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Abstract—Combined use of X-ray photoelectron spectroscopy (XPS) and in situ mass spectrometry made it
possible to simultaneoudly obtain the O1s spectra and the mass spectrometric signal of formaldehyde (myz=30) in
the course of heating (420670 K) of polycrystalline foil in aflow of the reaction mixture of methanol and oxy-
gen (with atotal pressure of 0.1 mbar and aratio of 3/1). It is shown that the O1s spectra contain two lineswith
E, = 530.1 and 531.2 eV, whose relative intensities depend on the sample temperature. At a low temperature
(420 K) the line with alower binding energy dominates, whereas sample heating leads to a drastic decrease in
itsintensity and its replacement by aline with ahigher value of E,. A decrease in the intensity of the latter line
occurs at T > 550 K, in the same temperature range as a drastic increase in the intensity of the formaldehyde
signal. These lines were assigned on the basis of literature data and data obtained by the authors for the known
forms of oxygen on copper and for the intermediate species of the reaction, such as methoxy and formate. The
Olslinewith E, = 530.1 €V was assigned to methoxy groups, and the line with E, = 531.2 eV was assigned to
suboxide oxygen. The correlation of the intensity of the XPS signal of suboxide oxygen with theyield of form-
aldehyde was supported by stationary experiments using in situ XPS that prove its participation in the key step
of the selective oxidation of methanol to formal dehyde.

INTRODUCTION

Selective oxidation of methanol to formaldehyde on
copper has long been the focus of research because of
its simplicity and because it can be considered as a
model for many oxidation reactions of higher alcohols
to the corresponding aldehydes. These reactions are
carried out in industry in the presence of copper cata-
lysts[1-9]. In the cited papers, surface-sensitive physi-
cal methods were applied that stipulated the strategy of
studies. preliminary treatment of the clean copper sur-
face to various adsorbed oxygen species and further
testing of their reactivity toward methanol. However, it
should be noted that this approach does not provide a
solution to the pressure gap problem. Indeed, if the
activeform of oxygenisonly formed under thereaction
conditions, then it can be found in such experiments.
Moreover, the active species may be at aweakly bound
state, and the evacuation of the gas phase before obtain-
ing spectral information may lead to the removal of the
active species from the sample surface.

Analysis of published data [1-9] confirms that the
problem of pressure gap for the catalytic system con-
sidered in this paper does exist for the following rea-
sons:

—Before operation, the initial copper catalyst hasto
be activated;

—A pathway of methanol conversion depends on
the methanol/oxygen ratio of the initial partia pres-
sures in the reaction mixture and on the sequence of
reactant supply;

—Stoichiometric copper oxides (Cu,0O and CuO)
are unselective in formaldehyde synthesis; and

—Evacuation of the reaction medium or its cooling
in order to freeze the active state of the copper surface
leads to its transformation into copper(l) oxide.

These facts suggest that the state of adsorbed oxy-
gen responsible for copper activity in the reaction of
selective oxidation of methanol are formed under cata-
Iytic reaction conditions and this is a dynamic system
which only exists in contact with the reaction medium.
On the other hand, the high rate of the reaction (the
reaction kineticsis limited by mass transfer) allows us
to hopefor the efficient formation of activesitesat pres-
sures lower than atmospheric.

The goa of this work was to study the surface of a
copper sample by the XPS method in the course of cat-
alytic methanol oxidation to identify the states of
adsorbed oxygen responsible for the sel ective oxidation
of methanol to formaldehyde. The catalytic activity of
the copper surface was measured using mass spectrom-
etry.

EXPERIMENTAL

All experiments were carried out using a VG
ESCALAB “High Pressure” photoelectron spectrome-
ter (Vacuum Generators, Great Britain) for recording
electron spectra in situ. The possibility of recording
photoelectron spectra at elevated pressures over the
sample follows from the fact that the free path of elec-
trons at agas pressure of ~1 mbar is several millimeters
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Fig. 1. High-temperature cell in the VG ESCALAB “high pressure” photoel ectron spectrometer.

[10]. Correspondingly, to prevent substantial electron
scattering in the gas, their path through the region of
high pressures should be as short as possible. IntheVG
ESCALAB "high pressure” photoelectron spectrome-
ter, this is achieved using a specia high-pressure cell
which ismounted in the analyzing chamber of the spec-
trometer using viton ring sealing (Fig. 1). This makesit
possible to record photoelectron spectra at reaction
mixture pressures of 1 mbar over the sample.

