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Abstract

The electrocatalytic oxidation (ECO) of glucose on gold requires alkaline conditions
and relatively high potentials (> 0.3 Vrpgg). Although the adsorption of hydroxide ions
(OH,qs) is also know to occur under these conditions, the generally accepted proton-
coupled electron transfer (PCET) mechanism for sugar ECO does not explicitly state
the role of OH,q4s in the sugar adsorption or oxidation steps. To investigate this, we

carried out a combined experimental and density functional theory (DFT) study on


henrik.grenman@abo.fi

the ECO of glucose and xylose over a nanogold catalyst under temperature and pH
control. Grand canonical DFT (GC-DFT) was used to identify the preferred reac-
tion mechanism in which OH,q4s facilitates the thermodynamically feasible formation
of gluconic and xylonic acid. Calculated results also showed that OH,45 has a role in
improving the acid selectivity. Constant potential electrolyses in sugar solutions were
performed using mesoporous (Sibunit) carbon-supported Au nanoparticles (AuNPs)
with an average cluster size of 4.7 nm. Experimental results showed that the highest
conversions for glucose (57.7 %) and xylose (49.4 %) were obtained at 25 °C and pH
12.5, with gluconic and xylonic acid selectivity of 81.5 % and 87.8 %, respectively. The
catalytic activities were high considering the low Au loading (~ 0.1 % wt.). Higher pH
led to a decrease in the ECO rate possibly due to excess hydroxide ions blocking ac-
tive sites for sugar adsorption. Our results highlight the importance of computational
studies in elucidating reaction mechanisms for sugar ECO where sugar acids are the
main oxidation products. This is crucial in designing reaction systems for the viable

production of these value-added chemicals from biomass.

KEYWORDS: Electrocatalysis, oxidation, glucose, xylose, nanogold, grand canonical
DFT

Introduction

The urgent need to replace fossil resources as feedstock for fuel and chemical production is
not only due to the detrimental effects their usage has on the environment, but also to their
limited availability. The depletion of crude oil is expected to occur within 40 years,” and
the remaining resources will be mainly allocated towards liquid fuels for air traffic (i.e. jet
fuels) and heavy-duty vehicles. Consequently, sustainable technologies harnessing renewable
sources of energy (e.g. solar, wind) are currently being developed to meet future energy

requirements. A major challenge related to renewable energy sources is their intermittency,



which calls for more effective energy distribution within existing infrastructures or efficient
energy storage systems. One strategy is to store renewable energy in the form of chemi-
cal bonds. While hydrogen appears to be the best platform chemical for renewable energy
storage, its safe transport and efficient storage are obstacles towards its widespread use.
Currently, research efforts are devoted to electrochemical syntheses as a possible use for re-
newable energy. Biomass presents a sustainable platform for electrochemical transformations
that could harness renewable electricity to produce value-added chemicals.

Lignocellulosic biomass forms the largest portion of plant biomass and is composed of
25-55 % cellulose, 10-50 % hemicellulose, and 6-30 % lignin.*¥ It is an attractive feedstock
due to its abundance and its utilization for chemical production does not compete with food
production. Depolymerization of cellulose and hemicellulose is accomplished by acid hydrol-
ysis in batch or continuous mode and mainly yields glucose, xylose, and mannose.*® These
sugars can then be further valorized into higher-value chemicals such as sugar alcohols or
sugar acids. For instance, gluconic and xylonic acids produced from the oxidation of glucose

8 and are

and xylose, respectively, are among the top value-added chemicals from biomass
widely employed in the food and pharmaceutical industry. The global market value of glu-
conic acid in 2020 was $ 1 billion and this value is projected to increase to $1.9 billion by
2028.” Xylonic acid shares the market niche as a gluconic acid substitute.’¥ Gluconic acid
is produced on an industrial scale through a fermentation process aided by Aspergillus niger
or Gluconobacter subozidans bacteria.™ High-yield xylonic acid production has been demon-
strated using enzymatic catalysis, whole-cell catalysis, and fermentation.’’ Heterogeneous
catalytic oxidation of glucose and xylose has been studied using supported noble metal cata-
lysts (Pt, Pd, Au) in the presence of oxygen, air, or hydrogen peroxide as oxidants. Pt-based
catalysts demonstrated high activity towards gluconic acid formation, but also formed side
products from C-C bond breaking."#13 While Pd is less active than Pt,*# it is normally more

selective towards sugar acids.** Supported Au catalysts also showed high activities towards

glucose oxidation at relatively low temperatures, with selectivity to gluconic acid reaching



up to 100 %.12

Electrochemical methods can also be used for sugar oxidation. Electrocatalytic oxidation
(ECO) is a non-thermal process that involves the transfer of electrons between the catalyst
and the substrate. ECO can be readily carried out in solution at room temperature and pres-
sure and does not require additional oxidative reagents. Glucose and xylose ECO proceeds

via a two-electron transfer as shown below:

Glucose: CgH206 + 30H™ — CsH1107 + 2H50 + 2¢™ (1)
XleSGI C5H1()O5 + 30H™ — C5H906 + QHQO + 2e” (2)

Au is a well-known catalyst for sugar ECO due to its high activity and resistance to
surface poisoning compared to platinum in neutral and alkaline electrolytes.'® Moggia et
al. demonstrated the ECO of glucose over polycrystalline Au into glucaric acid in a two-
step cascade reaction providing insight on the influence of reaction conditions.’” Rafaideen
et al.™¥ reported a high conversion of glucose (67 %) and xylose (52 %) over a carbon-
supported PdAu alloy with high selectivity for gluconic acid (87 %) and xylonic acid (92
%). Mechanistic studies on glucose ECO conducted by Holade et al.’® showed the high ECO
activity over Au under alkaline conditions was due to free or adsorbed hydroxide ions. The
exact role of co-adsorbed OH groups in ECO reactions on Au surfaces, however, is still not
well understood, given that sugar ECO also occurs on clean Au surfaces at lower potentials
( < 0.3 Vrggp) as suggested by Adzic et al.™? Under the currently accepted proton-coupled
electron transfer (PCET) mechanism for sugar ECO, the initial adsorption step for the sugar
molecule on the catalyst surface is coupled with dehydrogenation and further oxidation on
the surface results in the formation of lactone and acid species. An understanding of the
relative adsorption energies of reactive species on both clean and hydroxylated Au surfaces
would therefore explain the observed enhancement in ECO activity under alkaline conditions.

