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ABSTRACT

Gold nanoparticles are great catalysts for selective hydrogenation and oxidation reactions, such as for the oxidation of 5-

hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid, an important reaction in the production of bio-based polymers and

an excellent model reaction to evaluate alcohol and aldehyde oxidation performance. The gold particle size is crucial for catalytic

applications, but its role in HMF and other liquid-phase oxidation reactions remains insufficiently understood. We report gold

particle sizes between 2 and 20 nm within a series of Au/TiO, catalysts, made by deposition precipitation with varying heat

treatment conditions and precipitation agents. Gold particles larger than 3 nm exhibit good stability, in contrast to even smaller
particles that suffer from particle growth, which we attributed to increased solubility probability. The oxidation rate of the alcohol
and aldehyde group of HMF depends on the gold particle size, as oxidation rates of both groups decreased with increasing gold
particle size. Our 4 nm Au/TiO, catalyst outperformed catalysts containing larger gold particle sizes with 2.5 times faster HMF
oxidation and 2 times faster oxidation rate of the intermediate 5-hydroxymethyl-2-furancarboxylic acid. Altogether, this paper
contributes to the field of gold catalysts in selective oxidation reactions, leading to more rational catalyst design.

1 | Introduction

Selective oxidation reactions are crucial in the chemical industry,
making up 30% of all chemical conversions [1]. Selective oxidation
allows us to make important organic molecules such as alcohols,
aldehydes, carboxylic acids, ketones, and epoxides. It is also
crucial in the production of valuable products in sustainable
chemical processes, such as biomass valorization, CO oxidation,
and catalytic upgrading of methane and other hydrocarbons [2].
Recently, oxidation of alcohols to carboxylic acids has received
much interest, as this conversion is pivotal in the production
of food additives, pharmaceutics, polymers, and cosmetics [1].
For alcohol to carboxylic acid oxidation, alcohol oxidation is
not the only important step, as the subsequently formed ketone

or aldehyde should also undergo catalytic oxidation to make
carboxylic acids [3]. If the latter is desired, a catalyst in this
process ideally catalyzes both.

An intriguing model compound for the oxidation of alcohols
and aldehydes is 5-hydroxymethylfurfural (HMF), as this furan
molecule possesses both functional groups [3]. Furthermore,
HMF is listed as one of the most valuable biomass platform
molecules, since it can be converted into many valuable prod-
ucts, like 2,5-furandicarboxylic acid (FDCA), which can be used
to replace terephthalic acid in polymer fabrication [4]. The
implementation of heterogeneous catalysts in liquid alcohol
oxidation is challenging, as the conditions are challenging for
their stability [5]. However, heterogeneous catalysts have the
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SCHEME 1 | The aerobic oxidation of 5-hydroxymethylfurfural to 2,5-furandicarboxylic acid over two likely pathways.

potential to circumvent the continuous need for stoichiometric
amounts of oxidizing reagents in liquid phase oxidation processes
that come with high toxicity, continuous waste generation, and
costs, but they also allow much more facile separation from
the reaction products [6]. Noble metal catalysts are promising
catalysts for HMF oxidation, as they offer good corrosion and
poisoning resistance [7-11]. Especially gold has received interest,
as it is less prone to corrosion and metal leaching than other
noble metals, like Pd, Pt, and Ru [12-15]. However, particle
growth has also been observed frequently for gold particles
in HMF oxidation [16-18]. The growth of particles lowers the
active metal surface area, but can also induce other particle size
effects [19, 20].

Gold catalysts often exhibit good activity in HMF oxidation,
but show limited FDCA production due to slower conversion
of the alcohol group [10, 11]. In Scheme 1, two common path-
ways are depicted, showing that HMF can either be converted
to 5-hydroxymethyl-2-furancarboxylic acid (HMFCA) or 2,5-
diformylfuran (DFF). Both the conversion of the alcohol and
aldehyde have been reported as first-order reactions in HMF
and HMFCA, which are both rate-limited by C-H activation
[21-25]. This dehydrogenation step is catalyzed by adsorbed
hydroxyl ions that also serve as an oxygen source [26, 27].
The catalyst’s parameters and reaction conditions determine the
surface coverage of hydroxyl ions and reactants, thus affecting
both the reaction rate and selectivity toward preferential aldehyde
or alcohol conversion.

