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We have investigated the role of intermolecular interactions, surface site heterogeneity, and surface diffusion
on the desorption of methanol from the oxidized and reduced surfaces of (001) oriented, epitaxially grown
WO; films on Al,05(1102) substrates. Ultraviolet photoelectron spectroscopy (UPS) showed that methanol
adsorbed molecularly on the oxidized \W/€urface but dissociatively on the reduced surface. On both surfaces,
calibrated thermal desorption spectroscopy (CTDS) showed the desorption of methanol as an asymmetric
peak that shifts to lower temperature with increasing coverage, behavior that is typical of water and alcohols
on other oxide surfaces. X-ray photoelectron spectroscopy (XPS) was used to characterize the surface by
monitoring the W4f and valence-band region; STM studies indicate that the surface is heavily stepped. Monte
Carlo simulations including surface heterogeneity and rapid diffusion effects are consistent with the observed

desorption spectra.

I. Introduction (CTDS)® combined with Monte Carlo simulations to explore
the role of the surface heterogeneity, the interaction between
the adsorbates, and the surface diffusion of adsorbates during
desorption.

Pure WQ is a good insulator; however, it has been thoroughly
studied as a semiconducting matéad? since defects, par-

Desorption from surfaces is a well-known and fundamental
phenomenon in catalysis, widely used to study the energetics
and kinetics of adsorption, desorption, and surface chenfistry.
Although desorption spectra on metals typically focus on the

decomposmotr)w react;on”s 3”3 dejg;ptlonl If<|n?t|cs,_':_t;1e des.’orﬁ’t'é)nticularly oxygen vacancies and crystallographic shear planes,
process can be controlled by additional factors. 1hese Include ., easily create variable tungsten oxidation states. In our

surface diffusion, the surface I_’neterogeneny, an_d the interaction aboratory, WQ-based sensors have been studied for potential
between adsorbates, depending on the chemical properties o

se in nerve agent (sarin and taban) deteéti$tusing dimethyl

the adsorbate_s and the surfaf:e structures of the _adsorbent. methylphosphonate (DMMP) and other organophosphonates as

The adsorption and desorption of methanol on different metal gjmulants of these warfare ageRtThe decomposition and loss
oxide surfaces have been extensively stutligds the simplest ¢ methoxy groups on Weis similar to the surface chemistry
alcohol, as a probe molecule for surface acidity, and as ang; pMMP on other metal oxide surfacd&:30 However,
important reagent for the production of formaldehyde. The nowledge of the decomposition products of the methoxy groups
desorption of methanol is usually characterized by a large gng details of the reaction mechanism on most surfaces are
temperature span and a long tail on the high-temperaturé$ide.  |imjted. To interpret the decomposition and reaction mechanism
Surface diffusion, interactions between adsorbed methanol 5¢ pvMP on the WQ surface®! it was necessary to study the
molecules, and the surface adsorption site heterogeneity maygrface chemistry of methanol on W his also motivates the
all play a role in producing this desorption profile. The surface present study.
heterogeneity results from metal oxides’ sensitivity to the surface ' e experiments were performed on two different kinds of
treatment and subsequent defect formation such as oxygengyrfaces: the gently sputtered surface and the surface oxidized
vacancies and stepped structures. in oxygen after sputtering. X-ray photoelectron spectroscopy

Similar desorption features are widely observed for water (xps) was used to characterize the surface by monitoring the
adsorption on metal oxide surfaces® However, there are only  \w4f and the valence-band regions. Ultraviolet photoelectron
a few detailed studies of the role of the microscopic factors spectroscopy (UPS) was used to monitor the adsorption state
involved in the desorption proceXs:® Most previous theoreti-  of methanol on the Wgi001) surface. Calibrated thermal de-
cal simulations of desorption were limited to simple diatomic sorption spectroscopy (CTDS) was used to monitor the reaction
molecules on homogeneous metal surfaces assuming fast surfacgroducts and quantify the absolute coverage during the desorp-

diffusion.16~17 _ _ tion processes. This study shows that surface heterogeneity and
In this paper, we Stqdy the adsorption and desorption of diffusion play important roles in the desorption of methanol.
methanol on the sapphire single-crystal supporteds{Q1L) As far as the surface reaction was concerned, no other reaction

surfaces using calibrated thermal desorption spectroscopyproducts, for instance, dimethyl ether, were detected.
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by RF magnetron sputtering of a pure tungsten target in a 50/ During adsorption, the surface was cooled to 140 K and
50 oxygen/argon atmosphere at a total pressure af #03 positioned +2 mm away from the doser, where the flux is
mbar in a thin film deposition systefd The 500-A films were uniform 8 After dosing, the sample was rotated toward the mass
grown at 1 A/s with the substrate held at 773 K. The structure spectrometer cone and positioned within 1 mm before starting
of the film and the surface morphology have been studi&d the desorption experiment. Therefore, interference due to
using reflection high-energy electron diffraction (RHEED), desorption from the wall, the edge of the tantalum block, and
X-ray diffraction (XRD), transmission electron microscopy the manipulator can be ruled out. CTDS data were acquired
(TEM), and scanning electron microscopy (SEM). under computer control, recording up to eight masses.

All of the spectroscopic experiments were performed in a 1 he major contaminant on the surface, after introducing the
separate stainless steel vacuum chamber, which was pumped@mple to the analysis chamber, was carbon. XPS showed a
by a turbo molecular pump and an ion pump to a base pressurg@ther strong C 1s peak before cleaning. The &@face was
of 5 x 10-1mbar. The system is equipped with a differentially Cleaned by Af sputtering (10Q¢A beam current, 500 eV) until
pumped mass spectrometer, sputtering gun, concentric hemithe C 1s signal was reduced below the XPS detection limit.

spherical electron energy analyzer, dual-anode X-ray source,Méanwhile, sputtering preferentially removed lattice oxygen,
and differentially pumped UV lamp. resulting in the “reduced surface”. The sputtered surface was

The mass spectrometer (Balzers QMG 112 A) is mounted in treated in oxygen at approximately 0.2 mbar and 30Gor 2

a cylindrical shroud, which is coaxial to the ionizer and h to produce the “oxidized surface”.

