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Two-dimensional (2D) nanomaterials were introduced with 
graphene: an atomically thin carbon material obtained from 
the delamination of graphite that possesses remarkable 

anisotropic physical and electronic properties1. Following gra-
phene’s precedent, other classes of ultrathin 2D nanomaterials were 
explored, including single- or few-layered transition metal dichalco-
genides (TMDs), metal oxides, layered double hydroxides (LDHs), 
hexagonal boron nitride (h-BN), graphitic carbon nitride (g-C3N4), 
metal carbides and nitrides (collectively known as MXenes) and a 
family of monoelemental compounds: black phosphorus (or phos-
phorene), arsenene, antimonene and bismuthine2–8. These materials 
have thicknesses of one or several atoms and a hallmark feature is 
the way they layer with unique bonding interactions. Strong cova-
lent bonds extend through the atoms within the plane whereas weak 
van der Waals interactions exist between layers. Weak interlayer 
bonding allows convenient exfoliation of these materials into thin-
ner nanosheets comprising of a few layers, or a monolayer. These 
ultrathin sheets typically demonstrate properties that are dissimilar 
to the parent bulk material due to anisotropy.

The early application of 2D nanomaterials as lubricants was a 
result of their layered nature. Over the years, 2D nanomaterials 
have diversified into many applications dictated by their electronic 
structures and intrinsic physical properties. Graphene is a zero 
band gap semimetal where electrons are highly mobile and exhibit 
exceptional conductivity2,3. Equipped with a varying band gap, 
other 2D nanomaterials, such as TMDs, LDHs, metal oxides and 
MXenes present versatile opportunities. By tweaking the transition 
metal or chalcogen type, TMDs can achieve a spectrum of prop-
erties5 encompassing insulators (HfS2), semiconductors (MoS2), 
semimetals (PtSe2) and true metals (NbS2). Insulating h-BN and 
semiconducting g-C3N4 are prized for their thermal and chemical 
stability3,9. Thanks to their vast array of properties, 2D nanomateri-
als hold promise in the fields of electronics, sensors and catalysis. 
As developments in sustainable energy garner global attention, it 
has become imperative to evaluate the efficacy of various 2D nano-
materials in these areas. Electrocatalysis lies at the heart of clean 
energy conversion in future technologies via the hydrogen evolution  

reaction (HER), hydrogen oxidation reaction (HOR), oxygen reduc-
tion reaction (ORR), oxygen evolution reaction (OER) and carbon 
dioxide reduction reaction (CO2RR). 2D nanomaterials are pursued 
as economical alternatives to expensive platinum-based catalysts for 
such reactions.

The allure of 2D materials in catalysis can be mapped to three 
aspects: specific surface area, mechanical properties and conduc-
tivity (thermal and electric)2. 2D materials have maximal surface 
to bulk ratios, providing a high density of surface active sites, 
which favours surface-active applications. Excellent mechanical 
properties confer catalyst durability and thermal conductivity 
facilitates the diffusion of heat produced during exothermic reac-
tions. Additionally, the tunable electronic properties of 2D mate-
rials tailor catalytic performance. Robust mechanical structures, 
wide surface area and high density of active sites in 2D nanoma-
terials are advantageous compared with bulk materials for catalyst 
stability and activity. Compared to bulk materials, 2D materials are 
also preferred building blocks for constructing hierarchical com-
posite catalysts.

The overarching aim of this Review is to compare the electro-
catalytic and electrochemical properties across 2D nanomaterials. 
First, we describe their distinct structures. Secondly, we discuss 
the inherent electrochemistry of the materials arising from their 
intrinsic activity or redox reactions, which affects their stability in a 
stipulated potential window. Thirdly, we highlight the implications 
of anisotropy and impurities on the electron transfer at 2D materi-
als. Strategic applications in electrocatalysis of the different families 
of 2D nanomaterials are also analyzed, focusing on the role of edges 
and surface characteristics. In closing, we present future perspec-
tives for the field of 2D nanomaterials.

Structure of 2D materials
The distinct structural coordination of the 2D materials are illus-
trated in Fig. 1. Graphene is a single layer of graphite consisting 
of a honeycomb-like structure of sp2 hybridized carbon atoms. Yet 
current techniques to fabricate mono- or few-layer graphene sheets 
result in graphene derivatives with defects and oxygen-containing 
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impurities that engender properties deviant from pristine gra-
phene10. Such graphene derivatives are known as chemically modi-
fied graphene.

As binary analogues to graphene, TMDs are represented in MX2 
stoichiometry where M is a transition metal belonging to groups 
IVB–VIIIB and X is a chalcogen from group VIA (S, Se, Te). 
Contingent on the d electron count, the chalcogen atoms occupy 
either the trigonal prismatic or octahedral sites around the central 
transition metal in a TMD. Contrary to graphene, TMDs exhibit 

polymorphism: trigonal (1T), hexagonal (2H) and rhombohedral 
(3R) forms. For example, when in their bulk state, group VIB TMDs 
such as MoS2 exist in the 2H-phase, which is thermodynamically 
favoured, whereas exfoliation to monolayers by Li-intercalation 
induces a phase transformation to the 1T-phase11,12. 1T-phase 
TMDs have been stabilized by covalent functionalization and tran-
sition metal doping13–15.

Layered oxides comprise metal hydroxides (M(OH)2) or metal 
oxyhydroxides (MOOH) possessing octahedral MO6 units in a 
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Fig. 1 | Schematic structural configurations of 2D materials. a, Graphene. b, h-BN. c, Heptazine-based g-C3H4. d,e, TMDs as exemplified by MoS2 in 
2H-phase (d) and 1T-phase (e). f,g, Black phosphorus and pnictogens in rhombohedral (f) and orthorhombic (g) phases. h, MXenes as exemplified by the 
exfoliation of Ti3AlC2. Credit: Figure reproduced from ref. 8, American Chemical Society (a,b), ref. 17, RSC (c); ref. 5, SNL (d,e); ref. 7, Wiley (f,g);  
and ref. 18, Wiley (h)
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stacked conformation with a proton or water molecule interleaved 
between layers. They may also be classified as LDHs when they 
consist of divalent and trivalent cations manifesting in positively 
brucite-like layers and balanced by negatively charged anions along 
with structural water within the interlayer16.

