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Abstract: Sugar has the potential to create enough energy to power mobile electronics. Various
sugar-powered fuel cells have been reported, however, most of them used pure glucose as substrate
and enzymes/noble metals as catalysts. In this work, an alkaline fuel cell with cheap catalysts were
constructed, and different sweet drinks were used as fuels for power generation. The influence
of different substrates on the electrochemical performance was characterized under the controlled
conditions. Our experimental results showed that the fuel cell fueled with carbonated soft drinks
had the best performance under the conditions of 99.95 g/L chemical oxygen demand and 3M KOH.
The power densities of the fuel cell fueled with different substrates decreased in the order of Pepsi
(33.41 W/m?) > Sprite (28.38 W/m?) > apple juice (20.63 W/m?) > Coca (16.31 W/m?) > pear juice
(15.31 W/m?) > orange juice (12.75 W/m?), which was consistent with linear sweep voltammetry
(LSV) and electrochemical impedance spectroscopy (EIS) analysis. This is the first report on alkaline
fuel cell (AFC) performance using different sweet drinks as substrate. These values are more than
10 times higher than those of reported microbial fuel cells. Our findings demonstrated that sweet
drinks fueled alkaline fuel cells can be a promising energy source for low-power electronics.

Keywords: carbonated soft drinks; juice drinks; alkaline fuel cell; power density

1. Introduction

Low power electronics are progressing at an accelerated pace, however, powering
those systems still poses a significant challenge. Among various power sources, fuel cell
has proven to be a good choice [1,2]. In fuel cells, chemical energy of a fuel is converted
into electricity via electrochemical reactions. The fuel cell uses catalysts to speed up
these reactions in a similar way that our body uses enzymes to convert food into energy.
As ubiquitous sustainable chemicals in nature, sugars have been applied as fuels for fuel
cells and exhibited great potential to power portable devices [3-5]. For example, glucose can
be oxidized into carbon dioxide, and one molecule can release 24 electrons after complete
oxidation, in which 2.87 x 10° J/mol of energy can be generated [6,7].

There are many advantages of using sugars as fuel. Firstly, sugars, such as glucose
and sucrose, are readily available, inexpensive, non-toxic. Secondly, sugars are sustainable
and can be easily produced under natural environment. Most fruits grow rapidly, have
a high biomass, and contain large amounts of carbohydrates and fibers which can be
further converted to glucose. Birkhed et al. [8] summarized the total concentration of fruit
juices, and identified that fructose, glucose, and sucrose accounted 4.4%, 3.0% and 1.9%,
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respectively (Table 1). In industrial production, glucose can be produced by hydrolysis
of starch or cellulose with hydrochloric acid or dilute sulfuric acid. Besides supermarket
fruit juices, carbonated soft drinks can also be used as substrates for fuel cells. Carbonated
drinks normally contain 10% sugar, which can replenish energy for the human body [9].
Birkhed et al. [8] summarized the total concentration of carbonated drinks, and identified
that fructose, glucose, and sucrose accounted 1.1%, 1.0% and 7.4%, respectively (Table 1).
Organic wastes generated from food industries and fruit processing plants are other sources
of sugars. These wastes can provide large amounts of low-cost sugars [10]. Many papers
reported that fruit juice wastewater could be used as a new alternative energy. Provera
et al. [11] reported a sugar-air alkaline fuel cell for power extraction from raw juice of
papaya or fruit waste, and the coulombic efficiency achieved 37%. Gonzalez et al. [12]
found that fruit juice wastewater was useful for hydrogen production and the produced
hydrogen gas could be used to generate electricity by using a high temperature proton
exchange membrane fuel cell. Therefore, sugar-based electrochemical energy could be
explored as a sustainable energy resource for remote or underdeveloped regions that
need cheap electricity without complicated infrastructure. However, most of reported
sugar-based fuel cell used pure glucose as substrate and enzymes or noble metals were
generally used as catalysts [13,14]. The high cost of enzymes/catalysts and limited fuel
sources limited the practical development of sugar-based fuel cell.

Table 1. Sugar content of fruit juices, fruit drinks, carbonated beverages and sport drinks [8].

