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A B S T R A C T   

This study investigated flexible, freestanding niobium pentoxide (Nb2O5) decorated multiwalled carbon nano-
tube (MWCNT) electrode material in a sodium-ion pseudocapacitor and its respective energy storage mechanism. 
Sodium is an abundant element in the Earth's crust, with attractive sustainability and low-cost appeal for the 
scientific community and energy markets such as electric vehicles and renewable energies. Combined with 
niobium pentoxide and carbon nanotubes, sodium ions can perform ultra-fast intercalation into niobium pent-
oxide and electrostatic adsorption onto carbon high surface areas. Niobium pentoxide particles were investigated 
using X-ray diffraction via Rietveld refinement, a powerful technique to study crystalline materials' electronic 
and structural properties that directly influence Na+-ion diffusion. The niobium pentoxide-decorated MWCNT 
electrode material was investigated within a symmetric supercapacitor (SIC) and as an anode for sodium-ion 
batteries (SIBs). A finite-length transmission line was used to model the impedance behavior of the solid and 
liquid phases that comprised the material/solution interface. This numerical modelling allowed investigators to 
infer the presence of MWCNT as a nanostructured matrix since Nb2O5 dispersive nanoparticles increased the 
overall pseudopacacitance by 63.2% for Nb2O5/MWCNT compared to MWCNT nanostructured electrodes. 
Electrochemical findings revealed a maximum capacitance of 192 F g−1 for the SIC full cell, with capacitance 
retention of 96% after 10,000 cycles. In addition, the SIC delivered outstanding power density from 98.7 to 
24,671 W kg−1 and high energy density from 5.4 to 2.7 W h kg−1. In an SIB half-cell configuration, the electrode 
delivered a reversible sodium-ion storage capacity of ~163 mA h g−1, with a retention capacity of ~68 mA h g−1 

after 100 cycles at 25 mA g−1. These systems bridge the gap between supercapacitors and batteries by employing 
the best properties of them both.   

1. Introduction 

Energy storage devices (ESDs) are under constant development due 
to increasing demands for high energy and power densities for 
expanding renewable and energy storage infrastructures. Portable 
electronics, wearables, electric vehicles, and renewable energy sources 
comprise a multibillion-dollar ESD market, and the need for extended 
storage energy and more rapid charge time means the ideal ESD should 
utilize supercapacitors and metal-ion batteries. Supercapacitors and 

batteries are complementary devices when energy and power, respec-
tively, are under consideration [1]. A supercapacitor is a power system, 
and a battery is a long-term energy storage device [2]. The energy 
storage process in supercapacitors primarily occurs via charge separa-
tion in a Helmholtz double layer at the electrode-electrolyte interface 
[3]. The main goal of ongoing supercapacitor research is to improve 
energy storage while maintaining the power system's long lifespan and 
power features [4], meaning capacitance and cell voltage must be 
enhanced. Combining carbon materials with transition metal oxides [5] 
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or conductive polymers [6] to introduce fast redox reactions [7] is one 
method to improve pseudocapacitance values. 

Conversely, chemical energy in metal-ion batteries is converted into 
direct current electricity through redox reactions and intercalation 
processes. Although these processes are more energetic in the metal-ion 
batteries than in the supercapacitor, power density and cycle-life are the 
main drawbacks of metal-ion batteries [8]. Therefore, current research 
seeks to combine the power density of supercapacitors and the high 
energy density of batteries [9]. Reliable practice includes selecting 
materials that combine the time constant of fast faradaic reaction 
(diffusion-less processes) and the electrostatic adsorption/desorption 
(non-faradaic) process [10]. 

Among ESD technologies, Na+ ion-based devices have been inten-
sively investigated as a promising alternative to Li+ ion-based devices 
for large-scale energy storage due to their similar electrochemical 
properties and the low cost of abundant sodium [11]. However, many 
challenges remain before Na+ ion-based devices become commercially 
competitive [12]. For example, compared to Li+-ion, the larger Na+-ion 
results in slower electrochemical kinetics and significant restrictions 
throughout the intercalation process, which may cause electrode dam-
age, reduce performance, and decrease device lifespan [13]. Despite 
these drawbacks, extensive efforts have focused on the rational design of 
nanostructured and novel electrodes to improve Na+-ion transport ki-
netics suitable for rapid, reversible insertion and extraction of these ions 
[14]. 

One promising anode material for alkali metal-ion-based ESD is 
Nb2O5 because it has high power characteristics and cycling stability 
due to its pseudocapacitive charge storage property [15–17]. Brauer 
et al. [18] described three Nb2O5-polymorphs: T-Nb2O5 (orthorhombic 
crystal phase), M-Nb2O5 (β-monoclinic crystal phase), and H-Nb2O5 
(α-monoclinic crystal phase). Frevel and Rinn [19] announced a new 
pseudohexagonal phase, TT-Nb2O5 (pseudohexagonal crystal phase). 
The T- nomination comes from the German word tief, which means low, 
related to the low temperature; the B- polymorph refers to the crystal 
habit (blätter or bladed); and H- stands for “high,” referring to the high- 
temperature phase. Because of it allows Na+-ion intercalation/de- 
intercalation processes, the T-Nb2O5 crystalline phase has captured 
growing interest as a promising, fast-charging anode material [20–22], 
as suggested in the reaction below: 
Nb2O5 + xNa+ + xe−⇋NaxNb2O5 (1) 

Both T-Nb2O5 and H-Nb2O5 crystalline phases have promising, larger 
interplanar lattice spacing (d(001) = 3.930 Å for T-Nb2O5 and d(101) =
3.802 Å for H-Nb2O5) compared to the Na+-ion diameter (i.e., 1.060 Å), 
leading to more prompt sodiation/de-sodiation behaviors [23]. Conse-
quently, the Nb2O5 crystalline phase exhibits specific planes that 
directly influence Na+-ion diffusion and warrant careful study. X-ray 
diffraction (XRD) via Rietveld refinement is an efficient technique to 
study crystalline materials' electronic and structural properties [24]. 

However, the poor electrical conductivity of the Nb2O5 material (σ 

~ 3 × 10−6 S cm−1) limits its practical application in ESDs, thereby 
requiring a keen electrochemical study to determine the figure of merits 
for ESDs. Furthermore, multiwalled carbon nanotubes (MWCNTs) and 
channels in T-Nb2O5 and H-Nb2O5 crystalline phases lead to defective 
electrode materials with irregular surface morphologies and structural 
disorders. 

Porous/disordered electrode materials often result in “distributed 
capacitance” due the ions do not access all the electrode regions 
concomitantly during polarization [25,26]. Therefore, a single-valued 
capacitance is rarely achieved in disordered/porous electrodes [25]. 
However, electrochemical impedance spectroscopy (EIS) can be effec-
tive to obtain the distributed capacitance as a function of applied fre-
quency even with dissipative effects. Electrochemical impedance studies 
have been implemented into transmission line (TL) models [27–31]. 
This research utilized the TL model to study nanostructured systems 
such as TiO2-nanotubes [32], conductive polymers [33], carbon 

nanofibers [25], NiO@MWCNT [34], MnO@MWCNT [35], and NiAl 
alloys as current collectors [36]. This study is thought to be the first to 
use the TL model to investigate Na+-ion ESDs. 

