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Abstract 

The benefits of covalent grafting of fluorine atoms onto carbonaceous materials are described 

for the design of new electrocatalysts for low-temperature fuel cells. In order to obtain the best 

results, the fluorination conditions must be carefully chosen according to the physicochemical 

properties of the starting materials (specific surface area, pore size distribution, crystallinity, 

doping). By describing the main fluorination routes, the article aims to help in the choice of 

efficient treatment conditions. The effects of fluorination on the performance of the platinum 

group metal (PGM)-based catalyst and the non-PGM-based electrocatalyst are discussed. 
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Finally, future research prospects and technical challenges of fluorination for fuel cells are 

proposed. 

 

 

1. Introduction 

Hydrogen Fuel Cells (H2 FCs, H2/air FCs, or H2/O2 FCs for short) are electrochemical power 

generators that combine hydrogen and oxygen (from air) to produce electricity, with water as 

the only by-product. Thus, H2 fuel cells are considered one of the most promising and attractive 

candidates for a wide variety of power applications ranging from portable and transportation to 

large-scale stationary power systems for buildings and distributed generation. The wide 

commercialization of this sustainable energy technology will greatly help to tackle climate 

change by reducing greenhouse and toxic gas emissions.   

Because of their advantages (zero-emission, high efficiency, and broad applications), H2/air 

FCs have attracted considerable interest from industry and governments worldwide. 

Particularly, the low-temperature fuel cells (operating temperature usually is lower than 100 °C, 

more often at 80 °C), such as the polymer electrolyte fuel cells (PEFCs) including proton 

exchange membrane fuel cells (PEMFCs) and anion exchange membrane fuel cells (AEMFCs), 

have attracted intensive attention due to their easy startup and high power density, especially 

for use in transportation applications [1-2]. For their working principles (as shown in Scheme 1), 

basically, a single fuel cell consists of a membrane sandwiched by two electrodes, with catalysts 

on both electrodes to promote the chemical reactions. Taking the PEMFC as an example, at the 

anode side, H2 is fed in and split into protons and electrons with the help of the catalysts. The 

protons are conducted through the membrane to the cathode side, while the electrons travel 

through an external circuit, supplying electricity. At the cathode side, O2 comes in and reacts 

with the protons and electrons to form water and heat. In contrast to a PEMFC, an AEMFC 

works with a membrane that transports OH− ions from the cathode to the anode during power 

generation, and at the anode, the OH− ions react with H2 gas to form water. Many single fuel 

cell units are usually combined to form a fuel cell stack for practical applications. So far, the 

widespread commercialization of low-temperature fuel cells is still hampered by their high cost, 

especially due to the use of rare and expensive platinum-based electrocatalysts, which account 

for 40% of the FC stack cost but are mainly required to facilitate the slow Oxygen Reduction 

Reaction (ORR) at the FC cathode.  
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Scheme 1. Working principles of (a) PEMFC and (b) AEMFC, and their relevant anode and 

cathode reactions. Reproduced with permission from [3-4] Copyright 2021, MDPI. 

 

Currently, two lines of research and development are being pursued regarding carbon-based 

electrocatalysts: the platinum group metal (PGM)-based catalyst and the PGM-free 

electrocatalyst [5-7]. The first axis concerns PEFCs with precious metal-based electrocatalysts. 

Platinum (Pt) is known to be the most active one, especially for ORR, which is the limiting 

reaction occurring at the cathode with slow kinetics (See Part 3). To limit the amount used, Pt 

alloys (3d transition metal or rare earth elements) are also studied. For reasons of cost limitation 

and to avoid the use of critical raw materials, the second axis concerns the development of non-

PGM-based electrocatalyst materials as an alternative (see part 4) [8-10]. A lot of research has 

been done and M-N-C catalysts with M=Fe have shown strong ORR activity in acidic media. 

The half-wave potential measured by a rotating disk electrode (RDE) approaches that of Pt/C 

but their efficiency is limited in H2/air PEFCs, due to the lower mass-transport properties 

induced by the high catalyst loading needed to achieve sufficient electrode activity (leading a 

thick layer of 70−100 μm for loading of 4 mg cm-² (vs 10-15 µm for Pt/C ) [9, 11]). 

With the aim to develop low-cost, highly active and stable hydrogen/air, two routes consist of 

the enhancements of the electrode activities and stability but also of the electrolyte/electrode 

interface stability. Both routes concern Platinum-Group-Metal (PGM) and non-Platinum-

Group-Metal (non-PGM) catalysts.  

The non-PGM catalysts [8-10] exemplify well the need for stability. Although much cheaper than 

the PGM catalysts, most of them face the problem of their short shelf-life. Enhancing the 

catalyst shelf-life would efficiently/equally enlarge the lifecycle of their use in fuel cells. The 

demetallation of FeNx active sites (e.g., FeN4) in Fe/N/C catalyst (which have much higher 
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activity than the metal-free CNx sites [12] including carbon-nitrogen sites, carbon edge, and 

defects) is at the origin of the fast decay of the catalyst activity [13]. An alternate explanation to 

the current decay of Fe/N/C is the attack by H2O2 and/or free radicals (intermediate in O2 

reduction) [14].  Investigations must focus on processes that would both prevent the 

demetallation of FeNx sites and stabilize the carbon support against any oxidation/electro-

oxidation. One notes that this last strategy would be also beneficial for PGM catalyst. Inspired 

by the stabilization of the ionomers in fuel cells (like Nafion, Aquivion, etc.) through a 

perfluorination of the previously used non-fluorinated ionomers, a promising route emerges: 

rational fluorination of Fe/N/C catalyst, or of the high surface area carbon that supports PGM-

based nanoparticles, for highly active and stable H2 fuel cells. On the one hand, the strong bond 

between F and C makes it durable and resistant to chemical attack (e.g., H2O2, free radicals) 

and, on the other hand, the stable carbon support by fluorination would also alleviate the 

demetallation of FeNx sites from the carbon atoms around. In that latter case, active centers are 

generated and strengthening of the force between oxygen and carbon occurs because of the 

polarization of carbon adjacent to highly electronegative fluorine [15]. Several examples 

highlight the benefits allowed by the presence of fluorine atoms because of the large difference 

between the electronegativities of fluorine and carbon elements. Both the electrochemical 

reaction property and stability for full water splitting and supercapacitor are improved via a 

strategy of N and F co-doping for graphene quantum dots [16]. N and F co-doping of reduced 

graphene oxide allows ORR stability to be enhanced [17]. Numerous other examples will be 

discussed thereafter. 

This review will summarize and discuss the latest progress and advances in employing 

fluorination techniques for low-temperature fuel cell applications. Especially, it will focus on 

the discussion of why fluorination is relevant and how it can be carried out to maintain both an 

adequate pore size distribution and a conductive state for electrochemical processes, as well as 

eventually the hetero-dopings (e.g., F, N, S, and P) in the catalysts that are necessary for the 

high ORR activity. So far, some review articles have addressed the fluorination effects on the 

properties and degradation of liquid ionomers and polymer membranes in fuel cells such as i) 

ionic conductivity, ii) chemical, mechanical, thermal, oxidative, and hydrolytic stabilities, iii) 

the capability for fabrication into membrane electrode assemblies (MEAs), iv) the role of 

fluorinated polymers in the water management, etc. [18-21]. However, the fluorination effects on 

the material properties and the fuel cell performance and stability of the catalysts and the 

catalyst layers have rarely been comprehensively discussed, which is exactly what this review 

paper strives to address. Additionally, the versatility of the gas/solid fluorination for such an 
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aim will be highlighted. This heterogenous reaction with elemental fluorine is preferred because 

it can easily allow treatment at the industrial scale. Further, the comprehensive investigation of 

the bonding (such as C-F) in the fluorinated materials through various characterizations, 

including Fourier-transform infrared spectroscopy (FTIR), nuclear magnetic resonance (NMR), 

X-ray photoelectron spectroscopy (XPS), electron paramagnetic resonance (EPR), X-ray 

absorption near edge structure (XANES), will be discussed. In the two last sections, the effects 

of fluorination on both PGM and non-PGM catalysts will be discussed, with special emphasis 

on the apparent activity and durability of the materials. Finally, future research perspectives 

and technical challenges of fluorination for fuel cells are proposed.  

 

2. Fluorination of porous carbonaceous materials 

2.1. Methods and expected benefits 

Fluorination is proven to be an effective route to provide high-value functions to materials either 

on their surface or in the bulk. Because of the particular properties of fluorine element, i.e., high 

electronegativity (4.1 versus 3.5 and 2.8 for O and Cl, respectively), low polarizability 

(0.81.1024 cm3 for F, 3.1024 cm3 for O), low van der Waals radius (0.135 nm), low dissociation 

energy for elemental fluorine F2 (153 kJ.mol-1), it stands as a successful candidate to tailor novel 

materials’ properties. Its ability to form stable chemical bonding with carbon with a bonding 

energy of 513 kJ.mol-1 for C-F bond and the possible tailoring of the porosity of the porous 

carbonaceous material are also noticeable [22]. Fluorination of porous (nano)carbons has 

witnessed tremendous development in the last few decades owing to the interesting properties 

induced by the highly-reactive fluorine atom [23-25]. In fact, besides improving wettability and 

chemical stability, fluorination is efficient to modulate the electrical properties of the 

carbonaceous matrix. As a representative example, the band gap and transport properties of 

graphene may be modulated according to the fluorine content and consequently the ratio of the 

carbon atoms with sp2 (non-fluorinated) and sp3 hybridization (fluorinated) [26-28].  

Covalent grafting of fluorine atoms, however, is a remaining challenge, especially with low 

graphitized porous materials. Unsuccessful fluorination is generally ascribed to the chemical 

decomposition of the carbonaceous material caused by the over-reactivity of fluorine atoms, 

which hinders the covalent functionalization of the carbon with fluorine atoms. Yet, 

overcoming this challenge would be a great opportunity to achieve both well-dispersed C-F 

bonds and perfectly-controlled porosity. For all these reasons, chemists should be able to 

control the fluorination reaction using mild conditions. 
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Heterogenous gas/solid process occurring in the fluorine-containing atmosphere appears as a 

scalable route. The fluorine content, i.e., atomic F/C ratio, and the C-F bonding (ionic, semi-

ionic or covalent) are modulated by the fluorination conditions such as the pressure, the 

fluorination temperature, the duration and the composition of the gaseous species, in particular, 

HF or other inorganic fluorides that may be present and act as catalysts [4, 29-30]. Moreover, 

different fluorination parameters and fluorinating species (molecular or atomic fluorine) may 

be used to favor fluorine diffusion into the carbonaceous lattice. However, covalent grafting of 

fluorine atoms can compete with the decomposition of the carbonaceous lattice. Thereby, a 

minute control of the fluorination conditions must be achieved as a function of the 

characteristics of the starting carbonaceous material (such as the graphitization degree, sp2 ratio, 

presence of hetero-element such as O, H and N, and specific surface area) allowing to minimize 

the number of structural defects such as CF2 and CF3 and dangling bonds that may influence 

the performances of the materials [29, 31].  

The fluorination conditions depend on the state of structural organization of the starting 

materials. The higher the structural order, the higher the fluorination temperature. Graphite can 

be fluorinated with pure F2 gas at temperatures higher than 350°C and up to 650°C. On the 

contrary, amorphous carbons may be fluorinated with diluted elemental fluorine at room 

temperature. For dual carbonaceous materials with regions of different crystalline orders, 

fluorination focuses on amorphous parts. The fluorination of carbon nanodiscs perfectly 

exemplifies this behavior, which results in the decomposition of the amorphous carbons [32].  

