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Adsorption and photooxidation of formamide on TiO, have been
studied by Fourier-transformed infrared spectroscopy. Formamide
is adsorbed with intact molecular form (HCONH5(a)) and disso-
ciative form (5%(N,0)-HCONH) on the surface at 35°C. They are
subject to decomposition upon UV illumination in O,. Adsorbed
isocyanate (NCO) and formate (HCOO) and gaseous CO; and N,O
are formed in the photooxidation. CO, formation mainly results
from NCO(a) photodecomposition.  © 2000 Academic Press
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INTRODUCTION

Due to the unique electron density distribution of the
formamide molecule, with localized electron lone pairs on
the oxygen and nitrogen atoms as well as the carbonyl
7 bond, determination of the bonding geometry and reac-
tivity of formamide on metal surfaces has been the subject
of several molecular vibrational studies. Different surface
bonding configurations, dependent on surface tempera-
ture, coverage, and preadsorbed atoms, have been pro-
posed. On Ru(001) (1, 2), at low coverages formamide
loses the hydrogen that attaches to the carbon atom at
80 K and adopts 5?(C,0)-NH,CO bonding configuration,
as evidenced by high-resolution electron energy-loss spec-
troscopy. At higher exposures, molecular formamide is ad-
sorbed, interacting with the surface by the oxygen lone pair
electrons at temperatures <80 K. On oxygen-preadsorbed
Ru(001)-p(1 x 2)-O surface (3), formamide is adsorbed
molecularly at low temperatures and decomposes to form
n*(N,0)-HCONH at 260 K. Higher temperatures cause fur-
ther dissociation for the above surface species. On Ni(111)
reflection absorption infrared spectroscopy shows two dif-
ferent reaction pathways to form HCO(a) and NH,(a) at
235-260 K and to form HNCO(a) at 285 K (4). On Pt(111)
formamide decomposes into NH3 and CO at 170 K (5).
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Thermal reactions of formamide have also been studied on
the supported systems of Pd/Al,O3 (6), Fe/Al,O3 (7), and
Fe/SiO, (7) by infrared spectroscopy. Isocyanate species
(NCO) are observed from formamide thermal dissociation
on these surfaces.

TiO, has been extensively used recently as a photocata-
lyst to destroy environmentally detrimental molecules. To
our knowledge, no interaction of formamide with TiO, has
been reported. In the present paper, we investigate the ad-
sorption and photooxidation of formamide adsorbed on
TiO, by Fourier-transformed infrared spectroscopy. Due
to its unique molecular structure, versatile photoreaction
pathways are observed.

EXPERIMENTAL

The sample preparation of TiO, powder supported on
a tungsten fine mesh (~6 cm?) has been described previ-
ously (8, 9). In brief, TiO, powder (Degussa P25, ~50 m?/g,
anatase 70%, rutile 30%) was dispersed in a water/acetone
solution to form a uniform mixture which was then sprayed
onto a tungsten mesh. After that, the TiO, sample was
mounted inside the IR cell for simultaneous photochem-
istry and FTIR spectroscopy. The IR cell with two CaF, win-
dows for IR transmission down to 1000 cm~ was connected
to a gas manifold which was pumped by a 60 I/s turbomolec-
ular pump with a base pressure of ~1 x 10~/ Torr. The TiO,
sample in the cell was heated to 450°C under vacuum for
24 h by resistive heating. The temperature of TiO, sample
was measured by a K-type thermocouple spot-welded on
the tungsten mesh. Before each run of the experiment, the
TiO, sample was heated to 450°C in vacuum for 2 h. Af-
ter the heating, 10 Torr O, was introduced into the cell as
the sample was cooled to 70°C. When the TiO, tempera-
ture reached 35°C, the cell was evacuated for gas dosing.
0O, (99.998%) was purchased from Matheson. Formamide
(99.5%) from Aldrich was purified by several cycles of
freeze—pump-thaw before introduction to the cell. Pressure
was monitored with a Baratron capacitance manometer and
anion gauge. In the photochemistry study, both the UV and
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IR beams were set 45° to the normal of the TiO, sample.
The UV light source used was a combination of a Hg arc
lamp (Oriel Corp.) operated at 200 W, a water filter, and
a band pass filter with a band width of ~100 nm centered
at 320 nm (Oriel 51650). Formamide is transparent for the
UV wavelength used in the present study (10). The power at
the position of the TiO, sample was ~0.1 W/cm? measured
in the air by using a power meter (Molectron, PM10V1).
Infrared spectra were obtained with a 4 cm~! resolution by
using a Bruker FTIR spectrometer with a MCT detector.
The entire optical path was purged with CO,-free dry air.
The spectra presented here were ratioed against a clean
TiO, spectrum. The mass of TiO, used was ~71 mg.

