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Abstract 

Metal-support interactions between rhodium and nanoparticles of anatase (ANP), rutile (RNP), and 

brookite (BNP) TiO2 with similar average particle sizes were investigated. The low rhodium loading 

(0.4 % by weight) yielded 1.5-2.0 nm Rh particles and assured maximum Rh-TiO2 interactions. Under 

these closely matched conditions, the oxidation state of rhodium was shown to vary with TiO2 structure 

plus particle size and reducing conditions. After reduction at 200 °C, more metallic rhodium was 

present at the surface of the anatase TiO2 support with the larger particle sizes (15 nm) compared with 

Rh on brookite or rutile TiO2, or smaller anatase TiO2 nanoparticles, and this likely explains why the 

Rh/TiO2-ANP is the most active catalyst in the hydrogenation of propene. A high temperature reduction 

(500 °C) resulted in migration of TiOx over rhodium on anatase and brookite, but not on rutile TiO2 

supports where instead strong electronic interactions dominated. This study reveals the importance of 

considering TiO2 structure and particle size, active metal particle size, as well as shape and stability of 
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the TiO2 support when investigating metal-support interactions. The electronic properties of Rh depend 

sensitively on the TiO2 structure, particle size and stability, and vary significantly with pretreatment 

conditions.   
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1.  Introduction 

Metal oxide supports play a significant role in the performance of heterogeneous catalysts. This is 

particularly true for redox active oxide supports, such as TiO2 and CeO2, since these materials can, in 

addition to simply providing a high surface area to support the active metal, also interact strongly with, 

and alter the electronic properties of, the active metal as well as participate in the reactions [1, 2]. 

Titania or TiO2 is a particularly interesting support, and, due to its versatile properties, TiO2 has been 

widely utilized in photocatalytic, electrochemical, and even in traditional industrial catalytic reactions 

[3-7]. TiO2 has three main crystal structures, rutile, anatase, and brookite, among which rutile and 

anatase are typically the most important in catalytic applications as they tend to be more stable under 

reaction conditions [8]. Anatase is a better photocatalyst and has a higher surface area, but rutile is the 

lower energy structure and is therefore thermally more stable [9, 10]. Brookite is less common, but can 

be important when the TiO2 nanoparticles have grain sizes between 5 and 30 nm [11]. In addition, the 

presence of metals can induce transitions between rutile, anatase, and brookite phases, and reduce (or 

increase) the temperature at which these transitions occur [11-13]. Thermochemical reactions utilizing 

TiO2 supports are therefore complex, and, furthermore, the catalytic activity and selectivity are not only 

affected by the TiO2 bulk structure, but can also depend on the TiO2 surface structure (i.e. the surface 

facet exposed as well as surface defects) [14-17]. For these reasons, catalytic properties of TiO2-

supported catalysts can be very sensitive to the calcination temperature [18-20] and pretreatment 

conditions [21, 22]. This is further complicated by the potential to induce strong metal-support 

interactions (SMSIs), a signature property of TiO2. Tauster et al.[5] first discovered that a high 

temperature (500 °C) reduction of TiO2-supported catalysts, resulted in a drastic decrease in the CO 

chemisorption, and this was later shown to be due to TiOx migration over the supported metal particles 

[6]. The process is at least partially reversible so most of the original metal surface area can typically be 

recovered by an oxidative treatment (at 400 °C) and a second low-temperature (200 °C) reduction. The 

TiOx migration is often referred to as a geometric SMSI effect, since metal support interactions can, and 
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often do, result in electronic effects also, i.e. the electronic properties of small metal particles are altered 

by interactions with the support, sometimes referred to as electronic metal support interactions (EMSI) 

[1, 23-26]. 

Amongst all the TiO2-supported metal catalysts reported in the literature [27], Rh/TiO2 is a powerful 

combination that has been used in several reactions ranging from steam reforming [28], reverse water 

gas shift and CO2 hydrogenation [29-31] to various other hydrogenation [32-37], hydroformylation [38-

41], oxidation [42-45], and photocatalytic reactions [28, 46]. Also, since the discovery of SMSIs in 

Pt/TiO2 catalysts, the Rh-TiO2 combination has been extensively investigated and a large number of 

studies on the effects of SMSIs on its properties have been reported [47-58]. The loss in metal surface 

area due to SMSIs typically decreases the catalytic activity, but the activity can increase in reactions 

where the metal-support interface is important, and, in addition, the selectivity to desired products can 

be increased by either site-blocking (i.e. poisoning of the unselective sites) or via the electronic 

interactions that accompanies SMSIs [1]. This is observed in various reactions over Rh/TiO2 catalysts 

such as CO2/CO hydrogenation [22, 59-62], parahydrogen induced polarization (PHIP) [63, 64], as well 

as in more complex hydrogenation reactions [53, 56, 65-70]. Despite all the studies of metal-TiO2 

interactions, there are still some uncertainties on the effects of TiO2 crystal structure (anatase, rutile, 

and brookite) and surface termination on the induction of geometric and electronic SMSIs [71]. As 

mentioned, this is further complicated by the anatase-brookite-rutile transitions that can take place as 

the temperature is increased, transitions that can be influenced by the presence of metals, such as 

rhodium [72]. Several studies indicate that TiOx migration is more facile on TiO2 supports with a 

predominant anatase phase, compared with rutile TiO2 supports [73-77]. Rutile TiO2 has been shown to 

instead induce electronic metal support interactions, which leads to slightly positively charged Rh 

particles after reduction (higher binding energies measured with XPS compared with metallic Rh) [73]. 

However, there are also studies indicating that rutile induces SMSIs (TiOx migration) while anatase 

does not [78], or that geometric SMSIs occur on both [79]. Other studies have revealed that the specific 
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metal is important, since under the same conditions migration of TiOx over Rh was shown to be more 

facile than over Pt, and the stoichiometry of the TiOx layer is also dependent on the metal [80]. 

However, induction of SMSIs is evidently very complex, as it has also been reported that Pt enters the 

SMSI state more readily than Rh [81]. Surface science studies of Rh particles on thin rutile TiO2 films 

with (110) surfaces have shown that encapsulation of Rh particles does occur on this surface and is 

more facile on defect rich TiO2 surfaces [82, 83]. There are also indications in the literature that the 

exposed TiO2 surface facet is important, and encapsulation of metal nanoparticles occur on some 

surface facets but not others [14, 84]. In addition, it has recently been shown that hydrocarbon gas 

mixtures can induce so called adsorbate-mediated geometric SMSIs [22], and there are also indications 

that geometric SMSIs can be induced under oxidative conditions [14]. Finally, encapsulation appears to 

be dependent on the TiO2 particle size [85], as well as the size of the metal particles on the TiO2 support 

[86-88]. For example, it has been shown that Au NPs of ~5 nm undergo more facile Au–TiO2 SMSIs 

(migration of TiOx over the Au nanoparticles) than those of ~2 nm and SMSIs only happens when Pt 

size greater than 2 nm [89]. However, this may also depend on the specific metal and the purity of the 

TiO2 phase, as evidence suggests that 1.2-nm Rh particles on pure anatase TiO2 were covered by a TiOx 

layer already after reduction at 400 °C [73]. Other studies have indicated that smaller particles and 

single metal atoms require higher temperatures to show SMSI behavior [90]. Higher temperatures, of 

course, increase the potential for sintering, and noble or precious metal particles greater than 2 nm are 

undesirable in catalysis as a significant fraction of the metal atoms would not be available for reaction. 

These complications all reduce the potential for using induction of geometric SMSIs as a tool in tuning 

catalytic activities and selectivities [91], and it is important to understand the behavior of each system, 

i.e., the specific combination of active metal and support.  

In this study, commercially available TiO2 nanoparticles with highly pure rutile or anatase phases 

were used as supports, and the average particle size of each support was carefully selected to match, to 

the extent possible, the specific surface areas of the supports. Brookite nanoparticles of similar average 
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particle size were also synthesized according to literature procedures [92]. However, matching the TiO2 

particle size is challenging since the stability of the rutile, brookite and anatase phases is dependent on 

the particle size, and it is important that the support is stable during reaction and various heat 

treatments. Therefore, a pure rutile support with the smallest possible particle size (20-50 nm) was 

selected (below 20 nm rutile is not the most stable phase of TiO2). Then, an anatase support with the 

largest particle size (~15 nm) was selected to obtain anatase and rutile supports with similar surface 

areas. Larger anatase particles would have non-negligible contributions from the rutile phase, and 

smaller particles would have larger surface areas. Rutile TiO2 nanorods were also synthesized and 

included in the study, since this support has a larger surface area than the rutile nanoparticles (i.e., 

closer to the anatase TiO2). The nanorods expose a high fraction of well-defined (110) surface facets 

together with some (101) surfaces. A small amount of Rh (0.4% by weight) was deposited onto these 

supports using an incipient wetness impregnation method to examine Rh-TiO2 interactions. Low Rh 

loadings were used to maximize interactions with the support and determine how the interactions are 

affected by the bulk and surface TiO2 structures, while at the same time minimizing large variations in 

Rh particle size, which can influence these interactions. A rhodium nitrate precursor was used to avoid 

any effects on these catalysts caused by potential chlorine contaminations, which are difficult to avoid 

when using chloride precursors.   

Propene hydrogenation was selected as the probe reaction, due to the low temperature of reaction 

over Rh/TiO2 catalysts [93-95]. A low reaction temperature is necessary due to the potential for 

induction of geometric SMSIs under reducing reaction conditions at higher temperatures. This reaction 

is a commonly used probe reaction for olefin hydrogenations [95-100]. It is also an important reaction 

due to its potential in parahydrogen-induced polarization nuclear magnetic resonance applications [33, 

36, 37, 63, 101, 102]. 
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2.  Experimental  

2.1. Catalyst Synthesis 

The following commercially available precursors and TiO2 nanoparticles were used in the study: 

rhodium nitrate hydrate, Rh(NO3)3·6H2O (Aldrich, 99.9%), titanium(Ⅲ) chloride, TiCl3 (ACROS, 

99.9%), titanium(Ⅳ) chloride, TiCl4 (Sigma-Aldrich, 99.9%), anatase TiO2 nanoparticles (ANP, 

Nanostructured & Amorphous Material Inc., 99%, 15 nm). rutile TiO2 nanoparticles (RNP, 

Nanostructured & Amorphous Material Inc., 99.8%, 20-50 nm), γ-Al2O3 nanoparticles (Nanostructured 

& Amorphous Material Inc., 99%, 11 nm), sodium hydroxide, NaOH (ACROS, 99%), urea (Fisher, 

99.4%), and sodium lactate solution (Sigma-Aldrich, 60% (w/w)). Two additional anatase TiO2 

nanoparticles with smaller average particle sizes were also included (both from Nanostructured & 

Amorphous Material Inc., ANP10: 10 nm, 99+%, and ANP05: 5 nm, 99.8%). All commercial TiO2 

support was 350 °C calcined before the synthesis and characterization. 

The rutile nanorods (RNR) were synthesized using a literature procedure [103]. In summary, 5 ml of 

an aqueous 15% TiCl3 solution was added dropwise into a solution composed of 35 ml deionized (DI) 

water, 2.0 g of NaCl, and 0.663 g of NaOH. The mixture was fully dissolved and well mixed by 

continuous stirring in a 100-ml Teflon liner, before the Teflon liner was placed in a stainless-steel 

autoclave and the mixture hydrothermally treated for 24 h at 150 °C. The nanorods were recovered by 

centrifugation and then filtrated after cleaning by dispersing twice in DI water and ethanol, respectively, 

followed by drying at 105 °C overnight and calcination at 350 °C for 3 h. 

