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Infrared spectra of dinitrogen adsorbed on bimetallic lanthanide
(Eu or Yb)–Ni/SiO2 catalysts
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Bimetallic lanthanide (Ln: Eu or Yb)–Ni/SiO2 catalysts prepared by the use of dissolution of lanthanide metals in liquid ammonia
have been studied by infrared spectroscopy for dinitrogen adsorption. The infrared spectra were measured at 133–300 K using Ln–Ni/
SiO2 obtained when the Eu or Yb metal dissolved in liquid ammonia reacted with 20 mass% Ni/SiO2 in different ratios. Infrared spectra
for Eu–Ni/SiO2 showed absorption bands at 2336, 2265, 2254 and 2227 cm−1 at 133 K, which disappeared upon evacuation. The
adsorbed state was found to be all molecular from the isotope shift using 28N2 and 30N2. The bands at 2254 and 2227 cm−1 of them
were assigned to new adsorbed dinitrogen species resulting from synergetic interactions between the europium and nickel metal. The
concentration of adsorbed dinitrogen on Eu–Ni/SiO2 varied markedly with the Eu/Ni ratios, and particularly, it increased in the region
of high Eu content. Upon introduction of ytterbium onto nickel, new bands at 2254 and 2226 cm−1 similarly appeared. However, the
dependence of dinitrogen adsorption as a function of Yb content in Yb–Ni/SiO2 was somewhat different from that for Eu–Ni/SiO2. The
effects of lanthanide on the surface of Ln–Ni/SiO2 were discussed in connection with the variation in catalytic properties.
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1. Introduction

Recently, the surface properties of the lanthanide (Ln)–
transition metal intermetallics and lanthanide metal overlay-
ers have attracted a growing interest from the standpoint of
catalysis and hydrogen-absorbing characteristics [1]. How-
ever, despite the intrinsic interest and considerable potential
of these novel materials, very little detailed work has been
carried out with a view to unveiling the specific properties
upon interactions of lanthanides with transition metals.

It has been shown that Eu and Yb metals dissolve in
liquid ammonia to yield homogeneous solutions containing
the ammoniated electrons [2]. When the transition metal
powders are added to this solution, the metal powders react
with the dissolved lanthanide metals in liquid ammonia to
form novel lanthanide metal overlayers or bimetallic cata-
lysts [3–6]. Such systems can be used as a catalyst probe
for studying the catalytic actions induced by interaction be-
tween the lanthanide and transition metals.

Infrared spectra of CO adsorbed on the bimetallic cata-
lysts have been previously studied to characterize the nature
of the surface [7]. Infrared spectroscopy is one of power-
ful techniques for characterizing the surfaces of alloys and
bimetallic catalysts, in which adsorbed CO or N2 is of-
ten used as a molecular probe directly reflecting variations
in the surface [8]. The present study was extended to in-
clude SiO2-supported bimetallic systems obtained when Eu
or Yb dissolved in liquid ammonia reacts with Ni/SiO2.
To provide information as to the factors responsible for the
changes in catalytic properties of Ln–Ni/SiO2 (Ln: Eu or
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Yb) with the Ln content, infrared studies for dinitrogen
adsorption were carried out.

2. Experimental

A SiO2-supported Ni (20 mass%) sample was prepared
by impregnation of SiO2 (Degussa Aerosil 380) with aque-
ous solutions of Ni(NO3)2·6H2O (Wako Pure Chemical;
research grade), followed by calcination in air at 573 K.
The sample (30 mg) thus obtained was pressed into a self-
supporting pellet, which was reduced at 673 K under H2

flow in an atmospheric pressure. In the preparation of
Ln–Ni/SiO2 for infrared spectroscopy, the pellet of Ni/SiO2

was placed in a Schlenk tube containing a solution of liquid
ammonia, to which Eu or Yb (99.9%; Shin-Etsu Chemical
Co., Ltd.) was added in varied Ln/Ni ratios. The pellet
of Ln–Ni/SiO2 thus prepared was transferred to an infrared
cell without exposure to air. The infrared cell was con-
nected with a closed gas-circulation reactor equipped with
a high vacuum system. The temperature of the cell can
be controlled from 133 to 723 K by vapor of liquid nitro-
gen and an electric heater. The samples of Ni/SiO2 and
Ln–Ni/SiO2 were evacuated at 673 K for 2 h in the cell as
a pretreatment.

