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A B S T R A C T   

Carbon-based pseudo-supercapacitors are one of the most promising electrical energy storage devices with high 
power density and long cycle life which is strongly desired for electric vehicles but their capacitance needs to be 
improved. Here, a new approach and design principle to enhance the energy density have been developed with 
the density functional theory methods. The results reveal that compared with pure carbon, the energy density 
could be enhanced significantly via heteroatom-doping. An intrinsic descriptor is discovered to establish a 
volcano-shaped relationship that correlates the capacitance with the heteroatom-doping structures of carbon 
nanomaterials, from which the best electrode structures are identified, which are in good agreement with the 
experimental results. Th strategies for further enhancing energy densities are proposed for rational design and 
fabrication of high-energy-density supercapacitors.   

1. Introduction 

Supercapacitors are one of the most effective electric energy storage 
devices in terms of their long cycle life (one million) and high power 
density. In particular, the power density of the supercapacitors is 100 
times greater than conventional batteries. However, the energy density 
is approximately 10% of the conventional batteries. Thus, increasing the 
energy density of the supercapacitors holds promise for solving critical 
problems in energy storage technologies for various applications such as 
electric vehicles [1–5]. 

In supercapacitors electric energy is stored by the electrostatic 
adsorption of charges (i.e., electric double-layer capacitor (EDLC)) and/ 
or the chemisorption of charges on the surface of the electrodes (so- 
called pseudocapacitor). The electrode materials therefore play a key 
role in determining the energy density, power density and cycle life. 
Generally, the most effective way to enhance the capacitance of the 
capacitors is to modulate the surface polarity and electronic property of 
electrode materials to deliver extra pseudocapacitance from the robust 
faradic reactions (commonly 10–100 times larger than the original 
EDLC). Various materials have been investigated for designing better 
electrode materials, including nanoporous carbon, conductive polymer, 
metal-organic frameworks (MOF), two-dimensional transition-metal 

dichalcogenides (2D TMDs), titanium carbide MXenes, metal oxides, 
metal nitrides, and metal carbides [6–12]. Carbon nanomaterials, 
including carbon nanotubes, carbon nanofibers, and graphene, are one 
of the most promising electrode materials owning to their unique 
structures, excellent electrical, mechanical, and thermal properties, 
large specific surface area, and chemical inertness in acidic and alkaline 
environments. Recently extensive research has been carried out to 
exploit the carbon nanomaterials for energy storage applications such as 
fuel cells [13], metal-air batteries [14], water splitting and super
capacitors [15]. Carbon nanomaterials used as supercapacitor electrodes 
include two-dimensional layered graphene without restacking [16], 
three-dimensional porous activated carbon [17], onion-like carbon 
spheres [18], hybrid configuration though grafting carbon nanotubes to 
graphene sheets [19]. In particular, heteroatom-doping technique has 
been applied to improve the energy storage capacity of the carbon 
electrodes in supercapacitors. It has been demonstrated that heteroatom 
dopants such as nitrogen, boron and phosphorus, can significantly 
enhance both energy and power densities of graphene-based pseudo
capacitors [20–22]. The doping with certain elements can even expand 
the voltage window of aqueous electrolytes, which further enhances the 
energy density [23]. 

Although the superior energy storage capabilities of heteroatom- 
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doped  carbon  nanomaterfiafls  for  supercapacfitors  have  been  demon-

strated, trfiafl-and-error approaches are stfiflfl used to date for the devefl-

opment  of  hfigh-performance  supercapacfitors.  To  ratfionaflfly  desfign 

effectfive  eflectrode  materfiafls,  fit  fis  necessary  to  correflate  the  dopfing 

structures to the capacfitance of carbon-based eflectrodes. Some work has 

been done by usfing the first-prfincfipfles caflcuflatfions to understand the 

energy  storage  mechanfisms  and  to  estfimate  charge  storage  abfiflfity  of 

heteroatom-doped carbon eflectrodes [24,25]. For the entfire famfifly of 

metafl-free  carbon-based  eflectrodes,  however,  there  flacks  desfign  prfin-

cfipfles  or  fintrfinsfic  descrfiptors  that  govern  charge  storage  actfivfitfies. 

