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Abstract

Stable vanadium/rhodium subsurface alloys can be obtained by annealing vanadium metal overlayers on polycrystalline rh
elevated temperatures (� 773 K). Their peculiarity is a purely rhodium-terminated surface with vanadium atoms positioned in the near-
layers. Their structure and composition depend on the nominal vanadium coverage and on the sample temperature during prepar
present contribution the formation of the vanadium/rhodium subsurface alloy was studied in detail and the kinetics of CO hydro
on its surface was measured in situ at the different stages of alloy formation. In particular, the transition from “on-top” vanadiu
subsurface alloy state and finally to the bulk solution has been monitored with the help of Auger electron spectroscopy and argon
profiling. Submonolayers of vanadiumon top of the rhodium surface promote initially the CO hydrogenation, but are rapidly deactivat
oxide and carbide formation. Subsurface alloy formation sets in upon annealing at 773 K and is connected with a significant incre
catalytic activity, a change in the selectivity, and a reduced catalyst deactivation. Increasing the annealing temperature to 950 K lead
with the subsurface layer (second Rh surface layer) saturated with vanadium and excess vanadium dissolved into the bulk. The for
the catalytic properties of the (sub)surface alloys obtained at different temperatures are discussed in light of additional experiments
their chemisorptive properties and of recent theoretical calculations.
 2003 Elsevier Inc. All rights reserved.

Keywords:V–Rh subsurface alloy; Rhodium; Vanadium; CO hydrogenation; Inverse model catalyst; Metal–support interaction; Auger electron spec
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1. Introduction

During the last decades the chemical industry has incr
ingly benefited from the catalytic properties of bimeta
systems. The recent development of experimental and t
retical tools has allowed study of alloy surfaces on an ato
scale and correlation of structural and electronic prope
with catalytic performance. A great number of studies h
been compiled in extensive reviews [1–5] and most of th
have emphasized the role of structural (ensemble) and
tronic (ligand) effects in bimetallic catalysis. While ense
ble effects can be described in terms of the number of ne
boring sites required for a reaction to occur, ligand effe
are a result of electronic interaction and transfer of cha
between the two components. Due to their simultaneous
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currence their discrimination is usually difficult. It is, how
ever, feasible on a number of newly described subsur
alloys in which the surface is purely noble metal termina
and the second metal is positioned in the lower layers.

Subsurface alloys like V/Pd [6,7] and V/Rh [8–10] a
easily prepared by depositing small amounts of the “ea
transition metal on the (single-crystal or polycrystalline) s
face of the “late” transition metal and subsequent annea
The noble metal skin provides a uniform composition of
topmost surface layer and excludes conventional ense
effects. The strong chemical interaction between the two
similar atoms accounts for a high thermal stability of the s
ond layer, which in turn influences the catalytic propertie
the topmost layer via pure ligand effects. The modificat
of the subsurface layer with a different metal is therefore
interesting approach to improve the catalytic properties
metal surface.

In a recent study of a subsurface alloy prepared fr
vanadium on polycrystalline rhodium [10] we were able
show that the activity of the Rh surface for CO hydroge

http://www.elsevier.com/locate/jcat
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ions
ple
tion can be reproducibly controlled by the initial vanadiu
metal loading and the temperature of annealing, both
termining the vanadium content of the subsurface layer
could also be shown that the subsurface alloy state is
reached by a high-temperature hydrogen treatment of v
dia submonolayers on Rh. These overlayers are know
promote the catalytic activity of a Rh surface like other
ducible oxides and to change the selectivity toward lon
chain hydrocarbons [11,12], but after high-temperature
duction they exhibit the characteristic catalytic propertie
the subsurface alloy [10].

In order to understand the catalytic properties of surf
and subsurface alloys of V/Rh in detail it is necess
to know the composition and structure of the surface
subsurface layers as a function of the preparation condit
In contrast to experiments on single crystal surfaces w
both the growth of the overlayer containing the second m
and its transition to the subsurface alloy state are acces
by scanning tunneling microscopy (STM) [6,8], studies
polycrystalline substrates are only feasible by the exten
use of Auger electron spectroscopy and related techniq
In the present paper we describe the transition from
as-grown vanadium/rhodium system (vanadium “on-to
to the subsurface alloy state and finally to the solution
vanadium in the rhodium bulk. This knowledge will allo
a better correlation of the composition and structure
the (sub)surface layers with the corresponding change
activity, selectivity, and catalyst deactivation.

2. Experimental

The experimental setup was described in detail pr
ously [13]. A Pyrex glass reactor of the batch recircu
tion type (high-pressure cell, HPC) is connected to an
trahigh vacuum (UHV) chamber via a sample transfer p
The UHV chamber is organized in two levels: The up
level is equipped with an Auger electron spectrometer (A
CMA from Staib Instruments), an ion sputter gun, and a
ear transfer unit. The lower level holds two electron be
evaporators, two quartz crystal microbalances, and an
tron beam heater. Gases are introduced into the cha
via a dosing manifold and the residual gas composi
is monitored with a mass spectrometer. A turbomolec
pump evacuates the chamber to a base pressure in th
10−10 mbar range. In the UHV chamber the samples (t
metal foils, size 4 cm2) are handled by a longz-travelxyzϕ-
manipulator. For transfer from UHV into the reaction c
the sample is detached from the manipulator and placed
Pyrex glass frame mounted on a transfer car, which is
moved into the reaction cell without breaking the vacuu
The cell is sealed by a special mechanism described in
and pressurized up to 2 bar. The design of the system a
the preparation of both sample faces, resulting in a high
alyst surface area (8 cm2) to the benefit of the kinetic expe
iments.
-

.

.

-
r

The reaction gases are premixed and introduced via a
handling manifold. A recirculation pump, a pressure gau
and a sample valve are connected to the reactor circul
system and the reactor is heated by an external oven. S
both the reactor cell and the sample holder consist of g
no other metal parts such as connecting wires and ho
are exposed to the reacting gas.

