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Simultaneous Generation of Mesoxalic Acid and Electricity
from Glycerol on a Gold Anode Catalyst in Anion-
Exchange Membrane Fuel Cells

Le Xin, Zhiyong Zhang, Zhichao Wang, and Wenzhen Li*®

We report the selective electrocatalytic oxidation of glycerol
for the cogeneration of mesoxalic acid and electricity on
a gold anode catalyst in anion-exchange membrane fuel cells
(AEMFCs). Small Au nanoparticles (3.5 nm) were uniformly de-
posited onto carbon black with a loading of 40 wt% through
a solution-phase method. An AEMFC with this Au/C anode cat-
alyst, together with an Fe-based cathode catalyst, exhibited
a peak power density of 57.9 mWcm 2 at 80 °C. Valuable meso-
xalic acid was produced with high selectivity (46%) from the
electro-oxidation of glycerol on Au/C at an operating voltage
of 0.3V, whilst very small amounts of mesoxalic acid (selectivi-

Introduction

Biomass is an intriguing renewable and carbon-neutral re-
source, and is expected to play a big part in the future energy
landscape.™ Glycerol is mass-produced as a low-value by-prod-
uct (0.3 US$kg™) in the manufacturing of biodiesel. Glycerol is
a highly functionalized molecule that has great potential in the
construction of major building blocks for the production of
new polymers, fine chemicals, pharmaceuticals, etc.” The se-
lective catalytic oxidation of glycerol by using molecular
oxygen in aqueous-phase catalytic systems under moderate
conditions (e.g., 20-80°C, 3-10 bar) is a very attractive sustain-
able process owing to its low environmental impact, especially
when compared to costly and non-environmentally friendly
stoichiometric-oxidation processes.”®“® Glycerol contains one
secondary- and two primary hydroxyl (OH) groups; the partial
oxidation of glycerol can lead to the formation of several
higher-value oxygenated chemicals, such as glyceric acid, tar-
tronic acid, and mesoxalic acid. Among these compounds,
mesoxalic acid (140 US$g™") has potential applications as
a complexing agent and as a precursor in the synthesis of 4-
chlorophenylhydrazoned mesoxalic acid, which has been dem-
onstrated to be an anti-HIV agent;” moreover, its salt form
(i.e., potassium mesoxalate) has found applications in the
treatment of diabetes.*?

Au catalysis have emerged as one of the most-exciting re-
search areas in chemistry.®>*" The aqueous-phase oxidation of
glycerol by using molecular oxygen has been extensively stud-
ied over Au®“® and its bimetallic alloys, such as AuPt®® and
AuPd.”! Au has demonstrated a unique ability to enhance the
selective formation of glyceric acid from glycerol, that is,
Hutchings and co-workers reported 100% selectivity and 54~
56% conversion of glycerol under optimized alkaline condi-
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ty <3%) were obtained on a Pt/C anode catalyst in AEMFCs.
The product distribution was dependent on the anode overpo-
tential. At 1.2V versus the standard hydrogen electrode (SHE)
in an electrolysis cell, glycolic acid was the major product (se-
lectivity: 65%) and no mesoxalic acid was observed. Based on
the product analysis, we found that Au facilitated deeper-oxi-
dation of glycerol to afford the fully-oxidized C; mesoxalic
acid, rather than C—C cleavage, under a mild potential range
(0.4-0.7 V vs. SHE) that was fortunately within the working
voltage range of the fuel cells.

tions.B*<d Ketchie et al. found that the presence of hydroxyl
ions was required for the oxidation of glycerol over supported
Au particles.”™ They also observed that the presence of H,0,
as an oxidant improved the selectivity for glycolic acid, as op-
posed to glyceric acid, which was preferred in the presence of
O,. The influence of the Au-particle size has been investigated
separately by several groups.”® Small Au particles were found
to have a higher initial activity, but were not able to maintain
the selectivity towards glyceric acid during the glycerol-oxida-
tion reaction. Conversely, larger Au particles were less active
but had a higher and more-stable selectivity for glyceric acid
throughout the oxidation process.”® Until now, the predomi-
nant products from direct glycerol oxidation on Au catalysts in
the aqueous alkaline phase have been glyceric acid®® and
glycolic acid,® whereas the selectivity for tartronic acid has
typically been <15% and no mesoxalic acid has been
reported.”??

Recently, based on DFT calculations and HPLC/MS isotope
analysis, Davis and co-workers elegantly revealed that the pres-
ence of OH™ ions would greatly reduce the activation energy
of the first dehydrogenation step, thereby facilitating glycerol
oxidation.®9 They inferred that O, merely facilitates the OH"-
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regeneration loop, and that its function is similar to that in the
oxygen-reduction reaction (ORR) at the cathode of a fuel cell.
Because the glycerol reaction in the aqueous phase is a redox
reaction in heterogeneous systems, and because O, functions
in the same way as in the ORR in fuel cells, the study of elec-
trocatalytic oxidation could provide new insights into hetero-
geneous catalytic oxidation reactions. Indeed, the electro-oxi-
dation of glycerol over a polycrystalline Au electrode has been
widely studied in three-electrode cells. FTIR® and HPLC"® have
been used to elucidate the mechanisms of oxidation: FTIR
spectroscopy has detected the presence of tartronic acid,
glyoxylic acid, and mesoxalic acid on an Au electrode surface
at high potentials [>1.2V vs. standard hydrogen electrode
(SHE)].®® However, FTIR merely probes the instant adsorbates
or intermediates that are formed during glycerol oxidation. To
detect the presence of any stable products in the liquid elec-
trolyte, HPLC is a more-straightforward tool. The most-abun-
dant product from the electro-oxidation of glycerol on a poly-
crystalline Au electrode in alkaline media, as examined by
HPLC, is glyceric acid at low potentials (0.6-0.8 V), and glycolic
acid at high potentials (0.8-1.5 V).['%¢

Glycerol has been considered as a potential fuel for direct al-
cohol fuel cells (DAFC), owing to its relatively low price, simple
purification and storage, as well as its non-volatile and environ-
mentally friendly properties." Pt- and Pd-based anode cata-
lysts have been investigated in anion-exchange membrane
direct glycerol fuel cells (AEM-DGFCs), and considerably high
fuel-cell-output power densities have been achieved
(125 mWem™2 on Pt/CM"? and 120 mWcm™2 on PdNizn/C!'™)
However, because Au has exhibited higher onset potentials for
glycerol oxidation in three-electrode-cell studies, it inevitably
leads to higher anode overpotential,®*'@ and thus lower fuel-
cell output power densities; thus, little work has been carried
out on the application of Au anodes in AEM-DGFCs.

