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Abstract

A passive direct ethylene glycol fuel cell stack is developed and tested, in which each single
cell consists of an alkaline Pd-based anode, an acid Au-based cathode, and a cation exchange
membrane. This passive stack design eliminates the gas blowers/compressors for the air supply,
external liquid pumps for the liquid fuel supply, or any other auxiliary devices. Hence, the
passive design reduces both volume and weight of the stack comparing to the active fuel cell
stack, thus both volumetric energy density and specific energy density are much improved. In
this study, an alkalized ethylene glycol aqueous solution is used as fuel and an acidified
hydrogen peroxide aqueous solution is used as oxidant, respectively. As a result, the theoretical
voltage of this fuel cell stack is increased from 2.18 V to 4.94 V comparing to the design using
the air, which shows a promising potential for practical applications. Experimentally, at the
optimal reactant-feeding concentrations of 5.0 M EG and 9.0 M KOH as anolyte and 4.0 M
H>07 and 1.0 M H2SOs as catholyte, this passive stack yields an open-circuit voltage of 3.0 V,
a maximum current of 860 mA, and a peak power of 1178 mW at room temperature, which
exhibits a two-time higher peak power density (24.5 mW cm™) than a passive stack using the

same type of fuel but the air as oxidant (12 mW cm™). The impressive improvement can be
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ascribed to the faster hydrogen peroxide reduction reaction due to its two-electron transfer
process rather than a four-electron process. In addition, the effects of feeding concentrations in
both anolyte and catholyte on the stack performance are studied. Finally, the present passive
stack is applied to power an electric fan for around 3 hours under the mimetic underwater
circumstance, demonstrating that this passive stack is a promising power source for airtight

situations, such as underwater and outer space.
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1. Introduction

Direct liquid fuel cells (DLFCs) that use liquid alcohols as fuel, e.g. methanol, ethanol, and
ethylene glycol (EG), to replace gaseous hydrogen have been regarded as one of the most
promising power generation technologies for portable electronics [1-5]. In spite of the general
superiorities of fuel cells, such as simple design, high energy conversion efficiency, low
emissions as well as quick refueling [4, 6], the DLFCs exhibits a broader range of advantages
including mature production, easy transportation, and convenient handling of liquid fuels
comparing to hydrogen fuel cells [7-11]. Among various liquid fuels, EG has received
considerable interests because of the electron transfer rate as high as 80%, the boiling point of
198°C, and the theoretical energy capacity of 4.8 Ah mL!, which is a promising fuel for
electronic devices [12, 13]. In addition, the toxicity of EG is low and it can be produced by
hydration of ethylene oxide (EO) efficiently [14]. Therefore, direct ethylene glycol fuel cells
(DEGFCs) have attracted ever-increasing attention, particularly these fuel cells using anion
exchange membranes (AEMs) due to the both enhanced anodic and cathodic kinetics [15-18].
AEMs and cation exchange membranes (CEMs) are classified by the charge type of fixed
functional groups, which can selectively allow the passage of oppositely charged ions (counter-
ions), while obstruct similarly charged ions (co-ions) [19]. An et al. [20] compared the AEM
and CEM in direct ethanol fuel cells (DEFCs). It was found that the AEM possessed the higher
ionic conductivity and mechanical property, but the worse thermal stability. In addition, the
CEM showed the lower ionic conductivity, but acceptable thermal stability, mechanical
property, and species permeability. There is no significant difference in the fuel cell
performance between the AEM and CEM at low operating temperatures (<60°C), but the CEM-
DEFC can operate stably at high operating temperatures (typically 90°C).

