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A facile, “one-pot”, chemical approach to synthesize gold-based
nanoparticles finely dispersed on porous activated carbon
(Norit) was demonstrated in this work. The pH of the synthesis
bath played a critical role in determining the optimal gold-
carbon interaction, which enabled a successful deposition of
the gold nanoparticles onto the carbon matrix with a
maximized metal utilization of 93%. The obtained AuNP/C
nanocomposite was characterized using SEM, HAADF-STEM
electron tomography and electrochemical techniques. It was
found that the Au nanoparticles, with diameters between 5 and
20 nm, were evenly distributed over the carbon matrix, both
inside and outside the pores. Electrochemical characterization
indicated that the composite had a very large electroactive

surface area (EASA), as high as 282.4 m2 gAu
� 1. By exploiting its

very high EASA, the catalyst was intended to boost the
productivity of glucaric acid in the electrooxidation of its
precursor, gluconic acid. However, cyclic voltammetry experi-
ments revealed a very limited reactivity towards gluconic acid
oxidation, due to the spacial hindrance of gluconic acid
molecule which prevented diffusion inside the catalyst nano-
pores. On the other hand, the as-synthesized nanocomposite
promises to be effective towards the ORR, and might thus find
potential application as anode catalyst for fuel cells as well as
for the scalability of all those electrochemical reactions
involving small molecules with high diffusivity and catalysed by
noble metals (i. e. CO2, CH4, N2, etc..).

Introduction

Recent advances in supported metal nanoparticles (NPs) have
opened the doors to new opportunities towards catalytic
systems with enhanced electrocatalytic activity through superi-
or surface properties, amongst others finding applications in
energy storage, sensors and also in electrocatalytic
conversion.[1–4] In fact, the use of nanomaterials allows to boost
the electrochemical performance as a consequence of the

increased surface-to-volume ratio while keeping the utilized
amount of the often expensive active phases limited.[5,6,15,7–14]

Amongst these newly developed metal electrocatalysts,
gold-based nanoparticles (AuNPs) have proven to be partic-
ularly promising thanks to their stability and versatility.[16] In
fact, they have shown great potential in many electrocatalytic
applications,[16] like the electrocatalytic oxidation of small
organic molecules (e.g., methanol, ethanol, formic acid), thanks
to their excellent catalytic activity, selectivity and good
resistance to CO poisoning,[17–19] fuel cells,[20–22] in the ORR in
alkaline media,[23–29] and the electrochemical reduction of
CO2

[30–32] and N2.
[33–36]

Common AuNPs synthesis methods include: the Turkevich
method, colloidal methods, galvanic replacement, soft template
methods, dealloying, template synthesis, hydrothermal-assisted
growth, and electrochemical deposition.[37–47] Due to the larger
surface-to-volume ratio (and more electrocatalytic active sites),
AuNPs show better activity in electrocatalysis than bulk Au.[16]

Moreover, composition and morphology also play a role in their
electrocatalytic performance. For instance, when combined
with other elements (e.g., Ag, Pd, Cu, Ir, and Pt), the synergistic
effect of different elements can enhance the catalytic perform-
ance of AuNPs.[48–52] Similarly, the morphology of Au nano-
materials also affects their electrocatalytic performance.[53,54] For
example, Au-based nanomaterials with various architectures
have been successfully synthesized, such as nanowires,[55]

nanorods,[56] nanodendrities,[57] and nanocages,[58] where shape,
structure, and interface of noble metal can be optimized to
significantly improve their catalytic properties. In many electro-
catalytic applications, the leverage of a support also plays a role
in the overall catalyst performance, for example, by helping to
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prevent the aggregation of the NPs thus improving the catalyst
durability.[16,59] Moreover, some literature studies report syner-
gistic effects between nanoparticles and support which result in
improved catalytic activity of the composite compared to the
nanoparticles or support materials alone.[59–62] Despite many
AuNPs-based cataysts have been reported and have shown
good electrocatalytic properties, their electrocatalytic activity is
still unsatisfactory for potential use in larger-scale applications.

In this context, nanoporous noble metal composites have
received increasing interest in recent years for their excellent
electrocatalytic activity, due to their very high electro-active
surface areas (EASAs).[63–65] However, the obtained mass-specific
electroactive surface areas are still very limited (typically below
40 m2 g� 1) and the catalytic activity can still be improved.[63]

Hence, the development of nanoporous noble metal electrodes
with high EASA and a high noble metal utilization efficiency
remains a filed of great interest and importance.