From energy conservation, economic, and sustainable
chemistry viewpoints, the efficient cogeneration of electricity
and valuable chemicals from glycerol at ambient temperature
and pressure is highly desirable. Herein, carbon-supported Au
nanoparticles (Au/C, 40 wt%) with an average particle diame-
ter of 3.5 nm and a narrow size distribution (2-6 nm) were syn-
thesized and used at the anode in an AEM-DGFC reactor with
a non-platinum-group-metal cathode catalyst Fe-Cu-N,/C (Fe-
Cu-N-based macrocycle). The simultaneous generation of elec-
tricity and the synthesis of valuable chemicals were successful-
ly achieved. The Au/C catalyst exhibited good performance for
electricity generation (57.9 mWcm™ at 80°C) and demonstrat-
ed a unique catalytic selectivity towards mesoxalic acid (46 %).
The final product distribution was highly dependent on both
the operating voltage of the fuel cell (anode overpotential)
and on the Au/C catalyst (when compared with Pt/C). After as-
sembling the Au/C catalyst into a self-designed electrolysis
cell, we determined the relationship between product selectivi-
ty and anode overpotential and proposed a possible reaction
pathway for the electro-oxidation of glycerol on Au/C in an
AEM-DGFC reactor.
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Results and Discussion

Characterizations of the catalysts

Au/C and Pt/C catalysts were prepared according a modified
organic solution-phase-based nanocapsule procedure.' The
X-ray diffraction (XRD) patterns (Figure 1a) indicated that both
Pt/C and Au/C displayed face-centered-cubic (fcc) patterns.
The average sizes of the Pt/C and Au/C metal crystals, as calcu-
lated by the Debye-Scherrer formula® and based on the
(220) diffraction peaks, were 1.9 nm and 2.7 nm, respectively.
TEM images of Au/C and Pt/C (Figure 1b,d) showed that most
of the nanoparticles were round in shape and were uniformly
dispersed over the carbon support with minimal agglomera-
tion. The histograms of particle size, which was counted from
over 100 randomly chosen Au and Pt particles in arbitrary
areas, showed narrow size distributions of 2-6 nm for Au/C
(Figure 1¢) and 1-4 nm for Pt/C (Figure 1d). The average parti-
cle sizes were 2.4 nm and 3.5 nm for Pt/C and Au/C, respective-
ly, which were in good agreement with the XRD analysis. Com-
paring to previous studies,”” our self-prepared Au/C catalyst
exhibited a smaller size and less agglomeration, thus indicating
that this nanocapsule method was able to control the particle
size and morphology of Au/C, even with a high metal loading
of 40 wt%.

Efficient electricity generation from glycerol in AEM-DGFC

When applied as an AEM-DGFC anode catalyst, Au/C demon-
strated high electricity-generation performance (Figure 2). With
an Au loading of 1.0 mgcm™, the AEM-DGFC that was fed
with 2.0 m KOH+1.0m glycerol produced an open-circuit volt-
age (OCV) of 0.59 V and a peak power density of 17.5 mWcm™
(at 110 mAcm™) at 50°C. The performance was significantly
improved on increasing the temperature to 80°C: the OCV and
maximum power density reached 0.67 V and 57.9 mWcm™2 (at
240 mAcm™), respectively. This increase was mainly due to
greatly enhanced glycerol-oxidation kinetics at higher temper-
atures. The output power density of the Au/C anode AEM-
DGFC was much higher than state-of-art biofuel cells that use
glycerol fuel (typically < 1.0 mWcm2.'¥ Moreover, these re-
sults were competitive with current PtRu-anode-based proton-
exchange membrane direct-methanol fuel cells (PEM-DMFCs),
even with significantly lower precious-metal loading on the
membrane electrode assembly (MEA; 1.0 mga,cm %y, for
AEM-DGFC versus > 5.0 MGp; preCM yea for PEM-DMFC).'!
The high activity toward glycerol oxidation and promising
AEMFC performance may have been due to the small Au nano-
particles (3.5 nm) with a narrow particle-size distribution (2-
6 nm), which offered a high active surface area and a higher
number of Au atoms at the edges (with higher intrinsic activi-
ty)."*4? However, with the same catalyst loading, the Pt/C
anode AEM-DGFC exhibited an OCV of 0.80V and a peak
power density of 58.6 mWcm™ at 50°C, which were higher
than that of the Au/C anode AEM-DGFC under the same condi-
tions, thereby indicating that Au possessed an intrinsic catalyt-
ic activity that was lower than that of Pt. Our in-situ anode-po-
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Figure 1. a) XRD patterns, b,d) TEM images, and c, e) particle-size histograms of the Au/C (b,c) and Pt/C (d,e)

catalysts.

larization curves also showed about a 200 mV anode overpo-
tential benefit by using Pt rather than Au at the OCV state (see
the Supporting Information, Figure S1). This result was consis-
tent with previous results in three-electrode cells: Although Au
exhibited a higher current density than Pt at potentials of
>0.85V (vs. SHE), its onset potential was around 200 mV more
positive than that on Pt.*?

