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Abstract

Two series of nanostructured carbon replicas were synthesized through a hard-templating method using ordered SBA-15 or
disordered mesoporous spherical silica gel as the templates and furfuryl alcohol or sucrose as the carbon source. They were
explored to synthesize the Pd catalysts (ca. 1.5 wt% Pd loading) by the colloid-based microemulsion procedure which allowed
preparing the catalysts of monodispersed Pd particles of similar size (4-5 nm). The palladium phase in the catalysts (e.g.
the Pd particles distribution and extent of agglomeration) varied depending on the textural and surface characteristics of the
carbon replicas. In the furfural hydrogenation studied as a probe reaction (2-propanol, 35 °C, 6 bar H,), furfuryl alcohol and
tetrahydrofurfuryl alcohol were the major products formed. The catalytic reactivity has been related to the properties of the
Pd phase including the surface Pd concentration and the extent of the Pd particles aggregation accompanied by the nearest
palladium environment expressed by the surface O/Pd atomic ratio. At high O/Pd ratio the reaction slowed down because of
a facilitated furfuryl alcohol adsorption resulting most probably in a blockage of the active sites. The SiO, sucrose system
provided the catalyst which was characterized by relatively low O/Pd ratio with well-dispersed Pd particles and the high-
est and stable activity for the furfural hydrogenation. The SBA-series catalysts, with lower O/Pd and more aggregated Pd
particles, exhibited lower activity but somewhat higher tendency to the tetrahydrofurfuryl alcohol formation.

Keywords Ordered mesoporous carbon - Pd nanoparticles - Oxygenated carbon functionalities - Furfural hydrogenation

1 Introduction

Carbonaceous materials have been widely used as supports
of metal-based catalysts under various forms: activated car-
bon, carbon black, multiwall carbon nanotubes, nanostruc-
tured carbon replicas (OMC) synthesized by templating
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area and large pore volume [2, 3]. They consist of a net-
work of interconnected regular carbon rods forming porous
structure with predomination of mesopores between the
rods and small contribution of micropores—defects in the
walls of the carbon rods. The structural properties of OMC,
including the porous structure and pore width are mainly
influenced by template (MCM-48, SBA-15, HMS), whereas
the carbon precursor (sucrose, furfuryl alcohol, anthracene)
affects specific surface area, graphitization degree, and sur-
face properties.

The CMK-3 carbon obtained with SBA-15 template and
sucrose precursor was the most frequently applied as sup-
port for the noble metal-containing catalysts studied in elec-
trocatalytic [4] and catalytic reactions [5-9]. For instance,
the Ru/CMK-3 catalysts were very effective for ammonia
decomposition [5] and nitrobenzene hydrogenation [6, 7],
the Pt/CMK-3 catalysed enantioselective hydrogenation of
a-ketoesters [8] and benzaldehyde hydrogenation [9]. How-
ever, the preparation of OMC-based catalysts with well-dis-
persed metal nanoparticles by conventional impregnation/
reduction method is difficult. The carbonization process
eliminates most of oxygenated carbon groups which are
the anchoring and nucleating sites for the metal precursor
[10-14]. This implies an uncontrolled growth of the metal
crystallites of size within a wide range. They are located not
only outside of carbon rods but also between adjacent arrays
[15, 16]. Therefore more complicated procedures involv-
ing polyol [17] or carbonization of a mixture consisting of
the metal ions (H,PtCl,, acetylacetonate of Pt, Ru) and car-
bon precursor (sucrose) inside the pores of SBA-15 template
have been tested [17-19].

The nanostructured carbon replicas were also synthe-
sized using disordered templates, such as MgO [20], CaCO,
[21], TiO, [22], natural clay minerals [23], silica [24] and
y-alumina [24-28]. Among them, the mesoporous carbon
synthesized using sucrose precursor and silica template
seems to be very attractive for catalytic application due to
very high surface area (up to 2000 m?/g) and high porosity
(ca.2 cm’/ g) with domination of uniform mesopores ca. 10
nm width and only a trace of micropores [28]. This structure
was a result of small and thin carbon sheets which joined
each other forming a rigid framework [25, 26]. Its counter-
part synthesized using furfuryl alcohol precursor was char-
acterized by a somewhat lower surface area [24].

This synthesis procedure is adopted in the present work
in order to prepare the mesoporous carbons of potential
application as supports for the Pd catalysts. Thus, using dis-
ordered mesoporous silica gel as the template and sucrose
(ss) or furfuryl alcohol (ff) as the carbon source, the first
series of carbon replicas denoted as C(ss-Si) and C(ff-Si) are
synthesized. The second series includes the carbon replicas
denoted as C(ss-SBA) and C(ff-SBA) prepared using the
same carbon sources but the ordered nanostructured SBA-15
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as the template. These carbon samples are applied as the
supports for palladium catalysts. The hydrogenation of fur-
fural (FU) is used as a probe reaction to compare catalytic
properties of the Pd phase in the synthesized catalysts [29].

The palladium was incorporated by means of colloid-
based “water-in-oil” microemulsion method (ME). Accord-
ing to the ME procedure, the palladium particles are first
prepared in the emulsion medium and then deposited on the
support. Metal particles are formed by chemical reduction
(by NaBH,, N,H,) of metal precursors within aqueous drop-
lets. Thus, a growth of the metal particles is restricted by
the surfactant thus promoting monodispersed metal particles
[30-33]. Metal particles are transferred onto a support by
destabilization of the colloidal dispersion carried out in the
presence of the support by slow addition of tetrahydrofuran
(THF) [34]. The chemical compatibility between the sup-
port surface and hydrophobous “oil phase” of microemul-
sion (cyclohexane, isooctane) influences the metal particles
distribution in the final catalyst as it determines the wetting
of support by liquid. Therefore, hydrophobic supports, like
carbons, allowing more effective surface wetting, are pre-
ferred [35, 36].

Palladium was chosen taking into account its well-known
high activity for the hydrogenation of reagents with C=C
and C=0 bonds, among them furfural. Furfural is an impor-
tant platform reagent for lignocellulosic biofuels and value-
added chemicals which can be obtained via catalytic hydro-
genation (Scheme 1). These include 2-methylfuran (2-MF)
and 2-methyltetrahydrofuran, furfuryl alcohol (FA) and
tetrahydrofurfuryl alcohol (THFA), furan (FUR), tetrahy-
drofuran (THF), as well as various cyclo-products (cyclo-
pentanone) and aliphatic diols [29]. The hydrogenation can
proceed efficiently both in the liquid and vapour phase. The
former system is preferred for compatibility with the produc-
tion of furfural via catalytic dehydration of hemicellulose.
The catalysts containing noble (Pt, Pd, Ru, Rh) or non-noble
(Cu, Ni, Co, Fe) metals [29, 37-39] as well as metaloxides
(ZrO,)[40] have been developed. Typically, the noble-metals
based catalysts exhibit better activity (higher intrinsic hydro-
genation activity) but they suffer from high cost of precious
elements. Non-noble metals are more abundant and cheaper.
However, frequently the combinations with other metals or
the choice of proper support, solvent are required to improve
their activity, selectivity and stability. In the case of non-
noble metals, the application of high reaction temperature
(150-200 °C) and high H, pressure (0.2-0.5 MPa) is needed
[29]. These reaction conditions could be hazardous to our
Pd/C catalysts. Some changes in the catalysts surface such
as the reduction of oxygenated carbon groups and the metal
particles migration/aggregation might proceed similarly to
previous results for the carbon-supported Pd, Pt catalysts
[41, 42]. On the other hand, an easy dissociation of hydrogen
by Pd resulted in effective FU hydrogenation under mild
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Scheme 1 Selected reaction
pathways during the hydrogena-
tion of furfural (FU) in 2-pro-
panol; (FA—furfuryl alcohol,
THFA—tetrahydrofurfuryl
alcohol, 2-MF—2-methylfuran,
FUR—furan, THF—tetrahydro-
furan, THF U—tetrahydrofur-
fural, ET—furfuryl isopropyl FUR
ether, AC—furfural diisopropyl A
acetal)
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conditions (room temperature and H, pressure of 1-3 bar)
[43-45].

In general, the adsorption configuration of FU molecule,
which is highly dependent on the nature of the metal, deter-
mines to a large extent the hydrogenation pathway and
the products distribution. The interaction of FU with a Cu
surface involves the 111—(0) adsorption mode via the alde-
hyde group. The strong repulsion of the furan ring with the
Cu-surface limits the hydrogenation of the furan ring. As a
result, the Cu-based catalysts are a choice for the selective
formation of furfuryl alcohol which is the most important
product to date. The copper chromite catalyst is usually
employed in the industrial applications for the FA produc-
tion. However, this process poses a serious drawback caused
by the toxic nature of Cr and requires harsh conditions (ca.
200 °C, 2-10 MPa). The Cr-free Cu-based catalysts like Cu-
doped porous metal oxides (CuMgAlOy) also exhibited very
attractive performance. Moreover, the Co, Fe-based catalysts
also promoted the selectivity to the FA formation. Over the
Pd, Pt, Ni metals, FU tends to adopt an 112—(C,O) adsorp-
tion mode in which the furan ring lies flat onto the metal
surface with both the C and O atoms of the carbonyl group
bonded to the surface. The flat adsorption configuration has
been associated with a strong interaction between the metal
and the 7 bonds in the furan ring, originating from an sp? to
sp> rehybridization. On these metals, the reactions involve
both the furan ring and the aldehyde group and the products
of hydrogenation, hydrogenolysis, decarbonylation can be
formed. The activity/selectivity aspects of Cu and other non-
noble metals and that of Pd are summarized in Table S1 in
supplementary data.

