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A B S T R A C T

The development of advanced materials with tailored properties has long been a cornerstone of technological 
innovation. Increasingly, attention is shifting toward the transformation of end-of-life waste into valuable re
sources. Spent alkaline batteries, when improperly disposed of as electronic waste (e-waste), pose significant 
environmental hazards due to their content of toxic metals, which can leach into soil and groundwater. These 
metals may also undergo physicochemical transformations through interactions with other waste materials. This 
study investigates the anode recovered from spent alkaline batteries discharged to varying residual voltages. The 
recovery process involved manual separation, followed by washing with deionized water, filtration, and drying 
at 50 ◦C for 48 h prior to characterization. The resulting particles exhibited photoluminescent properties that 
correlated with the residual voltage of the batteries. Structural analysis revealed the coexistence of Zinc and Zinc 
Oxide (Zn/ZnO) phases at voltages above 0.78 V, while only ZnO was present below this threshold. The ZnO 
content was found to depend on the degree of battery depletion, with the residual voltage directly influencing the 
Zn/ZnO phase ratio.

Introduction

Zinc oxide (ZnO) is a semiconductor that continues to attract sig
nificant research interest due to its expanding range of applications in 
optoelectronic devices, sensors, solar cells, photocatalysis, biomedicine, 
and self-cleaning surfaces. Its appeal lies in its chemical stability and 
unique optical and electrical properties (Al-luhaibi and Sendi, 2022; 
Gulab et al., 2024; Kumar et al., 2013; Liu et al., 2013; Nguyen et al., 
2020). ZnO is widely used across various industries. In cosmetics and 
pharmaceuticals, it serves as a key ingredient in sunscreens, makeup, 
antibacterial treatments, dietary supplements, and as an excipient in 
tablet formulations (Gulab et al., 2024). It is also found in certain vac
cines and medications, including insulin (Kumar et al., 2013). In the 
medical field, ZnO’s antimicrobial properties and biocompatibility make 

it suitable for wound dressings, dental cements, and other biomedical 
applications (Liu et al., 2013).

Due to its semiconductor characteristics, particularly its band gap of 
approximately 3.3 eV, ZnO is extensively used in the electronics industry 
for the fabrication of transistors, diodes, and sensors (Noman et al., 
2022). In the paint industry, it functions as a white pigment that en
hances the brightness of paper, plastics, and coatings while maintaining 
mechanical properties such as flexibility and rigidity. ZnO also acts as a 
catalyst in chemical processes like the transesterification of vegetable 
oils and wastewater treatment. In nanotechnology, ZnO is of particular 
interest due to its tunable properties at the nanoscale; when combined 
with metallic nanoparticles, its catalytic performance is significantly 
enhanced (Kumar et al., 2013).

Although ZnO can be synthesized through various chemical and 

* Corresponding author.
E-mail addresses: juancarlos863@live.com (J.C. Rodriguez Lopez), eviguerass@uaemex.mx (E. Vigueras Santiago), nidia.gonzalez@tesjo.edu.mx (N. García- 
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physical methods to achieve specific morphologies, one form remains 
relatively understudied: ZnO recovered from the anodes of spent alka
line batteries (Cebriano et al., 2017; Deep et al., 2011). This oxide is a 
byproduct of the electrochemical reactions that occur during battery 
discharge. Recovering and reusing ZnO from spent batteries could 
contribute to the development of sustainable materials and open new 
avenues for secondary applications (Lopez et al., 2023; Lorero et al., 
2022). Several research groups have already characterized the physi
cochemical properties of ZnO derived from discarded batteries 
(Cebriano et al., 2017; Deep et al., 2011).

Battery waste is a growing concern. In Mexico alone, approximately 
780 million batteries are discarded annually, most of which are non- 
rechargeable alkaline types (Milenio®, 2023). Per capita consumption 
has increased dramatically, from about 5 batteries per person in the 
1990 s to over 12 today, driven by the proliferation of portable elec
tronic devices. Globally, the alkaline battery market was valued at USD 
8.7 billion in 2024 and is projected to grow at a compound annual rate of 
5.2% through 2034 (Global Market Insights, 2024). Alkaline batteries 
dominate the primary (non-rechargeable) battery segment, with billions 
sold annually for use in household electronics such as remote controls, 
flashlights, toys, and radios. Despite their ubiquity, less than 10% of 
alkaline batteries are properly recycled worldwide. In many coun
tries—including Mexico—they end up in landfills, posing environmental 
risks due to residual heavy metals and electrolytes.

