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Abstract  With the increased energy demand, developing renewable and clean energy technologies becomes more 

and more significant to mitigate climate warming and alleviate the environmental pollution. The key point is design  

and synthesis of low cost and efficient materials for a wide variety of electrochemical reactions. Over the past ten 

years, two-dimensional(2D) nanomaterials that graphene represents have been paid much attention as a class of the 

most promising candidates for heterogeneous electrocatalysts in electrochemical storage and conversion. Their unique 

properties, such as good chemical stability, good flexibility, and good electronic properties, along with their nan o-

sized thickness and large specific area, make them exhibit comprehensively good performances for energy storage 

and conversion. Here, we present an overview on the recent advances in electrochemical applications of graphene, 

graphdiyne, transition metal dichalcogenides(TMDs), and MXenes for supercapacitors(SCs), oxygen reduction reac-

tion (ORR), and hydrogen evolution reaction(HER). 
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1  Introduction 

In the last decade, various 2D nanomaterials, such as  

graphene[1], graphdiyne[2], transition metal dichalcogenides 

(TMDs)[3], MXenes[4], hexagonal boron nitride(hBN)[5],   

graphitic carbon nitride(g-C3N4)
[6], layered double hydroxides 

(LDHs)[7], metals[8], metal-organic frameworks(MOFs)[9],  

covalent organic frameworks(COFs)[10], polymers[11], black 

phosphorus(BP)[12], and perovskite[13] have been applied in 

many fields, especially for energy storage and conversion[14—20]. 

In order to obtain 2D monolayers, a variety of methods have 

been developed[21—24]. Besides the most well-known method- 

micromechanical cleavage[25], in which the high quality 2D 

materials are produced for exploring some important physical 

phenomena and excellent device performance, most of 2D 

monolayers can be obtained by top-down methodology since 

the anisotropy of layered bulks makes the interlayered interac-

tion weaker than the strong in-plane covalent bonds[26—29]. In 

addition, the interlayered interaction can be reduced by enlar- 

ging interlayered distance using intercalator and/or changing  

 

 

 

 

 

 

 

 

 

 

Fig.1  Fundamental structures and distinctive characteristics of graphene(A), graphdiyne(B), TMDs with  

trigonal prismatic(C), and octahedral coordinations(D) and MXenes(E) 

Reprinted with permission from: (C) and (D) Ref. [3], Copyright 2013, Nature Publishing Group; (E) Ref. [29], Copyright 2017, 

Nature Publishing Group. 
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the circumstance inside or outside monolayers via chemical 

transformation. This enables efficiently spontaneous exfoliation 

or external force(like sonication, shear, microwave, and so on) 

assisted exfoliation in liquid phase[30—34]. Meanwhile, bottom- 

up methods like chemical vapor deposition(CVD) have become 

more and more important for the synthesis of high-crystallinity, 

high-purity, and low-defect 2D nanomaterials and their    

alloys[35—38]. In this review, features and advantages of four 

representative 2D inorganic nanomaterials, including graphene, 

graphdiyne, TMDs, and MXenes are firstly summarized(Fig.1). 

Then the applications of these 2D nanomaterials for supercapa-

citors(SCs), oxygen reduction reaction(ORR), and hydrogen 

evolution reaction(HER) are introduced. Finally, we will pro-

vide some perspectives on the development of 2D materials for 

energy storage and conversion. 

2  Features of 2D Nanomaterials 

2.1  Graphene and Graphdiyne 

2.1.1  Pristine Graphene and Graphdiyne 

Graphene has become one of the most frontier research 

hot spots in electrochemistry, mainly due to its high theoretic 

surface area, high electrical conductivity, high electron transfer 

ratio, and high modulus of elasticity[39—42]. Compared with 

three-dimensional(3D) bulk graphite, π-π interaction between 

interlayers in graphene is prohibited, so that the perfect   

graphene has a thickness of only one carbon atom(0.34 nm), 

which brings unique properties, such as a high electrical con-

ductivity of 106 S/cm[43]. By contrast of graphene comprised 

only sp2-hybridized carbon atoms, graphdiyne is formed by the 

combination of sp- and sp2-hybridized carbon atoms[44].  

However, the lack of heteroatoms results in low intrinsic elec-

trocatalytic activity. Therefore, modifications on graphene and 

graphdiyne by doping with heteroatoms or hybridizing with 

other active materials are necessary to activate graphene for 

energy storage and conversion[45—47]. 

2.1.2  Functionalized Graphene and Graphdiyne 

The doping of heteroatoms into graphene realizes electron 

redistribution, polariton, and active defect sites because the size, 

electronegativity, and orbital hybridization of heteroatoms are 

different from those of carbon. Doped graphene often exhibits 

an enhanced electrochemical performance, which can be tuned 

by adjusting the doping mode, total dopant content, and doping 

procedure. 