The products selectivity over Pd-catalysts varied
depending on the reaction system both in terms of cata-
lyst (support properties, Pd particle size) as well as the

o
AC -

+ 2-propanol o @/k
\_o CHs

reaction conditions (solvent, temperature, pressure)
[45-49]. The furan ring hydrogenation producing over-
hydrogenated products (THFA, THF) was promoted by
high H, pressure, whereas high temperature promoted the
hydrogenolysis and decarbonylation reactions produc-
ing 2-MF and furan. Accordingly, Nguen-Huy et al. [49]
observed that in 2-propanol under 20 bar H, at 180 °C,
the Pd/SiO, and Pd/Al,O; promoted the formation of FA,
whereas the Pd on carbon black preferred subsequent furan
ring hydrogenation generating THFA. Alibali et al. [48]
reported that in 2-propanol under mild reaction conditions
(30 °C, 3 bar H,) Pd/Al,05 and Pd/TiO, were much more
selective towards THFA than Pd/activated carbon). Biradar
et al. [46] obtained total hydrogenation of FU to THFA
(2-propanol, 220 °C, 3.4 MPa H,) employing the siliceous
MFI-type molecular sieve-supported Pd. The selective
transformation of FU to THFA has been related to the
location of the Pd-particles in the cavities and channels
of molecular size in the porous MFI structure. Recently,
Chai et al. reported [50] a significant modulation of the FU
hydrogenation selectivity employing the catalysts with the
Pd nanoclusters encapsulated within MFI-type zeolites,
silicate-1, Na-ZSM-5, H-ZSM-5. An influence of zeo-
lite microenvironment resulted in the different reaction
pathways (2-propanol, 175 °C, 1 MPa). The Pd/H-ZSM-5
generated FA and THFA at similar selectivities (ca. 30%),
whereas over the Pd/Na-ZSM-5 catalyst the FA selectiv-
ity as high as >90% was reported. In FU hydrogenation
under nonconventional conditions using supercritical CO,
(scCO,, 130 °C, 8 MPa) Liu et al. [51] obtained FA yield
of 56% at FU conversion of 79% over Pd/activated carbon.
Mironenko et al. [52] reported that the use of PA/CNT
and Pd/CB (carbon black) catalysts in aqueous medium
under mild conditions of 50 °C, 0.5-2 MPa H, afforded
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FA yield >90% at total FU conversion. At higher reaction
temperature (90 °C) the FA yield decreased due to the for-
mation of THFA over the Pd/CB with larger Pd particles.

In the present work the catalysts of similar Pd loading
(1.1-1.4 wt%) with nearly monodisperse Pd nanoparticles
of ca. 4-5 nm in size are obtained using the ME method.
The studies concentrate on the influence of porous struc-
ture and surface properties (oxygenated carbon groups) of
the carbon replicas on the Pd phase including the metal
particles penetration, distribution and extent of aggrega-
tion. The commercial carbon black (Vulcan XC-72) sup-
ported catalyst was also prepared by the ME method for
the purpose of comparison. The aim of our experiments
was to elucidate the effect exerted by the particular carbon
support on the formation of Pd active sites for the furfural
hydrogenation studied in 2-propanol solvent under mild
reaction conditions (35 °C, 6 bar H,).

2 Experimental
2.1 Preparation of carbon replicas

SBA-15 synthesized according to the previously described
procedure [53] and commercial mesoporous spherical
silica gel (particle size 40-75 um, Sigma-Aldrich) were
used as the templates. Furfuryl alcohol (Sigma-Aldrich)
was deposited in the pore system of silica (C(ff-SBA) and
C(ff-Si) samples) by the precipitation polycondensation.
The silica template (3.0 g) was added to an aqueous solu-
tion containing 6.0 g of FA dissolved in 91.0 g of water.
Then, an HCI (Avantor) solution was introduced at HC1/
FA molar ratio of 6. The resulting slurry was heated up to
100 °C and left for 6 h under vigorous stirring. After cool-
ing and separation by filtration, the isolated brown solid
was washed thoroughly with water and dried overnight at
room temperature.

The C(ss-Si) and C(ss-SBA) carbon replicas were
obtained using sucrose (Avantor) as the carbon source [54].
An aqueous solution containing 1.25 g of sucrose, 5.0 g of
water and 0.14 g of sulfuric acid was introduced by the dry
impregnation into the silica matrix (10 g). The obtained
composites were dried in a furnace (first at 100 °C for 6 h,
and then at 160 °C for 6 h). The loading and drying proce-
dures were subsequently repeated.

All synthesized materials were carbonized in a tubular
furnace (heating rate of 1 °C/min, isothermal step at 850 °C
for 4 h) in a flow of nitrogen (40 cm’/min). Removal of the
silica templates was performed twice by a treatment with 5%
HF (Avantor) at room temperature using 30 cm? of the acid
solution per 1 g of the composite, followed by washing with
water and ethanol (96%, Avantor).
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2.2 Preparation of palladium catalysts

The catalysts were prepared by means of the microemulsion
method (ME). The reverse micellar solutions were prepared
using polyoxyethylene(7-8)octylphenyl ether (Triton X114)
(Sigma-Aldrich) as the surfactant and cyclohexane (Sigma-
Aldrich) as the “oil” phase. In all preparations parameter
“w” (molar ratio of water to surfactant) was equal to 5.5.
Details of the catalysts preparation are given in our previous
papers [36, 55]. The intended loading of Pd in the catalysts
was 2 wt%.

In order to prepare 1 g of the catalyst with 2 wt% Pd, 0.94
cm’ of PdCl, solution (0.2 mol/dm?) was added to cyclohex-
ane solution (16.8 cm?) of surfactant with concentration of
0.62 mol/dm>. The suspension was vigorously stirred to
form a transparent, clear, dark orange liquid. Palladium par-
ticles were prepared by addition of reducing agent (NaBH,
to Pd** molar ratio of 10) directly to the metal salt-contain-
ing microemulsion. The reduction process occurred quickly
with a change of liquid colour to black. The suspension was
left for another 1 h under stirring. Then, the carbon support
(0.98 g) was introduced and the system was stirred for next
1 h. Deposition of the metal nanoparticles on the support
was carried out by an addition of THF at a slow rate using
an automatic syringe pump under vigorous stirring. Upon
the addition of THF, the colour of liquid changed from black
to grey and finally the liquid was colourless, confirming the
complete deposition of metal particles on the support. The
catalyst was separated by filtration, dried in air for 24 h and
washed with a copious amount of methanol and acetone.
Finally, the catalyst was washed with water till the chloride
ions were removed, dried overnight in air and then at 80 °C
for 16 h. The used washing procedure is effective to elimi-
nate the surfactant [36].

The properties of 2%Pd/VC catalyst supported on com-
mercial carbon black (Vulcan XC-72, Cabot) were reported
in our previous paper dealing with its activity in the hydro-
genation of cinnamaldehyde [55]. The catalyst was prepared
by means of the same microemulsion method as that used
in the present work.

2.3 Physicochemical characterization

Textural parameters were calculated from the nitrogen
adsorption/desorption measurements at 196 °C using an
ASAP 2020 (Micromeritics) analyser. The samples were
degassed in vacuum at 350 °C for 5 h. The specific surface
areas were calculated by Brunauer-Emmett-Teller (BET)
method while the pore size distributions determined by Bar-
rett-Joyner-Halenda (BJH) model. The total pore volumes
were obtained from an amount of nitrogen adsorbed at the
relative pressure of 0.99. The average pore size was calcu-
lated from the adsorption branch.
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X-ray powder diffraction (XRD) was registered by
a Bruker D2 Phase instrument with a Lynxeye detector (Cu
Ka radiation). The average diameter of metal crystallites
was calculated on the basis of the Pd (111) peak broadening
according to the Scherrer equation.

The content of Pd (wt%) was determined by the X-ray
fluorescence (XRF) method using an ARL Quant’x ED-XRF
(Thermo Scientific) spectrometer with a Rh tube as a radia-
tion source.

X-ray photoelectron spectroscopy (XPS) spectra were
collected on a Prevac photoelectron spectrometer equipped
with a hemispherical analyzer (VG Scienta R3000) using Al
Ko (E=1486.6 eV) as an X-ray radiation source at a con-
stant pass energy of 100 eV for survey and high resolution
modes. Powdered samples mounted on a sample holder were
introduced by a load lock into an analytical chamber with
a base pressure of 5x 10~? mbar. The binding energy scale
was calibrated using the Au 4f;, line of a cleaned gold sam-
ple at 84.0 eV. The surface composition was analyzed taking
into account the areas and binding energies of C 1s and O 1s
core levels. The spectra were fitted using CasaXPS software.

