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In this paper, we investigate the glycerol electrooxidation reaction (GEOR) on Au and Ni catalysts,
specifically the effect of glycerol concentration on electrochemical activity and product speciation for
GEOR in an electrochemical flow cell system. With Au foil, cyclic voltammogram behavior shifted from
hysteretic to near-linear by increasing the concentration of glycerol from 0.1 M to 1 M. As a result,
glycerol electrooxidation increased up to 1.4 V vs. RHE with a higher glycerol concentration. The major
products were formic acid and glycolic acid, yet minor products of value-added glyceric acid, lactic
acid, and dihydroxyacetone were observed at a higher glycerol concentration. Competition between

Received 18th October 2024, glycerol and the Au surface for hydroxide inhibits the formation of poisoning Au oxide (AuOx) species

Accepted 17th April 2025 and enables the formation of low degree oxidation products. With Ni foil, the GEOR peak current
density in cyclic voltammetry increased with glycerol concentration, however, formation of the major

product, formic acid, decreased. This study examines and utilizes differences in GEOR mechanism on Ni
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1. Introduction

Over the next few decades, global anthropogenic CO, emissions
need to be reduced drastically to combat climate change and its
associated detrimental effects. While transportation and elec-
tricity generation represent two-thirds of these emissions, the
chemical industry is also a major emitter at 23-25%."* One way
to diminish the emissions of the chemical industry is to
transition to electrified processes that can be driven by renew-
able energy sources and use renewable feedstocks such as
biomass.>® As such, the electrocatalytic transformation of
glycerol, a byproduct of biodiesel production, to value-added
products has been widely investigated.””® Electrochemical tech-
nologies are promising for glycerol conversion as they are
environmentally-friendly and can be performed under ambient
temperature and pressure.” ® Glycerol can be converted into a
wide variety of products, including dihydroxyacetone, glyceral-
dehyde, acetic acid, mesoxalic acid, oxalic acid, tartronic acid,
glyceric acid, glycolic acid, lactic acid, and formic acid. Some of
these products are value-added chemicals with commercial
applications. For example, dihydroxyacetone and glycolic acid

“ Department of Chemistry, University of Illinois Urbana-Champaign, Illinois, USA.
E-mail: agewirth@illinois.edu

b Department of Chemical and Biomolecular Engineering, University of Illinois
Urbana-Champaign, Illinois, USA

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4cp04013a

This journal is © the Owner Societies 2025

vs. Au catalysts to vary product speciation in flow cell systems.

have been utilized in the cosmetics industry, whereas lactic
acid has applications in the food industry and in the develop-
ment of biodegradable polylactic acid.”****

Significant effort has focused on the development of differ-
ent metal catalysts for glycerol electrooxidation (GEOR) in
alkaline conditions, including Ni, Au, Pt, and Pd.*® On Ni-
based catalysts, the major product generated is formic acid,
with glycolic acid, glyceric acid, and oxalic acid formed as
minor products.”®™*®> On Au materials, the generation of GEOR
products is heavily dependent on applied potential. At poten-
tials greater than 1 V vs. RHE, the major observed products are
glycolic acid, glyceric acid, and formic acid.'®'” However, at
lower potentials, the major products are dihydroxyacetone and
lactic acid.™®

Both flow cell and batch cell configurations have been used
to study glycerol oxidation with the intent to control product
speciation. In recirculating flow conditions at elevated tem-
peratures, Zhang et al. observed glycolic acid and glyceric acid
to be the major products for GEOR on Au/C."° In recirculating
flow conditions at ambient temperatures, Morales et al
observed formic acid as the major product on NiOx/
MWCNTSs-0x, with increased production of oxalic acid at high
potentials and high KOH concentrations.

Recently, we showed that methanol oxidation behavior
could be altered by changing the concentration of methanol
at the electrode surface.”® In the presence of higher methanol
concentrations (>1 M on a rough Pt surface), methanol oxida-
tion no longer exhibited the characteristic poisoning behavior,
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but rather showed a linear response up until the 1.4 V vs. RHE
positive limit.>® The origin of this behavior is in the competi-
tion between the methanol and the Pt substrate for OH™
equivalents (H,O in the case of acid) at positive potentials.**

After observing changes in voltammetric behavior of metha-
nol oxidation due to variation in reactant concentrations, we
wondered what the effect of changing glycerol concentration
would be on the products and voltammetry associated with
glycerol oxidation under flow conditions. Oliveira et al
observed increased current density and a delay of the oxygen
evolution reaction with higher glycerol concentrations on Ni/C
in a batch configuration.”® Zhang et al. observed increased
production of tartronic acid and mesoxalic acid with increased
concentrations of both glycerol and KOH for GEOR on Au/C in a
flow configuration.”® A direct comparison regarding the effect
of glycerol concentration on product speciation and voltamme-
try in a flow cell on both Au and Ni has not been reported.
Consequently, in this paper, we investigate the effect of glycerol
concentration with Ni and Au foil catalysts in a single-pass flow
electrolytic system.

