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The mechanically destroyed elementary primary Zn—MnQO, batteries were studied using elect-
rochemical impedance spectroscopy, scanning electron microscopy and elemental analysis
of the surface. It has been experimentally proved that the change of the average capacity of
the destroyed elements in time is a function of not only the geometry of the surface, but also
its component composition. During study the correlation of the photomicrographic images
of the electrodes surface with three-dimensional contour diagrams in coordinates: changing
of capacitance means value, dispersion of capacitance and frequency was found.
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INTRODUCTION. Today the modern me-
thods of electrochemical impedance spectrosco-
py (EIS) are widely used for measuring and in-
vestigation interphase and bulk electrochemical
properties of materials and devices based on
them [1]. The most well-known method is the
construction of equivalent electrochemical cir-
cuits with the corresponding set of elements that
simulate the behavior of components of the elec-
trochemical system (electrodes, interphase inter-
actions of the electrode and electrolyte, ion dif-
fusion, etc.). But disputes over the interpretation
of the elements of these chains, especially of the
constant phase element (CPE), are continued [2—
6]. It is well known, that a perfectly polarized
electrode is an electrode without any RedOx re-
actions on the surface. According to impedance
theory such electrodes are modeled by the ele-
ment of capacitance [3-6]. The formation of the
perfectly polarized electrode is possible only
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on the geometrically and atomically homogene-
ous surfaces such as liquid mercury or single
crystals (monocrystal) electrodes. The surface of
polycrystalline solids is never completely homo-
geneous on an atomic level — as a result, ener-
gy heterogeneities along the surface are formed.
Such lack of homogeneity is reason of the for-
mation of kinks, dislocations, and on a much lar-
ger scale corrugation, scratches, pits, grooves, etc.
This makes the surface "disordered” from a geo-
metric point of view, so it has two types of geo-

metric irregularities: on the atomic level and le-
vel, that is much bigger than 10 nm [7]. Superfi-
cial disorders and roughness are interrelated be-
cause the mechanically rough surface has a large
number of dislocations. Therefore, on polycrys-
talline solid electrodes (even on smooth ones) the
impedance is not purely capacitive. This is con-
nected with such effect as the double electric
layer frequency dependent capacitance formation
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named as "frequency capacitance dispersion", or
simply — a "capacitance dispersion”, which de-
pends on the geometry of the surface and its
roughness. Thus, the total impedance of the elec-
trode is the sum of the real and complex functi-
ons of the resistive and capacitive elements for-
med in the volume of the solution and on the elec-
trode/electrolyte interphase, respectively, the inter-
facial capacity become a frequency dependent.
Assuming a certain geometry of the electrodes (po-
rous [3-5] or fractal [6]), the CPE element is
often use to calculate this capacity. However, ac-
cording to [7] these calculations were to give in-
flated results which can not be used for inter-
preting the actually existing relationship bet-
ween roughness and the capacitance dispersion.
The second physicochemical explanation for the
occurrence of the capacitance dispersion is the
formation of a double electric layer (DEL) at the
electrode/electrolyte boundary with the atomic in-
homogeneities due the specific adsorption of ions.
The presence of such adsorption causes the dis-
tribution of the activation energy during kinetic
processes on the electrode surface [8-10]. The
relatively narrow distribution of the activation ener-
gy causes a wide distribution of reaction speed
constants (or time constants), because they con-
nected by the exponential relationship. This rela-
tionship gives a more pronounced frequency de-
pendence of capacitance [11]. This dependence
with combination of Kirgoff’s laws makes pos-
sible to use the principles of commutation [12—
14] for calculation of the impedance spectra of
batteries electrodes after changing surface geome-
try (mechanical destruction). So the purpose of the
current study is to obtain regularities between
the changing of the capacitance in time, the fre-
quency capacitance dispersion and the degree of
mechanical destruction of the electrodes of the
primary current sources.

