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ABSTRACT: A new approach to the recycling of spent coffee
grounds is described in which lignin, a chemical component of
spent coffee, is used as an electrolyte additive in aluminum−air
batteries. The effect of lignin on the performance of aluminum−air
batteries has been investigated by weight loss measurement,
galvanostatic discharge test, and electrochemical impedance
spectroscopy (EIS). The corrosion inhibition efficiency is improved
up to 37.3% and fuel efficiency up to 21.7% at 500 ppm of lignin
molecules. The chemisorption of lignin molecules on the
aluminum surface improves battery performance. Adsorption of
lignin molecules onto the aluminum surface is driven by the
electrostatic interaction between the lignin’s hydroxyl group and
the aluminum surface. The mechanism for the performance
improvement is explained by the chemisorption behavior of lignin molecules. The adsorption behavior has been investigated by
scanning electronic microscopy with energy-dispersive spectroscopy (SEM-EDS), laser scanning microscopy (LSM), atomic force
microscopy (AFM), Freundlich adsorption isotherm, Fourier-transform infrared (FT-IR) spectroscopy, and the computational
calculation of adsorption energies based on the density functional theory (DFT).

■ INTRODUCTION
The rapid depletion of fossil-fuel resources and growing
environmental concerns have made clean-energy alternatives
essential societal goals. Aluminum batteries are thought to be a
viable energy storage system owing to the natural abundance of
aluminum, the high charge storage capacity (2980 mAh g−1),
and the low redox potential. Therefore, extensive research
efforts have been focused on aluminum-based electrochemical
storage technology.1 Aluminum batteries can be classified as
aqueous and nonaqueous systems. Recent research on aqueous
systems such as Al−air batteries and Al−ion batteries has been
investigated to overcome their narrow electrochemical stability
and low cell energy density due to H2O decomposition.2−4 On
the other hand, the nonaqueous systems including Al−ion, Al−
sulfur, Al−organic dual ion have focused on Al electrolyte
chemistry such as chloroaluminate melts, deep eutectic
solvents (DES), polymers, and chlorine-free formulations.5−7

Aluminum−air batteries in particular have shown promise
because of their high theoretical voltage of 2.7 V, recyclability,
and low cost.8 However, aluminum−air batteries are vulnerable
to parasitic self-corrosion in the form of the evolution of
hydrogen gas. This hydrogen evolution reaction (HER) is
more severe in alkaline electrolyte solutions.9 A hydrogen
evolution reaction (HER) can lead to coulombic loss on
discharge when hydrogen gas covers the surface of an
aluminum anode.10 To address this drawback, various
approaches have been proposed, including alloying ano-

des,11−13 electrolyte additives,14−16 dual electrolytes,17 and
oil displacement.4 Among the appropriate elements for the
aluminum electrodes,18−20 indium, tin, zinc, magnesium, and
gallium have been investigated. Indium (In) can shift the
anode potential in a positive direction and enhance the
overpotential of the HER. Tin (Sn) is associated with
increasing the rates of Al dissolution in aqueous solutions
and decreasing corrosion rates.18 Zinc (Zn) has been shown to
suppress the HER by enhancing the overpotential of the
HER.19 Additionally, magnesium (Mg) can improve the
discharge performance of aluminum anodes by affecting the
distribution of corrosion and grain size.20 An alternative
approach is to use various electrolyte additives to control
parasitic corrosion reactions. Recent research has focused on
developing nontoxic and cost-effective additives. Organic
additives are more promising candidates for a low-cost and
environmentally friendly inhibitor compared with inorganic
additives.21,22 Nonoxylnol-9 suppresses the corrosion of Al
anodes in an alkaline solution, and the improved battery
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performance has been reported due to the adsorption of
organic molecules on the Al surface.21 Additionally, urea and
thiourea molecules show a positive effect on inhibiting
corrosion reaction of anodes in aluminum−air batteries due
to their adsorption on the anode surface.22

Considerable efforts are being made to utilize spent coffee
grounds as a renewable, environmentally friendly, and cost-
effective resource in a variety of industrial fields, including
textiles, biopolymers, biofuels, food, and pharmaceuticals.23

Spent coffee grounds are composed of organic composites,
including lignin and polysaccharides. Lignin is the second-most
abundant biopolymer on earth.24 Lignin is a three-dimensional
biopolymer with a complex and nonuniform structure with
aliphatic and aromatic constituents including hydroxyl,
carboxyl, benzyl alcohol, methoxy, and aldehyde functional
groups (Figure S1). Lignin also has a relatively large surface
area of 180 m2 g−1, which makes it suitable as an organic
inhibitor that prevents the self-corrosion reaction in alumi-
num−air cell systems when combined with the properties of its
functional groups. Recently, various studies have revealed that
lignin can be used as the electrode component in the energy
storage system including lead-acid batteries, lithium-ion
batteries, solar cells, and fuel cells.25 On the other hand, the
extraction of alkaline lignin from organic materials has been
well studied.26 Furthermore, the previous research work has
published the result of the successful extraction of lignin from
coffee husks using an ionic liquid.27 They used ammonium-
based ionic liquid not only for dissolving the coffee husk but
also for extracting and depredating the lignin content under
mild conditions. The highest yield has been achieved with
71.2% when the coffee husk has been treated with [DIPEA]-
[Ac] at 120 °C for 4 h. As the technology for extracting lignin
from coffee grounds is advancing, it is worth examining the
feasibility of lignin in an aluminum−air battery.
Here, we describe for the first time the use of lignin as an