2. Experimental
2.1 Electrochemical measurements

A two-channel electrolyzer flow cell was utilized for electroche-
mical measurements by using a modification of a system
previously described (Fig. S1, ESIT).”® The cell consisted of
two stainless steel current collectors between which was sand-
wiched the anode, a channel layer made from polyetherether-
ketone (PEEK), an anion exchange membrane (Fumasep FAA-3-
PK-130), another PEEK channel layer, and the cathode. Spacers
(Marian HT6210) between the current collector and PEEK layer
accommodated the thickness of the electrodes while gaskets
(Marian HT6210) were utilized between the PEEK layer and the
anion exchange membrane. PEEK screws and a C-clamp pro-
vided pressure on the cell to prevent leaks. The anode and
cathode each had an area of 1 cm® Anolyte and catholyte
electrolyte streams were introduced to the cell by using a
syringe pump (Harvard apparatus) connected to the cell with
polyethylene tubing (BD Intramedic). Typical flow rates were 2
mL min~". The catholyte consisted of 1 M KOH (VWR > 85%)
while the anolyte contained glycerol (Sigma-Aldrich > 95%) +
1 M KOH. The Hg/HgO reference electrode (BASI) was placed
upstream from the flow cell. Potentials are reported with
respect to RHE, unless otherwise stated. The cathode electrode
was a Pt foil. Anode electrodes were Ni foil (Alfa Aesar 99%) or
Au foil (Alfa Aesar 99.9975%) and cleaned prior to use. Pt foil
and Au foil were flamed-cleaned with a hydrogen torch between
runs to remove surface contaminants. Ni foil was cleaned by
successive sonication for 10 minutes in acetone, 0.1 M NaOH,
0.1 M HNO;, and 5 minutes in Milli-Q water.”* Au foil was
cleaned by electrochemical cycling in 50 mM H,SO, from
—-04 V to 1.4 V vs. Ag/AgCl (34 M KCl) prior to
experimentation.>®*” Voltammetry obtained from these foils
(Fig. 1A and 6A) was consistent with published reports.'*>873*
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Fig. 1 Cyclic voltammograms for glycerol electrooxidation on Ni foil with

1 M KOH in (A) absence of glycerol and (B) presence of 0.1 M glycerol (red) or

1 M glycerol (blue) in the flow cell (2 mL min~Y at a scan rate of 50 mV s™*.

Anodes were pretreated electrochemically in the flow cell with
10 cycles in 1 M KOH conditions and 2 cycles in glycerol + 1 M
KOH conditions prior to use. A CHI 6002E or Biologic SP-150
potentiostat was used to control the potential or current with
85% IR compensation consistent with recommendations.*>**

Batch measurements of GEOR activity were obtained by
using a 5 mm diameter polycrystalline Au disk (Aupey) in a
three-electrode round-bottom flask. Hg/HgO was the reference
electrode and Pt mesh was used for the cathode. All experi-
ments were carried out at 21 °C. A Biologic SP-150 potentiostat
was used to control the potential or current with 85% IR
compensation.

2.2 Product characterization

The anolyte product stream was collected in a vial attached to
the outlet of the flow cell. A 0.5 mL aliquot of the product
stream was neutralized immediately after collection with
0.5 mL of 05 M H,SO,, and analyzed by using high-
performance liquid chromatography (HPLC) (Shimadzu Nexera
LC-40D with an LC-40D pump, CTO-40C column oven, SPD-40 UV
detector, and RID-20A refractive index detector). The HPLC col-
umn was an Aminex HPX-87H (Bio-Rad) ion exclusion column
and diluted sulfuric acid (5 mM) at a flow rate of 0.6 mL min~"
was used as the eluent to separate compounds. Column tempera-
ture was maintained at 60 °C and products were detected with a
UV-vis detector (210 nm) and/or a refractive index detector (RID).
Calibration curves for specific glycerol oxidation productions were
constructed using commercially available compounds (Table S1
and Fig. S5, S6, and S11, ESI}). Oxalic acid, glycolic acid, formic
acid, lactic acid, and dihydroxyacetone were acquired from Sigma
Aldrich. Glyceric acid, glyceraldehyde, and tartronic acid were
acquired from Thermo Fisher.

