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Overall Design of a Gradient-Ordered Membrane Electrode

Assembly for Direct Liquid Fuel Cells

Zhefei Pan, Fengjia Xie, Zhewei Zhang, Zhen Zhao, Lizhen Wu, Wenzhi Li, Yao Zhu,
Xiaoyu Huo, Yun Liu, Xuming Zhang, Rong Chen,* and Liang An*

The direct liquid fuel cell (DLFC) constitutes a promising energy conversion
system that directly conveys the chemical energy of liquid fuels into electrical
energy. In certain DLFCs, gas is produced as a product of electrochemical
reactions during operation. However, the accumulation of gas inside the
porous electrode can significantly hinder the transport of reactants, leading to
the failure of active sites and severe concentration loss. To address this issue,
a gradient-ordered membrane electrode assembly (MEA) is designed and
fabricated, consisting of a dual-gradient diffusion layer that comprises a
pore-size gradient and a wettability gradient as well as a catalyst layer
constructed by nanoneedle catalyst. This MEA promptly removes the
produced gas and delivers the fresh solution, thereby enhancing the cell
power output and stability. The fuel cell with the gradient-ordered MEA
achieves a remarkable peak power density of 177 mW cm~2 and a discharging
time of 19 h, which are more than four times and 30 times, respectively,

environmental impact.>* Fuel cell tech-
nology has witnessed remarkable advance-
ments to date, leading to the development
of various types of fuel cells to cater to
different applications and requirements.[®!
Among them, proton exchange membrane
fuel cells (PEMFCs) fed by hydrogen have
gained prominence as pioneering fuel cells
with extensive applications, particularly in
the automotive industry.® The utilization
of hydrogen as a fuel holds immense po-
tential for achieving clean energy goals.[”*
However, challenges such as hydrogen pro-
duction, transportation, and storage present
significant hurdles that need to be ad-
dressed for safer and more cost-efficient
solutions.]

higher than those of the conventional MEA.

1. Introduction

In recent decades, the world has experienced a substantial
and ongoing increase in energy demand, accompanied by a
growing emphasis on clean and sustainable energy sources.[!?]
Fuel cell systems have attracted significant interest in this
context due to their high energy conversion efficiency and
environmental benefits, presenting a promising solution to
meet the rising energy demands while minimizing adverse

As an alternative to the hydrogen-

dependent fuel cells, direct liquid fuel cells

(DLFCs) running on liquid fuels, such as

methanol, ethanol, ammonia and formate,

have come to the stage and captured global attention.['*13] Unlike
indirect fuel cells, DLFCs directly convert the chemical energy
stored in liquid fuels into electrical energy without needing an
external reforming process.['*!5] DLFCs exhibit carbon-neutral
characteristics, utilize sustainable fuels, possess high energy den-
sity, and offer simple transportation, storage and handling.1'®]
However, certain challenges have arisen in developing DLFCs,
including the high cost and loading of catalysts, generation
of by-products, fuel safety concerns, and unproven long-term
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durability on the fuel cell operation.['”] Concerning cell perfor-
mance, a prominent issue that severely limits the performance
of some DLFCs with gas evolution as a product is the inefficient
removal of gas products within the membrane electrode assem-
bly (MEA).['819] During operation, the liquid fuel is transported
into the channels of the flow field and then from the diffusion
layer to the catalyst layer, where it undergoes an electrochemical
reaction.[?”) As a result of the electrochemical reactions, gaseous
product is thus evolved at the catalyst layer and discharged from
the catalyst layer to flow channels through the diffusion layer.2!]
For instance, nitrogen gas is produced due to the oxidation of
liquid ammonia, and carbon dioxide gas is produced due to the
oxidation of methanol/ethanol/formate in DLFCs.[2223] With the
fuel cell discharging, gaseous products are continuously gener-
ated as the reaction proceeds, and with a conventional MEA con-
figuration that is constructed by coating a dense catalyst layer
onto commercial porous carbon substrate (carbon cloth or carbon
paper), the produced gas gradually accumulates and forms gas
bubbles within the MEA.[24?5] A large number of bubbles block
the channels and pores and obstruct the transport of liquid reac-
tants, thus leading to the failure of active sites and severe concen-
tration loss.[?*?] As a consequence, the rates of electrochemical
reactions are slowed down, and the cell performance including
power output and stability is degraded.?®!

