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The production of valuable chemicals from relatively inexpensive feedstocks utilizing electrochemical
methods has been attracting widespread attention in recent years since it is highly efficient, decentral-
ized, environmental-friendly and can operate in room temperature and pressure. Currently, the industrial
production of lactic acid is mainly based on bio-fermentation, leading to drawbacks including severe con-
ditions, unfriendliness to environment, low efficiency and requirement of expensive equipment, which
can potentially overcome by electrochemical methods. Herein, we report for the first time the prepara-
tion of lactic acid at room temperature and pressure from the one-pot electro-oxidation of glycerol, a
byproduct from biodiesel production. AuPt nanoparticles with different surface compositions were
employed in this work to optimize the catalysis performance, and the glycerol oxidation was operated
at a series of applied potentials, pH and glycerol concentration. The optimal lactic acid selectivity was
73%, obtained with Au-enriched surface at applied potential of 0.45 V vs. RHE.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Lactic acid (LA) is a valuable chemical utilized for the produc-
tion of biodegradable poly(lactic acid) (PLA), polyester, as well as
a feedstock for the synthesis of green solvents and various com-
modity chemicals [1,2]. In addition, LA is widely used directly in
the pharmaceutical, food and detergent industries [1,2]. Until
now, the production of LA is mainly based on fermentation of car-
bon sources, which has several disadvantages, such as severe con-
ditions, unfriendliness to environment and low efficiency [3,4]. The
demand for LA has been estimated to grow yearly at 5–8% and been
forecast to reach 367,300 metric tons by the year 2017[5]. One of
the cheapest sources for LA is glycerol, a major byproduct from bio-
mass conversion and soap manufacturing [6,7]. The global glycerol
market size was 2.47 million tons in 2014 and is expected to
increase 6.5% from 2015 to 2022 annually [8]. The market price
of refinery glycerol (99.5%) is only approximately 500 USD/tons
[9]. The production of LA from glycerol has been reported mainly
using the hydrothermal [10–14] and hydrogenolysis methods,
[15–17] with Au, Pt and their bimetallic catalysts frequently used
for such methods [12–14,17]. Nevertheless, these methods typi-
cally suffer from severe drawbacks including requirement of
expensive equipment and high energy input (such as high reaction
temperature and pressure).

Electrochemical methods are often regarded as green processes
because of their high energy efficiency in converting chemicals
with electrons. Compared with the hydrothermal and hydrogenol-
ysis methods, electrochemistry allows low reaction temperature
and pressure due to the non-thermal activation in aqueous media.
Additionally, the control of the applied potential, the solution pH,
the glycerol concentration and the formulation of catalysts are
expected to allow the tuning of the selectivity and activity of the
oxidation reaction. The electrochemical oxidation of glycerol has
been studied using a list of catalysts, such as Pt, Au, and a range
of metals and metal oxides [18–25].
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Pt is considered as the reference material for the electro-
oxidation of alcohols in both acidic and alkaline media
[18,23,24]. Kwon et al. [18] studied the mechanism and selectivity
of glycerol oxidation on polycrystalline Pt employing an online
measurement. They found that on Pt, glyceric acid (GLA) produced
via oxidation of glyceraldehyde (GLAD) starting from 0.4 V vs. RHE
was the main product in alkaline media, and as the pH was
decreased GLAD became the main product. Other low concentra-
tion products also included dihydroxyacetone (DHA), hydrox-
ypyruvic acid (HA), glycolic acid (GA), formic acid (FA), oxalic
acid (OA), and tartronic acid (TA). Roquet et al. [24] studied the
electro-oxidation of glycerol on platinum electrodes during long-
term potential-controlled electrolysis. The product selectivity and
conversion rate were found to depend greatly on the applied
potential and on the pH of the electrolyte. They also found that
in alkaline media the reaction kinetics were globally higher, and
the adsorption and oxidation of glycerol with CAC bond cleavage
appeared limited.

