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The Synergetic Effect of Support-oxygen Groups and Pt
Particle Size in the Oxidation of α-D-glucose: A Proximity
Effect in Adsorption
Marlene Führer,*[a] Tomas van Haasterecht,[a] Nazila Masoud,[a] Dean H. Barrett,[b]
Tiny Verhoeven,[c] Emiel Hensen,[c] Moniek Tromp,[d] Cristiane B. Rodella,[b] and Harry Bitter*[a]
The influence of the support-oxygen groups and Pt particle size
on the catalytic performance of Pt/AC for the aerobic oxidation
of α-D-glucose to gluconic acid (glycolate) was studied. Surfaceoxygen groups were introduced by treating the activated
carbon support with diluted HNO3 without significantly affecting the support porosity. The platinum particle size could be
decreased on both the treated and untreated support by
adding an additional calcination step to the synthesis. The
presence of oxygen-containing groups is shown to be highly
beneficial (~ 4 fold increase in the turnover frequency) only for
the smallest Pt particle size (1.8–2.5 nm, determined by TEM).

For the catalyst with the larger Pt size (3.4–3.6 nm), the
presence of additional oxygen-contacting groups does not
significantly enhance the activity. Since the size of the smaller
Pt particles is close to the product/substrate molecular diameter
(glucose/gluconic acid, ~ 0.9 nm) the observed effect can be
attributed to the effective repulsion by the negatively charged
oxygen groups in close proximity to the glycolate reaction
product. The increase in activity originates from the resulting
enhanced desorption of glycolate by alleviating the product
inhibition presence due to the strong interaction of glycolate
with Pt.

Introduction

The presence of surface functional groups on the support,
such as oxygen or nitrogen containing groups, plays a crucial
role during the catalysis.[3] The effect of oxygen-containing
groups introduced on various types of carbon materials has
been investigated extensively for supported metal catalysts in
liquid-phase reactions.[4] Depending on the type of chemical
transformation, the presence of support oxygen groups can be
either disadvantageous[4b,c] or beneficial[3g,h,4a,d] to the activity/
selectivity. A variety of mechanisms have been proposed to
explain the effects of surface oxygen groups. Toebes et al.[4b]
claimed that for the hydrogenation of cinnamaldehyde over Pt
supported on carbon nano-fibers (CNF) surface oxygen groups
repel the benzyl group of the reactant and thereby decreasing
the adsorption (coverage) on the Pt, which decreases the
catalytic activity. On the other hand, Gosselink et al.[4a] investigated the effect of a high density of surface oxygen groups on
the catalytic deoxygenation of fatty acids over Pd supported on
CNF. They found a beneficial effect on the activity, which was
also attributed to a change in the adsorption mode of the
reactant when more surface oxygen groups were present. A
change in competitive adsorption between the solvent and
reactant has been proposed by Wang et al.[4c] to explain the
effect of support polarity for aqueous phase reforming of
ethylene glycol over carbon nano-tubes (CNT) supported Pt
catalyst. Here a high polarity leads to competitive adsorption
between water and ethylene glycol on the CNT resulting in a
decrease in the turnover frequency (TOF). Donoeva et al.[4d]
found that the oxidation rate of 5-Hydroxymethylfurfural (HMF)
over graphite supported Au catalyst was negatively affected by
the presence of acidic surface oxygen groups while it was
positively affected by the presence of basic groups. The

It is well known that for supported heterogeneous metal
catalysts the support material can play an important role in the
activity, selectivity and stability of the catalyst.[1] Although the
primary function of the support is to disperse the active phase
in the form of metal nano-particles, it can also affect the charge,
shape or crystallographic structure of the metal nanoparticles
and/or create active sites at the metal-support boundary.[2]
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increased rate was attributed to an increase in local hydroxyl
concentration for basic supports.
The introduction of surface oxygen functionality through
modifying the carbon surface by oxidative treatments has also
been proven effective in altering the wetting properties of the
catalyst (which is also relevant for the preparation of the
catalyst).[3d,4a,5] The higher hydrophilicity enhances the wettability for polar solvents such as water resulting in a more active
catalyst.[3d]
The presence of surface oxygen groups could also affect the
activity via metal-support interactions.[2] It has been suggested
that support-oxygen groups play an important role at the
interface between Cu particles and CNT.[6] Park et al.[7] investigated the binding energies and electronic structures of Cu/
CNT catalysts with various oxygen functional groups. It was
found that the oxygen functional groups enhance the binding
of Cu to CNT by promoting the electron exchange between Cu
and carbon atoms or directly interacting with Cu as surface
ligands.
From these above-mentioned studies, it is clear that the
surface oxygen groups of the support can significantly influence
the catalytic activity. The effects originate from changes in
adsorption induced by specific interactions with oxygen groups,
modified electronic properties due to enhanced metal supported interaction, increased local concentrations, and improved wettability due to changes in polarity. A complicating
factor in understanding these effects is that they could also be
dependent on the particle size of the active phase. For instance,
effects arising from metal-support interactions are reported to
be particle size dependent[8] and generally become important
for metal nanoparticles smaller than 4 nm.[9] For different types
of carbon support without oxygen-containing groups, it was
already demonstrated that particle size effects are dependent
on the type of carbon support (CNF vs. CNT).[10] Thus, when
investigating the effect of oxygen-containing groups on
supported metal catalysts the effect of the particle size should
also be taken into account.[11]
In this study, we investigated the combined effect of surface
oxygen groups and Pt particle size on the catalytic activity of Pt
supported on activated carbon (AC) for the selective oxidation
of α-D-glucose to gluconic acid. The reaction was chosen as a
show-case since it has been extensively studied[12] and is an
example of the important class of carbohydrate oxidation
reactions i. e., it gives building blocks for biobased polymers.[13]
Further, the oxidation of abundant biobased derived carbohydrates in an aqueous medium is of interest since it is a
sustainable process[14] when using air as an alternative oxidant
to current utilized hazardous bleaching agents.[15] Platinum itself
is known to be an effective catalyst for various liquid-phase
oxidation reactions[16] and activated carbon is a commercially
available, stable high surface area support that can be modified
in a controlled manner via different methods.[3e,17] In this work,
oxygen-containing surface groups were introduced on the
activated carbon support by nitric acid treatments. Supported
Pt catalysts were synthesized via incipient wetness impregnation and the size of the Pt nanoparticles was varied by the
addition of a calcination step in the catalyst synthesis. The role
ChemCatChem 2022, e202200493 (2 of 11)

of both oxygen-containing groups and particle size on the
catalytic activity is evaluated and discussed.

