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The decomposition reaction of formic acid (DCOOD) was exam-
ined on a rutile TiO,(110) surface in catalytic and noncatalytic
conditions. The kinetic behavior of the catalytic reaction was re-
corded by MS under DCOOD atmosphere of 1076-10"3 Pa at
500-800 K, whereas TDS, LEED, AES, XPS, and UPS were used
to chracterize adsorbed species derived from formic acid and their
non-catalytic surface reactions under vacuum. Formic acid was
dissociated to form formates and hydroxy! groups on TiO,(110)
at 250 K. Bridge formates (0.5 ML) were arranged ina (2 % 1)order
below 350 K. Formates (0.1 ML) were desorbed under vacuum at
350 K to relax the (2 x 1) overlayer. The evolution of D, was
observed at 400 K and assigned to recombination of the hydroxyl
groups. Residual formates unimolecularly decompose at 570 K
with an activation energy of 120 + 10 kJ/mol and a pre-exponential
factor of 2 x 10°*'s™!, releasing a mixture of CO, CO,, D,,
D,0, and DCOOD in TDS. On the other hand, it was found
that TiO,(110) catalyzed two selective reactions: dehydration and
dehydrogenation. TiO,(110) shows a preference for the dehydroge-
nation reaction into D, + CO, below 500 K. This is in contrast
to the selective activity for the dehydration to D,0 + CO reported
on TiO, powder catalysts. The rate of the catalytic dehydration
was nearly independent of the pressure of formic acid below
700 K, but increased with surface temperature. An activation
energy of 120 = 10 kJ/mol was again observed in the catalytic
dehydration reaction, suggesting that the unimolecular decomposi-
tion of formates at the surface is rate controlling. The rate of the
catalytic dehydrogenation reaction depended on both the coverage
of formate and the pressure of DCOOD, with a small activation
energy of 15 + 10 kJ/mol. The catalytic dehydrogenation reaction
is thus suggested to proceed in a bimolecular process of a formate
and a DCOOD molecule. A kinetic simulation supports the mecha-
nisms, showing a switchover of the reaction paths by the second
reactant molecule. These results are discussed, along with previous
works on powder catalysts and single crystals. o 1994 Academic
Press, Inc.

! To whom correspondence should be addressed.
2 Present address: Department of Chemistry, Faculty of Science, Ky-
oto University, Kyoto 606-01, Japan.

INTRODUCTION

Metal oxides are popular materials in catalytic chemis-
try. Many studies on polycrystalline powder catalysts
have revealed that catalytic properties strongly depend
on the preparation and the history of catalysts. Chemistry
on single crystal surfaces of metal oxides, therefore, at-
tracts attention in the surface science community. Experi-
mental (1-13) and theoretical (14) studies on single crystal
surfaces have demonstrated that local coordination
around reaction sites controls the reaction of adsorbed
species on them. Ti** cations with multiple coordination
vacancy cause the disproportionation of formates (5) and
the bimolecular ketonization of acetates (6) on faceted
Ti0,(001) surfaces.

Those studies, however, have been focused mainly on
the characterization of adsorbates and their noncatalytic
reactions under vacuum by means of photoelectron and
thermal desorption spectroscopies. Several TDS studies
already observed the decomposition of formates on TiO,
(5), MgO (19), and ZnO (7, 9, 20} single crystal surfaces.
Few pioneering works examined catalytic performance
on ZnO single crystal surfaces, where reaction sites active
for the decomposition reaction of 2-propanol (15) and
methanol (16) were assigned into defects generated by the
reduction of the surfaces. We have reported the catalytic
decomposition reaction of formic acid on TiO,(110),
whose surface maintains the original structure during
steady-state reaction under DCOOD atmosphere (17, 18).

The acid-base character is one of the most characteristic
properties of metal oxides. The selectivity in the catalytic
decomposition reaction of formic acid has been used to
scale the acid-base property: dehydration over acidic ox-
ide and dehydrogenation over basic oxide (21, 22). Parallel
behavior is seen for the decomposition of alcohols (23).
Formates are also important as intermediates in the wa-
ter—gas shift reaction over metal oxides (24). It has been
thought that the acid-base character is an intrinsic prop-
erty on substrates. But in the present study, we report
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a switchover of the reaction paths, from unimolecular
dehydration to bimolecular dehydrogenation on TiO,
(110), when a formic acid molecule participates in the
decomposition process of a surface formate.

EXPERIMENTAL

The experiments were carried out in a VG-ESCALAB
chamber capable of AES, LEED, XPS, and UPS mea-
surements with a base pressure of 1 x 107% Pa. The
binding energy in MgKo XPS was referred to the O(ls)
level of the substrate, 530.3 eV (11). UPS spectra were
excited with Hel or Hell radiation. TDS spectra were
recorded on a quadrupole mass filter (UTI-200) driven by
a computer (NEC PC-9801VM).