 

Direct fluorination using molecular fluorine  

When performed either in dynamic mode (with a flux of gases within the reactor connected to 

a soda lime trap) or in static mode (a defined amount of reactive gas is injected in a closed 

reactor), direct fluorination remains the most common route to prepare fluorinated carbons [33-

34]. Both the reactivity and the exothermicity of the reaction must be controlled to avoid the 

collapse of the porous structure and huge decomposition when materials with a high specific 

surface area are under consideration. The continuous flow of F2 in the dynamic mode renews 

the reactive species onto the surface of the target and favors the decomposition and/or formation 

of defects[35-37]. The term of over-fluorination is then used in comparison with perfluorination, 

i.e., when all the carbon atoms are fluorinated in a CF1 composition for carbonaceous materials 

(-[CF2-CF2]n- for the case of polyethylene -[CH2-CH2]n-).  

To avoid over-fluorination, by reducing the oxidizing potential of F2, operating at room 

temperature is not enough and mixtures of fluorine with an inert gas, most commonly nitrogen, 
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helium or argon, must be used. Depending on the intended F/C ratio and the starting material, 

fluorine concentration in the gaseous mixture may vary from 1 to 100% range and the partial 

pressure of fluorine can range between 0.005 and 1 bar.  

 

Indirect fluorination using fluorinating reagents  

Indirect fluorination involves fluorine atoms and/or molecules, i.e., atomic F• and/or F2, which 

are gradually generated by the thermal decomposition of a fluorine-containing solid such as 

TbF4 and XeF2. This way allows adjusting the concentration of the fluorine released (atomic F• 

or molecular F2) and thus can perfectly control the carbon-fluorine reactivity and hence the F/C 

ratio of the synthesized material, e.g., carbon aerogels [4], porous carbons [38], nanofibers [34, 39-

40], nanodiscs [32, 40-41]. Because the diffusions of atomic and elemental fluorine are different, 

the fluorination mechanisms differ between these two species. The dispersions in sub-

fluorinated carbons (F/C lower than 1) are more homogenous with atomic F• [33, 39-40] and the 

structural type formed may be different; (C2F)n type is not formed because (CF)n is exclusively 

achieved with atomic F• contrary to elemental F2 [37, 39-42]. Fluorinated polymers (PTFE, PVDF, 

CYTOP) may also act as fluorinating agents [43-47]. 

Nevertheless, even if this fluorination route has proven to be very efficient and reliable, the 

costs of both the solid fluorinating agents and the thermal process (for the decomposition and 

release of fluorine species) hinder its use at an industrial scale. 

 

Pulsed fluorination  

To minimize and even suppress the over-fluorination in the case of very reactive carbons, the 

progressive introduction of the elemental fluorine with successive small injections is possible 

(Figure 1). The term “pulsed fluorination” has been introduced by Ahmad et al. [4]. Without the 

formation of excessive defects, the expected benefits are then achieved, i.e., tailoring the water 

content of the treated carbon thanks to more hydrophobic materials. Moreover, the thermal and 

chemical stabilities were enhanced without drastic structural changes and a decrease in 

electrical conductivity [4].  

Moreover, this route allows the monitoring in real-time of the grafting thanks to the balance of 

the controlled injections of F2 and the changes in the F2 pressure inside the reactor. Grafting 

results in a decrease of the fluorine pressure whereas its increase evidences an over-fluorination. 

At the same time, the kinetics of the reaction may be followed (see Figure 1) which helps to 

maintain mild conditions.    
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Figure 2. Relative pressure (mbar) and pure molecular fluorine injections (mL/min) managed 

at room temperature owing to pulsed fluorination method. Reproduced with permission from 
[4]. Copyright 2022, Elsevier. 
 

 

The hydrophobic behavior of fluorinated materials can be determined by water adsorption and 

compared with the raw carbon and its hydrogenated counterpart [48].  

 

Expected benefits 

Fluorination is known for many changes in the physicochemical characteristics and, as a 

consequence, properties change.  

First of all, the surface chemistry is modified. Polarity and surface tension are either increased 

or reduced, respectively [49]. The highly electronegative fluorine element is a p-type dopant that 

extracts electrons from carbon materials. In addition, the non-bonding doublets of the fluorine 

atom promote the ability of certain gases to be physisorbed.  
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Secondly, the reduced surface tension favors the dispersion of platinum particles onto the 

porous carbon. For example, Pt was well dispersed with a homogeneous particle size in [50-51]. 

There is a higher symbiotic impact of the fluorinated carbon matrix that favors higher catalyst 

dispersion and intercalation compared with classical dispersion in Vulcan XC-72R carbon black. 

The fluorination of carbon helps in enhancing the stability of the catalysts under acidic 

conditions of use [52].  

Thirdly and importantly, fluorination is also known to magnify hydrophobicity. The 

enhancement of hydrophilicity of porous carbon materials can occur with fluorination under 

certain conditions, i.e., applying gaseous diluted fluorine with nitrogen [53]. The enhancement 

of the hydrophobic character of the fluorinated sample is however the main case and was proved 

through higher relative adsorption pressure and its incomplete filling (56%) even at saturation 

pressure [54]. Superhydrophobicity can even be obtained and valuable for water management in 

hydrogen fuel cells [55]. A fluorine content of 1.9 at.% appears as an optimum content to put on 

a surface of conventional carbon black.  

 

 
Figure 2. Surface water contact angle (WCA) measurements for: (a) pressed fluorinated 

carbon (FC); (b) Fluorinated carbon black MPL (FC-MPL); (c) Carbon black  MPL (CB-

MPL); and (d) TGP-H-060 Toray Paper (Toray-GDL) Reproduced with permission [55] 

Copyright 2022, Elsevier .  
 

 

Fourthly, fluorination appears as a porosity promoter and mainly a micropore maker. As a 

consequence, the Specific Surface Area (SSA) can be turned by almost a 10 factor [56]. Such a 

change in the porosity can favor selective H2 adsorption and its electrooxidation.  

Benefits related to electrocatalysts will be detailed in the following parts. 
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2.2. Change in the pore size distribution 

 

A part of the performance of the PEFCs depends both on the implementation of the catalyst 

layers (CLs) and the texture of the catalyst support with D interconnected pores of controllable 

size which are crucial and must be adapted to the characteristics of the two families of catalysts: 

PGM and Non-PGM electrocatalysts. Indeed, the CLs have different thicknesses and the 

typology (location) of the active sites differs on the catalyst supports. So, these constraints bring 

different challenges such as the access of reagents on the active sites and the evacuation of the 

water produced by the ORR. The answers come from the tuning of the texture and the 

hydrophobicity character to manage the mass transport (of gaseous reactant and particularly the 

(liquid) water produced) in the electrode to avoid flooding depending on the local wettability 

(electrode and catalyst surface). In addition, there is a wide consensus that increasing the 

specific surface area and therefore the number of possible active sites results in higher ORR 

activity whatever the family and prevents migration and aggregation of the catalyst. 

Regarding the catalyst support itself, due to the specificity of each family, the texture 

requirement is different. The control of the texture is mandatory and goes through the control 

of the pore size distribution to allow the access of the reactants to the catalyst sites. 

For the Pt-based catalysts, the present state-of-the-art consists of the deposit of 3-5 nm Pt 

nanoparticles (NPs) at the carbon surface from the reduction of platinum salt by chemical or 

physical reduction [57]. The Pt loading is classically around 40 wt%. The texture has to 

accommodate the deposition of Pt NPs on the carbon support and the ionomer (whose purpose 

is to transport the protons synthesized at the anode to the cathode via the membrane, usually 

Nafion®) to achieve the triple contact. Due to the size of the Pt NPs and the presence of the 

ionomer, micropores (< 2 nm) are useless, except for their role in liquid water sorption by 

capillary condensation. To obtain the higher specific surface area, the mesopores (defined 

between 2 and 50 nm) have to be the smallest but able to host all along Pt NPs covered by the 

ionomer and manage the gas and water mass transfer.  According to the tortuosity of the pores, 

macropores (> 50 nm) are also needed and particularly when air instead of pure oxygen is used 

in PEFCs to evacuate water and also unreacted nitrogen. 

Me-N-C catalyst materials are based on transition metals, typically Fe and/or Co, but the most 

actives were those based on Fe [58-59] with up to 3 wt% of atomic Fe to limit the formation of Fe 

NPs. The metal is coordinated to several N atoms located in particular positions on a C-C sp2 

network. The presence of M atoms coordinated to N atoms in pyridinic or pyrrolic positions 

renders the most active sites for the ORR in acid electrolytes [60]. Finally, the presence of surface 
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basic sites also seems to play a role in the ORR activity [57, 61]. The metal is atomically dispersed 

and it is well known that the active sites are located in the micropores of the catalyst [62-63]. 

These micropores can be obtained by the use of metal-organic-framework (MOF) as the host 

for Fe and N precursors [9], by the pyrolysis of the organic polymer [64]  or by a thermal post-

treatment with NH3 (diluted or not) [63, 65]. This latter solution also brings additional N in the 

electrocatalyst. Nevertheless, hierarchical micro-, meso-, and macroporosity are necessary [62]. 

Mesopores and macropores allow to favor gas and water managements which are particularly 

important in these thicker CLs and enhance the utilization of the Fe-N moieties by forming 

channels to inaccessible sites [66]. Different methods are used by hard template method [67], by 

soft template method [68], by sol-gel method [64, 69], or by electrospinning of ZIF with a polymer 

method [11]. 

 

The modularity of the fluorination process favors a dedicated grafting in correlation with the 

pore size distribution. The process acting by atomic fluorine and static conditions using F2 is 

the most suitable for diffusion up to the microporosity. Depending on the type of carbon and 

the fluorination conditions, all pore types can be modified [70]. To maintain a high value of the 

specific surface area and pore volume, porous carbonaceous must contain mesopores that are 

less sensitive to fluorination than micropores. However, very recently, we show that for carbon 

aerogel treated with XeF2, even the micropore and mesopore volumes decrease meaning that 

mesopores can also be destroyed. Atomic fluorine released by XeF2 is very reactive and acts on 

all the porosity types [70]. In such cases, the total porous volume increases due to higher 

macroporous volume and global increase of the pore size during the fluorination. This 

modification of the texture decreases the SSA significantly whereas the pore size distribution 

varies little.  

The surface chemistry acts also on the relationship fluorination- pore volume evolution. For a 

given SSA and with similar pore size distribution, surface oxygenated groups are starting points 

of the fluorination as they decrease upon fluorination. 

To maintain the mesoporosity, we show that the pulsed fluorination method must be favored as 

it allows very low fluorination atomic level F/C and reduces mesoporosity collapse to 

macroporosity.  
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Figure 3. How fluorination can modulate on the microporous and mesoporous volume of a 

porous carbon (carbon black) as a function of F/C using pulsed and dynamic fluorinations 

 

When pulsed fluorination is used, as the degree of fluorination increases, an incremental 

tendency in total pore volume, in particular, the mesoporous volume is monitored as shown in 

Figure 3. By dynamic fluorination, such progressive control does not occur and the 

mesoporosity is destroyed. Moreover, microporosity and ultramicroporosity (pore diameter 

lower than 1 nm) not useful for PEFC application are more suppressed by pulsed fluorination 

than direct fluorination. 

For N-doped carbons, fluorination does not cause a drastic decrease in SSA (loss of 40% in the 

worst case). A huge decomposition of carbon in F2 gas is avoided by the use of both short 

contact time material-gas and diluted F2 with an inert gas [71]. 

