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The reactions between Pt oxidcs and carbon black in helium and air were 
examined by DTA. The thermograms wcrc dependent on the mode of sample prepara- 
tion, 20 wt_% PtOL supported on arbon catalyst heated in I ic ac 10°C min- l 

produced an exotherm at approximately 4CKIEC_ Physic;il mixtures of PtO, and carbon 

only reacted at ZI higher LcmPerature (approximately 550°C) in He whcrc PtO, is 
thermally decomposed to Pt and Oz. In air, Pt catalyzd the oxidation of carbon 
in the 20 wt_ O/_ Pt supponed on carbon sample. On the other hand, PLO, in the physical 
mixture did not appear to catalyze the oxidation of carbon in air. This difl’krcncc in 
behavior is explained by assuming that atomic uxygcn is produced in tbc supported 

catalyst sample which reacts at low temperature with carbon. In the physical mixture, 
thermal decomposition of PtO, yields molecular oxygen which reacts with carbon 
at a higher temperature than does atomic oxygen. 

There are many metals which catalyze the oxidation of carbon and as a result, 
numerous reports; have appeared in the published literature on this subject’- lo_ 
From a technological point of view, carbon and carbon monoxide are important 
materials for reducirq metal oxides to obtain high purity metz&?‘_ Thus, reactions 
between metal/metal oxides and carbon have also been extensively studied’2-‘5. 

Highly dispersed Pt crystallites supported on metal oxides (Si02, AI,O,) and 
carbon are employed .?s industrial catalysts. A spent catalyst of Pt supported on 
530, or Alr03 is regenerated by heating in air to oxidize carbonaceous species_ The 
ignition rcmperatun: for the oxidation of carbon catalyzed by Pt was determined by 
I’Homme and Boudart’“. From TG measurements, they were able to show the 
dependence of the ignition temperature on the oxygen partiat pressure and the Pt 
concentration. The role of Pt in decreasing the ignition temperature of carbon was 

__.--_- 
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reported to be related to the ability of Pt to di.ssociate oxygen molecules to oxygen 
atoms which can then react with carbon in the vicinity of the Pt crystallite_ The present 
paper dcscribcs the rcsuUs of Z.S DTA study on the reaction between Pt oxides and 
carbon. Wei_eht loss maiurements and X-ray diffraction analysis yielded supporting 
information to interpret the DTA data and to shed some light on the reaction mecha- 
nism. Furthermore, the present study complements the TG measurements on the 
Pt catalyzed @nition temperature of carbon reported by I’Hommc and Boudart”. 

Samples 
Various R samples were examined by DTA and these are listed in TabIe 1. 

The 20 wt. % PtOz. supported on carbon (Vulcan XC-72 obtained from Cabot Carp_ 
was graphictied at 27OC%, BFT nitrogen surface area 70 m’g”) was prepared by 
impregnating the carbon with an aqueous solution of k(NH3)z(N0,)z dissolved in 
dilute HNO,_ After evaporating the solution to dryness, the impregnated carbon was 
heat treated at 3OO’C for 2 h in fiowing air in a tube furnace to thermally dccomposc 
the Pt salt. Due to the highly dispersed nature of Pt in the porous carbon structure, 
X-ray diffraction analysis showed only the presence of a broad diffraction peak 
profile with a d-spacing of approximately 2.M A. Based on data reported by Pearson16, 
the diff’ction peak is tentatively considered to be hexa_eonal PtO, [d-spacing of 
2-W A for (IOO)]. The presence of an oxide of Pt is not unreasonable since the Pt 
salt was thermally decomposed in air. 

