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Efficient Conversion of Lignin to Electricity Using a Novel
Direct Biomass Fuel Cell Mediated by Polyoxometalates at

Low Temperatures
Xuebing Zhaow b and J. Y. Zhu*b.d

A novel polyoxometalates(POMs) mediated directbiomass
fuelcell (DBFC) was used in this study to directly convert
ligninto electricity at low temperatures with high power
outputand Faradaic efficiency. When phosphomolybdic acid
HsPMo,,0.,(PMo,,) was used as the electron and proton carri-
erinthe anode solution with a carbon electrode, and 0, was
directly used as the final electron acceptor under the catalyssis
of Pt, the peak power density reached 0.96 mWcm-=,
560 times higher than that of phenol-fueled microbial fuel cells

Lignin is by farthe mostabundant aromatic material in nature.
The pulp and paper industry alone produces millions of tons
oftechnical grade lignin each year,® which is primarily com-
bustedforheatand chemical recovery. Sustainable economic
developmentrequires efficient utilization oflignocellulosic bio-
massincluding ligninforclean energyandbio-products. Lignin
hasa good heating value higherthan cellulose and hemicellu-
loses2 and may be used for electricity generation through
combustion or gasification to produce heat or gas fuels to
drive steam orgasturbines. However, distributed operation at
relatively small scalesis preferred owing tothe relatively lower
energydensity of lignin compared to gasfuels.

Fuel cells have attracted great interest in recent years as
a clean, portable, and alternative electricity production tech-
nology suitable for a variety of applications. Lignin can poten-
tially be used to produce electricity using solid oxide fuel cells
(SOFCs), directcarbon fuel cells (DCFCs), and microbial fuel
cells(MFCs).However,external processing isrequiredtocon-
vert lignin to suitable fuels. For example, gasification of lignin
to syngas is necessary for SOFCs,4 or carbonization to bio-
char or blending with active carbon prior to fueling DCFCst=7

[a] Dr. X. Zhao
Department of Chemical Engineering
Tsinghua University
Beijing (P.R. China)
[b] Dr. X. Zhao, Prof. Dr. J. Y. Zhu
Department of Biological Systems Engineering
University of Wisconsin
Madison, WI (USA)
E-mail:;jzhu@fs.fed.us
[c] Dr. X. Zhao, Prof. Dr.J. Y. Zhu
USDA Forest Service
Forest Products Lab
Madison, WI (USA)
gSupponing Information for this article is available on the WWW under
http://dx.doi.org/10.1002/cssc.201501446.

ChemSusChem 2016, 9, 197 - 207 Wiley online Library

197

(MFCs). When the cathode reaction was catalyzed by PMo;,,
the power density could be greatly enhanced to 5 mWcm-.
Continuous operation demonstrated that this novel fuel cell
waspromisingasastable electrochemical powersource. Struc-
ture analysis of hte lignin indicated that the hydroxyl group
content was reduced whereas the carbonyl group content in-
creased. Both condensation and depolymerizationtakes place
during the PMo., oxidation of lignin.

The requirement of external processing to convert lignin to
gaseous fuels or biochar not only increases the complexity of
the system but also greatly reduces exergy efficiency.2 Fur-
thermore, these two types offuel cells need to be operated at
high temperatures. Degradation of lignin to small-molecule
phenolic compounds is necessary for MFCs, in which some
aerobic bacteria can use the phenolic compounds as carbon
sources and generate electricity at low temperatures,o:2 put
with low efficiency and power output. The reported power
density of phenol-fueled MFCs is usually less than
0.0017 mW cm-=.mriMoreover, the high chemoselectivity for
substrates, rigorous reaction conditions, and limited lifetime
substantially hindertheirapplication.®

Fuel cells that can directly convert lignin or lignocellulosic
biomass to electricity are desirable and critical for efficient,
portable, and low costelectricity production. However, without
the use of catalysts lignin oxidation proceeds very slowly
owing to the complex lignin structure. The noble metal cata-
lysts (e.g., Pt, Ru, Pd), commonly used in the directhydrogen-
or alcohol-based proton-exchange membrane fuel cells, cannot
completely catalyze the electro-oxidization of C-C bonds of
ligninto CO, at low temperatures.tsi Potential catalysts must
serve as a mediator to transfer electron from lignin to the oxi-
dant. Electrochemically, the oxidation-reduction potential of
a potential catalyst must be higher than that of the structural
moieties of lignin but lower than those ofthe oxidants, so that
thecatalystcanberegeneratedandreused.

Polyoxometalate (POM), which is a polyatomic ion consisting
ofthree or more transition metal oxyanions linked together by
shared oxygen atoms, has distinct properties such as robust
oxidative degradation abilityand great potential as an electron
reservoir.ts Previous studies have shown that POM can be
a good electron-transfer catalyst for generating power from
CO at room temperaturet” or producing synthesis gas from
biomass carbohydrates such as cellulose and hemicelluloses.®a
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regenerated. And last, the cell can directly convert lignin to
electricity without prior external processing to avoid high
exergy loss.

lignin-H, + POMoyx — oxidized lignin+H,-POMq Q)
0, + 4H* + 4e~-252H,0 2)

