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ARTICLE INFO ABSTRACT
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Recent evidences have shown catalyst structure sensitivity of electrocatalytic hydrogenation (ECH) of organic
molecules in aqueous phase. In this study, ECH of glucose and xylose was investigated using gold nanoparticles
(AuNPs) on activated carbon fiber (CF) support as catalyst. CF supported AuNPs catalysts (CF/AuNPs) were

Elledc;oceﬁ::iy:: synthesized by deposition-precipitation method and were characterized by physicochemical (SEM, TEM, XRD, N3
X;]loseg physisorption, ICP-OES) and electrochemical methods. Chemical or thermal pre-treatment of CF prior to Au
Glucose deposition resulted in different AuNPs size distributions. The activity towards glucose or xylose ECH were

observed to be dependent on the particle size of AuNPs and the applied potential. Compared to a polycrystalline
Au catalyst, higher reaction rates for glucose and xylose ECH were observed for a CF/AuNPs catalyst with a
higher surface area. This indicates that the activity of Au towards glucose and xylose ECH is dependent on the
surface area and particle size, and particle size control can be achieved by simple chemical or thermal pre-

treatment of the catalyst support.

1. Introduction

Catalytic conversion of biomass into fuels and value-added chemicals
is a viable technology that can reduce our dependence on fossil fuels and
mitigate global warming [1]. In order to generate energy-dense chem-
icals and fuels, biomass-derived feedstocks need to be catalytically hy-
drogenated to achieve a high H:C ratio [2]. Catalytic hydrogenation of
carbohydrates is conventionally carried out in batch-type slurry reactors
operating at temperatures ranging from 80 to 150 °C and 30-70 bar
hydrogen pressure [3]. High-purity hydrogen is mainly sourced from
steam reforming of fossil-based fuels [4]. During the past several de-
cades, electrocatalytic hydrogenation (ECH) of chemicals has gained
interest due to its advantages such as in-situ generation of reductive
equivalents, operability towards aqueous feedstocks, and relatively
milder reaction conditions compared to most catalytic routes [5,6]. The
energy required to drive ECH can be provided by renewable energy
sources (e.g. solar, wind) thereby making it a sustainable process that
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could serve as an alternative to the conventional catalytic hydrogena-
tion. However, fundamental understanding of the catalytic properties of
the metal catalysts towards ECH of various biomass-derived substrates is
still lacking.

The mechanism for electrocatalytic hydrogenation is assumed to
proceed through a reaction between chemisorbed hydrogen (MH) and
an adsorbed sugar molecule (M-CyHyO,) (Eq. (2)). The chemisorbed
hydrogen is formed by the electroreduction of water on the metal
cathode upon application of a certain potential Eq. (1) [7]:

H,O + e + M->MH + OH™ (Volmer reaction) (€D)

M — C,H,0, + 2MH=3M + C,H, ,,0, @)

In competition with Eq. (2) are the electrochemical Eq. (3) and
chemical Eq. (4) hydrogen generation which also occur on the cathode
surface:
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MH + H,0 + e"=M + H, + OH™  (Heyrovsky reaction) 3)

2MH =2M + H, (Tafel reaction) 4)

The concurrent hydrogen evolution reactions (HER) decreases the
current to drive ECH reactions and hence the Faradaic efficiency (FE)
towards sugar alcohol product formation. Some of the first electro-
catalysts used for the ECH of organic compounds were bulk metals such
as Pt, Raney Ni and Devarda Cu [8-12]. However, highly dispersed
supported metal nanocatalysts have shown enhanced activity and
Faradaic efficiency (FE) towards ECH of oxygenated substrates like
phenol and benzaldehyde [13-20], lactic acid [21], and furfural [22]. In
these studies, the rate of ECH was sensitive to the nature of the metal
[16,17,19], the catalyst surface area [14,15], binding energies between
the substrate and the metal catalyst [19], and the effects of the catalyst
support [13]. Earlier studies on the ECH of carbohydrates involved
non-precious metals such as Ni, Raney Ni [23,24] and metals with high
overpotential for hydrogen evolution reaction (HER) such as Pb [25]
and Zn(Hg) [26]. In the work by Kwon et al. [7], ECH of glucose was
studied on a large number of transition metal electrodes. A group of
metals with high selectivity towards sorbitol formation was identified
which included late-transition metals (Fe, Co, Ni, Cu, Pd, Au, and Ag).
Most studies on the ECH of sugars focused on the effect of the electrode,
electrolyte composition, and reaction conditions [7,11,23,25-29].
However, less is known about the effects of the catalyst structure
textural properties of the catalyst and cluster size of the metal catalyst on
these reactions.

In this work, the electrocatalytic hydrogenation of glucose and
xylose on activated carbon fiber-supported Au nanoparticles (AuNPs)
was investigated. Glucose and xylose are two of the main components of
wood hemicellulose [30], a potentially sustainable source of fuels and
chemicals. Hemicellulose can be obtained from wood biomass through
extraction using pressurized hot water or subcritical water [31-33].
Acid hydrolysis of wood hemicellulose in batch or continuous mode
yields sugar monomer products for further processing [34-36]. Glucose
and xylose can be hydrogenated into sorbitol and xylitol respectively,
which are valuable compounds used in the industry as food additives
and platform chemicals [37,38]. Gold was chosen as the metal catalyst
in this study for both glucose and xylose ECH as it showed high selec-
tivity and appreciable activity towards sorbitol formation as observed in
the study conducted by Kwon et al. [7] for the ECH of glucose. The
present study went further to use dispersed gold on carbon as catalyst to
reveal the effect of the metal cluster size on the overall catalytic activity,
which has not been reported for the ECH of sugars to the best of our
knowledge. As observed, the method of pretreatment of the carbon fiber
support influenced the resulting Au cluster size for catalysts prepared
under identical conditions.

