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transfer rate and higher electrochemical activity than those 

of the graphene basal plane. [ 12 ]  

 To date, there have been several reports on the prepa-

ration of hG as an anode for LIBs. [ 5–7 ]  For example, pores 

were introduced into graphene using sonication of graphite 

oxide (GO) in HNO 3 . 
[ 5 ]  A porous sponge-like structure 

composed of randomly stacked hG was prepared through a 

hydrothermal method followed by etching with KOH and 

ball milling. [ 6 ]  Nitrogen-doped hG hollow microspheres were 

synthesized through a template sacrifi cing method using 

amine-functionalized mesoporous silica nanoparticles as a 

template. [ 7 ]  Such hollow microspherical structures, in com-

bination with the introduction of nitrogen doping, effec-

tively facilitated lithium-ion storage and transport, and thus 

resulted in enhanced electrochemical performance. However, 

the use of hollow microsphere structures would signifi cantly 

reduce the volumetric energy density. Moreover, its prepa-

ration methods, along with other reported methods of hG 

for LIBs, are either not scalable or involve the use of toxic 

or hazardous chemicals. Very recently, Lin et al. [ 13 ]  directly 

heated commercially available graphene in air without any 

catalysts or chemicals to produce hG in a scalable process. 

Compared to other reported methods, [ 5–7,14 ]  this method is 

more scalable and facile, and does not use toxic chemicals. 

 The introduction of heteroatoms (e.g., nitrogen) to gra-

phene has been proven to be one of the most promising 

methods to further enhance the capacity, surface wettability, 

and electrical conductivity of graphene. [ 7,15,16 ]  To exploit 

the N-doping effects in different graphene materials, we 

prepared a series of graphene (G), N-doped G (N-G), hG, 

and N-doped hG (N-hG), as anodes for LIBs. We found 

that N-hG anode for LIB prepared by simply heating hG 

in ammonia gas exhibited a high volumetric capacity of 

384 mAh cm −3  at 0.1 A g −1 , a maximum volumetric energy 

density of 171.2 Wh L −1 , and a maximum volumetric capaci-

tance of 201.6 F cm −3  at 5 A g −1  during the 6000 cycles tested. 

The volumetric energy and capacitance of N-hG are higher 

than those of the other three types of graphene, and highly 

comparable to the best results previously reported for capac-

itors based on carbon electrode materials in organic electro-

lytes. [ 8,10 ]  The excellent electrochemical performance of N-hG 

was attributed to a synergistic effect of nitrogen doping and 

holes to provide high electrical conductivity, reduced effec-

tive diffusion distance, numerous active sites for Li +  storage, 

high wettability, and low charge-transfer resistance between DOI: 10.1002/smll.201501848
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  Owing to its high intrinsic electrical conductivity, excellent 

mechanical fl exibility, and exceptionally large theoretical sur-

face area of 2630 m 2  g −1 , graphene has received signifi cant 

attention as an anode for lithium-ion batteries (LIBs). [ 1–3 ]  

Because of the strong van der Waals interactions between 

graphene sheets, however, they tend to restack or aggregate 

during the process of electrode preparation. The restacking 

or agglomeration of the graphene sheets severely decreases 

their accessible surface area and thereby impede ion trans-

port, leading to a low energy density and poor rate capa-

bility. [ 4 ]  Recently, electrodes based on graphene with a large 

amount of holes in its planar sheet, i.e., holey graphene 

(hG), have been demonstrated to deliver a high energy 

(gravimetric/volumetric) density and high rate capability in 

LIBs [ 5–7 ]  or supercapacitors. [ 8–11 ]  The presence of holes in 

the graphene basal plane could be benefi cial to keep the hG 

nanosheets in the stacks remaining exfoliated. The exfoliated 

hG allows the electrolyte to quickly penetrate the entire hG 

cross-planes through the holes as well as to facilitate rapid 

diffusion and storage of ions. Furthermore, the introduction 

of in-plane vacancy defects (pores rich with edges) in hG 

provides an additional advantage for LIBs as the graphene 

edge has been demonstrated to show a much faster electron 
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the electrolyte–electrode interface. Furthermore, it is envi-

sioned that the malleable amorphous structures can more 

readily accommodate the local volume change during the 

lithiation–delithiation process. Indeed, our results indicate 

that N-hG with a high packing density and excellent ion 

transport/storage serves as an ideal anode material for LIBs 

with high energy densities (both gravimetric and volumetric) 

and ultralong cycling life. 