The nitrogen atom is the most common dopant for carbon 

materials including graphene because its size is similar to the 

carbon atom and its electronegativity is larger[48]. This means 

the electronic/ionic conductivity of nitrogen-doped graphene 

will be enhanced due to the higher electronegativity of nitrogen 

(3.04), leading to more electrons attracted toward the doped 

region[49].  

The boron atom can be in-plane doped into graphene   

by sp2 hybridization, which retains the planar structure of  

graphene without distortion[50]. The relatively greater electro-

positivity between boron and carbon atoms enables charge 

polarization in graphene due to one less valence electron to the 

neighboring carbon, stabilizing the negatively polarized 

atoms[51]. The sulfur atom has a very similar negativity(2.58) 

with that of the carbon atom(2.55), but its larger atomic size 

and polarizability result in higher spin density, edge strain, and 

charge delocalization[52]. In contrast with nitrogen, the electro-

negativity of phosphorus(2.19) is lower than that of carbon. 

Thus, the polarity of the C—P bonding is opposite to that of the 

C—N bonding. However, in phosphorus doped region, sp3  

hybridization is favorable because of the strong hybridization 

between P 3p and C 2p orbitals, giving rise to structural distor-

tion, decreased conductivity and defects owing to the broken 

plane of graphene[53].  

Edge-selectively halogenated graphene and in-plane   

halogenated graphene are achieved by doping with halogen. In 

halogenated graphene, the in-plane carbon atoms linked with 

halogens have sp3 hybridization and the edged carbon atoms 

linked with halogens remain sp2 hybridization[54]. Since the 

electronegativities of halogen atoms[fluorine(2.98), chlorine 

(3.16), bromine(2.96), iodine(2.66)] are larger than that of  

carbon atoms, they can also polarize adjacent carbon atoms. 

The band structure of halogenated graphene depends on the 

degree of halogenation[55,56].  

Surface functionalization is a useful approach to enhance 

the electrochemical performance of graphene(Fig.2). The  

easiest and the most common way to functionalize graphene is 

preparing graphene oxide(GO), which has rich oxygen func-

tional groups. However, GO usually exhibits poor charge sto-

rage performance due to its poor electrical conductivity. Effec-

tive pseudocapacitance will be achieved when GO is reduced to 

reduced GO(rGO) since the conjugated structure is partially 

recovered after reduction. Besides that, acylation, diazotization, 

cycloaddition reaction, esterification as well as noncovalent 

functionalization via π-π stacking and hydrophobic/philic inte-

raction also can be used to modify the surface properties of 

graphene[57—62]. 

The outstanding electrical conductivity of graphdiyne is 

beneficial to energy storage and conversion[63]. In addition, 

some carbon atoms in graphdiyne are positively charged, re-

sulting in an intrinsic electrocatalytic activity with a theoretical 

bandgap close to Si[64]. Due to the special structure of graph-

diyne, for example, the sp hybridized carbon, its electronic 

performance can be modulated by the introduced site-specific 

pyridinic and sp hybridized N atoms, which are considered as 

the more beneficial active sites[65—68]. Moreover, doped graph-

diyne with graphitic S and graphitic P is predicted theoretically 

to exhibit remarkable electroactivity[69]. It is indicated that the 

sp2 hybridized C atom sites are more favorable than sp hybri-

dized C atom sites to be doped with boron[70]. After fluorination 

or chlorination, both sp and sp2 carbon atoms can be converted 

into the sp3 carbon with elongated C—C bonds[71,72]. 

2.2  TMDs 

TMDs are a class of important materials for energy sto-

rage and conversion[73—75]. Different from graphene, the mono-

layered TMDs can be described as a sandwich structure, where 

one layer of transition metals(M) is between two layers of  
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Fig.2  Illustrations of the structures of nitrogen-doped(red), boron-doped(pink), sulfur-doped(blue), 

fluorinated(green), hydrogenated(yellow), and hydroxylated(purple) graphene 

Reprinted with permission from Ref. [62], Copyright 2016, Royal Society of Chemistry. 
  
chalcogenides(X), rather than a perfect plane, resulting in a 

larger thickness. In some occasions, unlike graphene, TMDs 

are semiconductive due to the nonzero band gap[76]. However, 

since TMDs have different metal coordinations, they possess 

various multicrystal structures, such as 1T, 1H, 1T’, 2H, and 

3R(Fig.3), whose surface property and electronic performance 

are much instinct[77]. For example, the bandgap of 2H MoS2 

monolayers is 1.9 eV, while 1T MoS2 is metallic with a band-

gap of only 0.9 eV[78]. This is because that the bandgap for 2H 

phase is between dz
2 full band and dx

2
–y

2
, xy vacancy band, while 

a Fermi bandgap exists in dxy, yz, xz single band for 1T phase. In 

general, a metallic phase exhibits more active performance in 

energy conversion and storage[79].  

