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Abstract 

The size and morphology of metal nanoparticles (NPs) often play a critical role in defining the 
catalytic performance of supported metal nanocatalysts. However, common synthetic methods 
struggle to produce metal NPs of adequate size and morphological control. Here we identified a 
new pathway to synthesize metal NPs with finely tuned spatial dimensions within narrow size 
distributions and well controlled morphology using a doping-segregation method. This method 
was employed to obtain Rh NPs which we comprehensively analyzed using a variety of in-situ 
spectroscopic and microscopic techniques to reveal contributions of different surface sites to 
methane selectivity in a CO2 hydrogenation reaction. This study provides a new facile strategy to 
design and synthesize nanocatalysts with desired catalytic performance. 

Introduction 

The structural properties of metal nanoparticles (NPs), including size and morphology, often play 
a critical role in defining the catalytic performance (e.g. activity, selectivity, and stability) of 
supported metal nanocatalysts1-4. Common synthetic methods such as wet impregnation involve 
two steps: attaching the metal precursors to support materials followed by a reduction process to 
convert the precursors to metal NPs5. However, these approaches offer limited control over the 
size and morphology of the metal NPs during the reduction and/or during catalytic reaction. In 
order to better control the size and morphology of metal NPs, different approaches have been 
developed. These frequently employ capping or encapsulating agents during chemical synthesis3,6, 
or apply size control processes during physical deposition7,8. Although these approaches have been 
shown to better control the size and morphology of NPs, they have their own significant drawbacks. 
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For instance, capping and encapsulating agents are usually difficult to remove completely, 
resulting in surface contamination; while physical deposition methods have so far proven 
impractical when scaled up for industrial-scale applications. Thus, the need persists for developing 
facile synthetic methods that offer controlled fabrication of NPs for use in catalytic applications. 

Akao et al. demonstrated that Pd atoms could be doped into the lattice of perovskite oxides (ABO3) 
by substituting the B-site atoms during the synthesis of the oxide, and subsequently segregated to 
the surface to form Pd NPs during the reduction process. Whilst producing catalysts with 
outstanding performance9, the synthetic protocol did not explore the effect of synthetic parameter 
modulation on Pd NPs size distribution, a key goal in catalyst fabrication. Nevertheless, such a 
doping-segregation method represents a simple synthetic process which may offer key industrial 
advantages in catalyst synthesis and immobilization. Despite subsequent efforts by other groups 
to better understand doping-segregation process and its application for nanocatalyst preparation, 
only limited progress has been made.  For example, Tanaka et al. compared the segregation 
behavior of different precious metals in different perovskite oxides by applying ex-situ X-ray 
absorption fine structure (XAFS) analysis. They found that both the type of dopant atoms and the 
choice of perovskite oxide had significant effects on the segregation process10. Recently, Irvine et 
al. demonstrated that the stoichiometry of perovskite oxides could also control the segregation of 
dopant atoms11, and produced Ni nanocatalysts with excellent stability for the methane reforming 
reaction12. Despite these important findings, many questions about doping-segregation process 
remain unanswered. Given that complex time-dependent interactions between dopant atoms and 
oxide support present during hydrogen reduction, it is unclear at which temperature the dopant 
atoms start to segregate to form NPs. Furthermore, it is unclear whether it is possible to tune the 
size of formed NPs while maintaining a similar morphology. In addition to the segregation process, 
it is also critical to explore these aspects from a practical perspective, such as developing a clear 
understanding on how to tune the doping-segregation method to improve activity and selectivity 
of the catalysts. 

Here we present a systematic investigation on the segregation behavior of Rh dopant atoms in Rh-
doped SrTiO3, employing in-situ structural characterization techniques, including X-ray 
diffraction (XRD), environmental transmission electron microscopy (E-TEM), and XAFS, to first 
study the onset temperature of Rh segregation. We then demonstrated that by modulating the 
reduction temperature, the size of the formed Rh NPs can be precisely tuned within a small range 
(1.1 nm to 2.2 nm). Finally, by conducting catalytic CO2 hydrogenation as a model catalytic 
reaction and utilizing in-situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 
for characterization of surface intermediates, we showed that the morphology of formed Rh NPs 
of different sizes remained similar. Our results highlight a simple yet effective way to produce Rh 
nanocatalysts with controlled size and morphology. Important insights into the understanding of 
the doping/segregation process described in this work preempt the preparation of other catalysts 
based on this synthetic method. 

