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A B S T R A C T   

Inhibiting the growth of dendrites, one of the most serious issues faced by zinc-ion batteries (ZIBs) is addressed 
by coating the Zn anode with a layer of poly(carbazole)-carbon nanotubes (PCz@CNTs) composite. The elec-
trically conducting robust composite overlayer ensures that the Zn-deposition during charging cycles is homo-
geneous and completely free of any fiber-like growth. This is confirmed from the cross-sectional electron 
microscopy analysis of post-cycled PCz@CNTs@Zn electrode. A vanadium oxide nanorods-porous graphitic 
flakes (V6O13 NRs@PGFs) composite is used as a cathode. It has a large specific surface area, affording short ion- 
diffusion distances and many vacant sites thus permitting facile Zn2+ ion ingress and egress, is used. A 
remarkable performance results for the non-aqueous ZIB: V6O13 NRs@PGFs//PCz@CNTs@Zn with a capacity of 
286 mAh g− 1 after 300 cycles at 30 mA g− 1 (with 98% capacity retention), energy density of ~172 Wh kg− 1 and 
a nominal voltage of 1.8 V. It is significantly enhanced compared to its analogous ZIB of V6O13 NRs@PGFs//Zn 
(193 mAh g− 1, and 80% capacity retention). The PCzCNTs overlayer imparts long lifespan with nominal capacity 
fade, guarantees ultra-safe operation, is cost-effective and also easy to scale-up thus providing a solution that can 
be adapted to other metal-ion batteries free of dendrites and long term cycling stability.   

1. Introduction 

To address the burgeoning global energy requirements, intensive 
research efforts are focussed on developing high performing energy 
storage devices namely, metal-ion or metal-air batteries (metal: Li, Na, 
Mg, Al, Zn etc) [1–10]. Among these, zinc ion batteries (ZIBs) have 
garnered immense scientific attention over the last few years primarily 
due to the following advantages of zinc (Zn). Zn offers (i) a low reduc-
tion potential (− 0.76 V versus SHE) enabling its use as an anode, (ii) a 
high theoretical gravimetric and volumetric capacities (819 mAh g− 1 

and 5855 mAh cm− 3 [11] (iii) enjoys high abundancy, (iv) is 
eco-friendly, (v) is cheap compared to Na or Li or Mg and (vi) is also 
relatively easier and safer to handle, store, reuse and dispose off [5, 
12–20]. The ZIB architecture, typically comprises of a cathode material 
capable of storing Zn2+ ions by intercalation-deintercalation, a Zn foil 
anode and a Zn salt based aqueous or non-aqueous electrolyte. A quick 
literature survey [5,13] reveals that while aqueous ZIBs have been 
studied exhaustively, non-aqueous ZIBs have been relatively less 
investigated. High ionic conductivity and low cost of the aqueous elec-
trolyte coupled with good chemical compatibility with cathode allowing 

easy diffusion of Zn2+ ions as well as the Zn anode have been the driving 
factors [5,13]. However, aqueous ZIBs suffer from serious limitations 
with regard to their potential for commercial applications. 

Firstly, the highly undesirable and competing water reduction and 
oxidation reactions can occur at the Zn-anode and cathode respectively 
during ZIB operation, resulting in the evolution of H2 gas at the anode 
and liberation of O2 gas at the cathode. These result in severe and fast 
capacity fade and low Coulombic efficiency. The reactions are also 
accompanied by the formation of H+ and OH− ions which may irre-
versibly react with Zn or the cathode material ensuing in the formation 
of unwanted by-products [21] and affecting the storage performance of 
the ZIB. Secondly, ease of growth of dendrites on the Zn-anode surface in 
aqueous ZIBs can result in short circuit. Thirdly, the use of water-based 
electrolyte also narrows the operational electrochemical potential win-
dow of the ZIB thus impacting its’ energy density. The aforesaid issues 
provide the impetus to develop long lasting stable ZIBs based on 
non-aqueous electrolytes, wherein firstly, the chemical or electro-
chemical reactions involving water are eliminated. Secondly, due to the 
high reversibility of zinc plating/stripping, Coulombic efficiency is high 
in the non-aqueous system. 
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2D or layered materials are preferred as cathodes for non-aqueous 
and aqueous ZIBs, owing to the open long channels through which 
Zn2+ ions can easily diffuse into and out of. Vanadium-based oxides are 
promising cathode materials due to the reversible reactions between 
vanadium and zinc [14,15,22–40]. Among all vanadium-based oxides, 
V6O13, due to its open structure and presence of ample proportions of 
V4+/V5+ mixed valance states that allow ultra-fast charge-discharge is 
ideal for Zn2+ ion storage [41–46]. 

While these are exciting developments, most of the work done is 
based on aqueous ZIB configurations, which have poor commercial 
viability and narrow potential windows. Further, Zn anode dissolution 
and dendritic growth of Zn on Zn metal plate are also major issues. They 
occur mainly due to nucleation- and plateau-overpotential, which too 
cause rapid decline of ZIB performance [47,48]. Thus far, few attempts 
have been made to overcome the issue of dendritic growth. Few have 
replaced the host-less zinc metal foil anode with conducting 3D hosts 
such as CNTs [6,49], zincophilic hosts such as Cu or Sn [50–52]. Some 
have applied insulating layers such as CaCO3, TiO2, or ZrO3 to restrict Zn 
anode dissolution to some extent [53–55]. Polymers containing polar 
functional groups such as: C––O, N–H can serve as an ion-oriented layer 
which can absorb Zn2+ ions and orient through the polymer chains to 
facilitate uniform distribution on Zn metal surface during plating 
[56–58]. 

Considering the aforementioned points, here, we have designed a 
heretofore unreported non-aqueous ZIB system based on V6O13 nano-
rods (NRs) prepared by a hydrothermal route. The elongated structures 
allow enhanced uptake of Zn2+ ions and maximize capacity and the 
short diffusion pathways afforded by the nanostructured morphology 
impart ultra-fast charge-discharge rates. Further, to accommodate the 
volume expansion and contraction experienced by V6O13 NRs during 
repetitive Zn2+ ion insertion and extraction and to also increase the 
electronic conductivity of the cathode, a composite of V6O13 NRs was 
prepared with porous graphitic flakes (PGFs). PGFs were synthesized 
from a low cost environmentally friendly natural material, i.e., puffed 
rice. Until now, the V6O13 NRs@PGFs composite has not been employed 
in a ZIB. The electrolyte was zinc triflate dissolved in acetonitrile, which 
allowed the safe and reliable operation of the ZIB over a wide voltage 
window of 1.8 V (~0.2–2.0 V), wider than a ΔV of 1.5 V, which has been 
the voltage window in a majority of previous reports on ZIBs. The energy 
density of the cell is defined as E = ½ C.V2, where “C” is the capacity and 
“V” is the voltage window. A wider voltage window implies a higher 
energy density for the battery (i.e., the cell can store more energy per 
unit weight). Further, fabrication of high rating batteries entails con-
necting multiple cells in combination of series and parallel. A wider 
voltage window will be helpful to achieve a higher voltage by con-
necting a lesser number of cells in series leading to lesser weight and a 
smaller size of the battery. 

