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1. INTRODUCTION

Ever increasing production of consumer portable electronics established a new waste
category composed of spent mobile energy sources. Stored improperly spent batteries
represent an important environmental issue because of their heavy metal content. On the
other hand waste electrochemical power sources represent a material group, which can be
completely recycled thus avoiding pollution and generating added value products.

Literature review reveals the fact that manganese oxides are the most popular
electrode material group used in primary and secondary cells. Manganese capability of having
stable compounds with manganese oxidation states ranging from 2+ to 7+ largely explains
the interest in energy for this material. Having multiple stable crystal structures allowed the
development of intercalation materials for secondary batteries where a cathion is transported
between the electrodes without ideally affecting the host structure.

Giving to the wide application of this material in electrochemical power cells the
resulted spent, deteriorated or expired cells represent a growing waste sector. According to
the literature, research has resulted two main approaches such as pyrometallurgical and
hydrometallurgical treatment routes.

Pyrometallurgical treatment routes are based on bulk incineration of the spent
battery amounts resulting solid metallic compounds and gases. Obtained solid phases are
mainly composed of ferromanganese, metallic zinc while carbon-based materials are used to
fuel the combustion process. Formed toxic gas phases are treated within the process. High-
energy demands and resulted toxic gas volumes are considered the main disadvantages of
pyrometallurgical processing. One notes the apparent advantage the important mass
reduction trough treatment.

Hydrometallurgical spent battery processing consists of sorting spent batteries by
type followed by mechanical, chemical and electrochemical treatment of the feedstock
elements. In a typical hydrometallurgical processing flow chemical treatments are mainly
composed of neutral, acidic and reductive leaching step. Resulted leaching liquors are either
treated with selective chemicals or electrochemical processing for component separation. Main
disadvantages are considered the handling of generated large liquid volumes and the existence
of multiple stages of treatment. Low energy consumption, selective treatment, control over
product purity and composition, flexibility towards treated material type and minimal
environmental footprint are considered the main advantages of hydrometallurgical spent
battery treatment routes.

The present doctoral thesis targets manganese recovery from spent batteries trough
chemical and electrochemical processing resulting either valuable materials reusable in the
recycling process or employable in the production of new Leclanché or Li-ion batteries. In
order to meet the objectives fundamental and applicative research has been undertaken.

Research planning has considered the following objectives:
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1. By recycling spent Zn — C batteries technically and commercially feasible materials
must be obtained

2. Recovered materials must present electrochemical activity in the applicative spectrum

3. Development of a flexible processing route in order to adapt to feedstock and material

requests variation
6. Titanium electrode in MnQ; electrosynthesis

Literature reports a series of tested materials such as graphite (Ding, 2010), carbon
nanotubes (Wang et al., 2009), lead and it’s alloys with Sn, Sb, Ag (Ilea et al., 1997) and
lately titanium as anodic substrate because electrocrystallized EMD is of higher purity than
one obtained on other substrates (Ilea, 2005).

In electrochemical processes, when used as anodic material, the titanium’s passivation
is unwanted because of the low electric conductivity resulting in high-energy consumption.
Nevertheless, in order to control this phenomenon several surface modification and
passivation control techniques have been reported; literature lists as follows: surface coating
with (3-5 wm) platinum film (Kholmogorov et al., 2010), heated platinum plated Ti anode
(Kononov et al., 2007), RuOy and IrO, coatings (Wei et al, 2010), anodic substrate
activation through thermal-diffusion coating (Skopov et al., 2010) (-PbO; coating and
mixture of melted metallic titanium with graphite (Ilea, 2005). By surface modification with
the previously listed techniques, a film can be developed which improves MnOq
electrosynthesis on titanium.

In the present study based on previous observations (Racz et al., 2011a, 2011b), a
study has been undertaken in order to investigate the electrochemical behaviour of polarized
metallic titanium in solutions similar in composition with one resulted from spent battery
lixiviation, with application in MnQ; electrosynthesis from the above solutions.

Surface modification was required in order to use metallic titanium as a substrate for
MnQOs electrosynthesis. Several activation measurements have been performed in 1M HySOy
and different concentrations of Mn”". An increasing number of MnO;, germination centres on
titanium have been noted with increasing manganese(Il) ion concentration and have been
considered for the fatherly-applied surface activation protocol. The as developed crystalline
structures are electrically conductive bridges at the electrode-electrolyte interface and are

considered the nucleation centres of the latter developing oxide layer.
6.1 Electrochemical corrosion measurements

Metallic titanium open circuit potential’s (OCP) evolution was observed and
registered, after immersion in 1M HsSO,4 solutions in absence and presence of several Mn*"

concentrations.
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A shift of the OCP values towards more positive potentials is observed in cases when
different concentration of Mn®" are present in the solution, as compared to metallic titanium
in sulphuric acid solutions without additives, suggesting an interaction of Mn*" with the
anodic reaction of the corrosion process.

Polarization measurements were carried out in order to characterize the corrosion
behaviour of the metallic titanium surface by applying the Stern - Geary theory (Stern and
Geary, 1957) and by using Tafel interpretation.

