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Adam S. Hoffman d, Jiyun Hong d, Jorge E. Perez-Aguilar d, Aylin Saltuk c, Deniz Akgül c, 
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A B S T R A C T   

Supported rhodium catalysts are known to be unselective for semi-hydrogenation reactions. Here, by tuning the 
electronic structure of supported mononuclear rhodium sites determined by the metal nuclearity and the 
electron-donor properties of the support, we report that atomically dispersed HY zeolite-supported rhodium with 
reactive acetylene ligands affords a stable ethylene selectivity > 90 % for acetylene semi-hydrogenation at 373 K 
and atmospheric pressure, even when ethylene is present in a large excess over acetylene. Infrared and X-ray 
absorption spectra and measurements of rates of the catalytic reaction complemented with calculations at the 
level of density functional theory show how the catalyst performance depends on the electronic structure of the 
rhodium, influenced by the support as a ligand that is a weak electron donor.   

1. Introduction 

When they are dispersed atomically on supports, noble metals offer 
yet undiscovered catalytic properties and prospects for applications 
[1–3]. Examples of such catalysts are gold (for low-temperature CO 
oxidation [4], acetylene hydrochlorination [5], and the water–gas shift 
reaction [6,7]) and other noble metals for alkene hydroformylation 
[8–10], selective hydrogenation [11–13], and methane partial oxidation 
[14–15]. As in molecular homogeneous catalysis, the electronic struc-
tures and catalytic properties of the metal centers depend sensitively on 
the metal nuclearity and the ligands on the metal, which include the 
support [16]. 

Molecular rhodium complexes offer a wide range of catalytic prop-
erties, finding technological applications for alkene hydrogenation [17] 
and hydroformylation [18], and methanol carbonylation [19]. To ach-
ieve the technological advantages offered by solid catalysts—ease of 

separation from products and lack of corrosion—researchers have 
investigated many rhodium complexes anchored to supports [20–23]. 
Now, we show how to tune the catalytic properties of atomically 
dispersed rhodium on a support to optimize it for a technologically 
important reaction, selective acetylene semi-hydrogenation [24–27]—a 
reaction for which rhodium has heretofore not been reported to provide 
high selectivity or stability in operation [28,29]. 

2. Experimental and computational methods 

2.1. Materials and methods 

Standard air-exclusion techniques were used in the synthesis and 
treatment of all the catalyst samples involved in this work. Zeolites and 
metal oxides, used as supports, were purchased from Zeolyst Interna-
tional and Merck, respectively, at the highest available purities. Before 
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catalyst synthesis, the supports were calcined in flowing oxygen as the 
temperature was ramped to a target value at a rate of 3 K/min and held 
at that temperature for 4 h, followed by evacuation at the target tem-
perature for 12 h. The target calcination temperatures were 973 K for 
MgO and ZrO2; 793 K for SiO2, 773 K for HY zeolites, Beta zeolites, 
Fe2O3; and γ-Al2O3; and 673 K for TiO2 and ZnO. After calcination, the 
supports were transferred to an argon-filled MBraun glovebox (oxygen 
concentration < 0.5 ppm, water concentration < 0.5 ppm). To synthe-
size supported Rh(CO)2 complexes with rhodium loadings of 1.0 wt%, 
25 mg of Rh(CO)2(acac) precursor (Merck, 98 %; acac is acetylacetonato 
([C5H7O2]− )) was mixed with 975 mg of each of the calcined supports in 
n-pentane that had been purified by column chromatography in an 
MBraun SBS solvent purification system. The resultant slurry was stirred 
in a sealed flask for 24 h, followed by evacuation for 12 h to remove the 
n-pentane, leaving all the rhodium on the support. Each sample after 
evacuation was transferred to the glovebox. A similar procedure was 
followed to synthesize an HY zeolite-supported rhodium complex 
incorporating ethylene ligands, with the precursor being Rh 
(C2H4)2(acac). 

To synthesize supported rhodium clusters with various nuclearities, 
the HY zeolite-supported rhodium complex, Rh(CO)2/HY zeolite, was 
treated in flowing hydrogen under various conditions. The Rh(CO)2/HY 
zeolite sample was heated in flowing helium as the temperature was 
ramped at a rate of 3 K/min to a target temperature, whereupon the 
flowing gas was switched from helium to 50 vol% hydrogen (balanced 
with helium) and held under these reduction conditions at 373 K for 5, 
20, or 60 min; at 473 K for 60 min; or at 573 K for 60 min, to yield the 
samples designated as Rh/HY zeolite-0.5 nm, Rh/HY zeolite-0.8 nm, 
Rh/HY zeolite-1.0 nm, Rh/HY zeolite-1.2 nm, and Rh/HY zeolite-1.3 
nm, respectively, with the sample names reflecting the characterization 
data mentioned below. After the reduction of each sample, the gas 
stream was switched back to helium and the sample cooled to room 
temperature. The reduced samples were stored in the glovebox. 

2.2. Fourier transform infrared (FTIR) spectroscopy 

IR spectra of the solid samples were measured in transmission mode 
with a spectral resolution of 2 cm− 1 using a Bruker Vertex 80v FTIR 
spectrometer equipped with a vacuum sample chamber. Samples were 
handled at room temperature, under vacuum (pressure < 2 hPa), or in 
the glovebox to exclude air and moisture. Before the spectroscopy ex-
periments, each sample in the glovebox was pressed between two KBr 
windows in a holder and immediately transferred to the sample chamber 
of the spectrometer. The chamber was evacuated within seconds after 
insertion of the sample. Each reported spectrum is an average of 128 
scans, and 128 background spectra of the KBr windows were collected 
before each measurement. 