Cell performance

POM is an oxidant as well as a Brgnstedacid.?:22Thus, it
serves as an electron and proton carrier during oxidative deg-
radation of lignin. Several Keggin-type or non-Keggin-type
POMs including HiPW1,0.0, Hi.PVW,,0.,, KsPV,M0:,0.,, and
H:PMo0.,0, (PMo,;) at concentration of 0.25M were used to
oxidize a commercial lignosulfonate (LS) D748 at 5gL*. Ap-
parent color changes were observed as the oxidation reaction
proceeded, and the corresponding UV/Vis absorbance was in-
creased in the wavelength range of 500-1000nm (Figure S1).
A clear characteristic absorption peak at around 750 nm was
observed for the reduced PMo,,, which is known as molybde-
num blue. When the H,-POM s was discharged using O,as the
oxidant in the fuel cell at room temperature, the maximum
power densities for H;PW.,0.,, H:PVW 1,04, KsPV,M0,,0.,, and
PMo,, were 0.01, 0.004, 0.005, and 0.10 mWcm-=2, respectively.
PMo,, obtained the highest power output (Figure 2a) with an
open circuit voltage (OCV) of 200 mV. Generally, the POMs that
can oxidize lignin must have a higher redox potential than the
lignin moieties. Oxidative degradation was found to take place
at potentials between 0.6 and 0.8V for phenolic units and at
approximately 1.0V for nonphenolic units, while the O./H,O
redox potential is + 1.229 V.tel Thus, the redox potential of the
POM used should be in the range of 0.6-1.2V to oxidize the
phenolic structure of lignin and serve as an electron carrier in
the fuel cell. Theoretically, the standard cell potential is less
than 063V based on the following cell reaction[Eq. (3)],
where n is the number of electrons or protons that can be
transferred from 1 molecule of POM,., to oxygen. However, ac-
cording to the Nernst equation, the cell potential is dependent
on temperature and reaction quotient, and the output power
density is also dependent on the polarization of the cell:

n/40, + H, -POM. — POMqyy + ,/2 H,O (3)

The PMo,, concentration had a significant effect on the cell
voltage and power density, as shown in Figure 2b. The maxi-
mum power density increased from 0.014 to 010 mWcm-=
when the PMo., concentration was increased from 5mm to
0.25Mm. However, the effect of the concentration on the in-
crease in power density was not only attributed to the in-
creased concentration difference, but was largely attributed to
the oxidation reaction kinetics of lignin by POMs, the high dis-
charge rate of POMs on the electrode surface, and the high
probability of POM, discharge at the electrode. The cell reac-
tions using PMo,, as the anode mediator and O, as the final
electron acceptor can be written as follows:
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(@ Lignin oxidation by PMo..:
H3PMo0,, + lignin-H,2%™.H,  PMo,  Mo¥0,, + oxidized lignin
(4)

where n = 1-8, is the number of electrons that one molecule
of PMo., can accept according to Ref. [23].

() Anode half-cell reaction:

Hs,,PMoY} ,M0'O,, — nH™ —ne™ — H;PMoY,04 (5)
with Nernst equation for electrode potential of

a
RT H;PMoYIZOw

Eanode = E:node_;;: In a ) a; (6)

H;,,,,PMole_nMo\,{Om
(c) Cathode half-cell reaction
1/20, + 2H' +2e"25H,0 @

with Nernst equation for electrode potential of

RT 1
Ecathode = Ecatnode™ 7 I GodPo) 2 @ (8

(d) Total cell reaction

n/40, + H;,,PMoY,_ M0'O,, — HsPM0},0, + n/2H,0 )

with total cell potential of

a
F T HsPMo‘gm0
anode —

cell a . (fo2 /poz)"/4
(10)

Ecen = Ecathode ™ - -
H3+,,PM012_nMon040

Therefore, the electrode and cell potentials are influenced
byH+,PMo.,,and reduced PMo,,(P Mo, 4) activities(concen-
trations), and O, fugacity (partial pressure). Increasing the con-
centration of PM0,,q (O ratio of PMo., ../PMo,,) can enhance
cell potential. Moreover, PMo,, also acts as the electrolyte in
the cell, and a high PMo., concentration can reduce the inter-
nal resistance of the cell and increase the output current densi-
ty.
yThe power density of the cell was significantly influenced by
the lignin concentration in the pre-oxidation system (Fig-
ure 2c¢), because the concentration of PMo,,..« and the ratio
PMo.,.s/PMo., were dependent on both the PMo,, and D748
concentration. Therefore, a higher D748/PMo,, ratio resulted in
a higher cell voltage and power density. When 0.1 m PMo,, and
25 gLt D748 were used, the OCV of the cell reached 310 mV
with maximal power density of 0.34 mW cm=2. However, it
should be noted that the observed effects of lignin concentra-
tion on the power density was actually reflected by the con-
centration of PMo.,..s in the anode solution because lignin did
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However, only very recently, a novel solar-induced hybrid fuel
cell using POM as the photocatalystand charge carrier was r e
ported, with good levels of electricity current and power densi-
ty production directly from lignocellulosic biomass at a low
temperature without external chemical processing.#2More-
over, a substantially higher power output was achieved than
from cellulose-based MFCs. These results are very promising
and exciting for the development of a direct lignocellulosic
biomass fuel cell (DBFC). Here we report direct conversion of
lignin to electricity. Our study is focused on: (1) directly using
industrial technical grade lignin available in large quantities
with substantial market excess; (2) using liquid oxidants to im-
prove the cells power output and avoid the use of noble
metal catalysts in the cathode reaction; and (3) using a substan-
tially larger active electrode area (40 cm?) than the reported
studies™? to demonstrate the potential for scalability. Sys-
tematic studies of several parameters were conducted to ach-
ieve a high current and power output. The practical signifi-

cance of the study lies in: (1) the renewability and abundance
of readily available lignocelluloses; and especially (2) the direct
utilization of industrial lignin, which exists in many pulp mills
around the world because ofthe capacity limits of chemical re-
covery boilers.
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Results and Discussion