Current recovery methods for alkaline battery components—partic
ularly zinc from the anode and manganese dioxide from the cath
ode—are typically energy-intensive and generate chemical residues. 
Chemical processes (Toro et al., 2023; Bae et al., 2025) rely on acidic or 
alkaline leaching using solutions such as sulfuric acid or sodium hy
droxide to dissolve the metals. Zinc is recovered as zinc sulfate or 
metallic zinc, while manganese is precipitated as manganese dioxide 
(MnO2). Thermal processes involve heating battery materials to high 
temperatures (800–1000 ◦C) to volatilize zinc and separate it from other 
components (Jain et al., 2023). Although effective at scale, these 
methods consume significant energy and produce greenhouse gases and 
toxic byproducts, making them less environmentally favorable.

Liquid–liquid extraction is recognized as a convenient and cost- 
effective method that requires relatively short operational times. 
Numerous extractants have been investigated for the removal and sep
aration of Zn(II) from spent batteries, with recent attention focused on 
ionic liquids. Mandeep (Mandeep et al., 2019) reported the synthesis of 
ZnO from Zn–C battery leach liquor using Cyphos IL 102 as the extrac
tant, yielding a Zn-enriched organic phase. This phase was subsequently 
treated to precipitate zinc compounds, which upon thermal decompo
sition produced ZnO nanoparticles. The resulting ZnO was employed as 
a photocatalyst for the degradation of methyl orange dye, underscoring 
its potential in environmental remediation. Nevertheless, chemical re
agents were required for both the separation process and the synthesis of 
ZnO.

In a related study (Stefan et al., 2024), Mn-doped ZnO particles were 
synthesized by annealing the anodic paste collected from fully dis
charged Zn–MnO2 alkaline batteries (Energizer) at different tempera
tures. The doping effect was achieved by exploiting the partial 
contamination of electrodes after discharge. Once separated, the anodic 
paste was treated with a water–alcohol mixture (1:1 v/v) to remove 
soluble impurities, followed by neutralization with hydrochloric acid (3 
M). The authors demonstrated the functional properties and applica
tions of the resulting materials, including photocatalytic activity under 
visible light irradiation for the degradation of Rhodamine B and 
oxytetracycline. Furthermore, they fabricated symmetric super
capacitors and evaluated their energy storage performance using various 
electrochemical techniques.

In 2021 (Sunaina et al., 2021), an eco-friendly approach was re
ported for the recovery and utilization of zinc oxide (ZnO) nano
structures from spent Zn–Mn alkaline batteries. ZnO separation was 
achieved for the first time by simply washing the anodic component with 

distilled water, exploiting the basicity of the medium to dissolve im
purities and yield pure ZnO rods. The recovered ZnO rods exhibited 
promising field emission properties, highlighting their potential appli
cation in advanced electronic devices while simultaneously addressing 
hazardous battery waste management.

The present study adopts the same green and straightforward 
method as (Sunaina et al., 2021) for recovering anode compo
nents—typically a mixture of Zn and ZnO phases—from spent AA 
Duracell alkaline batteries collected from our laboratory’s recycling 
center. One of the objectives is to determine the discharge limit at which 
only the ZnO phase remains, to characterize it without further modifi
cation. It should be noted that batteries recovered from landfills may 
exhibit compromised purity (Bae et al., 2025), which can affect the 
reproducibility of their properties. In this study, the recovered ZnO 
displayed microrod morphology and photoluminescent properties that 
varied with the residual voltage—a parameter directly linked to the Zn/ 
ZnO composition.

Duracell alkaline batteries follow a non-linear discharge curve, 
starting at 1.5 V and gradually dropping to ~ 0.9 V before becoming 
ineffective (REDWAY, 2024). At this stage, zinc has not been fully 
converted into ZnO, meaning that batteries discarded at different volt
ages contain varying Zn/ZnO ratios. These variations are attributed to 
the electrochemical discharge mechanism (Sunaina et al., 2021; Collins 
et al., 2018; Horna and Shao-Horn, 2003; Durena and Zukuls, 2023) in 
which metallic zinc is progressively oxidized to zinc oxide in an alkaline 
medium, as explained as follow: The anode component of the alkaline 
Zn-MnO2 batteries is constituted of mixture of metallic Zn and potassium 
hydroxide (KOH), which acts as the electrolyte. The observed Zn/ZnO 
ratio variations are a direct consequence of the discharge pathway, 
where zinc metal is progressively converted into ZnO under alkaline 
conditions in a sequential transformation: metallic Zn → soluble zin
cate → ZnO precipitation → passivation → heterogeneous con
sumption. The overall reaction at the anode can be expressed as Eq. (1): 

Zn(s) +2(OH)
− →ZnO(s) +H2O+2e− (1) 

This process provides the electrons that flow through the external circuit 
toward the cathode, where manganese dioxide (MnO2) undergoes 
reduction.