Specifically for gold catalysts, activity in chemical reactions is
often found in small ( < 10 nm) nanoparticles; their catalytic activ-
ity was only revealed when particles approached the nanoscale
[28-31]. Changes in the gold particle size have been reported to
result in several effects, impacting catalysis. As particles become
smaller than approximately 10 nm, their electronic band structure
will consist of a lower density of states around the Fermi level,
giving rise to unique electronic and thereby catalytic properties
[32, 33]. This is especially important for gold catalysts, as the d-
band of macroscopic gold lies well below the Fermi level. As gold
particles become smaller, the d band will approach the Fermi
level, leading to higher reactivity [34]. It also means that small
gold clusters are much more easily oxidized [35, 36]. Besides
electronic effects, geometric effects often arise. As the particle size
decreases, the fraction of surface atoms increases, and the surface
atom distribution shifts from predominantly facet sites to a higher
fraction of corner and edge sites [37, 38]. Lastly, the amount and

angle of the support-metal interface change as a function of the
particle size and are reported as a possible active site in multiple
reactions [35, 39, 40]. Investigating the structure-sensitivity of a
reaction by changing the metal particle size can provide insights
about the active site, as has been done before for Au [19, 41], Ag
[42], Pd [43], Pt [44], Ru [45], etc., in oxidation reactions.

In CO oxidation, the highest activities are found for the small-
est gold nanoparticles, rhyming with the relative abundance
of corner sites, and interface area with the support [41, 46].
Herein, the activation of oxygen is regarded as the rate-limiting
step, which is likely to take place on gold-support interface
sites [47]. CO adsorbs generally the strongest on corner sites
due to their lower coordination number [46, 48]. Moreover,
small gold particles often exhibited superior activity in reactions
with small molecules, such as CO, H,, O,, and NO. However,
larger optimal particle sizes were found for gold catalysts in
the conversion of larger molecules, as these often need larger
surfaces to adsorb on [49-51]. In glucose oxidation, Megias-
Sayago et al. [52]. demonstrated that 9 nm particles exhibited
the highest TOF, which was explained by improved glucose
adsorption. In benzyl alcohol oxidation, 7 nm gold particles exhib-
ited the highest activity [31]. Also, in hydrogenation reactions,
improved adsorption of large substrates on larger Au particles
was reported [50, 51].

A few studies have reported on the gold particle size effect
in HMF. Megias-Sayago et al. [19] investigated 5-40 nm gold
particles on a carbon support. They found that smaller ( < 10 nm)
particles had improved FDCA selectivity compared to parti-
cles larger than 10 nm, albeit displaying full conversion of
HMF for every catalyst. Schade et al. [20] looked into the
effect of the gold particle size distribution on HMF oxidation
using 2.1-2.9 nm Au/ZrO, catalysts. They suggest that the rate-
limiting alcohol oxidation step occurs on large Au crystallites,
after which the aldehyde product is converted over the small
Au clusters.

We add crucial new insights on the Au particle size effect in
HMF oxidation with a systematic approach: First, we use a gold
particle size range from 2 to 20 nm on a TiO, support for HMF
oxidation. An investigation of this range is still lacking, even
though it encompasses the range where most particle size effects
are expected to occur. Moreover, we provide information on the
stability of the gold catalysts during liquid phase oxidation by
looking at the particle size with XRD and HAADF-STEM before
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FIGURE 1 | HAADF-STEM images of a series of Au/TiO, catalysts with varying Au particle size from 2 to 20 nm, namely (a) Au_2.0, (b) Au_4.3,
(c) Au_5,8b, (d) Au_12.5, (e) Au_18.6 and (f) Au_19.6. The scale shown in a) applies to all frames.

and after catalysis. Secondly, we follow the evolution of products
of HMF oxidation and its derivatives in time. Earlier research
focused solely on the final product distribution, and neither of
the mentioned reports includes kinetic studies. Lastly, particle
size effects might well be expected to differ between the two
reaction steps. Therefore, we report the gold particle size effect in
the oxidation of intermediate HMFCA separately, which, to the
best of our knowledge, has not been published before. This also
yields important information about the activation mechanism of
HMFCA compared to HMF.

