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A B S T R A C T   

Electrocatalytic conversion of hemicellulose-derived glucose and xylose presents a sustainable approach to uti
lize renewable energy (e.g. solar, wind) to produce value-added chemicals. In this work, the electrochemical 
hydrogenation and oxidation of glucose and xylose at ambient conditions were studied using dispersed, meso
porous Sibunit Carbon (SC)-supported Au nanocatalysts (SC/AuNPs) with different cluster sizes (4.4 nm, 5.9 nm, 
10-30 nm), providing novel results on the cluster size - activity relation. For the electrocatalytic hydrogenation 
(ECH) of glucose and xylose into sorbitol and xylitol, respectively, higher conversion rates were obtained when 
more negative potentials were applied. This indicates that the hydrogenation reaction proceeds concurrently 
with hydrogen evolution reaction (HER). SC/AuNPs with smaller Au clusters were more active towards glucose 
or xylose ECH at all potentials applied. The selectivity (Faradaic efficiency) increased towards more negative 
potentials for glucose ECH but followed an opposite trend for xylose ECH. Analysis using in-situ FTIR-ATR 
spectroscopy showed that water adsorption which leads to HER, was more extensive in xylose solution than 
in glucose solution at lower potentials. This would indicate greater inhibition of xylose ECH than glucose ECH at 
more negative potentials. The electrocatalytic oxidation (ECO) of glucose and xylose to gluconic acid and xylonic 
acid, respectively, was observed to occur at -0.05, +0.3, and +0.4 V (vs Ag/AgCl) using the present electro
catalytic set up. Constant-potential electrolysis at these potentials showed differences in ECO rate depending on 
the applied potential and average Au cluster size. The highest glucose and xylose ECO rate was obtained for the 
SC/AuNPs with the smallest average Au cluster size (4.4 nm) at +0.3 V. Constant-potential electrolysis of the 
sugars at +0.3 V using this catalyst resulted in 42 % yield of gluconic acid and 32 % yield of xylonic acid in 6 
hours, both with a very low Au loading of 0.08 % wt.. These results show the strong influence of Au cluster size 
on the catalytic activities of SC/AuNPs toward sugar ECH or ECO.   

1. Introduction 

The increasing pressure to replace fossil fuels with renewable sources 
of energy has prompted research to find ways to utilize this energy for 
sustainable production of fuels and chemicals. One major disadvantage 
of renewable energy sources (e.g solar, wind) is their intermittency, 
which primarily calls for reversible storage within the grid itself [1]. 
Another approach to solve this problem is to use secondary energy 
storage in the form of chemical bonds, which could maximize the 

utilization of renewable sources of electricity while providing a less 
energy intensive alternative for fuel and chemical production [1,2]. 
Electrocatalytic conversion provides a basis for this concept, and has 
been subject of studies in the last 20 years. Electrocatalytic trans
formations offer several advantages over conventional chemical pro
cesses such as operability in on aqueous feedstocks, elimination of 
external reducing or oxidizing reagents, and relatively milder reaction 
conditions. 

Biomass is a viable platform for this process due to its abundance and 
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its amenability to electrochemical transformations. Electrocatalytic 
hydrogenation (ECH) of biomass-derived substrates is one way to up
grade feedstock either by increasing their H:C ratio or decreasing the O: 
C ratio through coupled deoxygenation/decarboxylation reactions [2]. 
This can be directly applicable to bio-oils to mitigate their intrinsic 
corrosiveness and chemical instability [3] as well as for lignin and 
hemicellulose valorization to produce fuels and chemicals [2,4]. ECH 
can be carried out at mild temperature and pressure compared to con
ventional thermocatalytic conversions. Moreover, hydrogen can be 
in-situ obtained from water splitting, thus eliminating the need for 
external supply of high-purity H2 gas [5]. 

On the other hand, electrocatalytic oxidation (ECO) can be harnessed 
to produce added-value products from platform compounds such as 
glycerol [6–8], sugars [9–14], and furans [15–20]. ECO can be accom
plished in solution at ambient conditions without external O2 supply. 
The reaction conditions in both ECO and ECH can be readily controlled 
by the applied electric potential or current. These processes can be 
powered by renewable electricity, which serves as the basis for their 
sustainability in the context of valorization of biomass-derived feedstock 
[1]. 

Wood biomass contain 40-50 % cellulose and 15-30 % hemicellulose 
[21]. Extraction of hemicellulose can be accomplished by pressurized 
hot water or subcritical water extraction [22–24]. Depolymerization of 
hemicellulose via acid hydrolysis in batch or continuous mode [25–27] 
yields mainly glucose, xylose and mannose, which are raw materials for 
many chemicals. Glucose and xylose can be electrochemically converted 
over metal (electro)catalysts to produce added value chemicals. ECH of 
glucose and xylose would produce mainly sorbitol and xylitol, respec
tively, two widely used chemicals in the food, drug, and cosmetic in
dustry [21]. On the oxidative side, ECO of glucose and xylose yields 
mainly gluconic acid and xylonic acid, respectively, both of which 
belong to the top-30 list of value added chemicals derived from biomass 
[28]. 

Reduction of glucose via ECH was earlier studied on Raney Ni 
catalyst [29,30], Pb [31], and Zn(Hg) [32]. Kwon and Koper studied 
ECH of glucose over a range of metals and identified late transition 
metals (Fe, Co, Ni, Cu, Pd, Au, and Ag) as having high selectivity towards 
sorbitol formation [33]. However, in the same study Pb gave the highest 
yield for sorbitol at higher overpotentials. ECH of xylose to xylitol was 
also demonstrated over amalgamated zinc catalyst in a divided elec
trocatalytic cell [34]. For most ECH studies on biomass-derived sub
strates, hydrogenation rates were found to be influenced by the 
functional groups present in the organic substrate [35,36], nature of 
electrode material [33,37], and reaction conditions (pH, temperature, 
solvent, electrode potential) [38]. In most electrocatalytic systems, ECH 
involves a chemisorbed hydrogen formed via the Volmer reaction (Eq. 
(1)) in aqueous solution upon 

H2O + e− + M → MH + OH− (Volmer reaction) (1)  

M − CxHyOz + 2MH ⇄ 3M + CxHy+2Oz (2)  

application of negative potential: 
The chemisorbed hydrogen can then react with an adsorbed sub

strate to form the hydrogenated product (Eq. (2)). Hydrogen evolution 
reaction (HER) also proceeds via the chemisorbed hydrogen interme
diate through the Heyrovsky (Eq. (3)) and Tafel (Eq. (4)) reactions 
which significantly decreases the overall selectivity (Faradaic efficiency, 
FE) of the system. 