In the past decade, numerous effects have been made on performance improvement, catalyst

development, and system innovations [21-28]. An et al. [21] developed and tested an alkaline



DEGFC using an AEM, which exhibited a peak power density of 67 mW cm™ at 60°C. The
outstanding performance was ascribed to the alkaline environment, which much enhances the
kinetics of both the oxygen reduction reaction (ORR) and ethylene glycol oxidation reaction
(EGOR). Considering the poor stability of AEM at high temperatures, generally over 60°C,
they replaced the AEM with an alkali-doped polybenzimidazole in an alkaline DEGFC, which
allows the operation of the fuel cell at higher temperatures (90°C). As a result, it was found
that a higher peak power density of 112 mW c¢m™ was achieved at 90°C [22]. To improve the
activity of the catalyst toward EGOR, Feng et al. [23] reported networked Pt-Pb nanowires
(NWs), which was synthesized via a large-scalable wet-chemical approach. The electrocatalyst
showed a 3D networked structure with rich defects/steps. To further promote the cell
performance and extend the application situations to underwater and outer space, Pan et al. [29]
reported that an open-circuit voltage (OCV) of 1.41 V and a peak power density of 80.9 mW
cm at 60°C were achieved by replacing the oxygen with hydrogen peroxide in the DEGFC.
This type of DEGFC boosted the OCV by 62.1% and the peak power density by 20.8%, as well
as eliminated the requirement of air from the ambient environment. Using the acidified
hydrogen peroxide rather than the oxygen or air in the cathode as the oxidant has been tested
in fuel cells running on various fuels such as formate [30], propanol, and glycerol [31]. Li [30]
found that the AEM direct formate-peroxide fuel cell showed a more stable cell voltage than
the AEM direct ethanol fuel cell in a conceptual half-hour constant-current discharge. Chino
et al. [31] reported that the split pH environment improved the thermodynamics of the fuel cell
by creating a large potential difference between electrodes. However, the decomposition of
H>0; and thus generation of O, may form a two-phase flow in the cathode flow channel,
resulting in the voltage fluctuation, which is not desirable in the practical applications.

Meanwhile, it creates a large transport resistance of H>O; from the cathode flow channel to the



cathode CL, which may lead to the H>O; in the cathode CL at a starving state, thus the cathodic
reaction kinetics is sluggish [32].

Moreover, to meet the voltage requirement of electronics in practice, a fuel cell stack rather
than a single cell is used, which is constituted by cells connected in series. Cremers et al. [33]
developed an active AEM-DEGFC stack using the air as oxidant. When the feeding rates were
12 mL min™' on the anode and 800 sccm on the cathode, the fuel cell stack showed a peak power
density of 44 mW cm™ at 50°C. Although the performance is promising, the active operation
mode needs auxiliary equipment such as liquid pumps and gas compressors, leading to a more
complicated and heavier system [34, 35]. To meet the demand for portable electronic devices,
the active operation mode can be replaced by a passive way, which makes the reactants store
in the reservoirs and transport to the catalyst layer mainly via diffusion, driven by the
concentration gradient [36]. It should be mentioned that the delivery of reactants at the passive
operation mode in the porous electrode is slower than the active one does, which is attributed
to the fact that an additional driving force of convection for the delivery of reactants exits at
the active operation mode. Hence, the passive fuel cell performance is generally lower than the
active fuel cell does at the same operation conditions. Pan et al. [37] developed a passive
DEGFC with hydrogen peroxide as oxidant. This fuel cell exhibited peak power densities of
30.3 and 65.8 mW cm™ at 23 and 60°C, respectively. Marchionni et al. [38] synthesized Pd-
(Ni-Zn)/C catalyst, which was Pd nanoparticles supported on a Ni—Zn phase, and adopted it as
the anode catalyst in a passive DEGFC. It was found that the peak power density increased
from 12 mW cm™ to 24 mW cm at 25°C when the Pd-(Ni-Zn)/C replaced the Pd/C. Fashedemi
et al. [39] prepared Pd-based ternary core-shell (FeCo@Fe@Pd) nanocatalyst using multi-
walled carbon nanotubes bearing carboxylic (MWCNT-COOH) as supporting platform and
compared its performance with the PA/MWCNT-COOH in a passive DEGFC. It was reported

that the running time of the fuel cell using the FeCo@Fe@Pd/MWCNT-COOH-based anode



was around 4.7 h at a discharging current density of 20 mA cm, which was higher than the
Pd/MWCNT-COOH-based anode did (3.3 h).