2 | Results and Discussion

2.1 | Preparation and Characterization of Au/TiO,
Catalysts With Different Au Particle Sizes

To assess the influence of the gold particle size in HMF oxidation,
a series of Au/TiO, catalysts with different gold particle sizes
was synthesized. The temperature of the calcination treatment
after deposition precipitation was adjusted to acquire different
gold particle sizes. HAADF-STEM images of selected catalysts
can be found in Figure la-f. Table 1 displays an overview of all
catalysts including relevant structural properties. The Au/TiO,
catalysts have surface-averaged particle sizes ranging from 2 to
20 nm. NaOH as base was used to precipitate and prepare the
Au/TiO, catalysts with a particle size of 2.0 and 2.8 nm, listed
in Table 1 and displayed in Figure la. Deposition precipitation
with urea yielded Au/TiO, catalysts with particles of 3.8 nm and
larger. Using both deposition precipitation methods, the complete
series of Au/TiO, catalysts was synthesized, covering a wide
distribution of particle sizes, between 2 and 20 nm. These catalysts
are denoted as Au_X.X, with X.X being the surface-averaged
particle diameter. X-Ray Diffraction (XRD) measurements were

performed to characterize the average gold crystallite size. In
Figures 2 X-Ray diffractograms of selected Au/TiO, catalysts
are shown. The full overview is presented in Figure S1. The
Au(200) peak at 20° for a fcc crystalline structure was used to
determine the crystallite sizes, as the Au(111) signal overlaps with
adiffraction peak of the TiO, support, consisting of approximately
of 80% anatase and 20% rutile. Figure 2b clearly illustrates that the
Au(200) reflection becomes more pronounced and sharper with
growing particle size. Resulting crystallite sizes are displayed in
Table 1 and agree well with the TEM data, also shown in Table
S1 using volume-weighted particle sizes. It was not possible to
determine the average crystallite size of Au/TiO, catalysts with
particles smaller than 5 nm.

XRD also reveals that the heat treatment affects the TiO, crystal
phase, as Au_18.6 and Au_19.6 possess a higher rutile content,
which is the more stable crystal phase of TiO, at this temperature
[53]. Unfortunately, the rutile(210) signal interferes with the
Au(200) signal, which is why this peak was deconvoluted (Figure
S2 and Table S2) to obtain more accurate crystallite sizes for
Au_18.6 and Au_19.6, which was validated with the crystallite
size, calculated from the Au(111) reflection.

2.2 | Particle Size Stability

An important aspect to be considered when assessing the particle
size effect in catalysis is stability. Figure 3 shows the HAADF-
STEM-derived surface-averaged particle sizes after 6 h of catalysis
compared to particle sizes before entering the reactor. The red
dotted line represents the situation in which no particle size
growth or shrinkage has taken place. Most catalysts are close
to the red line and therefore experienced little overall change
in the particle size during catalysis. Only two catalysts diverge
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TABLE 1 | Overview of selected Au/TiO, catalysts that were tested for HMF oxidation performance.
Synthesis Heat treatment T (°C); Au weight loading TEM diameter XRD crystallite size
Catalyst technique and time (h)? (Wt.%)® drey 50 (MM)© dygp (nm)4
Au_2.0 DP NaOH 300; 4 0.58 2.0+0.6 n.a.
Au_2.8 DP NaOH 300; 4 0.48 2.8+0.7 n.a.
Au_3.8 DPU 200; 4 1.65 38+11 n.a.
Au_4.0 DPU 300; 4 1.49 40+11 n.a.
Au_ 43 DPU 300; 4 1.65 43+0.9 n.a.
Au_5.82a DPU 550; 4 3.41 58+13 52
Au_5.8b DPU 525; 6 3.99 58+13 5.6
Au_12.5 DPU 540; 6 3.75 125 +2.8 8.3
Au_18.6 DPU 550; 6 3.60 18.6 + 6.2 9.2
Au_19.6 DPU 600; 10 4.33 19.6 +5.4 10.8

2All heat treatments were done in synthetic air (20 vol% O, in N,) mixture with a flow rate of 100 mLmin~'g., .

"Determined from ICP-OES measurements.

“Surface-averaged particle diameter and standard deviation from STEM measurements as described in experimental section.

dDerived from Scherrer equation on the Au (200) peak.

a) A OAu (fee) b)
- & ARutile | _ _ @ Au (foo)
5 O (0} IAnatase S Rutile iA
< A 5,
> 2
G @
3 S
£ s
° o
8 8
[ ©
: £
z 2
TiO, !
10 12 14 16 18 20 22 19.4 19.6 19.8 20.0 20.2 20.4
20 (°) 26 (°)
FIGURE 2 | (a)X-Ray diffractograms in the range of 20 between 10 and 23.5° of selected Au/TiO, catalysts with y-offset, obtained using a Mo-K,

source (0.71 A). The diffractograms are normalized to the maximum. In the top row, theoretical reference XRD reflections are indicated. (b) Zoom-in of
the 19.4-20.4° region with increasing intensity and sharper appearance of the Au(200) signal with increasing gold particle size.
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FIGURE 3 | The surface-averaged particle diameter found for all

tested Au/TiO, catalysts before entering the autoclave reactor and after
6 h of catalysis, determined by measuring at least 200 particles in three
different locations using HAADF-STEM images.

