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1. Introduction

Because the supply of batteries as an energy source cannot follow
up compared to the increased demand for portable/mobile elec-
tric machinery, the price of batteries and their components has
soared dramatically.[1,2] Direct liquid fuel cells (DLFCs), one of

the new types of energy supply systems,
are a well-respected field, compensating
for the batteries’ disadvantages: weight,
booming price, and charging time.[3–6]

Among various DLFCs, hydrazine fuel cells
(HzFCs) applying for an anion exchange
membrane (AEM) show as much high
power density (1.0–1.2W cm�2) as hydro-
gen proton exchange membrane fuel cells
(PEMFCs). In addition, HzFCs do not emit
carbon dioxide unlike typical direct metha-
nol fuel cells (DMFCs).[7–11] Therefore,
HzFCs could be an ecofriendly energy
source suitable for small and midterm elec-
tronic devices such as scooters, drones, golf
carts, and emergency robots.

Many studies are still focusing on the
development of hydrazine oxidation elec-

trocatalysts and are limited to the small single-cell application
of the developed catalysts.[12–17] Only a couple of studies on oper-
ational conditions for HzFCs have been conducted, and even that
does not provide sufficient information.[18,19] Even though
several fuel cell/stack types of research using a cation exchange
membrane (CEM) have been reported, it is difficult to apply them
to HzFC/stack using the AEM.[20–26] The difference in the mem-
brane means that the pH condition being operated is different
and induces a change in the oxygen reduction reaction (ORR)
mechanism. In other words, the ORR mechanism in a cathode
part produces water (Equation (1) in acidic media) or consumes
water (Equation (2) in alkaline media).

O2 þ 4Hþ þ 4e� ! 2H2O (1)

O2 þ 2H2Oþ 4e� ! 4OH� (2)

Therefore, appropriate cathode humidification could be a crit-
ical factor in the HzFC operation. At the same time, since HzFC
uses a hydrated hydrazine fuel, water diffusion from the anode
part to the cathode part should be considered.

The cell temperature should be controlled carefully between
the fuel cell performance and the thermal stability. As AEM
has less thermal stability than CEM, it is sensitive to cell temper-
ature which directly affects the fuel cell performance.[27–30] In
general, the fuel cell using AEM operates at �60 °C, and the fuel
cell using CEM operates at around 80–90 °C.

For the energy source of portable devices, fuel cell compo-
nents are also important.[20] The size of the gas-supplying com-
ponent varies depending on what kind of gas is injected into the
fuel cell among compressed air, pure O2, and the general atmo-
sphere. A liquid pump as one of the components is also needed
to control the fuel flow rate. Under the practical operation,
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Although hydrazine fuel cells (HzFCs) have various advantages such as a high
theoretical potential, low operating temperature, and no carbon dioxide emission,
only a couple of studies on HzFC stack have been reported due to the peculiarity of
using an anion exchange membrane and the toxic issue of highly concentrated
hydrazine fuel. Herein, how the power output performance in a single-cell system
is affected by various operational factors of cell temperature, humidification level,
pressurization, fuel concentration, and stoichiometric value is investigated and
then a home-made short stack consisting of five single cells (HzFC-5S) to evaluate
the difference between the single cell and the stack is built up. Confirmation that
the optimization point in the single-cell does not apply to the short stack can be
meaningful in accessing its possible commercialization process for portable and
mobile devices.
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two-phase contents of N2H4 as a liquid fuel and N2 as a generated
gas exist on the anode side, and thus fuel flow rate should be
controlled with the consideration of fast removal of the N2 gas
and securement of the reaction time between fuel and
catalysts.[31]

In this study, we try to investigate the effect of various opera-
tional factors on HzFC performance, including cathode relative
humidity, back pressure on the cathode side, cell temperature,
fuel concentration of the anodic side, and stoichiometric factor
of both sides (λfuel/λair). Each feature is not independent but
rather interdependent on the fuel cell performance. A compre-
hensive analysis of the HzFC stack, which has a complicated
internal structure and large surface area, is accompanied by
the reason for the difference in performance with the single cell.

