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a b s t r a c t 

Nanocarbons are of progressively increasing importance in energy electrocatalysis, including oxygen re- 
duction, oxygen evolution, hydrogen evolution, CO 2 reduction, etc. Precious-metal-free or metal-free 
nanocarbon-based electrocatalysts have been revealed to potentially have effective activity and remark- 
able durability, which is promising to replace precious metals in some important energy technologies, 
such as fuel cells, metal–air batteries, and water splitting. In this review, rather than overviewing re- 
cent progress completely, we aim to give an in-depth digestion of present achievements, focusing on the 
different roles of nanocarbons and material design principles. The multifunctionalities of nanocarbon sub- 
strates (accelerating the electron and mass transport, regulating the incorporation of active components, 
manipulating electron structures, generating confinement effects, assembly into 3D free-standing elec- 
trodes) and the intrinsic activity of nanocarbon catalysts (multi-heteroatom doping, hierarchical structure, 
topological defects) are discussed systematically, with perspectives on the further research in this rising 
research field. This review is inspiring for more insights and methodical research in mechanism under- 
standing, material design, and device optimization, leading to a targeted and high-efficiency development 
of energy electrocatalysis. 
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1. Introduction 

The ultimate goal of the future energy scenario is to replace

fossil fuels with sustainable and renewable energies, including so-

lar, wind, hydro and geothermal heat [1,2] . To efficiently and reli-

ably utilize these energies in transportation or stationary manners,

advanced energy storage and conversion technologies are prereq-

uisite, such as fuel cells [3,4] , water splitting [5] , solar cells [6] ,

lithium ion batteries [2] , lithium–sulfur batteries [7] , metal–air

batteries [8] , supercapacitors [9] . Especially, photo-/electrocatalytic

water splitting use solar or electric energies produced from re-

newable sources to generate clean H 2 , and then fuel cells directly

convert the chemical energy stored in hydrogen into electricity

on demand for next-generation sustainable energy system [10–12] .

Metal–air batteries (e.g . , lithium–air battery [13] , and zinc–air bat-

tery [14] ) can utilize the inexhaustible oxygen from air as the re-

actant in breathing cathodes like that in fuel cells, and therefore

leading to much higher theoretical energy densities than current

commercialized batteries. Tremendous efforts have been made to

improve the performances of these energy storage and conversion

technologies [15,16] , in which electrochemistry plays the critical

role with a series of electrocatalysis, including the oxygen reduc-

tion reaction (ORR) [17–19] at the cathode of metal–air batteries

or fuel cells ( Fig. 1 ), oxygen evolution reaction (OER) [20,21] and

hydrogen evolution reaction (HER) [22] at the anode and cathode

of water electrolyzers ( Fig. 1 ), as well as emerging CO 2 reduction

[23–25] in solid oxide electrolysis cells, liquid fuel conversion de-

vices, and other energy catalysis devices. 

However, these heterogeneous electrocatalytic reactions involve

multi-step proton-coupled electron transfer and only occur at

triple-phase boundary regions, leading to sluggish kinetics and ur-

gent requirement of effective electrocatalysts. After decades of re-

search, it has been well demonstrated nanocarbon materials are
Fig. 1. (a) Schematic illustration of water splitting, fuel cells [43] , and (b) metal–air batte

involving and oxygen-involving reactions [47] . 
f progressively increasing importance in energy electrocatalysis

26] . Various nanocarbons have been developed and revealed to

ring about exciting possibilities, including the low-dimensional

asic members (carbon nanotubes (CNTs), graphene, fullerene, and

heir derivatives), doped or functionalized nanocarbons, and hy-

rid or nano-architectured materials [27] . For the commercial and

tate-of-the-art precious metal-based catalysts (Pt/C, Ir/C, IrO 2 ,

uO 2 , etc.), the employment of nanocarbons instead of routine

arbon black (CB) can enhance the metal utilization, reduce the

etal loading, enhance the stability and fuel-selectivity [27] . When

trongly coupled with certain inorganic or organic nanomaterials,

he nanocarbons can serve as multifunctional substrates to accel-

rate the 3D electron and mass transfer, modify the composite

rowth, endow inter-component charge transfer, bring about con-

nement effects, or assembly into self-supported electrodes, re-

ulting in significantly enhanced performances [28,29] . More di-

ectly, the functionalized nanocarbons with specific heteroatom

oping, hierarchical structure, edge sites, intrinsic topological de-

ects, or metal −nitrogen −carbon moieties are demonstrated to be

utstanding electrocatalysts and even comparable to precious met-

ls. Nanocarbon materials have witnessed and promoted the de-

elopment of energy materials and electrocatalysis far more than

lassical carbon and other materials. This is contributed from

he unique size/surface-dependent and facilely tunable properties

hich are critical for the electrocatalytic performances, such as

he regulation of electronic structures through heteroatom doping,

he adaption of hierarchical porosity by engineering integration of

uilding blocks, and the modulation of surface chemistry through

unctional groups [27] . 

Up to date, numerous nanocarbon-based materials with dis-

inct properties and structures have been proposed to replace

he precious metal catalysts aiming at high-efficient and cost-

ffective ener gy electrocatalysis, including ORR, OER and HER

30,31] . Whereas, the research is dominantly based on trial-and-

rror approaches and the dazzling achievements confuse the fur-

her targeted improvement with respect to active origin [32] , ma-

erial design [33–35] , electrolyte optimization [36] , and device

ntegration [37,38] . The resultant electrocatalytic performance of

anocarbon-based materials is strongly related to the intrinsic

roperties, active sites, hierarchical porosities, and hybrid struc-

ures. Many excellent reviews on related topics have been al-

eady published, including carbon-supported precious metal cat-

lysts [39] , carbon-based metal-free catalysts [31,40,41] , strongly

oupled carbon/inorganic hybrids [28,42] , catalytic activity origins

nd engineering principles [40,43–45] . 
ries [46] with specific electrocatalysis. (c) Typical polarization curves of hydrogen- 
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Fig. 2. Scheme of strongly coupled nanocarbon/inorganic nanomaterial hybrids 
with different nanostructures, including (a) 0D carbon quantum dots, (b) 1D CNTs, 
(c) 2D graphene, and (d) 3D graphene framework, which can be further classified 
into micro-, meso-, and macro-scale hybrids according to the structure of graphene 
substrates [29] . 
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In this review, rather than giving a complete overview over all

ecent progress, we will focus on the different roles of nanocarbons

nd material design strategies to utilize nanocarbons in the field

f energy electrocatalysis. The multifunctionalities of nanocarbon

ubstrates and the activity origins of nanocarbon catalysts are dis-

ussed systematically in order to provide an in-depth digestion of

revious achievements and afford bases for a more rational and ef-

ective utilization of nanocarbon materials. More attention will be

aid to the efficient methods for material synthesis, the relation-

hip between structure and activity, and the optimization princi-

les for nanocarbon-based electrocatalysts. We hope this review is

ble to inspire more insights for mechanism understanding, ma-

erial design, and device optimization, leading to a targeted and

igh-efficiency development of sustainable energy electrocatalysis. 

. Nanocarbons as multifunctional substrates 

Compared with traditional carbon materials, nanocarbons al-

ays exhibit higher electrical conductivity, larger surface area,

unable structural hierarchy, ultra-thin graphitic layer, and low-

imensional properties [4 8,4 9] . These unique features render

anocarbons with multifunctionalities to strongly couple with

ther catalytically active components, and result in significantly

nhanced performances. Several typical structures of the nanocar-

on/active component hybrids are shown in Fig. 2 according to the

ype of nanocarbon materials [29] . 

