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Synthesis of PtSn/Carbon Nanocomposites Using
trans-PtCI(PEt3)2(SnClI3) as the Source of Metal
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Five Pt—Sn/Vulcan carbon nanocomposites containing metal nanoclusters highly dispersed
on a carbon powder support have been prepared using trans-PtCI(PEt;),(SnCls3) as the source
of metal. Thermal gravimetric analysis of the decomposition of this complex in air reveals
a single-step loss of all nonmetallic elements centered at 243 °C. X-ray diffraction (XRD)
analysis confirms formation of PtSn (niggliite) nanocrystals as the only crystalline phase
present in the nanocomposite products, excluding trace contamination by Pt metal in one
sample. Pt/Sn atomic ratios determined from on-particle high-resolution energy-dispersive
spectroscopy (HR-EDS) measurements are consistent with the formation of PtSn nanocrystals
and provide no evidence for the formation of phase-separated compositions. Metal nano-
clusters are formed using single or multiple depositions of precursor with average sizes of
7—26 nm even at metal loadings as high as 40 wt %.

Introduction

Platinum and tin form five bimetallic intermetallic
phases, Pt3Sn, PtSn, Pt,Sns, PtSn,, and PtSng, of which
Pt3;Sn and PtSn are congruently melting compositions.
The PtSn phase is commonly known as the mineral
niggliite. These intermetallic phases are distinguished
by distinct crystalline structures and unique XRD
patterns.

Pt—Sn composites are well-known for their catalytic
activity, and chemistry occurring on Pt—Sn surfaces has
been a topic of a number of recent reports.l~7 Hetero-
geneous catalysts containing nanoparticulate Pt—Sn
phases are commercial catalysts in hydrocarbon reform-
ing and isobutane dehydrogenation.8~14 Pt—Sn catalysts
are usually supported on ceramic powders, such as silica
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or alumina, with the desired metal stoichiometry being
achieved through proper mixing of separate Pt and Sn
reagents. Although some of these syntheses yield a
single Pt—Sn phase,1° the formation of a mixture of Pt—
Sn phases is more commonly observed.213

Pt—Sn/carbon nanocomposites have been studied for
decades as anode catalysts for the electrooxidation of
methanol and other small carbohydrate fuels.’>1¢ These
nanocomposites have been prepared by a variety of
electrochemical or chemical deposition methods, and
inconsistencies in catalyst performance have been at-
tributed primarily to the lack of compositional purity
of catalyst particles. Synthetic strategies for preparing
Pt—Sn/C nanocomposites of uniform composition and
structure are clearly needed, particularly for electro-
catalytic applications.

As part of an ongoing investigation into the prepara-
tion of metal alloy/carbon nanocomposites exhibiting
high performance as methanol electrooxidation cata-
lysts, we have reported Pt—Ru/carbon nanocomposites
having electrocatalytic performances comparable or
even superior to that of unsupported Pt—Ru colloid,
which serves as a practical standard of performance.}’~22
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These nanocomposites were prepared using a bimetallic
precursor as the source of Pt and Ru and through careful
control of thermal treatments. We are extending this
method to other binary metal alloy/carbon compositions
with the aim of discovering electrooxidation catalysts
having enhanced performance over those prepared by
more conventional methods.

We now report the synthesis and characterization of
a PtSn/Vulcan carbon powder nanocomposite using the
bimetallic complex trans-PtCI(PEt3)2(SnCls) as the source
of metal. Reactive, thermal treatment of trans-PtCl-
(PEt3)2(SnClg)/Vulcan carbon composites at relatively
mild temperatures gives PtSn/carbon nanocomposites
containing nanocrystals of PtSn (niggliite) widely dis-
persed on the carbon support. Phase separation of the
metals to form other Pt—Sn compositions can be avoided.
Related Pt—Sn bimetallic complexes have been used as
precursors in the formation of a PtSn/silica xerogel
nanocomposite?324 and PtSn catalysts supported on
silica or y-alumina.?®

Experimental Section

General Methods. cis-Dichloro-bis(triethylphosphine)plati-
num(l1) was purchased from Aldrich Chemical Co. Anhydrous
tin(l1) chloride (98%) was purchased from Alpha. Dichlo-
romethane (Fisher Chemical Company) was distilled over
calcium hydride and molecular sieves (Aldrich, 4-A pore size)
prior to use. Vulcan carbon XC-72R was purchased from Cabot
Corporation and was used as received.

