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Abstract: Fe-Mo alloys were electrodeposited from a pyrophosphate bath using a
single diode rectified AC current. Their composition and morphology were
investigated by SEM, optical microscopy and EDS, in order to determine the
influence of the deposition conditions on the morphology and composition of these
alloys. It was shown that the electrodeposition parameters, such as: chemical bath
composition and current density, influenced both the composition of the Fe-Mo
alloys and the current efficiency for their deposition, while the micro and macro-
morphology did not change significantly with changing conditions of alloy
electrodeposition. It was found that the electrodeposited Fe—Mo alloys possessed a
0.15 V to 0.30 V lower overvoltage than mild steel for hydrogen evolution in an
electrolyte commonly used in commercial chlorate production, depending on the
alloy composition, i.e., the conditions of alloy electrodeposition.
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INTRODUCTION

Binary and ternary alloys containing transition metals, such as Mo,W, Ni, Co and
Fe, electrodeposited under direct current (DC) conditions have been described in the
literature as promising cathodes for hydrogen evolution in chlor—alkaline and chlorate
electrolysis."™ It was shown that certain deposit compositions tend to lower the hy-
drogen evolution overvoltage and it is anticipated that these new cathodic materials may
perform better than those used commercially in industrial plants.”

The influence of pulse plating on the current efficiency, composition and deposit
morphology has also been examined.” Asquare wave pulsing regime was used to pro-
duce Co—Mo alloy coatings containing up to 55 at.%molybdenum. Due to the co-gen-
eration of hydrogen at these deposition potentials, deposit current efficiencies of about
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50 % are typical. Deposits of poor quality were obtained using deposition current den-
sities higher than 150 mA cm2, while micor-cracked, compact coatings were obtained
at current densities of 25 mA cm—2 to 150 mA cm 2. The polarization characteristics of
coatings deposited at high frequency (10% Hz) using an effective current density of 25
mA cm 2 have been investigated in electrolytes commonly used in brine electrolysis. It
was shown that the overvoltage for hydrogen evolution on the Co—Mo alloy was about
0.15 V lower than that observed on mild steel.®

During the last decade, numerous papers concerning the mechanism and kinetics
of induced co-deposition, particularly for the systems Ni—-Mo and Ni—W, were pub-
lished,”~14 but none of these works was devoted to the influence of the deposition con-
ditions on the morphology of the electrodeposited alloys and the influence of their
composition on the hydrogen evolution reaction.

In this paper, the morphology and composition of Fe-Mo alloy thin films were exam-
ined for a variety of electrodeposition conditions and their influence on the hydrogen evo-
lution reaction in a commercial electrolyte for chlorate electrolysis was investigated.

EXPERIMENTAL

All samples were deposited on mild steel substrates having a surface area of 3 cm?2. The steel sub-
strates were first sand blasted using 50 pum particles, degreased in NaOH-saturated ethanol for min, then
etched in 25 wt. % HCI for 2 min. After this procedure, the samples were washed with distilled water,
dried and weighed and then immersed in the solution for Fe—Mo alloy electrodeposition. After deposi-
tion, the samples were washed, dried and weighed again to determine the mass of the alloy. All solutions
were made using distilled—deionized water and analytical grade chemicals.

Fe-Mo alloys were deposited to a constant charge of 36 C cm™, in two electrode plating bath from so-
lutions containign different concentrations of FeCl; and NayP,0O5 with constant concentrations of NaHCO5
(75 g dm) and Na,MoO, (40 g dm™) at 60 °C. A Ti-Pt mesh, placed parallel to the cathode, was used as a
counter electrode during electrodeposition and the electrolyte was moderately stirred with a magnetic stirrer.

All deposition experiments were performed using a home made single diode rectifier. A potentiostat
PAR M273 was used to collect the current—voltage data for hydrogen evolution. These polarization curves
were corrected for IR drop after determining the solution resistance from the high frequency intercept on the
Z’ axis of Z’— Z” impedance plots. Impedance diagrams were performed using a potentiostat PAR M273 and
a Lock-in Amplifier PAR M5301 with software for impedance measurements PAR M378.