Results
First the results of the activated carbon (AC) support modification will be discussed. Next, the results of the catalyst characterization are presented and finally, the results for the catalytic test
are shown and discussed.

Support modification
The content of oxygen containing surface groups on the
activated carbon was modified by refluxing the activated
carbon in nitric acid. The treatment conditions (nitric acid
concentration 6.5 % and treatment time of 1.5 h) were chosen
such that the effect of the treatment on the porosity was
minimized while still introducing a significant amount of
oxygen-containing groups (see Supporting Information Figure S1, Figure S2 and Table S1 for support characterization as a
function of time). Physical and chemical properties of the
unmodified activated carbon (denoted as AC) and the activated
carbon treated by nitric acid reflux (denoted as ACox) were
analysed by TPD-MS, XPS and TGA. The results are summarized
in Table 1.
The textural properties of the supports obtained from
nitrogen physisorption isotherms show that both the specific
surface area (811 m2/g versus 866 m2/g) and the total pore
volume (0.53 cm3/g versus 0.56 cm3/g) of the AC and ACox are
similar. The used oxidation conditions did therefore not lead to
either the creation of additional pores or to the otherwise
reported collapse of the pore structure with a subsequent
decrease in surface area and pore volume.[17c,18] Thus the nitric
acid treatment at the used conditions does not drastically
change the textural properties of the AC. The full isotherms are
given in Figure S2 in the Supporting Information.
XPS shows that the nitric acid treatment results in a large
increase, from 3.6 % to 9.3 %, in the amount of oxygen.
Figure S4 in the Supporting Information shows the XPS spectra
of C1s and O1s of the original, treated AC sample and the 4 Pt
catalysts. A very large increase in different types of oxygen
groups (containing C O, C = 0 and OH) was found for the
ACox samples.

Table 1. Overview of the physical and chemical properties of AC and ACox.
Support

AC
ACox

TPD

XPS

CO
[mmol/g]

CO2
[mmol/g]

Oxygen
amount
[wt.%]

Textural
properties[a]
Pore
BET
volume area
[cm3/g] [m2/g]

0.06
0.55

0.01
0.09

3.6
9.3

0.53
0.56

811
866

Ash
content[b]
[wt.%]

6.5
5.4

[a] Average of triplicate measurements. [b] Raw data can be found in
Figure S3.
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To further investigate the nature of the oxygen-containing
groups introduced into ACox, TPD-MS has been performed. The
MS signals for CO and CO2 as function of temperature give
information on the amount and nature of the oxygen groups.
The amount of CO and CO2 released was 0.06 mmol/g and 0.04
mmol/g for pristine AC and 0.55 mmol/g and 0.09 mmol/g for
the ACox. The oxygen amount of 3.6 wt. % measured by XPS
does therefore not significantly contribute to the decomposable
surface oxygen groups. Thus, the nitric acid oxidation treatment
increased the number of oxygen-groups which is in good
agreement with previous studies.[17c,19] For example, in a study
by Aksoylu et al., the CO and CO2 concentration of pristine AC
Norit ROX was found to be 0.61 mmol/g and 0.11 mmol/g,
respectively for similar treatments.[19a]
The temperature at which CO and CO2 evolves gives
information on the nature of the oxygen-groups (Figure S2). It
was found that most of the CO2 was released between 150–
800 °C, while the CO was released at higher temperatures (~
400–900 °C). The relation between the release temperature of
CO/CO2 and the type of functional groups (carboxylic, phenolic,
ether, anhydrides, lactones, etc.) has previously been
established.[20] We observed that oxygen groups decomposition
results in three CO2 release peaks thus three types of oxygengroups. The first one at 100–450 °C originates from carboxylic
acids, the second one at 350–600 °C relates to the anhydrides
and the third one at 550–800 °C relates to lactone. Similarly, the
CO profile also exhibits three peaks; corresponding to anhydrides at 400–600 °C, phenols at 500–700 °C and carbonylquinones at 700–900 °C.
A simple lipophilicity-hydrophilicity (wettability) test was
performed in order to investigate the polarity of the two
support materials. Figure 1 presents the distribution results of
AC and ACox over a water/hexane mixture. Clearly, the nitric
acid treated carbon (ACox) prefers the polar water phase,
indicating a hydrophilic support surface. The pristine AC on the
other hand is more poorly dispersed and concentrated on the
interphase, thus revealing it has a more hydrophobic character.
Finally, the ash content of the support was investigated by
TGA revealing that a significant amount (4 %) of inorganic
residue is present. This residue was identified by XRD (vide
infra) as SiO2 (quartz) and thus also contributes to the oxygen
content of untreated support.

Catalyst synthesis and characterization
Platinum supported on activated carbon was prepared by
incipient wetness impregnation using the unmodified (AC) and
nitric acid oxidized (ACox) support material with an aqueous
tetraammineplatinum(II)-nitrate precursor solution. In an attempt to vary the platinum nano-particle size (see discussion),
the catalyst with the impregnated platinum precursor on both
the unmodified and nitric acid treated support materials were
either reduced directly in H2 (Pt/AC and Pt/ACox) or were first
calcined in static air before being reduction in H2 (Cal-Pt/AC and
Cal-Pt/ACox). This procedure resulted in four different catalysts.
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Figure 1. Picture of ACox (left) AC (right) dispersion in a biphasic n-hexane
(top) and ethanol/water (bottom) system.

