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Abstract
Nowadays, research efforts are focused on developing low-Pt and non-Pt catalysts for ORR. The addition of Pt-group metal (PGM) in pure Pt to form Pt-PGM catalysts exhibits better ORR performance than pure PGM catalysts and Pt/C. More than 20 wt.% of Pt loading is required in Pt-PGM alloys for improving catalytic activity. Studies have also shown that the addition of transition metal (TM), which has a smaller atomic size, into PGM reduced the bond distance between two metallic atoms and geometric parameters, thus remarkably improving the catalytic stability and ORR activity. However, TM based catalysts should be supported on nitrogen-doped carbon with high surface area to attain high ORR activity. A large surface area and high electronic conductivity of carbon support also facilitate the ORR activity. Performances of alloy catalysts are directly related to their synthesis temperature and structural properties. Designing the core-shell combinations and controlling the shell thickness is one of the structural strategies in enhancing mass activity and durability. Lately, irradiation techniques are used to modify the physicochemical properties. Nevertheless, TM-based catalysts are usually stable in alkaline solutions but not in acidic solutions. This review focuses on the strategies to develop cost-effective catalysts from low-platinum and non-platinum catalysts with enhanced ORR activity.

Keywords:  oxygen reduction reaction, platinum group metal alloys, transition metal catalysts, synthesis techniques  

Abstrak
Pada masa kini, usaha penyelidikan tertumpu kepada pembangunan mangkin platinum (Pt) bermuatan rendah dan bebas platinum untuk tindak balas penurunan oksigen (ORR). Penambahan logam kumpulan Pt (PGM) dalam Pt tulen untuk membentuk Pt-PGM menunjukkan prestasi ORR yang lebih baik daripada prestasi mangkin PGM tulen dan Pt/C. Sebanyak lebih daripada 20 wt.% muatan Pt adalah diperlukan dalam aloi Pt-PGM untuk meningkatkan aktiviti pemangkinan. Kajian telah menunjukkan penambahan logam peralihan (TM) yang mempunyai saiz atom yang lebih kecil ke dalam PGM mengurangkan jarak antara dua atom logam dan parameter geometri sekali gus meningkatkan kestabilan pemangkinan dan aktiviti ORR. Namun demikian, mangkin berasakan TM perlu disokong dengan karbon terdop nitrogen yang berpermukaan yang luas untuk mencapai aktiviti ORR yang tinggi. Penyokong karbon yang berpemukaan luas dan mempunyai kekonduksian elektronik yang tinggi juga memudahkan   aktiviti ORR. Prestasi mangkin aloi adalah berkait langsung dengan suhu sintensi dan sifat strukturnya. Mereka bentuk gabungan teras-cangkerang dan mengawal ketebalan cangkerang adalah salah satu strategik penstrukturan dalam meningkatkan aktiviti jisim dan ketahanan. Akhir-akhir ini, teknik-teknik penyinaran digunakan ubah mengubahsuai sifat fizikokimia. Namun demikian, mangkin berasaskan TM biasanya stabil dalam larutan alkali tetapi tidak dalam larutan asid. Ulasan ini berfokus pada strategik untuk membangunkan magkin berkos efektif daripada mangkin Pt bermuatan rendah dan bebas platinum dengan aktitiviti ORR yang dipertingkatkan. 

Kata kunci:  tindak balas penurunan oksigen, logam aloi kumpulan platinum, mangkin logam peralihan, kaedah sintesis
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Introduction
[bookmark: _Hlk45221872][bookmark: _Hlk45221947][bookmark: _Hlk45222031]A fuel cell is an energy conversion device that converts chemical energy into electric energy through an oxidation reaction at the anode and a reduction reaction at the cathode. The cathode reaction, known as oxygen reduction reaction (ORR), is a fundamental reaction to various disciplines, such as energy conversion, material dissolution, or biology. The performance of fuel cells depends on the rate of ORR [1, 2]. Difficulties in O2 adsorption, O-O bond cleavage and oxide removal are the main reasons for the sluggish reaction kinetics of ORR [3]. The state-of-the-art Pt/C (platinum/carbon black) catalyst and Pt-based alloy catalysts are used for the cathode reaction in aqueous electrolytes, and these catalysts are considered the best for ORR. All Pt or Pt-based catalysts still suffer from CO and S poisoning on Pt, loss of active surface area, corrosion of carbon support, low durability and limited supply, high cost, and use of a high amount of Pt [4–6]. So, non-Pt based catalysts with improved catalytic activity are required to overcome these limitations of Pt [7]. The main characteristic of an effective fuel cell catalyst is its capability to facilitate the rate of ORR [8]. Transition metal (TM) alloys, chalcogenides, carbides, nitrides, and metal-N4 macrocyclic compounds instead of Pt/C and PGM catalysts,  are potential electrocatalysts for ORR [9]. Composition, particle size, crystallographic orientation, etc contribute to the enhancement in catalytic activity and d-band vacancy is considered as an important factor for enhancing catalytic behavior towards ORR. For developing a cost effective catalyst with improving ORR activity, the current research follows four different trends: 1) to reduce the wt% of Pt in alloy catalysts, 2) to develop the PGM free catalyst named M-N-C, where M for transition metal, nitrogen, and carbon, 3) to utilize the carbon with large surface area as catalyst support and 4) synthesis technique for designing cost-effective ORR cathode catalysts[10–13].  In the following section, we describe the general mechanism of ORR cathode in acidic and alkaline solutions, which gives a clear idea of the reaction paths.