2. Experimental
2.1. Materials

Hydrogen tetrachloroaurate (III) (HAuCly) hydrate (49 % Au) was
obtained from Alfa Aesar/ABCR GmbH. The D-glucose (BioUltra, > 98%
wt.) and D-xylose ( BioUltra, > 99% wt.) powder reagents were obtained
from Sigma-Aldrich. NaOH (p.a. grade, 99 %) and ammonium hydroxide
(NH4OH) solution (32 % wt.) were obtained from Merck. Activated
carbon fiber (CF) (0.60 mm thickness) was purchased from Kynol®. All
other chemicals were of reagent grade. Deionized water (resistivity 18
MQ-cm) was used to prepare all solutions.

2.2. Fabrication of CF/AuNPs catalysts

Carbon fiber was modified with gold nanoparticles (AuNPs) via a
deposition-precipitation method developed by Behravesh et al. [39].
Deposition-precipitation method was used to synthesize the catalysts in
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this study to evaluate the effect of pre-treatment of the catalyst support
(carbon fibers) on the resulting AuNPs size and Au dispersion. Hydrogen
tetrachloroaurate (III) (HAuCly) hydrate was used as gold precursor and
ammonium hydroxide (NH4OH) as precipitating agent. Prior to modi-
fication, the CF support was subjected to chemical or thermal
pre-treatment. The chemical pre-treatment involved immersing the CF
in acid (0.5 M HCI) or base (0.5 M NaOH) for 3 h with gentle stirring.
The chemically treated CF was then washed with 2000 mL distilled
water and dried at 100 °C for approximately 12 hours. The thermal
pre-treatment involved calcination of the CF support at 225 °C or 325 °C
using a step calcination procedure. The pre-treated and untreated
(pristine) CF supports were immersed in a 0.4 g/L solution of the gold
precursor. The pH was adjusted to 10.5 by adding 32 % wt. ammonium
hydroxide solution (NH4OH) while the mixture was vigorously stirred.
The mixture was stirred overnight at room temperature. The CF/AuNPs
catalysts were rinsed with excess H,O and dried at 100 °C for 6 h. The
catalysts were then calcined at 300 °C in a muffle oven in the presence of
air using a step calcination procedure in order to eliminate the residual
chloride ions from the catalysts.

2.3. CF and CF/AuNPs characterization

The physicochemical characterization of the CF and CF/AuNPs ma-
terials were carried out using nitrogen physisorption, Transmission
Electron Microscopy (TEM), Inductively Coupled Plasma Optical Emis-
sion Spectroscopy (ICP-OES), Scanning Electron Microscopy/Energy
Dispersive X-ray Analysis (SEM/EDXA), and X-ray Diffraction (XRD).
The electrochemical characterization of the CF and CF/AuNPs was
carried out using linear sweep voltammetry (LSV).

The specific surface area and the pore volume of the catalysts were
measured using nitrogen physisorption. The instrument used was
MicroActive 3FlexTM 3500 (Micromeritics). Before the analysis, the
catalysts were outgassed for 4 h at 150 °C. The Dubinin-Radushkevich
equation was used to calculate the surface area, whereas the Horvath
and Kawasaki method was used to calculate the micropore volume of the
pristine and pretreated CF, as well as the CF/AuNPs catalysts [40].

The surface morphology of the synthesized CF/AuNPs catalysts such
as crystal shape, size and distribution was analysed via SEM/EDXA using
a Leo Gemini 1530 scanning electron microscope with a Thermo Sci-
entific UltraDry Silicon Drift Detector. Transmission electron micro-
photographs of the catalysts were obtained using a JEOL JEM 1400 Plus
transmission electron microscope operated at 120 kV acceleration
voltage and 0.38 nm resolution. ImageJ was used for calculating the
AuNPs average particle sizes and distributions, and a sample size of 600-
800 particles was used for each catalyst. The gold content of the fabri-
cated CF/AuNPs catalysts were analysed by ICP-OES (Varian Liberty 110
ICP Emission Spectrometer) using argon plasma to excite the Au atoms
for the measurement of optical emission. Before the ICP-OES analysis, a
sample size of 0.10-0.14 g was dissolved in 50 mL concentrated HySO4
and digested at 150 °C using a microwave heater and thereafter diluted
to 100 mL.

The structural and phase properties of the CF/AuNPs catalysts were
determined using X-ray powder diffractometer (PANalytical Empyrean)
with five axis goniometer. The X-ray tube used was Empyrean Cu LFF
and the X-ray radiation was filtered to include only Cu K,; and Cu Ko
components. The results were analysed using MAUD (Material Analysis
Using Diffraction) analysis program.

