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a  b  s  t  r  a  c  t

The  catalytic  activity  of  both  copper  fibers  and  copper-coated  fibers  of  a diameter  of 50–100  �m  made
of  aluminum  alloy,  technical  grade  titanium,  and  FeCrAl  alloy  in CO  oxidation  has  been  estimated.  Metal
fibers have  been  fabricated  by  the  method  of pendant  drop  melt  extraction  (PDME).  The fibers  copper
plating  was  carried  out  by  chemical  and  electrochemical  methods.  The  composition  and  structure  of
samples  and  coatings  before  and  after  catalytic  tests  have  been  characterized  by  the  methods  of  scanning
electron  microscopy,  energy-dispersive  analysis,  and X-ray  fluorescence  analysis.  It  has  been  shown  that
eywords:
etal fibers

apid solidification
opper deposition

the catalytic  activity  of copper-coated  fibers  made  of  FeCrAl  alloy  in  the  reaction  of CO  oxidation  is not
inferior  to  that  of  copper  fibers.

©  2017  Elsevier  B.V.  All  rights  reserved.
O oxidation
urface morphology

. Introduction

Investigation of properties and fields of application of metal
atalysts, carriers and catalytic filters in the form of honeycomb
tructures prepared from foil [1,2], wire gauzes [3–5], including
oven and knitted ones [6,7], and nonwoven fibrous materials

8,9] is of interest due to their practically important properties.
he design of a catalyst in the form of fibers in the composition
f metallic wool or non-woven materials characterized with large
eometric surface area and low hydrodynamic resistance to the
ow of gases or liquids enables one to conduct processes within
hort contact times, thus achieving a complete reagent transforma-
ion. Moreover, such catalysts are characterized with high electrical
nd thermal conductivity, and the fibers themselves can be pack-
ged in different ways. These properties create advantages for
brous catalysts as compared to traditional monolithic, granular,
r powdered ones.
One of the advanced and technologically reliable ways of fab-
ication of inorganic fibers and porous materials from them is the

ethod of rapid solidification via melt spinning and its variant –

∗ Corresponding author at: Institute of Chemistry, Far Eastern Branch, Russian
cademy of Sciences, Vladivostok, Russia.

E-mail address: rudnevvs@ich.dvo.ru (V.S. Rudnev).

ttps://doi.org/10.1016/j.apsusc.2017.11.287
169-4332/© 2017 Elsevier B.V. All rights reserved.
the pendant drop melt extraction (PDME) method [10,11]. In the
PDME method, fine fibers of stable sizes can be produced through
precise controlling of the material feed to the melting zone and the
adhesion interaction of the melt and the disk. The PDME  method
enables one to form elongated fibers of an equivalent diameter of
30–80 �m,  individual particles of a length of 3–10 mm,  as well as
porous nonwoven sheet materials [11]. One of the advantages of
the PDME method consists in application of crucibleless melting,
which allows fabricating the fibers made from refractory and chem-
ically active metals, including nickel, copper, titanium, zirconium,
and heat-, corrosion-, and deformation-resistant steels and alloys
[10–14]. Forming the fiber from the melt by means of the PDME
method occurs at cooling rates of up to 106 K/s, which results in
formation of a metastable structure and emergence of solidification
structures on the fiber surface. Due to the above, the fibers have
high chemical activity and an increased concentration of defects
and dopants on their surface, which is favorable for applications in
catalysis.

The application of the method of rapid solidification results
in an increase in the catalytic activity of the fabricated materials
as compared to that of the initial bulk alloys, which was shown

in [8,9,15–18] for hydrogenation of nitrobenzene, dinitrotoluenes,
adiponitrile, and isophorone on Ni-based alloys [8,9,15,16] and for
Fischer-Tropsch synthesis on skeletal Fe-based catalysts [17,18].

https://doi.org/10.1016/j.apsusc.2017.11.287
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.11.287&domain=pdf
mailto:rudnevvs@ich.dvo.ru
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The catalytic activity of the fibers fabricated by the PDME
ethod in CO oxidation was studied in [19]. It has been demon-

trated that in the model reaction of CO oxidation copper fibers
re the most active among the studied metal fibers. The activity
f the studied fibrous samples decreases in the series: Cu > Ni-
u-Mn-Si > Ni-Cr-Al-Pt-Ir-Hf ∼ Ni-Cr-Al-Pt-Hf > Ni-Cr-Ti-W-Mo-
b ≈ Ni-Cr-Al-REM > Fe-Cr-Al-needles > Ni-Cr-Al-Mo-Hf > Fe-Cr-Al
bers ≥ Fe-Cr-Al-Pt > Al-Mg-Cu > Ti. High activity of copper fibrous
atalysts can be associated with the formation of copper oxides on
heir surfaces [20]. It is worth mentioning that copper fibers are
ot only more active in CO oxidation, but also cheaper than those
ontaining up to 10 wt.% of platinum group metals [19].