The brookite nanoparticles (BNP) were also synthesized using a literature procedure [92]. First, 2.85 

g TiCl4 was added dropwise in DI water submerged in an ice water bath. Then, 5.0 g urea was added 

while maintaining constant stirring. Immediately following the urea addition, 5.0 mL sodium lactate 

solution (∼60%) was added dropwise. The resulting mixture was then moved to a 100 mL Teflon-lined 

autoclave, sealed, and maintained at 200 °C for a duration of 20 hours before being naturally cooled to 

room temperature. The brookite nanoparticles were recovered by centrifugation and washed by 
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dispersing first in DI water and then in ethanol, recover by centrifugation and repeating these steps 

twice, followed by drying at 105 °C over night and calcining in air at 500 °C for 3 h. 

The Rh/TiO2 catalysts were synthesized using the incipient wetness impregnation (IWI) method 

[104]. In all cases, the Rh loading was 0.4 % by weight and the catalysts are labeled according to their 

support, i.e., Rh/TiO2-ANP, Rh/TiO2-RNP, Rh/TiO2-RNR, Rh/TiO2-BNP. For the Rh/TiO2-ANP and 

Rh/TiO2-RNR catalysts, the Rh precursor solutions were prepared by dissolving 14 mg Rh(NO3)3·6H2O 

in 1.0 ml of DI water and the solutions were ultrasonicated for 30 s before they were added to 1.0 g dry 

TiO2 support (each) in aliquots of 200 µl at a time while stirring. In the case of the Rh/TiO2-RNP 

catalyst, the same amount of Rh precursor was dissolved in 1.1 ml DI water before being added to 1.0 g 

support. For the Rh/TiO2-BNP, the Rh precursor was dissolved in 628 μL of DI water and added to 1.0 

g of support. The resulting mixtures were dried overnight at 80 ºC and then calcined at 350 °C for 3 h to 

decompose the nitrate precursor. A Rh/γ-Al2O3 catalyst was also synthesized using the same method 

with the same Rh loading and 3.2 ml DI water. It was characterized as a reference catalyst with a 

support that is not expected to yield strong metal support interactions.   

2.2.  Catalyst Characterization 

2.2.1.  Temperature Programmed Reduction (TPR).  TPR measurements were conducted on a 

ChemBET 3000® instrument (Quantachrome Instruments, Inc.), using 5% H2 balanced with N2 as the 

reducing gas. Typically, the H2-TPR experiments were performed following the BET surface area 

measurements. The H2 consumption was monitored by a thermal conductivity detector (TCD) as a 

function of temperature using a heating rate of 10 °C/min up to the set point. The set point (maximum) 

temperature during the TPR experiments was either 200 °C or 500 °C, and the catalysts were kept at 

this temperature for one hour. 

2.2.2.  Specific Surface Area.  Single point Brunauer Emmett Teller (BET) surface area 

measurements were also performed on the ChemBET 3000® instrument using 30 or 50 mg of catalyst. 
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Each catalyst was degassed under ultra-high purity helium gas (Airgas, Inc) at 200 ºC for 20 min. At -

196 °C (immersed in liquid N2), the N2 molecules are deposited on the catalyst surface from the 30% N2 

gas flow (balanced with helium). The desorbing N2 molecules are then monitored while the temperature 

is returned to 25 °C, and the desorbed N2 quantified by using the known volumes of N2 and calculating 

the surface area by using the cross sectional area of the nitrogen molecule (0.162 nm2) [105].  

2.2.3.  X-Ray Diffraction (XRD) Analysis.  XRD measurements were performed on all TiO2-

supported catalysts using a PANalytical X’Pert Powder Pro l diffractometer in Bragg-Brentano 

geometry. The setup was equipped with a secondary Ni filter, Cu Kα1,2 radiation and an X’Celerator 

multi strip detector. Data were collected between 2θ angles of 20 and 80º with a time per step of 10 ms 

and a step size of 0.08º. Identification of observed peaks was accomplished by comparison against 

known standards. 

The XRD data were used to calculate the crystallite or grain sizes (L) using the Scherrer equation 

(Equation 1). The full widths at half maximum were determined for the most intense peaks in the XRD 

patterns obtained from each catalyst.  

Scherrer Equation: 

 

𝐿 =  
𝐾𝜆

𝐵(2𝜃) ∗ cos (𝜃)
                                                                                                           (1) 

K = 0.94 (Scherrer constant) [106], λ = 1.54178 [Å], 2𝜃 is the peak position, and B is the full width of 

half maximum. 

 

2.2.4.  Raman Spectroscopy Analysis.  Raman spectra were acquired on a LabRam ARAMIS (Horiba 

Jobin Yvon) spectrometer, and the measurements were carried out in the 100–1200 cm−1 spectral range. 

The samples were excited using a laser with a wavelength of 532 nm. The 10× lens objective 
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magnification was used to focus and collect the light scattered from the samples. The emitted light was 

collected by a spectrograph with a grating of 1800 lines/mm. 

2.2.5.  CO Chemisorption Measurements.  After the TPR experiments, the gas flow was switched to 

inert (He), and the catalysts degassed at 200 °C (after 200 °C TPR), or cooled down from 500 °C to 200 

°C and then degassed for 20 minutes (after 500 °C TPR), before the catalysts were cooled down to 

room temperature and the CO uptake (chemisorption) was measured (also on the ChemBET 3000® 

instrument) using pulses of pure CO gas with known volume (84 l). 

2.2.6.  Scanning/Transmission Electron Microscopy (S/TEM) Data.  High-resolution transmission 

electron microscopy (HR-TEM) images were collected on an FEI Talos F200i S/TEM instrument at 200 

kV (CS = 1.2 mm) with beam current of ~1.2 nA using an appropriately sized objective aperture for 

optimal (Scherzer) HR-TEM imaging.  The resulting information limit of the HR-TEM images was 

~0.1 nm with all images acquired at 2k × 2k resolution using a bottom-mounted FEI Ceta 4k × 4k 

CMOS camera.  Due primarily to mass-thickness contrast, the Rh particles appear darker compared to 

the TiO2 supporting particles.  

Monochromated high-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM) imaging coupled with electron energy loss spectroscopy (EELS) was performed to map the 

distribution of anatase, rutile and brookite phases two TiO2-supported Rh catalysts after reduction at 

200 °C using a CS probe-corrected FEI Themis Z S/TEM at 200 kV equipped with a Wein filter 

monochromator and Gatan Continuum ER post-column energy filter.  The monochromator excitation 

was set to 0.8 rad with the monochromator spot number set to 12; a 0.5 µm energy selecting slit and a 

30 µm probe-defining aperture were also used; under these conditions, the measured energy spread of 

the electrons was ~120 meV with a probe semi-angle of convergence of ~20.4 ± 0.1 mrad and a probe 

current of ~200 pA.  For all STEM-EELS maps, a 256 nm × 256 nm area was analyzed with 1 nm step 

size, 1 ms dwell time, and 10 total mapping cycles; the spectrometer collection angle was 33.0 ± 0.1 
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mrad and the dispersion was 0.15 eV/channel to allow collection of both Ti L2,3 and O K core-loss 

edges in the same electron energy loss (EEL) spectrum; the low-loss EEL spectrum (containing the 

zero-loss and plasmon peaks) was collected simultaneous using DualEELS mode to ensure accurate 

energy loss measurements and to allow removal of plural scattering effects from mapping results [107]. 

The aforementioned ~120 meV energy spread was verified by analyzing the zero-loss peak obtained 

with the monochromated STEM probe placed in vacuum and the spectrometer dispersion set to 0.015 

eV/channel (not shown).  Reference EEL spectra containing both the Ti L2,3 and O K core-loss edges 

(with contributions from plural scattering removed) were collected from anatase, rutile and brookite 

standard nanoparticle samples and then the contribution of each reference spectrum to the spectra 

collected from the catalysts after reduction was mapped using multiple linear least squares (MLLS) 

fitting [108, 109]. 

2.2.7.  Propylene Hydrogenation Experiments.  10 mg Rh/TiO2 catalyst was diluted with 20 mg 

Al2O3 and loaded into a 0.25-inch quartz reactor tube. Prior to reaction experiments, the catalyst was 

pretreated by heating to 200 °C at a rate of 10 °C/min under 5% H2 at 100 standard cm3/min (sccm). 

The catalyst was kept under the reducing flow at 200 °C for one hour before the reactor was cooled 

down to room temperature under inert flow (He at a 95 sccm). These catalysts are denoted as 200R. The 

propylene (C3H6) hydrogenation activity was evaluated as a function of temperature between 25 and 

150 °C using the following flow rates: C3H6: 2 standard cm3/min (sccm), H2: 2 sccm, N2: 3 sccm, and 

He: 91 sccm. The products were analyzed by an on-line Agilent 6890N gas chromatograph (GC) 

equipped with a TCD. The propylene conversion was calculated using Equation 2, where 𝐹𝐶3𝐻6
 is the 

measured volumetric flowrate of propylene, determined by taking the average of three sample 

injections. 

𝑋𝐶3𝐻6
=  

𝐹𝐶3𝐻6,𝑖𝑛 − 𝐹𝐶3𝐻6,𝑜𝑢𝑡

𝐹𝐶3𝐻6,𝑖𝑛
∙ 100 [%]                                                                                        (2) 
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In a second set of experiments a fresh catalyst was loaded into the reactor (10 mg of Rh/TiO2, diluted 

with 20 mg Al2O3) and reduced at 500 °C before the propylene hydrogenation activity was measured as 

a function of temperature. These catalysts are denoted 500R. Reaction activities were then remeasured 

on same catalyst bed after oxidation at 400 °C and another reduction at 200 °C (catalysts labeled 

200RR).  

2.2.8.  X-Ray Photoelectron Spectroscopy (XPS) Measurements.  XPS data were collected on an 

ULVAC-PHI XPS instrument using a 100 m scan area and 25W x-ray power. The powder catalysts 

were mounted on the sample holder using double-sided tape. To avoid differential charging, a low 

energy electron flood gun and the ion gun were set to neutralization mode. The survey spectra were 

collected with a pass energy of 187.85 eV and 10 scans total. Elemental compositions were obtained 

from the survey spectra using standard atomic sensitivity factors for each peak. For the Rh 3d peaks 25 

scans were collected with a pass energy of 46.95 eV. All other high-resolution peaks (C 1s, O 1s and Ti 

2p) were collected with a pass energy of 23.5eV and 5 scans. The XPS data processing included a 

Shirley background subtraction and an 11-point 2nd order Savitsky-Golay smoothing routine. The 

narrow scans were also normalized to facilitate identification of differences in oxidation states between 

elements on the different catalysts.    

 

3.  Results and Discussion 

The fresh catalysts consist of Rh2O3 (or RhOy where y ≤ 1.5) supported on TiO2 and must be reduced 

to Rh/TiO2 before reaction. Therefore, the RhOy/TiO2 catalysts were characterized in detail as a 

function of reduction treatment to determine the effects of the TiO2 structure on the reducibility of these 

catalysts. Two reduction temperatures (200 °C and 500 °C) were selected as it is well known that strong 

metal support interactions leading to migration of TiOx over metal nanoparticles are induced at 500 °C 

but not at 200 °C (and 200 °C is often needed to assure that the active metal is indeed metallic) [5]. 
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Since migration of TiOx has been shown to be reversible by a 400 °C oxidation treatment, catalysts 

reduced at 500 °C were reoxidized at 400 °C and then reduced a second time at 200 °C. The effects of 

these reduction-oxidation (redox) treatments on the hydrogenation of alkenes were evaluated using 

ethylene and propylene as probe reactants. A Rh/γ-Al2O3 catalyst synthesized using the same method 

was added for comparison (see Supporting Information) to include a support which is not expected to 

yield strong metal-support interactions.  

