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removal of stabilizing thiolates
from gold nanoparticles on different carbon
supports and the effect on their electrochemical
properties†

Emil Dieterich, Simon-Johannes Kinkelin, Matthias Steimecke and Michael Bron *

Gold nanoparticles <10 nm in size are typically prepared using stabilizing agents, e.g. thiolates. Often

standard recipes from literature are used to presumably remove these stabilisers to liberate the surface,

e.g. for catalytic or electrocatalytic applications, however the success of these procedures is often not

verified. In this work, thiolate-stabilised AuNPs of ca. 2 nm in size were synthesized and supported onto

three different carbon supports, resulting in loadings from 15 to 25 wt% Au. These materials were post

treated using three different methods in varying gas atmospheres to remove the stabilizing agent and to

liberate the surface for electrochemical applications. Using thermogravimetry – mass spectroscopy (TG-

MS), the amount of removed stabilizer was determined to be up to 95%. Identical location scanning

transmission electron microscopy (il-(S)TEM) measurments revealed moderate particle growth but

a stable support during the treatments, the latter was also confirmed by Raman spectroscopy. All

treatments significantly improved the electrochemically accessible gold surface. In general, the results

presented here point out the importance of quantitatively verifying the success of any catalyst post

treatment with the aim of stabilizer removal.
Introduction

Supported gold nanoparticles (AuNPs) are of particular interest
for a wide range of applications, including catalysis. Factors
determining their catalytic properties are, among others, size,
shape and dispersion on a support, metal–support-interactions
as well as surfactants. Therefore, there is a major interest in
tunable and controllable synthesizes of supported
nanoparticles.1–4 For AuNPs below 10 nm the share of surface
atoms overtakes the amount of bulk atoms, which results in
new optical and electronic properties. A large number of studies
addresses the size and shape of AuNPs depending on the
chosen synthesis.2,4,5 The characteristics of the materials
directly depend on the chosen stabilizing agent, the synthesis
conditions and the support material.

For the application as (electro)catalysts, the AuNPs are
usually immobilized onto support materials like carbon nano-
tubes,6 multi-walled carbon nanotubes,6 carbon blacks7 and
metal oxides like ZnO,8 TiO2

9 and SiO2.8 Supporting typically
results in higher stability, ease of use and synergetic effects with
rtin-Luther-Universität Halle-Wittenberg,

ermany. E-mail: michael.bron@chemie.
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end electrochemical data. See DOI:
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the support material. AuNP which are synthesized as colloids
before their immobilization are usually covered by surfactants
which are also referred to as stabilizers. The stabilizer has the
crucial role of protecting the colloids against aggregation and
growth, because of their higher surface energy. Typical stabi-
lizing agents used in the AuNP synthesis are polyvinyl alcohol
(PVA), polyvinylpyrrolidone (PVP), thiolates etc.10 However, it is
oen unclear to which extent the stabilizing agent is inu-
encing the activity, selectivity and stability of the AuNPs in
catalytic reactions. For example, PVA exhibits a shielding effect
in the liquid phase glycerol oxidation on Au/TiO2, where the
remaining PVA entails a negative impact on the activity.11

Alkanethiolates are widely used stabilizing agents for various
kinds of metals since they form self-assembling monolayers
(SAMs) on the metal surfaces, e.g. Au,12 Ag,13 Cu,14 Pt15 and Pd.16

A different surface behavior is observed for Au compared to Pt
group metals in the surface binding of thiolate, where the
bonding structure on Au is more ordered compared to Pt.16,17

For palladium nanoparticles stabilized by alkanethiolates, a Pd0

core with a PdSx shell has been found, which is poisoning the
nanoparticles with respect to hydrogenation and dehydroge-
nation.16 It is also shown that the d-electron distribution on
AuNPs is altered by thiol capping agents and the stabilized Au
atoms are depleted in 5d-electrons because of the strong S–Au
interaction.18 Stabilizing agents are thus modifying the elec-
tronic structure and are therefore having a great impact on
© 2022 The Author(s). Published by the Royal Society of Chemistry
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activity and selectivity. Furthermore, the stabilizer might react
under catalytic conditions, which can damage and change the
structure of the catalyst during the reaction, which might result
in a change of the catalytic properties.19 Therefore, the removal
of stabilizing agents is of particular interest. However, the
removal of any stabilizer does not necessarily imply a fully
liberated metal surface.