In this work, we carried out experimental and density functional theory (DFT) studies



to investigate glucose and xylose ECO over a Au catalyst under alkaline conditions. DFT
results show the crucial role of co-adsorbed hydroxyl groups in the thermodynamically pre-
ferred mechanism which would explain the higher ECO activity and selectivity towards the
sugar acid products (i.e. gluconic and xylonic acids) at sufficiently high reaction pH. The
nano gold catalyst was prepared from gold sol, the composition of which was previously opti-
mized to produce the cluster size with the highest activity.“Y The catalyst support used was
Sibunit carbon, a mesoporous carbon obtained from the pyrolysis of C;-C, hydrocarbons on
carbon black powder.”Y Constant-potential electrolyses under pH and temperature control
highlighted the effects of these parameters on the overall ECO rates and product selectivity.
The results obtained in this study provide crucial information on sugar ECO and demon-
strate available electrocatalytic systems for sugar valorization that can potentially harness

renewable energy.

Methodological Details

Materials

D-glucose (BioUltra, > 98 % wt.) and D-xylose (BioUltra, > 99 % wt.) powder reagents
were purchased from Sigma Aldrich. Hydrogen tetrachloroaurate (III) hydrate (49 % Au)
from Alfa Aesar/ABCR GmbH was used as a metal precursor. Polyvinyl alcohol (PVA,
99+% hydrolysed, MW = 89,000-98,000) from Sigma-Aldrich was used as a stabilizing agent.
The catalyst support was Sibunit carbon with physical properties described in our previous
work.“ Carbon felt (> 99.0 %, Alfa Aesar) was used to construct the working electrode while
microporous meshed fibers of activated carbon (0.60 mm thickness, Kynol®) were used to
prepare the counter electrode. All other chemicals used were of analytical grade. Chemical

solutions were prepared using deionized water (resistivity 18 MQ-cm).



Catalyst preparation

The catalyst was prepared by immobilizing preformed AuNPs from gold sol onto the meso-
porous (Sibunit) carbon support. To prepare the gold sol, 1.25 mL of 2 % wt. PVA solution
was added to 165 mL of 60 pg mL~! HAuCl, solution under constant stirring, which cor-
responds to a PVA/Au weight ratio of 5. Thereafter, 1.0 mL of 0.1 M NaBH, solution
was added dropwise to the mixture, which resulted in a bright orange solution. After two
minutes of continuous stirring, 0.5 g of Sibunit carbon was added to the solution to obtain
a nominal metal loading of 1 % wt. The catalyst slurry was stirred overnight (16 h) and
subsequently filtered under vacuum. The filtered catalyst was then washed thoroughly with
hot (90 °C) deionized water to remove the excess PVA. The sibunit carbon-supported Au

(SC/Au) catalyst was then dried overnight in an oven at 60 °C.

Catalyst characterization

The physico-chemical properties of the SC/Au catalyst were studied using nitrogen ph-
ysisorption, scanning electron microscopy/energy dispersive X-ray analysis (SEM/EDXA),
transmission electron microscopy (TEM), inductively coupled plasma-optical emission spec-
trometry (ICP-OES) and X-ray diffraction (XRD). Nitrogen physisorption was used to esti-
mate the specific surface area and pore volume using MicroActive 3Flex™ 3500 (Micromerit-
ics) sorptometer. The surface morphology and Au content were obtained from SEM/EDXA
using a Leo Gemini 1530 scanning electron microscope with a Thermo Scientific UltraDry
Silicon Drift Detector. The Au nanoparticle sizes and distribution were determined from
TEM using JEOL JEM 1400 Plus transmission electron microscope operating at 120 kV
acceleration voltage and 0.38 nm resolution. Crystallographic data was obtained from XRD

analysis using a PANalytical Empyrean diffractometer.



Electrochemical measurements

Electrochemical measurements were carried out on a thermostated, single-compartment,
three-electrode cell connected to a Gamry (Reference 620) potentiostat. Potentials were
measured against an Ag/AgCl/3M KCI (Thermo Scientific Orion™ 900100) reference elec-
trode. The working electrode was constructed by infiltrating the catalyst ink on a carbon
felt substrate (9 cm? geometric area, Alfa Aesar). The catalyst ink was prepared by sus-
pending 10 mg of the SC/Au catalyst in 938 pL deionized water and adding 125 pL of Nafion
117 thereafter. The catalyst mixture was then thoroughly mixed and deposited dropwise on
the carbon felt, and dried overnight at room temperature. The counter electrode (9 cm?
geometric area) was constructed by attaching an activated carbon cloth (0.60 mm thick-
ness, Kynol®) to a carbon rod (99.999 % carbon, Strem Chemicals Inc.) using carbon glue
(Electrodag® PF-407C). Measurement of the electrochemical surface area (ECSA) of gold
was carried out using cyclic voltammetry in 0.1 M NaOH at 20 mV s~!.22The charge from
the reduction of gold oxide was determined from the cathodic peak at ca. 1.0 Vgyp (see
Figure SI-1). The ECSA was derived from this charge, using a charge density of 386 pC
cm~2, which corresponds to the reduction of a monolayer of gold oxide. In all experiments,

the working solution was purged with nitrogen gas before the measurements and a supply of

Ny was kept above the liquid’s surface during analysis.

