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ABSTRACT: The interfacial interactions between late transition metal/metal oxide nanoparticles and oxide supports impact cata-
lysts® activity and stability. Here, we report the use of isothermal titration calorimetry (ITC), electron microscopy and density func-
tional theory (DFT) to explore periodic trends in the heats of nanoparticle-support interactions for late transition metal and metal
oxide nanoparticles on layered niobate and silicate supports. Data for Co(OH)., hydroxyiridate-capped IrOxnH20, Ni(OH)2, CuO,
and Ag20 nanoparticles were added to previously reported data for Rh(OH)s grown on nanosheets of TBAo.24Ho.76Ca2Nb3zO10 and a
layered silicate. ITC measurements showed stronger bonding energies in the order Ag < Cu = Ni = Co < Rh < Ir on the niobate
support, as expected from trends in M-O bond energies. Nanoparticles with exothermic heats of interaction were stabilized against
sintering as revealed by temperature resolved images recorded using transmission electron microscopy. In contrast, ITC measure-
ments showed endothermic interactions of Cu, Ni, and Rh oxide/hydroxide nanoparticles with the silicate and poor resistance to
sintering. These trends in interfacial energies were corroborated by DFT calculations using single-atom and four-atom cluster models
of surface-bound metal/metal oxide nanoparticles. Density of states and charge density difference calculations reveal that strongly
bonded metals (Rh, Ir) transfer d-electron density from the adsorbed cluster to niobium atoms in the support; this mixing is absent in
weakly binding metals, such as Ag and Au, and in all metals on the layered silicate support. The large differences between the
behavior of nanoparticles on niobate and silicate supports highlight the importance of d-orbital interactions between the nanoparticle

and support in controlling the nanoparticles’ stability.

Introduction

Late transition metal nanoparticles dispersed on high surface
area oxide supports are essential to technologies in the en-
ergy, chemical, and environmental industries, where they are
employed as catalysts and electrocatalysts. The activity and
selectivity of these catalysts are dependent on the size'® and
shape?® of the active nanoparticles, the composition of the ox-
ide support,->%° and the extent of support reduction.*511-15
Therefore, the interfacial interactions between catalytic na-
noparticles and supports are key parameters in determining
catalyst stability, activity and selectivity.

Under catalytic reaction conditions, nanoparticles can grow
to form larger, less active particles. The rate and extent of
particle growth is controlled in large measure by the details
of the nanoparticle/support interface. Both theoretical*6-2
and experimental studies*?-% have investigated the atomic-
level structure of this interface. Although nanoparticle-sup-
port interactions are clearly implicated in the migration of
particles leading to coalescence and in the kinetics of Ost-

wald ripening, there is still relatively little direct experi-
mental quantification of the bonding at the nanoparticle-sup-
port interface.*2¢

To understand these interactions, Campbell and coworkers
have recently measured the enthalpy of interfacial bonding
using a piezoelectric metal adsorption calorimeter.?” Atoms
of elemental Ag, Cu, Ca, Li, and Pb were vapor deposited
onto single crystal oxide supports, including MgO, CeO; and
Fes;04. The heat of interaction was found to be strongly de-
pendent on both the nanoparticle size and support composi-
tion (reference 4 and references within).

More recently, we reported the use of solution-based isother-
mal titration calorimetry (ITC) to quantify the heat of inter-
action between rhodium hydroxide nanoparticles and several
early transition metal oxide and main group oxide sup-
ports.?8 These heats were also found to be strongly depend-
ent on the oxide support composition. Stronger interfacial
bonding was found to inhibit nanoparticle sintering in vac-
uum and under reducing atmospheres at elevated tempera-
tures. Rhodium hydroxide nanoparticles bond exothermi-



cally to early transition metal (niobium, tantalum, and tung-
sten) oxide supports, which inhibit nanoparticle sintering.
Conversely, the interfacial bonding to main group oxide sup-
ports, such as silica and alumina, is endothermic and particle
growth on these oxides occurs at a much lower tempera-
ture.?®

In the present study, we combine calorimetric measurements
with density functional theory (DFT) calculations to map out
the periodic trends in the strength of the nanoparticle-sup-
port interaction and to understand the reason for the anoma-
lously strong bonding of late transition metals to early tran-
sition metal oxides. ITC was used to quantify the heats of
interaction of cobalt, iridium, nickel, copper and silver metal
oxide/hydroxide nanoparticles to a layered niobium oxide
support and compared to a high surface area silicon oxide
support. In situ high-resolution transmission electron mi-
croscopy (HRTEM) and high-angle annular dark field scan-
ning transmission electron microscopy (HAADF STEM)
were used to track the sintering of nanoparticles as a function
of temperature under vacuum. A clear correlation between
the strength of interfacial bonding and the resistance of na-
noparticles to growth in vacuum was observed. DFT calcu-
lations of model systems were consistent with the experi-
mental data and provided insight into the nature of charge
transfer interactions that strongly stabilize late transition
metal/metal oxide nanoparticles on early transition metal ox-
ide supports.

Materials and Methods

Supported nanoparticle synthesis. The layered oxide
KCa;NbsO10 was synthesized as previously reported.?®
Briefly, a 0.4 mol/mol (mole fraction) stoichiometric excess
of K,CO3; was ground with stoichiometric amounts of
CaCOj3 and Nb,Os. The powder mixture was heated at 1200
°C for 12 h in an alumina crucible. The obtained powder
(1.00 g) was mixed with 1.0 mol L HCI (100 mL), and the
solution was changed daily for three days to produce the pro-
ton-exchanged product HCa;Nb3010-0.5H,0.?° Nanosheets
of TBA.24Ho.76Ca2Nb3s01 were obtained by mixing 0.12 g
HCazNb3010-0.5H,0 with 50 mL of 25.0 mmol L* tetra(n-
butylammonium) hydroxide (TBA*OH") solution and stir-
ring overnight.?® Na-TSM
(Nao_eeMgz,eg(Si3_98A|o,02)010,02|:1_95) (1.00 g) was added to
100 mL deionized water and stirred overnight to exfoliate
into nanosheets. Concentrated NaOH was used to bring the
Na-TSM solution to a pH of 12.0 before metal oxide/hydrox-
ide nanoparticle deposition. Commercially purchased SiO,
with an average particle diameter of (17 £ 6) nm (n = 101)
and a surface area of (408 + 8) m? g* was also brought to a
pH of 12.0 before nanoparticle deposition.