 

3.1.  XRD Measurements 

To confirm that the different reductive treatments do not alter the crystal structure, i.e., the anatase, 

rutile, and brookite phases, of the supports, X-ray diffraction (XRD) patterns were obtained from the 

catalysts after the different treatments (as well as from the bare supports) as shown in Figure 1. The 

average crystallite sizes of these phases were also determined using the Scherrer equation after the 

different redox treatments (Table 1). The commercial anatase and rutile nanoparticles together with the 

as-synthesized brookite nanoparticles and rutile nanorods do exhibit strong features due to the expected 

phases in the XRD patterns (Figure 1). However, a minor rutile phase is observed in the anatase 

support, i.e. the XRD patterns obtained from the ANP support have a small contribution from the rutile 

phase, Figure 1(a). As mentioned, the stability of the anatase, rutile, and brookite phases of TiO2 exhibit 

a particle size dependence and anatase is the most stable phase in small nanoparticles (below 10 nm), 

rutile is the stable bulk structure, and brookite is stable in an intermediate particle size range (vide infra) 

[110]. Therefore, it is very difficult to match the specific surface areas of TiO2 supports with different 

crystal phases.  Since the rutile phase is minor and is not further altered by the redox treatments, we 

chose to work with the 15-nm anatase support. No other phases can be detected in XRD patterns 

obtained from the ANP-, RNP-, BNP- supported catalysts after catalyst synthesis and the different 

reduction and oxidation treatments (Figure 1(a-c)). Even in the case of rhodium supported on brookite 

TiO2, which has been shown to transform into anatase TiO2 during reduction at 500 °C [111], no phase 
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other than brookite is observed in the current study (Figure 1(c)). Furthermore, the average crystallite 

sizes of the commercial TiO2 supports (TiO2-ANP and TiO2-RNP) are not altered significantly with Rh 

addition and different redox treatments (Table 1). A slight increase in the brookite crystallite size is 

observed after Rh addition, but no further growth is detected after the different redox treatments (Table 

1).  

The TiO2 nanorods also consist of the rutile phase before catalyst synthesis, with other phases, if 

present, being within the noise level (Figure 1(d)). However, after addition of Rh (impregnation with 

rhodium nitrate) and calcination at 350 °C, peaks due to a brookite phase are introduced in the XRD 

pattern obtained from the Rh/TiO2-RNR catalyst revealing that a brookite phase has formed. This is 

unexpected, since rutile is the more stable and therefore thermodynamically favored phase of TiO2. It 

appears that the brookite phase is induced by the catalyst synthesis procedure, i.e., during impregnation 

with rhodium nitrate or the subsequent calcination at 350 °C. To determine if the transformation is due 

to the incipient wetness impregnation method, if rhodium is necessary, and if this is specific for 

Rh/TiO2, a few additional catalysts were synthesized, a lower loading (0.15% Rh) Rh/TiO2 catalyst, an 

IrO2/TiO2 via urea precipitation and a Pt/TiO2 using the incipient wetness impregnation method. The 

XRD patterns obtained from these catalysts are provided in Figure S1(a). A simulated incipient wetness 

impregnation was also performed, where the rutile nanorods were dispersed in an aqueous solution 

containing the same amount of nitrate ions as the rhodium precursor solution, but without rhodium ions. 

It appears that rhodium in the solution is necessary for brookite formation, as no brookite peaks can be 

detected after the simulated IWI treatment (Figure S1(b)). More brookite is introduced by the incipient 

wetness impregnation compared with the precipitation method, although quantifying the amount (%) of 

brookite in the samples is challenging due to the poor crystallinity of this phase (Figure S1(a)). Finally, 

temperature programmed reduction of the rutile TiO2 nanorods without added Rh does not induce 

brookite formation regardless of the final temperature (200 or 500 °C), as shown in Figure S1(b). Since 

brookite was not observed on the commercial rutile TiO2 nanoparticles and is typically only reported for 
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anatase supports, i.e. anatase may transform into brookite upon heating before the more stable rutile 

phase forms [13, 43], the crystallite size of the TiO2 rods and potentially the stability of the surface 

facets exposed together with the presence of rhodium ions are likely important for the transition. It has 

been shown that brookite is the more stable phase for nanoparticles in certain intermediate size ranges, 

and while the specific crystallite size range varies somewhat between reports, the lower bound for 

brookite is 5-11 nm while the upper bound is between 20 and 35 nm [8, 11, 110]. The crystallite sizes 

of the rutile TiO2 nanorods fall in this range (Table 1). It is interesting to note that the peaks due to the 

brookite phase are more intense for the 0.15% Rh compared with the 0.4% Rh loadings. Despite the 

introduction of a brookite phase, the average crystallite size of the rutile phase is increased slightly 

during catalyst synthesis, i.e., after adding Rh (Table 1). No further changes in the XRD patterns are 

observed after the various redox treatments (Figure 1(d)) and the crystallite sizes calculated by Scherrer 

Equation [106] are not altered significantly (Table 1).   
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Figure 1. X-ray Diffraction (XRD) patterns obtained from (a) Rh/TiO2-ANP, (b) Rh/TiO2-RNP, (c) 

Rh/TiO2-BNP, and (d) Rh/TiO2-RNR following TPR to 200 °C (200R), TPR to 500 °C (500R), and 

TPR to 500 °C followed by oxidation at 400 °C and re-reduction at 200 °C (200RR). Symbols indicate 

peak positions of reference anatase: ▼, brookite: ■, and rutile: ● phases.  
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Table 1.  Crystal structures and grain sizes calculated from the XRD data using the Scherrer equation 

for the TiO2 supports and Rh catalysts before and after different reduction-oxidation treatments. 

Sample Pretreatment a Main (Minor) 

Crystal Phase 

Grain Size of 

Main Phase  

[nm] b 

Grain Size of 

Minor Phase 

[nm] c 

TiO2-ANP Fresh Anatase 25.6 - 

Rh/TiO2-ANP Fresh Anatase 26.2 - 

Rh/TiO2-ANP 200R Anatase 24.3 - 

Rh/TiO2-ANP 500R Anatase 26.7 - 

Rh/TiO2-ANP 200RR Anatase 24.7 - 

TiO2-RNP Fresh Rutile 31.0 - 

Rh/TiO2-RNP Fresh Rutile 32.3 - 

Rh/TiO2-RNP 200R Rutile 33.2 - 

Rh/TiO2-RNP 500R Rutile 34.0 - 

Rh/TiO2-RNP 200RR Rutile 32.8 - 

TiO2-BNP Fresh Brookite 29.7 - 

Rh/TiO2-BNP Fresh Brookite 32.1 - 

Rh/TiO2-BNP 200R Brookite 34.8 - 

Rh/TiO2-BNP 500R Brookite 33.1 - 

Rh/TiO2-BNP 200RR Brookite 33.3 - 

TiO2-RNR Fresh Rutile 15.5 - 

Rh/TiO2-RNR Fresh Rutile (Brookite) 19.1 16.6 

Rh/TiO2-RNR 200R Rutile (Brookite) 20.1 20.4 

Rh/TiO2-RNR 500R Rutile (Brookite) 20.0 17.2 

Rh/TiO2-RNR 200RR Rutile (Brookite) 20.9 18.9 
a Pretreatment: Fresh: catalyst after calcination at 350 °C for four hours, 200R: catalyst after TPR 

measurement up to 200 °C, 500R: catalyst after TPR measurement up to 500 °C, 200RR: TPR up to 500 

°C followed by oxidation at 400 °C and re-reduction at 200 °C. 

b Calculated using the Scherrer equation by averaging the crystallite sizes obtained from the (25.3, 

37.0, 37.8, 38.6) peaks of the anatase phase and the (27.4, 36.1, 39.2) peaks of the rutile phase.   

c Calculated using the Scherrer equation and the (25.4, 25.7, 30.8, 36.3) peaks of the brookite phase.   
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3.2.  Raman Spectroscopy 

Since XRD can only detect crystalline phases with sufficient long-range order, selected supports and 

catalysts were also evaluated using Raman Spectroscopy, since some phases can be detected at lower 

concentrations in the Raman spectra compared with XRD [112, 113].  

3.2.1. Anatase Titania Nanoparticles and Catalysts.  The peaks in the Raman spectra obtained from 

the TiO2-ANP support and the Rh/TiO2-ANP catalysts after reduction at 200 and 500 °C are consistent 

with the anatase phase of TiO2 [114, 115]. More specifically, the observed peaks are assigned to the 

following vibrational modes: Eg (144 and 197 cm-1), B1g (399 cm-1), A1g/B1g (513,519 cm-1), and Eg (639 

cm-1) of the anatase phase [115, 116]. The Eg modes at 144 and 197 cm-1 are shifted to slightly higher 

wavenumber after reduction, and while this shifts the most intense peak towards the peak location of 

brookite TiO2, no other peaks due to brookite are observed (Figure 2(a)). Furthermore, this blueshift has 

been observed previously under reducing conditions and has been assigned to the introduction of 

oxygen vacancies in the TiO2 [114, 115, 117-120]. It is also evident in Figure 2(a) that the stretching 

modes (Eg) of the vibrations are more susceptible to oxygen vacancies and TiO2 particle size effects 

(phonon confinement) than the bending modes (A1g and B1g), which is consistent with literature [115, 

121]. Particle size effects with increasing temperature would lead to redshifts according to literature 

[114]. This suggests, in accordance with the XRD data, that the TiO2-ANP crystallite sizes in the 

current study do not increase significantly with increasing reduction temperature. No peaks due to rutile 

TiO2 can be detected in the Raman spectrum obtained from the TiO2-ANP support and catalysts.  

3.2.2. Rutile Titania Nanoparticles and Catalysts.  The Raman spectra obtained from the TiO2-RNP 

support, are also consistent with the vibrational modes observed in the rutile TiO2 phase, B1g (143 cm-1), 

Eg (447 cm-1), A1g (612 cm-1) and Eg (639 cm-1) [115, 122]. Unfortunately, the weak B1g mode of rutile 

TiO2 at 143 cm-1 overlaps with the main Eg peak of anatase, so ruling out the presence of a small 

anatase impurity in the rutile support is not possible from the Raman data. The feature at 240 cm-1 is 

due to second order scattering effects [122, 123]. Distinct peak shifts in the rutile Raman features are 
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observed after reduction at 200 and 500 °C for the Rh/TiO2-RNP catalysts, particularly for the Eg mode 

at 447 cm-1 (Figure 2(b)). This is consistent with the reduction of TiO2 (decreasing O/Ti ratio) as 

reported in literature [124, 125], although introduction of oxygen vacancies does not always result in 

peak shifts [126].  

