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Abstract

The adsorption and decomposition of formic acid on a highly dispersed supported Pd/SiO2 catalyst (2 wt.% Pd) prepared
via ion exchange (IE) of [Pd(NH3)4]2+ in alkaline solution, together with two Ca-promoted preparations (Ca/Pd= 2 at./at.)
where calcium was added either to the prereduced Pd crystallites or to the diammine palladium complex, were studied by
FTIR at 298–653 K.

On the support, HCOOH is mostly adsorbed molecularly at room temperature, with partial dimerization, condensation
and extensive hydrogen bonding, but readily decomposes, on the Pd crystallites of Pd/SiO2, via decarbonylation, to give CO
multicoordinated to the metal surface, and water. With heating, formic acid decomposition is accompanied by some water
gas shift as well, while CO reacts to give methyl (methane) and methoxy.

Calcium promotion to both the prereduced Pd and its diammine complex precursor, enhanced HCOOH decomposition onto
the catalyst surface, even at 298 K. Together with sorbed HCOOH and chemisorbed CO, mono- and bidentate formates were
observed on these materials, owing to the incorporation of well-dispersed CaOxHy. These formates were readily decomposed
by atomic hydrogen produced by decarbonylation/WGS of formic acid on Pd. At increasing temperatures, some carbonates
(polydentate and simple) were formed, but hardly any methane was detected. On Ca–Pd/SiO2 with calcium added to prereduced
Pd metal particles the extension and/or onset of all these processes was more straightforward than on the promoted Ca–Pd/SiO2

where calcium was added to diammine palladium instead, most likely owing to the combined impact of a higher dispersion
of the Pd crystallites on the former preparation, and calcium oxyhydroxide decoration (CaOxHy) of the metal particles on the
latter, which hamper H-spillover from them.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Carboxylate species have been proposed as inter-
mediates in a number of syngas-related catalytic pro-
cesses. For example, one well-known mechanism for
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oxygenate synthesis from CO and H2 over group VIII
metal catalysts envisions the participation of stable
carboxylates that undergo hydrogenation to yield alco-
hols[1]. This proposition was supported by IR spectra
showing the presence of formate[1] and acetate[2]
species during the course of methanol and ethanol syn-
thesis, respectively, over these catalysts. As Lunsford
has properly pointed out, while carboxylate formation
is clearly not the only or major-pathway for oxygenate
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synthesis from CO and H2, the participation of these
intermediates may be favorable for reactions occur-
ring on group-VIII metal catalysts supported on cer-
tain metal oxides[3].

Even so, although these intermediates are frequently
detected on supported metal catalysts, their location,
their origin, and their contribution to the conversion
of reactants to products remain to be defined. In the
case of methanol synthesis with palladium catalysts,
for example, both the Tamaru and co-workers[1] and
Ponec and co-workers[4] groups proposed that Pd0

does not produce methanol. The latter found a positive
correlation between methanol synthesis activity and
the concentration of extractable Pd+ ions on the cat-
alyst, while Tamaru’s group correlated methanol syn-
thesis activity with the population of formate species
(detected by IR) which might be expected to be formed
at such oxidized metal centers. Later reports, how-
ever, questioned these conclusions[5–7]. Studies on
palladium single crystals showed that Pd0 can make
methanol from CO and H2, but also that methanol de-
composition to CO+ H2 (and by inference from mi-
croscopic reversibility, methanol synthesis) does not
proceed via formates on clean palladium[7]. These
observations implicate the oxide support rather than
the metal as the binding site of the formate species de-
tected spectroscopically, even though the site of their
formation and the extent of their participation in the
overall reaction scheme are less easily resolved.

Likewise, as regards the surface interaction between
H2 and CO2 over palladium on various supports (SiO2,
MgO, TiO2 and Al2O3), Solymosi et al. concluded
that the formate ion formed in the surface reaction is
located on the support: the hydrogen activated on the
Pd spills over the support and reacts with hydrocar-
bonate to yield formate ion[8].

Certainly, both carbon oxides, CO and CO2, can
be selectively hydrogenated to methanol on sup-
ported palladium catalysts[9]. However, on pure or
well-purified silica the catalytic activity of Pd/SiO2 is
rather poor, quite similar to that of Pd black[10,11].
Adding a suitable promoter to the system, such as
Ca, has been shown to increase noticeably its cat-
alytic activity and, also, its selectivity to methanol
[11–14]. Thus, by incorporating calcium acetate or
calcium nitrate (decomposable salts that will not lead
to anionic promotion) to air-precalcined Pd/SiO2,
reaction rates up to 40-fold higher than with the

unpromoted catalysts were achieved, using syn-gas
mixtures at 2.5–3 MPa and usual process temperatures
(523–553 K)[11,12].

Because the mechanism of methanol synthesis from
CO–CO2–H2 mixtures over promoted Pd catalysts re-
mains uncertain, current studies aim at improving the
understanding of why the promoters are effective and,
in particular, where they are located. Among these
studies, a thorough evaluation of the nature of the
possible reaction intermediates can contribute signifi-
cantly to this knowledge and, to this end, the present
work examines the adsorption and reaction of HCOOH
on pure and Ca promoted Pd/SiO2 by means of FTIR
spectroscopy.