Linear sweep voltammetry was carried out using a single-
compartment, three-electrode electrochemical cell connected to the
Autolab (PGSTAT20) General Purpose Electrochemical System at room
temperature (23 + 1 °C). The CF or CF/AuNPs working electrode (WE)
was constructed by attaching the CF or the fabricated CF/AuNPs on a
glassy carbon (GC) disk electrode using carbon glue (Electrodag® PF-
407C). The glue was allowed to dry overnight. The resulting WEs had
a geometric area of 0.07 cm? The polycrystalline Au electrode was
prepared by mechanical polishing using 0.3 pm alumina followed by
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rinsing with water and sonication. The geometric area of the poly-
crystalline Au electrode was 4 cm?. The counter electrode (CE) used was
a glassy carbon rod and the reference electrode was Ag/AgCl/3M KCl
(Thermo Scientific Orion™ 900100). All the potentials were measured
against this Ag/AgCl/3M KCl reference electrode. Glucose or xylose was
dissolved into the supporting electrolyte solution (0.1 M NaySO4) to
make a concentration of 0.1 M. The electrolyte solution with or without
sugar was initially purged with N5 for 15 min and the N, gas was kept
above the solution during the LSV experiments. All current densities
reported were calculated using the geometric area of the working
electrodes.

The electrochemically active surface areas (ECSA) of the CF/AuNPs
catalysts were estimated from the charge of gold oxide reduction using
the procedure described by Trasatti and Petrii [41]. The CV measure-
ments were carried out in the H-shaped electrochemical cell (Latech) set
up. ECSA was calculated from the reference charge of 390 pC cm™,
which corresponds to the charge required to reduce one monolayer of
AuO per unit area. The activities of the CF/AuNPs catalysts toward
glucose and xylose ECH were normalized with the calculated ECSA.

2.4. Electrocatalytic hydrogenation of glucose and xylose

The constant-potential electrolysis experiments were conducted to
quantify the products and determine the Faradaic efficiency (FE) to-
wards sorbitol and xylitol production. For these experiments, a three-
electrode set-up was employed using an H-shaped electrochemical cell
(Latech) divided by a Nafion 117 membrane (Ion Power, Inc.) as shown
in Fig. 1. Prior to use, the electrochemical cell and other glassware were
cleaned by immersing them in a 1:1 mixture of sulfuric and nitric acid
overnight followed by boiling in ultrapure water (resistivity 18 MQ-cm).
Pretreatment of the Nafion membrane involved boiling in HyO5 solution
(3 % vol.) for 1 h and in sulfuric acid (2 M) for 1 h, with rinsing in
deionized water in between and after the boiling steps. The working
electrode was a CF/AuNPs glued onto a carbon rod (99.999% carbon,
Strem Chemicals Inc.) or a polycrystalline Au electrode. The geometric
area of the working electrode was 2 cm? for the CF/AuNPs catalyst and 4
cm? for polycrystalline Au. The conductive carbon rod was used as the
counter electrode to avoid metal contamination of the electrolysis set-
up. The working and reference electrodes were immersed in the
cathodic compartment containing 25 mL of 0.1 M NaySO4 with 0.1 M
glucose or xylose. The counter electrode was placed in the anodic
compartment containing 25 mL of the supporting electrolyte solution
(0.1 M NazSO4). The designated potential was applied on the working
electrode by the Autolab (PGSTAT20) potentiostat for a certain dura-
tion, after which the sample solution was collected and analysed. The
hydrogenation rate was expressed as mmol of sorbitol or xylitol

Fig. 1. Experimental set-up for constant-potential electrolysis.
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produced per hour. During the electrolysis, mass transport of the sugar
monomer was facilitated using a magnetic stirrer at approximately 500
rpm.

2.5. Product analysis

Samples collected from the cathodic compartment after electrolysis
were pretreated and analysed using HPLC equipped with a refractive
index detector. The HPLC column used for analysis could not tolerate
high concentrations of salt, and therefore pretreatment of the HPLC
samples by extraction of salt ions was necessary. Pretreatment of the
samples involved passing 1 mL sample volume into strong anion and
cation exchange SPE tubes (Supel™, Merck) to remove the ions of the
supporting electrolyte. The HPLC column (Aminex HPX-87C) was
maintained at 80 °C and the eluent used was 1.2 mM CaSO4 solution.
Calibration curves were constructed with sorbitol and xylitol standard
solutions by plotting the peak areas versus the sugar alcohol concen-
trations. The FE towards the formation of the sugar alcohol product
(sorbitol or xylitol) measured by HPLC was calculated using the
following equation:

mol of sorbitol or xylitol formed
total charge passed (C) / (F x 2)

FE (%) = x 100% 5)
Where the total charge is expressed in coulombs (C) and F is the
Faraday’s constant (96,485 C mol™).

3. Results and discussion
3.1. Characterization of CFs and CF/AuNPs materials

3.1.1. Physical and electrochemical surface area

The surface properties of pristine and treated carbon fiber (CF) were
studied using SEM and Ny physisorption. Table S1 shows the specific
surface areas and pore volumes of pristine CF (CF-1), HCl-treated CF
(CF-2), NaOH-treated CF (CF-3), CF calcined at 225 °C (CF-4), and CF
calcined at 325 °C (CF-5). An increase in surface area and pore volume of
the pristine CF after chemical treatment with HCl or NaOH was
observed. A plausible explanation for this is the surface modification of
the carbon fibers resulting from the HCl and NaOH treatments giving
rise to variations in pore dimensions. It is also noteworthy to mention
that thermally pretreated carbon fibers at 225 °C and 325 °C showed a
decrease in the surface area and pore volume compared to pristine CF.
This decrease in the surface area and pore volume can be attributed to
distortion of the structural features of the carbon fibers, which can be
observed in the SEM micrographs of the thermally treated CFs
(Figure S1d-e).