EXPERIMENT AND DISCUSSION OF
THE RESULTS. We chose the new commercial
alkaline zinc-manganese batteries 6LR61, with a
voltage of 9.0 V as the samples under investiga-

tion. Such elements consist of the six primary cur-
rent sources, which are connected in series by a
sequential circuit. Each primary current source
has the form of the square tablet and consists of
a cathode — the mixtures of MnO, (pyrolusite)
with graphite (95 %) impregnated with an alka-
line electrolyte (mixtures of KOH and NH4CI)
and an anode — the powder metal zinc (fig. 1).

“electrolyte

En - C+MnO,

Fig. 1. Scheme of the elementary element.

According to the design of the elemen-
tary battery, the cathode with a current collector
(graphite) is inside of the tablet, and the anode is
on its surface. Therefore, the level of mechanical
destruction should change not only the electro-
chemical characteristics of a single source, but
also the chemical composition of the surface.
Thus, the nine-volt batteries are a good system
for investigating the effect of mechanical dam-
age on the electrochemical and chemical proper-
ties of these energy sources. Mechanical impact
on elements with varying degrees of depth and
area was made by force using a scalpel. Electro-
chemical impedance spectra were measured in
two electrode cells on an electrochemical modu-
le Autolab-30 PGSTAT302N Metrohm Autolab,
with FRA (Frequency Response Analyzer) in-
stalled in the range of 107°-10° Hz. Wrecking
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electrodes were further impregnated with 1M aqu-
eous solution KCI to ensure good contact during
measurements. Control of the FRA module was
carried out using the program Autolab 4.9 at an
amplitude perturbation signal of £5 mV with
further processing of the obtained results in the
package Zview 2.0. Calculations of the capacity
dispersion were performed using impedance spec-
tra in Bode coordinates based on the Zview 2.0
software package, using the formulas:

C(w) = ([Zw) - Z(w » ©)]w), (1)
where C(w) — dispersion of capacitance; Z(®) —
impedance data on preset frequency; Z(w—wx) —
impedance data on high frequency.

C= : 2
- Z2mf ] @
C — capacitance data on fixed frequency; Z’— data
of real part of impedance; f — frequency.

Photomicrographic images and chemical
composition of the surface were obtained by a
scanning electron microscope (TESCAN VEGA
3) with Bruker Company software, which is
used for determination the local chemical com-
position and building a “map” of distribution of
chemical elements on the electrodes surface.
The degree of the surface destruction of the ele-
ment was calculated by the ratio of the visual
area of the destroyed surface (Sg) to the total sur-
face area (Sy):

Sd
aq = — x 100 %. 3)
ST

During comparison of the impedance spec-
tra of elements with different degrees of destruc-
tion with their chemical composition and surface
photomicrographs were determined that the radii
of the semicircles of the spectra correlate with
the degree of surface destruction (fig. 2, 3). It was
found that the values of the capacitances calcu-
lated according to equation 2 are a function of
the radius of the semicircle of the impedance
spectra (table 1).

Fig. 2. SEM images of the elements surface.

Z" O
110 4

g

i

Fig. 3. EIS of the elements in the Nyquist plots,
numeration of samples according fig. 2.

Increasing of the capacitance and the de-
gree of the element destruction has an antibate
character.

The capacitance of samples is increased in
following way: Ne 2 > Ne 1 > Ne 4 > Ne 3, and the
degree of destruction is decreased in similar way:
Ne 3> Ne. 4> Nol> Ne 2. Thus, a decreasing of
the value of the capacitance is correlated with
an increasing of the degree of destruction of the
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Table 1l
The degree destruction and the calcula-
ted capacitance of the elementary elements