2. Experimental

A highly dispersed Pd/SiO2 catalyst (2 wt.% Pd),
together with two Ca-promoted preparations (Ca/Pd=
2 at./at.) and blanks of pure and calcium-loaded sil-
ica were used (Table 1). The catalysts were obtained
via ion exchange (IE) of [Pd(NH3)4]2+, prepared
from 99.5 wt.% palladium acetate (Engelhard), on
pre-purified, calcined Davison G-59 silica. Ion ex-
change was done at pH= 11 and 298 K (hereafter,
room temperature, or RT), in aqueous solution. After
washing at same pH, the ion-exchanged silica was
dried in air at RT during 24 h. Support characteriza-
tion and IE procedures have been fully reported in
previous work[17].

After drying, the anchored Pd tetraammine com-
plex was decomposed to the diaammine one at 423 K.
Part of the stock was used as such, to prepare a first
type of Ca-promoted catalysts (S code) where maxi-
mum Ca–Pd interaction was expected, while a second
part was H2 reduced instead at 723 K (2 K/min; 2 h),
to minimize said interaction (R code). Calcium acetate
was added to each material by pore volume impregna-
tion, in vacuo, and then water was sublimated. Lastly,
the catalysts were calcined at 673 K (2 K/min; 2 h) in
dry, CO2-free air and reduced in H2 at 723 K. The
percent exposed metal fraction (FE) of palladium was
determined by using H2 chemisorption at 298 K, and
controlled with XRD and TEM. Further details can be
found elsewhere[13,16].

Self-supporting wafers of the dried powders
(10 mg/cm2) were placed in a portable Pyrex flow-type
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Table 1
Characteristics and codes of the catalysts

Catalyst
typea

Pd loading
(% Pd w/w)

Ca loading
(% Ca w/w)

Ca/Pd
(at./at.)

FEb dp (TEM)c

(Å)
Code

R 2 1.5 2 0.65 1.4 MR5

S 2 – 0 0.75 1.5 MS0
2 1.5 2 0.41 1.4–3.5d MS5

Blank 1.5 NA BS5
– NA SiO2

a Support: Davison G-59 silica, mesoporous (Sg = 254 m2/g; modal radius= 83 Å).
b Fraction of exposed Pd (hydrogen chemisorption). Chemisorption stoichiometry: Had/Pds = 1 [15].
c Average volume-to-surface particle diameters determined by transmission electron microscopy, wheredp (TEM) = ∑

nidi
3/nidi

2

[13,16].
d Bimodal distribution.

IR cell attached to a conventional high-vacuum sys-
tem and a manifold, to allow for in situ pretreatments.
Each catalyst wafer was reduced under flowing H2
(100 cm3/min) for 60 min at 523 K (2 K/min) after
purging the cell with nitrogen, at RT, for 15 min.
Sorbed hydrogen on Pd was eliminated by evacuation
at 653 K (10 K/min; 2 h). The sample was subse-
quently cooled to RT. Background IR spectra of these
‘clean’ samples were obtained at each temperature,
for their further substraction.

Formic acid (Carlo Erba, 99% RPE), previously
outgased by a series of freeze-thaw cycles under vac-
uum, was stored in a glass bulb and dosed into the cell
(1 Torr) at RT. The sample was so kept for 30 min and
spectra were taken every 5 min. Next, the tempera-
ture was raised to 653 K (3 K/min), with additional IR
spectra taken every 20 K. Then, the cell was evacuated
to 3× 10−5 Torr; intermediate spectra were recorded
at 1, 10−1, 10−2, 10−3 and 10−4 Torr. Lastly, the tem-
perature was lowered to 523 K and H2 flown through
the cell (60 cm3/min), to record the reactive behavior
(or desorption) of any species that might remain after
the evacuation at high temperature. For comparison
purposes, the gas phase spectra of HCOOH (1 Torr) at
each temperature was recorded and substracted wher-
ever necessary.

The transmission spectra were taken with a sin-
gle beam Shimadzu 8001 FTIR spectrometer (R =
4 cm−1; 100 scans per spectrum). Background spec-
tra of the clean samples, obtained at each tempera-
ture, were subtracted; background noise correction and
Gaussian deconvolution of bands were done on digi-

tized spectra, using the Microcal Origin® 4.1 software
package.

Gas sources were 99.999% N2 and H2 (Scott
U.P.G.), purified to remove water and oxygen with
3 Å molecular sieve and MnO/Al2O3 cartridges, re-
spectively.

3. Results and discussion

3.1. Adsorption/desorption of formic acid on the
reference materials

3.1.1. SiO2
Formic acid readily adsorbs onto silica at ambient

temperature. After 30 min exposure to 1 Torr HCOOH
the spectral features very much resembled the initial
ones (Fig. 1) and were almost identical to those re-
ported by Millar et al.[18]. In the high frequency
region several bands appeared at 3064, 2939, 2727
and 2572 cm−1. The first two signals have been as-
signed to theν(OH) of the acid dimer and theν(CH)
of the physisorbed HCOOH molecule, respectively
[18,19], while the remaining bands belong toν(OH) of
condensed HCOOH hydrogen-bonded to the surface
[20].

