SUS

DOI: 10.1002/cssc.201200765

,@2 ChemPubSoc
i d Europe

Electricity Storage in Biofuels: Selective Electrocatalytic
Reduction of Levulinic Acid to Valeric Acid or v-

Valerolactone
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Wenzhen Li*?!

Herein, we report an effective approach to electricity storage
in biofuels by selective electrocatalytic reduction of levulinic
acid (LA) to high-energy-density valeric acid (VA) or y-valero-
lactone (gVL) on a non-precious Pb electrode in a single-poly-
mer electrolyte membrane electrocatalytic (flow) cell reactor
with a very high yield of VA (>90%), a high Faradaic efficiency
(>86%), promising electricity storage efficiency (70.8%), and
a low electricity consumption (1.5 kWhLy, ). The applied po-
tential and electrolyte pH can be used to accurately control
the reduction products: lower overpotentials favor the produc-

Introduction

With major raw oil reserves declining and the world’s popula-
tion rapidly growing, green-minded people are forced to seek
renewable energy sources, such as biomass, solar, wind, geo-
thermal, and tidal powers to decrease our heavy dependence
on fossil fuels."" Renewable electricity based on photovoltaic
and wind power, although attractive, has an intermittent
nature that requires the development of efficient energy-stor-
age devices. Several advanced electricity-storage techniques
have been proposed at different research and development
(R&D) stages to solve this issue;? these include pumped-stor-
age hydropower (PSH), compressed-air energy storage (CAES),
batteries, supercapacitors, and flywheels. In general, they serve
to capture electrical energy generated during off-peak hours
and convert them into the forms of gravitational potential
energy (with PSH), molecular potential energy (with CAES),
electrical potential energy (with batteries and supercapacitors),
or kinetic energy (with flywheels), and to release electrical
energy during peak demand. Similarly, overproduced renew-
able electricity can be captured in the form of chemical poten-
tial energy; this can be achieved by employing electrocatalytic
processes to convert abundant, cheap biomass-derived com-
pounds into biofuel-related compounds with higher energy
densities.
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tion of gVL, whereas higher overpotentials facilitate the forma-
tion of VA. A selectivity of 95% to VA in acidic electrolyte
(pH 0) and 100% selectivity to gVL in neutral electrolyte
(pH 7.5) are obtained. The effect of the molecular structure on
the electrocatalytic reduction of ketone and aldehyde groups
of biomass compounds was investigated. Whereas LA can be
fully electroreduced to VA though a four-electron transfer, the
C=0 groups are only electroreduced to —OH by a two-elec-
tron-transfer process when glyoxylic acid and pyruvic acid
serve as feedstocks.

High-energy-density liquid transportation fuels are critically
important to a mobile, dynamic, and sustainable society. Ligno-
cellulosic biofuels derived from plant biomass are considered
the most dominant renewable source of liquid fuels to replace
depleting fossil fuel resources (i.e., petroleum, natural gas,
etc.).’! Currently, lignocellulosic biomass resources are signifi-
cantly cheaper than petroleum (515 per barrel of crude oil
equivalent), abundant (equivalent energy content of 60% of
our domestic crude oil consumption), and annually renewable.
Therefore, they are expected to share a substantial portion of
our future energy landscape.®* The US Department of Energy
(DOE) has identified the top ten abundant, inexpensive, bio-
mass-derived compounds [ethanol, furans, glycerol, hydroxy-
propionic acid/aldehyde, isoprene, levulinic acid (LA), succinic
acid, lactic acid, sorbitol, and xylitol].”’ These compounds will
constitute the primary building blocks for our future produc-
tion of chemicals and fuels. Among them, LA can be produced
in large amounts from lignocellulose through hydrolysis with
dilute sulfuric acid; this is considered the most promising
method in terms of cost, yield, and scalability. High yields of
>60% can be achieved for the conversion of cellulosic materi-
als to LA in sulfuric acid.” BioMetics Inc. has reported that
a large-scale plant can produce LA at a cost of only $0.09-
0.11 kg™ through dilute sulfuric acid hydrolysis,* which is sig-
nificantly cheaper than $5kg™' for pure LA in the global
market.”? LA, although considered a promising feedstock for
biofuel production, has excess oxygen functionalities. Thus,
new processes are needed to effectively remove oxygen in the
hydroxyl, ketone, aldehyde, and carboxylic groups of LA or its
derivatives [y-valerolactone (gVL), valeric acid (VA), etc.] to up-
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grade them to high-energy-den-
sity transportation fuels (gaso-

Table 1. Physical properties of valeric biofuel-related compounds.

line, jet, and diesel fuels) or fuel Compound b.p mpl State Molar mass Density  Solubility limit Energy density
additives. [’ A atSTP® [gmol™l kgLl [gL7'] IMJmol™'1 [MJL"T [MJkg™']
The hydrogenation of LA to |[va 186  —35 liquid  102.1 0.93 40 2.84 25.9 27.8
gVL® and VA, using Pt-, Pd-, or | 9VL 208  —31  liquid  100.1 1.05 > 100" 2.65 27.8 265
LA 246 34 solid 116.2 1.15 miscible™ 242 24.0 20.8

Ru-based mono- or bi- functional

catalysts, has been investigated
through heterogeneous catalytic

[a] b.p.=boiling point; m.p.=melting point. [b] STP: standard conditions for temperature (298.15 K) and pres-
sure (100 kPa). [c] Data from the Material Safety Data Sheet (MSDS) by Sigma-Aldrich. [d] Data from
http://en.wikipedia.org/wiki/Gamma-Valerolactone. [e] Data from MSDS by Acros Organics.

processes. Recently, Dumesic’s
group developed a new inte-
grated heterogeneous catalytic
system to convert gVL into
liquid alkenes in the molecular weight range appropriate for
transportation fuels."” However, in heterogeneous catalysis
processes, the operating temperatures and pressures are as
high as 370-420K and 10-30 bar, respectively.! In some
cases, molecular H, is a critical feedstock that accounts for
a large portion of working capital in the heterogeneous cata-
lytic hydrodeoxygenation of LA. In some locations, hydrogen
needs to be transported in, making the cost of hydrogen even
more expensive than the biomass feedstock itself."?