Selective electrocatalytic oxidation of glycerol in an AEM-
DGFC reactor

Table 1 shows the thermodynamic properties for the electro-
oxidation of hydrogen and biorenewable alcohols (glycerol
and EtOH). Chemical production did not necessarily come at
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the expense of electricity-gener-
ation efficiency. For example, the
thermodynamic efficiency (i)
and reversible potential (E,) for
the partial oxidation of glycerol
into mesoxalic acid were 98.1%
and 1.117V, respectively, which
were comparable to those for
the complete oxidation of glyc-
erol into CO, (combustion of
glycerol, 98.4%, 1.230 V). During
the oxidation of glycerol into
mesoxalic acid, the volumetric
energy density (W,) of glycerol
was 4.5 kWhL™", which was also
close to that of the complete ox-
idation of glycerol into CO,
(6.3 kWhL™"). The Faradic effi-
ciency (1.), which is the ratio of
transferred electrons in the par-
tial oxidation to that in the com-
plete oxidation (combustion of
glycerol), was also high (71.4%,
10e:14e) for oxidizing glycerol
into mesoxalic acid. Moreover,
both the volumetric energy den-
sity and the Faradic efficiency for
the partial oxidation of glycerol
into mesoxalic acid were higher
than those for the oxidation of
ethanol (a biorenewable mono-
alcohol) into acetic acid
(21kWhL™", 333%, 4e:12e),
which was the most-abundant
product in alkaline media. There-
fore, it was theoretically feasible
and practical to simultaneously
generate higher-valued mesoxal-
ic acid and electricity from the
electro-oxidation of glycerol in

Table 1. Thermodynamic data of the electro-oxidation of biorenewable
alcohols into target products.

sl

Fuel Final product ~ N&  E® W, 7 '
vl KWhL™]  [%] [%]
hydrogen  H,0 2 1229 26 100 833
ethanol Cco, 12 1.145 6.4 100 96.9
acetic acid 4 1171 241 333 918
glycerol €O, 14 1230 63 100 98.4
glyceric acid 4 1.140 1.8 286 91.1
tartronic acid 8 1.170 3.6 57.1 984
mesoxalic acid 10 1.117 45 714 98.1

[a] N.: number of transferred electrons; [b] E,: thermodynamic reversible
potential; [c] W,: volumetric energy density, liquid H,; [d] #,: Faradic effi-
ciency; [e] #: thermodynamic efficiency; [f] based on predicted thermody-
manic data from Ref. [16].
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Figure 2. Polarization (filled symbols) and power-density curves (empty sym-
bols) of AEM-DGFC with the Pt/C anode catalyst at 50°C (w/0) and the Au/C
catalyst at 50°C (#/0) and at 80°C (a/A). Anode: Pt/C or Au/C,

1.0 MQyper €M 2, 2.0 M KOH+1.0 M glycerol, 4.0 mLmin~". Cathode: Fe-Cu-N,/
C, 1.0 mgcm 2, 0,, 400 mLmin~", 30 psi.

AEM-DGFC, with little effect on electricity-generation efficiency.

Herein, the selective electrocatalytic oxidation of glycerol
was conducted by continuously looping 2.0 M KOH+1.0m glyc-
erol (55 mL) from a plastic vessel into the anode compartment
of an AEM-DGFC for 2 h. A constant fuel-cell voltage (0.5, 0.3,
or 0.1 V) was applied by controlling the outer-circuit resistance
and electricity was simultaneously generated. Figure 3a shows
the glycerol-oxidation-product distribution and electricity-gen-
eration performance on an Au/C anode with a loading of
1.0 mg,, cm~2 During the oxidation, the average anode over-
potentials were monitored by using an Hg/HgO electrode and
the values (reported vs. SHE) are given in parentheses (Fig-
ure 3a) with their corresponding
fuel-cell operating voltages. Fig-

W. Li et al.
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Figure 3. Product selectivity and the generation of electricity from the elec-
trocatalytic oxidation of glycerol on a) Au/C and b) Pt/C with 2.0 m
KOH+1.0 M glycerol in a single AEMFC reactor for 2 h at each operating volt-
age at 50°C. The anode-catalyst loading was 1.0 Mg,,.. €M . Anode overpo-
tentials (vs. SHE) are given in parentheses.

ure3a and Table2 show that | Table 2. Electro-oxidation of glycerol on Au/C and Pt/C in AEM-DGFC at different fuel-cell operating voltages.”’
the selectivity for mesoxalic acid o
led by the fuel-cell Anode Cell Anode Selectivity Glycerol Carbon  Power

was C?ntro e y the tuel-ce catalyst  voltage  over-potential conversion  balance  density
operating voltage (anode over- V] [V vs. SHE] [9%] %] 19] mMWem2]
potentials): At 0.5V, which was GA TA MA GLA OA
close to the open-circuit voltage, | auc® 05 0.465 26 49 0 0 25 35 0.43 29
the anode overpotential was 0.3 0.506 17 39 19 0 25 74 0.51 14.8
0.465 V versus SHE, and no mes- 0.1 0.579 26 37 12 3 22 20.0 0.78 14.6

i id duct detect Au/C9 05 0.448 13 32 28 0 27 32 1.2 5.7
oxallc acld product was detect- 03 0531 13 19 46 0 22 72 20 227
ed. Instead, selectivities of 26, 0.1 0.633 14 22 34 0 30 125 04 13.8
49, and 25% were obtained for Pt/C®! 0.7 0.281 47 37 0 16 0 44 43 45
glyceric acid, tartronic acid, and 0.5 0.350 41 40 0 4 15 10.5 6.5 25.0

l id tivel ith 0.3 0.444 44 33 2 5 16 215 14.0 47.6
oxalic  acid, respectively, wi 0.1 0.495 34 33 3 8 22 375 26.1 325
3.5% glycerol conversion. When
the fuel-cell operating voltage [a] Reaction conditions: anode: 2.0m KOH-+1.0m glycerol, 4.0 mLmin~', cathode: Fe-Cu-N,/C (Acta),

P 9 9 1.0 mgcm™, high-purity O, (99.999%), Py, =30 psi, 400 mLmin~', 50°C; [b] catalyst loading: 1.0 Mg e €M%

was decreased to 03V, the [c] catalyst loading: 5.0 mg,,cm~2; [d] GA =glyceric acid, TA=tartronic acid, MA = mesoxalic acid, GLA =glycol-
anode overpotential increased to ic acid, OA = oxalic acid.

