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Preparation of Nanoscale Platinum(0) Clusters in Glassy 
Carbon and Their Catalytic Activity 
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We have found that the incorporation of platinum a t  the molecular level in carbon precursors, 
poly(phenylene-l,3-diacetylene) and poly( 1,2,3,5-tetrafluorophenylene-l,3-diacetylene), followed 
by thermolysis a t  relatively low temperatures (600 "C), results in the formation of conductive, 
dimensionally stable carbon matrices containing nanoscale crystalline platinum particles. The 
size of the clusters generated in the carbon solids can be controlled by the platinum loading level 
in the carbon precursors. The platinum clusters possess a narrow size distribution with average 
diameters from 8 to 19 A. The exchange current density of the materials for the hydrogen 
evolution reaction correlates with the number of vertex sites for the clusters with the highest 
efficiency found for the smallest clusters. The materials also exhibit excellent catalytic activity 
for the reduction of dioxygen with a response similar to  that found for polycrystalline platinum. 

Introduction 
The desire to impart selectivity to electrochemical 

reactions and to control electron-transfer kinetics has 
prompted numerous investigators to modify the surfaces 
of electrodes with catalysts. The catalyst can enhance 
the electrocatalytic properties of an electrode by changing 
its selectivity toward electroactive species, by modifying 
the reaction rate, or by increasing corrosion resistance of 
the surface. Indeed, most electrochemical reactions re- 
quire the interaction of ions and/or molecules with the 
electrode surface, and catalysis is strongly dependent on 
the thermal and chemical history of the electrode surface." 
Of the various electrode materials, glassy or vitreous carbon 
(GC) is particularly useful because of its low electrical 
resistivity, impermeability to gases, and high chemical 
resistance and because it has the widest potential range 
observed for carbon electrodes.6 Glassy carbon derives 
its name from the fact that its fracture behavior is similar 
to that of glass and that it has a disordered structure over 
large dimensions (although it contains a graphitic micro- 
crystalline structure) and because it is a hard, shiny 
material, capable of high polish. 

Although GC serves well as an electrode material, 
deriving desired catalysis often requires chemical modi- 
fication of the surface. Several methodologies are used 
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for the preparation of superficially chemically modified 
electrodes (CMEs), including (1) the addition of a variety 
of molecular catalysts and mediators to the electrode 
surface by adsorption (Figure lA), (2) covalent bonding 
of electroactive Catalysts to the electrode surface (Figure 
lB), (3) vapor or electrodeposition of metals directly onto 
the electrode surface (Figure 10, and (4) entrapment of 
metals within a polymer film affixed to the electrode 
(Figure lD).7-12 An example of the effectiveness of a 
catalyst adsorbed to an electrode surface was demonstrated 
by Collman, Anson, and c o - w ~ r k e r s . ~ ~ ~ ~  They found that 
a series of homo- and heterobimetallic face-to-face por- 
phyrins adsorbed on a graphite surface provided a 
framework for the stable binding of dioxygen, and under 
acidic conditions, the porphyrins effectively mediated the 
reduction of dioxygen. The often weak chemisorption of 
a catalyst to a carbon surface has forced investigators to 
explore alternative strategies to retain the catalyst. To 
affix catalysts to a carbon surface through covalent bonds 
as depicted in Figure lB, it is necessary to generate a 
sufficiently high density of reactive functionality on the 
surface. This has been accomplished by a variety of surface 
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Figure 1. Various methodologies used for the generation of 
chemically modified GC electrodes (CMEk), including (A) surface 
adsorption of porphyrins, (B) covalent attachment of metal- 
loporphyrins, (C) metal vapor deposition of metal particles, and 
(D) electrodeposition of metal particles in polymer films on 
electrode surfaces. 

treatments, including plasma oxidation and heating of the 
carbon electrode in ~ir .~8J9 The carboxylic acid, ketone, 
aldehyde, and alcohol functionalities subsequently gen- 
erated have been utilized, for example, for the covalent 
attachment of porphyrins or to generate a pyridine surface. 
These modified surfaces could be subsequently treated 
with an appropriate metal complex to generate a surface- 
bound metal catalyst.2G23 

An alternative to molecular-based catalysts for the 
modification of surfaces is the generation of metal clusters 
on, or near, the surface of the electrode. This can be 
accomplished via vapor deposition of the desired metal 
directly onto the surface of the electrode (Figure 1C). 
However, without the use of a protective overlayer coating, 
the rapid loss of the metal catalyst is often intolerable in 
these systems. An attractive method for the generation 
of metal clusters in polymer films involves electroreduction 
of metal salt solutions with an electrode coated with a 
porous film of the polymer (Figure 1D).2P28 The elec- 
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troformed particles are clean and catalytically active and 
have a fairly narrow size distribution due to mass transport 
effects in the polymer film. These various efforts have 
demonstrated the great potential that modified electrodes 
have for electrocatalysis. However, these systems are often 
limited by the chemical stability of the catalyst on the 
electrode surface or by the stability of the polymer matrix, 
in addition to requiring an often lengthy preparation 
procedure. 

We have pursued an alternative approach to the 
preparation of modified glassy carbon materials by the 
synthesis of carbon solids which contain elements other 
than carbon.2w1 We have found that the incorporation 
of dopants at  the molecular level in a carbon precursor, 
a poly(arylenediacety1ene) (11, followed by thermolysis at  
relatively low temperatures (<600 "C), results in a 
conductive, dimensionally stable carbon matrix X-GC6, 
containing the dopant (Scheme I).31 The mnemonic used 
for these glassy carbon materials describes the dopant 
atom, which in the general case is denoted by X, and the 
temperature, 600 "C, for the formation of glassy carbon, 
signified by GC6. For simplicity sake, for X = H, the 
material is referred to as GC6. Of practical significance, 
the glassy carbon precursors are soluble in typical organic 
solvents, allowing the preparation of thin, continuous films 
(-2 pm thick) of X-GC6 materials on a variety of 
substrates including conventional GC and high-surface- 
area carbons. In addition, we have found that the porosity 
of the X-GC6 materials can be varied to allow access of 
the reaction solution to the interior of the thin film. 

These X-GC6 materials exhibit excellent electrochem- 
ical properties. For instance, the voltammetry of the ferri/ 
ferrocyanide [Fe(CN)sS-/Pl couple on conventional pol- 
ished GC prepared a t  2000 "C (Up = 74 mV, k" = 0.017 
cm/s) and polished GC6 (Up = 91 mV, k" = 0.0075 cm/s) 
are remarkably similar.30 The GC precursors also allow 
the immobilization of catalyst microparticles in glassy 
carbon. Addition of 0.25 and 1.0 atom 5% of platinum (as 
PtO2) to 1 in Scheme I (X = H) prior to heat treatment 
immobilized the catalyst in GC, and the material was 
effective for the reductive formation of dihydrogen from 
an acidic solution.30 Recently we have found that the 
incorporation of metals on the molecular level in a carbon 
precursor, followed by thermolysis, results in a conductive, 
dimensionally stable carbon matrix containing crystalline 
metal particles possessing high catalytic a ~ t i v i t y . ~ l a ~  We 
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Preparation of Nanoscale Platinum(0) Clusters 

describe here the preparation of nanoscale platinum 
clusters of controlled dimensions which possess narrow 
size distributions in glassy carbon and the characterization 
of these materials. We also report our detailed studies of 
the electrocatalytic behavior of these materials and the  
intriguing observation that their catalytic activity is 
strongly coupled to  the size of the platinum clusters 
contained in the carbon solid. 
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J p e p  = 3488); 24.8 (dd, Jp-p = 25 Hz, J p e p  = 3823) ppm; lesPt 
NMR (64.4 MHz, C a s )  6 -4675 (dd, J p e p  = 3665,3579 Hz) ppm; 
IR (KBr) 3054,2923,2160,1586,1478,1434,1093,791,742,693, 
679 cm-'. Anal. Calcd for Cll&IezP&: C, 70.37; H, 4.10. 
Found C, 70.00; H, 4.18. Poly[ (phenylene-l,bdiacetylene)(bis- 
(triphenylphosphine)platinum(O)),l ( x  = 0.6): lH NMR (200 
MHz,C&) 6 6.8 (m),7.6 (m) ppm;W NMR (62.9 MHz,C&), 
6 136.5,133.9,133.0,132.8,129.3,128.8,128.1,127.6,122.8,122.7, 
122.5,122.0,83,76 ppm; 31P NMR (101.3 MHz, C&) 6 25.6 (dd, 
Jp-p = 25 Hz, J p e p  = 3584), 24.7 (dd, Jp-p 25 Hz, J p e p  = 3625) 
ppm; l95Pt NMR (64.4 MHz, C a s )  6 -4675 (dd, J p e p  = 3656, 
3543 Hz) ppm; IR (KBr) 3054,2923,2358,2158,1584,1478,1434, 
1093,1027,998,791,742,692 cm-l. Anal. Calcd for ClssHlzlPa- 

