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Introduction

Succinic acid (SUC; IUPAC

name: butanedioic acid) is a pet-
rochemical intermediate that is

currently produced by the cata-
lytic hydrogenation of maleic anhydride to succinic anhydride

and subsequent hydration or by the catalytic hydrogenation of
maleic acid. After it was the focus of many research biotechno-

logical projects in the last decade, bio-based SUC is now pro-

duced by fermentation in a sustainable and highly efficient
manufacturing process using renewable biomass as the feed-

stock and metabolically engineered micro-organisms.[1, 2] SUC
has been identified as one of the most important platform

chemicals in biorefinery, which will one day replace petroleum
refinery.[3, 4] SUC has a wide range of industrial applications.[5] It
can be converted readily by catalytic hydrogenation to other
important bulk chemicals, such as 1,4-butanediol (BDO), THF,

and g-butyrolactone (GBL; Scheme 1). In particular, BDO, which
was until recently manufactured entirely from petroleum-
based feedstocks, is an important commodity chemical that is
used to manufacture large amounts of plastics and important

polymers such as polyesters, polyurethanes, and spandex elas-
tic fibers. A variety of catalysts have been described extensively

in patents for the catalytic hydrogenation reaction of maleic

acid, maleic anhydride, and SUC to BDO. The most frequently
used active and selective catalysts for this reaction comprise

a noble metal in combination with another metal such as Re
or Sn. These reactions are conducted predominantly in the gas

phase or in organic solvent.[6, 7] The use of a series of monome-
tallic Pd, Ru, and Re catalysts supported on different carbon

materials has been reported for the liquid-phase hydrogena-

tion of SUC to THF in dioxane at 240 8C under 60 bar.[8–13] Bi-
metallic Re¢Ru catalysts showed selectivity to BDO at 200 8C

under 80 bar in dioxane.[14]

However, there are few examples of the hydrogenation of

SUC in an aqueous solution,[15–21] an important medium in the
conversion of compounds obtained from renewable resources

Scheme 1. Catalytic hydrogenation of SUC to BDO.

ReOx-Pd/TiO2 catalysts prepared from different 2 wt %Pd/TiO2

catalysts using two protocols for the deposition of the Re pro-
moter (successive impregnation and catalytic reduction) were
characterized by different techniques to better understand the

nature of the active and selective sites implied in the aqueous-
phase hydrogenation of succinic acid to 1,4-butanediol. Re-

gardless of the support and Re introduction method, it was es-
tablished that varying amounts of Pd and Re were in very

close proximity without electronic interaction in the reduced
catalysts. A high fraction of Re always remained partially oxi-
dized to generate a bimetallic catalyst that can provide the
necessary bifunctional sites to enable the selective hydrogenol-

ysis of the intermediate g-butyrolactone to 1,4-butanediol. De-
pending on the method of promotion, the ReOx species that

interact with Pd were deposited as clusters with different spa-

tial Re–Re interactions.
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processing.[4] The harsh operating temperatures usually used
(up to 240 8C) favored the formation of THF and selectivity to

BDO was limited.[15–17] However, we have reported the aque-
ous-phase hydrogenation of SUC to BDO at 160 8C under

150 bar using Re-Pd catalysts supported on carbon or
TiO2.[18–20] Monometallic Pd catalysts were totally unselective to

BDO and produced mostly GBL.[21] If only Re was present, no
reaction was observed in water. In turn, bimetallic catalysts
that combine both metals, namely, Re deposited on Pd cata-

lysts, have demonstrated the possibility to tune the reaction
selectivity towards BDO. We have also observed the effects of

the method of preparation of the Pd catalyst, by the method
of introduction of the Re precursor over the monometallic Pd
catalyst, and by the Re loading. The results indicated that the
catalysts prepared by a simple successive impregnation

method (SI) required a significantly higher amount of Re com-
pared with the catalysts prepared by catalytic reduction depo-
sition (CR) to obtain a high yield of BDO. However, the SI-pre-

pared Pd-Re catalysts exhibited a higher selectivity to BDO.
Such a marked effect on catalyst selectivity might be be-

cause of the different locations of the Re additive or the
degree of contact between the promoter and Pd. Systematic

studies on the characterization of the two-component catalysts

and the interpretation of the action of the Re promoter associ-
ated with the noble metal on the activity and selectivity of this

reaction are rather scarce.[14, 20] As an example, characterizations
of a series of Re-Ru catalysts supported on mesoporous carbon

(MC) after incipient wetness coimpregnation of metal precur-
sors in acetone showed the formation of a Re-Ru miscible

phase during the reduction process at 500 8C.[14] The reducibili-

ty, metal dispersion, and oxidation state were influenced
strongly by the Re/Ru molar ratio. The 0.3Re-0.2Ru/MC catalyst

showed the highest turnover frequency (TOF) for the forma-
tion of BDO in dioxane, which was correlated to the largest

amount of weak hydrogen binding sites determined by H2

temperature-programmed desorption (TPD).

In a recent paper,[20] we compared the physical and chemical

properties of two Re-Pd bimetallic catalysts synthesized from
a given 2 wt %Pd/TiO2 monometallic catalyst (which was pre-

pared by an impregnation method in an acidic aqueous
medium using PdCl2 as the precursor salt) either by CR or by
SI. This study gave us some partial information on the Re pro-
moter and suggests a different localization of the Re deposit

and a different oxidation degree of the Re species depending
on the introduction mode. However, the mechanism that un-
derlies the effect of Re on the tuning of the catalyst selectivity
to the desired pathway was not resolved. As different interac-
tions between the Pd precious metal and the Re promoter

may be expected that depend on the deposition method, we
thought it was necessary to characterize a larger set of cata-

lysts. For that purpose, Re was introduced on three different
monometallic catalysts and the resulting bimetallic solids were
characterized thoroughly to provide further insights into the

Re species present, their different oxidation states, their loca-
tion relative to the Pd particles, and the interactions between

both metals and with the support to try to explain the differ-
ences in the catalytic performances observed. In this study, the

catalysts were characterized extensively using various tech-
niques such as XRD, TEM, X-ray photoelectron spectroscopy

(XPS), temperature-programmed reduction (TPR), H2 chemi-
sorption, and the gas-phase model reaction of cyclohexane de-

hydrogenation, a structure-insensitive reaction catalyzed by Pd
active sites. The characterizations were correlated tentatively

to the catalytic results observed.

Results

XRD and TEM characterizations

Pd and Re monometallic catalysts

The three monometallic Pd parent catalysts used in this study
(2 wt %PdCl/P25, 2 wt %PdKCl/P25, and 2 wt %PdKCl/DT51) have

been described previously for the selective hydrogenation of
SUC to GBL and some of their characteristics have been

shown.[21]

The Pd catalysts showed no XRD peaks other than those of
rutile or/and anatase, which indicated a high dispersion of Pd

in all prepared samples. The highest dispersion measured from
H2 chemisorption (33 %) was obtained for the catalyst prepared

by the impregnation of the PdCl2 salt (2 wt %PdCl/P25), whereas
the deposition–precipitation method that involves K2PdCl4 af-

forded dispersions of 15 and 27 % for 2 wt %PdKCl/P25 and

2 wt %PdKCl/DT51, respectively. By TEM, the 2 wt %PdCl/P25 cat-
alyst showed a homogeneous Pd distribution with particles

that were mainly between 1 and 2 nm in diameter (average
particle size 1.8 nm).[21] The Pd particles in 2 wt %PdKCl/DT51

were also dispersed homogeneously on the solid with diame-
ters between 1.5 and 3 nm (average particle size 2.4 nm; Fig-

ure S1). The average metal particle sizes determined by TEM

for 2 wt %PdCl/P25 and 2 wt %PdKCl/DT51 (1.8 and 2.4 nm, re-
spectively) were slightly smaller than those deduced from H2

chemisorption (2.8 and 3.5 nm, respectively).[21]

In the XRD pattern of 1.9 wt %RepH1/P25 and 3.1 wt %RepHn/

DT51 monometallic Re catalysts, the peaks that correspond to
metallic Re or ReOx species were not detected at all, which in-
dicates the high dispersion of the Re species. It was difficult to

detect Re particles in the TEM images of 1.9 wt %RepH1/P25
(Figure S2). Only very scarce support particles showed the

presence of highly dispersed nanoparticles (<0.7 nm). Howev-
er, the environmental transmission electron microscopy (ETEM)
pictures in the scanning transmission electron microscopy
(STEM) mode of 3.1 wt %RepHn/DT51 were able to show very

small and uniform Re nanoclusters (<0.7 nm) on the support

(Figure 1). These observations are consistent with the litera-
ture. Re in 1.05 wt %Re/Al2O3 reduced at 550 8C existed as very

small clusters (<1 nm) that were undetectable by TEM.[22] Very
few nanoparticles with a size of 1 nm or less could be ob-

served in Re/TiO2.[23]

Re-Pd bimetallic catalysts

No discrete Pd- or Re-containing phase was evidenced in the
XRD patterns of any of the Re-Pd bimetallic catalysts, which is
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likely because the crystallites are too small to exhibit diffrac-

tion patterns (Figure S3).

TEM and STEM images were obtained for some “as-pre-
pared” Re-Pd samples (after reduction and passivation) and

energy-dispersive X-ray (EDX) analysis was used to investigate
the compositions on small- and large-area scans. The observa-

tion was difficult and gave only semiquantitative results as ex-
posure to the stationary electron beam during EDX resulted in

the severe degradation of the exposed area. Images and scan

areas of two bimetallic catalysts prepared from 2 wt %PdKCl/
DT51 using the CR and SI protocols, 0.8 wt %Re-PdKCl/DT51-CR

and 3.4 wt %Re-PdKCl/DT51-SI, respectively, are shown in Fig-
ures S4 and S5.