Scanning electron microscopy (SEM) images were
collected by means of a JEOL JSM7500 F field emission
scanning electron microscope equipped with X-ray energy
dispersive (EDS) system. A secondary electron detector pro-
vided SE images, whereas a backscattered electron detector
gave COMPO micrographs.

High-resolution transmission electron microscopy
(HRTEM) and scanning transmission electron microscopy
(STEM) studies were performed on an FEI Tecnai G? trans-
mission electron microscope operating at 200 kV equipped
with EDAX EDX and HAADF/STEM detectors. Samples
for analysis were placed on a carbon-coated copper grid.

FT-IR spectra were recorded in the wavenumber range of
4000650 cm™~! using a Nicolet 6700 (Thermo Scientific)
spectrometer equipped with an MCT-A detector. For each
sample 200 scans were taken at a resolution of 4 cm™!. Prior
to the measurement, a dry powder sample was diluted with
KBr to 0.25 wt% and then a 13 mm pellet was formed by
pressing (5 tonnes).

2.4 Catalytic tests

The catalytic hydrogenation of furfural (Sigma-Aldrich) was
studied in a batch-type glass reactor at temperature of 35 °C
and hydrogen pressure of 6 bar using 2-propanol (Avantor).
The catalyst (0.05 g) and FU solution (70 cm?, 0.05 mol
FU/dm?) were introduced into the reactor and purged with
nitrogen and then with hydrogen. After heating the solu-
tion up to 35 °C, the hydrogen pressure was increased to 6
bar and the mechanical stirring was turned on (1800 rpm).
Samples were taken during the reaction and analysed by
GC equipped with FID detector (Perkin Elmer Clarus 500)

and capillary column Elite-5 MS. The GC peaks of furan and
2-methylfuran overlapped with a broad peak of 2-propanol
solvent making their analysis difficult. The reaction products
furfuryl isopropyl ether (ET) and furfural diisopropyl acetal
(AC) were identified by GC-MS (Thermo Electron Corpora-
tion GC equipped with TRSMS column and DSQ II Thermo
Electron Corporation mass spectrometer). The carbon mass
balance (CB) was calculated as the sum of the GC analysed
reagents: FU +FA + THFA +ET + AC.

3 Results and discussion
3.1 Structure, texture and morphology

The nitrogen adsorption isotherms and corresponding pore
size distributions for the SBA-15 and mesostructured silica
gel SiO, applied as the templates are compared in Fig. 1a,
b. The textural data collected in Table 1 shows that SBA-15
template characterizes by relatively high surface area (796
m?/g) and total pore volume (0.88 cm?/g) with a micropores
contribution of 11.4%. The high uniformity of pore sizes
in the SBA-15 template is reflected by very narrow pore
size distribution (Fig. 1a) with the mesopore width at the
maximum of the profile at 6.5 nm. The mesostructured silica
gel template has smaller surface area (296 m%/g) and less
uniform mesopores, within range from 4 to 20 nm with the
maximum at ca. 9.6 nm, i.e. of wider range than in the case
of SBA-15. However, the contribution of micropores (1.5%)
is very low (Table 1) which indicates a mesoporous structure
of the silica template.

The SEM images presenting morphology of the carbon
replicas prepared using the SBA-15 and SiO, templates are
compared in Fig. 1. Morphology of the SBA-derived carbon
C(ff-SBA) consisting of the carbon nanorods is typical for
the nanostructured carbons prepared with the SBA template.
This morphology has been commonly discussed to reflect
an inverse structure of the SBA-15 template, which is also
shown in Fig. 1. Maintaining the spherical morphology char-
acteristic of silica gel during the replication process is not
a simple task. The final carbon material is usually formed
as the spheres partially cracked due to their low mechanical
stability. This is also the case in the disordered silica-derived
C(ss-Si) carbon replica sample (Fig. 1b). Nevertheless, our
goal in the present work was not to synthesize perfect spheri-
cal grains of replica, but rather the comparison of the Pd
catalysts supported on the carbon replicas characterized
by ordered (SBA-series) or disordered pore architecture
(SiO,-series).

Textural and surface properties of the synthesized car-
bon replicas are summarized in Tables 1 and 2. The nitro-
gen adsorption-desorption isotherms and pore size distri-
butions for the SBA- and SiO,-series carbon replicas and
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Table 1 Textural properties

Sample

Surface area

Pores volume

Micropores contri- Aver-

of carbon. S}lpports and (m%g) Vi €m¥g) bution ¢ age pore
Pd-containing catalysts (%) widthe
(nm)

Si0, (host matrix) 296 0.84 (0.013) ¢ 1.5 9.6
C(ss-Si) 1453 2.85(0.12) 42 ca. 8
Pd/C(ss-Si) 1167 (20% 15%) * 2.42 (0.09) 3.7 ca. 8
C(ft-Si) 591 0.86 (0.12) 134 ca. 8
Pd/C(ff-Si) 260 (56%; 48%) 0.45 (0.01) 22 ca. 8
SBA-15 (host matrix) 796 0.88 (0.10) 114 5.3
C(ss-SBA) 1273 1.27 (0.06) 4.7 34
Pd/C(ss-SBA) 940 (26%; 49%) 0.65 (0.01) 1.5 34
C(ft-SBA) 967 0.87 (0.01) 1.2 34
Pd/C(ff-SBA) 748 (23%; 13%) 0.76 (0.06) 7.9 34
vC 228 1.77 (0.05) 2.8
Pd/VC 204 (11%; 20%) 1.41 (0.04) 2.8
“Percentage decrease of surface area and total pore volume, respectively, after Pd incorporation
®Single point total pore volume determined at p/p,=0.998
“Micropore volume V.., in parentheses, t-plot model
dMicropore contribution calculated as V ;oo Vigra X 100%
°BJH model, adsorption branch

Table 2 X?S charécterization Carbon material Surface content Share of individual carbon species F., (%)

of carbon §upports. Surface (at%) (% C 1s peak area)

concentration of C and O (at%) _

and the share (% peak area) of C (0] C-OH C=0 COOH Ton

the individual carbon species in shake-up

C Is peak. The F,, (%) presents satellite

the sum of peak areas of all

oxidized carbon groups in the C(ss-Si) 96.09 391 7.94 5.89 5.0 6.44 18.83

C 1s peak C(ff-Si) 96.40 3.60 7.03 6.01 6.19 4.04 19.23
C(ss-SBA) 96.22 3.68 7.27 4.81 7.51 2.85 19.59
C(ff-SBA) 97.92 2.08 7.38 5.62 7.27 3.25 20.27
vC 97.96 2.04 8.30 7.51 3.71 4.49 19.50

corresponding Pd-containing catalysts are presented in
Figs. 2 and 3, respectively.

The shapes of the isotherms for all the SBA-series sam-
ples, before and after Pd intercalation, are of type IV with
a H1 hysteresis loop observed at p/p, between 0.3 and 0.8
(Fig. 2). A steep step in the adsorption isotherm observed for
both carbon replicas and Pd-containing samples reveals the
ordered pore structures with mesopores of narrow size dis-
tribution evidenced by the pore distribution profiles (Fig. 2).
In both SBA-derived carbon replicas the mesopores of size
within the range of 2-5 nm are seen with an average pore
width of approximately 3.5 nm. However, the mesopores are
of somewhat narrower range in the furfuryl alcohol-derived
carbon sample than in the sucrose-arising carbon (Fig. 2a).

Both carbon replicas, C(ss-SBA) and C(ff-SBA) possess a
higher surface area (1273 and 967 m%g) compared to that of
SBA-15 template (796 m*/g), especially the sucrose-derived
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sample (Table 1). The total porosity of the sucrose-derived
carbon (1.27 cm®/g) exceeds distinctly the total porosity of
furfuryl alcohol-derived sample (0.87 cm?/g), being compa-
rable to that of SBA-15 template (0.88 cm®/g). The sucrose-
derived C(ss-SBA) carbon characterizes also by slightly
higher microporosity (4.7%) than that of the furfuryl alco-
hol-derived C(ff-SBA) sample (1.2%).

