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Abstract

The mechanisms of oxidation of glucose, gluconic acid and sorbitol have been stud-
ied on gold, platinum and palladium using cyclic voltammetry (CV), differential elec-
trochemical mass spectrometry (DEMS) and in situ Fourier Transform infrared spec-
troscopy (FTIRs). The nature of the reactant has a strong impact on the onset of the
oxidation reaction. The anomeric function of glucose is oxidized at low potentials on
the three surfaces, while gluconic acid and sorbitol poison the surface at low potentials.

In addition, the nature of the metal surface leads to different reaction pathways. It is
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proposed that the oxidation of glucose initiates via the partial dissociative adsorption of
glucose into glucose adsorbates and H,q for the three metal surfaces. These adsorbates
are partially combined into Hy on Au and oxidized into water on Pt and Pd. In addi-
tion, Au features the best activity, selectivity and specificity for glucose oxidation into
gluconate at low potentials. The study points out a reactant, catalyst and potential

dependent mechanism.
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Introduction

Fine chemistry historically relied on the fossil fuel industry, and especially on oil extraction
and refining. ' Progressive rarefaction of the resource combined to the adverse environmental
consequences of its extraction are the main motivations to search for alternative sources of
chemicals. One possible way to synthesize low carbon footprint chemicals is the use of non-
edible biomass waste as a substitute.? In that context, cellulose extracted from biomass can
play an important role, as it is a clean and widely accessible carbon source. D-glucose units
constituting the cellulose can be further extracted from it and can lead to numerous chemicals
of interest® such as sorbitol or gluconic acid (gluconate in alkaline media), respectively by

selective reduction or oxidation, as presented in Fig.
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Fig. 1: The simple (electro)chemical reactions of glucose into value-added compounds. In
aqueous solution, glucose is mainly under its cyclic form: glucopyranose, that presents an
anomeric carbon (circled in red).

Glucose oxidation has been extensively studied to produce sensors for blood glucose mon-
itoring in diabetes, mainly based on enzymatic oxidation.* ™ Its use as a fuel for enzymatic
fuel cells has equally been investigated for energy production’” and powering of implantable
devices.® Consequently, one major industrial way to produce gluconic acid from glucose ox-
idation is through the use of biotechnological processes.? M Despite their high selectivity,
these processes feature a number of disadvantages such as slow reaction rate, and complex
separation and purification processes. The use of non-enzymatic catalysts to perform se-
lective oxidation of glucose into gluconic acid (and the same for its selective reduction into
sorbitol) could enable going beyond these limitations and could lead to an easy-to-control
and continuous process. Brouzgou et al. 1 have reviewed the performance of non-enzymatic
catalysts for glucose electrooxidation in direct glucose fuel cells and the mechanism pro-
posed. This could be applied to paired—electrolyzers,12 as schematized in Fig. . This
setup allows to obtain at the same time and in separate compartments both products of
interests, by coupling the anodic (glucose oxidation into gluconate) and cathodic (glucose

reduction into sorbitol) reactions. The selective production of value-added compounds at



both electrodes of the system may help to decrease the overall electrical energy cost. In that
system, appropriate separation between the anolyte and catholyte will be provided by using
a dense ion-conductive membrane, likely an anion-exchange membrane. For such system, al-
kaline media are preferred to acidic ones because higher activities are achieved in the former
clectrolytes. 13

In such media, Au-, Pd- and Pt-based catalysts display high activity. For example, Yan
et al1* and Rafaideen et all? evidenced the high activity of PdyAuy /C catalysts towards
glucose oxidation, the PdgAuy formulation being the most efficient. Neha et al. developed
a very active and selective PtgBiy /C catalyst. 16/ Because those noble metals are very inter-
esting for the glucose oxidation reaction, the comparison of their individual electrocatalytic
behavior is of paramount importance. Indeed, despite the great difference observed in shape

and activity on the voltammograms, similar mechanisms are generally proposed for glucose

oxidation on gold, platinum and palladium.
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Fig. 2: Outline of a glucose paired-electrolysis cell.

Achieving a continuous process with good selectivity and specificity requires to investi-
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gate the stability of the products obtained from glucose towards oxidation. At the positive
electrode, electrooxidation of D-glucose to produce gluconic acid on various catalysts has
been widely discussed. 1222 Some authors investigated the effect of surface orientation on
the catalyst activity for glucose oxidation.?3 25 It appeared that (100) surface domains were
the most active ones for Au and Pd, whereas Pt (111) surface domains led to higher activity
towards glucose oxidation. In comparison, few studies were carried out on gluconic acid
oxidation.“%2 Furthermore, as crossover of sorbitol (produced at the negative electrode)
through the membrane cannot be excluded, its oxidation in the anode conditions has to be
investigated equally.28/22

Herein, by combining Cyclic Voltammetry (CV), Differential Electrochemical Mass Spec-
trometry (DEMS) and Fourier Transform InfraRed (FTIR) spectroscopy, it is aimed to iden-
tify the reaction products formed from the oxidation of glucose, gluconic acid and sorbitol
on polycrystalline (pc) gold, platinum and palladium in alkaline media. This latter informa-
tion may serve to define the optimal operating conditions for an anion-exchange membrane
glucose electrolyzer producing gluconate at the anode and sorbitol at the cathode. Indeed,
based on the identification of intermediates/products by coupled techniques, catalyst and
potential dependent mechanisms for glucose, gluconic acid and sorbitol oxidation on noble
surfaces are discussed. Further, this discussion allows proposing the most active noble metal

towards glucose oxidation and selective towards gluconic acid, over the more specific glucose

oxidation potential range.