Stepwise mechanism

1. Initial oxidation and complex formation. Metallic zinc undergoes 
anodic dissolution in the alkaline medium. The first step involves the 
formation of soluble zincate species (Eq. (2)). The tetrahydrox
ozincate(II) ion is the predominant soluble species under strongly 
alkaline conditions

Zn(s) +4(OH)
− →Zn(OH)

2−
4 +2e− (2) 

2. Precipitation of zinc oxide. The zincate ion is metastable and tends 
to decompose, releasing hydroxide and precipitating zinc oxide (Eq. 
(3)). This precipitation leads to the progressive accumulation of ZnO 
on the surface of the zinc particles

Zn(OH)
2−
4 →ZnO+H2O+ 2(OH)

− (3) 

3. Passivation Layer formation. The ZnO formed is poorly conductive 
and adheres to the zinc surface, creating a passivation layer. This 
layer impedes the transport of hydroxide ions to the underlying 
metallic zinc, thereby slowing further oxidation. The thickness and 
morphology of this layer strongly influence the effective utilization 
of zinc and the Zn/ZnO ratio observed in spent anodes

4. Heterogeneous consumption of zinc. Due to differences in particle 
size, porosity, and electrical connectivity within the zinc anode 
matrix, the oxidation process is spatially heterogeneous. Regions 
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with better electronic contact and higher local current density 
oxidize more rapidly, while poorly connected zones retain metallic 
zinc even at advanced states of discharge. This heterogeneity ex
plains the variability in Zn/ZnO proportions extracted from used 
alkaline cells

The final Zn/ZnO proportion is governed by the state of discharge, 
current distribution, and secondary processes such as passivation, 
dissolution, and reprecipitation, all of which modulate the kinetics and 
spatial uniformity of zinc utilization (Durena and Zukuls, 2023). How
ever, despite the complex internal processes occurring during battery 
operation, as well as the external conditions to which the cells are 
subjected during use, it is particularly relevant to identify whether a 
voltage threshold exists at which the complete transformation of Zn into 
ZnO takes place.

The recovery method proposed in this work is environmentally 
friendly, requiring neither energy input nor chemical reagents. Struc
tural characterization confirmed that the recovered ZnO possesses high 
purity, and its optical properties can be tuned according to the level of 
battery discharge.

Materials and methods

Materials

A total of 32 alkaline batteries (MnO2–Zn), model LR6, Duracell®, 
were collected from the collection center of the Advanced Materials 
Research Laboratory (LIDMA), UAEMEX. Zinc powder (Commercial 
purified water (ePura®) and deionized water were used without any 
additional treatment.

Methods

Differential scanning calorimetry (DSC)
Analyses were performed using a PerkinElmer simultaneous thermal 

analyzer (STA 8000) within a temperature range of 300 – 500 ◦C, 
employing a heating rate of 20 ◦C/min and a nitrogen flow rate of 20 
mL/min.

X-ray diffraction (XRD)
Measurements were conducted on a Bruker D8 DISCOVER diffrac

tometer using CuKα radiation (λ = 1.54 Å). Operating conditions were 
30  kV and 30  mA, with a 2θ scan range from 10◦ to 80◦, a step size of 
0.15◦, and a measurement time of 1  s per step.

Scanning electron microscopy and energy dispersive spectroscopy (SEM- 
EDS)

Morphological and elemental analyses were performed using a JEOL 
JSM-IT100 scanning electron microscope, equipped with an X-ray 
microprobe for elemental detection. The acceleration voltage was 20  kV 
in secondary electron mode, with a working distance of 11  mm. Mi
crographs were obtained at 10000x magnifications. Prior to analysis, 
samples were coated with gold using an Auto Agar sputter coater (model 
108A). A gold target of 99.995% purity was used, and all samples were 
coated for 30 s.

Raman spectroscopy
Raman spectra were obtained using a HORIBA XploRA PLUS spec

trophotometer, with a 532  nm laser excitation source operating at 10% 
power. The acquisition time was 10 s, with 60 accumulations, covering a 
spectral range of 200–800  cm− 1.

Photoluminescence (PL)
Photoluminescence spectra were recorded using a STELLARNET 

fiber-optic UV–Vis spectrophotometer, with sample excitation provided 
by a DARKDAWN UV lamp at a wavelength of 365  nm.

Thermal oxidation
A sample of zinc oxide (ZnO) was synthesized via thermal oxidation 

of metallic zinc (99.995% purity) at 900 ◦C for 9 h under atmospheric 
conditions, using a Carbolite tubular furnace.