Herefin,  we  finvestfigate  charge  storage  performance  of  the  graphene 

structures doped wfith p-bflock eflements fin the perfiodfic tabfle. The spe-

cfific capacfitance C, energy densfity E and power densfity P are correflated 

wfith the heteroatom-dopfing structures of carbon nanomaterfiafls by an 

fintrfinsfic  descrfiptor  that  can  be  used  for  screenfing  the  best  eflectrode 

materfiafls. The predfictfions are consfistent wfith the experfimentafl resuflts. 

The desfign prfincfipfles for enhancfing both energy and power densfitfies of 

carbon-based pseudocapacfitors are estabflfished based on the resuflts. The 

resuflts  provfide  a  theoretficafl  base  for  searchfing  for  the  desfired 

carbon-based  eflectrode  materfiafls  for  hfigh-performance 

pseudocapacfitors. 

2. Resuflts and dfiscussfion 

2.1. Charge storage mechanfism of heteroatom-doped carbon 

To understand chargfing and dfischargfing mechanfisms of heteroatom- 

doped carbon nanomaterfiafls, we created a serfies of the graphene (G) 

structures doped wfith p-bflock eflements (X) fin the perfiodfic tabfle (X ¼N, 

Sb, B, P, F, Cfl, Br, I, S, O and Sfi) (Ffig. 1, and Ffig. S1). Usfing the first 

prfincfipfles caflcuflatfion, the eflementary chargfing and dfischargfing steps on 

possfibfle  sfites  of  the  materfiafls  were  sfimuflated  by  fintroducfing  protons 

near the sfites. Durfing the chargfing, an externafl eflectrficafl potentfiafl Ua fis 

appflfied to drfive eflectrons to the charge storage sfites on the eflectrode 

surface  whfifle  protons  fin  acfid  eflectroflyte  are  adsorbed  physficaflfly  or 

chemficaflfly on the sfites. Thfis chargfing process can occur spontaneousfly, 

dependfing  on  the  change  fin  the  Gfibbs  free  energy  of  adsorptfion 

(ΔGH*(U)), where U fis the appflfied potentfiafl. If ΔGH*(U) >0, protons 

may adsorb physficaflfly to the sfites to form eflectrfic doubfle-flayers (EDLC). 

Otherwfise, protons are chemfisorbed on the sfites by combfinfing wfith the 

eflectrons  (pseudocapacfitor).  In  dfischargfing,  the  physficaflfly  adsorbed 

protons  woufld  enter  the  eflectroflyte  by  refleasfing  an  eflectron.  For  the 

chemfisorbed  protons,  dfischargfing  occurs  when  they  desorb  to  the 

eflectroflyte  due  to  eflectrons  fleavfing  from  eflectrode  surface  (reverse 

Voflmer reactfion) as a resuflt of the work done by supercapacfitors though 

externafl cfircufits. Thus, the chargfing/dfischargfing processes of pseudo-

capacfitors can be descrfibed by 

Hþþeþ*⇌
Chargfing

Dfischargfing
H� (1)  

where * refers to a sfite of heteroatom-doped graphene (X-G). Therefore, 

the possfibfle sfites for charge storage can be fidentfified by evafluatfing ΔGH* 

(Ffigs. S2 and S3). 

Usfing densfity functfionafl theory (DFT) methods, we have caflcuflated 

ΔGH* for aflfl  the sfites  of the  possfibfle  X-G structures under an appflfied 

potentfiafl of Ua ¼0. The typficafl dfistrfibutfions of ΔGH* on the adsorptfion 

sfites  of  heteroatom-doped  structures  are  shown  fin Ffig.  2a,  b  and  c. 

Basficaflfly, the ΔGH* dfistrfibutes unfiformfly on basafl pflane of the graphene 

whfifle fin the area near fits edge and dopants (Ffig. 2a, b and c), fit becomes 

reflatfivefly flow or flargefly dfisturbed. These resuflts findficate that there are 

edge  and  dopfing  effects,  whfich  flargefly  change  the  flandscape  of  the 

hydrogen  adsorptfion.  The  dfistrfibutfion  range  of ΔGH* for  doped  and 

undoped  graphene  structures  are  summarfized  fin Ffig.  2d.  The  doped 

graphene has a reflatfivefly flarge range of ΔGH* compared wfith prfistfine 

one. 