The oxygen content and textural properties of these
catalysts were investigated with XPS and N2-physisorption
(Table S2), respectively. The BET surface area and total pore
volume of the four catalysts were comparable and as expected
somewhat lower (15 %) than for the bare support.[21] XPS
showed that the oxygen introduced by the nitric acid treatment
was still present in the synthesized catalysts though their
amount decreased by about 6 % compared to the bare support.
This decrease can be attributed to the decomposition of the
surface oxygen groups during the thermal treatment during the
synthesis.
To study the resulting Pt particle sizes of the catalysts, a
combination of techniques, i. e. chemisorption, TEM, XRD and
XAS (EXAFS) were used. Further, the electronic properties of the
catalysts were studied with XAS (XANES) and XPS. The platinum
particle sizes obtained from the different characterization
techniques are summarized in Table 2. The results of the H2chemisorption show a high dispersion for both calcined
catalysts, whether supported on AC or ACox (62 % and 70 %,
respectively) and a substantially lower dispersion for the noncalcined catalyst (48 % and 38 %). Assuming hemispherical
particles this also corresponds to particle sizes for the calcined
catalyst are similar and much smaller, 1.8 nm (Cal-Pt/AC) and
1.6 nm (Cal-Pt/ACox), when compared to the non-calcined
catalysts, 2.5 nm (Pt/AC) and 3.5 nm (Pt/ACox).
© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Table 2. Overview of Pt particle size obtained via different techniques on different AC-supported platinum catalysts.
Sample

Pt/AC
Cal-Pt/AC
Pt/ACox.
Cal-Pt/ACox.

Chemisorption[a]
Dispersion
[%]

Particle Size
[nm]

TEM[b]
Particle Size
[nm]

XAS[c]
Particle Size
[nm]

XRD[d]
Crystallite domain size
[nm]

Size range
[nm][e]

48 � 2
62 � 2
38 � 3
70 � 2

2.4 � 0.1
1.8 � 0.1
3.0 � 0.3
1.6 � 0.1

3.4
2.5
3.6
1.8

2.1
1.7
1.9
1.6

1.7
0.7
2.1
1.0

2.1–3.4
1.7–2.5
1.9–3.6
1.6–1.8

[a] Average of duplicate or triplicate measurements, [b] Number average particle size obtained by counting a minimum of 200 particles, [c] Particles size
estimated for the average coordination numbers, see Table S3 and Figure S6 for details, [d] Calculated using Rietveld refinement in TOPAS with crystallite
size expressed as Bvol_FWHM with k = 0.89, see supporting information for further details, [e] Range of average particle sizes obtained from the different
techniques (excluding crystallite size values from XRD).

TEM images of all catalysts are shown in Figure 2 and the
obtained particle size distributions are given in Figure S5. In the
TEM images, the Pt nanoparticles are visible as small spots in
the brightfield images. The obtained average particle size shows
that the calcined catalysts have smaller particle size, 1.8 nm for
Cal-Pt/AC and 2.5 nm for Cal-Pt/ACox compared to the noncalcined samples 3.4 and 3.6 nm for Pt/AC and Pt/ACox. The
obtained size distributions (Figure S5) show that the two
calcined catalysts have the majority of their particles < 2 nm
while the non-calcined catalysts have the majority between 23 nm. All samples contained some larger particles up to 6 nm
and 10 nm for the calcined and non-calcined catalysts,
respectively. The TEM data thus shows a similar trend as the
chemisorption data. Overall somewhat larger values for the
particle size were obtained with TEM which is expected as the
obtained distribution is likely biased towards the larger particles

Figure 2. Representative TEM images of (a) Pt catalyst supported on AC, (b)
calcined Pt catalyst supported on AC, (c) Pt catalyst supported on ACox and
(d) calcined Pt catalyst supported on ACox.
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as smaller particles become increasingly more difficult to
observe.
XAS (shown in Figure S6 and Figure S7) was performed at
the LNLS synchrotron[22] and the resulting structural parameters
from the EXAFS analysis are given in Table S3. The Pt Pt
coordination numbers of Pt/AC and Pt/ACox were found to be
8.3 and 8.1. Those for the calcined catalysts, Cal-Pt/AC and CalPt/ACox, were substantially lower with 7.4 and 7.1. These
coordination numbers were subsequently used to estimate the
number of atoms in the Pt-clusters and the corresponding
particle size for particles.[23] These results are also given in
Table 2. XAS further confirms the presence of very small nanoparticles of equal size (1.7 nm and 1.6 nm, respectively) for CalPt/AC and Cal-Pt/ACox. The non-calcined catalysts were also
similar in size and again larger (1.9 nm and 2.1 nm) compared
to the calcined catalysts. The difference between the calcined
and non-calcined samples was however somewhat smaller
compared to the other techniques though the general trend is
similar.
Finally, the catalysts were also analysed by XRD and the
obtained crystalline sizes are given in Table 2. The metallic Pt
(fcc) contribution could be observed as a very broad peak in all
diffractograms[24] (see Figure S8). Using Rietveld refinement with
the fundamental parameter approach as applied in TOPAS, the
crystallite size (i. e. the coherently scattering domain size) could
be estimated (see Supporting Information ‘XRD’ and Figure S9
for details). The obtained crystalline sizes are somewhat smaller
than the particle sizes obtained from the other methods but
clearly, the same trend is established where both calcined
catalysts and both non-calcined catalysts have similar sizes,
while also the two calcined catalysts clearly have the smallest
sizes. The overall smaller values are to be expected since the
crystallite size can at most be equal to the particle size or is
smaller than the particle size for polycrystalline materials. The
obtained value is also proportional to the assumed shape factor
(k = 0.89) and factors such as defects and strain (not accounted
for in the fit) further decrease the value of the crystallite size.
In order to investigate if the introduction of surface oxygen
groups or the calcination treatment resulted in a change in the
electronic structure of the Pt, we investigated the catalysts with
XANES and XPS. The shape of the XANEs of all catalysts
resembles that of the metallic Pt foil. Unfortunately, due to low
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ChemCatChem

