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Measurement of the specific surface area
of loose copper deposit by electrochemical
methods

In the work the surface area of the electrode with dispersed copper deposit obtained
within 30 seconds was evaluated by techniques of chronopotentiometry (CPM) and impedance
spectroscopy. In method CPM the electrode surface available for measurement depends on the
value of the polarizing current. At high currents during the transition time there is a change
of surface relief that can not determine the full surface of loose deposit. The electrochemical
impedance method is devoid of this shortcoming since the measurements are carried out in
indifferent electrolyte in the absence of current. The area measured by the impedance is tens of
times higher than the value obtained by chronopotentiometry. It is found that from a solution
containing sulfuric acid the deposits form with a high specific surface area. Based on these data
it was concluded that the method of impedance spectroscopy can be used to measure in situ the
surface area of the dispersed copper deposits.

Key words: current, chronopotentiometry, loose copper deposit, depletion factor, impedance
spectroscopy.

E. A. lonmaToBa, A. B. Ilatpymes, T. H. Ocrannna

M3MepeHue yaenbHON NOBEPXHOCTU PbIXOro
ocagka Megu 3N1eKTPOXMMUYECKUMU MeTogaMu

B pabote npoBegeHa oLeHKa MIOWAAM MOBEPXHOCTW 3MEKTPOAA C AUCMEPCHbIM 0CAAKOM
Mefy, NONYYeHHbIM B TedeHmre 30 cekyHA MeTogamu XpoHonoTteHumuomeTpim (XMM) v nmnegaHcHoi
cnektpockonun. B metoge XMM noBepxHOCTb 3neKTpofa, AOCTYNHAS ANs U3MEPEHWs, 3aBUCUT OT
BE/IMUMHBI MONAPK3ytoLero Toka. Mpu 60nbluMx ToKax B TEYEHWe NepexofHOro BPEMEHN Mpowuc-
XOAWUT M3MeHeHMe penbeda NOBEPXHOCTH, YTO He MO3BOMSIET OMPEeLeNnTb MOJHY MOBEPXHOCTb
pbixnoro ocagka. MeTog 3neKTPOXMMMYECKOro MMMeAaHCa JINLLIEH 3TOr0 HeAOCTaTKa, Tak Kak u3-
MepeHus NPOBOAATCA B UHAMGEPEHTHOM 3NIEKTPONUTE B OTCYTCTBME ToKa. Mnowaas, M3mepeH-
Has METOLOM WMMefaHca, B [eCATKM pa3 NpeBbillaeT 3HaYeHUs!, NoyYeHHbIE METOOM XPOHOMO-
TEHLMOMETPUU. YCTaHOBNEHO, YTO U3 PAcTBOPa, COLEPXALUEro CEpHylo KUCIoTy, hopMUpyloTCs
0CafKy C BbICOKOM yAenbHOM NOBEPXHOCTbI0. Ha 0CHOBaHUM MoyYeHHbIX AaHHBIX CAENaH BbIBOA,
4TO METOZ, MMMEAAHCHON CNEKTPOCKOMMM MOXET BbiTb 1CMOb30BaH A1 U3MEPEHNs in Situ niolua-
[V NOBEPXHOCTY ANCMEPCHBIX 0CAKOB MeaM.

KnioueBble cnoBa: TOK; XpOHOMOTEHLMOMETPUSA; 0CAfoK CBOOGOAHOM Meau; Ko3dduumeHT
MCTOLLIEHNS; MMMEOAHCHAA CNEKTPOCKOMNMS.
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Introduction

Copper powder is widely used in pow-
der metallurgy, mechanical engineering,
aviation, chemistry, electrical engineering
industry. The production of copper pow-
ders was based on a process of electrore-
duction of copper ions from aqueous so-
lutions at currents exceeding the limiting
diffusive current. A feature of the process
is the joint discharge of metal ions and
hydrogen. The hydrogen evolution occurs
so rapidly that the hydrogen absorption
causes the «navodorazhivanie» of copper
surface, affecting on deposit properties.
The bubbles of gas shake the electrolyte in

The experimental part

To study the reduction process of cop-
per ions the electrolytes were used:

1 -0.12 mol/l CuSO, + 1 mol/l H,SO,

2-0.12mol/l CuSO, + 1 mol/INa,SO,.