CVD and lithium intercalation exfoliation are the most 

common methods to produce TMD monolayers[80,81]. Com-

pared with CVD, lithium intercalation not only results in a 

nearly 100% yield of monolayers but also transforms 2H phase 

into 1T phase effectively[82,83]. However, an incomplete phase 

transformation is accompanied by this procedure so that 1T′ 

and 1T″ phases might exist. For 1T′ phase, the Mo atoms of 

MoS2 become asymmetrically spaced with increased lithiation, 

which is shown to be energetically favorable compared to other 

possible polymorphs according to the DFT calculations[84]. 

Moreover, when TMDs are exfoliated into monolayers or thin 

sheets, the prismatic edges and basal planes are exposed, and 

edge termination by either M or X atoms is possible, which is 

recognized as the active site for electrocatalysis. Once the atom 

density in the nanosheets drops below a critical threshold size, 

the effects of the edge and corner atoms can dominate over the 

basal plane atoms, so that the equilibrium shape of the cluster 

can be controlled by modifying the edge atoms[85]. Other de-

fects, such as vacancies, adatoms, grain boundaries, and subs-

titutional impurities have been proved to play a significant role 

on the performance of TMDs in electrocatalysis[86]. 

 

 

 

 

 

 

 

 
   
Fig.3  Structural polytypes of pristine TMD layers(A) and schematic illustration of the MoS2 crystal structure 

with typical defects, including vacancy, adatom, substitutional impurity and line defects(B) 

(A) Chalcogen atoms are shown in yellow, and transition metal atoms are shown in blue(1H, 1T phase, distorted 1T, or 1T′ and 2H phase).    

Reprinted with permission from Ref. [77](A) and Ref. [86](B), Copyright 2015 and 2018, respectively, Royal Society of Chemistry. 

2.3  MXenes 

MXenes are a new family of 2D materials since they were 

discovered in 2011 by Gogotsi and Barsoum et al.[87]. They are 

usually obtained from their layered precursors, such as MAX 

phases(Fig.4). MAX consists of Mn+1Xn(M2X, M3X2 and M4X3) 

layers and planar A atomic sheets, where M is an early transi-

tion metal, such as scandium, titanium, zirconium, hafnium, 

vanadium, niobium, tantalum, chromium, molybdenum,  

manganese, and so on; A is a group IIIA or IVA element, such 

as aluminum, silicon, phosphorus, gallium, germanium, arsenic, 

and so on; and X is carbon or nitrogen[29,88]. In contrast to the 

weak van der Waals interactions between the layers of graphite 

and TMDs, the strong M—X bonds characterized by mixed 

covalent/metallic/ionic and metallic M—A bonds in MAX can 

hardly be broken by mechanical separation[89]. However, com-

pared to the M—X bonds, the interlayered M—A bonds and 

interatomic A—A bonds are much weaker and more chemically 
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reactive. Thus, the A atomic layers from the parent MAX phase 

can be removed by hydrofluoric acid(HF) etching at room 

temperature. Afterwards, Mn+1XnTx monolayers can be  

chemically terminated with oxygen, OH, and/or fluorine atoms 

on the surface, where Tx stands for the surface termina-

tions[90—92]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  MXenes reported so far 

MXenes can have at least three different formulas: M2X, M3X2 and M4X3, where M is an early transition metal and X is carbon and/or   

nitrogen. They can be made in three different forms: mono-M elements(for example, Ti2C and Nb4C3); a solid solution of at least two   

different M elements[for example, (Ti,V)3C2 and(Cr,V)3C2]; or ordered double-M elements, in which one transition metal occupies the  

perimeter layers and another fills the central M layers(for example, Mo2TiC2 and Mo2Ti2C3, in which the outer M layers are Mo and the 

central M layers are Ti). Solid solutions on the X site produce carbonitrides. NA, not available. 

Reprinted with permission from Ref. [29], Copyright 2017, Nature Publishing Group. 

3  Advantages of 2D Nanomaterials 

Compared with their bulk materials, 2D nanosheets exhi-

bit unique properties in optics, electronics, mechanics, magne- 

tism, and so on. Generally, there are some advances that have 

now been identified or uncovered for ultrathin 2D nanomate-

rials for energy storage and conversion, such as SCs, ORR, and 

HER. Firstly, the rich functionalization can be achieved on the 

in-plane and/or edge of 2D materials by heteroatoms doping, 

depositing with other active materials, and so on. Secondly, the 

larger specific area allows more atoms and active sites to inte-

ract with electrolyte ions to absorb and store ion, fasten surface 

redox reaction, and effectively reduce ion transport distance. 

Thirdly, better conductivity facilities electron transfer on the 

2D surface. The bandgap also can be altered by doping and 

functionalization. Finally, the atomic thickness makes 2D ma-

terials more flexible and transparent for nanodevices. The 

thickness and transparency of these freestanding films via va-

cuum filtration, spin coating, drop casting, spray-coating, and 

inkjet printing can be controlled by the lateral size, concentra-

tion, solvents and so on. 