A special holding device was built to cool and heat the
crystal linearly over the range of 100-900 K. A TiO,(110)
wafer (8 x 8 x 1 mm®) and a MgO crystal were tightly
bound to each other with tantalum wires (0.1 mm ¢),
sandwiching a piece of tungsten mesh (0.03 mm ¢, 100
mesh, gold plated). The mesh was welded on a couple of
electric feedthrus and resistively heated. The feedthrus
were attached to a liquid nitrogen reservoir for cooling.
The back face of the rutile wafer was coated with gold to
ensure a good thermal contact. A chromel-alumel ther-
mocouple was fixed at an edge on the sample surface
with ceramic glue (Aronceramic-C). This device allowed
a ramping rate of 5 K/s during TDS measurements with
electric power below 20 W.

A polished TiO,(110) wafer obtained from Earth Jew-
elry Co., Ltd. was oxidized at 1100 K in air for 1 h before
cleaning under UHV. The wafer was sputtered with Ar*
ions of S keV and annealed to 800 K in the chamber. A
sharp (1 x 1) pattern was observed in LEED after several
cleaning cycles under vacuum. No impurity was detected
in AES or in XPS. The crystal turned blue after ten cycles
due to a slight reduction of the bulk. Nevertheless, no
Ti(3d) emission was detected in Hel UPS, demonstrating
a negligible population of reduced Ti** cations at surface.
Oxygen deficiency would result in observable states in
Ti(3d) levels (1-3, 24).

DCOOD was used to distinguish D, and D,0 in TDS
from background H, and H,0. DCOOD of NMR grade
(Merck) was outgassed with trap-thaw cycles. A capillary
doser (ca. 0.2 mm ¢) introduced the reactant in front of
the sample surface. Effective pressure on the surface was
estimated to be 20 times larger than the back pressure.
The doser was previously calibrated by dosing CO on a
Pd(100) crystal.

A pressure jump method was adopted to measure the
rate of catalytic reaction in a steady state with the mini-
mized contribution of the reaction over the holding materi-
als. When the crystal maintained at a reaction temperature
is inserted into a stream of formic acid molecules down
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FIG. 1. QMS response in a pressure jump measurement. Thick line:
recorded on the sample at 800 K; thin line; recorded at 250 K as a
reference. An effective pressure of DCOOD was estimated as 5 x 1075
Pa on the crystal. reg corresponds to the rate of CO production (see text).

the doser, catalytic reaction starts on the surface to give
jumps in the partial pressure of products. Ideally, the
Jjump height for individual products should correspond to
their rate of production. Negative jumps, however, were
often observed. Figure 1 shows typical records of reaction
in this method. The crystal was brought into the flow at
t = 60 s and remained until # = 240 s. Negative jumps
observed in D,, D,0, and CO, result from the fragmenta-
tion of fed DCOOD in the mass filter. When the sample
was inserted into the flow, more DCOOD was adsorbed on
cold parts of the holder than before and after the insertion.
Indeed, the total pressure was decreased during the reac-
tion period. The background levels recorded before and
after the reaction period are padded by the fragments of
DCOOD. Thus, the true rate for each product was de-
duced from the difference between two jumps, recorded
at a reaction temperature and at 250 K (a blank run). No
catalytic reaction was expected at 250 K. The wafer
heated at areaction temperature was assumed not to affect
the adsorption on the cooled holder.

RESULTS

1. Catalytic Reaction

1.1. Reaction rate and activation energy. Applying
the jump method, four products, CO, D,0, CO,, and D,,
were observed in the catalytic decomposition of formic
acid above 500 K. Neither formaldehyde nor methylfor-
mate was detected. The measurements were repeated,
changing the surface temperature and the pressure of
DCOOD. Figure 2 shows the reaction rate for each prod-
uct as a function of surface temperature in Arrhenius
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Rates of the four products in the catalytic decomposition of DCOOD on Ti0,(110). (A) CO; (B) D,0; (C) CO,; (D) D,. Temperature

dependence at three typical pressures of formic acid is shown. Circles: 1 x 107} Pa; diamonds: 5 X 10~° Pa; triangles: 4 x 1076 Pa.

plots. The pumping rate and the relative sensitivity of the
mass filter were calibrated by dosing a mixture of given
amounts of the four compounds under reaction condi-
tions. The turnover frequency (TOF) is estimated assum-
ing the density of reaction sites to be 2.6 x 10"* m~2 on
the basis of the coverage of the saturated (2 x 1)-DCOO
overlayer (17, 18). None of the products exhibited an
induction period, as shown in Fig. 1. The time profiles in
partial pressure always gave rapid shifts and plateaus.
There are two reaction paths catalyzed on the (110)
surface: dehydration into CO and D,0, and dehydrogena-
tion into CO, and D,. The dehydration dominated above

650 K, while the dehydrogenation was advantageous at
lower temperatures, as shown in Fig. 2. Stoichiometry in
dehydration was balanced at every surface temperature
examined. The dehydration rates increased with surface
temperature and became constant at higher temperatures.
An activation energy of 120 *+ 10 kJ/mol was observed
in the temperature-sensitive region. The transition be-
tween the temperature-sensitive and the temperature-
insensitive regions occurred at higher temperature with
increasing pressure of DCOOD.