The most characteristic bands of formic acid ph-
ysisorbed onto silica at RT appear in the low frequency
region: CO-stretching, at 1725 cm−1 [8,18,21,22],
together with the partially convoluted signals located
at 1390 cm−1 [δ(CH)] and 1357 cm−1 [νs(OCO)]
[18,22–25] (Fig. 1). Some HCOOH(g) was also
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Fig. 1. FTIR spectra of formic acid (1 Torr) adsorbed on SiO2 (Davison G-59) at increasing temperatures: (a) 298 K, 0.5 min; (b) 298 K,
30 min; (c) 333 K; (d) 473 K; (e) 573 K and (f) 653 K, 30 min (spectra were taken at the temperatures noted). The-sample was prereduced
in situ under flowing H2 (523 K; 1 h), evacuated (653 K; 2 h) and cooled down to RT.

present in the cell, as indicated by the tiny shoul-
ders at 1791 and 1775 cm−1 (R and Q branches of
νs(C=O) [26,27]).

The asymmetry of the 1725 cm−1 band toward
shorter wavenumbers suggests that a little bidentate
formate (b-HCOO) was formed on the surface at
298 K as well. The fingerprint vibration of this species,
νas(OCO), which is usually found at 1590–1598
cm−1 and whose frequency is practically independent
of the adsorbent[23–25,28–33], can be recognized
above 473 K (see later). Its remaining fingerprint vi-
bration, νs(OCO), at 1357 cm−1, is convoluted with
molecular, physisorbed HCOOH[18], which also has
a δ(CH) mode at 1390 cm−1.

The OH region reveals extensive hydrogen bonding,
as shown by the broad band about 3450–3250 cm−1

and the intense negative peak at 3742 cm−1, which in-
dicates that isolated OH groups of the silica were con-
sumed (isolated hydroxyl groups are left on the silica
after the high temperature evacuation pretreatment).
These features of the adsorption process of HCOOH
on the support can be represented by the following
scheme:

Upon heating all the IR bands progressively dis-
appeared (Fig. 1). During this process, the acid
dimer converted into the monomer. So, theδ(OH)
signal at 3060 cm−1 dimmed away and the broad
3450–3250 cm−1 band turned asymmetric. At 653 K
the spectrum became almost flat.

The free OH groups of the silica surface, lost during
exposure to the adsorbate at room temperature, regen-
erated almost entirely on heating. At 653 K 95% of
these hydroxyls were recovered, which seems to be a
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Fig. 2. Infrared spectra of HCOOH (1 Torr) adsorbed on BS5 (blank of Ca/SiO2) at increasing temperatures: (a) 298 K, 0.5 min; (b) 298 K,
30 min; (c) 333 K, (d) 373 K, (e) 433 K; (f) 573 K and (g) 653 K, 30 min. The sample was pretreated as indicated inFig. 1.

typical behavior of the adsorption and weak interac-
tion of carboxylic acids onto silica[34].

3.1.2. CaOx/SiO2
As shown inFig. 2, the exposure of the calcium-

added silica to 1 Torr HCOOH at 298 K gave dramat-
ically different spectra. The bands corresponding to
formic acid physisorbed onto SiO2 were smaller than
on the bare support and decreased with time while,
simultaneously, two bands located at 2858 cm−1

[ν(CH)] and at 1590 cm−1 [νas(OCO)], both typical
of b-HCOO, grew larger. The 1590 cm−1 signal of
bidentate formate, in fact, dominates the IR spec-
trum of CaOx/SiO2 thus revealing the extent of the
acid–base surface reaction on the added calcium oxy-
hydroxide CaOxHy [13]. Concurrently, the bands at
1378 and 1357 cm−1, also assigned to chemisorbed
b-HCOO [18], were much more prominent than on
SiO2. The signals of the dimer and condensed formic
acid onto silica, as well as the tiny bands given by
the R and Q branches of theνs(C=O) vibration of
HCOOH(g) were also recognizable at RT. The con-
sumption of isolated hydroxyls of the silica (i.e. the
negative peak at 3742 cm−1) was about 45% smaller

than on the pure support, which might further indicate
that the added CaOxHy is well-dispersed.

On heating, most of these free OH groups were re-
generated (Fig. 2), while the high frequency bands
at 2940–2930 (broad, convoluted) and 2858 cm−1 be-
came much smaller, but still clearly detectable. At
653 K these signals were 10 times stronger on the
calcium-added SiO2 than on the pure support. The
2930 cm−1 band is a combination mode [νcomb =
νas(OCO) + δ(CH)] of bidentate formate[18,35,36].

In like manner, all the bands in the CO stretch-
ing region decreased with heating, but the signals re-
lated to b-HCOO groups (1590, 1377 and 1357 cm−1)
remained quite strong even at the highest tempera-
ture. The asymmetry on the high-frequency side of the
1590 cm−1 band up to 433 K suggests the presence of
some molecular water (viz.δ(HOH) at 1630 cm−1).
The ν(CO) of HCOOH physisorbed on silica was no
longer observable above 573 K.

The heating process revealed that some monoden-
tate formate (hereafter m-HCOO) had also been
formed on the surface at RT, as the 1725 cm−1

peak of physisorbed formic acid was broadened
to the low-frequency side and at 373 K another
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absorbance maximum, corresponding to the char-
acteristic νas(OCO) band of m-HCOO (1700 cm−1

[27,37]) became explicit (Fig. 2). The species was no
longer appreciable above 573 K, though.