Apart from the novel cathode composition, the conventional Zn- 
anode was replaced by a Zn-foil coated with a thin layer of a compos-
ite of a conducting polymer (poly(carbazole)) and CNTs (PCz@CNTs). 
This coating at the anode imparted a long-term cycling stability to the 
ZIB with the following original architecture: V6O13 NRs@PGFs// 
PCz@CNTs@Zn. The ZIB exhibited an insignificant capacity decay with 
cycling and showed no dendritic formation at the Zn anode compared to 
the analogous V6O13 NRs@PGFs//Zn cell (where dendrite formation 
and capacity fade were observed), thus highlighting the benefit of the 
PCz@CNTs coating in enabling the ZIB to deliver a remarkably robust 
electrochemical performance with potential for even commercial 
applications. 

2. Experimental 

2.1. Chemicals 

Vanadium pentoxide (V2O5, ≥99.0%), oxalic acid (C2H2O4, anhy-
drous ≥99.0%), zinc trifluoromethanesulfonate Zn(CF3SO3)2, carbazole 

(≥95.0% GC), zinc metal foil of 0.25 mm thickness, ammonium per-
sulfate (APS), poly(vinyl pyrrolidone) (PVP, average Mw: 360,000), 
multi-walled carbon nanotubes (CNTs, O.D. 10–15 nm, I.D. 2–6 nm, 
length 0.1–10 μm), GF/D borosilicate glass fiber and Whatman filter 
paper were procured from Sigma-Aldrich and used as such. Poly(vinyl-
idene fluoride) (PVdF, average Mw: 534 000), N-methyl pyrrolidone 
(NMP), and sodium hydroxide (NaOH) were purchased from Merck. 
Ultrapure water (resistivity ~ 18.2 MΩ cm) was obtained through a 
Millipore direct Q3UV system. Stainless steel (SS) foils were procured 
from Alfa Aesar. Puffed rice was procured locally. 

2.2. Synthesis of V6O13 nanorods (NRs) and porous graphitic flakes 
(PGFs) 

V6O13 NRs were synthesized by a hydrothermal method based on a 
previous report. Oxalic acid and V2O5 were taken in 40 mL of water in a 
1:1 M ratio. The dispersion was sealed with a parafilm stirred vigorously 
at 75 ◦C for 2 h. The color of the dispersion transformed from yellow to 
blue due to the reduction of V5+ species to V4+ species. Then this 
formulation was transferred into a Teflon lined autoclave and heated at 
180 ◦C for 3 h. It was cooled to ambient temperature and the obtained 
black colored solid was filtered, washed with water and dried at 60 ◦C in 
a hot air over for 12 h, and labelled as V6O13 NRs. 

Puffed rice was crushed to a fine powder by using a motorized 
grinder. Then the ensuing powder was annealed at 750 ◦C in a muffle 
furnace for 4 h with a ramp rate of 2.5 ◦C.min− 1 in air. The as-prepared 
carbon was chemically activated with NaOH, by taking them in a 1:1 (w/ 
w) ratio in water and stirred continuously for 12 h (usually, for 1 g of 
carbon, a maximum of 5 mL of water was used). Finally, it was washed 
with deionized water rigorously to eliminate superfluous NaOH, treated 
with acetone, dried overnight at 80 ◦C and the resultant powder was 
labelled as PGFs and stored in a desiccator. 

2.3. Synthesis of polycarbazole (PCz) and PCz@CNTs composite 

0.2 g of PVP was dissolved in 20 mL of ethanol and 0.1672 g of 
carbazole monomer was added to the mixture under continuous stirring. 
When the mixture solution turned transparent, 15 mL of an aqueous 
solution of 1 M APS was added. Simultaneously, the color of the solution 
turned milky. While stirring for 10 min, the solution was loaded into a 
50 mL Teflon-lined stainless-steel autoclave, which was sealed imme-
diately and maintained at 180 ◦C for 24 h. Then, the products were 
cooled to the room temperature, centrifuged, washed with distilled 
water and ethanol for several times, and finally dried in a vacuum oven 
at 60 ◦C for 24 h [59]. 50 mg of PCz and 50 mg of multi-walled CNTs 
were mixed and ground well using a mortar-pestle. The composite was 
sonicated in 100 mL of acetonitrile for several hours. Two drops of this 
suspension were drop-cast on the circular zinc foil and dried at 80 ◦C for 
12 h, and this coating is referred to as PCz@CNTs. 

2.4. Fabrication of non-aqueous ZIBs 

V6O13 NRs, PGFs, CB and PVdF were taken in the following weight 
ratios separately: 80:0:10:10, 60:20:10:10. V6O13 NRs and PGFs were 
composited by ball-milling technique operated at 350 rpm for 5 h. A 
planetary ball milling instrument (AI-VPB model) equipped with a zir-
conia jar and zirconia balls were used to grind and make the composites 
in pre-defined weight ratios. The composite or NRs were then mixed 
with CB and PVdF and the mixture was ground well using a mortar- 
pestle assembly independently. Two separate thick slurries were pre-
pared by using 0.2 mL of N-methyl pyrrolidone (NMP) in each case. They 
were coated immediately on circular stainless steel (SS) electrodes 
(diameter: 1.5 cm) with the assistance of an overhead projector plastic 
sheet. The coated SS electrodes were vacuum dried for 12 h at 60 ◦C. 
These electrodes are labelled as cathodes and due care was taken to 
ensure that the masses of the loaded materials were maintained in the 

S. Naskar et al.                                                                                                                                                                                                                                  



Composites Part B 252 (2023) 110516

3

range of 1.5–2 g cm− 2 in each case. Pristine circular Zn metal foil 
(diameter: 1.5 cm) and the same foil coated with the PCz@CNTs com-
posite was used as anode for comparative studies. About 3 to 4 drops of 
an organic electrolyte solution of 0.5 M Zn(CF3SO3)2 in acetonitrile were 
applied over the GF/D borosilicate glass fiber separator, which were cut 
into circular disks of ~1.6 cm diameter using the electrode cutter. For all 
cells, this separator/electrolyte assembly was sandwiched between the 
pristine V6O13 NRs or V6O13 NRs/PGFs (3:1) composite-based cathodes 
and the Zn- or PCz@CNTs@Zn-anodes. ZIBs were fabricated inside an 
argon filled MBraun Labstar glove box operating at O2 and moisture 
levels of 0.5 and 0.5 ppm respectively. Swagelok cells were employed for 
ZIB fabrication. Scheme 1 provides the synthetic methodology for the 
materials and the full cell. 