In 0.8 wt %Re-PdKCl/DT51-CR, most of the particles were
highly dispersed with a diameter in the range 1–3 nm, which is

not significantly different from that in the monometallic parent

(Figure S4). The particles analyzed contained only Pd, and no
detectable Re content was evidenced by EDX analysis (Fig-

ure S4 a). An area was found to contain a very large agglomer-
ate of Re with a diameter of around 1 mm (Figure S4 b). Howev-

er, this large particle was isolated, and it does not exclude the
possibility that the majority of Re was still well dispersed in

the solid. This was rather surprising if we consider that the CR

method should deposit Re selectively on Pd. An explanation
for this unexpected distribution could find its origin in experi-

mental problems encountered during the preparation of this
solid from PdKCl/DT51 by CR. Indeed, the very fine granulation
of this support caused plugging of the frit and an inhomoge-
neous hydrogen flow, which could have disturbed the deposi-

tion of the promoter during preparation.
In 3.4 wt %Re-PdKCl/DT51-SI, which has a high Re content,

small particles in the range 1–2 nm were also detected (Fig-

ure S5). EDX analysis on large zones (50 nm) detected both Pd
and Re with a mass ratio of Re/Pd = 2.03 close to the ratio of

1.75 determined by inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES; Figure S5). Several spot elemental

analyses with the beam concentrated on isolated particles

showed that they contained either Pd or both Pd and Re, with
Re/Pd mass ratios that varied considerably among the particles

analyzed and that were lower than the global mass ratio. This
3.4 wt %Re-PdKCl/DT51-SI catalyst and the corresponding parent

catalyst were analyzed in the STEM mode with the annular
dark-field detector (ADF-STEM). The images displayed in

Figure 2 show evidence of well-dispersed particles in both
solids. However, as the contrast and the particle sizes were
very similar, it was not possible to draw conclusions on the re-
spective localization of Re or Pd. Some TEM pictures of the cat-
alysts prepared from 2 wt %PdKCl/P25 loaded with 0.6 or
2.9 wt % Re by CR show well-dispersed metallic particles (Fig-

ure S6).

Analysis of 1.5 wt %Re-PdKCl/P25-CR performed using the
ETEM instrument in TEM and high-angle annular dark-field

scanning transmission electron microscopy (HAADF-STEM)
mode is shown in Figure 3. The TEM images showed the pres-
ence of Pd particles (Figure 3 a). However, the Re clusters were
so small that they were not observable. EDX analysis detected

mainly Pd associated with some Re (Figure S7, TEM EDX 1–3)
and some zones that contained only Re (Figure S7, TEM EDX

4). In HAADF-STEM mode, the images confirmed that Re was
dispersed atomically all over the catalyst surface (Figure 3 b
and c).

Finally, TEM characterization of the bimetallic catalysts pre-
pared from 2 wt %PdCl/P25 has been described previously for

solids that contain 0.9 and 3.5 wt % Re deposited by CR and SI,
respectively.[20] The bimetallic catalyst loaded by CR with

0.9 wt % Re showed metallic particles that were evidently

larger than that on the bimetallic catalyst prepared by SI that
contained 3.5 wt % Re. The average particle size of these solids

was determined to be 5.3 and 2.5 nm, respectively, which can
be compared with the parent Pd catalyst average particle size

of 1.8 nm. Re was detected on the Pd particles (Figure S7,
STEM EDX).

Figure 1. Representative ETEM pictures of 3.1 wt %RepHn/DT51 in HAADF-
STEM mode. Left: scale bar = 5 nm; right: scale bar = 1 nm.

Figure 2. Representative HAADF-STEM images of a, b) 2 wt %PdKCl/DT51 and
c) 3.4 wt %Re-PdKCl/DT51-SI.
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XPS

XPS could provide valuable information about the oxidation
states of the various species present in the monometallic Re

and Pd and bimetallic Pd-Re catalytic systems. The measure-

ments were performed (i) for the monometallic Re catalyst,
either after in situ activation with H2 at 450 8C of the precursor

or “as-prepared”, that is, reduced at 450 8C and then handled
under ambient conditions, (ii) for the parent monometallic Pd

catalysts, either “as-prepared”, or following in situ reactivation
with H2 at 300 8C, or (iii) for the two-component solids, either
after in situ reduction of the precursor at 450 8C for 3 h, “as-

prepared”, or after in situ rereduction. Some curve-fitting re-
sults (binding energy of Pd 3d5/2 and Re 4f7/2, distribution of the

oxidation states) are summarized in Table 1. The Re/Pd, Pd/Ti,
and Re/Ti ratios could be calculated from the surface atomic

compositions by taking into consideration the sensitivity fac-
tors of the elements. The explored depth by XPS is approxi-

mately 3–5 nm. Thus, this analysis may be considered as quite
representative of the bulk composition because of the small
particle size of the metallic particles in all of the catalysts stud-

ied. Globally, after reduction Pd was present in the metallic
state and also as Pd2++ and Pd4++; several oxidation states were

observed for Re, and the situation was more complex.

Re monometallic catalyst

The Re 4f7/2 spectra of solid 1.9 %[NH4ReO4]pH1/P25 after im-

pregnation with ammonium perrhenate, drying, and in situ re-
duction at 450 8C, the “as-prepared” catalyst, that is, handled

under ambient conditions after synthesis, and then after reacti-
vation at 450 8C under H2 are illustrated in Figure 4.

Following the reduction of the precursor at 450 8C (Fig-
ure 4 a), fitting of the Re 4f7/2 envelope resulted in the identifi-

cation of two Re components : one with a binding energy (BE)
of 40.7 eV, which matches closest with Re0 with an atomic con-

centration of 89 %, and a second one at BE = 41.5 eV, which
was attributed to Re3++ (atomic concentration 11 %; Table 1,
entry 1).[24] As a result of the high oxygen affinity of Re, it was
expected that handling in ambient air would cause the oxida-
tion of surface Re. Indeed, after subsequent air exposure of the

reduced solid (Figure 4 b), Re was reoxidized and the “as-pre-
pared” catalyst then contained a mixture of oxidized Re spe-
cies with 17 % Re4++ (BE = 43.1 eV), 44 % Re6++ (BE = 44.2 eV), and
39 % Re7++ (BE = 46.2 eV; Table 1, entry 2). However, after a new

in situ hydrogen treatment (Figure 4 c), only 15 % Re was in the
zero-valent state, and the remainder was Re3++ (Table 1,

entry 3). This indicates that different Re species that can be

oxidized to various degrees are present and coexist on the
support surface.

Furthermore, the Re/Ti atomic ratio initially determined at
0.196 in the solid reduced at 450 8C (Figure 4 a) decreased sub-

stantially to 0.054 and 0.049 (Table 1, entries 1–3), respectively,
after air exposure (Figure 4 b) and subsequent rereduction (Fig-

ure 4 c). In addition, in measurements of the reactivated solid,

the BEs of Re0 and Re3++ were 0.2 eV lower than that in the
freshly reduced sample. Both observations indicate some ag-

glomeration of Re particles on the surface, which could be at-
tributed to the presence of moisture during the reduction

step.[25] It is highly probable that nanoclusters or monoatomic
Re species exist in the initially reduced catalysts as proposed

and evidenced on alumina and TiO2.[25–28] After exposure to air,

Re was detected by TEM as very small particles with a size
<0.7 nm in the “as-prepared” sample (Figure S2 and Figure 1).

Pd monometallic catalysts

After synthesis and storage in air, the fitting of the Pd enve-

lope for the 2 wt %PdKCl/DT51 “as-prepared” monometallic cat-

alyst resulted in the identification of Pd0 (82 %, Pd 3d5/2 BE =

335.2 eV) and a minor amount of oxidized Pd2++ species (15 %,

BE = 336.9 eV) and Pd4++ (3 %, BE = 338.0 eV; Table 1, entry 4).
After the solid was reactivated in H2 at 300 8C, Pd was nearly
completely reduced to the zero-valent state (95 % Pd0 and 5 %
Pd2++; Table 1, entry 5). The “as-prepared” PdCl/P25 contained

Pd0 (34 %, BE = 335.3 eV) and Pd2++ (66 %, BE = 337.0 eV; Table 1,
entry 16). In the same way, reactivation at 450 8C reduced Pd
totally to the zero-valent state (100 % Pd0, BE = 335.0 eV;

Table 1, entry 17). PdKCl/P25 was not analyzed but similar re-
sults may be expected, that is, reduction to mainly Pd0.

Re-Pd bimetallic catalysts prepared by SI from PdKCl/DT51 and
PdKCl/P25

The Pd and Re spectra of the bimetallic 2.6wt %Re-PdKCl/DT51-

SI and 2.7 wt %Re-PdKCl/P25-SI catalysts, which were prepared
by SI of the PdKCl/DT51 and PdKCl/P25 parent catalysts, were an-

alyzed after their synthesis and then “as-prepared”, that is, fol-
lowing exposure to air. As an illustration, the spectra of Pd

Figure 3. ETEM pictures of 1.5 wt %Re-PdKCl/DT51in a) TEM (scale
bar = 10 nm) and b, c) HAADF-STEM mode (scale bars = 2 nm). The EDX anal-
ysis is shown in Figure S7.
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and/or Re of 2.6wt %Re-PdKCl/DT51-SI are shown in Figure 5:

“as-prepared”, (Table 1, entry 7), and after reactivation under H2

at 450 8C (Table 1, entry 8). The catalysts prepared by the same

SI method on P25 showed similar profiles (data not shown,
quantitative results are given in Table 1, entries 12 and 13).

First, after the introduction of Re by SI impregnation and

drying, the solid precursors 2.6 wt %[NH4ReO4]-PdKCl/DT51-SI
and 2.6 wt %[NH4ReO4]-PdKCl/P25-SI were reduced in the XPS

treatment cell at 450 8C (Table 1, entries 6 and 11). Only metal-
lic Pd was detected (3d5/2 BE = 335.2 and 335.0 eV, respective-

ly). Moreover, the peaks for Pd0 in the bimetallic solids were
observed at the same BEs as those in the monometallic Pd ma-

terial, which suggests that there is no electronic modification

of the surface Pd atoms and that the electronic interaction be-
tween Re and Pd on the TiO2 supports is not very strong. In

addition, in both catalysts, the Re spectral fits (not shown) indi-
cated a mixture of Re species with characteristic Re 4f7/2 BEs of

40.1 and �41.2–41.3 eV, which match Re0 and Re3++, respective-

ly. The proportions were 30 % Re0 and 70 % Re3++, and 37 % Re0

and 63 % Re3++ in the DT51- and P25-supported catalysts, re-

spectively, which demonstrates that Re species under the con-
ditions employed could not be reduced completely to metallic

Re.

Table 1. XPS data (BEs of the Re 4f7/2 and Pd 3d5/2 components, distribution of Pd and Re oxidation states, surface atomic ratios).

