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The adsorption and decomposition of H,NCHO, D,NCHO, N,H,, and NH; on Rh(111) have been examined using TPD.
Adsorption of H,NCHO on Rh(111) at 100 K produces four major desorption products: CO, H,, N,, and NH ;. The absence of
any CN bond retention demonstrates that CO bond formation is favored over CN bond formation on Rh(111). At low coverage N,
is the primary nitrogen containing product, but near saturation up to ~ 25% NH, is formed. Hydrogen desorption has a peak from
the recombination of H adatoms and a reaction limited peak at ~ 450 K. The decomposition of D,NCHO showed that the
reaction-limited H, comes from the amino group, and mass balances support the assignment of the reacting species as NH. The
stability of NH suggests that NH decomposition may be a limiting factor in NH, decomposition. Ammonia desorption from
H,NCHO was reaction-limited and appeared to be formed from the scavenging of H adatoms by a NH, surface species.
Adsorption of N,H, on Rh(111) at 100 K gave rise to three major desorption products: N,, H,, and NH;. N, desorption has a
peak at ~ 700 K formed by the recombination of N adatoms at ~ 700 K and also a low-temperature N, peak at ~ 270 K which
was due to the decomposition of 2 N;H, (y < 3) species not involving the scission of the N~N bond. H, desorption from N,H,
results from the recombination of H adatoms and the decomposition of NH. NH ; desorption from N,H, has a peak corresponding

with the NH 4 peak from H,NCHO and a second peak caused by the direct intramolecular decomposition of N,H .

1. Introduction

As part of a continuing study of CN and CNO
surface chemistry on noble metals, the decompo-
sition of formamide, H,NCHO, on Rh(111) has
been investigated. Previously, the decomposition
reactions of C,N,, CH,;NH,, CH;NO,, and
C,H,NO, on Rh(111) and Pt(111) have been
examined [1-4]. These studies have been mainly
concerned with the stability of the CN bond on
transition metals because of its importance in
HCN synthesis. These studies demonstrated that
the CN bond is stable on Pt(111) to ~ 1000 K
[1-3] and on Rh(111) to ~ 800 K [3,4]. On Pt(111)
all the CN bonds were retained following C,N,
and CH,NH, adsorption [1], whereas on Rh(111)
at saturation only 80% of the CN bonds of C,N,
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were retained and just 35% of the CN bonds
from CH,;NH, were retained [4]. Significant
amounts of CN bonds were also retained follow-
ing the adsorption of CH,NO, [2] and C,H;NO,
[3] and Pt(111), while adsorbing these compounds
on Rh(111) produced complete CN bond scission
[3].

H,NCHO is particularly interesting because it
has two different potential decomposition mecha-
nisms, one through CO bond scission with the
retention of the CN bond, the other through CN
bond scission with the retention of the CO bond.
The stability of CO on transition metals is well
documented, but on Pt(111) and Rh(111) the
stability of the CN bond has also been demon-
strated. The study of H,NCHO decomposition
therefore allows for the exploration of the effect
of intramolecular oxygen on CN bonds. This is
important for understanding the catalytic oxida-
tion of CN species and the possible use of CNO
species as HCN precursors.
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It will be shown that H,NCHO decomposition
on Rh(111) produces exclusively CO and NH,
surface fragments. Examining the surface reac-
tions and stability of NH , species is important in
understanding the decomposition of NH; on
transition metals and NH; oxidation in HNO,
synthesis. Because NH ; only decomposes on most
transition metals at temperatures higher than the
temperature that it desorbs, it has been difficult
to study its surface decomposition fragments with
standard surface science techniques. The creation
of adsorbed NH, species by H,NCHO decompo-
sition allows for such examination.

Ta more fully examine the surface chemistry of
NH, species on Rh(111), the adsorption and
decomposition of hydrazine, N,H,, and the ad-
sorption and desorption of NH, were also stud-
ied. Of particular interest is the competition be-
tween the formation of N, and NH; following
N,H, decomposition. This competition is deter-
mined by the stability and reactions of NH,
species.

In this study the determination of the selectiv-
ity between the competitive decomposition routes
has been of major interest. This information has
been obtained using TPD as a quantitative tool.
Careful desorption measurements have accu-
rately measured the yields of all major decompo-
sition products at coverages up to saturation. This
had allowed for accurate determination of the
selectivity of the Rh{111) surface for the various
decomposition routes, the observation of the ef-
fects of coverage on the selectivity, and the eluci-
dation of reaction mechanisms. Previous studies
concerning the decomposition of H,NCHO and
N, H, on transition metals have concentrated on
the use of spectroscopies such as EELS and XPS
to investigate surface intermediates with TPD
only used peripherally. Due to the number and
overlap of peaks in EELS, unequivocal peak as-
signments have been difficult to make, and previ-
ous studies have not determined selectivities and
the effects of coverage on selectivities. This
knowledge is required if the surface chemistry of
these species is to be understood.