2.5. Instrumental techniques 

An Arbin instruments BT-2000 battery tester was employed for gal-
vanostatic charge-discharge (GCD) measurements. An Autolab PGSTAT 
302 N potentiostat/galvanostat, having a NOVA 1.9 software, and a 
frequency response analyzer (FRA) was employed for cyclic voltam-
metry (CV), linear sweep voltammetry (I–V) and electrochemical 
impedance spectroscopy (EIS) measurements. For EIS, an input ac si-
nusoidal voltage of 20 mV was superimposed over the open-circuit dc 
voltage of the cell, and spectra were recorded over a frequency range of 
1 MHz to 0.01 Hz. A PANalytical, X’PertPRO X-ray diffractometer with a 
Cu-Kα (λ = 1.5406 Å) radiation as the X-ray source was employed for 
recording XRD patterns of active materials. A Bruker Senterra dispersive 
micro-Raman spectrometer with a 532 nm laser was used for collecting 
Raman spectra of active materials. A field emission-scanning electron 
microscope (FE-SEM, JEOL-JSM-7800) was used to study the surface 

morphology of electrode materials. X-ray photoelectron spectra (XPS) 
were obtained on an Axis Supra K-ALPHA surface analysis spectrometer 
having a monochromatic, micro-focused Al-Kα radiation of 1486.6 eV 
energy. The base pressure was maintained at ~5 × 10− 11 Torr. Pass 
energies of 160 and 80 eV were employed for acquiring survey and core 
level spectra with resolutions of 1 and 0.1 eV. Core level spectra were 
deconvoluted using a non-linear iterative least-squares Gaussian-Lor-
entzian fitting protocol with the help of a Jandel Peak FitTM (version 
4.01) program. Corrections due to charging effects were taken care of by 
using C(1s) as an internal reference and the Fermi edge of a gold sample. 
A JEOL 2100 transmission electron microscope (TEM) operating at an 
accelerating voltage of 200 kV was used to study the microstructure of 
active materials. Samples were coated over carbon-coated copper grids 
by first dispersing them in acetone followed by their application over the 
grid and then used after solvent evaporation. Atomic force microscopy 
(AFM) topography images were recorded on a Bruker, Multimode 8 
microscope using etched silicon probes and the analysis was carried out 
using a NanoScope analysis application. Fourier transform infrared 
(FTIR) spectrum of PCz was recorded on a Jasco FT/IR-4600 machine. 

3. Results and discussion 

3.1. Microstructural and electrical properties of cathode materials 

FE-SEM images of V6O13 NRs in Fig. 1a reveals the highly mono-
disperse nature of the rods achieved over length scales of tens of mi-
crons. Clusters of densely packed nanorods oriented along different 
directions are visible. High magnification images in Fig. 1b and c shows 
that the rods are about 300–400 nm in length and have diameters in the 
range of 50–60 nm, and they also tend to aggregate. Irregular shaped 

Scheme 1. Synthesis of V6O13 NRs, PGFs and the V6O13 NRs@PGFs composite.  
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voids are present in between the rods, which is beneficial for the elec-
trolyte to pass through, and enables accessing of the deeper recesses of 
the active electrode material during charge-discharge. This improves 
ion-adsorption and the subsequent Faradaic reaction. Compared to a 
previous report on Al/Ga co-doped V6O13 nanorods where particles cum 
NRs were obtained, here only NRs are obtained [60]. TEM images also 
corroborate with the SEM observations. An interconnected network of 
smooth nanorods of V6O13 are seen in the TEM images (Fig. 1d,c) as well 
with diameters of 50–60 nm. The nanorods offer one-dimensional 
pathways for charge (electron) transport thereby allowing fast charge 
transport across the cross section of the active material. This in turn can 

reduce the diffusion lengths for Zn2+ ions which results in fast electro-
chemical kinetics and improves rate capability. The high-resolution 
image of a nanorod (Fig. 1f) shows clear lattice fringes stacked in par-
allel. The inter-fringe distance is 0.36 nm and it matches with the (110) 
plane of monoclinic V6O13. The associated selected area electron 
diffraction (SAED) pattern in Fig. 1g shows bright spots superimposed 
over concentric rings. They are indexed to the (110) and (− 401) planes 
(JCPDS: 43-1050). The pattern matches with that obtained previously 
for V6O13 NRs prepared hydrothermally from V2O5 and oxalic acid 
precursors [41]. 

FE-SEM images of porous graphitic flakes (PGFs) (Fig. 1h–j) reveal 

Fig. 1. (a-c) FE-SEM images and (d-f) TEM images of V6O13 NRs and (g) SAED pattern of V6O13 NRs. (h-j) FE-SEM images and (k-m) TEM images of PGFs. (n) I–V 
characteristics of V6O13 NRs (enlarged view as an inset), PGFs and V6O13 NRs@PGFs. 
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the irregular shaped bulky 3D particles of carbon with a flaky nature 
characterized by a large specific surface area. This allows anchoring of a 
high proportion of ions during charge-discharge. The high resolution 
TEM images (Fig. 1k,l) show the flakes to be mesoporous, with pores of 
5–10 nm in dimensions. The porosity exhibited by this material is ad-
vantageous for buffering the volume expansion experienced by V6O13 
upon intercalation of Zn2+ ions in the oxide matrix. A lattice scale image 
in Fig. 1m shows slightly contorted fringes, with inter-fringe distance of 
0.34 nm corresponding to the (002) plane of hexagonal graphite (JCPDS: 
75-1621). The graphitic structure imparts good electrical conductivity 
to PGFs, which is also confirmed from its’ I–V characteristics. 