Cobalt hydroxide, nickel hydroxide, copper oxide and silver
oxide nanoparticles were deposited as previously reported
for rhodium hydroxide nanoparticle deposition.26%31 20
mmol L aqueous solutions were made from the metal salts
CoBr;, NiSO4-6H,0, CuSO4, and AgNOs. Appropriate
amounts of the metal aqueous solutions were added to 50.0
mL exfoliated nanosheets to achieve a metal mass fraction
deposition of 0.05. The reaction was stirred for 18 h at room

temperature. The nanosheets were then restacked by drip-
ping the suspension into 2 mol L't KOH (50 mL). The solid
sample was washed twice more with KOH and three times
with water before drying at 60 °C overnight.

An iridium colloidal solution containing both monomeric
iridium ([Ir(OH)s(H20)]%) and IrOx-nH,0 nanoparticles was
synthesized as previously reported.® In the modified prepa-
ration, 2.0 mmol KalrClg was dissolved in 80 mmol L
NaOH (90.0 mL), heated rapidly until the temperature
reached 75 °C, then immediately cooled in an ice bath for 64
h. During the 64 h of ice bath cooling, the pH was monitored
closely and kept at 11.9 with the addition of 1.0 mol L*
NaOH. After 64 h, the solution volume was adjusted to 100
mL with nanopure water. Purified IrOx-nH,O nanoparticles
were obtained by precipitating the above product with dou-
ble volume isopropyl alcohol (IPA) and re-suspending the
precipitate in deionized water.®> A more dilute 0.5 mmol L*
iridium monomer solution (which contains little or no col-
loidal IrOx-nH>0) was synthesized by the addition of 0.025
mmol K,IrCls to 50.0 mL of 0.100 mmol L TBA*OH", heat-
ing the solution to 70 °C until the solution turned colorless,
and then being cooled immediately in an ice bath.®? The irid-
ium species were deposited by adding 1.6 mL of the 20
mmol L solution to 50.0 mL of the nanosheet solution to
achieve a mass fraction of 0.05. The nanosheets were re-
stacked as detailed above for the other nanoparticles.

For nanoparticles deposited onto Na-TSM, the composite
was centrifuged without KOH restacking and washed three
times with water before drying overnight at 60 °C.

Characterization. Isothermal titration calorimetry (ITC)
experiments were performed using a 1.04 mL cell. Measure-
ments were conducted as previously reported.?® Aqueous
metal halide precursors (10 mmol L to 15 mmol L) were
injected from the syringe into solutions of
TBAo24H076Ca2Nb3010 nanosheets (0.1 mmol L™ to 4 mmol
LY. The iridium monomer solution was injected as a 0.5
mmol L solution. A titration occurred every 25 min for the
duration of the experiment (34 titrations). Experiments were
done at 25 °C and in triplicate. The data was fit using an in-
dependent bonding model, and heats of dilution were sub-
tracted from each run to retrieve thermochemical data.

High-resolution  transmission  electron  microscopy
(HRTEM) and high-angle annular dark field (HAADF)
scanning transmission electron microscopy (STEM) images
were obtained on a TEM with an accelerating voltage of 300
kV. For temperature-dependent TEM experiments, samples
were dispersed in an IPA solution, drop cast on a tempera-
ture-controlled support and then dried under a heat lamp.
Ambient temperature TEM images were retrieved after
drop-casting sample from solution onto a lacey carbon TEM
grid.

A powder X-ray diffractometer with monochromatized Cu
Ka radiation and a wavelength of 0.15418 nm was used to
obtain powder X-ray diffraction (XRD) patterns.

For all measured values, the uncertainty is given as one
standard deviation of the mean. The number of measure-
ments for a measured value (n) is given throughout the text.



Electronic structure calculations. DFT calculations were
conducted utilizing the Vienna ab initio simulation package
(VASP). 334 The exchange-correlation energy functional
was treated using the generalized gradient approximation
(GGA) implemented in the Perdew-Wang formulation
(PW91).%® Plane-wave basis sets were employed for all peri-
odic calculations with an energy cut-off of 450 eV (4.34 x
10* kJ mol). The projector augmented wave pseudo poten-
tial approximation®® (PAW) was used to represent core elec-
tronic regions, with the following electronic valence config-
urations: 4p%4d*5st for Nb, 3p?3d®4s? for Ca, 3s?3p? for Si,
2s?2p* for O, 1s' for H, 3d"4s? for Co, 4p®4de5s! for Rh,
5d76s? for Ir, 3d®4s? for Ni, 4d'° for Pd, 5d°6s! for Pt, 3d'%4s!
for Cu, 4d'%s! for Ag, and 5d*°6s! for Au. All calculations
were spin polarized, and when necessary, multiple spin
states were tested to ensure that the optimal spin state was
identified. Monkhorst-Pack®” (MP) Brillouin zone sampling
was employed with a 4x4x1 MP k-point spacing for calcu-
lations on the HCa;Nb3;O1 surface model (this was reduced
to 3x3x1 MP for the 2x2 supercell model used for calcula-
tions involving larger Mg clusters), and a 2x2x1 MP k-point
sampling for the SiO; surface model. Single metal atom cal-
culations were completed in a 4.5 nm x 45 nm x 45 nm
periodic box at the 7" point. Conjugant gradient structural re-
laxations were employed with an atomic force convergence
criterion of 0.05 eV A (48.2 kJ mol* nm%). Partial charges
on atoms were computed using the Bader method.383°

Results and Discussion

Nanoparticle deposition on layered oxide supports.
Nanosheets derived from the layer perovskite KCazNb3O1o,
and the synthetic mica Na-TSM were used as model early
transition metal oxide and main group oxide supports, re-
spectively. As in our earlier study,®® the use of these
nanosheets enabled observation of nanoparticle growth on
the crystallographically well-defined basal plane surface,
and provided thin, electron-transparent samples for imaging
of the nanoparticles by HRTEM and HAADF-STEM. The
phase purity of KCa,Nb3O10 and its acid-exchanged deriva-
tive HCazNb3O10-1.5 H2O were confirmed by comparing
XRD patterns to literature reports.?? HCa;Nb3010-1.5 H,0
was exfoliated into nanosheets of TBAo.24Ho.76Ca;:Nb3O1g in
excess aqueous TBA'OH- solutions as described previ-
ously.?6:2

Our earlier study quantified the heat of interfacial bonding
between Rh3* hydroxide nanoparticles and oxide supports.
To more broadly investigate periodic trends, the oxides/hy-
droxides of five additional late transition metal ions (Ir®*,
Co?*, Ni?*, Cu?*, Ag*) were investigated. These ions were
selected based on the solubility of their halide salts and, in
all cases except Ir¥*, the rapid ligand exchange kinetics of
the metal aquo ions. Metal oxide/hydroxide nanoparticles
were deposited onto TBA.24Ho.76CazNbsO10 and Na-TSM
nanosheets by in situ alkaline hydrolysis of the metal salt
precursor, at a mass fraction of 0.05 metal. The same metal
salts were used in ITC experiments to measure the interfacial
bonding heats, as described below. Table S1 lists the metal
precursors used in this study, as well as the corresponding
metal oxide/hydroxide nanoparticles formed. The phase of
the deposited nanoparticle was determined by hydrolyzing
the precursor salts in TBA*OH-" in the absence of nanosheets,
collecting the precipitate and identifying the solid by XRD
(Figure S1).

