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Abstract: Different series of Au on carbon catalysts were prepared via sol-immobilization to in-
vestigate the role of polymers (polyvinylpyrrolidone PVP, polyethylene glycol PEG and polyvinyl
alcohol PVA), employed as gold nanoparticle (NP) stabilizers, on catalyst properties and on catalytic
activity. The synthesized materials were widely characterized with several techniques (DLS, XRD,
TEM and XPS) and used as catalysts in the 5-hydroxymethylfurfural (HMF) oxidation to produce
2,5-furandicarboxylic acid (FDCA). The obtained results clearly demonstrated the PVA leading to
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associated with lower reactivity. Computational studies have provided interesting information on
the NP-polymer interactions and consequently on the catalytic activities.
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Nanoparticles-based materials have attracted significant interest in the last few decades
on account of their potential employment in several fields, such as medicine, biology, pol-
lution remediation and catalysis [1-6]. The decrease in size of metal nanoparticles (NPs)
corresponds to a higher surface-to-volume ratio and to a superior number of low coor-
dinated atoms [7]. Due to these and other peculiar properties, metal NPs have shown
considerable catalytic performances that are frequently in contrast with the bulk material:
for instance, while bulk gold is an inert metal [8], gold nanoparticles are promising cata-
lysts [9]. Since the first detection of these systems, reactivity in the CO oxidation at low
temperature [10], gold-based catalysts have been studied for various catalytic applications,
such as oxidation of alcohols and polyols [11,12], selective hydrogenation of alkynes [13]
Attribution (CC BY) license (https:// ~ and many other organic reactions [14].
creativecommons.org/licenses /by / Concerning the use of nanoparticles-based catalysts, it is well documented that features
40/). such as the paracrystalline structure of the surface, shape and size of NPs can greatly
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influence the catalytic activity [15-19]. Several methodologies can be used to control the
dimensions of the NPs; for example, their deposition on a solid carrier effectively prevents
their agglomeration [14,20]. To better control these characteristics, colloidal methods can
also be adopted for the synthesis of the catalysts: a colloidal suspension is prepared, using
stabilizers to limit crystal growth, and immobilized on a support material or applied
directly as a catalyst. Therefore, metal NPs are coated by a capping ligand, in order to
lower the surface energy and prevent aggregation, but, when the stabilizer is not removed,
its presence can highly affect catalytic performance. It is widely reported that the stabilizer
molecules can entirely or partially block the access to the metal surface of the nanoparticles,
decreasing the detected activity of the catalyst [21,22]. Nevertheless, the steric and electronic
effects of the stabilizers can also modify the catalytic surface, improving the performance of
the catalyst [23]. As a consequence, nanoparticle-based stabilizers and their role in catalytic
applications are becoming more important during catalyst design and several studies are
beginning to focus on this topic [24,25].

In their work, Yang et al. [26] prepared Au/TiO, catalysts with different stabilizing
agents (sodium acrylate (NaA), polysodium acrylate (PNaA), poly(vinyl alcohol) (PVA),
and poly(vinyl pyrrolidone) (PVP)) and tested them in the CO oxidation. Comparing
the results with Au/TiO, catalyst prepared without any capping ligand, they observed
how the nature of PVA- and PVP-based samples have a negative impact in terms of
catalytic activity. Despite that the catalyst without a stabilizer had larger Au NPs, 5.4 nm
compared to 4.7 nm and 3.6 nm of the Au/TiO,-PVA and PVP samples, its activity was
higher. On the other hand, the Au/TiO; (NaA) and Au/TiO, (PNaA) had enhanced
activity attributed to a higher number of defective gold surface sites, highlighting the
importance of considering the physicochemical properties of the stabilizer because the
choice and nature of stabilizer can affect the morphology and the reactivity of NPS-based
catalysts. Garcia et al. [27] prepared Rh nanoparticles for a hydroformylation reaction and
demonstrated that using triphenylphosphine (PPh;3) as a direct stabilizer of the NPs led to
higher activity and stability against CS, poisoning compared with the sample prepared
with tetraoctylammonium bromide (TOAB), which needs the presence of an external ligand
to be activated. Furthermore, Garcia-Aguilar et al. [28] studied the PVP effect on Pd NPs
for formic acid decomposition, and they proved the strong influence of the polymer on
both sites” accessibility and on the electronic properties of the metal surface.

