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The kinetics and mechanism of formate synthesis by hydrogenation p{@® + 1/2H, — HCOQ,) and

the formate decomposition into G@nd H (HCOQ, — CO, + 1/2H,) over Cu(111) and Cu(110) surfaces

were studied by in-situ infrared reflectiefabsorption spectroscopy (IRAS) using a high-pressure reactor
(~1 atm). The reaction rates and the apparent activation energy of the formate synthesis were measured for
Cu(111) and Cu(110), indicating that the formate synthesis on Cu was found to be structure-insensitive. The
pressure dependence of €&nd H on the initial formation rate of formate suggested an ElRydeal type
mechanism, in which a gaseous £@olecule directly reacts with an adsorbed hydrogen atom on Cu. This

is analogous to the well-known mechanism of formate synthesis by organometallic catalysts, in which CO

is inserted into a Cthydride bond. The reaction rates and the activation energy of the decomposition were
measured for Cu(111) and Cu(110). It was found that the formate decomposition on Cu was structure-sensitive
in contrast to the formate synthesis. The promotional effect of coexistingpdn the rate of formate
decomposition by 17 times at maximum was incidentally found only on Cu(111). Interestingly, the increase
in the decomposition rate was due to an increase in the preexponential factor of the rate constant for the
formate decomposition with the activation energy being constant. Furthermore, the decomposition kinetics of
the formate prepared by adsorption of formic acid on O/Cu(111) was identical with ffprokhoted
decomposition kinetics of the synthesized formate. The difference in the decomposition kinetics was ascribed
to the ordered structure of formate based on the previous STM results, in which a chainlike structure of
formate was observed for the synthesized formate, whereas no formate chain was observed for the formate
prepared by adsorption of formic acid on O/Cu(111). The unique character of both the decomposition kinetics
and the structure of formate observed only for Cu(111) was discussed from the viewpoint of the mass transport

of copper atoms creating added formate chains.

1. Introduction techniques, if a catalyst model can once be established on a
single-crystal surface.

We have studied the kinetics and mechanism of methanol
synthesis from C@and H on Cu model catalysts by surface
science techniques using high-pressure reacters§atm)3-14
while studying methanol synthesis over-€2ZnO based powder
catalystst>18 We found that a Zn-deposited Cu(111) surface
could be regarded as a good model of Cu/ZnO powder catalysts

A surface science approach is available for studying the
mechanism and kinetics of catalysis on solid surfaces from both
macroscopic and microscopic viewpoints. In conjunction with
industrial catalysts, the catalytic reactions should be examined
under industrial conditions of & 100 atm using a high-pressure
reactor. The Somorjai group originally developed high-pressure

studies in surface science to measure catalytic kinetics on well-in terms of the turnover frequency of methanol production and

defined surfaces, for example, hydrogenolysis and |somer|zat|on,[he apparent activation energy. STM studies showed that the

of hydrocarbons on Pt surfaces and ammonia synthesis on 'rondeposited Zn created a €n active site on Cu(111), where

iynr;?-iiifsg\g?l-nrgsst?;ﬁhcgtguﬁs rzaa\clz?oﬂgcg g}ezgur:ﬂhg‘em atoms were substituted for Cu ato4? The assigned role
Inet JOr Incustn i lons, su of the Cu-Zn site in the reaction mechanism was to promote

nation, Fischer Tropsch synthesis, methanol synthesis, ethylene the hydrogenation of formate (HCOO) to methoxys(HD)
epoxidation, CO oxidation,_the water-gas Shh.(t react_ion and so species. Surface Cu atoms are also necessary for several
on? Although the surface science approach using a high pressurenydrogenation steps such as formate synthesis from @
reactor has the potential for clarifying the detailed mechanism H. That is, the Ct+Zn site and Cu atoms cooperate to catalyze

of 'ihg cata;ytlllc rgactlor$hattqn atomic Ievil, ftl;]rthelr Stkuo_"e::s r:ﬁve methanol synthesis. We then tried to describe the mechanism

not been Tully done. That 1S, one can further 100k Into the ¢ aipang) synthesis on the Zn/Cu(111) model catalyst by the

microscopic mechanism, the nature of the active site, and thekinetics of the constituent elementary steps. The kinetic

kinetics features using a variety of modern surface science measurement of formate synthesis (GO 1/2H, — HCOQ,)

. was first carried out on Zn/Cu(111) and clean Cu(111) surfaces

53;2C7‘gr?55ponﬁ'”9ka“th°r- F.aXHt* 8&)b298 557440, Tel: £ 81) 298 at atmospheric pressure. During XPS and STM studies of
» E-mail: nakamura@ims.tsukuba.ac.jp formate, various interesting phenomena were observed regarding
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Figure 1. Schematic diagram of an IRAS apparatus equipped with a high-pressure reactor.

as well as the ordered struct&.131° Chainlike and non  we report the initial suggestion seen in the pressure dependence
chainlike structures of formate were seen on Cu(111) dependingof H, and CQ upon formate synthesis on Cu(111). Further
on the preparation methdé!°Also, the decomposition kinetics  studies by a dynamic method and ab initio DFT calculations
of formate depended on the preparation method or the presenceupport the ER mechanism, which will be reported soon.