Accordfing  to  pseudocapacfitfive  mechanfism,  the  abfiflfity  to  store 

eflectrficafl charges fin the supercapacfitors depends on the chemfisorptfion 

of protons on the effectfive sfites of the eflectrode materfiafls under certafin 

appflfied  eflectrficafl  potentfiafl Ua.  However,  durfing  the  chargfing  the 

externafl potentfiafl cannot exceed the decomposfitfion vofltage of eflectro-

flytes (Ud ¼1.23 V for aqueous eflectroflytes). On the other hand, durfing 

the dfischargfing the adsorptfion energy must be flarger than zero (ΔGH* 
>0) such that the chemfisorbed protons can be refleased from the sfites 

durfing  dfischargfing  sfince  the  proton  chemfisorptfion  fis  exothermfic  for 

those sfites wfith ΔGH* <0, and wfiflfl not desorb spontaneousfly from the 

sfites durfing the dfischargfing. These two constrafints draw a wfindow of 

effectfive  charge  storage  wfith  two  bound  flfimfits,  as  shown  fin Ffig.  2d. 

Whfifle  the  upper  bound  fis  defined  by  the  decomposfitfion  vofltage  of 

eflectroflytes, Ud ¼1.23 V, the flower bound fis descrfibed by the Gfibbs free 

energy of  adsorptfion  (ΔGH* ¼0).  Therefore, ΔGH* can be  used as  an 

findficator to fidentfify possfibfle charge storage sfites of the X-G. The actfive 

sfites  for  charge  storage  are  defined  fin  the  range  of  0 <ΔGH* <Ud; 

otherwfise,  fit  fis  an  finactfive  one.  The  smaflfler  the ΔGH*,  the  flower  the 

externafl potentfiafl appflfied to store charges. Thfis provfides an approach to 

accuratefly estfimate the actfive area for charge storage fin eflectrode ma-

terfiafls. Such an approach fis dfifferent from those that soflefly consfider the 

number  of  fions  such  as  Hþ,  Naþand  Kþchemfisorptfion  on  eflectrode 

surfaces  as  a  crfiterfion  for  charge  storage  capacfity  [24],  whfich  may 

overestfimate the charge storage capacfity due to the exfistence of finactfive 

sfites. 

On the basfis of above definfitfion of the actfive sfites for energy storage 

on heteroatom-doped carbon eflectrode, the capacfitance of unfit charge 

storage sfite C0=sfite and the area specfific capacfitance CA (Support Infor-

matfion),  can  be  correflated  approxfimatefly  to  the  externafl  eflectrfic  po-

tentfiafl U and the mfinfimum posfitfive free energy of hydrogen adsorptfion, 

ΔGmfinH*, fin the range of 0 <ΔG
mfin
H* <eU <ΔG

max
H* by 

C0=sfite¼

1
2
e2
�
eUΔGmfin

H*

ΔGmax
H*

ΔGmfin
H*

�2

eUkBT
eUΔGmfin

H*

fln

2

6
412

0

B
@1þe

eUΔGmfin
H*

kBT

1

C
A

3

7
5

(2a)  

where C0/sfite fis the capacfitance per unfit sfite (unfit, e V
1), and U fis the 

Ffig.  1.––––Schematfics  of  the  p-eflement  dopfing 

configuratfions  and  moflecuflar  modefls  for  gra-

phene  sheet  and  nanorfibbons.  Summary  of  the 

heteroatom  dopfing  modes:  (top  row,  from  fleft  to 

rfight)  pr-N(Sb),  py-N(Sb),  g-N(Sb),  N(Sb)–O,  py-O, 

C–O–C,  C–OH,  CO,  3C–P–O,  P–3C,  2C –P–2O, 

P–2C, g-C(Sfi), z-C(Sfi) and a-C(Sfi); (bottom row, from 

fleft to rfight) th-S, py-S, C-S-C, 2C-S-2O, B–2C, 2C-B- 

O, B–3C, C-B-2O, BC, z-(F, Cfl, Br, and I), g-(F, Cfl, Br, 

and  I)  and  a-(F,  Cfl,  Br,  and  I);  Green,  bflue,  red, 

whfite, cadetbflue，orange，yeflflow, orchfid, and bflue 

vfioflet represent C, N(Sb), O , H, P, C(Sfi), S, B, and F 

(Cfl, Br, and I) atoms, respectfivefly.   
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external electric potential. 
For eU � ΔGmax

H* , the specific capacitance C0/site (Support Informa
tion) can also be given by 

C0=site ¼
CT

M
¼

e2

 

1
N

PN
i¼0θi

!2

2E0=site
¼

e2

ΔGmin
H* þ ΔGmax

H*
(2b) 