In this work, we developed a facile, one-pot chemical
method to synthesize a AuNPs-based catalyst with very high
electroactive surface area and, at the same time, low Au
loading. The prepared catalyst consists of AuNPs ranged
between 5 and 20 nm, evenly deposited over a nanoporous
activated carbon (AC) matrix, exhibiting a specific EASA as high
as 282.43 m2gAu

� 1, which is 102 times higher than that found for
the Au bulk RDE used for our previous studies (39.5 cm2 vs.
0.702 cm2). In our recent works, we have proven the capacity of
bulk Au electrodes to selectively oxidize glucose to gluconic
acid and gluconic acid to glucaric acid in alkaline media.[66,67]

However, such electrodes are characterized by very limited
electrocatalytic activity as well as susceptibility to poisoning.
The aim of this work was to boost the catalyst surface-to-
volume ratio, as such allowing to achieve higher electrocatalytic
activity (and glucaric acid productivity) with lower total metal
loading, as well as stabilizing the Au nanoparticles on a carbon
support in an attempt to address the issue caused by the
physical blockage of the catalyst active sites and maintain a
high activity.[66–73]

Experimental

Chemicals and reagents

The sythesis bath was prepared using tetrachloroauric acid
trihydrate (Sigma-Aldrich, 99%), ultrapure water (Synergy UV
system), sodium hydroxide (Sigma-Aldrich, 98%), Polyvinylpyrroli-
done (PVP40) (Sigma Aldrich), activated carbon Norit® SX1G (Total
surface area, BET, 1000 m2 g� 1, Nederland BV.[74]), used as received,
and sodium borohydride (Sigma Aldrich, 98%). The ink was
prepared using 2-propanol (ChemLab, >99%) as solvent and
Sustanion® (suspension of 5 wt% in lower aliphatic alcohols and
water), purchased from Sigma Aldrich, as solvent. The supporting
electrolytes were prepared with ultrapure water (Synergy UV
system), sodium carbonate (Sigma-Aldrich, 98%) and sodium
hydroxide (Sigma-Aldrich, 98%). Anhydrous D-glucose was pur-
chased from VWR (99.5%), D-gluconic acid potassium salt (98%)
and D-saccharic acid potassium salt (98%) from Sigma Aldrich and
D-gluconic acid sodium salt (99%) from Acros Organics. All
chemicals were used without further modifications.

Preparation of AuNPs supported on activated carbon

The catalyst was prepared usig a modification of the wet
impregnation method developed by Hermans et al.:[75–77] (Figure 1).
30 mg HAuCl4 · 3H2O was dissolved in 150 mL MilliQ water under
stirring at 600 rpm and ambient temperature (solution 1). The pH of
the solution was adjusted to the target value (9–11) by adding an
appropriate amount of a 1 M NaOH solution. Polyvinylpyrrolidone
(PVP) was added from a 2%wt solution in order to obtain a
concentration of 64 μgmL� 1 in the final solution. PVP was used as
stabilizing agent and, according to a previous study of our group, is
expected to decrease the electrochemical charge transfer resistance
and increase the electrochemically active surface area.[78] Then,
150 mL of a solution obtained dissolving 135 mg of activated
carbon (Norit) in MillQ water (pH corrected with 1 M NaOH to
target: 9 to 11) was added to solution 1. The resulting solution
(solution 2) was left under stirring for 24 h. Following, a 0.1 M
NaBH4 (the reducing agent) solution was added dropwise to
solution 2 such that the concentration of NaBH4 in the final solution
matched the one of Au. The solution was left under stirring
(600 rpm) for 2 h (immobilization time). After this time, the slurry
was filtered and washed with water six times to remove all the Cl� .
To verify that all the Cl� had been removed, AgNO3 was added to
the filtrate to check for the absence of precipitate. The catalyst was
then dried in an oven at 70 °C for 5 h and calcined at 200 °C for 3 h.
The whole synthesis process has been conducted under Argon to
avoid alteration of the pH due to the presence of CO2.

Physical characterization of the AuNP/AC catalyst

The AuNP/C catalyst was investigated using a set of physicochem-
ical characterization techniques.

Standards for all metallic species analyzed were purchased from
VWR (Belgium). The Au weight percentage in the catalyst powders
was analyzed by Thermo-gravimetric analysis (TGA), using a Q500
thermogravimetric analyzer (TA Instruments) and inductively
coupled plasma mass spectrometry (ICP-MS), using an Agilent 7500
series spectrometer. For the TGA analysis, the temperature of the
furnace was ramped from 40 °C to 600 °C–800 °C at 5 °C/min.
Platinum pans were used in all measurements. The Au wt.% was
calculated from the residue at 600 °C, which was found to be
metallic Au by XRD analysis. To measure the Au content by ICP-MS
analysis, 10 mg sample was dissolved in 500 μL of aqua regia and
destructed at 70 °C overnight. The samples were diluted to a 1 :100

