
Journal of Molecular Catalysis A: Chemical 167 (2001) 33–46

Single crystal and high area titania supported rhodium:
the interaction of supported Rh(CO)2 with NO
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Abstract

Model Rh/TiO2 catalysts have been prepared by metal organic chemical vapour deposition (MOCVD) of [Rh(CO)2Cl]2

to TiO2(1 1 0) and high area (Degussa P25) powder TiO2 samples. The rhodium geminal dicarbonyl species (Rh(CO)2) is
produced on each surface, and the reaction of the supported Rh(CO)2 with NO has been studied using FT-RAIRS, transmission
FT-IR and XPS.

TiO2(1 1 0)–Rh(CO)2 is converted by exposure to NO at 300 K solely to a highly dispersed Rh(NO)+ species withν(N–O)
observed as a transmission band in FT-RAIRS at 1920 cm−1. This species is thermally more stable than the geminal dicar-
bonyl species, and XPS measurements indicate that the NO is removed without the formation of adsorbed nitrogen residues
by 600 K. Re-exposure to CO results in the complete regeneration of TiO2(1 1 0)–Rh(CO)2 from TiO2(1 1 0)–Rh(NO)+.
TiO2(P25)–Rh(CO)2 is present in a variety of surface environments, with broad bands observed at the same frequencies as
for TiO2(1 1 0)–Rh(CO)2 (νsym(C–O) = 2110 cm−1 andνasym(C–O) = 2030 cm−1). Exposure of TiO2(P25)–Rh(CO)2 to
NO at 300 K results in the formation of TiO2(P25)–Rh(NO)+ with ν(N–O) at 1920 cm−1, and TiO2(P25)–Rh(CO)(NO) with
n(N–O) at 1750 cm−1 andn(C–O) at 2110 cm−1.

TiO2(P25)–Rh0 clusters, formed through the thermal decomposition of TiO2(P25)–Rh(CO)2 at various temperatures, react
with NO to produce additional surface nitrosyl species. On a surface heated to 380 K where TiO2(P25)–Rh(CO)2 decar-
bonylation has only just taken place, reaction with NO at 300 K results in the formation of the same species as those pro-
duced through the reaction of TiO2(P25)–Rh(CO)2 directly NO, i.e. (TiO2(P25)–Rh(NO)+) and TiO2(P25)–Rh(CO)(NO).
Re-exposure of this surface to CO results in the complete reconversion of the dispersed nitrosyl to TiO2(P25)–Rh(CO)2.
When larger clusters are formed on a surface by heating to 650 K, reaction with NO leads initially to the adsorption of
linear and bridged bound NO on TiO2(P25)–Rh0 with respectiveν(N–O) bands observed in the IR at 1818 and 1680 cm−1.
Further exposure of NO, however, results in the complete disruption of the TiO2(P25)–Rh0 clusters. This is evidenced
by the disappearance of the bridging and linear bands and the appearance of a strong band associated withν(N–O) of
TiO2(P25)–Rh(NO)+ at 1920 cm−1, and bands at 1745 and 1550 cm−1 assigned to dispersed TiO2(P25)–Rh(NO)− and
TiO2(P25)–Rh(NO2)−/(NO3)−. The latter species we suggest are stabilised by surface defects such as oxygen vacancies
which may have been formed during the clustering of the Rh0. After thermal treatment to temperatures of 800 K, where
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encapsulation of the TiO2(P25)–Rh0 clusters should occur, we see a strong suppression of NO adsorption on the clusters.
Nevertheless disruption of clusters still takes place with the formation of TiO2(P25)–Rh(NO)− even under these (SMSI)
conditions. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The importance of supported Rh systems to the
chemical industry is well known; a number of both
homogeneous and heterogeneous industrial processes
are mediated using some form of Rh [1]. In each
case the exact form of the Rh can have a significant
bearing on the performance of these catalysts. It is
known, for instance, that the dispersion of Rh in sup-
ported heterogeneous catalysts can have a bearing on
the reactivity and selectivity of these catalysts for a
given reaction. It is also known that this parameter
is sensitive to the precursor used in the preparation
of the final catalyst [2–5]. Probing the details of the
relationship between the characteristics that a catalyst
displays, and the phase and/or dispersion of the active
metal component is therefore of considerable interest.

One of the many problems that are encountered in
analysing these processes in a detailed manner is the
initial non-uniformity of the real system. Ideally one
would like to remove all of the initial distributions of
sites and particles sizes and begin with a system that is
uniform; but nonetheless retains the essential character
of the real catalyst. Though metal single crystals match
this criterion in some respects this approach is rooted
in the limit of very low dispersion. Typical supported
Rh based systems exhibit a tendency to form small
particles of intrinsically high dispersion. Also, the use
of metal single crystals in modelling supported metal
chemistry implicitly assumes that the support itself
does not modify the behaviour.

In the case of supported Rh systems a number of
investigators have found that a situation similar to
that described above can be achieved for low loaded
(<2 wt.%) Rh/Al2O3 catalysts from a RhCl3 precursor
[4,6–10]. This, when reduced and then exposed to CO,
results in a catalyst that is predominately comprised of
RhI(CO)2 species. In the case of the Rh/TiO2 system,
it has also been shown that MOCVD of [Rh(CO)2Cl]2
onto a single crystal substrate [11–16] generates a uni-
form, mono-dispersed, layer of Rh(CO)2. The thermal

chemistry of this well-defined system [13], interaction
with hydrogen [14,15], and the orientational alignment
of the geminal dicarbonyl [16] species on TiO2(1 1 0)
surface have been investigated in detail.

Moreover by considering the saturation coverage
of the Rh(CO)2Cl derived from single crystal mea-
surements [13], and the surface area of the Degussa
P25 (∼50 m2 g−1) we can estimate that at saturation
we should be able to produce a mono-disperse RhI

system at metal loadings approaching 5 wt.%; this is
a considerably higher loading than is usually used to
form essentially mono-disperse Rh catalysts [6–10].
Thus, MOCVD of [Rh(CO)2Cl]2 potentially allows
the investigation of mono-disperse Rh species over a
wider range of metal loadings than is possible from
conventional wet chemistry techniques.