General mechanism of ORR cathode
In general, anode and cathode reactions occur on a metal surface. The reaction that occurs at the cathode site is known as the ORR reaction. Usually, the ORR reaction is the limiting reaction step of the overall reaction because of its sluggish kinetic, hence it is essential to understand the ORR mechanisms to design an effective catalyst. 

[image: ]
Figure 1.  The structure of PEMFC cathode with catalyst layer [14]

The ORR mechanism involves a direct four-electron (4e-) or a series of two-electron (2e-) pathways. A one-step 4e- transfer mechanism is more efficient than a 2e- transfer mechanism. Thus, catalysts that facilitate the 4e- pathway reaction are more favorable. In the 4e- transfer pathway, O2 is converted into either H2O (acidic medium) or OH- (alkaline medium) on a single catalytic site. This process depends completely on the electrolytes [14–17]. 
In an acidic electrolyte, the 4e- transfer pathway can be written as in Eq. (1):
[bookmark: _Hlk23883997]O2 (g) + 4H+ (aq) + 4e-→2H2O(l)	            (1) 
and 2e- transfer pathway can be expressed as Eqs. (2, 3, and 4):
O2 (g) + 2H+ (aq) + 2e- → H2O2 (l) 	            (2)
H2O2 is produced in the intermediate step of the Eq.(2) pathway. H2O2 is finally reduced to water:
H2O2 (aq) + 2H+ (aq) + 2e- →2H2O (l)	            (3)
or is decomposed as follows:
H2O2(aq) + 2H(aq) + 2e- → 2H2O(l) +O2(g)         (4)
On the other hand, O2 is converted into OH- by 4e- pathway, which is written as Eq. (5), and forms HO2- via 2e- pathway in an alkaline medium, 
O2 (g) + 2H2O (aq) + 4e- → 4OH- (l)                         (5)
Eqs. (6,7 and 8) express the step of the 2e- transfer pathway alkaline solutions.
O2 (g) + H2O (aq)+ 2e- → HO2- (l)+ HO-                (6)
Peroxide is also unstable 
HO2 - (aq) + H2O (l)+ 2e- →3OH- (aq)	            (7)
and decomposes into the following:
2HO2 - (aq) → 2HO- (aq) + O2(g)          	            (8)

Pt-group alloy catalysts
[bookmark: _Hlk65102716]Pt is the best monometallic catalyst for ORR in acidic and alkaline solutions. The fuel cell stack needs almost 80%–90% Pt, which increases the cost of the entire stack. Moreover, Pt has some drawbacks, such as CO poisoning, short life span, low durability, etc. So, the current research trend emphasizes reducing Pt use and the development of bimetallic and trimetallic alloy catalysts to overcome the stumbling block of Pt [18–20]. Some researchers used several noble metals like Pd, Ir, Rh, Ag, and Ru as cathode catalysts. All single noble metal catalysts followed the 4e- pathway but exhibited lower catalytic activity than Pt. Improvement of catalytic activity depends on the optimization of particle size and shape, surface structure, support metal, and synthesis process [21]. It also revealed that combinations of two Pt-group metals can tune the ability of oxygen adsorption due to constructing a hetero-metal-metal bond by altering the electronic configurations. Coupled metals also generate a new active site. The mutual effect of changing electronic and geometric structure encourages a 4e- reaction pathway towards ORR  [17]. The d band vacancies which consider as important parameters increase due to the existence of Pt atom, d band vacancies boosted 2π electron donation from O2 to the catalyst surface. Finally, O2 reacted with donated electrons and protons to yield desirable H2O molecules [22].

