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The aspects of man-caused gaseous waste purification from hydrocarbons, nitrogen
oxides and carbon using supported catalytic neutralizers are analyzed. The replacement of
platinum metals in catalysts by alloys and oxide compounds is discussed to be an actual
task. The use of hydrogen release reaction is proposed to estimate the catalytic activity of
synthesized materials. Electrochemical methods are shown to be of good prospects in
catalytic material design. Current exchange dependence on "metal-hydrogen” and "metal-
oxygen" bond energy is used for alloy property prediction. The modes for synthesis of
nickel-palladium, nickel-copper and nickel-tungsten alloys with maximum catalytic activity
are optimized. The synergism of nickel-tungsten and nickel-copper alloys is shown.

IIpoamanu3npoBaHbl 0COOEHHOCTH OUYMCTKM TEXHOT€HHBIX I'a30BBIX BBIOPOCOB OT YIJIEBOJO-
DPOZIOB, OKCHIOB a30Ta M YIJIEPOAA C HKCIIOJL30BAHMEM KATAJIUTUUYECKUX HEeHTPasn3aTopOB.
OrmeueHa aKTyaJbHOCTh 3aMEHBLI [JIATHHOWIOB B KATAJIM3ATOPAX HA CILIABBI U OKCHIHBIE
coequnenusi. IIpemIoKeH0 MCIIOJNB30BAThL PEAKIIUIO BBHIJEJIEHUS BOJOPOJA AJsl OIEHKH KaTa-
JIUTAYECKONl aKTHBHOCTH CHHTE3UPYEMbIX MAaTepuaaoB. K MepClIeKTHBHBIM cCIIoco0aM au3aii-
HA KATAJIUTUYECKNX MATEPHUAJOB HA METAJINYECKNX HOCHUTEJSIX OTHECEHBI 9JIeKTPOXUMUYEC-
Kne MerTombl. s IIPOrHOBMPOBAHUS CBOMCTB CIJIABOB HCIIOJNb30BaHA 3aBUCUMOCTb TOKAa
0o0MEHa OT 9HEPIuil CBA3KM ' METAJI-BOLOPOJ M1 ' MeTaJLI-Kuciaopor . ONTuMmU3mpoBaHBI pe-
JKMMBI CHHTE3a CIIJIABOB HUKEJb-IAJJIaIuil, HUKeJIb-MeIb U HUKeJIb-BOJb(MPaM, COCTAB KOTO-
PBIX COOTBETCTBYET MAaKCHUMAJBLHONU KaTAJIUTUUYECKON aKTHUBHOCTH. IIOKasaHo, YTO CILJIaBbI
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HHUKeJIb-BOJb(PpaM U HHUKEJIb-MeIb 00JIaJaloT CHUHEepreTuuyecKuM adpdexTom.

Neutralization of toxic gaseous emissions
from vehicles, mining equipment, domestic
waste processing plants, food and other low
productivity works is an actual problem in
most advanced countries. A strong impulse
to the development of catalytic purification
methods as well as to creation of variously
designed neutralizers was given [1] by im-
plementation of block carrier systems,
which are capable to work in wide tempera-
ture range, in particular at the "cold” start
of engines. The replacement of ceramic
block carriers by metallic ones is promoted
[2] by: a rather large flow section; high
specific surface and heat conductivity, pro-
viding the rapid heating; uniform catalytic
layer temperature and the lowered risk of
local overheats; high mechanical and impact
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strength; the production flexibility, allow-
ing to make catalysts of different and sizes.