To address this issue, various MEA designs have been pro-
posed. Chang et al. developed a gradient loading catalyst electrode
with an in-plane gradient loading catalyst that is lower near the
inlet and higher close to the outlet. The performance of the gradi-
ent loading catalyst electrode was enhanced by up to 19.8% com-
pared with the uniform loading catalyst, especially under high
current densities.[?”! Gao et al. presented a semi-ordered catalyst
layer structure design that significantly diminishes mass trans-
port resistance while enhancing proton transport. It exhibited
significantly improved MEA performance by 24% compared to
the conventional planar catalyst layer.*®) Balakrishnan et al. de-
signed and fabricated tailored gas diffusion layers with a pore-
size gradient to enhance the high current density performance
and water management behavior of a PEM fuel cell. It exhib-
ited a 131% higher peak power output compared to the conven-
tional diffusion layer.?! In this work, a gradient-ordered MEA
is designed and fabricated, consisting of a dual-gradient diffu-
sion layer that comprises a pore-size gradient and a wettability
gradient as well as a catalyst layer constructed by nanoneedle cat-
alyst. This MEA serves to enhance the cell performance by fa-
cilitating rapid removal of generated gas and efficient delivery
of fresh solution. The dual-gradient diffusion layer consists of
three layers of carbon mat, enabling a pore-size gradient from
small to large pores and a pore-wall wettability gradient from hy-
drophilic to superhydrophilic.*?! The effectiveness of the dual-
gradient design in facilitating gas detachment and removal is
verified via the visualization approach and the electrochemical
cell performance. In addition, through cell-level characterization
based on a direct ammonia fuel cell, the fuel cell with the dual-
gradient diffusion layer exhibits significant improvements in the
peak power density from 18 to 62 mW cm~2, as well as in the dis-
charging time from 2.5 to 19 h, comparing to the conventional
diffusion layer (carbon cloth). Furthermore, a gradient-ordered
MEA is fabricated using the electrodeposition method to directly
grow Pd and Au nanoneedle catalyst onto the two dual-gradient
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diffusion layers to form catalyst layers and separated by an an-
ion exchange membrane. By integrating the advantages of the
nanoneedle catalyst layer and the dual-gradient diffusion layer,
the gas removal capability of the gradient-ordered MEA is inten-
sively enhanced. Subsequently, cell-level comparisons are made
with conventional MEA in a format-hydrogen peroxide fuel cell,
which suffers from gas blockage at both electrodes. The fuel
cell with the gradient-ordered MEA achieves a remarkable peak
power density of 177 mW cm™? and a discharging time of 19 h,
which are more than four times and 30 times, respectively, higher
than those of the conventional MEA.

2. Results and Discussion

2.1. Dual-Gradient Diffusion Layer

The dual-gradient diffusion layer contains a pore-size distri-
bution gradient and a pore-wall wettability gradient, achieved
by adopting three layers of carbon mats, each with different
properties.¥] As shown in Figure 1a, the first layer as the sup-
port layer for the catalyst has the smallest pore size (~1.9 pm)
and highest hydrophilicity (the gas contact angle of 171.5°, which
is a superhydrophilic state). The middle layer serves as the me-
diating role that has the medium pore size (~3.8 pm) and hy-
drophilicity (gas contact angle of 149.3°). The third layer attached
to the flow field exhibits the largest pore size (~22.2 um) and low-
est hydrophilicity (gas contact angle of 145.7°). The pore size is
moderated by the concentration of polyacrylonitrile (PAN) in the
precursor solution; the higher concentration of PAN leads to the
larger pore size of the carbon mat.**! Figure 1b further precisely
demonstrates that the average pore sizes are 1.4, 3.2, and 7.1 ym
0f 11%, 14%, and 17% PAN concentrations, respectively. In addi-
tion, the porosities of these layers are similar (85% for 11% PAN,
89% for 14% PAN, and 90% for 17% PAN), making the pore size
a more dominant parameter of the porous structure. Figure S1
(Supporting Information) shows that the initial states of three
layers are all hydrophobic, whose water contact angles are 104,
106°,and 110° for 11%, 14% and 17% PAN, respectively. For them
to be able to deliver fuel solution efficiently, they are treated to be
hydrophilic via oxygen plasma.l**! As a result, all the water con-
tact angles change to 0°, indicating their hydrophilic nature.3%!
During the treatment, the plasma power and duration are care-
fully controlled to realize the wettability gradient of three layers,
which is verified by the gas contact angle.>’]

