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Abstract

:

The global issue for proton exchange membrane fuel cell market development is a reduction in the device cost through an increase in efficiency of the oxygen reduction reaction occurring at the cathode and an extension of the service life of the electrochemical device. Losses in the fuel cell performance are due to various degradation mechanisms in the catalytic layers taking place under conditions of high electric potential, temperature, and humidity. This review is devoted to recent advances in the field of increasing the efficiency and durability of electrocatalysts and other electrode materials by introducing structured carbon components into their composition. The main synthesis methods, physicochemical and electrochemical properties of materials, and performance of devices on their basis are presented. The main correlations between the composition and properties of structured carbon electrode materials, which can provide successful solutions to the highlighted issues, are revealed.
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1. Introduction


The commercial development of the proton exchange membrane fuel cell (PEMFC) market relies on overcoming several challenges. One significant limitation of fuel cell efficiency is the slow oxygen reduction reaction (ORR) that occurs at the cathode [1,2,3]. To accelerate the ORR and improve its efficiency, it is necessary to use platinum group catalysts; thus, pure platinum or platinum on a carbon support is used to increase the active catalyst surface [4]. Usually, carbon black is used as a platinum particle support due to its availability and low cost, as well as appropriate values of specific surface area and electrochemical characteristics [5,6,7].



It also remains important to reduce the degradation rate of membrane electrode assembly (MEA) components, particularly catalysts and their supports [8]. Catalyst degradation can occur either mechanically through membrane damage or through electrochemical reactions during the PEMFC operation. Thus, when water is generated in a fuel cell as a product of an electrochemical reaction, it stagnates in gas diffusion layers (GDLs), bipolar plates (BPs), or catalytic layers (CLs) [9]. This phenomenon negatively affects the mass transfer of reagents and, over time, leads directly to degradation of the above FC components and deterioration of the device output characteristics [10,11,12]. When humidity is too low, the proton exchange membrane changes its geometry and dimensions [13], leading to mechanical failure of the CL being in direct contact with the membrane [14,15].



Deterioration in FC performance is also caused by various mechanisms of catalytic layer degradation, which occur under the influence of electrical potential, elevated temperature, and humidity [16,17]. Carbon corrosion is the main cause of catalyst degradation [18]. When the potential reaches 0.207 V (relative to a standard hydrogen electrode), the oxidation process of the carbon support begins [19]. However, in low-temperature hydrogen FCs, this process is inhibited by the reduced temperature [20]. The process is accompanied by the spontaneous agglomeration of platinum particles and their recondensation, or Ostwald ripening (any increase in the number of catalyst particles leads to a decrease in the active surface and, consequently, a decrease in the electrochemical surface area (ESA)), as well as their separation and dissolution (Figure 1) [21,22,23,24]. In this case, platinum accelerates the carbon-oxidation reaction [25]. The degradation mainly occurs during the ORR taking place at the cathode, when the reduction intermediates and oxygen itself start affecting the catalytic layer [26].



The most promising and investigated method for tackling the problem of CL degradation due to gradual oxidation of the carbon support is the use of structured materials as supports. Due to the original structure of graphite, it is possible to synthesize quite complex and diverse carbon nanomaterials on its basis. These include all types of graphene structures and their derivatives: carbon nanotubes (CNTs) and nanofibers (CNFs), graphene nanosheets, graphene oxides (GOs), reduced graphene oxides (rGOs), arrays of nanotubes, aligned and non-aligned, as well as graphene aerogels, honeycombs, spheres, and others [27,28,29,30,31,32,33].



Graphene and its various configurations possess excellent physical and chemical properties, including a large specific surface area, high electrical and thermal conductivity, durability, chemical resistance, and mechanical strength [34,35,36]. The use of complex carbon structures in CL leads to a more uniform distribution of catalytic particles on the surface and hence high electrochemical activity, gas permeability, and electrical conductivity [37,38,39,40]. At the same time, due to the appearance of micro- and macro-pores as a result of the specific packing of graphene particles, the water balance of FC is improved [30]. These materials are highly suitable and promising for use as electrocatalytic and electrode materials in fuel cell components, such as CLs, microporous layers (MPLs), and GDLs.



The current trends in the development of carbon nanomaterials technology are aimed at improving the methods for synthesizing materials with specified properties and expanding their applications, including electrochemical energy storage and conversion (supercapacitors, lithium-ion batteries, electrolysis systems (hydrogen evolution reaction (HER)), and fuel cells (hydrogen oxidation reaction (HOR) and ORR)). The growth in demand and applications of electrochemical current sources has led to a rapid development of research in the synthesis and properties of these structures, which have a favorable impact on the efficiency and durability of device components. The abundance of published materials in various research areas necessitates their analysis and systematization to address the challenges currently facing the PEMFC industry. This review will focus on these challenges and consider studies of the properties of electrocatalyst support materials. These properties include high conductivity, surface area, the presence of functional groups that improve metal deposition, and the durability of materials during operation. On the other hand, the decline in the number of studies on the properties of electrocatalysts highlights the problem of developing an effective catalytic layer that provides the hydrophilic/hydrophobic balance and optimal porosity for high transport efficiency. The main focus of this review is on systematizing properties and selecting the optimal material structure in terms of efficiency in the FC electrode (cathode).




2. Graphene Structures


2.1. Graphene Nanosheets


The structure of graphene is represented as one or more layers of sheets of one-atom-thick sp2 hybridized carbon. Currently, there are many different techniques for making graphene, as each technique produces nanosheets with unique physical and chemical characteristics required in a particular field. Methods for producing graphene include physical or chemical layering, epitaxial growth through chemical vapor deposition (CVD), unzipping of carbon nanotubes through electrochemical, chemical, or physical methods, and reduction of sugars such as glucose or sucrose [38]. Graphene is the fundamental precursor of all graphitic carbon structures, including carbon nanotubes, nanofibers, spheres, and other nanostructures. The approximate thickness of one layer of graphene is 0.345 nm [27], which has a positive effect on the uniformity of the distribution of catalytic particles on it and the increase of active sites. Graphene nanosheets also have many different derivatives used as catalyst supports in PEMFCs, which are graphene oxides as well as graphene doped with heteroatoms.



