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Composition, Structure, and Electrochemical Behavior
of Sol-Gel Derived Nanoparticulate Pt Thin Films
H. A. Andreas* and V. I. Birss** ,z

Department of Chemistry, University of Calgary, Calgary, Alberta, Canada T2N 1N4

A Pt sol was formed using a sol-gel derived methodology. This sol, and films formed from it, were characterized using various
techniques. The nanoparticulate phase, seen by transmission electron microscopy~TEM!, exhibited a notable temperature depen-
dence, with the particles averaging 1-3 nm diam when dried at room temperature and 3-6 nm diam when dried at 400°C. X-ray
photoelectron spectroscopy~XPS! confirmed the presence of metallic Pt in these films. The charge density of films deposited on
Au also exhibited a temperature dependence, with maximum charge densities being exhibited atca. 200°C. The increase from
room temperature to 200°C can be attributed to thermal conversion of residual oxidized Pt in the film to metallic Pt, as well as
improved electrical connectivity between the particles due to sintering. Above 200°C, sintering becomes a major contributor to the
loss of charge density, as it reduces the electroactive surface area. The efficiency of use of the metallic Pt was examined using
electrochemistry and the quartz crystal microbalance technique, and was found to be 20-25%. A second phase, consisting of larger
crystallites, was also found in as-formed films by both TEM and scanning electron microscopy. While this phase could be removed
by rinsing with acid, it could not be identified by either X-ray diffraction or XPS.
© 2002 The Electrochemical Society.@DOI: 10.1149/1.1512913# All rights reserved.
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Platinum is of great interest due to its use as an electroc
lyst for numerous reactions, examples including isobuta
dehydrogenation,1 methanol oxidation,2,3 oxidation of methane to
methanol,4 and oxygen reduction.5 The use of Pt as a catalyst re
quires that the active area remains stable with time of operation
that the expensive Pt metal is efficiently used. Thus, numer
methods to produce and utilize high surface area~usually nanopar-
ticulate! forms of Pt have been developed, including the deposit
of Pt onto porous substrates, such as zeolites or gas diffu
backings,1,6 reduction of Pt salts using various reducing agents
produce a nanoparticulate powder,7-11 mixing Pt black with carbon
powder and/or Nafion3,12-16 and its incorporation into polymeric
matrices.17

In our previous work with Ir, it was found that using the sam
approaches as employed in sol-gel~SG! synthesis of metal oxides
allowed for the preparation of highly porous, nanoparticulate~down
to 1 nm diam! metallic Ir films18 through an electrochemical reduc
tion process. Thus, our goal has been to achieve the same out
with Pt. In this work a derivative of the alkoxide route is use
resulting in the formation of colloidal Pt particlesin situ. This alkox-
ide route has several benefits, due to its liquid phase synthesis
cluding easy mixing of other components into the solution at
atomic level. The synthesis of solutions using SG-derived meth
ologies is also relatively facile, involving several variables whi
can be readily manipulated to optimize the films produced. Som
these include the amount of water in the synthesis, the ratio
reactants, the thickness of the film and the film drying temperat
The primary purpose of this paper is to report on the formation
properties of thin, nanoparticulate Pt films using methods typica
SG synthesis. Because metallic nanoparticles are formed, we re
the process as sol,vs.sol-gel, formation, throughout this paper.

Experimental

Synthesis of Pt films.—The synthesis of nanoparticulate Pt film
was based on a typical metal salt/ethoxide SG synthesis, invol
refluxing under argon a mixture of H2PtCl6"H2O ~Aldrich! and
NaC2H5O ~Aldrich & Alfa Aesar! in molar ratios of 1:1.25 or 1:2.5
in absolute ethanol for 2 h, followed by 18 h of stirring and filterin
Both the supernatant liquid and the precipitate were kept in se
containers for further testing. Small aliquots of the supernatant w
also allowed to evaporate to dryness, and the resulting crystals
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retained for testing. Thin films were deposited on substrates usi
constant withdrawal rate from the sol, a constant flow rate of
over the substrate surface, or by deposition of an aliquot of sol w
a Pasteur pipette.

Transmission electron microscopy (TEM).—TEM was performed
by coating Au or Cu TEM grids~J. B. EM Services, Inc.! with the Pt
sol by withdrawal at a slow, controlled rate to ensure the produc
of a very thin film, through which the electron beam could pass. T
coated grids were then dried in air at temperatures ranging betw
22 and 400°C forca.15 min, or for several days when dried at roo
temperature. The TEM instrument used was a Hitachi H-70
~Health Sciences Center, University of Calgary!.

