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h i g h l i g h t s

� Bio-oil fuel cell demonstrates peak
power density of 42.7 mW cm�2.

� Noble metal anode catalysts with low
metal loading of 0.5 mg cm�2 is used.

� Major components of the bio-oil for
fuel cell are analyzed and reported.

� Bio-oil fuel cell is �3 times lower in
performance than a high-purity sugar
fuel cell.
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a b s t r a c t

Bio-oil derived from the pyrolysis of lignocellulosic biomass shows a great promise, however, needs fur-
ther upgrading to potentially serve as an alternative to fossil fuels. Herein, we demonstrate that crude fast
pyrolysis bio-oil can be directly used as a fuel for anion exchange membrane fuel cells (AEMFCs) to gen-
erate high power density electrical energy at low temperature (680 �C). A simple aqueous-phase reduc-
tion method was used to prepare carbon nanotube (CNT) supported noble metal (Pt, Pd, Au, and Ag)
nanoparticles with average particle sizes: 1.4 nm, 2.0 nm, 3.8 nm, and 12.9 nm for Pt/CNT, Pd/CNT, Au/
CNT, and Ag/CNT, respectively. Direct fast pyrolysis bio-oil AEMFCs with the Pd/CNT anode catalyst
and a commercial Fe-based cathode catalyst exhibit a remarkable peak power density of
42.7 mW cm�2 at 80 �C using 30 wt% bio-oil + 6.0 M KOH electrolyte. Levoglucosan was identified as
the major sugar compound with 11.1 wt% of the bio-oil composition, along with disaccharides, pyrolytic
lignin, and oligomer of lignin-derived phenolic compounds. Cyclic voltammetry (CV) studies investigated
the electrocatalytic oxidation of high purity levoglucosan over the four noble metal catalysts in half cell,
as levoglucosan is the dominant sugar component in bio-oil. Pd/CNT, compared to other catalysts, dis-
played the highest activity and lowest onset potential of electrocatalytic oxidation of levoglucosan.
AEMFC with high purity sugars shows �1.2 to 3 times higher power density than that with fast pyrolysis
bio-oil fuel.
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1. Introduction

Currently biomass-derived fuels (biofuels) are of growing inter-
est, mainly due to increasing concerns of global warming and envi-
ronmental deterioration [1]. Consumption of fossil fuels
contributes to emission of carbon dioxide (CO2), nitrogen oxides
(NOx), and other greenhouse gases (GHG). Emission of sulfur diox-
ide also leads to acid rain, causing damage to crops, forests and
upsetting the ecosystem equilibrium [2]. To date, over 70% of elec-
tricity has been produced by fossil fuels such as natural gas and
coal, while renewable energy accounts only for only about 20% of
all generated electricity [3,4]. Clean electricity generated from
renewable sources, such as solar, wind and biomass is expected
to play an important role in future energy landscape, and substan-
tial effort has been spent on research and development directed
toward converting biomass into liquid fuels and commodity chem-
icals [5,6], but presently they remain more expensive than their
counterparts produced from fossil sources.

Fuel cells are considered as one of the most promising electro-
chemical energy generation devices, which can directly convert
renewable resources into electrical power in an environmentally-
friendly manner. Today’s fuel cells have the capability to ensure
energy security, high efficiency, low operating cost, fuel versatility,
and pollution-free power, largely because this electrochemical pro-
cess is not limited by the Carnot theorem [7,8]. In addition, fuel
cells can be used in various scale stationary and mobile systems
for quiet and continuous power generation [9]. Direct alcohol fuel
cells (DAFCs) have attracted enormous attention as potential
power sources, mainly because alcohol as a liquid fuel is easy to
transport and convenient to store [10]. However, challenges such
as poor oxidation kinetics at the anode, fuel purity requirements,
and alcohol crossover limit widespread practical applications of
DAFCs technology. Recently, alkaline anion exchange membrane
fuel cells (AEMFCs) are emerging quickly as a potential solution
to these problems. The electrocatalytic kinetics of both anode (fuel
oxidation) and cathode (oxygen reduction) are higher in an alka-
line media compared to an acid media due to facile charge transfer
and enhanced ion transport. Furthermore, the poison severity of
impurities and contaminates on anode catalysts can be greatly
alleviated in alkaline environments [11]. To explore more alterna-
tives fuels, several studies have been carried out based on the
AEMFC platform using various biorenewable fuels such as glucose
[12], cellulose [13], and crude glycerol [14]. There is an urgent need
to seek widely available and economical biomass-derived oil/fuels
for fuel cell applications.