Evacuation at 653 K eliminated about 30% of the
surface formates. Both, the high and low frequency
bands, decreased proportionally. The reactivity of
these surface HCOO groups upon exposure to flow-
ing H2 at 523 K was modest, with at most 15% of
additional consumption/desorption after 1 h onstream.

3.1.3. Pd/SiO2
Formic acid is stable on metal surfaces only at low

temperature[38]. Consequently, HCOOH adsorbs and
reacts at 298 K on Pd/SiO2 (Fig. 3). Unlike the case
of pure silica, and because part of the dosed HCOOH

Fig. 3. FTIR spectra of HCOOH (1 Torr) adsorbed on Pd/SiO2 at
increasing temperatures: (a) 298 K, 0.5 min; (b) 298 K, 30 min; (c)
333 K; (d) 373 K; (e) 433 K; (f) 493 K, (g) 573 K and (h) 653 K,
30 min. The sample was pretreated as described inFig. 1.

was decomposed rather than just sorbed, fewer free
hydroxyls were consumed on Pd/SiO2. At low tem-
perature, the decarbonylation channel is favored[39].

HCOOH→ CO+ H2O (1)

So, while each of the absorption bands shown by
HCOOH adsorption on silica were again recognizable
upon exposure of Pd/SiO2 to 1 Torr HCOOH, their in-
tensity was lower than on the bare support (about 50%
smaller att = 0.5 min) and became even smaller with
time (Fig. 3). Concurrently, the characteristic bands
of chemisorbed CO grew up, with maxima located
at 2082, 2060, 1945 and 1870 cm−1. The decompo-
sition of HCOOH via Reaction (1) is also revealed
by the δ(HOH) band of condensed, molecular water
(1630 cm−1).

Bands above 2000 cm−1 are attributed to termi-
nal, mono-coordinated or linearly bonded carbon
monoxide (COL,) while the broad, convoluted bands
under 2000 cm−1 are assigned to multicoordinated
CO. From single crystal studies, the latter have
been further classified as: COB1, corresponding to
di-coordinated CO on structurally open planes, such
as (100) or (210), close to 1970 cm−1, COB2, corre-
sponding to di-coordinated CO on Pd(111), around
1956 cm−1 and a band below 1830 cm−1 usually as-
signed to triply bridging CO on Pd(1 1 1) “hollow”
sites, COH. On supported palladium these bands lo-
cate at lower frequencies than on Pd single crystals
[40]. In our sample COL linearly bonded to both,
planes and edges and corners (2082 and 2060 cm−1,
respectively), represented a fair size of the total, thus
revealing the high dispersion of the metal.

Both desorption and decomposition of the sorbed
formic acid progressed upon heating (Fig. 3). Never-
theless, some physisorbed HCOOH was still appre-
ciable at 573 K (see the prominent signal ofν(CO)
at 1725 cm−1). At 333 K, the tiny band at 2856 cm−1

in the ν(CH) region, together with an accompanying,
well resolved signal at 1590 cm−1, are a telltale of
the presence of a few b-HCOO on the surface. The
HCOOH decomposition is accompanied by the water
gas shift reaction (WGSR).

CO+ H2O ↔ CO2 + H2 (2)

Accordingly, the characteristic 2349 cm−1 band of
CO2(g) also appears in the spectra (Fig. 3). Hydro-
gen, in turn, can reduce b-HCOO to stable methoxy
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groups, which chemisorb onto silica giving bands at
2957 [νas(CH3)] and 2857 [νs(CH3)] cm−1 superim-
posed with those of formate.

HCOO− + 2 H2 → H3CO− + H2O (3)

Methoxy groups, which can form onto silica above
253 K upon exposing it to methanol, are very sta-
ble and cannot be removed by heating[28,41]. At
low pressure and commercial process conditions
(T > 523 K), though, the preferred hydrogenation
route on well-dispersed Pd/SiO2 catalysts leads to
methane[37], as indicated by the signal of CH4(g)
at 3016 cm−1 [19] and the C–H stretching of methyl
groups chemisorbed onto Pd, at 2920 cm−1 [42]. At
653 K, further progress of the WGSR is appreciable
(from the additional buildup of CO2) as well (Fig. 3,
trace h).

The integrated intensity of theν(CO) signals of car-
bon monoxide chemisorbed onto Pd grew up to 393 K,
and became progressively smaller at higher tempera-
tures, where the desorption/reaction of CO was faster
than HCOOH decomposition. This maximum agrees
well with the desorption maxima of chemisorbed CO
(400 K) reported by different authors for either Pd or
Rh [20,43]. Linearly bonded COS desorbs more eas-
ily than di-coordinated species; some of the latter,
bonded to palladium in low-index planes (COB2) still

Fig. 4. Desorption of HCOOH from Pd/SiO2 at: (a) 653 K, 10−1 Torr, 30 min; (b) 653 K, 10−3 Torr, 30 min and then cooling to (c) 523 K
10−4 Torr, 30 min, followed by reaction with flowing H2 (100 cm3/min) at 523 K for (d) 0.5 min, (e) 60 min.

remained chemisorbed at 653 K. In addition, the spec-
tral location of all theseν(CO) bands shifted notice-
ably on heating. This well-known phenomenon can be
attributed both to changes in the preferred adsorption
forms and relative stability with temperature of the
different adsorbed modes of CO and to changes in the
dipole–dipole coupling of the adsorbate; with desorp-
tion, the latter becomes less important and generally
causes a red shift.