Electrocatalytic oxidation of glucose and xylose

Constant-potential electrolyses were conducted using the single-compartment, three-electrode
electrochemical cell to study the influence of reaction temperature and pH on the electroox-
idation of glucose and xylose. The applied potential during temperature and pH studies
was +1.3 Vry g to provide sufficient potential for appreciable sugar oxidation while avoiding
the oxidation of Au to the oxide form. To investigate deactivation of the Au catalyst, a
123

potential-programmed method for sugar electrolysis, previously developed by Belgsir et a

was employed. The potential cycle consisted of potential steps at 0.13 Vryg, 1.33 Veyg,



and 1.93 Vgyp applied to the anode for 10 s, 30 s, and 5 s, respectively, throughout the
ECO period. A higher potential step at 1.93 Vg would desorb any adsorbed species on the
catalyst surface as gold is oxidized to Au(O)y species. At the potential step at 0.13 Vggp,
the Au(O)y species are reduced to the metallic Au® onto which sugar molecules could adsorb.
This is then followed by oxidation of the sugar molecules at 1.33 Vgyg. This potential cycle
allowed for continuous generation of a metallic gold surface for long periods of reaction. The
reaction temperature was maintained using a thermostat during electrolysis while the pH
was kept constant by the addition of 1 M NaOH or 1 M HNOj3 using an automatic titrator
(Metrohm 799 GPT Titrino) equipped with a pH sensor. Mass transfer was facilitated by
stirring the reaction solution magnetically at 600 rpm.

The influence of pH on sugar conversion and selectivity was studied at 25 °C as the highest
productivity of sugar acids with appreciable selectivity was observed at this temperature.
ECO experiments were done using 0.1 M glucose or xylose in 0.1 M (pH 12.5) or 1 M
(pH 13.5) NaOH as supporting electrolyte. Solutions at pH 11 were obtained by adding
an appropriate amount of 2 M HNOj3 to the solution of 0.1 M glucose or xylose in 0.1 M
NaOH, to maintain the conductivity of the working solution. Using concentrated HySO, for
pH adjustment is not advisable as SO7~ ions adsorb on gold surfaces and block the reacting
species. 2420

Electrolyses were carried out for a maximum of 6 h and samples were taken at different
times during the experiments. Samples were immediately neutralized to pH 7 using con-
centrated HySO4. Reaction products were analyzed using HPLC with an Aminex HPX-87C
column and refractive index detector. The mobile phase was 1.2 mM CaSO, at 0.3 mL min~!
flowrate and the column temperature was 50 °C. The HPLC instrument was calibrated us-

ing high purity standards (glucose, xylose, fructose, xylulose, gluconic acid, glucaric acid,

xylonic acid) purchased from Sigma Aldrich.



Computational details

The sugar-based molecules considered include the acyclic, a-, and S-pyranose forms of glu-
cose and xylose, the corresponding lactones, gluconate, gluconic acid, xylonate, and xylonic
acid. The furanose forms of glucose and xylose are neglected as they are only found in
trace amounts in solution.*™?? Given the possibility of glucose and xylose isomerizing to
form fructose and xylulose, respectively, the anomers of each (linear, a-, and S-furanose for
fructose and xylulose as well as the a- and [-pyranose for fructose) were also considered.
Au(111) was used to model the gold nanoparticle’s catalytic surface. The Au(111) surface
was constructed as a periodic, 3-layer, 4x4 orthogonal cell with approximately 20 A of space
separating the slabs. These dimensions were selected to minimize computational expense
as well as image interaction. The longest sugar-based molecule has at least 3 A (approxi-
mately the length of a hydrogen bond) separating it from its translational image should the
molecule adsorb parallel to the surface. The bottom layer of the Au(111) slab was fixed to
bulk positions while the top two layers were allowed to relax. Previous grand canonical DF'T
(GC-DFT) studies have shown that a 1/3 — 1/2 ML coverage of OH exists on the Au(111)
surface at high pH and applied potential but that a 1/6 ML OH was sufficient to capture the
effects of adsorbed OH on glycerol oxidation.®" Here, we use a 1/4 ML OH to accommodate
the larger surface area produced by a 4x4 supercell. Five symmetrically unique 1/4 ML OH
configurations were optimized. The lowest energy configuration was selected to model the
hydroxylated Au(111) surface.

The sugar-based molecules can adopt many configurations as adsorbates and in solution
corresponding to local minima on their respective potential energy surfaces. The DockOnSurf

software®!

was used to generate candidate configurations of each molecule in solution as well
as adsorbed on the bare and hydroxylated Au(111) surfaces. Given the large number of
configurations created for each molecule, the initial structures underwent a filtering process

(see Figure (1| and the Supporting Information for further details) to identify the most likely

minimum energy configuration.



120-150 molecular configurations 2-4 exemplar > 1000 adsorbate configurations

Rough gas-phase optimization configurations Single point calculation
Keep 20 lowest E,, Keep 50 lowest E,
Full optimization Rough optimization

Keep 20 lowest E,;
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Keep
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Figure 1: Structural filtering process for solution phase molecules and adsorbates. Configu-
rations are ranked and selected based on their total energies.

All calculations were carried out using the GPAW 21.6.0 software.?4%3 Systems involving
the Au(111) surface were fully optimized with GC-DFT** using the solvated jellium model=
to achieve implicit water solvation and a target potential of 4.44 V. A 4x4x1 k-point
grid was used for all surfaces. Solution phase molecules, which are assumed in the bulk
solution, were fully optimized with ’canonical’ DFT in a non-periodic cell with 20 A of

continuum solvent model=®

water in each direction. The gamma point was used to determine
the electronic structure of solution phase molecules All molecules, surfaces, and adsorbates
were optimized using PBE-DFT®7 with a 0.18 A spaced grid-based basis set and the TS09
dispersion correction.”® The combination of a GGA functional and dispersion correction
such as PBE+TS09 combines computational efficiency with the ability to account for van
der Waals interaction and has been successfully used in similar contexts.®" The error in
total and adsorption energies due to the implicit solvent model is expected to be ~0.2
eV % While this error may appear significant, its importance is diminished when examining
relative energies and trends. Furthermore, an implicit solvent model improves upon gas-
phase results by mimicking ensemble effects and giving more accurate adsorption geometries
a0

which is important for surface reactions.

The calculated lattice constant for Au is 4.140 A, in good agreement with the experimen-
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tal value of 4.065 A% The Fermi level (Er) is related to the electrode’s absolute potential
and can be converted to the SHE scale through Usyp = —e(Er + 4.44eV'). The Fermi level
was found to be -4.82 eV for both bare and hydroxylated Au(111) surfaces. Sugar adsorption
has a negligible effect on the Er. The electrode potentials are therefore 1.03 Vgyg (pH =
11), 1.12 Vrgp (pH = 12), and 1.15 Vggp (pH = 13).

o (ads)

Figure 2: General mechanism for sugar oxidation shown for [-D-glucose. All steps are
assumed to occur at the same pH except the final acid formation which occurs at lower pH.
Similar steps are taken for a-D-glucose as well as a- and S-D-xylose.