3.2.3. Brookite Titania Nanoparticles and Catalysts.  The brookite phase of TiO2 has a large number 

of Raman active modes [127-129]. The Raman spectra obtained from the TiO2-BNP nanoparticles and 

the Rh/TiO2-BNP catalysts are consistent with the brookite phase (Figure 2(c)). Although there is 

overlap between some peaks, the main features in the Raman spectra of Figure 2c are due to eight A1g 

vibration modes (at 125, 152, 194, 246, 412, 492, 545, and 640 cm-1), three B1g modes at 212, 283 and 

327 cm-1, four B2g modes at 325, 366, 460 and 584 cm-1 and two B3g modes at 318 and 500 cm-1 [127, 

128]. All peaks observed in the Raman spectra obtained from the TiO2-BNP support and catalysts can 

be identified as originating from the brookite phase of TiO2, and no major changes are observed in the 

Raman spectra obtained from the Rh/TiO2-BNP catalysts after reduction at 200 and 500 °C (Figure 

2(c)). Some broadening of the peaks is observed, which makes it difficult to determine if a small 

amount of anatase is present in the Rh/TiO2-BNP catalysts (as the main vibrational mode of anatase at 

144 cm-1 is located between the 125 and 152 modes of brookite TiO2).   

3.2.4. Rutile Titania Nanorods and Catalysts.  As expected, the Raman spectrum obtained from the 

rutile TiO2 nanorods (RNR) is consistent with the rutile phase of TiO2 (Figure 2(d)). If present, features 

due to anatase and brookite are within the noise level. The main difference between the Raman spectra 

obtained from the TiO2-RNP and TiO2-RNR supports is the relative intensity of the peaks, but this is 

likely due to differences in particle size or shape of the TiO2 [123, 130]. After catalyst synthesis and 

reduction at 200 °C, it is evident that the main peak of the brookite TiO2 phase is present in the Raman 

spectrum obtained from this catalyst (Figure 2(d)). After reduction at 500 °C, the contribution from 

brookite TiO2 has increased even though the XRD data did not indicate a significant difference in 
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brookite content between the two reduction temperatures. As mentioned, due to overlapping brookite 

TiO2 peaks, it is not possible to rule out the presence of a small poorly crystalline anatase phase.  

The Raman data obtained from the Rh/TiO2 catalysts confirm that the main phases are those 

expected, and that, if present, the contributions from other phases are small, except for the Rh/TiO2-

RNR catalysts.  

 

Figure 2. Raman data obtained from the different TiO2 supports and Rh/TiO2 catalysts after 200 °C 

(200R) or 500 °C (500R) reduction. (a) TiO2-ANP support and Rh/TiO2-ANP catalyst, (b) TiO2-RNP 

and Rh/TiO2-RNP, (c) TiO2-BNP and Rh/TiO2-BNP, and (d) TiO2-RNR and Rh/TiO2-RNR. Dashed 

black lines: Raman peaks due to the anatase TiO2 phase, dash-dot-dot blue lines: peaks due to rutile 

TiO2, and dotted red lines: peaks due to brookite TiO2.  

 

3.3.  Temperature Programmed Reduction 
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The hydrogen uptake was monitored during temperature programmed reduction (10 ºC/min) up to 

200 ºC (TPR-200) and 500 ºC (TPR-500). As mentioned, reduction at 200 ºC will primarily reduce the 

metal oxide (RhOy) nanoparticles on the fresh catalysts, while reduction at 500 ºC is expected to also 

result in reduction of the TiO2 surface. Therefore, a large difference in hydrogen uptake during 

reduction up to 500 ºC versus reduction up to 200 ºC is typically indicative of significant hydrogen 

spillover onto the oxide support (TiO2) at the higher reduction temperature [131]. However, this is 

oversimplified, and it is evident that the reducibility of the fresh RhOy/TiO2 catalysts is very dependent 

on the structure, and potentially also the shape, of the TiO2 support (Figure 3). These differences will be 

discussed in detail below. For comparison, a Rh/-Al2O3 catalyst and the two Rh/TiO2 catalysts with 

smaller anatase particle sizes (TiO2-ANP05 and TiO2-ANP10) have been included in Supporting 

Information for comparisons (Figure S2).  

3.3.1. Rhodium on Anatase Titania Nanoparticles.  The reduction of the Rh/TiO2-ANP catalyst 

during TPR-200 results in a sharp peak at 145 ºC, indicating reduction of RhOy to Rh metal (Figure 

3(a)). Only a small shoulder, and thus minor hydrogen uptake, is observed in the TPR spectrum once 

the temperature has reached 200 ºC, indicating little hydrogen spillover at this temperature. It is evident 

from the TPR-500 data that the anatase TiO2 support requires temperatures above 400 ºC for reduction 

(Figure 3(a)), and a significantly higher hydrogen uptake is observed during reduction at 500 ºC (Table 

S1). This indicates significant hydrogen spillover onto the support with concomitant reduction of the 

TiO2. After reoxidation of the TPR-500 catalyst, it appears that the first peak is more intense and has 

shifted from 145 °C to 122 °C, but the hydrogen consumption is similar to the original uptake (Figure 3 

and Table S1). These observations suggest a small increase in rhodium particle size and perhaps 

removal (restructuring) of species that interact closely with the support.   
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Figure 3. Temperature program reduction using 5% H2 (H2-TPR) spectrum for (a) Rh/TiO2-ANP, (b) 

Rh/TiO2-RNP, (c) Rh/TiO2-BNP, and (d) Rh/TiO2-RNR with 10 °C/min heating rate. Labels are TPR to 

200 °C (200R, blue), TPR to 500 °C (500R, red), and TPR up to 500 °C followed by oxidation at 400 

°C and re-reduction at 200 °C (200RR, purple). Red and blue dashed lines denote the temperature 

profiles. All data are plotted on the same scale.    

 

3.3.2. Rhodium on Rutile Titania Nanoparticles.  The reduction of the RhOy on the fresh Rh/TiO2-

RNP catalyst is initiated at a lower temperature (122 ºC, Table S1) than on the fresh Rh/TiO2-ANP 

catalyst. However, the reduction is much slower, as evidenced in the broader peak compared with the 

Rh/TiO2-ANP catalyst, and the hydrogen uptake continues after the temperature reaches 200 ºC. While 

lower RhOy reduction temperatures have been observed for catalysts supported on rutile TiO2 compared 

with anatase-supported catalysts [132], comparisons are challenging, at best, since the position of the 

first TPR peak is very dependent on the initial metal oxide, i.e. RhOy, particle size, and thus also on the 

active metal loading, on the support [46]. Therefore, since the metal dispersions are often very different 
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between anatase and rutile TiO2 supports, the opposite trend has also been reported [44, 133]. It is 

possible that the interactions between RhOy and rutile TiO2 are very dependent on particle size, such 

that smaller RhOy particles are more difficult to reduce (due to strong interactions between Rh and 

rutile TiO2), while slightly larger particles are easier to reduce on rutile- compared with anatase-

supported catalysts [73, 134, 135]. It is also possible that some hydrogen spillover onto the rutile TiO2 

support occurs already at this temperature (200 °C), and this is causing the slow hydrogen uptake. More 

hydrogen spillover at lower temperatures on rutile compared with anatase TiO2 has been observed over 

Ni/TiO2 catalyst [136], and reduction of Ti4+ to Ti3+ has been reported at 200 °C on Pd catalysts 

supported on rutile TiO2 [137]. A higher number of oxygen vacancies (or hydroxyl groups) on rutile 

TiO2 (compared with anatase TiO2) has also been observed on Ru/TiO2 catalysts [133], and this is 

consistent with more facile formation of surface oxygen vacancies on rutile compared with anatase 

TiO2 supports, despite the higher thermal stability of rutile TiO2 [136].   

The TPR-500 data reveal that the reduction of the rutile TiO2 nanoparticles is different compared 

with the anatase TiO2 nanoparticles. The hydrogen uptake window over the Rh/TiO2-RNP catalyst is 

large and continues from the first peak up to 500 °C. Therefore, the hydrogen consumption during 500-

TPR is higher than during the 200-TPR, as for the Rh/TiO2-ANP catalyst, but the peak from the 

Rh/TiO2-RNP catalyst is broader and the peak maximum appears at a lower temperature (320 versus 

440 °C). These observations are consistent with a slower reduction rate of rutile TiO2, but the total 

uptake is surprising as the total hydrogen consumption during 500-TPR is expected to be much larger 

from the anatase-supported catalyst due to more facile formation of bulk oxygen vacancies in anatase 

compared with rutile TiO2 [137, 138]. Of course, due to the slow hydrogen uptake, quantification is 

more difficult and the uncertainty in the measured hydrogen consumption at higher temperatures is 

larger for the Rh/TiO2-RNP catalyst compared with the ANP-supported catalyst.  

After oxidation at 400 °C (following the 500 °C TPR) only a slight shift in the first reduction peak to 

lower temperatures (113 °C) compared with the original 200R data is observed in the TPR curve. The 
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shift to lower reduction temperatures is much larger for the Rh/TiO2-ANP catalyst which suggests that 

the Rh on the surface of the rutile TiO2 support is more resistant to sintering. This is further evidence 

that the interactions between Rh and TiO2 are dependent on the phase of the titania, i.e., anatase versus 

rutile [78, 139, 140].   

3.3.3. Rhodium on Brookite Titania Nanoparticles. On the brookite support, reduction of RhOy is 

observed at 120 °C, similar to the rutile TiO2 support. However, the similarities with the Rh/TiO2-RNP 

end there. In the TPR spectrum obtained from the Rh/TiO2-BNP catalyst a second distinct feature is 

also observed at 165 °C. The total hydrogen uptake on this catalyst during TPR-200 is close to the 

hydrogen consumed during TPR-500 for the Rh/TiO2 catalysts support on ANP and RNP TiO2, 

indicating significant hydrogen spillover on the brookite TiO2 even at this low temperature (below 200 

°C). Additional hydrogen is consumed during reduction at 500 °C, and the peak maximum at 415 ºC is 

closer to that observed over the Rh/TiO2-ANP catalysts.  

After reduction at 500 °C and reoxidation at 400 °C, the first peak is shifted to slightly lower 

temperatures (100 °C), similar to the behavior of the Rh/TiO2-ANP catalyst. It appears that significant 

restructuring occurs during the high temperature reduction or reoxidation, as the second peak is smaller 

and has shifted to slightly higher temperatures. This suggests that the redox treatment results in Rh 

particle size growth with less efficient hydrogen spillover onto the titania support. 

3.3.4. Rhodium on Rutile Titania Nanorods.  The Rh/TiO2-RNR catalyst exhibits a very different 

behavior compared with the Rh supported on the ANP and RNP supports. Three distinct peaks are 

observed in the TPR-200 and TPR-500 data obtained from this catalyst suggesting that there are at least 

three different types of reducible species on this catalyst. The initial peak at 112 °C is consistent with 

RhOy reduction on the TiO2-RNR support, and the peak location is closer to that observed on the TiO2-

BNP support than on the rutile TiO2 nanoparticles. The second peak is located just below 195 °C, while 

the third peak appears above 200 °C (272 °C according to the TPR-500 data). Considering the high 
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intensity of the first peak, it is likely that the second peak is due to reduction of TiO2. This peak may be 

due to reduction of the brookite TiO2 phase that was introduced during catalyst synthesis. While the 

corresponding peak is observed at a lower temperature on the pure TiO2-BNP support, this could be due 

to particle size differences (both RhOy particle and TiO2-BNP crystallite sizes). The hydrogen uptake 

over the Rh/TiO2-RNR catalyst during TPR up to 200 °C is significantly higher than the hydrogen 

consumed by any of the other TiO2-supported catalysts (ANP, RNP and BNP) during TPR up to 500 °C 

(Table S1). This is likely due to the presence of two TiO2 phases, the higher specific surface area, and a 

higher number of defects on the TiO2 nanorods compared with the other TiO2 supports.   