The cell was evacuated at 653 K, right after heat-
ing. Two bands located at 2956 and 2856 cm−1 in
the ν(CH) region show that a little methoxy still re-
mained on the surface even after 60 min evacuation at
10−4 Torr, while methyl groups were then no longer
appreciable (Fig. 4). The remarkable thermal stability
of CH3O on silica at this rather high temperature has
been fully discussed earlier[28,37]. Neither methoxy
moieties, nor formates, can survive onto Pd particles
at this temperature[44,45]. Cell evacuation eliminated
ca. 50% of the CO chemisorbed on the catalyst. The
spectra inFig. 4 also reveal that the remaining COS
readily reacts with flowing H2 at 523 K and that some
water is formed in the process, probably because at this
temperature the reaction mostly leads to methane un-
der these conditions (high H2/CO ratio and low pres-
sure[37]), which is promptly swept from the surface.

CO+ 3 H2 → CH4 + H2O (4)
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Fig. 5. Comparative infrared spectra of HCOOH (1 Torr) adsorbed at 298 K (0.5 min) on: (a) SiO2; (b) MS0 (Pd/SiO2); (c) MR5 (promoted
Ca–Pd/SiO2; calcium added to prereduced Pd metal particles); (d) MS5 (promoted Ca–Pd/SiO2; calcium added to diammine palladium);
(e) BS5 (blank of Ca/SiO2). Samples were pretreated as described inFig. 1.

Nevertheless, the residual methoxy groups could not
be entirely removed by hydrogen, most likely because
water does not chemisorb onto silica at high temper-
ature and, so, cannot hydrolyze the Si–O bond.

3.2. Adsorption of formic acid on Ca-doped
Pd/SiO2

3.2.1. Adsorption on Ca-doped prereduced Pd/SiO2
Fig. 5 (trace c) displays the spectrum of HCOOH

dosed (1 Torr) at 298 K on the Ca-doped prereduced
Pd/SiO2 catalyst (coded MR5). Several, dramatic
changes from the spectra taken after dosing formic
acid onto the individual components of the surface
(promoter, noble metal and support, also shown in
Fig. 5), reveal the vast reactivity between the adsor-
bate and said surface components, and among them.

So, only bands at 2955–2940 (broad), 2856 and
2724 (vw) cm−1 can be seen in theν(CH) region
(the breadth of the band at 2955–2940 cm−1 is prob-
ably related to the presence of calcium). The signals
at 3060 (formic acid dimer) and 2572 (condensed
HCOOH) cm−1 are no longer present in the spectrum,

which is consistent with the almost disappearance of
the CO-stretching band characteristic of formic acid
physisorbed onto silica in the low-frequency region
(at 1725–1730 cm−1) and the much lower intensity of
the 2940 cm−1 band versus the one at 2856 cm−1.

As expected, owing to the addition of the calcium
promoter, appreciable amounts of b-HCOO were read-
ily produced, but were partially consumed during the
exposure time. A few m-HCOO was formed as well
(see the tiny band at 1700 cm−1), but it was readily
depleted at room temperature (Fig. 6).

Chemisorbed CO, showing mono- and di-coordi-
nated bands, which grew with time of exposure, was
indicative, again, of the extensive decarbonylation of
the adsorbed HCOOH on the Pd crystallites (Reaction
1). The amount of water observed, though, was much
less than onto the unpromoted catalyst, Pd/SiO2. The
spectra inFig. 6also show CO2(g) (2349 cm−1), indi-
cating that on this promoted catalyst the WGSR (Re-
action 2) proceeds farther to the right than on Pd/SiO2
(see later). Lastly, and in agreement with the exten-
sive decomposition of HCOOH and the involvement
of water in the WGSR, the loss of free OH groups of
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Fig. 6. Infrared spectra of HCOOH (1 Torr) adsorbed on MR5
(promoted Ca–Pd/SiO2; calcium added to prereduced Pd metal
particles; Ca/Pd= 2 at./at.) at increasing temperatures: (a) 298 K,
0.5 min; (b) 298 K, 10 min; (c) 298 K, 30 min; (d) 353 K; (e)
393 K; (f) 473 K; (g) 573 K and (h) 653 K, 30 min. The sample
was pretreated as indicated inFig. 1.

the silica surface on MR5 was 92% smaller than on
the bare silica (on Pd/SiO2 such loss was only about
30% less than on the support).

