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Electrochemical Preparation of Platinum Nanocrystallites with Size Selectivity on Basal
Plane Oriented Graphite Surfaces
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Platinum nanocrystals were deposited on basal plane oriented graphite surfaces from dilute (1.0 @tM) PtClI
containing electrolytes using a pulsed potentiostatic method. The deposition of platinum nanocrystals occurred
via an instantaneous nucleation and diffusion-limited growth mechanism which resulted in narrow particle
size distributions (relative standard deviatis85%) for mean crystallite diameters smaller than 40 A. The
number of particles per unit area on these surfaces waslT® cm2. Noncontact atomic force microscopy
images reveal that platinum nanocrystals nucleated both at defeetsitels as step edgeand on apparently
defect-free regions of the atomically smooth graphite basal plane. Using electron transparent graphite surfaces,
selected area electron diffraction analyses revealed that the structure of deposited platinum nanocrystals was
fcc with a lattice constant that was indistinguishable from bulk fcc platinum. Platinum nanocrystals were not
epitaxially oriented on the graphite basal plane surface.

I. Introduction if not all, of the desirable properties listed in the preceding
paragraph, including good to excellent size monodispersity for
mean particle diameters smaller thed0 A. In addition, the
@reparation of dispersions of platinum nanocrystals is fast and
convenient, and ex situ structural investigations of these particles

Interest in nanoscopic platinum particles derives mostly from
the importance of highly disperseglatinum in catalysis. Many
gas-phase catalytic processes exhibit a pronounced patrticle siz
dependence of the catalytic activitand evidence for a particle . . .
size effect inelectrochemicateactions-such as the methanol ~ YSINY electron qllffralcotlon canltl)e performe.d. Recently, we have
oxidatior?® and oxygen reductici¥ 8 reactions-has recently reported that silvet, copper;” and cadmium nanocryst{jﬂlé,
been documented. Unfortunately, progress in the area of particIeWh'Ch. are narrowly dispersed In siz€, may be dgposned on
size effects in electrocatalysis has been impeded by the absenc raphite basal p_Iane surfaces using variants of this approach.

s compared with these previous experiments, however, an

of good model systems for investigating these effects. An o T . . )

sideal” model system for these studies would possess all of the additional complication in the case of platinum is that platinum

following characteristics: (1) Platinum nanocrystals should be hanocrystals arspontaneousijormed at fr_esh_ly cleav_ed HOPG
esurfaces; that are exposed (at open circuit) to dilute LtCl

size and shape monodisperse. (2) Nanocrystals should b . - . - .
dispersed on, and electrically connected to, a technologically solutions containing no thermodynamically accessible oxidants.
' ; The thermodynamic driving force for electroless platinum

relevant (and catalytically dead) support surface that facilitates " . . -
spectroscopic characterization of the particles and of adsorbedde_p(_)s't'on app_aren'gly denv_es_from the reaction of |ncomplet_ely
intermediates. For many electrocatalysis reactions, the preferred®*idized functionalities existing at defects on the graphite
support material is graphite. (3) Individual platinum particles surface. T_he _preparqtlon_of platln_um nanocrystals which are
on this support should be well-separated from one another. (4)narr0vyly d'St”buFed In size requires that thg spontaneous
The structure of the platinum nanocrystafsthe support surface deposmoq of platinum be suppressed by anpdmally protecting
should be accessible both before and following the involvement the graphltg surface both before and 'followmg the application
of these particles in the catalytic process of interest. Finally, ©f @ Potentiostatic pulse to the graphite surface.
(5) platinum nanocrystallites should benstabilized since Previously, supported metal nanoparticles have usually been
functionalization of the platinum particles with a ligand layer oObtained by one of the following three methods: (1) the
(in order to circumvent particle aggregation) is likely to be collection of metal colloid particles from suspensions onto a
detrimental to the electrochemical properties of the platinum surface either by controlled adsorptirt’ or by electro-
particles and is therefore undesirable. Supported and unstabiPhoresisi 20 (2) the evaporation of metal at low coverage onto
lized particle should be stable for days. a surface in a vacuuf};?2and (3) the gas-phase reduction of
In this paper, we describe an electrochemical method for Mmetal salt particles disposed on a graphite surface 23 For
preparing dispersions of platinum nanocrystals on a graphite Preparing supported platinum nanoparticles for investigations
basal plane surface involving the pulsed potentiostatic depositionOf electrocatalysis, none of these three methods have proven to
of platinum from dilute PtG#~ solutions using large overpo-  be entirely satisfactory: The advantage of the first approdict
tentials Eovervolage™ 500 MV). For investigations of platinum collection onto a surfaces of platinum colloid particles from a
particle size effects in electrocatalysis, the dispersions of suspensiortis that platinum sols having good particle size

platinum nanocrystals obtained using this method possess manymonodispersity can be prepared using literature metffods.
However, the surfaces of stabilized colloidal platinum particles

