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The reaction of ethanol over a Rh—Pt/CeO, catalyst has been
investigated by temperature-programmed desorption (TPD) and
infrared spectroscopy (FTIR) and in steady state conditions. On
the unreduced surface, ethoxides (the main species observed upon
ethanol adsorption) are directly dehydrogenated to adsorbed ac-
etaldehyde (! mode at 1705 cm™!, IR) that desorbs at 390 and
450 K (TPD). Comparison with TPD of ethanol over Pt/CeO, and
Rh/CeQ,; separately shows that acetaldehyde desorption at 390 K is
characteristic of the former and that at 450 K is characteristic of the
latter. In contrast to this, on an H,-reduced Rh-Pt/CeO, surface,
ethoxide is directly decomposed to adsorbed CO (2032 cm~1, IR),
most likely via an oxametallacycle intermediate on Rh, with the for-
mation of only very small amounts of acetaldehyde. This results in
a considerable shift of the primary reaction product from acetalde-
hyde to CO and methane (TPD). Steady state reactions show that
large amounts of H, can be formed depending on the ethanol-to-O,
ratio and reaction temperature. At an O, : ethanol ratio = 2 and a
reaction temperature above 600 K, total conversion of ethanol with
an H; yield approaching 25 mol% is seen. Dehydration to ethylene
was not observed under any of the reaction conditions investigated.
Moreover, large amounts of CO were converted to CO,, as evidenced
by high CO;-to-CO ratios (between 7 and 10). It appears that both
Rh and Pt are required for efficient low-temperature production of
H, from ethanol. @ 2002 Eisevier Science (USA)

I. INTRODUCTION

Among all the candidates for possible alternative fuels,
hydrogen holds a preeminent position because of its high
energy content and environmental compatibility. The great-
est potential use for hydrogen as vehicle fuel is when used in
a fuel cell. Moreover, the use of hydrogen as a fuel offers an
important reduction in NO,, CO, and CO, emissions. There
are four basic methods for hydrogen production at present:
water electrolysis, gasification reactions, partial oxidation
reactions of heavy oil, and steam reforming reactions (1).

H, production from alcohols is of major interest for
molten carbonate fuel cells (2). H, can be made efficiently
from methanol (retrosynthesis since methanol is in fact
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made from CO and H;) (3). Ethanol as a source of H;
has several advantages compared to methanol. It can be
manufactured by fermentation of crops and as such has an
attractive potential because of its origin (agroproduct) and
the consequent reduction in carbon dioxide emission (1).

Compared to methanol ethanol has one major complica-
tion if one considers its total decomposition: it contains a
carbon—carbon bond and as such requires a surface capable
of breaking the carbon—carbon bond. There are at least two
further requirements for the surfce. It must be capable of
selectively oxidizing both carbon atoms to CO, and, in the
case of hydrogen production, it must not be active (or must
be relatively inactive) for the oxidation of H, to H,O.

The following equations probably best describe the ideal
processes:

CH;CH,OH ) + 1/20,

— 3H, +2CO(,) AG; =—105.9kJ mol ", [1]
CH;CH;O0H¢,) +3/20;
— 3H, +2CO0y,) AGf=-620.3kJ mol !, 2]

CH;CH,OHyy) + 20,
— 3H;0(,) +2C0(,) AG;=-5173kImol™",  [3]
CH;CH,OH) + 30,
— 3H;0¢y) +2C0s,) AG;=-1306.1kImol™". [4]

The objective is to obtain a catalyst capable of orienting for
reaction 2.

The reactions of alcohols over the surfaces of oxides have
been studied for several decades now. A more comprehen-
sive review of the reactivity of primary alcohols over some
oxides can be found in Ref. (4). Several reactions have been
observed, mainly dehydrogenation to aldehydes (5) and de-
hydration to olefins (such as on y-Al,O3 (3, 6)). However,
the majority of reactions observed from alcohols are usu-
ally due to secondary reactions of these primary products
(7-17). Consequently the choice of the support is very cru-
cial. An ideal support would not favor dehydration reac-
tions (otherwise polymer formation may occur) and would
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have no (or mild) capacity for other C—C bond formation
reactions (e.g., making higher unsaturated aldehydes by al-
dolization reactions).

Similarly, the reaction pathways of ethanol over well-
defined metal surfaces have been studied in some depth.
A summary of the different pathways over the metal sur-
faces can be found in Ref. (18). It is worth mentioning,
however, that Rh stands alone, in some respects, vis a vis
the reaction of ethanol. Although it does form ethoxides
on the surface (similarly to other metals, such as Pt (19), Pd
(20), and Ni (21)), dehydrogenation of these ethoxide does
not yield acetaldehyde; instead it yields a stable oxametal-
lacycle intermediate, ,OCH;CH;-(,), which decomposes
to CO at high temperatures (10).