The rates of D, and CO, production exhibited maxima
and breaks, respectively. The formation of CO, remained
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FIG. 3. Dependence of catalytic dehydration rate on the pressure

of formic acid. Filled circles: reo at 650 K; filled triangles: rp o at
650 K; open circles: saturated rcq; open triangles: saturated rp .

a slight increase beyond the maxima in the formation of
D,. The activation energy for the dehydrogenation reac-
tion was deduced to be 15 *+ 10 kJ/mol in the low-tempera-
ture region below the breaks. The maximum temperatures
in dehydrogenation correspond with the transition tem-
peratures in dehydration. This suggests that the two reac-
tions are catalyzed via common intermediates.

1.2. Pressure dependence. Figure 3 shows the effects
of DCOOD pressure, Ppcoop, on the dehydration rates
at constant temperatures. The rates for CO and D,0 were
nearly independent of the pressure in the temperature-
sensitive region. A small order of 0.2 + 0.1 was obtained
at 650 K. The small dependence on the pressure suggests
that the surface is covered with reactants. On the con-
trary, the rates in the temperature-insensitive region
showed a positive order of 0.8 = 0.2 with respect to the
pressure. Furthermore, the transition temperature shifted
higher with increasing pressure, as shown in Fig. 2. These
results strongly suggest that the surface is no longer satu-
rated with the reactants in the temperature-insensitive
region. The switch in reaction order indicates that the
rate-determining step shifts from one elementary step to
another. The dehydrogenation reaction was of a high or-
der of 0.9 = 0.1 at 650 K, as shown in Fig. 4.
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FIG. 4. Dependence of catalytic dehydrogenation rate on the pres-
sure of formic acid at 650 K. Circles: r¢g_; triangles: p,-
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1.3. Post-reaction LEED. A (2 X 1) ordered structure
was observed in post-reaction analysis by LEED, when
the sample was cooled under the DCOOD flow after a
prolonged reaction. A compatible (2 x 1) pattern was
seen on TiO,(110) exposed to 3 L DCOOD at 250 K, and
the pattern will be assigned to the overlayer of 0.5 ML
formates adsorbed on TiO,(110) in the next section. It
is hence suggested that TiO,(110) maintains the original
structure during the catalytic reaction; the formation of
titanium formate bulk is excluded.

2. Surface Reaction under Vacuum

2.1. TDS. Figure 5 shows TDS spectra recorded on
TiO,(110) after 3 L DCOOD exposure at 230 K (1 L =
1.33 x 107* Pa s), where a (2 x 1) ordered overlayer
was completed. The relative amount of products is listed
in Table 1. The relative sensitivity of the mass filter was
calibrated. There are three events at 350, 400, and 570 K.
DCOOD and D,0 were detected at 300-350 K, followed
by a broad desorption peak of D, around 400 K. Finally,
amixture of CO, D,0, CO,, D,, and DCOOD was released
at 570 K.

The kinetics of the last event were analyzed with heat-
ing rates (B) varied in a range of 0.5-4 K/s. The desorption
peaks of the five products shifted together in temperature,
suggesting that the products are simultaneously released
at decomposition of one kind of adsorbates. The resulits
of XPS and UPS will show that the intermediate is for-
mate. The peak temperature of the decomposition prod-
ucts (7p) exhibited no shift against the initial coverage
of formic acid. These kinetic results show that the rate-
limiting step of the decomposition is a unimolecular de-
composition reaction of the intermediates (formates) on
first-order kinetics. Activation energy (E) and preexpo-
nential factor (v) for a first-order process have the relation

In(T2/B) = E/(RTp) + In[E/(Rv)] (1

m.
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FIG. 5. Thermal desorption spectra following 3 L. DCOOD exposure
on TiO,(110) at 230 K. A (2 x 1)-DCOO overlayer was completed.
Heating rate was 2 K/s.



TABLE 1
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The Relative Amount of Desorption Species in TDS on
a (2 x 1)-Formate Overlayer on TiO,(110)

Temperature (K) Product Relative amount®
350 DCOOD 16
D,0O 10
400 D, 5
570 CcoO 16
coO, 11
D,O0 S
D, 6
DCOOD 7

% The relative sensitivity of the mass filter was corrected.

to Tp and B8 (25), where R represents the gas constant.
The observed values of In(T3/8) and 1/(RTp) are plotted
in Fig. 6. A straight line with £ = 120 = 10 kJ/mol and
v = 2 x 10°=" s~! fits the data.

2.2. LEED. The clean TiO,(110) surface gave a (1 x 1)
LEED pattern. An exposure to 3 L DCOOD at 180 K
increased the intensity of the uniform background with
the (1 x 1) pattern unchanged. The background was de-
creased upon annealing to 200 K. Fractional spots along
a (2 x 1) symmetry appeared at 230 K. Further heating
at 350 K transformed the (2 x 1) pattern intoa (1 X 1)
structure, accompanied by the desorption of DCOOD and
D,0. The resultant (1 x 1) pattern was maintained above
800 K. The phase transition was irreversible: the (2 x 1)
pattern was not recovered when the transformed (1 x
1) surface was cooled below UHV. In contrast, a small
additional exposure to DCOOD easily restored the (2 x
1) order at 300 K.