Results 

Several characterization techniques were employed to understand the catalyst structure. The 
crystalline phase of synthesized Rh-doped SrTiO3 was first confirmed by ex-situ XRD. The XRD 
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pattern of synthesized pristine SrTiO3 (HT-0) and Rh-doped SrTiO3 (HT-4 and HT-10) samples 
are shown in the insert of Figure 1. The samples exhibited diffraction patterns typical for those of 
cubic perovskite structures13,14, with the highest intensity diffraction peak corresponding to the 
(110) plane reflection. Following the confirmation of the cubic perovskite structure of synthesized 
Rh-doped SrTiO3, the evolution of the SrTiO3 lattice during the reductive segregation of Rh was 
investigated by in-situ XRD measurements. Figure 1 shows the lattice size of Rh-doped SrTiO3 
sample during reduction under a 4% H2 flow as a function of temperature. The lattice parameter 
of the Rh-doped SrTiO3 was calculated from the (110) plane reflection. The data show that during 
the temperature ramping, the lattice of Rh-doped SrTiO3 initially expanded, followed by fast 
contracting which finished at ~ 573 K. The expansion of the lattice is attributed to thermal 
expansion, whilst the shrinkage of lattice indicated the segregation of Rh dopant atoms to the 
surface of Rh-doped SrTiO3.  

In order to visualize the segregation of Rh dopant atoms and subsequent formation of Rh NPs on 
the surface of SrTiO3 during the reduction, TEM characterization was carried out following the in-
situ XRD investigation. The cubic perovskite structure of synthesized Rh-doped SrTiO3 (HT-4) 
was again confirmed by lattice fringe analysis of ex-situ high-resolution TEM (HRTEM) images 
(Figure S1a in SI). In order to have a more detailed understanding of the formation of Rh NPs, in-
situ E-TEM imaging of the samples was performed. Figure 2 shows in-situ HRTEM images of a 
Rh-doped SrTiO3 (HT-4) particle obtained during sample exposure to 1 Torr of H2 at the indicated 
temperatures. At 300 K, no Rh NP were observed, as shown in Figure 2a, consistent with the XRD 
results. The effect of temperature on NP formation was then probed by taking HT-4 to elevated 
temperatures (Figure 2b-d,373 K, 473 K, and 573 K, respectively.) The attained images provide 
clear evidence of NP formation at 573 K, agreeing well with the in-situ XRD results presented in 
Figure 1. In addition to confirming formation of NPs during reduction at 573 K, Figure 2d shows 
that the formed NPs were evenly spaced. Such uniform dispersion of NPs is expected given that 
the lattice of SrTiO3 is highly symmetric,15 implying that the diffusivities of Rh atoms in the 
SrTiO3 particle along all different directions are very similar. HRTEM images collected ex-situ 
confirmed that the NPs observed were Rh NPs (Figure S1b in SI). 

Further confirmation of surface segregation of Rh species due to reductive heating was sought 
using STEM-EDS. Figure 3 presents high angle annular dark field (HAADF) images and 
corresponding EDS elemental maps of reduced Rh-doped SrTiO3 sample (HT-4-R). The elemental 
maps of Sr, Ti and O have a high degree of uniformity, indicating that Sr, Ti, and O are evenly 
distributed over the entire SrTiO3 particle and providing further confirmation of SrTiO3 phase 
presence (Figures 3c-f). Rh mapping showed notable Rh atom segregation, resulting in the 
formation of Rh NPs (Figures 3b and 3f). In addition to confirming Rh segregation, the EDS 
analysis also highlights a need to address the following two questions: (1) what is the percentage 
of Rh atoms that have segregated to form NPs, and (2) what is the pathway for controlling the 
degree of reductive segregation of Rh dopant atoms and the resulting size of Rh NPs. 

