

Emission Scanning Electron Microscope. 

A single cell system with an active area of 5 cm2 was 

used for electrochemical performances to test the prepared 

catalysts. Several steps have been carried out for 

manufacturing each PEMFC. First, a catalytic ink containing 

catalyst was prepared by ultrasonically mixing of catalyst 

powder, isopropanol, Nafion ionomer solution 5 wt.%. 

(Dupont, USA) for 2 hours. The ink was afterwards sprayed 

(using SonoTek, USA) on each side of the pre-treated 
membrane (Nafion Dupont, USA). 0.2 mg/cm2 Pt loading 

was used for anode side of the fuel cell developed, based on 

a commercial Hispec 4000 Pt/C catalyst (Alfa Aesar, USA). 

The cathode catalyst layer was modified taking into account 

0.2 mg/cm2 Pt loading as a recommended up to date value 

for Pt loading and a similar iodine loading, resulting in 2 

configurations: (1): 0.2 mg/cm2 Pt loading sprayed on 

Nafion membrane, (2) 0.2 mg/cm2 Pt loadings sprayed on 

membrane + 0.2 mg/cm2 iodine loading sprayed on gas 

diffusion layer (GDL). The prepared MEA and GDL layers 

from both sides (anode-cathode) were pressed at 300 kgf, 

125 °C for 2 min, and then was assembled in a single 5 cm2 

cell system. Cyclic voltammetry plots were recorded using a 

homemade test station, which includes: electrochemical 

workstation (PARSTAT 2273), fuel cell (ElectroChem, 

USA), DS electronic load (AMETEK Sorensen SLH 

60V/120A 600W), humidifier (ARBIN DPHS 10, USA). H2 

and air were used as fuel and oxidant and the following 

operating conditions were used: H2 flow rate: 100 ml min-1, 

O2 flow rate: 300 mL min-1, fully humidified reactants, 

temperature 60 ºC, 1 bar pressure.  

3. RESULTS AND DISCUSSION 

Iodine-doped graphenes have been successfully 

obtained by a simple and low cost strategy based on 

electrophilic substitution. First, the characterization of the 

prepared materials was performed in order to elaborate the 

structural quality and to confirm the assumption about the 

iodine doping, by BET method. The N2 adsorption-

desorption isotherms for prepared iodinated graphene show 

characteristics of type IV (Fig. 1, Fig. 2). In accordance 

with that type, a strong N2 adsorption uptake at lower 

relative pressure, indicates the existence of numerous 

micropores in samples. Also, an abrupt increase at high 

relative pressure with hysteresis is assigned to the presence 

of mesopores. The BET surface areas were estimated of 

45 m2 g-1 (corresponding to IDG_1 and respectively 

320 m2 g-1 for IDG_2).  

The obtained BET surface area of prepared iodinated 

graphene indicates a decrease of specific surface area 

during the proposed technologies. The maximum value for 

surface area (320 m2 g-1) is bellow than our previous 

obtained results in the case of graphene sheets (795 m2 g-1) 

[25] or to surface area of commercial starting graphene 

(XGrN Science with 100 m2 g-1 used for IDG_1 preparation 

and ACS Material type with 750 m2 g-1 used for IDG_2). 

However, these finally mentioned values are referring to 

the reduced graphene sheets, while our current measured 

surface areas of obtained iodinated graphene samples are 

consistent with the stacking structure and agglomerated 

morphology of the doped graphene sheets. 
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Supplementary, the pore size distribution was further 

investigated as an inserted plot. The analysis of pore size 

distribution also confirmed the coexistence of micro and 

mesopores, providing a hierarchical porous structure in 

prepared doped graphene. The hierarchical structure 

recommends iodine doped graphene as a very promising 

candidate catalyst for ORR, because of their advantages in 

the exposure of active sites (the role of micropores) and in 

the accommodation of reactive molecules shortening the 

diffusion pathways (the role of mesopores). 

 

Fig. 1. The adsorption–desorption isotherms for IDG_1 

 

Fig. 2. The adsorption–desorption isotherms for IDG_1 

The Scanning Electron Microscopy SEM (Fig. 3, 

Fig. 4) images illustrate an obvious size reduction of some 

crystallite sheets from a large initial size of approx. 10 μm 

corresponding to the pristine graphene from XGSience and 

respectively approx. 5 μm corresponding to the graphene 

from ACS Material, to a smaller crystallite size for both 

prepared IDG. The size decreasing implies C-C bonds 

breaking into graphene structures, most probably during 

exfoliation process, which allows in consequence, the 

formation of active carbon species to react with iodine.  

Fig. 5 presents the FT-IR spectra for the prepared 

samples. FTIR spectra obtained in transmission mode have 

shown that iodine doped graphene exhibits much stronger 

IR bands than graphene. Reference spectrum from the top 

of figure illustrates the pristine graphene as an almost 

linear diagram. The other two signals correspond to 

prepared iodine doped materials and significant changes 

took place during experimental procedures. 