Under 1 x 107° Pa of DCOOD, the (2 x 1) pattern
persisted up to 400 K. This shift in the transition tempera-
ture demonstrates that the ordered overlayer is equili-
brated with DCOOD molecules in the gas phase above
350 K.
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FIG. 6. The shift in the peak temperature for the formate decomposi-
tion. The heating rate was varied in TDS.
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FIG. 7. (A) Hell UPS spectra of formates on TiO,(110), and (B) the

difference spectra. (a) TiO,(110); (b) exposed to 3 L. DCOOD at 180 K.
(c), (d), and (e) Successively annealed to 270, 400, and 650 K, respec-
tively. The spectra were taken at 180 K after annealing.

2.3. UPS and XPS. Figure 7A shows typical Hell UPS
spectra on Ti0,(110) exposed to DCOOD. The clean sur-
face exhibited a couple of intense emissions at 6 and 8
eV (curve a), which are assigned to O(2p) valence bands
with bonding or nonbonding character (14). Exposure to
3 L DCOOD at 180 K gave additional peaks. The spectra
recorded after successive annealing to 270, 400, and
650 K are presented in curves ¢, d, and e. These spectra
were subtracted in Fig. 7B to examine detailed changes
upon annealing, and to distinguish the contribution of
molecular and dissociated species.

Curves ¢ — d and d — e exhibit three peaks at 5.0,
10.6, and 14.2 eV in Fig. 7B. They are ascribable to
la; + 6a, + 4b,, 1b; + 3b, + Sa,, and 4a, orbitals of
formates in C,, symmetry on the basis of the assignment
of formates on a Cu film (26) and a Cu(110) surface (27).
This indicates that the (2 X 1) pattern is due to ordered
formates. The emissions of formates gave no shift but
decreased in intensity, when the (2 x 1) order disappeared
at 350 K.

Molecular species were detected at a lower tempera-
ture. Curve b — ¢ consists of four peaks at 6.0, 9.5, 11.9,
and 15.9 eV. They are assigned to 10a + 24", 9a + ld”,
8a + 7a, and 6a levels of formic acid adsorbed molecu-
larly (26, 27). The intense peaks of formates superimposed
on the molecular peaks in curve b. Formic acid gives a
mixed layer of molecular and dissociated species at 180
K. Molecularly condensed DCOOD sublimates off the
surface below 230 K, corresponding to the decrease of
the background in LEED.

No other adsorbates could be distinguished in UPS,
though acidic hydrogen atoms resulting from the dissocia-
tion of formic acid stay at the surface. They probably
react with oxygen anions of the substrate to form hydroxyl
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groups, the signal of which species is to be less intense
than the emission of formates.

The C(1ls) emission was observed at 288.9 eV in XPS
for a saturated (2 x 1)-formate overlayer at 247 K. This
value is acceptable for the carbon atom in a formate. Its
relative intensity to the O(1s) emission of the lattice oxy-
gen anions was used to estimate the surface density of
formates. Orbital cross sections (oo ,/0cqiy) = 2.85), es-
cape depth of the photoelectrons (1.4 nm for the O(ls)
level) were considered (11). The transmission of the spec-
trometer was assumed proportional to 1/KE, where KE
is the kinetic energy of the emitted electrons. The cover-
age of the formates in the (2 x 1) overlayer was deter-
mined to be 0.5 ML as a result (11). Here, the coverage
is referred to the surface unit cell on clean TiO,(110);
1 ML corresponds to 5.21 X 10" m~? (28). When the
(2 x 1) surface was annealed at 353 K, the C(1s) intensity
decreased to 80% without any shift in the binding energy.
It means that a formate overlayer of 0.4 ML cannot main-
tain the (2 x 1) order. No emission was detected in the
C(1s) region after heating to 650 K.

DISCUSSION

In the first part of the discussion, noncatalytic surface
reactions of adsorbed formic acid are dealt with. The
mechanism of the catalytic dehydration reaction is dis-
cussed on the basis of the noncatalytic processes. Finally,
a bimolecular mechanism is discussed for the catalytic
dehydrogenation reaction.

1. Surface Reactions under Vacuum

Adsorbed formic acid gives a mixed adlayer of molecu-
lar and dissociated species on TiO,(110) at 180 K. Molecu-
lar DCOOD desorbs below 270 K, leaving formates on
the surface according to the UPS results. The hydrogen
atoms released in the DCOOD dissociation are likely
trapped on oxygen anions of the substrate, O, to form
hydroxyl groups. There are ridges of oxygen anions with
unsaturated coordination on TiO,(110). They probably
have larger affinity to the hydrogen atoms than planar
anions have. These processes are summarized as follows:
at 180 K,

DCOOD(g)— DCOOD(a), 2]
DCOOD(a) + O,— DCOO(a) + O,.D(a),  [3]

and at 200-230 K,
DCOOD(a) - DCOOD(g). [4]

A model for the (2 x 1) overlayer is illustrated in Fig.
8. All the fivefold Ti** cations are covered by bridge
formates. The three-peak feature in UPS (Fig. 7) and C(1s)
binding energy (288.9 e¢V) are assigned to formates. There
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FIG. 8. A model for the TiO,(110)-(2 x 1)-DCOO overlayer. Open

and shaded circles: O?; filled circles: Ti**; hatched circles: bridge
formate. Formates cover the left side for illustration. Hydroxyl groups
are not shown.