According Equation (2a), the capacitance increases with decreasing 
the ΔGmin

H* , while it increases continuously with increasing U, as shown in 

Fig. 3a and b. This is mainly due to more active sites triggered by higher 
external electric potential U or lower adsorption energy ΔGmin

H* in the 
range of 0 < ΔGmin

H* < eU <ΔGmax
H* . However, for eU > ΔGmax

H* all the 
active sites are occupied, and the capacitors achieve its upper limit of 
capacitance. With decreasing the adsorption energy ΔGmin

H� , the specific 
capacitance C0=site increases. Therefore, doping enhances specific 
capacitance effectively by means of reducing the minimum free energy 
of hydrogen adsorption or increasing the applied potentials. From above 
discussion, an effective strategy to enhance the charge storage capability 

Fig. 2. Distribution of change of Gibbs free energy (ΔGH*) and bar graph of computed Gibbs free energy ΔGH* at U ¼ 0. Distribution of change of Gibbs free 
energy (ΔGH*) for a. armchair graphene, b. pr-N graphene nanoribbons and c. g-N graphene nanosheet. d. bar graph of computed Gibbs free energy ΔGH* at U ¼ 0. 

Fig. 3. Capacitance per unit site versus a. charging potential U (versus RHE) and b. minimum adsorption energy ΔGmin
H* for mono-and multi-doped graphene models 

with different ΔGmin
H* in the range of 0 < ΔGmin

H* < eU < ΔGmax
H* . 
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fis to move ΔGH* finto the actfive wfindow defined by the bound flfimfits. As 

shown fin Ffig. 2d, graphene basafl pflane does not have charge storage 

abfiflfity at aflfl by pseudocapacfitfive mechanfism, whfich was demonstrated 

by prevfious study [26], whfifle the ΔGH* for both zfigzag and armchafir 

carbon  nanorfibbons  partfiaflfly  faflflen  finto  the  wfindow,  findficatfing  a 

flfimfitfing charge storage capabfiflfity. In contrast, dopfing wfith p-bflock efl-

ements flowers ΔGH*, whfich sfignfificantfly reduces the energy barrfiers for 

protons chemfisorptfion on the actfive sfites of the doped graphene, and 

thus promotes proton adsorptfion and therefore energy storage. 

2.2. Desfign prfincfipfle of heteroatom-doped carbon-based eflectrode 

materfiafls 

It fis of finterest to deveflop a computatfionafl approach that has pre-

dfictfive power for ratfionafl desfign of the best dopfing structures for energy 

storage.  To  achfieve  thfis  goafl,  fit  fis  necessary  to  estabflfish  the  desfign 

prfincfipfles or fintrfinsfic descrfiptors that correflate the energy storage ca-

pacfity  wfith  the  dopfing  structures.  We  found  that  the  energy  storage 

propertfies  of  the materfiafls  can  be weflfl  descrfibed  by  the  descrfiptor Ø 

[13]. 

∅¼
EXAX
ECAC

(3)  

where EX and AX are eflectronegatfivfity and eflectron affinfity of dopants fin 

graphene  substrate,  respectfivefly,  and EC and AC are  eflectronegatfivfity 

and eflectron affinfity of carbon eflement, respectfivefly. 

Ffig. 4a show the flowest vaflues of the Gfibbs free energy of adsorptfion 

(ΔGH*)  on  heteroatom-doped  graphene  as  a  functfion  of  descrfiptor Ø. 

ΔGH* fis correflated wfith the descrfiptor to form a finverted voflcano refla-

tfionshfip wfith N-dopfing at the summfit of the voflcano, whfich predficts that 

N dopant fis the best  one among the dopants tested fin thfis work. The 

energy densfity (E0/sfite) or capacfitance (C0/sfite) aflso has the sfimfiflar vofl-

cano reflatfionshfip wfith the descrfiptor (Ffig. S4). Such a descrfiptor has a 

predfictfive power for screenfing the X-G for eflectrode materfiafls. 