Copper-based catalysts have attracted much attention in het-
rogeneous catalysis [20–33] and photocatalysis [34–37] due to
heir low cost and high selectivity and high catalytic activity in

any catalytically important processes. Copper and its compounds
re contained in many advanced industrial catalysts [38,39].
u-based catalysts are characterized with high activity in deep
xidation of carbon monoxide [20–27] and hydrocarbons [24,27],
referential oxidation of CO in H2-rich stream [28], water–gas
hift reaction [29,30], selective reduction reactions [31,32], and
ethanol reforming [33]. It has been found that the activity of

he CuCr2O4 spinel in CO oxidation is comparable to that of Pd
nd Pt [25,40], but at the same time this material is superior to
t- and Pd-based catalysts due to its high thermal stability and
xceptional chemical resistance to impurities, such as sulfur com-
ounds [21,23]. Unlike noble metal catalysts that are expensive and
oisoned by nitrogen and sulfur oxides, the advantage of these
opper-based catalysts consists in the fact that they are cheap,
echanically strong, and relatively stable to contaminants [26].

Even without any pretreatment, copper foil has a certain activ-
ty in the oxidation of CO and CH4 [24]. Specially treated copper

icrochannel plates serve as a basis for creating microreactors for
atalytic gas-phase oxidation [41,42]. In some cases, copper is sub-
ect to special treatment yielding the growth of nanosized copper
xides in the form of rods, sheets, flowers, whiskers, etc. on its
urface, thus increasing the specific surface area and activity of Cu-
ased catalysts [34–37,41,43]. At the same time, the use of bulk
u-containing alloys is not always justified in terms of compar-
tively high density and cost and insufficient heat resistance of
opper. Therefore, it is of interest to investigate the behavior of
opper layers deposited on metallic fibers of different nature, tak-
ng into account the possible effect of the fiber composition on the
atalytic properties of the resulting compositions.

The objective of the present work was to perform a compara-
ive analysis of the composition, surface morphology, and activity
n CO oxidation of copper layers deposited on the fibers made of
luminum alloy, titanium and FeCrAl alloy by chemical and elec-
rochemical methods.

. Experimental

.1. Fabricating the metal fibers

M.M.  Serov fabricated metal fibers at the Chair of Technologies
f Automated Design of Metallurgical Production of the Moscow
viation Institute.

Fig. 1 schematically shows the operation principle of an appa-
atus for producing metal fibers and non-woven materials by the
DME technique [12].

The main feature of the PDME method consists in the fact that

he molten metal in a free state forms a drop overhanging from the
ower butt end of a vertical rod. The drop contacts with the top of
he trigonal leading edge of the cooled rotating heat receiver. In the
ontact zone, the melt solidifies. The heat receiver rotation results
Fig. 1. Schematic diagram of forming porous fibrous materials by the PDME method:
(1) dispersing billet, (2) rotating heat receiver, (3) metal fiber, (4) movable (receiving)
surface, (5) porous material formed from fibers.

in the removal of the material from the melt and its dispersal to the
collector by centrifugal forces.

To fabricate fibers, we used copper (M2  grade), titanium (VT1-0
grade), aluminum alloy of the Al-Mg-Cu system, and FeCrAl alloy.

2.2. Copper deposition on metal fibers

Copper coatings were obtained by electroplating and electroless
plating at room temperature (Fig. 2).

Electroless copper plating was  used only for aluminum alloy
fibers (Fig. 2b). Preliminarily, the fibrous samples were degreased
for 1 min  in ethanol, washed with warm running water, etched for
1 min  in solution of 100 g/L NaOH, and rinsed with warm running
water once again. The copper plating was carried out for 2 min  in
an aqueous solution containing 20 g/L CuSO4·5H2O, 35 g/L glycerol,
26 g/L NaOH and 8 mL/L of 40% formaldehyde solution as reducing
agent [44].