For carbon materials, functional groups are important in the synthesis of platinum catalysts. They serve as adsorption sites for the nucleation of small Pt particles, resulting in a uniform distribution of Pt on the carbon support [41]. The capacitance of the double-layer electrode with platinum deposited on carbon depends on the surface morphology and the type of functional groups fixed in the support [42]. The smaller average Pt particle size is a result of the finer catalyst particle size, which indicates the existence of more anchoring sites on the graphene. This provides better dispersion of Pt particles [43]. Compared to spherical carbon particles, the planar structure of graphene facilitates the uptake of oxygen functional groups, mainly at the edges of graphene sheets [41].



While surface defects have been found to improve the activity of graphene-based electrocatalysts in ORR and enhance Pt dispersion, long-term observations have also revealed that these properties can result in carbon corrosion due to unsaturated valences and free s-electrons [44], as well as the adverse effects of highly concentrated s-electrons. Functional groups also decrease electrical conductivity and increase water affinity. This may make it more difficult to remove water from the fuel cell, which can lead to substrate corrosion and primarily Pt dissolution.



The addition of graphene nanosheets to the MPL improves the performance of PEMFC in both low- and high-humidity conditions [45]. The addition of graphene to MPL has been found to decrease membrane dehydration in low humidity conditions. Additionally, it has been observed to decrease liquid water saturation at the catalyst layer–GDL interface in high-humidity conditions [46]. This is due to the presence of a large number of micropores, which contribute to the retention of water needed to wet the membrane and electrolyte in the catalyst layer. Graphene exhibits a uniform distribution of micropores and small mesopores. This characteristic can enhance performance at high relative humidity and current densities by facilitating simultaneous capillary absorption of liquid water to reduce cathode flooding and improve the diffusion of reactants into the catalyst bed [47]. Graphene nanoplatelets exhibit dense horizontal stacking of graphene flakes in MPL, which leads to a reduction in pore volume. However, this effect results in a slight increase in the MPL wetting angle and therefore enhances hydrophobicity. In this case, there are fewer pathways for water removal from the surface, which hinders air flow towards the through-plane. As a result, through-plane permeability and efficiency decrease with increasing graphene content [45,48]. The electrical conductivity of graphene nanoplatelets is significantly affected by the number of graphene layers, lateral size, and material purity [49]. The resistivity measurements indicate that the inclusion of just 30% graphene in MPL significantly enhances the electronic conductivity of the layer, resulting in a 20% reduction in resistivity compared to a conventional carbon black-based MPL [45].



When comparing Pt catalysts based on graphene sheets and carbon black [50], this study found a three-fold increase in the ORR mass activity for graphene. This was attributed to higher charge transfer rates or lower binding energy with reactive adsorbates. The increase in ESA is due to the smaller average particle size of the Pt particles. This results in the presence of a disordered structure, more electroactive sites, and the ability to form more three-phase boundaries. Additionally, there are strong metal-support interactions and high dispersion of the nanoparticles [51,52,53]. Reducing the size of catalytic particles also leads to a higher utilization of said particles [50]. However, graphene-based catalysts generally exhibit superior degradation resistance and stability, which can be attributed to the presence of functional groups. Graphene may contain functional groups such as N, O, and S, depending on the synthesis or functionalization method used. During catalyst synthesis, active metal particles replace certain groups in the graphene structure. This significantly strengthens atomic bonding and improves catalyst degradation stability [27,41,46]. Electrochemical studies have shown that the catalytic activity and stability of graphene-based bimetallic catalysts are significantly enhanced by the addition of a secondary metal [54]. The initial decrease in activity is likely caused by the dissolution of subsurface and/or surface atoms of the second metal and/or Pt, followed by the re-formation of a stable number of electrons transferred per oxygen molecule for all catalysts [51].



Although graphene nanosheets have advantages, they can negatively affect MEA functioning. Therefore, when CVD graphene is used as a catalyst support deposited on GDLs, mass transfer limitations are observed at low polarization voltages when the current density suddenly decreases [55]. The high graphene content in the catalyst caused agglomeration, which characterizes the inefficiency of using such a layer to periodically remove water generated at the cathode [56]. The electrochemical performance deterioration is caused by mass transfer issues, which can be attributed to the presence of mesopores and densely stacked graphene sheets [45].




2.2. Graphene Oxide and Reduced Graphene Oxide


Graphene oxide is a single-layer sheet-like structure with functional groups. Oxygen groups such as hydroxyl and epoxy groups are located on the basal planes, while other groups, such as carboxy, carbonyl, phenol, etc., are mainly based on the leaf edges. These oxygen-containing groups and defects alter its physicochemical properties. GO is highly hydrophilic and disperses uniformly in water, making it an excellent electrode material [57]. However, the electrical conductivity of GO is lower than that of graphene because of the functional groups present on its surface [27].



Reduced graphene oxide is obtained in several steps, first from graphite to GO by thermal or chemical oxidation and then by reduction to reduced graphene oxide. Several methods exist for synthesizing GO, including the Brodie, Staudenmaier, and Hummers methods and their modified and improved variants [58,59].



The reduced graphene oxides have a more mesoporous structure with fewer micropores compared to graphene. They are aggregate friable aggregations of lamellar particles forming slit-like pores [60]. This is evidenced by characteristic sorption isotherms with a hysteresis loop, which is associated with capillary condensation occurring in mesopores, as well as with limiting absorption in the range of high P/P0 (the ratio of pressure in the system to the condensation pressure) [61,62]. There is also a sufficient number of macropores, which play the role of gas transport channels in the structure. Thus, the specific porous structure of rGO with multiple mesopores and open and interconnected channels promotes rapid diffusion of fuel to the active Pt sites [62]. During the synthesis of metal particles onto the support, the doping process causes a decrease in surface area. However, the resulting catalysts maintain their original mesoporosity, which is a crucial aspect in the fabrication of catalysts for PEMFCs [62]. Gold nanoparticle catalysts supported on reduced graphene oxide (AuNP/rGO) with a high specific surface area and mesoporous structure, featuring a narrow and regular pore size distribution, have been successfully fabricated [63].