To verfify the proposed descrfiptor, the specfific capacfitances of the X- 

G  materfiafls,  measured  experfimentaflfly  were  cfited  from  the  flfiteratures 

[27–32]. To reflfiabfly compare the measured specfific capacfitances wfith 

our predfictfions, firstfly, aflfl the experfimentafl data cfited fin thfis work were 

measured fin the same acfid eflectroflyte (H2SO4), and the specfific surface 

area  fis  accounted  for  fin  the  caflcuflatfions  of  specfific  capacfitances 

(capacfitance  per  unfit  area).  The  specfific  capacfitances  were  then 

normaflfized by the specfific capacfitance of undoped graphene eflectrode, 

measured under the same condfitfion fin the same experfiment. Aflthough 

morphoflogy of the materfiafls and dopant content coufld aflso affect the 

specfific  capacfitances,  sfince  onfly  graphene  were  seflected,  thefir 

morphoflogy and dopant content are sfimfiflar and comparabfle. To further 

mfinfimfize  the  possfibfle  morphoflogy/dopant  content  effects,  we  have 

averaged the data that were carefuflfly seflected from the flfiteratures. The 

measured capacfitance fis pflotted as a functfion of the descrfiptor fin Ffig. 4b. 

Theoretficafl  computfing  specfific  capacfitance  of  the  X-G  were  aflso 

normaflfized by that of undoped graphene, and aflso pflotted fin Ffig. 4b as a 

functfion of the descrfiptor for the X-G. Cflearfly, the experfimentafl resuflts 

show  a  voflcano  reflatfionshfip  wfith  nfitrogen  sfittfing  on  fits  top,  whfich 

agrees weflfl wfith the predfictfions. Thus, the descrfiptor provfides a theo-

retficafl toofl to predfict the energy storage capacfity of the X-G, from whfich 

the best eflectrode materfiafls coufld be seflected. 

The predfictfive power of the descrfiptor Φ orfigfinates from fits fintrfinsfic 

physficafl meanfing that correflates the propertfies to the structure of actfive 

sfites. Accordfing to the definfitfion of Pauflfing and Muflflfiken, the eflectrode 

chemficafl  potentfiafl μ fis  reflated  to  the  eflectronegatfivfity  by μ� χM, 
where χM fis  the  Pauflfing  and  Muflflfiken  eflectronegatfivfity.  In  chargfing 
process, the totafl energy of eflectrode resufltfing from addfing an eflectron 

wfiflfl aflso fincrease, whfich fis gfiven by eU ¼μ(Nþ1)- μ (N), where μ(N) and 
μ(Nþ1)  represent  the  chemficafl  potentfiafl  of  dopfing  graphene  wfith N- 
eflectrons and (Nþ1)-eflectrons resufltfing from externafl power suppfly at 

ground  state.  Ffinaflfly,  at  ground  state,  capacfitance  can  be  reflated  to 

eflectronegatfivfity, or our descrfiptor by C0=sfite¼
e2

χMðNÞχMðNþ1Þ
. Therefore, 

the capacfitance fis dfirectfly reflated to the eflectronegatfivfity. 

2.3. Further fimprovement of eflectrodes and theoretficafl flfimfit of dopfing 

theory 

Accordfing to the predfictfions of the voflcano reflatfionshfip, there fis stfiflfl 

a flarge room for us to fimprove the capacfitance towards the fideafl charge 

storage capacfity (Ffig. 4a). Here, a strategy of co-dopfing fis used to further 

fincrease the charge storage capacfity. Sfince N fis the best dopant among 

the  p-orbfitafl eflements, fit fis  seflected to  combfine  wfith the  second best 

dopant S to form N, S co-doped graphene structures (Ffig. S5). These co- 

doped structures were examfined to determfine the actfive sfites wfith the 

desfired ΔGmfinH* usfing the same method as the sfingfle-eflement dopfing. As 

expected, ΔGmfinH* can be further reduced by co-dopfing (Ffig. 5a and b), and 

the capacfitance of the capacfitors can be pushed to fits flfimfitatfion (Ffig. 5c 

and d). These predfictfions are consfistent wfith the experfimentafl resuflts 

[33]. In order to compare the dfifference between co-doped structures, 

we seflected two second best dopants reflatfive to dopant N to form O, S 

co-doped  graphene  structures  (Ffig.  S6).  The  resuflts  showed  that  O,  S 

co-doped carbon eflectrode fis better than sfingfle N-dopfing, but fless actfive 

than the N, S co-dopfing. We have quantfitatfivefly estfimated the theoret-

ficafl  capacfitance  based  on  the  adsorptfion  mechanfism  of  on  graphene 

substrate. The theoretficafl maxfimum capacfitance of the N, S co-dopfing 

eflectrodes wfith H2SO4 eflectroflyte can achfieve 606 μC cm
2. The hfigh 

charge  storage  capacfity  of  the  co-doped  carbon  eflectrodes  can  be 

attrfibuted to the synergfistfic effect between the dopants. Thfis synergetfic 

effect orfigfinates from the vaflence eflectron finteractfions between dopants 

[34]. 