Research Article
doi.org/10.1002/cctc.202200493

energy resolution (step size 1.25 eV), we only conclude that the
Pt nanoparticles are in the Pt0 oxidation state (see Figure S6).
To further investigate the electronic state of Pt, XPS was
used (Figure 3). A ~ 0.5 eV shift in the main intensity of the two
peaks towards higher binding energy is observed for both
calcined catalysts (Cal-Pt/AC and Cal-Pt/ACox). The Pt 4 f region
was fitted with contributions of oxidic and metallic Pt. The
results show a very small contribution (< 6 % see Table S3) of
oxidized Pt (Pt4 + and Pt2 +), meaning that most Pt is in the
metallic state which is in agreement with the XANES results.
The metallic states required the fitting of two fractions with
asymmetric line shapes consistent with the metallic nature of
these particles. A contribution with the Pt 4f7/2 component at
70.9 eV represents larger, bulk like particles of Pt. A second
contribution at a higher binding energy of 71.7 eV points to the
presence of smaller Pt nanoparticles,[25] likely in strong
interaction with the carbon support.[26] The two calcined
catalysts show a larger contribution of smaller nanoparticles
compared to the non-calcined ones (~ 60 % versus 40 %,
respectively). This difference is in agreement with the calcined
catalysts containing the on average smaller Pt nanoparticles
(Table 2). As the binding energies of the Pt 4 f region for the
two fractions of metallic particles are the same for all four
samples, it is reasonable to conclude that support-oxygen
groups do not significantly affect the Pt energy levels.[27] It is
not possible to further elucidate the Pt O interactions based on
the XPS data. See SI for further discussion.

Figure 3. Deconvoluted Pt 4 f XPS spectra of Pt/AC, Cal-Pt/ AC, Pt/ACox and
Cal-Pt/ACox (top to bottom)
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Catalytic performance
The catalytic performance of the four catalysts was investigated
for the aerobic oxidation of glucose to gluconic acid in a gasliquid batch reactor. The reaction progress was measured
continuously by titration with NaOH to neutralize the formed
gluconic acid and intermittently by taking samples to be
measured off-line by HPLC. The activity was evaluated at low
conversions (< 10 %) at which point the reaction is selective for
the formation of gluconic acid,[12c,f,28] because the subsequent
oxidation of gluconic proceeds very slowly.[29] We did not
observe significant amounts of any other products besides
gluconic acid with HPLC, thus it was assumed that one mole of
base (NaOH) added corresponds to one mole of gluconic acid
being formed. Both the amount of base added and the
concentration of gluconic acid formed measured by HPLC were
used to evaluate the catalytic performance.
It is probable that when mass transport limitations occur
they are foremost due to gas-liquid oxygen transfer.[29–30] It was
previously found that the gas-liquid phase carbohydrate
oxidation with unpromoted noble metals, such as used in this
work, can generally be operated in the intrinsic kinetic regime
(with sufficient agitation), while more active promoted (Pb, Bi)
noble metal catalysts fall in the oxygen mass transfer limited
regime.[31] Previous work in a similar batch system found that at
a stirring rate above 1500 rpm the reaction rate became
independent of the stirring rate.[29] This agrees well with our
analysis (see Figure S10) which revealed similar initial rates for
agitation speeds above 1600 rpm. We thus conclude that the
used stirring rate of 2000 rpm was sufficient in order to exclude
significant mass transfer limitations.
The kinetic curves obtained from the titration data of the
four different catalysts, expressed as weight normalized
formation of gluconic acid versus time, are shown in Figure 4.
The activity (turnover frequencies (TOFs)) and gluconic acid
yields are reported in Table 3. As can be observed from the
kinetic curves the Cal-Pt/ACox catalyst showed the highest
initial activity (steepest curve) and obtained the highest

Figure 4. Kinetic curves for glucose oxidation as measured by titration of the
formed gluconic acid over AC supported Pt catalysts. Reactions were
performed at 50 °C, pH 9, 0.05 M substrate concentration, stirring speed of
2000 rpm and an oxygen flow rate of 300 ml/min.
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Table 3. Catalytic activity (TOF) and yields for the aerobic glucose
oxidation over various Pt/AC catalysts. Reaction conditions: 2 hours, 50 °C,
pH 9, 0.05 M substrate concentration, stirring speed of 2000 rpm and an
oxygen flow rate of 300 ml/min.

(a)
(b)
(c)
(d)

Sample

TOFi
[min 1][a]

TOFavg,GA
[min 1][b]

Final GA
yield
[%][c]

Deactivation
after 60 min
[%]

Pt/AC
Cal-Pt/AC
Pt/ACox
Cal-Pt/ACox

6.1 � 0.4
6.8 � 0.3
6.1 � 0.9
25 � 1.8

2.4 � 0.1
3.5 � 0.1
2.7 � 0.2
12.3 � 0.4

29
33
28
51

37
51
20
51

[a] Initial turnover frequency (TOFi) calculated from the initial activity
obtained from the titration data in the first < 4 min of the reaction, surface
normalized using the site density from hydrogen chemisorption. Errors
correspond to one standard deviation. See Figure S13 for more details. [b]
Average TOF obtained from the gluconic acid yield measured by HPLC at
~ 10 % gluconic acid yield using the site density from hydrogen
chemisorption. [c] Final gluconic acid yield obtained after 2 hours.