  Figure    1  a shows broadened X-ray diffraction (XRD) 

peaks at ≈26.5° for all the G, hG, N-G, and N-hG samples, 

indicating their partially crystalline structures with a typical 

interlayer space of 0.34 nm between graphene nanosheets. 

Due to the heat treatment of hG under different atmospheres 

(air and ammonia gas), the resultant products will likely 

exhibit a different degree of exfoliation, nitrogen doping 

levels, defects, and hole size and distributions for hG, N-G, 

and N-hG. Figure  1 b shows Raman spectra for G, hG, N-G, 

and N-hG; all revealed a pronounced D band (a disordered 

band caused by the graphite edges) at around 1349 cm −1  

and a G band (associated with in-plane vibration of the 

graphite lattice) at around 1591 cm −1 . Compared to that of 

G (1.24), the intensity ratios of the D and G bands ( I  D / I  G ) 

for hG (1.06), N-G (1.08), and N-hG (1.04) were signifi cantly 

reduced, presumably due to the defect removal through the 

combined effects of nitrogen-doping and high-temperature 

treatment. This is further confi rmed by the absence of the dis-

tinct weight losses in the thermogravimetric analysis (TGA) 

for N-G and N-hG with respect to G and hG in the tempera-

ture range of 300–500 °C (Figure  1 c).  

 To investigate the chemical structure of the samples, the 

X-ray photoelectron spectroscopic (XPS) survey spectra of G, 

hG, N-G, and N-hG are displayed in Figure  1 d, which shows 

a pronounced C 1s peak at about 285 eV, along with a much 

weaker O 1s peak at 534 eV (3.9 at% for G, 6 at% for hG, 

2.9 at% for N-G, and 3.5 at% for N-hG) as well as a weak, but 

noticeable, N 1s peak at about 398 eV (1 at% for N-G, 1.1 at% 

for N-hG). As can be seen in Figure S1a and Table S1 in the 

Supporting Information, the lower atom ratio of O/C and 

the existence of nitrogen for N-G and N-hG indicate, once 

again, the reduction of oxygen functional groups in consist-

ence with the Raman and TGA results. To further identify the 

state of C, O, and N, high-resolution XPS spectra for the rep-

resentative N-hG are presented in Figure S1b–d (Supporting 

Information), respectively. As expected, the C1s XPS peak 

(Figure S1b, Supporting Information) can be deconvoluted 

into a dominant component for sp 2 -C at 284.3 eV, along with 

two weaker bands associated with C O and C N at 284.8 eV 

and O C OH at 289.8 eV. The corresponding O1s spectrum 

(Figure S1c, Supporting Information) shows C O and C O 

peaks at 531.9 and 534.1 eV, respectively. The high resolution 

XPS N1s spectra of the N-hG (Figure S1d, Supporting Infor-

mation) can be deconvoluted into three peaks at 398.3, 400.2, 

and 404.1 eV corresponding to the pyridinic nitrogen, pyrrolic 

nitrogen, and pyridine-N-oxide, respectively. [ 17 ]  

 To examine the morphology of G, hG, N-G, and N-hG, 

high-resolution scanning electron microscopic (SEM) 

imaging was performed. As expected, there is a large amount 

of holes present on the surfaces of the graphene layers 

( Figure    2  b; Figure S2b, Supporting Information) after heating 

G (thermally exfoliated graphene) with numerous noncrys-

talline regions on the graphene basal planes (Figure  2 a; 

Figure S2a, Supporting Information) in air. [ 8 ]  After the 

nitrogen doping of G and hG by heating under NH 3 /Ar, the 

morphologies of G (Figure  2 c; Figure S2c, Supporting Infor-

mation) and hG (Figure  2 d; Figure S2d, Supporting Informa-

tion) are still preserved.  

