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Abstract
Nitrogen and phosphorous dual-doped carbon nanotubes (N,P/CNT) have been grown in a single-step direct synthesis 
process by CVD method using iron-loaded mesoporous SBA-15 support, as an electrode material for the energy storage 
device. For comparison, pristine nanotubes, nitrogen and phosphorous individually doped nanotubes were also prepared. 
The basic characterization studies clarify the formation of nanotubes and the elemental mapping tells about the presence of 
the dopant. Under three-electrode investigations, N,P/CNT produced a maximum specific capacitance of about 358.2 F/g at 
0.5 A/g current density. The electrochemical performance of N,P/CNT was further extended by fabricating as a symmetric 
supercapacitor device, which delivers 108.6 F/g of specific capacitance for 0.5 A/g with 15 Wh/kg energy density and 250 
W/kg power density. The observed energy efficiency of the device was 92.3%. The capacitance retention and coulombic 
efficiency were 96.2% and 90.6%, respectively, calculated over 5000 charge–discharge cycles.

Graphical abstract
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1 Introduction

In recent days, nanostructured materials having dimensions 
less than 100 nm are of great interest, worldwide, owing 
to their improved properties with that of bulk materials. 
Carbon is one of the most abundant elements present on 
the earth crust and has been a source of energy to human 
society for thousands of year. Carbon-based nanostructured 
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materials are extensively used in many areas of applications 
such as sensors, catalysis, drug delivery and energy storage 
due to their intrinsic structure, electrical property, mechani-
cal property and compatibility with biological systems. The 
various structural arrays of carbon-based nanomaterials are 
fullerene, graphene, carbon nanotubes, diamond and amor-
phous carbon [1–3].

Carbon nanotubes (CNTs) were discovered in 1991, from 
that onwards a huge area of research has been going-on 
because of their unique properties [4]. Also, recent research 
reports that CNTs were present in the black coatings of the 
inner walls of pottery shards, dates back sixteenth to eight-
eenth century, excavated from Keeladi, Tamilnadu [5]. The 
extraordinary thermal and chemical stability of CNTs favors 
them in the field of energy storage. Many literatures have 
been published using CNT-based electrode materials for 
supercapacitors [6]. The supercapacitor performance of the 
nanotubes can be modified by creating defects or adding for-
eign atoms to their crystalline structure [7]. Further doping 
the carbon materials with heteroatoms like B, N, P and S are 
found to be useful in modifying the electrochemical perfor-
mance. These non-carbon atoms with different electronic size 
and electronegativity are significantly altering the electronic 
properties of the nanotubes when included in their hexagonal 
network [8, 9]. Nitrogen doping enables the electron transfer 
in the carbon material by causing a shift in the Fermi level 
and increase the capacitance by improving the wettability of 
the carbon surface in the electrolyte [10]. Phosphorous dop-
ing is also found to be effective in nanotubes either as a sin-
gle dopant or as a co-dopant with nitrogen [11]. In addition, 
co-doping non-carbon atoms can be found to be impactful in 
improving the capacitance of the carbon material due to the 
synergetic effect [12].

The methods used for the production of carbon nano-
tubes for supercapacitors mainly include chemical vapour 
deposition (CVD), laser abalation and arc discharge. Among 
these methods, CVD is considered to be a promising and 
excellent technique for the synthesis of mass production of 
high-purity CNTs at low cost with easy scalability, in which 
temperature, catalyst and support play an important role. The 
catalyst aids as a seed for the growth of CNTs and transi-
tion metals like Fe, Ni, Co, Cr, V, Mo and Pd are generally 
preferred. It was reported that the iron catalyst produce best 
quality CNTs with high density and small diameter [13–16]. 
Along with the catalyst, the support also plays a role in the 
growth mechanism. Silica, mesoporous molecular sieves, 
zeolites calcium carbonate or magnesium oxide are usually 
favored as the catalyst support [17]. The unique properties 
of mesoporous molecular sieves such as lightweight, spe-
cific surface area, pore size, thermal stability and extending 
framework structure, make them selective for the growth of 
CNTs. Santa Barbara Amorphous-15 (SBA-15) is one of 
the mesoporous molecular sieve with hexagonally ordered 

mesopores, thicker pore walls and higher hydrothermal 
stability. The silanol groups present on the surface of the 
mesopores offer a platform for the catalyst and the inter-
connecting micropores of the ordered mesopores makes it 
suitable for carbon diffusion into the pores [13, 18]. While 
preferring doped CNTs for supercapacitors, two types of 
approaches are possible, (a) direct synthesis, in which, 
simultaneous CNT growth and doping takes place and (b) 
post treatment, in which, the pre-synthesized CNT will be 
treated with the dopant material [19].