SEM images of the pristine carbon fiber and AuNPs-modified CF
following various pretreatments are shown in Fig. 2. It is evident that the
deposition of AuNPs and subsequent calcination influenced the surface
characteristics of the catalysts (Fig. 2b-f) compared to the pristine CF
(Fig. 2a). In all the prepared CF catalyst supports, Au particles were
deposited both on the surface and inside the pores of the support. After
gold deposition, there was a general decrease in the surface area and
pore volume with all types of CF supports. This is attributed to the
deposition of Au nanoparticles into the pores of the support and blocking
of the pores with Au nanoparticles. Compared to CF-1/AuNPs, CF-2/
AuNPs and CF-3/AuNPs obtained higher actual Au loading (shown in
Table 1). SEM images confirm that AuNPs were deposited on the CF
surface and also within the pores in CF-2/AuNPs (Fig. 2c) and CF-3/
AuNPs (Fig. 2b) at a higher degree than in CF-1/AuNPs (Fig. 2b). This
explains the lower surface area of CF-2/AuNPs and CF-3/AuNPs
compared to CF-1/AuNPs, as the “unoccupied” pores in CF-1/AuNPs
contribute to a higher specific surface area (Table 1). Lower surface
areas were obtained for CF-4/AuNPs and CF-5/AuNPs than the other
catalysts mainly due to the lower surface area of the thermally treated
CF supports.
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Fig. 2. Scanning electron micrographs of pristine CF (a), and CF/AuNPs with: untreated CF (CF-1/AuNPs) (b), HCl-treated CF (CF-2/AuNPs) (c), NaOH-treated CF
(CF-3/AuNPs) (d), CF calcined at 225 °C (CF-4/AuNPs) (e), CF calcined at 325 °C (CF-5/AuNPs) (f).

Table 1
Physico-chemical characterization data of the catalysts: Au loading, Au average cluster size, specific surface area and pore volume.
Sample Nominal Au loading Measured Au loading Loading efficiency Au average size Au dispersion Specific surface area Pore volume
(Wt %) (Wt %) (%) (nm) (%) (m*/g) (cm®/g)
CF-1/ 2.0 0.19 £ 0.01 10 10.2 + 8.6 11.7 1887 0.69
AuNPs
CF-2/ 2.0 0.90 £ 0.01 45 19.9 +£15.8 5.8 1765 0.65
AuNPs
CF-3/ 2.0 1.27 £ 0.03 65 7.6 +£6.1 14.6 1772 0.64
AuNPs
CF-4/ 2.0 0.83 £+ 0.05 40 18.9 +11.8 6.2 1634 0.66
AuNPs
CF-5/ 2.0 1.62 + 0.03 80 20.6 £15.3 5.8 1651 0.66
AuNPs

Independent of the type of CF pretreatment, Au particles were
deposited both as dispersed nanoparticles and as large aggregates. The
formation of large particles is due to the interaction of the precursor
(HAuCly) with carbon which results in metal reduction [42].

4 C+ [Aucly) »Ad’ /C+3ClI" /CT+CI” (6)

The above reaction (Eq. (6)) results in rapid adsorption of the metal
on the external carbon surface. During the catalyst preparation, the CF
support became glittery when it was soaked in the HAuCl, solution. This
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was also observed in earlier works where Au/activated carbon catalysts
were prepared from HAuCly using deposition-precipitation method [43,
44]. Therefore, the choice of pretreatment of carbon fiber, method used
for preparation of AuNPs, activation procedure and type of Au precursor
can have a direct effect on the physico-chemical properties of the
CF/AuNPs catalyst produced.

In terms of the electrochemical surface area (ECSA), the values ob-
tained (Table S2) relate primarily to the actual gold content in the CF/
AuNPs catalysts. This would explain, for instance, the higher ECSA of
CF-3/AuNPs than CF-1/AuNPs despite the higher physical area of the
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latter. However, the method used for ECSA calculation also include
significant contribution from capacitive currents especially for micro-
porous materials like CF, which makes interpretation of results more
difficult.

3.1.2. Au particle size distributions and Au dispersions of the different CF/
AuNPs catalysts

The Au content of the fabricated CF/AuNPs catalysts was measured
using ICP-OES and the loading efficiency on the CF support was deter-
mined from the actual Au content. Using the deposition-precipitation
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method, AuNPs loading efficiency of 10-80 % was achieved, which
varied among the different types of CF support prepared (Table 1).

The Au nanoparticles size measurements were carried out by TEM.
The images and particle size distributions of all the fabricated CF/AuNPs
catalysts are illustrated in Fig. 3 and the average Au cluster sizes are
listed in Table 1. CF-1/AuNPs with untreated CF had an average Au
cluster size of 10.2 nm. NaOH-treatment of the CF support resulted in the
smallest Au clusters with an average size of 7.6 nm (CF-3/AuNPs). The
largest average Au cluster size was observed for the CF/AuNPs catalysts
with CF calcined at 325 °C (CF-5/AuNPs — Fig. 3e) with an average Au
cluster size of 20.6 nm. The CF/AuNPs catalysts with CF pretreated with
HCl (CF-2/AuNPs - Fig. 3b) and CF calcined at 225 °C (CF-4/AuNPs -
Fig. 3d) had comparable average Au cluster sizes of 19.9 nm and 18.9
nm, respectively. Hence, it can be concluded that pretreatment of CF
support influenced the distribution and size of AuNPs. Diffraction data
show high intensity peaks close to 38.1° 44.3° 64.5° 77.5° 81.7°
98.2°, 110.8°, and 115.2° for all types of CF/AuNPs catalysts
(Figure S3). These details can be explained with the Au phase. The
crystal model for Au which is being used, and which matches well with
diffraction data, corresponds to the face centered cubic crystal structure
with space group (Fm-3m). The highest peak intensities were observed
with CF-2/AuNPs. On the other hand, differences in peak intensities
were negligible between CF-4/AuNPs and CF-5/AuNPs as well as be-
tween CF-1/AuNPs and CF-3/AuNPs.