XPS data
Entry Catalyst Treatment Pd 3d5/2 BE[a]

[eV]
([%] Pdn++)

Re 4f7/2 BE[a]

[eV]
([%] Ren++)

Pd/Ti-Re/Ti-Re/Pd
(atomic ratio)

(Re/Pd)bulk
[d]

(atomic ratio)

1 1.9 %[NH4ReO4]pH1/P25 reduction[b] 40.7 (89 Re0)
41.5 (11 Re3++)

0.196

2 1.9 %RepH1/P25 “as-prepared” 43.1 (17 Re4++)
44.2 (44 Re6++)
46.2 (39 Re7++)

0.054

3 reduction[b] 40.5 (15 Re0)
41.3 (85 Re3++)

0.049

4 2 %PdKCl/DT51 “as-prepared” 335.2 (82 Pd0)
336.9 (15 Pd2++)
338.0 (3 Pd4++)

0.042

5 reduction[b] 335.2 (95 Pd0)
336.9 (5 Pd2++)

0.038

6 2.6 %[NH4ReO4]-PdKCl/DT51-SI reduction[b] 335.2 (100 Pd0) 40.1 (30 Re0)
41.2 (70 Re3++)

0.032/0.029/0.90 0.77

7 2.6 %Re-PdKCl/DT51-SI “as-prepared” 335.2 (57 Pd0)
336.9 (43 Pd2++)

43.3 (16 Re4++)
44.2 (41 Re6++)
46.1 (43 Re7++)

0.025/0.033/1.32 0.77

8 reduction[b] 335.1 (100 Pd0) 40.4 (27 Re0)
41.2 (73 Re3++)

0.026/0.036/1.38

9 1.9 %Re-PdKCl/DT51-CR reduction[b] 335.1 (95 Pd0)
336.5 (5 Pd2++)

40.0 (30 Re0)
41.2 (70 Re3++)

0.027/0.028/1.04 0.62

10 2 %PdKCl/P25
11 2.6 %[NH4ReO4]-PdKCl/P25-SI reduction[b] 335.0 (100 Pd0) 40.1 (37 Re0)

41.3 (63 Re3++)
0.028/0.03/1.07 0.74

12 2.7 %Re-PdKCl/P25-SI “as-prepared” 335.0 (61 Pd0)
337.0 (39 Pd2++)

43.7 (29 Re4++)
44.4 (24 Re6++)
46.2 (47 Re7++)

0.038/0.052/1.37 0.77

13 reduction[b] 335.0 (100 Pd0) 40.1 (34 Re0)
41.2 (66 Re3++) 0.027/0.059/2.18

14 O2++reduction[c] 335.1 (100 Pd0) 40.5 (36 Re0)
41.5 (64 Re3++)

0.027/0.051/1.90

15 1.5 %Re-PdKCl/P25-CR reduction[b] 335.4 (92 Pd0)
336.7 (8 Pd2++)

40.2 (74 Re0)
41.3 (26 Re3++)

0.030/0.050/1.69

16 2 %PdCl/P25 “as-prepared” 335.3 (34 Pd0)
337.0 (66 Pd2++)

0.065

17 reduction[b] 335.0 (100 Pd0) 0.037
18 0.9 %Re-PdCl/P25-CR reduction[b] 335.2 (100 Pd0) 40.3 (14 Re0)

41.3 (86 Re3++)
0.037/0.028/0.78 0.25

19 1.7 %Re-PdCl/P25-CR “as-prepared” 335.1 (66 Pd0)
336.8 (18 Pd2++)
337.7 (16 Pd4++)

43.4 (8 Re4++)
44.3 (29 Re6++)
46.1 (63 Re7++)

0.036/0.058/1.61 0.46

20 reduction[b] 335.1 (95 Pd0)
336.5 (5 Pd2++)

41.1 (100 Re3++) 0.036/0.066/1.83

[a] BE: binding energy. [b] In situ reduction at 450 8C. [c] In situ oxidation at 300 8C then reduction at 450 8C. [d] ICP-OES data.
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Exposure to air partially reoxidized the bimetallic catalysts to
give �60 % Pd0 and �40 % Pd2++ (Figure 5 a; Table 1, entries 7

and 12). Additionally, no detectable fraction of Re0 was ob-
served in either catalyst. Three different Re BE states were
shown that correspond most closely to Re4++, Re6++, and Re7++

reference standards. After curve fitting, variable surface propor-
tions were calculated (16 % Re4++, 41 % Re6++, and 43 % Re7++ on

DT51, and 29 % Re4++, 24 % Re6++, and 47 % Re7++ on P25; Fig-
ure 5 b). Thus, as observed for the monometallic 1.9 wt %Re/

P25, the Re species in the bimetallic catalysts are oxidized on

exposure to air. These observations are consistent with the
known oxophilic character of Re, which forms strong bonds

with the oxygen atoms of the support and stabilizes rhenium
oxide.[22]

The oxidation of Pd upon exposure to air was reversible as
only the peak that corresponds to Pd0 was detected in both

solids at BE = 335.1 eV following a new reduction of the “as-
prepared” catalysts in the XPS cell (Table 1, entries 8 and 13). In

contrast, Re was difficult to reduce to the metallic state: it was
again present as Re0 and Re3++ with minor proportions of Re0 of

only 27 and 34 % on DT51 and P25, respectively (Figure 5 c;
Table 1, entries 8 and 13). It is noticeable that although the
1.9 wt %[NH4ReO4]pH1/P25 catalyst precursor could be reduced

at 450 8C up to 89 % metallic Re (Figure 4), the reduction of the
bimetallic catalysts prepared by SI under the same conditions

resulted in only 27–34 % Re0, regardless of if the initial state of
Re was Re7++ in the precursors or a mixture of Re4++, Re6++, and

Re7++ in the “as-prepared” solids (Table 1, entries 7 and 12). A

supplementary experiment was performed in which the “as-
prepared” 2.6 wt %Re-Pd/P25-SI catalyst was oxidized initially

under pure O2 (100 % Re7++) and then reduced at 450 8C for 3 h.
Again, only 36 % Re0 could be detected in addition to 64 %

Re3++ (Table 1, entry 14). The presence of Pd limits the reduction
of the oxidized Re species.

Figure 4. Curve fit to XPS data: Re 4f region of a) 1.9 wt %[NH4ReO4]pH1/P25
after in situ reduction, b) 1.9 wt %RepH1/P25 “as-prepared”, and
c) 1.9 wt %RepH1/P25 “as-prepared” after in situ reactivation.

Figure 5. Curve fitting of the XPS data of 2.6 wt %Re-PdKCl/DT51-SI :
a, b) Pd 3d region and Re 4f region of the solid without previous treatment
and c) Re 4f region of the solid after in situ reactivation.
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The in situ reduction of the precursor 2.6 wt %[NH4ReO4]-Pd
on P25 and DT51 and prepared by SI gave a Re/Pd atomic

ratio of 0.9 and 1.07, respectively (Table 1, entries 6 and 11). Ex-
posure to air increased this ratio to 1.32 and 1.37, respectively

(Table 1, entries 7 and 12), which suggests some migration of
Re on the surface. A subsequent reactivation in H2 at 450 8C
gave ratios of 1.38 and 2.18, respectively (Table 1, entries 8 and
13), which are different from those observed after the direct re-
duction of the precursors.

Bimetallic Re-Pd catalysts prepared by CR

Some bimetallic catalysts prepared by the CR method were an-
alyzed similarly after storage in air and/or after reduction in

the XPS cell at 450 8C (Table 1).
The “as-prepared” 1.7 wt %Re-PdCl/P25-CR catalyst contained

Re as a mixture of Re4++, Re6++, and Re7++; the highest oxidation
state species Re7++ was the most abundant (63 %, Table 1,

entry 19). Conversely, Pd was 66 % in the zero-valent state, and
the remainder was Pd2++ (18 %) and Pd4++ (16 %). Compared to

the “as-prepared” Pd monometallic parent that contained only

34 % Pd0, the presence of Re in interaction with Pd seems to
limit the reoxidation of Pd. However, as in the SI-prepared cat-

alysts, the shift of the BEs for Pd0 and Pd2++ to lower energies
on one part and of that of Re4++ and Re6++ to higher energies on

the other part compared to the “as-prepared” 2 wt %PdCl/P25
and 1.9 wt %RepH1/P25 was small (0.2–0.3 eV), within the experi-

mental errors. Therefore, there is no evidence of an electronic

transfer from Re to Pd in this catalyst. Although the other “as-
prepared” catalysts were not characterized, one may expect

the same results.
Following in situ reduction in the XPS cell, Pd was in the

zero-valent state (>92 %) whatever the nature of the support
and the precursor salt, whereas the Re species were affected

significantly by the method of preparation. If PdCl2 was used

as the precursor, most of the Re was present in the Re3++ state;
the higher the amount of Re, the higher the proportion of

Re3++ (Table 1, entries 18 and 20). However, if we start from
K2PdCl4, the nature of the support influenced the final reduc-

tion state of Re: 74 % Re0 and 26 %Re3++, and 30 % Re0 and 70 %
Re3++ for 1.5 wt %Re-PdKCl/P25-CR (entry 15) and 1.9 wt %Re-
PdKCl/DT51-CR (entry 9), respectively. Similar to that of the cata-
lysts prepared by SI (except for 1.5 wt %Re-PdKCl/P25-CR), the

zero-valent state of Re was absent or represented only a minor
fraction and the remainder is Re3++. This probably means that
under reaction conditions in the aqueous phase under H2 pres-

sure at 160 8C most of the Re is in an oxidized state.
The surface Re/Pd, Re/Ti, and Pd/Ti compositions were calcu-

lated from the XPS analysis (Table 1). In the PdCl/P25 series that
contains Re deposited by CR, the determined atomic ratios of

Re/Ti and Re/Pd increased as the loading of Re increased from

0.9 to 1.7 wt % (Table 1, entries 18 and 20), which shows that
the Re loading increased at the surface. However, regardless of

the treatment and the loading of Re, the Pd/Ti ratio did not
change and was close to 0.036, which is the value in the

parent catalyst (Table 1, entry 17). This indicates that little Re is
located on the Pd, and Re was deposited at the Pd–support in-

terface. However, the addition of Re to 1.9 wt %PdKCl/DT51 by
CR decreased the Pd/Ti ratio from 0.038 to 0.027 (Table 1, en-

tries 5 and 9). This implies that on this parent solid, Re might
have been deposited on Pd by CR. However, another factor to

consider for this catalyst is the experimental problem men-
tioned previously using this support.

TPR

The TPR of samples preoxidized under O2 at 300 8C was per-
formed up to 700 8C. TPR profiles of the series of catalysts pre-
pared on PdCl/P25 are shown in Figure 6, and the profiles for

a series prepared on DT51 are shown in Figure 7. The results
are summarized in Table 2.