  Figure    3  a shows the initial discharge–charge profi les for 

the G, hG, N-G, and N-hG at 0.1 A g −1  in the voltage range 
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 Figure 1.    a) XRD patterns; b) Raman spectra; c) TGA curves (10 °C min −1 ; 60 vol% compressed air in N 2 ); and d) XPS spectra of G, hG, N-G, and N-hG.
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of 0.02–2.5 V. The discharge–charge profi les are in accord-

ance with the cyclic voltammetry (CV) analysis given in 

Figure S3 (Supporting Information), which shows the CV 

curves of the initial three cycles for G, hG, N-G, and N-hG at 

a scan rate of 0.2 mV s −1  in the voltage range of 0.02–2.5 V. 

As can be seen in Figure S3 (Supporting Information), the 

fi rst cathodic peak centered at around 0.6 V, corresponding 

to the fl at plateau at around 1 V in Figure  3 a, appeared in 

the fi rst cycle and then disappeared in the following cycles. 

This indicated that a dense solid electrolyte interphase (SEI) 

layer from the electrolyte decomposition was formed on the 

sample surfaces in the fi rst cycle. The second cathodic peak 

centered at around 0.2 V is mainly ascribed to lithium-ion 

insertion into the graphitic layers, which is an important 

indicator of lithium storage in graphene. To test the rate 

and cycling performance, the cells based on the G, hG, N-G, 

or N-hG anodes were measured for 60 cycles from 0.1 to 

10 A g −1  in the voltage range of 0.02–2.5 V (Figure  3 b). As 

can be seen, the N-hG anode showed the highest initial dis-

charge/charge capacity of 3056.1/989.5 mAh g −1  at 0.1 A g −1 , 

followed by the N-G (2901.3/852.3 mAh g −1 ), and then the 

hG (2732.0/590.4 mAh g −1 ) and G (1934.5/368.2 mAh g −1 ), 

with the corresponding initial Coulombic effi ciencies (CE) of 

32.4%, 29.3%, 21.6%, and 19.0%, respectively. Compared to 

those of G and hG, the higher initial CE for the N-hG and 

N-G are attributable to the fewer oxygen-containing (O-X) 

functional groups, as well as their higher surface area (vide 

infra), that effectively decreased the irreversible interaction 

of lithium and O-X groups during the initial discharge pro-

cess. Furthermore, by increasing the current density from 0.2 

to 10 A g −1  and then back to 0.1 A g −1 , the N-hG showed a 

higher reversible capacity and rate capability (Figure  3 c) 

than N-G, hG, and G. As a key parameter for graphene as 

anode for LIBs, the volumetric capacity of N-hG was esti-

mated in details in Figure S4 (Supporting Information). As 

expected, the volumetric capacity of N-hG was estimated to 

be ≈380 mAh cm −3 . This value is almost half of the theoret-

ical volumetric capacity of graphite (≈840 mAh cm −3 ), which 

only has a theoretical gravimetric capacity of 372 mAh g −1 . [ 18 ]  

Moreover, compared to G with ≈49 mAh cm −3 , N-hG deliv-

ered about seven times higher volumetric capacity. Figure  3 d 

shows discharge–charge curves of N-hG at various current 

small 2015, 11, No. 46, 6179–6185

 Figure 2.    SEM images of a) G, b) hG, c,d) N-G, and e,f) N-hG. Scale bar: a–c,e) 500 nm and d,f) 100 nm.
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densities in the voltage range of 0.02–2.5 V. The shapes of 

the discharge–charge curves, along with Figure  3 a, are typ-

ical electrochemical behaviors observed with carbonaceous 

materials. [ 3,7,19 ]   