In this respect, electrocatalytic hydrogenation (ECH)"™ offers
an effective and sustainable way to store renewable electricity
in high chemical energy density compounds through the re-
duction of oxygen-rich, biomass-derived compounds by using
hydrogen generated in situ at the surface of metal electrodes.
This process does not require an external supply of molecular
hydrogen, and thus, eliminates the need for high temperatures
and pressures to ensure good mass transport within the solid-
liquid-gas interface. For example, ECH of lactic acid on a Ru/C
catalyst in a one-compartment electrolysis cell has been stud-
ied; however, it led to an 80% yield of lactaldehyde and only
minor amounts of 1,2-propandiol with a very low Faradaic
efficiency (1072-107°%)." Most recently, Nilges et al. demon-
strated the feasibility of the ECH of LA to give VA by using
a standard H-type electrolysis cell.!™

Current research efforts have been focused on the storage
of renewable electrical energy as gaseous fuels,"® such as H,
and methane, through electrolysis processes, that is, the wind-
to-hydrogen project by the US DOE,""” and the Windgas proj-
ect by Greenpeace Energy."® From energy-conservation, eco-
nomic, and sustainable-chemistry perspectives, it is more at-
tractive to explore electrocatalytic processes to directly store
renewable electricity in high-energy-density liquid fuels by
using abundant, renewable, lignocellulosic biomass feedstock,
especially when considering that robust infrastructure for the
transportation of liquid fuels already exists. As shown in
Table 1, the energy densities of gVL (2.65 MJmol™") and VA
(2.84 MJmol™), which are the two main LA ECH products, are
higher than that of LA (2.42 MJmol™'); this indicates that LA
can serve as a starting compound for renewable electricity
storage.

This work involves an investigation into an ECH route based
on a non-precious-metal Pb electrode that can selectively con-
vert LA into biofuel precursors (VA or gVL) of higher energy
density with low electricity input. We demonstrate the ECH of
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LA to give VA with a high selectivity (95%) at a high Faradaic
efficiency (86.5%), low electricity consumption (EC;
1.5 kWhLy,™"), and a high electricity storage efficiency (ESE) of
70.8% in a single electrocatalytic (flow) cell reactor. A very
high yield of VA (>90%) and good catalyst durability were
also achieved. In addition, we discovered that the applied po-
tentials and electrolyte pH could be used to regulate the selec-
tivity of LA ECH products: lower overpotential or higher pH
electrolyte favored the formation of gVL, whereas a higher
overpotential or lower pH electrolyte facilitated the formation
of VA. We also thoroughly investigated the molecular structure
effects on the electrocatalytic reduction of hydroxyl, ketone,
and aldehyde groups of biomass-relevant compounds in terms
of reactivity, selectivity, and reaction pathway. Our work may
open up an alternative way to efficiently store renewable elec-
trical energy in biofuel-related compounds by using a bio-
mass-derived intermediate feedstock.

Results and Discussion
Thermodynamics and kinetics of the ECH reaction

From a thermodynamic point of view, the reversible potential
of the hydrogenation of LA to VA is around 500 mV more posi-
tive than that of the hydrogen evolution reaction (HER) across
the entire pH range, as shown in Figure 1. This indicates that,
since LA reduction involves H,O and H¥, the reversible poten-
tial varies in accordance with the pH of the electrolyte. In addi-
tion, the boundary region where the stable acid (LA and VA)
and salt (levulinate and valerate) forms exist in the electrolyte
is also shown; this is dependent on the electrolyte pH. At pH 0
at room temperature, the thermodynamically stable forms are
LA and VA ([CH;CO(CH,),COOH]/[CH;CO(CH,),CO0"1=42000;
[CH;(CH,);COOHI/[CH5(CH,);CO0 1=66000). The ECH of
CH;CO(CH,),COOH to CH;(CH,);COOH in aqueous solution is
given in Equation (1) with respect to the reversible hydrogen
electrode (RHE):

CH,CO(CH,),COOH + 4H* + 4e~ —

1
CH;(CH,);COOH + H,0; + 0.54V vs. RHE M

At a pH value of 7.5, the salt-to-acid ratios are
[CH;CO(CH,),CO0~)/[CH;CO(CH,),COOH]=2400 as well as
[CH5(CH,);CO01/[CH4(CH,);COOH] = 1500; therefore, valerate,
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Figure 1. Theoretical potential for the oxygen reduction reaction (ORR), the
HER, and the electrochemical hydrogenation of LA to VA as a function of
pH.

CH;(CH,);CO0~, is predominantly produced from levulinate,
CH;CO(CH,),CO0™, as shown in Equation (2):

CH,CO(CH,),CO0™ +3H,0 + 4e~ —

CH;(CH,);CO0~ +40H"; +0.08V vs. RHE @
As shown in Figure 1, the ECH of LA to VA is a thermo-
dynamically favorable reaction compared with the HER. How-
ever, kinetically the HER proceeds faster on the metal electrode
compared with the ECH of LA, and therefore, the actual elec-
trolysis potentials for ECH of LA and HER are very similar. Previ-
ous works have provided the mechanism of the HER,"® which
proceeds through the steps shown in Equations (3)-(7):

Volmer step:

H* + e  — H,q (in acid) (3)
H,O +e™ — H,4 + OH™ (in base) (4)
Tafel step:

2H,5 — H, (5)

Heyrovsky step:
Hyo | H* + — H, (in acid) ©
H,4 + H,0 4+ e~ — H, + OH" (in base) 7)

The adsorbed hydrogen generated from the Volmer step
serves as the hydrogen source for subsequent ECH steps. The
Tafel and Heyrovsky steps facilitate the HER, which are un-
wanted side reactions that reduce the surface adsorbed hydro-
gen density and consume the applied electricity (decrease the
Faradaic efficiency). Since the electrochemical steps in Equa-
tions (3)-(7) govern the availability of adsorbed hydrogen, it is
expected that the ECH selectivity and reaction rate will be af-
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Figure 2. CVs of the ECH of LA on Pb and Cu in an acidic electrolyte (pH 0)
at a scan rate of 50 mVs~', room temperature, and ambient pressure.

fected by the applied potential, the electrolyte pH, and the
metal catalyst.

Figure 2 shows cyclic voltammograms (CVs) of the ECH of
LA on pretreated Pb and Cu electrodes. The cyclic voltammetry
scan was performed in a 0.5m solution of H,SO, with or with-
out 0.2m LA at a scan rate of 50 mVs~". From the CVs of the
Pb electrode with or without the addition of 0.2m LA, it is
clear that the onset potential is over 200 mV more positive
and the cathodic current is significantly greater with 0.2m LA
than that without LA. In sharp contrast, the HER in 0.5m H,SO,
on Cu occurs at —0.4V, which is 700 mV more positive com-
pared with —1.1V for Pb. However, in the absence and pres-
ence of 0.2m LA, the cathodic current density remains almost
the same on the Cu electrode, indicating that the adsorption
of LA or charge transfer due to the ECH of LA is suppressed by
the very fast HER on Cu. The product analysis shown in Table 2
(entry 8) confirms that the conversion of LA is zero on the Cu
electrode, indicating that electrons transferred are all attribut-
ed to the HER. According to the Faraday Law,*” the net cur-
rent flow during the electrochemical reaction can be propor-
tionally attributed to the amount of LA converted in the given
time period. Valuable information about the extent of the ECH
of LA accompanied by the HER is provided by cyclic voltam-
metry experiments. However, product analysis needs to be car-
ried out under different reaction conditions to investigate the
extent of the LA ECH reaction and to further elucidate reaction
pathways.