Working principles of the cell

The structure and working principle ofthe novel lignin-fueled
cell usingO, as the final electron acceptor are shown in
Figure 1. Inthe anode chamber, lignin is oxidized by oxidative
POM (POMoy) wherethe POMs are reduced. Electrons and H+
are transferred from lignin to POM as shown in reaction(1).
Heat or light irradiation canbe used to facilitate the reaction.
Inthe anode chamber, the reduced POM (H,-POM..) is further
re-oxidized by O, through an external circuit, while the H+ re-
leased from H,-POM., passes through the proton exchange
membrane (PEM) into the cathode chamber, where it reacts
with O, under the catalysis of Pt to form reduced products
(H,0), as shown in reaction(2). This novel DBFC has several
merits. First, the cell can be operated under mild conditions
with efficient electron transfer from lignin to oxidant. Second,
the cell does not need to use expensive noble metals for
anode catalysts because POM plays both roles as a catalyst
and an electron carrier. POMs are much less expensive than
noble metals such as Pt and very easy to prepare. Third, the
POM is chemically and thermally very stable, and canbe easily

Heat or Aiv

POM, .4 lignin
X()\idim\‘l
POM,,

AN lignin

Figure 1. a) Structure of the POM-mediated direct biomass fuel cell. b) Schematic illustration of the working principle of the fuel cell directly using O, as the

final electron acceptor.
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Figure 2. WOutput cell voltage {solid symbols) and power density (open symbols) of the fuel cell operated under different conditions using O, as the final

electron acceptor. Pre-oxidation at 100°C and discharging at 25°C for a-f. a) Effect of POM type: & H;PW;,0,5, ® HPYW;,045, A KsPV;M0,0040, ¢ HsPM0,,04.

b) Effect of PMo,, (H;PM0,,0,,) concentration: & 0.005m, ® 0.01 M, A 0.02M, ¥ 0.05M, ¢ 0.1m, ® 0.25 M. ) Effect of D748 concentration: = 0.1m

HyPM0,,0,0+5 gL~ D748, @ 0.1 M H;PM0,,0,0+15 gL~ D748, 4 0.1 M H;PM0,,0,0+25 gL~ D748, ¥.0.25 M H;PM0,,04+5 gL ™' D748, ¢ 0.25M

HiPM0,,04+ 15 gL™" D748, @ 0.25m H;PM0,,0,,+ 25 gL~ D748, d) Effect of lignin type with total sample solids concentration of 25 gL™': s D748, ® KL,

AEHL, ¥ Na-LS, « Ca-LS. e) Effect of salts at 25°C: = Control, @ 10% Na*, A 10% Ca*. f) Effect of H;PO, concentration: 80, ® 0.11M, 4 0.24 M, ¥ 0.36 M,
0.47 m. g) Effect of temperature: ® Ambient 7, ,. 60°C, 78 90°C.

not directly take part in the cell discharge. Thus, the conditions  performance was also found to be impacted by the type of
for pre-oxidation of lignin by POMs might significantly impact  lignin when the initial PMo,,,q concentrations were the same,
the kinetics of electron and proton transfer to POMs. The cell  as shown in Figure 2d. Kraft lignin (KL) and enzymatic hydroly-
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sis residue lignin (EHL), both not containing any free salts,
showed much higher power density than D748 and the two
SPORL spent liquors (containing Na-LS or Ca-LS), although the
OCVs forthe latter three lignin fuels were similar. This indicat-
ed that the presence of salts had negative effects on cell per-
formance. Furthermore, Caz-had more negative influence
than Na+. To verify this fact, NaCl and CaCl, with a cation con-
centration of 10% (approximately the same as the concentra-
tion of Na+ or Caz in the two SPORL spent liquors) were
added into the anode chamber of the cell fueled by KL. As
shown in Figure 2e, a substantial reduction in power density
was observed after the addition of salts. Moreover, CaCl,
indeed showed more negative effects than NaCl. The same
phenomenon has been observed in proton exchange mem-
brane fuel cells.?4 One possible explanation was the fouling of
PEMbysalts.=The metalions (cations) maycontaminate PEM
thus limiting H+ conductivity of the membrane and increase
the observed internal resistance ofthe cell. Some researchers
have demonstrated that the sulfonate sites of the membrane
had a higher affinity to most cations than protons, which re-
sulted in a reduced conductivity of the membrane when
a large amount of cations was replaced with protons.

The H;PO, concentration also had a significant effect on the
power density ofthe fuel cell, as shown in Figure 2f. The maxi-
mal output power density increased from 0.22 to
0.41 mWcm2 when the H;PO, concentration was increased
from O to 0.36M. Further increasing the H;PO, concentration
to 0.47M reduced the power density to 0.33 mWcm-2, perhaps
owing to the improved electron transfer from lignin to PMo.,
aswellasanodicreactions. However,a high H;PO,concentra-
tion may degrade the PMo,, structure and thus reduce the
power density.