Figure 1. Schematic representation of the synthesis of AuNP/C catalyst by
impregnation.
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ratio and a calibration curve was fitted from 100 to 10 000 ppb.
However, with this method the Au content (%wt.) measured was
only 0.3%, too low compared to the theoretical one, given by the
difference between the quantity of Au added during the synthesis
and that left in the filtrate solution, and also compared to Au
content measured by TGA. Matching results were only obtained
when the samples of Au/C powder were carbonized prior to the
ICP-MS analysis, thus eliminating the carbon matrix and leaving
only the metal. The procedure used was the following: first,
porcelain crucibles were pre-heated for 1 h in a muffle furnace at
700 °C. Crucibles were weighed after cooling; second, 50–100 mg of
sample was placed in the crucible, weighted and placed in the
muffle furnace for 4 h at 700 °C; third, after cooling, the crucible
was weighted and the ash content was calculated. Ash was
transferred to a falcon tube and digested in 1 mL of aqua regia
overnight. Finally, the samples were diluted to perform the ICP-MS
measurement.

Next, in order to characterize the crystalline structure of the
catalysts, X-Ray diffraction (XRD) was employed. X-ray diffraction
experiments were performed on a Huber X-ray diffractometer
equipped with a G670 Guinier camera (Huber GmbH&Co, Germany)
using the Cu Kα1 radiation (λ=1.5405981 Å).

Scanning Electron Microscopy and Energy-dispersive X-Ray Spectro-
scopy (SEM-EDX) were used in order to assess the morphology and
distribution of the metal nanoparticles over the carbon support.
The microscope used was a Quanta 250 FEI operated at an
acceleration voltage of 5 kV and equipped with a Super-X EDX
detector to study the morphology of the obtained catalysts and
verify the atomic distribution.

For more detailed characterization and to determine the 3D
structure of the supported Au nanoparticles, HAADF-STEM electron
tomography experiments were performed on a Thermo Fischer
Tecnai Osiris microscope operated at 200 kV. Tilt series for the
materials were acquired using incremental fast tomography
between � 75° and 75° with a 2° tilt increment and a frame time of
6 s.[79] The projection images were acquired with a 50 pA beam
current and image resolution of 1024×1024 pixels. The series were
aligned using cross-correlation and the reconstructions were
completed using the Expectation Maximization (EM) algorithm in
the ASTRA Toolbox.[80] To determine the composition of the
materials, EDX maps were obtained using the Super-X detector on
the Tecnai Osiris microscope. The maps were acquired for 8
minutes at a 50 pA beam current.

Nitrogen (N2) physisorption was performed at 77 K with a
Quantachrome Quadrasorb SI (Quantachrome Instruments, Boynton
Beach, FL, USA) automated surface area & pore size analyzer. Prior
to the measurements, all samples were degassed for 16 h at 200 °C.
The specific surface area was calculated using the Brunauer-Emmet-
Teller (BET) equation.

Electrochemical setups

A thermostated three-electrode glass cell was used for the EASA
experiments and for the cyclic voltammetry study to screen the
electro-reactivity of the catalyst in gluconic acid and blank solution.
A silver-silver chloride electrode (Ag/AgCl) and a platinum wire
were used as reference and counter electrodes, respectively. The
working electrode used for the cyclic voltammetry experiments
consisted of a glassy carbon RDE (Goodfellow) with an active
diameter of 8 mm which was covered with 14 μL of catalyst ink
deposited by drop-casting until a loading of ca 50 μg
(0.099 mgcm� 2). The catalyst ink was prepared dispersing the
catalyst powder (5 mg) in a (1000 mL) solution of 2-propanol and
20 wt% Sustanion, so that the ratio Sustanion/catalyst was 1/7.

Before the catalyst deposition, the surface of the glassy carbon
electrode was carefully polished with aluminum (Φ 1, 0.3 and
0.05 μm) slurry on a polishing cloth and then sonicated in MilliQ
water for 5 min. The electrochemical instrumentation consisted of a
Bio-Logic VSP-300 Potentiostat. All the electrode activities are
represented as current densities, utilizing the geometric area of the
GC electrode as active area and with respect to the reversible
hydrogen electrode (VRHE). The cyclic voltammetry studies were
conducted between 0 and 2.5 VRHE at 50 mV/s at ambient temper-
ature from solutions containing 0.1 M aqueous NaOH while stirring
at 700 rpm. All the voltammograms shown correspond to the cycle
once a stable state is reached. An initial solution containing 0.05 M
of gluconic acid in 0.1 M NaOH (pH 13) was used for the
electrolysis.

The continuous flow experiments were executed in an adapted
micro flow cell (ElectroCell, Denmark), allowing to operate in a
three-electrode mode (Figure 2).