0.506 V and mesoxalic acid was
observed in the final mixture of
products with a selectivity of 19% at 7.4% glycerol conversion.
Moreover, electricity was generated with a peak power density
of 148 mWcm™ The yield of mesoxalic acid seemed to sup-
press the selectivity for tartronic acid from 49% to 39%. When
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the fuel-cell voltage was decreased further to 0.1V, which was
sufficiently low to reach the limiting current density, the anode
overpotential increased to 0.579V and lower selectivity for
mesoxalic acid (12%) was observed. Under the higher anode
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overpotential (0.579 V vs. SHE), glycerol conversion within 2 h
jumped to 20% and a small amount of glycolic acid (3%) was
formed. At a cell voltage of 0.1V, the anode overpotential
gradually increased during the reaction owing to the continu-
ous consumption of glycerol, whereas, at higher fuel-cell oper-
ating voltages (0.5 and 0.3V), the glycerol consumption was
<7.4% and would not affect the anode overpotential. Thus,
the anode overpotentials that were observed at higher cell vol-
tages were quite stable with minor variations.

To further investigate the effects of reaction time, and the
corresponding increase in anode overpotential, on mesoxalic
selectivity, the reaction time was prolonged to 6 h. The same
reaction conditions were used at the fuel-cell operating volt-
age of 0.1V. The anode overpotential increased from 0.498 V
at 30 min to 0.630 V over the 6 h reaction (see the Supporting
Information, Figure S2A). As a result, the initial selectivity for
mesoxalic acid (22 %) could not be maintained. The concentra-
tion of mesoxalic acid decreased after 2 h, thereby leading to
the drop in selectivity (see the Supporting Information, Fig-
ure S2B), whilst the concentrations of tartronic acid, glycolic
acid, and oxalic acid gradually increased, with a corresponding
increase in their selectivity. These results confirmed that the
oxidation of glycerol into deeper-oxidized mesoxalic acid un-
derwent a metal-surface-catalyzed step, as proposed by Davis
and co-workers.*9*® |n the electrocatalytic process, this step
would be enhanced on a polarized Au surface. Herein, the
degree of positive polarization on Au increased as the anode
overpotential increased, which promoted the formation of tar-
tronic acid from the oxidation of glyceric acid. Tartronic acid is
a crucial intermediate that is directly oxidized into mesoxalic
acid."” This process was favored within a mild anode overpo-
tential range on Au/C. We suggested that the formation of
mesoxalic acid was accompanied by its decarboxylation into
oxalic acid, which could be accelerated at higher anode over-
potentials. The accumulation of glycolic acid presumably re-
sulted from the C—C bond cleavage of glyceric acid at higher
anode overpotentials.

Our AEMFC electrocatalytic reactor could be envisioned as
a continuous fixed-bed reactor with a series of multiple reac-
tors. It was similar to the fixed-bed reactor for heterogonous
catalysis, through which the yields of deeper-oxidized prod-
ucts, such as tartronic acid and oxalic acid, were enhanced on
Au/C in high-pH environments."® However, our reactor had
significant differences from heterogeneous catalytic reactors:
1) The anion-exchange membrane was introduced to separate
the O, gas phase from the catalyst-electrolyte (solid-liquid)
phase, to resolve the problem of oxygen mass transfer that
was encountered by the multiphase reactor.®'¥ 2) The liquid-
diffusion electrode was not only used as a catalyst bed but
also as a conductor to collect electric current. Therefore, the
cogeneration of electricity and higher-value chemicals could
be achieved. 3) Large amounts of mesoxalic acid were selec-
tively produced by using the electrocatalytic reactor with an
Au/C-anode catalyst. To the best of our knowledge, mesoxalic
acid has never been synthesized with high selectivity from the
direct catalytic oxidation of glycerol on metal catalysts in high
pH environments, and it was only detected on the Au elec-
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trode surface at very high potentials (>1.2V vs. SHE) in alka-
line media by using in situ FTIR spectroscopy.*®

In sharp contrast to Au/C, Pt/C was more active for the elec-
tro-oxidation of glycerol under the AEM-DGFC operating condi-
tions, as shown by its larger peak power density, lower anode
overpotential, and higher glycerol conversion (Figure 3b,
Table 2). Owing to the strong interactions between the Pt/C
catalyst surface and the hydroxyl- and oxygenated functional
groups, the C—C bond was easier to break over the Pt/C anode
catalyst in AEM-DGFCs. Only a small amount of mesoxalic acid
(2-3%) was collected at cell voltages below 0.3V, and the for-
mation of C, products occurred in a much-lower anode-over-
potential region on Pt/C than on the Au/C anode catalyst, that
is, the yields of glycolic acid and oxalic acid occurred at anode
overpotentials of 0.281 and 0.350 V versus SHE on Pt/C, respec-
tively, compared to 0.579 and 0.465 V (vs. SHE) on Au/C. This
phenomenon indicated that, on Pt/C, less energy (low poten-
tials) was required for both glyceric acid and tartronic acid to
break their C—C bonds rather than be further oxidized into
mesoxalic acid. In addition, Table 2 shows the carbon balance,
which was based on the detected C, and C; products, over the
Pt/C and Au/C catalysts. When Pt/C was used as the anode cat-
alyst, the carbon balance increased from 4.3% to 26.1% as the
fuel-cell voltage decreased from 0.7 V to 0.1V, whilst, at all of
the investigated potentials on the Au/C anode catalyst, the
carbon balance was typically < 1%, thus indicating that more
G, products were further oxidized into C, products (formic acid
and carbon dioxide) on Pt/C as compared to Au/C.

