Int. J. Electrochem. Scil4 (2019) 26061 2620, doi: 10.20964/2019.03.53

International Journal of
ELECTROCHEMICAL

SCIENCE
www.electrochemsci.org

Thd feect ad doift iCoanr roons ido s chmd g e
performance of IcommaulmhdZOnmera
forumNinanmattery

Ting Xu, Zhengfei HuCheng Yao

Shanghai Key Laboratory for R&D and Application of Metallic Functional Mater&dkpol of
Materials Science and Engineerifigp n g j i University, No. 4800 Cao
China

“E-mail: huzhengf@angji.edu.cn

Received16 October2018 / Acceptedl1l Decembel018 / Published:7 February2019

The effects of calcium addition on the commercial pure aluminum alloy anode-fir Battery in
alkaline electrolyte were examined pgtentiodynamigoolarization, AC impedance, corrosion rate and
discharganeasurementd he results show that calcitaddtion canincrease theolarization resistance,
discharge voltage and restrain twgrosion rate in M KOH. Electrodes with calcium addition have the
superioranode efficiency and higher capacity density. Microstructure observations show that calcium
addtion refines the grain structure, redistributes the impurity elements Fe and Si, and leads to more
intermetallic phases formedoag the interdendritic region andyrain boundary and dispedin the

matrix. These characteristics are responsible forrttpgaved electrochemical performance of the Al

air battery.
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1. INTRODUCTION

The duminumair battery as an environmentalfsiendly and hightheoreticalenergydensity
system has attracted considerable attention in research and developmemhesih®60s [1,2]. As
reported3-8], the theoretical cell voltage and energy density of alumiaurbattery are 2.7 V and 8076
Wh kg?, respectivelyIn addition the practical specific energy of 400 Whkip this system is also
superior to other metair batteries. The commercial aluminum alloys for alumirainbattery aren
attractive technology due to their unique combinatioleihg nontoxic andgnexpensive andhaving
easy processg [6] compared with other energy technologies.

It is well known that the surface of aluminuatioys can quickly form a protective oxide film
whenin contact with the air or electrolyte [1]. Assrealt of this film, thealuminumanode exhibits
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polarization and its corrosion potential moves towards the positive direction timelearrent load. In
addition, the major problem is the low coulombic efficiency in alumuiaunibattery. Within the alkaline
electrolyte thealuminumair battery is accompanied by an undesired hydrogen evolution reaction in the
reaction equation (1) durirtgedischarge process [4,6,9]. This high rate of parasitic corrosion results in
aluminum mass and conductivity losses [IJth serious polarization and corrosion limit commercial
applicatiors of aluminuraair batteries

Al+3H0+OHY Al ( OHBLY (1)

To avoid these problems, researchers have focused on reducing polarization and accelerating th
rate of oxidatiorwhile slowing dowrthehydrogen evolution reaction. One typical wagsnall amount
of alloyingelemeng to pure aluminum to increase thdiaation oftheanodessuch as Mg, Ga, Hg and
Sn, orto decrease the corrosion rate suclwéh Pb, In, Zn, and Sn [4,117]. Another method is to
change the microstructure of the anoahich is related to the electrochemical and discharge behavior
[10]. The composition and structure of anode have a great influence on the properties of the battery.

Some commercial aluminum alloysed as anodes for -Alr alkaline batteriessuch as1085,
2024, 6013 and 7075, Yabeen investigated [ 6,18,19The compodion and structure of the anodes
have a great influence on the properties of the baffbégseresearch works indicate that the commercial
aluminum alloys provided various electrochemical performafaretheir complex compositions, and
sometimes they havpositive effects on battery efficiency amecrease theorrosion rate. Due to the
anode of pure aluminum or trace alloyed simgamuch better battery efficiency [4,20], it is expected
that the commercial pure aluminum tie modified alloy could resultin a comparable performance,
with an obvious cost reduction for the battery on the material supply.