In many cases, the highly active components (such as metal

xide/hydroxide/sulfide) are poorly conductive and in the pow-

ery form, resulting in high charge transfer resistance, low utiliza-

ion efficiency, inevitable particle aggregation and limited stabil-

ty of catalysts. The use of nanocarbon materials can reduce these

rawbacks. Dai’s group firstly reported the Co 3 O 4 /graphene hy-

rid as bifunctional ORR/OER catalysts [50] and NiFe layered dou-

le hydroxide (LDH)/CNT hybrid for OER [51] . The introduction of

anocarbon components substantially increased the catalytic ac-

ivity of pristine active components and led to superior stabil-

ty to precious metals, attributed to the enhanced electron/mass

ransport and synergetic chemical coupling effects. Additionally,

he functional groups on nanocarbon surface together with the mi-

ro/mesoporous morphology can modify the incorporation of ac-

ive components, benefit the stable dispersion of catalytic active

anoparticles and improve the utilization efficiency. The strongly

oupled interface or confinement effect can effectively manipu-

ate the electron structures and adsorption energy. Such strongly
oupled interface is also confirmed in other multi-electron reac-

ions in rechargeable batteries [52,53] . 

Furthermore, the low-dimensional nanocarbon materials pro- 

ide feasibility to construct advanced 3D interconnected and free-

tanding scaffolds with smooth pathways for full penetration of

lectrolyte and rapid gas emission. In this section, we will sum-

arize the recent progress according to these functionalities and

oles, aiming at a clear description of how to utilize nanocarbons

n high-efficiency hybrid electrocatalysts. 

.1. Accelerate the electron and mass transport 

CNTs, graphene, and carbon quantum dots have been widely

mployed to strongly couple with active components via direct

rowth or post-treatment, aiming at accelerating the electron

nd mass transport and improving the catalytic performances

51,54–59] . 

Graphene, especially the reduced graphene oxides, is the most

avorable substrate due to the high surface area, 2D lamellar struc-

ure, abundant functional groups on surface, and facility to be as-

embled into 3D porous frameworks. As shown in Fig. 3 (a and

), a hydrogel-based OER electrocatalyst was fabricated via the

ncorporation of NiCo hydroxides into N-doped graphene hydro-

els [60] . The graphene was assembled into a well-developed 3D

nterconnected porous network after hydrothermal treatment and

hen sheet-like hydroxide species were heterogeneously deposited

nto graphene sheets. The dual active sites from N-doping and

iCo species, and high wettability of hydrogels contributed to ex-

ellent catalytic efficiency and great durability, much better than

hat of the state-of-the-art IrO 2 catalysts ( Fig. 3 (c)). Moreover,

he graphene provided 3D highly conductive network and well-

efined macro/mesoporosity, leading to effective charge and mass

ransport. The catalytic current was less affected by scan rates

 Fig. 3 (d)), suggesting the importance of 3D architecture for effi-

ient transport and improved performance [60] . 

Conductive and porous carbon materials have been selected to

erve as the support for Pt-based nanoparticles for a long time.

arbon black (Vulcan XC 72) is still the main support presently

sed in commercial fuel cells [27,39] . On one hand, the uni-

orm pore structure can limit the nanoparticle size, protect them

gainst detachment, aggregation, and dissolution, and also fa-

ilitate mass diffusion. On the other hand, the conductive net-

ork connects electrochemically isolated Pt nanoparticles, reduces

he resistance, and improves the Pt utilization efficiency. How-

ver, for those nanostructured carbon substrates, the porosity and

onductivity are always interrelated and mutually influenced. Al-

ernatively, single-walled carbon nanotubes (SWCNTs) [61] and

raphene [62] are revealed to be more favorable substrates. Com-

ared with commercial Pt/CB catalysts, the Pt/SWCNT exhibited

uch higher utilization efficiency (93% versus 34%), 3 times higher

lectrochemically active surface area (ECSA), more positive poten-

ial, and greatly enhanced electrocatalytic activity [61] . Besides, a

-fold higher diffusion rate of reactants was observed, which was

ontributed to the ballistic diffusion occurring inside SWCNTs [61] .

 better balance between the conductivity and porosity can be

chieved using the graphene-based mesoporous carbon (G-mC) as

ubstrate [62] . The mesoporous carbon layer was fabricated via car-

onization of sucrose with mesoporous silica as template on both

ides of graphene ( Fig. 3 (e)). The presence of graphene remark-

bly increased the electrical conductivity, and the mesoporous sur-

ace protected Pt nanoparticles against aggregation, encapsulation,

nd detachment ( Fig. 3 (f)), and reduced the diffusion path of elec-

rolytes as well. As a result, the electrocatalytic activity, durability

nd utilization of Pt/carbon catalysts was highly improved [62] . 
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Fig. 3. Nanocarbons accelerate the electron and mass transport. (a) SEM and (b) 
TEM images of NG-NiCo. (c) Linear sweep voltammetry (LSV) plots obtained at 
50 mV s −1 in 0.10 M KOH. (d) LSV plots obtained at different scan rates [60] . (e) 
Schematic illustration of the synthesis of different Pt/carbon catalysts. (f) TEM im- 
age of G-mC-Pt. (g) Methanol oxidation peak current as a function of the cycle num- 
ber [62] . 
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2.2. Modify the incorporation of active components 

In regards to the strongly coupled hybrids of nanocarbons

and active components, the enhanced catalytic performance is al-

ways achieved due to the active sites from active components

and/or nanocarbons [63,64] , and the improved electrical conduc-

tivity and mass transport from nanocarbons [65–67] . Such concept

is widely accepted when carbon materials serve as hosts to accom-

modate active materials in various batteries [68–73] and superca-

pacitors [74–77] . Additionally, the nanocarbons can also play im-

portant roles to directly and significantly modify the obtained mor-

phologies and properties of active components during the com-

posite/hybrid fabrication, leading to optimal structure and perfor-

mances [78–84] . 

Zhang’s group proposed the spatial confine strategy to facilely

manipulate the hybridization and improve the catalytic perfor-

mance of nanocarbon/inorganic systems [57,85–87] . A nitrogen-

doped mesoporous graphene framework was fabricated by tem-

plated growth and employed as the substrate ( Fig. 4 (a)) [57] .

Both nitrogen dopants and topology-induced defects of graphene
ontributed to the defect-anchored nucleation, and then the meso-

ores served as nanoreactors for spatially confined growth, re-

ulting in strongly coupled and uniformly dispersed nano-sized

iFe LDHs ( Fig. 4 (b and c)). Consequently, the as-obtained NiFe

DH/graphene hybrid was demonstrated to outperform the com-

ercial Ir/C catalysts for OER, with significantly higher activities

overpotential required for 10 mA cm −2 : ∼337 mV), improved ki-

etics (Tafel slope: ∼ 45 mV dec −1 ), and enhanced durability for

xygen evolution in alkaline conditions. This unique structure pro-

ided a nice platform for the study of catalytic mechanism of the

iFe LDHs [85] and can be generalized to other nanocarbon mate-

ials or active components, such as graphene/CNT hybrids [86] and

ransition metal hydroxysulfides/oxysulfides [87] . 

In addition to the inorganic active components (e.g . , metal [89] ,

lloys [90,91] , oxides [92,93] , carbides [94] , sulfides [95] , hydrox-

des [96–98] , hydrofluoride [99] , hydroxysulfides [87] , and oxysul-

des [100] , etc.), nanocarbon materials also afford favorable sur-

aces for the tunable deposition of organic active components,

uch as graphitic carbon nitrides (g-C 3 N 4 ) [101–103] , metal organic

rameworks [104] , covalent organic framework [105,106] , metal

orphyrins/phthalocyanines [107,108] , etc. For instance, metal por-

hyrin clusters can be in-situ immobilized on partly reduced

raphene oxide, leading to evenly distributed nanoparticles via

−π stacking interactions, hydrogen bonding, and electrostatic in-

eractions [107] . The strong π−π interactions between cobalt ph-

halocyanine (CoPc) and CNTs endowed effective anchoring of CoPc

olecules on CNT surface under sonication and magnetic stirring

n N,N -dimethyl formamide [88] . The as-obtained CoPc/CNT hybrid

esembled the morphology of original CNTs without any aggre-

ated CoPc particle ( Fig. 4 (d)). This uniform coverage and strong

nchoring of CoPc on CNTs enabled a high degree of catalytic site

xposure and rapid electron transfer, and minimized the exposure

f carbon surface and CoPc detachment from electrode. Therefore,

he CoPc/CNT hybrid catalyst exhibited exceptional catalytic per-

ormance for CO 2 reduction to CO. A high current density over

0 mA cm −2 with a Faradaic efficiency over 90%, corresponding to

 turnover frequency of 2.7 s −1 was obtained at an overpotential

f 0.52 V in 0.10 M KHCO 3 . 

