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Abstract

A passive direct ethylene glycol fuel cell is proposed and tested, which does not contain
external liquid pumps, gas blowers/compressors or any other auxiliary device. Therefore,
comparing to the active fuel cells, the volumetric energy density is improved. In this work,
ethylene glycol in alkaline solution is employed as fuel in this fuel cell, while hydrogen
peroxide in acid solution is employed as oxidant, and a cation exchange membrane is
employed to transport cations. The theoretical voltage of this type of fuel cell is as high as
2.47 V, which exhibits a promising potential in practical applications. The operating
conditions can influence the performance of this fuel cell system, including species
concentrations in both fuel and oxidant, thicknesses of membranes, and operating
temperatures. In addition, the open-circuit voltage and the peak power density of this fuel cell
are as high as 1.58 V and 65.8 mW cm™ at 60°C, respectively. Comparing to a fuel cell
system with a similar setting but using oxygen as oxidant, the higher voltage output and
power output are attributed to the easier and faster reduction reaction of hydrogen peroxide,

which makes contributions to the impressive performance improvement of this fuel cell.
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Moreover, the effect of the released heat caused by the hydrogen peroxide self-decomposition

to the cell performance is studied as well.
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1. Introduction

Fuel cells have attracted great research interest as a promising power source in the last
decades, which is mainly attributed to their simple design [1,2], high efficiency [3,4], low
emissions [5,6] as well as quick refueling [7,8]. Three common fuels, i.e., hydrogen [9],
methanol [10], and ethanol [11], are widely used in proton exchange membrane fuel cells
(PEMFCs) [12] as well as anion exchange membrane fuel cells (AEMFCs) [13,14]. Among
them, the widespread application of hydrogen is required to address the production, transport,
and storage of hydrogen [15,16]. As for methanol, the fuel cell performance is severely
degraded under long-term operation due to the severe crossover of methanol and the
poisonousness of catalyst derivatives [17]. Ethanol, a C; fuel, has a main final oxidation
product of acetic acid. When the system works at a temperature lower than 60°C, the electron
transfer rate is low (33%) [16,18]. Recently, another fuel option, ethylene glycol (EG), has
attracted wide attention due to its excellent properties [19,20], including the theoretical
energy capacity of 4.8 Ah mL!, the boiling point of 198°C [21], and the electron transfer rate
of 80%, which is suitable for mobile, stationary and portable devices [22,23]. Zhu et al. [20]
synthesized hollow Ags4Ptss nanotube bundles for ethylene glycol oxidation reaction (EGOR).
To improve the electrocatalytic activity, Shi et al. [21] and Huang et al. [22] prepared three-
dimensional nitrogen-doped reduced graphene oxide hydrogels anchored PtPd alloyed
nanoparticles and PtCu alloyed nanocages with highly open structures via one-pot
solvothermal method, respectively. Pan et al. [23] developed a mathematical modeling of
direct ethylene glycol fuel cells using hydrogen peroxide as oxidant incorporating the effect
of the competitive adsorption. An et al. [24] reported an alkaline direct ethylene glycol fuel
cell (DEGFC) with a maximum peak power density of 67 mW cm™ at 60°C, which was
attributed to the alkaline media enhancing the kinetics of both the EGOR and oxygen
reduction reaction (ORR). The anion exchange membrane (AEM) and non-platinum catalysts
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are adopted in this fuel cell. Afterwards, an alkali-doped polybenzimidazole membrane was
used to replace the AEM, which allows the system to be operated at high temperatures [25].
As a result, the maximum peak power densities of this fuel cell were 80 mW cm at 60°C and
112 mW cm™ at 90°C, respectively. Air or pure oxygen is usually used as oxidant on the
cathode [25, 26]. It is necessary to compress the pure oxygen to store it in tanks. However, by
doing so, the system becomes bulkier, and the complexity and potential risks are increased
[27]. In addition, although the air breathing design is compact and light, one major issue is
the carbonate problem in alkaline fuel cells, referring to the phenomenon that CO; in the
ambient air reacts with hydroxide ions to produce carbonates [1]. The active sites in the
cathode are covered by the precipitated carbonates, which causes the sluggish ORR kinetics
[28]. At the same time, the pores and channels are blocked in the cathode, which increases
the mass transport resistance of oxygen [29]. In addition, the air breathing design is not
applicable with the absence of air, such as underwater and outer space. Recently, extensive
research has been conducted on replacing air or pure oxygen with hydrogen peroxide as
oxidant [30,31]. There are three intrinsic superiorities by using hydrogen peroxide: (1) the
theoretical voltage will experience a substantial increase; (2) comparing to the four-electron
transfer process of ORR, only two electrons are transferred in the hydrogen peroxide
reduction reaction (HPRR), which reduces the activation loss; and (3) the water flooding will
be avoided due to the aqueous state of hydrogen peroxide [32]. Pan et al. [33] designed and
tested an active DEGFC using hydrogen peroxide as oxidant. Comparing to the DEGFC
using oxygen as oxidant, the cell performance is elevated significantly. The open-circuit
voltage (OCV) is improved by 62.1% to 1.41 V, while the peak power density is elevated by
20.8% to 80.9 mW cm™ at 60°C. However, the active electrolyte delivery system requires