Bio-oil derived from fast pyrolysis of biomass is considered as a
promising source of bio-based chemicals and biofuels [5,15–18]. As
traditionally recovered, bio-oil is an emulsion of water-insoluble
phenolic compounds derived from lignin in an aqueous phase of
water-soluble oxygenated compounds derived mostly from carbo-
hydrate mixtures. This emulsion contains hundreds of chemicals
that are difficult to separate by traditional recovery techniques
such as atmospheric, fractional, steam, and vacuum distillations
[1]. Pollard et al. [19] recently developed a novel bio-oil recovery
method that recovers bio-oil as stage fractions with distinct chem-
ical and physical properties using combinations of condensers with
carefully-controlled coolant temperatures and electrostatic precip-
itators. These fractions consist of heavy ends, middle fraction, and
light ends. The heavy ends can be further separated into phenolic
oil and anhydrosugars, the middle fraction is mostly phenolic
monomers and furans, and the light ends are an aqueous fraction
containing light-oxygenated compounds such as acetic acid [20].
Fast pyrolysis bio-oil has the potential to substitute for fossil liquid
fuels after it has been upgraded by catalytic cracking, catalytic
hydrogenation, or stream reforming [21]. Bio-oil contains 40%

dry-weight oxygen, while petroleum-based fuels contains around
1%, so these bio-oil must be upgraded to be rightfully considered
as an equivalent replacement; because highly oxygen-rich hydro-
carbons bio-oil are of inferior quality for direct use as transporta-
tion fuels in combustion engines, but they may be directly served
as a fuel in alkaline membrane fuel cells to generate electricity.

It should be noted that most previous AEMFC studies have been
focused on high-purity fuels such as glycerol [12,22,23], ethanol
[24], methanol [25], ethylene glycol [26], and glucose [27]. Biofuel
cells with enzymatic catalysts can directly employ complex crude
biomass-feedstock and waste water, but the generated power den-
sity is generally lower than 1 mW/cm2, thus limiting biofuel appli-
cation to environmental remediation rather than energy
generation applications [28]. In the past, our group has used crude
glycerol (88 wt%) [29,30] as feedstock for AEMFCs and has shown a
peak power density of 268 mW cm�2; this approach can be readily
expanded to study more complex compound bio-oil (a mixture of
over 400 compounds) as a potentially feasible fuel for AEMFCs.
To the best of our knowledge, no work has yet been done on direct
fast pyrolysis bio-oil for use as a fuel in AEMFCs, therefore, this
study of AEMFCs directly using bio-oil establishes a generalized
approach to using bio-oil to produce electrical power without the
need for extensive purification of the initial raw feedstock fuel.
We report a direct bio-oil AEMFC using a noble metal Pd/CNT
anode catalyst to achieve a peak power density of 42.7 mW cm�2

at 80 �C. The effects of operation conditions such as the bio-oil con-
centration, temperature, and KOH concentration on cell perfor-
mance were also studied along with the analysis of bio-oil
compositions. The electrocatalytic activities of four noble metal
catalysts Pd/CNT, Ag/CNT, Au/CNT, and Pt/CNT with respect to oxi-
dation of high purity levoglucosan (a major sugar component)
were studied. The comparison of fast pyrolysis bio-oil AEMFC with
high-purity sugar-fed AEMFC was investigated in both half-cell
and single-cell systems.

2. Experimental

2.1. Chemicals

Palladium (II) nitrate dihydrate, silver nitrate, gold (III) chloride,
polytetrafluoroethylene (PTFE), 1-propanol (99.5%), sodium boro-
hydride (99%), sodium citrate dihydrate (99%), glucose (99%),
sucrose (99%), potassium hydroxide (85%), and potassium sulfate
(99%) were purchased from Sigma-Aldrich. Carboxyl-group func-
tionalized multi-walled carbon nanotubes (8–15 nm outer diame-
ter, 0.5–2 lm length) were procured from Cheaptubes Inc. The
cathode catalyst 4020 was obtained from Acta, Inc, and levoglu-
cosan, cellobiosan, and maltosan were received from Carbosynth.
Xylose was purchased from Thermo Fisher Scientific. Stage fraction
2 bio-oil was obtained from the Iowa State University BioCentury
Research Farm. All chemicals were used as received without fur-
ther purification.

2.2. Catalyst synthesis and physical characterizations

Carbon nanotube-supported Pd, Pt, Ag, and Au nanoparticles
were synthesized by an aqueous-phase reduction method
[29,31]. An aqueous-phase reduction method involves chemical
reduction of dissoluble metal precursors in aqueous phase to the
nucleus, controlled growth to ultimately-desired metal nanoparti-
cles in the absence of stabilizing agents, and deposition on an
appropriate carbon support. Concisely, to make Pd/CNT, Palladium
(II) nitrate (105 mg) was dissolved in deionized water (1500 mL),
followed by stirring at a speed of 600 rpm to ensure appropriate
dispersion of the solution. Sodium citrate dihydrate (200 mg) and
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