of hydrogen. Because of the very unique character and the ) )

importance of formate on Cu as a reaction intermediate in 2- Experimental Section

methanol synthesis, we concentrated on the systematic study The experiments were conducted using UHNfrared reflec-

of the synthesis and decomposition of formate on Cu(111) and tion absorption spectroscopy (IRAS) as shown in Figure 1. This
Cu(110) as well as on a Cu/Si@atalyst. We report here the  apparatus is composed of four chambers: a load-lock chamber
characteristic kinetics for the synthesis and decomposition of for changing the sample, a preparation chamber equipped with
formate on Cu(111) and Cu(110) in relation to adsorption anion gun for At sputtering, an analysis chamber with facilities

structure. for low-energy electron diffraction (LEED), Auger electron
The structure and the kinetic behavior of formate have been spectroscopy (AES), and quadrupole mass spectroscopy (QMS),
widely studied by surface science techniqifeg® On single- and a reaction chamber in which it is possible to carry out

crystal Cu surfaces, formate is known to adsorb in a bridging reactions at atmospheric pressure and take in-situ IRAS
bidentate form with two oxygen atoms bound to Cu atoms by measurements during the reaction. The vibrational spectra in
IRAS, HREELS, and EXAFS studié8.2° The local registry  the range of 7063000 cn? were obtained at a resolution of
of formate on Cu(111) has been recently determined by normal4 cnt by 100 scans in a total measurement time of 30 s. An
incidence X-ray standing wavefield absorption (NIXSW) in infrared spectrometer with a liquid nitrogen-cooled mereury
which the oxygen atoms are located on atop sReShe cadmium-telluride (MCT) detector was situated next to the
adsorption site is identical to that reported for formate on reaction chamber. Each chamber is shut with a gate valve, and
Cu(110) and Cu(10%32STM studies showed that exposure a sample is transferred using transfer rods. It is possible to
of O/Cu(110) to formic acid resulted in the formation of c(2 transfer the sample without exposing it to the atmosphere.
2) and (3x 1) formate structures depending on the oxygen  The Cu(111) and Cu(110) disks (10 mm diameter, 2 mm
coverage?® where the formate species studied is mostly prepared thickness, and 5N purity) used in this study were polished only
by adsorption of formic acid in UHV. on one side. The accuracy of the crystal plane was less than
On the other hand, formate synthesis from G@d H was one degree, and the surface roughness was withing®03 he
carried out on Cu single-crystal surfaces at high pressure® (1 = sample was mounted along with two 0.25 mm diameter tungsten
atm). Chorkendorff et al. have observed no difference in the wires for resistive heating. The sample temperature was
decomposition kinetics on Cu(100) for the formate prepared by measured by a chromellumel thermocouple. The sample was
the adsorption of the formic acid in UHV and synthesized by cleaned by repeated Arsputtering at room temperature and
hydrogenation of C&?° However, our previous results indicated 773 K and was then annealed at 773 K for-1G min. The
that the structure and the reactivity of formate prepared from cleanliness of the sample was evaluated by AES. A LEED
formic acid on O/Cu(111) were quite different from those of pattern showed a clear (¥ 1) structure for Cu(111) and
the synthesized formaté1°The difference in the kinetic feature  Cu(110). Because both GCand H have a low sticking
originating from the ordered structures of formate was described probability on Cu surfaces at the temperatures used in this
in this paper. experiment, it is important to remove impurities such as CO
We also describe the EleyRideal (E-R) type mechanism  and Q from the CQ/H, reaction gas. The C{99.9999% pure)
of formate synthesis strongly suggested by kinetic analysis. As was thus purified by freezepump-thaw cycles using liquid
far as we know, no ER type mechanism has been reported nitrogen. The H (99.9999% pure) was purified by passing it
for major industrial catalytic reactions over metal catalysts. Here, through a tube cooled by liquid nitrogen.
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The formate synthesis by the hydrogenation of,@@ the

clean Cu(111) and Cu(110) surfaces was performed at323 [ " \/ o) D
453 K, CGQ, = 76—380 Torr and HH = 10—380 Torr. After the W a0

sample temperature became constant at the reaction temperature, W zlzlz
CO, and H were subsequently introduced into the reaction e —
chamber. The sample temperature was controlled withih W

K. In the experiment on formate synthesis, the reaction

W tarx1o’L
temperature was set at 32353 K at which the thermal W

578x 10" 1.

