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Abstract

Zn defective ZnCo0204 nanorods, made of nanoparticles in the size range 10-20 nm, re-arranged in tubular
superstructures are investigated as lithium ion battery anode material. They are prepared by a step-wise
synthetic procedure, consisting of a co-precipitation with a chelating agent assisted by a dispersing agent,
autoclave treatment and subsequent calcination. Zn vacancies are, then, introduced by an alkaline etching
procedure. An extensive structural and morphological characterization is performed by
thermogravimetry coupled with differential thermal analysis, X-ray diffraction, X-ray photoelectron
spectroscopy, surface area measurements, inductively coupled plasma atomic emission spectroscopy,
scanning and transmission electron microscopies. The defective ZnCo,04 nanorods-based anode exhibits
a high specific capacity, i.e. 1398.8 mAh g?, at the current density of 0.4 A g The reversible
charge/discharge lingers between 1140/1135.0 mAh g* and 1058.8/1051.4 mAh g, at the 200" cycle,
with a high stability as indicated by CEs between 99.7% and 98.7%. A large average capacity is
reinstated after cycling at high rates.

Keywords: Porous ZnCo204 nanorods; Zn defective ZnCo204; Lithium-ion battery
1. Introduction

Novel renewable energy sources and energy storage materials are two major challenges in
electrochemical technology. Rechargeable lithium ion batteries (LIBs) with high energy and power
density, low cost, and short charging time are recognized as strikingly important devices of power
sources to meet the rapid development of the increasing number of portable electronic devices, hybrid
and electric vehicles and energy storage systems [1-2]. The electrochemical performance of safe LIBs
largely depends on the electrode materials for lithium storage, the current commercial anode (graphite)

of LIBs being curbed by the low theoretical capacity (372 mAh g?) and the limited hosts of Li-ion
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intercalation [3]. Among the assortment of promising anode materials for LIBs, transition metal oxides
(TMOs), such as NiO, SnO,, Coz04 and Mn304, have been widely studied on account of their higher
specific theoretical capacities and their capability of hosting Li ions in conversion reactions
[4,5,6,7,8,9,10,11,12,13,14,15,16,17]. However, most metal oxides undergo large changes in volume
during Li* insertion and extraction, which leads to the electrode pulverization of anode materials from
current collectors, poor electrical conductivity and high voltage plateaus [18,19,20]. As a result, ternary
oxides, especially in the AB20O4 (A=Mg, Mn, Fe, Co, Ni, Cu, or Zn; B=Mn, Fe, Co, Ni, or Cu), with a
variety of crystal structures (spinel, brannerite, scheelite, among the others) have been investigated as
anode materials for LIBs [21,22,23,24,25,26,27]. Among them, ZnCo,04, is considered as a beckoning
candidate, due to the Zn electrochemical activity in Li-ion insertion/extraction [28,29, 30,31,32]. Several
methods have been employed to synthesize ZnCo204, resulting in different morphologies, some of them
including exogenous supports such as Ni foam or carbon fibers [33,34,35,36,37]. Recently, ZnCo0204 for
energy storing purposes was obtained by the hydrothermal synthesis in shape of nanoclusters [38], coral-
like assemblies of nanorods [39], microspheres [40,41,42] and nanorods [43], whereas coprecipitation
was used for flake-by-flake [44] and fiber bundles [45] and a combination of the two methods afforded
rod-like nanostructures [46]. Ultrasonic spray pyrolysis yielded yolk-shell ZnCo0.04 [47]. The associated
electrochemical performances range between the high reversible specific capacity of 940 mAh g* after
100 cycles at 0.1 A g* of the microspheres [38] to the structure and heat stability of the yolk-shell
ZnCo,04 at 60°C and 3 A gt after 200 cycles [45]. In spite of all the progresses achieved, it is enticing
to further develop the electrochemical performance of ZnCo204, especially the rate capacity and the
cycling stability. A pathway to pursue this purpose is via defective oxides. In general, defects influence
the metal oxides electronic structure, charge transport, optoelectronic reactivity and catalytic properties,
such as for MxCo3-—xO4 structures, (M=Co, Ni, Zn) where O vacancies play a role in CH4 and CO
oxidation [48] or Cos0O4 where surface oxygen vacancies influence the formaldehyde oxidation [49].
Recently, defective ZnCo0204 nanoparticles, with Zn vacancies have been synthesized and probed as an
anode material for LIBs, showing high rate capability and good capacity retention [50]. As morphology
clearly plays a role in the efficiency of the electrochemical performances, a synthetic pathway is probed
in the current study, to obtain elongated ZnCo204 to be etched in strongly alkaline conditions. The aim
is at enhancing the electrochemical response, by possibly introducing a higher porosity in a different
morphological structure, in addition to the Zn-vacancy related enhancing of Li* insertion/extraction. The
synthetic strategy adopted in the current study relies on the shaping effects of a chelating agent such as