2MH ⇄2M + H2 (Tafel reaction) (3)  

MH + H2O + e− ⇄ M + H2 + OH− (Heyrovsky reaction) (4) 

On the other hand, the electrocatalytic oxidation (ECO) of glucose is 
well studied mostly for glucose fuel cells [10,39] and sensor applications 
[39–41]. Platinum and gold are two of the most studied catalysts for 

sugar electro-oxidation due to their high activities. However, surface 
poisoning has been observed in platinum possibly due to its ability to 
break C-C bonds, which also affects the overall selectivity. Gold nano
particles (AuNPs) have been studied extensively for glucose oxidation 
due to enhanced catalytic activity and greater resistance towards surface 
poisoning than Pt in alkaline and neutral solutions [9,12,13]. ECO of 
sugars on alloys of gold were also investigated giving insights on the 
effect of metal ratio on product selectivity and catalyst stability [9,14]. 
The electro-oxidation of glucose and xylose are assumed to proceed via a 
two-electron transfer reaction described in Eqs. (5) and (6) [9]: 

Glucose : C6H12O6 + 3 OH− → C6H11O7
− + 2 H2O + 2 e− (5)  

Xylose : C5H10O5 + 3 OH− → C5H9O6
− + 2 H2O + 2 e− (6) 

In this work, the electrocatalytic conversion of glucose and xylose, 
two main components of wood hemicellulose, was investigated using 
gold nanocatalysts in a divided electrolytic cell at ambient conditions. 
Gold was chosen as catalyst due to its aforementioned activity towards 
both sugar ECH and ECO. The influence of Au cluster size on electro
catalytic conversion of glucose and xylose was investigated. We have 
previously observed that sugar ECH rates were higher for carbon fiber- 
supported Au nanocatalysts than for polycrystalline Au electrocatalyst 
[42]. However, conventional methods for depositing Au on carbon such 
as deposition-precipitation produce typically large clusters of gold [43]. 
Hence, deposition of pre-reduced gold from gold sols on mesoporous 
carbon support was employed for obtaining higher dispersion and better 
control of the nanoparticle size. AuNPs size control can be achieved by 
varying the ratio of the gold precursor (i.e. HAuCl4) and the poly(vinyl 
alcohol) (PVA) in the prepared sols [43]. The presence of protective 
agents (e.g. pol(vinyl alcohol)) in gold sols prevents the aggregation of 
the formed AuNPs both in solution and presumably on the catalyst 
support, thus allowing to obtain a well-dispersed Au nanocatalyst [43, 
44]. 

The catalyst support used in this study is Sibunit Carbon (SC), a type 
of mesoporous carbon obtained by depositing pyrolyzed C1-C4 hydro
carbons on granulated carbon black [45]. Due to its desirable properties 
as a catalyst support, such as high purity and mechanical strength, 
chemical stability and reasonably large surface area, catalytic studies 
involving SC have increased in number in the last 30 years [46–49]. To 
the best of our knowledge, SC-supported metal catalysts have not been 
studied in the electrocatalytic conversion of platform chemicals for 
biomass valorization. Its high surface area and relatively large pores 
make SC an ideal catalyst support for the conversion of high molecular 
weight compounds such as sugars. 

The synthesized SC-supported AuNPs (SC/AuNPs) were character
ized using physico-chemical and electrochemical methods, and their 
properties were correlated with their electrocatalytic activity. To the 
best of our knowledge, the effect of AuNPs size on the activity towards 
sugar ECO has not previously been demonstrated for supported Au 
nanocatalysts. Moreover, the dependence of the catalyst activity on the 
AuNPs cluster size towards glucose and xylose ECH was explored in this 
work for catalysts with narrower AuNPs size distribution compared to 
our previous study [42], which also improves the insight in the results. 
Aside from the physical properties of the catalyst, the effect of applied 
potentials on the activity and selectivity of the hydrogenation and 
oxidation reactions was also investigated. 

2. Experimental 

2.1. Materials 

Hydrogen tetrachloroaurate (III) hydrate (49 % Au) was obtained 
from Alfa Aesar/ABCR GmbH. D-glucose (BioUltra, ≥ 98% wt.), D- 
xylose (BioUltra, ≥ 99% wt.) and poly(vinyl alcohol) (PVA, 99+% 
hydrolysed, Mw = 89,000-98,000) were obtained from Sigma-Aldrich. 
The carbon felt (≥ 99.0 %) used to prepare the working electrodes 

J.P. Oña et al.                                                                                                                                                                                                                                   



Electrochimica Acta 437 (2023) 141536

3

was purchased from Alfa Aesar. All other chemicals were of analytical 
grade. Deionized water (resistivity 18 MΩ-cm) was used to prepare all 
solutions. 

2.2. Catalyst preparation 

The catalysts were prepared by depositing AuNPs from gold sols onto 
SC. The gold precursor - hydrogen tetrachloroaureate (HAuCl4) was 
dissolved in deionized water to make initial concentrations of 60, 80, 
and 120 µg/mL. Under vigorous stirring, 1.25 mL of 2% wt. PVA was 
added dropwise to 160 mL of each HAuCl4 solution. Afterwards, 132 mL 
of freshly prepared 0.1 mol L− 1 NaBH4 solution was added dropwise to 
the mixture. After a few minutes, gold sol was immobilized on SC by 
adding an appropriate amount of the support to the mixture under 
constant stirring. The nominal Au loading was 5 % wt. After 2 h stirring 
the slurry was filtered under vacuum and the catalysts were thoroughly 
washed with hot deionized water. SC-supported AuNPs (SC/AuNPs) 
were thus obtained. The SC/AuNPs catalysts were then dried overnight 
at 60 ◦C in an oven. Three kinds of SC/AuNPs catalysts were prepared 
based on the initial HAuCl4 concentrations and the resulting PVA/Au 
and NaBH4/Au ratios are summarized in Table S1. 

2.3. Catalyst characterization 

Nitrogen physisorption was carried out using the MicroActive 
3FlexTM 3500 (Micromeritics) sorptometer to calculate the specific 
surface area and the pore volume of the SC/AuNPs catalysts. Prior to 
analysis, the catalysts were outgassed for 5 h at 180 ◦C. The specific 
surface area was calculated from the Dubinin-Radushkevich equation, 
whereas the pore volume and pore size distribution were estimated from 
the Horvath and Kawasaki method. 

