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internal/external surface sites of the nano-
structure. Thus, the big challenge is in 
the nanostructure architecture where all 
of these parameters need to be optimized 
simultaneously. For the case of a superca-
pacitor, the nanostructure material is used 
as the framework to store and transport 
charges between two parallel electrodes. 
A conventional supercapacitor usually 
consists of two electrodes (e.g., made of 
nano-porous carbon materials) with an 
electrolyte sandwiched between them. In 
such a confi guration an electric double-
layer is formed at the interface between 
the electrolyte and the nanostructure 
materials of the electrodes. In addition, 
electrochemical storage can take place at 
the interfaces, due to the redox reactions 
which contribute to the pseudo-capaci-
tance of the device. [ 1 ]  

 Over the years, there have been many 
reports on the use of carbon nanostruc-
ture materials for supercapacitor fabri-
cation. They include activated carbon, [ 2 ]  
carbon nanotubes, [ 3 ]  graphene sheets, [ 4–6 ]  
onion-shaped carbon nano-particles, [ 7 ]  car-

bide derived carbon, [ 8 ]  and templated carbon. [ 9 ]  In contrast to 
these studies, our effort is focused on the design and synthesis 
of functional carbon nanostructures, and the use of a simple 
process that is scalable for the fabrication of high performance, 
low cost supercapacitors. 

 Our hierarchical design and assembly of the HCDN is 
based on vertically integrating optimal materials-performance 
at each length scale, ranging from the atomic to micrometers 
in length. At the atomic level, an abundance of active sites for 
chemical activity and charge accumulation are needed. At this 
level, doping the carbon with nitrogen and boron will alter its 
electronic properties as well as seeding the structural change 
for the growth of the HCDN during synthesis. At the sub-nano 
level, abundant channels for effi cient mass/charge transport of 
electrolyte species are needed within the nano-structure. At the 
nano-structure level, it is necessary to assure that the HCDN 
has a shape for optimum packing of charges and good electrical 
contact among the HCDN particles for rapid charge transport. 
Finally, at the micron level, the HCDN must be assembled and 
mechanically compacted between the two electrodes to deliver 
the maximum power density. Thus the elastic properties of the 
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  1.     Introduction 

 Advances in the development of renewable energy sources and 
energy storage systems have propelled the need to design and 
fabricate ever higher charge-density nanoparticles (HCDN). To 
this end it is desirable to design a nanostructure with a large 
surface area for a given total volume or mass. Equally impor-
tant is the consideration of surface reactivity and the availability 
of nanoscale channels for atomic/charged species to access 
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HCDN were part of our design consideration. Below we start 
with the study of HCDN synthesis and characterization at each 
length scale, and then followed by a discussion on supercapac-
itor fabrication and its performance.  

  2.     Results and Discussion 

  2.1.     HCDN Fabrication and Structural Analysis 

 The fi rst goal is to synthesize a HCDN with near spherical 
shape consisting of doped crystalline frame-work having 
numerous internal nano-channels and sharp tips for the trans-
port and accumulation of charges. To achieve such an architec-
ture the following two-step processing sequence was taken to 
synthesize the unique HCDN: First, a composite nanoparticle 
was synthesized consisting of fi ne lamella layers of crystalline 
carbon sandwiched between amorphous layers of nitride and/
or carbide materials. Second, the amorphous layers of the com-
posite nanoparticle were selectively etched away by heating the 
sample in air at 450˚C to produce the desired structure. 

 DC arcs have been extensively used in nano carbon 
studies. [ 10–14 ]  To perform the fi rst step, we used a DC arc that 
was confi gured as a high temperature furnace where a hole in 
the cathode serves as a crucible which can be fi lled with mate-
rials to be incorporated into the products. [ 15 ]  An optimal mix-
ture of 90% graphite powder and 10% B 4 C powder was used 
to synthesize our HCDN particles. B 4 C was used primarily 
as a source for boron doping; nitrogen gas was used as the 
nitrogen source for co-doping. Our arc was operated with high 
purity nitrogen at 300 Torr and a temperature around 3000 °C. 
Under these conditions we obtained a composite HCDN as pro-
posed in step one described above. Nitrides and carbides in our 
HCDN remain amorphous while carbon achieved its crystal-
line form. (Note: We have also synthesized HCDN with pure 
hydrogen and nitrogen gas only. However, the electrical-chem-
ical properties of these samples were inferior, most likely due to 
their structural properties, thus for this study we only focused 
on the B-N co-doped samples. 