gluconic acid yield (51 %), followed by the significantly less
active Cal-Pt/AC (33 % yield). The Pt/AC and Pt/ACox performed
very similarly and had the lowest activities and final yields (28–
29 %). We found that these results were reproducible over
repeated synthesis of these catalysts (see Supporting Information Figure S11). To further show the generality of the approach
we additionally synthesized calcined and non-calcined catalysts
using a different activated carbon (SX-ultra) also treated with
HNO3 to introduce oxygen groups. The activity of these
catalysts was also tested and the results are shown in Figure S12. Also here the catalysts that were calcined displayed
higher activities in comparison to the non-calcined catalysts
with the same support.
In order to take the differences in dispersion into account,
the surface normalized initial rates obtained from the titration
curve (expressed as turnover frequency (TOFi)) and average
turnover -frequencies for the formation of gluconic acid (TOFavg,
GA) were calculated (Table 3). The initial TOF values evaluated in
the first few minutes of the reaction show a similar activity (~ 6–
7 min 1) for all catalysts except Cal-Pt/ACox, which has a 4x
higher activity (25 min 1). Also, the average TOF values for the
formation of gluconic acid (at ~ 10 % conversion) show that the
Cal-Pt/ACox (12.4 min 1) outperforms the other catalysts by a
factor of 4–5. Note that the overall values for the TOFavg,GA are
lower than the TOFi values since they were evaluated at higher
conversion. These obtained values are comparable in order of
magnitude to prior literature. E.g. Delidovich et al. conducted
glucose oxidation with Pt/AC and found a TOF of 3 min 1 while
Comotti et al.[32] calculated a mean TOF of 1.2 min 1 for glucose
oxidation over a Pt catalyst supported on mesoporous carbon.
Catalysts deactivation is an often reported phenomenon for
Pt catalysts used for the oxidation reaction.[12h,33] We observed
that upon reuse all Pt catalysts showed a decrease in catalytic
activity (Table 3 and Figure S14). Interestingly, the calcined Pt
catalysts deactivate more compared to the non-calcined
catalysts. Reported deactivation causes are particle growth,[34]
metal leaching,[34–35] catalysts poisoning (by oxygen)[12e] and
adsorption of carbonaceous species.[35] The characterization
(TEM and chemisorption) of the recovered Pt catalysts shown in
ChemCatChem 2022, e202200493 (6 of 11)

Figure S5, revealed an increase in particle growth for all
catalysts. The increase in metal particles in the liquid phase can
be explained by the mechanisms of Ostwald ripening, which is
supported by very low amount of 0.02 % Pt found to leach into
the reaction solution. Thus, these results suggest that catalyst
deactivation is caused by particle growth via the Ostwald
ripening mechanism.

Discussion
Effect of support modification. The oxidative treatment of AC
with diluted nitric acid was successful in introducing oxygencontaining groups since XPS revealed an increase in the oxygen
content from 3.6 wt. % to 9.3 wt. % (Table 1). TPD-MS showed
that the oxygen already present in the AC support material was
not present in the form of thermally removable oxygen,[3d] as
only negligible CO2 and some CO were released during heat
treatment (Figure S1). It is therefore likely that the oxygen
present in the untreated sample is at least partially present as
inorganic impurities. An ash content of 4 % was found for the
AC support which was identified as SiO2 (quartz) by XRD.
Additional oxygen can be present as very stable oxygen internal
to the carbon structure.[33] This was further confirmed by a
wettability test that showed a hydrophobic external surface for
AC (Figure 1) i. e. the oxygen groups were not present as polar
groups on the surface. Contrary, for the nitric acid treated
support (AC-ox), the wettability test showed a hydrophilic
surface and TPD-MS revealed substantial release of both CO2
and CO attributed to carboxylic acid, anhydrides and lactone
groups. Characterization of the unmodified (AC) and modified
(AC-ox) support materials with N2-physisorption revealed that
they still have similar pore volume and specific surface areas.
Thus, other than the introduction of large amount of surface
oxygen groups, the oxidation of AC in dilute nitric acid did not
significantly affect the AC structure. Using the modified and
unmodified supports, two catalysts were synthesized (Pt/AC
and Pt/ACox). After incipient wetness impregnation and drying
the supported precursors were directly reduced in H2 to form
supported Pt nanoparticles. Previous research showed that
introduced oxygen groups introduced to carbon nano-fibres
(CNF) and carbon nano-tubes (CNT) play a role as anchoring
sites for Pt precursors yielding improved Pt dispersion,[4b,c] and
as a result, the oxygen groups and Pt particle size cannot be
varied independently. Characterization of our catalysts with H2chemisorption, TEM and XAS revealed that the Pt nano-particle
size was not affected by the presence of surface oxygen groups.
Very similar average Pt particle sizes were observed on AC and
AC-ox by the H2-chemisorption, XAS and TEM techniques (see
Table 2) and furthermore, also reasonably consistent results
were found between the different techniques, yielding average
Pt particle sizes ranges from 2.1–3.4 nm for Pt/AC and 1.9–
3.6 nm for Pt/ACox. Apparently, the activated carbon does not
require the presence of additional anchoring sites. Possibly due
to the higher porosity, higher surface area and less graphitic
nature of the activated carbon compared to CNF and CNT.
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Effect of calcination. In an attempt to further improve the
dispersion of supported Pt (i. e. further decrease the average Pt
particle size) an additional calcination step was included in the
synthesis of two catalysts. After the incipient wetness impregnation and drying the support materials with Pt precursors
were first subjected to a calcination treatment in static air
before being reduced (activated) in H2 (Cal-Pt/AC and Cal-Pt/
ACox). Characterization of these catalysts with H2-chemisorption, TEM, XAS and XRD showed that for both the catalysts
prepared on AC and AC-ox the Pt practice size became much
smaller when the calcination step was included. I.e. the average
particle size range obtained for different techniques showed a
decrease to 1.7–2.5 nm for Cal-Pt/AC and 1.6–1.8 nm Cal-Pt/
ACox. The resulting decrease in particle size compared to the
non-calcined catalysts (Pt/AC and Pt/ACox) might be due to the
change in the precursor decomposition temperature and
decomposition rate, which is known to be affected by the gas
phase atmosphere.[34] Also, during the highly exothermic
decomposition in especially a H2 atmosphere (i. e. during direct
reduction) the Hüttig or Tammann temperature can be
approached, or even exceeded temporarily, resulting in increased metal particle mobility which is associated with metal
nano-particle growth.[35] Hence, while the direct reduction of
metal precursors often already yields catalyst with well
dispersed active phase (i. e. nanoparticles),[35] improved dispersions can be obtained with an additional calcination treatment.
Indeed, this has been previously demonstrated for Pt supported
on zeolites[36] and Al2O3.[37]
The role of oxygen groups and particle size in glucose
oxidation. The catalytic activity of the four different catalysts
was evaluated for the aerobic oxidation of glucose to gluconic
acid. Both the initial TOF for glucose conversion and the
average TOF for gluconic acid formation showed very similar
activities for the Pt/AC, Pt/ACox and Cal-Pt/AC catalysts. A
markedly higher TOF (~ 4 times) was found for the Cal-Pt/ACox
catalyst. In order to explain these differences in activity, we first
discuss both the effect of Pt particle size variation and presence
of oxygen groups.
It is well known in heterogeneous catalysis that the intrinsic
activity of metal nanoparticles can be affected by the size of the
metal clusters due to changes in their geometric and electronic
properties (the particle size effect).[12b,d,38] Previous work reporting on the effect of Pt particle size in the aerobic oxidation of
carbohydrates showed contradictory results. Schuurman
et al.[12d] studied the selective oxidation of methyl alpha-Dglucoside on carbon-supported platinum and reported that
increasing the particle size from 2 nm to 5 nm also increased
the catalytic activity (TOF from 1.2 to 4.8 min 1). In contrast,
Vleeming et al. found that increasing the Pt particle size from
1.4 to 3.0 nm did not affect the oxidation rate of various
carbohydrate derivatives (α-D-glucopyranoside, octyl α-D-glucopyranoside and α-cyclodextrin).[39] Our results show that
smaller particles are actually more active compared to larger
particles when supported on activated carbon with surface
oxygen groups. On the other hand, we found that the activity is
nearly unaffected by an equally large difference in Pt size when
supported on activated carbon without surface oxygen groups.
ChemCatChem 2022, e202200493 (7 of 11)