Faradaic efficiencies were calculated by using the following
equation:

mol, -n-F

FE (%) = =3

100

where mol,, is moles of product, 7 is the stoichiometric number
of electrons required, F is faraday’s constant (96 485 C mol %),
and Q is charge (C) passed."*"* These calculations typically
have a 10% error from multiple trials, which results in some
faradaic efficiency values greater than 100%.>*%¢
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3. Results

3.1 Glycerol oxidation on Ni

Fig. 1A shows a CV obtained in the flow cell showing the
response of the Ni foil electrode in a solution containing 1 M
KOH flowing at a rate of 2 mL min~'. The voltammetry shows
the presence of the well-known Ni(OH),/NiOOH oxidation and
reduction waves at 1.35 V and 1.3 V, respectively.”> The magni-
tude of the wave was consistent to ca. 10% between different
foils and runs.

Fig. 1B shows the voltammetry in the flow cell obtained
following addition of either 0.1 M glycerol (red) or 1 M glycerol
(blue) to the 1 M KOH solution. The current density was
normalized to the coloumbs passed to form NiOOH, observed
in the oxidation wave in Fig. 1A. The figure shows the presence
of an oxidative wave starting at ca. 1.3 V and rising at 1.4 V,
consistent with prior flow cell reports."* The lack of substantial
current associated with glycerol oxidation at potentials negative
of 1.3 V suggests that the active surface is made from NiOOH.?*
Prior reports suggest that the more cathodic form of Ni, Ni(OH),,
is not active for glycerol oxidation because Ni(OH), is a wide
band gap (3-3.5 eV) semiconductor.’”*®* The magnitude of the
glycerol-associated oxidative wave, normalized by the magnitude
of the Ni(OH),/NiOOH wave, is increased by ca. 150% between
the different glycerol concentrations. This result is consistent
with prior work in a static cell, showing that an increase in
glycerol concentration at a Ni electrode led to an increase in peak
current associated with oxidation.*” At higher concentrations,
however, the peak current did not increase linearly with concen-
tration. The asymptotic response of the peak current with
glycerol concentration is associated with saturation of NiOOH
sites by glycerol.>” Interestingly, no change is observed in either
the onset of oxidation or the CV behavior with increased glycerol
concentration on the NiOOH electrode.

Fig. 2 reports the average current density during chronoam-
perometry obtained in the flow cell in 1 M KOH with 0.1 M
glycerol and 1 M glycerol. The figure shows a lack of oxidative
current at 1.3 V, consistent with the CV results. No oxidative
current was found between 0.9 V and 1.2 V as well. Following a
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Fig. 2 Average current density from chronoamperometry for glycerol
electrooxidation on Ni foil in 0.1 M glycerol + 1 M KOH (M) and 1 M
glycerol + 1 M KOH (») in a flow cell.
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Fig. 3 Formic acid product concentration of glycerol electrooxidation on
Ni foil with 0.1 M glycerol + 1 M KOH (OJ) and 1 M glycerol + 1 M KOH (>) in
a flow cell.

step to 1.4 V, the Ni surface oxidizes, NiOOH is formed, and
glycerol oxidation current is seen. Interestingly, the onset of
oxidation differs only marginally between the two different
concentrations of glycerol used here. The average oxidative
current is slightly higher with higher glycerol concentration.
Fig. S2 (ESIt) shows that following an initial oxidative spike
(associated with surface oxidation) the oxidative current
becomes stable, decreasing by ~9% between 120 s and 240 s,
where product quantification was obtained.

Fig. 3 reports the potential dependence of oxidation pro-
ducts obtained for glycerol oxidation on Ni foil. Only formic
acid was observed as a product at 1.4 V, although trace
(<0.05 mM) amounts of glyceric, glycolic, and oxalic acid are
evident at this potential as well (Fig. S7 and S8, ESIf). This
result is consistent with prior reports.'* Interestingly, the
concentration of formic acid was found to be lower in the
product stream with the higher concentration of glycerol rela-
tive to that with the lower glycerol concentration.