A detailed description can be found in a previous work.[81] A
10.2 cm2 porous electrode (Titanium fiber felt, Fuel Cell Store) was
used as anode. The ink was sprayed onto the microporous layer of
the felt until a total loading of 2.45 mgcm� 2 was reached. The ink
was ultra-sonicated for 25 min prior to airbrushing. The anodic
potential was controlled versus a leak-free Ag/AgCl reference anode
(Innovative Instruments, Inc.) with a multichannel Autolab potentio-
stat M204 equipped with a 10 A booster. The catholyte and anolyte
used were both 0.1 M aqueous NaOH. In both, the flow rate was
kept at 20 mLmin� 1 with a multichannel peristaltic pump. A Nafion®
117 cation exchange membrane separated the two compartments.
The system was operated in recirculation mode as shown in
Figure 2 and the electrolyte volumes were 250 mL for both anolyte
and catholyte. The reactor was operated in a vertical position with
the electrolyte being fed from the bottom of the reactor and
leaving at the top, while at room temperature and atmospheric
pressure.

The products were analyzed by HPLC (Alliance 2695, Waters, USA)
combined with an ionexclusion column (Shodex KC-811). A photo-
diode array (PDA) detector set to 210 nm was used to detect
organic acids while a refractive index (RI) detector thermostated at
30 °C was used to detect glucose. A perchloric acid solution (0.1%)
was used as the eluant for the HPLC analysis. Prior to analysis, 1 mL
samples were acidified with 200 μL perchloric acid 6 M solution,
sonicated and finally filtered.

All the electrode activities reported are represented with current
densities (measured at the beginning of every electrolysis), utilizing
the EASA as active area and with respect to the reversible hydrogen
electrode (RHE). The tested potential vs. Ag/AgCl was converted
into potential vs. RHE using the Nernst equation (Eq. (1)):

Figure 2. Scheme of the reactor setup used for the continuous flow
experiments: (1) SS counter electrode (CE), in the cathodic compartment; (2)
reference electrode (RE); (3) Nafion membrane and (4) anodic compartment
containing the working electrode (WE).
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ERHE ¼ EAg=AgCl þ ln 10ð Þ �
RT
F � pHþ 0:197 (1)

With R being the universal gas constant (8.314472 JK� 1 mol� 1), F the
Faraday constant (96485.332 Cmol� 1) and T the temperature.

Electroactive surface area measurement

The electroactive surface area (EASA) of the synthesized catalyst
was calculated using the capacitance, measured as the slope of the
plot of the current vs. the scan rate (selected scan rates: 20, 40, 60,
80 and 100 mVs� 1) at 0.71 VRHE in the electrolyte solution (0.1 M
NaOH) (S1). To obtain the EASA, this value (i. e. 0.0131 F or
13100 μF) was divided by the value of capacitance of EDL for bulk
gold found in literature,[82] 14.25 μF cm� 2. The specific EASA,
282.4 m2 g� 1, was obtained by dividing the EASA, 919.3 cm2, by the
quantity of gold in the catalyst, 0.0003255 g.

Results and Discussion

The AuNP catalysts were prepared on Norit activated carbon by
a controlled adsorption method in which the interactions
between the Au precursor and the carbonaceous support in
aqueous solution were optimized by controlling the pH of the
impregnation solution. In fact, the surface of the activated
carbon presents different types of functional groups containing
heteroatoms (O, N, and S),[83] in varying amounts, which can be
divided into acidic, neutral, and basic functions. This influences
their surface characteristics and adsorption behavior. In partic-
ular, the carbon surface can be either positively or negatively
charged in aqueous solution, depending on whether it is below
or above a characteristic pH value, called the point of zero
charge (PZC), which is equal to 9.0 for Norit carbon.[84,85] At the
pH corresponding to the PZC, the net overall surface charge
would be zero; at pH > PZC, the negatively charged carbon
surface attracts cations from solutions, while at pH < PZC, it
attracts anions. Therefore, it is important to know at which pH
the interactions between the metallic precursor and the
carbonaceous support are maximized. For this reason, the
synthesis of the Au/C catalyst was conducted at 4 different
pH’s, in the range 8–11.5, in order to identify at which pH, the
maximum adsorption occurs. Figure S2 shows the thermogravi-
metric plots for 4 samples of catalysts obtained, respectively,
from the synthesis conducted at pH 8.5, 9.5, 10.5 and 11.5. All
the samples show a small mass loss (ca 5%wt.) from room
temperature to around 100 °C due to the evaporation of
adsorbed water. Another slight weight loss (ca 5%wt.) is
encountered between 300 and 350 °C, which could be related
to the decomposition of the residual polyvinylpyrrolidone (PVP)
used as surfactant during the synthesis. The major mass loss (ca
75%wt.) between 400 and 800 °C is attributed to the loss of the
carbon support (Norit). The residual values shown in Figure S2
(b) represent the total amount of metallic composite in the
catalyst samples. The Au loading was calculated by subtracting
the residual mass of a blank Norit carbon sample (i. e., non-
carbon contaminations, ca. 5.4%) from the total residual
amount of metallic composite in the catalyst samples (Figure S2