In addition to some catalytic studies, we have previ-
ously investigated the reactions of ethanol over CeO;
(8), Pd/CeO, (8), Pt/CeO, (22), and Rh/CeO, (23) by
temperature-programmed desorption (TPD) and Fourier
transform infrared spectroscopy (FTIR). Over CeO,, a
small part of ethanol is converted to acetaldehyde. Some of
the acetaldehyde is oxidized on the surface to stable acetate
species (IR) that decompose to CO, CO,, and CH, (TPD).
The addition of Pd or Pt results in partial reduction of the
support (XPS) (8, 22, 23), which in turn suppresses the for-
mation of surface acetates (8, 22, 23), as well as a decrease
in the amount of CO, produced during TPD (20). Consid-
erable amounts of benzene were however formed when Pd
or Pt was used. In contrast, the presence of Rh results in
the suppression of benzene production (23). This was in-
terpreted as being due to the efficient carbon—carbon bond
dissociation activity of Rh when compared to the other two
metals. It is well-known that Rh is a good metal for C-C
bond formation in a reducing atmosphere (24). It is thus not
surprising that Rh (or Rh**) is active for carbon-carbon
bond dissociation in an oxidizing environment. However,
because of cocking Rh is not sufficiently active for the total
decomposition of ethanol, and a second metal is needed to
enhance either the hydrogenation or the oxidation pathway.
These latter points have motivated the present work, which
is devoted to investigating the combined activity of Rh—-Pt
with respect to the catalytic reaction of ethanol (Rh-Pd
catalyst has very similar effects (25)). We have observed
that the resulting catalyst is indeed active for the transfor-
mation of ethanol into CO, and H,, depending on the op-
erational conditions. An attempt to understand the reason
for this activity is given based on parallel studies by TPD
and FTIR, in addition to catalytic reaction studies.

II. EXPERIMENTAL

II.A. FTIR

IR experiments were performed with a Digilab FTS-
60 FT spectrometer at a resolution of 4 cm™~! and 100 scans
per spectrum. Experimental details have been published
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previously (8). Ethanol, cleaned by freeze-thaw pump
cycles, was introduced (1.5 Torr) onto the sample (cleaned
by successive heating in O; at ca. 700 K) maintained at ca.
300 K. The dosed sample was sequentially heated, in 50-K
increments, to 673 K, and spectra were collected after cool-
ing to ca. 300 K each time. Spectra are shown after subtrac-
tion (spectrum after dosing with ethanol minus spectrum of
the clean sample).

II.B. TPD

A detailed description of the apparatus and experimental
procedure can be found in Ref. (8). Relative yields were
calculated following the method described in Ref. (26). The
method of peak identification and analysis can be found in
Ref. (12). Initially all masses up to 100 amu were scanned
at different sensitivity ranges. Following the identification
of desorption fragments, several runs were conducted at
higher resolution (12 masses were recorded each time at
a cycling rate of ca. 2 s), each time with a fresh sample to
ensure reproducibility. The sample weight was ca. 50 mg.

II.C. Steady State Reactions

Experiments were conduced in a fixed-bed flow reactor at
a pressure of 1 atm. Several gas chromatographs were used
to monitor the reaction products: FID for hydrocarbons,
and several TCDs for O,, CO, CO,, and H,. Calibration of
detector response was conducted for each product to en-
sure the linearity needed for quantitative analysis. For cal-
culation of the activation energy (Table 1), the reactor was
maintained at a differential mode (conversion less than ca.
10%). Ethanol was kept in a saturator maintained at differ-
ent temperatures (from 273 to 337 K) in order to change its
partial pressure in the reaction gas. Data was collected un-
der steady state conditions with flow rate, F =0.265 L/min
(STP), catalyst weight, W =5 x 102 g, and ethanol concen-
tration, Cganol &~ 3 X 107> mol/L (STP).

I1.D. Catalyst Preparation and Characterization

CeO, was prepared from cerium(III) nitrate as described
previously (8). CeO, powder was impregnated with Rh (ex
RhCl;) and Pt (ex PtCl,) in the appropriate ratio to give
1 wt% Rh and 1 wt% Pt/CeO,. After calcination in air
at 573 K, the catalyst possessed a BET surface area com-
parable to that of CeO, alone. XRD and XPS (see Refs.
(22, 23) for more details) were also performed; the re-
sults are summarized in Table 1. The number of molecules
of ethanol, converted per surface atoms and per second,
at 400 K, were calculated as follows. The rate of ethanol
reaction =4.43 x 107® mol g~! s71=1.23 x 10~ mol m—2
s71 =7.38 x 10' molecules m~2 s~!. Assuming that each
square meter contains 10! atoms and since the surface is
composed of 0.42% Pt and Rh atoms (the remaining being
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TABLE 1

Surface and Bulk Characterization of CeO, and M/CeO, Cata-
lysts, Together with Kinetic Parameters for Ethanol Oxidation

Catalyst CeO§  Pt/CeO3? Rh/CeOF  Rh-Pt/CeO,*
Surface area 57 63 49 36
(m*g™)
XPS M (3ds)2, —  740(PtO) 309.5 (RhO;)  310.0,73.0
4f7/2) (eV)
XPS O (1s)/ 2.44 1.59 1.91 1.66
Ce (3d)
XPS at% — 0.26 0.17 0.21,0.21
E, (kJmol~1)> 75 43 49 34
TON‘at400K  — 2.6 5.9 1.76
@ This work.