The storage energy properties of Nb2O5 materials may improve by 
combining heteroatoms, constructing nanostructures, or introducing a 
carbon matrix (e.g., carbon nanotubes or graphene) [16,28]. Tables S1 
and S2 from Supplementary information gather some properties for 
carbon-based electrodes using sodium ion for ESD. Besides that, Nb2O5 
also shows promise for lithium-ion devices. For example, a publication 
of our group proposed by Vicentini et al. [16] studied Nb2O5@MWCNT 
nanostructures as the electrode for aqueous electrochemical capacitors. 
The authors observed that Nb2O5@MWCNT nanostructures had notable 
electrochemical properties, presenting high specific capacitance (~320 
F g−1), long lifespan (more than 100,000 cycles), and high energy and 
power densities. 

From the above considerations, the current study investigated the 
synthesis of a self-supported and binder-free electrode of Nb2O5 material 
decorated into MWCNTs. This material was used as electrodes in a 
symmetric Na+-ion supercapacitor and as a potential anode for a Na+- 
ion battery. We also presented an innovative TL model to investigate the 
device energy storage mechanism. Results indicated that the different 
properties between supercapacitors and batteries can be bridged by 
combining these materials. 

2. Experimental 

2.1. Materials 

Optical grade niobium pentoxide (Nb2O5 99.8% purity) was received 
via Brazilian Metallurgy and Mining Company (CBMM) donation. Car-
bon nanotubes Ctube-120 MWCNTs (95% purity diameter of 10–40 nm, 
length of 1.0–40 μm) were obtained from the CNT Korea Co., Ltd. Car-
bon black and Black Pearls® 2000 were purchased from Cabot, and 
polyvinylidene fluoride (PVDF), sodium perchlorate (NaClO4), ethyl 
carbonate (EC), and dimethyl carbonate (DMC) were purchased from 
Sigma-Aldrich. 

In this work, three different electrode types were used to evaluate the 
behavior of the Nb2O5 composites: a paint on copper foil and two 
buckypapers [one constituted of MWCNT and the other, with Nb2O5 
added]. The electrodes were fabricated as described in the following 
section. 

2.2. Preparation of Nb2O5 paint electrode 

The carbon black and the Nb2O5 (1:4 wt/wt) were ground in a ball 
mill for 1 h to ensure the mix between them. The mixture was placed in a 
crucible in a Chemical Vapor Deposition (CVD) oven at 800 ◦C for 1 h 
with an increased rate of 5 ◦C minute−1 in an N2 atmosphere. Cooling 
down the oven, the mixture was added to a solution of PVDF and N- 
Methylpyrrolidone (NMP) in a proportion of 70% Nb2O5, 15% carbon 
black, and 15% PVDF. The solution was sonicated for 30 min and 
deposited onto a copper foil using a doctor blade coating, as presented in 
Fig. 1a. The system was then dried for 1 h at 60 ◦C and 1 h at 80 ◦C and 
then placed overnight into a vacuum oven for solvent removal. After 
dried, circular cells were cut (d = 1.6 cm, mtotal = 18 mg, mcopper = 17 
mg, mactive = 0.9 mg, εtotal ≈ 17 μm εcopper ≈ 15 μm) to be the working 
electrode in a coin cell (model CR2032) scheme. 

2.3. Preparation of MWCNT and Nb2O5/MWCNT self-supporting 
electrodes 

Two buckypapers were developed, referred to hereafter as MWCNT 
and Nb2O5/MWCNT materials. For this, two precursor solution con-
sisting of 30 mg of MWCNT, 200 mg of sodium dodecyl sulfate (SDS), 
and 200 mL of deionized water (DI) were prepared. SDS was added to 
increase the interaction between MWCNT and water which, due to its 
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polar and non-polar parts, contributes to better dispersion [37]. These 
solutions were sonicated for 30 min to obtain a homogeneous dispersion 
and filtered slowly in a vacuum filtration with a pressure of 400 mmHg 
for approximately 4 h (Fig. 1b). For Nb2O5/MWCNT specimens, 20 mL 
of the precursor solution (MWCNT, DI and SDS) was retained and 3.0 mg 
of niobium pentoxide powder was added to it. This solution, previously 
ultrasonic treated, was also filtered to ensure that the Nb2O5 particles 
cover the surface of the carbon-based material. Lastly, 100 mL of 
deionized water was filtered through both materials to remove traces of 
surfactant and particles not strongly connected. Both buckypapers were 
removed from the filter and dried for 30 min at 80 ◦C on a hotplate, and 
then circular cells (10 mm) were cut from each buckypaper. Nb2O5/ 
MWCNT materials were inserted into a CVD furnace at 800 ◦C in an N2 
atmosphere at 5 ◦C minute−1 for 1 h to guarantee the crystalline struc-
ture of the Nb2O5 and improve the contact between MWCNT and Nb2O5 
nanoparticles. The mass of MWCNT and Nb2O5/MWCNT electrodes 
were m ≈ 1.8 mg and 2 mg, respectively. The electrode thickness was 
approximately ε ≈ 80 μm. 

2.4. Surface and structural characterizations 

The surface morphology of composite electrodes was examined at 
different magnitudes using a FEI Nova NanoSEM450 equipped with 
Everhart–Thornley (ETD), Through the Lens (TLD) and energy- 
dispersive (EDS) detectors applying 5 kV and spot 5.0. In addition, a 
JeoL MSC2100 transmission electron microscope (TEM) with 300 kV 
was used to obtain high-resolution images, and TEM data were analyzed 
using ImageJ software to estimate particle size and distribution. 

The crystalline structure was characterized via XRD with an X'Pert- 
MPD from Philips Analytical, using Cu-Kα radiation (λ = 1.54056 Å 
Almelo, Netherlands). The diffraction patterns were collected with steps 
of 0.02◦ and the accumulation time of 0.6 s per step within the range of 
10◦–90◦(2θ-scale). The General Structure Analysis System (GSAS) pro-
gram [38] suite with the EXPGUI interface [39] was used to perform a 
Rietveld refinement [24] to identify the crystal phase. The original 
Rietveld formulation and others successors of its [40] represented the 
diffraction line width in a smooth function of the d-spacing from the 

diffraction angle (2θ, considering that some peaks of interest near 2θ 

presented different widths). Accordingly, this work used the peak profile 
function developed by Stephens et al. [41] to conduct the experimental 
data. By this method, diffraction widths which are not a smooth function 
of d are performed, resulting from anisotropic sample size broadening or 
from a particular pattern of defects (e.g., stacking faults). In order to 
consider this anisotropy in the half-width of the reflections, the bi- 
dimensional model for crystallite size described by Larson & Von 
Dreele [38] was used. 

The crystalline phase was identified using the International Center 
for Diffraction Data (ICDD) catalogue, and the following equation was 
used to correct line broadening for the instrumental effects: 

β =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

β2
Exp − β2

Standard

√

, (1)  

where β is the full width at half-maximum (FWHM) of the peak. ВStandard 
was obtained from standard LaB6 powder (SRM660-National Institute of 
Standard Technology) using the Caglioti equation [42]: 

βStandard =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

u tanθ2 + v tanθ + w
√

, (2) 
Electron density maps were calculated according to a previous 

method [41]. In brief, a point (x, y, z) of the crystallite cell with volume 
(V) was calculated using the Fourier series and the structural factors F(h, 
k, l): 
ρ(x, y, z) = V−1

∑

h

∑

k

∑

l

F(h, k, l)exp[2πi(hx, ky, lz) ] (3)  

where (x, y, z) represents a vector (r) of real space, with one vector space 
(a, b, c) and another vector (h, k, l) that represent the coordinates of one 
vector from the reciprocal space with base (a*, b*, c*) (i.e., coordinates 
from the diffraction plane given by Bragg's Law). Electron density dis-
tribution in the plane {slice 1 with x = y = z = 1 (i.e., face abc), with a set 
(hkl) as the projection plane (100) & (101) for monoclinic crystallog-
raphy phase and (001) & (100) for orthorhombic crystallographic 
phase} was calculated. 