In the field of biomass valorization, supported gold nanoparticles have been found
to be promising catalysts for the oxidation of 5-hydroxymethyl-2-furfural (HMF) [29,30].
HME, produced from glucose or fructose dehydration [31,32], is generally accepted to
be one of the most versatile compounds derived from biomass [33]. A variety of furanic
and non-furanic derivatives, with applications in polymers, fuels and the pharmaceutical
industry [34-36], can be synthesized from this precursor. Particularly, 2,5-furandicarboxylic
acid (FDCA) can be produced from the HMF oxidation [37,38]. FDCA is a noteworthy
compound proposed as a possible biomass-derived substitute for terephthalic acid, the
monomer used in the synthesis of polyethylene terephthalate (PET), for the production of
its furan-based analogue, poly(ethylene furanoate) (PEF), and a series of other bio-based
polymers [39,40]. In recent decades, the HMF oxidation to FDCA has been widely studied,
and several catalysts and reaction conditions have been investigated in recent years to
improve product selectivity [41—43]. In particular, many studies have been conducted on
Au-based catalysts to search for the best support and reaction conditions [44—46].

On this basis, the main purpose of this paper is to study how polymeric stabilizers
can affect catalytic performance in terms of activity selectivity and the stability of gold
nanoparticles supported on activated carbon (AC) for HMF oxidation. This work is es-
pecially focused on a comparison between the catalytic activities of Au nanoparticles,
prepared through sol-immobilization using three different commercial polymers as stabi-
lizer agents: polyvinylpyrrolidone (PVP), polyethylene glycol (PEG) and polyvinyl alcohol
(PVA). These three polymers have different structural properties, thus each stabilizer affects
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the preparation of the supported NPs and, particularly, the catalytic performance as has
been shown previously [47-51].

2. Results and Discussion
2.1. Catalysts Characterization

Three series of gold-based catalysts were prepared using commercial polymers (PVA,
PEG, PVP) as NPs stabilizers, varying for each series the Au/Polymer weight ratio from
0.3 to 2.4, in order to study the effect of the polymer on the morphology of the catalyst
and eventually on catalytic performances. The colloidal suspensions of gold were immobi-
lized on activated carbon and the synthesized catalysts were identified by a name such as
“Au/AC_PVA_0.3”, specifying firstly the catalyst, secondly the stabilizing polymer, and
lastly the Au/Polymer weight ratio. All the final fresh and used catalysts were completely
characterized in previous works [47,49,50] using different techniques such as UV-Vis spec-
troscopy, XRD, DLS, ELS, XPS and TEM, and the data are reported in the Supplementary
Information (from Figures S1-514 and Tables S1-53). A new characterization of the spent
catalysts for the studied reaction is presented in the section concerning the reusability of
the samples.

In Table 1 the list of synthesized catalysts is reported, along with their main relevant
characteristics to better understand the role of the polymeric stabilizer.

Table 1. List of all the tested catalysts along with their characteristics: type of stabilizing agent,
polymer:Au weight ratio, TEM mean nanoparticle size and percentage of Au on the catalyst surface
obtained from XPS analysis.

Au NPs TEM
. 1 1 0,

Sample Employed Polymer  Polymer:Au Weight Ratio Au on Surface [at%] Diameter (nm)
Au/AC _0 None 0 2.61 79+63
Au/AC_PVA_0.3 PVA 0.3 3.48 43£36
Au/AC_PVA_0.6 PVA 0.6 2.80 27+16
Au/AC_PVA_1.2 PVA 1.2 2.40 26+21
Au/AC_PVA_2.4 PVA 2.4 1.81 24+12
Au/AC_PEG_0.3 PEG 0.3 0.84 53+20
Au/AC_PEG_0.6 PEG 0.6 1.95 56+22
Au/AC_PEG_1.2 PEG 1.2 1.52 59+23
Au/AC_PEG_2.4 PEG 2.4 1.09 64+22
Au/AC_PVP_0.3 PVP 0.3 1.43 55+3.6
Au/AC_PVP_0.6 PVP 0.6 1.17 56 +39
Au/AC_PVP_1.2 PVP 12 0.15 74+47
Au/AC_PVP_24 PVP 2.4 0.12 84+49

The series of selected catalysts have been characterized extensively and the results
have been discussed in detail in our previous studies using a number of characterization
techniques [47]. The DLS and ELS analyses, reported in Figures S13 and S14, show different
trends depending on the choice of capping agent. While the influence of temperature on
zeta potential and hydrodynamic diameter is not noticeable for PVP- and PEG-stabilized
NPs, Au-PVAO0.6 sol displays a significant influence of the temperature on its properties. In
a previously published paper [48], this was associated with the detachment of PVA from
the Au surface and was not observed for PEG and PVP.

According to the results obtained from the TEM and XPS analysis, the comparison
between the TEM diameter and the exposed gold surface shows how the nanoparticle size
could affect the availability of gold on the surface. In particular, this comparison between
the different samples exhibits a general trend where the lower mean Au nanoparticle
size leads to an increase in the gold exposure on the catalyst surface. However, the
chemical nature of the polymer affects the gold availability. Concerning the use of PVA as a
stabilizing agent, the smallest nanoparticles prepared with PVA possess a lower amount of
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gold available on the surface because of the higher polymer coverage. An increase in the
amount of PVP leads to a counterintuitive growth of Au mean diameter and also to greater
coverage of the active sites. PEG-based samples have a similar trend regarding the diameter
of the gold; however, this polymer does not affect the gold exposure in a drastic way.