Interestingly, when the Au/C-anode loading was increased
to 5.0 mg,,cm™2, considerably higher selectivity for mesoxalic
acid (46% with a glycerol conversion of 7.2%) was obtained
with an output peak power density of 22.7 mWcm™ at 0.3V
(Figure 4, Table 2). Glycerol conversions on both the Au-loaded
anodes (1.0mgcm™ and 5.0mgcm™) were comparable at
each cell voltage investigated; however, different product dis-
tributions were observed. Compared with the anode with
1.0 mg,,cm™? loading, the selectivity for mesoxalic acid by
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0.4 (0.448V) (0.531V) g
2 2
e L16 E
& 0.3 >
° £
= 12 §
S 0.2 > ;
s 3
& o
0.14 §
[
y T P2 T -4

0 20 40 60 80 100 120 140 160
Current density / mA cm™

Figure 4. Product selectivity and the generation of electricity from the elec-
trocatalytic oxidation of glycerol on an Au/C anode AEM-DGFC with 2.0 m
KOH+1.0 m glycerol at each operation voltage for 2 h at 50°C. The anode
catalyst loading was 5.0 mg,,cm™2 Anode overpotentials (vs. SHE) are given
in parentheses.
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using the anode with 5.0 mg,,cm~2 loading increased signifi-
cantly (from 0% to 28%) at 0.5V, whilst the selectivity for tar-
tronic acid dropped from 49% to 32%. As the cell potential
was further lowered to 0.3V, a significant amount of mesoxalic
acid was produced with a selectivity of 46 %, whilst the selec-
tivity for tartronic acid dropped to 19%. These results indicat-
ed that the production of mesoxalic acid in this AEMFC reactor
might follow a sequential oxidation process starting from glyc-
erol, that is, glycerol —glyceric acid —tartronic acid —mesoxalic
acid, which has been demonstrated in heterogeneous catalysis
systems in low-pH media."’*” The selectivity of 46% for meso-
xalic acid in the AEM-DGFC reactor indicated that the average
selectivity of each reaction intermediate (glyceric acid, tartronic
acid, and mesoxalic acid) should exceed 77 %! However, further
decreasing the cell potential to 0.1V led to a decrease in the
selectivity for mesoxalic acid, but an increase in the selectivity
for oxalic acid. Compared to the anode with 1.0 mg,,cm™
loading, no glycolic acid was observed with 5.0 mg,,cm™
loading at the anode, which indicated that high Au loading
(high ratio of catalyst to glycerol) favored the oxidation of the
hydroxyl groups of the C; acids without breaking their C—C
bonds. We also observed that the carbon balance remained
within 2.0% (Table 2) by using the anode with 5.0 mg,,cm™
loading, thereby suggesting that, despite large amounts of
fully oxidized C; product (mesoxalic acid) being produced,
negligible quantities of C, products were broken into C, prod-
ucts. The higher yield of mesoxalic acid would result in
a higher Faradic efficiency of the fuel cell and greater utiliza-
tion of glycerol fuel.

Stability test of the Au/C-anode AEM-DGFC reactor

The stability of the Au/C-anode AEM-DGFC reactor was investi-
gated over 10 runs with an operation time of 2 h for glycerol
oxidation with 2.0m KOH+1.0m glycerol under the same test
conditions (Figure 5). The anode-catalyst loading was main-
tained at 5.0 mgy,cm~2 whilst the cathode-catalyst loading
was increased to 2.0 mgcm 2 to minimize the effect of the loss
of catalytic activity. The fuel-cell operating voltage was fixed at

[ Oxalic Acid [ Mesoxalic acid
[ Tartronic Acid [l Glyceric Acid
100 L 40
q
= 2
8 s
g c
2 |30 -8
2 7]
- o
o
o z
% 120 8
B 3
S 8
e 10 >
o ]
L0

1.2 3 4 5 6 7 8 9 10

Run number

Figure 5. Stability of an Au/C anode AEM-DGFC with 2.0 M KOH+1.0m glyc-
erol at the fuel-cell operating voltage of 0.3 V at 50 °C; anode-catalyst load-
ing: 5.0 mg,,cm~?; cathode-catalyst loading: 2.0 mgcm™
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0.3V, at which the Au/C anode AEM-DGFC generated the high-
est selectivity for mesoxalic acid, as well as the highest power
density. After each run, the anode was cleaned by flushing
with deionized water until the OCV was <0.01 V. The glycerol
conversion and selectivity for mesoxalic acid increased to 10%
and 49%, respectively, presumably owing to the increase in
catalyst loading at the cathode (Figure 5). The selectivity for
each product remained almost constant over the 10 runs,
thereby indicating that the catalytic activity and selectivity on
Au/C was stable over repeated cycles. Meanwhile, the Au/C
anode also showed good stability against deactivation; the
glycerol conversion stabilized at about 10% and the power
density remained steady at about 27.6 mWcm 2 (see the Sup-
porting Information, Figure S3). The internal resistances during
the reactions were stable at about 142 mOhmcm™ (see the
Supporting Information, Figure S3), thus indicating that no
structural changes of either the anode and cathode catalyst
layers occurred, and no decomposition of the AEM occurred,
even after 10 runs (a total operation time of 20 h).

Potential-controlled selective electrocatalytic oxidation of
glycerol in an AEM-based electrolysis cell

Although these AEMFC studies revealed a correlation between
the anode overpotential and the selectivity for mesoxalic acid,
two properties of the fuel cell hindered the accurate investiga-
tion of this relationship: 1) The anode overpotential in fuel
cells was not directly controlled; it could only be monitored at
various fuel-cell operating voltages. Moreover, at a lower cell
voltage (about 0.1V) at which glycerol reacted faster, the
anode overpotential gradually increased owing to the continu-
ous drop in fuel concentration. 2) Restricted by the theoretical
AEM-DGFC voltage and the huge overpotential at the cathode,
the anode overpotential was narrowed to a small region (0.4-
0.7 V). The reaction and selectivity at higher anode overpoten-
tials are still unclear.