2. Results and Discussion

Standard operation condition is designated for accurate compar-
ison of the fuel cell performance (Table 1).

As we mentioned earlier, since alkaline liquid fuel cells con-
sume water on the cathode side and hydrated N2H4 fuel on the
anode side is supplied, anode water could be already sufficiently
supplied to the cathode side through the AEM. In other words,
air humidification may not be an essential need at the cathode
side. Therefore, we assessed fuel cell performance in terms of air
relative humidity adjusting the gas bottle temperature (TBT) and
gas preheater temperature (TPT). Another concern is that when
humidified air is injected, the gas flow rate just before being
supplied to the cell increases because of steam. In addition,
the actual reaction process becomes extremely complicated
because air, not pure oxygen, is supplied. For example, assuming
the dry air condition of 60 °C, 1 atm, and 5000 sccm, 100%
humidified air at 60 °C has 0.1524 kg water kg�1 dry air from
the psychrometric chart. So, the flow rate of N2, O2, and H2O
is 3950, 1050, and 1221 sccm, respectively, showing that the total
flow rate is increased to 6221 sccm before the gas inlet. That is, it
can be confirmed through the simple calculation that when
humidifying, not only the partial pressure of oxygen decreases
from 0.21 (O2/(O2þN2)) to 0.17 (O2/(O2þN2þH2O)), but also
increases to the flow rate (5000 ! 6221 sccm). Therefore, ele-
ments that require humidification and elements that do not
require humidification are combined to form the optimal humid-
ification point. Because of these considered elements, we
expected that the fuel cell performance is maximized under
the particular humidification condition.

Figure 1 shows single-cell performances between 100%
humidified air and full dry air. Maximum power densities at a
relative humidity of 0, 20, 40, 60, 80, and 100% are 487, 530,

524, 571, 610, and 673mW cm�2, respectively. We confirmed
that relative humidity affected not only the performance of the
fuel cell but also the open-circuit voltage (OCV) because of the
different overpotentials of ORR. Interestingly, the performance
and even OCV are the highest at 100% humidified air. It can be
elucidated by a similar CO2 reduction system using AEM.[32] If
there is no moisture in the supplied gas, a diffusion gradient is
formed in the gas diffusion layer (GDL) region, which adversely
affects performance. On the other hand, the effect of the con-
sumed water on the cathode side could be negligible in sufficient
humidification conditions.

This means that the mentioned elements of consideration
may not have a greater impact than expected, and water con-
sumption is actively progressing in the cathode part.

The application of the back pressure pushes air in the perpen-
dicular direction of the GDL, resulting in more contact with the
ORR catalyst. However, at the same time, pressurization
increases the pressure inside the fuel cell and may cause prob-
lems in which fuel or gas leaks through the gasket. To compose
the portable liquid fuel cell, the injected gas type should be
selected from pure O2, compressed air, and the general atmo-
sphere, and if proper performance of the fuel cell is exhibited
only in compressed air, an increase in weight and volume due
to the compressor construction should also be considered.
Figure 2 shows the different polarization curves of a single fuel
cell by increasing the back pressure up to 2.0 bar. OCV in all
experiments is �0.99 V, indicating that OCV is not affected by
back pressure at all, since the potential of the fuel cell is irrelevant
to the number of reactants. Peak power densities gradually
increase as the back pressure increases, from 673 (0 bar) to
929mW cm�2 (2.0 bar). From the absence of back pressure, it
is increased by 7–12% each time the back pressure increases
by 0.5 bar, and the maximum performance of 929mW cm�2

seems to converge at 2.0 bar, which is presumed to be due to
the approach of oxygen density by the limit of the reaction cata-
lyst. Therefore, a portable fuel cell system should be designed in

Table 1. The standard operation condition of alkaline liquid fuel cell.

