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Abstract: Gold nanoparticles where synthesized and sup-
ported on carbon, or directly synthesized on carbon accord-
ing to five different methods reported in literature, aiming at
particles < 10 nm. Characterization was done with transmis-
sion electron microscopy and thermogravimetric analysis.
Although all syntheses yielded particles with an average
diameter < 10 nm, the formation of few very large particles,
where a relatively large amount of Au is buried, as well as
loss during the supporting procedure led to the exclusion of

four of the five tested methods for further studies. The most
promising AuNPs supported on carbon where tested for the
methanol electrooxidation (MEO) in alkaline media. Four
different Au-loadings where realized, and supporting led to
moderate particle growth depending on the loading. To
compare MEO activity of the samples with different Au-
loadings a conversion factor was developed where the MEO
activity can be compared in terms of NP size and Au-loading.

J

Introduction

Gold nanoparticles (AuNPs) are of great interest for a broad
variety of technologies, including catalysis, nano-electronics
and biomedicine, because of their exceptional chemical
stability, catalytic activity and unique size-depending electron-
ical and optical properties."? Among all sizes monodisperse
sub 10 nm AuNPs are a very fascinating material. Their share of
surface atoms is overtaking that of the bulk atoms, and as a
consequence the atomic surface coordination decreases which
leads to new catalytic properties, reactivity and stability.” For
electrocatalytic applications, AuNPs are usually immobilized on
a supporting material, for higher stability, practicality and
synergetic catalytic effects of the support. Often used support-
ing materials are conductive carbons, including CNTs"®
MWCNTs™ and carbon blacks™ as well as metal oxides like
Zn0,” Tio,"” and Si0,.”

A large body of literature is available describing the
synthesis of monodisperse AuNPs with particle diameters below
10 nm.B? Supporting these previously synthesized gold nano-
particles is a non-trivial issue. To support AuNP on carbon, the
particles usually are stirred with added carbon support followed
by drying (50-120°C, air or argon atmosphere). The dry product
is usually treated, depending if/what sort of stabilizing agent is
used in the synthesis.'*"® These post-treatments are mainly
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done for two reasons, first to increase the stability of the
catalyst and second to remove surfactants (e.g. the stabilizer)
and thus to liberate the gold surface, since any remaining
surfactants could hinder surface reactions. Furthermore, some
surfactants were shown to modify the selectivity of the
catalyst>™ However, depending on the treatment and
supporting material, there is particle growth to be expected,”
indicating that this treatment has to be done with great care.

In this study, we evaluate and compare various synthesis
routes for sub 10 nm AuNP™® ' towards applicability of the
supported NP in electrocatalysis. A special focus is on the gold
utilization during synthesis and supporting procedure and on
the resulting electrocatalytic properties. Given the known issues
of greenhouse gas emissions due to the burning of fossil fuels
and the recent developments in the field of alkaline fuel cells
(e.g., use of anion exchange membranes), there is re-growing
interest in the electrochemical oxidation of small organic
molecules, which may be used in direct alcohol fuel cell, for
example."*" Typical commercial catalysts for the direct alcohol
fuel cell are PtNP based catalysts on carbon support, which are
showing excellent activities for the MEO."® Because of the
poisoning of Pt by CO (by-product of the alcohol oxidation) and
also the high price of Pt and the comparably lower activity of Pt
based catalysts in alkaline media there is an immense interest in
Pt free catalysts."®" Due to this, the electrocatalytic oxidation
of methanol (MEO)®” has been chosen as a test reaction in this
study.

Results and Discussion

Five different methods reported in literature were used for
AuNP synthesis. In methods 1-3, AuNP were preformed using
reducing agents and stabilizer, and the preformed AuNP were
then transferred onto a carbon support. In methods 4 and 5,
the AuNP were directly synthesized on carbon support. All
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syntheses were aiming at Au particle sizes <10 nm. As reducing
agents NaBH, or KBH, were used, while 1-dodecanethiol (1-
DDT), polyvinylpyrrolidone or no capping agent was applied to
control particle growth, depending on the method. Details on
the synthesis methods can be found in the experimental part.