Following the intricate active — passive behaviour of pure titanium in highly acidic
sulphate solutions, the obtained polarization curves do not exhibit typical Tafel behaviour,
accurate evaluation of the corrosion not being possible. However, the values of €.y, and the
corrosion current density, i, were evaluated near zero-overall current on the potential
range of +250 and -250 mV vs. OCP with a sweeping rate of 0.166 mVs". Evaluated

parameters for the corrosion process are presented in Table 6.1.

Table 6.1. Parameters of the metallic titanium corrosion process

Solution = con icorr ) bc* ba*
(mV vs. REF) (uA /em®) (mV™) (mV™)
1M H,S0, -0.2 19 89 218
1M H,S0,+ 3g/L Mn®" -0.1 17 155 161
1M H,SO,+ 6g/L Mn®" 0 15 98 139
1M H,SO,+ 9g/L Mn®" 0.05 12 103 110
1M H,SO,+ 12g/L Mn®" 0.04 10 86 118

*b, and b, are the Tafel anodic and cathodic activation coefficients

From the data presented in Tab 6.1, positivation of the titanium’s corrosion potential

(Ecorr) can be noted, which corresponds to active corrosion inhibition of the metallic surface.

6.4 Voltammetry measurements (Racz et al., 2011a, 2011Db)

Linear voltammetry curves (LVC), presented in Fig. 6.2, reveal four voltage regions:
(i) active corrosion, (ii) active-passive transition, (iii) passivity and (iv) the voltage beyond
which the dielectric breakdown of the passive film occurs. These observations are in good
agreement with the cited literature (Hosseini si Sigh, 1993; Utomo si Donne, 2006). Each
region from the polarization curve corresponds to different reactions, which occur with
potential positivation.

Concurrent reactions (Utomo si Donne, 2006) increase the number of geometrical

faults in the formed TiO, layer and help the current passage.
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The recorded polarization curves, with the addition of Mn®" are presented in the inset
of Fig. 6.2, showing a clear dependence of the peak current with increasing Mn*"

concentration.
It is also notable that the presence of Mn®" ions modifies the polarization curve’s

profile in region (iv), resulting in the breakdown of the insulating layer by the oxidation of

manganese ions at g,x=" 1.4 V/REF.
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Figure 6.2. Metallic titanium polarization curves in the absence (n) and presence of Mn”"

ions (). Inset: Titanium oxidation peak current evolution with the addition of different

2+ .
Mn~ " concentration

EMD crystal structures have been observed on the titanium surface by scanning
electron microscope. Occurrence of these manganese oxides on the anodic surface leads to
structural faults in the TiOs film, which leads to the breakdown of the so formed titanium

oxide thin film and allows the oxidative electrosynthesis to occur.

6.5 Electrode modification

Surface modification was required in order to use metallic titanium as a substrate for
MnO; electrosynthesis. Several activation measurements have been performed in 1M HSO,
and different concentrations of Mn”". By visual examination, an increasing number of MnO-
germination centres on titanium have been noted with increasing manganese(Il) ion
concentration and have been considered for the fatherly applied surface activation protocol.

The electrode surface modification was achieved in three steps and represents the

surface activation protocol.
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Metallic titanium has been immersed in a solution containing 6g/L Mn®". In the first

step (S1) the potential was modified with 2 mVs™ in the range from 0 to 1.5V/ REF. During
the second step (S2) the potential has been set to zero and kept at this value for 10 seconds.
During (S3) the potential has been modified in the range from 1.5 to 1.7V /REF with 2mVs.
The switch from S1 to S2 was made by current interruption for 10 seconds and was

considered responsible for the mentioned phenomena on the observed surface as graphically
describe in Fig. 6.4.
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Fig. 6.4 Stages of the crystalline structure’s transformation on Ti surface

The potential value was varied below MnO,4 formation and oxygen evolution reaction

at the electrochemical conditions.

6.6 MnOs electrolysis tests

The activated titanium electrode was inserted in a divided cell setup, composed by a
modified titanium electrode (MTE), platinum counter electrode (PCE), Ag||AgCl/KCls
reference electrode and a porous ceramic material for MTE separation from PCE.

During 4 hour of continuous electrolysis the MTE did not exhibit passivation or
critical behaviour (Fig. 6.5b).

Under continuous stirring and constant temperature (22°C) a film of MnO, was
deposited on the modified titanium surface from an acidic sulphate solution containing 6 g/L
Mn®".



EL REF 0.7

— modified Ti
06} — pureTi
NN NN o
&\\ R

< 04}

E

: 0.3}
0.2}
01}
0.0F b

0 2000 4000 6000 8000 10000 12000
t/ s

Fig. 6.5 a) Divided electrochemical reactor b) current evolution under potentiostatic control
in 1M H,SO, Mn*" 6g L stirred electrolyte.

7. SIMULTANEOUS Zn AND Mn3;04 ELECTROWINNING

The aim of this study is to establish operating parameters for the electrochemical
recovery of zinc and manganese oxides from spent battery leaching liquors in form of
valuable products.

The electrochemical cell used in this study has been entirely manufactured from
PlexiglassTM (poly-methyl methacrylate) as shown in Fig. 7.1. The system featured an
electrolytic membrane reactor and a computer controlled DXC 236 potentiostat/galvanostat.
As cathode, a thin aluminium sheet has been employed. Aluminium is used owing to the poor
adhesion of the deposited zinc, which can later be easily removed.