The principal aims of auto exhaust catalysis are to
effect efficient conversion of CO and NOx to CO2 and
N2 and to remove hydrocarbons from exhaust fumes.
The net reactions at work in the former stages are:

2NO+ 2CO⇒ N2 + 2CO2 (1)

2NO+ CO ⇒ N2O + CO2 (2)

It should be noted that [Rh(CO)2Cl]− is an active
species for the homogeneous facilitation of reaction
(2) [17].

In heterogeneous systems these reactions have been
shown to be dispersion and temperature dependant
behaviour. On small Rh particles the reaction

NOa ⇒ Na + Oa (3)

appears to become rate limiting due to the low number
of the appropriate ensembles of Rh atoms available
to affect dissociation; as the particles become larger
this restriction to NO dissociation, and therefore NOx

conversion, is relieved [18]. Particle size also affects
the recombination of Na to form N2 [19].

2Na ⇒ N2(g) (4)
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Decreasing particle size increases the temperature at
which this process occurs.

Numerous studies have previously investigated the
interaction of CO and NO on high area supported Rh
catalysts [20–28]. On typical high area catalysts, with
a variety of particulate and mono-dispersed Rh, the
adsorption of NO leads to the formation of a num-
ber of species: Rh(NO)+, Rh(NO), Rh(NO)−, and
Rh(NO)2, have all been identified. The formal charges
ascribed to the Rh(NO)+ and Rh(NO)− should not
be interpreted too literally, and the nomenclature is
only used because of its extensive application in the
literature. Co-adsorption of CO and NO have also re-
sulted in the observation of isocyanate species and/or
the mono-disperse Rh(NO)(CO). Which species are
seen depends on the treatment of the Rh in the cat-
alyst; as a result of this both Rh(CO)2 and Rh(NO)+
have been associated with the same site for Rh/SiO2
systems [21]. NO has also been shown to affect the
dispersion of the Rh phase in its own right, promoting

Table 1
Infra red absorption frequencies reported for Rh(CO)x and Rh(NO)x species observed on high area supported Rh catalysts and TiO2 single
crystals

Adsorbed species Vibrationalmode Frequency (cm−1) Support and reference

Rh2(CO) bridge ν(C–O) 1900–1830 Al2O3 [20], SiO2 [21], TiO2[1 1 0] [13],
Rhx (CO) (x2) linear ν(C–O) 2020–2090 Al2O3 [20], SiO2 [21,22], TiO2 [22],

TiO2[1 1 0] [13]
Rh2(CO)3 (bridge) ν(C–O) 1818 Al2O3 [37–38]
Rh2(CO)3 (linear) ν(C–O) 1987 Al2O3 [37–38]
Rh(CO)2 νsym(C–O) 2108, 2112 Al2O3 [20,24–28], SiO2 [21–23], TiO2 [22]

TiO2[1 1 0] [11–16]
Rh(CO)2 νasym(C–O) 2040, 2030 Al2O3 [20,24–28], SiO2 [21–23], TiO2 [22],

TiO2[1 1 0] [11–16]
Rh(NO)+ ν(N–O) 1910–1930 Al2O3 [20,24–28], SiO2 [21–23], TiO2 [22]
Rh(NO)2 νsym(N–O) 1830–1820 Al2O3 [20,25,27], SiO2 [23], zeolite-Y [47]
Rh(NO)2 νasym(C–O) 1740 Al2O3 [20,25,27], SiO2 [23], zeolite-Y [47]
Rh(NO)(CO) ν(C–O) 2101 Al2O3 [20,25,26]
Rh(NO)(CO) ν(N–O) 1755 Al2O3 [20,25,26]
Rh(NO) ν(N–O) 1830 Al2O3 [20,25,28]
Rh(NO) (linear) ν(N–O) 1840, 1800–1850 O/Rh[1 1 1] [35], theory [34]
Rh(NO) ν(N–O) 1770–1710 Al2O3 [20,25–28], SiO2 [21,22],
Rh(NO) ν(N–O) 1650–1660 Al2O3 [20,28], SiO2 [21,22]
Rh2(NO) (bridge) ν(N–O) 1630, 1560–1710,

1580–1680, 1644–1690
Rh[1 1 1] [29], Rh[1 1 0] [30], Rh[1 0 0] [31],
theory [34]

Rh3NO (hollow) ν(N–O) 1544–1643 Theory [34]
(NCO) 2260, 2235 Al2O3 [25,26,28], SiO2 [21]
N2O ν(N–O) 2225 Al2O3 [25,26], SiO2 [21]
CO3

2− ν(C–O) 1385, 1440, 1580 Al2O3 [26]
NO2 or NO3

− ν(N–O) 1550 Al2O3 [26], SiO2 [23]

the disruption of Rh clusters and, in the presence of
CO, promoting the formation of the mono-disperse
Rh(CO)2 species [21–23].

UHV studies on Rh single crystals have pointed to
a preference for bridge bonded NO adsorption (see
Table 1) on clean Rh surfaces [29–31]. This assign-
ment has recently been called into question, with
temperature programmed static-SIMS [32], core-level
X-ray photoelectron diffraction (XPD) [33] and the-
oretical calculations [34] suggesting that hollow sites
(ν(N–O) ∼ 1640, . . . , 1544 cm−1) may be more
likely. Also, a site switching effect has been shown
for NO adsorption to an oxygen pre-covered surface
such that the more highly co-ordinated NO species
shift into linear sites at just below room temperature
[35].

A summary of transmission IR frequencies used to
identify a number of pertinent CO and NO containing
species (on both high area and single crystal systems)
is given in Table 1.
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2. Experimental

Single crystal experiments were carried out in
a stainless steel UHV chamber (base pressure∼
1 × 10−9 mbar) equipped with XPS, FT-RAIRS, and
LEED facilities; this equipment has been described
previously [14]. FT-RAIRS experiments utilised an
InSb detector with a spectral cut off at 1800 cm−1.

The (1 1 0) oriented TiO2 was mounted in a Ta
boat and resistively heated via two 0.3 mm W wires
spot welded to the boat; the sample temperature was
measure using a chromel–alumel thermocouple also
spot welded to the boat. Because of the size of the
TiO2(1 1 0) crystals temperatures recorded in this
manner should be regarded at overestimates of the
true surface temperature. In the experiments shown
in this paper, where heating of the single crystal is
made to effect reactions at relatively low tempera-
ture, the over estimate of surface temperature should
be∼25 K.