Poly[ (2,4,5,6-tetrafluorophenylene-1,3-diacetylene)( bis- 
(triphenylphosphine)platinum(O)),]; Platinum:DiyneRatio 
(x = 0.2,0.6). To separate flasks containing 0.257 g (1.0 mmol 
diyne; -0.16 mmol of oligomer based on 4 diynes/molecule) of 
poly(2,4,5,6-tetrafluorophenylene- 1 ,3dacetylene)" in toluene (25 
mL) was added ethylene bis(triphenylphosphine)platinum(O) in 
0.2 (0.14 g, 0.19 mmol) and 0.6 (0.48 g, 0.64 mmol) mol equiv 
relative to diyne content. The solutions were heated to 60 O C  

for 6 h, and the solutions turned from yellow to red in color. The 
solutions were concentrated in vacuo to -l/2 their original volume 
and poured into petroleum ether (250 mL). The precipitated 
oligomers were collected via centrifugation and washed with 
ethanol (3 X 100 mL) to give (0.30 g, 80%) and (0.20 g, 75%), 
respectively, as light yellow powders. Poly[(2,4,5,6-tetrafluo- 
rophenylene-l,3-diacetylene) (bis(tripheny1phoaphine)platinum- 
(0))J; ( x  = 0.2): lH NMR (200 MHz, C&7) 6 7.13 (m), 7.39 (m) 
ppm; 13C NMR (62.9 MHz, C7Dd 6 167.2, 155.0, 150.1, 137.7, 
133.0, 132.6, 128.2, 127.6, 126.5, 97.1, 83.2, 68.0, ppm; 31P NMR 
(101.3 MHz, C a s )  6 24.5 (m, Jh-p = 3565 Hz), 22.4 (m, J p e p  = 
3823 Hz) ppm; le5Pt NMR (64.4 MHz, C a s )  6 -4594 (dd, J p t p  
= 3705,3550 Hz) ppm; IR (KBr) 3090,3070,3035, 2189,2173, 
1620, 1479, 1436, 1390, 1079, 1035, 963, 744, 674 cm-'. Anal. 
Calcd for C11zHd9Q2Pt: C, 59.04; H, 1.33. Found C, 58.39; H, 
1.84. Poly[(2,4,5,6-tetrafluorophenylene l,&diacetylene)(bis- 
(triphenylphosphine)platinum(O)),l ( x  = 0.6): lH NMR (200 
MHz, C a s )  6 7.15 (m), 7.42 (m) ppm; NMR (62.9 MHz, C&) 
6167.3,154.8,149.7,136.2, 134.0,133.0,118.6,84.0,68.5ppm;s1P 
NMR (101.3 MHz, CsDs) 6 24.5 (m, J p e p  = 3610 Hz), 22.5 (m, 
J p e p  = 3810 Hz) ppm; '"Pt NMR (64.4 MHz, C&3) 6 -4593 (dd, 
J p e p  = 3715,3610 Hz) ppm; IR (KBr ) 3090,3070,3035,2188, 
1960,1815,1619,1478,1436,1390,1097,1035,963,744,674 cm-l. 
Anal. Calcd for CzmHl&MP.&d: C, 59.55; H, 1.33. Found C, 
60.06; H, 1.26. 

Preparation of Pt-GC6 and Pt/F-GC6 Films on Conven- 
tional Glassy Carbon. Glassy carbon disks (1.5-cm diameter, 
Atomergic GC25) were washed with acetone and distilled water 
and then sonicated in distilled water for 5 min. The disks were 
dried in a vacuum oven (65 "C, 0.15 mmHg) and then affixed to 
a Headway Research Inc. Model PWM101-PMR485 photoresist 
spinner. Separate saturated solutions of the oligomers above in 
toluene (5 mL) were added dropwise to the glassy carbon disk 
(rotating at a rate of 200 rpm) until the disk was completely 
covered with the solution. Spinning was continued at  a constant 
rate until evaporation of the toluene was complete ( -5  min). 
This procedure provided reproducible, homogeneous films with 
thicknesses in the range 1-5 pm. The thin films on glassy carbon 
were placed in a quartz tube which was inserted into a furnace 
such that one portion of the tube extended outside the furnace 
for connection to an oil diffusion vacuum pump. The vessel was 
evacuated (1V to 1V mmHg) and then heated at  a rate of 1 
"C/min to 600 "C. Thermal treatment at  600 "C was continued 
for 6 h. The samples were then cooled to room temperature at 
a rate of - 10 "C/min and then removed from the tube as a dark, 
highly reflective films on the glassy carbon substrate. Thermo- 
lysis of poly[(phenylene-1,3-diacetylene)(bis(triphenylphos- 
phine)platinum(O)),] (r = 0.2,0.3,0.6) gave 0.90,1.1, and 1.5 Pt 
atom % Pt-GC6, respectively, and thermolysis of poly[(2,4,5,6- 
tetrafluorophenylene-1,3-diacetylene) (bis(tripheny1phosphine)- 

Ph5: C, 68.12; H, 5.09. Found C, 68.18; H, 3.97. 

Experimental Section 

All NMR spectra were obtained on Bruker AC-200, AC-250, 
or AC-500 spectrometers. IR spectra were recordedwith a Perkin- 
Elmer 1600 FTIR spectrometer. XPS spectra were obtained 
with a Physical Electronics 550 ESCA/Auger spectrometer using 
a Mg anode (Mg Ka, 300 W, 15 kV). Binding energies are given 
relative to C(1s) at  284.6 eV. Elemental analyses were obtained 
from Galbraith Laboratories, Knoxville, TN, or Quantitative 
Technologies Inc., Whitehouse, NJ. Phenylacetylene, diisopro- 
pylamine, tetramethylethylenediamine (TMEDA), pyridine, 
copper(I1) acetate monohydrate, copper(1) iodide, and bis- 
(triphenylphosphine)palladium(II) chloride were used as received 
from Aldrich. Trimethylsilylacetylene was used as received from 
Farchan. Silica gel (230-420 mesh) was obtained from Brinkman. 
Solutions of 1 mM &Fe(CN)6 (Mallinckrodt) were prepared in 
1 M KC1 in purified (Nanopure from Barnstead) water. 
Poly(phenylenediacety1ene). A solution of o-dichloroben- 

zene (75 mL), TMEDA (0.11 g, 0.95 mmol), copper(1) chloride 
(0.03 g, 0.30 mmol), and pyridine (2.5 mL) was stirred under 
oxygen at 65 "C. A solution of 1,3-diethynylbenzene (2.10 g, 16.7 
mmol) and phenylacetylene (0.57 g, 5.6 mmol) in o-dichloroben- 
zene was added rapidly to the reaction flask. Heating and stirring 
under oxygen were continued for 2 h. The reaction mixture was 
allowed to cool to room temperature and was then stirred under 
oxygen for an additional 3 h. The reaction mixture was poured 
into acidic methanol (2% HC1) to induce precipitation and a 
light yellow solid was collected by centrifugation. The solid was 
dissolved in tetrahydrofuran (250 mL) and treated with TMEDA 
(0.2 mL) to remove any residual copper species in solution. This 
solution was then poured into acidic methanol (2 % HCl) to induce 
precipitation and a light yellow solid (2.01 g, 75 %) was collected: 
1H NMR (250 MHz, CDCl3) 6 7.7 (s), 7.3 (8)  ppm. 13C NMR (62.9 

81 (br), 75 (br) ppm. IR (KBr) 3050, 2200, 1578, 1463, 1377, 
1084,882,780,754,679 cm-l. Anal. Calcd for CuH22: C, 96.14; 
H, 3.86. Found: C, 96.14; H, 3.86. 