The Au dispersion (Dg,) refers to the ratio of surface atoms to the
total number of atoms and can be estimated from the Au cluster diam-
eter (d) using the following equation [39]:

oM

Dpy=——x1
Au dpaAuNA* 00% (7)

where M is the molar mass of gold (0.197 kg/mol), p is the density of Au
(1.932x10* kg/rn3), aay is the effective surface area of one Au atom (8.7
x 1020 mz), and Ny is the Avogadro number. Eq. (7) shows an inverse
relationship between dispersion and the Au cluster size. Taking the
average Au cluster size obtained from TEM analysis, Table 1 shows the
Au dispersions of the CF/AuNPs catalysts. From TEM, CF-3/AuNPs
showed the smallest Au particle size (7.6 nm) and therefore had the
highest Au dispersion.
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3.1.3. Linear sweep voltammetry

Fig. 4 shows the linear sweep voltammograms of the polycrystalline
Au and a CF (non-treated)/AuNPs electrodes in sugar-free “blank” so-
lution (dashed lines in both Figs. 4a and 4b) and in 0.1 M glucose
(Fig. 4a, solid lines) and 0.1 M xylose (Fig. 4b, solid lines). The cathodic
currents generated in the blank experiments are attributed to the evo-
lution of Hj.

On a polycrystalline Au electrode, the cathodic currents produced in
the presence of glucose were lower than those generated in the blank
solution (Fig. 4a, solid red line). This suggests that the presence of
glucose inhibits hydrogen evolution, possibly due to adsorption of
glucose molecules on the electrode surface. On the other hand, in the
xylose solution, the cathodic currents generated starting from ca. -1.1 V
were larger than those recorded in the blank solution (Fig. 4b, solid red
line). The higher cathodic current produced in the presence of xylose
may be attributed to the electrohydrogenation of xylose in addition to
H, evolution.

The cathodic currents produced on the CF/AuNPs electrode (Fig. 4,
solid blue and solid green lines) in the presence of either glucose or
xylose were higher than in the blank experiment suggesting that sugar
hydrogenation occurs concurrently with Hy evolution. However, at
more negative potentials (starting from ca. -1.4 V in glucose solution and
ca. -1.7 V in xylose solution), cathodic currents were higher in the blank
experiment which indicates HER inhibition in the presence of the sugar.

The linear sweep voltammograms of all the CF/AuNPs catalysts show
an increase in cathodic current starting from ca. -1.2 V both in the
presence of sugars (Fig. 5a-b, insets) and in the background electrolyte
(Figure S4). Towards more negative potentials, the cathodic currents
recorded for CF-5/AuNPs, with CF calcined at 325 °C, were lower than
for the other CF/AuNPs catalysts. This is mainly due to the lower ECSA
of CF-5/AuNPs compared to the other CF/AuNPs catalysts.

3.2. Electrocatalytic hydrogenation of sugars on polycrystalline Au and
CF/AuNPs catalysts

3.2.1. Comparison of activities and FEs between polycrystalline Au and CF/
AuNPs catalyst

To observe the effect of using a nanostructured Au catalyst, the ac-
tivity and faradaic efficiency of a CF (non-treated)/AuNPs catalysts were
compared to a polycrystalline Au catalyst. The activities and conversion

(b)

L
3 07
£
o
o g 10+
£
O 20-
£
—  -304
>
x
» 404
S
T -50
whed
=
O -60 — =—Au plate in blank
'5 Au plate in xylose
QO -70- — =—CF/AuNPs in blank
= CF/AuNPs in xylose
-80 T v T g T T T T T
-2.0 -1.5 -1.0 -0.5 0.0
E/V (vs Ag/AgCl)

Fig. 4. Linear sweep voltammograms of polycrystalline Au and GC/CF/AuNPs electrodes in 0.1 M Na,SO, without (dashed lines) and with (solid lines) 0.1 M glucose
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Fig. 5. Linear sweep voltammograms of GC/CF and GC/CF/AuNPs electrodes with different CF pretreatments in 0.1 M glucose (a) and 0.1 M xylose (b) solutions.
The scan rate is 1 mV/s. The current density is calculated based on the geometric area. Insets in both figure show a magnified portion of the voltammogram where

cathodic currents start to increase.

efficiencies towards sugar hydrogenation of the polycrystalline Au and
CF/AuNPs catalysts were tested by performing ECH of glucose and
xylose at various applied potentials in the H-cell described in Section
2.4. Catalytic activity was expressed as the amount of sorbitol or xylitol
produced per hour and was not normalized to ECSA as the capacitive
currents in CF/AuNPs contribute significantly to ECSA determination
(please see discussion in Section 3 of supporting information).