3.2. Electrical conduction behavior of cathode materials 

Electrical conduction in the active cathode materials was studied 
from their I–V characteristics (Fig. 1n) The data was recorded in the LSV 
mode by sandwiching the sample between two stainless steel (SS) 
electrodes, over the voltage range − 2 to +2 V at a scan rate of 20 mV s− 1. 
PGFs exhibit a sigmoidal I–V profile. Linear fitting of the curve over the 
part which shows linear dependence gave a conductivity (σ) of 14.6 mS 
cm− 1. It is determined from the relation: σ =

( 1
R
)
×

( d
a
)
. Here, 1/R is 

equal to the slope of the I–V curve (ΔI/ΔV), d is the cross-sectional 
thickness, and a is the exposed active area. PGFs are electrically con-
ducting because of the graphitic carbon framework. In this structure, the 
carbons are present in a hexagonal arrangement. Three carbon atoms 
form sp2 hybridized sigma bonds in the graphitic plane. The last non- 
hybridized (π)-electron is free to move above and below these planes, 
which is responsible for the high conductivity. The conductivity of 
pristine V6O13 is 0.05 mS cm− 1, which is approximately 103 times lower 
than that of pure PGF. The proper mixing of V6O13 and PGFs serves two 
purposes. (1) Conductivity of the composite increases, hence the rate 
performance also improves, due to rapid electron propagation in the 
composite compared to pure V6O13. (2) The volume expansion experi-
enced by the oxide lattice during Zn2+ ion insertion also buffered by 
PGF. PGF accommodates the volume expansion of the oxide. Pristine 
V6O13 has a nominal conductivity primarily due to the +5 and + 4 
oxidation states of vanadium (V4+/V5+). Observed conductivity is due to 
the inter-valent charge transfer between two adjacent vanadiums (from 
site A to site B) present in the +4 and + 5 oxidation states.  

V4+ (A) + V5+ (B) → V5+ (A) + V4+ (B)                                          (1) 

The V6O13 NRs@PGFs composite is characterized by an electrical 
conductivity of 4.8 mS cm− 1 which is 100 times higher in magnitude 
compared to that of pristine V6O13. This demonstrates the composite’s 
suitability as a cathode for developing ZIBs with a good power density 
(besides the high energy density). 

3.3. XRD and Raman studies of cathode materials 

XRD patterns and Raman spectra of V6O13 NRs and V6O13 NRs@PGFs 
(3:1) composite are shown in Fig. 2. XRD pattern of pristine V6O13 NRs 
(Fig. 2a) exhibits multiple intense peaks at 2θ = 25.3o, 28.3o, 30.1o, 
33.5o, 38.3o, 45.6o, 49.5o, 53.9o, 59.8o and 69.6o. These peaks are 
indexed to the (110), (2 03), (4 01), (3 11), (113), (601), (020), (6 04), (7 
11) and (6 21), planes of a monoclinic end centered V6O13 structure with 
the C2/m space group (JCPDS: 43-1050). The pattern matches well with 
that reported for thin V6O13 nanobelts grown by a hydrothermal route 
[44] and also with standard data [61]. These planes correspond to 
d-spacings of 3.5, 3.1, 3.0, 2.7, 2.3, 2.0, 1.8, 1.7, 1.5 and 1.3 Å. The data 
agrees well with the lattice scale imaging results. V6O13 has a tunnel like 
structure where these elongated channels are created by alternating 
single and double layers composed of VO6 units with shared corners. 
This structure provides ample sites for ion storage. While the double 
layers have both V5+ and V4+ sites, the single layers have only V5+ sites 
[62]. This open structure is conducive for facile Zn2+ ion movement is 
shown in a schematic in Scheme 2. The V6O13 NRs@PGFs composite 
shows peaks pre-dominantly from V6O13. A few peaks have also been 
masked and found to be in lowered in intensity than pristine V6O13. This 
is possibly due to van der Waals or electrostatic interactions between 
V6O13 NRs and PGFs. It also indicates a proper mixing of V6O13 NRs and 
PGFs. 

Raman spectrum of V6O13 NRs (Fig. 2b) displays a highly intense 
peak at 141 cm− 1 which has a Bg symmetry and other peaks with me-
dium intensity at 283, 407, 520 and 689 cm− 1, which are assigned to the 
bending vibrations of V–O, V––O, three-coordinated O–V3 bonds and the 
bridging V–O–V bonds. These assignments agree well with those re-
ported for highly crystalline V6O13 films grown by pulse laser deposition 
[63]. A sharp peak is observed at ~990 cm− 1, and this arises from the 
stretching vibrational modes of the terminal V––O bonds [64]. Raman 

Fig. 2. (a) XRD patterns of V6O13 NRs and V6O13 NRs@PGFs composite and (b) Raman spectra of V6O13 NRs, PGFs, V6O13 NRs@PGFs composite. Inset in (b) 
represents the Gaussian fits for D/G bands. 
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spectrum of PGFs, shows the D-band and the G-band at 1329 and 1595 
cm− 1 respectively. The D-band is attributed to the breathing mode of A1g 
symmetry. The out-of-plane vibrations of structural defects (described as 
the oxygen functionalities covalently bonded to the sp3 hybridized 
carbons). The G-band, has a E2g symmetry. It is produced from the 
in-plane vibrations of sp2 bonded carbon atoms in the graphitic layers or 

carbon chains. The ID/IG ratio is 0.96, suggestive of nearly similar con-
centration for defects and the ordered graphitic carbons. The defects are 
a consequence of the strong alkali (NaOH) treatment that carbon is 
subjected to, done for maximizing the porosity of the carbon matrix. 
This porosity is helpful for accommodating the volume expansion that 
V6O13 undergoes during discharging, when Zn2+ ions diffuse through 
the oxide framework. The overtone of the fundamental D-vibration, i.e., 
the 2D mode is observed as a very broad hump centered at ~2590 cm− 1. 
The composite: V6O13 NRs@PGFs is characterized by multiple peaks 
corresponding to the V–O vibrational modes of the oxide and the D-and 
G-bands of PGFs. The Bg and the δ(V–O) modes are blue-shifted to 136 
and 278 cm− 1 respectively, compared to the pristine oxide. This implies 
that interaction between the carbons and the oxide, weakens the V–O 
bond strengths. 

