The confinement effect on the activity of Au NPs in
polyols oxidation
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We demonstrate a confinement effect where gold
nanoparticles trapped within N-functionalized carbon
nanofibers (N-CNFs) are more active for polyol oxidation and
promote selectivity towards di-acid products whereas AuNPs
trapped on the surface show as major by-products the one
derived from C-C cleavage. The behaviour of NPs confined
inside N-CNFs channels can be addressed to a different,
possibly multiple, coordination of glycerol on the active site.

In recent years gold based catalyst have attracted broad interest for
the catalytic transformation of biomass derived chemicals.! For
example, gold catalysts were found very active for the liquid phase
oxidation of glycerol to high value products such as glyceric acid
(GLYA), dihydroxyacetone (DHA) and tartronic acid (TA).'*? A
large number of experiments have shown that, in this reaction, the
catalytic activity and selectivity are highly dependent on the size and
the structure of AuNPs.> Through optimizing the AuNPs size it is
possible to enhance the selectivity to glyceric acid limiting the
production of degradation products due to C-C cleavage.® Selectivity
can be also optimized by controlling the exposed Au faces.*
Moreover, it has been demonstrated that the morphology and the
surface chemistry of the support can alter the catalytic performance
of AuNPs.3 The introduction of oxygen or nitrogen functionalities on
carbon nanofibers can enhance the catalytic activity, increasing the
AuNPs dispersion but also modifying the electronic surface state.
One thing all these studies have in common is that the gold
nanoparticles were supported on the exterior of the catalyst support.
In this work we aim to explore the role of gold location, i.e. gold
located within or on the outside of the support, and the influence of
the location on the catalytic performance.

One material which could help answer this question are carbon
nanofibers (CNFs) which have well defined tubular structures within
the core of the fiber (20-50 nm diameter).” Different strategies have
been used to selectively deposit metal nanoparticles in or outside
carbon nanotubes and carbon nanofibers with a significant effect of
their catalytic performance in both gas and liquid phase reactions.’

For example, Serp et al. showed that PtRu nanoparticles inside
carbon nanotubes are more active than the ones deposited on the
external surface in the cinnamaldehyde hydrogenation.® Wang et al,
proved that the confinement of Ru inside carbon nanotubes
influences the selectivity during cinnamaldehyde, benzene and p-
chloronitrobenzene hydrogenation due to an electronic effect.’® In
this paper, the effect of the location of AuNPs was investigated in
the liquid phase glycerol oxidation.

To increase metal dispersion and stability against leaching nitrogen
heteroatoms were added to the CNF surface to act as anchoring
groups for the metal nanoparticles regardless the procedure used for
the preparation of metal nanoparticles.® Nitrogen species were
added using a two-step procedure described elsewhere.’ N1s XPS
data collected for the functionalized CNFs (Table S1, Figure Sla)
showed three distinct N species with binding energies of 398.6,
400.5 and 404.2 eV consistent with pyridinic (51.3%), pyrrolic N
(40.7%) and NO species (8.0%), respectively. The total amount of N
introduced was 4.5 % wt (Table S1, Figure Sla).

Two different strategies were adopted to prepare Au nanoparticles,
i.e. sol immobilization (SI) and incipient wetness impregnation (IW).
SI was used to limit the deposition of AuNPs on the external surface
of N-CNFs. The presence of the capping agent (polyvinyl alcohol,
PVA) increases the hydrodynamic radius of the particles, thus
limiting their internal diffusion inside the channel. On the contrary,
incipient wetness impregnation forces the Au precursor to enter the
N-CNF channel, interacting mainly with the inner surface. In the
case of sol immobilization, in order to remove PVA from AuNP
surface, the catalyst was thoroughly washed with warm water.
Indeed it has been reported that the presence of the protective agent
can decrease Au catalytic performance by blocking the active sites
but also alter the reaction selectivity.!® STEM measurements show
in both catalysts the presence of small nanoparticles with a similar
mean diameters between 3.2-3.4 nm (Table S2 and Figure 1) and
particles distribution (Figure S2). This STEM data also show that the
Au is well dispersed on the support in both cases, confirming the



beneficial effect of the functionalization with nitrogen groups.
HRTEM images (Figures 2) showed that in both cases Au surface is
almost free from amorphous carbon thus presenting naked metallic
surface.

HAADF STEM electron tomography was used to study the 3D
structure of carbon nanofiber supported Au catalysts obtained by the
two different synthetic procedures. HAADF STEM tomogram was
reconstructed from tilt series images in a tilting angle range between
at least +70° with a step of 2°. After reconstruction, the cross-
sectional slices intersecting a few particles on one representative N-
CNFs for each catalyst were shown in Figure 3 and Figures S3-S4.
For the impregnated Aurw/N-CNFs, majority of particles were found
inside the N-CNFs, even some particles were on the external surface
as well (Figure 3a). The different location of Au nanoparticles has
been also confirmed by XPS (Table S1, Figure Slb,c). Indeed, a
reduction in Au intensity of the Aurw sample compared to that of the
Ausi material despite the identical 1 wt% metal loadings and similar
size (XPS signal=2.8 at% Au for Ausi /N-CNFs; 0.1 at% for
Aurw/N-CNFs; Table S1, Figure S1b,c) was observed.