Aer surfactant removal, the NPs are typically stabilized by
interaction with the support material and by small molecules
from the surrounding. These small molecules oen are more
easy to displace and therefore less critical for the catalytic
reaction.10 During the removal, there is usually a change in
shape as well as a growth of the nanoparticles. This growth is
affected by the conditions used during stabilizer removal as well
as the support material.20,21 The removal is a very delicate
process and depending on the stabilizer there are different
common methods to remove the stabilizer, such as washing
with different solvents and acids, UV-ozone irradiation treat-
ment, calcination or heat treatment in different gas
atmospheres.7,22–25

Concerning the supporting process of AuNPs stabilized by
thiolates, different methods are suggested, which are to choose
with caution depending on the chosen metal, since, as already
mentioned above, the alkanethiolates-metal surface behavior
varies. Commonly, the AuNPs are stirred with the support, fol-
lowed by a drying step (50–120 °C, air or argon atmosphere). To
actively remove the stabilizing thiolates, various treatment
processes were reported: (I) annealing for 10 h in air at
temperatures between 120 and 185 °C,26 (II) heating in vacuum
for 1 h8 to overnight27 at 150–180 °C, (III) treating up to 300 °C in
N2

28 and (IV) treatment at 300 °C with 20% O2/N2 followed by
400 °C with 15% H2/N2.29 Depending on the treatment and
support material, particle growth is to be expected.4

As already mentioned, in addition to the activity, the stability
towards a given application is also inuenced by the presence or
absence of stabilizers or their residues. Typical degradation
mechanisms during electrochemical stress are particle growth
by Ostwald ripening or agglomeration, dissolution, detachment
of particles and loss of electric contact.30–32 The stability also
depends on the particle size, with smaller particles being less
stable. As shown in33,34 particles below 5 nm show a signicantly
lower stability against repeated oxidation and reduction in acid
media because of dissolution.

In this work, an in-depth investigation of the effect of
different heat treatment processes (300 °C 20% O2/Ar, 400 °C
15% H2/Ar, both individually or combined) onto thiolate-
protected AuNPs in comparison to untreated AuNPs on
different carbon supports is made. In particular, we want to
analyze the amount of removed stabilizer determined by TG-MS
as well as the inuence of treatments onto the morphological
characteristics examined by identical location-(S)TEM, Raman
spectroscopy and cyclic voltammetry. Furthermore, the stability
towards electrochemical stress in alkaline and acidic media is
investigated by cyclic voltammetry. This work will demonstrate
that care must be taken when removing thiolate capping agents
from Au catalysts and that both temperature and gas atmo-
sphere during removal are important.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Methods
Chemicals

The following chemicals and materials were used as received:
ethanol (abs. HPLC, Th Geyer), DI H2O (SG water ultra clear UV
ultrapure water, 0.055 mS cm−1), HAuCl4$3 H2O (ACS 99.99%
metal basis, Au 49.0% min, Alfa Aesar), NaBH4 (99%, Acros
Organics), 1-dodecanethiol (>98%, Sigma Aldrich), toluene
(>99.5% for synthesis, ROTH), n-hexane (>99% p.a. ACS, ROTH),
tetra-n-octylammonium bromide (98+%, Alfa Aesar), Vulcan
XC72 (carbon black, Cabot), Naon 117 (sol. 5%, Sigma
Aldrich), Baytubes C 150 P (carbon nanotubes, C-purity >95%,
number of walls 3–15, Bayer Material Science), Black Pearls
2000 (carbon black, Cabot), argon (99.999%, Air Liquide),
oxygen (99.998%, Air Liquide), hydrogen (99.999%, Air Liquide),
potassium hydroxide (99.98%, ROTIMETIC, 3N8), perchloric
acid (Supra 70%, ROTH), CO2 (99.995%, Air Liquide).
Instruments and measurements

Instruments used during the synthesis of nanoparticles include
a rotary evaporator (Heidolph G3) and a centrifuge (Eppendorf
5804). For the carbon pre-treatment a furnace (Nabatherm
RHTH 80-300/18) and for the AuNPs on carbon treatment a tube
furnace (Carbolite MTF 12/38/250) were used.

Transmission electron microscopy (TEM) was performed
using a Zeiss Leo 912 Omega (120 keV, specic point-resolution
0.37 nm) and a scanning transmission electron microscope
(STEM) (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 500 V, acceleration voltage:
0.02–30.0 kV, magnication: 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 (PLANO GmbH, carbon holey lm, 2.05 mm Cu-
net 300 mesh), followed by drying at room temperature. For
the identical location measurements, the same preparation was
used, but instead of the carbon-coated copper grids, carbon-
coated gold nder grids (PLANO GmbH, carbon holey lm on
Au-nder grids, net type H7) were used.