3.4. Compositional features of V6O13 NRs@PGFs composite 

XPS survey spectrum for the V6O13 NRs@PGFs composite shows 
intense and distinctive peaks due to different core levels of the constit-
uent elements. They are: O2s (20.7 eV), V3p (41.6 eV), V3s (69.3 eV), 
C1s (284.6 eV), V2p3/2 (517.0 eV), V2p1/2 (525.0 eV), O1s (530.2 eV) 
and V2s (630.7 eV). While the “O”-peaks originate from the oxide and 
the PGFs, all the “V”-signals are attributed to V6O13. The V2p spectrum 
(Fig. 3b) exhibits a broad doublet due to the spin-orbital splitting 
components of V2p1/2 and V2p3/2 at ~ 524.6 and 517.5 eV. A similar set 
of twin peaks was also obtained for polycrystalline V6O13 [65]. Each of 
these broad peaks is divided into two components due to V4+ and V5+. 
This matches with a previous report on this oxide prepared from V2O5 
[41]. As shown in the inset, the structure comprises of four of the va-
nadiums in the 4+ and two of them in the 5+ state, thus yielding a ratio 
of 2:1 for V4+/V5+ in V6O13. The highly asymmetric O1s spectrum 
(Fig. 3c) is deconvoluted into three peaks at 531.9, 532.75 and 534.05 
eV. They are assigned to V5+-O, V4+=O and C–O groups which aligns 
with the resolved V2p components. 

The C1s peak (Fig. 3d) is resolved into three components at 286.3, 
287.6 and 291.1 eV which are attributed to the C–C, C–O and the π-π* 
shake-up satellite peaks. The C–O peak arises from the oxygen con-
taining functional groups (C–O–C, C–OH, C–OH2, C––O) which are 

Scheme 2. Structure of V6O13 NRs.  

Fig. 3. XPS spectra: (a) survey spectrum, deconvoluted (b) V2p, (c) O1s and (d) C1s spectra, (e) % elemental contributions and (f) fitted VB spectrum of the 
V6O13@PGF composite. 
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integrated into the carbon framework during the PGF synthesis via alkali 
activation. The percentage mass contributions of the elements estimated 
from the core levels are 46.0% (V), 34.4% (O) and 19.6% (C) (Fig. 3e). 
The V:O atomic ratio is found to be 0.42. It is close to the expected ratio 
of 0.46, as per the stoichiometry of V6O13. The fitted VB spectrum in 
Fig. 3f, reveals two peaks due to the O2p and V3d levels. This is in 
agreement with a previously reported hard XPS data of V6O13 that shows 
a broad highly intense asymmetric V2p band at 0.65 eV and a low in-
tensity V3d peak at 0.5 eV [66]. The V3d band corresponds to the VB, for 
the density of states rapidly declines to zero close to 0 eV, which is the 
Fermi level. Assuming that EF lies approximately at the mid-point of the 
band gap, the band gap is estimated to be approximately 1 eV. The 
narrow gap confirms the semiconducting nature of the oxide and is also 

indicative of its electrically conductive nature. 

3.5. Electrochemical characteristics of ZIBs 

Cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) 
plots were measured over the voltage range 0.2–2.0 V, versus Zn2+/Zn, 
with the following ZIB cell architectures: pristine V6O13 NRs//Zn (Cell 
type I), V6O13 NRs@PGFs//Zn (Cell type II) and V6O13 NRs@PGFs// 
PCz@CNTs@Zn (Cell type III). The nominal voltage of the three cells is 
the same, 1.8 V. The plots are displayed in Figs. 4 and 5. In the first two 
cases, the anode was pristine Zn metal foil. In the third case, the anode 
with a thin coating of PCz@CNTs composite was used. In all cases, a non- 
aqueous electrolyte of 0.5 M Zn(CF3SO3)2 in acetonitrile was employed. 

Fig. 4. CV plots of ZIBs with following cell architecture: V6O13//Zn, V6O13 NRs@PGFs//Zn and V6O13 NRs@PGFs//PCz@CNTs@Zn: (a-c) at 0.1 and 0.5 mV s− 1, (d- 
f) at different scan rates ranging from 1 to 10 mV s− 1. 
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The CV plots were recorded at both low (0.1 and 0.5 mV s− 1) (Fig. 4a,c, 
e) and high (1-5, 10 mV s− 1) scan rates (Fig. 4b,d,f). In the first cycle, at 
0.1 mV s− 1, principal redox peaks (Ered/Eox) are found at 0.83/1.06 V, 
0.84/1.01 V and 0.84/0.96 V. At 0.5 mV s− 1 redox peaks are observed at 
0.80/1.14 V, 0.81/1.07 V and 0.82/1.07 V which signify the slight 
improvement in reversibility with nominal peak shift at high scan rates. 
The Zn2+ intercalation-deintercalation reactions are expressed through 
the equations below.  

Anode: yZn ⇄ yZn2+ + 2ye− (2)  

Cathode: yZn2+ + V6O13 + 2ye− ⇄ ZnyV6O13                                    (3) 

V6O13 NRs@PGFs composite oxidizes at a reduced voltage due to 
superior electrical conductivity compared to pristine V6O13 NRs. In the 
cell containing Zn anode with the PCz@CNTs composite coating, den-
dritic growth and dissolution have been reduced (as will be seen later) 

hence higher reversibility was achieved. CV plots recorded at higher 
scan rates (Fig. 4b,d,f) in the range of 1–10 mV s− 1, show peak flattening 
at high scan rates in the ZIB with pristine oxide, where the reduction 
peak was almost invisible at 10 mV s− 1. However, both oxidation and 
reduction peaks are prominently visible in the Cell type III. 

In the GCD plots collected at various current densities for V6O13 NRs 
(Fig. 5a,c,e) discharge and charge plateaus were observed at ~0.8 V and 
~1.2 V. These concur well with the observed CV plots. In case of cell 
type I, the maximum discharge capacity was ~241 mAh g− 1 at 30 mA 
g− 1 and it decreased to ~30 mAh g− 1 at 0.5 A g− 1. The poor electrical 
conductivity of pristine V6O13, does not allow fast electron transport at 
high current densities, and therefore rate performance declines due to 
sluggish kinetics. Furthermore, only 41% capacity retention was 
observed after 100 cycles. In case of Cell type II, a capacity of ~75 mAh 
g− 1 at 0.5 A g− 1 was achieved which further increased to ~133 mAh g− 1 

at 0.5 A g− 1 with increment in capacity at low current density i.e., ~291 

Fig. 5. ZIBs with following cell architectures: V6O13 NRs//Zn, V6O13 NRs@PGFs//Zn and V6O13 NRs@PGFs//PCz@CNTs@Zn: (a-c) GCD plots at different current 
densities and (d-f) variation in specific capacity and Coulombic efficiency as a function of number of cycles at 30 mA g− 1. 
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mAh g− 1 at 30 mA g− 1 for Cell type III. Capacity retentions were also 
improved to 80% and ~99% for the respective cells. Coulombic effi-
ciency (CE) was found to vary between 93 and 99% for Cell types I and 
II. For Cell type III, CE was low in the initial few cycles due to the 
activation of electrodes, and after 30 cycles, it is high and stable at 
~99%. The initial energy densities of the three cells (type I, II and III) 
are ~145, ~146 and ~175 Wh kg− 1. The power density of full cell or 
Cell type III is 18 W kg− 1 and it is calculated using the following 
equation: P (W/kg) = I (mA/g) × V/Active electrode mass (mg). The 