A polycrystalline rhodium foil (Goodfellow, 99.9% pu
rity, thickness 0.125 mm) was cleaned in UHV by cyc
of argon ion sputtering (500 eV), heating in oxygen (2.0 ×
10−7 mbar, � 1000 K) and hydrogen (2.0 × 10−7 mbar,
� 673 K), and annealing in vacuum until no impurities we
detected. Every further preparation step and the state b
and after catalytic reactions were also monitored by AES

Vanadium overlayers were prepared by electron b
evaporation of the metal from a 1-mm rod (Goodfello
99.996% purity). During deposition the sample was at ro
temperature and the residual gas pressure was below×
10−10 mbar. The deposition rate was monitored by a c
brated quartz microbalance and was typically about 0.3
nolayers (ML)/min. The V coverage is given in monolay
equivalents (ML). A 1 ML V on polycrystalline Rh is de
fined as a vanadium atom density of 1.5× 1015 atoms/cm2

(average of close packed Rh(111) and Rh(100) facets).
deposited vanadium layers were free of contaminatio
checked by AES. Subsequent annealing was preferably
formed in a hydrogen atmosphere (up to 2.0 × 10−7 mbar
H2) in order to avoid, respectively to remove, carbon a
oxygen contamination. The samples were annealed
given temperature (473–1050 K) for 10 min. Control exp
iments showed that longer heating times did not induce
additional changes below 670 K and above 870 K, bu
the “dynamic” temperature range between 670 and 87
changes of the relevant V and Rh Auger signals were
observed upon extending the heating time to 30 min.

The composition of surface and subsurface layers is m
conveniently studied with Auger electron spectroscopy
combination with argon ion sputter profiling. The profi
were obtained from the changes of the respective Au
signals after consecutive sputtering steps under iden
conditions. The operation parameters of the sputter gun
the sample sputter gun geometry were also identical in
experiments. The incidence angle of the argon beam wa◦
with respect to the surface and the acceleration voltage
500 V. At an Ar pressure of approximately 5× 10−5 mbar
the sample current was 0.65± 0.02 µA. AES spectra wer
taken in regular time intervals, always on the same spo
each sample.

The kinetics of CO hydrogenation was studied usu
at 573 K under varying reactant pressures. Samples
taken periodically and analyzed by gas chromatogra
with mass-selective detection. The initial reaction ra
were determined from conversion versus time plots.
measured reaction rates were reproducible within 5%
that the kinetic data obtained under specified condit
could be used, in addition to AES, as a proof for sam
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cleanliness. The turnover frequency (TOF) was calcula
with respect to the geometric area of the rhodium subs
(1.5×1015 atoms/cm2). Vanadium overlayers and the V/R
subsurface alloy could be removed from the surface
consecutive cycles of oxidation (2.0 × 10−7 mbar O2 at
673 K for 10 min) and Ar-ion sputtering, followed b
reduction (2.0 × 10−7 mbar H2 at 673 K for 10 min). This
procedure was repeated until no impurity, in particular
residual V, was detected by AES. In addition, the activity
the sample was determined and compared to the “stand
activity of the pristine clean Rh surface (measured
40 mbar CO, 360 mbar H2, 600 mbar He, 573 K) in orde
to assure the reproducibility of the kinetic measurements

3. Results

3.1. The growth of V on polycrystalline Rh at room
temperature

In Fig. 1 the peak-to-peak heights of the main rhodi
Auger signal at 300 eV (Rh300) and of the main vanadium
signal at 468 eV (V468) are plotted as function of the cal
brated amount of vanadium deposited at room tempera
The dotted lines in Fig. 1 are linear least-square fits to
data below 0.6 ML V coverage and between 1 and 2
V coverage, respectively. The solid lines are exponentia
to all data points. The nonlinear decrease (Rh), respect
increase (V), agrees with a statistical growth of simulta
ous multilayers (SM), closely related to, but not as per
as, Frank–van der Merve growth [10]. This implies that
n atom layer starts to grow before the(n − 1) layer is com-
pleted and can be modeled by assuming a low mobility of
adsorbate atoms on the surface. A simple calculation sh
that for a nominal coverage of 1 ML 75% of the first lay
20% of the second layer, and 5% of the third layer are fil
The inelastic mean free path of the Auger electrons is
tained by exponential data fit and compared to tabulated
ues. For Rh300 this analysis yields 8.6 Å and for V46812.2 Å,

Fig. 1. Auger signals Rh300 and V468 as a function of monolaye
equivalents vanadium deposited at room temperature.
”

.

compared to 8.8 Å, respectively 11.9 Å, in the literature [1
Thus a good agreement of fitted data and experimental p
is observed assuming a SM growth. The SM growth mod
also consistent with the STM investigation of vanadium
Rh(111) [8]. A similar growth mode was previously report
for vanadium on Cu(100) at RT [15] and on Cu(001) [1
In contrast, a layer-by-layer growth was observed for va
dium on ruthenium surfaces at room temperature [17],
vanadium on W(110) [18], and for cerium on rhodium [1
Therefore, after deposition at room temperature vanad
remainson topof the Rh surface and the SM growth mo
determines the initial surface roughness.

3.2. Changes of the overlayer due to annealing

3.2.1. Auger spectroscopy
Annealing the vanadium overlayer caused substa

changes of the respective Auger signals. Fig. 2 illustr
the temperature dependence of the ratio V468/Rh300 for
initial vanadium exposures between 0.4 and 2.3 ML. In
submonolayer range the decrease of V468/Rh300 is relatively
small up to about 670 K, whereas with 2.3 ML V it
more pronounced and linear, probably due to increa
ordering of V on the surface. Above approximately 700
the ratio V468/Rh300 declines rapidly for all coverages, b
the decline is less pronounced above 850 K. After annea
at and above 950 K V468/Rh300 is nearly independen
of the initial coverage. For very low vanadium coverag
(� 0.2 ML) a significantly lower onset temperature w
observed. Fig. 3 shows the ratio of V468 after annealing and
after preparation (Vann/Vprep) as a function of annealin
temperature obtained in a series of experiments with
initial V coverage varying between 0.18 and 0.22 ML,
comparison with the data for (Rh+ 0.54 ML V).