The traditional catalytic neutralizers
based on platinum group metals (Pt, Rh, Pd)
provide a considerable reduction of concen-
tration of unburned hydrocarbons and nitro-
gen oxides (NO,). Due to the low availabil-
ity and high price of platinum group met-
als, a great number of researches has been
directed to content of these materials in
catalytic systems and even to their complete
replacement. An important part in solving
this problem belongs to the transition metal
oxides (Cu, Cr, Mn, Fe, Co, Ni) as well as
mixed and composite oxides, for example
spinels and perovskites, and also to various
alloys [3]. But problems of providing the
durable adhesion and catalytic layer homo-
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geneous distribution on the carrier as well as
ways to its specific area value and porosity
enhancement, i.e. providing the method for
manufacturing a stable ignoble catalyst on
metallic carrier, remain unsolved to date.
One of the most effective complex solu-
tions for a number of mentioned problems
consists in the electrochemical techniques of
the carrier pretreatment, surface shaping
and the deposition of variable composition
and thickness coatings with high adhesion,
possessing catalytic properties and corrosive
resistance. Preferred should be the pulse
electrolysis modes, providing the flexible
control of the alloy composition, regulation
of the phase composition and the coating
purity, and reduction of internal stresses in
the materials. This work is devoted to solv-
ing the problem of catalytically active sys-
tem electrodeposition on metallic carriers.
A vital problem in platinum metal re-
placement is the catalytic activity predic-
tion for ignoble metals and alloys in hetero-
geneous redox reactions, which depends on
their ability to adsorb molecules as well as
to influence the electron density redistribu-
tion and interatomic bond breaking. The
"metal — reagent active center” bond en-
ergy can be believed to be a quantitative
characteristic of such property. From this
point of view, it is possible to use the model
reaction of hydrogen reduction to estimate
the synthesized material catalytic activity,
because this electrochemical process also in-
cludes the adsorption stage, and its rate
depends on the electrode nature and "metal
— hydrogen”™ (Ey,_y) bond energy [4]. It is
just the hydrogen current exchange density
that is considered to be the universal proc-
ess characteristic, because it is independent
of the electrode potential. In our work [5],
it has been suggested that d-metals located

on different sides of the j§ — AEM 5 depend-

ence (Fig. 1), where AEM_O is the difference

between "metal-hydrogen™ and "metal-oxy-
gen" bond energy, are able to form catalytic
active alloys. This hypothesis was verified
taking the electrodeposited nickel-copper,
nickel-palladium and nickel-tungsten alloys
as examples.

The alloy coatings were deposited onto
steel, nickel, and copper substrates after
pretreatment using a standard method [6].
The Ni—Cu alloy were deposited from com-
plex pyrophosphate electrolytes, where the
total concentration of copper and nickel
salts has not exceed 0.3 mol/dm3, that of
potassium pyrophosphate 1 mol/dm3 at
pH = 8.8-9.0 and direct current density 50
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Fig. 1. Hydrogen exchange current density as
a function of bond energy difference AEM_O.

to 100 A/m2. Ni-Pd coatings have been ob-
tained from the polyligand ammonium pyro-
phosphate electrolyte, pH = 9.5 to 10.5, at
292 K. The cathode current density j. was
varied in the range of 4 to 20 A/m2. The
Ni-W alloy was deposited from a complex
ammonium citrate electrolyte [7] using
unipolar pulse current. The tungstate con-
tent in the electrolyte was varied in the
range of 0.025 to 0.1 mol/dm?® at the total
nickel sulfate and sodium tungstate concen-
tration of 0.2 mol/dm3. Citric acid concen-
tration was 0.3 mol/dm3, pH = 8. Elec-
trodeposition has been carried out at 343 K
and pulse current density amplitude 1000 to
1500 A/m2. The Ni content in alloys was
determined using photocalorimetry [8], the
copper one, by electrolytic deposition on a
platinum cathode [9]. The catalytic proper-
ties of electrodeposited alloys were esti-
mated basing on the exchange current value
in the model reaction of hydrogen reduction
from sulfuric acid solution. The cell was
de-oxygenated by purging with high purity
argon with simultaneous primary cathode
work-up of the solution during 30 min. Vol-
tammetric measurements have been carried
out under linear step potential polarization
mode using a PI-50-1.1 potentiostat and a
PR-8 programmer in a standard CSE-2
three-electrode cell.

