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Abstract: The electro-reforming of glucose/xylose mixtures has
been evaluated at Pd;Au/C anodes in 0.10 mol L™ NaOH
electrolyte. The catalysts synthesized by a wet chemistry route are
comprehensively  characterized by  physicochemical and
electrochemical technigues. From linear scan voltammetry and in-
situ Fourier transform infrared spectroscopy measurements, it was
shown that the Pdo3Auq-/C material led to the best electrocatalytic
behavior towards the electrooxidation of glucose/xylose mixtures in
terms of activity (higher current densities at lower potentials) and
selectivity (lower dissociative adsorption). Six-hour
chronoamperometry measurements were performed at 293 K in a 25
cm? electrolysis cell at +0.4 V and +0.6 V and the reaction products
were analyzed by high performance liquid chromatography. The
main products were gluconate and xylonate, but the contributions of
xylose to the whole products formed was always lower in
percentages than the initial xylose ratios in solutions, showing that
glucose was more electro-reactive than xylose at Pdo 3Auq 7 surface.

Introduction

The electro-conversion of oxygenated compounds from biomass
is now considered as an interesting mean for the simultaneous
production of both value-added compounds at the anode and
hydrogen at the cathode of an electrolysis cell*?. Lignocellulosic
biomass is a very abundant non-edible raw material that has
attracted huge interest in bio-refineries for production of fuels
and chemicals®. According to the feedstock, lignocellulosic
biomass contains 30 - 45 % cellulose, 20 - 50 % hemicellulose
and around 20 % lignin’’. Lignin is composed of an amorphous
heteropolymer network of phenyl propane units held together by
different linkages and has interest for second generation biofuel
production. Cellulose is a linear crystalline polymer composed of
glucose units®” linked via R-(1,4) glycosidic bonds, whereas
hemicelluloses are branched polymers of mainly pentoses
(xylose, arabinose) and hexoses (mannose, glucose,
galactose)®. In fact, glucose and xylose are the main sugars in
hydrolysates after lignocellulosic biomass pretreatments to
separate lignin from carbohydrates, and it has been proposed
that the economically feasible production of valuable chemicals
from lignocellulosic biomass should also lean on the conversion
of both xylose and glucose!®.

The carboxylic acid (carboxylate) derivatives of glucose and
xylose, gluconic (gluconate) and xylonic (xylonate) acids,

respectively, are of great interest as bio-sourced platform
molecules!” for a large panel of applications®®. We recently
showed that each of these sugars could be electrooxidized with
very high conversion rate and selectivity into their corresponding
carboxylate form using carbon supported alloyed Pd;«Au/C
(atomic ratios, with 0 < x < 1) nanostructured materials, with the
Pdo.3AUo 7/C one leading to the higher catalytic performances®.
The objective of the present contribution is to evaluate the
electrocatalytic behavior of such materials towards the
electrooxidation of mixtures of glucose and xylose. Considering
that cellulose and hemicellulose are each present at about the
same ratio in lignocellulosic biomass (see above), that cellulose
contains only hexoses, and that hemicellulose contains both
pentoses and hexoses™, the electrocatalytic behaviors of Pd;.
«Au/C materials will be studied in alkaline aqueous
glucose/xylose mixtures with molar ratios 90%/10%, 70%/30%
and 50%/50% and compared to those for pure glucose and
xylose solutions. Chronoamperometry measurements will be
performed using the most promising anodic catalysts to check its
behavior in a two electrode electro-reforming reactor. To our
knowledge, this is the first time that such a study on the
evaluation of the electrochemical reactivity of glucose/xylose
mixtures is proposed.

Results

Physicochemical characterization of catalysts

The Pd1xAu,/C catalysts were characterized by physicochemical
and electrochemical methods in a previous work™. Table 1
summarizes the main physicochemical and electrochemical
characteristics of materials. The actual metal loadings (W) were
determined by thermogravimetric analyses (TGA), whereas the
Pd/Au atomic ratios (comp.) were estimated from atomic
absorption spectroscopy (AAS). The good agreement between
the actual and nominal metal loadings and atomic ratios
indicated that the synthesis was quantitative, e.g., all metal ions
were integrated in the catalytic nanoparticles.