In Fig. 4 the Rh300 and V468 Auger signals are plotte
vs initial vanadium coverage in the asgrown state
after annealing to three characteristic temperatures (
773, and 950 K). Annealing at 423 K causes only

Fig. 2. Ratio of V468 and Rh300 Auger signals at different initial meta
coverage as a function of annealing temperature.
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Fig. 3. Ratio of V468 signals after annealing and as-grown vs tempera
of annealing for 0.54 and (approximately) 0.2 ML V initial coverage.

slight increase of Rh300 compared to the as-grown sta
whereas after annealing at 950 K Rh300 is significantly
increased compared to the pristine sample (Fig. 4a).
increasing V loading causes only a small attenuation
Rh300. This attenuation is linear for coverages up to 1 M
V, but above 1 ML the rhodium signal is constant a
independent of the original V coverage. Finally, annea
in the midtemperature range (773± 30 K) also results in an
increase of Rh300, but the scatter of data indicates that in t
temperature range small temperature variations may alr
have significant structural effects. However, it is clearly s
that also in this case the Rh300 signal first decreases and th
levels off.

The corresponding V468 signals are depicted in Fig. 4
and show the reversed behavior. Annealing to 423 K ha
affects the vanadium concentration on the surface,
heating to 950 K causes a strong attenuation of th
signals. V468 increases linearly with exposure up to 1 M
and holds a constant final intensity above 1 ML.
intermediate attenuation is again observed after anneali
the temperature range close to 773 K.

Since desorption of vanadium from the surface and
its agglomeration on the surface can be excluded u
y

the given conditions, this temperature-dependent beha
must be explained by diffusion of vanadium into the bu
The major part of vanadium disappearing from the surf
by annealing above 673 K is easily segregated bac
the surface by heating in 2.0 × 10−7 mbar O2 at 673 K,
forming an overlayer of vanadium oxide, which indica
its residence in near-surface layers. Additional proof for
arises from the recent STM investigations on V/Rh(111)
and from the argon sputter profiles described below.

3.2.2. Argon ion sputtering
In Fig. 5 the ratio V468/Rh300 is plotted vs sputtering tim

for different vanadium loadings and annealing temperatu
Fig. 5a (annealing temperature, 423 K) is representative
vanadium on top of the Rh surface as shown above: A st
decline of V468/Rh300 is observed for the two cases
different coverage (time constant about 25 min for a decr
to 1/e), and the sputtering time to obtain a V-free surfa
depends on the coverage.

Fig. 5b shows the variation of V468/Rh300with sputtering
time of samples with V coverage below 0.5 ML anneale
773 K. V468/Rh300declines with time, but the composition
changes are smaller during the initial sputter erosion
the decrease is slower compared to the samples annea
423 K. After very long sputtering the V signal is negligib
As already shown in Figs. 2 (e.g., 0.4 ML V) and
annealing at 773 K causes a substantial reduction of th
surface concentration for coverages below 0.5 ML V,
the sputter profiles conclusively indicate the diffusion o
below the surface.

Fig. 5c represents the behavior after annealing at 95
where V468/Rh300 is initially identical on the two sample
loaded with 1.1 and 2.3 ML vanadium, respectively. Up
sputter erosion V468/Rh300 passes a flat maximum (aft
30 min) before decreasing rapidly (after 60 min) a
finally leveling off slowly. Even after prolonged sputteri
vanadium is detectable. In Fig. 4a it was shown tha
saturation state is reached above 1 ML V correspon
to a coverage (better exposure)-independent (sub)su
Fig. 4. Rh300 and V468 Auger signals as a function of initial coverage immediately after deposition and after annealing to 423,∼773, and 950 K.
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Fig. 5. V468/Rh300 as a function of sputtering time for different initia
coverage and after annealing at different temperatures (a, after annealing
in 2.0 × 10−7 mbar H2 at 873 K for 10 min; b, after heating in
2.0× 10−7 mbar O2 at 673 K for 10 min).

composition. The identical sputter profiles indicate that
V concentration and the in-depth extension of the subsur
layers are indeed independent of the initial coverage.
different V468/Rh300 levels after longer sputtering reflect th
different initial vanadium loading, indicating that below t
saturated subsurface region excess V is accommodat
the Rh bulk. Postannealing in vacuum or in 2.0×10−7 mbar
H2 at 873 K has only a minor influence on the surfa
composition (indicated bya in Fig. 5c), but exposure t
oxygen at 673 K leads to considerable backsegregatio
vanadium to the surface and formation of a vanadium ox
overlayer (indicated byb in Fig. 5c) [20].

Morphologic effects and compositional changes due
different sputter yields require a calibration of the measu
intensity profiles to allow a quantitative conversion into co
centration profiles (concentration vs depth) [21]. Discuss
the results obtained from AES one has to keep in mind
the intensity of the Auger signal contains contributions fr
the first 3–5 layers and therefore an averaged informa
within this depth, while the chemical reactivity is affect
by the two topmost layers only.

In conclusion, the sputter profiles shown in Fig. 5 in co
bination with the temperature-dependent surface comp
tion (Figs. 2–4) show how the in-depth distribution of
depends on the annealing temperature. After annealin
423 K V is still on top of the surface and therefore quickly
moved by sputtering. After annealing at 773 K a pronoun
attenuation of the initial V468/Rh300 ratio was observed be
low 0.5 ML V coverage. (These samples exhibit a high c
alytic activity as will be shown in the next paragraph.) T
compositional changes in the surface region upon sputte
are slower compared to vanadium on top, and V468/Rh300
decreases until V is removed from the subsurface layers
ter annealing surfaces with more than one ML V at 950
strong attenuation of V468 and a constant V468/Rh300 were
observed (“saturation”). Sputtering shows that in the n
surface layer(s) the composition varies only slightly, but t
thereafter V468/Rh300 decreases strongly and finally leve
off. This indicates that the two samples in Fig. 5c are ch
acterized by subsurface layer(s) of the same composition
thickness, while the following layers accommodate va
dium migrating from the surface into the bulk Rh.