Featuresa) Value Features Value

Fuel concentration 4 M Relative humidity 100%

Stoichiometric factor (λfuel) 9 Cell temperature 60 °C

Stoichiometric factor (λgas) 9 Back pressure 0 bar

a)Stoichiometric factors were calculated based on j= 1000mA cm�2.

Figure 1. The HzFC performance in the operation of the single cell con-
trolling the relative humidity of the air. The unmentioned test condition
except for the relative humidity is the same as the standard condition.
Back pressure= 0.0 bar, fuel concentration= 4 M N2H4, cell
temperature= 60 °C, and λfuel/λgas= 9/9.
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both considerations of a performance increase due to the back
pressure and an efficiency decrease due to the weight of the com-
pressor construction.

Controlling both fuel concentration and fuel flow rate could be
considered in terms of multiple perspectives. The higher the fuel
concentration, the smaller the size of the fuel tank of the portable
liquid fuel cell, and concentration loss could be observed in a
higher current density region when oxygen is sufficient. To con-
trol the fuel concentration, we kept the stoichiometric factor of
fuel as 9 in all experiments. In addition, to analyze the effect of
fuel concentration on the cell performance precisely, the fuel cell
operation is conducted from the low concentration to the high
concentration. Figure 3 shows different power performances
as a function of the fuel concentration, showing the highest peak
power density of 673mW cm�2 at 4.0 M N2H4. Because a very

high stoichiometric value of 9 is maintained, the performance
applying 1.0 M N2H4 was relatively low at 238mW cm�2. It might
be due to insufficient contacting fuel reactivity of the catalyst. On
the other hand, the reason for the low performance of
483mW cm�2 at 8.0 M might be the slow flow rate and incom-
plete emission of nitrogen gas. The design of a flow channel for
emitting the generated gas will be covered in our future work.

Increasing cell temperature is the simplest way to improve
fuel cell performance, but it should be thoroughly considered
because the AEM is vulnerable to heat. Figure 4 shows that cell
temperature influences power performance. In this study, at a
cell temperature of 80 °C, the maximum peak power density
of 773mW cm�2 was observed, whereas the minimum peak
power density of 287mW cm�2 was obtained at 100 °C. The
increase in fuel cell performance at 70 ! 80 °C is relatively
lowered compared to that at 60 ! 70 °C, and the performance
is decreased at 80 °C or more, it being estimated that the thermal
resistance of AEM we used is around 80 °C. That’s why the fuel
cell performance is severely decreased at 100 °C.

The stoichiometric factor is one of the important operational
factors of the fuel cell in the efficiency of the fuel cell and the
device size. In the case of liquid fuel cells that emphasize porta-
bility, which gas is used among oxygen, compressed air, or the
general atmosphere is an essential consideration for constituting
the equipment of the initial fuel cell system. The lower λair, the
fewer additional devices required, so the compact fuel cell system
could be achieved. Figure 5a shows the polarization curve of the
alkaline liquid fuel cell maintaining λair. As λfuel decreases, initial
performance (�1 A cm�2) minutely increases. However when
λfuel is 1.5, the N2 product gas at the anode side could not be
properly emitted, so the peak power density is not observed.
Meanwhile, we also conducted the performance test maintaining
λfuel (Figure 5b). Because the generated gas was properly
discharged, the peak power density was observed, but it was con-
firmed that the fuel cell performance decreased as a function of
λair. Figure 5c shows the fuel cell performance when both stoi-
chiometric factors are reduced, keeping the ratio of λfuel/λair. The

Figure 2. The HzFC performance in the operation of the single cell con-
trolling the back pressure of the air. The unmentioned test condition
except for the back pressure is the same as the standard condition.
Relative humidity= 100%, fuel concentration= 4 M N2H4, cell
temperature= 60 °C, and λfuel/λgas= 9/9.