Micropores host most of the catalytic sites in Fe-based PEM fuel cell catalysts [62] and are the 

more assigned by fluorination. 

 

2.3. How to keep the N content in N-doped carbons 

Advanced electrocatalytic activities can be achieved thanks to the doping with heteroatom that 

changes the surface charge/defect distributions of the carbon lattice [72-73]. The simultaneous 

presence of F and N (in the form of graphitic-N, pyrrolic-N, pyridinic-N, active species) 

increases both the C−C bond polarization and spin densities in the carbon lattice and 
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redistributes the charge. Co-doping is an emerging strategy to tailor the properties not only for 

performances of catalysts in fuel cells [74], for electrodes in supercapacitors [75], in sodium-ion 

batteries [76], and metal-air batteries [77] but also for information encryption and anti-

counterfeiting (co-doped carbon dots [78]). One-pot solvothermal processes allow N and F co-

doped carbon dots to be prepared with 4-fluorophthalic acid and glycine or as F and N sources 
[79] or 3, 4-difluorophenylhydrazine for both [80-81]. 

In addition to the favorable characteristics of a microporous conductive carbon framework, the 

synergistic effect between N and F dopants allows enhanced catalytic activity, methanol 

resistance and cycle stability to be achieved in porous carbon [82]. For this case ammonium 

fluoride (NH4F) and dicyandiamide act as fluorine and nitrogen sources to achieve moderate 

co-doping (5.1 at.% and 2.5 at.% for N and F, respectively). 

The N-doping with NH3 may be performed with the assistance of defluorination in fluorinated 

Multiwalled Carbon Nanotubes [75] with nitrogen heteroatoms (about 5 at.% mainly in a 

pyridine-type nitrogen configuration).  

Most of the co-dopings have been performed via the fluorination of N-doped carbons. 

According to DFT calculations and experimental data, the N-containing structure in graphene 

was found to be able to activate the grafting of fluorine onto surrounding carbon atoms and then 

guide the location of the C−F bonds [83]. The fluorination process at room temperature (F2/N2 

atmosphere) has little effect on the content of N of fluorinated N-doped graphene and various 

porous carbons [64]. Elemental fluorine did not react directly with N in these materials whatever 

their type (graphitic, pyrrolic, pyridinic, hydrogenated pyridinic, or oxidized); in such a case 

volatile products were produced. Nevertheless, the presence of fluorine atoms changes the 

binding energy (BE) only for pyridinic N [64]. To the best of our knowledge, N-F bonds were 

never formed during fluorination.  

 

2.4. Co-doping with fluorine: a general trend  

If we exclude the fluorination of graphene and graphite oxides that results in the co-existence 

of O and F when the completion of oxygen by fluorine conversion is not achieved [31, 84-88] and 

in the oxidation of sub-fluorinated graphite [89], the co-doping with F and another element than 

nitrogen is very few reported to the best of our knowledge. SF6 was used for the fluorination of 

S-doped amorphous carbon films for lubrication purposes [90-91] and S-doped suspended 

graphene. For this latter case, only sulphide component in the C-S-C configuration was detected 

and no other component was associated with the presence of S-F bond. As reported by Struzzi 
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et al. [91], the simultaneous presence of F and S allowed respectively a hydrophobic surface and 

the immobilization of molecules or metallic nanoparticles to be achieved. 

To evidence that such co-doping can be carried out using elemental fluorine, we show here a 

part of the results about the fluorination of S-doped graphene (the details will be published 

elsewhere soon). Contrary to the case of N-doped carbons (where N-F bonds were not formed ), 

the formation of S-F bonds was evidenced in addition to C-F bonds by both solid-state NMR 

and FTIR when the fluorination conditions were mild enough, i.e., 25°C or 70°C with F2/N2 

(50/50 vol.%) for half or one hour (Figure 4A); the samples are denoted FTF-duration(min), 

with TF the reaction temperature, e.g., F25-60 min at 25°C for 60 min. In addition to the 

conventional vibration band at 1210 cm-1 assigned to C-F bonds (the higher the covalence, the 

higher the wavenumber with a maximum at 1220 cm-1), one doublet centered at around 932 and 

922 cm-1 was observed for fluorinated S-doped graphene. The maximum absorbance for S-F 

was reached for fluorination at 70°C for 1h. For C-F vibrations the higher intensity was for 

F140-60min; its position at 1210 cm-1 was then related to covalent C-F bonding. On the contrary 

for milder fluorination conditions, a second component at a lower wavenumber was observed 

that evidences a dual C-F bonding; bonds with weakened covalence due to hyperconjugation 

between C-F and sp2 C (1100 cm-1) coexist with purely covalent C-F (1220 cm-1). When the 

duration was shorter and/or the temperature lower the completion of fluorination was not 

achieved. On other hand, the S-F component disappeared when the fluorination temperature 

was increased to 140°C. This new band, never reported for fluorinated carbons, was assigned 

to S-F by reference [92] for SF4. With the same reasoning, the additional band at +58 ppm on 19F 

NMR spectra was also assigned to S-F bonds (Figure 4B). No corresponding band has been 

seen on 13C NMR spectrum in addition to the ones of covalent C-F at 84 ppm and of non-

fluorinated sp2 C in the 120-135 ppm range which confirms our assignment of a new band to 

S-F and not C-F with S in their neighboring. The higher the fluorination temperature and the 

duration, the higher the F/C ratio calculated from 13C NMR spectra, i.e., 0.22, 0.51, 0.72 and 

0.82 for F25-60 min, F70-30min, F70-60min and F140-min, respectively.  Covalent C-F bonds, 

CF2 and CF3 groups were evidenced by lines on 19F NMR spectra at -180, -120 and -78 ppm, 

respectively [42, 93-98].  It is noted that the covalence of the C-F bonds increased with the 

fluorination temperature. 19F chemical shift for C-F progressively shifted from -150 to -180 

ppm. Hyperconjugaison [99] is lowered when the content of non-fluorinated sp2 carbons 

decreases. Another evidence of this phenomenon is the shift of the 13C line for non-fluorinated 

sp2 carbon because of the interaction with C-F bonds in their neighboring (the line is located at 

122 and 134 ppm for F25-60min and F140-60min, respectively, Figure 4C).  S2p XPS spectra 
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confirmed the existence of S after fluorination at 70°C (0.11 at.%) contrary to 140°C (not shown 

here).  

 
 

Figure 4.  (A) FTIR spectra in ATR mode of fluorinated S-doped graphene at 25°C for 60min 

(F25-60 min), 70°C for 30 min (F70-30 min) and 60 min (F70-60 min), 140°C for 60 min 

(F140-60 min), (B) and (C) 19F and 13C NMR spectra of the fluorinated S-doped graphene. 

Recording conditions are given in supplementary information. 

 

 

Co-doping with F and S is quite an unused route to tailor the physicochemical of carbons that 

would be further investigated. Co-doping with F and another element than N or S is also 

promising. Photocatalytic activity for the aqueous reduction of carbon dioxide into methanol 

under visible-light irradiation was excellent for P and F co-doped amorphous carbon nitride 

(co-doping via sol-gel-mediated thermal condensation of dicyandiamide) thanks to the 

narrowing the optical band gap to 1.8 eV [100]. Tri-doping of graphene materials with N, P, and 

F was achieved using a thermal treatment of polyaniline pre-coated graphene oxide in the 

presence of ammonium hexafluorophosphate; the resulting electrocatalyst was efficient for 3 

electrochemical processes, i.e., for ORR, oxygen evolution reaction (OER), and hydrogen 

evolution reaction (HER) [101]. F, N and S tri-doping may be performed during thermal 

defluorination in a one-step method [102], as evidenced by the change in the density of states. 

(DOS), both defluorination and heteroatom doping can induce the redistribution of electrons at 

the origin of superior electrochemical properties when those materials were used as cathodes in 

primary lithium batteries. 

Indeed, due to the sluggish kinetics of the ORR, various types of catalysts have been developed. 

Carbon materials are considered either ideal catalyst supports or cathode catalysts for many 

electrochemical energy devices (e.g., fuel cells and metal-air batteries). In particular, 
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heteroatom doping is essential to boost ORR performance (e.g., activity and stability). So far, 

many reviews and research articles have reported the hetero-doping (e.g., N, P, S, B, Si, etc. as 

well as their co-/multi-doping) of carbon-based materials as catalysts for ORR reactions [103-111]  

including metal-free catalysts (most times limited in alkaline condition) and transition metal-

based catalysts (in both acidic and alkaline conditions). However, the comprehensive review of 

the F-doping and their related co-doping have rarely been reported. As we have mentioned in 

this section, due to the intrinsic property of fluorine, the co-doping of F and other elements than 

nitrogen is rarely reported. However, it is possible to realize the co-doping or co-existence of F 

and other hetero elements in the same materials via developing different strategies and 

protocols. A great effort still needs to be made towards various fluorinations and their 

applications in electrochemical clean energy devices. 

 

2.5. C-F bonding 

When the carbonaceous materials exhibit a high specific surface area, at low and moderate 

fluorine contents, C-F bonds coexist with non-fluorinated carbons that result in 

hyperconjugation as defined by Sato et al. [99] and a weakening of the C-F covalency. Areas 

with higher fluorine content may exist in fluorinated N-doped or non-porous carbons. A dual 

C-F bonding, characterized by the coexistence of C-F bonds with weakened covalence 

(hyperconjugation) and covalent C-F, is achieved [112-113]. Irrespective of the fluorination routes, 

i.e., using atomic or elemental fluorine, the differences in C–F bonds are due to different extents 

of the hyper-conjugation between non-fluorinated sp2 carbons and neighboring C–F bonds in 

non-saturated parts. The presence of oxygenated groups may also affect the C–F bonding [31, 

114].   

Experimental proofs of this dual C-F bonding, i.e., covalent (noted C-F) and with weakened 

covalence (C---F) are numerous: i) the bands at 1220 and 1110 cm-1 in FTIR spectra are 

assigned respectively to C-F and C---F (Figure 5A) [86, 115], ii) the weakening of the C-F 

covalence results in a 19F chemical shift around -150 ppm instead of -190 ppm for strong 

covalent C-F bonds (Figure 5B) [31, 84-86, 88, 93-94, 115], iii) the interaction of an sp2 C and its 

neighbor C-F bond results in a chemical shift around 130 ppm for those non-fluorinated carbons 

in the 13C NMR spectra, that is larger than the value of δ13C of 120 ppm found for pure graphite. 

The chemical shift for C---F at 80 ppm is lower than for covalent C-F (84–90 ppm) giving 

additional evidence of a weakening of the C-F bonding (Figure 5C), iv) two peaks are observed 

on XPS C1s spectra at binding energy (BE) of ∼ 686.8 eV for C---F bonds and ∼ 688.3 eV for 

covalent C-F [113, 116-117], in agreement with XPS F 1s data (C-F and C---F at around 688.5 and 
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687 eV, respectively). The labile character of a portion of C–F bonds in fluorinated activated 

carbons has been shown by water adsorption [48, 112].  