The low-angle X-ray diffraction patterns of the SBA-15
series samples exhibit the reflections below 20 =5° which is
typical for the highly ordered mesostructure. They are char-
acteristic of the hexagonal arrangement of the mesochan-
nels with the space group of P6mm (Fig. 2c). However, the
diffraction lines indexed as (100), (110) and (200) in the
C(ff-SBA) carbon replica prepared with furfuryl alcohol
are located at somewhat lower 20 values (1.12, 1.90 and
2.20° respectively) compared to the C(ss-SBA) sample syn-
thesized with the sucrose precursor (1.13, 1.93 and 2.24°)
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Fig. 1 Nitrogen adsorption iso- Pore size (nm) Pore size (nm)
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(Fig. 2¢). The lattice parameter a=9.03 nm for the sucrose
arising carbon C(ss-SBA) is therefore slightly lower than
a=9.11 nm calculated for the furfuryl alcohol derived car-
bon C(ff-SBA). Comparing these values, differences in the
average pore size of both replicas (3.95 nm for C(ss-SBA)
and 3.58 nm for C(ff-SBA)) should be kept in mind. Since
the a parameter corresponds to the distance between the
centres of adjacent pores, the wall thickness of the furfu-
ryl alcohol-derived C(ff-SBA) carbon replica is determined
to be 5.53 nm, being significantly higher than 5.08 nm in
the sucrose-derived C(ss-SBA) carbon. It can be seen that
at the cost of the thinner pore walls in the sucrose-derived
sample, it tends to have a larger available porous surface

C(f-SBA) replicage g

0,

Relative pressure plp,

» o
[ R
—g >

(1273 cm?®/g), which is one of the feature characteristic of
the carbons synthesized with sucrose precursor.

The wide-angle XRD patterns show the weak and
broad peaks around 20 =20° and 44° which correspond to
the (002) and (101) reflections arising from the graphitic
domains (Fig. 4a). The low intensity of these peaks indicates
mostly amorphous structure and low graphitic order. This
result is consistent with the previous observation that non-
graphitizable sources, such as sucrose and furfuryl alcohol,
produced carbon replicas of low crystallinity [56].

The intended palladium loading in the prepared catalysts
was 2 wt%. However, this loading is obtained in the Pd/VC
catalyst only, whereas the carbon replicas-supported cata-
lysts have lower Pd content 1.1-1.4 wt% (Table 3).
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After palladium incorporation the specific surface areas
of both C(ss-SBA) and C(ff-SBA) carbons are reduced by
ca. 23-26%, however, the ordered mesopore structures are
preserved as evidenced by the nitrogen adsorption isotherms
and the pore size distribution profiles (Fig. 2b). These pro-
files clearly indicate that changes in the porosity are more

@ Springer

pronounced in the sucrose-derived sample which lost ca.
49% of total pore volume (from 1.27 to 0.65 cm?/g; Table 1)
assisted by a decrease of the micropores contribution to ca.
1.5%. On the other hand, the comparison of the pore dis-
tribution profiles for the furfuryl alcohol-derived carbons
before and after Pd insertion indicates only slight decrease
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of the mesoporosity (Fig. 2b), whereas the microporosity
grows from 1.2 to 7.9% (Table 1).

The nitrogen adsorption isotherms of carbon replicas pre-
pared with the nanostructured SiO, template are of type IV
and exhibit hysteresis loops characteristic of mesoporous
structure (Fig. 3a). However, in contrast to the SBA-derived
ordered carbon structures, the samples prepared with the
nanostructured SiO, template display different textural
characteristics, depending on the type of carbon precursor
used. The sucrose-derived C(ss-Si) carbon characterizes
by very high surface area (1453 m*/g) and total porosity
(2.85 g/cm®) which are much higher compared to the fur-
furyl alcohol-derived C(ff-Si) carbon (591 cmz/g and 0.86
cm3/g) (Table 1). The latter C(ff-Si) carbon sample char-
acterizes also by relatively high microporosity of 13.4%
which much exceeding the microporosity of only 4.2% in the
sucrose-derived carbon. The pore distribution profiles show
mesopores in relatively broad range mainly 2—15 nm with
an average width of 8 nm (Fig. 3), which is below that of
the SiO, template and is consistent with other authors [24].

The small and broad reflections at 20 =20° and 44°
characteristic of graphitic structure observed in the XRD

pattern of both SiO,-templated carbon samples (Fig. 4a)
indicate low crystalline carbons similarly to the SBA-tem-
plated counterparts. In the XRD patterns of the Pd-con-
taining carbons the distinct reflection at 20 ~40° indexed
to the (111) plane of face centred cubic (fcc) crystalline Pd
occurs (Fig. 4b). The average Pd crystallite size (estimated
by Scherrer equation from the Pd(111) line broadening) is
4-5 nm in all studied catalysts. The obtained metal particle
size agrees well with our previous results dealing with the
palladium and other monometallic (Ru, Pt, Ir, Au) and
Pd-based bimetallic catalysts synthesized using the same
microemulsion composition [57]. It should be noticed,
however, that whatever the type of silica template, the
reflection at approximately 20 =20° is narrower and more
intense and locates at a slightly higher 28 value in the pat-
terns of furfuryl alcohol-derived samples in comparison
to the sucrose-derived counterparts (Fig. 4a). It reveals
somewhat higher graphitization degree of the furfuryl
alcohol-derived carbons than that of the sucrose-derived
samples, consistent with previous observations [56]. This
implies that the carbon materials obtained from furfu-
ryl alcohol precursor characterize by somewhat higher

Fig. 3 Nitrogen adsorption 2 000 02
isotherms and pore size distri-
butions for SiO,-derived carbon a =
replicas (a) and Pd-supported £ .
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Fig.4 The wide-angle XRD
patterns for carbon replicas (a)
and catalysts (b)
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N _C(ff-Si)
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polyaromatic character and higher ordering of graphene
layers comparing to their counterparts synthesized with
SUCrose precursor.

The incorporation of Pd (1.3 wt%) to the C(ss-Si) car-
bon sample reduces surface area by 20% only (from 1453
to 1167 m?/g) accompanied by a small reduction of total
porosity, by 15% only. Minor changes in the pore distribu-
tion also occur but a low microporosity is almost preserved.
The incorporation of similar Pd loading, 1.07 wt% in the fur-
furyl alcohol-derived C(ff-Si) carbon replica results in much
more pronounced changes in textural parameters. The BET
surface area and total porosity decrease by half, 56% and
48%, respectively. The observed large loss of surface area
could be ascribed to a significant decrease of microporosity
from 13.4 to 2.2% (Table 1).

The carbon black Vulcan XC-72 (VC) is the most com-
monly used support material for the Pt, Pt, Rucontaining
electrocatalysts developed for fuel cells. The textural fea-
tures and morphology of VC carbon and synthesized 2%Pd/
VC catalyst are collected in Fig. 5. The VC carbon charac-
terizes by surface area of 228 m*/g and much higher contri-
bution of mesopores (1.72 cm?/g) than micropores (0.048
cm®/g). The pore size distribution (Fig. 5b) indicates the
presence of pores within relatively wide range, mainly 2—6
nm with a large contribution of pores having a diameter
below 3 nm (small mesopores). The XRD pattern of the
VC sample presenting two broad reflections at 20 =24.7°
and 43.7° is consistent with previous reports showing high
contribution of graphitic domains in this material [58, 59].
Electron microscopic images of VC carbon (Fig. 5d,e) show
the morphology consisting of aggregated quasi-spherical
particles with a diameter of 30-50 nm (Fig. 5¢). HRTEM
micrograph in Fig. 5d demonstrates that the spherical car-
bon particles are constituted of groups of graphene planes
[60, 61]. After Pd intercalation, the specific surface area and
total porosity are reduced to some extent (by 11% and 20%,
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respectively) accompanied by a 50% decrease of the volume
associated to the mesopores as the volume of micropores is
weakly reduced (Table 1).

3.2 Surface composition

It is well known that various oxygenated functionalities,
including phenolic, ether, carbonyl, carboxylic, are typically
distributed on the surface of carbon samples. The FT-IR
and XPS techniques are usually applied to examine these
oxygenated carbon functionalities. The FT-IR spectra of our
carbon samples demonstrate several weak bands within the
1000-1800 cm ™! region arising from the oxygen-containing
carbon groups (Fig. S1a). There is no essential difference in
the spectra between sucrose- and furfuryl alcohol-derived
carbon samples. The peaks at 1000-1100, 1300-1400 and
1636 cm™! correspond to C—O-C, C-OH and C=C vibra-
tion frequencies, respectively. The bands below 960 cm' are
attributed to the out-of-plane bending vibrations of the C-H
bonds. These bands are not observable in the spectrum of
VC carbon because of high contribution of graphitic struc-
tures which manifests as the distinct band at 1630 cm™! cor-
responding to the C=C vibrations, similarly to previous data
[58, 62]. However, the band at 1630 cm™! can be also related
to the vibrations of quinone groups and/or adsorbed water.

The XPS analysis indicates that the surface of all carbon
replicas is dominated by the carbon and its concentration
ranged from 96 to 98 at% (Table 2), whereas the oxygen con-
tent is very low ca. 2—4 at%. Thus, the carbonization process
in inert atmosphere significantly decreases the oxygen quan-
tity. These results are consistent with previous data showing
that the low oxygen content on the surface of carbon replicas
is an indication of well-ordered surface (without or with only
very small concentration of defects) [63].