Ffig.  4. The  adsorptfion  energy  and  capacfitance 

for  X-doped  graphene  structures  versus 

descrfiptor Ø. a, the mfinfimum Gfibbs free energy of 

adsorptfion  versus  descrfiptor. b,  Measured  specfific 

capacfitance  from  eflectrochemficafl  measurements, 

normaflfized by undoped pure carbon-based eflectrode 

fin H2SO4 eflectroflyte under the same condfitfion fin the 

same experfiment, and the predfictfions [32–36]. The 

predficted specfific capacfitance, normaflfized by undo-

ped graphene, fis aflso pflotted agafinst the descrfiptor.   

Y. Gao et afl.                                                                                                                                                                                                                                     
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2.4. Sfimufltaneous fimprovement of both energy and power densfitfies by 

dopfing 

Generaflfly,  a  pseudocapacfitor  usuaflfly  has  finferfior  energy  densfity 

reflatfive  to  batterfies  and  poor  power  densfity  compared  wfith  eflectrfic 

doubfle  flayer  capacfitors  (EDLCs).  Currentfly  there  flacks  an  effectfive 

method to enhance these two propertfies sfimufltaneousfly. Thfis goafl coufld 

be achfieved through reducfing the proton chemfisorptfion energy barrfier 

properfly  by  heteroatom  dopfing.  We  have  caflcuflated  the  energy  and 

power densfitfies of X-G eflectrode materfiafls. For 0<ΔGmfinH*<eU<ΔG
max
H*, 

the energy per unfit charge storage sfite E0/sfite (unfit, eV sfite
1) and the 

area  specfific  energy EA (unfit,  J  m
2)  (Support  Informatfion)  can  be 

caflcuflated by 

E0=sfite¼
eUkBT

eU ΔGmfinH*
fln

2

6
4
1

2

0

B
@1þe

eUΔGmfin
H*

kBT

1

C
A

3

7
5 (4)  

where e fis the charge of eflectron and U fis the externafl potentfiafl. (See the 

detafifls fin Suppflementary Informatfion). As shown fin Ffig. 6a, the dopfing 

enhances the energy densfity because fit reduces the ΔGH*. On the other 

hand, the dopfing flowers the threshofld (ΔGmfinH*/e) of appflfied vofltage fin 

the  chargfing.  Onfly  when U �ΔGmfinH*/e,  can  supercapacfitors  start  to 

charge on the sfites of the X-G, whfifle the dopfing reduces the threshofld 

vofltage for chargfing because of flower ΔGmfinH* compared wfith undoped 

graphene (Ffig. 6a). More sfignfificantfly, wfith the decrease of ΔGH*, en-

ergy  densfity  fincreases  sharpfly,  as  shown  fin Ffig.  6b.  Once  agafin,  the 

sfignfificance of dopfing fis demonstrated for the fimprovement of energy 

densfity. 

Power densfity fis defined as the change of energy per unfit tfime. In 

generafl, the power densfity, or chargfing rate, fis mafinfly governed by both 

conductfivfity of eflectrode, dfiffusfion of protons fin eflectroflytes, as weflfl as 

the chemfisorptfion rate of protons. For a gfiven externafl condfitfion such as 

ohmfic resfistance, Hþdfiffusfion, conductfivfity and chargfing potentfiafl fin a 

supercapacfitor, the chemfisorptfion rate on the actfive sfites (or chemficafl 

reactfion rate) domfinates the power densfity, whfich can be wrfitten as 

P0=sfite¼k0�

eUkBTfln
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6
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@1þe
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(5)  

where k0 and kB are  the  rate  constant  and  the  Bofltzmann  constant, 

respectfivefly (See the detafifls fin Suppflementary Informatfion). Accordfing 

to  Equatfion (5),  the  chargfing  rate  not  onfly  depends  on  the  fintrfinsfic 

factor  such  as  the  dopfing  structures,  but  aflso  reflfies  on  the  extrfinsfic 

factors fincfludfing chargfing potentfiafl U, eflectroflytes and pH vaflue. For a 

gfiven chargfing system, the dopfing generaflfly enhances the power den-

sfity,  dependfing  on  the  types  of  the  dopants,  as  fiflflustrated  fin Ffig.  6c. 