Potential-/pH-regulated selective ECH of LA to VA and gVL
on a Pb electrode in a half-cell (batch) reactor

Selective ECH of LA was conducted in a half-cell (batch) reactor
with 55 mL of electrolyte. Chronoamperometry (CA) was car-
ried out under different applied voltages for 1 h. As summar-
ized in Figure 3 and Table 2, the selective production of gVL
and VA on a Pb electrode was governed by the extent of polar-
ization of the Pb electrode, which could be controlled by the
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Table 2. ECH of LA in half-cell (batch) and single electrocatalytic (flow) cell reactors.”

Entry Reactor Catalyst Solvent pH E Reaction EC Selectivity™ Faradaic effi- Conversion
configuration [Vvs.RHE]  time [h] [kWh Ly, "] [%] ciency' [%] [%]

1 half-cell Pb H,0/H,50, 0 -15 1 19 97.0 (to VA) 783 203

2 half-cell Pb H,0/H,50, 0 -13 1 16 94.1 (to VA)  83.8 6.7

3 half-cell Pb H,0/H,S0, 0 -1.1 1 43 81.5 (to VA) 279 1.2

4 half-cell Pb H,0/H,50, 0 -13 2 16 945 (to VA)  84.2 127

5 flow cell Pb H,0/H,50, 0 -13 2 15 95.0 (to VA) 865 186

6 half-cell Pb H,O/Buffer 7.5 -1.3 2 10.8 (to gVL) 100 (to gVL) 6.2 13

7 flow cell Pb H,O/Buffer 7.5 -1.3 2 4.0 (to gVL) 100 (to gVL) 18.2 4.5

8 half-cell Cu H,0/H,S0, 0 -0.8 1 o0 o o 0

[a] Reaction conditions: ambient pressure and room temperature. [b] Selectivity of the product in liquid electrolyte. [c] Faradaic efficiency takes account of
the sum of electrons transferred to both VA and gVL during ECH of LA. [d] No reduction products are detected in the liquid phase. [e] All electrons trans-
ferred are attributed to HER; the Faradic efficiency to products in liquid electrolyte is zero.
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Figure 3. Selective ECH of LA on a Pb electrode in a half-cell (batch) reactor
under different applied potentials; the Faradaic efficiency is related to the
liquid products (VA 4 gVL); reaction conditions: 0.5m H,SO,+0.2m LA, room
temperature, ambient pressure, 1 h.

applied potential. At —1.1V, which is close to the onset poten-
tial of LA ECH on the Pb electrode, 81.5% selectivity to VA
(18.5% to gVL) was observed at a Faradaic efficiency of 27.9%
and LA conversion of 1.2%. When the applied voltage de-
creased to —1.3V, the VA selectivity increased to 94.1% (5.9%
to gVL), while the ECH Faradaic efficiency and LA conversion
increased to 83.8 and 6.7 %, respectively. When the applied po-
tential further decreased to —1.5V, the selectivity of VA in-
creased to 97.0% and the conversion of LA jumped to 20.3%
after 1h reaction, while the Faradaic efficiency slightly
dropped to 78.3%. The results demonstrate that the ECH of LA
(CH,CO(CH,),CO0H) might involve a serial four-electron path-
way through the reaction intermediate 4-hydroxypentanoic
acid (CH,COH(CH,),COO0H,,), the presence of which was pro-
posed by Dumesic’s group.”@ The adsorbed 4-hydroxy-
pentanoic acid can be further reduced to VA (CH,(CH,);COOH)
or desorbed into the bulk electrolyte to form gVL. The more
negative the potential applied, the higher the selectivity of VA
that can be achieved with less gVL detected.

The variation of Faradaic efficiency at different applied po-
tential observed in Figure 3 is consistent with the CV and Tafel
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plot (Figure 2 and Figure S1 in the Supporting Information).
Within the voltage range close to the onset potential at which
the degree of Pb polarization is insufficient for LA reduction,
the ECH of LA proceeds slowly. Thus, only a slight difference in
the cathodic current density was observed with and without
LA was observed, leading to a lower Faradaic efficiency
(27.9%). With more negative applied voltage potentials, the
availability of surface H,4 atoms increases. The ECH of LA ac-
celerates, as illustrated in Figure 2, when the slope of the CV
curve in the presence of LA becomes steeper than the blank
electrolyte as the applied potential becomes more negative.
However, the more negative the applied potential is, the un-
wanted HER step is more competitive, proceeding through
Tafel or Heyrovsky steps [Egs. (5) and (6)]. This is supported by
the increasing Tafel slope due to the mass transport issue aris-
ing from hydrogen gas bubbles generated on the Pb electrode
surface as the applied potential becomes higher than —1.4V,
as shown in Figure S1b in the Supporting Information. There-
fore, the measured Faradaic efficiency reaches a maximum at
—1.3V (83.8%) and decreases to 78.3% at —1.5 V.

To evaluate the energy efficiency of the LA ECH reaction, the
EC is defined in Equation (8):

__ electrical energy input  E/t/1000

EC unit product " unit product

(8)

in which E is the applied potential (in V vs. RHE); I is the cur-
rent (in A); t is the reaction time (in h); and EC is given in
KWhmolyogue OF KWh Lpoaue - A lower EC value means that
the production of the target product (e.g., VA) requires a small-
er amount of electrical energy input. The introduction of EC
combines the Faradaic efficiency, the overpotential, and prod-
uct yield (conversionxselectivity) to quantify the energy
efficiency of the ECH process. Based on the ECH reaction car-
ried out in the half-cell (batch) reactor, the lowest EC of
1.6 kWh L, ' was achieved at —1.3V, as shown in Table 2 and
Figure S2 in the Supporting Information. Thus, with an electric-
ity input of 1.6 kWh, 1L of VA with a higher energy density
(259 MJL™", compared with LA of 240MJL™") can be pro-
duced. Based on the current industrial electricity rate of
$0.068 kWh™" in the US, including demand charges, all other
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end-use costs and state and local taxes,?" the cost of the elec-
tricity is only $0.42 for the production of 1 gallon of VA from
LA. In addition, the conversion of LA to VA results in removal
of the oxygen content in the biomass-derived oxygenate com-
pound. Less-oxygen-containing VA is an important biofuel pre-
cursor for the next step of upgrading to valeric biofuels.*

The dependence of pH on the selectivity for ECH of LA on
the Pb electrode was also investigated in a half-cell (batch) re-
actor with 0.2m LA+0.5m H,SO, (pHO0) or K,HPO,/KH,PO,
buffer solution (pH 7.5) as the electrolyte. Figure 4 presents the
CV curves of ECH of LA as a function of pH. The observed cur-

5
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Figure 4. CVs of ECH of LA on a Pb electrode as a function of pH at
50 mVs~', room temperature, and ambient pressure.