auxiliary equipment, making the system more complicated and heavier.



In this work, a passive DEGFC using hydrogen peroxide as oxidant is developed, which
avoids the usage of auxiliary devices. The proposed fuel cell system is structurally compact,
no parasitic loss in power, and can operate under low-temperature, which makes it a suitable
choice for portable electronic devices [34]. Because of the simpler and more compact
structures, the volumetric energy density and the design flexibility are elevated significantly.
This fuel cell consists of a palladium-based anode, a cation exchange membrane (CEM), and
a gold-based cathode. The theoretical voltage of this system is 2.47 V. When operating at
60°C, it exhibits a practical OCV of 1.58V, and a peak power density of 65.8 mW cm™. In
addition, the effect of operating conditions and the heat released from the H»O» self-
decomposition on the cell performance are also investigated.
2. Working principle
As demonstrated in Figure 1 (a), the passive fuel cell is formed in a symmetric manner,
which consists a diffusion layer (DL) and a catalyst layer (CL) in both anode and cathode,
and a CEM between the two electrodes. The anolyte is injected into the anode reservoir.
Under the driving force of the concentration gradient, it transports through the DL to the CL
in the anode. The EGOR occurs on the anode CL where EG reacts with hydroxide ions to
produce electrons, oxalate and water as shown below [18]:

C,Hg0,+100H =(CO07),+8e +8H,0 EeGor=-0.69V (1)
Through the external circuit, the electrons produced by the EGOR are transferred from the
anode to the cathode. In the cathode, the hydrogen peroxide, protons, and electrons
participate in the hydrogen peroxide reduction reaction (HPRR) and water is produced as
shown in the following equation [35]:

4H,0,+8H"+8e">8H,0 Ewere=1.78V  (2)



At the same time, the internal ionic circuit is formed by the potassium ions transferring from
the anode to cathode. Therefore, the EGOR and HPRR reactions can be combined to form the
overall reaction of this fuel cell, which is shown as follows:

C,H¢0,4+4H,0,+8HT+100H —»(C00"),+16H,0 E=2.47V 3)
As shown in Equation (3), the theoretical voltage of this passive fuel cell is as high as 2.47 V.
However, due to the presence of activation loss, ohmic loss, and concentration loss, the actual
voltage will experience a huge decrease.
3. Experimental
3.1. Preparation of membrane electrode assembly
The membrane electrode assembly (MEA) consists of a pair of home-made electrodes that
serve as the anode and the cathode, as well as CEMs with different thicknesses, including 30
um (N211), 60 um (N212), and 120 pm (N115). The thicknesses of the dry CEMs were
measured by a vernier caliper. The electrodes have an active area of 2.0 cm x 2.0 cm. The
Pd/C anode was prepared based on the method reported somewhere else [36]. Firstly, the
catalyst ink was prepared. 30 wt.% Pd/C (Sigma-Aldrich Co., USA) was mixed with 5 wt.%
Nafion (Fuel Cell Store, USA), which serves as the binder, and ethanol, which serves as the
solvent. The ink was then dispersed in ultrasonic bath for 20 minutes. Subsequently, it was
sprayed onto the backing layer, i.e., carbon cloth (Hesen, China). The catalyst loading on the
anode was 1.0 mgpa cm™. The Au/C cathode was prepared by the same method except that
the ink used in the cathode was made by 60 wt.% Au/C (Premetek Co., USA) with 15 wt.%
Nafion and ethanol. The catalyst loading of cathode was 2.66 mgay cm™. To obtain the CEMs,
original Nafion membranes were cut to the designed shape (3.00 cm x 3.00 cm) and
immersed in 2.5 M KOH solution at 80°C for 1h [36]. Then, the treated membranes were
rinsed by washing it in DI water for several times and stored in DI water before the assembly

of this fuel cell.



3.2. Fuel cell setup and instrumentation

As shown in Figure 1 (b), an end plate, a heating plate and a current collector are added to
both sides of the MEA to form the whole fuel cell system, in which end plates and heating
plates are made of 1Cr18Ni9Ti stainless steel and current collectors are made of 316L
stainless steel. Several polytetrafluoroethylene (PTFE) gaskets are placed between each
component of the fuel cell to avoid the leakage. The heating plates serve as the solution
reservoir as well. As shown in Figure 1 (b), two holes are drilled on the top surface of the
heating plate. One is a perforative hole designed for injecting the anolyte or catholyte, and the
other is not perforative and designed for placing the heating rod. The current collectors are
manufactured by laser cutting with 25 holes in the center part with a diameter of 3.2 mm. The
holes allow the fuel and oxidant to diffuse from the reservoir to the anode and cathode.

An Arbin BT2000 (Arbin instrument Inc.) is utilized to control the discharging process of this
passive fuel cell and measure the polarization curves. Meanwhile, the built-in function of the
Arbin BT2000 is utilized to measure the internal resistance of this fuel cell. In addition, to
examine the fuel cell performance with specific operating temperatures, two electrical
heating rods are inserted into the holes on the heating plates and two thermocouples and a
dual-channel temperature controller are used to control the anode and cathode temperatures.
4. Results and discussion

4.1. Advantages of passive fuel cells

Compared to active fuel cells using external pumps or other auxiliary devices for fuel and
oxidant supply, the advantages of passive fuel cells can be concluded as follows: (1) The
passive fuel cells have much simpler and more compact structures, which increases both the
volumetric energy density and the design flexibility of the fuel cell system [37]; (2) The
passive fuel cells eliminate the electricity consumed by the added pumps, blowers, and
compressors, which can be regarded as parasitic energy losses [38]; and (3) Especially for
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portable and mobile electrical devices, using passive fuel cells is more favorable than the
active fuel cells due to the simplicity of diffusion and natural-convection reactant delivery
[39]. Although the passive fuel cells yield lower power output than dose the active fuel cells,
they are still considered as a promising power source for applications in future electronic
devices. For instance, the research and development of passive fuel cells have been
conducted by several giant electronic companies, including Toshiba, Samsung, NEC, etc.
[40]. Radically different from our previous work, hence, we develop and demonstrate a
passive fuel cell using EG and hydrogen peroxide as fuel and oxidant, respectively. It is a
promising power source to be applied underwater and outer space where oxygen is
insufficient.

4.2. Characterization of catalyst layers

Figure 2 (a) and (b) show the scanning electron microscope (SEM) images of the anode CL
and the cathode CL, respectively. It is seen from Figure 2 (a) that the carbon fibers were
decorated with carbon supported Pd nanoparticles. Since the loading is as low as 1.0 mg cm™,
partial carbon fibers are bare, indicating that further increasing the catalyst loading may
promote the fuel cell performance. As shown in Figure 2 (b), the carbon supported Au
nanoparticles entirely covered the carbon fibers and were uniformly distributed on the carbon
cloth. As the porous structure was formed in the CLs, the specific surface area is large, which
is beneficial for the electrochemical reactions. In addition, sufficient pathways make
contribution to mass transport. There is no obvious agglomeration of nanoparticles, providing
tremendous active sites for electrochemical reactions.