The hydrogen evolution on the Fe-Mo electrodeposits was investigated in a standard electrochem-
ical cell using electrolyte for chlorate production, 300 g dm NaCl and 3 g cm™ K,Cr,0- at 80 °C. A sat-
urated calomel electrode (SCE) was used as the reference electrode while a flat Pt sheet served as the
counter electrode.

Scanning electron microscopy (SEM — JOEL 840) was used to characterize the as-deposited sur-
faces and to determine the alloy composition using energy dispersive X-ray spectroscopy (EDS). Se-
lected deposits were mounted in cross-section, polished and examined by optical microscopy.

RESULTS

Fe-Mo alloy electrodeposition

In order to determine the optimum conditions for Fe—Mo alloy electrodeposition,
the concentration of FeCl3 was varied between 3 and 12 g dm3, the concentration of
NayP,07 was varied between 15 and 75 g dm and the current density between 10
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and 100 mA cm 2. After determining the composition of the Fe-Mo alloys by EDS
analysis, the current efficiency (17;) was calculated using the expression given by
Lowenheim: 15

:Aﬂ_Am(xMogFe +xFeeM0) (1)

m, Ite €.

j

where: Am —mass of deposited alloy; 7 — theoretical mass; xpj, — wt.% of Mo in the de-
posit; xpe — Wt.% of Fe in the deposit; ege and &)1, — electrochemical equivalents of Fe and
Mo, respectively; / — current; ¢ — duration of the deposition process.
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Fig. 1. The influence of the NayP,O7 concentration on the current efficiency (77;) and alloy composition (wt.%
Mo, Fe) recorded at an average current density of a rectified AC current regime of 20 mA cm: composition
of the electrolyte —9 g dm FeCls, 75 g dm™ NaHCO5 and 40 g dm NayMoO 4; temperature — 60 °C.

The influence of the Na4P>07 concentration. The influence of the NagP,O7 concentra-
tion on the current efficiency and alloy composition was investigated in a solution containing
9 g dm= FeCls, 75 g cm~ NaHCO3 and 40 g dm > Na,MoQy4 at an average current density
of 20 mA cm2. As can be seen from Fig. 1, the content of Mo increases while the content of
Fe decreases with increasing concentation of NagP>O7. The current efficiency is seen to pos-
sess a maximum of about 50 % at a concentration of NagP,07 of 30 g dm3.

The influence of the FeCl3 concentration. The influence of the FeCls concentra-
tion on the current efficiency and alloy composition was investigated in a solution con-
taining 45 g dm3 NayP,07, 75 g dm3 NaHCOj3 and 40 g dm—3 NayMoOy at an aver-
age current density of 20 mA cm2. As can be seen in Fig. 2, the content of Mo de-
creases, while the content of Fe increases with increasing concentration of FeCls. The
current efficiency also incrases with increasing concentration of FeCls.
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Fig. 2. The influence of the FeCl; concentration on the current efficiency (77;) and alloy composition (wt.% Mo,
Fe) recorded at an average current density of a rectified AC current regime of 20 mA ecm2: composition of the
electrolyte —45 g dm™ NayP,05, 75 g dm™ NaHCOj; and 40 g dm Na,MoO,; temperature — 60 °C.
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Fig. 3. The influence of the average current density for alloy deposition (/gep,a) 0n the current efficiency (7;) and alloy
composition (wt.% Mo, Fe) recorded in an electrolyte containing 45 g dm™ NayP,07, —9 g dm FeCly, 75 g dm>
NaHCOj; and 40 g dm= Na,MoQy at a temperature of 60 °C.
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Fig. 4. Dependence of 7; on the alloy composition (wt.% Mo): (O) the influence of the NayP,0; concentra-
tion; (O) the influence of the FeCl; concentration; (A) the influence of the average current density for alloy
deposition.