X-ray photoelectron spectroscopy (XPS).—XPS was used to de
termine the oxidation state and bonding environment of the Pt in
films. A gold sputtered glass plate was coated with the Pt sol
withdrawal at a rate of 120 cm/min, followed by drying at 190°C f
15 min. Electrochemistry was performed on the lower half of t
electrode until the steady-state electrochemical response of Pt
obtained. XPS analysis was then performed on both the upper
lower halves of the sample, using a VG Escalab 200I-XL instrum
equipped with a monochromatic Al Ka source.

X-ray diffraction (XRD) analysis.—The films, as well as precipi-
tates collected during Pt synthesis, were examined by XRD. Th
films were formed by deposition of the Pt sol onto a XRD slid
whereas the precipitate was deposited on the slide by first susp
ing it in acetone, depositing an aliquot onto the slide and allow
the acetone to evaporate. XRD analysis was made of the dried
quot before and after rinsing forca. 10 s with distilled water and
after drying at 200°C for 15 min. Data were obtained using a
emens D500 Diffractometer with a Kristaloflex 810 X-ray genera
~DNX Inc.!. Identification was made by comparison with the JAD
XRD pattern processing~release 5.0.12! and PCPDFWIN~version
1.20! databases of d-spacings.

Scanning electron microscopy/energy dispersive X-ray anal
(SEM/EDX).—SEM and EDX were used to examine and analyze
larger morphological features and components of the films un
study. The films were formed by deposition of the Pt sol on
carbon-covered Al SEM stub, followed by drying at 22°C, or attac
ing a coated Au sputtered electrode onto the Al stub using si
epoxy. The sputtered electrode was withdrawn from the sol at
cm/min and dried at 200°C for 15 min. The bottom half of the film
were then cleaned electrochemically until a steady-state cyclic
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tammogram~CV! was achieved. SEM/EDX was performed on
Philips FEI XL 30 ESEM in high vacuum mode with a 15 k
acceleration voltage.

Electrochemical measurements.—The electrochemical measure
ments were performed in a three electrode, two compartment
using a PARC EG&G 173 potentiostat and 175 programmer.
results were recorded on an HP 7045B X/Y recorder. The cou
electrode was a high surface area Pt gauze, while a reversible
drogen reference electrode~RHE!, connected to the main compar
ment by a Luggin capillary, was employed. All potentials repor
here are givenvs. the RHE. The electrolyte solution was 0.5 M
H2SO4 , deaerated before and during electrochemical measurem
by continuously bubbling N2 through or over the solution. All elec
trochemical measurements were conducted at room temper
(22 6 2°C).

The working electrode~WE! substrates used for the electroche
istry of the films were glass slides onto which was sputtered aca. 3
nm layer of Ti followed by aca. 120 nm layer of Au. The Pt film
was deposited by dipping the gold sputtered electrodes into th
sol and withdrawing it at a controlled rate between 1.2 and 1
cm/min. These electrodes were then dried at 22°C for 24-96 h, o
elevated temperatures~up to 600°C! for 15 min. The apparent are
of the coated substrate varied between 0.5 and 1 cm2. Electrical
connection to the WE was made via a Parafilm wrapped allig
clip. Unless otherwise stated, the WE was rinsed with distilled wa
to remove any water soluble contaminants before being placed in
cell.

Electrochemical experiments were usually initiated at the o
circuit potential,ca. 0.9 V, and the potential was then swept neg
tively. Two different regimes were used to achieve a clean, stea
state signal for these Pt films. Either the WE was cycled repeat
between 0.05 and 1.6 Vvs. RHE until a steady-state Pt signal wa
obtained, or the electrode was electrochemically cleaned by cyc
between20.05 and 1.7 V for 3 min at a sweep rate of 1000 mV
The more stable films dried at higher temperatures were gene
cleaned using the second method.