As anode, a sheet of Pb-Ag has been used. A layer of lacquer has been applied on the
backside of the electrodes for insulation purposes resulting an effective surface of S=7,5 cm”
in both cases. A computer aided power supply applied current to the reactor, and registered
electrode and cell voltages in an online fashion. The anion exchange membrane employed to
separate the anode and cathode compartments in this study consists of a polystyrene gel
structure cross linked with divinylbenzene, quaternary ammonium functional groups supplied

by Membranes International, Inc.
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7.3 Spent battery material composition and leaching

According to XRD measurements of the spent battery material a large number of
clearly identifiable materials have been noted, such as Mn3sO4 MnsOs, iron containing
compound, chlorine and manganese hydroxides. Fig. 7.2 Registered XRD spectrum for the
spent Zn - C battery material

During discharge the following overall electroactive reaction occurs in a Zn — C dry
battery (Shin et al., 2009):

Zn + 2MnOy; — Mny0O3 + ZnO (7.1)

Since ZnO represents the main Zn discharge product present in the black powder, an
acid solution (1M - HsSOy) readily dissolves it (Anton et al., 2011). Other manganese oxides
(MnO) formed during discharge, are successfully leached as well, according to the following
reaction (de Michelis et al., 2007):

700 + HS0,— ZnSO, + Hy0 (7.2)

Leaching of the other manganese discharge products such as MnyOs and MnsOy is

partial (de Michelis et al., 2007) due to the formation of insoluble MnO».

Mn203 + HQSO4—>MHOQ + MHSO4 + HQO (74)

7.4 Electrochemical study of the Pb-Ag substrate (Racz and Ilea,
2013)

The Pb-Ag anode was subjected to polarization by sweeping potentials from the open
circuit potential (OCP) value to 2V. A redox couple has been identified (Fig. 7.3left) in the
range of -0.5V<E<-0.25V corresponding to the dissolution of lead to form PbSO, and
reverse, as shown in reaction (7). After the oxidation peak identified at -0.412V, passivation
of the electrode occurs due to the formation of non-conductive PbSO, (Pavlov and Iordanov,
1970):

Pb(s) + HoSO4 — PbSOy(s) + 2H" + 2¢ E°=-0.358 V (1.28)

Fig. 3b shows registered currents on the potential domain from 1V to 1.8V wvs. the
reference electrode (RE) in presence and absence of Mn”" and Zn”" species. The value of 1.8
V has been chosen as cut-off voltage, given the fact that, processes occurring at more positive

potentials are not distinguishable from the cyclic voltammetry profiles.
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In the absence of Mn2+, after passive behaviour, at more positive potentials, activation

of the substrate is noted by the appearance of a peak (I) at 1.72 V vs. RE. At the reverse
scan, a reduction peak is noted at 1.33 V vs. RE. Meanwhile, in presence of 6gL‘1 Mn** (zone
IT) undergoes a similar oxidation process (to one shown in Fig. 7.3right), reaching higher
anodic current values. At more positive potentials, after the presented peaks, OER is
occurring (not shown). During the reverse scan, considerably lower cathodic currents are
registered in the broader potential range of 1.2 V< E <1.4 V with a maximum current value
at 1.34 V vs. RE. In the presence of both 6 gL ™" Mn>" and 65 gL' Zn"? (zone III) no major

difference is noted in comparison with the previously completed case (zone II).
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Fig. 7.3 Registered cyclic voltammograms for the Pb-Ag substrate in electrolytes (i) — (iii).

Effects of iron concentration [FeH] > 0.01M reported in the literature (Pilla et al.,
2009), do not represent an issue in the present electrochemical setup due to the low
concentration of ~190mg L. Moreover, the electrochemical activity is limited to oxidation.
The obtained manganese oxides during electrolysis tests do not contain iron as confirmed by

XRD measurements.
7.5 Simultaneous electrowinning of Zn and Mn3Oy4

During simultaneous electrowinning of SBLL and remnant zinc casings leaching
liquor, extraction of manganese oxide and zinc occurs in the setup presented in Fig. 7.4. As
generally known, the higher the Zn”" concentration the higher the current efficiency of zinc

electrowinning, following Wark’s rule (Wark, 1963).
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Fig. 7.4 Scheme of the experimental setup employed in this study

A lower pH will positively stimulate the deposition process in presence of the
manganese ions, making the recirculation of the fluxes possible without additives, between
electrowinning processes.

During polarization, a non-conductive PbSO, layer formed on the anode surface
resulting in current and potential increase of the unreacted surface.

The generated PbSO4 and the unconverted lead transforms to PbOs, followed by the
oxidation of Mn’' at higher anodic potentials. When a steady layer of PbOs/MnQO; has
formed the reaction reaches an equilibrium resulting stabilisation of the potential at the
macroscopic level (Lai et al. 2010). These events makes anodic potential increase rapidly,
initially, and then gradually becoming stable.