Single-atom electrocatalysts are attracting increasing attention

ecently, contributed to the high activity, stability, selectivity, and

00% atom utilization [109,110] . However, there is still a grand

hallenge to facilely and controllably synthesize highly dispersed

ingle atoms instead of nanoparticles due to the tendency of metal

tom fusion/aggregation. Nanostructured carbon materials and sur-

ace engineering strategies bring out new vigor into materials sci-

nce. g-C 3 N 4 was demonstrated as an excellent platform to coor-

inate a variety of metals for superior ORR/OER bifunctional cata-

ysts [111] . After acid leaching, the metal was dominantly remained

n the form of single atoms or clusters, with precise metal −N 2 co-

rdination moieties [111] . Analogously, the intrinsic structural de-

ects in graphene were also promising to be utilized for gener-

ting atomically dispersed Co −N x −C active sites via defect engi-

eering [112] . Besides, atomically dispersed Fe −N x species can be

chieved on N,S co-decorated carbon layers by coating CNTs with

,2-bipyridine and Fe salts, followed by pyrolysis and acid leach-

ng [113] . The addition of S salts (SCN −) was revealed to be criti-

ally beneficial for the synthesis of atomic active sites due to the

mproved etching efficiency [113] . Most recently, Li’s group de-

cribed a cage-encapsulated-precursor pyrolysis strategy to fabri-

ate isolated single-atom Fe/N-doped porous carbon (Fe-ISAs/CN)

ith a high Fe loading up to 2.16 wt% [114] . Both metal organic

ramework [115-120] and covalent organic framework [105] are

onsidered as promising precursor for rational dispersion of metal

nto carbon scaffolds. Zeolitic imidazolate frameworks (ZIF-8) with

 cavity diameter of 11.6 Å were employed as the molecular-

cale cages to encapsulate and separate metal precursor Fe(acac) 3 
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Fig. 4. Nanocarbons modify the incorporation of active components. (a) Scheme and (b, c) TEM images of the spatially confined growth of nano-sized NiFe LDHs in meso- 
porous graphene framework [57] . (d) TEM image of cobalt phthalocyanine/CNT hybrid, and (e) cyclic voltammograms obtained at 5 mV s −1 for CO 2 reduction [88] . 

Fig. 5. Nanocarbons modify the incorporation of active components toward atomic active sites. (a) Scheme of the fabrication of Fe-ISAs/CN. (b) TEM image, (c) HAADF-STEM 
image and corresponding element maps of Fe-ISAs/CN. (d) HAADF-STEM image of Fe-ISAs/CN with single Fe atoms highlighted by red circle. The size of the TEM image is 
5.2 nm × 5.2 nm. (e) Fourier transform of the Fe K-edge of Fe-ISAs/CN compared with Fe foil and Fe 2 O 3 [114] . 
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molecular diameter ∼9.7 Å) [114] . After high-temperature pyrol-

sis under Ar, the ZIF-8 transformed into nitrogen-doped porous

arbon, and Fe(acac) 3 was reduced to isolated single iron atoms

nchored on nitrogen species in each cage ( Fig. 5 (a)). Both scan-

ing transmission electron microscope (STEM) and X-ray adsorp-

ion fine structure (XAFS) characterizations confirmed that the Fe

toms were atomically dispersed on nitrogen-doped carbon, and

ere four-fold coordinated by N atoms ( Fig. 5 (b–e)). Impressively,

he as-obtained Fe-ISAs/CN was revealed to exhibit outstanding

RR activity with 58 mV more positive half-wave potential than

t/C, and good methanol tolerance and stability ( Fig. 5 (f)). 

.3. Manipulate the electron structures 

The Sabatier principle is always followed to elucidate the re-

ction mechanism and optimize the catalysts for heterogeneous
lectrocatalysis involving oxygen and hydrogen [47] . This princi-

le claims that the bonding of reaction intermediates (e.g., OOH ∗,

 ∗, etc.) to the favorable electrocatalyst surface should not be too

eak or too strong, leading to the optimal catalyst at the peak of

ctivity volcano plots. Generally, the adsorption energies of inter-

ediates are suggested to be determined by the electron structure

f the catalyst surface, such as the D -orbital of the metal catalysts

nd valence orbital of the carbon catalysts [44] . 

To optimize the adsorption energies and climb to the volcano

eak, various strategies have been developed, among which the

lectron structure manipulation of active components is found to

e significantly attractive [100,121] . The interfacial charge transfer

n alloy nanoparticles, between metal and capping ligand/carbon

upports, and in heteroatom-doped carbon skeletons are exploited

o effectively engineer the electronic energy structures, modify the

dsorption properties, and promote apparent activities [45,122] .
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Fig. 6. Nanocarbons manipulate the electron structures of active components via 
interfacial charge transfer. (a) XPS of Pt of Pt/polymer-wrapped SWCNTs and Pt/CB, 
and (b) ORR current densities in O 2 -saturated 0.10 M HClO 4 [61] . (c) C K-edge 
XANES spectra of NiFe LDH/CNT and pure CNTs. (d) OER current densities of NiFe 
LDH/CNT measured on glass carbon electrode with a catalyst loading of 0.20 mg 
cm −2 [51] . 
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For instance, the Pt in the SWCNTs supported catalyst exhibited

a shift about 0.4 eV to the higher binding energy in both 4 d

and 4 f electrons compared with the CB supported one, suggest-

ing the more effective role of SWCNTs on modifying electronic

properties and enhancing the ORR activity ( Fig. 6 (a and b)) [45] .

The electron-deficiency of Pt could be finely tuned through syn-

thesis methods and the different electron donation-acceptance be-

haviors between Pt and graphitic/pyridinic nitrogen [123] . In vari-

ous NiFe LDH/nanocarbon hybrids, the strong interfacial interaction

was clearly revealed by X-ray photoelectron spectroscopy (XPS)

[57] and X-ray absorption near edge structure (XANES) [51] , lead-

ing to the formation of metal–O/N-carbon bonding, modification

of electron structures and thus enhancement of catalytic activi-

ties ( Fig. 6 (c and d)). Up to date, the synergetic chemical cou-

pling effect and interfacial charge transfer have been widely re-

ported in different hybrid systems, such as graphene/Co 3 O 4 [50] ,

g-C 3 N 4 /Ti 3 C 2 [103] , graphene quantum dots/graphene nanoribbons

[124] , polysulfides/doped carbon [125] , and so on. The coopera-

tive interface (e.g . “lithiophilic” nitrogen-doped graphene frame-

works and “sulfiphilic” NiFe LDH) is also proposed to synergis-

tically afford bifunctional Li and S binding to regulate the inter-

mediate distribution in an energy device with multi-electron re-

dox reactions [126] . The unique structure and surface functional

groups of nanocarbon materials endow them with remarkable abil-

ities to manipulate the electron structures of active components,

and therefore optimize the adsorption energy and catalytic activi-

ties [125,127,128] . 