Using the gradient and conventional diffusion layers, the cata-
lyst is sprayed onto them to build up the electrode. The morphol-
ogy of the dual-gradient electrode and conventional electrode is
characterized by scanning electron microscopy (SEM). Figure 1c
demonstrates the pore structure of the carbon mat manufactured
with 11% PAN, and Figure 1d displays the catalyst layer uni-
formly distributed on the carbon substrate. Figure le depicts the
interface between the catalyst-coated area (the upper position)
and the uncoated area (the lower position). Figure 1f shows the
carbon fiber coated with the catalyst of the conventional carbon
cloth. It can be observed that the pore size of carbon cloth is re-
markably larger than that of carbon mat, leading to the catalyst on
the carbon cloth more easily detaching from the carbon cloth.38!
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Figure 1. a) Pore-size gradient and pore-wall wettability gradient. b) Pore-size distribution of carbon mats with different PAN concentrations. Morphology
of ¢) the dual-gradient diffusion layer, d) the catalyst layer on the dual-gradient diffusion layer, e) the edge of catalyst layer, and f) the carbon cloth-based

electrode.

2.2. Visualization and Theoretical Analysis

To assess the impact of the dual-gradient diffusion layer on gas re-
moval, a visualization test is conducted in the three-electrode sys-
tem (Figure 2a and Video S1, Supporting Information). Both the

(a) Conventional electrode Dual-gradient electrode (C)

" 3

W 2 iy~

Dual gradient

(b) Carbon cloth  Pore-size gradient
A = =

dual-gradient electrode and conventional electrode with the same
catalyst loading of 2.5 mg cm~2 PtRu/C are immersed in a solu-
tion containing 0.1 M ammonia and 3.0 M potassium hydroxide.
A constant current of 100 mA cm™2 is applied at room temper-
ature, resulting in nitrogen generation at the electrode through

Figure 2. a) Bubble detachment time of dual-gradient electrode and conventional electrode in the three-electrode system. b) Two-phase flow patterns
of electrodes with different diffusion layers in the flow cell. c) Theoretical analysis of the effect of diffusion layer design on gas removal ability.
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the oxidation of ammonia. The nitrogen is initially saturated in
the solution, then formed small bubbles attached to the electrode
surface, gradually grows with time, and finally detached from the
electrode due to the greater buoyancy.*”! The time duration from
the appearance of the first bubble to its detachment from the elec-
trode surface is analyzed to evaluate the gas-removal ability. For
the conventional carbon cloth-based electrode, it takes 80 seconds
for the first bubble to detach. In contrast, the bubble detachment
time of the electrode with a dual-gradient diffusion layer signif-
icantly reduces to 36 s, saving more than half of the time. This
indicates that the bubble detachment on the electrode surface is
improved. Hence, the dual-gradient diffusion layer effectively fa-
cilitates the removal of gas products and the transport of liquid
reactants.