Quartz crystal microbalance (QCMB) measurements.—QCMB
experiments were performed to determine the percentage of the
lost when rinsed with water and after potential cycling, as well as
ascertain the percentage of Pt in the film which is electrochemic
active. The AT-cut 5 MHz piezoelectric QCMB crystals~2.5 cm
diam, Valpey-Fisher! were sputter coated in the typical ‘‘keyhole
pattern with a 3 nmundercoating of Ti and a 120 nm layer of Au
giving an area of the overlapping circular areas ofca. 0.3 cm2.
Electrical contact was made to the crystal using Au wires attache
the crystal with silver epoxy. The crystal was coated by the appl
tion of an aliquot of the Pt sol, deposited on to the crystal surfac
the crystal was held at an angle of 60° from horizontal. In all cas
the films were dried either at 22°C for 24 h or at 200°C for 15 m
The crystal was then sandwiched horizontally between two rub
O-rings at the base of the main compartment and electrochem
measurements were carried out as described above. Both thein situ
andex situmass measurements were carried out using a Pierce-
oscillator19 and a Philips PM 66S4C high resolution frequen
counter/timer.

Results and Discussion

General observations during Pt sol synthesis.—During the
preparation of the Pt sol, the initially orange solution turned bla
and was found to consist of a gray/black solid which could be
tered off and a supernatant solution which was yellow/brown
color. The formation of two phases is similar to what occurred d
ing Ir nanoparticle formation,18 where it was found that the Ir so
remained suspended in a black solution. In the present work,
electrodes were coated with the solution phase, shown in this w
to contain the suspended Pt nanoparticles. When these elect
were dried at temperatures aboveca. 200°C, they became black i
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color. The second phase, the precipitate, was determined to co
of a mixture of NaCl and metallic Pt by XRD20 and was not studied
further in this work.

TEM evidence for presence of Pt nanoparticles.—TEM exami-
nations were carried out of the thin films formed from the sol,
described above. Figure 1a shows a typical low magnification T
image of the thin edges of the film formed by dip-coating a Au TE
grid from the sol~without subsequent rinsing with water! and dried
at 400°C. A crystalline phase, with dimensions of between 0.3
1.5 mm, as well as smaller more spherical particles, are seen to
present~at all drying temperatures!. However, after rinsing the grid
carefully with water, Fig. 1b shows that essentially all of these cr
tallites have disappeared. These crystallites are either compos
NaCl, an expected product of the synthesis,20 or of a not fully re-
duced Pt-containing salt, which is discussed in greater detail in
next section.

Figure 2 shows a TEM of a similar film, but which was dried
200°C. The larger particles range from 30 to 200 nm in diam.,
creasing in size as the drying temperature is increased. Carefu
amination shows that these particles are actually composed
smaller particles which areca. 10-50 nm diam, likely reflecting
sintering processes which have occurred as the temperature wa
creased. Assuming that these particles are composed of Pt meta~see
the section on Stability and efficiency of use of the nanoparticu
film!, it can be predicted that drying the films at higher temperatu

Figure 1. TEM image of a Pt film formed by withdrawal from a Pt sol an
drying at 400°C~a! without subsequent rinsing with water and~b! after
rinsing with water.
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will decrease the effective surface area of the film, but should lea
improved stability and electrical contact between particles.

At still higher magnifications, all samples examined by TE
show the presence of a smaller nanoparticulate structure. Figur
provides an image of a film dried at room temperature, show
roughly spherical particles of 1-3 nm diam. Figure 3b shows
image of a similar film, but after drying at 400°C, evidence of p
ticles of ca. 3-6 nm diam can be seen. The particle size is expec
to increase with temperature, similar to what was observed with18

and other sol-gel derived materials,21 due to sintering effects. It is
shown in the section on electrochemical evidence for Pt thin fi
formation that this nanoparticulate phase, which remains on the
face after careful rinsing with water, is Pt, based on the elec
chemical data obtained. This provides clear evidence that Pt n
particles are formed in the solution phase during our synthesis.

Compositional and structural analysis of sol-gel derived Pt th
films .—XPS analysis.—XPS was used to identify the components
the film and their oxidation state. Films studied by XPS were form
by withdrawal of the Au substrate from the Pt sol and were analy
both before and after electrochemistry. The five important X
scans of the pre-electrochemistry film, formed by withdrawal fro
the Pt sol at a rate of 120 cm/min and drying at 190°C for 15 m
with no subsequent rinsing~analogous to the sample examined
TEM in Fig. 2! or electrochemistry, are shown in Fig. 4.