The values of particle sizes (drem) from transmission electron
spectroscopy (TEM) images and crystallite sizes (Ly) from x-ray
diffraction (XRD) pattern analyses followed the same trends, i.e.,
increasing with the increase of the Au content in nanoparticles
(NPs). From XRD pattern analyses, the lattice parameter (a) has
been shown to linearly increase with the Au content, which
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confirmed the formation of PdAu alloy structures. From
electrochemical measurements, it was shown that the surface of
Pd;«Auy nanoparticles was palladium rich compared to the bulk
composition for x = 0.7, exhibiting only Pd and a single PdAu
surface alloy, whereas for x = 0.3 the catalyst exhibited two
PdAu surface alloys of different compositions coexisting with
pure gold islands. In addition, the electroactive surface area of
the catalysts (ESA) decreased with the gold content from ca. 60
M? gmetar ~ for PA/C to ca. 14 m? gmeta - for Au/C.

Table 1. Main physicochemical and electrochemical characteristics of Pd;.
«Au,/C catalysts by TGA (W), AAS (comp.), XRD (a and L), TEM (drem) and
cyclic voltammetry (alloy surface comp., total surface comp. and ESA).

Pd/C Pdo.7Auq3/C Pdo.3Aup7/C Au/C
W (Wt%) 40.0 36.2 41.3 35.4
Comp. Pd: 100 Pd: 80 Pd: 23 Pd: 0
(at%) Au: 0 Au: 20 Au: 77 Au: 100
a(A) 3.897 3.936 4.033 4.071
L, (nm) 2.9 3.3 5.9 4.4
drem (NM) 4.0 43 5.8 6.8
illlj:acsom Pd:100  Pd: 89 Pd: 81 60 0 Pd: 0
Yy Comp- - auo Au: 11 Au:19 40 100 Au:100
(at%)
lj:gce Pd:100  Pd: 89 Pd: 28 Pd: 0
Au: 0 Au: 11 Au: 72 Au: 100
comp. (at%)
ESA
. 61 33 20 14
(m2 gme(al 1)

Electrocatalytic evaluation of Pd1.<Au,/C materials

The electrocatalytic behaviors of the Pd;xAu/C materials are
first investigated by comparing for each glucose/xylose ratio in
the electrolyte (with a total concentration of glucose and xylose
of 0.10 mol L) the third stable LSVs recorded on all catalysts at
the scan rate of 0.005 V s™ from +0.050 V to +1.200 V vs RHE
in 0.10 mol L™ NaOH electrolyte (Figure 1). Because the current
densities are corrected from the metal loadings as determined
by TGA, LSVs in Figures 1 and 2 compare the mass activity of
catalysts as a function of the electrode potential for the oxidation
of different glucose/xylose ratios in the electrolyte.

The first remark is that Pd and Au behave differently for aldose
electrooxidation, gold being more active than palladium in the
low potential region as higher current densities are recorded on
Au/C than on Pd/C form ca. +0.200 V to ca +0.600 V vs RHE for
glucose oxidation and from ca. +0.250 V to ca. +0.720 V vs RHE
for xylose oxidation. This could be due to a lower gold surface

poisoning by species from aldose adsorption than on Pd surface.

The second remark is that xylose seems less electro-reactive
than glucose at low potentials as the onset potential of oxidation
(defined as the potential for which the current density reaches a
value of 015 mA cm? is always higher for xylose
electrooxidation than for glucose electrooxidation, independently
on the Pd;xAu,/C catalyst composition.

But the most important result from this study is that the
PdosAuo7/C catalyst displays the lowest onset potential of
oxidation and the highest achieved current densities in the
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potential region from +0.100 V to +0.500 V vs RHE, whatever
the glucose/xylose molar ratio is. The higher tolerance to
poisoning of a non-alloyed PdosAuo7/C catalyst amongst a
series of Pdi.xAu,/C materials was already pointed out by Yan et
al."? for the electrooxidation of pure glucose in alkaline medium.
Rafaideen et al.*% found that the alloyed PdosAuo7/C catalyst
also presented the higher tolerance to poisoning for both pure
glucose and pure xylose electrooxidation in alkaline medium. It
is now generalized to glucose/xylose mixtures.
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Figure 1. Linear scan voltammetry recorded on Pd/C (plain black line),
Pdo.7Au 3/C (dashed black line), Pdo 3Aug 7/C (dashed grey line) and Au/C
(plain grey line) for the electrooxidation of (A) 0.10 mol L™ glucose, (B) 0.10
mol L™ xylose, (C) 0.10 mol L™ glucose 90%/xylose 10%, (D) 0.10 mol L™
glucose 70%/xylose 30% and (E) 0.10 mol L* glucose 50%/xylose 50%. Scan

rate = 0.005 V s, No-purged 0.10 mol L™ NaOH electrolyte, T = 293 K).