2.3. X-ray absorption spectroscopy (XAS) 

XAS experiments were performed at beam line 4–1 of the Stanford 
Synchrotron Radiation Lightsource (SSRL), with the storage ring energy 
and current being 3 GeV and 500 mA, respectively. The double-crystal Si 
(220) monochromator was detuned by 25 % at the Rh K-edge to mini-
mize the effects of harmonics. Each supported rhodium complex (50–80 
mg containing 1.0 wt% rhodium) was pressed into a wafer and mounted 
in a sealed in-situ XAS cell [30] in an argon-filled glovebox at the syn-
chrotron. For energy calibration, the absorption of a rhodium foil 
mounted downbeam of the sample was measured as measurements of 
the samples were made. Extended X-ray absorption fine structure 
(EXAFS) spectra were collected from 200 eV below the Rh K-edge 
(23220.0 eV) to values of the wave vector k = 15.3 Å− 1 in 15 min, with 
four scans collected and averaged for good signal-to-noise ratios. 

Data analysis was performed using ATHENA and ARTEMIS [31]. 
ATHENA was used for data alignment, edge calibration (the edge energy 
of the reference channel was calibrated in each scan to the known Rh K- 

edge), and Linear Combination Fitting (LCF) analysis. ARTEMIS was 
used for the XAS modeling. Reference files used in the data analysis were 
calculated using the code FEFF7.0 [32]. 

The crystal structures of [Rh(I)(CO)2(acac)] [33] and [Rh(I) 
(C2H4)2(acac)] [34] were used to calculate the phase shifts and back-
scattering amplitudes representing the Rh–CCO, Rh–OCO, Rh–C, and 
Rh–Os scattering paths (s represents short), as the structure of the sup-
ported mononuclear rhodium species was expected to be similar to those 
of these precursors [35]. The Rh–CCO and multiple scattering paths of 
the Rh–OCO of the carbonyl group were fitted together to separate out 
the carbon and oxygen first shells. The phase shifts and backscattering 
amplitudes representing Rh–Al, Rh–Si, Rh–Zn, and Rh–Mg scattering 
paths were calculated from the structural parameters characterizing 
Rh–Al, Rh–Si, Rh–Zn, and Rh–Mg alloys, respectively [36]. Iterative 
fitting was carried out for various plausible structural models until the 
best agreement was attained between the calculated k1-, k2-, and k3- 
weighted EXAFS data and the postulated model. The fitting ranges in 
both k-space and R-space (where R is the distance from the absorbing 
rhodium atom) in the analysis of the data characterizing the as-prepared 
sample were determined by the data quality. The range in k was in 
general (3.5 ± 0.5)− (12.8 ± 0.8 Å− 1), and the range in R was (1.0 ±
0.5)–(3.5 ± 0.5) Å for each supported mononuclear rhodium complex. 
These values were used with the Nyquist theorem [37] to estimate the 
justified number of fitting parameters, which was never exceeded in the 
reported best fits. 

In analysis of data characterizing supported rhodium clusters, the 
crystal structure of fcc-rhodium (rhodium foil) was used to calculate the 
phase shifts and backscattering amplitudes representing the Rh–Rh and 
Rh–Rh2 scattering paths (i.e., the nearest-neighbor, at approximately 
2.7 Å, and the second-nearest-neighbor, at approximately 3.8 Å, scat-
tering paths), respectively. Fitting was carried out considering k1-, k2-, 
and k3-weighting. The fitting ranges in both k space and R space in the 
analysis of the data characterizing the as-prepared sample were deter-
mined by the data quality. The range in k was in general 4.0–14.0 Å− 1, 
and the range in R was (1.0 ± 0.1)–(3.9 ± 0.1) Å for each catalyst 
containing supported rhodium clusters. 

2.4. Aberration-corrected scanning transmission electron microscopy 
(AC-STEM) 

AC-STEM images were obtained with a Hitachi HF5000 Cs-corrected 
cold FEG scanning transmission electron microscope operating at 200 
kV. In an argon-filled glovebox near the instrument, each sample was 
prepared on a Ted Pella lacey carbon-coated 300 mesh copper grid. The 
grid was transferred to the microscope in a sample holder filled with 
argon. A 30-μm STEM condenser aperture was used, and dark field im-
ages were obtained at a magnification of 800 k×. Nanocluster diameters 
were determined with Nano Measurer 1.2 software. 

2.5. Thermogravimetric analysis (TGA) 

TGA data characterizing the fresh and used Rh/HY zeolite-1.3 nm 
catalysts were obtained with a TA Instruments TGA Q500 instrument. 
The temperature of each sample (approximately 10 mg, in a platinum 
holder) was raised to 398 K at a rate of 20 K/min in a mixture of flowing 
dry air (40 mL/min) and nitrogen (60 mL/min) and then maintained at 
398 K for 2 h to remove any adsorbed moisture. Then the temperature 
was increased to 1023 K at a rate of 5 K/min with the same flowing gas, 
and the mass of the sample was recorded during the process. 

2.6. Density functional theory (DFT) calculations 

Density functional theory calculations were done with the Gaussian 
16 series of programs [38]. The PBE functional [39,40], along with the 
standard 6–31 + G(d,p) basis set, as well as the LANL2DZ basis set of 
Hay and Wadt for rhodium were used to perform full geometrical 
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optimizations [41,42]. Energies stated in the text are the Gibbs free 
energies calculated at 373 K and 1 atm and obtained by frequency cal-
culations at the above-stated level of theory. The charge analysis was 
carried out using Charge Model 5 (CM5), as reported previously 
[43–45]. 