T

decomposition of the formate species was negligibly sfdll. 230 2550 v
A typical pressure condition of formate synthesis was)(€ 3000 2950 2900 2850 2800 2750 1500 1400 1300 1200
= 380 Torr/380 Torr. Wavenumber (cm™!) Wavenumber (cm™)

We have also studied the formate prepared by exposure tOrjg re 2. |RA spectra of formate species on Cu(111) synthesized by
formic acid at 333 K in UHV. Formic acid was introduced onto ¢, hydrogenation (C@H, = 1, 760 Torr) at 353 K.
the clean Cu(111), Cu(110), and oxygen-precovered and/or . o
oxygen-free surfaces at ¢ 108 ~ 1 x 1076 Torr using a stretching band ¥(CH)) and the combination band of the

stainless steel leak valve. The formic acid (99%) was dried over @8ymmetric OCO stretching and the in-plane CH bending

copper sulfate anhydride and further purified by freegemp- modes, respe_ctively. No other surface species were detected on
thaw cycles prior to admission into the vacuum chamber. QMs the postreaction surfaces by AES. _ )
was used to evaluate the purity of the formic acid. To elucidate the kinetics of formate synthesis, the buildup

It has been reported that the peak intensity of t{©CO) of formate was repeatedly measured at-3333 K, at Which
band observed at about 1340360 cnT? is proportional to the the decomposition of formate was neglected on Cu(111). Figure
formate coverage@coo) on the copper surfacé&We thus 3 shows the peak intensity at 1353 thas a function of total
estimated formate coverage using the peak intensity of the €XPOSure of C@and H. These can be regarded as Eu,”dUp
v(OCO). In the XPS measurements of the same formate CUTVeS because the peak intensitygOCO) at 1350 cm' is
synthesis by the hydrogenation of §@he saturated formate  KNOWn to be proportional to the formate cover&geThe

coverage was determined to be 0.24 on Cu(£1Also, in the saturated coverage was identical regardless of the reaction
. . ’ .19
previous STM resuilts, a c(2 4) structure as the most densely temperature. In both XPS and STM studté$;'*the saturated

packed structure corresponding@pcoo = 0.25 was observed ~ formate coverage was determined to®gcoo = 0.25 under
for the formate species synthesized fromaE on Cu(111):3.19 the same reaction conditions, whé&e= 1 corresponds to the
5 2

Furthermore, the saturated formate coverage on Cu(110) hadumber of Cu atoms on Cu(111), 1.%710'° atoms cm? The
been reported to be 0.25 based on a TPD anal§sihus initial formation rate of formate was thus obtained by the slope
been _ , en 4
in this study, we adopted the saturation formate coverage at zlero lform%el coverage in Figure 3, for example, S<QB0
(700 of 0.25 on both Cu(111) and Cu(110). molecules site” sec ™ at 353 K. L .

The isothermal decomposition of the formate species, pre- Figure 4 shows Arrhenius plots of the initial formation rate

: - ; derived from the data in Figure 3 as well as our previous data
pared by the hydrogenation of G@nd adsorption of formic g
acid, was carried out by maintaining the sample at a constantmeasured by XPS and IRAS on Cu(111) and Cu(*#Q}.is

. o shown that the formation rates on Cu(111) measured in this
temperature (358403 K) in a vacuum. The decomposition rate ; :
waspdetermi%ed by th)e IRAS measurement OF the formate study are in agreement with those on Cu(111) measured by XPS

coverage. After the decomposition of formate, the carbon residueW'thm exper'lmental eror. The activation energy and the
was usually below the detection limit of AES. preexponential factor of the rate constant on Cu(111) were

determined to be 564 4.8 kJ mof! and 2.27x 10° molecules
site”! sec’!, respectively. Those values measured by IRAS were
comparable with those measured by XPS for the same Cu(111)
3.1. Formate Synthesis.Typical IRA spectra of formate  sample, that is, 54.& 5.9 kJ mof! and 7.92x 10* molecules
synthesized on Cu(111) are shown in Figure 2, where the site’! sec’’. Note that no significant difference in the kinetics
synthetic reaction was carried out at 353 K and 380 Torg/CO of formate synthesis was observed among Cu(111), Cu(110),
380 Torr H. The intensity of the peaks increased with increasing and Cu(100) as has already been repoftetd,indicating a
exposure to C®and H. However, no significant peak shifts  structure-insensitive reaction. That is, the activation energies
were observed upon increasing the exposure. The peak position®n Cu(110) and Cu(108)have been reported to be 5984.1
were in good agreement with those reported for bridging and 55.64+ 8.0 kJ mof?, respectively. The absolute TOF
bidentate formate species on Cu surfaces as shown in Table 1(turnover frequencies) values were also close to each other.
That is, the peaks at 1354, 2850, and 2930 twere assigned Figures 5a and 5b show the pressure dependence ahéH
to the symmetric OCO stretching band{©CO)), the CH CO;, upon the initial formation rate of formate on Cu(111) at

3. Results

TABLE 1: Vibrational Frequencies (cm~?) for the Formate Species on Cu Single Crystals

vs (OCO) v (CH) Veomb preparation of formate technique ref
Cu(111) 1352-1354 2855 2932 COt+ H, IRAS [7]
Cu(111) 1342-1360 2850 2922 HCOOH IRAS This work
Cu(110) 1352-1362 2846-2850 2922-2928 CQ+H; IRAS [7]
Cu(110) 1352-1362 2846-2848 2922-2928 HCOOH IRAS This work
Cu(110) 1360 2920, 2960 80, CHHOCHO EELS [27]
Cu(110) 1355 2848 2930 HCOOH IRAS [45]
Cu(110) 1348-1358 28912900 2946-2955 HCOOH IRAS [26]
Cu(100) 1325 2870 2930 HCOOH HREELS [28]
Cu(100) 1331 2840, 2910 - HCOOH HREELS [44]