oxalate in a co-precipitation procedure, aided by the cetyl trimethylammonium bromide (CTAB). The
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first phase is, then, followed by low-temperature autoclave residence, as broached by Huang et al. [46],
calcination and etching. This way, high surface area, porous, Zn-defective ZnCo204 nanorods are
obtained which proved to have high electrochemical performances both in terms of rate capacity and of
the cycling stability.

2. Experimental
2.1. Material synthesis

The ZnCo204 nanorods were synthesized by co-precipitation followed by hydrothermal treatment and
calcination. In the first stage, 12.5 mmol of oxalic acid (C2H204, Carlo Erba, 99.9%) and 1 mmol of
CTAB (Merck, 99%) were dissolved in 50 ml of a mixture of water and N,N dimethyl formamide -DMF-
(50:50, v:v) heated up to 75°C and kept under vigorous stirring. A second solution was prepared by
dissolving 6 mmol of cobalt nitrate (Co(NOs)26H20, Carlo Erba 99.9%) and 3 mmol of zinc nitrate
(Zn(NO3)2 - 6H20, Carlo Erba, 99.9%) in 30 ml of a mixture of water and DMF (50:50, v:v) heated up
to 75°C and added dropwise to the first solution still kept under stirring. The pH was adjusted to 10 by
adding ammonium hydroxide (NHz- H20, Merck, 33%). The resulting slurry was kept under stirring for
1 h at 75°C after turning pale pink. Then, it was transferred into a 250-ml Teflon-lined stainless steel
autoclave, which was subsequently heated up to 100 °C for 24 h. The precipitate was collected upon
centrifugation, repeatedly washed with water and, then, dried at 110°C for 10 h in an oven. After cooling
down to room temperature, a small amount of the precursor was subject to thermogravimetric analysis,
whereas the remaining sample was calcined in air, in a tubular oven, at 350°C for 2% hours, using a
temperature ramp of 2°C/min.

The etching was performed by dissolving 8 g of NaOH into 200 ml of water and adding all of the
produced ZnCo204, while keeping the solution under stirring at room temperature, for 1h. The resulting
defective ZnCo,04 was repeatedly washed with water, till neutrality, and dried under vacuum in an oven
at 40°C for 24 h.

2.2. Structural and electrochemical characterization

The X-ray powder diffraction (XRD) patterns were obtained on a Shimadzu XRD-6100 X-ray
diffractometer with Cu Ka. radiation (A=1.5418 A) in the 20 range of 10-70° operated at 35 kV and 30

mA. The elemental analysis was conducted by inductively coupled plasma atomic emission spectroscopy
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(ICP-AES) (Baird, PS-6). The thermal behavior was characterized by thermogravimetry and differential
thermal analysis (TG-DTA)) (Netzsch, 409PC) in air, in the temperature range 30°C — 600°C, at a ramp
rate of 5°Cmin’. The specific surface area was measured with Micromeritics Instrument Corporation
TriStar 11 3020 using N2 adsorption—desorption isotherms at -196°C. X-ray photoelectron spectroscopy
(XPS) was performed on an ESCALab MKII X-ray photoelectron spectrometer with non-
monochromatized Al-Ka X-ray as excitation source. C 1s at 284.6 eV was used for binding energies
correction. The morphology was examined by scanning electron microscopy (SEM) with a Zeiss Auriga
Field Emission microscope and high-resolution transmission electron microscopy (HR-TEM) on a FEI
Tecnai G2 20 high-resolution transmission electron microscope. Electrochemical measurements were
carried out on an electrochemical working station (Zennium, Zahner-elektrik).