The surface was prepared by ion bombardment
(∼2 keV, 2 h, 800 K) followed by annealing (2 h,
1000 K), and finally cooling slowly in oxygen (1×
10−7 mbar). [Rh(CO)2Cl]2 was purified in the man-
ner described previously [13–16]. NO and CO were
dosed directly into the system via fine leak valves.

The transmission IR experiments on the high area
titania were carried out in a diffusion pumped stainless
steel vacuum chamber. The design concept was simi-
lar to that in systems employed elsewhere [27,36–38].
The reaction cell slides in and out of the IR spectrom-
eter using a moveable table on which the UHV system
is mounted so that the chamber may be baked outside
of the environment of the IR spectrometer. The UHV
system was equipped with a mass spectrometer, ion
gauge, and gas dosing facilities. Transmission of the
IR beam through the IR cell was facilitated by two
KBr windows mounted either side of the sample and
in this case detection was made using an MCT detec-
tor with a spectral cut off∼800 cm−1. The high area
TiO2 powder (Degussa P25) was suspended in acetone
and sprayed onto an 80% transmission Ni mesh using
an airbrush. The Ni mesh was then clamped between
two posts that supplied power for the resistive heating
of the mesh (up to 1000 K) and cooling to∼150 K.
Temperature was measured using a chromel–alumel
thermocouple spot welded into the Ni mesh. After bak-
ing base pressures of<1× 10−8 mbar were routinely

achieved. Prior to MOCVD the TiO2 was heated to
∼500 K in order to remove surface hydroxyl species.
Even under high vacuum, however, IR measurements
showed that (over the time scales of the order of the
reactions we are considering here) the TiO2 sample
showed evidence of some growth of a broad hydroxyl
absorption band.

3. Results

3.1. IR spectra of TiO2(1 1 0)–Rh(CO)2 and high
area TiO2(P25)–Rh(CO)2

Fig. 1 shows the IR spectra derived from MOCVD
of [Rh(CO)2Cl]2 to the Degussa P25 TiO2. The spectra
show the two characteristic IR active modes associated
with the symmetric (νsym(C–O)) ∼ 2110 cm−1) and
asymmetric (νasym(C–O)) ∼ 2030 cm−1) stretches of
the adsorbed Rh(CO)2 species (Table 1).

The corresponding FT-RAIRS spectrum for
room temperature adsorption of [Rh(CO)2Cl]2 to
TiO2(1 1 0), and its physical origins, has been de-
scribed previously [13,16] and is thus omitted here.
It is characterised by the symmetric (νsym(C–O)) ∼
2112 cm−1) and asymmetric (νasym(C–O)) ∼ 2030
cm−1) stretches of the adsorbed Rh(CO)2 species
observed as transmission and absorption bands, re-
spectively. The IR spectrum derived from the high area
TiO2 powder shows the same major features though

Fig. 1. Transmission IR spectra TiO2(P25)–Rh(CO)2 species pro-
duced at 300 K by dissociative adsorption of [Rh(CO)2Cl]2 on
Degussa P25 TiO2.
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there are differences with respect to the single crystal
case. Most notable is the increased broadness of the
spectral features and the presence of fine structure
within them. This is primarily due to a heterogeneity
of adsorption sites associated with the mono-disperse
Rh(CO)2. This is not entirely surprising given that
both anatase and rutile phases are present in this high
area titania powder sample, and that for each phase a
variety of crystal planes will be present in the sample.

3.2. The reaction of NO with TiO2(1 1 0)–Rh(CO)2

Fig. 2 shows a series of FT-RAIRS spectra obtained
while exposing TiO2(1 1 0)–Rh(CO)2 to NO at 300 K.
Rh(CO)2 has been produced by the dissociative ad-
sorption of the rhodium carbonyl chloride and a new
IR background taken before NO exposure; removal
of the symmetric gem-dicarbonyl (transmission) band
therefore results in an adsorption, and an absorp-
tion/transmission band is expected at the frequency
associated with the asymmetric feature [16]. We can
see that immediately the NO is introduced we ob-
serve the loss of the TiO2(1 1 0)–Rh(CO)2 species.
As the reaction proceeds we observe the appearance
of a transmission band at∼1920 cm−1. Eventually
the attenuation of the adsorption features due to the
geminal dicarbonyl is complete, indicating that this
species has been removed from the surface. The
frequency of the new vibration is indicative of the
formation of a TiO2(1 1 0)–Rh(NO)+ species with
ν(N–O) ∼ 1920 cm−1 (Table 1). The fact that the
resonance is a transmittance feature also tells us that
the Rh in this species is very highly dispersed. It can
only result from the coupling of a normal polarised
mode to the normal component of the p-polarised
radiation at the titania dielectric [11–16,39]. If the
band were a result of NO species on large Rh par-
ticles, the dielectric response of the metal would
dominate the IR process resulting in an absorption
band [13,39]. If the gem-dicarbonyl is exposed to
NO at 375 K, one obtains the same result as that
shown in Fig. 2, but at∼1/5 of the NO exposure re-
quired for complete conversion at 300 K. We find that
exposing the TiO2(1 1 0)–Rh(NO)+ species to CO
(1 × 108 L) at 375 K results in complete regeneration
of the TiO2(1 1 0)–Rh(CO)2 species; regeneration is
also slower at 300 K. It is evident that the rates of NO
reaction with the gem-dicarbonyl, and the subsequent

Fig. 2. FT-RAIRS difference spectra, derived from the exposure of
TiO2(1 1 0)–Rh(CO)2 to NO (5× 10−4 Torr) at room temperature:
(a) <5 × 103 L; (b) 6 × 104 L; (c) 1.2 × 105 L; (d) 3 × 105 L.

rate of regeneration from the TiO2(1 1 0)–Rh(NO)+
adduct, are very different; the latter reaction being
considerably more difficult than the former.

