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Abstract:;

We used a combination of experimental spectroscopies, density functional theory calculations, and
CO; hydrogenation studies to investigate the effects of modifying single-atom Rhi/TiO; catalysts
with functionalized phosphonic acid monolayers. We found that deposition of specific amine-
functionalized ligands resulted in an ~8x increase in site-specific CO: reduction turnover
frequency at 150 °C and a ~2% increase at 250 °C. On-stream stability also improved following
ligand deposition. The effect of the modifier on reactivity was highly sensitive to the proximity of
the amine functional group to the surface, which was controlled by adjusting the length of the
phosphonic acid tail. Furthermore, deposition of alkyl phosphonic acids without an amine
functional group resulted in blocked CO> adsorption and a near-complete loss of catalytic activity.
Infrared spectroscopy studies suggested that the amine group provided binding sites for CO; that
enabled hydrogenation when the amine was positioned near a Rh; site. Phosphonic acid-modified
catalysts also exhibited high selectivity to CO over the series product methane; the selectivity
effect was traced to modification of the Rh; sites to favor CO desorption. Phosphonic acid
deposition resulted in an 80-90% loss in accessible Rh; sites, likely due to blocking by tail groups.
However, even with the loss of sites, under low-temperature reaction conditions the rates of CO»
hydrogenation were improved with the coatings, indicating that the remaining sites are highly
efficient. Organic functionalization of the supports for atomically dispersed catalysts offers the
opportunity to precisely control the positioning of functional groups in the vicinity of a well-
defined active site, potentially enabling an additional level of control over active site design.

Keywords: CO; reduction, bifunctional catalyst, self-assembled monolayers, selectivity promoters,
atomically dispersed catalyst.

1. INTRODUCTION

For years, supported noble metals have been among the most widely used catalytic materials
across many industries.!* However, such catalysts have inherent limitations, including the often



inefficient use of precious metals. Moreover, the linear scaling of adsorption strengths on metal
surfaces (linear scaling relations, LSRs) creates a theoretical ceiling for catalytic rates on metal
surfaces.>® One route toward circumventing the inherent constraints imposed by LSRs while
improving atom efficiency is to use atomically dispersed metals on oxide supports, also known as
single-atom catalysts (SACs).%” SACs have recently seen a surge in interest, largely due to their
highly efficient use of expensive noble metals.® They also provide an attractive platform for
tailoring the environment of the SAC to precisely define the active site structure. For instance, they
can hypothetically be located adjacent to other types of active sites to enable circumvention of
LSRs.”!! Another method for tailoring the active site structure and resulting reactivity of SACs is
via the deposition of organic ligands.

Deposition of organic monolayers onto metal oxide supports for metal nanoparticle catalysts
can improve resistance to metal sintering as well as add bifunctionality. For example, Zhang et al.
demonstrated that the deposition of phosphonic acids (PAs) on Pt/Al>O; introduced tunable acid
sites at the metal-support interface, facilitating hydrodeoxygenation.!? Zhang also showed that
amine-functionalized PAs improved conversion and selectivity for the reverse water-gas shift
(RWGS) reaction on Pt/TiO,.!* Here, the PAs were proposed to have a tandem effect where
electron-withdrawal from the metal nanoparticles (NPs) through the support lowered the binding
energy of CO to the metal and interactions with the ligands’ terminal amines promoted CO>
adsorption at the metal-support interface.

Although deposition of monolayers onto supports has shown promise for controlling reactivity
at the nanoparticle-support interface, there are limitations with such systems. The active sites are
often poorly defined. Furthermore, the influence of the metal-support interface on reactivity
decreases with nanoparticle size as the fraction of active sites near the interface decreases.!*
Modification of SACs with organic monolayers potentially overcomes these challenges, and in
fact may allow the synthesis of a new class of molecular catalysts, in which single metal atoms are
surrounded by tunable ligands that can change the chemical environment of the active site, not
unlike the amino acid residues that surround the active site of an enzyme.

Recently, PA monolayers have been applied to SACs in order to improve catalyst stability and
alter adsorbate binding. Modification of Rhi/Al2O3 and Rhi/TiO2 SACs with methylphosphonic
acid (C1PA) improved the sintering resistance of these catalysts without appreciably changing the
reaction rate of 1-hexene hydrogenation.!> In addition, Zakem et al. demonstrated that the
deposition of octylphosphonic acid on Rhi/Al2O3 SACs increased the desorption entropy of CO
by restricting the movement of Rh;(CO) species on the oxide surface.!® While the presence of
PAs led to significant improvements in ethylene hydroformylation rates, these ligands also
appeared to block 80-90% of available Rh; active sites. Both studies focused on the steric,
geometric, and electronic effects PA monolayers have on SACs. Relatively unexplored, however,
is the addition of functionalized ligands to SACs that introduce additional adsorption sites near the
Rhy active site.

The primary goal of this work was to investigate whether amine-functionalized PA monolayers
could be tailored to control RWGS activity on Rhi/TiO> SACs. Here, our focus was to determine
how controlling the position of the amine relative to the catalyst surface (via adjustment of ligand



length and functionality) affected activity, selectivity, and stability (Scheme 1). We show here that
while alkyl PAs completely deactivated the catalyst, aminoethyl PA (CoNH2PA) led to improved
RWGS turnover frequencies relative to the uncoated catalysts. Interestingly, amine-functionalized
PAs with tails longer or shorter than C, were much less effective at improving catalytic
performance, indicating a high degree of sensitivity to the position of the amine group relative to
the Rh active site that appears to be unique to single atom catalysts.
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Scheme 1. Proposed scheme showing a single-atom Rh; site surrounded by amine-functionalized
PA ligands on TiO: support. Ligand tail length determines the proximity between Rh, sites and the
ligands’ terminal amino groups.