Sample og, %0 C F
1 5 1.34:10°°
2 7 1.28:10°°
3 25 7.46:10°°
4 85 9.94:10°°

electrode surface. The subsequent studies of the
chemical composition of the surface found that
the mechanical destruction of the electrodes le-
ads to a change in the Zn : Mn ratio, which had
changed the value of the capacitance (table 2).
The maximum value of the capacitance is rea-
ched at the ratio Zn: Mn = 2:1 and accorded
with the minimum destruction of the electrode
surface. The minimum capacity is observed in
sample Ne 3, which has the maximum concent-
ration of Manganese on the surface (Zn: Mn =
1:3) and the maximum degree of destruction
(fig. 2). That is, the destruction of the electrode
surface leads to a change in the ratio of Zinc and
Manganese. With strong volume destruction of
the sample, the number of Manganese increases

significantly. But the anode surface destruction

Table 2
Chemical composition of the samples surface,
mas. %

Sample [Zn] [ Mn] [C] Zn:Mn

1 45.29 21.32 33.39 2:1
+0.01 +0.03 +0.01

2 26.66 42.96 30.37 1:2
+0.01 +0.03 +0.01

3 17.46 46.92 35.62 1:3
+0.01 +0.03 +0.01
60.76 16.40 22.84 41

4 10.01 +0.03 +0.03 '

Fig. 4. SEM images and components “map” of
the samples: minimum (a) and maximum (b) of
the surface and volume destruction.

has influence, which comparable with volume de-
struction (sample Ne 4) (table 1, 2, fig. 4). So, the
capacitance is a function not only of the geome-
try of the surface, but also of its components com-
position. This gives grounds for its further use as
a test parameter for the assessment of the state
of art and the degree of destruction of the batte-
ries. It is possible to use a capacitance’s disper-
sion as a second test parameter to account for a
certain electrode surface geometry for increasing
the self-descriptiveness of the analysis [3-5]. Mo-
reover, the using of only this testing function le-
ads to high errors gaining, which allows it to use
only for qualitative evaluation of the electrode
surface [7]. Based on the exponential relation-
ship between the impedance value and frequen-
cy — dependent capacitance:
1

Zu =y Gy

(4)

Yo — frequency-dependent factor; n — level of
frequency dependence. With n—oo, the frequ-
ency dependence is increased. So, such depend-
ence gives reason to use imaginary part of im-
pedance as a concentrated parameter. It is me-
ans, that it is possible to consider the changes in
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the AC wavelength from the moment of its oc-
currence to a certain point in time as function
of the impedance of the system in the assign
frequency range. Then, based on Kirchhoff's
circuit laws, the dependence between changing
of the capacitance, current and voltage will be
looking as:

duc 1 i i 1
= —1l, + 14 + - .
( 2 1 ]) C(—:g+l2 +])

To solve this equation at different time in-
tervals we suggesting to use Duhamel's integrals:

it ¢

()

for the interval 0 <t < t;:
uc(t) = fy ae™ Py (v)de; ®)
for the interval t; <t < t,:
uc(t) = fotl ae~ "Dy, (t)dt + Auy % (1-
— gmalt=t)y 4 ffl ae~ Dy, ()dr;  (7)

for the interval t > t,:

uc(t) = fotl ae~ Dy, (1)dt + Auy % (1-

— emalt=t)) 4 fttf’ ae™ "Dy, (t)dt —
(8)

So, if impedance spectra of samples sepa-
rate into three frequency zones, which satisfied
for such mathematical conditions, it has been ob-
tained an integral picture of the sample. Moreo-
ver it can be possible to register the surface
changes of the destroyed electrodes using this
method. For obtaining EIS images the capaci-
tance value and capacitance dispersions calcu-
lated in the three frequency ranges: 10°~10" Hz,
10%-10* Hz and 10*-10° Hz, after that, the ob-
tained value was used for building contour dia-
grams in coordinates: capacitance means value,
dispersion of capacitance and frequency. So, the
obtained picture gives the ability to trace the la-
yer-by-layer change of the electrical parameters
of the research objects and to establish the inter-

— Au, —R(ae‘a(t‘tZ)) .

nal structure of the electrode/electrolyte bounda-
ry. That is, according to existing ideas [15], such
dependence falls under the signs of a tomogram.
Also, the comparison of the obtained diagrams
with photomicrographs showed the correlation
between them. The general appearance of the ob-
tained diagrams repeated the contours of surface
damage (fig. 5). It is fixed a presence of sections
with local concentrated deviations from the total
distribution of capacity in the specific frequency
range in the case of deep damage of the samples
on the obtained diagrams.

