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Abstract
Electrochemical behavior of different anode materials in electrolytes containing trivalent chromium salts was investi-
gated. Some of electrodes (Ti/MnO,, platinized titanium, materials based on Ebonex®) were shown to be n-type semi-
conductors. Semiconducting properties of electrodes affects their electrochemical behavior.It was shown that choice
of an appropriate anode for a trivalent chromium electroplating bath should be based on compromise between its
selectivity and service life. It was found that current efficiency of Cr(VI)-species strongly depends on the nature of an-
ode material. Dimensionally stable anode based on mixture of titanium oxides and ruthenium oxides, PbO,, Ti/MnO,
anodes are characterized by low rates of Cr(VI)-species generation. Nevertheless these materials are not stable in the
electrolyte media that limits their application for hard chromium electrodeposition. Composite materials based on
platinized titaniumor platinized Ebonex®are recommend as anodes for carbamide-containing electrolytes since they
characterized by good service life and admissible values of current efficiency of Cr(VI)-species.
Keywords: Cr electroplating; semiconductor; anode materials; electrocatalytic activity.
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AHoTanisga

JociaxeHo esleKTPOXiMiyHYy NOBeJiHKY Pi3HUX aHOAHMX MaTepiasliB B eJIeKTpoJIiTax, IO MiCTATH COJIi TPUBAJIEHT-
Horo xpomy. /loBeieHo, mo AedAKi enexkrpoau (Ti/MnO,, n1aTMHOBaHMIA TUTaH, MaTepiaiu Ha ocHoBi Ebonex®) € Ha-
niBNpoBiAHMKaMU n-tuny. HaniBnpoBiAHUKOBI BJIACTUBOCTI TaKHUX eJIEKTPOAIB BIVIMBAIOTh HA IX eJIEKTPOXiMiyHY
NOBeAiHKY. 3'1COBaHO, 0 BMGIpP ONTUMa/JLHOr0 aHOAHOr0 MaTepiaJy AJif NpoLeciB XpOMyBaHHA 3 eJIEKTPOJIITIB Ha
OCHOBI coJleil TPUBAJIEeHTHOTO XpOMY € KOMIIPOMicOM Mi HiOro ceJIEKTHUBHICTIO Ta pecypcoM po6oTH. BctaHOB/IeHo,
10 BUXiA 3a ctpymoM Cr(VI) 3Ha4HOI0 Mipo10 3a/Ie2KUTh BiJ NPUPOAY aHOAHOT0 MaTepiaay. Mas103HOIIYBaHi aHOAHM HA
OCHOBIi OKCH/IB TUTaHy Ta pyTeHilo, Pb0,, Ti/MnO, XxapaKTepU3yl0ThCA HUISbKUMH IIBU/KOCTAMM YTBOPEHHS CIOJIYK
Cr(VI). IlpoTte ni MmaTepia/iv He NpUAaTHI AJI1 BUKOPUCTaHHS B Nponeci ejieKTpoocaJKeHHs 3HOCOCTiIIIKOTo Xpomy.
Komno3unilini MaTepiaju Ha OCHOBi IJIATHHOBAHOTO THUTAaHY a60 IIaTuHOBaHOro Ebonex® pekomeHA0BaHi sIK aHO-
AU A1 Kap6aMiJHMX eJIEKTPOJIITiB, OCKi/IbKM BOHU XapaKTepU3yKThCA 3HAYHUM PeCcypcoM Po60TH Ta 3aJ40BiIbBHUMH
3Ha4eHHAMHU BUX0Jy 3a cTpyMoM cnoJyk Cr(VI).