More specifically, to rationally design the nanocarbon-based

electrocatalysts with optimized interfacial charge transfer, the

structural hybrids at molecular level with alternate stacking or

“van der Waals heterostructure” is of great interest [129] . Graphene

can be hetero-assembled with other 2D materials, such as exfo-

liated LDH sheets [130,131] and transition metal dichalcogenides

[132] . With an integration of the high conductivity of graphene

sheets, highly exposed active centers of 2D nanolayers, facilitated

charge transport, and strong synergistic effects between two com-

ponents, the electrocatalytic performance of pristine active com-

ponents can be significantly improved. It was reported that in

MoS 2 /graphene vertical heterostructures, a built-in electric field

was generated with the direction from MoS to graphene due to
2 
he work function difference, thus facilitating the electron trans-

er and making MoS 2 positively charged [132] . The bandgap at

he MoS 2 domain edge was dramatically decreased from ∼2.20 to

0.30 eV, and led to rather high HER activities. Most recently, Yao’s

roup fabricated a heterostructured catalyst by coupling exfoliated

iFe LDH nanosheets and defective graphene (NiFe LDH-NS@DG10)

s OER/HER bifunctional catalysts for overall water splitting [129] .

he defective graphene not only shortened the diffusion distance

nd provided catalytic active sites for HER, but also served as a

owerful substrate to strongly anchor and couple with the exposed

ransition metal atoms on NiFe LDHs due to highly active defec-

ive sites ( Fig. 7 (a)) [129] . Density functional theory (DFT) calcu-

ations clearly revealed the electron redistribution around the de-

ective sites in graphene after being assembled with NiFe LDHs

 Fig. 7 (b)) [129] . The localized electron accumulation in defec-

ive graphene was supposed to facilitate HER catalysis, while the

ole accumulation on NiFe LDH nanosheets was beneficial for OER,

eading to enhanced HER and OER superior to each components

 Fig. 7 (b and d)) [129] . Therefore, the utilization of strong chem-

cal and electronic coupling effect in heterostructures affords a

romising strategy for the further development of advanced energy

lectrocatalysts with enhanced performances and even bifunctional

ctivities. 

.4. Generate confinement effects 

With respect to the manipulation of electron structures, there is

ctually another powerful and well-demonstrated strategy, which

s encapsulating active nanoparticles within nanocarbon shells,

uch as CNTs and graphene [133–136] . In these cases, the graphene

ayers tightly covering nanoparticles can afford comprehensive

onfinement effects: 1) spatial restriction to hamper the sintering

f nanoparticles, 2) significant electronic interaction to modify the

roperty and activity of carbon shells, and 3) physical isolation of

mbedded nanoparticles from hostile operating conditions, there-

ore leading to substantially enhanced catalytic activity and dura-

ility [137–139] . 

Bao’s group has reported a series of pioneer researches on

he confinement effects in nanocarbon materials on catalysis, ex-

ending this concept from CNTs [138] to graphene [134,140] , and

rom thermocatalysis to electrocatalysis [133,138,140] . Generally,

anocarbon encapsulated Fe nanoparticles are recognized as the

ost promising high-performance non-precious-metal based ORR

atalysts in both acid and alkaline [141–143] ; however, the under-

ying reason is not clear. Assisted by theoretical calculation and

dvanced characterizations, Bao and co-workers revealed the im-

ortance of the encapsulating carbon shell and the electronic in-

eraction between core and shell [138] . As shown in Fig. 8 (a), a

nique composite with Fe nanoparticles encapsulated in pod-like

NTs was employed as a model to study the nature of nanocarbon-

onfined electrocatalysts [138] . The UV laser enhanced photoe-

ission electron microscopy (PEEM) image showed a significantly

right spot corresponded to the encapsulated Fe nanoparticles in

NTs, suggesting a decreased work function ( Fig. 8 (b)). DFT cal-

ulations further illustrated the electronic interaction between Fe

anoparticles and carbon shells, exhibiting extra features in the

ow-density of states (DOS) region near Fermi level, a charge trans-

er from the Fe cluster to SWCNT of 1.45 electrons, a raised Fermi

evel by 0.5 eV, and an increase of P z charge density at the C

toms surrounding the Fe cluster ( Fig. 8 (c)). The adsorption free

nergy of O 2 was also remarkably decreased compared with pris-

ine SWCNTs ( Fig. 8 (d)). In general, the encapsulation-induced con-

nement effect is demonstrated to decrease the local work func-

ion, increase the DOS near Fermi level, and enhance the chem-

cal reactivity of the modified region of the CNT exterior. The

esultant electron transfer and performance enhancement have
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Fig. 7. Nanocarbons manipulate the electron structures of both components. (a) TEM image of NiFe LDH-NS@DG10. (b) Calculated 3D charge density difference plots between 
NiFe LDH and defective graphene (left) and proposed electrocatalytic mechanism (right). (c) OER and (d) HER performances obtained in 1.0 M KOH solution [129] . 

Fig. 8. Nanocarbons generate confinement effects. (a) TEM and (b) PEEM images of Fe nanoparticles encapsulated in pod-like CNTs. (c) Calculated projected DOS of the p 
orbitals of C atoms bonded to different structures. (d) Free-energy diagram of ORR on Fe 4 @SWCNT [138] . 
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een widely revealed in various systems, such as N-doped car-

on shell@Fe nanoparticles for ORR [138,142] , N-doped CNT@Co

anoparticles for ORR/OER [144,145] , N-doped graphene@PtPd al-

oy for HER/ORR [146] , N-enriched mesoporous carbon@CuCo al-

oy for ORR/HER [147] , graphene@FeNi alloy for OER [140] , N, O, S

ri-doped carbon@Co 9 S 8 for ORR/OER [148] , N-doped graphene@ γ -

e 2 O 3 for ORR [149] , etc. 

Notably, the encapsulating carbon shells were dominantly

eteroatom-doped and few-layered, which is essential and
eneficial for the improved activity. It was theoretically revealed

hat the N doping can further increase the DOS near Fermi level,

educe the work function, and decrease the adsorption free en-

rgy of the C atoms surrounding the encapsulate Fe clusters, com-

ared with un-doped graphene encapsulation [138] . On one hand,

he N doping is crucial for the formation of Fe-induced active

ites. Some research believe that the porphyrin-like FeN 4 (or FeN x )

tructure are the effective active sites for ORR [143,150,151] , while

ome other investigations suggest that the polymeric N species
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Fig. 9. Nanocarbons generate confinement effects. (a) TEM image of the graphene@Pt structure formed without nitrogen precursor. (b) False color view of the aberration 
corrected TEM image of defective graphene@Pt structure formed with nitrogen precursor (0.5% with ethanol). (c) The initial (after 100 cycles) and final (after 10 0 0 cycles) 
Coulombic charge for hydrogen desorption for samples with varying nitrogen precursor amounts [139] . (d) Schematic illustration of the graphene confined Sn nanosheets for 
CO 2 electroreduction, and (e) the performance obtained in CO 2 -saturated 0.10 M NaHCO 3 , with a TEM image inset [154] . 
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promote the nucleation and formation of small superparamagnetic

Fe nanoparticles encapsulated in carbon supports, which provide

ORR active sites instead of FeN 4 species [152] . On the other hand,

the incorporated nitrogen and other heteroatoms themselves can

tune the surface functionality and electrocatalytic activities of the

carbon matrix via electron or spin redistribution [140,148,152] . Ad-

ditionally, the atomic modulation of the encapsulated nanoparti-

cles, especially the formation of bimetal alloys (e.g. FeCo, CuCo,

FeNi, etc.), also provides a versatile strategy to facilitate the forma-

tion of N-enriched carbon shell, enhance the synergetic coupling,

and further boost the electrocatalytic performances compared to

mono-metal nanoparticles [137,140,147] . 

Besides the enhancement of catalytic activity, the nanocarbon

encapsulated core-shell nanoparticles always exhibit remarkably

improved durability in acid and alkaline mediums as highlighted

above [138,142,148,153] . However, the achieved superior resilience

to degradation may sacrifice the overall catalyst efficacy in some

cases. Taking graphene@Pt nanoparticles for instance, the graphene

encapsulated samples were demonstrated to show much better

durability without any degradation after 10 0 0 cycles, attributed

to the graphene protection from etching, oxidation, and aggrega-

tion ( Fig. 9 (a–c)) [139] . Nevertheless, the complete envelop by a

continuous graphene shell would limit the access of reactants to

the catalytic Pt surface and inhibit the performance. If porous de-

fects were introduced into the graphene shells by pyridine addi-

tion during synthesis ( Fig. 9 (b)), reactants were able to readily ac-

cess the Pt surface by permeating through the pores, while the re-

maining graphene shield still possessed effective protection. There-

fore, an optimal compromise between electrocatalytic activity and

durability can be achieved by the engineering of the encapsulat-

ing graphene shell with favorable coverage and defects ( Fig. 9 (c))

[139] . 