Under galvanostatic control, with different current intensities the potential’s value
during electrolysis stabilises at the anode (FEune4) between 1.7V and 1.85V vs. RE and
between -1.0V and -1.2V vs. RE at the cathode (E qthode)-

Manganese oxidation on the anodic surface occurs with highest yield in the experimental set
up of this study. At a current density of 50 mA/ cm” the anodic current efficiency is 85% and

decreases with increasing current intensities as shown in Tab. 7.3.
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Tab. 7.3. Electrolysis operating parameters and results

Anode Cathode
Current Cell
) Current Ecathoa  Current
density voltage
Eanode  efficiency  pH o efficiency  pH
[mA/em®] | [V] [%] [vi [%] [vi
25 1.69 59 0.2 -1.06 84 2.7 4.7
50 1.73 85 0.5 -1.1 91 2.6 4.4
100 1.78 72 0.3 -1.14 89 2.6 5.1
200 1.81 42 0.3 -1.15 70 2.6 5.8

Spent electrolyte streams resulted from the first run consists, in the case of the
anolyte a concentration of 65g/L Zn”" and traces of Mn® . This has been considered suitable
for high yield zinc deposition (Zhang and Hua, 2009) without further purification and has
been directed to the cathodic compartment. The catholyte after exhaustion is low in
concentration of both Zn>" and Mn”" and has been regenerated for further use as a lixiviant

in the SBM solubilisation step by assuring required solid-liquid ratio and acid concentration.
7.6 Deposits structural analysis by XRD

Fig. 7.6 shows the XRD pattern of the manganese oxide and zinc obtained by
electrolysis at 50mA cm™.

Manganese oxide diffraction peaks in the pattern, can be indexed to tetragonal
hausmannite Mn3Oy (space group I41/amd) with lattice constants of a = 5.76 A, ¢ = 9.47 A
corresponding to that of JCPDS 24-0734. The diffraction peaks can be assigned to (101),
(112), (200), (013), (211), (004), (105), (220) and (015) planes of the hausmannite Mn3O,
with tetragonal structure. Diffraction peaks of the cathodic deposit can be indexed to the
metallic Zn (space group P63/mmc) with lattice constants o = 2.66 A, ¢ = 4.94 A
corresponding to that of JCPDS 65-3358. Peaks can be assigned clearly to (002), (100), (101)
and (012) planes of the hexagonal pure Zn structure. The strong and sharp reflection peaks
suggest that the as obtained deposits are well crystallized. Peak broadening indicates small
crystallite sizes and has been approximated with Scherrer’s equation. In the equation {3 is the
full width at half maximum (FWHM) in radians, the shape factor K has been assumed to be
0.9, A is the employed X-ray wavelength, U the corresponding Bragg-diffraction angle.
Estimated coherence lengths (L.) have been found to be in the nano-metric range with

medium values of L.~ 29nm for zinc and L.~ 13nm for Mn3O4.
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Fig. 7.6 X-ray diffraction pattern of the electro-synthetized Zn and Mn3O,4

7.7 Deposits morphological analysis by SEM

Figure 7.7a shows SEM micrograph of the cathodic deposits obtained at 50mA cm'Q,
composed by nanometric plate-like intergrowth structure with particles of 10-15nm thickness
and several tents of nanometre wide. Size and shape distribution is evenly distributed with
dendritic agglomerations at higher electrowinning current densities at the electrode edges
(not shown). Anodic deposits consist of unevenly distributed porous, flake-like agglomerations
(Fig. 7.7b).

Fig 7.7. (a) SEM micrographs of cathodic deposits obtained at 50mA cm'Q,

(b) anodic deposits obtained at 50mA cm™ from spent battery leach liqour

EDX scans of the cathodic deposit (Fig.7.8a) shows mainly contribution from zinc,

followed by sulphur and oxygen which originate from SO, in the solution and could not be
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removed by washing prior to the measurement. Elemental analysis of the anodic product
(Fig.7.8b) reveals contribution of elements (Mn, O, S) in deposit structure and interference

from elements of the anodic substrate (Pb, Ag).

Zn
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1. | a i || b
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Fig. 6 EDX spectra of a) cathodic deposit and b) anodic deposit

Based on literature information and preliminary experimental results, a
hydrometallurgical process flowsheet has been proposed for complete recycling of spent,
deteriorated or expired Zn-C batteries. In the studied electrochemical setup high purity nano-
metric zinc and Mn3O4 has been simultaneously electrodeposited from spent battery leach
liquors in an anionic membrane reactor. Electrowinning tests have shown best results in
current efficiency terms at a current density of 5A dm™ yielding 91% for zinc and 85% for
manganese oxide electrowinning efficiency, consistent with typical plant practice. Obtained
values are superior or equal with ones reported (Ault and Frazer, 1988; De Souza, 2004, Zhao
and Liu, 2011). Information about structure, composition and morphology of the
electrosynthetized deposits has been obtained by applying XRD, EDX, SEM and

electrochemical measurements revealing phase pure Zn and Mn3O,.

