
JOURNAL OF CATALYSIS 72, 218-235 (1981) 

The Characterisation of Carbon-Fibre-Paper-Supported Platinum and 
Platinum-Ruthenium Catalysts Using Temperature-Programmed 

Reduction and Cyclic Voltammetry 

T. MAHMOODAND J.O. WILLIAMS 

Edward Davies Chemical Laboratories, University College of Wales, Aberystwyth, Dyfed, Wales 

AND 

R. MILES AND B. D. MCNICOL 

Shell Research Ltd., Thornton Research Centre, P.O. Box I, Chester CHI 3SH, England 

Received November 25, 1980; revised August 13, 1981 

Temperature-programmed reduction (TPR) and cyclic voltammetry have been used to investi- 
gate Pt and Pt-Ru dispersed catalysts unsupported and supported on conducting carbon at various 
stages of the catalyst preparation. Differences in the TPR profiles and the corresponding uptake of 
Ht by unsupported and supported Pt(NH,),(NO,), dried from HNOB solution at 120°C are attributed 
to an interaction via ligand exchange between the nitrate-substituted Pt complex and nucleophilic 
surface groups formed on the carbon support by the action of HNOJ. A similar interaction was 
observed for carbon-supported Ru salts prepared from RuNO(NO&. Support interactions present 
after the drying stage led to an enhanced catalyst dispersion and to the elimination of the original 
interaction after activation in air at 300°C. Bimetallic Pt-Ru catalysts display reducibilities in TPR 
intermediate between those observed for the pure components in both unsupported and supported 
forms. The influence of the carbon support is absent after activation in air. At 3OtYC, activation 
produces a high bimetallic dispersion (90 mt g-l) whereas activation at 400°C leads to more perfect 
alloy formation and consequently to an increased intrinsic activity as an electrocatalyst for 
methanol oxidation at the expense of a reduced dispersion (54 me g-l). Cathodic processes at 0. l- 
0.4 V (vs RHE) during the initial linear potential sweep, corresponding to oxide reduction, are 
observed for air-activated Pt and Pt-Ru catalysts. Electrochemical reduction of oxide species in 
this way is analogous to the characteristic processes observed in TPR except that initial cathodic 
reduction extends ca.4 atomic layers into the oxide particles. Our conclusions concerning air- 
activated Pt catalysts, largely composed of PtO,, are in essential agreement with similar studies of 
oxide layers formed electrochemically on smooth Pt electrodes. 

INTRODUCTION lysts is surface enrichment in that compo- 
nent which lowers the surface free energy 

Catalyst characterisation necessitates de- of catalyst particles (5). Finally, the gas- 
tailed analysis of the chemical state at each eous atmosphere utilised in thermal treat- 
stage of preparation, for example, after im- ment of alloy catalysts may induce surface 
pregnation, drying, calcination, and reduc- segregation of the metallic components via 
tion (I, 2). In bimetallic catalysts, for in- selective chemisorption (6, 7). Recently, 
stance, interactions may occur between the Jenkins and co-workers (8, 9) demon- 
two metallic components at each stage of strated that the technique of Temperature- 
the preparation (3). Also, the degree of in- Programmed Reduction (TPR) can provide 
teraction with the support can be strongly information on the form of oxidic species 
influenced by the preparative conditions present in catalysts. During TPR analysis, 
(4). A further factor that can modify the the catalyst sample is cooled under an inert 
surface composition of mixed metal cata- gas flow (typically nitrogen) to a sufficiently 
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low temperature, e.g., -196”C, such that 
no significant reaction occurs on subse- 
quent exposure to a hydrogen/inert-carrier 
gas flow. The temperature of the sample is 
then increased at a linear rate resulting in a 
characteristic reduction, which is moni- 
tored as consumption of hydrogen as a 
function of temperature. Such factors as 
linear heating rate, sample size, hydrogen 
partial pressure, and flow rate can influence 
the form of the reduction process and hence 
are maintained constant throughout a series 
of experiments. The technique is relatively 
sensitive compared with many other bulk 
methods, being capable of detecting reduc- 
ible species requiring only 10s8 mole hydro- 
gen for complete reduction. It has been 
shown that alloying (ZO), metal-support in- 
teraction (II, Z2), and spillover of hydro- 
gen onto oxide supports (13) can be de- 
tected by this method. 