The effect of diffusion layer gradient on gas removal from the
electrode is also investigated at the cell-scale by collecting the re-
moved gas and using the visualization method. Three types of
electrodes, i.e., the conventional, single pore-size gradient, and
dual-gradient electrodes, are assembled into a homemade cell.
When the cell is operated at 90 °C, ammonia gas will evapo-
rate from the ammonia solution and form a two-phase counter
flow.[*] Ammonia can quickly dissolve into water, so saturated
ammonia solution is used to accurately collect the produced am-
monia gas. The collected solution is examined to determine the
gas removal capability of the electrode. After a steady operation
of 5 minutes, 9.0 mL of solution is collected using the conven-
tional electrode, 12.0 mL of solution is collected using the pore-
size gradient electrode, and 15.0 mL of solution is collected using
the dual-gradient electrode. These results indicate that the pore-
size gradient of the diffusion layer enhances gas removal and im-
proves mass transport within the fuel cell, and the diffusion layer
combining pore-size gradient and wettability gradient further en-
hances the gas removal ability. Afterwards, a visualization char-
acterization is conducted between these three electrodes in terms
of a two-phase flow pattern in the flow channels to verify the gas
removal ability of different electrodes. During cell operation, gas
produced on the catalyst layer diffuses through the diffusion layer
into the flow channel, resulting in a two-phase flow in the flow
channels Once the gas generated is difficult to remove from the
electrode into flow channels, the ammonia oxidation reaction will
be hindered, leading to less gas exiting in flow channels. In other
words, since the fuel solution is fed at the same flow rate, it can
be reasonably inferred that the electrode has a better gas removal
ability when the flow channel has more gas. As the visualization
results are shown in Figure 2b and Video S2 (Supporting Infor-
mation), the cell with the conventional carbon cloth exhibits only
half of the flow channels removing gas due to inadequate gas re-
moval capability. In addition, the area is mainly downstream of
the flow, indicating that the gas is not automatically pumped out.
Otherwise, the gas can be found upstream of the flow because of
the self-pumping ability of the electrode, even though the gas vol-
ume is not such large. In contrast, the cell with the pore-size gra-
dient diffusion layer shows improved gas removal accounting for
75% of flow channels removing the gas, indicating a more favor-
able condition for fuel solution penetration. Notably, the cell with
the dual-gradient diffusion layer displays that gas exits in all the
flow channels, showcasing the superior gas removal capability of
the designed electrode.[*!l The gas removal ability between var-
ious designs is theoretically compared by the gas breakthrough
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time as an indicator. Here, breakthrough time refers to the time
necessary to remove gas from the catalyst layer to the flow field
channel; hence, a shorter breakthrough time indicating a quicker
gas removal means that the electrode is less likely to be filled with
gas. It is shown in Figure 2c that conventional design requires
the longest breakthrough time of 11 ms and the introduction of a
pore-size gradient or a wettability gradient beneficially shortens
the breakthrough time to 6 and 5 ms, respectively, indicating an
enhanced gas removal ability. Ultimately, the breakthrough time
is further reduced to 4 ms with dual gradients, combining the
advantages into one design. The movement of bubbles in porous
media is caused by the capillary effect, which is essentially the
combined effects of surface tension and wall adhesion in small
pores. The pore size and surface wettability of porous media play
a significant role in bubbles and water transport. The capillary
pressure p, is defined:[*?]

40 cos (180° - 6,)
pore

where p, and p, are the gas and water pressures; d,,.
and o are the diameter of diffusion layer pore and the sur-
face tension coefficient of water. ¢, is the gas contact an-
gle. Along the through-plane direction (from catalyst layer to
flow field), if with a fixed gas contact angle in the diffusion
layer, as the pore diameter increases, the capillary pressure
p. decreases. Meanwhile, the (180°-0,) increases, which means
that cos(180°-6,) decreases. Therefore, p. further decreases
and bubbles will be removed faster (Figure S2, Supporting
Information).

2.3. Cell Performance of Dual-Gradient Diffusion Layer

Cell-level performance tests are conducted to further investigate
the impact of the diffusion layer on the performance of direct am-
monia fuel cells using the mixture of ammonia and alkali as the
fuel solution. The anode, utilizing a PtRu/C catalyst with a load-
ing of 2.5 mg cm™2, is supplied with a mixed solution of 3.0 M am-

monia and 3.0 M potassium hydroxide at a rate of 2.0 mL min~!.

At the cathode using Pd/C catalyst with a loading of 0.5 mg cm ™2,
pure oxygen is supplied at a flow rate of 10 sccm. As shown in
Figure 3a, the fuel cell with the conventional carbon cloth ex-
hibits a maximum current density of 150 mA cm~2 and a peak
power density of 18 mW cm™2. Furthermore, both the wettability-
gradient diffusion layer and pore-size-gradient diffusion layer ex-
hibit substantial improvements in cell performance. The cell with
the wettability-gradient electrode achieves a maximum current
density of 300 mA cm~2 and a peak power density of 39 mW
cm™2, slightly higher than the cell with the pore-size-gradient
electrode, which achieves 250 mA cm~2 and 38 mW cm™2, respec-
tively. Figure S3 (Supporting Information) depicts that the carbon
mats with uniform pore size and wettability could slightly im-
prove the cell performance, and the introduction of the pore-size
gradient and wettability gradient could significantly boost the cell
performance. Impressively, the electrode with the dual-gradient
diffusion layer demonstrates a significant enhancement in per-
formance compared to other configurations. It achieves a max-
imum current density of 375 mA cm~2, four times higher than
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Figure 3. a) Polarization and power density curves of the fuel cell using different diffusion layers. b) Constant-current discharging behavior of the fuel

cell using dual-gradient diffusion layer and carbon cloth.