(b)). In order to identify which species of gold was generated
during the TG analysis, a sample of residual composite was
analyzed by XRD, which revealed it was metallic gold. The
resulting gold loading (Au% wt) was then plotted versus the
pH in order to identify the pH at which the maximum
adsorption occurs (Figure 3). To double-check the residual mass
trends, the amount of non-adsorbed metal in solution – after
filtration – was also determined by ICP-MS. As shown in
Figure 3, the maximum adsorption of Au (9.3%) on the
activated carbon occurs at a pH of 9.5, which is just above 9.0
(the PZC of Norit). The explanation for this is that, at a pH
between 9 and 10, the carbon surface holds negative charges
which attract the Au3+ cations from solution: the interaction
between the Au precursor and the carbon support leads to the
high loading. On the other hand, at pH >10, the carbon surface
is also negatively charged but the metal precursor, is less
available due to its preferential complexation with OH� at these
conditions, leading to a weaker metallic precursor-carbon
surface interaction and a lower loading. At pH <9 the carbon
surface is positively charged, so it attracts anions rather than
cations from the solution, meaning that the interaction will be
weak and the resulting loading low. For this reason, the optimal
pH of 9.5, which resulted in the highest metal loading, was
used to synthesize the AuNP/C catalyst used in the rest of this
study. A similar behavior was observed by the authors Hermans
et al. in the preparation of Au� Pd/C catalysts for glyoxal and
glucose chemical oxidation.[75–77]

Physical characterization of the catalyst

Samples of Au/C were characterized by XRD and SEM coupled
with EDX. The crystallinity of the synthesized AuNPs was
investigated by an X-ray diffraction (XRD) technique, and
corresponding XRD patterns were shown in Figure 4. Gold
nanocrystals exhibited four distinct peaks at 2θ=38.2°, 44.4°,
64.6° and 77.6° in the diffraction pattern, corresponding to (1 1
1), (2 0 0), (2 2 0) and (3 1 1) Bragg’s reflection of face-centred-
cubic (fcc) lattice (JCPDS no. 04–0784).[86] The intense diffraction
peak at 38.2 indicates that the preferred growth orientation of

Figure 3. Au loading (%wt) on activated carbon, C, plotted versus the pH
used for the synthsis. The point of zero charge for Norit® SX1G is ca 9.0.[85]
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zero-valent gold was fixed in the (111) direction.[87] This XRD
pattern is typical of pure Au nanoparticles.[86,87]

The AuNP/C samples were further characterized by SEM and
EDX. Figure 5 (a) and (b) show the surface of the carbon after
the deposition of the Au nanoparticles at pH 9.5. The coverage
of the support appears uniform, with nanoparticles in the range
<100 nm. Some aggregates were also spotted (not shown).
Figure 5 (c) shows the energy dispersive X-ray (EDX) spectra of
the synthesized AuNP/C composite, confirming that the Au
nanoparticles are supported on the carbon matrix. The peaks of
O and Cl elements are residues from the synthesis and/or
functional groups of the carbon support.

More detailed information about the size and distribution of
the Au nanoparticles across the support was obtained by
HAADF-STEM characterization. Figure 6 (a) shows a HAADF-
STEM image of the Au nanoparticles deposited onto the
activated carbon. This investigation confirms that the Au
nanoparticles are reasonably homogeneously distributed across
the activated carbon (as was already suggested by SEM
analysis). The particle size distribution was determined and is
shown in Figure 6 (b). This shows that the mean particle size is
6.9 nm with a standard deviation of 2.8 nm. Figure 6 (a) shows
that the Au nanoparticles are well spread out across the entire
support. Some sporadic larger nanoparticles in the range of 50–
100 nm can also be observed (see Figure S3 for their particle
size distribution).

Electron tomography was utilized for complete 3D charac-
terization. This involves the acquisition of images at various
projection angles allowing for visualization of the materials in
3D and therefore the determination of whether or not the Au
nanoparticles are situated inside of the activated carbon, or are
simply deposited onto the surface. Figure 7 shows an ortho-
slice taken from the 3D reconstruction in the xz direction,
approximately halfway through the volume of the Au/C. This
ortho-slice shows the presence of Au NPs (in the middle of the
activated carbon). Therefore, it can be concluded that the
particles are situated inside of the pores of the carbon support.