Kamwouosi ca0ea: enekTpoocaZKeHHS XpOMY, HalliBIPOBIJHUK, aHOJHI MaTepiasy, eJleKTpoKaTaliTUYHa aKTUBHICTb.
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AHHoOTaUusH

I/Isyqeﬂo JJIEKTPOXUMHUYECKOe NMOoBeJeHHUE PA3/IMYHBbIX AHOAHBIX MATEPHUAJIOB B 3JIEKTPOJIMTAX, COAepKAalUX COJIHN
TPeXBa/IECHTHOT0 XpoMa. /loKa3aHo, YTO HEKOTOpbIe 3/1eKTpoAsl (Ti/MnO,, NIaTUHMPOBAaHHBIA TUTaH, MaTepUaJIbl Ha
OCHOBe€ EbOHEX®) ABJIAKTCA NOJYIIPOBOAHUKAMHU N-TUIIA. HOJIprOBO,ZlHl/IKOBLIe CBOMCTBA TaKHUX JJIEKTPOA OB OKAa3bI-
BalOT BJIMAHHE HA UX 3JIEKTPOXUMHUYECKOE INoBeJE€HHUE. BblﬂCHEHO, 9TO Bb160p OINITUMAJIBHOIO aHOAHOI'0 MaTepHaJia
JAJIS IPOLeCCOB XPOMUPOBAaHMS U3 3JIEKTPOJIUTOB HA OCHOBE C0JIell TpeXBa/JIeHTHOrO0 XpoMa SIBJIAeTCS KOMIPOMHCCOM
MeX/Jy ero ceJIeKTUBHOCTBIO U pecypcoM pa6GoThl. YCTAHOBJIEHO, YTO BbIxo/, no ToKy Cr(VI) B 3HauuTe/ILHOII cTele-
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HU 3aBHCHUT OT NPUPOABI AaHOAHOTO MaTepHasja. MajioM3HalIMBaeMble aHOAbI HA OCHOBe OKCUAOB TUTAaHA M PyTeHM],
Pb0,, Ti/MnO, xapakTepu3yI0TCsA HU3KMMHU CKOPOCTAMU 06pa3oBanus coegnnennii Cr(VI). Tem He MeHee 3TU MaTepu-
aJIbl He IPUTOAHBI JJIA MCNOJIb30BaHNA B Ipouecce 3JIeKTPOOCAKAeHUA H3HOCOCTOMKOro XxpoMa. KomnosunoHHbie
MaTepHaJibl HA OCHOBe IVIATHHMPOBAHHOrO TUTAaHA WJIM IJIATHHMpPOBaHHOro Ebonex® pekoMeH/0BaHbI B KayecTBe
AHOAOB /11 Kap6aMHUAHBIX 3/IEKTPOJIMTOB, IOCKOJIbKY OHM XapaKTepH3YITCsA NPOJ0/DKUTE/IbHBIM PECypCcOM paGoThl
U IpYieMJIEMbIMHY 3HaYE€HUAMH BBIX0AA N0 TOKY coeguHenni Cr(VI).

Karuesble ca06a: aneKTpoocaxkieHUe XpoMa, 0JIyIPOBOAHHUK, aHOAHbIEe MaTepHaslbl, 3J1eKTPOKaTaIUTHYeCKasl aKTUBHOCTb.

Introduction

Replacement of highly toxic and oxidative elec-
trolytes based on chromic acid by the ones based
on Cr(III) salts affords an opportunity to reduce
expenses on wastewater treatment [1-5]. Never-
theless industrial application of a trivalent chro-
mium bath is limited due to lack of appropriate
anodes. Since, in case of Cr(III) electrolytes, com-
position of solution affects process of chromium
electrodeposition, anode material must obey strict
requirements: has good corrosion stability; prod-
ucts of anode destruction must not affect the chro-
mium electrodepositionprocess; rates of unwant-
ed reactions that cause change in composition of
electrolyte should be minimal (negligible). Most
of anode materials are not stable in acidic electro-
lytes based on Cr(III) compounds. Anodes based
on platinum metals or their oxides, compounds of
valve metals, PbO,, MnO,, SnO, are known to be
stable in such electrolytes [3; 6; 7]. In this connec-
tion, anodic behavior of some anodes in electro-
lytes containing Cr(III) salts was investigated in
this work.