The concentration of product and the current passed during
oxidation are used to calculate a faradaic efficiency (FE) for
formic acid production, the values for which are reported in
Fig. S4 (ESIT). The FE for formic acid production was 54% from
the 0.1 M glycerol solution, but that number decreased to 37%
with the use of the higher 1 M glycerol feed. FEs for formic acid
production on Ni and Ni-alloys range from 30-98% for Ni
nanoparticles deposited on carbon in a multipass or batch cell
configuration.'*'>?*3%4% gingle-pass FEs are expected to be
lower relative to those obtained from multipass configurations.

Perhaps the most interesting result from these measure-
ments is the drop in FE with the higher glycerol concentration.
The origin of this drop may be due to additional oxidative
processes occurring with the higher glycerol concentration. We
noted only trace amounts of other oxidation products in the
HPLC and these did not appreciably change between the two
concentrations. One possibility is the oxidation of glycerol to
CO,. Indeed, prior reports suggest that CO, is a product of
glycerol oxidation."*** We were not able to measure CO,
production from our cell. One reason that CO, production
might be enhanced with increased glycerol concentration is

Phys. Chem. Chem. Phys., 2025, 27, 9855-9863 | 9857


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp04013a

Open Access Article. Published on 28 April 2025. Downloaded on 2/25/2026 1:13:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

greater residence time of the glycerol at the electrode surface,
possibly due to the surface saturation discussed previously.

3.2 Glycerol oxidation on Au

Fig. 4 shows a representative set of CVs obtained from a Aupy,
disk electrode in 1 M KOH with increasing concentrations of
glycerol in batch cell conditions. The inset to the figure shows the
CV obtained absent glycerol which exhibits the features expected
for Au(poly) in aerated basic solution.*>** At 0.1 M glycerol, the CV
shows the expected hysteretic behavior for glycerol oxidation on
Au exhibiting current maxima at 1.04 and 1.26 V during the
anodic scan.'®****?> These two maxima are consistent with prior
literature.** Following an increase in current up to ca. 1.22 V, the
current density drops to nearly 0 mA cm™?, consistent with prior
literature.'®* This drop in current is associated with oxidation of
the Au electrode at potentials where Au oxide (AuOx) is formed on
the electrode surface.”*** As the potential is reversed, the AuOx is
reduced at ca. 1.25 V, and glycerol oxidation commences again.

In the presence of higher glycerol concentrations, the CV
changes. Fig. 4 shows that as the glycerol concentration is
increased, the potential at which the current density achieves a
maximum and then drops (associated with Au electrode oxidation)
moves to more positive values. At a concentration of 5 M glycerol,
the CV only evinces a quasi-linear increase going to positive
potentials.

Fig. 4B shows the concentration dependence of the poison-
ing potential (the potential at which the oxidation current
achieves a maximum and then drops). The figure shows a
sharp increase in the potential of Au poisoning up to 1 M
glycerol, after which the poisoning potential slowly approaches
the upper limit of 1.42 V.

Fig. 5A shows a plot of the log of the oxidation current as a
function of the log of the glycerol concentration obtained at
different potentials. The order of the glycerol oxidation reaction
is m = 9[log i]/J[log[glycerol]].*® The figure shows a nearly linear
increase in the log of current for the different potentials
considered up until the concentration of glycerol reached
1 M. At that point, the current is roughly constant with
increased glycerol concentration, indicating that m is small.
Fig. 5B plots m as a function of potential for these two different
concentration regimes. At low glycerol concentrations, m
ranges from ca. 1 to ca. 0.6, indicating participation of glycerol
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Fig. 4 (A) Cyclic voltammetry obtained from a polycrystalline Au disk in
1 M KOH + x M glycerol at a scan rate of 20 mV s~ with an inset blank
voltammetry in 1 M KOH. (B) Potential of Au catalyst poisoning as a
function of glycerol concentration.
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in the GEOR. At high concentrations, however, m is approxi-
mately = 0, which suggests that solution glycerol does not
participate in the GEOR. This observation that m = 0 suggests
that the surface is saturated with glycerol as further changes in
glycerol concentration do not significantly change the reaction
rate. In turn, this saturation suggests that OH ™ participation in
the GEOR will be restricted.

