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Turnover rates for the catalytic dehydrogenation and dehydration of formic acid (HCOOH) on 
Ni/SiOz and Ni and CuNi powders between 390 and 490K are reported. The decomposition rate 
constants calculated from these data are compared with values reported previously for the temper- 
ature-programmed decomposition (TPD) of HCOOH preadsorbed on Ni and CuNi. On these, 
catalytic dehydrogenation and dehydration seem to proceed through the same intermediate, be- 
lieved to be a formate ion. The selectivity S, defined as the ratio of dehydrogenation to dehydration 
turnover rates, is independent of temperature, and between 4 and 6 on Ni and alloys with a surface 
Cu fraction less than 0.8. The observed selectivity is not affected by secondary reactions among the 
products. The intermediate appears to be bound to two adjacent Ni atoms. In contrast, TPD of 
HCOOH preadsorbed at low coverage on CuNi single crystals seems to involve a formic anhydride 
species that requires four adjacent Ni atoms, and decomposes with S equal to unity and a rate 
constant 5 x lo3 times greater than that corresponding to the catalytic decomposition. Differences 
between catalytic and TPD data apparently arise from the effect of surface coverage on the relative 
surface density of formate and formic anhydride. Formate requires small nickel ensembles and 
predominates on fully covered surfaces typical of the catalytic reaction. This study demonstrates 
the differences in rate constant and S when reactive intermediates change with surface coverage 
because they require different ensembles for adsorption; in other words, they are structure sensi- 
tive. 

INTRODUCTION 

Recent studies of the temperature-pro- 
grammed decomposition (TPD) of formic 
acid (HCOOH) preadsorbed on Ni(l10) (Z- 
3) and Ni(100) (4) single crystals concluded 
that the products of the reaction arise from 
the decomposition of formic anhydride 
(HCOOOCH) to equal amounts of C02, 
CO, and HZ. On adlayer-covered Ni(l IO), a 
formate species (HCOO), decomposing ex- 
clusively via dehydrogenation, was also de- 
tected (5-8). The ratio of formate to anhy- 
dride increased with increasing C (5), 0 (6), 
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and Cu (7, 8) surface density because the 
formation of formic anhydride required, a 
larger number of adjacent Ni atoms. There- 
fore, the selectivity S, defined as the ratio 
of CO2 to CO in the decomposition prod- 
ucts, increased with increasing density of 
C, 0, or Cu at the Ni surface. 

Only formate has been detected by ad- 
sorption measurements and infrared spec- 
troscopy during the catalytic decomposi- 
tion of HCOOH on Ni (9-22), and following 
its adsorption at room temperature on Ni 
(23-19). The vibrational spectra and com- 
position of these species are identical to 
those of bulk Ni formate. The selectivity is 
between 2.5 and infinity (20-51). The cata- 
lytic decomposition on CuNi alloys leads 
exclusively to dehydrogenation products 
(23, 25, 27, 43). In this study, the turnover 
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rate N and selectivity S of the zero-order 
decomposition of HCOOH on Ni/SiOz, Ni/ 
A&03, and Ni and CuNi powders, in the 
absence of side reactions and other arti- 
facts, are reported. These data are com- 
pared with those reported in TPD studies. 
A similar comparison for the decomposi- 
tion of HCOOH on Cu was previously re- 
ported (52). 

EXPERIMENTAL 

The preparation and characterization of 
the catalysts used in this study are reported 
elsewhere (53). Supported Ni was prepared 
by impregnation (Ni(wt%)/SiO$. CuNi 
powders were prepared by coprecipitation 
of the metal carbonates, calcination in air to 
the mixed oxides, and reduction in dihydro- 
gen (54). The Ni dispersion and the surface 
composition of the alloys were calculated 
from the surface density of strongly ad- 
sorbed hydrogen (53). 

The apparatus and the experimental pro- 
cedure used in this study have been previ- 
ously reported (52). Before the rate mea- 
surements , prereduced and passivated 
catalysts were rereduced for 2 h at 723K in 
flowing Pd-diffused HZ(Liquid Carbonic) at 
a site-contact frequency of 4-10 s-r. The 
site- (or bulk) contact frequency & (or ZJ$) 
is defined as the number of M molecules 
entering the reactor per unit time per sur- 
face (or bulk) metal atom. Dehydrogenation 
and dehydration turnover rates were calcu- 
lated from the concentration of COz and 
CO, respectively, in the carrier stream, 
measured by gas chromatography. The 
turnover rate is reported per Ni surface 
atom on Ni, and per total surface atom on 
the alloys. In the latter, the total number of 
surface metal atoms was obtained from the 
total surface area of the samples, measured 
by BET dinitrogen physisorption with 0.162 
nm2 per Nz molecule, assuming a surface 
density of 1.5 x 1Or5 cmm2. Typical 
HCOOH fractional conversions and site- 
contact frequencies are 0.0001-0.5 and 0. l- 
6.0 s-i, respectively. Formic acid partial 
pressures were between 1 and 6 kPa. 

RESULTS 

Decomposition Kinetics 

On Ni and CuNi alloys, the site-time 
yield was independent of CO2 and Hz con- 
centration, but it decreased with increasing 
CO and decreasing HCOOH pressure in the 
carrier gas. The site-time yield is defined as 
the number of product molecules appearing 
at the reactor outlet per unit time per sur- 
face metal atom. It decreases with increas- 
ing HCOOH conversion. The turnover 
rates calculated from these data are de- 
scribed by 

iVi = No,i[l + (Ki(CO)/(HCOOH))]-’ (1) 

for both the dehydrogenation and dehydra- 
tion reactions. Zero-order turnover rates, 
No, were calculated by extrapolation of the 
data to zero conversion or CO pressure. 