Figure 4a shows that there are at least two different Pt envi
ments in these unrinsed films. The smaller shoulder peaks at
and 74.5 eV correspond to the metallic Pt 4f shell of spin7

2 and 5
2,

respectively.22,23 The larger peaks, centered at 72.8 and 75.9
indicate the presence of oxidized Pt, likely Pt~II !.22 The larger size
of the Pt~II ! peaksvs. those for Pt~0! indicates that the amount o
still-unreduced Pt present is not insignificant, even after drying
close to 200°C. The presence of a Pt species other than Pt me
these films~and hence in the solution phase formed during sol s
thesis! is in agreement with the XRD detection of an unidentifi
surface compound. The binding environment of the Pt~II ! species is
not known with certainty, and therefore the compound cannot
identified by XPS.

Peaks in the Cl, C, and O regions of the XPS spectra~Fig. 4b at
199.8 eV, Fig. 4d at 284.0 eV, and Fig. 4e at 532.1 and 535.2
respectively! indicate that the Pt~II ! species may be complexed t
these elements,e.g., as a Pt chloride ethoxide complex.20 It can be
concluded that it is neither a Pt oxide nor a Pt chloride compou
also ruled out from the XRD results~see the section on XRD analy
sis!. It should be noted that the Au 4f peaks can be detected, i

Figure 2. TEM image of a Pt film formed by withdrawal from a Pt sol an
drying at 200°C.
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cating that the film is thin~less that the escape depth of the ele
trons,i.e., ,10 nm)24 or porous. The XPS spectra also exhibit pea
at 198.3 eV~Fig. 4b! and 1072.2 eV~Fig. 4c! ascribed to NaCl,22

consistent with the XRD and EDX data. Overall, the XPS analy
~Fig. 4! of the freshly formed film~not rinsed, no electrochemistry!
indicates the presence of metallic Pt, NaCl, and an unknown P~II !
compound.

Figure 5 shows the XPS results for the part of the film which h
been cycled in 0.5 M H2SO4 until a steady-state Pt signal was o
served. Unlike the pre-electrochemistry film,~Fig. 4!, only the peaks
at 70.8 and 74.2 eV, corresponding to the 4f spin7

2 and 5
2 of metallic

Pt, respectively, are seen in Fig. 5a. This finding shows that
oxidized Pt~II ! compound~Fig. 4a!, present in the freshly formed
unrinsed films, dissolves in the acidic solution or is reduced dur
electrochemical cycling. In the oxygen spectrum~Fig. 5b!, only the
unidentified peak at 532.1 eV is still seen, while the small peak
535.2 eV is gone, suggesting that it is linked to the unknown Pt~II !
compound. Similarly, there is no longer any evidence for NaCl
the film.

XRD analysis.—XRD was employed to assist in identifying th
crystalline components of the thin Pt-containing films, shown in F
1. Figure 6a shows a XRD pattern for a film formed by deposition
an aliquot of the Pt sol on the XRD plate and drying at 22°C
several days, without subsequent rinsing with water. There is
evidence for crystalline Pt from the XRD analysis of this film~at 2u
of 39.75 and 46.2!, consistent with the very small size of the P

Figure 3. TEM image of Pt films formed by withdrawal from a Pt sol~a!
dried at room temperature for 24 h and~b! dried at 400°C for 15 min.
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Figure 4. XPS spectrum of a Pt formed film
dried at 190°C for 15 min.~a! Pt region,~b! Cl
region, ~c! Na region,~d! C region, and~e! O
region.
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nanoparticles~and hence significant peak breadth,25 especially after
room temperature drying, Fig. 3a!. There is at least one well-define
crystalline phase present in this unrinsed film, but all attempts
match it to any known Pt compound or to Na ethoxide in the PC
DFWIN ~version 1.20! and JADE~release 5.0.12! databases have
failed. ~For reference, the XRD spectrum of one of the starting m
terials, sodium ethoxide, is provided in Fig. 6d.! This film was then
rinsed with distilled H2O for ca. 10 s. XRD was again run and th
results~Fig. 6b! show that the unidentified crystalline phase@likely
the unknown Pt~II ! compound seen in the XPS data# dissolves with
rinsing ~consistent with Fig. 1 and XPS results! and only an uniden-
tified amorphous phase is left behind. A very small peak
2u 5 39.88 may be attributed to metallic Pt. The diameter of th
particles can be estimated using the Scherrer equation25

d 5 ~Kl!/~b cosu! @1#

whered is the diameter of the particles,K is a constant~0.89 for Pt!,
b is the broadening associated with the peak~measured as the pea
width at half-height!, l is the wavelength of the X-ray, andu is the
reflection angle at the maximum peak height. The calculated par
diameter for this film is 4.5 Å, although this is an approximate va
due to the low signal to noise ratio of the peak.