Fig. 6A shows a CV obtained from a Au foil in a flow cell in
1 M KOH. The characteristic gold oxide oxidation and reduction
peaks are observed at 1.3 V and 1.1 V, respectively.® Fig. 6B
shows the CV in the presence of two different concentrations of
glycerol. In the presence of 0.1 M glycerol, the CV shows
hysteretic behavior similar to that described above. In this case,
however, the current does not decay to below 15 mA ecm ™ in the
positive sweep until 1.6 V. The somewhat diminished poisoning
of the Au surface in the flow cell may reflect current inhomo-
geneities in the flowing KOH. The drop in current at 1.6 V
indicates that the Au surface is oxidized and that glycerol
oxidation activity has ceased. On the reverse scan, oxide begins
to be reduced at ca. 1.2 V and glycerol oxidation activity
recommences.”® In the presence of 1 M glycerol, however, the
CV does not show the same hysteretic behavior seen with lower
glycerol concentrations. Rather, the current increases up to 1.2 V
and is sustained before diminishing after 1.4 V. In contrast to
the case with lower glycerol concentration, the current does not
decrease to below 100 mA cm™ > until the sweep is reversed. The
noise evident in the CV at higher current densities is due to
bubble formation at the cathode.

Fig. 7 reports the results of chronoamperometry in the flow
cell obtained at different potentials with low and high glycerol
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Fig. 6 Cyclic voltammogram obtained from a Au foil in a flow cell (2 mL min™)
at a scan rate of 50 mV s~ in (A) 1 M KOH and (B) 1 M KOH + 0.1 M glycerol (red)

and 1 M KOH + 1 M glycerol (blue).
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06 14

concentrations. At low concentrations, the current begins to
increase at 0.8 V and achieves a maximum of 28 mA cm > at 1.0
and 1.2 V. At 1.4 V, the current decays. This behavior is
consistent with that found in the batch cell in Fig. 4. At high
concentration in the flow cell, the current profile is somewhat
different. Fig. 7 shows the current begins to increase at 0.8 V as
before, but achieves an average maximum of 96 mA cm > at
1.2 V and maintains this value at 1.4 V. There is no evidence of
electrode poisoning with the higher glycerol concentration. Fig.
S3 (ESIT) shows that the oxidative current from chronoampero-
metry exhibits noise but is stable between 120 s and 240 s,
where product quantification was obtained.

Fig. 8 reports the potential dependence of the product
distribution obtained from a Au foil in the flow cell. Fig. 8A
shows the result for an electrolyte containing 0.1 M glycerol +
1 M KOH. The figure highlights the lack of significant oxidation
products at either 0.6 V or 0.8 V, consistent with the lack of

= 6 A 0.1MGlycerol + 1 MKOH B 1M Glycerol + 1 M KOH
£ I & Formic Acid = Formic Acid
§ | —A-Glycolic Acid —A— Glycolic Acid
b Glyceric Acid Glyceric Acid
£4 - Lactic Acid i
Dih
§ ihydroxyacetone A/
o
o2
©
=} ~
3 —
<]
a0 o =&
01M Glycerol +1MKOH
100+C

N A O
OOOO

Faradaic Efficiency (%)

o

D 1 M Glycerol +1M KOH
[ Formic Acid [ Formic Acid
[ Glycolic Acid [ Glycolic Acid
L1 Glyceric Acid -+ Glyceric Acid

[ Lactic Acid

:| Dihydroxyacetone

0. 6 0. 8 1 14 0.6 0 8
Potential (V vs RHE) Potential (V Vs RHE)
Fig. 8 Product distribution and faradaic efficiency for glycerol electro-
oxidation on Au foil. Product concentrations are displayed for GEOR in (A)
0.1 M glycerol + 1 M KOH and (B) 1 M glycerol + 1 M KOH in a flow cell.
Faradaic efficiency as a function of potential is shown for GEOR in (C) 0.1 M
glycerol + 1 M KOH and (D) 1 M glycerol + 1 M KOH.
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oxidation current at these potentials. At 1.0 V, Fig. 8A shows
that the major oxidation products are formic acid and glycolic
acid, with lower concentrations of glyceric acid also found (Fig.
S9, ESIt). Formic acid and glycolic acid are also found at 1.2 V,
but are diminished at 1.4 V, consistent with the decreased
oxidation current seen in the voltammetry. The formic acid and
glycolic acid products and their potential dependence are
identical with that found in prior work.*®

Fig. 8B shows the potential dependence of oxidation pro-
ducts obtained from a solution containing 1 M glycerol + 1 M
KOH. The figure shows that significant oxidation starts at 1.0 V
with the appearance of formic and glycolic acid, as well as trace
amounts of glyceric acid (Fig. S10, ESIf). The product concen-
tration, however, is substantially lower than that found in 0.1 M
glycerol. At 1.2 V the amount of product increases and this
increase is maintained at 1.4 V. The appearance of lactic acid
and dihydroxyacetone is also observed at 1.2 and 1.4 V. Thus, a
consequence of the increased glycerol concentration is the
presence of oxidation products at 1.4 V, due to continued
glycerol oxidation at this potential.

