e JOURNAL OF

i MOLECULAR
: R 4 CATALYSIS
2 jm\"‘,‘! s A: CHEMICAL

ELSEVIE Journal of Molecular Catalysis A: Chemical 186 (2002) 193—201 _———
www.elsevier.com/locate/molcata

Interaction of NH and oxygen with Cu(1 1 0),
investigated by FT-IRAS

Claire-Marie Pradie?*, Andrzej Adamsk?-1, Christophe Méthivie?,
Isabelle Louis-Ros®&

2 Laboratoire de Physico-Chimie des Surfaces, UMR CNRS 7045, Ecole Nationale Supérieure de Chimie de Paris,
11 rueP. et M. Curie, 75005 Paris, France
b Faculty of Chemistry, Jagiellonian University, Ingardena 3, 30-060 Cracow, Poland

Received 18 December 2001 ; accepted 26 March 2002

Abstract

Adsorption of ammonia, on the Cu(1 1 0) surface, has been investigated in situ, at room temperature, by Fourier-transformed
infrared reflection—absorption spectroscopy (FT-IRAS). The role of oxygen in the reaction of oxy-dehydrogenation of ammo-
nia was made clear by successively characterising the interaction of ammonia, co-adsorbed with oxygen on metallic Cu(1 1 0)
or adsorbed on an oxygen-pre-dosed Cu(1 1 0) surface. Auger electron spectroscopy was used to check the chemical state o
the surface after oxygen and/or ammonia exposure.

NH3 was observed to adsorb in a molecular form on the metallic Cu(1 1 0) surface. When co-adsorbed with ammonia or
pre-adsorbed on the surface, oxygen favours abstraction of hydrogen frgrevwgtually yielding dinitrogen. © 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction has been characterised by combining UHV techniques,
HREELS, LEED and/or TDS, as well as utilising a
Numerous studies have been devoted to the in- theoretical approacf6]. On all these surfaces, NH
teraction of NH with metallic surfaces providing adsorbs molecularly a100K, and decomposes un-
important information about its mode of adsorption der low pressure<10-8 Torr), at higher temperature.
and stabilisation by the metal. These data constitute On copper, at low temperature (below 150K), the
a useful basis for understanding nitriding processes NHz molecule strongly binds to copper via electro-
[1], ammonia synthesis and decompositi@). On static interactions due its large dipole momgtjt On
well-defined metallic surfaces, like Pt(11 3], Cu(111), like on Ni(110), the molecule adopts the
Fe(110)[4], Ni(110)[5], the adsorption of ammonia  atop sites with H atoms pointing away from the surface
[8,9]. Under these conditions, no dehydrogenation of
- ammonia could be evidencdd0]. On Cu(110), at
* Corresponding author. , 80K, NH; is physisorbed; it totally desorbs at 200 K
E-mail address: pradier@ext.jussieu.fr (C.-M. Pradier). . . .
1 Present address: Laboratoire de Physico-Chimie des Surfaces,m UHV, whereas imide, NH, species were shown to
UMR CNRS 7045, Ecole Nationale Sexeure de Chimie de Paris, € thermally stable up to at least 400[K1]. Note
11 rue P. et M. Curie, 75005 Paris, France. also that adsorption of molecular nitrogen proceeds
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at room temperature on copper-ion-exchanged zeo-or NHz + O,, at pressures ranging fromx710-6 to

lites, this material being possibly used for the direct 3x 102 Pa (i.e. from 5 10-8 to 10-° Torr). The role

decomposition of N@ [12]. of surface oxygen was eventually addressed by char-
On the other hand, numerous studies report the role acterising the interaction of NdHafter pre-adsorption

of dioxygen, either in the gas phase or pre-adsorbed of oxygen on the Cu(110) surface.

onto the metallic surface, upon dissociation and

oxy-dehydrogenation of ammonia. The chemical re-

activity of “hot” oxygen in H-abstraction has already

been demonstrated. Isolated Oadatoms, originat-

ing from impinging or weakly adsorbed molecules, hA” bexperlrr;?nrt]s hweref performeclj In g v:z\jcuul;n
are in fact more active than pre-chemisorbed oxygen chamber in which the surface was cleaned and subse-