The lattice constants of the nanoparticles made by hydrolysis
in the absence of nanosheets are reported in Table S1. The
XRD line widths indicate that Co(OH), and CuO scattering
domains are small, with estimated sizes of 5 nm and 13 nm,
respectively. The linewidths predict the Ag,O scattering do-
mains to be larger, with an estimated size of 30 nm. The
Ni(OH), XRD pattern contains both narrow and broad re-
flections, consistent with the platy texture of this layered
compound, with estimated scattering domain sizes of 12 nm
and 2 nm, respectively.

Since Ir®* complexes have slow ligand exchange rates, direct
alkaline hydrolysis of Ir(111) halides was impractically slow
for ITC experiments. In this case, pre-formed aquo ions and
colloidal particles were made by alkaline hydrolysis and
then deposited onto the nanosheets. We have recently shown
that the dissolution of dilute Ir(l1l) and Ir(1V) salts in alka-
line solutions (pH > 13, [Ir] < 10 mmol L) produces mon-
omeric anions ([Ir(OH)s(H20)]% and [Ir(OH)¢]?), and that
condensation of these ions at higher concentrations yields
amorphous IrOx-nH,O nanoparticles, onto which the mono-
meric anions strongly adsorb.324% This colloidal solution,
with an average nanoparticle diameter of (1.2 £0.3) nm (n =
299), is shown in the TEM image in Figure S2.
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Figure 1. Ambient temperature HRTEM and HAADF STEM images of nanoparticles deposited at room temperature on KCa2NbzO1o (top)

and Na-TSM (bottom).

This colloidal solution will be referred to as hydroxyiridate-
capped IrOx-nH,0 throughout this paper.

As we reported previously for Rh(OH); nanoparticle depo-
sition on KCazNbzO1o, turbostratic restacking of the
nanosheets occurs upon addition of KOH to the suspensions.
The XRD patterns of the restacked materials show only 00l
and hko reflections of the nanosheets, and no reflections can
be attributed to the nanoparticles.®® All the late transition
metal oxide/hydroxides deposited onto KCa;Nb3O1 display
these characteristic XRD patterns after restacking with KOH
(Figure S3).

The HRTEM and HAADF STEM images on the top row of
Figure 1 illustrate the size distribution of hydroxyiridate-
capped IrOx-nH,0, Co(OH),, Ni(OH),, CuO, and Ag.0 na-
noparticles  deposited onto  TBAg24Ho.76Ca2Nb3O010
nanosheets at ambient temperature, and Table 1 lists the de-
posited nanoparticle average diameter. Except in the case of
Ag>0, there is a spatially uniform distribution of nanoparti-
cles on the niobate support. The average diameter of the
Ag0 particles (7 nm) is much larger than the other depos-
ited nanoparticles (1 nm -2 nm).

For comparison purposes, the same nanoparticles were de-
posited onto the layered silicate Na-TSM. Na-TSM contains
tetrahedral-octahedral-tetrahedral (T-O-T) silicate layers
separated by Na* ions (Figure S4). Each tetrahedral layer is
capped by oxygen atoms shared by two T atoms, and there-
fore there are no free Si-OH groups on the basal plane sur-
face. The saturation loading of nanoparticles and their distri-
bution onto Na-TSM was in stark contrast to nanoparticles
deposited onto KCa;Nb3010, as shown in the bottom row of
images in Figure 1 There was a broader size distribution of
nanoparticles, as well as areas of the support with no nano-
particles present, and there were also large particles in the
suspension, as seen in the TEM, that were not bound to the
support in the case of both CuO and Ag0.

Table 1. Average nanoparticle diameter of metal oxide/hydrox-
ide  nanoparticles  deposited onto  nanosheets  of
TBAo.2sHo76Ca2Nb3O10 and Na-TSM at room temperature as
determined from TEM analysis. The number in parentheses rep-
resents the number of measurements used to determine one
standard deviation of the mean.

TBAo.24H0.76Ca2Nb3O10 Na-TSM
Metal NP Diameter (nm) (n) Diameter (nm) (n)
IrOx-nH20 0.9+0.2(151) 1.3+0.5(53)
Co(OH):2 1.2+0.5 (304) 2.1+0.5(154)
Ni(OH)2 1.3+0.4 (153) 6 + 3 (201)
CuO 2.0+ 0.6 (320) 6 +5 (66)
Ag20 7+5(216) 5+2(219)

In our earlier study, micron-sized Rh(OH)s particles were
found to break up and deposit as < 1 nm diameter particles
on nanosheets of TBAg24Ho76CazNb3010.2% This “reverse”
ripening effect was attributed to the thermodynamically fa-
vorable interaction between Rh(OH)s and the oxide support,
which overcomes the surface energy penalty of forming
smaller particles. “Reverse” ripening experiments were per-
formed on Co, Ni, Cu, and Ag oxide/hydroxide particles by
hydrolyzing the metal halide precursors in TBA*OH- for 18
h before their addition to a suspension of
TBAo.24H076Ca:Nb3O10  nanosheets in 25 mmol L*
TBA*OH-.



Figure 2. TEM images from “reverse” ripening experiments in which pre-formed particles were mixed with suspensions of
TBAo.24H0.76Ca2Nb3010 nanosheets. Panels A — D show pre-formed particles of Co(OH)z, Ni(OH)z, CuO and Ag:0, respectively. E —H show
the nanoparticles derived from the same elements, respectively, after deposition onto the nanosheets.

In all cases, the deposited nanoparticles were smaller after
addition of the nanosheet suspension, and in a few cases, the
shape of the nanoparticles changed dramatically. For exam-
ple, CuO particles formed in the absence of nanosheets were
rods with an outer diameter of (19 +13) nm (n = 95),
Co(OH); particles were both thin platelets with an average
lateral dimension of (22 + 11) nm (n = 193) and rods, and
Ni(OH), particles were a mixture of spherical particles,
platelets and wires (not all shapes are pictured in Figure 2b).
Upon addition of the pre-formed metal oxide/hydroxide par-
ticles to colloidal TBA24Ho.76Ca2Nb3sO1, all the metal ox-
ides/hydroxides deposited as much smaller nanoparticles
and no rod-shaped particles were found. Not all of the pre-
formed Co(OH), and Ag;O particles deposited on the
nanosheets, and Co(OH), particles deposited with a broad
size distribution on different areas of the nanosheets. Figure
2 shows TEM images of the pre-formed nanoparticles (top)
and their deposition onto TBAg.24Ho.76Ca2Nb3010 nanosheets
(bottom).