Scanning electron microscopy/Energy disperse X-ray Analysis (SEM/ 
EDXA) was used to study the surface morphology and estimate the gold 
content of the synthesized SC/AuNPs catalysts. The instrument was a 
Leo Gemini 1530 scanning electron microscope with a Thermo Scientific 
UltraDry Silicon Drift Detector. The AuNPs sizes were measured using 
transmission electron microscopy (TEM) using a JEOL JEM 1400 Plus 
electron microscope operated at 120 kV acceleration voltage and 0.38 
nm resolution. The gold content of the SC/AuNPs catalysts were deter
mined from Inductively coupled plasma-optical emission spectrometry 
(ICP-OES) analysis (Varian Liberty 110 ICP Emission Spectrometer). 
Samples for ICP-OES analysis were prepared by dissolving of 0.10-0.14 g 
of catalyst in 50 mL concentrated H2SO4 and digested in a microwave 
heater at 150 ◦C. The resulting solutions were diluted to 100 mL and 
taken for analysis. 

X-ray powder diffraction (XRD) was used to analyse the structural 
properties of the catalysts. The instrument was a PANalytical Empyrean 
X-ray powder diffractometer with Cu LFF X-ray tube. X-ray radiation 
was filtered to include only Cu Kα1 and Cu Kα1 components. XRD data 
were processed using the MAUD (Material Analysis Using Diffraction) 
analysis program. 

2.4. Electrochemical measurements 

Activity and electrochemical surface area measurements were car
ried out using linear sweep voltammetry (LSV) and cyclic voltammetry 
(CV). The general electrochemical set-up consisted of a three-electrode 
system in an H-shaped electrochemical cell divided by a Nafion 117 
membrane (Ion Power, Inc.). The potential was supplied by an Autolab 
(PGSTAT100) General Purpose Electrochemical System at room tem
perature (23 ± 1 ◦C). Before the experiments, the electrochemical cell 
was cleaned by immersing in a 1:1 mixture of sulfuric and nitric acid 
overnight and boiling in ultrapure water (resistivity 18 MΩ-cm). Pre
treatment of the Nafion membrane involved boiling in H2O2 solution (3 
% vol.) for 1 h and in sulfuric acid (2 mol L− 1) for 1 h, with thorough 
rinsing in deionized water in between the boiling steps. The reference 

electrode used was Ag/AgCl/3M KCl (Thermo Scientific Orion™ 
900100). All the potentials were measured against this Ag/AgCl/3M KCl 
reference electrode. The counter electrode was constructed by attaching 
activated carbon fibers (3.0 cm2 area, 0.60 mm thickness, Kynol®) to a 
carbon rod (99.999% carbon, Strem Chemicals Inc.). The SC/AuNPs 
working electrode was constructed by preparing a catalyst ink and 
dropcasting on a carbon felt. The catalyst ink was prepared by dispersing 
10 mg of SC/AuNPs in 1 mL deionized water and 1.5 mL of isopropanol. 
The mixture was then sonicated for 30 mins. Afterwards, the catalyst ink 
was applied to the carbon felt (2 cm x 1.5 cm) by dropcasting and was 
dried overnight at room temperature. The resulting SC/AuNPs electrode 
had a geometric area of 6 cm2. 

LSV and CV were carried out in the H-shaped electrochemical cell 
(Latech) separated by a Nafion membrane (Ion Power, Inc.). The 
working and reference electrodes were contained in the same 
compartment while the other compartment held the counter electrode. 
Both compartments contained the same electrolyte solution during the 
electrochemical experiments. Glucose or xylose was dissolved into the 
supporting electrolyte solution (0.1 mol L− 1 Na2SO4 or 0.1 mol L− 1 

NaOH) to make a concentration of 0.1 mol L− 1. The sugar solutions were 
initially purged with N2 for 15 min and the N2 gas was kept above the 
solution during all electrochemical characterization experiments. For 
the LSV experiments, the potential was swept from 0 to -1.5 V at a scan 
rate of 5 mV s− 1. On the other hand, CV was carried out by cycling the 
potential between -0.8 V to 0.8 V at a scan rate of 10 mV s− 1. Current 
densities were normalized to the electrochemically active surface area 
(ECSA) of the working electrode. 

The ECSA of each SC/AuNPs electrode was estimated from the 
charge of gold oxide reduction. CV measurements were carried out in 
the H-shaped electrochemical cell using 0.5 mol L− 1 H2SO4 as support
ing electrolyte. The potential on the SC/AuNPs electrode was cycled 
between 0 and 1.5 V (vs Ag/AgCl) at a scan rate of 1 mV s− 1. The charge 
of gold oxide reduction was calculated between 0.7 and 1.1 V. The 
charge density value used to calculate the ECSA was 390 µC cm− 2, 
corresponding to the reduction charge for one monolayer of AuO per 
unit area. 

2.5. In-situ FTIR-ATR Spectroscopy 

ECH of glucose and xylose over Au catalyst were investigated by 
Fourier transform infrared (FTIR) attenuated total reflectance (ATR) 
spectroscopy. The spectra were recorded on a Bruker IFS 66/S FTIR 
instrument equipped with an MCT detector. Gold was sputtered on the 
ZnSe reflection element (10 mm x 10 mm x 2 mm) with a layer thickness 
of 40 nm. The ZnSe/Au electrode was attached to a small spectroelec
trochemical flow-through cell made of Teflon. The reference electrode 
was an Ag/AgCl wire and the counter electrode was a Pt coil. A beam 
condenser 4XF-BR3 (Harrick Scientific) served as the attachment to the 
FTIR spectrometer. The spectra were recorded in the range between 
4000 to 400 cm− 1 with a resolution of 8 cm− 1 and 200 interferograms 
were co-added. Spectra were recorded from 0 V to -1.3 V at 0.1 V in
tervals. Each potential was applied for 10 minutes, after which the 
spectrum was obtained. The measured spectra were related to a refer
ence spectrum recorded after the first minute of application of 0 V for 
both glucose and xylose solutions. The spectra shown in this work 
therefore describe the spectral differences from the reference state. 