The hydrogen uptake over the Rh/TiO2-RNR catalyst continues above 200 °C, so the hydrogen 

consumed by the RNR-supported catalysts during TPR up to 500 °C is very large. The third peak, also 

associated with TiO2 reduction, is closer to the peak obtained from the Rh/TiO2-RNP catalyst (320 °C) 

than the peak from the Rh/TiO2-ANP catalyst (440 °C) but is larger and sharper compared with the data 

from either of the other catalysts. These observations suggest strong electronic metal-support 

interactions on the Rh/TiO2-RNR catalyst which facilitates hydrogen spillover but also likely indicate 

that the rutile TiO2 nanorods are less stable under reducing conditions compared with the other TiO2 

supports. The differences in the TPR data obtained from the Rh/TiO2-RNP and Rh/TiO2-RNR catalysts 

also suggest that the reducibility of these catalysts is not only dependent on the bulk but also the surface 

structure of the TiO2 support (including defects), and is potentially affected by different Rh nanoparticle 

sizes [141, 142].  

A significant restructuring during reduction and reoxidation is also observed over the Rh/TiO2-RNR 

catalyst. After the redox treatment, only two distinct peaks are observed and both peaks are shifted to 

slightly higher temperatures. In fact, the shape of the TPR spectrum obtained from the Rh/TiO2-RNR 

catalyst is very similar to that obtained from the Rh/TiO2-BNP catalyst, suggesting that the reduction 

behavior of this catalyst is dominated by the brookite phase.  
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3.4.  Specific Surface Area Measurements 

To determine if significant sintering (particle growth) of the TiO2 supports occurred during the 

different redox treatments, BET surface area measurements were performed on all catalysts after the 

different redox treatments (Table 2). The specific surface areas of the bare supports (after calcination at 

350 °C) are also included. After catalyst synthesis (introduction of Rh and calcination at 350 °C) and 

reduction at 200 °C only a slight reduction in the specific surface area is observed over the TiO2-ANP 

support. The rutile and brookite supports appear to retain most of their initial surface area during 

catalyst synthesis and the low temperature reduction. After the first reduction, the catalysts supported 

on the nanoparticle TiO2 supports appear stable, as the specific surface areas of the Rh/TiO2-ANP, 

Rh/TiO2-RNP, and Rh/TiO2-BNP catalysts are not significantly altered by reduction at 500 °C or the 

redox treatment (oxidation at 400 °C and a second reduction at 200 °C). In contrast, the Rh/TiO2-RNR 

catalyst exhibits a 40% reduction in surface area after reduction at 500 °C. This is another indication 

that the rutile nanorods are less stable than the rutile nanoparticles and may undergo structural changes 

during reduction. It appears that the surface area is partially recovered during oxidation and the second 

reduction at 200 °C, which suggests that there is indeed restructuring of the TiO2 nanorods. After this 

treatment, the specific surface area is 78% of the initial value. As expected, the specific surface area of 

the alumina support is higher than those of the TiO2 supports, and is very stable during reduction, even 

at the higher reduction temperature (Table 2).   

 

Table 2. Specific surface areas (SSAs) for Rh catalysts on TiO2 and Al2O3 supports after various 

reduction-oxidation treatments. 

Catalyst a 
Support SSA b 

[m2/g] 

SSA after 

TPR-200 c 

[m2/g] 

SSA after 

TPR-500 d 

[m2/g] 

SSA after 

2nd TPR-200 e 

[m2/g] 

Rh/TiO2-ANP 45 34 32 37 

Rh/TiO2-RNP 27 27 28 29 
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Rh/TiO2-BNP 29 28 29 29 

Rh/TiO2-RNR 53 50 30 39 

Rh/γ-Al2O3 236 236 220 240 

a Rh supported on commercial anatase TiO2 nanoparticles (ANP), commercial rutile nanoparticles 

(RNP), a brookite nanoparticles (BNP), and rutile nanorods (RNR).  
b BET surface area of the support.   
c BET surface area of catalyst after reduction at 200 °C.   
d BET surface area of catalyst after reduction at 500 °C.   
e BET surface area of catalyst after reduction at 500 °C, oxidation at 400 °C and a second reduction at 

200 °C.   

 

 

3.5.  CO Chemisorption 

The amount of CO chemisorbed on the catalysts was also quantified to determine how the Rh metal 

surface area varied with the various redox treatments (Figure 4). In these experiments it is important to 

note that CO adsorption, even at room temperature, is known to disrupt small Rh nanoparticles on oxide 

supports [143, 144]. Therefore, no Rh dispersions are reported in this study, as the CO:Rh ratio will 

vary dependent on the catalyst treatments and the Rh particle size. However, CO chemisorption 

measurements are still useful as they, together with other catalysts characterization techniques, will 

provide information on how the catalysts are altered during the different treatments. Despite a slightly 

larger specific surface area of the anatase nanoparticles, the amount of CO chemisorbed on the 

Rh/TiO2-RNP catalyst is higher. This is likely due to more favorable Rh-TiO2 interactions between the 

ionic rhodium precursor and the rutile TiO2 structure leading to a slightly higher Rh dispersion on the 

TiO2-RNP support [145]. Higher metal dispersions on rutile compared with anatase TiO2 have been 

observed on other TiO2-supported metal catalysts as well [142, 146, 147]. However, higher dispersions 

are also reported on anatase TiO2 [44], but this is typically due to a significantly higher surface area for 

the anatase support compared with the rutile TiO2 support (larger differences than in this study). The 

CO uptake is also larger on the Rh/TiO2-BNP compared with the Rh/TiO2-ANP catalyst, despite the 

lower specific surface area of the TiO2-BNP compared with the TiO2-ANP support. This suggests 
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stronger Rh-TiO2 interactions with the brookite surface compared with the anatase structure, although 

the interactions may not be as strong as between the Rh and the rutile TiO2 support. The largest CO 

uptake and therefore also initial Rh surface area is observed on the Rh/TiO2-RNR catalyst, which could 

be due to the rutile TiO2 phase together with the larger specific surface area compared with the other 

supports.  

All catalysts exhibit a decrease in the CO uptake after reduction at 500 °C (Figure 4), which indicates 

that the accessible Rh metal surface area is smaller after this treatment on all TiO2 supports. This could 

be due to sintering of the Rh metal particles or migration of TiOx over the Rh metal particles. Another 

possibility is induction of electronic Rh-TiO2 interactions that result in coordinative saturation of the Rh 

sites [48, 135, 148, 149].  

Loss in Rh metal surface area due to sintering is typically permanent, while migration of TiOx can be 

reversed by an oxidative treatment and a second reduction at a lower temperature (200 °C) [5, 6]. Less 

is known about the reversibility of electronic metal-support interactions. Figure 4 reveals that some of 

the original Rh metal surface area can indeed be recovered by the oxidation and re-reduction for the 

Rh/TiO2-ANP, Rh/TiO2-RNR, and Rh/TiO2-BNP catalysts, while this treatment does not recover the 

original Rh metal surface area for the Rh/TiO2-RNP catalyst. This suggests that the brookite TiO2 

behaves like anatase TiO2 and results in reversible (or partially reversible) TiOx migration over the Rh 

particles, while the rutile TiO2 does not. The fact that the Rh/TiO2-RNR catalyst exhibits a different 

behavior from the Rh supported on the rutile nanoparticles, is likely due to the presence of a brookite 

phase on this support. However, the fact that a brookite phase forms also indicates that the TiO2 

nanorods are not stable, despite the large fraction of the most stable (110) surface facets, and this may 

be why the rutile rods, but not the rutile nanoparticles, induce TiOx migration. The incomplete recovery 

of CO chemisorption may result from some Rh particle aggregation or sintering during the high-

temperature reductive treatment, although some TiOx remaining on the Rh particles cannot be excluded 

[150].  
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Figure 4. CO chemisorption for Rh/TiO2-ANP, Rh/TiO2-RNP, Rh/TiO2-BNP, and Rh/TiO2-RNR 

following TPR to 200 °C (200R), TPR to 500 °C (500R), and TPR to 500 °C followed by oxidation at 

400 °C and re-reduction at 200 °C (200RR). 

 

The CO uptake was also measured on the Rh/γ-Al2O3 (Table S2), but despite a 4-9 times larger 

surface area of the γ-Al2O3 support compared with the TiO2 supports, very little CO is adsorbed on the 

Rh/γ-Al2O3 after the different reduction and oxidation treatments, see Table S2, and discussion in 

Supporting Information.   

 

3.6.  S/TEM Experiments 

HR-TEM images were collected from all TiO2-supported catalysts before and after reduction at 200 

°C, 500 °C and after the redox treatment (reduction at 500 °C, oxidation at 400 °C followed by 

reduction at 200 °C). The TiO2 nanoparticle sizes for the ANP and RNP supports are reasonably 

consistent with those reported from the manufacturer, and small Rh particles are evident in the higher 

resolution images of Figure 5(a-d). Consistent with the specific surface area measurements, the particle 

sizes of the BNP support are also in a similar range (Figure 5(e)). The HR-TEM images from the pure 
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titania nanorods (TiO2-RNR), before Rh deposition, reveal that the TiO2 rods are between 10 and 40 nm 

in width with varying length (some up to 100 nm or more), as shown in Figure 5(g). The rods appear 

highly crystalline (Figure S3), and the surface facets are consistent with the most stable surface facet of 

the rutile structure, i.e., TiO2 (110). As expected from the XRD measurements, no significant changes 

in the TiO2 nanoparticles are observed for the different treatments of the ANP, RNP and BNP catalysts 

(Figure S4). The Rh nanoparticle sizes obtained from the HR-TEM images are all ~1.9 ± 0.6 nm, 

irrespective of reduction temperature (Figures S4-S5). Therefore, no significant sintering (particle 

growth) is observed on the Rh/TiO2 catalysts, in contrast to what has been observed over Rh/CeO2 

catalysts [151]. The Rh (or RhOy) nanoparticles are more difficult to observe on the BNP catalyst after 

reduction at 200 °C, but those that are visible do appear to be in this size range (Figure S4). It is evident 

from the HR-TEM data that the Rh particle size alone cannot explain the drastic differences in CO 

chemisorption observed over these catalysts [148, 152]. 

 

Figure 5. HR-TEM images obtained from: Rh/TiO2-ANP after reduction at 200 ºC at two different 

magnifications (a) and (b), Rh/TiO2-RNP after reduction at 200 ºC at two different magnifications (c) 

and (d), pure brookite nanoparticles (e) and Rh/TiO2-BNP after 500 ºC reduction (f), pure TiO2 nanorod 

(g), Rh/TiO2-RNR after 200 ºC reduction (h). Scale bars are as follows: 50 nm: (a) and (c), 20 nm: (b), 

(d), (f) and (h), 100 nm: (e) and (g).  
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To further evaluate selected catalysts and confirm the structure of the TiO2 supports, monochromated 

STEM-EELS mapping was performed to measure the relative contributions of anatase, rutile and 

brookite as described previously. The EEL spectra and phase mapping results obtained from the TiO2 

references are included in the Supporting Information (Figures S6 and S7, respectively). Consistent 

with previous reports [153-155], the data show that STEM-EELS can distinguish between the different 

phases of TiO2 and confirm that the expected anatase, rutile and brookite phases are indeed the main 

structures observed in the ANP, RNP and BNP supports, respectively (Figure S7). In the case of the 

Rh/TiO2-ANP catalyst after reduction at 500 ºC, STEM-EELS mapping (Figure 6(a) – (d)) shows that 

the main phase of TiO2 is anatase, and the slight rutile impurity detected by XRD is evidently due to the 

presence of a few rutile nanoparticles. A minor contribution from brookite also appears to be present, 

but not with sufficient long-range ordering such that it would be detectable with XRD or Raman.  