Au is inactive in acidic media for alcohol oxidation, while the
surface becomes more active in alkaline media [18,23]. Kwon
et al. [18] also studied the glycerol electro-oxidation on polycrys-
talline Au electrodes in alkaline media using an online method.
They observed only three products, GA, FA and GLA. The GLA was
detected first at 0.8 V vs. RHE instead of GLAD, which indicated
the rapid oxidation from glycerol to GLA via glyceraldehyde, pri-
marily due to the higher overpotential applicable to Au. This pro-
duct was further oxidized at higher potential to form GA and FA.
Wang et al. [21] prepared Au nanoparticles supported on extended
poly(4-vinylpyridine) functionalized graphene. The products
obtained from chronoamperometry at 0.2 V vs. Hg/HgO in alkaline
media were mainly composed of GLA, with byproducts including
FA, GA, OA and TA. Qi et al. [25] investigated the electro-oxidation
of glycerol on Au in anion exchange membrane-direct glycerol fuel
cells. Byproducts of the reaction after 12 h included mesoxalic acid
(MA), GLA, GA, TA, OA with a minimal amount of LA (less than 10%).
It should also be noted that during the preparation of this manu-
script, Lam et al. reported the production of LA from glycerol
electro-oxidation catalyzed by cobalt-based catalyst [26]. However,
the highest selectivity towards LA is only 37% even in 3 M NaOH at
60 �C, and the selectivity towards LA is only 7% at room tempera-
ture. Regretfully, none of the reports on the electro-oxidation of
glycerol have observed a major production of LA at room tempera-
ture and pressure using either online or offline measurement.

Herein, we report the electrochemical preparation of LA from
glycerol at room temperature and pressure for the first time. AuPt
bimetallic nanoparticles were prepared as catalysts. Since there
has been no attempt to use AuPt for catalyzing the glycerol
electro-oxidation so far, the AuPt synergetic effect on glycerol
electro-oxidation was studied by comparing the performance of
AuPt nanoparticles with different surface compositions and ana-
lyzing the corresponding oxidation products. Moreover, the influ-
ence of reaction parameters, including applied potential, glycerol
concentration, solution pH, and reaction time, on the product
selectivity, glycerol conversion and Faradaic efficiency was also
investigated. Noticeably, different from the product compositions
reported of glycerol oxidation on Au or Pt electrodes previously,
the AuPt nanoparticles in this work exhibited LA selectivity as high
as 73% under the optimal conditions.
2. Experimental details

2.1. Reagents

Dihydroxyacetone was purchased fromMerck, glyceric acid was
purchased from TCI, and all other chemicals were purchased from
Sigma-Aldrich. All the chemicals were used without further purifi-
cation. Solutions were prepared with deionized water and had
resistivity no less than 18.2 MX�cm at 25 �C fromMillipore Milli-Q.

2.2. Nanoparticle synthesis and electrode preparation

AuPt bimetallic nanoparticles were synthesized by modifying
the method reported by Gaw et al. [27]. 0.25 mmol HAuCl4 and
0.25 mmol Pt(acac)2 were dissolved in 20 mL oleylamine. The solu-
tion was heated to 160 �C and maintained at this temperature for
2 h under argon blanket. Afterward, 100 mL ethanol was added
and the mixture was centrifuged at 8000 rpm for 10 min. The
resulted sediment was by the mixture of hexane and ethanol
through centrifuging at 8000 rpm for 10 min for 3 times. The final
sediment/nanoparticles was/were loaded to the Vulcan CX72 car-
bon support with a mass loading approximate 20 wt% by sonicat-
ing the mixture of nanoparticles and carbon in hexane in an ice
bath for 3 h. The catalyst powders were then collected by purging
Ar at room temperature and dried in vacuum. The catalyst ink
(4 mg/ml) was prepared by mixing the catalyst with DI water/
IPA/Nafion solution at a volume ratio of 4:1:0.2. The mixture was
ultrasonicated in an ice bath for 1 h before dropped onto the
carbon substrate.