The adsorption and decomposition of
H,NCHO has previously been studied on Ru(001)
[5,6], oxygen-precovered Ru(001) [6-8], and

Pt(111) [9]. On Ruf001), the main decomposition
products observed were CO, N,, and H,, with
trace amounts of NH, also detected. CO desorp-
tion was determined to be the first-order desorp-
tion of adsorbed CO. N, desorption was at high
temperature and limited by the recombination of
N adatoms. H, desorption included a TPD peak
assigned to H adatom recombination, a peak as-
signed to the decomposition of NH, and several
unassigned peaks. On Ru(001) precovered with a
p(1 X 2) overlayer of oxygen adatoms, H,NCHO
also decomposed into CO, H,, and N,. CO and
H, desorbed together in reaction-limited desorp-
tion peaks, and N, was formed by the recombina-
tion of N adatoms. The O adatom overlayer was
left intact on the surface. On P#(111), NH,, CO,
and H, were observed as the major desorption
products of H,NCHO adsorption. A mass bal-
ance from these results indicates that either a
second N-containing species must have also been
formed, or that the observed H, desorption was
mostly due to background H,.

The desorption and decomposition of N,H,
has been studied qualitatively on several transi-
tion metal surfaces [10-18], showing that N,H,
readily decomposes to form N,, H,, and NH,.
Several studies also report multiple N, desorp-
tion peaks [10-12], multiple H, desorption peaks
[11-14] and multiple NH, desorption peaks [14].
These studies demonstrate that the decomposi-
tion is complex, and, thus far, little work has been
done to explain the selectivity to NH; and N,
formation or to determine the probable reaction
paths.

The adsorption and decomposition of NH, has
been studied on many transition metal surfaces
[19-30]. These studies indicate that on all of the
surfaces, with the possible exception of Rh{110)
[19] and Ru(1,1,10) [20], NH ; adsorbs molecularly
and desorbs intact by ~ 300 K. NH; decomposi-
tion has been observed on several transition metal
surfaces when the surfaces have been exposed to
NH, while being held at elevated temperatures
(> 300 K) [19-24]. At high pressures, NH, un-
dergoes oxidation at elevated temperatures on all
noble metals. NH; oxidation at elevated temper-
atures has also been observed at UHV conditions
over Pt(111) [31] and Pt(S)-12(111) x (111)[31,32],
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and at low pressures (0.1-1 Torr) over Pt, Pd,
and Rh wires [33,34].

2. Experimental

All of the experiments were performed in a
single UHV chamber which has been described
previously [1]. The system has two leak valves,
one of which is attached to a tube doser which
could be used to direct gas onto both sides of the
crystal ~ 1 cm from its surface in order to reduce
background pressure. However, an important lim-
itation of the tube doser is that it cannot be used
to dose readily condensable species because such
species condense in the doser and produce un-
controllable doses. This tube doser was therefore
only used to dose NH,, H,, D, and CO. The
second leak valve which dosed through conven-
tional backfilling was used for H,NCHO,
D,NCHO, and N,H,.

The Rh(111) crystal was a disc 0.8 cm in diam-
eter oriented within 0.5° of the (111) crystal
plane. The crystal was cleaned daily by first heat-
ing the crystal to 1500 K while dosing with 1 X
10~® Torr of O, for 30 min and then heating to
1750 K in vacuum for 15 min. After such treat-
ment the absence of surface impurities was con-
firmed by AES. AES was also ‘used to examine
the surface after desorption spectra were taken to
search for any remaining surface C, O, and N. In
TPD the crystal temperature was typically ramped
at 20 K/s.

H,NCHO of > 99% purity was further puri-
fied through several freeze—thaw—pump cycles.
Because H,NCHO is hygroscopic, water was a
major contaminant, and, since the freezing point
of water is near that of H,NCHO, it was difficult
to remove the water through the freezing cycles.
To completely remove water, the sample was
continually pumped by a turbomolecular pump
during dosing. The doubly deuterated formamide,
D,NCHO, was obtained from MSD Isotopes with
99.9% D.

Anhydrous N,H, of 98% purity was further
purified by several freeze—thaw—pwmp cycles. To
create a reservoir of N,H, for dosing, the gas

handling system was first evacuated with a turbo-
molecular pump, purged with the vapor of the
N,H, sample, isolated from the pump, allowed
to fill with N, H, vapor, and finally isolated from
the N,H, liquid sample. It was found that the
N,H, in the dosing reservoir would degrade, and
therefore this procedure was repeated several
times a day to replace the N,H,. Anhydrous
NH, was used without further purification. The
purity of each of the dosing species was moni-
tored during dosing using the mass spectrometer
in the UHV chamber.

The coverages of desorbing H, and NH ; were
determined by normalizing the desorption peak
areas with the respective desorption peak areas
following saturating exposures of H, and NH,.
The saturation coverage of H, was taken to be
8 X 10™ molecules/cm? based on H, desorption
following H, adsorption on Rh(111) at 100 K
[35], and the saturation coverage of NH, was
taken to be 3.8 X 10'* molecules/cm? based on
NH, desorption following NH, adsorption on
Pt(111) at 100 K [20}.

Mass 12 and mass 14 were monitored for CQ
and N, desorption, respectively, in order to dif-
ferentiate between CO and N,. To determine the
CO and N, coverages, the mass 12 and mass 14
peak areas were first transformed into mass 28
peak areas by dividing by the mass 12 cracking
fraction exhibited by CO and the mass 14 crack-
ing fraction exhibited by N,. The CO coverage
was calibrated by saturation exposure of CO with
the saturation coverage of CO assumed to be
1 X 10" molecules/cm? based on CO desorption
following CO adsorption on Rh(111) at 300 K
[36]. It was assumed that N, possessed the same
sensitivity in the mass spectrometer and the same
pumping speed in the UHV chamber as CO, so
the same normalization was used for N,.