RESULTS AND DISCUSSION

Figure 1 shows the infrared spectra of formamide-
adsorbed TiO, surface, which is prepared by exposing a
clean TiO; surface at 35°C to formamide vapor for 20 min
followed by evacuation, taken after the indicated times dur-
ing the photooxidation course initially in 10 Torr of oxygen.
Prior to UV irradiation, absorption bands are observed at
1310, 1355, 1382, 1568, 1590, 1675, 1698, 2861, 3170, 3263,
3335, and 3500 cm . In 3600-3800 cm ™! region, absorptions
from residual surface hydroxyl groups are attenuated, indi-
cating the interaction, probably through hydrogen bonding,
between surface hydroxyl and adsorbed species. By exam-
ination of the infrared absorptions and band assignment of
formamide in liquid and solid states as shown in the sec-
ond and third columns of Table 1, some of the bands ob-
served after formamide adsorption on TiO, can be related
to the functional absorptions of NHy, CH, C=0, and C-N.
Table 1 also shows the infrared bands and their vibrational
assignments for formamide molecules adsorbed on vari-
ous surfaces. In accordance with these previous studies, we
conclude the formation of adsorbed formamide on TiO; in
our case and assign the band at 1310 cm~! to C-N stretch,
1382 cm~! to CH deformation, 1590 cm~! to NH, defor-
mation, 1675 and 1698 cm~? to carbonyl stretch, 2861 cm™~*
to CH stretch, and 3160 and 3500 cm~! to NH stretch, as
listed in the last column of Table 1. In addition to the NH,
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FIG.1. Variation of infrared spectra with UV irradiation time for a
TiO, surface after formamide adsorption. The curves at 2100-2400 cm™!
have been multiplied by a factor of 3.

stretching, the broad absorption feature at 3050-3550 cm~*

may also be due to overtone absorption of C=0 stretch,
NH, deformation, and hydrogen bonding. The carbony!l fre-
quencies of adsorbed formamide are generally lower than
that of the gaseous one. This may be due to the interac-
tion between the adsorbed formamide molecules, as sug-
gested by the lower carbonyl frequency observed in the lig-
uid formamide molecules, and/or due to the interaction of
the carbonyl group of formamide with surfaces. The other
two strong bands at 1355 and 1568 cm~! do not belong
to adsorbed formamide on TiO,. On Ru(001)-p(1 x 2)-O
(3) and Pd/Al,O3 (6) surfaces, except for the molecularly

TABLE 1

Comparison of Vibrational Frequencies (cm™!) of Formamide Adsorbed on Various Surfaces

Gas Liquid Pd/AlLO3 Ru(001)-p(1 x 2)-O Ni(111) Pt(111) TiO;
(Refs. 11, 12) (Ref. 13) (Ref. 6) (Ref. 3) (Ref. 4) (Ref. 5) (this work)
va (NHy) 3545 3330 — 3490 3348 3289 3500
vs (NHp) 3451 3190 — 3230 3132 3145 3170
v (CH) 2852 2882 — 2940 2865 2834 2861
v (CO) 1734 1690 1684 1660 1706 1685 1675, 1698
3 (NHy) 1572 1608 1600 1585 1602 1593 1590
3 (CH) 1378 1391 1385 — 1385 — 1382
v (CN) 1255 1309 1315 1360 1293 1291 1310
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TABLE 2