STEM and TEM images were recorded to evaluate the size
and size distribution of AuNPs after synthesis as well as
supported on carbon material. Figure 1 shows TEM images of
the synthesized AuNP, while Table 1 presents the statistical
evaluation of these images. The TEM images show a distribution
of gold particle sizes from 1.1 to 182nm (Supporting
Information (SI) Figure 1)) for method 1 (synthesis according to
Jana et al.”)). While most Au particles are in the targeted size
range of <10 nm (SI Figure 2a)), still a major loss of gold occurs
to particles which are not in the targeted size range (if 1 out of
600 AuNPs is in the range of ~182nm, the loss is around
~96%,,). While the average particle size agrees with the
literature, the standard deviation differs from the reported
values. For the synthesized AuNP according to method 1 a color
change from light- to dark-red was observed over the next few
hours, which indicates a particle growth.?” The AuNPs synthe-
sized according to method 2 - Martin et al.”” and method 3 -
Brust etal'” are well within the targeted size range (1.1-
10.9 nm and 0.6—7.5 nm) with an average size and a small
standard deviation of 3.8 nm (£ 1.0 nm) or 2.3 nm (£ 0.6 nm) (SI
Figure 2a)). Both results are in close agreement to the literature,
and no changes in color were observed afterwards. The AuNPs
synthesized according to method 3 are stable for at least eight
months (SI Figure 3, 4 and S| Table 2). Their size can be changed
by varying the length of the carbon-chain of the stabilizer used
during synthesis (SI Figure 5 and SI Table 3). Due to the
formation of large Au particles, method 1 was not further
considered for Au/C catalyst preparation.

TEM images of Au/C are shown in Figure 2 while Table 2
shows the evaluation of the TEM images and the TG measure-
ments. Au/C synthesized according to method 4 - Marshall
etal (Figure 2c) and g)) and method 5 - Zhang et al.”?
(Figure 2d) and h)) shows a broader size range and AuNPs>

Figure 1. Representative TEM images of AuNPs synthesized according to a)
method 1; b) method 2 and ¢) method 3.
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Figure 2. TEM images of the treated Au/C samples synthesised according to
a), e) method 2; b),f) method 3; ¢),g) method 4 and d), h) method 5.

10 nm. Method 5 shows agglomerations of gold up to a few
micrometers (Figure 2h)). More than 95% of the particles are in
the targeted size range (size distribution for particles <10 nm SI
Figure 2b)), still the particles > 10 nm imply a big loss of gold in
particles much larger than the targeted size range.

Table 1. Sizes and size ranges of freshly synthesized gold particles.

method Average size (stdv.) in nm Size range in nm Particles measured Reported size in nm
1 3.4 (+£5.8) 1.1-182 1006 3.5 (+0.7)

2 3.8 (+£1.0 1.1-10.9 3747 4.8

3 23(+£0.6) 0.6-7.5 1800 2.0-2.50
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Table 2. Size, size range and transfer rate of the amount of gold used in the syntheses related to the amount of Au on the supporting material after Au/C
sample treatment. Reported sizes in nm for method 4-4.7 nm""” and method 5-6.7 nm (size range 2-16 nm)*#2.

Method Average size (stdv.) in nm Size range in nm Particles measured Transfer rate in % (stdv.)

2 43(£1.0 1.1-11.2 761 26 (£23)

3 3.9 (£1.3) 0.8-9.2 7053 76 (£6)

4 4.1 (£1.6) 0.8-18.1 662 169 (+£79)

5 6.3 (+£21) 1.3-449 646 102

During the supporting process, the mean particle sizes of
the AuNPs synthesized according to method 2 and method 3
grew from 3.8 to 4.3 nm respectively 2.3 to 3.9nm (see
Figure 2a), e), b) and f)). Another important aspect is the
amount of transferred gold during the synthesis and supporting
process, which is determined from the Au-loading on Vulcan
XC72 as examined by TG measurement (SI Figure 6 and Sl
Table 1). In Table 2 the fractions of transferred gold are shown.
Transfer rates above 100% for the products according to
method 4 and 5 are presumably the result of loss of carbon
material during the synthesis. The carbon supported AuNPs
show transfer rates between 26 and 76% (method 2 and 3,
respectively). None of the synthesized Au/C products show a
fully homogenous distribution of the AuNP on the supporting
material (Figure 2). Some of the TEM images may suggest a
homogenous particle distribution on the supporting material
but there are areas on the supporting material without AuNPs,
also in TEM images not shown. This is presumably related to
inhomogeneous surface properties of the supporting material.
To conclude, Au/C synthesized according to method 3 and then
supported on Vulcan XC72 and treated as described shows only
AuNPs in the targeted size range (i.e., no loss of material buried
in large AuNPs) and an average loss of only ~24% during the
synthesis and supporting procedure. Therefore, this catalyst was
used for all further syntheses and investigations.