2.6. Electrocatalytic conversion of glucose and xylose 

Constant-potential electrolyses were carried out to determine the 
activity and FE of the SC/AuNPs catalysts toward the electrocatalytic 
reduction/oxidation of glucose and xylose. For these experiments, the 
three-electrode set-up in the H-shaped electrochemical cell configura
tion was employed. The SC/AuNPs working electrode was prepared as 
described in 2.4. For the glucose or xylose ECH, the working and 
reference electrodes were immersed in 25 mL of 0.1 mol L− 1 Na2SO4 
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with 0.1 M glucose or xylose. The counter electrode (activated carbon 
fiber attached to carbon rod) was placed in the anodic compartment 
containing 25 mL of the supporting electrolyte solution (0.1 mol L− 1 

Na2SO4). On the other hand, for glucose or xylose electro-oxidation, the 
SC/AuNPs electrode and reference electrode were immersed in a solu
tion of 0.1 mol L− 1 NaOH with 0.1 M glucose or xylose. The opposite 
compartment contained the counter electrode immersed in 0.1 mol L− 1 

NaOH. The designated potentials were supplied by the Autolab 
(PGSTAT100) potentiostat for a specific duration and samples were 
collected from the reaction solution thereafter. During electrolysis the 
reaction solution was stirred at approximately 300 rpm to facilitate the 
mass transport of the sugar to the working electrode. 

2.7. Product analysis 

Samples were collected from the reaction solution after the constant- 
potential electrolyses and analysed using High-performance liquid 
chromatography (HPLC) with a refractive index detector. The HPLC 
column used was an Aminex HPX-87C kept at 80 ◦C and the eluent was 
1.2 mM CaSO4 solution. Prior to analysis, the pH of the samples were 
adjusted to pH 7 using either dilute NaOH or H2SO4. Afterwards, 1 mL of 
sample was passed into a strong anion and cation exchange SPE tubes 
(Supel™, Merck) to remove excess ions from the supporting electrolyte. 

3. Results and discussion 

3.1. Catalyst characterization 

Mesoporous carbon-supported Au nanocatalysts were prepared by 
depositing AuNPs from gold sols on SC. SC powder is composed of 
granules (0.5-25 µm, Fig. S8) with high carbon purity determined from 
EDXA (Fig. S9). The cluster size of the AuNPs was controlled by varying 
the concentration of the gold precursor (HAuCl4) while maintaining the 
amount of the reductant (NaBH4) and stabilizing agent (PVA) constant. 
ICP-OES analysis of the resulting catalysts confirmed the deposition of 
gold on SC. The actual gold content of the catalysts measured by ICP- 
OES were significantly lower than the nominal Au loading of 5 wt. % 
as shown in Table 1. 

This is possibly due to the high stability of AuNPs in the gold sol and 
the weak interaction between the AuNPs and the surface functional 
groups on the support (SC). The gold nanoparticle size measured using 
TEM (Fig. 1) revealed differences in AuNPs sizes resulting from different 
concentrations of the gold precursor (HAuCl4) used. As listed in 

Table 1, the SC/AuNPs-A catalyst with lowest concentration (60 µg/ 
mL) of the precursor yielded the smallest average Au nanoparticle size 
(4.4 nm). The largest Au cluster sizes (10~30 nm) was measured for SC/ 
AuNPs-C synthesized with the highest HAuCl4 concentration (120 µg/ 
mL). As seen in Fig. 1, the AuNPs in SC/AuNPs-A and SC/AuNPs-B were 
widely dispersed throughout the surface of the SC support while the 
AuNPs in SC/AuNPs-C formed aggregates aside from dispersed nano
particles. A closer look at the Au clusters in SC/AuNPs-C shows that they 
were formed from aggregates of AuNPs with sizes of about 10-30 nm 

(Fig. S6). These results show that an optimum PVA/Au (wt/wt) ratio of 5 
(Table S1) was necessary to avoid the aggregation of the resulting AuNPs 
and obtain higher dispersion and narrower size distribution. 

The Au dispersion (DAu) was estimated from the average Au cluster 
size (d) using the following formula [50]: 

DAu =
6M

dρaAuNA
∗ 100% (7)  

where M corresponds to the molar mass of Au (0.197 kg/mol), ρ is the 
density of gold (1.932×104 kg/m3), aAu is the effective surface area of 
one Au atom (8.7×10− 20 m2), and NA is the Avogadro number. Eq. (7) 
describes an inverse relationship between the dispersion and Au cluster 
size, which was then reflected in the Au dispersion values in Table 1. 

The X-Ray diffraction results for SC/AuNPs-A, SC/AuNPs-B, and SC/ 
AuNPs-C catalysts are shown in Fig. 2. All the diffractograms show a 
broad peak close to 25o (indicated by a dashed red line in Fig. 2) which 
can be identified with the carbon phase. The peak close to 38o and also 
minor peaks at 44o, 65o, and 78◦ can be identified with the gold (fcc) 
phase. The highest peak intensities was observed for the SC/AuNPs-C 
catalyst with the largest AuNPs size, and also shows the clearest fea
tures from the Au phase. On the other hand, the diffractograms of SC/ 
AuNPs-A and SC/AuNPs-B were very similar. The differences in AuNPs 
sizes in the catalysts would likely have contributed to the differences in 
gold diffraction. 

The surface morphology of the pristine SC, SC/AuNPs-A, SC/AuNPs- 
B and AuNPs-C catalysts was studied using SEM. It was observed that the 
morphological feature of the pristine SC (Fig. S1a) did not change after 
gold deposition (Fig. S1 b-d). Table 1 shows the specific surface areas (in 
m2/g) and pore volumes (in cm3/g) of the pristine SC and SC/AuNPs 
catalysts obtained from N2 physisorption. Results show a general 
decrease in surface area and pore volume of the pristine SC upon 
deposition of AuNPs (Table 1). This is largely due to surface coverage 
with AuNPs and partial blockage of pores on the carbon support. 

The electrochemically active surface area (ECSA) determined from 
the charge of Au oxide reduction for the three SC/AuNPs catalysts are 
also listed in Table 1. Also listed in Table 1 is the specific area of Au 
metal in each of the SC/AuNPs catalyst, calculated from the Au particle 
sizes obtained from TEM (see calculation in Table S2 of supporting in
formation). Compared to the specific area of gold, the ECSA of the SC/ 
AuNPs were relatively higher. This may be due to the contribution of 
capacitive current to the reduction charge of AuO (as seen in Fig. S2) 
which is inherent to the method used for ECSA determination. 