[11,13] At 80K, the main species resulting from the guently analysed by AES before and after adsorption

oxy-dehydrogenation of Nilare OH(a) and Nk(a), experiments. The copper(110) crystal was oriented

whereas at 295K, imide species are predominant. to W'thl')n 1; ofﬂ|ts grys?lflfogra_phm onegtat!on”usmgd
The imide species are possible intermediates to the X-ray back-reflection diffraction, mechanically an

formation of surface nitroxyls or adsorbed nitro- electrochemically polished before being mounted in
gen atomg14]. The role of isolated oxygen in the the UHV chamber. The surface was then cleaned by

. . . _ 2
oxy-dehydrogenation of ammonia on Cu(110) has SUCCessive AT ion sputtering = 10"“Pa, 500V),
been confirmed by an STM study at 30q6]. heating up to 900 K to restore the surface crystallinity.

The reaction of oxidation of ammonia also yields Auger spectra were recorded with a CMA Riber spec-

N2O as a by-product, having a strong green house ef- trometer. IR measurements were carried out in situ

fect, and defining the conditions for its formation upon &t 9razing incidence (§ using a FT-IR spectrome-
activation of NH, by oxygen is an accurate challenge € (NICOLET, Magna 550) equipped with a MCT
[16]. wide-band detector, two ZnSe windows transmitting

infrared light between air and vacuum. The noise
peak-to-peak intensity was, under these conditions,
equal to 5< 107°. A typical spectrum was obtained by
iments have been reported on well-defined surfaces averaglz;ing the signal over 300 scans at a resolution of
modified with oxygen. On a well-defined NiO(100) 4cn. Some spectra were ref:orded at gcror af-
surface, at 90K, ammonia was shown to be bonded ter only 100_§cans when kinetics data were searched.
to the surface cations via the N-free electron doublet These conditions enabled to record a spectrum every

[20]. Finally, there have been so far very few studies of Minute. A spectrum was recorded first before gas

the adsorption of Nkiat room temperature and above. 2dmission and used as a reference. Ammonia, and
One concerning Ni(110) surface, mentions a partial ©XY9en adsorption experiments were performed at

fragmentation of NH into NH, and NH species aF room temperature, under dynamic conditions. When
above 300 K[21]. needed, oxygen was pre-adsorbed by heating the sam-

ple to 600 K under 1.3 Pa (18 Torr) of oxygen. This
procedure led to dcysoev/lososey ratio equal to
1.8; in that case, copper was kept in a metallic state
as checked by an independent XPS analysis and in
agreement with previous work22,23]

2. Experimental

Although many studies have addressed adsorption
of ammonia to probe the acido-basic properties of ox-
ide surface$17-19] only very few adsorption exper-

IR measurements, performed in situ and correlated
to the surface structure, enable to account for the
properties of a metallic or oxygen-pre-dosed surface
under “real” conditions and to get a better under-
standing of its reactivity. In that respect, the in situ
characterisation of the surface species by infrared
reflection—absorption spectroscopy (IRAS) is a sig- 3. Results and discussion
nificant step towards filling the gap between high
vacuum surface studies and real catalysis. Within this 3.1, Adsorption of NHz on metallic copper
objective, we characterised by Fourier-transformed
IRAS (FT-IRAS) the molecular species adsorbed ona  Spectra recorded in the presence of ammonia
well-defined Cu(1 1 0) surface, in the presence obNH (10~° Torr) on a metallic Cu(1 1 0) surface are shown
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Fig. 1. (a) IRAS spectra of the clean metallic Cu(110) surface recorded as a function of time in the presenae(8f NHO° Torr).
The x-axis has been broken between 2250 and 2400'cim order to eliminate the signal from residual gaseous, @Othe beam path
outside the UHV chamber. (b) Auger spectra before and aftes Aisorption.

in Fig. 1a From the beginning of the interaction,
a vibration band appears at 1180 and 1200tm
easily ascribed to the symmetric deformation (um-
brella mode)sny in NH3 molecules coordinated to
metal atomg24]. For short times of interaction, the
ds band is clearly made of two contributions; one,
at 1180cnt! remains roughly constant in intensity
and can be attributed to the immediate interaction

surface. The second one, at 1200¢nrapidly grows
and reaches a plateau after 10 min, indicating a sat-
uration of the amount of Ngladsorbed. This mode
is shifted upward compared to gaseous ammonia
(950 cnT1) indicating some electron transfer from
the N atom to the metal (weak acidic character of the
surface).