2.3. Heat treatment of AuPt nanoparticles

The heat treatment of as-synthesized AuPt (90% Ptsurf)/C was
carried out in a tube furnace (Lindberg/Blue M) using a quartz tube,
and it followed the method reported by Suntivich et al. [28]. Three
types of AuPt/C with different surface compositions were prepared.
(1) AuPt/C with surface composition of 64% Pt: Approximately 40
mg AuPt (90% Ptsurf)/C was placed in a tube furnace, and purged
with dry air at a flow rate of 100 mL/min. The tube furnace was
heated up to 250 �C with a heating rate of 5 K/min, and maintained
at this temperature for 30 min. Afterward, the tube furnace was
allowed to naturally cool down to room temperature. (2) AuPt/C
with surface composition of 29% Pt: Approximately 40 mg AuPt
(90% Ptsurf)/C was placed in a tube furnace, and purged with dry
air at a flow rate of 100 mL/min. The tube furnace was heated up
to 250 �C with a heating rate of 5 K/min, and maintained at this
temperature for 30 min. Then the dry air was replaced by argon
with the same flow rate. The temperature was further raised up
to 350 �C with the same heating rate, and the temperature was
maintained for another 30 min. Afterward, the tube furnace was
allowed to naturally cool down to room temperature. (3) AuPt/C
with surface composition of 15% Pt: Approximately 40 mg AuPt
(90% Ptsurf)/C was placed in a tube furnace, and purged with argon
at a flow rate of 100 mL/min. The tube furnace was heated up to
500 �C with a heating rate of 5 K/min, and maintained at this tem-
perature for 30 min. Afterward, the tube furnace was allowed to
naturally cool down to room temperature.

2.4. Characterizations of AuPt nanoparticles

The surface composition was determined based on the electro-
chemical methods reported [27,28]. The electrochemical surface
areas (ESAs) of Au and Pt in 0.5 M H2SO4 were measured by cyclic
voltammetry utilizing a three-electrode system with a Hg/Hg2SO4

(sat. K2SO4) reference electrode and a graphite counter electrode,
with Ar bubbling. The potential applied ranged from 0.05 V to
1.7 V vs. RHE at a scan rate of 50 mV/s. All electrochemical mea-
surements were controlled by a PGSTAT30 Autolab potentiostat
(Ecochemie). The particle size distribution was measured by a JEOL
2010 transmission electron microscope (TEM) at the operating
voltage of 200 kV. Powder X-ray diffraction (PXRD) pattern mea-
surements were recorded using a Shimadzu Thin Film X-ray
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diffractometer (Cu Ka radiation, k = 0.154 nm). The diffractometer
operating conditions were 40 kV, 30 mA at a 2q range of 10–80
with the scan speed of 3�min�1. Thermogravimetric analysis
(TGA) of AuPt/C nanoparticles was carried in a TGA/DSC 2 STAR
System (Mettler Toledo). AuPt/C nanoparticles were heated from
25 �C to 800 �C in air with a heating rate of 10 K/min. Trace metal
analysis of AuPt/C nanoparticles was performed using an Agilent
7700x ICP-MS (Agilent Technologies). Samples were digested using
Milestone Ethos one microwave digestion system before the
analysis.

2.5. Electrochemical oxidation of glycerol

The electrochemical oxidation of glycerol was performed in an
H-type cell utilizing a three-electrode system with a Hg/HgO (1
M KOH) reference electrode and a graphite counter electrode
(schematic illustration shown in Fig. 1a). The two compartments
were separated with an AMI-7001 anion exchange membrane
(Membranes International), and the counter electrode was sepa-
rated from the working and reference electrodes to prevent the
reduction of oxidation products at the counter electrode. The
membrane was immersed in the 1 M KOH solution overnight
before the test. Glycerol (0.5 M) was dissolved into a 1 M KOH
solution (or other concentrations when mentioned), and the solu-
tion was bubbled with Ar to purge air before and during experi-
ments. Each chamber was filled with 10 mL of 0.5 M glycerol & 1
M KOH solution. A graphite paper (20 mm � 15 mm) with AuPt
nanoparticles loading of 120 lg/cm2 on both sides was used as
the working electrode. The reaction products were collected with
a syringe at fixed time during or after chronoamperometry tests
for the following product analysis. The catholyte was also analyzed
after electrolysis, and no electro-oxidation product was detected
using either NMR or HPLC methods.