After establishing the most suitable preparation procedure
for well-defined Au/C electrocatalysts with Au particle size <
10 nm, the Au-loading on Vulcan XC72 has been varied in order
to evaluate its influence on the properties of Au/C in the MEO
in alkaline electrolyte. Catalysts with four different Au-loadings
were prepared. Table 3 shows the particle sizes, standard
deviations, size ranges (from TEM, SI Figures 1 and 7), Au-
loadings (from TG measurements) and the electrochemical
surface area (ECSA) normalized by the total catalyst weight, as
detailed in the SI. Around 97% of the AuNPs are <10 nm and
none are>13 nm (S| Figure 7). As mentioned above, generally
the AuNPs don't show a homogenous distribution on the
supporting material (compare S| Figure 1c)).

As mentioned above, the interest in the electrooxidation of
small organic molecules is ongoing given the possibility of
establishing CO,-neutral energy conversion cycles, in case the
organic molecules are prepared from renewable resources and
converted in e.g. fuel cells. Recent progress in the field of
alkaline fuel cells (in particular, progress in alkaline exchange
membranes) together with the known electrocatalytic activity
of gold in alkaline solution (in comparison to acids, where it is
rather inactive) motivated us to investigate the properties of
Au/C prepared as mentioned above towards the MEO. The four
catalysts prepared with different Au-loadings where investi-
gated towards the MEO using cyclic voltammetry in different
electrolyte solutions (0.1 M KOH as base electrolyte, and with
addition of 0.5M, 2M or 5M MeOH). Figure 3 shows cyclic
voltammograms (CVs) of one of the catalysts in the electrolyte
solutions with different MeOH concentrations (Figure 3b)) and
all four catalysts in the same solution (5 M MeOH, Figure 3a)). In
0.1 M KOH four potential regions with different contributions of
Faradaic currents may be distinguished (Sl Figure 8), namely the
gold oxidation (Au-ox.) and the carbon corrosion (both in the
forward scan, i.e. scan to more positive potentials), the gold
reduction (Au-red.) in the backward scan and the
OH~desorption. Obviously, the Au-ox. and carbon corrosion are
overlapping. In MeOH-containing KOH electrolyte, as expected
a different behavior is observed. In the forward scan the MEO is
overlapping with the Au-ox., and in the backward scan the Au-
red. is overlapping with the MeOH-ox. and probably the
oxidation of reaction intermediates."**2' The CVs show an
increase of the MeOH- and Au-ox. peak current with higher Au-
loading and a higher MEO peak current with increasing MeOH
concentration in the electrolyte. Also the oxidation peaks in the
backward scan are increasing with both, higher Au-loading and
higher MeOH concentration in the electrolyte. Interestingly, in
the electrolyte solutions with higher MeOH concentration the
MEO starts already at potentials below 0V, i.e. below the
potential where Au is oxidized. We assume that OH™ adsorption
might aid in the MeOH oxidation at less positive potentials.
Furthermore, from the CVs it seems that progressing Au-ox.

Table 3. Particle sizes, size ranges and metal amount of Au/C together with the intended Au-loading as well as the electrochemical surface area (ECSA)
calculated from the Au reduction peak of the catalysts used in electrocatalytic experiments.
catalyst Average size Size range in nm Amount of Au in wt.% ECSA in m¥/g,,
(stdv.) in nm (theoretical wt.%)
Au/C-1.7 29(£1.3) 0.8-9.2 1.7 (2.5) 0.12
Au/C-3.6 3.1 (+1.0) 1.2-9.0 3.6 (5.0) 0.21
Au/C-8.3 44 (£1.4) 1.1-12.2 8.3 (10.0) 0.64
Au/C-25 51 (£1.7) 1.5-12.3 25.0 (24.0) 235
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Figure 3. 25" cycle from CVs, a) Au/C catalysts in 5 M MeOH and 0.1 M KOH
electrolyte; b) Au/C-3.6 in the four different used electrolyte solutions (0.1 M
KOH as well as 0.5 M, 2 M and 5 M MeOH in 0.1 M KOH).