It is demonstrated in Ref [64] that rGO can serve as a capacitive material when incorporated into a catalytic layer along with platinum particles. Scanning electron microscopy (SEM) images of the rGO/Nafion layer on carbon paper revealed a homogeneous three-dimensional porous structure of rGO sheets (Figure 2a–c). The pore diameter of the rGO/Nafion layer was in the range of 0.7 to 9 μm, which was approximately 10–100 times longer than the free path length of O2. This could facilitate the mass transfer of O2. Elemental mapping images of the rGO/Nafion thin layer (Figure 2d–g) showed the presence of uniformly distributed S and F, which can be explained by the technique used to obtain the original graphene that underwent subsequent oxidation. After atomization of the catalytic ink, Pt/C/Nafion aggregated on the inner wall of the pores of the rGO sheets. Despite the inaccuracy of determining pore diameter from SEM images, the authors noted maintaining a porous structure while the pore diameter decreased.



The presence of functional groups on the surface of GO and rGO is clearly visible when GO is examined by Fourier-transform infrared spectroscopy (FTIR), the results of which are shown in Figure 3. In [65], functional groups related to graphite and rGO powders were investigated, from which the effect of oxidation on the properties of graphene can be determined. The graphite spectra in Figure 3 show a broad band in the 3000–3600 cm–1 region representing the valence vibration due to the presence of a hydroxyl group (O-H vibration). The spectrum shows typical peaks indicating oxygen-containing groups: 1919.77 cm–1 for C=O (carbonyl/carboxyl) and a broad band at 1000–1340 cm–1 for carboxy C-O, epoxy C-O, and alkoxy-C-O. The peak at 1619.81 cm–1 corresponds to the planar vibrations of the aromatic compound C=C, at 2112.61 cm–1 for C:O, and at 2271.16 cm–1 for CH. The IR spectra of rGO showed a significant decrease in the bands corresponding to the O-H and C:O groups, while the peaks corresponding to the epoxy and alkoxy C=O groups and C-H groups disappeared completely, as shown in Figure 3.



The reduced graphene oxides have a structure between pure graphene and graphene oxide [66]. During chemical and thermal reduction, the quantity of oxygen-containing functional groups is considerably decreased. This is explained by the fact that the p-conjugated structure of graphene is essentially restored in the synthesized rGO, with the opening of epoxy rings having a significant influence on this situation. It has also been found that the thin nanolayer of rGO folds together to form a thick bulk structure due to the presence of strong van der Waals forces between each layer [67]. The reduction of oxygen-containing functional groups increases the hydrophobicity of rGO-based samples owing to the reduction in oxygen concentration [61], but due to the high porosity of these samples, this cannot affect the electrical conductivity [65].



Under reaction conditions, the spectra of the graphene-based catalysts indicate partial removal of major functional groups from GO compared to the original graphene oxide. The functional groups likely served as anchoring sites for metallic platinum ions during the reduction reaction, promoting the production of metal nanoparticles that are distributed on the rGO sheets [62]. The embedding of metal nanoparticles in the support structure and their interaction with it have a positive effect on the chemical and mechanical stability of the catalyst. This prevents the development of agglomeration processes and the migration of catalyst particles.



In [65], the effect of adding rGO and graphite to MPL by pressing on various properties of the GDL for which Toray carbon paper was used is studied. The study has demonstrated that MPLs based on rGO have a smooth and planar morphology as well as higher in-plane electrical resistivity compared to graphite-based MPLs. However, the rGO-based MPLs have lower roughness than the graphite-based MPLs. Replacing graphite with rGO increases the wetting angle, porosity, and permeability of the samples. And graphite-based MPLs have lower resistivity.



The catalytic activity of rGO-based catalysts is high due to the presence of a larger number of active sites that more effectively adsorb reactants during the catalytic ORR process [41]. The reduced graphene oxide itself can serve as electroactive sites and also reduce the ion diffusion pathway, which also results in high electrical conductivity and better electrical contacts [63].



The accelerated MEA degradation test results indicate that Pt/rGO exhibits nearly twice the degradation resistance compared to other materials [62]. Stronger electronic interactions between Pt nanoparticles and graphene support result in this effect. The metal-substrate interaction is strengthened, as shown by the negative shift of the Pt 4f binding energy in the X-ray photoelectron spectroscopy (XPS) spectra. This suggests that electrons are transferred from the carbon supports to Pt [39]. The resistance to degradation is also affected by the slower corrosion of the support, which is caused by fewer disordered sites for graphene derivatives.



The current density value in the electrooxidation of methanol using a multicomponent core-shell catalyst based on rGO is approximately four times higher than that of similar catalysts based on amorphous carbon support and approximately six times higher than that of Pt/C [68]. These results suggest that such an electrocatalyst exhibits high volumetric activity, high stability, and high resistance to CO poisoning, thus reducing the platinum loading in PEMFCs. The use of synthesized Pt/rGO material as a cathode catalyst increased the maximum specific power by up to 17% and significantly improved fuel cell performance, particularly at high current densities [39]. The efficiency of MEA depends on the catalyst activity and ESA, as well as the layer structure and thickness. These factors significantly affect the mass transfer of reactants and can cause a deterioration in load transfer resistance due to an imbalance in the three-phase boundary. It is important to maintain a balance at the three-phase boundary to ensure optimal efficiency [66]. To address this issue, it has been suggested that a mixture of graphene with either carbon black or CNT could be used [41]. The rGO–Vulcan mass ratio of 75:25 provides the highest ESA [69] as well as its lowest loss.



Although graphenes and their oxides have advantages as MEA components, such as high catalytic and electrochemical activity, stability, and degradation resistance, there is an issue with mass transfer of gas reagents and their products during cell operation, which significantly affects the efficiency of the PEMFC operation. Therefore, the formation of catalytic layers and MPL based on graphene and its oxides, which meet the requirements for structure and porosity and ensure efficient operation of the device, remains a significant challenge.