After 1h, the gas was evacuated, inducing an al-

of ammonia molecules with some defect sites of the most total disappearance of the vibration band at
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1200cnm L. An Auger spectrum was recorded when
the pressure was lowered to¥0Torr (seeFig. 1b); a
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show the presence of a band in the N-H stretching
region|[8].

peak was detected at 380 eV suggesting that a fraction This experiment was repeated at lower pressures,
of ammonia has been decomposed leaving atomic 106 and 107 Torr; similar spectra were observed

nitrogen on the surface.

with corresponding decreases in the intensity of the

The absence of the asymmetric deformation mode band at 1200 cmt. Fig. 2shows the 1100-1250 crh

of NHs, at ca. 1580 cm!, indicates that ammonia
is adsorbed with its g-axis normal to the surface.
The fact that, even for long exposure times corre-
sponding to a saturation of th&s band, no band
at ca. 1600cm! could be observed is an indica-
tion that the coverage of ammonia, remains low at
RT under our conditions. As a matter of fact, am-
monia was said to adopt a tilted configuration for
coverages higher than 0.2 ML and this would make
the asymmetric deformation band IRAS actjab].
Moreover, the symmetric and asymmetrigy—
modes, expected at ca. 3300¢hn are also absent

region recorded after 10 min of NHinteraction at
various pressures. The evolution of thegband area is
plotted as a function of time in the insertieiy. 2 The
kinetics curves have a Langmuir or a Fowler line-shape
suggesting that an equilibrium can be reached be-
tween the surface and the gas phase with the amount
of adsorbed ammonia depending on the pressure.
The surface is not saturated at—f0and 107 Torr.

The constant value of the frequency of the main con-
tribution, at 1200 cm?, suggests weak or constant
interactions when increasing the ammonia coverage.
Weak attractive interactions were indeed invoked by

as expected for low ammonia coverages. The latter other authors to account for some displacement of

has been observed for adsorption of molecularsNH
at 80-100K when multilayers, and consequently
hydrogen-bonded species, are fornjgd,27] Other

studies of NH adsorption on metals also failed to

ammonia molecules from exact on-top sii28]. At
lower pressure, 10 Torr, the intensity after 10 min
is very low and theSs band is again clearly made of
two contributions confirming some site heterogeneity.
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Fig. 2. The 1100-1250 cnt spectral region recorded after 10 min of ammonia interaction URQRS = 1077, 106 and 10°° Torr. Insert:
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Fig. 3. IRAS spectra of the metallic Cu(110) surface; the surface was exposedzt@tNRIT for 25min and then to an equimolecular
ammonia—oxygen mixturePyn, = Po, = 10~ Torr) during 4, 14 and 30 min. Theaxis has been broken between 2250 and 2400'cm
in order to eliminate the signal from residual gaseous, @Othe beam path outside the UHV chamber.

3.2. Co-adsorption of NHz + O, on metallic (saturation). The corresponding IRAS spectra are dis-
Cu(110) played inFig. 3. Remarkable is the decrease of the
NH3 §s vibration band at 1200cm, observed as

In order to test the reactivity induced by oxygen, soon as oxygen is admitted, to the benefit of an IR
a first experiment was performed; it consisted in signal at 2180 cm!. The evolution of the two inten-
adding oxygen after having let NHnteract on the sities is reported irFig. 4 The band at 2180 cmt