The experimental techniques of Linear 
Sweep Voltammetry (LSV) and Cyclic 
Voltammetry (CV) have long been em- 
ployed in electrochemistry to study 
adsorption/desorption processes involving 
charge transfer at electrode surfaces 
(14, 15). In particular, CV has enabled the 
surface compositions of smooth metal al- 
loys (Z6) and mixed metal catalysts (17) to 
be determined from an examination of char- 
acteristic oxidation/reduction processes in 
aqueous acid electrolytes. Also, surface 
areas of platinum catalysts can be quantita- 
tively estimated from the degree of hydro- 
gen electrosorption (18, 19). In LSV or CV 
the electrode potential is scanned at a con- 
stant rate between two potential limits, ei- 
ther once or cyclically following a triangu- 
lar waveform, and the corresponding 
currents are measured. An analogy can be 
drawn between LSV in a cathodic direc- 
tion, whereby a linearly decreasing poten- 
tial induces the electrochemical reduction 
of surface oxides, and TPR, whereby chem- 
ical reduction of bulk and surface oxides is 
achieved under conditions of linearly in- 
creasing temperature. In the case of TPR, 
the reaction is favoured thermodynamically 

owing to a negative free energy change but 
is limited kinetically depending on tempera- 
ture, whilst during LSV the potential and 
hence free energy of the electrode is varied 
such that the reduction process ensues at a 
characteristic potential. Clearly, the elec- 
trode material under study must be stable 
towards dissolution in the surrounding elec- 
trolyte as well as electrically conducting. 
Generally, noble metal catalysts supported 
on carbon or graphite are amenable to elec- 
trochemical study. By judicious application 
of both TPR and CV, the bulk and surface 
properties of such catalysts can be deter- 
mined after each stage of the preparation. 

Alloy formation in platinum-ruthenium 
catalysts, active for methanol electrooxida- 
tion, has previously been identified using 
TPR and CV (20). Also, the variation in 
surface composition with different types of 
thermal activation, as determined by CV, 
for supported Pt-Ru catalysts has been 
highlighted (7). A pyrographite-coated car- 
bon fibre (PGCF) paper is used as the sup- 
port and recently some attention has been 
given to the possible interaction that can 
occur between Pt compounds and surface 
groups on the PGCF paper since it is be- 
lieved that this interaction plays a role in 
generating the high electrocatalytic activity 
of such catalysts (21). 

In this paper we present some results on 
the characterisation of Pt and Pt-Ru cata- 
lysts both unsupported and supported on 
PGCF paper using TPR and CV. The pro- 
cedure used was to evaluate the state 
of the catalyst after the stages of 
impregnation/drying and calcination (acti- 
vation in air) in order to obtain information 
about the nature of the catalyst and the 
interaction between catalyst and support. 

EXPERIMENTAL 

Catalyst Preparation 

(a) Unsupported catalysts. Three differ- 
ent preparations of unsupported Pt cata- 
lysts were considered. The hrst prepara- 
tion utilised platinum diammine dinitrite, 
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Pt(NH&(NO& (Johnson-Matthey Chemi- 
cals, Ltd.) as supplied, the second was ob- 
tained by evaporation of an aqueous solu- 
tion of Pt(NH,),(NO,), to dryness and the 
third by evaporation of a solution of 
Pt(NH,),(NO& in 3M HNOI. After final 
drying in air at 120°C for 16 hr, the catalysts 
were calcined in flowing air by heating to 
300°C at a rate of 20°C min-l and main- 
tained at this temperature for 1 hr. Mixed 
metal catalysts containing Ru and monome- 
tallic Ru catalysts were prepared from a 
HN09 solution of ruthenium nitrosyl ni- 
trate , RuNO(NO,), (Johnson-Matthey 
Chemicals, Ltd.) using the same proce- 
dure as outlined above. PtOz and RuO, 
(Engelhard Industries, Ltd.), prepared by 
the Adams method, Were used without fur- 
ther treatment. 

(b) Supported catalysts. A cellulose- 
based carbon fibre paper support (Stone- 
hart Associates, Inc.) was covered with a 
layer of pyrographite by pyrolysis of a 5% 
CH,/95% N, mixture at 1250°C for 4 hr 
prior to use. The resulting PGCF paper 
possessed a surface area of <l mz g-l 
(N,, BET) a thickness of 250 pm and an 
area density of 20 mg cmd2. The support 
was impregnated with a solution of 
Pt(NH&oO,), in H,O or 3M HN09. For 
Ru-containing catalysts, RuNO(NO,), in 
3M HNOs was used. In all cases, the im- 
pregnating solution contained 5 mg total 
metal per cubic centimetre. Impregnation 
was carried out by dropwise addition under 
an infrared lamp to give metal loadings of 
about 0.5-1.0 mg cm-* and subsequent dry- 
ing and calcination in air followed the same 
procedure as described for unsupported 
catalysts. 