Comparison of Vibrational Frequencies (cm™1)
of #?(N,0)-HCONH

Ru(001)- [R2MN(CH3)
p(l x 2)-O Pd/ALO; AlO; TiO, C(CH3)0],
(Ref. 3) (Ref. 6) (Ref.14) (thiswork) (Ref. 15)
v (NH) 3365
v (CH) 2980
va (NCO) — 1600 1600 1568 1571-1585
vs (NCO) 1395 1360 1375 1355 1392-1400

adsorbed formamide, bridging bonding configuration of
n*(N,0)-HCONH from N-H bond scission after formamide
adsorption has been identified. n%(N,0)-HCONH is also
formed by the interaction of HCN with surface hydroxyl
groups on Al,O3 (14). Therefore, with absorption fre-
quencies of 1355 and 1568 cm~! observed in the present
study similar to those of 7%(N,0)-HCONH on Ru(001)-
p(1 x 2)-O (3), Pd/Al,O3 (6), and Al,O3 (14) as well as in
organometallic compounds as shown in Table 2, it is con-
cluded that bridging n?(N,0)-HCONH is formed following
formamide adsorption on TiO, at 35°C and the bands of
1355 and 1568 cm~! are due to -NCO- stretching. Anal-
ogous to formamide, formic acid forms bridging formate
n?(0,0)-HCOO on the TiO, surface with -CO,- symmet-
ric and antisymmetric stretches at ~1360 and ~1560 cm™,
respectively (16, 17).

Upon UV irradiation, HCONH3(a) and HCONH(a) un-
dergo decomposition as evidenced by the decrease of their
band intensity and formation of new bands in Fig. 1. Two
new bands appear at 2200 and 2349 cm ™! after 2 min of irra-
diation. The band at 2349 cm™! is due to CO»(g) formation.
The 2200 cm~! band is due to isocyanate species, NCO(a),
adsorbed on the surface. NCO(a) has been observed on Rh,
Ru, Pt, and Pd surfaces with a frequency at ~2170 cm ™! (18-
20). NCO(a) can be produced with absorptions at 2170 and
2262 cm~! by thermally activating formamide on Pd/Al,O3
(6), at 2220 and 2320 cm~on Fe/Al,O; (7), and at 2200 and
2270cm~ton Fe/Al,O3 (7). Recently NCO(a) was identified
at 2205 cm~t in a photochemistry study of CH3CN on TiO;
(21). Upon furtherirradiation to5min, CO,(g) and NCO(a)
grow with UV time and the peak shape at 1250-1850 cm ™!
is slightly changed. After 10 min, absorptions peak at 1355,
1381, and 1409 cm~! in the 1250-1450 cm~* range and the
intensity ratio of 1355 cm™! relative to 1381 cm™! is oppo-
site to that of 1355 cm™! relative to 1382 cm™! before UV
irradiation. UV irradiation for 20 min causes the reduction
of the new band at 2200 cm~. After 60 min, HCONH(a)
and HCONH(a) are substantially reduced and absorption
bands appear at 1360, 1381, 1411, 1570, 2732, 2834, 2865,
2951, 2224, and 2349 cm 1. The 2224 cm~! band is due to for-
mation of NoO(g) which is also observed as a product in the
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photooxidation of ammonia on TiO; (22, 23). The first eight
bands can be attributed to adsorbed formate groups, which
have been detected after adsorption of formic acid (16) or
formaldehyde (17) on TiO,. The 1360 and 1570 cm~! bands
are due to —CO,- symmetric and antisymmetric stretching,
respectively, and the 1381 and 1411 cm~! bands are due to
C-H deformation or —-CO,- rocking. The other four bands
at 2732, 2834, 2865, and 2951 cm~! are due to CH stretch
and combination of CH deformation and —CO— stretch.