The confinement effect can also be rationally extended from

3D core-shell structure to 2D lamellar materials, such as graphene

and hexagonal boron nitride, stimulating a new field of “electro-

chemistry under 2D cover” [134] . The space under the 2D cover

can serve as nanocontainers for atoms, molecules, and even solu-

tions, and also nanoreactors for nanomaterial synthesis and con-

fined catalysis. The 2D confinement can modulate the molecule ad-

sorption and tune the reaction activity and selectivity [134] . For in-

stance, Xie and co-workers synthesized a hybrid electrocatalyst of
raphene confined Sn quantum sheets via spatially confined reduc-

ion strategy for CO 2 electroreduction [154] . The unique structure

ndowed several advantages, including the protection of graphene

voiding the oxidation of active metal in air, increased ECSA en-

uring higher CO 2 adsorption capacity, lowered Sn–Sn coordina-

ion number efficiently stabilizing the CO 2 
− intermediates, and

igh conductivity facilitating the charge transfer ( Fig. 9 (d)). Con-

equently, the Sn quantum sheets confined in graphene showed

ignificantly enhanced electrocatalytic activity and stability for CO 2 
lectroreduction compared with Sn nanoparticles or Sn/graphene

ixture ( Fig. 9 (e)) [154] . 

.5. Support electrocatalysts into 3D free-standing electrodes 

Most electrocatalysts are in the form of fine powders and

anoparticles, and tested by drop-casting on glass carbon elec-

rode or nickel foam. Such powdery structure and electrode fab-

ication procedure result in uncontrolled electrocatalyst distribu-

ion with the coffee-ring effect, a plenty of dead volumes, unde-

irable interfaces due to the use of binders, and peeling of cata-

ysts during the gas evolution. Therefore, aiming at the high ac-

ivity and durability for practical applications, the development

f free-standing self-supported electrocatalysts directly growing on

D conductive substrates or assembled into 2D flexible films has

een strongly considered [155] . Compared with powdery electro-

atalysts, the self-supported electrocatalysts not only lead to di-

ect contact and strong adhesion between electroactive species and

onductive substrates without binder for better electron transfer

nd long-term durability, but also possess 3D porous architectures

o enhance the utilization of active sites and facilitate the elec-

rolyte penetration [155,156] . 

Various metal substrates, such as nickel foam [157,158] , cop-

er foil [159] , and stainless steel mesh [160] are employed to

ultivate electroactive components for 3D self-supported electro-

atalysts via hydrothermal process or electrodeposition. Although

he high conductivity and 3D porous framework of these metal

ubstrates benefit the electrocatalytic reactivity and durability, the

igid and bulky configuration limits the flexibility and versatility

f obtained electrodes. As an impressive alternative, the carbon

ber paper is a typical soft current collector with high conductiv-

ty, flexibility, and shape conformability [161] . After certain indis-
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Fig. 10. Nanocarbons support electrocatalysts into 3D free-standing electrodes. (a) Scheme and (b) TEM image of metal nanoparticles/N-doped porous carbon hybrids coated 
on carbon fibers. (c) Overall water splitting based on NiMo-PVP as the HER electrode and NiFe-PVP as the OER electrode in 1.0 M KOH [166] . 
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S  
ensable pretreatment through mild oxidation or oxygen plasma,

he carbon fiber paper can serve as favorable substrates to grow

arious electroactive materials for targeted applications, such as

hosphorus-doped g-C 3 N 4 for ORR/OER [162] , Mo 2 C micro-islands

or HER [163] , Co 3 O 4 nanoparticles for ORR [164] , vertical NiCo

DH nanosheets for OER [165] , etc. Recently, Zhang and co-workers

eported a simple method to successfully fabricate a series of

ltrafine metal nanoparticles/N-doped porous carbon film coated

n carbon fiber papers ( Fig. 10 (a)) [166] . The mixed precursor of

etal salts and polyvinylpyrrolidone (PVP) was uniformly covered

n plasma-cleaned carbon fibers by dip coating, followed by an-

ealing at 10 0 0 °C, during which the in-situ reduction of metal

recursors and metal-assisted carbon etching process generated

anosized metal particles embedded in N-doped porous carbon

 Fig. 10 (b)). As-synthesized NiMo-PVP exhibited excellent HER ac-

ivity with a low overpotential of 130 mV for 10 mA cm −2 , and

iFe-PVP showed outstanding OER performance with a small over-

otential of 297 mV for 10 mA cm −2 . These two self-supported

lectrocatalysts were coupled for overall water splitting, delivering

 low potential for a current density of 10 mA cm −2 (1.66 V) and

 high Faradic efficiency around 100% ( Fig. 10 (c)) [166] . 

The flourishing of nanocarbon affords more opportunities for

he controllable construction of self-supported electrocatalysts. For

nstance, the 2D graphene sheets can be facilely assembled into 3D

orous architectures, such as hydrogels, aerogels, foam, and film

ia chemical vapor deposition, hydrothermal treatment, or vacuum

ltration [60,167–171] . With the doping of heteroatoms or deco-

ation of active species, graphene gel-based monolithic materials

ave been demonstrated as promising catalysts for ORR [167,172] ,

ER [60,173–175] , and HER [176,177] . The oxygen-containing func-

ional groups, in-plane pores, or nitrogen dopants in partially re-

uced/doped graphene oxides are demonstrated to be anchoring

ites for active species and facilitating their well dispersion. For

nstance, two-step heterogeneous reactions were explored to incor-

orate Ni nanoparticles into nitrogen-doped graphene film (Ni-NG)

s an excellent freestanding ORR electrocatalyst ( Fig. 11 (a)) [168] .

he graphene sheets were self-assembled into a lamellar structure

n advance and nickel particles were then grown and confined in-

ide ( Fig. 11 (b)). The residual functional groups on the graphene

ere dominant in the nucleation of Ni particles and facile forma-

ion of such hybrid films. As a result, the unique structure en-

bled seamless electrode contact (3D conductive framework and

ell developed porosity) and high catalyst loading (Ni/NiOOH and

i–O/N–C active sites), leading to favorable electrode kinetics and

trong durability ( Fig. 11 (c)) [168] . Similarly, metal oxides [122] and

ydroxides [122] were also deposited on graphene sheets to form

fficient self-supported OER catalysts. 

Additionally, the facile assembly of freestanding van der Waals

eterostructured films with various 2D components has applied as

 wide range of self-supported electrocatalysts. Graphene sheets

nd its analogues (e.g. MoS 2 [178,179] , WS 2 [180] , g-C 3 N 4 [102] ,

Xene [181] , etc.) can be parallelly stacked and orderly assembled

nto porous films by vacuum filtration of their mixture, in which
ommonly one enables the conductive scaffold and the other pro-

ides highly electroactive sites. Qiao’s group has reported a se-

ies of heterostructured electrocatalysts, such as porous C 3 N 4 /N-

raphene film for HER [182] , 3D WS 2 /P,N,O-doped graphene film

or HER [183] , and Ti 3 C 2 /g-C 3 N 4 film for ORR/OER [103] , exhibit-

ng extraordinary performances comparable to precious metal cat-

lysts and robust durability. In the case of Ti 3 C 2 /g-C 3 N 4 film, the

i 3 C 2 possess excellent conductivity and hydrophilic features and

-C 3 N 4 contains ultrahigh N contents ( Fig. 11 (d)) [103] . The over-

apped assembly and strong couple between Ti 3 C 2 and g-C 3 N 4 not

nly achieved a freestanding film with a porous structure, conduc-

ive framework, and hydrophilic surface ( Fig. 11 (e)), but also gen-

rated Ti–N x motifs serving as excellent active sites for ORR and

ER ( Fig. 11 (f)). Such high-performance freestanding electrocata-

ysts were also directly used as the cathodes for rechargeable Zn–

ir batteries, which largely outperformed those catalyzed by coated

owdery IrO 2 /C catalyst [103] . 