In order to compare directly the yields of H,,
D,, and HD, following the decomposition of
D,NCHO, the mass spectrometer sensitivities of
the three species were obtained. Because H, and
D, adsorption produce the same saturation cov-
erage, the comparison between the TPD peak
areas following saturation doses of H, and D,
reveals the relative mass spectrometer sensitivi-
ties. The H, /D, sensitivity ratio was found to be



116 M.L. Wagner, L.D. Schmidt / Adsorption and decomposition of H, NCHO, D,NCHO, N, H,, and NH; on Rh(111)

1.51, and the H,/HD sensitivity ratio was as-
sumed to be 1.26.

-Long pump-down times (> 10 min) were
caused by the low pumping speed of H,NCHO
and N,H,. These long pump-down times pro-
duced some exposure from background CO, H,,
and residual amounts of the dosing species. In
determining product yields following H,NCHO
and N,H, exposures, care was taken to subtract
out this background desorption by obtaining re-
peated background spectra. For H,NCHO, the
background was found to be nearly constant and
was easily accounted for. H, proved to be the
only significant background contaminant and con-
tributed approximately 30% of the H, signal at
saturation. For N,H,, background desorption
from H, and NH, was significant and increased
with increasing exposure. This background de-
sorption was due to the formation of these species
by the unavoidable partial decomposition of N,H
to form NH;, H,, and N, prior to performing
TPD. This partial decomposition occurred either
on the walls of the UHV chamber, the walls of
the gas handling system, the hot filaments in the
UHYV chamber, or the Rh(111) surface at 100 K.

3. Results

3.1. Formamide

Spectra of all the observed desorption prod-
ucts following 5 L of H,NCHO at 100 K are
shown in fig. 1. This shows that the sole carbon-
and oxygen-containing decomposition species is
CO. Nitrogen is seen to desorb as both NH; and
N,. Hydrogen desorbs as NH; and H,. The fig-
ure also shows the desorption of a small amount
of undecomposed molecular H,NCHO. Mass 2§
spectra gave results completely consistent with
the CO and N, desorption peaks. Masses 16, 18,
26, 27, 32, 44, and 52 were also monitored, but
produced either no peaks or peaks that were the
cracking fragments of the desorption products
noted above. Details concerning each of these
desorption products are discussed individually be-
fow.
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Fig. 1. Survey of the TPL spectra of all the major desorption
species following the acsorption of 5 L of H,NCHO on
Rh{111) at 100 K.

Fig. 2a presents CO desorption spectra (m/e
= 12) taken following H,NCHO exposures up to
saturation, following adsorption at 300 K. Spectra
were also taken fcllowing adsorption at 100 K,
and gave results icentical to those presented in
fig. 2a. AES spectia taken following dosing with
H,NCHO and then flashing the crystal tempera-
ture to 1000 K showed no carbon or oxygen
(< 1% of saturation) remaining on the surface.

The CO desorption occurs between 400 and
600 K. The peak maximum shifts from 510 to 485
K with increasing coverage, but despite this
downshift the peak is the first-order desorption-
limited desorptien of CO. This is evident since
the first-order desorption-limited desorption of
CO following molecular CO exposures on Rh(111)
occurs near 500 K [32]. This is shown in fig. 2b.
The unusual downshift of the CO desorption
temperature with increasing coverage may be ex-
plained by the buildup of N adatoms. The some-
what electronegative N adatoms may withdraw
electron density from the surface Rh atoms, re-
ducing the effect of surface back bonding into the
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CO27* antibonding orbital, lowering the metal-
CO bond strength, and thereby decreasing the
desorption temperature. A similar mechanism was
used to explain similar effects observed on
Ru(001) following H,NCHO adsorption {5] and
following CO coadsorption with ordered oxygen
adatom overlayers [37].

Fig. 3a shows N, desorption spectra following
various H,NCHO exposures up to saturation.
The smaller peaks centered near 500 K are due
to cracking from CO desorption. N, desorption
forms a broad peak occurring between ~ 550 and
~ 900 K. The peak maximum shifts down with
increasing coverage from 755 to 693 K. The de-
sorption temperature of this peak and its shift
with increasing coverage is consistent with the
second-order reaction-limited recombination of
N adatoms. Similar broad high temperature N,
peaks have been observed on Rh(111) following
NQO adsorption [38], HNCO adsorption [39],
CH;NO, adsorption [3], and C,H;NO, adsorp-
tion [3]. These peaks have all been designated as
arising from N adatom recombination. For com-
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parison, the N, peaks arising from CH;NO, de-
composition (from [3]) are shown in fig. 3b.

As shown in fig. 4a, following low H,NCHO
exposures (< 0.1 L), NH; is seen to desorb as a
small broad peak centered at ~ 320 K. At higher
coverages (0.5 L), a shoulder near 400 K devel-
ops, while at still higher coverages, the original
peak and the shoulder are no longer distinguish-
able and form a single asymmetric peak with a
maximum at ~ 320 K. At 5 L a small shoulder
develops at ~ 250 K. NH; desorption spectra
following NH, adsorption are shown in fig. 4b.
Comparison between figs. 4a and 4b demon-
strates that the NH, desorption following
H,NCHO adsorption must be reaction-limited.