Electrolysis mode influence on the alloy
composition. When Ni-W alloy depositing
from a ammonium citrate electrolyte, nickel
reduction takes place with depolarization
which increases with the cathode current
density j. increase, although we have estab-
lished that nickel content in the alloy, as
well as the current efficiency E,, are essen-
tially independent of j.. Ni(ll) and W(VI) salt
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Table 1. Effect of electrolyte composition
on the component content and current effi-
ciency of Ni-W alloy

Ni(ly/Wevl) | 1.67 | 3 | 8.7 | 4.7 | 7

o(Ni), % | 69.5 | 76.0 | 78.1 | 82.5 | 84.0

Ce, % 38.56 | 40 49 | 50.7 | 53

concentration ratio in the electrolyte influ-
ences the coating composition considerably:
as the Ni(ll)/W(VI) ratio rises, Ni content in
the alloy o(Ni) and the alloy current effi-
ciency increase (Table 1).

Consideration of kinetic parameters for
partial reactions (d and 1) enables to propose
the tungsten-nickel (cobalt) alloy deposition
mechanism (Fig. 2), where M < {Ni, Co};
Ktz*, the cation; A%, the anion; L, the li-
gand (L € {OH~, Cit~, NH,, H,,P,0,m4...}; v,
and vy, are bulk and surface diffusion rates
of a components from the electrolyte bulk
(x = ©) to the electrode (x = 0) or the reac-
tion layer (x = 3,) surface; k; and ky, rate
constants of electrochemical and chemical
reactions; K,, water equilibrium constant;
(X),q» ad-atom; (Y),, crystal lattice atom.
This general scheme includes the chemical
step corresponding to tungstate ions reduc-
tion by hydrogen ad-atoms occurring at
high cathode current density realized under
pulse electrolysis mode.

Although the equilibrium potentials for
copper E(Cu?*/Cu) and nickel E(NiZ*/Ni) ap-
proach each other due to the complex for-
mation in the pyrophosphate electrolyte, the
value E(Cu?*/Cu) more positive than
E(Ni¢*/Ni). However, during codeposition,
Ni2*-ion discharge occurs with depolariza-
tion while Cu2*, with superpolarization,
therefore, both metals co-deposit as an alloy
in certain conditions. When current density
increases, the nickel content in the alloy
drops, but when Ni(ll}/Cu(ll) salt concentra-
tion ratio increases, it grows regularly
(Table 2), whereas the temperature rise re-
sults in an increasing copper content the
alloy. The Ni—Cu alloy current efficiency
grows to some extent when Ni(ll)/Cu(ll) salt
concentration ratio and cathode current
density increase.

As to nickel-palladium alloy deposition,
the variation of the concentration ratio of
main components in the electrolyte
Pd2*/Ni2* from 1:20 to 1:5 results in the
decrease of nickel content in the alloy by 15
to 30 % within the current density range of
10 to 15 A/m2. So, the maximum nickel
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Fig. 2. General scheme of tungsten co-deposi-
tion with d-metals.

content in the alloy (42 %) is achieved at
the cathode current density 12.5 A/m?2 and
the concentration ratio of main components
in the electrolyte 1:20. The current effi-
ciency achieves the maximum value 82 % at
jo=12.5 A/m? and the alloy-forming com-
ponent ratio 1:5. Having considered the ki-
netic criteria, we present the mechanism of
Cu(Pd)—-Ni alloy deposition (Fig. 3). It in-
cludes reactions of polyligand complex dis-
sociation as well as ionic/molecular equilib-
rium in the electrolyte resulting in forma-
tion of various protonated particles. The
same reduction mechanism for Cu-Ni and
Pd-Ni alloy components can be noted, in
contrast to Ni-W alloy ones.

Analysis of the alloy catalytic activity.
To prove the correctness of the offered ap-
proach to determination of the material
properties and adequacy of their quantita-
tive characteristics, catalytic activity of in-
dividual metals (platinum, copper, and
nickel) has been analyzed by calculating the
kinetic parameters of hydrogen reduction
process ( jCH)), charge transfer coefficient (o)

and the Tafel equation constants a and b)

Table 2. Effect of electrolysis parameters
on composition and current efficiency of
Ni—Cu alloy

Ni(ll)/Cu(ll) | T, K | j, A/m? |Ce, % | o(Ni), %

1 293 20 08 10.1

40 93 8.3

313 20 97 2.4

40 92 1.3

3 293 20 97 72.1

40 92 23.8

313 20 100 | 58.9

40 99 19.8
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Fig. 3. General scheme of palladium (copper) co-

lytes.

