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ABSTRACT: Hydroformylation is an imperative chemical process traditionally catalyzed by homogeneous catalysts. Designing a heterogene-

ous catalyst with high activity and selectivity in hydroformylation is challenging but essential to allow the convenient separation and recycle of

precious catalysts. Here, we report the development of an outstanding catalyst for efficient heterogeneous hydroformylation, RhZn intermetal-

lic nanoparticles. In the hydroformylation of styrene, it shows three times higher turnover frequency (3090 h™) compared to the benchmark

homogeneous Wilkinson’s catalyst (966 h™"), as well as a high chemoselectivity towards aldehyde products. RhZn is active for a variety of olefin

substrates and can be recycled without a significant loss of activity. Density functional theory calculations show that the RhZn surfaces reduce

the binding strength of reaction intermediates and have lower hydroformylation activation energy barriers compared to pure Rh(111), leading

to more favorable reaction energetics on RhZn. The calculations also predict potential catalyst design strategies to achieve high regioselectivity.

INTRODUCTION

Hydroformylation of olefins to produce C+1 aldehydes is an es-
sential chemical process as it involves the atom-economic formation
of a C-C bond. Since its discovery as “the oxo process”, hydro-
formylation has been developed into one of the largest-scale catalytic
reactions in the chemical industry, generating over 10 million tons
of products annually.' Naturally, the addition of the formyl group oc-
curs at either side of the olefin double bond during the hydro-
formylation process, yielding a mixture of linear and branched alde-
hydes, in which the linear one is typically preferred. Numerous ef-
forts have been devoted to designing catalysts for improved activity
and regioselectivity of hydroformylation. In particular, organometal-
lic Rh complexes with various triphenylphosphine ligands have
shown excellent activity and linear aldehyde selectivity.** Although
well-studied and highly performing, these homogeneous catalysts
generally have limited recyclability that constrains their applications,
considering the high cost of Rh. Therefore, heterogeneous catalysts
are considered a promising alternative for hydroformylation reac-
tion.

Metallic Rh nanoparticles, unsupported® or supported (e.g., C,°
TiO,,” Si0,,*ZIF-8,° zeolites'), have been explored as candidates for
heterogenized hydroformylation and are reported active for a variety
of olefin substrates. However, their catalytic activity and linear alde-
hyde selectivity are uncompetitive compared to homogeneous cata-
lysts. With the recent development of single-atom-catalysts (SACs),
isolated Rh atoms supported on ZnO"" and CoO" are found to be
highly active for hydroformylation. Wang and co-workers showed
that the Rhi/CoO catalyst is active towards hydroformylation of
propene with >90% selectivity towards the linear aldehyde. These
results demonstrate SACs as an effective way to bridge

heterogeneous and homogeneous catalysis. However, synthesizing
SACs with high metal loading and maintaining stability under high

temperatures remain challenging.

Intermetallic nanoparticles (iNPs) are unique catalytic platforms
known for outstanding catalytic performance in various chemical
transformations."**’ Inactive metals provide geometric and/or elec-
tronic modification to the active metal sites (e.g., Pt/Pd/Rh) so that
molecule adsorption behavior is drastically different from corre-
sponding monometallic surfaces. This effect enables effective envi-
ronment control of the catalytic active site and is analogous to the
SACs in terms of site isolation. For example, Feng and co-workers
have demonstrated with PdIn iNPs that the isolated Pd sites on
PdIn(110) surface exhibit a superior hydrogenation selectivity com-
pared to ensembled Pd sites.”’ Similarly, the isolated Pd sites on
PdSniNPs lead to selectivity hydrogenation of C=0O over C=C bond
in a,B-unsaturated aldehydes.” Site isolation also leads to increased
diffusion barrier of hydrogen atoms on intermetallic surface, which
enhances selectivity in the pairwise hydrogenation of alkene® and al-
kynes.”* Additionally, the intermetallic structures are thermodynam-
ically stable and thus often resistant to catalytic deactivation associ-
ated with high-temperature sintering,” coking,”® or CO-poisoning.”’
These features make Rh-based iNPs good candidates for heteroge-
neous hydroformylation.