Fig. 6a shows that the amount of nitrogen
going to NH, more than doubles from low cover-
age to saturation. At low coverages less than 10%
of the nitrogen adsorbs as NH;, while at satura-
tion approximately 25% of the nitrogen desorbs
as NH;. Fig. 6a also shows the C/N (including
N, and NH,) ratio to be very nearly 1 (1.06 +
0.04).
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Fig. 2. TPD spectra of {a) CO desorption (m/e = 12) following the adsorption of H,NCHO on Rh(111) at 300 K, and (b) CO
desorption (s /¢ = 28) following the adsorption of CO on Rh(11) at 300 K.
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Fig. 5a shows H, desorption spectra following ration were also taken but showed no more shifts
H,NCHO adsorption at 100 K up to an exposure in peak temperature or relative peak size. At low
of 3 L. Higher-exposure TPD spectra up to satu- coverages a desorption peak occurs at 370 K and
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Fig. 3. TPD spectra of N, desorption {m /e = 14} following the adsorption of (a) H,NCHO on Rb(111) at 300 K, (b} CH;NO, on
Rh(111) at 300 K [3], and (c) N,H, on Rh(111) at 100 K.



shifts down with increasing coverage to 310 K at
1.6 L. At still higher coverages this peak narrows
and shifts further down to 280 K, revealing a
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Fig. 4. TPD spectra of NH; desorption following the adsorption of (a) H,NCHO, (b} NH ,, and (¢) N,H, on Rh(111) at 100:K.
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high temperature shoulder which quickly devel-
ops into a separate higher temperature peak.
This high temperature peak has a maximum which

shown in the spectra but is subtracted in all the
relevant mass balances. At low coverages the
major H, peak is also seen to possess a small
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Fig. 5. TPD spectra of H, desorption following the adsorption of (a) H,NCHO, (b) H,, and (c) NH, on Rh(111) at 100 K.
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shifts up from 440 to 456 K with increasing cover-
age. For comparison, H, desorption spectra fol-
lowing H, adsorption are shown in fig. 5b. The
low-temperature H, desorption peak is consis-
tent with the recombination of H adatoms which
is observed following H, adsorption on Rh(111)
{31]. The high-temperature desorption peak must
then be reaction-limited desorption of H, follow-
ing the decomposition of surface fragments.

The mass balance between the total hydrogen
desorption (including H, and NH,), and the CO
desorption shows a H /C ratio very near 3 (2.91 +
0.09) at all coverages, as expected. Also, a mass
balance between the reaction-limited H, desorp-
tion and the N, desorption showed a H/N ratio
near 1 (1.08 + 0.02). A mass balance between the
low-temperature H, desorption and the
reaction-limited H, desorption showed a ratio
near 2 (1.88 + 0.17). Assignment of the reaction-
limited H, peaks is discussed later along with the
results from the study of D,NCHO.

Molecular H,NCHO desorbs in a single sharp
desorption peak at 247 K (data not shown). This
peak develops after the other desorption product
peaks saturate and does not itself saturate.
Therefore this peak is a multilayer ice peak.

The uptake curve for the four desorbing species
is shown in fig. 6a. The saturation coverage for
H,NCHO can be based on CO since every
H,NCHO molecule which adsorbs on the surface
(up to saturation) produces one CO molecule.
This give a saturation coverage of 3.9 x 104
molecules/cm?, Based on CO, the uptake curve
also indicates a sticking coefficient of 0.5 for
H,NCHO.

3.2, Deuterated formamide

The decomposition of D,NCHO was investi-
gated to determine the source of the H, peaks
and investigate the NH; formation mechanism.
Results of H,, HD, and D, desorption at two
coverages are shown in fig. 7. In this figure, the
D, and HD spectra have been normalized with
respect to the H, spectra to account for the
different mass spectrometer sensitivities and al-
low for a direct comparison between the peaks.
The dotted spectra are estimates of the H, de-
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Fig. 6. Decomposition product vields as a function of expo-
sure of (a) H,NCHO and (b} N,H, following the adsorption
of the parent species on Rh(111) at 100 K.

sorption after the H, from the adsorption of
background H, was subtracted.

When the additional H adatoms coming from
the background adsorption of H, are included,
the equilibrium distribution among the isotopes
indicates that an H,/HD/D, ratio of approxi-
mately 0.35 /0.48 /0.17 should be observed for the
05 L spectra and a ratio of approximately
0.33/0.49 /0.19 should be observed for the 2.5 L
spectra. Fig. 7 demonstrates that this is clearly
not the case.

H, desorption dominates the low-temperature
peak. This peak is due to the recombination of
hydrogen adatoms. The lack of any major H,
desorption in the high-temperature peak indi-
cates that nearly all of the formyl H desorbs in
the lower peak. Also desorbing in this peak are
the H adatoms from the H, background and
some D adatoms. The presence of the D adatoms
shows that some of the amino hydrogens form
adatoms. Since the D adatoms are in an environ-
ment dominated by H adatoms, the D desorbs
primarily as HD rather than D,.
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Fig. 7. TPD spectra of H,, HD, and D, following the adsorp-
tion of D,NCHO on Rh(111} at 100 K aftera 0.5 L.and a 2.5
L. exposure, The HD and D>, spectra have been normalized
with respect to the H, spectra to account for differing mass
spectrometer sensitivities. Significant amounts of H, and HD
desorption are due to the adsorption of background H,.
Dotted spectra represent the amount of the H, after back-

ground H, has been subtracted.

