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The behavior of reaction intermediates in the catalytic water—gas shift reaction (WGSR) on the
MgO surface was studied by means of FT-IR spectroscopy. The hydroxyl groups on top of
coordinatively unsaturated Mg atoms reacted with CO to produce three kinds of surface formates
of unidentate, bidentate, and bridge types in the order bridge > unidentate > bidentate. Uniden-
tate-type formate was produced at room temperature and decomposed at ca. 450 K. The formation
and decomposition of bridge- and bidentate-type formates proceeded at higher temperatures (ca.
400 and 550 K, respectively). In the presence of adsorbed water, unidentate-type formate changed
into bridge-type formate and hence most formates are bridge type under reaction conditions.
Contrary to previous reports, formate intermediates were never converted to H, and CO; in the
absence of H,0O. While all the formates decompose to CO and surface OH by themselves, adsorbed
water promoted the decomposition of formates to the WGSR products H, and CO, through elec-
tronic interaction between the adsorbed water and the formate. The reaction rate of WGSR at
steady state agreed with the decomposition rate of the bridge-type formate intermediate to H, and

CO; in the presence of water.

INTRODUCTION

Reaction intermediates, in general, co-
exist with reactants and products adsorbed
on catalyst surfaces under reaction copdi-
tions, rather than occurring in isolated dis-
tribution without mutual interaction. It has
been demonstrated that reactants interact
with reaction intermediates to enable a re-
action to proceed (/-4). Thus it is impor-
tant to know the behavior of intermediates
under reaction conditions in order to under-
stand the mechanism of catalytic reactions.
Even when an intermediate is stable and
does not react any further by itself, it is
possible for a reaction to proceed catalyti-
cally through the same intermediate by an
intermediate-reactant interaction (/).

It has been reported that the intermediate
of the water—gas shift reaction (CO + H;O
— CO; + Hz; WGSR) on the MgO surface
is surface formate and that its rate-deter-
mining step is the decomposition of surface
formate (5, 6). However, the WGSR has
been observed not to proceed by the de-
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composition of surface formate made from
CO and hydroxyl groups on MgO (7). This
contradiction may be explained by either or.
both of the following two possibilities: (1)
the surface formate made from surface OH
and CO is not the intermediate of catalytic
WGSR, and (2) WGSR does not proceed
merely by the unimolecular decomposition
of surface formate.

As the local structures of OH groups on
MgO have been characterized in detail by
FT-IR (8), it is possible on the well-charac-
terized surface to spectroscopically dis-
criminate the reactivities of different OH
groups with CO and to explore the subse-
quent decomposition of the formates pro-
duced with different characteristics in the
absence or presence of H,O as a reactant.
We may find factors important for catalyti-
cally promoting the WGSR by measuring
the dynamic behavior of formate intermedi-
ate by in situ IR spectroscopy.

In this paper, we report on (1) OH groups
active in producing surface formates; (2)
structure and thermal stability of surface
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formates derived from CO and OH groups;
(3) formate~water interaction; and (4) reac-
tion mechanisms of the WGSR based on the
local structures of active sites and an inter-
mediate-reactant interaction.

EXPERIMENTAL

MgO powder was obtained by the ther-
mal decomposition of Mg(OH),, which was
made by the precipitation of Mg(NOs),
(99%) with NH; (aq). Mg(OH), powder was
heated under vacuum at a rate of 3.3 K
min~! to 673 K and kept at this temperature
for 3 h. The surface area was calculated to
be 200 m? g~! by BET measurements of N,
adsorption. Commercially obtained CO gas
(99.99%), D, gas (99.99%), and D,0 (99%)
were used after repeated freeze—pump-—
thaw purification cycles.

Preparation of sample disks and pretreat-
ment conditions are described in a previous
paper (8). IR spectra were recorded on a
JEOL IJIR-10 Fourier-transform infrared
spectrometer in the double beam mode us-
ing a liquid nitrogen-cooled MCT detector.
The measurements were performed at room
temperature or at reaction temperatures
adding 200-400 scans at a 2-cm™! resolu-
tion.

RESULTS

1. IR Absorption Bands of Surface
Formates Formed from CO and Surface
Hydroxyl Groups on MgO

Figures 1 and 2 show IR spectra of sur-
face formates which were produced from
CO and surface OD groups on MgO. The
background absorption has been subtracted
in each spectrum. Figure 1 shows the
change in IR spectra when CO was admit-
ted to the MgO sample at given tempera-
tures. When CO was introduced at 320 K,
bands at 2150, 1635, and 1284 cm~! were
observed. At 420 K new bands appeared at
2120, 1615, and 1321 cm™!. By an additional
introduction of CO at 470 K, new bands
developed at ca. 2030, 1603, and 1358 cm ™.