a)l

Figure 1 STEM images of a) Auiw/N-CNFs and b) Ausi/N-
CNFs

Figure 2 HRTEM images of a) Ausi/N-CNFs and b) Auiw/N-CNFs

The catalysts were first tested in the glycerol oxidation at 50°C
(0.3M glycerol, glycerol/metal=1000 mol/mol, 3 atm Oz, 4eq of
NaOH) (Table 1). Auw/N-CNFs showed a better activity than
Aus/N-CNFs reaching 92% and 78% of conversion after 1h,
respectively (Table 1 and Figure S5) and also an almost double
initial activity with respect to Ausi/N-CNFs (1521 and 864 mol of
glycerol converted per hour per mol of metal, respectively). In a
previous paper we showed that the presence of residual capping

agent can decrease the catalytic activity limiting the access of the
substrate to Au active sites.® However in this case PVA has been
removed from the catalyst surface by washing several times with
water, as confirmed from the HRTEM image of Aus/N-CNFs (Fig.
2a).

b)

Figure 3 Cross sectional slices derived from electron tomography
showing a) Au particles prepared by impregnation situated on both
inner- and outer-surfaces of CNF and b) preformed Ausi particles
exclusively situated on the outer surface of CNF.

Moreover, both catalysts Au showed similar mean diameter (3.2-3.4
nm) excluding any role in term of AuNPs size.

Table 1. Oxidation of glycerol using Au supported catalysts*

Catalyst® | Time  Conv. Selectivity (%)
(h) (%)
GLYA TA GLYCA FA

Aupw/ 0.25 38 65 25 5 2
N-CNFs

0.5 61 64 28 6 2

1 92 62 27 7 3
Aug/ 025 20 73 11 10 4
N-CNFs

0.5 43 69 12 12 5

1 78 66 11 15 6

1.5 91 64 11 17 8

* Glycerol 0.3M in water; 4eq of NaOH; metal/alcohol = 1/1000
mol/mol; 3 atm O,; T=50°C.
GLYA=glyceric acid; TA=tartronic acid; GLYCA=glycolic acid; FA=

formic acid



Therefore a possible reason for the increase in catalytic activity
could lie on the confinements effect of Au inside the CNFs channel
as found for Pt-Ru, Pt or Pd nanoparticles inside carbon
nanotubes.”$11:12 Theoretical studies on confined metal nanoparticles
showed that the catalytic activity can be influenced by an enlarged
number of collisions of the substrate with the active site due to the
reduced reaction volume inside the channels.’* It has been also
demonstrated the activity of metal nanoparticles can be influenced
by an electronic effect induced by the confinement inside the
channels.”™ For example, it was shown that the activity of Ru NPs
in cinnamaldehyde hydrogenation is influenced by the different
electron transfer between reactants and catalysts according to their
location inside or outside CNFs.”

In the case of our catalysts we observed a strong effect on both
activity and selectivity. At iso-conversion (90%) Auiw/N-CNFs and
Aus/N-CNFs showed a similar selectivity to glycerate (62-64%)
(Table 1). However, a difference has been observed for the other
products. Aurw/N-CNFs promotes the formation of tartronate (27%
with respect to 11% of Ausi) deriving from the consecutive oxidation
of glycerate whereas Ausi/N-CNFs presents a higher tendency to
promote the cleavage of C-C forming glycolate (17% with respect of
7% of Auiw). This is quite unusual for gold catalysts which tend to
selectively stop at the oxidation of only one alcoholic function.!4
Considering the possible reaction scheme (Scheme S1) we could not
ascribe this different behaviour to a different residence time of the
reactant inside the pores because of the reaction rate is very similar
in the two cases. Most probably a different adsorption mode of
glycerol can be experimented by the active sites on the inner surface.
On the opposite, the outer active sites do not suffer from any
constrains in adsorption and the reaction proceed to glycolate.

The long-term stability of both catalysts was investigated using
recycling tests (Table S3 and S4) carried out by filtering the catalyst
and reusing it without any further purification in the next run. Both
catalysts showed a good stability in terms of both activity and
selectivity, regardless the location of Au NPs. Probably the nitrogen
functionalities introduced are able to firmly anchored Au NPs
avoiding any any
modification of the catalyst morphology during the reaction.

leaching and reconstruction excluding
Extending the catalytic test to other polyols, 1,3 propanediol and
ethylene glycol, the trend observed for glycerol oxidation was
confirmed (Table S5). In both cases Auiw/CNFs resulted more active
than Aus/CNFs and promote the oxidation of both OH groups

producing malonate and oxalate respectively (Table S5).

Conclusions

Herein we showed that the location of Au NPs has a strong
effect on their catalytic activity and selectivity in the liquid
phase polyols oxidation. By means of sol immobilization
technique we were able to deposit AuNPs only on the external
surface of CNFs, whereas incipient wetness impregnation
provided AuNPs almost quantitatively inside the pores. The
preferential location of Au NPs was confirmed by studies
performed using electron tomography in HAADF STEM mode.
The confinement of Au NPs significantly enhances the catalytic

activity and modifies the selectivity normally observed for gold
catalyst in polyol oxidation, promoting the oxidation of both
functionalities. This behaviour has been addressed to the higher
number of collisions and to a different electron density of Au
nanoparticles and to a modified desorption rate of the primary
product.
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