electrolyte additive in an aluminum−air battery. The main
objective is to improve the battery performance and suppress
self-corrosion reactions by investigating the behavior of lignin
molecules in an aluminum battery system with a pure
aluminum electrode (99.99%) in a 4 M NaOH electrolyte.
The investigation has been conducted using both experimental
electrochemical analysis and quantum chemical calculations. In
the electrochemical analysis, the corrosion behavior and
properties of lignin in the system were examined in detail by
weight-loss analysis, discharge and polarization tests, and
electrochemical impedance spectroscopy (EIS). Surface
morphologies were examined by scanning electron microscopy
(SEM), laser scanning microscopy (LSM), atomic force
microscopy (AFM), and Fourier-transform infrared (FT-IR)
spectroscopy. In quantum chemical calculations, Materials
Studio software (BIOVIA) is used to simulate the inhibition
mechanism based on an inhibition isotherm, charge distribu-
tion analysis, and ab initio molecular dynamics (AIMD)
simulation.

■ RESULTS AND DISCUSSION
Effect of Lignin on the Electrochemical Behavior of

an Aluminum Anode. Measurements of weight loss, ΔW
(mg cm−2), and inhibition efficiency, ηW (%), are shown in
Table 1. The inhibition efficiencies (ηW) are calculated
according to the following equation

η = [ − ] ×W W W( )/ 100W 0 c 0 (1)

where W0 and Wc are the average weight loss without and with
the addition of lignin molecules, respectively. The largest
weight loss in the unit area after 1 h is 16.9 mg cm−2 in the
absence of lignin molecules in the electrolyte. The smallest
amount is 4.5 mg cm−2 in the presence of 1500 ppm lignin,
which represents an inhibition efficiency of 73.4% compared
with that of the blank condition. The weight losses gradually
decrease as the concentration of lignin molecules increases
from 0 to 1500 ppm. Inhibition efficiencies increase with the
number of lignin molecules in the electrolyte. These results
indicate that the parasitic corrosion reaction is suppressed by
lignin molecules.
To figure out the relationship between the battery

performance and the inhibition of parasitic corrosion reaction
by lignin molecules, the galvanostatic discharge test for 4 N
aluminum in 4 M NaOH containing lignin molecules is
conducted and the results are shown in Figure 1 and Table 2.

The cell potentials in the presence of an additive decrease to
0.70 V compared to 1.12 V in the absence of an additive. The
weight loss in the presence of lignin molecules decreases to
0.0115 g cm−2 compared with 0.0362 g cm−2 in the absence of
lignin molecules. The capacity density (in Ah cm−2), energy
density (in Wh kg−1), and fuel efficiency (in %) are calculated
using the following formulas

= ΔIh mcapacity density / (2)

= · ΔV Ih menergy density ( )/ (3)

=fuel efficiency (specific energy density)

/(theoretical energy density) (4)

where I is the current (in A), h is the time (in h), Δm is the
weight loss (in g), V is the average voltage (in V), and 8100

Table 1. Parameters of Weight Loss after 1 h of Immersion
at Different Concentrations of Lignin Molecules

additive (ppm) weight loss, ΔW (mg cm−2) inhibition efficiency, ηW (%)

0 16.9
100 13.7 18.9
300 11.5 32.0
500 10.6 37.3
600 8 52.7
700 7.8 54.1
800 7.6 55.3
1000 6.6 61.2
1500 4.5 73.4

Figure 1. Galvanostatic discharge test at 20 mA cm−2 for 2 h in the
presence and absence of lignin molecules in 4 M NaOH.
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Wh kg−1 of the theoretical gravimetric energy density is used in
the calculation. The greatest inhibition efficiency, 21.35%, is
obtained with 500 ppm of lignin molecules in the electrolyte
compared with 7.65% for the blank condition. The inhibition
efficiency increases gradually to a critical concentration point at
500 ppm, but then gradually decreases as the concentration
increases from 600 to 1500 ppm. This result conflicts with
those of the weight-loss measurements. The reason for this
phenomenon is covered by the following electrochemical
analysis. The calculated parameters indicate that the addition
of lignin molecules to 4 M NaOH at specific concentrations
improves the discharge performance of aluminum−air
batteries. Moreover, the result as shown in Table 1 represents
the shelf-life and the stability of the battery system. The
amount of weight loss represents Al electrode consumption per
hour in the presence and absence of lignin molecules in the
battery system because all of the Al electrodes have the same
thickness, exposure area, and exposure time. By comparing the
amount of weight loss at 500 ppm to that of 0 ppm, the shelf-
life of the battery at 500 ppm (ΔW = 8 mg cm−2) is
approximately twice longer than that of 0 ppm (ΔW = 16.9 mg
cm−2). Therefore, it is manifested that the battery system with
lignin as an additive has a longer shelf-life and excellent
stability.
To examine the interactions between lignin molecules and