V6O13 NRs@PGFs//PCz@CNTs@Zn cell (or Cell type III) was cycled for 
300 cycles at a current density of 30 mA g− 1 (Fig. 5f). The initial 
discharge capacity was 291 mAh g− 1 and the cell was able to retain 
~98% of its initial capacity even after 300 cycles. At the end of 300 
cycles, a capacity of 286 mAh g− 1 was obtained. The excellent revers-
ibility demonstrated by the cell is also reflected in the high CE 
(~94–99%) achieved over 300 cycles. 

From rate capability plot (Fig. 6a) we get to know that the Cell type I 
retains only ~63% of fresh cells’ highest discharge capacity when tested 

Fig. 6. ZIBs with following cell architecture: pristine V6O13 NRs//Zn, V6O13 NRs@PGFs//Zn and V6O13 NRs@PGFs//PCz@CNTs@Zn: (a-c) rate capability curves, as 
a function of cycling and current densities. (d-f) Nyquist plots for the same ZIBs, before cycling, and after 100 charge-discharge cycles, recorded over a frequency 
range of 1 MHz to 0.01 Hz, under the open circuit potential, and an ac amplitude of 20 mV. Equivalent circuits used for fitting the plots in (d,e) and (f) are shown as 
insets of (e) and (f). 
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at 30 mA g− 1 after 100 cycles of the initial run. The volume expansion 
and contraction of V6O13, during Zn2+ intercalation and deintercalation 
produces mechanical stresses in the material. To relieve this strain, the 
active material disintegrates slowly, dissipates into the electrolyte, thus 
resulting in capacity fade with cycling. This capacity retention has been 
improved in the Cell type II, where 70.5% of the fresh cells’ capacity was 
retained at 30 mA g− 1 (Fig. 6c). This improvement is ascribed to the 
presence of PGFs, which accommodate the volume expansion experi-
enced by V6O13, but at the same time, this enhancement was also not 
very remarkable may be due the dendritic growth on anode surface. 
Although it is less than that observed in aqueous systems but still it is 
present. So, a further modification of the cell architecture is useful, 
especially in the view of developing long lasting ZIBs. A thin layer 
coating of PCz@CNTs composite was introduced on the Zn anode sur-
face to reduce dendritic growth, as accomplished through Cell type III. 

Conducting polymers like PCz are chemically robust and highly 
compatible with non-aqueous electrolytes like the zinc triflate/aceto-
nitrile one, used here. Similarly, CNTs are again electrically conducting 
as well as inert (in terms of undergoing any side reactions with Zn) and 
facilitate fast charge transfer and reaction kinetics at the anode/elec-
trolyte interface, which affords stable homogeneous deposition of Zn 
thereby forming a smooth deposit of Zn with no dendritic growth. About 
92.5% fresh cells’ capacity retention is achieved with Cell type III thus 
supporting our conjecture (Fig. 6e). Cell type III incorporates the ben-
efits of both strategies: (1) inclusion of PGFs in the cathode to accom-
modate the volume variation of the active material and increase the 
conductivity for facile charge transportation. (2) PCz@CNTs composite 
coating on Zn-anode which reduces the dendritic growth. Hence 
improved capacity, rate performance and cycling life are achieved. 

3.6. EIS studies on fresh and cycled ZIBs 

Nyquist plots for fresh and cycled ZIBs are displayed in Fig. 6d–f. 
While the V6O13 NRs//Zn and the V6O13 NRs@PGFs//Zn cells exhibit 
two distorted arcs, the V6O13 NRs@PGFs//PCz@CNTs@Zn cell shows a 
skewed semicircle followed by a straight line. The data for the cells with 
the Zn-anode (Cell types I and II) was fitted into a [R(RC)(RQ)] circuit. 
The cell with the PCz@CNTs@Zn anode (Cell type III) was fitted into a 
[R(RC)W] circuit. The salient fitted parameters are summarized in 
Table 1. The charge transfer resistance at the electrolyte/cathode 
interface is the least for Cell type III and highest for Cell type I. The PGFs 
in the cathode improve electron transfer and transport across the 
thickness of the V6O13 NRs@PGFs, which in turn allows facile transfer of 
Zn2+ ions from the electrolyte. The ion-diffusion conductance is also 
high for Cell type III. With cycling there are only moderate changes 
observed in the impedance parameters, indicating that the cell cycles 
well. 

Relevant storage data from different groups (mostly on ZIBs based on 
non-aqueous electrolytes, since the present work also uses a non- 
aqueous electrolyte) [67–76] is compared with the performance met-
rics obtained in our work in Fig. 7. It can be observed that our capacity 
values are superior to most of the reported data. This figure also 

demonstrates the efficacy of the cell configuration fabricated in this 
report for a stable durable ZIB. 

3.7. Morphological aspects and structure of PCz, CNTs and PCz@CNTs 
composite 

The anode coating is composed of a composite of poly(carbazole) and 
multiwalled carbon nanotubes (PCz@CNTs). The polymer (Fig. 8a and 
b) is characterized by a closely packed network of interlinked cauli-
flower like shapes and agrees well with the morphology reported in 
literature [77]. The FTIR spectrum of PCz (Fig. 8c) confirms the polymer 
formation for characteristic peaks at the following positions: 3407 cm− 1 

due to the stretching vibrations of the N–H bond in the PCz chains, 1451 
cm− 1 due to the C–C stretching mode (the carbons from two adjacent 
monomers) and implying the conversion of monomer units into the 
polymer chains, ~1650 cm− 1 due to the C––C stretching mode and 1290 
cm− 1 due to the ν(C–N) stretching vibrational mode are observed and 
they roughly match with the reported spectra [78,79]. A strong peak at 
748 cm− 1 arises from the N–H deformation mode, and a broad one at 
579 cm− 1 is attributed to the C––C out of plane twisting vibrations [77]. 
The slight variations in comparison to literature is possibly due to 
different polymer chain lengths and dopants. 