rent density in neutral electrolyte is generally much
lower than that in acid medium, regardless of the ad-
dition of LA. This is probably due to the different ki-
netics and pathways for the ECH reactions in acid
and neutral environments. Thus, the hydrogenation
rate and selectivity would be expected to be a func-
tion of the electrolyte pH. Table 2 (entries 4 and 6)
shows that the ketone group of LA can be fully re-
duced to —CH,— by a four-electron-transfer reduction
to VA in low pH electrolyte (high H* concentration),
whereas it is partially reduced to —OH in neutral elec-
trolyte and involves only two-electron-transfer reduc-
tion. A selectivity of 100% to gVL at an LA conver-
sion of 4.8% was achieved, although the EC in neu-
tral electrolyte (10.8 kWhLg, ") is much higher than
that in acidic electrolyte (1.6 kWhLy,™"). The kinetic
behavior of LA ECH on the Pb electrode in acid and
neutral electrolytes was revealed by the analysis of
Tafel plots. Figure S1 in the Supporting Information shows that
both HER and ECH of LA proceed faster and require a lower
overpotential to obtain a certain current density in the acidic
electrolyte than those in the neutral solution. The number of
electrons transferred in the acidic electrolyte with the presence
of LA is twice of that in a blank 0.5 m solution of H,SO,, leading
to a four-electron-transfer reaction that favors the production

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ag/AgCl reference
electrode

of VA. In comparison, ECH of LA on a Pb electrode involves
two-electron-transfer (the same as the HER) to generate gVL in
a neutral environment. It can also be inferred from the Tafel
slope investigation that the energy required for the reactants
to adsorb on the Pb electrode at a lower pH is lower than that
at higher pH, resulting in an increase in the production rate of
H.4 atoms as well as molecular hydrogen. The higher coverage
of H,4 atoms and LA on the Pb electrode in an acidic electro-
lyte could lower the energy barrier for complete reduction of
the ketone group of LA to —CH,— by a four-electron-transfer
pathway. In the neutral electrolyte, both LA and monoatomic
hydrogen adsorb weakly on the Pb electrode; therefore, only
the partial reduction product gVL (by a two-electron-transfer
pathway) was observed. (See the Supporting Information for
a detailed discussion.)

Selective ECH of LA on a Pb electrode in a single electroca-
talytic (flow) cell reactor

The ECH of LA was conducted in a custom-made single elec-
trocatalytic (flow) cell reactor, as illustrated in Figure 5.2
During each run, 55 mL of 0.2m LA in 0.5m H,SO, (pH 0) or
KH,PO,/K,;HPO, buffer (pH 7.5) solution flowed in a closed
looped through the cathode chamber by a peristaltic pump.
Meanwhile, the electrolyte without LA was cycled into the
anode chamber to remove O, generated during the oxygen
evolution reaction (OER) on the Pt foil anode. The applied po-
tential on the cathode was controlled at —1.3 V versus RHE by
using a potentiostat (VersaSTAT MC, Princeton Applied Re-

To HPLC
| %

Pb cathode

Membrane
Pt anode

0.2 M Levulinic acid

(in H,SO, or buffer solution) H,0/H,SO, or buffer solution

Figure 5. Schematic representation of a single electrocatalytic (flow) cell reactor.

search) for 2 h. In contrast to the half-cell (batch) reactor con-
figuration, which is regarded to be a batch reactor, the single
electrocatalytic (flow) cell reactor can be considered as a fixed-
bed continuous flow reactor. Interestingly, we observed amaz-
ing consistency in the pH-dependent selectivity of the prod-
ucts between the single electrocatalytic (flow) cell and half-cell
(batch) reactors, as shown in Table 2 (entries 4-7). At pH 0, the
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selectivity for VA and gVL in the single electrocatalytic (flow)
cell reactor is 95.0 and 5.0%, respectively; these values are in
good agreement with the values achieved in a half-cell (batch)
reactor: 94.5 and 5.5%. At pH 7.5, ECH of LA in both reactors
yields 100 % selectivity to gVL.

In addition, the ECH of LA conducted in the single electroca-
talytic (flow) cell reactor demonstrates higher Faradaic
efficiency and LA conversion than the half-cell (batch) reactor,
as shown in Table 2 (entries 4-7) and Figure 6. In neutral elec-
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Figure 6. (a) Conversion and (b) Faradaic efficiency versus time at an applied
potential of —1.3 V versus RHE for a half-cell (batch) reactor and a proton ex-
change membrane (PEM)-based single electrocatalytic (flow) cell reactor
with a Pb electrode. Reaction conditions: 0.2 m LA +0.5m H,SO,, room tem-
perature, and ambient pressure. The Faradaic efficiency is related to the
liquid products (VA +gVL).

trolyte (pH 7.5), the ECH of LA performed in the single electro-
catalytic (flow) cell reactor gives a higher Faradaic efficiency of
18.2% and a conversion of 4.5%, with respect to 6.2 and 1.3 %,
respectively, obtained in a half-cell (batch) reactor under the
same reaction conditions. Table 2 (entries 6 and 7) shows the
specific EC for the ECH process evaluated in both reactors at
pH 7.5. It only requires 4.0 kWh to produce 1L gVL in the
single electrocatalytic (flow) cell reactor, which is less than half
of the electrical energy input of 10.8 kWh for the production of
1L gVL obtained in the half-cell (batch) reactor. On the other
hand, in acidic electrolyte, during the 6 h reaction, the conver-
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sion of LA achieved in a single electrocatalytic (flow) cell reac-
tor at —1.3 V is also generally 7% higher than that in the half-
cell (batch) reactor under identical reaction conditions. Notably,
the Faradaic efficiency of the half-cell (batch) reactor decreases
much faster than that in the single electrocatalytic (flow) cell
reactor. After the 6 h reaction, the Faradaic efficiency dropped
to only 57.2% in the half-cell (batch) reactor, while a higher
Faradaic efficiency of 76.7% was still maintained in the single
electrocatalytic (flow) cell reactor. Better performance of the
single electrocatalytic (flow) cell reactor versus the half-cell
(batch) reactor could be attributed to the custom design and
optimized operation conditions in the single electrocatalytic
(flow) reactor. The large electrode area (6.5 cm?) and the small
cathode chamber volume (12 mL) along with the fast flow rate
of 30 sccm were optimized to ensure a sufficient supply of LA
to the Pb electrode surface, while avoiding the mass transport
issue caused by hydrogen gas bubbles striking the Pb elec-
trode. When ECH of LA is conducted in an acidic environment,
in which the reaction proceeds faster than that in neutral elec-
trolyte, as the reaction time was extended to more than 2 h,
the HER started to dominate because depletion of LA gener-
ates more hydrogen bubbles on the Pb electrode surface.
Interference from gas bubbles, preventing a fresh supply of LA
to the catalyst surface, is much more serious in the half-cell
(batch) reactor, even though the stirring rate has been opti-
mized to minimize such mass transport issues.