[bookmark: _Hlk42424556][bookmark: _Hlk42424547]Due to the similar crystal structure of Pt, palladium-based catalysts have stimulated extensive concern among researchers [23]. Zhou et al. reported that Pt-Pd/C exhibited higher durability than commercial Pt/C as a cathode catalyst. They also concluded that particle size and electrochemical surface area (ECSA) loss are associated with durability, and larger particles are more stable in alkaline solution [24]. Wang et al. established the relationship between weight ratio and particle size. They reported that ORR activity was controlled by the size of Pt nanoparticles, and 30% of Pt-Pd/C exhibited remarkable performances, whereas the weight ratio of Pt: Pd was 1:1. The mass activity (MA) and the ECSA value of this Pt-Pd/C catalyst (MA= 0.488 mA μg-1 and ECSA=107.7 m2 g-1) are four times and 1.69 times higher than those of commercial 10% Pt/C (MA=0.123 mA μg-1 and ECSA=63.6 m2 g-1) in acidic solution[25, 26]. The ratio of Pt-Pd has a great impact on surface morphology and catalytic activity. In the presence of Pd, Pt-Pd/C exhibits larger ECSA, higher mass activity, and larger particle size. 

The impact of Pt-Pd/C with different atomic ratios on the particle size, mass activity (MA), and ECSA values are depicted in Figure 2. From the graph, it is clear that smaller particle size is expected for better ORR activities. A relationship is observed between ECSA and the particle size and ratio. Particle size shows an increasing trend with an increasing Pt: Pd in compositions, and ECSA shows a decreasing trend with the increasing Pt: Pd. A higher amount of Pd, i.e. above 1:2 (Pt: Pd), causes a lower dispersion rate, which is the key reason for the decrease in catalytic activity and mass activity [27]. Pd increases overall ORR performance, especially stability in both acidic and alkaline-aqueous electrolytes. A low particle dispersion rate still occurs if the ratio of Pt: Pd is more significant than 1:2. So, it is a major question of which ratio will be taken into consideration.
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Figure 2.  The Impact of Pt: Pd on particle size MA, and ECSA [27]



Ru is another alternative metal for reducing the use of Pt and improving catalytic activity. Small particles show better CO tolerance than large particles for Pt-Ru alloys. The Pt: Ru ratio of 1:1 exhibits an enhanced ORR activity, and the morphological change induces several active sites for CO oxidation, but the oxidation state of Ru is gradually decreased by increasing particle size [28]. In both types of electrolytes. Pt-Ru alloy exhibited better mass activity and stability than state of art Pt/C. Ru surface facilitates the break of O-O bond and supports the proton transport at the same time. As a result, Pt nanoparticles exhibited enhanced ORR catalytic activity [29, 30]. The ECSA, mass activity, and  Pt-Ru particle size vary with Pt atom in alloys[31]. According to the literature, the degree of alloying Pt-Ru strongly depends on the nature of the electrolyte. The particle size of the Pt-Ru catalyst decrease with increasing pH of solution[32]. The main drawback of Pt-Ru alloy is that it needs more Pt than Pt-Pd, and as a single metal catalyst, Ru/C exhibits lower catalytic activity compared with Pd/C, Ir/C, and Rh/C in acidic media [33].

In acidic solution, Pt-Pd/C and Pt-Ir/C both catalysts exhibited almost the same ECSA and both catalysts performed better than Pt/C. In terms of stability, Pt-Ir/C was better than Pt-Pd/C and Pt/C. Pt and Ir's nucleation helps to improve the durability and catalytic activity. Crystallite size could be able to tune the performance of Pt-Ir [34, 35]. The mass ratio is the most important factor for the Pt-Ir catalyst. The Pt-Ir/C (16:84) presents a larger ECSA value, which is 28.7 m2 g-1, and its mass activity is 373.3 mA mgpt-1, which is greater than Pt/C (ECSA=18.3 m2 g-1 and MA=142.9 mA mgpt-1). However, Pt-Ir/C (4:96) and Pt/C possess the same ECSA value, but Pt-Ir/C (4:96) exhibits lower catalytic activity than Pt/C [36]. Like other Pt group metal alloys, Pt-Ir follows the 4e- pathway and exhibits improved ORR activity. Catalytic performances of this catalyst are strongly influenced by the synthesis technique, treatment temperature, catalyst support, and the presence of Pt [37]. 