2. METHODS
2.1. Catalyst synthesis
2.1.1. Atomically dispersed Rh;/TiO>

Atomically dispersed Rh on anatase TiO» was synthesized using the strong electrostatic
adsorption technique (adapted from DeRita et al.)!” at a weight loading of 0.1 wt%. Anatase TiO»
nanopowder (5 nm, US Research Materials, US3838) was sieved at 80 um to remove any
agglomerates and dried overnight before dilution in a 3:1 mixture of NH4OH solution (28 — 30%,
reagent, ACS) and H>O to target a pH of 9. A 1 mL quantity of NH4OH/H>O solution was used
for every 10 mg TiO». RhCl3 (Sigma Aldrich, 98%, 307866) precursor was dissolved in NH4OH
solution at 0.01 M. This precursor solution was further diluted to achieve desired Rh loadings and
loaded into a 10 mL syringe pump. Precursor was pumped into the well-mixed NH4OH/H2>0/Ti0»
solution at ambient conditions over 20 hours to form monodisperse Rh sites on the TiO» surface.
After 20 hrs, the resultant mixture was dried under vacuum at 70 °C overnight and then calcined
in 20% O for 4 hours at 350 °C.

2.1.2. Deposition of organophosphonic acids



While multiple PA SAMs were used in this study, all were deposited following the same
steps. A ~3x excess of methylphosphonic acid (CiPA) (Alfa Aesar, 98%, A12619),
propylphosphonic acid (C3PA) (Sigma Aldrich, 95%, 305695), aminomethylphosphonic acid
(CiNH2PA) (Thermo Scientific, 99%, 1.09833), aminoethylphosphonic acid (C:NH2PA) (Sigma
Aldrich, 99%, 268674), aminopropylphosphonic acid (C3NH2PA) (AmBeed, 98%, A172849), or
aminododecylphosphonic acid (C1o2NH,PA) (SiKEMIA, 95%, SIK7701-10) was dissolved in
tetrahydrofuran (for alkyl PAs) or HoO/ethanol (for amino-PAs). Rhi/TiO; catalyst was reduced
in 20% Ha/Ar at 100 °C for 4 hours, then immediately added to the PA solution. Stirring was
maintained for 12 h, then the resultant suspension was separated with centrifugation and annealed
in air at 120 °C for 6 h. Following annealing, the solid powder was re-suspended in the
tetrahydrofuran or water and centrifuged to remove weakly adsorbed PAs. This wash was repeated
5 times before finally drying the sample under vacuum at ambient temperature. This treatment has
been found to produce PA-saturated TiO», with surface densities of approximately 3 nm?2. An
exception is CiPA, which yields surprisingly high P loadings suggesting a surface coverage near
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2.2. Material characterization

Fourier-transform infrared (FTIR) spectra were recorded using a Thermo Fisher Scientific
Nicolet 6700 FTIR (100 scans at a resolution of 4 cm™). A closed cell attachment (Harrick) was
used for CO-probe-molecule and CO»-probe-molecule diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS). Samples were reduced at 150 °C (unless otherwise noted) using
20% Ha/Ar, then cooled to 50 °C in Ar. Following background collection at 50 °C in Ar, 10%
CO/He was introduced to the cell for 15 min. Then, flow was switched back to pure Ar and sample
scans were taken every 2 min for a total of 30 min as CO was purged from the system. For in-situ
RWGS DRIFTS experiments, catalysts were reduced in-situ before setting the total flowrate to
250 sccm with a CO2:Ha:Ar ratio of 1:5:19. Catalyst loading for all DRIFTS experiments was ~30
mg.

X-ray adsorption spectra (XAS) at the Rh K-edge (23219 eV) were measured at beamline
5-ID-D at the Advanced Photon Source (APS, 7 GeV, 100 mA, monochromatized with Si (111)
double-crystals, detuned to ~55%). Reference and experimental spectra for Rh foil, RhCls, 0.5
wt% Rh1/TiOz, and 0.5 wt% Rh1/TiO2@C2NH2PA catalysts were recorded in transmission mode
using ionization chambers. Powdered catalyst (40 mg), prepared as previously described, was
loaded into quartz capillaries (0.2 mm wt., 1/8” O.D.) with open ends and capped with quartz wool.
The average packing density for each sample was 0.1 mg/mm?. Capillaries were then loaded into
a custom XAS reactor (see Supporting Information) and reduced with 1 bar of 3% Hz/He at 100
°C for 30 minutes. Following reduction, the temperature was decreased to 60 °C, and 3% Ha/He
pressure was maintained. Three scans were then collected for each sample with a beam size of 5
mm?. Additional methods and analysis for XAS acquisition, normalization, and fitting are provided
in the Supporting Information (SI).

2.3. Vapor-phase reactions



Hydrogen-deuterium exchange reactions (H2/D> scrambling) were conducted to probe the
catalytic active surface area for hydrogenation before and after modification with PAs. A 25 mg
quantity of Rh SAC catalyst was loaded into a continuous flow packed bed ambient pressure
reactor. Samples were reduced in-situ in 20% H/Ar at 150 °C, then cooled to 30 °C. Doses of D>
(1.0 mL per dose; Sigma Aldrich, 99.8%, 361860) were injected via syringe into the feed stream,
and conversion to HD was analyzed with a Pfeiffer Vacuum Prisma 80 quadrupole mass
spectrometer. Due to high excess of H in the feed stream, D, conversions >99% were observed
for samples with excessively high catalyst loadings, while no conversion of D> was measured on
bare TiO».