To more-accurately study the effects of potential (more-
stable- and more-controlled applied potential at the anode) on
the selective electro-oxidation of glycerol and over a wider po-
tential range, we assembled an electrolysis cell reactor with
a carbon cloth diffusion-layer-supported Au anode
(5.0 mga,cm™?) and a Pt-based cathode (see the Supporting In-
formation, Figure S4). The potential was accurately controlled
from 0.4-1.2V versus SHE by using a Hg/HgO electrode that
was dipped into the anode compartment. Although the elec-
tro-oxidation of glycerol in alkaline media has already been re-
ported on both a polycrystalline Au electrode and supported
Au catalysts, most of these reports were only carried out in
conventional three-electrode cells with diluted glycerol solu-
tion (0.1m) and either a bulk Au electrode or a very small
amount of Au nanoparticle catalyst that was deposited on
a glassy carbon electrode.”**'® Owing to the low glycerol con-
centration and small electrochemical surface area of the Au/C
catalyst, the reported onset potentials for the electro-oxidation
of glycerol were as high as 0.55-0.65 V versus SHE, which were
not consistent with the monitored anode overpotential at OCV
of real AEM-DGFC (0.406 V in our tests, with an Au loading of
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5.0 mga,cm™). On the other hand, the main products that
were detected by HPLC were only glycolic acid and formic acid
because C—C bond breakage was predominant at high applied
potentials. The deeper-oxidized C; acids (i.e., tartronic acid and
mesoxalic acid) were only detected at high potentials by using
FTIR spectroscopy (>1.2V vs. SHE). Compared with previous
studies on the electro-oxidation of glycerol in traditional three-
electrode cells, the electrolysis cell could be used to investi-
gate the oxidation of glycerol at lower potentials, owing to the
high catalyst loading (high ratio of catalyst to glycerol). Herein,
stable anodic oxidation currents were obtained at 0.4 V versus
SHE, which was close to the anode overpotential in AEM-DGFC
at the OCV condition (0.406 V vs. SHE) with the same Au cata-
lyst loading (5.0 mgy,cm™2).

After a reaction time of 30 min at each applied potential,
the product distribution was analyzed by HPLC (Figure 6,
Table 3). Interestingly, we observed an amazing consistency in
the selectivities for the products between the electrolysis cell

B Oxalic acid @M Glycolic acid EE® Glyoxylic acid

100 == Mesoxalic acid [E=3 Tartronic acid EEE Glyceric acid

Product selectivity / %

04 05 06 07 08 09 10 11 1.2
Potential / V vs. SHE

Figure 6. Selective electro-oxidation of glycerol on Au/C (5.0 mgs,cm 2 in
an electrolysis cell under different applied potentials; reaction conditions:
2.0 M KOH+1.0m glycerol, RT, reaction time: 0.5 h.

Table 3. Electro-oxidation of glycerol on Au/C in an electrolysis cell at dif-
ferent applied anode potentials.”!

Applied anode potential Selectivity™
[V vs. SHE] [%)]

GA TA MA GLA GLOA OA
0.4 15 27 35 0 0 23
0.5 14 25 47 0 0 14
0.6 15 20 46 0 1 18
0.7 16 21 42 0 2 19
0.8 16 20 38 1 1 24
0.9 15 22 25 2 2 34
1.0 16 19 7 12 4 42
1.1 14 14 3 33 5 31
1.2 1 7 0 65 3 14

[a]l The MEA for the electrolysis cell consisted of an Au/C anode
(5.0 mga,cm?), a Pt/C cathode (1.0 mgp,cm 3, and a solid anion-ex-
change membrane (FAA, 110 um) with an active cross-sectional area of
1 cm? A Hg/HgO reference electrode in the anode chamber controlled
the applied anode potential. Anode electrolyte: 2.0 M KOH+1.0 m glycerol
(1.0 mL), cathode electrolyte: 2.0m KOH (100 mL), RT. [b] GA=glyceric
acid, TA=tartronic acid, MA = mesoxalic acid, GLA =glycolic acid, GLOA =
glyoxylic acid, and OA = oxalic acid.
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reactor and the fuel cell reactor. At 0.4 V versus SHE, the selec-
tivity for glyceric acid, tartronic acid, and mesoxalic acid in the
electrolysis cell were 15, 27, and 35 %, respectively, which were
in good agreement with the values that were obtained in
a fuel cell with an Au catalyst of 5.0 mg,,cm 2 and a cell-oper-
ating voltage of 0.5V (anode overpotential, 0.448 V vs. SHE):
13, 32, and 28%. As the anode overpotential increased, the se-
lectivity for tartronic acid in both the electrolysis cell and the
fuel cell gradually decreased to about 20%. The highest selec-
tivity for mesoxalic acid (46 %), which was obtained in a fuel
cell with an operating voltage of 0.3 V (anode overpotential of
0.531 V), was also close to that obtained in an electrolysis cell
at applied voltages of 0.5V (47%) and 0.6V (46%) at the
anode.

Moreover, the electrolysis cell clearly exhibited a potential-
controlled product distribution over a wider applied potential
range than the fuel cell. At low potentials, the major product
was mesoxalic acid. However, when the applied anode poten-
tial of the electrolysis cell was increased, the selectivity for C,
acids (glycolic acid+glyoxylic acid+oxalic acid) increased grad-
ually, thereby indicating that a higher overpotential facilitated
the C—C bond breakage. When the applied anode potential
was increased to 1.2V, the predominant product was glycolic
acid (65% selectivity), thus indicating that the glycerol-oxida-
tion products were strongly dependent on the applied poten-
tial. The high selectivity for glycolic acid in the electrolysis cell
reactor was in good agreement with previous studies in con-
ventional three-electrode cells."%9

Reaction mechanism for the electrocatalytic oxidation of
glycerol in an AEMFC reactor

Based on an analysis of the products in the bulk electrolyte in
the fuel cell and in the electrolysis cell, we proposed a reaction
pathway for the oxidation of glycerol (Scheme 1). The first
step, that is, the oxidation of one primary hydroxyl group in
glycerol to generate glyceric acid, was fast and started at 0.4V