Experimental

For brevity, only the main procedures are described hereafter; supplementary data and

detailed procedures are reported in supporting information.



Materials

D-(+)-glucose (> 99.5 % purity), D-gluconic acid sodium salt and D-sorbitol (BioUltra,
HPLC), both > 99 % purity, were purchased from Sigma Aldrich; sodium hydroxide solution
(50 % w/w) from Alfa Aesar; ethanol (96 % vol) from VWR chemicals; acetone (> 99.8 %
purity, analytical reagent grade) from Fisher chemicals and polycrystalline diamond paste
DE-SY of 6, 3 and 1 ym from Presi. Ultrapure water (resistivity > 18.2 MQ.cm, < 3 ppb
Total Organic Carbon) was used to prepare all electrolytes, while argon (5.0 purity) was
used to deaerate them. All chemicals were used as received, without further purification.
Sputtering targets (4N purity) were purchased from Lesker (Pt) and Neyco (Au and Pd).

FTIR electrodes (3N5 purity) were purchased from Mateck.

Electrochemical setup

Electrochemical measurements are performed at room temperature with a BioLogic SP-300
potentiostat, in a 4-electrode gas-tight glass cell. A rotating disk electrode (RDE) with a
0.0314 cm? tip of bulk polycrystalline metal is used as working electrode (WE). The counter

3031 held by a gold wire. The reference

electrode (CE) is a 2 em? plate of glassy carbon (GC)
electrode is a commercial reversible hydrogen electrode (RHE) coupled through a capacitive
bridge (2 capacitors of 22 uF in series) to a platinum wire ended by a ca. @2 mm sphere,
used as a filter for high frequency noise.4

All glassware is cleaned in Caro’s acid and then thoroughly rinsed with ultrapure water
before use. Prior each experiment, the RDE tip is softly mirror polished with 1 pm diamond
paste as abrasive, then subsenquently rinsed with acetone, ethanol and water while sonicated
in ultrasonic bath. Finally, the tip is dried at around 100°C under air in a laboratory oven.

Electrochemical measurements are performed in 101 M NaOH + x M reducer with x
— 0, 1073 and 107! by successive addition of a concentrated solution in the cell. During

the measurements, the RDE does not rotate to limit mass transport towards the working

electrode and hence surface poisoning,3 and a gentle flow of argon is maintained above the



electrolyte surface. Detailed experimental conditions and data obtained at 1073 M are given

in supporting information (Fig. SI{2] to SI{).

Mass spectrometry setup

Cyclic voltammetry coupled to mass spectrometry is performed using a VMP2Z potentiostat
in a dedicated spectroelectrochemical cell. This cell is physically separated from the mass
spectrometer (QME 220 model from Pfeiffer Vacuum) by a porous steel frit, supporting
3 layers of porous hydrophobic PTFE membrane (Cobetter filtration, 20 pm thickness, 20
nm pore diameter) to ensure water tightness. A ca. 50 nm thick metal film deposited
by sputtering on the top PTFE layer plays the role of WE. The counter electrode is a 2
cm? platinum grid. A RHE is used as reference, again associated with a platinum sphere
through a capacitor bridge for noise reduction. The investigated concentrations are 1072 M,
1071 M and 1 M, prepared by successive addition of the appropriate reactant in supporting
electrolyte.

Deposition of the thin films has been performed at room temperature with the magnetron
sputtering technique using a pulsed DC power supply. The argon pressure during sputtering
was 0.66 Pa and the power was 10 W with a DC voltage of 350 V. Atomic Force Microscopy
revealed a compact arrangement of small grains (5-10 nm) with a small (~ 1-2 nm) RMS
roughness. Using the same experimental conditions, similar films were deposited on flat
silicon wafers for measurement of deposit thickness. It is known indeed that the morphology
of sputtered films at room temperature is not dependent on the nature of the substrate.>*
The thickness of those layers was accurately deduced from X-ray Reflectivity measurements
and led to the determination of the deposition rate (in nmmin 1) for each metal, which is
then used to deposit layers with controlled thickness on PTFE substrate.

Gaseous or volatile species produced at the surface of the sputtered layer during CV
are sucked through the PTFE and steel frit by a vacuum cascade, and then directed to the

mass spectrometer. The acquisition of the representative ionic currents is made sequentially,



one specie at a time. The time allowed to each specie is then chosen to ensure its accurate
detection, without over delaying the detection of the others (according to the sweep rate of

CV). The sequence used is given in Table 1.

Table 1: DEMS measuring sequence settings.

Position Target m/z | Detection time (ms)
1 H, 2 100
2 CO 28 100
3 HCO 29 100
4 HyCO 30 100
5 O 32 100
6 CO, 44 100
7 Ar 40 20
8 E (V vs. RHE) - 10
9 Total pressure (mbar) | - 10

As expected, raw results show that no signal comes out from the baseline in the case of
HCO and H9CO fragments. Moreover, the simultaneity of the CO and CO, signals in any
experiment suggests that CO is produced in the spectrometer as a fragment of CO, and
not as a direct reaction product (Fig. SI. Thus, its signal is not considered as relevant
for the determination of the reaction mechanism. Finally, the Ar signal is only used (as the
measure of total pressure) to control that the experimental conditions remain as stationary
as possible. For the sake of clarity, only the Hy and CO, signals will be presented and

discussed hereafter, after baseline correction.