However, limited research has been reportgrding the effects of Ca addition on the corrosion
and discharge performance of aluminum alloy as anodeldanirum-air batter. Inthis paperthe
commercial pure aluminum alloy 1070 with calcium addition is proposed as aluminum anodes of
aluminumair battery. By comparinthecorrosion behaviors of aluminum anodes with different calcium
contens, the aim of thé study is to investigate the effects of calcium addition theccorrelative
intermetallic phase on the performancetioé aluminumair battery. Microstructure, corrosion rate,
opencircuit potential (OCP), potentiodynamigolarization and electrochemicalimpedance
spectroscopy (EIS) were implemented in the half cell assembly to arthlgerformance of anodic
dissolution. The @nstant current discharge tine full cell was studied to evaluate the performance of
thealuminumair battery.

2. EXPERIMENTAL PROCEDURES

2.1. Electrodes and electrolyte

The aluminum alloys were prepared tine stir cast method. The commercial pure aluminum
1070 was taken athe master alloywhich was mekd and heated t@a superheated temperaturef
approximately780 °C in a graphite crucible &n electric resistance furnacenen 99.99 wt.% pure
calcium was added to the maitmetal. When calcium was dissolved completely, the melt was stirred
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well by a mechanical stirret acertain rpm to ensure complete homogenizatidhedlloying elements.

The melt was isothermally held for sevemainutes before stirring stoppeahd then poured into a
metallic mould preheated to 300 °C. The master aluminum alloy 1070 and puuencakre provided

by Sichuan Jinyue New materials Co., LTOhing and Shanghai Shunyou Metallic Materials Co.,
China, respectively. The casting alloys were subjected to heat treatimehtsfollowing steps: a
solution heat treatment (540 °C / 4 h) indectrical oven, then quenalg to cold water, followed by
ageing at 140 °C for 2.5 h. The detailed compositions of the casting samples are listed in Table 1. The
sample without calcium anddbe contaimg 0.075 wt.% Ca, 0.Z¥wt.% Ca and 1.18wt.% Caare
denotedas 1#, 2#, 3# and 4# alloyespectively. The 1# sample was obtained by recasting the master
aluminum alloy. Metallography was used to observe the surface morpholtigysplecimensand X

ray diffraction (XRD) was employed to determine theatural and phase information of the samples.

Table 1.Chemical compositions (wt.%) of aluminum anodes.

Sample . Component
Fe Si Zn Ca Al
1# 0.127 0.042 0.08 <0.001 Rem.
2# 0.218 0.171 0.02 0.075 Rem.
3# 0.229 0.270 0.03% 0.270 Rem.
A# 0.228 0.334 0.03% 1.10 Rem.

For electrochemical tests, specimens were small cubes (10 mmx10 mmx5 mm) ctitefrom
above casting samples. All specimens were mounted in a soft mode and sealed with epoxy resin. Th
geometric surface area @hchworking electrodes was 1.0 épand they were mechanically grousd
polished through standard routines. In addition, theispats were ultrasonically cleaned in deionized
water, rinsed in ethanol and dried with air.

The ar cathode wa rolled up by a Ni metal mesh, a catalytic layer consisting of Xth@nd
PTFE and a waterproof layer consisting of PTFE, carbon materialsa®@,[¥,21,22]. The electrolyte
is4 M KOH solution, as it possesses the peak electrolytic conductivity.

2.2. Fullcell assembly

Screws

_|I Anode

Cross section

Figure 1. The schematic diagram of the assembled alumiaurbattery
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The full cell assembly for this study is shown in FigThis full cell was made up dfiesample
anode the air cathode andnacrylic board.To prevent the limiting factors to the anode parfance,
the totalreactionarea ofthe cathode (25 cf) was oversizedompared tdhe reaction area dhe Al
anode (1.0 cA).

2.3.Corrosion test

To further determine the corrosion rate, specimens were immersehlll iK@H for one hour.
Before and after immersion, the weight tbe specimens was measured and recorded. The rate of

corrosion was defined as follows [23,24]:

Corrosion ratgmm at) = 87.6£ (2)
DAt
whereW s the loss weilgt afterthe corrosion tes{mg), D is the aluminum alloy densiig cm

2), Ais the reaction surface aréan), andt is the selcorrosion test timé).