In this study, being motivated by the practical needs for reducing the design complexity of the
fuel cell system as well as the high voltage requirement of electronics in practice, we designed,
fabricated, and tested a passive DEGFC stack, constituted by two single cells, using hydrogen
peroxide as oxidant, which avoids the use of liquid pumps and gas compressors as well as
possesses a promising theoretical OCV of 4.94 V. As a result of the simpler structure, the
specific energy density and volumetric energy density are increased, and the design complexity
is reduced significantly. Moreover, the replacement of the oxygen provided from the
environment by the hydrogen peroxide in the proposed fuel cell stack is in favor of allowing
the fuel cell stack to be air-independent power sources for underwater and outer space
applications. Although it is attractive, the H>O» is not stable and will be decomposed to oxygen
and water, thus the produced oxygen will reduce the electrochemical surface area (ECSA) and
block the channels for reactant delivery, to which future research attention can be paid. The
effects of feeding concentrations on the fuel cell stack performance are investigated. When the
fuel cell stack is operated at the optimal reactant-feeding concentrations of 5.0 M EG and 9.0
M KOH as anolyte and 4.0 M H>O» and 1.0 M H>SOys as catholyte, it exhibits an actual OCV
of 3.0 V, a maximum current of 860 mA, and a peak power of 1178 mW at room temperature.
It is found that the whole running time of the fan powered by this passive fuel cell stack was 2
hours and 36 minutes underwater, which was similar to the that in the natural circumstance,
demonstrating that this passive fuel cell stack is a promising power source for airtight situations,
such as underwater and outer space.

2. Working principle

As depicted in Fig. 1 (a), the passive stack is constituted by two single cells connected in series,

which are named as cell 1 and cell 2. The single cell is symmetrically constructed. From the



anode to the cathode, the components are the anode diffusion layer (DL), the anode catalyst
layer (CL), the CEM, the cathode CL, and the cathode DL in sequence. In cell 1, the anolyte
diffuses from the anode reservoir to the anode CL driven by the concentration gradient, where
EGOR occurs and oxalate, electrons and water are produced as shown in Eq. (1) [12]:
C,Hg0,+100H =(CO07),+8e +8H,0 Eegor=-0.69V (1)
The electrons produced by the EGOR of cell 1 are transported from the anode to the cathode
of cell 2 through the external circuit. At the same time, H>O> and protons in the cathode
reservoir of cell 2 are transported through the cathode DL to the CL and react with coming
electrons to produce water, which is known as the hydrogen peroxide reduction reaction
(HPRR) [40]:
4H,0,+8H*+8e —»8H,0 Enprr=1.78 V (2)
Meanwhile, the EGOR occurs in the anode of cell 2 and the electrons produced are transported
through the external circuit to the cathode of cell 1. The HPRR is induced in the cathode of cell
1 when receiving the electrons from the anode of cell 2. In both cell 1 and cell 2, the potassium
ions transport from the anode to the cathode to complete the internal ionic circuit. The overall
reaction is obtained by combining the EGOR and HPRR, which achieves a significantly high
theoretical voltage of 2.47 V for a single cell [37]:
C,Hc0,+4H,0,+8H"+100H »(C00"),+16H,0 E=247V 3)
3. Experiment
3.1. Membrane electrode assembly preparation
The membrane electrode assembly (MEA) is the key component in the passive stack. Two pairs

of home-made anodes and cathodes with an active area of 3.0 cm X 8.0 cm are used in the two

single cells and the pretreated Nafion 211 (30 um in the dry state) is selected as the CEM due
to the smaller thickness. The Pd-based anode could be fabricated by the method in the open

literature [41]. The preparation of the catalyst ink was mixing the ethanol, 5 wt.% Nafion (Fuel