D, desorption dominates the high-tempera-
ture peak. This indicates that the reaction-limited
hydrogen comes almost completely from the
amino group. The HD in the high-temperature
peak is due to the tail of the desorption peak due
to the recombination of H adatoms (as evidenced
by the H, desorption spectra) extending into the
high-temperature peak. In this temperature
range, the remaining H adatoms are surrounded
by the D adatoms and primarily desorb in the
form of HD.

Even with the background H, subtracted, the
D/H ratio for both coverages was found to be
1.2, lower than the expected value of 2. This may
be due to a systematic error among the assump-
tions needed to calculate the D/H ratio or due
to exchange with background H,. Still, the data
clearly shows that the lower-temperature H, de-
sorption peak following the decomposition of

H,NCHO is due to the recombination of H
adatoms formed by the dehydrogenation of the
formyl group and the partial dehydrogenation of
the amino group and that the reaction-limited H,
is due to the decomposition of an NH , species.
The exact nature of this NH, species is discussed
later.

Significant amounts of NDH,, ND;, and
ND,H desorption (data not shown) were all de-
tected following exposures of 0.1, 1, and 5 L of
D,NCHO. Since the mass spectrometer showed
that no D,NCDO was dosed, the ND; must be
formed by an intermolecular surface reaction {(an
intramolecular reaction could only produce
ND,H). This indicates that at least a portion of
the ammonia formation reaction must be inter-
molecular.

3.3. Hydrazine

Desorption spectra from all the significant
species detected desorbing from the Rh(111) sur-
face following a saturation exposure of N,H, at
100 K are shown in fig. 8. The only desorption
products observed were N,, H,, and NH,. The
N, is seen to desorb in two peaks: a broad peak
with a maximum at 705 K and a sharper lower-
temperature peak at 273 K. The mass 14 cracking
fragment of N, was monitored instead of mass 28
so that desorption from background CO would
not interfere. H, is seen to have two largely
overlapping desorption peaks, one peak is cen-
tered at 350 K and the other near 430 K. The
NH, desorbs in two sharp asymmetrical peaks.
The major peak has a maximum at 250 K, and the
smaller peak maximum is at 180 K.

N, (mass 14) desorption peaks following the
adsorption of N,H, at 100 K are shown in fig. 3c.
At coverages less than 0.1 L only a shallow broad
desorption peak between ~ 600 K and ~ 800 K
with a maximum near 750 K is observed. At 0.1 L
a low-temperature N, peak at 309 K is seen to
develop. With increasing coverage, both peaks
continue to grow. However, the low-temperature
peak grows at a larger rate. Also, with increasing
coverage the high-temperature peak broadens to
begin at ~ 500 K and shifts its maximum from
750 to 710 K, while the low-temperature peak
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5L N,H, on Rh(111)

N; (Mew14)

SIGNAL

NH; (x0.6)

Hp (x0.2)

100 300 500 700 200
T(K)

Fig. 8. Survey of the TPD spectra of all the major desorption
species following the adsorption of N,H, on Rh(111) at
100 K.

shifts down to 273 K. Similar low-temperature N,
desorption has been observed following the ad-
sorption of N,H, on Ir{111) [10], polycrystalline
Ir foil [11], and polycrystalline Rh foil [12]. Like
H,NCHO and CH;NO, [3], the desorption tem-
perature of the high-temperature N, peak and its
down-shift with increasing coverage are consis-
tent with the second-order reaction-limited re-
combination of N adatoms. The symmetry and
temperature shift of the low-temperature peak
appear to be consistent with a second-order peak,
although it is possible that the temperature shift
might be caused by repulsive adsorbate interac-
tion. Since N adatoms do not recombine until
above 500 K, the low-temperature peak can not
be due to the recombination of N adatoms. Also,
since molecular N, does not adsorb on Rh(111)
at 100 K, the low-temperature N, peak cannot be
the desorption of adsorbed N,. The low-tempera-
ture formation of N, must then be the decompo-
sition of or reaction between a N, H, species.
The most probable species is a partially dehydro-
genated N,H, fragment, N,H, (y <3).

Desorption spectra of NH following the ad-
sorption of N,H, at 100 K are shown in fig. 4c.
At low coverage (0.05 and 0.1 L) NH; is seen to
desorb in a shallow peak with a maximum near
320 K and a shoulder near 400 K. At 0.5 L, the
original NH,; peak grows larger and a second
peak at 200 K begins to develop. At 0.75 L, a
low-temperature shoulder develops at 250 K while
the 200 K peak continues to grow. At 1 L the 250
K shoulder begins to develop into a sharp peak.
At higher coverages, the 250 K peak grows to
dominate the high-temperature NH, desorption,
and the low-temperature NH, peak continues to
grow and shifts down to 180 K. A similar NH;,
spectrum with peaks at 150 and 270 K was ob-
served following the adsorption of N,H, on
Rh(100) [14].