Thermogravimetric analysis (TGA) of a sample of Vulcan
carbon with adsorbed precursor was performed using a TA
Instruments Hi-Res TGA 2950 apparatus under air at a 15
°C/min ramp rate to mimic the heating rate that can be
obtained in tube furnace preparations. Surface-area measure-
ments and adsorption/desorption isotherms were obtained
using a Quantachrome Nova 1000 high-speed surface-area
analyzer.

Particle-size distributions for nanocomposite materials were
obtained using a Philips CM20T transmission electron micro-
scope (TEM) operating at 200 kV in the bright-field mode.
Single-particle high-spatial-resolution energy-dispersive spec-
troscopy (HR-EDS) was used to examine variations in particle
composition using a Philips CM200FEG 200kV TEM equipped
with an Oxford light element EDS detector and an EMiSPEC
Vision data acquisition system in the SHaRE Collaboration
Research Center in the Metals and Ceramics Division of Oak
Ridge National Laboratory. The HR-EDS data were collected
using a tilt angle of 15°, a detector elevation angle of 20°, an
acceleration voltage of 200 kV, a collection time of 20 s, and a
1.4-nm-diameter probe in the stopped-scan mode. Integrated
intensities from the Pt L, and Sn Lg lines were used for
guantification, as they were not overlapped by any other X-ray
emissions. The X-ray emission cross sections appropriate for
the instrumental geometry and the spurious contributions
from the Vulcan carbon support were obtained by measuring
Pt and Sn emission intensities for 100 s from several 1 um?
areas of a sample having a known bulk chemical composition.

XRD scans were obtained using a Scintag X; 6/6 automated
powder diffractometer with a Cu target and a Peltier-cooled
solid-state detector. Samples were prepared by covering a 25
mm x 10 mm area of a zero-background Si(510) substrate with
a uniform layer of nanocomposite. Each nanocomposite was
scanned from 20° to 140° in 26 using a step-scan mode at a
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scan rate of 0.02°/s and a 1-s collection time per step. The
background-corrected XRD scan was used to confirm the
presence of the PtSn niggliite phase as well as the absence of
any other crystalline phases.

Bulk chemical microanalyses were performed by Galbraith
Laboratories, Knoxville, TN. Samples for metal analysis were
subjected to a H,SO4,/HCI/HNO3 acid digestion prior to deter-
mination of Pt and Sn content by inductively coupled plasma
optical emission spectroscopy (ICP-OES). Carbon and hydrogen
analyses were performed by combustion under an O, atmo-
sphere at 1000 °C using a Leco Corp. combustion analyzer.

Preparation of trans-[PtCI(PEt3).(SnCl3)], 1. The PtSn
molecular precursor, 1, was prepared using the method
reported by Pregosin and Sze.?® Specifically, 190 mg (1.0 mmol)
of anhydrous SnCl, was added to a solution containing 52 mg
(0.10 mmol) of cis-PtCl,(PEts), dissolved in 25 mL of distilled
CHCl,. The suspension was stirred for 1 h under N, and then
was filtered through a layer of Celite 545 supported on a
medium frit to afford a bright yellow solution. Precursor 1 was
isolated as a light yellow powder upon removal of the solvent
at reduced pressure. Yield, 64 mg (88%); mp, 84—88 °C
(literature value = 92 °C).?6 Compound purity was verified by
IH NMR spectral data.

Preparation of PtSn/C Nanocomposites 2a—2e. The air
and N; gases used during thermal treatments were passed
over a 30-cm column of Drierite (anhydrous CaSO,) at a rate
of 200 mL/min. Getter gas (10% H»/90% N, mix; A.L. Gas,
Nashville, TN) was used as received at a flow rate of 200 mL/
min. Thermal treatments were performed on samples placed
into an alumina combustion boat (Fisher, Corning 60035) and
inserted into a Lindberg programmable tube furnace. Specific
data on sample preparation and characterization are provided
in Table 1. Nanocomposites were prepared using either a single
deposition of precursor (method A) or multideposition of
precursor (method B) as described below.