2.7. Catalyst performance measurements 

Catalytic activity testing was performed with each sample in a 0.5- 
inch-diameter quartz tubular once-through flow reactor. The reaction 
temperature was controlled with a PC-operated Thermcraft three-zone 
resistance heating furnace (Model XST-3-0-18-3V). Gas flow rates 
were controlled with calibrated Alicat MC mass flow controllers. If not 
otherwise specified, the reactant feed gases (hydrogen, acetylene, 
ethylene, and helium) flowed through a bed containing 100 mg of 
catalyst particles at atmospheric pressure and a target temperature. 
When the supported catalysts initially incorporated mononuclear 
rhodium carbonyl complexes, they were treated in flowing acetylene as 
the reactor was heated from room temperature to 373 K at a rate of 3 K 
min− 1 and held at 373 K for 60 min to convert the almost inactive 
rhodium carbonyl complex to a rhodium complex incorporating acety-
lene ligands. Subsequently, the catalysts were tested at atmospheric 
pressure and 373 K with a feed of acetylene (Linde, 99.9 vol%) and 
hydrogen (Linde, 99.99 vol%) in a 1:1 M ratio with a total flow rate of 
10 mL(NTP)/min. The product stream was analyzed with an online gas 
chromatograph (Agilent GC 7890A) with a GS-Alumina column (50 m ×
530 µm) and a hydrogen flame ionization detector. 

The acetylene conversions were in the differential range, <2 %. 
Reaction rates are reported per rhodium atom, that is, as turnover fre-
quencies (TOF), assuming that all the rhodium atoms were accessible for 
reaction. Thus, TOFs were calculated according to the fraction of 
exposed rhodium atoms for catalysts with various nuclearities (when 
rhodium clusters were less than 1 nm in diameter, the rhodium disper-
sion was considered to be 100 %; when rhodium clusters had diameters 
greater than 1 nm, the rhodium dispersion was approximated by 1/ 
Dcluster, where Dcluster is the average cluster diameter in nm, estimated by 
assuming an fcc structure and using the corresponding first-shell Rh− Rh 
coordination number as determined by EXAFS analysis (details below). 
Repeated measurements were made with most of the samples to check 
for reproducibility. Three measurements of rate were typically measured 
for a sample, and the data lead to the conclusion the reaction rates were 
reproducible within ±5 %, consistent with the expected experimental 
errors. 

3. Results 

3.1. Synthesis and characterization of supported rhodium carbonyl 
complexes 

The mononuclear supported rhodium carbonyl complexes were 
synthesized by the reaction of Rh(CO)2(acac) with supports chosen to 
have various electron-donor properties [36,46]. The supports included 
highly dealuminated zeolites HY and Beta, SiO2, γ-Al2O3, ZrO2, Fe2O3, 
TiO2, ZnO, and MgO. As shown in Figures S1–S9 in the Supporting In-
formation, the bands in the 1300–1700 cm− 1 region of the IR spectra 
(Table S1) match those of the structure obtained by adsorption of acetyl- 
acetonate (Hacac) on the support, indicating the formation of Hacac by 
the reaction of the acac ligand in the precursor with support hydroxyl 
groups [47]. The results demonstrate that chemisorption involves the 
removal of acac ligands from the precursor Rh(CO)2(acac). 

IR spectra of the initially prepared supported rhodium complexes 
(Figures S1-S9) include νCO bands similar to those of the precursor Rh 
(CO)2(acac), including νCOsym and νCOasym stretches at 2065 and 2007 cm− 1 

indicating the presence of rhodium gem-dicarbonyls (weak bands at 2047 
and 1972 cm− 1 indicate 13CO ligands in natural abundance). The lack of 
other features in the νCO region, which would have been expected to 

indicate any bridging CO ligands, is consistent with the absence of rhodium 
clusters [14]. 

Data summarized in Table 1 show that the νCO bands of the rhodium 
carbonyls on the various supports are characterized by differing full- 
width at half-maximum (FWHM) values, indicating different degrees 
of uniformity of the supported species—and, by inference, different 
degrees of heterogeneity of the support surfaces. The zeolites, with 
spectra having the relatively sharp bands (FWHM < 5 cm− 1), are the 
supports with the most nearly uniform bonding sites for the rhodium. HY 
zeolite presents the most nearly uniform such sites, as expected [48]. 
The data point to multiple types of binding sites on the metal oxide 
supports. 

Consistent with the IR results, the Rh K-edge EXAFS spectra give no 
evidence of Rh–Rh scattering paths (within error [49]) that would have 
indicated rhodium clusters (Table 2, Table S2, and Figures S10–S19); 
EXAFS data fitting led to models consistent with each rhodium atom 
bonded, on average, to two carbon atoms and two oxygen atoms on each 
support, in line with the symmetry indicated by the IR data and reports 
of Rh(CO)2 on various supports (Table 1) [47,50–52]. 

The νCOsym band position of the supported rhodium complexes 
(Table 1) show that it shifted to a higher energy as the electron-donor 
tendency of the support decreased. Correspondingly, X-ray Absorption 
Near Edge Spectra (XANES) indicate that the Rh K-edge energy (defined 
as the first maximum of the first derivative of the normalized absorbance 
with respect to beam energy) decreased with increasing νCOsym values 
(Figure S20), confirming the decrease in electron density on rhodium 
with decreasing support electron-donor character [51,53]. 

3.2. Catalytic performance in acetylene semi-hydrogenation 

The samples were investigated as catalysts for acetylene semi- 
hydrogenation at 373 K and 1 bar in a once-through plug-flow reactor. 
Each sample was first activated in flowing acetylene to convert the Rh(CO)2 
complexes into active species that incorporated acetylene ligands; IR spectra 
indicate that the ligand exchange was complete (Figure S21) and give no 
evidence of any feature that could be assigned to oligomers formed from 
acetylene, and thus we have no evidence to suggest that oligomers formed. 
Fitting a Rh–Rh first-shell scattering path on the EXAFS spectra of acetylene- 
activated samples (Table S3 and Figures S22–S27) resulted in nonsensical 
results indicating that there was an absence of rhodium clusters detectable 
with our methods. Furthermore, the data indicate that each rhodium atom 
was bonded to approximately four carbon atoms (in addition to two support 
oxygen atoms), consistent with two π-bonded acetylene ligands per 
rhodium atom. 

