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X-ray absorption spectroscopy (XAS) is an important tool
in the study of gas—solid reactions and their products.l'l In the
past few years in situ techniques have attained great
importance in the field of heterogeneous catalysis.! Studies
under reaction conditions close to those found in practice are
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necessary, because the structure of a catalyst under reaction
conditions can be significantly different from that after the
reaction or ex situ. To allow any relevant interpretation, an in
situ measurement requires the simultaneous detection of
spectroscopic data together with the conversion from the gas
phase. Silver, copper, or molybdenum catalysts are used in
technical processes for the conversion of methanol into
formaldehyde.’) These are well-suited to the study of the
principles of chemical reactions on various surfaces due to the
apparent clarity of the possible courses of reaction.l*! The
oxidation of methanol on pure silver has shown, for example,
that catalytic reactions under model conditions in ultra high
vacuum (UHV) can take a different course to those under
practicle conditions.”” Three different types of atomic oxy-
gen were identified by surface science studies of silver that
was subjected to oxygen under pressure in a manner that is
used in practice;l> %1% their positions are shown in Figure 1.
The critical oxygen pressure at which qualitative differences

Figure 1. Schematic depiction of the Ag(111) surface treated with oxygen.
The atomic oxygen species O,, O,, and O4 were characterized by surface-
sensitive spectroscopic techniques.” '3 The chemisorbed O, species and the
O, species bonded in the surface layer are responsible for the oxide
hydrogenation and the dehydrogenation of methanol.l'> 3! The O, species
acts as a reservoir for both surface species during the catalytic oxidation of
methanol.

to the UHV model conditions in the surface chemistry of the
Ag-0 system were observed was 0.1 mbar. The only differ-
ences observed up to an oxygen partial pressure of 1000 mbar
were in the reaction kinetics of the formation processes
involved. With increasing temperature, atomic oxygen is
initially formed on the surface (O,). At a critical level of
pressure and temperature, it then migrates under the surface
to occupy interstitial sites in the silver crystal (O,).'Y) On
increasing the temperature still further, a new form of oxygen
is formed from the Oy species and, parallel to this, directly from
the gas phase. The new form is incorporated into the top atomic
layer of the crystal (O,) and interacts strongly with the silver
centers. This state differs from that of a metal oxide—silver
oxide is no longer thermodynamically stable at temperatures of
formation above 600 K—both in structure and in that its
existence is strictly limited to a single atomic layer. [> 810

The oxidation of a methanol molecule can either occur by
dehydrogenation with loss of one hydrogen molecule and the
formation of formaldehyde [Eq.(1)], or by oxide hydro-

CH3OH%CH20+H2 1)
3

genation or total oxidation with loss of hydrogen and
simultaneous uptake of oxygen to give water and form-

aldehyde or water and carbon dioxide [Egs. (2) and (3)].
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CH;OH+1/2 OZ%CHZOJrHZO o)
2

CH,OH+3/2 oz%cozﬂ H,0 3)
g

Kinetic measurements have revealed that above the critical
pressure of about 1 mbar both reaction pathways are fol-
lowed, and thus at least two different types of oxygen must be
present.> 8] Under UHV conditions, however, only reac-
tion (2) is observed.! This correlates with the results
described above which show the atomic adsorbed oxygen
(0O,) and the special atomic oxygen built into the surface layer
(0,) to be catalytically active centers.l'> ')

In contrast to the case of silver, for copper the atomic
chemisorbed oxygen is thermodynamically metastable with
respect to the transition to the oxide state under the
conditions of the selective oxidation of methanol. One
consequence of this is that different non-oxidic oxygen
species are difficult to detect in conventional UHV studies,
even if the surface is previously subjected to an O,/CH;0H
gas mixture at high temperature.l'¥! According to ex situ UHV
studies, copper(l) oxide was primarily formed.l'Y As this
species can only catalyze the total oxidation of methanol
[reaction (3)], it cannot be the active phase sought.'”! In situ
studies under reaction conditions close to those found in
practice are thus imperative to spectroscopically characterize
the selective catalytically active phase.l'? 18]

In Figure2 the oxygen K absorption near edges of
copper(I) oxide, Cu,O (Ib), and copper(II) oxide, CuO (Ic¢)
as well as the corresponding copper L, ; absorption near-edge
spectra of Cu,O (IIb), CuO (Il c), and polycrystalline metallic
copper (I1a) are shown. 11201 The copper L,; absorption
spectrum of the pure metal shows the typical steplike form of
the absorption edge with some fine structure that is character-
istic for the formal oxidation state 0 (Cu° d!%! configura-