 The morphology of the as synthesized B-N co-doped HCDN 
(BN) collected from the chamber wall is shown in the SEM image, 
 Figure    1  a. The spherical particles are quite uniform in size, 
and they range between 40–60 nm. A transmission electron 

microscopy (TEM) image, Figure  1 b, provides a closer view of 
a cluster of these particles on a holey carbon grid. Figure  1 c 
is a higher magnifi cation of a composite particle showing the 
crystalline carbon as the matrix embedded with amorphous 
materials. To study the composition of the as synthesized 
HCDN, electron energy loss spectroscopy (EELS) was used to 
map the locations of B, N, and C in the individual particles, and 
X-ray photoelectron spectroscopy (XPS) was used to study the 
average amount of each element and their local bonding envi-
ronment over an assembly of nanoparticles.  Figure    2  a shows 
a scanning transmission electron microscopy (STEM) image 
of a selected nano-particle mapped by EELS. STEM images 
and EELS were acquired in a probe-corrected JEOL ARM200F 
equipped with a GIF Tridiem operated at 80 kV. The elec-
tron energy loss spectrum of the whole nanoparticle clearly 
shows the B, C, and N edges (Figure  2 b). From this mapping 
(Figure  2 c–e) it is clear that both B and N are uniformly present 
across the nanoparticle indicating that the crystalline and amor-
phous phases of the composite HCDN are homogeneously dis-
tributed within the particle.   

 In the second step of the synthesis we selectively etch-
remove the amorphous materials in the composite HCDN by 
heating the sample at 450 °C in air.  Figure    3  a is an annular 
dark fi eld image of a typical nano-particle (BN-1H) after 1 hour 
of treatment to remove the amorphous material from the nano-
particles. It shows how the dense nano-composite particle has 
transformed into a nano-porous particle. By further focusing 
on a single nano-particle (Figure  3 b), it is quite revealing to 
see the transformation of a compact composite nano-particle 
into a crystalline carbon “skeleton” framework, which consists 
of densely populated inter-nested carbon nano-horns [ 16 ]  and 
twisted nano graphite sheets. The inset to Figure  3 b shows 
the fi ne structure of a typical nano-horn. An electron diffrac-
tion pattern (Figure  3 c) was obtained from as deposited BN 
HCDN (left half circle) and after 1 hour heat treatment, BN-1H 
(right half circle). The existence of diffraction spots in the rings 
indicates the presence of randomly oriented carbon crystallites 
in the BN-1H sample. From the TEM images, it is clear that 
nano channels have been created within the particle which 
will improve charge transport. Second, the presence of horn-
shaped nano structures will help to induce charging effects 
around their tips and promote local chemical activities. Thirdly, 
the inter-connection among the annealed HCDN particles will 
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 Figure 1.    Morphological characterization of as-synthesized BN HCDN. a) High-resolution SEM image of nanoparticles collected from the chamber 
wall. b) TEM image of a cluster of these nanoparticles on a holey carbon grid. c) High resolution TEM images of as-synthesized BN HCDN.
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further enhance the charge fl ow among the assemblies of these 
nano-particles.    

  2.2.     Nanoparticle Porosity 

 While it is clear from the micrographs that selective etching 
can transform a dense composite HCDN particle into a highly 
nano-porous crystalline carbon nanoparticle, it is also desirable 
to quantify the change in porosity that takes place. To this end 

a Brunauer-Emmett-Teller (BET) pore structure analysis has 
been carried out. The isotherms are Type II IUPAC classifi ca-
tion without adsorption hysteresis ( Figure    4  a). The observed 
adsorption isotherm appears to be representative of an adsorp-
tion isotherm on a fl at surface. The etching process results in a 
remarkably enhanced N 2  adsorption uptake at low relative pres-
sure ( P / P  0 ), which is indicative of a huge increase in nanopo-
rosity. Moreover, continuous N 2  uptake can be observed in the 
relative pressure range of 0.3–0.6, which also implies the pres-
ence of large increase in porosity. The pore size distribution 
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 Figure 2.    EELS analysis results for the as-synthesized BN HCDN. a) STEM image of a selected BN-HCDN to be mapped by EELS; b) EELS spectrum of 
particle from (a) showing the B,C, and N edges of EELS; Elemental mapping images of c) B (188–208 eV), d) N (401–421 eV), and e) over lay image.

