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A procedure has been developed for the selective etching of Ag from Pt nanoparticles of
well-defined shape, resulting in the formation of elementally-pure Pt cubes,
cuboctahedra, or octahedra, with a largest vertex-to-vertex distance of ~ 9.5 nm from Ag-
modified Pt nanoparticles. A nitric acid etching process was applied Pt nanoparticles
supported on mesoporous silica, as well as nanoparticles dispersed in aqueous solution.
The characterization of the silica-supported particles by XRD, TEM, and N, adsorption
measurements demonstrated that the structure of the nanoparticles and the mesoporous
support remained conserved during etching in concentrated nitric acid. Both elemental
analysis and ethylene hydrogenation indicated etching of Ag is only effective when
[HNOs] > 7 M; below this concentration, the removal of Ag is only ~ 10 %. Ethylene
hydrogenation activity increased by four orders of magnitude after the etching of Pt
octahedra that contained the highest fraction of silver. High-resolution transmission
electron microscopy of the unsupported particles after etching demonstrated that etching
does not alter the surface structure of the Pt nanoparticles. High [HNOs] led to the
decomposition of the capping agent, polyvinylpyrollidone (PVP); infrared spectroscopy
confirmed that many decomposition products were present on the surface during etching,

including carbon monoxide.
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Platinum catalysis



Introduction

Nanoparticles (NPs) synthesized by solution-phase methods are of interest for
applications in catalysis, either as free particles in solution' or deposited on solid
supports”™. One area of interest in catalysis is the effect of NP shape on catalytic

11,12

activity” ' and selectivity'"'>. Many routes to shape-control of NPs have been explored,
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including control via ligand interactions> ", pH> or temperature'®, electrochemical

10,1
routes 7

, and the addition of other (sacrificial) metal ions'®*" or NP seeds®’. Shape
control of NPs for catalysis is important because the particle shape determines which
crystal faces are exposed'® and the abundance of surface atoms with various metal
coordination environments®.

Previously we used Ag” ions to control the shape of Pt NPs'® in an effort to
elucidate how NP shape effects catalytic activity and selectivity®. Using this method, Pt
cubes, cuboctahedra, or octahedra were synthesized with > 80% selectivity for each shape
by adding different concentrations of AgNOs. Although initial results (X-ray diffraction
and energy dispersive X-ray spectroscopy) indicated Ag was not present in the NPs after
removing excess AgCl, it was later found that residual Ag of up to ~ 20 at %, is still
present in the NP system (metal NP plus stabilizing polymer). In a subsequent paper, we
found that Ag acts as a poison in the hydrogenation of ethylene by Pt and the amount of
Ag in the NPs can be directly correlated to the decrease in catalytic activity. This is in
agreement with studies of highly dispersed Pt-Ag catalysts on silica gel; in that study,
rates of 1-hexene hydrogenation decreased exponentially with increasing Ag content™.

In this paper, we present the post-synthesis etching of Ag from Pt NPs

synthesized in the presence of AgNO;, and their subsequent use as hydrogenation



catalysts. Nitric acid etching of Ag is a well-studied system because of its use in the

synthesis of AgNO; from elemental silver™

. The dependence of etching on temperature,
HNO; concentration, and silver particle size (mm-range) is well-documented®*?’. The
reaction proceeds with the overall stoichiometry at HNO; concentrations between 3.8 and
4.9 M:
4HNO;(aq) + 3Ag(s) > 3AgNOs(aq) + NO(g) + 2H,O(1) [1]
For [HNOs3] 0of 4.9 — 7.1 M, the stoichiometry is
2HNOs(aq) + Ag(s) — AgNOs(ag) +NO»(g) + H.O(l) (2]
Platinum, on the other hand, is resistant to etching by nitric acid, usually being
dissolved with aqua regia (70 % concentrated hydrochloric acid and 30 % concentrated
nitric acid). Using this difference in reactivity towards nitric acid, we are able to modify
the Pt-Ag NPs after synthesis to pure platinum nanoparticles of well-defined shapes.
Post-synthetic chemical modification of nanoparticles has previously been used to
develop nanostructures with a variety of properties. For example, Chen et al. synthesized
Pd-Ag and Pt-Ag nanoboxes using galvanic replacement of Ag from Ag nanocubes with
Na,PdCl, or Na,PtCl¢™. The surface plasmon resonance peak of these nanoboxes could
be tuned across the entire visual spectrum by this approach. In another report from this
group, Au nanoboxes and nanoframes were formed by dealloying Au/Ag nanoboxes
using an aqueous etchent™. Post-synthetic etching of bimetallic nanostructures is a new
tool of nanotechnology with the potential to yield new and structures with novel

applications.