Experimental methodology

This section outlines the methodology employed for the collection 
and purification of particles containing a Zn/ZnO mixture, separated 
from the anodes of spent LR6-type alkaline batteries. Ther residual 
voltage of 32 batteries was measured using a digital multimeter. Based 
on the measurements, the batteries were classified into groups according 
to their average residual voltage: 1.5, ~1.3, ~1.2, ~1.0, ~0.92, ~0.78, 
~0.27, and ~ 0.03 V. Four batteries were analyzed in each group, and 
the statistical variation of residual voltages was assessed, confirming 
that the batteries within each group exhibited consistent values 
(Table S1 of supplementary material). Following classification, each 
battery was disassembled, thoroughly cleaned, and the separated pow
ders were combined for subsequent characterization. The recovered 
particle mixture exhibited a whitish-gray color, with slight variations 
depending on its specific composition

To recover the whitish-gray mass from the anode, the following 
procedure was employed: the plastic casing was removed using wire 
cutters. The metal casing was then detached by making two cuts—one 
longitudinal along the battery axis and one transverse at the negative 
pole—using a clamp-on vise to secure the battery and a hacksaw to 
perform the cuts. Once the casing was opened, the internal components 
were separated using dissecting forceps. The membrane enclosing the 
anode was carefully removed to avoid contamination of the target 
particles.

The collected anode material was subjected to sequential washing to 
remove residual KOH electrolyte. The material was placed in a 1  L 
beaker containing 800  mL of purified water and stirred magnetically for 
1 h. The resulting suspension was filtered using an aluminum strainer. 
This washing and filtration process was repeated three additional times: 
the first two washes were performed with purified water, and the third 
with deionized water. This treatment effectively reduced the pH from 14 
to neutral (pH 7). The wet whitish-gray mass obtained from each anode 
was weighed and dried in an oven at 50 ◦C until a constant weight was 
achieved (approximately 48 h). On average, 1.2 ± 0.5 g of dry powder 
was obtained per anode. The resulting powder was characterized using 
Differential Scanning Calorimetry (DSC), X-ray Diffraction (XRD), 
Scanning Electron Microscopy coupled with Energy Dispersive Spec
troscopy (SEM-EDS), Raman Spectroscopy, and Photoluminescence 
(PL).

Fig. 1 illustrates the general flow diagram of the recovery and 
washing process for whitish-gray particles containing both ZnO and Zn 
phases, separated of the anode from LR6-type alkaline batteries.

Results

Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) was employed to determine 
the minimum residual voltage at which only the ZnO phase remains in 
the recovered material from spent alkaline batteries. The analysis 
focused on the endothermic peak corresponding to the melting point of 
metallic zinc, typically observed around 420 ◦C. Fig. 2 presents the 
calorimetric curves corresponding to particles recovered from the an
odes of spent alkaline batteries with varying residual voltages. A 
maximum in the enthalpic curve was observed at approximately 420 ◦C, 
consistent with the melting temperature of metallic Zn as reported in the 
literature (Bantikatla et al., 2019; Noohi et al., 2022). This peak, clearly 
visible in samples from new batteries (1.5  V), gradually diminished as 
the residual voltage decreased (e.g., 0.92  V). At an average residual 
voltage of 0.78  V or lower, the endothermic signal was no longer 
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present, indicating the absence of metallic Zn and confirming that only 
ZnO remained in the recovered material.

X-ray diffraction (XRD)

X-ray diffraction analysis was conducted to identify the crystalline 
phases present in the recovered particles and to corroborate the DSC 
findings. Diffractograms of a standard metallic zinc sample (99.995% 
purity) and particles recovered from new alkaline batteries (1.5  V re
sidual voltage) revealed seven diffraction peaks at 2θ values of 36.10, 
38.80, 43.00, 54.10, 69.85, 70.45, and 76.90◦, and 36.40, 39.10, 43.30, 

54.40, 70.15, 70.90, and 77.05◦, respectively. These peaks correspond 
to the crystallographic planes (002), (100), (101), (102), (103), (110), 
and (004) of metallic Zn, as indexed by JCPDS card No. 00–004-0831. 
The slight shifts in 2θ values between the reference and recovered 
samples may be attributed to the lattice strain of ZnO, probably asso
ciated with structural defects during the electrochemical reaction of 
alkaline batteries. Furthermore, they should be interpreted considering 
instrumental variations. Importantly, no additional peaks were 
observed, indicating the absence of contaminants or residuals from the 
recovery process.

Fig. 3 shows the XRD patterns of Zn/ZnO mixtures recovered from 
ASAB samples with residual voltages of 1.3, 1.2, 1.0, and 0.92  V. These 
diffractograms exhibit overlapping peaks from both Zn and ZnO phases. 
Peaks corresponding to metallic Zn (JCPDS 00–004-0831) are marked 
with an asterisk (*), while those associated with ZnO (JCPDS 00–036- 
1451) are denoted with a bullet (•). For clarity, the abbreviation “ASAB” 
will be used throughout the text to refer to “anode recovered from spent 
alkaline batteries”.