Figure 2 shows the change in IR spectra
for surface formates by evacuation for 30
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FiG. 1. IR spectra of surface formates (DCOO-) on
MgO. The sample was evacuated at 673 K, followed
by exposure to CO (Pep = 5.53 x 10° Pa) for 30 min at
(a) 323K, (0) 373K, (¢} 423 K, (d) 473 K, (e) 523 K, (f)
573 K.

min at given temperature after the forma-
tion of surface formates at 523 K. The
intensity of the peaks decreased after evac-
uating at 553-623 K, suggesting the decom-
position of the surface formates in this tem-
perature range. At first, the peaks of 2150,
1635, and 1280 cm™! disappeared at
550 K, followed by a decrease in peak
intensities at ca. 2030, 1603, and 1358
cm~! and at 2120, 1615, and 1321 c¢cm™
above 550 K.

Bands observed at 2000-2150 cm™!,
1600-1640 cm™!, and 1280-1360 cm™! are
attributed to CD stretching (#(CD)), OCO
asymmetric stretching (v,,(0CO)), and
OCO symmetric stretching (vs(OCO)) of
formate, respectively. In addition to these
strong absorption bands, CH or CD out-of-
plane bending and OCO in-plane bending
peaks were observed at 1112 and 771 cm™!
for HCOO™ species and at 900 and 767 cm™!
for DCOO~ species. The peaks at 2150
»(CD)), 1635(p,5(OCO)), and 1284 cm™!
(vs(OCO)) behaved in a similar way during
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Fi1G. 2. Difference spectra between two of the following spectra: (a) evacuation at 673 K; (b) after a,
CO introduction at 523 K (Pco = 6.65 X 10° Pa); after b evacuation at (c) 553 K, (d) 573 K, (e) 593 K,
and (f} 623 K. Each spectrum shows the decomposition of surface formate during two temperature

changes.

various treatments. The three peaks at ca.
2030, 1603, and 1358 cm™! and the three
peaks at 2120, 1615, and 1321 cm™! also be-
haved similarly. Careful measurements of
the ca. 2030-cm™~! peak suggested the pres-
ence of two split peaks at 2035 and 2025
cm~'. This was confirmed by the following
experiment: Only the OH groups on top
(terminal) of Mgsc (3C indicates 3-coordina-
tion) were exchanged with D,; the remain-
ing OH groups on top of Mgy were not
exchanged (8). The OD groups obtained
were in contact with CO to form surface
formates which showed a single peak at
2035 cm~!. Therefore the peaks at 2035 and
2025 cm~! are suggested to be due to CD
stretching vibrations of the formates coor-
dinated to Mg;c and Mgy, respectively.
Thus three kinds of surface formates, desig-
nated «, 8, and vy, are indicated as being
formed on the MgO surface. The ratio of
these three formates is «-formate : 8-for-
mate : y-formate = 3:1:12 at temperatures
higher than 450 K. The majority of formates
exist as y-formate on the MgO surface. Fig-
ure 3 shows the change in v(CD) peaks as a
function of reaction time in the formation of
formates by the reaction of CO with surface
OH groups on MgO pretreated at 673 K.
The absorption bands and activation ener-

gies of formation and decomposition of the
formates are listed in Table 1.

2. Active Hydroxyl Group for the
Reaction with CO

In a previous paper (8), we distinguished
six kinds of hydroxyl groups on MgO and

.
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F1G. 3. Change in »(CD) peaks of surface formate
(DCOO~) produced by the reaction of CO and OD
groups at 523 K as a function of reaction time (in min).
MgO, pretreated at 673 K; CO, 4.00 X 103 Pa.
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TABLE 1

Absorption Bands? and Activation Energies for the Formation and Decomposition of Three Kinds

of Formates on the MgO Surface

Type of v(CH) v,5(0CO) »(OCO) E, of E, of
formate (cm™ (cm™) (cm~1) formation?® decomposition®
(kJ mol™Y) (kJ mol-Y)
a-formate 2811(2150) 1649(1635) 1304(1284) 124+ 3 89 + 22
(unidentate)4
B-formate 2750(2035) 1610(1603) 1388(1358) — 151 = 19
(bidentate)4 2715(2025)
y-formate 2839(2120) 1622(1615) 1342(1321) 329+ 9 159+ S
(bridge)

« Wavenumber for H-formate (D-formate).

b Qbtained at 319-423 K.

¢ Obtained at 543-603 K.