Experimental
2.1  Nanoparticle synthesis

A detailed description of the synthesis of the NPs has been published elsewhere'®.
A brief description is given here. The synthesis of Pt cubes began with the introduction
of 0.5 ml of 2 mM silver nitrate (AgNOs, 99+%, Sigma-Aldrich) solution in ethylene
glycol (EG, min. 98%, EMD) to boiling EG (3 ml); followed by the immediate
introduction of 3 ml of poly(vinylpyrrolidone) (PVP, MW = 55 K, Sigma-Aldrich, 375
mM) and 1.5 ml of hexachloroplatinic acid (H,PtClgs6H,0, 99.9%, metals basis, Alfa-
Aesar, 62.5 mM) EG solutions over 16 minutes by the injection of small aliquots every
30 seconds. The resulting mixture was heated at reflux for an additional five minutes,
cooled, and precipitated with acetone. The solid was collected by centrifugation and
redispersed in ethanol. Insoluble AgCl in this solution was removed by centrifugation
and the supernatant was precipitated with hexanes and again dispersed in ethanol.
Increasing the molarity of the AgNOj3 solution to 20 mM and 60 mM led to the selective
formation of cuboctahedral and octahedral particles, respectively. The synthesis was was
conducted at the exact same conditions, but without the addition of AgNO;.
2.2  Catalyst Synthesis

A detailed procedure for the synthesis of catalysts by NP encapsulation (NE) in
high surface-area mesoporous silica can be found elsewhere’. After a second
precipitation with hexanes, the NPs were dispersed in 23.7 ml of an aqueous triblock co-
polymer solution (Pluronic P123, EO,0PO7EO,y, EO = ethylene oxide, PO = propylene
oxide, BASF, 750 mg) and stirred for 1 h at 313 K, followed by the quick addition of an

aqueous solution (114 pl) of 0.5 M sodium fluoride (NaF, 99.99%, Aldrich) and 1.2 ml of



tetramethyl orthosilicate (TMOS, 98%, Aldrich) to the reaction mixture, and stirred for
one day at 313 K. The resulting slurry was aged for an additional day at 373 K in a
closed vessel. After filtering and washing the brown precipitate with water and ethanol,
the catalyst was dried in a convection oven at 373 K overnight.
2.3 Etching
2.3.1 Etching of Pt(shape)/SBA-15 Catalysts

Silver was etched from the supported Pt(shape)/SBA-15 catalysts with nitric acid
solutions (EMD Nitric Acid, 15.7 M) at 333 + 2 K for 0.5 h with stirring. After etching,
the catalysts were filtered with a large excess of water, rinsed in ethanol and dried at 373
K overnight. The stock 15.7 M HNOs solution was diluted with deionized water to
various concentrations to examine the influence of [HNOs] on etching. A note of caution
with this etching procedure: NO, forms during the etching process and concentrated
HNO; is very corrosive.
2.3.2 Etching of Unsupported Particles

The etching of unsupported Pt NP’s was similar to the supported catalyst samples.
A sample of Pt NPs containing ~1 mg Pt was dispersed in water, and HNO3; was added to
obtain the desired concentration. After stirring at 333 K for 0.5 h, the particles were
precipitated with acetone, centrifuged, and redispersed in ethanol. Prior to IR
measurements (discussed below), the Pt NP sols were precipitated with hexane and
redispersed in ethanol, as described previously, an additional three times to remove
excess PVP and to ensure there was no residual HNO;. A note of caution with this
etching procedure: NO, forms during the etching process and concentrated HNOj is very

corrosive.



2.4 Characterization of Pt/SBA-15 Catalysts.
2.4.1 Physical and Chemical Characterization.

Transmission electron microscopy (TEM) experiments were carried out on a
Philips/FEI Tecnai 12 microscope operated at 100 kV at the Robert D. Ogg Electron
Microscope Laboratory at the University of California, Berkeley. Catalysts were
sonicated in acetone for 10 s, dropped on continuous carbon film coated copper grids
(Ted Pella), and dried in air. The unsupported NPs diluted with ethanol were treated
similarily. High-resolution TEM (HRTEM) experiments were carried out on a Phillips
CM200/FEG operated at 200 kV at the National Center for Electron Microscopy
(NCEM) at the Lawrence Berkeley National Laboratory. X-ray diffraction (XRD)
patterns were measured on a Bruker D8 GADDS diffractometer using Co K, radiation (A
= 1.79 A). Elemental analyses for Pt and Ag by inductively coupled plasma optical
emission spectroscopy (ICP-OES) was performed at Galbraith Laboratories, Inc.
(Knoxville, TN.).