The C 1s spectra of all carbon replicas are dominated by
an intense and asymmetrical graphite peak at BE=284.4 eV
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assisted by a small high-energy peak at binding energy above
290.4 eV corresponding to 1 — ©* plasmon excitation [63,
64]. The observed C 1s spectra are typical for carbonaceous
samples with a graphite-like, polyaromatic surface consist-
ing mainly of graphene layers. In the XPS spectra of all
carbon replicas the C 1s peaks components corresponding
to the oxygenated carbon groups C-OH (286.3 eV), C=0
(287.4 eV) and COOH (288.9 eV) are of considerably low
intensity (Fig. S2).

The percentage areas of individual carbon groups in C
Is peak are collected in Table 2. It can be seen that all the
C-OH, C=0 and COOH groups appear in the carbon materi-
als and there is no essential difference between the contribu-
tion of particular oxygenated groups.

The peaks fitted to the O 1s region of studied carbon
samples provided information complementary to that from
the C 1s spectra (Fig. S3). The O 1s regions also display
some asymmetric tailing. The peak components at energy of
531.1 eV (C=O0 in quinone), 532.9 eV (oxygen in OH, ether,
ester, anhydride and carboxyl), 534.5 eV (ether oxygen in
ester, anhydride and OH in carboxyl group) and 536.9 eV
(adsorbed water) are observed.

All the Pd-containing carbon samples were also studied
by XPS (Fig. S4) and FT-IR techniques (Fig. S1). The FT-IR
spectra of Pd-containing catalysts (Fig. S1b) present the
same set of the bands of oxygenated carbon groups as those
in the spectra of corresponding Pd-free carbon samples,
before the Pd intercalation. However, in the spectra of Pd-
containing catalysts some of bands, especially the ones char-
acteristic of OH groups seem to be wider (ca. 1100 cm™)
or more intense (at 1600-1630 cm™'). This effect manifests
weakly, nevertheless, it is more distinctly observable in the
spectra of Pd/C(ff-Si) and Pd/C(ff-SBA) catalysts, both sup-
ported on furfuryl alcohol-derived carbons (Fig. S1b).

The XPS spectra of catalysts show the presence of car-
bon (C 1s), oxygen (O 1s), and palladium (Pd 3d) elements,

at atomic composition (at%) summarized in Table 3. The
XPS data obtained for the Pd/VC catalysts are also provided.
Similarly as in the case of carbon replicas, the C Is energy
region consists of an intense and dominating graphite peak
located at BE=284.4 eV and small peak components related
to the oxygenated carbon groups (C=0, C—OH and COOH)
as well as the small peak at energy above 290.4 eV corre-
sponding to T — 7" plasmon excitation (Fig. S4). The total
percentage fraction (%) of the oxygenated groups in the C 1s
peak is somewhat higher in Pd/C(ss-Si) and Pd/C(ss-SBA)
catalysts with sucrose-derived carbons (19.69 and 24.03%,
respectively) relative to the counterparts with furfuryl alco-
hol-derived carbons (15.0 and 19.89%, Table 4). Further-
more, there is no essential difference in the percentage area
of the peaks related to particular oxygenated carbon groups
(Table 4) between the catalysts. Nevertheless, it is observed
that the C—OH groups dominates in all the catalysts, except
the Pd/C(ff-SBA) catalyst with the dominating COOH ones.

The C 1s spectra of VC carbon (Fig. S2) and Pd/VC
catalyst (Fig. S4) show the main component (45% of peak
area) at energy around 284.4 eV consistent with the litera-
ture reports attributing this binding energy to the graphitic
carbon [62]. A subpeak at ca. 285 eV (28% of peak area) is
due to hydrocarbons on the surface of grains coming mainly
from the contamination of the powder surface. Similarly as
in the carbon replicas-containing samples, the sets of peaks
within higher binding energies correspond to oxygenated
carbon groups, whereas the high-energy peak component
centred at 291.2 eV (ca. 3-6%) corresponds to T — 7" plas-
mon excitation [58, 65] (Table 4).

The XPS Pd 3d core level spectra of catalysts (Fig. S5)
and the corresponding binding energies of Pd 3ds,, peak
are summarized in Table 3. It should be pointed out that
no chlorine residuals from the metal precursors were found
in the XPS survey spectra. The XPS analysis provided
data including surface concentration of palladium (Pdyg)

Table 3 Characterization of

) Catalyst Pd bulk® XPS data, surface content Surface atomic ratio Pd 3ds,,
catalysts by XPS technique; (Wt%) (at%) BE eV
surface content of C, O and Pd
(at%) and surface atomic ratio C O Pdg o/C Og /Pdg Pdg / Pdg
of oxygen to carbon and oxygen
to palladium Pd/C(ss-Si) 1.30 88.6 9.8 1.47 0.11 6.7 10.7 335.5 (0.89)°

337.2 (0.11)
Pd/C(ff-Si) 1.07 87.5 11 1.09 0.12 10.1 10.0 335.5(0.87)

337.2(0.13)
Pd/C(ss-SBA) 1.12 88.6 95 1.85 0.11 5.13 16.1 335.6 (0.91)

337.3 (0.09)
Pd/C(ff-SBA) 1.40 88.9 8.7 2.45 0.10 3.55 16.8 335.4 (0.86)

337.1 (0.14)
Pd/VC 2.0 95.5 3.8 0.28 0.04 13.64 1.3 335.6 (0.61)

336.5 (0.39)
“Determined by XRF

®Contribution to total Pd 3ds, peak area
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Table 4 Characterizatign of Catalyst c_C C_OH C=0 COOH T F, (%)
catalysts by XPS technique;
the percentage area of the Pd/C(ss-Si) 75.42 7.57 7.03 5.09 4.92 19.69
individual carbon species in C Pd/C(ff-Si) 80.57 7.40 424 3.36 3.63 15.00
1s peak. The F_, (%) presents
the sum of percentage areas of Pd/C(ss-SBA) 70.54 9.78 7.88 637 543 24.03
all oxidized carbon groups in C Pd/C(ff-SBA) 77.38 6.57 6.21 7.11 2.73 19.89
1s peak Pd/VC 56.38 18.51 11.6 6.31 6.09 36.44
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and the electronic features of the Pdspecies (Table 3). The
obtained Pd data correspond to the percentage of palla-
dium atoms in surface layers, as the X-ray penetration does
not exceed ca. 6—8 nm. Based on the obtained results, the
depth of palladium penetration leading to an enrichment
of the carbon grains surface in Pd is evaluated, similarly to
Calvo et al. [66] who studied an effect of catalyst surface
composition on the activity and selectivity of activated
carbons-supported Pd catalysts in hydrodechlorination
reactions.

As described earlier, the carbon replicas-supported cata-
lysts have similar Pd bulk content 1.1-1.4 wt% (Table 3).
However, they differ distinctly in the XPS-derived Pd sur-
face concentration, which is the highest in both catalysts
supported on the SBA-15-derived carbons (1.85 and 2.45
at% Pd). Somewhat lower, but still high Pd surface concen-
tration of 1.47 at% is found in the Pd/C(ss-Si) catalyst. The
Pd/C(ff-Si) and Pd/VC catalysts exhibit lower Pd surface
concentration, which is especially low in the Pd/VC cata-
lyst (0.28 at% Pd). The palladium surface to bulk atomic
ratio Pdg/Pdy (where Pdg is determined by XPS, and Pdg by
XRF) could provide rough information about an enrichment
of the carbon surface in Pd when compared to the bulk. The
calculated results (Table 3) reveal a distinct Pd enrichment
of outer surface in both SBA-series catalysts. The Pdg/Pdy
ratios are as high as 16.1 and 16.8 for the Pd/C(ss-SBA) and
Pd/C(ff-SBA) catalysts, respectively. In contrast, the atomic
ratio of Pdg/Pdy = 1.3 in the Pd/VC catalyst indicates easy
penetration of Pd inside the grains of VC carbon. The pen-
etration of Pd inside the grains of SiO,-derived carbon rep-
licas also occur, but to distinctly lower extent as the Pd¢/Pdy
atomic ratios are high, 10.7 and 10.0 for the Pd/C(ss-Si) and
Pd/C(ff-Si) catalysts, respectively.

The XPS Pd 3d spectra for all carbon-replicas supported
catalysts are similar (Fig. S5). Two palladium states with
predomination (above 86%) of the component at 335.5+0.1
eV, assigned to metallic palladium, can be seen. The 9-14%
of palladium corresponds to the palladium species of higher
binding energy 337.2+0.1 eV which could be related to
oxidized palladium like in the PdO formed as a result of sur-
face oxidation of palladium particles. Highly dispersed Pd°
clusters are capable to re-oxidise during contact with oxygen
[14], for instance, upon storage of catalysts in air. The Pd
metallic assisted by an oxidized palladium species (Pd®")
was also observed in the Pd/CNT, Pd/carbon black and Pd/
active carbon samples [14, 48, 52]. Similar XPS spectra of
the palladium particles in all the carbon replicas-supported
catalysts are consistent with results reported by Toebes
et al. [67] who observed that the varying concentrations of
oxygen-containing carbon surface groups in the series of
Pt/CNF catalysts did not give rise to the shift in the Pt 4f,,,
binding energy. The H, chemisorption measurements also

revealed that oxygenated carbon functionalities do not affect
platinum electronic properties in these Pt/CNF catalysts.

