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Abstract—The paper presents the results of studies of coatings formed by gold, copper, nickel, and palladium
nanoparticles in various combinations on the surface of highly oriented pyrolytic graphite. It was shown that
the structure of the bimetallic coatings and the adsorption of hydrogen, oxygen, and carbon monoxide on
them are affected by interactions between dissimilar nanoparticles.
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INTRODUCTION
Bimetallic catalysts exhibit high catalytic activity in

various chemical reactions [1]. The catalysts based on
gold and copper nanoparticles are widely used, for
example, in the oxidation of various hydrocarbons:
benzyl alcohol, propylene, methanol, and others [2–
9], and in the low-temperature oxidation of CO [10–
12]. The composites consisting of mixtures of gold and
nickel nanoparticles were shown to have higher activ-
ity than the single-component nanostructured gold
and nickel catalysts in steam reforming and CO oxida-
tion [13] and in cross-condensation of alcohols [14].
The use of Au–Ni catalysts increases the yield of allyl-
benzene isomerization products [15]. These catalysts
are characterized by increased activity and stability in
hydrodechlorination processes [16].

Nickel-palladium catalysts are characterized by
high activity, selectivity, and stability in many redox
processes [17, 18]. The Ni0.4Pd0.6 catalysts participate
in direct synthesis of Н2О2 and surpass the monome-
tallic palladium catalyst in stability and selectivity
[19]. The addition of palladium to nickel in a ratio of
3 : 7 allows synthesis of an effective catalyst for the
decomposition of hydrazine into simple substances
[20]. NiPd nanoparticles have increased catalytic
activity compared to Pd particles, for example, in
cross-coupling of vinyl and aryl halides with terminal
alkynes [21], hydrogenation of a number of nitro-sub-
stituted aromatic hydrocarbons under mild conditions

[22], hydrogen energy processes [23], and hydro-
dechlorination of chlorohydrocarbons [24]. Thus,
bimetallic coatings can become the basis of new, more
efficient systems. At the same time, the factors govern-
ing the unique properties of bimetallic catalysts
remain unknown, although this problem has already
been solved for some coatings [25].

To examine the reasons for differences in the phys-
icochemical properties of bimetallic systems and
monometallic analogs and to search for conditions for
their effective use in catalysis requires knowledge of
the structure of these materials. The methods used for
this purpose generally include transmission electron
microscopy (TEM), X-ray phase analysis (XRD),
X-ray photoelectron spectroscopy (XPS), IR spec-
troscopy, and visible spectroscopy [13, 26–28]. How-
ever, the information obtained by these methods is
averaged over various nanoparticles, which makes it
difficult to determine the mechanisms of chemical
reactions. The use of scanning tunnel microscopy
combined with tunnel spectroscopy (STM/STS)
makes it possible not only to determine the size and
shape of individual nanoparticles, but also to obtain
information on their electronic structure, identify the
molecules adsorbed on them, and reveal interparticle
interaction effects (synergism) [29–32]. The goal of
this study was to determine the morphology and local
electronic structure of gold-copper, gold-nickel, and
nickel-palladium nanostructured coatings on graph-
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ite, and also the laws governing the interaction of these
coatings with H2, O2, and CO gases.

EXPERIMENTAL
The Au and Cu, as well as Au and Ni, nanoparticles

were deposited by impregnation. The aqueous HAu-
Cl4, Ni(NO3)2, or Cu(NO3)2 solutions with a metal
concentration of 2.4 × 10–8 g/L in different combina-
tions were simultaneously deposited on the surface of
highly oriented pyrolytic graphite (HOPG), dried, and
heated for a few hours at T = 500–750 K under ultra-
high vacuum. The NiPd coatings on the HOPG sur-
face were prepared by laser electrodispersion (LED)
[34] of an alloy containing 65 wt % Ni and 35 wt % Pd
similar to that studied in [24].