2.4.2 Diffuse Reflectance Infrared Study of CO Adsorption on Pt/SBA-15 Catalysts

In-situ diffuse-reflectance infrared Fourier transform spectroscopy (DRIFTS) was
used to study the adsorption of CO on Pt(octahedra)/SBA-15 catalysts. Experiments
were conducted with a Nicolet Nexus 670 spectrometer equipped with a Thermo Spectra-
Tech controlled atmosphere-diffuse reflection cell. Samples (~10 mg) of unetched and
etched catalysts were calcined at 673 K ex-situ in a tube furnace, followed by an in-situ
reduction at 573 K in 10 % Ha/He at 30 cm® (NTP) min™. A single-beam spectrum (2 cm’
! resolution, scan number of 128) of the freshly reduced catalyst was obtained at 300 K

under 30 cm® (NTP) He min™ and used as the background for spectra taken of the same



catalyst in the presence and absence of gas-phase CO at 300 K. Samples were exposed to
a 30 cm® (NTP) min”' mixture of 10 % CO/He for 0.5 h at 300 K, followed by purging in
30 cm® (NTP) He min™ at 300 K. The spectra reported here are taken while purging with
He.
2.4.3 Attenuated Total Reflection (ATR) Infrared Studies of CO adsorption

After synthesis and etching of shape controlled Pt NPs containing Ag as well as
particles synthesized in the absence of Ag, the NPs were precipitated with acetone,
centrifuged, and the supernatant was discarded. The NPs were then washed by dispersing
them in ethanol and then precipitating them with hexanes four times, and finally they
were dispersed in 200 pl ethanol to obtain a concentrated NP sol. Attenuated total
reflection Fourier transform infrared (ATR-FTIR) (Nicolete Avatar 360) spectra were
taken after placing five drops (~50 pl) of the ethanol NP sol onto a ZnSe ATR crystal
drop by drop, allowing the previous drop to dry before the application of the next drop.
All spectra were obtained by averaging 8 scans at 2 cm™ resolution.
2.5 Catalytic Reaction Studies of Ethylene Hydrogenation

Catalytic reactions were studied in a Pyrex plug U-tube flow reactor connected to a
¥4 stainless steel manifold containing mass flow controllers (Unit Instruments) for
delivery of reactant gases. Ethylene (AirGas, CP grade), hydrogen (Praxair, UHP,
99.999%) and helium (Praxair, UHP, 99.999%) were used as-received. Reaction
temperatures were measured with a thermocouple extending into the catalyst bed
supported on a quartz frit. Ethylene and ethane were detected by gas chromatography
(Hewlett Packard 5890) using a homemade Al,O3 column (15 ft. length, 1/8” diameter).

Reaction rate measurements were conducted at differential conditions (all conversions



were < 10%). Typically the catalyst (1 — 40 mg) was diluted with low-surface area, acid-

washed quartz in a 1:5 w/w ratio (catalyst:quartz).

Results and Discussion
3.0 Summary of Previous Results from this System and Motivation for Current Study

The initial work on the synthesis of these Pt NPs focused on obtaining shape
control of Pt NPs of less than 10 nm and was accomplished through the addition of
AgNOj; into the reaction mixture'®. With increasing the AgNOs concentration, Pt cubes,
cuboctahedra, and octahedra were formed, each with > 80 % selectivity. It was
concluded that Ag was absent in the NPs after the ethanol/hexanes washing, based on the
absence of a Ag peak in the energy dispersive X-ray spectrum for washed Pt(octahedra)
as well as the absence of diffraction peaks corresponding to Ag or any shift in the Pt
diffraction peaks'®. Later, high-resolution (synchotron-based) XRD confirmed there was
no formation of a Pt-Ag alloy in the Pt(octahedra) (Figure S1). Further single particle
electron dispersive X-ray (EDX) studies, however, indicated that up to ~ 15 at % Ag
remained in the Pt(octahedra) after washing.

In an effort to study the effect of NP faceting on catalysis, the three NP shapes
were loaded onto SBA-15 and their activity for ethylene hydrogenation was measured®.
In this study, ICP-OES elemental analysis indicated that for samples of Pt(cubes)/SBA-
15, Pt(cuboctahedra)/SBA-15, and Pt(octahedra)/SBA-15, Ag comprises 1.4 %, 9.5 %,
and 11.5 % of the total metal, respectively. The catalytic activity scaled with the amount
of Ag in the catalysts; the turnover frequencies (TOF) (in s) for Pt(cubes)/SBA-15,

Pt(cuboctahedra)/SBA-15, and Pt(octahedra)/SBA-15 were 8.6, 0.4, and 0.02,
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respectively. In contrast, the turnover frequencies for Pt(111) and Pt(100) single crystals
are 9.3 s and 3.6 s™' for the same reaction conditions”. Thus, it was concluded that the
Ag content, not the NP faceting, was responsible for the change in TOF.