» Computed in the 300- to 573-K range.
¢ TON, number of molecules of ethanol converted per surface metal
atom per second.

Ce, O, and some C), then the rate of per metal atoms is

molecules 1 m?

B molecules
m2s 4.2E16 atoms

7.38E16

atoms

The reactivity of CeO; alone is negligible at 400 K.

III. RESULTS

III.A. TPD

Figure 1 shows TPD after ethanol adsorption at 300 K
over Rh—Pt/CeO,. Several products were desorbed in mul-
tiple temperature domains. Despite the large number of
products, the analysis is in fact relatively simple because
of the desorption of products over distinct temperature do-
mains. The observed major and minor products and the cal-
culated carbon yield are shown in Table 2. The combined
experimental and statistical (several runs) error is estimated
to be in the range of 15-20%. The major products are
those shown without multiplication factors in Fig. 1. There
are four main carbon-containing products: ethanol (unre-
acted), acetaldehyde (primary reaction product), methane
(primary or secondary reaction product), and CO/CO, (de-
composition/total oxidation), water is also desorbing with
some H; as the non-carbon-containing products. The above
four carbon-containing products contribute ca. 97% of the
total carbon yield. Other minor products (mainly due to
secondary reaction of acetaldehyde) included butene, cro-
tonaldehyde, ketene, and possibly propene. All these prod-
ucts constituted ca. 3% of the total carbon yield. Ethylene is
not observed, which means that the dehydration pathway
does not occur. Almost no benzene formation was seen,
in contrast to the relatively significant benzene desorption
observed on both Pd/CeO; (8) and Pt/CeO, (22) surfaces.
The relatively high CO;-to-CO ratio (ca. 8) is indicative of
the ease of removing O from the surface. The reasons for
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TPD after ethanol adsorption at 300 K over unreduced Rh—

the nature and distribution of these products are discussed
below.

TPD from H,-reduced Rh—Pt/CeO, was also examined
and the results are shown in Table 3. The major difference is
the change in the main reaction product from acetaldehyde
to methane; the ratio of acetaldehyde to methane decreased
20-fold, from 3.75 (unreduced) to ca. 0.18 (reduced). This
is probably consistent with the role of Rh metal, where

TABLE 2

Product Distribution During Ethanol TPD
over Unreduced Rh-Pt/CeO,

Desorption % Carbon % Carbon
Product temperature (K) yield selectivity
Hydrogen (m/e, 2) 395, 445, 655 — —
Water (m/e, 18) 415, 475, 635 — —
Major products
Methane 390, 450 6.52 9.69
Carbon monoxide 530, 605 6.51 9.67
Carbon dioxide 625 26.99 40.11
Acetaldehyde 390, 450 24.48 36.38
Ethanol 375, 450 32.71 —
Minor products
Ketene (m/e, 42, 41) 455 2.31 343
Benzene (m/e, 78) 390 0.33 0.49
Butene (m/e, 56) 465 0.08 0.12
Crotonaldehyde (m/e, 70) 410 0.07 0.11
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TABLE 3

Product Distribution during Ethanol TPD
over Hy-Reduced Rh-Pt/CeO,

Desorption % Carbon % Carbon
Product temperature (K) yield selectivity
Hydrogen 445, 655 — —
Water 415, 475, 635 — —
Methane 460, 670 13.2,7.5 24.7,14.0
Carbon monoxide 670 19.22 359
Carbon dioxide 670 9.7 18.1
Acetaldehyde 460 38 7.1
Ethanol 430 46.5 —
Other products® 400-500 — —

“ Benzene was not observed; butene and crotonaldehyde together con-
tributed by less than 0.05%.

ethoxides are dehydrogenated not to acetaldehyde but to
an oxametallacycle intermediate (13) (see discussion sec-
tion below for more details). Peak temperature shifts also
occurred for some products. Both CO and CO, desorbed
at higher temperatures. In addition methane desorbed in
a second peak at 670 K. It is clear that the metallic state,
formed upon H; reduction, is responsible for these changes.
The high-temperature desorption of methane, concomitant
with both CO and Hj, is most likely formed by syngas con-
version on Pt and Rh metals.

II1.B. Infrared

FTIR of ethanol over CeO; (8), Pd/CeO, (8), Pt/CeO,
(22), and Rh/CeO; (23) has been previously investigated.
Several species were observed depending on the nature
of the surface, its prior treatment, and the reaction tem-
perature. The following main points from that work are
as follows: (i) Ethoxides were observed on all surfaces
upon dosing at room temperature. (ii) Acetates (formed via
oxidation of ethoxides) were mainly detected on CeO,; ad-
dition of any of the above metals resulted in almost com-
plete elimination of the oxidation route at low tempera-
tures. (iii) n'-adsorbed acetaldehyde was mainly observed
on the unreduced M/CeO; surfaces. (iv) CO was mainly
observed on Rh/CeQO, and the amount detected increased
tremendously on the H,-reduced Rh/CeOs.