Catalytic performance for RWGS reactions was analyzed in a continuous flow packed bed
reactor at ambient pressure. Before reaction, samples were reduced at either 150 or 250 °C for 30
min, then cooled to ambient temperatures. For RWGS reactions, total feed rate was set to 25 sccm,
with a CO2:Hz:He ratio of 1:5:19. After establishing flow rates, the reactor was heated from
ambient temperature to either 150 or 250 °C at a rate of ~40 °C/min. Reaction products were
analyzed online using both a Pfeiffer Vacuum Prisma 80 quadrupole mass spectrometer and an
SRI Instruments 8610C gas chromatograph equipped with a Hayesep D column, thermal
conductivity detector, and flame ionization detector.

2.4. DFT calculations

Quantum mechanical calculations were performed using plane wave periodic boundary
condition density functional theory (DFT) as implemented in the Vienna Ab initio Simulation
Package (VASP).!1"22 DFT calculations employed the Strongly-Constrained and Appropriately-
Normed (SCAN) exchange correlation functional coupled with projector augmented wave (PAW)
pseudopotentials with a cutoff energy of 400 eV.?*>* The anatase TiO (101) surface was modelled
with 4x2x3 supercell slabs separated with 20 A of vacuum. Ti and O atoms in the bottom two
layers were fixed in their bulk positions. A I'-centered Monkhorst—Pack 3x3x1 grid was utilized
for slab calculations. Geometry optimizations were considered converged when all forces were <
0.01 eV/A and self-consistent field calculations converged when the energy changes between
electronic steps were < -0.002 eV. The effective charge of each atom was estimated using the
Bader approach as implemented by Henkelman et al.?

3. RESULTS AND DISCUSSION
3.1. Catalyst Synthesis and DRIFTS Characterization

Rhi/TiO; was synthesized via strong electrostatic adsorption at a loading of 0.10 wt%. To
confirm that adsorbed Rh was atomically dispersed, CO probe molecule DRIFTS was utilized.
Stretches at ~2,025 and ~2,090 cm™' were observed following the exposure of Rhi/TiO, to CO
(Figure 1). These were assigned to symmetric and asymmetric stretches of Rh gem-dicarbonyl
species, Rhi(CO).. Previous IR spectroscopy studies of alumina-supported Rh have thoroughly
demonstrated these gem-dicarbonyl stretches as unique to isolated Rh; sites.?¢2’

To demonstrate the difference in C-O stretching modes between Rh particles and Rh; sites,
Rhi/TiO2 was exposed to H» at elevated temperatures. Rh adatoms have been shown to be highly
mobile, particularly at elevated temperatures and reducing conditions, leading to the formation of



Rh particles and the loss of Rh; sites under common reaction conditions.?®? In-situ reductions in
20% Ha/Ar were performed at 100, 200, and 300 °C for one hour, followed by CO DRIFTS. Figure
1 shows the growth of a peak at ~2,050 cm! following reduction at 300 °C, which was assigned
to linearly bound CO on Rh particles, indicating Rh sintering had occurred.*® Following reduction
at 200 °C, DRIFT spectra showed minor absorbance at ~2,050 cm™! as the signal failed to return to
the baseline, suggesting a significant degree of sintering.

100 °C
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Figure 1. Conversion of Rh; species to nanoparticles by annealing. CO DRIFT spectra for Rh/TiO;
following 1 hour in-situ reduction at the indicated temperatures. Stretches at ~2,025 and ~2,090 cm’
(dashed lines) are assigned to Rh;(CO); species. The stretch at ~2,050 cm™ (solid line) is assigned to linear
CO adsorption on Rh particles.

Following the synthesis of Rhi/TiO;, PA self-assembled monolayers (SAMs) were
deposited onto the catalyst. C:NH2PA and C3PA were chosen initially to allow comparison of alkyl
and amine-functionalized ligands of a similar size. The presence of these SAMs on the catalyst
surface was confirmed with DRIFTS by the observed C-H stretches shown in Figure S1 of the
SI.3! In addition to studying Rh SACs modified with C;NH,PA and C3PA, we also investigated
CsPA-modified catalysts where the ligands’ organic tails were removed via oxidation at 400 °C,
which we will refer to as C3PA-ox. Previous studies have shown this treatment to remove PA tail
groups, while even 700 °C treatments in air had no significant effect on phosphorus loading for
PAs bound to TiO2.>? 3'P NMR was conducted on CiPA-modified TiO; in order to elucidate the
nature of the PA head groups following this oxidative treatment (Figure S2). The observed upfield
shift following oxidation is consistent with better shielding of the P center, with the oxidized
sample resembling phosphoric acid bound to TiO.33-** This suggests that the PA’s P-C bonds are
replaced with P-O bonds during tail removal.