Cu(100) 1330 2879 - COF H, HREELS [20]
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TABLE 2: Preexponential Factor and Activation Energy of
Elementary Steps

preexponential  activation

factor (cn#/s) energy (kJ/mol) ref
Hy+2* —2H, kg 10008 60.1 Cu(110) [33]
2Ha—H,+2* kg 34x10* 84.0 Cu(111) [34]
COpl—CO+* k, 101 28.0 Cu(100) [20, 35]

333, 343, and 353 K. The Cor Hy) pressure was fixed at
380 Torr, whereas the Hor CQO,) pressure was varied from

Nakano et al.

the pressure dependencies as described in the following section.

Taylor et al?? have reported the kinetic analysis of the formate
synthesis on Cu(100) assuming a Langmidinshelwood
mechanism (EH mechanism). We first analyze the kinetics
of our data on Cu(111) assuming the-H mechanism and the
following elementary reaction steps.

1
SHag+*=H, 3)
CO,,+*=CO,, (4)
H,+ CO, ,— HCOQ, (5)

Here,x and subscript a stand for a vacant site and an adsorbed
state, respectively, and the decomposition of formate, or the
reverse reaction of eq 5, is neglected at the cited low temper-
atures in our experiments. One can thus obtain the following

equations.

Ky
Oy =[1Pﬁ’f o, (6)
Ky
Oco, = [ZPCOZ 0, (7
Iy = ks0,0co, 8

Here,k; andk-; are the rate constants of step 3 and the reverse
step (3), respectivelyk, andk_, are those for step 4 and the
reverse step 4, respectively, drds that for step 5. The formate
species is assumed to occupy two copper atoms because it is
known to adsorb in the bridging bidentate stag;o, is also
neglected in the estimation @- because it is very small as
shown in Figure 6.0« is then expressed by the following
equation.

Oco,~ 0
0. =1- 0y~ 20400 C)

From eqgs 69, the following equations are obtained.

10 to 380 Torr. As for the KHpressure dependence in Figure
5a, the increase ingrwith H, pressure became small at higher
H, pressures. On the other hand, the formation rate increased
linearly with CQ, pressure as shown in Figure 5b.

The saturating behavior seen in Figure 5a is probably due to
the coverage of hydrogen atoms, inhibiting surface reactions
on the bare copper surface. We thus estimated the equilibrium
coverage of Hor CO, sunder the cited reaction conditions using

kinetic data measured by surface science techniques summarize@t ©Hcoo =

in Table 2. The coverage oftnd CQ 5is shown in Figure 6
as a function of H and CQ pressures, respectively. The
equilibrium coverage of Hat 343 K and 200 Torr Hwas
calculated to be 0.52, whereas the £f0overage was found to
be very small (104 at 380 Torr CQ. It is seen in Figure 5a
that rip comes to saturation at 200 Torr,Fnd 343 K. The

0, = pyel ~ 2Oncoo (10)
H k—l H, kl "
1+ k—P,ﬂz
-1
ks . 1= 20yc00
@co2 = k,zrcoz i S (11)
1+ [1 H,
. I(lk2k3 ol/2 (1 - 2®HCOO)2 12
Iy = k—lk—zl H,' CO, k1 Pllz 2 ( )
1+ et
0
ki Koks 1
M=% Kk PHZZ Peo, K 2 (13)
—1K-2 1+ _Lpu2
( Koy HZ)

The applicability of eq 13 was experimentally evaluated by the

hydrogen coverage is thus responsible for the nonlinear behaviompressure dependence of the initial formation rate. Figures 7a
shown in Figure 5a. We thus tried to analyze the kinetics of and 7b show calculated (solid line) and experimental (plgis)
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for the dependences ohlnd CQ pressures. In the calculation
of ryo, literature values ok, k-1 andk-,33-3> were used, and
k. was calculated assuming that the sticking probability o CO
was unity. The value oks in eq 13 was determined from the
measuredry at CQ/H, = 380 Torr/380 Torr usinds, k-1, ko,
andk_,. Finally, the calculated (solid line) was thus obtained

ri' = Kg'Peo,Op,

k.ks' 1-20

_K SP&(Z . HCOO (16)

kfl 2 2 1 1

1+ —PY

k., ™

At Oncoo = 0
I(1k3' / 1
Ito k. thz co, k, 17)
k., M

The major difference between egs 13 and 17 is the order in (1
+ (kllkfl)sz). In the L—H mechanism, the adsorbed hydro-
gen hinders both pidissociative adsorption and G@dsorption
so that the order is second in (& (kllk-l)P.lff). Similarly to
the calculation oks, ks’ was calculated from an experimentally
measuredy under the pressure condition of @8, = 380
Torr/380 Torr. As shown in Figure 7, the experimental data
were in fairly good agreement with the calculatggi (broken
line) at both different Hand CQ pressures. The kinetic analysis
of formate synthesis thus suggested theRetype mechanism,
which will be further discussed in section 4.1.