Electrochemical energy is a promising, clean and 
renewable energy source due to the increasing demand for 
eco-friendly and high-performance energy storage devices. 
Batteries, fuel cells and supercapacitors are the leading 
energy devices working on the principle of electrochemical 
energy storage and conversion [20]. Supercapacitors or 
ultracapacitors or electrochemical capacitors are one 
of the most promising energy storage devices, attracted 
notable attention in various fields of applications including 
electronics, electric vehicles and power supply devices in the 
last decade. They deliver high energy density and high power 
density than dielectric capacitors and batteries, respectively 
[21, 22]. So, they act as a power-energy difference between 
capacitors and batteries. These features made them employed 
in the fields of electronics, transportation and industrial 
applications. The attention on supercapacitors is also raised 
due to their long cycle life, high specific capacitance, low 
internal resistance, high reliability, wide temperature range 
and rapid charging [20, 23, 24]. Based on the energy storage 
mechanism, supercapacitors can be classified into electric 
double layer (EDLC) capacitor, in which, the electric charge 
is stored electrostatically or Pseudocapacitor, in which, the 
faradaic charge storage of electroactive species stores the 
energy. Combined properties of both system lead to hybrid 
capacitors [25, 26].

H2SO4 is the most usually employed aqueous electrolyte 
since they have high ionic concentration with a small ionic 
radius and thus to provide low resistance with increased 
capacitance and power. The preparation process in the case 
of this electrolyte is also simple without involving any con-
trolled conditions [27]. Moreover, they are cost effective and 
easy to handle.  H2SO4 holds very high ionic conductivity, 
which is one of the most essential requirements for an ideal 
electrolyte. Especially for the carbon materials,  H2SO4 opt 
as a better electrolyte for both EDLC and pseudocapacitors. 
In EDLC, the ion mobility increases the electrolyte con-
ductivity and thus increases capacitance, while in pseudo-
capacitors, during the redox process the protons  (H+) were 
involved to induce the specific capacitance [28]. The ionic 
radius of the cationic species in  H2SO4 while comparing 
with other aqueous electrolytes like KOH and  Na2SO4 are in 
the order of  H+  <  K+  <  Na+. Also  H+ has the highest ionic 
conductivity than  K+ and  Na+. Hence, the smaller ionic 
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radius and the higher ion conductivity of  H+ create maxi-
mum ion transportation at the electrode/ electrolyte interface 
enabling more energy storage performance with  H2SO4 as 
an electrolyte [29].

Herein, we are reporting nitrogen and phosphorous 
co-doped multi-walled carbon nanotubes (N,P/CNT) 
produced by direct synthesis technique in the CVD method 
using Fe/SBA-15 as the catalytic support towards the 
supercapacitor electrode. Pristine CNT, nitrogen-doped 
CNT (N/CNT) and phosphorous-doped CNT (P/CNT) 
were also synthesized for the comparative study. SBA-15 
was synthesized by hydrothermal method and Fe was loaded 
over the SBA-15 support by wet impregnation method. The 
catalytic support and the purified CNTs were analyzed with 
basic physicochemical characterization techniques. All the 
CNTs were investigated with a series of electrochemical 
measurements in three-electrode cell using 1 M  H2SO4. N,P/
CNT was further examined under a two-electrode cell by 
modifying it as a symmetric device.

2  Material and methods

2.1  Chemicals

The chemicals used in this work were of analytical grade 
and used without further purification. Triblock copolymer 
poly(ethylene glycol)-block-poly(propylene gycol)-block-
poly(ethylene gycol) (Pluronic P123) and Tertaethyl ortho-
silicate (TEOS) were purchased from Sigma-Aldrich and 
used as the structure directing agent and silica source, respec-
tively, for the synthesis of SBA-15. Iron(III) nitrate nonahy-
drate (Fe(NO3)3.9H2O), cyclohexylamine, di-Ammonium 
hydrogen phosphate ((NH4)2HPO4), polyvinylidine fluo-
ride (PVDF) and carbon black were purchased from Merck. 
Xylene was purchased from Fischer Scientific. Triphe-
nylphosphine was purchased from Sigma-Aldrich. N,N-dime-
thyl formamide was purchased from Rankem. Hydrochloric 
acid, hydrofluoric acid and sulphuric acid were purchased 
from Merck. Aqueous solutions were prepared using double 
distilled (DD) water. The quartz tube with 45 mm inner diam-
eter, 2 mm thickness and 950 mm length was used for the 
reaction. High-purity acetylene,  H2 and Ar gas were utilized 
for synthesis, reduction and to maintain the inert atmosphere 
during the synthesis, respectively.