The CNTs are constituted by bundles of continuous interconnected 
aggregated nanotubes which appear like furry shapes with a good uni-
formity that extends over multiple microns (Fig. 8d and e). Ion micro-
scopy image in Fig. 8f, reveals the thickness of the tubes to be in the 
range of 25–40 nm, and the image of the PCz@CNTs composite (Fig. 8g) 
reveals the globular polymer particles to be enmeshed with the tubular 
structures of CNTs, indicative of a good mixing of the two components. 
The sheet resistance of pristine uncoated Zn anode is ~0.5 Ω cm− 2. After 
coating the anode with a thin layer of the PCz@CNTs composite, it is 
~4.5 Ω cm− 2. This indicates that the electrical conductivity of the metal 
anode remains largely unaltered by the polymer/CNT coating. The 
photographs of pristine Zn anode and the same coated with PCz@CNTs, 
before and after long term cycling are shown in Fig. 8h. It is observed 
that while the PCz@CNTs@Zn anode’s physical appearance changes 
very slightly with cycling. But the Zn anode undergoes a substantial 
change from a smooth surface to one with deposits, suggestive of the 
effectiveness of the polymer/CNT coating in protecting the Zn surface 
from dendrite formation. These are further characterized by AFM in the 
next section. 

The XRD patterns of the fresh and the cycled V6O13 NRs@PGFs 
composite electrodes are shown in Fig. 9a. Some peaks from monoclinic 
V6O13 are retained in the cycled electrode, albeit lowered intensities and 
broadened peak widths. The loss in crystallinity originates from the 
repetitive insertion and extraction of Zn2+ ions, which causes the slow 
amorphisation of the cathode. The FE-SEM images of the uncycled V6O13 
NRs@PGFs composite (Fig. 9b and c) show the nanorods from the oxide 
and the carbon microstructures to be mixed well. Post-cycling, the 
composite exhibits a fuzzy texture wherein the contours of the oxide 
nanorods and the flaky structures of carbon are visible in the images 
(Fig. 9d and e). The composite retains its structure even after cycling 
highlighting that it has a robust structure and can endure repeated 
cycling well, which is also confirmed from the nominal capacity fade. 
The composite retains ~99% of its initial capacity. In contrast, pristine 
V6O13 is unable to sustain extended cycling, which is reflected in the 
dramatic capacity fade, which occurs by 41%. 

3.8. Impact of cycling on Zn versus PCz@CNTs@Zn anodes 

The effect of cycling on pristine Zn anode and PCz@CNTs@Zn anode 
can be gauged from their AFM images, which are shown in Fig. 9f–i. 
Pristine uncycled Zn anode (Fig. 9f) has a smooth surface and the root 
mean square surface roughness (Rrms) is about 7 nm. However, after 
cycling (Fig. 9g), the growth of the metallic Zn dendrites is clearly 
perceptible on the Zn surface (extracted from Cell type II). The dendrites 

Table 1 
Fitting parameters for Nyquist plots of different ZIBs.  

Cell configuration Rs (Ω 
cm2) 

Rct (Ω 
cm2) 

Cdl (F 
cm− 2) 

Yo (mS s1/2 

cm− 2) 

V6O13 NRs//Zn Fresh) 5 340 7 0.01 
V6O13 NRs//Zn (Cycled) 4 206 129 0.01 
V6O13 NRs@PGFs//Zn (Fresh) 5 113 931 2.80 
V6O13 NRs@PGFs//Zn 

(Cycled) 
9 129 149 0.05 

V6O13 NRs@PGFs// 
PCz@CNTs@Zn (Fresh) 

6 64 9 2.30 

V6O13 NRs@PGFs// 
PCz@CNTs@Zn (Cycled) 

7 103 1 1.05  
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are formed during the charging process, when Zn2+ ions reduce at the 
anode, and deposit over the surface in the form of dendrites. The rms 
roughness also drastically rises to about ~522 nm. Dendrites can 
eventually lead to short circuit and even fires. They can also induce 
capacity loss, by undergoing Zn loss via decomposition reactions with 
the electrolyte. The effectiveness of the PCz@CNTs coating in inhibiting 
dendrite growth is evident from the topography images of the fresh and 
cycled PCz@CNTs@Zn anode (Fig. 9h and i) extracted from Cell type III. 

XRD patterns of fresh and cycled anodes of Zn and PCz@CNTs@Zn 

are shown in Fig. S1. Fresh Zn anode is highly crystalline. The XRD 
pattern exhibits multiple strong and intense peaks at 2θ = 36.25o, 
38.94o, 43.12o, 54.17o, 69.88o, 70.62o and 80.04o. These are assigned to 
the (002), (100), (101), (102), (103), (110) and (004) planes of the 
hexagonal crystal structure of Zn, according to JCPDS card: 03-065- 
5973. This pattern matches with that obtained for hexagonal Zn plate-
lets in an earlier report [80]. After cycling, the intensity of the (002) 
peak corresponding to an inter-planar spacing of 0.25 nm is reduced by 
63%. Besides the (002) peak, all the remaining peaks except the (100) 

Fig. 7. Comparison of capacity of ZIBs from literature with that of the ZIBs fabricated in this work.  

Fig. 8. (a,b) FE-SEM images and (c) FTIR spectrum of PCz, (d,e) FE-SEM images of MWCNTs and ion microscopy images of (f) MWCNTs and (g) PCz@CNTs 
composite. (h) Photographs of fresh and cycled Zn and PCz@CNTs@Zn anodes. 
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peak also exhibit small intensity losses with cycling. This represents the 
effect of the plated Zn deposit over the Zn surface during cycling. During 
the charging cycle, Zn2+ ions migrate from the cathode, pass through the 
electrolyte and undergo reduction at the Zn surface, and this is called 
“plated Zn”. This Zn is then stripped during the discharge cycle via 
oxidation and they diffuse to the cathode. The dendritic shapes of plated 
Zn cause this change in the XRD pattern. Fresh PCz@CNTs@Zn anode 
also shows a pattern similar to that of fresh Zn albeit a lowered intensity 
for the (002) peak. The very high crystallinity of Zn obscures the con-
tributions from PCz and CNTs, which generally give very weak peaks. 
Post cycling, for this anode, surprisingly there are some intensity en-
hancements indicating that the plated Zn growth has a morphology 
different from that obtained over pristine Zn surface. This is further 
confirmed from SEM analysis. 