4  Applications of 2D Nanomaterials 

4.1  2D Nanomaterials for SCs 

SCs are a new type of energy storage devices[93—96].  

Different from batteries, they possess a large power density, 

long cycle life, and high reliability[97]. So far, in various mar-

kets of consumer electronics and transportation, SCs have been 

utilized to replace or combine with batteries[98]. Electrical 

double layer capacitor(EDLC) is a classical type of capacitors. 

Its specific capacitance is proportional to the available interfa-

cial area where charges are stored by the formation of electrical 

double layer. Carbon materials like active carbon, porous car-

bon, carbon nanotubes, and graphene are typical electrical 

double layer capacitive materials[99—102]. At the surface of car-

bon materials, only reversible ion adsorption/desorption occurs 

without phase transformation[103]. Different from electric 

double-layer capacitor(EDLC), pseudocapacitors can store 

charges through a reversible redox reaction or intercalation on 

or near the surface of active materials without phase transition. 

Therefore, their specific capacitances are much larger[104]. 

Transition metal oxides(like RuO2 and MnO2), TMDs(like 

MoS2), conducting polymers[like polythiophene(PT), polypyr-

role(PPy) and polyaniline(PANI)], MXenes, and carbon   

materials with doped heteroatoms or surface functional 

groups[105—112] are typical pseudocapacitive materials. Among 

them, the pseudocapacitance of nanostructured TiO2, Nb2O5, 

MoO3, and MXenes in organic electrolytes are mainly attri-

buted to the reversible ion intercalation by analyzing the cyclic 

voltammetry data at various sweep rates. Since no phase transi-

tion occurs in these materials and most charge storage sites are 
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located on the surface or near-surface region, the capacitive 

behavior is not diffusion-controlled but surface-dominated at a 

given rate, other than the battery-like behavior in battery-type 

electrodes, where intercalation happens in the bulk accompa-

nied by phase change[113].  

Most of pseudocapacitive materials can achieve a much 

higher capacity theoretically; however, the poor conductivity of 

some pseudocapacitive materials, such as metal oxides limits 

the rapid ion diffusion and electron transfer in a long region 

especially at high rate because there is not sufficient time to 

trigger ion diffusion into the interior structure[103,114]. Therefore, 

preparing corresponding ultrathin 2D nanosheets is an impor-

tant way to improve the capacitance of these materials, because 

these ultrathin 2D nanomaterials always have larger specific 

area, rich active sites, and a better conductivity for beneficially 

utilizing their capacitive properties. 

4.1.1  Graphene and Functionalized Graphene for 

SCs 

The large specific area of graphene leads to a large   

specific capacitance. Theoretically, electrochemical double 

layer capacitance of monolayered graphene is 21 μF/cm2, 

which means the specific capacitance of graphene can reach 

550 F/g[115]. However, the lower actual specific area than theo-

retical values caused by defect, fold, and restacking makes it 

difficult to approach the theoretical specific capacitance. 

Moreover, the energy density based on pristine graphene is 

generally low as EDLC just happens at the partial accessible 

surface. For instance, a laminated four-layer graphene film 

exhibited an area capacitance of only 4.27 μF/cm2[116]. 

Introducing ordered and/or disordered pores into the 

in-plane of graphene is a useful way to increase the available 

surface area. A much larger specific area can be achieved in 

etched porous graphene, resulting in a specific capacitance of 

160 F/g[117]. Another way to enhance the capacitance of   

undoped graphene is to construct a 3D hierarchical structure. 

These macroporous or/and mesoporous networks facilitate 

efficient transfer of electrolyte around graphene. As an example, 

the CVD synthesized mesoporous graphene nanofibers(Fig.5) 

with an ultra large specific surface area of 2411 m2/g exhibited 

a wide potential window up to 4 V and a high capacity of 193 

F/g at 0.5 A/g with a retention of nearly 100% after 5000 cycles 

tested in ionic electrolytes[118]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Growth mode of GNFs(A) , CV curves of GNFs as electrode in 4 V SCs(two-electrode coin cell) using 

EMIBF4 as electrolyte(B), galvanostatic charge-discharge(GCD) curve(C) and retention of the relative 

capacitance of GNFs based SCs for 5000 cycle tests(D) 

Reprinted with permission from Ref.[118], Copyright 2014, American Chemical Society. 