The pressure difference between the cell and other
parts of the spectrometer is achieved by the presence of
only three holes with asmall diameter (<3 mm), which
are the inlets for the X-ray and UV radiation and the
outlet for photoelectrons to the analyzer and by the use
of the two-stage differential evacuation of the spec-
trometer. The first stage involves the evacuation of the
analyzer chamber by a high-performance diffusion
pump. The second stage is independent evacuation of
the X-ray radiation source, electrostatic lenses, and the
analyzer by diffusion pumps. The latter provides a sub-
stantial pressure difference between the analyzer cham-
ber and lenses due to which thereis no substantial elec-
tron scattering in the electron lenses. The quantitative
characteristics of the pressure difference between vari-
ous parts of the spectrometer determined for oxygen are
presented in the table.

Photoelectron spectra were recorded using non-
monochromated AIK, radiation (hv = 1486.6 eV). The
spectrometer was calibrated before experiments
according to the positions of peaks of core levels
Au4f,, (E,=84.00eV) and Cu2p,, (E,=932.7 €V). For
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the detailed analysis of the chemical composition of the
surface of the model catalyst, we decomposed the spec-
trainto components. Upon the subtraction of the back-
ground spectrum using the Shirley method, the experi-
mental curve decomposed into several lines corre-
sponding to the photoemission of electrons from the
inner levels of atomsin various chemical environments.

The composition of the gas phase in the cell was
controlled by aquadrupole VG Q7B mass spectrometer
(Fig. 1). The gas supply into the mass spectrometer was
controlled by the leak valve. The reaction rate of selec-
tive methanol oxidation to formaldehyde was moni-
tored by a change in the intensity of the mass spectro-
metric signa with myz =30 (H,CO). Simultaneously,
we recorded other signals as well (ny2): H, (2), H,O
(18), CO (28), CH;0H (31), O, (32), and CO, (44).

A polycrystalline copper foil (99.99%) sample was
mounted on the holder; the source of heat was afurnace

Pressure in different parts of the spectrometer

Pressureinthe | Pressureintheana- | Pressureinthe
cell, mbar lyzer chamber, mbar| X-ray tube, mbar
10°3 10°° 8x 107
5x 1073 6x10° 4x10°
1072 10° 8x 108
5x 107 8 x 107 5x 1077
10t 2x10% 106




664
Intensity, arb. units
201
i H,CO
1.5F z
1.0} H,0
L H,
05F
i CO
ol wh i W CO,
1 1 1 1 1 1 1 1 1 1 1 ]
400 450 500 550 600 650 700
T,K

Fig. 2. Dependences of theintensities of mass spectrometric
signalsfrom the products of methanol oxidation on the sam-
ple temperature.

made of pyrolytic boron nitride (PBN, Sintec-
Keramik), which is resistant to an oxidative medium
[11]. The temperature was controlled using the
chromel-alumel thermocouple attached to the sample
by spot welding. The purity of the sample surface was
controlled by XPS. The purity of gases was controlled
by a quadruple mass spectrometer. The procedure of
sample cleaning consisted in etching the foil surface by
argon ions, and further oxygen adsorption at room tem-
perature and fast heating of the foil in a vacuum to
900 K. No admixtures were detected upon sample
cleaning and in the course of further experiments (exact
to the sengitivity of the XPS method).

In Stu Experiments

Because clean copper isinactive in methanol oxida-
tion, it was activated before the admission of the reac-
tion mixture onto the sample. Activation consisted in
the consecutive treatment of the copper foil in oxygen
(20 min, 5 mbar, and 670 K) and in methanol (10 min,
0.2 mbar, and 670 K) [12]. The whol e activation proce-
dure (10 cycles) was carried out in the preparation
chamber of the spectrometer. Upon activation, evacua-
tion of the gas phase and coolingto T = 420 K, the sam-
ple was put into a high-pressure cell, where the station-
ary flow of the reaction mixture was maintained with a
total pressure of 0.1 mbar and a O,/CH,OH reactant
ratio of 1 : 3). Then, the sample was heated linearly
with simultaneous registration of the complete set of
mass spectra and photoelectron spectra Ols and
Cu2p;,p3/2.