The working electrode was prepared by very gently mixing 70 wt% of active material (either defective
ZnCo0,04, or non-defective ZnCo,04 for comparison purposes) with 20 wt% of acetylene black (ATB)
in an agate mortar until a homogeneous powder was obtained, then, 10 wt% polytetrafluoroethylene
(PTFE) binder was added together with a few drops of ethanol. The electrolyte (0.1 ml) consisted of 1
mol I LiPFs dissolved in ethylene carbonate (EC), propylene carbonate (PC), and diethyl carbonate
(DEC) in the volume ratio of 3:1:1. In each coin cell, the weight of the active material was about 3.0
t03.5 mg. A pure Li foil was used as counter and reference electrode, and a polypropylene (PP) film

(Celgard 2400) was used as separator.

3. Results and discussion

TG-DTA was used to determine a suitable calcination temperature to prepare the ZnCo204 powder. The
precursor was heated from room temperature up to 600°C at a rate of 5 °C min in flowing air
atmosphere. From the curves shown in Fig. 1, it can be seen that the TG curve exhibits two distinct
weight-loss steps. The first one, by 22.0 %, in the temperature range 80°-150°C can be attributed to the
decomposition of the residual organic reagents, to the evaporation of the moisture and of the crystal

water in the precursor according to the reaction:
ZnCo02(C204)3 - 7TH20 — ZnCo2(C204)3 + 7TH201 (1)

Correspondingly, a broad endothermic peak appears in the DTA curve. The second weight loss by 37.4%

in the temperature range 150°-300°C is associated to a sharp endothermic peak in the DTA curve, and



is consistent with the conversion of the anhydrous precursor to ZnCo204 crystals, according to the
reaction:

ZnCo02(C204)3 + O2 — ZnCo0204 + 4CO2 1 +2CO1T 2

Nearly no weight loss is observed between 330° and 600°C in the TG curve, therefore 350°C was chosen

as the lowest calcination temperature still allowing the complete removal of the chelating agent.
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Fig. 1 TGA (— black solid line) and DT(— red solid line) curves for the ZnCo.04 precursor.

The sample is, then, etched with NaOH, based on the reactivity of the Zn?* in solid solution to form
Zn(OH)4? under strongly alkaline conditions, thus aiming at creating Zn-defective ZnCo,04 nanorods.

The ensuing Zn:Co mole ratio measured by ICP-AES is 0.96:2.00, leading to a formula of Zno.g6C020a4.
Residual traces of Na* are < 10 ppm.

3.1. Structure and morphology of the defective ZnCo204 nanorods

The XRD pattern of the obtained powder is reported in Fig. 2. The diffraction peaks appear at the 26
values of 18.97°, 31.22°, 36.79°, 38.49°, 44.74°, 55.57°, 59.36°, and 65.13° and correspond to a cubic
spinel structure [51] with the divalent Zn ions occupying the tetrahedral sites and the trivalent Co ions
occupying the octahedral ones. No spurious phase is detected. Based on the full width at half maximum
(FWHM) of the diffraction peak (311), the size of the ZnCo0204 grains was estimated to be 15 nm using



Scherrer’s equation D = K A / 3 cos (8), where D is the average diameter, K is the shape factor usually
approximated to 0.9, A is the used X-ray wavelength, 0 is the Bragg angle and f is the pure diffraction

broadening of the peak at half-maximum, i.e. the broadening due to the crystallite dimensions.
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Fig. 2 XRD diffraction pattern of the Zn defective ZnCo,04 powder.