Copper electroplating was  used for fibers made of titanium
and FeCrAl alloy, Fig. 2c. Preliminarily, the fibrous samples were
degreased with ethanol for 1 min, washed with warm running
water, and etched in a mixture of concentrated acids contain-
ing 60 g/L of concentrated nitric acid and 60 g/L of concentrated
hydrofluoric acid. Electroplating was carried out in the copper
sulfate electrolyte (230 g/L of CuSO4·5H2O, 60 g/L of concentrated
sulfuric acid and 8 g/L of ethanol) according to Russian State
Standard (GOST) 107.460092.001-86. The electrochemical cell con-
sisted of a thermal glass of 1.0 L in volume with two  anodes made
of 0.5 mm thick copper foil, which were located in opposite to each
other. The cathode made of metal fibers was  placed between two
anodes in the center of the electrochemical cell. Each of the anodes
had a surface area of 50 cm2 and the geometrical area of the fibers
was about 100 cm2. A matrix MPS-3010L-1 laboratory power sup-
ply unit (Russia) was used. The processing time was  2 min, and the
cathode current density was  0.05 A/cm2. Such a current density was
selected experimentally, since burning of the fibers was  observed
with higher current density.

In both cases, upon copper plating, copper-coated metal fibers
were again washed with warm running water and dried with com-
pressed air.

Hereinafter, for simplicity, copper-coated fibers will be denoted
as Cu/Ti, Cu/Al, and Cu/FeCrAl.
2.3. Characterization of initial and copper-coated fibers

The composition and structure of the samples and coatings were
characterized by the methods of scanning electron microscopy
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ig. 2. The scheme of fabrication of copper-coated fibers by electroless copper pla
etal  fibers (d).

SEM), X-ray fluorescence (XRF) analysis, energy dispersive X-ray
pectroscopy (EDS), and X-ray microprobe analysis.

The initial fibers composition was determined using an X-MET
500 X-ray fluorescence portable analyzer (Oxford Instruments,
nited Kingdom). The depth of penetration of the scanning beam
as ∼10–20 �m.

The data on the samples’ surface morphology and element com-
osition of the fibers made of copper, titanium, and aluminum alloy

n the Al-Mg-Cu system were obtained using a Hitachi S5500 high-
esolution scanning electron microscope (SEM) (Japan) equipped
ith a Thermo Scientific Instrument accessory for energy disper-

ive X-ray spectral analysis (United States). For the EDS analysis,
he depth of penetration of the scanning beam was  ∼1 �m.

This set does not allow determining the composition of the sam-
les that are easily magnetized. Therefore, the data on the surface
orphology and element composition of the fibers from FeCrAl

lloy were obtained using a JXA 8100 X-ray spectral microana-
yzer (Japan) additionally equipped with an INCA energy-dispersive
ccessory (Great Britain). In this case (for X-ray microprobe analy-
is), the depth of penetration of the scanning beam was ∼2–5 �m.

The fiber diameter (d) was measured using a micrometer: the
verage value was calculated from 5–15 measurements. The spe-
ific geometric surface (Sspec geom) was calculated according to the
ormula Sspec geom = 4/�·d, where � is the alloy density, assuming
hat the area of fiber butt ends is infinitely smaller than that of
heir side area.

.4. Catalytic tests of fibrous samples

The catalytic activity of fiber samples in the reaction of oxida-
ion of CO into CO2 was  determined from the dependence of the
O conversion on temperature. Samples of metallic fibers for cat-
lytic tests were selected in such a way as to make their geometric
urface area equal to about 50 cm2. The prepared samples (Fig. 3,
pper row) were placed into the reaction zone of a tubular quartz

eactor between quartz sand layers. The catalytic-test conditions: a
I-CATflow 4.2(A) flow-type catalytic system (Institute of Catalysis,
iberian Branch, Russian Academy of Sciences, Russia); gas-mixture
omposition 5% CO + air; and rate of gas flow through the reac-
) and copper plating (c), appearances of initial metal fibers (a) and copper-coated

tor (volume 3 cm3) 50 mL/min. At each temperature, a sample was
preliminarily held for 20 min  to ensure homogeneous bulk tem-
perature distribution, after which CO and CO2 concentrations were
measured at the reactor inlet and outlet using a PEM–2 gas analyzer
(Institute of Catalysis, Russia).