XPS data showed that after O2 treatment at 300 8C, Re was

totally oxidized to Re7++, for instance in 0.9 wt %Re-PdCl/P25-CR,
3.6 wt %Re-PdCl/P25-CR, and 2.7 wt %Re-PdKCl/P25-SI (not

shown). Pd was oxidized to Pd2++ (62–80 %) and Pd4++.
During the reduction of the oxidized 2 wt %PdCl/P25 solid

only one H2-consumption zone was clearly observed at room

temperature (Figure 6 a), which was ascribed to the reduction
of oxidized Pd (nH2

= 2.7 Õ 10¢4 mol gcat
¢1; Table 2).[20] In the case

of 1.9 wt %RepH1/P25, a wide consumption peak was exhibited
between 230 and 340 8C, with a broad shoulder up to 450 8C

(Figure 6 b). According to the literature,[25, 29] H2 uptake in this
temperature range is attributed to the reduction of ReOx oxi-

dized Re species and the reduction of the bulk titania support.

Quantitative analysis reveals that the measured H2 consump-
tion (2.3 Õ 10¢4 mol gcat

¢1) was lower than the theoretical con-

sumption calculated for the complete reduction of the Re7++

present in the calcined solid to Re0 (3.6 Õ 10¢4 mol gcat
¢1) and

confirmed that Re could not be reduced totally to the metal
state, as shown previously by the XPS results. The reduction of

xwt %Re-PdCl/P25-CR bimetallic catalysts displayed a large re-

duction peak at a low temperature[20] (Figure 6 c and d). The
total amounts of H2 consumed were higher than that exhibited

by the Pd oxide in the monometallic catalyst, which suggests
that contact between Re and Pd was established (Table 2).
There is clearly a strong effect of Pd on the reduction tempera-
ture of Re7++. The amount of H2 consumed increased with the
addition of Re (0.9 to 3.6 wt %). Furthermore, a comparison of
3.6 wt %Re-PdCl/P25-CR and 3.5 wt %Re-PdCl/P25-SI prepared by

CR and SI, respectively, which contain very similar Re contents,
evidenced a lower H2 consumption at low temperature for the
SI-prepared solid, which nevertheless remained higher than

the consumption for the reduction of the Pd monometallic cat-
alysts (Table 2). This means that a smaller fraction of Re is in

contact with Pd in the SI-prepared catalyst. Accordingly,
a second reduction peak was detected at higher temperatures

(250–300 8C) for the bimetallic SI catalysts (Figure 6 e), which

could be attributed to the reduction of Re clusters isolated on
the TiO2 support.

The reduction of 2.7 wt %Re-PdKCl/P25-SI (not shown) also
gave a large reduction peak that was complete at around

40 8C (nH2
= 4.5 Õ 10¢4 mol gcat

¢1). In addition, a weak consump-
tion of 0.6 Õ 10¢4 mol gcat

¢1 around 325 8C was found for this
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solid that could be caused by the reduction of some free iso-

lated Re oxides or monometallic Re particles.
The catalysts prepared on DT51 presented different profiles

(Figure 7). The bare support showed a consumption around
640 8C that could correspond to the reduction of the bulk TiO2

support (Figure 7 a). The reduc-
tion of oxidized Pd in

2 wt %PdKCl/DT51 was complete
after 40 8C (Figure 7 b). An addi-

tional consumption between
240 and 510 8C that corresponds

to the reduction of the support
catalyzed by Pd was also ob-

served.[30] The TPR analysis of

1.9 wt % Re-PdKCl/DT51-CR (Fig-
ure 7 c) and 3.4 wt %Re-PdKCl/
DT51-SI (Figure 7 d) revealed
a consumption peak around

200–300 8C in addition to the
consumption at room tempera-

ture. The consumption at room

temperature is likely attributed
to both Pd and Re in interaction

with Pd. The H2 consumptions at
higher temperatures were 0.5 Õ

10¢4 and 1.9 Õ 10¢4 mol g¢1, re-
spectively, and were ascribed to

some Re that is not in contact

with Pd and that may be re-
duced as ReOx alone.

Hydrogen chemisorption

The bimetallic catalysts prepared
by CR or SI from the three differ-

ent parent Pd catalysts were
characterized by hydrogen

chemisorption at 70 8C. If Pd is in
close interaction with Re, then

its chemisorption capacity

should be affected. As Re does
not chemisorb hydrogen,[31] the

amount of chemisorbed hydro-
gen will quantify the fraction of
Pd atoms exposed to the surface
after Re deposition in the cata-

lysts studied.
The metallic Pd accessibility as

a function of the Re loading of
the bimetallic catalysts prepared
by the SI or CR methods from

the three monometallic parent
catalysts is shown in Figure 8.

The results of the parent mono-
metallic and blank solids are

given to help the interpretation.

The latter were treated as for
the deposition of Re but in the absence of the Re salt, that is,

in acidified aqueous solution for the CR method or in neutral
water for the SI method, and they are labeled blank. The effect

of the addition of Re on Pd is estimated systematically by com-
parison with its corresponding blank sample.

Figure 6. TPR results for the PCl/P25 series: a) 2 wtPdCl/P25, b) 1.9 wt %RepH1/P25, c) 0.5 wt %Re-PdCl/P25-CR,
d) 1.7 wt %Re-PdCl/P25-CR, e) 3.5 wt %Re-PdCl/P25-SI. Samples were oxidized at 300 8C before TPR analysis.
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The monometallic Pd catalysts
showed different abilities to

withstand sintering during the
CR or SI treatment, depending

on the preparation method. The
accessibility to hydrogen of

blank 2 wt %PdKCl/P25-CR and -SI
solids obtained after the treat-
ment of 2 wt %PdKCl/P25 in an

acidic solution under H2 or in
neutral water, respectively, did
not change much (Figure 8 a and
b). The values were 15, 18, and

15 %, for the parent and the CR-
and SI-treated samples, respec-

tively. Similarly, although the dis-

persion of 2 wt %PdKCl/DT51 was
higher than that on PdKCl/P25,

the blank treatments did not
modify the metallic accessibility,

and the values were 27, 30, and
23 %, for the parent and the CR-

and SI-treated solids, respective-

ly (Figure 8 c and d). In contrast,
as described previously,[20] the

CR blank protocol applied to
2 wt %PdCl/P25 resulted in a sin-

tering of the Pd particles with
a significant decrease of the

metallic accessibility from 33 to

17 % (Figure 8 e). However, expo-
sure of this parent catalyst to

the SI neutral solution under am-
bient air only slightly decreased

the accessibility from 33 to 26 %
(Figure 8 f). The sintering of the

metallic particles in acidic

medium is in agreement with
results in the literature on the

preparation of such cata-
lysts.[32–34]

The reason why the blank
treatment by the CR protocol of

2 wt %PdCl/P25 involved a signifi-
cant sintering of the metallic
particles compared with

2 wt %PdKCl/P25 may result from
different factors. The initial Pd

dispersion was much higher in
the first system, which there-

fore, may be more prone to sin-

tering. However, a stronger
metal–support interaction,

linked to the impregnation con-
ditions, may explain the high

stability of the catalysts pre-
pared from K2PdCl4 solutions.

Table 2. H2 consumption determined from TPR profiles and XPS (after in situ oxidation at 300 8C).

Catalyst TPR data
nH2

Õ 104

[mol gcat
¢1]

XPS data
Pd4++/Pd2++

[%/%]

nH2
Õ 104

[mol gcat
¢1]

for Re7++ reduction

OD Re[b]

Low T High T

2 wt %PdCl/P25 2.7[a] – 48/52 – –
1.9 wt %RepH1/P25 – 2.3[a] – – 2.55
0.5 wt %Re-PdCl/P25-CR 3.2 – 38/62[c] 0.2 5.5
0.9 wt %Re-PdCl/P25-CR 3.8[a] – 31/69 0.9 3.03
1.7 wt %Re-PdCl/P25-CR 4.1 – 25/75[c] 1.6 3.50
2.4 wt %Re-PdCl/P25-CR 4.2 – 22/78[c] 1.8 4.2
3.6 wt %Re-PdCl/P25-CR 5.1 – 20/80 2.8 4.1
3.5 wt %Re-PdCl/P25-SI 4.1[a] 1.5[a] – – –
2.7 wt %Re-PdKCl/P25-SI 4.5 0.6 20/80 2.3 3.82
2 wt %PdKCl/DT51 3.1 0.8 – – –
1.9 wt %Re-PdKCl/DT51-CR 3.8 0.5 – – –
3.4 wt %Re-PdKCl/DT51-SI 3.6 1.9 – – –

[a] Results in Ref. [20] . [b] Average oxidation valence OD = 7¢x, calculated from Re7++++x/2 H2!Re7¢x++x H++, with
x = 2 nH2

/nRe7++. [c] Calculated assuming a linear correlation as a function of wt %Re.

Figure 7. TPR results for the PdKCl/DT51 series: a) DT51 support, b) 2 wt %PdKCl/DT51, c) 1.9 wt %Re-PdKCl/DT51-CR,
d) 3.4 wt %Re-PdKCl/DT51-SI. Samples were oxidized at 300 8C before TPR analysis.
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This second hypothesis is confirmed by the stability of the rela-

tively well dispersed Pd metallic phase in PdKCl/DT51 also ob-
tained by deposition–precipitation in alkaline medium.

The H/M ratio decreased with the addition of Re compared
to the blank treated parent catalysts for all series of catalysts

(Figure 8), which tends to demonstrate the presence of Re de-
posited on the Pd surface. However, this covering was more or
less important depending on the preparation method and on

the support used, which is discussed below.

PdKCl/P25

On 2 wt %PdKCl/P25, the accessibility to hydrogen decreased

gradually from 18 (blank) to 16, 14, and 12 % as Re loadings by
CR increased from 0 to 0.6, 1.5, and 2.9 wt %, respectively (Fig-

ure 8 a). As the comparison was performed with the corre-
sponding blank sample, this effect should not be attributed to

a lower metal dispersion but to some coverage of the Pd sur-
face by Re. However, the decrease was not very significant

even after a 2.9 wt % Re loading.
Furthermore, if we consider an

initial accessibility of 18 %, we
can calculate that approximately

0.6 wt % Re loading corresponds
to a theoretical monolayer cov-
ering of Pd. It is then likely that
the available Pd sites for direct
Re¢Pd bonding become rapidly

saturated, and the Re moieties
were not only deposited on the

initial Pd surface of 2 wt %PdKCl/
P25 but Re could also have been

deposited adjacent to Pd parti-
cles at the Pd–TiO2 interface,

and/or even as clusters or ag-

glomerates on particular sites.
The presence of Re on the sup-

port cannot be excluded. Never-
theless, a high fraction of Re

loading on the support that
would not be in contact with Pd

could certainly be excluded as

the preparation of a Re catalyst
with a nominal Re loading of

4 wt % by the CR method on the
bare P25 support (which con-

tains no Pd) led only to
a 0.3 wt % Re deposit on the

solid. Therefore, on the bimetal-

lic catalyst, it may be considered
that Re was deposited marginal-

ly on the support without inter-
action with Pd but mainly de-

posited at the Pd–support inter-
face in close vicinity to Pd.