Figure 2 showsthe dependences of the product yield
on the sample temperature. The yield of the reaction
product is characterized by the intensity of the corre-
sponding mass spectrometric signal. In complete agree-
ment with published data[9], the yield of the key reac-
tion product, formaldehyde, is rather low in a range of
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temperatures close to room temperature and drastically
increases at T > 500-550 K. Detailed analysis of the
composition of products formed in the reaction and
their ratios allowed us to draw some conclusions on the
reactions occurring under these conditions. The reac-
tions of selective and complete oxidation of methanol

2CH30H + 02 —— 2CH20 + 2H20, (I)

areidentified by the formation of formaldehyde, carbon
dioxide, and water (Fig. 2). Carbon monoxide and
hydrogen found in the reaction products suggested the
occurrence dehydrogenation reactions:

CH;OH —» CH,O + H,, (1)
CH;OH —» CO+ 2H,. (IV)

The reaction with the formation of formaldehyde
dominates. The low concentrations of CO and CO,
compared to the concentration of formaldehyde in the
reaction products are also notable. Thisimpliesthat the
selectivity of the sample toward formadehyde, a key
product, is high. The selectivity was determined by cal-
culating the ratio of the formaldehyde signal intensity
to the overall intensity of signals from al carbon-con-
taining products: ~80%.

Automation of the spectrometer [13, 14] made it
possible to record consecutively the XPS spectra Ols
and Cu2p;;, and compare each spectrum with the sam-
ple temperature and the signal from the mass spectrom-
eter. The sample heating ramp (0.2 K/s) was chosen to
keep the temperature in the course of recording one
spectrum within 10 K. Further analysis of spectra con-
sisted in comparing, summing, and averaging severa
consecutive spectra provided that the shape of spectra
remained the same in a certain temperature range. This
made it possible to reduce the signal/noise ratio.

Figure 3 shows a series of spectra O1s recorded
in situ in the course of the experiment for which mass
spectrometric data are shown in Fig. 2. It can be seen
that al the spectra consist of two signals with binding
energies 530.1 and 531.2 eV, whose intensities change
with the sample temperatures. Two spectra decom-
posed into components are given as an example. At the
beginning of heating, the first line dominates (E, =
530.1 eV). The second line grows with further heating
to 520K (E, = 531.2 eV). Recal that, in the same tem-
perature range, the intensity of the mass spectrometric
signal characterizing formaldehyde also starts to
increase (Fig. 2). However, before comparing the cata-
lytic properties with the intensity of the signal O1s, we
identified these signals.

I dentification of Oxygen States
ThesignalsOlswereidentified in situ using the pre-
cision recording of the complete set of photoelectron
signals (Ols, Cl1s, Cu2ps,, CulLVV) a the initia
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Fig. 3. The Ols spectrum of the methanol-oxygen system
on copper at different temperatures.

(420 K) and final (670 K) temperatures and comparing
them to the respective spectra of surface species known
for the system under consideration [15-18]. The use of
the Auger line of copper for the analysis of oxygen
states instead of the photoel ectron line Cu2p;,, was due
to the higher sensitivity of the CuLVV spectrum to the
charge state of copper atoms. Nevertheless, the spectra
Cu2p;,, were recorded in each experiment to determine
their intensity. Theintensitieswere used to calculate the
concentrations of oxygen on the sample surface.

Figure 4 shows Ols photoelectron spectra and
CuLVV Auger spectra of various oxygen states
involved in the composition of copper, CuO and Cu,0,
and oxygen adsorbed on the copper surface (O.y).
Adsorbed oxygen was obtained by O, adsorption at
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300K and 10~ mbar for 5 min. A bulk Cu,0 sample
was obtained by treating the clean copper surface with
oxygenfor 30minat T=670K and Py, =5 mbar. Sam-

ple treatment in more severe conditions (Po, = 10 mbar,
T=720K, and 30 min) leads to the formation of CuO.

It can be seen that adsorbed atomic oxygen is char-
acterized by theline O1swith E, = 529.7 €V, oxygenin
the composition of Cu,O is characterized by the line
with E, = 530.4 eV, and oxygen in the composition of
CuO is characterized by the line with E, = 529.6 eV.
These results are in complete agreement with literature
data [15, 17] and were further used in identifying the
oxygen state. Theratio of lineintensities O1s/Cu2p;, =
0.0145 obtained in our experiments also agreeswith lit-
erature data: for adsorbed oxygenitis closeto the anal-
ogous value (0.014) observed after the saturation (© =
0.5 ML) of the Cu(100) surface with oxygen [16]. Tak-
ing into account the factor of atomic sensitivity, the
ratio of intensities O1s/Cu2p;;, for Cu,O suggests the
stoichiometry O: Cu=1: 2.