Fig. 4 (4a) shows ZnOref obtained by thermal oxidation of metallic 
zinc (99.995% purity) at 900 ◦C for 9 h. For clarity, the ZnOref obtained 
by thermal oxidation of metallic Zn was used solely as a reference 
standard, together with metallic Zn of equivalent purity. These 
comparative samples serve only to support phase identification in Zn/ 
ZnO mixtures and are not part of the recovered material under discus
sion. The three remaining figures display the XRD patterns of ZnO 
recovered from ASAB with average residual voltages of 0.78 (4b), 0.27 
(4c), and 0.03 V (4d). All four samples exhibited the characteristic 
hexagonal wurtzite structure of ZnO. Eleven distinct diffraction peaks 
were identified at 2θ values of 31.75, 34.45, 36.25, 47.50, 56.60, 62.80, 
66.40, 67.90, 69.10, 72.55, and 76.90◦, corresponding to the crystallo
graphic planes (100), (002), (101), (102), (110), (103), (200), (112), 
(201), (004), and (202), in agreement with JCPDS card No. 00–036- 
1451.

Notably, no diffraction signals associated with metallic Zn were 
detected in these samples, confirming complete oxidation of the pre
cursor material. Structural parameters including lattice constants a and 
c, unit cell volume, average crystallite size, dislocation density, and 
microstrain were calculated based on the diffraction data (Kahouli et al., 

Fig. 1. General process of recovery and washing of Zn/ZnO particles from alkaline batteries type LR6 [Authors].

Fig. 2. DSC endothermic curves of the ZnO/Zn particles obtained from anodes 
recovered from spent alkaline batteries with different residual 
voltage [Authors].
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2015; Raoufi, 2013a). Table 1 summarizes the results for the structural 
parameters—crystallite size, dislocation density, and micro
strain—determined by X-ray diffraction, together with their statistical 
variation.

X-ray diffraction analyses corroborated the findings obtained from 
DSC. Particles recovered from ASAB with a residual voltage of 1.5  V 
corresponded exclusively to the metallic Zn phase. In contrast, samples 
from batteries with residual voltages in the range of 1.3 – 0.92  V 
exhibited a mixture of Zn and ZnO phases. Below 0.78  V, only ZnO was 
detected, indicating complete oxidation of the zinc content. As observed, 
the crystallite size (D) of ZnO decreases with decreasing residual 
voltage, suggesting that battery degradation leads to greater fragmen
tation or refinement of the crystallites. This reduction in size is accom
panied by an increase in dislocation density, which may indicate that the 
degradation process introduces internal defects and residual stresses 
within the ZnO material. Moreover, the unit cell volume (V) was found 
to be slightly higher in ZnO extracted from batteries with lower 
remaining voltage (~48.22 Å3 at 30 mV). Both dislocation density and 
microstrain also increased as the residual voltage decreased. These 
findings suggest that the remaining voltage in spent batteries has a direct 
influence on the microstructural characteristics of the recovered ZnO, 
likely due to variations in the electrochemical environment during 
discharge; in addition, the speed and mode of discharge can influence of 
these structural parameters of ZnO.

All samples exhibited a pronounced statistical variation in crystallite 
size, reflecting a heterogeneous microstructural distribution consistent 
with the broadening observed in polycrystalline diffraction peaks. 
Similarly, dislocation density showed considerable variability; however, 
the sample at approximately 0.27  V-SABA displayed a markedly lower 
variation (1.7), suggesting a possible microstructural “maturation,” that 
is, a more advanced stage of transformation into ZnO. This stage may 

have homogenized the dislocation network, thereby reducing its vari
ability and providing partial stress relief along with a more uniform 
redistribution of dislocations compared to the other samples. In contrast, 
the pronounced microstrain anisotropy observed at ~ 0.78  V-SABA, 
even when only ZnO was detected, cannot be attributed to phase coex
istence. At this stage, the anisotropy is instead governed by crystallo
graphic orientation and defect incorporation within ZnO itself, 
accounting for the maximum variation observed among the residual 
voltage groups.

The relative proportion of metallic (Zn) and oxide (ZnO) phases in 
the discharged anodes was determined by Rietveld refinement following 
(Dhingra et al., 2018) (Fig. S5 of Supplementary material), using the 
atomic positions and occupancies reported for Zn and ZnO (Table S3 of 
Supplementary material). The estimated Zn/ZnO ratios at different re
sidual voltages were as follows: 1.5 V (100/0), 1.3 V (5.7/94.3), 1.2 V 
(4/96), 1.0 V (1.2/98.8), and 0.92 V (1.6/98.4). When analyzed as a 
function of residual voltage, these results reveal a sharp transition be
tween 1.5 V, where the material is entirely metallic (100% Zn), and 1.3 
V, where ZnO already accounts for 94.3% of the crystalline phase. Below 
1.2 V, the metallic Zn fraction becomes negligible, with the anode 
consisting of more than 95% ZnO.