2.2  Synthesis of SBA‑15 and Fe/SBA‑15

Santa Barbara Amorphous-15 (SBA-15) was synthesized by 
a hydrothermal method according to the reported procedure 
[30]. In a typical synthesis, 4.04 g of P123 was dissolved in 
30 mL of DD water in a PP bottle and the solution was vig-
orously stirred for 3 h. About 120 mL of 2 N HCl was added 

and allowed to continue stirring for 2 h at 40 °C. Now, 9 g of 
TEOS was added drop by drop to the solution and stirred for 
24 h at 40 °C. The solution was then transferred to a Teflon-
lined autoclave and aged at 100 °C for 48 h. The obtained 
product was repeatedly washed and filtered with DD water 
and dried at 100 °C. Then they were calcined at 550 °C for 
6 h and cooled to room temperature.

10 wt% Fe was loaded on SBA-15 by wet impregnation 
method [18], in which, a sufficient amount of SBA-15 was 
dissolved in DD water by ultra-sonication. To this, Ferric 
nitrate nonahydrate dissolved in DD water was added and 
stirred continuously for 6 h at room temperature. Finally, Fe/
SBA-15 was dried and calcined at 550 °C for 6 h.

2.3  Synthesis and purification of carbon nanotubes

The carbon nanotubes were synthesized by the chemical 
vapour deposition (CVD) method [31]. In this procedure, 
100 mg of Fe/SBA-15 was evenly spread on the quartz boat 
and kept at the reaction zone of the quartz tube. The catalyst 
along with the support was purged with  H2 for reduction at 
700 °C for 20 min before starting the reaction. The main 
synthesis was carried out at 800 °C for 2 h and the flow rate 
was kept as 3 mL/h. Xylene was used as the source of carbon 
for the synthesis of pristine CNT. Cyclohexylamine was used 
as the single source of carbon and nitrogen for the produc-
tion of N/CNT. For P/CNT, 9:1 weight ratio of xylene and 
triphenylphosphine was mixed and used as the precursor for 
carbon and phosphorous, respectively. The precursor for the 
synthesis of co-doped CNTs (N,P/CNT) was acetylene gas 
(30 sccm) for carbon and a saturated solution of di-Ammo-
nium hydrogen phosphate as a single source for nitrogen and 
phosphorous. After the reaction, the furnace was cooled to 
room temperature under an Ar atmosphere.

The synthesized carbon material was treated with 48% 
HF for the removal of the silica phase. It was further treated 
with 6N HCl to remove the Fe particles, washed with double 
distilled water and dried. Finally, the CNTs were annealed 
at 400 °C for 0.5 h.

2.4  Electrochemical measurements

The CNTs were made into electrodes and studied their 
electrochemical behaviour in three-electrode cell using 1 M 
aqueous  H2SO4. Platinum wire, Ag/AgCl and the active 
material modified carbon felt were used as the counter, 
reference and working electrodes, respectively. For the 
preparation of the working electrode, the active material 
(CNTs), PVDF and carbon black were taken in 8:1:1 ratio 
and grinded well using DMF to make a thick paste. Then 
this paste was coated on the surface of carbon felt by the 
doctor blade method at 1 × 1 cm size and kept at 80 °C for 
12 h. Cyclic voltammetry (CV) was carried out with varying 
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scan rate ranging from 5 to 100 mV/s. Electrochemical 
impedance spectroscopy (EIS) was attained at the frequency 
range of 100 kHz–0.01 Hz with 0.10 mV amplitude at the 
open circuit potential. Galvanostatic charge discharge (GCD) 
was measured at different current densities from 0.5 to 10 
A/g. The potential window was kept between (− 0.2 and 0.8) 
V for both CV and GCD studies.

2.5  Device fabrication

Symmetric supercapacitor device was fabricated with N,P/
CNT using Ballard carbon paper. For fabrication, the thick 
paste was prepared as discussed in three-electrode cells and 
spread over the carbon sheets by 1 × 1 cm size and dried 
at 80 °C for 12 h. The two dried electrodes were closely 
binds together keeping Whatman filter paper soaked in 
1 M aqueous  H2SO4 as the separator in between them. 
This device was studied with CV and GCD with the same 
potential window as applied in the three-electrode cells. The 
electrochemical measurements were carried out in Metrohm 
Autolab (PGSTAT 302 N) with the assistance of NOVA 1.11 
software.