ITC measurements of interfacial bonding energies. The
interaction heats between metal oxide/hydroxide nanoparti-
cles and oxide supports were measured by using ITC titra-
tions as previously described.?® The deposition of the nano-
particles onto an oxide support involves several chemical
steps, and therefore, the enthalpy change that corresponds to
the nanoparticle-support interaction must be obtained by dif-
ference from the overall heat of reaction.

Scheme 1 shows a generic Born-Haber cycle for the deposi-
tion of a metal oxide/hydroxide (M(O/OH))) from a metal
halide precursor (MXq). The overall enthalpy change of the
reaction (AH,) is the sum of the enthalpies of bonding (AH3),

hydrolysis (AH>), and neutralization (AH;). This Born-Ha-
ber cycle was used for cobalt, nickel, copper and silver dep-
osition. The enthalpy of neutralization (AH1= (-58 + 2) kJ
mol) was included only in cases when hydrolysis of the
metal salt precursor generated acid. The deposition of irid-
ium oxide represents a special case, since we have recently
found that colloidal solutions of ligand-free IrOx-nH,O na-
noparticles prepared by alkaline hydrolysis of [IrClg]? solu-
tions contain strongly adsorbed hydroxyiridate ions
[Ir(OH)s(H20)1% and [Ir(OH)e]%.3% ITC experiments were
performed to measure the heats of adsorption of each indi-
vidual component. First, the 1rO4-nH,O colloidal solution
was purified as previously reported to remove the mono-
meric anions from the surface of the nanoparticles.®? Inter-
estingly, there was no measurable heat of interaction be-
tween these purified particles and TBAg.24Ho.76Ca2Nb3010
nanosheets. Next, the heat of interaction between the mono-
meric anions and nanosheets was measured and found to be
-83 + 17 kJ molX. From these data, it could be concluded that
only the monomeric anions are interacting with the support
when IrOx-nH,O nanoparticles are deposited onto the
nanosheets. Therefore, we use the interaction heat of the
monomeric anions in plotting the periodic trends below (Fig-
ure 3). It should be noted that alkaline solutions of the mon-
omer in equilibrium with air contain both Ir"" and Ir'V forms
of the monomer ([Ir(OH)s(H20)]* and [Ir(OH)e]?, respec-
tively), but EPR experiments show that the predominant
form is Ir'", 32 and therefore we refer to the equilibrium mix-
ture of anions simply as [Ir(OH)s(H20)]*.

Scheme 1. General Born-Haber cycle for metal oxide/hydroxide nanoparticle deposition onto oxide supports during ITC experiments.

(1) HCl@g) + TBA'OH oqp — TBA'Cl'aqy + H20g)

(2) MXn(aq) + nTBA+OH-(aq) — M(O/OH)n(s) +nTBA+X-(aq)

AH;
AH>



(3) M(O/OH)ys) + TBA™/ sheets'sy — M(O/OH)./TBA"/sheets AHs

(4) MXn(aq) + (1+n)TBA+OH_(aq) + HCI(aq) + TBA+/ Sheets-(s) —

M(O/OH)./TBA"/sheets ) + TBA'Cl (aq) + NTBA"X (aq) + H20(y AH4
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changes are plotted per mole of transition metal M. The x-axis rep-
resents M-O bond strength as the difference between the heat of
sublimation of the bulk metal and the heat of formation of its most
stable oxide.

Figure 3 shows the molar enthalpy of adsorption of the metal
nanoparticles (or monomer in the case of Ir'') to
TBA.24Ho.76Ca2Nb3010 nanosheets, plotted against [AHsub -
AHj, the difference between the sublimation enthalpy of the
bulk metal and the heat of formation of the most stable metal
oxide (experimental values of AHs,, and AH; used for each
metal are provided in Table S2). This quantity represents the
heat of forming the metal oxide from metal atoms and thus
follows the trend in M-O bond energy. These enthalpy
changes are plotted as kJ per mole of metal atoms. The AH3
values span a broad range, from quite exothermic to mildly
endothermic. The strongest bonding to the niobate sheets is
[Ir(OH)s(H20)]? with an interaction heat of (-83 + 17) kJ
mol, while the weakest is with Ag,O at (6 + 7) kJ mol™.
This endothermic heat of interaction can be measured since
the enthalpy of the overall reaction is favorable; that is, re-
actions 1 and 2 drive the adsorption of nanoparticles to the
support. The general trend is toward weaker interfacial
bonding as the strength of the M-O bond in the bulk oxide
decreases, as observed in earlier calorimetric studies of
metal clusters binding to oxide

Temperature (°C)

Figure 4. Plots of the average particle diameter of A) hydroxyiri-
date-capped  IrOx-nH20 and B) Ag:0 deposited on
TBAo.24Ho.76Ca2Nb3010 nanosheets, after restacking with KOH.
The uncertainty in each measurement is reported as one standard
deviation of the mean for n measurements. (Supporting infor-
mation, Table S3). HAADF STEM images of hydroxyiridate-
capped IrOx-nH20 supported on KCazNbzO10 at C) 25 °C and D)
700 °C. E) and F) are HAADF STEM images of Ag20 on
KCazNb3O010 at 25 °C and 700 °C, respectively.

supports,® although this is the first demonstration of this cor-
relation for binding from a liquid-phase metal precursor so-
lution. While the same trend is followed for metals on the
silica support, in that case, the interaction energies are endo-
thermic and there is less of a difference between elements
with stronger and weaker M-O bonding.

It is apparent from the comparison of Table 1 and Figures 2
and 3 that well-dispersed and smaller nanoparticles are
grown on the niobate support as the heat of interaction be-
comes more exothermic. Upon deposition, Rh(OH); hano-
particles on TBAo.2:sHo.76Ca2Nb3010 have an average diame-
ter of less than 1 nm and a heat of interaction of (-35 £ 9) kJ
mol.% In contrast Ag,O has a slightly endothermic interac-
tion heat (6 + 7) kJ mol* and deposits at room temperature
as unevenly distributed particles with an average size diam-
eter of (7 £ 5) nm. The broad distribution of particle sizes
for the metal oxides studied on Na-TSM (Table 1) correlates
with the endothermic interaction energy with the high sur-
face area silica support. The resistance of supported nano-
particles to sintering (see Supporting Information) follows a
similar trend in which the thermodynamic driving force for




particle growth is reduced by a strong bonding interaction of
the nanoparticle with the support. Therefore, hydroxyiri-
date-capped IrOx-nH,O nanoparticles deposited on a nio-
bium support are remarkably resistant to sintering at temper-
atures up to 1000 °C.