3. Results

3.1. Initial fibers

The metallic fibers diameters, alloy densities, and calculated
specific geometric surfaces are shown in Table 1. Their appearances
are shown in Fig. 3, and the images obtained with the help of scan-
ning electron microscopy (SEM) – in Fig. 4. The fibers appear to
be inhomogeneous in thickness and contain defects on their sur-
faces (Fig. 4). Comparison of the data of XRF (analysis depth is up
to 20 �m)  and energy-dispersive X-ray spectral analysis (depth of
analysis is 2–5 �m for FeCrAl alloy and 1 �m for other fibers) shows
that the fiber surface is covered with an oxide film and contami-
nated with carbon. Only in the case of FeCrAl alloy, carbon and
oxygen are not found on the surface.

As can be seen from the results of catalytic tests of fiber sam-
ples in the oxidation of CO into CO2 (Fig. 5a), the CO conversion
values at 500 ◦C are equal to 12, 5, and 4% on fibers made of FeCrAl
alloy, aluminum alloy, and technical grade titanium, respectively.
The latter means that these samples are inactive in CO oxidation
in the investigated temperature range. Copper fibers are active in
CO oxidation at temperatures above 200 ◦C. At 300 ◦C, the degree
of CO conversion on Cu fibers attains 100%. However, in the second
cycle of catalytic tests, the graph of the dependence X = f(T) shifts to
higher temperatures, which indicates a partial deactivation of Cu
fibers.

After catalytic tests, aluminum fibers become slightly yellow-
ish, titanium ones turn into blue-violet, fibers made of FeCrAl alloy
become brown, and golden-pink copper fibers turn black (Fig. 3),

which indicates the formation of oxides on their surface. The change
in the color of fibers is accompanied by the change in the morphol-
ogy of the surface, as can be seen on the example of copper fibers
(Fig. 6). The surface of the initial copper fibers contains defects in the
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Fig. 3. Photographs of initial metal fibers prepared for catalytic tests and those after catalytic tests.

Table 1
Characteristics of metallic fibers: average diameter d and length l, alloy density �, calculated specific geometric surface area Sspec. geom, and element composition according to
XRF  (analysis depth is 10–20 �m)  and EDS (analysis depth is ∼1 �m).

System Element composition, wt. % l, cm d, mm �, g/cm3 Sspec geom., cm2/g

XRF EDS

Al-Mg-Cu (1160
aluminum alloy)

89.1 Al, 2.1 Mg,  3.4 Cu, 64.2 Al, 0.9 Mg,  2.4 Cu,
27.1 C, 5.4 O, 0.03 Si

10-20 0.10 ± 0.01 2.80 138

0.51  Mn,  0.25 Fe, 0.19 Zr,
0.05 Si, 0.01 Cr, 0.09 Zn, 0.08 Ti

Ti  (VT1-0) 99.0–99.7 Ti, 0.2–0.9 Al, 0.07 Fe, 92.4 Ti, 0.1 Al, 6.0 C, 1.5
O

10-30 0.07 ± 0.01 4.505 125

Impurities: 0.01 Mo, 0.01 V, 0.07 Cr, 0.04 Cu, 0.06 Sn
Cu  (M2) 99.3–99.8 Cu, 0.05–0.11 Ni, 86.0 Cu, 11.0 C, 3.0 O ∼0.5 0.068 ± 0.006 8.94 66

Impurities: 0.12–0.15 Zn, 0.01 Mn,  0.57 Si, 0.06 Zr
FeCrAl alloy (Cr23Al5

heat-resistant steel)
73.2Fe, 22.8 Cr, 3.6 Al, 0.4 Ti (*) 71.3 Fe, 24.8 Cr, 4.4

Al, 0.4 Ti
5-20 0.052 ± 0.005 7.25 106

Note: (*) Data of X-ray microprobe analysis, depth of analysis is 2–5 �m.

Table 2
Element composition (at.%) of copper fibers and copper-coated fibers before and after catalytic tests according EDS (*) and X-ray microprobe analysis (**).