The surface chemistry and valences states were examined via X-ray 

Fig. 1. Experimental set-up: (a) slurry or paint coating and (b) filtration for buckypaper techniques to develop the paint and buckypaper electrodes, respectively.  
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photoelectron spectroscopy (XPS) from Thermo Scientific, with mono-
chromatic Al anode Kα (hν = 1486.6 eV), spot size 400 μm. Raman 
spectroscopy was performed using a Renishaw inVia Raman spectrom-
eter with a 633 nm excitation laser. Spectra were measured at room 
temperature using a 50× Laser Direct Writing (LDW) objective lens in 
the range of 100–3200 cm−1. The Raman shift was calibrated using a 
standard silicon sample with peak position of 520.5 cm−1. 

2.5. Electrochemical characterization of the symmetric supercapacitor 
and half-cell battery 

The electrochemical behavior of the electrodes containing Nb2O5 
was studied both as sodium-ion symmetric supercapacitor (SIC or NIC) 
and sodium-ion battery (SIB or NIB). The paint electrode was tested only 
as a working electrode in a half-cell configuration in order to assess the 
electrochemical contribution of Nb2O5. While the Nb2O5/MWCNT 
electrode was evaluate as both a working electrode in a half-cell battery 
and in a full cell symmetric supercapacitor. In the same way, the neat 
MWCNT electrode was evaluated to compare the performance with 
Nb2O5/MWCNT electrode in order to better estimate the contributions 
of Nb2O5. 

All experiments were carried out at 24 ◦C using a model CR2032 coin 
cell in the two-electrode configuration soaked with 90 μL of 1 M NaClO4 
in EC:DMC (1,1 v/v). A sodium metallic (reference) and a Celgard 
separator were used to assemble the battery cells. Two identical elec-
trodes (symmetric model) and a cellulose separator (NKK TF4850) were 
employed for supercapacitor cells. The electrodes and separators were 
put into a vacuum oven at 80 ◦C overnight, and the devices were 
assembled in an argon-filled MBraun Labmaster SP/DP glove box. 

Electrochemical characterization of the SIC coin cells was initiated 
using the cyclic voltammetry (CV) technique in the voltage range of 0 - 
Uvertex (e.g., Uvertex = 2.0, 2.2, 2.4, 2.6, 2.8, 3.0, and 3.2 V) at 5.0 mV s−1. 
Also, galvanostatic charge-discharge (GCD) experiments were accom-
plished at 0.05, 0.1, 0.2, 0.5, 1, 2, 5, and 10 A g−1 using the same voltage 
range as the CV experiments. Cell-aging analysis was performed via 
successive GCD with a current of 10 A g−1 until 10,000 cycles. 

EIS spectra for the SIC coin cells were registered at U = 3.0 V for both 
MWCNT and Nb2O5/MWCNT nanostructured materials. The frequency 
range of 100 kHz to 10 mHz was swept by a small sinusoidal signal of 10 
mV (peak-to-peak) to linearize the impedance response. Accurate sim-
ulations of the impedance data using the TL model were obtained with a 
relative error less than 5% for each model's parameter. Kramers-Krönig 
tests, characterized by low chi-square values (ca. χ2 < 10−4), were 
accomplished to validate the impedance data. Theoretical analysis of the 
impedance data was performed using the well-known two-channel TL 
model proposed by proposed by Bisquert [31,43]. 

The specific capacitance from CV was calculated from the following 
equations: 

q =
1

v

∫ Uf

Ui

I dU, (4)  

where Uf and Ui are the initial and final voltages during the scan process, 
respectively. 

Cspecific =
q

mΔU
, (5)  

where m is the mass of the material presents on both electrodes and ΔU 
= ∣ Uf − Ui∣ is the voltage window. 

The maximum specific capacitance of a device, Cmax, is obtained 
from the GCD experiments applying the minimum current necessary to 
charge it in attempt to minimized ohmic losses. The following Equation 
was used to calculate it: 

Cmax =
Imin

m
(

dU
dt

), (6)  

where Imin is the minimum discharge (cathodic) current, m is the mass of 
MWCNT or Nb2O5/MWCNT nanostructured materials, and dU/dt is the 
derivative of the discharge curve. 

Hence, the specific energy (E) and power (P) can be calculated using 
the following equations [4]: 

Emax =
CmaxU2

c

2
, (7)  

Pmax =
U2

c

4RS

, (8)  

where Uc is the total voltage drop referring to the equivalent series 
resistance (ESR), and RS is the solution (ionic) resistance obtained from 
EIS spectra. 

To display the Ragone plot, a numerical solution in function of the 
energy and the power was proposed by Vicentini et al. and Silva et al. 
[4,44]: 

EL =
Emax

2

(

1+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
PL

Pmax

√
)

, (9)  

where EL and PL are the load energy and power, respectively. 
The coulombic efficiency (η) is obtained from the ratio measured in 

the discharging and charging GCD experiments [1]: 

η =
qdischarging

qcharging

× 100%, (10) 

Otherwise, the electrochemical performance of the battery cell 
consists of GCD at gravimetric current of 25 mA g−1 at 2.25 V until 100 
cycles. According to Glaize et al., the capacity is related to the amount of 
charge released by a cell, active material, or an electrode [45]. There-
fore, the specific capacity for the charge-storage process can be 
measured from the following equation [45]: 

Cesp =
It

m

∫ t

0

dt, (11)  

where It is the current applied, dt is the time while the cell voltage range 
and m the active mass of the electrode. 

Whole electrochemical experiments were conducted using the BCS- 
810 cycler equipment from Bio-Logic Science Instruments. 

3. Results and discussion 

3.1. Morphological and structural materials characterization 

The surface morphology and structure analyzed by SEM is shown in 
Fig. 2 for all electrode materials with different magnitudes. The Nb2O5 
nanoparticles and Carbon Black coating images on the copper foil 
(Fig. 2a–c) exhibited a thin layer composed of tiny particles equally 
distributed. The micrographs showed homogeneous particle distribu-
tions and no charging issue during SEM analyses, meaning that the 
carbon black works perfectly as an electron extractor, indicating a 
continuous conductive path. Fig. 2d–f shows the micrographs from the 
buckypapers, revealing an entangled, spaghetti-like distribution. The 
buckypaper with Nb2O5 nanoparticles (Fig. 2g–i) also showed a random 
particle distribution covering the surface surrounded by the MWCNTs, 
as observed in Fig. 2h, allowing the carbon material to work as a current 
drain for Nb2O5 nanoparticles. ImageJ software was used to measure 
nanoparticle size, ranging from 40 to 100 nm (Fig. 2i). 