The local and electronic structure of nanostruc-
tured coatings were analyzed by ultrahigh vacuum
scanning tunneling microscopy (STM). The measure-
ment of the current-voltage (CV) characteristics
(curves) of STM nanocontacts containing nanoparti-
cles deposited on a substrate (hereinafter, CVCs of
nanoparticles) allows us to analyze the results of the
action of adsorbed molecules on the surface of
nanoparticles. For example, the CVCs of pure gold
nanoparticles have an S shape typical of a tunneling
contact of two metals with a nonzero derivative in the
vicinity of zero voltages. After exposure to hydrogen, a
region with zero conductivity appears on the CVCs of
these nanoparticles [35]. After exposure to gases, other
significant changes in the shape of CVCs occasionally
took place, namely, local maxima appeared, with volt-
age intervals between them dU being numerically
equal to the energy of the characteristic vibrational
quantum of the adsorbed particle, hν: edU = hν, where
e is the elementary charge [31]. To determine the local
characteristics of the coatings, topographic and spec-
troscopic measurements were performed on four or
five nonadjacent sections of the sample surface of sizes
150–500 nm, which contained a few dozens of
nanoparticles. For correct interpretation, the CVCs of
nanoparticles were compared with Auger spectros-
copy data.

The residual gas pressure in the STM chamber did
not exceed P = 2 × 10–10 Torr, which made it possible

to exclude an uncontrolled change in the chemical
composition of the samples and ensured reliability of the
obtained information. To determine the adsorption char-
acteristics, the samples containing nanoparticles were
exposed in Н2, О2, and СО at Р = 1 × 10–6 Torr and Т =
300 K for the time required to achieve the required
exposure. The exposure was measured in Langmuirs
(1 L = 1 × 10–6 Torr s). All further topographic and
spectroscopic measurements were performed after the
gas was removed from the unit. The elemental compo-
sition of the samples was also determined by Auger
spectroscopy. The chemical composition of the gas-
eous medium of the ultrahigh vacuum chamber was
controlled with a quadrupole mass spectrometer at all
stages of operation.

RESULTS AND DISCUSSION
Gold-Copper Coating

The HOPG surface contains clusters of spherical
nanoparticles (diameter 2–6 nm), located mainly on
the edges of graphene sheets (Fig. 1a). The nanoparti-
cles cover up to 15% of the sample surface. The CV
measurements revealed three types of nanoparticles,
which differed significantly in their electronic struc-
ture (curves 2–4, Fig. 1b). A quantitative analysis of
CVCs of various types showed that nanoparticles that
correspond to the CVCs of curve 3 in Fig. 1b (type 3)
are dominant in the gold-copper coating. These are
~40% of the total number of nanoparticles. The num-
ber of nanoparticles that correspond to CV curve 2 in
Fig. 1b (type 2) and CV curve 4 in Fig. 1b (type 4) is
approximately the same, ≈30% (Table 1). The data on
the types and number of observed curves were com-
pared with the experimental data for monometallic
gold or copper coatings [36]; the results of this com-
parison and the fact that nanoparticles do not form
multilayer clusters under the conditions of our experi-
ment suggested that type 2 curves most likely corre-
spond to gold nanoparticles; type 3 curves, to copper
nanoparticles containing no oxygen atoms on their
surface; and type 4 curves, to oxidized copper
nanoparticles. Indeed, the results of XPS studies [37]
showed that in gold-copper systems similar to those
studied here, gold is in the Au0 state, and copper is in
the Cu0 and Cu2+ states, which agrees with our data.

The marked asymmetry of СVСs with current lock-
ing in the region of positive displacements (curve 4)
may be explained by the fact that copper oxides are
typical p-type semiconductors with a band gap of 2.1–
2.2 eV for Cu2O and 1.0–1.4 eV for CuO [38, 39]. The
presence of copper oxides along with reduced copper
Cu0 is probably due to the peculiarities of its deposi-
tion by thermal decomposition of copper nitrate on
the HOPG surface. In this process, CuO particles ini-
tially form [40], which are then reduced to Cu0 as a
result of oxygen loss under ultrahigh vacuum. In view
of the relatively low heating temperature (500–750 K),

Table 1. Effect of adsorption on the electronic structure
of nanoparticles from the gold-copper coating

Treatment
Percent of nanoparticles

with different types of CVCs, %

type 2 type 3 type 4

Initial state 27 42 31
Exposure in СО 20 57 23
Exposure in Н 4 39 37
Exposure in О2 24 22 53
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which is clearly insufficient for the formation of a sta-
ble crystal lattice inherent in metallurgical copper or
high-temperature copper oxide, one would expect
topotaxy effects, which cause high defectiveness and,
accordingly, reactivity of the forming particles. It was
found [41, 42] that under conditions when one of the
components of the system is oxidized, mixed particles
(alloys) do not form; i.e., the formation of AuCu
nanoparticles in the presence of oxygen is unlikely. In
addition, the possibility of pure gold and copper
nanoparticles on the surface of reduced graphene
oxide was reported in [11] and [43].