Overaflfl, accordfing to Equatfions (4) and (5), dopfing woufld reduce ΔGmfinH*, 

whfich woufld enhance both energy densfity and power densfity sfimuflta-

neousfly for pseudocapacfitors. 

2.5. Strategfies for desfignfing carbon-based hfigh-performance eflectrode 

materfiafls 

We have made DFT caflcuflatfions to understand the orfigfin of the X-G- 

based  eflectrode  materfiafls  and  dfiscovered  an  fintrfinsfic  descrfiptor  that 

weflfl descrfibes the energy storage capacfity of the materfiafls. On the basfis 

of the above resuflts, both the energy and power densfitfies are determfined 

by  fintrfinsfic  and  extrfinsfic  factors  assocfiated  wfith  actfive  sfites.  As  the 

Ffig.  5. Free  energy  dfiagram  for  doubfle  doped 

graphene  modefls. a,  the  three-state  free  energy 

dfiagram  for  dfifferent  types  of  doubfle  doped  gra-

phene. b,  correspondfing  optfimafl  dopfing  structures 

for O, S- and N, S co-dopfing modefls. c, comparfison 

between mfinfimum hydrogen adsorptfion free energy 

for  prfistfine,  sfingfle-eflement  dopfing,  and  doubfle- 

eflement dopfing graphene. d, experfimentafl and pre-

dficted capacfitance, normaflfized by that of pure car-

bon,  as  a  functfion  of  the  mfinfimum  adsorptfion 

energy, ΔGmfinH* for  sfingfle  and  co-doped  graphene 

structures fin H2SO4 and Na2SO4 eflectroflytes.   
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adsorptfion occurs onfly on the actfive sfites, the charge storage actfivfity of 

the X-G fis dfirectfly reflated to the unfit actfivfity of the actfive sfites (fintrfinsfic 

factor), whfifle the popuflatfion of exposed actfive sfites for a gfiven eflectrode 

mass  fin  energy devfices  fis  the  extrfinsfic  factor,  whfich  fis  reflated  to the 

densfity  of  exposed  actfive  sfites  and  the  specfific  surface  area  (Sc).  Ac-

cordfing to Equatfions (4) and (5), fin addfitfion to the fintrfinsfic and extrfinsfic 

factors,  envfironment  factors  (e.g., U and  pH)  aflso  affect  the  proton 

adsorptfion  of  the  eflectrodes.  From  above  anaflysfis,  materfiafl  desfign 

strategfies  can  be  estabflfished  to  achfieve  these  predficted  structures  or 

functfions by consfiderfing the fintrfinsfic and extrfinsfic factors as weflfl as the 

envfironmentafl factors. These strategfies fincflude as foflflows:  

(fi) Create hfighfly-effectfive actfive sfites. Thfis materfiafl desfign strategy fis 

to enhance the fintrfinsfic actfivfity of actfive centers (fintrfinsfic fac-

tors).  Dopfing  usfing  the  p-bflock  dopants  wfith  0.5<Ø<2  and 

fintroducfing more edges based on edge effect coufld sfignfificantfly 

enhance the charge storage capacfity. Co-dopfing, such as N, S and 

O, S co-dopfing, coufld further enhance the storage capacfity due to 

the synergetfic effect.  

(fifi) Bufifld 3D porous carbon or nanoarchfitectures to expose more actfive 

sfites. Thfis materfiafl desfign strategy fis to popuflate more actfive sfites 

on  eflectrode  surfaces  (extrfinsfic  factors).  3D  porous  carbon  or 

nanoarchfitecture  eflectrodes  coufld  have  a  flarge  specfific-surface 

area to facfiflfitate fion dfiffusfion as weflfl as fincreasfing the number 

of exposed actfive sfites.  

(fififi) Controfl  the  capacfitfive  envfironments. Accordfing  to  Equatfions (4) 

and (5), the energy and power densfitfies are strongfly finfluenced 

by thefir envfironments and thus a strategy to facfiflfitate them fis to 

controfl cataflytfic envfironments (e.g., pH vaflues, types of eflectro-

flytes,  temperature,  eflectrfic  fiefld).  appflyfing  an  eflectrfic  fiefld  or 

changfing pH vaflues can dfirectfly change the finteractfions between 

adsorbates  and  eflectrode  surfaces  and  consequentfly  aflter  the 

thermodynamfic  and  kfinetfic  propertfies  of  the  adsorptfion/ 

desorptfion reactfions. 