Catalyst Characterisation 

(a) Temperature-Programmed Reduc- 
tion (TPR). The experimental apparatus 
used for the TPR measurements consisted 
of a modified Perk&Elmer Model 212D 
Sorptometer in which the reducing gas was 
passed through one arm of a thermal con- 
ductivity cell, thence through a silica U- 

tube reactor and finally via a cold trap (at 
-78°C) back through the other arm of the 
thermal conductivity cell. For the present 
study the initial reactor temperature was 
extended to - 196”C, since it had been 
found earlier (22) that with carbon-fibre- 
paper-supported Pt catalysts, calcination 
resulted in bxidised species- capable of re- 
duction by Hz at temperatures below ambi- 
ent. The heating rate throughout was 6°C 
mitt-l and the reducing gas composition 
was 5%/95% : Hz/N2 (v/v). A gas flow rate 
of 900 cm3 min-’ was used at absolute pres- 
sures of 1 bar and calibration was achieved 
by the injection of a known volume (0.237 
cm3) of pure Hz into the inlet stream at the 
end of each run. Sample sizes used in TPR 
ranged between 0.2 and 2 mg metal (typi- 
cally 0.7 mg). 

(b) Cyclic Voltammetry (CV). An identi- 
cal experimental arrangement to that de- 
scribed in an earlier paper (7) was used. A 
three-compartment electrochemical cell 
containing 3M H,SO, (BDH Chemicals 
Ltd), preelectrolysed for 7 days to elimi- 
nate organic impurities, was maintained at 
25°C for all experiments. Electrochemical 
reduction of oxidic species was initially 
monitored by sweeping the electrode po- 
tential cathodically from +0.7 V (vs RHE) 
to 0.0 V at a linear potential sweep rate of 2 
mV set-l. Subsequent cyclic voltammo- 
grams of the reduced catalyst were re- 
corded between the potential limits 0.0 V 
and + 1.6 V for Pt catalysts (+ 1.4 V in the 
case of Pt-Ru catalysts) at a sweep rate of 
50 mV set-l. Metal surface areas were de- 
termined electrochemically by integration 
of the anodic current passed (excluding 
double-layer charging) in the potential 
range 0.0-0.4 V corresponding to the dis- 
charge of adsorbed H atoms. Complete 
coverage of the Pt surface was assumed to 
require a specific charge of 210 $ cmB2 
(23, 24). 

(c) Chemical analysis. Elemental anal- 
ysis for Pt and Ru was carried out by 
atomic absorption spectrophotometry 
(AAS) using a Perkin-Elmer Model 560 



TPR AND CYCLIC VOLTAMMETRY OF l’t AND Pt-Ru 221 

spectrophotometer. Samples were ex- 
tracted by boiling in a 3 : 1 HCI/HNOS mix- 
ture and the resulting solution was made up 
to a known volume in 10%~ HCl. Inter- 
elemental interference was minimised by 
the addition of 5000 ppm uranium (as uranyl 
nitrate) to the final solution. 

RESULTS AND DISCUSSION 

(a) Monometallic Pt Catalysts 

Significant differences were observed in 
the TPR profiles of unsupported Pt salts 
dried from aqueous and HN03 solution at 
120°C (Fig. la). Reduction maxima oc- 
curred at 169 and 144°C respectively and 
furthermore the total uptake of hydrogen 
differed considerably as indicated in Table 
1. Stoichiometric reduction of Pt(NH& 
(NO,), results in the consumption of 7 
moles Hz per g-atom Pt as follows: 

Pt + 4Hz0 + 4NH,. (1) 

Experimentally, Pt(NH,),(NO,),, as re- 
ceived, is found to consume 7.0 2 0.5 
moles Hz at a temperature centred at 166°C. 
A corresponding value of HJPt = 12.7 for 
HNOS-dried Pt(NH,),(NO,) indicated that a 
transformation of the original compound 
had taken place through interaction with 
HNOI. In concentrated HN09, it is known 
(25) that replacement of the NH3 ligands 
takes place to form [Pt(N0,),(N0,),12-. 
AAS analysis of the dried salts confirmed 
that partial ligand substitution had oc- 
curred. In 3M I-INO,, ligand exchange be- 
tween NH, and Hz0 is also posstble result- 
ing in a compound of average composition 
[Pt(NO,)J.,,-,, (NO,),]‘- * xH,O+, where L 
= NH, or H20. Solving for x on the basis 
of results from TPR and elemental analysis, 
respectively, yields values of 0.44 and 0.30 
for the sample dried from aqueous solution, 
and 1.57 and 1.17 for that prepared from 
3M HN03 solution. Hence, in the latter 
sample approximately 70% substitution of 
NHs by NO9- has taken place, thus explain- 

ing the difference in the TPR characteristics 
of these two samples. 