Pd/C and Au/C catalysts do not behave similarly towards the
electrooxidation of aldoses, and Au/C is more active than Pd/C.
But when both metals are alloyed, a synergetic effect emerges
that makes the onset potential for the oxidation of pure xylose,
pure glucose and glucose/xylose mixtures shifting towards lower
values than those of pure metals; the PdosAupz; atomic
composition allows achieving the lowest onset potentials.

To better visualize the electrocatalytic consequences of this
synergetic effect, Figure 2 compares the third stable LSVs
recorded on each Pdi Au/C catalyst for the oxidation of
different glucose/xylose ratios in the electrolyte.

Considering first the Pd/C catalyst (Figure 2A), the onset
potential for glucose electrooxidation is +0.300 V vs RHE and
shifts towards higher values with the increase of xylose molar
ratio in the mixture, to reach +0.350 V vs RHE and +0.400 V vs



RHE for glucose/xylose molar ratios of 90%/10% and 70%/30%,
respectively, indicating a competition for adsorption/oxidation of
both molecules at the Pd surface. It is worth to note that for a
glucose/xylose molar ratio of 50%/50%, the LSV almost
completely superimposes that recorded in pure xylose solution.
These results may indicate that xylose has higher affinity for the
Pd surface than glucose and that the adsorption of xylose leads
to more strongly adsorbed species that need higher electrode
potentials to be removed from the catalyst surface. The same
trend can be observed for the palladium-rich surface Pdo 7Auq3/C
catalyst without pure gold islands (Figure 2B).
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Figure 2. Linear scan voltammetry recorded for the electrooxidation of 0.10
mol L™ glucose (plain grey line), 0.10 mol L™ xylose (plain black line), 0.10 mol
L™ glucose 90%/xylose 10% (dashed grey line), 0.10 mol L™ glucose
70%/xylose 30% (dashed-dotted grey line) and 0.10 mol L™ glucose
50%/xylose 50% (dashed black line) on (A) Pd/C, (B) Pdo.7Auo3/C, (C)
Pdo3sAUo+/C and (D) Au/C. Scan rate = 0.005 V s, Np-purged 0.10 mol L™

NaOH electrolyte, T = 293 K).

The Pdo3Auo7/C catalyst, that displays pure gold islands
together with two PdAu surface alloys, led to LSV shapes for the
electrooxidation of glucose/xylose mixtures (Figure 2C) differing
drastically from those recorded on Pd-rich catalysts and
resembling those recorded on the monometallic Au/C material
(Figure 2D). The increase of the xylose molar ratio from 10% to
50% does not involve significant changes in the shape of the
LSV and in the electrooxidation onset potentials, which remain
close to that of glucose oxidation on Au/C catalyst, as if glucose
had higher affinity than xylose with such gold-rich surfaces.

Pdo3Aug 7/C catalyst is not only the most active catalyst in terms
of lower electrooxidation onset potentials and higher current
densities in the potential range from +0.150 V to +0.700 V vs
RHE, but also seems to be more tolerant to the presence of
xylose up to 50% molar ratio as all polarization curves are closer

each to the others from the electrooxidation onset potential to ca.
+0.400 V vs RHE than in the case of other catalyst compositions.

WILEY-VCH

In situ infrared investigation of the electrooxidation of
glucose/xylose mixtures

To obtain some insights on the behavior of catalysts towards the
electrooxidation of pure glucose, pure xylose, glucose
90%/xylose 10% and glucose 50%/xylose 50% mixtures, in situ
infrared spectra were recorded on Pd/C, PdosAuy7/C and Au/C
materials (Figure 3).
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Figure 3. Infrared spectra recorded from +0.050 to +1.150 V vs RHE for the
electrooxidation on (A,B,C,D) Pd/C, (E,F,G,H) Pdy3Auq7/C and (1,J,K,L) Au/C
of (AE,I) 0.10 mol L™ glucose, (B,F,J) 0.10 mol L™ glucose 90 %/xylose 10 %,
(C,G,K) 0.10 mol L™ glucose 50 %/xylose 50 % and (D,H,L) 0.10 mol L™
xylose. Scan rate: 0.001 V s, resolution 4 cm™, N,-purged 0.10 mol L™
NaOH electrolyte, T = 293 K. Vertical scale: AR/R. In Figure 3A. The blue box
highlights the C-O stretching regionB, the green one the bands from O-C-O
vibration modes, the orange one the CO,q4s band and the black one the

interfacial CO, band.