In this work, we report RhZn iNPs supported on mesoporous sil-
ica (SBA-15) as a highly active heterogeneous catalyst in hydro-
formylation reaction. Using styrene as a model substrate, RhZn iNPs
outperform monometallic Rh nanoparticles and the benchmark ho-
mogeneous Wilkinson’s catalyst, RhCI(PPhs)s. A substrate scope
study demonstrates the excellent activity of RhZn iNPs in the hydro-
formylation of a variety of olefins. We utilize density functional
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Figure 1. Characterization of RhZn/SBA-15 nanocatalyst. (a) TEM of RhZn/SBA-15. (b) Atomic resolution STEM image of an RhZn particle at the
(110) axis. (c) Enlarged STEM image and (d) the simulated model of RhZn crystal matching the image. (e)-(g) EDS elemental mapping of a RhZn

particle. (h) PXRD of Rh/SBA-15 and RhZn/SBA-15.

theory (DFT) calculations of hydroformylation thermodynamics
and kinetics to elucidate the detailed reactivity of several low-energy
RhZn intermetallic surfaces, showing that the intermetallic RhZn
structure weakens the binding of surface intermediates while lower-
ing activation energy barriers and therefore favors a rapid reaction. A
temperature-programmed CO-desorption study confirms the weak-
ened surface CO adsorption on RhZn iNPs. These findings demon-
strate the exciting potential to employ iNPs for heterogeneous hydro-
formylation and other reactions that remain to be heterogenized.

RESULTS AND DISCUSSION

While a tremendous amount of work has been done to study the
formation process and properties of iNPs, Rh-based intermetallic
phases received much less attention compared to Pt- or Pd-based in-
termetallic phases. The formation temperatures of intermetallic
phases, usually well-described in the binary phase diagrams, are insuf-
ficiently documented or missing for many Rh-based systems (e.g., Rh-
Ga, Rh-In, Rh-Zn).*** While this can be associated with the high cost
of Rh and its less common usage than Pt- or Pd-based catalysts, fun-
damental studies on Rh catalysts are undoubtedly necessary for ap-
plying them to specific chemical processes such as hydroformylation.

Using an incipient wetness impregnation method, we prepared a
series of Rh-based iNPs, including RhZn, Rh3;Sn,, RhSb, Rhin, RhGa,
and RhBi, supported on mesoporous silica (SBA-15). Transmission
electron microscopy (TEM) image of RhZn/SBA-1S in Figure la
shows the highly monodisperse RhZn nanoparticles distributed
evenly within the SBA-1S5 framework. The average size of RhZn iNPs
is measured to be 9.6 + 0.6 nm, well matching the calculated crystal
domain of 9.2 nm from powder X-ray diffraction (PXRD) pattern
(Figure 1h) using Scherrer equation. Atomic-resolution images taken
by aberration-corrected scanning transmission electron microscopy
(STEM) show the ordered structure of Rh and Zn atoms within a na-
noparticle (Figure 1b-c). The particle viewed along the [110] axis
shows alternating rows of Rh and Zn as brighter and darker columns,

respectively. This STEM image matches well with the crystal struc-
ture of RhZn viewed from [110] zone axis (Figure 1d). Energy-dis-
persive X-ray spectroscopy (EDS) mapping (Figure le-g) confirms
the even distribution of Rh and Zn within the iNPs. Inductively cou-
pled plasma mass spectrometry (ICP-MS) also confirms the success-
ful loading of Rh and Zn in the catalyst (Table S1).