Compared with pristine graphene, functionalized graphene 

by heteroatom doping and surface-group modification demon-

strates a larger pseudocapacitance. For example, a nitrogen- 

superdoped 3D graphene network structure(3D GF-NG)(Fig.6) 

with a nitrogen-doping level up to 15.8% showed a remarkably 

excellent electrochemical behavior with a high specific    

capacitance of up to 380, 332, and 245 F/g in alkaline, acidic, 

and neutral electrolytes[119]. It was demonstrated that when 

nitrogen-doping level becomes higher, the supercapacitive  

performance is better. In other cases, lower nitrogen-doping 

level might be more beneficial for the enhanced capacitance 

since the nitrogen-doping with a higher level will break the 

conjugation of graphene plane. For example, 4.9% nitrogen- 

doped graphene via hydrothermally treating and then annealing 

GO/pyrrole at 1050 °C by Qu and co-workers[120] presented a 

specific capacitance of 484 F/g at 1 A/g. Oxygen-contained 

functionalized graphene via Mg(OH)2 template-assisted low 

temperature reduction delivered both ultra-high specific    
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gravimetric and volumetric capacitances of 456 F/g and 470 

F/cm3[121]. In general, co-doping is better than single-doping for 

enhancing the capacitance. DFT calculation showed that fluo-

rine can induce charge redistribution of nitrogen in carbon sys-

tems and reduce the gap between the highest occupied molecu-

lar orbital(HOMO) and the lowest unoccupied molecular  

orbital(LUMO) levels, decreasing the charge transfer resistance. 

A nitrogen, sulfur co-doped graphene  hydrogel showed an 

excellent electrochemical performance with a specific capaci- 

tance as high as 566 F/g[122]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Schematic of the procedure for fabricating N-superdoped 3D graphene network structure(3D GF-NG) 

network macrostructure 

(A) Electrochemical performances of GF-NG measured in three-electrode configuration; (B) CV curves at scan rates from 5 mV/s to 100 

mV/s measured in 6.0 mol/L KOH for GF-NG; (C) GCD curves under different constant currents in 6.0 mol/L KOH for GF-NG; (D) the 

specific capacitance of GF, GF-rGO, GF-NGs and NG powder calculated by the CV curves at 5 mV/s; (E) the specific capacitance of 

GF-rGO and GF-NGs calculated at various current densities in 6.0 mol/L KOH, 1.0 mol/L KCl, and 1.0 mol/L H2SO4. 

Reprinted with permission from Ref.[119], Copyright 2017, Wiley-VCH. 

4.1.2  MXenes for SCs 

Different from graphene and doped graphene, MXenes 

store charge via reversible intercalation of various cations  

(Na+, K+, NH4
+, Mg2+, and Al3+) between Mn+1XnTx layers[123]. 

Their high conductivities enable fast electron transfer in SCs. 

Gogotsi et al.[87] first prepared binder-free Ti3C2Tx paper, which 

was highly flexible and yielded a volumetric capacitance of  

up to 350 F/cm3 without degradation after 10000 cycles in  

basic solution. In H2SO4, the rolled films of Ti3C2Tx achieved 

an extraordinary volumetric capacitance up to 900 F/cm3 or  

245 F/g[4,124]. Moreover, the surface atoms influence the   

electrochemical performance of MXene. Fluorine-terminated 

Ti3C2Tx displayed a higher capacitance of 520 F/cm3 in H2SO4 

than the one with oxygenic functional groups[125]. The perfor-

mance of MXene is also influenced by doping. DFT calculation 

indicated nitrogen-doping could increase the electron concen-

tration, enhancing the electrical conductivity of MXene[126].  

For instance, 15.48% nitrogen-doped Ti2CTx(Fig.7) presented 

an enhanced capacitance via carbonizing polymeric carbon 

nitride and Ti2CTx
[127]. The content of doped nitrogen is also 

controlled simply by tuning the annealing temperature in  

ammonia[126]. 
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Fig.7  Schematic illustration of the synthesis procedures of p-C3N4 involved nitrogen doping in 2D 

Ti2CTx nanosheets(A), electrochemical characteristics of all pristine-Ti2CTx, 500N-Ti2CTx, 

700N-Ti2CTx, 900N-Ti2CTx, and 900-Ti2CTx without NH2CN electrodes with 6 mol/L KOH as the 

electrolyte with discharge current densities as a function of scan rate(B), gravimetric specific 

capacitance of all electrodes at various current densities, with 900N-Ti2CTx showing the highest 

capacitance(C) 

Reprinted with permission from Ref.[127], Copyright 2018, Wiley-VCH.

4.2  2D Nanomaterials for ORR 

ORR is at the heart of many fuel cell devices and holds a 

special place in the field of electrocatalysis. Generally, ORR 

involves either four-proton-electron pathway to reduce oxygen 

to water, which is desirable for fuel cells and metal-air batteries, 

or a two-proton-electron pathway to produce hydrogen    

peroxide. The pathway of ORR is determined by adsorption 

energetics of these intermediates and the reaction barriers on 

the surface of catalysts[128]. Noble metal(like platinum)-based  

catalysts can exhibit excellent ORR activity with a four proton- 

electron pathway, but the high cost and poor durability preclude 

their wide application[129]. Therefore, developing efficient, 

low-cost and durable non-noble metal electrocatalysts for the 

sluggish ORR is a key issue for practical applications. 