As a conclusion for this section, we have classified and dis-

ussed several chief functionalities for nanocarbon substrates in

ybrid electrocatalysts. However, it is worth noting that the role

f the nanocarbon component is always comprehensive and syn-

rgistic in every hybrid electrocatalyst. The introduction of active

ites is an effective routine to enhance the electrocatalytic per-

ormance and boost the potential of electrocatalyst for fuel cells

184–186] and batteries [187–189] . As highlighted above, porous

raphene frameworks can be utilized to effectively modify the

rowth of active components, which is also likely to form strongly

oupled interfaces with charge transfer and manipulate electron

tructures of active sites. Meanwhile, the high conductivity and hi-

rarchical scaffolds benefit the electron and mass transport. Con-

nement effects can also be generated in specific hybrids, such as

ore-shell and van der Waals heterostructures. Therefore, the in-

epth understanding and rational integration of each functionali-

ies are believed to fully utilize the advantages of nanocarbon sub-

trates in energy electrocatalysis. 

. Nanocarbons providing highly active sites 

Since the discovery of superb ORR electrocatalytic performances

f N-doped CNTs in 2009 [190] , tremendous effort s have been

evoted to explore the metal-free functionalized nanocarbons to-

ard outstanding activities comparable to precious-metal cat-

lysts for vast catalytic processes. Up to date, various metal-

ree nanocarbon materials with tunable functionalities and struc-

ures have been developed to be effective for ORR, OER, and

ER electrocatalysis [191–195] , along with which, the insight

nto the intrinsic activity mechanism has been strongly enhanced

40,196,197] . Both experimentally and theoretically, it is strongly

evealed that the charge-transfer or spin-redistribution on sp 2 con-

ugated carbon matrix induced by heteroatom-doping, molecular-

oping, edge sites, and topological defects impart the remarkable

lectrocatalytic activities to nanocarbon materials [128,196,198] .

ome recent reviews have provided excellent overviews of present
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Fig. 11. Nanocarbons support electrocatalysts into 3D free-standing film electrodes. (a) Scheme of the fabrication, (b) SEM image, and (c) OER activity of 3D Ni-NG electrode 
[168] . (d) Scheme of the fabrication, (e) SEM image, and (f) OER activity of Ti 3 C 2 /g-C 3 N 4 film [103] . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Metal-free multi-heteroatom doped nanocarbons for ORR or OER. (a) ORR 
performances of various B, N-doped graphene in O 2 -saturated 0.10 M KOH. (b) Ener- 
gies of HO 2 adsorption as a function of the distance between B and N [220] . (c) OER 
curves of NPC-CP and control samples in O 2 -saturated 1.0 M KOH. (d) The volcano 
plot of OER overpotential for different doped nanocarbons [223] . 
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achievements and perspectives for future opportunities in the

development of nanocarbon-based electrocatalysts [30,31,40,199] .

Hence, in this section, we will only focus on several pivotal and

rapid-rising directions with respect to the high activity provided

by nanocarbons themselves. 

3.1. Metal-free multi-heteroatom doped nanocarbons 

The nitrogen-doping was firstly revealed to be the origin of

ORR activities for nanocarbon materials [190] , followed by various

heteroatom-doped (N, B, S, P, O, etc.) nanocarbons [200–205] . The

electronegativity and electron affinity of incorporated heteroatoms

are proposed as critical intrinsic material properties determining

the catalytic performance [45,206–208] . Besides, the doping con-

figurations and locations can significantly influence the catalytic

activities [209-214] and surface psudoreactions [215,216] . The dop-

ing within the distance of edge effect ( ∼2.5 Å) is more beneficial

to obtain higher activities compared with the routine basal dop-

ing [210] . Additionally, the introduction of the secondary elements

to fabricate dual-doped or even tri-doped nanocarbon electrocata-

lysts is demonstrated to be able to further boost the extraordinary

catalytic performances for ORR/OER/HER [192,217] . 

On one hand, the coexistence of several kinds of heteroatoms

can lead to much more active sites than solely doped nanocar-

bons. For example, in the N, S dual-doped graphene for ORR, the N

atoms endow the surrounding C atoms with higher charge density

as active sites, while the S atoms affect the spin distribution, mak-

ing the carbon atoms with higher spin density or S atoms with

higher charge density as catalytic centers [218,219] . When N and

S were simultaneously doped, the charge/spin densities were in-

creased and the highest spin density was substantially uplifted,

leading to higher ORR activity [219] . On the other hand, the syner-

gistic coupling effects between different dopants can considerably

enhance the activity of each sites and result in much improved

performances. A h -BN-free B,N-graphene was proposed and fabri-

cated as a platform to investigate the role of dual doping [220] .

N atoms were firstly incorporated into graphene oxide by anneal-

ing with NH 3 at 500 °C, and then B atoms were doped by py-

rolysis with H 3 BO 3 at 900 °C. With this two-step strategy, both

B and N were coupled to C without the formation of undesir-

able h -BN phase, proofed by XPS and Fourier transform IR spec-

tra. The B, N co-doped graphene exhibited much higher current
ensity and more positive onset potential than single-doped sam-

les or h -BN/graphene, indicating the synergistic effects ( Fig. 12 (a))

220] . DFT calculations revealed that the incorporation of B ren-

ered the less active pyridinic N atoms to be more active, and the

lectron-withdrawing N atoms indirectly activated B atoms, thus

nsuring a higher ORR activity. The distance between two dopants

as demonstrated to be critical for the synergistic effect in dual-

oped nanocarbon catalysts ( Fig. 12 (b)) [220] . 

Multi-heteroatom doped nanocarbon materials are also demon-

trated to be more promising for OER catalysis and water split-

ing. For example, N,O dual-doped carbon hydrogel film [221] , N,S

ual-doped graphene microwires [222] , N,S dual-doped graphite

oam [175] , and N,P dual-doped carbon nanofibers on carbon pa-

er (NPC-CP) [223] have been proposed as highly active and stable

ER catalysts. In the case of NPC-CP, the addition of P dopants was

evealed to effectively modify the textural property and porosity

esulting in a higher specific surface area of 473 m 2 g −1 [223] . The
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Fig. 13. Metal-free multi-heteroatom doped nanocarbons for HER. (a) Volcano plot between the normalized theoretical exchange current per active site and free energy 
change of hydrogen adsorption. (b) The free energy diagram for graphene with different doping. (c) HER LSV curves obtained in 0.5 M H 2 SO 4 [192] . 

f  

t  

a  

c  

t  

i  

w  

s  

s  

h  

p  

N  

O  

[  

t

 

c  

i  

fi  

t  

w  

A  

t  

t  

t  

d  

s  

v  

s  

l  

s  

t  

a  

p  

e  

c  

c  

e  

f  

r  

t  

w  

i

3

 

t  

i  

i  

a  

a  

m  

o  

t

 

[  

m  

t  

d  

w  

i  

H  

t  

t  

h  

F  

t  

c  

t  

v  

r  

a  

w  

l  

t  

C  

t  

 

a  

f  

t  

e  

C  

f  

s  

t  

s  

b  

a  

t

 

t  

f  

m  

v  

c  

a  

a  
ree-standing electrocatalyst can be applied as the working elec-

rode for OER directly, which exhibited excellent stability and high

ctivity with a low overpotential of 310 mV required for 10 mA

m −2 ( Fig. 12 (c)) [223] . Theoretical calculations clearly highlighted

he crucial role of dual-doping on OER activity, suggesting a min-

mum overpotential of 0.505 V achieved for N,P co-doped carbon

hich was lower than single-doped and pristine carbons and even

uperior to IrO 2 ( Fig. 12 (d)) [223] . Furthermore, the rational de-

ign of multi-heteroatom doped nanocarbon materials not only en-

ances the catalytic activities, but also introduces multifunctional

erformances, such as N,P dual-doped carbon network [194] and

,S dual-doped carbon tubes [224] with extraordinary activity for

RR and good activity for HER, as well as N,P,F tri-doped graphene

225] and N,S dual-doped porous graphitic sheets [226] as trifunc-

ional catalysts for ORR, OER, and HER. 