the conventional one, and a peak power density of 62 mW cm™2,

more than three times that of the conventional configuration.
These results highlight the significant performance enhance-
ment of the DLFC, particularly the ammonia fuel cell, through
effective gas bubble removal using the dual-gradient diffusion
layer. The discharging performance of the direct ammonia fuel
cell with the dual-gradient electrode is compared to that of the
cell with the conventional electrode, as shown in Figure 3b. At
a constant discharging current density of 10 mA cm=2, the cell
with the conventional electrode achieves a maximum discharg-
ing time of 2.5 h while the cell with the dual-gradient electrode
demonstrates a remarkable improvement, with a maximum dis-
charging time of 18 h, which is more than seven times longer.
Furthermore, the voltage of the cell with the conventional elec-
trode exhibits a rapid drop as the discharging proceeds. In con-
trast, the cell with the dual-gradient electrode displays a slower
decrease in voltage over time, indicating a more stable discharg-
ing condition.[*}] These results provide further evidence of the

—Pd
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significant enhancement achieved by the dual-gradient diffusion
layer in the performance of DLFCs.

2.4. Gradient-Ordered MEA

As gas is generated in the catalyst layer, gas removal from the
catalyst layer is equally important. The gas is easily accumulated
in the conventional particle-packed catalyst layer and blocks the
porous structure.[**] Hence, the catalyst layers constructed by
nanoneedle catalysts (Pd for formate oxidation on the anode and
Au for hydrogen peroxide reduction on the cathode) are revolu-
tionarily designed and fabricated. Figure 4 shows the SEM im-
ages, X-ray diffraction (XRD) patterns, and transmission electron
microscopy (TEM) images of Pd and Au catalyst layers. It can
be seen from SEM images that both the Pd (Figure 4a) and Au
(Figure 4d) catalysts grow in the form of needle-shaped struc-
tures. The Pd catalyst exhibits small arrow-shaped thorns, while

(e)

(111)
|
z

Intensity (a.u.)
(200)

- L(220)
L an)

[
Au (PDF #87-0639)

20 30 40 50 60 70 80
26 (degree)

Figure 4. a) SEM image of Pd nanoneedle. b) XRD pattern of Pd nanoneedle. c) TEM images of Pd nanoneedle. d) SEM image of Au nanoneedle. €)

XRD pattern of Au nanoneedle. f) TEM images of Au nanoneedle.
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Figure 5. a) CV results of different electrodes in 0.1 M sodium formate and 1.0 M sodium hydroxide solution. b) Bubble behavior of conventional Pd
electrode. c) Bubble behavior of Pd nanoneedle electrode. d) CV results of different electrodes in 4.0 M hydrogen peroxide and 0.05 M sulfuric acid
solution. e) Bubble behavior of conventional Au electrode. f) Bubble behavior of Au nanoneedle electrode.

the Au catalyst displays a clustered shape with a thin end. The
XRD results of Pd (Figure 4b) reveal that primary diffraction
peaks detected for the (111), (200), and (220) facets occur at angles
of 40.2°, 46.8°, and 68.3", respectively, which are consistent with
typical peaks of Pd (PDF#87-0639). In addition, the XRD results
of Au (Figure 4e) reveal that primary diffraction peaks detected
for the (111), (200), (220), and (311) facets occur at angles of 38.2°,
44.4°,64.6" and 77.6, respectively, which are consistent with typ-
ical peaks of Au (PDF#99-0056). TEM images (Figure 4a,f) fur-
ther confirm the needle shape of catalysts and the dominant (111)
facet of both Pd and Au, with an interlayer spacing of 0.224 and
0.235 nm, respectively, consistent with the XRD patterns. The
needle-like morphology of catalysts could facilitate the rapid re-
moval of gas generated at the catalyst surface.*] Furthermore,
the catalysts are evenly distributed on the fibers of the carbon
mat, forming a porous architecture. This porous structure en-
ables efficient mass transport through the interconnected pores
and channels, which is crucial for initiating electrochemical
reactions.