Infrared spectra were recorded on a JASCO 7300 Fourier
transform infrared spectrometer equipped with a MCT de-
tector. The method for infrared spectra was similar to that
previously described [7]. Infrared spectra were obtained
from the ratio of the background spectrum of catalysts to
that of adsorbed dinitrogen on the catalysts.
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3. Results and discussion

First, infrared spectra of dinitrogen adsorbed on 20%
Ni/SiO2 were examined (figure 1). A strong absorption
was observed at 2206 cm−1 when the Ni/SiO2 sample, pre-
viously evacuated at 673 K for 2 h, was cooled to 133 K,
exposed to N2 of 180 Torr. For 20% Ni/SiO2 treated with
ammonia (dipping the pellet of Ni/SiO2 in liquid ammo-
nia), infrared spectra were also measured in a similar man-
ner as above. As shown in figure 1(b), a new absorption
appeared at 2266 cm−1. Infrared studies on the adsorption
of dinitrogen over SiO2-supported Ni [9–11] have shown
that the N≡N stretching mode is observed at 2202 cm−1,
which is assigned to the structure of Ni–N≡N+ by Eischens
et al. [9]. The band of 2266 cm−1 was also assigned
to adsorbed dinitrogen, additionally evidenced as molec-
ular state from the isotope shift (2266 and 2189 cm−1 for
28N2 and 30N2, respectively). It has been shown that the
absorption band of dinitrogen is strongly affected by co-
adsorbed species to shift to lower or higher wavenumbers
[9,10,12,13]. In particular, the presence of co-adsorbed
hydrogen causes the wavenumbers of the N≡N stretching
band to higher wavenumbers by 50–60 cm−1. During the
evacuation of NH3-pretreated Ni/SiO2 at 673 K, the de-
composition of adsorbed ammonia on the Ni surface with
subsequent forming of co-adsorbed hydrogen is expected,
and consequently, the absorption band of dinitrogen ad-
sorbed on nickel appeared at 2266 cm−1, as shown in fig-
ure 1(b).

Figure 2 shows infrared spectra of adsorbed dinitrogen
on Eu–Ni/SiO2 with varied levels of Eu. When Eu–Ni/SiO2

Figure 1. Infrared spectra of adsorbed N2 on (a) 20 mass% Ni/SiO2 and
(b) 20 mass% Ni/SiO2 treated with ammonia.

(Eu/Ni = 0.031) was exposed to N2 at 133 K, broad bands
at 2265 cm−1 with shoulders at 2254 and 2227 cm−1 were
observed. The adsorbed state of these bands was confirmed
to be molecular from the isotope shift using 28N2 and 30N2.
Upon introduction of europium onto nickel, new N≡N
stretching bands appeared at 2254 and 2227 cm−1 besides
2265 cm−1. Thus this strongly reflects the occurrence of
synergetic actions between the europium and nickel metal.

In figure 2, another absorption band was observed at
2334–2336 cm−1. For 30N2 adsorption, this band was
shifted to 2262 cm−1, in fair agreement with the estimate
from the isotope shift. According to previous studies [14–
20], adsorbed dinitrogen species with N≡N stretching vi-
brations above 2330 cm−1 are often observed on oxide or
cationic sites. The vibration band of 2337 cm−1 was simi-
larly observed when dinitrogen adsorption was carried out
for comparison using Eu/SiO2 prepared by impregnating
SiO2 with Eu metal solutions in liquid ammonia. There-
fore, this band seems to be assigned to dinitrogen weakly
bound to an Eu cation (≡Si–O–Eu–NH2) formed by the
reaction of europium with a surface hydroxyl group [21].

The variation of spectra of adsorbed dinitrogen on
Eu–Ni/SiO2 were examined with measured temperatures
(figure 3). The intensities of these bands (2265, 2254 and
2227 cm−1) decreased with increasing the temperature and
completely disappeared above 300 K. In addition, these
bands also disappeared upon evacuating N2 in the gas phase
at 133 K.