1y

hv/eV —»

Figure 2. I) Oxygen K-absorption near-edge spectra of Cu,O (b) and CuO
(c); II) copper L,;-absorption near-edge spectra of metallic copper (a),
Cu,0 (b), and CuO (c). The spectra Ib, ¢ and IIa-c were recorded under
ultra high vacuum in the surface-sensitive electron-yield mode (informa-
tion depth about 60 A). The in situ spectra Id, e and 1I1d, e were recorded
at T=600 K and a total O, pressure of p =0.05 and 0.10 mbar, respectively.
The in situ copper L, ;-absorption near-edge spectra I1d, e were obtained
using the second-order light of the monochromator and subsequently
shifted by 466 eV to higher photon energy. This is why the difference in
energy between the copper L;- and copper L,-edges is a factor of 2 smaller
than in the spectra IIa—c which were measured using the first-order light of
the monochromator.
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tion).’2%l The in situ X-ray absorption spectra measured
during the reaction of polycrystalline copper with oxygen at
600 K are also presented in Figure 2. These indicate the
formation of Cu,O (d) and CuO (e) at a total O, pressure of
0.05 and 0.10 mbar, respectively, at the surface and in the area
near the surface. The considerably different products ob-
tained under reaction conditions which are only minimally
different illustrate the high sensitivity of the system with
respect to the exterior reaction conditions and confirm the
specificity of the new surface-sensitive in situ XAS measure-
ment technique.!'”)

Measurements performed on the oxygen K and the copper
L,; edges during the reduction of polycrystalline copper(i)
oxide with methanol (total pressure 5 x 10~ mbar) at 600 K
indicate the formation of Cu,O after about 10 min (total
methanol dose ca. 3000 L). Subsequent reduction occurs
after about 190 min. This reduced phase is characterized by
the formation of an oxygen — copper compound on the surface
or in the region near the surface. This compound does not
correspond with either of the usual oxides and is characterized
by a covalent O2p — Cudsp bonding contribution in the oxygen
K-edge spectra. In contrast, the copper L,;-edge spectra of
this phase show the steplike form of the absorption edge
typical for metallic copper (see Figure 211a).*"! According to
ex situ studies on this system, however, Cu,O is formed on the
transition to UHV with simultaneous cooling to room
temperature.'® 7] This means that it is only possible to
observe the special oxygen-—copper phase under in situ
conditions during the treatment with methanol, as it is
metastable and segregates into pure metal and copper(l)
oxide on cooling and removal of the volatile components. The
significance of this special phase in practice for the partial
oxidation was proven by analysis of the oscillatory behavior of
the Cu/O/CH;OH system.[]

A direct measurement of the conversion of pure methanol
under comparatively high pressure (0.2 mbar) on polycrystal-
line copper pretreated with oxygen was first determined by
the spectral proportion of COP® in the X-ray absorption
spectrum of the gas phase. The copper catalyst was loaded
with bulk oxygen (O;) by an oxygen pretreatment followed by
reduction in methanol. Under the reaction conditions the bulk
oxygen diffuses to the surface and takes part in the oxidation
reaction. Figure 3 shows the conversion of methanol as a
function of reaction time. In the plot the percent spectral
proportions of methanol and carbon monoxide determined
from the gas-phase X-ray absorption spectra are compared
with the gas-phase proportions measured simultaneously by
quadrupole mass spectroscopy.’”? The initial conversion
frequency of about 0.3 methanol molecules per second and
per copper surface atom lies in the range of known values for
heterogeneous catalytic reactions of small molecules (be-
tween 0.01 and 100 molecules per second and per active
surface atom).B840