To understand the formation of Rh-based iNPs, we monitored the
phase evolution of intermetallic RhZn, as an example, using PXRD.
Using a typical pore-filling impregnation method, we first prepared
Rh nanoparticles supported on SBA-1S. Figure S1 and S2 show the
characterization results of Rh/SBA-15 by PXRD and TEM. Then, an
equimolar amount of Zn(NO)s is impregnated into Rh/SBA-15, and
the subsequent reduction to form RhZn iNPs is monitored by in situ
PXRD (Figure S3). In a reductive gas environment, diffraction peaks
corresponding to the RhZn phase appear after the temperature
reaches 350 °C, grow until 450 °C, and stay mostly unchanged at fur-
ther annealing to 500 °C. No additional change of the diffraction pat-
tern is observed while maintaining the temperature at 500 °C for 1 h
and cooling down to room temperature, demonstrating RhZn as a sta-
ble intermetallic phase. Therefore, we choose 500 °C as a proper re-
duction temperature to obtain pure phase RhZn iNPs. Cubic-struc-
tured RhZn/RhIn/RhGa with a CsCl prototype, orthorhombic RhSb
with a FeAs prototype, and hexagonal RhsSn. with a Co175Ge proto-
type are synthesized under similar conditions, whose structures are
confirmed by ex-situ PXRD (Figure 1h and Figure S1).

To investigate the chemical states of Rh and Zn at the iNP surface,
we conducted X-ray photoelectron spectroscopy (XPS) on freshly re-
duced Rh/SBA-1S and RhZn/SBA-15 catalysts (Figure S4). In the
Rh 3d XPS spectra, the Rh 3d 5/2 peak at 306.6 eV was present for
both Rh and RhZn, characteristic of Rh(0). Moreover, the overlap-
ping peak position indicates that no significant electron transfer hap-
pened between Rh and Zn in RhZn iNPs, which is reasonable consid-
ering the similar absolute electronegativities of Rh and Zn.*® The
chemical state of Zn is less straightforward to find out. First, we see a



broadening of Zn 2p 3/2 peak at lower binding energy of ~1018 eV
attributed to O Auger signal. The true Zn 2p 3/2 peak is at ~1022 eV.
The chemical state of Zn, however, cannot be identified from binding
energy of Zn 2p alone. One has to use the modified Auger parameter
that requires scanning the Zn LM2 Auger line. The binding energy of
Zn 2p plus the kinetic energy of the Zn LM2 yields a modified Auger
parameter of ~2014 eV. This is consistent with Zn in the metallic
state. Therefore, both Rh and Zn exist in the metallic state at the na-
noparticle surface.

4000

80 3200

b

TOF (h

40

20

Conversion &

1 2 3 4 5 6
Cycles

Figure 2. Test of catalytic performance on styrene hydroformylation. (a)
Comparing the catalytic performance of Rh/SBA-15, RhZn/SBA-15, and
RhCI(PPhs); for the hydroformylation of styrene. Reaction condition: 0.5
mmol styrene, 2.0 mL toluene, 30 bar syngas, 100 °C, 2 h. TOF of each cata-
lyst is calculated based on the yield of aldehydes at a conversion level of ~10%
using each catalyst. (b) recyclability of RhZn/SBA-1S tested over 6 cycles of
styrene hydroformylation. The conversion level is maintained at around 60%

during the recycling study.

Known for its high surface area, the SBA-15 support is examined
by Na-sorption isotherm using the Brunauer-Emmett-Teller (BET)
method (Figure S5). A surface area of 1280 + 10 m*/g and a pore vol-
ume of 1.06 cm?/g is obtained. After loading Rh and RhZn nanopar-
ticles, the corresponding surface areas decline to 1030 + 10 and 790 +
10 m’/g, respectively. The pore volumes (1.03 and 0.99 cm?®/g for
Rh/SBA-15 and RhZn/SBA-15, respectively) only decrease slightly
compared to the value before metal loading, suggesting the porous
structure of SBA-15 is preserved after loading Rh and RhZn nanopar-
ticles.