The structural lattice in boron nitride resembles the carbon 
arrangement in graphene except that an equal number of boron and 
nitrogen atoms are present. In a honeycomb structure, h-BN sheets 
comprise B and N atoms in a sp2 configuration. Likewise, carbon 
nitride materials are constructed from carbon- and nitrogen-con-
taining heterocycles with heptazine or triazine rings connected in sp2-
bonded N atoms such as –NH–, = NH and –NH2 functional groups17.

One of the newest additions to the 2D nanomaterials domain 
is the family of MXenes commencing with the discovery of Ti3C2 
in 201118. The general formula of an MXene is Mn+1XnTx (n =  1–3) 
where M is a transition metal belonging to the earlier groups, X is 
carbon or nitrogen and may be terminated by functional groups 
indicated as Tx such as oxygen, fluorine or hydroxyl functional 
moieties19. MXenes undertake three different stoichiometries in a 
close-packed octahedral geometry: M2X, M3X2 and M4X3. Referred 
to as MAX phase, the parent compound of MXene is composed of 
Mn+1Xn layers that are interleaved with an A element from groups 
IIIA or IVA. Due to the metallic M–A bonds, MXenes are obtained 
by selective etching of A (ref. 19). In contrast to graphite and bulk 
TMDs, the interlayer interactions in a stacked assembly of MXene 
sheets are at least twice as strong20. Therefore, mechanical exfolia-
tion of MXenes to individual layers is inefficient and intercalation 
methods are required to achieve complete delamination to gra-
phene-like thinness8,21.

Monoelementals of group VA (pnictogens) such as black 
phosphorus, arsenic, antimony and bismuth are commonly 
referred as phosphorene, arsenene, antimonene and bismuth-
ene. Thermodynamically stable black phosphorus is in the ortho-
rhombic phase, where six-member rings of atoms exist in chair 
conformation, whereas the rhombohedral structure exists under 
high-pressure. Heavy pnictogens, like As, Sb and Bi, manifest in a 
rhombohedral structure6. Despite having similar stacking as multi-
layer graphene sheets, these pnictogens, except black phosphorus, 
exhibit stronger interlayer interactions than the materials bound 
with van der Waals forces7.

electrochemical stability of 2D materials as electrodes
Despite the proliferation of research into electrochemical applica-
tions for 2D nanomaterials, the irony is that current understand-
ing of their electrode stability is inadequate. Such knowledge is 
indispensable because the materials may experience chemical or 
structural alterations during operational use. Inadvertently, their 
efficiency in electrochemical devices may be affected. Electrode sta-
bility is explained in terms of their inherent electrochemistry and 
inclination towards catalytic reactions depending on the choice of 
electrolyte and applied potential window. In electrocatalysis, inher-
ent electrochemistry describes the innate redox behaviour of the 
electrode material when an electrochemical potential is applied4. 
The electrochemical potentials in this section are reported versus 
Ag/AgCl electrode.

While pristine graphene shows no inherent electrochemistry 
over a stable and large window, chemically modified graphenes, 
which possess extensive carbon–oxygen bonds, manifest multifari-
ous electrochemical reductions originating from their electroactive 
oxygen functionalities. Oxygen functionalities, such as the per-
oxyl and aldehyde groups, are reduced at mild conditions whereas 
carboxyl groups become reduced only at extreme negative poten-
tials ~2.0 V (ref. 22). Reduction of the oxygen functional groups of  
graphene oxide is chemically irreversible. During the initial sweep, 
the intense cathodic wave begins at –0.7 V and peaks over a range 
from –0.9 V to –1.5 V (ref. 23). As the cathodic peaks vanish in sub-

sequent scans, there is complete reduction of all electroreducible 
groups within the first scan.

Binary elemental constituents (the transition metal and the chal-
cogen) and the formation of inevitable surface oxides govern the 
inherent electrochemistry of TMDs, which is more multifaceted 
than graphene materials. Bonde et al. first reported the inherent 
anodic signals of MoS2 and WS2 performed in acidic conditions24. 
X-ray photoelectron spectroscopy (XPS) studies disclose MoS2 oxi-
dized to yield MoO3, SO4

2– and S2
2– species and similar observations 

were also noted for WS2. Recently, a series of electrochemical stud-
ies under neutral conditions demonstrated that bulk and exfoliated 
group VIB TMDs exhibit oxidative waves ranging from 1.0 V to 1.2 V  
that arise from the oxidation of the metal centre from + 4 to + 6, 
as confirmed by comparisons to the inherent electrochemistry of 
the associated transition metal oxides25–27. Dissimilar to the dis-
elenides or disulfides, bulk and exfoliated MoTe2 and WTe2 share 
a distinct anodic wave at 0.5 V that is traced to tellurium electro-
chemistry resulting in the oxidation to TeO2 (ref. 28). The propen-
sity of the TMD towards oxidation also contributes to the inherent 
electrochemistry. The oxidation peak potential of the group VIB 
TMDs unveils an increasing trend such that WSe2 < MoSe2 < WS2 < 
MoS2 (refs 25,26). These findings coincide with previous studies that 
tungsten dichalcogenides oxidize more readily than molybdenum 
dichalcogenides and the diselenides over the disulfides29. Moreover, 
ditellurides are known to be most prone to oxidation29,30. In liquid-
phase exfoliated TMDs, Coleman and co-workers noted the absence 
of oxide impurities except for MoTe2 and WTe2 (ref. 31). Raman 
spectra indicated the presence of TeO2 in the ditellurides where 
WTe2 contained a larger amount of oxides. Chalcogen-dependence 
of the inherent electro-oxidative waves is also witnessed in vana-
dium and platinum dichalcogenides, where the intrinsic oxidation 
potentials decrease as one progresses down the chalcogen group32,33. 
Under acidic conditions for HER, the oxidation tendency of TMDs 
would not be a key consideration as the onset of hydrogen evolution 
occurs in the negative potential region.