Pt-Rh alloy also exhibits better durability than a single Pt catalyst. Rh itself does not participate in the activity of the catalyst, but the existence of Rh plays a crucial role[38]. Rh covers only 15%–20% of the surface because Pt suppresses it. Both metals possess a similar crystal structure and similar-sized cells. So, it is difficult to determine the active phase that belongs to Rh. A small amount of Rh is needed to make a Pt-Rh alloy and acts as a bimetallic catalyst[39].  Narayanamoorthy et al[40] reported that supportless Pt-Rh alloy is better than Pt-Rh catalyst with Vulcan carbon (VC) and Pt/C (CB). Supportless Pt-Rh (154.4 m2g-1) possesses a higher ECSA value than Pt-Rh/C (103.5 m2 g-1) and is 2.5 times higher than Pt-Rh/VC (61.76 m2 g-1). The cluster morphology depends on the availability of Pt surface[40]. Several studies concluded that smaller particle sizes presented larger ECSA, which exhibit higher mass activity and stability. All PGM alloys follow the 4e- pathway and exhibit comparable catalytic activity in both electrolytes.

Making alloys with low-cost materials is a good strategy for reducing Pt use. TMs are the most acceptable metals for changing the electronic configuration in the cluster [41]. The addition of PGM increases the particle size, whereas Ag reduces the particle size due to its small diameter (˂5 nm), facilitating ECSA and ORR activity. Many investigations have been performed on Ag to overcome the limitation of Pt/C [42]. The catalytic activity of Pt-Ag/rGO is slightly higher than that of Pt/C in acidic solution with a Pt: Ag ratio of 1:3.This catalyst exhibits a larger ECSA value (67.8 m2 g-1) than Pt/C (39.2 m2 g-1) [43]. Pt-M/C (M=Fe, Co, Ni) presents a larger particle size compared with Pt/C. The particle size of Pt-M/C is calculated to be 2.5 nm to 2.8 nm, whereas that of Pt/C is 2.1 nm when the ratio of Pt: M is 50:50. Pt-Fe/C (100 m2 g-1) exhibits the highest ECSA value among Pt-M/C, which is lower than 50 wt% of Pt/C (119 m2 g-1). All Pt-M/C show improved mass activity compared with Pt/C. The variable electron state of TM atoms induces a strong interaction between TM-O, which encourages the slower loss rate of ECSA than PGM [44, 45].
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Figure 3.  Effect of making alloy with platinum group metal (PGM) and transition metal (TM) [46]
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From Figure 3, it has been seen that Pt-Pd/C increases the ECSA and decreases the particle size. On the other hand, Pt-Co/C reduces the ECSA, and particle size was a little larger than Pt-Pd/C. In the case of MA, TM exhibited better performance than PGM. Catalytic activity increased due to lattice compression, resulting from the downward shift of the d-band center of Pt and Pd. ORR activity showed a decreasing trend with an increasing amount of Co. Compare with Pt-Pd/C and Pt/C, Pt-Co/C showed better stability in acidic solution. However, it has been suffering from low stability while using in Toyota Mirai Fuel Cell Vehicles [46–49]. To overcome the stability problem, Pt-Fe/C is a good substitute for Pt/C. Fe can tune the electronic structure of Pt that enhanced the durability of Pt-Fe/C in an acid medium  [50, 51]. PGM sites' surface activity has been influenced by the small atomic size of TM and the reduction in the PGM-TM bond, which serves better catalytic activities of PGM-TM alloys. The study revealed that the enhancement of ORR performance depends on the density of PGM [52]. 

According to literature, the observed improvement in catalytic activity reveals several issues that should be considered in future studies to develop a better catalyst, as follows: (i) increase in the resistance to particle sintering; (ii) surface roughening due to the removal of some alloying metal that increases the electrochemical surface area; and (iii) preferential crystal orientation [52–55]. High durability and catalyst activity are the keys to solving the current problem of Pt. PGM and PGM-TM alloy catalysts exhibit excellent activity and stability compared with traditional Pt/C catalysts. All types of mixed metal alloys are suitable substitutes for commercial Pt/C in alkaline electrolytes. In acidic electrolytes, these catalysts show poor performances without Pt in their composition. PGM-TM bond helps increase durability and stability, but a large amount of PGM is needed to exhibit better catalytic activity.

TM alloy catalysts for ORR
[bookmark: _Hlk45358421][bookmark: _Hlk18355368][bookmark: _Hlk45358700]Many experimental studies proved that nitrogen-doped carbon support increases the concentrations of ORR active sites and stability by associating two adjacent carbon crystallites of TM catalyst; the configuration of TM active sites changes completely according to C-N species [56–58]. Here, we discuss some promising TM catalysts that exhibit improved ORR activity in the presence of N. 