The specific capacitance was calculated from the GCD 
curves using the Eq. (1).

where, Csp, I, Δt, ΔV and m are the specific capacitance 
(F/g), applied current (A), discharge time (s), potential 
window (V) and mass of the single working electrode (g), 
respectively. The energy density (E) and power density (P) 
were calculated for the device using the Eqs. (2) and (3), 
respectively.

Energy efficiency was also derived for the device from 
GCD curves by the calculation (4) [32]. The capacitance 
retention and columbic efficiency of the device were also 
calculated from the cyclic stability test using the relation (5) 
and (6), respectively.

(1)Csp =
IΔt

mΔV

(2)E =
1

2

Csp

3.6
V2

(3)P =
E

t
× 3600

(4)Energy efficiency =
energy density(discharge)

energy density(charge)
× 100

(5)

Capacitane Retention =
Csp of 1

st∕100th∕200th cycle, etc.,

Csp of 1
st cycle

× 100

2.6  Characterisation techniques

XRD patterns were performed on a PANalytical X’Pert dif-
fractometer, in nickel-filtered CuKα as the radiation source 
(λ = 1.54 Å) and a solid-state detector of liquid nitrogen-
cooled germanium. The diffractograms were recorded in the 
2θ range of 0.5°–5° for low angle and 10°–80° for high angle. 
The FT-IR studies were done on a Perkin-Elmer (Spectrum 
RX1) instrument using a KBr pellet technique. About 200 mg 
of spectral grade KBr grounded with 4 mg of the sample to 
made into a pellet using a hydraulic press and analysed in 
the range of 400–4000  cm−1. Raman spectra were analyzed 
with a Micro-Raman system using an excitation laser line at 
532 nm with Nd-YAG. SEM, energy dispersive X-ray spec-
troscopy and elemental mapping were determined on a carl 
Zeiss MA 15/EBO18, where, the samples were coated with 
a metallic layer using Au to improve the sample contrast. 
HR-TEM and selected area diffraction pattern (SAED) were 
employed on JEOL JEM-2000 high-resolution transmission 
electron microscopy (HR-TEM). The sample was dispersed 
well in ethanol before testing. The X-ray photoelectron 
spectroscopy (XPS) was taken on PHI 5000 versa probe III 
instrument under ultra-high vacuum after cleaning the sample 
surface through an ion-gun etching process.

3  Results and discussion

3.1  Physicochemical characterizations

3.1.1  Characterization of catalyst

The low-angle XRD patterns of SBA-15 and Fe/SBA-15 
are shown in Fig. S1(a). SBA-15 shows strong peak at 0.9° 
attributed to (100) and two weak peaks at 1.6° and 1.9° 
correspond to (110) and (200), respectively, indicating its 
ordered mesoporous structure. These peaks intensity get 
decreased in Fe/SBA-15, due to the loading of iron, which 
might block the pores [13].

From the wide-angle XRD pattern of SBA-15, a broad 
diffraction peak was observed around 23° referring to 
the presence of mesoporous silica material. This peak 
was retained even after the metal loading in Fe/SBA-15, 
which shows additional peaks at 33.5°, 36.1°, 50.1°, 54.9° 
and 65.4° credited to (104), (110), (024), (116) and (300), 
respectively [18]. These peaks indicate the successful 
loading of Fe over SBA-15 and the wide-angle XRD patterns 
are presented in Fig. S1(b). Thus the XRD results reveal 

(6)Columbic efficiency =
tD

tC
× 100
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that Fe has loaded over SBA-15 without disturbing the 
mesoporous structure.

Figure S1(c) shows the FT-IR spectra of SBA-15 and 
Fe-loaded SBA-15. Both the material displays a band 
around 3400  cm−1 that relates to the vibration of the silanol 
(Si–OH) group and a band at 1640  cm−1 corresponds to the 
absorbed water molecules. The presence of Si–O–Si band at 
1091  cm−1 was notable in both spectra. Further, the rocking 
and bending vibrations of Si–O–Si group were also found 
at 467 and 802  cm−1, respectively. But the intensity of this 
band decreases in Fe/SBA-15, might be due to the loading 
of iron species [33].

Figure S2(a) and (b) are the corresponding SEM images 
of SBA-15 and Fe/SBA-15. Both the image shows bundles 
of small rod-like morphology and Fe/SBA-15 has retained 
the structure even after the loading of iron. All these stud-
ies articulated the formation of SBA-15 and Fe loading 
over it.