Synthesis of Poly[ (phenylene-1,3-diacetylene)(bis(tri- 
phenylpho~phine)platinum(0))z] (x = 0.2, 0.3, 0.6). To 
separate flasks containing 0.10 g (0.68 mmol of diyne; -0.17 
mmol of oligomer based on 4 diynes/molecule) of poly(pheny1ene- 
l,&diacetylene) in toluene (25 mL) was added ethylene bis- 
(triphenylphosphine)platinum(O) under argon in 0.2 (0.10 g, 0.13 
mmol), 0.3 (0.15 g, 0.20 mmol), and 0.6 (0.30 g, 0.40 mmol) mol 
equiv relative to diyne content. The solutions were heated to 65 
"C for 6 h, whereupon the solutions turned from yellow to red 
in color. The solutions were concentrated in vacuo to w1/2 their 
original volumes and then poured into petroleum ether (250 mL). 
The precipitated oligomers were collected via centrifugation and 
washed with ethanol (3 X 100 mL) to give 50 mg (60%), 100 mg 
(60% 1, and 270 mg (69% ), respectively, as light yellow powders. 
Poly[ (phenylene 1,bdiacetylene) (bis(tripheny1phosphine)plati- 
num(O)),] ( x  = 0.2): lH NMR (200 MHz, C a s )  6 6.8 (m), 7.6 (m) 
ppm; l3C NMR (62.9 MHz, C a s )  6 136.5, 133.2, 133.0, 132.8, 
129.4,128.8, 128.6, 127.6, 122.8, 122.6,122.5, 122.0,83, 76 ppm; 

3440 Hz), 24.4 (dd, Jp-p = 25 Hz, J p e p  = 3606 Hz) ppm; leSPt 
NMR (64.4 MHz, C&) 6 -46 74 (dd, J p e p  = 3412,3624 Hz) ppm; 
IR (KBr) 3054,2345,2162,1736,1586,1478,1435,1093,792,742, 
692 cm-'. Anal. Calcd for CazH~2P2Pt: C, 76.09; H, 4.05. Found 
C, 75.8; H, 3.89. Poly[ (phenylene 1,3-diacetylene) (bis(tripheny1- 
phosphine)platinum(0)),3 ( x  = 0.3): lH NMR (200 MHz, C a s )  
6 6.8(m),7.6 (m)ppm;W NMR(62.9 MHz,C&)6136.5,133.6, 
133.0, 132.8, 129.4, 129.0, 128.6, 127.6, 122.8, 122.5, 122.0, 83, 
76 ppm; 3lP NMR (101.3 MHz, C a s )  6 25.3 (dd, Jp-p = 25 Hz, 

MHz,CDCl$) 6 136.2,133.8,132.8,129.7,128.0,122.8,122.6,121.5, 

3'P NMR (101.3 MHz, C a s )  6 25.6 (dd, Jp-p = 25 Hz, J p e p  = 
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platnum(0))J; p1atinum:diyne ratio (n = 0.2,0.6) gave 0.50 and 
1.5 Pt atom 9% Pt/F-GCG, respectively. 

Preparation of PtOdGC6. In separate flasks containing 0.13 
g (-0.23 mmol oligomer based on 4 diynes/molecule) of finely 
powdered poly(phenylene-1,3-diacetylene) was added 5 wt % (7 
mg, 0.03 mmol) and 20 wt % (27 mg, 0.12 mmol) of platinum(1V) 
oxide, and the contents were mixed in a Wig-L-Bug for 60 s. The 
powdered oligomer/platinum oxide mixtures were separately 
added to l-cm diameter circular die and pressure (6800 bars) was 
applied. For each sample, the die was heated to 330 "C for 1 h 
(heating rate 20 "C/min) and then allowed to cool slowly to room 
temperature. The dark disks produced were placed in a quartz 
tvbe and heated to 600 "C (rate 1 "C/min) under dynamic vacuum 
(0.005 Torr) and held at 600 "C for 6 h. After cooling to room 
temperature, the 0.25 and 1 Pt atom % PtOdGC6 disks were 
removed from the quartz tube. 

Electrochemical Reduction of Platinum Oxide Doped 
Glassy Carbon. A PtOl/GC6 disk containing a 1 atom % Pt 
was subjected to a reducing potential (-1 V vs SCE) in a 0.5 M 
sulfuric acid solution for 10 min. The disk was removed from 
the solution and rinsed with deionized water. 

Electron Microscopy Studies. For scanning electron mi- 
croscopy (SEM) studies, uncoated thin-fib specimens of X-GC6 
materials on GC and gold-coated disks of PtOl/GC6 were 
examined on a Hitachi Model S-510 instrument operated at  25 
keV. For transmission electron microscopy (TEM), electron- 
transparent films were prepared on potassium bromide disks. 
Following dissolution of the salt in deionized water, the X-GC6 
films were picked up on lo00 mesh Cu support grids. Upon 
drying, the samples were examined on a Zeiss EM902 electron 
microscope, operated at  80 keV equipped with an energy-loss 
imaging system. The resolution of the EM902 instrument is 
approximately 4 A in bright-field mode. Virtually achromatic 
bright-field images were obtained at  an energy loss (AE) of 0 eV 
by inserting a 30-eV energy slit into the energy-dispersed electron 
energy-loss spectrum, which permitted acquisition of unscattered 
and elasticdly-scattered electrons for image formation without 
image-degrading inelastically scattered electrons. This protocol 
yields contrast-enhanced images-a High-resolution TEM images 
were obtained on a Hitachi H9000 NAR electron microscope 
operated at 300 keV near the optimal Scherzer defocus with a 
resolution of approximately 1.8 A. 

General Procedure for Voltammetry. Cyclic voltammetry 
was performed with a triangle wave generator and personal 
computer as described elsewhere.% The active electrode area 
was determined by a Teflon washer and measured approximately 
0.014.1 cm2, with each electrode area determined by chrono- 
amperometry of Fe(CN)&-lC. Voltammery on the Pt/F-GCG 
electrodes was performed immediately after removal from the 
vacuum curing apparatus. For other thin-film electrodes, elec- 
trodes were pretreated for 1 h a 500 "C in an argon atmosphere, 
immediately before voltammetry experiments. Solutions were 
degassed with argon before use, and an argon stream was 
maintained over the solution during voltammetric measurements. 
Voltammetry of the hydrogen evolution reaction (HER) was 
carried out in 1 M HClO, immediately after electrode preparation. 
The Pt-GC6 surface was pretreated by 10 potential scans (200 
mV/s) between +1.0 and-0.20 Vvs SSCE followed by a potential 
step to -0.8 V for 30 a, and a final scan between +1.2 and 0 V. 
The oxygen reduction reaction (ORR) was studied using the same 
procedure in 02-saturated 1 M HClO,. Following pretreatment, 
avoltammogram was obtained at  50 mV/s, which was fast enough 
to avoid significant gas evolution. For a given Pt-GC6 electrode, 
the potential cycling pretreatment was repeated after any changes 
in the electrolyte. Geometric (i.e., projected) electrode areas were 
determined by chronoamperometry of Fe(CN)& in 1 M KC1, 
after completion of experiments on electrocatalysis. In all cases, 
the reference electrode was a sodium-saturated calomel electrode 
(SSCE, +0.236 V vs NHE). 

(34) For a complete description on the operation of the EM902, see: 
Samseth, J.; Mortensen, K.; Burns, J. L.; Spontak, R. J. J .  Appl. Polym. 
Sci. 1992, 44, 1245. 