Regarding the spectra recorded on Pd/C (Figures 3A, B, C, D),
they all exhibit about the same absorption bands. Four negative
bands are located at ca. 1060, 1099, 1137 and 1225 cm™ and a
positive one at ca. 1176 cm™, i.e. in the C-O stretching region™.



Then, two negative bands at ca. 1417 and 1587 cm™ assigned
to symmetric and asymmetric stretching mode of O-C-O, and a
band at ca. 1357 cm™ assigned to the §(O-C-O) vibration mode
correspond to the formation of carboxylates®™®¥. These
observations imply that same chemical groups are reacting and
formed for the electrooxidation of pure glucose, pure xylose and
mixtures of glucose/xylose on Pd/C catalyst. A strong absorption
band shifts between 1890 and 1940 cm™ with the applied
electrode potential. This band is assigned to the formation of
adsorbed bridge-bonded carbon monoxide species (COags) ON
palladium™. Therefore, the palladium surface can break the C-
C bond and perform the dissociative adsorption of aldoses from
very low electrode potentials. The shift in the position of this
band (ca. 42.5 cm™/V) can be due to both the stark effect
induced by the electrode potential and the change in dipole-
dipole interaction between CO,4s Species with the variation of the
surface coverage*®.

It is worth to notice that the relative intensity between the
negative adsorption bands in the 1000 to 1700 cm™
wavenumber region and the bridged COags band decreases
gradually with the increase of the xylose molar ratio in the
electrolyte. This observation indicates that the Pd surface
coverage by bridged COg4s increases also gradually with the
xylose molar ratio, confirming the higher affinity of xylose
towards Pd surface than glucose and a higher surface poisoning
by xylose than by glucose. At last, a negative band growth with
electrode potential at 2343 cm™ corresponding to the formation
of interfacial CO,*".,

Now, regarding the in situ infrared spectra recorded on
Pdo3Auo 7/C (Figures 3 E, F, G, H) and Au/C (Figures 3 1, J, K, L)
catalysts, the same absorption bands as in the case of Pd/C are
exhibited in the 1000 to 1700 cm™ wavenumber range.
Therefore, same chemical functions are either reacting (positive
band) or formed (negative bands). But, in these cases no band
corresponding to adsorbed CO species is observed. The CO,
band starts to be observed from +0.700 V vs RHE. This means
that, at least for electrode potential lower than +0.650 V vs RHE,
no C-C bond breaking occurs and therefore that gluconate
and/or xylonate are produced on the Au surface-rich Pdo3Auo 7/C
(presenting Au islands) and Au/C catalysts. However, due to the
very low changes in recorded spectra with the glucose/xylose
molar ratio in electrolytes, no indication on the higher affinity of
glucose or xylose towards these catalytic surfaces can be
obtained from these experiments.

Chronoamperometry measurements

To obtain supplementary information on the behavior of the
Pdo 3Auq 7/C catalyst towards electro-reforming of glucose/xylose
mixtures, chronoamperometry measurements were first
performed for 6 hours at a cell volage of +0.4 V (anode
potentials corresponding to the first oxidation wave in LSV) and
25 °C, and the reaction products analyzed every hour by high
performance liquid chromatography. The experimental set-up,
analytical methods and data treatment were explained
elsewhere!’®*®¥! The cathodic counter reaction being the
hydrogen evolution reaction (HER), it has been shown
previously that the anode potential remained between +0.35 V
and +0.40 V vs RHE!**®!, Because LSVs point out the following
trend in terms of current achieved for electrode potentials lower
than +0.4 V vs. RHE, glucose 90%/xylose 10% > glucose
70%/xylose  30% > glucose 50%/xylose 50%, the
chronoamperometry measurements were performed for glucose
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90%/xylose10% (Figure 4A) and glucose 50%/xylose 50%
(Figure 4B) mixtures in 0.10 mol L™ NaOH aqueous electrolyte.
In both cases, the formation of gluconate and xylonate increases
with time. The percentages of gluconate and xylonate formed
are always close to the initial percentages of glucose and xylose
in the electrolytes, as if both sugars reacted simultaneously at
the catalyst surface with the same kinetics.
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Figure 4. Histograms of product distribution (gluconic, xylonic and threonic
acids) as a function of time determined by HPLC from 600 pL aliquots
sampled every hour of chronoamperometry measurements for 6 hours at 293
K for the electro-reforming of (A, C) 0.10 mol L™ glucose 90 %/xylose 10 %
and (B, D) 0.10 mol L™ glucose 50 %/xylose 50 % at cell voltages of (A,B)

+0.4V and (C, D) +0.6 V.