The cross-sectional FE-SEM images of the cycled Zn anode, fresh and 
cycled PCz@CNTs coated Zn electrodes are shown in Fig. 10. The growth 
of elongated Zn dendrites on the surface of the Zn anode is clearly visible 
in Fig. 10a. Zn dendrites are formed due to the uneven deposition of Zn 
during the charging cycle. Zinc deposition commences with nucleation 

and once a Zn nucleus is formed, the subsequent Zn2+ ions prefer to 
deposit over the nucleus for it is energetically more favorable, as 
opposed to deposition over the available free Zn surface [81]. The length 
of the Zn dendrites is about 10–11 μm. Previously fern like Zn-dendrites 
of length of about 60 μm in aqueous systems have been reported [82]. 
Here the length is shorter, due to the use of a non-aqueous electrolyte. 
The cross-sectional view of the fresh PCz@CNTs@Zn electrode 
(Fig. 10b) shows the presence of the globular polymer particles mingling 
with the tubular CNT structures. A good homogeneous mixing of the two 
components is achieved. The microstructure is highly porous which 
enables facile Zn2+ ion diffusion across the thickness of the composite 
coating during charging process. Unlike the uncoated Zn surface, here, 
Zn2+ ions can diffuse uniformly through the pores of the composite and 
then deposit evenly over the Zn surface (Fig. 10c). At the PCz@CNTs/Zn 
interface, the reduced Zn deposit is distinctly observed. The observed 
thickness is about ~2 μm, and above this height, it is possible that the 
plated Zn is obscured by the polymer and the nanotubes. A magnified 
view shows the porous matrix which the composite affords, allows the 
percolation of Zn2+ ions and inhibits dendritic growth (Fig. 10d). 

Fig. 9. (a) XRD patterns and (b-e) FE-SEM images of fresh and cycled V6O13 NRs@PGFs electrode. AFM topography images of (f) fresh and (g) cycled Zn anode and 
(h) fresh and (i) cycled PCz@CNTs@Zn anode and their corresponding section profiles (f′-i’). 
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An electrically conducting composite overlayer at anode has the 
following benefits. During the charging process for uniform Zn deposi-
tion at the anode, the high electrical conductivity of the PCz@CNTs 
composite allows the uniform conduction of electrons from the Zn sur-
face across the thickness of the composite. These electrons are accepted 
by the incoming Zn2+ ions and facile Zn reduction occurs at the 

electroactive sites present at surface of the composite. This results in a 
uniform plating of Zn and inhibits dendritic growth [83]. This is also 
supported by the small rms roughness change. It increases from ~72 to 
~96 nm ongoing from the uncycled to the cycled electrode. 

Fig. 10. (a) Cycled Zn anode, (b) fresh- and (c) cycled- PCz@CNTs@Zn electrodes; magnified view of the composite from (c) is shown in (d). Plated Zn and dendrite 
growth have been color-labelled in yellow and green. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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3.9. Extended cycling of cell type III 

Another cell with the same configuration was also subjected to 1500 
charge-discharge cycles at a high current density of 300 mA g− 1 

(Fig. S2). About 100% capacity retention was achieved at a high current 
density of 300 mA g− 1 and after 1500 cycles a discharge capacity of 
~135 mAh g− 1 with Cell type III was retained (Fig. S2c). This suggests 
that even when the cell is operated under fast kinetic conditions, it can 
retain a high capacity, which does not reduce with cycling. Both the 
cathode and the anode materials preserve their structural integrities 
with repetitive Zn2+ ion insertion and extraction and do not pulverize or 
detach from the current collector thus resulting in the high capacity as 
well as its’ retention with cycling. In the initial cycles, the capacity value 
is less, but through repetitive cycling, utilization of active material by 
intercalation/deintercalation process as well as capacity increases. The 
CV plot shows only a small decrement of anodic as well as cathodic peak 
currents. Slight peak shifts were also observed due to some side reaction 
inside the cell. Topography map in Fig. S2a shows that there are still no 
signs of dendrite formation on the modified Zn anode, indicating that 
the PCz@CNTs composite overlayer is highly effective in restricting the 
growth of fiber-like Zn. The capacity fade also is nominal, indicating that 
the V6O13 NRs@PGFs cathode is able to preserve its’ structural integrity 
with cycling. Furthermore, as CE also continues to be high (93–99%) in 
the cycled ZIB, it is evident that there is no irreversible Zn2+ ion trapping 
in the cathode or any inactive Zn deposition at the anode. 

4. Conclusions 

One of the most formidable issues that adversely affects the long- 
term cycling ability of aqueous ZIBs is the progressive growth of den-
drites at the Zn anode. In this work, a composite layer of PCz@CNTs is 
found to be highly effective in supressing the dendritic growth. This 
overlayer is electrically conducting and allows facile transfer of elec-
trons to the vicinal Zn2+ ions during the charging cycle and enables their 
non-fiber like deposition at the Zn surface. Compositionally, being a 
conducting polymer/CNTs hybrid, the layer is also electrochemically 
and chemically robust and endures long-term cycling exceptionally well. 
Besides the anode modification, a V6O13 NRs@PGFs cathode was used, 
where the layered nanostructure of the oxide affords short ion-diffusion 
pathways and the presence of conducting PGFs (which in turn were 
derived from a cheap agricultural produce, namely, puffed rice) im-
proves the rate kinetics of Zn2+ ion-intercalation at high current den-
sities. PGFs due to their mesoporous structure permit deep and uniform 
percolation of electrolyte species thereby enhancing the reactive site/ 
ion interactions. PGFs also serve as cushion to offset the strain experi-
enced via volume expansion by V6O13 NRs by repetitive Zn2+ ion 
insertion and extraction, thus enhancing cycling lifespan. The post- 
cycling capacities after 100 cycles for the following non-aqueous ZIBs: 
V6O13 NRs//Zn, and V6O13 NRs@PGFs//Zn are ~102 and ~193 mAh 
g− 1 at 30 mA g− 1 and energy densities are ~61 and ~116 Wh kg− 1 

respectively, with capacity retentions of 42% and 79% respectively. 
Dendrite formation plagues the un-modified Zn anode, whereas the 
PCz@CNTs coated Zn anode is completely dendrite free. After prolonged 
cycling, i.e., 300 cycles, the V6O13 NRs@PGFs//PCz@CNTs@Zn cell 
delivers a capacity of ~286 mAh g− 1 (at 30 mA g− 1) and after 1500 
cycles, a capacity of ~124 mAh g− 1 at 300 mA g− 1 is achieved. The ZIB 
with the modified anode experiences minimal capacity fade and con-
tinues to be dendrite free, clearly demonstrating the efficacy of this 
simple approach of deploying a PCz@CNTs overlayer for durable long 
lasting non-aqueous metal ion batteries with stable energy storage 
performances. 
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