 

In contrast to the nanoparticle TiO2 supports (ANP, RNP and BNP), where the TEM images of the 

support are not visibly altered, significant changes are observed for the catalysts supported on the rutile 

TiO2 nanorods (RNR) after the different reduction treatments. After Rh deposition (catalyst synthesis 

followed by reduction at 200 ºC), there are some changes observed in the TiO2 nanorod support, as may 

have been expected due to the introduction of a brookite phase. The majority of the Rh/TiO2-RNR 

catalyst after reduction at 200 °C still consists of TiO2 nanorods, but the width is increased in some 

cases, and some TiO2 nanoparticles are visible (Figure S3). Small Rh nanoparticles are visible on the 

TiO2 nanorods and TiO2 nanoparticles at the higher magnification (Figure 5(h) and S4) and their 

average particle size is slightly smaller (~1.4 ± 0.3 nm) compared with the Rh particles on the TiO2-

ANP and TiO2-RNP supports (1.7-1.8 ± 0.6 nm after the first 200 °C reduction, Figure S5). This is 

consistent with the CO chemisorption measurements, i.e., a higher CO uptake over the Rh/TiO2-RNR 

catalyst, suggesting a larger Rh surface area and smaller Rh particles on the TiO2-RNR support. After 

reduction at 500 ºC significant restructuring of the TiO2 nanorods is observed. In fact, very few rods are 
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observed and large amounts of TiO2 nanoparticles are visible after this treatment (Figure S3). Since no 

significant increase in brookite phase is observed in the XRD patterns obtained from this catalyst after 

reduction at 200 versus 500 °C, monochromated STEM-EELS mapping was used to measure of the 

relative contributions of anatase, rutile and brookite in this catalyst; it should be noted that while 

anatase was not observed via XRD or Raman spectroscopy, it was still included as a possible phase for 

STEM-EELS phase mapping [108]. Figure 6 reveals that the contribution from brookite is larger than 

expected even after reduction at 200 °C. The nanoparticles that have formed appear to consist mainly of 

brookite, while most rods consist of the rutile phase. In addition, there is also a contribution from 

anatase TiO2, and this contribution is very inhomogeneous across the sample (compare Figures 6 and 

S8). According to the STEM-EELS mapping, the rutile phase makes up 53% of the sample, while the 

contributions from anatase and brookite are 23% and 24%, respectively. Other areas have almost equal 

contributions from the three phases (Figure S8). Even with the significant restructuring of the support, 

only a slight increase in the Rh particle size to 1.9 ± 0.4 nm is discerned (Figures S4-S5). While this is a 

slightly larger increase than that observed over the Rh/TiO2-ANP and Rh/TiO2-RNP catalysts, none of 

the observed increases in Rh particle size is statistically significant (Figure S5).  

HAADF-STEM Image Anatase rutile brookite 
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Figure 6. Monochromated STEM-EELS phase mapping for the Rh/TiO2-ANP catalyst after reduction 

at 500 °C (top row) and the Rh/TiO2-RNR after reduction at 200 °C (bottom row). (a) and (e) HAADF-

STEM images of the analysis areas, (b) and (f) anatase contributions, (c) and (g) rutile contributions, (d) 

and (h) brookite contributions. The contrast limits for the phase maps for each analysis area were set 

equally to allow the contributions of each phase to be accurately reflected. 

 

3.7.  Hydrogenation of Propylene  

To determine the influence of the different reduction treatments on catalytic activity, propylene 

hydrogenation was selected as the probe reaction. As mentioned, this reaction was selected since 

hydrogenations are facile over Rh catalysts, which translates to low reaction temperatures, a 

requirement for avoiding SMSIs under the reducing reaction conditions. In fact, hydrogenation of 

ethylene is so facile over Rh/TiO2 catalysts that it is not possible to obtain a typical light-off curve over 

these catalysts without cooling the catalyst below room temperature [51], and, as a result, the difference 

in ethylene hydrogenation activity between Rh on anatase and rutile TiO2 supports is small (Figure S9). 

It should also be noted that Rh on Al2O3, a non-reducible support, exhibits a very different behavior 

compared with Rh on anatase and rutile TiO2 (see Figure S9 and discussion in Supporting Information). 

To evaluate structure-dependent differences in activity for the Rh/TiO2 catalysts, propylene was 

selected as the reactant as this is a commonly used probe reaction [95-100]. In addition, low 
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concentrations (2% propylene) with dilute catalyst were used to avoid hot spots in the reactor. The 

reaction was run under stoichiometric conditions, i.e., with a propylene-to-hydrogen ratio of 1:1, after 

different redox treatments to evaluate structure-dependent SMSI effects.  

3.7.1. Rhodium on Anatase Titania Nanoparticles.  The Rh/TiO2-ANP catalyst is highly active after 

reduction at 200 °C and close to 90 % of the propylene is converted at a temperature of 42 ± 5 °C 

(Figure 7). This is in line with literature data over supported metal catalysts [93], but direct comparisons 

are difficult due to differences in active metal loadings and reaction conditions, such as propylene-to-

hydrogen ratios. The maximum conversion observed over this catalyst is 91% at 80 °C under the 

reaction conditions used in this study. After reduction at 500 °C the catalytic activity is significantly 

reduced, as expected from the lower CO uptake (and thus lower accessible Rh metal surface area) after 

this treatment. Consistent with the CO chemisorption measurements, i.e., recovery of the Rh sites, the 

catalytic activity can be regenerated over the Rh/TiO2-ANP after a 400 °C oxidation and re-reduction at 

200 °C. This again suggests that the losses in CO uptake and hydrogenation activity after reduction at 

500 °C are indeed due to blocked active sites from migration of TiOx over the metal sites, which is 

reversed by the 400 °C oxidation treatment.   

The activity over the Rh/TiO2-RNP catalyst after reduction at 200 °C is significantly lower than over 

the catalyst supported on the anatase TiO2 nanoparticles. Under the conditions in this study, the 

maximum propylene conversion over this catalyst is only 64% at 80 °C. The CO uptake measurements 

reveal that this is not likely due to differences in the Rh surface area between the TiO2-ANP and TiO2-

RNP catalysts (since the CO uptake is higher on the Rh/TiO2-RNP catalyst) and suggests that the TiO2 

structure does influence the supported Rh and therefore also the propylene hydrogenation activity over 

these catalysts. This is in stark contrast to the ethylene hydrogenation activity over these catalysts at a 

H2:C2H4 ratio of 2:1 (Figure S9), where both the Rh/TiO2-ANP and Rh/TiO2-RNP catalysts converted 

close to 100% of the ethylene at 40 °C. This stresses the importance of carefully selecting the probe 

reaction and reaction conditions when studying the effect of support structure on catalytic activities. 
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The Rh/TiO2-RNP catalyst also exhibits a distinct loss in propylene hydrogenation activity after 

reduction at 500 °C, although the loss is smaller than for the Rh/TiO2-ANP catalyst. However, in the 

case of the Rh/TiO2-RNP catalyst the activity cannot be recovered by a 400 °C oxidation and re-

oxidation at 200 °C. This permanent deactivation after reduction at 500 °C is consistent with the 

permanent loss in CO uptake (Figure 4 and 7) indicating that irreversible changes to the Rh/TiO2-RNP 

catalyst have occurred during the high temperature reduction.  

The activity of the Rh on the brookite TiO2 nanoparticles in the hydrogenation of propylene is similar 

to the Rh supported on rutile TiO2 supports, despite the higher CO uptake observed on the Rh/TiO2-

RNP catalyst. The maximum propylene conversion observed is 65% between 60 ºC and 80 °C. While 

this could indicate more active Rh species on the brookite TiO2 support, it is also possible that the 

mobility of rhodium carbonyls is higher on the rutile TiO2 supports (which would lead to a larger CO 

uptake). These results suggest that the Rh on the anatase TiO2 nanoparticles is more active compared 

with Rh on either brookite or rutile TiO2 supports. As expected, the 500 °C reduction treatment results 

in a loss of propylene hydrogenation activity, but the loss in activity is not as pronounced as may have 

been expected from the loss in CO uptake over this catalyst after reduction at 500 °C. The propylene 

hydrogenation activity can be recovered by a redox treatment, indicating that the high-temperature 

reduction did induce TiOx migration over the Rh metal particles also on the brookite TiO2 support. 

Therefore, these results suggest that anatase and brookite are prone to TiOx migration, while rutile is 

not. Also, the large difference in CO uptake between reduction at 200 versus 500 °C, is likely due to 

more mobile rhodium carbonyls on the catalyst reduced at 200 °C compared with reduction at 500 °C 

where the TiOx overlayer inhibits some of the rhodium carbonyl mobility.   

Despite having the largest CO uptake, the propylene hydrogenation activity is the lowest over the 

Rh/TiO2-RNR catalyst. Since the TEM images indicate that the Rh particle size is smaller on this 

support compared with the TiO2-ANP and TiO2-RNP supports, this suggests that the Rh on this surface 

is the least active amongst the TiO2-supported catalysts. As expected, based on the results from the 



34 

 

other TiO2-supported catalysts, a distinct loss in activity is observed after reduction at 500 °C. 

However, despite the high rutile content of this catalyst, the activity can be regenerated by the redox 

treatment (oxidation at 400 °C and re-reduction at 200 °C). This again suggests that the behavior of this 

catalyst with redox treatment is dominated by the brookite (or anatase) phase(s) present after catalyst 

synthesis and reduction treatment, although it is not possible to rule out TiOx migration caused by the 

lower stability of the rutile TiO2 phase of the nanorods under reducing conditions.  

 

Figure 7. Temperature dependence of propylene conversion during hydrogenation to propane over (a) 

Rh/TiO2-ANP, (b) Rh/TiO2-RNP, (c) Rh/TiO2-BNP, and (d) Rh/TiO2-RNR following TPR to 200 °C (200R), 

TPR to 500 °C (500R), and TPR to 500 °C followed by oxidation at 400 °C and re-reduction at 200 °C 

(200RR). Reaction conditions: 10 mg of catalyst diluted with 20 mg γ-Al2O3 with C3H6: 2 sccm, H2: 2 

sccm, N2: 3 sccm, He: 91 sccm flow rate.  

 

Since the anatase and brookite phases of TiO2 are metastable, the performance with time on stream 

was also evaluated for these catalysts. The catalysts were evaluated at 80 °C, which is close to the 
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temperature at which the maximum conversion is observed for all catalysts. As can be seen in Figure 

8(a), the Rh/TiO2-ANP catalyst is surprisingly stable with time on stream considering the metastable 

anatase phase of TiO2. This catalyst maintains a propene conversion of 90% during the eight hours of 

the experiment. The Rh/TiO2-RNP catalyst is also stable with time on stream, but at a lower propene 

conversion. In contrast, the Rh/TiO2-BNP catalyst exhibits a slight decline in activity as a function of 

time. After eight hours under reaction conditions, the catalyst has lost 7% of the initial activity. The 

largest loss in activity (20%) is observed over the Rh/TiO2-RNR catalyst, which is expected considering 

the structural changes observed during the reduction treatments.   