Raman spectroscopy was performed with an InVia Raman
spectrometer setup (Renishaw), which is equipped with
a microscope with a 100× objective (both Leica), a Cobolt CW
DPSS laser (532 nm excitation wavelength), a 1800 l mm−1

grating and a Peltier cooled charge coupled device (CCD)
camera detecting the Raman scattering. The Raman spectrom-
eter was calibrated to a silicon reference peak and the signal was
adjusted to 520.4 cm−1 before the measurements. For every
sample at least three Raman mapping experiments with 42 to
110measurement points each and a distance of∼1 mm in x- and
y-direction between the measurement points were performed.
The spectra were recorded between 800 and 1900 cm−1 with
1.0% laser intensity and 15 s integration time for all CNT
samples and the untreated as well as the H2 and O2 treated
Vulcan samples. All BP2000 and the Vulcan sample with
combined treatment were measured with 0.5% laser intensity
Nanoscale Adv., 2022, 4, 5154–5163 | 5155
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and 20 s integration time since these samples were damaged by
irradiating with higher intensities.

Thermogravimetric measurements combined with mass
spectroscopy analysis (TG-MS) were used to evaluate the gold
loading on the supported catalysts and the amount of removed
stabilizer. The measurements were performed with a Netzsch
STA 449 F1 thermobalance. ∼5 mg of sample where placed in
a crucible (Al2O3) followed by heating (10 Kmin−1) in 20% O2/Ar
up to 1000 °C. 500 mL of CO2 were pulsed using a sample loop, at
5 min and 83 min, as an internal reference, and data were
normalized to the average area of these peaks to compare the
individual measurements. The mass spectrometer (Netzsch
QMS 403C Aëolos) was probing the exhaust stream for specic
masses (44 g mol−1 (CO2), 28 g mol−1 (CO), 64 g mol−1 (SO2), 29
g mol−1 (COH+), 45 g mol−1 (COOH−), 91 g mol−1 (unknown)35).

The specic surface area (SSA) was determined with a Sorp-
tomatic 1990 (Thermo Finnigan). Before each measurement,
the sample was heated under vacuum (10−5 mbar) at 120 °C for
24 h. The adsorption and desorption isotherms were measured
at 77 K using nitrogen as adsorbate at relative pressures p/p0 of
0.05 to 0.3. The evaluation of the adsorption data was done
using the Brunauer–Emmett–Teller (BET) theory.

Cyclic voltammetry was carried out with a Metrohm Autolab
PGSTAT 128N potentiostat. A four-neck one-compartment glass
cell with three electrodes immersed into 0.1 M KOH or 0.1 M
HClO4 electrolyte solution, ushed with Ar for 20 min, was
used. An AgjAgCljKClsat. electrode (Meinsberger Elektroden)
served as reference electrode, an Au-mesh (Au-net 99.9%,
Goodfellow) as counter electrode and a freshly polished (1 mm,
0.3 mm Al2O3 powder and DI H2O on eece) catalyst coated
glassy carbon electrode (GCE, A = 0.126 cm2) as working elec-
trode. The working electrode was prepared by dispersing the
sample in EtOH/Naon 117 solution (ratio v/v 977/23) with
a loading of 3 mg ml−1 under sonication (Bandelin Sonocool,
75% intensity) for 5 min. Then 3.14 mL of this suspension were
drop-casted onto the GCE four times and dried at room
temperature in between (resulting loading was 300 mg cm−2).
Cyclic voltammetry was performed between 0.3 V and 1.65 V vs.
RHE in HClO4 and 0.05 V to 1.65 V vs. RHE in KOH electrolyte
solution. The following procedure was applied: the internal
resistance was determined using the current interrupt method,
followed by 1000 CV cycles at a scan rate of 50 mV s−1. For the
electrochemical degradation measurements on identical loca-
tion Au-nder grids the identical setup was used but instead of
1000 CVs, 10 CVs where performed. The sample holder for the
Au-nder grids is displayed in the ESI, paragraph 1.4.†
Synthesis

All glassware was pre-cleaned with aqua regia, as detailed in the
ESI, paragraph 1.1† and for solution preparation DI water was
used. All experiments were carried out at least three times to
ensure reproducibility.