This was further confirmed by comparing the total surface area
of the bare Norit SX1G support (i. e., 1000 m2 g� 1 according to
the product data sheet) with that of AuNP@Norit, which
showed a significant decrease to 517 m2 g� 1. This is a further
indication that the Au NPs are present in the pores and
blocking them (vide infra).

Energy-dispersive X-ray spectroscopy (EDX) maps were
acquired from various areas of the sample to determine the
composition, and confirm that there are Au NPs deposited on
carbon. Figure 8 shows a HAADF-STEM image and the respec-
tive elemental maps for Au and C, obtained on a representative
area of the sample. The results clearly indicate the presence of
Au nanoparticles, homogeneously spread across the carbon
matrix, with a low degree of agglomeration. The presence of Cu

Figure 4. XRD pattern of the Au nanoparticles grown on activated carbon at
optimized pH (9.5). The crystalline nanoparticles are represented by four
peaks corresponding to standard Bragg reflections (111), (200), (220), and
(311) of face centers cubic lattice. The intense peak at 38.2 represents
preferential growth in the (111) direction.

Figure 5. SEM images, (a) and (b), and EDX spectra (c) of the Au nano-
particles deposited on carbon synthesized at the optimized pH of 9.5 (9.3%
loading).

Wiley VCH Freitag, 08.09.2023

2399 / 315816 [S. 5/11] 1

ChemElectroChem 2023, e202300293 (5 of 10) © 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH

ChemElectroChem
Research Article
doi.org/10.1002/celc.202300293

 21960216, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/celc.202300293 by U
niversiteit A

ntw
erpen, W

iley O
nline L

ibrary on [05/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



in the spectrum is due to the Cu grid and holder used for these
measurements.

Catalytic activity testing

The very high specific EASA which was found for the AuNP/C
catalyst, 282.4 m2/g, is mainly ascribed, in addition to the Au
loading, to the Au nanoparticles size and homogeneous spread
onto the activated carbon support, which has a particularly
high specific surface area, most of which is concentrated inside
its pores (ca 99.8%). A high EASA, typically boosts electrons
transfer and mass transport of reactants and intermediates,
leading to enhanced electrocatalytic activity.[73]

To understand the electrocatalytic activity of the as-
synthesized AuNP/C@GC catalyst towards gluconic acid oxida-
tion, a cyclic voltammogram was recorded at ambient temper-
ature, with a stirring velocity of 700 rpm, in 0.1 M NaOH (pH 13)
with increasing amount of gluconic acid (Figure 9).

As expected, no oxidation peaks are observed in the cyclic
voltammogram in the blank solution while, when gluconic acid
is added, a small oxidation peak characterized by a left shoulder
appears between 1 and 2 VRHE,, which was found, in our
previous study, to be specific for the oxidation of the
hydroxymethyl group on C6 in the gluconic acid molecule on
gold.[66] Thus, the increase of current density with the concen-
tration of gluconic acid in solution indicates reaction of the
substrate with the gold active sites in this potential range.
However, the current density reaches a maximum of only ca
0.08 mAcm� 2. Considering the high value of EASA of this
catalyst (39.5 cm2), we expected to observe a much higher
electrocatalytic activity, and thus current density, at this
potentials. Indeed, in our previous studies, we measured a
similar current density, in the range of 0.22 mAcm� 2 (in respect
to the EASA), using a bare gold flat electrode with an EASA of
only 0.702 cm2.[66,67] Unfortunately, a 102 increase in EASA did
not result in an increase in activity. To understand if a
deactivation process was responsible for the limited reactivity
of the catalyst, we recalculated the EASA of the catalyst after
cycling it in a gluconic acid solution. The measurement of the
EASA was repeated on the catalyst after cyclic voltammetry in
0.05 M gluconic acid and 0.1 M NaOH, and the result remained
unchanged, proving that it does not get deactivated. In
addition, particle size upon electrochemical cycling also does
not alter (see S4), which leaves only one reasonable explanation
for the low electrocatalytic activity that is detected. Indeed,
based on the 3D reconstruction (vide supra) we believe that the
substrate, gluconic acid (molecule size ~1 nm[88,89]), cannot
access the majority of the electroactive surface area of the
catalyst, located inside the micropores (<2 nm) of the activated
carbon.[90] In fact, micropores are only able to absorb gases and
most solvents, while mesopores (=2–50 nm) can absorb larger
molecules.[91] In this case, the EASA available for the reaction is
only a small fraction (i. e. external surface area of our carbon
substrate) of the total calculated EASA, which means it becomes
close to that of the flat electrode. Even more so, taking this into
account utilizing the AuNP/C catalyst does not result in an
increase of the EASA available for the reaction, and is thus in
line with the current density obtained here.