3.2. Formate DecompositionThe isothermal decomposition
of formate on Cu(111) was carried out in UHV at 35803 K.
The formate was synthesized from ¢€énd H at 343 K, and

at various H pressures using eq 13. As shown in Figure 7, the the initial coverage was 0.25. The fO”OWing rate equation can

measureds at different B pressures were in disagreement with
the calculatedrs, although good agreement between the
calculation and measurement of was obtained for C®
pressure dependence.

We then tried to calculatey assuming an ER type
mechanism in which a gaseous £@olecule directly reacts

with an adsorbed hydrogen atom on Cu(111). The reaction is

expressed by the following equations.

1
SHog % =H, (14)
CO,,+ H,— HCOO, (15)

The formation rate of formate is then expressed by the following
equation.

be obtained for the formate decomposition if the decomposition
is first order in formate coverage.

d®HCOO

a Ki®hcoo (18)

rd=_

1090000 = —kit + 109 Oicoo (19)
Here, ©}oo is the saturation coverage of formate (0.25).
Figure 8 shows lo@®ncoo as a function of reaction time. The
linearity indicates that the decomposition rate is first order in
formate coverage in agreement with the literature data on
Cu(110) measured by TP®.The rate constarky was then
obtained from the slope. At 373 K, for example, the rate constant
was 1.50x 104 sect.

Figure 9 shows Arrhenius plots of the initial decomposition
rate ¢q0) derived from the data shown in Figure 8, as well as
our previous data for Cu(110and literature data of Cu(108.
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comparable with those measured on Cu(111) by XPthe
activation energies on Cu(110) (14527.2 kJ mot?) and on
Cu(100) (155 kJ mott) are greater than that on Cu(111),
showing that the decomposition of formate on Cu surfaces is
structure-sensitive. This is in contrast to the structure-insensitive
character of the formate synthesis, which is discussed in section
4.1.

We accidentally found that the decomposition rate of formate
significantly varied in the presence of hydrogen. Figure 10
shows the dependence of the initial decomposition rate pn H
pressure at 343, 353, and 363 K. Interestingly, the decomposition
rate steeply increased with ;Hpressure and then sharply
decreased. At 363 K, the maximum rate at 380 Torr was 17
times greater than that in the absence ef We confirmed no
production of formic acid by the hydrogenation of formate. The
effect of hydrogen upon an increase in the decomposition rate
was ascribed to the destruction of the formate chain by adsorbed
hydrogen as discussed in 4.3. At high ptessure, coverage of
hydrogen atoms will increase on the formate-covered Cu(111)

Here, the initial rate was calculated at the saturation coveragesurface, which probably hinders the decomposition of formate.
of 0.25 using the rate constant. As shown in Figure 9, it was The peaks seen in Figure 10 tend to be shifted to higher H
found that the activation energy was different depending on the pressures at higher temperatures, suggesting that the hydrogen
orientation of the Cu surface. The activation energy and the equilibrium coverage controls the position of the peak maximum

preexponential factor déy were determined to be 107:92.8
kJ mof! and 1.87 x 10" sec, respectively, which are

because higher fHressure is required at higher temperature to
obtain a certain equilibrium hydrogen coverage. For example,
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2.0 Cu(110) surface was decomposed in a vaculinbfoken line).

ponential factors of the decomposition rate constant depending
on the preparation method of the formate and the presence of
H». The reason for the difference was ascribed to the adsorption
structure of formate on Cu(111) previously observed by STM
as discussed in section 4.2, in which the OCO vibration of
formate toward the surface was regarded to be responsible for
the preexponential factor of the decomposition rate constant or
the frequency factor. Similarly, difference in the decomposition
rate of formate has been reported for Cu(110) with and without
preadsorbed oxygefs.
Figure 13 shows Arrhenius plots of the initial decomposition

5.0

log {I'd,(moleculesesite'*sec™)}

-6.0 : ‘ ‘ ' ' rate of formate on Cu(110). The decomposition rate of the
24 25 26 27 28 29 30 synthesized formate in H380 Torr at 383 K (1.01x 1074
T (x 103 K molecules site! sec'!) was comparable with that in a vacuum

-5 ital 1
Figure 12. Arrhenius plots for the initial decomposition rate of the at 383 K (4.35x 10 molecules site* sec). In contrast to

formate species on Cu(111). The formate prepared by adsorption ofcfu(l_ll)’ no significant promotion by,HH the decompositign )
formic acid on Cu(111) @) and O/Cu(111) M) decomposed in a  Kinetics was observed for the synthesized formate. The activation