Computational modeling of particle-support interac-
tions. Campbell and co-workers have shown that metals that
bond more strongly to oxygen also interact more exothermi-
cally with oxide supports.® In their experiments, like those
described here, the composition of the support has a clear
effect on the strength of this interaction.® “Strong” supports
such as CeO;and Fe3;0; are differentiated from “weak” sup-
ports such as MgO by their more exothermic bonding to no-
ble metal nanoparticles.*® To better understand the nature of
the interfacial interaction, the first set of DFT electronic
structure calculations done in this work used a range of met-
als (Au, Ag, Cu, Pt, Pd, Ni, Ir, Rh, and Co) and models for
representative oxide supports (HCa;Nb3O1 and SiO,). Be-
cause the extent of nanoparticle reduction in the experi-
mental particle growth studies is unknown, and since previ-
ous experiments show similar trends for growth of Rh(OH)3
nanoparticles when heated in vacuum and reducing atmos-
pheres, we initially used fully reduced metal atoms and clus-
ters to simplify the modeling. The calculations were then ex-
tended to metal atoms and clusters in higher oxidation states,
which qualitatively show the same trends in bonding
strength (see below).

The calcium niobate nanosheets were modeled in their pro-
ton-exchanged form (HCa,Nb3O1g) by first optimizing the
bulk structure, beginning with the experimentally character-
ized P4/mbm crystal structure refined by Chen et al.?® The
DFT-optimized bulk lattice constants were a =b = 0.534 nm
and ¢ = 1.464 nm, in reasonable agreement with the experi-
mental values of a = b = 0.545 nm and ¢ = 1.441 nm. From
the optimized computed structure, the surface of the layered
oxide was cleaved in the [001] direction, which is the layer-
ing axis of the crystal. H,O molecules that occupy the inter-
layer galleries in the bulk structure were not included in the
computational model. The resulting surface structure of the
HCa;Nb301¢ support is shown in Figure S7.

The SiO, support was modeled using a reconstructed, par-
tially hydroxylated p-cristobalite SiO,(001) surface struc-
ture reported by Rozanska et al., which is predicted to be
stable under the conditions employed in this study and is
commonly used to model amorphous silica supports.*

Binding energies for both single metal atoms and four-atom
tetrahedral clusters (denoted My) were calculated to model
metal-oxide support interaction strengths. Binding energies
were calculated relative to the clean oxide surface plus a gas
phase metal atom (or cluster): Epina = Emetatisupport = Esupport-
[clean] = Emetal-[q], Where Emetai-[q) 1S the energy of the gas phase
metal atom (or cluster), Esypport-[ciean) IS the energy of the
clean support surface, and Emetausupport IS the energy of the
metal-adsorbed surface. Negative values indicate exother-
mic binding.

For single atoms, structural optimization calculations were
initiated from three possible surface binding sites on the
HCa;Nb3O1p surface: (1) the equatorial oxygen, (2) the axial
oxygen, or (3) the interstitial space between NbOs polyhedra

(Figure S7A). The optimized structure of Ir and Ag atoms
are shown in Figure 5A and 5B, respectively, and demon-
strate that the equatorial oxygen site is preferred for Ir,
which interacts strongly, whereas the interstitial site is pre-
ferred for Ag, which interacts more weakly. In both cases,
there is a resulting close contact between the adsorbed metal
and niobium atoms in the support. For Ir and Ag, the opti-
mized metal-niobium distances are 0.27 nm and 0.31 nm,
respectively. This suggests that metal-metal bonding be-
tween the adsorbed metal and the underlying niobium atom
is indeed possible. The optimized structure of all the metal
atoms studied on HCa;NbsOio are shown in Figure S8,
where similar metal- metal distances (Table S4) were ob-
served, except for Au, which preferred the axial oxygen
binding site. The optimized single atom metal adsorption
site for SiO; binding is the same for all metals and is repre-
sented in Figure S9.

Figure 5. Optimized adsorption geometries on HCa2Nb3zO1o for sin-
gle atoms of (A) Ir and (B) Ag and M4 clusters of (C) Ir and (D)
Ag.

The optimized M, adsorption structures for Ir and Ag on
HCa;Nb3O4p are provided in Figure 5C and 5D, respectively.
Both of these metallic clusters prefer the interstitial bonding
site with a 3-atom basal plane in contact with surface oxygen
atoms, although Ags sits flat above the surface. The opti-
mized M, adsorption structures for all the metals, shown in
Figure S10, demonstrate that all metals (except Au) prefer
the interstitial site with the 3-atom basal plane in contact
with the surface. The bond distances are shown in Table S5.

In Figure 6A-B, the resulting binding energies are plotted
against [4Hsu, - 4H¢] for each metal. A linear correlation be-
tween the oxide formation energy and the metal-support
binding strength emerges from the calculations. The niobate
and silicate supports are strong and weak, respectively, as
also shown in the experimental data in Figure 3.
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Figure 6. Binding energies for (A) single metal atoms and (B) M4
metal clusters on niobium oxide and silica surfaces plotted against
the formation enthalpy of the corresponding metal’s most stable
oxide calculated relative to a single gas phase metal atom, [4Hsub—
AH). Structural interfaces of iridium adsorbed to (C) stoichio-
metric and (D) non-stoichiometric niobium oxide surfaces.

This type of correlation was first proposed and experimen-
tally demonstrated by Campbell and Sellers® and can serve
as a useful computational screening tool for selecting candi-
dates for supported catalytic metals with specific interaction
strengths. The plots in Figure 6 demonstrate that platinum-
group metals bind strongly to the niobate support, whereas
late transition metals interact weakly with the silica support.
The resulting periodic trend in interaction strength across
late transition metal atoms and clusters is in agreement with
the experimental trend in adsorption strengths of metal ox-
ides (AH3) determined by ITC and shown in Figure 3. The
DFT calculations are also consistent with the experimental
observation that the composition of the support strongly af-
fects the interfacial bonding enthalpy. All metal nanoparti-
cles investigated interact weakly with the SiO, support, as
shown experimentally in Figure 3 and computationally in
Figure 6.

The effect of the oxidation state of the metal atom was then
investigated for comparison with the experimentally meas-
ured heats of interaction determined by ITC. The binding
energies of all metals were calculated on an Ho5CaaNb3sO1g
surface model, which changed the formal oxidation state of
the metal from M° to M**. This yields an oxidation state
equivalent to adsorbing a metal atom with an attached —-OH
group (and desorbing H,0 in the adsorption process). The
data in Figure 6A show stronger adsorption to the
Ho5Ca,Nb3O4o surface than to the stoichiometric surface,
and the same qualitative trend in bonding strength is ob-
tained regardless of the oxidation state of the metal. Figure
6C-D compares the structural interface models of iridium
calculated in different oxidation states. The Ir-Nb bond dis-
tance is decreased over the HosCa;Nb3O1 surface, reflecting
stronger binding induced by the Ir-Nb interaction. The good
correlation between theory and experiment suggests that the
periodic trends in nanoparticle/support interactions are in-
sensitive to the metal oxidation state, as observed experi-
mentally in the Rh/Rh(OH)3 case.® This suggests that DFT
modeling can be used to investigate a broader range of met-
als than might be experimentally accessible for ITC thermo-
dynamic analysis.