Although the X-ray diffiaction analysis of the Pt supported on carbon was 

interpreted on the basis of one diffraction peak, further evidence was obtained to 
support the prcsencc of F’t oxide. A ESCA (Ektron Spectroscopy for Chemical 
Analysis) Spectrometer (Hewlett-Packard) was used to determine the valence states 
of the Pt crystallita supported on graphitized carbon”_ From the photoekctron 

spectra, only Pt’+ and to a smaller extent Pt2+ were detected which suggested that 
the Pt oxides, PtO and PtOz, were present_ The relative amounts of the two oxide 

TABLE 1 

X-RAY DIFFRACXWS ASALYYS OF pt SAMPLES 

_.- __._..____,____-.-___. -_._-__ --_ ._--__-. __...__ -. . . . . -_-___ _.____ - __.. _____.-_ 

Samp fe Carafjw 
No- 
._. .-._.-_____..-_ ._.. - . -.._ 
I 20% Ptai;c 

1 20% PtiC 

3 Roxst 

--- _-- -__ -.... - 

Trmlnunr PI pliascs 
idcntijied 

.--. _ __. __- _ --- _. .., ._- .- ,___ .-. _____ __..___ -.. .._..__-_. ___ 
prqxud by air dacompasition of Ptoa (17 A) 
Pt(Nfi&(NO& at 300°C. 2 h 

Sampk I, HZ resiu;cd MOT. 2 h, follomd 
by heat CrcaI~It in am. 335’C. 5-u) min 

pt (70 A) 

PtOz(JJSA) 
PI (Jsa, A) 

. .-.-._~--- _-_. -_ __-_ ______.--_-__-- 
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species are not known but the presence of the bulk phase oxide PtO has been open to 
question’*. For purposes of analyzin_e the DTA data we will not consider PtO as 

being present in si_enificant amounts. 
Pt black (BET nitrogen surface arca 30.5 rn’g- ’ Pt) and Pt oxide wcrc obtained 

from Engelhard Industries. X-ray dimraction analysis (see Table I) indicatedI the 
Pt oxide contained a mixture of large Pt crystallites as well as hexagonal PtO,_ 
Commercial Pt oxide used by Muller and Roy" in their invcstiptions on the thermal 
stability of PtO, contained the same mixture. 

Physical mixtures of Engclhard Pt oxide and rgaphitizcd carbon were prepared 
by grinding tog_ether the appropriate amounts of the powders with a mortar and 
pestle. Samples were prcparcd with weight fractions of carbon from 0.05 to 0.91. 

X-q- diflracrion anabsi.r 

X-ray diffraction analysis was employed to identify the phase composition of 
the Pt samples prior to and after programmed thermal analysis_ A recording X-ray 
diffractometer with Cu X-rays and a scintillation counter was used. The powder 
samples were carefully pressed by hand into a glass sample holder without using any 
binder material. A scan rate of I deS min- ’ was used throughout_ 

DTA 
DTA studies were conducted with a DuPont Model 990 Thermal Analysis 

System coupled to a 12O!I”C DTA cell. A description of the DTA ccl1 is given clse- 
where’“. The gas flow was set at 100 cm’ min- ’ and in the upward direction past the 
sample as shown schematically by Miller and Wood”. Depending on the experiment, 
He or air was used. Copper turnings heated to 350°C wcrc employed to remove any 
residual Or impurity and a drying trap was used to remove water present in the Hc 
g.as streams. In Scncral, tither Pt foil annealed to 12OO’C for 2 h in flowing H, or 
graphitizcd carbon black was used as the rcferena: material. Preliminary experiments 
indicated that a more stable baseline was obtained if gnphitized carbon or Pt foil 
was used as the reference material rather than Al,O,. Typically, the sample was S-20 
mg. The wei&t chan_ee of the sample was measured on an analytical balance to 

-t_ 0.1 m_e. 
The following procedure was adopted for the DTA experiments_ The sample 

was weighed and then placed in the DTA module. For thermal analysis of the PL 

sample in an inert environment, He was passed throqh the DTA cell for 60 min 
prior to the pro_erammed temperature increase. Preliminary experiments verified 
that 60 min was sufhcient to remove oxygen ori@nally present in the porous samples. 
If air was used. the linear heat rate was initiated immediately after the steady state 
gas flow was established. After heating the sample in He to the maximum tempcraturc 
desired, the furnace was turned off and the sample was cooled to room tcmpcraturc 
in flowing Hc. The sample was then weighed. A linear heating nte of 10°C min- ’ 
was used throughout. 