Following the on-stream activation of the catalyst with acetylene, the 
feed to the flow reactor was switched to an equimolar acetylene + H2 
mixture flowing at steady state at 373 K at a gas hourly space velocity 
(GHSV) of 3000 mL C2H2 × gcat

− 1 × h− 1. This value was chosen to give 
conversions that were shown to be differential (<2%) determining re-
action rates (turnover frequencies, TOFs) directly. The data showing the 

Table 1 
νCOsym and νCOasym band positions characterizing supported Rh(CO)2 complexes.  

Support for rhodium 
dicarbonyl 

νCOsym 

(cm− 1) 
νCOasym 

(cm− 1) 
FWHMa 

(cm− 1) 

HY zeolite  2117.7  2052.1 5/4 
HY zeolite (DFT calculated)  2074.5  2008.4 – 
Beta zeolite  2113.2  2048.3 18/12 
SiO2  2093.6  2029.9 22/14 
γ-Al2O3  2085.9  2005.8 41/30 
ZrO2  2084.9  2011.6 31/36 
Fe2O3  2080.1  2003.9 42/28 
TiO2  2083.9  2004.9 24/35 
ZnO  2080.1  2003.9 23/38 
MgO  2079.9  2002.7 31/27  

a FWHM: Full width at half maximum; data characterize the symmetric and 
asymmetric bands, respectively. 
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conversions and selectivities of the catalysts incorporating the various 
supports under these conditions are shown in Fig. 1. 

The activity and selectivity data characterizing rhodium on the 
various supports (Table 3) show that ethylene selectivity increased with 
decreasing electron density on the rhodium centers, controlled by the 
support electron-donor character (Fig. 2). Thus, the weak electron- 
donor support HY zeolite gave the maximum selectivity (92 % at a 
conversion of 1.1 % under conditions shown in Fig. 1). These results 
demonstrate that other than controlling the stability of the atomically 
dispersed supported metal catalysts [43], the electronic structure of the 
metal centers set by the electron-donor property of the support also 
plays an important role in controlling the product selectivities. 

Measurements were made for comparison with catalysts incorpo-
rating small rhodium clusters, formed by reduction in flowing equimolar 
H2 + helium mixtures at various temperatures, up to 573 K, for various 
times [54]. As shown by the data in Table 4 and Figures S28–S37, the 
first-shell Rh–Rh coordination number increased from 0.9 ± 0.2 to 6.6 
± 0.1 following the reduction. The average rhodium cluster diameter of 
Rh/HY zeolite-1.3 nm sample is estimated to be 1.3 nm, assuming a fcc- 
rhodium structure model [55], consistent with the STEM results 
(Figure S38) showing the average rhodium cluster diameter to be 1.1 ±
0.2 nm. We estimate the range in cluster diameters to be 0.5–1.3 nm in 
our samples incorporating supported rhodium clusters. 

As shown in Fig. 3, HY zeolite-supported rhodium catalysts with 
various nuclearities exhibited significantly different catalytic perfor-
mances in the acetylene hydrogenation reaction. Under our conditions, 
the rhodium clusters on HY zeolite were found to be much less selective 
for ethylene formation than the mononuclear rhodium complexes—and 
with higher initial activities. The conversion of mononuclear rhodium 
complexes to rhodium clusters led to an increase in the initial TOF from 
16 to 46 (mol of C2H2 converted) × (Rh site × h)− 1 and to a decrease in 
ethylene selectivity from 92 % to 60 % (Figs. 3 and S39). Besides, the 
clusters were less stable than the mononuclear rhodium complexes—-
with deactivation of the clusters associated with coke formation made 
evident by the results of thermogravimetric analysis of used catalysts 

(Figure S40)—whereas, in contrast, the mononuclear HY zeolite- 
supported rhodium complex maintained its initial activity for as long 
as we kept it on stream (>30 h) with the equimolar feed composition at 
373 K (Fig. 4). 

Rh K-edge EXAFS data characterizing the used catalyst showed that 
the structure after 30 h of operation in the flow reactor (Rh(C2H2)2/HY 
zeolite-postRXN) was approximately the same as that of the fresh acti-
vated catalyst (Rh(C2H2)2/HY zeolite), with the rhodium still being 
atomically dispersed (Table 5, Figure S41 to S43). The best-fit model of 
the EXAFS data shows that each rhodium atom was bonded to approx-
imately four carbon atoms and two oxygen atoms. These results 
demonstrate that under the reaction conditions, the Rh(C2H2)2/HY 
zeolite catalyst retains its identity as a mononuclear metal complex, 
reflecting the strong resistance to sintering of the rhodium and the 
strong bonding of acetylene to the rhodium—consistent with the infer-
ence that these ligands are the predominant non-support ligands present 
during catalysis. Lack of any observable deactivation of the Rh(C2H2)2/ 
HY zeolite catalyst is consistent with the inference that coke formation 
was limited if it even occurred. This result might be associated with the 
lack of any observed selectivity for dimer formation on this catalyst, as 
oligomerization often leads to coke formation that deactivates conven-
tional supported metal nanoparticle catalysts. 

To further investigate the catalytic stability of the Rh(C2H2)2/HY 
zeolite, we tested its performance under more severe conditions. As 
shown in Fig. 5, the experiment was initially conducted under the 
identical experimental conditions as shown in Fig. 1. Consistent with the 
results presented above, the ethylene selectivity was 92 % at an acety-
lene conversion of approximately 1 %. Subsequently, the feed gas was 
changed from equimolar acetylene and hydrogen to hydrogen-rich 
(C2H2:H2 = 1:10 M) conditions at the same temperature (373 K). This 
change in hydrogen concentration led to an increase in acetylene con-
version to 9.0 %. Data presented in Fig. 5 show that at this higher 
acetylene conversion in the presence of a hydrogen-rich feed, the 
ethylene selectivity remained approximately constant at 92 %. Next, we 
increased the temperature to 473 K at a ramp rate of 2 K/min keeping 

Table 2 
Summary of EXAFS best fit parameters characterizing samples prepared by adsorption of Rh(CO)2(acac) on zeolite and metal oxides having various electron-donor 
tendenciesa.  