The results of these two studies motivated us to develop a method for the removal
of Ag from the Pt(cubes), Pt(cuboctahedra), and Pt(octahedra) NPs. In this study, we
demonstrate that Ag can be removed from the NPs without loss of shape, and that after
Ag removal, the TOF for ethylene hydrogenation is comparable to the TOF for a
similarly prepared Pt(no Ag) catalyst.

3.1 Nanoparticle Synthesis

The slow addition of separate PVP and H,PtClg*6H,O solutions to boiling EG
caused the color of the solution to change from yellow to dark brown, indicating the fast
reduction of Pt(IV) to Pt(0). If Ag ions were not added prior to the introduction of the Pt
salt, a distribution of Pt particle shapes were obtained, dominated by cubes with rounded
corners'®. The addition of varying concentrations of AgNO; effectively modifies the
growth rates along the <I111> and <100> directions to give shape control of the Pt NPs.
At a AgNOs concentration of 1.1 mol % (relative to Pt salt concentration), cubes formed
with ~ 80 % selectivity, while at 11 % and 32 mol % AgNO;, cuboctahedra and
octahedra formed with ~ 100 % and 80 % selectivity, respectively. In the case of the
cubes and octahedra syntheses, the minor shape is tetrahedral. For all NPs, the largest
vertex-to-vertex distance is ~ 9.5 nm regardless of shape with a dispersion in size of ~ 7
%. Cubes and octahedra are terminated entirely by (100) and (111) planes, respectively,
while cuboctahedra are terminated by six (100) and eight (111) surfaces. UV-Vis

absorption spectroscopy indicated the presence of reduced Ags™" species during the early
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stages of synthesis, with the formation of AgCl particles at longer synthesis times in the
case of the octahedra'®. It is believed that the mechanism for Pt NP growth involves
enhanced growth along the <100> and/or suppressed growth along <111> directions due
to the introduction of Ag ions and their strong adsorption on {100} terminated Pt
surfaces. Silver can be removed from Pt octahedra by repetitive centrifugation and
redispersion after Pt particle formation as determined by UV—Vis spectroscopy'® and
elemental analysis (Table 1 — Pt(octahedra) are synthesized with 32 mol % Ag).
However, ICP-OES elemental analysis performed in this study suggests that little, if any,
silver is removed from Pt cubes or cuboctahedra by centrifugation (Table 1 —
Pt(cuboctahedra) and Pt(cubes) are synthesized with 10.7 and 1.1 mol % Ag
respectively).
3.2 Catalyst Synthesis

After purifying the Pt NPs, they were introduced into an aqueous solution of
Pluronic P123 triblock co-polymer at 313 K and stirred for 1 h to ensure complete
dispersion of the Pt particles. Brown precipitates formed within five minutes of the
addition of 0.5 M NaF and TMOS. The supernatant was colorless and transparent,
indicating the Pt colloids incorporated into or on the surface of the silica matrix. Particles
are often found in groups, but the particles within these groups do not appear to be in
contact. Low resolution TEM does not indicate any change in particle shape after
encapsulation, but HRTEM analysis (necessary to determine the surface structure) is
difficult due to encapsulation of the particles within the SBA-15 matrix. Particle sizes
determined by XRD before and after encapsulation are in good agreement, and no

aggregation of particles was observed’.
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3.3 Etching
3.3.1 Etching of Supported Nanoparticles

Platinum NPs were incorporated into SBA-15 and used to study the effect of
[HNO;] etching on the particles. The majority of the data presented here involves
Pt(octahedra)/SBA-15 catalysts for which the mol % Ag, Ag™/(Pt*" + Ag"), used for the
synthesis of these NPs is 32.0 %. After ethanol/hexanes washing and loading onto SBA-
15, this decreased to 12 — 16 mol % Ag (Table 1). This indicated that about half of the
Ag used in the synthesis of the Pt NPs is removed by centrifugation of insoluble AgCI'®.
For both the Pt(cubes) and Pt(octahedra), the amount of silver present in the supported
catalysts is the same as the amount of Ag used in the synthesis. The amount of platinum
and silver remaining in the Pt(octahedra)/SBA-15 catalyst after etching with 0, 1, 6, 8,
and 10 M HNO:s is listed in Table 1, along with the amounts of platinum and silver found
in the Pt(cubes)/SBA-15 and Pt(cuboctahedra)/SBA-15 samples before and after etching
with 10 M HNO;. A Pt(no Ag)/SBA-15 catalyst synthesized without any AgNOs and a
second Pt(octahedra)/SBA-15 catalysts are also included for comparison. The amount of
Ag remaining in the Pt(octahedra)/SBA-15 catalysts decreased by 10 % relative to Pt
after a 1 M etch and 16 % after etching in 6 M HNOs. After etching the catalyst in § M
HNOs, > 84 % of the Ag was removed and increasing [HNOs] had no apparent effect. It
appears that a small amount of the silver etched easily, but significant etching of silver
requires [HNOs] > 7 M.