3.1.2  Characterization of CNTs

The XRD patterns are given in Fig. 1a. CNT displays a 
broad diffraction peak centered at 22.9° corresponding to 
(002) plane. While for the remaining samples, this peak 
gets shifted to 25.6°, due to the doping of heteroatoms. An 
additional peak around 43.7° was observed in all the sam-
ples assigned to (101) plane [34, 35]. Hence, the peaks were 
attributed to the graphitic plane and thus confirm the pres-
ence of carbon material.

The Raman spectra tell about the structural distortions 
of the CNTs and they are presented in Fig. 1b. The car-
bon materials show D or disorder band at 1349  cm−1, tell-
ing about the presence of disorder in the nanotubes and G 
or graphitic band at 1590  cm−1, corresponding to the  E2g 
stretching vibrational modes of  sp2 hybridized carbon in the 
graphite layers [35, 36]. Further the  ID/IG ratio for each CNT 
was calculated and given in Table 1. The defects are due to 
the oxygen functionality in CNT and the dopants such as N 
and P in the doped CNTs. The  ID/IG ratio of the samples is 

Fig. 1  a XRD patterns and b 
Raman spectra of CNTs

Table 1  Physicochemical and 
electrochemical properties of 
CNTs

a ID/IG ratio calculated from Raman spectra
b Atomic percentage of N & P governed from SEM/EDAX results
c Equivalent series resistance or solution resistance
d Charge transfer resistance calculated from EIS—Nyquist Plot
e Phase angle from EIS- Bode plot
f Specific capacitance determined from GCD using the equation Csp = I∆t/mΔV

Sample ID ID/IG  ratioa Element content at.%b Rs (Ω)c Rct (Ω)d Bode 
phase 
angle (°)e

Specific 
capacitance 
(F/g)fC O Others

CNT 0.92 78.74 21.26 NIL 5.4 5.2 69.9 129
N/CNT 0.93 84.50 11.82 N = 3.68 4.3 4.2 77.9 297.3
P/CNT 0.99 82.92 7.35 P = 9.73 4.9 4.8 76 142.6
N,P/CNT 0.96 80.91 14.51 N = 3.16 P = 1.42 1.1 1.0 79.2 358.2
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in the order as P/CNT > N,P/CNT > N/CNT > CNT. Greater 
the defect, the greater the  ID/IG ratio, which is coincid-
ing with the EDAX results also. Also an additional band 
was observed around 2700   cm−1 attributed to 2D band, 
which also tells about the presence of defects in the CNTs 
[37]. Thus the presence of defective graphitic carbon was 
expressed by Raman spectra.

The morphology of the materials was examined by SEM 
and HR-TEM images. Figure 2 shows the SEM images of 
CNTs, where, they display long tubular structures. But 
in the case of phosphorous-doped CNT, the formation 
of the tubular structure was low compared with the other 
CNTs, which is shown in Fig. 2e, f. That is phosphorous 
doping suppresses the formation of nanotubes and makes 
them shorter in length [7]. Hence, SEM images reveal the 
nanotube morphology of the carbon materials. Further, the 
EDAX spectra of the CNTs presented in Fig. S3 tells the 
presence of N (3.68 at.%) in N/CNT, P (9.73 at.%) in P/
CNT and N (3.16 at.%) & P (1.42 at.%) in N,P/CNT and 
their corresponding elemental compositions are given in the 
inset of Fig. S3. Also, the elemental mapping of N,P/CNT 
is attached in Fig. 2, which, further supports the presence of 
N and P in N,P/CNT.

The HR-TEM images at different magnifications of N,P/
CNT are displayed in Fig. 3. The images confirm the pres-
ence of nanotubes and they were found to be multi-walled 
(Fig. 3f) and the inner compartment of the tubes was cone 
stack-bamboo-like shaped, which are clearly seen in Fig. 3e. 
The blue line shows the open end of the nanotubes, cre-
ated might be due to the removal of metal particles during 
purification step. These open ends further pay way for the 
diffusion of more ions to further increase the capacitance. 
Additionally, the SAED pattern of N,P/CNT is given in the 
inset of Fig. 3f, where, ring-like pattern along with randomly 
distributed spots were noticed. The ring-like pattern arises 
owing to the polycrystalline nature of the nanotubes and the 
bright spots might due to the presence of heteroatoms [32].