Moreover, the ratio of the capacitance
values (Cp) and the dispersion of the capacitan-

EIS image Ne 1
- y

SEM image Ne 1

SEM image Ne2
- 3

EIS image '~ Ne3

&

EIS mage '™ W4

SEM image N g

Fig. 5. Photomicrographs of samples surfaces (SEM
images) and integral diagrams of capacitance chang-
es on their surface (EIS images).
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ce (Cy) are correlated with the component com-
position of the surface of the destroyed samples
(table 2, fig. 4, 5). Thus, these diagrams can be
used to estimate the type of damage to the elec-
trodes of chemical current sources.
CONCLUSIONS. The results of the cur-
rent study show that the changes in the capaci-
tance and dispersion of capacitance of destroyed
primary Zn—MnQO; batteries in wide frequency
range is a function not only of the geometry of
the surface, but also of its chemical composition
of the surface. The using of the second frequen-
cy-dependent value (dispersion of the capacitan-
ce) as a concentrated parameter allowed the ap-
plication of the principles of the electric current
commutation to register the layer-by-layer chan-
ges of the destroyed electrodes and obtained a
visual picture of the quantitative and qualitative
changes of the destroyed samples. The images gai-
ned through calculation of the impedance spec-
tra have a strong correlation with SEM images.
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BUABJIIEHHA MEXAHIYHUX [TOHIKOU-
XKXEHb TIEPBUHHUX Zn-MnO, XIMIYHUX
JUKEPEJI CTPYMY CIIEKTPOCKOIIIEIO EJIE-
KTPOXIMIYHOI'O IMIIEJAHCY
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PesynpTatn mpoBeneHUX AOCIiIKEHb MOKa3a-
T, 110 3MiHA CepPeJHbOT EMHOCTI 3pyHHOBaHUX eJie-
KTPOJiB XIMIYHHUX JKEpell CTpyMy B 4Yaci € (yHKIIi-
€10 HE TUILKHA reOMeTpil MOBEpXHi, a U il KOMITOHEH-
THOTO CKJIaay. MakcHUMallbHe 3HA4YEeHHS CeperHbOl

€MHOCTI JTOCSTA€EThCS TIPH CIiBBigHOMEHHI ZN:Mn =
2:1 Ta MiHIMaNBHIA 3pYHHOBAHOCTI MTOBEPXHI €JIEKT-
poma. MiHiManbHa €MHICTP Ma€ MaKCUMAalIbHy KOH-
LEHTpAIlil0 MapraHup Ha mnoBepxHi (Zn:Mn =1:3)
Ta MakCHMANbHUI CTyMiHb 3pyHHOBaHOCTi. ToOTO
pyHHYBaHHsI MOBEPXHi €NEKTPOMAIB MPUBOIUTH 0
3MIHH CHIBBITHOIICHHS IUHKY Ta Mapradio. [Ipu
CHWJIBHOMY pyWHYBaHHI MOBEPXHI KiJTbKICTh MapraH-
L}0 3HAYHO 3pocTae. BukopucranHa opyroi 4acToT-
HO-3QJIC)KHOI BEIMYHUHU (AHCTIEpCii EMHOCTI) B SIKO-
CTI 30CEepemKEHOro mapameTpy A03BOJIUIO 3aCTOCY-
BaHHS NPUHIMIIB KOMYTallii eJIEeKTPUYHOTO CTPY-
My JUIS peecTpalii MomapoBoi 3MiHH €MHOCHUX Xa-
PaKTEepUCTUK 3PYyHHOBAaHUX €NEKTPOIIB Ta OTPH-
MaHHS HAa0YHOI KAapTHUHHU KIUTBKICHUX Ta SKICHHX
3MiH, MO BiAOYBAaIOTHCS B pe3yNbTaTi pyWHYBaHHS.
3araJibHUI BUTTISIL OTPUMAHMX JiarpaM BiATBOPIOBAB
KOHTYpH IOIIKO/KEHb MOBEpXHi. Y pasi TIMOOKHX
MOIIKO/DKEHb Ha Jiarpamax CIOCTEPIraeTbCs HasiB-
HICTh JUISHOK 3 KOHIICHTPOBAaHMMH BiJIXWUJICHHSIMHU
Bil 3arajlkHOrO PO3IOMITY B Yaci MOKa3HHUKIB €M-
HOCTi. OT)Xe, OTpUMaHa KapTHHA Ja€ MOXKIHUBICTbH
BIJICTE)XYBaTH TMOMIAPOBI 3MiHH ENEKTPUYHUX Mapa-
MeTpiB OO'€KTIB JOCHiKEHHS Ta BCTAHOBIIOBATH
BHYTPILIHIO CTPYKTYpYy MeXi eJeKTponaa/eneKkTpo-
nity. ToOTo, 3rigHO 3 ICHYIOUHMH iJesIMH, i Taka 3a-
JICOKHICTh MiJNAJae ]l O3HaKu ToMorpamu. Ta-
KO TIOPIBHSHHS 00pOOJIeHNX JiarpaM 3 MiKpohoTo-
rpadisiMi TOKa3ajo KOpEJLilo MK HUMH. 3arajib-
Ha XapaKTepUCTHKA OTPUMAaHHUX JiarpaM HOBTOPH-
Ja KOHTYpH IIOBEPXHEBOIro nmoukopkeHHs. Ha one-
pKaHUX Jiarpamax TakoX (IKCyeTbCsi HasBHICTD
CEeKIi 3 JIOKAIbHUMH KOHIEHTPOBAHUMHU BiJIXH-
JICHHSIMH BiJ] 3arajibHOTO PO3IO/Iy EMHOCTI Y KOH-
KpEeTHOMY [ialla30Hi 4acToT y pasi riamboKoro mo-
LIKO/DKEHHS 3pa3KiB.