 

 
Figure 5. Representative example of a fluorinated porous carbon (N-doped carbon with FeNx 

catalyst synthesized according to the optimized conditions described in the reference [71] and 

fluorinated with F2/N2 (50/50 vol.%) or different durations (2, 5 and 20 min) [118] with dual C-

F bonding, FTIR (A), 19F MAS NMR (B), 13C MAS NMR (C), and N 1s (D) spectra. A; the 

absolute contents for the different types of N are given in (E). Reproduced with permission [71] 

Copyright 2022,  Elsevier  

 

 

The formation of N-containing C−F bond clusters within the sheets in ultrahigh-bifunctional 

graphene (with N/C ratio of 0.24 and F/C ratio of 0.56) increases the number of covalent C−F 

bonds [83].   
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2.6 Poisoning effect of fluorination on the catalysts  

Highly-defective/non-graphitized carbon aerogel (CA) supports were fluorinated by thermal 

decomposition of XeF2 at 120°C [70]. Whatever the order of the synthesis (fluorination of the 

CA and then Pt deposition, or Pt deposition on the CA and then fluorination), fluorination 

increased the porosity of the carbon, resulting in an activation promoted by the release of 

reactive gases (CF4, C2F6 and PtF6) in the course of the reaction. Because the reaction proceeded 

at low temperatures, only defective carbon surface sites (sp3) were bound with F species to form 

surface C-F groups. The presence of Pt nanoparticles on the CA (Pt/CA) prior to fluorination 

strongly favors the fluorination (resulting in larger F/C content) but at the expense of a severe 

modification of the Pt nanoparticles (which are amorphous) and of their binding to the CA 

support. The definition of the Pt nanoparticles over the CA or CA-F support is also impacted 

by the fluorination (regardless of the order of the synthesis), and fluorinated catalysts exhibit a 

rather larger degree of Pt nanoparticles agglomeration that the non-fluorinated Pt/CA.  

With low Fe atomic content of around 1 at.% (as seen by XPS), FeNx catalytic sites do not act 

directly on the fluorination mechanism. Even with the lower fluorination duration (2 min), 

molecular fluorine reacted with iron catalysts to form fluorides as evidenced by two F1s XPS 

peaks, i.e., Fe−F (at ∼684.1 eV) and Fe−F2, (∼685.4 eV) [119-120]. FeNx (FeN4), pyridinic, 

pyrrolic  (or hydrogenated pyridinic), graphitic, and oxidized N were evidenced by N1s peaks 

at 399.5–399.8 eV, 398.3–398.8 eV, 400.6–401.3 eV, 402.1–403 eV 403.6 eV respectively (see 

figure 5D and E[121]). 

A treatment with F2 for only 5 min at room temperature resulted in the quasi-completion of this 

poisoning. C-F bonds being weaker than Fe-Fm bonds (with m = 0, 1, 2), a heat-treatment with 

mild conditions, i.e., 600°C in Ar, removed the protecting C-Fp bonds (with p = 1, 2, or 3) first 

rather than of the poisoning Fe-Fm ones. Those results evidence that the protection of the 

catalyst against electro-oxidation or the chemical attack by H2O2 or free radicals (that may be 

generated by H2O2) cannot be achieved with the present strategy. 

As revealed by Fe K-edge XANES, the fluorine atoms were released from the F-FeN4 and the 

F-FeN4-F catalytic sites during the heat-treatment when the temperature was at or above 900°C. 

On the contrary, the heat-treatment at 600°C allowed only the N-doped carbon to be partially 

de-fluorinated. At 900°C or above, the Fe ion in the catalyst was reduced and recovered its 

initial oxidation state [118].  In other words, the F2-poisoned N-doped with FeNx catalyst may be 

reactivated by a heat treatment in Ar. 
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2.7. Quenching of dangling bonds close to the surface 

Carbon dangling bonds (DB) having a localized spin are detected by Electron paramagnetic 

resonance (EPR) [36, 122-124]. When the carbonaceous materials exhibit a high SSA, paramagnetic 

di-oxygen O2 are physisorbed on the surface of carbons and may interact with the DB. Their 

magnetic properties are modified for the cases of graphite fluorides of (CF)n and (C2F)n 

structural types [35, 85, 88] and in conducting polymers [125-126]. Paramagnetic O2 species decrease 

the T1 spin-lattice relaxation time and/or the T2 spin-spin relaxation time, i.e., results in a faster 

relaxation. The EPR linewidth ΔHpp, which is inversely proportional to T1 and T2, increased. 

This phenomenon occurs only for short DB-O2 distances, typically a few nm, i.e., DB located 

close to the surface. If this shortening of the relaxation times is huge, the broadening of the EPR 

signal results in its quasi-disappearance. This is the case that we have chosen to show in figure 

6 for commercial porous carbons (CBe ENSACO 250). EPR spectra of raw and fluorinated 

carbon were recorded both in air and after out-gassing for one hour under secondary vacuum 

(Figure 6). The fluorination conditions were controlled by the number of additions in the pulsed 

mode (see part 2.1) to achieve increasing fluorine content, from F/C = 0.13 to F/C = 0.26.  The 

ratio of the integrated area of the lines recorded in the air and under vacuum allows the 

percentage of DB close to the surface to be estimated, i.e., the percentage of DB which 

disappeared. By this method, we were able to evidence the effect of fluorination: DB reacted 

with F2 gas and their relative content close to the surface decreased quasi-linearly. The 

reversibility of the phenomena has been checked by successive vacuum/air cycles. The initial 

signal is recovered in each condition, air or vacuum evidencing that the quenching of DB with 

O2 is physical and not chemical. By extrapolating the trend line in Figure 6D, the fluorine 

content must be around 0.41 to suppress all the dangling bonds located close to the surface. 

Nevertheless, the SSA decreases with the fluorine content (Figure 6D) and the extrapolated 

SSA at F/C equal to 0.41 is around zero m2/g which would significantly lower the electroactive 

surface for energy storage. 

The example developed here evidences the precaution necessary for the investigation of DB 

using EPR to avoid underestimation of the spin density in the air for carbonaceous materials 

with high SSA. 
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Figure 6. EPR spectra recorded in air and under secondary vacuum using a X band Bruker 

EMX spectrometer operating at 9.85 GHz for a commercial porous carbon CBe ENSACO 250 

raw (A) and fluorinated (B); a scheme of the dangling bonds/O2 interaction (C), the relative 

content of dangling bonds located close to the surface and the SSA as a function of the 

fluorination rate (D). Recording conditions are given in supplementary information.  

 

Those experiments evidence another benefit of fluorination by the quenching of dangling bonds 

close to the surface (70% for raw and 30% for sample with F/C = 0.23). It is noted that if over-

fluorination occurs, the treatment results in new dangling bonds. Once again, fluorination must 

be controlled to avoid such an effect. 

In this section, various fluorination methods, and their effects on the bond formation and 

property changes of carbon-based materials have been presented and intensively discussed. To 

better understand the structure-property relationship of fluorinated materials and explore their 
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potential applications in clean energy devices, it is necessary to conduct comprehensive 

characterizations of the materials. Besides the elemental mapping techniques (e.g., 

scanning/transmission electron microscopy with energy-dispersive X-ray spectroscopy) to 

confirm the doping success and reveal the distribution of the doping elements, the 

characterization of the bond formation is essential. In this review, we have integrated the most 

important characterization techniques that are often used for revealing fluorination, including 

FTIR, Raman, XPS, NMR, EPR, and XANES. Such techniques have their different strengths 

(and weaknesses), and hence are complementary. As an illustration, an FTIR spectrum results 

from changing dipole moment whereas a Raman spectrum results from the change of 

polarizability of a molecule; XPS is surface sensitive and can measure the composition and the 

chemical and electronic states of the elements; XANES is an analytical technique used to 

elucidate the local electronic structure of an atom as it evolves throughout a reaction or 

electrochemical process, and this technique is bulk sensitive compared to XPS, etc. The 

combination of such techniques is recommended to comprehensively reveal the bond formation 

and the property of the materials. The relevance of combining experiment and theoretical 

simulation to clarify the underlying mechanisms of these materials must also be emphasized. 
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Table 1. Primary characteristics of fluorinated (nano)carbons and methods for data collection. 
References provide illustrative examples. 

 
(*) NMR Nuclear Magnetic resonance with Magic Angle Spinning (MAS) and Cross-
polarization (CP) 
(**) in a lithium battery when utilized as the cathode material 
 
 

3. PGM electrocatalysts 

It is no secret that fluorine is widely employed in electrochemical devices, specifically Li-ion 

batteries and fuel cells [146]. Hereafter, the emphasis is made on low-temperature fuel cell 

materials, in particular with platinum group metal (PGM)-based electrodes and more 

specifically Pt-based cathodes.  

 

3.1. Fluorinated additives to tune the hydrophobicity/hydrophilicity in catalyst layers 

(CLs) 

While the use of fluorine-based compounds is somewhat classical in gas diffusion layers (GDL) 

of low-temperature fuel cells/water electrolyzers [147], the number of studies where it is 

employed in catalyst layers is much scarcer. However, the water management in low-

temperature fuel cell electrodes is very complex (water is produced in the fuel cell reaction and 

is necessary for ionic conduction in the membrane and ionomer of the catalyst layers (CLs), but 

liquid water prevents fast mass transport of the gaseous reactants inside the pores of the GDLs 
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and CLs), and there could be interest in tuning the hydrophillicity/phobicity of the ALs 

themselves. 

AEMFCs are a perfect example of electrochemical systems where water management is critical. 

Indeed, AEMFC systems (i) operate below 100°C (where liquid water may be stable), (ii) use 

very hydrophilic ionomers (the water uptake in AEM is usually larger than in cation exchange 

membranes), and most importantly (iii) the water imbalance between water consumption at the 

cathode (O2 + 2 H2O + 4 e- → 4 OH-) and water production at the anode (H2 + 2 OH- → 2 H2O) 

is very large [148].  

To cope with this practical difficulty, Peng et al. [149] employed PTFE additives in their catalyst 

layers. Increasing the PTFE content in the CLs enabled them to stably operate their AEMFCs 

for higher water content, with the optimized dew points continuously increasing when the PTFE 

content of the catalyst layer increases. This effect was explained by the better ability of the 

PTFE-treated anode to reject liquid water into the GDL (and not into the AEM); adding PTFE 

in the GDLs led to similar results. 

Choi et al. did functionalize the carbon substrate of their Pt/C nanoparticles catalyst to render 

it more hydrophobic [150]. The functionalized carbon support was synthesized by reacting 

Vulcan XC-72R carbon black (which has carboxylic surface functions) with amine-terminated 

PNIPAM (a thermoresponsive hydrophobic polymer), which was then used to deposit Pt 

nanoparticles (Pt/CTRP). The anode CL of their AEMFC was designed from this Pt/CTRP material, 

additional Vulcan XC72-R carbon (which acts as a water reservoir) and AEM ionomer. This 

composite enables more efficient liquid water management, the hydrophobic polymer and water 

reservoir favorably preventing severe anode flooding in operation. However, one does not know 

whether this strategy could prove stable in the long-term, owing to the limited pore volume of 

the added Vulcan XC72-R carbon (in other words, once saturated with liquid water, its 

beneficial effect on liquid water removal from the anode CL would likely be lost). 

In another example, Hyun et al. proposed to tune the hydrophobicity of AEMFC catalyst layers 

(CLs) by using appropriately functionalized carbons to improve water management [151]. They 

employed hydrophilic hydroxyl-functionalized carbon additive at the cathode CL (in addition 

to commercial Pt/C ORR catalyst) to prevent its drying in operation, and fluoroalkyl-

functionalized (fluorinated) carbon at the anode CL (in addition to commercial PtRu/C HOR 

catalyst) to suppress (or at least limit) flooding. Their strategy is illustrated in Figure 7A. 

Combining these functionalized carbon additives with regular commercial AEMFC catalysts 

so to enhance the hydrophobicity of the anode CL and the hydrophilicity of the cathode CL led 

to an increase of the maximum current density by 1.7 times versus the MEA without carbon-
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additive (Figure 7B). Importantly, the strategy seems robust in the long run, as the stable 

constant current operation was possible for 1000 h (Figure 7C), which illustrates that water 

imbalance between the cathode and anode could be efficiently mitigated by tuning the 

electrodes’ hydrophilic/hydrophobic behaviors. 