The following reaction scheme summarizes the inter-
mediates and products formed in the photooxidation of
formamide on TiOy:

HCONH;(a), HCONH(a) — NCO(a) + HCOO(a)
— CO2(9) — N2O(9).

For the formation of NCO(a), breaking of H-C and N-H
bonds must occur in the photooxidation of HCONH,(a)
and/or HCONH(a). For HCOO(a) from HCONH;(a)
and/or HCONH(a), scission of the C—N bond is necessary.
Once NH; or NH is formed, N,O(qg) is derived from them
in subsequent photooxidation as in the case of NH;z on TiO,
(22, 23). N,O(g) may also be produced from photooxida-
tion of the NCO(a) intermediate. CO,(g) can be formed
in the photodecomposition of HCOO(a) and NCO(a) (20).
Under our experimental conditions, ~90% of the total CO,
amount is formed during the first 20 min during which sub-
stantial NCO(a) is present on the surface and only ~5% is
formed in the last 20 min during which the surface is domi-
nated by HCOO(a). Therefore, CO, mainly originates from
NCO(a) photooxidation in the present study. It should be
pointed out that the TiO, temperature was raised to 57°C
during the formamide photooxidation process. Therefore,
a thermal control experiment was carried out by holding
the formamide-adsorbed TiO, at 57°C in 10 Torr of O,
for 60 min and taking the infrared measurement during
the annealing. Figure 2 shows the results. The spectrum
after 60 min of annealing, except for the decrease of the
HCONHo,(a) bands, is similar to that before surface heat-
ing. No reaction intermediates and products are observed,
indicating that the reaction induced by the UV irradiation is
due to photon, instead of thermal effect. In the production
of NCO(a) in the present study; it is of interest to determine
whether the O in the NCO(a) originates from formamide
itself, TiO, lattice oxygen, or O,. Therefore, photooxida-
tion of formamide in the presence of 20, has been carried
out. It is found that in this experiment the infrared absorp-
tion frequency of isocyanate formed from formamide pho-
todegradation is the same as that in Fig. 1 when %O, is used.
If NC'80O(a) were produced, it would absorb at a frequency
lower than that of NC*Q(a) absorption by ~13 cm~* (21).
However, no such a red-shifted peak is observed, indicat-
ing that the O in the NCO(a) is not from O,. Besides,
when 80, is present, it can be dissociatively adsorbed or be
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FIG. 2. Variation of infrared spectra with annealing time at 57°C for
a TiO, surface after formamide adsorption.

photochemically dissociated at O-lattice vacancy sites
present on powdered TiO, (21). The lack of NC*®O(a) pro-
duction also suggests that the O of the NCO(a) dose not
result from TiO, lattice oxygen.

Many organic molecules can be effectively photooxidized
on TiO; with UV illumination. As TiO; accepts photons
with energy higher than its bandgap (3.2 eV), electron-hole
pairs can be produced and migrate to the surface where
they initiate redox reactions of adsorbates. OH*® radicals,
possibly from the reaction of surface hydroxyl groups or
water with holes, have been proposed to be the oxidizing
agent. Identification of OH adducts (24-27) and studies of
kinetic isotopic effect (28) support this mechanism. There
is also evidence for direct hole oxidation. Draper and Fox
(29) have not been able to detect any OH*® adduct inter-
mediates in the diffuse reflectance flash photolysis study of
several substrate/TiO, combinations. Adsorbed O, can trap
electrons to form O; and therefore increase the lifetime of
hole states. In the previous studies of the interaction of O,
with the TiO; surface upon UV irradiation, EPS has shown
the existence of O,, O5, and O3~ (30), which can behave
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as oxidants. The initiating mechanism of photooxidation for
adsorbates on TiO is still under discussion.
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