The exposure of the nanostructured gold-copper
coating in CO led to a change in the ratio between
nanoparticles with different electronic structures, i.e.,
between those that differ in the form of CVC. The
number of nanoparticles with CVC of type 3 (pure
copper) drastically increased, and the number of
nanoparticles with CVC of type 4 (oxidized copper)
decreased (Table 1); i.e., the oxide was reduced. As a
result of the interaction of surface oxygen with
adsorbed CO molecules with formation and subse-
quent desorption of CO2 molecules, the electronic
structure of the surface transforms from semiconduc-
tor to metal type. Similar results were obtained for cat-
alytic systems including AuCu/CuO nanoparticles
[43]. The authors noted that the presence of copper
oxide (CuO) is favorable for CO oxidation, while the
AuCu system is inactive in this reaction.

The effect of hydrogen on the electronic structure
of nanoparticles shows itself in two ways. According to
Table 1, the number of nanoparticles with CVCs of
type 4 (i.e., nanoparticles with a semiconductor elec-
tronic structure of the surface) dramatically increased,
while the number of pure gold (type 2 curves) and pure
copper (type 3 curves) nanoparticles decreased. The
results presented in [35] showed that hydrogen not
only reduced the oxidized copper nanoparticles, but
also caused the transformation of their electronic
structure from metal to semiconductor type while
being adsorbed on gold and oxide-free copper
nanoparticles. This transformation may be associated
with the semiconductor nature of copper hydrides and
AuH, which form due to the high reactivity of copper
and gold particles. As is known, copper hydride CuH
with a wurtzite structure is characterized by p-type
conductivity and has a band gap Eg of 0.53–0.64 and
1.26 eV [45] (calculations using the PBE and PBE0
functionals, respectively); 0.65–0.68 [46], 0.74 eV
[47]. Despite the instability of copper and especially
gold hydrides, their formation seems quite possible in
view of the high activity of the starting copper and gold
nanoparticles. Thus, after exposure to hydrogen, the
group of particles with type 4 CVCs included not only
the remaining oxidized copper nanoparticles, but also
copper and gold nanoparticles whose surface contains
hydrogen adatoms. The sequential exposure of the
sample to H2 and CO (and vice versa) at room tem-

perature did not lead to the interaction of these gases
with each other on the surface of nanoparticles: no
traces of adsorption of molecules with C–H and C–O
bonds were detected by STM.

The results obtained after exposure to oxygen of the
gold-copper coating, which was previously exposed to
carbon oxide and then to hydrogen, are also presented
in Table 1. On the one hand, the number of particles
with CVC of type 4 increased; on the other hand, the
number of particles with CVC of type 2 also increased

Fig. 1. Clusters of Au and Cu nanoparticles on HOPG:
(a) topographic image of a region of the sample surface,
and (b) examples of CVCs of (1) HOPG and (2–4) nanopar-
ticles. 
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dramatically. This is evidently due to two processes
occurring simultaneously on Au nanoparticles coated
with hydrogen adatoms and pure Cu nanoparticles.
Firstly, Au nanoparticles got rid of adsorbed hydrogen;
secondly, copper nanoparticles with CVC of type 3 were
oxidized. Also note that when the surface of Au
nanoparticles is freed from hydrogen atoms, the latter
is desorbed mainly as a part of Н2О molecules. This
means that in the presence of copper (or copper
oxide), as well as in the presence of oxidized nickel
nanoparticles [48], two-stage synthesis of water occurs

during the adsorption of hydrogen and oxygen. In
contrast, the formation of water on gold nanoparticles
on HOPG requires preliminary activation of the sam-
ple with hydrogen; i.e., water formation occurs in
three stages only during the sequential adsorption of
hydrogen, oxygen, and again hydrogen [35].