Cell Store, USA), and 30 wt. % Pd/C (Sigma-Aldrich Co., USA). Afterwards, the mixed ink
underwent an ultrasonic treatment in the ultrasonic oscillating instrument for 30 minutes. Then
the catalyst ink was coated on the carbon cloth (Hesen, China) by a spraying method until the
catalyst loading reached 1.0 mgpa cm™. Similarly, 60 wt. % Au/C (Premetek Co., USA) was
mixed with 15 wt. % Nafion and ethanol to prepare the cathode catalyst ink, which was then
sprayed on the carbon cloth by the same method, and the catalyst loading of the catalyst was
2.75 mga, cm™. In terms of the preparation of CEMs, the membranes were cut to an area of
4.0 cm % 9.0 cm so that it can fully cover the electrode, which were then immersed in the 2.5
M KOH solution. After one-hour immersion at 80°C, DI water was used to wash the membrane
for three times and the membrane was kept in DI water for further assembly.

3.2. Fuel cell setup and instrumentation

As depicted in Fig. 1 (b), the stack consists of two pairs of MEAs, three endplates, four
reservoirs, four current collectors, and assorted screws. In case of corrosion by the acid and
alkaline environments, 1Cr18Ni9Ti stainless steel and 316L stainless steel were chosen as the
materials of endplates and current collectors, respectively. The electrolyte reservoir was
designed to be transparent by using polymethyl methacrylate (PMMA) with a hole drilled on
the top so that the process of anolyte/catholyte injection is visible. Polytetrafluoroethylene
(PTFE) gaskets were added between each layer of the stack to prevent the leakage. The two
single cells were connected in series and the electrode arrangement of these two single cells
were opposite to avoid the formation of internal fuel cell and self-discharging. The polarization
curve and internal resistance of the passive fuel cell stack were tested by using Arbin BT2000
(Arbin instrument Inc.).

4. Results and discussion

4.1. General stack performance



Fig. 2 (a) shows the results of the polarization test and the power of the passive stack at room
temperature with 5.0 M EG and 9.0 M KOH as anolyte and 4.0 M H>O; and 1.0 M H>SOy4 as
catholyte. It is demonstrated that the passive stack outputs an OCV of 3.0 V, a maximum
current of 860 mA, and a peak power of 1178 mW. In a previous study [42], when EG was
used as fuel in the anode and O, was used as oxidant in the cathode, the passive single cell
achieved an OCV of 0.7 V and a peak power density of 12 mW cm™. The passive stack in this
study exhibits an OCV (3.0 V) four times higher than 0.7 V and a peak power density (24.5
mW cm) twice higher than 12 mW cm™. The performance elevation of this passive stack is
mainly ascribed to the superior nature of HPRR comparing to ORR. The two-electron-transfer
process of HPRR is more beneficial to the fuel cell performance due to the enhancement of
reaction kinetics and a higher theoretical voltage comparing to the four-electron-transfer
process of ORR [43]. However, the practical OCV of the stack (3.0 V) is significantly lower
than the theoretical OCV (4.94 V). In general, the theoretical OCV can hardly achieve due to
the presence of the activation loss, which is caused by the slowness of the reactions taking
place on the surface of the electrodes as well as the poor reversibility of anodic and cathodic
reactions. Hence, a proportion of the voltage generated is sacrificed to drive the chemical
reaction that transfers the electrons to or from the electrode [44]. From this perspective, four
methods can be adopted to reduce the activation loss, which are raising the fuel cell operating
temperature, using more effective catalysts, increasing the roughness of the electrode, and
increasing the reactant concentrations appropriately [45]. In addition, the large OCV loss is
associated with the H,O as well. The H>O» in the cathode is supposed to be used as oxidant,
nonetheless, the H>O» also can be oxidized, which establishes of an internal H>O»-based fuel
cell and causes the mixed potential in the cathode [37]. Moreover, the H>O» is not stable and
will be decomposed to oxygen and water. The produced oxygen gas results in two

disadvantages. On one hand, the active sites on the catalyst particle may be covered by oxygen,



reducing the electrochemical surface area. On the other hand, oxygen in the porous DL and CL

will block the pathways for the reactant transport.

