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A Microcalorimetric Determination of the Distribution of 

Active Sites at a Catalyst Surface 

The existence of a heterogeneous distri- 
bution of active sites at a catalyst surface is 
an old concept in heterogeneous catalysis, 
but one which is more often assumed than 
actually verified. This situation is unfor- 
tunate for obvious practical and funda- 
mental reasons but is not surprising since 
the experimental determination of the “ac- 
tivity spectrum” of a catalyst, wibh respect 
to a given catalytic reaction, is difficult. In 
the studies on the detailed quantitative 
treatment of inhibition of catalytic reac- 
tions, e.g., Ref. (I), the change of the aver- 
age activity of t’hc catalyst surface sites is 
followed as a function of inhibitor content. 
This method gives access albeit indirectly 
to the activity of the different sets of sur- 
face sites. A more straightforward detcr- 
mination of the activity spectrum of a 
catalyst requires not only the choice of a 
selective reaction inhibitor to cover pro- 
gressively the different, sets of sites but also 
the use of a very sensitive technique to 
study the reaction kinet’ics on the most 
active sites which remain in the surface 
fraction still not inhibited and to detcrminc 
their activity. 

It has been postulated earlier that hcat- 
flow microcalorimetry can bc used for this 
purpose, provided that the calorimeter re- 
sponsc has been corrected from the instru- 
mental distortion due to thermal lags (2). 
In the present Note, an application of this 
method to the determination of the activity 
spectrum of a nickel oxide catalyst for the 
decomposition of nitrous oxide is presented. 
The choice of this reaction is justified by 
the fact that, at the surface of a nearly sto- 

ichiometric nickel oxide, the decomposition 
of a limited amount of nitrous oxide pro- 
duces exclusively gaseous nitrogen and ad- 
sorbed oxygen which inhibits the active 
surface. By introducing, onto the catalyst 
surface, successive doses of nitrous oxide 
whose volume is small compared to the 
number of surface sites on the catalyst sam- 
plc, placed in the calorimeter, it is therefore 
possible (i) to determine the average activ- 
ity of those sites involved in the reaction of 
each dose and (ii) to simultaneously inhibit 
them for the reaction of further doses. 

Nearly stoichiomctric nickel oxide was 
prepared by the vacuum (1OP Torr) (3) 
dehydration of nickel hydroxide at 473 I< 
(4). Nitrous oxide was purified by succes- 
sive freezing (77 I<)-pumping (lo-” Torr)- 
sublimation cycles. The Calvct-type calo- 
rimcter, operating at 473 I<, the volumetric 
line and the data amplification-acquisition 
line have been previously described (5). A 
procedure, based on the state-function thc- 
ory, has been used for the correction of the 
experimental calorimctcr response (6). This 
procedure is an improved and simplified 
version of the general deconvolution method 
proposed earlier (7). Identification of the 
linear system, i.e., the calorimeter, is 
achieved by means of thermal steps gener- 
atcd in an electrical heater (8). 

Figure 1 represents the experimental and 
corrected calorimetric curves produced by 
the reaction, at 473 I<, of a dose of nitrous 
oxide (9.79 X 10” molecules) on a 80.3 mg 
sample of nickel oxide (160 m”/g). Pressure 
measurements and mass spcctromctric an- 
alyscs of the gas phase after reaction con- 
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FIG. 1. Experimentma (A) and corrected (B) calorimebic curves produced by the decomposit,ion 
of nitrous oxide on nickel oxide at 473 K. 

firm that nitrogen only is evolved, all the 
gcnernted oxygen being retained by the 
solid. After the reaction of a dose, nitrogen 
is evacuated, the catalyst being main- 
tained at 473 I<, and, when the residual 
pressure is down to =lOF Torr, i.e. after 
-2 hr pumping, another dose of nitrous 
oxide, of similar volume, is introduced, the 
complete reaction of which produces an- 
other calorimetric curve. The experiments 
were discontinued when oxygen appcarcd 
in the gas phase. The quantity of oxygen, 
then irreversibly adsorbed on the catalyst 
surface, corresponds to -16% of the avail- 
able surface sites, assuming as is usually 
done (9) that the number of exposed nickel 

ions per unit (m*) area is equal to 1.1 X 10lg 
and that each surface nickel ion adsorbs 
one oxygen atom. When the experiment was 
discontinued, t’he catalyst’ surface still con- 
tained a population of sites, active in the 
nitrous oxide decomposit’ion. However, oxy- 
gen is not irreversibly adsorbed on thcsc 
sites and desorbs to the gas phase (10). 