The variations in Zn/ZnO proportions can be attributed to several 
interrelated factors. First, the degree of battery discharge plays a deci
sive role: partially used cells retain a higher fraction of metallic Zn, 
whereas fully exhausted cells exhibit a predominance of ZnO. Second, 
the distribution of current density and the microstructural heterogeneity 
of the anode lead to uneven oxidation of zinc across the electrode sur
face. In addition, secondary phenomena contribute to the observed ra
tios, including the transient formation of zinc hydroxide intermediates 
(Zn(OH) 2) and the partial dissolution of Zn2+ ions into the electrolyte, 
followed by their reprecipitation as ZnO. Operating conditions such as 

Fig. 3. Diffractograms of the Zn/ZnO particles obtained from ASAB with different residual voltage [Authors].
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temperature, humidity, and discharge cycling further influence the ki
netics of zinc oxidation. Finally, recycling and extraction methods can 
alter the measured Zn/ZnO proportion, since soluble Zn2+ species may 
be lost or converted into ZnO during leaching or separation processes.

As an example of the variability introduced by these factors, 
(Sunaina et al., 2021) reported a controlled discharge experiment 
starting at 1.6 V with a fresh battery composed of metallic Zn (~56%) 
and ZnO (~44%). Over 15 days of operation, the composition evolved to 
predominantly ZnO (~92%), with the cell voltage decreasing to 0.67 V, 
which was considered fully discharged. In contrast, our study (based on 
XRD) revealed no detectable ZnO in a new battery, and at 0.78 V—still 
above the 0.67 V threshold—we observed, by DSC and XRD, no residual 
Zn phase, whereas the referenced work reported ~ 8% metallic Zn 
remaining at that stage.

Scanning Electron Microscopy (SEM)

Fig. 5a presents SEM micrographs of grayish particles recovered from 
the anodes of 1.5  V alkaline batteries. Based on the corresponding XRD 
pattern, these particles were identified as metallic zinc. The observed 
morphologies were predominantly irregular tetrahedral structures, with 
particle sizes varying across the sample and an average diameter of 
approximately 1.96  μm.

Fig. 5b through 6e display SEM micrographs of particles recovered 
from ASAB with residual voltages of 1.3  V, 0.92  V, 0.27 V and 0.30  V, 
respectively. All images were captured at a magnification of 10,000x to 
enable direct comparison of particle morphology and size across 
different voltage levels. In general, particles recovered from the anodes 
of LR6-type alkaline battery with residual voltages ranging from 1.3  V 
to 0.03  V appeared as agglomerates of bars with irregular hexagonal 
cross-sections and rough surfaces. These bars exhibited non-uniform 

Fig. 4. Diffractograms of (a) ZnOref, and of the particles recovered from 0.78 V (a), 0.27 V (b) and 0.03 V (d)- ASAB [Authors].

Table 1 
Structural parameters of Zn, ZnO obtained by oxidation and recovered from ASAB [Authors].

Sample Structural parameters

a (Å) c (Å) c/a V (Å
3
) D (nm) Dislocation Density δ x 10− 4 (nm− 2) Microstress ε x 10− 4

JCPDS 00–004-0831 Zn 2.665 4.947 1.8562 30.43 ¡ ¡ ¡

Zinc 99.995% 2.67 4.97 1.85 30.83 46.8 6.67 19.7
~1.5 V − ASAB 2.65 4.93 1.85 30.14 55.7 ± 26.7 4.9 ± 3.1 16.8 ± 5.8
JCPDS 00–036-1451 ZnO 3.249 5.206 1.602 47.62 ¡ ¡ ¡

ZnOref 3.25 5.20 1.59 47.58 41.8 ± 20.5 8.1 ± 4 22.5 ± 9.1
~0.78 V- ASAB 3.25 5.22 1.60 47.78 39.2 ± 17.2 9.4 ± 5.4 24.1 ± 11.5
~0.27 V- ASAB 3.25 5.20 1.59 47.58 37 ± 16.6 10.3 ± 1.7 24.5 ± 9.1
~0.03 V- ASAB 3.26 5.22 1.59 48.22 38.4 ± 17.7 10.3 ± 6.1 25.1 ± 12.5
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profiles, with central regions appearing wider than the ends, suggesting 
anisotropic growth behavior.

The average lengths and diameters of these structures are summa
rized in Table 2, along with their corresponding aspect ratios (α = L/d). 
Notably, the aspect ratio increased as the residual voltage decreased, 
indicating a voltage-dependent morphological evolution of the recov
ered particles. This trend suggests that lower residual voltages may 
promote elongation or directional growth, likely due to variations in the 
electrochemical environment, localized dissolution dynamics, the rate 

and mode of discharge.
This rod-like morphology is consistent with that reported in (Sunaina 

et al., 2021), where the authors observed the formation of flower-like 
structures at intermediate discharge stages, which subsequently 
evolved into well-defined ZnO nanorods with average dimensions of 
1.5–2.0 µm in length and 0.8 µm in diameter. In contrast, in our study no 
intermediate morphologies were detected, and smaller rod diameters 
were detected, with the minimum value reaching 0.2 µm at residual 
voltages below 1.0 V.