the Al surface, potentiodynamic polarization tests are
performed on the Al anode at different concentrations of
lignin molecules. Figure 2 depicts the polarization curves for
different concentrations of lignin molecules at room temper-
ature. The polarization parameters including corrosion
potential (Ecorr), anodic Tafel constant (βa), cathodic Tafel
constant (βc), corrosion current density (icorr), and corrosion
inhibition efficiency (ηe), are shown in Table 3. Corrosion

inhibition efficiencies (ηe) are calculated according to the
following equation

η = [ − ] ×I I I( )/ 100e corr corr corr0 c 0 (5)

where Icorrc and Icorr0 are the corrosion rates in the presence and
absence of lignin molecules, respectively. As shown in Table 3,
the aluminum anode achieves the lowest corrosion resistance
in 4 M NaOH in the absence of lignin molecules, as indicated
by a large icorr (41.52 mA cm−2). The icorr decreases as the
concentration of lignin molecules increases, leading to an
improvement in ηe. This result is related to the increase in the
number of adsorbed molecules on the Al surface. The
adsorption behavior can be explained by the creation of a
complex film (between the aluminum surface and lignin
molecules) driven by the adsorption activity of sulfide and
hydroxyl groups in one of the lignin isomers.28,29 In addition,
adsorption of sulfide and hydroxyl groups must compete with
adsorption of OH− ions and water molecules on the Al surface.
In organic inhibitor systems, the lone-pair electrons of oxygen
and sulfur atoms can provide enough electrons to interact with
the empty 3p orbital of surface Al atoms, and chemisorption
between the Al surface and lignin molecules can occur.15 The
competitive adsorption of lignin molecules reduces the reactive
surface area while maintaining the anodic dissolution rate,
possibly due to the complex film on the Al surface, which can
block water molecules from the Al surface and suppress the
parasitic corrosion reaction, while OH− ions can reach the Al
surface though the complex film in an aluminum dissolution
reaction.
The addition of lignin molecules has a significant inhibiting

effect on the cathodic reaction, shifting Ecorr values toward
negative values. Also, cathodic polarization curves are due to
the addition of lignin molecules, while anodic polarization
curves remain similar to those for the absence of lignin

Table 2. Parameters of Galvanostatic Discharge at 20 mA cm−2 for 2 h Based on Weight Loss Measurements of Aluminum in
the Presence and Absence of Lignin Molecules in 4 M NaOH Solution

concentration
(ppm)

weight loss
(g cm−2)

average voltage
(V)

capacity density
(mAh g−1)

current efficiency
(%)

energy density
(Wh kg−1)

fuel efficiency
(%)

0 0.0362 1.12 553.25 18.57 619.64 7.65
100 0.0222 1.04 902.93 30.30 935.44 11.55
300 0.0172 0.81 1162.79 39.02 946.51 11.69
500 0.0115 0.99 1746.72 58.61 1729.26 21.35
600 0.0140 0.83 1433.69 48.11 1194.27 14.74
700 0.0144 0.92 1393.73 46.77 1276.66 15.76
800 0.0134 0.86 1498.13 50.27 1292.88 15.96
1000 0.0390 0.70 512.82 17.21 356.92 4.41
1500 0.0377 0.94 530.50 17.80 498.14 6.15

Figure 2. Potentiodynamic polarization curves in the presence and
absence of lignin molecules in 4 M NaOH.

Table 3. Tafel Polarization Parameters and Corrosion
Inhibition Efficiencies for Aluminum in a 4 M NaOH
Solution in the Presence and Absence of Lignin Molecules

concentration
(ppm)

−Ecorr
(V)

βa
(mV dec−1)

−βc
(−mV dec−1)

icorr
(mA cm−2)

ηe
(%)

0 1.63 1.670 0.854 41.52
100 1.67 2.666 0.967 37.53 9.6
500 1.74 2.425 1.003 33.92 18.3
600 1.74 2.063 0.930 31.89 23.2
800 1.78 2.020 0.864 27.48 33.8
1000 1.76 1.690 0.828 25.84 37.8
1500 1.80 1.431 0.775 21.17 49.0
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molecules. This indicates that the addition of lignin molecules
to the electrolyte suppresses the cathodic reaction while the
anodic dissolution process has no effect. Lignin can therefore
be classified as a cathodic inhibitor.28 This is consistent with
the weight-loss measurements.
The nearly parallel polarization curves indicate that the

presence of lignin molecules does not alter the mechanism of
the HER. Instead, the reaction is retarded by the adsorption of
lignin molecules on the Al surface, which is attributed to the
decrease of the surface area for the HER.30,31