Sample Shell b CN R (Å) Δσ2 × 103 (Å2) ΔE0 (eV) k range (Å− 1) R range (Å) 

Rh(CO)2/HY zeolite Rh–Os 2.3 ± 0.1 2.11 ± 0.00 4.0 ± 0.3 2.89 ± 0.21 4.2–13.8 1.2–3.5 
Rh–CCO 2.1 ± 0.1 1.87 ± 0.00 3.4 ± 0.4 
Rh–OCO 2.0 ± 0.2 2.99 ± 0.00 8.8 ± 1.1 
Rh–OCO* 4.0 ± 0.4 2.99 ± 0.00 1.9 ± 0.4 
Rh–OCO** 2.0 ± 0.2 2.99 ± 0.00 2.3 ± 0.6 
Rh–Al 1.2 ± 0.1 3.15 ± 0.01 3.2 ± 0.9 

Rh(CO)2/SiO2 Rh–Os 2.4 ± 0.1 2.05 ± 0.00 3.9 ± 0.4 − 5.83 ± 0.37 3.9–14.5 1.2–4.0 
Rh–CCO 2.0 ± 0.1 1.87 ± 0.00 2.3 ± 0.4 
Rh–OCO 1.9 ± 0.1 3.03 ± 0.00 5.9 ± 2.1 
Rh–OCO* 3.8 ± 0.2 3.03 ± 0.00 2.2 ± 0.4 
Rh–OCO** 1.9 ± 0.1 3.03 ± 0.00 4.4 ± 0.8 
Rh–Si 1.3 ± 0.2 3.20 ± 0.01 4.1 ± 1.2 

Rh(CO)2/ZnO Rh–Os 2.4 ± 0.1 2.07 ± 0.00 0.8 ± 0.2 2.51 ± 0.35 4.0–12.5 1.0–4.0 
Rh–CCO 2.1 ± 0.2 1.97 ± 0.00 5.4 ± 0.9 
Rh–OCO 2.1 ± 0.1 3.02 ± 0.00 8.9 ± 2.8 
Rh–OCO* 4.2 ± 0.2 3.02 ± 0.00 0.4 ± 0.1 
Rh–OCO** 2.1 ± 0.1 3.02 ± 0.00 8.5 ± 0.6 
Rh–Zn 0.8 ± 0.1 2.58 ± 0.01 9.2 ± 1.2 

Rh(CO)2/MgO Rh–Os 1.9 ± 0.1 2.03 ± 0.00 5.2 ± 0.3 − 9.62 ± 0.18 3.8–14.4 1.0–4.0 
Rh–CCO 2.1 ± 0.1 1.84 ± 0.00 4.8 ± 0.3 
Rh–OCO 2.0 ± 0.2 2.99 ± 0.00 8.7 ± 1.4 
Rh–OCO* 4.2 ± 0.2 3.02 ± 0.00 5.5 ± 0.5 
Rh–OCO** 2.1 ± 0.1 3.02 ± 0.00 2.2 ± 0.2 
Rh–Mg 0.7 ± 0.1 3.13 ± 0.01 1.8 ± 0.8  

a Notation: CN, coordination number; R, distance between absorber and backscatterer atoms; Δσ2, mean square relative displacement; ΔE0, inner potential 
correction. In this work, S0

2 was taken to be 0.88 ± 0.03 (refined from fcc-rhodium reference provided in Figures S11 and S12). 
b Rh–Os denotes rhodium bonded to support surface oxygen atoms; Rh–CCO and Rh–OCO refer to carbon and oxygen atoms of carbonyl ligands bonded to rhodium, 

respectively; Rh–OCO* refers to oxygen atoms of carbonyl ligands in Rh–C–O–Rh multiple scattering; Rh–OCO** refers to oxygen atoms of carbonyl ligands in 
Rh–C–O–C–Rh multiple scattering. 
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the feed composition the same. During the ramp, the ethylene selectivity 
decreased slightly to 75 %, and the acetylene conversion increased to 
approximately 90 %. Once the reaction temperature had reached 473 K, 
the reactant composition was switched back to a C2H2:H2 ratio of 1:1, 
and the reactor was quickly cooled to 373 K. The catalytic performance 

data collected subsequently at this condition indicate that the conver-
sion and the selectivity were the same as those observed initially under 
the identical conditions (Fig. 5). These results suggest the lack of any 
significant changes in catalyst structure even under hydrogen-rich 
conditions at relatively high temperatures (473 K). 

Fig. 1. Change in ethylene selectivity with time on stream characterizing acetylene hydrogenation on supported mononuclear rhodium complexes initially incor-
porating acetylene ligands. Reaction conditions: 100 mg of supported Rh(CO)2 complex catalyst precursor was activated by exposure to acetylene at 373 K for 1 h, 
and then the feed gas was changed to 50 vol% C2H2, 50 vol% H2, GHSV = 3000 mL(NTP) C2H2 × gcat

− 1 × h− 1. The ethylene selectivity was recorded at 373 K; the 
conversion was < 2 %, and the pressure was 1 bar. This figure is continued on the following page. 
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To test for the possibility that ethane was a secondary product 
formed by hydrogenation of ethylene, experiments were performed with 
a reactor feed spiked with excess ethylene. The product analysis data 
show that ethylene formed as fast as acetylene was converted (Fig. 6). 
Correspondingly, the catalyst maintained the high ethylene selectivity 
(approximately 91 %) even when the feed composition was C2H2:C2H4: 

Fig. 1. (continued). 