Fe-N-C has drawn much attention due to its catalytic performances. N coordinated Fe atom has been a highly active center for ORR [59]. Fe-N-C nanoparticles show outstanding stability in both acidic and alkaline solutions. Only 0.5 wt% of the Fe-contained Fe-N-C catalyst possesses a high surface area (1501 m2g-1) and exhibits superior durability to Pt/C. Half wave potential (E1/2) of Fe-N-C and commercial Pt/C is presented in Figure 4. 
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Figure 4.  E1/2 of Fe-N-C and Pt/C at every 1000 cycles in the durability test [60]



[bookmark: _Hlk45358759][bookmark: _Hlk45358873]From Figure 4, it is clearly observed that after 5000 potential cycles, Fe-N-C remains unchanged whereas Pt/C gradually decreases under the same condition [60, 61]. The formation of Fe-N is powerfully demonstrated by carbon chemistry. Fe-N active sites are also an essential issue for ORR activity. The Fe-N/C/rGO (10% to 20% of Fe) exhibits improved ECSA and ORR activity, which are comparable with those of Pt/C and are higher in comparison with those of Fe-N/C/rGO (5%–10% of Fe), Fe-N/C, and Fe-N/rGO [62, 63]. Fe-N-based catalyst follows the 4e- reaction pathway in both types of electrolytes. The weight percentage of Fe plays an important role in the composition. This percentage depends on the presence of inducing elements, such as N, P, and S [64]. The gap between the valence and conduction bands of Fe atom (-0.82 eV) enhances catalytic stability and a small amount of metal doping can increase conductivity, and durability [65]. Jiang et al reported that the binding energy of O2 that presents in the Fe-Nx site helps the adsorption of O2 on Fe-Nx sites, which promotes ORR activity of Fe-N-C. 20wt% to 35wt% ionomer concentration increases the ionic conductivity of the cathode site. Above 35 wt.% concentration, active sites gradually decrease. However, unsaturated Fe can change the charge density of N-doped carbon support and the central Fe atom in Fe-Nx. Some researchers replaced Fe with Co or Ni [66–68].
[bookmark: _Hlk45359059]
[bookmark: _Hlk45359177][bookmark: _Hlk45361829]Co is the most widely used substitute and partial substitute metal in compositions due to its low price, high durability, and 4e- reaction selectivity [69]. The Co-based catalyst exhibited superior stability to that of Fe. Like Fe, the bimetallic atom-doped Co catalyst shows better ORR performance by forming dual sites than a single metal Co catalyst. Double active sites facilitate electron transfer [70]. Partially substituted Co-Te/C (1:1.93) and Co-Se/C (1:1.25) are catalysts that follow the 4e- reaction pathway in acidic solution, but the catalytic activity is not comparable with that of Pt/C [71]. Support metal has an impact on Co-based catalytic activity. Co2P/NRC nanorods enhance durability and catalytic action to a level comparable to Pt/C in alkaline media [72]. The performance of the Co-N-C-based catalyst depends on the active site of Co-Nx and nitrogen-containing functional groups and the effect of mutual interaction between Co-O-C and Co-N-C bond formations. Co-N/C catalyst follows the 4e- reaction pathway and exhibits high durability and current density. High amounts of Co2+ oxidation states are associated with increasing ORR activity [41, 57, 73]. Co-Fe alloy is among the prominent non-PGM catalysts for ORR. It has been reported that charge redistribution between Fe-Co alloy and N-supported graphitic carbon-nanotube enhances the catalysts’ behavior. The corrosion resistance and electronic conductivity increase with the amount of Co increase in alloy [74, 75].

[bookmark: _Hlk45359114]Ni-based catalyst is another good alternative to most active Pt-group metal catalysts. Ni or Ni alloys are not easily oxidizable, and the Ni structure facilitates the transportation of ions and the charge conductivity[76]. N-doped Ni-Co and Fe-Ni catalysts showed comparable ORR performance with Pt/C and exhibited superior stability [77, 78]. The enhancement of catalytic activity completely depends on the mutual effect of Ni and the N-carbon metal's electronic structures. The edge N atom and the geometric effect of support metal regulate the electronic configuration of Ni [79, 80]. Ni-Mo catalyst showed the highest mass activity among Pt free catalysts used in the present time due to the high dispersion of Ni particles, and Mo facilitates mass activity[81]. In an alkaline aqueous solution, the N-C structure works as a support of the Ni nanoparticles and enhances the catalytic activity towards ORR [79].