Sugar Concentration

Drinks
Fructose Glucose Sucrose Total
Fruit juices 4.4% 3.0% 1.9% 9.3%
Fruit drinks 1.5% 1.4% 6.9% 9.8%
Carbonated beverages 1.1% 1.0% 7.4% 9.5%
Sport drinks 1.0% 2.1% 1.3% 4.4%

In this work, we focus on (1) exploring the possibilities of generating electricity from
fruit juices and carbonated drinks by using an alkaline fuel cell (AFC); (2) comparing the
performance of AFC fueled with different sweet drinks under the catalysis of low-cost
transitional metal catalysts. To the best of our knowledge, this is the first study that use of
sweet drinks as substrate for electricity generation by an AFC. Fuel cell with nonprecious
catalysts will be a promising energy source for low-power electronics. Furthermore,
the AFC technology studied in this work can convert chemical energy stored in food
wastes into useful electricity directly, which can benefit the sustainable development of
our society.

2. Materials and Methods
2.1. Materials

Fresh fruits and carbonated drinks were purchased from the local store (Tianjin, China,
Figure 1). Fruits included pears, apples, and oranges with defective, and carbonated drinks
included Coca-Cola, Pepsi and Sprite. Fresh fruits were cleaned, squeezed, and filtered
without adding any other substances, then all the filtrates were transferred into glass
bottles, and stored in a 4 °C refrigerator.

2.2. Sample Preparation

The chemical oxygen demand (COD) of sweet drinks were determined by using a
DR2000 spectrophotometer (Hach Company, Loveland, CO, USA) [15]. Moreover, to ensure
the same amount of organics was added into the AFC, the sweet drinks were diluted with
distilled water into substrate solutions with same COD value (99.95 g/L).
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Figure 1. The sweet drink materials tested in this work. (a) pears; (b) apple; (c) oranges; (d) Coca-Cola;
(e) Pepsi; (f) Sprite.

2.3. Characterization and Electrochemical Analysis

The single-chamber AFC (Figure 2) was fabricated of polymethyl methacrylate (PMMA).
It consisted of a methyl viologen/activated carbon/Ni (MV/AC/Ni) anode [16], a CuyO-
Cu composite air-cathode and a cylindrical internal chamber (14 mL).

Electrochemical Workstation
_FE'J:I‘U

Reference electrode Counter electrode

Counter electrode

|, Electrolyte|/,”

Air cathode / MV/AC/Ni anode Sweet Drinks
(a) (b)

Figure 2. Schematic diagram (a) and photograph (b) of the AFC used in this study.

2.3.1. Linear Sweep Voltammetry (LSV) Analysis

Electrochemical characterizations, including LSV and electrochemical impedance
spectroscopy (EIS) were conducted on an electrochemical workstation (CHI 660E, Shanghai,
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China). Three electrode system was employed including a working electrode, a platinum
plate as counter electrode, and an Hg/HgO electrode as reference electrode. All analyses
were carried out in 3M KOH solution under ambient conditions [17]. Open circuit voltage
(OCV) values were collected on a multichannel data collector (MPS-010601, MPS Electronics,
Beijing, China) after the output voltages of the AFCs were stable, and then LSV and EIS were
tested. For LSV, the initial scanning potential was set as OCV, and the termination potential
and scanning rate was set as —0.2 V and 1 mV/s, respectively. For EIS, the potential was
set as OCYV, the frequency scanning range and disturbance current amplitude was set as
10 mHz to100 kHz and 10 mV, respectively. R(CR)(CR) model of the equivalent circuit
was selected for fitting of the EIS data by using ZSimpWin software (Princeton Applied
Research, Oak Ridge, TN, USA).

2.3.2. Polarization Curves and Power Density Tests

Polarization curves and power density tests were conducted to reflect the power
generation capacity of the fuel cell and determine the performance difference between the
different electrodes in the fuel cell. A resistance box, a Hg/HgO reference electrode and
a multimeter were connected to the fuel cell and the voltage changes were recorded by
changing the value of the external resistance from 9000 to 3 ().

3. Results and Discussion
3.1. The COD Values and Sugar Contents of Different Sweet Drinks

Table 2 shows the COD and sugar contents of different sweet drinks. Carbonate
beverages had COD values with a small variation range from 141.15 g/L to 145.3 g/L.
However, the fruit juice drinks have a great difference on that with 175.3 g/L for pear juice
and 99.95 g/L for orange juice. The total sugar contents of the sweet drinks have a similar
trend with 10.6-11.2 g/100 mL for carbonate beverages and 8.9-12.3 g/100 mL for juice
drinks. To keep the performance result comparable, all the samples for the following tests
were diluted to a same COD value of 99.95 g /L.

Table 2. Characteristics of sweet drinks and carbonate beverages used in this study.