Resultsand Discussion

In a trivalent chromium electroplating bath
along with oxygen evolution anodic oxidation of
Cr(IlN)-complexes with unwanted generation of
Cr(VI)-species is possible [3]. Taking into account
that composition changes and accumulation of
Cr(VI)-species in a trivalent chromium bath lead
to technological parameters deterioration [3; 4;
8; 9] an anode material must be characterized by
low activity towards electrolyte components oxi-
dation reactions and high selectivity in reference
to oxygen evolution reaction. Thereby, low activ-
ity towards Cr(III) electrooxidation is required to
choose an appropriate anode.

Fig. 1 shows dependence of current efficiency
(CE) of Cr(VI)-species on anodic current density
for different anodes. In general, CE Cr(VI) decreas-
es with growth of current density since rate of ox-
ygen evolution increases greatly with current den-
sity as against rate of Cr(IlI) electrooxidation [3;
8; 9]. As one can see, in the range of medium cur-
rent densities (50-200 mA/cm?) most of anodes,
except Pt, are characterized by relatively low CE
Cr(VI). Important to note that low activity of an-

ode to Cr(IIl) electrooxidation is an insufficient
condition to choose an appropriate anode since
long service life is also required. According to this
criterion most of oxide materials could be unsuit-
able owing to high content of reducing agents in
the Cr(II) electroplating bath. For example, in
such conditions rates of PbO, and MnO, destruc-
tion are significant at steady-state potential or
during anodic polarization. Furthermore, growth
of current density up to 50 mA/cm? facilitates me-
chanical destruction of oxide layer by oxygen evo-
lution. In case of dimensionally stable anodes con-
taining RuO, (DSA) the main reason of their low
service life is electrochemical dissolution of RuO,
under high potential, especially in electrolytes
without Cl-ions. Thereby, choice of an appropri-
ate anode for a trivalent chromium electroplating
bath should be based on compromise between its
selectivity and service life.
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Fig. 1. Current efficiency of Cr(VI)-species at different
anodes: 1 - DSA, 2 - Ebonex, 3 - PbO,, 4 MnO,, 5 - Pt

As shown in Fig. 1, anodes under trade name
Ebonex®, consisting of Magneli phases (titanium
“sub-oxides” having the general formula Ti O, ,
where n=4-10 [10; 11]) could be interesting
enough owing to low CE Cr(VI) in a wide range
of current densities. Ebonex® anodes exhibit high
conductivity, good service life [10-13] and electro-
chemical stability in a wide potential range [13].
Nevertheless, application of Ebonex® as anode ma-
terial is limited due to high potential values even
under low current densities. Specifically, Ebonex®
electrodes have been found to lose activity due to
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over oxidation leading to a more stoichiometric,
less conductive surface layer accompanied with
increase in potential value with time, especially in
solutions containing sulphate-anions [10]. Owing
to this, Magneliphases materials are seemingly
more commonly used as substrates for active elec-
trocatalytic layer [14-16] among which platinum
and other noble metals are often the preferred
choice since they exhibit unique catalytic activity.
Pt anode not recommend to be applied in a tri-
valent chromium bath due to high rates of Cr(I1I)-
electrooxidation. Nevertheless, composite an-
odes based on platinized titanium are interesting
enough since they exhibit low electrocatalytic ac-
tivity towards oxidation of components of electro-
lyte, as goes from prior investigation [4]. Import-
ant to note that rate of Cr*-ions electrooxidation
on platinized titanium and platinized Ebonex®
strongly depends on the method of anode prepara-

tion and amount of electrodeposited Pt (Table 1).
Table 1

CE Cr(VI) in a trivalent chromium electroplating bath on

different Ti/Pt and Ebonex®/Pt anodes at anodic current

density 100 mA/cm?
Anode Content of Pt, Temperature CE Cr(VI), %
mg/cm? of treatment,
°C
Ti/Pt 2 - 30
410 6
8 - 29
410 17
Ebonex®/ 2 - 5
Pt
410 <1
8 - <1
410 11

Interesting enough that surface morphology of
platinized titanium and platinized Ebonex® elec-
trodes containing the same amount of Pt is very
similar. So, coatings with low amount of Pt are
non-uniform and look like islands of Pt on the sub-
strate while electrodes containing 8 mg/cm?rep-
resent more uniformly coated by Pt (Fig. 2).