[bookmark: _Hlk45359331]As a 3d transition metal, Cu shows high electro-catalytic activity towards ORR due to its valence electron configuration, which is closest to Pt. It has a very strong complex ability to generate Cu-N bonds and exhibits the highest stability in an aqueous solution among 3d transition metals [82]. Cu metal works as an active component for ORR, and this metal is used for constituting active sites.  Cu enlarges the surface area of the catalyst. Cu2+ ions have a great affinity to form a stable complex with N-based ligands. Cu-N interaction speeds up the peroxide reduction and oxygen activation [83, 84]. The CuFe/C (1.5wt.% Fe and 1.7 wt.% Cu) alloy catalyst and Pt/C (30%) exhibit the same catalytic activity.  Fe3+-N works as an active site for ORR, and Cu2+/Cu+ plays the role of a redox mediator that shuttles the electron from the electrode to FeN-O2 [85]. During ORR, the Fe atom in Cu alloy facilitates the desorption of oxygenated intermediates, which increases the rate of ORR kinetics. The electronic structure of catalyst metals has been changed by the interaction between the metal catalyst and the support metal. N particularly helps donate electrons to the O-O bond, thereby increasing stability [86]. Cu ascribes to high redox potentials, and the current densities of the d-orbital of Cu lead to a weaker O-O bond [87]. 

[bookmark: _Hlk45359799]Among the transition metals, manganese oxides became the focus of research due to their variable oxidation states and high stability in alkaline media. Mn3+ species modifies the crystallinity, surface area, and pore size of catalysts [88]. Liu and co-workers identified the two types of Mn coordination, octahedral Mn4+ (i.e. partial d-orbital filling Mn) and pyramidal Mn3+ and Mn3+ coordination is essential for  ORR activity [89]. The N-C structure helps reduce electron cloud densities on a carbon atom by inducing N. The active site of the Mn-N-C catalyst is the combined structure of N-C and Mn-N [90]. The covalency of the Mn-O bond is responsible for specific ORR activity and works as an electron transfer mediator to O. The existence of Mn3+ on the active site facilitates the ORR activity, whereas Mn4+ encourages the 4e- reaction pathway [91]. 

[bookmark: _Hlk45362003]However, TM based catalysts exhibit higher levels of ORR activity in alkaline media that indicate the exchange of electrons and the change of oxidation state during ORR, the exact role of TM is not clear[57]. Transition metals (TM) have been recognized as alternatives due to their high corrosion resistance and stabilities, electrical conductivities, and mechanical strengths.  N-doped carbon-supported TM catalyst exhibits better ORR activity in alkaline solution. Formation of C-N increases the concentration of active sites. 

Benefits of the carbon support
[bookmark: _Hlk45362058][bookmark: _Hlk19533021]Carbon support helps increase the electronic behavior of catalysts and enhances ORR performance. ECSA, durability, reaction pathway, and electrical conductivity have been influenced by support materials [92]. Corrosion of metal is an important factor in fuel cell operations. Carbon support metal helps overcome corrosion problems by making a strong bond between nanoparticles and support materials [93]. Carbon nanomaterials are considered good catalyst support due to their excellent properties, which ensure the following parameters: 1) high electrical conductivity; 2) large surface area; 3) strong interaction between support and catalyst; 4) high electrical stability under the fuel cell condition, and 5) low cost [94–96]. Large surface areas of support suppress the particle size. This criterion helps make a highly concentrated catalyst particle that increases the efficiency of the electrode by reducing embedded sites and shortening the reactant pathway [97, 98]. C(Carbon black) is widely used for commercial Pt catalysts. Poor durability and low catalyst metal utilization are the main weaknesses of C. GO (graphene oxide), rGO (reduced graphene oxide, MWCNT(multiwall carbon nanotube), and so on are considered a better substitute for C.  [99, 100]. Nowadays, GO and rGO are widely used because of the partial transition from sp2 to sp3carbon atoms. Both GO and rGO derivatives of graphene are easy to produce on a large scale using graphene sheets, catalyst metal is located between pores, thereby reducing the aggregation of catalyst metals, and this behavior helps enhance catalyst efficiency [101, 102]. Studies revealed that in rGO, oxygen groups participate in the transfer of electrons, which causes the reduction of catalytic activity. Electric contact efficiency plays an important role between two catalyst particles. rGO has higher thermal stability than GO due to lower defect density [103, 104].
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Figure 5.  Effect of carbon support on ECSA [63]