vacuum and the formate synthesized .Cfd H decomposed in a  energy of the decomposition of the formate prepared from
vacuum (long dashed line) and ir, 380 Torr (dashed line). formic acid on a clean Cu(110) surface was determined to be
156.8 kJ motl. The activation energy and the absolute
equilibrium coverage of hydrogen on Cu(111) in the absence decomposition rate were comparable with those for the syn-
of formate species can be estimated to be 0.54 at 380 Torr H thesized formate. On Cu(110), no significant difference in the
and 363 K. decomposition kinetics of formate was observed depending on
We then compared the activation energies of the formate the presence of Hand the preparation method. Possibly, the
decomposition in UHV and in the presence of 380 Togr H difference in the kinetics is due to the added formate chain
Figure 11 shows the Arrhenius plots of the initial decomposition suggested by the previous STM data as discussed in section
rate at®ycoo = 0.25. The activation energy of the decomposi- 4.3.
tion in 380 Torr K (118.4+ 7.7 kJ mot?) was found to agree 3.3. Equilibrium Formate Coverage. Figure 14 shows the
with that in UHV (107.9+ 2.8 kJ mot?), although the equilibrium coverage of formate on Cu(111) under hydrogena-
decomposition rate was very different, indicating that only the tion of CO, at 380 Torr CQ/380 Torr H. As shown by the
preexponential factor of the rate constant was different. The plots, the measured formate coverage was saturat@g@io
preexponential factors were determined to be x250'* and = 0.25 up to 353 K. The coverage steeply decreased above
1.87 x 10 sec’! for the decompositions in 380 Torr,Hnd 353 K and was below a detection limit at 453 K. The solid and
in UHV, respectively. Very interestingly, as shown in Figure broken lines are the calculated formate coverage based on the
12, the decomposition of the formate species prepared bymeasured kinetics for the formate synthesis (3.1.) and the
adsorption of formic acid over an j&preadsorbed Cu(111) formate decomposition (3.2.) using' and ky, respectively,
(2HCOOH+ O, — 2HCOQ, + H;0) in UHV showed the same  which are the rate constants of the formate decomposition
kinetics as the decomposition kinetics of the synthesized formatemeasured in the presence of 380 Tow &hd in UHV. The
in 380 Torr H. On the other hand, the decomposition kinetics calculated equilibrium coverage usitg is smaller than that
of the formate prepared by adsorption of formic acid on a clean calculated usingy because the decomposition rate was much
Cu(111l) was same as that in the absence effét the greater in the presence ofHompared to that in UHV as
synthesized formate. In summary, the results described abovedescribed in 3.2. The experimental data were in fairly good
indicate that two types of formate exist with different preex- agreement with the calculated coverage udigigThat is, one
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Figure 14. Equilibrium coverage of formate species on Cu(111) under
hydrogenation of C@at 380 Torr CQ/380 Torr H. @: experimental,
dashed line; calculation using decomposition rate constant in UHV,
solid line: calculation using decomposition rate constantiB80 Torr.
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Figure 15. Equilibrium coverage of formate species on Cu(110) under
hydrogenation of C@at 380 Torr CQ/380 Torr H. ®: experimental;
solid line: calculation using decomposition rate constant in UHV.
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Figure 16. Model of CQ; insertion into a Ct-H bond of CuH(PH),
or CuH(PH); complex proposed by Sakaki et“dl.

al3” have found that C® inserts into a CtH bond in
[HCuPPRJs, leading to the formation of [RR,CuCOOH by

IR. Sakaki et af%4! carried out an ab initio MO study of the
insertion of CQ into a metal-hydride bond of [RhH(R})4] and
[CuH(PHs)3]. They have reported that the G@nsertion was
significantly exothermic and that its activation barrier was
estimated to be rather small (14.7 kJ m{] suggesting that
the CQ insertion into the Cu(k-H bond was facile. Figure 16
shows the model of the insertion of G@to the Cu-H bond
reported in ref 40, in which Sakaki et al. described that “the
n1-C-coordinated C@is significantly distorted, which pushes
down the CQu* orbital energy.” As a result, “C@interacts
with the H ligand through the charge-transfer interaction from
the H ligand to CQ and the electrostatic interaction between
Cuw* and @~ atoms. Additionally, the charge-transfer interac-
tion from O to Cu contributes to the G bond formation in
the last stage of the reaction.” The proposedRE type
mechanism for the formate synthesis on Cu(111) based on the
kinetic analysis here is analogous to the insertion of, Cfb

the Cu-H bond in the [HCuPP{js complex in terms of the
direct reaction of C® and the CuH bond without CQ
adsorption on Cu. The ER type mechanism may further

should be careful of the effect of coexisting gases when explain the structure-insensitive character observed for the
discussing the microscopic kinetics of surface elementary steps.formate synthesis on Cu shown in Figure 4. That is, because

At a typical reaction temperature of 523 K for methanol
synthesis, the formate coverage is as low asd1®-3 in Figure

the direct reaction of COwith the Cu-H bond occurs at a
local site on the Cu surface, the kinetic factors such as activation

14. However, the coverage will be increased at higher pressuresenergy may be insensitive to the configuration of the surrounding