In contrast to the CR protocol,

the loading of 2.7 wt % Re by
the SI method on the same parent 2 wt %PdKCl/P25 (Figure 8 b)

led to a significant decrease of the H/Pd ratio from 15 to 6 %.
As the blank PdKCl/P25-CR and -SI solids showed similar disper-
sions (18 and 15 %, respectively), a comparison with results for
the 2.9 wt %Re-PdKCl/P25-CR catalyst suggests that the covering

of the Pd surface by the SI method is more efficient than that
by the CR deposition. This is surprising if we consider the theo-
retical metal deposition by CR on the Pd surface.

PdKCl/DT51

The results of H2 chemisorption for the bimetallic catalysts pre-

pared from the 2 wt %PdKCl/DT51 parent catalyst are illustrated

in Figure 8 c and d. The variation of H/Pd for this series of CR
catalysts was different from the CR series prepared from the

2 wt %PdKCl/P25 catalyst. This time, even after the deposition of
only 0.4 or 0.8 wt % Re by CR, the Pd accessibility decreased

considerably from 30 to 14 and 12 %, respectively (Figure 8 c).
It then decreased slowly to 9 % with further loading of Re up

Figure 8. Pd accessibility (H/Pd) of bimetallic catalysts prepared by CR (left) and SI (right) by the addition of Re
onto: a, b) PdKCl/P25, c, d) PdKCl/DT51, and e, f) PdCl/P25.
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to 3.0 wt %. The crystal structure of the support used might be
an important parameter. Although P25 is a mixture of rutile

and anatase phases with a specific surface area of 50 m2 g¢1,
DT51 is constituted of anatase only and presents a specific

area of 88 m2 g¢1. It cannot be excluded that the rutile phase
favors the selective deposition of Re at the Pd–support inter-

face. This may also result from the experimental problems en-
countered during the preparation using the CR protocol on
the DT51-supported catalyst mentioned above, that is, the

plugging of the frit and an inhomogeneous H2 flow, which
could lead to a different deposition. Finally, the loading of
3.4 wt % Re by SI also decreased the metallic accessibility sig-
nificantly, which decreased to 11 % (Figure 8 d). This means

that the coverage of Pd by the deposition of 3.4 wt % Re by SI
on PdKCl/DT51 was less important than that of 2.7 wt % Re by

SI on PdKCl/P25. This difference might be because of the differ-

ent specific area of the supports. Notably, an approximately
3 wt % Re loading by both methods on this 2 wt %PdKCl/DT51

parent catalyst gave catalytic systems that present very close
H2 accessibility, that is, �10 %.

PdCl/P25

As for the series prepared from the P25 support, the deposi-
tion of increasing amounts of Re by CR on PdCl/P25 only slight-

ly decreased the H/M ratio compared to that of the blank
treated solid: 16, 14, 12, and 11 % following the addition of 0.5,

0.9, 1.7, and 3.6 wt %, compared to 17 %, respectively (Fig-
ure 8 e), which evidences the deposition of Re on Pd. However,

as observed for PdKCl/P25, the H/Pd ratio remained very close

to the value of the blank (17 %) in particular at low Re load-
ings. A limited sintering of the Pd particles caused by the CR

protocol (immersion of the catalyst in an acidic aqueous solu-
tion of pH 1 under H2 flow) in the presence of Re in solution

could be an explanation. Indeed, on Ge-Rh/SiO2 catalysts pre-
pared by the same CR protocol, the sintering process was less
important if compared with the blank treated Rh/SiO2 solid.[35]

This behavior was explained by the consumption of adsorbed
activated hydrogen on the surface of the metallic Rh surface
during the reduction of the Re salt. Indeed, adsorbed hydro-
gen favors the sintering of metallic particles in the aqueous

phase.[34] Then, at higher loadings of 3.6 wt % Re by the CR
protocol, the accessibility remained constant at �11 %. This

suggests that Re does not deposit uniformly on the Pd surface
but may occur at the particle–support interface and/or as ag-
gregates close to Pd as suggested above for the Re-PdKCl/P25-

CR catalysts, which thus leaves a non-negligible accessible Pd
metallic surface. Finally, the deposition of 3.5 wt % Re on PdCl/

P25 by SI occurred on the entire available Pd surface and on
the support, as demonstrated by the dramatic decrease of the

hydrogen accessibility from 26 to 6 % (Figure 8 f).

Cyclohexane dehydrogenation

The catalytic activity for cyclohexane dehydrogenation at
270 8C was used as a probe to investigate the exposed metal

surface as this reaction is known to be structure insensitive,
that is, the activity should be approximately proportional to
the amount of surface Pd atoms and not influenced by the
presence of Re.[36–39] The deviation from linearity can be caused
by the differences in the electron density of Pd, which may be

affected by the addition of Re. The participation of Re on the
reaction should be negligible under the reaction conditions
chosen.[40]

The TOF in cyclohexane dehydrogenation calculated from

the specific reaction rates based on the Pd dispersion values
(H/M) are illustrated in Figure 9 (values given for 0 wt % Re cor-

respond to those of blank samples).

The TOF values for the bimetallic catalysts supported on P25
(prepared from 2 wt %PdKCl/P25 or 2 wt %PdCl/P25) that contain

Re deposited by CR were around 0.4 s¢1, which is very close to

that of blank PdKCl/P25-CR and blank PdCl/P25-CR (0.41 and
0.38 s¢1, respectively). This results from the absence of elec-

tronic modifications of Pd in catalysts prepared under CR con-
ditions on P25, whatever the preparation method of the

monometallic catalyst. In contrast, the bimetallic catalysts that
also contain Re deposited on DT51 although prepared by CR,

showed a significant increase of the TOF to �0.7 s¢1, com-
pared with 0.28 s¢1 for the blank CR solid. Moreover, the imple-
mentation of the SI protocol led to bimetallic catalysts with

high TOF values whatever the support (0.75, 0.64, and 0.55 s¢1

after the loading of 2.7, 3.4, and 3.5 wt % Re on PdKCl/P25,

PdKCl/DT51, and PdCl/P25, respectively).
To explain these differences, in a first step, it was verified

whether a supported monometallic Re catalyst was able to

participate to the reaction. The 1.9 wt %RepH1/P25 solid after
in situ reactivation at 450 8C gave a low but non-negligible

specific activity of 0.84 mol h¢1 gRe
¢1 (compared to 1.5–

3.5 mol h¢1 gPd
¢1 for the Pd-based catalysts). It was demonstrat-

ed by XPS that this solid contained 15 % Re0 and 85 % Re3++ at
the surface of the catalyst (Table 1, entry 3). This would suggest

Figure 9. TOF values for cyclohexane dehydrogenation with a) xwt %Re-
PdKCl/P25, b) xwt %Re-PdKCl/DT51, and c) xwt %Re-PdCl/P25.
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that Re in the zero-valent state could effectively catalyze the
reaction.

In a second step, we considered the reduction degree of Re
to the zero-valent state in the bimetallic catalysts as deter-

mined by XPS after in situ reduction at 450 8C. In all reduced
samples, no modification of the electronic state of Pd could be

evidenced by XPS on the addition of Re. As shown previously,
depending on the support, the Pd precursor, and the deposi-

tion method, the reduced bimetallic Re-Pd catalysts examined

contained different proportions of Re0 and Re3++ (Table 1). How-
ever, until now we have not been able to establish a correlation
between the method of preparation and the resulting oxida-
tion degree of Re (Re deposited on PdKCl/DT51 by SI (2.6 wt %)

or CR (1.9 wt %), on PdKCl/P25 by
SI (2.7 wt %) was present as

�30 % Re0 and 70 % Re3++). Re in-

troduced on 1.5 wt %Re-PdKCl/
P25 by CR was more reduced

(74 % Re0). However, the 0.9 wt %
Re and 1.7 wt % Re catalysts pre-

pared by CR on PdCl/P25 con-
tained mainly or only 100 %

Re3++. Nevertheless, it is noticea-

ble that catalysts that contain
Re0 (�30 %; except 1.5 wt %Re-

PdKCl/P25-CR, which surprisingly
contained 75 % Re0) resulted in

a significant increase in TOF
(0.6–0.7 s¢1), which would again

suggest a possible contribution

to the dehydrogenation reaction
of metallic Re in bimetallic catalysts. Furthermore, if the activity

of catalysts that contain Re0 is proportional to the amount of
metallic Re and if we consider the activity of 1.9 wt %RepH1/P25

(15 % Re0) of 0.84 mol h¢1 gRe
¢1, the activity attributed to Pd in,

for example, 1.9 wt %Re-PdKCl/DT51-CR (30 % Re0) should be
1.22 mol h¢1 gPd

¢1, which would result in a TOF of 0.3 s¢1 for

Pd0. This value is very close to the TOF of the monometallic
catalyst (0.28 s¢1). These results suggest that the higher activity

observed for some bimetallic catalysts in the dehydrogenation
reaction is just the sum of the contributions of both metallic

Pd and Re. The absence of change of the TOF in the absence
of Re0 shows that the addition of Re does not modify the elec-

tronic state of Pd.
In contrast, there are some data in the literature that dem-

onstrate a strong interaction in Re-Pd catalysts[17, 41] and other

Re-based bimetallic solids. A considerable interaction was also
concluded for reduced Re-Pd/Al2O3 catalysts prepared by SI.[42]

High-resolution transmission electron microscopy (HR-TEM)
images of Re-2 wt %Pd/C (Re/Pd molar ratio 0.6) prepared by

incipient wetness impregnation, drying, and reduction at

300 8C showed Pd particles and some alloy bimetallic particles
with a lattice expansion associated with the incorporation of

Re into the Pd lattice.[17] The formation of surface bimetallic
clusters on the surface of TiO2 was demonstrated in Pt-Re/TiO2

and Pd-Re/TiO2.[43] The addition of Re to Pt/C resulted in a de-
crease in the electron density of both Pt and Re as shown by

the shift to higher energies with increasing Re content in the
bimetallic catalysts.[44]

Catalytic performance

GBL and BDO are the main products of SUC hydrogenation.