3.2. ECH of glucose and xylose on mesoporous carbon-supported Au 
nanocatalysts 

The ECH of glucose and xylose were tested using the prepared SC/ 
AuNPs catalysts. Fig. 3 shows the linear sweep voltammograms recorded 
in 0.1 mol L− 1 glucose (Fig. 3a) and in 0.1 mol L− 1 xylose (Fig. 3b). The 
current densities were normalized to the ECSA of each catalyst. In both 
sugar solutions, all three SC/AuNPs catalysts showed a gradual increase 
in cathodic current from -1.1 V. However, towards more negative 

Table 1 
Au content, Au nanoparticle size, surface area and pore volume of mesoporous carbon-supported Au nanocatalysts.  

Sample Au loading (wt 
%) 

Au average size 
(nm) 

Au dispersion 
(%) 

N2 Physisorption ECSA (m2/ 
g) 

Specific area of Au metal based on 
TEM (m2/g) Specific surface area 

(m2/g) 
Pore volume 
(cm3/g) 

SC/AuNPs- 
A 

0.08 ± 0.01 4.4 ± 0.8 26.6 225 0.50 3.8 0.06 

SC/AuNPs- 
B 

0.19 ± 0.03 5.9 ± 1.4 19.8 213 0.48 4.9 0.10 

SC/AuNPs- 
C 

0.27 ± 0.03 10 ~ 30* 1.3 239 0.52 3.7 0.01 

Pristine SC – – – 309 0.61 – –  

* Aggregation of AuNPs was observed (see Fig. S6) 
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Fig. 1. TEM images and AuNPs particle size distribution of SC/AuNPs-A (a), SC/AuNPs-B (b), and SC/AuNPs-C (c).  
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potentials starting from ca. -1.3 V in 0.1 mol L− 1 glucose and from ca. 
–1.2 V in 0.1 mol L− 1 xylose, SC/AuNPs-A catalyst yielded the highest 
currents followed by SC/AuNPs-B then SC/AuNPs-C. A higher cathodic 
current would indicate higher HER activity, which occurs concurrently 
with the ECH of glucose or xylose. Furthermore, the cathodic current 
recorded for the SC/AuNPs in xylose solution (Fig. 3b) were relatively 
higher compared to those recorded in glucose solution (Fig. 3a). This 
may be related to the extent of sugar adsorption on the catalyst surface 
that would inhibit HER activity 

To further investigate the ECH of glucose and xylose, constant po
tential electrolyses at three different potentials (-1.0 V, -1.3 V, and -1.5 
V) were carried out using the prepared SC/AuNPs catalysts in 0.1 mol 
L− 1 glucose or xylose with 0.1 mol L− 1 Na2SO4 as supporting electrolyte. 
ECH of glucose and xylose carried out on the mesoporous carbon support 
in the absence of AuNPs resulted in negligible yield of either sorbitol or 
xylitol (black line plots in Figs. 4b and 5b). Fig. 4 shows the turnover 
frequency (TOF) of glucose for each SC/AuNPs catalyst at different 
applied potentials (Fig. 4a) and the corresponding FEs (Fig. 4b) towards 
sorbitol formation. Reproducibility data of TOF (sorbitol, min− 1) for the 
different types of SC/AuNPs can be found in Table S4. Generally, the rate 
of glucose hydrogenation increased for each type of SC/AuNPs as the 
applied potential became more negative. At -1.5 V where the rate was 

highest, the TOF for sorbitol formation over SC/AuNPs-A, SC/AuNPs-B, 
and SC/AuNPs-C were 153 min− 1, 59 min− 1, and 40 min− 1, respectively. 
These results highlight the effect of Au cluster size on the hydrogenation 
rate, which was also observed when ECH was performed at -1.0 V and 
-1.3 V (Fig. 4a). The FE towards sorbitol formation also increased for all 
SC/AuNPs towards more negative potentials. At -1.5 V, the highest FE 
was recorded for SC/AuNPs-A (9.1 %) followed by SC/AuNPs-B (7.7 %) 
and SC/AuNPs-C (7.0 %). The upward trend in FE towards more nega
tive potentials would likely be due to the higher extent of HER occurring 
on the surface of the negatively charged metal surface, thereby pro
ducing more adsorbed hydrogen available for sugar hydrogenation. 
Furthermore, HER produces hydroxide ions (Eqs. (1) and (4)) which 
increases the surface alkalinity of the metal that induces the muta
trotation of cyclic glucose molecules into the electroactive linear form. 
As seen from the linear sweep voltammograms in glucose solution, HER 
is more extensive on SC/AuNPs-A and SC/AuNPs-B than on SC/AuNPs- 
C, which correlated with rates of glucose hydrogenation. 

Fig. 5 shows the TOF (Fig. 5a) of xylose conversion into xylitol and 
the corresponding FE (Fig. 5b) over the prepared SC/AuNPs catalysts. 
Similar to the glucose hydrogenation, the TOF increased for each type of 
SC/AuNPs catalyst as the applied potential became more negative. At 
-1.5 V, the recorded TOFs were 55, 34, 20 min− 1 for SC/AuNPs-A, SC/ 
AuNPs-B, and SC/AuNPs-C, respectively. The effect of Au cluster size on 
the xylose ECH rate was also observed at all applied potentials (Fig. 5a), 
wherein higher activity is associated with smaller particle size. How
ever, the metal cluster size effect was at a less extent as that observed in 
glucose ECH. The FE on the other hand, followed a downward trend 
towards more negative potentials unlike that observed for the hydro
genation of glucose, with highest FEs recorded at -1.0 V. At -1.0 V, the 
SC/AuNPs-C recorded the highest FE (14.2 %) followed by SC/AuNPs-B 
(12.9 %) then SC/AuNPs-A (6.9 %). Differences in FE values among the 
three catalysts became smaller towards more negative potentials. 

3.3. In-situ FTIR-ATR spectroscopy 

Relating to the differences in FEs between glucose and xylose ECH as 
a function of applied potential, in-situ FTIR-ATR spectroscopy was per
formed to observe the reactions occurring at catalyst surface during 
glucose and xylose ECH. The spectra were recorded at different poten
tials from 0 V to -1.3 V vs Ag/AgCl applied to a sputtered Au electrode in 
0.1 mol L− 1 Na2SO4 containing 0.1 M glucose or xylose solution. Fig. 6 
shows the spectra recorded in 0.1 mol L− 1 glucose (Fig. 6a) and in 0.1 
mol L− 1 xylose (Fig. 6b) during ECH with the spectrum recorded at 0 V 
taken as the reference spectrum. The corresponding spectral 

Fig. 2. X-ray diffraction patterns of SC/AuNPs-A, SC/AuNPs-B, and SC/ 
AuNPs-C. 