There is an influence of the mode of sample packing on the reaction between 



carbon and an oxi&nt, as observed in the case of KCI0,1C’5 but we have not 
investi_e;rtcri these effo.% To avoid differences in packing on the thermograms, each 
sample was prepared in the same manner. Afkcr weighing the smple in the alumina 
crucible, rhe crucible was’gently tapped to settle the powder. No attempt was made 
to compress the sampJe by mechanical means since the smail ample sizes were no& 
convenient for handling. 

Since the sampk sizes used in the DTA experiments were nor convenient for 
X-ray analysis, a secoud set of experiments was performed on Jarger~mplessimulating 
the DTA conditions. These samples were prepad in a tube furnace which was 
programmed with a linear heating rate (10°C m.in- ‘) similar to the DTA e.xpcriments. 
When the temperature reached the same upper limit as the corresponding DTA 
crptriment, the tube furnace was shut off and aJJowed fo cool at the natural rate in 
J flowing stream of helium. 

Discussion of Resulfs 

Fi_eure I she-7; the thermogram obtained with 20 wt.% PtO,/C prepared by 
the thermal decomposition in air of Pt(NF#,),(N02)Z impregnated into carbon. 
An exotherm is clearly evident at approximately 400°C which is missing on the second 
toting cycle- Since thm- results were obtained in oxygen-free Hc. the cxotherm was 
interpreted to arise from the heat produced by the over-11 readions 

PlO, -f 2c --c Pt i- x0 (J, 

and/or 

F%o* -5 c -, Pt i CO, (2) 

X-ny diffkfion nn:llysis of 20 wt.% PtO,jC after heating in He to the temperature 
limit shown in Fig 1 indicated J?t (cr);staJJitc size from X-ray line broadening of 75 A) 
~8s present, as rcquised by eqns (1) and (2). Further evidence to indicate that the 



overall reaction involved PtO, and C is stqgested by the DTA curve (Fig I) obtained 
after the catalyst was initially treated with Hz at room tempenture- Hydro,een npidly 
reduced ?tO, to Pt at room temperature and the subsequent DTA curve in He in- 
diutcd that tk cxotherm observed in the prexnce of P&O2 was absent- From the 
weight loss of the sample after heat treatment in He, we were able to dcduoc the overall 
rczion which can explain the observed cxotherm in Fig. I. A weight 10s of 0.4 rns 
was mezasured which qgees with the calcul~tcd weight loss of 0.4 mg for the stoichio- 
metry of eqn (I) and on this basis it was concluded that the reaction forming CO 
predominated during the linear prosrammed heating of 20% PtO,/C in He. Admitted- 
iy, a small amount of CO3 could be formed accordin g to cqn (2) hut the relative 
amounts of CO and CO2 can only be obtained by analysis of the evolved gas composi- 
tion. Since there was present excess carbon with a high surface area, it does not seem 
unreauzmable to expect that the reduction of PtO, would proceed to form CO as 
the prcdaminant ~ZXOUS product_ lhis subject wilt be discussed in more detail later 

in the paper. 
Carbons generally contain surface oxygen groups in the form of carbonyi, 

carboxyf, lactone, phenol, etc_ The relative amounts of these orpnic functional groups 
depend on the carbon and the pretreatment involved during urban manufacturing 
Carbon surface oxides will dcsorb during heat treatment in vacuum2’ or inert 
environments*‘_ The concentration of o’xy_ecn associated with praphitiirrd Vulcan 
XC-72 was measured’* and was found to be very low (0. I 1 wt. -A)_ Prvliminnry D’TA 

studies of the ~phitized arbon used in the present investigation indicated that the 

Fiig. L Dt-A of commercial PLOt. IO’C min-1, He. A, ‘nithl sampk; B. second hut cyck of initial 
=wlc. 
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thermal desorpdon of carbon surface oxides could 
would not alter the interpretations discussed here_ 