H
HO™"OH
T oo L 2
OH H OH

Glycerol Glyceric acid Glycolicacid  Formic acid

/ 0 \OH
HOMOH — tfo — o)\ﬁo

OH OH OH

Tartronic acid Glyoxylic acid Oxalic acid

\ HOE\’(EOH /

Mesoxalic acid

Scheme 1. Proposed reaction pathway for the electrocatalytic oxidation of
glycerol on Au/C in a liquid-diffusion-electrode (LDE)-anion-exchange-mem-
brane (AEM)-based electrolysis cell and fuel cell (green arrows represent the
dominant pathways in a fuel cell).
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versus SHE. As shown in Table2 (AEM-DGFC reactor) and
Table 3 (electrolysis cell reactor), with a catalyst loading of
5.0 mg,, cm 2, the selectivity for glyceric acid was stable at 11—
16% over the whole potential range, thereby suggesting that
it should be a stable reaction intermediate during the glycerol-
oxidation reaction. This step was recently confirmed by using
an online-sample collection, offline-HPLC analysis, in which
glyceric acid was the first probed product at a relatively lower
potential."®< However, because the reaction kinetics were
greatly enhanced by the high ratio of catalyst to glycerol and
high KOH concentrations, glyceric acid was rapidly oxidized
into tartronic acid. As neither dihydroxyacetone nor hydroxy-
pyruvic acid were detected over the whole voltage range for
the fuel cell or the electrolysis cell, it was reasonable to believe
that mesoxalic acid was produced through the direct oxidation
of the hydroxyl group in tartronic acid. The C—C bond cleavage
of mesoxalic acid gave oxalic acid at the low applied potential
(or anode overpotential) of 0.4 V. In the fuel-cell operation, the
anode overpotential was in the range 0.4-0.7 V; therefore, the
detected oxidation products on the Au/C anode were glyceric
acid, tartronic acid, mesoxalic acid, and oxalic acid. At a higher
potential (0.6 V), tartronic acid began to be oxidized into
glyoxylic acid, which could be further oxidized into oxalic acid.
Although glycolic acid could be formed from tartronic acid
through a non-Faradic decarboxylation pathway, we demon-
strated that this reaction occurred in a non-oxidizing, low-pH
environment.® Therefore, under these electrolysis conditions,
glycolic acid was more likely to be converted from glyceric
acid, which may have occurred at a relative higher potential
(0.8'V), at which glycolic acid was observed in the electrolysis
cell. This result was also consistent with the fuel-cell results:
over the whole fuel-cell operating region (anode overpotential:
0.4-0.7 V vs. SHE), no glycolic acid was detected on the MEA
with 5.0 mg,,cm™2 loading. To test whether the oxidation of
glycolic acid led to the generation of glyoxylic acid, we investi-
gated the electro-oxidation of glycolic acid (2.0m KOH+0.5Mm
glycolic acid) under identical electrolysis reactor conditions
(see the Supporting Information, Figure S5). Apart from the
fact that, at a very high applied potential (1.2 V), glycolic acid
was oxidized into formic acid with a selectivity of 50%, the
only product from glycolic acid at lower potentials (0.7-1.1V
vs. SHE) was oxalic acid. Therefore, it was reasonable to con-
clude that glyoxylic acid in this system was mainly converted
from the C—C cleavage of tartronic acid.

In summary, on the Au/C-based liquid-diffusion electrode:
1) it was easier to further oxidize the hydroxyl groups of the C;
and G, acids (glyceric acid, tartronic acid, and glycolic acid)
than to break their C—C bonds; 2) higher potential (energy)
was needed to achieve deeper-oxidation and C—C bond cleav-
age of the C, acids than the C; acids. These insights into the
electrocatalytic oxidation of glycerol will help the design of
new Au-based electrocatalysts for the selective production of
mesoxalic acid, that is, to facilitate the continuous hydroxyl-
group oxidation of C; carboxylic acid, whilst avoiding their C—
C bond cleavage.
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Conclusions

We have demonstrated the efficient cogeneration of mesoxalic
acid and electricity from the electro-oxidation of glycerol on
small Au nanoparticles in an AEMFC reactor. A Au/C catalyst
(40 wt%) with a small particle size (3.5 nm) and narrow parti-
cle-size distribution (2-6 nm) was prepared through a solution-
phase reduction method. An AEMFC with the Au/C anode cat-
alyst and a non-platinum-group-metal Fe-Cu-N,/C cathode cat-
alyst exhibited a peak power density of 57.9 mWcm™2 at 80°C.
Valuable mesoxalic acid was directly produced with high selec-
tivity (46 %) from the electro-oxidation of glycerol under a fuel-
cell working voltage of 0.3V (the anode overpotential of
0.53 V vs. SHE) after 2 h. On the contrary, a very small yield of
mesoxalic acid (selectivity <3%) was obtained on the Pt/C
anode catalyst in the AEMFC operation. The oxidation-product
distribution was also dependent on the fuel-cell operation volt-
age (anode overpotential). The selectivity towards mesoxalic
acid decreased with increasing applied potential. At a high po-
tential (1.2 V vs. SHE), glycolic acid was the major product with
a selectivity of 65% and no mesoxalic acid was observed.
Based on a product-distribution analysis in both fuel cells and
electrolysis cells, Au facilitated the deeper oxidation of glycerol
into the completely oxidized C; acid (mesoxalic acid), rather
than C—C cleavage, under a mild potential range (0.4-0.7 V vs.
SHE), which fortunately was within the working voltage range
for the fuel cells.

Experimental Section
Preparation of Au/C

AuCl; (0.5 mmol, Acros Organics) was mixed with octadecene
(16 mL, Acros Organics) and oleylamine (4 mL, Aldrich Chemistry)
under a nitrogen blanket. The system was then rapidly heated to
80°C, followed by a quick injection of LiBEt;H (1.5 mL, 1™ in THF,
Acros Organics). After being maintained at the same temperature
for 10 min, the solution was cooled to RT and separated by centri-
fugation. The as-prepared Au-NPs were deposited on Vulcan XC-
72R carbon black (Cabot) to afford an Au/C catalyst with a loading
of 40 wt% that was determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES).