There are many possibilities for the 7 M threshold for significant Ag etching.

One possibility is that most of the Ag only reacts with HNO; through the high [HNO;]
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mechanism (eq. 2) due to interactions of Ag or HNOs with Pt or PVP. In a study by
Balbaud et al., the reduction of HNO; at a Pt electrode, the catalytic decomposition
produces NO, but not NO, in 4 M HNOs, while for 8 M and 12 M HNOs, the formation
of NO, is observed®. The formation of NO, in this study is inferred from the evolution
of a yellow-orange gas during etching at high nitric acid concentrations (> 6 M), in
agreement with the electrochemical studies by Balbaud. This clear change in mechanism
for HNOj reduction over platinum with increasing [HNO3] may be responsible for the Ag
etching observations.

Etching in nitric acid does not result in aggregation of the NPs supported on SBA-
15 or destruction of the SBA-15 structure or pores (Figures 1 and S2). The Pt crystallite
sizes decreases by ~ 20 % after etching with 15 M HNOs (Figure 2), although loss of Pt
is ruled out by ICP-OES analysis (Table 1). The calculated XRD particle size (calculated
using the Scherrer equation) for the unetched Pt(octahedra)/SBA-15 catalyst was 9.3 nm
which decreased to 9.0 nm, 8.5 nm, 8.6 nm, and 8.1 nm after etching with 1 M, 4 M, 7 M,
and 15 M nitric acid, respectively. The largest change in crystallite size (1.2 nm)
corresponds to a ~ 6 A shell, or ~ 3 atomic layers. XRD provided no insight into the
origin of the crystallite size decrease, but infrared studies suggest some possibilities
(section 3.4.3).
3.3.2 Etching of Unsupported Nanoparticles

We conducted the same etching procedure on unsupported Pt NPs. The NPs after
thorough washing were dispersed in water, followed by the addition of the appropriate

amount of concentrated nitric acid. During these etching experiments, orange



14

discoloration of the caps and sides of the scintillation vial was observed for [HNOs] > 6
M, indicating NO, formation during the etching procedure.

TEM images indicated no change in particle shape or size, but the aggregation
between particles increased (Figure 3). The aggregation was also apparent by eye; for
samples etched with [HNO;] < 4 M, the NP sol remained homogeneous, while a dark
brown precipitate formed after a 10 M etch, and etching with 13 M HNO; caused the
particles to precipitate completely, leaving a clear supernatant. This aggregation is
probably a result of the degradation of PVP, which normally prevents particle
agglomera‘[ion31 (section 3.4.3). Figure 4 shows HRTEM images of the as-synthesized
platinum cubes and octahedra and after etching with 10 M nitric acid. There does not
appear to be any significant structural change for the Pt(cubes) or pt(octahedra) NPs.
Therefore, we consider this post-synthetic ething step as a method to clean Pt NPs with
well-defined surface morphologies even though shape control required the presence of a
second metal. This method should be suitable for any Pt-metal (M) system, in which an
etchant selectively etches M over Pt.

3.4.2 DRIFTS Study of CO Adsorption on Pt/SBA-15 Catalysts

After calcination and in-situ reduction, we exposed the catalyst to flowing CO,
and purged with He. After completely purging the diffuse reflectance cell, we recorded
FTIR spectra. Figure 5 shows the spectra recorded for a Pt(octahedra)/SBA-15 catalyst.
A peak at 2084 cm™ appeared for samples etched in 4 M or 15 M HNO3, but is absent for
the unetched catalyst and the catalyst etched in 1 M HNOs. This peak is indicative of
atop CO bound to platinum and was not observed for nude SBA-15 or in the samples

with high Ag content. No CO bands are observed for 0 M and 1 M samples, and we
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therefore concluded that more CO binds to the particles etched with at least 4 M HNO:s.
Silver appears to block the adsorption of CO by these catalysts either by physical site
blocking or altering the electronic structure of the Pt surface, or both (further discussion
in section 3.4.4).
3.4.3 Attenuated Total Reflection Infrared Studies