For the DTA study of tic reaction between 

not be detected, and therefore, 

physical mixtures of PtO, and 
carbon, a commercial PtOl was used without further purification. The DTA curve 
obtained on Engelhard Pt02 in He k shown in Fig_ 2. There were observed two 
successive endotherms which do not appear on the second heating cycle_ X-ray 
diffraction analysis of ptOz heat-treated to 750°C in He showed only F’t was pynt 
and with the weight loss measurements, the decomposition reaction giving rise to the 
cndotherms un be represented by 

Pto, + Pt i- 0, (3) 

The ori@ of the double endotherms w-as not examintd. 
Physigl mixr.ures containing various weight ratios of Engelhard PtO, and 

graphitizcd carbon black were examined by DTA in flowing He (Fig. 3). An endo- 

Fig. 3. DTA of PtO: ad carbon physical mtitum IOT min-1, He. 



therm appears at approximately 550°C followed by an exothcrm. In gcncrrll, as the 
fractional amdunt of PtO, was increased, the peak height of the cxotherm became 
progressively higher relative to the peak height of the endotherm. The DTA curves 
for the physical mixture of PtO, and carbon can be interpreted as follows. When 
the linearly programmed temperature reaches about SOT, the PtO, undergoes 
thermal decomposition with the evolution of oxygen according to cqn (3)_ This is 
followed by the exothermic reaction between carbon and oxygen: 

2c + 0, --, X0 

and/or 

c + 02 -s co, (5) 

When the oxygen supply is depleted after all the PtO, has decomposed, the carbon 
oxidation reaction ceases. The heat liberated by the carbon oxidation reaction must 
be _gcater than the heal required to decompose PtO, in order to yield the net exe- 
thermic DTA peaks shown in Fig_ 3. 

By controlling the oxygen supply through the changzs in the ratio of PtO, 
to carbon, we can show a qualitative difference in the stoichiomctry of the reaction 
between carbon and oxygen, The _gaseousspecics formed during the linear progammed 
heat treatment of PtOJC mixtures can be ascertained from wei_eht-loss mczsurements 
of the samples and the stoichiometry of the reaction sequence siven by eqns (3) to (5). 
These results are summarized in Table 2 for the physical mixtures examined by DTA. 
When the relative amount of carbon is large, the weight-loss measurements agree 
with the stoichiometric equation indicting CO is produced during carbon oxidation. 
On the ether hand, when the relative amount of carbon is small. then the stoichio- 
metric equation for CO2 formation agrees with the wei_@-loss measurements. These 
results are in accord with the well-known observation that the oxidation of carbon 

TABLE 1 

DETEZUNATIDX OF CASEDUS PRCKMJCCS FROM THE WEIGIIT-LOS LIEASlJREMF?c7S OF PtoIjc PliYSlCAL 
MIX_ 

Sample heated at 10°C min-1 in flowing Hc 
-- -- --__-_-. - --- _-___. - ----- -.-__- - _..- -_. 
Physical mixrrrrr Sample weighr-lass .%mple w*hr-!ass caiculurrd 

wwasur~d /or rhr stoichionzetry of 
(WV. % C) (wd 

- .- -.- _ - _ __ _______--- 
F4n 14) lnd F4n (5) (~9 

_,___,_______~,---_-_-_ .._. - _--_.--- ..- __-__-_ ------._- _- _ 
91 0.1 0.1 0.1 
80 0.4 0.4 0.3 
70 0.8 0.7 0.6 

z 0.7 1.0 1.0 1.3 O-8 1.0 
12 1.6 1.6 
5 22 2.2 

--- -.---.---_---- 



T arc 
1 

/ 

I 

A 

B 

I . _J-- I--J. 
ZBB 300 .(Eo 500 Baa lth 

1EMPERAllJRE (DEG Cl 

Fip 4_ DTA shoaing the onset of carbon oxidation in air. IO’C min-1. A. ZOO/, Pt supported on 
graphic&d carbon black: B, _Prphifizal carbon black. 

in an excess of’ oxygen yields CO? (eqn (5)) while in the presence of insugicicnt 
oxygen, CO is produced (eqn (4)). 