System Initial surface (before catalysis) Surface after catalysis

Copper-coated fiber site Uncoated fiber site Copper-coated fiber site Uncoated fiber site

Cu* 39.4–70.0 (56.9) Cu 20.2–39.2 (30.1) Cu
0–13.0 (6.8) O 25.9–36.5 (32.2) O
28.4–47.5 (36.4) C 27.8–44.3 (37.6) C

Cu/Al-alloy* 39.0–66.0 (55.4) Cu 1.9–22.2 (7.3) Cu 4.4–40.4 (17.0) Cu 0–6.2 (2.9) Cu
0.4–3.4 (1.3) Al 28.2–98.1 (63.3) Al 0.7–3.6 (2.8) Al 19.6–58.5 (58.6) Al

0–2.4 (0.8) Mg  0–2.0 (1.1) Mg
11.0–18.0 (13.4) O 0–49.5 (13.8) O 16.4–46.1 (26.8) O 5.0–15.8 (8.9) O
18.6–49.4 (29.7) C 0–42.9 (14.8) C 12.8–68.5 (53.4) C 0–64.6 (28.6) C

Cu/Ti* 56.8–73.7 (65.1) Cu 0.5–5.2 (2.8) Cu 30.3–34.8 (31.7) Cu 0.4–3.1 (1.3) Cu
0–0.4 (0.1) Ti 91.8–99.5 (95.9) Ti – 12.1–96.6 (70.0) Ti
0–12.6 (7.2) O 0 O 37.4–42.2 (40.1) O 0–35.6 (12.4) O
25.3–30.6 (27.6) C 0–11.2 (5.0) C 23.1–30.7 (28.2) C 2.7–33.2 (12.5) C

0–31.6 (4.3) N

Cu/FeCrAl alloy** 77.9–80.1 (78.8) Cu 0.3–0.5 Cu 50.1–60.1 (55.9) Cu 0.4 Cu
0.9–2.7 (1.9) Fe 60.4–68.2 Fe 0.4–1.8 (0.9) Fe 61.8 Fe
0.3–1.0 (0.6) Cr 22.1–24.5 Cr 0–0.5 (0.2) Cr 22.3 Cr
0  Al 6.3–9.3 Al 0 Al 9.2 Al
0–9.9 (6.0) O 0 O 30.4–42.1 (35.0) O 0 O
9.6–16.2 (12.7) C 0–7.5 C 5.5–11.1 (8.0) C 5.5 C

Note: The average concentration of the element is indicated in parentheses.
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Fig. 4. SEM images of th

orm of granules and irregularities (Fig. 6a). Upon the interaction
ith the reaction mixture (CO, CO2, and air) at elevated temper-

tures, the surface becomes covered with nanosized structures in
he form of “flakes” (Fig. 6b). According to the EDS data, the amount
f oxygen on the surface layer of copper fibers increases after catal-
sis, thereby decreasing the copper concentration (Table 2, Fig. 7).
he atomic ratio of O:Cu ≈ 1:1 corresponds to the CuO formation.

.2. Copper-coated fibers: the composition, surface morphology,
nd catalytic activity

As a result of electroless copper plating and copper electro-
lating, the fibers made of aluminum alloy, titanium, and FeCrAl
lloy acquire a golden-pink color (Fig. 2d) like that of copper fibers.
ccording to visual observations and analysis of SEM images, it can
e concluded that the copper coatings deposited under the selected
onditions did not completely cover the surface of the fibers. The
ormed copper coatings look like rows of globules located along alu-

inum and titanium fibers (Fig. 8bce). The formed copper coatings
f globules are arranged along the aluminum and titanium fibers
Fig. 8bce). The diameters of such globules are 2-3 and 10-20 �m
or aluminum and titanium fibers, respectively, and coincide with
he thicknesses of the corresponding copper coatings. The surface
f copper globules is uneven and bumpy (Fig. 8cf). On the sites
nclosed with copper layers, convex light strips are visible on the
urface of aluminum fibers (Fig. 8b).

In addition to copper, the elements of metal substrates, such as
luminum, titanium, iron, and chromium, are found in the com-
osition of copper coatings (Table 2, Fig. 7). In the composition of
opper-uncoated sites, the concentrations of these elements are
igher. Oxygen is detected on the surfaces of all copper coatings.
owever, oxygen is not found on the surface of copper-uncoated

ites of the fibers from titanium and FeCrAl alloy, while its concen-
ration is higher in similar sites of aluminum alloy fibers.
The deposition of copper coatings on metal fibers made of alu-
inum alloy, titanium, and FeCrAl alloy leads to an increase in

heir activity in CO oxidation (Fig. 5bcd) as compared to the initial
nes (Fig. 5a). For Cu/Ti and Cu/Al, the graphs of the temperature
ace of the initial fibers.

dependence of CO conversion are shifted to higher temperatures
in the second cycle of catalytic tests; later, the conversion val-
ues are stabilized. For Cu/FeCrAl, the course of the curve X = f(T)
remains virtually unchanged. According to the catalytic activity
(in decreasing order) based on the temperature of 50% conversion
of CO (T50), the copper-coated fibers can be ranged in the series:
Cu ≈ Cu/FeCrAl > Cu/Al > Cu/Ti (Fig. 5e). Thus, the activity of copper-
coated fibers from the FeCrAl alloy in CO oxidation is comparable
to that of copper fibers.