4 The assignment is described under Discussion.

showed that the reactivities of hydroxyl
groups for the hydrogen exchange reaction
with hydrogen molecules depend on their
local structures. In this work, we investi-
gated the reactivity of hydroxyl groups to
produce surface formate. Figures 4a and 4b
show the difference spectra before and
after CO admission. The intensity of the
peaks at 2765 and 2756 cm~!, which are as-
signed to the on-top deuteroxyl groups (OD
groups on Mg ions), decreased, while a
broad band appeared at 2725 cm™!. This
broad peak may be due to on-top OD

groups hydrogen-bonded with the produced
formate, their peak intensities often being
enhanced (9). Hence the decrease in peak
intensity of the on-top OD groups observed
in Fig. 4 (difference spectrum of b — a} in-
volves both the reaction with CO and hy-
drogen bonding with the formates.

We examined the decomposition of sur-
face formates (backward reaction) under
vacuum as follows; at first the active OD
groups were converted to surface formates
by the reaction with CO at 523 K. Second,
water vapor was introduced to change the
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FiG. 4. v(OD) stretching peaks of OD groups on MgO. (a) Evacuation at 673 K; (b) CO exposure at
523 K (Pco = 6.55 x 10% Pa); (c) after b, the sample was evacuated and then exposed to 400 Pa of H,0O

at 323 K; (d) after c, evacuation at 673 K.
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remaining OD groups to OH groups. By
this treatment the deuterium of surface for-
mate was not subjected to exchange with
hydrogen from water. Finally, the formates
were decomposed to OD and CO at 673 K
under vacuum. A typical result is shown in
Fig. 4 (difference spectrum d — ¢) which
shows a peak at 2765 cm~! with a shoulder
at 2756 cm~!. These bands are attributed to
OD-Mgsc and OD-Mgsc, respectively, as
described in the previous report (8). The
ratio of the peak intensities of 2765 and
2756 cm~! in Fig. 4 (d — ¢) was almost pro-
portional to the ratio of the amount of OD-
Mgy and OD-Mgsc, suggesting that the re-
activities of OD-Mg,c and OD-Mgsc with
CO are similar and also that the formates
produced are decomposed to the original
OD groups.

When CO was introduced after OH-
Mg;c was converted to OD-Mg;c by ex-
change with D, at 400 K followed by reac-
tion with CO at 523 K, three »(CD) bands
appeared at 2150, 2035, and 2120 cm™! for
the CD stretching modes of «, 8, and 7y for-
mates. This shows that «, 8, and y formates
can be produced at the same site.

Next we investigated the '%0-80 ex-
change in the O atoms of hydroxyl groups
in order to examine the reversible reaction
between hydroxyl groups and formates.
The '*OD-Mg,c peak at 2765 cm™! and the

1$0D~-Mg;sc peak at 2756 cm~! for the sam-
ple evacuated at 673 K decreased when
C®BO was introduced at 523 K and new
bands appeared at 2746 and 2738 cm~! cor-
responding to 3OD-Mg,c and '*0D-Mg;c,
respectively (Fig. 5). This result shows that
the O atoms of hydroxyl groups can be ex-
changed with the O atoms of CO under the
conditions where surface formates are
formed.

3. Interaction between Surface Formate
and Water

Figure 6a shows a TPD spectrum of sur-
face formates (DCOO~) made by introduc-
ing CO onto MgO at 520 K; Fig. 6b is a TPD
spectrum of surface formates coadsorbed
with water (after surface formates were
produced at 520 K, the sample was exposed
to water vapor at 470 K). In Fig. 6a the only
desorbed product was CO, which showed a
desorption peak at 560 K. On the other
hand, the TPD spectrum of formates coad-
sorbed with water in Fig. 6b exhibits the
evolution of CO and CO; at 620 K in addi-
tion to a broad peak at 520 K for D,0.
When water alone adsorbs on the MgO sur-
face, the desorption peak appears at 490 K.

Table 2 shows the rate constants for the
decomposition of surface formates with and
without coadsorbed water. It should be
noted that k., for the decomposition of H, +
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Fi1c6. 5. IR spectra of OD groups on MgO, after (a) evacuation at 673 K; and (b) introduction of C*#0
at 523 K (Pco = 6.55 X 10° Pa) followed by evacuation at 673 K.
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FiG. 6. (a) TPD spectrum of surface formate
(DCOO~) on MgO at a heating rate of 3.0 K min~!; the
surface formates were produced by the reaction of CD
and OH groups at 520 K. (b) TPD spectrum (3.0 K
min~!) of surface formate (DCOO-) coadsorbed with
water on MgO; the surface formates were produced
similarly to those in a, followed by the adsorption of
water at 470 K. (A) D,0, (O) CO, and (O) CO,.