A similar Pt film, but dried at 200°C for 15 min, was examine
by XRD and the data are shown in Fig 6c. It is seen that at least
of the unknown crystalline products in Fig. 6a has now been th
mally decomposed. Significantly, however, the peaks at 2u of 39.5
and 45.1 correspond to metallic Pt, and have a particle size~Eq. 1!
of 6.5 nm, similar to the larger diameter nanoparticles seen in
TEM images of corresponding films. After drying at 200°C, sint
ing will have caused the nanoparticles to agglomerate, as was
by TEM and the larger particle diameter calculatedvs. that for the
rinsed films above, now making them detectable by XRD. We t
have further confirmed the presence of nanoparticulate metallic P
our sol.

SEM and EDX.—SEM and EDX were used to characterize a
identify the larger morphological features in the film. An aliquot
the Pt sol was dried at 22°C for several days on a carbon-coate
SEM stub, without subsequent rinsing. Figure 7 shows an S
image of the surface, revealing fracturing of the film at certain si
typical of either hydrated or sol-gel formed thin films composed
small particles.21 This fracturing has also caused the loss of regio
of the film, which may provide an explanation for some of the m
o
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Figure 5. XPS spectrum of a Pt formed film, dried at 190°C for 15 min, a
after electrochemistry was run in 0.5 M H2SO4 until steady-state CV was
obtained.~a! Pt region,~b! O region.
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loss ~Table I! seen after rinsing or electrochemistry~see the section
on Stability and efficiency of use of the nanoparticulate film!. EDX
analysis performed on regions of the film showed crystalline Na
perhaps with some Pt or Pt chloride compound trapped from

Figure 6. Measured XRD data of experimentally measured Pt sol form
films ~ ! and the database marker for metallic Platinum~ •!, and
NaCl ~• • • •!. ~a! Dried at room temperature for 24 h with no subsequ
rinsing, ~b! dried at room temperature for 24 h, subsequently rinsed w
distilled water forca. 10 s, and~c! dried at 200°C for 15 min;~d! sodium
ethoxide reference spectrum.
,
e

precipitation process. In a few locations, some relatively large p
ticles appear to be composed primarily of Pt, likely due to Pt part
agglomeration. After electrochemical treatment, the NaCl was
sent, due to dissolution, and the films were composed primarily
Pt, supporting the XPS findings.

Electrochemical evidence for Pt thin film formation.—Figure 8a
shows a typical CV of a polycrystalline Pt-sputtered glass plate
0.5 M sulfuric acid, revealing the H underpotential deposited~upd!
peaks, between 0.05 and 0.4 V, and the Pt oxide growth plateau
reduction peak, centered at 0.8 V. As well, a standard CV fo
polycrystalline Au wire electrode is shown. Au was chosen for
substrate to ensure that the H upd peaks which arose from th
coating could be used to quantify the electrochemically active
area.

In comparison, Fig. 8b shows the initial~0 to 1.6 V! and steady-
state CV response of the film material derived from the Pt sol. T
film was formed by withdrawing the Au/glass substrate from the
at a withdrawal rate of 60 cm/min and then drying at 200°C for
min. This film was not rinsed before electrochemistry was p
formed. In the first few cycles, almost full suppression of the Pt C
features is seen. After;25 cycles between 0.05 and 1.6 Vvs.RHE,
a clean steady-state Pt CV is obtained. There is some evidence
small net cathodic charge passed in the first few cleaning cyc
perhaps indicating that there is a reducible component present in
initial film @e.g., the Pt~II ! compound identified by XPS, Fig. 4#.
This excess cathodic charge is most evident in the films dried
room temperature, which are the films that exhibit the grea
amount of blocking during the initial CV cycles. The lower amou
of excess cathodic charge in the case of the oven-dried films
gests that the blocking component is removed or decompose
temperature less thanca. 200°C.20 By comparison with Fig. 8a, the
small cathodic peak at;1.1 V vs.RHE is due to the reduction of a
small amount of Au oxide, formed at high potentials at the unde
ing Au substrate, thus demonstrating that the Pt film has some
rosity.