The XPS Pd 3ds,, spectrum of the Pd/VC catalyst also
shows two palladium states at 335.6 eV (61%) and 336.5 eV
(39%) (Table 3). However, their contributions differ from
those in the carbon replicas-supported catalysts. Moreover,
the Pd 3ds,, binding energy of 336.5 eV suggests modifica-
tion of palladium electronic properties due to electroactive
VC carbon. This effect was observed in VC-supported Pd,
Pt, Ru electrocatalysts [68, 69] and was ascribed to elec-
tronic effect induced by n electrons of the graphitic planes
in the VC carbon. For instance, the Pt 4f,, binding energy
in the Pt/VC electrocatalyst was higher than the energy char-
acteristic of bulk platinum [68].

3.3 Pddistribution

Here, the catalysts are synthesized by the incorporation of
Pd particles prepared via microemulsion method into the
carbon materials, series SiO, and SBA-15, and into VC
carbon black. The same preparation procedure used in our
previous work (microemulsion composition) produced the
VC-supported monometallic Pd, Pt, Ru, and bimetallic Pd/
Pt, Pd/Au/ Pd/Ir catalysts with uniformly dispersed metal
nanoparticles of size within narrow range, 4-8 nm and the
average particle size of approximately 4-5 nm [55].

In the present study, the XRD results indicate the Pd
crystallites of the same average size, 4-5 nm in all the syn-
thesized catalysts. The electron microscopy images clearly
demonstrate that the structural characteristics of the carbon
samples are crucial for the metal particles distribution in
the final catalysts. It should be noticed that the transfer of
Pd nanoparticles prepared in microemulsion (ME) to carbon
support was carried out in the following way. The carbon
support was added to the suspension of the metal particles in
the ME medium consisting of a non-polar cyclohexane bulk
phase under vigorous stirring, after which THF was slowly
added in order to break the microemulsion and allow the
particles to deposit onto the support. Therefore, the particle
distribution throughout the carbon sample could be expected
to be influenced by the morphological and structural proper-
ties of the carbon.

Figure 6 compares the SEM images of SiO, and SBA-
series catalysts and 2%Pd/VC. The micrograph of 2%Pd/VC
catalyst demonstrates the Pd particles of almost spherical
shape which are well-dispersed throughout the entire carbon
grain surface, although some small aggregates are visible.
Similar morphology was previously observed in our studies
for VC-supported catalysts [55, 57]. This metal distribution
was ascribed to the morphology of VC carbon which enables
penetration of metal particles inside the grains because of
the open porosity structure of the meso/macropores exist-
ing between the carbon grains consisting of aggregated
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Fig.6 SEM micrographs

of the SiO,-series catalysts:
Pd/C(ss-Si) and Pd/C(ff-Si), and
SBA-series catalysts: Pd/C(ss-
SBA) and Pd/(ff-SBA), as well
as Vulcan XC-72 carbon black
supported Pd/VC catalyst;
images in COMPO mode (white
spots — palladium) with insets in
SEI mode (surface morphology)

PdIC(ss-Si) [

* 100 nm

spherical primary VC particles. This is clearly observable
in the HRTEM images of our VC sample (Fig. 5d). It was
reported [70] that in the VC-supported Pd;Pt catalyst, the
open structure of VC material generated between the spheri-
cal carbon particles allowed the penetration of ca. 5 nm-
sized Pd;Pt metal particles inside the bulk and location them
on the surface of open pores.

In the case of SiO,-templated carbon samples, no long-
range pore ordering exists but a worm-like structure is
revealed. This morphology leads to relatively well-dispersed
metal particles in the Pd/C(ss-Si) and Pd/C(ffSi) catalysts
(Fig. 6). In the Pd/C(ss-Si) catalyst all the Pd particles are
generally isolated from each other and have a narrow size
distribution with only occasionally observed small aggre-
gates composed of a few particles (Fig. 7). The particles
are more aggregated in the Pd/C(ff-Si) catalyst where apart
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from the individual metal particles a number of aggregates
can be seen (Fig. 6). The comparison of the SEM images for
the carbon replicas supported catalysts with that of 2%Pd/
VC sample indicates much lower “density of white spots” in
the image of the latter, although its bulk palladium loading
2%wt Pd/VC exceeds those in the nanostructured carbons-
supported catalysts (1.07-1.40 wt% Pd, Table 3). This obser-
vation is in line with the previously discussed Pd surface
concentration determined by XPS. Thus, the SiO,-series
catalysts both are characterized by strongly inhibited Pd
penetration resulting in a significant enrichment of outer
surface in Pd.

On the other hand, there is no enrichment of outer surface
in Pd in the Pd/VC catalyst evidenced by almost equal Pd
bulk and surface concentrations (Pdg / Pdy = 1.3, Table 3).
The SEM images show that the morphology composed of
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Fig.7 TEM (left) and HRTEM
(right) micrographs of Pd/C(ss-
Si) catalyst

carbon nanorods in the SBA-series catalysts allowed disper-
sion of the particles through the supports. However, there
are no individual metal particles but less or more branched
structures composed of several primary Pd particles exist
what is distinctly visible in the HRTEM images (Fig. 8).
Both SBA-15 derived carbons characterize by ordered
pore structures with uniform mesopores of width of 2-3 nm,
much below the Pd particle size, 4-5 nm. It prevented pen-
etration of the Pd particles inside the pore system. Location
of the particles on the outer surface of the carbon nanorods

Fig.8 TEM and HRTEM
micrographs of Pd/C(ss-SBA)
and Pd/C(ft-SBA) catalysts

~ PdiC(ssSI) ©

blocked the entrance to some of the pores thus lowering
the surface area of the Pd-containing samples, observed
by BET data (Table 1). Similar effect was reported for the
HMS-templated ordered mesoporous carbon supported Pt
electrocatalysts [16].

Both these catalysts Pd/C(ss-SBA) and Pd/C(ff-SBA)
have Pd-enriched surface evidenced by much higher Pd-
surface concentration than the Pd-bulk (Pdg/Pd; = 16.1 and
16.8, respectively). However, very high surface area of the
SBA-templated ordered carbons accompanied by low surface

Pd/C(ss-SBA)
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content of oxygenated carbon groups resulting in a low sur-
face density of the oxygenated carbon groups did not effec-
tively prevent against the metal particles migration/aggre-
gation and various branched Pd structures could be formed
(Fig. 8). Similar effect was observed in the Pd;Pt-CMK-3
system [70]. The size of the metal particles (ca. 5 nm) was
larger than the pore size of ordered nanostructured carbon
CMK-3 (ca. 3 nm) which resulted in distinct agglomeration
of the Pd;Pt particles on the external surface of the carbon.

The nanostructured SiO,-derived carbon replicas present
the mesostructure with the average pore width of ca. 8 nm
(Fig. 3a), which are large enough to accommodate the Pd
particle of 4-5 nm in size. As a result, both Pd/C(ss-Si) and
Pd/C(ff-Si) catalysts are characterized by somewhat lower
enrichment of outer surface in Pd (Pdg/Pdg = 10.7 and 10.0,
respectively) when compared to their counterparts synthe-
sized using the SBA-15 template (Table 3).

There is no difference in an enrichment of outer surface
in Pd between the Pd/C(ss-Si) and Pd/C(ff-Si). However,
the furfuryl alcohol-derived carbon replica produces the
Pd/C(ff-Si) catalyst with much more aggregated Pd parti-
cles compared to the sucrose-arising PdC/(ss-Si) sample.
Both carbon samples are highly hydrophobous as they are
characterized by similar and low surface content of oxygen-
ated groups. It should be noticed that the former C(ff-Si)
posses ca. 2.5-times lower surface area and characterizes by
a higher degree of graphitization than the sucrose-derived
carbon. Moreover, Zhai et al. [S6] observed that with the
same silica template (SBA-15), sucrose precursor produced
the carbon rod-like products with coarser pore walls than the
furfuryl alcohol-derived sample, which could be helpful to
prevent the Pd particles from agglomeration.

The VC carbon characterizes by an extended mesoporous
structure, however, small mesopores with diameter below
3 nm dominate (Fig. 5Sb). The Pd particles are too large to
reside within most of these mesopores. Therefore, the open
morphology in form of a number of accidentally distributed
meso/macropores generated between the spherically shaped
carbon particles exist (Fig. 5d,f). Moreover, the surface area
of VC sample equal to 228 m?%/g is much lower than the sur-
face area of mesostructured carbons, whereas all the carbons
are of similar oxygen surface content (Table 2). It makes the
surface density of oxygenated groups much higher in the
case of the VC carbon which might facilitate the incorpora-
tion of hydrophilic Pd-containing micelle on the inner sur-
face of the VC carbon grains. As a result, the Pd-surface and
Pd-bulk concentrations in the Pd/VC catalyst are comparable
(Pdg/Pdy = 1.3, Table 3) and the Pd particles aggregation
is almost avoided.