2.4. Electrochemical measurements

The electrochemical performance evailoratn a threeelectrode cell system was carried with
a GAMRY Reference 600+ electrochemical workstation under computer control. The eledtolyte
those tests was M KOH and the exposed area of anode was contraltdd0 cnf. The open circuit
potentid (Eocp) test with a test time of 7200 s was carried out to evaluate the stability of reaction. The
anodic oxidation reaction performance was investigatethéynodic polarization test. The anodic
polarization curves were recordedaatcan rate of 1 mV-s Electrochemical impedance spectroscopy
(EIS) was carried out to evaluate the electrochemical behavior. This test was performesuivatteyur
open circuit potential tesind applied a sinusoidal wave. Thequency range of wave was fron? 10
10?2 Hz, and the amplitude ofthe wave was 5 mV. By using GAMRY Reference 600+ software, the
equivalent circuit and parameters were obtained by fitting the experimeratal dat

2.5. Constant current discharge and characterization

The constant current discharge testasv carried out bya GAMRY Reference 600+
electrochemical workstationnder different current densitieBefore and aftethe constant current
discharge test, the cleaned anodes were both weighed and recorded. The efficiency and capacity densi
of theanode were defined as follows [18]:

Efficiency (%) =——= - 3)

Capacity densityAh g?1) =

(4)

where Efficiency is the anode discharge efficie(®y, Qreaiis the charge capacity of real external
circuit, Qis the total charge capacity during discharge tésturrent through the external circuit during
test(A), map the loss weight after ted), F is faraday constant ands the discharge tims).

All the a&ove tests were repeated at least three times at room temperature.
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Scanning electron microscopy (SEM) and energy dispersivayXspectroscopYEDS) were
used to investigatthe surface mormiogy and corresponding elematstributiors of the spe@émens
without surface cleaning afterhildischarge in M KOH.

3. RESULTS AND DISCUSSION

3.1. Corrosion behavior of thenodes

It is known that Adair batteryexhibits superior performance in alkaline electrolyte compared to
other media. However, the polarization and corrosion of anodes in alkahdéionsare more serioys
which influencethe performance of the full battery. So, this section discusses the corrosion behavior of

the calcium aluminum alloys ith M KOH.
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3# 'F—AIECa
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Figure 2. XRD pattern otheexamined samples @D70aluminumalloy with different calcium addition
contents

The chemical compositions of the four examined anode samples are listed in taidéhgir
XRD patterrs are presented in Fig. 2. All the spl@s contain microelements of iron and silicon as
impurities and form Feich intermetallic phases. It is known that when the iron content exceeds its solid
solubility (0.05 wt.%), the Feich intermetallic phases (Ate, AFFe-Si type) usually form irthe
aluminum alloy [25]. When Cwasadded up to 0.Z¥wt.%, Carich intermetallic phases (4Caand
Al>Ca) were observed as shown in Fi&).The metallographic graphs in Fi@. cleaty show that Ca
addition plays a significant role in refinirige grain gructure. First, as the calcium content increases
the dendrite structure and grain size become finer. Second, the morphotbgpmecipitates changed
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significantly. As shown in Fig. 3(a), Fech intermetallic phasesvhich are relatively coarse and
unevenly distributed in the intetendritic region and grain boundariessamplel# sample without Ca
addition. Howeverin sample  with trace of Ca additiorfig. 3(b) showghe intermetallic phases are
obviously uniform and fine, and a few exprarticles within the arms ahe dendrite or in the matrix.
This signifies thathe trace addition of Ca suppresses the formatiothetutectic phase and clearly
decorates the alloy microstructure. As reported by others, trace impurity elewaumit$ form
precpitates in aluminum alloys. When the alloy containing 39 ppm Ca and enough siliconSiaAl
might precipitate in A356 allogr other aluminum alloys [288], and intermetallic precipitates of Ala
andAl>Ca will be formed when more Ca is added [29]this study, Fig. 2 shows that @iah phases
(AlsCaand AbCa) are formed whemhe Ca content exceed 0.@Wt.%. The metallographic graph in
Fig. 3(c) showghatmore Carich intermetallic precipitates are formedsample & both along the inter
dendriticregion and grain boundary with much bigger siZénere are somkarger particles look like
the eutectic lamellar structure in blocks, which is comsistvith the report that large particlese
inhomogenously distributed along the inteandritic regionand grain boundaries in aluminum alloys
containing calcium [280. There are also some dispersed particles present within the arms or in the
matrix. And Fig. 3(c) shows that the grain size become fiéien Cavasadded up to 1.10t.%, as
shown in Fg. 3(d), more lamellar structure blockk®rmed along the intedendritic region, grain
boundary anevenin the matrix.