By e--mining the Pt catalyzed oxidation of carbon using DTA, we can gain 
further insight into the rcaction mechanism of the PtO, and carbon physical mixtures_ 
Figure 4 shows the DTA curves for the air oxidation of carbon without Pt and the 
carbon support in the 20% Pt on carbon catalyst (Sample No. I initially reduced 
in H2 at 300°C for 2 h). l3e results presented in Fig. 3 agree qualitatively with the 

TG data presented by I’Homme and Boudart’O on the ignition temperature of Pt 
catalyzed carbon (Spheron 6) in various partial pressures of oxygen. The catalytic 
influena of Pt in lowering the oxidation temperature of carbon in air is markedly 
noticeable_ In fact, the catalyzed oxidation of carbon in air occurred in the same 
tcmpcnture range (M’ C) as the exothermic reaction observed with PtO,/C 
catalysts (Fig_ I. and 6) in He, Similarly, the oxidation of pure carbon in air occurred 
near the same temperature *as the oxidation of carbon in PtO,/C mixtures was 
okrvcd (Fig. 3). 

The air oxidation of a physical mixture of 28% PtOJC yielded the DTA curve 
shown in Fig_ 5. The rapid temperature increase of the physical mixture due to the 
oxidation of crrbon occurred at approximately the same temperature as observed 
with pure carbon. Furthermore, physical mixtures of PtO, and carbon showed a 
similar tempenuure for carbon oxidation when heated in He. Also included in Fig. 5 
is the DTA ctuve for PtO, decomposition in air. The presena of 0.2 atm partial 
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Fig 5. DTA of PtO: and phpital mixtutc of PtO: and carbon in air. 10X min’ I. A. Se/, C/RO=; 
B. Plo=. 

pressure of O2 has the efkct of increasing the tem~~ture at which PtO, decomposes 
but the results are qualitatively the same as the DTA curve for PtOT in He (Fig 2). 
Moreover, the DTA results for the thermal decomposition of PLO, in air arc in 
a_a=rrcement with the 1% data of Hoekstra and Siegeiz3 who reported that a loss of 
tram amounts of oxygen occurred at about 350°C but the main decomposition reaction 

occurred at fXlO-&O”C. 
The DTA study of the Pt-catalyzed oxidation of carbon in air supports the 

interpretations presented earlier. The Pt acts as a site for O2 dissociation and supplies 
oxygen atoms which then migrated to the carbon and react. According to I’liommc 
and Roudart” the rate of oxidation of carbon at low temperatures is limited by surface 
rni~~t~on of adsorbed oxygen atoms supplied by Pt. It would appear, therefore, 
that in order for the oxygen atoms generated at the Pt surf&z to react with carbon, 
there must be contact at the PtjC interface. Supported PI cn carbon c;ltalysts evidently 
provides a Pt/C interface where adsorbed oxy_een atoms generated on the Pt can react 
with carbon in the local vicinity. On the other hand, physicaf mixtures of PtO, and 
carbon may provide poor physical contact between the two components, so the 
oxygen atoms associated with Pt cannot react with carbon at low temperatures. 
The only way for oxygen to react with carbon in the physical mixtures is by the 
transport of oxygen through the _cas phase after thermal decomposition of Pt02_ 



The temperature of caibon oxidation under these conditions is then dictated by the 
temperature of decomplStion of Pro,_ 

if one discards the argument that the contact between Pt02 and carbon in 
the physic31 mixture is poor, then another interpretation is II- ry to explain the 
observed results. An alternative explanation for the absence of catalytic oxidation 
of carbon by Pt in the physiul mixture mi&t lie in the presence of Pt oxides which 
have different thermal stabilities toward dissociation to Pt and oxygen atoms. 
Accepting the model proposed by I’Homme and Boudart’“, the oxygen atoms 
generated at the Pt sur.facc rezt with the carbon at low tcmpentunz. Presumably, 
if the thermal stability of Pt oxide is increased, as noted by the higher temperature 
necessary for dissocration to pt and oxy_ecn atoms, then the catalytic oxidation of 
carbon must occur at a higher temperature_ However. in the absence of additional 
information on the thermal properties of PtO, prepared by various techniques, we 
can only speculate as to the validity of this interpretation_ 