Electrochemical impedance plots of the Al electrode in 4 M
NaOH in the presence and absence of lignin molecules are
shown in Figure 3. The impedance is measured at the open-
circuit potential (OCP) from 0 to 1500 ppm of lignin
molecules. Each impedance spectrum is composed of three
loops. The first capacitive loop at high frequencies is related to
the charge-transfer resistance, which is attributed to the redox
Al−Al+ reaction. The inductive loop at middle frequencies is
due to the adsorption of the intermediates including
Al(OH)ads, Al(OH)2,ads, Al(OH)3,ads, and Al(OH)4ads

−. The
second capacitive loop at low frequencies is related to the
complementary redox reaction of Al+−Al3+.26,3226,32
An equivalent circuit shown as an inset plot in Figure 3

verifies the impedance spectra in the presence and absence of
lignin molecules. The equivalent circuit is composed of the
solution resistance (Rs), the constant phase elements (CPEs)
(Cdl, Cfilm), the capacitance resistances (Rct, Rfilm), the
inductance resistance (RL), and the inductance (L). The
impedance (ZCPE) can be derived from the following equation

= − −Z Y w(j ) n
CPE 0

1
(6)

where Y0 is the magnitude of CPEs, j is the imaginary root, w is
the angular frequency (in rad s−1), and n is the exponential
term ranging between 0 and 1. The fitting values of different
resistances in the equivalent circuits are listed in Table 4.
Within a 5% error margin, the fitting results are consistent with
the experimental result. The presence of an inductive element
indicates that the corrosion reaction is induced by direct
charge transfer at the adsorbed inhibitor on the Al surface.33 In
addition, the inductance values increase as the concentration of
lignin molecules increases, as shown in Table 4. This increase
in inductance indicates the changes in the relaxation time
according to the following equation

τ=H R (7)

where τ is the relaxation time for adsorption on the Al surface
and R is the polarization resistance from the DC limit for the
impedance.14 In the presence of lignin molecules, an increase
in Rct results in a decrease in Cdl. An increase in τ can therefore
explain the increase in L. The adsorption of lignin molecules
on the Al surface, which replaces water molecules at the
anode/electrolyte interfaces, results in a reduction in Cdl and
an increase in L.34 This relationship between Cdl and L is a
product of the decrease in active sites on the Al surface, which
is responsible for the corrosion reaction and leads to an
increase in inhibition efficiency. This is consistent with weight-
loss measurements and the results of potentiodynamic tests, as
shown in Tables 1 and 3.
As the concentration of lignin molecules increases, the

parameters, including Rs, Rct, and Rs + Rct (related to the
improvement of corrosion resistance) also increase, as shown
in Table 4. The largest Rs and Rct values are measured in the

Figure 3. Nyquist plots of the Al anode in the presence and absence of lignin molecules in 4 M NaOH.

Table 4. Electrochemical Parameters of the Al Anode in the Presence and Absence of Lignin Molecules in 4 M NaOH Solution

concentration (ppm) Rs (Ω cm2) CPE1 Y0 (μF cm−2) frequency power Rct1 (Ω cm2) RL1 (Ω cm2) L1 (H cm2) Cfilm (F cm2) Rfilm (Ω cm2)