To investigate the durability of the Pb electrode in acidic so-
lution, the ECH of LA performed in a PEM-based single electro-
catalytic (flow) cell reactor was extended to 20 or 10 h at ap-
plied potentials of —1.3 and —1.5V, respectively. Liquid reactor
effluent was collected at certain time intervals and the reactant
and product concentrations were analyzed by using an HPLC
system. Figure 7 shows that, after continuous reaction for 20
or 10 h, the conversion of LA at —1.3 and —1.5V can reach
91.1 and 96.8%, respectively. The reaction rate illustrated in
Figure S3 in the Supporting Information shows that the ECH of
LA at —1.5V is faster than that at —1.3V, confirming that
a more negative potential can activate the hydrogenation of
LA on the Pb electrode (see the Supporting Information for
a detailed discussion). In addition, as the conversion of LA in-
creases, the Faradaic efficiency is observed to decrease be-
cause the HER becomes more competitive as more LA is con-
verted. However, Figure 8a and b demonstrates that the selec-
tivities to VA and gVL are almost constant at 93.3 and 6.7 %, re-
spectively, at —1.3 V after 20 h, and at 96.9 and 3.1%, respec-
tively, at —1.5 V after 10 h reaction. Inductively coupled plasma
atomic emission spectroscopy (ICP-AES) analysis indicated that
no measurable quantities of Pb ions (<2 ppm) were detected
in the liquid reactor effluent after reaction for 20 and 10 h.
In addition, no clear difference was observed in the CV curves
carried out in blank 0.5m H,SO, before and after prolonged re-
action (Figure S4 in the Supporting Information). Therefore,
these results suggest good stability of the Pb electrode and
that no detectable Pb leaching occurred during the extended
reaction study in low-pH electrolyte (pH0) at negative
potentials (< —1.3 V).
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Figure 7. (a) Conversion and (b) Faradaic efficiency of LA ECH versus time at
applied potentials of —1.3 and —1.5 V versus RHE on a Pb electrode in

a PEM-based single electrocatalytic (flow) cell reactor. Reaction conditions:
0.2m LA+0.5m H,SO,, room temperature, and ambient pressure. The
Faradaic efficiency is related to the liquid products (VA + gVL).

Significantly, it is exciting to observe that the yield of VA
could reach up to 84.0 and 93.4% at —1.3 and —1.5V, respec-
tively, as shown in Figure 9. Meanwhile, EC analysis shows that
even though the ECH of LA proceeds faster and the yield of
VA is higher at —1.5V than that at —1.3V, the EC at —1.5V is
greater than that at —1.3V, mainly due to the 200 mV higher
overpotential required to accelerate the reaction. Thus, there is
a trade-off between the product yield, reaction rate, and the
EC; all of which need to be taken into consideration during
practical ECH operation. The high yield of VA achieved in the
PEM-based single electrocatalytic (flow) cell reactor will signifi-
cantly reduce the cost of subsequent energy-intensive process-
es for the separation of target products. Additionally, it has
been reported that LA can be produced by a simple and cost-
efficient acid-catalyzed hydrolysis of waste cellulosic materials
by H,50,%%! However, the presence of H,50, will dramati-
cally deactivate the catalysts employed to heterogeneously
reduce LA.?Y Some energy-intensive processes, such as solvent
extraction combined with distillation, are required to separate
LA from H,SO, before the catalytic hydrogenation of LA; thus
making the overall process complicated and costly.® The in-
troduction of a single electrocatalytic (flow) cell reactor pre-
sented herein offers a feasible strategy to directly use outlet
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Figure 8. Selectivity of LA ECH versus time at applied potentials of a) —1.3
and b) —1.5V versus RHE on a Pb electrode in a PEM-based single electroca-
talytic (flow) cell reactor. Reaction conditions: 0.2m LA+0.5m H,SO,, room
temperature, and ambient pressure. The Faradaic efficiency is related to the
liquid products (VA+gVL).

streams of the cellulosic hydrolysis process (LA+aqueous
H,SO,); this could reduce the capital costs required to upgrade
LA to a biofuel. Another big issue is the need for molecular hy-
drogen in the chemical catalytic reduction of LA. It is claimed
that the cost of hydrogen in some locations is often higher
than the biomass itself.”” The ECH of LA conducted in a single
electrocatalytic (flow) cell reactor does not require an external
molecular hydrogen source and uses an inexpensive non-pre-
cious metal Pb electrode. Taken together, the single electroca-
talytic (flow) cell reactor is particularly suited for sustainable
processing of biorenewable compounds under continuous op-
eration and the whole process is viable for scaleup.
Additionally, the single electrolysis (flow) cell reactor pro-
vides a new strategy to store renewable electricity produced
by solar cells and wind power into liquid fuel compounds by
taking advantage of the chemical potential differences be-
tween LA (242MJmol™") and VA (2.84 MJmol™") or gVL
(2.65 MJmol™") to capture electrical energy during off-peak
hours. Off-peak electricity can be used to efficiently convert LA
into VA or gVL, which can be further upgraded to hydrocarbon
fuels, such as octane®'%% The efficiency of converting ap-
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Figure 9. (a) Electricity consumption (EC) and (b) yield of VA versus time at
applied potentials of —1.3 and —1.5 V versus RHE on a Pb electrode in

a PEM-based single electrocatalytic (flow) cell reactor. Reaction conditions:
0.2m LA+0.5m H,SO,, room temperature, and ambient pressure. The
Faradaic efficiency is related to the liquid products (VA +gVL).

plied electricity into stored chemical energy in a specific prod-
uct (VA or gVL) for ECH of LA is measured by ESE [Eq. (9)]:

mol (specific identified product) x AH% s va or g

ESE = Elt/1000

9)

in which E is the applied potential (in V vs. RHE), I is the cur-
rent (in A), t is the reaction time (in h), and AcH A vaorgu IS
the difference in the standard enthalpy change of combustion
between LA and VA or gVL (in kJmol™). A higher ESE means
that more electrical energy is stored in more energetic fuel
compounds.

Figure 10 shows the ESE of selective ECH of LA to VA or gVL
in a single electrocatalytic (flow) cell reactor on a Pb electrode
in aqueous solution with different pH values at an applied po-
tential of —1.3 V. At pH 0, 70.8% of the electrical energy is di-
rectly stored in VA (with 95% selectivity), whereas 16.7% of
electrical energy is stored in gVL (with 100% selectivity) at
pH 7.5. (A detailed calculation of ESE is tabulated in Table S1 in
the Supporting Information.) The ESE obtained at pH 0 is sig-
nificantly greater than the ESE achieved at pH 7.5. This result is
within our expectations because the relative reaction rate ratio
of ECH to HER is greater in an acidic electrolyte than that in
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Figure 10. ESE of the selective ECH of LA to VA or gVL on a Pb electrode in
a single electrocatalytic (flow) cell reactor at different pH values. Reaction
conditions: 0.2 m LA, room temperature, ambient pressure, —1.3 V versus
RHE, 2 h.

a neutral electrolyte and the current density generated at pH 0
is about 40% higher than that at pH 7.5 in the single electroca-
talytic (flow) cell reactor.