Raman spectroscopy

According to group theory, the hexagonal wurtzite structure of ZnO 
exhibits Raman-active optical phonon modes with symmetries A1 + 2E2 
+ E1. The nonpolar E2 mode appears at two distinct frequencies: E2 
(low), associated with vibrations of the Zn sublattice, and E2 (high), 
linked to oxygen atoms. In contrast, the polar A1 and E1 modes split into 
transverse optical (TO) and longitudinal optical (LO) components due to 
their interaction with the macroscopic electric field (de Sousa e Silva 
and Franco, 2020; Xue et al., 2014).

Fig. 6 shows the Raman spectrum of ZnOref (only to support identi
fication) revealing five vibrational modes: E2 (low), A1 (TO), E1 (TO), E2 
(high), and E1 (LO), located at 334, 380, 408, 438, and 584  cm− 1, 

Fig. 5. Micrographs at 10000x amplifications of (a) anodes of 1.5  V alkaline batteries, and. particles recovered from (b) ~ 1.3 V-ASAB, (c) ~ 0.92 V-ASAB, (d) 0.27- 
ASAB V and (e) 0.03 V-ASAB [Authors].

Table 2 
Aspect ratio of particles recovered from ASAB at different residual voltages 
[Authors].

Residual voltages (V) Length, L 
(μM)

Average diameter (d) 
(μm)

Aspect ratio 
(α) 

1.3 1.44 1.28 5.0
1.2 3.38 0.78 4.6
1.0 1.84 0.46 4.0
0.92 1.52 0.33 4.5
0.78 1.13 0.20 5.4
0.27 1.51 0.28 5.3
0.03 2.75 0.36 7.6
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respectively. The intense peak at 438  cm− 1, attributed to the E2 (high) 
mode, is a signature of the wurtzite ZnO structure and indicates high 
crystallinity (Zheng et al., 2011). The peak at 584  cm− 1 was attributed 
specifically to oxygen-related defects, consistent with previous reports 
on ZnO (Güell et al., 2016; Šćepanović et al., 2010; Shaik et al., 2015). 
Fig. 6. also presents the Raman spectra of particles recovered from ASAB 
samples with residual voltages of 1.5, 1.3, 1.2, 1.0, 0.92, 0.78, 0.27, and 
0.03  V. In all samples except for the one recovered from batteries with a 
residual voltage of 1.5  V four vibrational modes characteristic of the 
wurtzite ZnO structure were identified: E2 (low), A1 (TO), E1 (TO), and 
E2 (high), confirming the presence of ZnO. The sample recovered from 
batteries with 1.5  V residual voltage, corresponding to metallic zinc, did 
not exhibit Raman-active vibrational modes in the 200 – 700  cm− 1 

range. This absence of ZnO-related peaks further supports the phase 
identification obtained through XRD and DSC analyses.

In samples recovered from ASAB with residual voltages between 1.3 
and 0.92  V, Raman spectroscopy revealed clear vibrational signatures of 
the ZnO phase, despite the coexistence of Zn and ZnO confirmed by 
other techniques. These modes were located at 334, 380, 408, and 438 
cm− 1, corresponding to E2 (low), A1 (TO), E1 (TO), and E2 (high), 
respectively (Xue et al., 2014; Das and Pradhan, 2010; Morozov et al., 
2015). Notably, none of the spectra exhibited peaks in the 500 – 600 
cm− 1 range, suggesting a relatively low concentration of structural de
fects such as interstitial zinc (Zni) or oxygen vacancies (V0) in ZnO 
formed within this voltage range.

Luminescence

Fig. 7 presents the photoluminescent emission spectra of ZnOref, 
alongside those recovered from ASAB samples with average residual 
voltages of 1.3, 1.2, 1.0, 0.92, 0.78, 0.27, and 0.03  V. The sample 
corresponding to 1.5  V, identified as metallic zinc, was excluded due to 
the absence of luminescent emission

The ZnOref exhibited a broad emission band ranging from 420 to 
640  nm, with a peak centered at 520  nm (2.38  eV). This green emission 
is attributed to electron recombination at singly ionized oxygen va
cancies (V0

+) (Roy and Roy, 2015; Zhao et al., 2016). In contrast, ZnO 
particles recovered ASBA with residual voltages between 1.3 and 0.03  V 
exhibited emission bands spanning 450 to 750  nm, with peak positions 
as follows: 590  nm (1.3  V), 578  nm (1.2  V), 585  nm (1.0  V), 587  nm 
(0.92 V), 589  nm (0.78  V), 587  nm (0.27  V), and 576  nm (0.03  V). 

These emissions fall within the yellow region of the visible spectrum and 
are associated with interstitial oxygen defects (Oi) in the ZnO lattice.