CO DRIFTS was performed on PA-modified Rh1/TiO; samples to investigate the effect of
PA deposition on Rh dispersion. Figure 2a shows normalized C-O stretching regions for each
catalyst sample. CO stretches related to the Rh gem-dicarbonyl were observed, confirming that
Rh; sites were still accessible following the addition of PAs, whereas the lack of linear-bound C—
O stretches indicated that Rh clusters did not form during PA deposition. Additionally, Rhi(CO)>
stretches on the PA-modified samples were redshifted ~10 cm™. In the study by Zakem et al, the
addition of octylphosphonic acid to Rhi/Al>O;3 resulted in a similar redshift, which was attributed
to through-space interactions between adsorbed CO and the PA SAMs.!'® Notably, the extent and
direction of the CO frequency shift was sensitive to the functional groups on the PA tail, with
fluorinated groups on PA modifiers producing a blueshift.'¢
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Figure 2. SAC Characterization (a) CO DRIFTS and (b) CO; DRIFTS spectra for unmodified and PA-
modified Rhi/TiO:. Measurements were taken at 50 °C after flowing dilute CO/CO; over samples for 15
minutes, followed by a 3-minute purge in pure Ar to remove vapor-phase CO/CQO.. (c) D; conversion to HD
during H>/D: scrambling experiments for PA-modified and unmodified Rh,/TiO>. D> was introduced by 1



mL injections while flowing constant 20% Hy/Ar. (d) Magnitude of Fourier transform performed on k’-
weighted y(k) function of the EXAFS spectra for the Rh K-edge of Rh foil, Rhi/TiO; and
Rh/TiO@C>NH>PA. It should be noted that the Rh foil EXAFS has been scaled by a factor of 1/3 for
comparison. (e) XANES of Rh foil (gray), RhCls (gold), Rhi/TiO: (black), and Rh/TiO> @C>NH>PA (blue).
The inlaid plot shows the threshold energy values (when the normalized intensity is 0.4).

The state of Rhi/TiO> during the formation of PA monolayers had a significant impact on
the accessibility of Rh. Samples that were reduced immediately prior to the addition of PAs showed
CO stretching peaks ~17x larger than those that were oxidized prior to SAM deposition (Figure
S3). Tang et al. showed that Rh; species migrate into rutile TiO; cation vacancies and form Rh*"
during oxidative treatments and are unable to adsorb CO in this state.>> We hypothesize that PA
monolayers “lock in” these Rh cations, keeping them inaccessible even after subsequent reduction
in Ho. We therefore generally prepared materials via reducing the catalyst prior to phosphonate
deposition.

The effect of PA-modification on CO» uptake was investigated with CO> probe molecule
DRIFTS. Figure 2b shows the stretching region for adsorbed CO> on each sample. The primary
observed peaks for unmodified Rhi/TiO> were assigned to the asymmetric and symmetric
stretching of monodentate carbonates (1,560 cm™ and 1,370 cm!, respectively) and to
monodentate bicarbonates (1,430 cm™), indicating CO> was chemically adsorbed to the oxide.?
No CO» uptake was observed following the addition of C3PA, consistent with the elimination of
TiO> adsorption sites by PA head groups. Stretches were observed in this region, however, for the
C:NH2PA-modified sample, suggesting that the terminal amine group of CoNH2PA is capable of
adsorbing CO». These peaks were assigned to carbamate asymmetric (1,560 cm™) and symmetric
(1,440 cm™ and 1,370 cm™) stretches, NH3™ deformation modes (1,640 cm™ and 1,520 cm'!), and
NCOO- skeletal vibrations (1,400 cm™ and 1,320 cm™).3738 The area of the CO; stretching peaks
is ~2x larger for the native Rhi/TiO2 than for the C;NH2PA-modified sample; we attribute this
reduction in intensity to these PAs only introducing one CO; binding site while occupying 2 or 3
adsorption sites on the TiO, surface. CO; adsorption was also observed on Rhi/TiO>@CsPA-o0x,
suggesting that surface modified with oxidized PA head groups can bind CO> as well, consistent
with studies on other titanium phosphonates.’**° For this sample, the CO> stretching peak areas
were ~6x smaller than on the native sample, likely due to a lower density of CO> adsorption sites
on the catalyst surface.

3.2. X-ray Absorption Spectroscopy

We utilized XAS at the Rh K-edge to confirm the deposition of atomically dispersed Rh and
identify changes to the catalyst’s local binding environment following the deposition of CoNH;PA.
Methods and analysis for the acquisition, normalization, and fitting are provided in the SI.

To confirm that Rh was atomically dispersed on both the unmodified and PA-modified
samples, we turned to extended X-ray absorption fine structure (EXAFS). Comparing the EXAFS
Fourier transform profiles for the Rh foil, Rhi/TiO>, and Rhi/TiO>@C>NH2PA in Figure 2d, it is
evident that there are distinct differences between the Rh foil standard and the Rhi/TiO; catalyst
samples in the range of 1-4 A. Rh foil peaks at 2.7 and 3.8 A correspond well to first and second
shell Rh-Rh bonding, respectively. While the 2.7 A Rh-Rh peak dominates the foil standard, the



dominant feature of the Rh; samples are at much lower bond lengths, consistent with their high
dispersion. To determine the contributions of scattering paths for the Rhi/TiO; catalysts from 1—
3.5 A, DFT-calculated models of the Rhi/TiO, and Rhi/TiO>@C1PA surfaces, shown in Figure 3,
were utilized in FEFF*:*? simulations for EXAFS fitting.

Our approach in the DFT calculations was to use a simple surface model that was based on
previous results for Rh adatoms bound on stoichiometric TiO,.>> It is important to point out that
the experimental system has considerable complexity that is not fully captured by the model. For
example, the previous work showed that under reducing conditions, it is thermodynamically
favorable to form oxygen vacancies that reside under Rh sites.*>> However, prior work on supported
nanoparticle systems suggests that O vacancy formation is kinetically limited at the mild reduction
temperatures used for the EXAFS pretreatment (100 °C) and data collection (60 °C), i.e.
temperatures in excess of 200 °C are generally required to initiate TiO> reduction from supported
metal catalysts.**»* The TiO> surface is also expected to expose various facets and defects. Given
the expected complexity of the oxide and recently reported limits on the ability of EXAFS to
resolve the precise environment around SACs,* we focused on modeling changes to the Rh atom
environment for the simplest TiO2 model, hypothesizing that such a system would allow a basic
understanding of how PA modifiers alter the environment of Rh adatoms. The FEFF-derived fits
for this model, shown in Figure 3e, indicate that the peaks in the range of 1-2 A are dominated by
Rh-O coordination, and the peaks in the range of 2-3 A are a combination of second shell Rh-Ti
and third shell Rh-O coordination. A more rigorous analysis of the fits in Figure 3e is provided in
the Supporting Information (SI).