Polarization measurements were car-
ried out using an electrochemical test
system AutolabPGstat 302N. The work-
ing electrode is a copper pin 1.5 mm in
diameter with a working surface area S =
0.471 cm? The counter electrode is made
of copper foil. The potential was meas-
ured relative to unpolarized copper elec-
trode in a suitable solution.

The dendritic copper deposits were
obtained under galvanostatic conditions
if the setting current (I) exceeds the value
of the limiting diffusion current on the
smooth surface of electrode (Id) to K, =
6 times. The concept of the depletion fac-
tor was introduced by A.V. Pomosov [1]
to determine the depth of the diffusion
limitation of the discharge process of
metal. The deposit was obtained within
30 seconds to development of the surface
was not very large. During electrolysis the
amount of evolved hydrogen was meas-
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the electrode space, thus affecting the pa-
rameters of the electrode reaction.

The study of the electrode processes
mechanism at high current densities is of
particular interest However to solve this
problem it is necessary to know the elec-
trode surface area with disperse deposit
on which electrochemical processes take
place.

The aim of this study was the choice
of the electrochemical method of deter-
mination in situ of electrode surface area
with dispersed copper deposit.

ured for this burette with a funnel on the
end was set above the electrode.

To determine the electrode surface
area with a loose deposit (S, ) chronopo-
tentiometry method at a constant current
was used [2]. Previously on the smooth
electrode chronopotentiograms series at
different currents were shooting (Fig. 1)
and a transition time (t) was defined on
them. In the investigated solutions the de-
pendence of the current density (i) has a
linear character [3]:

iNt=A—B-i, (1)
where A and B are empirical constants
whose values are determined by the anal-
ysis of experimental data (Tabl. 1).

Table 1
The coefficients A and B values
Solution 1 Solution 2
A, A-s"?/m? 637.711 466.6
B, s'? 0.369 0.168

After electrolysis the electrode with
the dispersed deposit was kept in the so-
lution for 10 minutes to restore concen-
tration of the copper ions at the electrode



surface. Then chronopotentiogram take
off and the area of the electrode with the
precipitate S, [2] is determined on tran-
sition time value taking into account the
constants A and B:

1(«/5 +B) o)

Siep = 1 .

When determining the surface area
of the electrode with the deposit by im-
pedance spectroscopy the measurements
were carried out in a solution of 0.5 mol/l
Na,SO, with the aid of electrochemi-
cal station Zahner IM6 in the frequency
range from 1 Hz to 500 kHz. As the refer-
ence electrode a saturated silver chloride
electrode was used, the counter electrode
was a platinum plate. Impedance spectra
were recorded on a smooth electrode and
on the electrode with loose deposit.

Experimental impedance hodographs
were approximated using the equivalent
circuit (Fig. 2), which Canadian scientists
previously proposed [4] to simulate the
behavior of porous electrodes.

When analyzing of the electrode im-
pedance with a loose deposit the cir-
cuit elements had the following physical
meaning: R, is the solution resistance in
the cell; C is the capacity of the electri-
cal double layer at the front of deposit
growth; resistance R, and constant phase
element CPE are resistance and distrib-
uted capacitance within the layer of loose
deposit. The schema options were selected
using EC-Lab.

Results of the experiments

1. Determination of the electrode sur-
face area with the disperse deposit by chro-
nopotentiometry method
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Fig. 1. Chronopotentiograms obtained on a
smooth electrode in solution 1 at different

currents.
The current values, A: 1 - 0.01; 2 - 0,012;
3-0.017
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VAVe I
R2 CPE

>

Fig. 2. The equivalent circuit of the electrode
impedance with a loose deposit

Using the values of parameters of
the equivalent circuit was calculated ca-
pacitance of the double layer of smooth
electrode (_fsm and the electrode with the
deposit C 4o £TOM the value (_fsm the spe-
cific capacitance CSp was measured con-
sidering the surface area of a smooth
electrode S_ [2]:

C
C — sm‘ 3
S (3)

The surface area of loose deposit
(Sdep) was determined as the ratio of the
electrode capacity with deposit to the spe-
cific capacity of the electrical double layer:

_ Tdep
Sip = ()

p

Loose copper deposit is a complex
structure consisting of a large number of
branched dendritic particles. To deter-
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mine the electrode surface area with the
deposit chronopotentiograms were re-
corded at different currents. At the same
time with an increase in current the meas-
ured surface area increased (Fig. 3). This
fact can be explained by fractal properties
of dispersed deposit: the thickness of dif-
fusion layer is reduced with growth of the
current and all finer details of the surface
relief of loose electrode are available for
the measurement. The dependence of the
electrode surface area with the deposit
from the current value was observed in
both the investigated solutions. At high
currents the transition time was not pos-
sible to measure due to changes of surface
deposit in the process of record of chro-
nopotentiograms.

To quantify the deposit dispersion the
coefficient of the surface development k =
=S dep/S (S is smooth electrode surface
area) was calculated (Table 2). It is found
that within 30 seconds of electrolysis the
surface area of loose copper deposit in so-
lution 1 with sulfuric acid is higher than
in solution 2 with sodium sulfate.

Values S, ~and k measured at high
currents are shown in Tabl. 2. These re-
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Fig. 3. Current influence on the surface area
of a disperse copper deposit measured by
chronopotentiometry method.
Deposits of copper obtained by K, = 6 from
solutions 1 (¢) and 2 (OJ)
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sults indicate the surface development
during copper deposit growth. However
the dependence of results on the current
magnitude in the measurements shows
the impossibility of measuring of the en-
tire electrode surface with a loose deposit

using the method chronopotentiometry.
Table 2
The values of the copper deposits surface
area measured by chronopotentiometry

method
Solutions
Parameter
Solution 1 Solution 2
Sy 10°, m? 1.56 1.25
3.32 2.65

2. Determination of the electrode sur-
face area with the disperse deposit by im-
pedance spectroscopy method

Comparison of experimental and cal-
culated impedance spectra (Fig. 4) shows
a good approximation.

The results of calculating the value of
surface area on the equations 3-4 are pre-
sented in Tabl. 3.

The area disperse deposit measured by
impedance is higher in ten times than the
value obtained by chronopotentiometry
(Tabl. 2).

Im, Om
-
Y

-0.8

0.4

2 3 4 5 6 7
Fig. 4. The impedance spectrum of copper
deposit obtained in solution 1. Markers are
experimental data, line is approximation
according to the accepted the equivalent
circuit



From a practical point of view such
characteristic as specific surface is a very
important S_=S, /m,p.

Table 3

The values of the copper deposits
surface area measured by by impedance

spectroscopy
Solutions
Parameter
Solution 1 | Solution 2
S 104 m? 20.825 6.348
dep
k 44.214 13.478
Current efficiency 0.78 0.23
m-10% g 2.73 0.62
Ssp, m*/g 5.921 2.337

The weight of the deposit was deter-
mined by Faraday's law:

A
Clt-Ce  (5)

m, =
de
¢ zF

where A_ is atomic weight of copper, ¢
is time of electrolysis, I is current; Ce_, is
current efficiency of copper.

In the obtaining of copper disperse
deposit on the electrode the reactions of
reduction of the metal and hydrogen si-

Beepenne

MenHBIil TOPOLIOK HOCTATOYHO IIV-
POKO IIPUMEHSIOT B IIOPOLIKOBOI MeTaI-
YPIUM, MAIMIMHOCTPOEHNM, aBMALNI,
XUMMNH, 9MeKTPOTEXHIYIECKO IIPOMBILI-
nenHocTH. ITonydyeHye MeRHBIX MOPOLI-
KOB OCHOBAaHO Ha IIpOIlecce 3IeKTPo-
BOCCTAHOBJIEHSI IOHOB Me[Ji 113 BOZHBIX
PacTBOpOB IpM TOKAaX, MPEBBIMIAIONINX
npenenpHblil Aud¢ysuonnsiii. Ocoben-
HOCTBIO TIPOLlecca SIB/ISeTCs] COBMECTHBIN
Paspsif MOHOB MeTaslIa M BOFOPOfA. Bbl-
[ieTleHyie BOJOPOfa IIPOVCXOAUT HaCTOIb-
KO MHTEHCUBHO, YTO BBI3BIBaeT HABOJO-