The surface chemical composition of the defective ZnCo204 sample is provided by the XPS spectra. In
Fig. 3 a wide-scan spectrum is reported (Fig. 3a) along with the spectra in the binding energy ranges of
Zn (Fig. 3b), Co (Fig. 3c) and O (Fig. 3d). A deconvolution and fitting of the main peaks was carried out
using Gaussian-Lorentzian shaped peaks based on the Shirley background correction. Two major peaks
are present at binding energies of 1044.4 eV and 1021.3 eV in the Zn 2p spectrum, attributed to Zn 2pu.
and Zn 2ps;2 which indicate the Zn(ll) oxidation state [52-53]. The line-shape analysis of the Zn 2pss
peak pinpoints the presence of a majority component (98.5 atomic %) at 1021.2 eV and traces of a 1.5
atomic % minority component on the high energy side, at 1022.3 eV (i.e. with a chemical shift of 1.1
eV). This is compatible with the presence of Zn(ll) in the form of Zn(OH)2 [54,55], probably as residue
of the etching procedure. Two strong peaks are observed at 794.5 eV and 779.8 eV for Co 2p12 and Co
2p32, respectively, with a spin-orbit splitting of 15.1 eV. Generally, if the energy gap is larger than 9-10
eV, the Co cation valence is assigned a value of 3+ [56,57], thus confirming the Co(lll) oxidation state
in the ZnCo,04 [58]. However, after refined fitting of the Co 2ps;» peak and associated satellite, the
appearance of two weak peaks at 781.9 and 797.1 eV demonstrates the coexistence of small amounts of

Co(Il), which is not uncommon for ZnCo,04 structures, as amply reported in literature [37, 59]. In this
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case, however, it is not possible to infer, on the basis of the XPS analysis alone, whether the Co?* may
be related to the presence of Co(OH). or other Co(ll)-based compounds, such as CoO, because these
species share a similar chemical shift [60]. Upon O1s deconvolution, two strong peaks are obtained at
530.1 eV, which corresponds to the metal-oxygen bond, and at 531.5 eV commonly associated with

defects, hydroxyls, chemisorbed oxygen, and lattice oxygen on the surface of the spinel structure [61].
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Fig. 3 XPS spectra of the defective ZnCo204 nanorods: a) wide-scan, b) Zn 2p (— - — blue dash-dotted
line), along with the line shape analysis of the 2ps> component: Zn?*(— violet solid line), Zn(OH),
(—red solid line), total curve (— black solid line); ¢) Co 2p (— - — olive green dash-dotted line), along
with the line shape analysis 2ps;, component and associated satellite: Co®*(— dark yellow solid line),
Co®* satellite (— dark gray solid line), Co?" components (— navy blue and — purple solid lines),
total curve (— black solid line); and d) O1s spectra (— - — black dash-dotted line), along with line shape
analysis: lower binding energy component (— olive green solid line) associated with the metal oxygen
bonds and higher binding energy component (— violet solid line) associated with defects, total curve
(— wine red solid line); the green solid line (—) is the background.

The advantages of using a CTAB assisted, step-wise synthesis of ZnCo.04 can be appreciated in the
morphology investigations by SEM and TEM. A SE macrograph of the as-synthesized ZnCo20s4 is
reported in Fig. 4 a) and consists of nanoparticles with an average diameter in the 10-20 nm range,
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rearranged in tubular super-structures of 80+20 nm diameter (nanorods). The nanorods have a porous
structure related to the decomposition of the precursor to ZnCo.04: many nanopores with the size up to
10 nm can be observed among the ZnCo204 nanocrystals. Compared to the preparation without CTAB
[46], and in overall different synthetic conditions, the current preparation provides smaller nanoparticles
[62] and a consequent larger amount of pores at the boundaries among the nanoparticles constituting the
nanorods. This has the advantageous consequence of improved electrochemical performances, due to
the high specific surface area and confining dimensions effects, which may eschew long diffusion
pathway for both Li* and €7, and increase the active sites for Li* insertion/extraction reactions [63, 64].
Morphology and particle size are retained after etching (Fig. 4b), thus proving that the treatment does
not damage the structure of the nanorods.

In Fig. 4c), the TEM of the etched sample clearly displays the well-dispersed nanorods, composed of
ZnCo204 nanocrystals of size and overall average diameters in line with the SE micrographs, connected

with each other to form a stable nanostructure.
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Fig. 4 a) and b) SE micrographs of ZnCo204 nanorods, respectively before and after etching;
¢) TEM and HR-TEM images of the defective ZnCo0204 nanorods.
The magnification of a selected area shows the lattice image of individual ZnCo204 nanocrystals. The

lattice fringes with a spacing of 2.5 A are well matched with the d-values between the (311) planes

shown in the XRD pattern.



The surface areas of the non-etched and etched samples measured by BET are 170.25 m? g* and 200.15
m? g, respectively. The higher value of the etched sample is probably related to the additional interface

due to Zn vacancies in the nanorods.