The sputter experiments after annealing at 950 K
clude the formation of the known V/Rh bulk alloys with
composition between V3Rh and VRh3, as well as theim-
mediateformation of a bulk solution. If a homogeneo
VxRh compound would be formed, the thickness of the n
phase would increase with increasing vanadium expos
The sputter profiles for high initial coverages, i.e., 1.1 ML
and 2.3 ML V, are identical in the beginning, indicating th
both samples have the same near-surface composition.
ever, the different vanadium content observed in the b
layers after prolonged sputtering reflects the different in
loading. Hence, the subsurface layers always accommo
the same amount of vanadium but a higher initial vanad
coverage leads to a higher V concentration in the Rh bu

3.3. Kinetic measurements

3.3.1. Kinetics on and deactivation of the bare Rh surfac
The activity of the clean rhodium surface was determi

repeatedly at 573 K for the “standard” CO/H2 reactant
mixture (40 mbar CO, 360 mbar H2, He added to 1 bar). Th
experiments were repeated with a different Rh foil, result
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Table 1
Activity and selectivity of the bare Rh surface as a function ofp(CO) andp(H2) at 573 K (He added to 1 bar total pressure)

p(CO) p(H2) TOF Selectivity (%) Conversiona

(mbar) (mbar) ×102 Methane Ethane Ethene Propane Propene (%)

10 360 12.5 98.8 1.2 0 0.2 0 33.3
20 360 9.3 97.3 2.4 0 0.3 0 8.2
40 360 7.9 98 2 0 0 0 4.8
40 360 7.6 96.9 3 0 1 0 6.1
70 360 6.4 91.5 8.2 0.30 1.3 0 0.3

100 360 6.2 85.2 8.9 0.3 1.8 3.7 3.8
40 120 1.7 96.7 3.2 0.1 2

a Conversion at which the selectivity was determined.
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Table 2
Activity and selectivity of the bare Rh surface as a function of reac
temperature. Reaction conditions: 40 mbar CO, 360 mbar H2, 600 mbar He

T a TOF Selectivity (%) Conversionb

(K) (1/(s site)) Methane Ethane Ethene Propane Propene (%

471 0.00060 75.8 13.1 5.5 5.6 0.17
522 0.016 89.2 9 0.7 1.4 0.17
548.5 0.030
573 0.078 96 4 1.04
599 0.24
623.5 0.39 98.7 1.3 19.0

a Corrected sample temperature.
b Conversion at which the selectivity was determined.

in exactly the same reaction rates (±5%) and selectivities
under the same reaction conditions.

Activity and selectivity data for varying CO and H2
partial pressures at 573 K are summarized in Table
The reaction orders in CO and hydrogen were dedu
from the initial TOF. Reaction orders of−0.31 for CO
and of 1.14 for H2 were determined, in good agreeme
with Vannice [22] and Logan and Somorjai [23]. At lo
conversion the product formation increases linearly w
time, but at high conversion some deactivation is obser
especially at a high CO/H2 ratio. Auger spectra recorde
after reaction reveal the presence of carbon and oxygen
oxygen-containing species, mainly CO, are removed f
the surface below the detection limit by heating in vacu
near 600 K. The Auger spectra recorded after diffe
reaction times and subsequent flashing at 623 K re
that C270/Rh300 initially increases and reaches a nea
constant level, corresponding to a steady-state concentr
of surface carbon. This steady-state concentration incre
almost linearly with the CO/H2 ratio, but it is always below
1 ML. Only a small fraction (5–20%) of the carbon deposi
during reaction reacts subsequently with hydrogen at 57
while the rest will block the surface and decrease the ac
area. Contrary to adsorbed carbon, adsorbed oxygen
not influence the kinetic results, since it is easily remo
with hydrogen at and above 373 K.

In Table 2 the temperature dependence of the act
and selectivity of CO hydrogenation on the bare Rh sur
are shown. From an Arrhenius plot taken between 470
623 K an apparent energy of activation of 102± 5 kJ/mol
l

n
s

s

Fig. 6. Methane yield vs time on the bare Rh surface and on a su
covered with 0.21 and 2.5 ML V after heating to 423 K. React
conditions: 40 mbar CO, 360 mbar H2, 600 mbar He, 573 K.

was determined for a CO:H2 ratio of 1:9, in very good
agreement with previous work [11,22,23].

3.3.2. Vanadium metal-modified rhodium surfaces
3.3.2.1. After annealing to 423 K.As shown before, in this
state the system is still a true vanadium metal overlaye
top of rhodium. The presence of vanadium on the sur
is also evident from the analysis of the surface compos
after reaction.

In Fig. 6 the methane production is shown as a func
of reaction time for (Rh+ 0.21 ML V) and (Rh+ 2.5 ML V,
data multiplied by 10), compared to bare Rh. The reac
conditions were 40 mbar CO, 360 mbar H2, and 600 mba
He at 573 K. With submonolayer deposits of vanadium
initial activity is higher than on the bare rhodium surface,
the catalyst deactivates rapidly (the TOF drops by a fa
of 20 after the initial promotion). The selectivity towa
methane is initially 73% and increases slightly to 78%.
(Rh+ 2.5 ML V) the initial TOF is more than an order o
magnitude smaller than on the bare Rh surface and decr
further with time to about12 of the initial value. The methan
selectivity is then about 68%. Hence, aninitial promotion
of CO hydrogenation occurs only for very low vanadiu
coverage, but strong deactivation limits the promotion
the initial phase of the reaction. The postreaction Au
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spectra of Rh surfaces with high vanadia loading rev
large amounts of carbon and oxygen, while the vanad
and rhodium signals are strongly attenuated. Heating to
and 573 K leads to a reduction of the carbon signal, bu
significant change in the oxygen signal. On the other ha
heating to 700 K leads to significant changes in the Rh
V signals, while the O signal is reduced and the C signa
more “symmetric.”

The results can be understood on the basis of
reactivity of metallic vanadium. Like all early transitio
metals vanadium adsorbs and dissociates CO. The resu
oxygen and carbon species are strongly bound to the sur
A reduction of vanadium oxide at reaction temperat
is not feasible. Oxygen adsorbed on vanadium sin
crystal surfaces cannot be removed as water by do
hydrogen molecules or atoms [24] but may be dissol
in the vanadium bulk. Vanadium carbides also have a
reactivity toward hydrogen. Although pure vanadium me
adsorbs hydrogen and may even form stable bulk hydri
hydrogen dissociation does not occur on vanadium oxide
vanadium carbide surfaces. Thus the main reaction path
methane formation are blocked.