 

 
Figure 7. (A) Illustration of the strategy of Hyun et al. to tailor the carbon 

hydrophilicity/hydrophobicity within the active layers of AEMFC so to better manage liquid 

water. (B) Corresponding polarization curves and power density plots obtained for control 

AEMFC MEA (without treated carbon additives in the CLs) and optimized AEMFC MEA, and 

(C) long-term operation voltage at j = 0.6 A cm-2 (constant versus time). The single cells were 

operated at 60°C and 100% RH without back-pressure. Reproduced with permission from [151]  

Copyright 2022, Elsevier. 

 
Although water management is not as critical in PEMFCs as in AEMFCs, one must recognize 

that cathode flooding is a serious impediment in PEMFCs as well. The usual strategies to cope 

with liquid water management in PEMFCs are usually based on tightly controlling the operating 

conditions of the system (RH%, fluxes and temperature). Another strategy, not specific to 

PEMFC, is to include the hydrophobic agent in PEMFC cathodes. This has for example been 

performed by Ouattara-Brigaudet et al., where they tuned the ionomer-to-carbon ratio and 

added significant PTFE in the cathode CL to improve the PEMFC performance, with electrodes 

based on carbon aerogel catalysts substrates [152].  
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A similar strategy was later followed to prepare composite PVDF and Pt/C by electrospinning. 

The so-obtained composite-structure electrodes exhibited enhanced hydrophobicity, which 

rendered the expulsion of water more efficient, hence decreasing the carbon corrosion rate; as 

a result, cathode collapse was retarded, even when some carbon loss was experienced in the 

cathode and its porosity was increasing. Nevertheless, the added PVDF was found to dilute the 

ionomer and lower the proton conductivity of the binder. All in all, the drawbacks of PVDF 

addition in an ionomer/PVDF cathode binder (increase in protonic resistance, PVDF being 

uncharged), which reduces the MEA power output, was positively counterbalanced by the 

composite structure (that persists throughout the carbon corrosion AST). 

Anodes of direct alcohol fuel cells incorporating PVDF as a binder and hydrophobic agent have 

also been prepared by electrospinning of PVDF and graphitic carbon nitride-supported Pd 

nanoparticles [153]. Another example is the electrospun Pt-based and PVDF-containing PEMFC 

electrodes (PVDF/Pt/C/S-SiO2, PVDF/Pt/C/Nafion), with tailored hydrophilicity for dry 

operation [154].  

 

3.2. Fluorinated carbons to modify the catalytic properties 

Chemically modifying carbon structures to enhance their ORR activity is very popular in the 

field of low-temperature fuel cells. While the most-employed methodology is to combine 

nitrogen and metal doping, as pioneered by the group of Dodelet [8], other strategies have been 

put forth, and among others, fluorination as described previously.   

For example, Liu et al. [155] demonstrated that fluorine and chlorine co-doped carbons could 

approach the ORR activity of commercial Pt/C catalysts for the ORR in alkaline environments. 

The stability of the F, Cl-doped carbon catalyst also proved interesting, as its ability to tolerate 

the presence of methanol in the electrolyte. The same conclusions were reached by Wang et al. 

with fluorine-doped mesoporous carbons [156]. Many other papers dealing with non-Pt group 

metal-base (non-PGM-based) catalysts have since then been published, which will be dealt with 

in Section 4 of the present contribution. 

Fluorine doping is also a strategy of choice to improve the conductivity of some metal-oxide 

supports (e.g., F-doped tin oxides [157-158], but such methodologies will not be further developed 

hereafter, owing to the uncertainty of the practical interest of metal oxide supports in PEMFC, 

as they can have a deleterious effect on the membrane [159] and their durability in operation is 

not granted [160]. 

 

3.3. Fluorinated carbon supports to enhance the durability of Pt-based catalysts 
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Carbon corrosion is thermodynamically favorable in water-containing electrolytes as soon as 

the electrode potential exceeds ca. 0.2 V vs RHE; this means that carbon corrosion is 

theoretically unavoidable in PEMFC (and AEMFC) cathodes. Carbon support corrosion is 

amongst the most important threat to the PEMFC durability in operation [161-162]. Carbon 

corrosion leads to detachment/migration of the Pt catalysts particles (hence to loss of 

electrochemical surface area, ECSA, and therefore loss of activity), but also to hydrophilization 

of the catalyst layer and loss of its porous structure, which both compromise the mass-transport 

properties of the cathode.  

The mechanisms of carbon degradation are now well understood: for example, in acidic 

electrolytes, at low potential (E < 1 V vs RHE), carbon corrosion is likely occurring for 

defective carbon structures, and graphitic carbons are more robust (Figure 8). The presence of 

Pt catalyst nanoparticles is however prone to modify the fate of the carbon substrate, Pt-induced 

carbon corrosion being likely in the potential region where the Pt/Pt-OH transition proceeds, 

i.e., in the interval 0.6 < E < 1 V vs RHE. The same Pt-catalyzed carbon corrosion also proceeds 

in alkaline environments [163-165], although in that case, it specifically leads to Pt nanoparticles 

detachment from the carbon support and carbon hydrophilization, leading to dissolution 

(flacking off) of full graphene layers [166]. Above ca. 1 V vs RHE, Pt is fully oxidized 

(passivated), and so high potential (1 < E < 1.5 V vs RHE) carbon corrosion becomes essentially 

not catalyzed by Pt (“intrinsic”), being faster for amorphous than for graphitic carbon surfaces 
[167-168]. In essence, carbon corrosion (should it be catalyzed by Pt at low potential, or not), 

initiates by the oxidation of carbon oxygenated surface functions (COad or COHad), which 

further react with water (H2O) or with Pt-OHad species into CO2.  
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Figure 8. Illustration of the effect of the electrode potential on the corrosion of carbon supports; 

disordered carbon surfaces are more prone to be irreversibly corroded into CO2 at low potential 

(E < 1 V vs RHE), while more ordered carbon surfaces (graphitic) require larger potential to be 

oxygen-functionalized and then corroded into CO2 (E > 1 V vs RHE). In the meantime, Pt can 

assist carbon corrosion via a Pt/Pt-OH surface redox shuttle when not fully surface oxidized, 

which is likely between 0.6 < E < 1 V vs RHE. Freely-adapted from [162] , Copyright 2022, with 

permission from the American Chemical Society. 

 
This mechanism is now well-admitted, and its knowledge has led the scientific community to 

look for manners to limit/retard the formation of oxygenated surface functions on carbon 

surfaces, so limit/retard irreversible carbon corrosion into CO2 and associated loss of 

performance of PEMFC (and AEMFC). 
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In that context, Forouzandeh et al. modified the surface of a mesoporous carbon powder (CIC, 

highly hydrophilic), and a microporous Vulcan carbon (VC, mildly hydrophobic), to render 

them more robust against oxidation. The functionalization was performed by diazonium 

reduction, leading to 2,3,4,5,6-pentafluorophenyl (-PhF5) surface groups at the carbon 

substrates. These carbons were then subjected to severe potential cycling [1.4 V vs RHE (50 s) 

- 0.8 V vs RHE (10 s)] at room temperature in 0.5 M H2SO4, so to test their robustness against 

corrosion. The surface functionalization improved the corrosion resistance by ca. 50–80%, 

which was explained by combined surface passivation (loss of carbon active sites that can be 

corroded) and increased surface hydrophobicity, water being required to initiate carbon 

corrosion (Figure 9)[169]. The work was pursued by evaluating as well hydrophilic 

functionalization of the carbon surface (PhSO3H groups), which also lead to some protection 

of the underlying carbon [170], these materials being advantageously employed as microporous 

layer (MPL) materials of GDL [171]. However, these studies did unfortunately not explore such 

protected carbon-baring Pt nanoparticles for PEMFC applications. 
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Figure 9. Illustration of the surface modifications occurring for bare and fluorine-

functionalized (PhF5 surface) VC and CIC carbons, (a,c) before and (b,d) after accelerated 

corrosion experiments. Formation of new pores or deepening of existing pores are likely on 

regions of the carbon that are not protected by the PhF5 surface groups. Reproduced from [169] 

Copyright 2022, with permission from Elsevier. 

 

A step further was made by Gouse Peera et al.[172], who synthesized N and F co-doped graphene 

nanofibers (GNF) to immobilize Pt nanoparticles, and used the obtained materials in PEMFC 

cathodes. They noted the beneficial effect of the double surface functionalization of the GNF 

on the interactions of the Pt nanoparticles with their N,F-doped GNF substrate, leading to their 

more homogeneous distribution at the GNF surface, which led to high ECSA of the obtained 
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catalyst and related higher ORR activity. This stabilization of the Pt nanoparticles at the N,F-

doped GNF substrate also proved beneficial upon accelerated stress tests, the multifunctional 

catalyst being more stable than a Pt/C benchmark in both low potential cycling (0 < E < 1.05 V 

vs RHE) and high potential hold (E = 1.4 V vs RHE) experiments. It was posited that the 

presence of F groups at the carbon surface enhances the durability of the GNF substrate: F being 

more stable at the edges than in the interior region stabilizes the carbon edges, hence making 

the carbon grains more resistant to corrosion. 

In a similar approach, Akula et al. evaluated N,F co-doped graphitic carbon fibers for the 

preparation and use of Pt nanoparticles in the ORR at PEMFC cathodes [173]. They noted the 

improved ORR performance and durability upon accelerated stress test of the Pt/N,F-doped 

GNF materials versus their N,F-free counterpart, which they ascribed to enhanced (stronger) 

interaction of the Pt nanoparticles with the N,F-doped GNF substrate. This was further 

demonstrated in PEMFC, but unfortunately in poorly-realistic conditions for practical 

applications (pure O2 feed, high stoichiometry, 100%RH).  

Park et al., by grafting F-containing diazonium moieties to Pt/catalysts, noted an improvement 

in the catalyst durability, which they ascribed to the modified wettability of the catalyst [174]. 

 

Some of the authors of the paper have adopted another (more direct) approach to selectively 

fluorinate a highly-defective/non-graphitized carbon aerogel supports (see section 2.6); the bare 

CA and fluorinated CA were used as the substrate for Pt nanoparticles deposition using the 

water-in-oil method, and fluorination was also attempted on pre-synthesized CA-supported  Pt 

nanoparticles [70]. Despite the unsatisfactory dispersion of the Pt nanoparticles on the fluorinated 

carbon supports, the initial ORR specific activity of the F-Pt/CA (where fluorination was 

performed after Pt deposition of the CA support) did match those of the non-fluorinated Pt/CA 

sample and exceeded that of commercial Pt/Vulcan XC72 (the latter presenting smaller Pt 

nanoparticles, that are less ORR specific active). The F-Pt/CA sample proved somewhat durable 

in so-called base-load (0.6 – 1.05 V vs RHE) accelerated stress tests (AST) performed in 3-

electrode cell (liquid acidic electrolyte): it maintains better its ECSA than the non-fluorinated 

Pt/CA and the commercial Pt/Vulcan XC72 samples; unfortunately, at that stage, this 

interesting behavior had not been explained. 