Cu(110) surface at RT for 25min @& = 10~° Torr grows continuously with time in the presence of an
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Fig. 4. Plot of the 1200 and 2180 cth IR band areas as a function of time. Oxygen was added after 25 min of ammonia exposure.
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O2/NH3 equimolecular mixture, whereas the jlbk the surface is covered with O(a), the decomposition
bands decreases down to a plateau corresponding toof (NO), into NoO(a) and O(a) is blocked and (N©)
a very weak intensity. Appearance of this new signal accumulates on the surface. In our case, the reaction
proves that a chemical reaction between oxygen andis not likely to proceed this way since (i) though the
adsorbed ammonia did occur. A plausible mecha- IRAS band at ca 2200 ¢ is still present after gas
nism in agreement with Afsin et al.’s and Busca and evacuation, almost no oxygen was detected on the sur-
coworkers’ recent results is the following: oxygen face by AES and (ii) expected bands for NO or NO
adsorbs in a reactive O form that can abstract H  were never observed. We consider that the absence of
atoms from NH [11]; amide (NH) and imide (NH) any signal in the 1700-2000 cthregion rules out the
species may either undergo a further dehydrogenationformation of NO or any NO-containing coordinative
to N(a) or recombine into pHs or NoH» species; species, under these conditions.
these molecules may in turn react witi Oand lose Ramis et al. investigated the adsorption and the
their hydrogen atoms leaving,A~ on the surface ~ SCO of ammonia on several oxides; they came to the
[29-31] Note that dehydrogenation of NHexposed conclusion that, in the absence of NO, the main path
to oxygen, already proceeds at 80 K on Cu(1 Q). of ammonia oxidation by oxygen is the formation
At RT, the reaction is rapid as shown by the evolution of NH, and NH4 intermediated39]; this supports
of the IR spectra. This may explain why, at RT, no our first interpretation. More recently, the same team
signals at ca. 1430 and 1540chnormally expected  suggested the formation of hydroxylamine, O-NH
for respectively NH and N groups, are visible on  species from ammonia adsorption on,B6g/TiO;
the spectrd29]. We will see later on that, under cer- SCR catalyst as intermediates to the formation gbN
tain conditions, amide and imide intermediates will [40]. Again, we cannot exclude such a mechanism on
be detected. The growing IR signal at 2180¢dnis copper in the presence of oxygen though no bands
hence assigned to the N-N stretching frequency of of hydroxylamine were detected (1620, 1175¢n
N2%~, a ionised form of dinitrogen adsorbed on metal To summarise the situation, the position of the ob-
atoms. This attribution is in agreement with the value served signal, 2180 cm, as well as the mechanisms
of the N—N stretching frequency, in metal complexes discussed in the literature, lead us to assign the lat-
containing N=EN ligands [32]. The considerable ter to dinitrogen. Molecular dinitrogen was identified
downward frequency shift, observed for adsorbed N on isolated CtI sites inside a zeolite with a 3N
species, compared to gaseous dinitrogen (2331ym  stretching vibration at 2290 cm. It is also known
can be considered as a proof of chemisorption which that the N=N frequency is very much sensitive to the
involves an electron transfer from the=Nl bonding metal and charge site, varying in the 2200-1700¢tm
o orbital to the metal and to the™ back-bonding spectral range on different transition metal centres
from the metal surfacg33]. Hollins and Pritchard  [41]. A more importantr™ back-donation is expected
[34] and Heskett et a[35] suggested that, for weakly —on neutral copper centres compared to cations and
bound N, only the 5 orbital, also slightly antibond-  this may explain why a lower frequency value is
ing, is involved in the process of back-donation from observed on metallic copper. This explanation dis-
the substrat§34,35] regards the possible polarisation associated with the
Another possible assignment for this signal would electric field considering that, on metallic copper,
be the N—N stretching frequency ob® species. O the latter is weak. On Ni(110), the N-N vibrational
was shown to be stable on copper up to 22[BK]. band of chemisorbed Nwas observed at 2200 crh
This molecular compound was identified by a N-N at low coverage with a shift downward to 2192cth
stretch at 2227 cmt, a slightly higher value than the  at high coveragé42]. These figures are well below
frequency we observe. J0 has been evidenced on those observed on metal cations and very close to our
Cu(111)[37] and on Cu(110)38] upon adsorption  finding. Unlike the situation for CO, a weak shift,
of NO. The mechanism proposed by the authors im- only 16 cnT!, was observed when the,Ncoverage
plies either the formation of NO dimers which, inturn, was increased. The limited change in theN stretch
partially decompose into #D and O or the reaction  frequency, reported for Non Ni(110), was simply
of N(a) with NO(a). According to those results, once ascribed to an almost perfect compensation between
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dipole induced and chemical shifts. Note that, like for ~ In none of these experiments where Nitas de-
CO, the shifts are opposite signs on nickel, a group hydrogenated, OH could be detected on the surface.
VIII metal and on copper, a group IB one. This is The sensitivity of the IRAS device is poor in that re-
merely coincidental and well discussed by Grunze for gion. Another possible explanation is that hydroxyls
N> [43] and by Hollins and Pritchard for C{34]. recombined into water and desorbed. Dehydroxylation
Note finally that very weak nitrogen and oxygen of the Cu(110) surface has already been observed at
peaks were observed on the Auger spectrum recordedtemperature as low as 200K by Carley eff4k]. The
after gas evacuation/d so6 ev/ Icus0ev = 0.05 and OH groups might also be very much tilted towards
IN,398ev/Icu60ev = 0.1). NH2 groups and hence IR-inactive, but this is unlikely
In a second series of experiments, the clean since a very little amount of oxygen was left on the
Cu(110) surface was exposed to an equimolecu- surface after pumping.
lar mixture of Ny and @ at a total pressure of
3 x 1073Pa (2x 10-°Torr). The spectra, recorded 3.3, Adsorption of NH3 on oxygen-pre-dosed
for increasing times of interaction, are presented in Cu(1 1 0)
Fig. 5 All spectra are dominated by a sharp, strong
band at 2180cm! that increases in intensity and A final experiment consisted in the adsorption of
slightly shifts toward higher wavenumbee{5 cnt 1) ammonia on an oxygen-pre-dosed Cu(110) surface
with further exposure. Another band, almost constant (Po, = 107°Torr, T = 600K, 30min, leading to
in intensity, is present at 1200 cth it is assigned Io506ev/Icu60ev = 0.16) before admission of am-
to the symmetric deformation stretch of MHwvhich monia. The corresponding Auger spectrum, recorded
continuously adsorbs and reacts, whereas the formerat room temperature after oxygen evacuation, is shown
is attributed to the formation of dinitrogen, simi- in Fig. 6(a) The spectra recorded under ammonia
larly as above. In that case, the oxygen and nitrogen (Pyn, = 10° Torr) are shown irFig. 6(b)and signif-
Auger peaks, after gas evacuation, were very small icant spectral changes were observed compared to the
(Io,506ev/Icue0ev = 0.11 andln 308ev/Icue0ev = two above described experiments. The symmetric de-
0.12). formation mode of NH, at 1200 cri! is detected over
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Fig. 5. IRAS spectra of the metallic Cu(110) surface; the surface was exposedate- B at RT (PnH; = Po, = 10-5 Torr) for 3, 13,
53 and 110 min. The-axis has been broken between 2250 and 2400.cim order to eliminate the signal from residual gaseous @O
the beam path outside the UHV chamber.
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Fig. 6. (a) Auger spectrum of the Cu(110) after oxygen pre-dosing beforg ifteraction. (b) IRAS spectrum of the oxygen-pre-dosed
Cu(110) surface; the surface was exposed toz NHP\H, = 105 Torr for 5, 25, 65 and 80 min. The-axis has been broken between
2250 and 2400 cm' in order to eliminate the signal from residual gaseous, @Othe beam path outside the UHV chamber.