 To compare the relatively long-term cycling performance 

of G, hG, N-G, and N-hG, we discharged and charged the cells 

for 6000 cycles at a high current density of 5 A g −1  between 

0.02 and 2.5 V. As shown in Figure  3 e, N-hG, N-G, hG, and G 

delivered initial discharge capacities of 2063.8, 1512.6, 1254.2, 

and 1130.8 mAh g −1 , respectively. Although the capacities 

decreased in the initial cycles, all electrodes exhibited gradu-

ally increased capacity in the following cycles until relatively 

stable values were reached at ≈4000 cycles. This is mainly due 

to the high electrode polarization at high current densities 

in the initial cycles resulting from the delay associated with 

adsorption and wetting of the electrolyte into the electrode 

materials. With the electrolyte gradually penetrating into 

the accessible areas of electrode materials during the deep 

cycling, the electrodes delivered the discharge capacities of 

605.4 mAh g −1  (N-hG), 439.6 mAh g −1  (N-G), 483.8 mAh g −1  

(hG), and 182.5 mAh g −1  (G) at 4000 cycles. Since relatively 

stable capacity was achieved at around 4000 cycles, the elec-

trodes still retained the discharge capacities of 553.5 mAh g −1  

(N-hG), 456.1 mAh g −1  (N-G), 471.2 mAh g −1  (hG), and 

198.1 mAh g −1  (G) after 6000 cycles. Once again, the higher 

capacity for N-hG over 6000 cycles demonstrates the supe-

rior electrochemical performance of N-hG with respect to 

N-G, hG, and G. 

 On the other hand, due to the extraordinary properties of 

graphene, hG has been demonstrated to be one of the most 

attractive electrochemical capacitors with a high gravimetric 

or/and volumetric capacitance. [ 8,10,11 ]  As shown in  Figure    4  a–g 

and Figures S5a–g, S6a–g, and S7a–g in the Supporting Infor-

mation, G, hG, N-G, and N-hG all showed nearly symmetric 

triangular  V – t  shapes that delivered more attractive capaci-

tances at 5 A g −1  in the organic electrolyte of ethylene car-

bonate (EC)/diethyl carbonate (DEC). Owing to its high 

operating voltage in EC/DEC electrolyte, N-hG delivered 

a higher maximum specifi c energy density of 445.9 Wh kg −1  

(Figure  4 h) and specifi c capacitance of 525 F g −1  (Figure  4 i) 

compared to those of G (237.3 Wh kg −1  and 295.8 F g −1 ) 

(Figure S5h,i, Supporting Information), hG (361.9 Wh kg −1  

and 362.5 F g −1 ) (Figure S6h,i, Supporting Information), and 

N-G (388.5 Wh kg −1  and 453.7 F g −1 ) (Figure S7h,i, Supporting 

Information), respectively. In addition, as shown in Figure S4 

(Supporting Information), the volumetric energy density and 

volumetric capacitance of N-hG electrodes at 5 A g −1  were 

estimated to be 171.2 Wh L −1  and 201.6 F cm −3  (see Section 

B in Experiments in the Supporting Information), respec-

tively, which were nearly fi ve and three times higher than 
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 Figure 3.    Electrochemical performance of G, hG, N-G, and N-hG measured in the voltage range of 0.02–2.5 V. a) Initial discharge–charge curves at 

0.1 A g −1 , b) rate capability, c) discharge–charge curves of N-hG at various current densities, d) capacity retention versus various current densities, 

and e) cycling performance at 5 A g −1 .
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those of G, 31.6 Wh L −1  and 39.3 F cm −3 , respectively. Both 