Interstitial oxygen alters the electronic structure of ZnO by intro
ducing localized energy levels within the bandgap, facilitating radiative 
recombination processes. According to (Lotfi Orimi, 2013), two mech
anisms can explain this yellow luminescence: (i) transitions from the 
conduction band edge to a deep acceptor level introduced by Oi, and (ii) 
transitions from a deep donor level to the valence band, also influenced 
by Oi. These transitions result in photon emissions with energies lower 
than the bandgap of ZnO, consistent with the observed yellow-orange 
luminescence. The gradual redshift in the emission peak—from 576 
nm to 590  nm—as the residual voltage decreases suggests an increasing 
concentration or stabilization of interstitial oxygen defects during bat
tery discharge. This trend aligns with previous reports indicating that 
ZnO synthesized under varying conditions exhibits yellow-orange 
luminescence due to Oi-related defect states (Lotfi Orimi, 2013; Kena
nakis et al., 2011; Lv et al., 2019). Importantly, this luminescent 
behavior correlates with the morphological evolution observed in SEM 
analyses. The elongated microrod structures recovered at lower volt
ages, with higher aspect ratios and rough surfaces, likely promote defect 
formation and enhance radiative recombination. This morphology- 
defect-emission relationship underscores the potential of ZnO recov
ered from ASAB for optoelectronic applications, where defect engi
neering and shape control are critical for performance optimization

These observations underscore that ZnO obtained by thermal 
oxidation of metallic Zn (ZnOref) and ZnO recovered from spent alkaline 
battery anodes (ASBA) exhibit distinct defect-related luminescence be
haviors. While ZnOref shows green emission associated with oxygen 
vacancies (V0), the recovered ZnO displays yellow emission linked to 
interstitial oxygen defects (Oi). This contrast reflects fundamental dif
ferences in defect chemistry and lattice disorder between synthesized 
reference ZnO and battery-derived ZnO, emphasizing that their optical 
responses are not interchangeable and must be interpreted according to 
their origin and processing history.

Conclusions

The performance and recyclability of alkaline batteries are strongly 
influenced by the electrochemical efficiency of zinc utilization, which is 
often limited by passivation phenomena and structural heterogeneity, 
thereby reducing the theoretical capacity of the cell. The Zn/ZnO ratio 
observed in recovered anodes serves as a key indicator of both the 
electrochemical discharge history and the underlying physicochemical 

Fig. 6. Raman spectra of particles obtained from ASAB with different residual 
voltage [Authors].

Fig. 7. Emission spectra of particles obtained from ASBA with different resid
ual voltage [Authors].
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processes, including dissolution, precipitation, and surface passivation. 
A clear understanding of these mechanisms is essential for developing 
recycling strategies that maximize the efficiency and sustainability of 
zinc extraction from spent batteries. Building on this perspective, the 
present study provides experimental evidence that directly links the Zn/ 
ZnO phase composition to the residual voltage of spent alkaline 
batteries.

The characterization of materials recovered from the anodes of spent 
alkaline batteries with residual voltages between 1.3  V and 0.92 V in 
this study, revealed the coexistence of Zn/ZnO phases, indicating 
incomplete oxidation of metallic zinc during battery discharge. To 
obtain pure ZnO, thermal post-treatment of the Zn/ZnO mixture is 
proposed as a viable strategy, enabling full conversion of residual Zn 
into ZnO. This opens promising avenues for future research focused on 
evaluating the physicochemical and functional properties of ZnO after 
controlled heat treatments.

In contrast, batteries with residual voltages below 0.78 V yielded 
exclusively the ZnO phase, demonstrating that deeper discharge corre
lates with complete oxidation. The ZnO recovered under these condi
tions exhibits micrometer-sized bar morphologies with voltage- 
dependent aspect ratios, suggesting a discharge-driven growth mecha
nism. XRD analysis confirmed good crystallinity, while Raman and 
photoluminescence studies revealed the presence of interstitial oxygen 
defects (Oi), responsible for yellow-orange luminescence when excited 
at 365  nm. This emission behavior, linked to defect-related electronic 
transitions, highlights the potential of this ZnO for optoelectronic and 
sensing applications.

Crucially, the recovery methodology employed avoids chemical re
agents, minimizes toxic waste generation, and operates at significantly 
lower energy costs compared to conventional hydro- and pyrometal
lurgical processes. This makes it a sustainable and environmentally 
friendly alternative for ZnO production.

In summary, ZnO recovered from spent alkaline batteries not only 
represents a green raw material, but also exhibits properties suitable for 
incorporation into advanced functional materials, including polymeric 
composites for surface coatings, flexible electronics, medical devices, 
and antimicrobial systems. Its valorization contributes to circular 
economy efforts and offers a scalable route for waste-to-resource 
transformation.
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