basing on polarization dependences
(Table 3). The comparison of kinetic pa-
rameters (see Table 3), calculated from ex-
periment results and known from literature
sources (theor.) [10], evidences their good
agreement, and thus confirms the reason-
ability of proposed procedure application
when determining the optimum catalytic
alloy composition. The polarization meas-
urements testify that among studied materi-
als Ni-W alloys that possess the highest
catalytic activity when (W) being within
limits of 15 to 85 %. This w(W) range cor-
responds completely to theoretical calcula-
tion data (Fig. 4b), thus reflecting the cor-
rectness of approaches developed in [5].
Moreover, the maximum activity of coat-
ings, deposited on nickel substrate, is to be
noted. This is probably due to the lowered
internal stress level and the more perfect
coating structure formation on substrates
of similar nature. The lgjg value differences

observed for Ni-W alloy obtained on other
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deposition with d-metals from polyligand electro-

substrates might be explained by different
coating porosity (and thus true surface
area) which is diminished at rising overpo-
tential of hydrogen evolution and its ab-
sorption during the alloy deposition in the
Ni > Fe > Cu sequence. Thus, the hydrogen
current exchange values on nickel, which is
catalytically more active and similar to the
coating in nature, are somewhat higher
than on other substrates.

The Ni—Cu alloys have lower catalytic ac-
tivity in comparison with Ni-W alloys, inde-
pendent of the composition and substrate
material. At the same time, the catalytic
activity of both alloys exceeds the activities
of alloy-forming components (Fig. 5), since
Ni and Cu as well as Ni and W are located on
different sides of the dependence (see
Fig. 1). This fact completely corresponds to
theoretical ideas concerning the synergic ef-
fect probability. The jﬂ value for Ni-Cu
alloy is close to that of nickel, so the inter-
val of maximum lgjﬁ values obtained for

Table 3. Kinetic parameters of hydrogen evolution process on metals

Electrode -a -b a —1gj(|_3|
material
exp. theor. exp. theor. exp. theor. exp. theor.
Pt 0.11 0.10 0.022 0.030 - - 3.65 3.33
Ni 0.68 0.63 0.120 0.110 0.49 0.54 5.67 5.72
Cu 0.96 0.87 0.124 0.120 0.48 0.50 7.74 7.25
W - - - - - - - 6.4
398 Functional materials, 14, 3, 2007
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Fig. 4. Correlation between experimental and calculated values of hydrogen exchange current

density for Ni—-Pd (a) and Ni-W (b) alloys.

alloys with nickel content 85 to 95 %, per-
mits to consider the contribution from this
metal to the alloy properties to be domi-
nant. The lgjﬂ values for the Ni—Cu alloys

also depend on the substrate material, but
the difference between them is insignifi-
cant, so the results obtained on the steel
substrate that is widely used in practice,
are illustrated. The maximum exchange cur-
rent is attained for the alloy of 85 % nickel
and 15 % copper. Hydrogen evolution over-
voltage values on Ni—-Cu alloys are consider-
ably lower as compared to mngy on copper
and, as well as exchange currents, are prac-
tically independent of the substrate mate-
rial, although exceed Ni-W alloy overvol-
tage almost at 0.15 V. The catalytic activity
of Ni-Pd alloy directly changes from the
properties of the first metal to those of the
second one (Fig. 5, curve 1) without any
synergic effect because Ni and Pd are lo-
cated on the same side of the dependence
(see Fig. 1). Such behavior is in a complete
agreement with calculated jCH) values (see
Fig. 4a).

Consideration of the study results allows
to conclude that nickel-tungsten alloys with
tungsten content of 15 to 35 % deposited
on nickel or its alloys are the most perspec-
tive catalytic materials of non-platinum
group for the gas waste purification. The
tungsten content increase in the specified
range favors the coating amorphization [6],
resulting in the stress relaxation and in-
creased corrosion resistance, a sufficiently
high catalytic activity being retained at the
same time.