For AuNP synthesis a modied36 procedure according to
Brust et al.12 was used. Briey, a solution of 184.5 mg tetraoc-
tylammonium bromid (TOAB) in 6.75 ml toluene was prepared
followed by dropwise addition of 3.75 ml freshly prepared
5156 | Nanoscale Adv., 2022, 4, 5154–5163
0.03 M HAuCl4$3 H2O aqueous solution. The dispersion was
stirred for 10 min, followed by the addition of 81 mL 1-dodeca-
nethiol (1-DDT). 3125 mL of freshly prepared 0.4 M NaBH4

aqueous solution was added. The dispersion was stirred until
the aqueous phase became clear, and the aqueous phase was
decanted to remove excess educts. The organic phase was
reduced to a tenth of its volume with a rotary evaporator. Then
40ml of ethanol was added and the suspension was stored at 4 °
C for 16 h. The precipitate was separated by centrifugation
(5000 rpm, 30 min) and washed with ethanol twice for removal
of excess stabilizing agent. Then the product was dispersed in
3 ml toluene and 7 ml ethanol were added. The suspension was
stored at 4 °C.

AuNP were supported onto carbon (Vulcan XC72 as well as
Black Pearls 2000 and Baytubes (both pre-treated, see below)),
according to a modied method presented in,29 if not
mentioned otherwise. The required amount of carbon black was
suspended in n-hexane (20 ml/80–100 mg n-hexane/carbon
black) for 5:30 h with the aid of an ultrasonic bath. The AuNP
suspension was agitated for 30 min (ultrasonic bath). The latter
suspension was then added to the carbon black suspension,
sonicated again for 30 min and stirred overnight. The solid was
separated by centrifugation (5000 rpm, 30 min), washed with
ethanol to remove any remaining impurities from the colloid
synthesis and dried at 60 °C and ∼500 mbar overnight. The
product was a black powder labelled Au/C and the calculated
Au-loading was 20 wt% Au.

For the pre-treatment of Baytubes and Black Pearl 2000 the
material was placed in a quartz glass vessel in a furnace, which
was ushed before (∼30 min) and during the treatment with Ar
(10 L h−1). Then the support material was heated to 800 °C (5 K
min−1) for 1 h to achieve a homogenous starting material.
Catalyst treatments

Different treatment methods are suggested in literatur.8,12,26,27

Accordingly, in this work the various samples were treated in
a tube-furnace under different conditions. Treatment processes
at 300 °C in 20% O2/Ar for 1 h, 400 °C in 15% H2/Ar for 1 h, and
both treatments combined (the oxygen followed by the
hydrogen treatment) were compared with the samples without
treatment. The total gas ow was 6 L h−1 with a heating ramp of
10 K min−1. For the treatment a tube-furnace was used with
a quartz glass tube (ø 35 mm) and a quartz glass vessel. Before
starting the heating ramp, the quartz glass tube containing the
sample was ushed with Ar for at least 30 min. For the
combined treatment, in between the oxygen and the hydrogen
treatment the system was ushed with Ar for 30 min. These
treatments were carried out both on the powdery samples as
well as on those deposited onto Au nder grids.
Results and discussion

To unravel the inuence of the various treatment procedures on
the size and distribution of the AuNP and the structure of the
support material, transmission electron microscopy (TEM) and
scanning transmission electron microscopy (STEM) images
© 2022 The Author(s). Published by the Royal Society of Chemistry
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were recorded before and aer the treatments. These investi-
gations were carried out on the powder samples but also for Au/
Vulcan of samples deposited onto Au-nder grids for identical
location-(S)TEM (il-(S)TEM) investigations.

All supported Au samples in this work were prepared with
colloidal AuNPs, the synthesis and properties of which are
discussed in detail in our previous work (for a representative
TEM image and size distribution see ESI Fig. 2†).36 An average
size of 1.9 nm (±0.4 nm) with a size distribution in the range of
0.6–7.5 nm was found. In the present work, besides Vulcan
XC72 (“Vulcan”), Baytubes (“CNTs”) and Black Pearls 2000
(“BP2000”) were used as support. A negligible particle growth, if
any, is observed during the supporting procedure as can be
evaluated from the TEM images in Fig. 1(a), (c), (e) and ESI
Fig. 3(a), (e), (i),† as well as the corresponding average particle
sizes and standard deviations in Fig. 2(a) (blue bars).