2.2. Catalytic Tests

Each catalyst was tested in the oxidation of 5-hydroxymethyl-2-furfural (HMF) to
2,5-furandicarboxylic acid (FDCA). The catalytic tests for the oxidation of HMF in the
liquid phase were conducted at 70 °C for 4 h, with a HMF:Au:NaOH molar ratio of 1:0.01:4
and an oxygen pressure of 10 bar, using water as the solvent. These are the optimized
experimental conditions based on our previous works [45,48,52]. In order to verify that
these reaction conditions are also optimal for these kinds of catalytic systems, we used
the reference catalyst Au/AC_PVA_0.6 to study different experimental conditions. The
effect of the NaOH was studied, and the obtained results are reported in Figure 515 and
demonstrate that a molar ratio 1:4 = HMF:NaOH permitted reaching the higher FDCA
selectivity. A study on the O, pressure (Figure S18) showed that in the range of 10-20 bar,
the catalytic results did not change; the oxygen dissolved in water does not pose a limit for
the reaction at these pressures. To confirm that no external diffusional limitations affect
the catalytic results, several experiments were carried out by changing the stirring rates
(Figure S16) over the Au/AC_PVA_0.6 sample. At 150 rpm, an important carbon loss
(higher than 10%) was observed, but it disappeared after increasing the stirring rate to
300 and 600 rpm. Low stirring rates probably avoid a proper diffusion of HMF to the active
sites, promoting its degradation and leading to the formation of by-products. Blank tests
were performed in the absence of a catalyst and on activated carbon alone as the chosen
support. These tests confirmed that in the absence of gold, the only reaction that occurred
was HMF degradation, according to previous work [52]. On the contrary, the presence of
a gold-based catalyst promoted the HMF oxidation to 5-Hydroxymethylfurancarboxylic
acid (HMFCA), as reported in Scheme 1. It was not possible to detect the presence of
the HMFCA parallel product, 2,5-Diformylfuran (DFF): its formation is not favored in
such basic conditions, because the aldehydic group of HMF undergoes the attack of a
hydroxyl ion to form a geminal diol [53]. The HMFCA oxidation leads to the formation of
5-formyl-2-furancarboxylic acid (FFCA), which is rapidly oxidized to FDCA. Since this last
step occurs quickly, while the FFCA formation is the rate-determining step, the product
was often detected in small amounts [54].

0
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Scheme 1. The reaction pathway for the selective oxidation of HMEF. The reaction pathway occurring
on gold NPs is highlighted by colored boxes.

In Figure 1, the results obtained from the catalytic tests on the HMF oxidation are
reported as a function of the polymer:Au weight ratio, showing the effect of the amount
of polymer on the catalytic activity. HMF conversion was complete for each test, thus
FDCA selectivity was used as a measure of the overall catalytic performance of the
catalysts (Figure S17).
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Figure 1. The catalytic results for the PVP-based catalysts (A), PVA-based catalysts (B) and PEG-based
catalysts (C). Reaction conditions: 70 °C, 4 h, 10 bar O,, HMF:Met:NaOH = 1:0.01:4.

When PVA is the chosen stabilizer, an increase in PVA/Au weight ratio leads to a
significant increase in FDCA selectivity, from 50% in the absence of PVA to a maximum
of 80% in the presence of a 0.6 PVA /Au weight ratio. PVA-stabilized catalysts presented
the highest catalytic performances, while PVP-Au and PEG-Au samples generally showed
lower FDCA selectivity at a similar polymer/Au weight ratio. In particular, when gold NPs
are stabilized with PVDP, catalysts with a lower amount of polymer (0.3-0.6) and without
the stabilizer had similar performances, while higher amounts of PVP led to less active
catalysts. When the PVP:Au weight ratio is equal to 2.4, the FDCA production is lower than
the formation of by-products, due to a low catalytic activity. This behavior was already
observed for the reaction of furfural oxidation in a previous study [50]; PEG-stabilized
catalysts generally have lower performance rates compared to the PVA-Au samples, and
the highest activity is reached when the stabilizer to Au weight ratio is 0.6.

Since a large amount of stabilizer clearly affects catalytic performances, especially for
the PEG- and PVP-based samples, a study on the reaction time and temperature has been
carried out on the three catalysts with a polymer:Au weight ratio of 0.6 as the preferred
choice (Figures 519-524). Figure 2 summarizes the effect of reaction time in the range of
0—4 h and the reaction temperature from 30 °C to 110 °C for the transformation of HMFCA
to FDCA for the series of catalysts presented.
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Figure 2. (A) The effect of the reaction temperature for catalysts with Polymer:Au weight ratio of
0.6 (2 h, 10 bar O,, HMF:Met:NaOH = 1:0.01:4); (B) The effect of the reaction time for catalysts with
Polymer:Au weight ratio of 0.6 (70 °C, 10 bar O, HMF:Met:NaOH = 1:0.01:4). The HMF conversion
was 100% in all cases.