0 2.505 7.127 × 10−5 0.9819 0.943 0.1293 0.0001748 0.06563 0.2529
100 2.458 1.787 × 10−5 1 1.174 0.1332 0.0001444 0.06721 0.3503
200 2.532 2.213 × 10−5 0.9776 1.347 0.1483 0.0001669 0.08075 0.3897
300 2.63 3.112 × 10−5 0.9281 1.749 0.2065 0.0002155 0.06735 0.4994
400 2.638 2.448 × 10−5 0.9443 1.953 0.2228 0.000321 0.06147 0.6019
500 2.563 1.82 × 10−5 0.9727 1.947 0.2091 0.0003672 0.06384 0.5686
600 4.15 2.72 × 10−5 0.9254 2.013 0.2912 0.0004678 0.05518 0.5686
800 4.472 3.367 × 10−5 0.9104 2.954 0.4026 0.0007165 0.07254 0.7679
1000 4.901 2.714 × 10−5 0.9279 2.736 0.4183 0.0006761 0.07334 0.7118
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presence of lignin molecules at 1000 ppm, indicating superior
corrosion resistance compared with other concentrations.
However, 1000 ppm is not an ideal concentration in terms
of battery discharge efficiency. As shown in Table 3, the
highest discharge efficiency is obtained at 500 ppm, and
efficiency decreased at higher concentrations. This indicates
that an ideal surface coverage by lignin molecules is achieved at
500 ppm, and the lack of participation of residual lignin
molecules in surface adsorption contributes to the decrease in
discharge efficiency at concentrations of 600−1000 ppm. The
relationship between the degradation of discharge efficiency
and residual lignin molecules can be explained by the rapid
increase in Rs values. As illustrated in Figure 3, the curves for
concentrations below 500 ppm are not shifted due to similar Rs
values of 2.485−2.63 Ω cm2. However, the curves for
concentrations above 500 ppm are shifted clearly to the right
side due to Rs values of 4.15−4.901 Ω cm2. An increase of Rs,
therefore, causes a decrease in electrolyte conductivity.
According to the discharge efficiency result, the residual
additives can be attributed to reductions in the effect of the
corrosion inhibition of the adsorbates while aluminum
dissolution reaction is accelerated by an external power. The
residual lignin causes a chain entanglement that stabilizes the
three-dimensional network of the polymer containing the
physical cross-linking of noncovalently bonded polymer
chains.35,36 The effect of chain entanglement is responsible
not only for the increased Rs but also the reduction of the
corrosion inhibition effect due to physical/chemical forces,
including electrostatic repulsion and van der Waals attractions
induced by chain entanglement units. Consequently, the
decrease in the discharge efficiency at a specific concentration
is related to the chain entanglement of lignin molecules and is
responsible for the reduction in the corrosion inhibition of
lignin molecules.
Adsorption Behavior of Lignin in Al−Air Battery.

Electrochemical analysis verifies that lignin molecules can
inhibit the corrosion of Al anode and act as a cathodic inhibitor
in 4 M NaOH. To further understand the mechanism of the
adsorption process of lignin molecules on Al surfaces, the
Freundlich adsorption isotherm is used to investigate the mode
of adsorption and the characteristics of lignin molecules. The
linear form of the Freundlich isotherm is as follows37

θ = +K n Clog( ) log( ) 1/ logF inh (8)

where Cinh is the inhibitor concentration, and KF and n are
Freundlich and empirical constants, respectively. The surface
coverages by lignin molecules (θ) are calculated from the
weight loss test and electrochemical data according to the
following equation38

θ = (inhibition efficiency)/100 (9)

Freundlich isotherm plots and estimated parameters for the
adsorption of lignin molecules on the Al surface are shown in
Figure 4 and Table 5. In Table 5, regression coefficient values
(R2) characterize the degree of Freundlich adsorption in the
system. The adsorption of lignin molecules on the Al surface is
conformed to Freundlich-type adsorption behavior since R2

values are closer to 1.0. The degree of stability of lignin
molecules on the Al surface is shown with the slope (1/n) in a
range of 0−1. KF is Gibb’s free energy of adsorption (ΔGads°)
with the following relationship30

Δ = −◦G RT Kln(55.5 )ads F (10)

where R is the ideal gas constant (8.314 J K−1 mol−1) and T is
the thermodynamic temperature. The inhibitor molecules
contribute to electrostatic interactions with the metal surface
through physisorption at an absolute ΔGads° value ≥20 kJ
mol−1. The inhibitor molecules transfer electrons to the metal
surface through chemisorption at an absolute ΔGads° value of
≤40 kJ mol−1.38,3938,39 The calculated values of ΔGads° are
−20.6 and −21.28 kJ mol−1, indicating that the adsorption of
lignin molecules on the Al surface is driven by a
physicochemisorption process.
Figure 5 shows the SEM-EDS data for the aluminum surface

after 1 h of immersion in the presence and absence of lignin
molecules. The difference in the morphologies of the
aluminum surface with and without lignin molecules is
shown in Figure 5a,b. In Figure 5b, only pores due to the
aluminum dissolution process are observed. In contrast, the
adhesion of adsorbate on the aluminum surface can be clearly
observed in Figure 5a. The adsorbate appears to be aligned
along the edge of pores on the aluminum surface. It is
reasonable to assume that pore edges are favorable positions
for adsorbates in the competitive adsorption process40 because
of the high specific area of the edges compared with a flat
surface. To verify whether the adsorbate is composed of lignin
molecules, two different positions are selected according to the
presence or absence of adsorbate, as shown in Figure 5c,d. The
exact point of SEM analysis where the adsorbates are clearly
observed is illustrated in Figure 5c, and the EDS result at the
point is also shown in Figure 5e. In the same vein, the SEM-
EDS analysis at which no adsorbates are observed is shown in
Figure 5d,f, respectively. The detection of 50.2 wt % carbon
can be attributed to lignin molecules, as shown in Figure 5e.
However, only 5.7 wt % of carbon is detected, as illustrated in
Figure 5f. A comparison of the EDS results in Figure 5e,f
confirms that the adsorbed material is lignin molecules, which
is consistent with the Freundlich isotherm and electrochemical
analyses, as well as the potentiodynamic and EIS tests.
Further investigations have been conducted by laser

scanning microscopy (LSM) and atomic force microscopy

Figure 4. Freundlich adsorption plot for aluminum in a 4 M NaOH
solution containing lignin molecules at 300 K.