We applied these Rh-based iNPs in the hydroformylation of sty-
rene to evaluate their catalytic performances. Figure S6-S7 shows the

screening result of all the Rh-based iNPs synthesized. The optimized
reaction condition is determined on RhZn/SBA-15 (Table S2), 30
bar CO:H: (1:1) at 100 °C in toluene. Under this condition, Rh/SBA-
1S shows 17.3% yield to aldehyde products and a linear to branch
(I:b) ratio of 1.1 (Table S3). Comparatively, although none of the in-
termetallic catalysts achieves significantly high 1:b ratios, RhIn and
RhZn iNPs demonstrate significantly enhanced yield from Rh. With
RhZn, a yield of 90.6% to aldehydes is achieved with a I:b ratio of 1.4
within 2 h, the highest among all tested catalysts (Figure S6).

Such high activity of the RhZn catalyst motivates us to compare it
with a benchmark homogeneous catalyst, Wilkinson’s catalyst. Figure
2a shows a detailed performance comparison of Rh, RhZn, and Wil-
kinson’s catalyst with the same amount of Rh (0.4 ymol). All three
catalysts show excellent chemoselectivity to aldehydes, and only mi-
nor hydrogenation byproducts are generated by Rh (1.5% yield) and
RhZn (0.6% yield). The yield of aldehydes from RhZn (90.6%) is
slightly higher than Wilkinson’s catalyst (85.2%) and is significantly
higher than Rh (17.3%), again suggesting RhZn to be a superior cata-
lyst in terms of activity. Wilkinson’s catalyst gives al:b ratio of 1.3 that
is close to the values obtained from Rh and RhZn catalysts. To fairly
compare the efficiency of different catalytic active sites, we calculate
the turnover frequency (TOF) of each catalyst by carrying out the re-
actions at a low conversion level (ca. 10%). The fractions of surface
Rh sites on Rh and RhZn are determined by CO chemisorption to be
11.1 and 6.1%, respectively. Since Wilkinson’s catalyst is a molecular
catalyst, all Rh atoms are considered to be active. Thus, we can calcu-
late the efficiency of catalytic conversion on each active site, i.e., TOF
of the catalyst. The TOF of RhZn is 3090 h™" that is more than three
times higher than the TOF of Wilkinson’s catalyst (966 h™) and six
times higher than Rh (509 h™), confirming the outstanding perfor-
mance of RhZn. A control experiment using bare SBA-15 as catalyst
produces no conversion of styrene under the same condition, suggest-
ing that the catalytic activity comes from Rh sites. Furthermore, the
RhZn/SBA-15 catalyst can be recycled by centrifuging and washing
with ethanol. After being reused six times (Figure 2b), no significant
loss of catalytic activity is observed. The good recyclability is a major
advantage of using the RhZn/SBA-15 catalyst in hydroformylation.
PXRD (Figure S8) and XPS (Figure S4) of the recycled RhZn/SBA-
15 catalyst show no apparent change in crystal structure of RhZn or
oxidation states of constituent elements. Compared with other re-
cently published heterogeneous hydroformylation catalysts (Table
S3), such as SACs or zeolite-supported Rh nanoparticles, the RhZn
intermetallic catalyst shows comparable catalytic performance, ex-
panding the catalyst choice of heterogenized hydroformylation.

We have further explored the substrate scope of the hydroformyla-
tion reaction catalyzed by RhZn iNPs, as shown in Table 1. Substi-
tuted styrene (entry 2-3), namely 4-chlorostyrene and 3-nitrostyrene,
show comparable TOF to styrene and excellent chemoselectivity.
These results show the high tolerance of the RhZn/SBA-15 catalyst
to -Cland -NO: functional groups on the substrate. In particular, with
3-nitrostyrene, where hydrogenation side reactions can happen on
both the -NO: and the olefin groups, the excellent chemoselectivity
to aldehyde products was demonstrated as no hydrogenation prod-
ucts were detected. Substantially lower activity was observed with a-
methylstyrene, consistent with previous studies,' likely due to the
large steric hindrance near the olefin group that inhibits its adsorption
on the RhZn surface. Two other common substrates, 1-hexene and 1-
octene, have also been tested. Lower activity was obtained, likely due
to the isomerization of the terminal to internal olefins, which results
in slower reaction kinetics. For each substrate, RhZn/SBA-1S5 has



Table 1. Substrate scope of hydroformylation with RhZn/SBA-1S$ nanocatalyst.