4.3. General performance

Figure 3 (a) shows the performance of the passive fuel cell with a 4.0 mL of aqueous solution
containing 5.0 M EG and 9.0 M KOH in the anode reservoir and a 4.0 mL of aqueous
solution containing 4.0 M H»0; and 1.0 M H>SOs in the cathode reservoir at 60°C with
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pretreated Nafion 211 as the membrane. It is shown that the peak power density was 65.8
mW cm and the OCV was 1.58 V. A significant improvement can be observed that both of
the peak power density and OCV increase remarkably compared to the results shown in a
previous work using oxygen as oxidant (12 mW cm™ and 0.7 V) [41]. This improvement is
mainly attributed to the enhanced cathode reaction kinetics, because the HPRR is a two-
electron rather than four-electron transfer process [42]. Although the practical voltage is as
high as 1.58 V, it is still far below the theoretical voltage (2.47 V). A general explanation was
proposed by Pan et al. [33]. As the H2O can be either reduced or oxidized, a hydrogen
peroxide-based fuel cell will be spontaneously established in the cathode, resulting in the
mixed potential. Figure 3 (b) shows the transient discharging behavior of this passive fuel cell
at a constant current density of 5 mA cm™ under the same feeding concentrations but a
different temperature of 23°C. When the cell was discharging, the voltage gradually
decreased because the consumption of the reactants resulted in a lower concentration gradient,
thus the diffusion of the reactants to the CLs was weaker. After the voltage plateau, the
voltage dramatically decreased due to the continuous drop of concentration gradient as well
as the accumulation of products on the active sites. When the voltage was lower than 0.6 V,
the cell was refueled with fresh anolyte and catholyte and the constant current discharging
was repeated. Clearly, this fuel cell system can be stably operated for around 150 h in
constant-current discharging, indicating that the potential of this passive fuel cell for practical
applications.

In a passive DEGFC, the mass transport of reactants, from the fuel reservoir through the
current collector holes and then the porous diffusion layer to the porous catalyst layer, is
mainly driven by the concentration gradient, i.e., diffusion [43], in which the
oxidation/reduction reaction will take place to consume the reactants, while the remaining
will transport through the membrane reach the other electrode, wasting the utilization
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efficiency of reactants and even causing the mixed potential problem [44]. In order to achieve
the optimal fuel cell performance, therefore, the local concentrations of reactants in the
catalyst layer should be at an appropriate level [39]. For a given design of a passive DEGFC,
the reactant-feeding concentrations in the fuel reservoir are the key factor that affects the
local concentrations in the catalyst layer, which means that there is an optimal reactant-
feeding concentration in the fuel reservoir. Too low reactant-feeding concentration of each
reactant in the fuel reservoir leads to the local concentration in the catalyst layer at an
inadequate level. Too high reactant-feeding concentration of each reactant causes the high
reactant crossover rate and severe competitive adsorption between two reactants on active
sites, leading to the other reactant at a starvation level. Therefore, it is critically important to
study the effect of the reactant-feeding concentration of each reactant in the fuel reservoir on
the fuel cell performance.