A comparison of fig. 4c with 4b shows that all
of the NH; desorption from N,H, adsorption is
reaction-limited. A comparison of fig. 4¢ and 4a
shows that at low coverages (< 0.5 L) the high-
temperature NH, desorption following the ad-
sorption of N,H, closely resembles NH; desorp-
tion following H,NCHO. At 0.75 L, a low-tem-
perature shoulder at 250 K is added to the high-
temperature NH, peak. Following a saturation
exposure of H,NCHO, a similar shoulder at 250
K is seen to develop. At the exposures where the
250 K shoulder first develops, the NH ; yields are
similar for the two different adsorbates (0.98 X
10 molecules/cm? for H,NCHO and 0.87 X
10" molecules/cm? for N,H,). This suggests
that an identical mechanism is causing the (high-
temperature) formation of NH; from both adsor-
bates. Possible mechanisms for the NH, forma-
tion are discussed later.

Fig. 5c shows H, desorption spectra following
the adsorption of NH,H, at 100 K. At low cover-
ages (< 0.5 L), the H, desorbs in a single major
peak which starts at 370 K (at 0.05 L) and shifts
down to 361 K (at 0.25 L). This peak also has a
shoulder near 430 K. As the coverage increases,
the shoulder develops into a separate peak with
its maximum remaining at 430 K, and the lower-
temperature peak continues to grow while shift-
ing down to 350 K. The lower-temperature H,
peak is consistent with the H, peak arising fol-
lowing H, adsorption (fig. 5b), and is therefore
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due to the recombination of H adatoms. The
higher-temperature H, peak is reaction-limited
and must be caused by the decomposition of a
N,H, species.

The uptake curves for the two N, peaks, the
two NH; peaks, and the total H, content are
shown in fig. 6b. The H, peaks are not entered
separately due to the inability to accurately de-
convolute the two peaks. The partial decomposi-
tion of the N,H, prior to performing TPD results
in additional H, desorption and some additional
NH; desorption. Assuming only minor NH; con-
tamination, the saturation coverage for N,H, can
be based on half the total N coverage (including
NH; and N,) since every N,H, molecule which
adsorbs on the surface produces two N atoms.
This indicates a saturation coverage of 3 X 10
molecules /cm?. Fig. 6b shows that the fraction of
total N for each of the four N-containing species
varies significantly with coverage. The fractions of
N in the high-temperature N, peak and high-
temperature NH, peak decrease with increasing
coverage, whereas the fractions in the low-tem-
perature peaks increase with increasing coverage.

3.4. Ammonia

Fig. 4b shows NH, desorption following the
adsorption of NH; on Rh(111) at 100 K. At low
exposures (< 0.25 L), NH; desorbs intact in a
broad peak between ~275 and ~ 425 K. At
higher doses, a second desorption peak is seen to
develop at 160 K. Finally, after 1.5 L exposure, an
NH; ice peak develops at 140 K. This peak was
found to grow without saturation at higher cover-
ages. No decomposition fragments are observed
at any coverage. This behavior is consistent with
that observed for NH, adsorption at 100 K on
other metals such as Pt(111) [21,26] and Ru(001)
[20].

4, Discussion

4.1. Formamide decomposition

H,NCHO decomposes on Rh(111) to form
CO, H,, N,, and NH;. The N, formation occurs

completely through the recombination of N
adatoms. The source of the N adatoms appears to
be the decomposition of NH surface fragments.
This assignment is supported by several facts.
First, the D,NCHO experiments show that the
reaction-limited H, desorption comes almost en-
tirely from the amino group of the H,NCHO,
indicating that the high-temperature H, peak
must be formed from the decomposition of a
NH, species. Second, the mass balance between
the H, from NH, decomposition and N, desorp-
tion showed a reaction-limited H, : N, ratio near
unity. Since every NH , species upon decomposi-
tion must form a N adatom, this strongly suggest
the NH species. Third, the mass balance between
the low-temperature H, and the H, from NH,
decomposition showed a nearly two-to-one ratio.
This is what would be expected if the reaction-
limited H, were from NH and all the remaining
H, desorbed in the lower-temperature peak. This
assignment is also supported by data from
H,NCHO decomposition on Ru(001) [S]. Parme-
ter et al. observed a reaction-limited H, desorp-
tion peak from H,NCHO decomposition on
Ru(001) which had an upward shift in tempera-
ture with coverage (from 405 to 410 K). From
studying the adsorption and decomposition of
D,NCHO and employing EELS, this reaction-
limited H, desorption peak on Ru(001) was shown
to be caused by the decomposition of NH. The
desorption temperature of the reaction-limited
H, peak following H,NCHO decomposition on
Rh(111) shows a similar increase (from 440 to 455
K).

The increase in desorption temperature with
increasing coverage for the reaction-limited H,
suggests an increase in the binding energy of the
NH fragments. This behavior could be explained
by attractive interactions between adsorbed NH.
Since amines are known to exhibit strong hydro-
gen bonding among themselves, hydrogen bond-
ing between the adsorbed NH species could ac-
count for these attractive interactions.