RhZn/SBA-15 Wilkinson’s catalyst
Entry Substrate
TOF (h!) -CHO selectivity (%) TOF (h') -CHO selectivity (%)

X

1 @A 3090 99.3 966 >99.9
X
2 /©/\ 2513 99.5 1058 >99.9
Cl

X
3 2762 99.6 1154 >99.9
4 @* 260 >99.9 105 >99.9
5 AN 1341 99.7* 556 >99.9*
6 SN 1134 98.9* 473 >99.9*

Reaction conditions: 0.5 mmol olefin, 2.0 mL toluene, 30 bar CO:Ha (1:1), 100 °C, 2 h. To calculate TOF, catalyst amounts are
adjusted to control conversion level at ca. 10%. *Isomerized internal olefins are not counted as products.
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Figure 3. (a) CO-DRIFTS results of Rh/SBA-15 and RhZn/SBA-15. (b)
Temperature-dependent evolution of the CO adsorption peak strength for
Rh/SBA-15 and RhZn/SBA-1S. Data for Rh/SBA-15 and RhZn/SBA-15 are

color-coded as orange and green, respectively.

shown a chemoselectivity of near 100% to aldehydes. In comparison
with Wilkinson’s catalyst, RhZn/SBA-15 in general exhibits 2-3 times
higher TOF at ca. 10% conversion, indicating that its enhanced

hydroformylation activity can be achieved on a variety of common
substrates.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) with CO as a probing molecule provides key information
about the molecular adsorption behavior on Rh and RhZn surfaces.
As shown in Figure 3a, CO on Rh surface exhibits two characteristic
peaks of geminal Rh*(CO): species at 2087 and 2031 cm™, as well as
a peak of atop-adsorbed CO at 2066 cm™.*"*> On the RhZn surface,
however, the atop CO peak red-shifts to 2039 cm™. We performed
density functional theory (DFT) calculations of CO vibrational
modes at varying coverage on Rh(111) and RhZn(110) (see Table
S$4). These show a red-shift of roughly 10 cm™ due to a decrease in
coverage from 0.50 ML to 0.25 ML, and an additional red-shift of
roughly 10 cm” due to the change from Rh(111) to RhZn(110).
These calculations suggest a combination of effects from surface elec-
tronic states and adsorbate coverage on the observed C-O stretch. A
temperature-programmed desorption study using DRIFTS* further
reveals the CO peak shifts to low wavenumber with the increase of
temperature on Rh surface, indicating the removing of CO dipole-di-
pole coupling with the decrease of CO coverage (Figure S9). Figure
3b shows the remaining amount of adsorbed CO at elevated temper-
atures, normalized by the CO coverage at 20 °C. CO fully desorbs
from the Rh and RhZn surface at around 100 and 40 °C, respectively,
marking a significantly lower adsorption strength of CO on RhZn sur-
face. The weak CO adsorption on RhZn could leave more Rh sites for
C=C and H, adsorption and facilitate the generation and desorption
of product species, leading to the enhanced hydroformylation activity.

We performed a mechanistic study using DFT to obtain fundamen-
tal insights into the catalytic hydroformylation process. First, we cal-
culated the surface energies of various low-index RhZn facets to iden-
tify those most favored under vacuum and under the synthesis and
reaction conditions. These calculations included the clean surface,
the surface with adsorbed H* (representing the synthesis conditions),
and the surface with adsorbed CO* (representing the reaction condi-
tions); these results are summarized in Figure 4a-b and Tables S5-S6.
We did not perform calculations for alarge number of possible surface
coverages, which would enable a more quantitative analysis of the
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Figure 4. Surface free energies of bimetallic modeled surfaces under (a) catalyst synthesis conditions (500 °C and 1 atm H,) and (b) reaction conditions (100

°C and 1 atm H,/CO). The corresponding surface coverage on each of the top and bottom slab surfaces is noted in the legend. Note that the primitive unit cells

for RhZn(100) and ZnRh(100) have only one adsorption site so only one coverage is shown. (c) Wulff construction of a bimetallic RhZn nanocrystal under the

synthesis conditions, showing the exposed ZnRh(100) planes. (d) Wulff construction under reaction conditions, showing relative stabilization of the

ZnRh(111), RhZn(100), and RhZn(110) facets.

facets presented, but rather focused on obtaining first-order insights
to qualitatively determine which facets are most likely to present in
the reactive environment.