In a refinement of the previous study, the methodology of fluorination was adapted (direct 

partial reaction of F2 at the desired carbon support in the gas phase) to render it compatible with 

the up-scaling of the synthesis; it was performed with a variety of commercially-available 

carbon supports, Then, Pt nanoparticles were immobilized at the surface of the bare and of the 
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fluorinated carbon supports using a colloidal polyol synthesis, where the Pt colloid size was 

kept constant for all the materials. The obtained catalysts had similar Pt crystallite sizes for all 

the samples, which shows that the new methodology of synthesis of the Pt nanoparticles was 

better controlled than in reference [70].  The extent of Pt nanoparticles agglomeration was found 

to depend mainly on the available carbon surface area, not so much on the nature of the carbon-

fluorine surface chemistry (except at large F/C ratios, for which the bulk carbon structure started 

to be modified). In terms of electrochemical properties, the ECSA of the non-fluorinated 

carbons scales with the BET surface area of the support (Figure 10C). This trend is modified 

after the fluorination of the carbons because the partial occupation of carbon dangling groups 

by F atoms reduces the local stabilization of the Pt nanoparticles in these regions and decreases 

the ECSA of the fluorinated amorphous carbons (EN and CA); on the contrary, the partial 

amorphization induced by fluorination of the graphitic YS carbon enhances the Pt 

nanoparticles-substrate interaction: higher fluorination rate led to larger ECSA and lower extent 

of Pt nanoparticles agglomeration for the fluorinated graphitic carbon support. This shows that 

fluorination increased the number of defective carbon sites (by destructing initially-present 

graphitic C-C bounds and creating C-F bounds). For the bare carbon supports, the ORR specific 

activity is inversely proportional to the ECSA (hence to the carbon supports’ BET surface area), 

but directly with the extent of Pt nanoparticles agglomeration. All the fluorinated carbon 

samples are more active than their bare carbon equivalents, which was ascribed to the non-

negligible intrinsic activity of fluorinated carbon for the ORR (see section 4). 

Then, the materials were evaluated in an accelerated stress test in a 3-electrode cell (liquid 

electrolyte, Figure 10). 
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Figure 10. Electrochemical properties of various fluorinated or not Pt/C samples measured in 

3 electrode cell (0.1 M HClO4 at T = 25°C) before (Fresh) and after 15,000 cycles of base-load 

AST (0.6 < E < 1.0 V vs. RHE) or after 1000 cycles of start-up/shut-down AST (1.0 < E < 1.5 

V vs. RHE) performed in 0.1 M HClO4 at T = 80°C. (A) Specific activity (SA0.95) and (B) 

mass activity (MA0.95) of ORR measured at E = 0.95 V vs. RHE after mass-transport and 
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ohmic-drop correction. (C)  Electrochemical surface areas of platinum (SPt,CO) measured from 

the coulometry of the CO-stripping peak. Reproduced from [51] with permission from the 

Electrochemical Society. 

 
The base-load AST has a non-negligible (but expected) effect on the catalyst materials: it 

triggers Ostwald ripening and related ECSA (and ORR activity) losses (Figure 10), without 

significant carbon support corrosion. Neither graphitic carbon (YS) nor fluorinated ones show 

any real trend in “protection” against such degradations in this test, because (i) it mainly harms 

the Pt nanoparticles and not their substrate and (ii) if any carbon corrosion occurs, it is mainly 

catalyzed by Pt and not intrinsic to the carbon support.  

Of course, the picture changes for the start-stop AST, which is much more aggressive to the 

carbon support (Figure 10). Although C-F surface groups are theoretically stronger than C-O 

ones, partially-fluorinated CA does not efficiently protect the amorphous carbon support, with 

non-protected (non-fluorinated) regions of the CA acting as “sacrificial regions” in the carbon 

corrosion process. The partially-graphitic EN sample, after partial fluorination (EN-F), 

demonstrated a very decent stability to the start-stop AST: its C-F bonds were found more 

robust than the initial C-O bonds of amorphous regions of the non-fluorinated EN carbon, which, 

together with the non-negligible presence of graphitic regions in EN, rendered the EN-F more 

robust in start-stop operation. Finally, the graphitic carbon (YS) exhibited no beneficial impact 

of fluorination, because rather stable C-C bounds are broken upon fluorination to form C-F 

bounds, that are not more robust than graphitic C-C bounds versus carbon corrosion (at least in 

aqueous acidic electrolytes, i.e., in presence of excess water). So, in conclusion, the beneficial 

(or not) effect of fluorination depends on the nature of the carbon support employed. 

Fluorination is more beneficial for partially structurally disordered/ordered carbons than for 

structurally-ordered or structurally-disordered carbons. Indeed, “free” dangling groups of 

disordered regions of the partially-defective carbon supports (which, when unprotected, are 

subjected to preferential oxidation in PEMFC cathodes), react with the fluorine precursors to 

form more robust C-F bounds that are less prone to oxidation, while on the contrary, 

fluorination of structurally-ordered graphitic regions generates C-C bond cleavage, hence 

structural disorder and depreciated resistance to electrochemical corrosion. 

 

Based on these results, some of the materials were upscaled: Pt nanoparticles deposited on the 

partially-fluorinated YS catalyst (YS-F) were tested in unit PEMFC, in comparison to Pt 

nanoparticles deposited on the non-fluorinated YS and a commercial Pt catalyst based on 
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graphitic carbon black (Tanaka TKK TEC10EA40E) [175]. It was notably tested whether the 

robustness of fluorinated carbons versus carbon corrosion could change in a polymer electrolyte 

environment, i.e., In absence of excess liquid water.  

The home-made membrane electrode assemblies (MEAs) perform close to the commercial 

reference, both in terms of ECSA (Figure 11A) and of activity (Figure 11B), the fluorinated 

cathode (YS-F 14%) showing slight depreciated initial performances compared to the non-

fluorinated cathodes (likely because the MEA formulation could not be optimized in this study). 

Then, the MEAs were submitted to the base-load and start-stop ASTs in unit PEMFC.  

 

 
Figure 11. (A) ECSA characterizations of the MEA using the home-made Pt/YS (non-

fluorinated), Pt/YS-F (fluorinated) graphitic carbon and commercial Tanaka TKK 

TEC10EA40E at the cathode, and (B) corresponding polarization plots in unit PEMFC. 

Reproduced from [175] with permission from Elsevier. The readers are directed to the original 

paper for complete experimental details. 

 
As in a liquid electrolyte environment, the effect of the YS carbon fluorination is unclear for 

the “load-cycling” protocol (0.6 < E < 1 V): benchmark TEC10EA40E-based MEAs are more 

durable than fluorinated (or not) YS-based MEAs, the main degradation phenomenon in this 

AST being Ostwald ripening of the Pt nanoparticles. Overall the base-load AST resulted in a 

small loss of performance for the three cathodes (Figures 12A, C, E). 

On the contrary, the fluorinated YS-F electrocatalyst is more durable than the bare YS in the 

start-stop AST (1 < E < 1.5 V, Figure 12B, D). The ECSA and activity losses are minored for 

the fluorinated YS-F cathode compared to the non-fluorinated YS cathode, signing that 

fluorinated carbons are more corrosion-resistant in polymer electrolyte environment than in 

liquid electrolyte. Raman spectroscopy confirmed the beneficial effect of the fluorination 

towards carbon corrosion in polymer electrolyte environment in the startup-shutdown AST, 

while TEM micrographs showed that the YS carbon fluorination led to more resistant Pt 
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nanoparticles versus sintering and growth phenomena during this AST.  However, the 

commercial catalyst material TEC10EA40E (Pt on graphitized carbon black) remained the 

more robust in both ASTs and specifically the start-stop one (Figure 12F). The latter finding 

was associated with (i) a better optimization of the MEAs and (ii) a different manner to 

synthesize the Pt nanoparticles than on the home-made carbon substrates, but it nevertheless 

raises questions towards the real benefit of fluorination of initially graphitic carbons to enhance 

its carbon corrosion resistance. It would thus be important to confirm in PEMFC tests that 

partially-graphitic carbon can indeed be efficiently protected by partial fluorination, as put forth 

in [51] and recalled above. 

 

 

 
Figure 12.  Polarization plots of unit PEMFC based on a YS cathode (A, B), YS-F-14% cathode 

(C, D) or TEC10E40E1 cathode (E, F) during the base-load AST1 (A, C, E) or start-stop AST2 

(B, D, F) protocols. The operating conditions employed for the ECSA CVs and AST are 

summarized in Table 2 in the original article. Reproduced from [175]. Copyright 2022 with 

permission from Elsevier.  
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Since this study, others claimed that the impact of F-modified carbon structures was beneficial, 

which was explained in the frame of lower adsorption energy of H2O on F-modified carbon 

versus their bare counterparts, which improves the carbon support corrosion resistance [176]. 

From the authors’ point of view, this blur in the potential protective effect of fluorination for 

PGM-supported PEMFC catalysts means that more work is desired to find the proper strategy 

to protect carbon supports for long-term PEMFC operation. 

The next section 4 will show whether fluorination is more adapted to non-PGM catalysts. 

 

4. PGM-free electrocatalysts  

In recent years, great efforts have been made for seeking alternative and inexpensive catalysts 

to substitute Pt-based catalysts, such as metal-free catalysts [72, 177-178] and platinum-group-metal 

free (PGM-free) catalysts [8-9, 12-13, 179-181].  

 

4.1 Fluorinated metal-free catalysts on fuel cell activity and stability 

Metal-free catalysts, especially carbon-based ones (e.g., high surface area carbon blacks, carbon 

nanotubes, graphene, etc.) with various heteroatoms (N, P, S, B, etc.) have been demonstrated 

to exhibit excellent ORR catalytic performance. However, it is worth noting that they are, most 

time, active in alkaline electrolytes, not in acidic conditions. To further improve their activity 

and stability, some researchers have employed the fluorination technique [182-189]. Notably, 

people have discovered the co-doping of carbon materials to form dual–doping even trinary–

doping electrocatalysts. For example, Jiang and his co-workers [189] successfully fabricated a 

dual (NF)-doped graphene with mesoporous structure (NF–MG), through high-temperature 

treating the graphene oxide and polyaniline (GO/PANI) as well as NH4F. Figure 13A 

demonstrates a uniform distribution of C, N, O, and F loading in the mesoporous graphene 

framework. Due to the synergy of F and N co-doping into the hierarchical graphene, the oxygen 

reduction property of NF–MG3 (i.e., the optimal catalyst) is comparable to the commercial Pt/C 

catalyst in the alkaline solution (Figure 13B). In addition, this catalyst shows a super-low HO2− 

yield (Figure 13C), and a high electron transfer between 3.81 and 3.94 (Figure 13D). The very 

low HO2− yield is supposed to be able to greatly hinder the degradation of the membrane and 

the electrocatalysts and thus cell performance. In addition, this NF–MG3 nanosheet material 

exhibits not only superior tolerance to methanol crossover effects but also excellent long-term 

stabilities in alkaline media than the commercial Pt/C catalyst (Figure 13E-H). Thus, this type 
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of catalyst holds great potential for use in direct-methanol alkaline fuel cells, especially suitable 

for the system without an ion exchange membrane. 

 

 

Figure 13. (A) annular dark-field (ADF)-STEM image of NF–MG3, and elemental mappings 

for carbon, nitrogen, oxygen, and fluorine. (B) ORR polarization curves in an O2-saturated 0.1 

M KOH solution (10 mV s-1, 1600 rpm). (C) electron transfer number n and (D) HO2- yield. (E-

H) The methanol tolerance of NF–MG3 (E) and Pt/C (F), in 0.1 M KOH solution saturated with 

oxygen, as well as the excellent stability curves of NF–MG3 (G) and Pt/C (H). Reproduced 

from [189]  with permission from the Royal Society of Chemistry.  