Table 5. Estimated Parameters from a Freundlich Isotherm
for Adsorption of Lignin Molecules on an Aluminum
Surface in 4 M NaOH

parameters weight loss measurement electrochemical method

R2 0.967 0.930
KF (M

−1) 64.04 83.90
1/n 0.517 0.609
ΔGads (kJ mol−1) −20.60 −21.28
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(AFM) to obtain better insight into the adsorption behavior of
lignin molecules on the Al surface. Figure S2 illustrates the
LSM micrographs of the Al surface after 1 h of immersion in
the presence and absence of lignin molecules in the electrolyte.
Figure S2a,c,e shows the Al surface without lignin molecules
while Figure S2b,d,f represents the Al surface with lignin
molecules. From the comparison of Figure S2c,d, it is obvious
that the contrast difference between microstructure depends
on the adsorption behavior of lignin molecules. Also, from the
comparison of Figure S2e,f, the difference in maximum height
due to the adsorption of lignin molecules can be clearly seen
and the maximum height in Figure S2f is obtained as 0.308
μm, while the maximum height in Figure S2e is obtained as
0.107 μm.
Although LSM is a powerful tool to investigate the

microstructure of the Al surface, it is insufficient to derive
topological information including chemical and mechanical
properties depending on the adsorption behavior of lignin
molecules. Therefore, AFM analysis has been examined and
the topology of the Al surface in the presence and absence is
illustrated in Figure S3. As it can be seen in Figure 5a, the
topological feature having a cluster shape judged to be lignin
molecules is obtained in Figure 3Sb,d, while the topology of
clustered lignin molecules has not been identified in Figure
S3a,c. Moreover, from the comparison of the height profile
between Figure S3e and f, the maximum height in the presence

of lignin molecules is obtained as 83.5 nm (Figure S3f), while
the maximum height in the absence of lignin molecules is 34
nm (Figure S3e). It is manifested that the same topological
feature due to the adsorption behavior of lignin molecules has
been confirmed by SEM, LSM, and AFM analysis.
Fourier-transform infrared spectra analysis is performed to

verify the changes in the molecular structure and chemical
bonds due to the physicochemisorption process of lignin
molecules on the aluminum surface. The adsorption structure
can be explained by the infrared spectrum analysis, which also
elucidates the type of bonding for adsorption on the metal
surface. The reflected FT-IR spectra after 1 h of immersion in
the presence and absence of lignin molecules are shown in
Figure 6. The broad peak from 3400 to 3700 cm−1 represents
O−H stretching vibrations, the peak at 2917 cm−1 is related to
C−O−CH3 stretching vibrations, the peak at 1577 cm−1

signifies the CC stretching vibration, the peak at 1473
cm−1 represents C−H bending, and the peak at 663 cm−1

indicates the out-of-plane bending of phenols.41 The peak
intensity of the O−H stretching vibration decreases in the
presence of lignin molecules compared with that in the absence
of lignin molecules, while the high intensity of the O−H
stretching peak is observed in the lignin powder. In addition,
the other peaks, such as those for the C−O−CH3 stretching
vibration at 2917 cm−1 and the CC stretching vibration,

Figure 5. SEM micrographs of the aluminum surface after 1 h of immersion in the presence (a) and absence of lignin molecules (b). SEM
micrographs showing different adsorption features (c, d) and EDS analysis results of each position (e, f).
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remain the same. This indicates that the hydroxyl groups of
lignin molecules interact with the aluminum surface.
Simulation Analysis on the Adsorption Behavior of

Lignin in Al−Air Battery. To verify the most stable
geometrical structure of lignin isomers, four types of lignin
isomers are considered, as illustrated in Figure S4. The isomers
have the orientations of hydroxyl groups (−OH) and thiol
groups (−SH). The most stable isomers can be identified by
the relative energy of −4182.3 eV, which is isomer 1,
containing a single thiol group and two hydroxyl groups.
For isomer 1, Mulliken charge distributions of lignin

molecules and the charge potential map are calculated, with

the results illustrated in Figure 7a. The oxygen atoms of the
hydroxyl (R-OH) group have the highest negative charge
(−0.710 au) and the hydrogen atoms of the hydroxyl (R-OH)
group have the most positive charge (0.540 au). The hydroxyl
groups of the oxygen atoms simplify the adsorption as they are
located in the outer parts of the lignin molecules. Moreover, Al
atoms on the surface have a positive charge of 0.005 au and
tend to undergo electrostatic interactions with other species
with negative charges. Previous research has investigated the
adsorption of heavy metal ions from aqueous solutions
containing an additive, which has found out that the additive
can be an adsorbent for heavy metal ions. Moreover,
nonspecific adsorption of charged molecules has occurred
because of the presence of hydroxyl groups in lignin
molecules.42,43 It is confirmed that three hydroxyl groups
and one thiol group have negative charge values, as shown in
Figure 7a,b. It is necessary to determine which functional
group has the greatest influence on adsorption behavior.
Therefore, the geometrical optimization for four different
adsorption modes are examined, as shown in Figure S5, and
the one shown in Figure 7c is the most optimized structure for
adsorption of lignin molecules. The adsorption energy is
calculated with the following equation