Our results show that Zn-rich terminations are preferentially ex-
posed in vacuum (first column of Table SS); ZnRh(100), which only
exposes Zn atoms, has the lowest surface energy of 0.063 éV/A” The
clean ZnRh(100) surface is still the lowest energy configuration un-
der the synthesis conditions, as shown in Figure 4a, due to the unfa-
vorable adsorption of H* on Zn and the inability of H* to substantially
stabilize surface Rh atoms. The corresponding nanoparticle shape
predicted by Wulff construction under the synthesis conditions is cu-
bic, dominated by ZnRh(100) planes (Figure 4c). In contrast, Rh-
containing facets are substantially stabilized by CO* (Table S6). We
therefore calculate that substantial nanoparticle re-faceting is energet-
ically favorable under reaction conditions due to the stabilization of
facets such as ZnRh(111), RhZn(100),and RhZn(110). The corre-
sponding Wulff shape (Figure 4d) highlights the corresponding in-
crease in those facets at equilibrium. We do not dwell on quantifying
the relative exposures of each facet, in the absence of a more rigorous
set of surface coverage data as well as the kinetics of restructuring.
However, we note that selected studies of Rh/Zn segregation (per-
formed by interchanging Rh and Zn atoms) were found to be unfavor-
able even in the presence of adsorbates due to the strong Rh-Zn inter-
action (Table S7).

Subsequently, we evaluated styrene hydroformylation energetics
on energetically favored surfaces under these conditions (Figure 5).

The considered surfaces include those that are primarily Zn-termi-
nated (sometimes with available Rh sites) such as ZnRh(100) and
ZnRh(111) as well as the stoichiometrically balanced RhZn(110)
surface. The Rh(111) surface was also considered as a reference to
understand the thermodynamic and kinetic effects of including Zn on
calculated energetics. We note that the RhZn(100) surface is also fa-
vorable under reaction conditions; however, this surface is anticipated
to exhibit properties qualitatively similar to Rh(111) (overbinding, as
discussed below), since only Rh atoms are exposed. The RhZn(210)
surface, a stepped surface, is also relatively low-energy. Stepped fea-
tures implicitly appear in our Wulff construction, though we did not
evaluate their detailed energetics as we anticipate they may be poi-
soned by the particularly strong CO binding observed on the Rh sites
(more than 0.3 eV stronger than on any other surface, Table S8). We
then evaluated the energetics of styrene hydroformylation to the cor-
responding linear and branched products on each surface. We consid-
ered three sequential reaction steps (Figure S11), as done in a previ-
ous study'* of hydroformylation, for each of the linear and branched
pathways: addition of H¥, addition of CO¥, and the final addition of
H* to form the product.

All hydrocarbon species are more strongly adsorbed on Rh(111)
than on mixed Rh-Zn planes, as the presence of Zn weakens the ad-
sorbate-surface interactions. The adsorption strength indeed is re-
lated to the amount of surface Zn (example adsorption free energies
given for styrene): Zn-terminated surfaces such as ZnRh(100)
(+0.34 eV) and ZnRh(111) (+0.08 eV) bind species weakly,
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RhZn(110) (-1.23 V) has intermediate binding strength due to the
accessibility of some surface Rh sites, and Rh(111) (-1.95 eV) binds
most strongly. These variations have substantial impacts on reaction
energetics and transition state formation, as discussed in the following
paragraphs. Free energy diagrams and their respective energies for
each surface are presented in the SI as Figures S12-S15 and Tables S9-
S12. All activation energies are found in Table S13.