HMECA is one of the reaction intermediates, and further oxidation of HMFCA to
FDCA is possible via the formation of FFCA. Due to the presence of the hydroxyl group in
the HMFCA, the oxidation of this intermediate to FFCA is the rate-determining step of the
reaction [44]. It is evident that as the temperature increases HMFCA can be further oxidized
to FDCA at higher rates above 60 °C. Moreover, considering the effect of the stabilizer, it can
be seen that when PVA is chosen as the stabilizer, the FDCA selectivity is higher, whereas
the PVP and PEG-Au supported nanoparticles show a significantly lower selectivity to
FDCA below 90 °C. These results demonstrate that the interactions of the various stabilizers
with the Au surface sites are different, and when PVA is used, the interaction is weaker,
since at a lower reaction temperature it is possible to facilitate the formation of FDCA. In
the case of PVP and PEG-Au supported nanoparticles, it is evident that the improvement of
FDCA selectivity as the reaction temperature is increased. In particular, when the reaction
temperature is increased to 110 °C, the difference in terms of FDCA selectivity of the PVA,
PVP and PEG-Au supported nanoparticles is smaller, indicating that a higher reaction
temperature facilitates the desorption of the stabilizer from the active site, especially in the
case of PVP and PEG-Au supported nanoparticles.

2.3. Characterization of Catalysts for Evaluating the Difference in the Catalytic Activity

In Figure 3, the FDCA selectivity has been plotted as a function of Au mean particle
size and Au surface exposure. Considering the characterization data, a good correlation
between catalytic performances, Au mean particle size and the percentage of surface Au
can be observed.

In previous work, Megias-Sayago et al. [55] already observed that the product selec-
tivity and the carbon balance of the HMF oxidation depend on the gold nanoparticles’
dimensions due to a higher exposure of the (100) face when the NPs are smaller. In this case,
according to the catalytic tests and the results of the TEM analysis, a decrease in average Au
nanoparticle size has a positive influence that increases the selectivity to FDCA (Figure 3A).
The catalyst prepared without employing a polymeric stabilizer led to a ca. 50% FDCA
selectivity and did not show a particular increase in terms of Au particle size, thanks to
the presence of the reagents counterions during the colloidal suspension preparation. In
the case of PVP-Au catalysts, a counter-intuitive growth in the diameter of the NPs can
be observed when the amount of polymer increases; higher amounts of this polymer can
probably affect the synthesis of the nanoparticles. However, a good correlation with the
FDCA selectivity can be noted: when the nanoparticles increase in size, the catalyst activity
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decreases. In addition, the catalytic results are well correlated with the percentage of the
Au surface exposure (Figure 3B), and a higher amount of PVP not only led to the formation
of bigger NPs but also covered the Au surface, resulting in a lower surface Au percentage
and consequently less active catalysts. Instead, different PEG:Au weight ratios did not
influence the NPs preparation significantly, all the PEG-based samples showed similar
dimensions, but also in this case, an increase in stabilizer to Au weight ratio above 0.6 led to
a decrease in Au exposure and in the selectivity to FDCA. All the catalysts with PVA as the
chosen stabilizer presented smaller and more active nanoparticles. In terms of surface Au
exposure and PVA coverage, the influence was not significant and the correlation with the
catalytic results was not strong. This can be caused by a stabilizer removal from the catalyst
surface during the 4 h of reaction: above 60 °C, the amount of PVA on the surface of Au
nanoparticles could be reduced due to the higher degree of solubilization in the reaction
medium [48]. Therefore, the availability of gold surface sites can be increased “in situ”,
even when a higher amount of PVA was used during the synthesis of the Au nanoparticles.

100 -
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S 801 24" X 80+ w24 . s
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Figure 3. (A) The correlation between catalytic performances and Au mean particle size for the
different catalysts. (B) T correlation between catalytic performances and surface Au percentage (XPS)
for the different catalysts. All catalysts led to 100% HMF conversion.

2.4. Catalyst Reusability

The reusability of the three catalysts with polymer:Au ratio of 0.6 was studied carrying
out subsequent reaction cycles on each sample. For these tests, the reaction time was
decreased to 2 h in order to better evaluate possible changes in the catalyst behavior. The
obtained results on the three catalysts are reported in Figure 4.