(35) Allred, C. D.; McCreery, R. L. Anal. Chem. 1992,64,444. 
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Results and Discussion 

1. Synthesis. Preparation of the glassy carbon solids 
begins with the oligomerization of the highly unsaturated 
diethynylbenzene derivatives, l,&diethynylbenzene (2) 
and 1,3-diethynyl-2,4,5,6-tetrafluorobenzene (3). We uti- 
lized the Glaser oxidative coupling of 2 or 3, using copper 
chloride as a catalyst in o-dichlorobenzene, to form poly- 
(phenylene-1,3-diacetylene) (6) or poly(2,4,5,6-tetrafluo- 
rophenylene-l,3-diacetylene) (7) (Scheme II).% To main- 
tain solubility, approximately 30 mol % of phenyl acetylene 
(4) or pentafluorophenyl acetylene (5) was added to the 
reaction solutions to serve as end-capping groups and to 
limit the molecular weight of the oligomers formed. In 
general, the oligomers formed with these ratios of diacet- 
y1ene:monoacetylene yields materials with good solubility 
and film-forming behavior. 

To derive new catalytic activity with glassy carbon solids 
derived from these precursors, we explored the incorpo- 
ration of metals into the carbon matrix. Our initial 
experiments relied on a simple strategy: the admixing of 
microcrystalline platinum oxide with 6 to generate a PtOd 
GC6 composite (Scheme 111). The resultant material, 
characterized below, consists of l-20-pm-diameter mi- 
crocrystallites of PtOz immobilized within a glassy carbon 
matrix. These materials exhibited good electrocatalytic 
activity for the generation of dihydrogen from an acidic 
solution;30 however, the utilization of the platinum con- 
tained in the electrode was far from optimal because of 
the relatively low surface-to-volume ratio of the micro- 
crystallites. 

From these results we recognized that the preparation 
of much more highly dispersed metal clusters in glassy 
carbon was likely to result in higher catalytic activity.3' 
However, a greater level of dispersion of a metal catalyst 
on a support is not the only factor to consider in the design 
of new catalytic surfaces. It is widely recognized that the 

(36) Hay, A. S. J. Org. Chem. 1960,25, 1275. 
(37) Davis, S. C.; Klabunde, D. J. Chem. Rev. 1982,82, 153. 
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catalytic activity and selectivity of metals supported on 
various surfaces is controlled by several important factors, 
including (1) the size, shape, and composition of the metal 
catalyst, (2) the composition of the support, (3) the surface 
functionality of the support, and (4) the physical and 
electronic interaction of the support and the metal 
catalyst.38 In particular, effecting control of these factors 
is critically important for the use of supported metal 
catalysts in fuel-cell applications.39-46 

In an attempt to address these important factors, 
platinum was incorporated into the glassy carbon pre- 
cursors by coordination of a platinum complex to the 
carbon-carbon triple bond of 6 or 7 in Scheme 111. 
Reaction of 6 with ethylene bis(tripheny1phosphine)- 
platinum(0) in 0.2-0.6 mol equiv of the platinum complex 
relative to the diacetylene functionality contained in 6, in 
toluene at  25 OC under an argon atmosphere for 6 h, 
resulted in the formation of poly[(phenylene-1,3-di- 
acetylene) (bis(triphenylphosphine)platinum(O)),l ( x  = 0.2, 
0.3, 0.6) (8).4614' Addition of the reaction solution to an 
excess of petroleum ether resulted in the precipitation of 
8 as a green-yellow solid in 69% yield. This solid was 
air-stable and soluble in toluene and benzene. Prolonged 
reaction (3 days) under the same conditions resulted in 
the formation of an intractable solid, presumably resulting 
from displacement of triphenylphosphine ligands from 
platinum by alkynes on other polymer chains. The 
fluorine-containing GC precursor, poly[ (2,4,5,6-tetraflu- 
orophenylene-1,3-diacetylene) (bis(tripheny1phosphine)- 
platinum(O)), ( x  = 0.2,0.6; 9), was prepared in an analogous 
fashion from 7 as described above. 

We chose to prepare these particular GC precursors for 
three primary reasons: (1) this method of preparing 8 and 
9 allows the atomic dispersion of platinum along the 
diacetylenic polymer backbone, (2) we anticipated that 
the triphenylphosphine ligands of 8 and 9 would be readily 
lost on thermolysis, and (3) the incorporation of high levels 
of fluorine in the carbon solid in 9 might enhance the 
adsorption of dioxygen to the electrode surface and assist 
its catalytic reduction. 

The platinum-containing GC precursors (8 and 9) were 
characterized by a combination of 31P and lg6Pt NMR 
spectroscopies in addition to the usual spectroscopic and 
analytical methods. Figure 2A shows the 31P NMR 
spectrum obtained on examination of (1,4-diphenyl- 
butadiyne)bis(triphenylphosphine)platinum(O) (10) in 

A Ph3? 

10 

(38) Metal Clusters in Catalysis; Gates, B. C., Guczi, L., Knhinger, 

(39) Blurton, K. F.; Greenberg, P.; Oswin, H. G.; Rutt, D. R. J. 

(40) Bregoli, L. J. Electrochim. Acta 1978,23, 489. 
(41) Peuckert, M.; Yoneda, T.; Dalla Betta, R. A.; Boudart, M. J. 

(42) Sattler, K.; Ross, P. N. Ultramicroscopy 1986, 20, 21. 
(43) Watanabe, M.; Saeguaa, S.; Stonehart,P. Chem.Lett. 1988,1487. 
(44) Kinoshita, K. J. Electrochem. SOC. 1990,137,845. 
(45) Srinivasan, S. J. Electroanal. Chem. 1981, 118, 51. 
(48) H+ey,F.R. ComplexesofZeroualent PlatinumandPalladium; 

(47) Blake, D. M.; Roundhill, D. M. Znorg. Synth. 1979,19, 120. 

H., Ed.; Elsevier: New York, 1986. 

Electrochem. SOC. 1972, 119, 559. 

Electrochem. SOC. 1986, 133, 944. 
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Figure 2. slP NMR spectra of (A) (1,4-diphenylbutadiyne)bis- 
(triphenylphosphine)platinum(O) (lo), (B) poly[ (phenylene-1,3- 
diacetylene) (bis(triphenylphosphine)platinum(O))~~] (8), and (C) 
poly[(2,4,5,6-tetrafluorophenylene-1,3-diacetylene)(bi~(tri- 
phenylphosphine)platinum(O))~.~] (9). 

benzene-& a t  121.5 MHz.48 This spectrum illustrates that 
the two phosphorus atoms in 10 are not equivalent, giving 
the expected AB quartet coupling pattern with chemical 
shifts of 25.37 and 25.62 ppm (Jp-P = 25 Hz). The 31P 
nuclei are also coupled to lg5Pt (natural abundance of 
33.8 % ) with coupling constants of 3373 and 3598 Hz. Figure 
2B shows the 31P NMR spectrum of 8 in which the diyne: 
platinum ratio was 1:0.2. The spectrum is similar to that 
found for 10 with an AB quartet for the inequivalent 
phosphorus nuclei. Importantly, the chemical shifts of 
25.6 and 24.4 ppm (Jp-p = 25 Hz) and Pt-P coupling 
constants of 3440 and 3606 Hz are quite similar to that 
found for 10, indicating that the assigned structure for 8 
is correct. The NMR spectrum of 9, in which the diyne: 
platinum ratio was also 1:0.2, is qualitatively similar to 
that found for 8 and 10 (Figure 2C). However, coupling 
between 31P and 19F significantly broadens the 31P NMR 
spectrum. 