Juice Drinks Carbonate Beverages
Characteristics
Orange Pear Apple Coca Sprite Pepsi
COD (g/L) 99.95 175.30 154.10 145.30 144.98 141.15
Total sugar content 8.90 10.20 12.30 10.60 11.00 11.20

(g/100 mL)

3.2. LSV Analysis

Table 3 and Figure 3 shows the LSV curves of the MV /AC/Ni anode in different sweet
drinks. By comparing the current density of the same anode in three different juice drinks,
it can be found that the MV /AC/Ni anode showed excellent electrochemical properties
with juices as substrates in the potential range of —0.6 to —0.35 V (vs. Hg/HgO). Precisely,
apple juice as substrate had the highest current density compared with others. At the
potential of —0.35V, the current density of the anode with apple juice as substrate reached
19.94 A cm~2, which was 1.25 times higher than that with pear juice (15.92 A cm~2) and
1.38 times higher than that with orange juice (14.41 A cm~2), respectively. Moreover,
the open-circuit potentials were —0.76 V (apple), —0.71V (pear) and —0.65 V (orange),
respectively. These results demonstrated the MV /AC/Ni anode had enhanced electrocat-
alytic capacities in apple juice. These results were supposed related to the compositions
of the three fruits, such as sugar content and acidity. Karadeniz et al. [18] investigated 51
authentic apple juice samples from Amasya, and found that the average glucose, fructose,
sucrose, and total sugar content was 18.81, 80.88, 29.61 and 129.3 g/L. Yao et al. [19] et al.
did the identical survey on 98 pear cultivars, and stated that the average glucose and
fructose was 18.16 and 51.17 mg/g, which accounted for 17.14% and 48.29% of total sugar.
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Obviously, compared the average content of reducing sugar between apple and pear, apple
normally contains higher sugar than pear. Coincidentally, Li et al. [20] studied the variety
of sugar in 12 fruits and demonstrated that the content of reducing sugar and soluble sugar
in apple (7.64%; 10.22%) was much higher than that in orange (3.4%; 3.93%). Therefore,
although all the samples were diluted to the same COD, sugar contents, especially reducing
sugar, which is the major substrate to be oxidized in AFC, determine the performance.

Table 3. Maximum current and open circuit potential of the AFC anode with different sweet drinks
as substrate.

Juice Drinks Carbonate Beverages
Drink Types

Orange Pear Apple Coca Sprite Pepsi
Maximum current (mA /m?) 14.409 15923  19.943 15.895 19.447  21.118

Open circuit potential (V) —0.646 —-0.710 —0.762 —0.750 —0.698 —0.776
20 4 Orange
Pear
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Figure 3. LSV curves of the AFC anode with different sweet drinks as substrate.

Among three carbonated drinks, Pepsi had the highest current density comparing
with others. At the potential of —0.35 V, the current density of Pepsi reached 21.03 A/cm?,
followed by Sprite (19.43 A/ cm?) and Coca Cola (15.90 A/cm?). Comparing the current
density between juice and carbonated drinks, it’s obvious that carbonated drinks always
had better performance. What’s more, the current density of Pepsi was higher than that of
apple juice, and orange juice was still the lowest. According to a survey of 903 beverage
samples, Deng et al. [21] drew the conclusion that carbonated drinks had a high sugar
content, reached up to 13.6 g/100 mL and 60%. Hashem et al. [22] assessed the free
sugars in carbonated sugar-sweetened beverages and highlighted the performance of Coca
Cola with an average sugar content of 35 g/330 mL. Therefore, high content of sugar in
carbonated drinks is one reason for their super performance.

3.3. EIS Analysis

EIS tests were employed to study the influence of different substates on the impedance
of the ohmic resistance. Figure 4 shows the Nyquists plot for different samples. The total
resistance in the equivalent circuit consists of ohmic resistance (Rs), layer capacitance (Cq),
charge transfer resistance (Rct), pore adsorption capacitance (C,4) and diffusion resistance
(Rq)- In particular, the total ohmic resistance (R¢) of the anode inside the fuel cell system
is the sum of R, Ret, and Ry. Consequently, the calculated resistances of all the anodes
were summarized in Table 4. By comparing with R, it could be seen that carbonate drinks
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had a value between 0.1-0.25 (), while the values of juice drinks were higher (0.2-0.52 ().
Moreover, the average R; values of the anode in different sweet drinks were different,
which were about 1.58 (2 and 2.0 () for carbonated drinks and juice beverages, respectively.
Figure 4a,b show the Nyquist plots of the AFC filled with fruit juices and carbonated
drinks, respectively.
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Figure 4. EIS Nyquist plots of the AFC anode with different sweet drinks as substrate (a) juice drinks: orange, pear and
apple; (b) carbonate beverages: Coca, Sprite and Pepsi.