Gold-Nickel Coating

Figure 2a shows an image of a surface region of
HOPG with nearly spherical nanoparticles with diam-
eters of 2–3 and 4–6 nm, which covered 5–7% of its
surface. The majority of nanoparticles are part of clus-
ters consisting of nanoparticles that are close in diam-
eter (homogeneous clusters) and nanoparticles that
differ in diameter (heterogeneous clusters). CV mea-
surements on nanoparticles of different sizes showed
that the particles with diameters of 4–6 nm corre-
sponded to S-shaped CVCs (curve 2, Fig. 2b); the par-
ticles with diameters of 2–3 nm corresponded to
Z-shaped CVCs with a zero current region with a
width of 2 V (curve 3, Fig. 2b). Earlier [49], we found
that gold nanoparticles did not contain impurities, and
their electronic structure was of metallic type. At the
same time, nickel nanoparticles are oxidized and,
accordingly, are of semiconductor type (the band gap
of p-type nickel oxide, p-NiO, is Eg = 3.4–3.6 eV [50,
51]). This suggests that larger nanoparticles consisted
of gold, and smaller nanoparticles, of nickel combined
with nickel oxide. As in the process of formation of
copper particles, initially, during the thermal decom-
position of Ni(NO3)2, nickel nanoparticles are gener-
ated in the form of NiO oxide (at 573 K according to
the data of [52]) and then the latter can transform into
Ni0. Even more pronounced topotactic effects should
be expected in this process [53] than those in the
course of copper oxide reduction due to the higher
thermal stability of nickel oxide.

Thus, the use of spectroscopic measurements in
STM made it possible to separate nanoparticles of
similar sizes but different elemental compositions in
the same coating.

The adsorption properties of the nanostructured
gold-nickel coating were determined relative to H2,
CO, and O2. The exposure of the bimetallic coating in
hydrogen led to the same results as in the case of gold
and nickel nanoparticles separately. The electronic
structure of Au nanoparticles transformed from metal
to semiconductor type, and nickel oxide was partially
reduced (curves 1, Figs. 3a and 3b). As a result of sub-
sequent exposure of the gold-nickel coating previously
stored in H2, a fairly large number of series of local
maxima with voltage intervals dU1 = 0.2 V and dU2 =
0.3 V appeared in CO on the CVCs of Au nanoparti-
cles (curve 2, Fig. 3a). The coincidence of the results
of these measurements with the IR spectroscopy data
[54] suggests that the observed features are caused by
vibronic excitation of the C–O and C–H bonds, respec-

Fig. 2. (a) Image of nanoparticle clusters on HOPG and
(b) spectral data for (1) HOPG and (2, 3) nanoparticles
that form the bimetallic AuNi coatings. 
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tively. By analogy with the data of [55], it can be assumed
that formyl radicals (HCO•) formed on gold, as on the
nanostructured Au coating [49]. At the same time, the
exposure to CO led to complete reduction of the oxidized
surface of the overwhelming majority of nickel nanopar-
ticles (curve 2, Fig. 3b). Indeed, the energy barrier of the
reaction CO + NiO → Ni + CO2 is only 0.4 eV; there-
fore, it could occur under the conditions of our exper-
iment. The exposure of the sample to O2 led to almost
complete disappearance of the series of local maxima
with intervals of dU1 = 0.3 V and simultaneous signif-
icant increase in the number of these curves with
dU2 = 0.2 V (curve 3, Fig. 3a). According to the data of
[56], this value of vibronic quantum could also relate
to the excitation of C=O bonds in the CO2 molecule.
In addition to the CVCs of nanoparticles described
above, which had features caused by vibronic exci-
tation of CO2, the curves with series of local maxima
with voltage intervals of 0.2 and 0.4 V were also
observed. These CVCs correspond to the vibronic
excitation of the adsorbed Н2О molecules [35]. There-
fore, it can be concluded that during exposure to O2,
the HCO particles were oxidized to form H2O mole-
cules, which were then almost completely desorbed,
and CO2 molecules, some of which were adsorbed on
the surface of nanoparticles. The exposure of the sam-
ple in oxygen also led to nickel oxidation, which mani-
fested itself in an increase in the forbidden gap to ~2.6 eV
on the CVCs of nanoparticles (curve 3, Fig. 3b). On
some Ni nanoparticles, the CVCs were recorded
whose characteristics corresponded to the adsorbed
particles of the formyl radical.

Thus, the effect of the interaction of nickel and
gold nanoparticles shows itself in the fact that water is
synthesized in a pronounced amount on the bimetallic
coating and the oxidation of the formyl radical is par-
tially prevented, which was not observed for the
homogeneous coating based on gold nanoparticles.