For all samples the average particle sizes and standard
deviations aer the various treatment processes are shown in
Fig. 2(a). Corresponding selected (S)TEM images of the powdery
samples aer the various treatment procedures are shown in
ESI Fig. 3,† while the evaluation of the (S)TEM images and the
Au-loading measured by TG-MS are summarized in ESI Table
1.† For a better visualization, the particle size distribution is
additionally shown in ESI Fig. 4.† The results clearly indicate
particle growth specic for each treatment and support. AuNPs
on Vulcan and CNTs show a similar behavior with a signicant
particle growth that increases in the O2- < H2- < O2 + H2-treated
sample. In contrast, on BP2000 the particle growth is less
pronounced, and also the order of the particle growth changes
to H2- < O2- < O2 + H2-treatment. This different behavior
supposedly is caused by different surface areas and defect
structures of the supports.20,21,37 While Vulcan and CNT have
a similar specic surface area (SSABET), BP2000 has a signi-
cantly higher SSABET (Vulcan – 217 m2 g−1, CNT – 200 m2 g−1

and BP2000 – 1357 m2 g−1). Despite Vulcan and CNTs are
similar in terms of SSA, clearly there is a difference in their
Fig. 1 Identical location (S)TEM images of Au/Vulcan, (a), (c), (e) untreat

© 2022 The Author(s). Published by the Royal Society of Chemistry
structure, as Vulcan has a greater share of disordered carbon
whereas CNTs should possess and increased amount of
graphitic surface carbon, albeit certainly with defects. Vulcan
and BP2000 show a similar structure in terms of their share of
disordered and graphitic structured carbon. Thus, the differ-
ences in particle growth likely can be attributed to the different
SSA.

Raman measurements indicate only minor changes of the
carbon support by the treatment processes as shown in Fig. 2(b)
and ESI Fig. 5.† The ratio between the so-called D- and G-band
(D/G ratio), which is indicative of the ratio between disordered
and graphitic carbon, slightly changes. It seems to be slightly
reduced for the O2- and the O2 + H2-treated samples, which
might indicate removal of amorphous/disordered carbon by the
oxygen treatment, however these changes are within the error
bars of the measurements and should not be over-interpreted.

Besides the general assessment of particle growth of the
powdery samples, as discussed above, il-(S)TEM allows for
much deeper insight into the local changes. Fig. 1 and 3 display
il-(S)TEM images of Au/Vulcan before and aer the treatment
procedures with a focus on the Au particles (Fig. 1) and on the
carbon support (Fig. 3). It can be seen that the particle growth is
not homogeneous and that in areas of higher particle density
there is obviously an increased growth. Furthermore, larger
particles in particular remain intact and only change their
position slightly, while many smaller particles disappear.
Therefore, we suggest a particle surface mobility during the
treatments that leads to agglomeration. This particle mobility
increases with decreasing particle size. That would also explain
the lower growth of the AuNP on BP2000 support compared to
Vulcan and CNTs resulting from a higher particle-to-particle
distances because of the higher SSA (see above), although
there is a greater particle mobility due to the smaller particles
size. No inuence of the growth behavior was found whether
treating the samples as powder (∼100 mg) or onto the Au-nder
grids.
ed and (b) O2-, (d) H2- and (f) O2 + H2-treated.

Nanoscale Adv., 2022, 4, 5154–5163 | 5157
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Fig. 2 (a) Particle size (as noted at the base of the bars) and standard deviation depending on the specific treatment of the powder samples, (b) D/
G-band intensity ratio and the D3/G-band intensity ratio of the differently treated samples, as obtained from Raman measurements.

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 5

/1
6/

20
24

 6
:3

6:
04

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
il-(S)TEM has further been used to unravel possible changes
which might occur at the support material during heat treat-
ment. Fig. 3 indicates, that there are only minor changes in the
support material (Fig. 3(a), (b), (e) and (f), yellow circles) for the
O2- and the O2 + H2-treated samples, in accordance with the
Raman results. For the H2-treated samples no changes in the
support material are observed at all by il-(S)TEM. However,
there are some crystal-like structures of higher density observ-
able (Fig. 3(a) red circles), which are removed by the treatments.
Since it is unlikely that these structures are gold particles,
because they are removed by the treatments, we assume that
they consist of impurities from the carbon support. These
structures can be observed in all untreated samples and are
Fig. 3 il-(S)TEM images of Au/Vulcan, top row (a), (c), (e) untreated and (b
changes of Vulcan during treatments. Red circles for removal of impurit

5158 | Nanoscale Adv., 2022, 4, 5154–5163
always removed during the treatments. As shown in ESI Fig. 6†
we can exclude excess stabilizer as this impurities because of
the different appearance in TEM images.

The total amount of stabilizer removed by the different
treatments was determined by TG-MSmeasurements. To ensure
the effect of excess stabilizer in the catalysts is as small as
possible the products where repeatedly washed with ethanol
aer the synthesis. ESI Fig. 6† shows the appearance of 1-DDT
which is not present in the (S)TEM images of our samples. As
already discussed, the stabilizing agents respectively surfac-
tants have a crucial role in determining the catalytic properties
of metallic nanoparticles and for most applications there is
a need of stabilizer free particles. Fig. 4(a) and (b) present TG
) O2-, (d) H2- and (f) O2 + H2-treated. Yellow circles to highlight areas of
ies.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) TG-MS measurements with currents normalized to the CO2 (m/z = 44u) peak area, baseline corrected, (b) SO2 (m/z = 64u) currents
multiplied×1000, green circles in (a) CO2 injections for normalization, (c) amount (as noted at base of the bars) of removed stabilizer from AuNP
by the different treatments (see text).