4.2.1  Graphene and Doped Graphene for ORR 

Pristine graphene is inert for electrocatalytic applications 

because there is no free electron for reaction. In contrast, in 

heteroatom and functional group doped graphene, effective 

intramolecular charge transfer leads to enhanced electrocata-

lytic activity. Nitrogen-doped graphene is the earliest investi-

gated case, which exhibits not only an excellent 4e− pathway 

for ORR, but also better tolerance towards methanol and CO 

than commercial Pt/C[130]. Pyridinic nitrogen, pyrrolic nitrogen, 

and graphitic nitrogen in nitrogen-doped graphene all contri-

bute to the ORR activity. It remains controversial to determine 

which type of doping nitrogen is critical. Besides improving the 

intrinsic activity, constructing hierarchal porous structures is 

also effective to improve the ORR performance. For instance, a 

nanoporous 3D nitrogen-doped graphene material grown on 

nanoporous nickel via chemical vapor deposition(CVD) 

showed an outstanding catalytic activity towards ORR with a 

low onset potential of −0.08 V  and a high kinetic current 

density of 8.2 mA/cm2 at −0.4 V(vs. Ag/AgCl, measured in 

O2-saturated 0.1 mol/L KOH)[131]. Sulfur-doped graphene by 

directly annealing GO and benzyl disulfide in argon at 1050 °C 

also exhibited a better ORR performance than undoped   

graphene[132]. As for phosphorous doping, DFT calculation 

implies that the ORR on phosphorous doped graphene proceeds 

by the combination of 2e− and 4e− pathways[133]. Although  

boron-doped graphene also exhibited an improved ORR activi-

ty over pristine graphene, the average electron transfer number 

n is only 3.5 at the potential window of fuel cell operation[134]. 

Dual-doped graphene usually reveals a higher activity toward 

ORR than single-doped graphene. Some researches demon-

strated a homogeneous distribution of B and N with N—C and 

B—C bonding instead of B—N—C bonding can be formed in 

boron and nitrogen co-doped graphene[135]. Although the simu-

lations show that the phosphorous atom is too large to be doped 

on the graphitic surface of carbon catalysts, and can only be 

effectively populated at edge sites, phosphorous site might 

stabilize the graphitic N and activate a neighboring C; this 
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enables the phosphorus and nitrogen co-doped graphene 

frameworks(PNGF, Fig.8) via a one-pot hydrothermal reaction 

with an ORR potential of 0.845 V vs. RHE at 3 mA/cm2[136]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Relative ratio of XPS 

P2p(A) and N1s binding configurations(B) for PNGF_DAP, PNGF_ADP, PNGF_ADP(op) and PNGF(op); (C) ORR activities   

of PNGF_DAP, PNGF_ADP, PNGF_ADP(op), and PNGF(op), measured by rotating disk electrode at 1600 r/min;           

(D) Koutecky-Levich plots of PNGF_DAP, PNGF_ADP, PNGF_ADP(op) and PNGF(op) at 0.6 V vs. RHE, derived from the 

corresponding linear sweep voltammograms.  

Reprinted with permission from Ref.[136], Copyright 2017, Royal Society of Chemistry. 

4.2.2  Doped Graphdiyne for ORR 

Even though positive charges exist on sp-C in graphdiyne, 

they are not large enough to enhance OOH adsorption to  

facilitate ORR[137,138]. However, the original in-plane molecular 

pores of graphdiyne benefit the diffusion of O2 and      

reactants[139]. After doping with heteroatoms via annealing  

pristine graphdiyne with heteroatom-contained sources, such as 

melamine, B2O3 or NH3 at high temperature, doped graphdiyne 

shows a much-enhanced ORR activity[140—142]. For example, 

few-layer sp-N doped graphdiyne, which was prepared by  

introducing sp-N through pericyclic replacement of the     

acetylene groups and annealing with melamine, exhibits good 

ORR performance with a half-wave potential of 0.87 V in  

alkaline solution and a methanol resistance in acid solution 

(Fig.9)[143]. This is resulted from the better effect of sp-N than 

sp2-N doping towards ORR[144]. Moreover, hydrogen atoms in 

hydrogen-substituted graphdiyne(HsGDY) are considered as 

edges or defects, which can be selectively doped by pyridinic N 

so that NHsGDY-900 °C exhibits a half-wave potential of  

0.85 V and a limited current density of 6.2 mA/cm2 in alkaline 

media due to the selectively high concentration of pyridinic 

N[145]. When two types of heteroatoms are doped simultaneous-

ly, N, F co-doped graphdiyne(NFGD) shows a higher ORR 

activity and stability than the N, B and N, S co-doped 

ones(NBGD and NSGD)[146].  