3. Carbon Nanotubes


Carbon nanotubes are used as supports for FC catalysts. They can be single-walled or multi-walled and can form arrays, including oriented ones, depending on the synthesis methods and application purposes. Several techniques are currently employed for the synthesis of CNTs, with the most prevalent being electric arc evaporation of graphite electrodes, laser ablation of graphite targets, and catalytic pyrolysis of gaseous hydrocarbons. CNTs are two-dimensional hexagonal tubular structures formed by a single layer of graphene with strong meshes of sp2-hybridized atoms. CNTs can be 0.5–20 nm in diameter and up to hundreds of micrometers in length [70]. Due to their tubular structure, CNTs have a large specific surface area, which is one of the main advantages for the application of this support in PEMFCs [71]. In addition, the material’s mechanical properties, such as its modulus of elasticity and hardness, are improved compared to those of other structured materials [72].



For single-walled CNTs (SWCNTs), each carbon atom carries a pair of π-electrons that do not participate in bond formation. These electrons form a conjugated π-electron cloud along the entire length of the CNT. Multi-walled carbon nanotubes (MWCNTs) consist of several concentric tubes of coiled graphene sheets arranged one inside the other, similar to a matryoshka doll. In certain instances, a multi-walled nanotube structure can be created by twisting a single graphene sheet around itself, resembling a sheet of parchment. For multi-walled CNTs, the carbon atoms within each layer are connected by strong covalent bonds. The multi-walled CNT layers are connected by weak van der Waals interactions, resulting in a layer-to-layer distance similar to that of graphite, approximately 3.4 Å.



The size of catalyst particles is a critical factor that determines the electrocatalytic activity and durability of the platinum electrocatalyst used in fuel cells. The electrochemical and catalytic activity of Pt nanoparticles synthesized on CNTs is improved due to their smaller size and uniform distribution. This is because the increased number of active sites and higher electrical conductivity promote rapid electron movement in the support [73,74,75]. The catalysts based on MWCNTs exhibited a positive shift in Pt 4f7/2 binding energies compared to crystalline Pt. The extent of this shift was found to be related to the size of the Pt nanoparticles on the MWCNTs; specifically, the smaller the nanoparticles, the more positive the shift [74]. This effect is reported to be attributed to initial state effects, such as changes in the coordination number of the atom or charge transfer effects [76]. Alternatively, the shift may be caused by end-state effects, such as relaxation effects [77]. This effect also makes it possible to significantly reduce the platinum catalyst loading. The use of nanotubes as a support for platinum particles enables high dispersibility, similar to that of graphene and its reduced oxide.



The synthesized CNTs initially exhibit various structural defects, including surface indentations, metal impurities, and amorphous carbon. These defects are evident in the XPS spectroscopy, which indicates the presence of sp3-hybridized carbon [78]. The graphitization index (GI) indicates the amount of sp2 carbon and is calculated from the interplanar distances obtained from X-ray diffraction analysis (XRD). Increasing the GI enhances the strength of p-sites (sp2-hybridized carbon). These sites function to attach Pt particles to the support material and improve metal interactions with the support material [79]. The presence of structural defects in the grown MWCNTs is advantageous for achieving a more uniform deposition of Pt nanoparticles with reduced loading control due to the increased binding energy between MWCNTs and Pt nanoparticles and their good distribution [80]. The presence of C-O and C=O IR peaks in Pt/MWCNTs catalysts is attributed to their existence in the structure of carbon nanotubes used as a substrate for Pt nanostructures. Oxidized particles may form during the thermal decomposition of acetylene in the presence of trace amounts of oxygen in a CVD furnace [74].



To preserve the structure of CNTs during the synthesis of catalysts, an impregnation method is used. Acids and salts of metal precursors are most commonly used as precursors. Electrodes produced using this method exhibit greater stability as a result of the strong adhesion between the metal particles and the nanotubes [81,82].



The electrocatalytic activity of three-dimensional porous MWCNT electrodes was tested on a rotating disc electrode setup. At 0.9 V, the results indicate that Pt has a higher current in ORR per ESA and an extended kinetic current region, which remain stable after the durability stress test (DST). This phenomenon is also observed for ultra-low Pt loadings up to 14.2 µg/cm2 [74]. A comparison of the performance of catalysts in PEMFC with 0.1 mg/cm2 Pt loading on the cathode and of the impedance data showed that the Pt/CNT catalyst was the most active one [83]. Electrochemical measurements using cyclic voltammetry (CV) and linear sweep voltammetry (LSV) showed that Pt/CNT exhibited higher mass and specific activity compared to commercial Pt nanoparticles deposited on graphitized carbon (Pt/C) [84,85]. The selective activity towards HOR, improved by 30% compared to commercial samples, was the main indication of catalyst retention in SWCNTs [75]. It is also possible to increase catalytic activity by using bimetallic catalysts on MWCNT, for example, PtNi/MWCNT. The ORR mass activity of such a catalyst is 1.4 times higher than that of a conventional commercial electrocatalyst [86].



The use of CNTs instead of carbon black provides a high utilization rate of Pt in MEA [83] compared to the Pt/C catalyst. The higher use of platinum characterizes the higher number of Pt active sites and three-phase boundaries in the applied catalysts [79], and hence their high catalytic activity [87].



Carbon corrosion proceeds during a potential cycling test through the oxidation of functional groups of carbon support to CO2 and CO and is enhanced in the presence of Pt nanoparticles [86]. CNTs in this case are less susceptible to corrosion than carbon black, even though the platinum particles are highly active. The main reason for the higher durability is the chemical inertness of the structured material [86]. ESA losses observed during DST are up to 40%, which is an excellent indicator of electrochemical resistance [79]. A study of the degradation properties of CNT-based catalysts under fuel cell operating conditions showed more stable behavior than with commercial Pt/C, including after 10,000 startup/shutdown cycles [84]. However, destruction of the electrode structure is observed due to the formation of larger pores in the catalytic layer with a significant thickness as a result of support corrosion [88]. The high thermal stability of these materials also enhances their degradation resistance. CNT-based catalyst synthesis can also significantly reduce electrode wear and improve long-term stability during potential cycling due to resistance to Pt agglomeration during ORR/HOR [75].