Aiming at better understanding the segregation behavior of Rh dopant in the SrTiO3 lattice and 
further answering these two questions, in-situ XAFS measurements at the Rh K-edge for the Rh-
doped SrTiO3 samples (HT-4 and HT-10) were carried out. Evaluation  (Figures S2a and S2b in 
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SI) for as-synthesized samples clearly demonstrates a non-metallic state of Rh, while the local 
environment of Rh is different from that of Rh in Rh2O3. More specifically, the peak at 3.2 Å 
(Figure S2b in SI) has origin in Rh-O-Ti collinear linkage, consistent with Rh dopant atoms 
substituting Ti atoms in the SrTiO3 lattice15,16 rather than forming Rh2O3. Overall, the XAFS 
results are consistent with Rh being homogeneously doped into the SrTiO3. In contrast to as-
synthesized sample data, results for samples subjected to in-situ reduction (Figures S2c and S2d 
in SI) indicate that all reduced samples contained a fraction of metallic Rh, consistent with the 
previously described STEM-EDS results.  

Following the initial evaluation of XAFS data, a detailed analysis of both X-ray near edge 
absorption structure (XANES) and extended X-ray absorption fine structure (EXAFS) was 
performed. The XANES data for as-synthesized (HT-4 and HT-10) and reduced (HT-4-R and HT-
10-R) samples, together with the reference data for Rh foil, are presented in Figures 4a and 4b. 
The samples showed a presence of multiple isosbestic points in the XANES region, suggesting 
that the reduced samples contained a two-phase mixture of Rh-doped SrTiO3 and metallic Rh NPs. 
The molar fractions of each phase were obtained using a linear combination fitting analysis, 
revealing that about 64% of the Rh atoms were in the metallic Rh NP phase for both samples, in 
line with literature values.10 EXAFS analysis was applied to determine the local structure of Rh 
atoms in each phase. The EXAFS data and theoretical fittings for reduced samples are shown in 
Figures 4c and 4d while the estimated local structure parameters are given in Table 1. For all the 
samples, the amplitude factor was obtained from fitting to Rh foil (0.86, Figure S3 in SI) and 
scaling to that value in the fitting for other samples. It is important to highlight that for 
substitutionally doped SrTiO3, where Rh substitutes Ti, the coordination number (CN) for Rh 
coordinated with O is 6. Correspondingly, any decrease in CN observed in the reduced samples 
would indicate the presence of Rh atoms residing outside of the SrTiO3 lattice (Table 1). 
Furthermore, by dividing the CN by 6, it is possible to estimate that around 30% of Rh atoms 
remain in the SrTiO3 lattice given that Rh atoms in the metallic phase would not contribute to any 
Rh-O scattering in the EXAFS data. This estimate is consistent with that obtained from the 
XANES data, further supporting the results of the EXAFS analysis. In order to improve the 
accuracy of our analysis, the molar fraction of Rh atoms remaining in substitutionally doped state 
obtained from XANES data was used to correct the CNs obtained from the EXAFS analysis (Table 
1). The average size of Rh NPs produced during the reductive segregation was estimated using the 
CN for each sample (Table 1), while assuming the face-center cubic (fcc) structures for Rh NPs17. 
The assumption of Rh NPs shapes was based on ex-situ TEM images (Figures S4a and S4c in SI), 
and the estimated particle size was consistent with that obtained from the ex-situ TEM images 
(Figures S4b and S4d in SI). 

With the segregation behavior of Rh dopant in the SrTiO3 lattice established, a method for 
precisely tuning the Rh NP size using temperature modulation was sought. In-situ XANES 
experiments were performed during the reduction of  the Rh-doped SrTiO3 samples (HT-4)  in a 
5% H2 flow at different temperatures.. The XANES results indicated that the fraction of metallic 
Rh NP phase increased monotonically with an increase in the reduction temperature from 573 K 
to 973 K (Figure 5a). As the fraction of metallic Rh NPs increased, one would also expect the 
particle size of these NPs to increase. To confirm this trend, ex-situ TEM imaging (Figure S5) of 
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the reduced samples was conducted. Figure 5b presents the particle size distributions of Rh NPs 
for samples reduced at different temperatures. The average Rh NP size was found to increase 
monotonically from 1.1 ± 0.2 nm to 2.2 ± 0.6 nm as the reduction temperature was increased from 
573 K to 973 K, respectively, indicating that temperature can be used as a single variable to 
precisely tune the Rh NP size.  