In situ FTIR setup

The electrochemical setup for in situ Fourier transform infrared spectroscopy is similar to
the DEMS setup described previously, with a CaFg prism beveled at 60° constituting the
bottom of the electrochemical cell. A 0.785 cm? flat disk of the desired bulk polycrystalline

metal used as WE was pressed on the top surface of the prism. This way, a thin film of



electrolyte (1072 M of reducer in supporting electrolyte) is formed between the WE and the
prism. Then, a series of chronoamperometric measurements is performed every 0.1 V from
lower to higher potentials by a Metrohm Autolab PGSTAT302N potentiostat, and a FTIR
spectrum is measured at each potential step.

The FTIR spectrometer is a Bruker Vertex 70V. After mounting the cell, the optic
chamber is evacuated until 1.1 hPa by a vacuum pump to ensure that no atmospheric gas
(especially HoO and CO,) disturbs the measurement. Via its liquid nitrogen cooled HgCdTe
(MCT) detector, the spectrometer measures spectra from 730 cm ! t0 8000 cm L. The single-
beam spectra were obtained by coadding 256 interferograms acquired at a 4 cm™! spectral

resolution with an interferometer frequency of 40 kHz and then Fourier transformed.

Transmission FTIR setup

FTIR measurements of reference electrolytes with controlled reducer concentrations ranging
between 1073 M and 1 M were performed using a liquid transmission cell, assembled with
parallel CaF9 windows (2 mm thick) separated by a 6 pm thick Mylar spacer. The spec-
trometer diaphragm was set to 0.5 mm to prevent detector saturation. All other optical
parameters are kept identical to those described in the previous section. Unlike for previous
FTIR measurements, the central compartment was continuously flushed with argon, due
to insufficient tightness of the transmission cell under vacuum condition. With this setup,
interference fringes due to multiple reflections between the inner faces of CaF9 windows may
appear.=230 Ag the wavelength spacing between two minima or maxima (Av) is directly
related to the pathlength d through d = 1/ 2Av,32 4 tiny change in cell mounting leads to
significant changes in the fringing pattern superimposed to the signal. Even if data post-

30 one simple and practical solution consists

processing allows suppressing these interferences
of slightly tilting the cell support, around 1°. This leads to a clear improvement in spectrum

quality, and proper removal of the interferences.



Results

Cyclic voltammetry

Cyclic voltammetry has been performed on bulk polycrystalline gold, platinum and palladium
electrodes to assess their electrocatalytic activity toward glucose, gluconic acid and sorbitol
oxidation. Under those potential and pH conditions, previous study™® proved that dissolution
of the catalysts occurs at various rates, leading to an ECSA variation over the cycles. Thus,
the ECSA normalized current are given only in supporting information, Fig. SI{I] Here,
any potential region where glucose is oxidized but neither gluconic acid nor sorbitol is of
great interest to perform specific and selective oxidation of glucose into gluconate. Cyclic

voltammograms obtained on gold are reported in Fig.
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Fig. 3: Cyclic voltammograms of bulk Au in 101 M NaOH aqueous solution in the absence
(black dotted line) or presence (coloured line) of 10°1 M reducer, at 100 (a, b, ¢) and 1 (d,
e, f) mV s, at room temperature. The ECSA was estimated to be ca. 5.42 x 102 cm?.
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Whatever the reactant, no significant current is measured below 0.25 V vs. RHE. In
quasi-stationary conditions (i.e. at 1 mV s’l), the onset potential (measured at I,ogic =
3 1A, a current that significantly exceeds the baseline current in supporting electrolyte) is
estimated to be around 0.29 V vs. RHE for glucose oxidation, and around 0.64 and 0.77
V wvs. RHE for sorbitol and gluconic acid oxidation, respectively. The latter two reactants
also produce similar cyclic voltammogram shapes, sorbitol leading to higher current densities
than gluconic acid. Due to the formation of surface gold oxides,*” a dramatic decrease of
the oxidation current is observed at potentials exceeding 1.3 V vs. RHE. The reduction of
the gold oxides during the cathodic scan frees the surface again (reactivation), allowing for
further electrocatalysis, especially at low sweep rate (1 mV s’l) and for glucose, in agreement
with the literature. "V Tt leads to an oxidation peak (despite it was obtained during the
negative scan) that likely depends on the combination of sweep rate, rate of gold oxide
reduction and surface coverage with adsorbates formed at high potentials.

According to the onset potential values, the region between 0.30 and 0.65 V vs. RHE
seems of great interest to oxidize specifically glucose on gold. To determine whether or not
gluconate is effectively produced in that potential range, DEMS and FTIR have been used,
and the results will be described later in this manuscript.

Similar measurements performed on a platinum electrode are reported in Fig.

11
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Fig. 4: Cyclic voltammograms of bulk Pt in 101 M NaOH aqueous solution in the absence

(black dotted line) or presence (coloured line) of 1071 M reducer, at 100 (a, b, ¢) and 1 (d,

e, f) mV s 1, at room temperature. The ECSA was estimated to be ca. 7.43 x 10 2 cm?.