X-ray absorption near-edge spectroscopy (XANES), shown in Figure 2e, indicated
qualitatively similar pre-edge, white-line, and multipole profiles for unmodified and CoNH>PA-
modified Rhi/TiO. The multipole region (> 23,230 eV) of the catalysts is distinctly different than
that of the Rh foil and RhCl; standards. These differences are associated with the direct transitions
of the excited photoelectron into the continuum, and the shapes of these regions compare well to
standards in literature.*® Additionally, the threshold energy (defined here as the energy for which
the normalized absorption is 0.4) is higher for the two Rhi/TiO> catalysts than Rh foil and RhCl;,
with the C;NH2PA-modified sample higher than the uncoated sample. We interpret the increased
threshold energies as indicating increased oxidation of the Rh, consistent with the RhCls having
an increased threshold energy relative to Rh foil. Thus, we concluded that both Rh1/TiO> catalysts
have average oxidation numbers greater than three. This is consistent with reports of Rh single
atoms supported on ZrO,, CeO,, and Al,O3, which demonstrated Rh oxidation states between 3+
and 4+.%7% The relative increase in threshold energy (uW(E) = 0.4) of the PA-modified catalyst
compared to that of the unmodified catalyst indicates that PA deposition results in withdrawal of
electron density from the Rh single atoms.>

It is interesting to note some of the subtler differences in the transformed EXAFS spectra
(Figure 2d) for the unmodified and C;NH>PA-modified Rh; catalysts, where there are clear
differences in intensity above ~1.8 A, suggesting differences in the local coordination environment
of the Rh atom. To better understand that local environment, we carried out DFT calculations of
unmodified and C;PA-modified Rhi/TiO; surface models. For the unmodified TiO, surface,



adjusting initial placement of the Rh adatom resulted in five unique relaxed structures where Rh
adsorption to the O—O bridge site was 0.4—0.9 eV stronger than in the other four models, shown in
Figure S4. For the modified surface, C1PA ligands were modeled in a bidentate binding mode as
suggested by previous experimental findings.!* Similar to the unmodified TiO», four unique
structures were found for the Rh1/TiO2@C/PA surface, the most stable being 0.1-1.3 eV stronger
than the other models (Figure S4).

These DFT calculations showed that, when in the proximity of CiPA, the Rh single atom
interacts with the ligand head group to form an Rh—O-P linkage (Figure 3d). In addition, there is
an apparent interaction between a Ti-bound O atom of a phosphonate and Rh, with a computed
distance of 2.21 A. This is apparently consistent with experimental EXAFS results, where the
coordination number for the first shell of Rh—O increases from 5.2 to 6.6 between Rh;/TiO> and
Rhi/TiO2@C2NH2PA, although the error bars are sufficiently large (Table S2 and S3) to prohibit
a definitive determination. In the DFT calculations, the Bader charge of the Rh single atom, shown
in Figure 3, increased by 0.3 |e|/atom following the addition of C|PA, further indicating that the
addition of PAs resulted in a decrease in electron density at the Rh site. It should be noted that the
experimental EXAFS results show high degrees of disorder associated with singular scattering
paths, likely due to a heterogeneous mix of Rh sites on a variety of TiO; facets. Additional
information for XAS fitting is provided in the SI.
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Figure 3. SAC structural models. DFT-calculated models of Rh,/TiO: (space-filling view a & top-down
view b), and of Rhi/TiOx@C1PA (space-filling view ¢ & side view d) for the TiO; (101) surface. Panels
(a) and (c) show DFT-calculated Bader charges for the Rh; atom of each structure. Color code: red = O,
white = H, blue = Ti, grey = Rh, purple = P, brown = C. (¢) Magnitude of Fourier transform (FT)
performed on k>-weighted y(k) function of the EXAFS spectra for the Rh K-edge of Rhi/TiO; and
Rh/TiO@C>NH>PA. Solid lines are the experimentally obtained EXAFS profiles and dashed lines show
the fitted EXAFS profiles. Filled regions show Rh—O (red) and Rh—Ti (blue) scattering paths fit from
FEFF simulations.

3.3. Effect of PA modification on H»/D> Scrambling Rates

Vapor-phase H2/D> scrambling experiments were performed on catalyst samples to determine
the extent of site blocking toward hydrogen dissociation /recombination by PA SAMs. Scrambling
experiments were conducted at 30 °C by injecting 1 mL doses of D> while constantly flowing H»
and Ar. Figure 2c shows the conversion of D> to HD for each catalyst sample. Modification of
Rhi/TiO, with CoNHoPA resulted in a decrease in scrambling conversion from 69% to 14%.
Assuming the scrambling reaction is first-order in D»,! this change in conversion represents a ~8x
decrease in available Rh sites following C2NH2PA deposition. Similarly, C3PA-modified samples
demonstrated a ~5x decrease in scrambling rates. This drop in site availability is consistent with
the previously noted study by Zakem et al., in which CO pulse chemisorption was used to



determine an 80-90% loss in accessible Rh sites following PA deposition. PA ligands have also
been shown to alter or block active sites at the metal-support interface of supported nanoparticle
catalysts, such as with CO oxidation on PA-modified Au/TiO,.%

The loss of accessible Rh sites is likely due to blocking by the PAs rather than Rh sintering, as
linear-bound CO was not observed during CO DRIFTS characterization. In addition, removal of
the PA tail groups through oxidation resulted in apparently complete recovery of active sites. The
difference in scrambling activity between C:NH2PA- and CsPA-modified samples, as well as the
recovery of activity post-oxidation, suggests that the loss in Rh sites is due to blocking specifically
by the PA tail groups. However, it is also possible that the 400 °C oxidation treatment alters the
binding conformation of the PA head group, giving access to Rh sites.