2.5. Visualization Characterization

Figure 5a presents the cyclic voltammetry (CV) results of the con-
ventional electrode and Pd nanoneedle-based electrode, respec-
tively. The conventional Pd electrode has a loading of 1.0 mg
cm~2 while the Pd nanoneedle electrode has a loading as low as
0.34 mg cm™2. Notably, the nanoneedle electrode with a lower cat-
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alyst loading exhibits a significantly higher current density com-
pared to the conventional electrode at the same applied potential,
indicating a superior electrochemical reaction rate. It is shown in
Figure S4 (Supporting Information) that the nanoneedle struc-
ture constructed by electrodeposition exhibits superior catalytic
activity than the nanoparticle structure formed by random pack-
ing, which is attributed to that more active sites of nanoneedle
structure are exposed than the nanoparticle structure. To further
validate their gas removal ability, a visualization test is conducted
in the three-electrode system. For the anode, the electrode is im-
mersed in a mixed solution of 0.1 M sodium formate and 1.0 M
sodium hydroxide at room temperature, and a current of 50 mA
is applied. Figure 5b,c and Video S3 (Supporting Information)
show the bubble behavior of conventional electrode and nanonee-
dle electrode, respectively. It is noteworthy that the conventional
electrode has larger bubbles evolved due to formate oxidation,
and many bubbles are firmly attached to its surface. Even worse,
bubbles grow and emerge into huge bubbles with time. All the
bubble behaviors imply that the conventional electrode possesses
a poor gas removal ability, and thus the active sites are covered by
gas and not accessible by solution, degrading the electrochemi-
cal performance.l*®) Whereas the nanoneedle electrode exhibits
that the evolved bubbles are much smaller and effectively de-
tached from the electrode. For the cathode, the electrode is im-
mersed in a solution of 4.0 M hydrogen peroxide and 0.05 M
sulfuric acid at room temperature for the CV test. The conven-
tional Au electrode has a loading of 2.7 mg cm™ while the Au

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. a) Polarization and power density curves of the fuel cell using different MEAs. b) Constant-current discharging behavior of the fuel cell using

different MEAs.

nanoneedle electrode has a loading as low as 0.3 mg cm™2. Im-
pressively, the nanoneedle electrode with a lower catalyst load-
ing yields a significantly higher current density, indicating its su-
perior electrochemical performance (Figure 5d). Figure S5 (Sup-
porting Information) shows that the nanoneedle catalyst has a
lower Tafel slope of 25.34 mV dec™?, indicating its superior elec-
trocatalytic performance, because a smaller overpotential is re-
quired to reach a higher current density. In the visualization char-
acterization (Figure 5e,f and Video S3, Supporting Information),
hydrogen peroxide is not added because it is intensively decom-
posed to generate a large number of oxygen bubbles, which af-
fects the observation of bubble behaviors.[*”] Hence, only 0.05 M
sulfuric acid solution is used and a current of 10 mA is applied
for 30 seconds, such that the hydrogen evolution reaction is the
demonstration reaction. A similar phenomenon can be observed
that the conventional electrode has many bubbles firmly attached
to its surface, and bubbles grow and emerge into huge bubbles
with time. Whereas the nanoneedle electrode exhibits that the
evolved bubbles are much smaller and effectively detached from
the electrode. These outcomes provide further evidence confirm-
ing the superior gas removal performance of the nanoneedle cat-
alyst layer.