more than 1h of interaction and the 2180¢hsig- were those two, plus one at 1200 chassigned to the
nal grows during the first 25 min and decreases down NH3 s stretching mode. Ammonia and NHpecies

to almost zero intensity after 80 min. The appearance do not react any further probably because the surface
of vibration bands at 1430 and 1540¢thy and their oxygen atoms have either been consumed or hydroxy-
roughly constant intensity throughout the reaction pro- lated. The Auger spectrum, after this experiment, ex-
cess, suggest the dehydrogenation oo NHx(a) hibits a very weak nitrogen pe@ky 398 ev/ Icu60ev =

and NH(a). These intermediates are here detected be-0.07) and an oxygen signal slightly lower than before
cause, in the absence of oxygen in the gas phase, theNH3 interaction (/o 506ev/Icusoev = 0.11). These
reaction process to Nformation is slow. For times  figures tend to show that, part of the oxygen stays on
of interaction longer than 80 min, the only vibrations the surface, probably in a hydroxylated form, upon
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NH3 interaction. This was not the case when oxygen
and ammonia were admitted simultaneously.

4. Conclusion

To better understand the reactivity of ammonia
on copper, its adsorption and oxy-dehydrogenation
was investigated by FT-IRAS on model, oriented,
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reactivity of a copper surface in situ and the dynamics
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