These same complexes were examined by lg6Pt NMR 
(Figure 3). Figure 3A shows the lsaPt NMR spectrum 
obtained on examination of 10. A lg6Pt chemical shift of 
-4704 ppm with Pt-P coupling constants of 3405 and 3614 
Hz was observed. Figure 3B shows the lgaPt NMR 
spectrum of 8 which is quite similar to that of the model 
compound 10 with a l95Pt chemical shift of -4674 ppm 

(48) Heyns, J. B.; Stone, F. G. A. J. Orgonomet. Chem. 1978,160,337. 
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Figure 3. "Pt NMR spectra of (A) (1,4-diphenylbutadiyne)- 
bis(triphenylphosphine)platinum(O) (lo), (B) poly[ (phenylene- 
1,3-diacetylene) (bis(triphenylphosphine)platinum(O))0.~l(8), and 
(C) poly[(2,4,6,6-tetr~uorophenylene-1,3-diacetylene)(bis(tri- 
phenylphosphine) platinum (0) )o.zI (9). 

and Pt-P coupling constants of 3412 and 3624 Hz. The 
lssPt NMR spectrum of the fluorinated GC precursor, 9, 
is also qualitatively similar to that of 10 (Figure 3C). As 
might have been expected for the perfluorinated analog 
of 8, the 196Pt chemical shift of 9 is further downfield at  
-4594 ppm. The Pt-P coupling constants for 9 are of the 
same magnitude as those observed for 8 and 10 with values 
of 3550 and 3703 Hz. The small differences in the le5Pt 
and 31P NMR chemical shifts for 8 and 9 relative to those 
found for the model compound 10, in addition to the similar 
Pt-P coupling constants, provide convincing evidence that 
the platinum is present in the oligomer as depicted, and 
that no other forms of platinum are present in the GC 
precursor. 

Conversion of 8 and 9 to a material composed of 
nanoscale platinum clusters in glassy carbon (Pt-GC6) or 
in fluorine-doped glassy carbon (Pt/F-GCG) was accom- 
plished by casting a thin film of 8 or 9, dissolved in toluene, 
onto a conventional glassy carbon disk or onto a potassium 
bromide disk, followed by thermolysis a t  600 "C (1 "C/ 
min ramp rate, 6 h at  final temperature) at  104 Torr 
(Scheme 111). The Pt-GCS and Pt/F-GCG materials 
produced were black, highly reflective, and conductive 
(the idealized structure shown in Scheme I11 is explained 
below). 

2. Characterization of Platinum-Doped GC Ma- 
terials. We compare here GC containing platinum oxide 
dispersed in the carbon matrix and GC containing nano- 
scale platinum clusters. The surface composition and the 
oxidation state of the platinum contained in the carbon 
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Figure 4. X-ray photoelectron spectraof PtOdGC6: (A) survey 
analysis of PtOz/GC6; (B) high-resolution spectrum of the Pt- 
(40 region of PtO&C6;  (C) high-resolution spectrum of the 
Pt(40 region of PtOdGC6 following exposure of the sample to 
a reducing potential (-1 V vs SCE) in 0.5 M sulfuric acid for 10 
min. 

matrices of these materials have been investigated by X-ray 
photoelectron spectroscopy (XPS). The morphologies of 
films and solid disks of these materials have been examined 
by scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) has been used to characterize 
the nanoscale platinum particles in the X-GC6 platinum- 
doped materials. 

X-ray Photoelectron Spectroscopy. Figure 4 contains 
the XPS spectra of PtOz/GC6. The survey spectrum of 
this sample clearly shows the presence of oxygen [O(ls) 
at  -535 eV1, carbon [C(ls) at  -290 eV1 and platinum 
[Pt(4f) at  -75 eV1 (Figure 4A). As seen in the high- 
resolution spectrum of the Pt(4f) electron region of the 
Pt02/GC6 material, the platinum in the material is a 
mixture ofPt(O), Pt(II), and Pt(IV) oxidation states (Figure 
4B). Application of a reducing potential of -1 V vs SCE 
in 0.5 M sulfuric acid resulted in substantial reduction of 
a portion of the oxidized platinum to Pt(0). This reduction 
is evidenced by the growth of the Pt(4f,/2) line at  
approximately 72 eV as seen on comparison of the Pt(4f) 
electron region before reduction (Figure 4B) and after 
reduction (Figure 4C). 

The XPS spectra of Pt-GC6 andPt/F-GC6 are provided 
in Figure 5. Figure 5A,C clearly shows that these materials 
possess only a residual level of oxygen and that fluorine 
is retained in the Pt/F-GC6 solid at  a level of approxi- 
mately 15 atom 96.  Of particular concern is the fate of the 
triphenylphosphine on thermal treatment of 8 and 9 
(Scheme 111). Careful examination of the spectra pre- 
sented in Figure 5A,C found that >95 96 of the phosphorus 
is lost on thermal treatment, resulting in a residual level 
(<0.1 atom %) of phosphorus in the solid.49 Comparison 
of the areas of the Pt(4f) and C(ls) regions for each of the 
materials prepared found that platinum is present in these 

~~ ~~~~ 

(49) The P(2p) electrons is found at approximately 132 eV. The 
expressed residual level is an estimate of the detection limit of the 
spectrometer for phosphorus. 
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Figura 6. (A) XF'S survey spectrum of 0.9 Pt atom % Pt-GCS 
foUowing an argon ion sputter treatment. (B) High-resolution 
spectrumofthePt(40lineinPt-GC6. (C)XPSsurveyspectrum 
of 0.5 Pt atom % PVF-GC6 foUowing an argon ion sputter 
treatment. (D) High-resolution spectrum of the Pt(40 line in 
PtIF-GCG. 

materials ranging from 0.50 to 1.5 Pt atom % with the 
ultimate loading of platinum in the solid proportional to 
the platinum content in the GC precursors. Thermolysis 
of poly[(phenylene-1,3-diacetylene)(bis(triphenylphos- 
phine)platinum(O)), (8) with 1: = 0.2, 0.3, and 0.6 gave 
Pt-GC6 containing 0.90,1.1, and 1.5 Pt atom %, respec- 
tively. Similarly,poly[(2,4,5,6-tetrafhorophenylene-l,3- 
diacetylene)(his(triphenylphosphine)platinum(O)zl with 
I: = 0.2 and 0.6 gave Pt/F-GCG containing 0.50 and 1.5 Pt 
atom '3% , respectively. 

High-resolution spectra of the Pt(4f) electron region of 
Pt-GC6 and Pt/F-GC6 are presented in Figure 5B,D, 
respectively. Examination of these spectra found pre- 
dominately a single oxidation state for the platinum with 
the expected Pt(4f,/2/4fs/z) doublet. The binding energy 
of the C(1s) electron from each analysis was used as an 
internal reference (284.6 eV) for determination of the 
binding energies of the Pt(4f~ll) electrons which produced 
values of 72.3 and 71.9 eV, respectively. These values are 
approximately 1 eV higher in binding energy than that 
found for bulk polycrystalliieplatinum. While the higher 
binding energies observed for the Pt(40 electrons in these 
specimens are not attributed to the presence of oxidized 
platinum as evidenced by previous electron diffraction 

the higher binding energies may be due to the 
effect of small particles on binding energy andlor because 
of the intimate interaction of the platinum particles with 
the conductive carbon substrate.w3 These XPS data 
clearly demonstrate that thermolysis of poly(pheny1ene- 
diacetylene) materials containing his(tripheny1phosphie)- 
platinum dispersed alongthe oligomeric backbone provides 
for the formation of Pt(0) in the carbon matrix with the 
loss of phosphorus from the material. 

Electron Microscopy. Examination of PtOdGC6 by 
scanning electron microscopy found, as expected, PtO2 
particles evenly dispersed in GC (Figure 6). These 
particles, the light features evident in Figure 6, are 

(50) Eberhardt, W.: Fayet, P.: Cox, D.; Fu. 2.; Kaldor. A,: Sherwd. 

(51) E b e r M ,  W.; Fayet, P.; Cox. D.; Fu, 2.; Kaldor. A,; S h e d ,  

(52) Kim, K. S.; Winograd, N .  Chorn. Phyr. Lett. lW6,30.91. 
(53) Takasu, Y.; Unwin, R.;Tesche, B.: Bradshaw,A. M.; Grunze, M. 

R.; Sondericker. D. Phya. Rev. Lett. 1990,64.780. 

R: Sonderieker, D. Phya. Scr. 1990,41,892. 