On Ni the observed selectivity, So, de- 
fined as the ratio of CO* to CO in the de- 
composition products, is independent of 
conversion and CO and HCOOH pressure. 
Therefore, it equals the zero-order selectiv- 
ity, 

s = (~0,c0*~~0,c0)9 (2) 

because the inhibition factor, Kiy is identical 
for both reactions. Ni-rich alloys behaved 
similarly. However, on Cu-rich alloys, So 
depends on conversion and CO and 
HCOOH pressure because the decomposi- 
tion on Ni ensembles, leading to CO* and 
CO, depends on these, while that on Cu 
ensembles, leading only to CO2, does not. 
The zero-order selectivity on these alloys 
was obtained by extrapolation to zero con- 
version or CO pressure. 

Decomposition on Oxidized Samples 

The rate of decomposition of HCOOH at 
503K and 1.5 s-r HCOOH site-contact fre- 
quency on Ni powders preexposed to 02, 
(vbo2 = 43 h-l, 673K, 3 h) was initially negli- 
gible. The site-time yield and S increased 
with time. After 13 h, the site-time yield 
was only 10% of the value before 02 expo- 
sure. The selectivity increased from 4 to 5.5 
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FIG. 1. Decomposition selectivity. (a) Nickel-rich alloys (Cu atomic surface fraction follows each 
symbol). 0,O.O; l ,O.O; QO.55; W, 0.61; A, 0.73; & 0.77. (b) Copper-rich alloys. l ,,0.78; 0,0.81; W, 
0.91; 0, 0.97. 

in this time, compared with a value of 6 
before 02 exposure. Reduction of the sam- 
ple in H2 (vSu2 = 4-10 s-‘, 723K, 0.5 h) 
restored the initial rate and selectivity 
(+ 10%). The reduction of CuNi samples 
preexposed to 02 by the decomposition re- 
action products was much more rapid than 
on pure Ni. The initial site-time yield was 
restored within 0.25-0.5 h during HCOOH 
decomposition at 490-51OK on 0.05 and 
0.95 Cu bulk atomic fraction alloys. 

Zero-Order Decomposition Data 

Copper-nickel powders. The activation 
energy and preexponential factor for the 
catalytic dehydrogenation and dehydration 
of HCOOH on CuNi powders are shown in 
Table 1. Dehydration and dehydrogenation 
activation energies are very similar, and do 
not vary with surface composition. Conse- 
quently, S is almost independent of temper- 
ature and surface composition (Fig. 1). 

TABLE 1 

Activation Energy (IS) and Preexponential Factor (A) for the Zero-Order Catalytic Decomposition of Formic 
Acid on Copper-Nickel Powders 

Cu atomic 
bulk fraction 

Cu atomic 
surface fraction” 

Dehydrogenation 

E (kJ mol-I) log(A) (s-‘)b 

Dehydration 

E (kJ mol-I) log(A) (s-‘)b 

0.00 0.00 100.2 11.55 
0.005 0.55 100.3 11.06 
0.05 0.61 101.2 11.10 
0.10 0.73 105.3 11.44 
0.25 0.77 99.1 10.60 
0.50 0.78 99.6 10.71 
0.70 0.81 104.5 11.10 
0.90 0.91 96.2 10.06 
0.95 0.97 98.6 10.08 
1.00 1.00 96.6 9.82 

93.0 10.05 
95.7 9.92 
99.1 10.06 

102.0 10.30 
92.0 9.03 
95.3 9.41 
99.1 9.65 
92.6 8.67 
84.0 7.00 
- - 

a From dihydrogen uptake measurements (53). 
b Per total number of metal surface atoms. 
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FIG. 2. Isokinetic temperature vs surface composition of CuNi powders. (a) &hydrogenation, (b) 
dehydration (IV (s-l) follows each symbol). A, 0.005; 0, 0.05; 0, 0.16. 

The effect of surface composition on the 
dehydrogenation and dehydration iso- 
kinetic temperature is shown in Fig. 2. The 
isokinetic temperature To is defined as that 
required for the reaction to occur with a 
given turnover rate. For both reactions, the 
isokinetic temperature increases with in- 
creasing copper content. 

The dehydrogenation turnover rate at 
455K is 10 times greater on Ni than on Cu 
(Fig. 3). Both dehydrogenation and dehy- 
dration rates decrease faster than linearly 
with increasing Cu surface fraction. There- 
fore, the rate per Ni surface atom decreases 
slightly with alloying. The selectivity is be- 

tween 4.5 and 6. It is independent of sur- 
face composition except for Cu-rich alloys 
(Fig. 6). Up to 0.8 Cu surface fraction, the 
reaction products arise from the decompo- 
sition of intermediates adsorbed on the 
more active ensembles (Ni), and the selec- 
tivity is identical to that on pure Ni. Only at 
higher Cu surface fraction does the lower, 
but exclusively dehydrogenating, activity 
of Cu ensembles affect S. 