In summary, the obtained results show that the type of
carbon precursor affected the morphology and textural
characteristic (surface area, pore volume) of the synthe-
sized carbon replicas, consistent with previous reports [56,
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71-74]. In general, irrespective of the used silica template,
the obtained carbons characterize by similar and low surface
content of oxygenated carbon groups. The carbon replicas
prepared with sucrose precursor display higher surface area
and pore volume than their counterparts synthesized using
furfuryl alcohol. The influence of the carbon precursor man-
ifests more distinctly for the SiO,-templated carbons. All
the carbons are of low crystallinity; however, the furfuryl
alcohol-derived carbons exhibit somewhat higher degree of
graphitization. Very recently, Li et al. [75] reported that car-
bon source affected the hydrophobous nature of the carbon
replica surface. With the same silica template the sucrose-
derived carbon was more hydrophobic than the anthracene-
derived one. With the same silica template (like SBA-15)
sucrose and furfuryl alcohol produced ordered carbons with
amorphous pore walls, whereas the carbon samples derived
from the aromatic precursors (naphthalene, anthracene, etc.)
characterized by improved graphitic character [64, 76, 77]. It
has been also observed that among various carbon precursors
(furfuryl alcohol, anthracene, naphthalene, petroleum pitch),
the sucrose-derived carbon replicas have much higher sur-
face area and pore volume than aromatic precursors-derived
counterparts attributed to a release of volatile species (H,,
CO, CO,) during the sucrose carbonization [56, 71].

In all our catalysts the Pd crystallites are of the same
average size 4-5 nm and there is no essential difference in
the surface content of oxygen in the carbon supports. How-
ever, the surface Pd concentration and the morphology of
Pd phase manifesting by the degree of particles aggrega-
tion are different. This implies a crucial influence of the
morphological and structural features of the carbon materi-
als on the Pd phase, the Pd particles penetration inside the
pore system and their aggregation. Similar effect has been
described by Cabiac et al. [72] who observed that textural
properties of activated carbons with a similar surface oxy-
gen content influenced dispersion of the “in-situ” (H,PdCl,,
NaOH, H,-reduction) generated Pd colloidal clusters. The
correlation between the inner pore surface of these carbons
and the Pd dispersion was observed.

Among all the synthesized catalysts, the Pd/C(ss-Si) sam-
ple characterizes by the morphological and textural features
attractive from the catalytic point of view. The Pd/C(ss-Si)
catalyst has high surface area (1167 m?/g) and large pore
volume (2.42 cm?/g) with very low contribution of micr-
oporosity (ca. 4%).

3.4 Catalyticresults

The hydrogenation tests of FU are studied in 2-propanol as
the solvent. 2-propanol is applied as a hydrogen donor rea-
gent in the catalytic transfer hydrogenation reaction (CTH).
However, we did not observe FU conversion under our
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hydrogenation conditions when nitrogen instead of hydrogen
(6 bar N,, 35 °C) was used.

The reagents distribution profiles over studied catalysts
are displayed in Fig. 9. Figure 10a compares the conversions
of FU in the presence of tested catalysts. It is observed that
both SBA-series catalysts display similar FU conversion.
As the result, initial FU hydrogenation rates normalized to
the Pd mass are almost the same over Pd/C(ss-SBA) and
Pd/C(ff-SBA) catalysts (0.078 and 0.076 mol FU/min-gPd,
respectively) (Table 5). There is no difference in the Pd sur-
face concentration (Table 3) and in the Pd particles distribu-
tion in these two catalysts (Fig. 8). The initial rate is higher
and equal to 0.093 mol FU/min-gPd over Pd/C(ss-Si) cata-
lyst which characterizes by much better dispersed and mostly
non-aggregated Pd particles (Fig. 7).

The Pd/C(ff-Si) catalyst prepared using the SiO, template
but furfuryl alcohol precursor is less active. In its presence
the reaction slows down when FU conversion reaches ca.
40% (Fig. 10a). Similar effect can be seen over the Pd/VC
catalyst which is the least active one (Table 5).

The reagents distribution diagrams (Fig. 9) show that
FA and THFA are the major products formed over all
the tested catalysts. No tetrahydrofurfural (THFU) was
detected among the products, except the traces (below 1%)
observed over the Pd/C(ss-Si) catalyst only. Thus, it might
be assumed that THFA is formed through the FA hydro-
genation, similarly to previous study over Pd catalysts [49,
78, 79]. The GC-MS analysis shows traces of furfuryl iso-
propyl ether (ET) and furfural diisopropyl acetal (AC),
the products of weak acids catalysed reactions with the
participation of 2-propanol. It has been observed that the
protons provided by the ethanol solvent [80] or acid func-
tional groups of carbon supports in the active carbon - Ru
[52, 81] and in the MWNT - Pd, Pt [82] catalysed the for-
mation of AC and ET products. In the presence of all SBA-
and SiO,-series catalysts very low amount of ET is formed
only above 50% FU conversion, attaining up to 2 mol% in
final solution. Similarly, only the traces of AC are detected
over the SiO,-series catalysts (Fig. 9). However, over the
Pd/VC catalyst ET is observed from the very beginning of

the reaction with the amount comparable to that of THFA.
It should be noticed that other side products termed as
“humins” including the products of FA oligomerization,
self-etherification as well as FU degradation, etc. could
be also formed [83]. For instance, the level of side prod-
ucts attained 40-60% over Pd/active carbon under similar
conditions (2-propanol, 30 °C. 3 bar H,) [48], 12% over
Pd/MWNT [82], 13% on Pd/active carbon [38] and 5-13%
on Pd/SiO, [78] catalysts. Figure 9 shows the carbon mass
balance curves (CB) calculated as the sum of all identified
products: FA + THFA + AC + ET. In the presence of all
our catalysts, the mass balance is above 90%, achieving
92-95% over both SBA-series catalysts up to the maxi-
mum content of FA. When the FA content passes over
the maximum, the amount of by-products slowly increases
reaching ca. 15-20% in final solutions. Similar trends can
be seen over all studied catalysts.

As shown in Fig. 9, furfuryl alcohol dominates among the
products formed over all tested catalysts. At FU conversion
approaching 50%, the comparable selectivities to FA, 51 and
54% are attained over both SBA-series catalysts, however
they are lower than the selectivity of 65% obtained over the
most active Pd/C(ss-Si) catalyst (Fig. 10b; Table 5). The
FA selectivity is lower, ca. 42-43% over much less active
Pd/C(ff-Si) and Pd/VC catalysts. The catalysts display also
different selectivity to tetrahydrofurfuryl alcohol (THFA)
which is the consecutive product of FA hydrogenation
(Fig. 10c). The THFA selectivities over the SBA-series
catalysts are 12-13% (at 50% FU conversion) being higher
than the selectivity of 6-7% observed over the SiO,-series
catalysts and Pd/VC sample (Table 5).

As Fig. 10b shows, the content of FA reaches a maximum
and starts to decrease as the result of its sequential hydrogen-
ation to form THFA and/or other products. In the presence of
the least active Pd/C(ff-Si) and Pd/VC catalysts, the reaction
slows down before the maximum yield of FA is achieved.

Similar effect presenting a gradual decrease of FU hydro-
genation rate over PdA/CNT and Pd/CB (carbon black) cata-
lysts observed under mild reaction conditions (50-90 °C,
0.5-2 MPa) has been related to a blockage of active sites by

Table 5 Catalytic data of

: Catalyst Initial rate Selectivity at 50%  Yield (%)
furfura.l hy drogsar}ahon (mol/min-g Pd) FU conversion (%)
(Reaction conditions:
2-propanol, FU concentration FA THFA FA THFA FA + THFA
0.05 mol/dm?, 35 °C, 6 bar H,, Max at max at max yield FA
catalyst concentration 0.7 g/ yield FA
dm?)
Pd/C(ss-Si) 0.093 65 7.0 52 15.5 67.5
Pd/C(ff-Si) 0.023 43 7.2
Pd/C(ss-SBA) 0.078 54 11.8 43 17 60
Pd/C(ff-SBA) 0.076 51 13.2 34 26 60
Pd/VC 0.017 42 6.5
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reaction products, among them FA [52]. However, the other
possibility could be the presence of “humins” formed by
FA polymerization or strong adsorption of carbon monoxide
(CO) formed as a product of FU decarbonylation.

A partial blockage of active sites in the Pd/SiO, cata-
lysts has been established by Nakagawa et al. [78] to be
a result of a considerably stronger adsorption of FA than
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FU (reaction in aqueous phase, 2 °C, 8 MPa). The FA
adsorption was much stronger than that of FU in the Pd/
SiO, with larger Pd crystallite of 7 nm and the activity
decreased since the very beginning of the test. On the
other hand, comparable adsorption equilibrium constants
for FA and FU were calculated in the case of Pd/SiO,
catalyst with fine Pd (2 nm) crystallites and there was no
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blockage of active sites observed. This shows, according
to the authors, that the Pd crystal size affected the adsorp-
tion of FA relative to that of FU, being weaker in the case
of smaller Pd particles.