Compared to gold, glucose, gluconic acid and sorbitol oxidation on platinum starts at
significantly lower potential, but the currents recorded are approximately 10 times lower.
Moreover, the adsorption/desorption of underpotentially deposited hydrogen atoms (Hypp)
is inhibited at 100 mV s ! during gluconic acid and sorbitol oxidation, suggesting surface poi-
soning. During glucose oxidation, an additional oxidation wave is observed in that region,
particularly visible at 100 mV s~!. This transient current is attributed to the oxidation of the
adsorbates (glucose adsorbates and Hypp) originating from glucose adsorption at low poten-
tials. This point will be discussed in detail hereafter. Conversely to what was found on gold,
no clear potential range where the glucose oxidation would be specific could be identified on
platinum. But again, it is worth to note the similarity of the onset potential for the oxidation

of gluconic acid and sorbitol and that of the shape of the corresponding voltammograms,
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sorbitol still leading to higher current densities. Investigation of the products obtained by
coupled techniques will determine if selective electrolysis of glucose is possible on Pt.

Finally, similar experiments on palladium are displayed in Fig.
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Fig. 5: Cyclic voltammograms of bulk Pd in 1071 M NaOH aqueous solution in the absence
(black dotted line) or presence (coloured line) of 101 M reducer, at 100 (a, b, ¢) and 1 (d,
e, f) mV s1, at room temperature. The ECSA was estimated to be ca. 1.36 x 107! cm?.

Similar to what was observed on Au and Pt, the reactivation of the Pd surface coin-
cides with the reduction of surface oxides (particularly visible at 100 mVs 1). Beyond this
similarity during the negative scan, the behavior of Pd towards the oxidation of reactants
is markedly different from those of Au and Pt. Indeed, for the positive potential scan, all
oxidation steps are merged into one main peak centered around 0.7 - 0.8 V vs. RHE,* with
glucose leading to a first oxidation wave starting from 0.4 V vs. RHE, particularly visible at

100 mVs L. A second oxidation peak, similar for every reactant, starts at potentials above

1.25 V vs. RHE.
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Interestingly, Pd features nearly no activity for gluconic acid oxidation below 1.25 V ws.
RHE. Charge calculation from 0.3 to 1.2 V vs. RHE has been performed at 1 mVs1. It
leads to 17.3 mC for glucose oxidation, while it is only 1.1 mC for gluconic acid, i.e. more

than 15 times lower.

From this series of voltammograms, one can conclude that all metal surfaces are elec-
trocatalytically active towards glucose, sorbitol and gluconic acid oxidation but deactivate
at high potentials, as a result of metal-oxide formation. Thus, during the negative scan,
every catalyst reactivates as a result of surface oxide reduction. As the onset potential and
the CV shapes are similar for gluconic acid and sorbitol on all surfaces, and sorbitol has
only alcohol groups, it is reasonable to propose that the same kind of chemical groups are
adsorbed /oxidized in both these molecules, i.e. alcohol groups. The difference in current
densities recorded, especially clear on Pd, may come from higher poisoning of the surface by
CHOH - COO™ groups, or hindering of the surface by adsorbed species.

Regarding the onset potential of oxidation, gold appears to be more specific towards
glucose than towards gluconic acid or sorbitol oxidation at low potentials, while palladium
appears to be non-specific. Based on this criterion, Au appears to be the best candidate
to specifically oxidize glucose, and Pd the worst. In situ characterization of the reaction
products remains mandatory to confirm if the potential operating zones identified allow to

reach a satisfactory selectivity towards gluconate.

Differential Electrochemical Mass Spectrometry

To shed fundamental light into the mechanisms of glucose, gluconic acid or sorbitol oxida-
tion, Differential Electrochemical Mass Spectrometry measurements have been performed
using porous sputtered metallic thin films as working electrodes. Fig. [0] displays the elec-
trochemical current and the ionic current for m/z = 2 (Hy) and m/z = 44 (CO,) as a

function of the electrode potential. At equilibrium in alkaline media, no CO, should be
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present in solution, as its stable form is carbonates.*!' In the DEMS configuration, as any
gaseous specie produced at the sputtered layer is directly sucked by the vacuum cascade,
COy is directed to the detector before having a chance to form carbonates in the solution.
Another possible explanation that cannot be excluded here would be a local pH shift, as it
is the case for FTIR measurements (Fig. SI. In this case, carbonates could be produced
at lower potential without being detected by the mass spectrometer. Raw results showing
the temporal evolution of potential, Hy and CO, signal in parallel are given Fig. SI{fj to
SI{13] The measurements performed in supporting electrolyte and in the presence of reducer

at 102 M are shown in black dotted / colour solid lines, respectively.
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Fig. 6: DEMS signal obtained by CV on a Au sputtered thin layer in 1071 M NaOH aqueous
solution in the absence (black dotted line) or presence (coloured line) of 1072 M reducer, at
10 mVs ! and at room temperature. The electrochemical current is reported in panels a,
b, ¢, while relative ionic current of Hy and CO, are reported in panels d, e, f and g, h, i,
respectively.
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The cyclic voltammograms measured on a gold sputtered thin film agree with the results
obtained on a bulk RDE (Fig. [3). Hence, it can reasonably be assumed that the electro-
chemical processes investigated here are at least similar to those described in the previous
section, despite slightly different operating conditions (notably in terms of working electrode
geometry and cell configuration).

The m/z = 44 signal is similar for each reducer, with CO4 being produced mainly during
the anodic scan above 1 V vs. RHE, and in a smaller amount during the cathodic scan
immediately above 1 V vs. RHE. As CO, production reveals C-C bond breakage, 1 V wvs.
RHE seems to be the upper bound in these conditions to avoid uncontrolled oxidation of
the 3 compounds studied here. As discussed in the previous section, the upper limit of
specific glucose oxidation was anyway set around 0.65 V vs. RHE to avoid undesired further
oxidation of the products. In situ FTIR will determine if gluconate is produced between
0.30 and 0.65 V vs. RHE under these conditions on gold.