Changes in the nature of the dried salts 
arise on drying the solutions onto carbon 
fibre, especially in the case of Pt(NH3)2 
(NO,), dissolved in HN03. The TPR 
profiles shift to higher temperature by 
11 and 66°C respectively for the samples 
prepared from aqueous and HN03 solu- 
tions (Fig. lb). The large shift of the TPR 
profile in the latter case is associated with a 
44% decrease in the uptake of H2 (see Table 
l), indicating the presence of a significant 
interaction with the carbon support even at 
the drying stage of catalyst preparation. In 
contrast to aqueous impregnation, HN03 is 
able to generate acidic surface oxides (21) 
especially since the acid concentration pro- 
gressively increases during evaporation of 
Hz0 from the solution. The acidic surface 
oxides, e.g., carboxylic acid groups, are 
strong nucleophiles and so are able to sub- 
stitute ammine ligands of the Pt(I1) complex 
resulting in an anchored structure. Reduc- 
tion during TPR brings about dissociation 
of the surface complex and reduction of the 
nitrito groups consuming seven molecules 
of H, per Pt atom. On activation, the sur- 
face interaction in the supported Pt catalyst 
prepared from HNO, solution leads to an 
increased Pt metal dispersion and conse- 
quent higher catalytic activity compared 
with a Pt catalyst prepared by aqueous im- 
pregnation, as described below. 

After activation in air at 300°C the 
unsupported catalysts prepared from 
Pt(NH3)2(N02)2, as supplied, and from the 
aqueous solution of the salt displayed no 
significant reduction process during TPR. 
X-Ray powder dilTraction confirmed that 
the catalyst after activation contained only 
metallic Pt as the identifiable crystalline 
phase. It appears that calcination of 
Pt(NHS)2(N02)2 leads to a rapid exothermic 
oxidation of the NH3 ligands leading to a 
sudden rise in temperature and the resul- 
tant ignition of the salt, yielding a Pt 
sponge. In contrast, the unsupported sam- 
ple prepared from HNO, solution displayed 
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FIG. 1. TPR characteristics of Pt monometallic catalysts. 

a well-defined reduction peak during TPR in the Pt complex lowering the exothermic- 
(Fig. lc). Clearly, reductive decomposition ity of the reaction. The quantitative uptake 
does not occur during calcination in this of Hz during TPR analysis corresponded to 
case owing to substitution of NH, by NOs- the reduction stoichiometry; 
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Pt02 + 2Hz --, Pt + 2Hz0. (2) 

The temperature of the reduction maximum 
(4X), whilst considerably higher than that 
previously observed for PtO, was found to 
occur in a similar temperature region to that 
of unsupported PtOt prepared by the 
Adams method. For the supported catalyst 
prepared by aqueous impregnation, no igni- 
tion took place on calcination since the 
sample possessed a reduction profile dur- 
ing TPR characteristic of PtOz, both in tem- 
perature and stoichiometry (Fig. Id and 
Table 1). Evidently, the carbon support 
assists in the dissipation of the heat of reac- 
tion preventing thermal dissociation of the 
metal oxide through localised heating. 

Electrochemical measurement of mono- 
metallic Pt catalysts is restricted to an in- 
vestigation of the activated catalysts since 
dried samples are unstable towards dissolu- 
tion in the H,SO, electrolyte. A voltammo- 
gram of an activated Pt catalyst prepared 
by HN03 impregnation is shown in Fig. 2. 
An initial potential sweep from +0.7 V, in a 
cathodic direction to 0.0 V, was performed 
at a relatively slow linear rate of 2 mV set-l 
inducing electrochemical reduction of Pt 
oxides, in acid electrolyte according to, for 
example, the following reactions (26); 

Pt02 + 4H+ + 4e- = Pt + 2Hz0, 
EO = 0.50 V,’ (3) 

PtO + 2H+ + 2e- = Pt + HzO, 
E" = 0.98 V. (4) 

Other stepwise processes can also be en- 
visaged, for example 

Pt02 + 2H+ + 2e- = Pt(OH)I, 
E" = 1.1 V, (5) 

Pt(OH)* + 2H+ + 2e- = Pt + 2He0, 
E" = 0.98 V. (6) 

In these and all other cases the standard 
electrochemical potential (E") is sufIiciently 
anodic that oxide reduction to metallic Pt is 
theoretically achieved during the initial 

1 Calculated from free energy data. 

slow cathodic sweep to 0.0 V. Inspection of 
Fig. 2 shows that a narrow and intense 
cathodic peak superimposed on a lesser 
broadened peak occurs at a potential of 
+0.38 V during the initial sweep, the form 
of which is dependent on the preparative 
method. The single peak corresponding to 
oxide reduction is analogous to that ob- 
served by TPR, where chemical reduction 
of the oxide occurs. Similar observations 
have also been recently made using sup- 
ported Pt catalysts prepared both by 
impregnation and ion-exchange from 
WNHJ,@W, (2.2 1. 