It is reasonable to assume the conversion of vanad
metal to vanadium oxide/carbide also on submonola
deposits of vanadium. Postreaction Auger spectra of (R+
0.21 ML V) indicate that the vanadium concentration on
surface remains essentially unchanged during the reac
The carbon peak is less intense and more symmetric
in the case of “thick” vanadium overlayers. The oxyg
content of the surface is slightly higher than on bare rhod
after reaction. However, oxygen can be removed to a l
below the detection limit of AES by heating in vacuu
to 573–623 K, while the carbon signal is more or le
unaffected. Oxygen adsorption seems to be affected
dissociated hydrogen spilt over from bare Rh patches,
O is therefore less strongly bound than on thick vanad
layers and also than oxygen in a VOx adlayer. Hence in this
case vanadium metal is not fully oxidized to V2O3 under
reaction conditions, but species like vanadium oxicarbide
formed during the reaction, like on “thicker” V overlayers
Rh. In this case, the deactivation with reaction time is ag
accompanied by an increasing deposition of carbon on
surface.

3.3.2.2. After annealing at 773 K.An annealing temper
ature of 773 K is above the onset of vanadium diffusi
but still in the dynamic range where V468/Rh300 depends
strongly onT (Fig. 2). In Fig. 7 conversion vs time is plotte
for a number of different initial loadings. The reaction co
ditions were again 40 mbar CO, 360 mbar H2, and 600 mbar
He at 573 K. In this series the highest activity is observed
(Rh+ 0.46 ML V). Generally, on samples with low initia
vanadium coverage (< 0.5 ML) the methane yield increase
linearly up to high conversion, indicating slow deactivatio
For higher vanadium coverage the activity decreases m
significantly with increasing time. The strong rate enhan
.

r

.

Fig. 7. Conversion vs time for (Rh+ x ML V) annealed to 773 K in
2.0× 10−7 mbar H2 for 10 min. Reaction conditions as in Fig. 6.

Fig. 8. Methane production vs time on (Rh+ x ML V) annealed to 950 K.
Reaction conditions as in Fig. 6.

ment by a small added amount of vanadium indicates
one vanadium atom must affect more than one rhodium

The postreaction Auger spectra of samples anneale
(approximately) 773 K show that on samples with init
loading up to about 0.5 ML V the carbon and oxygen c
tents are low and about the same as on the bare Rh su
If the initial V loading exceeds 0.5 ML they both increa
with vanadium coverage. Thus, the deactivation observe
samples with coverage above 773 K is accompanied by
bon formation and oxygen deposition on the surface sim
to what is observed with V on top of the surface. On
other hand, the temperature-dependent evolution of su
composition shown in Figs. 2 and 3 and the sputter pro
in Fig. 5b demonstrate that below 0.5 ML the material tra
port is already completed and the surface is covered by
skin. The low carbon and oxygen content of these pos
action surfaces and the reduced deactivation during rea
are also in agreement with the absence of on-top vanad

3.3.2.3. After annealing to 950 K.The compositiona
changes induced by annealing to 950 K have already b
discussed in [10] and in Section 2.2.1. In Fig. 8 convers
vs time is plotted for a number of different initial loading
again under the same reaction conditions (40 mbar
360 mbar H2, 600 mbar He at 573 K). Conversion
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Table 3
Activity and selectivity of (Rh+ x ML V) annealed at 950 K

Sample TOF Selectivity (%)

(1/(s site)) Methane Ethane Ethene Propane Prop

Bare Rh 0.076 97.5 2.5
Rh+ 0.12 ML V 0.13 88.9 8.2 0.2 1.3 1.4
Rh+ 0.17 ML V 0.20 89.1 8.0 0.1 1.5 1.3
Rh+ 0.4 ML V 0.25 87.5 9.9 0.1 1.5 0.9
Rh+ 0.75 ML V 0.35 88.9 8.9 0.1 1.2 0.9
Rh+ 1.2 ML V 0.37 87.4 10.4 0.1 1.4 0.7
Rh+ 1.3 ML V 0.39 85.2 11.9 0.3 2.2 0.4
Rh+ 2.0 ML V 0.38 86.9 11.1 1.8 0.2

Reaction conditions: 40 mbar CO, 360 mbar H2, 600 mbar He, 573 K.

time plots are linear up to high conversion (depending
the reaction conditions) for all initial coverages, indicat
very little deactivation. The dependence of activity a
selectivity on the initial V coverage is summarized
Table 3. While the TOF increases with coverage up
about 1 ML and remains constant thereafter, the select
undergoes only minor changes. According to the Au
spectra the carbon content of all surfaces is low
comparable to the bare rhodium surface after reaction u
identical conditions. Likewise, the oxygen content is sim
or only slightly higher than on bare rhodium after reacti
In contrast to annealing to 773 K no appreciable change
increasing vanadium content is observed.

The kinetic parameters were determined for a V
surface with 1.2 ML initial V coverage and anneali
at 950 K. Their dependence on the CO and H2 partial
pressure is summarized in Table 4. The reaction orders
−0.34 for CO and+1.2 for H2. The reaction rate (as we
as the selectivity toward methane) is increased eithe
decreasingp(CO) at constantp(H2), or by increasingp(H2)
at constantp(CO). Table 5 summarizes theinitial TOF and
the selectivity of (Rh+ 1.2 ML V) under standard reactio
conditions (40 mbar CO, 360 mbar H2, and 600 mbar He
after annealing at 950 K as a function of temperature
573 K the methane production is between 89 and 8
with ethane as the most prominent minor product wit
to 12%. However, at 471 K the selectivity toward alkan
and particularly alkenes is enhanced. Oxygenates wer
detected under the given conditions. From an Arrhenius
an activation energy of 104± 3 kJ/mol and a prefactor o
9.8× 108 molecules/(s site) are obtained.
r

t

4. Discussion

4.1. Formation and properties of (sub)surface alloys

So far, only a small number of binary surfaces consis
of early and late transition metals have been descr
in the literature. The combination of electron-poor a
electron-rich transition metals, with significantly differe
d-band occupation, leads to a strong interaction betw
the metals and determines the adsorption properties
the chemical reactivity of such bimetallic systems. T
structure and composition of a metal overlayer on a m
surface can be understood in terms of segregation en
and mixing energy [25,26]. Depending on the sign of
segregation energy, the adsorbate will stay on the sur
(Eseg< 0) or migrate into the bulk (Eseg> 0). The mixing
energy determines whether an alloy (Emix > 0) or separate
phases (Emix < 0) are formed. In principle, the behavi
of metals deposited on a metal substrate can be clas
into one of these four cases. However, kinetic reasons
give rise to structures differing from those predicted
thermodynamics. Both the thermal behavior of a bimeta
system and a gas phase-induced surface segregation
be taken into account. In surface alloys, the composi
of successive layers may not be uniform and freque
no counterpart in bulk structures is observed; e.g., Al
Pd(111) forms bilayered island structures consisting of a
Pd layer covered by pure Pd [39].