* Address correspondence to this author: rmpenner@uci.edu. are functionalized with a ligand that may have a detrimental
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effect on the electrocatalytic activity of the particle. In addition, cantilever amplitude was dampedad. A during imaging. The

the controlled adsorption method typically relies on a “sticky” piezotube employed for these investigations was calibrated in
layer on the electrode surface composed of, for example, a thiolthe direction perpendicular to the surface using graphite basal
monolayert314and this layer imposes an added and undesirable plane surfaces on which monatomic steps were introduced by
electrical resistance between collected colloid particles and theheating in flowing Q in a tube furnace at 65%C for 2—3 min.
electrode surface. The last two methods have the potential toLateral calibration of the piezotube was performed by atomic
yield nanocrystals that are disposed in direct contact with a resolution imaging of HOPG and Au(111). Following electro-
substrate surface; however, in neither case has it been possiblehemical deposition of platinum on a graphite surface, the
to achieve good particle size monodisperfityplatinumacross surface was removed from the plating solution and rinsed briefly

a wide range of particle sizes. in a stream of Nanopure water. The surface was then allowed
Electrochemical deposition has been used in several previousto dry in a desiccator prior to examination with the NC-AFM.
cases to obtain micron-scale platinum partiées? and na- Transmission electron microscopy and selected area electron

nometer-scale platinum particles have been observed in STMdiffraction data were aquired on Pt nanocrystallites without
investigations of platinum nucleation and growth on graghite removing these nanoparticles from the graphite basal plane
and on semiconductor surfac®s® however, dispersions of  surface. This was accomplished by transferring thin (1400
supported, size-similar platinum nanocrystals have not beenA thick) HOPG flakes 1 mn?) from a working electrode, on
obtained by electrochemical methods in any previous study. An which Pt nanocrystals had been deposited either electrochemi-
electrochemical method has, however, been developed forcaly or electroless, onto a carbon-coated gold grid (TedPella).
preparing nanoscopic palladium particles and has recently beenThe electrochemical and electroless deposition of Pt was then
described by Reetz and HelGifjbut the resulting particles do  performed on this electrode using the same procedure as
not persist in contact with the electrode surface following described above.The Pt coverage could not be determined in
synthesis, and a suspension of THF-stabilized Pd colloids is these experiments because Pt deposition occurs both on the TEM

obtained. grid and on the carbon flake. TEM data were obtained on a
Philips EM-200 microscope using an accelerating voltage of
Il. Experimental Section 200 keV. Diffraction patterns were obtained at a camera length

. » . ) ) of 1000 mm using a selected area aperture having a diameter
The electrochemical deposition of platinum on highly oriented of 10 ;m.

pyrolytic graphite basal plane surfaces was performed in a glass
and Kel-F cell in which an O-ring exposed a 0.1046 cimcular
area of the graphite surface to a-bparged plating solution of
aqueous 1.0 mM hexachloroplatinic acid (Aldrich, 99.999%) A. Electroless Platinum Deposition. Initial attempts to
and 0.10 M hydrochloric acid (Fisher,99.95%). This solution prepare platinum nanocrystals using the pulsed potentiostatic
was prepared using Nanopure watgerx18 MQ cm™1). A method described earlfeproduced disappointing results in
saturated calomel reference electrode (SCE) or a saturatederms of the particle size monodispersity which was obtained.
mercurous sulfate reference electrode (MSE) and a platinum Control experiments soon revealed that contrast to the case
wire counter electrode were employed for all electrochemical with silver—platinum deposition was occurring on the graphite
experiments; all potentials in this paper are, however, reportedbasal plane surface in the absence of an applied potential (i.e.,
versus the MSE for purposes of simplicity. Platinum deposition at open circuit). The platinum nanocrystals produced via this
was effected by immersing the graphite electrode into the “electroless” route are not uniformly distributed on the graphite
platinum plating solution at a potential in the range fotrh40 basal plane surface but instead are “concentrated” at the tops
to 200 mV vs MSE (a potential at which electroless platinum of step edges. This inhomogeneity in the distribution of
deposition was not observed), stepping the potential of the deposited platinum is best seen in noncontact atomic force
graphite surface from this initial value to a deposition potential microscope (NC-AFM) images of the graphite basal plane, such
of —600 mV. Following the application of the deposition pulse, as those shown in Figure 1. In Figure 1A is shown a single
the electrode potential was returnedtt®40 to 200 mV vs MSE, atomic step, 3.3 A in height, which is decorated with a high
and the working electrode was removed from the plating density of Pt particles above the step. These Pt nanoparticles
solution. Note that both the immersion of the graphite electrode are approximately 25 A in height; below the step, fewer particles
and the emersion of the electrode at the conclusion of the platingare seen. Figure 1B shows a second structural feature
experiment must be carried out with this electrode potentiostated“mesa*—consisting of several graphite layers disposed as narrow
at+140 to 200 mV vs MSE. This pulse train was applied using strips on the surface. In this case, the total height of this mesa
a computer-controlled EG&G Princeton Applied Research is more than 20 A. On graphite surfaces that had been exposed
270M. The coulometric loading of platinur@p,was taken to to the platinum plating solution, these strips were always
be the charge integrated from the onset of the potentiostatic observed to be heavily decorated with platinum deposits whereas
pulse, corrected for double-layer charging in a E&Cfree fewer deposits were seen in adjacent regions of the surface, away
electrolyte. from these mesas. In the NC-AFM image of Figure 1, these
Noncontact AFM experiments in air were performed using a platinum deposits are ring-shaped and possess a heigt2®f
commercial instrument (Park Scientific Instruments (PSI Inc.) A. The beaded appearance of some of these rings suggests that
AutoProbe cp). This instrument operates in the slope-detectedthese structures are formed by the aggregation of platinum
mode. Cantilevers were 2/m thick Ultralevers (PSI Inc.)  nanoparticles-as reported in one previous study.
having a force constant of 18 N/m, a resonance frequency near That the particles seen in NC-AFM images such as those of
300 kHz, and a nominal tip radius of 100 A. The cantilever Figure 1A are composed of platinum metal is readily verified
excitation frequency employed for these measurements wasby allowing the electroless deposition reaction to occur on thin
adjusted to be near the maximum slope of the cantilever (400 A thick) electron transparent graphite flakes which permit
resonance response curve. A free-space amplitude of cantilevethe observation of particles by transmission electron microscopy
motion (far from the surface) ot5 A was employed, and the  (TEM) and the analysis of these particles by selected area