3.3. Change in surface morphology and composition of
copper-coated fibers during catalytic tests

Catalytic tests result in changes in the appearance and color of
the copper-coated fibers. The copper-coated sites become black,
uncoated sited of the fibers from aluminum alloy and FeCrAl alloy
acquire a yellowish tint, whereas similar sites of titanium fibers
become blue-violet.

In SEM images (Fig. 9adg) of the surface of the copper-coated
fibers after catalysis, two  types of sites can be distinguished:
coarse rough protruding and smooth ones. The surface structure
of the rough flake-like sites on aluminum alloy and titanium fibers
(Fig. 9be) is similar to those of copper fibers after catalysis (Fig. 6b).
In all cases, the flake sizes are virtually the same – 300–700 nm.
At higher magnification, one can see that smooth sites have differ-
ent structures. However, there are separated dispersed particles
(Fig. 9c) or their placers (Fig. 9f) on the fiber surfaces of tita-
nium and aluminum alloy. The sizes of dispersed particles are
50–100 nm for aluminum alloy fibers and 100–200 nm for titanium
fibers.

Flake-like sites consist mainly of copper, oxygen, and carbon
(Table 2, Fig. 7). For these sites, the O:Cu atomic ratio is about 1 in
case of copper fibers (1.07), >1 for Cu/Al (1.57) and Cu/Ti (1.26), and
<1 (0.63) for Cu/FeCrAl.
The smooth sites contain mainly fiber elements and small quan-
tities of copper and oxygen (Table 2, Fig. 10). In the case of fibers
made of the FeCrAl alloy, oxygen is completely absent. This means
that copper-uncoated sites on the surface of aluminum and tita-
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Fig. 5. Conversion vs. temperature: (a) for initial metal fibers and (bc) for copper-coated fibers from aluminum alloy (b), titanium (c), FeCrAl alloy (d) in the first (I) and
second (II) cycles of catalytic tests. The temperatures of 50% conversion (e) for copper and copper-coated fibers in the first (1, 1′) and second (2, 2′) cycles of catalytic tests at
heating  (1, 2) and cooling (1′ , 2′).

opper

n
a
t
F
c
a

Fig. 6. SEM images of the surface of c

ium fibers are partially oxidized, while the fibers made of FeCrAl
lloy does not undergo oxidation under the experimental condi-

ions. Copper is concentrated in dispersed particles on the surface.
or example, light sites with placers of dispersed particles in Fig. 9f
ontain 1.2–1.9 at.% Cu, while neighboring darker areas do only
bout 0.4 at.% Cu.
 fibers before and after catalytic tests.

4. Discussion
All the copper-coated fibers under study are active in deep CO
oxidation. The temperature range of their activity in this reaction
is similar to that of copper fibers, all of them convert CO into CO2 at
a temperature above 200 ◦C. As follows from the obtained results



I.V. Lukiyanchuk et al. / Applied Surf

Fig. 7. Composition of copper fibers and copper-coated sites of the fibers from alu-
minum alloy of the system Al-Mg-Cu, titanium and FeCrAl alloy before and after the
catalytic tests.

Fig. 8. SEM images of copper-coated fibers from aluminum alloy of t
ace Science 436 (2018) 1–10 7

and their comparison with the available literature data, the cop-
per oxide formation on both copper fibers and copper-coated sites
on titanium, aluminum, or FeCrAl alloy during catalytic tests deter-
mine the catalytic activity of the samples. According to the decrease
in the catalytic activity, the investigated samples are arranged in
the series Cu ≈ Cu/FeCrAl > Cu/Al > Cu/Ti (Fig. 5e). The activity of
copper-coated fibers made of FeCrAl alloy is comparable to the
activity of copper fibers. The deposition of copper coatings on fibers
made of FeCrAl alloy, on the one hand, will reduce the consumption
of copper and the mass of products, and, on the other hand, allows
increasing the temperature range of their use due to higher heat
resistance of the carrier.