Adsorption energies were calculated according to

Eads = Emol* - Emol - E* (3)

where E,, E,., and E,,. represent the energy of the surface, the solution phase molecule,
and the adsorbed molecule, respectively. The general mechanism followed for both o and
[ anomers of both glucose and xylose and on which the corresponding reaction potential
energy surfaces are based is shown in Figure 2 The explicit equations are given in the
Reaction energy profiles section of the Supporting Information. The relative populations

were determined using

11
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where F; and F; are relative energies with respect to the most stable configuration, £ is
the Boltzmann constant and T is 298.15 K. The potential dependency of the reactions’ ther-

modynamics is described using the standard equilibrium potential (U, gq), surface equilibrium

potential (Uz™/), and limiting potential (Uz). These potentials are defined as follows

Uc?q,RHE = [Z AFE;(aq)(Urngp = 0)} [Netot (5)
Usatne = [Z AE; (Urnr = 0)] /Ne tot (6)
UL = maX{AEi(URHE = O)} (7)

where the index 7 refer to an electrochemical step, * refers to an adsorbed species, and N ;o
represents the net number of electrons transferred. A potential of 1.30 VzgE is also included
to compare the effects of the applied potential with the experimental results. The pH effects

are included by using the RHE scale.

Results and discussion

Catalyst characterization

The TEM image of the SC/Au catalyst in Figure[3h shows the Au nanoparticles are randomly
distributed crystals on the mesoporous carbon support. The particle size histogram in Figure
3b shows a narrow distribution with an average particle size of 4.7 +£ 1.1 nm. The Au
dispersion (D4, ) determined from the Au particle size was 24.9 %, and the exact calculation
is described in the Supporting Information. The diffractogram of the SC/Au catalyst (Figure
4)) shows peaks close to 38°, 44°, 65°, and 78°, which are representative of fcc gold. On the

other hand, the broad peak close to 25° corresponds to the carbon support.
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Figure 3: TEM image (a) and particle size distribution of AuNPs
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Figure 4: X-Ray diffraction pattern of the SC/Au catalyst.
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Surface area values and other physical measurement results are summarized in Table
. The specific surface area determined from N, physisorption was 226 m2g~! with a pore
volume of 0.48 cm®g~!. The Au loading obtained from ICP-OES was 0.10 % wt., which was
significantly lower than the nominal loading of 1 % wt. This is attributed to the weaker
interaction of AuNPs with the surface groups of the carbon support and the high stability of
the Au sol. Based on the geometric area of the working electrode (9 cm?), the actual loading
was 1.1 pga, cm~2. The electrochemically active surface area (ECSA) was estimated from

the charge of Au(O), reduction®”#? and was calculated to be 0.24 m?g~'.

Table 1: Physico-chemical measurement data for the SC/Au catalyst.

Au Average Au Specific Pore TEM—based
. . . . Surface ECSA specific area
Loading Size Dispersion Volume 9 1
gaen?)  (m) (%) Ly lemtgy e o
(m?g 1) (m?g~")
1.1 4.7+1.1 24.9 226 0.48 0.24 0.07

Electrocatalytic oxidation of glucose and xylose

The cyclic voltammograms recorded for the SC/Au catalyst in glucose (Figure [pp) and xy-
lose (Figure [Bb) solutions resemble a typical voltammogram for sugar electrooxidation over

LO42H43 and supported gold catalysts** in an alkaline medium. The oxidation

polycrystalline
of glucose and xylose is indicated by the increase in anodic current in the forward scan start-
ing at ca. 0.5 Vggyp and reaching an oxidation peak in the forward scan at ca. 1.5 Vggg for
both sugars. Previous studies on glucose electrooxidation suggest that the oxidation peak
at 1.5 Vrpp is due to glucose oxidation processes that produce gluconate.*? Our previous
investigation on sugar oxidation over similarly prepared SC/Au catalysts showed that glu-
cose and xylose oxidation occur as early as 0.9 Vyyp.?? Adzic et al.™ proposed that glucose

oxidation at lower potentials (0.0 to 0.6 Vgypg) would involve metallic Au with no coad-

sorbed hydroxide (OH,qs), while at higher potentials, the oxidation would coincide with the

14



formation of Au(OH)y species. Based on in-situ FT-IR voltammetric measurements, Holade
et al.®¥ proposed a general mechanism for glucose electrooxidation as a function of applied
potential. At lower potentials (< 0.3 Vggyg) the adsorption of glucose is coupled with the
dehydrogenation of the anomeric carbon followed by the formation of adsorbed gluconolac-
tone. The gluconolactone desorbs from the surface and hydrolyzes into gluconate in alkaline
medium. At higher potentials (> 0.3 Vrggr) where Au(OH)y species are present, this ad-
sorbed gluconolactone either desorbs or undergoes self-rearrangement to form an adsorbed
gluconate. Above 1.5 Vryg, a decrease in anodic current was observed in both glucose and
xylose solutions (Figure [5)) due to the oxidation of gold to Au(O)y which is not active to-
wards sugar oxidation.** As the potential increases, the oxidized sugar species desorb from
the surface of the electrode.

In the backward scan, another oxidation peak can be seen for both sugars at ca. 1.3
Vrrre. This peak is associated with the oxidation of sugars over regenerated Au surfaces
formed from the reduction of Au(O),."#4% Pasta et al. suggested that the glucose oxidation
peak in the reverse scan was would have lower intensity than the oxidation peak in the
forward scan as some of the active sites may still have adsorbed gluconate.*? The oxidation
peak in the reverse scan shown in Figure [5| was lower in intensity for xylose oxidation than for
glucose. This would indicate that oxidation products from xylose are more strongly adsorbed

than those from glucose as observed by Rafaideen et al.t

15
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Figure 5: Cyclic voltammograms recorded for the SC/Au catalyst in 0.1 M glucose (a) and
in 0.1 M xylose (b) with 0.1 M NaOH supporting electrolyte. Scans recorded in the pure
supporting electrolyte are represented by dashed curves in both figures. The scan rate used
was 10 mV s~ 1.