2.6. Analysis of glycerol oxidation products

Chromatographic determination of glycerol oxidation products
was analyzed by an Agilent 1260 Infinity II HPLC (Agilent Tech-
nologies). The column used was an Aminex HPX87-H (Bio-Rad)
and the eluent used was 5 mM sulfuric acid. During the test, 20
lL mixture of 0.5 M H2SO4 and sample solution was injected into
the column and the temperature of the column was kept at 55
�C. The flow rate was 0.5 mL/min. The separated compounds were
detected with a refractive index detector (RID) and a multiple
wavelength detector (MWD). The expected products were also
analyzed by HPLC to perform a standard calibration curve. Both
1H-NMR and 13C-NMR spectrum were recorded using a Bruker
AV 300 MHz NMR spectrometer. 0.4 mL sample and 0.2 mL D2O
were mixed and used for each test.
3. Results and discussion

3.1. Catalyst characterizations

The as-synthesized and heat-treated AuPt nanoparticles were
first electrochemically characterized to determine the surface com-
position [27,28]. All potentials mentioned are vs. RHE, for simplic-
ity and comparison. Fig. S1 shows CVs of AuPt nanoparticles with
different surface compositions. The ESA of Pt was calculated by
integrating and averaging the capacity-corrected by hydrogen
underpotential adsorption/desorption in the range of 0.05–0.4 V
using the constant of 210 lC/cm2. The ESA of Au was calculated
by integrating the reduction peak of gold oxide in the range from
ca. 0.95 V to 1.3 V using the constant of 340 lC/cm2. The AuPt
(90% Ptsurf) nanoparticles possessed a Pt-rich surface (90 atom%
Pt). Due to the lower surface energy of gold, higher surface Au com-
positions were induced according to the methods mentioned
above, from AuPt (64% Ptsurf) with 64 atom% Pt, to AuPt (29% Ptsurf)
with 29 atom% Pt and AuPt (15% Ptsurf) with 15 atom% Pt. This
change in the composition converted a Pt-rich surface to an Au-
rich surface. Fig. 1b&c and S2 shows the representative TEM
images and particle size distribution of as-synthesized AuPt (90%
Ptsurf) nanoparticles, respectively. The particle size was found to
be 6.3 ± 1.4 nm. This observation is in accordance with the previ-
ous work by Suntivich et al. [28], in which AuPt nanoparticles with
different surface compositions prepared by the same method have
a particle size range of 6–8 nm. As for size effect of carbon-
supported metal nanoparticles on electrochemical performance,
normally it can be observed for those particles with more signifi-
cant size difference [29,30]. Therefore, in such a small size varia-
tion range, the size effect of AuPt nanoparticles is limited. Fig. S3
shows the XRD analysis used to determine the structure of AuPt
nanoparticles, and no phase separation was detected. The loading
of AuPt nanoparticles on carbon was confirmed by the TGA tests,
which was approximately 20 wt% (shown in Fig. S4). The molar
ratio of Pt/Au calculated based on counts from ICP-MS for AuPt
(90% Ptsurf), AuPt (64% Ptsurf), AuPt (29% Ptsurf) and AuPt (15% Ptsurf)
were 1.05, 1.06, 1.03 and 1.04, respectively (shown in Table S1).

3.2. Product analysis and reaction pathways

To compare the influence of the AuPt surface composition and
applied potential on the selectivity (molar percentage) and activity
of the glycerol oxidation (total electron transferred), the glycerol
oxidation was first operated at four different potentials, 0.45 V,
0.6 V, 0.9 V and 1.05 V, catalyzed by four types of as-synthesized
AuPt nanoparticles for 12 h. The potentials were selected from
the potential where the oxidation started for all AuPt catalysts in
the linear sweep voltammetry (LSV) (shown in Figs. 2a and S5),
to the potential inducing the surface segregation [27] and Pt disso-
lution [31]. Ar was bubbled during the whole reaction process to
purge air, as lower O2 concentration favors the formation of LA
from glycerol oxidation [12,13]. The Au and Pt monometallic
nanoparticles were also employed for comparison purpose. How-
ever, the glycerol oxidation over Au electrode was only performed
at 0.9 V and 1.05 V, as the oxidation of glycerol on Au was only
observed at potential higher than 0.6 V [32].