8. MnO; MICROWAVE-ASSISTED CHEMICAL SYNTHESIS

In the present study synthesis and characterisation of different MnOs phases have
been explored as intercalation materials in Li-ion type cells. Employed microwave-assisted
hydrothermal synthesis route yields well crystallized and phase pure a-, 8-, 8-, and mixed o-3-
and o-y- MnO, structures which can reversible accommodate Li~ ions during constant
discharge at different loads. Cycling rate capabilities have been found to exhibit constant
behaviour at C/10 discharge rate for 3-MnO, phase, resulting 150 mAg™ for 50 cycles with
the accommodation of up to 0.7 Li~ per Mn. Obtained mixed oxide phases have been
compared with the pure phases regarding capacity and cycling behaviour during lithium
insertion. Obtained materials have been characterized for their structure and morphology by
XRD, HRTEM and SEM, Li intercalation and de-intercalation by electrochemical
techniques such as cyclic voltammetry, galvanostatic cycling with potential limitation

(GCPL) and electrochemical impedance spectroscopy (EIS).
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Phase-pure MnQOs polymorphs have been successfully synthetized from known
precursors with a low reaction time and temperature with a microwave-assisted heating
approach. In the present hydrothermal route the precursor set reaches reaction temperature
in an intensified fashion (600 seconds), with homogenous temperature gradients in the
reaction volume followed by fast cooling.

Several key process parameters such as temperature, synthesis time, precursor
concentration and additives have been found to exert high impact on the formation of
different MnO, crystal structures. During MW synthesis, pure, mixed and amorphous phases
have been obtained, however here we present the modification of precursor set and the
reaction temperature’s influence. Reaction temperatures have been varied between 100°C and
200°C and also represent the chosen limits, since above and beyond these values no reaction
occurs or the more thermodynamically stable 3-MnO, phase predominantly forms. Pure and
mixed phased MnQOjy polymorphs have been synthesized by employing the following chemical

reactions in presence of microwaves:

3MnSO, + 2KMnOy4 + 2H20 — 5MnOs +K2S04+2H2S04 (8.1)
MnSO, + (NHy)25205+2H20— MnOy + (NHy)2SO4 + 2H2S0, (8.2)
Mn(NO3)y + 305 +HyO — MnO + 2HNO; (8.3)
3MnSO4 + 2KMnOy (exces) + 2H,0 — MnOs + KySOy4 + HeSO4 (8.5)
KMnO, + Hy0y — Ki.33MngO1s + Hy0 (8.6)

Solution pH values have not been altered and together with other parameters are
summarized in Tab. 8.1. Further chemistries have been tested by adding stoichiometric
amounts of (NH4)2SO,4 and LisSO4 to the above reactions, but no notable effect has been
recorded by means of product purity or electrochemical activity. For further investigations
only the pure products and selected mixed phases have been used.

Synthetized products have been characterized by means of X-ray diffraction by a
Shimadzu XRD — 6000 diffractometer with Cu-cathode with K, and K, lines (A = 1.54178)
in Bragg-Brentano geometry with a max power output of 3 kW. The measurements were
taken in the range from 20° to 70° with a step size of 0.02 and integration time of 7s per step.
Rietveld refinement and calculation of lattice parameters and structure, was done using
FullProf Suite 2.0. Manganese oxides have been morphologically examined by SEM (Gemini,
Zeiss) with acceleration voltages between 7kV and 10kV. Prior scanning samples have been
coated with a 10nm layer gold by sputtering (Balzers Union). HRTEM analysis of the
products has been done using (KRONOS, Zeiss). Specific surface measurements have been

carried out by Brunauer-Emmett-Teller (BET) theory in an in-house built device.
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8.4 MnOs structural analysis by XRD

Manganese dioxide polymorphs are formed by the different interlinking of the MnOg
octahedra resulting 1D, 2D and 3D tunnel structures (. Discrimination of the different
crystallographic structures can be achieved by the tunnel (size) diameter formed by the
MnOg unit. The structure of o-MnOs is composed by (2x2) and (1x1) one-dimensional
channels forming tunnel structures along c-axis framed by interlinking of MnOg chains.
Usually these spaces are occupied by structure stabilizing cations (Na™, NH, ", K, B) or
H>0 molecules (Thackeray, 1997). B-MnO, is of rutile structure with tetragonal symmetry,
oxygen ions forming hexagonal-closed-packed arrays. The interstitial spaces consist of 1D
(1x1) channels formed parallel with the crystallographic c-axis. y-MnOs consists of random
intergrowth of ramsdellite (2x1) and pyrolusite (1x1) domains, described by de Wolff
Thackeray, 1997) disorder and microtwinning, while d-phase is a 2D layered structure
(Fig.1d) with stabilizing cations (NHy , K, Li") and HyO molecules in the interspace region.
Accommodation of Li"~ can be expected in MnQOy polymorphs being limited only by the
presence of structure stabilizing cations. Structural refinement yields parameters in

accordance with the literature (Thackeray, 1997) and has been summarized in Table 1.

Tab. 8.2 Obtained crystal structure parameters from Rietveld refinement

Structural parameters ok
Pha . Vol. Dim
Simetry Space a b c o B Y 3 Tunnel*
se ] - (A% (nm)
gop A A N O OO
o Tetragonala I4/m 9.801 9.801 2.850 90 90 90 273.6  (2x2)(1x1) 16
B Tetragonald P4s/mnm 4.402 4.402 2872 90 90 90 55.6 (1x1) 27
o Triclinica C2/m 5.130 2.845 7503 90 101 90 107.3 straturi 8

Observed peak broadening in the XRD spectra indicate small crystallite sizes and has
been evaluated by applying Scherrer’s equation. Results have been summarized for each
phase in Tab. 8.2., where {3 is the full width at half maximum (FWHM) in radians, the shape
factor K has been assumed to be 0.9, A is the employed X-ray wavelength, 0 the
corresponding Bragg-diffraction angle. Estimated coherent lengths (L.) have been found to be
in the nano-metric range, in accordance with SEM and HRTEM measurements.