Fig. 8C and D report FEs obtained for oxidation products on
Au from solutions containing either 0.1 M glycerol (Fig. 8C) or
1 M glycerol (Fig. 8D). Fig. 8C shows the FE for glyceric acid is
ca. 40% at 0.8 V, and then decreases at higher potentials where
formic acid and glycolic acid are produced. The figure shows
relatively little change in FE for these products between 1 V
and 1.2 V.

Fig. 8D reports the FEs on Au obtained from a 1 M glycerol
solution. The figure shows that the FEs are relatively smaller at
0.8 Vand 1V, but increase at 1.2 V and 1.4 V. Interestingly, the
figure shows the presence of lower oxidation products such as
lactic acid and dihydroxyacetone at these more positive poten-
tials. The lower oxidation products were not observed at any
glycerol concentration on Ni.

3.3 Flow rate dependence

Fig. 9 reports the flow rate dependence of the glycerol oxidation
current. For the Ni electrode (Fig. 9A), very little dependence on
solution flow rate is observed, consistent with the lack of
rotation rate dependence found in Ni RDE studies during the
oxidation of other organic substrates, such as urea.** Alterna-
tively, Fig. 9B shows there is a weak dependence of oxidation
current with flow rate on Au, as higher flow rates give higher
oxidation currents.

In order to evaluate electrode kinetics in the flow cell, we
used the method developed by Cooper et al to calculate
the kinetic current (i) with flow rates between 1 and

4 mL min~~.*>*¢ Here,
[ N U 1
iic @ i 1.0175nFCv! DR L2

where i is the steady-state diffusion limiting current for the
flow channel, n is the number of electrons transferred, F is
faraday’s constant, L is electrode length, w is electrode width, &
is half the channel height, C is bulk concentration of the
reactant, D is the diffusion coefficient; and v, = 3v¢/4hw, where
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Fig. 9 Cyclic voltammograms for glycerol electrooxidation in 0.1 M gly-
cerol + 1 M KOH with Ni foil (A) and Au foil (B) at various flow rates.

v¢ is the volumetric flow rate. Plotting 1/i against v, />

linear graph with intercept of 1/i.

Fig. 10 reports the results of this analysis. At low potentials,
the change in 1/i with corrected flow rate is relatively shallow,
while this slope becomes steeper at higher potentials. Table 1
reports the kinetic currents obtained from this analysis. These
kinetic currents are similar (within a factor of five) to those
obtained in other GEOR analyses by using RDE'' and also
within a factor of four of i} obtained for other electrooxidations
on Au, such as glucose oxidation.*”

Fig. 11 reports products obtained from GEOR on Au at
different flow rates. The figure shows that - at least at the flow
rates chosen here - product speciation does not change. In
particular, formic acid, glycolic acid, and glyceric acid are the

yields a

major products at all flow rates. There are greater amounts of
all products formed at higher flow rates (Fig. 11D) consistent
with the higher currents measured in the CV obtained in the
flow cell. The amount of glyceric acid product formed increases
steadily from 0.5 mL min~* to 4 mL min *, while formic acid
and glycolic acid production changes very little until the fastest

1.0V vs RHE
012F @ 11vysRHE * 1
1.2V vs RHE
0.10}F 4 13VvsRHE 4
@ 14VvsRHE
<« » 15V vsRHE
£0.08 @ 16VvsRHE >
o
i ®
<
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004} » . il
. s o
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000 1 1 1
0.5 1.0 15 2.0 25
VO-WS

Fig. 10 Plots of the dependence of reciprocal current density on the
negative cubic root of flow rate-containing parameter, v.

Table 1 Kinetic current values for GEOR in the flow cell

Potential (V vs. RHE) i, (MA cm™?)
1.0 61.3
1.1 64.8
1.2 56.5
1.3 50.6
1.4 55.0
1.5 49.1
1.6 51.8
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Fig. 11 Molar product distribution for glycerol electrooxidation on Au
foil in a flow cell with 0.1 M glycerol + 1 M KOH at (A) 0.5 mL min~%,
(B) 1 mL min~%, (C) 2 mL min~%, and (D) 4 mL min~* flow rates.

flow rate, 4 mL min ", is reached. Formic acid and glycolic acid

are higher degree oxidation products, formed by cleavage of a
C-C bond in glyceric acid. Formation of these products likely
requires a higher surface concentration of hydroxide relative to
what is needed for less oxidized products, such as glyceric acid.
The higher flow rate could be associated with the higher surface
hydroxide concentration.