In the pnictogen family, multi-layered phosphorene was the 
first to be investigated for its electrochemistry and found to pos-
sess a lone inherent anodic signal. The anodic signal stems from 
the oxidation of P(0) to P(V) state to result in P2O5 or H3PO4 spe-
cies34. Exposure to ambient light, moisture and air readily oxi-
dizes the surface to PxOy, which reacts further to H3PO4. Due to 
quantum confinement effects, Martel and co-workers discovered 
that such degradation of black phosphorus is thickness dependent 
whereby the extent of passivation increases as the number of lay-
ers decreases35. Other than the proclivity to oxidation, multi-layered 
phosphorene also displays a prominent oxygen reduction signal at 
–0.5 V (ref. 34). Later, an electrochemical study was extended into 
layered arsenene, antimonene and bismuthene. Voltammograms of 
the bulk pnictogens are devoid of electrochemical signals36. Upon 
shear exfoliation, native redox signals of the layered pnictogens 
materialize. Down the group, the anodic peak potentials of the exfo-
liated pnictogens become increasingly negative from –0.10 V for 
arsenene to –0.19 V for bismuthene.

In stark contrast to other 2D nanomaterials, g-C3N4 showcases 
negligible inherent electroactivity37,38. Despite the presence of nitro-
gen atoms, the cyclic voltammograms of g-C3N4 synthesized from 
different methods are featureless38. Therefore, no electroactive sur-
face functional groups exist on as-synthesized g-C3N4. Akin to pris-
tine graphene, g-C3N4 possesses a broad operational window that 
eliminates inherent interference in electrochemical applications.

The innate electrochemistry of the prototype MXene Ti3C2Tx 
has been examined recently. In an electrolyte of pH 7.0, Ti3C2Tx 
exhibits an intense irreversible oxidation signal at 430 mV that is 
absent in successive sweeps39. This signal is beneficial towards the 
electrochemical oxidation of nicotinamide adenine dinucleotide 
(NADH)39. Electrochemically oxidized Ti3C2Tx that cannot be re-
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reduced presents a stable window of operation in electrochemical 
applications.

electron transfer at 2D materials
After elucidating the inherent electrochemistry of the 2D nanoma-
terials, where these electrode materials undergo intrinsic oxidation 
or reduction, we shift our attention towards their electrode kinetics. 
The electrode kinetics fundamentally connotes the heterogeneous 
electron transfer (HET) between the electroactive molecular probes 
in solution and the solid-state electrode material. Anisotropic, elec-
tronic and surface characteristics have been found to exhibit impor-
tant implications on the electron transfer kinetics.

The anisotropy of graphene materials is manifested in the 
observed HET rates occurring on the edge and basal planes. On the 
edge planes of graphite-based highly pyrolytic graphite electrodes, 
the HET rates of the [Fe(CN)6]3–/4– redox couple are fast40. Conversely, 
the HET rates are significantly slower on the basal planes40. The same 
trend pans out for a single graphene layer whereby the HET rates of 
molecular probes like [Fe(CN)6]3–/4–, ascorbic acid and NADH are 
more rapid on the edge than the basal plane41. Additionally, defects 
in graphene materials generate faster HET rates due to a higher elec-
tronic density of states (DOS). The energy level of the defect states 
lies between conduction and valence bands in a disordered pristine 
sp2 structure. This fills the DOS within close proximity to the Fermi 
level42. On the contrary, the small overlap of valence and conduction 
bands of pristine graphene results in a low DOS at the Fermi level. 
HET rates at defect sites of chemical-vapour-deposited graphene, 
which had mechanically and chemically induced defects, were an 
order of magnitude larger compared to that of the basal plane43.

The oxygen-containing functional groups on graphene strongly 
influence HET rates towards specific electroactive probes. In a 
study involving graphene oxide and reduced graphene materials, 
it bears out that the HET rate increases as the carbon-to-oxygen 
ratio increases10. Reduced graphene oxide, where the oxygen 
groups have been eliminated, showcases an elevated HET rate and 
lower charge transfer resistance (Rct) in the [Fe(CN)6]3–/4– redox 
probe with respect to graphene oxide44. Electrostatic repulsion 
between the oxygen-containing groups in graphene oxide and 
the negatively charged [Fe(CN)6]3–/4– redox probe hinders elec-
tron transfer across the electrode–electrolyte interface, leading to 
slower HET rates in graphene oxide. Specific to surface-sensitive 
redox probes, like [Fe(CN)6]3–/4–, the effects of oxygen-containing 
moieties on HET rates do not affect surface-insensitive probes like 
[Ru(NH3)6]3+/2+ (ref. 45).

Being anisotropic, TMDs resemble graphene such that dis-
cernible electron transfer properties arise from the edge and basal 
planes. Gerischer et al. investigated the mechanism of electron 
transfer at these two orthogonal planes of MoS2 using [Fe(CN)6]3–/4–,  
Fe3+/2+ and Cu2+/+ redox probes and established a correlation to 
the electronic structure of MoS2 (ref. 46). As one might anticipate, 
the HET rate of the MoS2 edge plane surpasses that of the basal 
surface, as also seen in the case of graphene. This phenomenon is 
attributed to the substantial overlap of the dxy and −dx y2 2 orbitals of 
the Mo conduction band and orbitals of redox probes. Concurring 
with this, we ascertained that the edge plane of macroscopic MoS2 
crystals (Fig. 2) demonstrates a fast HET rate where we computed 
k0

obs =  4.96 ×  10–5 cm s–1 for [Fe(CN)6]3−/4− and 1.1 ×  10–3 cm s–1 
for [Ru(NH3)6]3+/2+ redox probes47. By contrast, the pristine basal 
plane showed sluggish HET rates, approximating zero for both 
redox probes. Exfoliation of the bulk TMD may either augment 
or worsen the HET rates towards [Fe(CN)6]3−/4−. Compared to 
the respective bulk counterparts, faster HET rates were observed 
for exfoliated MoSe2 and WS2 across conventional organolith-
ium reagents and aromatic intercalants, yet exfoliated MoS2 and 
WSe2 showed mixed responses: faster in some cases and slower 
in others depending on the intercalant26,27. Sometimes, exfoliation  

may introduce oxides that impede the electron transfer at the  
electrode–electrolyte interface.