 

Figure 8. Propylene conversion during hydrogenation to propane as a function of time over (a) 

Rh/TiO2-ANP, (b) Rh/TiO2-RNP, (c) Rh/TiO2-BNP, and (d) Rh/TiO2-RNR after a reductive pretreatment at 

200 °C. Reaction conditions: 10 mg of catalyst diluted with 20 mg γ-Al2O3 with C3H6: 2 sccm, H2: 2 

sccm, N2: 3 sccm, He: 91 sccm flow rate.  
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Since a small rutile phase was observed in the TiO2-ANP support, two additional catalysts were 

prepared with anatase TiO2 supports having a smaller average particle size compared with the TiO2-

ANP support (15 nm). TiO2 particles with average particle sizes of 10 nm and below have larger 

specific surface areas than the TiO2-ANP support, but more stable anatase phases. As expected, no 

XRD peaks or Raman features due to rutile TiO2 can be detected in the TiO2-ANP10 and TiO2-ANP05 

supports (average particle sizes of 10 and 5 nm respectively) and catalysts before or after reduction 

treatments (Figure S10). The reaction results from the Rh/TiO2-ANP10 and Rh/TiO2-ANP05 catalysts 

reveal that the smaller TiO2 particles yield inferior catalytic activities compared with the Rh/TiO2-ANP 

catalyst (Figure S11) despite slightly higher CO uptakes over the Rh/TiO2-ANP10 and Rh/TiO2-ANP05 

catalysts (Table S2). The reason for this unexpected result will be discussed below. 

 

3.8.  X-Ray Photoelectron Spectroscopy  

To further evaluate differences in the electronic structure of rhodium, ex situ XPS data were collected 

on the Rh/TiO2-ANP, Rh/TiO2-RNP and Rh/TiO2-BNP catalysts after the different redox treatments. 

While in situ treatments are preferred, ex situ reductions can provide information on supported metal 

catalysts, if the air exposure after reduction is limited and occurs only at room temperature. The XPS 

binding energies were adjusted slightly to align the C 1s peaks at 284.6 eV as shown in Figure 9(a). The 

signal intensities from all Rh 3d peaks are low (Figures 9(b) and S12), due to the low Rh concentrations 

(0.4% by weight or 0.3 mol% of Rh on TiO2). Due to the low signal-to-noise, peak fittings were not 

attempted for the Rh 3d peaks, and even for the O 1s and Ti 2p peaks, peak fittings are not trivial (see 

Figures S13 and S14 and description in Supporting Information for more details). The discussions are 

therefore focused mainly on qualitative rather than quantitative differences between the catalysts.   

3.8.1. Rhodium on Anatase Titania Nanoparticles.  The center of the Rh 3d5/2 peak obtained from the 

Rh/TiO2-ANP catalyst after reduction at 200 °C is located at 307.5 eV (Figure 9(b)), which is a slightly 
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higher than the binding energy reported for Rh metal (307.1 eV) [156, 157], but lower than the binding 

energy of Rh2O3 (309.1 eV) [158]. The peak is also broad, suggesting that multiple species with 

oxidation states between Rh0 and Rh+ are present on the surface of this catalyst. This could be due to a 

thin oxide layer (RhOy, with y ≤ 1.5) from the air exposure following the reduction (during transfer to 

the XPS instrument) and it is expected that the relative contribution from Rh+ from an air exposure is 

higher on small Rh particles compared with larger Rh particle sizes. It is also possible that strong 

interactions between the rhodium ions and the TiO2 support result in difficult to reduce Rh+ species, so 

the reduction of Rh2O3 to Rh metal is incomplete during reduction at 200 °C.  In addition, the formation 

of rhodium hydroxides during the low-temperature reduction cannot be excluded. The presence of 

hydroxyl groups on the surface of this catalyst is evident as a distinct shoulder at 531.5 eV on the main 

O 1s peak which is due to the lattice oxygens in TiO2 (at 529.4 eV, Figure 9(c)) [156]. However, it is 

not possible to determine from the O 1s peak if the hydroxyl groups are associated with rhodium or 

titanium. Due to the size of the shoulder, it is expected that at least some of these hydroxyl groups are 

due to the TiO2 support. In fact, two O 1s peaks at 531.0 and 532.2 eV are needed to fit this part of the 

O 1s region well (Figure S14). The peak positions are indicative of hydroxyl groups, perhaps two 

different types of hydroxyl groups or adsorbed water-like species [159]. The Ti 2p3/2 peak is located at 

458.5 eV, consistent with the binding energy expected for Ti4+ in TiO2 (Figure 9(d)) [160]. The full 

width at half maximum (FWHM) of the Ti 2p3/2 peak is narrow, 1.16 eV, slightly broader than the 

FWHM reported for TiO2 (0.99 eV) [160], suggesting the presence of additional TiOx (or TiOz(OH)w) 

species. The Ti 2p region is difficult to fit with only three peaks, suggesting the presence of multiple 

species, such as TiOx with x < 2, or TiOz(OH)w) species (with z < 2 and 1 ≤ w ≤ 4) [157, 161]. The O:Ti 

ratio is very large (> 4), much larger than the expected 2:1 from TiO2, which would be consistent with 

the presence of hydroxylated Ti3+ or Ti4+ species, such as Ti(OH)3, TiO(OH)2 or Ti(OH)4 and 

contributions from Rh-related oxygen species (see Table 3 for the surface composition on a carbon-free 
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basis). As expected, the surface is enriched in Rh (1.6 atom%) compared to the bulk Rh content (0.3 

mol% of Rh on TiO2 is equal to 0.1 atom% of Rh on a Rh, Ti and O atomic basis).  

Reduction at 500 °C shifts the Rh 3d peaks to slightly lower binding energies, indicating an increase 

in the Rh0 content, i.e. more of the Rh2O3 on the fresh catalyst is reduced to Rh metal at 500 °C 

compared with reduction at 200 °C (Figure 9(b)). However, a significant shoulder at higher binding 

energies (relative to the Rh0 peak at 307.1 eV) reveals that some Rh+ species remains in the near 

surface region. A reduction in the 532-eV shoulder on the O 1s peak is consistent with the removal of 

some hydroxyl groups (Figure S14). A decrease in the Ti 2p peak at 457.9 eV is also observed (Figure 

S13 and Table S3). A feature at 528 eV is needed to fit the O 1s region well, and this feature could be 

due to oxygen species at the Rh-TiOx interface. This would explain the presence of Ti species with 

lower-than-expected binding energies (Figure S13). However, due to the low Rh content in these 

catalysts the uncertainties in these peaks (and the peak fittings) are high. The atomic O:Ti ratio is not 

altered significantly by the high temperature reduction (Table 3), suggesting that the surface hydroxyl 

groups are associated with TiO(OH)2 or Ti(OH)z and are not removed by the high temperature 

reduction. Consistent with geometric SMSIs, i.e. a TiOx layer over the Rh particles, the Rh:Ti ratio is 

smaller after the high temperature reduction, although the change in Rh concentration from 1.6% to 

0.9% is small and the uncertainty of these numbers is high.   
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Figure 9. XPS data, (a) C 1s, (b) Rh 3d, (c) O 1s, and (d) Ti 2p, collected from Rh/TiO2-ANP (ANP), 

Rh/TiO2-RNP (RNP), and Rh/TiO2-BNP (BNP) after the following redox treatments; TPR to 200 °C 

(200R), TPR to 500 °C (500R), and TPR up to 500 °C followed by oxidation at 400 °C and re-reduction 

at 200 °C (200RR). 

 

After a redox treatment following the 500 °C reduction (oxidation at 400 °C and re-reduction at 200 

°C) the Rh 3d peaks are similar to the peaks obtained after the 500 °C reduction (Figure 9(b)). Any 

differences in the Rh 3d peaks cannot be distinguished from the signal-to-noise (Figure S12). The Rh 

concentration and the Rh:Ti ratio are slightly higher after this treatment, consistent with reversal of 

TiOx migration over Rh, but the low signal-to-noise (due to the low Rh content) results in uncertain 

Rh:Ti ratios. Furthermore, a TiOx coating only a few atomic layers thick over the small Rh particles (< 

2 nm) supported on TiO2 nanoparticles (on the order of 15-50 nm) makes this even more challenging 

due to the probing depth of XPS (several atomic layers beyond the surface) and the powder samples add 

to the challenge (compared with thin films). Identification of a TiOx overlayer with XPS has been done 

previously, but on catalysts with higher Rh loadings on the TiO2 support or on model catalysts where 

Rh has been deposited on TiO2 (110) thin films [74, 82, 83]. In our samples, the Rh content is very low 

and any increase in the Rh:Ti ratio due to the removal of the TiOx overlayer is difficult to observe as it 

can be outweighed by a slight increase in Rh particle size (the latter would result in a decrease in the 

Rh:Ti ratio). 
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Table 3. Elemental compositions and ratios for Rh catalysts supported on anatase and rutile TiO2 after 

various reduction-oxidation treatments. 

Element or Ratio 

Catalyst a 

ANP RNP BNP 

200R 500R 200RR 200R 500R 200RR 200R 500R 200RR 

Rh 1.6% 0.9% 1.4% 1.2% 1.5% 1.1% 1.6% 0.6% 1.1% 

Ti 17% 18% 22% 27% 25% 31% 27% 26% 30% 

O 81% 81% 76% 72% 68% 72% 68% 74% 69% 

Rh/Ti Ratio  0.09 0.05 0.06 0.05 0.05 0.04 0.05 0.02 0.04 

O/Ti Ratio 4.7 4.6 3.4 2.7 2.2 2.7 2.2 2.9 2.3 

a Elemental composition [Atom %] determined from the XPS data. Rh supported on commercial 

anatase TiO2 nanoparticles (ANP) and commercial rutile TiO2 nanoparticles (RNP) reduced at 200 °C 

(200R), 500 °C (500R) and reduced a second time at 200 °C after reduction at 500 °C and oxidation at 

400 °C (200RR).   

 

3.8.2. Rhodium on Rutile Titania Nanoparticles.  The Rh 3d5/2 peak obtained from the Rh/TiO2-RNP 

catalyst after reduction at 200 °C has a significantly higher contribution from rhodium oxide (binding 

energies around 309 eV) compared with the Rh/TiO2-ANP catalyst. This is consistent with literature 

stating that Rh2O3 is more difficult to reduce when supported on rutile TiO2 compared with anatase 

TiO2 [73]. It is also consistent with the lower hydrogen uptake during the TPR measurements. This 

could be due to the stronger electronic interactions between Rh+ and rutile TiO2 compared with anatase 

TiO2, i.e. stronger interactions that resulted in a higher dispersion of Rh on rutile compared with anatase 

TiO2 supports and a slower hydrogen uptake during TPR. Interestingly, the number of hydroxyl groups 

appears to be significantly smaller on the Rh/TiO2-RNP compared with the Rh/TiO2-ANP catalyst. Two 

O 1s peaks are still needed to fit the O 1s region, but with considerably reduced peak intensities and the 

peak positions are at slightly lower binding energies 530.5 and 531.7 eV (Figure S14). The O:Ti ratio is 

still larger than the 2:1 expected from TiO2, but it is significantly lower than on the Rh/TiO2-ANP 

catalyst (Table 3). The O:Ti ratio larger than two is in this case partly due to the fact that some oxygen 
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is associated with the rhodium on the surface. The Ti 2p3/2 peak fitting yields a slightly lower binding 

energy (458.3 eV, Table S3) compared with the Ti 2p3/2 peak obtained from Rh/TiO2-ANP (458.4-458.5 

eV). This is consistent with reported binding energy differences between the Ti 2p3/2 peaks of rutile and 

anatase TiO2 [159]. Only three Ti 2p3/2 are needed to fit the Ti 2p region, and the contribution from the 

state at low binding energy (457.3 eV) is smaller on the rutile TiO2 compared with the anatase TiO2 

support. This is consistent with the lower O:Ti ratio, and thus a smaller contribution from hydroxylated 

Ti3+ on the rutile TiO2. This trend is the same for all Rh/TiO2-RNP catalysts, i.e. a smaller concentration 

of hydroxyl groups in the O 1s region and a lower Ti3+ content (peak at 457.3 eV), as evident in Figures 

9, S13, S14 and Table S3. These observations, the lower contribution from hydroxyl groups to the O 1s 

peak, the lower O:Ti ratio, and the higher contribution from Rh+ species on the Rh/TiO2-RNP catalyst 

further supports that the hydroxyl groups on the surface of the Rh/TiO2-ANP catalyst are associated 

with the TiO2 supports (TiOz(OH)w). The Rh surface concentration and the Rh:Ti ratio are slightly 

smaller on the Rh/TiO2-RNP compared with the Rh/TiO2-ANP catalyst, but the uncertainties in the 

numbers are high due to the low Rh content.   