It has been also observed that the Pd/C catalyst which
has the Pd particles inside the pores of modified carbon
material formed the Pd microenvironment with C-OH
and COOH groups which significantly affected phenol
hydrogenation. Phenol, being a strongly H-bridge form-
ing reagent was enriched in the pores leading to distinctly
separated reaction stages, the hydrogenation of aromatic
ring followed by the reduction of the C—-OH [84]. An influ-
ence of oxygenated carbon groups on the hydrogenation
of a,pB-unsaturated aldehydes (cinnamaldehyde) has been
observed over Pd/C [85], Pt/CNF [67] and Ru/CNF [86]
catalysts. The presence of oxygenated groups in the carbon
surface/metal particle interfaces caused some changes in
the activity/selectivity through modification of the rea-
gents adsorption.

In the case of our catalysts, the Pd metal crystallites are of
similar size and no essential difference in the palladium state
was observed by XPS. However, the applied carbon supports

FU conversion (%)

can provide a specific microenvironment for the metal sites,
such as functional oxygenated carbon groups, observed by
XPS and FT-IR. Their presence in close proximity to the
Pd sites in the metal nanoparticles (differently aggregated
as well as more or less deeply located in the porous carbon
structure) can exert the hydrogenation reaction.

In our catalysts there is no essential difference in the sur-
face content of oxygen in the carbon supports. However,
the surface Pd concentration and the morphology of the Pd
phase manifesting by the degree of particles aggregation are
different. Thus, in discussion of activity/selectivity effects,
we introduced the oxygen to palladium atomic ratio (O/Pd
parameter) calculated from the XPS results (Table 3). The
contents of FA and THFA against the conversion of FU are
compared in Fig. 10b. It can be seen that over the Pd/C(ff-
Si) catalyst with the highest O/Pd =10.1 (Table 3) as well as
over the Pd/VC catalyst with the deeply located Pd particles
the reaction slows down from the its beginning. This effect
could be the most probably related to a partial and slow
blockage of active site due to the FA adsorption facilitated
by a growing tendency to H-bond formation with the partici-
pation of the surface C—OH and/or COOH groups.
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According to FTIR spectra (Fig. S1) of the Pd/C(ffSi) and
Pd/C(ss-Si) catalysts before and after the catalytic tests, there
are no remarkable changes in the spectrum of the Pd/C(ss-
Si) catalyst after the hydrogenation test. On the other hand,
in the spectrum of spent Pd/C(ff-Si) catalyst, besides some
changes in the C-O region, new bands appear in the range
2800-3000 cm™ ', characteristic of the C—H vibrations in
the —-CH,, -CHj; groups. This could be an evidence that some
organic species remain in the spent Pd/C(ff-Si) catalyst.

It can be seen (Table 3) that high Pd surface concentra-
tion is accompanied by a low O/Pd ratio in both SBA-series
catalysts and in the Pd/C(ss-Si) one. All three catalysts offer
high rate of the FU hydrogenation (Table 5) and the sum of
FA and THFA yields (calculated at the maximum FA yield)
attains a high level of 60-67%. However, the surface O/Pd
values are the lowest in the Pd/C(ff-SBA) and Pd/C(ss-SBA)
catalysts (3.55 and 5.13, respectively, Table 3), both charac-
terize by the high surface concentration of palladium which
exists in the form of various branched structures composed
of the Pd particles. The O/Pd ratio equal to 5.7 is somewhat
higher in the case of Pd/C(ss-Si) catalyst with well-dispersed
Pd particles. As Fig. 10b shows, the difference in the maxi-
mum content of FA observed on these catalysts seems to be a
result of various tendencies to the C=C activation producing
THFA. The tendency is higher over both SBA-series catalyst
being the highest in the case of the Pd/C(ff-SBA) catalyst
evidenced by the FA maximum yield of 34% attained at ca.
65% FU conversion (Table 5). The higher maximum yield
of 43% over the Pd/C(ss-SBA) is observed and it is attained
at somewhat higher FU conversion (ca. 70%). The maxi-
mum FA yield is the highest over Pd/C(ss-Si) catalyst and
is observed at ca. 80% FU conversion. These effects are in
line with the THFA contents (Fig. 10c) and evidenced by the
THFA yield of 26% over Pd/C(ff-SBA) which is higher than
15.5% observed over Pd/C(ss-Si) catalyst (Table 5). It seems
to be difficult to decide if the observed difference in the FA/
THFA selectivity resulting mostly due to various tendencies
in the C=C activation is the result of the Pd phase properties
and/or an influence of oxygenated carbon groups. It might
be expected that the effect of oxygenated carbon groups will
be lower in both SBA-series catalysts because of lower O/
Pd molar ratios and the existence of more aggregated Pd
particles. On the other hand, in view of previous observa-
tions, the larger Pd particles exhibited higher tendency to
the FA adsorption.

The Pd/C(ff-SBA) and Pd/C(ss-Si) catalysts are charac-
terized by low O/Pd surface ratio and their reusability in the
FU hydrogenation has been studied. After the first hydrogen-
ation run, the catalyst was washed with acetone and tested in
the FU hydrogenation carried out under the same conditions
as in the initial run. The conversion obtained in the first
and second catalytic runs over Pd/C(ss-Si) and Pd(ff-SBA)
catalysts are compared in Fig. 11 and the corresponding
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Fig. 11 The comparison of FU conversion (after 1 h of reaction) of
initial (1st run) and recovered (2nd run) Pd/C(ss-Si), Pd/C(ff-SBA)
and Pd/VC catalysts; Reaction conditions: 2-propanol, 35 °C, 6 bar
H,, fl31rfural concentration 0.05 mol/dm>, catalyst concentration 0.71
g/dm

selectivity results are provided in Fig. S6. The reusability
of the Pd/VC catalyst is also reported in Fig. 11. The activity
of Pd/C(ss-Si) in the second catalytic run is slightly lower
than the initial one (Fig. 11a) evidenced by a FU conver-
sion decrease from 79 to 55%. No essential change in the
products distribution is observed, although the maximum
FA selectivity of 63% in the second run exceeds the 52%
obtained in initial run. In contrast, a significant drop in the
FU conversion can be seen for both Pd/C(ff-SBA) and Pd/
VC catalysts. The decrease of Pd/C(ff-SBA) activity by ca.
95% is especially distinct and is much higher compared to
the activity decrease by 35% for the Pd/VC catalyst (Fig. 11).
However, the SEM images registered for the spent Pd/C(ff-
SBA) catalyst (Fig. S7) does not remarkably differ from
that for initial catalyst (Fig. 6). The number of branched
Pd structures can be seen in the spent catalyst. Therefore,
the observed strong decrease of the Pd/C(ff-SBA) catalyst
activity seems to be rather associated with a blockage effect
than with a loss of metal phase.

4 Conclusions

Two series of mesoporous carbons were synthesized through
a hard-templating method using the SBA-15 or disordered
mesoporous silica gel as the templates and furfuryl alcohol
or sucrose as the carbon sources. All the synthesized carbon
replicas characterized by low crystallinity and both sucrose-
derived carbons displayed higher surface area and mesopore
volume than furfuryl alcohol-derived counterparts. Employ-
ing of microemulsion procedure allowed us to prepare the
Pd catalysts of similar Pd loading (1.1-1.4 wt% Pd) and
the 4-5 nm sized Pd particles. An influence of the carbon
porous structure manifested by different characteristics of
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the Pd phase, such as enrichment of the surface by Pd, the
surface distribution and extent of the Pd particles aggrega-
tion. The Pd catalysts supported on the SBA-15 templated
carbons exhibited the highest enrichment of the surface in
Pd. However, the high surface area accompanied by a low
surface content of oxygenated carbon species did not effec-
tively prevent the Pd particles aggregation. The branched
Pd-structures composed of individual particles dominated
in the catalysts. The enrichment of the surface in Pd was
somewhat lower in the SiO,-series catalysts, but the catalysts
exhibited well-dispersed Pd nanoparticles, especially the
Pd/C(ss-Si) one. The hydrogenation of furfural was studied
as a probe reaction to compare catalytic properties of the Pd
sites formed in the synthesized Pd/C catalysts. In furfural
hydrogenation (carried out at 35 °C under 6 bar H, pressure
in 2-propanol solvent) furfuryl alcohol and tetrahydrofur-
furyl alcohol were the major products formed over all the
tested catalysts. The observed catalytic reactivity has been
related to the properties of the Pd phase including surface
Pd concentration and the extent of the metal particles aggre-
gation accompanied by the nearest palladium environment
expressed by the surface O/Pd atomic ratio. At high O/Pd
ratio in the Pd/C(ff-Si) catalyst, the reaction slows down
because of a facilitated furfuryl alcohol adsorption resulting
most probably in a blockage of the active sites. The Pd/C(ss-
Si) catalyst with relatively low O/Pd ratio and well-dispersed
Pd particles exhibited the highest and most stable activity
for furfural hydrogenation. The SBA-series catalysts with
lower O/Pd but more aggregated Pd particles exhibited lower
activity but somewhat higher tendency to the tetrahydrofur-
furyl alcohol formation.
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