Δ = − −E E E Eads lignin/Al lignin Al (11)

where Elignin and EAl are the energies of an isolated lignin
molecule and a clean Al surface, respectively. Elignin/Al is the
total energy of the lignin molecules adsorbed on the Al surface.
A negative value of ΔEads indicates stable adsorption.44 The
adsorption energy of the two equilibrium structures is −346.92
kJ mol−1, which represents chemisorption. This result is
consistent with the FT-IR and Freundlich adsorption isotherm
analyses. An ab initio molecular dynamics (AIMD) simulation
is also performed to verify the optimized structure of
chemisorption. The results of AIMD are shown in Figures
7d and S6. The calculated adsorption energy from AIMD is
−349.3 kJ mol−1, indicating chemisorption. An exclusive

Figure 6. FT-IR spectra of the aluminum surface after 1 h of
immersion in the presence and absence of lignin molecules and lignin
powder.

Figure 7. (a) Mulliken charge distributions of lignin molecules ranging from −0.770 to 0.300 au. (b) An electrostatic potential map for lignin
molecules comparing the (c) initial and (d) final equilibrium structures (optimized equilibrium structure).
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geometrical structure is found by AIMD simulation and
because the lignin molecule is leaning toward the aluminum
surface, a moderate surface coverage can be achieved. As
illustrated in Figure 7c, the initial state shows an angle of 90°
between the lignin molecule and the aluminum surface.
However, the angle between the lignin molecule and the
aluminum surface is 36.5°. By comparing Figure 7c,d, an
electrostatic repulsion of −CH3 atoms at the 7 o’clock position
in Figure 7c can be attributed to the optimized adsorption
structure with 36.5°. The distance between the lignin molecule
and the aluminum surface increases by 0.04 Å, and it also has
an optimized structure that minimized the repulsive force by
making two hydrogens of −CH3 atoms level with the surface,
as shown in Figure 7d. The results of the galvanostatic
discharge test showing degradation of discharge efficiency at
concentrations above 500 ppm are correlated with the
simulated geometrical structure with moderate surface cover-
age. Because the superior surface coverage due to the
geometrical structure is made at a lower concentration, more
residual lignin is likely to be produced at a higher
concentration.

■ CONCLUSIONS

The addition of lignin molecules to a 4 M NaOH electrolyte
has a positive effect on the performance of aluminum−air
batteries. The corrosion inhibition efficiency for the Al anode
in the alkaline solution is improved by the lignin molecules.
Also, fuel efficiency is improved by 21.4%, which is three times
higher than that of a blank condition when lignin molecules are
contained in the 4 M NaOH solution. The improved
performance of the aluminum−air battery can be attributed
to the chemisorption of lignin molecules on the aluminum
surface, which is confirmed by Freundlich adsorption isotherm
and SEM-EDS, LSM, and AFM analyses. In addition, the
relationship between discharge efficiency and the concen-
tration of lignin molecules can be explained by the effect of Rs
values on electrolyte conductivity in EIS. The adsorption
mechanism of lignin molecules is revealed by FT-IR analysis,
which indicates chemisorption allowed for the formation of
new bonds between the oxygen atoms in the hydroxyl groups
of lignin molecules and the aluminum surface atoms, as well as
quantum chemical calculations. The calculated adsorption
energies and the density of transferred charges based on the
density functional theory (DFT) method are consistent with
FT-IR analysis, and the optimized geometrical structure
exhibits moderate surface coverage, which explains the
degradation in discharge efficiency above 500 ppm. Chem-
isorption of lignin molecules, therefore, has a positive effect on
the corrosion inhibition of the aluminum anode due to the
geometrical blockage of sites on the aluminum surfaces that
can be attacked by the corrosion reaction. Moderate surface
coverage due to chemisorption can also be attributed to the
specific concentration that becomes the branch point of
discharge efficiency.

■ EXPERIMENTAL SECTION

Materials. Aluminum anode with a purity of 99.99% was
used in the aluminum−air batteries. A commercial gas
diffusion electrode (GDE) composed of nickel mesh and a
cobalt oxide catalyst (Meet Inc., Korea) was used as a cathode
in a two-electrode cell, and graphite rods were used in a three-
electrode cell. Lignin was purchased from Sigma-Aldrich in

Korea. To prepare a 4 M NaOH solution, sodium hydroxide
(Samchun Inc., Korea) was dissolved in deionized water. All
reagents were of analytical grade.