Figure 3. Metallography oexaminedsamplesorroded by M KOH (a) 1# (b) 2# (c) 3# and (d) 4#.
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The corrosion rate in 4 M KOH during discharge is a significant factor affecting the utilization
efficiency of the anode for the Alir battery. Table gives the corrosion rate of the four anodes after
onehour immersionn 4 M KOH solution. It displays thatcorrosion rate decreases wititreasing
calcium addition. Thesample 2#shows the fastest corrosion raaed sample4# shows the lowest
corrosion ratewhichmight due to distribution and the amount of&igype impuritiesand the formation
of the lamellar structure eutectic phases.

Table 2.Corrosion rate of aluminum anodes frdme onehour corrosion test in 1 KOH.

Sample Loss weight / mg Corrosion rate / mma
1# 40.7 1320
2t 80.3 2610
3 41.0 1330
44 35.4 1150

Fig. 4 shows the open circuit potentials (L 6f four anodesand the values changed variously
with thetime elapsed. All anodes are polarized as soon as they are expoddditoH solution and
all deteriorateover time. The open circuit potentials sdmple2# and 4# continuously shift to the
maximum and minimum positive values at the end of 3008spectivelyThe changen the voltage
was less than 0.1 mV*sAn equilibrium wasconsidered to be establighendthe polarization ofthe
four anodes was almost steady. After 5 hours, the steady open circuit pptentia¢ samplel#, 2#,
3# and 4# anode reachdd35V, -1.33 V,-1.37 V,-1.39 V, respectively. Thesesultsdemonstrat¢éhat
theelectrochemical activitiesf sample3# and 4#arebetter than that acfamplel#. As shown in Fig. 3,
sample3# and 4# hadnore grain boundaries, which had more crystal defecthgdr energyand
there weremore channalfor action which were introdued by more grain boundaries, and these
characteristics can improve their chemical activity [10].
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Figure 4. The changén the open circuit potentials with tinf@200 s)for different anodes in ¥ KOH.
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In this study, polarization curves and fittingu#t of samplel#, 2#, 3# and 4# are showm Fig.
5 and Table 3which can be used to reflect the corrosion rate. The different cathodic Tafel &ope (
values of the four anodes indicate diverse cathodic kinetics, which should be linked tbfféreint
hydrogen evolution behavior. The anodic Tafel sldpgdf sample 4# is the minimum, which indicates
that its discharge activity is strongest during anodic polarization [31]. In addilibaughsample2#
and 4# display the most positive anejative corrosiomotentials Ecorr), respectively, they show the
highest and lowestrrosion currentiorr), respectively, Wich indicates thahecorrosion rate cdample
4# is minimized. The corrosion rates are as follows: 2# >1# >3# >4#. The msuliggood agreement
with the corrosion test.

1g/11g0

EIv

log (I/Acm’z)
Figure 5. Anodic and cathodipolarization curves of four anodes for the kadfl in 4M KOH.

Table 3.Electrochemical @arrosion parameters of different anodes.

Sample AV dect bc/ V dect Econr/ V VS | lconr/ MA cmi Corrosion
Hg/HgO 2 rate / npy
1# 1.09 0.71 -1.37 199.0 85100
2# 3.03 0.74 -1.36 226.0 97100
3# 0.86 0.44 -1.38 141.0 60300
4# 049 040 -1.42 88.9 38100

The impedance spectra consigtof Nyquist and Bode curves are shoimw Fig. 6. In general,
the resistances ithe EIS test include the solution resistanBe and polarization resistandg, [32].
Polarization resistance contaithe film resistanceRsim, and pore resistancBpor, related to aluminum
dissolution L8 .24]. The figure in Fig6(a) showshat the four samples almost have the sahape with
two loops, which isimilarto the report onaluminum alloy in alkaline by Mutluis [18]. One loap
high frequencieselated to pore resistancBq¢), which includesthe charge transfer resistande,
diffuse layer resistanc®y, and other corrosion products accumulated (due to alloying elements, any
existing molecules or iondR,, as well asanother loop at low &quencies due to the film growths(R),
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which includes Al (OHYAI (OH)* solution equilibrium on the anode surface and other surface
protective layesformed bythealloying element Ca [334].