The first complete cycle of the voltam- 
mogram (Fig. 2) shows features typical of 
Pt metal. Integration of the charge associ- 
ated with hydrogen desorption (q It) enabled 
quantitative estimates to be made of the 
specific Pt surface area (23, 24). Catalysts 
prepared by impregnation from HN09 solu- 
tion yielded a relatively high surface area; 
i.e., 39.5 * 3.9 m2 g-l (average of 5 sam- 
ples), compared with a value of 22.4 ? 1.3 
m2 g-l (average of 5 samples) for catalysts 
prepared from aqueous solution. 

A direct relationship was found between 
the charge associated with the initial oxide 
reduction, qor, observed during the initial 
cathodic sweep from 0.7 V and the Pt sur- 
face area calculated from qH as shown in 
Fig. 3. Since TPR had previously shown 
that the samples are largely composed of 
Pt02, it was concluded from inspection of 
the ratio qox/qH that electrochemical reduc- 
tion, under the conditions of the experi- 
ment, extends on average 4.2 r 0.7 atomic 
layers into the oxide particles irrespective 
of particle size. No systematic electro- 
chemical studies of dispersed Pt oxides 
have previously been reported; however, 
many investigations have been made of ox- 
ide formation and reduction on smooth Pt 
metal. Under conditions of high anodic po- 
tential in acid electrolyte, Pt metal forms a 
mixed oxide film, as shown by direct chem- 
ical analysis (27). Shibata and Sumino (28) 
prepared Pt oxide films by anodic oxidation 
at 2.07-2.22 V, which they showed by cath- 
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Pt SUAFACE AREA, m2 

FIG. 3. Relationship between the coulombic charge associated with electrochemical reduction of pt 
oxide catalysts and Pt surface area. 

odic reduction to comprise two distinct 
layers; these were an a-layer corresponding 
to a superficial monolayer oxide which re- 
duced at ca. +0.7 V and a @layer which 
reduced at ca. +0.3 V and possessed prop 
erties of a multilayer oxide. In a later paper, 
Shibata (29) used electron dithaction 
methods to analyse the subsurface “phase 
oxide” and showed it to consist of poorly 
crystalline PtO,. Thus it appears valid to 
compare the electrochemical properties of 
dispersed Pt oxides reported here with the 
properties of anodically formed multilayer 
oxides on smooth Pt. More recent studies 
(30, 31) have shown that reduction of the /3- 
phase oxide starts at +0.35 V and is as- 
sisted by strongly adsorbed H atoms which 
discharge to form protons and migrate 
across the reduced cr-tllm under the 
influence of the high electric field. On 
reaching the B-oxide layer the protons com- 
bine with 02- ions. GiIeadi et al. (32) con- 

sider proton migration to be the rate-deter- 
mining step for the overall reduction of the 
P-oxide. Extraction of oxygen species from 
the PtOz lattice by a place-exchange mecha- 
nism must however be energetically unfa- 
vourable. Angerstein-Kozlowska et al. 
(33), for instance, have explained the stabi- 
lisation of noble metal oxides by cations in 
terms of a diminished tendency for place- 
exchange to occur. Thus, from our results, 
place-exchange of oxygen species by Pt 
atoms appears to be restricted, on average, 
to the first few atomic layers of the Pt sub- 
surface. We intend shortly to report an ex- 
tensive study into the electrochemical re- 
duction of dispersed Pt oxides. 

(b) Monometallic Ru Catalysts 

The unsupported ruthenium nitrosyl ni- 
trate salt after drying at 120°C reduced 
during TPR in a broadened peak with a 
maximum at 261°C extending to higher 
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FIG. 4. TPR characteristics of Pt-Ru bimetallic catalysts. 

temperatures (Fig. 4a). In comparison, the (Fig. 4b). Incomplete extraction of the re- 
carbon-supported ruthenium compound re- duced Ru metal, which tended to form a Ru 
duced in a similar temperature range exhib- “mirror” over the internal surface of the 
iting two distinct peaks at 230 and 265°C silica reaction tube, prevented accurate es- 
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timates of the stoichiometry of the reaction 
with Hz during TPR. The appearance of a 
relatively narrow peak at lower tempera- 
tures accounting for approximately 20% of 
the total H2 consumption in the supported 
sample does, however, indicate that 
changes in chemical composition are in- 
duced by the support. Since the nitrosyl 
ruthenium complex is impregnated from 
HN09 solution, it may be expected that 
acidic surface groups, formed at the carbon 
surface during drying, influence the chemi- 
cal composition of the dried complex. 