Increasing the operating temperature from 25to 90°C (tem-
perature ofthe external vessel) resulted in an increase in the
maximal power density from 0.41 to 0.96 mWcm?= (Figure 2g),
because both the electrode reaction kinetics and proton con-
ductivity of the membrane are dependent on temperature.
High temperature promoted the reaction rates as well as
proton conductivity ofthe PEM. 27

Improving cell performance using liquid catalyst or oxidants
for the cathodic reaction

Air and O, are relatively inexpensive oxidants with a great po-
tential for large scale applications. However, a noble metal
such as Pt is required as a catalyst. Another problem associat-
ed with an air or O, cathode is the mass transfer limitation be-
cause of the reaction taking place in a gas-liquid-solid tri-
phase system. Therefore, processes for improving gas diffusion
in the electrode are required to improve gas contact with the
catalyst and reactants, which further increases the cost of the
electrode. Intuitively, the cell performance can be improved by
using a liquid catalyst or oxidant because of the higher reac-
tion rate resulting from the higher mass transfer rate in liquid
phase than in gas phase. The principles of the novel cell using
a liquid catalyst or oxidant in cathode chamber are shown in
Figure 3a. Similar to the anode chamber, the cathode was con-
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nected to an external vessel, where the liquid oxidant or cata-
lyst was heated to a desired temperature. The liquid oxidant or
catalyst was continuously pumped into the cathode chamber
where it reacts with protons and electrons. When O, or air was
used as the final electron acceptor, it was ventilated into the
external vessel where electrons were transferred to O, from
liquid catalyst such as the reduced PMo.. (Figure 3b). The reac-
tion efficiency was thus improved by using this liquid catalyst.

The voltage and power density produced at 25 (Figure 4a)
and 90°C (Figure 4b) using several liquid oxidants were com-
pared to using air or O, directly under catalysis with Pt
(termed as air or O, cathode here). As shown in Table 1, the air
cathode produced an OCV of 210mV with aP,, of
012 mW cm2 at 25°C. However, OCV and P,., increased to
310 mV and 041 mWcm-2, respectively, when the O, cathode
was used. Liquid catalysts such as POM were found to greatly
facilitate the cathode reaction. When PMo,, was used alone,
the OCV and P.. at 25 °C were 220 mV and 0.36 m\Wcm?, re-
spectively; however, when PMo,, and O, were used together
in the cathode chamber and the external vessel, the OCV and
Pu.x at 25°C were 430 mV and 049 mWcm=2, respectively.
Stronger oxidants such as KMnO, greatly enhanced the voltage
and power density; the OCV and P,.. reached 680 mV and
363 mW cm-2, respectively, when the discharge ofthe cell was
performed at 25°C with 02m KMnO,.

The output power of the cell was also greatly enhanced at
the elevated temperature of 90°C when a liquid oxidant or
catalyst was used. The P, reached 347 mW cm2 with an OCV
of 460 mV when 0.1 m PMO,, was solely used as the electron
acceptor in the cathode; however, the corresponding P .. and
OCV reached 500 mWcm?z, and 690 mV, respectively, when
01m PMO,, and O, were used. This power was high enough
to drive a small motor into fast motion, as observed in our ex-
periments (see video in the Supporting Information). It was
found that when PMo., was solely used as the electron accept-
or in the cathode chamber, the color of the cathode solution
gradually changed from light yellow (color of PMo.,) to dark
blue (color of PMos;, q) as discharging proceeded (Figure S2A.
Supporting Information). However, when O, was continuously
ventilated to the external vessel of the cathode chamber, the
color of the cathode solution was much lighter (Figure S2B).
The UV/Vis absorption spectra shown in Figure S2 also corro-
borated that the PMo...q concentration was much higher
when PMo,, was solely used as the electron acceptor in the
cathode. Itindicated thatO, could effectively re-oxidize the re-
duced PMoy, in the cathode vessel atthe experimental condi-
tion to maintain PMo., (the oxidized state) at a high concentra-
tion. Therefore, a high reaction rate can be maintained, result-
ing in a higher power density with the ventilation of O,. Much
higher power.output was observed when 0.5m H,O, (P Of
13.0mWcm=2 and OCV of 410mV) or 0.2m KMnO, (P Of
45.1 mWcm2and OCV of 900mV) were used (Figure4c). The
Faradaic efficiency (FE) of the cell was in the range of 85-
100% depending on the oxidants and operation temperature
(Table 1), indicating that the fuel cell can achieve a high dis-
charging efficiency.
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Figure 3. a) Principle of direct conversion of lignin to electricity with a liquid oxidant as the final electron acceptor or liquid catalyst as the electron mediator.
b) Principle of direct conversion of lignin to electricity with oxygen (air) as the final electron acceptor and both cathodic and anodic reactions mediated by

PMo;,.

The stability of the cell during continuous operation is
shown in Figure5. A relatively stable output was obtained
with a current density of about 025, 04, and 05 mAcm- (cor-
responding to 10, 16, and 20 mA of current, respectively), over
a period of 420 min at an external resistance loading of 2 Q
when air, O, or PMo,,+O, was used as the electron acceptor.
However, the current decreased continuously when KMnO, or
KsPV.M0,,0.,+0O, were used as oxidant. This was mainly be-
cause of the difference between the cathodic and anodic reac-
tions rates and the dependence of cell stability on reaction ki-
netics. A stable current can generally be obtained only when
the cathodic and anodic reactions had similar reaction rates. It
was found that when air or Q was used as the electron ac-
ceptor in the cathode, the PMo, s concentration continuously
increased, as indicated by the increased color (dark blue) of
the anode solution and absorbance at 750 nm (Figure S3). This
indicated that the kinetic rate of PMo., reduction by lignin was
higher than that of PMo., s discharge (re-oxidation) by air or
O; (the cathodic reaction). When a stronger oxidant such as
KMnO, was used for discharge the PMo,.,.q concentration in
the anode chamber was kept at a low level, owing to the
much higher rate of the cathodic reaction (Figure43). There-
fore, the output current was not stable and gradually de-
creased as the oxidant was consumed. The kinetics of the cell
reactions need to be further investigated in more detail. How-
ever, the experimental results indicate that the novel direct
biomass fuel cell with both the anodic and cathodic reactions
catalyzed by PMo,. is promising as a stable electrochemical
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power source. Nevertheless, more optimization has to be per-
formed to increase the power density.