Electrochemical treatment elicits structural and electronic mod-
ifications to the material and is a means to tailor the HET rates of 
TMDs. Zhang and co-workers prepared exfoliated MoS2 nanosheets 
from molybdenite crystal by electrochemical Li-intercalation. 
An electroreduction of the exfoliated MoS2 nanosheets conferred 
improved conductivity to the material leading to faster HET rates for 
redox probes than before treatment48. Our study on bulk and exfo-
liated MoS2 also showed higher HET rates towards [Fe(CN)6]3–/4–  
upon a preliminary reductive treatment49. Yet a preliminary oxida-
tion deteriorated the HET rates of both bulk and exfoliated MoS2. 
Density functional theory (DFT) calculations justify electron dop-
ing during electroreduction to be the primary factor stabilizing the 
1T phase, which improves the electron transfer and catalytic prop-
erties for hydrogen evolution. This study was extended to explore 
the effect of electrotreatment on the HET abilities of other groups 
of layered TMDs25,33,50. It has become a common feature across 
TMDs that electroreduction of TMDs speeds up HET rates towards 
[Fe(CN)6]3–/4– whereas an electro-oxidation may encumber the elec-
tron transfer (Fig. 3).

Dopants and impurities are known to alter their electron trans-
fer properties. N-doped graphene, with the electron-donating nitro-
gen dopants implanted by thermal exfoliation of graphite oxide in 
an ammonia-saturated environment, showcases accelerated HET 
rates towards the [Fe(CN)6]3–/4– redox couple than the undoped 
graphene51. In another case, N-doped graphene prepared through 
nitrogen plasma treatment of graphene demonstrates higher 
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Fig. 2 | anisotropic effects that influence electron transfer at 2D 
materials. a, Schematic illustration of edge and basal planes of MoS2. Inset: 
macroscopic molybdenite crystal (approx. 190 mm ×  280 mm).  
b,c, Surface morphologies of edge (b) and basal (c) planes of MoS2 by 
optical microscopy. Credit: Figure reproduced from ref. 47, Wiley
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catalytic activity in the reduction of H2O2 than before treatment52. 
Numerous reports also suggest that metal-based contaminants — 
including Ni, Fe and Co in parts per billion concentrations — in gra-
phene materials account for the enhanced electrocatalytic activity  
for analytes such as hydrazine and NaHS (refs 53,54). Similarly, the 
presence of transition metal dopants in TMDs impacts their even-

tual HET behaviour towards a [Fe(CN)6]3–/4– redox probe. Nb- and 
Ta-doped MoS2 exhibited marginally slower HET than the undoped 
MoS2 whereas a faster HET occurs upon the doping WS2 with Nb 
or Ta (ref. 55).

The anisotropic properties of black phosphorus also contribute to 
the different electron transfer rates on the edge and basal planes. For 
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both [Fe(CN)6]3–/4– and [Ru(NH3)6]3+/2+ redox probes, faster electron 
transfer was observed for the edge whereas the slow electron transfer 
rates on the basal plane manifests into poorly defined redox signals 
for the basal plane56. Likewise, the edge plane of the black phospho-
rus is more sensitive to the oxidation of ascorbic acid analyte as evi-
dent in the larger current as opposed to the mild current of the basal 
plane56. Other members of the pnictogen family reveal that shear 
exfoliation improves their electron transfer rates. There is a marked 
increase in HET rate upon shear exfoliation of the bulk pnictogens 
wherein the most accentuated increase is observed in bismuthene 
compared with its bulk state36. All shear-exfoliated pnictogens depict 
enhanced catalytic properties towards the oxidation of ascorbic acid. 
In particular, antimonene showed dramatic lowering of the oxida-
tion of ascorbic acid by 0.1 V compared with bulk Sb (ref. 36).

The effect of surface characteristics on the electron transfer prop-
erties of h-BN is evident in different current signals of h-BN immo-
bilized on various carbon-based substrates. Using a [Ru(NH3)2]3+/2+ 
redox probe, the HET rate declines with increasing h-BN mass 
deposition, which denotes slower electrode kinetics occurring on 
h-BN surfaces relative to the underlying carbon-based substrates57. 
When h-BN is modified on smooth substrates, like the glassy carbon 
electrode, the cathodic current signal shows only minor increases 
in intensity. However, there is a substantial rise in cathodic cur-
rent upon the use of h-BN modified on a screen-printed electrode, 
which presented a rough and ridged surface.

Recently, HET rates of MXenes have also been surveyed. Ti3C2, 
the archetypal MXene, which is terminated with fluorine and oxy-
gen, delayed the electron transfer kinetics of [Fe(CN)6]3–/4– (ref. 58). 
Electrochemical impedance spectroscopic measurement substanti-
ates this with a high Rct value for Ti3C2. This is in accordance to the 
slow electron transfer on a halogen-terminated diamond electrode 
as a result of the weak interaction between the anionic [Fe(CN)6]3–

/4– and the electronegative fluorine and the hydrophobic surface59. 
Upon alkalization of Ti3C2, the electronegative fluorine functional 
groups were substituted with hydroxyl groups that have lower 
electronegativity. In doing so, the alk-Ti3C2 exhibits faster electron 
transfer than before and is accompanied by a decline in Rct (ref. 58).