Obtained XRD patterns of the synthetized a-MnQOs phase can be indexed to the space
group JCPDS card No. 44-0141 with structural parameters summarized in Table 1. No other
peaks have been identified in the pattern, indicating a high-purity product. Diffraction data
collected for 3- and y- phases suggest formation of highly crystalline material indexed with
JCPDS no. 24-0735 and JCPDS no.14-0644 respectively, with no peaks attributable to other
phases. However, impurity phases have been detected during synthesis parameter tuning,
mainly consisting of amorphous phases, NH,Mny(SO,)3, K2SO4, NH3NOs, for which XRD
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data has not been shown. MW synthesis also resulted mixed polymorphs with different

ratios. Powder diffraction patterns have been labelled accordingly.

8.4 MnOs structural analysis by SEM

Morphological analysis of the obtained MW synthetized MnQO, polymorphs revealed
mainly 2D needle-like rod structures for each pure phase. However the particle dispersion and
stacking is different in size and arrangement. Obtained a-phase consists of 80-100nm rod-like
structures resulted by the condensation of 10-15nm needle-like formations as shown in Figure
3a. O-phase is composed by lamellar structures assembled in plate-like formations with

average widths around 100nm as shown in Figure. 8.3d.

1_pm i

b O 1
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8.6 MnQO> electrochemical characterisation

Fig. 8.4a displays recorded voltammograms for a-MnQOy where during the first cycle
starting from the open circuit potential (OCP) a broad reduction peak is observed at 2.26V
VS. Li\Li+ resulted from the accommodation of Li' in the a-MnQO» framework. At the reverse
scan a peak is observed at 3.12V. Initially a double peak profile is obtained, but during
cycling this merges into a single peak shape (Fig, 8.4a).

In the case of pure 3-MnO, phase the first intercalation cycle occurs at 2.32V vs.
Li|Li" jumping and stabilizing to around 3V (Fig.8.4b) in the next cycles. Peak formation
upon cycling at above 4V can be attributed to the transformation of the 3-MnO, into the
framework of [Mny]O4 of Lix|[Mny|O4 spinel or defect rock-salt structures. Fig. 4d displays
broad redox peak pairs for Li~ intercalation in the microwave synthetized phase-pure 8-MnOs
structure at 2.75V and de-intercalation at approximately 3V. Upon cycling the material
exhibits stable behaviour with no additional peaks appearing after the unidentifiable peak-
pair at 3.75V, which fades after the 1% cycle. Broadness of the redox peaks has been largely
attributed to the nanostructured nature of the material. Mixed phase oxides present a less
stable behaviour for o-,y-MnO, (Fig.8.4e) where lithium insertion occurs between
2.25V< Feq<3V vs. Li\Li+ showing stability in the last two cycles at approximately 2.9V
with an slight increase in the peak current. The unstable nature of o-phase resulted from
structural collapse from 2x2 to 1x2 irreversible form of the ramsdellite structure, which here
has been synthetized as-is. The peak potential shifting in the as-synthetized material could be
attributed to the collapse of the contained 2x2 tunnel structures and the occurred

stabilization at phase equilibrium, which can withstand the expansion suffered during Li
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accommodation. However, the overall reversibility of the electrochemical process can be

noted. Fig. 4f shows the electrochemical response of the mixed a-, B-MnO, phase. Similar

peak potentials with the pure B-phase can be observed, but with lower peak currents and no

clear presence of the oxidation peak at 4.2 V observed in Fig. 8.4b, attributable to the

transformation of the rutile structure to the spinel frame.
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Fig. 8.4 Registered voltammograms for different MnOy polymorphs synthetized in a
microwave assisted chemical reactor Sweep rate: 0.1mV s'l, electrolyte: LiPFy,

temperature 25°C.

Fig. 8.5 presents measured capacities and capacity retention during GCPL tests at
different loads. Materials exhibit a first-cycle maximum capacity of 281 mAh g for B-MnO-
at C/100. A value of 240 mAh g’ has been obtained at C/20 in the case of 3-MnO,
accommodating a maximum of 0.7 Li" per Mn. However, the initial high discharge rate drops
to 161 mAh g ! displaying a stable trend during the following cycles. At above 100 charge-
discharge cycles a constant 0.5 Li~ per Mn is obtained providing 483Wh kg_1 at C/10
discharge rate. Fig. 8.6 illustrates the different discharge behaviours for synthetized MnO,
polymorphs. During GCPL tests, B-MnOs exhibits a plateau-like behaviour during discharge

at around 3V. Alpha and gamma phases quickly decline with an increasing sloping voltage.
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Fig. 8.5 Galvanostatic discharge-charge tests at C/10 Electrolyte: LIPF
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Materials have been tested for their capacity retention during galvanostatic cycling

with potential limitations as shown in Fig. 8.6.
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Fig. 8.6 Stability measurements under constant load for different synthetized materials.

Based on galvanostatic measurements 3-MnQO, exhibits intercalation of lithium cations
up to the composition Lig7o|MnOs| resulting a capacity of 239mAh g™ (78% of the theoretical
value) at 2.95V at a rate of C/20 and 25°C resulting a power density of 705Wh kg'. At a
discharge rate of C/10 after 100 cycles a drop is observed to a composition of Lips[MnO]
resulting 200Wh kg'l.