CO, was zero in the absence of water,
whereas in the presence of water, the for-
mation of H, and CO, was observed (k. is
not zero); k- for the decomposition to OH
and CO became 10 times smaller than that
without water.

Figure 7 shows the change in formate
(DCOO") peaks caused by the introduction
of water vapor. In the region of »(CD), the
two peaks at 2150 and 2120 cm ™! became a
single peak at 2130 cm~!, and the double

TABLE 2

Rate Constant for the Decomposition of Surface
Formate as a Function of Py,o?

Py k. k. k.
(Pa) (104 s71%) (1074 571 (k. + k)
0 0 13 0
67 1.1 1.9 0.37
670 1.4 0.5 0.74

< Decomposition rate constants were measured at
600 K.

b k. is the rate constant for the decomposition of
surface formates to CO, and H,.

c k_ is the rate constant for the decomposition of
surface formates to CO and surface OH.

peaks at 2035 and 2025 cm~! became one
peak of 2028 cm~! (Fig. 7b). On evacuation
at 630 K, the band at 2130 cm™~! shifted to
2120 cm~! and the band at 2028 cm™! split
again into two bands at 2035 and 2025 cm ™1,
In the OCO asymmetric stretching region,
the intensity of the 1635-cm™! peak was de-
creased by adsorption of water and the
band at 1615 cm~! shifted to 1593 cm™!, be-
coming sharp. By evacuation of water, this
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FiG. 7. Effects of adsorbed water of IR spectra of
surface formates (DCOO™) after evacuation of MgO at
673 K (a) exposed to CO at 573 K (Pco = 6.65 X 10°
Pa); (b) after a, exposed to D,O vapor at 493 K (Pp, =
400 Pa); (c) after b, evacuated at 630 K.
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peak shifted to 1615 cm™!, no peak at 1635
cm™! being observed. In the OCO symmet-
ric stretching region, the bands at 1358 and
1284 cm~! almost disappeared and the peak
at 1321 cm™! shifted to 1333 cm™! (Fig. 7b).
The positions of the bands which were ob-
served by evacuation after introduction of
water were the same as the peak positions
of the bands of 8- and y-formates. Further-
more, the formates characterized by those
bands were decomposed at the same rate as
vy- and B-formates at various temperatures.
Thus the formates present at the MgO sur-
face after water adsorption followed by
evacuation are y- and B-formates.

In the case of H-formate, v,(CO) values
of B- and y-formate became closer by the
introduction of water; v, (OCO) of B-for-
mate shifted from 1388 to 1381 cm~', while
v(OCO) of y-formate shifted from 1342 to
1362 cm™.

Figure 8 shows the rate constants for the
decomposition of surface formates as a
function of temperature. The rate constant

107
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F16G. 8. Arrhenius plots for the decomposition of sur-
face formates (DCOO~) on MgO. (O) In the absence of
water, ([1) a-formate, (A) B-formate, (M) y-formate;
(@) formate produced by the introduction of water fol-
lowed by evacuation was the same formate as cq, but
coexisting with 133 Pa of water.

TABLE 3

IR Bands and Decomposition Rate Constants of y-
Formate in the Presence of Electron Donating Mole-
cules®

Molecules  v(CD)?  »,(OCO)Y  p(OCOY  k.© k-
None 2120 1615 1321 0 13
Water 2130 1593 1333 14 0.5
Methanol 2125 1600 1334 0.5 7
Pyridine 2121 1595 1334 0 12
THF 2120 1610 1330 0 13

¢ The decomposition rate constants were measured at 600
K.

bIncm™l

¢In 107%s"!,

for the decomposition of surface formates
in the presence of water is about 10 times
smaller than that without water. The activa-
tion energy for the decomposition in the
presence of water is 198 kJ mol~!, which is
larger by 40 kJ mol~! than that in the ab-
sence of water.

Table 3 shows the absorption bands and
decomposition rate constants of y-formate
in the presence of water, methanol, pyri-
dine, and tetrahydrofuran (THF). v,,(OCO)
and »,(OCO) were observed to shift in the
presence of these electron-donating com-
pounds. The shift of »(CD) was much less.
The values &, and £_ were affected most by
water, and methanol had less of an effect on
the reaction. On the other hand, pyridine,
which is a relatively strong donor, had no
effect on £, and k_. The transformation of «
formate to v formate occurred when water
and methanol were introduced.