II1.B.i. Adsorption of ethanol on Rh/CeO;. The last
point is shown in Fig. 2, where ethanol was adsorbed at
310 K over unreduced Rh/CeO, (Fig. 2a) and over H,-
reduced Rh/CeO, (Fig. 2b). In both cases bands related to
ethoxides were seen as shown in Table 4. Other bands were
also observed and included a peak at 1265 cm™! (attributed
to 50OH), indicating the presence of molecularly adsorbed
ethanol. The main difference between the two surfaces is
the following: the presence of considerable amounts of ad-
sorbed CO (2041 (linear) and 1904 (bridging) cm~') on
the Hy-reduced Rh/CeO, with very little formation of ad-
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sorbed acetaldehyde. Conversely, considerable formation
of acetaldehyde (vC-O of the n' mode at 1704 cm™!) and
very little formation of CO were seen on the unreduced
Rh/CeO,. There is also a negative peak at 1620 cm~! at-
tributed to 6H,O that has been displaced by ethanol.

Other details of the gas-phase reaction products as well
as surface adsorbates as a function of temperature over the
monometallic catalysts can be obtained from Refs. (8, 22,
23). The focus in this work is on the bimetallic Rh—Pt/CeO;
parallel work has been conducted on Rh—Pd/CeO, (25). In
general there is little difference between both bimetallic
catalysts (with the exception of more acetaldehyde forma-
tion over Rh—-Pd/CeO, compared to Rh—Pt/CeQ,).

III.B.ii. Adsorption of ethanol on unreduced Rh-
Pt/CeO;. The IR spectra of surface species formed upon
ethanol adsorption on unreduced Rh-Pt/CeO, at 310 K
are presented in Fig. 3. Ethanol was found not only to ad-
sorb as ethoxide at 310 K but also to undergo dehydro-
genation to form n'-acetaldehyde. The spectrum in Fig. 3
(310 K) shows bands at 2934, 2907, 2880, 1478, 1453, 1397,
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FIG. 2. FTIR after ethanol adsorption at 310 K over (a) unreduced
Rh/CeO; and (b) Hy-reduced Rh/CeO,.



H,; PRODUCTION FROM ETHANOL OVER Rh-Pt/CeO, CATALYSTS

397

TABLE 4

IR Vibrational Frequencies and Mode Assignments for Species Formed upon the Adsorption of Ethanol
on Rh/CeO; at 310 K (Unless Indicated Otherwise) and Various Other Catalysts

Vibrational
mode CeO3 ALO? TiO% Pd/CeO3 Pt/CeOY Rh/CeO,° Rh-Pt/CeO,*

Ethanol-ethoxides

Vs (CH3) 2960 2970 2971 2982 2977 2981 2977

Vs (CH2) — 2930 2931 2934 2933 2934 2934

v;(CH3) 2836 2900 — 2909 2912 2911 2907

vs(CH,) — 2870 2870 2880 2878 2878 2880

d4s(CHy) 1473 — 1473 1478 1480 1478 1478

d4s(CH3) — 1450 1447 1451 1451 1450 1453

55;(CH3) 1383 1390 1379 1397 1399 1399 1397

5;(CH,) — — — — — 1371

w(CHy) — — 1356 — 1350

v(CO) mono 1107 1115 1119 1078 1081 1080 1078

v(CO)v(CC) — — — — — —

v(CO) bi 1057 1070 1042 1037 1037 1038 1030
CO

vCO linear 2041 2032F

vCO bridging 1902 vw¢ 1904 1897 vw
Acetaldehyde

vCO (1) 17054 1704 1705 1705
H,0-OH

dOH 1264 1260 1264

5H,0 1601 1600 1600

¢ This work.

b H, reduced.
¢ vw, Very weak.

4 Weak and depends on reaction temperature and prior treatments.

1264, 1078, and 1038 cm~!, which are attributed to the
’Vax(CHZ)» VS(CHZ)’ Vs (CHS)’ 6((:HZ)’ 6a‘Y(CH3)> 5s(CH3)’
5(OH), v(C-0), and v(C-0O) modes of adsorbed ethox-
ides and ethanol, respectively, while the band at 1705 cm™!
corresponds to the v(C=0) of adsorbed acetaldehyde. The
maximum of the band situated at ca. 2977 cm~! correspond-
ing to the v,;,(CH3) of the ethoxides is not clearly identified
due to noise.