Method A. To a specified mass of precursor 1 dissolved in
20 mL of CHCI, was added the appropriate mass of Vulcan
carbon powder to give the desired total metal loading. The
resulting suspension was stirred at room temperature for 3
h. After 1 h of stirring, the yellow color of precursor 1 could
not be seen. Residual solvent was removed at reduced pressure
to ensure complete deposition of precursor onto the carbon
support. The resulting precursor/carbon composite was first
heated to 250 °C under air at a rate of 15 °C/min to effect
oxidative decomposition of the precursor. The furnace was then
purged with N, for 15 min before being switched to getter gas
(10% H»/90% N). While under a getter gas atmosphere, the
temperature of reaction was increased to 650 °C at a rate of
15 °C/min. The atmosphere was then switched back to N, and
the temperature was held at 650 °C for 1 h to improve the
crystallinity of the formed nanocrystals. The furnace was
allowed to cool to ambient conditions under a N, atmosphere
over a period of ca. 3 h, and the PtSn/carbon nanocomposite
was isolated as a dry black powder.

Method B. Three equal depositions of precursor were utilized
in this method. The first portion of precursor was deposited
onto the carbon powder support from CH,CI, solution as
described above in method A. After removal of the solvent at
reduced pressure, the precursor/carbon composite was trans-
ferred to an alumina combustion boat and inserted into the
tube furnace. The composite was first heated to 250 °C under
air at a rate of 15 °C/min to effect oxidative decomposition of
the precursor. The furnace was then purged with N for 15
min before being switched to a getter gas atmosphere and
increasing the temperature of the furnace to 650 °C at a rate
of 15 °C/min. The atmosphere was then switched back to Ny,
and the reaction temperature was held at 650 °C for 5 min.
After the composite had been cooled to ambient conditions
under N, a second portion of precursor 1 was deposited on
the carbon support by stirring a suspension containing the
once-treated carbon in a solution of 50 mL of CH,Cl, and the
appropriate amount of precursor 1. The resulting composite
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Table 1. Preparation and Characterization Data for PtSn/Carbon Nanocomposites 2A—2E

sample 2a 2b 2c 2d 2e
precursor 1, mg 50 62 117 265 556
Vulcan carbon, mg 50 40 53 302 251
thermal treatment? method A method A method A method B method B
C, wt % 66.04 66.21 49.63 68.19 55.34
H, wt % <0.5 <0.5 <0.5 <0.5 <0.5
Pt, wt % 19.98 13.85 24.29 11.61 18.53
Sn, wt % 6.79 8.53 15.21 9.03 7.86
P, wt % 0.45 - — - 0.48
total metal, wt % 26.8 22.4 39.5 20.6 26.4
Pt/Sn atomic ratio 1.79 0.99 0.97 0.78 1.43
avg diam, TEM, nm (esd)® 20 (9) 12 (1) 26 (12) 7(2) 10 (5)
avg diam, XRD, nm (esd)? 27 (3) 17 (3) 28 (5) 13 (4) 13 (2)
lattice constant ag, A (esd)Pc 4.120 (8) 4.10 (1) 4.09 (1) 4.09 (1) 4.119 (6)
lattice constant co, Ad 5.456 5.432 5.429 5.413 5.450
BET surface area, m?/g 139 117 115 143 108

a Method A: Single deposition of precursor; 25 — 250 °C in air; 250 — 650 °C in getter gas; 650 °C, getter gas, 1 h. Method B: Three
equal depositions of precursor; 25 — 250 °C in air; 250 — 650 °C in getter gas; 650 °C, getter gas, 5 min; final anneal at 650 °C under N,
for 1 h. P esd = estimated standard deviation in last significant digit. ¢ Uniquely determined independently from the (100), (110), (210),
and (300) peak positions. 9 Uniquely determined from the (004) peak position.