the gravimetric and volumetric values of the N-hG elec-

trode are comparable to the best values reported to date for 

carbon-based electrodes in capacitors with an organic elec-

trolyte, including activated carbon, carbon nanotubes, and 

graphene. [ 8,10,20 ]  Moreover, the CE is often a key indicator for 

the reversible lithium-ion storage/extraction system. Because 

of the SEI formation that consumes a certain percentage of 

the lithium, [ 2,3,6,7,16,19 ]  G, hG, N-G, and N-hG exhibited the 

low initial CE. Although G, hG, N-G, and N-hG delivered 

the relatively low CE in the initial cycles, their CEs rapidly 

increased up to 100% and remained stable over 6000 cycles 

(Figure  4 j; Figures S5j, S6j, and S7j, Supporting Information), 

demonstrating the high reversibility of G, hG, N-G, and N-hG 

electrodes during the long-term storage/extraction process 

for lithium ions.  

 To gain a better understanding of the underline fac-

tors ensuring the superior electrochemical performance for 

the N-hG to G, hG, or N-G, we further investigated the key 

parameters that affect the electrochemical performance of 

the electrodes for LIBs. First, TGA (Figure  1 c) and differen-

tial thermogravimetry (DTG) ( Figure    5  a) profi les indicate 

that the introduction of holes in the graphene sheets slightly 

reduced the thermal decomposition temperature from 635 °C 

for G to 624 °C for hG, probably due to the introduction of 

hole defects and associated oxygen containing functional 

groups. However, N-doping signifi cantly enhanced thermal 

stability of the N-G and N-hG, as exemplifi ed by signifi cant 

increases in the decomposition temperatures from 635 °C 

for G to 725 °C for N-G, and from 624 °C for hG to 735 °C 

for N-hG. The enhanced thermal stability for N-hG and N-G 

can be attributed to the enhanced N C bonds and the par-

tial removal of O-X functional groups through the doping-

induced reduction process. Moreover, as shown in Figure  5 b 

and Figure S8a–d (Supporting Information), the N-hG exhib-

ited a higher Brunauer, Emmett and Teller (BET) surface 

area of 594.6 m 2  g −1  than G (336.8 m 2  g −1 ), hG (398.9 m 2  g −1 ), 

or N-G (457.0 m 2  g −1 ). The enhanced surface area for the 

N-hG sample is associated with the presence of nano/meso-

holes and defects induced by N-doping (e.g., pyridinic 

nitrogen, pyrrolic nitrogen, and pyridine-N-oxide). The pres-

ence of nano/mesoholes in the holey graphene (hG, N-hG) 

could not only facilitate the electrolyte diffusion through the 

hG samples but also effectively increase the accessible area 

for electrolyte by reducing the restack of graphene sheets, 

leading to fast diffusion and effi cient storage of (lithium) 

ions. [ 6,8,10 ]  On the other hand, the presence of nanoholes with 

doped nitrogen at the edge [ 21 ]  and doping-induced defects 
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 Figure 4.    Representative  V – t  curves: a) 1st–3rd, b) 999th–1000th, c) 1999th–2000th, d) 3499th–3500th, e) 4999th–5000th, f) 5999th–6000th 

for N-hG; g) specifi c energy, h) specifi c capacitance, and (i) CE versus cycle number of G, hG, N-G, and N-hG; measured at 5 A g −1  in the voltage 

range of 0.02–2.5 V. 
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at the basal plane in N-hG [ 22 ]  are expected to provide more 

active sites for the storage of lithium ions (clusters), and 

hence an enhanced specifi c capacity. In addition, oxidized N 

could also lead to storage of additional lithium ions through 

the reaction between Li ions and the O-X groups. [ 23 ]  Com-

pared to G and hG, therefore, the better electrochemical per-

formance observed for N-G and N-hG (N-hG > N-G) could 

be attributed to a synergistic effect between the nitrogen-

doping and the presence of holes to effectively facilitate the 

diffusion and storage/release of lithium ions.  