Phase pure 3-MnO; shows best performance in terms of capacity retention and power

density among the synthetized materials providing 244mAh g'1 at C/100.

8.7 Electrochemical impedance spectroscopy measurements of

the 3-MnO2 in LiPFg

Impedance measurements have been undertaken to observe the evolution of internal
resistances in correlation with the state of discharge and charge. Capacity loss and
irreversibility are generally results of non-electroactive side reactions, phase transformation
from an active to an inactive state or by formation of the (SEI) solid electrolyte interface.
SEI usually presents lower ion and electronic conductivities witch clearly impact overall
battery performance. Nyquist representation of the measured impedances of the system (Fig.

8.8) at different states of charge can be divided in four groups:
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Fig. 8.9 Bode diagram recorded at different state of charge in a Li - 3-MnO, cell

Nyquist (Fig. 8.8) spectra can be divided as follows:

The first part is considered the sum of resistances of the current collectors, electroactive
material electrolyte and the separator material

The first semi-circle is attributed to the formation of SIE and it’s characteristics

The second semi-circle is resulted by the charge transfer resistance and capacitive
behaviour of the double-layer with some contribution from mass transfer resistance.

The sloping part is attributed to the Warburg impedance

The equivalent circuit in Fig. 8.10 describes well the phenomena observed during impedance

measurements.
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Fig. 8.10 Equivalent electric circuitry of the measured cell corresponding

to a maximum charge of 30%

9. MATHEMATICAL MODELLING OF THE DISCHARGE
OF A Li-MnO, CELL

The COMSOL model is based on the model described by (Doyle et al., 1996; Cai and

White, 2011) where material balance is given by Fick’s second law:

dc._ 1 9 dc_
50 _ D_Z_ 7,,2 X (91)
at "t or ar

Charge balance in the liquid phase is given by Ohm’s law:

_0l. 99,
ar\ " ox

Material flux in the porous model electrode for spherical particles is controlled by Butler —

2RT(1-1°) 9
+—* K
F oz

dln ¢,
I o

—aFJ (9.19)

3

Volmer kinetic model:

(9.22)

05 .. - 0.5F 0.5F
J=klc -c " Plexpl ——n |-exp| ——n
i i ( $,,max s.z,sup) $,i,max i I: p( RT nz) p( RT nz)
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9.4 COMSOL model
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Fig. 9.1 Geometric model of the modelled cell
9.5 Model validation

Refined model has been investigated using experimentally obtained values for a
discharge in a Swagelok type cell. As shown in Fig. 9.2 a good overlapping of the simulated
data with the experimental can be observed. However, the mathematical model does not well
describe effects of the particle sizes in question since experimentally an important
contribution of the size reduction has been found. Such behaviour will impact the plateau-like

discharge of the material as observed in the experimental data vs. the simulated data.

o Date experimentale

Date modelare

0 20 40 60 80 100 120 140 160 180

Q (mAh g
Fig. 9.2 Galvanostatic discharge of a Li-MnQOs cell at different C rates
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10. HYDROMETALLURGICAL PROCESS FLOW FOR
SPENT LECLANCHE BATTERY RECOVERY

10.3 Unit operations on the spent battery recycling process flux

In the present study, mechanical treatments consist of grinding and sieving followed by
magnetic separation, resulting in the reclamation of constructive parts such as: metallic
casings (<99% iron), plastic garments (PVC, HDPE) and cellulose-based separator materials.
Metallic zinc is also recovered in this step.

The resulted material is dried in an oven to obtain the needed high fraction of
powdered spent battery material for efficient screening as reported by previous researchers
(Meador, 1995; Salgado et al., 2003, Vatistas et al., 2001). The grinded constructive parts are
subjected to intensive sieving step, where the powdered parts are separated from the rest,
leaving the iron casings, metallic zinc anodes, plastics and separators for further processing.
Conveying the scraps in a magnetic field successfully separates ferrous parts. Non-ferrous
elements are subjected to washing with demineralised water, during which by flotation the
cellulose and plastic parts are removed leaving a slightly alkaline aqueous solution with
metallic zinc scraps and graphite rods, finally separated by screening.

By crystallization, salts have been also recovered from the washing liquids. By
filtration the Zn®" and Mn®" containing liquor is separated from the carbonaceous paste

material, leaving a solid phase composed of un-leached manganese oxides and traces of Zn*"
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Unit operation on the spent battery recycling flu are as follows:
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Sorting. Spent batteries are sorted based on their electroactive content Zn-C, Ni-
MH, Li-ion, Pb, Ni-Cd, etc.
Disassembly. Exhausted cells are disassembled in parts such as: (i) plastics; (ii)
metallic materials (iii) spent electroactive powder material.
Magnetic separation. Metallic parts are conveyed in a magnetic field for metallic
parts such as protective battery casings recovery.
Neutral washing. Materials resulted from step 3 are washed in order to extract
soluble phases such as NH4Cl electrolyte to reduce acid consumption in the following
operations.
Leaching. Spent battery powder material is leached with an acidic solution
composed of HySO4 1M, in solid-liquid ratio of 1:10, for 60 minute under vigorous
stirring in order to extract the metals from the solid to the liquid phase according to
the below reactions:
ZnO + HySO,— ZnSO, + HO (10.1)
Mn»Os3 + HsSO4 — MnOy + MnSO4 + Hy0O (10.2)

Solid liquid separation.
Leaching. Unspent Zn casing which are readily available in the feedstock are
dissolved in an aqueous solution of 1M HsSO, and represent the catholyte in the
electrolysis reactor
Electrolysis with the following electrode reactions:

At the cathode: Zn® + 2e”— Zn (10.4)
With 90% current efficiency and Heer with 10% current efficiency.