During tests on a fuel cell, a 15 μm thick CNT MPL was found to increase the peak power density of the device by 50.9% when air was supplied at the cathode and by 20.9% when pure oxygen was supplied at the cathode, compared to a conventional PEMFC [89]. When CNTs are used as catalyst support, the MEA also exhibits a high current density and electron transfer rate up to 50% higher than that of Pt/C [75,84,85]. Electrochemical impedance analysis revealed that the CNT MPL effectively reduced the charge transfer resistance. This improvement was attributed to the enhanced reaction kinetics and mass transfer through MPLs [86]. The MEA performance was significantly improved by adding a single-walled carbon nanotube nonwoven layer between the gas diffusion substrate and the hydrophobic MPL. The excellent electrical conductivity and rational pore structure of the material result in improved wettability and water-holding capacity of MEA, leading to enhanced performance under low humidity conditions [90]. Also, the porous structure of the electrode when CNTs are added to the electrode composition can improve the gas transfer and water drainage characteristics, which helps to improve the FC performance [91].



Vertically Aligned CNTs


Vertically aligned CNTs (VACNTs) are basically arrays of parallel-oriented nanotubes grown on a substrate (Figure 4b). In this case, nanotubes can be either single-walled or multi-walled. The synthesis of CNTs is carried out by the catalytic decomposition of hydrocarbons (for example, methane). The desired morphological and physical properties of nanotubes are achieved by applying different variations [92]. The performance of CNTs is also affected by a number of other factors, such as the material of the substrate used during synthesis, the tube growth catalyst used, and how it is applied [93,94,95]. The use of VACNTs as an electrocatalyst support greatly influences the degradation stability and performance of PEMFCs due to the peculiarity of their formation. The synthesis of aligned tubes directly on the substrate results in enhanced adhesion of the microporous and catalytic layers [96]. VACNTs possess a developed surface that facilitates the deposition of nanometer-sized platinum particles and prevents their agglomeration. This reduces the loading of expensive catalysts and increases their efficiency. When a film of aligned CNTs is used as an FC cathode, it increases the current density, performance, and electrocatalytic activity compared to a Pt/non-aligned CNT electrode [97]. The hydrophobicity of VACNTs ensures the prevention of water condensation on the cathode, resulting in long-term PEMFC stability achieved by their ability to control water balance and gas diffusion [98,99].



The formation of an electrode with MPL representing VACNTs is the most promising direction of development [100]. The concept of the electrode based on aligned nanotubes is shown in Figure 4. Here, nanotubes are grown vertically directly on the GDL, on which platinum catalytic particles are subsequently deposited. In this case, the diffusion of reagents due to the structure of the support is directed through the channels of the VACNT array with the catalyst, which enhances the chemisorption of gas reagents. The vertically aligned structure enhances the gas diffusivity, water transport, and effective utilization of Pt [100]. The platinum particle nanotube-based electrodes also provide improved proton and electron transport by creating an electrical contact between the substrate and CNTs, which greatly enhances the properties of the PEMFC device [99]. The thus-obtained carbon nanotube array is perpendicularly aligned along the entire length of the carbon fibers and covers the surface of the GDL. Fuel cell tests have demonstrated performance improvements of up to 30% [101].



The MPL structure for FC is also created by the direct growth of thin multi-walled VACNTs on a commercial GDL carbon fiber substrate without hydrophobic treatment [101]. In this case, it is possible to control the layer thickness by means of the layer-by-layer buildup of the CNT array. The formation of the near-surface catalytic layer based on MWCNTs as part of the microporous layer of the electrode is also carried out by methods that do not disturb the structure of the carbon support. When Pt-catalyst particles are attached to the top of the VACNT adjacent to the proton exchange membrane, the active region of the three-phase interface grows. Simultaneously, preserving the mass transport channels between the VACNTs without metal catalyst particles ensures the removal of reagents, which has a positive effect on the PEMFC performance [97]. It is possible to increase the three-phase interface between the catalyst, its support, and the PEM. The high peak power density of 1.61 W/cm2 (H2/O2, 150 kPa) at an ultra-low Pt loading of 50 μg/cm2 in this case is attributed to the presence of ordered hydrophobic and hydrophilic regions along the VACNTs. These regions ensure sufficient membrane wetting and promote rapid H3O+ transport, resulting in high Pt utilization, as well as facilitate mass transfer at high current densities [97].



Thus, CNTs, particularly vertically aligned nanotubes, are the most effective solution for addressing the issue of reagent mass transfer during MEA operation, which is due to the optimized structure of catalyst layers with mass transport channels and high adhesion to the membrane, or GDL.





4. Functionalization and Doping of Structured Materials


To enhance the adhesion between catalytic nanoparticles and the surface of the structured support and to increase the reactivity of CNTs by creating active sites that facilitate the distribution of catalyst nanoparticles, the support undergoes chemical or physical pre-modification [102,103,104,105,106]. In the case of chemical (or covalent) functionalization, new functional groups are attached to the carbon atoms [107]. Physical groups or atoms are attached through physical sorption [108], or surface defects are created. When functionalizing CNTs, one of the best options is to use a mixture of nitric and sulfuric acids [109]. The mechanism of action of such treatment is shown in Figure 5. This treatment is carried out to form various functional groups on the surface of nanotubes [110], such as carboxyl groups, thiol groups, etc.



In order to improve the physical and chemical properties of graphene materials, they are modified with various additives. Both heteroatoms, such as S [111], N [40,112,113,114], P [115,116], F [117], and various compounds, such as tin oxides [118,119], silicon oxides [120], and others [121], can serve as doping materials. These additives are introduced into the graphite structure by various chemical and physical methods and act as functional groups. Figure 6 shows the reaction schemes employed during the synthesis of modified CNTs by two distinct methods: adsorbed melamine polymerization (1) and melamine-formaldehyde resin polymerization on the CNT surface (2). As previously discussed, in catalyst support synthesis, catalytic nanoparticles are incorporated into the graphene lattice by replacing heteroatoms or attaching to functional groups that serve as adsorption sites. This enhances the interaction between the materials, resulting in better electrochemical activity and stability of the catalyst layer [112]. Also, the presence of doping components leads to an increase in the electrode–electrolyte interface, which contributes to lower resistance and improved conductivity and leads to an improvement in the overall performance of the fuel cell [115]. Heteroatom-doped graphenes and their derivatives can also exhibit catalytic properties comparable to classical Pt/C-type catalysts, which can significantly reduce the cost of FC due to the absence of expensive metals [122,123].