 Different levels of O-X groups and surface area also 

affect the wettability between electrode and electrolyte, apart 

from affecting the SEI formation. The wettability of G, hG, 

N-G, and N-hG electrodes was investigated by measuring 

the water contact angle using a microliter syringe at room 

temperature. As shown in Figure  5 c and Figure S9 (Sup-

porting Information), N-doping enhanced the hydrophobicity 

of hG and G, and hence enhanced the wettability for N-hG 

toward organic electrolyte. The enhanced hydrophobicity 

is associated with lower contents of OH and COOH for 

the nitrogen-doped graphene (Figure S1a and Table S1, Sup-

porting Information). The improved electrolyte wettability 

of the N-hG also enhanced the fast diffusion of lithium ions 

with a low ion-transport resistance and maximized the effec-

tive storage of lithium ions during the discharge–charge pro-

cesses. To better understand kinetics associated with the G, 

hG, N-G, and N-hG, we performed electrochemical imped-

ance spectroscopic measurements on these samples [ 24 ]  and 

showed an equivalent circuit model in Figure S10 (Sup-

porting Information). The equivalent circuit model includes 

the internal resistance (e.g., electrolyte, contact between 

the electrode and the corresponding current collector ( R  e ), 

resistance for lithium-ion to diffuse through the SEI layer 

( R  s ), constant phase element (CPE-1), charge transfer resist-

ance ( R  ct ), nonconstant phase element (CPE-2), and Warburg 

impedance (W). All the EIS spectra exhibited a semicircle in 

the high/medium frequency region, which is correlated to the 

resistance for lithium-ion diffusion through the SEI fi lm ( R  s ) 

and the charge transfer resistance ( R  ct ). The –45° inclined 

line in the low frequency region is attributable to the War-

burg impedance ( W ). As can be seen, the internal resistances 

for the samples are small, as refl ected by the intercepts of the 

corresponding EIS spectra. The  R  ct  is a key indicator of the 

kinetics for all the samples. The charge-transfer resistances 

( R  ct ) of the electrodes before cycling (Figure S11a, Sup-

porting Information) and after rate capability measurements 

(Figure  5 d; Figure S11b, Supporting Information), nearly cor-

responding to the diameter of the semicircle of EIS spectra, 

both decreased in the order of G, hG, N-G, and N-hG, further 

indicating the highest ionic conductivity for the N-hG. These 

results correlate well with their electrochemical performance. 

 In summary, we have developed a facile and scalable pro-

cess for fabrication of N-hG with high electrochemical perfor-

mance as an anode material in LIBs. The N-hG anode showed 

an initial discharge/charge capacity of 3056.1/989.5 mAh g −1  at 

0.1 A g −1  in the voltage range of 0.02–2.5 V, with a maximum 

volumetric capacity of 384 mAh cm −3 . The N-hG electrode 

can be continuously deep cycled for 6000 cycles at 5 A g −1  in 

the voltage range of 0.02–2.5 V with a stable specifi c capacity 

of 553.5 mAh g −1 . Moreover, N-hG as an electrochemical 

capacitor delivered a higher maximum specifi c energy den-

sity of 445.9 Wh kg −1  and specifi c capacitance of 525 F g −1 , 

corresponding to a maximum volumetric energy density of 

171.2 Wh L −1  and a volumetric capacitance of 201.6 F cm −3 , 

 Figure 5.    a) DTG at different temperature regions of G, hG, N-G, and N-hG; b) BET nitrogen adsorption and desorption isotherms of N-hG; c) contact 

angle of water droplets resting on electrodes for 0, 5, and 10 min; and d) EIS spectra of G, hG, N-G, and N-hG after the corresponding rate capability 

measurement.
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which are highly comparable to the best results previously 

reported on carbon-based electrode materials in capaci-

tors with organic electrolytes. The excellent electrochemical 

performance of N-hG is attributable to its highly unstacked 

morphology with a large surface area of numerous N-doping-

induced hole defects, which allow for an improved electrode/

electrolyte wettability, ionic conductivity, and thermal sta-

bility. Thus, the simple method for preparing large quantities 

of N-hG provides a low cost carbon based electrode material 

with excellent electrochemical performance, making it attrac-

tive for the development of next-generation high-energy LIBs.  
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