No H, is detected during gluconic acid or sorbitol oxidation. In contrast, a strong H,
signal is measured during glucose oxidation from 0.3 to 0.8 V vs. RHE, again stronger
during the positive scan than during the negative scan. This signal corresponds to the first
oxidation process described in the previous section, in a potential region where Au is inactive
for gluconic acid and sorbitol oxidation. In a recent contribution, Neha et al.#2 proposed
that this signal comes from the dissociative adsorption (partial dehydrogenation) of glucose
on gold through its anomeric function, absent on gluconic acid and sorbitol. This process
leads to the formation of metastable H,q species.?? At this potential, the electrooxidation of
H,q on gold surface is slow (Fig. SI{15]). Thus, H,q adsorbates are able to diffuse onto the
metal surface, until they recombine (Tafel step) into molecular hydrogen and desorb, hence
the m/z = 2 signal detection.4

The case of platinum is slightly different from gold, results are given in Fig. [7]
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Fig. 7: DEMS signal obtained by CV on a Pt sputtered thin layer in 1071 M NaOH aqueous
solution in the absence (black dotted line) or presence (coloured line) of 102 M reducer, at
10 mVs ! and at room temperature. The electrochemical current is reported in panels a,
b, ¢, while relative ionic current of Hy and CO, are reported in panels d, e, f and g, h, i,
respectively. Insets are a zoomed view on the HER region.

Whatever the reducer, CO, is produced mainly in the range from 0.45 to 1.00 V vs. RHE
on platinum, corresponding to the second glucose oxidation wave, shown in Fig. @ This CO,
production could be attributed to the oxidation of CO,4 species coming from dissociative
adsorption of glucose on platinum at low potentials®® by combination with surface OH,q
species formed in the 0.45 to 1.00 V ws. RHE range through a Langmuir-Hinshelwood
pathway. Another possible explanation would be the oxidation of the adsorbates from each
reactant in the region where the metal surface covers with OH,q species. One also notes
that Fig. 7| indicates an absence of COq generation in the Pt-oxides regions (E > 1 V vs
RHE), which suggest a different glucose oxidation mechanism on Pt and Pt-oxides. This will

be further addressed in the discussion section. In any case, these features demonstrate that
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Pt is neither specific nor selective for such glucose-like fuels, at potentials higher than 0.45
V vs. RHE.

Regarding H, production, the same behavior is observed for every reducer: H, is pro-
duced through hydrogen evolution reaction (HER) at low potentials (in supporting elec-
trolyte, dotted line) and the addition of reactant leads to a small decrease of the hydrogen
current measured in the same potential range (see inset graphs). This is attributed to a de-
creased number of available sites on the electrode surface for HER due to reducer molecules
adsorption onto the surface. It can be proposed that the first step of glucose adsorption is
similar on platinum and gold, leading to H,g formation.#? The difference is that on Pt at
positive potentials, H,q species are directly oxidized into protons and released in solution,
before having a chance to recombine into molecular hydrogen. This should lead to a signifi-
cant change in the local pH at the interface, and explains why no hydrogen signal (m/z =
2) is detected in the 0.1 - 0.4 V vs. RHE region, although there is a well-defined oxidation
current, which must, therefore, at least partly originate from the oxidation of H,q species
resulting from the dissociative adsorption of glucose.

Finally, the result obtained on Pd are reported in Fig. [§
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Fig. 8: DEMS signal obtained by CV on a Pd sputtered thin layer in 1071 M NaOH aqueous
solution in the absence (black dotted line) or presence (coloured line) of 1072 M reducer, at
10 mVs 7 and at room temperature. The electrochemical current is reported in panels a,

b, ¢, while relative ionic current of Hy and CO, are reported in panels d, e, f and g, h, i,
respectively.

Due to a common H, scale (chosen to allow a rapid comparison between Fig. @, & [§) it
seems that no H, is detected on Pd. However, raw results provided in supporting information
(Fig. SH12 & SH13)) show that a small but significant baseline change is observed during
gluconic acid and sorbitol oxidation. Low H, signal is measured at low potentials, and
conversely, higher H, signal is measured at higher potentials. This can be explained by
the formation of adsorbed H (H,q) from dissociative adsorption of the fuels onto the Pd
surface that can partly be inserted into the Pd structure as absorbed H (H,,) below 0.3 V
vs RHE.#% Below 0.7 V vs. RHE the desorption of H,;, hydrides is impeded by the presence
of the adsorbed organic species.2? Above 0.7 V vs. RHE, Pd surface oxides can be formed

and facilitates the oxidation of the adsorbed organic species, leading to the shoulder before
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the main oxidation peak. A small part of the H, 4 species recombine to form H2,47 but most
of H,p can go to the surface and be electrochemically oxidized to form water and leave free
sites.

Concerning CO, production, Pd behaves mostly as Pt, with a main peak located from
0.7 to 1.0 V vs. RHE, followed by a smaller peak at high potential, regardless of the reducer.
The main CO4 production peak coincides with the main oxidation peak measured by cyclic
voltammetry, and is delayed by around 200 mV compared to the Pt surface. This is attributed
to the blockage of the surface by the H,;, and glucose-like species. Then above 0.7 V wvs.
RHE, free metallic sites are available to stabilize OH, 4 species and oxidize organic adsorbates
into CO,.