THF, propanol, and butanol are produced as minor byproducts

(THF <10 %; propanol, butanol <2 %).
A comparison between the behavior of the catalysts for SUC

hydrogenation has been reported previously.[19] Typical concen-
tration profiles observed for SUC hydrogenation in the pres-
ence of a Pd and a ReOx-Pd catalyst are shown in Figure S8.
The catalytic results are shown schematically in Figure 10.

Globally, a positive effect on the reaction rate of SUC to GBL

was usually observed as the amount of Re increased, though
the optimal amount using the CR method passed through

a maximum. Indeed, the time required to observe 50 % conver-
sion of SUC to GBL in the presence of the different catalysts

was as follows: PdCl/P25, 8 h; 0.5 wt %Re-PdCl/P25-CR, 8 h;

0.9 wt %Re-PdCl/P25-CR, 3 h; and 1.7 wt %Re-PdCl/P25-CR, 5 h
for the PdCl/P25 series; PdKCl/P25, 29 h; 0.6 wt %Re-PdKCl/P25-
CR, 8 h; 1.5 wt %Re-PdKCl/P25-CR, 15 h; and 2.9 wt %Re-PdKCl/
P25-CR, 12 h for the PdKCl/P25 series ; PdKCl/DT51, 12 h;

0.8 wt %Re-PdKCl/DT51-CR, 3 h; and 1.9 wt %Re-PdKCl/DT51-CR,
12 h for the PdKCl/DT51 series. The time for the SI-prepared cat-

alysts was in the range 2.5–3 h except for 3.4 wt %Re-PdCl/P25-

SI (7 h). The rate of GBL conversion to BDO is reflected by the
final selectivity as described in Figure 10. The most important

point is the remarkable effect on the selectivity to BDO.
Although the selectivity to BDO was almost null using Pd/

TiO2 catalysts, promotion by Re made the ring-opening and hy-
drogenation of the GBL intermediate to BDO possible. Howev-

er, the selectivity was strongly affected by the support, the

preparation method of the Pd catalyst, and the Re deposition
procedure. The optimum amount of Re promoter required by

the CR protocol (0.6–0.9 wt %) to allow high selectivities to
BDO was lower than that for the SI protocol (3–4 wt %). An in-

crease in the loading of Re by CR above this optimum value
has little effect on catalyst selectivity, although there was a gen-

Figure 10. Effect of various amounts of Re added to Pd on SUC hydrogenation. Left : selectivity to GBL (black),
BDO (light grey), THF (dark grey), others (white); right: unconverted (GBL++SUC) concentration after 48 h (open
square or circle). Reaction conditions: SUC (6 g) in water (114 g; 0.43 mol l¢1), PH2

= 150 bar, T = 160 8C, 0.5 g cata-
lyst, t = 48 h.
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eral trend of decreasing conversion at high loadings. If we
used the SI protocol, a high Re content, high activity, and high

selectivity to BDO were achieved.

Discussion

Distribution of Re species in the catalysts

Reducibility of Re in the monometallic Re catalyst

The reducibility of Re in monometallic samples must be clari-
fied as a fraction of Re may be deposited on the support

during bimetallic preparation. The TPR of the 1.9 wt %RepH1/
P25 monometallic catalyst revealed a large peak of H2 con-

sumption at �330 8C attributed to the reduction of various
oxidized Re species (Figure 6). Quantitative analysis by XPS
showed that the solid after reduction is still composed of

a complex mixture of surface species. Only 15 % Re0 was identi-
fied after the rereduction of the “as-prepared” solid on P25

(Figure 4 c, Table 1, entry 3), compared to 89 % Re0 following
the reduction of the precursor (Figure 4 a, Table 1, entry 1),

which suggests that the reduction of a mixture of partly oxi-

dized dispersed Re species is more difficult than the direct re-
duction of Re7++ to Re0. The finding that a fraction of Re is not

completely reduced to the metallic state even after reduction
at 450 8C is consistent with the results of the reducibility of

rhenium oxide in supported monometallic catalysts prepared
from NH4ReO4, which has been debated in the literature,

mainly on alumina.[25] Re is oxophilic and may bond strongly to

metal oxide surfaces. The reducibility is a function of the Re
loading (the interaction might be very strong at low concen-

tration and decrease with the increasing coverage of Re), the
calcination temperature, the adsorbed moisture, and the

strength of the interaction of the Re clusters with the O atoms
of the support (which decreases in the order Al2O3>SiO2~
ZrO2>TiO2).[22, 25, 29, 45–47] Bare et al. used several techniques to

show that Re is present as a mixture of species (unreduced
Re7++ species, small clusters, and isolated atoms) after the re-

duction of 0.7 wt %Re/g-Al2O3.[25] It was also suggested by ex-
tended X-ray absorption fine structure analysis (EXAFS) that
a Re/Al2O3 catalyst after reduction at 400 8C contained a fraction
of rhenium oxide in addition to highly dispersed metallic parti-

cles on the support surface.[45]

The reason why the Re species were more difficult to reduce

to the metallic state after exposure to air may be explained by
the weak interaction of Re with the support. It is possible that
upon exposure to ambient air these Re particles redisperse to

more highly dispersed surface rhenium oxides that could inter-
act more strongly with the support and be more resistant to

complete reduction. The metal oxidation state of Pt-Re sup-
ported on Al2O3 and TiO2 was determined by in situ XANES in

solvents in autoclave reactors at 120 8C under 10 bar H2 pres-

sure.[41] It was harder to reduce Re on TiO2 than on alumina.
TiO2 seemed to have a fraction of Re not associated with Pt,

which is different from that on Al2O3. It was proposed that
some of the Re was not in contact with Pt, which makes it

harder to reduce. Additionally, the strong interaction between
ReOx and TiO2 might play a role.

Structure and interaction between Pd and Re in the bimetallic
catalysts

The data obtained by the different techniques with regard to

the structure of the bimetallic catalysts and the nature of the
interaction of the two metals are sometimes inconsistent, how-

ever, the balance is in favor of the presence of some Pd–Re in-
teractions without significant electron modifications of Pd and

Re sites. We tried to highlight the differences, if any, when we
compared the different catalysts.

According to the results of H2 chemisorption, the deposition
of Re onto the Pd catalyst decreased the hydrogen accessibility
of Pd, although significant differences were observed. If we

used the CR protocol, the decrease was moderate, which indi-
cates a very low coverage of the Pd surface with ReOx species.

In contrast, the exposed Pd surface was modified significantly

using the SI protocol, which suggests a higher coverage of Re
on the Pd surface for a given loading of Re.

It was difficult to detect Re particles by TEM because of the
high dispersion of Re species. Nevertheless, the EDX analysis

confirmed the presence of both Pd and Re in small or large
analysis zones. However, STEM in dark-field mode at high reso-

lution and the corresponding analysis was able to image the

Re nanoclusters (<0.7 nm) located everywhere on the Pd parti-
cles in the bimetallic catalyst and on the support. The deposi-

tion of Re located specifically on Pd could not be visualized.
The presence of Re clusters all over the catalyst is consistent

with the low Re coverage of the Pd surface of PdKCl/P25 with
increasing loadings of Re, even at 1.5 wt % Re addition

(Figure 8).

In the impregnated materials and after oxidation, Re was
present as Re7++ only (XPS data). TPR profiles of preoxidized

samples showed that the H2 consumption at low temperature
in the bimetallic catalysts was higher than that in the parent

catalysts, which suggests that some of the Re oxide might be
reduced at lower temperatures compared with the monome-

tallic Re catalyst, if it interacts with Pd or in close vicinity of Pd.

In the PdCl/P25 catalyst series, the amount of H2 consumed in-
creased with the amount of Re deposited by CR from 0.5 to
3.6 wt % (Table 2). However, even after reduction at 450 8C, the
complete reduction of Re to the zero-valent state was not ob-

served by XPS, which signifies that even if Re reduction was fa-
cilitated by contact with Pd, all of the Re was not reduced to

the metal.

In the XPS spectra of Pd and Re in the bimetallic catalysts
measured in an in situ cell, there was no clear indication that

the addition of Re caused a shift of the BEs of reference mate-
rials, which excludes strong electronic perturbations. These re-

sults suggest that the vast majority of Re is located preferen-
tially in contact with Pd but without electronic interaction. The

sites are thought to consist of metallic Pd surface sites with

neighboring Re atoms. In the XPS spectra there is a trend that
the distribution of Re species shifts to more oxidized species

as the content of Re increases. This is shown, for instance, in
the comparison of 0.9 wt %Re-PdCl/P25-CR and 1.7 wt %Re-PdCl/

P25-CR (Table 1, entries 18 and 20).
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More information can be
gained if we determine the H2

consumption during TPR, which
may be assigned to the reduc-

tion of oxidized Re in addition to
the reduction of oxidized Pd. To

calculate these values, the oxida-
tion degree of Pd and Re before

TPR was determined by XPS

after O2 pretreatment at 300 8C
in the XPS cell (which mimics
the oxidation treatment before
the TPR experiments); Re was in
its highest oxidation state of ++7,
whereas Pd was present as Pd2++

and Pd4++. The Pd4++/Pd2++ distribu-

tion of 48/52 % in PdCl/P25
changed to 31/69 % and 20/80 %

on the addition of 0.9 and
3.6 wt % Re by CR, respectively

(Table 2). This distribution was
20/80 % in 2.7 wt %Re-PdKCl/

P25-SI. Re in contact with Pd

seems to prevent Pd from
strong oxidation, as mentioned above.