Fig. 3. Linear sweep voltammograms of SC/AuNPs-A, SC/AuNPs-B, and SC/AuNPs-C in 0.1 mol L− 1 glucose (a) and in 0.1 mol L− 1 xylose (b) with 0.1 mol L− 1 

Na2SO4 electrolyte. The dashed lines in both Fig.s correspond to the voltammograms recorded in the supporting electrolyte only. The scan rate is 5 mV s− 1. 
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assignments are listed in Table S3. The formation of the sugar alcohol 
product is indicated by the bands at ca. 810 and 1110 cm− 1, which 
appear from -0.7 V until -1.3 V in both glucose (S3a) and xylose (S3b) 
solutions. Both of these bands correspond to the C-C-O stretching in 
primary alcohols. The shoulder at ca. 1750 cm− 1 seen in both glucose 
and xylose solutions in Fig. 6 corresponds to the C=O stretching vibra
tions from the open aldehyde form of glucose and xylose. The band at ca. 
1650 cm− 1 found in both glucose and xylose solutions (Fig. 6) would 
correspond to the 1,2-enediol intermediate as observed in the work by 
Yaylayan et al. [51] in aqueous sugar solutions. In acidic or basic 
environment, sugars can undergo Lobry de Bruyn-van Ekenstein trans
formation that converts the aldose into the ketose isomer of the sugar via 
the enediol intermediate [52]. As the applied potentials become more 
negative, the electrocatalytic water-splitting becomes more extensive 
which increases the surface alkalinity. A more alkaline environment 
would in turn, promote the enolization of glucose or xylose as indicated 
by the increase in intensity of the absorption band around 1650 cm− 1 

towards more negative potentials. The spectra in both glucose and 
xylose solutions in Fig. 6 also show a strong band at ca. 2345 cm− 1, 
which corresponds to the asymmetric stretch (O=C=O) of interfacial 
CO2 [53,54]. 

As observed in both glucose and xylose solutions, the IR band at ca. 
3500 cm− 1 increases from -0.7 V (Fig. S3) and is assigned to the OH 
stretching vibration of water molecules on the surface of the electrode 
[55]. This absorption band is more intense in glucose solution than in 
xylose solution at -1.0 V as shown in Fig. 7a, which indicates that water 
adsorption is more extensive in glucose solution at this potential. 
Conversely, at -1.3 V (Fig. 7b) the absorbance at 3500 cm− 1 was lower in 
glucose solution than in xylose solution, indicating higher adsorption of 
water in the latter. Assuming that water adsorption is the precursor for 
HER, the data suggests that the extent of HER is higher in glucose at -1.0 
V than in xylose. HER activity increases gradually in xylose solution 
from -1.0 to -1.3 V as indicated by the increasing absorbance at 3500 
cm− 1 as shown in Fig. S4b. The increase in absorbance intensity was 
relatively lower in glucose solution (Fig. S4a). Considering that HER is 
the major competing reaction, this would explain the downward trend in 
FE for xylitol formation towards more negative potentials. At -1.3 V, 
HER becomes more active in xylose solution than in glucose as evi
denced by the absorbance at 3500 cm− 1 at this potential (Fig. 7b). This is 
further supported by the LSV data shown in Fig. 3, where the cathodic 
currents are higher in xylose solution than in glucose at -1.3 V. 

Fig. 4. ECH rates of glucose to sorbitol over the SC/AuNPs catalysts at different applied potentials (a) and FE of sorbitol recorded at each applied potential. ECH of 
glucose was performed in 0.1 mol L− 1 Na2SO4 (initial pH ≈ 7) as background electrolyte and at room temperature and pressure with stirring speed of 300 rpm. 

Fig. 5. ECH rates of xylose to xylitol over the SC/AuNPs catalysts at different applied potentials (a) and FE of xylitol recorded at each applied potential. ECH of xylose 
was performed in 0.1 mol L− 1 Na2SO4 (initial pH ≈ 7) as background electrolyte and at room temperature and pressure with stirring speed of 300 rpm. 
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Fig. 6. In situ FTIR-ATR spectra recorded at various potentials on a sputtered Au electrode in 0.1 M Na2SO4 containing 0.1 M glucose (a) and 0.1 M xylose (b). The 
reference spectrum was the spectrum recorded at 0 V for each of the sugar solutions. 
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3.4. Long-term ECH of glucose and xylose on the SC/AuNPs-A catalyst 

Fig. 8 shows the conversion rates and corresponding FE for glucose 
(Fig. 8a) and xylose (Fig. 8b) on the SC/AuNPs-A catalyst at the potential 
range from -1.0 V to -1.6 V. The conversion rate reached a maximum at 
-1.5 V for both glucose and xylose ECH. Prolonged electrolysis was 
carried out at this potential in both glucose and xylose solutions. Fig. 9 
shows the concentrations of sorbitol (Fig. 9a) and xylitol (Fig. 9b) 
through time and their corresponding FE. 

As shown in Fig. 9, there was a general decrease in FE for both sor
bitol (Fig. 9a) and xylitol (Fig. 9b) within the first hour of electrolysis. 
This was largely due to the active HER characterized by continuous 
bubbling on the working electrode. The extensive bubbling caused the 
catalyst particles to be pushed out of the carbon felt support, as observed 
with the darkening of the reaction solution as the electrolyses pro
gressed. Therefore, an improvement in the working electrode configu
ration is warranted. At the end of the 6 hour electrolysis experiments, 
the concentrations of sorbitol and xylitol were 3.0 mmol L− 1 and 1.9 
mmol L− 1, respectively. These correspond to a sorbitol yield of 2.5% and 
a xylitol of 1.3%, both with FE of 1.2 %. This is an improvement from our 
earlier work on sugar ECH over microporous carbon-supported AuNPs 