industrially important electrocatalysis for clean energy
In a bid to attain affordable and sustainable energy, naturally abun-
dant 2D materials are explored as electrocatalysts in energy-related 
reactions. These include HER, HOR, ORR and OER: reactions 
conventionally catalysed by expensive platinum-based materials or 
precious metal oxides such as IrO2 or RuO2. HER is the cathodic 
reaction in the electrolysis of water whereby the half-reaction is 
2H+ +  2e− →  H2. In acidic electrolytes, HER occurs in two steps. 
Commencing with proton adsorption by the Volmer mechanism: 
H+ +  e– +  M* →  M–H (where M* denotes an adsorption site on 
the catalyst), the desorption of hydrogen gas then proceeds by the 
Heyrovsky mechanism: M–H +  H+ +  e– →  H2 +  M*, or the Tafel 
mechanism: 2M–H →  H2 +  M*. HOR has the same steps as HER 
except in reverse. It is important to highlight that while 2D materi-
als such as TMDs are esteemed HER catalysts, their HOR activity  
tends to be poor. Hitherto most HOR catalysts are limited to met-
als such as Pt and Rh. Hence, research into developing 2D mate-
rial catalysts for HOR is encouraged. Complementary to the HER 
process, OER is the anodic reaction during electrochemical water  
splitting such that 2H2O →  O2 +  4H+ +  4e– in acidic electrolytes 
or 4OH– →  2H2O +  O2 +  4e– under neutral or alkaline conditions.  
A single O2 molecule produced by OER requires four proton and 
electron transfers in multiple steps and is considered the primary 
source of inefficiency in most electrolyser systems. ORR is a per-
tinent reaction in the majority of energy conversion and storage 
devices; for example, in fuel cells and rechargeable metal–air bat-
teries. ORR proceeds via a direct four-electron pathway or a two-
step two-electron process that produces a H2O2 intermediate. The 

carbon dioxide reduction reaction (CO2RR) is another promising 
energy conversion process, which reduces CO2 into a number of 
useful products including carbon monoxide, formate or methane, 
amongst others. Due to the assorted products in CO2RR, many pro-
tons, electrons and intermediates are involved.

Mass transfer effects, anisotropy and intrinsic activity of the 
material dominate the electrocatalytic efficiency of the 2D materi-
als. Mass transfer effects are closely related to the surface structure 
of material. The anisotropy factor in electrocatalysis is established 
in the distinct catalytic sites of the 2D material. The intrinsic activ-
ity of the material for an electrocatalyst system is evaluated by a 
volcano-plot relationship, which is a quantitative depiction of the 
Sabatier’s principle. Ideally, an active catalyst binds to the reaction 
intermediates neither too strongly nor too weakly. Catalyst supports 
are also employed for catalyst design to optimize the activity. The 
main 2D catalysts are presented in Table 1.

Mass transport. Favourable mass transport is crucial in highly 
active catalysts because the rapid depletion of interfacial reactant 
species (H+ or OH–) and generation of gaseous products hinder 
reaction rates. Thus, continuous reactant supply and rapid gas 
release are required to maintain the high reaction efficiency. In 2D 
catalysts, the interstitial spaces between adjacent sheets have been 
adopted as 2D channels to facilitate mass transport in liquid and 
gaseous phases60,61. Incorporating spacers into MoS2 nanosheets 
yielded open, robust and connective channels to achieve accessible 
surface area and improved ion diffusion, with overall enhanced 
HER catalyst performance (Fig. 4)61.

Activity at the edges. The anisotropic factor of 2D materials 
towards their catalytic properties is demonstrated in the active 
edges and inert basal planes. Atoms residing on the edges of 2D 
materials are exposed to a different chemical environment than 
other parts of the materials with greater propensity for unsaturated 
coordination compared with basal planes, which are generally of 
saturated coordination. As the edge sites are responsible for the 
catalytic activity of the 2D materials, it becomes crucial to optimize 
the edge structure to enhance their performance. This section high-
lights prominent studies on edges as active centres of 2D materials  
in various catalyses.

Graphene edges were experimentally shown to possess higher 
ORR activity than the basal plane41. Graphene edges often contain 
oxygen groups at the terminals due to oxidation or the starting 
graphite material. As these oxygen groups may influence the ORR 
activity, liquid-assisted mechanical exfoliation of graphite was able 
to acquire graphene with low oxygen content to minimize the effect 
of oxygen groups on ORR62. By this method, nanosized graphene 
confirmed the abundance of edge sites as the primary reason for 
enhanced ORR activity. Zigzag edges are the active sites given the 
propitious thermodynamics. Armchair edges were deemed as inac-
tive due to the strong adsorption of the –OH species that inhibits 
the active sites for oxygen binding63. To eliminate the effect of dop-
ants, an edge-rich and dopant-free graphene demonstrating effi-
cient ORR activity has been developed using Ar plasma-etching64. 
The edge-rich graphene outperformed the pristine graphene with 
a lower onset potential and higher current density in ORR electro-
catalysis. Absence of dopants in the graphene obtained by plasma-
etching provides an ideal model to ascertain the role of edges as 
the ORR active sites on graphene. Similar to graphene, the edges 
of h-BN are inferred to be the active sites for ORR in a study per-
formed on Au electrodes that concluded with a lower ORR over-
potential observed for the h-BN nanosheets than BN nanotubes65. 
BN nanotubes showed few B- and N-edge structures whereas wide-
spread edge structures were noted in BN nanosheets.

In HER electrocatalysis, the edges of TMDs are the catalytic 
sites as experimentally documented in 2H-MoS2. By examining a 
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monolayer of MoS2 nanoparticles of various sizes deposited on a 
Au(111) surface, HER activity showed a linear correlation with the 
number of edge sites on the MoS2 catalyst66. A prominent example 
of attaining a high fraction of exposed edge sites is the synthesis of a 
mesoporous MoS2 structure with double-gyroid morphology67. The 

curvature of the double-gyroid MoS2 catalyst exposes a high density 
of edge sites that resulted in enhanced HER activity. The orienta-
tion of the TMDs on the substrate is another consideration whereby 
MoS2, MoSe2 and WSe2 films were aligned vertically on substrates, 
which maximized their edge-termination, to enhance the catalytic 

Table 1 | Summary of key 2D catalysts for catalytic applications

2D catalyst Synthesis application Performance parameters ref.