A closer view to the CO-stretching IR region
reveals that, while on Pd/SiO2 carbon monoxide
chemisorbed and built-up with exposure time mostly
on the open planes, corners and edges of the metal
crystallites (Fig. 7), on MR5 the observed amount
of CO chemisorbed on these surface sites was much
less, as compared to that onto the (111) plane (both
in linear and bridged forms) and, further, that no
build-up of COS could be seen either. We believe that
this dissimilar behavior is partially related (see later)
to the broad background band in the 1870–1830 cm−1

Fig. 7. Detail of the 2200–1800 cm−1 region of the FTIR spectra
of HCOOH (1 Torr) adsorbed at 298 K on: (a) MS0 (Pd/SiO2),
(b) MR5 (promoted Ca–Pd/SiO2; calcium added to prereduced
Pd metal particles) and (c) MS5 (promoted Ca–Pd/SiO2; calcium
added to diammine palladium). Each set of spectra represent expo-
sures during (upwards): 0.5, 5, 10, 15, 20 and 30 min, respectively;
the full-range spectra are shown inFigs. 4, 6 and 9. Samples were
pretreated as indicated inFig. 1.

region. This feature, which is only present on the
Ca-promoted catalysts, has been reported to include a
contribution from a convoluted band of CO C-bonded
to Pd, while the oxygen atom is bonded to a promoter
metal cation[27,46–48]. This ‘background’ signal,
so, might well be the fingerprint of Ca–Pd intimacy,
and reactivity, of the CaOxHy-doped Pd/SiO2.

As no significant amount of CO2 was observed at
low temperatures on Pd/SiO2 (Fig. 3), while carbon
dioxide evolution on MR5 is evident, even at 298 K
(Fig. 6), the combined effect of HCOOH decarbony-
lation and WGSR, which can be formally represented
by the direct decarboxylation of the acid on the noble
metal,

HCOOH→ CO2 + H2 (5)

gives a simple (and plausible) clue to the kind of
promoter–metal interaction existing on the cata-
lyst surface: in MR5 CaOxHy-related formates are
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decomposed by atomic hydrogen produced from
HCOOH decarboxylation and then spilt-over from
the Pd crystallites.

Formate decomposition progressed busily with
heating on MR5, and almost nothing was left at 653 K
(see the background signal around 1590 cm−1 and the
small band at 2860 cm−1 in theν(CH) region,Fig. 6).
In comparison, a sizable portion of formate still re-
mained on Ca/SiO2 at this high temperature (Fig. 2).

Fig. 6 also shows the growth at increasing tem-
peratures of two well resolved bands at 1493 and
1430 cm−1. They have been assigned on bulk CaOxHy

to the low-frequency vibration of the doubly degener-
ate asymmetricν3(CO) mode the free carbonate ion in-
teracting with the oxide surface, to give “polydentate”
and “simple” (symmetrical or non-coordinated) car-
bonates, respectively[49,50]. The onset of both signals
is already discernible on MR5 at 298 K, which is con-
sistent with former observations of Cabilla, who found
these two types of surface species after dosing CO
or CO2 at RT onto these Ca-promoted Pd/SiO2 cata-
lysts [27]. Moreover, Cabilla’s data showed that upon
exposure to CO in the 298–653 K range, the band of
polydentate carbonates (1493 cm−1) was always more
intense than that of the simple-carbonates (1430 cm−1),
as inFig. 6, whereas the opposite was observed after
dosing CO2. These facts strongly suggest that the
CO formed in the decarbonylation of HCOOH can
promptly interact with the CaOxHy surface as well.

With heating, surface carbonates kept accumu-
lating, while the remaining oxygenated species de-
composed or desorbed. The maximum intensity of
the carbonates IR bands was seen at ca. 473 K, af-
ter which both signals decayed too. At 653 K it was
still possible to observe CO2(g), together with a few
CO(g) (2143 cm−1) and chemisorbed CO, but no
CH4 (Fig. 6). Even though our IR signals are too
weak to rule out the absence of CO bond scission, the
addition of basic metal oxides as cocatalysts in the
conversion of synthesis gas to methanol on supported
Pd catalysts has been shown to inhibit CO dissocia-
tion [1,14,51,52]and, so, is not unexpected to have
smaller, or undetectable, CH4 peaks on MR5 than
over the unpromoted Pd/SiO2.

At higher temperatures, aside from the depletion
of reactive COS on edges, corners and open planes
on this catalyst already pointed out while analyzing
the spectra at 298 K, the broad band of chemisorbed

CO showed some distinct, qualitative changes from
those on Pd/SiO2: the terminal (COL) species des-
orbed (and/or decomposed) steadily, while the amount
of COB2 species (1912–1906 cm−1 signal) first in-
creased (up to 473 K) and then decreased somewhat;
its intensity at 653 K was about the same as it was
at RT. The broad background signal centered around
1850 cm−1, related to Ca–Pd closeness or intimacy,
became significantly reduced with heating. All these
features confirm that the Pd(1 1 1) planes are the least
reactive of the metal surface.

In single crystal studies of formic acid adsorption,
Aas et al.[53] reported that more CO2 and H2O are
produced if palladium is oxygenated, as oxygen cre-
ates new adsorption sites for HCOOH, viz.

2 HCOOH+ Oads
2− → 2 HCOOads

− + H2O (6)

From this, one can say that oxygen presence (close-
ness of the Pd crystallites to CaOxHy) on MR5 could
have partially prevented the formation of CO, favor-
ing that of formates and water instead. Unfortunately,
the latter is not entirely observable in our system, be-
cause the large amount of bidentate formate present
on this promoted catalyst (and also on MS5, see later)
masks the 1630 cm−1 band of water.