It is worth noticing that the major difference between glucose and gluconic acid measured
at 1 mVs ™ by cyclic voltammetry on bulk electrodes (Fig. |5) nearly disappeared when us-
ing a Pd sputtered electrode. This can be attributed to the roughness difference, leading to
a micro-reactor effect, to an increased residence time, or to a higher defects density. This
questions the selectivity of palladium for glucose oxidation into gluconate, the blocking of
the Pd electrode by organic adsorbates depending on the trade-off between the gluconic acid

concentration and the active surface area.

DEMS measurements allowed to partially determine which species are produced during
the oxidation of glucose, gluconic acid and sorbitol. Molecular Hy is produced only on gold
with glucose. It is proposed that glucose adsorption at low potentials leads to the formation
of H,q on every catalyst studied here. Then, these adsorbates are oxidized into protons onto
Pt, partially recombine into Hy on Au (Fig. SI and form hydrides at low potentials on
Pd. As this hydrogen production on gold is neither observed for gluconic acid nor sorbitol, it
is proposed that glucose adsorbs through its anomeric function, absent in the other reactants.
In any case, the adsorbates formed from gluconic acid and sorbitol seem much more stable

than the ones from glucose, which deactivate any of the metal surfaces at low potential
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values in the former cases. COy, which comes from C-C bond breakage and thus is to avoid,
is detected on each catalyst, but at significantly higher potentials on gold than on the other
catalysts: gold is therefore the most promising of these noble catalysts to perform selective
oxidation of glucose at low potentials. Finally, the electrode roughness seems to have an
important (and unequal between the reactants) effect on the activity, at least on Pd. Thus,

comparison with the results obtained on bulk material has to be done carefully.

Transmission FTIR

For the identification of numerous products which are not gaseous and so cannot be detected
by DEMS, in situ FTIR is a valuable technique. The spectra obtained in transmission for
cach compound at 1 M in 101 M NaOH are given in Fig. @ Due to insufficient signal
over noise ratio, the transmission spectra obtained at lower concentrations did not allow to
evidence characteristic bands. Thus, they are not presented for brevity. Compared to the
baseline at a transmittance value of 1, a downward peak reveals higher absorption of the
corresponding wavenumber, and thus the presence of an additional bond. Conversely, an

upward peak reveals the consumption of the corresponding species.
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Fig. 9: Transmission spectra of 1 M reactant in supporting electrolyte.

The wavenumber region comprised from 1000 to 1200 cm ! exhibits numerous bands,
assigned to the different vibration modes of alcohol groups.@| These groups are present in
great number for each reactant, and are thus poorly specific. In addition, under n situ
conditions, this range is cut by the CaFy prism, leading to a dramatic increase of the noise.
This leads us to discard this range in the spectra’s analysis. In contrast, the wavenumber
region comprised between 1200 cm™! and 1750 cm™! allows identifying the specific bands of
each reactant and their relative intensities (weak w, medium md, strong s, and very strong
vs) as follows:

- Glucose: 1363 cm ™! (w)

- Gluconic acid: 1360 cm ™! (md), 1414 em ™! (s) and 1589 cm ™t (vs)

- Sorbitol: 1219 cm ! (w) and 1419 cm ! (w)

The positive band at 1641 cm ! observed with glucose and sorbitol is attributed to bending
vibrational mode of water®? (vo = 1654 cm 1). As the electrolyte has to be changed between

experiments, this effect can be due to a lower amount of electrolyte (and so water) between
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the cell windows during measurement at 1 M compared to the reference measurement in
supporting electrolyte. Moreover, the main bands characteristics of gluconic acid will be

sought in the next section as evidence of its production.

In situ FTIR

In situ FTIR spectra have been measured during the oxidation of each reactant on bulk elec-
trodes, revealing the production of intermediates through the apparition of various negative

bands in the region from 1200 to 1750 cm™!. The main ones are assigned in Table

Table 2: FTIR band indexation.

Index | Wavenumber Vibration Proposed species Ref
a 1309 cm ! vsym O=C-O HCO5 50-52
b 1352 cm ! Voo or dcp, | gluconolactone / gluconate 16)17
c 1385 cm ' | veym O=C-O Co2 50152
d 1411 em | vgym O=C-O oluconate T6/17
e 1582 cm ™! | vasym O=C-O gluconate 167171

The band a and ¢ are respectively ascribed to the formation of bicarbonate and carbon-
ate ions, coming from CO, dissolution in alkaline media (Fig. SI. These bands evidence
C-C bond breakage from uncontrolled oxidation, which is undesirable. Conversely, the com-
bination of the bands b, d and e is attributed to the formation of gluconate, in agreement
with the reference spectra displayed in Fig. @ The pseudo-band f at ca. 1720 - 1725 cm™ !,
visible on the spectra recorded on Au and also sometimes visible on spectra recorded on Pt
and Pd surfaces, cannot be definitely attributed. It either can be due to the baseline change
at wavenumbers higher than 1750 cm ™1, or to the formation of gluconic acid because of pH
decrease at the electrode/electrolyte interface. Indeed, the comparison of gluconic acid and
gluconate spectra available in the spectral database for organic compounds®® indicates that