In case of platinized titanium electrodes, de-
crease in CE Cr(VI) with increasing temperature
of treatment was observed. As goes from [17; 18],
thermal treatment at temperatures above 400°C
leads to interaction between titanium and plati-
num with formation of intermetallic compounds
or mixed oxides. So, decrease in CE Cr(VI) for ther-
mally treated electrodes must be a result of com-
posite formation and reduction of amount of elec-
trochemically active Pt on the surface of electrode
owing to its thermal diffusion deep into substrate.

CE Cr(VI) on electrodes with different amount of
electrodeposited Pt, obtained without thermal
treatment, are close, but the value of CE for anode
containing low amount of Pt is shade higher. Ac-
cording to Fig. 2a, acceleration of Cr*-ions electro-
oxidation must be a result of extended surface of
active layer.

Fig. 2. SEM micrographs of platinum coatings deposited
on Ti (a,c) or Ebonex® (b,d). Amount of electrodeposited
Pt, mg/cm? -2 (a,b), 8 (c,d)

Electrocatalytic activity of Ebonex®/Pt-an-
odes for oxidation of Cr3*-ions is low, as expect-
ed.At anodic current density 100 mA/cm? CE of
Cr(VI)-species generation not exceeds 11% (Table
1). Non thermally treated anode containing 2 mg/
cm? of Pt exhibits high CE Cr(VI) in comparison to
thermally treated one since electrochemicaly ac-
tive in this case is areas of metallic Pt that charac-
terized by significant rates of Cr(Ill)-electrooxida-
tion(Fig. 1, curve 5).

We observed increase in CE Cr(VI) with in-
creasing treatment temperature for Ebonex®/
Pt-anodes containing 8 mg/cm? of Pt. Important
to note that overvoltage of oxygen evolution reac-
tion also increases with increasing temperature of
electrode preparation (Fig. 3). Therefore, accelera-
tion of Cr(III) electrooxidation on thermally treat-
ed platinized Ebonex® (8 mg/cm?) is a result of
competing oxygen evolution reaction inhibition.

To characterize processes at different elec-
trodes quasi steady-state polarization curves were
obtained in electrolyte containing Cr*-ions (Fig.
4). Curves shown in Fig. 4 characterize several
processes among which oxidation of Cr3*-ions and
oxygen evolution are main. As goes from Fig. 4,
polarization curves obtained at various electrodes
are different.
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Fig. 3. Polarization curves (5 mV/s) in 1 M HCIO, at pla-
tinized Ebonex electrodes containing Pt of 8 (1,2) or 2
mg/cm? (3,4) obtained without thermal treatment (1,3)
or thermally treated at 410°C (2,4)
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Fig. 4. Polarization curves (5 mV/s) in 0.5 M Cr,(SO,),
at different electrodes: 1 - Pb0,, 2 - MnO,, 3 Ebonex, 4 -
DSA, 5 - Pt

We observed high overpotentials and slopes
for polarization curves represented in semiloga-
rithmic scale for Ti/MnO, and Ebonex®. Slopes ex-
ceeding theoretical values could be a result of high
electrode resistance or its semiconducting proper-
ties. Taking into account linear character of E-log
i dependence, a conclusion about semiconducting
properties of electrodes was made up. Impedance
measurements were then carried out in order to
investigate the semiconducting properties of Ti/
MnO, and Ebonex® anodes. Solution of 1 M HCIO,
was used for impedance measurements to elimi-
nate effects of adsorption. The data recorded at a
frequency of 5 Hz obey Mott-Schottky relationship
(equation) in a wide range of potentials that de-
notes the semiconducting properties of investigat-
ed electrodes:

, 2 k-T

= E—Ep——),
e-s-eo-N( FB e)

where:C - capacitance of electrode; e- charge
of electron; N - donor concentration; E_,- flatband
potential; k - Boltzmann constant; T - absolute
temperature; eande, - permittivity of semiconduc-
tor and vacuum, respectively.

As goes from equation slope of C2 - E plot char-
acterizes donor concentration in semiconductor
while intercept of the plot also depends on flat-
band potential.