quadrupole. The shroud extends to a translatable conical shroud .UPS and. XPS measurements were made at normal emission
. e . - with a hemispherical analyzer (Leybold EA-10). For XPS, the
in front of the ionizer with a 3.63-mm-diameter aperture at the

Mg Ka source (Perkin-Elmerp 32-095) was operated at 15

end. At :Tett:ond turl;)kc]) molecular {oumpt (3(;0 L_/s) V_VI_?]S u;ed %ev and 100 W, incident at 45with respect to the surface
separatély 1o pump the mass Spectrometer housing. 1he SArouQ, 5| the pass energy was fixed at 20 eV for detailed scans

geometry was design&tso that the following properties were and at 100 eV for survey scans. For UPS measurements, a UV

achieved: (1) a linear relationship between the pressure in theIamp (Leybold UVS 10/35) produced He(ll) radiation (40.8 eV)

ionizer and the mass spectrometer signal over 4 orders Ofincident at 48, and measurements were made at a pass energy
magnitude; (2) sensitivity to 20 molecules/(crhs) flow rates of 10 eV cor}esponding to a resolution of 0.2 eV

(Nl.(TS monolayer); (3) a time constant of appro_ximate_lys_ms Curve fittings of XPS spectra were performed with the
forinert gases; and (4) a Iar_ge_“pumpmg-speed immunity” (|.e.,_ freeware XPSPEAK 4.0 by Kwok using the sum of Gaussian
a weak dependence of the ionizer region pressure to changes ™nd Lorentzian functions as the model function. During fitting,
the pumping speec_j at the turbo pump inlet). the peak area ratio of W44 to W4f;,, was constrained to 0.78

The WQJAI,05(1102) sample was mounted on a 1&m  on the basis of the calculated cross sections by ScoHeldd
tantalum block by spot welding thin tantalum foil strips over the spin-orbit splitting was fixed at 2.1 eV.
the edges of the Sample. The tantalum block was then spot Oxygen (99997%) and argon (999996%), both from Airco
welded to 0.5-mm-diameter Ta wires, which were welded to Specialty Gases, were used for oxidizing and sputtering the
Ta rods. The rods were electrically isolated from a liquid surface, respectively. Methanol (EM Science99.8%) was
nitrogen-cooled copper block by a sapphire wafer (0.7 mm purified using freeze pump-thaw cycles. The mass spectrum
thick). of the further purified methanol sample showed that the rise in

The sample could be resistively heated to 800 K and cooled the intensity at mass 18 due to water was less than 12% of the
to 140 K with this design. A K-type (nickelchromium vs intensity at mass 31 of the most intense methanol fragment and
nickel-aluminum) thermocouple was spot welded on the back that significant peaks due to other compounds were not
of the tantalum block to monitor the sample temperature. observed.

A microchannel array doser is aligned with the mass _II. B. Theoretical Methods. We now describe the Monte
spectrometer. The doser is connected through a positive shutoffcarlo model developed for the simulation. The catalytic surface
(PSO) valve to a known-volume gas cell whose pressure is Was represented by a squarexLL lattice of adsorption sites
monitored by a spinning rotor gauge. The effusion rate of the With periodic boundary conditions. The desorption rate for a
PSO valve (18 molecules s at 10 mbar) provides a flow ~ Molecule in the typé local adsorption configuration is given
rate comparable to the desorption rate in a typical desorption by
experiment. This dosing system can be used to calibrate the E.
mass spectrometer, for compounds that do not stick to the doser, ratg = vy; ex;{— i) Q)
by monitoring the pressure in the gas cell versus fitne. ’ kT,

For sticky gases, the calibration of the mass spectrometerWhere%i is the preexponential factor afi, is the activation

required a more complicated procedure. The flux impinging on ) o X
the entrance aperture of the mass spectrometer shioes, energy of desorption, which is defined by

P/v2xmKkT given by the kinetic theory of gases is valid at the E.=E.°+N_.E (2)
pressures utilized here. We assumed that the detector current, T antnn

| SEM= | FG, is proportional to the flux| SE = cI", wherel F Here, Eq 0 is the activation energy for the desorption of an
is the current measured with the Faraday plate @nd the isolated molecule from sité Ny, is the number of nearest-
SEM gain. Thus, the calibration factar= (I 7/P)G,/27mkT,,, neighbor adsorbates of tite molecule, andE,, is the interaction

for a given mass fragment (at the chamber calibration temper-energy between nearest neighbors. Only the nearest-neighbor
atureTcy) includes the pumping speed through the ionizer (at interaction was considered in these simulations. The sign
the calibration temperature), the ionization cross section, andconvention made foEy, is that Eq, is positive for attractive

the mass spectrometer’s transmission efficiency. The detectioninteractions and negative for repulsive interactions. In the
efficiency is included in the gain, measured on a day-to-day simulation, the preexponential facteg; was assumed to be
basis. identical for all of the adsorbates with different local configura-
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tions. For a homogeneous surface modelEal are identical, properties of WQ@films grown onr-cut sapphire substrates are
whereas for a heterogeneous surface modeEffevalues were very sensitive to the growth conditions. Reflection high-energy
randomly chosen from a distribution. For example, for a normal electron diffraction (RHEED) in transmission and glancing
distribution, the mearEq and standard deviatioAE param- incidence X-ray diffraction (XRD) show that the W@ims
etrized the distribution. made at the conditions described above are grown in the highly
Diffusion and desorption were treated as two competitive oriented monoclinic phase with the (001) planes (of the nearly
surface processes. We controlled the relative diffusion and cubic structure) parallel to the sapphire substrate suffate>
desorption rates by introducing a paramater R/(R + 1), Scanning electron microscope (SEM) images of the cleaved edge
whereRis the ratio of diffusion attempts to desorption attempts of the film show that the film, as deposited, is very dense,
and 0< r < 1. This definition ofr means that the probability =~ whereas TEM measurements indicate that pores, if present, are
of diffusion is higher for large. R is in principle determined less than 1 nm in widtf However, heavily stepped structures
by the difference in the activation energy between diffusion and and domains were observed in scanning tunneling microscope

desorption processes. (STM) images? Annealing in oxygen at high temperatures can
The Monte Carlo algorithm is formulated as follows: smooth the surface significantfy.Before CTDS experiments,
(1) Randomly populate the Lx L lattice sites withNp the surface was heated at 4 K/s to 800 K in vacuum several

adsorbates at the initial surface coverdigegf, = No/L?) and times until no desorption was observed.