 Figure 3.    Morphological characterization of annealed BN-HCDN (BN-1H). a) High resolution annular dark fi eld-STEM images, and b) bright fi eld 
high resolution STEM images of single BN-1H particle. c) Comparison of electron diffraction patterns between as-synthesized BN HCDN (left) and 
BN-1H (right). Bright spots in the right half indicate graphitic (crystalline) characteristics of BN-1H, compared with the hazy pattern of as-synthesized 
BN HCDN in the left half.
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was calculated using the quenched solid density functional 
theory (QSDFT) method that was part of the Quarda Win soft-
ware package (Quanta chrome Instruments, USA), assuming 
a slit pore geometry. From this analysis there is only a minor 
amount of pores with characteristics in the micropore range 
for the as synthesized BN sample. On the other hand, there 
are two obvious peaks in the micropore range for the etched 
sample: one very sharp peak just above 1 nm and another broad 
peak (with one tenth the height) between 2–3 nm (Figure  4 b). 
This dramatic increase in pore volume around 1 nm can be 
attributed to the presence of numerous nano and/or sub-nano 
channels formed by the intertwined nano-carbon layers and 
nano-horns left behind in the etched nano-particle discussed 
above [ 17,18 ] . As a result, the surface area and pore volume of 
the etched sample increase over the unetched sample from 
193.3 m 2  g −1  to 554.3 m 2  g −1 , and from 0.27 cm 3  g −1  to 0.51 cm 3  g −1 , 

respectively. It should be pointed out here that these values 
remain nearly the same after our HCDN fi lm is compacted 
with a pressure of 700 MPa.  

  2.3.     XPS Analysis 

 Extensive XPS studies were performed on our BN and BN-1H 
particles. From the survey spectrum of the N and BN sam-
ples ( Figure    5  a) indicates the incorporation of N and B into 
these materials. The nitrogen and boron concentrations in the 
as grown co-doped sample, BN, are about 4 at% and 3 at% 
respectively ( Table    1  ). The predominate asymmetric C 1s peak, 
shown in Figure  5 b, indicates the existence of C–N, C–B, and/
or C–O bonds in addition to C–C bonds. The C 1s spectrum 
could be deconvoluted into four peaks at 283.5, 284.7, 286.3, 
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 Figure 4.    Porosity analysis from the BET measurement. Gas adsorption/desorption analysis using N2 (77.4 K) of the BN HCDN before and after the 
annealing process. a) High-resolution N2 isotherms, and b) pore-size distribution (calculated by using a slit NLDFT model).