60

T T T T T T T T L
L} 100 200 300 400 500

Temperature (°C)

Figure 1. TGA analysis of the thermal decomposition of
trans-PtCI(PEt;),(SnCls), 1, in air showing single-step elimina-
tion of nonmetal mass.

was thermally treated as before, with only a 5-min anneal at
650 °C. The third and final portion of precursor 1 was
deposited on the carbon support by stirring a suspension
containing the twice-treated carbon in a solution of 50 mL of
CH.CI, containing the third portion of precursor 1. The
resulting composite was heated under air to 250 °C at 15 °C/
min, purged with Ny for 15 min, and then heated to 650 °C
under a getter gas atmosphere at a ramp rate of 15 °C/min.
After being switched to a N, atmosphere, the nanocomposite
was annealed at a temperature of 650 °C for 1 h. The
nanocomposite was allowed to cool to ambient conditions under
a N, atmosphere, and the PtSn/carbon nanocomposite was
isolated as a dry black powder.

Results and Discussion

As shown in Figure 1, a TGA trace of the thermal
decomposition of trans-PtCI(PEt3)2(SnCls), 1, in air from
ambient temperature to >400 °C reveals a remarkable
single-step mass loss centered at 243 °C. This mass loss
corresponds to complete loss of the PEt; ligands and Cl,
giving a residual mass equal to the total metal content
of precursor 1 (45 wt %).

Reactive degradation of complex 1 deposited on Vul-
can carbon powder at arbitrary loading under appropri-
ate conditions leads to the formation of PtSn/carbon
nanocomposites 2a—2e, as depicted in eq 1. Specific data
for the preparation and characterization of these five
PtSn/carbon nanocomposites are provided in Table 1.

Each nanocomposite is prepared from a precursor
1/carbon composite using mild heating in air (25—250
°C) to degrade the precursor to its metallic content
followed by thermal annealing at 250—650 °C under
slightly reducing conditions (10:90 H,/N,) to favor
formation of highly crystalline nanoparticles. The total
metal loading of the resulting PtSn/carbon nano-
composites range from 21 to 40 wt %. Nanocomposites
were prepared using either single (2a—2c) or multiple
(2d and 2e) depositions of precursor 1 to determine any
effect of the precursor deposition protocol on the average
size or size distribution of the resulting nanoparticles.
Pt/Sn atomic ratios calculated for nanocomposites 2a—
2e from commercial bulk chemical microanalysis data
range from 0.78 to 1.79, with an average Pt/Sn stoichi-
ometry of 1.2, indicating either considerable variation
in bulk Pt—Sn content or difficulties in obtaining
reproducible metal microanalysis. Given the preponder-
ance of evidence supporting the formation of PtSn
niggliite particles in these nanocomposites with no
evidence of significant phase separation, as discussed
below, we speculate that reproducible bulk metal analy-
ses for these carbon-supported nanocomposites might
be problematic.

The specific surface areas of nanocomposites 2a—2e
shown in Table 1 decrease in value with increasing
metal content. When corrected for the mass of metal
present within each sample, these values are within the
experimental error of the surface area of Vulcan carbon
powder (240 m?/g). The mesoporous structure of the
carbon support does not appear to be significantly
altered during nanocomposite synthesis.

soln adsorption/
PtCI(PEL,),(SnCl,)+ C powder

1

precursor 1/ C composite
deposition
Air 25-250 °C

H/N, 250-650°C [6))

nano-PtSa/Vulcan carbon
2a-2e

Bright-field TEM images of nanocomposites 2a—2e
reveal metal particles of high contrast that are well
dispersed on the carbon support. A representative TEM
micrograph is shown in Figure 2 for nanocomposite 2a.
Metal particles having irregular spheroidal shapes as
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Figure 2. Representative bright-field TEM micrograph of the
PtSn/carbon nanocomposite 2a.
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Figure 3. Histogram of metal particle diameters observed in
the PtSn/carbon nanocomposite 2a.

well as faceted hexagonal shapes are observed in this
nanocomposite. Hexagonal nanocrystals of PtSn (nig-
gliite, P6s/mmc) have also been observed in PtSn/silica
xerogel nanocomposites.?324 A significant fraction of
metal nanoparticles present in nanocomposite 2c are
needle-shaped. This nanocomposite has the highest total
metal content (40 wt %) and was prepared using a single
deposition of precursor. A high surface density of
deposited metal would favor extended particle growth
from initial nucleation sites.