Fig. 3A–C show XPS spectra of the Rh(3d), C(1s),
and N(1s) transitions, respectively. Spectra for each
of the transitions has been obtained before (a) and
after (b) exposure of TiO2(1 1 0)–Rh(CO)2 to NO at
375 K, and (c) after re-exposure to CO at 375 K. It is
clear from the C(1s) spectra that no carbon remains
on the surface following NO exposure concomitant
with the removal of the gem-dicarbonyl observed in
FT-RAIRS (Fig. 2). At the same time the C(1s) signal
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Fig. 3. (A) Rh(3d), (B) C(1s), and (C) N(1s) XPS spectra of: (a)
TiO2(1 1 0)–Rh(CO)2; (b) after exposure of TiO2(1 1 0)–Rh(CO)2
to NO at 375 K; and (c) after re-exposure of the product of (b)
to CO at 375 K. The Cl(2p) XPS spectra remained unchanged
throughout and is therefore omitted.

is replaced by a peak corresponding to N(1s). Though
it is difficult to assign a formal oxidation state to the
nitrogen containing species on the basis of the N(1s)
binding energy, the value of 402 eV is consistent with
an oxidised form of NO rather than a reduced form
[40]. If we compare the initial C(1s) intensity due to
the geminal dicarbonyl species with that of the N(1s)
intensity after reaction, and account for differences
in sensitivity factors for N(1s) and C(1s) excitation
[40], we obtain a relative stoichiometry in reactant
and product of (0.5 ± 0.1):1 for NO:CO. XPS ob-
tained following the exposure to CO of the species
produced by the reaction with NO shows complete
regeneration of the TiO2(1 1 0)–Rh(CO)2 species. The
FT-RAIRS and XPS results are therefore consistent
with an overall reaction:

TiO2(1 1 0)– Rh(CO)2 + NO(g)

⇔ TiO2(1 1 0)–Rh(NO+) + 2CO(g) (5)

The Cl(2p) XPS (not shown) appears unperturbed
throughout the formation of the nitrosyl species and
the subsequent regeneration. Previous studies [12,13]
concerning the adsorption and chemistry of the
TiO2(1 1 0)–Rh(CO)2 species, derived from MOCVD
of [Rh(CO)2Cl]2 to the TiO2(1 1 0), have concluded
that the Cl atoms on the surface are no longer as-
sociated with the Rh centre, and are bound only to
the rutile surface. We are, however, unable to say
whether the adsorbed Cl atoms influence the forward
or reverse reactions outlined in Eq. (5).

The changes in the Rh(3d) spectra observed during
the reaction of Rh(CO)2 (Fig. 3) with NO are subtle.
The binding energy of the (3d5/2) photoelectron line
is shifted slightly tohigher energy by∼0.2 eV (from
309.1 to 309.3 eV) and the net intensity of the transi-
tion is attenuated by a small amount (∼15%) though
the width of the line is increased. This is entirely con-
sistent with the FT-RAIRS based deduction that the
Rh is still very highly dispersed on the surface and,
given the apparent stoichiometry of the reaction (3), it
would appear that it is extremely likely that it is still
mono-disperse.

Fig. 4A and B show the effects in XPS (C(1s)
and N(1s) transitions, respectively) of heating
TiO2(1 1 0)–Rh(CO)2 and TiO2(1 1 0)–Rh(NO)+ pro-
duced at 300 K (a) to 500 K (b) and 600 K (c).
The TiO2(1 1 0)–Rh(NO)+ adduct is thermally more
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Fig. 4. (A) C(1s) XPS spectra of: (a) TiO2(1 1 0)–Rh(CO)2 which has subsequently been heated to (b) 500 K and (c) 600 K. (B) N(1s)
XPS spectra of (a) TiO2(1 1 0)–Rh(NO)+ which has subsequently been heated to (b) 500 K and (c) 600 K.

stable than the geminal dicarbonyl species. Moreover,
between 500 and 600 K it is thermally removed from
the surface without leaving any N residues.

3.3. The reaction of NO with TiO2(P25)–Rh(CO)2

Fig. 5 shows transmission IR spectra obtained
during the exposure of TiO2(P25)–Rh(CO)2 to NO
at 300 K. It can be seen that the reaction observed
is somewhat different to that observed on the single
crystal. A reduction in the intensity of the geminal
dicarbonyl symmetric and asymmetric stretch modes

is accompanied by the appearance of a band at 1920
cm−1, and a broad band centred around 1750 cm−1.
We also note a differential attenuation of the bands
associated with Rh(CO)2: νasym(C–O) (2030 cm−1)
reduces in intensity more thanνsym(C–O)
(2110 cm−1). The latter band shifts down in frequency
ca. 10 to 2100 cm−1 during the reaction with NO.

The band at 1920 cm−1 can be unambiguously as-
sociated with the formation of TiO2(P25)–Rh(NO)+
species, as observed in the reaction of NO on
TiO2(1 1 0)–Rh(CO)2. The broad peak centred on
1750 cm−1 is more difficult to assign. A band in
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Fig. 5. Transmission IR spectra of (a) TiO2(P25)–Rh(CO)2 and
following exposure to NO (1×10−3 Torr) at 300 K; (b) 7×105 L;
(c) 1.2 × 106 L; (d) 5 × 106 L.

this region has previously been assigned (Table 1)
to a Rh(NO)− species, theνasym(N–O) of a geminal
di-nitrosyl species Rh(NO)2, or the ν(N–O) stretch
of the mixed geminal species Rh(CO)(NO). In the
absence of a corresponding bandνsym(N–O) around
1825 cm−1, which one would expect for Rh(NO)2
[20,25,27,47], we consider it unlikely that this species
is formed in the reaction. The persistence of a band
at 2100 cm−1, slightly shifted from theνsym(C–O)
stretch of TiO2(P25)–Rh(CO)2 is most likely asso-
ciated with theν(C–O) stretch of the Rh(CO)(NO)
species. The band at 1750 cm−1 is therefore primarily
associated withν(N–O) of this same species, al-
though an additional contribution to its intensity from
a Rh(NO)− species cannot be excluded.

The reaction of TiO2(P25)–Rh0 clusters, formed
through the thermal decomposition of TiO2(P25)–
Rh(CO)2 at increasingly high temperatures, was then
investigated (Figs. 6–9).

Fig. 6 shows the case where an initially deposited
layer TiO2(P25)–Rh(CO)2 (a) was flashed to∼380 K
(b); the resulting surface was then exposed to NO
at room temperature (c). Heating to 380 K initi-
ates thermal decomposition of nearly all of the
Rh(CO)2 species. Under these conditions one may
expect minimal clustering of the supported Rh0 based
on measurements made on the TiO2(1 1 0) surface
[11–14]. There is some evidence of clustering with
the observation (Fig. 6b) of a linear CO species on

Fig. 6. Transmission IR spectra obtained for: (a) TiO2(P25)–
Rh(CO)2, (b) subsequent to the heating of TiO2(P25)–Rh(CO)2
to 380 K to produce TiO2(P25)–Rh0, (c) exposure of the surface
produced in (b) to NO (2.2 × 105 L) at 300 K; and (d) exposure
of the product of (c) to CO (3× 106 L) at 300 K.