At the anode: MnSOy + 2H,0 — Mn3O4 + HySO, + 2H +2e”  (10.5)
With 85% current efficiency and Oser with 15% current efficiency.
Reductive leaching of the filtrate according to the reaction:
MnOjy +H2S04 +H2C204— MnSO4 +2H50 + 2CO» (10.6)

Filtration for graphitic material recovery.

Microwave assisted hydrothermal synthesis of MnO2 according to the reaction:
MnSO4 + (NH4)28208+2HQO—) MnO, + (NH4)ZSO4 + 2H5SO4 (82)

@ Filtration for MnO2 recovery from reaction volume.

(&)

(NHy4)2SOy, is regenerated in an electrochemical reactor (Ilea, 2005).
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10.4 Mass balances on the process flow

Tab. 10.12 Global mass balance for 100 kg treated spent batteries

Materiale intrate kg Materiale iesite kg
Metallic parts 12.6 Metallica parts 12.6
Plastic 2.3 Plastic 2.3
Graphite 7.4 Separator 0.6
Separator 0.6 Graphite 7.4
Electrolyte 1.8 Electrolyte 1.8
Metallic Zn 16.5 H, 0.5
Zn0O 10.4 ZnSOy 51.9
MnOs, 15.5 MnSOy 1.0
MnyOs3 27.0 H,0O 1068.4
H,O 1070.7 | Mn3Oy 12.6
HyS0y 90.7 09 0.2
CoH504 314 H,SO4 96.4
(NH4)2S,05 79.6 Zn 3.8
CO» 30.7
MnO, 30.4
(NH4)2S0, 46.1
TOTAL 1366.6 | TOTAL 1366.6

11. GENERAL CONCLUSIONS

The influence of manganese (II) inclusion was studied on the electrochemical
behaviour of commercially pure titanium in acidic electrolytes through open circuit potential
measurements. The presence of Mn2-+ ions in the acidic electrolyte maintains good
electric conductivity caused by formation of a mixed oxide film on the electrode surface.
Based on these assumptions, a titanium surface activation technique was developed which
allows MnO2 electrosynthesis. MnO2 deposited during anodic polarization on the titanium
surface, act as nucleation centre for the latter developing EMD film. Commercially pure
titanium anode surface modification prior to MnO2 electrodeposition from spent battery
leach liquors is essential. By surface modification, titanium passivation has been delayed
during anodic polarisation, from several tents of minutes as described in the literature, to
several hundred minutes in our experimental conditions.

Based on literature information and preliminary experimental results, a
hydrometallurgical process flowsheet has been proposed for complete recycling of spent,

deteriorated or expired Zn-C batteries. In the studied electrochemical setup high purity nano-
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metric zinc and Mn3O4 has been simultaneously electrodeposited from spent battery leach
liquors in an anionic membrane reactor.

By cyclic voltammetry measurements, electrode processes and their impact on the
manganese oxide electrowinning from SBLL has been investigated. Electrowinning tests have
shown best results in current efficiency terms at a current density of 5A dm™ yielding 91%
for zinc and 85% for manganese oxide electrowinning efficiency, consistent with typical plant
practice. Obtained values are superior or equal with ones reported (Ault and Frazer, 1988;
De Souza, 2004, Zhao and Liu, 2011). Information about structure, composition and
morphology of the electro synthetized deposits has been obtained by applying XRD, EDX,
SEM and electrochemical measurements revealing phase pure Zn and MnsQOy.

Recovery of manganese and zinc from Zn-C batteries through a hydrometallurgical
route has been achieved with zero impact on the environment while all electroactive;
constructive and chemical parts have been recovered or have been reintroduced in the
technological flux.

By leaching reductive leaching of the filtrate resulted from the spent battery leaching
liquors, a high Mn®" containing solution has been obtained. These solutions have been tested
in the presence of a strong oxidizing agent in a microwave-assisted chemical reactor. Different
structural manganese dioxides have been obtained.

Synthetized MnQOs polymorphs have been tested as intercalation materials in Li-ion
cells and exhibit 60 — 70 % of the theoretical values with good rate capabilities and capacity
retention for B-MnOs after 100 cycles with a composition of Lig;MnOs.

The discharge of the Li - MnOy has been modelled in COMSOL. The model has
approximated experimental data but several phenomenological processes have not been
modelled resulting in a less complete overlap.

Based on literature and experimental data a technological flowsheet has been
proposed for complete recovery of spent battery components and materials.

From an optimization and environmental point of view both the simultaneous
electrochemical electrowinning and the microwave-assisted chemical reactor are of utmost
interest. These technologies have been used because of their low energy consumption and

ability to yield pure material phases.
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