 Figure 5.    XPS spectrum analysis for the N, BN, and BN-1H samples. a) survey spectrum and high resolution spectrum of b) C 1s, c) B 1s, and d) N 1s.
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and 288.4 eV; these were assigned to C–B, sp 2  C=C, C–N, 
and/or C–O bonds, and π–π sp 2  satellite transitions respec-
tively. [ 19–25 ]  The B1s core level can be divided into maximum 
4 peaks of B–O (193 eV), BCO 2  (192 eV), B–N (190.6 eV), 
and B–C (189.5 eV) (Figure  5 c). [ 20,26,27 ]  The relatively large 
amount of B-N bonding indicates that N from the reaction 
gas reacts preferentially with B over C when B is present. The 
high resolution N 1s peak can be deconvoluted into 3 com-
ponents (Figure  5 d); N-6 (398.6 eV), N-5 (400.6e V), and N-Q 
(401.6 eV). [ 20,24 ]  N-6 corresponds to pyridinic substitution in 
the carbon lattice, N-5 to pyrrolic substitution in the carbon 
lattice and/or B–N bonding, and N-Q to graphitic substitu-
tion in the carbon lattice. Considering large amount of B–N 
bonding indicated from the B 1s spectra, it can be assumed 
that there are also large amount of N–B bonding, along with 
the pyrrolic N substitution, in peak N-6 in the B doped sam-
ples. As depicted above, due to the nature of ternary mixture 
in BN sample, there are large amount of different bonding at 
lower binding energy comparing with N sample (including 
N-6 and N-5). Although the amount of B and N were some-
what decreased by the 1h annealing, suffi cient quantities of 
B (0.8 at%) and N (2.2 at%) remain to change the surface 
chemistry of the BN-1h sample thereby increasing its elec-
trochemical activities. Moreover, it should be noted that most 
of the nitrogen species present are aspyridinic (N-6) and pyr-
rolic (N-5) substitution. This is because nitrogen can act as an 
edge termination agent during the graphene growth in a role 
similar to hydrogen in a hydrogen arc growth. [ 24 ]  These N-6 
and N-5 species are favorable for accumulating charges during 
supercapacitor operation due to their appropriate electron con-
fi guration and binding energy. [ 28 ]  Nitrogen bonding around 
the nano-graphitic edges favors pyridinic substitution [ 24 ] ; 
density function theory (DFT) calculation indicates this 
should produce a p-type material. [ 29 ]  XPS also indicates pyr-
rolic N-substitution where the Fermi level is in the middle of 
the gap. After annealing in air, the amount of oxygen species 
(such as hydroxyl, ester, ketone, and carboxylic groups) on the 
surface of the HCDN were slightly increased from ≈7 at% to 
10 at%. Addition of these groups further enhances the redox 
reaction for more charge accumulation, and also increases the 
hydrophilic surface property for better wettability of the mate-
rials, which eventually increase the overall electrochemical 
performance of BN-1H HCDN  [ 30 ]  (see Supporting Informa-
tion SI-1). We also show the difference in surface wettability 
of these samples with contact angle measurements (see Sup-
porting information SI-4). Indeed, the BN-1H sample has the 
best wettability.    

  2.4.     HCDN Sample Densifi cation 

 The HCDN nano-particles were compacted or densifi ed into a 
fi lm under uniaxial pressure for the fabrication of supercapaci-
tors. The densifi cation of the HCDN fi lm is needed to optimize 
the device performance to obtain both the highest energy den-
sity and power density. This requires the optimization of at least 
two important parameters: charge density (amount of charge 
per volume) stored in the capacitor, and the supercapacitor 
charging and discharging rate (which requires the minimiza-
tion of internal resistance of the device). In addition, the device 
needs to possess long term stability through cycling. Densifi ca-
tion is thus a key step to achieving these properties. To assure 
that we do not over-compress the nano-particle fi lm (beyond 
its elastic limit), we performed in-situ nano-indentation meas-
urements on single selected BN-1H HCDN particles in a 
HR-TEM (see SI-2, Supporting Information). An AFM-TEM 
in situ holder from Nanofactory AB was used to perform the 
compression experiments. [ 31,32 ]  Briefl y, the nanoparticles are 
drop-casted onto an Au wire, which is mounted in to the AFM-
TEM holder and once inside the TEM, they are compressed 
by a Si tip (Supporting Information Figure SI-2.1). The defl ec-
tion of the cantilever is used to compute the load applied on 
the particles and the area of contact is estimated from the TEM 
images. Our results showed that a single nanoparticle was able 
to withstand ≈1000 MPa of stress at the contact point without 
any deformation (except for the sharp tips, Figure SI-2.2, Sup-
porting Information). Beyond this stress the nanoparticle 
started to compress plastically. According to these results, we 
used an uniaxial pressure of 700 MPa to ensure that the nano-
particles were not damaged in the fi lm formation process dis-
cussed below (see Supporting Information Figure SI-2.3, BET 
isotherm result for compressed BN-1H sample).  