Temperature effects

Glucose and xylose ECO was studied at different temperatures (T= 5-40 °C). Cyclic voltam-
mograms recorded in the sugar solutions show anodic peak current density increasing with
increasing temperature (Figure SI-16) as observed earlier by Yei et al.*® The Arrhenius ki-
netic theory enables the determination of the electrochemical activation energy FE, using

experimental data according to Equation [8}4647

d(In 1)
a(1/7) ®)

E,.=R

where R refers to the universal gas constant (8.314 J mol~*K~!), while I and T correspond
to current and temperature, respectively. Using the voltammetric data, E, was evaluated
at different oxidation potentials (E.x) applied for glucose and xylose. As shown in Figure
SI-17, the E, value varied depending on E... A similar polynomial trend for the E, value
as a function of E,, was also observed for the electrooxidation of glucose at pH 7.4,%® which
is consistent with theoretical calculations carried out by Protsenko and Danilov.*? In the
present study, the FE, values obtained for glucose ECO ranged from 8 to 22 kJ mol™!,

while those for xylose ranged from 13 to 24 kJ mol™'. The low E, values (<50 kJ mol™)

16



indicate that the kinetics for glucose and xylose oxidation are largely governed by diffusion
processes, FHAGSUSL

Long-term electrolyses at a constant potential of 1.3 Vzyg were carried out to study the
bulk conversion and selectivity of glucose and xylose ECO. The conversion of glucose in-
creased with higher reaction temperatures reaching 64.6 % at 40 °C (Table . However, the
increase in reaction temperature was accompanied by the increased formation of fructose as
shown in Figure [0, from the base-catalyzed isomerization of glucose. Higher reaction tem-
peratures also promoted the formation of other oxidative degradation products from glucose
(glycolic, oxalic, formic, and tartaric acid), which decreased the selectivity towards gluconic
acid formation as shown in Table 2] There was a large increase in TOF and productivity of
gluconic acid from 5 °C (2359 h™!) to 25 °C (4300 h™'), but only a minimal increase at 40
°C (4486 h™1'). This is largely due to the increased formation of by-products at 40 °C, which
decreased the number of available glucose molecules for oxidation.

For xylose ECO, higher reaction temperatures also increased conversion (Figure @c) but
at the expense of selectivity towards xylonic acid production (Figure @d) At 40 °C, more
side products were formed from xylose ECO compared to glucose ECO. These include formic
acid, acetic acid, and glycolic acid among other degradation products as analyzed by NMR
spectroscopy. The TOF and xylonic acid productivity were lower at 40 °C (1397 h™=!, 0.118

mol m2gcsa h™1) than at 25 °C (1897 h™!, 0.160 mol m2gcsa h™!) due to extensive

formation of by-products.

17



(a) (b)

100
® ——5°C
T 80{ ——25°C 1004
o —a—40 °C _
7] X 804
g / ./ E 60 [ |By-products
© 40l / 5 B Fructose
b - ‘ @ Il Gluconic acid
8 A a /l—/* &J’ 40 4
3 200 S/
o L f— 20+
Lo
0 ot .
0 80 160 240 320 400 5 25 40
Time (min) Temperature (°C)
(c) (d)
100
= —s—5°C I
< go{ ——25°C 100 l
5 ——40°C —_
2 g __— g 80,
1S9 -
4 / 2 [ |By-products
H ? > 60+ I Xylulose
8 40 / ,/ § I Xylonic acid
2 e . 5 40
b,
8 o " — 201
04 “:..l-l
T T T T T 0-
0 80 160 240 320 400 5 25 40
Time (min) Temperature (°C)

Figure 6: Time-dependent conversion of glucose (a) and xylose (c) at different temperatures
for ECO over the SC/Au catalyst and corresponding selectivity to gluconic acid (b) and
xylonic acid (d) compared to other reaction by-products. Electrolyses were carried out at
an applied potential of 1.3 Vgyg in 0.1 M of glucose and xylose with 0.1 M NaOH (pH =
12.5) for 6 h. The reaction solution was stirred at a rate of 600 rpm.
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Table 2: Summary of results obtained from the ECO of glucose and xylose at different
reaction temperatures. Electrolyses were carried out at an applied potential of 1.3 Vggp for
6 h in 0.1 M of sugar with 0.1 M NaOH as supporting electrolyte (pH 12.5).

Temperature Conversion  Acid Selectivity Acid TOF Acid Productivity

Sugar °C (%) (%) (") (mol m2pcsab—)
5 31.5+35 98.6+1.5 2359 0.200
glucose 25 57.7£3.5 81.5+4.2 4300 0.364
40 64.6+7.9 69.5+10.7 4486 0.380
5 28.0+1.3 97.240.5 1091 0.092
xylose 25 49.443.5 87.840.9 1897 0.160
40 64.5+5.0 43.5+8.5 1397 0.118

From the experimental data, it can be concluded that while sugar ECO at lower tem-
peratures (5 °C) would result in higher selectivity towards gluconic acid (98.6 %) or xylonic
acid (97.2 %), higher temperatures are required to achieve appreciable yields and conver-
sion rates. However, as observed in this work and earlier studies on glucose ECO, higher
temperatures give rise to side products that decrease the overall ECO rate and product se-
lectivity. Many of these side reactions, such as the isomerization of glucose and xylose into
fructose and xylulose, respectively, occur in the bulk solution. Comparing the TOF values at
5 °C where minimal side reactions were observed, the rate of gluconic acid formation (2359
h™') was significantly higher than that for xylonic acid (1091 h™!). This would indicate that

glucose has a higher reactivity than xylose towards ECO over the SC/Au catalyst.