The composition and the bonding of the elements pre-
sent in N,P/CNT were attained by XPS. The survey spec-
trum given in Fig. 4a tells the presence of N and P and their 
composition were 2.0 and 0.9 at.%, respectively. The peaks 
attained at 284, 531, 399 and 132 eV were corresponded 
to C 1s, O 1s, N 1s and P 2p, respectively [38]. In the de-
convoluted peak of C 1s, given in Fig. 4b, the most intense 
peak at 284 eV is attributed to C = C bond of  sp2 hybridized 
carbon of the nanotubes. The additional peak at 285.4 eV 

Fig. 2  SEM images of a, b CNT, c, d N/CNT, e, f P/CNT and g, h N,P/CNT and elemental mapping of N,P/CNT
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is assigned to C-O bonding and the other peak at 287.6 eV 
can be credited to either C=O or C=N bond, where this peak 
reveals the incorporation of N in the carbon framework [39]. 
Similarly, the resolved peak of O 1s is shown Fig. 4c and 
their corresponding elemental bonding is connived in the 
figure. The resolved N 1s peak is displayed in Fig. 4d and it 
consists of three types of bonding configuration of nitrogen, 
they are pyridinic N (398.0 eV), pyrrolic N (399.2 eV) and 
quartnery N (400.7 eV) [39, 40]. The de-convoluted peak of 
P 2p presented in Fig. 4e shows a peak at 132.4 eV ascribed 
to the bonding of P–C [41, 42]. Thus the XPS study confirms 
the doping of N and P in the nanotube’s carbon framework.

3.2  Electrochemical studies

Figure 5a shows the CV loops of CNTs in the scan rate 
of 5 mV/s at the potential window of 1 V. It is noticeable 
from the figure that, the CV loops of CNT were rectangu-
lar, indicating the charge storage mechanism is favored by 
EDLC behaviour. While in the case of doped CNTs, the 
loops were deviating from the rectangular regularity, show-
ing the charge storage contribution is due to both EDLC and 
pseudo behaviour. The favored EDLC behaviour is due to 
the carbon structure and pseudo behaviour arises due to the 
dopants along with the oxygen functionalities. The observed 
redox peaks are around 0.34, 0.27 & − 0.03 V for N/CNT; 

0.33 & 0.27 V for P/CNT and 0.37, 0.31 & 0.04 V for N,P/
CNT. The elements N and P are rich in electrons, during the 
energy storage process, the excess electron from these ele-
ments enrolls in the charge accumulation at the electrode/ 
electrolyte interface leading to electrolytic charge storage. 
In the case of pseudo behavior, these electrons combine with 
the oxygen functionalities and the protons from electrolyte 
to form simultaneous oxidation and reduction of the faradic 
redox reaction leading to electrochemical charge storage, 
thus forming the redox peaks in the CV curves of the doped 
CNTs. Further, considering the area under the curve, it was 
higher for N and P co-doped CNTs, telling its charge stor-
age capacity is greater when comparedth the other CNTs. 
The CV loops of N/CNT and P/CNT were higher than the 
undoped CNT, demonstrating that the doping of heteroatom 
has increased the storage capacity. When comparing with 
N/CNT and P/CNT, nitrogen doping is more effective in 
increasing the capacitance than phosphorus, while in N,P/
CNT, the synergic effect of N and P has further increased 
the capacitance. Moreover, the CV loops of all the samples 
at varying scan rates ranging from 5 to 100 mV/s are given 
in Fig. S4. They exhibit consistent CV loops at all the scan 
rates.

The specific capacitance was calculated from the GCD 
studies. The GCD curves carried out at 0.5 A/g current 
density with the same potential window as that of CV are 

Fig. 3  HR-TEM images at different magnification and (f-inset) SAED pattern of N,P/CNT
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displayed in Fig. 5b. Regular triangular wave was observed 
for CNT, while the irregular triangular wave was detected 
for all other doped CNTs, representing that the dopants have 
created the irregularity. That is, the charge storage mecha-
nism of CNT is by EDLC and the doped CNTs are due to 
both EDLC and pseudo behaviour as discussed in CV. Fig-
ure 5c shows the discharge profiles at the current density of 
0.5 A/g. The co-doping effect leads to a higher discharge 
second of N,P/CNT which further leads to the higher spe-
cific capacitance. The specific capacitance was calculated 
using Eq. (1) and a plot between current density and spe-
cific capacitance is given in Fig. 5d. The calculated specific 
capacitance of CNT, N/CNT, P/CNT and N,P/CNT were 
129, 297.3, 142.6 and 358.2 F/g, respectively, at 0.5 A/g 
current density. Also, the values are listed in Table1. Further, 
the GCD and discharge profiles at the different current densi-
ties are given in Fig. S5 and S6, respectively.