All the synthesized catalysts exhibited a similar trend: after the second use, the
catalytic activity decreased significantly, in good agreement with the results reported in
the literature on the low stability of gold NPs for the HMF oxidation reaction [45,46].
Concerning the PVP-based sample, during the third use, the catalyst was completely
deactivated, the only HMF degradation reaction, which led to the formation of humins,
and the reaction solution was dark red (Figure 525). The PEG-Au-supported nanoparticles
showed a similar behavior: in the third test the FDCA selectivity was <5% and a significant
amount of by-products formed, and the catalyst was no longer active. When PVA was
chosen as the stabilizer, the FDCA selectivity was generally higher, but also in this case the
catalyst deactivation was notable. The causes of catalyst deactivation were investigated
with TEM and XPS analysis on the spent catalysts (Tables 2 and S3). All the spent samples
presented a general growth of the Au nanoparticles in addition to a reduction in the gold
surface exposure. The decrease in the percentage of surface gold could be caused by the
NPs aggregation and fouling due to the formation of humins. Active phase leaching can be
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excluded. A significant amount of gold was not detectable through MP-AES analysis on
post-reaction solutions. Moreover, to exclude the Au leaching, a test of 4 h removing the
catalyst after 1 h of reaction was carried out on the PVA-based sample (Figure 526). These
results indicate that the detachment of the polymer from the surface of the NPs, combined
with weak metal-supported interactions and relatively high reaction temperature, increases
the mobility of the nanoparticles on the catalyst surface, causing their coalescence [56,57].
The selectivity of the products did not change after the last 3 h without the catalyst,
suggesting the absence of Au NPs in the solution. To verify that the interaction between
FDCA and the gold surface is not the cause of the catalyst deactivation, some experiments
were conducting adding different amounts of this product at the beginning of the reaction
(Figure S27). From the obtained results, it was possible to confirm that the presence of
FDCA did not lead to the catalyst deactivation; in fact, the HMF conversion and products
selectivity did not change when FDCA was added.
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Figure 4. Reusability tests on the catalysts with PVP (A), PVA (B) and PEG stabilizers (C) with a
polymer:Au weight ratio of 0.6. Reaction conditions: 70 °C, 2 h, 10 bar O, HMF:Met:NaOH = 1:0.01:4.
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Table 2. A list of all the fresh and spent samples employed to study the catalyst stability along with
TEM nanoparticles size and percentage of Au on the catalyst surface obtained from XPS analysis.

Sample Au on Surface [at%] Au NPs TEM Diameter (nm)
Au/AC_PVA_0.6 2.80 27+1.6
Au/AC_PVA_0.6 018 20 4 10

3 uses
Au/AC_PVA_24 1.81 24+1.2
Au/AC_PVA 24 0.24 94 +57
3 uses
Au/AC_PEG_0.6 1.95 56 +22
Au/AC_PEG_0.6 0.68 85+49
3 uses
Au/AC_PEG_24 1.09 64 +22
Au/AC_PEG 24 0.71 9.9 + 4.6
3 uses
Au/AC_PVP_0.6 1.17 56 +39
Au/AC_PVP_0.6 0.25 9.1+54

3 uses

For a better understanding of the influence of the stabilizer agent on the catalyst
stability, the reusability tests were carried out at a higher polymer-to-Au weight ratio,
using as reference samples the Au/AC_PVA_2.4 and Au/AC_PEG_2.4 catalysts (complete
results are reported in Figure S28). The obtained results were compared with those of the
catalysts with a polymer/Au weight ratio of 0.6 (Figure 5). The PVP-based catalysts with
higher amounts of polymer were not tested due to their low activity after a single reaction

cycle of 4 h.
(8)

06 - SFDCA 30 Il 0.6-SFDCA
0.6 - Others
I 2.4- SFDCA

2.4 - Others

0.6 - Others
2.4 - SFDCA

2.4 - Others

FDCA and Others, Selectivity (%)

2 3
Uses PVA-based catalysts

Uses PEG-based catalysts

Figure 5. A comparison between the reusability tests for the Au/AC_PVA_0.6 and Au/AC_PVA_24
catalysts (A) and for the Au/AC_PEG_0.6 and Au/AC_PEG_2.4 catalysts (B). Reaction conditions:
70 °C, 2 h, 10 bar O,, HMF:Met:NaOH = 1:0.01:4.

In general, the catalysts with a higher amount of polymer showed better stability
compared with the catalysts with a lower amount of polymer. Concerning the PEG-based
samples (Figure 5A), the FDCA selectivity slowly decreased using the catalyst with a higher
amount of polymer, from 17% to 11% after the third cycle, while it decreased from 22%
to less than 5% on the Au/AC_PEG_0.6 catalyst. The higher accessibility to active sites,
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when the lower stabilizer is employed, is probably responsible for the enhanced initial
activity, but faster fouling through the three cycles was observed because the side reactions
are also enhanced. On the contrary, better stability after 3 reactions was observed with a
higher amount of PEG, despite the lower preliminary activity, showing the importance of
the nature and concentration of the chosen and desired stabilizer.