Comparison of current electricity storage techniques with
electricity storage in biofuels

Electrical energy storage techniques are methods of converting
renewable electrical energy, that is, photovoltaic and wind
power, during off-peak hours into other forms of energy for
later use. Current electrical energy storage techniques include
PSH, CAES, batteries, flywheels, and electrolysis of water to hy-
drogen (electro-hydrogen) for fuel cells, as well as chemical
catalytic hydrogenation, and so forth” PSH has a high
efficiency (70-85%) and long storage duration; however, the
large amount of land required for the construction of a hydro-
dam and reservoir can increase construction costs and lower
overall feasibility. CAES also has a high efficiency (70-89%),
long storage duration, and has attracted extensive attention
recently, but it can only be constructed in areas with favorable
geography because it needs to be used in conjunction with
a gas turbine plant. Batteries are primarily for short-term stor-
age and have more limited energy storage capacities, that is,
Li ion batteries have an effective practical energy density of
only 0.35kWhkg™', which is approximately 20% that of
gasoline.””

Production of H, through electrolysis of water (electro-hy-
drogen) for H,-proton exchange membrane fuel cells (PEMFCs)
is another sustainable energy cycle option.”® Low-temperature
H,-based PEMFCs can directly convert chemical energy stored
in H, into electricity without limitation of the Carnot cycle.””
However, a high loading of noble metals (i.e., >0.6 mg of Pt
per electrode) is required in PEMFCs to facilitate the sluggish
oxygen reduction reaction (ORR) at the cathode; this is a long-
standing scientific issue, which dramatically decreases the
energy conversion efficiency.?? Although the theoretical ther-
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modynamic efficiency of a H, fuel cell is 83% under standard
conditions, the operating voltage must be significantly de-
creased for a high power output, that is, 0.65 V. Unfortunately,
the resulting thermoefficiency is only about 44%. Considering
the electrical current efficiency for H, production in a PEM-
based electrolysis cell is around 70%, the overall energy
efficiency of fuel cell 4 electrolysis cell based on the hydrogen
cycle is only 30%."” This does not even include the energy loss
from fuel cells to mechanic motors (to wheels). In addition,
both fuel (consumption of H,) and electrolysis (generation of
H.) cells have to employ very expensive precious metals, such
as Pt (for the ORR)®% and Ir (for the OER).2"Y In an acidic-elec-
trolyte environment, the durability of both the catalyst (even
noble metals) and membrane (even C—F backbone polymers)
still needs improvement to achieve widespread application of
PEMFCs in automobiles.®? Furthermore, storage and transpor-
tation of H, have encountered significant challenges compared
with well-established liquid fuel pipeline systems. In addition,
a significant disadvantage of using electro-hydrogen for con-
ventional catalytic hydrogenation of biomass compounds to
biofuels is capture of gaseous

hydrogen from water electrolysis

Therefore, although active R&D activities are still underway
to achieve higher efficiency of the current electrical energy
storage techniques, seeking new electrochemistry-based
energy storage methods should be simultaneously promoted,
to diversify and secure our energy future. The electrobiofuel
technique presented for converting biomass-derived feedstock
to biofuel-related compounds will provide a promising and
sustainable way to store renewable electricity and will have
potential to alleviate our long-time addiction to non-renewable
petroleum sources.

Reaction pathway and molecular structure effects on ECH of
oxygenates containing ketone or aldehyde groups

Based on the results obtained from the half-cell (batch) and
single electrocatalytic (flow) reactors, the reaction pathway for
the ECH of LA is proposed in Scheme 1a. As discussed before,
the ketone group in LA is able to be selectively reduced to
—OH (two-electron transfer) or fully reduced to —CH,— (four-
electron transfer): Lower overpotentials favor the production

. a
processes for high temperature (@) . )
. Low pH, high overpotential

and pressure hydrogenation of '
biomass feedstocks. This will in- o} FoH* o . e} +2H* o
crease capital and operation NOH r2e NOH = \/\)J\OH +2*e_>\/\)J\OH
costs; thus making it economi- o] OH

Levulinic acid Valeric acid

cally inferior and technically diffi-
cult to scale up. The safety
issues associated with pressur-
ized hydrogen will also arise

High pH,
low overpotential

from this biofuel upgrading
route.

The direct storage of electrical
energy in high-energy-density (b)
liquid fuels using a single elec- OH
trocatalytic (flow) cell reactor }(g fas

. . T

presented herein shows singular )

characteristics that are superior
to the electricity storage systems
mentioned above. A main ad-

Pyruvic acid

vantage is that the electrical
energy can be stored directly in ()
liquid fuels that are suitable for O//\[//O slow
blending. For transportation on e
(autos, ships, and airplanes) ap-

Glyoxylic acid

plications, the most desirable
energy carriers are long-chain
hydrocarbon fuels, such as gaso-
line, diesel, and kerosene, due to
their unparalleled high energy
density.®®! For example, the theoretical energy density of gaso-
line is very high: 13 kWhkg™' (46.8 MJkg™', 9.14 kWhL™"). Even
considering its tank-to-wheel efficiency (including Carnot effi-
ciency) of 12.6%, gasoline remains a highly effective energy
density of 1.7 kWhkg™'.”" Moreover, robust infrastructures al-
ready exist for storage and transportation of liquid fuels.

acidic electrolyte on Pb.
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Scheme 1. Proposed reaction pathway for the ECH of LA to form gVL (a), pyruvic acid (b), and glyoxylic acid (c) in

of gVL (18.5% selectivity to gVL at —1.1V), whereas higher
overpotentials facilitate the formation of VA (97 % selectivity to
VA at —1.5V). At low applied potentials, both the ketone
group of LA and monoatomic hydrogen adsorb weakly on the
Pb electrode, resulting in the slower reaction rate and lower
current density observed (Figure 11). According to the pro-
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Figure 11. CVs of the ECH of biomass compounds containing ketone or
aldehyde groups on a Pb electrode in acidic electrolyte at a scan rate of
50 mVs~', room temperature, and ambient pressure.

posed sequential mechanism for ECH of LA on a Pb electrode
(Scheme 1a), the reaction intermediate (4-hydroxypetanoic
acid) is more weakly adsorbed on the Pb electrode surface
than LA. This can be supported by the experiment using the
esterification intermediate gVL as a feedstock, for which the
CV curve of the ECH of 0.2m gVL on Pb in 0.5m H,SO, does
not show any difference compared with the blank CV curve re-
corded in 0.5m H,SO, electrolyte (Figure 11). The product anal-

potential, a more negatively polarized Pb electrode will per-
haps not only facilitate the interaction of the C=0 (ketone)
group of LA with the Pb electrode surface, but also increase
the concentration of surface H,, atoms. Thus, a more negative
potential could accelerate the hydrogenation of the C=0
(ketone) group of LA to —CH,— with less desorbed gVL.