One alternative explanation for the lower scrambling activity on PA modified samples is
that the presence of phosphonic acids increases the barrier for Hz dissociation, a step assumed to
be facile. To test this, H2/D> scrambling experiments were performed on the native and C2NH2PA-
modified samples at the elevated temperature of 250 °C. It was found that the calculated percentage
of blocked sites dropped from 87% to 84% at these conditions, an insignificant change, suggesting
that the lower rates of Hz/D> scrambling on PA-modified catalysts are indeed due to a loss in
accessible Rh sites (Figure S5).

3.4 RWGS reaction studies

The effects of PA-modification of Rhi/TiO> on RWGS catalytic performance were
investigated with a temperature-controlled tubular packed bed reactor. Initial reactions were run
at 150 °C to maintain atomic dispersion of Rh. CO, H», and He were flowed at a 1:5:19 ratio at a
total flow rate of 25 sccm. At these conditions, 400 mg of 0.1 Rh wt% catalyst was required to
achieve CO; conversions between 0.5-1.0% (equilibrium conversion at these reaction conditions
is ~4%). Figure 4a shows overall CO; hydrogenation rates based on total Rh loading, i.e., without
correcting for the number of accessible sites. Despite extensive site blocking, the CoNH2PA-
modified samples still produced ~50% more CO than the native catalyst. Conversely, modification
with C3PA led to a complete loss of catalytic activity. This is likely due to the blocking of CO:
adsorption sites by the PAs. Similar to H»/D, scrambling, the removal of the PA tails via oxidation
resulted in recovery of catalytic activity, despite Rhi/TiO>@C;s;PA-ox displaying considerably
lower peak areas during CO2 DRIFTS experiments. Additionally, Figure S6 shows the rate of CO»
conversion normalized by the rate of H2/D> scrambling on the same catalyst. This normalized rate
is used here as an estimate of the accessible-site based CO» turnover frequency (TOF) for each
catalyst, under the assumption that the number of accessible sites is proportional to the scrambling
rate. Even if this proportionality is non-linear, TOFs calculated in this way serve to normalize CO:
hydrogenation rates via the rate of key elementary step in the RWGS reaction. Here, modification
of Rhi/TiO; with C:NHPA resulted in an 8% increase in TOF (as defined in this way) towards
CO.
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Catalyst modification with PAs also reduced the rate of methanation during CO> reduction.
The native, CoONH>PA-, and C3PA-ox-modified catalyst showed 74, 100, and 96% selectivity to
CO, respectively. The formation of methane on unmodified Rhi/TiO> was observed to increase
during the first ~1 hour of reaction before leveling out (Figure 4b). CO2 methanation can occur
directly, or sequentially if CO further hydrogenates before desorbing from the catalyst, and is
typically considered irreversible.’? A study by Matsubu et al. in Ho-lean conditions demonstrated
the tendency for Rh; sites to produce CO during CO, hydrogenation, whereas Rh NPs tended to
form CHa4.>° However, post-reaction characterization with CO DRIFTS showed no signs of Rh
sintering on either of our catalysts.

Weaker CO binding, as opposed to Rh sintering, was likely responsible for the
improvements in RWGS selectivity and low-temperature activity following modification with



amine-functionalized PAs. CO DRIFTS conducted after annealing in flowing Ar to progressively
higher temperatures showed that modification of Rhi/TiO2> with C{PA resulted in a 50-100 °C
lower CO desorption temperature compared to the unmodified catalyst (Figure S7), potentially
accounting for the higher rates if the RWGS reaction is CO-desorption limited at 150 °C.
Exploratory DFT calculations also showed weaker adsorption of a single CO molecule (by ~0.6
eV) when the Rhi/TiO» surface is modified by CH3;PA (Figure S8). The ability for atomic H to
adsorb near Rh; active sites is also likely affected by the presence of PA head groups on the support
surface, potentially affecting hydrogenation rates. The stronger adsorption of CO on the native
catalyst may also contribute to the higher rate of methanation compared to PA-modified samples,
as the probability of sequential hydrogenations increases with higher CO coverage. A similar study
conducted by Zhu et al. on Rhi/Fe;0y4 attributed high CO; hydrogenation activity as well as high
selectivity to CO to strong interactions between Rh—O-Fe sites and CO,, as well as weak
interactions with CO.>

The weakening of CO adsorption following the deposition of PAs has been demonstrated
on TiOz-supported Pd- and Pt-nanoparticle catalysts.!® In that study, PAs were thought to decrease
the CO adsorption energy to metal sites by electron-withdrawal through the support, which
affected the metal’s ability to bind CO through backdonation to 2 m orbitals. While our model
suggests that electron-withdrawal from Rh occurs via Rh—O—P bonds rather than by through-
support interactions, the effect on CO adsorption strength may be similar. The effects of CsPA
monolayers on CO desorption from Rh;/TiO> have also been observed by Zakem et al.'® In their
study, it was shown that PAs do not significantly affect the enthalpy of desorption, but they do
reduce the entropic penalty of the CO desorption transition state by limiting degrees of freedom
for the Rhi(CO), initial state.!® A similar effect likely contributes to weaker CO binding here.