Fig. 2j–l shows structural micrographs of the Nb2O5/MWCNT 
nanostructured materials. TEM confirmed that the MWCNTs had di-
ameters of approximately 20 nm with a tubestratic structure, while the 
Nb2O5 nanoparticles presented a crystalline material randomly 
dispersed and wrapped by MWCNT. Fig. 2l shows that the niobium 
pentoxide was polycrystalline (please see below discussion regarding 
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XRD data). 
Fig. 3a shows the Raman spectra of i) MWCNT, ii) Nb2O5 nano-

particles, and iii) Nb2O5/MWCNT nanostructured materials, which is a 
combination of i) and ii), respectively. The results agreed with the SEM 
images, indicating that the Nb2O5 is readily available at the electrode 
surface. Results analysis deconvoluted the spectra to identify Raman 
resonant modes are presented in Fig. S1 from Supplementary informa-
tion, Section II. 

Raman spectrum from MWCNT is well known [46]. The current 
study identified D, G, D′, and 2D bands at 1326, 1576, 1610, and 2643 
cm−1, respectively, and two less intense bands at 1154 and 1477 cm−1 

from the MWCNT Raman spectrum. The G band was assigned to the E2g 
phonon at the Brillouin zone centre due to the iLO and iTO phonon 
branches [47]. Additionally, the D and D′ bands, which involve an 
intervalley and intravalley double resonance process, respectively, are 
related to the transverse optical phonon due to the Kohn anomaly 
around the K-point, revealing defects to the breathing modes of six atom 
rings generally concentrated at the crystalline edges or boundaries 
[48,49]. The less-intense bands at 1154 and 1477 cm−1 were assigned to 
the amorphous like‑carbon (e.g., defect short carbon layers) and oxygen 
functional groups [37,50–53]. The 2D band was the second harmonic of 
the D band, but no defects were required for their activation [48]. 

Fig. 2. Scanning Electron Microscopy with different magnitudes (a–c) 1000×, 20,000× and 60,000× from Nb2O5 coating on copper foil and 5000×, 20,000× and 
100,000× from buckypapers (d–f) MWCNT, (g–i) MWCNT/Nb2O5 and (j) Transmission Electron Microscopy (k) High-Resolution Transmission Electron Microscopy 
and (l) selected area electron diffraction from MWCNT/Nb2O5. 
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For the Nb2O5 nanoparticles, the contrasted bands were 123, 173, 
206, 234, 265, 285, 309, 470, 547, 605, 627, 676, 901, and 993 cm−1, 
which is similar to previous works [15,16]. Niobium oxides were pri-
marily assigned to bands between 800 cm−1 and 1000 cm−1 (v1) due to 
A1 type longitudinal optic modes corresponding to the symmetrical 

metal‑oxygen stretching vibration on octahedral structure [16,54]. 
However, bands appearing at 605–676 cm−1 (v2) corresponded to the 
transverse optic modes [54]. Bands at 123–173 cm−1 were assigned to 
the external modes, while bands in the range of 206–309 cm−1 to the 
triple degenerated vibration mode in the T3u region [15,16]. The band at 

Fig. 3. (a) Raman spectra of MWCNT (blue), Nb2O5 (red) and Nb2O5/MWCNT (green); (b) XPS Survey spectrum (c-e) high resolution XPS spectra of (c) Nb 3d, (d) O 
1s and (e) C 1s for the buckypaper Nb2O5/MWCNT. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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234 cm−1 corresponded to bending modes of Nb-O-Nb bonds, known as 
v6 (T2u) mode. Furthermore, the band at 470 cm−1 was designated to the 
T2g region, and the band at 839 was assigned to Nb-O-Nb colinear bonds 
of the corner-shared NbO6 [54,55]. Bands at 901 and 993 cm−1 were 
attributed to the symmetric and antisymmetric Nb––O stretching modes 
of the terminal bonds, respectively [54,55]. The niobium pentoxide data 
showed orthorhombic and monoclinic phases [55]. 

XPS measurements from the MWCNT and Nb2O5 nanoparticles are 
presented in Fig. 3b–e, the survey spectrum, and the high-resolution 
spectra of Nb 3d, O 1s, and C 1s, respectively. The XPS survey spec-
trum revealed the presence of Nb, O, and C elements. High-resolution 
spectrum of Nb 3d indicated two intense peaks at 209.5 eV and 206.8 
eV, which corresponded to binding energies for Nb 3d3/2 and Nb 3d5/2, 
respectively, as is characteristic of the Nb5+ [15,16,55]. The O 1s 
spectrum revealed two-component peaks. One peak, located at 530.1 eV, 
was assigned to the O2− coinciding with the ion in the Nb2O5 species, 
and the other peak, located at 531.5 eV, was related to the hydroxyl 
group absorbed for the MWCNT film [15,16]. The three-component 
peaks presented in the C 1s spectra at 284.1, 285.5, and 287.8 eV 
were associated with non‑oxygenated ring carbon (C–C), C–O bonded 
carbon, and C––O carboxylate carbon [15,16,57]. 

The structural properties of Nb2O5/MWCNT nanostructured mate-
rials were studied by XRD and Rietveld refinement, as presented in 
Fig. 4. Also, Cartesian coordinates of H-Nb2O5 and T-Nb2O5 crystalline 
phases calculated were presented in Supplementary Section III. As 
observed, XRD patterns showed the Nb2O5 prominent reflections at 
22.6068 (0 0 1)-hkl plane, 28.3999 (1 8 0)-hkl plane, 28.4702 (1 8 0)-hkl 
plane, 36.5249 (1 8 1)-hkl plane and 37.0909 (2 0 1)-hkl plane which 
was related to Nb2O5 - orthorhombic crystalline phase (Nb2O5 - CIF ICSD 
1840). Furthermore, reflections at 23.7252 (1 1 0)-hkl plane, 24.4946 (1 
0 5)-hkl plane, 25.5470 (6 0 2)-hkl plane, 31.5770 (5 1 2)-hkl plane, 
32.2037 (5 1 1)-hkl plane, 33.1097 (2 1 5)-hkl plane, 35.2423 (5 0 3)-hkl 
plane, 36.0320 (7 0 7)-hkl plane, 38.8819 (6 1 6)-hkl plane, 43.4579 (10 
0 3)-hkl plane, 44.5506 (2 0 9)-hkl plane and 47.4693 (0 2 0)-hkl plane 
were observed and related to Nb2O5 - monoclinic crystalline phase 
(Nb2O5 - CIF ICSD 29). The structural and statistical parameters related 
to the Rietveld refinement presented in Fig. 4a can be observed in 

Table 1. The acceptance of the structural refinement data is possible if 
two cases are satisfied: (i) the weighted index (Rwp) is Rwp < 10% [24] 
and (ii) the variance between the observed values and the values ex-
pected under the model in question (χ2) is lower than two [24]. Thus, it 
was possible to infer that the Rietveld refinement evaluated for the 
Nb2O5/MWCNT nanostructured materials agreed with the Rietveld 
proceedings. 

As showed in Table 1, lattice parameter (a, b, c, α, β and γ) were in 
agreement with those values obtained for file card CIF ICSD 1840 for 
Nb2O5 - orthorhombic crystalline phase (space group Pbam, a = 6.175 
(1) Å, b = 29.175(4) Å, c = 3.930(1) Å, α = β = γ = 90◦) and file card 
ICSD 29 for Nb2O5 - monoclinic crystalline phase (space group P12/m1 
a = 21.153(7) Å, b = 3.8233(5) Å, c = 19.3560(50) Å, α = γ = 90◦ and β 

= 119.80(2)◦). Furthermore, particle size and lattice strain were eval-
uated as described below. 