Analysis of metal-support electronic structures provides in-
sight into the nature of the metal-oxide support bonding. The
difference in bonding character between Ir and Ag on the
niobium oxide is demonstrated by the density of states
(DOS) analysis shown in Figure 7. In Figure 7A, there is
clear mixing of Ir and Nb d-states, indicative of electron
transfer from Ir atoms to the nearest adjacent niobium atoms
in the support. This suggests some degree of metal-metal
bonding and is further confirmed by the Bader charge differ-
ences (calculated as the Bader charge of the surface-bound
metal atom relative to the valence of the gas phase metal
atom) reported in Table S6. A pronounced negative charge
depletion on the surface-bound Ir atom is observed. The
isostructural plots in Figure 7 show the charge density dif-
ference calculated between the full metal-support system
and the clean-support/metal-atom components, revealing
how charge is transferred between the cluster and the sup-
port. For the iridium cluster, there is significant valence elec-
tron density between Ir and Nb at the interface demonstrated
by the purple isosurface, which again suggest a strong Ir-Nb
bonding interaction. Conversely, no mixing of d-states be-
tween Ag and niobium is seen in the DOS plots in Figure
7B, resulting in a high energy gap state relative to the d-band
and weak Ag binding. Correspondingly, there is no valence
electron density accumulation between the cluster and sup-
port in the Ag system seen in the charge density difference.
This conclusion is also consistent for the bonding between
the niobium support and single metal atoms, as shown in
Figures S11 and S12, demonstrating that the results are not
dependent on the chosen cluster model.
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Figure 7. Total and partial density of states plotted relative to the
Fermi level for HCa2NbsO1o supported (A) Ir and (B) Ag 4-atom
clusters. The total DOS is shown in green, the PDOS projected on
the d-states of the Nb surface atom adjacent to the adsorbed metal
atom is shown in red, and PDOS projected on the d-states of the
adsorbed metal atom is shown in blue. Spin up and spin down states
are plotted on the positive and negative axes, respectively. The
Fermi level is denoted by the vertical dotted line. Charge density
difference isosurfaces are shown on the right, where the purple re-
gions reflect negative charge accumulation and the orange regions
reflect charge depletion. The accumulation and depletion isosur-
faces are shown at values of + 0.4 e nm™.,

The Bader charge analysis for HCa;Nb3Oj in Table S6
demonstrates that for all metals tested there is significant
negative charge transfer from the transition metal atom to
the niobate support, whereas there is little charge transfer to
or from the transition metal to SiO.. In fact, for Ir and Ni on
SiO;, there is actually a small amount of charge transfer from
the support to the adsorbed metal; this is also reflected in the
charge density difference plot for Ir-SiO, shown in Figure
S13.

The role of d-orbital mixing in stabilizing bimetallic transi-
tion metal alloys and interfaces has a long history in the ex-
perimental and theoretical literature. Brewer proposed in
1967 that d-acid/base interactions between early and late
transition metals, respectively, could account for the anom-
alous stability of alloys such as ZrPt;.*2 Later electronic
structure calculations by Wang and Carter, however, showed
that in these alloys charge transfer occurred in the opposite
direction, from the early to the late transition metal.** Strong
evidence for electron transfer in the Brewer sense (from the
more to the less electronegative metal) has been found for
ultrathin films of late transition metals such as Pd, Ni, and
Cu on earlier transition metal (Mo, W, Ru) surfaces.**" In
these studies, Goodman concluded that the electronegativity
of the surface atoms was lower than those in the bulk

metal.*> The present results suggests that the Brewer d-
acid/base interaction is quite relevant to the interaction of
transition metal and metal oxide nanoparticles with “strong”
supports, which have empty or partially filled d-orbitals. A
key factor appears to be the coincidence of d-orbital energies
in the relevant oxidation states of the two metals, as shown
for 1Ir% and Nb>* in Fig. 7A. It is interesting to note that Ag
binds weakly to the niobate support because the d-orbitals of
Ag are significantly lower in energy than those of Nb%*. As
demonstrated in Figures 3 and 6, metals that form stronger
M-O bonds are also observed to bind stronger to the oxide
support. Our electronic structure analysis, however, sug-
gests that electron donation from the adsorbed metal atom
occurs mainly to the Nb on the layered niobate structures,
suggesting that the supported metal atoms oxidation tenden-
cies can be predictive of strong support interactions inde-
pendent from the destination of charge transferred upon ad-
sorption. This suggests the possibility of tuning the strength
of the metal-support interactions for late transition metals
through appropriate choice of d-electron accepting oxide
supports. Experiments along these lines are currently under-
way

Conclusions

Metal oxide and hydroxide nanoparticles (M = Co, Ni, Cu,
Ag) and monomeric [Ir(OH)s(H,0)]* anions were deposited
onto niobium oxide and silicon oxide supports by alkaline
hydrolysis of water-soluble metal salts. ITC and TEM data
show a strong correlation between interfacial bonding
strength and the inhibition of thermal sintering of the sup-
ported nanoparticles. These results are consistent with our
earlier observations of Rh(OH); nanoparticles on early tran-
sition metal oxide and main group oxide supports.?® Nano-
particles that bond exothermically to the oxide support, such
as hydroxyiridate-capped IrOx-nH,O on KCa;Nb3Oy, de-
posit as < 1 nm particles and resist sintering even up to tem-
peratures of 1000 °C. In contrast, nanoparticles that interact
endothermically with silica supports have a broad original
size distribution and appear to migrate and coalesce rapidly
at lower temperatures.