inhibits MeOH-ox., as seen by the decrease in oxidation current
above ~0.5V, and only at very positive potentials the current
rises again, which might be an overlap between MeOH-ox. on
oxidized Au at high overpotentials and carbon corrosion.
Notably, during the CV measurement of Au/C-25 there is a
fifth Faradaic peak building up and reaching a stable level after
15 cycles with a maximum at around —0.05 V (Figure 3a) and SI
Figure 9 and 10). In literature, intermediates/products of the
MEO reaction which could be oxidized further are
formaldehyde, formate and CO.*? CV measurements of sol-
utions containing these intermediates did not show peaks at
the observed potential for Au/C-25, thus we suspect that
accumulation of these intermediates are not responsible for the
slow generation of this new oxidation peaks (S| Figure 11). In
detail, formate is oxidized around 0.3 V. For the measurement
of formaldehyde in the electrolyte there is an oxidation current
observed starting very early at —0.47V and, as literature
predicts, a formate peak is observed also, as formate is a known
oxidation product of formaldehyde.”®*” CVs of CO saturated
electrolyte do not show significant additional peaks, as
literature suggests.’®* A local pH change was also considered,
but considered unlikely since the pH-dependent carbon
corrosion at higher potentials seems to be unchanged. CVs
under rotation of the electrode however seem to indicate that
forced convection leads to a depletion of the responsible
species in the vicinity of the surface, as seen by a decrease of
the peak with increasing rotation rate at the Au/C-25 catalysts
(Sl Figure 9b)). Considering possible reaction pathways and
intermediates for the MEQ"*?*%32 we suggest a change of
selectivity with a higher Au-loading, which we assume to result
from the smaller particle distances. We can only speculate that
a high concentration of intermediates (e.g. formaldehyde),

CHEMNANOMAT

which is build up locally, leads to solution chemistry and
formation of intermediates, which then yield the unexpected
CV peak.

It is not an unexpected result that the catalysts with higher
Au-loading show higher MEO currents and ECSA. However, to
quantitatively compare the different catalysts, we defined a
conversion factor (cf) (SI section 1.2). This factor displays the
capability to oxidize MeOH (both forward and backward scan)
as normalized by the Au-red. electrical charge, which lets us
compare the MeOH-ox. activity with regard to particle size and
Au-loading. This comparison is valid as long as the MEO
mechanism of the different catalysts are similar. Thus, the data
for Au/C-25 has to be considered with caution, since the
developing peak likely does not stem from initial MeOH-ox. To
estimate the activity for MeOH-ox. thus, only the charges from
the peak at approx. 0.2-0.3 V were used to calculate the cf of
Au/C-25. Figure 4 shows the cf and the particle size in depend-
ence of the Au-loading. For Au/C-1.7, —3.6 and —8.3 it is
reasonable to assume the same MEO mechanism from the very
same CV behavior. For these catalysts clearly the cf is changing
with the Au-loading and is having a maximum for Au/C-3.6, and
this behavior is valid for all three different MeOH concentrations
used in this study. The electrochemical surfacegs, specific
current density shows the same behavior, i.e. is highest for Au/
C-3.6, as displayed in Table 4, 5" column. On the other hand,
the mass and the surfacec specific current densities (i.e.,
related to geometrical surface area) are showing a different
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Figure 4. Conversion factor (cf) extracted from CV and particles size vs. the
Au-loading for MEO over Au/C catalysts for all three MeOH concentrations
used.

Table 4. MEO maximum current (5 M MeOH electrolyte corrected by the corresponding measurement in 0.1 M KOH) normalized by the geometric electrode
area (0.1256 cm?), normalized by the amount of gold and by the calculated ECSA, as well as oxidation charge related to amount of gold.

catalyst surfacegce specific mass specific mass specific surfacegcsy specific
current density oxidation charge density current density current density
in mA/cm? in mC/mg,, in mA/mgp, in mA/cm?
Au/C-1.7 0.14 263.42 55.59 0.76
Au/C-3.6 0.50 443.10 92.97 1.59
Au/C-8.3 1.39 439.75 111.27 1.44
Au/C-25 3.83 410.20 102.10 1.09
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behavior, which can be explained by the fact, that only the
peak currents of the CVs are taken into account, and not the
whole oxidation charge. If the oxidation charge is considered
(Table 4, 3 column), again the Au/C-3.6 catalyst shows the best
performance. These considerations also emphasize the advant-
age of the cf, which uses all oxidation charge (forward and
backward scan) compared to the consideration of only the mass
or surfacec specific peak current densities to compare the
catalysts.