The constant wavelength profile implemented into GSAS routine 
uses a pseudo-Voigt convolution and asymmetry function, as well, the 
microstrain broadening description of Stephens et al. [41]. The Gaussian 
variance of the peak, σ2, modifies with 2θ as: 

Fig. 4. (a) Rietveld refinement pattern and electron density maps for (b) (101) H-Nb2O5 and (c) (001) T-Nb2O5 crystalline phases.  

Table 1 
Structural and statistical parameters using Rietveld refinement for Nb2O5/ 
MWCNT nanostructured materials.  

Parameters/phase Orthorhombic/T-Nb2O5 Monoclinic/H-Nb2O5 

a/Å 6.16954 (2) 21.19473 (1) 
b/Å 29.27970 (9) 3.82755 (0) 
c/Å 3.93517 (1) 19.31736 (9) 
α/degrees 90 90 
β/degrees 90 119.83 (3) 
γ/degrees 90 90 
V/Å3 710.85 (9) 1359.43 (1) 
Particle size/nm 70.0 52.0 
Lattice strain/% 0.205 0.317 
Wt. Fraction 0.61820 0.38180 
χ2 1.401 
R (F**2) 0.1199 
wRp 0.2285 
Rp 0.1738  
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σ2 =
(

U + σ2
Sd4

)

tan2θ+Vtanθ+W +P
/

cos2θ
, (12)  

where U, V and W are the coefficients described by Caglioti et al. [42] 
and P is the Scherrer coefficient for Gaussian broadening. Therefore, the 
particle size broadening can be calculated from: 

Δd
/

d2 =
Δ2θcotθ

d
= constant, (13) 

From Bragg's law then: 

Δd
/

d2 =
2Δ2θcotθsinθ

λ
, (14) 

The broadening is: 

Δ2θ =
λ Δd/d
2cosθ

, (15) 

Considering that, the first term of Eq. (15), related to the Lorentzian 
broadening, is expressed from: 

X =
Δd

d2
, (16) 

Therefore, the particle size can be determinate rearranging Eq. (15) 
with Eq. (16), and converting from centideg to radians from: 

p =
18000Kλ

πX
, (17)  

where K is the Scherrer constant. 
It is possible to notice in Table 1, particle size of 70 nm and 52 nm for 

Nb2O5 orthorhombic and monoclinic crystalline phases, respectively. 
Mohallem et al. [58] studied the phase transition employing strain 
mapping in TT-, T- and H-Nb2O5 nanoparticles obtained using the 
polymeric precursor method. Moreover, the authors also performed 
Rietveld refinement for whole samples obtained. According to the au-
thors [58], T-Nb2O5 nanoparticles presented a = 6.165(1) Å, b = 29.253 
(9) Å and c = 3.928(1) Å, while H-Nb2O5 nanoparticles presented a =
20.959(4) Å, b = 3.827(7) Å, c = 19.308(5) Å and β = 119.06◦. The 
authors also obtained 62 nm and 83 nm particle sizes for T- and H-Nb2O5 
nanoparticles, respectively. Particle sizes varying from 33.8 nm up to 45 
nm were also presented in the literature. However, the authors have not 
qualitatively described between T- and H-Nb2O5 crystalline phases. As a 
result, the lattice parameter and crystallite size presented herein agree 
with the literature. 

Still analyzing constant wavelength experiments, the strain broad-
ening in real space is related to 2θ broadening from: 
Δd/d

= Δ2θcotθ = constant, (18) 
In this expression, Δ2θ is in radians. Exanimating the expression for 

the Gaussian broadening: 
σ2 = Utan2θ+Vtanθ+W +P

/

cos2θ
, (19)  

shows that the first term contains a strain broadening element. Conse-
quently, the variation and the instrument contribution can be subtracted 
off. This variation (centideg2) must be converted to radians aiming to 
yield strain: 

S =
π

18000

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(8ln2)(U − Ui)
√ *100%, (20) 

This research methodology was used to calculate T- and H-Nb2O5 
lattice strain (Table 1). As presented in the table, T-Nb2O5 and H-Nb2O5 
showed 0.205% and 0.317%, respectively, as compared to Mohallem 
et al. [58] who obtained 0.370% and 0.107% for TT-Nb2O5 and T-Nb2O5 
nanoparticles, respectively. Surprisingly, H-Nb2O5 nanoparticles pre-
sented 0%. Halbos et al. [59] studied the hydrothermal preparation of 
Nb2O5 nanoflakes as a function of deposition time. The authors obtained 
0.309% average lattice strain for Nb2O5 nanoflake samples. However, 

any distinction between several Nb2O5 crystalline phases was 
performed. 

Tensile and compressive strain are two types of stresses a material 
commonly experiences. A strain can be defined as any deformation of an 
object measured geometrically related of a fraction of some original 
value. Therefore, tensile strain is known as the fractional increase in 
length of an object submitted to tensile stress, whereas a compressive 
strain is the fractional decrease in length of an object submitted to 
compressive stress. Consequently, the lattice parameter obtained for T- 
and H-Nb2O5 crystalline phases was compared to related ICSD #1840 
(T-Nb2O5) and ICSD #29 (H-Nb2O5). Results showed a tensile strain 
preferred oriented along the b-axis and a-axis for T-Nb2O5 and H-Nb2O5, 
respectively. The control of lattice strain is pivotal for tunning structural 
properties related to the presence of channels into crystalline phases, 
such as the intercalation/de-intercalation process and numerically 
modelling EIS data using TL models. 

The control and tunning properties of a channel within a nano-
structured system significantly impact the reversible capacity and 
cyclability of ESDs. The low reversible capacity and poor cyclability for 
Na+-ion batteries compared to Li+-ion batteries, especially at high cur-
rent rates, are related to the larger Na+-ion (1.02 Å) compared to the Li+- 
ion (0.76 Å), which causes a large volume change and irreversible phase 
transition during Na+-ion intercalation/de-intercalation processes. 
Wang et al. [60] studied Na+-ion diffusion into graphite structures and 
found that the insertion of the Na+-ion into graphite is substantially 
hindered by insufficient interlayer spacing. As a result, they suggested a 
new synthesis route to enlarge the distance of the interlayer lattices to 
4.3 Å for modified graphite structures. Similarly, Liu et al. [61] used the 
density functional theory (DFT) to determine that the interlayer distance 
of graphite (~3. 4 Å) is too small to accommodate the large Na+-ion, and 
a minimum interlayer distance of 3.7 Å is required for Na+-ion insertion. 
For graphite with an interlayer spacing of 3.35 Å, the energy cost for Li+- 
ion insertion is 0.03 eV, while for Na+-ion insertion, the energy cost is 
0.12 eV. Willmann et al. [62] obtained these same results when they 
observed that the equilibrium interplanar distance for NaC6 is approx-
imately 4.5 Å and 3.7 Å for LiC6. 