To demonstrate that the controlled segregation not only allows tuning of Rh NP size, but also 
preserves the morphology of Rh NPs, the Rh-doped SrTiO3 samples (HT-4) reduced at different 
temperatures were tested for catalytic CO2 hydrogenation. The catalytic testing results are 
summarized in Table 2, with the additional details presented in Figure S6 and Table S1in SI. A 
physical model (insert in Figure 5d and Scheme S1) representing a specific morphology18-20 of Rh 
NPs was then constructed to calculate the space-time yield (STY) of methane from CO2 
hydrogenation. The model was based on the morphology of Rh NPs supported by TEM images 
(Scheme S1). The calculations for methane STY assumed the existence of two different types of 
active sites (i.e., edge site and face site) on the surface of the NPs with the number of atoms for 
each site being a function of the size of NPs. Additional details are provided in the SI. This model 
suggests that the Rh NPs of similar morphology but different particle size should show different 
fractions of surface sites. The larger the particle size, the lower the fraction of edge sites on the NP 
surface.18 To validate this model, we first studied the adsorption behavior of CO on Rh NPs, a 
critical intermediate step in the CO2 hydrogenation reaction21. More specifically, the adsorption 
configuration of CO on Rh NPs was investigated by in-situ DRIFTS, which showed that the doped 
samples (HT-4) reduced at different temperatures exhibited a single CO peak (between 2000 and 
2050 cm-1) (Figure S7 in SI). This peak can be assigned to a linear adsorption geometry of CO on 
Rh,22 suggesting that Rh NPs formed under different reduction conditions still retain a comparable 
morphology. Furthermore, DFT calculations23 suggest that the binding energy of CO linearly 
adsorbed on the edge sites of Rh NPs is larger than that on the face sites, which translates into a 
lower C-O stretching frequency. This is consistent with the trend in Rh NP size evolution observed 
under TEM, which found an increase in particle size (and corresponding decrease in the fraction 
of edge sites) with increased reduction temperature. Combining the TEM data with the DFT 
calculations, one can expect that the C-O stretching frequency of linear Rh-CO adsorption would 
shift to higher wavenumbers with higher reduction temperatures, as confirmed with in-situ 
DRIFTS spectra (Figure 5c). Given this validation, our proposed model of the Rh particle 
morphology was applied to methane STYs calculations. A parity plot representing the goodness 
of match between experimental data and calculated data is shown in Figure 5d, indicating a good 
match between experimental and model calculated data. Meanwhile, the calculated yield of 
methane on the edge sites was found to be ~1.6 times higher than that on the face sites, consistent 
with the difference between CO binding energies on the edge and face sites.  

Discussion 

In this work, the reductive segregation of Rh dopant atoms in Rh-doped SrTiO3 was examined by 
various techniques to better understand this phenomenon and develop a pathway to finely tune Rh 
nanoparticle size with the aim of controlling their catalytic activity. In this pursuit, the controlled 
segregation of Rh dopant atoms enables the formation of Rh NPs with precisely tuned sizes within 
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1.1 to 2.2 nm, with well controlled morphology and catalytic activity. In-situ XRD and E-TEM 
investigations revealed that the formation of Rh NPs on the surface of Rh-doped SrTiO3 due to 
segregation of Rh dopant atoms started at the onset temperature of 573 K. Furthermore, in-situ 
XAFS characterization suggested that the reductive segregation process could be controlled by 
varying the reduction temperature. Importantly, the controlled segregation produced Rh NPs with 
both finely tuned size and consistent morphology as revealed by a CO2 hydrogenation probe 
reaction and in-situ DRIFTS investigation. The results of this work highlight the significant 
potential of the doping-segregation method in producing nanocatalysts with controlled size and 
morphology. These results provide new insights into the contributions of different surface sites of 
Rh NPs to the methane selectivity of the CO2 hydrogenation reaction. Combining various 
perspectives of this work, we provide a new facile strategy to design and produce nanocatalysts 
with desired performance. 