Ill. Results and Discussion
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Figure 1. Noncontact atomic force microscope images of the graphite basal plane surface following immersion in 1.0 gAM ®40 M HCI
for ~1.0 min. Platinum nanocrystallite deposition is concentrated at the top of step edges in both images.

electron diffraction (SAED). In one typical experiment, a SCHEME 1
graphite surface was exposed to the 1.0 mM £tCI0.10 M

HCI platinum plating solution at open circuit fer2 min. TEM A. H delam‘r}asfggdgraphlt:

analysis of this surface revealed particles smaller than 5 nm in 20H" +HH-‘ & b:g H

diameter, and electron diffraction analysis of these regions ~ azeEE- ¥ oA

showed diffuse rings located éspacings that are characteristic HOPG 2 .

of fcc platinum (vide infra). =33A
An open question regarding the spontaneous deposition of

platinum involves the origin of the thermodynamic driving force

responsible for the reduction of platinum at the graphite surface PtClg2-

since no thermodynamically accessible sacrificial oxidants are B. HQ ovdy

present in the platinum plating solution to which these surfaces AH 008 E00+2H

were exposed. Our hypothesis, based on the observed inho-
mogeneity of the platinum nanocrystal distribution, is that the
necessary reducing equivalents are supplied by incompletely
oxidized functionalities-such as aldehydes, alchohols, and
ketones-existing at step edges and other defects on the graphite
surface. Although the step edges at which these functionalities C. HQ Pt nanocrystals '?'_
SeCNWs: Ve Va: V. WonS)
are concentrated are present at a very low coverage on HOPG
surfaces, Raman scattering peaks have been assigned to carbo-
nyl-containing functionalities in one recent surface-enhanced
Raman spectroscopic (SERS) investigation of thermally pitted 1A—some platinum deposition would be expected to occur
HOPG surface¥? Schematically, the situation would then be adjacent to the layer as well as atop the laygualitatively as
as depicted in Scheme 1. In Scheme 1A is shown a delaminatedseen in the image of Figure 1A. While the hypothesis
graphite layer for which the layer spacing is greater than the represented by Scheme 1 is still the subject of investigation,
normal van der Waals distance of 3.3 A. Evidence for the we have already confirmed that electrochemical preoxidation
delamination of surface layers is frequently seen on graphite; of the graphite surfacet1.0 V vs MSE for 20 s in 0.1 M bk
the “strips” shown in the NC-AFM image of Figure 1C (which SQOy) prior to exposure to the plating solution (for-460; 1.0
exhibit an apparent height of 20 A) provide but one example. mM PtCk?~, 0.10 M HCI) dramatically reduces the quantity of
One effect of the delamination of a graphite island may be to platinum that is deposited during subsequent open circuit
electrically isolate the island from the surrounding graphite exposure to the platinum plating solution. Scheme 1, however,
surface, and under these circumstances, electrons derived fronfails to explain why silver, with a more positive reduction
functionalities at the edges of this layer would be retained within potential than PtG¥~ (0.799 and 0.74 V vs NHE, respectively),
the layer, and the reducing equivalents associated with theseis not electrolessly deposited on HOPG surfdtes.
electrons will be available for the reduction of platinum at the  Of course, the spontaneous deposition of platinum on graphite
surface of this layer which is exposed to the platinum plating must be suppressed if good particle size monodispersity is to
solution (Scheme 1B). In this eventuality, platinum nanocrystals be obtained via the potentiostatic pulse method of particle
would be obtained atop an electrically isolated island, but growth described previousf.In principle, the spontaneous
not on the graphite surface immediately adjacent to this growth of platinum can be prevented by preoxidizing the
island—qualitatively as seen in this study. Of course, for islands graphite surface as already indicated above. However, we have
that are not well isolated from the surfacguch as that seenin  achieved even better results by anodically protecting the graphite
the 3.3 A high step edge seen in the NC-AFM image of Figure surface at a potential 6£140-200 mV vs MSE (i.e.~200
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Figure 2. Waveform employed to effect the pulsed potentiostatic
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Figure 3. Typical current-time transient acquired at a 0.713 Tm