Structure change of lignin

During PMo,, oxidation of KL, 23.2% of the lignin solids were
depolymerized and solubilized into the aqueous phase. The
low-molecular weight compounds identified in the solution are
phenol derivatives such as benzoic acid, p-hydroxy benzalde-
hyde, vanillin, acetovanillone, vanillic acid, veratraldehyde, ve-
ratric acid, syringaldehyde, acetosyringone, and 2,6-dimethoxy-
p-benzoquinone.z The hemicelluloses (xylan and mannan)
content in the recovered solid was substantially reduced
(Table 2). Similar results were also obtained when EHL was oxi-
dized by PMo.., ie., 205% of the solids were solubilized and
the glucan and hemicellulose content decreased from 13.0%
and 3.08% to 5.45% and 2099, respectively. The oxygen con-
tent of the oxidized lignin increased as evidenced by the new
peak at 1705cm* in the FTIR spectrum of the oxidized KL
(Figure 6a) attributedto the carbonyl stretching in the carbox-
yl acid structures or unconjugated carbonyl structures of ke-
tones and aldehyde.z1 TheUV spectra of KL and oxidized KL
shown in Figure 6b illustrate that the absorbance attributed to
the benzene ring (A at —220,250, and 280 nm) was some-
what weakened after PMo,, treatment, indicating that some
benzene ring structures were destroyed. A redshift was ob-
served for oxidized KL at a peak of approximately 220 nm in
dioxane or 240 nm in a NaOH solution at pH 12. It demonstrat-

© 2016 Wiley-VCH Verlog GmbH & Co. KGaA, Weinheim
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H3PM0,,0,+0O,, ¢ 0.1 M KMnO,,® 0.2M KMnO,. b) at 90°C: = Air, = O,,

A 0.1M H:PMO0,,040, ¥ 0.1 M HyPMO0,,040+ 0y K 0.1 MK:PV;M0,00,0. ©) at
90°C: @ 0.2m KMnO, at PMo,, in anode and = 0.5 M H,0, at PMo,, in anode.

ed that conjugationwas formed with the benzene ring, proba-
bly by oxidation at the a-position (a-OH) to form a carbonyl
structure.zs'H NMR spectra (Figure 6¢) ofthe samples showed
that the signals of the aromatic proton (7.2-64ppm), methox-
yl group protons (4.15-300ppm), phenolic OH (acetylated,
250219 ppm), and aliphatic OH (acetylated, 219-158 ppm)
for oxidized KL were weakened, indicating that a loss of aro-
maticity, demethylation, and the removal of aliphatic and phe-
nolic hydroxyl groups took place during the PMo,, oxidation
of KL. More evidence for the oxidation of KL was observed in
the *HNMR spectrum ofthe oxidized KL, whereby the signal at
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88 ppm was strengthened, which was attributed to the proton
of the carboxyl or aldehyde groups. From the gel permeation
chromatography (GPC) analysis (Figure 6d), it was found that
the weight-average molecular weight (M,)) of the lignin sample
increased from 3350 (KL) to 10,080 (oxidized KL), but the
number-average molecular weight(M,) decreased from 1240
(KD to 950 (oxidized KL), and corresponding polydispersity
(M., M,) increased from 270 (KL) to 10.61 (oxidized KL). These
results demonstrated that both condensation and depolymeri-
zation of lignin took place during the oxidation of KL by
PMo,.,. Similar results have been reported by Kim etal.zawhen
milled wood lignin (MWL) was oxidized by POMs.

POMs have distinct properties such as robust oxidative deg-
radation ability and great potential as electron resenvoirs. s
They have been used for delignification and bleaching of
lignocellulosic pulps. It has been found that POM treatment of
lignin leads to a decrease in a-OH/B-O-4 inter-unit linkagest
and an increase in quinone and a-carbonyl structurests An
ideal POM as a catalyst for direct conversion of lignin to elec-
tricity should be strong enough to oxidize lignin to yield CO,
and H,O as the main final products and be re-oxidized by
oxygen without loss of activity. However, complete oxidization
of lignin is not possible under mild conditions owing to the
presence nonphenolic moieties, which are difficult to be oxi-
dized by POMs.us In the present work, PMo,, has been found
to be a good catalyst and electron carrier to transfer electrons
from lignin to oxygen. Although oxygen has a higher redox
potential (higher oxidizing ability) than PMo.,,, its direct reac-
tion with lignin is very low without a catalyst. However, the re-
action betweenPMo,, and lignin can proceed much more
quickly when the reaction takes place in a solution or a liquid-
solid system. Therefore, the PMo., mediated lignin fuel cell
demonstrated good performance for electricity generation.
Moreover, POM has photocatalytic activity. As reported previ-
ously,o starch and lignocellulosic biomass could be oxidized
by POM in solution under solar irradiation and easily re-oxi-
dized by O, through an external circuit, with the production of
electricity. Therefore, this novel DBFC is also a hybrid fuel cell
combining solar energy conversion. Because POMs are usually
tolerant to most organic and inorganic contaminants, unlike
noble metal catalysts, they can be directly applied.to almost
any raw lignin feedstock without prior purification or clean-
ing.[zo]