However, it is worth to notice that the faradaic charges recorded
are lower in the chronoamperometry measurements performed
from the glucose 50%/xylose 50% mixture than from the glucose
90%/xylose 10% one (Table 2 and Figure SI1 in Supporting
Information). At the same time, the amount of gluconate and
xylonate formed decreases from 0.0553 mol L™ (0.0500 mol L™
gluconate and 0.0053 mol L™ xylonate) in the case of electro-
reforming of glucose 90%/xylose 10% mixture to 0.0333 mol L™
(0.0175 mol L™ gluconate, 0.0149 mol L™ xylonate) in the case
of electroreforming of glucose 50%/xylose 50% mixture. In
addition, a very small amount of threonate (0.0009 mol L*
threonate) could be determined in the last case.

Chronoamperometry measurements at a cell voltage of +0.6 V
(as for the cell voltage of +0.4 V, it can be expected that the
anode potential lies in the range from +0.50 V to +0.60 V vs
RHE, which corresponds to potentials in the oxidation current
plateau in LSV) displayed the same trends as at +0.4 V, i.e., the
percentages of gluconate and xylonate formed were always
close to the initial percentages of glucose and xylose in the
electrolyte (Figures 4D and 4E), but the faradaic charges
recorded are only slightly lower from the glucose 50 xylose 50%
mixtures than from the glucose 90%/xylose 10% one (Table 2,



and Figure SI1 in Supporting Information). But the conversion
rates of glucose and xylose are higher at +0.6 V than at +0.4 V
as higher charges and concentrations of gluconate and xylonate
were obtained, with 0.0824 and 0.0690 mol L™ for glucose
90%/xylose 10% and glucose 5%/xylose 50%, respectively, at

+0.6 V against 0.0553 and 0.0324 mol L™, respectively, a +0.4 V.

Note that for such a cell voltage, no threonate could be detected
by HPLC.

Table 2. Data from the electroreforming of glucose 90 %/xylose 10 % and
glucose 50 %/xylose 50 % determined from HPLC analysis of the reaction
products.

glucose 90 %/xylose 10 % glucose 50 %/xylose 50 %

Cell voltage

+0.4 +0.6 +0.4 +0.6
v)
Cgluconale
(mol L) 0.0500 0.0730 0.0175 0.035
nylona\e
(mol Ly 0.0053 0.0094 0.0149 0.034
Clhreonale 0 0 0.0009 0
(mol L™H? :
Chroducts 0.0553 0.0824 0.0333 0.069
% gluconate  90.4 88.6 52.5 50.1
% xylonate 9.6 11.4 44.7 49.7
% threonate 0 0 2.8 0

0.21(y=0)

X 0.35 0.44 027 (y=1) 0.69
Glucose _
contribution 96.7 95. ggg Ey - (B 66.0
%) 2=
Xylose —
contribution 3.3 5.0 iy 1(2’ ‘_0)1) 34.0
%) s
Discussion

On the one hand, LSV measurements indicate that xylose can
be less reactive than glucose at the Pd and Au based catalytic
surface as higher onset potentials and lower current densities
from the onset potential of oxidation to ca. +0.500 V vs RHE are
recorded. On the other hand, infrared spectroscopy
measurements clearly indicate that on Pd rich surfaces, xylose
undergoes strong dissociative adsorption from very low
electrode potentials forming more adsorbed CO species than
glucose, according to the relative intensities of the infrared band
in the 1900 c¢cm™ region. Therefore, one could conclude that
xylose is not less reactive than glucose on Pd rich surface, but
more prone to dissociatively adsorb and poison the surface and
to block it for further reactions. However, for gold-rich surfaces,
i.e., in the case of the PdosAup7/C and Au/C catalysts, the
dissociative adsorption of xylose seems to be avoided or at least
limited since no CO absorption band was observed on the
infrared spectra. Elsewhere, it was proposed that the formation
of close-packed vertically adsorbed gluconic or xylonic
molecules was responsible of the gold surface deactivation
(poisoning)®. But the LSVs of xylose electrooxidation on
Pdo3Auo7/C display higher onset potentials and lower current
densities in the region of potentials lower than +0.5 V vs RHE,
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speaking towards either a lower reactivity of xylose compared
with that of glucose or to a higher adsorption strength of the
xylose adsorbed intermediate (xylonate) than that of the glucose
one (gluconate).

