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Abstract. Modeling of the processes at the electrolyte—electrode interface by the application of electrical excitations is of great
importance in electrochemistry. Straightforward and simple estimation of the parameters of double layer and charge transfer
processes allows optimization, while increasing demand for the analysis of complex processes requires improvement of existing
methods and establishment of new ones. Based on previous studies of electrochemical behavior of copper sulfide minerals, an
electric analog is introduced and also a mathematical model is derived for potentiostaticexcitation of these systems by a Dirac pulse.
The obtained analytical results are compared to experimental data and to the dataobtained by computer simulation. A computer
system for pulse generation and the monitoring of the response is developed in the LabVIEW programming environment, and applied
to real systems. High matching level between the model and the results is achieved by the proper choice of model parameters, which
confirmed the proposed model and enabled possible further research within the fast and simple experiments with low number of
experimental runs.
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AnHoTauufA. MojenupoBaHHE NPOIECCOB Ha TPaHHIE pa3jela dICKTPOIMT-3IEKTPO NMyTeM NPHMEHEHHS 3NEKTPHYECKOro
BO30y#K/IcHHA HMEET DOMBIIOE 3HAUCHHE B 3NEKTpoXxuMHH. HeobXonuMocTs onTHMH3AIMH OLEHKH MapaMETPOB ABOHHOTO Mpolecca
NEepeHoca 3apsja M YPOBHM, a TAaKkKe YBEIHUCHHE CIOpOca Ha AHAIM3 CIOKHBIX IMPOLECCOB TpeOdyeT COBEPILCHCTBOBAHHS
CYIIECTBYIOIINX HCO3JaHHA HOBhIX MeT0A0B.OCHOBBIBASCh HAa MPEIBLIIYIIHX HCCAEIOBAHMAX 3IEKTPOXMMHUECKOTO MOBEIEHUS
MHHEpanoB cylb(Haa MeaH, Oblla MoayucHa MaTeMaTHYecKas MOJEIb MOTEHIHOMETPHYECKOTO CEHCOpa MpPH BO30YKACHHH 3THX
cucTeM HMnynbcoM Jlupaka. AHAIHTHYECKHE pe3YIbTAThl B CPABHEHHH C SKCIIEPHMEHTAIbHBIMH JAHHBIMH M JaHHBIMH,
MNOIYUYEHHBIMH MPHKOMIBIOTEPHOM MOJSTHPOBAHHH, MOKA3alH CXOAHBIH pesynbraT. KoMneioTepHas cHMcTeMa TeHEPHPOBAHUS
HMIY/IbCOB H MOHHTOPHHTA OTKJIMKA CUCTeMBI Oblna paspabotaHa B nporpammuoii cpene LabVIEW mu npumensercs B pealbHBIX
TEXHHYECKHX cHCcTeMaxX. Bbicokuii ypoBeHb COOTBETCTBHS MEWKAY MOJEIbIO H PE3yIbTATAMH JOCTHrAacTCA MPH COOTBETCTBYIOLIEM
BbIDOpE MapaMeTpoOB MOZEINH, YTO IIOATBEPHIACTCS aIeKBATHOCTHIO MOIEIH H JEIaeT BO3MOKHBIM J@lbHEHIICe HCCISOBAHHE TIPH
NPOBEJEHHH NIPOCTBIX 3KCIEPHMEHTOR C MAllbIM KOJIHYECTBOM OIBITOB.

KiaoueBnie cJ1oBa: MaTCMaTHYCCKad MOICIb, KOMIIBHOTEPHOE MOJCIHPOBAaHHE! HMIIYILCHOC BO 36y7i{£[€[-[}‘]i3;
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AHoTanis. MogemoBaHHs [OpoLEciB Ha TPaHMIl PO3AiNY ETeKTPOIIT-€NeKTPo] UUISXOM 3acTOCYBaHHS EIEKTPHYHOTO
30yAsKeHH Ma€ BEIMKE 3HaucHHS B enekrTpoximil. HeobxianicTe onTmmisauil omninku mapameTpie nojsiiiHoro mpouecy IepeHocy
sapsaay i piBHA, a TAKOX 30UTBIICHHS MOMUTY HA aHATI3 CKIAJHHX NPOLEciB BUMArae BJOCKOHAIIOBAHHA ICHYIOUHX i CTBOpEHHS
HOBHX METOMIB. [pyHTYIOUNCE Ha MOIEPEeIHIX JOCTIUKEHHAX eIeKTPOXiMIYHOT MOBe1iHKH MiHepanis cynbdiny Mini, Oyra oTpumaHa
MaTeMaTH4YHa MOJIE/Ib MOTEHIIOMETPHYHOTO CEHCOpa NpH 30yMKEeHHI LHMX cHcTeM immynbcom Jlipaka. AHamITHYHI pe3yIbTaTH B
NOpIBHAHHI 3 EKCIICPHMEHTAIBHHMH JaHHMM H JaHHMH, OTPHMaHHMMH IPH KOMII'IOTEPHOMY MOJEMIOBAHHI, TOKa3amH moibHmHil
pesyasTar. KoMn'toTepHa cHcTema reHepyBaHHS IMOYIILCIE | MOHITOPHHTY BIAKIHKY cHCTeMH Oyna po3pobieHa B NpOrpaMHOMY
cepenopunti LabVIEW i 3acrocoByeTbcs B peajbHMX TEXHIYHMX cHcTemax. BuHcokuii piBeHb BiANOBIIHOCTI MK Momenmo i