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 5

/1
6/

20
24

 6
:3

6:
04

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
curves of Vulcan and Au/Vulcan as well as the corresponding MS
signals of CO2 (Fig. 4(a)) and of SO2 (Fig. 4(b)) of the different
treated and untreated samples as well as the bare support
material. To compare the un-/treated samples in terms of
amount of removed stabilizer, the SO2 MS-signal was normal-
ized by the area of the CO2 injection peaks (see Experimental
part) and then corrected by the normalized SO2 MS-signal of the
related bare un-/treated support (see also ESI paragraph 1.3†).
While the SO2 quotient of the untreated sample is related to an
Au surface fully covered with stabilizing agent plus the sulphur
impurities in the support, the SO2 quotient from the support is
directly proportional to the amount of sulphur impurities in the
carbon support. The resulting unit-less quotient aer correction
with by support is therefore proportional to the amount of SO2

on the Au surface. The normalization towards a standard was
necessary due to the uctuations of the MS signal, which are
obvious for the different samples as shown for the CO2 signal in
Fig. 4(a) (green circles).

The SO2 formation (comp. Fig. 4(b)) of the untreated sample
(Au/Vulcan) starts around 200 °C, while it shis to higher
temperatures for the treated samples. It is evident that the main
part of the sulfur is removed at higher temperatures (200–400 °
C), indicating that treatment processes below 200 °C in air or
Argon are not sufficient for stabilizer removal, while tempera-
tures and atmospheres used in this study are (see below). There
is also displacement of the decomposition curve from TG (∼90 °
C, (Fig. 4(a) black arrow) as well as for the SO2 MS signal
(Fig. 4(b)) black arrow) between the support and the samples,
which suggest that the AuNP are catalyzing the thermal carbon
oxidation of the support.

Fig. 4(c) summarizes the amount of stabilizer removed from
the different Au/C samples by the various treatments. For Au/
BP2000 and Au/Vulcan the H2-treated samples retain the
lowest amount, while the O2- and the O2 + H2-treated samples
show much higher amounts of remaining stabilizer (or its
decomposition/oxidation products). For Au/CNTs a different
behavior is observed. Here, the O2- and the H2-treated samples
retain a comparable low amount, while the combined treatment
surprisingly leaves a higher amount of stabilizer in the sample.
In contrast to the Au/CNT sample, where these observations
cannot be nally claried, the behavior of Au/Vulcan and Au/
BP2000 can be plausibly explained. For Au/BP2000 and Au/
© 2022 The Author(s). Published by the Royal Society of Chemistry
Vulcan the combined treatment is showing a higher amount
of remaining stabilizer then the H2-treatment. We assume that
during the O2-treatment the stabilizer is oxidized to a species
that cannot be removed by H2-treatment; in contrast, 1-DDT is
substantially removed by the H2-treatment.