NH ; formation begins as a minor reaction and
becomes increasingly important with increasing
coverage. At low coverages less than 10% of the
nitrogen desorbs as NH 5, while at saturation ap-
proximately 25% of the nitrogen desorbs as NH ;.
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Results from H,NCHO and N,H, decomposi-
tion suggest that a common mechanism is behind
the high-temperature formation of NH, from
both adsorbates. Since N,H, and H,NCHO are
distinctly different molecules, an intramolecular
mechanism appears doubtful. The most probable
mechanism is an intermolecular reaction involv-
ing the scavenging of H adatoms by NH , species.
Since it appears that NH is stable on Rh(111) up
to ~ 450 K, the NH , species forming NH; should
be NH,. The NH; formation reaction is there-
fore assigned to the scavenging of surface H by
NH,. The results from D,NCHO decomposition
also lends support to this assignment. An in-
tramolecular decomposition reaction would be
expected to produce almost entirely ND,H,
whereas an intermolecular reaction would pro-
duce a mixture of NDH,, ND;, and ND,H. Fol-
lowing D,NCHO decomposition, significant
amounts of NDH,, ND,, and ND,H desorption
were all detected. At higher coverages, the NH,
desorption peak remains unchanged while the H,
peak due to the recombination of H adatoms
shifts down to 270 K. This implies that either
NH,, formation or the stability of the NH, is the
limiting step in the H adatom scavenging mecha-
nism. It is possible that the presence of some H
adatoms from the adsorption of background H,
may have a minor effect on the selectivity of this
reaction.

The increase in the relative production of NH,
implies that the NH formation reaction becomes
less favorable when compared to the NH ; forma-
tion reaction. Thus, it appears that at low cover-
ages the full dehydrogenation of the NH, group
through the stable NH intermediate is favored,
but, as coverage increases, this mechanism be-
comes less favorable, and the alternate path of
rehydrogenating the NH, group to NH; becomes
significant.

The decomposition path for H,NCHO on
Rh(111) is then:

H,NCHO(a) - NH,(a) + 2H(a) + CO(a), (1)
and:

H,NCHO(a) — NH(a) + 2H(a) + CO(a), (2)

followed by:
NH,(a) + H(a) - NH,(g) at250-400K, (3)

2H(a) — H,(g) at 270 K, (4)
2NH(a) - 2N(a) + H,(g) at450K, (5)
CO(a) - CO(g) at 500 K, (6)

2N(a) - N,(g) at 550-900 K. (7)

In H,NCHO decomposition on Rh(111) there
is complete CN bond scission. However, the de-
composition of CH;NH, (a non-oxygen-contain-
ing CN bond analog to H,NCHO) on Rh(111)
produces only 65% CN bond scission even at
saturation [4]. Thus, the addition of oxygen into
CH;NH, in the form of H,NCHO activates
complete CN bond scission. This behavior is ex-
plained by the great stability of CO on transition
metals which causes complete CN bond scission
below 500 K, the CO desorption temperature. To
maintain the CN bond while decomposing the
H,NCHO molecule, the CO bond would have to
be broken. This implies that N-CO bond contain-
ing species would probably not be good precur-
sors for CN synthesis reactions. It also implies
that in CN bond oxidation over Rh, the limiting
factor must be the insertion of the oxygen into
the CN-containing species since, once inserted, it
appears that CN bond scission occurs easily.

In H,NCHO decomposition on Ru(001),
Parmeter et al. report that at saturation approxi-
mately 13% of the nitrogen goes toward NH,
production [5]. This is significantly smaller than
the 25% observed on Rh(111) at saturation. Flo-
res et al. report that NH; is the major nitrogen-
containing decomposition product formed follow-
ing H,NCHO decomposition on Pt(111) [9].
These results imply that the surface strongly af-
fects the selectivity between N, and NH; produc-
tion in H,NCHO decomposition. The most ag-
gressive of the three surfaces, Ru(001), appears
to favor more strongly the complete dehydro-
genation of the amino group to form N adatoms
(which later combined as N,), the less aggressive
Rh(111) surface allows for more hydrogenation to
NH,, and the least aggressive surface, Pt(111),
actually favors NH, production over N, produc-
tion.
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4.2. Hydrazine decomposition

The high-temperature N, formation is limited
by the recombination of N adatoms. The pres-
ence of the N adatoms indicates that scission of
the N-N single bond followed by the dehydro-
genation of the resulting NH | surface fragments
must occur before high-temperature N, forma-
tion. The reaction-limited H, desorption peak at
430 K demonstrates that the decomposition of
NH, surface fragments occurs at this tempera-
ture. This reaction-limited H, peak occurs near
the desorption temperature of the reaction-
limited H, desorption peak that follows the de-
composition of H,NCHO on Rh(111). Since the
reaction-limited H, peak from H,NCHO has
been assigned to the decomposition of NH, this
strongly suggests that reaction-limited H, from
N,H, is also due to NH decomposition.

The low-temperature N, is probably caused by
the reaction and/or decomposition of a N,H
(y < 3) surface species. Other possible species
could be hydrazoic acid (N;H) or a surface azide
(N;). Since H,NCHO decomposition on Rh(111)
does not produce a low-temperature N, peak,
NH, and NH species (both of which occur in
H,NCHO decomposition) must be ruled out as
possible reactants. Since NH; adsorption on
Rh(111) does not produce a low-temperature N,
peak, NH, must also be eliminated from consid-
eration as the source of the low-temperature N,.