e

pesyibTaTaMH [OCATAcThCA INPH BiANoBiZHOMY BHOOpI mapaMeTpiB Mojeni, W0 MiATBEp/UKYETbCH aAeKBaTHICTIO Mogemi ii
YMOJK/IHBITIOE NOAANBIIE AOCTUKEHHS MPH MPOBEICHHI MPOCTHX EKCIIEPUMEHTIB 3 MA/IOI0 KLIBKICTIO €KCIIEPUMEHTIB.

K.110uoBi cl1oBa: MatemMaTHuHA MOJIENb; KOMIT IOTEPHE MOJIENIIOBAHHS; IMITY/IbCHE 30Y/KEHHA; eNeKTPoXiMiunmil ceHcop

magnitude of ohms). The capacitor Cg (usually in order
Introduction of magnitude of mF) corresponds to the capacitance of a
double layer for medat the electrolyte—electrode
phaseboundary. The resistors R| and R, (usually in order
of magnitude of tens of Q), as well as capacitors C,
(usually in order of magnitude of mF) andC, (order of
magnitude of F) are related to the slow adsorptionand
solid-state diffusion processes, respectively (if the
diffusion processes could not take place, EEC would not
contain the C, - R; branch). When capacitors or batteries
are charge dand the nlef to no pen circuit, a certain
degree of self-discharge can set in depending on the
. . . chemistry and electrochemistry of the system [8]. R; is
results obtained ~using standard or ~ modified the resistance of self-discharge, thus reciprocallyre lated

electrochemical techniques are p Ub].lShed. carlier [4,5]. to the leakage current. Its value is in order from hundreds
The EEC response to the potentiostatic pulse was
of Q to several kQ.

practically the same as the response of real
electrochemical systems. Similar EEC is used by some
other authors [6].

Based on the determined EEC, a completely new
technique for investigation of electrochemical systems is
introduced. This technique uses so-called Dirac pulse.
Dirac pulse is a short potentiostatic excitation of high
intensity, widely used in different kinds of physical
systems analysis [7].

Pulse excitation has been used in electrochemical
technologies for a long time, but also in the
electrochemical research process itself [1]. Using the
computer modeling, optimization and process control,
this research area has experienced recently a large
expansion [2]. During several years of research of
electrochemical systems, such as supercapacitors, an
equivalent electrical circuit (EEC) has been determined
by the authors of the paper for copper sulfide (Fig.1) [3].

Mathematical analysis of the EEC and experimental

System analysis

System excitation by voltage short pulses (Fig. 2a) is
called the Dirac excitation. For the EEC of the
electrochemical system presented in Fig. 1, a short
potentiostatic pulse (usually far from equilibrium) and
subsequent for cedrelaxation to war dpreviously
registered open-circuit potential, the theoretical response
R3 of the system (in this case current) is as shown in Figure

M ———— 2
A AM—-MA—] B

‘ R1 c1 l_—.
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Fig. 1. Equivalent electrical circuit for observed class of
electrochemicall systems

The resistor Ry fits electrically the ohmic resistance of
electrolyte and electrode material (usually in order of
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Fig. 2. Excitation (a) and corresponding response of the
EEC (b)

Curves in Fig. 2 can be described by the following:

E
==t 1
TR (D
instant charging current;
E
Ly=———, @
Ry + Ry

quasi-stationary charging current (current plateau on the
curve for extremely short pulse duration);

B Uclﬂ
R+ Ryy; 1

instant discharging current, where:

Iy= (3)

RIRERJ
R\Ry + RiRy + RyR;

Ry = 4)

equivalent resistance of R;, R, and R; in parallel
connection;

_ RyRy R,
RyRy + Ry Ry + Ry Ry

Ryns (5)

equivalent resistance of Ry, R, and R; in parallel
connection;
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I,At R,
=2 : (©6)
initial discharging voltage of capacitor C;
I, = S , (7)
7 Ry + Ry
quasi-stationary discharging current;
R
Ry = ®)

CRy+Ry
equivalent resistance of R; and R3 in parallel connection;

LAt R

" C, R+R,’ &
initial discharging voltage of capacitor C,;
7 =(R +Ryps)-C,. (10)
time constant of the first discharging phase;
7, =(R, +Ry3)- G, (11)

time constant of the second discharging phase.

In Eq. 3 R, is in series with equivalent resistance of
Ry, R, and Ry in parallel connection, defined with Eq. 5,
because Eq. 3 describes the system immediately after
switching off if the Dirac pulse.