Keeping in mind the different particle sizes of these
catalysts, this observation might point to a particle size effect in
MEO on gold. On the other hand, the differences in average
particle sizes between Au/C-1.7 and Au/C-3.6 are small. In
literature MEO mass specific oxidation currents have been
reported to increase with the Au-loading,® which is in contrast
to our results.

We would like to emphasize again that we have carefully
chosen a catalyst preparation procedure leading to high Au
utilization and low Au losses, which might explain the higher
values compared to literature. While the mass specific and the
surfaceq; specific current densities show different behaviors,
the cf values indicate a non-monotonous effect of the Au-
loading which is supported by the behavior of the surfaceg,
specific current and emphasizes the advantage of using the
charge instead of the maximum current for catalyst comparison.
Furthermore, also with increasing average particle size the cf is
decreasing. Thus we conclude that for optimum MEO on
supported gold nanoparticles, both particle size and loading on
the carbon have to be adjusted.

Conclusion

In this study, different synthesis methods reported in literature
for the preparation of AUNP and Au/C catalysts are investigated.
All synthesis routes yield AuNPs in the average sizes reported in
the respective literature. However, for method 1, 4 and 5 a high
loss of gold to particles > 10 nm and for method 2 a high loss of
gold during the supporting process are observed, rendering
these methods inappropriate for fundamental studies in electro-
catalysis. The most suitable approach was method 3 (a synthesis
procedure according to Brust et al.), with a relatively small Au
loss during synthesis and very moderate increase in size during
the supporting process (average particle size 2.3 nm, supported
3.9 nm; size range 0.8-12.3 nm). Also the particles show only
minor size changes during storage and their size can be
manipulated by changing the stabilizing agent, which makes
them even more interesting for a wide range of applications.
The mentioned nanoparticles were employed to prepare
four Au/C catalysts with different Au-loadings, which led to a
moderate, but loading-dependent growth of the nanoparticle
sizes. To compare the catalysts towards MEO, a conversion
factor (cf) was defined, which takes into account the different
exposed surface areas of the catalysts. The cf for the catalyst
with an Au-loading of 3.6 wt. %,, is the highest and suggests
that the activity for the MEO from a combination of this Au-
loading and particle size is optimal. All four catalysts show
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higher current per cm? and current per mg,, peak values for
the MeOH-ox. than comparable Au/C catalysts in literature.*
Compared to commercial Pt/C catalysts (170 mA/mgp, 20
wt.%;,, ECSA 28 m%*/g.,) the mass specific current of the Pt/C
catalysts is higher what could be explained by their much larger
ECSA.BY Therefore, further studies should investigate how to
increase the ECSA of Au/C and take into account possibly
present surfactants e.g. stabilizer which could decrease the
ECSA.P? An unexpected peak was observed for the catalysts
with an Au-loading of 25 wt.%,,. Investigations of typical
intermediates of the MEO could not clarify the origin of this
peak and it probably results from locally high intermediate
concentration and small particle distances on the support.

Experimental Section

Chemicals

The following chemicals and materials were used as received: HCl
(37%, ROTH), HNO; (65%, ROTH), ethanol (abs. HPLC, Th Geyer), DI
H,0 (SG water Ultra Clear UV ultrapure water, 0.055 uS*cm™),
HAuCl,.3 H,0 (ACS 99.99% metal basis, Au 49.0% min, Alfa Aesar),
NaBH, (99%, Acros Organics), 1-dodencanethiol (> 98%, Sigma
Aldrich), potassium iodide (>9.5% ROTH), toluene (> 99.5% for
synthesis, ROTH), NaOH (> 99%, ROTH), acetone (99.5% for
synthesis, ROTH), n-hexane (> 99% p.a. ACS, ROTH), tetra-n-
octylammonium bromide (98 + %, Alfa Aesar), Vulcan XC72 (carbon
black, Cabot), polyvinylpyrrolidone K-30 (Sigma Aldrich), NH,OH
(Rotipura, ROTH), KBH, (99.98%, ROTIMETIC), methanol (99.98%,
ROTH), Nafion 117 (sol. 5%, Sigma Aldrich), potassium formate (>
9%, Sigma Aldrich), formaldehyde (37%, ROTH), CO (10.21% in He,
Air Liquide).