Nickel. The activation energy and preex- 
ponential factor for the catalytic dehydro- 
genation and dehydration of HCOOH on Ni 
powders and supported Ni are shown in Ta- 
ble 2. The turnover number for each reac- 

Copper Atomic Fractianhdoce) Copper Atomic Fraction (surface) 

FIG. 3. Zero-order turnover rate vs surface composition of CuNi powders (455K). (a) dehydrogena- 
tion, (b) dehydration. 
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FIG. 4. Formic acid decomposition selectivity vs 
surface composition of CuNi powders (445K). 

tion is slightly higher on powders than on 
supported catalysts, but S is identical and 
almost independent of temperature on all 
samples (Fig. 7). The activation energy is 
similar on all samples. The turnover num- 
ber increased slightly with increasing metal 
loading and decreasing metal dispersion on 
silica-supported Ni. 

Below 4OOK, the decomposition site-time 
yield on Ni decreased steadily with time 
(50-100% in 3 h), but S remained un- 
changed. Turnover rates reported in this 
study were measured above 400K. 

FIG. 5. Formic acid decomposition selectivity on 
nickel. 0, Ni(2.2)/SiO,; 0, Ni(8.5)/Si02; n , Ni(l1.3)/ 
SiO,; Cl, Ni(22.0)/Si02; A, Ni; A, Ni; 0, Ni(A); 0 , 
Ni(5.0)/A1203; 0, bulk nickel formate (Ref. (60)). 

DISCUSSION 

The turnover rate expression (Eq. (1)) is 
consistent with a reaction sequence involv- 
ing the decomposition of a common inter- 
mediate, believed to be a formate ion, to 
dehydrogenation and dehydration products 
on a surface covered by CO and formate. 
The kinetically significant steps in such a 
reaction sequence are 

HCOOH + * L HCOOH* 
. . . . . . . . . . . . . . . . . . . 

HCOO* k2_ I- 
k3-dehydrogenation 

co* 

ki 
Adehydration 

KCO 

42gr co + * 
. . . . . . . . . . . . . . . . . . . . 

(3) 

where * represents an active surface site. N 0.~0~ = M’, (54 
The steady-state approximation, with CO* 
and HCOO* as the most abundant surface No,co = Ml - P), (5b) 

intermediates, leads to a turnover rate ex- where P is the probability that the interme- 
pression identical to Eq. (I), with diate I will dehydrogenate: 

K = (KcoWA (4) P = k3(k3 + kj)-‘. (6) 
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FIG. 6. Koros-Nowak test. Catalytic decomposition 
of formic acid on Ni (435K). Open symbols, dehydro- 
genation; solid symbols, dehydration. Ni powder, A, 
A; Ni/SiOz, 0,O. 

The selectivity is then given by 

s = &DC;). (7) 

It is independent of CO and HCOOH pres- 
sure, as observed experimentally. 

The reactive intermediate I may resem- 
ble adsorbed COz, formed from formate 
ions by hydrogen cleavage. Thereafter it 
may desorb or dissociate to CO and ad- 
sorbed oxygen, leading to dehydrogenation 
and dehydration products, respectively. 

IL 2.6 

103 K/T 

FIG. 7. The role of the water-gas shit reaction* in 
the catalytic decomposition of formic acid on Ni and 
CuNi. l , Ni powder; 0, Ni(ll.3)/SiOz; Cl, CuNi pow- 
der (0.98 Cu surface atomic fraction); -, water-gas 
shift equilibrium. * CO + Hz0 G= CO2 + Hr. 

Water is subsequently formed by the reac- 
tion of adsorbed H and 0 atoms. The weak 
temperature dependence of S is surprising 
in view of the drastically different rear- 
rangements involved in the two decomposi- 
tion paths. 

The expression for N (Eq. (1)) will be 
treated as an empirical equation, useful in 

TABLE 2 

Activation Energy (I?) and Preexponential Factor (A) for the Zero-Order Catalytic Decomposition of Formic 
Acid on Nickel Catalysis 

Catalyst wt% 
nickel 

Dispersion” Dehydrogenation Dehydration 

E (kJ mot-‘) log(A) (s-‘P E (kJ mol-*) h(A) 6-T 

Ni/SiO* 2.2 0.13 104.5 
Ni/SiO* 8.5 0.104 105.5 
Ni/SiOz 11.3 0.083 107.0 
Ni/SiO* 22.0 0.078 106.0 
Nit 100 0.0017 97.0 
Nit 100 0.0015 103.0 
Ni* 100 - 100.0 
Ni(A) 100 0.00066 111.0 
Ni/Al~O~~ 5.0 -. 103.0 

11.7 
12.0 
12.3 
12.1 
11.2 
11.9 
11.6 
13.0 
- 

103.5 
104.5 
100.0 
105.0 
85.5 

loo.5 
93.0 

111.0 
105.0 

10.8 
11.2 
10.8 
11.4 
9.2 

10.8 
10.0 
12.4 
- 

a From dihydrogen uptake measurements (53). 
* Per nickel surface atom (Ni : H = 1: 1). 
c Decomposition reaction on two batches of similarly prepared nickel. 
* Average kinetic parameters from the two decomposition runs. 
c No dispersion data available, only small fraction of total dihydrogen uptake was irreversibly adsorbed. 
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the minor extrapolations required to calcu- 
late turnover rates from site-time yield-con- 
version data. 