For the Au/AC_PVA_2.4 sample (Figure 5B), the FDCA selectivity increased after a
reaction cycle, reaching almost 60%, to decrease after the third cycle, while the activity loss
was constant after each cycle on the other catalyst. PVA is known to be a stabilizer that can
be washed away from the NPs surface at relatively low temperatures (>60 °C) [48]; therefore,
the increase in activity after the first cycle could be attributed to the polymer removal from
the active phase of the nanoparticle and, therefore, the increase in the concentration of the
Au active sites.

Concerning the catalyst with a PVA:Au weight ratio of 0.6, the majority of the polymer
amount on the surface of the catalyst probably solubilized during the first reaction cycle,
thus increasing the catalytic activity but consequently leading to a less stable catalyst.
Indeed, after three reaction cycles, the mean gold diameter increased from 2.7 nm to
20 nm (Figure 6) while the gold exposure drastically decreased, justifying the quick loss of
activity. Conversely, higher amounts of stabilizer can partially block the active sites, also
explaining the values of by-products selectivity near the 15% obtained from the first test on
Au/AC_PVA_2.4, but after a reaction cycle enhanced FDCA selectivity was observed. In
this case, after all tests, the Au NPs resulting growth was lower, since the higher amount of
polymer prevents the aggregation of the nanoparticles, improving their stability. Therefore,
it is crucial to find the delicate balance between the nature and concentration of the chosen
polymeric stabilizer for maintaining catalytic performance and minimizing deactivation.

10 nm

Figure 6. The TEM images of the fresh (A) and spent (B) catalyst Au/AC_PVA_0.6.

2.5. Interaction between Stabilizing Agents and Au NPs: A Computational Study

To better understand the interactions between the stabilizing agents and the Au NPs,
we carried out a computational study based on density functional theory (DFT). As a model
system for Au NPs, an Auss amorphous cluster [58], with a size of ca. 1 nm was employed,
since it was successfully used in a previous study on glucose oxidation reaction [47]. The
adsorption of the three polymeric stabilizers was studied by considering the adsorption of
their monomeric units.

Figure 7 shows the optimized structures of the PVA, PEG and PVP monomeric units
adsorbed on a low-coordinated Au atom of the amorphous Auss nanoparticle. The most
stable surface interactions occur with O atoms of the polymeric monomers, i.e., with the
hydroxyl group of PVA, the ether oxygen of PEG and the carboxylic group of PVP. The Au-
O distances turned out to be 2.50 A, 2.47 A and 2.31 A for PVA, PEG and PVP, respectively.
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The PVA monomer, thus, appears to be the one bound least strongly to the nanoparticle,
followed by PEG and PVP. This trend was also confirmed by the corresponding adsorption
energies reported in Table 3.

Figure 7. The DFT optimized structures of stabilizing agents (PVA on the left, PEG in the center and
PVP on the right) adsorbed on the Auss cluster model.

Table 3. Adsorption energies and Au-O distances of the three stabilizing agents on Auss.

Stabilizing Agent Eads (kCal/mol) Distance Au-O (A)
PVA —28.7 2.50
PEG —31.6 247
PVP —36.8 2.31

Notably, the computed adsorption energies and optimized geometries of the adsorbed
monomeric units of the stabilizing agents agree with the experimental observation that
water washing of the PVA-stabilized NPs removes the polymer from the catalyst surface at
relatively low temperatures more effectively than for PEG and PVP [48].

3. Materials and Methods
3.1. Materials

Tetrachlorauric acid (HAuCly-3H;0O, Sigma Aldrich, Darmstadt, Germany), sodium
borohydride (NaBH4, 99%, Sigma Aldrich), activated carbon NORIT SX1G, sulfuric acid
(H2SOy4, 96%, Sigma Aldrich) poly(vinyl alcohol) (PVA, MW 13,000-23,000 g mol !,
hydrolyzed 87-89%, Sigma Aldrich), polyvinylpyrrolidone (PVP, MW 29,000 g mol !,
Sigma Aldrich), polyethylenglycol (PEG, MW 8000 g mol~!, Sigma Aldrich) were em-
ployed for the catalyst synthesis. For the catalytic tests, 5-hydroxymethylfurfural (AVA
Biochem, Zug, Switzerland) and sodium hydroxide pellets (>98%, Sigma Aldrich) were
used, and 2,5-furandicarboxylic acid, 5-hydroxymethyl-2-furancarboxylic acid, 5-formyl-2-
furancarboxylic acid, and 2,5-diformylfuran (FDCA, HMFCA, FFCA) (Toronto Research
Chemical, North York, ON, Canada) were employed as reference commercial species for
HPLC analysis. The reactants and products quantification was conducted using an external
calibration method.