200

deposition of platinum nanocrystals in this study. The duration of the graphite surface in 1.0 mM Pt&t, 0.10 M HCI associated with the
negative-going segment of the pulse was varied between 50 and 200deposition of platinum nanocrystals on graphite. This transient was

ms in this study.

mV positive of the onset for platinum deposition). For example,

NC-AFM images (not shown) of graphite surfaces that were

exposed to a platinum plating solution (1.0 mM R{C) 0.10
M HCI) for ~1 min while the surface was anodically protected

processed by the subtraction of a smalll@6) capacitive background
current. Inset: plot of current versus tim& showing linear behavior
consistent with the predictions of the Cottrell equation. A calculation
of the diffusion coefficient from these data yielded a value of 589
10%cn? st

cm~2 (or 0.0050 equivalent monolayers), 376 cn12 (0.039

in this way show fewer than 10 particles, on average, in a 3.0 gqujvalent monolayers), and 7€ crm2 (or 0.080 equivalent

x 3.0 um image window. This level of protection was

monolayers), respectively. These three coverages were obtained

achievable provided the graphite surface was potentiostated aky varying the deposition time from 10 ms (Figure 4) to 100

all times during its exposure to the platinum plating solution.
B. Pulsed Potentiostatic Deposition of Platinum. The

ms (Figure 6); monolayer coverages were estimated from the
deposition charge assuming an adsorption electrovalency of 4.0,

waveform shown in Figure 2 was used to effect the pulsed which yields 964.5:C cni 2 for one platinum monolayer. Three
potentiostatic deposition of platinum nanoparticles on the aspects of these NC-AFM images are of interest. First, the
graphite basal plane surface. As indicated, the graphite surfacenycleation and growth of platinum particles has occurred both

was anodically protected &t140 mV vs MSE during immersion
and prior to the application of @600 mV plating pulse. At

at step edges on the surface and on terraces where no defects
are seen in the NC-AFM images. A preference for nucleation

the conclusion of the platlng pU'Se, the pOtential of the surface at Step edges iS, howe\/er, apparent in these images_ Second,

was returned te+140 mV for a few seconds as the electrode
was removed from the plating solution. The amplitude of this
pulse was limited to-600 mV by the onset of Fevolution at
~650—-700 mV as shown in Figure 6; the duration of the plating
pulse varied from 50 to 300 ms in these experiments.

A typical current-time transient seen for a 200 ms pulse in
the 1.0 mM PtG#~, 0.10 M HCI plating solution is shown in
Figure 3. The current in this time regime is linear with tirké

in contrast to the case for platinum NCs prepared by electroless
deposition, no evidence for aggregation of platinum nanopar-
ticles is seen in the NC-AFM data; platinum particles prepared
by the pulsed potentiostatic method are well separated from one
another on the graphite surface. Third, the coverage of particles
on each of the three surfaces is approximately the same and in
the range from 3« 10°to 6 x 10° cm™2. Finally, the platinum
particles in Figures 46 possess reasonably good size mono-

(see inset), consistent with a simple Cottrelian decay indicative dispersity: The statistics for the particle height on these surfaces
of planar diffusion control. The Cottrel equation can be used were 25+ 9 A (36% RSD), 52+ 9 A (17% RSD), and 72
in conjunction with the known electrode area and concentration 27 A (38% RSD). In general, however, size distributions for

of PtCk?™ to extract a diffusion coefficient from the slope of
this linear plot®® this analysis yields a diffusion coefficient for
PtCk?~ of 5.89 x 1075 cn? s71, which is close td values for
this complex reported previously (e.dPpiciz- = 4.5 x 1076
cn? s7139), In conjunction with the NC-AFM and diffraction

platinum nanocrystal dispersion were much broader for large
particles (diameter 40 A) than for smaller particles. This trend
is readily apparent in the particle size histograms shown in
Figure 7.

The nucleation density of (36) x 10° cm~2 determined from

data to be presented next, this transient can be unambiguousiiNC-AFM images translates into an average distance between
attributed to the growth on the graphite surfaces of an ensembleplatinum particles on the surface of between 2000 and 1400 A,
of platinum nanocrystals by an instantaneous nucleation andrespectively. This nearest-neighbor spacing accounts for the
radial diffusion-limited growth mechanism. A purely capacitive planar diffusion-controlled response seen in the current transient
current transient was seen for the reverse (i.e., positive-going) of Figure 3: The onset of diffusion layer overlap for adjacent
step, qualitatively as expected based on the irreversible natureplatinum particles on the graphite surface will occur at a time,
of platinum electrodeposition. 7 ~ 12/2D, wherer is one-half the distance between nearest
Following the deposition of platinum using the potentiostatic platinum particles on the surface. For 1000 A (1.0x 1075
pulse of Figure 2, platinum nanocrystals may be directly cm) andD = 6.0 x 107 cn? s™%, overlap occurs at gs, and
observed by ex situ examination of the surface using NC-AFM. at somewhat longer times, the coalescence of the many radial
In Figures 4, 5, and 6 are shown NC-AFM data for surfaces on diffusion fields about each platinum particle can be expected
which the quantity of electrodeposited platinum was 4.4 to yield a single planar diffusion field. Consequently, platinum