with wider cluster size distributions [42]. Higher FE for sorbitol can be 
obtained over RaNi catalyst (40-67%) [29,56] and metals with higher 
HER overpotential such as Pb(Hg) (15 %) [31], Zn (21 %) [31], and Zn 
(Hg) (16-39 %) [29,32]. Kwon et al. also observed a high selectivity 
towards sorbitol (87%) over a Pb catalyst during ECH of glucose in an 
undivided cell at a high overpotential (-1.83 vs RHE) [33]. On the other 
hand, Jokic et al. [34] reported high FE for xylitol (> 80 %) from xylose 
ECH using Zn(Hg) catalyst. Using an Zn-Fe electrocatalyst deposited on a 
carbon nanotube (CNT) support, Fei et al. carried out ECH of glucose 
with sorbitol FE of 57% [57]. Recently, Liang et al. [58] studied the 
electrochemical reduction of the simple monosaccharides – dihydroxy
acetone (DHA) and glyceraldehyde (GA), on palladium metal. FEs of 
31-35 % were obtained towards the main reduction products (acetol 
from DHA and 3-hydroxypropionaldehyde from GA) under optimum 
potential and pH conditions. Although the values obtained in this work 
are considerably lower, the study demonstrated that the yield and FE of 
glucose and xylose ECH can be improved by controlling the applied 
potential and the metal cluster size of supported metal catalyst. 

Fig. 7. In situ FTIR-ATR spectra recorded in 0.1 mol L− 1 glucose and 0.1 mol L− 1 xylose at -1.0 V (a) and -1.3 V (b) with 0.1 mol L− 1 Na2SO4 as background 
electrolyte. The reference spectrum was the spectrum recorded at 0 V for each of the sugar solutions. 

Fig. 8. Variation of TOF and FE for glucose (a) and xylose (b) on the SC/AuNPs-A catalyst at the potential range of -1.0 V to -1.6 V (vs Ag/AgCl). ECH of glucose or 
xylose was performed in 0.1 mol L− 1 Na2SO4 (initial pH ≈ 7) as background electrolyte and at room temperature and pressure with stirring speed of 300 rpm. 
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3.5. ECO of glucose and xylose on mesoporous carbon-supported Au 
nanocatalysts 

The ECO of glucose and xylose were carried out using the same set of 
SC/AuNPs catalysts. Fig. S5 shows the cyclic voltammograms of the SC/ 
AuNPs catalysts recorded in the background electrolyte (0.1 mol L− 1 

NaOH). The peak around -0.1 V would correspond to the adsorption of 
OH− ions with a corresponding desorption peak at ca. -0.2 V in back
ward scan. The oxidation of Au starts at ca. +0.2 V and also evident with 
the shoulder around +0.5 V. An oxidation peak was also observed at ca. 
+0.2 V in the backward scan for all the SC/AuNPs. This could be 
attributed to the adsorption of OH− on the surface of the reduced Au 
oxide or removal of blocking species on the surface of the catalyst [59]. 
Fig. 10 shows the cyclic voltammograms recorded for the three 
SC/AuNPs catalysts in 0.1 mol L− 1 NaOH containing 0.1 mol L− 1 glucose 
and 0.1 mol L− 1 xylose. In the forward scan, an oxidation peak at ca. 
+0.3 V with a shoulder at ca. -0.05 V was observed with the SC/AuNPs-A 
and SC/AuNPs-C catalysts in both glucose (Fig. 10a) and xylose 
(Fig. 10b) solutions. These correspond to the oxidation of glucose or 
xylose on Au sites with adsorbed OH- ions. For the SC/AuNPs-B catalyst, 
the main oxidation peak for glucose (Fig. 10a) or xylose (Fig. 10b) oc
curs at slightly more positive potential at ca. +0.4 V with a shoulder also 

at ca. -0.05 V. In the reverse scan, a broad oxidation peak was observed 
in all of the three SC/AuNPs catalysts at around +0.4 V in both glucose 
and xylose solutions. This would correspond to the oxidation of either 
glucose or xylose on the fresh Au surface as Au oxide is being reduced. 
This phenomenon was also observed in the works of Holade et al. [12] 
and Sugano et al. [59] on the electro-oxidation of glucose and cellulose, 
respectively, on gold catalyst. Towards more negative potentials, a 
reduction peak at ca. -0.2 V was observed in all catalysts, which corre
sponds to the desorption of OH− ions. 

Taking into account the different potentials at which glucose or 
xylose oxidation may occur, electrolysis experiments were carried out at 
-0.05 V, +0.3 V, and +0.4 V. Fig. 11 shows the TOFs for gluconic acid 
and xylonic acid on the SC/AuNPs catalysts after a three-hour electrol
ysis at different potentials. In both glucose and xylose electro-oxidation, 
the effect of Au cluster size on the TOF was observed at all applied po
tentials. Representative data for TOF reproducibility for glucose ECO (at 
+0.4 V) over the different types of SC/AuNPs catalysts are listed in 
Table S5. For the glucose ECO (Fig. 11a), the highest TOFs were recor
ded for SC/AuNPs-A at -0.05 V, +0.3 V, and +0.4 V with rates of 77 
min− 1, 300 min− 1, and 197 min− 1, respectively. SC/AuNPs-B had the 
highest TOF (33 min− 1) at +0.4 V, while for SC/AuNPs-C TOF was 
highest at +0.3 V (65 min− 1). For the xylose ECO, SC/AuNPs-A also had 

Fig. 9. Plot of the concentration and FE for sorbitol (a) and xylitol (b) on the SC/AuNPs-A catalyst over time at an applied potential of -1.5 V (vs Ag/AgCl). Constant- 
potential electrolysis of glucose or xylose was performed in 0.1 mol L− 1 Na2SO4 (initial pH ≈ 7) as background electrolyte and at room temperature and pressure with 
stirring speed of 300 rpm. 

Fig. 10. Cyclic voltammograms recorded for SC/AuNPs-A (red line), SC/AuNPs-B (blue line), and SC/AuNPs-C (green line) in N2-purged solution of 0.1 M NaOH 
with 0.1 M glucose (a) and 0.1 M xylose (b). The scan rate was 10 mV s− 1. 
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the highest TOF among the three catalysts at all the applied potentials 
(Fig. 11b). The oxidation rates of xylose over SC/AuNPs-A at -0.05 V, 
+0.3 V, and +0.4 V were 98 min− 1, 122 min− 1, and 93 min− 1, respec
tively. The rate was highest for SC/AuNPs-B (50 min− 1) at +0.3 V while 
for SC/AuNPs-C, TOF was highest at +0.4 V (44 min− 1). For all the SC/ 
AuNPs catalysts studied, the sugar acid (gluconic acid or xylonic acid) 
was the major product, with FEs close to 100%. Major side products 
formed were fructose and xylulose, produced from the base-catalyzed 
isomerization of glucose and xylose, respectively, in the bulk solution. 