The etching process was investigated using ATR-FTIR of unsupported Pt(No
Ag), Pt(cubes) and Pt(cuboctahedra) (Figure 6). There are five peaks of interest in the
infrared spectrum, belonging to different carbonyl species. The peak at 1653 cm™ is due
to the carbonyl stretch of PVP for unbound monomers as observed in the FTIR spectrum
of pure PVP. The intensity of this peak can be understood from the 12:1 (PVP
monomer):Pt ratio used for NP synthesis. At a slightly lower energy (~1597 cm™), a
peak is present in the ATR-FTIR spectrum of the etched Pt cubes but not seen in the
spectrum of the unetched particles. This peak has previously been assigned to the
carbonyl stretch of PVP for a monomer coordinated to the Pt surface using surface
enhanced Raman spectroscopy (SERS)**. Bridge bound NO on Pt* also has a stretching
frequency of 1600 cm™, and this assignment cannot be ruled out. The ratio of the
unbound to the bound PVP carbonyl peak decreased with increasing [HNOs], and we
attributed the relative increase in intensity to the degradation of PVP, causing an increase
in the relative intensity of the peak at 1597 cm™ compared to that at 1653 cm™. The
peaks at 2026 cm™, and 1815 cm™ are consistent with atop and bridge bound CO,
respectively’’. Both peaks are red-shifted compared to gas phase studies®, but it is
difficult to make direct comparisons due to the complex surface chemistry of these

samples. The peak observed at 2130 cm™ might be a product of the decomposition of
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PVP by HNO;. During the reaction between NO and CO on supported Pt catalysts, peaks
at 2130 — 2150 cm™ were attributed to surface intermediates®. In the case of a Pt/SiO,
catalyst, a peak at 2142 cm” was assigned to either a platinum fulminate (Pt-CNO),
cyanate (Pt-OCN), or isocyanate (Pt-NCO)*’. Ina study by Unland, et al. with Pt/AL,O3,
a peak at 2130 cm™ was attributed to cyanate ion while a peak at 2261 cm™ was assigned
to covalently-bound isocyanate®®. Similarly, in the case of the reaction between NO, and
propene over Pt/AL,Os, strong peaks were observed at 2254 cm™, 2232 cm™, and 2141
cm™. The first two peaks were assigned to bound isocyanate, consistent with Unland’s
analysis, but the 2141 cm™ band was assigned as a C-N stretch of surface cyanide (Pt-
CN)*’. Tt is difficult to ascertain the exact source of each peak because of the complex
nature of the system under study, but their presence does suggested PVP decomposition
in acidic solution occurs with the concurrent formation of numerous surface-bound
decomposition products.

The gas-phase stretching frequency for CO bound to polycrystalline Ag and large
Ag, clusters (n > 280) appears at 2110 cm™, shifting to lower wavenumbers with
decreasing particle size, 2080 cm™ for Agso clusters®. The frequency for CO bound to
Ag" cations on SiO, is 2169 cm™ and the CO is weakly bound, desorbing with room
temperature evacuation™. Assignment of peaks to CO bound to Ag or Ag’™ has been
ruled out based on the similarity between FTIR-ATR spectra from NPs synthesized with
and without Ag (Figure 6).
3.5  Ethylene Hydrogenation on Unetched and Etched Pt(shape)/SBA-15

Ethylene hydrogenation is a very sensitive probe of active sites on a Pt catalyst.

Under the reaction conditions used in this study (10 Torr C,Ha4, 200 Torr Hy, 295 K), the
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turnover frequency is ~ 20 s on supported Pt catalysts, Pt single crystals, and other
“model” Pt catalysts, but is nearly completely poisoned by the presence of silver on the
surface®. For this reason, ethylene hydrogenation was used as a probe of Pt active sites
exposed as a result of Ag etching by HNO;. In all of the figures, the TOF is determined
by estimating the number of surface Pt atoms from TEM measurements, which were in
good agreement with XRD. Figure 7 shows the TOF (log scale) and Ag content for a
Pt(octahedra)/SBA-15 catalyst etched in nitric acid solutions between 0 and 15.7 M.
From this plot, it is clear that Ag is etched efficiently from the Pt NPs when [HNOs] > 7
M and that ethylene hydrogenation is extremely sensitive to the amount of Ag in the Pt
catalysts. At [HNO;] > 7 M, there is very little change in [Ag] or the TOF for ethylene
hydrogenation.