In this system, several carbon-containing species
can be formed which are intermediates in the catalytic
reaction. Methoxy and formate species should be given
attention first. It is well-known that these species are
efficiently formed in the course of coadsorption of oxy-
gen and methanol at temperatures close to room tem-
perature. Under these conditions, both methoxy and
formate groups are stable on the copper surface and can
easily be identified by physical methods, such as XPS,
TDS, and STM [5, 6]. Figure 5 shows Cls and Ols
spectrarecorded in situ in the course of O, and CH;OH
coadsorption at T=300 K, areactant ratio of 1: 3, and
atotal pressure of 5 x 10 mbar. Such a low pressure
was chosen to prevent copper surface oxidation and
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Fig. 4. (8) Photoelectron spectra O1s and Auger spectra CuLVV obtained for theindividual states of oxygen on the copper surface.
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Fig. 5. Photoel ectron spectra (a) Clsand (b) Olsrecorded under stationary conditionsat the (2) initial (420 K) and (3) final (670 K)
temperature of thein situ experiment. Spectrum 1 was recorded after the model preparation of the methoxy and formate groups on

the sample surface.

Cu,O formation. In the C1s spectrum, two peaks with
E, = 285.2 and 287.7 eV were observed, and the Ols
spectrum contained two peaks with E, = 530.1 and
531.5 eV (Fig. 5). Thisled us to conclude that surface
species that contain both carbon and oxygen are
formed. The values of C1sand O1s peaks with binding
energies of 285.2 and 530.1 eV are characteristic of
methoxy groups, whereas the other two lines can be
assigned to formate groups [6]. The O15/Cl1s intensity
ratio of the corresponding peaksis also closeto the sto-
ichiometric values for methoxy and formate groups.

Figure 5 also shows the Cls and Ols spectra
recorded in situ before (T = 420 K) and after heating
(T =670 K) of the clean copper surface under condi-
tions of catalytic reaction testing. It is seen that spectra
recorded at 420 K (Fig. 5, spectrum 2) are amost iden-
tical to the spectra of the copper surface containing a
mixture of methoxy and formate groups. The only dif-
ference is a weak peak with E, = 534.5 eV, which
belongs to gas-phase methanol. Note also that the
Auger spectrum CulLVV is centered at E,;, = 918.7 eV
pointing to the metallic state of copper. These data sug-
gest that at T = 420 K the sample surface is mostly cov-
ered with methoxy groups and there are not many for-
mate groups.

When identifying the states of oxygen in the Ols
spectrum recorded at T = 670 K (Fig. 5, spectrum 3),
oxygen-containing species should only be taken into
account, because no peaks are observed in the Cls
spectrum. The second fact that should be taken into
account is that in both cases (at 420 and 670 K) the
Auger spectra do not contain signals belonging to cop-
per ions. Small shiftsin the values of binding energies
of some components are also notable; the first line is

centered at E, =529.8 eV (instead of 530.1 €V) and the
second line is centered at E, = 531.2 eV (instead of
531.5 eV). Taking al these facts into account, we
assume that the component with the lower value of the
binding energy in the O1s spectrum may belong to the
adsorbed atomic oxygen.

The identification of the second O1s peak with E, =
531.2 eV is a more complex task, because none of the
oxygen states has close binding energies. Although the
value of E, is close, the absence of the corresponding
Clssigna does not allow usto assign thisO1s peak to
formate. This line can be identified if we take into
account resultsreported in[12], where the authors stud-
ied this system under similar conditions by in situ
XANES. It was shown that metallic copper is activein
the reaction of selective oxidation of methanol to form-
aldehydeif it contains oxygen in only one state, which,
unlike all other oxide states of oxygen has no band in
the XANES spectra near the absorption edge (photon
energy of ~531 eV). This led the authors to make an
assumption that copper suboxide is formed. Following
thisconclusion, itislogical to assign the O1sband with
E, = 531.2 eV to suboxide oxygen. The correctness of
such an assignment is supported by two facts: the for-
mation of this state occurs only under the action of the
reaction medium and only on the metallic copper sur-
face. The latter conclusion is based on the absence of
the white line in the XANES spectra of the L-edge of
copper absorption [9, 12], and the value of the kinetic
energy of the Auger spectrum CulLVV (918.7 eV) is
typical of metallic copper asit was found in our exper-
iments.
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DISCUSSION