initial temperatureTo. XPS Characterization of the WO5(001) Surfaces.Two

(2) Randomly choose a molecule on the lattice. Select a types of surfaces were produced for this study: the sputtered
random number between 0 and 1, and attempt diffusion if it is syrface and the oxidized surface, which was produced by treating
less tharr, or attempt desorption otherwise. For the dif_fusion the sputtered surface in oxygen at high temperature. XPS was
test, step 3 will be performed, whereas for the desorption test, employed to characterize these surfaces by analyzing the W4f
step 4 will be conducted. and valence-band regions.

(3) For the diffusic_m test qf a cho_sen mol_ecule, randomly Two types of oxygen exist on the bulk terminated (001)
choose a nearest-neighbor site. If it is occupied, return to StePg rface: terminal oxygen and bridging oxygen. Figure 1A shows

2. ”dit is emptg, th;’n the m(())Iecuollelju_mﬁ)s intohthe new Ifite ifa {he structure of monoclinic W Because the deviations from
random number between O an is less than ei/kT), the cubic Re@structure are very smalp(= 90.9; a= 0.730

yvhere an energy differencAE < 0, corrtlasponds.to afavorab_le_ _nm, b = 0.754 nm,c = 0.769 nm)%3" the (001), (010), and
jump between the chosen nearest-neighbor site and the '”'“"’“(100) orientations are present in the epitaxial film; however,
site. Then return to stfep 2. . . the (001) face is prevaleft. As in previous single-crystal
(4) For the desorption test, the desorption probability was studies?®3°we refer all surface structures to the idealized cubic
calculated by structure and make no distinction between the (100), (010), and
(001) surfaces. In the nonpolar c22) surface, shown in Figure
Dy =V -exp(— E)At 3) 1B, half of the terminal oxygens are_removed to proqluce a
di di KT stable, charge-neutral surfa@&? Sputtering may preferentially
remove oxygen, either in the terminal or bridging positions, to
where the time stepht was decreased until the shape of the result in a reduced, disordered surface. Formally, the five-
spectrum converged. A linear program was used for the coordinate tungsten cations, with missing terminal oxygens, are
temperaturd = T + SAt, wheref is the ramp rate. Desorption  in the 5+ oxidation state. However, annealing the surface would
occurs if a random number between 0 and 1 is less fhan also be expected to produce shear plane structures, which also
The desorption tests were counted by a parameatgy, that result in reduced formal cation oxidation states. At shear plane
was set equal to the number of adsorbates on the lattice at theboundaries (see Figure 1C) in which an octahedron has two
beginning of each temperature step, angy was decreased  corner-sharing and two edge-sharing octahedra neighbors, the
by 1 for each desorption attempt (whether a desorption eventcations would also be in thet5formal oxidation state. Removal
occurs or not). Onceyiy desorption attempts were tested, the of the terminal oxygen from the cation at the shear plane would
temperature was increased B = SAt. Since the diffusion formally produce a 4 oxidation state.

test does not affect the rate that the surface temperature Figure 2A shows a W4f XPS spectrum for the epitaxially
increases, the rati®k controls the extent to which surface  grown film following introduction to the analysis chamber. Only
equilibrium can be established. The desorption rate was the WAt spin—orbit doublet contributes to the spectrum. The

calculated byR = AN/At, whereAN is the number of molecules  \wa4f XPS spectra for the ion-sputtered or thermally treated
that desorb. The simulation was conducted in MathCad versionsyrfaces (Figure 2BD) are complicated by the emergence of

2000. Initial simulations utilized lattices with 100 100 SiteS, new bands in the lower b|nd|ng energy region, whose in-

but larger 200x 200 lattice sizes were then used for production tensity depends on the extent of surface treatments. At present,

runs. The time Step was varied between 0.1 and 0.5 s to teSftWO mechanisms have been proposed to interpret the WAf
the convergence of the algorithm. Fat > 0.5 s, significant spectrum.

peak shifts were observed; therefore, a time stefitof 0.2 s
was utilized for the spectra shown. Comparisons were also made,
to the direct numerical solution of the corresponding Polanyi
Wigner equation for appropriate cases (i.e., in the rapid diffusion
limit).

The first mechanism, which originates from many-body
ffects, supposes that, when the electrostatic interaction between
the core hole, after photoionization, and an electron in the
conduction bantt is strong enough to exceed the width of the
conduction band, the conduction-band state can be pulled down
into the gap to form a localized state, trapping the conduction
electron. Two final states can be evolved, depending on the

Ill. A. Experimental Results. Characterization of the WO3 occupancy of the localized state; if the trap is occupied, final-
Films after Initial Growth. Previous studies in our laboratory  state screening results in a lower apparent binding energy (i.e.,
show that the structure, the stoichiometry, and the electrical the “screened” final state) compared to that of the “unscreened”

I1l. Results
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Figure 1. (A) Structure of monoclinic W@shown as a corner-sharing
octahedra. Small tilting and distortions of the octahedra result in the
W,4O12 unit cell shown. (B) Model of the c(% 2) nonpolar structure
WO3(001) surface (periodicity referenced to the idealized, cubicReO
structure). (C) lllustration of the approximately 3.7-A V@—W Binding Energy (eV)
distances in the WgO01) face and the shorter@.6-A) W—w Figure 2. (A) W4f XPS spectrum of a fully oxidized W&film (solid
distances at crystallographic shear (CS) boundaries (indicated by thejine) after growth and introduction to the analysis chamber. (B)
heavy line). Spectrum for a W@film after sputtering and oxidation in 0.24 mbar
O, at 300°C for 2 h fit with W8+ and WP d! final-state spir-orbit
final state in the case when the trap is empty. For this split doublets (dashed curves). (C) Spectrum of ah gputtered (500
mechanism, two final states are possible from the same initial €Y. 100uA beam current, 110 s) WiXurface fit with W*, We* d,

S oo : : nd Wt d? final-state spir-orbit split doublets (dashed curves). (D)
Sglc()jr?ttlﬁg Sétl?atg’r ggcjjtehnesirte;;ﬁglaerI?rtlznligr:inli\;glm are dependentgpectrum of a heavily sputtered surface fit witf w5+ dt, and Wr*

) ) ) o final-state spir-orbit split doublets (dashed curves). The peak
The second mechanism assigns the features to different initialparameters for fits to the final and initial state models are given in

states. Lower oxidation state tungsten species are assigned tdables 1 and 2, respectively.