In all reactions in alkaline conditions, the products were
obtained as salts, but they were marked as the acid forms for sim-
plicity and comparison. The products of glycerol electro-oxidation
were first qualitatively determined by NMR and HPLC.
Figs. 3a, b and 4 show the 1H, 13C NMR and HPLC analysis of oxida-
tion products of 0.5 M glycerol in 1 M KOH by AuPt (15% Ptsurf) at
1.05 V after 12 h, respectively. Fig. 3a and b shows that the prod-
ucts analyzed from the NMR include FA, acetic acid (AA) (concen-
tration too low to be detected in 13C NMR), GA, GLA, LA, TA, OA (no
proton in the salt form to be detected in 1H NMR) and the reactant,
glycerol. In Fig. 4, the peaks at the retention time of 7.701, 9.161,
12.555, 14.301, 14.741, 15.528, 16.315, and 17.858 min are attrib-
uted to OA, TA, GLA, GA, LA, glycerol, FA and AA, respectively. The
types of products are consistent with the results obtained from
NMR. In addition, since there are no aldehyde and ketone group
detected in NMR, the possible peak overlapping with glyceralde-
hyde (GLAD) (12.887 min) and dihydroxyacetone (DHA) (15.650
min) can be ignored. Moreover, the all-acids production is more
accessible for separation and purification compared with the mix-
ture of acids and aldehydes/ketones for industrial applications
[33].

On the basis of products analyzed from the NMR and HPLC
results, the proposed reaction pathway for glycerol oxidation is
shown in Scheme 1. Glycerol is first oxidized to GLAD or DHA by



Fig. 1. (a) The schematic illustration of the electrochemical cell and three-electrode system used for glycerol oxidation; (b, c) representative TEM images of AuPt/C (90% Ptsurf)
catalysts.

Fig. 2. Linear voltammograms of (a) glycerol oxidation catalyzed by different AuPt nanoparticles and Au & Pt nanoparticles in 0.5 M glycerol & 1 M KOH solution, and (b)
glycerol oxidation catalyzed by AuPt (15% Ptsurf) in 0.5 M glycerol in KOH solutions of different concentrations. The plot represents the activity normalized by the electrode
geometry area.
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Fig. 3. (a) 1H and (b) 13C NMR spectra of the electrolyte solution after 12-h oxidation of glycerol on AuPt (15% Ptsurf) in 0.5 M glycerol & 1 M KOH solution at 1.05 V vs. RHE.

Fig. 4. HPLC chromatogram of the electrolyte solution after 12-h oxidation of
glycerol on AuPt (15% Ptsurf) in 0.5 M glycerol & 1 M KOH solution at 1.05 V vs. RHE.
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the coordination of AuPt catalyst and base. In this step, glycerol is
first deprotonated (Ha in the R-CHHb-OHa) in the oxidation
catalyzed by base, followed by the second deprotonation depend-
ing on the ability of the electrode material to abstract the Hb

[34–36]. The resulting GLAD and DHA are in equilibrium in basic
conditions [13]. They then undergo either base-catalyzed dehydra-
tion to 2-hydroxypropenal/pyruvaldehyde and followed with Can-
nizzaro rearrangement to LA, or further metal-catalyzed oxidation
to GLA, TA, and CAC cleavage products such as GA, FA or OA
(shown in Scheme 1) [12–14,18,26]. Since the pathways leading
to LA and GLA are different and the pathway to GLA is undesired,
an optimal catalyst/reaction parameter for the LA production
therefore should have a strong oxidative dehydration capacity
and at the same time being highly oxidatively inefficient for the
conversion of GLAD/DHA into GA and subsequent products.