CNTs, just like graphene, are doped with various heteroatoms to increase the durability of the catalytic layer. By using modifying compounds, it is possible to prevent direct contact between carbon and water, reducing the corrosion of carbon in electrochemical reactions [124]. Introducing modifying atoms directly into the carbon lattice results in increased durability and maximum power density of the PEMFC [125,126,127]. Modification of CNTs results in a reduction in the average size of Pt particles, which is due to an increase in the concentration of Pt ion anchoring sites during the synthesis of Pt/CNT catalysts. This, in turn, can lead to a higher utilization rate of the active component Pt observed in both the electrochemical cell and PEMFCs [50,83,124]. The effective doping also showed a reduction in excessively defective carbon atoms [78]. Nitrogen doping can increase catalytic activity, making this method attractive for ORR catalyst support [107,128,129].




5. Other Carbon Structures


5.1. Carbon Spheres


Carbon spheres are a type of carbon material that has a large surface area and a mesoporous structure [130,131,132]. These characteristics make them excellent for use as a support for platinum catalysts. The mesoporous structure of the carbon spheres provides a large surface area for the distribution of Pt nanoparticles, which increases the ESA of the catalyst. The porous nature of the carbon spheres also provides better access for reagent molecules to the Pt nanoparticles, resulting in improved catalytic and transport characteristics. Furthermore, carbon spheres exhibit excellent mechanical stability and thermal conductivity, rendering them a dependable and long-lasting support material for platinum catalysts. In general, mesoporous carbon spheres are promising materials for the development of highly efficient platinum catalysts for various applications.



Various parameters of carbon spheres, including their size, structure, and the number of shells, can be customized to meet specific needs. The design and creation of functional carbon spheres have garnered significant attention in the realm of research. As the demand for materials in energy conversion continues to grow, the fabrication of carbon spheres and their derivatives has become increasingly sophisticated, moving from simple to complex structures. This process involves modifying both the outer shell and the internal architecture of the spheres. As a result, a combination of three different methods (hard, soft, and self-templating) is utilized alongside a range of preparation techniques (such as selective etching, nanocasting, chemical vapor deposition, and spray pyrolysis) to achieve the desired outcomes [133,134,135,136,137,138,139,140,141].



Hard templating methods involve using rigid particles as templates to create hollow structures, which are removed after the desired shells are formed. For example, in the case of single-shelled carbon spheres, a carbonaceous precursor is coated on the template and then converted into a carbon shell through a carbonization process. The template is then selectively removed to create a carbon nanomaterial with internal void space. While removing hard templates can be a time-consuming process, it allows for the production of carbon spheres with a narrow size distribution and good morphological uniformity. Various templates, like silica, polymer, and metallic spheres, can be easily fabricated for this purpose. While hard templates require laborious removal by acid/alkaline etching or organic solvent dissolution, soft templating offers a more convenient and environmentally friendly approach through the self-assembly of precursor molecules with colloidal systems as templates, easily removed by pyrolysis or extraction. The self-templating method is an efficient way to prepare hollow carbon spheres without the need for additional templates. Solid or hollow polymer spheres can be directly synthesized and converted to hollow carbon spheres through self-assembly and calcination treatment.



In general, the choice of carbon sphere synthesis method for PEMFC will depend on the desired properties of the spheres, such as size, morphology, surface area, and pore structure. Each method has its own advantages and limitations. Careful optimization of synthesis parameters is crucial to achieving the desired performance in PEMFC.



One new approach is to develop a platinum catalyst without support, in which carbon spheres are used as a framework for the deposition of platinum particles and then removed. The electrocatalyst exhibits a surface area similar to that of commercial Pt/C, as determined by electrochemical studies. Additionally, based on DST results, it demonstrates twice the durability of Pt/C [130]. When using spheres as a support, their organized porous structure provides a combination of high electrocatalytic activity in ORR and high mass transfer efficiency. A well-designed porous structure and microstructure provide an optimized water/gas transport pathway into the fuel cell CLs [131].



It is also possible to synthesize a Pt catalyst using a new carbon support, a cup-shaped hollow carbon hemisphere (and an N-doped hemisphere) (carbon shell thickness ~ 4.6 nm). This morphology allows for good bonding of the broken shells and Pt loading on both sides. In addition, carbon has pores that are sized to match the size of the Pt particles, which results in their filling with Pt, as well as clogging the pores and, as a consequence, limiting the agglomeration of Pt, as determined by in situ XRD analysis. Both catalysts show high ESA (60–65 m2/g) and cyclic durability (6000 cycles), which is superior to the commercial Pt/C catalyst. This enhanced durability under potential cycling can also be attributed to the pore size and limitations of Pt dissolution, as well as improved metal–substrate interaction [132].




5.2. Aerogels


Aerogels are a type of ultralight, highly porous material that is promising for use in PEMFC. Aerogels have a large surface area, which can provide a larger active area for chemical reactions to take place. This can improve the efficiency of the fuel cell and increase its output power. In addition, aerogels have good thermal stability and low thermal conductivity to maintain the operating temperature of the fuel cell and improve its overall performance. Furthermore, aerogels can be easily customized to obtain specific properties, such as pore size, surface area, and surface chemical composition, which can be optimized for use in PEMFCs. The process of preparing carbon gels consists of three main steps: polymerization, dehydration, and carbonization [142,143,144,145,146,147,148,149]. During the polymerization phase, hydrogels are formed through the combination and linking of molecules. Hydroxymethyl groups are added to resorcinol, which then undergoes condensation to form methylene and methylene–ether bridges. Crosslinking and agglomeration create the 3D hydrogel structure. Various alkali and acid catalysts are used in the addition and condensation reactions. Organic carbon aerogels can be synthesized using different aromatic aldehyde pairs and templating agents for specific properties.