Ni-W alloy with an optimum w(Ni) con-
tent interval has been deposited from an
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Fig. 5. Ni content influence on catalytic ac-
tivity of Ni-Pd (1), Ni—Cu (2), Ni-W (3)
alloys.

electrolyte with Ni(ll)/W(VI) salt concentra-
tion ratio of 4 to 7 at the pulse current
density 1200 A/m?2, current pulses having
been interchanged with pauses for the inter-
nal stress relaxation in the coatings. For
Ni—-Cu alloy, the optimum nickel content is
provided at j.=20 A/m2, temperature
293 K and maximum Ni(ll)/Cu(ll) salt con-
centration ratio in the electrolyte.

The synthesized optimum composition
Ni—W and Ni—Pd alloys were tested at stands
simulating the diesel engine work [11]. The
hydrocarbon and CO reduction in the emis-
sions purification by 92-95 %, nitrogen
oxide (NO,) by 20-25 % was attained, the
reaction ignition temperature being low-
ered. The optimistic work results concern-
ing the noble metal replacement in neutral-
izers confirm the possibility of the hydro-
gen reduction model reaction wuse to
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estimate the material catalytic activity in
gaseous reactions.

To conclude, the influence of electrolysis
parameters on the composition of nickel-
copper, nickel-palladium and nickel-tung-
sten alloys established in experiments has
provided preconditions for obtaining the
materials with different component con-
tents. The analysis of hydrogen exchange
currents on individual metals in comparison
with the catalytic activity in gaseous reac-
tions has confirmed the reasonability of hy-
drogen reduction model reaction use for the
estimation of the catalytic nickel-based al-
loys. The experimental kinetic parameters
of hydrogen reduction reaction obtained for
different nickel alloys agree well with pre-
dictions of the material catalytic activity
based on chemical, physical and other char-
acteristics of alloy-forming components.
This opens new approach to replace noble
metals in different catalytic systems. The
catalytic synergism effect for nickel-copper
and nickel-tungsten alloys has been estab-
lished, optimum nickel alloy compositions
have been defined and technological regimes
of their deposition have been developed.
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Manual,

Enxexrpoximiuamii cHHTE3
KaTaJITHYHO AaKTHBHUX CIIJIABIB

T.O.Henacmina, T.M.Baipauna, M.B.Be0v,
B.B.lllmegan, M.J].Caxnenko

IIpoananisoBaHO OCOBJIMBOCTI OUMIIEHHS TeXHOTE€HHUX ras3omnoAiOHUX BUKHUIIB Big Byr.ie-
BOJHIB, OKCHJIB HITpOreHy Ta BYIJIEI[I0 i3 3aCTOCYBaHHAM KATAJITUUHUX HeHTpaJsisaTopiB.
Bigsnaueno akTyaJbHiCTh 3aMiHU IJIATUHOIAIB y KaTajisaTopax Ha CIJIABU i OKCUAHI criosy-
KU. 3aIIpOIIOHOBAHO BUKOPUCTOBYBATU PeaKIlil0 BUAIJIEHHS BOJHIO AJIA OIIHKMW KaTaJiTHYHOI
aKTUBHOCTI MaTepianiB, o cuHTe3yioTh. [[o mepcneKTUBHUX 3aco0iB Au3ailHy KaTajisaTopis
Ha MeTaJeBUX HOCifAX BigHeceHO eleKTpoximiunHi meromu. 18 NpPOrHO3yBaHHSA BJIACTHUBOCTEH
CILIaBiB BUKOPHWCTAHO 3aJIeXKHICTh CTpyMy OOMiHY Bif eHepriii 3B’A3Ky ' MeTaj-BOJeHL i

"MeTaJ-KHUCeHb .

OnTrMisoBaHO pEKUMH CHUHTe3y CILIaBiB HiKesb-mmagafiii, HiKeab-Migb i

HiKeJb-BOJb(ppaM, CKJIAJ AKUX BigIoBimTae MakcuMajabHill KaTaiTuuHill akTuBHOCTi. IIoKa-
3aHO, 110 CIIJIaBaM HiKeJb-BOJb(PaM Ta HiKeJlb-Mifb IPUTAMAHHUI CUHEPreTUYHUN e(eKT.
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