As explained above, it appears that the high-
temperature NH ; desorption from N,H, and the
NH; desorption from H,NCHO have an identi-
cal mechanism: the scavenging of H adatoms by
NH, surface fragments. The 250 K shoulder on
the NH, peak from N,H, begins to develop at
an adsorbate coverage lower than the adsorbate
coverage at which the shoulder on the NH; peak
from H,NCHO develops due to the greater
amount of NH, and/or H adatoms formed by
N,H,. At higher coverages, following N,H, ad-
sorption, the 250 K shoulder continues to grow
due to the continued availability of NH, and/or
H adatoms and develops into a sharp peak that
dominates the high-temperature NH, desorption.
Due to the low coverage caused by surface satu-
ration, the shoulder which starts to develop fol-

lowing H,NCHO exposure is unable develop in
the same fashion.

The low-temperature NH, peak is unique to
N,H, and must be caused by a second NH,
formation reaction. Given the structure of the
N, H, molecule, with each N atom only bound to
two H atoms, the low-temperature reaction must
still be a H scavenging reaction. It is proposed
that the low-temperature mechanism is the inter-
nal scavenging of a molecularly bound H in an
intramolecular decomposition. In this mecha-
nism, NH, is formed directly from N, H, without
first going through the NH, intermediate. Some
of the NH; desorption in the temperature range
between ~ 275 and ~ 400 K may also be due to
the adsorption of background NH,.

The surface reactions which produce gas-phase
products following the decomposition of N,H,
on Rh(111) are represented below with only the
gas phase products shown. Many of the reactions
would also produce N,H , N, and H surface
fragments. There may, of course, also be surface
reactions which do not result in gas phase desorp-
tion.

N,H,(a) = NH,(g) at 200 K, (8)
NH,(2) + H(a) —» NH;(g) at 250-450 K, (9)
N,H , (a) - N,(g) at 270 K, (10)
2H(a) » Hy(g) at 350 K, (1D
2NH(a) — 2N{(a) + H,(g) at 430K, (12)

2N(a) - Ny(a) at 500-900 K, (13)

4.3. Stability of NH, species

The NH species is stable on Rh(111) until
~ 450 K and does not seem to hydrogenate in the
presence of H adatoms to form either NH, or
NH,. It is also more tightly bound on Rh(111)
than NH; which desorbs from the surface by
~ 425 K. In contrast the NH, species does not
appear to be very stable. The NH, either under-
goes hydrogenation to NH; or dehydrogenation
to the more stable NH. Since the NH; formation
peak from H,NCHO decomposition extends past
425 K while NH, desorption from adsorbed NH,
is complete by 425 K, NH, seems more stable
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than NH; on Rh(111). Thus, the relative adsorp-
tion bonding strengths of NH , species on Rh(111)
appears to be: NH > NH, > NH;, while the rela-
tive stability of the species against loosing or
gaining a hydrogen appears to be: NH, > NH >
NH,.

This ordering aids in the understanding of
NH; decomposition. In the activated decomposi-
tion of NH,, NH; may first lose just one hydro-
gen to form NH,. It appears from this work that
the NH, would be able to readily accept another
hydrogen to reform NH; or lose a second hydro-
gen to form NH. If the second hydrogen is lost
and NH is formed, the NH is stable and will not
accept another hydrogen or readily lose one. The
decomposition of the NH,; may then be limited
by the ability of the surface to remove the final
hydrogen.

The temperature at which NH, decomposition
over Pt foils and Pt(111) begins to occur is ~ 450
K [21,28], the temperature at which the NH
species is no longer stable on Rh(111). Assuming
a similarity between Rh and Pt which often be-
have similarly catalytically, this supports the sug-
gestion that the activated decomposition of NH,
is limited by the decomposition of NH.

5. Summary

H,NCHO decomposes completely on Rh(111)
to form CO, H,, N,, and NH,. The absence of
any CN bond retention demonstrates that CO
bond formation is favored over CN bond forma-
tion on Rh(111). Because of this, it does not
appear that N-CO bond containing molecules
will be good precursors for HCN synthesis on
noble metals. This also suggests that the limiting
step in CN bond oxidation is the insertion of the
oxygen into the CN containing molecule. In
H,NCHO decomposition, CO desorption is due
to the desorption of CO surface fragments. H,
desorption is caused by both the recombination
of H adatoms at ~ 270 K and from decomposi-
tion of a surface fragment at ~ 450 K. From
mass balances and D,NCHO experiments, this
stable surface fragment has been determined to
be NH. The stability of this NH surface species

suggests that NH decomposition may be the limit-
ing factor in the activated decomposition of NH ;.
The N, from H,NCHO decomposition is formed
by the recombination of N adatoms. The NH,
desorption from H,NCHO decomposition is re-
action-limited and appears to be due to the rehy-
drogenation of NH, surface fragments. The
amount of nitrogen forming NH, ranges from
less than 10% at low coverages to over 25% at
saturation.

N,H, decomposes completely on Rh(111) to
form N,, H,, and NH;. N, desorbs in two peaks,
one at 270 K which is caused by the decomposi-
tion of an N,H y (y < 3) species, and another at
700 K which is due to the recombination of N
adatoms. The H, desorbs in two peaks, one due
to the recombination of H adatoms, and another
which is similar to the reaction-limited formation
of H, following H,NCHO decomposition and
has been assigned to the decomposition of an NH
surface species. The NH; from N,H, desorbs in
two reaction-limited peaks, one due to the in-
tramolecular decomposition of N,H,, and an-
other which, like the NH, formation reaction
following H,NCHO decomposition, appears to
be due to the rehydrogenation of NH,.
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