Results from chronoamperometry measurements at a cell
voltage of +0.4 V indicate that the increase of xylose proportion
in the anolyte leads to a decrease of the electrical charges
involved in the electroreforming reaction (Table 2).
Chromatograms from HPLC (Figure SI1 in Supporting
Information) display highly intense peaks related to gluconic and
xylonic acids, as well as very small peaks (almost not
observable from the background) corresponding to threonic,
glycolic and formic acids, indicating that those last products are
formed as traces. The fact that glucose oxidation produces
gluconate together with ca. 9.3 mol % xylonate and traces of
threonate after 6 hours electroreforming of 0.10 mol L™ glucose
in 0.10 mol L™ NaOH electrolyte at a PdosAuo-/C catalyst at a
cell voltage of +0.4 V was already evidenced in a previous
work™. The C2 and C1 species are likely produced during the
oxidation processes of glucose into xylonate and threonate, and
of xylose into threonate. Therefore, the conversion rate
decreases also with the xylose concentration in the electrolyte.
However, according to HPLC measurements, the ratios of
xylonate and gluconate after 6 hours of chronoamperometry at
+0.4 V and +0.6 V are very close to those of xylose and glucose
in the mother mixtures, which could be explained by a similar
reactivity of both aldoses and a similar reaction rate into their
corresponding carboxylate forms.

It is also worth to notice that the peak at ca. 8.6 min assigned to
threonate®® is only hardly visible in the chromatograms (Figure
SI1 in Supporting Information) for the electroreforming of the
glucose 50%/xylose 50% mixture at +0.4 V and absent to those
from the other reaction media. Considering the formation of only
carbonate as by-product, the oxidation reaction involved at the
anode of the electro-reforming cell to produce gluconate,
xylonate and threonate are the following:

Glucose oxidation into gluconate:
CeH1206 + 3OH — CgH1107 +2H,0 +2 € (1)

Glucose oxidation into xylonate:
CeH1206 + 9 OH = CsHoOs + CO5™ + 6 H,O + 6 € )

Glucose oxidation into threonate (considering only co-formation
of carbonates):
CgH1206 + 15 OH — C4H;0s5- + 2 CO32- +10H,0+10¢€e

3
Xylose electrooxidation into xylonate:
CsH1005 + 30OH — CsHoOg + 2 H, O + 2 € (4)

Xylose oxidation into threonate (considering only co-formation of
carbonate):
CgH12,06 + 14 OH — C4H;05 + COgZ- +6HO+6¢€ (5)

Because xylonate and threonate can be formed from both
glucose and xylose electrooxidation reactions, it is not possible
to determine the faradaic efficiencies by comparing the actual
electrochemical charges involved in the chronoamperometry
measurements and the theoretical ones calculated from the
amounts of formed compounds as determined by HPLC.
However, looking at the chromatograms in Supporting
Information (Figures SI2, SI3 and Sl4), no other product than
gluconic, xylonic and threonic acids was significantly detected.
As explained above, the possible traces of C2 and C1 can be
formed when glucose is oxidized into xylonate and threonate,



and xylose into threonate. At last, the cell voltages at which the
reactions are studied (+0.4 V and +0.6 V) are low enough to
discard any possibility of oxygen evolution reaction (that occurs
at cell voltages higher than 1.23 VPY). Therefore, it can
reasonably be considered that all the electrical charges involved
in the chronoamperometry measurements are coming from the
electrooxidation of glucose and xylose into gluconate, xylonate
and threonate.