[bookmark: _Hlk45362123]It has been seen from Figure 5, ECSA of catalysts changes with the change of support metal, carbon black (C) supported Fe catalyst exhibited larger ECSA than reduced graphene oxide (rGO). Fe catalyst presented the largest ECSA while C and rGO were used together [63] Surface modification of the graphene sheet is conducted by inducing the heteroatom to boost the interaction with a metal catalyst; graphene aggregation is avoided by changing the interfacial properties [105]. The electrochemical activity of the non-PGM catalyst depends on the doped element (N, S, and P) that supports carbon. The edge plane sites contribute to the improvement of catalytic performances, and spin densities on adjoining carbon atoms induce different ORR sites [64, 106–109]. Based on the above discussion, we summarise the properties of different carbon forms in Table 1, that influence the ORR activity.

Table 1.  Represents the ECSA, conductivity, advantages, and disadvantages of widely used carbon forms as support
	Carbon Materials
	ECSA
(m2 g-1)
	Conductivity
(S cm-1)
	Advantages
	Disadvantages
	Ref.

	Vulcan XC-72
	250
	2.77
	The catalytic activity can be increased by surface modification and pre-heat treatment.
	Low utilization of metal catalysts and poor durability.
	[110, 111]

	CNT
	50-1000
	200-900
	Excellent electrochemical stability and high hydrophilicity produce better ORR reactions.
	Highly sensitive to different gas and synthesis methods.
	[52, 112, 113]

	GO
	2630
	⁓104
	Easy to synthesis on an industrial scale and functionalized as well.
	Catalytic properties change with changing synthesis tech.
	[114–116]

	Ordered porous carbon(OPC)
	600-2800
	3.28x10-4 - 2.2x10-3
	Stability increases with increasing annealing temperature
	Electrochemical activities strongly depend on pore size and the diameter less than 10nm.  
	[117–120]

	Graphene nanosheets (GNS)
	56
	103-104
	Highly stable than MWCNT, SWCNT, CB, and GO
	Highly sensitive to the synthesis process. During preparation, it losses many properties due to aggregate.
	[98, 121, 122]
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Promising synthesis technique for ORR catalysts 
The synthesis condition influences the catalyst compositions and structure of active sites. Several strategies are used to establish a catalyst that is comparable to Pt/C in both acid and base solutions. Among the improvement techniques, pyrolysis and core-shell techniques are widely used for developing alloy catalysts. Most recently, the irradiation method utilizes for obtaining a higher degree of alloying. 
Pyrolysis
[bookmark: _Hlk78199214]Different types of metal alloys help reduce PGM use and help modify the surface structure and reactivity within alloying elements through the change of electronic and geometric structure [11, 111]. Alloying PGM with transition metals declines the OH adsorption due to the existence of PGM-TM bond distance in lattice contraction, which promotes higher ORR activity than pure PGM. The durability of PGM-TM alloys depends on the degree of alloy homogeneity [52, 123]. Performances of alloy catalysts are directly related to pyrolysis treatment. The effect of pyrolysis temperature has been illustrated in Figure 6(a-f). 

From the TEM image of FeCN/GN(graphene nanosheets), it is clear that below 700o C, only a few FeCN particles have been observed, marked by the white circle in Figure 6(a) and 6(b) which were pyrolyzed at 500o C and 600o C respectively. Figure 6(d-f) represents FeCN samples that pyrolyzed at 800 oC, 900 oC, and 1000 oC respectively. FeCN particles were uniformly distributed on GN(graphene nanosheets) above 700 oC. Figure 6(c) represents the sample pyrolyzed at 700 oC. At 700 oC, FeCN/GN exhibited the highest electron transfer (3.94) and ORR activity in acidic solutions. In general, a pyrolysis temperature below 700 °C is not enough to induce stable and active ORR sites [112, 124, 125]. The formation of Fe-Nx active sites strongly depends on pyrolysis, which contributes to ORR activity. N atoms have been successfully united into a carbon matrix, and the proportion of N touches the maximum level at 900 oC [53,119]. The pyrolysis treatment approach helps increase the concentration of ORR sites by modifying the M-Nx/C structure. Heat treatment also controls metal-N bonding [76,120].
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Figure 6.  TEM image of FeCN/GN at 500 oC (a), 600 oC (b), 700 oC (c),800 oC (d), 900 oC (e), and 1000 oC (f) [124]