The consistency of the individual cell was investigated by monitoring the voltage of cell 1 and
cell 2 at different current densities. As shown in Fig. 2 (b), the voltage of the two cells exhibited
a good consistency over the whole current region. However, it can be observed that the voltage
of cell 1 decreased slightly faster than cell 2 with increasing current, which was ascribed to the
higher internal resistance of cell 1. The good conformance of individual cell consistency
reflects a high degree of reproducibility achieved by the appropriate electrode manufacturing
process [46], which predicts a promising future for the mass production in practical
applications.

Meanwhile, the transient OCV behavior of the stack was investigated. The cell stack was first
discharged completely and rested for 20 minutes, and the OCV was recorded and shown in Fig.
3 (a). The OCV of the stack increased rapidly in the first 5 minutes and stabilized at around 2.8
V subsequently. The OCV of this passive stack did not experience a decrease after reaching
the maximum value during the rest period, which is different from some other types of fuel
cell, such as the direct methanol fuel cells (DMFCs) and DEFCs [47]. This performance
improvement is ascribed to the fact that the Au catalyst is inactive to EG, thus the mixed
potential problem in the cathode is eliminated, which leads to the stable OCV during the rest
period.

Moreover, the constant discharging behavior of this stack was studied. As shown in Fig. 3 (b),
when the discharging process was conducted at a constant current of 150 mA, the stack was
operated with a stable voltage around 2.5 V for about 160 minutes, presenting a stable and
satisfactory performance. In addition, the cost of this passive fuel cell stack can be obtained by

summing up the cost of all the components. The unit prices of the anode catalyst, cathode
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catalyst, CEM, and DL are $42.7 ¢!, $136 ¢!, $0.07 cm™, and $0.11 cm™, respectively. Based
on the usage of materials in the electrode fabrication, the anode catalyst costs around $8.59,
the cathode catalyst is around $35.90, the CEMs are about $4.86, the DLs are about $16.32,
and the fixers are about $5.10. Hence, taking the peak power of 1.178 W achieved by this
passive fuel cell stack into consideration, the cost normalized by power output of this passive
fuel cell stack is about $60.08 W-!'. Comparing to the cost of an active DMFC stack, which is
$43.19 W-! [48], the cost of this passive fuel cell stack is higher, which is attributed to the high
cathode catalyst loading. All the results show that the passive stack is a promising candidate to
be further studied for future application.

4.2. Effect of the ethylene glycol concentration

The effect of the EG concentration on the passive stack performance was studied as shown in
Figs. 4 (a) and (b). In addition to the variations EG concentrations from 1.0 M to 7.0 M, the
concentrations of KOH, H>0O,, and H>SO4 were fixed at 9.0 M, 4.0 M and 1.0 M, respectively.
Meanwhile, the operating temperature was room temperature, and a pretreated Nafion 211
membrane was used as the cation exchange membrane. Fig. 4 (a) presents the polarization
curves of the stack with different concentrations of EG. The peak power increased at first and
then decreased with the increasing concentrations of EG from 1.0 M to 7.0 M, and the
maximum value of the peak power reached 1178 mW with 5.0 M EG. At the same time, the
values of the maximum current showed a large variation. The maximum current was 480 mA
with 1.0 M EG. Then, it increased to around 860 mA when the concentration of EG was
increased to 3.0 M and 5.0 M. However, with EG concentration further increasing to 7.0 M,
the maximum current decreased to 590 mA. Moreover, as presented in Fig. 4 (b), the OCV
increased from 2.89 V to 3.00 V with concentration of EG increasing from 1.0 M to 5.0 M.
However, the OCV was reduced to 2.85 V at a EG concentration of 7.0 M. These observations