Various studies of nitrato-substituted ni- 
trosylruthenium (III) complexes in aqueous 
HN09 have been reported in the literature 
(34-37). Ligand substitution in the octahe- 
dral nitrosylruthenium (III) complex in 
HNOr, solution gives rise to neutral, an- 
ionic, and cationic complexes of general 
formula[RuNO(N0&,(Hz0)5-,,)] depending 
on acid concentration (34). 

It thus appears that, as in the case of the 
dried Pt salts, a ligand- or ion-exchange 
process occurs at surfaces possessing 
acidic carbon groups modifying the compo- 
sition of the dried Ru compounds. Interac- 
tions of this kind may favour cationic 
groups such as [RuNO(NO,),(H,O)~I+, 
[RuNO(N0,)(H,0)J2+, and especially 
Ru4(OHh4+L+, which accounts for 80% of the 
total Ru in 1OM HN03 under certain condi- 
tions (37). However, measurement of the 
amount of H2 consumed during TPR (Table 
1) suggests that the trinitrato-complex is the 
major component in the dried supported Ru 
salt according to the following stoichiome- 
try; 

RuNO(NO&(H20)2 + l6H2 + 
Ru + 4NH, + 12H20, (7) 

For which reaction, H,/Ru = 16. 
Upon air activation at 300°C the unsup- 

ported Ru catalyst reduced over a wide 
temperature range during TPR, exhibiting a 
narrow peak of low intensity at 185°C and 
three broader components at 260, 303, and 
335°C (Fig. 4~). The supported catalyst also 

underwent reduction in stages, displaying 
peaks at 180, 198, 225, and 265°C. In the 
latter case the hydrogen consumption cor- 
responded to H,/Ru = 10.7 (Table 1) show- 
ing that incomplete decomposition to metal 
oxide occurs in air at 3OO-C. Confirmation 
of this finding was provided by Differential 
Thermal Analysis which showed that the 
exothermic reaction in air reaches a maxi- 
mum at 400°C. Identical PGCF paper-sup- 
ported samples were therefore activated in 
air at the higher temperature of 400°C in 
order to convert the material more fully 
into the oxide. TPR of the Ru catalyst acti- 
vated at 4OO’C indeed showed a single re- 
duction peak at 195”C, accounting for a 
lower uptake of H2 (Fig. Sb). Thus the two 
reduction peaks previously observed at 220 
and 265°C during TPR analysis of the 3OO“C 
activated sample probably arise from the 
undecomposed nitrato Ru component. Fur- 
ther TPR experiments using Ru02 Adams 
oxide indicated that the reduction peak at 
180-200°C arises from the reduction of an 
Ru02 species (Figs. 4c or 5a). 

(c) Bimetallic Pt-Ru Catalysts 

Mixed impregnation of Pt and Ru salts 
results in dried compounds, which in TPR 
display reducibilities intermediate in char- 
acter between those observed for the pure 
components, both for the unsupported (Fig. 
4a) and supported cases (Fig. 4b). Gener- 
ally, the bimetallic mixture shows only a 
single reduction peak. A plot of the temper- 
ature of the reduction maximum (or tem- 
perature corresponding to 50% reaction) 
against the atomic ratio of Pt and Ru as 
shown in Fig. 6 is approximately linear be- 
tween the limits of the pure components 
except for a slight deviation at low Ru frac- 
tions. Clearly, efficient mixing of the two 
metallic fractions has taken place during 
impregnation such that reduction of the less 
reducible Ru complex is catalysed by 
neighbouring prereduced Pt atoms, result- 
ing in a single overall process. Superim- 
posed on this effect we see an influence of 
the carbon support as described earlier for 
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FIG. 5. TPR characteristics of Pt-Ru bimetallic catalysts supported on carbon fibre paper. 

the monometallic cases in which ligand dis- 
placement in the impregnated metal com- 
plex by acidic surface groups assists alloy 
formation and subsequent dispersion of the 
activated catalyst. This work shows that 
the impregnation stage is an important step 
in the preparation of binary alloy catalysts 
of this type. Attempts to prepare well dis- 
persed Pt-Ru catalysts, for example on y- 
A&O3 by Blanchard et al. (38), have parti- 
ally failed owing to difhculties in preparing 
a homogeneous distribution of Pt and Ru at 
the impregnation stage. 