KnrwouoBi cxoBal mepBUHHI XiMiYHI JpKepera
CTPyMy, €IEKTPO/IN, MEXaHIYHe pyHHYBaHHS, CIICKT-
POCKOIIisS IMIENAaHCy, JUCIEPCiS EMHOCTI.

OBHAPYXEHUE MEXAHUYECKUX IIOBPE-
KIEHUI TIEPBUYHBIX Zn-MnO, XUMUYE-
CKMX HUCTOYHHUKOB TOKA CIEKTPOCKO-
[UEN SJIEKTPOXMMUYECKOI'O UMIIEJIAHCA
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[IpoBeneHo wccrnegoBaHUE MEXaHHYECKH I10-
BPEKACHHBIX DJICKTPOJIOB MEPBUYHBIX XUMHUECKHX
HCTOYHMKOB TOKA C HCHOJIb30BAHHEM CIEKTPOCKO-
UM 3JCKTPOXUMUYECKOTO HMMIIENaHCa, CKaHHPYIO-
el SNEeKTPOHHOH MHKPOCKONMHMU W 3IIEMEHTHOTO
aHaNM3a MOBEPXHOCTH. DKCIEPHUMEHTAIBHO JJOKa3a-
HO, YTO U3MEHEHHE CpeTHEeH eMKOCTH Pa3pyIIeHHBIX
3NIEKTPOIOB BO BpEMEHH ABIseTCs (YHKLIUEH He
TOJIBKO T€OMETPHU MOBEPXHOCTH, HO U €€ KOMIIO-
HEHTHOTO cocTaBa. HalizeHa Koppemsauus MexAy
MUKpodoTorpadusIMH MOBEPXHOCTH U TPOWHBIMHU
KOHTYPHBIMH JHarpaMMaMH CKOPOCTH HW3MEHEHHS
€MKOCTH, IUCTIEPCUH EMKOCTH M YaCTOTHI.

KniouyeBb € cJ0Ba: NepBUYHBIH XUMUYe-
CKMIl HCTOYHHUK TOKA, DJIEKTPOJbI, MEXaHHYECKOe
MOBPEXKICHUE, CIEKTPOCKONMS HMIIEIaHCa, JIHC-
Mepcust €MKOCTH.
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