4. Discussion

The results from this paper show that the concentration of
glycerol in a flow cell using a Au catalyst changes both the
appearance of the voltammetry and the product speciation.
Alternatively, using different concentrations of glycerol with a
Ni catalyst yielded only minor changes in both the voltammetry
and product speciation.

4.1 Oxidation on Au

Glycerol oxidation in alkaline solution on Au is thought to
proceed via the following mechanism:*

o

HO.
A
o Glycolic Acid
OH - - 20H
20H 20H
o Lo 2o o~ lon 2O j-azo
=2 OH . P
Glyceraldehyde e Glyceric Acid -2e 5 2e
|
kon
Formic Acid
OH .
Ho _L_oH %»
Glycerol _2e'{
Cannizzaro o

Rearrangement

o
Ho M _on — OH

; OH
Dihydroxyacetone Lactic Acid

Pathway 1

Pathway 1 shows that on Au catalysts, glycerol oxidation
utilizes hydroxide, which is present as OH in solution and OH
adsorbed onto the Au surface.’®*° Different intermediates,
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such as glyceraldehyde, glyceric acid, and dihydroxyacetone can
either be released from the surface or be oxidized or altered
further to make products such as lactic acid, formic acid, and
glycolic acid. The mechanism here is similar in concept with
that involved with methanol and ethanol oxidation in that there
is direct participation of surface or near-surface OH™ in this
oxidation.>®

The base-catalyzed deprotonation of glycerol in solution is
suggested to be the first step in GEOR on Au, and subsequent
abstraction of hydrogens to form intermediates is also per-
formed by OH ™. As a result, OH is vital to catalyst activity and
product formation. Glycerol is adsorbed to Au,*>*">? while base
in solution deprotonates glycerol to make an active species. The
Au surface accepts electrons and adsorbed surface hydroxide
lowers barriers for activation of C-H and C-O bonds.*®*
Adsorbed OH™ on Au engages in hydrogen bonding with
adsorbed glycerol.””

The results presented here show that both the CV and
product speciation associated with glycerol oxidation are
dependent on the glycerol concentration. In particular, increas-
ing the concentration of glycerol results in the formation of less
oxidized products. At the same time, the CV obtained with
higher glycerol concentrations does not exhibit the poisoning
behavior seen on the Au surface with lower glycerol concentra-
tions. The origin of this behavior is likely found in the competi-
tion between glycerol and the Au surface for OH™ at the positive
potentials associated with glycerol oxidation. As the glycerol
concentration is increased, there is less OH™ available to
oxidize the Au surface to AuOx and thus the CV does not exhibit
the poisoning behavior found at lower glycerol concentrations.

An additional consequence of the increased glycerol concen-
tration is the change in product speciation toward less oxidized
species. Alternatively, more oxidized products (which require
more OH ™) are found with a lower glycerol concentration. We
suggest that this change is associated with the diminished
presence of OH™ and consequently AuOH and AuOx on the
electrode surface with the higher glycerol concentrations.
Further, this behavior suggests that the interplay of glycerol
and OH" is responsible for product speciation on Au. Increas-
ing the glycerol concentration induces competition between
OH™ and glycerol availability at the Au surface, consequently
limiting the degree of glycerol oxidation. This is the reason
behind the increased presence of dihydroxyacetone, lactic acid,
and glyceric acid in 1 M glycerol. We show here that this
interplay can be accomplished by changing the glycerol concen-
tration on a surface that becomes oxidized in the region where
glycerol oxidation occurs. Indeed, decreasing OH  availability
by lowering the pH also leads to the formation of less oxidized
products.™

An interesting feature associated with changing glycerol
concentration is the change in the order, m, of the glycerol
oxidation reaction. We showed that at low glycerol concentra-
tions ([glycerol] < 1 M), m ranges from 1 to 0.6, consistent with
m values for other electrooxidations on Au and Pt surfaces.>*
Alternatively, at high concentrations ([glycerol] > 1 M), m
approaches 0. This behavior suggests that the Au surface is
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saturated with glycerol at concentrations above 1 M. Conse-
quently, hardly any surface is available for adsorbed OH™ or O.
This is the reason for the increased poisoning potential
observed in Fig. 4B.