Table 3 
Selectivities and TOF values characterizing the catalysts (initially incorporating 
supported Rh(CO)2 complexes and exposed to acetylene at 373 K to replace the 
CO ligands with acetylene); data characterize acetylene hydrogenation at 
steady-state under differential conversion conditions at an C2H2/H2 feed molar 
ratio of 1.0 at 373 K and 1 bar.  

Catalyst precursor C2H2 Conversion 
(%) 

Selectivity (%) TOF 
(h− 1)a 

C2H4 C2H6 Dimers 

Rh(C2H2)2/HY 
zeolite  

1.1  91.9  8.1 0 16.4 

Rh(C2H2)2/Beta 
zeolite  

1.9  80.1  18.3 1.6 21.6 

Rh(C2H2)2/SiO2  0.3  74.9  17.2 7.9 2.9 
Rh(C2H2)2/γ-Al2O3  0.4  69.7  20.8 9.5 3.6 
Rh(C2H2)2/ZrO2  0.2  62.1  23.2 14.6 2.5 
Rh(C2H2)2/Fe2O3  0.4  58.4  24.5 17.1 4.7 
Rh(C2H2)2/TiO2  0.3  59.6  19.8 20.6 3.6 
Rh(C2H2)2/ZnO  0.4  55.2  18.1 26.7 5 
Rh(C2H2)2/MgO  1.0  58.0  19.2 22.8 12.6  

a Turnover Frequency defined as: (number of C2H2 molecules converted) ×
(rhodium site × h)− 1. 

Fig. 2. Dependence of ethylene selectivity on the corresponding νCOsym band 
position of the supported rhodium complexes. Each supported Rh(CO)2 pre-
cursor was held for 1 h in flowing acetylene at 373 K and 1 bar, and then the 
feed gas composition was changed to C2H2:H2 = 1:1 at the same temperature 
and pressure. GHSV was set to 3000 mL(NTP) C2H2 × gcat

− 1 × h− 1 to ensure that 
acetylene conversions were differential (<2%). 
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H2 = 1:49:1 (corresponding to an acetylene conversion of > 98 % if the 
feed had been just acetylene + H2). Consistent with these results, when a 
pulse of acetylene was injected into a flowing ethylene + H2 stream 
when ethylene hydrogenation was taking place (catalyzed by the HY 
zeolite-supported rhodium complex initially having ethylene ligands 
only (in addition to the support)), the ethylene conversion decreased 
sharply (Figure S44). Thus, we hypothesized that acetylene bonded 
more strongly to rhodium than ethylene, rapidly displacing it, consistent 
with the lack of inhibition of acetylene hydrogenation by ethylene and 
explaining (at least in part) the high selectivity of the catalyst for acet-
ylene hydrogenation without secondary ethylene hydrogenation. 

3.3. Mechanistic insights from DFT calculations 

To provide insights into the chemistry, we performed electronic 
structure calculations at the level of density functional theory (DFT), 
PBE/6–31 + G(d,p) (LANL2DZ for Rh)41− 43 (details in Section S10 of 

Supporting Information), investigating various possible pathways for 
the conversion of acetylene into the primary products on the zeolite- 
supported catalyst, including elementary steps involving the breaking 
of a bond between rhodium and support oxygen, as inferred to be sig-
nificant for ethylene hydrogenation by Vummaleti et al. (Fig. 7) [56,57]. 
The catalyst precursor was modeled as a cis-Rh(C2H2)2 complex, 1 
(Figure S45), with a square-planar coordination formed by two zeolite 
framework oxygen atoms and two acetylene ligands anchored at the 
middle of the two four-rings facing the zeolite supercage (33 T cluster 
model with a total of 13 interconnected four-rings). This model was 
validated by calculating νCO band positions characterizing a Rh(CO)2 
complex at the same position (comparison shown in Table 1). The cor-
responding Gibbs reaction and activation energies at 373 K are pre-
sented in Fig. 7, where it is demonstrated that the reaction starts with the 
coordination of H2 to a rhodium center 1 in a side-on fashion. η2-H2 
leads to complex 2, [Rh(C2H2)2(H2)]+, with a free energy change of 
14.9 kcal/mol. Complex 2 undergoes oxidative addition of H2 forming 

Table 4 
Summary of EXAFS best fit parameters characterizing Rh/HY zeolite samples with various rhodium nuclearitiesa.  

Sample Shell b CN R (Å) Δσ2 × 103 (Å2) ΔE0 (eV) k range (Å− 1) R range (Å) 

Rh/HY zeolite-0.5 nm Rh–Os 2.0 ± 0.1 2.08 ± 0.00 2.8 ± 0.4 − 2.14 ± 0.34 4.0–13.8 1.0–4.0 
Rh–Rh 0.9 ± 0.2 2.69 ± 0.01 9.6 ± 1.6 
Rh–CCO 2.1 ± 0.2 1.89 ± 0.01 8.1 ± 1.2 
Rh–OCO 1.9 ± 0.1 2.99 ± 0.00 9.8 ± 3.5 
Rh–OCO* 3.8 ± 0.2 2.99 ± 0.00 2.7 ± 0.4 
Rh–OCO** 1.9 ± 0.1 2.99 ± 0.00 9.3 ± 3.2 
Rh–Al 1.0 ± 0.2 3.09 ± 0.01 4.0 ± 1.6 

Rh/HY zeolite-0.8 nm Rh–Os 1.2 ± 0.2 2.09 ± 0.00 3.5 ± 1.1 − 3.04 ± 0.41 4.0–13.9 1.0–3.8 
Rh–Rh 4.0 ± 0.1 2.69 ± 0.00 3.2 ± 0.2 
Rh–Rh2 1.9 ± 0.3 3.80 ± 0.02 6.0 ± 1.5 