4.4. Effect of the hydroxide ion concentration

Figure 4 (a) demonstrates the performance of the DEGFC running on various KOH
concentrations with EG, H2O,, and H>SO4 concentrations fixed at 5.0, 4.0, and 1.0 M,
respectively. Both anolyte and catholyte were of 4.0 mL, while the pretreated Nafion 211 was
utilized as the membrane and the operating temperature was at 23°C. It is seen that the OCV
boosted from 1.27 V to 1.54 V with the OH™ concentration increasing from 3.0 M to 9.0 M.
This improvement can be elucidated as follows. Although the performance of catalyst can be
substantially improved via modification [45], for a specific catalyst of anode, the
concentrations of EG and OH™ in the CL have the major effect on the kinetics of EGOR. As
the EG has a constant concentration of 1.0 M, a higher KOH feeding concentration is
beneficial to the hydroxide ion transport from the fuel reservoir to the anode CL, transferring
it from starvation state to sufficient state. The enhanced hydroxide ion transport is derived
from the higher concentration gradient of hydroxide ions, as the main driving force for
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reactants to transport in passive fuel cell is diffusion. As a result, the EGOR kinetics are
enhanced, which can be confirmed by the increased OCV, as shown in Figure 4 (b). However,
when the concentration of OH™ was increased from 7.0 M to 9.0 M, the OCV's were similar,
indicating that further increasing the OH™ concentration did not bring about higher OCV. The
explanation for this phenomenon is that the adsorption of OH™ on active sites is already
saturated when the OH™ concentration is 7.0 M, so the positive effect on the OCV is
negligible when the OH™ concentration is 9.0 M. It is worth mentioning that the adsorption
competition between OH and EG on active sites may lead to the starvation state of EG [46],
resulting in the declined voltage. It can be seen that under 9.0 M OH™ operation, the highest
peak power density was as high as 30.3 mW cm™, whereas either higher or lower OH"
concentration would cause the performance degradation. The reasons can be described as
follows. In general, the electrochemical kinetics as well as the transport of species in the
anode will be heavily affected by the alkalinity of the anode. On one hand, when the OH"
concentration raises from 3.0 M to 9.0 M, the internal resistance increases from 620 mOhm
to 927 mOhm, as shown in Figure 4 (b). Although the ohmic loss is enhanced, the EGOR
kinetics is improved, which can compensate the promoted ohmic loss, resulting in the
improved performance. On the other hand, when the OH™ concentration increases from 9.0 M
to 11.0 M, the internal resistance further increases to 1077 mOhm, resulting in a severer
ohmic loss. It is because when the KOH concentration exceeds the optimal level, the
undesired competitive adsorption between EG and OH™ occurs, resulting in the lack of EG
reversely. Therefore, the active sites will be occupied and the EG adsorption will be
suppressed due to too high OH™ concentration, resulting in reduced EGOR kinetics and higher
concentration loss. In addition, the KOH concentration in the CL will be so high that it

transports through the CEM reaching the cathode and covering the cathode active sites, thus

11



the HPRR is hindered due to the loss of active sites. As a result, the performance declines
with OH™ concentration increasing from 9.0 M to 11.0 M.

4.5. Effect of the ethylene glycol concentration

As shown in Figure 4 (c), the effect of the concentration of EG on the cell performance was
tested, where the concentrations of KOH, H>O, and H2SO4 were fixed at 9.0 M, 4.0 M and
1.0 M, respectively. The concentration of EG was increasing from 1.0 M to 7.0 M, while the
voltage of this cell over the whole range of current density exhibited an increasing trend
firstly when the concentration of EG was increased from 1.0 M to 5.0 M, and then went
through a decline when further increasing the concentration of EG from 5.0 M to 7.0 M. The
former increasing trend of the cell voltage is attributed to the following reasons. As the
concentration of EG becomes higher from 1.0 M to 5.0 M, the diffusion of EG to the actives
sites on anode CL is improved, which reduces the concentration loss of EG. In Figure 4 (d), it
can be seen that the OCV is elevated as the concentration of EG is increased from 1.0 M to
5.0 M as well. Meanwhile, the cell performance with the 1.0 M EG concentration exhibited a
severe decline when the current density is in the range of 36 mA cm™ to 37 mA cm™. With
3.0 M EG concentration, a similar decline of cell performance occurred in the current density
range of 41 mA cm™to 43 mA cm™. However, no such kind of performance decline was
found with higher concentration of EG, such as 5.0 M and 7.0 M. The severe decline of cell
performance is attributed to the vast concentration loss as the EG concentration is low and the
transport of EG to the active sites is not sufficient to support the need for the electrochemical
reactions on the anode. As it is seen from Figure 4 (c), the OCV of this cell and the power
output experienced a drop when increasing the concentration of EG from 5.0 M to 7.0 M.
Three reasons make contributions to this noticeable drop of the cell performance. Firstly, as
mentioned before, the transport of EG to the active sites is boosted with higher EG
concentration. However, when its concentration reaches 7.0 M, it is actually superfluous and
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brings the problem of competitive adsorption between EG and OH. With a high
concentration of EG, the active sites on anode CL are taken up by EG, and the OH™ will be
insufficient in the EGOR. Secondly, as the concentration of EG is increasing, the crossover
problem of EG from the anode to cathode becomes severer. As a result, the crossover of EG
enhances the mixed potential and reduces the cathode potential. The subdued electrochemical
kinetics and the increased concentration loss of OH™ function together and lower the OCV of
this cell. Lastly, the mass/charge transport is hindered by the increasing viscosity of anode
solution with high EG concentration, which is proved by the elevated internal resistance, as
shown in Figure 4 (d). The ohmic loss is enhanced due to the higher internal resistance, and
thus, the cell performance is degraded.