Fig. 6 shows the rate of sorbitol and xylitol formation (blue and green
bars, respectively) for the tested catalysts at each applied potential and
the corresponding Faradaic efficiencies (connected red points). On the
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polycrystalline Au catalyst, the highest rate of sorbitol formation (0.005
mmol/h) was observed at -1.4 V (Fig. 6a) while the highest rate of xylitol
formation (0.014 mmol/h) was observed at -1.6 V (Fig. 6¢). These op-
timum potentials were comparable to that obtained by Kwon et al. [7]
(-1.05 V vs RHE, pH = 7) for the ECH of glucose over polycrystalline Au
electrode. Furthermore, the rate of xylitol formation was also higher
than that of sorbitol at any applied potential, suggesting that the reac-
tivity of xylose towards ECH is higher than that of glucose. The FE
(connected red dots) for both sorbitol (4.4 % - Fig. 6a) and xylitol (6.1 %
- Fig. 6¢) formation reached a maximum at -1.3 V, beyond which the
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Fig. 6. Hydrogenation rates (mmol sorbitol/h-blue columns, or mmol xylitol/h-green columns) and FE (connected red dots) at various applied potentials of glucose
ECH on polycrystalline Au (a) and CF(non-treated)/AuNPs (b); and xylose ECH on polycrystalline Au (c) and CF(non-treated)/AuNPs (d). Reaction conditions: 0.1 M
of glucose or xylose in 0.1 M Na,SO4 supporting electrolyte, stirring speed of 500 rpm, ambient temperature and pressure, constant flow of N, above the reac-

tion solution.
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supplied potential goes mainly towards Hy evolution.

On the CF/AuNPs catalyst, the highest rate of sorbitol formation
(0.009 mmol/h) was observed at -1.6 V (Fig. 6b) while that for xylitol
(0.016 mmol/h) was observed at -1.5 V (Fig. 6d). The rate of formation
of sorbitol and xylitol on the CF/AuNPs catalyst generally increased as
the applied potentials became more negative. The rate for xylitol for-
mation however, decreased at -1.6 V (0.006 mmol/h - Fig. 6d) after
reaching a maximum at -1.5 V. The FE towards sorbitol formation also
gradually increased as the applied potentials became more negative and
reached a maximum at -1.5 V (1.1 % - Fig. 5b). The FE for xylitol for-
mation on the other hand showed a maximum at -1.4 V (1.6 % - Fig. 6d).
The decrease in FE in both reactions is mainly attributed to the domi-
nance of the Hy evolution reaction.

The rates of sorbitol or xylitol formation as a function of applied
potentials were generally higher for the CF/AuNPs catalyst than poly-
crystalline Au. This difference may be related to the number or type of
active sites present in these catalysts, as well as their surface areas.
Comparison of activity between CF/AuNPs and polycrystalline Au in
terms of the ECSA may not be valid due to the limitations of the method
used for ECSA determination when applied to CF/AuNPs. However, ECH
rates normalized to geometric areas show higher activity of the CF/
AuNPs catalyst than polycrystalline Au (Table S4). This highlights the
advantage of using dispersed metal nanocatalysts as previously observed
in the ECH of other organic compounds [13-15,21,22]. The Faradaic
efficiencies however, were relatively lower for the CF/AuNPs catalyst
than polycrystalline Au. This indicates that the kinetics for molecular
hydrogen formation from chemisorbed hydrogen (Eq. (4)) is faster on
the CF/AuNPs catalyst than on polycrystalline Au.

Based on literature, higher yields and selectivities for sugar ECH
were obtained using nonprecious metal and metal alloys such as Raney
Ni, Pb, and Zn(Hg) [7,11,23]. Park et al. reported a 79 % FE towards
sorbitol formation for the ECH of glucose in an undivided packed-bed
flow reactor with CaBry as supporting electrolyte [23]. Lessard et al.
obtained moderate sorbitol FEs from 40 to 47% for the ECH of glucose
over Raney Ni in both batch and flow reactor configurations [11]. Pb [7]
and Zn(Hg) [23] were also active towards glucose ECH, although at
higher applied potentials than Raney Ni. Although the FEs obtained for
polycrystalline Au and CF/AuNPs in this work were significantly lower,
the present study demonstrates that reaction rates for sugar ECH can be
improved by using nano-sized Au catalyst, a less hazardous alternative
to Raney Ni, Pb, or Zn(Hg). The catalytic activity and FE were observed
to be sensitive to the Au cluster size in the different types of CF/AuNPs
studied.

3.2.2. Electrocatalytic activity of the different types of CF/AuNPs catalysts

The electrocatalytic activities toward glucose and xylose ECH of the
different types of CF/AuNPs catalysts prepared were tested using
constant-potential electrolysis experiments. The catalytic activities of
the CF/AuNPs catalysts were normalized with respect to their ECSA (see
Table S2 in Supporting Information). Analysis of variance (one-way
ANOVA) of the ECSA-normalized sorbitol and xylitol yields among the
various CF/AuNPs catalysts show significant differences at 95% confi-
dence level (see Section 6 of supporting information).