Upon heating the system to 373 K the band at 1705 cm™!
increased and two bands appeared, at 1660 and 1635 cm™!,
which are similar to those observed on unreduced Pd/CeO,
(8). An increase in the temperature to 423 K resulted in a
slight increase in the intensity of the 1660- and 1635-cm™!
bands but decreased the intensity of the 1705-cm~! band.
By 473 K the bands at 1705, 1660, and 1635 cm~! had dis-
appeared. The bands at 1660 and 1635 cm™! are attributed
to the v(C=0) and v(C=C) of adsorbed crotonaldehyde
formed from the aldol condensation of acetaldehyde. The
disappearance of these bands is very consistent with TPD
results (compare Figs. 3 and 1). Bands at 1513, 1422, and
1347 cm~! corresponding to monodentate carbonates were
observed at 423 K. The intensity of these three bands in-
creased significantly upon heating, and by 573 K they were
the dominant species on the surface.

Adsorbed carbon monoxide was observed at 373 K, with
bands at 2039 (linear) and 1897 (bridged) cm~'. Increas-
ing the temperature to 423 K resulted in the disappear-
ance of the band at 1897 cm~! while the band at 2039 cm™!
developed into two bands, at 2097 and 2018 cm™!. These
two new bands intensified upon heating to 473 K but were
weaker at 523 K, with a concomitant shift to 2066 and
2016 cm~!. The simultaneous behavior of the bands at 2097
and 2018 cm~! may indicate the presence of gem-dicarbonyl
species; however the lower frequency band is situated lower
than expected for an asymmetric dicarbonyl stretch (ca.
10 cm™!). The intensities of both the asymmetric and sym-
metric stretches of true gem-dicarbonyl species are equal,
and according to the spectrum shown in Fig. 3 (423 K) the
band at 2018 cm~! is much stronger than that at 2097 cm™!,
which may indicate an overlap of several bands.

There is precedence in the literature for the observation
of gem-dicarbonyl bands at low frequency. Dai and Worley
(28), studying acetaldehyde decomposition over 2.2%
Rh/Al, O3, observed twin adsorbed CO bands, at 2082 and
2012 cm~!. Generally, twin bands that appear at 2100 and
2030 cm™! are indicative of the presence of rhodium (+1)
gem-dicarbonyl species. Both of the dicarbonyl bands ob-
served by Dai and Worley appeared 18 cm~! lower and the
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FIG. 3. FTIR after ethanol adsorption at 310 K over unreduced Rh—
Pt/CeO,.

authors postulated that acetaldehyde decomposition over
Rh/Al, O3 yielded a rhodium gem-dicarbonyl species with
Rhin a zero oxidation state. Yates and Cavanagh (29) have
also observed abnormally low frequency bands (2088 and
2021 cm~') for Rh dicarbonyl species during the decom-
position of formaldehyde over 2.2% Rh/Al;Os. The low
frequency of these bands was attributed to support pertur-
bations of the CO modes incurred by the presence of oxide-
bound species derived from H,CO. This explanation was
supported by studies involving the adsorption of formalde-
hyde on Rh/Al,O3; preadsorbed with CO, which caused
a shift to lower wavenumbers of the Rh gem-dicarbonyl
species.

In this case it is highly unlikely that Rh® would be present
on the unreduced catalyst, and XPS data (Table 1) show
the existence of Rh 3ds, close to 310.0 eV, which is due to
RhO; (30), while the XPS of Rh° 3ds,, would be expected
at 307 eV. Since considerable amounts of acetaldehyde are
formed, it is most likely that perturbation of the CO due
to adjacent adsorbed acetaldehyde will result in the down-
shifting of the bands, as indicated in Ref. (29). Thus, the
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most likely explanation is the following: two equally in-
tense bands corresponding to Rht* gem-dicarbonyl species
occur, but the one at low wavenumber is masked by a linear
CO mode at ca. 2020 cm ™.

At 573 K, the band at 2014 cm~! with a shoulder at
2049 cm~! predominates. This band increased slightly in
intensity upon heating to 573 K and was downshifted to
2012 cm~1. By 673 K the band at 2012 cm ! had diminished,
with an accompanying shift in frequency to 2035 cm™.

II1.B.iii. Adsorption of ethanol on H;-reduced Rh—
Pt/CeO;,. Figure 4A presents the spectrum obtained af-
ter the adsorption of ethanol on H,-reduced Rh-Pt/CeO,
at 310 K. Several differences were observed between the
adsorption on Hj-reduced Rh-Pt/CeO, and that on the
unreduced Rh-Pt/CeO, surface. In addition to bands corre-
sponding to adsorbed ethoxide species at 1451, 1397, 1075,
and 1038 cm™~!, a band at 2032 cm™! corresponding to lin-
early adsorbed CO was also detected. The bands occurring
in the spectral range beyond 2700 cm~! are omitted due to
the appearance of excessive noise. The temperature vari-
ation of the intensities of the IR bands due to ethoxide,
adsorbed CO, and carbonate is shown in Fig. 5. Heating the
ethanol-treated surface caused a decrease in the intensity
of the ethoxide bands, with their complete disappearance at
623 K. At373 K, the linearly adsorbed CO band increased in
intensity and shifted from 2032 cm™! to 2037 cm~! (Fig. 4).
Evidence of more than one mode of linearly adsorbed CO
can be seen by the presence of a shoulder (at 1990 cm™!) at
473 K and above. The intensity of the band peaked at 523 K
with a shift to a lower wavenumber of 2015 cm™!, and by
673 K the band had diminished considerably. Carbonates
were the predominant decomposition product at higher
temperatures. Monodentate carbonate species were de-
tected at 473 K by bands at 1520, 1424, and 1349 cm™!;
these bands intensified significantly with increasing temper-
ature and by 573 K (Fig. 4B) two strong bands, at 1520 and
1418 cm~! (with a shoulder at 1370 cm™!), were observed.
At 673 K the band at ca. 1420 cm~! decreased considerably
in intensity while the shoulder had developed into an in-
tense band. By 673 K only the bands at 1515 and 1370 cm™!
were observed.