Therefore, even though the particle size plays a role, we can
conclude that the origin of the increased activity of Cal-Pt/ACox
compared to Pt/ACox is not primarily an electronic or geometric
particle size effect.
Next, the support-oxygen groups are also known to affect
the catalytic activity[40] via various mechanisms such as the
increased
wettability,[41]
increased
local
substrate
concentrations,[4d,40] directed adsorption[4a,11] or changes in
electronic structure resulting from metal support interaction.[2]
Our results show that the presence of surface oxygen groups is
highly beneficial if the Pt particles are small, but surface oxygen
groups do not influence activity for the catalyst with larger Pt
particle sizes (similar activity for Pt/ACox and Pt/AC).
The wettability test showed that the increased surface
polarity of AC-ox did indeed improve the wetting behaviour in
a polar medium (Figure 1). This could result in a more efficient
filling of pores with liquid,[35] thereby increasing catalytic activity
compared to the hydrophobic AC support. However, if the
improved activity of Cal-Pt/ACox compared to Cal-Pt/AC is due
to more efficient filling of pores, we would expect that also Pt/
ACox shows an increase in activity compared to Pt/AC. Similar,
if a change in surface polarity would increase local concentrations in the pores or near the surface this should also result
in an increased activity of Pt/ACox compared to Pt/AC, which is
not the case. Hence the higher activity of Cal-Pt/ACox cannot
be attributed to improved wetting of pores or increased local
concentrations.
Instead, there appears to be a synergetic effect between the
presents of oxygen groups and the decrease in Pt particle size.
This effect can be attributed to either particle size dependent
changes in metal support interaction or adsorption/desorption
behaviour. First of all, a change in Pt energy levels resulting
from the metal support interaction (due to the higher oxygen
amount of ACox supported catalysts) could arguably be
expected to become more pronounced as the Pt particle size
decreases. For an electronic effect resulting from interactions of
Pt with the oxygen surface groups changes in binding energy[4c]
are expected as the valence electron density around the Pt
cluster alters. However, no changes in Pt binding energies
between Cal-Pt/AC and Cal-Pt/ACox were found in XPS and also
similar XANES spectra were obtained. Therefore, we conclude
that the most likely explanation is that the increased activity of
Cal-Pt/ACox is due to the effect of surface oxygen groups on
the adsorption/desorption behaviour. The synergy with the
decrease in particle size arises from the fact that the oxygen
groups need to be in very close proximity to the reactant and
catalytic site in order to influence the adsorption behaviour of
the reactants and/or product. We note that the size of the
glucose and the produced glycolate (the carboxylate of
gluconic acid) molecule are approximately 0.9 nm (closed ring
form) and 1.5 nm in the open chain form. Which is close to the
Pt particle sizes of both calcined catalysts (Cal-Pt/AC and Cal-Pt/
ACox). Size distribution from TEM (Figure S5) also shows that
these catalysts have a considerable fraction (~ 10–40 %) of their
particle size in the 1 nm range. The glucose, which adsorbs in
planar mode as tridentate ligand on Pt surfaces,[42] then
occupies most of the particle surface and can thus interact with
© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Scheme 1. Adsorption of glucose on small vs. large Pt particles and oxidized
vs non-oxidized AC surfaces.

presence of these surface-oxygen groups. The results from the
catalytic tests show that the presents of oxygen-containing
groups are beneficial for the activity in glucose oxidation (~ 4
times higher TOF values) only for the catalyst with smaller Pt
particles. These results demonstrate a synergetic effect between
the presents of oxygen groups and the decrease in Pt particle
size. We conclude that this is due to the influence of surfaceoxygen-containing groups on the adsorption/desorption behaviour when these are in close proximity to the reactant and
active site, which is the case for particles that are similar in size
to the glucose molecule (~ 1 nm). We propose that the
enhancement in reaction rate is due to diminished inhibition by
effective repulsion of the adsorbed glycolate.