4. Comparison of the Rate of Formate
Decomposition with the Rate of the
Water—Gas Shift Reaction at Steady
State

While the surface formates are stabilized
by interaction with water as shown in Fig.
6, the formates are produced at tempera-
tures much lower than those of their de-
composition independent of the presence of
water. Hence, the rate-determining step for
the catalytic WGSR must be the decom-
position of the formates. We examined
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whether formate is an intermediate by com-
paring the decomposition rate of the stabi-
lized formates with the rate of WGSR at
steady state. The reaction rate (ry) is cal-
culated by the equation
Feac = k X M X R, (1)
where k is the rate constant for the decom-
position of formates which is obtained from
the decrease in IR peak intensity, R repre-
sents the ratio of CO, formed to all for-
mates decomposed, and M is the amount of
surface formate. After measurement of the
reaction rate at steady state (rqs), the gas
phase was evacuated for 1 min and the rate
constants for the formation of CO, (k) and
of CO (k-) were determined. Thus the se-
lectivity (R) in the decomposition of for-
mates at the same concentration as that at
steady state can be obtained. The value R is
calculated by the equation
R = ki /(ky + ko). )
Table 4 shows the results. The reaction
rates calculated from the decomposition of
surface formates are in good agreement
with the reaction rates at steady state. The
values of (k;, + k_) are almost the same as
the decomposition rates of formates ob-
tained from the decrease in IR peak inten-
sity. Thus it may be concluded that the

TABLE 4

Comparison of Calculated and Observed Values of
the Water—Gas Shift Reaction?

T  Pmo Pco M R k b

(K} (10°Pa) (107 Pa) (mol kg™) 103571

Fealc®  robs?

580 0.67 1.33 0.046 0.69 4.8 1.5 1.3
590  0.67 1.33 0.039 0.71 7.1 20 22
610  0.67 1.33 0.026 0.70 29 5.3 48
610  0.07 1.33 0.023 0.35 46 3.7 34
610  0.67 0.67 0.012 0.84 29 29 31
610  0.67 4.00 0.050 0.76 29 73 72

% M, R, and & represent the amount of formate under reaction condi-
tions, the ratio of CO; to decomposed formate, and the rate constant for
the decomposition of formates in the presence of water, respectively.

® realc represents the rate of WGSR calculated from Eq. (1), and rgps
represents the observed reaction rate. The unit is 1076 mol s~! kg~1.

0 1

0 5 10
"(H0ka/ 107 mol kg™

Fi1G. 9. Rate (r) of WGSR at steady state as a func-
tion of the amount of adsorbed water (H,0l,q4; T = 603
K, Pco = 1.33 x 10% Pa.

formate observed in IR spectra is the inter-
mediate of the catalytic WGSR.

The apparent activation energy of WGSR
was found to be 175 = 9 kJ mol~!, which is
fower by ca. 20 kJ mol~! than that for the
decomposition of surface formates in the
presence of water (195 = 5 kJ mol™!). The
ratio R is aimost constant at various tem-
peratures, and M gets smaller as the tem-
perature increases. Thus the temperature
dependence of R should be smaller than
that of k.

Figure 9 shows the reaction rate as a
function of the amount of adsorbed water.
The reaction rate was found to be propor-
tional to the amount of adsorbed water.

Table 5 shows the rate constant of
CO; formation in the system of formate
(HCOO~ or DCOO~) and water (H,O or
D,0O). The isotope effect was observed
when HCOO~ was replaced by DCOO-,
but it was not observed with water mole-
cules. The rate of CO, formation from
HCOO~ + water is ca. 1.5 times faster than
that from DCOO~ + water.
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TABLE 5

Rate Constant for CO, Formation
(k.) in Various Combinations of La-
beled Water and Formate®

Combination k. (1073 s71)
HCOO- + H,0 6.3
HCOO- + D,O 5.8
DCOO- + H,0O 4.0
DCOO- + D,O 4.0

4 The decomposition rate con-
stants were measured at 580 K.

DISCUSSION

1. Assignment of Three Kinds of Surface
Formates

Three kinds of surface formates, «, 8,
and y, were produced by the reaction of CO
and OH groups on the MgO surface. The
structure of each formate can be deter-
mined by the value of Av = »,(OCO) —
vs(OCO) (10). When Av is larger or smaller
than that of a free ion, the formate is con-
sidered to be unidentate or bidentate, re-
spectively. When Av is as large as that of a
free ion, it is assigned the bridge-type struc-
ture (/0). The structures and OCO stretch-