TiO2(P25)–Rh0 with ν(C–O) at ∼2083 cm−1 [13].
Exposure of this surface to NO (Fig. 6c) replaces most
of this linearly bound CO with a band in theν(C–O)
region appearing at 2100 cm−1. This we assign to the
mixed Rh(CO)(NO) species as observed (above) in
the direct reaction of NO with TiO2(P25)–Rh(CO)2:
note there is a weak feature at 1750 cm−1, which
is the correspondingν(N–O) band of this species.

Fig. 7. Transmission IR spectra of TiO2(P25)–Rh0 clusters, ob-
tained by heating TiO2(P25)–Rh(CO)2 to 625 K. TiO2(P25)–Rh0

clusters have been exposed to NO at 300 K; (a) 60 L; (b) 360 L;
(c) 720 L; (d) 1320 L; (e) 3500 L; (f) 13 300 L; (g) 71 000 L; (h)
3 × 105 L; (i) 1.1 × 106 L; (j) 2 × 106 L.
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Fig. 8. Integrated absorption intensities for the principal IR bands
of the Rh(NO) species observed in Fig. 7:ν(N–O) = 1920 cm−1

(filled circles) TiO2(P25)–Rh(NO)+; ν(N–O) = 1818 cm−1 (open
circles) linear NO on TiO2(P25)–Rh0; ν(N–O) = 1680 cm−1

(crosses) bridging NO on TiO2(P25)–Rh0; ν(N–O) = 1745 cm−1

(squares) Rh(NO)−.

Alongside this we see the appearance (Fig. 6c) of
the same dominant feature as were seen in the re-
action of NO with TiO2(P25)–Rh(CO)2 (Fig. 5) at
∼1920 cm−1 due to TiO2(P25)–Rh(NO)+. A notable
difference, however, is an additional weak absorption
band at∼1680 cm−1. This we ascribe to NO ad-
sorbed in a bridging configuration [29–31] on a very
low concentration of TiO2(P25)–Rh0 clusters which

Fig. 9. Transmission IR spectra of TiO2(P25)–Rh0 clusters, ob-
tained by heating TiO2(P25)–Rh(CO)2 to 800 K. TiO2(P25)–Rh0

clusters have been exposed to NO at 300 K: (a) 0 L; (b) 60 L;
(c) 920 L; (d) 2240 L; (f) 840 L; (f) 14 850 L; (g) 94 500 L; (h)
5.75× 105 L.

have not been disrupted by the NO. Re-exposure
of this surface to CO at 300 K (Fig. 6d) results
in the conversion of the TiO2(P25)–Rh(CO)(NO)
(ν(C–O) = 2100 cm−1 and ν(N–O) = 1750 cm−1)
and TiO2(P25)–Rh(NO)+ (ν(N–O) = 1920 cm−1)
species to TiO2(P25)–Rh(CO)2, but the NO adsorbed
on the Rh0 clusters (ν(N–O) ∼ 1680 cm−1) appears
to remain.

A TiO2(P25)–Rh0 surface produced by heating
TiO2(P25)–Rh(CO)2 to 650 K was subsequently ex-
posed to NO at 300 K. At this annealing temperature
we expect that CO desorption has been accompanied
by significant clustering of the supported Rh [11–14].
We do not expect it to have entered into the SMSI
state that can be induced in this system [41–46] al-
though it is likely that some oxygen has decorated the
Rh [13]. Fig. 7 is a series of IR spectra obtained on
exposing this TiO2(P25)–Rh surface to NO at 300 K.
We note the appearance, and in some cases subse-
quent disappearance, of a number of bands which
we associate with a series of nitrosyl species. The
intensities of these bands are plotted in Fig. 8. Initial
adsorption of NO produces exclusively two strong
bands at 1680 and 1818 cm−1. These bands grow but
eventually attenuate above exposures of ca. 5×103 L.
Concomitant with their disappearance, a strong band
at 1920 cm−1 grows in intensity, as do weak bands at
1745 and 1550 cm−1.

The band at 1920 cm−1 is the easiest to assign in
the light of the earlier results, and is associated with
the TiO2(P25)–Rh(NO)+ species. The pair of bands
which grow simultaneously at 1680 and 1818 cm−1

appear to be associated with an adsorbate which acts
as a precursor to the TiO2(P25)–Rh(NO)+ species:
these bands disappear while the 1920 cm−1 appears.
We have considered the possibility that this precursor
is Rh(NO)2, since one may expect theνsym(N–O) and
νasym(N–O) modes at 1820–1830 and 1740 cm−1, re-
spectively (Table 1). There is, however, a significant
difference (60 cm−1) in frequency for the band we
observe at 1680 cm−1 and νasym(N–O) of Rh(NO)2.
We also considered it unlikely that once formed,
Rh(NO)2 would convert to Rh(NO)+ through further
exposure of NO at 300 K (Fig. 8). The bands at 1680
and 1818 cm−1 are most likely associated with NO
adsorbed on the supported Rh0 clusters. Although
NO can dissociate on metallic Rh surfaces, adsorbed
molecular NO species have also been observed on
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the clean and oxygen covered single crystal surfaces
of Rh with bands in the region 1500–1800 cm−1

[30–35]. On the basis of results it seems most likely
that the bands at 1680 and 1818 cm−1 are due to NO
in bridged and linear configurations on Rh0 clusters
on the TiO2(P25). The subsequent disappearance of
these bands with NO exposure (Fig. 8) is therefore as-
cribed to the disruption of the clusters to produce, for
example, the TiO2(P25)–Rh(NO)+ species observed
at higher exposures.

The last species to appear, with weak bands at 1745
and 1550 cm−1, are associated (based on previous
assignments) with the species TiO2(P25)–Rh(NO)−
and TiO2(P25)–Rh(NO2)−/Rh(NO3)−, respectively
(Table 1). These species are not observed during the
reaction of NO with TiO2(P25)–Rh(CO)2. They are
formed either as a result of a reaction of NO with the
TiO2(P25)–Rh0 clusters, or as a result of a reaction
of NO with TiO2(P25)–Rh0 or TiO2(P25)–Rh(CO)2
but specifically in the presence of surface sites which
have been created by the thermal treatment. A prime
candidate would be oxygen vacancy defects, which
could stabilise Rh(NO)− or Rh(NO2)−/Rh(NO3)−.