Unlike the unreduced surface, no evidence of acetalde-
hyde or crotonaldehyde formation was observed. However,
a broad band at 1694 cm~! was detected at 373 K, and with
further increase in temperature this shifted to 1707 cm~!
and developed a shoulder at 1752 cm~! (Fig. 4A). The inten-
sity of the bands at 1707 and 1752 cm~! increased upon
heating to 523 K (Fig. 4B) and the band at 1707 cm~! was
downshifted to 1680 cm~!. The bands at 1680 and 1752 cm ™!
decreased in intensity upon further heating and disap-
peared by 623 K.

Similar bands have been observed upon adsorption of
CO on Hj-reduced Pt-Na/CeO, (1776 and 1690 cm™!),
Pt—Na/SiO, (1790 cm™), and Pt/CeO, (1690 cm~1) (31).



H,; PRODUCTION FROM ETHANOL OVER Rh-Pt/CeO, CATALYSTS

¥e0e
yerl
0eoL

-
a
N
a

Absorbance

2450 2200 1950 1700 1450 1200 950
-1
Wavenumber (cm ™)

FIG. 4.

399

B

olel

2
o

6002

623 K

[sr4:1%

8yl

Absorbance

2450 2200 1950 1700 1450 1200 950

Wavenumber (cm™)
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FIG. 5. Plot of the intensities of bands attributed to ethoxides, CO,
and CO%’ species, formed from ethanol over H,-reduced Rh-Pt/CeO,, as
a function of temperature.

Lavalley et al. (32) have also reported bands at 1725 and
1696 cm~! upon adsorption of CO on Rh—Ce/SiO, and
Rh/CeO;, respectively. These bands have been attributed
to a CO species bonded through both the carbon and oxy-
gen atoms to the surface in such a way that the metal atoms
and the surface atoms of the support are both involved, as
represented in Scheme 1. Such bands were not observed in
previous studies of ethanol adsorption on the surfaces of

C/zO C?O

\
/ + Pt/

Pt Na Cen*

1690 cm’! (Pt/Ce0,)

1790 cm°! (Pt-Na/Si0,)
1690 cm! (Pt-Na/CeO,)

1776 cm! (Pt-Na/CeO,)

SCHEME 1. Tilted CO species observed upon adsorption of CO on
the surfaces of Pt/CeO, and promoted Pt-Na/SiO, and Pt-Na/CeO,
(31, 32).
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unreduced CeO, (8), Pd/CeO; (8), Pt/CeO; (22), Rh/CeO,
(23), or Pd-Rh/CeO; (25). However, adsorption of CO on
H;-reduced Pt/CeO; (22) and Rh/CeO, (33) did yield sim-
ilar bands at 1790-1700 cm~! corresponding to C- and O-
adsorbed CO species.

Hence, the bands observed at 1752 and 1680 cm™!
are attributed to tilted CO species adsorbed to the sur-
face through both the C and O ends of the molecule.
What the exact site of adsorption is, be-it Rh—CO-Ce"*,
Rh,—CO-Ce"t, Pt-CO-Ce"*, Pt,—CO-Ce", Rh—CO-Rh,
Rh-CO-Pt, or Pt-CO-Pt, is beyond the scope of this
work.

II1.C. Steady-State Reactions: Ethanol Reaction over
Rh—Pt/CeO; (Ethanol: O, =1:2, Molar Ratio)

Figure 6 shows a plot of the product concentrations as a
function of temperature at a feed stream of 1:2 ethanol-
to-molecular oxygen ratio over Rh—Pt/CeO;. The main ob-
jective was to follow any reaction products formed from
ethanol reactions. Methane was detected in trace amounts
at 473 K and in substantially increasing amounts by 573 K,
while a considerable decrease occurred in the amounts of
both ethanol and acetaldehyde. At 673 K, traces of ace-
tone, together with small amounts of acetaldehyde, were
detected, while the amount of methane slightly increased.
The concomitant formation of acetone and acetaldehyde
may indicate a common intermediate. The formation of
acetone at 673 K is very similar to that previously ob-
served for acetaldehyde-TPD on CeO, (7), suggesting
that this channel occurs on the support. Acetaldehyde is
thus most likely formed by oxidative dehydrogenation of
ethanol on CeQ,. Part of this is oxidized to acetates, which
combine together to yield acetone and CO, (ketonization