The strong binding of species on Rh(111) is likely to lead to high
surface coverage, thereby reducing the turnover of catalytic sites.
Rh(111) also demonstrates the highest activation energy barriers of
the surfaces considered, with a maximum barrier of 1.79 eV along the
linear product pathway and 1.67 eV along the branched pathway. This
suggests the unsuitability of pure Rh catalysts is due to both unfavor-
able strong binding and sluggish kinetics. It is worth noting that the
activation energies for CO addition are particularly high on Rh(111)
in comparison with the other surfaces, while the H-addition steps are
generally consistent with those on the intermetallic surfaces (Table
S13).

On the other hand, the ZnRh(100) surface dominated by exposed
Zn atoms has difficulty in adsorbing and activating reactive species.
As shown in Figure S, the energy landscape on ZnRh(100) generally
falls above the reference energies, indicating unfavorable binding of
adsorbed species (styrene, CO, H) on the Zn sites. Notably, the acti-
vation energies for elementary steps are lower than those on Rh(111)
(maximum barriers of 1.43 and 1.47 €V for the linear and branched
products, respectively); however, these are higher than for other sur-
faces, and the anticipated low coverage makes it unlikely to contribute
significant activity.

ZnRh(111) and RhZn(110), which both present a mix of Rh and
Zn surface sites, present more interesting surface energetics that sug-
gest the possibility of reasonable activity. ZnRh(111) binds styrene
and hydrogen more strongly than ZnRh(100) due to the presence of
some surface Rh; this binding has a free energy nearly zero relative to
the reference states. The binding of CO is much stronger to the Rh
sites than to the Zn sites on ZnRh(100) and is consistent with binding
to Rh sites on other surfaces. While these binding strengths overall
may appear most favorable for the hydroformylation reaction, the



relatively strong binding of CO compared to styrene may limit the
availability of sites for styrene adsorption and thereby inhibit the rate.
Further, the maximum activation energies calculated for ZnRh(111)
(1.68 and 1.82 eV for the linear and branched pathways, respectively)
likely renders this surface relatively inactive. These high barriers likely
stem from the isolated Rh sites and difficulty in H- and CO-attack
across the geometric features of this Zn-rich surface.

RhZn(110), which presents a 1:1 ratio of surface Rh and Zn sites,
offers more moderate binding strength of the hydrocarbon species,
with adsorption energies more similar to Rh(111) than to the Zn-
dominated surfaces. Its binding strength of CO is relatively similar to
that of other surfaces. Although this binding could lead to signifi-
cantly higher overall surface coverage than that observed on the Zn-
rich surfaces, this relative enhancement of styrene binding could facil-
itate the competition of styrene with CO for available surface sites in
the event that CO poisons Rh sites on other surfaces. Most signifi-
cantly, the maximum activation energies (1.27 and 1.16 &V for the lin-
ear and branched pathways, respectively) are substantially lower than
those for ZnRh(111). The rate constants (from a typical Arrhenius
expression) corresponding to these barriers are more than five orders
of magnitude higher on RhZn(110) than on ZnRh(111), suggesting
a significant advantage of that surface in activating bonds and facili-
tating CO- and H-attack. The RhZn(110) surface thereby demon-
strates an interesting balance whereby the Zn atoms are sufficient to
weaken binding and reduce potential for poisoning relative to
Rh(111), while the rows of Rh atoms provide sufficient bond activa-
tion and transition state stabilization to yield lower reaction barriers
than calculated on the Zn-rich surfaces.