In comparison with Cu(111), the equilibrium formate cover-

Cu atoms. Very recently, we have obtained preliminary results

age on Cu(110) is shown in Figure 15. The measured coveraget© support the ER type mechanism, in which the rate of the
was in good agreement with that calculated based on the kineticsformate synthesis by the reaction of heatec,@@lecules with

of formate synthesis and formate decomposition shown in & hydrogen-preadsorbed Cu(111) surface increased with increas-
Figures 4 and 13. It was found that the equilibrium coverage iNg CQO, gas temperature while maintaining the Cu(111) surface

on Cu(110) was much greater than that on Cu(111) at-500

at room temperature. The results are in preparation for publica-

K, which was mainly due to the absence of the promotion effect tion. We are continuing this kind of experiment by varying the

on the decomposition rate by,HThus, it is important to clarify
that the promotion effect of Hon the decomposition should

appear only for Cu(111). That is the same question raised

surface temperature and the £f@ressure in order to obtain
solid evidence for the ER type mechanism.
In contrast to the formate synthesis, the formate decomposi-

regarding the results of Figures 11 and 13, which is discussedtion on the Cu surfaces showed a structure-sensitive character

in section 4.3.

4. Discussion

4.1. Structure Sensitivity. In organometallic chemistry, it
is well-known that formate is synthesized by the reaction of
CO, with transition metal complexes such as [HCURR#
[PhP(CH,).PPh].RhH 28 or (PMePh)sCu(BH,).3° Beguin et

as described in section 3.2. We propose a model to explain this
unigue character with respect to structure sensitivity as shown
in Figure 17. The vibration of the OCO molecular plane in a

bidentate formate toward the Cu surface is required in order to
overcome the transition state (TS) for the formate decomposi-
tion. The surrounding Cu atom thus takes part in the decom-
position process so that the position of the neighboring Cu atoms
affects the kinetics of the decomposition, leading to the structure-
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Transition state ! preparation method was suggested by the IRA spectra of
formate. The peak position o§(OCO) vibration for the formate

on Cu(111) synthesized by G@ydrogenation slightly shifted

to high frequencies (2 cm, 1352~ 1354 cnt?) with increasing

Bridging bid decomposition hesis (ER mechanism) formate coverage. However, significant peak shifts of 18%m
{structure sensitive) EairE————— (1342 ~ 1360 cnt) were observed depending on formate
Mechanism of decomposition and synthesis coverage for the formate species prepared from formic acid and

O/Cu(111). The difference in IRAS can be also explained by
the adsorption structure of formate in the following. For the
chain structure, the local environment of the formate does not
change with formate coverage because the chain structure starts
to grow at very low formate coverage. On the other hand, for
the formate from formic acid on O/Cu(111), the distance to the
nearest neighbor formate was continuously decreased with
increasing formate coverage, leading to a continuous change in
the local environment of formate. The repulsive force between
formate species thus continuously varies as a function of the
formate-formate distance or formate coverage, leading to the
change in the IRA spectra of formate. The more interesting

Cu(110) Cu(100)
Structure sensitivity for the formate decomposition

Figure 17. Model of formate chemistry on Cu.

sensitive character. We thus infer that the path in the reaction
coordinate to overcome the barrier to the formate synthesis is

structure-insensitive, whereas the path going through TS toward . X s . .
the decomposition is structure-sensitive. The difference in the difference seen in IRAS was the sensitivity (.)f IR peak intensity.
In the XPS measurements of formate buildup, the saturated

activation energy for the decomposition may be related to the .
adsorption energy of the formate species, although the detailedformate coverage was 0.25 and 0.33 for the formate synthesized

microscopic mechanism is ambiguous. from_COz_ and H on Cu(111) and _the formatt_a prepared from
42 Kinetics D di the Ordered Struct f formic acid on O/Cu(111), respectively. That is, both saturated
- RInetics epending on Ine Lrdere ructure o coverages were not very different. In similar buildup measure-
Formate. As shown in Figure 12, the decomposition rate of

formate prepared from formic acid on O/Cu(111) was greater ments of formate by IRAS, however, the intensity of the IR
than thart) fgr the formate synthesized fro(m g@n d Eh peak for the synthesized formate at saturation was one-third of

. b . that for the saturated formate prepared from formic acid on
Interestingly, the apparent activation energy for the decomposi- . . oo .
C . . O/Cu(111). The difference in the sensitivity was reproducibly
tion in both cases was almost identical, whereas the preexpo- Al . !

observed. The decrease in intensity for the synthesized formate

nential factor of the rate constant was very different between . ; . .
. forming the formate chain was explained by the screening effect
those two formate species. These phenomena were also con;

firmed by our XPS studie¥ We then studied the adsorption known in IRAS measurement in which closely located formate
structure of formate by STM in order to examine the difference In a chain screens the neighboring dipole moment. In F_lgure
in the decomposition kinetics of formate!®It was found that 14’ the eq“"'b”””.‘ formate cov_e_rage_belgw 360. K is consistent
the synthesized formate adsorbed in a chain structure with the\é\/gg‘omeo;’){%t:i?'tsk{gesc?]rt?]pe?'té%nfokr'r';igs uﬁmg:;ggee 360
distance to the nearest neighbor formate being twice that of the positior Y sz ), W - ove
nearest neighbor Cu. Even at low formate coverage, a singleK Fhe equilibrium coverage IS in kb
formate chain was observed by STM, indicating that an usingky' (for the decomposition of the formate prepared from