As the highest glucose and xylose ECO rates were observed with SC/ 
AuNPs-A, long-term electrolysis was done using this catalyst to observe 
the product formation as a function of time. Constant-potential elec
trolysis was carried out at +0.3 V in glucose and xylose solutions for 6 h 
and the reaction products were analysed using HPLC. Fig. 12 shows the 
amount of gluconic acid (Fig. 12a) and xylonic acid (Fig. 12b) produced 
at various points during glucose and xylose ECO, respectively. Steady 
state was achieved for glucose ECO after 3 h of reaction while that for 
xylose ECO was achieved after 4 h. The decrease in conversion rate is 
likely due to the depletion of hydroxide ions, as indicated by the gradual 
decrease in pH of the reaction solutions during the progress of elec
trolysis. The FE was close to 100% throughout the glucose or xylose 

ECO, and was calculated based on a two-electron oxidation process for 
both sugars. At the end of the 6-hour electrolysis experiments, 65 mmol 
L− 1 of gluconic acid and 48 mmol L− 1 of xylonic acid were produced 
corresponding to 42 % and 32 % conversion, respectively. Higher 
glucose and xylose conversions (67 and 52 %, respectively) were ob
tained by Rafaïdeen et al. for sugar electro-oxidation over Pd3Au7/C 
with higher metal loading (41.3 wt. %) [9]. On bare Au anode, Moggia 
and co-workers obtained a glucose conversion of 25 % with 97.6 % 
selectivity after 6 h of experiment (0.04 M glucose concentration, pH of 
11.3, 5 ◦C, +0.6 V vs. RHE) [60]. Electro-oxidation of xylose over an Au 
electrode at 1.1 V (vs RHE) for 6 h resulted in a xylose conversion of 98 
% with a selectivity of 63 % to xylonic acid [61]. For comparison, het
erogeneous catalytic oxidation of glucose on Au/C catalyst has been 
shown to yield 90% of gluconic acid under base-free conditions (0.1 MPa 
O2 and 40 ◦C) [62]. An earlier study on glucose oxidation over 1% Au/C 
catalyst at pH 9.5 displayed high activity (TOF = 500 h− 1) and selec
tivity (99 %) towards gluconate formation [63]. Other studies on 
glucose oxidation show the dependence of conversion rate on the 
alkalinity of the reaction solution [64] and the Au particle size [65]. 
Thermal catalytic oxidation of xylose over Au catalysts at 100-130 ◦C 
provide high yields of xylonic acid (83-98 %) [66,67] as has also been 

Fig. 11. ECO rates of glucose (a) and xylose (b) over the different SC/AuNPs catalysts at various applied potentials. ECO of glucose or xylose was performed in 0.1 M 
NaOH as background electrolyte and at room temperature and pressure with stirring speed of 300 rpm. FE was close to 100% for all the electrolyses carried out. 

Fig. 12. Plot of the concentration of gluconic acid (a) and xylonic acid (b) produced over time on the SC/AuNPs-A catalysts and corresponding FEs. ECO of glucose or 
xylose was performed in 0.1 M NaOH as background electrolyte at +0.3 V (vs Ag/AgCl) for 6 hours at room temperature and pressure with stirring speed of 300 rpm. 
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observed for photocatalytic oxidation over Au/TiO2 (96-98 %) [68]. 
Major side products formed were fructose and xylulose, as observed 

in the screening experiments. Furthermore, aggregation of AuNPs was 
observed as evidenced by the larger average AuNPs sizes of the spent 
catalysts from TEM analysis (Fig. S7) compared to the pristine catalyst 
(Fig. 1.) 

4. Conclusion 

Electrocatalytic hydrogenation and oxidation of glucose and xylose 
were accomplished over mesoporous carbon (Sibunit)-supported gold 
nanoparticles (AuNPs). AuNPs were deposited on the mesoporous car
bon from prepared gold sols with different average Au cluster sizes. Size 
control of AuNPs was achieved by varying the concentration of the gold 
precursor (HAuCl4). The fabricated SC/AuNPs catalysts were then 
characterized by physico-chemical and electrochemical methods. The 
activity of the SC/AuNPs catalysts towards sugar electro-hydrogenation 
(ECH) and electro-oxidation (ECO) was tested using constant potential 
electrolysis. 

For glucose and xylose ECH, the hydrogenation rate increased to
wards more negative applied potentials until -1.5 V. This would indicate 
that ECH rate depends on the extent of HER which involves chemisorbed 
hydrogen atoms on the surface of the Au catalyst. The influence of 
AuNPs size on the hydrogenation rate was more evident in glucose ECH 
than that for xylose, wherein smaller AuNPs were observed to be more 
active. In glucose ECH, the reaction rate and selectivity (FE) increased 
towards more negative applied potentials. The rate also increased in 
xylose ECH as the applied potentials became more negative but the FE 
followed an opposite trend. Analysis using in-situ ATR-FTIR spectros
copy showed that water adsorption (and therefore HER), was more 
extensive in xylose solution than in glucose at more negative potentials. 
This may have inhibited xylose ECH to a greater extent than glucose 
ECH. Prolonged electrolysis using the most active catalyst (SC/AuNPs- 
A) in glucose and xylose solutions at -1.5 V resulted in low yields for 
sorbitol or xylitol mainly due to the mechanical detachment of the SC/ 
AuNPs catalyst powder from the carbon felt holder under vigorous HER. 
Therefore, a better catalyst configuration for these reactions is 
necessary. 

The same set of catalysts were investigated for the electro-oxidation 
of glucose and xylose. From cyclic voltammetry measurements, the 
sugar ECO occurred at -0.05 V, +0.3 V, and +0.4 V using the electro
catalytic set-up in this work. SC/AuNPs-A, with the smallest AuNPs, 
were more active towards glucose or xylose ECO than SC/AuNPs-B and 
SC/AuNPs-C at all the applied potentials. These results indicate prefer
ence for smaller Au cluster size for sugar ECO. At the end of a 6 h 
electrolysis, a 42 % and 32 % conversion for gluconic acid and xylonic 
acid, respectively, was obtained. 
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