ITC data show that Ni(OH),, CuO and Rh(OH)3 all interact
endothermically with SiO, and exothermically with
TBA24H0.76Ca2Nb3O1 nanosheets. This trend is supported
by DFT calculations, which also provide insight into the na-
ture of the metal-support interaction. The strong interaction
between late transition metal/metal oxide nanoparticles and
the early transition metal oxide support HCa;Nb3;O1o can be
attributed to the formation of mixed d-states and charge
transfer from the supported metal atoms to the niobium at-
oms in the oxide support. These interactions are absent in
weakly binding metals and a silicon oxide support. A strong
correlation between the experimental measurements and
theoretical calculations emerged in this work to confirm that
the qualitative trends in metal bonding interaction are inde-
pendent of the formal oxidation state of the supported metal.
Together, these combined experimental and computational
studies reveal the important role of d-orbital interactions in
controlling the metal-support interaction, and underscore the
importance of understanding how the support composition
impacts nanoparticle bonding strength and stability.
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Physical characterization of materials
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Figure S1. X-ray powder diffraction patterns of deposited nanoparticles. Metal halide precursors (CoBra,
NiSO46H20, CuSOs, AgNO3) were hydrolyzed in TBATOH- for 18 hours, and the precipitate was taken
for analysis. For Agz20, an impurity peak at 31° 2-theta and a peak for Ag metal at 45° 2-theta are observed.
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Figure S2. TEM of pre-formed, crystalline iridium hydroxide-capped IrOx-nH,O nanoparticles. The average diameter of the
nanoparticles is 1.2 nm £ 0.3 nm (n = 299).
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Figure S3. X-ray diffraction patterns of Co(OH)2, Ni(OH)2, CuO, iridium hydroxide-capped IrOx-nH20
and Ag20 deposited onto nanosheets of TBAo.24Ho.76CazNbsO10then restacked with KOH. The intensities

for Co(OH)2 are multiplied by 2.
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Figure S4. Na-TSM structure. Na-TSM is a T-O-T layered silicate with Na* in the interlayer galleries.
This structure has no free surface Si-OH groups at the basal planes.

Measurement of reaction enthalpies from ITC data

Isothermal titration calorimetry (ITC) was used to determine the enthalpy change (AH) of metal nanoparticles interacting
with oxide supports. In a classic ITC experiment, the equilibrium constant for binding (K), AH and n can be determined from
the ITC thermogram because both the products and reactants are in considerable concentrations at equilibrium. Due to the
complexity of the experiments performed in this report, only AH can be determined accurately from the ITC thermogram.
Because of the numerous reactions occurring simultaneously during the nanoparticle deposition, not all reactants and prod-
ucts are in equilibrium for each of the individual reactions shown in Scheme 1 (main text). This does not allow for accurate
measurements of n and K to be retrieved from the ITC data for the heat of interaction between nanoparticle and support.

In the ITC experiments, aliquots of the titrant solution (metal oxide/hydroxide precursor) were injected into a cell containing
the oxide support, and the heat flow for each injection was recorded. Assuming that all the metal nanoparticles deposited
onto the support, each heat flow was integrated to give the differential heat production (kJ mol?) per injection. Each inte-
grated peak gives an independent AH value for the overall ITC reaction.

In the case of these experiments, an enthalpy screen was performed. For each ITC experiment, the concentrations of both the
titrant and the cell solutions were varied to find conditions under which the first few injections produced constant AH values.
At the concentrations where consecutive injections produced the same heat, it was assumed that all the nanoparticles for a
single injection deposit onto the support and contribute to the heat of interaction. As the experiment continued, a sigmoid
began to form, with smaller heats being produced with each consecutive injection. The smaller heats can be attributed to
fewer nanoparticles binding to the support with each injection as the surface is covered with nanoparticles. Since AH is the
only thermodynamic parameter we are able to extrapolate from these ITC experiments, the consistent enthalpy changes at the
beginning of the sigmoid were used to obtain AH for the overall reaction.
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Figure S5. A) Real ITC thermograms for triplicate measurements of the addition of monomeric iridium
anions ([Ir(OH)s(H20)]* and [Ir(OH)s]*") to TBAo.24Ho.76Ca2Nb3O10 nanosheets in excess TBA*OH" so-
lution and B) the integrated heat data for of the triplicate thermograms shown in (A). These “raw” data
show the precision of the data produced from different ITC experiments of the same sample.

Sintering of supported nanoparticles
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In situ HRTEM and HAADF STEM experiments were performed in order to explore the correlation be-
tween interfacial bonding strength and thermally driven growth of nanoparticles. It is presumed that some
reduction of the metal oxide/hydroxide nanoparticles occurs while heating in vacuum, although the extent
of reduction is unknown. Our previous study of Rh(OH)s nanoparticles showed that the exothermic en-
thalpy of binding to different supports correlated with the resistance to particle growth in both vacuum
and reducing atmospheres.?® Additionally, density functional theory calculations (see main text) show that
the bonding strengths of metals qualitatively follows the same trend as the metal oxide. Therefore, trends
in the growth of nanoparticles are expected to be similar for oxide-supported metal oxide/hydroxides and
metal nanoparticles.

Hydroxyiridate-capped IrOx-nH20 nanoparticles were deposited onto TBAo.24Ho.76Ca2Nb3010, the sheets
were restacked with KOH, and the samples were heated in vacuum. The diameter of the nanoparticles
remains below 2 nm up to 1000 °C, although more nanoparticles are observable at higher temperatures.
Both IrOx-nH20 nanoparticles and iridium(l11) monomeric anions are present during nanoparticle depo-
sition. The iridium monomer is known to strongly bind to and cover the surface of TiO2,% and its highly
exothermic heat of interaction with the niobium oxide support has been measured in this work. Therefore,
it is likely that the [Ir(OH)s(H20)]*> monomer covers most of the surface of the niobate nanosheets, and
there is agglomeration of monomers that leads to the appearance of newly formed nanoparticles at high
temperatures. The statistically insignificant growth of nanoparticles from room temperature to 1000 °C
correlates with the strong heat of interaction between the [Ir(OH)s(H20)]?>" monomer and the niobium
oxide support ((-83 + 17) kJ-mol™).

The sintering of Ag20 nanoparticles on niobate nanosheets was also investigated. The heat of interaction
between Ag20 and the nanosheets was weakly endothermic ((6 + 7) kJ-mol™). As the temperature is
increased from 25 °C to 200 °C, the average diameter of the nanoparticles increases, and then remains the
same between 200 °C and 600 °C, although the size distribution broadens. During heating, silver is likely
being reduced, although the extent of reduction is not known. When the temperature was held steady at
700 °C, the nanoparticles decreased in size and eventually disappeared from some areas of the support.
After cooling the sample, the particles returned to the surface of the nanosheets. Previous reports have
shown that Ag* can be readily exchanged for cations in layered oxide materials.*®%° Therefore, it is pos-
sible that Ag20 or Ag nanoparticles are transforming (via rapid diffusion of Ag®) to silver ions in the
niobium oxide host lattice at higher temperatures. The HAADF STEM images in Figure 4E,F show an
area of the support where the nanoparticles grow from room temperature to 700 °C.