The influence of the average current density. The influence of the average current
density on the current efficiency and alloy composition was investigated in a solution con-
taining 9 g cm™3 FeCls, 45 g dm3 NayP,07, 75 g dm= NaHCO; and 40 g dm™
NapyMoO4 and the results are shown in Fig. 3. As can be seen, the content of Mo increases,
while the content of Fe decreases with increasing average current density, while the current
efficiency increases sharply from 10 % to 43 % in the range between 10 mA cm2 and 20
mA cm2, reaching a maximum of 43 % at 20 mA cm2, and then slowly decreases to
about 30 % with increasing average current density from 20 mA cm2 to 100 mA cm2.

Summarizing all the results presented in Figs. 1, 2 and 3, the current efficiency
can be plotted as a function of the composition of the Fe—Me alloy, as is shown in Fig.
4. The maximum current efficiency of about 50 % was obtained at a content of Mo of
about 47 wt.%.

Morphology of the Fe—Me alloys

The morphology of the as-deposited samples was investigated by SEM of the
electrode surface and optical microscopy of a cross section. In Fig. 5 are shown a typi-
cal top view of an Fe-Mo alloy (a) and a cross section of a deposit of thickness of about



Fig. 5. (a) Typical SEM top view of an Fe-Mo alloy; (b) Typical cross-section of an about 20 pum thick
Fe—Mo alloy deposit.

20 um (b). As can be seen, the morphology of the Fe—Mo alloys is characterized by the
presence of micro-cracks, with some of them being up to 2 um wide (Fig. 5b). It is im-
portant to note that although the surface of the samples deposited at lower current den-
sities (examined with the naked eye) appeared to be less rough, i.e., brighter, SEM
showed that the micro-morphology of all the samples was almost the same.

Polarization diagrams in the electrolyte for chlorate production

Polarization curves for mild steel (C0) and one of the alloys with a lower
overvoltage for hydrogen evolution (O), recorded in a commercial solution for chlo-
rate production (300 g dm~3 NaCl and 3 g dm3 K,Cr,05) at 80 °C are shown in Fig. 6.
As can be seen, constant Tafel slopes of 190 — 200 mV dec! were obtained.

Finally, all samples were tested under the same condition for the hydrogen evolu-
tion reaction. The results are summarized in Fig. 7, where the electrode potentials re-
corded at a current density of 200 mA cm2 are plotted as a function of Mo content in
the alloy. As can be seen, the lowest overpotential was recorded for samples containing
about 60 wt.% Mo.

If the sample is left in the cell for hydrogen evolution at a current density of 200
mA cm 2 for a longer time (up to 120 h), the polarization characteristics change, as can
be seen in Fig. 8, most probably as a consequence of a small change of the surface
roughness during extended hydrogen evolution at the investigated surface.
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Fig. 6. Polarization characteristics for mild steel (0 and Fe-Mo alloy containing 61.5 wt.% Mo (O)
recorded in a commercial electrolyte for chlorate production: 300 g dm™ NaCl, 3 g dm™ K,Cr,05 at 80 °C.
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Fig. 7. Dependence of the hydrogen evolution potential for different Fe-Mo alloys recorded at a current
density of 200 mA cm2. Electrolyte: 300 g dm™ NaCl, 3 g dm K,Cr,05 at 80 °C. (C0) Samples obtained
by changing the NayP,07 concentration; (O) samples obtained by changing the FeCl; concentration; (A)
samples obtained by changing the average current density for alloy deposition.
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Fig. 8. Polarization characteristics of an about 20 pum thick Fe-Mo alloy deposit containing about 55 wt.%
Mo recorded under the same conditions as in Fig. 6. (O) Polarization characteristics recorded immediately
after immersion in the electrolyte, Tafel slope —128 mV dec™! (dash-dot line); (V) after 24 h of hydrogen
evolution at 200 mA cm2, Tafel slope —128 mV dec™! (dash-dot line); (A) after 48 h of hydrogen evolution
at 200 mA cm2, Tafel slope —123 mV dec™! (dashed line); (O) after 120 h of hydrogen evolution at 200 mA
em?, Tafel slope —97 mV dec’! (full line).