Multiple  samples of  Pt(octahedra)/SBA-15, Pt(cuboctahedra)/SBA-15,
Pt(cubes)/SBA-15, and Pt(no Ag)/SBA-15 were prepared and etched in various
concentrations in order to further understand the relationship between the content and
activity for ethylene hydrogenation. as well as to see if the [HNOs] plays a role in
affecting C;Hs TOF beyond Ag etching. Figure 8 presents all of this data together with
data from ref. 8 on similar samples in a plot of TOF/TOFyax vs. Ag/Pts, where TOFyax
(34 57") is the turnover frequency measured for a Pt(no Ag)/SBA-15 catalyst and Pt; is the
estimated number of surface atoms from TEM measurements. The turnover frequency
depended exponentially on the Ag/Pt; ratio. If Ag poisoned the Pt catalyst through a
physical site blocking mechanism, the dependence of the rate on the amount of silver on

the surface would be linear, but instead we observed an exponential dependence:

TOF _ _ Ag
/TOFMAX_O.ssexp[ 6.15><( Atsn 3]
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This suggests there is an electronic component to the poisoning of Pt towards ethylene
hydrogenation by Ag, which has been previously observed for Pt-Ag bimetallic catalysts
in the hydrogenation of 1-hexene™. In that work, however, Pt-Ag alloy particle were
shown to form, and the activity for 1-hexene hydrogenation correlated well with the
lattice parameter of the alloy.

It is possible that the Ag in this case forms a surface alloy with Pt, but a bulk alloy
has been ruled out by high-resolution XRD (Figure S1). The bulk phase diagram for Pt-
Ag indicates that alloying does not occur at low temperatures (< 1100 K)*. Roder et al.
found that when Ag is deposited on Pt(111) at room temperature, a Ag layer forms that is
one atom thick, but when Ag is deposited at 620 K (or the surface is annealed at 620 K
after room temperature deposition), it dissolves into the Pt surface layer and forms
islands*'. This surface segregation of Ag on Pt(111) has also been shown in a theoretical
study*. The picture of alloying between Pt and Ag is not so clear, and studies have
shown that phase diagrams for alloys can change with particle size*. In two separate X-
ray absorption fine structure (XAFS) studies, no alloying was observed for a Pt-Ag

catalyst, even for particle sizes down to 2 nm***

. Pt-Ag bimetallic NP systems have
produced Pt(core)/Ag(shell)46 and also Ag(core)/Pt(shell)47 structures as indicated by
UV-Vis spectroscopy combined with modeling based on Mie theory. On the other hand,
alloying in Pt-Ag bimetallic NP systems has been observed by employing XRD* or a
combination of XRD, HRTEM, and UV-Vis spectroscopy™®. In each of these studies, the

synthetic conditions were different and thus it is difficult to draw any general conclusions

about alloying in Pt-Ag nanoscale systems.
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An alternate explanation, in addition to site blocking or surface alloying, for the
decrease in TOF is decreased electron density in the Pt 5d orbital due to a Pt(5d) — Ag
charge transfer. This charge transfer was proposed in the case of Ag on Pt(111) where no
alloying occurred®. Additionally, all samples fit this trend despite the different etching
concentrations used to achieve the same Ag content, indicating that the observed effect is
dominated by Ag content rather than an ancillary effect of HNOs etching. The etched
Pt(shape)/SBA-15 catalysts hydrogenate ethylene at the same rate as a catalyst
synthesized without silver, demonstrating that nitric acid etching can effectively remove

Ag to produce pure Pt NPs.

Conclusions

Silver can be selectively removed from shape-controlled platinum nanoparticles
either before or after deposition on a silica support by etching with concentrated nitric
acid (£ 15.7 M) at 333 K. The shape -- cubic, cuboctahedral, or octahedral -- and size of
the particles remained unchanged after etching as determined by X-ray diffraction,
transmission electron microscopy, and high-resolution transmission electron microscopy.
The etching of platinum nanoparticles suspended in solution leads to severe aggregation
when the nitric acid concentration is greater than 10 M, an outcome of the decomposition
of the stabilizing polymer, poly(vinylpyrrolidone), as monitored by attenuated total
reflection infrared spectroscopy. Elemental analysis for silver demonstrated the complete
etching of silver from platinum catalysts at nitric acid concentrations greater than 7 M
with no evidence of platinum etching. Ethylene hydrogenation was very sensitive to the

silver content in silica-supported Pt catalysts and depended exponentially on the Ag:Pt



20

ratio. These results confirm that Ag using in the synthesis of shape-controlled Pt

nanoparticles is confined to the surface.
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Figure 1. TEM images of Pt(octahedra)/SBA-15 (a) before etching and (b) after 10 M
HNO:s; etch. The micrographs demonstrate both the nanoparticles and support are
visually unchanged by the etching procedure and the nanoparticles tend to cluster in
groups, but do not aggregate after treatment — in oxygen or hydrogen — at temperatures

between 373 and 573 K.