It is notable that despite the great achievements in metal-free

arbon catalysts for ORR/OER, the intrinsic electrocatalytic activ-

ty of nanocarbons for HER is still far from satisfactory. In the

rst report of metal-free HER electrocatalyst, it was revealed that

he chemical adsorption of H ∗ is too strong on g-C 3 N 4 , but too

eak on N-graphene, leading to unfavorable HER catalysis [195] .

 mediated adsorption-desorption behavior can be achieved by

he chemical coupling between g-C 3 N 4 and N-graphene to facili-

ate the HER kinetics and improve the performance, comparable

o nanostructured MoS 2 materials [195] . The specific heteroatom

oping and strongly coupled interface are able to tune the H ∗ ad-

orption abilities toward better HER activities. However, further in-

estigations suggested that even climbing to the volcano peak by

ingle-heteroatom-doping, the HER activity of graphene was still

argely inferior to Pt/C and MoS 2 ( Fig. 13 (a)) due to the weak ad-

orption of H ∗ on graphene [192] . Inspired by theoretical results,

he introduction of secondary heteroatom dopants was proposed as

n effective strategy to further modify the electron acceptor-donor

roperties and adsorption energy of H ∗ with synergistic coupling

ffects ( Fig. 13 (b and c)) [192] . As excellent proofs of concept, N, P

o-doped [227] and N, S co-doped [192] graphene have been fabri-

ated to serve as highly active metal-free catalysts for HER, consid-

rably improved than the single-doped counterparts. Therefore, the

abrication of multi-heteroatom doped nanocarbon materials with

ational combination and configurations is a promising direction

o further boost the electrocatalytic performances of nanocarbons

ith higher activity and even multifunctional electrocatalytic abil-

ty. 

.2. Hierarchical structure for fully exposed active sites 

For metal-free nanocarbon materials, the enrichment of ac-

ive sites by multi-heteroatom doping and the mixture of dop-

ng, edges, or defects are suggested as an effective strategy to
mprove the electrocatalytic activities. However, with respect to the

pparent overall activity, both the number of intrinsic active sites

nd the utilization efficiency determined by the accessibility can

ake a great difference. Therefore, the hierarchical nanostructure

f metal-free nanocarbon materials is also of significant impor-

ance on the resultant catalytic performances [192,201,228–235] . 

In the first report of nitrogen-doped CNTs for ORR catalysis

190] , the sample with aligned CNTs exhibited much better perfor-

ance than the non-aligned counterpart, which was attributed to

he favorable top-end alignment facilitating the electrolyte/reactant

iffusion and accessibility to the active sites on the CNT surface. It

as also predicted that if the specific surface area of graphene was

ncreased to 10 0 0 m 2 g −1 at a constant doping level, the overall

ER activity can be significantly improved and even better than

hat of MoS 2 [192] . Up to date, many well-designed nanostruc-

ures have been fabricated to fully expose the active sites and en-

ance the electrocatalytic activity [182,195,229–231] . As shown in

ig. 14 (a), a CNT@NCNT coaxial nanocable was proposed to enrich

he nitrogen atoms on surface of CNTs for higher utilization effi-

iency and enhanced electrocatalytic activity [230] . A thin N-doped

urbostratic carbon shell was epitaxially grown on pristine CNTs

ia the chemical vapor deposition of pyridine ( Fig. 14 (b)). The N/C

atio on surface was determined to be higher than bulk by XPS

nalysis and elemental analysis. The ORR activity of CNT@NCNT

as revealed to be better than routine N-doped CNTs despite a

ower bulk N amount ( Fig. 14 (c)), indicating the efficient utiliza-

ion of active sites in such unique nanostructure. The surface of

NTs can be also modified through hydrothermal carbonization in

he presence of glucose and urea toward high ORR reactivity [236] .

In addition to the 1D coaxial structures with surface-enriched

ctive sites, 2D porous components are also widely employed to

abricate nanocarbon catalysts with high surface area, nanometer

hickness, interconnected transport channels, and thereby highly

xposed active sites [101,182,219] . For instance, 2D mesoporous g-

 3 N 4 was in-situ grown on 2D mesoporous graphene sheets to

orm a mesh-on-mesh network ( Fig. 14 (d)) [101] . In addition to the

trong coupling effect between g-C 3 N 4 and graphene and the mul-

ipathway of charge and mass transport, the in-plane mesoporous

tructure affords much more active sites for hydrogen adsorption,

oth at the exposed edges and rich defects. As a result, the HER

ctivity was superior to most metal-free catalysts and even better

han some non-noble metallic catalysts ( Fig. 14 (e)) [101] . 

To synthesize nanocarbon materials with the simultaneous op-

imization of both surface functionalities and porous structures, ef-

ective and scalable strategies are expected, among which the poly-

erization and subsequent pyrolysis has been demonstrated as a

ersatile method for various nanocarbon electrocatalysts with high

onductivity, large surface area, well-designed porosity, and tun-

ble doping [193,237–240] . For example, the one-step pyrolysis of

 polyaniline aerogel template-free polymerized from phytic acid
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Fig. 14. Hierarchical structure for fully exposed active sites. (a) Scheme of the CNT@NCNT structure. (b) TEM image of CNT@NCNT nanocable. (c) ORR LSV curves obtained 
in O 2 -saturated 0.10 M KOH [230] . (d) Scheme and TEM image of the mesh-on-mesh g-C 3 N 4 @graphene hybrid. (e) HER polarization curves of various catalysts obtained in 
0.5 M H 2 SO 4 [101] . 

Fig. 15. Hierarchical structure for fully exposed active sites synthesized by different methods. (a) Template-free polymerization [193] . (b) 2D-templated polymerization using 
layered MMT [237] . (c) 3D-templated polymerization using silica colloid [238] . 
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and aniline monomers resulted in mesoporous N,P co-doped car-

bon foam with a large surface area of ∼1663 m 2 g −1 and effective

electrocatalytic activities for both ORR and OER ( Fig. 15 (a)) [193] .

With the assistance of 2D layered montmorillonite (MMT) as a

quasi-closed flat nanoreactor, the in-situ oxidation polymerization

of aniline generated nitrogen-doped graphene with a high yield of

planar N (90.3% for pyridinic and pyrrolic N) and remarkable ORR

activity in acid ( Fig. 15 (b)) [237] . The spatial confinement effect of

MMT (interspace width < 1 nm) extensively constrained the forma-

tion of quaternary N due to its 3D structure. 3D templates such as

silica colloid were also employed to manipulate the polymerization

of nitrogen-enriched aromatic polymers into nitrogen-doped meso-

porous carbons for ORR catalysis [238] . The subsequent NH 3 acti-

vation can further modify the porous structure with higher surface

area (increased from 685 to 1280 m 2 g −1 ) and meso/micro multi-
odal distribution, leading to substantial improvement in the ORR

ctivity [238] . These results strongly suggest the importance of the

ierarchical structure of functionalized nanocarbons for optimizing

he electrocatalytic activities, and also afford a series of effective

ynthetic protocols for the further development. 