Table 2 shows the electrolysis data for glucose ECH over the different
types of CF/AuNPs catalysts. The highest average current density (based
on geometric area) during prolonged electrolysis was recorded for the
CF-3/AuNPS catalyst (15.7 mA/cmz) which had an NaOH-treated CF
support. CF-1/AuNPs with a non-treated CF support had a comparable
current density (15.6 mA/cm?) but with a lower FE (0.2 %) than CF-3/
AuNPS (0.3 %). CF-4/AuNPs (with CF calcined at 225 °C) and CF-5/
AuNPs (with CF calcined at 325 °C) also had comparable current den-
sities (7.4 and 6.6 mA/cmz, respectively). However, CF-4/AuNPs had 4
times higher FE (0.4 %) than CF-5/AuNPs (0.1 %). CF-2/AuNPs, with an
HCl-treated CF support, had a higher current density (9.8 mA/cm?) than
CF-4/AuNPs but with a comparable FE (0.4 %). Based on the ECSA-
normalized sorbitol yields, CF-4/AuNPs had the highest specific
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Table 2
Results obtained from the electrocatalytic hydrogenation of glucose using
different types of CF/AuNPs electrode®

Working Average current Total Sorbitol FE for sorbitol
electrode density (mA/ charge production formation (%)
CMeometric) passed (C)  (M/cmicsa)

CF-1/ 15.6 667 0.16 + 0.03 0.20 £ 0.07
AuNPs

CF-2/ 9.8 420 0.11 + 0.02 0.40 + 0.09
AuNPs

CF-3/ 15.7 673 0.10 £ 0.02 0.30 + 0.07
AuNPs

CF-4/ 7.4 317 0.24 + 0.05 0.40 + 0.08
AuNPs

CF-5/ 6.6 280 0.12 £ 0.03 0.10 £+ 0.05
AuNPs

@ Reaction conditions: -1.5 V vs Ag/AgCl in 0.1 M Na,SO, containing 0.1 M
glucose for 6 h duration at room temperature and pressure. The values reflected
are the average from three measurements.

activity (0.24 pM sorbitol/cm%CSA) and highest FE (0.4 %) among the
different CF/AuNPs catalysts studied. Although the highest sorbitol
yield was obtained for the CF-3/AuNPs catalyst, its specific activity
(0.10 pM sorbitol/cmécsa) was 2 times lower than CF-4/AuNPs owing to
its high ECSA. This indicates that the surface active sites are more effi-
ciently utilized for glucose ECH in CF-4/AuNPs than in CF-3/AuNPs as
also reflected in the higher FE for CF-4/AuNPs. The catalytic activites
towards glucose hydrogenation of the CF/AuNPs catalysts are associated
to the presence of the metal (AuNPs), as negligible amounts of sorbitol
were formed when glucose ECH was carried out using only the CF (non-
treated) support as catalyst at the same reaction conditions. This
observation further confirms the important role of AuNPs in the glucose
electro-catalytic hydrogenations.

The activities and FEs of the prepared CF/AuNPs catalysts toward
xylose ECH were analyzed at the same applied electric potential (-1.5 V
vs Ag/AgCl). The results are summarized in Table 3. Comparable current
densities were recorded for CF-1/AuNPs (16.6 mA/cmz) and CF-3/
AuNPs (16.8 mA/cm?). However, the specific activity for CF-3/AuNPs
(0.34 yM xylitol/cm%CSA) is 2 times lower than for CF-1/AuNPs (0.69
pM xylitol/cm%CSA) owing to its higher ECSA. CF-2/AuNPs had a lower
current density (10.6 mA/cm?) than CF-3/AuNPs but had a higher
specific activity (0.39 uM xylitol/cmcsa) and FE (1.2 %). This suggests
higher surface utilization for xylose ECH in CF-2/AuNPs than in CF-3/
AuNPs. Current densities were relatively lower for CF-4/AuNPs (8.2
mA/cm?) and CF-5/AuNPs (5.8 mA/cm?). However, due to their lower
ECSAs, their specific activities toward xylose ECH were higher than for
the other CF/AuNPs catalysts, 0.74 pM xylitol/cm%CSA for CF-4/AuNPs
and 0.80 pM xylitol/cmgcsa for CF-5/AuNPs. The FEs of CF-4/AuNPs

Table 3
Results obtained from the electrocatalytic hydrogenation of xylose using
different types of CF/AuNPs electrode®

Working Average current Total Xylitol FE for xylitol
electrode density (mA/ charge production formation (%)
CMeometric) passed (C)  (uM/cmEcsa)

CF-1/ 16.6 708 0.69 £ 0.06 0.80 £ 0.07
AuNPs

CF-2/ 10.6 453 0.39 + 0.05 1.20 £ 0.12
AuNPs

CF-3/ 16.8 719 0.34 + 0.05 0.90 + 0.10
AuNPs

CF-4/ 8.2 350 0.74 + 0.06 1.20 + 0.12
AuNPs

CF-5/ 5.8 247 0.80 + 0.07 1.00 + 0.10
AuNPs

# Reaction conditions: -1.5 V vs Ag/AgCl in 0.1 M Na,SO, containing 0.1 M
xylose for 6 h duration at room temperature and pressure. The values reflected
are the average from three measurements.
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(1.2 %) and CF-5/AuNPs (1.0 %) toward xylose ECH were also compa-
rable or higher than for the other CF/AuNPs catalyst. Xylose ECH was
also carried out using only the CF support as catalyst at the same reac-
tion conditions. However, negligible amounts of xylitol was formed
which indicates that the catalytic activity of the CF/AuNPs catalysts is
largely due to the AuNPs present.