Instruments and measurements

Instruments used during the synthesis of nanoparticles include a
rotary evaporator (Heidolph G3) and a centrifuge (Eppendorf 5804).
Transmission electron microscopy (TEM) was performed on a Zeiss,
Leo 912 Omega (120 keV, specific point-resolution 0.37 nm) and
scanning transmission electron microscopy on a Zeiss GeminiSEM
500 with EDX (Oxford Ultim Max & Oxford Extreme and EBSD,
Oxford C-Nano), resolution: 0.5 nm at 15 kV; 0.9 nm at 1 kV, 1.0 nm
at 500V, accelerating voltage: 0.02-30.0 kV, magnification: 50 times
to 2,000,000 times, high efficiency Inlens secondary detector for
ultra-high resolution surface information). For the measurements
the sample was suspended in ethanol and drop-casted onto
carbon-coated copper grids, followed by drying at room temper-
ature.

Thermogravimetric measurements were done to evaluate Au-
loading in the supported catalysts and were performed with a
Netzsch STA 449 F1 thermobalance. ~10 mg of sample where
placed in a crucible (Al,O;) followed by heating (10 K/min) in 20%
O,/Ar up to 1000 °C.

Cyclic voltammetry was carried out using a Metrohm Autolab
PGSTAT 128 N. For the measurement a four-neck one-compartment
glass cell with three electrodes immersed into 0.1 M KOH electro-
lyte with/without 0.5 M, 2 M or 5M MeOH, flushed with N2 for
20 min, was used. An Ag|AgCl|KCl,,. electrode (Meinsberger) was
used as reference electrode, a Pt-net or Au-net as counter electrode
and a freshly polished (1 pm, 0.3 um Al,O; powder and DI H,0 on
fleece) catalyst coated glassy carbon electrode (GCE, A=0.126 cm?)
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as working electrode. The working electrode was prepared by
dispersing the sample with a loading of 2.7 mg/ml (ratio 977/23
EtOH/Nafion 117) under sonication (Bandelin Sonocool, 75%
intensity) for 15 min. Then 3.5 ul were drop casted onto the GCE
twice and dried at RT (resulting loading 150 pg cm?). Cyclic
voltammetry was performed between —0.7 and 0.7 V vs. Ag|AgCl|
KCl,. (all potentials are given relative to Ag|AgCl|KCl). The
following procedure was applied: three CV cycles with a scan rate
of 20mVs™' were followed by 20 cycles with 500 mVs™'. After
repeating this, another three cycles with 20 mVs™" were recorded.
The rotating disc electrode (Radiometer, motor BM-EDI101) meas-
urements were carried out as follows, 15 cycles with 20 mVs™',
followed by 2 cycles at each rpm (rpm in the order 400, 900, 1600,
900 and 400).

Synthesis

Numerous syntheses for sub 10 nm AuNPs are reported in the
literature, which provide a large variety of AuNPs with different or
no surfactants. A selection of these (Martin etal,® Jana etal.,”
Brust et al.,"® Marshall et al."” and Zhang et al."?) was used for this
study and the resulting AuNP were supported on Vulcan XC72
carbon black. All glassware was pre-cleaned in aqua regia under
stirring for 12 h followed by heating up to 50 °C with reflux cooling.
Afterwards all glassware was flushed with DI water and boiled in DI
water for at least 1 h. All solutions were prepared with DI water or
abs. EtOH. All syntheses were performed at least three times, except
the synthesis according to Zhang et al."”

The first synthesis, referred to as method 1, was a modified
procedure of Jana etal.”’ for 3.5 nm thiol-capped AuNPs. Briefly
20 ml of 0.25 mmol/I HAuCl,.3 H,O were stirred in a 100 ml one-
neck flask. 0.6 ml of 0.1 M NaBH,, freshly prepared, was added
dropwise and stirred for 15 min. 20.6 ul of 1-DDT were added and
stirred for 1 h. 40 mg potassium iodide and 2 ml toluene were
added, followed by 3 min of vigorous shaking. The toluene phase
was collected and stored at 4°C.

The second synthesis - method 2 - was performed according to
Martin et al.’! Two stock solutions, 50 mmol/I HAuCl,-3 H,0 with
the same molar ratio of HCl and 50 mmol/I NaBH, with the same
molar ratio of NaOH where prepared. 9.5 ml DI water were stirred
(350 rpm) in a 50 ml beaker. 100 ul of HAuCl, stock solution where
added, followed by addition of 425 ul of NaBH, stock solution. The
dispersion was boiled for 3 min and cooled down to RT in a water
bath before it was transferred to a 100 ml one-neck flask. 6.33 ml
acetone were added followed by 7.58 ml n-hexane; in between and
after the single additions the dispersion was mixed vigorously. The
organic phase was collected and stored at 4°C.