1170 J. Phys. Chem. B, Vol. 102, No. 7, 1998 Zoval et al.

0 1.0 20 3.0um 0 0.4 0.8 1.2um

Figure 4. Noncontact atomic force microscope image3.4 x 3.4um (A) and 1.2x 1.2 um (B)—of the graphite basal plane surface following
the application of a 10 ms platinum pulse. A deposition charge of 48412 was obtained corresponding to 0.0050 equivalent platinum atomic
layers (assuming an adsorption electrovalency of 4.0). The mean particle height on this surfacetw@sh25
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Figure 5. Noncontact atomic force microscope imag&s0 x 3.0um (A) and 1.1x 1.1 um (B)—of the graphite basal plane surface following
the application of a 50 ms platinum pulse. A deposition charge of @Z.6n12 was obtained corresponding to 0.039 equivalent platinum atomic
layers. The mean particle height on this surface was-32 A.

deposition current transients like that of Figure 3 show a purely that a noncontact imaging experiment be employed for particle
Cottrellian response. In principle, if the microsecond time characterization may explain why dispersions of platinum
domain were experimentally accessible, then a rising portion nanocrystals similar to those seen in the NC-AFM images of
of the transient that is linear with2would also be observed at  Figures 4-6 have not been seen in any previously published
times shorter tham = 8 us as predicted theoreticaff.3° study, including an electrochemical investigation platinum
It is important to emphasize here that the platinum particles deposition on graphite using STM.

obtained by pulsed potentiostatic deposition could not be Evidence that the particles seen in NC-AFM images of the
observed using either scanning tunneling microscopy (STM) graphite surface are platinum is obtained, again, from selected
or conventional repulsive mode AFM imaging of the surface, area electron diffraction (SAED) in conjunction with transmis-
even when the least perturbative imaging conditions (i.e., very sion electron microscopy (TEM) imaging of very thin graphite
low tunneling currents in STM; small applied forces in AFM) electrode surfaces. Two sets of data are shown in Figure 8: In
are employed. This was also true for platinum particles obtained parts A and B are shown TEM and SAED data for a surface on
by electroless deposition (vide supra). We therefore conclude which ~50 A diameter particles were deposited. This surface
that these platinum particles are weakly physisorbed on theis qualitatively similar to that seen in the NC-AFM images of
graphite surface and that in the case of the STM and AFM Figure 5. The corresponding SAED pattern of Figure 8B shows
experiments interactions with the tip cause the removal of these concentric rings, each of which possdspacings corresponding
particles from the imaged area of the surface. The requirementto [111], [200], [220], and [311] of fcc platinum (International
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Figure 6. Noncontact atomic force microscope imag&s0 x 6.0 um (A) and 3.0x 3.0 um (B)—of the graphite basal plane surface following
the application of a 100 ms platinum pulse. A deposition charge of #Z.&m2 was obtained corresponding to 0.080 equivalent platinum atomic
layers. The mean particle height on this surface was:727 A. In both of these images, a “double tip” imaging atrifact, manifest as a smaller
“particle” observed below each larger one, is present.

L L L L L S of shapes t_hat are observed, these T_EM images are _similar to
40 mean =26 A ] those published recently by Henglein et?alfor stabilized
30 stdev.=9 A - platinum particles (1830 A in diameter) prepared by the
20 radiolytic reduction of PtGF~ in aqueous solution. The SAED
10 pattern of Figure 8D again shows concentric rings corresponding
U— T T to thed spacings [111], [110], and [200] of fcc platinum.
40+ tdep = 50 ms, J The conclusions following from the TEM and electron
30 mean = 434 diffraction data are as follows: First, the particles resulting from

potentiostatic pulse deposition from 1.0 mM RfC| 0.10 M
HCI plating solution, and seen in TEM and NC-AFM images
of the graphite surface, are composed of fcc platinum. Second,

20
10

>
5 o
= e e o LI o o o o i o e platinum particles prepared on graphite by the potentiostic pulse
L mega?losngsz\ . method are stable in air for days. In other words, fcc Pt
stdev. = 11 A - diffraction is obtained from these surfaces following exposure
. of the surface to air for days; diffractions that are assignable to
. platinum oxides are not observed. This is not the case for silver
T nanocrystals prepared using the same potentiostic pulse method.
--------- T Third, ensembles of platinum particles always yielags of
:%eg;Logsz diffracted electron intensitynever single-crystal diffraction

patterns. Thus, Pt particles prepared by the potentiostatic pulse
method are not epitaxially oriented on the graphite surface. In
fact, no evidence for a substrate influence on the particle
orientation on the surface exists. Finally, a variety of shapes
are seen for platinum nanocrystals prepared by this method;
Figure 7. Histograms of particle heights obtained from analyses of the thermodynamically favored cuboctahedron is seen for just

NC-AFM image_s: Data for fO!Jr different surfaces prepared Using the ~5% of all |arge (dlametejP 50 A) Pt nanocrysta's we examined
conditions specified on the diagram. by TEM

st.dev. =32 A

0 50 100 150
Particle Diameter (A)