of stack performance with different concentrations of EG can be explained by these reasons.
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When the EG concentration varies from 1.0 M to 5.0 M, the diffusion of EG is promoted due
to the increasing concentration gradient of EG, which results in an elevation of EG
concentration on the anode CL from the starvation state to the sufficient state. Therefore, the
OCV is elevated with the increasing EG concentration from 1.0 M to 5.0 M This explanation
is also validated by the sharp decrease of voltage and power at the high current region of 480
mA with 1.0 M EG, which is caused by the severe concentration loss due to the fuel shortage.
However, when the EG concentration was increased to 3.0 M and 5.0 M, the concentration
losses at high current region became less severer. When the concentration of EG was further
increased to 7.0 M, the stack performance experienced a significant degradation ascribed to
three possible reasons. Firstly, competitive adsorption between EG and OH™ on the active sites
occurs with a high EG concentration. When the concentration of EG is 7.0 M, the active sites
on the anode CL are taken up by the EG, which hinders the adsorption of OH™ and results in a
lower kinetics of EGOR. The sharp decrease of cell voltage with 7.0 M EG at a high current
region of 590 mA is caused by the severe concentration loss due to the OH™ shortage, which
validates the above explanation. Secondly, the crossover of EG becomes severer with a higher
EG concentration. Although the EG permeated to the cathode cannot produce the mixed
potential due the fact that Au is not sensitive to EG, a portion of active sites on the cathode CL
is occupied by the EG. The reaction kinetics of HPRR is negatively affected, which is reflected
by the decreased OCV of the cell stack with EG concentration increasing from 5.0 M to 7.0 M
as shown in Fig. 4 (b). Lastly, the viscosity of anolyte increases as EG concentration increases.
The transportation of the reactants and charges is hindered, which results in a larger internal
resistance and an elevated ohmic loss as shown in Fig. 4 (b). In summary, the passive stack
outputs the maximum OCV, current, and power of 3.0 V, 860 mA, and 1178 mW, respectively,
at an EG concentration of 5.0 M when other operating conditions are constant.

4.3. Effect of the hydroxide—ion concentration
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Fig. 5 (a) shows the effect of the KOH concentration on the stack performance with EG, H>O»,
and H,SO4 concentrations fixed at 5.0, 4.0, and 1.0 M accordingly. It can be observed that the
OCV increased from 2.68V to 3.06V with OH™ concentration increasing from 5.0 M to 11.0 M.
In terms of a specific catalyst, the kinetics of EGOR is dominated by the local concentrations
of species in the anode CL. At an EG concentration of 5.0 M, a higher OH" feeding
concentration will result in enhanced OH™ transportation from the anode reservoir to the anode
CL where a starvation state of OH is transferred to a sufficient state. Therefore, the EGOR
kinetics is enhanced through this process, which leads to a gradually increasing OCV as
presented in Fig. 5 (b). However, the gradient of the OCV curve in Fig. 5 (b) was smaller,
indicating that further increasing the OH™ concentration had little contribution to the
enhancement of OCV. This can be explained that the adsorption of OH™ has almost been
saturated at the concentration of 9.0 M, thus limited OH" is able to be adsorbed on the active
sites. It can be obtained that the peak power of 1178 mW was reached at 9.0 M as presented in
Fig. 5 (a), while the performance would degrade with either higher or lower OH™ concentration.
Generally, the electrochemical kinetics and the species transport in the anode largely depend
on the alkalinity of the anode. It can be observed from Fig. 5 (b) that the internal resistance
enlarged from 285 mOhm to 316 mOhm when OH™ concentration increased from 5.0 M to 9.0
M. The performance is still improved because the compensation of positive effect of facilitated
EGOR kinetics on stack performance for the increased ohmic loss is adequate. When further
increasing the OH™ concentration, the internal resistance increasing to 331 mOhm led to a larger
ohmic loss. In addition, the active sites will be fully occupied by OH", hence the EGOR kinetics
is reduced and the concentration loss is promoted. In conclusion, the performance of the passive
stack improves with OH™ concentration increasing from 5.0 M to 9.0 M, then declines with OH"
concentration increasing from 9.0 M to 11.0 M.