Core-shell structure
Mutual interaction of core metal and shell facilitates the mass activity and durability of ORR in both acidic and alkaline electrolytes. Generally, a core-shell-structured catalyst is designed by capturing the catalyst metal in carbon materials. This structure provides an exclusive electronic interaction between confined nanomaterials and carbon shells, thereby playing the main role in the enhancement of catalytic activity. Both single metal particles and metal alloy materials can serve as shells or core [105, 108]. This approach leads to a change in the d-band positions, which help provide higher activation energies. Ligand performances enhance catalytic activity and improve charge transfer [100]. Core materials and shell thickness are important factors for stability and ORR performance. Shell thickness helps with long term stability. The thickness of the shell screens the core interactivity, which improves catalytic stability [31, 115]. Gautam et al. reported that a shell material graphene nanosheets appears on behalf of electron collectors and tricks the core ion to form the existing active sites by providing high stability [116]. [116]

Irradiation technique
[bookmark: _Hlk22292534]The irradiation process helps improve structural properties and chemical properties. γ-Irradiation helps reduce the oxygen functional group from the GO sheet and increases C=C bands. It also modifies the sp2 character of C. Some work has been done using gamma irradiation. In the case of few-layered graphene materials, the O/C ratio exhibits a decreasing trend when γ-irradiation dose increases for GO and GONR (nanorod) [117]. A remarkable characteristic has been observed in preparing graphene aerogel (GA) from the GO sheet. GA shows more stability and has a honeycomb structure with a high C/O ratio after irradiation. No significant weight loss can be observed due to γ-irradiation.[118]. However, dose rate, total dose, type of solvent are important parameters for gamma irradiation induced synthesis technique. These parameters can be able to alter the size, chemical, and physical properties of the final product. Sharin and co-workers reported the reduction of GO has occurred when the cumulative dose was 35kGy. They utilized different amounts of irradiation dose,0, 5, 15, 20, and 35kGy  on GO powders [119, 126, 127] In an aqueous solution (water/alcohol), Irradiation decompose the water molecules to hydroxyl radical, OH-, hydrogen radical, and hydrated electron, H* and e- species. Alcohol removes the oxidative OH  and converts it into reductive radicals.[121]. In the case of a heterogeneous catalyst, gamma irradiation changes the concentration of the active site of a catalyst surface, whereas electron beam irradiation induces a new active center by switching the chemical bond and creating defects on a catalyst surface [128]. Kakitani et al. reported that Pt-C bond formed during ion-beam irradiation (Ar+). This bond changes the chemical state of Pt nanoparticles and carbon support that suppresses Pt oxidation and improves overall catalytic activity towards ORR [129]. After Ar+ irradiation, carbon nanofiber-supported PtRu exhibits a lower crystal size (19.5 nm) due to the change in the valence state of support metal, whereas non-irradiated carbon nanofiber-supported PtRu shows a larger crystal size (20.1 nm) [130]. Proton irradiation leads to a break M (metal)-O bond by producing highly active radicals on the metal surface. During irradiation, the 2p orbital of O and the 3d orbital of metal merge, thereby reducing the bang gap, which increases the electronic conductivity and overall performance of the metal catalyst [131]. Ohkubo and co-workers suggested that the electron beam irradiation reduction method can synthesize both alloy and metal oxide on the carbon support simultaneously[132].

Conclusion 
From the discussions, it is clear that all PGM alloys are comparable catalysts for ORR cathode in both acid and alkaline mediums, though 20%wt of Pt is needed for promising performance. Mixing PGM and transition metal is a good strategy for reducing the use of Pt. PGM-TM alloy catalysts also improve ORR activity and follow the 4e- pathway in both types of solutions. However, 50wt% of PGM is required in the PGM-TM cluster for enhancing ORR activity. Most of the TM-based catalysts have been developed with the N supported carbon. N atom produces C-N sites that provide higher active site densities and mass transport. In the absence of the N atom, the TM-based catalysts are not comparable with commercial Pt/C and other PGM catalysts. N supported Fe, and Fe doped Co catalysts work in acidic solutions, but it is not comparable with commercial Pt/C. All M-N-C (M= transition metal) exhibited better catalytic activity than Pt/C in alkaline solution. Choosing ideal carbon support can improve the catalytic activity of TM alloy in an acidic medium. The amount of nitrogen and carbon defects and metallic particles' existence are common factors for improving performance.

Alloy and pyrolysis are closely related to each other. Homogeneity of alloy catalysts depends on pyrolysis temperature.  Core-shell is a popular technique for alloy catalysts. In this process, catalyst behaviour is associated with the mutual interaction between the core metal and the shell metal. Shell thickness also plays a hidden role to facilitates ORR. Nowadays, different types of irradiations have been taken a superior position in research.  
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