Histograms of metal particle diameters measured
directly from TEM micrographs reveal log—normal
particle size distributions, as shown in Figure 3 for
nanocomposite 2a. Both the shapes and widths of these
particle size distributions are indicative of particle
growth controlled by surface-diffusion mechanisms.?’
The average diameters of the metal nanoparticles in
nanocomposites 2a—2e range from 7 to 26 nm, with
nanocomposite 2c having the largest average metal

(27) Granqvist, C. G.; Buhrman, R. A. J. Catal. 1976, 42, 477.
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particle size and the highest metal loading. Nanocom-
posites 2a and 2b (prepared by method A) have respec-
tive average particle sizes that are at least 50% larger
than those of nanocomposites 2e and 2d (prepared by
method B) at comparable metal loading. This observa-
tion suggests that a multistep deposition of precursor
is the synthesis protocol of choice for preparing small
metal particles at high metal loading.

A typical broad-area EDS spectrum is shown in
Figure 4 for nanocomposite 2e. Intense X-ray emission
occurs from several lines of Pt and Sn, as expected.
Copper emission from the specimen grid holding the
sample is also observed. A magnified view of the EDS
spectrum below 4 keV indicates no observable emission
from the strongest lines of Cl or P. Emission intensity
from the Pt Ma. line does interfere with the detection of
the low-intensity P emission, however. Although nano-
composites 2a and 2e contain <0.5 wt % phosphorus
by bulk microanalysis, there is no clear evidence for the
retention of either Cl or P in these nanocomposites at
the EDS detection limit. EDS data support the complete
degradation of precursor 1 to Pt—Sn metal, as observed
by TGA.

XRD scans of nanocomposites 2a—2e display the
pattern of peaks expected for PtSn (niggliite), as shown
in Figure 5 for nanocomposite 2e. Evidence for the
formation of PtP, impurity or other Pt—Sn intermetallic
phases is absent. Although nanocomposites 2a and 2e
apparently contain excess Pt metal by bulk microanaly-
sis, Pt cannot be identified by XRD in these samples.
Only a trace amount of Pt metal is evident in the XRD
pattern of nanocomposite 2c.

XRD peak positions and relative intensities match
well with the XRD line pattern known for PtSn (nig-
gliite); see Figure 5. The positions of the (100), (110),
(210), and (300) diffraction peaks were used to calculate
the ap lattice constants listed in Table 1 assuming a
hexagonal cell. The positions of the (004) diffraction
peaks were used to calculate the corresponding ¢ lattice
constants. These calculated lattice constants are within
2 standard deviations of those known for PtSn (niggliite;
ag = 4.100 A, co = 4.432 A), indicating a lack of
significant lattice strain within the PtSn nanocrystals.
PtSn nanocrystals in nanocomposites 2a—2e have aver-
age domain sizes of 13—27 nm, as calculated from XRD
peak width measurements using Scherrer’s equation.?8
The close correspondence observed between PtSn par-
ticle sizes measured directly by TEM and domain sizes
determined from XRD data indicates both the absence
of a significant fraction of atypically large metal par-
ticles in these nanocomposites and PtSn nanocrystals
having single-domain crystallinity.