The support also appears to influence the 
chemical nature of the dried mixture, as 
evidenced by differences in the total HI up- 
take listed in Table 1 and illustrated graphi- 
cally in Fig. 7. From this figure it can be 
seen that increasing the Ru fraction in the 
unsupported case brings about a decline in 
the specific uptake of H2 in contrast with 
the opposite behaviour for carbon-sup 
ported compounds. Evidently, in the ab- 
sence of the carbon support evaporation of 

the impregnating solution results in a lower 
degree of substitution by nitrato-groups in 
the octahedral Ru complex, e.g., forming 
[WNOW&M-WLl (21). 

Activation of Pt-Ru bimetallic impreg- 
nated catalysts in air at 3OO‘C produces 
very similar catalysts irrespective of the 
presence of a support. Both types of cata- 
lyst display a similar linear relationship be- 
tween the temperature of the TPR maxima 
and bulk alloy composition (Fig. 6) and also 
between specific Hz uptake and composi- 
tion (Fig. 7). The form of the reduction 
peak for the Pt-Ru catalysts consists pri- 
marily of a single sharp peak indicative of 
alloy formation (20) superimposed on a 
lesser broadened background extending to 
higher temperatures attributed to a partially 
decomposed Ru component. Subsequent 
activation of Pt-Ru mixtures on PGCF pa- 
per at 400°C effectively eliminated the un- 
decomposed fraction, yielding essentially 
simple reduction peaks during TPR (Fig. 5). 

Thus TPR provides an average analysis 
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FIG. 6. Effect of bulk alloy composition and pretreatment on temperature of TPR maxima. 

of the surface and bulk reducible species 
indicating the existence of an interaction 
between the carbon support and metal salts 
during impregnation from acidic media. 
This interaction serves to enhance the final 
metal dispersion, as determined electro- 
chemically (see below). The technique also 
furnishes evidence for an alloy-type inter- 
action in bimetallic F’t-Ru catalysts initially 
brought about during the impregnation/ 
drying stage. On the other hand calcination 

at 300~400°C destroys the original interac- 
tion with the carbon support, whilst main- 
taining the alloyed nature of the catalyst. 

Cyclic voltammetric studies of carbon- 
supported Rt-Ru catalysts were carried out 
on various samples activated at 300 and 
4CKPC. Figures 8 and 9 illustrate the cur- 
rent-potential behaviour of catalysts acti- 
vated at these two temperatures. As in the 
case of the monometallic Pt catalysts, an 
initial cathodic sweep at a relatively slow 



TPR AND CYCLIC VOLTAMMETRY OF Pt AND Pt-Ru 231 

0 UNSUPPORTED 
DRIED AT 12O’C 

n CARBON-SUPPORTED 

0 UNSUPPORTED 
ACTIVATED AT 300% 

. CARBON-SUPPORTED 

0 
100 

20 
80 

40 60 
00 40 

ALLOY COMPOSITION 

80 
20 

too at % Pt 

0 at 96 Ru 

FIG. 7. Total hydrogen uptake during TPR of unsupported and supported Pt-Ru bimetallic catalysts. 

rate of 2 mV set-l from the observed open- process takes place in two steps yielding 
circuit potential, was carried out to charac- narrow cathodic peaks at +0.148 and 
terise the oxide composition of the surface +O.lOl V. Evidently, 300°C activation 
and subsurface regions. Activation at 300°C leads to a relatively inhomogeneous surface 
of a catalyst possessing a 72: 28, Pt : Ru containing a number of reducible species. A 
bulk composition leads to a near-surface subsequent potentiodynamic cycle of the 
component which reduces electrochemi- fully reduced catalyst between 0.0 and + 1.4 
tally in several stages. A broad reduction V revealed several anodic processes at po- 
peak of low intensity extends initially from tentials in excess of + 1.1 V which subse- 
+0.8 to +0.4 V and consumes 16% of the quently reduced in at least four steps at 
total charge, qoX. The remainder of the 1.28, 1.20, 1.06, and 0.75 V during the cath- 
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FIG. 8. Cyclic voltammogram of a bimetallic Pt-Ru catalyst supported on carbon fibre paper. 
Activated at 3OO“C. 

odic sweep. Such behaviour is typical of Ru 
metal, which is able to form various surface 
oxides in the anodic potential region (26), 
e.g. 

2Ru + 3H20 = Ru,O, + 6H+ + 6e-, 
E" = 0.74 V, (8) 

Ru,O, + H,O = 2Ru02 + 2H+ + 2e-, 
E" = 0.94 V, (9) 

and 

RuO, + 2He0 = RuO, + 4H+ + 4e-, 
E" = 1.39 V. (10) 

The cathodic peaks observed during the re- 
verse sweep represent the corresponding 
reduction of these oxides forming either Ru 
metal or soluble Ru2+ species, e.g. 