Methods 

Synthesis 

Rh-doped SrTiO3 powder samples were synthesized by a hydrothermal (HT) method according to 
our previous report.15 Strontium hydroxide octahydrate (Sigma-Aldrich; 95%), titanium dioxide 
(Sigma-Aldrich; nanopowder, 21 nm, 99.5%), rhodium (III) nitrate hydrate (Sigma-Aldrich; 36% 
rhodium basis) were used as the starting materials with a molar ratio of Sr : Ti : Rh = 1.10 : (1 - 
x) : x. In a typical synthesis to yield 1.468 g (4 mmol) Rh-doped SrTiO3 (1 mol% doped Rh), TiO2 
(0.316 g, 3.96 mmol) was suspended in 10 mL of deionized water. Sr(OH)2 · 8H2O (1.169 g, 4.4 
mmol) was poured into the stirred suspension. Rh(NO3)3 (11.56 mg, 0.04 mmol) dissolved in 2 
mL of deionized water was then added. The final suspension was sonicated for 30 min and then 
poured into a polytetrafluoroethylene (PTFE) lined stainless steel acid digestion vessel (model 
PA4749, volume 23 mL, Parr Instrument Company). The vessel was heated to 473 K at a rate of 
2 K/min and then maintained at 473 K for 48 h. After cooling to room temperature, the vessel was 
opened and the reaction product was centrifuged and washed several times with deionized water. 
The product was then dried at 353 K overnight. The samples with different Rh doping 
concentrations were denoted as HT-X, in which X represents X atom% of doped Rh. The samples 
reduced at 573 K were denoted as HT-X-R. 

In-situ characterization 

In-situ XRD analysis 

In-situ XRD analysis was carried out using of a Rigaku Ultima IV diffractometer (Cu Kα radiation, 
λ = 1.54056) equipped with a D/TeX high-speed linear position sensitive detector), a Rigaku XRD-
DSC stage, ULVAC vacuum pump, and a vacuum manifold. The desired atmosphere was achieved 
by controlling gas flows via  selection manifold by utilizing mass flow controllers balancing the 
mixing of flow gases.24 During the in-situ XRD experiments, each powder sample was heated 
under in 4% H2/He gas flow) up to 723 K at a heating rate of 1 K/min. The XRD patterns were 
collected by at a rate of 0.01 degree / min with a 0.001-degree step size over the 2θ range from 31 
to 34 degree. 
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E-TEM imaging 

Environmental TEM (E-TEM) imaging was conducted by using FEI Titan 80/300 E-TEM 
equipped with a post-specimen aberration corrector operating at 300 kV voltage. The corrector 
was tuned to a 20 mRad flat phase field. Powder samples were first suspended in ethanol and then 
drop-cast onto a Nano-Chip (DENSsolution). The Nano-Chip was then installed into an in-situ 
heating holder (Wildfire, DENSsolution) for E-TEM imaging. 1 Torr of H2 was introduced and 
maintained in the sample chamber in the microscope and the sample was first imaged at 300 K. 
The sample was subsequently heated to specified temperatures in the presence of H2 and then 
imaged at fixed temperature and pressure. 

In-situ XAFS studies 

Rh K-edge (23230.23 eV) XAFS spectra for Rh-doped SrTiO3 samples were acquired at SSRL 
beamline 2-2. Samples in powder form were mixed with boron nitride and pressed into pellets, 
which were then mounted in a Nashner-Adler cell25 for heating and in-situ XAFS measurements. 
For each of the samples three sets of XAFS spectra were acquired: for as-synthesized sample at 
room temperature, for the sample heated for 30 min at 573 K, and for sample cooled back to room 
temperature. All measurements and sample heating were performed in a 5% H2/He flow with a 
rate of 40 mL/min. Double crystal Si (220) monochromator was used for energy selection. X-ray 
beam size was 4 mm (horizontally) by 0.25 mm (vertically). Measurements were performed in 
transmission mode. XAFS spectra in bulk Rh foil, located between two ionization chambers 
downstream from the sample, were measured in the same experiment and used as a reference 
material for absolute energy calibration and alignment purposes.  