63

ing frequencies of several metal formate
complexes have been reported. Formate
types vas(0OCO), v,(0CO), and Av are listed
in Table 6. The values of Av for the bridge-
type formate are in the range of ca. 220-280
cm™!, and those of unidentate- and biden-
tate-type formates are larger than 300 cm™!
and around 200 cm~!, respectively. Thus a-
formate in Table 1 is straightforwardly as-
signed a unidentate-type structure; again,
y-formate is undoubtedly bridge type.
There are two possibilities for the assign-
ment of B-formate from the value of Av in
Table 1; either it is bidentate or it is bridge
type. Because all three kinds of formates
are produced at the same site (OD-Mg;c), it
is unlikely that both 8- and y-formates are
bridge type. Consequently, a, 8-, and y-
formates are suggested to have unidentate,
bidentate, and bridge structures, respec-
tively, as given in Table 1.

The presence of bidentate formate is sup-
ported by the fact that 30D was formed on
production of surface formates from 0D
and C®0. In the decomposition of bridge-
type formate in the absence of water, the
same hydroxyl groups that existed before
the reaction with CO are recovered, and the
exchange of O atoms between hydroxyl

TABLE 6

Carboxyl Stretching Frequencies and Structures of Formates

Compound v,(0CO) r,(0CO) Ave Structure Ref.

Be(HCOO),(NH,), 1700 1337 330 Unidentate 16
~1590 ~1293 (ave.)

C(H,OCOH), 1677 1360 317 Unidentate 17

Be(HCOO), 1619 1410 209 Bidentate 18

UO,(O0CH), - H,0O 1560 1360 200 Bidentate 19

[Cr;O(O0OCH)4(H,0);] 1654 1378 270 Bridge 20
1640 1370 (ave.)

[Cr;O(O0OCH)«(py)s] 1635 1370 275 Bridge 20
1655 (ave.)

[Cr;O(O0CH)4(y-pic)] 1635 1370 275 Bridge 20
1655 (ave.)

[Fe;O0(O0CH)s(H,0)s] 1620 1370 250 Bridge 20

BeO(OOCH), 1637 1422 215 Bridge 21

(m-H)(m-0,CH)Os;(CO),0 1576 1362 214 Bridge 22

2Incm-t.
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groups and CO does not occur through
bridge-type formates. But oxygen exchange
is possible when it proceeds through biden-
tate formates, as is the case of the present
result. As the amount of exchanged O at-
oms in hydroxyl groups was much larger
than the quantity of B-formates, the three
kinds of formates are suggested to be in
equilibrium. It should be noted that the
unidentate formate is the first surface for-
mate produced at low temperatures, fol-
lowed by bidentate and bridged formates
with increasing temperature as shown in
Fig. 1. The unidentate formate was prefera-
bly converted to the bridged formate in the
presence of water.

The OH groups on an ideal MgO(001)
flat surface are known to be unstable and
readily removed by evacuation at 673 K
(11), the temperature at which the samples
were usually pretreated. Therefore, most of
the OH groups remaining after pretreat-
ment of MgO may be located on coor-
dinatively unsaturated sites such as step
and kink sites. Neighboring coordinatively
unsaturated Mg atoms are necessary to
form bridge-type formates which are the
main species under catalytic reaction con-
ditions.

2. Interaction between Surface Formate
and Water

(2) Conversion of unidentate-type for-
mate to bridge-type formate. The conver-
sion of unidentate-type to bridge-type for-
mate by the introduction of water is shown
in Fig. 7. The conversion required a heating
to more than 450 K, indicating that the
structural transformation is an activated
process. On the other hand, the bands of
bridge- and bidentate-type formates were
shifted immediately by exposure to water
vapor at room temperature; the shift is due
to the interaction with water molecules and
not to structural transformations. The
amount of bridge-type formate is much
greater than that of bidentate formate, par-
ticularly in the presence of water, and most
surface formates exist as bridge type under

WGSR conditions. Electron-donating com-
pounds gave formate peak shifts similar to
those of the case of water as sown in Table
3. These donors adsorb on coordinatively
vacant sites on Mg cations. The interaction
with water is shown in Fig. 10, and is dis-
cussed later.

(2) Stabilization of surface formates.
Surface formates were stabilized by the
presence of water as revealed in Fig. 6,
which shows an upward shift in the TPD
peak. The rate constant k_ for the decom-
position of formates is more than 10 times
smaller than that in the absence of water. In
the TPD spectrum of Fig. 6b the desorption
peak of water is observed at 520 K, while a
sharp peak of CO appears at 620 K. As
most of the water molecules have desorbed
at WGSR temperatures in the TPD mea-
surement, most of the surface formates are
decomposed into OH groups and CO as
shown in Fig. 6b. Under catalytic WGSR
conditions where water is present in the gas
phase, 70% of surface formates are decom-
posed into CO; and H,.