Previous studies of the effect of the reac- 
tion products on the catalytic HCOOH de- 
composition rate on Ni yielded contradic- 
tory results. Some authors (37, 55, 56) 
reported that it was not affected by pread- 
sorption of CO2 or H20, but CO preadsorp- 
tion decreased, and Hz preadsorption in- 
creased the decomposition rate. Other 
authors (26) observed a decrease in rate 
with conversion in batch reactors. Increas- 
ing CO* or Hz pressure decreased the rate 
slightly, but CO and Hz0 had no effect. 
However, on Raney nickel CO2 or H2 pres- 
sure had no effect on the rate (34). 

The inhibiting effect of CO reported here 
is consistent with detection of adsorbed CO 
by infrared spectroscopy on Ni surfaces 
during catalytic HCOOH decomposition at 
300-400K (16, 18, 57). The CO band inten- 
sity increased with temperature and 
HCOOH conversion (26, 57). Carbon and 
oxygen were detected on Ni( 110) surfaces 
following molecular beam studies of 
HCOOH decomposition (58). The presence 
of adsorbed CO is also predicted from the 
heat of adsorption of CO on Ni (59). 

The reduction of bulk NiO by the prod- 
ucts of HCOOH decomposition at 503K is 
shown by the increase in site-time yield 
with time. Similar effects were previously 
reported, albeit at higher decomposition 
temperature (35, 40). Oxygen preadsorbed 
on Ni(ll0) is partially removed by adsorp- 
tion and subsequent HCOOH TPD (6). In 
this work (6), the effect of adsorbed oxygen 
is to increase the ratio of formate to anhy- 
dride, and thus S. In the present study, re- 
duction of NiO during decomposition was 
accompanied by an increase in S. 

Irreversible changes in N and S during 
the catalytic decomposition of HCOOH on 
Ni were previously reported (26, 27), but 
probably resulted from impurities in the 
reactant and secondary reactions among 
the primary products. In this study, N and 
S on Ni and CuNi above 400K did not 

change with time. Below 4OOK, on pure Ni, 
N decreased with time. It may be attributed 
to sintering by interparticle transport of 
volatile nickel carbonyl at low temperature, 
or to an increase in the steady-state density 
of adsorbed oxygen atoms, resulting from a 
decrease in the rate of their removal by hy- 
drogen adatoms with decreasing tempera- 
ture (60). 

Turnover Rate, Selectivity, and Reactive 
Intermediates 

The HCOOH dehydrogenation turnover 
rate decreases faster than linearly with in- 
creasing Cu surface fraction on CuNi pow- 
ders. At 455K, N is 10 times greater on Ni 
than on Cu. On alloys, it is proportional to 
the Ni surface fraction to a power between 
1 and 2. Turnover rate data are described 
by 

N = X2NiNNi + bN~~u(NNiNcu)“2 

+ xcu2Ncu, (8) 

where NNi and NcU are the turnover rates 
on pure Ni and Cu, respectively, and XNi 
and xcU their fraction at the alloy surface. 
This expression suggests that the reactive 
intermediate is bound to two adjacent metal 
surface atoms, and that N, proportional to 
the decomposition rate constant of these in- 
termediates, depends on the identity of the 
two metal atoms in the binding ensemble. 
In contrast, formic anhydride requires en- 
sembles consisting of four adjacent Ni at- 
oms (7, 8). 

The values of N measured on pure Ni 
correspond to the rate constant of the sur- 
face-catalyzed reaction, devoid of any ef- 
fects of rate-limiting transport processes, 
such as heat or mass transfer, secondary 
reactions, or catalyst bed bypassing or 
channeling. This was demonstrated by the 
successful application of the Koros-No- 
wak criterion (Fig. 6) (61, 62). The test in- 
volves the measurement of identical turn- 
over rates on Ni/SiO* catalysts with 
different metal loading. The slope of unity 
in the logarithmic plot of decomposition 
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rate per gram of catalyst as a function of the 
density of surface Ni atoms in the bed (Fig. 
6) demonstrates the absence of artifacts. 
The similar activation energy measured on 
all Ni and CuNi catalysts also shows that 
the rate constant of the catalytic decompo- 
sition of HCOOH on Ni is that of the sur- 
face-catalyzed steps. Similar results were 
previously reported for the catalytic 
HCOOH decomposition on Cu (52). 

The effect of surface composition on the 
dehydration and dehydrogenation turnover 
rates on CuNi powders is similar (Fig. 3) 
except HCOOH dehydration is not ob- 
served on pure Cu. Again, the reactive in- 
termediate is bound to two adjacent surface 
metal atoms, and the dehydration rate con- 
stant depends on the identity of the ensem- 
ble atoms. 

The similarity in binding ensembles re- 
quired for the intermediates leading to de- 
hydrogenation and dehydration products 
leads to identical S on pure Ni and all CuNi 
powders with surface Cu fraction less than 
0.8 (Fig. 4). On these, the products arise 
exclusively from the decomposition of in- 
termediates bound to Ni-Ni and perhaps 
Cu-Ni ensembles, which are the most reac- 
tive, and on which S is identical to its value 
on pure Ni surfaces. This suggests that the 
catalytic decomposition of HCOOH is not 
sensitive to ligand effects of neighboring Cu 
atoms on Ni ensembles. Only at higher Cu 
surface fraction are the products of the de- 
hydrogenation of HCOOH on Cu ensem- 
bles observed, and S increases with in- 
creasing Cu surface fraction. 