Rh/HY zeolite-1.0 nm Rh–Os 1.0 ± 0.2 2.07 ± 0.01 5.6 ± 1.9 − 4.47 ± 0.29 4.0–13.9 1.0–3.8 
Rh–Rh 5.2 ± 0.1 2.69 ± 0.00 3.9 ± 0.1 
Rh–Rh2 2.5 ± 0.5 3.80 ± 0.01 6.6 ± 1.2 

Rh/HY zeolite-1.2 nm Rh–Os 0.8 ± 0.2 2.10 ± 0.01 2.0 ± 0.5 − 3.24 ± 0.26 4.1–13.9 1.0–3.8 
Rh–Rh 6.2 ± 0.1 2.69 ± 0.00 3.8 ± 0.1 
Rh–Rh2 3.3 ± 0.6 3.80 ± 0.01 7.1 ± 1.1 

Rh/HY zeolite-1.3 nm Rh–Os 0.7 ± 0.2 2.07 ± 0.02 3.9 ± 0.9 − 5.12 ± 0.25 4.1–13.9 1.0–3.8 
Rh–Rh 6.6 ± 0.1 2.69 ± 0.00 3.8 ± 0.1 
Rh–Rh2 3.7 ± 0.6 3.80 ± 0.01 7.2 ± 1.0  

a Notation: CN, coordination number; R, distance between the absorber and backscatterer atoms; Δσ2, mean square relative displacement; ΔE0, inner potential 
correction. 

b Rh–Os denote surface oxygen atoms of supports; Rh–CCO and Rh–OCO denote carbon and oxygen atoms of carbonyl ligands bonded to rhodium, respectively; 
Rh–OCO* denotes oxygen atom of carbonyl ligands in Rh–C–O–Rh multiple scattering; Rh–OCO** denotes oxygen atom of carbonyl ligands in Rh–C–O–C–Rh multiple 
scattering; Rh–Rh represents a first-shell Rh–Rh coordination; Rh–Rh2 represents a second-shell Rh–Rh coordination. 

Fig. 3. Performance of HY zeolite-supported rhodium catalysts with various nuclearities for partial hydrogenation of acetylene. Conditions: feed, 50 vol% C2H2, 50 
vol% H2; temperature, 373 K; pressure, 1 bar; GHSV = 3000 mL(NTP) C2H2 × gcat

− 1 × h− 1. 
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the octahedral cis-dihydride complex 3, [Rh(C2H2)2(H)2]+. Next, acet-
ylene in 3 undergoes hydrogenation leading to the more stable ethylenyl 
complex 4, [Rh(C2H2)(C2H3)(H)]+. In the next step, the hydrogenation 
of the ethylenyl in 4 yields complex 5 [Rh(C2H2)(C2H4)]+ with ethylene 
coordinated to the rhodium center. Complex 5 is a branch point: H2 or 
C2H2 can interact with the support yielding 6 or 9, respectively. Then, 
H2 and C2H2 in complexes 6 and 9, respectively, can attack the metal 
center forming complex 7 (ΔG∕= = 6.5 kcal/mol) and the three-ligand 
complex 10 (ΔG∕= = 4.5 kcal/mol). Complex 5 plays a role on the fate 
of the reaction: the difference in free energies of these two possible 
routes (ΔΔG∕= = 2 kcal/mol) determines the selectivity towards addition 
of C2H2 versus H2. Hence, the 5 → 9 → 10 path is preferred over the 6 → 
7 → 8 path; the former ends up with C2H4 elimination, whereas the latter 
yields C2H6. We have also considered H2 addition to complex 10 to 
understand how the presence of three ligands (two C2H2 and one C2H4) 
affects selectivity. The resulting branch point 11, corresponding to [Rh 
(C2H2)2(C2H4)]+ with η2-H2, can undergo oxidative addition yielding 
11 → 17 (ΔG∕= = 9.1 kcal/mol), which is preferred over 11 → 2 (ΔG∕= =

10.8 kcal/mol) and 11 → 12 (ΔG∕= = 11.5 kcal/mol): The 11 → 2 step 
refers to C2H4 elimination, and 11 → 12 reflects the bond rupture be-
tween rhodium and the support. Complex 17 [Rh(C2H2)2(C2H4)(H)2]+

would easily undergo acetylene hydrogenation (17 → 19, ΔG∕= = 3.1 
kcal/mol), rather than ethylene hydrogenation (17 → 18, ΔG∕= = 5.7 
kcal/mol); the 17 → 18 → 16 path would lead to the formation of C2H6. 
The aforementioned scenario (formation of 17) might hold depending 
on the nature of the metal, the ligands, and the support; if that were the 
case, C2H4 and C2H6 would have been eliminated from 19 and 16, 
respectively. In the current case, steps 5 → 6 → 7 and 5 → 9 → 10 are the 
major paths yielding ethane and ethylene, respectively, and they 

primarily determine the selectivity (the branch points 10, 11, 17, and 19 

Fig. 4. Acetylene hydrogenation on catalyst initially present as Rh(C2H2)2/HY 
zeolite in a flow reactor with an equimolar C2H2 + H2 feed at 373 K (GHSV =
3000 mL(NTP) of C2H2 × gcat

− 1 × h− 1). 