.3. The role of intrinsic topological defects 

The intrinsic topological defects, such as dangling groups, sin-

le/multiple vacancies, non-hexagonal topologies, and lattice re-

onstruction, are always unavoidable in nanocarbon materials,

oncomitant with the heteroatom-doping and hierarchical struc-

ure during synthesis or post-treatment [241,242] . Consequently,

 comprehensive understanding of the role of intrinsic topolog-

cal defects is essentially significant to identify the real active
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Fig. 16. The role of intrinsic topological defects on electrocatalytic activities. (a) TEM image of nitrogen-doped graphene mesh. (b) ORR LSV curves obtained in O 2 -saturated 
0.10 M KOH. (c) The volcano plot correlating the overpotential and adsorption of OH ∗ [127] . (d) Scheme of the nitrogen removal procedure to make defective graphene 
without nitrogen (NG). (e) HAADF image of NG. (f) ORR LSV curves for NG, the pristine graphene, and nitrogen-doped graphene [245] . 
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onfigurations and accelerate the further material innovation,

hich has been strongly considered recently [127,196,243–249] . 

As early as 1999, Ajayan and co-workers reported the improved

atalytic behavior at CNT electrodes for oxygen reduction, which

as ascribed to the pentagons at CNT tips, pentagon–heptagon de-

ect pairs in lattice (Stone-Wales defect), and curvature, by DFT cal-

ulations and molecular dynamics simulations [250,251] . The non-

exagonal topological defects can locally induce Gaussian curva-

ures and thereby regulate the adsorption and reduction of oxy-

en [252,253] . Furthermore, the influence of different types of

oint/line defects in graphene on ORR catalytic properties was in-

estigated by DFT calculations [254] . It was revealed that some

pecific defects, such as a pentagon carbon ring at zigzag edge

r pentagon–pentagon–octagon chains can induce local charge and

pin polarization, which were mainly located at the zigzag edges

r some defects themselves and suggested to be catalytically ac-

ive [254] . Recently, several metal-free and dopant-free nanocar-

on materials were fabricated via metal-/heteroatom-free growth

r post-treatment to convincingly reveal the intrinsic activity of

opological defects [127,243,246,247,255] . Specifically, the pentagon

243,245] , zigzag edge [243] , and different combinations (e.g. 57

127] , 585 [245] , 7557 [245] ) have been confirmed as effective ac-

ive sites for ORR both experimentally and theoretically, and even

romising for OER and HER. A defect-rich graphene mesh was

abricated by MgO-templated carbonization with tunable nitrogen

oping and porosity ( Fig. 16 (a and b)) [127] . The electrocatalytic

ctivity of different species was demonstrated in the order: topo-

ogical defects > doping at edge > doping in bulk, with a nitrogen-

ree topological defect (57 defect) at the peak of volcano plots

or both ORR and OER ( Fig. 16 (b and c)). In addition to the ma-

erial synthesis, performance test and DFT calculation, advanced

haracterizations such as aberration-corrected high-resolution TEM 

as also used to visualize the topological defects in graphene and

roof the importance of intrinsic defects more clearly ( Fig. 16 (d–f))

245] . 

The topological defects in nanocarbon materials, especially the

efects in porous graphene, can not only serve as highly active

atalytic centers, but also benefit the fabrication of novel nanos-

ructured catalysts. As shown in Fig. 7 , the defective graphene can

e employed as effective substrates to strongly anchor and chem-

cally/electronically couple with NiFe LDHs, leading to enhanced

ER/HER activities [129] . For another promising active sites, the

etal −nitrogen −carbon species were theoretically revealed to be

ore energetically feasible at graphitic edges ( Fig. 17 (a)) [256] ,

c  
uggesting new synthetic methodologies to controllably fabricate

atalysts at atomic precision via defect engineering [112] . Co, N,

 tri-doped graphene catalyst with atomically dispersed Co–N x –C

ctive sites was facilely fabricated with the assistance of abundant

efective graphene edges for the anchor of Co species ( Fig. 17 (b–

)). After acid treatment, no obvious nanoparticle was obtained in

EM images, and the bulk Co content was detected to be as low

s 1.23 wt%. XPS characterization indicated the presence of Co–

 x –C (399.3 eV) by bonding pyridinic N to Co, with ca. 1 eV up-

hift from pristine pyridinic N ( ∼398.4 eV). The present of Co–N x –

 active sites further enhanced the ORR/OER activity of graphene

ith nitrogen dopants and topological defects (50 mV more pos-

tive half-wave potential), and exhibited promising application in

echargeable Zn–air batteries [112] . 

To summary up this section, nanocarbon materials have been

idely demonstrated to exhibit remarkable intrinsic electrocat-

lytic activities for ORR, OER, HER, and other electrocatalysis.

ith optimized surface characterizations (e.g. doping, edges, de-

ects, functional groups) and appropriate multiscale hierarchy (e.g.

igher surface area, micro/meso porosity) [31,40,43,192] , the per-

ormance of metal-free nanocarbon materials is further enhanced

nd potentially overtakes metal-based counterparts. For fundamen-

al investigation, it is notable that many possible effects (e.g. metal

mpurities, combination of various active sites) should be con-

erned to afford more rigorous and convincing insight of the ac-

ivity mechanism for nanocarbon materials. However, the unifor-

ity of material synthesis and the durability of nanocarbon during

peration conditions deserve more attention toward practical ap-

lications in energy electrocatalysis. 

. Conclusions and perspectives 

During the last decade, the application of nanocarbon materi-

ls in the field of energy electrocatalysis has witnessed exciting

chievements. Contributed to the unique features of nanocarbon

aterials, they can serve as multifunctional substrates or provide

ighly active sites for excellent performances in ORR, OER, HER,

O 2 reduction, and so on. Nanocarbons with appropriate struc-

ures and functionalities are employed to accelerate the electron

nd mass transport and generate confinement effects. The strongly

oupled interface between nanocarbon and the active compo-

ents will lead to modified incorporation and manipulated electron

tructures. These effects of the nanocarbon substrate can signifi-

antly improve the activity of the pristine active components and
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Fig. 17. The role of intrinsic topological defects on material synthesis. (a) Atomistic structures of graphitic pores, and metal–N 4 clusters embedded at edge [256] . (b) Scheme 
of the Co, N, O tri-doped graphene (NGM-Co) for ORR/OER. (c) TEM image of NGM-Co with XRD pattern inset. (d) Dark-field high-resolution TEM image of NGM-Co. (e) ORR 
LSV curves in O 2 -saturated 0.10 M KOH [112] . 
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enhance the durability. Additionally, the various defective sites in

nanocarbons endow themselves with remarkable intrinsic activi-

ties even without metal-based components. Several strategies are

promising to further accelerate the electrocatalysis, such as the

multi-heteroatom doping, hierarchical structure for fully exposed

active sites, and the utilization of intrinsic topological defects.

Consequently, the performance of nanocarbon-based catalysts has

been demonstrated to be greatly improved and even competitive

with precious-metal-based catalysts or other benchmark catalysts

in some energy technologies, including Zn–air batteries, fuel cells,

and water splitting, over the past few years. 

Aiming at a thorough understanding of the activity mechanism

and practical applications in commercial devices, there are still

grand challenges to be dealt with in the field of nanocarbon-based

energy electrocatalysts. A combination of new synthetic strate-

gies, advanced characterization, and improved theoretical approach

is expected to profoundly and precisely elucidate the activity of

specific active sites. Additionally, the relationship between differ-

ent active sites, hierarchical porosity, hybridization structures, and

electrocatalytic performance should be made clear from tremen-

dous reports, in order to guide the material design and efficient de-

velopment of highly desirable nanocarbon-based catalysts for spe-

cific reactions. Furthermore, toward a methodical research and tar-

geted development, the critical evaluation indicators and standard

protocols for the test of activity and durability, and also the perfor-

mance in practical devices, are urgently required to be established.

Besides, cost-effective and process-simple large-scale production of

nanocarbon materials with well-controlled structure and surface

chemistry, and desirable uniformity as well, is essential on the way

to industrial applications. With continuous research in this promis-

ing field, we believe that the fundamental understanding and prac-

tical performance of nanocarbon-based energy electrocatalysts will

be impressively improved, which will play an indispensable and

prominent role in the future energy scenario. 
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