anisotropic attractive interaction operated between the formateformlc acid as well as the decomposition of the synthesized

species. This further means that the attractive interaction shouldform"j‘te in H). Appare.ntly,. the equilibrium property seems to
change at 360 K, which is probably due to a change in the

be quite strong and the barrier of diffusion is remarkably high. . . X
On the other hand, no chain structure was observed for the SUcture of formate, €., .cham a_nd nonchain strut_:tures.
formate prepared from formic acid on O/Cu(111). However, (4  On Cu(110), no significant difference depending on the
x 4) and (3x 7/2) structures appeared, where the formate Presence of b or the preparation method of formate was
species adsorbed more dispersedly. The spacing between format@bserved in the decomposition kinetics as shown in Figures 13
species was varied from four to three times that of the nearestand 15. The peak intensity of formate on Cu(110) was
neighbor Cu atoms in contrast to the synthesized formate with comparable with that for the formate prepared from formic acid
the spacing twice that of the nearest neighbor Cu atomson O/Cu(111), suggesting the absence of the screening effect.
independent of formate coverage. It is possible that the This is also supported by a peak shift of th¢OCO) vibration
decomposition of formate proceeds via the OCO plane vibration (1352~ 1362 cni) at formate coverages between 0 and 0.25
as shown in Figure 17, which has been proposed by Bowker etfor both formate species prepared from formic acid and
al. for acetate decomposition on Rh(1#4)n this case, the  synthesized by Cohydrogenation on Cu(110). The peak shift
frequency of the plane vibration should significantly influence ©f 10 cnm? has also been reported in the literature for formate
the preexponential factor of the rate constant of the formate Species prepared from formic acid on Cu(110The absence
decomposition. The observed significant decrease in the pre-of screening and the peak shift of thgOCO) vibration for
exponential factor with no variation in the activation energy is formate on Cu(110) indicate the absence of the strong attractive
thus possibly due to the plane vibration of formate. That is, the interaction seen for the formate chain on Cu(111). However,
OCO plane vibration may be hindered by the attractive Leibsle and Haqg have reported a chainlike structure of formate
interaction between the nearest neighbored formate species iron Cu(110):24748We think that the interaction between formate
a chain. Such an attractive interaction is absent between formatgn a chain is very different on Cu(111) and Cu(110).
species prepared from formic acid. The difference in the  4.3. Possibility of Added Structure.As described in sections
adsorption structure thus reflects the reaction kinetics of the 3.2 and 4.2, several unique features of the decomposition
formate decomposition. kinetics were observed only for Cu(111). Here, we discuss the
The difference in the adsorption structure depending on the mechanism. First, the questions are summarized as follows: (i)
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why is the decomposition rate exceptionally high for the formate an Eley-Rideal type mechanism in which an adsorbed hydrogen
prepared from formic acid on O/Cu(111l) as well as the reacts with a gaseous G@olecule. (3) The decomposition of
decomposition of the synthesized formate ig?tnd (ii) why formate on copper in UHV is structure-sensitive in contrast to
was the unique different kinetic behavior observed only for the formate synthesis. (4) Measured coverage of formate on
Cu(111)? A possible explanation for the two questions is that Cu(111) and Cu(110) in equilibrium with 1 atm of QM8 is
the added-row-type reconstruction may occur upon chain in good agreement with that calculated by the kinetics of the
formation for all formate species except for the formate prepared formate synthesis and the formate decomposition. (5) The
from formic acid and O/Cu(111). As mentioned above, on decomposition kinetics of formate on Cu(111) uniquely depend
Cu(110), the chain structure of formate has been reported foron the preparation method or the coexistence gfvithere the
the formate prepared by adsorption of formic acid on an oxygen- preexponential factor of the rate constant is increased only while
covered Cu(110) surfadéThe formate chains may be an added- the activation energy was identical. The difference in the
row-type reconstruction such as the well-knowrQ—Cu—0—) decomposition kinetics is probably due to the surface structure
added rows formed on Cu(110) upon &lsorption. It has been  of formate, diffusion of Cu atoms, or H-induced reconstructing
reported that Cu atoms at the step edges are removed anaf Cu(111). (6) The selectivity to form a chain or nonchain
transported onto the terrace to create #@—Cu—O— added structure is probably controlled by the mass transport of Cu
chain on Cu(110%2 This kind of mass transport may occur in  atoms at the step edges, which is further thermodynamically
the formation of the formate chain on Cu(111) because the controlled by temperature and coexisting adsorbates. (7) The
corrugation of the STM image for the synthesized formate Cu(111) surface can be regarded as a model of a Cp/SiO
(10—20 A) was much greater than that for the formate prepared powder catalyst in terms of the kinetics of formate synthesis,
from formic acid on O/Cu(111) @4 A). As for the formate formate decomposition, and the unique character of the promo-
prepared from formic acid on clean Cu(111), the corrugation tion on the formate decomposition.
was also high (1820 A). This is inconsistent with the same
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