Former kinetic studies on bimetallic systems have b
concerned with alloys and supported bimetallic partic
[27], or with pseudomorphic overlayers of active metals
dissimilar substrates [28–32]. Studies of the CO hydrog
tion on alloys have been reviewed by Ponec [33] who dis
guished bimetallic catalysts with either both components
maining in the zero valent state during reaction or one c
ponent converted to oxide or carbide by the reactants. In
second case the contributions of the second metal can b
cussed as promoter effects. If an active metal is comb
with an inactive metal the activity is usually related to
ensemble size of the active component [34]. Rodríguez
Goodman [35] showed that pseudomorphic overlayers o
Pd, and Cu on a dissimilar substrate (Ta, W, Re, Ru, Mo)
hibit a different reactivity than the pure metal. They cor
lated the CO chemisorption energy to the surface core
Table 4
CO hydrogenation on (Rh+ 1.2 ML V) annealed at 950 K, dependence onp(CO) andp(H2)

p(CO) p(H2) TOF Selectivity (%) Conversiona

(mbar) (mbar) (1/(s site)) Methane Ethane Ethene Propane Propene (%)

10 360 0.48 96 3.7 0.3 38
40 360 0.37 85 12.0 0.4 2.0 0.6 14
70 360 0.27 75.8 15.7 2.3 2.2 4.0 4.5

100 360 0.25 70.8 16.2 4.1 2 6.9 2.6
40 120 0.16 69 13.2 7.6 1.7 8.5 1.3

Reaction temperature 573 K.
a Conversion at which the selectivity was determined.
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Table 5
Activity and selectivity of the V/Rh subsurface alloy (1.2 ML V, annea
at 950 K) as a function of reaction temperature

T a TOF Selectivity (%) Conversionb

(K) (1/(s site)) Methane Ethane Ethene Propane Propene (%)

471 0.0028 51.4 16.2 18.3 14.0 0.44
522 0.030 75.1 18.5 3.3 3.0
548.5 0.12
573 0.36 85.2 11.9 0.3 2.2 0.4 14
599 0.70 98.1 1.5 0.4 42.3
623.5 1.85 100 87.8

Reaction conditions: 40 mbar CO, 360 mbar H2, 600 mbar He.
a Corrected sample temperature.
b Conversion at which the selectivity was determined.

shifts observed by XPS. In a theoretical investigation Ha
mer and co-workers [36,37] concluded that the modified
activity of the overlayer can be explained by the position
the center of the metald-band, and reproduced the expe
mental results successfully. Ruban et al. [38] calculated
tabulated the shift in thed-band center for a number of met
overlayers on metals and for metal surfaces modified by
similar metal adatoms.

In the V/Rh system (and in the related V/Pd system)
catalytically active noble metal is combined with vanadiu
which reacts with CO toward oxides and carbides. P
vanadium dissociates CO and the resulting oxygen
carbon species are firmly bound to the surface. Due
this self-poisoning the vanadium surface and the V-cove
Rh surface are inactive in CO hydrogenation (see Fig.
Submonolayers of V are also modified during reaction
the formation of vanadium oxide and/or carbide compoun
The composition of these compounds, however, differs f
pure vanadium oxide overlayers [20]. The initial promot
by surface V can be related either to V metal initially pres
on the surface or to the oxidized vanadium compo
formed during reaction.

The surface composition of the V/Rh system underg
significant changes upon annealing.Eseg and Emix are
positive for vanadium on palladium and rhodium, and al
formation is predicted. In fact, several stable rhodiu
vanadium bulk alloy phases are known. The subsurface a
phases are best described as kinetically stable intermed
on the way toward alloy formation. The structural proper
of V/Pd and V/Rh subsurface alloys on (111) Rh surfa
are now well known. On Pd(111) Varga and co-work
[6] observed the formation of a surface alloy and o
subsurface alloy, depending on the substrate tempera
The topmost layer of the subsurface alloy consists of
atoms and in the second layer every third Pd atom
replaced by vanadium, yielding a Pd surface structurally
electronically modified by subsurface vanadium. Dens
functional theory calculations [6,7] confirmed the tende
of vanadium for heterocoordination by substitution w
surface atoms or migration into near-surface layers, b
driven by the formation of strong V–Pd bonds. Vanadi
atoms in the second layer are thermodynamically m
s

.

stable than vanadium atoms on the surface or in the b
The stability in the second layer is associated with
fact that vanadium gains more electron density from
coordinatively unsaturated surface atoms than from at
with bulk coordination. The adsorption properties of V–
alloys were investigated by Beutl and co-workers [40,
and by Surnev et al. [42]. Both hydrogen and CO desorp
peaks are shifted to lower temperatures, indicating a lo
desorption energy of the two gases on the alloy surf
As on Pd surfaces, but in contrast to vanadium surfa
CO dissociation does not occur on the alloy surface.
dissociation occurs, however, after deposition of vanad
on Pd at low temperatures.

The V/Rh subsurface alloy is formed analogously fr
vanadium overlayers on Rh(111) [8], but at somewhat hig
temperature. The temperature needed for alloy forma
from metal overlayers is approximately 523 K for Pd(11
and about 823 K for Rh(111) (compared to 773 K on po
crystalline Rh). The difference arises from the higher
hesive energy of rhodium; thus higher temperatures are
quired than on palladium to achieve sufficient mobility of t
substrate atoms. On Rh(111) the subsurface alloy exhib
(2× 2) structure and is saturated with 0.25 ML V in the su
surface layer. Hence, the structure of the V/Rh intermeta
compound onpolycrystallineRh may be interpreted in view
of the thoroughly investigated (sub)surface alloy of va
dium on Pd(111) [6,7] and the similar (sub)surface alloy
Rh(111) [8].