The electrical equivaht cirait diagram is presented fig. 7 to simulatethe metal/solution
interface and the fitting impedance parameters are listed in Talitere the constant phase element
CPE replaces the capacitor to describe the inhomogeneous level of electrode surface. Due to the
different reaction processes of four samples when they contactheighectrolyte, the conductivity of
the eleatolyte increases for electrode containing moré&ican addition.This indicatesthat a certain
amount of C4 ions inhibitthe production of hydrogen due to their strong affinity to" (33]. More
Ca(OH) are producedor electrode with more Ca conteirt addition, the impurity elements Fe and Si
are ralistributed and the lamellar structure eutectic phases are formed. Those #il tlead¢hangén
film resistance. e Ryor of sample3# and 4# continuously increased their values are A&nd 0.3
q & mespectivelyHowever, theRoorof sample2#h ar pl y dr o p?whithds ev@n I@Wer q ¢
than that ofsamplel#. Thosemight berelated to their different anode dissolutifam their different
precipitated phases. Due to the influence of various factors, the polarization resiataasef sampé
1#, 3# and 4# also shoavrapid increase from ®3] ¢ 0.4l q & inoweverthe polarization
resistanceralueof sample2 # s har pl y d 2 wigch is éven lodver }én that sfamplel#.
This result is in good agreement with the resultheébove tests. It clearly shows that when the calcium
content exceeds 270 wt.%, higherfilm or local pore resistance formed limits the corrosion process.
Therefore, the polarization resistancesampled# has the maximum valu€his result proves that the
addition of 1.10 wt.% Ca decreasghe corrosion of the aluminum anode.
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Table 4.Fitting results of different anodes for the EIS plots from Figure 6

Sample Rs CPER Rpor CPE Riim szRpor+ Riilm
@ dm YoyuScnd) U (@ &Am YoxSend) &b (@ An (@ ém
1# 0.76 5.04E-3 0.8 0.32 0.14 100 6.52E-2 0.3
2# 0.95 6.10E-3 0.83 0.27 0.14 1.00 6.34E-2 0.33
3t 0.04 3.49E3 0.90 0.31 0.12 1.00 8.08E-2 0.3
4# 0.07 4.36E4 1.00 0.3 0.49 1.00 2.57E-2 0.41

3.2.Galvanostatic discharge test

The anodic behavior dhe half-battery cell wasesed by the galvanostatic discharge teshef
anodes at the current deiestof 100, 5.00, 10.00and30.00mA cm?, as shown in Fig8. The findings
demonstrate that theeverage discharge voltage sdmple2# is the highest, and the average discharge
voltage ofsampled# is the lowest which is even lower than thasarhplel#. These phenomena can be
explained by the differemhicrostructures andhemical activation of thenades shown abo\jé8,36]
Therefore,the aluminum anode with 1.14 wt.% Ca shows the most negative valtadgr different
current densities
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Figure 8. Discharge behavior of anod€s3000s)at different discharge currents: (a) 1 mA, (b) 5 mA,
(c) 10 mA, (d) 30 mA.
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Based onthe galvanostatic discharge te$gble 5 displayghe anode efficiencies and the
capacity densities calculated according to equat{dh and (5). The anode efficienand capacity
density are related tthe masslossand discharge current density. Under the same discharge current
density, thedwercorrosion mass which inhibitee corrosion reactiojrepresentsuperiomperformance
in terms of efficiency and the caplgodensity. In addition, the anode efficiency and the capacity density
increased distinctly with the increase the discharge currenfThis wascaused bysignificantly
increasing the proportion of the same anode corrosion for charge trassséown imable 4,and it is
close to that of the aluminiwair batteries employed materials of-8013T6 and Al7075T7351 as
anodes [18].