Fig. 9 shows the effect on the interaction of NO
at 300 K with TiO2(P25)–Rh0 that has been formed
through heating TiO2(P25)–Rh(CO)2 to 800 K. At
this annealing temperature studies indicate that
encapsulation of the Rh particles by either O or
Ti sub-oxides should occur and the catalyst enter
into the SMSI state known for the Rh/TiO2 sys-
tem [41–46]. The absorption bands are considerably
weaker than in previous experiments. As in the case
of the TiO2(P25)–Rh(CO)2 surface annealed to 650 K
(Fig. 7) initial adsorption of NO produces exclusively
two bands at 1680 and 1818 cm−1. Whereas these
two bands previously disappeared at high exposures
(Fig. 9), in this case the band at 1818 cm−1 decreases
in intensity more slowly at higher exposures, and the
band at 1680 cm−1 reduces little in intensity. Con-
comitant with their (less strong) disappearance, a
weaker band at 1920 cm−1 grows in intensity (Fig. 9).
No bands at 1745 and 1550 cm−1 are observed.

The appearance of a band at 1920 cm−1 indicates
that TiO2(P25)–Rh(NO)+ is again being formed, but at
lower concentrations than previously in direct reaction
of NO with TiO2(P25)–Rh(CO)2 or TiO2(P25)–Rh0

produced on the surface annealed at 650 K. The asso-
ciation of the two bands at 1680 and 1818 cm−1 with

NO species adsorbed on the Rh0 clusters indicates
that dispersion of such clusters is less effective for the
surface heated to 800 K. Indeed it appears that at the
highest exposures such clusters remain covered pre-
dominantly with bridged bound NO (Table 1) since the
band at 1680 cm−1 remains relatively strong (Fig. 9).
The observations of changes in nitrosyl band intensi-
ties on this surface are again consistent with a model
involving conversion of TiO2(P25)–Rh0 clusters to
TiO2(P25)–Rh(NO)+, albeit at a lower efficiency. This
is most probably associated with the difficulty one
may expect in dispersing larger clusters formed at the
high annealing temperature (800 K), although inhibi-
tion resulting from decoration of the clusters by TiOx

sub oxides cannot be excluded.
Alongside these absorption bands we see a trans-

mission feature growing in with the NO exposure. As
a new background has been taken prior to the NO ad-
mission and after the flash heating to 800 K this would
represent the removal of some species from the sur-
face. Its position would appear to indicate the removal
of a linear carbonyl species from the surface. It is likely
that after heating some CO from the vacuum back-
ground could have adsorbed onto the Rh0, and that
this is subsequently displaced or reacted by the NO.

4. Discussion

4.1. The reaction of NO with TiO2(1 1 0)–Rh(CO)2

The combination of XPS (Fig. 3) and FT-RAIRS
(Fig. 4) results presented here is consistent with
TiO2(1 1 0)–Rh(CO)2 reacting to produce a single
product, TiO2(1 1 0)–Rh(NO)+. Though the detec-
tion range of the FT-RAIRS experiment is limited
by the InSb detector, the fact that the XPS measure-
ments show the complete removal of carbon species
from the surface and a C:N ratio of 2:1 immedi-
ately rules out the formation of Rh(CO)(NO) (the
ν(C–O) of which we should also be able to detect)
or Rh(NO)2. The Rh(3d) peak intensity and position
after exposure to NO also rule out the formation of
any metallic Rh0 species and by extension the forma-
tion of any NO species supported thereon. It is clear,
therefore, that the reaction of NO with the adsorbed
TiO2(1 1 0)–Rh(CO)2 results in the formation of a
mono-disperse TiO2(1 1 0)–Rh(NO)+ species. The
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observation of the transmission band (rather than an
absorption band) forν(N–O) is evidence of high dis-
persion. These two species are therefore associated
with the same site on TiO2(1 1 0), and it therefore
seems likely that the same association, made by
Srinivas et al. [21] for Rh/SiO2 catalysts, is correct.

At present, however, we cannot say definitively how
this reaction proceeds. This conversion can conceiv-
ably be achieved in three ways:

TiO2(1 1 0)–Rh(CO)2 + 3NO

⇔ TiO2(1 1 0)–Rh(NO)+ + 2CO2(g) + N2(g) (6)

TiO2(1 1 0)–Rh(CO)2 + 5NO

⇔ TiO2(1 1 0)–Rh(NO)+ + 2CO2(g) + N2O(g) (7)

TiO2(1 1 0)–Rh(CO)2 + NO

⇔ TiO2(1 1 0)–Rh(NO)+ + 2CO(g) (8)

We are not able to distinguish between the reactions on
the basis of reaction products formed during NO expo-
sure since we are not able to detect these with sufficient
sensitivity. The dependence of the rate of the forward
reaction at 300 K on NO pressure indicates that the re-
action is close to first order in NO, i.e. 100% conver-
sion in 75 min at the rate of 1×10−5 Torr versus 100%
conversion in∼10 min at the rate of 1× 10−4 Torr.
This suggests that a simple displacement mechanism
(8) is most likely to be responsible for the conversion.

The TiO2(1 1 0)–Rh(NO)+ species is found to
have a greater thermal stability than the TiO2(1 1 0)–
Rh(CO)2 species (Fig. 4A and B), which is consistent
with the observation that the Rh–N bond is stronger
than the Rh–C bond in similar systems. Whilst we
cannot carry out any quantitative kinetic analysis on
the basis of the XPS measurements, the results show
that the thermal decomposition of this species occurs
cleanly with no residual N species persisting above
600 K.