2.0e-06 ° q 1.2e-07
]Etha ol § *—— Acetaldehyde ——>
1.5e-006 1 9.0e-08

E E

= 1.0e-06 6.0e-08 =

)

g g
5.0e-07 4 3.0e-08
0.0e+00 - 0.0e+00

300 500 700 900 1100

Temperature (K)

FIG. 6. A plot of the products concentration as a function of temper-
ature at a feed stream of a 1:2 ethanol-to-molecular oxygen ratio over
Rh-Pt/CeO,.

SHENG ET AL.

6.0e-06

4.0¢-06

mol/mL

2.0¢-06

0.0e+00
300 500 700 900
Temperature (K)

1100

FIG.7. A plot of the formation of H,, CO, and CO; from a 1:2
ethanol-to-molecular oxygen feed stream ratio over Rh—Pt/CeO, as a func-
tion of temperature.

reaction). At 773 K, all four products decreased in con-
centration and this trend continued with further heating to
873 K. At 873 K, acetone was no longer detected, and by
973 K, methane was the only detected hydrocarbon.

Figure 7 shows a plot of the formation of H,, CO, and
CO; from a 1:2 ethanol-to-molecular oxygen feed stream
ratio over Rh—Pt/CeO;, as a function of temperature. Only
traces of hydrogen, carbon dioxide, and carbon monoxide
were observed up to 473 K. At 573 K, a sharp increase in
carbon dioxide concentration and a gradual increase in hy-
drogen concentration were observed. At 673 K, the hydro-
gen concentration showed a small decrease. Carbon dioxide
slowly decreased with further heating to 1073 K (while the
effect of increased temperature on CO was in the opposite
direction). The hydrogen concentration began to increase
again at 773 K and steadily increased up to 973 K. Molar
yields are given in Table 5.

Although the stoichiometric ratio of 3/2 O, to 1 ethanol
is theoretically best for hydrogen production we have ob-
served a better catalytic stability (within the experimental
time—a few hours) using a ratio of 2. Some experiments
were conducted to check for carbon deposition. After 265
min of reaction, the ethanol was stopped and only O, was
allowed into the reactor, to oxidize any carbon deposited
to CO;. The total amount of CO, formed was found negli-
gible. An estimation of water formation was done by mass
balance. For example, at 973 K the total mass of products
was found to be equal to 0.25 g/L, given by subtraction from
the inlet (0.36 g/L) 0.11 g/L of water.

IV. DISCUSSION

The main result of this work is that efficient decompo-
sition of ethanol, together with hydrogen production, re-
quires the presence of both Rh and Pt. This is manifested by
a decrease of the activation energy of the reaction (Table 1)
and the absence of (or considerable decrease in) the amount
of secondary products resulting from acetaldehyde (such as
benzene, ketene, and crotonaldehyde).
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TABLE 5

Mole Percent Yield of Products from Ethanol Reaction over Rh-Pt/CeO,

Product 473K 573K 673K 773K 873K 973K (973 K)* 1073 K
CH;CHO 45.9 0.06 045 0.02 0.01 0.01 Traces 0.01
48.7" 0.9 2725 0.7 — — —
CH, 5.1 10.7 11.1 9.0 6.6 83 0.0109 10.4
10.8 17.7° 17.1¢ 15.8 12.0° 9.1 0.0094" 9.5
CH;C(O)CHj — — 0.4 0.4 — — —
1.20 2.3
co — 6.8 10.5 7.4 9.0 10.6 0.024 14.0
15.3" 13.3" 12.1% 12.1% 13.1° 0.024" 16.3"
Co, 238 64.6 63.1 64.0 632 60.7 0218 61.8
32.6" 61.7" 58.3" 57.50 58.8" 60.3" 0.172 59.9%
H, 252 17.9 143 19.2 21.2 20.3 0.005 13.8
7.8 4.4 7.4 11.7% 17.1% 17.6" 0.003 14.47
Conversion, % 10.5 9.7 96.8 98.2 99.2 99.2 99.6
12.9% 88.47 92.47 97.5b 98.6" 98.6" 98.5"
K,° 210.8 38.83 11.72 4.90 2.55 1.54 1.04

P

“ Mass of products in grams per liter.
> With O,-to-EtOH ratio = 1.5.

¢ Equilibrium constant for the CO conversion reaction (shift), from Ref. (39). CO + H,O = CO; + Hy. K, = pu, pco,/ PH,0Pco-

The other key observations of this work are as follows.

1. While adsorbed acetaldehyde was the main species
formed on nonreduced catalysts, adsorbed CO was the main
species formed on the reduced ones.