Air and oxygen are inexpensive oxidants for practical appli-
cations. However, noble metal catalysts such as Pt have to be
used. Another problem associated with directly using air or
pure oxygen as electron acceptor is the relatively low OCV. Ac-
cording to the standard electrode potential listed in Table 1
the thermodynamic cell potential of pure O, used for discharg-
ing is 0.73 V. However, the determined OCV of the cell at 90°C
was only 0.35 V. Generally, the actual cell voltage is affected by
losses from various electrochemical processes, mainly activa-
tion polarization, ohmic polarization, and concentration polari-
zation,u as expressed by the equation

Vact = rev"’Ro—”rathode""anode (ll)

© 2016 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim
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Table 1. Effect of oxidants on OCV and maximal power density (P,,,) at 25°C and 90°C.

Oxidant OCV [mV] P [MWem™2] FE™ [96] Cathode reaction £ V]
at25°C  at90°C at25°C at90°C at25°C at90°C
Air 210 220 0.12 0.32 90.4 89.0 1/20,+2H" +2e” L H,0 1.229
0, 310 350 0.41 096 100.9 943 1720,+2H* +2¢” 2 H,0 1.229
0.1M PMo,, 220 460 0.36 3.47 88.7 856  2H;PM0}i04+2H" +2e™ —2H,PM0)1M0"0,,“ 050"
0.1M PMO,,+0, 430 690 0.49 5.00 87.5 91.9 2H;PM0Y10,5+2H* +2e™—2H,PMo)1M0"0,,, 0.50™
1/20,+2H,PM0!M0"'0,,—2H;PMo)10,, + H,0

0.1M KMnO, 610 ND™ 1.1 NDY 89.8 ND®  MnO, +4H*+3e —Mn0O,+H,0 1.70
0.2M KMnO, 680 900 3.63 451 90.5 892  MnO,” +4H*+3e —MnO,+H,0 1.70
0.5M H,0, ND® 410 ND 13.0 ND 91.6 H,0,+2H* +2e”—2H,0 1.763
0.1 MKsPV,M0,0040+ 0, ND® 330 NDH 041 NDP 73.8 2PVIM0,g040° +2H +2e~—2HPV'W'M0,0," 1.000®

1/20,+ 2HPVW¥M0,40,,>" —2PV!M0,50,0> +H,0%

[a] Maximal output power density. [b] Faradaic efficiency determined after discharging for 7 h. [c] Standard half-cell potential () data were obtained from
Lange’s Handbook of Chemistry. [d] Here, we only consider the scenario that 1 e~ is transferred from/to POM,./POM. [e] Data obtained from Ref. [36].

[fl Not determined.
2 trons. The determined apparent internal resistances for the
’ Xz cells discharged with H,O, and KMnO, were only 1-2, much
wg "‘ lower than those obtained using O,. However, H,O, and
< 0.9 1R el KMnO, are expensive for large-scale applications. Solid MnO,,
- | l * formed when KMnQ, is used as the final electron acceptor, can
= ‘.& i\ .. . .
G 06| Waua precipitate in the pipe and on the electrode and PEM surface
§ i;@wvvwvwv%wwvv«,xm and reduce the fuel cell performance. Therefore, KMnO, is not
§o.3- 3 a sustainable oxidant for large-scale applications, although it
3 { o = showed good cell performance in the experimental study. POM
ol as a catalyst for cathode reactions greatly improves the cell ef-
0 50 100 150 200 250 300 350 400

Time / min

Figure 5 Continuous operation of the direct biomass fuel cell at 90°C with
lignin fed every 2 h: m Air, O,, ¥ 0.1 M H;PM0,,0,,+O,, ¢ 0.1M KMnO,,
* 0.1 MKPV,M0,004+ O,

where E.., is the Nernst potential of the reactants, | is the cur-
rentthrough the cell, R, is the ohmic resistance ofthe cell, and
Nleamode ANA Manoge  @re the cathodic and anodic polarization
losses, respectively. It indicated that the potential loss of the
cell was significant. The apparent internal resistance of cell de-
termined by changing the external resistance loading was
12, which was too large for practical applications of the cell.
This internal resistance is caused by several aspects, but mainly
attributed to the relatively low reaction rate in the cathode
owing to the mass transfer limitation of oxygen permeating to
the electrode surface. The power output could be dramatically
enhanced when liquid oxidants such as H,O, and KMnO, were
used. This enhanced performance was mainly ascribed to the
higher reaction rates of H,O, and KMnO, with H+ and elec-

ficiency. In the present work, when PMo,, was used as a catalyst
with O, as the final electron acceptor, the power density
reached 5 mWcm= on an electrode of area 40 cmz, 2800 times
higher than that of phenol-fueled MFCs.t02@ Using a non-
Keggin type H.,P:M0,sV;Os, @ previous study achieved
a power density of 51 mWcm=2 but only on an electrode
active surface area of 1 cmz?, which was almost 3000 times
higher than that of cellulose-based MFCs.=2 In the present
work, the same POMs (PMo,.) were used as the catalyst in
both anode and cathode reactions, which can avoid contami-
nation of the electrode solution in case of leakage between
the anode and cathode chambers. However, further investiga-
tion is needed to understand the kinetics of the cathodic and
anodic reactions and dynamics ofthe cell discharging process.