Table 4. EIS fitting results of the AFC anode with different sweet drinks as substrate based on the

equivalent circuit.

Resistance
Classification
RS(Q) Rct(Q) Rd(Q) Rt(Q)
Orange 0.65 0.52 1.82 2.99
Juice drinks Pear 0.53 0.28 1.59 2.40
Apple 0.45 0.20 0.98 1.18
Carbonate Coca 0.64 0.25 1.27 2.16
beverages Sprite 0.53 0.13 0.35 1.01
& Pepsi 0.60 0.10 0.87 1.57

Fuel cell resistance can be affected by many factors, for example, conductivity and
surface area of electrodes, and electrolyte in the chamber. In the case of the same elec-
trodes, electrolyte will play an important role. For example, to investigate the influence of
different electrolyte concentration on electrical resistance, Schulte et al. [23] designed an
experiment with different NaCl concentrations and demonstrated the choice of electrolyte
solution influenced the resistance values of the samples. Eldarrat et al. [24] came to the
same conclusion afterwards. Friebe et al. [25] also reported that the specific membrane
resistances are strikingly affected by the electrolyte solution. In addition, Harker et al. [26]
had successively measured the electrochemical changes during the ripening process in
persimmon and nectarine fruit, and reported that the lower resistance was observed af-
ter five weeks. Coincidentally, Varlan et al. [27] analyzed the impedance of apples and
tomatoes, and found the resistance is connected with sugar content. Compared with juice
drinks, carbonate drinks generally have lower resistance. Generally, smaller electrochemi-
cal impedance in the fuel cell leads to a faster electron transfer on the electrode. Therefore,
the fuel cell filled with carbonated drinks had a better electrochemical performance, which
was consistent with the LSV analysis result.
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3.4. Comparison of Power Densities

A series of power density measurements were performed in the AFC filled with
different substrates. Figure 5 shows the polarization curves and power density plots of
the same fuel cell fueled with different sweet drinks under the condition of 3 M KOH.
The fuel cell performed excellently for all the six sweet drinks. The maximum power
density of 33.41 W/m? and 28.38 W/m? were obtained when Pepsi and Sprite were
filled, which is almost 1.6 and 1.4 times higher than the AFC filled with apple juice
(20.63 W/m?), respectively. The next were those of Coca Cola and pear juice, which
obtained the maximum power density of 16.31 W/m? and 15.31 W/m?, the maximum
current density of 67.37 W/m? and 69.14 W/m?, and OCV of 0.72 V and 0.67 V, respectively.
And the orange juice AFC produced the worst performance among all the AFC, which had
the maximum power density of 12.75 W/m?2. The power densities of the fuel cell filled
with six sweet drinks were much higher than that of our previous test with pure glucose
as substrate (9.590 W/m?) [28], implying that there were some other reducing substances,
besides sugars, existed in the soft drinks. These reducing substances could also be oxidized
and released electrons in the AFC [29].
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Current density (A/m?)

Figure 5. Power density and cell voltage curves of the alkaline fuel cell filled with different
sweet drinks.