3.2. Catalysts Preparation

The catalysts were prepared via sol-immobilization, using the following experimental
protocol [47,50]. To prepare 1 g of the catalyst with a nominal metal loading of 1%wt, the
desired amount of HAuCly-3H,0 (1.9 mmol) was dissolved in 390 of distilled H,O, adding
a precise volume of polymer (PVA, PVP, PEG, in aqueous solution 0.101 g mL~!) as a
stabilizing agent. After 3 min, an aqueous solution of NaBH4 (Au:NaBH4 = 1:5 mol/mol)
was added to the gold and stabilizer solution, to form a red colloidal suspension of Au®.
The solution was left under stirring for 30 min; then the nanoparticles were immobilized
by adding 0.99 g of the support (activated carbon, AC), and the solution was acidified at
pH 2 by using sulfuric acid. After 1 h of stirring, the catalyst was filtered and washed with
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distilled water to remove ionic species, until the washing water reached a neutral pH. After
drying for a night at room temperature in a watch glass, the catalyst was treated at 80 °C in
an oven for 4 h.

3.3. Characterization

The synthesized catalysts have been characterized by means of UV-Vis spectroscopy,
DLS, XRD, TEM and XPS. The colloidal suspensions were characterized by dynamic light
scattering (DLS) and electrophoretic light scattering (ELS) analysis, using a Malvern Pan-
alytical (Malvern, UK) Zetasizer Nano ZS instrument. The DLS analysis was performed
in a standard polystyrene cell at 25 °C (or at the desired temperature), while for the zeta
potential analysis a capillary polycarbonate cell equipped with electrodes was utilized.
On the colloidal suspensions was also performed UV-Vis analysis using an Agilent Cary
3500 UV-Vis Spectrometer. Powder X-ray diffraction (XRD) patterns were collected em-
ploying a Malvern Panalytical (Malvern, UK = X'PertPRO) X-ray diffractometer using a
Cu radiation source (1.54 A). To estimate the mean size of the NPs and their distribution,
Transmission Electron Microscopy (TEM) analysis was performed using a Thermo Fisher
(Waltham, MA, USA) FEI Talos F200x high-resolution transmission microscope. To prepare
the samples, firstly the catalyst was suspended in ethanol and treated by ultrasound for
15 min; then a drop of the suspension was deposited on “quantifoil-carbon film” supported
by a grid of Cu, dried at 120 °C and analyzed. A minimum of 400 NPs were measured
to evaluate the nanoparticles’” average size and size distribution. The XPS spectra were
recorded with a Physical Electronic spectrometer (PHI Versa Probe II), using monochro-
matic Al K« radiation (15 kV, 1486.6 eV) and a dual beam charge neutralizer for analyzing
the core-level signals of the elements of interest. High-resolution spectra were recorded
using a concentric hemispherical analyzer with a constant pass energy value of 29.35 eV,
irradiating an analysis area of 100 um in diameter. The binding energy was determined
with a precision of +0.1 eV, using as reference the C 1s signal 284.5 eV. The pressure in the
analysis chamber was kept below 5-10 Pa. The SmartSoft-VP 2.10.4.1 software was used
for the acquisition of analysis data. A Shirley-type background was subtracted from the
signals. The spectra that were recorded were analyzed with Gauss-Lorentz-type curves
to determine, with greater precision, the binding energy of the atomic levels of the dif-
ferent elements. Atomic concentration percentages of the characteristic elements were
determined considering the corresponding area sensitivity factor for the different measured
spectral regions.

3.4. 5-Hydroxymethylfurfural Oxidation Tests

The catalytic tests were carried out in a 100 mL PARR autoclave, with a mechani-
cal stirrer (0-600 rpm) [52,59]. Standard reactions were performed at 70 °C, stirring the
solution at 600 rpm for 4 h. Before starting the reaction, 25 mL of HMF aqueous solu-
tion with the necessary amount of catalyst and NaOH (HMF:Au:NaOH molar ratios of
1:0.01:4) was charged in the reactor. Then the autoclave was purged 3 times with 10 bar
of oxygen and finally pressurized (10 bar). When the temperature reached the set point,
the reaction began (t = 0). After the selected time of reaction, the autoclave was cooled
down in an ice bath. To remove the catalyst, the reaction mixture was centrifugated and a
sample was collected and diluted 1:5 before HPLC analysis. The analysis was performed
with an Agilent Infinity 1260 liquid chromatograph equipped with an Aminex HPX-87H
300 mm x 7.8 mm column using 0.005 M H,SO; as eluent. To calculate the concentration
of each reactive species present in the reaction (HMF, HMFCA, FFCA, FDCA), an external
calibration curve prepared using reference commercial samples was used. Conversion
yields and selectivity were calculated according to the following equations:

[HMF], — [HMF];

HMF conversion (%) = "HAMF]
0

% 100 D
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3.5. Computational Studies

The model used for small Au NPs is an amorphous Auss cluster previously reported
elsewhere [47]. All structures were optimized at the DFT level using the hybrid B3LYP
exchange—correlation functional [60-62] as implemented in the Gaussian16 package [63].
The effect of the solvent (water) has been taken into account using the polarizable contin-
uum model [64]. The energy of adsorption was calculated using the following equation:

Eads = EAuss + stabilizing agent — Eauss — Estabilizing agent 4

The Stuttgart effective core potential was used for the Au atoms [65] to account for
scalar relativistic effects, while for the atoms of the polymeric units (H, C, N and O) the
6-31G** basis set was employed [66]. Single-point calculations were performed using the
larger basis set 6-311++G** [66] for the stabilizing agent of the atoms (H, C, N and O). The
counterpoise correction was applied to account for the basis set superposition error [67].