W5t and W, following mild ion sputtering or thermal

treatment and, additionally, to metallic Wfrom extensive c(2 x 2) terraces and regions of high tunneling probability

sputtering?%-43-46 Hence, in this mechanism, the W4f spectrum (“bright rafts”) on more reduced surfacés.

is fit with up to four different spir-orbit doublets representing Figure 2B-D shows W4f XPS spectra for the oxidized,

differentinitial states (formally V", W5*, W4, and W). reduced, and heavily sputtered surfaces, respectively. We note
The final-state screening mechanism has been favored forfirst that the spectra can be fit in a manner consistent with both

the interpretation of core-level XPS spectra for sputtered and the final-state screening mechanism and the initial-state model.

annealed W@g(001) single-crystal surfaces that were also The spectrum of the oxidized surface, shown in Figure 2B, was

characterized by LEED and STR.Dixon et al3® found that fit with two spin—orbit doublets assigned to thé& final state

significant differences above the valence band (i.e., in the gap of W6™ (W4f;, BE = 35.8 eV) and the unscreened fihal

of stoichiometric WQ), as measured with UPS, could be state of W (W4f;, BE = 33.9 eV). The spectra in Figure 2C

correlated with formation of “troughs” running across the and D were fit with three spinorbit doublets assigned to the
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TABLE 1: Parameters Obtained from Fitting the
Final-State Model

surface
surface  oxidation  binding energy fwhm  composition
studied state (W4f7p2) (eV) (ev) (%)
as-grown Vgt 35.7 1.46
oxidized WP 33.9 1.61 19
after WAt 35.8 1.50 81
sputtering
reduced W d? 31.8 1.15
W5 dt 337 2.46 44
we+ 35.7 2.36 56
heavily WA d? 31.6 1.21
reduced Wt dt 334 2.76 55
WE* 35.7 2.33 45
TABLE 2: Parameters Obtained from Fitting the
Initial-State Model
surface
surface  oxidation binding energy fwhm  composition
studied state (W4f7) (eV) (eV) (%)
as-grown Vgt 35.7 1.46
oxidized W 33.8 1.52 18
after WAt 35.5 1.52 20
sputtering Vgt 35.8 1.46 62
reduced WY 31.7 1.02 10
W4t 33.7 2.34 34
W5t 355 2.10 11
WeT 35.8 2.40 45
heavily WP 31.6 1.12 29
reduced U 33.7 2.59 29
wWe+ 35.6 2.25 17
We* 35.8 2.44 25

d final state of W (W4f7, BE = 35.7 eV), the unscreened d
final state of W+ (W4f;, BE = 33.7 eV), and the screened d
final state of W+ (W4f;, BE = 31.8 eV). The results of the
final-state model are given in Table 1. Small contributions from
the W 5p level were neglectéd.

The WA4f XPS spectrum shown in Figure 2B can be fit equally
well with three doublets (cf. two in the final-state model)
assigned to W, W5, and W+ on the basis of the initial-state

J. Phys. Chem. A, Vol. 107, No. 9, 2008417
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Figure 3. (A) UPS difference spectra following the adsorption of
methanol on the reduced WOO01) surface at temperatures and absolute
coverages of (a) 140 K, 1.5 ML; (b) 186 K, 0.60 ML; (c) 205 K, 0.55
ML; (d) 250 K, 0.27 ML; (e) 310 K; and (f) 500 K. (B) UPS difference
spectra following the adsorption of methanol on the oxidized;(0QL)
surface after sputtering at temperatures and coverages of (a) 140 K,
1.1 ML; (b) 160 K, 0.83 ML; (c) 187 K, 0.50 ML; (d) 195 K, 0.42
ML; (e) 205 K, 0.40 ML; (f) 220 K, 0.26 ML; (g) 250 K, 0.12 ML;

and (h) 310 K, 0.03 ML. The UPS and corresponding coverage
measurements were conducted separately.

adsorption of methanol in UPS using a He(ll) source; these are
assigned to the 2a 7d, 6d, 1d', and 5& molecular orbitals
within the Cs point group?” If a methoxy group with higher,
Cs, symmetry is formed via the dissociation of methanol, then
the 2dand 74 and the 14 and 5a orbital pairs become

mechanism. Likewise, the spectra in Figure 2C and D can be degenerate; these are assigned to the 2e and le orbitals,
fit with four doublets (cf. three in the final state model) assigned respectively, and 6as designated as the totally symmetrig 5a

to W6, W5, W4+, and metallic W. These fits are not shown,
but the results are given in Table 2.

Valence-band spectra, measured with He(ll) radiation, com-

orbital 2849 Therefore, only three bands are observed for the
methoxy group:0
UPS difference spectra of methanol adsorption on the

pare very well in shape and relative intensity to data shown by WO3(001) surfaces are shown in Figure 3. Figure 3A shows
Dixon et al3® The UPS valence-band spectrum corresponding the spectra for methanol adsorption on the sputtered; WO
to our Figure 2B is essentially identical to the spectrum in Figure surface as a function of coverage and temperature. For multi-

9a of ref 39 for the c(2x< 2) surface with troughs (the STM

layer adsorption, at a coverage of 1.5 ML and 140 K, five peaks

image in Figure 2a of ref 39), whereas that corresponding to are detected at 5.8 eV (28 7.5 eV (78), 10.2 eV (6§, 11.9

our Figure 2C is very similar to the UPS spectrum in Figure

eV (1d'), and 17.4 eV (52 and are associated with the

12a of ref 39 for their sputtered and annealed surface (and themolecular orbitals of methanol. This observation is consist-