are three possible coordinations of adsorbed formates. A
bidentate formate would result in a distorted, sevenfold
coordination around the coordinated titanium cation. A
HREELS study reported unidentate formates on
Zn0O(0001)-Zn (29), where a large separation of 0.325 nm
between adjacent Zn cations prefers a unidentate form to
bridging coordination. Adjacent fivefold Ti cations to
be bridged are separated by a smaller distance of 0.296
nm on TiO,(110) (28). The oxygen—oxygen distances in
formate anions are 0.220-0.227 nm in metal formates,
Ca(HCOO),, Sr(HCOO),, Ba(HCOO),, and Pb(HCOO),
(30). It is reasonable that the formates are adsorbed in a
bridge form on TiO,(110).

Adsorbed formates exhibit no ordered overlayer on
MgO(100) (10), ZnO(0001)-Zn (29), and faceted TiO,(001)
(5). Ridges of oxygen atoms run along the [001] direction
on TiO,(110). They are able to arrange the formates in
rows. Additionally, each line of formates matches in phase
ina (2 x 1) order. The phasing process requires a thermal
activation because annealing at 230 K was necessary for
the ordering.

The (2 x 1) order disappeared at 350 K, when DCOOD
and D,O were desorbed. The recombination of the for-
mates with the hydroxyl groups,

(2 x 1)-DCOO(a) + O,.D(a)— DCOOD(g) + O,, [5]
and the disproportionation of the hydroxyl groups,
O,D(a) + O,D(a)— D,O(g) + O,, [6]

are responsible for the observed desorption. Similar re-
combination and disproportionation reactions were re-
ported on faceted TiO,(001) (5) and ZnO(0001)-Zn (7),
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where the protons liberated from O,D(a) were suggested
to trigger off the reactions.

The disordering of the (2 x 1) structure by desorption
was irreversible. This means that the less concentrated
overlayer of formates cannot maintain the ordered struc-
ture even cooled. The formates in the (2 x 1) structure
have no freedom of diffusion across the surface, as illus-
trated in Fig. 8. When a part of formates (0.1 ML) is
desorbed, 0.4 ML of formates and 0.2 ML of vacant five-
fold Ti cations are left on the surface. The liberated vacant
sites promote diffusion to break the long-range order.
Surface diffusion of formates seems possible at 350 K.
Metal formates have low melting points: 526, 441, and
374 K for NaHCOO, KHCOO, and TIHCOO, respec-
tively (31). This is in line with the fact that the relaxed
(1 x 1) surface could recover the (2 x 1) order with a
small additional exposure to DCOOD at 300 K.

Desorption of D, was observed at 400 K, indicating
that a certain amount of D atoms survive. Recombinative
desorption of hydrogen was observed at this temperature
region on H(D)/Cu,0(100) (32) and D/Ti0,(110) (33). No
molecular hydrogen was detected in TDS following the
exposure of facted TiO,(001) (5), ZnO(0001)-Zn (7), and
MgO(100) (10, 19) surfaces to formic acid.

There are 0.4 ML of formates left on the surface after
the recombinative desorption. The remaining formates
then decomposed at 570 K to a mixture of CO, D,0, CO,,
D,, and DCOOQOD,

DCOO(a)— CO + D,0 + CO, + D, + DCOOD. [7]
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TABLE 2

Kinetic Parameters for the Decomposition of Adsorbed
Formates under Vacuum

Pre-exponential

Activation energy factor
Substrate (kJ mol™") (s7h Ref.
TiO,(110) 120 £ 10 2 x 109! This work
TiO, powder 105 3 x 108 34
MgO powder 155 5 x 101 35
ZnO powder 155 1 x 0% 36

The rate-determining step of the decomposition reac-
tion is a unimolecular process, since the decomposition is
of first-order with respect to the coverage. The desorption
peaks of the products shifted together in TDS when the
heating rate was varied. This means that one kind of
formate decomposes to yield the mixture. If there were
several independent paths for dehydration and dehydro-
genation with different activation energies, the peaks
would shift separately.

The decomposition of formates is a popular process on
metal oxides, as shown in Tables 2 and 3. Our activation
energy and pre-exponential factor agree with the values
reported in Table 2. Contrary to the accordant kinetic
parameters, the selectivity in the decomposition products
spreads over in Table 3. MgO(100) selectively yields CO,
while CO, is a dominant product on ZnO(0001)-Zn. The
selectivity on rutile crystals sits between the two extreme

TABLE 3

Selectivity (Relative Yield) in the Decomposition of Formates under Vacuum

Relative amount of products?

D, DO DCOOD DCDO

Substrate TP(K) CO CO, (Hy) (H,0) (HCOOH) (HCHO) Ref.
TiO,(110) 570 10 7 4 3 4 0 This work
TiO,(001) 560 10 4 (Trace) 0 4) 0 5
(011)-faceted
TiO,(001) 570 10 ) 0 0 (3) ) 5
(114)-faceted
MgO(100) 520 10 0 0 ¢ 0 0 19
MgO powder 560 10 0 0 0 0 0 35
ZnO(0001)-Zn 575 10 39 9 0 0 0 7
ZnO(0001)~Zn 745 10 9-23¢ ¢ ¢ 0 0 9
ZnO(50 5.1) 655 10 13¢ 6¢ ¥ 0 0 9
ZnO(000 1)-0O 560 10 6 ¢ (Trace) ()] 0) 20
ZnO powder 550 10 (14 4 0 0 0 36

? Relative to CO.
b peak temperature in TDS.
¢ Not quantified.