Graphene, C3N4 and BN materials
Graphene Ionic liquid-assisted mechanical 

exfoliation; gradient centrifugation
ORR Onset potential:− 0.13 V vs Ag/AgClCurrent 

density:− 3.85 mA cm–2 at − 1 V vs Ag/AgCl
62

N-doped graphene nanosheets Prepared by the reaction of graphene 
nanosheets with NH3

ORR Specific activity at 0.5 V:0.07 to 0.13 
electron s–1 pyri-N–1

81

Porous BCN nanosheets Prepared by polymer sol–gel method ORR Onset potential: 0.94 V 86

N-doped graphene High-temperature pyrolysis of graphene 
oxide and melamine under an N2 
atmosphere

CO2RR Onset potential: –300 mVTafel slope: 135 
mV dec–1Maximum Faradaic efficiency of 
formate production: ~73%

91

N-doped, O-functionalized and edge/
defect-rich graphene nanosheets on 
carbon cloth

Micro-wave plasma enhanced chemical 
vapour deposition

OER Overpotential:351 mV at –10 mA cm–2Tafel 
slope: 38 mV dec−1

92

Co–C3N4/carbon nanotube Polymerization reaction from 
dicyandiamide and CoCl2∙ 6H2O; 
annealing; polycondensation reactions

ORR and OER ORR onset potential: 0.9 VOER onset 
potential: 1.5 VOER potential of 1.61 V at 10 
mA cm–2Tafel slope: 68.4 mV dec–1

94

transition metal dichalcogenides
Channelled-engineered MoS2 Hydrothermal method; intercalation of 

carbon black particles
HER Overpotential:360 mV at –100 mA cm–

2Tafel slope: 39.4 mV dec–1
61

Double-gyroid MoS2 Electrodeposition on Si template; 
sulfidation with H2S; etching of Si 
template

HER Tafel slope: 50 mV dec–1 67

MoSe2 nanofilms on carbon fibre paper Deposition of Mo films on Si nanowires 
by magnetron sputtering; selenization

HER Tafel slope: 59.8 to 63.9 mV dec–1Exchange 
current density:3.8 ×  10–4 to 2.8 ×  10–3 mA 
cm–2

68

1T-MoS2 nanosheets Chemical exfoliation by Li intercalation HER Overpotential:187 mV at –10 mA cm–2Tafel 
slope: 43 mV dec–1

71

MoS2 Commercially obtained CO2RR Overpotential:54 mV at –3.4 mA cm–2Onset 
potential: –0.164 VReduction current 
intensity:65 mA cm−2 at − 0.764 VFaradaic 
efficiency of CO formation: ~98%

74

WSe2 nanoflakes Chemical vapour transport CO2RR Overpotential:54 mV at –18.95 mA cm–

2Reduction current intensity:330 mA cm−2 
at − 0.764 VTurnover frequency: 0.28 s−1

75

layered double hydroxides
Exfoliated CoCo, NiCo and NiFe LDHs CoCo and NiCo LDHs were prepared via 

a topochemical approach; NiFe LDH was 
obtained by a hydrothermal process; 
inter-layer anion exchange

OER Overpotential:300–350 mV at 10 mA 
cm–2Tafel slope: 40 to 45 mV dec–1

76

Ultrafine NiFe-LDH Ultrasonication of LDH monolayer 
precursor in formamide

OER Overpotential:254 mV at 10 mA cm–2Tafel 
slope: 32 mV dec–1

77

Exfoliated CoFe-LDH nanosheets Water–plasma‐enabled exfoliation OER Overpotential:232 mV at 10 mA cm–2Tafel 
slope: 36 mV dec–1

95

Black phosphorus
Few-layer black phosphorus 
nanosheets

Liquid exfoliation; centrifugation OER Onset potential:1.45 V at 0.1 mA cm−2Tafel 
slope: 88 mV dec–1

78

Te-doped black phosphorus Chemical vapour transport reaction; in 
situ surface doping

OER Onset potential: 1.49 V 93

MXenes

Mo2CTx HF etching of the parent ternary carbides 
Mo2Ga2C

HER Overpotential:283 mV at –10 mA cm–2Tafel 
slope: 70 to 82 mV dec–1

73

All potentials are reported versus reversible hydrogen electrode (RHE) unless otherwise indicated.
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HER efficiency68. However, studies have suggested that the basal 
planes of the metallic 1T-phase of TMDs, like their edges, are also 
active towards HER69,70. Exfoliated 1T-phase group VIB TMDs 
nanosheets exhibited superior catalytic HER activity to that of the 
2H-phase as exemplified in the low Tafel slope of 1T-MoS2 of 43 mV 
dec–1 due to an increase in the number of active sites and the higher 
conductivity of the 1T-phase of TMDs71,72. Besides TMDs as HER 
electrocatalysts, MXenes equipped with O* or OH* termination are 
also promising candidates though pristine MXenes are rarely used 
as catalysts given their low activity. It is interesting to highlight that 
the O* basal planes of most MXenes are active for HER. In particu-
lar, delamination of Mo2CTx improved HER activity despite having 
a higher fraction of exposed basal planes73.

Surprisingly, edges of TMDs are also active for CO2RR in the 
presence of ionic liquids as co-catalysts despite being the active sites 
for HER, a competing reaction to CO2RR in acidic conditions. CO2 
reduction to CO occurs at the Mo-terminated edges of MoS2 due to 
their metallic character and high d-electron density74. The ionic liquid, 
1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF4), stabi-
lizes CO2 via complex formation and deters HER. A series of TMD 
nanoflakes including WS2 and WSe2 possessing higher density of edges 
than their bulk counterparts exhibit enhanced CO2RR catalysis75. This 
is most accentuated for WSe2 nanoflakes terminated with W atoms.