4.2.3  TMDs for ORR 

The catalytic performance of pure MoS2 nanosheets is not 

ideal, but the presence of the uncoordinated metallic edge  

centers provides the chance of effective functionalization with 

various heteroatoms and groups. Functionalization effectively 

decreases the energy gap and improves the intrinsic conducti- 

vity of MoS2 nanosheets, beneficial to the fast electron trans-

port for ORR catalysis. Yu et al.[147] systematically explored the 

ORR performance of various doped MoS2 by DFT calculation 

and found only the phosphorus doped MoS2 has an oxygen 

adsorption energy close to that of Pt(111) surface. Experimen-

tally, Song and co-workers[148] demonstrated that the doping of 

low-electronegative phosphorus atoms generated an extra ORR 

activity with four-electron selectivity, manifesting 7-folds  

current increase as well as 160 mV positive shift in both onset 

and half-wave potentials. They also synthesized oxygen-doped 

MoS2(Fig.10), which showed a much-enhanced ORR activity 

over the pristine MoS2 nanosheets[149]. However, the theoretical 

result indicated the P—Mo bridge site restricted the diffusion 

of hydrogen atom, limiting the ORR activity of phosphorus 

doped-MoS2 nanosheet[150]. This limitation might be reduced  

by co-doping to enhance the binding strength between hydro-

gen and neighbor site sulfur[147,150]. The ORR activity of  

chemically exfoliated MoSe2, WS2, and WSe2 exhibited no 

significant enhancements with increased surface areas after 
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exfoliation[151,152].     
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Synthesis of sp-N-doped few-layer GDY(A), geometries of N atoms in NFLGDY(the nitrogen doping forms 

include sp-N, pyri-N, amino-N and grap-N atoms)(B), ORR polarization curves of NFLGDY-700, 

NFLGDY-800, NFLGDY-900c and Pt/C catalysts at 1600 r/min in O2-saturated 0.1 mol/L KOH(C) and J-t 

chronoamperometric responses of NFLGDY-900c and Pt/C in 0.1 mol/L HClO4 and 0.1 mol/L KOH with 

NFLGDY-900c exhibiting greater stability(D) 

Reprinted with permission from Ref.[143], Copyright 2018, Nature Publishing Group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10  Proposed synthetic protocol for incorporated oxygen in MoS2 ultrathin nanosheets(A), rotating disk electrode 

(RDE) current responses for O-MoS2 and pristine MoS2 nanosheets as well as 20% Pt/C at 2400 r/min and   

10 mV/s in oxygen-saturated 0.1 mol/L KOH(B) and Koutecky-Levich plots for ORR catalysis at O-MoS2(C)  

Reprinted with permission from Ref.[149], Copyright 2015, Royal Society of Chemistry. 
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4.3  2D Nanomaterials for HER 

HER is a classic example of a two-electron transfer  

reaction with one catalytic intermediate. The adsorbed hydro-

gen(H*) is formed via Volmer step then combined to produce 

hydrogen via either Heyrovsky or Tafel step[153]. The rate of the 

overall reaction largely depends on the hydrogen adsorption 

free energy (ΔGH*) and a value closed to zero is necessary for 

an active HER catalyst(Fig.11). This means the hydrogen binds    

 

 

 

 

 

 

 

 

 

 

 

Fig.11  HER volcano plot for metals and MoS2 

Reprinted with permission from Ref.[128], Copyright 2017, AAAS. 

to the surface of catalysts neither too strongly(ΔGH*<0) nor too 

weakly(ΔGH*>0)[154]. Besides ΔGH*, additional factor like 

morphology, size and pores of catalysts and pH will affect the 

kinetic barriers[155]. 

4.3.1  Graphene and Doped Graphene for HER 

The basal plane of pure graphene is considered to be inert 

for the HER with a relatively large(positive) ΔGH*(1.85 eV)[156]. 

Qiao and co-workers[157] found that among various single hete-

roatom doped graphene materials, boron-graphene showed the 

best specific HER activity(Fig.12). Their results also indicated 

nitrogen, sulfur co-doped graphene via annealing GO and  

dopant has a best HER activity with an overpotential of ca.  

300 mV at 10 mA/cm2 than single doped graphene,  nitrogen, 

boron co-doped graphene and nitrogen, phosphorus co-doped 

graphene. By DFT, the most active dual-doped graphene model 

is nitrogen, sulfur co-doped graphene, represented by a lowest 

ΔGH* value of 0.23 eV. A nitrogen, sulfur co-doped nanoporous 

graphene synthesized by nanoporous nickel-based CVD even 

achieved an overpotential of 280 mV at 10 mA/cm2 with a  

Tafel slope of 80.5 mV/dec by Chen et al.[158]. They found one 

carbon defect near sulfur doping site in the vicinity of graphitic 

nitrogen has the smallest ΔGH* value of 0.12 eV, which is com-

parable to platinum catalyst(ΔGPt
H* ≈ 0.09 eV). 

 

 

 

 

 

 

 

 

 

 

Fig.12  Atomic configurations of three dual-doped models with the lowest computed |ΔGH*|(green, pink, blue, red, 

gold, purple and white represent carbon, boron, nitrogen, oxygen, sulfur, phosphorous and hydrogen 

atoms, respectively)(A), the three-state free energy diagram for the pure, single- and dual-doped graphene 

models(B) and polarization curves of various graphene-based materials in 0.5 mol/L H2SO4 with the 

benchmark MoS2 under the same conditions for direct comparison(C)  

Reprinted with permission from Ref.[157], Copyright 2016, Nature Publishing Group. 