Evacuation down to 10−4 Torr at 653 K eliminated
more than 60% of the chemisorbed CO, together with
about 30% of the carbonates (Fig. 8). The shoulder in
the spectra located at 1593 cm−1 and the combination
band at 2930 cm−1 reveal, also, that some b-HCOO
was still left, even after having submitted the catalyst
to this thermal treatment in vacuo. Further exposure to
flowing H2 (at 523 K) gave some COS consumption,
with water formation via Reaction 4, like on clean
Pd/SiO2. However, water production was much more
pronounced on MR5, which is consistent with the ad-
ditional decomposition of surface carbonates under
flowing H2 shown inFig. 8.

CO3
2− + H2 → CO2 + H2O (7)

3.2.2. Adsorption on Ca-doped Pd-diammine/SiO2
In general terms, the adsorption and decompo-

sition of formic acid at 298 K on this promoted
catalyst (coded MS5) followed the same trends re-
ported previously for MR5, where the calcium was
added to prereduced Pd/SiO2. Nevertheless, some of
the observed spectral features were unique (Fig. 9).
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Fig. 8. Desorption of HCOOH from MR5 Ca–Pd/SiO2 at: (a) 653 K, 10−1 Torr, 30 min; (b) 653 K, 10−3 Torr, 30 min and (c) 523 K
10−4 Torr, 30 min, followed by (d) reaction with flowing H2 (100 cm3/min) at 523 K, for 60 min.

Fig. 9. Infrared spectra of HCOOH (1 Torr) adsorbed on MS5
(Promoted Ca–Pd/SiO2; calcium added to diammine palladium;
Ca/Pd= 2 at./at.) at 298 K, for (a) 0.5 min, (b) 5 min, (c) 15 min
and (d) 30 min exposure. Sample was pretreated as indicated in
Fig. 1.

As usual, the bands corresponding to physisorbed
HCOOH (2940 and 1730 cm−1) diminished with time
of exposure, the latter being just a faint shoulder
on the high frequency side of the prominent signal
assigned to m-HCOO (1700 cm−1). Monodentate for-
mate was initially formed, in fairly large amount, but
the species was continuously consumed afterwards.
After 30 min the intensity of this band was only 40%
of its initial value, but even then it was much stronger
than on MR5. Conversely, all the IR bands attributed
to b-HCOO (2858, 1590, 1377 and 1353 cm−1) kept
increasing with time and, actually, after 30 min of
exposure the 1590 cm−1 band [νas(OCO)] was almost
as intense as on the blank of Ca/SiO2 (BS5).

Recalling that only formates annihilation was ob-
served at RT on MR5 (Fig. 6), this diminution of
the m-HCOO signal and concomitant increase of the
b-HCOO band at 298 K on MS5 reveal that the latter
formates are more stable and/or less reactive species.
More importantly, we believe these moderate changes
on MS5 are indicative (and a consequence) of im-
portant structural differences between both promoted
catalysts, viz. Using TEM, the Pd metal crystallites
on MS5 showed a bimodal distribution and, on av-
erage, the exposed metal fraction of palladium was
lower on MS5 than on MR5 (Table 1). In addition,
we found employing HRTEM, that because of the
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Fig. 10. HRTEM micrographs of reduced samples of the Pd/SiO2

(MS0) and Ca–Pd/SiO2 (MS5) catalysts. The micrographs were
taken in a JEOL-2000-EX microscope, with a structural resolution
of 0.21 nm[12].

preparation method the larger metal particles on MS5
are ‘decorated’ with CaOxHy [12] (compare the size
and contact angle of these crystallites with those of
Pd/SiO2 in Fig. 10). Lastly, while the buildup of
chemisorbed CO was negligible on MR5 this buildup
was, instead, quite appreciable on MS5, with consider-
able amount of the reactive COB1 (1960–1970 cm−1)
accumulating on the Pd surface rather than being
consumed (Fig. 7).

Plausibly, then, owing to the decoration of part
of the Pd crystallites in MS5 with CaOxHy, which
can ‘block’ surface migration of adsorbates/reactants,
formic acid chemisorbed (as formates) onto patches
of calcium oxyhydroxide laying nearby onto the sil-
ica support, cannot be reached by atomic hydrogen
formed on the Pd crystallites by HCOOH decarbony-
lation/WGSR. In other words: owing to the mechan-

Fig. 11. Spectra of HCOOH (1 Torr) adsorbed on MS5 at increasing
temperatures: (a) 298 K, 30 min; (b) 353 K; (c) 393 K; (d) 473 K;
(e) 573 K and (f) 653 K, 30 min. Sample was pretreated as indicated
in Fig. 1.

ical, blocking effect of CaOxHy, atomic hydrogen
cannot spill-over to annihilate formates on MS5 (then
the initial build-up of m-HCOO on the adjacent
CaOxHy/silica patches) as readily as it does on MR5
where, by design, no obstacle to hydrogen spillover
was set.