Figure 6 shows the polarization curves of both the cathodes and the anodes of the
AFC filled with different drinks. It can be seen that the AFC performance mainly depended
on the anode potentials because the cathode potentials remained almost overlapped during
the polarization process. This result demonstrated that the performance of the air cathode
was not affected significantly by the different sweet drinks. On the contrary, the anode
performance was considerably affected. The test results of the power density and polar-
ization curve indicated that the all the six drinks can release their stored chemical energy
into electrical energy. The reason for Pepsi and Sprite, representing carbonate beverages,
performed better than other sweet drinks under the same COD concentration may be
follows: the former two drinks contained more reducing chemicals, and are easy to be
oxidized. Boulton et al. [30] studied the sugar content in three kinds of drinks and identi-
fied that juice drinks contained the lowest amount of sugar, with 5.6 g/100 mL. Boulton
et al. [30] studied the sugar content in three kinds of drinks, and identified that juice drinks
had the lowest content of sugar (5.6 g/100 mL). However, most of carbonate beverages
contained an average amount of total sugars (fructose, glucose, and sucrose) of 9.5% [8].
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It can be speculated that sugar concentration and composition are correlated with fuel cell
performance. What's more, the maximum power density of 33.41 W/m? was over 10 times
higher than traditional microbial fuel cell (MFC). For example, Luo et al. [31] studied the
electricity generation in a microbial fuel cell using yogurt wastewater and showed the max-
imum power density reached 1.043 W/m?. Tian et al. [32] utilized the MFC electrogenesis
to improve wastewater treatment, which had a maximum power density of 2.18 W/ m3.
Glucose is a kind of cheap and readily available fuel, which is ubiquitous in nature and
our daily life. Especially, in the food processing industry, a large amount of wastewater
with high sugar content is discharged every day, which can be utilized as a resource. Many
reports have been conducted on the use of fruit juice, especially wastewater with high
sugar content, as a fuel for fuel cell [11,12,33-35]. The results from this study can be used
as a starting point to conduct in-depth studies on how to utilize these sugar-containing
sweet drinks and sugar waste. Therefore, the sugar containing substances are feasible to
be used to generate power and have great potentials to power portable devices. Figure 7
demonstrates the changes of power densities of the AFC fueled with different sweet drinks
and their total sugar contents. As can be seen, there is no linear relationship between the
performance and the total sugar content. These phenomena may be due to the different
oxidation capacity of different sugars and various other reducing substances existed in the
sweet drinks, beside sugars.
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—~ 2004 e
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Current density (A/m?)

Figure 6. Cathode and anode polarization curves of the alkaline fuel cell filled with different
sweet drinks.

It needs to be mentioned that the performance of the sweet drinks-fueled AFCs can be
further improved by modifying the anode catalyst. Many approaches have been reported
to improve anode catalytic ability. Au/MnO;-C anode catalyst has been used in a direct
glucose AFC and a maximum power density of 1.1 mW ¢m? was obtained, which is much
higher than conventional catalyst [36]. Pasta et al. [37] also identified that gold deposited
on carbon cloth can be a very promising catalyst for glucose electro-oxidation. Moreover,
Vaze et al. [38] reported a stable and effective bioanode by covalently linking glucose
oxidase to carbon nanotubes, which boosts electron transfer.
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Figure 7. Power densities of the AFC fueled with different sweet drinks and their total sugar contents.

In this work, different kinds of sweet drinks were chosen as substrate instead of pure
glucose. The performances of AFC fueled with different sweet drinks were compared
by electrochemical characterizations. The performance data confirmed the feasibility of
using sweet drinks as fuels for fuel cells. However, there are still many aspects need
to be concerned in the future studies. Firstly, the stability and longevity of the fuel cell
can be impacted by the complex components in the sweet drinks. Generally, there are
many chemical components in the sweet drinks, and some of them are intentionally added
for good taste and appearance, such as sweetening agents, antioxidants, and pigments.
Secondly, precipitation of potassium carbonate can also reduce the longevity of the AFC.
In the air cathode, precipitation of potassium carbonate will reduce concentration of OH-
and retard the oxygen transport to the catalyst sites. For the practical application, the AFC
needs a system that enables removal of CO2 from air or operates with other types of
cathodes. In addition, long time operation may lead to increased polarization and internal
resistance, which impair the AFC performance. Moreover, catalyst poisoning may occur by
formation of large amount of intermediate oxidation products, which raises the occupied
catalytic sites and leading to catalyst deactivation [39]. All these issues and the underlying
mechanisms merit further study.

4. Conclusions

In this study, six sweet drinks were used as substrates for an AFC witha MV /AC/Ni
anode and a CuyO-Cu composite air-cathode. The performances of AFC fueled with
different sweet drinks were compared by electrochemical characterizations. The LSV
analysis showed that current density with Pepsi as substrate was the highest, reached
21.03 A/cm?, while orange juice had the lowest value of 14.41 A/ cm?. Ry values for
the carbonate drinks were between 0.1-0.25 (), while these for the juice drinks were
higher (0.2-0.52 Q). Moreover, power density analysis showed Pepsi (33.41 W/m?) >
Sprite (28.38 W/m?) > apple juice (20.63 W/m?) > Coca Cola (16.31 W/m?) > pear juice
(15.31 W/m?) > orange juice (12.75 W/ m?2). These values are considerable higher than
previous reports, suggesting the feasibility of using sweet drinks as fuels for low power-
consuming electronics.
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