The increased catalytic activity in the case of Cu/FeCrAl fibers
is correlated to higher copper content in the composition of the
copper-coated sites (Table 2). However, the differences in the cop-
per content can be associated with different methods of analysis in
the case of Cu/FeCrAl and in other samples. To study the composi-
tion of coatings for Cu/FeCrAl, the X-ray microprobe analysis was
used due to the ferromagnetic properties of the FeCrAl-alloy, while
the EDS method was  used for other samples. However, it is possi-
ble that the main reason for the difference in the copper content
consists in surface contamination by carbon, which is much lower
in the case of Cu/FeCrAl. Since the outer layer is usually carbonized,
and the depth of analysis is different, the lower is the carbon con-
tamination and the greater is the analysis depth, the less carbon
is found in the analyzed layer. If we  subtract the carbon content
and recalculate the data in Table 2, the copper concentration in the
coatings will be (at.%): 89.3 (Cu), 79.0 (Cu/Al), 89.9 (Cu/Ti), and 90.3
(Cu/FeCrAl). That is, the spread of copper concentrations is not so
significant.

Unlike copper fibers, copper on the surface of fibers made from

titanium, aluminum, or FeCrAl alloy does not form continuous lay-
ers. According to Fig. 8adg, the isolated islands of copper occupy not
less than 50% of the surface of metal fibers. Some decrease in the
activity of CO oxidation for the copper-coated fibers made of alu-

he system Al-Mg-Cu (a–c), titanium (d–f) and FeCrAl alloy (g).
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Fig. 9. SEM images of copper-coated fibers from aluminum alloy of the system A
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copper-coated fibers. The first consists in sintering of copper parti-
ig. 10. Composition of copper-uncoated sites of the metal fibers before and after
he  catalytic tests.

inum alloy and titanium can be related to both the smaller area
ccupied by the active compound on the surface and the effect of
he fiber material and oxides from this material. The comparable
ctivity of copper fibers and copper-coated samples of FeCrAl alloy
n CO oxidation indicates the determining effect of the second fac-

or. In this case, the area of copper-coated sites is comparable with
hat of aluminum alloy and titanium, but no oxidation of the fiber

aterial on uncoated sites was detected (Fig. 10).
l-Mg-Cu (a–c), titanium (d–f) and FeCrAl alloy (g) after the catalytic tests.

The higher activity of Cu/FeCrAl in comparison with Cu/Al and
Cu/Ti is, probably, the result of the substrate effect. Since, first, the
FeCrAl-alloy substrate itself has a slightly higher activity, in com-
parison with aluminum and titanium (Fig. 5a), Cu-uncoated sites
of Cu/FeCrAl must be more active than those of Cu/Al and Cu/Ti.

Second, it cannot be ruled out that on the copper-free
surface of the Cu/FeCrAl fibers the sites with chromium and
iron oxides are formed as a result of interaction with oxygen.
Chromium and iron oxides formed under elevated temperatures
are more active than titania and alumina [45]. In accordance
with the relative activity in CO oxidation at 300 ◦C (1% CO in O2
excess) [23], the base metal oxide catalysts can be ranged as:
CuO(45) > Fe2O3(0.4) > Cr2O3(0.03). The similar series of activity is
confirmed for reaction mixtures with a stoichiometric components
ratio under stationary conditions at 500 ◦C [45]. Using the X-ray
microprobe analysis method, we did not find oxygen on the copper-
free surface of Cu/FeCrAl fibers (Fig. 10). However, according to [46],
a thin native oxide of a thickness of 2–3 nm covers the surface of
FeCrAl alloy. This oxide contains Fe, Cr and, Al, where Fe and Cr
enrich the outer and inner parts of the oxide, respectively. Since
the concentration of iron on the surface of the oxide film is higher
than that of chromium, it can have a greater effect on the catalytic
activity of Cu/FeCrAl samples.

Third, at elevated temperatures, interaction between copper
species (Cu, Cu2O, CuO) and fiber underlayers containing Fe, Cr,
and Al is possible with the formation of spinels. The catalytic activ-
ity of CuCr2O4 and CuFe2O4 in CO oxidation is higher than that
of CuAl2O4 [21,23,47–50]. This can be one of the reasons for the
increased activity of Cu/FeCrAl fibers.