Data calculated from Mott-Schottky plot are
represented in Table 2. Investigated materials be-
have as highly doped n-type semiconductors since
positive slope of the C2 - E plot was observed and
donor concentrations exceeded 10 cm=. Anod-
ic polarization above flatband potential leads to
carrier depletion and decrease in semiconduct-
ing component of electrode capacitance.As a re-
sult, the slope of polarization curve represented in

semilogarithmic scale increases.
Table 2
Slopes of E-log i dependences (b) and semiconducting
characteristics of Ti/MnO, and Ebonex® anodes

Anode b,V E.V N, cm™
Ebonex® 0.582 0.422 8x10%*
Ti/MnO, 0.778 0.871 9%x10%°

Fig. 5 exhibit E-log i dependences obtained for
platinized titanium and Ebonex® anodes. As goes
from obtained data overvoltage of oxygen evolu-
tion in these cases strongly depends on amount of
electrodeposited Pt and temperature of treatment.
The slope of the curve for Ti/Pt electrode with
amount of Pt 8 mg/cm? equals 0.121 V. This coin-
cides with theoretical value of Tafel slope for oxy-
gen evolution reaction when stage of first electron
transfer is limiting [7]. In other cases, the slopes
are higher than theoretical value due to semicon-
ducting properties of anodes.

According to impedance measurements both
platinized titanium and Ebonex® electrodes are
n-type highly doped semiconductors. In case of Ti/
Pt, flatband potential of electrode obtained with-
out thermal treatment is rather higher (Table 3).
Probably, oxide film formed on the surface of Ti
during anodic polarization is thin, more nonstoi-
chiometric and differs greatly from one formed
during thermal treatment. Increase in amount of
electrodeposited Pt (donor of electrons) leads to
increase in the flatband potential value. We also
observed increase in donor concentration after
thermal treatment of electrode,apparently caused
by interaction between Pt and titanium oxides.
Thermally treated electrode containing 8 mg/cm?
of Pt is characterized by the least value of donor
concentration. Probably, for electrodes contain-
ing high amount of Pt processes of platinumther-



Visnik Dnipropetrovs’kogo universitetu. Seria himia 22 (2014), 1, 8-15

mal diffusion occurs with low rate since the sur-
face of such materials is more uniformly coated by
Pt (Fig. 2c).

E vs. (AgCl/Ag) (V)

T
-3,5 -30 -25 -20 15

log j (Acm”)

a

troplating bath was shown to be both platinized
Ebonex® and platinized titanium anodes owing
to good service life and admissible values of CE

E vs. (AgCI/Ag) (V)

-28 24 =20 16
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b

Fig. 5. Polarization curves (5 mV/s) represented in semilogarithmic scale for platinized titanium (a) and platinized
Ebonex® (b)anodes with Pt content of 2 (1, 2) and 8 mg/cm? (3, 4), obtained without thermal treatment (1, 4) and
thermally treated at 410°C (2, 3)

Solution - 1 M HCIO,

Table 3

Slopes of E-log i dependences (b) and semiconducting characteristics of Ti/Pt anodes

Amount of Pt, mg/cm? Temperature of treatment, °C b,V E.V Nx10-%3, cm™
2 0.157 0.788 6.8

410 0.147 0.487 16.0
8 410 0.167 0.510 2.0

Thermal treatment of platinized Ebonex® elec-
trodes leads to increase in flatband potential and
decrease in donor concentration(Table 3). In-
crease in flatband potential with thermal treat-
ment is caused by thermal diffusion of Pt both
along the surface and deep into substrate. De-
crease in donor concentration after thermal treat-
ment is a result of Ebonex® oxidation with forma-
tion of more stoichiometric Ti-O compounds, first
of all rutile [5; 19; 20].

As goes from obtained data electrochemical be-
havior of platinized electrodes strongly depends
on preparation procedure through change of mor-
phology and semiconducting properties. So, de-
crease in donor concentration leads to increase in
overvoltage of oxygen evolution for platinized tita-
nium or Ebonex® electrodes. In case of electrodes
with low amount of Pt this phenomena results in
acceleration of Cr(III) electrooxidation.