Even reduction at 500 °C does not appear to reduce more of the Rh2O3 on the surface of the RNP 

support. In fact, it looks like the center of the Rh 3d peaks have shifted to higher binding energies, 

suggesting the presence of a more electron-deficient Rh+ surface species compared with the catalyst 

reduced at 200 °C, even though the oxygen concentration is lower on the catalyst surface after the high-

temperature reduction. This may seem counterintuitive but could mean that there is some rearrangement 

occurring during the high temperature reduction. Only a slight decrease in the Ti 2p3/2 peak at 459.2 eV 

(likely due to hydroxylated Ti4+ species) is observed, and this decrease is consistent with the lower O:Ti 

ratio. The O 1s peak appears to be shifted to lower binding energies (529.1 eV), and this has been 

observed in TiO2 samples exposed to water [161]. It appears that the Rh concentration is slightly higher 

after the high-temperature reduction, but this is mainly due to the lower oxygen concentration (Table 3). 

No observable change in the Rh:Ti ratio can be detected between reduction at 200 °C and 500 °C. The 
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decrease in CO chemisorption is therefore likely due to the higher concentration of electron-deficient 

Rh+ surface species, which are more coordinatively saturated than the original species. The results are 

consistent with strong electronic interactions between Rh and the rutile TiO2 support, and reveal very 

different behaviors between the anatase and rutile TiO2 supports during reduction at 500 °C.   

After oxidation and re-reduction at 200 °C, the Rh 3d peaks have been altered. Most of the Rh is now 

present as Rh metal, and, while it may look like the Rh 3d peak has shifted to lower binding energies 

(306.8 eV), the apparent shift is due to the presence of more Rh0 compared with the Rh/TiO2-ANP 

catalyst (See Figure S12). Rearrangement of Rh particles during redox treatments has been observed 

previously [131]. The O 1s peak has shifted back to its original position (within the error bars of the 

measurements), but with a slightly higher contribution from the state at 531.7 eV (Table S3). Changes 

in the Ti 2p peaks with the redox treatment are insignificant (Figure S14 and Table S3). It is surprising 

that the hydrogenation activity is not improved on this catalyst, but points to the fact that the oxidation 

state of rhodium is only one parameter that influences the activity.    

3.8.3. Rhodium on Brookite Titania Nanoparticles.  The carbon content on the Rh/TiO2-BNP 

catalysts is significantly lower compared with the catalysts supported on TiO2-ANP and TiO2-RNP, 

which makes charge shift adjustments more challenging. However, due to the neutralization mode on 

the XPS instrument, very little adjustment is needed. After reduction at 200 °C, most of the rhodium on 

the surface of the brookite TiO2 is still in an oxidized state. The Rh 3d peaks are similar to those 

obtained from the Rh/TiO2-RNP catalyst, suggesting strong interactions also between Rh and brookite 

TiO2. The Rh+:Rh0 ratio appears to be slightly higher on the BNP compared with the RNP support 

(Figure 9(b)). The large contribution from oxidized rhodium species on the brookite nanoparticles is 

surprising considering the high hydrogen uptake measured using TPR over this catalyst compared with 

the Rh/TiO2-ANP and Rh/TiO2-RNP catalysts (Figure 3 and Table S1). However, it is a further 

indication that significant hydrogen spillover occurs on the brookite support even at a reduction 
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temperature as low as 200 ºC. The high oxidation state of the rhodium is also surprising considering the 

high CO uptake compared with the Rh/TiO2-ANP catalyst, since oxygen is expected to block CO 

uptake. This could indicate that the strong metal support interactions lead to Rh metal particles which 

are easily oxidized during air exposure at room temperature, i.e., during transport to the XPS 

instrument. The O 1s peak obtained from the Rh/TiO2-BNP catalyst is broader than the one obtained 

from the Rh/TiO2-RNP catalyst (Table S3), but the contribution from hydroxyl groups is smaller than 

on the Rh/TiO2-ANP catalyst (Figure S14). A significant shoulder at higher binding energies (459.1 eV) 

is observed in the Ti 2p peaks obtained from the Rh/TiO2-BNP catalyst, suggesting the presence of 

electron-deficient Ti4+ species, likely hydroxylated titania, such as TiO(OH)2. Since the O:Ti ratio (2.2) 

is similar to that obtained from the Rh/TiO2-RNP catalyst it is unlikely that the hydroxyl species 

originate from Ti(OH)4.  

Reduction at 500 ºC increases the contribution from the metallic Rh. Compared with the other 

catalysts the Rh+:Rh0 ratio on the Rh/TiO2-BNP catalyst after this reduction treatment is lower 

compared with the Rh/TiO2-RNP catalyst, but higher than on the Rh/TiO2-ANP catalyst. It is interesting 

to note that the high-temperature reduction increases oxygen concentration on the surface of the 

Rh/TiO2-BNP catalyst. This is in contrast to the Rh/TiO2-RNP catalyst, where the oxygen content was 

decreased after reduction at 500 °C. Despite the increase in the O:Ti ratio after reduction at 500 ºC, no 

detectable changes are observed in the O 1s peaks, and the Ti 2p peaks are also similar between 

reduction at 200 and 500 ºC. The O 1s binding energy on the Rh/TiO2-BNP catalyst is higher (529.7 

eV) compared with the Rh/TiO2-RNP and Rh/TiO2-ANP catalysts (529.4 eV), but the contribution from 

hydroxyl groups to the O 1s peak (species with binding energies above 530.5 eV) is still lower than on 

the Rh/TiO2-ANP catalyst after the same treatment. The Rh concentration and the Rh:Ti ratio are lower 

after reduction at 500 ºC, which is consistent with Ti migrating over Rh. This behavior is similar to that 

of the Rh/TiO2-ANP catalyst, but it is evident that the Rh species are different on the TiO2-ANP and 

TiO2-BNP supports, which can explain the differences in activity between these catalysts.  
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After the extended redox treatment (reduction at 500 °C, oxidation at 400 °C and re-reduction at 200 

°C), distinct differences between the Rh/TiO2-BNP and the Rh/TiO2-ANP and Rh/TiO2-RNP catalysts 

are observed in the XPS data. The contribution from oxidized rhodium is still significant on the 

Rh/TiO2-BNP catalyst after this redox treatment. Furthermore, both the O 1s and Ti 2p peaks are 

significantly broader with increased contributions from states at higher binding energies in the XP 

spectra obtained from the Rh/TiO2-BNP catalyst (four peaks are needed to fit the Ti 2p region well). It 

appears that multiple O-containing Rh and Ti species are present on the surface of the Rh/TiO2-BNP 

catalyst after this treatment. The Rh concentration and Rh:Ti ratio have increased slightly, consistent 

with reversal of TiOx migration over the Rh particles. 

3.8.4. Rhodium on Additional Anatase Titania Nanoparticles.  Since the Rh/TiO2-ANP10 and 

Rh/TiO2-ANP05 catalysts exhibited unexpectedly low activity in the hydrogenation of propene, they 

were also subjected to XPS measurements. As for the Rh/TiO2-RNP and Rh/TiO2-BNP catalysts, most 

of the rhodium on the surface of the TiO2-ANP10 and TiO2-ANP05 supports is in an oxidized state after 

reduction at 200 °C (Figure S15). This is unexpected, as the TPR measurements reveal Rh2O3 reduction 

temperatures closer to those of the Rh/TiO2-RNP and Rh/TiO2-BNP catalysts (Figures 3 and S2), i.e. 

lower than the Rh2O3 reduction temperature on the TiO2-ANP (15 nm) support. This may indicate that 

the surface of the Rh metal particles supported on the rutile, brookite and the two 10- and 5-nm anatase 

TiO2 supports is more easily oxidized upon air exposure (transfer to the XPS chamber) compared with 

the surface of the Rh metal particles on the TiO2-ANP support. These electronic property differences 

are likely the main reasons for the lower activity of the rhodium supported on TiO2-ANP10 and TiO2-

ANP05 compared with the TiO2-ANP support (with average particle size of 15 nm). However, the 

Rh/TiO2-ANP catalyst also has a higher concentration of hydroxyl groups, particularly the species with 

an O 1s binding energy of 532 eV, compared with all the other TiO2 supports, and it is possible that 

these surface hydroxyl groups influence the reaction.   
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It is evident from the XPS data that Rh-TiO2 interactions are structure-dependent, and the electronic 

properties (oxidation state) of rhodium is not only dependent on the structure of the TiO2 support 

(anatase, rutile and brookite), but also on the particle size and the stability of the TiO2 support and can 

vary significantly with redox treatments.   

 

4.  Conclusions 

This study reveals that metal-support interactions in Rh/TiO2 catalysts are very complex, and this can 

explain some of the seemingly contradictory conclusions in the literature. To investigate the influence 

of bulk crystal structure on metal-support interactions, pure phases are very important but are not 

sufficient as the exposed TiO2 surface facet, TiO2 particle size, and active metal particle size (metal 

loading) also influence these interactions. Under carefully matched conditions, similar average particle 

sizes (and thus specific surface areas) of anatase, rutile and brookite TiO2 nanoparticles, and low Rh 

loading to allow formation of small Rh particles, avoid large differences in metal particle sizes, and 

maximize metal-support interactions, it is revealed that the interactions between the Rh precursor and 

the TiO2 support are dependent on the TiO2 structure, and also on the TiO2 particle size. Strong metal 

support interactions leading to migration of TiOx over the Rh particles are only observed on anatase and 

brookite TiO2 supports, not on the rutile TiO2 nanoparticles. If geometric SMSIs are observed on rutile 

TiO2 supports, it is likely due to an unstable structure (too small particle sizes or unfavorable shapes), 

which can cause transformations into other TiO2 phases, as observed in this study for the rutile TiO2 

nanorods. The electronic properties of the supported rhodium species depend sensitively on the TiO2 

structure (phase and particle size) and the reduction conditions. According to XPS, more metallic Rh is 

present on the Rh/TiO2-ANP catalyst after reduction at 200 °C compared with all other TiO2 supports 

(including the TiO2-ANP10 and TiO2-ANP05 supports with smaller anatase particle sizes). This could 

be the main reason for the higher activity in the propene hydrogenation observed over the Rh/TiO2-

ANP catalyst after reduction at 200 °C. However, this catalyst also has a higher contribution from 
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oxygen species with high binding energy (likely related to hydroxyl groups on the titania support) 

compared with the other catalysts, which could influence the activity.    

In summary, this study reveals that Rh-TiO2 interactions are dependent not only on the TiO2 

structure, but also the TiO2 particle size. Therefore, care must be taken to make sure that the desired 

structure is indeed formed (XRD is not always sufficient for confirmation of the structure), and that the 

phase and particle size are stable during catalyst synthesis and pretreatment, as well as under reaction 

conditions.  
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