Surf. Sei. 1978. 77,219. 
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Figure 6. Scanning electron micrographs of gold-coated 
PtOdGCG: (A) the surface at low magnification and (B) the 
same region at higher magnification showing a single particle. 
The light features are PtOz, and the dark background is GC. 

relatively large with approximate diameters from 1-20 
pm. In sharp contrast to these materials, films composed 
of Pt-GC6 or PVF-GCG on conventional GC, prepared by 
spin-coating dilute toluene solutions of 8 or 9 onto GC 
followed by thermal treatment at 600 O C  and 106 Torr, 
are completely homogeneous at these magnification levels 
(Figure 7). The resultant films measure approximately 2 
pm thick and appear smooth and free from macroscopic 
cracks removed from the edge of the film (Figure 7B). 
Micrographs of the interior of the films are featureless. 
The micrographs in Figure 7 were taken a t  the edge of the 
film where fracture occurred to show the thickness of the 
film. This fracture edge was presumably formed by the 
buildup of material near the edge of the disk which then 
cracked due to thermal stress. Films of these X-GC6 
materials for catalysis studies are routinely prepared on 
a variety of surfaces including high surface area carbons. 

Transmission electron microscopic analyses of Pt-GC6 
and Pt/F-GCG were carried out to determine the size, 
distribution, and state of the platinum clusters contained 
in the carbon matrix?2 The series of micrographs pre- 
sented in Figure 8 correspond to doping levels of 0.90 Pt 
atom % (Figure 8A), 1.1 Pt atom '3% (Figure 8B), and 1.5 
Pt atom '3% (Figure 8 0 .  Image analysis of each of the 
micrographs in Figure 8A-C yielded the cluster-size 
histograms also shown. The clusters in the 0.9 Pt atom 
'3% Pt-GC6 material were found to have an average 
diameter of 8 A, with clusters ranging in size from the 
resolution limit of the microscope (4 A point-to-point) to 
14 A. Similarly, the 1.1 Pt atom '3% Pt-GC6 specimen 
consists of clusters with an average diameter of 10 A, with 
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Figure 7. (A) Scanning electron micrograph of a thin film of 
0.90 Pt atom % Pt-CCG on a conventional glassy carbon disk; 
and (B) scanning electron micrograph of 0.50 Pt atom % Ptl 
F-GCG on aconventionalglassycbon disk. In eachmicmgraph, 
the films are cracked in the lower portion of the micrographs and 
the continuous X-GCG film covers the remainder of the disk. 

clusters from 6 to 16 A in diameter. The clusters in the 
1.5 Pt atom % Pt-GC6 material possess an average 
diameter of 15 A and range in size from 6 to 22 A. A 
greater concentration of platinum contained in 8 clearly 
leads to larger platinum clusters. For the 0.9 Pt atom % 
sample, clusters with diameters from 6 to 8 A constitute 
over 65% of the clusters present in the material and the 
range of clusters present is only 10 A. Similarly for the 
1.1 Pt atom % sample, the range of cluster diameters is 
only 10 A with the majority of the clusters between 8 and 
12A in diameter. The most concentratedsample contains 
clusters significantly larger than the other two samples, 
dominated by clusters with diameters between 14 and 16 
A, and the range of clusters diameters is somewhat greater 
(16 A). We anticipate that optimization of the experi- 
mentalparameters relatedtothe formationofthe platinum 
clusters would generate materials possessing even narrower 
size distributions. 

High-resolution TEM images of 0.5 and 1.5 Pt atom % 
Pt/F-GCG obtained near the optimum Schemer defocus 
areshown in Figure SA,B,respectively. The darkstriated 
dispersions in these micrographs correspond to platinum 
clusters, whereas thelighter disordered features arise from 
graphitic carbon which constitutes the glassy carbon 
support. The platinum clusters present in the 0.5 Pt atom 
% Pt/F-GCG sample possess an average diameter of 14 A, 
while the 1.5 Pt atom % sample platinum clusters possess 
an average diameter of 19 A. These clusters are similar 
in size to the analogous Pt-GC6 series discussed above. 

A 

4 8 1 2  16 20 22 

Cluster Diameter (A)  

Figure 8. Brightfield images and eorreapondmg cluster size 
distribution of Pt-GCG at different platinum loadinpa. (A) 0.90 
Ptatom %,averageclustersize=8A. (B) 1.1Ptatom %,average 
cluster size = 10 A. ( C )  1.5 Pt atom %, average cluster size = 
15 A. 

Analogous to our previously reported study of a Pt-GC6 
specimen consisting of 32-A average diameter platinum 
clusters,32 close examination of the higher magnification 
micrographs of Figure 9A,B reveals that many of the 
platinum clusters in Pt/F-GCG exhibit lattice fringes, 
indicative of crystalline order. 

The structure shown for Pt-GC6 and PVF-GCG in 
Scheme 111 represents that the carbon matrix in these 
solids is similar to conventionally prepared glassy carbon 
which is illustrated by the small domains of graphitic 
ribbon. The scheme also shows one platinum cluster with 
a defed-free cubooctahedral structure containing 201 
atoms. Thiscluster possessesadiameter ofapproximately 
18 A, which lies close to the average nanocluster size 
obtained by TEM analysis for these 
Undoubtedly, the platinum clusters contained in these 
solids are not defect-free, a feature which may have a 
significant impact on the catalysis mediated by these 
materials which is described below. Remarkable features 
of our methodology which are apparent from these 
structural studies included (1) the platinum clusters 
present in these materials are homogeneous throughout 
the carbon matrix, (2) the platinum clusters possess a 
relatively narrow size distribution, (3) the platinum 
concentration effectively controls the size of clusters that 

(541 van Hardewld, R.: Hartog, F. Surf. Sci. M Y ,  IS. 189. 
(551 Wang.S.-W.;Fslimv,L.M.;~.A.W.Surf.Sei.lS(U,IU. 

609. 
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Figure 9. Bright-yield TEM micrographs obtained near the 
optimum Scherzer defocus of representative areas of Pt/F-GC6 
containing: (AI OSatom eo platinumrevealing thelattice fringes 
of the platinum particles. The average particle diameter is 14 
A, with the cluster size distribution shown at the right. (B) 1.5 
atom % platinum revealing the lattice fringes of the platinum 
particles. Theaverage particlesdiameter is 19 A, with the cluster 
size distribution shown at the right. 

are generated in the carbon matrix, and (4) the platinum 
clusters are crystalline. 

3. Electrochemistry of Pt-GC6 and Pt/F-GC6. 
Examination of the Pt-GC6 materials for electrocatalytic 
performance will be discussed in the next three sections. 
First, a semiquantitative comparison of various Pt-GC6 
and Pt/F-GC6 materials for hydrogen evolution and 
dioxygen reduction will be presented. Second, the quan- 
itative issues of microscopic surface area and particle 
accessibility will be considered. Third, the mechanistic 
implications of the results are discussed, with particular 
attention to differences between nanoscale Pt(0) cluster 
behavior and that of bulk polycrystalline Pt. 

Voluunmograms for several related electrode materiala 
in 1 M HCIO, are shown in Figure 10. Curves i and vi 
correspond to bulk polycrystalline Pt and GC6, respec- 
tively. Both CC6 and conventional GC20 (Tokai) are 
essentially inert toward the hydrogen evolution reaction 
(HER). Curve v was obtained with PtOdGCG containing 
0.25 Pt atom % in the form of microcrystalline PtOz. 
Modest electrocatalysis is observed. Curve iv represents 
0.90 Pt atom % of nanoscale Pt-GC6 cured as a solid (ca. 
2 x 2 X 10 mm) disk, with current flowing through -10 
mm of the sample. Although substantial catalysis is 
evident, there is significant ohmic potential error a t  the 
fairly large current densities employed. On the basis of 
the resistivity of GC6, the ohmic potential error is at least 
50 mV at 25 mA/cm2. The thin film of Pt-GC6 (ca. 2 pm 
thick) on conventional GC greatly reduces ohmic potential 
error(voltammogramii),and the0.90Pt atom % material 
is roughly as catalytically active as bulk polycrystalline Pt 
for equal geometric areas. 