Centre for Diffraction Data, #04-0802). The second pair of data  These last two conclusions suggest that platinum nanocrystals
(Figure 8C,D) show a graphite surface on which much larger prepared by the potentiostatic pulse method differ in two
platinum nanocrystals, up to 500 A in diameter, have been important ways from graphite-supported platinum nanocrystals
deposited. Inthe TEM image of Figure 8C, the shapes of theseprepared by the gas-phase reduction ofPt€k at high
particles are readily discernible, and triangles, squares, andtemperatures. In two TEM studies of Pt particles obtained by
truncated triangles are observed in approximately equal numberggas-phase reduction of,FtCk at 850°C by Domingez and
together with irregular shapes. The square particles representyacamart*?a cuboctahedral geometry was observed for most
nanocrystals having a cubic shape which exposes predominantlyplatinum nanocrystals, and a strong substrate influence on the
(100) facetg! triangular shapes can be assigned to Pt nanoc- orientation of these nanocrystals on the graphite basal plane
rystallites having a tetrahedral geometry which exposes (111) was observed. It is therefore interesting to ask whether low-
facets?® and truncated triangles (or hexagons) are expected for energy coincidences exist for any azimuthal orientations of the
cuboctahedral platinum nanocrytallites the surfaces of which low index planes of a platinum nanocrystal on the hexagonal
expose both (100) and (111) fac&sWith respect to the variety ~ graphite surface. To address this question, we have calculated
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Figure 8. Transmission electron microscope images (a, c) of platinum nanocrystals prepared in 1.0 rgdvj Bt00 M HCI using a deposition
times of 200 ms (a) ah2 s (c). Also shown are selected area electron diffraction patterns, (b, d) for these two surfaces whcih were acquired for
10 um diameter regions centered on the two regions shown in (a) and (c), respectively. The assignments of these two patterns are as indicated.

the interaction energy for two-layer platinum fcc nanocrystals energy minimum-seen in the plot of Figure 9. The main
(120-150 atoms, diameterr 20 A) on a two-layer-thick conclusion of these calculations is that none of the platinum
graphite surface (1882 atoms) using a simple Lennard-Joneslow index faces match up with the graphite surface as well as
6—12 potential (witheg = 350 K ando = 2.0 A) as a function either Cul or CdS. A Pt(110) facet shows the strongest
of the azimuthal angle of the nanocrystal on the graphite surface.preference for azimuthal angles of approximatetari 65;
Since the L=J potential used for this calculation is not however, the 110 face possesses such low coordination that it
parametrized for the platinungraphite interaction (these is unlikely that this surface would provide an energetically stable
parameters do not exist), a reduced eneHlys, is compared facet on the surface of a platinum nanocrystal. The implication,
in Figure 9. The starting point for these calculations (i.e., angle then, is that unlike platinum nanocrystals prepared at high
0°) for each orientation of the platinum nanocrystal is shown temperature by gas-phase chemical reduction, platinum nanoc-
in Figure 9B-D; from this initial position, the overlayer was rystals synthesized electrochemically at room temperature are
rotated counterclockwise about the center of mass of the particle.not able to locate the adsorption sites on the graphite surface
In addition to calculations for all three low index planes of that correspond to the shallow minima seen in Figure 9.
platinum, the energy of (111)-oriented faces of wurtzite Cul  For the mechanism of platinum nanocrystallite nucleation and
and CdS nanocrystals on graphite was also calculated using therowth, two limiting cases can be distinguished: instantaneous
same potential and plotted as a function of the angle of rotation nucleation and progressive nucleation. If nucleation is instan-
on the surface. These two sets of data are included becaus¢aneous, the number of nuclei present on the surface at any time
we have already establisiéd2that Cul and CdS nanocrystals following the onset of a deposition plating pulse will be a
prepared by electrochemical/chemical deposition on graphite constant. In the progressive nucleation case in contrast, the
both adopt an epitaxial orientation on the graphite surface number of nuclei continuously increases with time. For
corresponding to an angle of rotation of°3éand the global instantaneous nucleation, provided the total number of platinum
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Figure 10. Plots of the mean particle height versus charge (inset) and
the mean particle height versus chafgg.e. Q). The straight line is
that expected for a particle density of 2310° cm™2 on each of the
surfaces, as described in the text.

and given by the equation

_[B_M B s
r_IZZJerN Q @)

whereM and p are the atomic mass and density of platinum,
respectively, and is the adsorption electrovalency which is
assumed to be 4.0.

The apparent platinum particle heigint,is plotted versus
the deposition charge in Figure 10(inset). Also shown in Figure
10 is a plot ofr versusQ'3 showing the linear relationship which
is observed, qualitatively in accordance with eq 1. The solid
line shown in Figure 10 is a fit of eq 1 to the experimental data
using a value for the nucleation density;, of 2.3 x 10° cm™2.

This nucleation density is approximately 16% lower than that
which was obtained from an analysis of the NC-AFM image
data for these surfaces and therefore in good agreement. These
data show thall does not increase appreciably during the pulse
durations-from 10 to 100 ms-spanned by the eight experiments
represented in this plot and demonstrate conclusively that the
nucleation of platinum in this experiment is instantaneous on
the 10 ms time scale.