multaneously take place. By the volume of
evolved gas in the electrolysis process the
current efficiency of hydrogen was deter-
mined and then the current efficiency of
copper was calculated:

v F

Cecu: - >
9, It

(6)

where V "2 is the hydrogen volume,
brought to standard conditions, Sg is mo-
lar volume of gas.

The conducted research has shown
that when using a solution containing
sulfuric acid the copper disperse depos-
its with high surface area form (Tabl. 3).
When electrodeposition from a solution
with sodium sulfate less branched parti-
cles form as evidenced by the significantly
lower surface area of the deposit and by
low specific surface.

Based on these results we can conclude
that the method of impedance spectros-
copy allows to measure the surface area of
the copper disperse deposit in situ with a
high degree of reliability.

In russian

paXUBaHMe IIOBEPXHOCTM Mefy, BAUAL
Ha CBOJicTBa ocajika. Ero myswIpbku Ie-
peMelIBaIOT 3MEeKTPOIUT B IPUIJIEK-
TPOJHOM IIPOCTPAHCTBE, TEM CAMBIM BO3-
IeVICTBYs Ha XOJ, 37IeKTPOHOI peaKIuu.
Oco0bl1il MHTEpEC MPENCTABISET UC-
C/lefloBaHMe MeXaHM3Ma 3/IeKTPOJHBIX
IPOLIECCOB B YCIOBMAX BBICOKMX IIJIOT-
HocTelt Toka. OFHAKO JU/IA pelIeHNs 9T
3agauy  HeoOXOOMMO 3HATh IUIOLAfb
MIOBEPXHOCTY 3NIEKTPOJa C AMUCHEPCHBIM
0CaJKOM, Ha KOTOPOJl IPOTEKAIOT 3JIeK-
TPOXMMMYECKVIe IPOLIeCCH.
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Llenp HacTosIelr pabOTHI COCTOsIIA
B BBIOOpE 9TIEKTPOXMMUYECKOTO METOMa
oIIpefie/ieHNA in Situ IIOIIaaV TIOBEPXHO-

MeTtoauka 3xcnepMMeHTa

Jlns nccnemoBaHMs Ipoljecca BOCCTa-
HOBJIEHMS MOHOB MeJy ObI/IY MCIIONb30-
BaHBI 97IEKTPO/INATBL:

1 - 0,12 monp/n CuSO, + 1 monb/n
H,SO,.

2 - 0,12 monp/n CuSO, + 1 Monmb/n
Na_SO,.

[TonapusaunoHHbIe U3MepeHu
IIPOBOIVIIA C TIOMOLIBIO 3/IeKTPOXUMMU-
yeckoit craHuuu AutolabPGstat 302N.
B kagecTBe pabo4ero sneKTpojia UCIO/b-
30BaJIM IITBIPHKOBBII 97IEKTPOL, U3 MeAN
arameTpoMm 1,5 MM ¢ rIomaapo paboye
nosepxuoctu S = 0,471 cm?. Bcmomora-
TEIbHBIIl 97IEKTPOJ, OBUI M3TOTOBJIEH 13
MmenHoit ¢ompru. IloTeHnman usmepsi-
7 OTHOCKUTE/IBHO HEIOJAPU30BAHHOIO
MEIHOTO 37IEKTPOJia B COOTBETCTBYIOLIEM
pacTBope.