Asimilarcomparison forthedioxygen reductionreaction 
(ORR) is shown in Figure 11. The background corrected 
curve (ii) for Pt-GC6 was obtained by subtracting vol- 
tammograms recorded after argon degassing and after 
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F-re 10. Hydrogen evolution voltammograms obtained in 1 
M HCI04, 50 mV/s ~ e a n  rate. Current density is based on 
geometric area Electrde materials were as follows: (i) poly- 
crystalline Pt wire mounted in glass; (ii) 0.90 Pt atom % Pt-GC6 
thin film on commercial (Atomergic GC25) glassy carbon disk; 
(iii) 0.50 Pt atom 9% PWF-GCG thin film on commercial 
(Atomergic GC25) glassy carbon disk; (iv) bulk sample of Pt- 
GC6 containing 0.90 Pt atom %; (v) bulk sample of PtOdGC6 
containing 0.50 Pt atom % as ROE; (vi) GC6. 
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Figure 11. Dioxygen reduction voltammograms obtained in 0, 
saturated 1 M HCI04, 50 mV/s. Except for curve iii. voltam- 
mograms were corrected by subtracting a voltammogram of an 
argon purged solution. Electrode materials were: (i) polycryk 
talline Pt; (iii) 0.90 Pt atom % Pt-GCG; (ii) same as iii, but 
background corrected; (iv) 0.50 Pt atom % Pt/F-GCG: (v) GC6. 

dioxygen saturation. Although Pt-GC6 exhibita a sub- 
stantial background current (curve iii), the catalysis of 
the ORR is comparable to bulk Pt (curve i) of similar 
geometricarea. Assuminga 2-pm-thickfilm,afiidensity 
of2.2g/cm3,and0.90Ptatom % inPt-GC6,thePt loading 
of the electrodes used in Figures 10 and 11 is 56 pg/cm2 
of geometric electrode area. 

Pt/F-GC6 films were also examined to test the hy- 
pothesis that a more hydrophobic surface would improve 
dioxygen reduction kinetics.= A GC electrode coated with 
a thin film of Pt/F-GC6 (0.5 Pt atom 7%) yielded 
voltammogram iii in Figure 10 and iv in Figure 11. These 
films showed slightly less electrocatalytic activity for the 
HER and ORR compared to either polycrystalline Pt or 
Pt-GCG. The lower activity may be caused by the low Pt 
loading compared to the Pt-GC6 films (19 pg/cm2 va 256 
pg/cm2 of Pt), but the voltammetry does indicate that the 
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Figure 12. Voltammograms (ZOO mV/s) obtained in 1 M HC104, 
for (A) polycrystalline Pt; (B) 1.1 Pt atom 9% Pt-GCG; (C) 0.90 
Pt atom % Pt-GCG. Theshadedareaindimtescharge considered 
to be due to the desorption of adsorbed H atoms. 

introduction of fluorine into the GC lattice leads to no 
dramatic effects on electrocatalysis. However, the rela- 
tively hydrophobic surface of the fluorinated films33 may 
reduce impurity adsorption and extend the lifetime of the 
electrode. 

Thesynthetic procedure Pt-GCG differs fundamentally 
from previous procedures involving graphite-supported 
Pt,& electrodeposited Pt on GC>C'Jg,&%apor deposition," 
or formation from impregnated N a f ~ o n . ~ ~  Compared to 
these alternatives, the GC6 route yields a narrow size 
distribution of particles, presumably due to rapid cross- 
linking of the GC6 host, thus reducing particle agglom- 
eration. The electroformed catalysts often have higher H 
adsorption areas than Pt-GC6, probably becauseof greater 
accessibility to the solution. If this is the case, the H 
adsorptionareamaybe increasedforpt-GCGbypreparing 
thinner or more porousfilms. SincethePt-GCG precursor 
can be applied as a solution, its concentration on the 
support surface may be made arbitrarily low. 

While comparisons of catalytic activity based on geo- 
metric area may be of practical value, it  is also useful to 
consider microscopic area and individual particle activity. 
The active Pt area was determined from hydrogen 
desorption measured in 1 M HC104. Although the active 
Pt area in Pt-GCG will depend on solution accessibility, 
surface cleanliness, and perhaps particle size, observed H 
adsorption will at least provide an estimate of accessible 
microscopic area. Figure 12 shows voltammograms of 
polycrystalline Pt, 0.90 and 1.1 Pt atom % Pt-GCG. 
TheshadedareaofvoltammogramAinFigure 12equals 

504 pC/cm2 of geometric area for polycrystalline Pt. On 
the basis of the classical value of 210 pC/cm2 for H 
adsorption, the electrode used here has a roughness fador 
of 2.4. Voltammogram B in Figure 12, obtained with 1.1 
Pt atom % Pt-GCG, shows some distortion of the hydrogen 
adsorption and desorption peaks, but integration of the 
shaded area yields 150 pC/cm2 of geometric area. Thus, 
a loading level of 66 pg/cm2 (based on a density of 2.2 

(56) Takasu, Y.; Fujii, Y.; Yaauda, K.; Iwmaga, Y.; Mstsuda, Y. 

(51) Liu, 8.; Her, W.-H.; Fedkiw, P. 5. J.Electrochem.Soe. 1992,139, 
Electrochem. Acto 1989,34,453. 
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g/cm3 and a film thickness of 2 pm) of Pt in Pt-GCG yields 
a larger H adsorption area than polycrystalline Pt. For 
the 0.90 Pt atom % Pt-GCG, H adsorption is 987 pC/cm2 
for a loading of 56 pg/cm2 (Figure 12C). 

On the basis of the assumption that %lo-A Pt particles 
retain the 210 pC/cm2 adsorption of bulk Pt, one can 
calculate microscopic Pt particle areas of 8.4 and 7.6 m2/g 
for the 8- and lo-A particles, respectively. However, it  is 
unlikely that 8-10-A particles will exhibit the 210 pC/cm2 
adsorption observed for bulk polycrystallme Pt, and a more 
reliable calculation is the ratio of the number of H atoms 
adsorbed to the total number of Pt atoms present. For 
the 8 Pt-GCG film, 6 X 10'5 H atoms/cm2 adsorb on 1.7 
X lOI7  Pt atoms, assuming a film thickness of 2 pm and 
film density of 2.2 g/cm3. Thus, approximately 3.5% of 
the total Pt atoms are available for H adsorption based 
on a mechanism involving one H atom per Pt. For the 
1O-APt-GCG film, about 3.2% ofthe totalPt atoms exhibit 
H adsorption. 

While theseresultaareapproximate due touncertainties 
about adsorbed impurities, film thickness, film density, 
and possibly H adsorption mechanism, several observa- 
tions are available. First, a majority of the total Pt atoms 
are on the surface of 8-10-A particles. For example, a 
cubooctahedral10.2-A-diameter Pt cluster contains 38 Pt 
atoms, of which 24 are on the surface.% Second, the high 
surface/volume ratio leads to H adsorption areas higher 
than polycrystalline Pt, even though thePt-GCG films are 
onlyO.%l.l Ptatom %. Third, theestimated8m2/gactive 
area of theca 3% active Pt atoms is lower than graphite- 
supported Pt preparations (250 m2/g) for several possible 
reasons. Many or most of the Pt particles may be 
inaccessible to the electrolyte in the Pt-GCG films. The 
Pt surface may be obstructed by adsorbed impurities, or 
the particles may not have the same hydrogen adsorption 
capacity as hulk Pt. While these issues remain to be 
resolved, there is significant headroom for improving 
catalyst activity by modifying film porosity, thickness, 
and impurity adsorption. 

An additional observation about the H adsorption peaks 
is more qualitative and relates to distortion of the peaks 
themselves. Shifts in peak potential have been attributed 
to changes in the binding energy of adsorbed hydrogen, 
caused by some change in the electronic nature of the Pt 
surface." Asimple explanation is impurity adsortion, but 
the distortion may also imply a difference in adsorption 
behavior between ca. 8-A particles and bulk platinum. 
Given that an 8-A particle has a diameter equivalent to 
about 3 Pt atoms, the surface will deviate significantly 
from polycrystalline Pt, and differences in H adsorption 
behavior would not be surprising. For vapor-deposited 
platinum particles, Takasu et al. have suggested that the 
exchange current density for the HER was greater with 
smaller particles because of a greater ratio of edge/terrace 
sites and that the hydrogen adsorption strength was weaker 
with decreasing particle size." 