Usually, instantaneous nucleation is observed when deposition
conditions allow for very rapid nucleation (i.e., saturation) at
defects of a particular type on a heterogeneous surface. One
obvious way that this can occur on graphite surfaces is when,
at low overpotentials, step edges are selectively decotéted.
However, for surfaces prepared using large overpotentials, NC-
Figure 9. Plot of the total energy of a platinum nanocrystal as a AFM images such as thpse of Elgure 3 show many platlnum
function of its azimuthal orientation on a graphite surface calculated Nanocrystals are located in the middle of terraces on the graphite
using Lennard-Jones-6.2 interaction potentials. Calculations for all ~ surface, regions which appear to be atomically smooth and free
three low index planes of the particle in contact with the graphite surface of defects. If these terraces were, in reality, free of defects,
are shown: Also shown for purposes of comparison are calculations then nucleation would be expected to occur progressively since
for tﬁ: (ellﬁ)c)wﬁr:ﬁ:t";;ﬂc&:”gtggi f"t‘h‘;‘;':ﬁowggtgrr?;’l:';edoprte;"ci’:‘;('i);la large excess of energetically identical sites for nucleation exist
we Ve S . . .
orientations on the graphite Zurface corresponding to an azimﬂthe?l angleOn Qtomlcally .sm(.)oth regions of the graph]t(_a surface, and .the
of 30° in this plot. applied potential (i.e., the thermodynamic driving force) remains

constant throughout the duration of the deposition pulse. The
particles,N, is constant from experiment to experiment, the observation of an instantaneous mechanism for nucleation on
height (or radius);, of N identical hemispherical particles should the graphite basal plane is one of two pieces of evidence which
be proportional to the cube root of the deposition cha@jé, suggests that discrete defect sitleat are irvisible to the NC-
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AFM are present on the terraces of the graphite basal plane. N . e e — —
The second piece of evidence involves variations in the
nucleation density that are observed from graphite crystal to
graphite crystal. Significantly, linearversusQ? plots such

as that of Figure 10 were only obtained when all platinum
nanocrystal samples were prepared on freshly cleaved surfaces
of the same piece of graphiteThis is because the nucleation
density varied systematically by as much as 1 order of
magnitude, fromr10° to ~10'° cm~2, from crystal to crystal.

The difference in nucleation density that is intrinsic to different
graphite crystals is manifested primarily as a variation in the
density of particles on apparently smooth regions of the surface
(i.e., terraces) since step edges are always densely covered with
platinum particles, even at crystals that show systematically low
nucleation densities for platinum on terraces. Taken together,
the observations of instantaneous nucleation, and systematic
fluctuations of the nucleation dension terracesfrom crystal

to crystal, strongly suggest that the nucleation of platinum
nanocrystallites on terraces occurs at defects that are not seen
in the NC-AFM imaging experiment. Inspection of the basal
plane using scanning tunneling microscopy (STM) and the
conventional repulsive mode AFM imaging also failed to reveal
the types of point defects on the basal plane that must exist
based on the evidence. The nature of these hidden defects is
the subject of ongoing investigations in this lab.

Because the growth of platinum nanocrystals on graphite is,
itself, electrochemical, it comes as no surprise that these particles
are in intimate electrical contact with the graphite surface
following deposition. This fact, however, is verified by the

platinum
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voltammetric measurements shown in Figure 11for platinum
dispersions on graphite in aqueous 0.05 MSH, (all data
acquired at 50 mVg). Three sets of voltammetric data for

Figure 11. Cyclic voltammograms at 50 mV-§acquired in agqueous
0.05 M H:SQ, for five different electrodes as follows: (A) macroscopic
platinum wire electrode, (E) freshly cleaved graphite surface with no

platinum nanocrystal dispersions are shown in Figure 11 for platinum, (B-D) graphite surfaces on which platinum nanocrystals have
samples having mean particle diameters of 15 (D), 43 (C), and been deposited using the method described in this paper. Mean particle
155 A (B). Also shown for purposes of comparison are the diameters for each surface, measured using NC-AFM, are as indicated.

responses of a clean, freshly cleaved graphite surface (E) and a . . .

clean polycrystalline platinum electrode (A) in this same that thg platinum ox@e formatlpn process becomes less gnd less
electrolyte. The first conclusion that can be derived from these '€Versible as the platinum particle size decreases. In this trend,
data is that large platinum nanocrystals (diamet&20 A, see hovv_ever, significant scatter exists for the smallest platinum
B) exhibit voltammetry that is, in every way, identical with that par.tlcles, gr!d we have se@ A Pt nanocrysta}ls, for example,