To further investigate the compositional integrity of
PtSn nanocrystals prepared using this synthetic strat-
egy, the Pt/Sn atomic ratios of 49 randomly chosen
nanocrystals within nanocomposite 2e were measured
experimentally by HR-EDS. The integrated intensities
of the Pt L1 and Sn Loy emissions from individual alloy
nanoclusters were collected using a field-emission gun

(28) Prior to peak width measurements, diffraction peaks were
corrected for background scattering and were stripped of the Ko,
portion of the diffraction intensity. See: Klug, H. P.; Alexander, L. E.
X-ray Diffraction Procedures for Polycrystalline and Amorphous Ma-
terials, 2nd ed.; Wiley: New York, 1974.
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Figure 4. Broad-area EDS spectra of the PtSn/carbon nanocomposite 2e. X-ray emission from the Cu grid sample holder is also
evident. Inset shows lower-energy emission at an expanded scale.
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Figure 5. Powder XRD scan of nanocomposite 2e along with
the standard XRD line pattern for PtSn (niggliite), PDF card
25-614.

with a spot size of 1.4 nm. A plot of Pt emission intensity
vs Sn emission intensity for all of the particles examined
is linear, as expected for particles containing nearly
equal numbers of Pt and Sn atoms where Pt and Sn
emission cross sections differ by a constant factor.
Experimental intensities were converted into Pt/Sn
atomic ratios by using a standard sample as a reference.

A plot of Pt/Sn atomic ratio versus nanocluster
diameter for the 49 metal nanocrystals chosen within
nanocomposite 2e is shown in Figure 6. Error bars for
the Pt/Sn atomic ratios are calculated from error
propagation and are based principally on the EDS
counting statistics. Low emission intensities from the
smallest particles afford greater error in particle com-
position. The particle-size distribution of those metal
nanoclusters randomly chosen for on-particle HR-EDS
measurements is essentially identical to that deter-
mined from TEM micrographs (see Figure 3).

As to compositional variation on the nanocluster scale,
only statistical arguments can be made. A standard
deviation calculated for the mean Pt/Sn atomic ratio,
weighted for the experimental uncertainty associated
with each on-particle measurement, is +0.18. This error
is due principally to experimental uncertainties associ-
ated with the HR-EDS counting statistics but also
includes particle-to-particle variations in metal stoichi-
ometry. However, this experiment does demonstrate
that gross phase separation of the two metals does not
occur with high frequency during the formation of these
nanocomposites. HR-EDS measurements also indicate

12.00 14.00 16.80 18.00

" }
Y S 1L -

" R b
L4 ﬂ J_ I f It& gi
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Figure 6. Plot of on-particle Pt/Sn stoichiometries for 49
metal particles of nanocomposite 2e determined by EDS as a
function of nanoparticle size (dashed lines show 1o limits).

the absence of detectable amounts of Pt or Sn in regions
of the carbon support not containing nanoparticles. This
observation suggests that metal content is localized
primarily within observable metal nanoparticles and
that excess metal content measured by commercial bulk
chemical microanalysis might be due to experimental
uncertainty. The average Pt/Sn stoichiometry of the 47
nanoclusters examined within nanocomposite 2e is
1.06(18). This composition is within one standard devia-
tion of the average Pt/Sn stoichiometry of 1.2 deter-
mined by bulk chemical microanalysis and within one
standard deviation of the 1:1 Pt/Sn stoichiometry of
precursor 1.

Conclusions

(1) The complex trans-PtCI(PEt3)2(SnCl3) undergoes
remarkable oxidative degradation near 250 °C with loss
of its nonmetallic elements and serves as an excellent
single-source precursor for Pt and Sn.

(2) Reactive degradation of PtCI(PEt3)2(SnCls)/carbon
composites affords PtSn/carbon nanocomposites con-
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taining metal nanocrystals widely dispersed on the
carbon support. Under appropriate conditions, the only
crystalline phase observed in these nanocomposites is
PtSn (niggliite). This synthesis procedure thus compli-
ments methods used to prepare PtzSn/carbon nanocom-
posites as fuel cell anode catalysts.’®> By using a mul-
tistep protocol for precursor deposition, PtSn nanocrystals
of 10-nm average diameter can be prepared at a total
metal loading of 26 wt %. PtSn nanocrystals of smaller
average particle size might be formed by using lower
metal loadings or rapid thermal processing.'®

(3) On-particle EDS measurements confirm localiza-
tion of metal within the observed nanocrystals and
metal nanoparticle compositions near a 1:1 Pt/Sn stoi-
chiometry. More precise methods for determining the
stoichiometry of individual nanoparticles are needed.
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