4 Relative sensitivity of the mass filter was not corrected.

¢ CO, is adsorbed on the substrate.
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cases. Interestingly, the selectivity in TDS does not reflect
catalytic properties. The dehydrogenation reaction of for-
mic acid is selectively catalyzed on MgO and ZnO powder
catalysts, and hence those materials are classified as basic
oxides. TiO, catalysts are more acidic to perform a selec-
tive dehydration reaction in a steady state (21). But a
certain amount of CO, and H,(D,) is observed in Table
3. This contradiction tells us that the acid~base character
in the catalytic reaction should be distinguished from the
selectivity in the noncatalytic surface reaction observed in
TDS. Peng and Barteau pointed out that the dehydration/
dehydrogenation selectivity in TDS reflects the redox
property of substrates; net dehydration does not require
reduction of substrate but oxidative dehydrogenation
does (19). CO, observed in TDS is attributed to oxidative
dehydrogenation reactions coupled to the reduction of the
substrate. Further, we will state in the next section that
the unimolecular decomposition of formates is a selective
process to CO and OD on TiO,(110).

Some secondary reactions are probably responsible for
the production of CO,, D,, and DCOOD at 570 K:

OD(a) + DCOO(a)— DCOOD(g) + O(a), [8]
OD(a) + DCOO(a)— D,(g) + CO,(g) + O(a), [9]
OD(a) + OD(a)— D,0O(g) + Of(a), [10]
OD(a) + OD(a)— D,(g) + 20(a). [11]

The bimolecular dehydrogenation reaction proposed in
the last section is also a possible origin of CO, and D,.
If the DCOOD molecule produced in reaction [8] stays
near the surface to react with a remaining formate, CO,
and D, are produced.

Formaldehyde is a characteristic product on a (114)-
faceted TiO,(001) surface in TDS (5). Two formates dis-
proportionate on a Ti cation with multiple coordination
vacancies (5). The absence of formaldehyde is reasonable
on TiO,(110) because the ideal (110) plane contains no
fourfold coordinated cation capable of the disproportion-
ation.

All the results in AES, LEED, XPS, and UPS reveal
that formates completely decompose at 570 K to leave a
clean TiO,(110) surface. The disproportionation reaction
{6] leads to the loss of oxygen atoms on the substrate.
The atomic ratio in the desorption products at 570 K is
D:C:0 = 36:34:57,as summarized in Table 1. Compar-
ing the observed ratio with the composition of DCOO, a
certain amount of oxygen atoms is consumed to restore
the stoichiometry on the surface.

2. Mechanism of the Catalytic Dehydration Reation

The rate-determining step for the catalytic dehydration
reaction switches over around 700 K, as shown in Fig.
2. The dehydration reaction showed an activation energy
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of 120 kJ/mol and a pressure dependence of 0.2 order in
the temperature-sensitive region at low temperatures. The
small order of reaction suggests that adsorbed intermedi-
ates nearly cover the surface and their decomposition
determines the rate. Indeed, the unimolecular decomposi-
tion of formate showed a compatible activation energy of
120 kJ/mol in TDS. Thus the catalytic dehydration reac-
tion is strongly suggested to involve the unimolecular
decomposition of formate as a rate-determining step. In
other words, the unimolecular decomposition of formate
preferentially yields CO(g) and O;D(a),

DCOO(a) — CO(g) + OD(a), [12]
where O; represents an oxygen atom of formate origin.
An acidic deuterium atom of a DCOOD molecule, which
encounters the surface in a steady state, reacts with the
resultant O;D(a) to form D,0,

DCOOD(g) + OD(a)— D,0(g) + DCOO(a). [13]

There can be a rapid scrambling reaction,

O;D(a) + O,— Oga) + O.D(a). [14]
The resultant O,D(a) is also consumed to produce D,0.
The two reaction steps, [12] and [13], form a catalytic
dehydration cycle. One may point out that the decomposi-
tion of formate gave not only CO but also D,0, CO,, D,,
and DCOOD in TDS. Those products other than CO are
ascribed to branching reactions under vacuum [8]-[11].
When step [13] is fast enough to suppress the branching
reactions, the catalytic dehydrating cycle works well.
At low temperatures, the decomposition step [12] is
rate limiting. The surface is covered with formates, and
the rate is of zeroth-order to the pressure of formic acid.
With increasing reaction temperature, the decomposition
becomes so fast that the whole rate of the reaction is
controlled by a short supply of DCOOD on the surface,
step [13]. The rate, hence, becomes constant above a
certain temperature, and turns to first-order on the pres-
sure. The transition temperature must shift higher with
the pressure. This is just what we observed. In this sce-
nario, the turnover frequency (TOF) for the catalytic de-
hydration reaction approaches the collision frequency of
DCOOD molecules in the high-temperature limit. The rate
of CO formation turned out to be constant above 650 K
at a DCOOD pressure of 5 X 107° Pa. The TOF of the
unimolecular decomposition step is estimated to be 0.5
s~!at 650 K on the basis of v and E deduced in TDS. On
the other hand, the collision frequency (f) is given as
f = PDCOOD/(zwmlen’ [15]
where m and T are the mass and temperature of the formic
acid molecule, respectively, and & is Boltzmann’s con-
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stant. An adsorption site is assumed to have an area of
3.8 x 107" m?, considering the coverage of the saturated
(2 x 1)-formate adlayer. Thus, the frequency is estimated
as 0.5 molecule s~ ! site ' at Ppcgop = 5 X 1077 Pa and
T = 300 K. The estimated TOF agrees with f, which
supports our mechanism.