Preparation of Pt/C

[Pt(acac),] (0.5 mmol, Acros Organics), oleylamine (200 pL, Aldrich
Chemistry), and oleic acid (200 pL, Fisher Chemistry) were dissolved
in a mixture of Vulcan XC-72R carbon black (Cabot) and benzyl
ether (40 mL, Acros Organics, 99%) at 60 °C under a nitrogen blan-
ket. LiBEt;H (1.0 mL, 1™ in THF, Acros Organics) was quickly inject-
ed into the system as the temperature was raised to 120°C. After
being maintained at 120°C for 30 min, the temperature was slowly
increased to 180°C and maintained at that temperature for an ad-
ditional 30 min. The Pt/C catalyst was collected by filtration,
washed with copious amounts of EtOH, and dried in a vacuum
oven overnight at 50 °C. The final metal loading of Pt/C was deter-
mined to be 40 wt % by ICP-AES.
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Physicochemical characterization

The Au/C and Pt/C catalysts were characterized by TEM (JEOL 2010
with an operating voltage of 200 kV). X-ray diffraction (XRD) pat-
terns were collected on a Scintag XDS-2000 diffractometer with
Cuy, radiation (1=1.5406 A), with a tube current of 35 mA and
a tube voltage of 45kV. The Au/C and Pt/C catalysts were dis-
solved in HCI/HNO; (3:1, v/v) and the solutions were analyzed by
ICP-AES to obtain the catalyst metal loadings.

AEM-DGFC study

The AEM-DGFC tests were performed on a Scribner fuel-cell test
system (850e). The fuel-cell fixture was purchased from Fuel Cell
Technology Inc. with an active area of 5cm® The end plate was
modified with stainless steel (316 L) to tolerate the alkaline work-
ing environment. The anode catalyst ink, which was made by
mixing a 10 wt% dispersion of PTFE and carbon-supported catalyst
powder (Au/C or Pt/C) in water, was sprayed onto a carbon cloth
that was used as a liquid diffusion electrode (LDE). The cathode
catalyst ink, which was made from a commercial non-platinum-
group-metal HYPERMECTM (Fe-Cu-N,/C, a Fe-Cu-N-based macrocy-
cle that was supported on carbon, Acta) that was blended with an
AS-4 anion conductive ionomer (Tokuyama), was spayed directly
onto the AEM. 25CC (SGL Group) was applied as the cathode gas-
diffusion layer. The membrane electrode assembly (MEA) with an
area of 5cm? was fabricated from a mechanically sandwiched
anode, an anion-exchange membrane (AEM, Tokuyama A20T7,
28 um), and a cathode. A solution of 1.0m glycerol in 2.0m KOH
was fed into the anode compartment at 4.0 mLmin™' and the
high-purity O, (>99.999%, 400 mLmin~") was fed into the cathode
compartment under a back pressure of 30 psi. The performance of
electricity generation from the AEM-DGFC was tested by a polariza-
tion scan at 50 or 80°C. The selective electro-oxidation of glycerol
was carried out by looping 2.0 M KOH+1.0m glycerol (55 mL) from
a plastic vessel into the anode plate channels at 50°C with the
same O, flow rate (400 mLmin~") and back pressure (30 psi). The
oxidation reactions were performed for 2 h by applying various
constant voltages. During the reactions, the anode potential was
monitored by a Hg/HgO/1.0m KOH electrode, and reported with
respect to an SHE. The generated current density and power densi-
ty were recorded. Samples were taken after 2 h and analyzed by
HPLC.

Electrolysis cell study

The electrocatalytic oxidation of glycerol in an electrolysis cell reac-
tor was performed with two liquid-diffusion electrode (Au-based
anode, 5.0 mg,,cm 2 and a Pt-based cathode, 1.0 mgy,cm?) and
a solid anion-exchange membrane (FAA, 110 um). The electrolysis
cell was assembled as shown in the Supporting Information, Fig-
ure S4, with an active cross-sectional area of 1 cm? and a Hg/HgO
electrode in the anode chamber to control the anode overpoten-
tial. The reaction was carried out at each potential for 30 min, with
anode electrolyte (1 mL) in the anode chamber and 2.0m KOH
(100 mL) quickly looped into the cathode chamber to remove the
H, that was generated during the reduction reaction.

Product analysis

The products of the glycerol-oxidation reactions at different poten-
tials were analyzed by using HPLC (Agilent 1100) with a refractive-
index detector (RID, Agilent G1326A) and a variable wavelength
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detector (VWD, 220 nm, Agilent); an OA-1000 column (Alltech) was
operated at 60°C and an eluent of 5 mm aqueous sulfuric acid
(0.3 mLmin™") was applied to separation the product. A sample
volume of 20 uL was injected into the HPLC system. The products
were identified by comparison with authentic samples. The selec-
tivity was calculated according to Equation (1):391%

Moles of product formed

R 1

Selectivity Total moles of C,+C; products formed x100% (1)

The carbon balance was based on Equation (2):
3Mci—3Mc3—2Mc,—Mc,—3 M,

Carbon balance = —<! c3 SR fx100%  (2)

3 M,

in which M¢; and M, are the initial and final moles of glycerol in
the electrolyte, and Mc;, Mc, and Mc, are the moles of the C;
(glyceric acid, tartronic acid, and mesoxalic acid), C, (glycolic acid
and oxalic acid), and C,; products (formic acid and carbonic acid),
respectively. If we assumed that no C, products were further oxi-
dized into C, products, then Mc,=Mc,. Therefore, the carbon bal-
ance was given according to Equation (3):

MCi_MCB_MCZ_MCf
MCi

Carbon balance = x 100 % (3)

All of the investigated products were in their deprotonated (salt)
forms in alkaline media; herein, we reported them in their acidic
forms throughout.
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