Fig. 4b–c presents diffusion channels as suggested by theoretical 
calculation and experimental observation. Fig. 4b presents an oriented 
(101) H-Nb2O5 crystalline phase, and Fig. 4c shows a (001) T-Nb2O5 
crystalline phase. The lattice parameters were d(101) H-Nb2O5 = 3.820 Å 
and d(001) T-Nb2O5 = 3.950 Å, respectively. In addition, Fig. 4b–c 
identifies the lowest electron density charge as blue, while the atomic 
positions with the highest electron density charge are red. Abreu et al. 
[63] studied the structural, electronic, and thermodynamic properties of 
the T and B phases of Nb2O5 using DFT and the electron localization 
function (ELF). They obtained an ELF map in the (001) direction in the 
T-Nb2O5 crystalline phase and a similar absence of charge as presented 
in Fig. 4c. 

Finally, Table 1 compares the considerable weight fraction of the T- 
Nb2O5 crystalline phase (61.82%) and the H-Nb2O5 crystalline phase 
(38.18%), which explains the improved ESD performance when d(001) T- 
Nb2O5 > d(001) H-Nb2O5. The higher weight fraction and larger lattice 
parameter for the T-Nb2O5 crystalline phase was related to the TL 
impedance models displayed by Nb2O5/MWCNT nanostructured mate-
rials. The Rietveld result was in agreement with the distribution 
Gaussian obtained from SEM results presented in Fig. 2i. A particle size 
range of 40–100 nm was also observed, and ~60% of the particles 
presented large sizes between 70 and 100 nm. 

3.2. Electrochemical performances 

3.2.1. Na+-ion pseudocapacitor properties 
Electrochemical data from the symmetric coin cell device containing 

MWCNT and Nb2O5/MWCNT nanostructure materials are presented in 
Fig. 5. For a fair comparison, the electrochemical results were obtained 
from the entire electrodes' mass. Moreover, the cell voltage was studied 
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Fig. 5. Electrochemical data comparing MWCNT and Nb2O5/MWCNT nanostructured electrodes cells filled with 1.0 M NaClO4 EC:DMC. (a & b) cyclic voltammetry 
at 5.0 mV s−1 and 100 mVs−1, respectively, (c & d) galvanostatic charge-discharge curves with different currents (0.05 A g−1, 0.1 A g−1, 0.2 A g−1, 0.5 A g−1, 1.0 A 
g−1, 2.0 A g−1, 5.0 A g−1 and 10 A g−1), (e & f) Nyquist spectra at U = 3.0 V and (g) two-channel transmission line impedance model: χ1 = rPore, χ2 rMaterial = and ζ 

= rctqdl. 
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to establish the electrochemical stability of the presented system and 
avoid electrolyte decomposition and misinterpretation of cell data. A 
systematic study of cell voltage related to cyclic voltammetry, gravi-
metric chronoamperometry, electrochemical impedance spectroscopy, 
and galvanostatic charge-discharge from 0 V up to UVertex = 2.0, 2.2, 2.4, 
2.6, 2.8, 3.0, and 3.2 V is presented in Supplementary information on 
Section IV (Figs. S2 and S3). 

Fig. 5 also shows that the electrochemical performance of the sym-
metric coin cell device with MWCNT and Nb2O5/MWCNT nano-
structured materials ranged from 0 to Uvertex = 3.0 V when water- 
splitting was not present. In all cases, nearly rectangular capacitive 
voltammetric curves were expected for electrical double-layer capaci-
tors. Surprisingly, the Nb2O5/MWCNT nanostructured electrodes pre-
sented a redox process near 1.3 V along cathodic and anodic sweeps 
under a low scan rate (e.g., 5.0 mV s−1) related to pseudocapacitive 
materials. This peak corresponds to the redox couple of Nb4+/Nb3+ [64] 
and matches Reaction (1) [65]. Otherwise, the MWCNT electrodes 
presented a less intense redox process near 2.0 V. This can be explained 
by the fact that MWCNT shows some functional groups and catalyst 
impurities (please, EDS data Table S5 in the Supplementary information 
Section V). 

The charge-storage mechanisms of pseudocapacitive materials are 
reasoned on redox reactions and on electrical double-layer charge 
storage presented by capacitive materials, showing an electrochemical 
response similar to capacitors. The capacitance, C (F g−1), can be ob-
tained as a function of the potential, V (C = Q V−1). Then, a linear in-
crease of the stored charge, Q, with the rise in the potential is expected 
for pseudocapacitive materials. This nearly linear dependence of the 
storage charge within the potential window indicates that the faradaic 
charge storage is not limited by diffusion, a characteristic feature of a 
pseudocapacitive material. The energy stored in a pseudocapacitive 
material can be calculated by E = 0.5CV2 = 0.5QV. Differently, a battery 
material reveals a defined voltage plateau. Accordingly, most of the 
charge is stored at a constant potential. The energy stored in a battery 
material is obtained by E = QV when an incremental charge is inserted at 
a constant potential. Therefore, Nb2O5/MWCNT nanostructured mate-
rials presented pseudocapacitor, which is characteristic of intercalation 
processes. Similarly, the literature describes H-Nb2O5 [66–68] and T- 
Nb2O5 [69–71] crystalline phases for electrical double-layer, pseudo-
capacitor, and battery applications. 

Fig. 5c–d presents galvanostatic charge/discharge data in triangular 
shapes for all currents (0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10 A g−1) studied. The 
addition of Nb2O5 nanoparticles onto the MWCNT nanostructured ma-
trix did not impact the equivalent series resistance (ESR) of the cell. The 
ESR values were 14.2 ± 0.1 mΩ g and 17.7 ± 0.1 mΩ g for MWCNT and 
Nb2O5/MWCNT nanostructured electrodes, respectively. 

As mentioned, most EIS studies of supercapacitors are reasoned on 
inadequate equivalent circuit analogs, resulting, commonly, in satis-
factory statistics for the simulation/fitting process but not providing a 
rational correspondence to the fundamental physicochemical processes 
that occur during the charge-discharge processes, especially for porous 
materials. Therefore, the current study investigated the EIS technique 
using the TL approach, which has rational physicochemical support. The 
diffusion impedance and recombination or diffusion and coupled reac-
tion were modelled as a finite-length TL, in which the complex plane 
plot of this impedance showed a straight line with 45◦ at high frequency 
and then ascended vertically at the low frequency. Therefore, a TL 
model was expected once the system presented an appropriated lattice 
spacing parameter, as shown in Figs. 2l and 4b–c, respectively. 

De Levie [27,28] initially proposed the canonic models for porous 
electrodes under various polarization conditions with an assembly of 
evenly distributed identical cylindrical pores. The ionic and electronic 
phases in intimate contact were ideal conductors. As an improvement to 
De Levie's work, various authors have proposed more elaborated porous 
electrode models. For example, impedance models developed by Bis-
quert et al. [30,72] considered the influence of anomalous transport 

processes for the ionic and electronic phases in intimate contact, which 
are of particular relevance for the study of energy storage materials with 
porous and disorder characteristics. 

Overall, the Nyquist plot verified in Fig. 5e–f was marked by two arcs 
distributed in the low- and high-frequency ranges and a significant 
decrease (orders) in the resistance values for Nb2O5/MWCNT nano-
structured electrodes compared to MWCNT nanostructured electrodes. 
However, an increase in the real part impedance extrapolation of the 
low-frequency semicircle was noticed. This decrease could be associated 
to the Nb2O5 nanoparticles homogeneously dispersed into the Nb2O5/ 
MWCNT nanostructured electrode, as shown in Fig. 2. Furthermore, the 
complex plane plot of MWCNT and Nb2O5/MWCNT nanostructured 
electrode impedance shifted into a straight line with 45◦ at high fre-
quency. This profile will be keen discussed further in the development of 
the TL model to obtain numerically modelled electrochemical imped-
ance parameters. The porous electrode model theoretically predicted 
this impedance profile, which incorporated transport anomalies and was 
represented by a two-channel TL. The current study used the TL model 
shown in Fig. 5g to model the impedance findings, resulting in accurate 
statistics numerically, as presented in Table 2 (e.g., validated F, t-tests, 
and χ2). 