Figure 3. The HzFC performance in the operation of the single cell con-
trolling N2H4 concentration of the fuel. The unmentioned test condition
except for the fuel concentration is the same as the standard condition.
Relative humidity= 100%, back pressure= 0.0 bar, cell
temperature= 60 °C, and λfuel/λgas= 9/9.

Figure 4. The HzFC performance in the operation of the single cell con-
trolling the cell temperature. The unmentioned test condition except for
the cell temperature is the same as the standard condition. Relative
humidity= 100%, back pressure= 0.0 bar, fuel concentration= 4 M

N2H4, and λfuel/λgas= 9/9.
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same power density is shown under all conditions in the
low-current region (�0.5 A cm�2), but the difference in the peak
power density was observed in the high-current-density region
due to problems such as lack of reactants and slowing down
of product emission. The peak power density of all conditions
is enumerated in Figure 5d.

Fuel cell efficiency is composed of the product of voltage
efficiency (εvoltage), thermodynamic efficiency (εthermo), and fuel
efficiency (εfuel) (Equation (3)).[33] Especially, HzFC has the
advantage because εthermo of HzFC is even higher than 1, com-
pared to εthermo of PEMFC (Equation (4)).[34]

ℰFC ¼ ℰvoltage � ℰthermo � ℰfuel

¼ V
E

� �
� ΔG0

ΔH0
HHV

� �
� 1

λfuel

� � (3)

ℰHzFC
thermo ¼

�623.6 kJmol�1

�622.3 kJmol�1 ¼ 1.002

ℰPEMFC
thermo ¼ �237.3 kJmol�1

�286 kJmol�1 ¼ 0.83

(4)

As shown in Figure 5a, under sufficient air supply conditions,
the lower λfuel (the higher εfuel), the better the fuel cell performance
in the low-current region (�1 A). However, λfuel should not be just
reduced, because N2H4 fuel should be injected excessively to react
from the beginning to the end of the flow channel. In addition, the

phase transition of fuel inside the fuel cell (N2H4, (l)!N2, (g)) inter-
feres with the catalyst contact of the fuel and makes the flow rate
unstable. Therefore, although higher fuel cell efficiency could be
achieved, λfuel cannot be easily reduced.

By referring to the above single-cell measurements, the oper-
ational condition of the five-stack HzFC (HzFC-5S) is designed.
The preparation of catalysts and membrane electrode assembly
(MEA) is the same as those in the single-cell condition except for
the size of MEA (25! 31.5 cm2). Because the stack does not have
heating bars, 100% humidified N2 gas and DI water heated to
60 °C were supplied for 1 h during the hydration process to
increase the initial stack temperature. Besides, the commonly
used λair was fixed as 1.5 (4778 sccm, Equation (5)).[35,36] And
λfuel was fixed as 3.0 based on the highest peak current density
at λair of 1.5 (Figure 5d).

λair ⋅ j ⋅ A=nF
PO2

=RT

¼ 1.5 ⋅ 1½A cm�2� ⋅ 157.5½cm2�=4 ⋅ 96485½Cmol�1�
0.21½atm�=0.082½atm ⋅ Lmol�1 ⋅ K�1� ⋅ ð273.15þ 60Þ½K�
� 60½smin�1� � 1000½mLL�1� ¼ 4778 sccm

(5)

Figure 6 shows the polarization curve of the HzFC-5S as a
function of fuel concentration. Unlike the highest power perfor-
mance in the fuel concentration of 4 M in the single cell, the
HzFC-5S rather showed the highest power performance applying

Figure 5. The HzFC performance in the operation of the single cell controlling stoichiometric factors of a) fuel and b) air. c) The fuel cell performance
when both stoichiometric factors are reduced, keeping the ratio of λfuel/λair. The order in the graph legend is λfuel/λair. d) The peak power density in all
conditions. The unmentioned test condition except for the stoichiometric factor is the same as the standard condition. Relative humidity= 100%, back
pressure= 0.0 bar, fuel concentration= 4 M N2H4, and cell temperature= 60 °C.