Conclusions

Thereby, such anodes as DSA, PbO,, Ti/MnO are
characterized by low rates of Cr(VI)-species gen-
eration. Nevertheless these materials are not sta-
ble in the electrolyte media that limits their ap-
plication for hard chromium electrodeposition.
The most suitable for a trivalent chromium elec-

Cr(VI).Some of these electrodes were found to be
n-type semiconductors that effects their electro-
chemical behavior. Electrodes containing 2 mg/
cm?of Pt, thermally treated at 410°C are recom-
mend hard chromium electrodeposition from a
Cr(III) electroplating bath since they contain low
amount of Pt and characterized by high selectivity
towards water oxidation reaction.

Materials and Methods

Electrooxidation of Cr(IlI)-ions was carried
out in a thermostated cell (t=25£1°C) where an-
odic and cathodic compartments were divided by
a porous membrane to avoid the cathodic reduc-
tion of Cr(VI)-species. Experiment was carried
out in solution containing 1 MKCr(SO,),x12H,0
+0.15 M AL(SO,), + 0.3 M Na,SO, + 0.5 M H,BO,
+ 0.6 MHCOOH + 0.5 M (NH,),CO, pH = 1.5 [21].
Cr(VI)-species concentration in the electrolytes
was determined by amperometric titration using
ammonium iron(II) sulfate.

Current efficiency of Cr(VI)-species was calcu-
lated using equation:
n-F-mepvp

I't.MCr
where:n - number of electrons, M, = total
amount of Cr(VI)-species, determined by the am-

CECF(VI) = -100 % )
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perometric titration (g), I - current (A), t - du-
ration of electrolysis (s), F - Faraday constant (C
mol™), p ., - Cr molar mass (g mol™).

Cu-foil with geometric area of 1 cm? was used
as a cathode.

The two stage procedure of preparation of plat-
inized titanium electrodes including Pt electro-
deposition on Ti followed by thermal treatment in
the air has been used. Fist the surface of Ti plate
was prepared mechanically by an abrasive pa-
per; after rinsing it was degreasing with 5 M KOH
at room temperature; after removal of degreas-
ing solution it was chemically etched in 8 M HCI at
80°C for 60 min; then the surface was washed and
thin layer of platinum was electrodeposited from
the electrolyte: K,PtCl, - 25.004 g/I; NaNO, - 100
g/1; solution of NH, (p = 0.915 g/cm®) - 20 ml; at
temperature - 70°C. Electrodes containing 8 mg/
cm? Pt in active layer were obtained at cathodic
current density - 30 mA/cm?; the ones containing
2 mg/cm? Pt were deposited at 20 mA/cm? Some
of electrodes were thermally treated in the air at
410°C for 1 h using tube furnace [9; 22].

Monolithic block of Ebonex® (density - 8.5 g/
cm?, porosity - 12-18 vol.%), supplied by Atra-
verda Ltd., measuring 90mmx240mmx3mm was
used in the current study. TheEbonex® was cut
into 10mmx10mm square samples using a dia-
mond-cutter.

Platinized Ebonex electrodes with platinum
content of 2 and 8 mg/cm? were obtained by meth-
ods described in [23] and [19] respectively.

Ti/MnO, and PbO,-anodes were obtained ac-
cording to [3] and [24] respectively.

Dimensionally stable anodes based on mixture
of titanium oxides and ruthenium oxides (DSA)
were obtained by pyrolytic decomposition of solu-
tion containing chlorides of titanium and ruthe-
nium at 450°C. The procedure was repeated till
uniform layer of oxide coating was obtained. The
RuO, vs. TiO, ratio was 30 to 70%.

Electrochemical measurements were carried
outin 1 M HCIO, with GAMRY Potentiostat/Galva-
nostat/ZRA Reference 3000 in a three-electrode
cell with Pt auxiliary electrode and Ag/AgCl refer-
ence electrode.

Morphology of the surface of platinized elec-
trodes was studied by scanning electron micros-
copy (SEM) technique using of a REM-106I micro-
scope.
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