Ru,O, + 6H+ + 2e- = mu’+ + 3H20, 

E" = 1.30 V, (11) 

and 

Ru02 + 4H+ + 2e- = Ru2+ + 2H20, 
E”=1.12 V. (12) 

Thus it is clear that a considerable propor- 
tion of unalloyed Ru is present after 300°C 
activation in air, probably originating from 
the partially decomposed Ru salt detected 
in TPR. The major reduction peak at +0.52 
V in the reduced catalyst is characteristic of 
Pt-Ru Adams catalysts (7) and corre- 
sponds to reduction of a superficial alloyed 
oxide layer. 

Although activation at 300°C in air yields 
a high bimetallic dispersion (90 m2 g-l, (Fig. 
8)), activation at 400°C results in more per- 
fect alloy formation and consequently to an 
increased activity as an electrocatalyst for 
methanol electrooxidation at the expense of 
a reduced dispersion (54 m2 g-l). Figure 10 
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FIG. 9. Cyclic voltammogram of a bimetallic Pt-Ru catalyst supported on carbon fibre paper. 
Activated at 4OOT. 
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FIG. 10. Anodic oxidation of methanol on Pt-Ru alloy catalysts supported on pyrographite-coated 
carbon fibre paper. 
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shows Tafel plots of electrode potential 
against logarithmic current density per unit 
metal surface area for Pt-Ru catalysts, pre- 
pared by activation at 300 and at 400°C and 
possessing the same final bulk composition 
(80 : 20, Pt : Ru). Activities differ by a factor 
of approximately two at constant overpo- 
tential as measured in aqueous 3M H&SO4 
containing 1M methanol at 60°C. The 
voltammogram of a catalyst activated at 
400°C (Fig. 9) shows only a single reducible 
species during the initial linear cathodic 
sweep, supporting the TPR tidings. Few 
traces of unalloyed Ru are found in the 
subsequent potentiodynamic cycle. Also 
Pt-Ru catalysts containing identical 
(80: 20) bulk ratios of Pt and Ru show a 
significant anodic shift in the surface oxide 
reduction peak from 0.47 + 0.02 to 0.57 V 
after activation at the higher temperature of 
400°C. Generally we observe a uniform 
shift in the peak maximum, similar to that 
observed by Rand and Woods (16) for Pt- 
Rh alloys, from +0.40 to +0.75 V on going 
from highly dispersed catalysts containing 
approximately 50 at.% Ru to monometallic 
Pt catalysts. Hence the observed anodic 
shift in the surface oxide reduction peak 
after activation at 400°C is evidence of a 
lowering in surface enrichment by Ru, 
which normally occurs in mixed Pt-Ru cat- 
alysts after activation in air at 300°C (7). 

On relating the coulombic charge associ- 
ated with the initial intense reduction at ca. 
0.1 V to the metal surface area we find, 
once again, that the equivalent of approxi- 
mately 4 to 5 monolayers of PtOz-RuOz are 
electrochemically reduced during the ini- 
tial linear sweep. For such very highly dis- 
persed catalysts this degree of reduction 
accounts for virtually the entire bulk of the 
sample. 

CONCLUSIONS 

We have illustrated the complementary 
nature of TPR and CV in characterising 
carbon-supported Pt and Pt-Ru catalysts. 
A substantial catalyst-support interaction 
is observed after the initial drying stage for 

catalysts prepared from HN09 solutions, 
which is attributed to the involvement of 
previously identified acidic surface oxide 
groups. For both monometallic and bime- 
tallic catalysts the support interaction, 
though lost on activation in air at 3oo”C, 
assists in the formation of high metallic dis- 
persions. For the Pt-Ru catalysts, activa- 
tion in air at 300°C yields a high dispersion 
(ca. 90 m2 g-l) whereas activation at 400°C 
results in more perfect alloy formation and 
consequently to an increased activity for 
methanol electrooxidation at the expense of 
a reduced dispersion (ca. 54 m2 g-l). For 
air-activated catalysts the initial electro- 
chemical reduction extends to approxi- 
mately four monolayers irrespective of the 
particle size of the Pt02 or Pt02-Ru02 ox- 
ides. Our electrochemical study appears to 
be the first reported for the reduction of 
dispersed oxides of platinum and the mech- 
anistic conclusions appear to be generally 
similar (although different in detail) to pub- 
lished reports of the electrochemical reduc- 
tion of anodically oxidised smooth platinum 
electrodes. Further details concerning the 
electrochemical reduction of such dis- 
persed oxide particles are to be published 
elsewhere. 
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