  2.5.     Electrical Measurement 

 We performed Hall measurements on normally ≈300 µm thick 
BN-1H co-doped HCDN fi lms. The fi lms were formed by com-
pacting the HCDN particles under a uniaxial pressure of 700 MPa. 
The Hall mobility was determined to be ≈2 cm 2  V −1  s −1  with a 
p-type carrier density of 5 × 10 19  cm −3  to yield a conductivity of 
≈15 S cm −1 . This carrier density is about one order of magni-
tude higher than an N-doped sample grown in the nitrogen arc 
without boron doping, while the p-type mobility is the same. 
Thus, the BN co-doped sample is more conductive by roughly 
a factor of 10 (see more detail in SI-3, Supporting Informa-
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  Table 1.    Summarize XPS peak analysis for N, BN, and BN-1H samples.  

sample C a) B b) N c) 

 C–B C–C C–N C–O Content B–C B–N B–CO 2 B–O content N-6 N-5 N-Q

N - 60.9% 21.1% 18.0% - - - 4.0 at% 71.7% 21.8% 6.5%

BN 6.7% 69.7% 13.2% 10.4% 3.0 at% 18.7% 50.5% 30.8% - 4.1 at% 58.8% 36.6% 4.6%

BN-1h 3.6% 72.3% 10.5% 13.5% 0.8 at% 15.7% 48.7% 27.7% 7.9% 2.2 at% 41.1% 51.1% 7.8%

   a)  C–B (283.4 eV), C–C (284.6 eV), C–N (286.2 eV), and C–O (288.3 eV);     b)  B–C (189.5 eV), B–N (190.6eV), B–CO 2  (192 eV), and B–O (193 eV);     c)  N-6 (Pyridinic-398.5 eV), 
N-5 (Pyrrolic-400.5 eV), and N-Q (Quaternary-401.2 eV).   
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tion). This information is very important to the design of our 
supercapacitor. To achieve high rates of charging and dis-
charging, the internal resistance of the device needs to be very 
low.  

  2.6.     Electrochemical Analysis 

 As a demonstration of the advantage of its unique structure, 
the electrochemical activity of B-N co-doped HCDN material 
was compared with N-doped HCDN samples using a three-
electrode cell.  Figure    6  a shows typical cyclic voltammograms 
(CV) for a three-electrode cell in 6  M  KOH at a scan rate of 
100 mV s −1 . The as-deposited BN HCDN exhibits a much larger 
CV curve than the N sample corresponding to superior electro-
chemical activities for storing charges. Considering the similar 
values for surface area (193.3 m 2  g −1  for the BN sample and 
215 m 2  g −1  for the N sample), the increase in electrochemical 
activity is attributed to the synergetic effect of B–N co-doping 
in the carbon structure as discussed earlier. Sharp response at 
the voltage changing point represents the fast charge/discharge 
characteristics owing to the favorable surface chemical proper-
ties of B–N co-doping effects. Heteroatom doping in the carbon 
framework changes the electronic properties of the material 
with the heteroatoms being more favorable for the attraction of 
ions in the electrolyte compared to that of the carbon atoms, 
thus inducing pseudocapacitance. [ 28 ]  Additionally, the presence 
of heteroatoms in the carbon matrix can enhance the wettability 
(hydrophilicity) between electrolyte and electrode materials 
(See SI-4 for contact angle experiment). [ 33 ]  Therefore, the heter-
oatom doping could not only introduce extra pseudocapacitance 
but also enhance the electric double-layer capacitance. The B–N 

co-doped synergetic effect becomes more signifi cant after 1 h 
annealing process. Due to the highly increased conductivity of 
the BN-1H sample relative to the BN sample, faster response 
can be obtained resulting in a nearly rectangular shaped CV 
curve. Moreover, characteristics of the redox reaction became 
more obvious showing the appearance of “humps” in the CV 
curves (Figure  6 a). Capacitive behaviors can also be observed, 
exhibiting linear behavior during the galvanostatic charge/
discharge experiments performed at 3 A g −1  (Figure  6 b). The 
specifi c capacitance of BN-1H sample was calculated from the 
discharging curves with values of as high as 277 F g −1  at a cur-
rent density of 0.2 A g −1 .  