The polycrystalline Rh surface is of course more comp
than Rh(111). It contains facets of close-packed pla
and more defects like step edges and grain bounda
The high number of defects will influence the formati
and morphology of a V/Rh intermetallic compound.
principle several mechanisms are conceivable: a dissolu
of vanadium in the rhodium bulk starting at defect sites l
steps, grain boundaries, etc., or a diffusion of rhodium
the vanadium layers and growth of a surface alloy on
of the rhodium substrate. The STM investigations on
analogous V/Pd(111) system have revealed details abou
growth mechanism of the alloy [6]. Due to the mass trans
between V and Pd both the atomic roughness and
dimensions of the step edges on the surface increase. W
on the flat single-crystal surface the growth of the subsur
alloy appears to start mainly from step edges, a growth f
the grain boundaries is more likely in the present case.
average Rh grain size has remained constant over the
period of our experiments and it seems that the subsur
alloy growth always ends in reproducible structures.

4.2. Rh/V: composition and catalysis after annealing to
three different temperatures

The experimental results can be divided into three ca
according to the temperature of annealing. Fig. 9 sh
the overall activity as a function of initial exposure af
annealing to three characteristic temperatures (423, 773
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Fig. 9. Initial turnover rates as a function of initial vanadium exposure a
annealing at 423, 773, and 950 K for 10 min. Reaction conditions a
Fig. 6.

950 K). Selectivity changes are summarized Tables
and 5.

After deposition at room temperature the surface c
position changes only slightly upon annealing up to re
tion temperature (573 K), except for very low covera
Vanadium remains on the surface and only small amo
(� 0.2 ML) are incorporated into defects at the surfa
A completely V-covered surface is not active for CO h
drogenation due to the reasons described above, while
monolayers of V on the surface lead to an (only) initial p
motion of the CO hydrogenation (Figs. 6 and 9). The pos
action Auger spectra of these surfaces show a significa
higher carbon and oxygen content after reaction comp
to bare Rh or to V/Rh alloy. Vanadium reacts with CO a
hydrogen and in addition with the reaction product wa
Thus, the vanadium metal overlayer is converted to a c
plex system containing vanadium oxide and carbide, or e
hydride. The initial promotion might be either due to an
fluence from the initially pristine V metal or due to vanadiu
oxide/carbide formed during reaction. Bare rhodium patc
dissociate hydrogen and supply atomic hydrogen for the
drogenation of carbon on rhodium and/or the hydrogena
of vanadium carbide. A common distinctive feature of V
top of Rh is the strong deactivation with increasing tim
This deactivation is not observed for V/Rh alloy samples

After heating to 950 K the composition of the surfa
and subsurface layer is uniform for initial coverages ab
1 ML V (Fig. 4). For exposures in excess of 1 ML the sa
V468/Rh300 ratio (0.04± 0.003) is observed and in additio
a constant catalytic activity is observed above 1 ML (Fig.
The postreaction spectra of V/Rh annealed at 950 K s
that the carbon content increases slightly with increa
vanadium coverage, but is still low compared to a surf
with “0.2 ML V on top of Rh.” Furthermore, the conversio
vs time plots indicate only little deactivation (Fig. 8). Th
is consistent with the assumption that the concentratio
-

vanadium in the topmost surface layer is zero, or at least
low. If this strong promotion would arise from vanadiu
remainingon the surface at low concentration, it would ha
to be observed on low-coverage samples annealed to l
temperatures as well, which is not the case. Hence it m
be concluded that only vanadium in the near-surface re
is involved in the mechanism. The sputter profiles a
annealing to 950 K (Fig. 5c) showed that samples with in
coverage above about 1 ML V have an equal compositio
the near-surface layers, and that also the “thickness” o
V/Rh compound is independent of the initial coverage. T
onset of subsurface migration of V is already observed a
annealing coverages below 0.5 ML at 773 K (see belo
However annealing at 950 K facilitates the dissolution o
in the Rh bulk, thereby excluding the presence of sur
V, while saturation of the subsurface layer is still achiev
Finally, annealing at even higherT (1073 K) destabilizes th
subsurface layer and V diffuses into the bulk.

Samples annealed at 773 K exhibit a more complex
pendence of the catalytic activity on the V exposure (Fig
The CO hydrogenation activity increases strongly up
about 0.5 ML V and decreases gradually thereafter. Fig
and 4 (0.4 ML) show that a significant surface modificat
already occurs in the low coverage range upon annealin
773 K. It seems that at 773 K the interdiffusion betwe
vanadium and rhodium is kinetically limited. A saturati
of the subsurface layer occurs between 0.25 and 0.5 M
and for coverages in excess of 0.5 ML vanadium rem
partly on the surface because the transition from the se
to the following layers (to the bulk) is hindered. On the b
sis of the postreaction spectra, samples annealed at an
mediate temperature can also be divided into two gro
Surfaces with equal or less than 0.5 ML V initial cov
age exhibit linear conversion vs time plots (Fig. 7) an
low carbon level after reaction, whereas for initial cover
above 0.5 ML V a higher and increasing carbon concen
tion is observed. The presence of excess vanadium o
surface together with the associated accumulation of ca
also accounts for the gradual activity decline with reac
time.