Recently, graphene, carbon nanotubes, and biomass have been proposed as easier-to-use alternatives to traditional polymers. Various techniques, such as sol–gel, template, spacer support, self-support, and substrate-based methods, have been employed to create graphene aerogels. CNT-derived aerogels show potential as electrically conductive materials as they link together through van der Waals forces. However, directly forming CNT-based aerogels presents challenges like weak 3D structure, mechanical fragility, and limited flexibility. To address these issues, surfactants can be added to reduce CNT surface activity, and polymer additives can be used to strengthen the network.



As shown, the mesopore volume of the electrocatalyst on carbon aerogel by Brunauer–Emmett–Teller (BET) analysis is 2.7 times larger and the ESA is 2.2 times larger compared with that of conventional carbon black. Electrochemical durability experiments show greater stability of carbon aerogel compared to carbon black [150].



Using aerogel can increase the maximum power output of the fuel cell by 10% while maintaining its high performance and lowering potential losses for a wider current range. The carbon aerogel synthesized by the sol–gel method allows the platinum content in the electrocatalyst to be reduced to 4.2 wt.%. Platinum on carbon aerogel exhibits high catalytic activity in the ORR, with an ESA of 188 m2/gPt. The high activity of the electrocatalyst on aerogel in the ORR is determined by its large mesoporosity, uniform distribution of dispersed Pt nanoparticles, and small size. The method used to prepare this electrocatalyst can be described as classical and relatively simple, making it suitable for mass production [151].




5.3. Other Structures


Carbon nanocages, nanohorns, nanocoils, uniform porous networks, and nano-onions are all viable carbon materials for PEMFCs [152,153,154,155,156].



The unique cellular structure of carbon nanocages can provide a large surface area and excellent conductivity, making them ideal for maximizing PEMFC efficiency and performance. The hollow interior of the carbon nanocages can provide improved mass transfer and accessibility of platinum sites, resulting in improved catalytic activity and stability of the electrocatalyst.



Carbon nanohorns, discovered in 1998, are interesting nanomaterials due to their special morphology and physicochemical properties. The carbon nanohorn structure consists of single graphene tubes with highly stressed tapered tips that aggregate into larger spherical angular superstructures with diameters of approximately 100 nm. The carbon nanohorns possess an unconventional structure, high purity and porosity, good electrical conductivity, and a large surface area, making them a promising electrocatalyst support. Like carbon nanotubes, carbon nanohorns are also insoluble in solvents, making it difficult to handle and use them effectively. Functionalization is a useful technique to improve the solubility of carbon nanohorns by oxidizing the tips, which have the most defects, increasing surface area and access to internal space. Covalent modification methods involve adding carboxylic groups to the tips of carbon nanohorns after oxidation or attaching organic molecules to the outer structure through cycloaddition reactions (Figure 7).



Carbon nanocoils are a unique form of carbon nanomaterial characterized by their distinctive helical structure, which resembles the miniature coils of a spring. They typically consist of sp2-hybridized carbon atoms, which give them exceptional physical and chemical properties. Nanocoils have a large surface area, excellent electrical and thermal conductivity, and mechanical flexibility due to their helical morphology. These properties make them promising candidates for a variety of applications, including nanoelectronics, sensors, energy storage, and catalysis. In the context of energy applications, nanocoils have been studied for their potential use in fuel cells, supercapacitors, and batteries. Their large surface area and electrical conductivity could improve performance and efficiency [157,158].



Ordered homogeneous porous carbon networks are three-dimensional carbon structures with a well-defined and regular porous morphology. These networks have a large surface area, a uniform distribution of pore sizes, and interconnected porosity, making them ideal for various applications, such as energy storage, catalysis, and gas separation. The ordered and homogeneous nature of carbon networks provides improved mass transfer and reaction kinetics [159,160].



Carbon nano-onions are a unique form of carbon nanoparticles consisting of concentric graphite layers similar to those of an onion. They are formed by arc discharge, in which layers of graphene are forced to form spherical onion-like structures. Due to the unique structure of carbon nano-onions, they have outstanding properties such as high mechanical strength, excellent thermal and electrical conductivity, and a large surface area. These properties make them suitable for a variety of applications, including energy storage, nanocomposites, and biomedical applications.



The study of various nanostructured carbon materials is crucial for developing new types of electrodes that can enhance the performance, durability, and applicability of fuel cell technology. However, it is important to consider the economics and complexity of methods for synthesizing and scaling production of such carbon structures to improve the economic viability of fuel cell technology.





6. Summary and Conclusions


This review highlights the recent success of the use of carbon-based structures as electrodes, including PEMFC electrochemical performance. The use of structured supports shows promise in improving the efficiency and durability of electrodes for PEMFCs. Structured carbon materials, such as graphene, its oxides, and derivatives, including CNTs and their arrays, are the most promising for use in PEMFCs as electrocatalyst supports and additives in CL and GDL due to their well-developed surface and high degradation stability. Catalysts, on the other hand, exhibit improved electrocatalytic activity, stability, and degradation resistance due to the interaction between the support and active metal particles. This is achieved through the partial incorporation of platinum into the carbon material structure, resulting in increased dispersion of platinum particles during synthesis. However, the operation of MEAs with CL/GDL formed on the basis of structured carbon materials involves mass and gas transfer problems, which negatively affect the overall FC performance. The successful application of electrocatalytic material as a component of the PEMFC layer depends on its effectiveness as a support for the electrocatalyst, which must provide high values of electrical conductivity, dispersibility, and ESA of deposited particles, as well as their stability. Additionally, the ability to create a porous structure with sufficient values of mass transfer, reagent inlet/outlet characteristics, and hydrophilic/hydrophobic properties is essential.