Polycrystalline TiO, powder is known to be a dehydra-
tion catalyst (21, 34, 37). Munuera (34) studied the cata-
lytic decomposition of HCOOH on TiO, powder above
630K at a pressure of 8 X 10° Pa, and observed a selectiv-
ity ca. 90% for dehydration with zeroth-order kinetics.
An activation energy of 105 kJ/mol and a pre-exponential
factor of 2 x 10¥ molecules m % s~' were also reported
(34). The latter corresponds to 7 x 10® molecules site ™!
s~ !. These values are compatible with ours. We suggest
that the dehydration reaction on the polycrystalline cata-
lyst proceeds in the same mechanism as that on rutile
(110), though Munuera proposed that the formation of
water from hydroxyls limits the rate in his original re-
port (34).

In reaction step [12], the D atom in a formate shifts to
one of the formate oxygen atoms. The C-D bond and one
of the C—O bonds break as a result. The produced CO is
immediately released from the surface. This set of bond
rearrangements triggered by the intramolecular transfer
of the D atom seems possible as an elementary step. A
lattice oxygen O, might also receive the D atom of the
formate directly. However, if the D atom was transferred
directly to O,, CO, rather than CO would be preferably
formed.

Formates on transition metal surfaces decompose at
lower temperatures (300-500 K) than on TiO,(110), where
the hydrogen atom is taken off by the substrates (21, 38).
It was suggested that the wagging motion of the adsorbed
formate which brings the hydrogen atom close to the metal
surfaces promotes the decomposition (38). There are two
possible reasons why the transfer of the D atom of formate
to the lattice oxygen is obstructed on TiO,(110): Rutile has
smaller affinity to the hydrogen atoms, and the wagging
vibration could be prohibited by the ridges on TiO,(110).

Another mechanism of dehydration was proposed on
AlLO; and SiO, catalysts (39). Proton transfer from hy-
droxyls on the substrates to molecularly adsorbed formic
acid initiates a catalytic dehydration reaction. This pro-
cess is an analog of acidic catalysis in liquid phase. The
protonated mechanism may be possible on a passive sur-
face, such as ZnO(0001)-0. Formic acid cannot find an
active cation on an O-terminated polar surface; only de-
sorption of molecular species was observed in TDS (7).

3. Mechanism of the Catalytic
Dehydrogenation Reaction

The rate of D, formation has maxima in the Arrhenius
plots of Fig. 2. The maximum temperatures correspond
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to the transition temperatures in the dehydration. The
decrease in the rate at higher temperatures is ascribed to
the decrease of formate coverage, where the formates are
consumed in the dehydrating decomposition so fast that
the coverage decreases with temperature. The observed
maximum this suggests that the dehydrogenation reaction
requires surface formates. The formates, however, de-
compose to CO(g) and O;D(a) by themselves, as stated
above. Another mechanism must be considered for the
dehydrogenation reaction.

Figure 4 shows first-order kinetics for the dehydrogena-
tion reaction at 600 K. Since the coverage of formates is
nearly saturated at 600 K, the observed first-order depen-
dence suggests that a DCOOD molecule further partici-
pates in the rate-determining step of the dehydrogenation
reaction. This was numerically simulated on the following
model. Formic acid molecules are adsorbed on vacant
sites with a rate of f(1 — 26), where # is the coverage
of formate,

£(1-26)
DCOOD(g) + O,——— DCOO(a) + O,D(a).

[16]
The factor of two comes from the saturation coverage

of 0.5 ML for formates. The formates unimolecularly de-

compose to the dehydrated products with a rate r(,

DCOO(a)—— CO(g) + OD(), [17]

where

r = 2k16 [18]

The rate constant &, is given by

ky = viexpl— E,//(RT)]. [19]
The resultant O¢D(a) rapidly reacts with another DCOOD
molecule to yield D,O and a formate. Thus a catalytic
cycle for the dehydration reaction is completed. As a
competitive path, the formate reacts with a DCOOD mole-
cule to give the dehydrogenated products

DCOO(a) + DCOOD(g) —-
[20]

CO,(g) + Dy(g) + DCOO(a).