The selectivity on Ni and CuNi alloys 
with less than 0.8 copper surface fraction is 
between 4.5 and 5.5 throughout the experi- 
mental temperature range. It is much 
greater than that predicted for the decom- 
position of formic anhydride (S = 1 .O). The 
constant value of S suggests that dehydra- 
tion and dehydrogenation of HCOOH on Ni 
occur through the same intermediate, 
which is not formic anhydride. 

The constant value of S with alloying is 
not caused by chemisorption-induced seg- 

regation of Ni to the alloy surface during 
HCOOH decomposition, which may result 
in a pure Ni surface on most CuNi pow- 
ders. Dehydrogenation and dehydration 
turnover rates decrease by a factor of 4 in 
this composition range, showing that a 
large fraction of the Ni surface atoms are 
replaced by Cu in the alloys. Chemisorp- 
tion-induced formation of a pure Ni surface 
was not observed during HZ or O2 chemi- 
sorption on Ni(100) and Ni(llO) at 573K 
(63). The binding energy of formate at the 
Ni surface is intermediate between that of 
these two species, and the catalytic decom- 
position reaction was studied below 483K. 
Although thermodynamically favored, the 
chemisorption-induced formation of a pure 
Ni surface was also not observed during Hz 
chemisorption on CuNi powders at room 
temperature (53). Furthermore, changes in 
surface composition were never reported 
during TPD of HCOOH preadsorbed on 
CuNi alloys (7, 8, 64). Apparently, chemi- 
sorption-induced segregation is limited by 
low diffusion rates at these temperatures. 

The value of S is very similar on Ni pow- 
ders and SiOz- and AlzOJ-supported Ni 
(Fig. 5). It depends only weakly on temper- 
ature, suggesting again a similar intermedi- 
ate and decomposition mechanism for both 
reactions. The intermediate is believed to 
be a formate ion. Indeed, S for the catalytic 
decomposition of HCOOH on Ni is identi- 
cal to that measured during the isothermal 
decomposition of bulk Ni formate (Fig. 5) 
(60). The latter S was also independent of 
conversion, concentration of reaction prod- 
ucts, and temperature (60). 

Studies using TPD suggest that formate 
ions adsorbed on Ni at low surface density 
only dehydrogenate (5-8). If this also ap- 
plies to the catalytic reaction, the observed 
products must arise from mixtures of for- 
mate and formic anhydride surface species. 
Therefore, S would change markedly with 
surface composition, because formic anhy- 
dride, the exclusive source of CO, requires 
larger ensembles; thus its surface density 
decreases more markedly with alloying 
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than that of formate. The catalytic S, how- 
ever, is independent of surface composi- 
tion. Therefore, formate ions may dehy- 
drate as well as dehydrogenate during 
catalytic HCOOH decomposition on Ni. 

The catalytic S (4.5-5.5) is higher than 
that predicted for the decomposition of for- 
mic anhydride (1 .O) on Ni, but identical to 
values observed during isothermal decom- 
position of bulk Ni formate (Fig. 5) (60). 
The differences may arise from secondary 
interconversions among the primary de- 
composition products. Indeed, different 
values of S reported for HCOOH decompo- 
sition on Ni are often attributed to side re- 
actions, such as the water-gas shift (65) and 
the reverse reaction (26, 27), the formation 
of adsorbed oxygen (4, 6, 28, 33) and car- 
bon (5, 66), and HCOOH decomposition 
on supports or reactor walls (24). Some au- 
thors have proposed that CO and Hz0 are 
the only primary products of HCOOH de- 
composition on Ni (30, 65); dehydrogena- 
tion products were attributed to the water- 
gas shift. Other authors observed that S 
increases with time and conversion in a 
static reactor; they proposed that HCOOH 
only dehydrogenates on Ni, the dehydra- 
tion products resulting from the reverse wa- 
ter-gas shift reaction (26). The amount of 
CO in the decomposition products was, 
however, greater than that predicted from 
the equilibrium of this reaction; therefore, 
CO is a primary decomposition product. 

In this study, additional evidence for the 
primary nature of CO and CO* is presented. 
The selectivity is independent of metal 
loading in supported catalysts, and there- 
fore of the density of active sites in the re- 
actor bed; thus secondary reactions are 
ruled out (60, 61). In addition, S on Ni 
powders and on SiOz- and AlzOJ-supported 
Ni is much lower than that predicted from 
the water-gas shift equilibrium (Fig. 7). 
Therefore, CO is a primary product of 
HCOOH decomposition on Ni; it is not 
formed from the reverse water-gas shift re- 
action. In contrast with TPD studies, for- 
mate decomposition under catalytic condi- 

tions yields dehydration and dehydro- 
genation products. The reaction between 
CO2 and H2: on Ni yields CH4 and Hz0 ex- 
clusively (67). Methane was never ob- 
served during HCOOH decomposition on 
Ni or CuNi. 

The absence of the water-gas shift reac- 
tion and the primary nature of CO;? and HZ 
products are also demonstrated in Fig. 7. 
On Cu-rich alloys, S is higher than that pre- 
dicted from the water-gas shift equilibrium. 
Cu is a much better catalyst for this reac- 
tion than Ni (68), but even on Cu-rich al- 
loys S is not affected by this reaction. Ex- 
trapolation of reported water-gas shift 
turnover rates on Ni and Cu (68) to 
HCOOH decomposition conditions shows 
they are less than 0.05 and 0.3% of the 
HCOOH decomposition turnover rate on 
Ni and Cu, respectively, even in the ab- 
sence of coadsorbed HCOOH. Therefore, 
catalytic HCOOH decomposition on Ni 
does not occur through a formic anhydride 
intermediate decomposing with S equal to 
unity, followed by interconversion of prod- 
ucts by water-gas shift. 