Fig. 11, which shows the development of surface
species on MS5 upon heating, further illustrates about
the blocking effect of the CaOxHy that decorates the
Pd crystallites. Each and every one of the desorp-
tion/decomposition processes already described when
considering the heating of the prereduced Ca-Pd/SiO2
catalyst (MR5) is again discernible. Said processes,
however, always occurred either at higher temperature
(e.g., the appearance of carbonates at 473 K instead
of 298 K on MS5, respectively, MR5), or were of
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Fig. 12. Desorption of HCOOH from MS5 Ca–Pd/SiO2 at: (a) 653 K, 10−1 Torr, 30 min; (b) 653 K, 10−3 Torr, 30 min and (c) 523 K
10−4 Torr, 30 min, followed by (d) reaction with flowing H2 (100 cm3/min) at 523 K, for 60 min.

less magnitude (e.g., some unreacted b-HCOO was
still present at 653 K on the Ca-doped diammine
Pd/SiO2, while none was appreciable on the prere-
duced Ca–Pd/SiO2).

Indeed, aside from the fact that we could only
observe surface carbonates on the Ca-Pd/silica cat-
alysts, but not on Pd/SiO2 (which implies that the
HCOOH→ CO → CO2 pathway is mediated by the
presence of both the noble metal and the promoter),
the whole qualitative picture on these promoted
materials constitutes a remarkable combination of
the spectra of the blank of Ca/SiO2 (BS5, Fig. 2)
and the clean Pd/SiO2 (MS0, Fig. 3). Interestingly,
methane/methyl formation followed the sequence
MS0 > MS5 > MR5, probably because much less
(highly reactive) bridged COB1 was left on the last
one by the time the heating ramp reached typical
syn-gas process temperatures (T > 523 K).

The residual amount of chemisorbed species af-
ter evacuating down to 10−4 Torr at high temperature
(Fig. 12) was somewhat different on MR5 versus MS5:
carbonate decomposition was larger, and almost no
COS was left on the latter. Because it is well-known
that evacuating at 653 K can only partially desorb car-
bon monoxide, it is highly likely that the closeness
(or intimate contact) between the CaOxHy decorating
particles and the Pd crystallites in MS5 can favor fur-

ther progress of the WGSR on this catalyst, with the
calcium oxyhydroxide phase readily supplying mobile
water. More importantly, the evacuation treatment did
not remove any remaining b-HCOO, nor did the expo-
sure of the MS5 catalyst to flowing hydrogen at 523 K.
Again, the impact of the H2 treatment on MS5 was
intermediate between those of the clean Pd/silica and
the Ca-doped prereduced Pd/SiO2 catalysts.

4. Conclusions

Formic acid physisorbs on SiO2 at room tempera-
ture, with partial dimerization and condensation, and
extensive hydrogen bonding of the sorbed species. At
higher temperatures all these infrared signals decrease
in intensity, and the dimer disappears. From 473 K on-
wards (up to 653 K) a new, weak band at 1590 cm−1,
corresponding to theνas(OCO) of bidentate formate,
reveals that a few HCOOH is able to decompose on the
silica support, with further reduction to methoxy. Upon
evacuation at 653 K, these surface CH3O are stable.

On the unpromoted catalyst, Pd/SiO2, formic acid
physisorbs and reacts at 298 K. About 50% of the
adsorbate undergoes decarbonylation, yielding CO
(which chemisorbs onto the metal crystallites in linear
and bridged forms), and hydrogen; a little b-HCOO
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is observed as well. With heating, both HCOOH
and carbon monoxide react with the H2 produced
in the decarbonylation, to give adsorbed methanol
(methoxy), and CH4 (and methyl) at 653 K. Formic
acid decomposition is accompanied by some water
gas shift (WGSR) as well.

Extensive surface bidentate formate was observed
on the blank of CaOx/SiO2, upon adsorbing HCOOH
(1 Torr) at 298 K, with very intense IR signals neatly
showing up in the full temperature range (298 to
653 K). The amount of b-HCOO partially decreased
on evacuation, but remained almost unchanged when
hydrogen was flown, at 523 K.

Monodentate formate, together with sorbed
HCOOH, chemisorbed CO (from the decarbonylation
of the adsorbate on the Pd crystallites) and CO2(g)
(from the WGS reaction) were observed on both
calcium-promoted Pd/silica catalysts when these ma-
terials were exposed to 1 Torr of formic acid at RT.
At increasing temperatures, b-HCOO, carbon diox-
ide and carbonates (polydentate and simple) were
formed, but hardly any methane, nor methyl, was ob-
served. On MR5 (promoted Ca–Pd/SiO2 with calcium
added to prereduced Pd metal particles) the exten-
sion and/or onset of all these processes was more
frank than on MS5 (promoted Ca–Pd/SiO2; calcium
added to diammine palladium), most likely owing to
the combined impact of a higher dispersion of the
palladium crystallites on the former preparation, and
calcium oxyhydroxide decoration (CaOxHy) of the
metal particles on the latter.

Unfortunately, although less CO scission was ob-
served in these calcium-promoted catalysts versus the
clean Pd/SiO2, in agreement with our reaction data at
2.5–3 MPa and 523–553 K (in which conditions much
more methanol was produced, with improved selectiv-
ity to oxygenates[12,27]), the present FTIR study was
unable to tell whether b-HCOO is a key intermediate
and/or rate determining step in methanol synthesis on
these CaOx-Pd/SiO2 catalysts or just a mere spectator.
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