It is gcncrally assumed, but not spectro- 
scopically confirmed in the case of nickel 
oxide, that t’hc decomposition of nitrous 
oxide produces adsorbed atomic oxygen 
species. If this is indeed the case, t’hc rcac- 
tion of all doses should follow first-order 
kinetics. This can be ascertained in the fol- 
lowing manner : 

FIG. 2. First-order transforms of the calorimebic data recorded during the reaction of doses (A) 

t,o (F) of nitrous oxide on nickel oxide nt, 473 K. 
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The ordinate of the corrected calorime- 
tric curve, i.e., the t’hermal flux produced 
by the reaction, is, at any time, propor- 
tional to the reaction rate. The propor- 
tionality coefficient is the change of en- 
thalpy produced by the reaction. It remains 
constant during the reaction of a dose if t’he 
heat of adsorption of oxygen is constant for 
all the surface sites involved in the reaction 
of this particular dose. The limited volume 
of each dose being considered, this assump- 
tion is reasonable. 

The reaction of all reactant remaining in 
the system, at time 2, produces an amount 
of heat which can be calculated by intcgra- 
tion, from time t to infinity, of the corrected 
calorimetric curve. 

Finally, a first-order transform of the 
calorimetric data is obtained by plotting, 
for any time, the ordinate of the corrected 
calorimetric curve as a function of the area 
of the calorimct’ric curve, integrated from 
time t to infinity. Such plots for some doses 
of nitrous oxide are presented in Fig. 2. 

It appears that the plots are indeed linear, 
as preliminary experiments had already in- 
dicated (2). This result, a posteriori, con- 
firms that the decomposition of nitrous 
oxide on nickel oxide into nitrogen and 
adsorbed oxygen is a monomolecular pro- 
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FIG. 3. Variations of the first-order activity con- 

stant [the “activity spectrum” ( l )] and of the dif- 
ferential heats of adsorption of oxygen (steps) as a 
function of the cumulated number of molecules of 

nitrous oxide decomposed per unit catalyst area at 
473 K. This number is equal to the number of surface 
sites (activity constants for doses (A) to (F) were 

calculated from the slopes of the linear transforms 
in Fig. 2). 

cess and that that different surface sites 
which particaipatck in the reaction of each 
successive dose arc cnergctically homogcnc- 
ous with rcspcct to oxygen. The first-order 
relation is not’, however, obeyed during the 
first instants (20-40 s) of the reaction 
(curves A to P in Fig. 2) which correspond 
to t’he ascending branch of the corrected 
calorimetric curve (Fig. 1). The time lag 
which separates the beginning of the cx- 
periment from the maximum heat flux 
(Fig. 1) is explained by an imperfect rccon- 
struction of the data. Similar ascending 
branches and similar time lags have been 
also observed, after correction, on the cal- 
orimetric curves corresponding to thermal 
steps generated during the electrical cali- 
bration of the calorimet’er (6). A perfect 
reconstruction of the data is difficult when 
the heat flux changes rapidly with time, 
e.g. at the beginning of the reaction of a 
dose. However, simulated experiments have 
demonstrated that progressive changes of 
heat flux are satisfactorily reconstructed 
(6, 7). The descending branches of the cor- 
rected calorimetric curves (Fig. 2), which 
contain the kinetically significant informa- 
tion, are much less affected by residual dis- 
tortion than the ascending branches. Morc- 
over, the descending branches of all the 
calorimetric curves being similar, the resi- 
dual distortion, if there is any, is t’he same 
for all of them. The comparison of the first- 
order plots (Fig. 2), deduced from the dif- 
ferent calorimetric curves, is therefore 
justified. 

The slope of the straight lines, which 
measures the first-order activity constant’, 
changes for the successive doses. It is pre- 
sented as a function of the cumulated vol- 
ume of the doses in Fig. 3. A twofold regular 
decrease of activity is thus demonstrated 
from the most to the least active surface 
sites. 

The same calorimet’ric data can bc used to 
calculate the heat of adsorption of oxygen 

produced by the reaction. This is simply 
achieved by comparing the experimental 
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lwtits of reaction to the known changc~ of (‘II- 
thalpy produced by the gas phase dccom- 

position of nitrous oxide into nit8rogcn and 
molecular OXygc’Il. ‘l’h(b heats calculated for 
the dissociativc~ adsorption of 0sygvIl : 

o.L(g) + 2 O(:,&), 

arc prcarntcd as steps on Fig. 3. They a~‘(’ in 
excellent agrwment with previously pub- 
lished data (10). 