the band at 1735 cm ™! for gluconic acid is missing for gluconates.
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The spectra obtained during oxidation of glucose, gluconic acid and sorbitol on polycrys-
talline gold, platinum and palladium leads to Fig. [I0] Spectra are given with larger scale in

supporting information, Fig. SI{18|to SI{20
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Fig. 10: FTIR spectra obtained on bulk Au (upper panels), Pt (middle panels) and Pd (lower
panels). Reactant concentration is 1072 M in 1071 M NaOH. The Relative reflectance scale
bar is twice smaller for Pt, owing to the smaller currents of reducer’s oxidation on that metal
versus Au and Pd.
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FTIR allowed to evidence glucose oxidation on gold starting from 0.45 V vs. RHE, which
is consistent with the onset potential value measured by cyclic voltammetry. The bands
from gluconate (d and e) are slightly visible in the 0.45 - 0.85 V wvs. RHE region. The
hydrogenocarbonate band is growing concomitantly to the bands d and e, while the band c,
attributed to the formation of carbonates, appears only at 0.95 V vs. RHE, in agreement
with the value measured in Fig. [0} This can be rationalized by considering the prevalence
diagram of carbonate species,*! a strong pH shift occurred in the electrolyte thin film due
to OH consumption before 0.95 V vs. RHE. This evidences that oxidation of glucose into
gluconate occurs with correct specificity on gold in the potential range from 0.45 to 0.85 V
vs. RHE.

Gluconic acid oxidation FTIR spectra evidenced that the bands d and e also appear but at
higher potentials, around 0.65 V vs. RHE. This value is slightly lower than what was obtained
by cyclic voltammetry (0.75 V vs. RHE). In the case of sorbitol, the band e appears first,
at 0.75 V vs. RHE. In order to avoid further oxidation of the gluconate produced, selective
oxidation of glucose should then be performed in the 0.45 - 0.65 V vs. RHE region on gold.
At higher potentials, DEMS and FTIR results evidenced that uncontrolled oxidation occurs,
producing CO,, carbonates, and possibly other short chain molecules.

As expected from the cyclic voltammetry experiment, platinum is highly active for glucose
oxidation. Indeed, the band d and e attributed to gluconate are clearly visible already at
0.15 V vs. RHE. However, the bands ¢ from carbonates appear at 0.45 V vs. RHE, which is
consistent with the DEMS results, Fig. [7l This leads to a very narrow potential window in
which it is possible to oxidize selectively glucose on Pt. In addition, FTIR spectra obtained
during gluconic acid oxidation evidence that the reaction initiates at ca. 0.15 V vs. RHE
(band e). In real conditions, gluconic acid produced from glucose would likely get further
oxidized at any potential, evidencing that Pt is a very non-selective catalyst.

Palladium appears to be active for glucose oxidation from 0.5 V ws, but produces CO,

above 0.7 V vs. RHE, leading also to a narrow operating range. Moreover, Pd is equally
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active for gluconic acid and sorbitol oxidation, also from 0.5 V vs. RHE. Gluconate produced
from glucose oxidation would be further oxidized, as well as on Pt, leading to a complete
loss of the selectivity, hence further demonstrating that Pd cannot be considered a selective

catalyst for glucose oxidation into gluconate.

Discussion

Although in situ infrared measurements reveal that the oxidation of all reducers produces
carboxylates whatever the surfaces studied here, cyclic voltammetry and DEMS measure-
ments point towards very different mechanisms of oxidation from one reducer to the other
and from one surface to the other. The first step of glucose electrooxidation on noble metal
surfaces generally proposed consists of the adsorption of the anomeric function through de-
hydrogenation forming Metal-Glucose (noted M-Glu hereafter, with M = Au, Pt or Pd)

adsorbate according to the following reaction: 1718

On Au surface, Hy is produced from the onset potential of glucose oxidation at ca. 0.35
V to ca. 0.8 V vs. RHE, whereas no CO, is detected by DEMS over this potential range.
FTIRS measurements indicate that the main reaction product over this potential range is
gluconate. Therefore, it is proposed that the first voltammetric wave corresponds to the

following reactions:

2Au—H — 2Au + H, (2)

Au—Glu + 20H — Au + gluconate (CqH107) + HyO + 1e” (3)

The recombination of Hyg (noted Au-H) on Au surface to produce Hy (Eq. [2) was already

observed in the case of borohydride electrooxidation on gold electrode,”® and discussed
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elsewhere. 2?20 However, the adsorption of OH at gold surfaces (Eq. has been shown
to start from ca. 0.4 V vs. RHE on Au surface,®” therefore it is likely that the following

reactions can take place from this potential:

Au+ OH — Au—OH + le (4)
Au—H + Au—OH — 2Au + Hy,O (5)
Au—Glu + Au—OH + OH™ — Au + gluconate (CgH;;07) + HyO (6)

Reactions [2|and [3|are likely predominant from 0.35 V to 0.5 V vs. RHE on mainly metallic
Au surface,*¥ whereas reactions 4| to @ become predominant from 0.5 V vs. RHE, explaining
the peak of Hy production whereas no current decay was observed on the corresponding CV.

For potentials higher than 0.8 V vs. RHE, corresponding to the second electrochemical
feature in CVs, DEMS measurements show no hydrogen production, indicating that reaction
does no more occur, totally replaced by reactions[dand[5 In the same potential range, CO,
formation is detected. Accordingly, FTIRS measurements detect the formation of carbonate
from 0.95 V vs. RHE, but also the footprint absorption bands of gluconate. It is then
proposed that, in this potential range, mainly gluconate and some overoxidized (glucaric
acid?!) and degradation products (from C5 to C1, including CO,/carbonate) are formed?®
(in particular in the thin-electrolyte layer configuration of the FTIRS experiments).