4. Conclusions

The catalytic activity of several Au/AC samples, prepared employing different poly-
meric stabilizing agents (PVA, PEG and PVP), was investigated in this work. The selective
oxidation of HMF to FDCA was used to better evaluate the role and influence of the
stabilizer on the catalytic performance of Au nanoparticles. The catalytic results demon-
strated that the nature and the amount of stabilizer had a significant impact not only on
the catalysts” activity but also on their stability. When PVA was the chosen stabilizing
agent, smaller and more active nanoparticles could be obtained, independently from the
polymer:Au weight ratio. On the contrary, PEG- and PVP-based samples presented bigger
and less active NPs when the polymer amount was increased. Computational studies
on the adsorption of the polymer monomeric units on the Auss cluster can explain the
improved activity of the PVA-based catalysts. The monomer of PVA presented the lowest
adsorption energy on the Auss cluster and the longest Au-O bond, thus the polymer can be
washed away from the gold surface at relatively low temperatures, increasing the number
of free active sites during the reaction. Moreover, the studies on the catalysts’ stability
highlighted the importance of the stabilizer amount; in fact, catalysts with a 2.4 polymer:Au
weight ratio presented a certain stability for two reaction cycles, while the activity of the
catalysts with less polymer drastically decreased after the first reaction. These studies show
the significance of investigating the nature of the stabilizer and its amount for improving
catalyst activity and preserving its stability and therefore can open new scientific pathways
for continuing research to optimize the use of preformed colloidal metal nanoparticles for a
range of different catalytic applications in liquid and gas phase.
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spectra of Au NPs colloidal suspension with varying amounts of PVA as stabilizer; Figure S3. UV-Vis
spectra of Au NPs colloidal suspension with varying amounts of PEG as stabilizer; Figure S4. UV-Vis
spectra of Au NPs colloidal suspension with varying amounts of PVP as stabilizer; Figure S5. XRD
patterns of Au/AC samples with different PVA:Au weight ratios; Figure S6. XRD patterns of Au/AC
samples with different PEG:Au weight ratios; Figure S7. XRD patterns of Au/AC samples with differ-
ent PVP:Au weight ratio; Figure S8. TEM images and particle size distributions of Au/AC_PVP_0.6
catalyst before and after two reaction cycles; Figure S9. TEM images and particle size distribu-
tions of Au/AC_PEG_0.6 catalyst before and after three reaction cycles; Figure S10. TEM images
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suspension stabilized with different polymers (PVA, PEG, PVP); Figure S14. Temperature effect
on DLS diameter for the Au colloidal suspension stabilized with different polymers (PVA, PEG,
PVP); Figure S15. Effect of the NaOH equivalent on the sample Au/AC_PVA_0.6; Figure S16. Effect
of the stirring rate on the sample Au/AC_PVA_0.6; Figure S17. Correlation between catalytic per-
formances and stabilizer to Au weight ratio for each catalyst series; Figure S18. Effect of the oxygen
pressure on the 0.6 Polymer:Au weight ratio catalysts; Figure S19. Study on the reaction time. Cata-
lyst: Au/AC_PEG_0.6; Figure S20. Study on the reaction temperature. Catalyst: Au/AC_PEG_0.6;
Figure 521. Study on the reaction time. Catalyst: Au/AC_PVP_0.6; Figure S22. Study on the
reaction temperature. Catalyst: Au/AC_PVP_0.6; Figure S23. Study on the reaction time. Cata-
lyst: Au/AC_PVA_0.6; Figure S24. Study on the reaction temperature. Catalyst: Au/AC_PVA_0.6;
Figure S25. Comparison of reaction solution after the first test on Au/AC_PVP_0.6 and after the third
test; Figure S26. Leaching evaluation test; Figure S27. Effect of the FDCA in the starting reaction
mixture; Figure 528. Reusability tests for the Au/AC_PVA_2.4 (A) and Au/AC_PEG_2.4 catalysts
(B). Table S1. Mean crystallite size for Au/AC samples calculated from XRD analysis; Table S2. XPS
Analysis for the synthesized catalysts; Table S3. XPS analysis on spent catalysts (after 3 uses).
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