3.2. Electrochemical performance of the defective ZnC0204 nanorods

The electrochemical performance of the defective ZnCo0204 nanorods was investigated to bear out their
applicability as LIBs anode material. Cyclic voltammetry provides details on the electrochemical
reactions of the defective ZnCo,04 nanorods with the electrolyte. Fig. 5a) reports the 1%, 2" and 8™"
cyclic voltammograms of the defective ZnCo.04 nanorods electrode taken in the potential range 0.005—
3.0 V vs. Li/Li* at a scan rate of 0.1 mV s™. The first cathodic wave displays an onset starting at 0.8 V
and, then, a sharp peak befalls at 0.5 V, which can be ascribed to the insertion reaction of Li* into
ZnCo,04, the subsequent reduction of Zn?* and Co®" to Zn® and Co°, respectively, according to reaction
(3), and the formation of Li—Zn alloys (equation 4). In the anodic sweep, two main oxidation peaks are
observed at 1.7 and 2.0 V, corresponding to the electrochemical lithium extraction reactions of equations
(5)—(7). The former can be attributed to the concomitant formation of ZnO, the latter to the formation of
Co0304 [65,66].

ZnCo,04 + 8Li* + 86" — Zn +2Co +4Li,0 (3)
Zn + Li* +e = LizZn 4)
Zn+ LiO = ZnO + 2Li* + 2¢ (5)
2Co + 2Li,0 = 2C00 + 4Li* + 4e (6)
2C00 + 2/3 Li20 = 2/3 Co304 + 4/3 Li* + 4/3 ¢ @)

In the 2" and 8™ cycles, the reduction peak initially at around 0.5 V moves to about 0.9 V. The
irreversible capacity loss may come from the consumption of active materials in the formation of the
solid electrolyte interface (SEI) film and the irreversible reduction reactions [67,68]. The two oxidation
peaks have almost no shift and overlap rather well from the 2" to 8" cycles, indicating good
electrochemical reversibility in the lithium insertion and extraction reactions, as well as the stability of

the assembled structure. The wee variations between the 2! and the 8" curve can be ascribed to small
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structural adjustments throughout the cycling, with associated addition/removal of levels in the HOMO-

LUMO region of the electrolyte, and consequent small variations the voltage window [69].
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Fig. 5 a) 1% (— green solid line), 2" (— navy blue solid line), and 8" (— violet solid line) cyclic
voltammogram curves of the defective ZnCo,04 nanorods electrode at a scan rate of 0.1 mV s* in the
range of 0.01-3.0 V. b) Discharge—charge profiles of the defective ZnCo204 nanorods electrode for the
15t (— green solid line),, 10" (— navy blue solid line), and 60" (— violet solid line) cycles at a
constant current density of 0.4 A g.

The discharge—charge curves of the defective ZnCo,04 nanorods electrode at the 1%, 10" and 60" cycles
were recorded at a current density of 0.4 A g in the voltage range of 0.01-3.0 V (Fig. 5b)). The first
discharge curve exhibits a long voltage plateau at 1.0-0.9 V, followed by a sloping down to the cutoff
voltage of 0.01 V. Remarkably, also the following cycles produce potential plateaus, though shorter than
the 1 one, beginning at about 1.25 V, whereas the gradient of the discharge plateau becomes steeper
and steeper as the cycle number increases. The voltage plateaus are well consistent with the peaks in the
CV curves.

The cycling performance and the coulombic efficiency of the defective ZnCo,04 nanorods electrode are
presented in Fig. 6, left panel, at a current density of 0.4 A g*. The initial discharge specific capacity of
the defective ZnCo,04 nanorods electrode is 1398.8 mAh g, i.e. much higher than the theoretical value
of 975 mAh g, a phenomenon which can be attributed to the formation of SEI films and organic
polymeric/gel-like layer by electrolyte decomposition [70,71].