significantly from this line, which are the Au/TiO, catalysts with
the smallest starting particle sizes: Au_2.0 and Au_2.8. These
two catalysts grew to 5.8 and 8.2 nm, respectively, which is
remarkable as these average final particle sizes exceed those of
the average final particle sizes of catalysts starting at averages
around 4 to 5 nm. An overview of the exact particle sizes before
and after catalysis can be found in Table S3. The particle sizes
after catalysis were further confirmed by x-ray diffraction, shown
in Figure S3.

To look more closely into the anomalous particle growth of
Au_2.8, samples at different stages of catalysis were investigated
with HAADF-STEM (Figure 4). Au_2.8 starts at a very small
nanoparticle size at an average of 2.8 nm before entering the
autoclave in Figure 4a, but has much larger particles after 6 h
of catalysis, as can be seen in Figure 4b. This difference is
clearly illustrated in the particle size distributions, shown in
Figure 4c. Moreover, Figure S4 shows that Au_2.8 has grown
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FIGURE 4 | HAADF-STEM images of Au_2.8 and Au_3.8 taken at different stages during catalysis. For Au_2.8 images are shown before entering
the autoclave (a) and after 6 h of HMF oxidation at 80°C and 10 bar of O, (b). The corresponding particle size distributions are shown in (c). For Au_3.8,

only HAADF-STEM images of the catalyst before (d) and after autoclave (e) are presented. The corresponding particle size distributions are shown in

®).

significantly during the autoclave heat-up procedure to 80°C
under an atmospheric pressure of N,. This clearly illustrates that
most particle growth of Au_2.8 has taken place before catalytic
measurements had even started. As a reference, the next-smallest
gold nanoparticle catalyst, Au_3.8, can be seen prior to catalysis
in Figure 4d and after 6 h of catalysis in Figure 4e. The STEM
images and particle size distributions (Figure 4f) look much alike,
indicating a limited effect of catalysis on the particle size of this
catalyst. Similar behavior was observed for all other catalysts with
particle sizes larger than 3.8 nm.

A possible mechanism for the observed particle growth might
be the (partial) detachment of small Au particles from the
support. It is well-known that charge-transfer effects take place
between TiO, support and 1-3 nm gold particles, but this
effect becomes less apparent for larger gold crystallites [54].
The charge-transfer can result in a slightly more electropositive
nature of small gold particles, resulting in more facile dissolution
in the reaction media. The overall observed growth is likely
caused by preferential redeposition of detached gold clusters on
existing supported gold particles [55]. Similar particle growth
behavior was observed for Ni particles in aqueous environments
that tend to grow by Ostwald’s ripening [56]. Although Au is
more corrosion-resistant than Ni, slightly positive charges were
reported on small Au particles [35, 36]. This slightly positive
charge, enhanced by charge transfer from the TiO, support,
results in easier detachment or a higher dissolving probability
of 1-3 nm gold particles than larger particles. Our limit of 3 nm
agrees very well with the metallic to non-metallic behavior
transition of supported gold particles, as described by Haruta
[35] and Bond [36]. In earlier HMF oxidation research, the
presence of organics was listed as a possible reason for particles
dissolving or detaching [57, 58]. However, Figure S5 shows that
similar particle growth takes place without additional organic

components present. The mechanically stirred and pressurized
alkaline aqueous media at 80°C evidently allow particle growth,
but only for 1-3 nm gold particles.

ICP-OES was performed on filtered reaction solutions after 6 h
of catalysis to detect dissolution or suspension of Au_2.8 and
Au_18.6. The results are shown in Table S4. Small amounts of
dissolved gold were found in the reaction solution. For Au_2.8,
3.3% of the total gold amount was found in the reaction solution,
which is much higher than 0.8% for Au_18.6. This showcases a
higher leaching probability of gold particles with a size below
3 nm during HMF oxidation.