pH effects

As shown in Figure , glucose conversion increased as the pH increased from pH 11 (7.4
%) to pH 12.5 (57.7 %) and then decreased as pH increased further to pH 13.5 (25.4 %).
Despite high concentrations of hydroxide, the selectivity towards gluconic acid formation
was lower at pH 13.5 (11.9 %) than at pH 12.5 (81.5 %) (Table [3). A similar trend in
pH effects was observed for xylose ECO, where the highest conversion and selectivity was

obtained at pH 12.5 (Figure and Table . A suitably high concentration of OH™ is

1812415254

necessary for sugar electrooxidation as observed for glucose, which would explain
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the higher conversion and sugar acid selectivity at pH 12.5 than at pH 11. However, a very
high concentration of OH™ could hinder glucose and xylose adsorption by decreasing the
number of active bare Au sites on the surface,”® which would explain the lower conversion
at pH 13.5. Tung et al. attributed the decrease in activity to the passivation of the Au
surface caused by the formation of Au(O)x,*” while Pasta et al. cited the oxidation of Au
surfaces to Au(OH)z for the catalyst’s deactivation at higher potentials.* To probe this,
we conducted a potential-programmed method for sugar electrolysis described in section 2.2
that continuously reduced Au to the metallic state. Figure SI-18 compares sugar ECO using
a fixed (static) potential and potential cycling. For glucose ECO, the conversion after 6 h
of potential-programmed electrolysis was 46.6 % with a gluconic acid selectivity of 76.1 %.
This was lower than the glucose conversion of 57.7 % using a fixed potential mode, which
also had a higher selectivity for gluconic acid (81.5 %). Similarly, the conversion of xylose
and xylonic acid selectivity were lower for the potential programmed ECO (41.0 % and 75.8
%, respectively) than for the static-potential ECO (49.4 % and 87.8 %, respectively). This
would indicate that there is no significant deactivation of the Au catalyst at the working
potential (+1.3 Vg ) throughout the reaction. Therefore, the decreased formation of sugar
acids at higher pH can be attributed to the competitive adsorption of OH™ ions on the Au
surface.

Table 3: Summary of results obtained from the ECO of glucose and xylose at different pH
conditions. Electrolyses were carried out at an applied potential of 1.3 Vgrgg for 6 h in 0.1
M of sugar at 25 °C.

Sugar pH Conversion Acid Selectivity Acid TOF Acid Productivity
(%) (%) (h=1) (mol m~2h~1)

11.0 7.443.0 32.943.0 169 0.014
glucose 12.5 57.7£3.5 81.544.2 4300 0.364

13.5 25.4+7.5 11.9+1.5 209 0.018

11.0 11.1+£3.5 38.543.0 344 0.029
xylose 12.5 49.443.5 87.8+£0.9 1897 0.160

13.5 22.7+4.0 10.5£1.0 158 0.013
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Figure 7: Time-dependent conversion of glucose (a) and xylose (c¢) at different pH conditions
for ECO over the SC/Au catalyst and corresponding selectivity to gluconic acid (b) and
xylonic acid (d) compared to other reaction by-products. Constant-potential electrolyses
were carried out at 1.3 Vrgg for 6 h using 0.1 M glucose and xylose at 25 °C. The reaction
solution was stirred at a rate of 600 rpm.
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In addition to lower selectivity towards gluconic and xylonic acid, higher pH also leads to
degradation products from glucose and xylose. These mostly include lower molecular weight
carboxylic acids, which were formed more extensively during xylose ECO than during glucose
ECO (Figure [7p and ) This would indicate that xylose has a higher propensity towards
C-C bond breaking than glucose, especially under more alkaline conditions, possibly in the

bulk solution as well as on the surface of the catalyst.

Simulated pH effects

Table 4: Energies (eV) and relative populations (%) of glucose and xylose. Relative energies
are given for solution phase sugars and adsorption energies are given for the clean and
hydroxylated Au(111) surface. Relative populations are given in parentheses.

Sugar Solvated Au(111) Au(111) + 1/4 ML OH
D-glucose  0.30  (6x10~%)  —1.07  (4x107°)  —1.41  (6x1079)
B-D-glucopyranose 0.00 (69.48) —1.15 (99.55) —1.52 (0.05)
a-D-glucopyranose 0.02 (30.52) —1.03 (0.45) —1.73 (99.95)
D-fructose  0.12  (0.54) —0.96  (6.03) —1.20 (2x1077)
B-D-fructopyranose 0.00 (53.52) —0.87 (15.47) —1.36 (0.01)
a-D-fructopyranose 0.02 (27.17) —0.78 (0.26) —1.36 (0.01)
B-D-fructofuranose 0.05 (6.45) —0.94 (33.00) —1.53 (1.03)
a-D-fructofuranose 0.04 (12.33) —0.93 (45.24) —1.63 (98.95)
Dxylose  0.22  (0.01) —0.65  (4x10°7)  —1.17  (1x10°%)
B-D-xylopyranose 0.02 (34.18) —0.94 (99.99) —1.55 (100)
a-D-xylopyranose ~ 0.00  (65.81) —0.68  (0.01) —1.24  (1x1073)
D-xylulose ~ 0.05  (13.28) —0.78  (1.05) —1.13  (8x1079)
B-D-xylulofuranose 0.00 (80.18) —0.85 (91.41) —1.51 (99.99)
a-D-xylulofuranose 0.06 (6.55) —0.85 (7.54) —1.34 (0.01)

The relative populations of solvated glucose tautomers (see Table [4)) are in good agree-
ment with experimental values.?” Although our calculated relative populations of solvated
xylose tautomers are in contradiction with experimental results, they agree with previous
computational studies.”®2” The calculated relative populations of fructose and xylulose tau-
tomers also differ from experimental values.?®*? Nevertheless, qualitative trends are retained,
namely the S-pyranose tautomer of both fructose and xylulose has the highest population

while the acyclic form has the lowest. The discrepancy between computational and experi-
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mental populations of sugar tautomers has previously been attributed to solvent rearrange-
ment around the sugar.?® Explicit solvation would correct this; however, such calculations
are costly computationally and beyond the scope of the present study.

The adsorption energies given in Table |4 show that the S-pyranose form of glucose and
xylose is preferentially adsorbed over the a-pyranose and acyclic forms on the clean Au(111)
surface. Although acyclic fructose has the most exothermic adsorption energy, the relative
energies of adsorbed fructose tautomers on bare gold suggest that a- and p-fructofuranose
will be in higher concentration on a clean Au(111) surface. Similarly, for xylulose, both
cyclic forms have the same adsorption energy, but the relative energies favor a higher (-
xylulofuranose population.