In addition, interfacial storage originating from the nanorods porous structure is a likely candidate to
contribute to the high extra capacity [45,72]. The initial charge specific capacity is 1118.1 mAh g*,

corresponding to a coulombic efficiency (CE) of about 79.9%. The irreversible loss of the initial capacity
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by 20.1% is well-known and can be related again to the formation of a SEI film on the surface of the
active materials [25,26,34,49], the decomposition of the electrolyte, and the reduction of the metal oxides

to metals with Li>O formation [73].
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Fig. 6 Cycling performances at 0.4 A g for the first 200 cycles. Left panel: defective ZnCo,04 electrode,
=charging specific capacities, =discharging specific capacities,*=coulombic efficiencies; Right
panel: pure ZnCo,04 electrode, =charging specific capacities, =discharging specific capacities, ¥=
coulombic efficiencies.
The reversible capacities of the cycles from the 2" to the 30™" are gradually increasing seemingly for the
formation of a polymeric surface film adhering to the active material [21, 25, 45, 46]. Afterwards, the
discharge/charge capacity of the defective ZnCo204 nanorods remains very stable and lingers between
1140/1135.0 mAh g* and 1131/1126 mAh g*, respectively, up to the 100" cycle. Then, it begins
dimming to reach 1058.8/1051.4 mAh g at the 200" cycle, as effect of the soaring of continuous loss
of active material, low pace embedding of metallic cobalt and zinc into LiO matrix, active species
aggregation and ineludible structure strain of the electrode materials. The CEs swerve between 99.7%
and 98.7% throughout all the cycles demonstrating an overall unordinary high stability of the defective
ZnCo204 nanorods, as well as the fast transport paths of Li-ions in ZnCo204. Zn vacancies also play a
role in the electrochemical performance and in order to evaluate the extent of their contribution, the
discharge/charge capacities of pure (non-defective) ZnCo204 nanorods were measured, for comparison
purposes, always at a current density of 0.4 A g, as reported in Fig. 6, right panel. It can be noted that
pure ZnCo204 nanorods display a lower charge/discharge capacity than the defective ones at the same
cycle, suggesting that the Zn vacancies may activate the reaction sites more efficiently [74]. The defects

may affect the overall electrochemical performances according to a twofold action. From one side, the
11



Zn vacancies may generate anti-site, off-stoichiometric arrangements in the ZnCo,O3 structure creating
acceptor-donor levels [75, 76, 77], which influence the transport properties. On the other hand, once
ZnO is formed upon reaction (5), the electrocatalytic effect of the Zn vacancies, is possibly even more
pronounced. The enhancement of electrochemical (and also magnetic and optical) properties in Zn

defective ZnO is well-known and largely documented [78,79, 80].
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The initial discharge/charge capacities of 1101.2/879.9 mAh g at the 1% cycle, drop to 875.9/870.3 mAh
g* at the 2" cycle, then increase gradually up to 900.4/894.0 mAh g™ at the 30™ cycle.

From this point onward, a constant decrease is observed and the capacities reach 696.5/685.5 mAh g
after a prolonged cycling up to the 200" cycle. The CEs are 79.9% for the 1% cycle and ranges between
99.6% and 98.4% throughout the other cycles.

To further demonstrate the good performance of the defective ZnCo204 nanorods, the rate capabilities
are evaluated by a multiple-step galvanostatic strategy at various current densities in the range 0.6-4.0 A
glas presented in Fig. 7. The average discharge/charge capacities at 0.6A g with the exception of the
1% cycle are 1145.8/1137.61 mAh g*. When the rate increases up to 4.0 g A, the average capacity

decreases, but it is remarkably reinstated, when the rate finally returns to 1.0 g A%, and 0.6 g A%, after
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cycling at high rates. This is an indication that a faster Li-ion transfer between electrolyte and electrode
is promoted by more Li* insertion/extraction and a large interface area. In particular, the specific
capacities are 1100.6/1090.2 mAh gt at 1.0 A g%, 1055.3/1045.4 mAh gt at 1.5 A g1, 951.9/936.0 mAh
glat 2.0 Ag? and 850.1/842.0 mAh g? at 4.0 A g. The subsequent increase of the current density
back to 1.0 A g! is characterized by an improvement of the specific capacity up to 1095.4/1088.1 mAh
gl and at 0.6 A g?it reaches 1147.0/1137.6 mAh g. In comparison, the rate capabilities of the non-
defective ZnCo204 nanorods are lower, as can be observed also in Fig. 7, and, in particular, the specific
capacities at low current densities do not increase after cycling at current densities as high as 4.0 A g™.
The values found for the non-defective ZnCo,04 nanorods are 1009.3/1000.9 mAh g* at the 2" cycle at
0.6 A gl 953.2/945.5 mAh gt at 1.0 A g%, 900.1/892.7 mAh gt at 1.5 A g%, 834.3/826.2 at 2.0 A g7,
and 763.2/752. 1 mAh g, at 4.0 A g. The subsequent increase of the current density back to 1.0 A g!
is characterized by a specific capacity of 896.9/889.8 mAh g and at 0.6 A g it reaches 932.9/923.6
mAh g2,