It has also been demonstrated that the pH value can be
used to control the final product distribution. Selectivities of
95% to VA in acidic electrolyte (pH 0) and 100% to gVL in neu-
tral electrolyte (pH 7) were obtained (Scheme 1a). The effect of
electrolyte pH on product selectivity was revealed by the Tafel
plot investigation (Figure S1 in the Supporting Information),
which showed that four-electron transfer was involved in the
ECH of LA in acidic electrolyte, resulting in the formation of
VA, whereas only two-electron transfer was observed in neutral
electrolyte (pH 7.5), leading to the production of gVL.

To gain insight into structural effects on C=0 reduction
pathways, pyruvic acid and glyoxylic acid, which contain
ketone or aldehyde groups, were also studied. Figure 11 de-
picts the half-cell CVs of the ECH of these oxygenates on Pb in
an acidic electrolyte. A cyclic voltammetry scan in 0.2 m pyruvic
acid+0.5m H,SO, gave a 700 mV more positive onset poten-
tial and significantly greater current density than that conduct-
ed in 0.2m LA electrolyte; this indicates Pb has a higher elec-
trocatalytic activity towards the ECH of pyruvic acid than that
of LA. In sharp contrast, with 0.2 M glyoxylic+0.5m H,SO,, the
ECH reaction rate was much slower on Pb than that with 0.2m
LA, as evidenced by the smaller current density observed in
the CV curves.

It is interesting to observe

Table 3. ECH of biomass compounds containing ketone or aldehyde groups in a half-cell (batch) reactor on Pb

that the ketone groups in pyruv-

(pH 0). ic and glyoxylic acid can only be
Biomass compound EC Selectivity Faradic effi- Conversion reduced to —OH through a two-

[kWh mol~"] [9%] ciency® [%] %] electron-transfer reaction com-
LA 0.29 (to VA) 95.0 (to VA) 57.1 513 pared with the ECH of LA on Pb
gVL 00 01 o 0 in an acidic electrolyte, resulting
pyruvic acid 0.14 (to lactic acid) 100 (to lactic acid) 56.1 89.6 in 100% selectivity to lactic acid
glyoxylic acid 3.23 (to glycolic acid) 100 (to glycolic acid) 25 1.6

and glycolic acid, respectively

to HER.

[a] Reaction conditions: CA of —1.5V vs. RHE was performed for 4 h in 0.5m H,SO,+0.2 M biomass compound
at room temperature. [b] Faradaic efficiency takes account the sum of electrons transferred during the ECH of
LA to VA and gVL. [c] No products are detected in the liquid phase. [d] All electrons transferred are attributed

(Table 3). However, 89.6% con-
version of pyruvic acid after 4 h
ECH reaction is much higher

ysis shown in Table 3 further confirms that the conversion of
gVL under identical conditions to the ECH of LA is 0, and
100% electron transfer is attributed to the HER. The results in-
dicate that gVL is a relatively stable product under ECH condi-
tions and further hydrogenation will not proceed, as long as it
is produced and desorbed from the metal catalyst surface.
Because the adsorption strength of 4-hydroxypentanoic acid is
weaker than LA, it is easily replaced by LA before it reacts with
the surface-adsorbed H atoms for further dehydration and hy-
drogenation to produce VA. As 4-hydroxypentanoic acid de-
sorbs from the Pb electrode surface, it subsequently under-
goes internal esterification (not an electrochemical reaction) to
form the five C-ring compound gVL. With increasing applied

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

than the conversion of both LA
and glyoxylic acid, which are
only 51.3 and 1.6% respectively.
This also agrees well with the cyclic voltammetry experiment,
in which the ECH of pyruvic acid exhibited the greatest current
density. The EC value for the target product, given by the
yield, Faradaic efficiency, and applied potential, determines the
specific energy consumption. As expected, the EC value for the
conversion of pyruvic acid into lactic acid
(0.14 KWh mol,,ciic acia ) is lower than both values for VA (from
LA reduction) and glycolic acid (from glyoxylic acid reduction),
the EC values of which are 0.29kWhmol, ' and
3.23 kWh molg|yco,icacid’1, respectively, as shown in Table 3 and
Figure S5 in the Supporting Information. These results indicate
that the final products may be influenced by the molecular
structure of the oxygenated compounds. As illustrated in
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Scheme 1, the ketone radical anion could be stabilized by the
neighboring electron-donating CH,;— group, thereby favoring
its formation, whereas the lack of CH;— attached to the alde-
hyde group of glyoxylic acid makes the intermediate unsta-
ble,® leading to the slower reaction rate of glyoxylic acid hy-
drogenation on Pb. On the other hand, the presence of the
two-carbon chain (—CH,—CH,—) allows the dehydration step
and subsequent hydrogenation to VA, as demonstrated in
Scheme 1a.

The design of the single electrocatalytic (flow) cell reactor
and elucidated pathways for ECH of ketone or aldehyde
groups reported herein may be extended to remove oxygen
contained in the other biomass-related compounds, such as
hydroxymethylfurfural (HMF), furfural, and maleic acid, which
are abundant from the outlet streams of catalytic conversion
of glycose or sorbitols,"**** allowing their subsequent up-
grading processes to fuels or valuable chemicals. Our current
research is to rationally design and accurately prepare nano-
structured metallic catalysts and fabricate 3D ordered
electrodes to further reduce the operation voltage (overpoten-
tial) and optimize the reaction pathways, to achieve higher ESE
in the single electrocatalytic (flow) cell reactor.