3.3. Catalyst and applied potential screening

The quantitative analysis of the products was performed by
HPLC, and all results are summarized in Table S2. In Fig. 5, all AuPt
catalysts demonstrated the same trend in that the lowest applied
potential (0.45 V) resulted in the highest selectivity towards LA,
although the glycerol conversion levels are the lowest. These
results are consistent with the previous hypothesis of the reaction
pathway. The lower applied potential leads to less oxidative activa-
tion to GLAD/DHA, which facilitate the reaction pathway following
dehydration & rearrangement to LA and inhibits the reaction path-
way to GLA and further oxidized products. Noticeably, the AuPt
(90% Ptsurf) catalyst (shown in Fig. 5a) demonstrated selective
tuning of product formation by the applied potential, from
LA-dominant production (69% LA) at 0.45 V to GLA-dominant
(53% GLA) production at 0.9 V. In addition, the highest GA & FA &
OA production (33% GA, 9% FA and 3% OA), which represents the
highest C2/C3 ratio, was achieved when using the AuPt (15% Ptsurf)
catalyst with the applied potential of 1.05 V (shown in Fig. 5d). This
indicates the highest CAC bond breaking capacity obtained in
experiments. It is notable that the TA, which is also a high-value
product [37], reached the highest selectivity when using the AuPt
(64% Ptsurf) catalyst at a potential of 0.9 V (shown in Fig. 5b). This
result suggests a technique for the production of such high-value
chemical. In addition, the total concentration of all C3 and C2 prod-
ucts and remnant glycerol is very close to the original glycerol con-
centration. Therefore, other possible C3 and C2 products are
ignorable, and the concentration of CO2 (carbonate) is equal to
the difference between total concentration of GA&OA and concen-
tration of FA.

To measure the LA selectivity of different catalysts at 0.45 V, the
performance of different AuPt and Pt catalysts was compared in
Fig. 6a. The AuPt (15% Ptsurf) catalyst exhibited both the highest
LA selectivity (73% LA) and glycerol conversion (0.295 ± 0.018).
Meanwhile the AuPt (90% Ptsurf) catalyst displayed close LA selec-
tivity (69% LA) while significantly smaller glycerol conversion (0.
1608 ± 0.0116). The AuPt (64% Ptsurf) and AuPt (29% Ptsurf) catalysts
demonstrated slightly smaller glycerol conversion (0.271 ± 0.013
and 0.288 ± 0.013, respectively), but distinct smaller LA selectivity
(60% LA and 61% LA, respectively). Furthermore, the worst perfor-
mance was obtained by the Pt catalyst, with the lowest LA selectiv-
ity (50% LA) and glycerol conversion level (0.107 ± 0.013).

To explain the trend in the LA selectivity and catalyst activity
(based on the Faradaic current charge calculated from the product
distribution and glycerol conversion), the AuPt catalyst with Pt-
enriched surface was first considered. By comparing the perfor-
mance of AuPt (90% Ptsurf) and AuPt (64% Ptsurf) catalysts, the LA
selectivity decreased but catalyst activity increased (from 215 C
to 396 C) with Au addition. The reason is that modification by Au
on the Pt electronic structure is expected to promote the genera-
tion of OHad on the Pt surface and thus increase the alcohol oxida-
tion capacity of the catalyst [38,39]. As a result, the Au increment
increases the catalyst activity, and promotes the formation of GLA
instead of LA from GLAD/DHA. Furthermore, to explain the increase
in the LA selectivity and decrease in the catalyst activity of the
AuPt (15% Ptsurf) catalyst compared with AuPt (29% Ptsurf), the Au
surface enrichment leads to insufficient Pt for dehydrogenation
of the alcohol, resulting in the negative contribution to the oxida-
tion efficiency [27,28]. Consequently, the Au surface enrichment
reduces the catalyst activity (from 426 C to 376 C), inhibits the
GLA formation and facilitates the LA formation from GLAD/DHA.
Moreover, the glycerol oxidation current at 0.45 V shown in
Fig. 2a for AuPt catalysts follows the order AuPt (29% Ptsurf) > AuPt
(64% Ptsurf) > AuPt (15% Ptsurf) > AuPt (90% Ptsurf), which is the



Scheme 1. Proposed reaction pathways for glycerol oxidation in alkaline solution on AuPt catalysts on the basis of products analyzed from NMR and HPLC.