Nickel-Palladium Coating

An example of the image of the HOPG surface with
a nanostructured coating formed by LED using a
nickel-palladium Ni0.65Pd0.35 target is shown in Fig. 4.
According to Fig. 4, the substrate contained a large
number of almost spherical nanoparticles that were
part of the clusters. The characteristic diameter of a
cluster is ~60 nm; the coverage of the substrate is 12–
15%, which is close to the calculated value. The average
diameter of the clusters was determined to be 2–3 nm.
The diameters of nanoparticles of the monometallic
Ni and Pd coatings obtained by this method and stud-
ied earlier [16, 30] are exactly within this range. An
analysis of the images of bimetallic NiPd nanoparti-
cles deposited by laser electrodispersion from an alloy
of a similar composition onto the TEM grids gave a
slightly lower value, ~1 nm [24]. The discrepancy may
be associated with the fact that the sizes of surface nano-

objects can increase by approximately the radius of the
spherical STM tip during scanning. The surface of more
than 90% of nanoparticles is covered with a semiconduc-
tor layer with a forbidden gap of ~1.5–2 eV. As the coat-
ing interacted with air, the semiconductor layer most
likely includes nickel and palladium oxides. Examples
of the CVCs of nanoparticles and HOPG are shown in
Fig. 4b. Note that the Eg values   of palladium oxide
PdO strongly depend on the method of its preparation

Fig. 3. Evolution of the electronic structure of (a) Au and
(b) Ni nanoparticles as a result of interaction with gases.
Both (a) and (b) show the curves measured after exposure
in (1) H2, (2) CO, and (3) O2. 
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and stoichiometry and vary from 2.13 eV [57] to 0.8 eV
[58]; for coatings with a thickness increasing from 5 to
40 nm, Eg   decreases from 2.3 to 2.15 eV [59].

The adsorption properties of the nickel–palladium
nanostructured coating were determined with respect
to CO and H2. The exposure in CO led to a significant
reduction in the forbidden gap to 0.6–0.8 on almost all
nanoparticles (curve 2, Fig. 5). Subsequent exposure
to Н2 led to disappearance of the forbidden gap on the
overwhelming majority of CVCs of nanoparticles

(more than 85%) (curve 3, Fig. 5). Thus, the exposure
to CO and hydrogen led to a removal of oxides from
the surface of nanoparticles. However, the forbidden
band with a width of ~1 eV was preserved on ~15% of
the curves even after prolonged heating of the sample
in hydrogen at T ≈ 500 K. Previous studies [30] of Ni
nanoparticles deposited on HOPG by LED showed
that nickel oxide is reduced under these conditions.
These differences may be due to the interaction of the
components of the bimetallic coating with each other
and with the carbon support, which requires further
research.

Our experiments did not allow us to separate the
detected nanoparticles according to the elemental
composition. It cannot be ruled out that the particles
are formed by an alloy of nickel and palladium, as
reported based on the energy dispersive analysis using
TEM in [24]. This is also confirmed by the results of
[60], which showed that a similar synthetic procedure
forms exactly the nanoparticles of a nickel–palladium
alloy.

CONCLUSIONS

The physicochemical properties of nanostructured
coatings consisting of gold and copper, gold and
nickel, and nickel and palladium were determined.
The use of scanning tunnel microscopy combined
with tunneling spectroscopy revealed that the AuCu
and AuNi coatings consisted of gold, copper, and
nickel nanoparticles, while mixed nanoparticles were

Fig. 4. Nickel–palladium coating on HOPG: (a) topo-
graphic image of a region of the surface; (b) CVCs of
(1) HOPG and (2, 3) examples of CVCs of nanoparticles. 
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not detected. At the same time, the NiPd coating is
possibly formed by nanoparticles consisting of these
two elements. The adsorption properties of the above
coatings with respect to hydrogen, carbon monoxide,
and oxygen were determined. It was shown that the
former two gases reduced the nanoparticle surface oxi-
dized as a result of interaction with atmospheric oxy-
gen. Hydrogen adsorption on pure gold and copper
nanoparticles led to the transformation of their elec-
tronic structure from metal to semiconductor. The
exposure of the gold and copper nanoparticles of the
heterogeneous coatings in oxygen after hydrogen
adsorption led to the partial removal of the latter in the
water molecules.
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