3. Concflusfion 

The chargfing/dfischargfing processes on heteroatom-doped graphene 

were  anaflyzed  wfith  the  DFT  methods.  The  Gfibbs  free  energy  of 

adsorptfion,  the  capacfitances,  the  energy  and  power  densfitfies  were 

caflcuflated  to  understand  the  orfigfin  of  charge  storage  on  the  doped 

carbon surfaces. The resuflts show that dopfing can sfignfificantfly flower the 

Gfibbs free energy of adsorptfion, and consequentfly enhance both energy 

and power densfitfies. The co-dopfing can even further fimprove the charge 

storage capabfiflfitfies due to the synergfistfic effect between the dopants. 

Introducfing more graphene edges coufld aflso sfignfificantfly enhance the 

charge storage capacfity. A descrfiptor correflatfing charge storage capa-

bfiflfitfies  wfith  the  dopfing  structures  was  dfiscovered,  from  whfich  the 

optfimafl eflectrode structures coufld be predficted. Such a desfign prfincfipfle 

provfides  a  crfitficafl  gufidance  for  ratfionafl  desfign  of  carbon-based  eflec-

trodes for hfigh-performance supercapacfitors. 

4. Methods 

The  adsorptfion  of  protons  fin  acfid  eflectroflyte  durfing  the  chargfing 

process of supercapacfitors on varfious heteroatom-doped graphene sur-

faces were performed usfing the DFT methods wfith spfin poflarfizatfion, as 

fimpflemented fin the Vfienna ab-finfitfio Sfimuflatfion Package (VASP) code 

[35]. The projector augmented wave (PAW) pseudo-potentfiafls was used 

to descrfibe nucflefi-eflectron finteractfions, whfifle the eflectronfic exchange 

and  correflatfion  effects  were  modeflfled  usfing  the 

Perdew-Burke-Ernzerhof  functfionafl  wfithfin  the  generaflfized  gradfient 

approxfimatfion  (GGA)  [36].  For  pflane  wave  basfis  set,  a  hfigh  kfinetfic 

energy cutoff of 400 eV was seflected after testfing severafl dfifferent cutoff 

energfies. 105 eV was used as the convergence crfiterfion of eflectronfic 

structure  fiteratfion.  For  geometry  optfimfizatfion,  convergence  crfiterfion 

for force of the system was set to be about 0.01 eV/Å. The K-pofints were 

set to be 4 �4 �1 and 4 �1 �1 for both graphene sheet modefls and 

graphene  nanorfibbon  modefls,  respectfivefly.  The  chofice  of  the  k  pofint 

Ffig. 6. Effect of the mfinfimum adsorptfion energy 

and the chargfing potentfiafl on energy and power 

densfitfies. a,  energy  per  unfit  sfite  versus  chargfing 

potentfiafl U (versus  RHE). b,  energy  per  unfit  area 

versus mfinfimum hydrogen adsorptfion energy ΔGmfinH* 
at  a  gfiven  potentfiafl  of U ¼0.8,  1.0,  and  1.5  V. c, 

power  per  unfit  sfite  versus  mfinfimum  hydrogen 

adsorptfion energy ΔGmfinH* at a gfiven potentfiafl of U ¼

0.9 V. d, power per unfit sfite versus chargfing poten-

tfiafl U at  mfinfimum  hydrogen  adsorptfion  energy Δ 

GmfinH* of 0.17 eV for N-doped graphene.   

Y. Gao et afl.                                                                                                                                                                                                                                     



Nano Energy 72 (2020) 104666

7

meshes and cutoff energy ensured that energies converged to about 1 
meV per atom. 

Three different groups of graphene models were developed to 
explore the adsorption effects of electrolyte ions in the charging process. 
The first group of graphene models are periodic on the x- and y-di
rections, respectively, consisting of 48 carbon atoms. The second group 
of models are armchair graphene nanoribbons consisting of 36 carbon 
atoms and 8 hydrogen atoms used to saturate dangling bonds at the 
edges of graphene. The third group of models are zigzag graphene 
nanoribbons comprising 48 carbon atoms and 8 hydrogen atoms. Both 
armchair and zigzag nanoribbons were constructed as a three- 
dimensional periodic structure with vacuum layers around 14 and 18 
Å in the y- and z-directions, respectively, to avoid interaction between 
graphene slabs. 
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