Based on these expressions, EEC parameters can be

£

easily calculated as follows: R, =
I,

From Fig. 2b the values of I, I, I}y, L5, 7 and 1, can be

read easily to solve the following system of equations:

I YV .
0 (RI +R023)C1 R +R, ’
—I,At R
L,= 2 L 14
2 (Rz +R03}C2 R +R, o
E
Ryy=—-Ry, (15)
I,
7 =(R +Ryp3)C (16)
7, =(R; + Ry3)C, (17)

Base don’t he given analysis, the parameters of the
electric circuit can be determined, and consequently the
physical parameters of the process [9, 10],
whichareessentialfortheunderstandingandthecontrolofelec
trochemicalreactionsintheanalyzedsystems.

Experimental

Several experiments have been performed with this
method and it was found applicable for the rapid
characterization of electrochemical systems. The
experiments are performed using an electrochemical test
system supported by PC and LabVIEW software package
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[11]. Interface and application software have been
developed by authors [12]. A specimen of natural
mineral chalcocite from Bor copper mine (Serbia) was
used as working electrode in a standard three electrode
electrochemical cell. Saturated calomel electrode served
as reference, and a platinum sheet used as a counter
electrode. All experiments are performed at room
temperature.

Figure 3. shows a panel with controls for setting the
intensity (E,) and duration of the voltage pulse (tp),
previously determined open-circuit potential (Eoc) and
total time (trec), as well as the indicators of actual values
(E, t, Periode and 1), with an real-time graphical
representation of i =f{¢).

Fig. 4.shows a diagram of the application software in
G language of LabVIEW.

 teld] 10 EM
‘s - {0171
| . ths]
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EM = o l i[ma]
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g 2
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Timet [3]

Fig. 3. Dirac potentiostatic excitation control panel

=]
L
% lzmib DAQ Assistart2
B‘ ] IF block =2
[
Fig.4.LabVIEW application diagram
The WHILE loop (gray-framed) defines the

excitation signal (Dirac pulse at the output of DAQ
Assistant2) and at the same time acquires current
response data (DAQ Assistant). In one iteration of
WHILE loop the value of the current is measured 100
times repeatedly, and then the mean value of the
measurements is calculated by the block MEAN (discrete
i—t pair). Software correction of the gain (multiplication
constant of 0.911) and offset (subtraction constant 0.088)
are incorporated to compensate real parameters of the
interface. The resulting mean current value is displayed
on the front panel (indicator ifmA] and the diagram on
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the Waveform Chart) and simultaneously that value is
written in the current column of the ASCII table of
measured values. The time populates the first column of
the table with a resolution of typically 5ms (duration of
one WHILE loop cycle, can be set in DAQ Assistant).
This means that the instant time in the loop is obtained
by dividing counter variable by 200. Execution of the
WHILE loop is repeated until the recording set time
(trec) is reached. The pulse duration is set by the
LabVIEW control, tp. Meanwhile, the intensity of the
potential pulse, E,, is set at the output of the IF block. It
is superimposed to the previously measured open circuit
potential value, Eyc, multiplied by the correction gain
1.009 and led to the output via DAQ Assistant2. As t, is
spent, the output of the IF block is set to 0V and the open
circuit potential value, Egc, is at the interface output,
during trec period.

As an example, Figure 5 shows the response at Dirac
pulse of 100 mV for the working electrode of copper
sulfide, i.e., mineral chalcocite (Cu,S), in a solution of
IMH,SO+0.01MCuSQO,; with 0.1 s of excitation
duration, for short time (charging phase).

11 4
9 _
= 7 -
E s
- 3
1
1 . —
-0,03 0,02 0,07 0,12
t[s]

Fig. 5. System response at Dirac voltage pulse: charging
phase

Using the described method, following parameters of
the equivalent circuit are obtained:
R,=10.502, R,=17.1Q), R,=33.1Q, R;=153.5Q2, C,=0.2F,

C=32.2F.

These results are in accordance with the values that
have been registered on the same system using other
methods which would require a much longer time of
excitation [5]. Therefore, the main advantage of the
method based on the Dirac voltage excitation is very
short period of pulse duration, and thus a negligible
degradation of the electrode material.

Conclusions

Analyzing the electrochemical system analog circuit
upon Dirac potentiostatic excitation and comparing the
calculated results with the experimental ones, the
possibility of determination of the process parameters by
described method is presented. Definition of the
parameters of equivalent electrical circuit allows the
analysis of the electrochemical behavior of the system.
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Dirac potentiostatic excitation allows to obtain these
parameters by a fast and reliable experimental procedure.
Even more, ohmic resistance can be also obtained
directly, which otherwise requires dynamic excitation of
the system. Experimental results obtained by testing an
extensively investigated system proved that the
parameters obtained by Dirac potentiostatic pulse method
and those gained by other more complex, expensive and
rather long-term methods (for example EIS) do match.
Also, there is a possibility to calculate the equivalent
circuit parameters from system response at Dirac
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