Because the nanoparticle size changed for the smallest two
samples before catalysis, samples were collected, and the catalysis
results are related to the surface-averaged nanoparticle size after
6 h of catalysis, instead of the nanoparticle size prior to entering
the autoclave, since this is more representative of the particle size
during catalysis.

2.3 | HMF Oxidation Performance

The as-prepared catalysts were tested for their performance in
HMF oxidation. An example of a typical reaction profile is
presented in Figure 5. In the reaction profile, the concentrations
of four different molecules as a function of time are shown.
First, the aldehyde moiety of HMF is rather quickly converted
to a carboxylic acid group in the molecule called HMFCA. The
conversion rate of HMF is close to apparent first order in the
concentration of HMF (Figure S6). Figure S7 shows an experi-
ment with additional HMFCA and FFCA at the start of a catalysis
run. HMF is converted slower when additional experiments are
present in the reactor due to competitive adsorption. After the
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FIGURE 5 | Typical reaction profile of HMF oxidation catalyzed
over a Au/TiO, catalyst (Au_4.3) with HMF (squares) being converted
into FDCA (circles) via HMFCA (triangles facing upwards) and FFCA
(triangles facing sideways). The indicators represent data points from
HPLC analysis, and the lines are fitted according to kinetic rate equations
presented in the experimental section. Conditions: HMF (0.025 M, 1 eq.),
NaHCO; (0.05 M, 2eq) in H,0, 47.3 mg Au_4.3, O, (10 bar) at 80°C,
900 rpm stirring.

formation of HMFCA, a small amount of FFCA is produced,
which is quickly converted to the desired dicarboxylic acid
product, FDCA. This reaction profile is in agreement with earlier
reported patterns for titania-supported gold catalysts [10, 59]. The
conversion of HMFCA usually proceeds slower over gold catalysts
than the first oxidation step from HMF to HMFCA. Hence, gold
catalysts tend to convert alcohol groups slower than aldehyde
groups [10, 11, 59]. The conversion of FFCA occurs very rapidly
over gold catalysts, which is evidenced by the low concentrations
of FFCA during the catalytic run, which means that the effect
on the FDCA production rate can be neglected. The observed
activity is only found in the presence of gold nanoparticles,
as an identical run with calcined titania did not yield any
significant amount of product (Figure S8). Furthermore, homoge-
neous catalysis was excluded, as hot-filtration tests did not show
significant conversion (Figure S9).

In Figure 6, the TOF in HMF is displayed as a function of the
particle size after catalysis. Error bars in the y-direction indicate
the standard deviation between two independent catalysis runs
for each catalyst. The results demonstrate a decrease in the
TOFy\r, as the nanoparticle size increases. The highest TOF
of 0.15 nyypAug,; s is observed for Au_4.0, followed by
Au_3.8, which are the two catalysts with the smallest stable
gold nanoparticle size before catalysis. The five samples with the
smallest size after catalysis show the highest TOFy; values. For
catalysts with gold particles larger than 6 nm, a rather constant
TOFy\r of around 0.06 nyypAug, ‘s~ is found. A two-tailed
paired t-test indicates that the error in these measurements is
smaller than the observed differences (Table S5). Therefore, the
conversion of HMF is particle size dependent, with the smallest
stable particles of around 4 nm performing best, having a 2.5-fold
higher TOFyr than catalysts having > 6 nm particles.

The first product after HMF conversion for gold catalysts is
HMFCA, which is converted at a much slower rate than HMF. In
Figure S10, the TOF in HMFCA is plotted against the particle size
after catalysis. Note that the conversion of HMFCA starts rather
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FIGURE 6 | HMF turnover frequency of Au/TiO, catalysts as a
function of the Au particle size after catalysis with the TOFyyr, based
on k; from the modeled reaction profile fits. The color gradient of the data
points represents the order of the initial particle size, with the larger initial
particle sizes being darker. Dashed yellow line is added to guide the eye.
All tests were performed under 10 bar O2 and 900 rpm stirring at 80°C
in 12 mL milli-Q water filled with 0.025 M HMF, 0.05 M NaHCO;, with
varying catalyst loading till a HMF:Aug,,s ratio of 280:1 was reached.
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FIGURE 7 | HMFCA turnover frequency of Au/TiO, catalysts as a
function of the Au particle size after catalysis with a) depicting the
TOFuMmrca, based on k, from the reaction profile fits. The color gradient
of the data points represents the order of the initial particle size, with the
larger initial particle sizes being darker. Dashed yellow line is added to
guide the eye. All tests were performed under 10 bar O, and 900 rpm
stirring at 80°C in 12 mL milli-Q water filled with 0.025M HMFCA, 0.05M
NaHCOjs, with varying catalyst loading till a HMFCA:Augy,, ratio of 280:1
was reached.

late in the measurement, making it more challenging to derive
an accurate rate constant. All catalysts tend to follow the same
order of preferentially converting all HMF first to HMFCA before
producing FFCA and FDCA.