Comparison with Previous Data 

Catalytic. In contrast with similar values 
of N and S reported by various workers for 
the catalytic decomposition of HCOOH on 
Cu (52), the data reported on Ni catalysts 
differ markedly (Table 3). Many authors re- 
port only dehydrogenation, while others re- 
port values of S between 2.5 and 10. Only a 
few of these studies were accompanied by 
metal surface area measurements; area1 
rates were often reported on the basis of 
geometric area. 

Dehydrogenation isokinetic tempera- 
tures reported here are lower than most val- 
ues previously reported (Table 3). Activa- 
tion energies are similar to the higher 
values reported previously. Some of the 
low values of activation energy and N pre- 
viously reported may have been affected by 
rate-limiting transport processes. Values of 
dehydration turnover rate and activation 
energy on Ni were never reported. 
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TABLE 3 

Catalytic Decomposition of Formic Acid on Ni. Summary of Literature Data 

E b 

CT;) 
S’ Ref. 

(kJ mol-‘) 
- 

Wire 
Wire 

Powder 
Powder 

R=w 
Ni/SiOa 

Ni/SiOr 
Powder 
Powder 

NifTi02 

Ni/Cr203 
NiL41203 
NifTiOr 

Powder 

Foil 
Powder 

Film 
- 

Foil 

Powder 
Foil 

Fall 
Powder 

Foil 
Foil 

Foil 
Powder 

Film 
Powder 

Foil 
Film 

Powder 

NilAl,O, 
Film 
NiAl20, 

Film 
Sheet 

530-630 
453-533 

- 

673-743 

350-383 
343-423 

343-423 
573-673 

573 
573 

573 
468-523 
468-523 

468-523 

463 
413-443 

398-462 
523 

456-483 

483 
603-693 

400-460 

393-473 
473-673 

523-573 
353-473 

473 
453 

453 

373-573 
323-373 

- 

523-653 
523-653 

453 
373-493 

Powder 
dehydrogenation 

Powder 
dehydration 

Ni/SiOr 
dehydrogenation 

Ni/SiOt 
dehydration 

Ni/Al*O, 

400-500 

400-500 

400-500 

400-500 

400-500 

- 
- 
- 

3 x10’ 
1.6 x 106 

1 x 10’0 
- 

1.5 x 108 
- 

- 
- 
- 

- 

- 
- 

2 x 10’0 

3 x10’ 
- 
- 

- 
- 

- 
- 
- 

- 

1.3 x 10’2 
4 x 10’0 

- 

9 x109 
- 

1.6 x 10’ 
- 
- 

- 
- 

- 
- 

125.5 
104.5 

120 
101 
64 

%.5 
95-102 

86.5 
103 

78-94 

83 
85 
96 

111 

% 
100.5 

66 
- 

114 
- 

83.5 

69 
57 

48.5 
106.5-108.5 

125.5 
101 

101 
96 

79.5-83.5 

70 
103.5 

23.5 
111 
85.5 

82.5-85 
83.5-94 

- - 

- cc 

- a, 

630 m  

473 m  

463 18-33 
- - 

508 co 
- - 

- 10 
- - 
- - 
- - 
- - 
- - 

466 m 

415 3 
- 2.5-3.5 
- 16 
- 13.5 
- co 
- - 
- - 
- - 
- 00 

505 m 

464 00 
- m 

465 - 
- - 

455 2.5 
- m 
- - 
- - 
- - 
- - 
- - 

4 x lo”-1 x 10’3 100-111 418-420 

1 x 10’0-2 x 10’2 93-111 438-447 

5 x 10’1-2 x 10’2 104.5-107 425-434 

6 x lOlo-2.5 x 10” 100-105 447-461 

- 103 (dehydrogenation) 
105 (dehydration) 

3.5-5.5 

4-5.5 

4-5 

a Per surface Ni atom, assuming a surface density of 1.5 x 10” cm-2. 
b Temperature at which a turnover rate of 0.16 s-’ is measured. 
c Ratio of CO1 to CO in reaction products. 

74 
48 

39 
40 

34 
16 

10 
41 
29 

29 

29 
36 

36 
36 

37 
33 

26 
30 

29 
31 

35 
22 
22 

25 
38 

43 

44 
23 

46 
46 

27 
28 

47 
49 
49 

50 
51 

This study 

This study 

This study 

This study 

This study 
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1.0 0 0.2 04 0.6 06 

Atomic Copper Fraction (bulk) 

FIG. 8. Formic acid dehydrogenation isokinetic tem- 
perature on CuNi (N = 0.16 s-l). Comparison with 
previous data. A, This study, powders; 0, Rienacker 
and Bade (25), foils; 0, Quinn and Taylor (44), pow- 
ders; H, Dowden and Reynolds (43), foils; Cl, Alsdorf 
and Volter (23), films. 

Isokinetic temperatures for HCOOH de- 
hydrogenation on CuNi powders reported 
here are compared with previous data on 
CuNi foils, films, and powders (23, 25, 27, 
43) in Fig. 8. Previous studies did not report 
surface compositions; therefore, the data 
are compared on the basis of bulk copper 
content. None of these authors reported 
HCOOH dehydration on CuNi alloys. 