STM image shown in Figure 2b of ref 39). The similarity of

ent with the results for methanol adsorption on the aluminum

our XPS and UPS data to that of Dixon et al. and estimates of oxide surfacé,on Cu(110%! and on the aluminum surfaéé,

the substoichiometryx, in WO;_ based upon considerations
given by Chazalviel et &2 lead us to favor the final-state model

suggesting molecularly adsorbed methanol. However, the five
bands evolve into three bands at 5.8 eV (2e), 10.2 eV),5a

for reasons discussed further below. Regardless of interpretationand 17.4 eV (1e), which are assigned to methoxy, for sub-
the spectra of Figure 2B and C and corresponding UPS valenceimonolayer adsorption at surface temperatures above 186 K. The
band regions uniquely characterize the surfaces that were usediecrease in the intensity of the'ljpeak at 186 K, and a further

for the methanol adsorption and desorption experiments.
Adsorption State of Methanol on WO3(001) SurfacesUPS

reduction in intensity at 250 K, suggests that a majority of the
methanol dissociates into methoxy on the reduced surface

is a convenient technique with which to study the adsorption (Figure 3A, spectra be). All of the bands disappeared by
state of methanol. Five bands can be identified for the molecular 500 K.
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LR RS LR LRl LRy LARLN LR el Ry LR and oxidized W@ surfaces show similar behavior in that, with

7x10° - A increasing coverage, the peak temperature decreases but the
high-temperature sides of all of the spectra overlap. Similar
6 Iyt spectra have been observed for both single-crystal and poly-
R T S N 0.092 ML crystalline oxide surfaces for watér'® and methanot.” This
< 5 — 0.054ML 7] common behavior could be attributed to the desorption process
5 or possibly limitations of the conductance of thermal desorption
5 spectrometers used by a number of groups in studyi@ &hd

alcohol desorption since these compounds adsorb on the UHV
system walls.

Although the mass spectrometer is housed in a separately
differentially pumped section of the UHV system and the
pumping time constant for inert gases is designed to be Bms,

placing an upper limit for the methanol pumping time constant
at 100 ms. Compared to the 285 s width of the desorption
curves, the shape is not significantly broadened by the mass
spectrometer electronics or differentially pumped housing

6x10° - . B - the pumping speed for sticky gases is not easy to predict.
i Therefore, we constructed a viton shutter that could be rotated
sk 084ML  — rapidly into position to close the aperture of the mass spec-
. ---0.46 ML trometer shroud. Methanol was admitted to the UHV chamber,
A "-.. o g':)gle\hL — creating a pressure difference of an order of magnitude between
< PN — 0,016 ML the sample and mass spectrometer housing regions. The shutter
E ; : was opened and closed, and the mass spectrometer current
(_5, : responded too quickly to measure with the present electronics,

conductance.
[ERETI RERRAARETI FERRUENENE ARURUANENI ARANE NN . . .
200 300 400 500 600 Ill. B. Theoretical Results. Monte Ca_lrlo simulations on
homogeneous surfaces have been studied by other gtotips.
Temperature (K) Because the barrier to diffusion for simple adsorbates is typically

Figure 4. Thermal desorption spectra of methanol (31 amu signal) on 10% of the desorption barrier, most simulations have included
(A) the reduced WE(001) surface and the (B) oxidized \W001) a diffusion step to equilibrate the surface between desorption
surface. Dosing of methanol was performed at 140 K through a gtens. However, experimental evidence for the desorption of
microarray doser, and the temperature ramp rate was 4 K/s. H,0 from Al,Os(0001)15 suggests that diffusion can be much
slower than desorption on at least some oxide surfaces.
d Therefore, we investigated the effect of the relative rates of
diffusion versus desorption on the coverage-dependent shape
of the desorption curves. We focused on desorption from the
oxidized surface since UPS shows that methanol is molecularly

sputtered surface, the intensity of the peak at 5.5 eV is greatly dsorbed at all dt i Theref first
suppressed, and the band at 7.5 eV due to the lone-pair electron0SOrbea at all coverages and temperatures. therefore, a nrst-
order molecular desorption process is justified.

on the methanol oxygen atom, observed for the reduced surface, i : o _
cannot be resolved. This phenomenon was also observed for The decrease in desorption temperature with increasing
the adsorption of methanol on the zinc-terminated ZnO(0001) coverage, also observed for® on the TiQ(110) surface?
surface in a study by Hirschwald and Hofmafnyho suggest has bgen interprgtgd as due to repulsive interqctions. Howeyer,
that the |one_pair electrons on the oxygen atom are strong|y to achieve a SUfﬂClently Iarge temperature shift at desorpt|0n
perturbed in the adsorption state because of the interaction oftemperatures of 208400 K, the repulsive interaction causes a
the methanol oxygen atom with cation sites. With increasing SPlitting at high coverage. The simulation for rapid diffusion
surface temperature, the UPS spectrum does not change irind repulsive interactions in the homogeneous surface model,
character. Thus, the UPS spectra for the oxidized surface suggestlustrated in Figure 5A, is similar to that in previous studfes
that methanol adsorbs molecularly both in the multilayer and Put is not consistent with the experimental behavior. When
submonolayer adsorption regimes. diffusion is negligible, the desorption curves show a markedly
Thermal Desorption of Methanol on WO53(001) Surfaces. different character, as shown in Figure 5B. For lower coverage,
Figure 4 shows Coverage_dependent desorption spectra Oﬁhe peakS tail to lower temperature, but at hlghel’ coverage, the
methanol on the WJ001) surfaces. In all of the experiments, ~additional repulsive interaction between neighbors leads to a
the fragmentation pattern agreed with methanol. Although a Ssecond peak. Thus, an evaluation of the repulsive interaction
range of mass fragments were monitored, including 28, 29, andModel on a homogeneous surface cannot explain our methanol
30 (formaldehyde), 29, 45, and 46 (dimethyl ether), 28 (CO), results and similar da"*3* with either rapid or negligible
and 44 (CQ), no other products were observed. With the diffusion.
sputtered surface, the peak desorption temperature is 390 K for Because we expect hydrogen bonding interactions between
a coverage of 0.054 ML, where 1 monolayer (ML) is defined methanol molecules (or water) to be attractive, and the case of
to be 18° molecules/cy and decreases with increasing surface negligible diffusion has not been previously reported, we
coverage, as shown in Figure 4A. For the oxidized surface, the compare in Figure 5C and D the cases of rapid and negligible
desorption temperature is 360 K for a coverage of 0.016 ML diffusion, respectively. As expected, the desorption peaks shift
and decreases with increasing surface coverage, as shown ito higher temperature with increasing coverage, which is
Figure 4B. The desorption features of methanol on sputtered qualitatively different from the methanol desorption behavior.