Water molecules are also stabilized by
surface formates. Without surface for-
mates, a desorption peak appears at 490 K
in the TPD spectra; on the other hand, a
desorption peak appears at 520 K when
they coadsorb with formates. As the reac-
tion temperature is ca. 100 K higher than
these temperatures, however, the amount
of physisorbed water does not change dras-
tically with or without surface formates at
reaction temperatures.

l'lim
C
l0(2) Tm
Ha\
‘ . Mg Mg{m
,’/ H
Oy O
Har

Fic. 10. A proposed structure for coadsorption of
bridge formate and water on reaction sites.
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(3) Creation of the reaction path toward
CO; and H;. As a large number of hydroxyl
groups exist on the MgO surface, it is ther-
modynamically possible for surface for-
mates to decompose both to CO; + H, and
to CO + OH. However, the decomposition
to CO; + H, was never observed, as shown
in Table 2, 100% of the surface formate be-
ing decomposed to CO and OH. The intro-
duction of water increased the total quan-
tity of OH groups + adsorbed water only
two to three times at reaction temperatures.
The decomposition is kinetically con-
trolled, not controlled by thermodynamical
equilibrium. Thus these results show that
adsorbed water molecules create a reaction
channel for the dehydrogenation of surface
formates to form CO, and H,. The activa-
tion energy of k., for the forward decompo-
sition in the presence of water is similar to
that of k_. Surface Mg and O ions on the
reaction sites are always terminated with
formate or OH groups and bare surface ions
are not formed during WGSR because the
decomposition of formates to CO, and H, is
accompanied by the dissociation of H,O.

(4) Effect of adsorbed water on vibra-
tional modes of surface formates and rate
constants. The difference in the local struc-
ture of reaction sites is caused by the differ-
ence in the degree of coordination unsatu-
ration. The two bands for v(CD) of
B-formate (2035 and 2025 cm™!) are due to
the difference in site structures as de-
scribed above. The split peaks joined to be-
come a single peak at 2028 cm~! when wa-
ter was introduced. The v,,(OCO) peak also
became sharper, changing from 35 to 15
cm~! FWHM, with the introduction of wa-
ter. Water adsorbed at coordinatively un-
saturated sites as shown in Fig. 10, decreas-
ing site differences and instigating the
change of the double v(CD) peak to the sin-
gle peak. The two v(CD) peaks at 2025 and
2035 cm~! also changed to one band at 2025
cm~! by the introduction of pyridine or
THF. Again, v,,(OCO) and »,(OCO) values
of bridge-type formates shifted in a way
similar to the case of water. This suggests

that water molecules behave as electron do-
nors toward coordinatively unsaturated Mg
ions.

On the other hand, pyridine and THF did
not change the values of k. and k_; that is,
these electron donors did not promote the
forward reaction to form CO, and H,. How-
ever, effects on rate constants and peak
shifts similar to those of water were ob-
served with methanol, which is a weak
electron donor, but can hydrogen-bond
with O anions on the MgO surface. As a
common feature of water and methanol in
adsorption, a coadsorption structure in-
volved in WGSR is shown in Fig. 10, where
the water molecule donates electrons to the
Mg ion by the lone-pair electron of the oxy-
gen atom and withdraws electrons from the
lattice oxygen atom with the hydrogen
atom.

The 3s orbital of Mg ions on a MgO(001)
flat surface is concealed by the 2p orbital of
the adjacent O ions. When the O ion forms
a chemical bond with a H* ion, however,
the 2p orbital of the O ion is localized at the
O-H bond to make a o bond and its energy
level decreases. As a result, the 3s orbital
of the adjacent Mg ion appears at the sur-
face and its energy level rises (/2). Thus the
energy level of the 3s orbital of Mg(2) in
Fig. 10 is increased by the coordination of
H(2) to O(1), making it easier for a chemical
bond to form between Mg(2) and O(3) in
Fig. 10. Both electron donation and elec-
tron withdrawal between a MgO pair and a
H,0 molecule are important in the conver-
sion of unidentate formate to bridge for-
mate, the decrease in k_, and the promotion
of the forward decomposition of surface
formates.

3. Reaction Mechanism for the
Water-Gas Shift Reaction

The rate constants for the forward de-
composition of bridge formates at the same
surface concentration as that at steady state
were in agreement with the rate constants
for steady state WGSR under variations
conditions as shown in Table 4. The major-
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ity of surface formates under reaction con-
ditions were of the bridge type as men-
tioned above. The bridge formate itself was
not decomposed to CO, and H;, and the
interaction with adsorbed water in Fig. 10
was necessary for the reaction to proceed
as shown in Table 2 and Fig. 9. Thus the
bridge-type formate is a primary intermedi-
ate of WGSR and its decomposition in the
presence of water is the rate-determining
step.