On Pt surface, DEMS measurements did not show any production of hydrogen from
glucose adsorption over the whole studied potential range. FTIRS measurements indicate
that gluconate started to be formed from very low potentials, close to 0.1 V vs. RHE. CO,
is only detected between ca. 0.5 V and 0.9 V vs. RHE by DEMS measurements. It is then
proposed that during the first voltammetric feature between 0.05 V and 0.4 V vs. RHE,

corresponding to the hydrogen region of Pt, the following reactions occur:

Pt—-H + OH — Pt + HyO + le (7)
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Pt—Glu + 20H  — Pt + gluconate (CgH;;07) + HyO + 1e” (8)

But the decrease of the current from 0.1 V ws. RHE seems to indicate that the surface
starts to be partly blocked by adsorbed species, such as carbon monoxide (CO,q) and/or
gluconolactone (Gluco,q). 42

In the second voltammetric feature between 0.4 V and 0.9 V vs. RHE, CO, is detected
by DEMS measurements. FTIRS measurements confirmed this result by displaying the
absorption band of carbonate from 0.45 V vs. RHE. These observations indicate that glu-

conate, overoxidized and degradation products are formed. The following reactions are then

proposed in this potential range:

Pt + OH — Pt—OH + le (9)
Pt + glucose + OH™ — Pt—Glu + HyO + le” (10)
Pt + glucose + 20H™ — Pt—Gluco + 2H,0 + 2e~ (107)
Pt + glucose + x OH™ — Pt—CO + overoxidized/degradation products (107)
Pt—Glu + Pt—OH + OH — Pt + gluconate (CgH;;07) + Hy0O (11)
Pt—Gluco + OH — Pt + gluconate (C4H;;0,) + HyO (12)
Pt—Gluco + y OH — Pt—CO + overoxidized /degradation products (13)
Pt—CO + Pt—OH + OH — 2Pt + COy + Hy,O + 1e° (14)

The feature at higher potentials, between 0.85 V and 1.25 V ws. RHE corresponds
to complex reactions occurring at the oxidized surface of platinum. According to FTIRS
measurements, gluconate seems to be still the main formed product. But overoxidized and/or

degradation products could also be formed at so high electrode potentials. The reactions do
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not involve glucose adsorption with CO and CO, formation, but C-C bond breaking forming
C4 to C2 products could occur. However, DEMS measurements indicate also that oxidation
of gluconic acid leads to CO4 production only between ca. 0.5 V and 1.0 V vs. RHE. This
could indicate that overoxidized compounds, such as glucaric acid and ketogluconic acids, 8
are formed at higher potentials.

Except for the supplementary sharp oxidation peaks centered at ca. 0.9 V vs. RHE
at high scan rate and ca. 0.8 V vs. RHE at low scan rate (Fig. [5)), the behavior of the
Pd surfaces towards glucose oxidation in the middle potentials region (from 0.5 V to 1.0 V
vs. RHE), where CO, was detected by DEMS, is similar to that of Pt surfaces and same
processes as in the case of Pt can be proposed over this potential range. It is proposed that
the superimposed sharp peak comes from the de-insertion of H,}, to H,q and to the oxidation
of H, 4 into water at the Pd surface. Indeed, in the potential region of the first step of glucose

adsorption (E < 0.3 V ws. RHE), Pd is able to insert H,q into his structure.42

Conclusion

This study identified major difference in activity and selectivity for the oxidation of glucose
into gluconate between gold, platinum and palladium. Despite their high activity for the
reaction, Pt and Pd show poor selectivity for gluconate production. Indeed, DEMS and FTIR
evidenced C-C bond breakage through the production of CO,, carbonates and bicarbonates
at potentials close to the onset potential for the reaction. Worse, FTIR demonstrates that
the oxidation of gluconic acid or sorbitol occurs at the same potential as the oxidation of
glucose on these two metals. It leads to a negligible selectivity, as any gluconate molecule
produced by glucose oxidation will immediately be oxidized again. The first oxidation wave
measured by cyclic voltammetry for glucose oxidation and absent for gluconic acid or sorbitol
oxidation is then partially attributed to the oxidation H,q species formed onto the surface

by dissociative adsorption of the glucose molecule through its anomeric function.
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Conversely, the production of CO, and carbonates is delayed to ca. 0.95 V vs. RHE on
gold, while the reaction onset for glucose oxidation is around 0.3 V vs. RHE, and around 0.7
V wvs. RHE for gluconic acid and sorbitol oxidation. Thus, the potential range from 0.3 to
ca. 0.7 V vs. RHE is of great interest to perform selective oxidation of glucose into gluconate
on gold. In addition, DEMS measurements evidenced H, as a byproduct in this potential
range, which is easy to separate and valorise.

Finally, one must underline a pronounced need to perform long-term electrolysis of a
glucose solution on a gold electrode maintained in the conditions described above. The
analysis of the products present in the electrolyte after electrolysis by high performance
liquid chromatography (HPLC) or assimilated techniques would then provide relevant results

on the catalyst selectivity.
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The Supporting Information is available free of charge on the ACS Publications website.
Experimental conditions detailed, additional experimental results from mass spectrometry

and FTIR spectroscopy.
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