Table 5 
Summary of EXAFS best fit parameters characterizing Rh(C2H2)2/HY zeolite sample before catalysis and after 30 h of reaction.a  

Sample Shellb CN R (Å) Δσ2 × 103 (Å2) ΔE0 (eV) k range (Å− 1) R range (Å) 

Rh(C2H2)2/HY zeolite Rh–Os 2.3 ± 0.1 2.10 ± 0.00 1.3 ± 0.3 5.10 ± 0.27 3.6–13.0 1.0–3.0 
Rh–C 4.3 ± 0.2 2.24 ± 0.00 1.7 ± 0.3 
Rh–Al 1.0 ± 0.2 3.05 ± 0.01 5.7 ± 1.9 

Rh(C2H2)2/HY zeolite-postreaction Rh–Os 2.2 ± 0.1 2.10 ± 0.00 1.7 ± 0.3 5.24 ± 0.24 3.7–13.7 1.0–3.0 
Rh–C 4.3 ± 0.1 2.23 ± 0.00 1.0 ± 0.2 
Rh–Al 1.0 ± 0.1 3.05 ± 0.01 5.4 ± 1.8  

a Notation: CN, coordination number; R, distance between the absorber and backscatterer atoms; Δσ2, mean square relative displacement; ΔE0, inner potential 
correction. 

b Rh–Os denotes bonding of rhodium to support surface oxygen atoms; Rh–C denotes bonding of rhodium to carbon atom of acetylene ligands. 

Fig. 5. Comparison of the performance of the catalyst initially present as Rh 
(C2H2)2/HY zeolite in flowing 50 vol% C2H2, 50 vol% H2 at 373 K and 1 bar and 
at a GHSV = 3000 mL(NTP) of C2H2 × gcat

− 1 × h− 1 before and after exposure to a 
temperature ramp from 373 to 473 K at a ramp rate of 2 K/min with the catalyst 
in flowing 5 vol% C2H2, 50 vol% H2, balanced with helium at a GHSV = 120 mL 
(NTP) of C2H2 × gcat

− 1 × h− 1. See text for details. 

Fig. 6. Performance of catalyst when the feed was acetylene + ethylene + H2 
(C2H2:C2H4:H2 = 1:49:1) at a total gas flow rate of 102 mL (NTP)/min with 500 
mg of catalyst containing 1.0 wt% rhodium at 373 K. 
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are inferred to contribute minimally to the ethylene formation, as 
determined by the energetics). The difference between the barriers 
characterizing 9 → 10 and 6 → 7 implies a ratio of rate constants (k1/k2) 
yielding ethylene and ethane of approximately 14.9, which is in good 
agreement with the observation (characterized by a corresponding ratio 
of 15.6 (Table S4)). 

3.4. Influence of electronic structure on catalyst performance 

We determined thorough catalyst performance data for the two 
supported mononuclear rhodium catalysts having the supports with the 
most widely different electron-donor properties (HY zeolite and MgO). 
The selectivity vs. conversion data extrapolated to zero conversion 
(Figure S46) demonstrate that both ethylene and ethane are primary 
products, formed on each catalyst, thus confirming the conclusion stated 
above that ethane formation as a secondary product is not a kinetically 
significant reaction. 

4. Discussion 

A central result of this work is that selective semi-hydrogenation of 
acetylene catalyzed by the supported mononuclear rhodium complexes 
is strongly influenced by the support—as a ligand. To quantify the ligand 

effect, we used the kinetics data obtained with acetylene + H2 feeds at 
low acetylene conversions (<0.3 %) (Table S4) and represented the ki-
netics in a simplified way, approximating the parallel reactions to form 
ethylene and ethane formation with first-order kinetics, representing the 
respective rate constants as k1 and k2 (Fig. 8; separate experiments 
showed that first-order kinetics represented the data well). Thus, we 
determined how the k1/k2 ratio depends on the electron-donor proper-
ties of the supports by using the νCOsym band positions of the precursor 
Rh(CO)2 complexes as a correlating parameter—thereby determining 
the ligand effects of supports having strong, moderate, and weak 
electron-donor character (MgO, SiO2, and HY zeolite, respectively)—the 
results of charge analyses performed on the corresponding Rh(CO)2 
complexes present on these supports (Figure S47) confirm this trend, as 
presented in Table S5. 

The data (Fig. 8) demonstrate a marked ligand effect on the catalyst 
selectivity, providing a basis for selection of supports to maximize 
selectivity. 

Thus, the results presented here point the way to the choice of sup-
ports for mononuclear rhodium complex catalysts for selective acetylene 
semi-hydrogenation. Because of its commercial importance, this reac-
tion has long been an important research topic in catalysis, but rhodium 
has drawn little attention because it has been considered to be unse-
lective. The results presented here show that stabilization of rhodium as 

Fig. 7. Mechanism of acetylene hydrogenation starting from the HY zeolite-supported rhodium complex 1, [Rh(C2H2)2]+. Gibbs reaction and activation energies (in 
kcal/mol calculated at 373 K) of individual steps are given in black and red, respectively. Bold arrows indicate the preferred pathway with the lowest barriers. 
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mononuclear species on supports with low electron-donor tendencies 
opens the door to stable, selective acetylene semi-hydrogenation cata-
lysts. The supported rhodium species need to be resistant to sintering for 
stable, selective catalysis. 

We recognize a tradeoff in the structure of the rhodium catalyst. The 
selectivity comes at a cost: the activity of rhodium clusters exceeds that 
of the mononuclear rhodium complexes [29,58,59]. Nonetheless, the 
comparison presented in Table S6 indicates that the mononuclear 
zeolite-supported catalyst is unique among rhodium catalysts in offering 
a semi-hydrogenation selectivity and stability comparable to those of the 
best-performing catalysts with noble metals known to offer high selec-
tivity, such as palladium. We further note that because rhodium is 
expensive, it is advantageous to use it at the highest possible dispersion. 

5. Conclusions 

The results presented here demonstrate how tuning of the electronic 
properties of mononuclear rhodium by choice of the solid support as a 
ligand affords selective acetylene semi-hydrogenation catalysts. The HY 
zeolite-supported rhodium complex is stable in flow-reactor operation at 
373 K in an ethylene-rich environment, with an ethylene selectivity >
90 %, even when ethylene is present in a large excess over acetylene. 
These results point to the potential practical value of supported rhodium 
complexes as semi-hydrogenation catalysts. 
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