www.advancedsciencenews.com www.advenergysustres.com

Adv. Energy Sustainability Res. 2023, 4, 2200188 2200188 (4 of 7) © 2023 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

 26999412, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aesr.202200188 by G

w
angju Institute of Science and T

echnology (G
IST

), W
iley O

nline L
ibrary on [09/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advenergysustres.com


the lower fuel concentration of 2 M. This result shows when a low
concentration of N2H4 fuel is supplied at a high flow rate, the
generated N2 gas can be easily emitted out. So the

generated gas emission in the stack operation is much more
important than in the single-cell operation.

The OCV of the HzFC-5S in the series circuit is �4.8 V, so the
effect on the fuel crossover seems to be weak. However, the peak
power density of the HzFC-5S in 2 M is around 200mW cm�2

(at the stack power of 31W), which is even 50% lower than
the single-cell performance of 436mW cm�2 in 2 M under the
same condition (λfuel/λair= 3/1.5).

To confirm the inherent full power of HzFC-5S, we changed
the stack test condition to O2 atmosphere and observed the max-
imum stack power of around 100W (Figure 7a). The result
shows that if sufficient fuel and oxidant are supplied to the stack,
the overall performance could be improved. However, there is a
cell temperature issue in the stack that was not observed in single
cell. When the cell temperature is high, the reaction rate and ion
diffusivity increase, thereby positively increasing the fuel cell per-
formance and negatively damaging the AEM. In the case of the
single cell, which maintains the cell temperature of 80 °C via
heating bars, the maximum variation of temperature is 3 °C dur-
ing the operation (Figure 7b), whereas in the case of the stack,
which heats as the exothermic reaction is easily accumulated, the
temperature rises almost 20 °C from the lowest 77 °C to the high-
est 97 °C even if there are air-cooling fans (Figure 7c). It should
be noted that heat management is possible through fuel concen-
tration. A fast flow rate of a low concentration of fuel is effective

Figure 6. The performance in the operation of the five-stack HzFC
controlling N2H4 concentration of the fuel. λfuel and λair are 3 and 1.5,
respectively, based on the current density of 1000mA cm�2 and the active
area of 157.5 cm2 (31.5 cm2� 5).

Figure 7. a) The performance in the operation of the HzFC-5S under pure O2 atmosphere. The power performance and temperature variance in the
operation of b) the single-cell HzFC at 80 °C in the MEA size of 25 cm2 and c) the three-stack HzFC at 80 °C in total MEA size of 94.5 cm2. The gas
atmosphere is air and pure O2 at the single cell and the stack, respectively, with the same λfuel/λgas of 9/6.
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to remove the accumulated heat inside the stack, but a slow flow
rate of a high concentration of fuel is relatively vulnerable to con-
trolling the cell temperature.

3. Conclusion

The gap between a half-cell measurement of each component
and a single-cell operation considering various experimental con-
ditions should be intensively analyzed to develop the stack for
emerging delivering devices/systems. We showed that the
performance change of the single cell could be constructed by
various operational parameters such as relative humidity, back
pressure, cell temperature, fuel concentration, and stoichiomet-
ric factors. It is quite encouraging to show around 100W power
of the short-stack HzFC. There are still a couple of hurdles that
should be overcome for fuel application; we discussed various
operational perspectives of alkaline liquid fuel cells. To jump
from the laboratory research stage to the empirical research
stage, other operational components such as the compressor,
the liquid pump, the gas blower, the fuel/water tank, and the flow
channel design should also be considered for the practical fuel
cell/stack.