UPS spectra for methanol adsorption on the oxidizedsWO
surface are shown in Figure 3B. Four bands can be identifie
at 5.5, 10.2, 11.8, and 17.1 eV for the multilayer adsorption at
140 K. Compared with the UPS spectra for adsorption on the
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Figure 5. Monte Carlo simulations of molecular desorption on a

homogeneous surface at various coverages, as indicated in the panels,
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Figure 6. Monte Carlo simulations of the first-order desorption on a
heterogeneous surface assuming a normal distribution of the surface
sites with a mean of 70 kJ/mol and a standard deviation of 6 kJ/mol,
a ramp rate equal to 4 K/s, and a preexponential factor-sf10'® s™*

for the indicated coverages with (A) negligible surface diffusion and
no interactions between adsorbates, (B) negligible interactions between
adsorbates but with rapid surface diffusion, and (C) rapid surface
diffusion and repulsive interactions of 3 kJ/mol between adsorbates.

the weaker bound species. We have simulated a distribution of
adsorption sites and varied the ratio of the diffusion versus
desorption rates. The results show that even relatively low rates
of diffusion are sufficient to keep the surface near equilibrium.
Figure 6 shows the results of Monte Carlo simulations of

with a binding energy of 70 kJ/mol, a ramp rate of 4 K/s, and a first-order desorption on a heterogeneous surface. The surface

preexponential factor of = 103 s~ with (A) rapid surface diffusion

site binding energies were described by a normal distribution

and a repulsive interaction of 4 kJ/mol between adsorbates, (B) with an average energy of 70 kJ/mol and a standard deviation
negligible surface diffusion and a repulsive interaction of 4 kJ/mol f g kJ/mol. A temperature ramp rate of 4 K/s and a desorption

between adsorbates, (C) rapid surface diffusion and an attractive
interaction of 4 kJ/mol between adsorbates, and (D) negligible surface
diffusion and an attractive interaction of 4 kJ/mol between adsorbates.

preexponential factor of = 10'® s~ were used. Figure 6A
shows the simulation results for increasing surface coverage with
both the interactions between adsorbates and surface diffusion

Note that when diffusion is rapid compared to desorption (Figure negligible. As can be seen, the desorption temperatures do not
5C) the behavior can also be described by half-order desorption,change with surface coverage, and random population leads to
but for the slow diffusion case, the curves are qualitatively a similar shape for all coverages. By contrast, Figure 6B shows

different.
Nelson et al® analyzed their data for #/Al,03(0001) using

a simulation in which the adsorbate interaction is neglected,
but diffusion is sufficiently fast that an equilibrium adsorption

a distribution of adsorption sites for the case in which the sample state can be established before every desorption event. The
was exposed to saturation coverage and then annealed to removeimulations with rapid diffusion produce desorption spectra with
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overlapping high-temperature tails, which are qualitatively the majority of adsorption sites on the oxidized surface for
similar to the experimental observations shown in Figure 4. A methanol; therefore, the bridging oxygen is the closest potential
simulation similar to that in Figure 6B but with a repulsive Brgnsted base site. However, the bridging oxygen is bonded to
interaction of 3 kJ/mol is shown in Figure 6C. The repulsive two tungsten cations, decreasing the electron density on the
interaction causes the desorption temperature to shift to lower bridging oxygen and resulting in weak Coulombic interactions
temperature, compared with the results in Figure 6B, but resultswith the hydroxyl hydrogen. As far as the terminal oxygen is
in a flat-topped or split peak at higher coverage. concerned, its large distance from the Lewis acid adsorption
If attractive interactions (e.g., hydrogen bonding between site may present a prohibitively large barrier to dissociation.
adsorbed methanol molecules) are introduced on the heterogeThe tungstertungsten spacing is around 3.7 A, which can be
neous surface, then the desorption temperature increases witikompared qualitatively to the maximum oxygesxygen dis-
the coverage as expected (spectra are not shown here)tance for effective hydrogen bonding of 3.55A%8

_Theref_ore, a model vv_ith an attractive interaction is not compat- By contrast, the UPS data clearly shows that on the reduced
ible with the desorption of methanol on these Yérfaces. surface the large majority of methanol adsorbs dissociatively.
I\V. Discussion If the W 4f XPS spectra are interpreted within the final-state
model to imply that only W' sites exist on the (k 1) surface,

as proposed by Jones et &lthen the higher electron density
on the surface (as revealed by a larger intensity in the gap in
UPS measuremen$ suggests an increase in the basicity of