All sugars are very sensitive to the orientation of the alcohol groups with respect to the
surface, particularly towards coadsorbed hydroxyl groups (see Figure |8 and Figures S4-S7
for adsorbed structures). Certain configurations of glucose and xylose cause the deproto-
nation of alcohol groups not involved in the formation of the lactone and sugar acid. The
alcohol group transfers its proton to a coadsorbed hydroxyl group, thus forming an adsorbed
water molecule. Similar observations were made for the structures of the first intermediate
leading to the lactone. These deprotonated configurations may also be considered as in-
termediates towards other products, however the mechanisms and final products resulting
from these configurations are unknown. To preserve the molecular identity of the adsorbates
considered as well as the surface pH through the number of adsorbed hydroxides, these dis-
sociated structures are excluded from further consideration. Thus, considering only intact
sugar molecules, the tautomers of fructose, xylose, and xylulose with the highest population
on clean Au(111) also have the lowest adsorption energies and are enriched on the Au(111)
+ 1/4 ML OH surface. In contrast, a-D-glucopyranose adsorption becomes more exother-
mic than g-D-glucopyranose on the hydroxylated surface. The relative populations of a-
and [-glucopyranose are also reversed compared to the clean Au(111) surface. Regardless

of tautomerism, the adsorption energy becomes more exothermic by 0.3-0.7 eV due to hy-
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Figure 8: Adsorbed structures for (a) S-D-glucopyranose on bare Au(111), (b) on Au(111)
+ 1/4 ML OH, (c) B-D-xylose on bare Au(111), and (d) on Au(111) + 1/4 ML OH.
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drogen bonding interactions with coadsorbed hydroxyl groups. Although hydrogen bonding
interactions with surface water molecules are expected on both the bare and hydroxylated

surface, these have been shown to be less influential proton abstractions than adsorbed oxide

or hydroxide species. %64
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Figure 9: Thermodynamic profile for the electrooxidation of (a) S-D-glucopyranose on a clean
Au(111) surface and (b) with 1/4 ML OH, and (c) g-D-xylopyranose on a clean Au(111)
surface and (d) with 1/4 ML OH following reaction paths given in Figure . Adsorbed
species are labelled with an asterisk. G, GL, GA, GAc, and aFF correspond to glucose,
gluconolactone, gluconate, gluconic acid, and a-fructofuranose, respectively. Similarly, X,
XL, XA, XAc, and SXF represent xylose, xylonolactone, xylonate, xylonic acid, and (-
xylulofuranose, respectively. HO and HC indicate the atom from which the first hydrogen is
removed.

As shown in Figure [9 and Figure SI-11, the first PCET of both cyclic tautomers of glu-
cose and xylose occurs preferentially at the relevant CH group, rather than at the OH group
regardless of whether the Au(111) surface is hydroxylated or not. While this contradicts pre-

vious studies examining glucose oxidation on gold,?262 the CH dehydrogenation being the
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preferred initial PCET agrees with similar studies on glycerol.""¢3#4 Although the reaction
energy decreases for the CH dehydrogenation of both glucose tautomers on the Au(111) +
1/4 ML OH surface, no significant change was observed for the same step involving S-D-
xylopyranose. In contrast, no stable singly dehydrogenated form of a-D-xylopyranose was
observed on the Au(111) 4+ 1/4 ML OH surface, which may indicate that § — « tautomeriza-
tion is necessary for xylose oxidation to proceed. The reaction energy for the double PCET
from a-D-xylopyranose to form xylonolactone is 0.31 eV while the equivalent reaction en-
ergy for the 5 anomer is 0.60 eV. Although the lactone is more strongly adsorbed on the
hydroxylated surface than the bare surface, the second PCET step becomes less exothermic
on the Au(111) + 1/4 ML OH surface. Indeed, the largest increase in reaction energy is
observed for gluconolactone produced from singly dehydrogenated a-D-glucopyranose: -0.27
eV on clean Au(111) and 0.32 eV on Au(111) + 1/4 ML OH. The second PCET reaction
energy for a-D-glucopyranose on the Au(111) + 1/4 ML OH surface is also only 0.10 eV more
exothermic than the first PCET. This suggests that the hydroxylated surface forms a nearly
ideal catalyst for the oxidation of a-D-glucopyranose towards adsorbed gluconolactone. The
difference between the reaction energies for the first and second PCET of 5-D-glucopyranose
also decreases from 1.21 eV to 0.73 eV as the surface becomes hydroxylated. No such signif-
icant change is observed for S-D-xylopyranose which is expected to be the dominant anomer
adsorbed on the hydroxylated surface. The more favourable adsorption energetics for a-D-
glucopyranose compared to S-D-glucopyranose and both D-xylopyranose anomers combined
with nearly ideal PCET reaction energies may explain the higher yields of gluconic acid
compared to xylonic acid under basic conditions.

The first two PCET are common to both mechanisms gluconate or xylonate forms in the
bulk solution or on the electrode’s surface, therefore it is necessary to consider the following
steps to determine the preferred reaction mechanism. Gluconate, xylonate, and the corre-
sponding lactones are all stabilized on the hydroxylated Au(111) surface compared to the

bare surface. Lactone desorption therefore becomes more endothermic as the gold surface
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Table 5: Standard equilibrium, surface equilibrium and limiting potentials (Vggg) for the
oxidation of glucopyranose and xylopyranose. RS1 and RS2 refer to the reaction paths given
in Figure [2]

glucopyranose xylopyranose
5-D a-D 6-D a-D
RS1 RS2 RS1 RS2 RS1 RS2 RS1 RS2
qu -0.02 -0.02 -003 -0.03 —-0.06 -0.06 —0.05 —0.05
Uil (clean) 051 030 047 023 040 026 032  0.14
Ugé”f (1/4 ML OH) 0.51 0.27 0.57 0.37 0.47 0.30 0.37 0.15
Ur (clean) 0.94 0.91 0.94 0.73 0.68 0.67 0.78 0.78
Ur (1/4 ML OH) 0.97 0.64 0.97 0.42 0.80 0.69 0.80 0.15