Electrochemical Analysis. To conduct the weight-loss
tests, aluminum slabs measuring 10 mm × 10 mm × 0.34 mm
were prepared and cleaned with acetone, ethanol, and distilled
water. After being weighed accurately by a sensitive balance,
the specimens were immersed in 30 mL of the electrolytes in
the presence and absence of lignin molecules at concentrations
of 100, 300, 500, 600, 700, 800, 1000, and 1500 ppm. All
specimens were immersed for 1 h, removed and rinsed with
distilled water, dried, and accurately weighed again. The
difference in mass before and after immersion yielded the
weight loss. The average weight loss (ΔW) was obtained from
triplicate experiments.
Galvanostatic discharge tests were conducted to evaluate the

performance of aluminum−air batteries with electrolytes
containing lignin. These tests were carried out at 20 mA
cm−1 for 2 h in the presence and absence of lignin molecules
with different concentrations in solution.
Potentiodynamic polarization tests were carried out to figure

out the effect of the additive on the Al electrode. The tests
were conducted by sweeping potentials at a scan rate of 0.166
mV s−1.45 Anodic polarization was measured by sweeping from
the open-circuit potential (OCP) to a positive value of 0 VSCE.
Cathodic polarization was obtained by sweeping the potential
from the OCP toward −2.5 VSCE.
Electrochemical impedance spectroscopy (EIS) was per-

formed at the OCP in the absence and the presence of lignin
molecules at concentrations from 100 to 1500 ppm over a
range of 100 kHz to 100 mHz, with 10 points per decade and a
sinusoidal wave perturbation of 10 mV amplitude.
All electrochemical measurements were performed using a

VSP-300 (Biologics) potentiostat. Also, electrochemical experi-
ments were conducted using a self-designed cell assembly with
an exposed area of 1 cm2.10

The surface morphology of the aluminum surface immersed
in a 4 M NaOH solution in the presence and absence of lignin
molecules was examined using a JEOL JSM-7600F scanning
electron microscope. The surfaces were randomly observed at
different degrees of magnification. Energy-dispersive spectrom-
etry (EDS) analysis was also performed after SEM
morphological observation. Laser scanning microscopy
(LSM) was performed using an OLYMPUS OLS5100 and
atomic force microscopy (AFM) was performed using a JPK
Nano Wizard Ultra Speed. Fourier-transform infrared spectra
were recorded by a Nicolet IS50 FT-IR spectrophotometer.
The spectral acquisition parameters were between 4000 and
400 cm−1, at 64-times scanning, and a resolution of 4 cm−1.

Simulation Conditions. Simulation calculations were
performed using Materials Studio (2019). The surface
model, a slab model of Al with a (111) surface was cleaved
with a top and thickness of (0, 3) and a vacuum thickness of 30
Å. A supercell (7 × 7), large enough for a lignin molecule to be
contained, was created so that precise interaction forces
between the aluminum substrate and the lignin molecules
could be obtained by minimizing the interaction forces among
the lignin molecules. Geometry optimization was conducted
using a CASTEP module with Perdew−Burke−Ernzerhof
(PBE) functional DNP and a general gradient approximation
(GGA) basis set. The convergence precision of the geometric
optimization was set to fine for high accuracy in calculation,
using specific parameters of 1.0 × 10−5 eV atom−1 for total
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energy, 0.001 A for maximum atomic displacement, 0.03 eV
A−1 for maximum atomic force, and 0.05 GPa for maximum
atomic stress. Based on convergence tests, the energy cutoff for
the plane waves was 190.50 eV for all models. The Brillouin
zone (4 × 4 × 4) was sampled by a Monkhorst−Pack (MP) k-
point mesh. The pseudopotentials were set as on-the-fly-
generation (OTFG) ultrasoft. The self-consistent field (SFC)
convergence was set to 1.0 × 10−6 eV atom−1. The optimized
lattice parameters of a designed supercell for the aluminum
surface were a, b = 17.18 Å and c = 30.00 Å, and the angle
parameters were α, β = 90°, and γ = 120°.
To determine the most stable geometrical isomer of lignin

molecules, four types of isomers were considered and
thermodynamic energies for four structures were calculated.24

Hydroxyl functional groups are contained in the molecular
structure of lignin, and these functional groups can be the main
adsorption site between lignin molecules and the aluminum
surface.46 Based on the four adsorption mechanisms,
adsorption of organic molecules at the anode/electrolyte
interface may take place due to the electrostatic attraction
force.47 We, therefore, analyzed the electronic charge
distributions and electrostatic potential maps of the most
stable adsorption structure to identify the possible atomic sites
with the most positive and negative charges using a Mulliken
population analysis function. Also, ab initio molecular
dynamics (AIMD) was conducted to determine the equili-
brium energy for adsorption of lignin molecules at 300 K. The
AIMD simulation was conducted for 0.3 ps with 1 fs time step
in Nose−Hoover thermostat with NVT ensemble and random
initial velocities.
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