The calculated H2 consumptions for the reduction of Re7++

characterized both by TPR and XPS are reported in Table 2. A

Re average oxidation valence (OD) was deduced from these
values and is also reported in Table 2. The average OD of Re in

the CR- and SI-prepared bimetallic catalysts evolved between

3.0 and 5.5. The 1.9 wt %RepH1/P25 reduced catalyst showed
a lower OD (2.5) than the bimetallic catalysts. The CR-prepared

bimetallic catalyst with the lowest Re content (0.5 wt %) dis-
played the highest OD value (5.5), which suggests that Re spe-

cies in a highly dispersed state (probably in an atomic form)
are very difficult to reduce. For the other CR-prepared bimetal-

lic catalysts of the series, the OD tends to increase with the Re

addition on PdCl/P25. This means that less Re comes into direct
contact with Pd as the Re loading increases. This hypothesis is
in agreement with the hydrogen accessibility, which reached
a plateau at 10 % in this series. As the Re loading increases, the

Re species are reduced, although to a higher oxidation degree
if they are deposited close to Pd, however, without decreasing

the Pd accessibility ; it will also be deposited as ReOx nanoclus-

ters isolated on the support as observed clearly by HAAD-
STEM on 1.5 wt %Re-PdKCl/P25 (Figure 3). The reduction of

these ReOx nanoclusters on the support was not detected by
TPR, which signifies that they may interact strongly with the

support. In contrast, in the catalysts prepared using the SI pro-
tocol, the reduction of the ReOx clusters isolated on the sup-

port was detected by TPR, which indicates that these aggre-

gates are larger and do not interact with the support.

Schematic representation of bimetallic catalysts

We can now propose a structural model for the location of Re
on the catalyst surface that is consistent with the characteriza-

tion data and explains the performance trends observed with
the different catalysts (Figure 11). Alternative locations were

considered: (i) Re is deposited on the existing Pd crystallites,
(ii) Re is in the immediate vicinity of the existing Pd, (iii) Re is

on the support surface. If Re did not contribute to the de-

crease of Pd accessibility, this could suggest that the Re depos-
its as multilayer structure or is located on the support. The dis-

tribution of reduced Re surface species must also be influ-
enced strongly by the Re content.

First, let us consider the CR method, which relies on the for-
mation of Pd-Hads, known to be a strong reductant, during the
bimetallic preparation. At the beginning of the deposition of

Re on PdCl/P25 and PdKCl/P25 (Figure 11 a and e), the adsorbed
atomic hydrogen on Pd acts to reduce ReO4

¢ to ReOx species.
Notably, the Pd particles were shown to grow during the dep-
osition of Re by CR on PdCl/P25. This initial fraction of Re

should be strongly immobilized. The stoichiometry of the reac-
tion of the deposition of these Re species is not demonstrated,

but one may expect low valences. However, XPS analysis indi-
cated that most of the time, only a minor part of Re was re-
duced fully to the metallic state. These highly reduced Re sur-
face species might be more resistant to reoxidation by expo-
sure to oxygen. As the Pd accessibility (as measured by chemi-

sorption) decreased only moderately with increasing amounts
of Re by CR in both series (Figure 8 a and e) and as Re is

shown to be reduced in contact with Pd (as measured by TPR),
we propose that the deposition occurs of course on the Pd
surface because of the oriented method but also mainly at the

interface of the Pd particles and the support. Moreover, we
suggest that incremental deposition on the Pd particles occurs

as clusters by stacking on the initially deposited ReOx species
rather than as isolated species, which would then take place

Figure 11. Schematic representation of the ReOx-Pd bimetallic catalysts.
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without a significant decrease of the Pd accessibility. These ad-
ditional Re layers should be less reduced than those closest to

the Pd nanoparticles. This situation would be somewhat analo-
gous to that described by Koso et al.[48, 49] who examined

MoOx-Rh and ReOx-Rh/SiO2 in detail. Although the amounts of
CO adsorption decreased similarly as a function of the amount

of Mo or Re, EXAFS indicated that Mo was adsorbed as isolated
MoOx, whereas Re was deposited as ReOx clusters. As a result,
the optimum promoter/Rh ratio for activity in tetrahydrofurfur-

yl alcohol was not the same. With a further increase of the
amount of additive, ReOx clusters might increase or be deposit-
ed all over the TiO2 support and yet leave some non-negligible
Pd accessibility according to HAAD-STEM and chemisorption

studies. All of the added Re will not promote the Pd catalyst
further, and the selectivity to BDO will decrease with too high

a loading (Figure 10).

The tendency followed by the catalysts synthesized by the
CR deposition method on PdKCl/DT51 was different from the

case of the two previous solids (Figure 11 c). Even a deposition
as low as 0.4 wt % Re decreased the Pd accessibility by a factor

of two (Figure 8 c), which suggests that the Pd surface was
very efficiently covered by Re species. Increasing amounts of

Re were added in a way that scarcely modified the available

Pd surface to chemisorption, either as aggregates on the metal
or as clusters on the support. However, these samples should

be treated with some caution as one must be aware of the ex-
perimental problems encountered during the synthesis.

In the case of the SI protocol applied to the three monome-
tallic catalysts (Figure 11 b, d, and f), the important point is that

the Pd accessibility decreased more significantly for �3–

3.5 wt % Re than in the case of the materials synthesized by
the CR protocol. This could signify that modification of Pd by

the Re species occurs differently, for instance as ReOx clusters
that cover a relatively large area of Pd atoms. Even at low load-

ings, Re is deposited randomly on the Pd particles and on the
support. We propose that Re is deposited on Pd as island clus-

ters rather than as multilayer clusters, which was the case for

the oriented CR method. Consequently, the Pd accessibility will
decrease more rapidly and, as shown by the catalytic tests
(Figure 10), a higher amount of Re is needed to obtain high
yields of BDO. The ReOx on the support might be a larger
amount and might not interact with the support, which ex-
plains that some areas are reduced at a higher temperature

than the smaller clusters obtained by CR as observed by TPR
(Figure 6).

Additional studies using EXAFS and CO chemisorption could
help to gain a better understanding of the local structure and
the degree of coverage of Pd with ReOx species, as shown by

Tomishige et al. for ReOx-Pt and ReOx-Ir catalysts.[50, 51]

Tentative mechanism

One of the most evident fea-

tures is that in all formulations
of bimetallic catalysts, either “as-

prepared” or even after reduc-
tion at 450 8C, Re is not com-

pletely reduced to the metal state and significant amounts of
partially oxidized Re in the range Re3++–Re7++ are present. This

may be indicative of an active role of oxidized Re during SUC
hydrogenation during the GBL reduction.

Supported bimetallic catalysts composed of a reducible
noble metal (Pt, Ir, Rh, Pd) and an oxophilic metal (such as Re)

have been described for the conversion of biomass-derived
feedstock, the aqueous-phase reforming of biomass-derived

oxygenates,[52, 53] secondary C¢O bonds hydrogenolysis in

a broad range of polyols including glycerol[54–58] and cyclic
ethers,[48, 49, 56, 59, 60] and for amide,[61] acid,[62] and amino acid[63]

hydrogenation. As described in recent publications, Re promo-
tion may generate a bifunctional catalyst that possesses both

metal and Brønsted acid sites. The presence of acid sites on
ReOx-promoted metallic catalysts was revealed by NH3-TPD

profiles.[53, 57] NH3-TPD measurements also revealed that the

acid site density increased with the Re loading of Pt-ReOx cata-
lysts.[64] Such an acid–metal bifunctional mechanism has been

proposed for the hydrogenation of tertiary amides[61] or (hy-
droxymethyl)tetrahydrofuran derivatives over bimetallic cata-

lysts composed of a noble metal (Rh or Pt) and Re promot-
er.[59, 65] Under hydrothermal conditions, hydroxylated Re sur-

face species are able to activate ring-opening by deprotona-

tion and interaction with the reactant molecules with proton
donation followed by metal-catalyzed hydrogenation.

This type of mechanism might be considered for our system
(Scheme 2). The conversion of SUC to BDO occurs in two steps

(Figure S8). SUC is converted to GBL, which is subsequently
transformed to BDO and THF after nearly complete conversion

of GBL. Significant hydrogenolysis of GBL was only observed in

the presence of the bimetallic catalysts, which highlights the
essential role of Re in this step. The activation of GBL on pro-

tonated Re bound to Pd may occur through both the oxygen
in the cycle and the carbonyl group to yield an ester inter-

mediate. The ring-opening of this cycle then takes place in
water, and further hydrogenation over Pd will yield BDO. The

active sites are expected to be at the interface between Pd

and the ReOx clusters. Activation through only the carbonyl
group would yield THF through the stepwise conversion of
C=O to C¢OH and then C¢OH cleavage. The latter pathway
would require a higher activation barrier energy for adsorption

and hydrogenolysis of the C=O over a Re-Pd surface.
Another important point is that, notwithstanding extensive

characterization, the specific nature of the most active sites is
still unclear. Poor information is still available on the impor-
tance of the location or which oxidation valence is the most

important to control the selectivity to BDO. Overall, there does
not appear to be a consistent trend between the fraction of Re

that has been reduced to Re0 and the final selectivity to BDO.

Scheme 2. Schematic reaction pathway to BDO.
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Indeed, 2.6 wt %Re-PdKCl/DT51-SI and 1.9 wt %Re-PdKCl/DT51-CR,
which are reduced to the same extent of 30 % Re0, gave very

different selectivities of 78 and 26 %, respectively. The
1.9 wt %Re-PdKCl/DT51-CR catalyst was particularly poorly active

for both SUC transformation and GBL hydrogenation. This be-
havior is not related to the degree of reduction as 1.5 wt %Re-

PdKCl/P25-CR in a highly reduced state (70 % Re0) was also
poorly active. The catalysts that contained a lower fraction of
Re0 (0.9 wt %Re-PdCl/P25-CR and 1.7 wt %Re-PdCl/P25-CR) led to
moderate BDO yields.

An important parameter might be the acid strength of the
generated sites. It was shown that the acid strength was
higher for OH sites bound to multiple oxophilic metal atoms in
a threefold configuration rather than OH sites adsorbed in an
on-top configuration on one oxophilic metal.[65] This hypothe-

sis is consistent with the suggestion of a Re deposition by

stacking using the CR protocol based on physicochemical char-
acterizations. The ReOx clusters may yield acid sites with

a higher strength that might be less favorable for BDO selectiv-
ity.

Finally to conclude, we should be cautious that essentially
all the characterizations of the solids were performed ex situ

and might not be an exact representation of the structure and

the interactions of these metals after reduction in the working
catalysts under hydrothermal conditions. The question remains

whether the metallic phases in the bimetallic catalysts are
maintained during aqueous-phase processing. If we consider

the structure of the bimetallic catalysts after synthesis, the re-
duced state might be different from that actually present in

the hydrothermal environment under H2. There are some indi-

cations in the literature that the reduction degree should
remain intact. Characterization by in situ XANES in water

showed that Re in PtRe at a high temperature of 225 8C re-
mained reduced[44] and that Re in RhRe/C did not oxidize

under aqueous-phase hydrogenolysis.[57] The elucidation of the
active site and the reaction mechanism deserves further inves-
tigation.