4.6. Effect of the hydrogen peroxide concentration

As shown in Figure 5 (a), the effect of the concentration of hydrogen peroxide on the
performance of this fuel cell was studied. Meanwhile, the Figure 5 (b) shows the OCVs and
internal resistances of this fuel cell with different concentrations of H>O», which were 2.0 M,
4.0 M, and 6.0 M. The concentrations of KOH, EG and H>SO4 were fixed at 9.0 M, 5.0 M
and 1.0 M, respectively. The OCV decreased continuously with increasing concentration of
H>0,. This reduction in OCV is mainly attributed to the severer crossover problem of the
H>0O; from the cathode to anode when the H>O> concentration is increased. The permeated
H>0, will not react with EG, producing a mixed potential, however, the H>O, self-
decomposition will produce gaseous oxygen, which may hinder the transport of EG and OH"
in the anode. Therefore, a lower H,O> concentration results in a higher OCV. In spite of the
OCV, as the concentration of H>O» increased from 2.0 M to 4.0 M, the cell voltage increased
over the whole range of current density and decreased subsequently when the concentration
of H,O» was further elevated from 4.0 M to 6.0 M, which can be explained by the following
reason. From 2.0 M to 4.0 M, although the crossover problem of H>O» is severer with a
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higher H,O, concentration, the H>O> has a better transportation to the active sites on the
cathode CL, which changes it to sufficient state from the starvation state. This positive effect
brought by the enhanced transport of H>O, compensates the negative effect brought by the
crossover of H>O», so that both the cell voltage and the power output are improved. However,
when the concentration of HoO» was increased from 4.0 M to 6.0 M, the cell voltage and
power output were degraded. The reasons can be concluded as follows. Firstly, as mentioned
above, the crossover problem becomes severer with higher concentration of H,O», which
lower the OCV. Secondly, the competitive adsorption occurs between hydrogen peroxide and
protons on the active sites in cathode CL, which is brought by the superfluous H>O». As a
result, this problem increases the concentration loss of H'. Lastly, the internal resistance
becomes larger with higher H>O» concentration, as shown in Figure 5 (b), which brings a
larger ohmic loss. It can also be seen from the Figure 5 (a) that the cell performance with 6.0
M H>0O, exceeded that of 2.0 M H»>O» when the current density was high. The cell
performance in this region is promoted with a higher concentration of H»>O,, which is
attributed to the reduced concentration loss of H2O: in cathode.