Rh K-edge XANES spectra for the Rh-doped SrTiO3 (HT-4) sample under different reduction 
temperatures (from 573 K to 973 K with 100 K increments) were also acquired. For this experiment, 
20 mg HT-4 sample (60-80 mesh) was loaded into a 3 mm OD quartz tube, packed with quartz 
wool on both sides of the sample. The sample was reduced for 30 min at each temperature (i.e., 
573, 673, 773, 873 and 973 K) in a 5% H2/He flow. To avoid the thermal disturbance at high 
temperature, the spectra were collected after the sample was cooled down to room temperature in 
a 5% H2/He flow. Measurements were performed in the fluorescence mode. 

The experimental Rh K-edge XAFS spectra were extracted, aligned, and processed using 
conventional procedure using the Athena software26. 

In-situ DRIFTS analysis 

In-situ DRIFTS experiments were performed using an FTIR spectrometer (Thermo Nicolet 6700). 
Approximately 20 mg of fine catalyst powder was packed into the sample holder and the surface 
was smoothly flattened to enhance IR reflection. With the cell securely located in the FTIR 
instrument, the catalyst was first reduced for 30 min at different temperatures (from 573 K to 973 
K with 100 K increments) in a 5% H2 flow (20 mL/min). After cooling down to 573 K, a 
background spectrum (512 scans) with a resolution of 4 cm-1 recorded in the mid-infrared range 
(650-4000 cm-1) for each reduction temperature. Then the reactants, i.e., a 5% CO2 + 5% H2 
mixture, with a total flow rate of 20 mL/min were introduced into the cell. After 40 min of reaction, 
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the CO2/H2 mixture was replaced by a 5% H2 flow (20 ml/min), purged for 30 min, and then the 
sample spectra (512 scans) were again collected. 

Ex-situ characterization 

Structure characterization 

TEM imaging was conducted by using JEOL 2100F TEM operating at 200 kV voltage. The 
scanning transmission electron microscopy (STEM) and the energy-dispersive X-ray spectroscopy 
(EDS) data were acquired in an FEI Talos F200X S/TEM equipped with an extra-bright Schottkey 
field emission gun and a four-quadrant EDS detector. The instrument was operated at 200 kV 
voltage. Ex-situ XRD data was acquired using a Rigaku Ultima III XRD diffractometer (Cu Kα 
radiation, λ = 1.54056). 

CO chemisorption 

The surface Rh active sites were characterized by pulse CO chemisorption using an Altamira AMI-
300ip instrument. The catalyst sample was dried for 30 min at 393 K in a He flow (30 mL/min), 
and subsequently reduced for 60 min at different temperatures (from 573 K to 973 K with 100 K 
increments) using a mixture of 5% H2 in Ar (30 mL/min). After reduction, the sample was purged 
with a 50 mL/min He flow for degassing. The reactor was then cooled down to 313 K and pulses 
of CO (59.0 μL) were passed over the catalyst until the CO peak area became constant. The amount 
of CO emerging from the reactor was monitored by a thermal conductivity detector (TCD). The 
CO uptake values are listed in Table S1. 

Catalytic reactions 

Flow reactor studies of the CO2 hydrogenation reaction were performed in a quartz tube reactor 
with an inner diameter of 4 mm under atmospheric pressure. ~20 mg of sieved catalyst (60-80 
mesh) mixed with ~180 mg inert material (acid-purified quartz  pre-calcined at 1173 K for 2 h, 60-
80 mesh) was loaded into a reactor tube and held in place by quartz wool. CO2 and H2 were set at 
1:1 ratio (2 mL/min CO2 with 2 mL/min H2) and diluted with 36 ml/min Ar. Prior to each test at 
573 K, the catalyst was first reduced for 60 min at different temperatures (from 573 K to 973 K 
with 100 K increments) using a 5% H2/Ar mixture (2 mL/min H2 with 38 mL/min Ar). The inlet 
flow was then switched to reactants (2 mL/min CO2, 2 mL/min H2, and 36 mL/min Ar) and held 
for at least 4 h. The concentrations of gas products were analyzed on-line by gas chromatography 
(Agilent 7890B equipped with a flame ionization detector (FID) and a TCD). See supporting 
information (SI) for the definition of conversion (X), yield (Y), turnover frequency (TOF) and 
space-time yield (STY). 
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Figures and tables 