As the duration of the catalytic tests increases, the activity of
copper fibers and copper-coated ones decreases. There are two
reasons for the decrease in the catalytic activity of copper and
cles on the fibers surface at elevated temperatures, which reduces
the catalytically active phase area. The second reason is an increase
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n the fraction of CuO. Upon contact with a reaction gas mixture
ontaining both the oxidizing agent (O2) and the reducing agent
CO), all three types of copper species (Cu◦, Cu2O and CuO) can
imultaneously coexist on the surface of copper and copper-coated
bers. According to the data of [20,51], Cu2O is the most active
mong copper species. As the temperature increases, the fraction
f CuO increases [20].

Regardless of the methods used (electroless copper plating for
luminum alloy or copper electroplating for titanium), copper
orms spherical objects (globules) on the fiber surfaces. These glob-
les eventually merge over time to form copper-coated sites or

slands (Fig. 8bce). The globule sizes are different for the fibers from
luminum alloy and titanium. Unfortunately, we could not study
he structural features of such formations and estimate their sizes
or the fibers from FeCrAl alloy, since Hitachi S5500 high-resolution
canning microscope does not allow studying magnetizable sam-
les. Therefore, at this stage of research, it is difficult to separate
he effect of the nature of metal fiber and the method of copper
eposition on the sizes of copper-containing spherical formations.

After catalytic tests, the surface structure of copper-coated sites
Fig. 9bd) on the fibers made of aluminum alloy and titanium is
imilar to that of copper fibers (Fig. 6b). In all cases, the surface is
oated with flakes, the sizes of which are 300–700 nm.  According
o the element composition data (Table 2 and Fig. 7), copper oxide
redominates in the flake composition.

After catalysis, the atomic oxygen-to-copper ratio is 1 for copper
bers (1.07), >1 for Cu/Al (1.57) and Cu/Ti (1.26), and <1 (0.63) for
u/FeCrAl fibers. If we  take into account only the ratio of oxygen
o copper (without consideration of carbon and impurity atoms),
n the first case, this Cu/O ratio is an evidence for the formation
f CuO, in the second and the third ones, it indicates the presence,
ogether with CuO, of adsorbed oxygen compounds on the surface,
or example, such as water, hydroxyl, or carbonate groups. The ratio
.5 < Cu/O < 1 indicates to the formation of CuO and Cu2O. On the
ne hand, the presence of Cu2O in the composition of the surface

ayer of Cu/FeCrAl fibers could be another reason for its higher activ-
ty compared to activities of Cu/Al and Cu/Ti. On the other hand, it
an not be excluded that, in the case Cu/FeCrAl, the surface layer
fter catalysis consists mainly of CuO, and the copper excess in com-
arison with oxygen is due to the fact that underlying layers of the
opper coating affect the result of analysis.

As was mentioned in the Introduction, depending on the tem-
erature treatment of copper in oxygen-containing media, copper
xides in the form of nanosized rods, sheets, flowers, etc. can be
abricated on its surface, which increases the specific surface area
nd the activity of copper catalysts [34–37,41,43]. For example, in
36], copper oxide nanowhiskers were observed as a result of air
nnealing the copper coatings deposited on stainless steel mesh
or 4 h at temperatures of 200–500 ◦C. In our case, nanosized flakes
re formed. Consequently, different heat treatment conditions and
ifferent composition of the gas atmosphere lead to different mor-
hological formations on the surface of the copper coating.

The catalytic activity is related to the composition of the surface
ayer. Fig. 7 shows the composition of copper layers before and
fter catalytic tests. In the composition of copper coatings on fibers
rom FeCrAl alloy, the concentration of copper is even higher than
n the composition of the copper fibers themselves, since the latter
re contaminated with carbon. Contamination of fibers by carbon
an be caused by both fabrication method features and subsequent
anipulation with the samples and basic carbonate formation on

he copper surface by contact with moist air containing carbon
ioxide: 2Cu + O2 + CO2 + H2O → Cu(OH)2·CuCO3 [52]. At the same

ime, it is possible that high concentration of copper and lower
oncentration of carbon in the copper coatings on the fibers from
eCrAl alloy are associated with a greater depth of analysis in this
ase (Section 2.3).

[

[
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5. Conclusions

Metal fibers formed by the pendant drop melt extraction (PDME)
method are promising for the use in the design of catalysts from the
point of their composition, surface structure, and size. However, for
their application in this capacity, it is necessary to justify the meth-
ods of modifying their surface with catalytically active components.
The results of the present work show that electrolplating and elec-
troless plating copper onto fiber surfaces can serve as such methods
of modification. It is also possible to deposit other transition or
noble metals onto the surface of the fibers, conduct subsequent
annealing, and realize other types of additional processing.
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