Fig. 5. Product distribution and glycerol conversion with different applied potentials over the (a) AuPt (90% Ptsurf), (b) AuPt (64% Ptsurf), (c) AuPt (29% Ptsurf), (d) AuPt (15%
Ptsurf) catalysts in 0.5 M glycerol & 1 M KOH solution after 12 h.
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congruent with the catalyst activities in glycerol oxidation
chronoamperometry experiments. In addition, to explain the dif-
ference in LA selectivity between Pt monometallic catalyst and
AuPt bimetallic catalysts, the reaction pathways on different met-
als are compared. Pt appears to favor the oxidation of the primary
alcohol group to form GLAD, whereas Au allows the oxidation of
the secondary alcohol group to form DHA [23,40]. Furthermore,
Zhang et al. [14] reported that using DHA as the starting reagent
led to a higher LA/GLA molar ratio compared with using GLAD as
the starting reagent in the presence of base at low temperature
of 15–140 �C. In addition, DHA or GLAD disappeared completely
in 5 min of reaction time. Therefore, the AuPt catalysts facilitate
the formation of a higher DHA/GLAD molar ratio and finally lead
to higher LA selectivity, compared with Pt catalyst. Finally, to



Fig. 6. Product distribution and glycerol conversion over the (a) AuPt and Pt electrodes with applied potential of 0.45 V vs. RHE after 12 h in 0.5 M glycerol and 1 M KOH
solution; (b) AuPt (15% Ptsurf) with applied potential of 0.45 V vs. RHE after 12 h in 0.5 M glycerol in different pH solutions; (c) AuPt (15% Ptsurf) with applied potential of 0.45
V vs. RHE after 12 h in 1 M KOH in different glycerol concentration solutions; (d) AuPt (15% Ptsurf) with applied potential of 0.45 V vs. RHE in 0.5 M glycerol & 1 M KOH
solution in 12 h.
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explain the obvious difference of LA selectivity between Pt
nanoparticle electrodes in this work and polycrystalline Pt elec-
trodes previously reported [18,30], the dehydration and rearrange-
ment of GLAD/DHA is considered. The mechanism study of glycerol
oxidation on polycrystalline Pt by Kwon et al. [18,30] was employ-
ing online techniques; however, the HPLC and NMR tests in this
work were performed ex-situ. Since the GLAD/DHA evolves into
LA and other products automatically in alkaline media through
dehydration and rearrangement [14,18,26], GLAD/DHA is observed
by in-situ techniques, while LA is detected by ex-situ techniques.
As a result, the LA selectivity of Pt nanoparticle electrodes in this
work is different compared with previous report using polycrys-
talline Pt electrodes.

3.4. Influence of electrolyte pH, glycerol concentration and reaction
time

The presence of a higher base concentration is expected to have
a positive effect on glycerol conversion. The base deprotonates
glycerol, and the alkoxide produced after the abstraction of Ha is
a much more reactive species than the glycerol, hence a higher
pH is considered to facilitate the catalytic performance (mainly
the slower first deprotonation step) in metal catalyzed oxidation
reactions [34–36]. The glycerol oxidation was performed using
the AuPt (15% Ptsurf) catalyst in 0.5 M glycerol solution with KOH
concentration from 0.1 M to 2 M. The glycerol conversion was 0.0
39 ± 0.001, 0.147 ± 0.010, 0.295 ± 0.018 and 0.307 ± 0.023 in 0.1,
0.5, 1, and 2 M KOH solution, respectively (shown in Fig. 6b), and
the corresponding Faradaic current charges were 70, 194, 376,
and 429 C, respectively. This is consistent with the trend in LSV
results shown in Fig. 2b. The addition of base also enhanced the
LA selectivity significantly when comparing the LA selectivity in
0.1 M KOH (39% LA) and 0.5 M KOH solutions (68% LA). This is in
line with the proposed reaction pathways, where LA formation
from GLAD/DHA is catalyzed by a base, whereas the subsequent
oxidation of glyceraldehyde is a metal catalyzed oxidation reac-
tion. Nevertheless, the LA selectivity changed insignificantly when
the KOH concentration was higher than 0.5 M. This result indicates
a relatively stable catalysis selectivity over limited pH change at
high pH range.