Among 2D materials, layered metal oxides and LDHs are most 
frequently exploited as OER catalysts attributed to their outstanding 
OER efficiency where edges account for their OER activity. A liq-
uid-phase exfoliation of bulk LDHs (NiFe, NiCo, CoCo) into mono-
layers resulted in up to 4.5 times higher OER catalysis than before, 
comparable to IrO2 catalysts (Fig. 5)76. Moreover, OER activity is 
further improved upon fracturing single-layered NiFe LDHs into 
ultrafine nanosheets of < 3 nm thickness with maximally exposed 
edges77. When black phosphorus is thinned into nanosheets by liq-
uid exfoliation followed by centrifugation, additional OER-active 
sites are generated. These generated sites are proposed to be the 
edges78. Compared with bulk phosphorus, the nanosheets exhibit 
improved OER performance with an onset at 1.45 V and Tafel slope 
of 88 mV dec–1 (ref. 78).

Introducing impurities and defects. Although 2D materials show-
case innate activity towards electrocatalysis originating from their 
active sites, in their pristine states electrocatalysis is limited by the 
number of active sites and is only mild. Therefore, introducing 
impurities such as dopants or even additional functional groups 
can maximize the intrinsic activity of 2D materials for catalyses. As 
edges are the catalytically active sites of the 2D materials, doping 
or attaching functional groups at the edges could amplify changes 
to their catalytic performance. Doping or functionalization at basal 
sites could tweak the intrinsic activity of inert basal planes. Defect 
engineering is an established method to enhance the intrinsic activ-
ity of active sites. Surface structural defects encompass edges with 
low coordination numbers; hence the dangling bonds, and the pres-
ence of atom vacancies.

Among 2D materials, the doping of graphene and h-BN materials 
is a conventional strategy to optimize their ORR catalytic properties. 
Graphene sheets doped with heteroatoms have demonstrated high 
electrocatalytic activity for ORR. Heteroatom doping modulates the 
chemical reactivity and electronic properties of graphene. Amongst 
all heteroatom-doped graphene, N-doped graphene is most exten-
sively investigated. Dai and co-workers reported N-doped graphene, 
which was prepared by chemical vapour deposition, as an efficient 
metal-free ORR electrocatalyst that undergoes a direct four-elec-
tron pathway in alkaline conditions79. The origin of ORR catalytic 
activity is traced to graphitic and pyridinic N moieties. Graphitic N 
transfers the electron density to the graphene lattice, strengthening 
the nucleophilicity of adjacent carbon atoms and, in turn, facilitates 
oxygen adsorption80. Pyridinic N functions as an ORR active site81. 
Substitution of multiple heteroatoms in graphene to yield dual-
doped graphene elicits synergistic effects. For example, co-doping of 
B and N in graphene resulted in ORR activity that was almost Pt-like, 
superior to that of its singly doped B or N counterparts82. Within a 
B–C–N hetero-ring in graphene, N is an electron-withdrawing group 
that activates B to become the active site. This synergy decreases with 
increasing distance between B and pyridinic-N atoms. Presence of 
metal dopants also enhances the electrocatalytic performance of gra-
phene. Traces of Mn (0.0018 wt%) are responsible for ORR activity 
in metal-free graphene83. Carbon-doping of h-BN nanosheets mani-
fests high spin and charge density that lowers the energy gap, there-
fore promoting oxygen adsorption and facilitating an ORR pathway 
requiring a lower barrier than a Pt-based catalyst84. Decorating Au 
nanoparticles on the surface of h-BN nanosheets reduced the ORR 
overpotential by 0.5 V compared with before due to the stabiliza-
tion of an adsorbed O atom by the Au8 cluster that supported the 
four-electron pathway85. Incorporating the merits of graphene and 
h-BN, porous BCN nanosheets are created using a polymer sol–gel 
method86. Apart from the high concentration of pyridinic N, which 
accelerates oxygen adsorption, the B–N–C groups at the edges 
enable OH adsorption and O protonation processes. Hence, porous 
BCN nanosheets exhibit commendable catalytic ORR behaviour in 
both alkaline and acidic conditions, rivalling that of Pt/C.
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Incorporating metals or non-metallic atoms also effectively 
improves the intrinsic HER catalytic activity of TMDs. It is estab-
lished that a key criterion to estimate the intrinsic activity for HER 
is correlated to the Gibbs free energy of adsorbed H (∆ GH) where 
a near-zero value is ideal for a HER catalyst. After doping the S 
edge of MoS2 and WS2 with Co, ∆ GH of the S edge in both TMDs 
became more favourable for HER as confirmed theoretically and 
experimentally24. The inert S edges and basal planes of 2H-MoS2 
were also activated by P-doping, evident in the reduction of Mo 
valence charge and the lowering of ∆ GH for the nearby S atoms 
of P towards zero87. Therefore, P-doped 2H-MoS2 exhibited onset 
potential (130 mV) and low Tafel slope (49 mV dec−1); both are 
attributes of superior HER electrocatalytic activity compared with 
the undoped 2H-MoS2.

Although the basal plane of graphene has a large positive ∆ GH, 
which inhibits HER, doping graphene with heteroatoms results in 
modified electronic properties that improve HER. Qiao and co-
workers evaluated various single and dual heteroatom-doped gra-
phene by combining both experimental and DFT calculations88. 
The lowering of ∆ GH on the basal planes of B-, N-, S- and P-doped 
graphene to over a range of 0.6 to 1 eV was computed for the C atom 
adjacent to the dopant element which is deemed as the HER-active 
site on graphene. These singly doped graphene materials showed 
a Tafel slope ~120 mV dec–1 corresponding to the adsorption step 
being rate-determining. Dual doping could enhance their intrinsic 
HER activity further, whereby N,S-doped graphene and N,P-doped 
graphene showcase lower overpotential than that of the singly-
doped control sample. It is also important to acknowledge that the 
HER performance of these doped graphene materials paled in com-
parison to MoS2.

Introducing functional groups on the basal plane may alter the 
HER activity of MXenes73,89. By experimental and theoretical meth-
ods, a recent study examined the effect of functionalization (Tx) on 
the HER of Ti- and Mo-based MXenes89. Higher fluorine coverage 
on the basal plane of Ti3C2Tx demonstrated lower HER activity. 
Similarly, Mo2CTx at low fluorine coverage on the basal plane was 
found to be an active and stable HER catalyst with an overpotential 
of 189 mV at –10 mA cm–2.