We also attempted to obtain computational insights into the regi-
oselectivity of RhZn, as our experimental results did not demonstrate
a clear preference for either the linear or branched products. We de-
fine the difference of the maximum activation energy between the lin-
ear and branched pathways (AE,, ;.4 ) as a rough descriptor of antic-
ipated activity along each pathway (Figure 6 and Table S14); positive
values of AE, 1,4, show preference to the branched pathway while
negative values promote the linear product. The strong-binding
Rh(111) surface, which presents an isotropic distribution of Rh at-
oms, demonstrates an AE,, ., value of 0.12 eV. This suggests simi-
larly favored transition states (TSs) for the attack of CO molecule to
the substrate along the linear and branched pathway (1.79 eV for lin-
ear vs. 1.67 eV for branched, Table S14), which is expected due to the
isotropic nature of the surface (Figure S16a). Incorporation of Zn
metal in the RhZn(110) surface results in rows of Rh atoms separated
by rows of Zn atoms. This surface shows a AE, ;4 value of 0.11 eV.
The addition of the CO molecule on Rh sites has a slightly more fa-
vored TS along the branched pathway; CO attack to the internal
alkenyl is promoted by steric repulsion of the terminal methyl group
exposing internal alkenyl towards the surface to more readily form the
branched product (Figure S16b). On the Zn-dominated ZnRh(111)
surface, AE 1,4 is -0.14 €V favoring the linear pathway. The primary
cause of this is the high barrier required for hydrogen diffusion via a
long Rh-Rh bridge to attack the internal carbonyl in the transition
state (Figure S16c). However, we note that the barriers for these steps
(1.68 eV for linear vs. 1.82 eV for branched, Table S14) are sufficiently
high that ZnRh(111) may be less active than other facets of this study.
Finally, the ZnRh(100) surface, which presents no access to Rh at-
oms, shows AE ., value of -0.04 eV favoring the linear product. As
already mentioned in this paper, the weak binding strength of the
ZnRh(100) surface is unlikely to be capable of adsorbing sufficient
reaction species; similar to the isotropic Rh(111) surface, the TS

energies are relatively similar (1.43 eV for linear vs. 1.47 eV for
branched, Table $14) along the linear and branched pathway due to a
dearth of Rh atoms.

0.2+

V\

0.14 ?%
>
2

0.0 T T T

-0.1 1
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Figure 6. The calculated difference in maximum barrier along the linear
and the branched reaction pathways for the hydroformylation process to
occur on studied Rh and screened RhZn facets under reaction conditions.

Our Wulff construction of the nanoparticles under reaction condi-
tions identified ZnRh(111) as majority facet, with some amounts of
RhZn(110). Qualitatively, we anticipate these may be responsible for
the mixed regioselectivity observed experimentally, noting that
RhZn(110) should likely have the highest activity favoring the
branched product, according to the Sabatier analysis and reaction bar-
riers discussed above, while ZnRh(111) should have higher exposure
but lower activity favoring the linear product.

CONCLUSION

In summary, we developed a series of Rh-based iNPs catalysts sup-
ported on mesoporous SBA-15. Applied to heterogeneous hydro-
formylation of styrene, the RhZn/SBA-15 nanocatalyst stands out
with an outstanding TOF of 3090 h™", around three times higher than
that of the homogeneous Wilkinson’s catalyst (966 h™) under the
same condition. We demonstrate that the RhZn/SBA-15 catalyst is
recyclable and generally active for a range of olefin substrates, marking
it a successful attempt to heterogenize the hydroformylation reaction.
CO-DRIFTS studies confirmed the weak adsorption of CO on RhZn
than Rh surfaces. DFT calculations revealed detailed insights into the
hydroformylation mechanisms for branched and linear product for-
mation on various intermetallic surfaces. RhZn(110), which presents
a mixed Rh-Zn surface composition, was identified as the most likely
active facet due to its intermediate binding strength of intermediates
and relatively low activation energies. The surface chemistry ob-
served in this study, which arises from geometric effects of inactive Zn
rather than through strong modification of Rh electronic properties,
opens the opportunity for surface science and catalytic chemistry to
design feasible heterogeneous catalytic systems under the reaction en-
vironment. This could be one major advantage of mixed surfaces of
intermetallic compounds in promoting hydroformylation reaction.
This finding not only paves a way to apply heterogeneous hydro-
formylation to industrial chemical synthesis but also sheds light on
the rational design of well-defined heterogeneous catalysts in order to
bridge heterogeneous and homogeneous catalysis.
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