JleHapUTHBIE OCAIKV MENU TIOMyJasn
B Ta/lbBAaHOCTATMYECKUX YCIOBUAX TIPU
saganuy ToKa (I), mpeBblinaloinero Be-
JVYYHY TpefielbHOr0 Au¢y31OHHOTO
TOKA Ha I7Ia/IKOJ ITOBEPXHOCTH 9/1EeKTPO-
ma (I,) 8 K = 6 pas. [lonarue koaddurm-
eHTa ucromenus K = I/1 g OBITIO BBEEHO
A. B. IlomocossiM [1] st onpenenenus
DIyOuHb! ¢ Qy3MOHHBIX OTpaHIIeHNIT
mpotuecca paspsaga Meramia. Ocaiok no-
nmy4yanu B Tederye 30 ¢, YTOObI pasBUTIE
MOBEPXHOCTY OBIZIO HE OYeHb GOTBIINIM.
B mporjecce anekTpomnu3a usmMepsuiu 06b-
€M BBIJIE/IAIONIEr0csd BOJOPOJiA, /LA YeTo
HaJ 97IeKTPOJOM YCTaHAB/IMBA/IN OI0peT-
Ky C BOPOHKOII Ha KOHIJE.

Ina omnpepeneHys IUIOLAAM IIOBep-
XHOCTH 37IeKTPOfia C PBIXJIBIM OCa[IKOM
(S,,) mcronb3oBanu MeTON XPOHOIOTEH-
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CTU 97IEKTPOfia C AMCHEPCHBIM OCAJKOM
MeJIIA.

LMOMEeTPUM TPK MOCTOSHHOM TOKe [2].
[TpenBapuTenbpHO Ha ITTAJKOM 3/IEKTPOJIE
CHYMAJIM CepPUI0 XPOHOIIOTEHIVIOTPaMM
Ipy pasHbIX Tokax (puc. 1) u ompenens-
M TIO HUM TiepexopHoe Bpems (T). B uc-
C/IeIOBaHHBIX PAacTBOpPAX 3aBUCKMOCTD
OT IVIOTHOCTY TOKa (i) MMena JIMHEeNHbI
xapaxkrep [3]:

iNt=A—B-i, (1)
rme A u B - aMnupuyeckie KOHCTaHTBI,
3HaUeHVsI KOTOPBIX OIpefe/sUI B XOfe
aHa/mM3a O9KCIIEPUMEHTATbHBIX [JaHHBIX
(Tabm. 1).

Ta6muna 1
3HavyeHus ko ouiuentos A u B
Koadpdunment | PactBop 1 | PactBOp 2
A, A-c?/w? 637,711 466,6
B, ¢! 0,369 0,168

Ilocne snexTponmusa 3/MeKTpPoOf, C AK-
CIIEpPCHBIM OCa/IKOM BbIJIEP>KMBaIN B pac-
TBOpe B TedyeHue 10 MmH. mmd BOcCTa-
HOBJIEHUA KOHIIEHTpAlL[M/l JOHOB Menu
y TOBEPXHOCTM 37IeKTpOfa. 3aTeM CHIU-

-0,9 -
@ 0.7 -
o
g 0,5 - 3 2 1
=
a.
g -0,3 -
5
a, BpeM4, ¢
.01 —
0 10 20

Puc. 1. XpoHOIOTEHI[IOTpaMMBbl,
IIO/Ty4eHHBIe Ha ITTaJIKOM 3JIeKTPOfie
B pacTBOpe 1 Ipu pasHBIX TOKAX.
Benmuunua toka, A: 1 - 0,01;2 - 0,012
3-0,017



MalM XPOHOIIOTEHIMOTPaMMy ¥ IO Be-
JIMYMHE [EPEeXOTHOTO BpeMEHN C YIeTOM
KOHCTAaHT A ¥ B ompepmensimu 1wiomasb
a7neKTposia c ocaakom S [2]:

1(Ve+B)

S =— "’

oc A (2)

IIpu ompeneneHny IoIMafM MOBeEp-
XHOCTU 37IEKTPOJia C OCafIkOM METOJIOM
UMIIEJAHCHOI CIIeKTPOCKONMU MU3Mepe-
Hus nposopwan B pactBope 0,5 MOIb/1
Na SO, ¢ moMOomIbI0 97IEKTPOXUMUIECKON
craunuu Zahner IM6 B nqmamasoHe 4a-
crot ot 1 Ity mo 500 xI11. B kauecTBe a/1ek-
TpOfia CpaBHEHMs MCIONb30BAIN HACHI-
IeHHBIT XIOPUACEPEOPSHBII NEKTPOT,
BCIIOMOTATeIbHBIM 37IEKTPOJIOM CITy KA
IIaTUHOBasA MacTuHa. CHIeKTphl MMIIe-
IAHCOB CHMMA/M Ha IMaJKOM 37eKTpofe
U Ha 971eKTPOJIEe C PBIXJIBIM OCATKOM.