Heat treatment of 20”4 Pt!C (Sample 2) in air at 335°C for various times 
caused a measurable chaqc in the DTA CIJ~NS for the samples in He (see Fig. 6). 
As the heat treatment times increased, the peak temperature of the cxothcrm associ- 
ated with the heat of reaction described by eqn. (I) became progressively higher. 
Although the X-ray diffraction analysts did not show the presence of bulk PtO,, WC 
presume that longer heating times in air resulted in the formation of Pt oxides which 
have different thermal properties from surface Pt oxides- Furthermore. the fact that 
the peak tempcnture of the exotherms increased with heat treatment sugpstcd an 
iucrcase in the thermal titability of the Pt oxide. Fin&y. the catalyst prepared by the 

Fig. 6. Influence of heat-fru tnwnt on rhc DTA of 20% Ptol supporicd cm carbon catalysts. !SampJcs 
heale4 in ais ar 335’C for vwious tiarld 1O’C rnin-*, He. A, 5340; B, 1250; C, 60; D, 10 min_ 
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thermal decomposition of Pt(NH,),(NO,), consisted of PtOL that yielded an cxb 
therm in He with a pesk temperature substantially higher than Observed with the 
sample in Fig, 6, further supporting the concept of the pre.sence of Pt oxides exhibiting 
different thermal properties which are dependent on the mode of preparation or 
previous history of the s;rmple. 

The stoichiometry of the overall reaction bctwcen PtOl aud carbon in He can 
be represented by eqns (1) and (2) for both the supported catalyst and the physical 
mixture, What appears diffcrrnt is that the former sample undergoes an exothermic 
reaction at approximately 400°C while the latter sample undergoes an exothcrmic 
reaction at approximately 550°C. How can these observations be rationalized? The 
catalytic influence of Pt in lowering the oxidation temperature of carbon (Fig. 4) 
was explained by assuming that the atomic oxygen generated on the Pt surface reacted 
with carbon. Atomic oxygen is a stronger oxidizing agent than molecular oxygen and 
hence, carbon can be oxidized at a lower temperature in the presence of Pt. The 
exotherms observed in the vicinity of 350400°C in F&s. 1 and 6 are attributed to the 
oxidation of carbon by atomic oxygen initially associated with the Pt crystallites 

and the reactions can he represented by 

PCO, + Pt -!- 20 (6) 

o+c*co (7) 

When the commercial PtOz (Sampie 3) is heated in He, the oxygen associated with 
the Pt is evolved as molecular O2 and therefore, PtOz and carbon physical mixtures 
exhibit cxothcrms ac temperatures where carbon and molecular oxygen react. namcIy 
about 550% in air. 

The cxothcrmic reactions between carbon and Pt oxides appear to be strongly 
dependent on the mode of s;lmple preparation and the previous history of the sample. 
Based on the observations of the catalytic oxidation of carbon by Pt in air, we sugpcst 
that the exothcrm observed on the PtjC supported catalyst in He is due to the reaction 
between atomic oxygen and carbon. Physical mixtures of PLO,/C exhibit exotherms 
in He and air at hishcr temperatures and the exothermic reaction is attributed to the 
oxidation of carbon by molecular oxygen. The interpretation of the results presented 
here arc based on DTA to monitor the temperature at which Pt oxides and carbon 
undergo reaction. Considering the limitations of DTA for examining powder samples, 
the conclusions are presented with caution and are in need of confirmation by other 
experimental studies. 

‘IIe author would like to acknowledge Dr. S. Siegel for his helpful discussion 
of this manuscript_ 
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