 For the further validation of the advantages of B-N co-doping, 
an electrochemical activity test was also performed in acidic 
media (1  M  of H 2 SO 4 ). Figure  6 c shows charging/discharging 
scans as a function of current for 6  M  KOH solution, while 
Figure  6 e shows that for 1  M  H 2 SO 4  solution. Figure  6 d com-
pares the differences in the electrolyte solutions in  C – V  plots. 
The specifi c capacitance of the BN-1H was calculated from 
galvanostatic charge/discharge curves according to the relation 
 C  spec  =  I  t  m  −1  V  −1 , where  I  is the charge/discharge current, t is 
the discharge time,  m  is the mass of electrode material, and  V  
is the voltage difference. The highest capacitance values, calcu-
lated from the discharge curves, were 277 F g −1 , and 245 F g −1  
in 6  M  KOH and 1  M  H 2 SO 4 , respectively (see Supporting Infor-
mation SI-4 for detail discussion about the different electro-
chemical behavior in KOH and H 2 SO 4  electrolyte). Considering 
the surface area (554.3 m 2  g −1 ), this value can be converted to a 
considerably high value of 49.9 µF cm −2  which is much higher 
value than 10–30 µF cm −2  which are typically showed in carbon 
materials. [ 34,35 ]  This means the BN-1H has highly electrochem-
ical-active surface characteristics.  

Adv. Funct. Mater. 2014, 24, 4186–4194

 Figure 6.    Electrochemical characterization in three electrode confi guration. a,b) Comparison study among the samples of N, as-synthesized BN, and 
BN-1H; a) CV curves measured in 6  M  KOH electrolyte from –1.0 to 0 V at 100 mV s −1  and b) Galvanostatic charge/discharge profi les at the current 
density of 3 A g −1 . c–e) In depth study of BN-1H. d) CV curves obtained in different electrolyte systems of 6  M  KOH and 1  M  of H 2 SO 4  at scan rate of 
1 V s −1 . Galvanostatic charge/discharge profi les at different current densities obtained in c) 6  M  of KOH, and e) 1  M  of H 2 SO 4 .
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  2.7.     Fabrication and Properties of Two-Electrode Supercapacitor 

 Based on the above results it is clear that BN-1H particles have 
superior electro-chemical properties and thus should be used 
for the fabrication of the two-electrode supercapacitors. The 
steps taken to prepare the devices are as follows (see Supporting 
Information SI-5): BN-1H carbon nanoparticles processed from 
the arc furnace as describe above are electro-sprayed onto two 
identical stainless steel substrates to form thin fi lms of BN-1H. 
In order to retain high effi ciency (low internal resistance), no 
organic binding material has been used in assembly the BN-1H 
nanoparticles. The thin fi lms are further compacted under a 
pressure of 700 MPa to a thickness of ≈1 µm. The two densifi ed 
electrodes are sandwiched together mechanically with a poly-
propylene separator layer between them. This assembly is then 
soaked in the 6  M  of KOH electrolyte.  Figure    7   shows the charac-
teristics of a typical supercapacitor. Cyclicvoltammograms (CVs) 
were recorded at scan rates from 1000 mV s −1  to 10 000 mV s −1  
to test the power capability of the thin fi lm supercapacitor 
(Figure  7 a). Almost perfect rectangular shaped CV curves, up 
to the very high scan rate, indicate low resistance, as well as 
its high power characteristics for the device. The galvanostatic 
charge/discharge curves at three current densities are shown 
in Figure  7 b. The specifi c capacitance was calculated from the 
discharge curves with values of 28.3, 28.1, and 28.1 F cm −3  
obtained at current densities of 600, 1200, and 3000 mA cm −3 , 
respectively (Figure  7 b).  