To determine the origin of the suppression of the Pt signal in
first few cycles of potential, several Pt sol films were rinsed w
distilled water before being tested electrochemically. Rinsing
electrode for approximately 5 s with distilled water, or soaking a
film in water for 3 h, produced films which were between 30 a
65% less electrochemically suppressed than films which were
rinsed. Thus, a large portion of this surface contamination is du
the presence of water soluble species~likely NaCl, as seen by SEM
an expected product of the sol formation reaction!.20 This is also
consistent with the effect of rinsing of the TEM Au grid in Fig.
and the loss of the large, crystalline phase, likely NaCl. Most of
remaining signal suppression~20-50%! may be attributed to ethano
contamination of the Pt surface, as a similar degree of suppres
was also exhibited by fresh Pt foil electrodes when dipped in e
nol, dried, and then examined by CV.

Figure 7. SEM image of a Pt sol formed film, dried at room temperature



Journal of The Electrochemical Society, 149 ~11! A1481-A1488~2002!A1486
Table I. The average measured masses of room temperature dried and oven dried films and the percentage of mass lost during rinsing and
electrochemistry of these films.a Data shown is the average of at least three samples at each temperature.

Drying temp of
film
~°C!

Mass per
unit area of

dry film
(mg/cm2)

Mass per unit
area of film
after rinsing
(mg/cm2)

Percent of original
mass lost

during
rinsing

Mass per unit area
of dry film after
electrochemistry

(mg/cm2)

Percent of rinsed mass lost
during

electrochemistry~%
of original mass lost!

Total percent of Mass
lost during
rinsing and

electrochemistry

200°C, 15 min 65 6 5 586 3 116 2 446 8 236 9
(21 6 9)

31 6 7

Room temperature dried, 3
days

1236 45 8 6 3 93.86 0.4 4 6 2 546 6
(3.4 6 0.3)

97.16 0.5

a Rinsing was completed by spraying the surface with distilled water for several~at least three! seconds. Electrochemistry was carried out until steady-state
Pt signal was reached.
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The effect of drying temperature on the CV response of th
sol-derived Pt films was also examined. Figure 8c shows the C
obtained after air-drying otherwise identical Pt sol containing fil
at temperatures between room temperature and 400°C. At lo
drying temperatures, less definition is seen in the steady-state H
peaks, likely attributable to a lower degree of crystallinity in the fi
and the smaller Pt particle size~Fig. 3!. In addition, the room tem-
perature dried films are often less stable, and with extended pote
cycling and/or evolution of either oxygen or hydrogen, the CV d
creases in size as the Pt particles either dissolve or fall off of
substrate. This is consistent with the larger initial size of the
reduction peak, indicating a larger exposed fraction of the unde
ing substrate under these conditions. In contrast, films which h
undergone some degree of higher temperature drying are physi
much more stable, overall. Other issues related to film stability
examined in more depth in the section on Stability and efficiency
use of the nanoparticulate Pt film.

Figure 9 shows a plot of the steady-state H upd peak cha
density as a function of drying temperature for these Pt films, w
all other experimental conditions kept constant. It should be no
that the small differences in the H upd peak characteristics~Fig. 8c!
as a function of drying temperature may introduce a small erro
determining the electroactive surface area, as the normal conve
factor, 0.22 mC/cm2, is based upon data for bulk Pt.26 Nevertheless,
when this conversion factor is used to calculate the electroac
surface area of these sol-formed thin Pt films, these are betwe
and 20 times higher than for bulk Pt, depending on the sol forma
conditions employed.

It can be seen in Fig. 9 that, similar to previous results obtai
for SG-derived films of metallic Ir, Ni oxide, and Co oxide,18,21 the
charge density~assumed to be proportional to the electroactive s
face area! increases to a maximum atca. 200°C, and then decrease
above this temperature. Increasing the drying temperature will
tially improve the contact between adjacent Pt particles as we
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between the Pt film and the Au substrate as a result of sintering~Fig.
3!, thus giving a higher active area and improved film adhesion.
well, at higher drying temperatures~up to 300°C!, further conver-
sion of residual still-oxidized Pt complexes~see the next section! to
metallic Pt may be occurring, resulting in a film containing a high
proportion of Pt~0! vs. when dried at lower temperatures. At tem
peratures above 200-300°C in Fig. 9, the decreasing charge de
is likely due to an overall decrease in surface area, due to the m
pronounced sintering effects seen in Fig. 3.