Temperature-programmed decomposi- 
tion. Decomposition rate constants and S 
obtained from TPD of HCOOH pread- 
sorbed on Ni, adlayer-covered Ni, and 
CuNi alloys are shown in Tables 4 and 5. 

On Ni, the surface density of adsorbed 
formic anhydride never exceeds 2 x lOi 
cm-* (Z-4). At low HCOOH exposures typ- 
ical of preadsorption in TPD experiments, 
the “saturation” surface density depends 
on the value at which the adsorption stick- 
ing coefficient becomes smaller than about 
0.01. In contrast, formate surface cover- 
ages exceeding one monolayer are found 
during HCOOH decomposition on Ni pow- 
der (9). The preexponential factor for for- 
mic anhydride decomposition on Ni is 
much greater than that for the decomposi- 
tion of the most abundant surface interme- 
diate in the catalytic HCOOH decomposi- 
tion, suggesting a larger entropy of 
activation for the former. The activation 
energy for formic anhydride decomposition 
is similar to that measured for the catalytic 
reaction (Tables 3 and 4). However, it is 
very sensitive to surface coverage because 
of attractive interactions among anhydride 

TABLE 4 

Temperature-Programmed Decomposition of Formic Acid F’readsorbed on Ni. Summary of Literature Data 

Metal Desorbing 
species 

E 
(kJ mol-I) 

S” Saturation 
coverage 

( lOI5 cm-*) 

Ref. 

Ni(ll0) 

Ni(ll0) 
Ni(100) 

Ni(ll0) 
(2 x 1)C 

Ni(100) 
P(2 x 2)C 

Ni(l10) 
(2 x 1)O 

Ni( 110) 
MBRS 

(332 

H2 
co 
CO2, H2 

02, H2 
co 
CO2, Hz 

(332, Hz 8 x lOI 118.5 m  0.4 66 

CQ, Hz 1.6 x lOI 84.5 
co 4 x 10’2 106 

3 
- 

2.5 
- 
- 

0.16 
0.05 

10-d 
- 

6 
6 

HCOO* + CO2 1 x 10” 72 
HCOO* + CO* 5 x 10’0 72 
co* + co 7 x 10’2 96.5 - 

58 
58 
58 

- 
- 

1.6 x lOi 
6 x lOI5 
6 x 1On 
1 x 10’5 
4 x 10’2 

99.5 0.3 (low e) 
99.5 1 .O (saturation) 

111 - 
106.5 + 11.30 1.0 
106.5 + 5.88 1.0 

109 - 
106.5 3-10 

0.18 
0.18 
0.18 
- 

0.20 
0.20 
0.15 

0 Ratio of CO2 to CO in decomposition products. 
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0 
0.13 
0.26 
0.32 
0.39 
0.44 
0.50 
0.63 
1.0 

CU Dehydrogenation SC Tid 
surface WI 

fraction” E (kJ mol-I) Ab (s-‘) 

1 x 10” 1.0 
5 x 10'5 1.3 
1 x 10'5 1.8 
5 x 10’4 2.3 
1 x 10” 2.9 

- 3.9 
5.5 
8.4 
cc 

100.5 
103.0 
105.0 
103.0 
108.0 

- 

332 
325 
346 
345 
357 
- 

- 
107.5 
133.3 

- 
4 x 10’4 

9 x 10” 

- 
368 
484 

TABLE 5 

Temperature-Programmed Decomposition of Formic 
Acid Preadsorbed on CuNi( 110) (Refs. (7) and (8)) 

a Measured from the intensity of low-energy (lOO- 
eV) Auger transitions of Cu and Ni. 

b From heating rate variation, assuming decomposi- 
tion rate is tlrst order in adsorbed intermediate. 

c Ratio of CO1 to CO products after preadsorption of 
HCOOH at saturation coverage. 

d Isokinetic temperature calculated assuming a sur- 
face density of intermediates of 1Ou cm-2 (k = 0.16 
s-1). 

species (4), which lead to surface islands 
and autocatalytic decomposition of formic 
anhydride ( 1,4). Formic anhydride decom- 
poses with S equal to unity and a rate con- 
stant 5 x 103 greater than that measured for 
the decomposition of surface formate in 
catalytic experiments. 

Copper Atomic Fraction (surface) Copper Mok Fraction (surface) 

The ratio of formate to formic anhydride 
on Ni( 110) increases with increasing Cu ( 7, 
8), carbon (5), and oxygen (6) surface con- 
centration. The selectivity is very sensitive 
to alloying (Fig. 9a), because of the larger 
ensemble required for the binding of formic 
anhydride than of formate. In contrast, the 
catalytic S is independent of surface Cu 
content over a wide composition range, be- 
cause the reactive intermediate does not 
change with alloying. In TPD studies, the 
effects of C and Cu on selectivity are ex- 
plained by an ensemble effect (69) resulting 
from the decrease in the average size of 
nickel surface ensembles with alloying. 

The decomposition rate constant mea- 
sured in TPD experiments is also much 
more sensitive to alloying than the catalytic 
rate constant (Fig. 9b). The TPD rate con- 
stant is an average of those for the decom- 
position of formic anhydride and formate 
on Ni ensembles, and thus changes dramat- 
ically as the ratio of the surface density of 
these two species changes with alloying. In 
contrast, the catalytic rate constant corre- 
sponds to the decomposition of the most 
reactive surface species. Its surface density 

320 , 1 1 I I 1 
b 

0 
t 

0 02 a4 0.6 0.6 I !  