The conversion rate of HMFCA was also measured separately
under the same reaction conditions. An overview of the tested
catalysts can be found in Table S6. In Figure 7, the TOFyypca
is displayed as a function of the surface-averaged particle size
after catalysis. All catalysts with gold particles ranging from 4
to 20 nm, except one, exhibit TOFypcs Values ranging from
0.005 to 0.011 nyypca Aug,s s~ The catalyst starting with 2 nm
gold particles (the lightest shaded point in Figure 7) exhibits
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the lowest TOFyyrca, Which we attribute to a small uncertainty
in the particle size after catalysis, as again significant particle
growth was observed for gold catalysts starting with particles
smaller than 3 nm (Table S6). Catalysts containing gold particles
smaller than 7 nm convert HMFCA at an increasingly faster rate
with declining particle size, with 4 nm gold particles converting
HMFCA the fastest at 0.011 nyypca Al 's~1. Catalysts contain-
ing gold particles larger than 7 nm convert HMFCA at 0.006
Nypvpea Al '™

Megias-Sayago et al. also found increased FDCA yield with
decreasing gold particle sizes [19]. They argued that it was the
FDCA selectivity that was altered upon changing the particle
size and not the HMF oxidation rate. Our results agree that the
smallest gold particles during catalysis improve the final FDCA
yield. However, by disentangling the HMF conversion rate and
the HMFCA conversion rate, we show that both alcohol and
aldehyde oxidation are particle size dependent and are catalyzed
faster by smaller gold nanoparticles.

All catalysts convert HMFCA roughly ten-fold slower than
HMF. Inhibition of active sites by other molecules or a reduced
base concentration is an unlikely reason, as these experiments
started with fresh base and HMFCA in the autoclave reactor.
The lower reaction rate is probably due to a much higher
thermodynamic energy barrier for C-H activation of alcohols
than for aldehydes over gold catalysts [21]. The TOFyyrca trend
follows a similar trend as the observed TOFy trend, with
catalysts containing particles smaller than 7 nm converting
HMFCA at an increasingly faster rate with declining particle
size than catalysts containing larger gold particles. This could
indicate a similar active site or similar Au catalyst substrate
activation mechanism.

Our results show that both the HMF and HMFCA oxidation
rates are particle size dependent, with smaller particles con-
verting the substrates at a faster rate. As C—H activation by
an adsorbed OH~ is considered the rate-limiting step in both
cases, this likely proceeds better with small gold particles. A
possible explanation is that gold corner and edge sites serve as
the OH~ adsorption site [9, 60]. Activation of small molecules
often is easier on smaller gold particles, as their d-band is
slightly closer to the Fermi level, resulting in increased activity
[32, 33]. Corner and edge sites are more abundant in smaller
particles, and these sites have a lower coordination number and
therefore an even more quantized electronic band structure.
Besides activation and adsorption of base, HMF needs to be
adsorbed on the catalyst to be activated by the adsorbed OH™.
This often happens on facets, as HMF is too large to adsorb on
one or a few surface atoms only, in agreement with observed
trends for glucose, benzyl alcohol, naphthalene, and phenylacety-
lene adsorption [31, 51, 52, 61]. Therefore, a delicate balance
between fractions of corner, edge, and facet atoms is needed for
optimal conversion.

Van Hardeveld and Hertog [38] built a model for the expected
surface site distributions of fcc crystals. We extrapolated these
models (Figure S11) and used them to fit our HMF oxidation
rate data. The fits show a combination of facet, corner, and
edge sites matches the observed activity trends better than just

corner or edge sites (Figure S12). This could mean that this
combination of surface sites is responsible for the overall observed
activity. However, another structural effect could also play a
role in the improved HMF and HMFCA oxidation rates for
smaller gold particles. This is the gold-support interface. This
interface is mentioned as the oxygen activation and adsorption
site in CO oxidation [35, 47]. Therefore, it is likely that this
interface can also serve as an adsorption site for OH~ in HMF
oxidation. Recent literature in HMF oxidation also suggests
that the support plays a major role by serving as an OH~
adsorption site [17, 62]. A closer inspection of the gold-titania
interface is shown in Figure S13. High-resolution TEM reveals
the contact angles, shapes, and interfaces between various gold
particles and the titania carrier (which is a mixture of rutile
and anatase phase titania). The conversion rates reported in
the present study are a superposition of the interactions taking
place at all these structural configurations. In summary, the
total amount of metal-support interface increases with decreasing
particle size, scaling with our observed increased oxidation
rates.