Figure 2. XRD data of Pt(octahedra)/SBA-15 (a) as-synthesized, and after etching with
[HNOs] of (b) 1 M, (c)4 M, (d) 7 M, and (e) 15 M. The crystallite size is measured from
the FWHM of the 111 peak, which broadens slightly with increasing HNOj; etching
concentration. The lines (A) and (B) are the bulk Ag 111 and Pt 111 diffraction peaks,

respectively.

Figure 3. TEM images of Pt(octahedra) (a) as-synthesized, and after etching with
[HNO;] of (b) 1 M, (c) 7 M, and (d) 13 M. The etching of nanoparticles in increasing
[HNOs] lead to the decomposition of the PVP surface-protecting layer leading to
nanoparticle aggregation in solution. At a concentration of 15 M, the particles

completely precipitate out of solution leaving a clear supernatant.

Figure 4. HRTEM images of Pt(cube) (a) before etching and (b) after 10 M etch and

Pt(octahedra) (c) before etching and (d) after 10 M etch.

Figure 5. Infrared (DRIFTS) spectra of CO adsorbed on Pt(octahedra)/SBA-15 at 295 K

(a) as synthesized, and after etching with [HNO;] of (b) 1 M, (c) 4 M, and (d) 15 M. CO
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adsorption on Pt is not observed until [HNOs] is ~ 4 M, and the intensity of atop-bound
CO increases with etching at higher [HNOs]. A peak position of 2090 cm™ is in good
agreement with single-crystal observations™ and a calcined-reduced Pt(7.1 nm)/SBA-15

catalyst’.

Figure 6. Infrared (FTIR-ATR) spectra of (I) Pt(no Ag), (II) Pt(cube), and (III)
Pt(cuboctahedra) (a) as synthesized, and after etching with [HNOs] of (b) 1 M, (c) 6 M,
(d) 7M, and () 15 M. All magnified sections of the spectra (1700 — 2300 cm™) are

magnified 5x.

Figure 7. Ethylene hydrogenation TOF and silver content of Pt(octahedra)/SBA-15 after
various HNOj etching treatments. The reported rate is the initial TOF at 10 Torr ethylene
and 200 Torr hydrogen in balance He. The etching of Ag and the ethylene hydrogenation

rates are dramatically enhanced when [HNOs] > 7 M.

Figure 8. Initial ethylene hydrogenation TOF (10 Torr ethylene and 200 Torr hydrogen
in balance He) for Pt(No Ag)/SBA-15 (@), Pt(cubes)/SBA-15 (L),
Pt(cuboctahedra)/SBA-15 (A), and Pt(octahedra)/SBA-15 (<) as a fraction of the TOF

for a Pt(No Ag)/SBA-15 catalyst (T0or, . =T 10k, amsunss = | aas? ) Oefore and after

HNO:s; etching with [HNOs]. The TOF ratio is plotted versus the ratio of Ag atoms to
surface Pt atoms (Pty). Three points in this graph are taken from earlier work®. All
turnover frequencies are reported at standard conditions of 10 Torr ethylene and 200 Torr

hydrogen in balance He.
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TABLES

Table 1. ICP-OES elemental analysis of PVP-protected Pt NP catalysts before and
after nitric acid etching treatments

sample [HNO3] (M) % Pt° ppm Ag® Ag/(Pt+Ag)x102¢ % Ag remaining
Pt(No Ag)/SBA-15¢ 0 0.67 <56 <14 .
Pt(cube)/SBA-15 0 0.83 <53 <11 -
10 0.82 <27 <0.59 --
Pt(cuboctahedra)/SBA-15 0 0.65 544 15.1 --
10 0.66 <42 <11 <73
Pt(octahedra)/SBA-15 0 0.76 500 11.5 --
1 0.85 489 10.3 89.6
6 0.86 466 9.7 84.3
8 0.84 82 1.8 15.7
10 0.86 <76 <1.6 <13.9
Pt(octahedra)/SBA-15 #2° 0 0.85 748 15.8 -
10 0.82 <62 <14 <8.9

¥ Catalyst etching performed at 333 K with stirring for 30 min in a nitric acid with the indicated concentration

® Determined by ICP-OES

° Represents the mole percent of total metal that is Ag

d Sample prepared without silver as reference. Pt precursor is 99.9% pure, so the Ag content of this sample is assumed
to be the detection limit under these conditions.

¢ Sample was prepared by the same method
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