The resistance of the materials was studied by the EIS 
technique at the frequency range of 100 kHz–0.01 Hz with 
0.10 mV amplitude at the open circuit potential. From the 
Nyquist plot, presented in Fig. 6a, the solution resistance 

(Rs) or equivalent series resistance of N,P/CNT was found 
to be 1.1 Ω. Also, the charge transfer resistance (Rct) of 
N,P/CNT was 1.0 Ω. The resistance of N,P/CNT was 
found to be low, indicating its high capacitive nature while 
comparing with the other materials. The resistance values 
of all the samples are given in Table 1. Bode plot or the 
phase angle plot is the secondary one for the discussion 
of the resistivity of the materials along with the Nyquist 
plot. It is the plot between the logarithms of frequency 
versus the measured phase angle values. The resistivity of 
the material will be debated from the phase angle at the 
low frequency region. It is said that, for an ideal capaci-
tor, the phase angle would reach 90° [43–45]. The Bode 
plot of all the CNTs is shown in Fig. 6b. The phase angle 
of N,P/CNT reaches a maximum (79.2°) at 10 mHz AC 
frequency comparatively with other CNTs, suggesting that 
N,P/CNT performs more like an ideal capacitor than the 
others. Thus, N,P/CNT shows low resistance and the EIS 
findings were consistent with CV and GCD results. The 
phase angle values of all the samples are also mentioned 
in Table 1.

Fig. 4  XPS of N,P/CNT a survey spectrum, de-convoluted b C 1s, c O 1s, d N 1s and e P 2p peaks
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3.3  Symmetric device

N,P/CNT was further fabricated into a symmetric device and 
studied its electrochemical properties. The CV and GCD 
studies were carried out with the same potential window 
as that of the three-electrode. The CV loops of the device 
at different scan rates are shown in Fig. 7a. The rectangular 

shape of the CV loops was maintained even at higher scan 
rates also, showing the rapid ion transportation. The GCD 
and discharge profiles of the device at different current den-
sity are shown in Fig. 7b, c. The specific capacitance was 
calculated from a GCD study using Eq. (1). N,P/CNT device 
delivers a specific capacitance of about 108.6 F/g at 0.5 A/g. 
The plot between current density and its corresponding 

Fig. 5  a CV curves of CNTs at 
5 mV/s scan rate, b GCD pro-
files and c discharge profiles of 
CNTs at 0.5 A/g current density 
and d specific capacitance as a 
function of current density in 
three-electrode cells

Fig. 6  a EIS Nyquist plot and 
b Bode phase plot of CNTs in 
three-electrode cells
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specific capacitance was given in Fig. 7d. Also, the energy 
density and power density of the device was calculated using 
Eqs. (2) and (3), respectively. The device delivers 15 Wh/
kg energy density and 250 W/kg power density at 0.5 A/g. 
The Ragone plot between power density and energy density 
at varying current density is shown in Fig. 7e. Energy effi-
ciency is a significant parameter to consider an electrode 
material for practical application. The energy efficiency of 
the device was calculated using relation (4) and it was 92.3% 
at 0.5 A/g. The plot of current density Vs energy efficiency 
is also displayed in Fig. 7f. From the figure, it is notice-
able that the energy efficiency increases with the increase 
of current density, due to the fact that the average potentials 
upon charging and discharging are equal at the higher cur-
rent density, also when lowering the current density, these 
potentials goes on decreasing [46].

The stability of the device was carried out with a cyclic 
stability test at 3 A/g for 5000 charge–discharge cycles. 
96.2% of capacitance was retained by the device after the 
stability test and it is given in Fig. 8a. The capacitance 
retention was calculated using Eq. (5). In addition, the 

inset of Fig. 8a shows the first and last ten cycles of the 
stability test. The specific capacitance and columbic effi-
ciency (calculated using Eq. 6), of the device were cal-
culated for every hundredth cycle and plotted Vs cycle 
number in Fig. 8b. The columbic efficiency of the device 
was 90.6% at  5000th cycle. A CV loop of the device before 
and after 5000 cycles was carried out at the scan rate of 
100 mV/s and it is displayed in the inset of Fig. 8b. Thus, 
the cycling test indicates the electrochemical stability of 
the material.