3 | Conclusion

We systematically investigated the Au particle size effect in HMF
oxidation over Au/TiO, catalysts with particle sizes ranging from
2 to 20 nm. In terms of stability, a strong particle size effect
was found using HAADF-STEM and XRD analyses; <3 nm
gold particles were more prone to particle growth under the
reaction conditions than initially larger particles, resulting in
a significant increase in the average particle and crystallite
size. 4 nm sized Au particles remained the smallest during
catalysis and showed the highest TOFy;. We explain this
by the increased solubility of smaller gold particles due to a
more oxidic nature, enhanced by charge-transfer effects of the
support. A particle size dependency in HMF oxidation activity
was found, indicated by a decreasing TOFyy from 0.15 to
0.06 nyyr Aug, ! s™! with increasing particle size from 4 to
7 nm after catalysis, after which the TOFy,, was similar for
larger Au particles. The TOFrca Was determined in separate
catalysis runs, revealing a similar trend; 4 nm gold particles
to convert HMFCA at 0.01 nyypca AUg,s ! s7%, faster than
0.006 Nypypca Aug,e ! 87! for gold particles larger than 7 nm.
Therefore, both alcohol and aldehyde oxidation are particle size
dependent and show higher rates with smaller gold particles.
We explain this by improved OH~- adsorption at the more
abundant gold-titania interface for increasingly smaller gold
particles.

4 | Experimental Section
4.1 | Chemicals

HAuCl,.3H,0 (>49.0% Au, ACS reagent, Thermo Fisher Scien-
tific), TiO, (90.7 m?/g, Aeroxide P90, Evonik), NaOH ( > 99%,
pellets for analysis, Sigma-Aldrich), Urea ( > 99.5%, ACS
reagent, Merck), NaHCO; ( > 99.7%, ACS reagent, Sigma-

Aldrich), 5-hydroxymethylfurfural ( > 99%, FG, Sigma-Aldrich),
5-hydroxymethyl-2-furancarboxylic acid (Carbosynth)
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4.2 | Au/TiO, Synthesis

The Au/TiO, catalysts were synthesized following the prepa-
ration procedure developed by Zanella et al. [63] with slight
adjustments. Deposition precipitation using either urea or NaOH
as a base was used to obtain Au particles larger than 3 nm
and smaller than 3 nm, respectively. For deposition precipitation
with urea (DPU), typically 2 g of TiO, (P90, Evonik), 100 mL
aqueous HAuCl,.3H,0 (2.0-5.1 mM), and urea (0.42 M) solution
were added to a double-wall reactor. The suspension was stirred
mechanically at 900 rpm and heated at 80°C for 4 h, after which
the suspension was washed 3 times with water and dried at 60°C
overnight. Ultimately, a heat treatment procedure was performed
in a quartz reactor using a gas flow of 100 mL/g,, 20%/80% O,/N,
atvarying temperatures for 4 h to obtain Au/TiO, with Au particle
sizes larger than 3 nm.

Deposition precipitation using NaOH (DPN) was executed to
obtain the catalysts with the smallest particle sizes ( < 3 nm). In
this case, 100 mL of aqueous HAuCl,.3H,O solution was added
to a round-bottom flask. A few drops of 1 M NaOH solution were
added to the flask till a pH of 8 was reached. The solution was
heated to 80°C, after which 1 g of TiO, was added, and the pH was
readjusted to 8 by adding more NaOH solution. This suspension
was vigorously stirred and left at 80°C for 24 h, after which it
was washed three times with water and dried at 60°C overnight.
Ultimately, a heat treatment procedure was performed in a quartz
reactor using a gas flow of 100 mL/g.,. 20%/80% O,/N, at 300°C
for 4 h to obtain Au/TiO, with Au particle sizes smaller than 3 nm.