4. Experimental Section
6.6 g of nickel chloride (NiCl2, 98%, Sigma-Aldrich) and 3.0 g of poly-

vinylpyrrolidone (PVP, 10 000 g mol�1, Sigma-Aldrich) were dissolved in
1.0L of ethylene glycol (EG, Sigma-Aldrich). 1.0 g of carbon support
(Vulcan XC-72) was added to a green solution after stirring. 1.0 M

NaOH was added into the mixed solution until pH 10. Reflux and
distillation in processing the conventional polyol reduction method were
applied at 160 °C for 4 h. Centrifugation was carried out three times with
deionized (DI) water to remove the unreacted materials. Then, the cat-
alyst slurry was filtered with DI water. Synthesized catalyst slurry was
dried in an oven at 60 °C for 24 h. At last, the dried sample was annealed
at 300 °C for under the 4% hydrogen contained in Ar. Ni/C catalyst of
anode catalyst for HzFC contained 45–50 wt% of Ni metal on the
carbon support. The cathode catalyst was the commercial Pt/C
(46.7%, Tanaka).

Catalyst ink was prepared with each catalyst powder, nPA, and 10%
Nafion ionomer solution. Nafion ionomer was used at 5% versus the cat-
alyst weight.[7,8] The ink mixture was ultrasonicated in an ice bath for 1.0 h.
The sonicated ink was air sprayed on AvCarb MGL 190 for the anode elec-
trode and Sigracet 29 BC for the cathode electrode, respectively. The load-
ing amounts of the catalyst at the anode and cathode were 1.6 mgCat cm

�2

and 1.0 mgPt cm
�2, respectively. The MEA was fabricated by pressing at

60 °C with both sprayed electrodes and a lab-made AEM.[7] The size of
MEA was 25.0 cm2 for a single cell and 31.5 cm2 for a bipolar plate of
the stack, respectively.

Before the single-cell test, DI water and 100% humidified N2 were
injected into the anode line and the cathode line, respectively, for the
hydration of MEA. Operation conditions such as cell temperature, the
concentration of hydrazine fuel, back pressure, stoichiometric factors
(λfuel/λgas), and relative humidity were differently applied in the single-cell
test. The stoichiometric factor and relative humidity were calculated by
Equation (6) and (7), respectively.[37]

λ ¼ flow rate of supplied reactant
j ⋅ A=nF

(6)

RH ¼ e
17.625�TBT
243.04þTBT

�17.625�TPT
243.04þTPT

� �
� 100ð%Þ (7)

where j is current density, A is MEA area, n is the number of electrons, and

F is the Faradaic constant. RH, TBT, and TPT represent relative humidity,
the gas bottle temperature, and the gas preheater temperature,
respectively.

Both the HzFC single cell and stack consisted of graphite bipolar plates,
0.3mm PTFE gaskets, gold-coated copper current collectors, and alumi-
num endplates (see Figure S1a,b, Supporting Information). The flow field
pattern of bipolar plates was four-channel serpentine and the active elec-
trode area was 25 cm2 (single-cell)/31.5 cm2 (stack). The feed flow through
the single cell/stack was U shaped, where the inlet downside for liquid fuel
and outlet upside for gas products with the unreacted liquid fuel were
located on the same side, considering the phase transition of reactants
and gravity effect. After stacking the prepared MEAs and bipolar plates
in layers, the HzFC single cell/stack was completely assembled with a force
of 60 kgf·m.

All performances of the HzFC single cell/stack were obtained through
the polarization curve. The single cell was tested with heating bars to con-
trol the cell temperature, whereas the stack was operated with air-cooling
fans due to an excessive exothermic reaction. After the hydration process
with DI water and 100% humidified N2 for 1.0 h, the test was conducted
after the circulation of fuel/oxygen until the resistance of each MEA
reached 10mΩ or less. The turn voltage of single cell and stack was
0.3 and 1.5 V, respectively. Figure S1c, Supporting Information, shows
a photograph of the HzFC stack during the operation.
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