The influence of glycerol concentration on the catalyst selectiv-
ity was also investigated. Fig. 6c demonstrates the production dis-
tribution of glycerol oxidation in 1 M KOH solution catalyzed by
AuPt (15% Ptsurf) with glycerol of 0.05, 0.1, 0.5 and 1 M. The LA
selectivity was approximately the same for all glycerol concentra-
tions, suggesting a unique LA selectivity despite of the glycerol
concentration. Additionally, the glycerol conversion declined from
0.582 ± 0.036 with 0.1 M glycerol to 0.154 ± 0.010 with 1 M glyc-
erol. Product selectivity and glycerol conversion for the glycerol
oxidation reaction in 0.5 M glycerol & 1 M KOH solution catalyzed
by AuPt (15% Ptsurf) at 1, 2, 4, 6, and 12 h are shown in Fig. 6d. The
product distribution remained relative constant after 1 h, while the
glycerol conversion kept increasing in 12 h, from 0.068 ± 0.009 at
1 h to 0.295 ± 0.018 at 12 h. These results suggest that the stable
selectivity of the catalysts towards reaction time during this partic-
ular period.

The total Faradaic efficiency of glycerol oxidation in 1 M KOH
solution after 12-h reaction declined gradually from 0.871 in
0.05 M glycerol to 0.840 in 1 M glycerol, and the total Faradaic effi-
ciency of glycerol oxidation in 0.5 M glycerol and 1 M KOH
declined gradually from 0.994 at 1 h to 0.858 at 12 h (detailed in
Table S2). To explain the decrease in the total Faradaic efficiency,
the adsorption/desorption of reactant/intermediates/products,
which is a non-Faradaic process, is discussed. It is reported that
GA and TA, which consist of b-dicarbonyl structures, ultimately
adsorb onto the metal surfaces and thus blocking the active sites
for the glycerol oxidation reaction [25,41]. Hence, glycerol oxida-
tion, which is a Faradaic process, is inhibited and leads to a lower
Faradaic efficiency. At increasing glycerol concentration or reaction
time, the oxidation products accumulate and the metal surfaces
become increasingly populated by GA and TA. Consequently, the
Faradaic efficiency decreases with the increasing glycerol concen-
tration or reaction time.
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In order to study the repeatability of the catalyst, the electro-
chemical characterization of AuPt nanoparticles before and after
the chronoamperometry test. Fig. S6 shows the cyclic voltammo-
grams of AuPt catalyst (15% Ptsurf) in 0.5 H2SO4 before and after
the chronoamperometry performed at 0.45 V vs. RHE in 0.5 M glyc-
erol and 1 M KOH for 12 h (optimal condition for LA production). It
can be found that the change is minimal, and the surface Pt com-
position change from 13.2% to 14.0%. These results confirm the cat-
alyst’s recyclability and robustness under the optimal
experimental condition for LA production.

4. Conclusion

In this paper, we report the electrochemical production of lactic
acid from glycerol at room temperature and pressure. The selectiv-
ity for lactic acid can be achieved >70% on AuPt nanoparticles with
a controlled surface composition. Lower oxidation potentials pro-
moted the formation of lactic acid, and the Pt-enriched AuPt
bimetallic catalyst showed an optimal performance, with the high-
est lactic acid selectivity and glycerol conversion. Additionally, the
glycerol conversion was found to be tunable by varying the elec-
trolyte pH, glycerol concentration, and reaction time, in addition
to the applied potential and catalyst surface composition.
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