Experimental Section
the support-oxygen groups at the particle perimeter. Possible
consequences of this interaction are changes in preferential
adsorption modes[4a,b] or the stabilization of certain transition
states such as has been observed in zeolites.[43] Another
plausible cause for the enhancement in reaction rate is a more
optimal adsorption strength (the Sabatier principle) resulting
from the interaction with nearby oxygen groups.[17b] In fact, the
oxidation of glucose to gluconic acid is known to be inhibited
by strong adsorption[28,44] since sugar acids are effective
chelating agents for metal centres.[12a,38e,45] Rapid poisoning was
found to take place due to gluconic acid (gluconate) adsorption
if the reaction is performed without pH control.[12g] The
enhanced desorption of the strongly adsorbed gluconic acid
will thus increase the overall reaction rate.
The support-oxygen groups are introduced by nitric acid
treatments[3a,b,d,19b,46] as was shown also by TPD (Figure S1) and
XPS (Figure 3). Under the mildly alkaline (pH = 9) reaction
conditions both these oxygen surface groups and the gluconic
acid (i. e. glycolate) are predominantly dissociated and thus
negatively charged (see Scheme 1). We propose that on Cal-Pt/
ACox the reaction product is effectively repelled from the
catalyst surface via short range electrostatic repulsion by
negatively charged surface oxygen groups. This results in an
increased activity due to the alleviation of product inhibition
only on very small (near 1 nm) Pt particles with support-oxygen
groups, which is only the case for Cal-Pt/ACox. This is further
supported by the fact that the recovered catalysts, which
suffered from deactivation due to particle growth (2 nm to
4 nm), no longer show enhanced activity.

Support Modification
A commercial activated carbon (AC) Norit SX Ultra from Cabot was
used as catalyst support. The following treatment procedures were
applied: (i) the AC was refluxed with demineralized water for 1.5 h
with the aim to remove water soluble impurities. Next, the AC was
washed with demineralized water and dried overnight at 60 °C. This
sample was denoted as “AC”. (ii) The AC was treated at reflux
temperature with an aqueous nitric acid (HNO3) solution (6.5 % (v/
v)) for different times (1.5, 3, 6 h) to introduce surface oxygen
groups on the support. Subsequently, the AC was washed
thoroughly with demineralized water and dried overnight at 60 °C.
The carbon oxidized with 6.5 % (v/v) HNO3 for 1.5 h was chosen as
support material for catalysts preparation and it was labelled as
“ACox”.

Textural properties
The texture of all samples was analysed with nitrogen (N2)
physisorption obtained with a Micromeritics ASAP 2020 TriStar (US).
Prior to physisorption measurements, the samples were dried at
100 °C for ~ 1–2 h and degassed at 300 °C for 2 h.

TPD-MS
TPD analysis was performed in a Micromeritics AutoChem II 2920.
Helium (He) was used as carrier gas and was applied with a flow
rate of 50 ml/min. The heating rate was set at 10 °C/min from room
temperature to 900 °C. The effluent gases were evaluated with a
THERMOStarTM mass spectrometer from Pfeiffer. The reported CO and
CO2 amounts were calculated based on the MS current.

Lipophilicity test (wettability)

Conclusion
We observed that modifying the activated carbon support by a
nitric acid oxidation treatment does not have a substantial
effect on the resulting Pt nanoparticle size whereas the
additions of a calcination step before catalyst reduction
(activation) result in considerably smaller particles. Hence a set
of catalysts was obtained that varies in Pt particle size and
oxygen group content. Neither the Pt 4 f binding energies nor
the Pt L3 XANES seems to be significantly affected by the
ChemCatChem 2022, e202200493 (8 of 11)

The carbon was tested for its ability to disperse in polar and nonpolar solvents. For this, 200 mg carbon was added to an 8 ml
mixture of hexane, water and ethanol with a 2 : 1 : 1 ratio,
respectively. Afterwards, the mixture was gently shaken for a few
seconds.

Catalyst preparation
5 wt. % Pt catalysts were synthesized through incipient wetness
impregnation (1.1 ml solution/g AC and 0.85 ml solution/g ACox)
using
an
aqueous
solution
(concentration)
of
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tetraammineplatinum(II) nitrate ([Pt(NH3)4](NO3)2), followed by overnight drying at 60 °C. The samples were either directly reduced or
first calcined and then reduced. The calcination was performed for
two hours at 250 °C in static air in a Nabertherm P 330 calcination
oven with a heating ramp of 5 °C/min. For the reduction, the
catalyst was placed in a tubular quartz reactor and reduced at 30 %
H2 and 26 % N2 atmosphere from a full scale of 100 ml/min. The
catalyst was heated with a temperature ramp of 5 °C/min up to
300 °C, at which it was kept for 2 h.

XPS
X-ray photoelectron spectroscopy (XPS) measurements were performed on a Thermo Scientific K-Alpha, equipped with a monochromatic small-spot X-ray source and a 180° double focusing
hemispherical analyser with a 128-channel detector. Spectra were
obtained using an aluminium anode (Al Kα = 1486.6 eV) operating
at 72 W and a spot size of 400 μm. Data analysis was carried out
using CasaXPS, and binding energies were charge-corrected using
the C 1 s = 284.8 eV peak of adventitious carbon as a reference.
Prior to the measurements, the samples were reactivated in pure H2
(100 ml/min) for 30 min at 200 °C and transferred via the glove box
to the XPS to avoid exposure to air.