The results presented thus far establish that Pt-GCG 
provides efficient use of precious metal catalyst, mainly 
through a high surface/volume ratio. This is an obvious 
advantage with respect to potentially reducing catalyst 
cost in electrocatalytic applications. The results also 
address a fundamental question about reactivity differ- 
ences between small particles and bulk platinum. The 
experiments described below bear on a single question: 
do nanoscale Pt particles in Pt-GCG behave qualitatively 
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Table I. Hydrogen Evolution Kinetic Parameters for 
Polycrystalline Platinum and Pt-GCB Materials 
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Figure 13. Voltammograms (50 mV/s) from HClOJNaClOd 
solutions obtained on (A) polycrystalline Pt, and (B) 0.90 Pt 
atom 5% Pt-GC6 thin film electrode. Voltammograms were 
obtained in the numerical order indicated, and the ionic strength 
was kept constant throughout. HClO, concentrations were (i) 
1.0, (ii) 0.0625, (iii) 0.125, (iv) 0.25, (v) 0.5, (vi) 1.0 M. 

identically to bulk Pt toward H+ reduction, or is there 
some change in mechanism when the particle size ap- 
proaches atomic dimensions? It is not our intent to fully 
investigate the HER mechanism on nanoscale Pt particles, 
which is probably at  least as complex as that on bulk 
platinum. Rather, we intend to establish any qualitative 
differences in the hydrogen evolution reaction between 
ca. 8-A platinum particles in Pt-GC6 and polycrystalline 
platinum. 

Figure 13 shows voltammograms for the HER on bulk 
Pt and 8-Apt-GC6 for several acid concentrations. Curves 
i and vi were both for 1 M HC104, but at  the beginning 
(i) and end (vi) of the series. Although polycrystalline Pt 
exhibits the expected shifts in overpotential with H+ 
activity, there is some deactivation of the surface during 
the series of voltammograms. Pt-GC6 also shows the 
potential shift, but the electrode performance is more 
stable. 

The data of Figure 13 may be considered more quan- 
titatively by examining several kinetic parameters, sum- 
marized in Table I. The Tafel slope refers to the plots of 
In (i) vs overpotential (a) for HER in 1 M HC104. Slopes 
were determined in the low overpotential region 10-40 
mV and the exchange current density was determined by 
extrapolating to zero potential. The reaction order for 
H+ was determined from the steady-state H+ reduction 
current at  7 = 50 mV, in solutions of constant ionic strength 
but H+ concentrations from 1.0 to 0.06 M. The slopes of 
log i vs log [H+l yield the reaction order in H+. It is well 
recognized that a variety of phenomena can affect these 
kinetic observables, some of which are not well controlled 
(e.g., surface cleanliness, mass transport in GC film, etc.). 
However, comparison of such parameters for bulk Pt and 
Pt-GC6 can provide some insight into the nature of the 
HER at small Pt clusters. 

exchange exchange 
Tafel current current 
slope“ d(1og i)/ density densityd 

electrode (V-9 d(1og C=)b (mA/cm2) (mA/cm2) 
polycrystalline Pt 33 1.9 f 0.1 1.0 0.42 

(10 A) Pt-GC6 20 1.2 0.2 3.3 0.67 
(15 A) Pt-GC6 23 1.5f 0.2 1.8 0.30 

(8 A)  Pt-GC6 11 1.1 fO.1 9.3 2.0 

From plot of log i vs E for range of t~ = 10-40 mV. 33 V-1 is 
equivalent to the often used notation of (30 mV)-l. Determined at 
9 = 50 mV. Based on geometric area. Based on H adsorption area, 
assuming 210 NC/cm2. 

The kinetic parameters for polycrystalline Pt are typical, 
exhibiting second order in H+ and a Tafel slope of 33 V-1.58 
Although other interpretations are possible, the usual 
mechanism proposed for this case is a rate limiting 
combination of adsorbed H atoms at  low overpotential. 
The data of Table I indicate that the Pt-GC6 materials 
behave quite differently. First, the order of H+ is close 
to 1 for the 8-A Pt-GC6 surface, implying a different rate 
limiting step. Second, the smaller Tafel slope implies a 
smaller value of CY for the Pt-GC6 case. Given the well- 
known complexity of the HER on well-defied Pt surfaces, 
it would be riskyto draw extensive mechanistic conclusions 
from these results. However, it is clear that the mechanism 
or rate-determining step, or both, on Pt-GC6 differs from 
that on polycrystalline Pt. Thus the Pt particles in Pt- 
GC6 are not behaving merely as small versions of poly- 
crystalline Pt but rather exhibit qualitative as well as 
quantitative differences in HER behavior. 

The distinct behavior of Pt-GC6 could be attributed to 
the carbon matrix, e.g., adsorbed impurities from the 
organic precursor, mass-transfer effects, etc. Alternatively, 
it could be caused by changes in mechanism with particle 
size. Smaller particles have a high ratio of vertices and 
edges to crystallite faces, so that a ca. lo-A particle is 
nearly “all edge”. Perhaps the HER mechanism is quite 
different for a case where the edge or vertex sites dominate. 
Some evidence to distinguish between carbon matrix 
effects and particle size effects is provided by Table I. For 
the three Pt-GC6 materials, one would expect the carbon 
matrix to be similar. As the particle size and Pt loading 
increase, however, the H+ order and Tafel slopes approach 
those of polycrystalline Pt. This observation is strong 
evidence that the kinetic differences between Pt-GC6 and 
polycrystalline Pt are due to particle size effects rather 
than the GC matrix. 

Particle size effects on the hydrogen and oxygen 
reactions have been considered previously in terms of the 
edgeberrace ratio. Takasu et al. reported that the specific 
activity (exchange current per unit of H adsorption area) 
continued to increase as particle size decreased, consistent 
with the behavior of Pt-GC6.M Figure 14 illustrates the 
specific activity for the HER on Pt-GC6 as a function of 
particle size. Takasu’s observations (open circles), as well 
as the fraction of vertex sites are also shown. The Pt-GC6 
materials show the same trend in current density as vapor- 
deposited particles but with smaller particle diameters. 
Furthermore, the increase in current density tracks the 
number of vertex sites, implying a dependence of HER 

(58) Greef, R.; Peat, R.; Peter, L. M.; Pletcher, D.; Robinson, J. 
Instrurnentul Methods in Electrochemistry; Ellis Horwood: London, 
1985; p 233. 
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Figure 14. Exchange current density, based on H adsorption 
area, for Pt-GC6 (closed circles) as a function of mean particle 
size. Open circles are for vapor-deposited Pt.w The solid line 
and right-hand ordinate show the fraction of vertex sites (relative 
to total Pt atoms) for cubooctahedra with indicated particle 
diameters. 

catalysis on Pt sites which predominate for smaller 
particles. For 02 reduction, Kinoshita noted a decrease 
in activity below about 35-A particle diameter, which he 
attributed to the importance of terrace sites.44 The current 
results do not permit verification of this observation for 
oxygen reduction. An additional consequence of particle 
size was reported by Christensen et al., who concluded 

that CO does not adsorb to small Pt particles and is not 
the poison which reduces catalytic activity.59 If such an 
effect occurs on Pt-GC6, i t  may be of significant practical 
value. 

Conclusion 

The fundamental novelty of our approach is the 
synthesis of new carbon matrices which, by necessity, result 
in the formation of new carbon-based surfaces rather than 
the superficial chemical modification of conventional 
glassy carbon. The incorporation of platinum in the GC 
precursor results in the formation of nanoscale, crystalline 
platinum(0) clusters with controlled dimensions. The 
electrocatalytic response of these materials is a function 
of the size of the platinum clusters contained in the solid. 
In addition, the activity of the platinum doped glassy 
carbons for both the hydrogen evolution and oxygen 
reduction reactions is extremely high with excellent 
stability. 
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