Table 1 presents a summary of data from the recent literature that characterizes the main attributes of CLs based on structured graphene materials, as well as the performance of the PEMFC based on them. However, a deeper analysis of the literature reveals that there is insufficient data on the performance of PEMFCs due to the existing problems of reagent mass transfer. Thus, specific research aimed at improving the architecture of such electrodes to increase their specific capacity by improving mass transport makes this topic relevant [161].



It is important to note that, despite the similarity of the properties of the considered structures, the differences in their architecture and composition of surface groups and defects become determinative with regard to their application as electrode materials for PEMFC. Graphenes and their derivatives appear to be the most promising candidates for use as electrocatalyst support, but difficulties with the formation of an effective graphene-based layer have led to an almost complete absence of their testing in PEMFC, making the research of catalysts based on them a dead end. CNTs, in particular their arrays, appear to have greater potential. It is possible to form a catalytic layer of effective architecture with high diffusion characteristics, sufficient water balance, and improved power characteristics of the device. This issue is partially solved for vertically aligned carbon nanotubes due to their optimized structure, strong adhesion to GDL, and the existence of mass transport channels. The functionalization of this support and improvement of the properties of catalysts based on it may lead to even more successful results in terms of PEMFC technology. However, the task of optimizing the structure and porosity of graphene-like materials to enhance PEMFC efficiency remains relevant.



In the field of other carbon structures, the question of the optimal balance between the increasing complexity of material fabrication technology and the success and reproducibility of the results obtained remains open. When using complex carbon nanostructures, such as spheres, it is crucial to evaluate the technological and economic efforts required against the benefits they provide in terms of catalyst properties and device performance.
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Figure 1. Simplified representation of suggested degradation mechanisms for platinum particles on a carbon support in fuel cells [22]. Copyright 2014, Beilstein Institute. 
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Figure 2. (a–c) SEM images of the rGO/Nafion layer. (d–g) Element mapping images of C, O, S, and F based on (a). (h–j) Transmission electron microscopy (TEM) images of the rGO sheets adsorbed Nafion and Pt/C particles in the rGO–NF–Pt electrode [64]. Copyright 2023, Elsevier. 
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Figure 3. FTIR analysis related to graphite and rGO [65]. Copyright 2023, Springer. 
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Figure 4. (a) Concept of VACNT electrodes; (b) SEM image of VACNTs [100]. Copyright 2014, Elsevier. 
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Figure 5. (a) Mechanism of oxidation of nitric acid; (b) mechanism of oxidation of piranha solution [104]. Copyright 2021, Elsevier. 
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Figure 6. Synthesis scheme of nitrogen-containing polymers on the surface of CNTs. (1) Polymerization of melamine; (2) synthesis of a melamine–formaldehyde resin [83]. Copyright 2019, Springer. 
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Figure 7. (a) Oxidation of carbon nanohorns and further post-functionalization of oxidized carbon nanohorns. (b) Functionalization of carbon nanohorns within situ-generated aryl diazonium salts and via the 1,3-dipolar cycloaddition reaction of in situ-generated azomethine ylides [153]. Copyright 2020, MDPI. 
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Table 1. A summary of data from the recent literature that characterizes the main attributes of CLs based on structured graphene materials, as well as the performance of the PEMFC based on them.
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Graphene Structures

	
Carbon Nanotubes

	
Other Structures






	

	
Advantages

	
High dispersion of deposited platinum, ESA value, stability, and durability of catalysts

Increasing FC output power when used as an additive

	
High catalyst stability and durability

Ultra-low platinum loading

High power output (both as a catalyst and as an electrode additive)

	
High dispersion of deposited platinum, ESA value, stability, and durability of catalysts

Ultra-low platinum loading




	
Disadvantages

	
Low values of mass transfer and diffusion of reagents in the layer

Not applicable as a catalytic layer

	
Low dispersion of deposited platinum and ESA value of the catalysts

	
Complex fabrication technology

Low FC output power

No data




	
Issue

	
Formation of the catalytic layer architecture

	
Functionalization to increase the dispersion of the active metal

	
Expanding research




	
Parameters

	
Graphene nanosheets

	
Graphene oxides and reduced graphene oxides

	
Carbon nanotubes

	
Vertically aligned CNTs

	
Other structures




	
Electrocatalyst

	
ESA, m2/g

	
80–100 [48,50]

	
20–50 [41,64,66]

	
10–40 [75,85,88]

	
~30 [98]

	
~200 [132,150]




	
Degradation (ESA losses), %

	
~5

	
10–30

	
~30

	
~5

	
~35




	
Composition

	
40 wt. % Pt/G

	
16.9 wt. % Pt/T-RGO

	
10 wt. % Pt/CNT

	
Pt-Co/VACNTs

	
40 wt. % Pt/broken hollow C spheres, 30 wt. % Pt/aerogels




	
Catalytic layer

	
CL architecture

	
-

	
40 wt. % Pt/rGO

	
Nafion ionomer, isopropanol, and 0.125 mg/cm2 mMWCNT

	
Pt/VACNTs on cathode, VACNTs were used as MPL with a thickness of 4.6 µm

	
30 wt. % Pt/aerogels




	
Pt loading on anode/cathode, mg/cm2

	
-

	
0.2/0.2 Pt/rGO on cathode Pt/C on anode

	
0.06/0.06 Pt/C (cathode) and PtRu/C (anode)

	
0.2/0.2

	
0.1/0.1




	
Maximum power density, W/cm2

	
-

	
~0.62 [62]

	
~1.2 [91]

	
~1.4 [97]

	
~0.33 [150]




	
Electrode

	
Electrode architecture

	
Double-layer GDL with graphene MPL; MPL thickness 13–17 μm; mean pore size 162.41 nm

	
rGO was a capacitive material; pore diameter between 0.7 and 9 μm; a 60 wt. % Pt/C catalyst was applied to the GDL on top

	
Normal carbon black GDL without MPL and with 15 μm thick CNT sheet MPLs

	
VACNTs were used as MPLs with a thickness of ~40 μm; total porosity 56.3%

	
-




	
Maximum power density, W/cm2

	
~0.95 [48]

	
~0.75 [64]

	
~0.74 [89]

	
~1.41 [98]

	
-

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access