The configuration assumed in our model suggested in Fig. 5g consists 
of a porous electroactive thin film deposited on a conducting substrate 
and flooded with an electrolyte. Thus, the electrode region is considered 
a mixture of two phases that conduct different electronic and ionic 
species. The macroscopic boundaries are impermeable to other species 
[73]. It is supposed that the ionic species in the pores dipped in the 
electrolyte can be exchanged freely with the bulk solution at the pore's 
entry (x = 0), as well the electronic charge carrier in the solid phase can 
also be withdrawn or injected freely at the contact with the substrate (x 
= L; L is the electrode layer thickness). Faradaic currents and polariza-
tion may happen at the inner surface separating the two phases. 

The impedance model is developed using the equations describing 
the local variation of electric current and potential in each phase [72] 
and is demonstrated in the Supplementary information (Section VI). 

The numerical modelling parameters obtained with two-channel TL 
(Supplementary information - Section VI) are presented in Table 2. It is 
possible to notice similar electrolyte resistance values independent of 
electrode nature. The ESR values obtained from GCD and discussed 
previously in Fig. 5c, d agree with pore resistance with 16% deviation 
for both MWCNT and Nb2O5/MWCNT nanostructured electrodes. The 
presence of MWCNT as a nanostructured matrix for Nb2O5 dispersive 
nanoparticles increase the overall pseudopacacitance in 63.2% for 
Nb2O5/MWCNT compared to MWCNT nanostructured electrodes. As 
observed in Fig. S2d, any faradaic reaction is undertaken at 3.0 V, and 
gravimetric current values are near 0 A g−1 soon after 25 s. Therefore, no 
gas could be observed, significantly decreasing the constant phase 
exponent values. As a result, MWCNT and Nb2O5/MWCNT nano-
structured electrodes presented similar phase exponent values, devi-
ating only 1.5%. Freitas et al. observed similar results for constant phase 
exponent behavior by studying water-splitting reaction onto TiO2- 
nanotubes [74]. Also, it is possible to notice a decrease near 35% for 
charge transfer resistance related to Nb2O5/MWCNT compared to 
MWCNT nanostructured electrodes. 

Table 2 
Statistical and two-channel transmission line impedance parameters for Nb2O5/ 
MWCNT nanostructured electrodes.  

TL parameters/electrode material MWCNT MWCNT/Nb2O5 

χ2  0.9996  0.9998 
rElectrolyte/mΩ g  7.14  8.80 
rPore/mΩ g  16.50  20.58 
Cdl/Fg−1  3.106  5.067 
ϕ  0.972  0.956 
rct/Ω g  49.75  17.0 
rMaterial/Ω g 10−8  3.55  0.30  
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Moreover, lower charge transfer resistance led to lower materials 
resistance. Therefore, it is possible to observe one-order decreasing for 
the Nb2O5/MWCNT compared to MWCNT nanostructured materials. 
These values were similar to those reported in the literature [75]. 
Finally, a remarkable difference on the Nyquist spectra towards the 
frequency range where the 45◦ at high frequency is located is observed. 

It is possible to notice in Fig. 5 that the frequency range located on 
the Nyquist spectra related to 45◦ at high frequency is shifted to a lower 
frequency for Nb2O5/MWCNT compared to MWCNT nanostructured 
electrode. It is related to the finite-length transmission line model of 
diffusion-reaction impedance with absorbing boundary conditions pre-
sented by MWCNT nanostructured electrodes. Indeed, as observed at a 
high-frequency, MWCNT nanostructured electrodes showed anomalous 

diffusion impedance [30,72,76,77]. Anomalous diffusion is represented 
by a mean squared displacement of the diffusing particles that does not 
follow the ordinary linear law 〈r2〉 ∝ t but, in the most of cases, has a 
power-law dependence on time, and it is common in the diffusion- 
limited processes [30,78]. Otherwise, the Nb2O5/MWCNT nano-
structured electrode presented a finite-length transmission line model of 
diffusion-reaction impedance with reflective boundary conditions. The 
diffusion-recombination impedance provides two basic kinds of spectra 
according to the conditions of Eq. (S26): 

Rrec =
τf

Ccb
μ

, (21)  

where, rrec Cμ, and τ is the recombination resistance, chemical 

Fig. 6. Electrochemical performance in coin cell Nb2O5/MWCNT electrode filled with 1 M NaClO4 EC:DMC (a & b) voltammetric profile at 5, 10, 20, 50, 80 and 100 
mVs−1, (c) galvanostatic charge-discharge curves with different currents (0.05, 0.1, 0.2, 0.5, 1, 2, 5 and 10 A g−1), (d) Capacitance values as a function of scan rate 
and current density, (e) Cycling performance and (f) Ragone plot. 
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capacitance and lifetime, respectively. 
For the case of a long diffusion length, the spectrum for which rtr <

rrec, as displayed in Fig. 5, contains the characteristic Warburg imped-
ance of diffusion, with an inclination of 45◦ at high frequency, which 
turns into an arc at low frequency. The arc is obtained from the pattern 
expression: 

Z =
1

3
Rtr +

Rrec

1 + iω
ωrec

, (22) 

If the resistances rtr and rrec can be determined from the spectra, as 
shown in Fig. 5f then the diffusion length can be given by the expression 
derived from Equation: 

Ln =

(

Rrec

Rtr

)

1

/

2L, (23) 

However, if the conductivity is large, the transport resistance van-
ishes and cannot be noticed, as shown in Fig. 5e. Therefore, only 
diffusion length related to Nb2O5/MWCNT nanostructured electrodes Ln 
= 13.5L was possible to be calculated. As a result, the Nyquist spectra 
observed for MWCNT nanostructured electrodes will indicate strong 
recombination and, consequently, according to Eq. (S25), Ln, diffusion 
lengths are smaller than the active film thickness. On the contrary, the 
profile of Nyquist spectra presented by Nb2O5/MWCNT nanostructured 
electrodes indicates that the material is able Na+-ion diffusion. 

Fig. 6 presents the electrochemical performance of Nb2O5/MWCNT 
electrodes in symmetrical coin cells. Here, the electrochemical results, 
including the Ragone plot, were obtained from the electrodes' active 
material. Fig. 6a, b shows the CV profile obtained with different sweep 
rates (5, 10, 20, 50, 80 and 100 mV s−1), reinforcing the high surface 
area electrode with excellent electronic and ionic conductivities. Fig. 6c 
shows the GCD curves evidencing a high degree of reversibility, with 
symmetric curves and 100% coulombic efficiency under several current 
densities. The specific capacitances were calculated from Eqs. (4), (5) 
and (6), and capacitance retention values were extracted from both CV 
and GCD tests. As shown in Fig. 6d, the cell capacitance is 48 F g−1 at 50 
mVs−1 and capacitance remains at 45.4 F g−1 at a current density of 10 A 
g−1. Thus, electrode capacitance is 4 times that ~192 F g−1 [1]. The cell 
was also subjected to consecutive charging-discharging cycles up to 
10,000 cycles, and the capacitance retention and efficiency were pre-
sented in Fig. 5e. It is possible to notice capacitance retention of ~96% 
and a coulombic efficiency of 99%, implying excellent cycling stability. 