The concentration dependence for glycerol oxidation shown
here is similar to that shown previously on Pt for methanol
oxidation.?® In particular, we showed that increasing methanol
concentration inhibited surface oxidation on Pt leading to
linear or near linear oxidation CVs. In our previous work,
methanol concentration at the surface was enhanced by the
presence of surface roughness. In this case, induced surface
roughness was not required to observe the concentration effect,
possibly because glycerol associates more strongly with Au than
methanol does with Pt.>>"*

Analysis shows that the i, values obtained by using the flow
rate dependence in the flow cell are similar to those obtained
by using RDE, thus validating the technique. The flow rate
dependence of speciation shows that speciation of the less
oxidized minor products can be incrementally altered at low
flow rates, but privileging of the more oxidized products is
observed at higher flow rates. The origin of this behavior is
likely the higher effective OH™ concentration at the solution/
electrode interface at high flow rates, which favors oxidative C-
C cleavage.®®

4.2 Oxidation on Ni

In contrast to the behavior seen with Au, GEOR on Ni exhibited
little dependence on glycerol concentration. The CVs obtained
in 0.1 M and 1 M glycerol were almost identical, consistent with
prior work®® and product speciation also did not change.
Additionally, only the high oxidation product formic acid was
observed in both cases.

The origin of the different behavior on Ni must be related to
the mechanism of glycerol oxidation on this surface. On Ni,
glycerol oxidation between 1.2 V and 1.4 V is thought to proceed
primarily by an indirect mechanism shown in Pathway 2."%°"

o)
OH |
Ho_A_ oH kOH
4 NiOOH ! : ! 4 Ni(OH),

OH-
Ni(OH), 0
-le
Pathway 2

In this mechanism, Ni(OH), is present in the potential range
between 0.9 V to ca. 1.35 V vs. RHE."® At further increased
potentials, Ni(OH), is oxidized to the nickel oxyhydroxide,
NiOOH, species.>®® The indirect mechanism uses Ni(OH),
and NiOOH as a mediator for glycerol oxidation. Glycerol
is oxidized on NiOOH to form oxidized intermediates, such
as a geminal diol’®*® and NiOOH is reduced to make Ni(OH),.
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In the presence of solution OH™, the Ni(OH), surface is
reoxidized to form NiOOH. The NiOOH then mediates addi-
tional intermediate oxidation.

The predominance of formic acid as the product under these
conditions is ascribed to facile C-C bond cleavage due to the
formation of the geminal diol which weakens the C-C
bond.”®*®® In addition, studies suggest that higher energy
barriers for desorption on Ni will cause reaction products/
intermediates to remain on the surface after formation and
undergo further oxidation to formic acid.®"*

In this indirect mechanism, OH does not participate in the
oxidation of glycerol directly, but is only involved in reforming
the active NiOOH surface. Variations of this mechanism suggest
that NiOOH accepts a hydrogen atom from carbon via a hydro-
gen atom transfer, subsequently producing a radical on glycerol
and this radical induces dehydrogenation of the adsorbed
glycerol molecule.”> The presence of the indirect mechanism
explains the relative glycerol concentration invariance seen in
this paper on Ni. The role of solution OH™ is only to participate
in the oxidation of the Ni(OH), surface. It does not incorporate
directly into glycerol. Thus, surface oxidation and glycerol oxida-
tion do not compete anymore, as was the case for Au.

5. Conclusions

We showed that glycerol oxidation proceeds via different
mechanisms on Au and Ni. In the former, near surface OH™
participates directly in glycerol oxidation. At the same time,
near surface OH™ can also participate in Au surface oxidation.
Consequently, Au and glycerol compete for near surface OH .
Changing the concentration of glycerol changes the relative
amount of OH™ that is utilized for glycerol and surface oxida-
tion. If the glycerol concentration is high, then relatively little
surface oxidation occurs. At the same time, the relative scarcity
of OH™ at high glycerol concentrations yields less oxidized
products during glycerol electrooxidation.

On Ni, glycerol oxidation occurs via an indirect mechanism
featuring the use of the Ni(OH),/NiOOH surface as a redox
mediator. Consequently, OH™ consumption does not change
with a change in glycerol concentration. Likewise, product
speciation is also not a function of glycerol concentration.

This work shows that even with the same catalyst and
potential, product speciation during glycerol oxidation can be
altered by changing glycerol concentration on Au, which parti-
cipates in a direct glycerol oxidation mechanism. In contrast,
little change occurs on Ni.
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