The dehydrogenation rate r, is thereby given by the prod-
uct of the collision frequency f and the coverage,
multiplied with an Arrhenius-type probability for re-
action,

r, = 2f0expl—E,/(RT)]. [21]
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The bimolecular dehydrogenation reaction consumes no
formate apparently. The coverage is given in the balance
of f(1 — 260) and r,,

0 = fI12(f + k). [22]

The TOFs for both reactions are calculated on this
model with the observed parameters v, = 2 x 10° s~
E, = 120kJ/mol, E, = 15kJ/mol, and f = 0.5 s ! site™".
The results shown in Fig. 9 successfully represent the
observed kinetic features. A bimolecular dehydrogena-
tion reaction of a formate with an impinging or weakly
adsorbed DCOOD molecule is thus proposed. In Fig. 2,
CO;, still increased at high temperature, whereas D, forma-
tion decreased. The variation of the formate coverage
explains the deviation. The oxidative dehydrogenation
reaction coupled to the reduction of the substrate,

DCOOD + O,— CO,(g) + D,0(g), (23]

is responsible for the excess production of CO,. Reaction
[9] branching to CO, can take place in supply-limited
situations at high temperatures. Note that CO, was de-
tected twice as much as D, in TDS.

Reaction [20] is not an elementary step. It is likely that
the acidic D atom of the DCOOD molecule reacts with
the D atom of the formate to form D,, and the resultant
CO, desorbs at once.

Dehydrogenation reaction on a metal oxide catalyst
usually has an activation energy higher than that for dehy-
dration reaction on the catalyst (21). However, the ob-
served activation energy, 15 kJ/mol, is much smaller than
that for the dehydration reaction (120 kJ/molj. The par-
ticipation of a DCOOD molecule switches over the reac-
tion paths from dehydration to dehydrogenation, decreas-
ing the activation energy. If the formates react with ad-
sorbed DCOOD molecules equilibrated with gas phase,

=
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TOF / <71 site™

2
7171073k

FIG. 9. Reaction rates simulated as a function of reaction tempera-
ture with a collision frequency of 0.5 s™! site™!. r;: dehydration; ry:
dehydrogenation; ¢: the coverage of formates.
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the apparent activation energy becomes smaller than the
true barrier by the heat of adsorption of the molecular
species.

Although TiO, powder is a selective catalyst for the
dehydration (21, 34, 37), the present study shows that
TiO,(110) favors the dehydrogenation at low tempera-
tures. There are two possible reasons for the discrepancy.
If the dehydrogenation reaction is characteristic for the
(110) plane of rutile, polycrystalline crystals are disadvan-
tageous. However, crystallographic studies on faceted
(001) (6, 40) and reconstructed (100) — (1 x 3) surfaces
(41) reveal that the (110) plane is the most stable surface
on rutile crystal. It is unlikely that the (110) plane is a
minority on rutile powders. Another crystal form, ana-
tase, is favorable depending on the history of catalysts,
which complicates the situation on TiO, powders. The
other possible origin is a restricted reactivity of saturated
overlayers of formates. There is no vacant cation left on
the (2 X 1)-formate structure, whereas 0.2 ML of fivefold
coordinated cations remain vacant in the relaxed over-
layer. If a vacant cation and/or certain space around a
formate are required to form the reaction complex for the
bimolecular dehydrogenation, a complete (2 X 1)-formate
phase suppresses the dehydrogenation reaction. Ac-
cording to our LEED observation, the (2 x 1) phase is
equilibrated with the gas phase and cannot persist under
the reaction conditions here. Higher pressures employed
in usual catalytic studies are capable of forming close-
packed adlayers of formates. Catalytic study under higher
pressures will distinguish the two possibilities on a
TiO,(110) single crystal surface.

Several studies have reported bimolecular processes in
the dehydrogenation reaction of formates. A bimolecular
reaction of a formate with an impinging formic acid mole-
cule was proposed for the dehydrogenation reaction on
Zn0O and MgO powder catalysts (42). Co-adsorbed water
molecules promote the dehydrogenation reaction of for-
mates on MgO (35), ZnO (36), and Rh-doped CeO, (43)
catalysts, decreasing activation energy.

It is interesting to relate the unimolecular dehydration
and the bimolecular dehydrogenation on TiO,(110) to the
reported processes on polycrystalline oxide catalysts.
Further studies of catalysis on well-defined surfaces, such
as MgO(100), ZnO(0001)-Zn, and ZnO(0001)-0O, will
help us address the point.

CONCLUSIONS

(i) The unimolecular decomposition of adsorbed for-
mates at 570 K is a selective process to form CO and
OD(a) on TiO,(110), though CO,, D,, and DCOOD are
also observed in TDS. The latter products come from
branching reactions successive to the selective decompo-
sition.
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(ii) Catalytic dehydration reaction of formic acid pro-
ceeded on TiO,(110) by the cycle of two steps: the unimo-
lecular decomposition of formate and the subsequent pro-
duction of water.

(iii) Catalytic dehydrogenation reaction of formic acid
was found to be a main reaction on TiO,(110) at low
temperatures. This reaction is catalyzed by a bimolecular
process between a formate and a formic acid molecule.

(iv) The switchover in the reaction paths from dehydra-
tion to dehydrogenation with the different mechanisms
on a surface suggests a new aspect of acid—base catalysis
besides the intrinsic property of oxide surfaces.
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