2. Hydrogen desorbs in three temperature domains
during TPD. The first two are the same as those of acetalde-
hyde. This hydrogen desorption is attributed to ethanol de-
hydrogenation on Pt and Rh particles. The third desorption
of hydrogen (at 650 K) appears alone and is most likely as-
sociated with some trace amounts of ethanol on the surface
of CeO, that has been dehydrogenated. The desorption of
water in the same temperature domain indicates that large
amounts of H, have been oxidized to water during TPD.

3. Ethylene was not observed in any of the TPD or
steady state catalytic reactions. This is consistent with
previous work on CeO, and M/CeQO; (8, 22, 23). Unlike
Al O3 (acidic support favoring dehydration reactions (3,
6)) CeO; mainly favours dehydrogenation reactions. This
is in fact important since any olefin formed may further
react to make polymers that eventually block the reactor.

4. Tilted CO was observed on hydrogen-reduced Rh—
Pt/CeO5.

Why Rh-Pt is efficient for carbon—carbon bond dissocia-
tion reactions is a key question. In order to decompose the
carbon-carbon bond of an ethoxy species, orbital-orbital
interaction between the carbon atoms of the adsorbate and
the surface is required. This may only happen if the ad-
sorbed species is tilted toward the surface. Study of the
reaction pathway of ethanol over a Rh(111) single crystal,
a flat surface, has shown that this is indeed the case (34—
36). While on Pt or Pd adsorbed ethanol is dissociated to

give ethoxides that further react with the surface to give
acetaldehyde, Rh has shown a different pathway. Ethoxide
species lose one hydrogen from the terminal (methyl) group
and are thus adsorbed in a cyclic configuration onto the sur-
face (oxametallacycle intermediate) (34-36). (Rh metal is
known to activate the carbon-hydrogen sp? bonds (37, 38)).
Oxametallacycle formation has been well documented ex-
perimentally by HREELS on Rh(111) single-crystal sur-
faces and later by DFT calculation of clusters (34-36). It
has been demonstrated that the five-membered-ring oxam-
etallacycle intermediate is more stable on Rh (as well as on
Ni) thann'! (or n?)-adsorbed acetaldehyde (see Scheme 2).

Because of the IR setup in this work (windows cut off
at 1000 cm™1) the stretching and bending modes of the ox-
ametallacycle that occur below 1000 cm~! could not be de-
tected; the frequency of the modes expected for the five-
membered-ring oxametallacycle species above 1000 cm™!
(35) are similar to those for ethoxides.

The proximity of the adsorbed species to the surface may
likely contribute to the efficient carbon—carbon bond dis-
sociation. Another requirement is needed to continue the
reaction and this is related to the hydrogenation reaction—
otherwise surface carbon will build up. In the first step of
the (low temperature) dehydrogenation reaction of ethanol
to the oxametallacycle and/or acetaldehyde,

CH;CH,OH — CH;3CH,0(a) + H(a), [5]
CH3CH20(3) d (a)CH2CH20(a)/CH3CHO + H(a), [6]
2H(a) — Hy, [7]

where (a) stands for adsorbed. The association reaction of
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o1’
CO (a) +CH, C,
Rh IR  [H]
CIH3 CHZ\ ” - CH4
CH,
i [M] (@) CHz
QO —— 5 \ / —— CO +CH,
M M—M Rh-Pt 7PD, steady state reactions
IR
[O]
steady state reactions
CH,CHO (a) — CO + CH,
Pt, Pd IR TPD, steady state reactions

\—. CH,CHO (g)

TPD, steady state reactions

—— Major route
Minor route

SCHEME 2

the two H(a) atoms is much faster in the presence of Pt. At
high temperatures (800 K and above) methane is the only
observed hydrocarbon product. The decrease in methane
production between 700 and 900 K together with the in-
crease of hydrogen in this temperature domain may indi-
cate that some of the latter has resulted from a partial ox-
idation of methane (to CO/CO;). Reforming of methane
may as well occur; however water production could not be
qualitatively measured in steady state reactions, and on the
basis of the present work one cannot understand the effect
of water on H; production on these Rh—Pt/CeO, materials.
The amount of CO, formed was found to be very sensitive
to the gas-phase concentration of O, at low temperatures
(up to ca. 773 K).

A summary of the reaction pathway of ethanol on
Rh-Pt/CeO; and other monometallic catalysts is given in
Scheme 2. On all catalysts investigated so far, ethoxides
are the main observed species upon ethanol adsorption
at room temperature (8, 22, 23, 33, this work). Adsorbed
acetaldehyde is mainly observed on unreduced surfaces.
The presence of Rh metal results in considerable forma-
tion of CO at low temperatures (310 K) and this can be
explained by the decomposition of an intermediate species
(such as the five-membered-ring oxametallacycle interme-
diate). In the absence of a second metal, formation of
small amounts of methane is observed. While Rh is essen-
tial for an efficient decomposition of ethanol its presence
alone is not sufficient for making hydrogen in reasonable
quantities. The presence of a second metal (in addition
to Rh) such as Pt enhances the production of hydrogen
from ethanol.
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