As a proof of concept, we performed the reaction in a flow
reactor configuration where mass transfer limitations are

Figure 6. (a) HAADF-STEM image of the 9.3 wt%. Au nanoparticles on
activated carbon and (b) a histogram showing the particle size distribution
of the nanoparticles for this sample.

Figure 7. Ortho-slice in the xz direction approximately halfway through the
volume of of Au/C sample at pH 9.5 (9.3% loading).
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excluded. For the continuous flow experiments, we used the
reactor setup described in the Experimental section with the
synthesized AuNP/C dispersed over a Ti felt as catalyst, with a
total EASA of 919.3 cm2. In first instance, cyclic voltammetry
experiments were performed at increasing concentrations of
gluconic acid. Figure 10 presents the current density vs.

concentration of gluconic acid obtained at a fixed potential of
1.7 VRHE, corresponding to the oxidation peak, at a flow rate of
20 mLmin� 1 and a scan rate of 20 mVs� 1, utilizing a 0.1 M NaOH
solution. For comparison, we report the results obtained for the
AuNP/C@Ti system, as well as the Ti felt alone, to confirm that it
does not contribute to the reaction.

The data clearly show that, upon additon of gluconic acid,
the current density has only a slight increase, of ca 1 mAcm� 2,
and that it does not increase further when the concentration of
gluconic acid in solution is raised. This confirms the results
obtained in the batch cell, where only a small part of gluconic
acid is able to reach the gold active sites for reation as
saturation is quickly achieved here as well (no further increase
in current density after adding only small amounts of gluconic
acid). Despite the contribution of the higher convection given
by the continuos flow, the mass transfer inside the pores of the
carbon matrix remains hindered, as such limiting the reaction.
Control experiments were also conducted at higher flow rates
(>20 mLmin� 1), but no difference was observed. Given the very
small difference in current density between the blank solution
and the solutions containing gluconic acid, we can again
assume that the reaction is only happening on the gold active
sites that are situated outside the pores.

Figure 8. (a) HAADF-STEM image, (b, c) the respective EDX elemental distributions and (d) an EDX spectrum showing which elements are present for the Au/C
composite with 9.3% Au-loading. For the EDX maps, Au is marked in red and C in green.

Figure 9. Voltammograms of AuNP/C@GC electrode in 0.1 M NaOH recorded
at 50 mVs� 1, at 20 °C and stirring the solution at 700 rpm, with increasing
amout of gluconic acid (from 0 to 0.5 M).
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As a proof of concept, long-term electrolysis experiments
were conducted applying a constant current density, and the
product solutions were analyzed by HPLC. The results of
chronopotentiometry experiments conducted at 10, 20 and
30 mAcm� 2, in a solution of 0.05 M gluconic acid and 0.1 M
NaOH are shown in Figure 11.

The chronopotentiometry experiments confirmend that
when applying such high current density, the only reaction that
occurs at the surface of the AuNP/AC@Ti electrode is the O2

evolution reaction, which, in fact, takes place at these high
potentials, and which was also evidenced by the heavy
formation of bubbles at the anode, confirmed to be O2 by gas
chromatography (GC) measurements.

Chromatographic analysis of the liquid product stream
revealed what we expected: no glucaric acid or relevant amount
of oxidation products is detected (S5).

In conclusion, in this work, we used an efficient synthesis
method to produce an Au-based catalyst with very high EASA
at low metal loading. The main advantages of this synthesis are
its simplicity and an optimal Au utilization (up to 93%), with
only 7% being lost during the different synthesis steps. This
result was achieved by maximizing the interaction between the
metallic precursor, the Au cations, and the carbonaceous
support, activated carbon (Norit), during the immobilization
step, by fine-tuning the pH of the synthesis broth. At pH 9.5 the
maximum amount of gold was deposited on the Norit, resulting
in a final loading of 9.3 wt%. Physical characterization revealed
the successful deposition of very small nanoparticles, of average
size between 5 and 20 nm, and their homogeneous distribution
inside the micropores of the AC. The specific EASA of the
catalyst was found to be as high as 282.43 m2 gAu