Stability and efficiency of use of the nanoparticulate Pt film.—In
order to quantify the loss of water soluble species by rinsing an
further clarify the processes taking place during the CV ‘‘clean
cycles,’’ the film mass was tracked as a function of the experime
conditions employed. In theseex situ experiments, the Pt coating
was deposited on a Au sputter-coated quartz crystal, and after dr
either at room or elevated temperatures, the frequency of the cry
was measured in air and converted to mass per unit area u
the Sauerbrey equation~using a crystal constant of 56.
Hz cm2/mg.19,27! Once the weight of a freshly deposited, dry, P
coated quartz crystal was determined, the crystals were rinsed
distilled water and allowed to dry again in air at room temperat
for 24 h, and the mass measurement was repeated. The crystals
then examined electrochemically, and after the film was rinsed
dried, any further mass changes were recorded. As these wereex situ
measurements, the frequency counter was calibrated on a contin
basis using a standard crystal oscillator to account for any drif
the system.

Table I gives the average mass per unit area of four differ
samples, all treated identically except for the temperature of dry
of the original film. First, it can be seen that the mass of the fres
formed high temperature dried films, without subsequent rinsing
CV cycling, is consistently lower than that of their room temperatu
dried counterparts. This most likely demonstrates the more comp
°C for

Figure 8. ~a! Typical CV of ~ ! polycrystalline Pt sputtered glass plate, and~ ! polycrystalline Au wire per apparent area in 0.5 M H2SO4 . ~b!
~• • • •! Initial, ~ ! fifth, and ~ ! steady-state cycle of a Pt film formed by withdrawal from a Pt sol solution at 60 cm/min, and dried at 200
15 min.~c! CV response of Pt films dried at various temperatures: at~• • • •! room temperature;~–••–••! 100°C;~–•–•! 175°C;~ ! 300°C; and~ !
400°C.
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removal of solvent and retained organics at these elevated tem
tures, consistent with the observations of Fig. 8c and 9. This la
mass loss may also indicate some further conversion of still oxid
Pt complexes to Pt~see the section on Compositional and structu
analysis of sol-gel derived Pt thin films!.

Upon rinsing with water, Table I shows that all of the films, b
particularly the room temperature dried films, lose a sizeable f
tion of their mass. This is consistent with the TEM results of Fig.
indicating the removal of the crystallite phase, likely NaCl, w
water. However, as the TEM results do not show a significan
greater amount of crystallite content after lowvs. high temperature
drying, this suggests that high temperatures also serve to for
more compact and adhesive film.

In situ mass measurements~data not shown! have indicated that,
even after rinsing, films lose further mass immediately upon imm
sion in the acidic solution, and afterca. 15-30 min, the film mass
reaches a steady state. After potential cycling is initiated, the
again loses mass until a steady-state CV response and mass
tained. As rinsing serves to remove the NaCl crystallites~Fig. 1!,
exposure to the acid solution must dissolve some retained Pt
species and/or to dislodge loosely attached Pt particles from
surface. This would not be surprising, considering the more typ
approach of supporting and stabilizing metallic nanoparticles o
porous support material,e.g., carbon.

The film mass data was also employed to provide a very appr
mate estimate of the film thickness involved in these experime
by assuming a density of bulk Pt (21.45 g/cm3). Assuming that
these rinsed films are now composed only of Pt, their thicknes
3.6 6 1.5 nm and 276 2 nm, after drying at room temperature an
200°C, respectively~Table II!. The films again lose mass during th
electrochemical cleaning, and the thickness calculated from the
masses are 1.76 0.9 nm for a room temperature dried film, an
21 6 4 nm for a film dried at 200°C.

Another objective of the QCMB work was to determine wh
fraction of the Pt nanoparticulate coating is electrochemically act
In these experiments, it was assumed again that the film mass
electrochemistry originates only from metallic Pt, an assumpt
supported by the XPS data~see the section on XPS analysis!. The

Figure 9. A plot of the steady-state H upd peak charge density per appa
area as a function of drying temperature for the Pt films, with all ot
experimental conditions kept constant.
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film mass was used to calculate the total number of moles of P
the film, while the electrochemically active Pt~surface Pt! was ob-
tained from the H upd charge, leading to a Pt surface to volu
ratio. This ratio was determined to depend on the drying tempera
of the films, with the films dried at;200°C exhibiting a ratio of
0.106 0.04 vs. the room temperature dried films, which showed
surface to volume ratio of 0.136 0.07.