FIG. 9. The effect of surface composition on the selectivity and isokinetic temperature of formic acid 
decomposition on CuNi. Comparison of TPD and catalytic data. (a) Selectivity (445K), (b) isokinetic 
temperature (k = 0.16 s-l). 0, This study, catalytic decomposition, CuNi powders; 0, Ying and 
Madix (7, 8), TPD, CuNi(ll0). 
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decreases with alloying, but its identity and 
decomposition selectivity are unchanged. 
The differences in isokinetic temperatures 
calculated from TPD and catalytic data de- 
crease with increasing Cu content, because 
the identity of the surface intermediates 
giving rise to the decomposition products 
are similar for the two studies on Cu-rich 
but not on Ni-rich alloys. 

Surface Science and Catalysis 

The different rate constants and selectiv- 
ity obtained from TPD of preadsorbed 
HCOOH and catalytic HCOOH decompo- 
sition on Ni and CuNi alloys arise from dif- 
ferences in intermediate and decomposition 
mechanisms, apparently caused by the 
large surface density of coadsorbed species 
typical of the zero-order catalytic decom- 
position. 

The decomposition products arise from a 
formate rather than a formic anhydride in- 
termediate during the catalytic reaction 
possibly because 

(i) the large surface density of adsorbed 
species during the catalytic decomposition 
of HCOOH reduces the number of four- 
atom Ni ensembles required for the forma- 
tion of formic anhydride; adsorbed species 
may be formate, carbon, oxygen or decom- 
position products; 

(ii) the rate constant for the decomposi- 
tion of formic anhydride decreases with in- 
creasing surface density, as a result of at- 
tractive interactions among these species, 
and of a decrease in the activation entropy 
gain allowed in the formation of the decom- 
position transition state on a fully covered 
surface. 
Because the products of the catalytic de- 
composition of HCOOH are formed only 
from the most reactive intermediate, the 
latter effect may explain the absence of 
products of the decomposition of formic an- 
hydride in the catalytic reaction, but not the 
absence of formic anhydride bands in infra- 
red studies during catalytic HCOOH de- 
composition on Ni (10-12). 

The ensemble effect reported for the de- 
composition of HCOOH preadsorbed on 
CuNi( 110) (7, 8) and adlayer-covered 
Ni(ll0) (5, 6) should also be observed at 
high HCOOH surface coverage, since in- 
creasing density of adsorbed species de- 
creases the average size of the available Ni 
ensembles. The ensemble effect is identical 
to that of alloying as long as the lifetime of 
adsorbed formate is long compared to that 
of unoccupied Ni ensembles, as in the zero- 
order catalytic decomposition of HCOOH 
on Ni. 

The conclusions of this study are not af- 
fected by whether the adsorbed species are 
coadsorbed intermediates, or surface car- 
bon or oxygen layers formed during the cat- 
alytic reaction. If present, these are inher- 
ent byproducts of the catalytic reaction, 
which prevent the attainment of the value 
of S reported during TPD of HCOOH pre- 
adsorbed on Ni. 

The absence of dehydration products in 
TPD of formate ions on adlayer-covered Ni 
(5, 6) and CuNi alloys (7, 8) is not consis- 
tent with 

(i) the detection of strong infrared bands 
corresponding to formate ions, but no an- 
hydride bands, following the adsorption of 
HCOOH on Ni/SiOz; formate decomposi- 
tion resulted in significant amounts of dehy- 
dration products (II, 22, 26); 

(ii) the observation of dehydration prod- 
ucts (S = 3-4) during the decomposition of 
bulk Ni formate (60, 70, 71); 

(iii) the formation of CO;! and CO from 
formate species during molecular beam 
studies of the decomposition of HCOOH on 
Ni(ll0) (58). 
Dehydration of formate ions on metal sur- 
faces probably leads to the formation of ad- 
sorbed oxygen, which remains at the sur- 
face following TPD of preadsorbed 
HCOOH. Indeed, this was observed during 
the decomposition of HCOOH preadsorbed 
on Fe (72), W (73), and Ni (4). In the 
former two, dehydration products arose 
from the decomposition of a formate sur- 
face species. Under catalytic conditions, 
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partial or complete removal of the adsorbed 
oxygen may occur by reaction with coad- 
sorbed hydrogen. The steady-state oxygen 
surface density and the decomposition se- 
lectivity then depend on the relative rates 
of oxygen adsorption and removal and thus 
on the binding energy of oxygen atoms at 
the metal surface. Dehydration is appar- 
ently possible only on metal surfaces with 
sufkiently high oxygen binding energy. 

In summary, catalytic dehydrogenation 
and dehydration of HCOOH on Ni and 
CuNi alloys occur through the same inter- 
mediate, believed to be a formate ion. The 
decomposition rate constant and S are dif- 
ferent from those predicted for a formic an- 
hydride intermediate. In contrast with pre- 
vious results for HCOOH decomposition 
on Cu (52), the rate constant and S calcu- 
lated from TPD of HCOOH preadsorbed on 
Ni are different from those of the corre- 
sponding step in the catalytic decomposi- 
tion sequence. The value of S observed 
during the decomposition of HCOOH pre- 
adsorbed at low surface coverage on Ni sin- 
gle crystals is not observed during the cata- 
lytic decomposition of HCOOH on Ni. 
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