DISCUSSION

The influence of the electrodeposition conditions on the composition and morphology of
Fe-Mo alloys

After examining the results presented in Figs. 1 and 2, obtained at an average cur-
rent density of 20 mA cm2, it was concluded that the influence of the average current
density should be investigated in a solution containing 9 g dm=3 FeCl3 and 45 g dm—3
NayP,07, since with this solution, the content of Mo in the alloy was high, between 40
wt.% and 50 wt.%, while the current efficiency for alloy deposition was about 40 %,
slightly lower than the maximum of 50 % recorded with a concentration of NasP>,0O7
of 30 g dm3.

As can be seen in Fig. 3, an average current density lower than 20 mA cm 2 is not
recommendable, since the current efficiency (77;) is only 10 % and the content of Mo is
also low, about 25 wt.%. At average current densities higher than 20 mA cm 2, 7 slightly
decreases, while the content of Mo increases to about 62 wt.% at j = 100 mA cm 2.

If all results presented in Figs. 1-3 are summarized, Fig. 4 is obtained. Hence, a
maximum 77 for Fe-Mo alloy electrodeposition of 50 % could be obtained at Mo con-
tent in the alloy of about 47 wt.%. At higher contents of Mo in the alloy, #; decreases
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down to about 15 % at 68 wt.% of Mo. As was to be expected, the decrease of #); is the
consequence of the increase of the content of Mo in the electrodeposited alloy.

The influence of alloy composition on the overvoltage for hydrogen evolution in a com-
mercial electrolyte for chlorate production

Well defined Tafel lines with a single slope varying between 190 mV dec~! and
250 mV dec! were obtained for all the investigated samples (polarization curves in a
commercial electrolyte for each electrodeposited sample). The unusually high values
of the Tafel slope, also obtained for mild steel (as seen in Fig. 6), cannot be explained
using formal electrochemical kinetics. Such a behavior is most probably the conse-
quence of the presence of dichromate (added to the electrolyte to prevent cathodic
losses, i.e., reduction of hypochlorite). It is known!6:17 that under such conditions a
semi-permeable chromium polyoxide film forms on the cathode surface, causing an
additional potential drop and, consequently, a higher value of the Tafel slope.

All the results for the hydrogen evolution reaction are summarized in Fig. 7. It can
be concluded that the lowest overvoltage for hydrogen evolution at a current density of
200 mA cm2 (usually used in industrial plants) is obtained with Fe-Mo alloys con-
taining about 60 wt.% of Mo in the alloy. Considering the phase diagram of the Fe-Mo
alloy,!8 it can be seen that in this region of alloy composition, the intermetallic com-
pound FeMos is predominant. According to Jaksi¢ et. al.,1920 the exchange current
density for hydrogen evolution can be up to two orders of magnitude different for dif-
ferent intermetallic compounds. Hence, it seems reasonable to expect that the highest
catalytic activity for hydrogen evolution would be obtained with alloys in which the
FeMojs intermetallic compound should be predominant. An attempt was made to ex-
amine the as-deposited, 20 pum thick layer of a Fe-Mo alloy of such a composition by
the X-ray technique, in order to identify some of the possible intermetallic compounds.
Unfortunately, because of the very small size of the crystallites, lower than the limit of
the technique, this attempt was unsuccessful.

Taking into account the morphology of the electrodeposited samples, i.e, the pres-
ence of open pores of up to 2 um wide (Fig. 5b), it is not surprising that the polarizaiton
characteristic of the deposit changes with the exposure time of such surface to hydro-
gen evolugion (Fig. 8). Such a behavior is most probably caused by an increase of the
real surface area after prolonged hydrogen evolution, which lowers the real current
density and, accordingly, overvoltage for hydrogen evolution.