 Electrochemical impedance spectroscopy (EIS) further con-
fi rms the superior power performance of the compacted BN-1H 
thin fi lm supercapacitor. The vertical feature in the Nyquist 
plot of BN-1H shows the nearly ideal capacitive behavior 
of the cell. The equivalent series resistance obtained from 
the intercept of the plot on the real axis is only 0.34 Ω cm −2  
(compared with few hundreds of ohms of un-compacted fi lm, 
Supporting Information, Figure SI-6.1). From the expanded 
high-frequency range data (Figure  7 c, inset), a transition 
between the RC semicircle and the migration of electrolyte was 
observed at a frequency ≈3000 Hz. The diffusion of electrolyte 
ions stopped ca. 400 Hz, and thereafter the full capacitance 
was reached. The thin fi lm supercapacitor of BN-1H shows 
superior frequency response with a very small relaxation time 
constant  τ  0  of 8.5 ms ( τ  0  being the minimum time needed to 
discharge all the energy from the device with an effi ciency of 
greater than 50%;  [ 36 ]  Figure  7 d). This small time constant for 
BN-1H is very promising compared with previously reported 
values for planar micro-supercapacitors: activated carbon 
(700 ms), [ 7 ]  onion-like carbon (26 ms)  [ 7 ]  and direct laser writing 
graphene device (19 ms). [ 5 ]  The measured electrical properties 
of the BN-1H two electrode supercapacitor gives a high power 
density (4.58 kW cm −3 ) and energy density (2.45 mWh cm −3 ). 
Furthermore, the thin fi lm BN-1H supercapacitors show excel-
lent cycling stability, retaining ≈90% of the initial performance 
after 10 000 charge/discharge cycles (Supporting Information-
Figure SI-7.1).   
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 Figure 7.    Electrochemical characterization of thin fi lm supercapacitor. a) CVs profi les of a thin fi lm supercapacitor of BN-1H in a 6  M  KOH, at different 
scan rates, from low to high. b) Galvanostatic charge/discharge curves at different current densities. c) Complex plane plot of the impedance analysis, 
with a magnifi cation for the high-frequency region in the inset. d) The real and imaginary part of the capacitance ( C ′ and  C ′′) as a function of frequency. 
Very low relaxation time constant  τ  0  (8.5 ms) is confi rmed.
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  3.     Conclusion 

 In summary, we have reported a cost-effective approach to 
fabricate high performance supercapacitors using specially 
designed and processed nitrogen and boron co-doped carbon 
HDCN. This requires the assembly of closely interconnected 
nanoparticles with large internal/external surfaces and plenty 
of subnano channels for high speed charge transport. To 
improve the power density, we reduced the internal resistance 
of the device by forming the supercapacitor under 700 MPa of 
uniaxial pressure. Taken together our integrated approach pro-
vided us with a power density of nearly 4.58 kW cm −3 , highest 
reported to date in the literature to our knowledge. In addi-
tion, a respectable energy density of 2.45 mWh cm −3  was also 
obtained. The described fabrication process can be easily scal-
able for manufacturing.  

  4.     Experimental Section 
  Synthesis of Boron and Nitrogen Doped Arc Carbon Materials : The arc 

system used in this study is described in detail elsewhere. [ 37 ]  Briefl y, the 
arc consists of two electrodes. The cathode is a solid 3/8 inch diameter 
randomly oriented graphite (ROG) rod. The anode is a cup-like structure 
fabricated from a 3/8 inch diameter ROG rod with a 3/16 inch diameter 
hole, 4 inch deep, in the center of the end facing the cathode. The 
hole, or cup, in the anode cup is fi lled with tightly compacted graphite 
powder; as a boron (B) source 10 wt% B 4 C was mixed with graphite 
powder. 

 After the chamber was evacuated, 300 Torr of Nitrogen (N) gas was 
introduced. Nitrogen was used as nitrogen source. A 100 Amp DC arc 
was applied to heat the graphite powder inside the hole. A potential of 
27–28 V was maintained between the electrodes by adjusting the spacing 
between them, typically 0.5 to 0.7 inch. A typical synthesis experiment 
lasts ≈7 min. The arc soot deposited on the surface of chamber was 
collected. 

 There are some graphite impurities in the as-collected soot, so 
a purifi cation process was performed to remove un-desired carbon 
species. First, the as-collected sample was dispersed in a solution of 
water and ethanol (9:1) and then sonicated to make a highly dispersed 
suspension. The suspension was centrifuged to remove heavy graphitic 
balls from the arc soot. After the centrifugation, the supernatant was 
freeze-dried overnight to yield the purifi ed arc soot. This sample is 
designated as the as-synthesized BN HCDN in this paper (Supporting 
Information, Figure SI-8.1). For the control experiment, pure graphite 
powder without B 4 C addition, was introduced into the arc discharge 
process to produce soot doped with only nitrogen, which is designated 
as the N sample. 

 For the synthesis of the BN-1H sample, as-synthesized carbon 
soot underwent aheat treatment in air at 450 °C to etch-remove of the 
amorphous portion of the material. 