OKcrnepUMeHTaTbHbIe roporpadst
UMIIeJaHCa aNIPOKCMMMUPOBaIM C TO-
MOIIbIO 9KBMBAJIEHTHOI cxeMbl (puc. 2),
MpeNIoKeHHOI paHee KaHAICKMMU yde-
HBIMU [4] 1A MogmenupoBaHMA IIOBefie-
HUA TOPUCTBIX 5TIEKTPOTIOB.

IIpn aHanmmse uMIeEaHCA 3TEKTPO-
la C PBIXJIBIM OCa/IKOM 37IEMEHTBI CXEeMbI
VIMeTIM CTIeAYIOLit GYU3NIeCKMIT CMBICT:
R, - conpoTruBienne pacTBopa B A4YENKe;
C - eMKOCTb JIBOITHOTO 37T€KTPUUECKOTO

Pe3\[l'leaTbl JKCNepMMEHTOB

1. Onpedenenue nnouadu nosepxHo-
cmu 271eKmpooa ¢ OUCHePCHLIM 0CAOKOM
MemoooM XPOHONOMEeHUUOMEMPULL

PBIX/IBIIT OCaJlOK MU IMPeNCTaB/IsAeT
c0060i1 CTTOXHYIO CTPYKTYPY, COCTOALLYIO
U3 GONMBLIOrO KOMMYECTBA PasBeTBJICH-
HBIX [IeHAPUTHBIX wacTuil. s ompere-
JIeHVA TUIOAfM MOBEPXHOCTH 37IEKTPO-
la C OCaZKOM XPOHOIIOTEHIMOTPAMMBI
CHMMa/N IpY PasHBIX TOKax. IIpu sTom

R1
AN

Cc
| R2 CPE
)—

Puc. 2. DxBuBajleHTHasA cXxeMa MMIIeJaHCca
97IEKTPOJiA C PBIXJIBIM OCA/IKOM 97IeKTpOja

c7osi Ha (QPOHTE pOCTa OCafIKa; COIPO-
TUB/IEHME R, M 57€MEeHT IOCTOAHHON
¢daspr CPE - conmpoTuBieHNe U pacIpe-
IeeHHas eMKOCTb BHYTPM C/IOSI PBIXJIOTO
ocapaxa. [TapameTpbl cxeMbl TOR6Mpany ¢
nomoubio nporpammsel EC-Lab.

Vicrionb3ys 3HaUeHNA TapaMeTPOB 9K-
BUBAJIEHTHOII CXeMBI, paCCUNTBIBAIIN €M-
KOCTb JIBOTHOTO C/10A I7TAIKOTO 37IeKTPO-
ma Em VI 97IEKTPOJIA C OCA/IKOM Emc. ITo
BenuuHe C ¢ y4eToM IIOMa/u I7aiKO-
IO 971eKTpofia S ONpeNeNANn yeNbHYI0
€MKOCTb Cyu [2]:

C
C,= 5 ®3)
[Dromanp  moB €pXHOCTN  PBIXJIOTO

ocajika (S_ ) ompefenanm Kak OTHOLIEH e
eMKOCTM 3MIeKTPOJia C 0CaJKOM K yHe/b-
HOJI eMKOCTH IBOJHOTO 3/1eKTPUYEeCKOTO
CI10sL:

Eusc
= . 4
=0 (4)

yn

C yBelMYeHMEeM TOKa J3MepeHHas IUIO-
1[ab MOBEPXHOCTH Bo3pacTana (puc. 3).
JauHb1i1 HaKkT MOKHO OOBIACHUTD (Hpak-
TQJIbHBIMI CBOJCTBAMU IUCIIEPCHOTO
ocajKa: 0 Mepe poCTa TOKA yMeHbIIIaeT-
st TomyHa A Y3MOHHOTO CI0ST 1 BCe
6ornee Menkue meTany penbeda MOBepx-
HOCTHU PBIX/IOTO 37IEKTPOAA CTAHOBSITCS
HOCTYIHBIMU [/ M3MepeHus. 3aBUCU-
MOCTb IUIOLIaJ) IOBEPXHOCTI 7IEKTPOTA
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C 0CaJIKOM OT BeJIMYMHBI TOKa Hab/IIofia-
7 B 000MX MCCTIETOBAHHBIX PacTBOpPax.
ITpu 60/bIIMX TOKAX USMEPUTH HIEPEXOf -
HOe BpeMs He y[aBajoch 13-3a M3MeHe-
HUA IOBEPXHOCTM OcCajKa B IIpolecce
CbeMa XpPOHOIIOTEHIIMOTPaMMBIL.

s KONMMYeCTBEHHOI OLEHKM [u-
CIIEPCHOCTM OCajIKa PacCUYMUTBHIBAIU KO-
aPuureHT pasBUTHUA TOBEPXHOCTHU k =
=S, /S (S - mnouagb HOBEPXHOCTH T7IAJ]-
KOro 371ekTpopa) (Tabn. 2). YcTaHOB/IEHO,
410 3a 30 C 9/MeKTponyu3a IUIOWAAb I10-
BEPXHOCTM PBIXJIOTO OCajJiKa Mefiu B pac-
TBOpe 1 ¢ CepHOIT KMCNOTO BBIIIIE, YEM B

pacTBope 2 ¢ Cynb(paToM HaTpUs.
Tab6muia 2
3HaueHNs WIOLIA/IM TOBEPXHOCTH
OCa/IKOB MeJiM, U3MEPEHHbIE METONOM
XPOHOIIOTEHIOMETPUY

PactBOpbI
ITapameTp
PactBop 1 PactBop 2
S, - 10% M 1,56 1,25
3,32 2,65

3navenus S u k, MsMepeHHbIE IpU
OO0/IbIINX TOKAX, IPefCTaB/IeHbI B TA0I. 2.
ITorryyeHHble pe3yNIbTaThl YKasbIBAIOT
Ha pasBUTHE IIOBEPXHOCTM B IIpoliecce
pocra ocapka Menu. OpHaKoO 3aBUCHU-

1,8 -

Soc, CM2

0 T T !
0 0,1 0,2 0,3
TOK, A
Puc. 3. BrussHue Toka Ha MIoIagb
MOBEPXHOCTH [VCIIEPCHOTO OCAfIKa
MeJiit, U3MePEHHYI0 METOZIOM
xponomnoTenomerpun. Ocaxu Mefu
nonmy4yens! npu K = 6 u3 pactsopa 1 (0) n
pacrBopa 2 (O)
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MOCTb Pe3y/IbTaTOB OT BEIMYMHBI TOKa
[PV [IPOBENEHN MI3MEPEeHNTT CBULETe Ib-
CTBYeT O HEBO3MOXXHOCTV M3MepeHIs
BCell ITOBEPXHOCTH MEKTPOJA C PHIX/IBIM
0CafiKOM C IIOMOIIBI0 METOAa XPOHOIIO-
TEHLIVIOMETPUIL.

2. Onpedenerue naouwadu nosepxHo-
cmu a7eKmpoda ¢ OUCHePCHLIM 0CA0KOM
MemoooM UMNEOAHCHOL CHeKMPOCKONUY

CpaBHeHMe OKCIEPUMEHTANBHBIX U
pacyeTHBIX CIIEKTPOB MMIIefaHca (puc. 4)
CBUETENBCTBYET O XOPOLIelT allmpOKCH-
Maruim.