From the results of the electrocatalytic hydrogenation of glucose and
xylose, it is evident that chemical or thermal pretreatment of the CF
support had a direct effect on the activity of the resulting CF/AuNPs
catalysts. One factor that would influence this is the particle size dis-
tribution of AuNPs, resulting from the type of CF pretreatment carried
out. Fig. 7 shows the ECSA-normalized activities of the CF/AuNPs cat-
alysts towards glucose (Fig. 7a) and xylose (Fig. 7b) ECH as a function of
the average Au particle size. For the glucose ECH, the sorbitol yield was
observed to increase with increasing average Au particle size (Fig. 7a) up
to 18.9 nm, which was measured for CF-4/AuNPs. CF-4/AuNPs also had
the highest FE among the tested CF/AuNPs catalysts. The same trend
was observed for the xylose ECH (Fig. 7b), with the highest xylitol yield
obtained from the catalyst with the largest Au average particle size (CF-
5/AuNPs - 20.6 nm). The FE however, was highest for CF-4/AuNPs and
CF-2/AuNPs with slightly smaller average Au particle size of 18.9 and
19.9 nm, respectively. The sugar alcohol yields and FE were relatively
lower for CF-1/AuNPs and CF-3/AuNPs with lower average Au particle
sizes of 10.2 and 7.6 nm, respectively. CF-1/AuNPs and CF-3/AuNPs
recorded the highest current densities in both glucose and xylose ECH.
This means that CF-1/AuNPs and CF-3/AuNPs catalysts were more se-
lective towards Hy formation. This is consistent with earlier observations
that smaller AuNPs favor Hy evolution due to stronger binding of
adsorbed hydrogen [45]. This was also evident in the linear sweep
voltammograms recorded in the background electrolyte (Figure S4),
where higher cathodic currents were observed for CF-1/AuNPs,
CF-2/AuNPs, and CF-3/AuNPs with relatively higher fraction of
smaller AuNPs than in the other catalysts.

3.2.3. Reaction pathways for the ECH of glucose and xylose

Aside from the physicochemical properties of the catalyst, the pH
changes at the catalyst-solution interface also plays a significant role in
the hydrogenation of both glucose and xylose. The formation of adsor-
bed hydrogen (Eq. (1)) and Hy evolution (Eq. (3)) produce hydroxide
ions, thereby increasing the interfacial pH in the vicinity of the catalyst
surface. An increase in pH at the cathode surface is necessary to convert
the cyclic forms of glucose and xylose into the linear (electroactive)
forms [7,46], which are subsequently hydrogenated to sorbitol and
xylitol, respectively (Scheme 1). To confirm this, ECH of glucose and
xylose was carried out at pH 7 using phosphate buffer. After 6 hours of
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electrolysis, no sorbitol or xylitol product was observed, which indicates
that glucose or xylose was not reactive at neutral pH. However, in an
unbuffered solution, a continuous production of hydroxide ions during
the constant-potential electrolyses results in an increase of pH in the
bulk catholyte. This then results in the base-catalyzed isomerization of
glucose into fructose (Scheme 1a), and xylose into xylulose (Scheme 1b).
The formation of ketose and sugar alcohol products proceeds through an
enediol intermediate formed from the reaction of base with the starting
sugar. The reaction between the enediol intermediate with adsorbed
hydrogen produces isomeric sugar alcohol products. HPLC analysis of
reaction products show that mannitol, aside from sorbitol, was formed
during glucose ECH. The concentration of the fructose by-product of
glucose ECH on the different CF/AuNPs catalysts and the relative
amounts of sorbitol and mannitol formed are illustrated in Figure S15a.
In the same manner, xylulose was formed alongside xylitol and arabitol
(Scheme 1b). The amounts of xylulose formed from the xylose ECH on
the different CF/AuNPs catalysts and the relative amounts of xylitol and
arabitol produced are shown in Fig S15b. As shown in Figure S15, the
sorbitol/mannitol and xylitol/arabitol ratios vary among the different
types of CF/AuNPs catalysts. The apparent selectivity of the CF/AuNPs
to the formation of sugar alcohol products is currently investigated.

4. Conclusions

In this work, the electrocatalytic hydrogenation of glucose and
xylose on activated carbon fiber-supported Au nanoparticles (CF/
AuNPs) was studied. Depending on the pre-treatment of the CF support,
different Au particle size distributions were obtained for the various CF/
AuNPs catalysts prepared. This in turn gave rise to variations in catalytic
activity and selectivity among the different types of CF/AuNPs catalysts.
As observed, CF/AuNPs with smaller Au particle sizes were more active
towards HER and showed less selectivity towards glucose and xylose
ECH than CF/AuNPs with larger AuNPs. This indicates that the elec-
trocatalytic activity and selectivity of Au towards hydrogenation of
glucose and xylose is particle size-dependent. However, due to the
relatively wide Au particle size distribution of the CF/AuNPs studied in
this work, it is difficult to pinpoint an optimum ECH activity to a
particular particle size range. Glucose and xylose ECH was also
compared between a CF/AuNPs catalyst and a polycrystalline Au cata-
lyst, and relatively higher ECH rates were observed for CF/AuNPs. The
higher catalytic activity of CF/AuNPs is related to its higher surface area
and more surface active sites available for sugar hydrogenation. Aside
from the properties of the catalyst, careful pH control of the reaction
solution is also essential for the selective ECH of glucose and xylose to
sorbitol and xylitol, respectively. This is particularly important for
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Fig. 7. The dependence of the activities towards glucose (a) and xylose (b) ECH on the average Au particle size of the CF/AuNPs catalyst.
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prolonged electrolyses in batch configuration, in which the high pH in
the bulk brought about by HER would result in the base-catalyzed
isomerization of the starting sugar.
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