becomes hydroxylated. This might suggest that the surface mediated formation of gluconate
or xylonate is the energetically preferred mechanism. It is important to note, however,
that the formation and desorption of adsorbed gluconate or xylonate is effectively an oxi-
dation followed by a reduction which will become increasingly unfavourable as the absolute
potential or pH increases (refer to Figures SI-12 and SI-13). In contrast, the lactone des-
orption and subsequent formation of gluconate or xylonate in the bulk solution constitute
so-called chemical steps and their energetics are not expected to be significantly affected by
changes in the electrode’s absolute potential. Forming the adsorbed gluconate or xylonate
from the corresponding lactone becomes the potential limiting step for both glucose anomers
and S-D-xylopyranose on both bare and hydroxylated Au(111) surfaces as well as for a-D-
xylopyranose on Au(111) + 1/4 ML OH surface. This reaction step is at least 0.5 eV more
endothermic than the first PCET for the most reactive anomers, that is a-D-glucopyranose
and a-D-xylopyranose. Furthermore, this step also involves the ring opening and as a result
may be kinetically more hindered than the simple dehydrogenation in the first two PCET
steps or the ring opening in solution. This mechanism is unlikely to be available until much
higher potentials than needed for the solution phase lactone mechanism and then only for
a small window of potentials as the final reduction necessary for the desorption would be-
come increasingly energetically unfavourable (see Figures SI-12 and SI-13). The solution

phase lactone mechanism is expected to be the preferred mechanism having lower limiting
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potentials than further surface-mediated oxidation. This agrees with previous experimental
results which indicated that the first PCET is the limiting step®? as well as our own experi-
mental results which show that the kinetics of glucose and xylose oxidation are governed by
diffusion processes. Under our experimental conditions, where the potential is fixed at 1.30
VruE, gluconate and xylonate desorption is 0.26 eV and 0.12 eV more favourable than the
corresponding lactones, respectively. This difference falls within the average solvation error
of 0.24 eV ,* therefore the two mechanisms may be active at this potential. The desorption
energies for gluconate and gluconolactone compared to xylonate and xylonolactone respec-
tively, are similar, therefore the significantly more favourable energetics for the adsorption
of and first two PCET from a-D-glucopyranose in particular contribute to the higher TOF
observed for glucose compared to xylose.

Figure [9) also compares the energies of glucose oxidation with the formation of a-D-
fructofuranose and xylose oxidation with the formation of S-D-xylulofuranose. As shown in
Table [4] these are expected to be the dominant fructose and xylulose tautomers on both
the bare and hydroxylated Au(111) surfaces. The overall isomerization between solution
phase sugars is nearly thermoneutral. The reaction energies show that isomerization be-
tween adsorbed sugars is thermodynamically preferred over the first PCET step. Indeed,
the isomerization is exothermic for a-D-xylopyranose on both surfaces as well as for §-D-
glucopyranose on the Au(111) + 1/4 ML OH surface. Despite the favorable energetics, the
isomerization is not an electrochemical reaction and the corresponding reaction energies will
be relatively unaffected by an applied potential. In addition, coadsorbed hydroxyl groups
stabilize a-D-fructofuranose and [-D-xylulofuranose such that desorbing these sugars is no
longer competitive with lactone desorption or further oxidation.

The thermodynamically preferred mechanism for both sugars on both surfaces involves
deprotonating the relevant carbon first. In general, the presence of coadsorbed hydroxide
groups lowers the thermodynamic barrier for this step. On both bare and hydroxylated

surfaces, the mechanism forming adsorbed gluconate or xylonate is only available at higher
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potentials than for the mechanism where the lactone desorbs. In addition, gluconate or
xylonate desorption is effectively a reduction and potential-dependent thereby decreasing
the range of potentials at which this mechanism can be active. The presence of OH,g
facilitates sugar adsorption and lowers the reaction energy of the first PCET which represents
the potential limiting step in the desorbing lactone mechanism. Previous studies have also
shown that OH,4s contributes to lowering the kinetic barriers of PCET steps.“” Furthermore,
lactone desorption becomes more favourable than the desorption of fructose or xylulose on
Au(111) 4+ 1/4 ML OH compared to the bare surface suggesting OH,4s also has a role in the

selectivity towards the corresponding sugar acids.

Conclusions

In this work, the effects of reaction parameters on the electrocatalytic oxidation of glu-
cose and xylose were studied employing a mesoporous carbon-supported Au nanocatalyst.
Temperature studies demonstrate an optimal temperature for ECO can increase the rate of
oxidation while preventing side product formation. Experimental results also indicate an
optimal OH™ concentration drives glucose and xylose ECO reactions. Higher OH™ concen-
tration (therefore, higher pH) resulted in lower ECO activity possibly due to fewer active
sites available for sugar adsorption. Side reactions at higher temperature and pH mainly
involve the aldose to ketose isomerization (e.g. glucose to fructose) and the formation of
lower molecular weight carboxylic acids (e.g. formic, glycolic, formic acids). Our com-
putational results demonstrate the role OH,qs has in the sugars” ECO and selectivity by
stabilizing adsorbed sugars and lowering the reaction energy for the first PCET. Glucose
adsorption is energetically more favourable than xylose, particularly for the most reactive
glucose tautomer, a-D-glucopyranose thus explaining the higher TOF observed for glucose.
Our results also indicate that although both may be active, the mechanism forming glu-

conate or xylonate should be available for a narrower window of potentials than the lactone
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desorption mechanism. Potential programmed glucose and xylose ECO, intended to keep a
high catalytic activity for Au during prolonged electrolysis, showed lower sugar conversions
compared to ECO at a fixed potential. This indicates that minimal Au deactivation occurs
at the working (static) potential of 1.3 Vgyp and therefore, would not require dynamic in-
situ reactivation. The results obtained in this study demonstrate that by tuning reaction
parameters such as temperature and pH sugar ECO can be accomplished over a carbon-
supported Au nanocatalyst with low metal loading. This in turn provides a further basis
for the electrochemical production of higher-value chemicals from biomass sources, a process

that could utilize renewable energy for sustainable chemical production.
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