 

Figure 1: The evolution of lattice size of Rh-doped SrTiO3 during reductive heating. Insert shows 
the diffraction pattern for synthesized pristine SrTiO3 (HT-0) and Rh-doped SrTiO3 (HT-4 and 
HT-10) samples. The lattice parameter of cubic perovskite structure of the Rh-doped SrTiO3 
sample was calculated from the position of (110) plane reflection. 
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Figure 2: In-situ TEM images of Rh-doped SrTiO3 sample (HT-4) exposed to 1 torr of H2 at (a) 
300 K, (b) 373 K, (c) 473 K, and (d) 573 K. Scale bar: 5 nm. 
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Figure 3: STEM images and EDS elemental maps of reduced Rh-doped SrTiO3 sample (HT-4-R). 
(a) HAADF image of the sample; (b) Rh map, (c) Ti map, (d) Sr map, (e) O map, and (f) overlapped 
map. Scale bar: 10 nm. 
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Figure 4: In-situ XAFS data of Rh-doped SrTiO3 samples. (a) and (b): XANES data of as-
synthesized samples (HT-4 and HT-10), reduced samples (HT-4-R and HT-10-R), and Rh foil. (c) 
and (d): Fourier transform magnitudes of the k2-weighted EXAFS data and theoretical fittings of 
reduced samples. 
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Figure 5: In-situ XANES spectra (a) and box graphs of particle size distribution based on ex-situ 
TEM images (b) of Rh NPs for Rh-doped SrTiO3 samples (HT-4) reduced at different temperatures. 
Arrows in (a) indicate the direction of increasing reduction temperatures. (c) In-situ DRIFT spectra 
of linear CO bond on Rh NPs at 573 K for Rh-doped SrTiO3 samples (HT-4) reduced at different 
temperatures. The arrow in (c) indicates the wavenumber shift direction for increasing reduction 
temperatures. (d) Parity plot for the results obtained in the model described for the catalysts. The 
line indicates the case of perfect matching between experimental data and calculated data. Insert 
in (d) shows a particle of the model where the edge sites are highlighted in clue color and face sites 
are highlighted in yellow color. Number X in annotation “HT-4-R-X” represents the reduction 
temperature (K). 
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Samples Shells CN (corrected) Bond length# / Å Estimated size* / nm 

HT-4-R Rh-O 1.7 (4.7) 2.01 1.1 Rh-Rh 4.2 (6.6) 2.69 

HT-10-R Rh-O 1.8 (5) 1.95 2.2 Rh-Rh 6.4 (10) 2.67 
Table 1: Local structure parameters for Rh atoms in reduced samples estimated from EXAFS 
analysis. # For reference, the bond length of Ti-O bond in the ideal SrTiO3 lattice is 1.95 Å, and 
the bond length of Rh-Rh bond in Rh metal is 2.68 Å. * Estimated using corrected CN based on a 
model from published literature.20 

 

Catalyst HT-4 
Reduction temperature / K 573 673 773 873 973 

Conversion / % 
CO2 10.05 10.97 11.64 10.74 6.73 
H2 13.37 13.92 13.99 12.91 8.75 

Yield / % (carbon basis) 
CO 8.69 9.64 10.50 9.72 5.83 
CH4 1.08 1.00 0.86 0.89 0.86 

TOF / mol/molRh/min 
CO2 1.79 1.95 2.07 1.91 1.20 
H2 2.55 2.65 2.67 2.46 1.67 

STY / mol/molRh/min 
CO 1.56 1.73 1.88 1.74 1.05 
CH4 0.19 0.18 0.15 0.16 0.15 

Table 2: Summary of flow reactor data for catalytic CO2 hydrogenation reaction (1:1 ratio, 2 
mL/min CO2 + 2 mL/min H2 + 36 ml/min Ar) at 573 and 673 K. Values were calculated by 
averaging data points between 1-4 h on stream. 