The third synthesis, referred to as method 3, was modified after
Brust et al."” A solution of 184.5 mg tetraoctylammoniumbromide
in 6.75 ml toluene was stirred at 350 rpm. 3.75 ml freshly prepared
0.03 M HAuCl,-3 H,0 were added dropwise and stirred for 10 min,
followed by the addition of 81 ul 1-DDT and then the addition of
3125 pl freshly prepared 0.4 M NaBH, within 2 s and then 2 h of
stirring to complete the reaction. After decanting the organic
phase, the volume was reduced to one tenth by a rotary evaporator
(55°C, ~120 mbar), followed by adding 40 ml of EtOH and storing
at 4°C for 16 h. The precipitate was separated by centrifugation
(5000 rpm, 30 min) and washed with EtOH twice. The product was
dispersed in 3 ml toluene, 7ml of EtOH were added, and the
dispersion was stored at 4 °C.

The fourth method is according to Marshall etal"” where the

AuNPs are directly transferred onto the carbon support. The
required amount of Vulcan XC72 (114.2 mg), depending on the
loading (here 20 wt. %,,), was suspended in DI water (10 ml H,O
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per 100 mg supporting material) for 5h in an ultrasonic bath
(100 ml one-neck flask). Two stock solutions of 50 mmol/I HAuCl,-3
H,O with the same molar ratio of HCl and 50 mmol/I NaBH, with
the same molar ratio of NaOH were prepared. 28 ml of DI water
were mixed with 0.61 ml of the HAuCl,-stock solution in a 100 ml
one-neck flask. 0.83 ml of the freshly prepared NaBH,-stock solution
were added. This particle dispersion was added to the carbon
dispersion and stirred for 20 h. The product was filtrated and
washed with 100 ml DI water and dried at 60 °C overnight.

Method 5 is a modified synthesis according to Zhang et al."? where
the AuNPs are synthesized directly on the carbon support.
160.7 mg Vulcan XC72 was filled into a 11 one-neck flask while
56.7 mg HAuCl,-3 H,0 where added to a second 1 | one-neck flask.
To the latter flask, 300 ml DI water and 1.598 g PVP K-30 followed
by another 180 ml DI water were added. The mixture was stirred
until the PVP K-30 dissolved well. This Au-solution was added to
the carbon support, stirred for 10 min and then suspended in an
ultrasonic bath for 1 h. The pH of the dispersion was 3.2. TM
NH,OH was added until the pH value reaches 9.3, followed by
addition of 25 ml freshly prepared 0.6 M KBH, solution. The
dispersion was stirred for 24 h, centrifuged (5000 rpm, 90 min) and
washed with 80 ml DI water. The washing was repeated three
times. After the washing, the product was dried at 60 °C for 15 h.

Supporting of AuNP on Vulcan XC72

To support the prepared particles on Vulcan XC72 a method
modified after® was used. The required amount of carbon black
was dispersed by sonication in n-hexane (20 ml/100 mg n-hexane/
carbon black) for 6h. The respective AuNP suspension was
dispersed by sonication for 30 min. Then it was added to the
carbon black dispersion, sonicated again for 30 min and stirred
overnight. The dispersion was separated by centrifugation
(5000 rpm, 30 min) and washed with ethanol, followed by drying at
60°C and ~500 mbar overnight. The product was a black powder,
labelled Au/C. All supporting processes were done at least three
times for the different AuNP syntheses. The theoretical Au-loading
was, if not mentioned otherwise, 20 wt. %p,,.

Catalyst treatment

The literature reports different treatment methods for Au/C which
aim to increase the stability and remove surfactants form the gold
surface.®**¥ |n this work, the Au/C catalysts were treated at 300°C
with 20% O,/Ar for 1 h followed by 2 h at 400°C under 15% H,/Ar
atmosphere in a tube-furnace. The total gas flow was 6 I/h with a
heating ramp of 10 K/min. Before the heating ramp was started, the
quartz glass tube with the quartz glass vessel, in which the sample
was placed, was flushed with Argon (6 I/h) for 30 min.
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