Conclusions

Different techniques (XRD, TEM, high-angle annular dark-field
scanning transmission electron microscopy, X-ray photoelec-
tron spectroscopy, temperature-programmed reduction, H2

chemisorption, and the cyclohexane dehydrogenation model
reaction) were used to characterize ReOx-Pd/TiO2 catalysts pre-
pared by using two different methods of Re promotion (suc-

cessive impregnation or catalytic reduction) from three differ-
ent monometallic Pd/TiO2 catalysts. Significant interactions be-

tween the two metals were demonstrated, although without
electronic modification. Monomeric structures of ReOx were

evidenced by high-angle annular dark-field scanning transmis-

sion electron microscopy everywhere over the catalyst. The
mechanism proposed for the selective hydrogenation of suc-

cinic acid to 1,4-butanediol highlights the role of oxidized Re
clusters bound to Pd in the activation of g-butyrolactone, ring

opening, and hydrogenation to 1,4-butanediol. It is also pro-
posed that the different catalytic performances in the hydroge-

nation of succinic acid by bimetallic catalysts prepared by suc-
cessive impregnation or catalytic reduction are a result of the

different structures of ReOx clusters on the Pd surface. In the
catalysts prepared by successive impregnation, ReOx was

formed as islands, whereas in those prepared by catalytic re-
duction, the formation of multilayer ReOx was orientated by

stacking.

Experimental Section

Preparation of catalysts

The catalysts used in this study were TiO2-supported Pd and Re-Pd
catalysts. Two commercial supports were used: TiO2 DT51 (specific
surface area 88 m2 g¢1, mean mesopore diameter 12 nm, supplied
by Cristal) and TiO2 P25 (specific area 50 m2 g¢1, supplied by Degus-
sa-Evonik). The Re-modified catalysts are referred to as bimetallic
catalysts throughout the manuscript, although a real alloy between
the components was not evidenced. They were prepared from the
synthesized monometallic Pd catalysts. Ammonium perrhenate
(NH4ReO4) was used as the source of Re.

The 2 wt %PdCl/P25 catalyst was prepared using PdCl2 as precursor
salt by an impregnation method performed in an acidic aqueous
medium (pH 1, HCl 32 wt %) as described previously.[20, 21] After the
impregnation step, the solvent was evaporated, and the solid was
dried in an oven at 120 8C, treated by calcination under air at
300 8C for 4 h, and finally reduced in flowing H2 (3.6 L h¢1) at
300 8C.

The 2 wt %PdKCl/P25 and 2 wt %PdKCl/DT51 catalysts were prepared
by deposition–precipitation using K2PdCl4 as the precursor.[21] An
appropriate amount of the precursor salt was slowly added to
a suspension of the support (10 g) in water. After 30 min stirring,
the pH was adjusted and maintained at pH 11 by the addition of
KOH. The suspension was heated to reflux at 100 8C for 1 h. After
cooling, the solid was collected by filtration and washed thorough-
ly several times by dispersing it in water (200 mL), decantation,
and centrifugation until the supernatant had a neutral pH. The
solid was dried under vacuum at 50 8C overnight, reduced in flow-
ing H2 (3.6 L h¢1) at 300 8C for 3 h, and finally passivated under
1 vol % O2 in N2 (1.8 L h¢1, 30 min).

Monometallic Re catalysts were prepared using aqueous solutions
of NH4ReO4 as the precursor. The 1.9 wt %RepH1/P25 catalyst was
prepared by impregnation of TiO2 P25 in acidic medium (pH 1),
evaporation, drying in an oven at 120 8C, and reduction at 450 8C
in H2 (to mimic the CR deposition),[20] whereas 3.1 wt %RepHn/DT51
was prepared using the same procedure, except the pH of the pre-
cursor aqueous solution was not adjusted (to mimic the SI deposi-
tion).

The supported Re-Pd bimetallic catalysts were prepared from the
parent Pd catalysts by the addition of different amounts of Re
using two different methods: SI and ex situ CR. In the SI method,
an aqueous solution of a predetermined amount of the Re salt was
added to a suspension of the parent Pd catalyst at RT. After 5 h
stirring, the excess water was evaporated by using a rotary evapo-
rator at 50 8C under vacuum. The sample was dried overnight at
50 8C under vacuum, reduced in H2 flow at 450 8C, and finally passi-
vated in 1 vol % O2 in N2. The CR deposition method relies on a sur-
face redox reaction between adsorbed atomic hydrogen on Pd
(Pd-Hads) in the parent catalyst and the Re precursor according to
the overall reaction [Eq. (1)]:
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ReO4
¢þn Pd-Hadsþð8¢nÞHþ ! ðPdÞn-Reð7¢nÞþþ4 H2O ð1Þ

This method should direct the deposition of Re onto the pre-exist-
ing Pd particles.[66] The parent Pd/TiO2 catalyst was placed in
a fixed-bed reactor, and after purging with inert gas, the solid was
reactivated at 300 8C for 1 h and then cooled under a H2 flow
(3.6 L h¢1). Then, the Re aqueous solution (acidified to pH 1 with
HCl and degassed with an inert gas) was poured onto the Pd cata-
lyst. The mixture was maintained for 1 h under H2 bubbling at RT.
The solution was filtered, and the catalyst was dried overnight at
100 8C in the fixed-bed reactor under H2, before reduction in H2

flow (3.6 L h¢1) at 450 8C. The reduced catalysts were allowed to
cool under H2. Once RT was reached, the catalyst was flushed with
N2, followed by slow exposure to air.

The SI catalysts were exposed to air and stored under Ar before
they were used for characterization or a reaction test. The catalysts
prepared by CR were stored in ambient air. They are denoted “as-
prepared” bimetallic catalysts.

Characterization of catalysts

The actual bulk Pd and Re loadings in the catalysts were deter-
mined with an accuracy of �0.1 wt % by ICP-OES by using an
ACTIVA instrument (Horiba Jobin Yvon) after acid digestion with
H2SO4, HCl, and HNO3.

XRD patterns of the catalysts were recorded in the range 2 q= 10–
808 (scan step 0.038, step time 2 s) by using a Bruker D5005 X-ray
diffractometer and a CuKa radiation source (l= 1.54056 æ). Phase
identification was made by comparison with the JCPDS database.
Crystal sizes were estimated if possible using the Scherrer equation
from the width at half maximum intensity.

TEM and STEM were conducted by using a JEOL 2010 instrument
with a LaB6 source operated at 200 kV coupled to a Oxford Link
ISIS instrument for microanalysis EDX spectroscopy and a JEOL
2010 FEG equipped with a field-emission gun operated at an accel-
eration voltage of 200 kV. ETEM was performed on some samples
to achieve a better resolution (1.36 æ) by using a FEI TITAN G2 80–
300 kV instrument. HAADF-STEM was performed in the STEM
mode with EDX to obtain elemental analysis. Pd L and Re M lines
that are free from interferences by signals from other elements
were used to quantify the relative amounts of Pd and Re, respec-
tively. For the analysis of individual particles, the electron beam
was focused to a diameter close to the diameter of the particle
under investigation. Typically, monometallic Pd catalysts were ob-
served after the samples were suspended in ethanol, sonicated,
and dispersed over a copper mesh grid with a carbon film coating,
and ethanol was allowed to evaporate. As rhenium oxo species are
formed that may be soluble in water or in ethanol upon exposing
the bimetallic catalysts to air, the bimetallic catalysts were dis-
persed dry on the carbon film with a syringe.

The surface chemical composition and oxidation states of Pd and
Re in catalyst samples were analyzed by XPS by using a hemispheri-
cal analyzer with a Kratos Axis UltraDLD spectrometer with a delay
line detector and charge neutralization system. XPS spectra were
collected by using a monochromated AlKa X-ray source (hn=
1486.6 eV). The BEs were referenced to the C 1s line at 284.5 eV.
XPS profiles of “as-prepared” catalysts and after in situ pretreat-
ment in O2 or H2 in a cell connected directly to the XPS chamber
were analyzed. After pretreatment, the samples were cooled to RT
and transferred without exposure to air into the ultra-high vacuum
chamber (10¢9 mbar). Peak fitting was achieved using CASA XPS

software. Quantitative determinations were performed using the
Vision KRATOS software. The Re 4f7/2 component of the Re 4f char-
acteristic doublets for each species was used to determine the BE
and the chemical state of the Re species. The Re 4d and Pd 3d
peaks were used to calculate the Re/Pd atomic ratios.

H2-TPR measurements were performed in a flow apparatus after
in situ pretreatment under pure O2 for 1 h at 300 8C and after cool-
ing to RT before the reduction under a 1.0 vol % H2/Ar gas mixture.
The temperature range was 25–700 8C with a ramp of 5 8C min¢1.
H2 consumption during the reduction was detected by using an
AutoChem II/Micromeritics apparatus using a thermal conductivity
detector.

The metallic accessibility was measured by H2 chemisorption using
a pulsed technique at 70 8C as described previously[20] (Supporting
Information). This temperature was chosen to avoid the formation
of a b-hydride phase. Re does not chemisorb hydrogen under
these conditions.

Activity in cyclohexane dehydrogenation to benzene was also used
to characterize the metallic function. The reaction was performed
under atmospheric pressure in a continuous flow reactor at 270 8C.
An injection of cyclohexane (2 mL h¢1) was made using a calibrated
motor-driven syringe. The partial pressures were 97 and 3 kPa for
H2 and cyclohexane, respectively. All measurements were per-
formed with a total flow rate of 100 mL min¢1 with 20 mg catalyst
to ensure a conversion lower than 13 %. Samples were first reacti-
vated at 300 8C (3.6 L h¢1 H2). Analysis of products was performed
by GC with a flame ionization detector by using a HP-PLOT Al2O3

column (50 m).

Hydrogenation experiments

SUC with a purity>99 % was purchased from Aldrich Chemical Co.
All aqueous catalytic hydrogenation experiments were performed
by using a 300 mL high-pressure batch reactor (Parr 4560)
equipped with a magnetically driven impeller and a liquid sam-
pling system described previously[18–21] (Supporting Information).
The experiments were performed at 160 8C to favor the formation
of BDO. Indeed, it has been described that to obtain a high BDO/
THF ratio, the reaction should be preferably performed at tempera-
ture close to 150 8C, whereas temperatures close to 225–240 8C will
achieve a higher THF/BDO ratio.[14, 17, 67]
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