Figure 4 shows the relationship between the infrared in-
tensities of the bands and the Eu content in Eu–Ni/SiO2. For
Eu–Ni/SiO2, the total absorbance assigned to adsorbed dini-

Figure 2. Infrared spectra of adsorbed N2 on Eu–Ni/SiO2 with (a) Eu/Ni =
0.031, (b) Eu/Ni = 0.19, (c) Eu/Ni = 0.45 and (d) Eu/Ni = 1.0 at 133 K.
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Figure 3. Infrared spectra of adsorbed N2 on Eu–Ni/SiO2 (Eu/Ni = 0.19)
at (a) 133 K, (b) 173 K, (c) 223 K and (d) 300 K.

Figure 4. Total concentration of adsorbed N2 on Ln–Ni/SiO2 at 133 K vs.
Ln/Ni ratios.

trogen species (2265, 2254 and 2227 cm−1) decreased upon
introduction of small amounts of Eu onto Ni/SiO2, subse-
quently passed through a minimum around Eu/Ni = 0.064
and increased with increasing the Eu content. Such a mode
of the variation in adsorption behavior as a function of lan-
thanide content is very similar to that observed for cat-

Figure 5. Infrared spectra of adsorbed N2 on Yb–Ni/SiO2 with (a) Yb/
Ni = 0.020, (b) Yb/Ni = 0.11 and (c) Yb/Ni = 0.25 at 133 K.

alytic properties of lanthanide metal overlayers (Ln–Ni)
obtained when lanthanide metals dissolved in liquid am-
monia react with Ni metal powders [3,4,22]. From H2

chemisorption [3], IR studies of CO [7] and XPS mea-
surements [3], the dependence on the lanthanide content
has been usually interpreted as follows: the active surfaces
of parent nickel are gradually covered with the lanthanide
metals and simultaneously synergetic interactions between
the lanthanide and nickel metals occur to promote the catal-
ysis, particularly in the region of higher lanthanide content.
Therefore, the decrease in N2 adsorption on Eu–Ni/SiO2

in the low-content region is deemed to be a consequence
of lanthanide coverage on the active nickel surface and in
the high-content region, the synergy enhances the adsorp-
tion with the formation of new active sites. It has been
shown that upon addition of lanthanide, Ln–Co [22,23],
Ln–Cu [24] and Ln–Ag [24,25] besides Ln–Ni markedly
accelerate the hydrogenation of ethene or the dehydrogena-
tion of cyclohexane. Aika et al. [26] have reported that
lanthanide (La, Ce or Sm)-added Ru/Al2O3 exhibits an en-
hanced activity for ammonia synthesis.

When Yb–Ni/SiO2 (Yb/Ni = 0.020) was examined, in-
frared spectra of dinitrogen adsorption were similar to that
for Eu–Ni/SiO2 (Eu/Ni = 0.031); thus, adsorbed dinitro-
gen on Yb-promoted Ni was observed at 2266, 2253 and
2225 cm−1 besides physisorbed dinitrogen on ytterbium of
2336 cm−1 (figure 5). In contrast to Eu–Ni/SiO2, Yb–Ni/
SiO2 showed somewhat different dependence of dinitro-
gen adsorption on the Yb/Ni ratios. The total concentra-
tion of adsorbed species corresponding to 2266, 2253 and
2225 cm−1 was reduced with increasing the Yb content,
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reaching almost zero at Yb/Ni = 0.67, as shown in fig-
ure 4. It seems quite certain that the introduction of ytter-
bium onto Ni/SiO2 results in occurrence of the synergetic
action with the formation of new adsorbed species at 2253
and 2225 cm−1. However, in the high-content region, the
coverage effect of active nickel surfaces with ytterbium is
likely more predominant than the synergetic effect, com-
pared to that for Eu–Ni/SiO2. In the hydrogenolysis of
ethane, both Eu–Ni and Yb–Ni show a decrease in the
hydrogenolysis rates owing to a decrease in concentration
of surface nickel available for structure-sensitive reactions
by lanthanide coverage [3]. However, the degree of the
decrease with increasing lanthanide content is more pro-
nounced in Yb–Ni. In infrared spectra of adsorbed carbon
monoxide, Eu–Ni/SiO2 and Yb–Ni/SiO2 have shown rather
similar behavior in the amounts of adsorbed CO and the ra-
tios of bridged CO to linear CO [7]. It has been shown that
the Eu- and Yb-containing systems, in most cases, exhibit a
similar tendency for their catalysis, but quantitatively, there
are differences in effectiveness of the two actions (cover-
age and synergetic action) depending on types of catalytic
reactions examined.
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