� 1, which is
higher than typical values found in literature.[13,15,63] The as-
synthesized catalytic system was tested for the electrooxidation
of gluconic acid in alkaline media in an attempt to boost the
productivity of glucaric acid exploiting its very high EASA.
However, cyclic voltammetry experiments conducted both, in
batch and in continuos flow reactor configurations, revealed a
very limited reactivity towards gluconic acid oxidation, evi-
denced by the low current density registered at the gluconic
acid oxidation peak. Given the high EASA found, the low
current density detected could only be explained assuming that
gluconic acid was reacting only with a small fraction of the total
gold active sites, the ones more easily accessible and present at
the external surface. The explanation for this behaviour was
attributed to a difficult diffusion of the reagent inside the
catalyst nanopores. Gluconic acid, like glucose, is a rather bulky
molecule with a relatively low diffusivity compared to other,
smaller, organic molecules.[92] This spatial hindrance prevented
gluconic acid to penetrate inside the pores of the catalyst,
leaving, as only accessible active sites, the Au nanoparticles
situated outside the pores of the carbon matrix. Three
evidences were given to explain this phenomena: 1) most of
the EASA of the synthesized catalyst is located inside the pores
of the carbon matrix (as evidenced by TEM tomography), as the
area inside the pores can go up to 99.8% of the total available
surface of the carbon support. This would result in an accessible
EASA of only 0.2% of the total, corresponding to ca 0.079 cm2

for the catalytic system used in the batch cell and 1.838 cm2 for
the one used in the flow cell, which are close to the value found
for the flat Au electrode (0.702 cm2) and would thus explain the
low performance; 2) while gluconic acid electrooxidation
appeared to be very limited at the AuNP/C electrode, O2

evolution reaction seemed to proceed favourably, as evidenced
by the heavy formation of O2 bubbles, which increased with
applied increasing current density. Moreover, O2 bubbles
formation did not occur in absence of AuNP as activated carbon
itself is an inhert material, which is why it finds application in
catalysis as carrier of an active phase (most of the times noble
metals).[93] In fact, it is because of its inhertness and high degree
of microporosity that activated carbon has been found
particularly suitable for application as support for precious
metals and other catalytic active compounds for oxygen
electroreduction reaction (OER);[93–97] and 3) a final proof was

Figure 10. Plot current density vs. gluconic acid concentration obtained
extracting the current density values at fixed potential of 1.7 VRHE

(corresponding to the oxidation peak) from the cyclic voltammetry study of
AuNP/C@Ti (red line) and Ti felt alone (blue line) at 20 mVs� 1, 20 °C and
20 mLmin� 1, from a starting solution 0.1 M NaOH.

Figure 11. Results of chronopotentiometry experiments conducted at con-
stant current densities of 10, 20 and 30 mAcm� 2 in the flow cell, in a solution
with 0.05 M gluconic acid and 0.1 M NaOH. At these currents, the O2

evolution reaction takes place, as evidenced by the high potentials (y-axis)
and the increasing O2 bubbles formation with the curent density at the
anode.
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given by the procedure used to measure the Au loading in the
AuNP/C catalyst by ICP-MS. Here, the reagent used to dissolve
gold was also unable to access the Au situated inside the pores
of the carbon matrix.

Conclusions

The efficient synthesis of a gold catalyst made of gold nano-
particles deposited onto the surface of activated carbon was
achieved by a wet impregration method at an optimal pH of
the bath of 9.5, critical in determining the gold-carbon
interaction, with a resulting loading of 9.3% and an Au
utilization as high as 93%. The catalyst was characterized by
SEM-EDX and HAADF-STEM electron tomography, showing a
very uniform coverage of the carbon matrix with the Au
nanoparticles, whose size ranged between 5 and 20 nm. The
catalytic system was tested for the electrooxidation of gluconic
acid in alkaline media in an attempt to boost the productivity
of glucaric acid by exploiting its very high specific EASA, which
was calculated to be as high as 282.43 m2 gAu

� 1, which is 102

times higher than that found for the Au bulk electrode used for
our previous studies. However, it was found that the catalyst is
not designed for reactions involving bulky molecules such as
sugars and its derivatives, while it would be a good fit for
application in reactions involving small molecules (i. e. gasses as
O2) making it a potential candidate for reactions involving
molecules with high diffusivity as CO2, CH4, N2. In particular,
such high performance Au-based catalyst could be a very good
fit for application in the nitrogen reduction reaction (NRR),
where gold is known to achieve the highest selectivity,[98,99]

which will be the subject of our further investigations. From our
findings, we believe that catalytic systems in which gold is
directly deposited onto the surface of high surface area
supports characterized by large porosity as felts, nets, etc,
would make a better choice for the electrooxidation of glucose/
gluconic acid.
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Electrocatalysis: Gold nanoparticles
with diameter between 5 and 20 nm
evenly distributed onto porous
activated carbon (Norit) were
obtained using a facile “one-pot”
chemical synthesis technique with
very high metal utilization. The AuNP/
C nanocomposite was characterized
using SEM, HAADF-STEM electron to-

mography and electrochemical tech-
niques, revealing a very large electro-
active surface area (EASA). The figure
shows the HAADF-STEM image (a)
and the respective EDX elemental dis-
tribution (b) for the AuNP/C
composite with 9.3% Au-loading
developed in this work (Au is marked
in red and C in green).
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