It has been reported that CO, adsorbs
strongly on the MgO surface evacuated
above ca. 1000 K (13~15). On the sample
evacuated at 673 K, however, a CO, de-
sorption peak appeared at 523 K, which is
lower than the reaction temperature. IR ab-
sorption bands attributed to CO, adsorption
were not detected under the WGSR condi-
tions. These results exclude the possibility
that the rate-determining step is the desorp-
tion of CO,.

Under catalytic reaction conditions small
amounts of bidentate-type formate exist in
addition to bridge-type formate. Because
the catalytic reaction rate agrees with the
decomposition rate of bridge-type formate
in the presence of water, bidentate formate
cannot have a higher reactivity than bridge-
type formate. The peak shifts of g-formate
caused by water adsorption are not as large
as those of y-formate, suggesting a rela-
tively weak interaction between them. Fur-
thermore, for stereochemical reasons, wa-
ter cannot coordinate to Mgy sites with
ligands; it can only coordinate to Mgsc
sites. Very little bidentate formate seems to
occur on Mg;c sites, judging from the IR
data. Thus the bidentate formate may not
be an important intermediate for WGSR on
the MgO surface.

Scheme 1 shows the backward decompo-
sition of the bridge formate and the cata-
lytic cycle for WGSR. Water dissociates
preferably at edge or corner sites on the
MgO surface to produce on-top and bridge
hydroxyl groups. CO reacts with the on-top
OH groups to produce surface formates as
proved by IR. The rate of the formation of

NV

(first)

h‘49\0 (‘Hzo
Mgl?rﬁce )\ \ H
N4
Hz + h‘dg\ m
N

SCHEME 1. A reaction mechanism for the water—gas
shift reaction on MgO.

surface formates is >7 x 1075 mol kg~! s~!
at 580 K, which is more than 20 times faster
than the rate of decomposition of the for-
mate (2.2 X 107% mol kg~! s~! at 580 K).
The formation of formates is not prevented
by water. Almost all formates are of the
bridge type under reaction conditions.

Surface formate decomposes into CO
and OH in the absence of water. However,
in the presence of water, 70% of the surface
formates decompose to CO, and H,. The
reaction rate increased linearly with the
amount of adsorbed water as shown in Fig.
9. Water coadsorbed with the formate re-
mained on the surface at 600 K, whereas
physisorbed water on the MgO surface de-
sorbed immediately at the same tempera-
ture. Water molecules are suggested to
interact more strongly with Mg sites coordi-
nated by formates than with other Mg sites
without formate ligands.

The most probable mechanism for the ad-
sorption of water is shown in Fig. 10, where
the electron-donating and -withdrawing
characteristics of water molecules are es-
sential for the forward decomposition of the
formates to produce CO, and H, as dis-
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cussed above. The interaction of water also
prevents the backward decomposition of
formates to CO and OH groups.

The isotope effect of the formate hydro-
gen on CO, formation was observed (Table
5), but no isotope effect was observed for
the hydrogen of water or bridged OH. Thus
the rate-determining step may involve the
dissociation of the CH bond of the bridge
formate in the transition state. The hydro-
gen produced in the DCOO~ + OH (+H,0)
system was HD. There are two explana-
tions for HD formation: (1) HD is formed
from the formate deuterium and the bridge
OH; and (2) HD is produced from the for-
mate deuterium and the water hydrogen.
We cannot, however, distinguish between
these two possibilities because a rapid hy-
drogen exchange between water and bridge
hydroxyl groups occurs. It is most likely
from the stereochemical aspect (Fig. 10)
that the water—formate complex decom-
poses in the following way: at/near the tran-
sition state, the delocalization of electrons
through the O-C-O bond in the formate
(HCOO") reduces the bond order to close
to one, followed by rotation and torsion
around C-0(2), C-0@3), and C-H()
bonds; this leads to the interaction of H(1)
with H(4) in Fig. 10. H(4) has &, charge,
while H(1) has §_- character. The tilting of
the bridge formate may promote the dis-
sociation of the C-H(1) bond to form hy-
drogen (H(1)H(4)) with a concomitant
formation of CO,, accompanied by the dis-
sociation of adsorbed water to form Mg(1)-
O@)H and O(1)-H(2) bonds. These reac-
tion processes are not possible without the
assistance of adsorbed water.
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