The association of the new adsorption band at
∼1920 cm−1 with the formation of a Rh(NO)+
species is based mainly upon previous assertions
made in the literature for supported systems. These
in turn have been based upon IR measurements made
upon inorganic nitrosyls for which diffraction stud-
ies have definitively determined the Rh–NO bond
angle. Whilst, on the basis of current measurements

we cannot affirm the linearity of this bond explicitly,
we may make suggestions regarding the nature of
this species supported upon the single crystal surface.
Firstly we note that our XPS measurements, assum-
ing dominated by initial state effects, would indicate
that the oxidation state of the Rh rather similar in
both geminal dicarbonyl and Rh(NO)+ case. We have
also noted the stability of the nitrosyl species in re-
lation to the geminal dicarbonyl. This suggests that
the Rh centre in TiO2(1 1 0)–Rh(NO)+ has not been
reduced by the addition of NO, and that it remains
in an (approximately)+1 state. In order to maintain
charge balance, we suggest that the stoichiometric
and defect free TiO2(1 1 0) surface is effectively elec-
tron deficient (Lewis acid), perhaps resulting from the
presence of five co-ordinate Ti atoms. The fate of the
extra electron provided by the NO is to be transferred
into the surface to compensate for the net electron
deficiency of TiO2(1 1 0).

4.2. The reaction of NO with TiO2(P25)–Rh(CO)2

A similar IR band similar to that observed on
TiO2(1 1 0)–Rh(CO)2 is observed at 1920 cm−1 on
TiO2(P25)–Rh(CO)2 during exposure to NO (Fig. 5),
and is evidence that a primary product in the reaction
at 300 K is TiO2(P25)–Rh(NO)+. In contrast to the re-
action of NO with TiO2(1 1 0)–Rh(CO)2, the species
TiO2(P25)–Rh(NO)(CO) is also produced during the
reaction of NO with TiO2(P25)–Rh(CO)2. This is ev-
ident from the bands at 2100 and 1750 cm−1 assigned
to ν(C–O) andν(N–O), respectively. It would appear
that this species is not a precursor to the formation
of completely decarbonylated TiO2(P25)–Rh(NO)+
species as it co-exists with the other Rh(NO) states
and does not react further with NO. The absence of
such a species on TiO2(1 1 0) would indicate that
the formation of this species is either specific to the
surfaces of anatase (some may remain after the an-
nealing procedure), or simply the result of structure
sensitivity in the chemistry on rutile; i.e. it is formed
on surface planes other than rutile (1 1 0).

Common to experiments on TiO2(1 1 0) and
TiO2(P25) is the relative facility of the reaction of NO
with supported geminal dicarbonyl with respect to the
reverse regeneration reaction. The former reaction ap-
pears to be much easier; orders of magnitude less NO
being required to convert the geminal species to the
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various supported Rh(NO) adducts than is required to
return these species to the geminal dicarbonyl state.

4.3. The reaction of NO with TiO2(P25)–Rh0

The reaction of NO with TiO2(P25)–Rh0 produced
by the thermal treatment of TiO2(P25)–Rh(CO)2 ex-
hibits a dependence on the annealing temperature.
Heating the surface to 380 K (Fig. 6) is sufficient
to partly desorb CO from TiO2(P25)–Rh(CO)2 and
produce clusters of TiO2(P25)–Rh0 on which CO
is adsorbed. Exposure of these clusters, and the re-
maining TiO2(P25)–Rh(CO)2, to NO produces the
products one may expect (see above) for the reaction
with TiO2(P25)–Rh(CO)2, i.e. TiO2(P25)–Rh(NO)+
and TiO2(P25)–Rh(NO)(CO). In addition bridged NO
is observed (ν(N–O) ∼ 1680 cm−1) [29–31] on what
appear to be a small proportion of TiO2(P25)–Rh0

clusters which remain intact. While the TiO2(P25)–
Rh(NO)+ and TiO2(P25)–Rh(NO)(CO) are easily
reconverted to TiO2(P25)–Rh(CO)2 on re-exposure
to CO (Fig. 6), the TiO2(P25)–Rh0 clusters remain
covered with adsorbed bridging NO.

The reaction of NO with TiO2(P25)–Rh0 produced
by heating TiO2(P25)–Rh(CO)2 to 650 K (Figs. 7 and
8) produces a complex sequence of inter-conversions
between the supported Rh(NO) products. The clusters
are sufficiently large and robust that initial expo-
sure to NO results in the adsorption of bridged and
linear NO species on TiO2(P25)–Rh0 (ν(N–O) ∼
1680 and 1818 cm−1, respectively). It is likely that
a proportion of the adsorbing NO dissociates on
the metallic clusters, and that these bands may be
due to species perturbed by the dissociation prod-
ucts, adsorbed N and O. No dispersed Rh nitrosyl
species are observed during the initial NO exposure.
The adsorption of NO on TiO2(P25)–Rh0 clusters
is followed by their re-dispersion at 300 K to form
TiO2(P25)–Rh(NO)+ as evidenced by the strong
growth of the band at 1920 cm−1 concomitant with
the disappearance of the bands associated with NO
on TiO2(P25)–Rh0. The last species to appear dur-
ing exposure to NO, with weak bands at 1745 and
1550 cm−1 we have assigned to TiO2(P25)–Rh(NO)−
and TiO2(P25)–Rh(NO2)−/Rh(NO3)− species, re-
spectively (Table 1). These species were not observed
during the reaction of NO with TiO2(P25)–Rh(CO)2.
One possibility is that they can be formed only as a

result of the re-dispersion reaction of NO with the
TiO2(P25)–Rh0 clusters. However, it can be seen
from Fig. 8 that this does not take place during initial
dispersion which results in the formation of exclu-
sively TiO2(P25)–Rh(NO)+. We suggest that a more
likely requirement for the formation of to TiO2(P25)–
Rh(NO)− or TiO2(P25)–Rh(NO2)−/Rh(NO3)− is a
reaction (perhaps via the formation of TiO2(P25)–
Rh(NO)−) of NO with TiO2(P25)–Rh0 specifically in
the presence of surface defect sites which have been
created by the thermal treatment. A prime candidate
would be oxygen vacancy defects, which we suggest
could stabilise Rh(NO)− or Rh(NO2)−/Rh(NO3)−. A
possible mechanism for this is the co-ordination of
the Rh at a defect site where negative charge is ex-
pected to stabilise the surface structure (missing oxy-
gen atom). Similar Rh(NO) species have been seen
previously and postulated as being a mono-disperse,
and it is worthy of note that this has recently been
confirmed for a similar species observed on high area
Rh(CO)2/Al2O3 and Rh(CO)2/TiO2 systems (also
produced through the [Rh(CO)2Cl]2 precursor) [48]
following reaction with NO at 300 K.