It is concluded from thcw rwults that : 

i. Heat-flow calorimetry can lw utilized 
not only to determine the distribution of 
heats of adsorption at ml adsorhrnt surfaw 
but also the “activity spectrum” of a cat- 
alyst. Application of the method, ho\vcver, 
requires the correction of the calorimetric 
data from the distortion due to thermal lags 
and is limited to systems irl which the cat- 
alyst, surface sitw iimy 1~ wlwtiwly in- 
hibited. 

ii. The d(wJmposition of nitrous oxide 
over stoichiomotric nickel oxide at 473 I< is 
:I monomolecular process, thcwby produc- 
ing oxygen adatoms. 

iii. It’ has been concluded, from cwlkr 
studks, that, the variation, with surface 
covrragc, of the differential heat of adsorp- 
tion of oxygen is a cc~~m~p~wc~~ of the hctcr- 
ogrneous distribution of Iatticc impcrfcc- 
tions (varancics, steps, cite. . . .) A\-hirli 
exist)s at t.hc surface of niclwl oxidc~, wpeci- 
ally when it is prepared at a low tc~mpc~ra- 
t,ure (11, 12). The close parallelism bet\\ccn 
the changes in activity for the dccomposi- 
tion of nitrous oxide, into gaseous nitrogen 
and adsorbed oxygen, and the variation of 
thr heat of adsorption of oygen, which ap- 
pears from the results represented in l’ig. 
3, indicate therefore that, the catalytic activ- 
ity of nickel oxide for this reaction is also w- 
lated to the structure of the catalyst) 
surface. A similar conclusion has already 
been proposed in the case of the room-tem- 
perature oxidation of carbon monoxide on 
similarly prepared niclwl osidc catalysts, 
increasing activity being then associatc~d 

\yith dcwwsing hraats of adsorptions of 

oxygcIl (22). 

iv. A correlation bctwtw catalytic ac- 
tivity A\-ith rrspwt to a givcbn wac+on aild 
aiiothr~r property of the catalyst is gwerall> 
t~stablished with data obtakd for a swic,s 
of catalysts and not for difftwnt sets of 
sitrs at the sam(t catalyst surface, as in tlic 
present study. Hy means of the existing 
data on the catalytic dccompositiorl of ni- 
t row oxide on scmiconducting oxides, Vijh 
~‘1~7) has rorrelat~od the wtalytic activity, 
nwasurcd 11-y the temperature at which the 
reaction first bc~~~mcs apprcciablc on n 

giwn oxide, \vith the hc%t of fOrlil~tiOi1 pw 
cquivalcnt~ of the oxide and nith the heat 
of atomization per equivalent of the oxido 
catalyst. Heat of formation and heat of 
atomization may be considered as estimates 
of the S -0 bond energy, S-O being the solid 
!c~ntalvst)-os~gc~ll CYJIl~~JlfS formed at the 

surface as an adsorbed intcrmt~diatc in the 
overall rcbaction. The differential heats of 
adsorption of oxygc~~, calculated from ca- 
lorimetric data and rcprcscntcd in Fig. 3, 
ar(’ niorc closely related to the S-0 bond 

cncrgy than the thrrmo~hcmical quantities 
cited by Vijh. It is \vorth noting then that, 
in both correlations proposcd by Vijh (13), 
niclwl oxide is located on that branch of t’he 
plots for which the catalytic activity tle- 
ctwses as thrx S -0 bond ewrgy increases, 
whcw:ts Fig. 3 sliows that, in tlic present 
c*asr, the catalytic activity i/weases as the 
8 -0 hod cncrgy increases. According to 
Vijh’s intcrprctation (IS), the latter corre- 
lation (this work) indicates that the rate 
dctc~rmining step (rds) of the decomposition 
of nitrous oxide into nitrogen and adsorbed 
oxygen species involves the formatiorb of 
S-O bonds. The former correlations indi- 
cate that the rds for the overall reaction 
(the production of nitrogen and gaseous 

oxygen) involves the rupture of S-O bonds. 
The overall reaction rate would t’hus be 
limited by the rate of dcsorption of oxygen, 
in nrcord with some previous studies (10, 
f-4). 
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