Parallel to the gas phase spectra, X-ray absorption spectra
of the active copper catalyst surface were recorded during the
reaction with 0.2 mbar of methanol. Figure 4 shows the
spectra of the oxygen K- (I) and the copper L, ;-absorption
near edges (II) during the conversion of methanol at catalyst
temperatures of 520 K (a) and 600 K (b). As is the case with
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Figure 3. The catalytic conversion of pure methanol into formaldehyde on
polycrystalline copper was followed in situ for the first time in a batch
reactor by observing the spectral proportion of CO in the gas phase
spectrum.l'”l The copper catalyst was loaded with bulk oxygen (Op) by
pretreatment with oxygen at 620 K (1 mbar O,, 30 min) and subsequent
reduction in methanol (p~5x 10-°mbar, T=600K, 90 min).'"! The
diagram shows the conversion of methanol (o) into formaldehyde (a;
multiplied by 8.4) and carbon monoxide (e) at a total pressure of 0.2 mbar
and a catalyst temperature of 7= 520 K as a function of the reaction time ¢
[min]. The proportions of the gaseous products were determined inde-
pendently by XAS (CH;O0H, CO) and mass spectroscopy (H,CO).
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Figure 4. I) In situ oxygen K-absorption near-edge spectra measured
during the conversion of methanol at catalyst temperatures of 520 K (a)
and 600 K (b); II) the corresponding copper L, ;-edge spectra. The spectra
of the pure oxides CuO and Cu,O are depicted in Figure 2. The line profiles
of the oxygen K-edge spectra of the active copper catalyst are quite
different from those of known copper oxides (see Figure 2) A broad peak
appears in the spectra at 540 eV which can be attributed to the selective
catalytically active oxygen state. The copper L-absorption near-edge
spectra were recorded with monochromated second-order X-rays (see
the legend to Figure 2).

the pure copper oxides, high covalent oxygen—copper bond-
ing contributions are also observed in the oxygen K edge
spectra of the catalyst in the active state with participation of
mainly O2p - Cudsp states (at 540 eV) and, to a lesser extent,
of O2p—Cu3d states (532 eV) (see Figure 41a, b). However,
the spectral shapes of the oxygen K edge spectra of the active
copper catalyst are completely different from those of the
known copper oxides (see Figure 211d, e). In contrast, good
agreement is observed with the oxygen K-edge spectrum of
the adsorbed atomic O, species of the silver catalyst, which
would indicate the same type of bonding interaction between
copper and oxygen.” % The copper L,;-edge spectra have an
absorption step with a form typical of metallic copper
compounds (see Figure 21Ia). This indicates a “catalytically
active” state which is significantly different from those of the
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well-known copper oxides and, in analogy to the O,— Ag(111)
phase, has an oxygen—copper interaction with participation
of mainly O2p — Cudsp states. 10

A comparison of the spectra of the catalyst surface with
those of the gas phase shows that the formaldehyde molecules
formed under the chosen reaction conditions decompose on
the copper surface with the participation of covalently bonded
oxygen to predominantly give CO and H,. If the active surface
was a known copper oxide, carbon dioxide and not carbon
monoxide would be the main product formed.

Thus, for the first time it has proved possible to study a
catalytically active phase under reaction conditions by
absorption spectroscopy not at the high-energy copper K
edge, but rather at the chemically more informative oxygen K
and copper L, ; edges. In particular, it was ascertained that the
catalytically active phase is metallic and contains an atomic
form of oxygen, the chemical bonding of which differs
significantly from those in conventional oxides. It was not
possible to identify the presence of covalently bonded oxygen
in the active state during the reaction in previous in situ XAS
studies at the high-energy copper K-edge.[*" ¥l Measurements
performed on stoichiometric O,/CH;0H gas mixtures at
0.5 mbar (not detailed here) confirm that after most of the
methanol has reacted, unused oxygen in the gas phase reacts
with the surface to give Cu,O. The catalyst is then no longer
selective and effects complete oxidation.

The novel Cu/O phase discovered by high-pressure in situ
analysis can be described as copper suboxide. However, the
high surface sensitivity of this method excludes any reason-
able bulk analytical characterization in the sense of an overall
stoichiometric formula. The structures of different copper
suboxides on surfaces®?’l and in small particles*! are well
known. The selective active state for the application of copper
as a partial oxidation catalyst was thus made analytically
accessible for the first time. Considering the surface states of
the pure metal (weakly active, rearranging) and copper(l)
oxide (highly active, totally oxidizing), it is possible to
understand the reason for the nonlinear behavior of the
reaction system.') Our experiment is a contribution to
experimentally overcoming the “pressure gap” in catalytic
science. The commissioning of the new synchrotron radiation
source BESSY II will enable us to increase the upper pressure
limit at which useful spectra can be obtained by at least one
order of magnitude. We thus expect to gain considerable
knowledge on the local electronic structure of catalytically
active surfaces in the operational state.
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