Electrochemically, the potential of a fuel cell with both
anodic and cathodic reactions mediated by PMo., is depen-
dent on the concentration ratio of PMo,,./PMo,, because
only PMo.,,..s and PMo,, are directly involved in the electro-
chemical reactions, as shown in Figure 3b. In this case, the the-
oretical standard potential of the cell is equal to zero because
the electrodes are identical, which is similar to a concentration

H3PO, for 7 h).

Table 2. Chemical and elemental compositions of KL before and after POM oxidation (KL was oxidized by 0 1™ PMo;, at 100°C with addition of 0.36m

Sample Amount of constituents [%] Elemental composition [%]
glucan xylan + mannan lignin C H o N Ph-OH
KL 0.58 1040 3.86+0.48 884108 520+0.11 5.19+0.19 426+0.18 0.23+0.07 5.34+0.10
oxidized KL 0.491+0.09 0.131+0.01 946120 50.17 £0.15 4.72+0.04 44.801+0.26 0.31£0.05 4.331+0.14
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Figure 6. Analysis of KL structure before (solid lines —) and after (dashed
tides-----) PMo12 oxidation by a) FTIR spectra. b) UV spectra 1,2: KL dis-
solved in 1,4-dioxane; 3.4: dissolved in NaOH pH 12. c¢) *H NMR spectra.

d) Gel permeation chromatography (GPC).

cell. However, our experimental results showed that such a cell
surprisingly demonstrated a good voltage and power density,
especially at 90°C. The concentration differences of PMO1, eq
and H+ between the anode and cathode contributed to the
practical cell potential. Nevertheless, as the discharge proceed-
ed, the concentration difference of PMo,,..s became lower,
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and the cell's voltage and external current decreased. There-
fore, to obtain a high voltage and power output, the PMo, eq
concentration should be kept at a high level in the anode solu-
tion but at a low level in the cathode solution. For example,
lignin has to be fed in batch or continuously to the anode so-
lution to reduce the PMo,,, and the reduced PMo,, in the cath-
ode has to be simultaneously reoxidized by oxidant such as
0O.. Kinetically the concentrations of PM0y,..« and PMo,, are
significantly influenced by the lignin type, concentration, tem-
perature, as well as the partial pressure of O,, and thus the effi-
ciency of the cell is greatly affected by these factors. Investigat-
ing the kinetics of the electrode reactions is important to opti-
mize and improve cell performance.

As shown in Table 1, the FE of the cell was high. However,
the electricity generation efficiency (EGE) from the fuel (lignin)
needs further improvement. The KL used in the present work
had a C, H, O, and N contents of 52.0%. 5.19%, 42.6%, and
0.23%, respectively. It can be calculated that theoretically, com-
plete oxidation of 1 g KL to CO, and water results in the trans-
fer of 0.172 mol electrons, correspondingto 16600 Coulombs
of electric charge. The charge generated at 90°C with different
oxidants after discharging for 7 h were in the range of 200-
1000 Coulombs from 075 g KL, corresponding to an EGE of
1.6-8.0%. The EGE is dependent on the performance of the
cell, but more importantly, on the reaction between POM and
lignin. Some functional group present in lignin can be easily
degraded by POM but others are difficult or cannot be oxi-
dized under mild conditions. For example, the C-C bond is
much more difficult to oxidize than -OH and a benzene ring.
As found in the experiments, less than 25% of the lignin solid
was dissolved into the aqueous phase under our experimental
temperature (100°C for pre-oxidation), reaction time (7 h), and
POMconcentration (<0.25wm). increasing the pre-oxidation
temperature and POM/lignin ratio might increase the dissolu-
tion of solid lignin. The remaining solid showed a higher M,,
but lower M,. It was found that POM oxidation involved side
chains (such as a-OH/B-0-4) oxidation, degradation of some
inter-unit linkages, = partial degradation ofthe benzene struc-
ture to form benzoquinone,rs and removal of the aliphatic
and phenolic hydroxyl groups. However, further oxidation of
the degradation products by POM becomes more difficulty.
The incomplete oxidation of lignin by POM under the condi-
tion of the present work is a limiting step to improve the
lignin-to-electricity conversion efficiency. Therefore, the effi-
ciency of electron transfer from lignin toPOM, particularly
complete oxidation of lignin, has to be further improved to in-
crease the cell performance and sustainability.

Conclusions

Compared with conventional proton exchange membrane fuel
cells (PEMFCs), the cell reported in this worksstill has to be fur-
ther optimized to increase the power output. PEMFCs fueled
by hydrogen or low-molecular-weightalcohols have been suc-
cessfully commercialized after many years of development.
Nowadays, depending on the operating conditions the power
density of H,-fueled PEMFC can reach 700 mWcm?= or higher,

205 © 2016 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim
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which is much higher than that of this work. However, it
should be noted that conventional PEMFC cannot be fueled di-
rectly with polymeric biomass such as lignin, because the bio-
mass polymer is difficult to oxidize at low temperatures even
with noble metal catalysts. In this work, POM was introduced
& a mediator to facilitate electron and proton transfer from
lignin to oxygen, resulting in the conversion of lignin to elec-
tricity. However, more investigations on the operating condi-
tions, kinetics, electrode materials, cell design, and assembly
have to be done to enhance the power output, efficiency as
well as operation stability.