To further characterize the different carbon-supported Au
samples and to analyze the inuence of the different treatment
procedures towards the surface properties, electrochemical
methods, here cyclic voltammetry, in two different electrolyte
solutions (0.1 M KOH, 0.1 M HClO4) were applied. ESI
Fig. 7(a)–(e)† show cyclic voltammograms (CVs, Fig. 5(a)) of the
samples as well as the Au-mass specic reduction charge
(Fig. 5(b)) and the double layer capacity (ESI Fig. 7(f)†). The CVs
show Au-oxidation (forward scan ∼0.8 V in HClO4, ∼0.1 V in
KOH) which is overlapping with corrosion of the supporting
carbon material. The Au-reduction peak (backward scan ∼0.8–
0.9 V in HClO4, ∼−0.02 to 0.1 V in KOH) is proportional to the
Au surface and therefore used to determine the impact of the
various treatments on the accessible Au surface.36 All samples
have in common that the untreated samples display signi-
cantly less intense Au redox features in comparison to the
treated ones, which is a result of surface blocking by the
stabilizing agent, underpinning again the necessity of stabilizer
removal. On closer inspection of the CVs, the Au reduction peak
of the untreated samples is shied (∼60 mV in HClO4;∼100 mV
in KOH) to lower potentials in comparison to the treated
samples in all cases. The same holds true for the Au-oxidation,
which is shied to higher potentials and inseparably accom-
panied by carbon oxidation.36 Thus, while blocking the surface,
the stabilizer also protects the gold from being oxidized. For
a quantitative evaluation of the redox features, the Au-reduction
peak was integrated and its charge was normalized to the Au
mass loading for all samples (cf. Fig. 5(b)). As mentioned above,
a higher reduction charge equivalent to a higher free surface
area can be deduced for all samples. However, a noticeable
higher mass-specic charge of untreated Au/CNT in compar-
ison to the untreated samples of Au/Vulcan and Au/BP2000 is
also apparent. Furthermore, the increase of the mass specic
charge of Au/CNT aer all treatments is signicantly lower than
for all other samples, although the change in particle size is
comparable to Au/Vulcan (cf. Fig. 3(a)). To understand this
issue, it should be recalled that the particles of the untreated
Nanoscale Adv., 2022, 4, 5154–5163 | 5159
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Fig. 5 (a) Cyclic voltammograms (3rd cycle) of the untreated and differently treated AuNP on Vulcan in 0.1 M HClO4, (b) the Au-reduction peak
area normalized by the Au-loading (Au-mass specific charge), (c) and (d) absolute minimum currents of the Au-reduction peaks over the number
of cycles until the absolute minimum current of the untreated sample is reached for degradation measurements in (c) 0.1 M HClO4 and (d) 0.1 M
KOH, all evaluated currents where corrected by the capacitive current through baseline correction.
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samples are smaller than those of the corresponding treated
samples, which in principle should result in larger free surface
area (i.e. redox features) than the treated ones. The observation
that the larger particles show more intense redox features
indicates that also for the CNT-supported samples there is
a signicant effect of the treatment, and for the other samples
the removal effect is even more pronounced than suggested by
Fig. 5(b). However, a second effect should be considered here,
which is a possibly poor electrical contact through the protec-
tive stabilizing agent to the support material, which might be
different in case of Au/CNT with the more ordered, graphitic
support, which could lead to a better contact and thus higher
mass specic charge of the untreated sample. However, as
already mentioned, the Au-oxidation and -reduction is shied,
which means that a higher potential is needed for the reaction
and the Au-reduction charge is smaller, thus probably both
effects are responsible.

Comparing the different treatment processes, the samples
treated in a single step (only H2 or O2) display higher mass
specic reduction charge than the samples that underwent the
combined treatment, indicating a higher electrochemically
available gold surface area.

The double layer capacity (ESI Fig. 7(f)†), which is indicative
of the whole catalysts surface area and not just that of the gold,
is increasing with all treatments. We assume that the increase
by the H2 treatment is solely due to the removal of stabilizer,
which blocks most of the Au and some support surface. For the
O2 treatments, we expect a higher surface functionalization of
5160 | Nanoscale Adv., 2022, 4, 5154–5163
the support in addition to the effects we assumed for the H2

treatments. For the combined treatment, a mixture of the
effects can be assumed. The high increase of the double layer
capacity of the BP2000 samples aer the treatment indicates
a particularly high surface functionalization and defect forma-
tion in these samples during the treatment as well as the
smaller AuNPs with higher Au surface.

With respect to a possible application of these materials in
various electrochemical conversion reactions, the stability
during potential cycling is of interest. In particular, the inu-
ence of the presence of stabilizing material should be
addressed. Thus, all samples were exposed to repeated (up to
1000 cycles) electrochemical stress by cyclic voltammetry. The
mass specic current of the Au-reduction peak in KOH and
HClO4 was taken for quantitative evaluation of the experiment
and is shown for the treated samples at the y-axis in Fig. 5(c) and
(d). Selected CVs of the stress cycling can be found in ESI Fig. 8
and 9.† As already mentioned, the untreated samples show the
lowest Au-reduction current. Therefore, the treated samples
were analyzed in relation to the untreated sample to emphasize
the effect of the treatment and the number of cycles that are
needed to reach the current of the untreated sample, which was
taken as a measure for evaluation. Fig. 5(c) and (d) present at
the x-axis the number of cycles which are needed until the Au-
reduction current of the treated sample reaches the Au-
reduction current of the untreated sample. At the y-axis the
mass specic current of all treated samples in HClO4 and KOH
electrolyte, respectively is presented. The measurements in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 il-(S)TEM images of Au/Vulcan before being subjected to
electrochemical stress in 0.1 M KOH, untreated (a), O2- (c), H2- (e) and
O2 + H2-treated (g) and after subjection to electrochemical stress un-
(b), O2- (d), H2- (f) and O2 + H2-treated (h).
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acidic electrolyte indicate a higher cycling stability (up to 320
cycles) compared to the measurements in alkaline electrolyte.
This is also supported by ESI Fig. 10,† which shows the mass
specic reduction current minimum over the number of cycles.
The Au/BP2000 samples show the highest mass specic reduc-
tion current while the Au/Vulcan and Au/CNT samples are
performing similarly, still in average the Au/CNT samples have
the lowest mass specic current, which agrees with the particle
size of the treated sample and the initial CVs. Au/CNTs is
showing the highest average cyclic stability. The higher stability
of Au/CNTs is assumed to be a results of the structural differ-
ence of the CNTs compared with BP2000 and Vulcan and also
stronger particle–support interaction. Furthermore, it is
© 2022 The Author(s). Published by the Royal Society of Chemistry
apparent that for the untreated samples, there is a strong
increase in reduction current during the initial cycles, which
might indicate stabilizer removal and surface liberation.
However, it must also be stated that there seems to be no
straightforward correlation between treatment procedure and
stability.