 

4.2 Fluorinated non-PGM catalysts on fuel cell activity and stability (advances and 

drawbacks) 

Non-PGM catalysts have been stimulated more extensively, especially by the recent push for 

proton exchange membrane (PEM) fuel cell commercialization, the high cost of Pt-based 

materials, and the lower performance of the metal-free catalyst in acidic media. From the 

literature review, several important types of non-PGM catalysts for ORR have been reported, 

such as pyrolyzed [190] and non-pyrolyzed [10] transition-metal nitrogen-containing complexes, 
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conductive polymer-based materials [191], transition-metal chalcogenides [192], metal 

oxides/nitrides/carbides/carbonitrides/oxynitrides[193], as well as enzymatic compound 

materials [194]. Among these materials, pyrolyzed M/N/C catalysts (M is a transition metal) are 

considered the most promising ORR catalysts. One breakthrough has been made by the 

Dodelet group at INRS with catalyst activity and performance (0.91 W/cm2) approaching that 

of Pt [9]. This type of catalyst (Fe/N/ZIF-8) was prepared by doping a commercially available 

microporous metal-organic framework (MOF) known as ZIF-8 with a coordination complex 

of iron(II) acetate and phenanthroline, followed by Ar and NH3 two-step pyrolysis, 

respectively. Another breakthrough in stability has been made by the Zelenay group [180], and 

their best stable catalyst (PANI-Fe-Co-C), derived from polyaniline (PANI), showed a 

performance decrease of just 18 μA/cm2 per hour. However, it has a peak power density of 

only 0.55 W/cm2 (vs 0.91 W/cm2, the best one reported by the Dodelet group, which, however, 

is less stable) in H2-O2 fuel cell (at 80 °C). Consequently, high-performance and stable non-

PGM catalysts have not yet been achieved, and more effort must be made, especially in 

improving the stability, as currently, none of the best-performing non-PGM catalysts exhibits 

long-term stability needed for practical applications. Thus, intensive efforts have been done to 

understand the performance decay mechanisms. Three instability mechanisms have been 

proposed and mostly discussed: i) demetallation of the catalytic active sites, ii) attack by free 

radicals and/or H2O2, iii) micropore flooding.  

 

As mentioned previously, fluorinating the carbonaceous materials is well-known for 

increasing the hydrophobicity (possibly to improve the mass transport and avoid micropore 

flooding in fuel cells) and corrosion resistance (possibly to decrease the attack by the free 

radicals and the demetallation of the catalyst sites from carbon support). Therefore, surface 

fluorination would have great potential to improve the stability/durability of the non-PGM-

based catalysts/cathodes. Nevertheless, most studies were focused on fluorine doping to 

promote the catalyst performance in ORR half-cell tests, and very less effort has been made 

to study the fluorination effect on the stability of non-PGM catalysts in PEMFC conditions (in 

acidic media). Herein, we introduce two representative works about the fluorination effect on 

the non-PGM catalysts in PEMFC applications. 

Wang et al. [195] reported a fluorination strategy to boost the stability of the non-PGM catalyst 

(Fe/N/C) in PEMFCs. The surface fluorination was realized by covalent-grafting of a 

trifluoromethylphenyl (Ar-CF3) group on Fe/N/C catalyst. The obtained Fe/N/C−F catalyst 

shows obvious hydrophobic character, as sown in Figure 14A, with a contact angle of ca. 
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165°, while Fe/N/C material possesses a hydrophilic surface. This property could effectively 

prevent the water flooding in the Fe/N/C catalyst layer, and thus form many robust channels 

which promote the gas−liquid two-phase flow, as shown in Figure 14B. Further, the Fermi 

level of the carbon matrix was lowered by the electron-withdrawing property of the Ar-CF3 

groups, resulting in an increased reaction energy barrier and decreased carbon oxidation rate. 

The intrinsic hydrophobic property and the timely removal of the excess water decrease the 

H2O-involved carbon oxidation rate, which suppresses the demetallation of active sites of the 

catalyst. This can be demonstrated by Figure 14C, where at the cell voltage of 0.5 V, the 

catalyst with fluorination could deliver a very stable current density of 0.56 A cm−2 up to 120 

h in an H2-O2 PEMFC. Especially, even at 0.6 V, it can last 100 h with only a 15 % 

performance loss. This has been also demonstrated by Figure 14D, where after a 40-hour 

operation, the Fe content decreased a little from 1.2 wt% to 1.1 wt% for the fluorinated Fe/N/C 

catalyst, compared to that of pristine  Fe/N/C where Fe content decreased from 1.8 wt% to 

0.35 wt%. Besides maintaining the catalytic activity by decreasing carbon corrosion and de-

metallization, the creation of robust channels for mass transport (i.e., promoting the gas-fluid 

two-phase flow) is another important factor in improving the stability of the Fe/N/C catalyst. 

The concentration overpotential (ηC) is often used to evaluate the mass transport performance. 

In Figure 14E, it can be seen that with the fuel cell operating time, ηC increased for the Fe/N/C 

catalyst, while decreased for the fluorinated catalyst, demonstrating that, during the durability 

test, the mass transport performance of the fluorinated cathode is improved. In any case, it is 

worth noting that though the fluorinated catalyst displayed rather stable currents (∼0.6 A cm−2 

at 0.5 V and ∼0.36 A cm−2 at 0.6 V), they were much smaller than the initial currents (∼1.44 

A cm−2 at 0.5 V and ∼0.08 A cm−2 at 0.6 V) for the Fe/N/C catalyst without fluorination. 

Therefore, more studies need to be performed to understand the effect of fluorination on non-

PGM catalysts for PEMFCs. 
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Figure 14. (A) Dynamic water contact angles of the Fe/N/C samples with/without fluorination. 

(B) The hydrophobic and electron-withdrawing trifluoromethylphenyl (Ar-CF3) groups were 

grafted on the surface of the Fe/N/C catalyst to effectively prevent not only water flooding but 

also carbon corrosion due to oxidation. (C) Potentiostatic stability test of the Fe/N/C cathodes 

with/without fluorination in H2/O2 PEMFC at 0.5 V (a) and 0.6 V (b). The back-pressure: 0.5 

bar. Gas flow rate: 200 sccm; membrane: NRE 211; anode: Johnson Matthey 40 wt % Pt/C with 

0.4 mgpt cm−2 loading; cathode: Fe/N/C-based catalysts with 4.0 mg cm−2 loading. (D) Fe 

weight content of the two catalysts before and after the 40 hours durability test. (E) Evolution 

of ηC with fuel cell operating time for stability test at 0.5 V. Reproduced from [195] with 

permission from the Chemistry Europe.  
 
 

Zhang and co-workers [71, 118] have systematically studied the fluorination effect on a series of 

PGM-free catalysts including i) Black Pearls (BP) with a high microporosity; ii) N-doped 

Black Pearls (BP-N) to investigate whether the N atoms were affected upon fluorination; iii) 

MOF_CNx_Ar + NH3 (or shorted as MOF), which is pyrolyzed Zn imidazolate metal-organic 

framework ZIF-8 (a very popular carbon precursor for fabricating the PGM-free catalysts); iv) 

the Fe/N/C catalyst [9, 12]. These four catalysts were chosen to be fluorinated because they are 

the most popular materials discussed in oxygen reduction, and their compositions and 

structures are progressively changed, finally forming the Fe/N/C type catalyst. The 
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fluorination was conducted, at room temperature, under a flux of a mixture of 1:1 F2/N2 gas at 

atmospheric pressure. The detailed analysis of the fluorine functionalization has been 

discussed in section 2. Herein, the fluorination effect on the high-performance Fe/N/C catalyst 

in PEMFCs will be particularly discussed. Note that this representative Fe/N/C catalyst has 

been studied by the authors for many years regarding its structure, active sites, stability, etc. 

 

 
Figure 15. (A) H2/O2 PEMFC test for Fe/N/C catalyst w/o fluorination (where NC is the short 

name of Fe/N/C catalyst), as well as the MOF_CNx_Ar + NH3 (which is a catalyst without 

adding iron, i.e., nitrogen-doped carbon catalyst). (B) Initial V-I and power density curves at 

80 °C in an H2-O2 PEMFC for NC and fluorinated-NC, as well as heat-treated F20min-NC 

catalyst at different temperatures in Ar. (C-E) The evolution of the C1s, F1s, and N1s XPS 

spectra of the F20min-NC catalyst after various heating treatments in H2 or Ar. (F) Normalized 

Fe K-edge XANES spectra of NC and F20min-NC series catalysts. Reproduced from [118] with 

permission from the Royal Society of Chemistry. 

 

The initial idea of this work was to verify whether fluorination of the Fe/N/C catalyst can make 

the carbon support more stable and meanwhile strong enough to hold the Fe sites to avoid 

demetallation. After the fluorination, unfortunately, the catalyst was totally deactivated. As 

shown in Figure 15A, the fluorinated Fe/N/C (light blue line) has very low activity compared 

to the pristine Fe/N/C catalyst (black dot line). Interestingly, it is well overlapping the curve 

of the N-doped carbon (purple line, denoted as CNx in the figure) without Fe sites. This exactly 

demonstrated that the FeNx is the main active site of the Fe/N/C catalyst, which is well 

consistent with previous findings [12]. Further, luckily, the fluorinated catalyst can be 
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reactivated by heat treatment (Figure 15B) even after several years. To understand the detailed 

reaction that happened on the active sites, the authors conducted a series of characterizations. 

Figure 15C-E shows the evolution of the C1s, F1s, and N1s XPS spectra of fluorinated Fe/N/C 

after various heat treatments. Obviously, with the heat treatment, the fluorine atoms were gone 

(Figure 15D), and the nitrogen atoms in the catalyst were not affected unless a very high 

temperature was used such as 1050 oC, with a loss of some nitrogen atoms and simultaneously 

creating more defect in the carbon support as well (Figure 15C,E). Because of the low Fe 

amounts in the catalysts, the Fe2p XPS analysis could not provide enough chemical 

information on Fe in the catalytic sites. Thus, the Fe K-edge X-ray absorption near-edge 

structure (XANES) spectra were performed on Fe/N/C catalysts with/without fluorination, as 

well as the heat-treated ones obtained in Ar at 600, 900, and 1050°C. As shown in Figure 15F, 

it is obvious that the oxidation state of the iron in pristine Fe/N/C is similar to that of FeO, 

however, in the F20min-NC catalyst, it is close to that of Fe2O3. Further, by the combination 

of the electrochemical evaluation and other physical characterizations of the samples, it 

demonstrates that when the heating temperature is >= 900 °C, the fluorine atoms are released 

from the fluorinated catalysts. When the heating treatment temperature is at 600 °C, only 

partial de-fluorination happens to the catalyst. All these demonstrate that though the 

fluorination deactivated the Fe/N/C catalyst, the fluorinated catalyst can be reactivated by heat 

treatment even after several years. This is very important because it can extend the shelf time 

of the catalyst in practical applications, especially for reliable catalyst manufacture.  

 

 
 

Figure 16. (A) Initial fuel cell V-I curves tested at 80 °C in H2/O2 fuel cell equipped with 

Fe/N/C cathode catalyst (black line), CNx active sites (red line), and FeNx active sites 

obtained from the subtraction of CNx active sites from the Fe/N/C polarization curve. (B) 

Relative changes with fuel cell operating time of: (i) the number of FeN4-like sites (triangles) 

at the cathode of membrane electrode assemblies (MEAs) using Fe/N/C catalyst and (ii) the 

current density (at 0.6 V) of the same MEA (squares) in H2-air fuel cells (at 80 °C). The 



  

43 
 

numbers of FeN4-like active sites were achieved from the combined analysis of the absorption 

areas in the Mössbauer spectra and the iron amounts determined by neutron activation analysis. 