XAS (EXAFS and XANES)
X-ray absorption spectroscopy (XAS) was performed at the Pt L3edge on the XDS beamline of the LNLS (Campinas, Brazil).[22] The
beamline is equipped with a Si(111) focusing monochromator
operating in Bragg mode with an X-ray range from 4 to 14 keV
focusing the beam at the sample position. The detection system is
comprised of a 1152 × 1242 (500 × 900) pixel CCD solid-state
detector. The samples were analysed in a plug-flow capillary reactor
with an internal diameter of 1 mm. The pre-treatment of the sample
was performed using 10 ml/min of 10 % H2/He and a heating rate
of 5 °C/min up to 200 °C. After cooling the sample the spectra were
obtained under a constant flow of 10 % H2/He at room temperature.
The obtained X-ray absorption spectra were evaluated using
ATHENA and ARTEMIS from the IFFEFIT software package.[47]
Quantification of noble metal species was conducted by linear
combination fitting (LCF) of normalized X-ray absorption near edge
spectra (XANES) with spectra of reference compounds platinum
(metallic Pt). During the fitting procedure, the coordination
numbers were fixed and all other parameters were iteratively
refined. The amplitude (S02) was set to 0.9.

Glucose oxidation
Chemisorption
Static chemisorption was performed on a Micromeritics ASAP
2020c. Prior to the measurement, the samples were reduced at
300 °C before being evacuated for 120 min at 300 °C and 10 min at
35 °C to remove any adsorbed H2. The pretreatment protocol
consists of three reductions at 100 °C, 110 °C and 300 °C in static
hydrogen and subsequently two evacuations for 120 min at 300 °C
and 10 min at 35 °C. The first isotherm consists of the total gas
uptake. After taking the first isotherm, an evacuation was done and
the second isotherm was measured. The monolayer uptake was
obtained for a linear fit of the isotherm in the pressure region of
150–600 mbar. The dispersion and particle sizes were calculated
from the monolayer uptake using the known Pt loading and sample
mass assuming a H2:Pt stoichiometry of 1 : 2.

TEM
TEM images were obtained using a JEOL JEM-1011 Electron
Microscope (120kV). Samples were prepared by ultrasonic dispersion in 99.9 % ethanol for 30 sec. 2 μl of the sample suspension was
then deposited on a commercial carbon-coated copper grid.
Particle size distributions were obtained by counting 300–400
particles with ImageJ software.

XRD
XRD patterns were recorded on a Bruker D8 Advance with a
Lynxeye-XE T PSD detector to get an insight into the crystalline
structure and the Pt particle size. The platinum particle (crystallite)
size was estimated by Rietveld refinement using TOPAS using the
fundamental parameter approach. The contribution of the support
was first determined by modelling the diffraction patterns of the
pure support materials by a Pawley type fit using 2 arbitrary unit
cells (hexagonal (P63mc) and orthorhombic (Fmmm) for the carbon
contributions and the quartz of the carbon (trigonal (P3121)) from
the Crystallography Open Database (COD). Scaled contributions of
the support were then used for fitting the catalyst together with
the refinement of the platinum and quartz contributions.
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The reaction was performed in a 230 ml three-necked jacketed
glass reactor vessel equipped with a pump for alkali supply, a
combined electrode for the pH registration and a head stirrer
(2000 rpm). The O2-flow was 300 ml/min and the substrate: metal
ratio was 447 mole/mole with a 0.05 M substrate concentration.
The activity of the synthesized catalysts Pt/AC was investigated by
an oxidation reaction with α-D-glucose as reactant. NaOH titration,
using a pH stat Ω Metrohm 800 Dosino3, of the product mixture
was used to monitor catalytic performance. To keep the pH to 9,
one mole of NaOH is added per mole acid formed during oxidation.
During the oxidation, 500 μl samples were periodically drawn for
analysis from the reaction mixture. After the oxidation, the catalyst
was recovered from the reaction medium through vacuum
filtration, washed five times with about 0.1 l demineralized water,
and dried overnight at 60 °C.
To establish concentrations of glucose and gluconic acid HPLC
analysis was performed using a Dionex UltiMate 3000 RS
autosampler HPLC equipped with an Aminex HPX-87H, 300 ×
7.8 mm (BioRad 125-0140) column operated at 35 °C. A RI/UV
detector operating at 210 nm was used for product analysis. As
mobile phase, 5 mM H2SO4 with a flow of 0.5 ml/min was used.
The samples of the reaction mixture were filtered to remove the
catalyst using a 1 ml Terumo® syringes in combination with a
Phenomenex RC membrane 0.2 μ filter. An internal standard
solution of 250 mM propionic acid in 1 M H2SO4 was added to the
sample in a 1 : 1 ratio.
The initial turnover frequency (TOFi) was calculated from the initial
activity obtained from the titration data in the first < 4 min of the
reaction, surface was normalized using the site density from
hydrogen chemisorption. Errors correspond to one standard
deviation. Average TOF was obtained from the gluconic acid yield
measured by HPLC at ~ 10 % gluconic acid yield using the site
density from hydrogen chemisorption.
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Synergy: The influence of the
support-oxygen groups and Pt
particle size for the aerobic oxidation
of α-D-glucose to gluconic acid
(glycolate) was studied. A synergetic
effect between the oxygen groups
and the decrease in Pt particle size
was found. We conclude that this is

due to the influence of surfaceoxygen-containing groups on the adsorption/desorption behaviour when
they are in close proximity to the
reactant and active site, which is the
case for particles that are similar in
size to the glucose molecule.
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