of a polycrystalline platinum surface. This conclusion provides Which exhibit aAE, as small as 420 mV. Neither of these two
independent evidence (in addition to the TEM data) of the trends with p_artlcle_3|ze has been qhscernlb_le for platinum
exposure of (111) and (100) facets at the surface of thesenanocrystals in previous electrochemical studies.
nanocrystals. The fact that the ratio between the weakly and
strongly adsorbed hydrogen waves {&2.595 and—0.460 V,
respectively) is unchanged from bulk platinum further shows  An electrochemical method for preparing dispersions of
that these two crystalline faces are present on the nanocrystalliteglatinum nanocrystals on the graphite basal plane has been
in approximately the same proportion as at polished platinum described. The platinum nanocrystals in these dispersions
surfaces. The voltammograms C and D for progressively possess good size monodispersity (for mean diamets@dsA),
smaller Pt nanocrystals evolve from the bulklike voltammetry can have mean diameters in the range from 10 to 100 A, and
of B in two ways: First, the reversible hydrogen adsorption are well separated from one another on the graphite surface, on
waves that are fully developed at the 155 A nanocrystals becomeaverage. In addition, it is apparent from electron diffraction
blurred for Pt particles that are 480 A in diameter and measurements that the platinum particles obtained using the
eventually disappear entirely for Pt particles smaller than 30 A pulsed potentiostatic method are not epitaxially aligned with
in diameter. Note that for these smallest Pt nanocrystals the graphite surface and are air stable for days. Finally, both
H-adsorption waves are not recovered by decreasing the negativ EM imaging data and electrochemical studies reveal that both
limit of these voltammetric scans; H-adsorption waves are (111) and (100) facets are present on the surfaces of these
simply not observed prior to the onset of Evolution. The platinum nanocrystals.

second trend involves the quasi-reversible platinum oxide The mechanism of Pt nucleation and growth is readily
formation and reduction waves (indicated by arrows). The deduced from these data and is substantially different from
potential difference between these two coupled voltammetric mechanisms that have been proposed based, for example, on
waves,AE,, is an indication of the degree of reversibility of ex-situ STM investigations of graphite electrode surfaCes:
oxide formation, and the value &fE, increases with decreasing  Upon the application of the negative potentiostatic pulse shown
particle size-175 (A, B), 440 (C), and 500 mV (B)showing in Figure 4, platinum nanocrystals nucleate instantaneously (i.e.,

IV. Summary
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on the microsecond time scale) on the graphite basal plane both  (8) Kinoshita, K.J. Electrochem. Sod99Q 137, 845.
at step edges and at point defects on terraces that are not visible, he(r?])lgg\éaiot \é3 75“9“’ R. M, Biernacki, P. R.; Penner, R.MPhys.
tc.) the. NC-AFM or STM. These nanocrys'[als grow talial (10) Zoval, J. V.; Biernacki, P.; Penner, R. Mnal. Chem1996 68,
diffusion control (characterized by linear current versus #fie 1585
for less than 1Qus before the diffusion layers from adjacent (11) Hsiao, G.; Anderson, M. G.; Gorer, S.; Harris, D.; Penner, R. M.
nanocrystals (which are separated by a few hundred angstromsy- Am. Chem. Sagin press.
coalesce, and an approximately planar diffusion field is gener- mj(qlggsfgl‘derso”' M.; Gorer, S.; Penner, R. 81.Phys. Chem. B1997
ated. The initial radial transport regime is too brief to be " (13) Grabar, K. C.; Smith, P. C.: Musick, M. D.; Davis, J. A.; Walter,
detected experimentally, and linear current versustifiplots, D. G.; Jackson, M. A.; Guthrie, A. P.; Natan, M. J. Am. Chem. Soc.
characteristic of planar diffusion control, are obtained for times 1996 118 1148.
as short as«20 us. A lingering question involves the origin Ch(elrﬁ)lgégbgg' §35C Freeman, R. G.; Hommer, M. B.; Natan, Mdal.
o_f the_brqad _particle size distributions that emerge fr_om NarrowW (15 Chao, |_ Andres, R. R Colloid Interface Sci1994 165, 290.
size distributions as Pt nanocrystals grow larger. Using Brown-  (16) Freeman, R. G.; Grabar, K. C.; Allison, K. J.; Bright, R. M.; Davis,
ian dynamics simulations, we have recently demonstrated thatJ. A.; Guthrie, A. P.; Hommer, M. B.; Jackson, M. A.; Smith, P. C.; Walter,
this broadening of the particle size distribution with the mean D- G; Natan, M. JSciencel995 267, 1629.
particle size is a natural consequence of particle growth in the SO(cl.Igag%all(ig 2.75.1,-Khne, N.J.; Treado, P. J.; Natan, MJ.Jam. Chem.
planar diffusion controlregime on surfaces where variations (18) Teranishi, T.; Hosoe, M.; Miyake, Mdv. Mater. 1997, 9, 65.
in the local areal density of particles are present. (19) Shaikhutdinov, S. K.; Niter, F. A.; Mestl, G.; Behn, R. 1. Catal.
From an applications standpoint, graphite-supported Pt nanoc-1996 163 492. _

rystal dispersions prepared by this method should provide the (29) Gi€rsig, M.; Mulvaney, PLangmuir 1993 9, 3408.
best opportunity yet for observations of particle size effects in (21) Gillet, M.; Renou, ASurf. S¢i.1979 90, 91.

. . ; . . (22) Rader, H.; Hahn, E.; Brune, H.; Bucher, J.-P.; Kern, Kature
a variety of technologically important electrocatalysis reactions 1993 366, 141.
such as the methanol oxidation and oxygen reduction reactions. (23) Bartholomew, C. H.; Boudart, M. Catal. 1972 25, 173.

(24) Aika, K.; Ban, L. L.; Okura, I.; Namba, S.; Turkevich, Jl.Res.
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