The theoretical surface to volume ratio calculated based on
average size of the nanoparticles is seen in Fig. 3. For an ave
nanoparticle diam of 2 nm, the following calculation was carri
out. The number of Pt atoms present on the surface of the par
was calculated by dividing the surface area of the particle (1.
3 10213 cm2) by the cross-sectional area of one Pt atom (7
3 10216 cm2). The number of atoms in the particle volume w
calculated by dividing the volume of the particle (4.18
3 10221 cm3) by the volume of one Pt atom (1.50
3 10223 cm3). At room temperature, the average particle size w
2 nm, yielding an expected ratio of 0.61. However, when dried
200°C, the particle size increased to an average of 3 nm, wi
corresponding anticipated ratio of 0.41. This analysis indicates
the fraction of use is between 20 and 25%, assuming that only
very small particles are electrochemically active.

Conclusions

We have demonstrated that metallic Pt nanoparticles, which
main suspended in solution, can be formed using a sol-gel appro
specifically by the reaction of H2PtCl6 with Na ethoxide. The for-
mation of metallic Pt has been confirmed by XRD, SEM/EDX, XP
and electrochemical studies. The predominant form of this Pt
pears to be as nanosized particles, as seen by TEM and confirm
the large peak width in the XRD spectra and the very large elec
active areavs. mass, seen from the cyclic voltammetry/QCMB e
periments. We have also shown that the Pt particle size has a s
temperature dependence, with room temperature dried films ha
an average particle diam of 1-2 nm, while the particle size of
films dried at 400°C is between 3 and 6 nm.

In addition to nanoparticulate Pt, evidence has been found for
presence of some larger Pt nodules~by SEM! in our films, likely
indicative of anticipated coalescence of these small particles.
well, another product is formed in the sol-gel reaction, in addition
NaCl. XPS data suggests that it is in the Pt~II ! oxidation state, while
XRD analyses has been unable to assist in the identification of
material. This product can be partially removed from the surface
rinsing with water and more completely lost by potential cycling
sulfuric acid solutions.

The efficiency of use of our Pt nanoparticles was also determi
using sensitive QCMB mass measurements~giving the total Pt
weight! together with cyclic voltammetry~yielding the active
surface area of the Pt!. The active surface to volume ratios hav
been found to be 0.106 0.04 for films dried at 200°C andca.
0.136 0.07 for films dried at room temperature. When compared
the expected ratio of 0.41 and 0.61, respectively, for these fil
~based on the Pt nanoparticle sizes seen by TEM!, this shows that
the overall efficiency of use is between 20 and 25%. These very h

t

Table II. Average thickness„assuming bulk Pt density… of dip-coated films dried at room temperature and 200°C.a Data shown is the average
of at least three samples at each temperature.

Drying temperature
of film ~°C!

Thickness of the
original dry film

~nm!

Thickness after
exposure to water

~nm!

Thickness after
exposure to water

~nm!

Oven dried 200°C, 15 min 65 6 5 276 2 216 4
Room temperature dried, 3 days 1236 45 3.66 2 1.76 0.9

a The films were coated by withdrawal from a Pt sol solution at a rate of 60 cm/min, and were rinsed by spraying with distilled water forca. 3 s.



mi

on
ich
he
iz
an
ticl
are
arg
om
d

t p
M

R

to
for
o
to

o

eks,

, J.

-

Journal of The Electrochemical Society, 149 ~11! A1481-A1488~2002!A1488
efficiencies of use confirm that the majority of the Pt electroche
cal signal must be arising from the Pt nanoparticles.

The temperature at which the films are dried also has a str
effect on the charge density and stability of the film, both of wh
exhibited an increase between room temperature and 200°C. T
increases have been attributed to the conversion of residual oxid
Pt species to metallic Pt and the formation of a more compact
electrically conducting layer at higher temperatures due to par
sintering. At temperatures of 200-300°C, the resulting films
more adherent to the surface, and exhibit a maximum for the ch
density, as well as a thickness of close to half that of the ro
temperature dried films. A decrease in charge density is exhibite
temperatures above this, as the sintering experienced by the P
ticles becomes a dominant factor. It was also seen, using QC
experiments, that films dried at temperatures ofca. 200°C were
more structurally stable than those dried at room temperature.
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