2.6. Cell Performance of Gradient-Ordered MEA

Using the dual-gradient diffusion layer as the substrate for the
nanoneedle catalyst layer, the gradient-ordered electrode is con-
structed (Figure S6, Supporting Information). MEA is overall re-
designed by integrating the gradient-ordered electrodes as the
anode and cathode, separated by an ion exchange membrane.
To demonstrate the superiority of ordered MEA, the formate-
hydrogen peroxide fuel cell is fabricated using the mixture of
formate and alkali as the fuel solution, as this fuel cell may suf-
fer from gas accumulation both in the anode and cathode. The
treated Nafion 211 is employed as the cation exchange mem-
brane. The operating temperature is maintained at 80 °C, and
during operation, a mixture of 1.0 M formate and 2.0 M sodium
hydroxide is supplied to the anode, while a solution of 4.0 M hy-
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drogen peroxide and 1.0 M sulfuric acid is supplied to the cath-
ode. Figure 6a illustrates the comparison of the cell performances
between the conventional and ordered MEA. The conventional
MEA demonstrates a maximum current density of 140 mA cm—2
with a peak power density of 84 mW c¢cm™2, whereas the ordered
MEA exhibits a significant improvement, with a maximum cur-
rent density of 480 mA cm~2 and a peak power density of 177 mW
cm™. It achieves a maximum current three times higher than
that of the conventional one and a peak power density more than
two times higher. These enhancements can be attributed to the
effective removal of gas bubbles from the electrode. Figure S7
(Supporting Information) summarizes the internal resistance of
different electrodes. It is found that the internal resistance of
carbon cloth and carbon mat with pore-size regulation is simi-
lar, while the internal resistance increases with wettability reg-
ulation. This is attributed to the O2 plasma treatment may re-
duce the electron conductivity of carbon mats. Although the dif-
fusion layer with dual gradients has the highest internal resis-
tance, it still outputs the best power density, which indicates the
positive effect of efficient gas removal outweighs the negative
effect of increased ohmic loss. It can be seen from Figure S8
(Supporting Information) that at the high-frequency region, the
gradient-ordered MEA has a lower resistance than the conven-
tional MEA, which is consistent with the results of internal re-
sistance in Figure S7 (Supporting Information), and at the low-
frequency region, the gradient-ordered MEA still exhibits a better
mass transfer, which can be ascribed to the efficient gas removal.
The discharging performance is also evaluated to assess the op-
erating stability of the fuel cells (Figure 6b). Under a constant
discharging current of 50.0 mA cm™2, the conventional MEA
only discharges for less than 0.5 h (Figure S9, Supporting In-
formation), whereas the fuel cell equipped with ordered MEA
achieves an impressive maximum discharging time of 19 hours.
During the discharging process, the voltage of the conventional
cell abruptly drops from 1.6 V to around 0.1 V within the first
hour, and then decreases to 0. In contrast, the cell with ordered
MEA experiences a gradual voltage decrease from 1.3 V. It ex-
hibits fluctuations around 1.0 V for nearly 19 h before eventu-
ally dropping to 0. These voltage fluctuations can be attributed to
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the gas removal process.l! The generated gas bubbles at both an-
ode and cathode may be attached to the catalyst surface to cover
the active sites, and accumulate in the porous electrode to block
the reactant supply. Once the gas bubbles are swept out from the
cell, the active sites will be exposed and delivery channels will be
unchoked again, both of which are beneficial for maintaining a
higher cell voltage.[*]

3. Conclusion

In this work, a gradient-ordered MEA is designed and fabri-
cated, consisting of a dual-gradient diffusion layer comprising
a pore-size gradient and a wettability gradient as well as a cata-
lyst layer constructed by nanoneedle catalyst. Through compre-
hensive characterizations and visualization tests, the gradient-
ordered MEA serves to enhance the cell performance by facilitat-
ing rapid removal of generated gas and efficient delivery of fresh
solution. The direct ammonia fuel cell with the dual-gradient dif-
fusion layer exhibits significant improvements in the peak power
density from 18 to 62 mW cm~2, as well as in the discharging time
from 2.5 to 19 h, compared to the conventional diffusion layer.
Furthermore, the formate-hydrogen peroxide fuel cell with the
gradient-ordered MEA achieves a remarkable peak power den-
sity of 175 mW cm™ and a discharging time of 19 hours, which
are more than four times and thirty times, respectively, higher
than those of the conventional MEA. The huge improvement is
attributed to the combination of advantages of the dual-gradient
diffusion layer and nanoneedle catalyst layer, both of which inten-
sively enhance the gas removal capability of the gradient-ordered
MEA. In summary, this work presents a novel approach to im-
prove the performance of DLFCs by designing and fabricating a
novel MEA with enhanced gas removal and solution supply, pro-
viding promising insights into improving DLFC efficiency and
advancing clean energy conversion technologies.
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