PesynmpraThl pacyeTa BeTMUMHBI II710-
Ia/iy IIOBEPXHOCTH II0 YpaBHEHMUM (3),
(4) mpencraBnensr B Tabn. 3. Ilmomans
IUCIIEPCHOTO OCafKa, M3MePEHHAsI MeTO-
[OM UMIIEIaHCa, B JECSTKM pas IIPeBbI-
[IaeT 3HA4YEHMs, HOMYYEHHBIE METOLOM
XpOHOIOTeHI[oMeTpun (Tab. 2).

C mpakTI4ecKoil TOUYKM 3peHNs OOTIb-
II0e 3HaueHye JIMeeT TaKas XapaKTeplu-
CTMKA HOPOLIKA, KaK y/enbHas IIOBep-
XHOCTD S =S /m, .

Maccy ocazka OIpefensin o 3aKOHy
Qapapes:

AC
m, =—ST.t-Bm,, (5)

oc

zF

Puc. 4. CnexTp uMnenanca ocagka
MeJM, IOMYy4eHHOTo B pacTBope 1.
Mapxkepbl — 9KCIIepyMEHTa/IbHbIE JAHHbIE,
JIMHMA — alllIPOKCUMAIA IO IIPUHATOM
9KBUBAJIEHTHON CXeMe



rje A - aTOMHas Macca Mefu, ¢ — BpeMs
97eKTponus3a, I — TOK, BmCu — BBIXOJ] IIO

TOKY MENN.

Tabmuma 3

3HaYeHN: IIOIA/V IIOBEPXHOCTI
JVCIIEPCHBIX 0CAJJKOB MefIV, MI3MEPEHHBIX
METOZIOM MIMIIEJAHCHOI CIIEKTPOCKOIINNI

ITapameTtp PactBopbI
PactBop 1 PactBop 2
L 105 M 20,825 6,348
44,214 13,478
Br 0,78 0,23
m-10% T 2,73 0,62
S, /T 5921 2,337

ITpy monyueHUn AUCIIEPCHOTO OCaf-
Ka Mef) Ha 3/MeKTpofe OFHOBPEMEHHO
IIPOTEKAIOT pPeaKUuy BOCCTAHOBICHNUSA
MeTtamta 1 Bogopona. ITo o6bemy Bbizie-
JIMBLIETOCA B IIpOLiecce 9/IeKTPo/y3a rasa
OIIpefiefIsIIN BBIXOZl IO TOKY BOJIOPOfa,
a 3aTeM pacCUMTBLIBANU BBIXOJ, IO TOKY
MeII:

References

B | Vs F (6)
m., =1— ,
o 9, -1t

e VHAYAHZ - 06eM BOJIOPOLIa, IPUBENiEH-
HBIJI K HOPMaJIbHBIM YCTIOBUAM 9, — MO-
JSIPHBII 06beM rasa.

[TpoBefieHHbIE MCCIENOBAHMS TIOKA-
3aJI11, UTO MPY UCIIOIb30BAHNY PACTBOPA,
COfep)Kalllero CepHyI0 Kucmory, ¢op-
MUPYIOTCSL [UCIEPCHblE OCAfKM Memyu
C BBICOKOJI Y[ENbHOII ITOBEPXHOCTHIO
(tabm. 3). Tlpu 32/MeKTPOOCAKAEHNN U3
pacTBopa ¢ cynbdaroM HaTpus obpasy-
IOTCSI MeHee pasBeTBIIEHHBbIE YaCTUIBI,
0 4eM CBUIETENbCTBYET CYIIEeCTBEHHO
MeHbIIast TIOI[A/[b TIOBEPXHOCTU OCAIKa
U HU3Kasl YAe/IbHAs IOBEPXHOCTD.

Ha ocHOBaHUM MOMTY4YeHHBIX pe3y/ib-
TaTOB MOXXHO CJIe/IaTh BBIBOJ[: METOJ VIM-
HIe[AHCHO CIIEKTPOCKOITNYU MOXKET ObITh
MCIIONb30BaH ISl MU3MEPEHUSI in Situ TI1o-
I[a/{ [TOBEPXHOCTY JIUCIIEPCHBIX OCAf-
KOB MEJIIL.
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