(C) Normalized stability behavior at 0.6 V of Fe/N/C catalyst in H2-O2 and H2-air PEM fuel 

cells (open symbols), with fitted lines based on two exponential decays. Reproduced from [12] 

with permission from the Elsevier, as well as [13] and [118] with permission from the Royal 

Society of Chemistry. 

Further, combined with the authors’ previous study [12-13] regarding the relative contributions 

of Fe-active sites and the N-doped carbon sites (Figure 16A), as well as the loss of the 

FeNx (like FeN4) catalytic site content (demonstrated by Mössbauer spectroscopy analysis, 

Figure 16B), the authors propose their stability model for the Fe/N/C catalyst (Figure 16C). 

This model is composed of two exponential decays starting from the fuel cell operation (t=0), 

i.e., the fast one is due to the demetallation of FeN4 catalytic sites that are located in the 

micropores of the catalysts, while the second exponential is most probably due to the N-doped 

carbon sites and the Fe sites located in the mesopores which decay much more slowly. 

 

4.3 DFT calculations and thermodynamic calculations 

To better understand the fluorination effect on the catalyst performance, understanding the 

kinetics and thermodynamics of the catalytic reaction is necessary. Recently, density functional 

theory (DFT) calculations were applied to the active site systems for ORR. However, 

thermodynamic stability calculations on the same active sites have rarely been reported. The 

INRS team just pioneered both DFT and thermodynamic calculations on the Fe-based active 

sites and their fluorinated ones, providing interesting results to understand the instability of the 

catalyst [196-197].  

As mentioned in early sections, some researchers have adopted fluorination strategies to 

reduce the degradation of the catalysts for ORR in PEM fuel cells. However, the experiments 

by Zhang and co-workers have revealed that fluorination can poison the FeNx active sites in 

the catalyst. This exactly provided a unique opportunity to make a profound study of the nature 

and the decay mechanisms of the Fe/N/C catalyst in PEM fuel cells. Therefore, to support and 

deepen the findings from the experimental study, DFT calculation was conducted with 

optimizations of the ten most possible FeNx site configurations and two metal-free sites 

(Figure 17). Then F atoms and F2 molecules were introduced to these atomic structures, at 

different locations, and new DFT optimizations were performed. The binding energies for 

fluorine (F) atom adsorbed on these structures are shown in the tables of Figure 17. When the 

FeNx is formed on a single layer of graphene where both sides are accessible, the DFT 
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simulation demonstrates that the fluorine binds strongly to Fe; and in the case of two fluorine 

atoms, one F connect with each side of the FeNx plane will inhibit the activity of the FeNx sites 

completely. On the other hand, the multi-graphene layers are more existing in the catalyst than 

the single-layer graphenes. When considering several graphene layers, it only needs one 

fluorine atom on top of the graphene layer to poison the FeNx moiety. This is because the ORR 

hardly happens between carbon layers. The authors then studied the residual catalytic activity 

(i.e., in consideration of N-doped carbon with zigzag and armchair structures) after 

fluorination, for which previously reported DFT simulations indicated a viable catalytic 

process though with the fact that O2 rarely adsorbs on such structures. For both armchair and 

zigzag structures, it is demonstrated that the catalytic active site is the carbon atom where an 

N atom is near it. From DFT calculations, the authors found that fluorination does not poison 

these catalytic structures (i.e., by F or F2). Therefore, it is demonstrated that the residual ORR 

catalytic activity (i.e., for fluorinated Fe/N/C catalysts, where the FeNx active sites are 

poisoned) is similar to that of the Fe-free catalysts (e.g., carbon with N-doping). Finally, for 

the regeneration of catalyst activity of fluorinated catalysts, by heat-treatment of them to 

900 °C, the authors explained that the fluorine atoms are released from these catalysts upon 

the heat treatment.  
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Figure 17. (A) DFT optimized ten configurations of FeNx-doped carbon catalysts, and (B) two 

configurations (armchair and zigzag) of N-doped carbon metal-free catalysts. Color code 

identification: grey for carbon, blue for nitrogen, and orange for iron. The tables show the 

Adsorption of F atoms on these structures. Reproduced from [196] with permission from the 

MDPI. 
 
 

Thermodynamics is a tool to study the condition or state changes of a substance when its 

internal energy or temperature changes. An important concept in thermodynamics is the 

equilibrium state. The precise nature of the equilibrium state is highly dependent on both the 

character of the system and the constraints imposed on it. Thus, the authors in the same group 

conducted the thermodynamic calculations to reveal the thermodynamic stability of the FeN4 

catalytic active sites with and without fluorination, in consideration of the acidic medium and 

operating temperature in real PEMFCs. Again, the two most popular FeN4-based catalytic sites 

as mentioned above have been calculated, in an acidic condition (pH ~ 0) at 298 and 353 K to 
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mimic the real fuel cell environment (Figure 18). The related thermodynamic stability 

(Kc values) are presented in the Tables in Figure 18. It reveals that the Kc values change over 

a wide range, depending on the number (m=0, 1, 2, where 0 is the case of non-fluorinated, 

while m=1 and 2 is the condition of adding one or two fluorine atoms on the active sites) of 

F-atoms that are connecting to the iron. In the condition of non-fluorinated catalysts, the 

chemical stability of the 1.10-phenanthroline-like sites is much higher than that of the 

porphyrin-like sites. After fluorination, porphyrin-like FeN4F[H29C112F32] (with one fluorine 

atom in the active site) and 1,10-phenanthroline-like FeN(2+2)F2[C60H15F21]2 sites (with two 

fluorine atoms) are the most chemically stable ones among fluorinated electrocatalysts. This 

indicates that the fluorination of these two active sites increases the catalyst's chemical 

resistance to acid iron leaching. On the other hand, it should be noticed that the catalyst is 

under dynamic conditions, where Fe ions could leave the system (e.g., due to the exchange for 

H+ in the proton exchange membrane, leaving the cathode with the flow of H2O in the fuel 

cell system). Therefore, according to Le Chatelier's principle, if the equilibrium between the 

Fe ions in and out of the active sites could not be established, it can cause the progressive 

demetallation of the electrocatalytic sites. All these findings are consistent with their 

experimental results and DFT calculations. The next step is to develop new strategies to take 

full use of fluorination to stabilize the catalysts.  
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Figure 18. Molecular models for the fluorinated catalysts: (A) the porphyrin-like FeN4/C-active 

sites and (B) phenanthroline-like FeN(2+2)/C active sites, as well as their thermodynamic data 

in consideration of the active sites with and without fluorination. Reproduced from [197] with 

permission from the ECS. 
 
 

 

5. Perspectives 

In summary, fluorination can play an important role in energy conversion and storage 

technologies. Specifically, in this review, we focused on the discussion of the fluorination 

effects on the electrocatalysts for low-temperature fuel cells. We first addressed the various 

fluorination methods and their benefits to the property of the materials, including polarity and 

surface tension, changes in the pore size distribution, co-doping effect with fluorine, as well as 

bond formation caused by the fluorination. Then, we summarized recent advances in the 

development of various fluorinated electrocatalysts for ORR in fuel cells, including noble and 

non-noble metal catalysts, where fluorination plays a key role in tuning the 

A B
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hydrophobicity/hydrophilicity property of the catalyst layers and affects the activity and 

stability/durability/lifetime of the catalysts. We believe that this review provides insights into 

fluorination for the community of not only fuel cells but also other energy conversion and 

storage systems. Several perspectives are provided for the future application of fluorination and 

its study in fuel cells: 

1. How well use the fluorination strategy to tailor the bonding, structure and property of 

the materials used in fuel cells, including carbonaceous material (SSA, crystallinity, 

doping, etc.) and the metal active sites in the catalysts, in order either to keep them or 

to change them favorably for fuel cell applications. Especially, the electronic properties 

and C-F bonding can be well-tailored, by taking advantage of co-doping other 

heteroelements (N, S, P) with fluorine. Co-doping with fluorine is underused according 

to its versatility.  

2. The precise characterization and study of the materials on the electronic properties and 

C-F bonding by fluorination, as well as the real active sites for ORR in fuel cells are 

necessary, via various advanced characterization techniques, such as XPS, IR, NMR, 

EPR, N2 sorption, as well as aberration-corrected high-angle annular dark-field 

scanning transmission electron microscopy (AC-corrected HAADF-STEM), 

synchrotron-based X-ray absorption spectroscopy (XAS) and imaging, and so on. 

3. Understanding the structure-property relationship and the reaction mechanisms of the 

fluorinated materials especially their activity and degradation during fuel cell operation 

is critical. The well-known in situ/operando techniques include XAS, electrochemical 

impedance spectroscopy (EIS), and real-time mass spectrometry (e.g., stability study of 

materials by monitoring CO2 evolution originated from the electro-oxidation of carbon). 

4. DFT and thermodynamic simulations are powerful tools for revealing the reaction 

mechanism of the catalysts and predicting the potential active species. However, 

accurate assessments of the catalytic active centers, especially in consideration of the 

real reaction environment (e.g., solid/liquid/gas, pH value of the reaction, temperature, 

employed pressure, etc.), are still needed for in-depth study. It is also suggested to 

combine the experimental results, ex-/in-situ characterizations, and the theoretical 

modelling all together to better reveal the active sites and their reaction mechanism. 

5. Fluorination is well accepted for having great potential to prolong the lifetime of the 

materials, new protocols need to be identified to fast screen and reveal the fluorination 

effect on the lifetime of the materials.  
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6. Fluorination of non-PMG catalyst was blocking all FeNx sites of the catalyst by forming 

either F-FeNx or F-FeNx-F bonds but after several months, and even after a few years, 

when a heat treatment is carried out, the catalyst can be regenerated and recover its high 

activity. Up to now, 70-75% activity back is achieved. The sequence protection 

(Fluorination)/Reactivation (Heating) allows for increasing the shelf-life of non-PGM 

catalysts[118]. Nevertheless, C-F bonds break before the Fe-F bonds, so it is not possible 

to thermally obtain FeNx sites free of F without first removing all C-F bonds that are 

suspected to protect the carbon support from oxidation. Therefore, to improve fuel cell 

performances, it is suggested that the catalyst active sites should be added after the 

fluorination process of the carbon support. With this two-step process, high-

performance catalysts with enhanced stability may be achieved.  

7. The addition of chemical protection to the active sites before fluorination (to avoid any 

poisoning of the active sites by fluorination because of the strong interaction of fluorine 

with metal than carbon), followed by the removal of that chemical protection after 

fluorination (i.e., to expose the high active sites to the fluorinated carbon support to 

make the entire catalyst not only highly active but also highly stable to sustain the attack 

by H2O2/free radicals in fuel cells). Several studies have shown that FeNx ORR sites in 

acid can be deactivated by pseudohalide (e.g., SCN- or CN-), and then regenerated in a 

KOH solution. 

The present paper aims to give the strategy to tailor the fluorination according to the 

characteristics of the carbonaceous material (SSA, crystallinity, doping, presence of catalyst) 

in order either to keep them or to change them favorably.  

We believe that the data would be useful for the community of the fuel cells but also for other 

applications where the electronic properties and C-F bonding must be tailored thanks to co-

doping with fluorine and other heteroelements (e.g., N, S, P). The co-doping with fluorine is 

underused according to its versatility. 

Overall, with the continuous research in this promising field, we believe that the good use of 

the fluorination technique could significantly leverage the wide application of various materials 

in electrochemical energy conversion and storage devices, to address the climate change and 

energy shortage issues that we are facing.   
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