From the possible electrochemical semi-reactions, a
mathematical equation that links the total electrical charges (Q)
involved in the electroreforming process to the concentrations of
gluconate (Cgiuconate), Xylonate (Cyyionate) and threonate (Cinreonate)
formed can be proposed:

Q= Fv(zcgluconate + 2XCyylonate + 6(1 - X)nylonate + 6YCihreonate +

10(1 - y)Cthreonate) (6)
Q = 2FV(Cquconate + 3nyl0nate - 2XnyIonate — 2YCihreonate +
5C'threona\te) (7)

where, F is the Faraday constant (F = 96,485 C mol-1), V is the
volume of anolyte electro-reformed (V =0.030 L), x (0<x<1)is
the proportion of xylose used to produce xylonate considering
equation (4) and y (0 <y < 1) is the proportion of xylose used to
produce threonate according to equation (5), 2 is the number of
electrons involved in reactions (1) and (4) to produce gluconate
from glucose and xylonate from xylose, respectively, 6 the
number of electrons involved in reactions (2) and (5) to produce
xylonate from glucose and threonate from xylose, respectively,
and 10 the number of electrons involved in reaction (3) to
produce threonate from glucose.

Because the equation has two unknowns, it cannot be solved.
For this reason, two limit configurations are considered: y = 1,
corresponding to the case where all threonate is formed from
xylose, and y = 0, corresponding to the case where all threonate
is formed from glucose, the reality lying between both these
situations. Note that considering the “limit” situations, (i) all
carboxylates are formed from glucose oxidation (x = 0 and y = 0)
and (i) gluconate is formed from glucose oxidation whereas
xylonate and threonate are formed form xylose oxidation (x = 1
and y = 1), and comparing with the electrical charges
determined from the chronoamperometric i(t) curves (Figure SI1
in Supporting Information) after 6 hours, the faradaic efficiencies
were always lower than 1 for “limit” situation (i) and always
higher than 1 for” limit” situation (ii) (Table SI1 in Supporting
Information). The actual faradaic efficiency is then likely close to
1.

The values of x are given in Table 2. These values are always
lower than 0.7, which demonstrates that competition between
glucose and xylose to react at the Pdo3Augz catalytic surface is
in favor of glucose for both cell voltages. From the value of x, the
actual contribution of xylose oxidation to the formation of
products can be determined (Table 2). At +0.4 V, it increases
from ca. 3.3 % to ca. 9.4 % (y = 1)/12.1 % (y = 0), whereas at
+0.6 V, it increases from ca. 5.0 % to ca. 34.0 %, for initial
xylose proportion increasing from 10 % to 50 %. This fact clearly
evidences that glucose is more electro-reactive at the Pdg3Augz
catalytic surface than xylose, i.e. that glucose has higher affinity
than xylose to adsorbs at such gold-rich surface, but that the
increase of the cell voltage (electrode potential) mitigates this
electro-reactivity/affinity difference between both molecules.
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Conclusion

Glucose and xylose are the most abundant sugars in
lignocellulosic biomass. Their conversion into valuable
compounds is then paramount for bioindustries. Electrooxidation
is a very interesting mean for this purpose. Pd;xAu,/C catalyst
are very active for such reaction and selective towards
gluconate and xylonate, particularly the PdosAuq7/C one.
Several works investigated the electro-reactivity of pure glucose
or xylose solutions. But the conversion of their mixtures, as
obtained after lignocellulosic biomass pretreatments to separate
lignin from carbohydrates, could allow avoiding the
supplementary step of sugar separation.

For the first time, the electro-reactivity of mixtures of these
aldoses is studied and we pointed out some aspects on their
electrochemical behavior. It was shown from LSVs and in-situ
infrared spectroscopy measurements that Pd-rich and Au-rich
surfaces didn’t interact similarly with glucose and xylose, Pd-rich
surface favoring the dissociative adsorption of sugar with
poisoning of the surface by strongly adsorbed CO species,
whereas Au-rich surface avoided the formation of these
adsorbates. It was shown that Pd-rich surface displayed higher
affinity towards xylose adsorption, whereas Au-rich surface
adsorbed preferentially glucose. At last, it was shown from
chronoamperometry measurements at different cell voltages and
HPLC analyses of the reaction products that glucose was more
electro-reactive than xylose at a Pdo3Auo 7 surface, and that the
increase of the cell voltage mitigates the difference in reactivity
between both sugars.

Experimental Section
Chemicals

All chemicals were used as received, except the carbon powder (carbon
powder Vulcan XC72 from Cabot Corp.) that underwent a heat treatment
at 400 °C under N, atmosphere (U-quality from Air Liquide) for 4 hours to
remove adsorbed impurities.