Hydroxyiridate-capped IrOx-nH20 and Ni(OH)2 nanoparticles were deposited onto Na-TSM and heated
in situ in the TEM. As noted in the main text, the average diameter of as-deposited hydroxyiridate-capped
IrOx-nH20 and Ni(OH):2 particles are larger on Na-TSM than on KCazNb3sO1o. In both cases, the nanopar-
ticles grow to larger diameters at lower temperatures than they do when they are deposited onto
KCazNb3O1o. Figure S6A-B compares HADDF STEM images of Ni(OH)2 on KCa2Nb3sO10 and Na-TSM
heated to 600 °C. Ni(OH): particles on KCazNbsO1o are smaller than on Na-TSM at this temperature ((3.6
+0.9) nm (n =59) versus (6 £ 3) nm (n = 107)), as well as more evenly distributed on the support. There
are areas of the Na-TSM surface that are not covered by any Ni(OH): particles. While the contrast is not
as dramatic, the hydroxyiridate-capped IrOx-nH20 nanoparticles also grow more rapidly on Na-TSM ((1.8
+ 0.7) nm (n = 67)) than they do on KCa2NbsO10 ((1.1 = 0.3) nm (n = 237)), and they do not cover the
Na-TSM support evenly (Figure S6C-D). These data confirm the hypothesis that the weaker bonding
interactions between the nanoparticles and silica-based supports are less effective in inhibiting nanopar-
ticle growth than the stronger interactions with KCa2NbzO1o.
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Figure S6. HAADF STEM images at 600 °C of Ni(OH)2 on A) KCa2NbsO10 and B) Na-TSM and iridium
hydroxide-capped IrOx-nH20 on C) KCa2NbsO10 and D) Na-TSM. Notice in B, the scale bar is quadrupled
relative to A. In both cases, the nanoparticles deposited onto Na-TSM (right column) are unevenly dis-
tributed on the support and are larger than those deposited on KCazNbsO1o (left column).

Table S1. Metal precursors used to deposit the corresponding metal oxide/hydroxide onto nanosheets.
The lattice constants for the metal nanocrystals are also reported. Uncertainties are one standard deviation
calculated from three measurements.

Metal Metal Lattice constants
Precursor nanoparticle a (nm) b (nm) ¢ (nm)
CoBrn2 Co(OH): 0.332822(464) 0.332822(464) 0.463127(353)
NiSO4.6H20 Ni(OH)2 0.30675(756)  0.30675(756) 0.465495(2179)
CuSO4 CuO 0.469361(79)  0.342894(77) 0.513233(764)
AgNO3 Ag0O 0.470983(18)  0.470983(18) 0.470983(18)

Table S2. Heats of formation for oxides (4Hr) and heats of sublimation for metals (4Hsub) used to deter-
mine [4Hsub - AHs] values for each metal. All values are obtained from Campbell et al.®> unless otherwise
noted, and are reported here in kJ mol™ of metal atom.
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Metal AHsub AHs [AHsub - AHs]
Co®! 426.64 -297.30 722.97
Rh%! 555.98 -100.39 681.47
Ir5 670.85 -274.13 945.95
Ni 431.47 -245.17 675.68
Pd 37741 -85.91 462.36
Pt 565.64 -54.05 619.69
Cu 337.84 -167.95 506.76
Ag 284.75 -15.44 300.19
Au 367.76 9.65 358.11

Table S3. Number of measurements (n) reported for each value represented in Figure 4.

Temperature (°C) IrOx-nH20 Ag20
25 151 216
200 208 201
400 196 253
450 210 300
500 212 325
550 272 N/A
600 237 226
650 287 N/A
700 293 N/A
750 200 N/A
800 240 N/A
900 233 N/A
1000 243 N/A
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Electronic structure calculations
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Figure S7. (a) Top and (b) side view of the HCa2Nb3sO10 surface model used in DFT binding energy
calculations. Blue spheres are Nb, red spheres are O, green spheres are Ca, and white sphere are H. (a)
shows the three possible surface binding sites of metal atoms and clusters to HCazNbsO1o: (1) axial oxy-
gen, (2) equatorial oxygen, and (3) interstitial space between BOs polyhedra. Ca atoms are green, O atoms
are red, Nb atoms are blue and H atoms are white.

20



Figure S8. Optimized single atom adsorption geometries on the HCa2Nb3sO1o surface. Bond distances are
provided in Table S3.
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Figure S9. (a) Side and (b) top-down view of the optimized metal adsorption site on the SiO2(001) model
surface. The same adsorption site was used for all metals in this study.
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Figure S10. Optimized My cluster adsorption geometries on the HCa2NbsO1o surface. Bond distances are
provided in Table S2.
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Figure S11. 3D charge density difference isosurfaces for (a) Ir and (b) Ag binding on the HCa2NbsO1o0
(001) surface. Valence electron charge accumulation is indicated by a green isosurface. The accumulation

and depletion isosurfaces are shown at electron densities of + 0.4 nm™.
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Figure S12. Total and partial density of states plotted relative to the Fermi level for HCa2NbsO1o sup-
ported (a) Ir and (b) Ag single atoms. The total DOS is shown in blue, the PDOS projected on the d states
of the Nb surface atom adjacent to the adsorbed metal atom is shown in red, and PDOS projected on the
d states of the adsorbed metal atom is shown in green. Spin up and spin down states are plotted on the

positive and negative axes, respectively. The Fermi level is denoted by the vertical dotted line.
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Figure S13. 3D charge density difference plots for Ir binding on the SiO2 surface. The green (purple)
isosurface reflects negative charge accumulation (depletion). The accumulation and depletion isosurfaces
are shown at electron densities of + 0.4 nm.

Table S4. Calculated bond distance between adsorbed metal atom and closest O atom or (OH) group

[nm].

Metal M/0 M/(OH)
Co 0.180 0.182
Rh 0.200 0.203
Ir 0.191 0.199
Ni 0.181 0.184
Pd 0.203 0.205
Pt 0.199 0.203
Cu 0.182 0.185
Ag 0.230 0.231
Au 0.217 0.308

Table S5. Calculated bond distance between adsorbed metal cluster atoms and closest O atom or (OH)
groups [nm]. (See Figure S9 for atom labeling scheme)

Metal M3/01 M1/(OH)-1 M2/(OH)-2
Co 0.185 0.189 0.201
Rh 0.197 0.204 0.225
Ir 0.191 0.195 0.220
Ni 0.184 0.189 0.209
Pd 0.210 0.243 0.220
Pt 0.201 0.215 0.211
Cu 0.186 0.196 0.195
Ag 0.212 0.225 0.218
Au 0.206 0.327 0.323

Table S6. Bader charge differences, in e, for metal binding on HCa2Nb3O10 and SiO2. Positive values

indicate charge transfer from the late transition metal atom to the niobium atom in the support.

Metal HCazNbsO10 SiO2
Co +0.57 +0.08
Rh +0.37 +0.06
Ir +0.40 -0.13
Ni +0.51 -0.18
Pd +0.27 +0.07
Pt +0.20 -0.01
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Cu +0.68 +0.05
Ag +0.68 +0.05
Au +0.09 +0.01
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