As follows from the above data, depending on the
sample temperature, various species can exist on the
copper surface: methoxy and formate species, adsorbed
atomic oxygen, and oxygen in the composition of cop-
per suboxide. To discuss their effect on the catalytic
properties of copper in the reaction of selective oxida
tion of methanol to formaldehyde, it is necessary to
compare their surface concentrations with the yield of
formaldehyde.

Figure 6 shows the temperature dependence of the
yield of formaldehyde (the intensity of the mass spec-
trometric signal) formed in the course of the reaction of
oxygen and methanol (1 : 3) at a total pressure of
0.1 mbar. This is compared with the intensities of the
signalswith E, ~ 530 and 531 eV, which are normalized
with respect to the intensity of the Cu2p signal. Asis
known, an intensity ratio | ly,¢/lc,,, Of 0.014 corre-
spondsto 0.5 ML coverage. Note that, in the point with
T =420 K, the signal with alower value of the binding
energy refersto methoxy groups. At T=670K, it refers
to the atomic adsorbed oxygen. At the same tempera-
tures (420 and 670 K), the signals with high values of
E, refer to formate groups and suboxide oxygen,
respectively. At the same time, at some intermediate
temperatures, all the cited species may coexist before
the adlayer would completely change its composition.
Unfortunately, insufficient energy resolution of the
spectrometer and the impossibility of registering many
spectral regions in the course of relatively fast sample
heating prevents the analysis of the intensities of sepa-
rate signals in the course of heating. That iswhy Fig. 6
shows only integral (paired) dependences of the inten-
sities of O1ssignals on the temperature.

Nevertheless, drastic changes in the intensity
observed in two temperature ranges, 450-520 K and
>550 K, and analysis of literature data on the thermal
stability of various surface species make it possible to
draw some conclusions regarding their responsibilities
for such a behavior. A drastic decrease in the intensity
of the component with E, ~530¢eV at T > 450K ismost
likely due to the disappearance of methoxy species,
which decompose at temperaturesthat are alittle higher
than room temperature [6]. Suboxide oxygen isformed
on the surfacethat isfreed, and the concentration of this
species practically reaches the monolayer coverage at
T =520 K. Further heating of the sample causes agrad-
ual decrease in the concentration of suboxide oxygen,
which is accompanied by an increase in the catalyst
activity: theyield of formaldehyde gradually increases.
This allows us to assume that it is the suboxide state of
oxygen that is active in the formation of the key product
of the reaction of selective methanol oxidation. A con-
stantly high intensity of the signal with E, ~530 eV in
the temperature range 520670 K most likely points to
the existence of the adsorbed atomic oxygen under the
reaction conditions. It is known that it is adsorbed
atomic oxygen that substantially increasesthe ability of
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copper to adsorb methanol in the form of methoxy
groups [19, 20]. The concentrations of other surface
species are below the sensitivity of the XPS method,
and this prevents the analysis of their effect on the cat-
alytic activity of copper.

CONCLUSION

Comparative analysis of the catalytic properties of
copper and the composition of adsorbed layers allowed
us to distinguish three temperature ranges where the
sample behavior changes substantially (Fig. 6):

() The low-temperature range. In this temperature
range the sample surfaceis covered by methoxy species
and partly by formate species, which block the surface
and prevent the adsorption of other reactants (e.g., oxy-
gen). The catalyst remains inactivein all reaction path-

ways.

(I1) The range of intermediate temperatures. In this
range, the composition of the adsorbed layer changes.
Methoxy and formate species leave the sample surface
and are replaced by suboxide oxygen. The adsorbed
layer becomes active toward formal dehyde formation.

(111) The high-temperature range. A drastic increase
in the sample activity is accompanied by a substantial
decrease in the concentration of suboxide oxygen,
which is probably the speciesthat is active in the selec-
tive oxidation of methanol to formal dehyde.

The correlation of catalytic properties of copper in
the reaction of methanol oxidation to formaldehyde
with the concentration of suboxide oxygen motivates a
further detailed study of its nature by a complex of sur-
face-sensitive methods.
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