Hence, the optimum performance will be obtained
adapting the subsurface composition—by varying ei
the amount of vanadium or the annealing temperat
For example, a sample with V468/Rh300 = 0.04 can be
prepared by depositing more than 1 ML V and annea
to 950 K, or by depositing 0.5 ML V and annealing
773 K (Fig. 9). The catalytic activity of the two samples
identical (∼ 0.39 molecules/(s site)) and the conversion v
time plots are both linear. Samples with less than 0.2 M
annealed at 773 K have already a high activity, i.e., a hig
concentration (near saturation) in the second layer. How
annealing at higher temperature (e.g., 950 K) will lead
partial dissolution in the bulk and to a decreased vanad
concentration in the subsurface layer. In fact, Varga and
workers [8] observed the saturation of the subsurface l
on V/Rh(111) at 0.25 ML V. On polycrystalline Rh w
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may assume a V/Rh stoichiometry 0.25 to 0.3 in the sec
layer. Thus it is reasonable to relate the maximum acti
enhancement to the saturation of the subsurface layer
vanadium. Vanadium in the second (subsurface) laye
kinetically stable in the “intermediate” temperature regi
around 773 K. Between 900 and about 1000 K the sec
layer is still kinetically stable, but additional V monolaye
can be dissolved in the Rh bulk without influencing furth
the catalytic activity. At 1050 K the diffusion of V into th
bulk is predominant and the promotional effect disappea

The reaction orders, measured in the saturation cove
range (−0.34 for CO and+1.2 for hydrogen) were almos
unchanged with respect to the bare Rh surface. Also
apparent activation energy of 103± 5 kJ/mol was almost
identical. Hence, the sixfold rate increase at maximum m
be interpreted as a sixfold increase of the preexpone
factor.

Chemisorption studies on the Pd(111) [40–42] and
(111) [43] subsurface alloys reveal dramatic changes rela
to the clean metal surface. The reactivity of the pure m
surfaces and also of the two subsurface alloys toward
dissociation is very low. Measurable CO dissociation d
not occur within the pressure and temperature range cov
by surface science techniques. Measurements of stic
probabilities and photoemission data indicate a reductio
the room-temperature saturation coverage to about 50%
the Rh/V alloy surface [43]. On both Pd/V and Rh/V t
thermal desorption peak of CO is shifted to significan
lower temperature. This decrease up to 70 K depends o
vanadium content of the subsurface layers and indicat
significant decrease of the CO binding energy. On V/Pd(1
also the sticking coefficient and the desorption energy
hydrogen are decreased by alloy formation, though
dramatically [42].

Since the reaction order in CO is negative and CO
hibits the reaction, the activity increase by added vanad
might be explained by a decreased coverage of CO comp
to hydrogen, resulting in an increased reaction rate acc
ing to a Langmuir–Hinshelwood scheme. As also discus
in [10], this explanation is probably not satisfying becau
the changes of the reaction kinetics from the clean Rh
face to the subsurface alloy are limited to an increase o
preexponential factor in the Arrhenius equation, and beca
it does not account for the changing surface morphology
ing alloy growth. Defects, especially step edges, are belie
to play a dominant role for the dissociation of CO. It h
been shown earlier that on rhodium CO dissociation oc
only on stepped and defect-rich surfaces [44] and it is
known that the rate of CO hydrogenation is enhanced o
defect-rich Rh(111) surface [9]. If we consider the mode
subsurface alloy growth which involves the transport of
on top of the surface, the number of step edges on the
face, available as reactive sites for CO dissociation, will
crease [6,8]. The observedreproduciblerate increase at
given surface composition may be explained by the re
ducible V-induced formation of structures with a high b
d

-

constant number of step edge sites. This must be proved
separate STM experiment on a single-crystal Rh surface

Finally, the selectivity of the subsurface alloy is close
related to its activity (Tables 3, 4, and 5). Although in the
experiments the reaction kinetics was always measure
excess hydrogen it is obvious that the subsurface allo
more selective toward longer chain hydrocarbons than
clean Rh metal surface, but less selective than submon
ers of vanadia on Rh [20]. Taking into account that sub
face vanadium attracts electrons from the Rh surface,
may explain the properties of the alloy surface as resemb
those of ruthenium metal, the left neighbor of Rh in the
riodic table, which is known for a higher methanation ac
ity and also a higher selectivity toward alkanes than Rh.
a whole, the effect of subsurface vanadium on the cata
properties can be interpreted as twofold: an electronic
(ligand effect), caused by the attraction of electrons from
Rh surface atoms, and a structural part, due to the vanad
induced reproducible concentration of step edges. A proo
this hypothesis is a challenge for a future STM investiga
in which specific subsurface alloy structures are formed
a single-crystal surface with known subsurface composit
and the kinetics on these surfaces is measured.

5. Conclusions

We have investigated the composition, structure, and
netic properties of V/Rh system under varying prepara
conditions. V overlayers on top of the surface are obse
after deposition of V at room temperature and are predo
nant for annealing temperatures below 573 K. At small c
erages surface V leads to an initial promotion of the CO
drogenation; however, a strong deactivation caused by
bon formation and conversion of the V metal to vanadi
oxide/carbide compounds is observed. Thus surface v
dium does not remain in its metallic state during reaction

Extensive compositional changes are observed afte
nealing above 773 and 950 K and the surface and subsu
composition depends markedly on the V exposure and
annealing temperature. Annealing at 773 K facilitates the
corporation of V in subsurface layers; thus by annealin
this particular temperature a vanadium amount equal or c
to subsurface saturation (between 0.25 and 0.5 ML on p
crystalline Rh) is accommodated in the subsurface layer.
V/Rh subsurface alloy exhibits a high catalytic activity ev
with small subsurface concentrations of V, with negligib
deactivation and a modified selectivity. For higher V ex
sures some excess V remains on the surface after anne
at 773 K, leading to a gradual activity decrease.

Increasing the annealing temperature to 950 K still le
to a saturation of the kinetically stable subsurface layer,
also facilitates the dissolution of excess V in the Rh bu
The subsurface layer is filled up to an initial exposure
about 1 ML (some dissolution into the bulk might occ
simultaneously) and for higher initial exposures a cons
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composition is then obtained. Similar to the evolution of
composition also the activity increases up to 1 ML V a
remains constant as soon as the subsurface layer is sat
(and excess V is dissolved in the bulk).

The observed promotion into the highly active state
related to the formation of the subsurface alloy consis
of a noble metal Rh surface skin electronically modifi
by the dissimilar zero valent metal in the second la
The alloy formation is also accompanied by morpholog
changes. For highest activity and accompanying low cata
deactivation a saturated subsurface layer and a vana
free surface are necessary, achieved by adjusting the i
V exposure and the annealing temperature.
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