Finally, the main purpose of all the investigations performed in this work was to
show that electrodeposited Fe—Mo alloys could be used as cathodes for chlorate pro-
duction. This is confirmed by the results of a pilot plant test lasting for 244 days, in
which one of the samples (among several samples tested, showing similar results) of
approximate the content of 50 wt.% and a thickness of about 20 pm was tested. The
cell voltage was about 0.3 V lower than that with a commercial mild steel cathode (the
results are not presented in this article), indicating that Fe-Mo alloys could be success-
fully used as a catalytically active cathode in an industrial plant for the production of
chlorate.
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CONCLUSION

It has been shown that the electrodeposition parameters (concentration of NayP,0;
and FeCl; salts and average current density of deposition) influence both the compo-
sition of the Fe-Mo alloys and the current efficiency for their deposition, while the
micro and macro-morphology did not change significantly with changing conditions of
alloy electrodeposition.

Further, it has been shown that the electrodeposited Fe—Mo alloys possess an about
0.15V to about 0.30V lower overvoltage than mild steel for hydrogen evolution in an
electrolyte commonly used in commercial chlorate production, depending on the alloy
composition, indicating that Fe—Mo alloys could be used as catalytically active cathodes
for the production of chlorate in industrial plants.
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U3BOJ

EJIEKTPOXEMUICKO TAJIOXEWKE U KAPAKTEPU3AIIUIA Fe-Mo JIETYPA KAO KATOJIA 3A
PEAKLINIY U3ZIBAJABA BOJJOHUKA Y UHAYCTPUIJCKOM ITPOLIECY IMTPOU3BOAKBE XJIOPATA
H. EJIE3OBUR!, b. H. TPT'YP?, H. B. KPCTAIWR?, B. JI. JOBUR'

"Henmap 3a mynmuoucyunnunapne cmyouje Yuusepsumema y beozpady, n. Ip. 33, 11030 Beozpao u
2Texnonowro-wemanypuiku gpaxynmem Yuugepsumema y Beozpady, Kapneaujesa 4, 11000 Beozpad

Fe-Mo nerype cy eneKTpoXeMHjCKU TaloxeHe U3 nupodocdaTHOr KymaTuna Kopulrhemem
nepronuyHo mpoMensbrBor AC cTpyjHOr pexkumma. CactaB W Mopdoiioruja TOOUjeHUX Tanora
uctutuBand ¢y SEM u EDS TexHukama, IOK je MONpeYHr Mpecek y3opaka HCIUTHBAH ONTHYKOM
MHKPOCKOIIHjOM, ca IIMJBEM Ja Ce OJIPEead YTHIlA] YCIOBa TaloXKermha Ha MOP(OJIOTHjy U cacTaB
nerypa. IlokazaHo je Ja YCIOBH TaJOXKeHa, CACTaB KyIaTHiIa M TYCTHHAa CTpyje TalloXKema,
MPAaKTHYHO HE YTHYy Ha MOpQOJOrHjy Jerypa, ald Ja yTH4y Ha cacTaB Jierypa W Ha
nuckopumheme CTpyje BUXOBOT TalokKema. Takohe je moka3aHo Ja UCTaJ0KEHE JIErype Mocenyjy
Mamy TPEHANeTOCT 3a peakifjy H3/Bajarba BomoHWKa o1 Mekor uenuka (0.15 Vao 030 V y
3aBHUCHOCTH O] YCIIOBA TaJIOXKEHa) KOjU c€ KOPUCTH Kao KaTola y MHIYCTPHjCKUM IOCTPOjeHUMa
3a MPOU3BO/bY XJIOpaTa, ykasyjyhu Jia ce eleKKTpOXeMHjCcKH ucTanoxeHe Fe-Mo nerype mory
KOPUCTUTH Kao KaTaJUTUYKU aKTHBHE KaTOJE Y OBOM IpOLECY.

(ITIpumuseno 20. jyma, pesuaupato 20. okroOpa 2004.)
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