correspondence between the XPS and UPS spectra for thdhe bridging oxygens relative Fo that of the oxidized surface.
WO5(001) surfaces in our study with the data given by Dixon Theoretical calculations regarding the electronic structure 01_‘ the
et al., together with the similarity in surface treatments, provides "educed surface are needed to understand the dissociation
some basis for the structural characterization of our surfaces.Mmechanism fully.
On the basis of their STM studies, we are able to associate the Although we prefer the final-state interpretation of the W 4f
reduced surface with the (% 1) structure with most of the ~ XPS region to the initial-state model (see below), we are not
terminal oxygen removed and the oxidized surface with the aware of independent evidence to exclude the presence of lower
c(2 x 2) structure with troughs. oxidation state species and in particular metallic tungsten
Previous studies have revealed that methanol adsorbs on metagpecies. The presence of metallic tungsten could also account
oxide surfaces with oxygen bound to coordinatively unsaturated for the dissociative adsorption of methanol on the reduced
cation sites via lone-pair electrobfsOn the oxidized surface,  surface. However, the decomposition of methanol on tungsten,
the change in intensity of the 7and 24 molecular orbitals and other metal surfaces, results in the production phrd
localized on the oxygen atom (as shown in the UPS spectra of CO 8961 During CTDS experiments, we did not detect any H
Figure 3) is strong evidence for interaction with a Lewis acid CO, or CQ desorption. Nevertheless, we cannot completely
site. The five-coordinate, formally ¥ sites of the c(2x 2) exclude the possibility of small metallic tungsten clusters, since
surface as well as cations in the troughs, whose detailed structurghe behavior of clusters may differ significantly from the
remains unclear, are both possible Lewis acid sites. Our ability reactivity of a metal surface.
to calibrate the desqrpnon spectrum ano! give absolute coverages |y B, Roles of Diffusion and Surface HeterogeneityThe
allows us to determine that a large majority of exposed cation gynerimental data of Figure 4 cannot be explained by inter-
sites on the oxidized surface act as Lewis acid sites. Noting 516cylar interactions on a homogeneous surface, either with
that the coverage of methanol in _Flg_ure 3B, curves a and b, is or without rapid diffusion. Repulsive interactions lead to peak
a full monolaygr and yet the emission from the aad 24 splitting, and attractive interactions shift the peak to higher
moleculgr orbitals remains supprgssed shows not Only.th,attemperature with increasing coverage. Qualitatively, the hetero-
trough sites may act as Lewis acid sites but also that the majorltygeneous surface model, shown in Figure 6B, is consistent with

of ¢(2 x 2) sites must be r_elat|_vely strong Lewis acid Sites. e coverage dependence of the spectra on the oxidized surface
The presence of strong Lewis acid sites on dehydroxylated, h'gh(Figure 4B), and the overlap of the high-temperature side of

surface area W@powders has also been found by work in our h ks indi hat diffusion | d dtod
laboratory by the Tripp group, using pyridine as a probe the peaxs indicates that diffusion Is rapid compared to desorp-
’ tion. Further refinement of the lattice site adsorption energy

moIecuI_e?S . . o distribution could be performed to more closely fit the experi-
Despite evidence for strong Lewis acid sites, we found that 1
mental data, as done by Nelson et!alhowever, the results

dissociation did not occur on the oxidized surface. Dissociation . . O )
of this weak Bransted acid requires a pair of acid/base sites inwould not provide fundamental information in our case without
ore extensive characterization of the surface structure and

which a lattice oxygen atom acts as the Brgnsted base site. BotH"
bridging and terminal oxygen atoms are possible Brgnsted basemorphology.
sites. The inactivity of the oxidized surface implies that the  The origin of the surface heterogeneity, necessary to explain
basicity of the surface oxygen is too low to dissociate the the coverage-dependent spectra, is most likely associated with
hydroxyl group. Some evidence supporting this argument can the surface structure of the epitaxial films. Experimentally, it
be found in the study of the adsorption of,® on the was found that the W¢g001) surface is characterized by stepped
NaWO5(001) surface using HREELS It was found that water ~ Structures? Sputtering preferentially removes oxygen and
molecularly adsorbed on the tungsten bronze (001) surface withgenerates oxygen vacancy defects, as revealed by the XPS
the oxygen end bonded to the tungsten cation, but no dissocia-spectra. Nevertheless, similar desorption behavior was observed
tion was detected. Since water has a significantly higher acidity in the desorption of KD from a hydroxylatedx-Al,O3(0001)
than methanol, we can conclude that the oxidized surface hassurface by Nelson et &, in which the single-crystal surface
only weak Brgnsted acid sites. was known to be nearly defect-free prior to desorption. The
This observation can be understood from the surface structureindependence of the peak shape and position with increasing
of the oxidized surface. The five-coordinat€@Wsites comprise dose suggests that mobility is poor. Thus, the heterogeneity of

IV. A. Adsorption Site and Species.Dixon et al. have
studied the electronic states of the single-crystal 001)
surface following treatments of sputtering and annealing using
photoelectron spectroscopy combined with S¥VIhe close
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the surface seems to arise during the dehydroxylation processstructure with most of the terminal oxygens removed, then the
not from the initial surface defect structure. large tungstentungsten distance would not favor the coupling
The simulation results imply that neither repulsive nor reaction. However, the interpretation of the coverage-dependent

attractive interactions, and in particular hydrogen bonding, desorption spectra suggests that adsorbate mobility is not the
contribute significantly to the coverage and temperature depend-limiting factor for dimethyl ether production.

ence of methanol desorption from the reduced and oxidized A closer tungstentungsten distance can, however, be
surfaces. Although this seems surprising, the formation of an achieved at shear plane structures. During sputtering and
effective hydrogen bond requires an oxygexygen distance  annealing, the removal of lattice oxygen can also lead to the
less than 3.5 &7:58 For the adsorption of methanol on WO  conversion of corner-sharing octahedra into edge-sharing struc-
surfaces, with molecular adsorption at the tungsten cation (Lewistures, as found in the bulk at crystallographic shear (CS)
acid) sites, the tungstertungsten spacing of approximately 3.7 planes?® Experimentally, the formation of the CS plane was a
A33 is not very favorable for hydrogen bond formation. facile route for the oxidation of the allyl group to acrolein on
Furthermore, molecular dynamics studies of hydrogen bonding reduced W@ surfaces$’ Although we find that the decomposi-

in crystalline and liquid-phase methanol suggest that hydrogention of dimethyl methyl phosphonate (DMMP) on the reduced
bonding can occur only with two nearest neighbors, forming surface produces dimethyl ether, the fact that dimethyl ether
either 1D chains or cyclic chains, which further reduces the was not observed in this study, from the dissociatively adsorbed
possible role of hydrogen bonditfg®4 in the desorption methoxy groups, eliminates the possible role of these sites for
energetics. a surface-mediated coupling reaction.