Additionally, il-STEM of the untreated and treated Au/Vulcan
sample was performed before and aer electrochemical stress
to further investigate the electrochemical stability and the
degradation mechanism. Fig. 6 shows the il-(S)TEM images of
Au/Vulcan untreated and treated before and aer electro-
chemical stress. There is an obvious loss of particles in the il-(S)
TEM images and furthermore a growth of the remaining parti-
cles. While the growth appears to occur predominantly in areas
with larger particles and higher particle density, a greater loss of
particles appears in the area of smaller particles (Fig. 6 and ESI
Fig. 11–13†). It is also noticeable that there is no apparent
carbon loss or drastically changes in the support structure in
the il-(S)TEM images (ESI Fig. 12†) nor a change of the double
layer capacity during the electrochemical stress (ESI Fig. 8 and
9†).

Conclusions

This study examines typical treatment procedures of thiolate
stabilized AuNP on three widely used carbon supports (Vulcan
XC72, Baytubes and Black Pearls 2000) towards the amount of
removed stabilizer, the particle growth and change of the
carbon support during the treatment as well as the electro-
chemically accessible Au surface and the stability against elec-
trochemical stress. A combination of a treatment with 20% O2/
Ar at 300 °C followed by 15% H2/Ar at 400 °C is such an oen-
used treatment in literature. This work, however, sheeds light
on the processes occurring during such treatment, which are
oen not considered in literature.

With this treatment at least 77% (Au/CNT) of the stabilizer
were removed (77–89%). The single H2-treatment is removing
a higher amount stabilizer (89–95%) while the O2-treatment
leads to a broad variation (73–91% of removed stabilizer)
depending on the support material. il-(S)TEM investigations
show the inuence of treatments and support specic particle
growth. The particle growth was more intense for the combined
treatment in comparison to the single treatments. The results
lead us to the assumption that the support specic growth
results mainly from the different SSA of the support material,
therefore a higher SSA leads to lower particle growth. The
electrochemical investigations show that the gold reduction
charge is not direct proportional to the particle size and also
there is a shi in the Au oxidation and reduction potential
which let us assume that there is poor or no electrical contact
between AuNP and support material for the untreated samples.
Also there is an increase of the double layer capacity which
likely stems from carbon surface functionalization and stabi-
lizer removal of the Au surface. There are only slight changes of
the support materials by the various treatments. With il-(S)TEM
small changes were observed for the O2- and the O2 + H2-treated
sample. This is consistent with the Raman measurements,
Nanoscale Adv., 2022, 4, 5154–5163 | 5161
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which show slightly higher changes aer these treatments
compared with the H2 treatment. Also there are negligible
specic structural changes observed.

Furthermore, the stability against electrochemical stress was
examined, and compared to the untreated samples. The elec-
trochemical stability depends mainly on the electrolyte and the
support material. The il-(S)TEM examination of electrochemi-
cally stressed Au/Vulcan displays a growth of the particles
predominantly in the area of high particle density. Also the loss
of NP is mainly restricted to smaller particles. Finally, there is
no observable loss of support or change in the double layer
capacity.

In conclusion, we were demonstrating that the single treat-
ments used by us are better in terms of less intense particle
growth. Furthermore, the single H2-treatment removed most
stabilizer with up to 95% in comparison to the combined
treated samples and might be the best choice in removing thi-
olates from a gold surface. However, all treated samples showed
higher electrochemical available surface area. For the particle
growth, a dependence of the SSA of the support can be found as
well as a particle surface mobility, which is higher for smaller
particles. This leads to the specic loss of smaller particles
mainly by agglomeration.
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