Additional RWGS reaction experiments were carried out at 250 °C under the same flow
conditions to explore reactivity closer to relevant process conditions, and where CO desorption is
expected to be less limiting. Here, the reactor was loaded with 100 mg of catalyst to achieve
conversions up to ~13%; equilibrium conversion at these conditions is ~21%. Figure 5 (left axis)
shows the CO, TOF for each catalyst, where once again H>/D> scrambling results were used to
calculate the quantity of accessible Rh sites. At this elevated temperature and with a much lower
reactor loading, selectivity for all catalysts exceeded 97%. This difference in methanation from the
experiments run at 150 °C is again likely due to the facile nature of CO desorption at this elevated
temperature.
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Once again, C2NH2PA-modified catalysts demonstrated the highest rate on an available
site basis, a ~2x increase compared to the native sample. However, at these conditions, the
improvement in specific rate was not enough to compensate for site blocking, resulting in lower
overall CO> conversion compared to the unmodified catalyst (Figure 5, right axis). Modification
with C3PA resulted again in complete loss of catalytic activity, presumably due to blocked CO»
adsorption. Oxidative removal of tails resulted in the recovery of most, but not all, catalytic
activity, as CO2 TOFs on Rhi/TiO2@C3PA-ox were ~26% lower than those on the native sample.

Though they had lower overall CO» activities, the PA-modified samples did demonstrate
significantly improved on-stream stability compared to native Rhi/TiO. Figure S9 shows
normalized on-stream RWGS conversion at 250 °C during the first hour of reaction where, after 1
hour on-stream, CO; conversion on unmodified Rhi/TiO> had decreased by 10-20%. We tested
this catalyst for ~25 hours on stream at 250°C and found that activity stabilized after ~4 hours at
a value of ~85% of the initial activity (see Figure S10). The PA-modified samples saw no such
loss in activity; in fact, conversion had increased after 1 hour in most cases. This increase in
conversion is unlikely to have been caused by PA tail degradation, as it was also observed for the
CsPA-ox-modified samples that had already had their tails groups removed.

To better understand this difference in catalyst stability, samples were characterized with
CO DRIFTS immediately following 12 hours of in-situ CO» reduction at 250 °C (Figure 6). On
the native Rhi/TiO> sample, prominent growth of the peak associated with linear-bound CO
(~2,060 cm™!) indicates significant metal sintering; the peak growth is much less for the CaNH2PA-
modified catalyst. This significant reduction in sintering follows previously observed trends, where



it was hypothesized that PA monolayers provide physical diffusion barriers and weaken metal-
adsorbate interactions, limiting adsorbate-promoted diffusion.!?

Absorbance (a.u.)

@C,NH,PA

2,175 2,125 2,075 2,025 1,975
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Figure 6. Impact of PAs on Rh; stability. CO DRIFTS of Rh.i/TiO: and Rhi/TiO:@C2NH2PA following
in-situ CO; reduction for 12 hours at 250 °C. Growth of the peak associated with linearly-bound CO
(dashed line, ~2,060 cm™) is indicative of the formation of metal nanoparticles at the expense of metal
single atoms.

3.5 The effects of amine group positioning

When designing catalytic surfaces with different binding sites (e.g., metal and acid sites),
spacing between the sites is often an important factor for bifunctional effects.’*>> This has recently
been proven the case for enzyme-inspired bifunctional peptide catalysts as well as for Pt-
containing large-pore zeolites, which both benefited from nanoscale proximity of different
sites.’®>7 However, a growing body of work has shown that close proximity between sites is not
always beneficial, particularly for metal-acid bifunctional catalysts.>>~% To test the sensitivity to
small changes in Rhi/amine group intimacy, we deposited CINH>PA, CsNH,PA, and C1oNH,PA
onto Rhi/Ti0z. These ligands have one, three, and twelve methylene groups between the PA head
group and terminal amine, respectively, as opposed to the two methylenes of C;NH>PA. For the
short chain PAs, the degree of organization in the organic tails is expected to be low, such that
various conformations are possible. Longer-chain PAs such as Cio2NH2PA, however, have
sufficient dispersion interactions that they form ordered layers, as demonstrated for example by
the position of the CH> asymmetric stretching frequency in infrared spectroscopy studies.!*!® In



the present study, we observed an asymmetric CH stretching peak at 2918 cm™ for
C12NH,PA@Rh/TiO; (Figure S11) consistent with a well-organized monolayer. '8

Amino-PA tail length significantly affected Ho/D> scrambling (Figure 7a), suggesting a
strong sensitivity of molecular hydrogen dissociation active site density tail functionality.
Surprisingly, both the longer and shorter PA tails resulted in less apparent site blocking compared
to C:NHoPA. The CiNH2PA- and C3NH2PA-modified samples showed ~3x and ~6X% more
available Rh sites than CoNH2PA. The long-chain C1o2NH>PA also resulted in a statistically
significant increase in the Ha/D> scrambling rate. This further indicates that loss of Rh sites was
an effect of the PA tails rather than the phosphonate head group, as discussed above. We speculate
that CiNH2PA tails may not be long enough to block sites as consistently as CoNH2PA due to
diminished steric constraints. Previous studies have shown that surface-bound ligands with longer
tails tend to orient themselves more normal to the catalyst surface, hypothetically providing more
well-defined channels for reactants to diffuse through.?! This could explain why less site blocking
was observed for C3NH2PA than the shorter-tailed C2NH2PA.
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Figure 7. Effects of alkyl spacer length on site availability and activity. (a) D: conversion during
H>/D> scrambling experiments for Rh,/TiO> modified with different amine-functionalized PAs. D> was
introduced by ImL injections while flowing constant 20% H>/Ar. (b) Turnover frequencies for CO:
reduction to CO based on available sites (blue, left axis) and mass activity based on total Rh loading
regardless of blocking (red, right axis). Available sites calculated based on H»/D: scrambling conversion.