The overall performances of the defective nanorods are higher than those reported for Zn defective
ZnCo204 nanoparticles with formula Zno.9sC0204 (not re-arranged in any superstructure) and their non-
defective counterparts, with similarly built electrodes and in analogous cycling conditions [50]. In the
case of the nanoparticles, the specific capacities range between 618.0/608.3 mAh g* (2" cycle) at 0.6 A
gl and 158.2/152.6 mAh g!, at 4.0 A g for the defective and 578.3/562.6 mAh g at 0.6 A g and
44.7/40.5 at 4.0 A g'* for the non-defective ZnCo,04 nanoparticles electrodes. Similarly to the defective
ZnCo0204 nanorods, the specific capacity of the defective nanoparticles increases after cycling at high
current density, at variance with the non-defective counterpart. The nanorods and nanoparticles have in
common a better performance of the defective with respect to the non-defective correspondent. The
higher performances of the defective nanorods over the nanoparticles structures can be ascribed to the
different morphologies. In particular, the excellent electrochemical performances of the defective
ZnCo204 nanorods can be attributed to their distinct structural properties. Several features concur to
determine the electrochemical behavior, related both to the initial ZnCo204 structure and to the etching
of the material. The as-prepared nanorods consist of small building blocks of the primary nanoparticles,
leading to a very high surface area for the redox reaction. The ZnCo204 nanoparticles are arranged in
nanorods with associated mesoporosity, which enhances the electrolyte/electrode contact area for both
the surface and inner space, thus facilitating the ion transportation. The etching procedure provides an
even larger interface, activates more reaction sites, with consequent faster transport paths for both Li

ions and electronics insertion and extraction.
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Fig. 8 SE micrographs of the defective ZnCo,04 electrode after cycling at 0.4 A g* 200 times

Finally, Fig. 8 reports the SE micrographs of the defective ZnCo20; electrode after cycling \at 0.4 A g*
200 times. The tubular rearrangement of the nanoparticles is well preserved, without collapse or molting,
thus indicating an excellent structural stability in line with the advanced capacity retention.

4. Conclusions

Defective ZnCo0204 nanorods with Zn vacancies were successfully obtained via step-wise synthetic
procedure where CTAB assisted co-precipitation is followed by autoclave treatment, calcination and
bespoke alkaline etching. ZnCo204 nanorods morphology, porosity and overall structure are retained
upon etching, whereas the BET specific surface is, instead, larger. The initial discharge capacity is
1398.8 mAh gt at 0.4 A gt. Then, the reversible charge/discharge capacity lingers between 1140/1135.0
mAh g and 1058.8/1051.4 mAh g%, at the 200" cycle, with a high stability as indicated by CEs between
99.7% and 98.7%. A large average capacity is reinstated after cycling at high rates, indicating a faster
Li-ion transfer between electrolyte and electrode, promoted by more Li* insertion/extraction and a large
interface area. This effect, along with higher charge/discharge capabilities are even more pronounced
than with defective ZnCo204 nanoparticles, indicating a shape-effect of porous nanorods on the overall

electrochemical process.
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Highlights

e Zn defective ZnCo0204 nanorods are synthesized by a stepwise synthetic procedure and tailored
etching

e Zn defective ZnC0.04 nanorods display a high surface-area porous structure

e Zn defective ZnCo204 nanorods show high specific capacity and high stability as LIB anode
material

e After cycling at high rates, the charge/discharge capacities of the Zn defective ZnCo,04 nanorods
electrode are of the reinstated to 1095.4/1088.1 mAh g when the rate is set back to 0.4 A g*
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