  Characterization of Synthesized Materials : Scanning electron 
microscopic (SEM) images were obtained using a Hitachi SU8030 fi eld 
emission SEM (FESEM). Transmission electron microscopy (TEM), 
selected area electron diffraction (SAED) studies were performed using 
a JEOL 2100F FAST TEM working at 200 kV. Structural characterization 
of the arc carbon was done by X-ray diffraction (XRD, D/MAX-A, 
Rigaku) featuring Jade Analysis software. The surface area and pore 
size distribution of the synthesized HCDN were measured by nitrogen 
adsorption/desorption isotherms, using a Micromeritics ASAP 2020 
system. The sample was degassed at 398 K under vacuum overnight 
before analysis, to remove any adsorbed impurities. The surface area was 
measured using the Brunauer–Emmett–Teller (BET) model for relative 
pressures and the distribution of pore dimensions was calculated using 
the Barrett–Joyner–Halenda (BJH) model. XPS spectra were recorded 

on a Thermo Scientifi c ESCALAB 250Xi. All binding energies (BEs) are 
referred to the graphitic C 1s line at 284.7 eV. 

  Compressing Test for the BN-1H Sample : The in situ TEM experiments 
were performed in a JEOL JEM-2010F. Images were recorded with an 
AMT CCD camera. The sample was diluted in ethanol, ultrasonicated 
and drop-casted on to a 0.25-mm Au wire that was mounted on an N 
force probing holder (AFM-TEM holder) from Nanofactory Instruments 
AB. The sample is mounted on a piezotube which enables three-
dimensional movement with sub-nanometer precision. For load 
measurements, this holder relies on the defl ection of a silicon cantilever 
with a sharp tip. Supporting Information Figure SI-2.1 shows a picture 
of the actual holder used. These experiments were carried out with a 
cantilever of a spring constant of 2.3 nN m −1 . Finally, the stress can be 
estimated by assuming a circular area of contact and measuring the 
diameter from the TEM images. 

  Three-Electrode Test : Electrochemical measurements were performed 
using an AUTOLAB PGASTAT 302N potentiostat with a standard three-
electrode setup in both 6  M  of KOH and 1  M  H 2 SO 4 . Working electrodes 
were prepared by drop-casting the samples on a glassy carbon electrode: 
A Pt plate and an Ag/AgCl electrode saturated with KCl were used 
as a counter electrode and reference electrode, respectively. Cyclic 
voltammograms were recorded within the range from 0 to –1 V in 
KOH and from 0 to 1 V in H 2 SO 4  at various scan rates. Galvanostatic 
charge/discharge was carried out within the same voltage range of CV 
measurement at various current densities. Electrochemical impedance 
spectroscopy (EIS) measurement was carried out by applying voltage 
amplitude of 10 mV at OCV (open circuit voltage) in the frequency range 
from 100 kHz to 50 mHz. 

  Calculations : The capacitance of each device was calculated from the 
galvanostatic charge/discharge curves using the formula:

 
For a three electrode configuration: electrodeC i t

V
= × Δ

Δ    
 Where  i  (A) is the discharge current, Δ t  (s) is the discharge time, Δ V  (V) 
is the voltage change (excluding the iR drop) within the discharge time. 
Gravimetric specifi c capacitance was calculated by dividing capacitance 
by the mass of electrode material.

 
For a two electrode thin film configuration: 4deviceC i t

V
= × Δ

Δ ×
   

 Where  i  (A) is the discharge current, Δ t  (s) is the discharge time, Δ V  (V) 
is the voltage change (excluding the iR drop) within the discharge time, 
the multiplier of 4 adjusts the capacitance of the cell and the combined 
mass of two electrodes to the capacitance and mass of a single 
electrode. Specifi c capacitance was calculated based on the volume of 
the device according to the following formula:

 Volumetric capacitance ( ) /v deviceC C V=    
 where  V  refers to the volume (cm 3 ) of the device. 

 The energy density (Wh cm −3 ) and power density (W cm −3 ) derived 
from the charge/discharge curves are calculated by the following 
equations;

 = × Δ ×E C V /(2 3600)v
2

    

 
= ΔP V R V/ 42

ESR      
 For the calculation of maximum power density,  R  ESR (equivalent series 

resistance) of the device was obtained from the EIS (Electrochemical 
impedance spectroscopy) measurements.  
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