CiNH2PA- and CsNH2PA-modified Rhi/TiO2 were also tested for RWGS activity at 250
°C with the same flow conditions as the previous experiments. Figure 7b shows both the available-
site TOF (left axis) and total-site rate (right axis) for catalysts with these modifiers. Without
normalizing by available sites, activity was not significantly different between C2NH2PA- and
C3NH;PA-modified samples, whereas CiINH>PA produced a nearly 5% decrease in total activity.
Normalizing by available sites, TOFs for the C;NH2PA-modified catalysts showed 13x and 7x



improvements over those with C{NH>PA and C3NH,PA, respectively. This was surprising for
Rhi/TiO2@C3NH2PA, as DFT calculations of functionalized thiolates have demonstrated the
ability of organic ligands to bend, forming gauche defects, in order to accommodate ligand-
adsorbate interactions.” However, these calculations did not consider the potential tradeoff from
disturbing ligand-ligand interactions, nor the entropic penalty for creating a sterically rigid
adsorption geometry.

The geometric factors that lead to high site-blocking in the C2NH2PA-modified samples
may also be responsible for the high specific activity on those same catalysts. We propose that
there is close proximity between the CoNH2PA tails and Rh; sites — so much so as to apparently
cause significant site blocking. This intimacy between Rh; sites and terminal amines appears to be
beneficial towards RWGS activity on a per-site basis, as these amine groups provide the only CO»
adsorption sites on the catalyst surface while the Rh; sites are the only species capable of
dissociating H». Unlike cases where bifunctional sites can catalyze different reaction steps far from
each other, relying on diffusion of intermediates, site proximity appears to play an important role
in this system.

One indication of the importance of site proximity is that Rhi/TiO2@C12NH2PA was found
to be completely inactive for CO; reduction, producing no detectable CO or CH4 at 250 °C (Figure
7b). This was despite the fact that both active hydrogenation and CO; binding sites were still
present in high abundance on the catalyst; as noted above, Rhi/TiO2@C12NH2PA had higher
activity for Ho/D> scrambling that the C2NH2PA-modified catalyst. Furthermore, CO, DRIFTS
experiments (Figure S12) showed that the Ci2NH>PA-modified catalyst bound CO; similarly to
other amino-PA-modified samples. Thus, although the amine group for C12NH2PA is remote from
the surface-tethering phosphonate group, it is still capable of adsorbing CO,. We therefore
conclude that the complete lack of activity is due to the significantly greater distance between the
Rh; sites and the C1o2NH2PA’s terminal amine. Thus, for the PA-modified catalysts, proximity
between the amine function and the Rh active site is critical for reaction. However, we note that
other factors (such as the electronic and entropic effects on CO adsorption discussed above) appear
to play a role in determining reactivity of PA-modified systems.

It is worth pointing out that the observed sensitivity of RWGS rates to the positioning of
amine functions on the PA was much higher for the SAC Rhi/TiO> (the current study) than the
supported nanoparticle catalyst Pt/TiO, (published previously).!* Moreover, the nearly complete
suppression of RWGS activity for alkyl phosphonic acids and long chain amines (while short chain
amines show high activity) is a tail-dependent feature that, to our knowledge, has not been reported
for organic-modified heterogeneous catalysts. This higher degree of sensitivity is in line with the
more precise structuring of the active site that is possible for single atom catalysts. Thus, while
much work is needed to understand how to position organic functional groups for optimal
reactivity down desired pathways, this manuscript reveals that the use of organic monolayers to
modify SACs holds the promise to tailor active sites for high reactivity. Such tailoring of reactive
environments could also be used in emerging applications that go beyond steady state catalytic
reactions, such as “reactive capture” concepts.*

4. CONCLUSIONS



In conclusion, Rhi/TiO, SACs were modified with various PA SAMs, characterized with probe
molecule DRIFTS, XAS, and H»/D; scrambling, and tested for RWGS activity. XAS studies
showed that the deposited PAs were located in close proximity to Rh; sites and withdrew electron
density from the metal atom, and DFT model structures suggest the formation of Rh—O—P bonds.
Although PAs blocked CO» adsorption sites on the TiO surface, amine-functionalization of the
ligands partially restored CO> adsorption. Deposition of PAs decreased the apparent density of
accessible Rh sites, most likely due to site blocking by tail groups. CoNH2PA-modified catalysts
saw significant improvements in specific activity for RWGS, as well as improved selectivity
towards CO at conditions where methanation occurred on the unmodified SAC. Though the
deposition of unfunctionalized C3PA led to a complete loss of activity due to the inability of CO»
to adsorb, removal of the alkyl tails via oxidation resulted in the recovery of catalytic activity.
Finally, tail length of amino-PAs was found to play a significant role in both Rh; site blocking and
catalytic activity, with long-chain C;2NH2PA modifiers showing no detectable RWGS activity.
Overall, this work shows that the reactivity of single atom catalysts is highly sensitive to the
positioning of functional groups that are installed in the near-surface environment. This sensitivity
is much greater than that observed in previous studies of supported nanoparticle catalysts,
suggesting that organic modification of SACs may provide a unique platform for tailoring the
active site environment.
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