Heteroatom-doped graphene catalysts have also been frequently 
explored for CO2RR. B- and N-doped graphene, respectively, dem-
onstrate efficient formate and CO production90,91. The asymmetric 
charge and spin density in B-graphene led to active B and C atoms 
for chemisorption, whereas the pyridinic N is identified as the 
active adsorption site for intermediate COOH* to form CO. Thus, 
the type of dopant could present a potential point of control to effect 
selective CO2RR for desired products.

Doped 2D materials are also predominant in OER cataly-
sis. Chief amongst graphene-based OER catalysts, a recent work 
designed N-doped, O-functionalized and edge-rich graphene 
nanosheets on a carbon cloth92. The combination of numerous 
functional groups and active sites on the surface of the graphene 
nanosheets led to an outstanding OER activity. This catalyst design 
outperformed undoped graphene with an overpotential of 351 mV 
and Tafel slope of 38 mV dec–1, surpassing that of the state-of-the-
art OER catalysts like RuO2. Being a relatively new addition to the 
class of 2D materials, doping of black phosphorus has also been 
explored to improve the capability as an OER catalyst. Te-doped 
black phosphorus nanosheets that were acquired by chemical 
vapour transport followed by subsequent liquid exfoliation, mani-
fested lower OER onset potential than the undoped nanosheets93. 
Interestingly, g-C3N4 when incorporated with transition metals 
show bifunctional properties as ORR and OER catalysts as dem-
onstrated in a series of metal-C3N4 complexes94. One example is 
Co-C3N4 wherein the Co-N2 moiety occurs in the C3N4 matrix. The 
altered d-band position led to favourable adsorption energy of ORR 
and OER intermediates.

Although the creation of structural defects is known to improve 
activity of 2D materials for various electrocatalytic reactions, this 
strategy has been most popularly utilized on LDHs to modify elec-
tronic structure and hence, achieve higher OER performance (Fig. 6).  
Defects in the form of oxygen and metal vacancies tailor the elec-
tronic properties of the surface due to their electron and orbital dis-
tribution. Metal vacancies elevate the valency of metal centres in 
proximity and improve OER activity. Exfoliation of CoFe-LDHs via 
plasma techniques resulted in multiple vacancies of Co, Fe and O 
(refs 95,96). These vacancies are postulated to lower the adsorption 
energy of water and facilitate OER. The water-plasma exfoliated 
CoFe-LDH nanosheets exhibited outstanding OER catalytic activ-
ity with an overpotential of 232 mV and Tafel slope of 36 mV dec–1.

Catalyst support. Mounting 2D catalysts on supports with high 
specific surface area is an efficient strategy to develop enhanced 
catalyst performance. Carbon supports are attractive and widely 
utilized due to a suitable dispersion platform that promotes efficient 
electron transfer. Compared to NiFe-LDH or NiFe-LDH mixed with 
carbon nanotubes, solvothermal synthesis of ultrathin NiFe-LDH 
grown on oxidized carbon nanotubes showcased higher OER activ-
ity97. Strong interactions between NiFe-LDH and carbon nanotubes 
strengthened electron transfer kinetics for OER. Heteroatom dop-
ing and addition of functional groups to carbon supports are also 
effective at facilitating interactions between catalyst and support.  
A 3D catalyst with NiCo-LDH grown on N-doped graphene hydro-
gels outperformed that grown on the undoped graphene98. The 
enhanced HER performance of MoS2 nanoparticles prepared on 
reduced graphene oxides (RGO) relative to the absence of RGO 
highlighted that the use of RGO provided a well nanoparticle 
dispersion that increased the accessibility of edge sites and better  
electron transport99.

Conclusion and future outlook
The rich electrochemistry of 2D materials provides opportunities to 
discover their applications in energy catalysis. Despite the diversity 
of 2D materials, their resultant electrocatalytic and charge transfer 
properties are attributed to anisotropy and surface characteristics. 
We shed light on the inherent electrochemistry arising from intrin-
sic elemental make-up, surface oxides or oxygen groups. Across 
most 2D materials, edges display faster electron transfer and higher 
electrocatalytic activity against the sluggish electron transfer of 
basal planes. The role of surface impurities or additional functional 
groups may also modify electron transfer properties.

2D materials have garnered much success in ORR, HER, OER 
and CO2RR electrocatalysis where the edges are the catalytic active 
centres. Nanostructuring materials to attain optimal morphology 
or exfoliation of materials into thinner and smaller nanoflakes are 
often implemented to increase density of active edge sites. Using 
catalyst supports further improves the accessibility of these active 
sites. Integration of dopants and functional groups also enhances 
intrinsic catalytic activity. Broadly, graphene is a forthcoming 
choice as an ORR catalyst, TMDs takes the helm as an intrinsic HER 
electrocatalyst while LDHs and associated oxides are best for cata-
lysing OER. Burgeoning research into MXenes also showed poten-
tial as HER catalysts. The use of 2D materials as CO2RR has room 
for expansion as works to date mainly report TMDs and graphene-
based materials. The challenge in CO2RR also lies in fabricating cat-
alysts with high product selectivity. Employing 2D materials such as 
h-BN, g-C3N4 and the pnictogens as energy-related electrocatalysts 
is limited and further investigations would elucidate their catalytic 
potential. Beyond TMDs and graphene, MXenes are the next prom-
ising electrocatalysts and are predicted to outperform the TMDs 
because the basal planes of MXenes upon functionalization may 
become catalytic and function as additional active sites. Published 
works for h-BN, g-C3N4 and the pnictogens as electrocatalysts are 
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currently few, though efforts have been undertaken either by doping 
or developing hybrids with better catalytic attributes.

Moving forward, the field of 2D nanomaterials is brimming with 
possibilities. The development of hybrid 2D materials by integrat-
ing two or more materials could create novel composite structures 
that display unique functionality and tailored properties for specific 
applications. Anisotropy and surface characteristics could serve as 
guidelines when designing different compounds.
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