The UPS spectra showed that the methanol adsorbed mo- IV. D. Interpretation of XPS Data. The W 4f region of the
lecularly on the oxidized surface and dissociatively on the XPS spectra of Figure 2 could be interpreted in at least three
reduced surface. However, the coverage-dependent desorptiomlifferent ways. The initial-state model, involving &\ W5+,
spectra for methanol on both surfaces are qualitatively very W4*, and WP species, could be justified on the basis of apparent
similar, as shown in Figure 4. The main difference is that binding energies of reference compounds. The presence of the
desorption occurs at higher temperatures on the reduced surfaceV®* species is easily understood in terms of fully octahedrally
This implies that desorption from the reduced surface is coordinated cations, whereas théWsites could be ascribed
essentially a pseudo-first-order process. The reasons for this areeither to the cations in the c(® 2) structure with missing
not easily justified. Such behavior is found for the desorption terminal oxygens or to cations along idealized shear plane
of H, from the dissociatively adsorbed hydride state on the structures. The assignment of the"Wépecies is less clear but
Si(100) dimer$> The first-order behavior in the silicon hydride  could be attributed either to cations along shear planes that are
case is thought to be due to the poor mobility of the hydride missing terminal oxygens or to regions of \W@he reduction
species and that the close proximity of the two hydrides leads of WOz to WO, is thought to be unlikely under vacuum
to a concerted desorption process. Although the simulation reduction conditions, according to X-ray diffraction experi-
shows clearly that the diffusion ahethanolon the oxidized ments®® However, we are not aware of any other independent
surface is relatively fast compared to desorption, this does notevidence for the formation of Wunder the conditions of the
necessarily imply that thenethoxyspecies is mobile on the  experiment, and the reactivity toward methanol, as noted above,
reducedsurface. is not typical of tungsten metal.

As discussed above, the dissociation of methanol probably The interpretation of the spectra in terms of final-state
requires a local acid/base pair site configuration favorable for screening effects, consistent with that of Dixon et3ais in
dissociation of the hydroxyl group. A highly mobile methanol good agreement with other information we have regarding the
precursor state could then dissociate at a strong Brgnsted baseroperties of our epitaxial films. First, comparing the splitting
site, which retains the proton in close proximity to a more between the screened and unscreened final-state levels to the
strongly bound methoxy group. The assumption that a strongerempirical data given by Chazalviel et*dffor a range of sodium
Lewis acid/Brgnsted base site pair is required for the dissociationbronzes, the substoichiometry,in our WG;_ films would be
of methanol is supported by the higher desorption temperatureapproximately 0.05. Second, the relative intensity in the gap to
of methanol on the reduced surface. Thus, the methoxy canthat in the valence-band region, again according to a theoretical
desorb in a pseudo-first-order process as methanol by combiningrelation given by Chazalviel et & predicts a substoichiometry
with the neighboring proton. of a few percent. Third, the ratigi, of the intensity of the

IV. C. Reaction Mechanism on the Reduced Surface. unscreened final-state feature to that of the screened final state

During the CTDS experiments, both on the reduced and oxidized Was found empirically to behave As= 0.75¢ ~ *3by Chazalviel
WO3(001) surfaces, methanol is the only desorption product €t al.;/> which predicts ratios between 2 and 3.5 for= 0.05
detected. By Comparison, methanol was found to react on theand 001, respectively, which is consistent with the fits shown
sputtered and annealed E(001) surface to form dimethyl ~ in Figure 2. Measurements of the optical absorbance of our
ether3 Adsorbate surface mobility and the adsorption structure €pitaxial films in the UV-vis region and estimates of the carrier
were thought to be the key factors in facilitating the surface concentration and mobility give values for the substoichiometry
coupling reaction. Kim and Barteaproposed that the doubly  in the range of 0.01 to 0.05, depending upon the growth and
coordinatively unsaturated site is the active center responsibleoperating conditions of the films in sensor applicatiéh®.

for dimethyl ether formation on Tig001) single-crystal Thus, the presence of a screened final state for the reduced
surfaces, resulting in the close proximity of two adsorbed surface seems to be consistent with the carrier density in these
methoxy groups. This argument was based on the fact thatmaterials.

dimethyl ether was detected only on gl 4} -facetted surface, On general grounds, Occam'’s razor would suggest that if the
which was characterized by the stepped structure containingdata can be fit with fewer doublets then the simpler model
4-fold oxygen coordination sites and not on {4 1} -facetted should be chosen (i.e., fewer doublets are required in the final-
surface, which is characterized by a 5-fold oxygen coordination state model). However, the interpretation of Dixon ef®al.
structure. If the reduced surface is characterized by a () implies a spatial localization of the narrow bands. In the case
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of sodium bronze, only one (formally &) initial state was

Ma et al.

(15) Nelson, C. E.; Elam, J. W.; Cameron, M. A.; Tolbert, M. A;;

considered, and the presence of two features originated from©eorge. S. MSurf. Sci.1998 416 341-353.

the screened or unscreened final states. If the electrons produced

from the reduction of W@ form a narrow band that is

(16) Meng, B.; Weinberg, W. HJ. Chem. Phys1994 100, 5280.
(17) Weinketz, SJ. Chem. Phys1994 101, 1632.
(18) Jackson, R. H. Spatial Distributions and Transient Fluxes in

delocalized, similarly to the sodium bronze, then there should Calibrated Thermal Desorption Spectroscopy. Ph.D. Dissertation, University

befour doublets in the W 4f region, two originating from each
initial state (formally W and WP). If the W6 initial states

of Maine, Orono, ME, 2000.
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result only in one unscreened final state, then the implication 29, 237.

is that the narrow band must be spatially localized to regions,

such as the high tunneling probability “bright rafts” in which
there are (formally) W" sites. Further systematic work,

particularly on well-characterized surfaces in which the electron
density can be estimated, for example, from the plasmon PY

frequency with HREELS, is required to resolve this issue.

V. Conclusions

We have prepared two types of W(001) surfaces, referred

to as oxidized and reduced, that are characterized by strong

Lewis acid sites in which the terminal oxygen is removed,
leading to tungsten cations, in a formally-%r 4+ oxidation
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molecularly to Lewis sites, whereas on the reduced surface,

stronger Brgnsted base sites lead to dissociative adsorption.
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