Experimental Section
Materials

The POMs used in the experiments including H;PW,.O.,,
H,PVW,,0,0,KsPV,M0,,0., and H,PMo,,0, (PMo,,) were previously
prepared inourlabor purchased from SigmaAldrich (St. Louis,
MO, USA). The lignin samples evaluated included: (1)a commercial
sodium lignosulfonate (LS) (D748) provided gratis by LignoTech
USA (Rothschild, WI, USA).; (2)a Kraft lignin (KL) from Kraft pulping
of a poplar wood from our laboratory; (3) an enzymatic hydrolysis
lignin residue (EHL) derived from enzymatic hydrolysis ofa SPORL
pretreated poplar;e2and (4) two spent liquors from SPORL pre-
treatment of a lodgepole pinets and a Douglas-fir forest harvest
residue.k that contained mainly small molecular weight lignosul-
fonate (Na-LS in the lodgepole pine sample and Ca-LSin the Doug-
las-fir forest residue) and soluble sugars. The detailed chemical
compositions ofthese lignin samples are listed in Table 3.

Assembly of the fuel cell

The structure of the novel POM-mediated DBFC is shown in Fig-
ure 1a, which is similar to that reported previously®s but with
a much larger active electrode area (40 cm2). The cell is composed
of two graphite bipolar plates as anode and cathode electron col-
lectors. The inner side of each bipolar plate had several 4 mm
wide, 80 mm long, and 2 mm deep flow channels with a total
active area of 40 cm2. A membrane electrode assembly (MEA) (pur-
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chased from FuelCellsEtc, TX, USA) was sandwiched between the
two bipolar plates to separate the fuel cell into an anode chamber
and a cathode chamber. The MEA consisted of a Nafion 117 poly-
meric proton exchange membrane, an anode made of carbon
cloth, and a cathode with carbon cloth loaded with Pt (60%)-C cat-
alyst (5 mg cm-).These bipolar plates and MEA were further sand-
wiched by two acrylic plastic end plates. A rubber gasket was used
between the bipolar plate and MEA to prevent leakage. The anode
or cathode chamber were connected by Teflon pipes with external
vessels containing fuels and POMs or O, cylinders.

Pre-oxidation oflignin by POMs

POM (5 mm-4.25 M) was used to prepare a 30 mL solution using
deionized (DI) water in a 100 mL triangular flask connected with
a condenser. Solid lignin (0.15-0.75g) was added into the POM so-
lution for pre-oxidation. Concentrated H,PO, (0.75 mL, 85wt%)
was added to the mixture and the flask was immersed in a glycerol
bath at 100°C for 7 h. Electromagnetic stirring was used to obtain
a homogeneous system. The color of the solution quickly turned
dark blue. Samples were taken at regular intervals and diluted by
10-500times for UV/Vis absorption analysis.

Discharging of reduced POMs

The reduced POM solution was continuously circulated through an
external glass vessel at a flow rate of 12 mL min-tby a peristaltic
pump. The vessel was immersed in a glycerol bath heated to the
desired temperature of 90°C. The cathode chamber was supplied
with O, as oxidant from a pressurized cylinder using Teflon pipes.
Similarly, other liquid oxidants were used by continuously circulat-
ing them into the cathode chamber. An external resistance of 2 Q
was loaded between the cathode and anode graphite felts. Voltage
on the external resistance was determined by a Keithley 2700 pre-
cision data acquisition system (Keithley Instruments Inc., USA). For
continuous operation, after preheating for 5 min, the mixture was
pumped into the anode chamber at a flow rate of 12 mL min. KL
(0.1 g) was fed into the vessel every 2 h.

Table 3. Chemical compositions of the lignin samples investigated.
Component Lignin
D748 KL EHL
Content of Solid lignin [%]
glucan 0.26+0.11 0.58+0.40 13.04+1.53
xylan +mannan 1.33+0.11 3.86+0.48 3.08+0.13
acid soluble lignin 9.21+£0.50 3.71+0.62
klason lignin 79.22+0.26 . 72.37+245
lignosuifonate ~95 0 0
Amount of lignin-containing liquor [gL™"] Na-LS Ca-lS
lignosulfonate as Klason lignin ~22 ~40
acetic acid 429 3.18
HMF 0.84 035
furfural 0.96 1.13
arabinose 0 147
galactose 8.24 5.88
glucose 12,58 9.40
xylose 135 8.54
mannose 27.75 20.64
ChemSusChem 2016, 9, 197-207 Www.chemsuschem.org 206 © 2016 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim


http://www.chemruschem.org

Analytical methods

The absorption spectra of the POM solutions were recorded on
a UV/Vis spectrophotometer (Model 8453, Agilent Technologies,
PaloAlto, USA). The electron transfer efficiency and reduction
degree of PMo,, was analyzed according to a previous study
After the cell was discharged for 20-30min to reach a relatively
steadystate, the currentdensitywas determined by measuringthe
voltages generated by the fuel cell with a variable external resist-
ance loading changing from 1 to 20000 Q"7within 30 min. The FE
(&7} ofthe cell mediated by H;PMo,,0., (PMo,,) was calculated by
the following equation:e
_ Qdischarge

. _ foldt

- Qpmor, —nFVCPMou (12)

where Qusnage 1S the experimental charge quantity calculated from
the discharge current-time curve, and Qe iS the charge quantity
released by reduced PMo,, calculated by spectrophotometry; | is
the electric current determined during the discharging process, A;
n is number of electrons obtained per Keggin unit of PM0.,; Ceyor
is the concentration of PMo,, molL*; V is the volume of electro-
lyte solution, L; and F is the Faraday constant, 96485 Cmol-.

The chemical compositions and structural features of lignin and
oxidized lignin including elementary compositions and functional
groups were analyzed by UV spectroscopy, FTIR spectroscopy,
*H NMR spectroscopy, and gel permeation chromatography (GPC)
according to our previous work.=
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