 

Fig. 3. SEM analysis of prepared IDG_1 

 

Fig. 4. SEM analysis of prepared IDG_2 

 
Fig. 5. FT-IR spectra for pristine graphene and iodinated 

graphenes 

The main corresponding bands are: a stretching 

vibration peak of C – I is observed at 725 cm-1; a broad 

signal between 1100 and 1250 cm-1 is attributed to the 

oxygen functionalities; carbon atoms of the specific 

graphene layer is observed at 1590 cm-1; stretching 

vibration peaks of C = C (aromatic) and C – O are 

observed at 1611 cm-1 and 1723 cm-1, respectively; a signal 

including the peaks of 2850 and 2920 cm-1 is attributed to 

the C – H deformation vibration; hydroxyl groups is 

located at 3650 cm-1. We have to mention the presence of 

feature peak at approx. 725 cm-1 which is absent in pristine 

graphene, but it is present in both doped graphenes, 

indicating a characteristic C – I stretching vibration, 

confirming the iodine presence. This agrees with the 

observations of Simek et al. for the iodination of graphite 

oxide as starting material for flame-retardant additives 
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[27]. In this case, the authors also were able to identify the 

band at 725 cm-1 assigned to C – I presence. Moreover, the 

conclusion was that although the prepared iodinated 

graphenes were structurally similar, the materials had 

remarkably different concentrations of iodine. Our FTIR 

spectra on IDG_1 characterized by increased iodine 

content have revealed an absorption band much stronger 

than in IDG_2 case. 

X-ray photoelectron spectroscopy (XPS) was 

performed in order to identify the chemical elements 

content. The general spectra reveal in Fig. 6 the existing 

elements on the surface of the samples, namely carbon, 

oxygen and iodine. Depending on the starting material, 

iodine has a different doping amount in prepared IDG 

(Table 1). C1s and O1s signals can be easily observed in 

prepared doped graphene.  

Table 1. Element relative concentrations (wt.%) 

Sample 

The XPS transitions used for quantification 

Element relative conc. (wt. %) 

C1s O1s I3d5 

IDG_1 86.4 6.8 6.8 

IDG_2 89.1 8.6 2.3 

XPS survey spectra for representative sample (highest 

iodine content) prepared by electrophilic substitution are 

shown separately below (Fig. 6) For IDG_1 and IDG_2 

samples, I3d signal was detected in their curves besides 

C1s and O1s, indicating that the iodine element has indeed 

been doped in graphene sheets via the mentioned 

procedures. The predominant C 1s peak was found at 

284.5 eV binding energy, the O 1s at 532 eV and the I 3d 

peaks at 620 and 631.8 eV. The iodine content in the 

IDG_2 is about 2.3 wt.%, while that of IDG_1 is about 

6.8 wt.%, indicating that the electrophilic substitution is 

proper synthesis route for introducing the iodine into 

graphene base material. Accordingly, to assumptions of 

Hassan et al., the performance of ORR strongly depends on 

the bonding configuration of the iodine atoms in graphene 

materials, being known the fact that iodinated materials 

could promote a high catalytic activity of the carbon 

materials [28]. 

The peak deconvolution of iodine suggests that I3d5/2 

appears as two split peaks (620 and 631.8 eV) which can 

be attributed to tri-iodide (I3
-) and penta-iodide (I5

-), 

respectively. 

Iodinated graphene samples were included and tested in 

a singular PEMFC. We further investigated the 

electrocatalytic activities of commercial Pt/C catalyst Hispec 

4000 as reference electrocatalyst (Fig. 7) and a proposed 

ORR cathode composed from Pt/C and iodine doped 

graphene (Fig. 8). In order to manufacture the ORR hybrid 

electrocatalyst, the Pt/C was deposited on Nafion membrane 

and the iodinated graphene was sprayed on gas diffusion 

layer (GDL). We took into account the IDG_1 as material 

with higher iodine content.  
Cyclic voltammetry (CV) curves were obtained in order 

to demonstrate the efficient electrochemical activity for 

ORR in two situations: a) cathode composed from 

commercial Pt/C 0.2 mg/cm2; b) cathode composed from 

Pt/C and IDG_1. Figure 7 shows a single cathodic peak at 

0.2 V with a current density of -3.67 mA cm-2 for the Pt/C 

electrode. 

 

a 

 

b 

 

c 

 

d 

Fig. 6. XPS general spectra of iodinated graphene: a – IDG_1 and 

IDG_2: b – C1s XPS spectra; c – O1s XPS spectra (c); d –

 I 3d XPS spectra 

Experimental conditions: the air in the original FC 

cathode was replaced with N2, potential scan rate: 

50 mV/s, temperature 60 °C. 
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The corresponding cathodic reduction peak for hybrid 

cathode Pt/C - iodine doped graphene was positively shifted. 

It is clearly observed a well-defined peak centred at 0.23 V 

with a current density of approx. – 9.1 mA cm-2, indicating 

that IDG_1 has a very high catalytic activity for ORR in 

comparison to the reference cathode (Fig. 8). These values 

for hybrid cathode are over 2 times that of Pt/C. The 

explanation of ORR activity enhancement over iodine 

doped graphene could be attributed to the higher 

electronegativity of the iodine (χ = 2.66) than carbon 

(χ = 2.55), which favourites the polarization of adjacent 

carbon atoms in graphene framework facilitating as 

consequence a better O2 adsorption and charge transfer 

phenomenon.  

 
Fig. 7. Cyclic voltammetry performed on in situ FC 

measurements on cathode electrodes: Pt/C 0.2 mg/cm2 

 
Fig. 8. Cyclic voltammetry performed on in situ FC 

measurements on cathode electrodes: 

Pt/C 0.2 mg/cm2 + IDG_1 0.2 mg/cm2 

4. CONCLUSIONS 

A facile synthesis procedure was devised to obtain 

iodine doped graphene by electrophilic substitution. The 

samples were characterized and tested as cathode 

electrocatalyst for PEMFC. Compared to commercial Pt/C 

electrocatalyst, a hybrid cathode containing Pt/C and iodine 

doped graphene exhibited a current density twice as high. 

This behaviour was attributed to a better access of oxygen to 

Pt sites, based on a higher electronegativity of the iodine 

than carbon. The study indicates a promising electrocatalyst 

for PEMFC, which suggest the possibility of replacing 

actual electrocatalysts based on demonstrated performances. 
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