4.4. Effect of the hydrogen peroxide concentration
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The H>0O> used in the cathode acts as the oxidant for the passive stack, and its concentration
plays a crucial role on the stack performance. As shown in Figs. 6 (a) and (b), the effect of
H>0, concentration on stack performance was investigated with a constant H>SOq
concentration at 1.0 M. In Fig. 6 (a), it could be seen from the polarization curves with different
H>0O:> concentrations that the stack performance was improved as the H>O» concentration was
first elevated from 2.0 M to 4.0 M, then degraded with H>O> concentration further increasing
to 6.0 M. The stack voltage in the whole current region increased first and then decreased with
the increasing concentration of HoO» and the maximum current also conformed to the same
trend. The best performance was obtained when the concentration of H>O> was 4.0 M with a
highest power of 1178 mW and a maximum current of 860 mA. Fig. 6 (b) shows that the OCV
of the stack experienced an increase from 2.92 V to 3.00 V with H>O> concentration increasing
from 2.0 M to 4.0 M, and then decreasing to 2.79 V as H>O concentration further reached 4.0
M. Meanwhile, the internal resistance of the stack enlarged from 331 mOhm to 368 mOhm
with the increased concentration of H>O». The above observations can be explained as follows.
As shown in Fig. 6 (a), the significant concentration loss at high current range with the H>O»
concentration of 2.0 M reveals the fact that the local concentration of H,O on cathode CL is
in a deficient state. As the concentration of H,O; increases from 2.0 M to 4.0 M, the diffusion
of H>O» to the CL is promoted and the concentration of H>O> on the CL is transferred from a
deficient state to a sufficient state. Meanwhile, the kinetics of HPRR is much improved. Thus,
the OCV of the stack increases in this process as presented in Fig. 6 (b), and the stack
performance is improved. However, with the H>O> concentration further increasing to 6.0 M,
the OCV decreases and the stack performance degrades as well. This phenomenon can be
attributed to three aspects. Firstly, the excessively high concentration of H,O, leads to the
competitive adsorption between H2O2 and H' on the active sites of cathode CL. The adsorption

of H" becomes insufficient and the kinetics of HPRR becomes lower, which is also reflected
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by the sharp decrease of the stack voltage in high current region. Secondly, with a higher H>O»
concentration, the self-decomposition of H>O» becomes severer, which produces a larger
number of gaseous products in the cathode. The gas bubbles presented in the electrolyte
reservoir may impede the transport of H>O, and H2SOj4 to the cathode CL and leads to an
increasing internal resistance of the stack as presented in Fig. 6 (b). Last but not least, the
crossover of HO> from the cathode to anode is severer with a higher concentration. At the
same time, the transport of EG and KOH in the anode may also be influenced by the gaseous
products produced by the self-decomposition of the H>O> in the anode, which produces
negative impact on the stack performance as well.

4.5. Effect of the sulfuric acid concentration

Fig. 7 (a) presents the effect of the H>SO4 concentration on the passive stack performance with
EG, H;0,, and KOH concentrations fixed at 5.0, 4.0, and 9.0 M, respectively. It can be
observed that the OCV increased from 2.85 V to 3.01 V with H>SO4 concentration increasing
from 0.5 M to 1.0 M and decreased from 3.01 V to 2.86 V with H.SO4 concentration further
increasing from 1.0 M to 2.0 M. This phenomenon can be accounted as follows. With H>SO4
concentration increasing from 0.5 M to 1.0 M, the increasing voltage is resulted from the
enhanced transportation of H" which weakens the concentration loss of H" [49]. However,
further increasing HoSO4 concentration to 2.0 M did not lead to a better performance. One
reason is that the redundant HoSO4 have taken up numerous active sites, which results in
shortage of H>O> in the CL. Then a higher H,O, concentration loss is caused and the voltage
degrades. Another reason is that the viscosity of catholyte is enlarged due to the increasing
H>SO4 concentration. Meanwhile, the internal resistance rises when H>SOs4 concentration
increases as shown in Fig. 7 (b), which then causes severer ohmic loss. Therefore, the passive