Annealing to surface temperatures of 800 K
produces TiO2(P25)–Rh0 clusters onto which the
chemisorption of NO at 300 K is strongly suppressed
(Fig. 9), as one may expect with the onset of SMSI
characteristic of the Rh/TiO2 system under these con-
ditions [41–46]. As in the case of TiO2(P25)–Rh0 pro-
duced by annealing at 650 K (Fig. 7), initial adsorption
of NO produces exclusively two bands at 1680 and
1818 cm−1, although they are significantly weaker.
Further, whereas these two bands previously disap-
peared at high exposures (Figs. 7 and 8), in this case
the band at 1818 cm−1 decreases in intensity much
more slowly, and the band at 1680 cm−1 reduces little
in intensity. Concomitant with their (less strong) dis-
appearance, a weaker band at 1920 cm−1, associated
with the mono-dispersed species Rh(NO)+, grows in
intensity (Fig. 9). Re-dispersion of TiO2(P25)–Rh0 is
clearly considerably curtailed for clusters produced
at the higher annealing temperature of 800 K. The
increased size of clusters produced at 800 K, or their
encapsulation by TiO2 sub-oxides, must be responsi-
ble for the hindrance in re-dispersion.

We also have noted that for clusters produced at
800 K, no bands at 1745 and 1550 cm−1 are observed
during re-dispersion. This may also be due to the
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limited dispersing power of NO for such particles,
or a lower concentration of defects following the
annealing treatment if these are responsible for the
stabilisation of Rh(NO)− or Rh(NO2)−/Rh(NO3)− as
suggested above.

5. Conclusions

5.1. The reaction of NO with TiO2(1 1 0)–Rh(CO)2

TiO2(1 1 0)–Rh(CO)2, formed from the dissocia-
tion [Rh(CO)2Cl]2, is converted through reaction with
NO at 300 K to a highly dispersed Rh(NO)+ species.
A transmission band associated withν(N–O) of this
species is observed in FT-RAIRS at 1920 cm−1. This
species is thermally more stable than the geminal
dicarbonyl species and XPS measurements indicate
that the NO is removed without nitrogen residues by
600 K.

Exposure of TiO2(1 1 0)–Rh(NO)+ to CO at 300 K
results in the complete regeneration of TiO2(1 1 0)–
Rh(CO)2. Both this regeneration process, and the syn-
thesis of the TiO2(1 1 0)–Rh(NO)+, are found to be
facilitated by increased temperature (up to∼400 K)
though the regeneration reaction is significantly more
difficult.

5.2. The reaction of NO with TiO2(P25)–Rh(CO)2

MOCVD of [Rh(CO)2Cl]2 on titania powder
(Degussa 25) at 300 K results in the adsorption of
TiO2(P25)–Rh(CO)2 in a variety of surface envi-
ronments, with broad bands observed at the same
frequencies as on TiO2(1 1 0) for νsym(C–O) at
2110 andνasym(C–O) at 2030 cm−1. Exposure of
TiO2(P25)–Rh(CO)2 to NO at 300 K results in the
formation of TiO2(P25)–Rh(NO)+ with ν(N–O)
at 1920 cm−1, and TiO2(P25)–Rh(CO)(NO) with
ν(N–O) at 1750 cm−1 andν(C–O) at 2110 cm−1.

5.3. The reaction of NO with TiO2(P25)–Rh0 clusters

Surfaces on which a variety of TiO2(P25)–Rh0 clus-
ters have been formed through the thermal decompo-
sition of TiO2(P25)–Rh(CO)2 at various temperatures
react with NO to produce additional surface nitrosyl

species. We find, however, no evidence for the forma-
tion of a Rh(NO)2 species in this system whereas on
Al2O3 [20,25,27] and systems based on zeolite-Y [47]
it has often been invoked.

On a surface heated to 380 K, where TiO2(P25)–
Rh(CO)2 decarbonylation has only just taken place,
reaction with NO at 300 K results in the same species
as that produced through the reaction of NO directly
with TiO2(P25)–Rh(CO)2 i.e. TiO2(P25)–Rh(NO)+
and TiO2(P25)–Rh(CO)(NO). In contrast with the
reaction with larger clusters, no precursor species are
observed. This is either because the TiO2(P25)–Rh0

formed at 380 K is mainly mono-dispersed, or the clus-
ters are very small and the reaction is very fast. Under
these conditions, a small amount of bridging NO is
observed (ν(N–O) at 1680 cm−1), and this species is
associated with a low concentration of TiO2(P25)–Rh0

clusters which remain intact during NO exposure.
Re-exposure of this surface to CO results in the com-
plete re-conversion of the dispersed nitrosyl species
TiO2(P25)–Rh(NO)+ and TiO2(P25)–Rh(CO)(NO)
back to TiO2(P25)–Rh(CO)2, while bridging NO
species are not displaced from the TiO2(P25)–Rh0

clusters.
On a surface heated to 650 K where TiO2(P25)–

Rh(CO)2 decarbonylation has taken place and larger
TiO2(P25)–Rh0 clusters have been formed, probably
decorated with adsorbed oxygen [13], reaction with
NO leads initially to the adsorption of linear and
bridged bound NO on TiO2(P25)–Rh0 with respec-
tive ν(N–O) bands observed in the IR at 1818 and
1680 cm−1. Further exposure of NO, however, results
in the disruption of the TiO2(P25)–Rh0 clusters. This
is evidenced by the disappearance of the bridging
and linear bands and the appearance of a strong band
associated withν(N–O) of TiO2(P25)–Rh(NO)+ at
1920 cm−1. In addition, at the highest exposures
of NO, bands at 1745 and 1550 cm−1 are observed
and assigned to dispersed TiO2(P25)–Rh(NO)− and
TiO2(P25)–Rh(NO2)−/(NO3)−. The latter species,
which were not observed following the reaction of
NO with TiO2(P25)–Rh0 produced at 380 K, we sug-
gest are stabilised by surface defects such as oxygen
vacancies. These may have been formed during the
clustering of the Rh0 [13].

After thermal treatment of TiO2(P25)–Rh(CO)2 to
temperatures of 800 K, where encapsulation of the
TiO2(P25)–Rh0 clusters should occur, we see a strong
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suppression of NO adsorption on the clusters. Nev-
ertheless disruption of clusters still takes place with
the formation of TiO2(P25)–Rh(NO) even under these
(SMSI) conditions.
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