4.3 | Characterization

X-Ray Diffraction measurements were performed on a Malvern
Panalytical Empyrean equipped with a Mo K, radiation source
and GaliPIX detector. The diffractograms were recorded from 5 to
40° 260 with an increment of 0.015°, while mechanically rotated
at 15 rpm. The average crystallite size of catalysts was derived
from the width of the Au(2 0 0) reflection at 20° by applying the
Scherrer equation.

High-angle annular dark-field Scanning Transmission Electron
Microscopy (HAADF-STEM) images were captured on a Thermo
Fischer Scientific (TFS) TALOS F200X microscope, operating at
200 kV, and on a double aberration-corrected TFS Spectra300,
operating at 300 kV, with a probe current of 0.2 nA, and a dwell
time of 10 us. TEM samples were prepared by spreading dry
catalyst powder on copper holey carbon grids of 300 um mesh
(Agar Scientific). The average particle size of every catalyst was
obtained by manually measuring at least 200 particles in at least 3
different locations on the grid per catalyst using ImageJ software.

Elemental analysis was performed with inductively coupled
plasma optical emission spectrometry (ICP-OES) at the Mikro-
analytische Laboratorium Kolbe, Germany.

4.4 | Catalytic Testing

The as-made catalysts were added to a PTFE inlet together with
50 mg NaHCO;, 37.8 mg HMF, and 12 mL of milli-Q water. The

catalyst loading was adjusted so that one gold surface atom
per 280 HMF molecules was present in the solution. This inlet
was coupled to a 25 mL stainless steel Parr autoclave. First, the
autoclave was flushed five times with nitrogen and subsequently
heated under atmospheric pressure to 80°C, whilst stirring at
900 rpm. At 80°C, the autoclave was filled with pure O, (99.995%),
after which 0.3 mL samples were taken at 0, 0.5, 1, 3, and 6 h.
Before every sample, a dummy sample was taken to rinse the
tubing.

The catalysis samples were filtered over a 0.45 pym PTFE filter,
after which 100 pL was diluted with 400 pL aqueous 17 mM
1-propanol solution as an external standard. These samples
were directly measured on a Shimadzu high-performance liquid
chromatograph (HPLC) over a Shimadzu Shim-pack SCR 102-H
column at 40°C and 0.55 mL/min flow speed. The product
concentrations were determined from the measured peak areas
compared to a calibration series. For every sample, two HPLC
runs were performed, of which the average was taken for further
calculations.

Experimentally retrieved data points were fitted using integrated
rate equations. From these fits, the rate constants k; for HMF
conversion and k, for HMFCA conversion were derived. We used
first-order kinetics, k;>>k’, k,>>k’, and a non-rate-limiting
FFCA oxidation.

[HMF], = [HMF], - e **

_ . 1 (e—kit _ okt
[HMFCA|, = [HMF], Tk (e e lat)
_ . kz (e—kat _ a—kst
[FFCA], = [HMF], -k (e e’st)
— k2 —k,t —kl cekat
[FDCA]I_[HMF]0.<<1—m>.ek +(k2—kl) ek )

The k, from the HMF fit was also used in the calculation of
the turnover frequency (TOF). The TOF gives a measure for the
intrinsic activity of the catalysts, normalized for the number of
gold surface atoms present in the autoclave.

k, - n,
TOFyyp = ————
M Ay-—surface sites
k, - n,
TOFymrca =

M Au-surface sites

The amount of gold surface atoms was calculated using the
following formula:

me,; - Wt%Au - D
M Au-surface sites — M
Au

Here, m, stands for the catalyst loading and wt%Au for the gold-
loading on the catalyst. M, is the molar mass of gold. Finally, D
stands for the dispersion and was determined as follows:

. VAu/ AAu

D=6
dTEM,s.zL

Herein, V,,, stands for the volume a gold atom occupies (16.94 A3)
and A,, for the area a gold atom occupies (8.75 A2) [64]. Lastly,
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drgy s Stands for the surface-averaged particle size, derived from
TEM data and the following formula:

) nidi3
dTEM, sar = L 2
2nd;

HMFCA oxidation experiments were executed under the same
conditions and procedure as described above, but with 42.6 mg
of HMFCA instead of HMF. Herein, the HMFCA concentration
over time was fitted using the following model:

[HMFCA), = [HMFCA], - e *!

Hot-filtration tests were performed using the same conditions
as regular HMF oxidation experiments. At t = 1 h the catalysis
mixture was filtered through a 0.45 ym PTFE filter, after which
the reaction was allowed to run for four more hours after
re-heating to 80°C.
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