Table 5. Galvanostatic discharge performangarametersof different anodesat different current

densities
Sample gm/ mg Current Efficiency / % Capacity
density / mA density / Ah ¢
Cm—2 1
1# 1053 1.00 1.59 0.047
2# 167.7 1.00 1.00 0.030
3# 1166 1.00 1.44 0.043
4# 85.6 1.00 1.96 0.058
1# 1334 5.00 6.29 0.19
2# 1603 5.00 5.24 0.16
3# 1311 5.00 6.40 0.19
4# 1183 5.00 7.09 0.21
1# 1336 10.00 12.56 0.37
2# 1702 10.00 9.87 0.29
3# 1443 10.00 11.63 0.3
4# 1340 10.00 12.53 0.37
1# 2140 30.00 23.54 0.70
2# 2664 30.00 18.91 0.56
3# 2510 30.00 20.07 0.60
A# 2323 30.00 21.68 0.65

At low discharge current (current density less than 5 ti#)anode efficiencies and capacity
densities othe sample 4# electrode are higher than tbsamplel#, 2# and 3#vhich means that the
corrosion reaction was inhibited sampled#. Thus,the 4# anodas the best one. Whehe discharge
current density increado 10 mA,the 1# and 4# electrodes shedmuch better valuest is believed
that the change in anode efficiencies and capacity densities is due to the polarization behavior of the
anoce and cathode under different discharge current density [36]. Ovelallevident that calcium
addition obviously affects the battery performadoengchargng.

The surface morphologies of different anodes charging in 4M KOH solution obtained by
scaming electron microscopare shown irFig. 9 and Fig.10. There are some distinct features of the
charging surfaces. Firdhe degree of surface coverage of the four electrodes is markedly different, as
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shown in Fig. 9. The impurity layer or discharging product is formed and becomes thicker and denser
during discharge by dissolving the impurities on the electrode surfaces-[8#the SEM images in

Fig.9, the surface coverage of sample 2# is much lower than samples 1# and 3#, and saasplleed#
highest coverageSecond, the morphologies of discharging products after chafging0 min are
different as shown in Fig. 9. Ithe case of sample 1#, sonmeadler inclusions containing Fe aBican

be detectedas shown in Fig3a. As shown in Figoa and Fig. 10a, the flocculaike products occupy

the surface. Theocresponding element distribution patterns in Fig. 10 indidaat this layer consist

of impurities containing Fe, O and Si. Furthermore, R @relementatlistribution as shown in Fig.

104 clearly indicatahat the flocalent products are ferric oxideecause their distribution patterns are
completely coincidaet.

Figure 9. SEM (200x) measurementstbecorrosion surface after 60 nofidischarge at the low current
densityin 4 M KOH (a) 1#, (b) 2#, (c) 3# and (d) 4#.

There are some particles containing Fe and O, and some oxidation products of f@eegre
the interdendritic region and grain boundaries in the form of inclusions. In sample 2#, as shown in Fig.
9b, except for the fewer flocculent products of iron oxides on the surface, some piecegbfdrel
Carich inclusions can be observed ajahe interdendritic region and grain boundaries, some of them
in lamellar structure as blocks formed via the eutectic reaction during heat treatment which is consistent
with the Fig. 3b. For 0.270 wt.% Ca in sample 3#, as shown in Fig. 9c, flocculdnttwof iron oxides
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occupy the surface and more-@eh phases formed. For 1.140 wt.% Ca, the surface morphology of
sample 4#, as shown in Fig. 9d, is distinctly different from others. The flocculent product of iron oxides
almost entirely absent; instedek-rich and Carich phases occupy the surface, largely with the eutectic
laminar appearance. The corresponding elemental distribution, as shown in Fig. 10d, indicates that the
Ferich and Caich phases are also oxidized during discharge.

€) Poi nt Weight / % Atomic / %

Aluminum 60.44 47.56
Iron 7.02 2.67
Silicon 0.16 0.12

Carbon 15.13 26.75

Oxygen 17.25 22.89

Figure 10. SEM (1000x) and EDS measurementshafcorrosion surface after 60 maf discharge at
low current densityn 4 M KOH (a) 1#, (b) 2#, (c) 3# and (d) 4#.

As a function of Ca addition, the surface characteristics of the impurity layer on thardisgh
surface obviously depend on the Ca contentturn, the impurity layer markedly affects the anode
dischargig behavior. First, the impurity element distribution and the characteristics of impurity oxides
on the discharging surface are affected by Ca addition, or Ca addition markedly affects the characteristic:
of the impurity layel{29,38] Without Ca additionfe as the main impurity element in sample 1# is
extensively oxidized during discharging. The flo@nilproductsof iron oxides may be related tbe
segregation of iroat the interdendritic region or grain boundarié¥hen Ca is added, more precipitates