 

4.3.2  TMDs for HER 

The bulk form of TMDs is not very efficient for HER, 

while the monolayered and nanostructured TMDs have been 

proved to possess higher concentration of catalytically active 

edges. Theoretically, TMDs are considered as the most ideal 

candidate to replace platinum for HER owing to their     

zero-approach Gibbs free energy of hydrogen adsorption[159]. 

As demonstrated by experimental and computational studies, 

the electrocatalytic HER activity of TMDs is mainly attributed 

to the edge of TMDs. It is also indicated that MoSe2 is      

the best-performing catalyst(MoSe2>WS2>MoS2>WSe2)
[160]. 

Among those, MoS2 is the first and the most studied TMD. The 

edges rather than the basal plane are proved catalytical activity 

for semiconducting 2H MoS2. Compared to 2H phase, 1T   

and 1T′ MoS2 is metallic and more conductive. Their metal 

edges exhibit a smaller near-zero ΔGH* value than 2H MoS2. 

Moreover, some researchers predict the basal plane besides the  

edges of 1T and 1T′ MoS2 has an HER activity[161]. Chhowalla 

et al.[162] proved that the activity of 2H MoS2 was significantly 

reduced after oxidation, while 1T MoS2 remained unaffected 

after oxidation. This is consistent with the prediction. By a 

three-step lithiation process using lithium-liquid ammonia  

medium, the mesoporous 1T MoS2 even achieved an over- 

potential of 143 mV with a Tafel slope of only 43 mV/dec[163]. 

However, preparing a high phase-purity 1T and 1T′ MoS2  

remains a big challenge via lithium intercalation due to easily 

conversion to the stable 2H phase. Zhang and co-workers[164]  

synthesized 1T′-MoS2 monolayers via multi-step annealing 

K2MoO4 and sulfur powder(Fig.13). They demonstrated that 
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the basal plane of 1T′ MoS2 is highly efficient for HER, with an 

onset overpotential of only 65 mV and a current density( j) of 

607 mA/cm2 at an overpotential(η) of 400 mV. 
   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.13  Schematic of 2H- and 1T′-MoS2 structures(A), scanning electron microscopy(SEM) and scanning trans-

mission electron microscopy(STEM) images of the prepared 1T′-MoS2 crystals(B), polarization curves 

obtained with EM-1, EM-2 and EM-3(inset: optical microscope image of EM-1)(C) and Tafel plots    

obtained from the polarization curves in(C)(D) 

Reprinted with permission from Ref.[164], Copyright 2018, Nature Publishing Group. 

5  Summary and Outlook 

2D materials provide both technological promise and new 

fundamental insight into important catalytic processes. Their 

unique properties make a good performance for energy storage 

and conversion. By tailoring their nanostructures, doping with 

heteroatoms and functional group, generating pores and phase 

transformation to modify the electronic and surface properties 

of graphene, TMDs, and MXenes, we are able to tune their 

electrocatalytic properties, allowing the development of 

high-performance SCs and highly selective, durable, and active 

catalysts for ORR and HER. Although research on 2D materials 

for energy storage and conversion rises only a few decades ago, 

great progress and many exciting achievements in preparation 

method, structural control and application have been made. 

Nevertheless, more efforts will be needed to understand the 

electrochemical behaviors of 2D materials in theory and by 

experiment. Firstly, more synthesis methods and relevant  

mechanisms should be explored for some 2D materials, such as 

graphdiyne. It is also meaningful to decrease the temperature or 

even develop more low-temperature methods in order to enable 

these 2D materials more green and cleaner. Secondly, it is in-

evitable to complicate the structure of 2D materials by doping 

even though an increased electrochemical performance is al-

ways achieved. In other to determine the real active sites and 

understand the electrochemical mechanism, more precise mea-

surements at molecular level, stronger combination between the 

chemical structure and simulated model, and well-defined pure 

2D materials are necessary to optimize their electrochemical 

behaviors. In this regard, 2D COFs, MOFs, graphdiyne and 

other polymers might be ideal modeling electrocatalysts, whose 

structures can be predesigned and detected by various techno- 

logies. However, it remains a big challenge of incorporating 

active sites into these 2D polymers to realize indispensable 

properties, such as high conductivity and tunable pore sizes for 

energy storage and conversion. Finally, other electrocatalytic 

reactions, such as CO2 reduction and nitrogen reduction based 
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on 2D materials are highly promising for the sake of green 

carbon/nitrogen cycles and decreased fossil fuel carbon emis-

sions. With the improvement of large-scale synthesis of 2D 

materials, in the future, the application of 2D materials for 

energy storage and conversion will provide new challenges and 

opportunities for researchers. 
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