Conclusions

We have reported the ECH of LA to VA or gVL on a non-pre-
cious Pb electrode in the single electrocatalytic (flow) cell reac-
tor, with a higher LA conversion, VA yield, Faradaic efficiency,
and lower EC than that of a half-cell (batch reactor). This is due
to better mass transport resulting from custom-designed and
optimized operating conditions in the single electrocatalytic
(flow) cell reactor. Meanwhile, renewable electricity can be di-
rectly stored in the form of chemical potential energy, as we
have demonstrated using the conversion of LA to either VA or
gVL. The ESE of 70.8% was achieved by using this new single
electrocatalytic (flow) cell electricity storage device. In addition,
the applied voltage and electrolyte pH could be used to regu-
late the product selectivity: lower overpotential or higher elec-
trolyte pH facilitated the formation of gVL, whereas higher
overpotential or lower electrolyte pH favored the production
of VA. Our pathway investigation on the electrocatalytic reduc-
tion of biomass compounds containing ketone or aldehyde
groups showed that the molecular structure had a great influ-
ence on the reduction rate and final reduction products:
VA could be produced though four-electron-transfer electro-
reduction of LA, whereas the C=0 group was only reduced to
—OH by a two-electron-transfer process with glyoxylic acid and
pyruvic acid as feedstocks. This study may shed light on the ra-
tional design of nanostructured catalysts and modification of
a single electrocatalytic (flow) cell reactor for the efficient proc-
essing of many other renewable, abundant, and cheap
oxygen-rich biomass-derived compounds into hydrogen-rich
biofuels or biofuel precursors.
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Experimental Section

Electrode surface pretreatment: The Pb (Rotometals Inc., United
States, 99.9%) and Cu (Small Parts Inc., United States, 99.9%)
plates were cut into electrodes with a projected area of 6.5 cm?
and served as working electrodes in both the half-cell (batch) and
single electrolysis (flow) cell reactors. Prior to ECH experiments, the
metal electrodes were polished to a mirror finish with sandpaper
(320 grits and subsequently 1200 grits) purchased from Leco Cor-
poration. A scanning electron microscope (JEOL JSM-6400)
equipped with energy-dispersive X-ray microanalysis (EDS) was
used to characterize the surface of the copper and lead electrodes,
as shown in Figure S6 in the Supporting Information.

Electrochemical cell configuration: ECH experiments were carried
out in both half-cell (batch) and single electrocatalytic (flow) cell
reactors at ambient pressure and temperature. The half-cell test
was conducted in a conventional three-electrode setup (AFCELL3,
Pine instruments), equipped with an Ag/AgCl (3.5m KCl, Pine in-
strument) reference electrode. The Pt wire counter electrode was
placed in a glass tube with glass frits to prevent the diffusion of
the products generated on the Pb working electrode. Potential
was applied by using a multichannel potentiostat (VersaSTAT MC,
Princeton Applied Research). To reduce the solution resistance, the
distance between the reference electrode and metal working elec-
trodes was kept small (< 0.5 cm).

A custom-made single electrocatalytic (flow) cell reactor was as-
sembled as shown in Figure 5. Pb or Cu electrodes served as the
working electrode, which was placed in the cathode chamber,
while the Pt foil (thickness 0.5 mm, Aldrich, 99.99% trace metals
basis) employed as counter electrode was placed in the anode
chamber. Solid-polymer electrolyte membranes, including an
anion-exchange membrane (FAA, 110 um, Fuma-Tech, GmbH) for
reduction in a neutral environment and a proton-exchange mem-
brane (Nafion117, lon Power, Inc.) for reduction in an acid environ-
ment, were used to separate the anode and cathode chambers to
minimize the cross-over of the products or precursors from the
cathode to the anode. The products examined on the anode
chamber (OER side) of the cell were of very low concentration:
<1 and <5% after 2 and 20 h of operation, respectively. In addi-
tion, the larger electrode area (6.5 cm?) and small cathode chamber
volume (12 mL), along with a fast flow rate of 30 sccm, were opti-
mized to ensure a sufficient LA supply to the Pb electrode surface,
while avoiding the mass transport issue resulting from hydrogen
gas bubbles striking the Pb electrode.

ECH process: Before the ECH was conducted at constant poten-
tials, cathodic cyclic voltammetry scans were performed for
20 cycles from —0.35 to —1.6 and —0.35 to —1.5V versus RHE on
a Pb electrode in a solution at pH 0 and 7.5, respectively, whereas
the scan range was —0.35 to —1.1 V versus RHE on a Cu electrode
in a solution of pHO. The scan rate was 50 mVs™'. The cyclic
voltammetry scans were taken to ensure that the surface CuO, was
reduced. The last stabilized CV curve was reported. The upper
limits of the cyclic voltammetry scan ranges were selected to be
within the potentials at which the dissolution of Pb and Cu metals
might occur. Buffer solutions of K,HPO, and KH,PO, with or with-
out the addition of LA were prepared with 18.2 MQ deionized
water and the pH of this neutral electrolyte was adjusted to 7.5.
The acidic electrolyte was prepared by applying the precursors (LA,
gVL, pyruvic acid, and glyoxylic acid) in 0.5m H,SO,. The pH of the
acidic electrolyte was set to be zero.

As for the ECH conducted in the half-cell (batch) reactor, 55 mL of
electrolyte was loaded into three-necked glassware. CA was carried
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out to study the potential effect on the product distribution
during the ECH process. The ECH was also carried out in a single
electrocatalytic (flow) cell reactor. During each run, 55 mL of 0.2m
LA in neutral or acidic electrolyte was introduced into a plastic
vessel and pumped into the cathode compartment through
a closed loop by a peristaltic pump (Gilson Miniplus 3) at a flow
rate of 30 sccm. Meanwhile, H,SO, or K,HPO,/KH,PO, buffer solu-
tion with the same pH as the cathode reactant solution was cycled
through the anode chamber. For both half-cell and single electro-
catalytic cell reactors, the applied potential at the cathode was
controlled by using a potentiostat (VersaSTAT MC, Princeton Ap-
plied Research) and the products at the end of the reaction were
collected and analyzed by HPLC. ICP-AES was performed to exam-
ine the stability of the Pb electrode after prolonged reaction.

Product analysis: The ECH products were analyzed by HPLC (Agi-
lent 1100) with a refractive index detector (RID; Agilent G1362A)
and a variable wavelength detector (VWD; 220 nm, Agilent
G1314A). 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 separate the product. A sample volume of 20 uL was injected
into the HPLC system. The products were identified by comparison
with authentic samples. The Faradaic efficiency was defined by
Equation (10):

mol. . nfF
% specific productl ™ 490 07 (10)

Faradaic efficiency = T

in which n is the number of electrons transferred, F is the Faraday
constant, / is the current observed in the experiment, and t is the
duration of the experiment. The product selectivity in the liquid
phase and carbon (material) balance (CB) were calculated by using
Equations (11) and (12):

mol of specific identified product
mol of all identified products

selectivity = x 100 % (11)
__mol of carbon in all identified products

8= mol of carbon in initially fed fuels x 100% (12)

The yield of product was calculated from Equation (13):
yield = selectivity x conversion (13)

For the data reported herein, the total and individual carbon bal-
ance for each compound was within 5%. A smaller carbon balance
means more carbon atoms are accounted for in the product
analysis.
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Packing a punch! Electricity storage in
biofuels by controlled electrocatalytic
hydrogenation of levulinic acid to vale-
ric acid or y-valerolactone on a non-pre-
cious Pb electrode in a single electroca-
talytic (flow) cell reactor with a high
yield, Faradaic efficiency, and electricity
storage efficiency, and a low electricity
consumption is achieved (see picture).
The applied potential and pH value can
be used to accurately control the selec-
tivity to valeric acid (4e™ reduction) and
v-valerolactone (2e™ reduction).
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