stack has the best performance with H>SO4 concentration at 1.0 M.
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In summary, the reasons why the fuel cell performance will drop at higher feeding-
concentrations of reactants can be concluded as follows: (1) the competitive adsorption
between the reactants on active sites results in the lowered reaction kinetics and the increased
concentration loss; (2) the viscosity of electrolyte becomes larger, impeding the transportation
of reactants and charges; and (3) the hindered delivery of reactants leads to a larger internal
resistance and an increased ohmic loss.

4.6. Demonstration of the passive stack to power an underwater fan

As mentioned, one advantage of the passive stack using hydrogen oxide is the feasibility to be
a power source for underwater and outer space applications where the air is insufficient.
Therefore, this superiority is emphasized by comparing the capacity of the passive stack
powering an electric fan with different oxidants, i.e., hydrogen peroxide and air, under different
working circumstances, i.e., normal environment and mimetic underwater environment. The
fuel cell stack is operated with 5.0 M EG and 9.0 M KOH as anolyte and 4.0 M H,0O; and 1.0
M H>SO4 as catholyte at room temperature. The capacity is verified by the running time of the
fan, whose power rating and revolutions per minute are 1.8 W and 20000 rpm, respectively.
Under the normal environment, after the connection of the anode and cathode of the stack and
the fan by wires, the fan could not run when the passive stack used the ambient air as oxidant.
This is because that the Au based cathode is not able to catalyze the ORR effectively, thus the
power output is unable to drive the fan. On the contrary, when the hydrogen peroxide was used,
the fan rotated at a high speed. To present the continuous output ability of the passive stack, a
stopwatch was used to measure how long the fan would run until the fan gradually slowed
down and completely stopped. It can be observed from Fig. 8 (a) that the whole running time
was 2 hours and 52 minutes, indicating that the passive stack possesses the potential for
practical applications. As shown in Fig. 8 (b), to further imitate the underwater environment

without air supply, an airtight condition was created by a sealed box within the stack and fan,
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which was placed in a larger box full of water. It is found that the whole running time of the
fan was 2 hours and 36 minutes underwater, which was similar to the result in the natural
circumstance. The satisfactory performance under the underwater condition demonstrates that
the passive stack is an applicable power source and has the potential for future application in
relevant fields.

5. Concluding remarks

In this study, a passive direct ethylene glycol fuel cell stack is proposed, fabricated, and tested.
This passive design reduces the volume and weight of the stack comparing to the active fuel
cell stack, thus both specific energy density and volumetric energy density are improved. The
effect of feeding species concentrations on the stack performance is studied. The results
indicate that the peak power of this passive stack is 1178 mW at room temperature with the
optimal reactant-feeding concentrations of 5.0 M EG and 9.0 M KOH as anolyte and 4.0 M
H>0; and 1.0 M H,SOg4 as catholyte. The achieved peak power density is twice as high as that
of a passive cell using ethylene glycol as fuel and air as oxidant. The impressive improvement
results from the faster hydrogen peroxide reduction reaction due to its two-electron-transfer
process rather than the four-electron-transfer process. In addition, the individual cell in the
passive stack exhibits a good consistency over the whole current region, indicating a high
degree of reproducibility achieved by the appropriate electrode manufacturing process.
Moreover, to demonstrate the passive stack to be a promising power source under special
situations, such as underwater and outer space, the passive stack is applied to power an electric
fan under the mimetic underwater environment. It is demonstrated that the whole running time
of the electric fan is 2 hours and 36 minutes with hydrogen peroxide as oxidant, while the air
is used as oxidant, the electric fan is unable to run, suggesting that this passive stack can be

applied in situations where air is insufficient.
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Fig. 8 (a) Running time of the fan powered by the passive stack under the ambient

environment.
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Fig. 8 (b) Running time of the fan powered by the passive stack under the imitated underwater

environment.
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