For the synthesis of catalysts, potassium tetrachloropalladate and
tetrachloroauric acid trihydrate, K,PdCl, and HAuCls-3 H,O (99.99%
purity), were purchased from Alfa Aesar, n-heptane (99% purity) from
Acros Organics, polyethylene glycol dodecyl ether (Brij® L4), sodium
borohydride (ReagentPlus, 99% purity) and acetone (Chomasolv® >
99.8% purity) from Sigma-Aldrich. Ultra-high purity water (18.2 MQ cm)
was obtained from a Milli-Q-Millipore system.

For the electrochemical and spectrochemical measurements, NaOH
(semiconductor grade, 99.99% purity), glucose and xylose (99% purity),
and Nafion 5 wt. % in aliphatic alcohols were purchased from Sigma-
Aldrich.

Synthesis and characterization of catalysts

The synthesis of the Pd;.xAu,/C catalysts (atomic ratio, x =0, 0.3, 0.7 and
1.0) using a “water in oil” microemulsion method to obtain a metal loading
on the carbon support (Vulcan XC72 from Cabot) of 40 wt % was
detailed elsewhere'®. A TA (thermo analysis) Instrument model SDT Q
600 was used to determine the metal loading, by gradually heating the



sample from 298 K to 1173 K at a rate of 10 K min™ under a 100 mL min-
! air flow. The Pd/Au atomic ratios were determined by atomic absorption
spectroscopy (AAS) using a Perkin Elmer AA200 Atomic absorption
spectrometer. The mean particle sizes were determined from
transmission electron microscopy (TEM) images using a JEOL JEM 2100
(UHR) microscope (0.19 nm resolution), whereas the mean crystallite
sizes, as well as the microstructure of the catalysts, were determined
from X-ray Diffraction (XRD) patterns recorded in the 26 range from 20 °
to 90 ° using a PANalytical Empyrean X-ray diffractometer. All the
experimental set-ups for the characterization of catalysts are given in
reference *°.

Electrochemical and spectro-electrochemical investigations

A Voltalab PGZ402 potentiostat (Radiometer Analytical) was used to
record cyclic voltammograms (CVs) and linear sweep voltammograms
(LSVs) in a three-electrode cell thermostated at 293 K, fitted with a
reversible hydrogen electrode (RHE) as reference and a 3 cm? surface
area glassy carbon plate as counter electrode. The preparation of the
working electrode is described elsewherel?®??. |t consists of depositing
Pd;..Au,/C catalysts on a 0.0707 cm? glassy carbon disk, with a metal
loading of 100 pgmetal cm. CVs are recorded in a N-purged 0.10 mol Lt
NaOH electrolyte and LSVs in the same electrolyte in the presence of
0.10 mol L™ glucose/xylose mixtures with molar ratios of 100/0, 90/10,
70/30, 50/50 and 0/100.

A Bruker IFS 66 FTIR (Fourier transform infrared) spectrometer modified
for beam reflection on the electrode surface at a 65° incident angle and
fitted with an Infrared Associates liquid nitrogen—cooled HgCdTe detector
(4 cm™ resolution) was used to record in situ the spectra for the
electrooxidation of 0.10 mol L™ of glucose/xylose mixtures in 0.10 mol L™
NaOH electrolyte at the surface of the Pdi;xAu/C electrodes. The
experimental set-up, experimental conditions, and the method for the
normalization of spectra are given elsewhere®®?, The method chosen
for the normalization of spectra imply that the formation of
species/chemical groups led to negative IR absorption bands, whereas
the consumption of species led to positive absorption bands.

Electro-reforming of 30 mL of 0.10 mol L™ glucose/xylose mixtures in
0.10 mol L™ NaOH electrolytes was performed at 293 K at the constant
voltages of +0.4 V and +0.6 V, in a 25 cm? filter-press cell fitted with a
Pt/C cathode and a Pt;xAu,/C anode (each electrode loaded with 0.5
MQmetal €M) separated by a blotting paper to avoid short-circuit. Every
hour for 6 hours a 600 pL aliquot of the anodic solution is sampled to be
analyzed by high performance liquid chromatography (Knauer Azura
HPLC equipped with a Transgenomic ICSep COREGEL 107H column)
using a UV detector set at A =210 nm. The whole experimental set-up
was already described elsewhere®*8,
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After separation of lignin from lignocellulosic biomass, glucose and xylose are the main sugars remaining in hydrolysates. The
selective electroreforming of glucose/xylose mixtures into their corresponding carboxylates is studied for the first time. Results from
linear scan voltammetry, in-situ infrared spectroscopy and chronoamperometry measurements give new insights on the reactivity of

both sugars at a PdsAuy catalytic surface.