The calculated values of the N,P/CNT symmetric 
supercapacitor device are listed in Table  S1. Also, a 
comparative list of electrochemical data of some similar 
materials with the present work is given in Table  2. 
Co-doping with N and P create negative sites since N and 
P are electron-rich elements than carbon. So, when they are 
introduced into the carbon lattice of CNTs, they release their 
excess electrons to carbon creating n-type doping. Thus, 
the synergetic contribution of N and P co-doping provides 
fast ion transportation reactions which further improve the 
supercapacitive performance of the nanotubes.

Fig. 7  a CV curves at different scan rates, b GCD at different current 
densities, c discharge profiles at different current densities, d specific 
capacitance as a function of current density, e Ragone plot compared 

with reported literatures [47–49] and f energy efficiency of the sym-
metric N,P/CNT supercapacitor device
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Fig. 8  a Capacitance retention as a function of cycle number, 
(a-inset) first and last ten cycles of cycling test and b specific 
capacitance and Columbic efficiency as a function of cycle number, 

(b-inset) CV curve at 100 mV/s scan rate before and after 5000 cycles 
of the symmetric N,P/CNT supercapacitor device

Table 2  Comparison of electrochemical data of some recent similar materials with the present work

S. no. Electrode Electrolyte Specific 
capacitance 
(three-
electrode)

Specific 
capacitance (two-
electrode)

Energy density an 
power density

Capacitance retention References

1 N doped coiled 
double-walled carbon 
nanotubes

0.5 M  H2SO4 51.29 F/g
(0.125 A/g)

– 7.757 Wh/kg and 
0.549 kW/kg

– [50]

2 P, N and O co-doped 
polymer-based core–
shell carbon sphere

1.0 M  H2SO4 – 157 F/g
(0.05 A/g)

10 Wh/kg and
750 W/kg

15% decrease after 
5000 cycles

[12]

3 N doped CNTs 1.0 M  H2SO4 295 F/g
(0.5 A/g)

– – – [28]

4 Vertical aligned CNTs 
and polyaniline 
nanocomposite

1.0 M  HClO4 – 403.3 F/g
(1 A/g)

98.1 Wh/kg 90.2% after 3000 
cycles

[21]

5 P and N dual-doped 
microporous carbon

6 M KOH 183.8 F/g
(1 A/g)

– – 90% [34]

6 N and P co-doped 
porous carbon

6 M KOH 340.2 F/g
(1 A/g)

227.2 F/g
(1 A/g)

26.289 Wh/kg and 
3694.084 W/kg

94.2% after 10,000 
cycles

[35]

7 P and N co-doped 
porous exfoliated 
carbon nanosheets

6 M KOH – 265 F/g
(0.5 A/g)

– 94% after 5000 cycles [38]

8 N,P co-doped porous 
carbon

6 M KOH 265.8 F/g
(0.2 A/g)

167.7 F/g
(1 A/g)

14.912 Wh/kg and 800 
W/kg

98% after 10,000 
cycles

[41]

9 P and N dual-doped 
mesoporous carbon

1.0 M  H2SO4 
& 6 M 
KOH

272 F/g 236 
F/g (0.2 
A/g)

– 38.2 Wh/kg and 204.6 
W/kg

– [51]

10 N and P co-doped 
CNTs

1.0 M  H2SO4 358.2 F/g
(0.5 A/g)

108.6 F/g
(0.5 A/g)

15 Wh/kg and 250 
W/kg

96.2% after 5000 
cycles

This work
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4  Conclusions

In this work, we report nitrogen and phosphorous co-doped 
carbon nanotubes by direct synthesis in the CVD method 
using Fe/SBA-15. Basic characterization studies reveal 
the formation of nanotubes with a reasonable amount of 
heteroatom doping. The elemental composition of N and 
P from the XPS study were found to be 2.0 and 0.9 at.%. 
As per the SEM study, phosphorous doping has limited the 
formation of nanotubes. In additon, P doping created only a 
minimal increase in the capacitance as noted from the three-
electrode study. Further, N,P/CNT gave a maximum specific 
capacitance of 358.2 F/g at 0.5 A/g current density. The N,P/
CNT symmetric supercapacitor device delivered a specific 
capacitance of 108.6 F/g with an energy density of 15 Wh/kg 
and power density of 250 W/kg at the current density of 0.5 
A/g. In addition, the observed energy efficiency of the device 
was 92.3% with 96.2% of capacitance retention and 90.6% 
of coulombic efficiency for over 5000 charge–discharge 
cycles. Thus the N and P co-doped carbon nanotubes would 
be an effective electrode material for consideration under 
supercapacitor energy storage devices.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42823- 023- 00532-0.
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