The Ragone plot can be explained as a “planar representation” of the 
stored specific energy (W h kg−1) as a function of the specific power (W 
kg−1) for different devices. As demonstrated by Vicentini et al. [2], a 
more realistic system performance analysis can be obtained from Eq. (7). 

Besides that, as Gogotsi et al. [79] discussed, considering just the weight 
of active material to report the Ragone plot does not give the device a 
realistic performance. So, for consistent energy and power densities, we 
also divided the values by a factor of 12 [79]. The present finding 
(Fig. 6f) shows that the assembled symmetric Nb2O5/MWCNT cell de-
livers a high energy density of 5.34 W h kg−1 at a power density of 98.68 
W kg−1. Even with a power density of 24,671 W kg−1, it delivers a high 
energy density of 2.67 W h kg−1. 

3.2.2. Na+-ion battery properties 
The slurry coating or paint like coating is the most common method 

for preparation and electrochemical testing of electrochemically active 
materials. In our case, we first prepared one such electrode consisting of 
Nb2O5 particles to understand the electrochemical performance of the 
oxide material itself. Electrochemical data obtained using an electrode 
containing Nb2O5 coating are gathered in Fig. 7. 

From the galvanostatic charge-discharge profiles, Fig. 7a, it is 
possible to observe the first 5 cycles of the cell with 25 mA g−1 at 2.25 V. 
The Na+-ion insertion/extraction curves show a continuous change 
upon the cycles without exhibiting a distinct plateau region. This may 
indicate a capacitive contribution as a reaction mechanism between the 
Na+-ions and the electrode surface [80]. The Nb2O5 coating delivers a 
reversible capacity of 32 mA h g−1 in the fifth cycle. It shows long-term 
cycle stability up to 100 cycles without significant capacity decay at a 
current density of 25 mA g−1. As shown in Fig. 7b, at the end of cycling, 
the device has a capacity of 9.7 mA h g−1 and an efficiency of ~92%. 

Here, we hypothesize that a freestanding electrode of Nb2O5 sup-
ported with carbon nanotube network may improve electrode perfor-
mance related to reversible capacity, cyclability and rate capability 
[81–83]. Therefore, electrochemical experiments were realized with 
two other half-cells using MWCNT and Nb2O5/MWCNT nanostructured 
buckypaper as working electrodes. The electrochemical results are 
presented in Fig. 8. The mass used to obtain the gravimetric capacity and 
current was the electrode's total mass to provide a fairer comparison 
between the cells. 

Fig. 8a, b present galvanostatic charge-discharge profiles with a 25 
mA g−1 at 2.25 V from the two cells, respectively. In both cases, the first 
cycle presented an irreversible capacity. This behavior can be caused by 
the generation of a solid electrolyte interface (SEI) on the electrode 
surface due to the decomposition of the organic electrolyte and the 
irreversible Na+-ion insertion in the surface groups of the carbon ma-
terial [21,56,84,85]. After the first cycle, Na+-ion insertion reactions 
become reversible. The Na+-ion insertion/extraction curves show a 
pseudo-linear voltage response without a distinctive plateau in both 
cases. The cell containing the Nb2O5/MWCNT electrode presents a 

Fig. 7. Electrochemical performance in a sodium half-cell containing the Nb2O5 coated copper foil as an electrode and filled with 1 M NaClO4 EC:DMC (a) Charge 
and discharge profile at a work voltage window of 2.25 V and specific current of 25 mA g−1 (b) Cycling performance up to 100 cycles and the initial and final cycles 
profile (c & d). 
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specific capacity of 163 mA h g−1 in the second cycle. In comparison, the 
cell containing the MWCNT electrode has a capacity of 106 mA h g−1. A 
significant improvement of 50% of the capacity from the cell of Nb2O5/ 
MWCNT nanostructured electrodes is measured. 

Fig. 8c, d shows the retention of the capacity of both cells, respec-
tively. The Nb2O5/MWCNT electrode delivered a reversible capacity of 
68 mA h g−1 (100% of coulombic efficiency), contrasting with MWCNT 
electrode, which provided a 39 mA h g−1. Besides that, it is possible to 
notice cycling stability and, consequently, linearity of the coulombic 
efficiency presented by the Nb2O5/MWCNT electrode differently from 
the MWCNT. This shows that Nb2O5 improves the stability of the Nb2O5/ 
MWCNT cell, as also reported by [17,86–89]. Chen et al. attributed this 
to the special atomic arrangement of the T-Nb2O5 determinant to the ion 
migration and fast kinetics [86]. 

The differential capacity curves from the three SIBs cells (Nb2O5 
slurry coated, MWCNT and Nb2O5/MWCNT) are shown in Fig. S4 of the 
Supporting information Section VII. From these, it is possible to notice 
irreversible reactions related to the formation of the solid electrolyte 
interface (SEI) during the first cycle due to the greater value of dQ/dV. 
The slight oxidation peak at 0.07 can be associated to the presence of 
functional groups in the carbon nanotube nanostructure since it is 
noticed as it is noticed both in the cell containing MWCNT and in the 
Nb2O5/MWCNT. Interestingly, the insertion of the Na+ into Nb2O5 did 
not show characteristics redox peaks, evidencing the crystalline Nb2O5 
and its sodiated phase are miscible [20,90]. 

4. Conclusions 

This research reported a freestanding and robust Nb2O5 

nanoparticle-decorated MWCNT as electrode materials for a sodium-ion 
SIC and half-cell sodium-ion battery. Materials and devices were char-
acterized, and results indicated intercalation of Na+ into Nb2O5 as a fast- 
charge faradaic process that considerably increases the capacitance/ 
capacity of a carbon-based capacitor and battery. 

Niobium pentoxide nanostructure properties were analyzed by XRD 
and Rietveld refinement, which allowed investigation of the structural 
and electronic properties of the Nb2O5 that directly influence Na+-ion 
diffusion. Results revealed that the material has two crystalline phases, 
orthorhombic and monoclinic, with a particle size of 70 nm and 52 nm, 
respectively. In addition, as presented in Table 1, the substantial weight 
fraction of the T-Nb2O5 crystalline phase (61.82%) resulted in improved 
ESD performance when d(001) T-Nb2O5 > d(001) H-Nb2O5. 

The Nb2O5/MWCNT material was used as the electrodes in an SIC, 
and analysis in the frequency domain applied the EIS technique as a 
finite-length TL. The Nb2O5/MWCNT nanostructured electrode pre-
sented a finite-length TL model of diffusion-reaction impedance with 
reflective boundary conditions. Numerical modelling of the Nb2O5/ 
MWCNT nanostructured electrodes showed Na+-ion diffusion. More 
specifically, the Nb2O5 increased the overall pseudocapacitance by 
63.2% compared to MWCNT nanostructured electrodes. Overall, the SIC 
coin cell device (full cell) presented a maximum energy density of ~64 
W h kg−1 and a maximum power density of 15 kW kg−1 in a long life-
span, as shown in the Ragone plot in Fig. 5f. This work paths the way to 
combine the best properties of supercapacitor and battery devices. 
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