4.7. Effect of the sulfuric acid concentration

As shown in Figure 5 (c), the effect of the concentration of sulfuric acid on the performance
of this fuel cell was investigated, and the concentrations of KOH, EG and H,O, were fixed at
9.0 M, 5.0 M and 4.0 M, respectively. The OCVs with different H,SO4 concentration were
similar, as shown in Figure 5 (d). In spite of the OCV, as the concentration of H>SO4
increased from 0.5 M to 1.0 M, the cell voltage over the whole range of current density
increased firstly. Then, further increasing the concentration of H>SO4 from 1.0 M to 2.0 M
results in a decrease in the cell voltage. The rise of the cell voltage as the concentration of
H>SOg4 increased from 0.5 M to 1.0 M is attributed to the reduction in concentration loss of
H*, because the H" has an enhanced transport to the active sites on CL [47]. However, when
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the H>SO4 concentration increased from 1.0 M to 2.0 M, the cell performance degraded,
which is mainly ascribed to two reasons. On one hand, the shortage of H>O» occurs because
the superfluous H>SO4 covered the active sites on the cathode CL. The concentration loss
increases because of the deficiency of H>O» on the active sites, and the cell voltage decreases
as a result of that. On the other hand, the ohmic loss increases due to the high concentration
of H2SO4. The increasing concentration of H>SO4 gives rise to a higher viscosity of the
catholyte, which increases the internal resistance in a linear manner and the ohmic loss as
well. Due to these two reasons, the cell performance with 2.0 M H>SOs4 had a serious
degradation comparing to the performance with 1.0 M H>SOa.

4.8. Effect of the membrane thickness

The effect of membrane thickness on cell performance was studied by using different CEMs
(N211, N212, and N115) at 23°C, where 4 mL aqueous solution of 5.0 M EG and 9.0 M
KOH was contained in anode reservoir and 4 mL aqueous solution of 1.0 M H>SO4 and 4.0
M H>O» was contained in cathode reservoir, and the results are shown in Figure 6 (a). When
the current density was low, a thicker membrane yielded a superior cell performance, which
can be confirmed by the OCVs shown in Figure 6 (b). However, the performance of this
passive fuel cell was better with a thinner CEM at medium and high current densities. This
phenomenon can be explained as follows. A thicker membrane suppresses the crossover of
both EG from the anode to cathode and H>O; from the cathode to anode. As a result, the
negative effects derived from species crossover are hindered and the cell voltage increases at
low current density region. However, the ohmic loss plays an important role during the
discharging process, especially at medium and high current densities. As shown in Figure 6
(b), as the membrane thickness increased, the internal resistance also increased considerably,

which led to a rapider degradation of the cell voltage during the whole discharging process.
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As a result, the cell had a worse performance with thicker membrane due to the increasing
ohmic loss at both medium and high current densities.
4.9. Effect of the operating temperature
The operating temperature of this passive fuel cell has a considerable effect on the cell
performance. When the operating temperature increased, the cell performance also had an
obvious improvement. The cell performance was studied with different operating
temperatures as shown in Figure 7, where 4 mL aqueous solution of 5.0 M EG and 9.0 M
KOH was contained in anode reservoir and 4 mL aqueous solution of 1.0 M H>SO4 and 4.0
M H>0O; was contained in cathode reservoir, and the pretreated Nafion 211 was utilized as the
membrane. When the operating temperatures of this fuel cell were at 23°C, 40°C, and 60°C,
the peak power densities reached 30.3, 39.6 and 65.8 mW cm™, respectively. The impressive
enhancement in cell performance is attributed to three reasons. Firstly, the increasing
temperature promotes the kinetics of both anode and cathode reactions, including the EGOR
and HPRR, which decreases the activation loss during the discharging process [48]. Secondly,
the concentration loss decreases with increasing operating temperature. The transport of the
reactants in both anolyte and catholyte is improved with higher temperature. The transport of
cations through the membrane is boosted as well. As a result of this enhanced transport, the
reactants reach the active sites on the CLs more easily, thus the concentration loss decreases
because of the alleviative reactant shortage. Lastly, as the operating temperature increases,
the CEMs will have a better conductivity, which brings a reduction in ohmic loss. The three
improvements result in a better performance of this fuel cell.
4.10. Effect of the hydrogen peroxide self-decomposition
As mentioned, the H>O» self-decomposition will take place in the cathode, and it is an
exothermic reaction according to:

2H,0,-0,+2H,0 AH=-196.1 k] mol!
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Meanwhile, both the electrochemical reactions on the anode and the cathode are exothermic
reactions as well, so the cell temperature will increase during discharging. Therefore, it is
critical to determine whether the heat released from the H>O» self-decomposition plays an
important role in the cell temperature. If the cell temperature increases rapidly due to the
H>0O; self-decomposition, it is necessary to adopt heat management methods to control the
cell temperature at a reasonable range. Figure 8 shows the transient temperature behaviors of
the passive fuel cell under 20, 40, and 80 mA constant current discharging operation, where 4
mL aqueous solution of 5.0 M EG and 9.0 M KOH was contained in anode reservoir and 4
mL aqueous solution of 1.0 M H2SO4 and 4.0 M H>O» was contained in cathode reservoir,
and the pretreated Nafion 211 was utilized as the membrane at 23°C. It can be seen that the
cell temperature first increased from the room temperature, 23°C, with the discharging time,
and finally reached a stable temperature, indicating the heat balance between the cell and
external environment. The increased temperatures were 0.5, 1.1, and 2.0°C under 20, 40, and
80 mA current discharging operation, respectively. It can be inferred from the linear
temperature increase with the discharging current that the increased temperature is caused by
the electrochemical reactions rather than the H»O: self-decomposition. Otherwise, the
increased temperature at three different discharging currents should be similar rather than the
linear increase. Therefore, both the electrochemical reactions on the anode and the cathode
play the dominant role in the cell temperature.

5. Concluding remarks

A passive direct ethylene glycol fuel cell is proposed and tested in this work. Different
operating conditions are tested to investigate the effects of different feeding concentrations of
reactants, different thicknesses of the cation exchange membranes, and different operating
temperatures on the cell performance. The results exhibit that the peak power densities of this
fuel cell are 30.3 and 65.8 mW cm™ at 23 and 60°C, respectively, with optimal aqueous
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anolyte containing 5.0 M EG and 9.0 M KOH, and optimal aqueous catholyte containing 1.0
M H>SO4 and 4.0 M H>Oz. In addition, the results show that the thickness of the CEMs has a
significant effect on cell performance. Although a thicker membrane reduces the crossover
problem, a thinner one shows a significant reduction in ohmic loss, resulting in a superior cell
performance. As a result, the cation exchange membrane prepared from N211 exhibits the
best performance. The performance of this fuel cell under the optimal operating conditions
(1.58 V and 65.8 mW cm™) has an impressive improvement comparing to a passive direct
ethylene glycol fuel cell with oxygen as oxidant, which is more than 2 times in the open
circuit voltage and more than 5 times in the peak power density. The excellent performance is
mainly attributed to the faster kinetics of hydrogen peroxide reduction reaction due to the
two-electron-transfer process. Moreover, the effect of the heat released by the self-
decomposition of hydrogen peroxide is also investigated. The results indicate that the
hydrogen peroxide self-decomposition shows a negligible effect on the total heat released
over the discharging process, during which both the electrochemical reactions on the anode

and cathode play the dominant role.
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SEM HV: 5.0 kV WD: 4.14 mm : MAIA3 TESCAN

SEM MAG: 5.70 kx Det: In-Beam SE
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SEM HV: 5.0 kV WD: 5.59 mm MAIA3 TESCAN

SEM MAG: 32.5 kx Det: In-Beam SE

Performance in nanospace

Figure 2
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Figure captions:

Figure 1 (a) Working principle and (b) schematic illustration of a passive DEGFC.

Figure 2 SEM images of the catalyst layer of (a) anode and (b) cathode.

Figure 3 (a) Performance of the passive DEGFC and (b) transient discharging behavior with
refueling.

Figure 4 Effect of the KOH concentration on (a) the cell performance and (b) OCV and
internal resistance. Effect of the EG concentration on (c) the cell performance and (d) OCV

and internal resistance.
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Figure 5 Effect of the HoO> concentration on (a) the cell performance and (b) OCV and
internal resistance. Effect of the H,SO4 concentration on (c) the cell performance and (d)
OCV and internal resistance.

Figure 6 Effect of the membrane thickness on (a) the cell performance and (b) OCV and
internal resistance.

Figure 7 Effect of the operating temperature on the cell performance.

Figure 8 Transient cell temperature behaviors with constant current discharging.
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